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Summary

The development of sustainable agriculture and the
increasing antibiotic resistance of humanpathogens call
for novel antimicrobial compounds. Here, we describe
the extraction and characterization of a class of cationic
circular lipopeptides, for which we propose the name
relacidines, from the soil bacterium Brevibacillus
laterosporus MG64. Relacidines are composed of a fatty
acid side chain (4-methylhexanoic acid) and 13 amino
acid residues. A lactone ring is formed by the last five
amino acid residues and three positively charged orni-
thines are located in the linear fragment. Relacidines
selectively combat Gram-negative pathogens, including
phytopathogens and human pathogens. Further investi-
gation of the mode of action revealed that relacidine B
binds to the lipopolysaccharides but does not form
pores in the cell membrane. We also provide proof to
show that relacidine B does not affect the biosynthesis
of the cell wall and RNA. Instead, it affects the oxidative
phosphorylationprocessof cells anddiminishes the bio-
synthesis of ATP. Transcription of relacidines is induced

by plant pathogens, which strengthens the potential of
B. laterosporus MG64 to be used as a biocontrol agent.
Thus, we identified a new group of potent antibiotic com-
pounds for combating Gram-negative pathogens of
plants or animals.

Introduction

Antimicrobials are substances that kill or inhibit the growth
of microorganisms. They are of great value in different
applications. Some of them are being used as weapons
for plant disease biocontrol (Ongena and Jacques, 2008),
while others are used as antibiotics for preventing and cur-
ing bacterial infections in animals, including humans
(Chandra and Kumar, 2017). The discovery of novel anti-
microbials is of paramount importance not only for the
development of sustainable agriculture but also to over-
come the antibiotic resistance, which has become one of
the biggest threats to human health in recent decades.

Soil is an ecosystem that hosts a large and diverse
population of microorganisms (Roesch et al., 2007).
Microbes develop strategies to adapt to fluctuating soil
environments and to survive in the competition with other
organisms. Production of antimicrobials is one of the
most potent strategies for this adaptation (Davies, 1990).
Thus, soil microorganisms form a natural reservoir of
antimicrobials (Chandra and Kumar, 2017). Screening of
soil microorganisms that harbour novel biosynthetic gene
clusters (BGCs) against pathogens is a traditional but
efficient way to discover novel antimicrobials.

In a previous study, we isolated a rhizosphere bacte-
rium, Brevibacillus laterosporus MG64, which displayed
potent activity against plant pathogens and mammalian
pathogens (Li et al., 2020). Brevibacillus is a genus of bac-
teria reclassified from Bacillus based on the 16S rRNA
sequence analysis (Shida et al., 1996). It is a rich resource
for antimicrobials and many compounds have been iso-
lated and characterized (Yang and Yousef, 2018). For
instance, gramicidin S, loloatins, and tyrocidines were dis-
covered from Brevibacillus brevis (Hotchkiss and
Dubos, 1941; Gause and Brazhnikova, 1944; Gerard
et al., 1999), while tauramamide, bogorols, laterosporulin,
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and so on were isolated from B. laterosporus (Todd
Barsby, 2001; Barsby et al., 2006; Desjardine et al., 2007;
Singh et al., 2012). The current study was initiated to
unveil novel antimicrobials produced by B. laterosporus
MG64, which harbours abundant novel BGCs (Li et al.,
2020). The bioactivity against different kinds of pathogens
and the underlying mode of actions of the bioactive com-
pounds were further investigated and dissected in order to
evaluate their potential in applications.

Results

Purification and identification of relacidines

We previously isolated B. laterosporus MG64 from an
agricultural rhizosphere sample and showed that this
organism has several biosynthetic gene clusters
encoding potential antimicrobials and secretes com-
pounds that inhibit the growth of bacterial and fungal
pathogens (Li et al., 2020). To characterize these antimi-
crobials, supernatant from a B. laterosporus MG64 cul-
ture was precipitated using ammonium sulfate and
applied to HPLC for purification. Each peak that eluted
from the HPLC was collected for an in vitro activity test
using X. campestris pv. campestris as an indicator. Two
peaks (Supporting Information Fig. S1) that displayed the
most potent activity against the indicator were subjected
to LC–MS to determine their molecular masses. The first
peak showed m/z values of 1549.82 and 1571.80,
corresponding to a singly protonated compound [M + H]+

and its sodium-cationized ion [M + Na]+ respectively. The
second peak showed m/z values of [M + H]+ 1563.83
and [M + Na]+ 1585.82 (Supporting Information Fig. S2).
The similar elution time and molecular mass suggested
that they belong to the same class of compounds. We
designated them as relacidine A and relacidine B respec-
tively. Relacidines represent some of the major second-
ary metabolites produced by B. laterosporus MG64. With
the method used, around 0.2 mg of relacidine A and
0.5 mg of relacidine B can be obtained from 1 l of culture.
To further characterize the compounds, the contents of

both peaks were applied to LC–MS/MS analysis. As
shown in the Supporting Information Fig. S3, both
compounds were identified to contain a fragment of Tyr-
Trp-Orn-Orn-Gly-Orn-Trp. With this information and the
prediction by antiSMASH (Blin et al., 2019), we success-
fully identified the gene cluster of relacidines. This gene
cluster contains five genes, including two ATP-binding
cassette transporter genes (rlcA and rlcB), two large core
biosynthetic genes (rlcC and rlcD) and one drug resis-
tance transporter gene (rlcE). The core biosynthetic
genes encode 13 modules, among which the module 4 to
module 7 incorporating the identified fragment of Orn-
Orn-Gly-Orn (Fig. 1A, Supporting Information Fig. S3).

According to the prediction, the final product should con-
tain 13 amino acid residues. However, the signals from
the C terminus were largely missing in the LC–MS/MS
data, suggesting the potential existence of a cyclic struc-
ture, which is prevalent in natural products. To confirm
this hypothesis, each compound was hydrolyzed with
2 M NaOH, desalted, and subjected to LC–MS/MS analy-
sis. The signals at the C termini were found after hydroly-
sis, indicating the presence of a ring in the original
compounds (Fig. 1B and C). The ring of relacidine A was
determined to be constituted of Thr-Ile-Gly-Ser-Gly,
which is in perfect accordance with the prediction from
antiSMASH (Fig. 1A). Relacidine B has the same b ions
as relacidine A, but the y ions show a difference of
14 Da, which indicates their difference at the last two amino
acid residues of the C terminal region (Fig. 1B and C).
Residue Ser-12 (the number indicates the position of the
amino acid residue, the same for the rest below) was
predicted with high confidence by antiSMASH, and there-
fore we speculate the last amino acid residue of
relacidine B to be Ala. The fatty acid tail and the first
amino acid residue are predicted to be C7H13O1 and Ser,
respectively, which is supported by the tandem MS data
(Fig. 1B and C).

The structure of relacidine B was further confirmed by
1D and 2D NMR spectroscopy, where 1H NMR, 1H-1H-
TOCSY NMR, 1H-1H-COSY NMR, and 13C-1H-HSQC
NMR techniques were used to identify the 1H and 13C
signals of the different amino acid residues. All chemical
shifts found were consistent with the MS/MS results. The
structure of the fatty acid side chain was found to be
4-methylhexanoic acid (Fig. 1D). Cross-peaks in the
1H-1H-NOESY NMR verified the amino acid sequence
found for this peptide in MS/MS (Fig. 1d). Moreover,
NOESY cross-peaks of both Ile10 and Ala-13 with Thr-9
confirmed the presence of the lactone macrocycle
(Fig. 1D). The chemical shift assignments are summa-
rized in the Supporting Information Table S1.

Taken together, relacidines are identified as novel
lipopeptides that are constituted with a fatty acid tail
(4-methylhexanoic acid) and 13 amino acid residues.
Moreover, the last amino acid residue was linked to Thr-9
with an ester bond, thus forming a lactone ring (Fig. 1D).
Relacidines contain three positively charged ornithine
residues, resulting in a net positive charge at neutral pH
conditions, and therefore are classified as cationic pep-
tides, which are considered to be attractive therapeutic
candidates to combat Gram-negative pathogens
(Hancock, 2001; Ntwasa, 2012).

Antibacterial activity and mechanism of action

The relacidines were assessed for antibacterial activity.
Phytopathogens (Xanthomonas species, Pseudomonas
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Fig. 1. Characterization of biosynthetic gene cluster and structure of relacidines.
A. Gene cluster of relacidines predicted by antiSMASH. ABC transporter genes are indicated in red; core biosynthetic genes are shown in green;
drug resistance related gene is labelled with blue. The letters in the adenylation domains represent the predicted amino acid residues.
Tandem MS analysis of hydrolyzed relacidine A (b) and relacidine B (c). Peptides were hydrolyzed with 2 M NaOH and desalted before applying
to LC–MS/MS. (d) 1H-1H TOCSY and 1H-1H NOESY NMR crosspeaks of relacidine B. [Color figure can be viewed at wileyonlinelibrary.com]
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syringae, Pectobacterium carotovorum, and Ralstonia
syzygii), food pathogen (Bacillus cereus), and human
pathogens (E. coli ET8, Klebsiella pneumoniae, Pseudo-
monas aeruginosa, Staphylococcus aureus, and Entero-
coccus faecium) were tested in order to evaluate the
potential of relacidines in different applications. As shown
in Table 1, the relacidines displayed potent activity
against all the Gram-negative bacteria tested. The mini-
mum inhibitory concentration (MIC) values are in the
range of 0.25–2 μg ml−1 (0.16–1.29 μM), which is compa-
rable to that of polymyxin B, a cationic peptide antibiotic
commonly used to treat infections caused by multiple
drug-resistant pathogens (Velkov et al., 2013). The addi-
tion of exogenous lipopolysaccharides (LPS) from E. coli
increases the MIC values of both relacidines and
polymyxin B, suggesting their binding to LPS. Rela-
cidines did not affect the growth of the tested Gram-
positive bacteria (i.e. Staphylococcus aureus subsp.
aureus 533 R4, Bacillus cereus ATCC 14579, and
Enterococcus faecium LMG16003) at a concentration up
to 32 μg ml−1. A similar phenomenon was observed for
polymyxin B, where activity against Gram-positive bacte-
ria was not observed.
The plant pathogen X. campestris pv. campestris was

used to study the mode of action of relacidine B because
of its great sensitivity. A growth curve was first deter-
mined to understand the efficacy of relacidines. Growth
inhibition is defined as a drop in the increase of the opti-
cal density of a culture compared to the control. As
shown in Fig. 2A, the control cells are continuously grow-
ing, while the cells treated with a relacidine or polymyxin
B displayed slower growth after a defined period of time,
followed by an absence of growth. The effective time of
relacidines is around 2.5 h when applied at 1 × MIC and
a faster effect was observed when the concentrations

used are higher. Polymyxin B acts faster than relacidines
when applied at the same MIC level. A time-kill assay
was conducted to determine whether relacidines have a
bactericidal effect. The result showed that cell viability
was significantly reduced after 30 min of exposure to rel-
acidines at 10 times the MIC (Fig. 2B), which confirms
the bactericidal effect of relacidines.

A common mechanism of action employed by a lot of
antibiotics, including cationic peptides, is interfering with
membrane integrity (Ntwasa, 2012). We analysed
whether relacidine B can permeabilize the cell mem-
branes of X. campestris pv. campestris using a combina-
tion of two fluorescent DNA dye, one (SYTO9) green and
membrane permeable, and the other (propidium iodide)
red and membrane impermeable. Cells treated with
polymyxin B, a cationic peptide antibiotic known to dis-
rupt cellular membranes (Khondker et al., 2019), were
stained red, indicating that membranes were damaged.
In contrast, cell membranes remain intact after treating
with relacidine B and DMSO (control) for up to 7 h, indi-
cating that relacidine B does not form holes in the cell
membrane (Fig. 2C).

Next, we investigated the membrane potential of cells
treated with relacidine B using the potential sensitive
membrane dye DiSC(3)-5 (Te Winkel et al., 2016). Consid-
ering that cationic peptides may affect the fluorescence
signal, blanks without cells were also involved. As shown
in Fig. 2D, the control treatment did not affect the signal
regardless of the presence of cells. In contrast, the cat-
ionic peptide polymyxin B caused an increase in the blank,
but the relative intensity of the signal is higher when cells
were present. This is in accordance with its pore formation
in the cell membrane. Relacidine B, which is identified to
be a cationic peptide in this study, is compatible with the
dye and the fluorescence signal was decreased when the

Table 1. MIC values of relacidines against selected pathogenic bacteria.

Type of pathogen Pathogen

MIC (μg mL−1)

Relacidine A Relacidine B Polymyxin B

Gram-negative Xanthomonas campestris pv. campestris NCCB92058 0.5 0.25–0.5 ≤0.06
X. campestris pv. campestris NCCB92058 + LPS

(100 μg ml−1)
4 4 8

Xanthomonas translucens pv. graminis LMG587 0.25 0.25 ≤0.06
Pseudomonas syringae pv. antirrhin LMG2131 0.5 0.5 0.12
Pseudomonas syringae pv. tomato DC3000 0.5 0.5 0.12
Pectobacterium carotovorum LMG5863 2 0.5 0.25
Ralstonia syzygii subsp. syzygii LMG6969 2 1 0.25
Escherichia coli TOP10 2 2 0.25
E. coli TOP10 + LPS (100 μg ml−1) 8 8 8
E. coli ET8 2 2 0.25
Klebsiella pneumoniae LMG20218 2 2 0.25
Pseudomonas aeruginosa PAO1 2 2 0.5

Gram-positive Staphylococcus aureus subsp. aureus 533 R4 >32 >32 >32
Bacillus cereus ATCC 14579 >32 >32 >32
Enterococcus faecium LMG16003 >32 >32 >32
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cells were present. This suggests that the hyperpolarizing
effect of relacidine B on cell membranes and further
proved the integrity of cell membranes.

Inhibition of macromolecule (such as peptidoglycan,
RNA) biosynthesis is another common mode of action
employed by antibiotics. To investigate whether peptidogly-
can biosynthesis is affected by relacidine B, incorporation
of the fluorescent D-amino acid analogue hydroxycoumarin-
carboxylic acid-amino-D-alanine (HADA) was followed. The
incorporation of HADA in the cells treated with relacidine B
or DMSO (negative control) was not affected, while that in
the cells exposed to ceftriaxone (positive control) was sig-
nificantly reduced (Supporting Information Fig. S4). This
result suggests that relacidine B does not abolish the bio-
synthesis of peptidoglycan. A competition experiment in

which lipid II was added to relacidine B before treatment
confirmed that the peptidoglycan precursor lipid II, which is
the target for many membrane-active peptides, is not the
target for relacidine (Supporting Information Fig. S5). To
investigate RNA synthesis during relacidine treatment,
incorporation of [53H] uridine in RNA was followed over
time. As shown in the Supporting Information Fig. S6, rifam-
picin blocks incorporation of [53H] uridine, whereas
relacidine B had no effect and was comparable to the con-
trol. This result indicates that relacidine B does not affect
the biosynthesis of RNA.

Next, the effects of relacidine B on cellular metabolism
were studied. The addition of relacidine B caused a drop
in the intracellular ATP concentration of cells compared
to DMSO-treated cells (negative control, Fig. 3A). The

Fig. 2. Growing curve, killing curve, membrane permeability, and membrane potential effect of relacidines.
A. Growing curve of X. campestris pv. campestris exposed to relacidines. The overnight culture was diluted with fresh LB to an OD600 of 0.05
and dispensed into a 96-well plate (100 μl each well). Compounds were added at different concentrations when the cells reach the early station-
ary phase.
B. Killing curve of relacidines to X. campestris pv. campestris. All compounds were added at a concentration of 2.5 μg ml−1.
C. Membrane permeability of relacidine B. X. campestris pv. campestris cells (OD600 = 0.2) were treated with different compounds (DMSO and
0.5 μg ml−1 relacidine B for up to 7 h, and 1 μg ml−1 polymyxin B for 5 min). Cells were washed with PBS buffer and stained with SYTO9 and PI
before inspecting with a microscope.
D. Membrane potential effect of relacidine B. The membrane potential dye DiSC(3)-5 was added at a final concentration of 6 μM. Relacidine B
and polymyxin B were added at final concentrations of 0.5 μg ml−1 and 1 μg ml−1 respectively. The fluorescence signal intensity is relative to the
stabilized signal after adding DiSC(3)-5 (0 min). Con, control (Milli-Q water), RelB, relacidine B; PlyB, polymyxin B. ns, no significant difference; *
significant difference (T-test, P < 0.05), ** very significant difference (T-test, P < 0.01). [Color figure can be viewed at wileyonlinelibrary.com]
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positive control, carbonyl cyanide m-chlorophenyl
hydrazone (CCCP), a compound known to inhibit the oxi-
dative phosphorylation of cells, caused a more drastic
drop in intracellular ATP. Notably, cells treated with
relacidine B for up to 2 h did not affect the growth curve
(Fig. 2A) and the integrity of the cell membrane (Fig. 2),
suggesting that the ATP drop is caused by the cellular
metabolism but not the cell death. A possible explanation
for the decrease in intracellular ATP would be that ATP
synthetase is targeted by relacidine B. This is unlikely
however, as E. coli cells, in which enhanced substrate-
level phosphorylation (Jensen and Michelsen, 1992) can
compensate for the absence of ATP synthetase, are also
killed by relacidine B. A comparison of the sensitivity of
wild type and atp (ATP synthetase gene) mutants of
E. coli to relacidine B confirmed this, showing similar MIC
values for all strains (Supporting Information Table S2).

To further investigate the cause of the decrease of
ATP levels in bacteria treated with relacidine B, the
NADH level of cells was determined using resazurin,
which is reduced to resorufin by NADH in the presence
of NADH dehydrogenase (De Jong and Woodlief, 1977;
Barnes and Spenney, 1980; Winartasaputra et al., 1980;
Hanson and Freier, 1983; Shahangian et al., 1984). The
NADH level of cells treated with relacidine B was higher
than that of the control, although both of them showed
the same trends of increase, whereas polymyxin B and
rifampicin blocked the reduction after 30 min and 250 min
respectively (Fig. 3B). This result indicates that relacidine
B increases NADH of cells. The increase of the NADH
level and the decrease of the ATP level suggest that the
oxidative phosphorylation process of cells is affected by
relacidine B (Supporting Information Fig. S7). More pre-
cisely, either the electron transport chain is disrupted or
ATP synthase is uncoupled from the electron transport
chain (ETC).

Expression of relacidines during the interaction with
pathogens

Various strains of B. laterosporus have been reported to
have good biocontrol potential (de Oliveira et al., 2004;
Saikia et al., 2011; Prasanna et al., 2013; Miljkovic
et al., 2019). A B. laterosporus strain isolated from honey-
bees was even reported to have a probiotic effect on the
host (Khaled et al., 2018). Notably, all of these biocontrol
strains (if the genomic sequence is available) were found
to harbour an unidentified BGC that showed high similarity
to relacidines (Supporting Information Fig. S8). Given the
effectiveness of relacidines in combating pathogens, the
potential of their newly isolated producer, B. laterosporus
MG64, to be used as a biocontrol agent or probiotic culture
was evaluated. The expression and production of rela-
cidines during the interaction with two plant pathogens (X.
campestris pv. campestris and P. syringae pv. tomato)
and two human pathogens (K. pneumoniae and E. coli)
were investigated. As shown in Fig. 4, B. laterosporus
MG64 displayed a clear inhibition activity against X. cam-
pestris pv. campestris and P. syringae pv. tomato grown
at 28�C. Both plant pathogens clearly induced the expres-
sion of the core biosynthetic gene (rlcC) of the BGC. The
relacidine peptides were also discovered in the cell
extracts; however, the presence of the pathogens did not
seem to result in higher amounts of relacidine in the cell
extracts. No inhibition was observed when B. laterosporus
MG64 was cocultured with K. pneumoniae and E. coli at
37�C, even though its secondary metabolites, relacidines,
displayed potent activity against these two pathogens. Fur-
ther inspection of the transcripts revealed that rlcC was
expressed when growing alone, but downregulated when
interacting with the two human pathogens and that no

Fig. 3. Relacidine B affects the ATP and NADH level of cells.
A. ATP concentration of X. campestris pv. campestris cells treated
with compounds. Relacidine B was added at a concentration of
0.25 μg ml−1. CCCP (40 μg ml−1) was used as a positive control and
DMSO is used as a negative control.
B. NADH level of X. campestris pv. campestris cells treated with antimicro-
bials. Resazurin was added to the culture at a final concentration of 0.1 mg
ml−1. Relacidine B, rifampicin, and polymyxin B were added at final con-
centrations of 0.25 μg ml−1, 0.125 μg ml−1, and 1 μg ml−1, respectively.
DMSO was used as a negative control. RelB, relacidine B; Rif, rifampicin;
PlyB, polymyxin B. [Color figure can be viewed atwileyonlinelibrary.com]
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relacidine peptides were detected in the cell extracts,
regardless of the presence of the human pathogens.
Together, these results suggest B. laterosporus MG64 can
be a good biocontrol strain for plants, but it is likely not
suitable to be used as probiotic.

Discussion

Here, we identified two relacidines as members of a
novel class of cationic cyclic lipopeptides. They have
both similarities and differences compared to brevicidine
and laterocidine, which are also antimicrobials produced
by Brevibacillus laterosporus (Li et al., 2018). Brevicidine
is different from relacidines in the first amino acid residue
(Ser-1 in relacidines is replaced by Asn-1 in brevicidine)
and the lactone ring (the Gly-13 in relacidines is absent
in brevicidine) (Supporting Information Fig. S9).
Laterocidine is different from relacidines in the fatty acid

side chain and the lactone ring: C7H13O1 and Gly-Ser-
Gly/Ala in relacidines are replaced by C9H17O1 and Asn-
Gly-Gly in laterocidine, respectively (Supporting Informa-
tion Fig. S9). Apart from the differences, brevicidine,
laterocidine, and relacidines share outstanding character-
istics. All of them contain a linear cationic chain and a
hydrophobic lactone ring (Supporting Information Fig. S9),
both of which were considered crucial for the antibacterial
activity (Li et al., 2018).

The structure of relacidines, as well as of the recently
reported brevicidine and laterocidine, is novel compared
with other cationic cyclic lipopeptides such as tyrocidines,
gramicidin S, and polymyxins (Supporting Information
Fig. S10), some of which are considered antibiotics of the
last resort for combating multidrug-resistant bacteria
(Mogi and Kita, 2009). First of all, they contain a cationic
linear fragment constituted with a fatty acid tail and eight
amino acid residues. Gramicidin S and tyrocidines do not

Fig. 4. Investigation of expression of relacidines during the interaction with two plant pathogens (left panel) and two human pathogens (right
panel) at transcriptional and metabolic levels. The expression of a relacidine biosynthetic gene (rlcC) was tested with real-time PCR using three
replicates. Different lowercase letters indicate a significant difference (ANOVA, P < 0.001) between treatments. The production of relacidines was
analysed by HPLC. Controls are producers growing on LB plates without pathogens. Xcc, X. campestris pv. campestris NCCB92058; Pst, P.
syringae pv. tomato DC3000; Kp, K. pneumoniae LMG20218; Ec, E. coli ET8. Relacidine A and relacidine B in the HPLC chromatogram are indi-
cated as A and B respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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possess a linear fragment and polymyxins contain a
shorter cationic linear fragment constituted with a fatty
acid tail and three amino acid residues (Supporting Infor-
mation Fig. S10). Also, the ring of relacidines is formed
by an ester bond, in contrast to the peptide bond found in
gramicidin S, tyrocidines, and polymyxins (Supporting
Information Fig. S10). Moreover, the ring of relacidines is
constituted with five amino acid residues while that of
gramicidin S, tyrocidines, and polymyxins contain 10, 10,
and 7 amino acid residues, respectively (Supporting
Information Fig. S10). Lastly, the ring of relacidines is
uncharged, unlike gramicidin S, tyrocidines, and poly-
myxins have 2, 1, and 4 positive charges, respectively
(Supporting Information Fig. S10).
Relacidines selectively combat Gram-negative patho-

gens, which is similar to the structurally related peptides
brevicidine and laterocidine (Li et al., 2018). Another class
of cationic peptides, polymyxins, also displays potent
activity against Gram-negative bacteria but not against
Gram-positive bacteria. The similarity of the inhibitory
spectra of these peptides is believed to be related to their
structures. Both relacidines and polymyxins possess a cat-
ionic linear fragment, which is proven to be important for
binding to the anionic LPS of Gram-negative cells
(Ntwasa, 2012). Apart from the inhibitory spectra, the anti-
microbial potency of relacidines is comparable to that of
polymyxins, which are used in the treatment of infections
caused by multi-drug resistant Gram-negative bacteria.
Moreover, research on brevicidine and laterocidine
showed that they have a low risk of resistance develop-
ment in E. coli (Li et al., 2018). This is of paramount impor-
tance since the multidrug-resistant bacteria have become
a major concern in recent decades. All these factors show
the great potential of relacidines, brevicidine, and
laterocidine for pharmaceutical applications.
Likely because of the structural uniqueness, rela-

cidines, as well as brevicidine and laterocidine, display a
different mode of action compared to other cationic cyclic
peptides, which disrupt the cellular membranes and
resulting in cell death. Our results show that relacidines
bind to LPS but do not form pores in the cell membrane
(Fig. 2C). This is in line with an investigation on
brevicidine and laterocidine (Li et al., 2018). We also pro-
vide evidence to show that relacidines do not affect the
biosynthesis of peptidoglycan and RNA (Supporting Infor-
mation Figs. S4-S6). Instead, they affect the oxidative
phosphorylation of cells, thus disrupting the biosynthesis
of ATP (Fig. 3A), which supplies energy for metabolisms.
There are two possible mechanisms employed by rela-
cidines to affect the oxidative phosphorylation. First of all,
it can be an uncoupler of ATP synthase and the ETC.
The ETC is a process of electron transfer from electron
donors to electron acceptors. Meanwhile, it couples the
transfer of protons across the cellular membrane, thus

creating a proton-motive force. An uncoupler can disrupt
the proton gradient and affect the biosynthesis of ATP.
CCCP is a typical uncoupler that carries protons across
the membrane and disrupts the biosynthesis of ATP
(Heytler et al., 1962; Heytler, 1963). Additionally,
relacidine B can also be an inhibitor of the protein com-
plexes that constitute the electron transport chain, thus
disrupting proton export. Examples of such compounds
are rotenone and antimycin A that bind to complex I and
complex III, respectively (Palmer et al., 1968; Alexandre
et al., 1984; Campo et al., 1992; Maguire et al., 1992; Xia
et al., 1997; Ma et al., 2011). Both mechanisms result in
a higher intracellular proton concentration, thus
explaining the hyperpolarization of the cellular membrane
(Fig. 2D). Future studies will be directed to reveal which
exact mechanism is employed by relacidines.

Our previous study showed that B. laterosporus MG64
can inhibit a broad range of pathogens (Li et al., 2020). In
this study, by inspecting the production of the potent anti-
microbial relacidines during the interaction with plant
pathogens, we show that B. laterosporus MG64 can be
applied as a biocontrol agent. The application of
B. laterosporus in biocontrol of pathogenic microorgan-
isms, insects, and nematodes has been reported previ-
ously (de Oliveira et al., 2004; Tian et al., 2006; Saikia
et al., 2011; Zhen et al., 2011; Prasanna et al., 2013;
Panda et al., 2014). Some B. laterosporus strains were
even used as probiotics (Sanders et al., 2003; Khaled
et al., 2018). However, from the perspective of rela-
cidines production during interaction with pathogens,
B. laterosporus MG64 seems not suitable to be used as
probiotics in animals, including humans. The abolishment
of relacidine production is more likely a result of
unfavourable growing temperatures (37�C) than inhibition
by pathogens (Fig. 4).

Experimental procedures

Extraction and purification of antimicrobial compounds

The producing strain, B. laterosporus MG64, was grown
in Lennox broth (LB) overnight. The overnight culture
was then diluted 100 times in fresh LB broth and incu-
bated at 28�C with agitation for 18 h. The supernatant
was collected by centrifuging at 10 000g for 10 min and
the secondary metabolites were precipitated with ammo-
nium sulfate to 40% saturation. The precipitates were
then dissolved in Milli-Q water and filtered through a
0.45 μm cellulose acetate membrane to achieve crude
extracts. The crude extracts were applied to a reverse
high-performance liquid chromatography (HPLC) for puri-
fication. An analytical C-18 column was used and the
mobile phases were HPLC-grade water supplemented
with 0.1% trifluoroacetic acid (TFA) (solvent A) and
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acetonitrile supplemented with 0.1% TFA (solvent B).
The compounds were eluted with a linear gradient of sol-
vent B (from 15% to 45%) in 30 min at a flow rate of
1.0 ml min−1. A UV-detector set at a wavelength of
280 nm was used to monitor the effluents. All the peaks
were collected separately and their antibacterial activities
were tested against a plant pathogen Xanthomonas cam-
pestris pv. campestris.

LC–MS/MS analysis

The active compounds were characterized by liquid
chromatography–tandem mass spectrometry (LC–MS/
MS). An Ultimate 3000 UHPLC system coupled with a Q-
Exactive Orbitrap™-based mass spectrometer (Thermo
Scientific, San Jose, CA, USA) was used. The UHPLC
system was equipped with a kinetex WVO-C18 column
(2.6 μm particles, 100 × 2.1 mm, Phenomenex) and the
mass spectrometer was equipped with a HESI-II
electrospray source. The mobile phases of the LC were
water with 0.1% formic acid and acetonitrile with 0.1%
formic acid. In each run, a 10 μl sample was injected and
separated with mobile phases at a flow rate of
500 μl min−1. The MS/MS data were acquired with a
spray voltage of 3.5 kV (positive mode) and a capillary
temperature of 275�C. The m/z range was set to
300–2000 and the resolution was 70 000. MS/MS data
were recorded in targeted MSMS using PRM mode. In
order to investigate the amino acid composition of the
lactone ring, peptides were hydrolyzed in 2 M NaOH and
desalted with an open column filled with C18 silica gel
spherical (Sigma, USA) before applying to LC–MS/MS.

NMR spectroscopy

Prior to NMR analysis, the isolated peptide was purified
further by RP-HPLC (XBridge C8 250 mm analytical col-
umn, solvent A: 0.1% FA in ACN, solvent B: 0.1% FA in
ddH2O, gradient 90% B to 30% B over 40 min, flow:
0.5 ml min−1) and the pure fractions were pooled and
lyophilized. Around 1 mg of compound was dissolved in
0.5 ml DMSO-d6. A Brüker Ascend 600 MHz spectrome-
ter was used to record 1H NMR, 1H-1H-COSY NMR,
1H-1H-TOCSY NMR, and 1H-1H-NOESY NMR spectra.
Chemical shifts in 1H NMR spectra were internally
referenced to solvent signals (DMSO-d6 at δH = 2.50 ppm,
δC = 39.51 ppm).

Minimal inhibitory concentration test

The mnimal inhibitory concentrations (MICs) of relacidine
A and B were tested with the standard broth dilution
method (Wiegand et al., 2008). Polymyxin B was used as
a reference. MHB medium was used for all the bacteria

tested. Peptides were diluted from 32 μg ml−1 to 0.06 μg
ml−1 in a twofold serial dilution and cells were adjusted to
a concentration of 5.0 × 105 CFU ml−1. The 96-well plate
was incubated at 28�C for 36 h and the OD600 was mea-
sured with a Tecan Infinite F200 Pro Luminometer. The
lowest concentration that causes invisible growth of bac-
teria was defined as the MIC values. The experiment
was done in quadruplicate for each peptide and each
strain.

Bacterial growth curve and time-kill assay

X. campestris pv. campestris was first inoculated in LB
broth and incubated at 28�C overnight. The overnight cul-
ture was then diluted with fresh LB to an OD600 of 0.03
and distributed in a 96-well plate. The plate was incu-
bated in a microplate spectrophotometer (1000 rpm,
28�C) until OD600 reached 0.05. Relacidines was added
at concentrations of 0.25 μg ml−1 (1 × MIC) and 2.5 μg
ml−1 (10 × MIC). Polymyxin B was added at a concentra-
tion of 0.625 μg ml−1 (10 × MIC, lower concentration of
polymyxin B does not affect the growth of cells although
its MIC value is ≤0.06 μg ml−1). The same amount of
DMSO was added as a control. The plate was incubated
at the same condition for 20 h and the growth kinetics
were monitored. Each treatment was done in quadrupli-
cate. For the time-kill assay, all compounds were added
at a concentration of 2.5 μg ml−1 when the OD600

reached 0.1. At each time point (0, 30, 60, and 90 min),
10 μl of culture was tenfold serially diluted and plated on
LB agar plates. After incubation at 28�C for 36 h, colonies
were counted and the number of CFU per mL was
calculated.

Membrane permeability assay

A commercial LIVE/DEAD Baclight Bacterial Viability
Kit (Invitrogen) was used to test the integrity of the cell
membrane of X. campestris pv. campestris after treat-
ment with peptides. Cells were grown in LB overnight
and diluted to an OD600 of 0.2. Relacidine B was added
at a concentration of 0.25 μg ml−1 (1 × MIC), while poly-
myxin B was added at a concentration of 1 μg ml−1.
The same amount of DMSO was added to the control.
Cells were treated at room temperature for 30 min
before harvest. The harvested cells were washed and
resuspended in 200 μl 0.9% saline (NaCl) solution. Two
different dyes (3.34 mM SYTO9 and 20 mM propidium
iodide) were added at a ratio of 1:1 (v/v). Cells were
stained in the dark for 15 min and a 5 μl sample was
mounted on a 1% agarose pad before being imaged
using a Nikon Ti-E microscope (Nikon Instruments,
Tokyo, Japan) equipped with a Hamamatsu Orca Flash
4.0 camera.
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Membrane potential assay

Fresh X. campestris pv. campestris cells were inoculated
in MHB medium and grown until OD600 reached 0.4. The
culture was two times diluted with fresh MHB medium and
dispensed in a 96 well plate. The membrane potential dye
DiSC(3)-5 was added to a final concentration of 6 μM. The
fluorescence signal (excitation 633 nm, emission 660 nm)
was allowed to stabilize for 20 min in a microplate spectro-
photometer (BioTek Synergy Mx). After stabilization,
relacidine B and polymyxin B were added at final concen-
trations of 0.5 μg ml−1 and 1 μg ml− respectively. Milli-Q
water was used as a negative control. Blanks (without
cells) were used to show that the signal change is not cau-
sed by the interaction of the dye and compounds. The
fluorescence signal was then monitored for 60 min at an
interval of 5 min with a microplate spectrophotometer.
Three replicates were used for each treatment.

HADA incorporation assay

D-amino acids are involved in peptidoglycan biosynthesis
of diverse bacteria (Lam et al., 2009). HADA is a fluores-
cent D-amino acid analogue that can be used for monitor-
ing the peptidoglycan synthesis activity of bacteria (Kuru
et al., 2015). Cells were grown in LB broth until OD600

reached 0.2. Relacidine B was added at a concentration
of 0.25 μg ml−1 and cells were kept growing for another
2, 4, and 5 h. DMSO was used as a negative control
while ceftriaxone (4 μg ml−1) was used as a positive con-
trol. At each time point, cells were treated with 500 μM
HADA for 24 min. After treatment, cells were washed
twice with PBS buffer. Incorporation of HADA was
inspected with a Nikon Ti-E microscope (Tokyo, Japan)
equipped with a Hamamatsu Orca Flash 4.0 camera.

Lipid II binding assay

Generally, lipid II from Gram-negative bacteria has meso-
diaminopimelic acid (mDAP) on residue 3, while that from
Gram-positive bacteria has lysine (Cochrane et al., 2016).
Both types were used in the lipid II binding assay. An over-
night culture of the indicator strain (X. campestris
pv. campestris) was added to melted LB agar at a final
concentration of 0.2% (v/v) before pouring plates. Lipid II
and relacidine B were mixed at different ratios (0.5, 1, and
2) before spotting onto the plate. The plate was incubated
at 28�C overnight. The binding of lipid II and relacidine B
is indicated by the decrease of halo size.

Intracellular ATP concentration assay

The BacTiter-Glo™ Microbial cell viability assay kit
(Promega) was used to determine the intracellular ATP

concentration of X. campestris pv. campestris. Cells
were grown in LB broth until OD600 reached 0.2.
Relacidine B was added at a concentration of 0.25 μg
ml−1 (1 × MIC) and the DMSO was used as a solvent
control. Carbonyl cyanide m-chlorophenyl hydrazine
(CCCP), an uncoupler of oxidative phosphorylation, was
used as a positive control (40 μg ml−1). Cells were
treated at 28�C for 0, 1, 2, and 3 h. At each time point,
100 μl of cell culture was added to 100 μl BacTiter-Glo™
reagent and incubated at room temperature for 5 min.
Luminescence was with a Tecan Infinite F200 Pro
luminometer and the intracellular ATP concentration was
calculated with a standard curve made with a commercial
ATP solution.

Resazurin assay

Nonfluorescent resazurin can be reduced to fluorescent
resorufin in a NAD(P)H dependent manner in the presence
of NAD(P)H dehydrogenase (De Jong and Woodlief, 1977;
Barnes and Spenney, 1980; Winartasaputra et al., 1980;
Hanson and Freier, 1983; Shahangian et al., 1984). There-
fore, the resazurin/NAD(P)H dehydrogenase/NAD(P)H
system can be used to detect the NAD(P)H level of cells.
X. campestris pv. campestris cells were grown in LB broth
until OD600 reached 0.1. Resazurin was added to the cul-
ture at a final concentration of 0.1 mg ml−1. Relacidine B,
rifampicin, and polymyxin B were added at final concentra-
tions of 0.25, 0.125, and 1 μg ml−1 respectively. DMSO
was used as a negative control. Blanks (without cells) rev-
ealed that the signal change is not caused by the interac-
tion of resazurin and compounds. Fluorescence was
recorded at a wavelength of 560 nm every 20 min over a
period of 4 h with a BioTek Synergy Mx 96-well plate
reader.

Determining relacidine expression during the interaction
with different pathogens

A fresh culture of each pathogen was mixed with melted
agar (around 45�C) before preparing plates.
B. laterosporus MG64 was inoculated (10 μl inoculum
with an OD600 of 1.0) at the centre of each plate con-
taining pathogens. The plates were incubated at 28�C or
37�C based on the growth temperature of the indicator
strain. After 2 days, the inhibition against pathogens was
documented with photos and B. laterosporus MG64 cells
were collected for further analysis. The total RNA was
extracted using the High Pure RNA isolation kit (Roche
Diagnostics Nederland BV) and 500 μg of each RNA
sample was used for reverse transcription using the Sup-
erScript™ III Reverse Transcriptase (Invitrogen) following
the instruction manual. The cDNAs were five times
diluted to make templates. The primers used in the qPCR
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are as follows: Housekeeping gene: rpoB-forward,
CCAAGACATTTCGCCAATCC; rpoB-reverse, CGTTCC
TTCGACTCGTCTAC. Target gene: rlcC-forward,
TCGACAGTACGATGCCTTTC; rlcC-reverse, GAGCTT
CGCCATCAACAC. The qPCR mixture contained with
1 μl template, 0.6 μl forward primer, 0.6 μl reverse primer,
7.8 μl distilled water, and 10 μl SsoAdvanced™ Universal
SYBR Green Supermix (Bio-Rad). The procedure is 95�C
3 min, 95�C 30 s, 57�C 30 s, 72�C 30 s, 72�C 5 min and
40 cycles were used. The relative expression of rlcC is
calculated with the 2-ΔΔCT method. The metabolites were
extracted from the cells with 50% acetonitrile and lyophi-
lized. The compounds were redissolved in Milli-Q water
and filtered through a 0.45 μm cellulose acetate mem-
brane before applying to HPLC and MALDI-TOF
analysis.

Acknowledgement

The authors thank Professor Matthias Heinemann from the
University of Groningen (the Netherlands) and Professor
Hirotada Mori from Nara Institute of Science and Technology
(Japan) for providing the E. coli ATP synthase mutants. The
authors thank Johan Kemmink for the help and discussion
about the NMR analysis. Z. Li and X. Zhao are financially
supported by the Chinese Scholarship Council (CSC). R. H.
de Vries and G. Roelfes acknowledge financial support from
the Netherlands Organization for Scientific Research (NWO,
Vici grant 724.013.003) and the Ministry of Education Cul-
ture and Science (Gravitation programme no. 024.001.035).

References

Alexandre, A., Fau-Lehninger, A.L., and Lehninger, A.L.
(1984) Bypasses of the antimycin a block of mitochondrial
electron transport in relation to ubisemiquinone function.
Biochim Biophys Acta Bioenergetics 767: 120–129.

Barnes, S., and Spenney, J.G. (1980) Stoichiometry of the
NADH-oxidoreductase reaction for dehydrogenase deter-
minations. Clin Chim Acta 107: 149–154.

Barsby, T., Warabi, K., Sorensen, D., Zimmerman, W.T.,
Kelly, M.T., and Andersen, R.J. (2006) The bogorol family
of antibiotics: template-based structure elucidation and a
new approach to positioning enantiomeric pairs of amino
acids. J Org Chem 71: 6031–6037.

Blin, K., Shaw, S., Steinke, K., Villebro, R., Ziemert, N.,
Lee, S.Y., et al. (2019) antiSMASH 5.0: updates to the
secondary metabolite genome mining pipeline. Nucleic
Acids Res 47: W81–W87.

Campo, M.L., Kinnally, K.W., and Tedeschi, H. (1992) The
effect of antimycin A on mouse liver inner mitochondrial
membrane channel activity. J Biol Chem 267: 8123–8127.

Chandra, N., and Kumar, S. (2017) Antibiotics producing soil
microorganisms. In Antibiotics and Antibiotics Resistance
Genes in Soils: Monitoring, Toxicity, Risk Assessment
and Management, Hashmi, M.Z., Strezov, V., and
Varma, A. (eds). Cham: Springer International Publishing,
pp. 1–18.

Cochrane, S.A., Findlay, B., Bakhtiary, A., Acedo, J.Z.,
Rodriguez-Lopez, E.M., Mercier, P., and Vederas, J.C.
(2016) Antimicrobial lipopeptide tridecaptin A1 selectively
binds to Gram-negative lipid II. Proc Natl Acad Sci U S A
113: 11561–11566.

Davies, J. (1990) What are antibiotics? Archaic functions for
modern activities. Mol Microbiol 4: 1227–1232.

De Jong, D.W., and Woodlief, W.G. (1977) Fluorimetric
assay of tobacco leaf dehydrogenases with resazurin. Bio-
chim Biophys Acta 484: 249–259.

de Oliveira, E.J., Rabinovitch, L., Monnerat, R.G., Passos, L.
K., and Zahner, V. (2004) Molecular characterization of
Brevibacillus laterosporus and its potential use in biologi-
cal control. Appl Environ Microbiol 70: 6657–6664.

Desjardine, K., Pereira, A., Wright, H., Matainaho, T.,
Kelly, M., and Andersen, R.J. (2007) Tauramamide, a
lipopeptide antibiotic produced in culture by
Brevibacillus laterosporus isolated from a marine habi-
tat: structure elucidation and synthesis. J Nat Prod 70:
1850–1853.

Gause, G.F., and Brazhnikova, M.G. (1944) Gramicidin S
and its use in the treatment of infected wounds. Nature
154: 703–703.

Gerard, J.M., Haden, P., Kelly, M.T., and Andersen, R.J.
(1999) Loloatins A− D, cyclic decapeptide antibiotics pro-
duced in culture by a tropical marine bacterium. J Nat
Prod 62: 80–85.

Hancock, R.E.W. (2001) Cationic peptides: effectors in
innate immunity and novel antimicrobials. Lancet Infect
Dis 1: 156–164.

Hanson, N.Q., and Freier, E.J.C. (1983) Effect of protein on
the determination of total bile acids in serum. Clin Chem
29: 171–175.

Heytler, P.G. (1963) Uncoupling of oxidative phosphorylation
by carbonyl cyanide phenylhydrazones. I. Some charac-
teristics of m-Cl-CCP action on mitochondria and chloro-
plasts. Biochemistry 2: 357–361.

Heytler, P., Fau-Prichard, W.W., and Prichard, W.W. (1962)
A new class of uncoupling agents–carbonyl cyanide phe-
nylhydrazones. Biochem Biophys Res Commun 7:
272–275.

Hotchkiss, R.D., and Dubos, R.J. (1941) The isolation of
bactericidal substances from cultures of Bacillus brevis.
J Biol Chem 141: 155–162.

Khaled, J.M., Al-Mekhlafi, F.A., Mothana, R.A., Alharbi, N.S.,
Alzaharni, K.E., Sharafaddin, A.H., et al. (2018)
Brevibacillus laterosporus isolated from the digestive tract
of honeybees has high antimicrobial activity and promotes
growth and productivity of honeybee’s colonies. Environ
Sci Pollut Res Int 25: 10447–10455.

Khondker, A., Dhaliwal, A.K., Saem, S., Mahmood, A.,
Fradin, C., Moran-Mirabal, J., and Rheinstadter, M.C.
(2019) Membrane charge and lipid packing determine
polymyxin-induced membrane damage. Commun Biol
2: 67.

Kuru, E., Tekkam, S., Hall, E., Brun, Y.V., and Van
Nieuwenhze, M.S. (2015) Synthesis of fluorescent D-
amino acids and their use for probing peptidoglycan syn-
thesis and bacterial growth in situ. Nat Protoc 10: 33–52.

Lam, H., Oh, D.-C., Cava, F., Takacs, C.N., Clardy, J., de
Pedro, M.A., and Waldor, M.K. (2009) D-amino acids

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 22, 5125–5136

Relacidines, a new class of circular lipopeptides 5135



govern stationary phase cell wall remodeling in bacteria.
Science 325: 1552–1555.

Li, Y.X., Zhong, Z., Zhang, W.P., and Qian, P.Y. (2018) Dis-
covery of cationic nonribosomal peptides as Gram-
negative antibiotics through global genome mining. Nat
Commun 9: 3273.

Li, Z., Song, C., Yi, Y., and Kuipers, O.P. (2020) Characteri-
zation of plant growth-promoting rhizobacteria from peren-
nial ryegrass and genome mining of novel antimicrobial
gene clusters. BMC Genomics 21: 157.

Ma, X., Jin, M., Cai, Y., Xia, H., Long, K., Liu, J., et al.
(2011) Mitochondrial electron transport chain complex III
is required for antimycin A to inhibit autophagy. Chem Biol
18: 1474–1481.

Maguire, J.J., Fau, K.V., and Packer, L. (1992) Electron
transport between cytochrome c and alpha tocopherol.
Biochem Biophys Res Commun 188: 190–197.

Miljkovic, M., Jovanovic, S., O’Connor, P.M., Mirkovic, N.,
Jovcic, B., Filipic, B., et al. (2019) Brevibacillus
laterosporus strains BGSP7, BGSP9 and BGSP11 iso-
lated from silage produce broad spectrum multi-antimicro-
bials. PLoS One 14: e0216773.

Mogi, T., and Kita, K. (2009) Gramicidin S and polymyxins:
the revival of cationic cyclic peptide antibiotics. Cell Mol
Life Sci 66: 3821–3826.

Ntwasa, M. (2012) Cationic peptide interactions with biologi-
cal macromolecules. In Binding Protein, pp. (139–164).
London, England: IntechOpen.

Ongena, M., and Jacques, P. (2008) Bacillus lipopeptides:
versatile weapons for plant disease biocontrol. Trends
Microbiol 16: 115–125.

Palmer, G., Horgan, D.J., Tisdale, H., Singer, T.P., and
Beinert, H. (1968) Studies on the respiratory chain-linked
reduced nicotinamide adenine dinucleotide dehydroge-
nase XIV. Location of the sites of inhibition of rotenone,
barbiturates, and piericidin by means of electron paramag-
netic resonance spectroscopy. 243: 844–847.

Panda, A.K., Bisht, S.S., DeMondal, S., Senthil Kumar, N.,
Gurusubramanian, G., and Panigrahi, A.K. (2014)
Brevibacillus as a biological tool: a short review. Antonie
Van Leeuwenhoek 105: 623–639.

Jensen, P.R., and Michelsen, O. (1992) Carbon and energy
metabolism of atp mutants of Escherichia coli. J Bacteriol
174: 7635–7641.

Prasanna, L., Eijsink, V.G., Meadow, R., and Gaseidnes, S.
(2013) A novel strain of Brevibacillus laterosporus pro-
duces chitinases that contribute to its biocontrol potential.
Appl Microbiol Biotechnol 97: 1601–1611.

Roesch, L.F., Fulthorpe, R.R., Riva, A., Casella, G., Hadwin, A.
K., Kent, A.D., et al. (2007) Pyrosequencing enumerates
and contrasts soil microbial diversity. ISME J 1: 283–290.

Saikia, R., Gogoi, D.K., Mazumder, S., Yadav, A., Sarma, R.
K., Bora, T.C., and Gogoi, B.K. (2011) Brevibacillus
laterosporus strain BPM3, a potential biocontrol agent iso-
lated from a natural hot water spring of Assam, India.
Microbiol Res 166: 216–225.

Sanders, M.E., Morelli, L., and Tompkins, T.A. (2003) Spo-
reformers as human probiotics: Bacillus, Sporolactobacillus,
and Brevibacillus. Compr Rev Food Sci F 2: 101–110.

Shahangian, S., Ash, K.O., and Rollins, D.E. (1984) An
enzymatic method for the analysis of formate in human
plasma. J Anal Toxicol 8: 273–276.

Shida, O., Takagi, H., Kadowaki, K., and Komagata, K.
(1996) Proposal for two new genera, Brevibacillus gen.
nov. and Aneurinibacillus gen. nov. Int J Syst Evol Micr
46: 939–946.

Singh, P.K., Chittpurna, A., Sharma, V., Patil, P.B., and
Korpole, S. (2012) Identification, purification and charac-
terization of laterosporulin, a novel bacteriocin produced
by Brevibacillus sp. strain GI-9. PLoS One 7: e31498.

Te Winkel, J.D., Gray, D.A., Seistrup, K.H., Hamoen, L.W.,
and Strahl, H. (2016) Analysis of antimicrobial-triggered
membrane depolarization using voltage sensitive dyes.
Front Cell Dev Biol 4: 29.

Tian, B., Li, N., Lian, L., Liu, J., Yang, J., and Zhang, K.Q.
(2006) Cloning, expression and deletion of the cuticle-
degrading protease BLG4 from nematophagous bacterium
Brevibacillus laterosporus G4. Arch Microbiol 186: 297–305.

Todd Barsby, M.T.K., Gagné, S.M., and Andersen, R.J.
(2001) Bogorol aA produced in culture by a marine Bacil-
lus sp. reveals a novel template for cationic peptide antibi-
otics. Orgc Lett 3: 437–440.

Velkov, T., Roberts, K.D., Nation, R.L., Thompson, P.E., and
Li, J.J.F.m. (2013) Pharmacology of polymyxins: new
insights into an ’old’ class of antibiotics. Future Microbiol
8: 711–724.

Wiegand, I., Hilpert, K., & Hancock, R.E. (2008). Agar and
broth dilution methods to determine the minimal inhibitory
concentration (MIC) of antimicrobial substances. Nat Pro-
toc 3: 163–175.

Winartasaputra, H., Mallet, V.N., Kuan, S.S., and
Guilbault, G.G. (1980) Fluorometric and colorimetric enzy-
mic determination of triglycerides (triacylglycerols) in
serum. Clin Chem 26: 613–617.

Xia, D., Yu, C.A., Kim, H., Xia, J.Z., Kachurin, A.M.,
Zhang, L., et al. (1997) Crystal structure of the cytochrome
bc1 complex from bovine heart mitochondria. Science
277: 60–66.

Yang, X., and Yousef, A.E. (2018) Antimicrobial peptides pro-
duced byBrevibacillus spp.: structure, classification and bio-
activity: amini review.World JMicrobiol Biotechnol 34: 57.

Zhen, S., Kaiqi, L., Changxu, L., Jian, Y., Ruicheng, J., and
Xunli, L. (2011) Isolation and characterization of a poten-
tial biocontrol Brevibacillus laterosporus. Afr J Microbiol
Res 5: 2675–2681.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Appendix S1: Supporting information

© 2020 The Author. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology, 22, 5125–5136

5136 Z. Li et al.


	 Characterization of two relacidines belonging to a novel class of circular lipopeptides that act against Gram-negative bac...
	Introduction
	Results
	Purification and identification of relacidines
	Antibacterial activity and mechanism of action
	Expression of relacidines during the interaction with pathogens

	Discussion
	Experimental procedures
	Extraction and purification of antimicrobial compounds
	LC-MS/MS analysis
	NMR spectroscopy
	Minimal inhibitory concentration test
	Bacterial growth curve and time-kill assay
	Membrane permeability assay
	Membrane potential assay
	HADA incorporation assay
	Lipid II binding assay
	Intracellular ATP concentration assay
	Resazurin assay
	Determining relacidine expression during the interaction with different pathogens

	Acknowledgement
	References


