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ABSTRACT Albofungin is a promising broad-spectrum antimicrobial compound against
multidrug-resistant bacteria. In the present study, we further investigated albofungin’s
biofilm eradication activity and its potential mode of action against drug-resistant Vibrio
parahaemolyticus. Among all derivatives, albofungin exhibited the best antibiofilm and
antibacterial activity with rapid killing effects at 0.12 ug mL™". Confocal microscopy
observation exhibited that albofungin disrupted V. parahaemolyticus biofilms by killing
or dispersing biofilm cells. Meanwhile, scanning electron microscope and fluorescent
staining experiments demonstrated that albofungin rapidly destroyed the integrity and
permeability of the bacterial cell membrane. Moreover, this study revealed an antibiofilm
mechanism of albofungin involving inhibition of peptidoglycan biosynthesis, flagella
assembly pathways, and secretion system proteins in V. parahaemolyticus by quantitative
proteomics and validation experiments. Our results highlighted albofungin’s mechanism
of action in planktonic cells and biofilms and suggested further development and
potential applications of albofungin for treating infections caused by penicillins-and-
cephalosporins-resistant V. parahaemolyticus.

IMPORTANCE Infections caused by multidrug-resistant bacteria, as well as a scarcity of
new antibiotics, have become a major health threat worldwide. To tackle the demand
for new and effective treatments, we investigated the mechanism of action of albo-
fungin, a natural product derived from Streptomyces, which exhibits potent antimicro-
bial activity against multidrug-resistant bacteria. Albofungin showed potent biofilm
eradication activity against penicillins-and-cephalosporins-resistant Vibrio parahaemoly-
ticus, which expresses a novel metallo-B-lactamase and, thus, reduces their sensitivity
to various antibiotics. We observed membrane disruption and permeation mechanisms
in planktonic cells and biofilms after albofungin treatment, while albofungin had a
weak interaction with bacterial DNA. Moreover, the antibiofilm mechanism of albofun-
gin included inhibition of peptidoglycan biosynthesis, flagellar assembly pathways, and
secretion system proteins. Our finding suggested potential applications of albofungin as
an antibacterial and antibiofilm therapeutic agent.

KEYWORDS albofungin, drug-resistant strain, membrane damage, proteomics, Vibrio
parahaemolyticus

he rise of multidrug-resistant bacteria led to a significant threat to global human

health (1). These pathogenic microorganisms are capable of forming biofilms on
various surfaces, such as medical equipment, environmental objects, and food packag-
ing materials (2). Biofilms possess a remarkable 10- to 1,000-fold greater resistance to
antimicrobial compounds, compared to planktonic cells, largely due to the presence of
extracellular polymeric substances (EPSs) that prevent penetration into the matrix (3, 4).
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Vibrio parahaemolyticus is a Gram-negative pathogen found in estuarine, marine,
and coastal environments that cause food-borne disease (5, 6). V. parahaemolyticus can
survive in various environmental conditions, thereby forming biofilms on the surface of
materials such as plastic, glass, stainless steel, and polyurethane (7). The most com-
mon infections caused by V. parahaemolyticus are gastroenteritis, wound infections, ear
infections, and septicemia (8, 9). In addition, vibriosis obstructs aquaculture develop-
ment, which imposes a huge cost on the aquaculture industry annually (10, 11). During
the past couple of decades, abuse of antibiotics has greatly contributed to antimicrobial
resistance spread among Vibrio spp. (10). For example, V. parahaemolyticus isolated from
shellfish and shrimp develops resistance against various antibiotics such as ampicillin,
chloramphenicol, tetracycline, levofloxacin, kanamycin, and gentamicin (12, 13).

Due to the high prevalence of drug-resistant Vibrio strains and their ability to form
biofilm, it is imperative to develop novel and potent antibiofilm agents to effectively
combat Vibrio-biofilm infections (14). However, eradicating biofilms using conventional
antibiotics is extremely challenging; therefore, exploring the antibacterial and antibiofilm
properties of active compounds derived from natural products presents a promising
alternative to the development of new antibiofilm agents. As a polycyclic isoquinolone-
xanthone compound first isolated from Actinomyces in the 1970s (15, 16) and later
discovered in different Streptomyces species (17), albofungin shows a wide range of
potent bioactivities, including antitumor, antifungal, and anti-HIV activity (17-19). More
importantly, albofungin exhibits predominant antibacterial and antibiofilm properties
according to our previous studies, which can be utilized to reduce biofouling in marine
environments (18, 20). For example, albofungin was capable of inhibiting the forma-
tion of biofilms in multiple strains of marine bacteria and “ESKAPE pathogens,” includ-
ing Staphylococcus aureus, Sulfitobacter pontiacus, Escherichia coli, and Acinetobacter
baumannii with low cytotoxicity (18, 20). Furthermore, albofungin binds to the transgly-
cosylase domain of penicillin-binding proteins in cell wall biosynthesis (21). However,
how it works to combat bacteria and biofilms remains elusive. An understanding of
the mechanism of action of a new antimicrobial agent, albofungin, is essential when
evaluating it for clinical applications so that potential toxic effects can be predicted and
the structure of albofungin can be redesigned to enhance its antibiofilm properties.

In the present study, we further explored albofungin’s antibacterial and antibiofilm
mode of action against drug-resistant V. parahaemolyticus, which expresses a novel
metallo-B-lactamase and, thus, reduces their sensitivity to various antibiotics. Intrigu-
ingly, the in-depth proteomics analysis also highlighted that albofungin particularly
inhibited the key biofilm formation proteins in the V. parahaemolyticus, which provided
insights into its antibiofilm mode of action. Overall, our findings suggested albofungin’s
potential applications to multidrug-resistant Gram-negative pathogens.

RESULTS

Isolation of albofungin derivatives and their activities against drug-resistant
Vibrio strains

Five compounds (1-5) were isolated from Streptomyces chrestomyceticus BCC 24770,
including albofungin (1), albofungin A (2), chloroalbofungin (3), chrestoxanthone A (4),
and chrestoxanthone C (5) (Fig. 1; Fig. S1). The antimicrobial potency of compounds
1-5 against drug-resistant Vibrio strains was assessed, revealing MIC values within the
range of 0.03-2 pug mL™". However, ampicillin showed no activity up to 100 ug mL™", and
polymyxin B also had moderate activity. Albofungin exhibited the strongest antibacterial
activity (Fig. 2A) and relatively low hemolytic activity), and thus, it was selected for
further study.

Given that V. parahaemolyticus is a well-known pathogen that is capable of forming
biofilms, the compounds were tested for their biofilm formation (inhibition effect) and
biofilm clearance (eradication effect) activities. All compounds exhibited biofilm
inhibition activity against V. parahaemolyticus 1482 and V. alginolyticus 1597, as shown in
Fig. 2B. Albofungin (1) and albofungin A (2) showed the most potent biofilm inhibition
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FIG 1 Chemical structures of albofungins isolated from Streptomyces chrestomyceticus BCC 24770.

activities which inhibited 90% of biofilms at 2 x MIC, and their MBICgq value was nearly
10 times as compared with that of the tetracycline. At 1 x MIC value, albofungin (1) and
albofungin A (2) reduced 39% and 59% of biofilm biomasses, respectively, as compared
with the control. Furthermore, albofungin could eradicate 50% of the biofilms at 0.06 ug
mL™" (Fig. 2Q).

Time-kill and growth kinetics of Vibrio upon albofungin treatment

The growth curve showed that albofungin remarkably inhibited the proliferation of V.
parahaemolyticus 1,482 in a dose-dependent manner, and its growth was completely
inhibited with 4 x MIC (Fig. 2D). Thus, time-kill assays at 4 x MIC and 10 x MIC values
were further performed and confirmed that a high concentration of albofungin exhibited
a bactericidal mode of action. Albofungin killed more than 99.9% of Vibrio cells at 4 x
MIC and 10 x MIC values within 20 min, and the quickness of the killing effect was similar
to polymyxin B, as shown in Fig. 2E.

Proteomic analysis of planktonic bacteria and biofilm upon albofungin
treatment

A label-free quantitative proteomics was performed on the planktonic bacteria and
biofilm samples (with or without albofungin treatment) to have a deeper understanding
of the affected biological processes by albofungin. We observed from the principal
component analysis (PCA) plots that the albofungin-treated and control groups were
well separated from each other, and there also had a clear difference between the
planktonic bacteria control and biofilm control samples (Fig. 3A and B; Fig. S3). The
volcano plots indicated that there was a total of 489 differentially expressed proteins
(DEPs) in the albofungin-treated logarithmic-phase planktonic bacteria group and 201
DEPs in the albofungin-treated biofilm group as compared with the control group (Fig.
3C and D), which suggested that the biofilms were more resistant than planktonic
bacteria to albofungin. From GO enrichment analysis, more than 30% of proteins in the
cellular, metabolic, and catalytic activity processes were significantly changed upon
albofungin treatment (Fig. 3E and F; Fig. S4), thereby showing that albofungin may
inhibit the proliferation of V. parahaemolyticus. More than 10% of membrane-related
proteins were significantly changed, which implied that the cell membrane was targeted
when applied with albofungin. Biosynthesis of amino acid, purine metabolism, and fatty
acid biosynthesis were significantly downregulated in both treatment groups, as
revealed by KEGG enrichment analysis (Fig. 3G and H).

Peptidoglycan is a rigid envelope surrounding the cytoplasmic membrane, which
plays an important role in bacterial structural support and protection (22). We observed
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FIG 2 Antibacterial and antibiofilm study of Vibrio parahaemolyticus 1482 and Vibrio alginolyticus 1579 upon albofungins (1-5) treatment. (A) MIC values of

albofungins (1-5) to Vibrio strains. (B) Inhibition of biofilm formation by albofungins (1-5) against V. parahaemolyticus 1482 and V. alginolyticus 1579. Error bars

represent SD, n = 9 wells from three batches of microbial cultures. Significant differences were analyzed by one-way ANOVA compared with the control biofilm,

*P < 0.05, **P < 0.01, and ***P < 0.001. (C) Eradication of biofilm formation by albofungin against V. parahaemolyticus 1482. Error bars represent SD, n = 9 wells

from three batches of microbial cultures. Significant differences were analyzed by one-way ANOVA compared with the control biofilm, *P < 0.05, **P < 0.01, and
***P < 0.001. (D) Growth curves and (E) time-kill curves of V. parahaemolyticus 1482 after albofungin treatment. Error bars represent SD.

that proteins such as mpl, murE, mraY, murQ, and murB that participated in the peptido-
glycan biosynthesis were significantly reduced (>twofold) in the albofungin-treated
biofilm group as compared with the control group (Fig. 4A). Others such as murA, murC,
and murD were downregulated in the biofilm and planktonic bacteria groups after
albofungin treatment, indicating that the peptidoglycan biosynthesis pathway was
inhibited in the presence of albofungin (Fig. 4A). In addition, proteins necessary for DNA
replication and repair [such as replicative DNA helicase (dnaB), DNA polymerase llI
subunit beta (dnaN), and DNA polymerase Il subunit epsilon (dnaQ)] were significantly
downregulated after albofungin treatment. Based on the results of the DNA interaction
assay, albofungin showed to bind with DNA in vitro at a 1:16 ratio (Fig. S5); hence, we
suggested that the DNA replication and mismatch repair process in the V. parahaemolyti-
cus cells were impaired after albofungin treatment.

Interestingly, some secretion system proteins (e.g., gspE and gspG) and toxin
transcriptional activators (toxR) were significantly downregulated in the biofilm samples,
whereas no significant changes were observed in the planktonic bacteria samples after
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F) Gene ontology (GO) enrichment analysis of the affected processes in planktonic bacteria (E) and (F) biofilm after albofungin treatment. (G and H) Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of the affected pathways in (G) biofilm and (H) planktonic bacteria after albofungin treatment.
(I 'and J) Protein-protein interaction network of the DEPs between the planktonic bacteria (I) and biofilm (J), as predicted by STRING v11.0 and visualized by

Cytoscape. Lines and dots in different colors represent protein interaction and different protein functions, respectively.
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FIG 4 Expression pattern of selected processes in the planktonic bacteria and biofilm upon albofungin treatment. (A) Heat map of the expression level of

selected proteins in the peptidoglycan biosynthesis pathway. (B) Log; (fold change) of selected proteins in the biofilm formation pathway (upper) and bacterial
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analyzed by one-way ANOVA, *P < 0.05, **P < 0.01, and ***P < 0.001.

alboufngin treatment (Fig. 4B), which may indicate the potential targets of albofungin in
biofilms. Flagella-mediated motility promotes the early stages of Vibrio biofilm forma-
tion, and proteins related to flagellar assembly (fliH, fliD, and fliM) and bacterial chemo-
taxis (cheB, cheV, and mcp) were also downregulated in albofungin-treated groups,
which suggested that albofungin inhibited V. parahaemolyticus biofilm formation and
development.

Therefore, some genes involved in the peptidoglycan biosynthesis, bacterial
chemotaxis, and flagellar assembly pathways were selected to analyze their relative
expression levels to validate the proteomics results. Consequently, all the genes were
downregulated in the albofungin-treated planktonic bacteria and biofilm groups (Fig.
4(Q). In particular, MurE was significantly downregulated in the biofilm samples (0.37-fold)
and planktonic bacterial samples (0.38-fold) after albofungin treatment as compared
with the control group. MurA and MurQ were downregulated in the planktonic bacterial
samples (0.37- and 0.36-fold, respectively), whereas fliH and cheB were downregulated
in the biofilm samples (0.30- and 0.31-fold, respectively) after albofungin treatment as
compared with the control group.

SEM and CLSM analyses of biofilm structures in response to albofungin

The 24-h preformed mature biofilm structures after being treated with albofungin
were visualized with scanning electron microscopy (SEM) and confocal laser scanning
microscopy (CLSM). A 3D image of V. parahaemolyticus biofilms revealed the thickness
and fluorescence intensity of bacteria cells within it (Fig. 5A). Figure 5A showed that
0.06 and 0.25 pug mL™" of albofungin were highly effective in removing viable cells, and
the effects were proportional to their concentrations, which confirmed the bioassay
results. The SEM images showed that the biofilm mass was reduced and cell morphol-
ogy greatly changed with serious deformation after 0.12 ug mL™" albofungin treatment
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FIG 5 Antibiofilm activity of albofungin against Vibrio parahaemolyticus. (A) Confocal microscopy of preformed biofilm (20 h) treated with different concentra-

tions of albofungin. (B) SEM images of preformed biofilm treated with 0.12 ug mL™" albofungin. (C) Swarming motility test of 1 to V. parahaemolyticus.

(Fig. 5B). Swarming motility is critical for attachment to surfaces in the early stages
of biofilm formation (23). The swarming diameter decreased to 1.23 and 0.74 cm in
albofungin-treated groups as compared to untreated group (Fig. 5C), which suggested
that albofungin could control the spread of this pathogenic bacteria and, therefore,
inhibit the biofilm formation.

Albofungins affected the membrane of Vibrio cells

The membrane integrity of V. parahaemolyticus cells after albofungin treatment was
evaluated using the SYTOX Green dye. SYTOX Green, which is bound to the nucleic acids,
could enter the damaged cells but is impermeant to live cells. As shown in Fig. 6A and
B, upon albofungin (1) or chrestoxanthone C (5) treatment, the fluorescence intensity
of SYTOX Green rapidly increased within 25 min, which was positively correlated with
the compound concentrations. Moreover, the albofungin-induced membrane poten-
tial was evaluated by DiSC3(5) dye, a membrane potential sensitive probe, which
was accumulated in the cytoplasmic membrane of bacteria; when the membrane is
depolarized, the dye will be released. The fluorescence intensities of DiSC3(5) increased
when the concentrations of albofungin (1) and chrestoxanthone C (5) increased (Fig.
6C and D). However, the increase of fluorescence intensity in the treatment of 2 X
MIC of polymyxin B was much higher than in all albofungin-treated groups, which
suggested that albofungins were not efficient membrane dissipators. Furthermore, the
interaction between LPS and albofungin was determined based on the isothermal
titration calorimetry (ITC) experiment; however, no binding affinity was observed (Fig.
S6), indicating that the bacterial outer membrane permeability was not influenced by
albofungin. Therefore, our results suggested that albofungin destroyed the membrane
by making pores in the cytoplasmic membrane.

Cell morphology changes upon albofungin treatment

To determine the antibacterial and antibiofilm mode of actions of albofungin, we used
confocal imaging to examine the localization of albofungin in the V. parahaemolyticus
cells and observed after staining with membrane dye FM4-64, nucleic acid stain DAPI,
and FITC-albofungin. The blue fluorescence signal of DAPI was observed uniformly in
all the tested groups, whereas only the albofungin-treated groups exhibited green
fluorescence signals, which overlapped well with the blue fluorescence signals in the
merged images. When stained with FM4-64, the red fluorescence signals were detected
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FIG 6 Membrane alteration of Vibrio parahaemolyticus after treatment of albofungin (1) and chrestoxanthone C (5). Membrane integrity of V. parahaemolyticus

after (A) albofungin (1) and (B) chrestoxanthone C treatment (5) was evaluated by SYTOX green. Depolarization of the membrane of V. parahaemolyticus after

treatment with (C) albofungin (1) and (D) chrestoxanthone C (5) was evaluated by DiSC3(5).

clearly in the cell membrane, whereas weaker or even no membrane signals were
observed in treated cells (indicated in the white arrows, Fig. 7A). Results indicated
that the FITC-albofungin quickly penetrated the cell membrane, accumulated in the
cytoplasm and nucleus, and the membrane structures were destroyed by albofungin
with cytoplasmic leakage. This point was further clarified through SEM observation.
Cells exhibited a clubbed morphology with a smooth surface and intact outline under
normal conditions (Fig. 7B). However, morphological changes in cells were observed after
albofungin treatment, wherein some of the cells were deformed, and they became flat,
rough, and inflated.

DISCUSSION

Albofungin exhibited broad-spectrum antibacterial and antibiofilm activities against
Gram-negative and Gram-positive bacteria (18, 20). It can be used as a coating agent

A
FITC-Albo DAPI FM4-64

/
0.06 pg mL T
AN
o - .
- - .

15KV
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FIG 7 Fluorescence and electron microscopy. (A) Fluorescence microscopy of Vibrio parahaemolyticus after FITC-albofungin treatment and stained with FM4-64,
DAPI. (B) SEM images of V. parahaemolyticus after albofungin treatment. White arrows denote membrane deformation and detachment.
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in marine environments because of its significant antifouling activity and low cytotoxicity
(20). The present study is the first to elucidate the possible underlying mode of action
of albofungin against Gram-negative bacteria. The superbugs V. parahaemolyticus and V.
alginolyticus are biofilm-forming pathogens, which trigger human acute gastroenteritis
and diarrhea, thus albofungin also shows great potential and research significance in
medical biofilm eradication for clinical setup (24, 25). Herein, these two strains in the
present study were isolated from seafood in a previous study that expressed novel
metallo-B-lactamases, which decrease their sensitivity to various antibiotics including
ceftazidime (CAZ), penicillin G (PenG), amoxicillin (AMX), oxacillin (OXA), ampicillin (AMP),
and so on (26, 27). Interestingly, these Vibrio strains showed sensitivity to albofungins,
particularly albofungin and albofungin A, with a MIC value of 0.03 ug mL™".

The time-kill assay suggested that albofungin influenced bacterial growth in a
bactericidal mode. Polymyxin B was used as the positive control because it was effective
for various Gram-negative infections by damaging the cytoplasmic membrane (28)
and showed quick bactericidal kinetics unlike some other antibiotics that primarily
target intracellular components and have slow-killing kinetics (29). Similarly, albofungin
showed a quick-kill effect equivalent to polymyxin B, thereby eliminating 99% of bacteria
in a short period. Along with the SYTOX green staining and SEM experiment, albofun-
gin’s antibacterial effect worked by membrane permeation and disruption; therefore,
resistance was less likely to develop. In addition, albofungin has an -NH; group which
may possess positively charged properties in water solution. However, it showed no
binding affinity with LPS, a critical component of the outer membrane of the Gram-neg-
ative bacteria with a negatively charged site (30). Thus, our results may indicate that
albofungin’s antibacterial mode of action was not similar to the cationic antibacterial
peptides such as polymyxin B.

The use of mass spectrometry-based quantitative proteomics gives us a good
understanding of the bacterial response to extraneous substances (31). Herein, we
described for the first time the proteomic profiles of V. parahaemolyticus under
albofungin treatment. As the most significant finding, various proteins were downregu-
lated in the biofilm and planktonic bacteria groups, and there were more variations
of protein expressions in planktonic bacteria than in biofilms after albofungin treat-
ment, which indicated that biofilms were more resistant to extraneous compounds
than planktonic bacteria. Moreover, various metabolic processes were influenced by
albofungin including the most significantly downregulated pathways, such as purine
metabolism (purN, purK, and hpt), biosynthesis of amino acids (hisF, hisH, and dapE),
and fatty acid metabolism (fabD, fabB, and fabG). As an inhibitor of penicillin-binding
proteins, the presence of albofungin accumulated the cell wall precursor UDP-MurNAc
pentapeptide and targeted the peptidoglycan biosynthesis pathway (21). We were
interested in how albofungin affects peptidoglycan biosynthesis and regulates the
proteins that participated in this pathway. As we observed, most of the proteins
involved in the peptidoglycan biosynthesis pathway (mpl, murE, mra¥, murQ, murB,
murA, murC, and murD) were significantly downregulated after albofungin treatment,
thereby indicating that the formation of the rigid envelope was damaged, and exoge-
nous compounds could enter the cytoplasmic membrane easily.

However, biofilm infections are difficult to eradicate with antimicrobial agents as
compared to planktonic cells because biofilms are highly resistant (32, 33). Albofungin
and albofungin A exhibited strong biofilm inhibition activities (inhibition of 90% biofilm)
at 2 x MIC. In addition to interfering with the survival of planktonic bacteria, we
believed that albofungin also affected some proteins involved in the processes of biofilm
formation. The formation of biofilms is influenced by various genetic factors, including
quorum sensing, flagella, pili, exopolysaccharide, c-di-GMP signaling, and two-compo-
nent regulators (34, 35). Flagella triggers the initial stages of biofilm formation by
stimulating movement toward and along the surface (36). Our proteomics and gqPCR
analysis showed that proteins related to flagella assembly and bacterial chemotaxis,
including fliM, fliH, cheB, and cheW, were significantly downregulated. The biofilm
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inhibition effects of albofungin were further confirmed by the experiment of swarming
motility driven by rotating flagella. Some secretion system proteins (gspE and gspG) and
toxin transcriptional activators (toxR) were highly expressed in the biofilms, but they
were significantly downregulated in the albofungin-treated biofilms as compared with
albofungin-treated planktonic bacteria. The results indicated the overall inhibition of
biofilm formation by albofungin.

In summary, our study demonstrated that albofungin killed the planktonic bacteria,
as well as effectively inhibited and eradicated the preformed biofilms of drug-resist-
ant Vibrio strains. Albofungin’s mechanisms of action involved rapidly disrupting and
permeabilizing the bacterial membrane, followed by interaction with bacterial DNA
upon entry into the cell. In addition, albofungin’s antibiofilm activity was attributed
to its ability to inhibit peptidoglycan biosynthesis, flagellar assembly pathways, and
secretion system proteins (Fig. 8). Thus, understanding the mechanism behind albofun-
gin is essential for its further development as a potential antibacterial and antibiofilm
agent.

MATERIALS AND METHODS
Materials

3,3’-Dipropylthiadicarbocyanine iodide (DiSC3(5)), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), Triton X-100, DMSO, glutaraldehyde solution, and
lipopolysaccharides (LPSs) from E. coli O111:B4 were purchased from Sigma-Aldrich
(Burlington, USA). DAPI, FM 4-64 dye, SYTOX green nucleic acid stain, SYTO 9 green
fluorescent nucleic acid stain, phosphate-buffered saline (PBS) tablets, and ProLong glass
antifade mountant were purchased from Thermo Fisher (Waltham, USA). The purified
albofungin was further conjugated with FITC by a TGpeptide company (Jiangsu, China).
Vibrio alginolyticus 1597 and V. parahaemolyticus 1482 strains were given by Prof. Chen
Sheng from the City University of Hong Kong.

Isolation and purification of albofungins

Herein, albofungin and its derivatives were isolated and purified (18). The culture of S.
chrestomyceticus BCC 24770 was extracted thrice with an equal volume of ethyl acetate,
followed by evaporation to yield a dried crude extract. The dried crude extract was
dissolved in methanol (MeOH) and subjected to fractionation using a C18 silica gel
column chromatography. Then, a gradient elution with increasing concentrations of
MeOH: H,0 (20:80-100:0) was employed to obtain various fractions, and further purified
by preparative high-performance liquid chromatography (HPLC, Waters 2695, Milford,
MA, United States). The present study used HPLC to determine the purity of more

Alboufngin

Membrane
disruption

Peptidoglycan
biosynthesis

fliH, fiiD,
fliM

murB, mraY, murA,

murC, murD T

cheB,

dnaB, dnaN, dnaQ cheV,
P cheW Flagellar
toxR, luxS ]

Bacterial
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FIG8 Proposed mode of action of albofungin in Vibrio parahaemolyticus.
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than 95% of the compounds, and their structures were determined by the Bruker NMR
spectrometers (Bruker, Billerica, MA, United States) (18).

Time-kill and growth curve kinetics

For the time-kill kinetics, the bacteria were incubated to the early logarithmic growth
stage (ODggg = 0.1) and treated with compounds with the final concentrations of 4 x MIC
and 10 x MIC in the 1.5-mL tubes. Then, 100 pL of samples was taken out at each time
point, resuspended into sterile PBS, and subsequently plated onto LB agar plates with
a series of dilutions. Afterward, the number of colonies on the plates was counted after
overnight incubation at 37°C.

For the growth curve kinetics, the bacteria in the early logarithmic phase were treated
with compounds with final concentrations of 1 x MIC, 2 x MIC, 4 x MIC, and 8 x MIC
in 96-well plates. Then, the plate was incubated at 37°C for 6 h, and the ODgpg measure-
ments were taken by CLARIOstar Plus microplate reader (BMG LABTECH, Hesse, Germany)
every 5 min. Albofungin and its derivatives’ MIC values against multi-drug-resistant Vibrio
strains were tested as described previously (18).

Hemolysis assay

The red blood cells from a healthy rabbit were taken. Afterward, compounds were
diluted with sterile PBS to different concentrations and then incubated with 2% blood
cells (diluted in PBS) at 37°C for 1 h. Then, samples were centrifuged at 10,000 rpm
for 5 min, and the supernatants were taken into a 96-well plate. Subsequently, the
absorbance was measured at a wavelength of 570 nm by CLARIOstar Plus microplate
reader. Afterward, 0.5% Triton X-100 was used as a positive control, whereas 1% DMSO
dissolved in PBS was used as the negative control.

Biofilm inhibition and eradication assay

The overnight culture of V. parahaemolyticus cells was diluted into around 10’ CFU mL™"
in LB medium added with 0.5% of glucose. The biofilm inhibition assay was measured
through the MTT assay (20). The absorbance was determined using the CLARIOstar
Plus microplate reader under 570 nm. For the biofilm eradication assay, the preformed
biofilms (24 h) were washed twice in sterile PBS to remove the planktonic bacteria.
Herein, compounds were serially diluted in an LB medium (with 0.5% glucose) and
subsequently added to the 96-well plates and incubated at 37°C for 24 h. Finally, as
described above, biofilms were quantified for the biofilm inhibition assay.

Swarming mobility

V. parahaemolyticus cells were grown into a logarithmic phase (ODggg = 0.6) and treated
with 0, 0.03, and 0.06 pg mL™" albofungin. Then, 10 uL of samples was promptly
inoculated at the center of the surface of an LB broth media with 0.5% agar plates.
Finally, we measured the diameters of the bacterial swarming after 24 hr.

DNA interaction assay

The TIANamp Genomic DNA Kit (Tiangen, Beijing, China) was used to extract the
genomic DNA of the V. parahaemolyticus and mixed it with an equal volume of albofun-
gin solutions. The final concentrations of albofungin were set as 0, 3, 6, 12, 24, and 48 ug
mL™". Then, DNA shift was measured by 1% agarose gel electrophoresis after incubating
for 30 min at 37°C.

LPS-binding study

ITC measurements for the LPS-binding activity of albofungin were performed at 37°C
using a Malvern MicroCal PEAQ-ITC (Malvern Instruments, Malvern, United Kingdom).
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Then, 25 uM LPS and 50 uM albofungin solutions were prepared in a PBS buffer (pH 7.4).
After thermal equilibration, 2 pL aliquots of the albofungin solution were added every
5 min into the LPS solution at 37°C with constant stirring. Finally, data were fitted to a
one-site-binding model using MicroCal PEAQ-ITC Analysis software.

Scanning electron microscopy observation

The bacteria were inoculated in an LB medium and grown until the logarithmic phase
was reached (ODggg = 0.6). They were treated with 0.03 ug mL™" (1 x MIC) of albofungin
for 20 min at 37°C. For the biofilm samples, the biofilm was formed on a glass coverslip
in 24 well plates for 24 h and treated with 0.12 ug mL™" of albofungin for 24 h at 37°C.
Afterward, the bacteria and biofilm samples were collected and washed in the sterile
PBS to remove the compound and then fixed in the 2.5% glutaraldehyde in PBS at
4°C overnight. Then, the samples were dehydrated in a sequence of increasing ethanol
concentrations (30%, 50%, 70%, 90%, and 100%), followed by an air dry. Finally, the dried
samples were gold-coated and observed using SEM (JSM-6390, JEOL, Akishima, Tokyo,
Japan).

Bacterial cell membrane permeability assay

The V. parahaemolyticus cells in the logarithmic phase were adjusted to an ODggg =
0.2 and washed with sterile PBS. For the DiSC3(5) assay, to achieve equilibrium in K+
concentration, 0.1 M potassium chloride was added and incubated for 30 min. Then,
1 uM DiSC3(5) was added into the bacterial suspension for 1 h of incubation. In addition,
SYTOX green dye was added to the bacterial suspension and incubated for 15 min for
the SYTOX green assay. Then, the bacterial suspension and compounds with different
concentrations were transferred to a black, clear-bottom 96-well black plate at 100 pL
per well, and the fluorescence uptake was immediately monitored using CLARIOstar Plus
Microplate Reader with excitation and emission wavelengths of 622 and 670 nm for
the DiSC3(5) or excitation and emission wavelengths of 485 and 520 nm for the SYTOX
green, respectively. Herein, polymyxin B-treated cells were used as the positive control.

Fluorescence microscopy

V. parahaemolyticus cells were grown in an LB medium, and the logarithmic phase
was achieved (ODggg = 0.6). Then, the FITC-albofungin compound was added into the
bacterial suspensions and incubated for 20 min, and DAPI (1 ug mL™") and FM4-64 (1 ug
mL™") were added and incubated at room temperature for 10 min. Cells were collected by
centrifuge, washed, and resuspended in sterile PBS (100 pL). Finally, 2 pL of the cells was
then placed on a precleaned slide and mounted with ProLong glass antifade mountant.
A cover glass (0.13 mm thick) was carefully placed over the cells.

For the biofilm samples, the biofilm was grown on the glass slides at the bottom
of 24-well microplates for 24 h at 37°C and treated with albofungin for 20 h. Then, the
coverslips were washed twice in PBS and stained with SYTO 9 green fluorescent nucleic
acid stain for 15 min. Samples were washed and subsequently imaged by LSM 980
confocal microscope (Zeiss, Oberkochen, Germany).

Sample preparation for proteomics

Bacteria were grown to the logarithmic phase (ODggg = 0.4) and treated with albofungin
(0.03 pg mL™) for 0.5 h. Meanwhile, the preformed biofilms (24 h) in a 12-well plate
(Corning, New York, USA) were rinsed with sterile PBS and treated with albofungin (0.06
ug mL™) for 1 h. Then, planktonic bacteria and biofilm cells that were not treated with
albofungin were collected as controls. All samples were subjected to three biological
replicates. After collecting the samples, the cell pellet was suspended in 300 uL of lysis
buffer consisting of 8 M urea and 50 mM Tris-HCl at a pH of 8.0 and sonicated for 5 min.
Protein concentration was measured using the Bradford protein assay (Bio-Rad, Hercules,
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USA). After protein quantification, samples were further precipitated using four volumes
of cool acetone overnight and centrifuged at 15,000 x g for 30 min at 4°C. The PreOmics
iST-PreOn Kit (PreOmics, Planegg, Germany) was used to digest and purify the dried
pellet on the automated PreON machine (PreOmics, Planegg, Germany).

The purified sample was reconstituted in 0.1% formic acid in water with a final
concentration of 200 ng uL™", and 1 pL was injected into Bruker nanoElute ultrahigh-
performance liquid chromatograph (UHPLC, Bruker Daltonics, Bremen, Germany) and
separated on an lonOpticks 25 ¢cm Aurora series emitter column with CaptiveSpray
insert (25 cm x 75 um internal diameter, 120 A pore size, 1.6 um particle size C18)
at a flow rate of 0.3 uL min™", from 2% to 95% acetonitrile for 30 min. Using positive
electrospray mode, we obtained mass spectra in the range of m/z 100-1,700 using the
Bruker TimsTOF Pro mass spectrometer (Bruker Headquarters in Billerica, MA, United
States). As reported previously (37), the collision energy was increased linearly from 27
to 45 eV with increasing ion mobility, while the ion mobility scan range was set between
0.85 and 1.30 Vs/cm?.

Database searching and label-free quantification of proteomics data

In addition, the Transdecoder v5.5.0 was used to convert the genome sequence of
V. parahaemolyticus into a protein database (38). The proteins were annotated by
performing a BLASTp search (v2.7.1) against the protein database of V. parahaemolyticus
available on NCBI. Afterward, data were converted into MGF format files and processed
database search using the PEAKS Studio software version X pro. Subsequently, the
parameters were configured with a parent mass error tolerance of 15.0 ppm, a fragment
mass error tolerance of 0.05 Da, and a monoisotopic type. Only proteins and peptides
with false discovery rates (FDR) of <1% were filtered out. Proteins were considered
differentially expressed if their fold change was greater or less than twofold and
permutation-based FDR was less than or equal to 0.05. Statistical tests were performed
using Student’s t-test calculations.

Furthermore, the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
through the KEGG Automatic Annotation Server (KAAS), the Gene Ontology (GO)
through OmicsBox version 1.4.11 (BioBam, Valencia, Spain), and the KOG through
eggNOG-mapper v2 were used to annotate the protein sequence database (39). For
the enrichment analysis, the KEGG and GO pathways were enriched through cumu-
lative hypergeometric distribution by the OmicShare online tool (https://www.omic-
share.com/).

qPCR analysis

Herein, samples were prepared in the same way as described for proteomics. The RNeasy
Mini Kit (QIAGEN, Hilden, Germany) was used to extract RNA based on the manufac-
turer’s protocols. Then, the genomic DNA was removed, and cDNA was synthesized
by HiScript Il All-in-one RT SuperMix Perfect for qPCR Kit (Vazyme, Nanjing, China).
Moreover, qPCR was carried out using LightCycler 480 SYBR Green | Master (Roche,
Basel, Switzerland) on a Roche Diagnostics LightCycler 480 Instrument Il Real-time PCR
System machine. Subsequently, the glyceraldehyde-3-phosphate dehydrogenase gene
was utilized as an internal control to normalize the relative expression levels. The 27447
method was used to calculate the relative fold changes in the expression level of each
gene (40). Supplementary Table 1 lists all the primers used in the present study.

Statistical analysis

The significant differences in the data were analyzed using one-way ANOVA, and
standard deviation was calculated using GraphPad Prism 9. All experiments were carried
outin triplicate.

September/October 2023 Volume 11  Issue 5

Microbiology Spectrum

10.1128/spectrum.01563-23 13


https://www.omicshare.com/
https://doi.org/10.1128/spectrum.01563-23

Research Article

ACKNOWLEDGMENTS

The authors are grateful for the financial support from the Pl project of Southern Marine
Science and Engineering Guangdong Laboratory (Guangzhou) (2021HJ01), the Major
Basic and Applied Research Projects of Guangdong Province (2019B030302004-04), and
the Research Grants Council of Hong Kong (C6026-19G-A, 16100722, 16101822, and
T11-104/22R). The authors would also like to thank Miss Joyce Wong of the Biosciences
Central Research Facility of the Hong Kong University of Science and Technology for
operating the TimsTOF Pro mass spectrometer for proteomic analyses of the samples.
The authors are also grateful to Lai Yung Shek of the Hong Kong University of Science
and Technology for providing us with technical assistance with SEM analyses.

All authors have no other conflicts of interest.

W.S. and A.C.: conceptualization. W.S.: formal analysis and writing—original draft. A.C.
and P-Y.Q.: writing—review and editing. W.S., W.Y., P.Z., and H.W.: investigation. P.-Y.Q. and
A.C.: project administration. P-Y.Q.: funding acquisition. All authors contributed to the
article and approved the submitted version.

AUTHOR AFFILIATIONS

'Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou),
Guangdong, China

’Department of Ocean Science, Hong Kong University of Science and Technology, Hong
Kong, China

*School of Pharmacy, Faculty of Medicine, The Chinese University of Hong Kong, Hong
Kong, China

AUTHOR ORCIDs

Weiyi She (2 http://orcid.org/0000-0003-3064-2541
Aifang Cheng  http://orcid.org/0000-0002-5022-418X

FUNDING

Funder Grant(s) Author(s)

Pl project of Southern Marine Science 2021HJ01 Pei-Yuan Qian
and Engineering Guangdong Laboratory

(Guangzhou)

Major Basic and Applied Research 2019B030302004-04 Pei-Yuan Qian
Projects of Guangdong Province

Research Grants Council of Hong Kong C6026-19G-A, 16100722, Pei-Yuan Qian

16101822, T11-104/22R

AUTHOR CONTRIBUTIONS

Weiyi She, Conceptualization, Formal analysis, Investigation, Writing - original draft |
Aifang Cheng, Conceptualization, Project administration, Writing — review and editing
| Wenkang Ye, Investigation | Ping Zeng, Investigation, Resources | Hao Wang, Investiga-
tion | Pei-Yuan Qian, Funding acquisition, Project administration, Writing - review and
editing

DATA AVAILABILITY

The mass spectrometry proteomics data have been deposited with ProteomeXchange
via the PRIDE partner repository with the dataset identifier PXD040329.

ADDITIONAL FILES

The following material is available online.

September/October 2023 Volume 11  Issue 5

Microbiology Spectrum

10.1128/spectrum.01563-23 14


https://proteomecentral.proteomexchange.org/cgi/GetDataset?ID=PXD040329
https://doi.org/10.1128/spectrum.01563-23
https://doi.org/10.1128/spectrum.01563-23

Research Article

Supplemental Material

Microbiology Spectrum

Supplemental Fig. S1 to S6, Table S1 (Spectrum01563-23-50001.docx). Supplemental
information.

REFERENCES

1.

September/October 2023 Volume 11

Prestinaci F, Pezzotti P, Pantosti A. 2015. Antimicrobial resistance: a
global multifaceted phenomenon. Pathog Glob Health 109:309-318.
https://doi.org/10.1179/2047773215Y.0000000030

Dang H, Lovell CR. 2016. Microbial surface colonization and biofilm
development in marine environments. Microbiol Mol Biol Rev 80:91-
138. https://doi.org/10.1128/MMBR.00037-15

Stewart PS, Costerton JW. 2001. Antibiotic resistance of bacteria in
biofilms. Lancet 358:135-138. https://doi.org/10.1016/50140-
6736(01)05321-1

Uruén C, Chopo-Escuin G, Tommassen J, Mainar-Jaime RC, Arenas J.
2020. Biofilms as promoters of bacterial antibiotic resistance and
tolerance. Antibiotics 10:3. https://doi.org/10.3390/antibiotics10010003
Letchumanan V, Chan K-G, Lee L-H. 2014. Vibrio parahaemolyticus: a
review on the pathogenesis, prevalence, and advance molecular
identification techniques. Front Microbiol 5:705. https://doi.org/10.3389/
fmicb.2014.00705

Broberg CA, Calder TJ, Orth K. 2011. Vibrio parahaemolyticus cell biology
and pathogenicity determinants. Microbes Infect 13:992-1001. https://
doi.org/10.1016/j.micinf.2011.06.013

Zhu W, Gao J, Liu H, Liu J, Jin T, Qin N, Ren X, xia X. 2022. Antibiofilm
effect of sodium butyrate against Vibrio parahaemolyticus. Food Control
131:108422. https://doi.org/10.1016/j.foodcont.2021.108422

Zhang L, Orth K. 2013. Virulence determinants for Vibrio parahaemolyti-
cus infection. Curr Opin Microbiol 16:70-77. https://doi.org/10.1016/j.
mib.2013.02.002

Su Y-C, Liu C. 2007. Vibrio parahaemolyticus: a concern of seafood safety.
Food Microbiol 24:549-558. https://doi.org/10.1016/j.fm.2007.01.005
Loo KY, Letchumanan V, Law JWF, Pusparajah P, Goh BH, Ab Mutalib NS,
He YW, Lee LH. 2020. Incidence of antibiotic resistance in Vibrio spp. Rev
Aquac 12:2590-2608. https://doi.org/10.1111/raq.12460

Egidius E. 1987. Vibriosis: pathogenicity and pathology. Aquaculture
67:15-28. https://doi.org/10.1016/0044-8486(87)90004-4

Letchumanan V, Pusparajah P, Tan L-H, Yin W-F, Lee L-H, Chan K-G. 2015.
Occurrence and antibiotic resistance of Vibrio parahaemolyticus from
shellfish in Selangor, Malaysia. Front Microbiol 6:1417. https://doi.org/10.
3389/fmicb.2015.01417

Letchumanan V, Yin W-F, Lee L-H, Chan K-G. 2015. Prevalence and
antimicrobial susceptibility of Vibrio parahaemolyticus isolated from
retail shrimps in Malaysia. Front Microbiol 6:33. https://doi.org/10.3389/
fmicb.2015.00033

Llor C, Bjerrum L. 2014. Antimicrobial resistance: risk associated with
antibiotic overuse and initiatives to reduce the problem. Ther Adv Drug
Saf 5:229-241. https://doi.org/10.1177/2042098614554919

Gurevich Al, Karapetian MG, Kiseleva OA, Koloditskaia TA, Kolosov MN.
1972. The chemistry of albofungin. The antibiotics albofungin and
chloralbofungin. Antibiotiki 17:771-774.

Fukushima K, Ishiwata K, Kuroda S, Arai T. 1973. Identity of antibiotic
P-42-1 elaborated by Actinomyces tumemacerans with kanchanomycin
and albofungin. J Antibiot (Tokyo) 26:65-69. https://doi.org/10.7164/
antibiotics.26.65

Bunyapaiboonsri T, Lapanun S, Supothina S, Rachtawee P, Chunhametha
S, Suriyachadkun C, Boonruangprapa T, Auncharoen P, Chutrakul C,
Vichai V. 2016. Polycyclic tetrahydroxanthones from Streptomyces
chrestomyceticus BCC 24770. Tetrahedron 72:775-778. https://doi.org/
10.1016/j.tet.2015.12.045

She W, Ye W, Cheng A, Liu X, Tang J, Lan Y, Chen F, Qian P-Y. 2021.
Discovery, bioactivity evaluation, biosynthetic gene cluster identifica-
tion, and heterologous expression of novel albofungin derivatives. Front
Microbiol 12:635268. https://doi.org/10.3389/fmicb.2021.635268

Trenin AS, Dudnik YV. 2005. Solid phase system of template RNA-
directed DNA-polymerase in the screening of new antibiotics as
potential HIV inhibitors. Antibiot Khimioter 50:4-12.

Issue 5

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

She W, Ye W, Cheng A, Ye W, Ma C, Wang R, Cheng J, Liu X, Yuan Y, Chik
SY, Limlingan Malit JJ, Lu Y, Chen F, Qian P-Y. 2022. Discovery, yield
improvement, and application in marine coatings of potent antifouling
compounds albofungins targeting multiple fouling organisms. Front
Microbiol 13:906345. https://doi.org/10.3389/fmicb.2022.906345

Wu W-S, Cheng W-C, Cheng T-J, Wong C-H. 2018. Affinity-based screen
for inhibitors of bacterial transglycosylase. J Am Chem Soc 140:2752-
2755. https://doi.org/10.1021/jacs.7b13205

Vollmer W, Blanot D, de Pedro MA. 2008. Peptidoglycan structure and
architecture. FEMS Microbiol Rev 32:149-167. https://doi.org/10.1111/j.
1574-6976.2007.00094.x

Kearns DB. 2010. A field guide to bacterial swarming motility. Nat Rev
Microbiol 8:634-644. https://doi.org/10.1038/nrmicro2405

Wang R, Zhong Y, Gu X, Yuan J, Saeed AF, Wang S. 2015. The pathogene-
sis, detection, and prevention of Vibrio parahaemolyticus. Front Microbiol
6:144. https://doi.org/10.3389/fmicb.2015.00144

Mustapha S, Mustapha EM, Nozha C. 2013. Vibrio alginolyticus: an
emerging pathogen of foodborne diseases. Int J Environ Sci Technol
2:302-309.

Zeng P, Cheng Q, Xu J, Xu Q, Xu Y, Gao W, Wong KY, Chan KF, Chen S, Yi
L. 2022. Membrane-disruptive engineered peptide amphiphiles restrain
the proliferation of penicillins and cephalosporins resistant Vibrio
alginolyticus and Vibrio parahaemolyticus in instant jellyfish. Food
Control 135:108827. https://doi.org/10.1016/j.foodcont.2022.108827
Cheng Q, Zheng Z, Ye L, Chen S. 2021. Identification of a novel metallo-
B-lactamase, VAM-1, in a foodborne Vibrio alginolyticus isolate from
China. Antimicrob Agents Chemother 65:e0112921. https://doi.org/10.
1128/AAC.01129-21

HsuChen CC, Feingold DS. 1973. The mechanism of polymyxin B action
and selectivity toward biologic membranes. Biochemistry 12:2105-2111.
https://doi.org/10.1021/bi00735a014

Wu Q, Patocka J, Kuca K. 2018. Insect antimicrobial peptides, a mini
review. Toxins 10:461. https://doi.org/10.3390/toxins10110461

Matsuzaki K, Sugishita K, Miyajima K. 1999. Interactions of an antimicro-
bial peptide, magainin 2, with lipopolysaccharide-containing liposomes
as a model for outer membranes of gram-negative bacteria. FEBS Lett
449:221-224. https://doi.org/10.1016/s0014-5793(99)00443-3

Wen Z, Zhao Y, Gong Z, Tang Y, Xiong Y, Chen J, Chen C, Zhang Y, Liu S,
Zheng J, Li D, Deng Q, Yu Z. 2022. The mechanism of action of ginkgolic
acid (15:1) against gram-positive bacteria involves cross talk with iron
homeostasis. Microbiol Spectr 10:@0099121. https://doi.org/10.1128/
spectrum.00991-21

Spoering AL, Lewis K. 2001. Biofilms and planktonic cells of Pseudomo-
nas aeruginosa have similar resistance to killing by antimicrobials. J
Bacteriol 183:6746-6751. https://doi.org/10.1128/JB.183.23.6746-6751.
2001

Sharma D, Misba L, Khan AU. 2019. Antibiotics versus biofilm: an
emerging battleground in microbial communities. Antimicrob Resist
Infect Control 8:76. https://doi.org/10.1186/s13756-019-0533-3

Cotter PA, Stibitz S. 2007. C-di-GMP-mediated regulation of virulence
and biofilm formation. Curr Opin Microbiol 10:17-23. https://doi.org/10.
1016/j.mib.2006.12.006

Yildiz FH, Visick KL. 2009. Vibrio biofilms: so much the same yet so
different. Trends Microbiol 17:109-118. https://doi.org/10.1016/j.tim.
2008.12.004

Guttenplan SB, Kearns DB. 2013. Regulation of flagellar motility during
biofilm formation. FEMS Microbiol Rev 37:849-871. https://doi.org/10.
1111/1574-6976.12018

Meier F, Brunner AD, Koch S, Koch H, Lubeck M, Krause M, Goedecke N,
Decker J, Kosinski T, Park MA, Bache N, Hoerning O, Cox J, Rather O,
Mann M. 2018. Online parallel accumulation-serial fragmentation
(PASEF) with a novel trapped ion mobility mass spectrometer. Mol Cell
Proteomics 17:2534-2545. https://doi.org/10.1074/mcp.TIR118.000900

10.1128/spectrum.01563-23 15


https://doi.org/10.1179/2047773215Y.0000000030
https://doi.org/10.1128/MMBR.00037-15
https://doi.org/10.1016/s0140-6736(01)05321-1
https://doi.org/10.3390/antibiotics10010003
https://doi.org/10.3389/fmicb.2014.00705
https://doi.org/10.1016/j.micinf.2011.06.013
https://doi.org/10.1016/j.foodcont.2021.108422
https://doi.org/10.1016/j.mib.2013.02.002
https://doi.org/10.1016/j.fm.2007.01.005
https://doi.org/10.1111/raq.12460
https://doi.org/10.1016/0044-8486(87)90004-4
https://doi.org/10.3389/fmicb.2015.01417
https://doi.org/10.3389/fmicb.2015.00033
https://doi.org/10.1177/2042098614554919
https://doi.org/10.7164/antibiotics.26.65
https://doi.org/10.1016/j.tet.2015.12.045
https://doi.org/10.3389/fmicb.2021.635268
https://doi.org/10.3389/fmicb.2022.906345
https://doi.org/10.1021/jacs.7b13205
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.3389/fmicb.2015.00144
https://doi.org/10.1016/j.foodcont.2022.108827
https://doi.org/10.1128/AAC.01129-21
https://doi.org/10.1021/bi00735a014
https://doi.org/10.3390/toxins10110461
https://doi.org/10.1016/s0014-5793(99)00443-3
https://doi.org/10.1128/spectrum.00991-21
https://doi.org/10.1128/JB.183.23.6746-6751.2001
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1016/j.mib.2006.12.006
https://doi.org/10.1016/j.tim.2008.12.004
https://doi.org/10.1111/1574-6976.12018
https://doi.org/10.1074/mcp.TIR118.000900
https://doi.org/10.1128/spectrum.01563-23

Research Article

38.

September/October 2023 Volume 11

Haas BJ, Papanicolaou A, Yassour M, Grabherr M, Blood PD, Bowden J,
Couger MB, Eccles D, Li B, Lieber M, MacManes MD, Ott M, Orvis J,
Pochet N, Strozzi F, Weeks N, Westerman R, William T, Dewey CN,
Henschel R, LeDuc RD, Friedman N, Regev A. 2013. De Novo transcript
sequence reconstruction from RNA-seq using the trinity platform for
reference generation and analysis. Nat Protoc 8:1494-1512. https://doi.
org/10.1038/nprot.2013.084

Issue 5

39.

40.

Microbiology Spectrum

Cantalapiedra CP, Hernandez-Plaza A, Letunic |, Bork P, Huerta-Cepas J.
2021. eggNOG-mapper V2: functional annotation, orthology assign-
ments, and domain prediction at the metagenomic scale. Mol Biol Evol
38:5825-5829. https://doi.org/10.1093/molbev/msab293

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression data
using real-time quantitative PCR and the 27 22T method. Methods
25:402-408. https://doi.org/10.1006/meth.2001.1262

10.1128/spectrum.01563-23 16


https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1093/molbev/msab293
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1128/spectrum.01563-23

	Mode of action of antimicrobial agents albofungins in eradicating penicillin- and cephalosporin-resistant Vibrio parahaemolyticus biofilm
	RESULTS
	Isolation of albofungin derivatives and their activities against drug-resistant Vibrio strains
	Time-kill and growth kinetics of Vibrio upon albofungin treatment
	Proteomic analysis of planktonic bacteria and biofilm upon albofungin treatment
	SEM and CLSM analyses of biofilm structures in response to albofungin
	Albofungins affected the membrane of Vibrio cells
	Cell morphology changes upon albofungin treatment

	DISCUSSION
	MATERIALS AND METHODS
	Materials
	Isolation and purification of albofungins
	Time-kill and growth curve kinetics
	Hemolysis assay
	Biofilm inhibition and eradication assay
	Swarming mobility
	DNA interaction assay
	LPS-binding study
	Scanning electron microscopy observation
	Bacterial cell membrane permeability assay
	Fluorescence microscopy
	Sample preparation for proteomics
	Database searching and label-free quantification of proteomics data
	qPCR analysis
	Statistical analysis



