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Abstract In the present study, in vitro interaction of
nisin and perilla oil (PO) against 20 food-borne isolates
of L. monocytogenes and S. aureus were assessed using
a checkerboard microdilution method. Synergism was
observed in tested strains with the fractional inhibitory
concentration indexs (FICIs) ranges from 0.125–0.25
and 0.19–0.375, respectively. Scanning electron micros-
copy was carried out to investigate the effect of nisin
and PO on the integrity of cell wall and membrane of
L. monocytogenes and S. aureus. The results showed
that nisin and PO were more effective in damaging cell
wall and membrane in combination.

Keywords Listeriamonocytogenes .Staphylococcusaureus .

Nisin . Perilla oil . Synergism .Milk

Introduction

Foodborne illnesses and food poisoning, a major concern
for consumers, are cause for concern globally. The dis-
eases are often caused by food contamination with patho-

genic bacteria such as Listeria monocytogenes and
Staphylococcus aureus due largely to poor sanitary habits
or storage conditions. A majority of these outbreaks has
been primarily due to the consumption of dairy and ready-
to-eat meat products contaminated with L. monocytogenes
(Mead et al. 2006). S. aureus often exists in food as a
foodborne pathogen and is also associated with toxin me-
diate food poisoning (Rasooly and Do 2009). Milk and
dairy products are often implicated in staphylococcal out-
breaks. It drives us to find better ways to extend the shelf-
life of foods.

There are a lot of strategies to prevent pathogenic
and spoilage microorganisms in food, and using chemi-
cal preservative is one of the important ways. Over the
past decade, there is a growing awareness that the con-
tinued widespread use of chemical preservatives might
pose a serious health problem (Kito et al. 2002).
Therefore, the application of natural antimicrobials has
been of great interest to researchers and food manufac-
turers. Natural antimicrobial compounds which have
been approved as a safe food additive can be applied
directly to foods and food products to protect food qual-
ity and extend shelf life of food by inhibiting or
slowing the growth of spoilage bacteria. Nisin, a bacte-
riocin or natural antibacterial peptide secreted from
Lactococcus lactis, is active against a wide range of
Gram-positive bacteria (Gálvez et al. 2007). However,
some microorganisms may develop resistance to this
compound and regrow under optimum conditions, such
as L. monocytogenes (Gravesen et al. 2002), Clostridium
botulinum (Mazzotta et al. 1997), and S. aureus
(Peschel et al. 1999). The emergence of resistant strains
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to antimicrobial agents justifies the search for new an-
tibacterial strategies. For this purpose, the combined uti-
lization of antimicrobial compound could enhance the
efficacy of antimicrobial compound, restore the sensitiv-
ity to the compound. It has also been demonstrated that
the combined use of efflux pump inhibitors and antimi-
crobial compound delays the emergence of resistance to
these drugs (Kim et al. 2011).

Perilla seeds (Perilla frutescens), a natural medicine
found in eastern Asia, is primarily used as both a medic-
inal and culinary herb (Ito 2008). Its essential oil, perilla
oil (PO), is used as cooking oil in Asian countries, and it
is one of the naturally-flavored oils and obtained usually
from roasted seeds to give good characteristic flavor.
Furthermore, PO, an excellent source of plant-derived
ω-3 fatty acid, is considered to be a healthy oil, nutri-
tional studies have shown that perilla oil is beneficial for
healthy aging and learning performance (Okuyama et al.
2007). Reportedly, PO has a variety of medicinal activi-
ties, such as antitumor, anti-inflammatory, hypotension,
antiatherosclerosis, and antianaphylactic shock activities
(Ezaki et al. 1999). Furthermore, the anti-microbial and
anti-fungal properties of PO was reported, such as anti-
trichophyton (Inouye et al. 2006), but no report has been
published on the effect of PO against L. monocytogenes,
and a few reports about its anti-S. aureus activity (Lv
et al. 2011).

To the best of our knowledge there has been no research
reported on the activity of nisin and PO incorporated to-
gether against L. monocytogenes or S. aureus. Therefore,
the aim of this study was to evaluate the effectiveness of PO
in combination with nisin to inhibit the growth of both
L. monocytogenes and S. aureus, especially in pasteurized
milk.

Materials and methods

Test bacteria, and natural antimicrobials

Twenty food-borne isolates of L. monocytogenes and S.aureus
were obtained from Jilin Enrty-Exit Inspection and
Quarantine Bureau. The quality control strains, ATCC
29213 and ATCC 19115, were obtained from the China
Medical Culture Collection Center (CMCC). The strains were
preserved as stabs in trypticase soy agar (TSA; BD Difco™),
transferred to 10 ml of trypticase soy broth (TSB; BD
Difco™) using an inoculation loop, and incubated overnight
at 37 °C. Mueller-Hinton broth (MHB, BD Difco™) and
brain-heart infusion (BHI) broth (BD Difco™) was used to
determine the minimum inhibitory concentration (MIC) for
S.aureus and L. monocytogenes, respectively. Nisin (Sigma-
Aldrich) was resuspended in sterile 0.02 N HCl, and PO

(National Institutes for Food and Drug Control) was dissolved
in dimethyl sulfoxide (Sigma-Aldrich; DMSO). The final con-
centration of DMSO in all experimental groups was 0.1 %,
including control groups.

MIC determination

The MICs of nisin and PO against S. aureus and
L. monocytogenes were determined using the standard broth
microdilution method, as described by the CLSI guidelines
(Anonymous 2009, 2010). MIC was defined as the lowest
concentration of antibiotic that produced the complete inhibi-
tion of visible growth.

Checkerboard dilution test

The synergistic antimicrobial effect of nisin and PO was stud-
ied using the checkerboard method against L. monocytogenes
and S.aureus in nutrient broth (Pillai and Moellering 2005).
Serial 2-fold dilutions of two different antimicrobial agents
were mixed in MHB or BHI broth with final concentrations
of the compounds ranged from 1/32 to 4 times the MIC for
nisin and from 1/256 to 4 times the MIC for PO. The check-
erboard plates were inoculated with 105 CFU/ml and incubat-
ed at 37 °C for 24 h. The concentration of the individual
compound in the combination of nisin and PO in which the
growth of organisms is completely inhibited is taken as the
MIC of the individual compound in the combination. The
combination for each reference strain was tested in triplicate.
The data produced by the checkerboard assay were analyzed
in terms of the fractional inhibitory concentration index (FICI)
using the following equation:

FICI ¼ FICAþ FICB ¼ CA
comb=MICA

alone

þ CB
comb=MICB

alone

where MICA
alone and MICB

alone are the MICs values of com-
pound A and B when acting alone, and CA

comb and CB
comb are

the concentrations of compound A and B at the isoeffective
combinations. The results were interpreted as a synergistic
effect if FICI ≤0.5; as an additive or indifferent effect if
0.5 < FICI ≤4 and as an antagonistic effect if FICI >4
(Oliveira et al. 2010).

Challenge tests in pasteurized milk

Commercial pasteurized milk was inoculated with
1 × 106 CFU/ml of S. aureus and L. monocytogenes.
Immediately after, nisin (16 μg/ml), PO (1 mg/ml) and a mix-
ture of both, were also added. Themilk was incubated at 37 °C
without shaking and samples were taken at various times (0, 3,
6, 10 and 24 h). Survival of S. aureus and L. monocytogenes
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was determined by plating decimal dilutions on plates of
Baird-Parker selective agar (Qingdao Hope Bio-Technology,
China) and BD PALCAM Listeria agar which were incubated
at 37 °C for 24 h and at 30 °C for 48 h, respectively. All
experiments were conducted in triplicate, and the results are
reported as the mean values. Synergism was defined as a de-
crease in the colony count of ≥2 log10 CFU/ml relative to the
count that was obtained with the most active single com-
pound. Antagonism was defined as a decrease of <2 log10
CFU/ml with respect to the least active compound
(Jacqueline et al. 2005).

Agar disk diffusion assay

A 100-μl aliquot of a 106 CFU/ml suspension was spread
uniformly on agar plates. Paper disks (6 mm diameter) im-
pregnated with nisin and PO (5 μl of different concentration)
alone or in combination were placed onto the agar surface, and
the inhibition zones were measured after incubation at 37 °C
for 24 h. Microbial inhibition was visually appraised as the
diameter of the inhibition zones surrounding the disks (disk
diameter included) and recorded in millimeter. The diameters
of the inhibition zones were measured with a digital caliper.
The agar disk diffusion tests were performed in triplicate. The
antimicrobial activity of plant essential oils (EOs) can be clas-
sified into three levels (Rota et al. 2004): weak activity (inhi-
bition zone ≤12 mm), moderate activity (12 mm < inhibition
zone <20 mm) and strong activity (inhibition zone ≥20 mm).

Scanning electron microscopy (SEM)

Logarithmic phase bacteria were allowed to adhere to
polylysine-coated coverslips for 10 h and were exposed to
nisin (32 μg/ml) and PO (2 mg/ml) alone or in combination
for 3 h. The cells were washed in PBS after incubation and
were fixed for 2 h at 4 °Cwith 2.5 % glutaraldehyde. The cells
were washed in the same buffer and were post-fixed for
30 min with osmium tetroxide in 0.1 M of cacodylate buffer
(pH 7.2). The samples were dehydrated using sequential eth-
anol concentrations ranging from 30 to 100 %. The ethanol
was replaced with tertiary butyl alcohol. Cells were freeze-
dried with a vacuum freeze drier (Hitachi ES-2030), coated
with an ion sputtering apparatus (Hitachi E-1010), and ob-
served through SEM (Hitachi S-3400 N). The bacterial cells
that were not exposed to antimicrobials were similarly proc-
essed and used as control. All tests were performed in
triplicate.

Membrane damage

The damage to the bacterial membrane was assessed using A
LIVE/DEADBacLight kit containing SYTO-9 and propidium
iodide dyes from Molecular Probes (Invitrogen). The

organisms were grown overnight in Cation-adjusted
Mueller-Hinton broth (CAMHB) at 37 °C under aeration.
The culture was diluted 40 times with fresh CAMHB and
grown to an OD600 of 0.5–0.6. The bacterial suspension was
centrifuged at 10,000×g for 15 min, and the cell pellet was
washed once in filter-sterilized distilled water. The cell pellet
was resuspended to 1/10 of the original volume and then di-
luted 1:20 into either water or water containing test com-
pounds at MIC. Bacteria and compounds were incubated at
37 °C on a tube rocker for 1 h. At the end of the incubation
period, a sample was removed for the CFU determination, and
the remaining suspension was centrifuged at 10,000×g for
10 min, washed once in water, and resuspended to an OD670

of 0.325. A volume of 100 μl of the bacterial suspension was
removed and added to a 96-well microtiter plates. An equal
volume of the BacLight reagent was then added to each well
and incubated for 15 min in the dark at room temperature. At
the end of the incubation period, green fluorescence was read
at 530 nm, and red fluorescence was read at 645 nm at an
excitation wavelength of 485 nm. The ratio of green to red
fluorescence intensities was normalized to the control group
and expressed as a percentage of the control (Hilliard et al.
1999).

Statistical analysis

All samples were analyzed in triplicate, and the data are pre-
sented as the mean values ± standard deviations (SD) (n = 3).
Independent Student t tests were used to determine statistical
differences, and p ≤ 0.05 was considered significant.

Results

Antibacterial activity

The in vitro activities of the studied nisin or PO alone and in
combination against standard and food-borne isolates of
L. monocytogenes and S.aureus are summarized in Table 1.
In the present study, nisin and PO showed different antimicro-
bial activities against the tested strains based on the calculated
MIC. TheMIC values for nisin and PO against twenty isolates
ranged from 32 to 64 μg/ml and 1 to 2 mg/ml, respectively.
The MIC values of nisin and PO against the ATCC 29213,
ATCC 19115 name the microorganisms used were 16 μg/ml
and 2 mg/ml, 16 μg/ml and 1 mg/ml, respectively. As expect-
ed, the MIC values for nisin against food-borne isolates were
higher than the standard strains ATCC 29213 and ATCC
19115. Nisin has been shown to inhibit L. monocytogenes
and S. aureus, and its MIC ranges were determined to be
740-l05 IU/ml (Benkerroum and Sandine 1988) and 2–
32 μg/ml (Dosler and Gerceker 2012), respectively, consistent
with the value calculated in the present study. Based on our
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knowledge, little work has been carried out on the antibac-
terial activity of PO. For PO, the MIC values against
S. aureus ATCC 6538 were 5 μl/ml (~4.5 mg/ml) (Lv
et al. 2011), which were a little higher than those calculated
in the present study. However, no report has been published
on the effect of PO against L. monocytogenes. Some new
studies about nisin combined with other natural compounds
have been performed. Liu et al. (2015) have demonstrated
the synergistic antibacterial effect of the combination of ε-
Polylysine and nisin against Enterococcus faecalis. And
Phongphakdee and Nitisinprasert (2015) have studied that
the combination inhibition activity ofnisin and ethanol on
the growth inhibition of pathogenic gram negative bacteria.
The biological activity research of PO has gained great
progress, such as antibacterial and antioxidant activity.
Qiu et al. (2011) have reported that PO inhibited the growth
of S. aureus, and the production of α-toxin, SEA, SEB, and
TSST-1 in S. aureus was also decreased by PO. Lee et al.
(2015) have reported that the protective effect against
oxidative stress by PO was increased in a roasting
temperature-dependent manner by attenuating intracellular
ROS formation.

When both nisin and PO were combined in the checker-
board microtiter test, a synergistic effect was observed. In
the checkerboard assay. The interaction between nisin and
PO against the 11 L. monocytogenes strains and
11 S. aureus strains were synergistic with FICI values
ranging from 0.125 to 0.25 and 0.19 to 0.375, respectively
(Table 2). No indifference and antagonism was observed for
any of the combinations evaluated. When in combinations,
the MIC values of PO were listed as follows: 0.0625–
0.25 mg/ml for L. monocytogenes and 0.25–0.5 mg/ml for
S. aureus. The results revealed that in the presence of sub-
inhibitory concentrations of nisin, a lower PO concentra-
tion was needed to fully inhibit L. monocytogenes and
S. aureus growth.

Enhanced inhibition of S. aureus and L. monocytogenes
growth in milk

Combination studies were performed with both antimicrobials
by challenge assay using S. aureus ATCC 29213 and
L. monocytogenes ATCC 19115, the results were shown in
Fig. 1. The compounds were assayed at their 1/2 × MIC and

Table 1 In vitro minimum
inhibitory concentration (MIC) of
Nisin and PO against
L. monocytogenes and S.aureus

Strains Median MIC (range) of compound

Alone In combination

Nisin (μg/ml) PO (mg/ml) Nisin (μg/ml) PO (mg/ml)

S.aureus JL-10011 32 (32–64) 2 (2) 4 (4) 0.25 (0.25–0.5)

S.aureus JL-10012 32 (32) 2 (2) 4 (4) 0.25 (0.25)

S.aureus JL-10013 32 (32) 2 (2) 4 (4–8) 0.25 (0.25)

S.aureus JL-10014 32 (32–64) 1 (1) 4 (4) 0.25 (0.25)

S.aureus JL-10015 64 (64) 2 (2) 4 (4) 0.25 (0.25–0.5)

S.aureus JL-10016 32 (32) 2 (2) 2 (2–4) 0.25 (0.25)

S.aureus JL-10017 32 (32) 1 (1) 4 (4) 0.25 (0.25)

S.aureus JL-10018 64 (64) 2 (1–2) 8 (8) 0.25 (0.25)

S.aureus JL-10019 64 (64) 2 (2) 8 (8) 0.25 (0.25)

S.aureus JL-10020 64 (32–64) 2 (2) 4 (4) 0.25 (0.25)

S.aureus ATCC 29213 32 (32) 2 (2) 2 (2–4) 0.25 (0.25)

L. monocytogenes JL-2000 32 (32–64) 2 (2) 4 (4) 0.125 (0.125)

L. monocytogenes JL-2001 32 (32) 2 (2) 2 (2–4) 0.125 (0.125)

L. monocytogenes JL-2002 64 (64) 1 (1) 4(4) 0.125 (0.0625–0.125)

L. monocytogenes JL-2003 64 (64) 2 (2) 4(4–8) 0.125(0.125)

L. monocytogenes JL-2004 32 (32–64) 2 (2) 4(4) 0.125 (0.125)

L. monocytogenes JL-2005 64 (64) 2 (1–2) 4(4) 0.125 (0.125)

L. monocytogenes JL-2006 64 (64) 2 (2) 8(8) 0.125 (0.125–0.25)

L. monocytogenes JL-2007 32 (32) 1 (1) 4(4) 0.125(0.125)

L. monocytogenes JL-2008 32 (32–64) 2 (2) 4(4) 0.25 (0.25)

L. monocytogenes JL-2009 32 (32) 2 (2) 4 (4) 0.125 (0.125)

L. monocytogenes ATCC 19115 32 (32) 2 (2) 2 (2–4) 0.125 (0.125)
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in the combinations 1/2 × MIC +1/2 × MIC. Addition of nisin
and PO alone did not significantly affect the growth curve,
especially over the 6 h of exposure. The combination of nisin
and PO at sub-inhibitory concentrations yielded a ≥ 2 log10
CFU/ml decrease compared with nisin or PO alone of
S. aureus and L. monocytogenes after 24 h and no recovery
in viable count was noted in the remainder evaluated intervals.
The results showed that a synergism was confirmed between
nisin and PO against S. aureus ATCC 29213 and
L. monocytogenes ATCC 19115. For L. monocytogenes, a
2.4-log10 CFU/ml decrease caused by the two-compound
combination relative to nisin alone at 3 h, after 6 h, the de-
crease reached to more than 7-log10 CFU/ml and a complete
bactericidal effect was observed for the combination.
However, the maximum reduction of 2.9-log10 CFU/ml was
observed at 24 h for S. aureus. The results revealed that a
stronger bactericidal effect in milk might be exerted in nisin
and PO combinations against L. monocytogenes than
S. aureus.

Agar disk diffusion assay

Agar disk diffusion tests helped to visualize the synergistic
interaction between nisin and PO (Fig. 2). PO with differ-
ent concentration displayed a variable degree of antibacte-
rial activity against two tested strains. For S. aureus, treat-
ed with PO at 1, 2 and 4 mg, the inhibition zones were
7 mm, 8 mm and 11 mm, respectively. S. aureus was found
to be least sensitive to PO. When treated with the same
concentrations of PO in conbination with 8 μg nisin
(showed no antibacterial activity here), the the zones of
inhibition increased to 8 mm, 13 mm and 18 mm, the re-
sults showed that 2 and 4 mg of PO combined with nisin
displayed moderate anti-S. aureus activity. Comparatively,
PO has already showed moderate anti-L. monocytogenes
activity when treated alone at 2 and 4 mg with the inhibi-
tion zones 13 and 15 mm, respectively. At the same
concentrations, when combined with 8 μg nisin,
L.monocytogenes showed maximum sensitivity to PO with
inhibition zone of 20 and 25mm respectively. It was also
worth noting that 0.5 and 1 mg PO combined nisin showed
moderate anti-L. monocytogenes activity with inhibition
zones of 13 and 17 mm, but PO showed no anti-

Table 2 In vitro interaction between Nisin and PO

Strains Nonparametric method
FICI

Mean (range) Interpretation

S.aureus JL-10011 0.25 (0.19–0.375) SYN

S.aureus JL-10012 0.25 (0.25) SYN

S.aureus JL-10013 0.25 (0.25–0.375) SYN

S.aureus JL-10014 0.375 (0.31–0.375) SYN

S.aureus JL-10015 0.19 (0.19–0.31) SYN

S.aureus JL-10016 0.19 (0.19–0.25) SYN

S.aureus JL-10017 0.375 (0.375) SYN

S.aureus JL-10018 0.25 (0.25–0.375) SYN

S.aureus JL-10019 0.25 (0.25) SYN

S.aureus JL-10020 0.28 (0.14–0.32) SYN

S.aureus ATCC 29213 0.19(0.19–0.25) SYN

L. monocytogenes JL-2000 0.19(0.125–0.19) SYN

L. monocytogenes JL-2001 0.125(0.125–0.19) SYN

L. monocytogenes JL-2002 0.19(0.125–0.19) SYN

L. monocytogenes JL-2003 0.125(0.125–0.19) SYN

L. monocytogenes JL-2004 0.19(0.125–0.19) SYN

L. monocytogenes JL-2005 0.125(0.125–0.19) SYN

L. monocytogenes JL-2006 0.19 (0.19–0.25) SYN

L. monocytogenes JL-2007 0.25 (0.25) SYN

L. monocytogenes JL-2008 0.25 (0.19–0.25) SYN

L. monocytogenes JL-2009 0.19 (0.19) SYN

L. monocytogenes ATCC 19115 0.125(0.125–0.19) SYN

SYN synergism, ANT antagonism, IND indifference; n number of interac-
tions. For the FICI model, synergy was defined as an FICI of ≤0.5,
antagonism was defined as an FICI of >4.0, and indifference was defined
as an FICI of >0.5–4 (i.e., no interaction)

Fig. 1 Killing of S. aureus ATCC 29213 (a) and L. monocytogenes
ATCC 19115 (b) with nisin and PO in pasteurized whole milk. The
strains at a starting inoculum of 106 CFU/ml were exposed to in vivo-
achievable concentrations of 16 μg/ml nisin; 1 mg/ml PO; 16 μg/ml nisin
+1 mg/ml PO
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L. monocytogenes activity at this two concentrations.
Therefore, based on inhibition zone test results, the notable
antibacterial effects of nisin at sub-inhibitory concentra-
tions for L. monocytogenes and S. aureus had a different
degree of improvement with the addition of PO at different
concentrations.

The effects of antimicrobials on the bacterial cell wall

To investigate the morphology of bacteria in response to
nisin, PO, and the combination of nisin with PO, the treated
bacteria were observed using SEM (Fig. 3). Treatment of
L. monocytogenes and S. aureus with nisin altered cell mor-
phology such that it appeared to be pleomorphic or spiral
shaped, as compared with the control experiment, which
demonstrated that the cells were intact and smooth. In con-
trast, the damaging effect of PO to cell wall was stronger
than that of nisin. Bacterial cells treated with the combina-
tion of PO and nisin were markedly damaged, such as split-
ting and a change in cell morphology due to deep wrinkles
and distortion, and most of the outermost layer of the bac-
terial cells disappeared. These results show that the antibac-
terial activity of nisin and PO appears to be synergistic
against the bacteria tested in this study, especially observed
in L. monocytogenes.

The effects of antimicrobials on cell membrane

In this assay, the SYTO-9 and propidium iodide stains com-
pete for binding to the bacterial nucleic acid. SYTO-9 la-
bels cells with both damaged and intact membranes, where-
as propidium iodide penetrates only cells with damaged
membranes. Therefore, live cells appear green and dead
ones appear red. The bacterial membrane damage caused
by nisin and PO alone or in combination is represented as
percentage of damage compared to that of control (Fig. 4).
Nisin and PO were both less active against S. aureus ATCC
29213 with 28 % and 19 % membrane damage, whereas
there were 38 % and 27 % damage in L. monocytogenes
ATCC 19115. However, highest membrane damage was
noted with nisin and PO in combination against the two
micro-organisms, the combination were able to damage
47 % (p < 0.05) and 56 % (p < 0.05) of the S. aureus
ATCC 29213 and L. monocytogenes ATCC 19115 mem-
brane within 10 min, respectively. As expected, the combi-
nation of nisin and PO could cause higher membrane dam-
age than the compounds used alone. It was worth noting
that nisin and PO alone or in combination both displayed
stronger membrane effects in L. monocytogenes than
S. aureus, though these effects were just moderate mem-
brane effects.

Fig. 2 Agar disk diffusion assay
for nisin combined with PO
against S.aureus ATCC 29213
(picture (a) and (b)) and
L. monocytogenes ATCC 19115
(picture (c) and (d))
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Discussion

Our results showed a bactericidal effect of nisin and PO com-
bination on L. monocytogenes and S. aureus and demonstrated
the potential of nisin and PO as a biopreservative in foods or
food products when applied together, especially in pasteurized
milk. Many approaches to enhancing the antibacterial activity
of nisin and expand its range of application have been tried.
Nisin has been found to act synergistically with various anti-
microbials including chelators, small molecular weight

substances from plants, reuterin (Arqués et al. 2004), proteins
such as lysozyme and lactoferrin and milk-derived peptides
(López-Expósito et al. 2008).

In our study, PO as one of the plant EOs was chosen to
enhance the antimicrobial activity of nisin. The main constit-
uents of PO are perillaldehyde (66.1 %), limonene (18.7 %)
and β-caryophyllene (8.7 %) (Inouye et al. 2006). Some stud-
ies have concluded that whole EOs have a greater antibacterial
activity than the major components mixed (Gill et al. 2002).
Similarly, Burt (2004) also suggested that the minor

Fig. 3 SEMs of
L. monocytogenes ATCC 19115
(a) and S. aureus ATCC 29213
(b) cells following various
treatments after 3 h: a) untreated/
control cells; b) cells after
treatment with nisin; c) cells after
treatment with PO; d) cells after
treatment with a combination of
nisin and PO
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components present in the EOs were more critical to the
activity than EOs main components mixed, and the com-
bination of major components with other minor compo-
nents that have a weaker activity may achieve a synergis-
tic effect. Because plant EOs exhibit a multi-component
nature, it is more difficult for bacteria to develop resis-
tance than many widely-used antibiotics, which have a
single target site. Considering the above mentioned inter-
action of EO compositions, the EOs which consist of dif-
ferent biochemical components may increase the antimi-
crobial efficacy distinctly. Previous studies have reported
that the combination of EOs and nisin was found to be an
effective antimicrobial activity. Esmail et al. (2014) report-
ed that the combination of nisin with sub-lethal doses of
thyme oil in minced fish resulted in an increased reduction
in the viable count of the foodborne pathogens than these
compounds used alone. Furthermore, it has been con-
firmed that the antimicrobial activity of EOs constituents
(e.g., carvacrol and thymol) are enhanced by the presence
of nisin (Yoon et al. 2011). Our study indicated that the
combination of nisin and PO can result in effective control
of L. monocytogenes and S. aureus growth. The synergis-
tic effects of PO and nisin would also mean that effective
concentrations of nisin could be lowered considerably (up
to 50 % in our studies) to achieve the desired antibacterial
activity, thus making the cost of food preservation by nisin
cheaper. Furthermore, the use of lower concentration of
nisin may reduce the probability of the occurrence of
nisin-resistant strains of bacteria.

Nisin has been reported to act on the cytoplasmic
membranes of gram-positive bacteria to cause lesions and
trigger autolysis of Staphylococcus simulans by activating
Nacetylmuramoyl-L-alanine amidase (Bierbaum and Sahl
1987). Chemical analysis of EOs showed that the major
active EO components are phenols, terpenes, aldehydes
and ketones, and it is generally believed that EOs princi-
pally performed against the cell cytoplasmic membrane of
microorganism. Leakage of intracellular constituents and
impairment of microbial enzyme systems can then occur,
and extensive loss of the cell contents will cause the death

of cell (Moreira et al. 2005). In our study, we observed
that nisin and PO both caused cell walls and cell mem-
brane damage and the damage of combination improved
indeed.

Although nisin is an antimicrobial agent that inhibits
the growth of L. monocytogenes and S. aureus, exposure
to this agent has also been associated with the develop-
ment of nisin resistance. Our studies demonstrated
that a combination of PO with nisin effectively inhibited
both L. monocytogenes and S. aureus, especially
L. monocytogenes according to the results of FICI values,
challenge tests in pasteurized milk and agar disk diffusion
assays. Additionally, the following synergistic antibacterial
mechanism of PO and nisin has been proposed. The com-
pounds in combination resulted in stronger damage to both
of cell walls and cell membrane than nisin or PO alone in
L. monocytogenes and S. aureus. The combination of PO
with nisin and resulting damage suggests that the cell
walls and membrane is the main target of this antimicro-
bial combination.

Nisin, the most well-studied bacteriocin, is used in over
50 countries as a natural food preservative agent. In addi-
tion, nisin is Generally Recognised As Safe (GRAS), and,
is the only bacteriocin that has found practical application
as a natural food preservative in processed cheese, milk,
dairy products, canned foods, hot baked flour products
(crumpets) and pasteurised liquid egg (Periago and
Moezelaar 2001). Perilla is widely cultivated in East
Asia and perilla oil is used in Asian countries as an in-
gredient in foods such as salad dressings, seasonings, and
dipping sauces (Nitta et al. 2006). PO is one of the
naturally-flavored oils and obtained usually from roasted
seeds to give good characteristic flavor. Yang et al.
(2012) reported the consumer acceptability of perilla oil
porridges, Moritz et al. (2012) have demonstrated that
the consumer acceptability of essential oils used in
fermented milk. In this research, nisin and PO synergisti-
cally and significantly inhibited the growth of S. aureus
and L. monoctogenes in milk samples. In conclusion, com-
binations of nisin and PO have the significant antibacterial
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activities, which might be used in food industry to control
the growth of pathogens.
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