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Abstract

Natural products such as essential oils (EOs) are secondary metabolites that can be obtained from either plant or animal sources or pro-
duced by microorganisms. Much attention has been given to exploring the use of secondary metabolites as natural antibacterial agents.
This study investigates the antibacterial activity and mechanism of B-caryophyllene, a compound that can be found in various EOs, against
Bacillus cereus. The minimum inhibitory concentration of B-caryophyllene against B. cereus was 2.5% (v/v), whereas killing kinetics of
B-caryophyllene at minimum inhibitory concentration recorded complete bactericidal activity within 2 hours. Zeta-potential measurement
in the cells treated with half the minimum inhibitory concentration of -caryophyllene at 1.25% (v/v) showed an increase in the membrane
permeability surface charge to -3.98 mV, compared to untreated cells (-5.46 mV). Intracellular contents leakage of UV-absorbing materials
was detected in the cells treated with -caryophyllene. Additionally, B-caryophyllene does not interfere with the efflux activity of B. cereus
via the ethidium bromide influx/efflux activity. The results revealed that -caryophyllene was able to alter membrane permeability and
integrity of B. cereus, leading to membrane damage and intracellular content leakage, which eventually caused cell death.
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Introduction up to 30% due to spoilage and lowered product quality

(Majed etal. 2016). B. cereus is one of the most com-

Bacillus cereus is a Gram-positive, spore-forming,
a rod-shaped bacterium present on almost all surfaces
such as food, soil, and human skin (Glasset et al. 2018).
Due to its universal distribution in the natural envi-
ronment, this bacterium constitutes a part of the per-
manent microbiota in a variety of raw foods such as
cereal grains and products, milk and dairy products,
fruits, vegetables, spices, and instant meals and prod-
ucts (Berthold-Pluta etal. 2019). Bacillus species are
widely known as spoilage organisms in the food indus-
tries. It has been estimated that Bacillus species have
caused serious economic losses in the dairy industry

mon agents of food poisoning outbreaks in which the
symptoms can either be diarrheal or emetic.

In more severe cases outside of the gastrointestinal
tract, B. cereus causes nosocomial systemic infections in
immunocompromised patients including bacteremia,
cerebral abscess, endocarditis meningitis, pneumo-
nia, and septicemia (Sankararaman and Velayuthan
2013). To better manage the risks of food spoilage,
which caused significant economic losses in the food
industry, there is the need to search not only for new
compounds with antimicrobial activity but more impor-
tantly of low toxicity. The compound can then be used in
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combination with conventional antibiotics as means to
enhance the effectiveness of the antibiotics.

Currently, natural products such as essential oils
(EOs) obtained from plant or animal sources as well as
those produced by microorganisms are being studied
extensively for their application as alternative antibacte-
rial agents (Yap etal. 2017; Yang etal. 2018; Yang et al.
2019). EOs can be obtained from various plant parts
such as flowers, seeds, buds, leaves, and bark. EOs are
made up of a variety of constituents, including hemit-
erpenoids, monoterpenoids, sesquiterpenoids, diterpe-
noids, sesterpenoids, triterpenoids, tetrapenoids, and
polyterpenoids. Each of these constituents has a dif-
ferent number of isoprene units, forming an aromatic
ring structure. Depending on the characteristic of these
isoprenes, the EO constituent can be either aromatic
or non-aromatic compounds (Trombetta etal. 2005;
Gallucci et al. 2009; Morsy 2017; Mahizan etal. 2019).
Terpenoids are derived from terpenes with the modi-
fication through the addition or removal of functional
groups (Mahizan etal. 2019). Terpenes can have dif-
ferent chemical functional groups including alcohol,
aldehyde, phenol, ketone, ether, and hydrocarbon
groups (Guimaraes etal. 2019). These terpenes and
terpenoids are secondary metabolites, which are often
used as a functional food, food additives, medicines,
nutritional supplements, and in the manufacture of cos-
metics because they exhibit antibacterial, antioxidant,
and anti-inflammatory properties (Zengin and Baysal
2014). Although it has been reported that the antibac-
terial activity of EOs can be attributed to the presence
of terpenes and terpenoids (Nazzaro etal. 2013), and
some non-terpenic compounds (Valdivieso-Ugarte
etal. 2019), the mode of action of these compounds
remain largely unknown. Commonly found terpenes
and terpenoids in EOs include a-pinene, limonene,
linalool, and p-caryophyllene (BCP) (Hodgson 2017).

BCP is a bicyclic sesquiterpene, with a cyclobu-
tane ring, usually found in EOs of oregano, cinnamon,
and black pepper (Gertsch etal. 2008). Studies have
shown that BCP has great potential as an antimicro-
bial agent in the food industry, due to its low toxicity
(Pieri etal. 2016). BCP has been known for its anti-
cancer, antioxidant, and anti-inflammatory attributes
(Dahham etal. 2015). Previously, studies conducted in
the plant extracts containing BCP from Lantana sp.,
Lippia gracillis, Spiranthera odoratissima, Syzygium
cumini, Thymus kotschyanus, and Vernonia remotiflo-
rae V. brasiliana have shown their antimicrobial activity
(Pieri etal. 2016). However, there has been paucity in
information about the mechanisms of the reported anti-
bacterial activity of BCP. Therefore, this study explores
the use of BCP, as an antibacterial agent by evalua-
ting the antibacterial activity and its mode of action
against B. cereus.

Experimental
Materials and Methods

Chemicals. -caryophyllene (BCP) (=80% purity,
food-grade), used in this study, was purchased from
Sigma-Aldrich, USA. Mueller-Hinton broth (MHB)
was purchased from Thermo Fisher Scientific, UK.

Bacterial strain and growth conditions. B. cereus
ATCC 14579 was provided by UCSI University and cul-
tured on Luria Bertani (LB) agar. A single colony was
inoculated into MHB (pH 7.3+0.1) and incubated over-
night at 37°C, with continuous shaking at 200 rev min™".
All test conditions were carried out according to the
guidelines described in the Clinical and Laboratory
Standards Institute M100-S21 guidelines (CLSI 2016).

Resazurin microplate assay. This assay was per-
formed to determine the minimum inhibitory concen-
tration (MIC) of BCP against B. cereus via the broth
microdilution method. This assay was carried out
according to Yang etal. (2018) with slight modifica-
tion. Tween 80 with the final concentration of 10%
was incorporated into MHB to enhance the solubility
of BCP. Resazurin at a final concentration of 0.03%
was used to aid the visualization. Two-fold dilutions
were performed in a 96-well plate. Each well consisted
of 50 ul of BCP or antibiotic, 40 ul of a bacterial sus-
pension at approximately 1x10° CFUml™, and 10 ul
of 0.03% resazurin. The 96-well plate was incubated at
37°C at 200 rev min™' for 20 hours. The MICs of BCP
and antibiotics were determined qualitatively based on
the observation of the color change of resazurin. The
antibiotics served as positive control and this assay was
carried out in triplicate.

Time-kill analysis. An inoculum of 1 x 10° CFU/ml
was used in the time-kill analysis via the enumeration of
viable colony-forming units. B. cereus was treated with
BCP at a concentration equal to MIC (MIC value 2.5%,
v/v) whereas the control was untreated. This analysis
consisted of the untreated samples as (inoculum with
MHB supplemented with 10% of Tween 80 to enhance
BCP solubility) and the samples treated with BCP.
Each treatment had a final volume of 20 ml. Samples
were incubated at 37°C with continuous shaking at
200 rev min™' for 24 hours. Viable counting was perfor-
med at 0, 30, 60, 120, 180, and 240 min and subsequently
every 4 hours. The first viable counting time point was
right after inoculation, and the assay was performed for
24 hours. Samples were serially diluted with 0.85% (w/v)
sodium chloride, plated onto LB agar and incubated at
37°C for 16 hours. This analysis was performed in trip-
licate. In the subsequent assays, cells were treated with
BCP at a concentration equal to half of the MIC (1.25%,
v/v) to prevent the total killing of the bacteria.

Zeta potential measurement. The surface charge
of BCP-treated and untreated (control) B. cereus was
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determined using a Zetasizer Nano ZS instrument
(Malvern Instruments, Malvern, UK). Cells treatment
time was based on time-kill analysis (2h) with the use of
BCP at a concentration of 1.25% (v/v). The cells treated
were washed with saline solution for at least three times
and resuspended in the fresh saline solution for the zeta
potential measurement. These experiments were car-
ried out in triplicate according to Yang etal. (2018).

Measurement of UV-absorbing materials. Meas-
urement was performed as described by Liu et al. (2016)
with slight modification (2 hours treatment time). The
untreated (control) and BCP-treated (1.25%, v/v) cell
suspensions were incubated at 37°C with continuous
shaking at 200 rev min™' for 2 h. Cells were harvested
by centrifugation (8000 g, 10 min, 4°C). The absorbance
of the supernatants was taken at 260 nm and 280 nm
to measure the content of nucleic acids and proteins,
respectively, in the extracellular environment. These
experiments were carried out in triplicate.

Ethidium bromide influx/efflux assay. This assay
was performed as described by Viveiros etal. (2010)
with slight modification, as detailed. The ethidium
bromide (EtBr) accumulation (influx) and efflux were
assessed by a Tecan microplate reader (Tecan Trading
AG, Switzerland). During accumulation assay, B. cereus
was grown in MHB with continuous shaking at 37°C
until the optical density value of 0.6 was obtained. The
cell pellet was washed, resuspended, and adjusted with
0.85% (w/v) sodium chloride to a final value of 0.3 at
OD,, nm. EtBr was added to yield a final concentration
of 1 mg/l. After the addition of EtBr, 1.25% (v/v) BCP
was added. With the excitation wavelength of 530 nm
and detection wavelength of 585 nm, the readings were
taken at intervals of 5 min for 60 min. The supernatant
was removed and resuspended in 0.85% (w/v) sodium
chloride solution in the efflux assay. Then, 0.6% glucose
was added with or without BCP to the cells. The fluo-
rescent readings were measured every 5 min for 60 min.
These experiments were performed in triplicate.

Statistical analysis. Statistical analysis was carried
out using the Student’s t-test. A p <0.05 was considered
significant.

Results

Resazurin microplate assay. This assay was per-
formed to determine the susceptibility of B. cereus to
BCP. This method shows the color change from blue
to pink-purple when the bacteria are growing. Based on
the antimicrobial screening, BCP exhibited antibacte-
rial activity against B. cereus and the MIC value was
equal to 1.25% (v/v) (Supplementary Fig. S1).

Time-kill analysis. Time-kill analysis of BCP
against B. cereus was performed to determine the kill-

124

10

CFU/mL
=3

0 0.5 1 2 3 4 8 12 16 20 24
Time (hour)

—a— 2.5% BCP

—e— Untreated —a—1.25% BCP

Fig. 1. Time-kill analysis of B. cereus treated with BCP. At MIC

2.5% BCP (v/v), the bacteria were killed within 2 hours. Cells

treated at half MIC showed a suppressed and slower growth rate
than the untreated cells.

ing kinetics of BCP and the optimum treatment time
for the subsequent experiments. A complete killing
of B.cereus treated with BCP at a concentration of
2.5% (v/v) was observed after 2 h whereas for the cells
treated with half of the BCP MIC (1.25%, v/v) the sup-
pression of cell growth was observed when compared
to the untreated cells (control) (Fig. 1). Hence, a period
of 2 h was used as the standard treatment time in sub-
sequent assays.

Zeta-potential measurement. Following the 2 h of
treatment, based on time-kill analysis, the measure-
ments were carried out to evaluate the surface charge
of the bacterial cells by detecting the mobility of bacte-
rial cells in the presence of an electrophoretic force.
Untreated (control) B. cereus, under normal conditions,
carried a negative value of -5.46 mV while cells treated
with 1.25% (v/v) BCP for 2 h had a less negative value
of -3.98 mV, compared to the untreated cells (Fig. 2A).

Measurement of UV-absorbing materials. The
recording of the absorbance values of the bacterial
supernatants can indicate if there has been leakage of
intracellular materials due to the non-selective pore for-
mation (Liu etal. 2016). Based on the results obtained
(Fig. 2B, 2C), the supernatants of BCP-treated cells at
260 nm (nucleic acids) and 280 nm (proteins) had an
absorbance higher than untreated cells (control). The
absorbance value for extracellular nucleic acids in the
supernatants of BCP-treated cells at a concentration of
1.25% (v/v) was 0.007, a slightly higher than for the
untreated cells, where the absorbance value was equal
to 0.004. For proteins, the absorbance value in the
supernatant of BCP-treated cells at a concentration of
1.25% (v/v) was 0.01167, whereas in untreated cells the
absorbance value was 0.0053.

Ethidium bromide influx/efflux assay. To further
determine the potential ability of BCP to interfere in an
eftlux, the efflux activity of B. cereus was analyzed using
EtBr, a known efflux pump substrate. The cells were
treated with EtBr and 1.25% (v/v) BCP to evaluate the
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accumulation of EtBr. Based on the fluorescence read-
ing, the cells treated with BCP (10525 RFU) showed
increased by two folds the EtBr accumulation level
at the 60™ min when compared to the untreated cells
(5151 RFU) (Fig.3A). During an efflux assay, glucose
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Fig. 2. Assays performed to evaluate the effects of BCP on the
membrane surface charge and integrity of B.cereus. (A) Zeta-
potential value (mV) of untreated (-5.460 mV) and BCP-treated
cells (-3.980mV); (B) Nucleic acid content of untreated and
1.25% (v/v) BCP-treated B.cereus in the extracellular environ-
ment; and (C) Protein content of untreated and 1.25% (v/v) BCP-
treated B.cereus in the extracellular environment. Results were
presented in mean+SD for triplicates and considered as signifi-
cant when * p <0.050.

was added to act as an energy source to enhance active
efflux and reenergize the cells (Machado etal. 2017).
The cells treated with BCP showed only a slight reduc-
tion in fluorescence reading in the efflux assay, with or
without glucose (Fig. 3B).
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Fig. 3. The influx and efflux of EtBr in B. cereus (A) EtBr influx assay with untreated and BCP-treated cells exposed to 1 mg/l of EtBr for
60 minutes and (B) EtBr efflux assay with the cells treated with glucose or BCP only and in a combination of glucose and BCP.
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Discussion

Based on the resazurin microplate assay, the MIC
value of BCP against B. cereus was 2.5% (v/v). The
mode of antibacterial action of BCP was classified as
bactericidal based on the time-kill analysis where the
reduction of log number of the bacteria was observed.
The compounds of antimicrobial activity are catego-
rized as bactericidal when a reduction of >310g10 in
CFU/ml whereas reduction of <31ogl0 in CFU/ml is
bacteriostatic relative to the initial inoculum concentra-
tion (Belley etal. 2008).

To date, the exact underlying antimicrobial mecha-
nisms of BCP remained unknown. Nonetheless, owing
to its nature of being one of the major constituents
in many EOs, we postulated that BCP might involve
altering of the permeability of the bacterial membrane.
Previously, several studies have reported the involve-
ment of EOs in the altering the bacterial membrane
permeability and intracellular leakage (Trombetta et al.
2005; Yap etal. 2013; Yang etal. 2017; Yang etal. 2019).
Hence, as a proof of concept, the measurement of zeta
potential and UV-absorbing materials as well as the
efflux pump assays were carried out on B. cereus treated
with BCP to evaluate the mode of action of BCP.

The zeta potential value provides information about
the membrane potential, which can be related to the
metabolic state of bacteria whereby at higher growth
rates, zeta potential values are more negative (Yang
etal. 2018). The alteration in the zeta potential value,
becoming less negative, together with the increased
surface permeability eventually leads to decreased cell
viability (Yang etal. 2017). Under normal physiologi-
cal conditions, the net negative bacterial surface charge
is balanced by positively charged counter ions in the
surrounding media. Based on the result obtained, the
zeta potential value of the treated B. cereus became less
negative (Fig.2A). This may indicate the interaction
between BCP and bacterial surface that was governed
by electrostatic interactions. Therefore, the zeta poten-
tial of the cell decreased, consequently destabilizing the
cell surface that might lead to the membrane damage.

The absorbance value at 280 nm also showed an
increase in the cells treated compared to the untreated
cells. The absorbance values of UV-absorbing materials
may indicate if there is an intracellular material leak-
age due to the non-selective pore formation. It was evi-
dent that intracellular nucleic acids and proteins were
released into the extracellular environment following
the exposure of bacterial cells to BCP, suggesting there
was the non-selective pore formation inducing leakage
of intracellular materials into the extracellular environ-
ment (Liu etal. 2016).

During the evaluation of the influx/efflux activity
of B. cereus with ethidium bromide, the cells treated

with BCP showed an increase in the EtBr accumula-
tion level as compared to the untreated cells during
their influx activities, while efflux activities showed
a slight reduction of fluorescence readings for all the
treatments. This indicated that BCP did not interfere
with the efflux pumps. Although there was the influx of
EtBr during the accumulation assay in the cells treated
with BCP, the influx could be due to the membrane
damage caused by BCP, rather than the inhibition of
efflux pumps of the bacteria. It has been suggested that
BCP altered the membrane permeability of B. cereus (by
a change in surface charge of the cells), causing possible
damage in the cell membrane. When the cell membrane
integrity was lost, the essential role of cell membrane
acting as a barrier to molecules was adversely affected,
leading to an influx of EtBr into the cell.

The quantitative assessment of the altered mem-
brane permeability and integrity via zeta potential and
UV-absorbing materials measurement confirmed that
BCP alters the membrane permeability and may cause
non-selective pore formation on the cell membranes.
The non-selective pore formation induced the leakage
of intracellular contents into the extracellular environ-
ment, disrupting the cell membrane integrity. However,
based on an efflux activity evaluation, BCP did not
interfere with the efflux activity B. cereus.

Conclusion

In conclusion, the proposed mode of action of BCP
is through altering the bacterial membrane perme-
ability and causing non-selective pore formation. This
induces the intracellular content leakage leading to
damage and loss of the membrane integrity, and may
eventually lead to cell death. BCP is a plant-derived
natural product, which could act as an alternative
antibacterial agent or adjuvant in combating antibiotic
resistance. A new strategy such as combinatorial treat-
ment using natural compound and antibiotic, disrup-
tive metals or nanotechnologies has recently gained
much attention in tackling antimicrobial resistance,
especially in multi-resistant strains of bacteria (Kwiat-
kowski et al. 2017; Low etal. 2017; Moo etal. 2019). The
results of this work could be extrapolated to a combi-
natorial treatment and also at the molecular level using
high-throughput screening study before the application
of BCP for treatment regimes.
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