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Abstract

Nisin and reuterin are used in processed foods as preservatives. They are considered to be potential sources of natural antibiotics
for the treatment of food contaminated by antibiotic-resistant bacteria, such as methicillin-resistant Staphylococcus aureus. We
try to compare the best effect of both nisin and reuterin on the growth of methicillin-resistant S. aureus (MRSA) and S. aureus
ATCC 25923. The results indicated that nisin at different concentrations inhibited the growth of methicillin-resistant S. aureus
after 4 h, whereas after 12 and 24 h, the bacteria have regrown and reactivated. S. aureus ATCC 25923 was not affected by
nisin concentration and has continuously grew at all times. Reuterin at different concentrations gradually inhibited the growth
of methicillin-resistant S. aureus and S. aureus ATCC 25923 and declined after 12 h for both. Therefore, it can be deduced
that nisin alone exerts a bacteriostatic effect on methicillin-resistant S. aureus but not on S. aureus ATCC 25923. Reuterin is
considered as bactericidal effect on both microorganisms. The combination of nisin at a concentration of 25.6 and reuterin at
a concentration of 5.2 mg/mL exerted a bactericidal effect on both microorganisms. By mixing nisin with reuterin, it can be

more active against both microorganisms.

Keywords: nisin; reuterin; methicillin-resistant Staphylococcus aureus.

Practical Application: Control of Methicillin-resistant Staphylococcus aureus and Staph. aureus by combination of nisin and

reuterin.

1 Introduction

In many countries, Staphylococcus aureus is the second or
third most common bacterial pathogen following Salmonella and
Clostridium perfringens that cause food poisoning (Cosgrove et al.,
2003). Methicillin-resistant S. aureus (MRSA) is considered to
be among the bacteria distributed and causing infections in the
USA and Europe, and this leads to higher risk in public health,
higher morbidity and mortality in comparison with non-resistant
strains. MRSA infections generate higher expenses in the area of
public health and leads to higher morbidity and mortality rates
compared with non-resistant strains (Cosgrove et al., 2003).
The prevalence of S. aureus in raw milk cheese and other different
foods are high and noticed as a biofilm formation, thus, the
improvements in the hygiene process are strongly recommended
(Carvalho et al., 2021). Controlling the growth of both of the
microbes is highly challenging for many microbiologists. The use
of natural antimicrobial agents enables food preservation without
causing changes in tastes and flavors.

Nisin is a polypeptide consisting of 34 amino acids with a
molecular mass of 3,510 Da. It is a bacteriocin produced by the
Lactococcus lactis subsp. lactis. (dairy starter) bacterium. Nisin
structure was solved in 1971, It possesses three unusual amino
acids: dehydroalanine, lanthionine, and -methyllanthionine
(Gross & Morell, 1971). It is considered to exhibit an antimicrobial

activity against other bacteria. Moreover, it has attracted the
interest of food microbiologists, bacterial geneticists, and
protein engineers in the last decade. Food microbiologists’
interest in nisin has been stimulated by the fact that nisin
received the status of Generally Recognized as Safe (GRAS) in
1988 (Food and Drug Administration, 1988). Inhibition tests
against pathogenic bacteria showed that nisin had a greater
effect on Gram positive bacteria, while OVEO had an effect on
both Gram positive and Gram negative bacteria (Pabon et al,,
2021). Many studies have demonstrated the capacity of nisin to
inhibit the microbial growth of gram positive bacteria, including
the highly pathogenic bacteria found in food, such as S. aureus
(Godoy-Santos et al., 2019).

Nisin is a natural peptide, and a broad wide spectrum against
Gram-positive bacteria and belonged to class I bacteriocin
(Bierman & Sahl, 1991). However, it exhibits little or no activity
against Gram-negative bacteria, yeasts, and molds (Hurst, 1981).
For decades, nisin has been used as a natural preservative for
food such as cheese, semi-preserved meats, canned goods,
and chocolate milk to control the growth of S. aureus (Delves-
Broughton, 1990; Felicio et al., 2015). Recently, nisin has been
applied as a biopreservative and has been demonstrated to work
synergistically with some drugs to control the growth of MRSA
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as biofilm as well as other pathogens (Brumfitt et al., 2002; Dosler
& Gerceker, 2011; Field et al., 2015; Shin et al, 2015).

Researchers thought that nisin exerts an effect on lipid
I1, which was the precursor of peptidoglycan of cell wall of
bacteria (Breukink et al., 1999; Breukink & Kruijff, 2006).
Other authors have explained that nisin strongly decreased the
membrane potential of cells as judged by the distribution of the
lipophilic tetraphenylphosphonium cation (Ruhr & Sahl, 1985;
Wiedemann et al., 2001). The morphologies of some bacteria
were changed by nisin due to membrane permeabilization, as
happened in Bacillus (Hyde et al., 2006). The formation of nisin—
lipid IT aggregates in Bacillus subtilis led to membrane disruption
and cell death (Scherer et al., 2015). Others suggested that the
cell death was caused by nisin-lipid but driven by a membrane
defect caused by alternative mechanisms (Prince et al., 2016).
Hence, the downstream effects of nisin binding to lipid IT which
caused the cell death appear to be complex. Notably, lipid IT is the
target of novel antibiotics, such as daptomycin and teixobactin,
and for these compounds, the killing mechanism is not entirely
understood (Miiller et al., 2016; Oster et al., 2018).

Jensen et al. (2020), discussed the ability of nisin to control
the growth of MRSA strains and then compared the nisin
minimum inhibitory concentrations (MIC) of 18 S. aureus strains
representing both the methicillin-sensitive S. aureus (MSSA)
and MRSA isolates. They observed a slight difference in
nisin MICs for MSSA and MRSA strains, suggesting that the
SSCmec resistance determinant harbored by MRSA strains does
not change susceptibility to nisin.

When CA-MRSA cells exposed of to nisin resulted in rapid
killing after 4 hours and the MRSA strain was capable of regrowth.
To elucidate the rapid killing of MRSA by nisin, they adopted
superresolution structured-illumination microscopy (SR-SIM)
and transmission electron microscopy (TEM) to investigate
the morphological changes by adding nisin in a CA-MRSA
USA300 model strain. Interestingly, the exposure of the MRSA
cells to nisin for 30 min resulted in distinct morphological changes,
including cell shrinkage, DNA condensation, and cell lysis.

Some authors suggested that whether the nisin activity
against bacterial cells is bacteridal or bacteriostatic, this limits
factor due to the condition of tests (Delves-Broughton et al.,
1996). If the bacterial cell is active, the bactericidal effect of
nisin will have, whether if the cell not active (due to medium
or temperature of food not optimum, pH, water activity or/and
nutrition availability), the bacteriostatic effect of nisin rather
than bactericidal (Sahl, 1991; Maisnier-Patin et al., 1992). This
is of course the basis of food preservation and is used in the
multifactorial preservation of food known to food microbiologists
as the “hurdle technology” (Leistner & Gorris, 1994).

Some strains of Lactobacillus reuteri produced reuterin
(B-hydroxypropionaldehyde) under anaerobic condition from
the fermentation of glycerol (Axelsson et al., 1989). Reuterin is
water soluble, active at a wide range of pH values, and resistant to
proteolytic and lipolytic enzymes (El-Ziney et al.,1999). El-Ziney
& Debevere (1998) reported the bactericidal effect of reuterin
on both L. monocytogenes and Escherichia coli O157:H7 in milk
and cottage cheese.

The bacteriostatic activity of reuterin (8 AU/mL) against
Listeria monocytogenes in milk and its bactericidal activity against
S. aureus and E. coli 0157 H7, Salmonella choleraesuis ssp., Yersinia
enterocolitica, Aeromonas hydrophila ssp., and Campylobacter
jejuni were studied by Arqués et al. (2004). Other studies have
considered reuterin as an antimicrobial agent (Axelsson et al.,
1989; Chung et al., 1989; Rasch, 2002; Cleusix et al., 2007;
Spinler et al., 2008; Garde et al., 2014).

This study aimed to evaluate the antimicrobial activity of
nisin, reuterin, or combination of both as a natural biopreservative
against MRSA and S. aureus ATCC 25923. Changes in the
cell wall have been observed through the growth in the liquid
culture medium.

2 Materials and methods

2.1 Bacterial strains

MRSA strain was obtained from the Laboratory of Food
Microbiology, College of Food and Agriculture, King Saud
University, and Staphylococcus aureus ATCC 25923 through
this study.

2.2 Time-kill curves

According to the method by Jensen et al. (2020) with little
modification, MRSA and S. aureus ATCC 25923 were grown
overnight at 37 °C in Brain Heart Infusion Broth (BHI) (Oxoid,
CM1136) and diluted in physiological saline (0.9% NaCl) to
reach the 0.5 McFarland turbidity as previously described.
Bacterial suspensions were adjusted to 10° CFU mL™' in BHI
containing 0, 3.2, 6.4, 12.8, or 25.6 mg mL™" of pure nisin at
a final volume of 100 mL and then incubated with aeration
(150 rpm) at 37 °C. Cell counts were determined via tenfold
serial dilution on BHI agar (Oxoid, CM357) every hour for the
first 4 h and then after 12 and 24 h. Experiments were conducted
in duplicate. The determination of the MIC of overnight cultures
was performed for one of the duplicate experiments to determine
susceptibility after prolonged exposure. The suspension of both
microorganisms was adjusted to 10° CFU mL™" in BHI broth
containing reuterin at concentrations of 0, 0.625, 0.125, 2.5,
and 5 mg mL™".

2.3 Minimum inhibitory concentration assay

Nisin A was purchased from Sigma-Aldrich (N5764).
According to the method by Jensen et al. (2020), a fresh stock
solution of nisin in HCI (0.02 M) was prepared before each
experiment with a final concentration of 102.4 ug mL™" and then
diluted twofold to 51.2,22.6,12.8,6.4,3.2,1.6,and 0.8 pg mL .
The MIC for the different concentrations of nisin was determined
in a 96-well format. Overnight cultures of MRSA and S. aureus
ATCC 25923 were diluted in BHI (Oxoid, CM1135) broth to
reach the 0.5 McFarland turbidity (corresponding to ~10° CFU
mL™). The bacterial suspensions were adjusted to 5 x 10° CFU
mL™! in Mueller-Hinton (MH) broth (Oxoid, CM0405) in wells
containing standard twofold dilutions of nisin in a final volume
of 100 pL. The plates were incubated for 18-24 h with shaking
(300 rpm) at 37 °C. All experiments were conducted in triplicate.
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MIC was defined as the concentration of nisin at which growth
was inhibited at 600 nm.

Reuterin was produced previously in our laboratory from L.
reuteri DSMZ in de Man, Rogosa, and Sharpe (MRS) broth (Oxoid,
CMO0361) and stored in refrigerator at 4 °C until use. Reuterin
was prepared also in HCI (0.02 M), with a final concentration
of 10 pg mL™, and then diluted twofold to 5.2, 2.6, 1.3, 0.65,
0.325, 0.1625, and 0.08125 pg mL™. MIC was determined as
previously mentioned for nisin in a 96-well format.

2.4 Combined effect of nisin and reuterin against S. aureus
(MRSA) and S. aureus ATCC 25923

Based on the MIC, we used nisin and reuterin at concentrations
of 25.6 and 5.2 ug mL™!, respectively, in the BHI broth to study
the effect on MRSA and S. aureus ATCC 25923 in duplicate
experiments conducted and on different time intervals. In each
experiment, either MRSA or S. aureus ATCC 25923 was
inoculated at approximately 10° cfu/mL into screw-capped flasks
containing 200 mL BHI broth, incubated at 37 °C, and shaken
at 150 rpm. Each culture (1 mL each) was withdrawn every 1 h
(for the first 4 h) to determine the total viable count using the
pour plate method on BHI agar and incubated at 37 °C for 24 h
and following the identification of the total viable count after
12 and 24 h of incubation period.

2.5 Minimum Bactericidal Concentrations (MBC)

The MBC of the of nisin and/or reuterin or in combination
were carried out on Methicilline resistant S. aureus (MRSA) and
S. aureus ATCC 25923 in comparison with the positive control
of each microbe. For this purpose, 10 pl of the corresponding
inhibitory concentration and the immediately higher concentrations
(MIC x 2 and MIC x 4) were subcultured on petri dishes containing
Mueller-Hinton agar (Oxoid, CM0337). After 24 h of incubation
period, the MBC was determined and defined as the lowest
concentration that inhibited visible growth of the subculture.

2.6 Microscopic examination of cells during the growth on
nisin-reuterin combination medium

Cells of MRSA and S. aureus ATCC 25923 were withdrawn
every hour for the first 4 h and then after 12 and 24 h of growth
and stained with Gram stain to show the changes in the cells
caused by nisin and reuterin.

3 Results and discussion

3.1 Effect of nisin on the viability of methicillin-resistant S.
aureus and S. aureus ATCC 25937

Figure 1 presents the time-kill curve to evaluate the
viability of MRSA were in media contained nisin at different
concentrations for 1-24 h. For all the tested concentrations of
nisin (3.2-25.6 pg mL™"), the viable count decreased during the
first 4 h in a time- and concentration-dependent manner. This
indicates that until the first 4 h, the growth was totally inhibited
and the bacteria have regrown after and increased until the
growth period ended (24 h). Mutant of nisin resistant strain of
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MRSA may be exhibited during exposure in medium contained
nisin and regrowth again after or >4 h. The authors explained
that if the bacteria regrowth phenotypic in the cultures medium
contained nisin (Jensen et al. (2020)). They also suggested that the
ability of S. aureus to resume growth after 4 h of nisin exposure
does not seem to be caused by stable mutations. Viable count of
20 strains of MRSA strain were reduced its growth after 2 h of
the experiment while the initial killing, 11 of the MRSA strains
were capable of regrowth while remaining fully sensitive to
nisin (Brumfitt et al., 2002). Oliveira et al., (2020), studied the
effect of different nisin concentration on the resistant S. aureus
isolate (L47) and found that the population in Baird parker agar
was reduced to at least 5 log 10 CFU/mL (without causing total
inhibition) from the positive control value was selected for the
following tests.

Contrarily, the lag phase of S. aureus ATCC 25923 was
extended to about 5 h but was continued all over the time of
the incubation period and reached to maximum viable counts
during the 24 h. This means that S. aureus ATTC 25923 was
resistant to nisin (Figure 2).

Nisin/MRSA
=0 pg/ml
10 ~—3.2 pg/ml
J 6.4 pg/mi
8 12.8
> = —=12.8pg/ml
—==25.8 ug/ml
- b
E
=
s 4
S 3
oo
3 2:
1
0
0 5 10 15 20 25 30
Time/h

Figure 1. Effect of nisin on the time-kill curves of MRSA. Overnight
cultures of methicillin-resistant S. aureus (MRSA) adjusted to
~10° CFU mL™" were grown in BHI broth at different nisin concentrations
(0,0.16,0.32,0.64, and 1.2 uyg mL™"). Viability was evaluated after nisin
exposure by determining CFU mL™" every hour for the first 0-4 h and
then after 12 and 24 h.
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Figure 2. Effect of nisin on the time-Kkill curves of S. aureus ATCC
25937. Overnight cultures of S. aureus ATCC 25923 adjusted to
~ 10° CFU mL™" were grown in BHI broth at different concentrations
(0,0.16,0.32,0.64, and 1.2 uyg mL " nisin). Viability was evaluated after
nisin exposure by determining CFU mL ™ every hour for the first 0-4 h
and then after 12 and 24 h.
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3.2 Minimum inhibitory concentrations of nisin and
reuterin for methicillin resistant S. aureus (MRSA) and S.
aureus ATCC 25937

The MICs of nisin for MRSA and S. aureus ATCC 25937 are
presented in Table 1. In the broth dilution assays, MRSA and
S. aureus ATCC 25937 exhibited nisin MICs of 51.2-102.4 ug
mL™. Contrarily, the MICs of reuterin for MRSA and S. aureus
ATCC 25937 were 5.2 and 0.65-5.2 ug mL™").

Hampikyan (2009) [35], has been inoculated sucuk doughs
with S. aureus and treated by nisin, its counts were ranging
from 6.15 to 6.49 log CFU/g (for control and nisin treated
respectively), yielded statistically similar (P 0.05). The S. aureus
count increased to 7.10-7.65 log CFU/g for sucuk containing
25-100 g/g for nisin and the control, respectively, at the end
of the fermentation period (5 days). Conversely, for sucuk
dough containing 150 and 200 g/g nisin, the count decreased
to 5.81-4.51 log CFU/g, respectively. At nisin concentrations of
150 and 200 g/g, no S. aureus was observed after 35 and 30 days,
respectively. However, the S. aureus count on day 45 in sucuk
containing 0 to 100 g/g ranged from 3.54 to 5.68 log CFU/g.

The effect of nisin depends on the concentration and amount
of nisin as well as the bacterial contamination level in foods.
Nisin works in a concentration-dependent manner in terms of
the amount applied and the level of bacterial contamination of
the food. Porretta et al. (1966), explained that in canned pea
containing 810 spores B. stearothermophilus spores needed
twice much than contained 141 spores to achieve the same
preserved effect.

The growth condition transcribes if the effect of nisin on
vegetative cells is either bactericidal or bacteriostatic (Delves-
Broughton et al., 1996). If the bacterial cells are in an energized
state, its bactericidal effect will have and in non-energize cell (the
cells are under non-optimized conditions as pH, temperature,

water activity, and nutrient availability), the effect of nisin will
be bacteriostatic rather than bactericidal (Sahl, 1991; Maisnier-
Patin et al., 1992). Food microbiologists called the basis of food
preservation that is also used in multifactorial preservation
as the “hurdle technology” (Leistner, 1994a). Nisin has the
ability to inhibit the growth of Gram-positive spore-forming
bacteria, such as Bacillus and Clostridium spp. The activity of
nisin against spores is predominantly sporostatic rather than
sporicidal (Egan et al., 2016). Bacillus spp. that their spores
rupture mechanically its coat is more sensitive to nisin than
do by lysis (Gould & Hurst, 1962). Moreover, they explained
that spores damaged by heat are more sensitive to nisin lysis.
For example, Clostridium sporogenes PA 3679 treated with heat
for 3 min at 121 C was 10 times more heat-sensitive than those
that have not been heat treated. Jarvis (1967), also observed that
both the vegetative cells and spores of B. stearothermophilus and
Clostridium thermosaccharolyticum are remarkably sensitive to
nisin compared with mesophilic spore-forming bacteria. Another
interesting observation is that both the spores and vegetative
cells of the thermophilic spore-formers B. stearothermophilus
and C. thermosaccharolyticum are remarkably sensitive to nisin
compared with mesophilic spore-formers (Jarvis, 1967).

3.3 Effect of reuterin on the viability of methicillin-resistant
S. aureus and S. aureus ATCC 25937

The effect of reuterin on MRSA is clearly described in
Figure 3. From the figure, it can be seen that the concentrations
of 5.2 and 2.6 pug/mL™"' completely inhibited bacterial growth
in the liquid medium after 12 h of incubation period. Reuterin
concentrations of 1.3 and 0.65 pg/mL™" enabled the growth
to quickly reach the steady state and continuous the without
increasing or reducing. Thus, we concluded that reuterin is more
effective on MRSA than nisin and completely inhibited bacterial
growth. By this, we can say that reuterin exerts a bactericidal
effect whereas nisin a bacteriostatic effect on MRSA. Reuterin-

Table 1. The MICs of nisin for methicillin resistant S. aureus (MRSA) and S. aureus strains.

Growth at optical density

Growth at optimal density

MIC of nisin pg mL™" 600 nm MIC of reuterin ug mL" 600 nm
MRSA 102.4 NG 5.2 NG
51.2 NG 2.6 1.241
25.6 0.936 1.3 1.368
12.8 1.401 0.65 1.484
6.4 1.679 0.32 1.666
3.2 1911 0.16 1.787
1.6 1.984 0.08 1.88
0.8 1.999 0.04 2.0
S. aureus ATCC 25923 MIC of nisin pg mL~ Growth at optimal density =~ MIC of reuterin uygmL~  Growth at optimal density
600 nm 600 nm
102.4 NG 5.2 NG
51.2 NG 2.6 NG
25.6 1.27 1.3 NG
12.8 1.547 0.65 NG
6.4 1.738 0.32 1.101
3.2 1.925 0.16 1.20
1.6 2.126 0.08 1.52
0.8 2.20 0.04 1.66
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producing positive strain L. reuteri SD2112 was capable of 86%
inhibition, but Bifidobacterium lactis Bb-12 demonstrated no
capability for inhibition (Lahtinen et al., 2007).

The effect of reuterin on S. aureus ATCC 25937 is clearly
demonstrated in Figure 4. It can be seen from the figure that at
concentrations of 0.65-5.2 ug/mL™, bacterial growth in liquid
medium was inhibited after 12 h of incubation period. It can be
deduced that reuterin is more effective than nisin, which appeared
no inhibition against S. aureus. We also concluded that reuterin
exerts a bacteriostatic effect whereas nisin a bactericidal effect on
S. aureus ATCC 25937. Arqués et al. (2004) mentioned that nisin
effect as a bactericidal against S. aureus in milk at 37 °C, over
4 h, while the growth was resumed again after that and reaching
counts similar to those in control milk after 24 h. Rodriguez et al.
(2001), revealed that when a nisin producing starter was added
to cheese made from raw milk, a slight inhibitory effect of the
bacteriocin on S. aureus was observed. Contrarily, when nisin was
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Figure 3. Effect of reuterin on the time-kill curves of MRSA. Overnight
cultures of MRSA adjusted to ~10° CFU mL"! were grown in BHI broth
at different reuterin concentrations (0, 0.64, 1.3, 2.6, and 5.2 ug mL™).
Viability was assessed after reuterin exposure by determining
CFU mL™ every hour for the first 0-4 h and then after 12 and 24 h.
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Figure 4. Effect of reuterin on the time-kill curves of S. aureus
ATCC 25937. Overnight cultures of S. aureus ATCC 25937adjusted
to ~10° CFU mL™" were grown in BHI broth at different reuterin
concentrations (0, 0.64, 1.3, 2.6, and 5.2 pg mL™"). Viability was assessed
after reuterin exposure by determining the CFU mL™" every hour for
the first 0-4 h and then after 12 and 24 h.
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added to white pickled cheese, inhibition of bacterial pathogen
was not noted (Abdalla et al., 1993). This finding agrees with
our data regarding the effect of nisin on pathogenic S. aureus
ATCC 25937 as explained above.

3.4 Effect of nisin and reuterin combination on the viability
of methicillin-resistant S. aureus and S. aureus ATCC 25937

The combination of nisin and reuterin at concentrations
of 25.6-5.2 ug mL™! improved the ability to control the growth
of both MRSA and S. aureus ATCC 25937 and extended its
effect for more than 24 h (Figures 5 and 6). This combination
may change the permeability of the outer membrane for both
bacteria and cause a lethal effect against both microorganisms.
The authors suggested that the combination of bacteriocin
and other preservation mechanisms leads to the elimination
of resistant to bacteriocins in target strains and/or extend its
inhibitory activity against Gram-negative species (Stevens et al.,
1991). We can have added that this effect carried out against
Gram-positive bacteria as described in our study.

Nisin and reuterin / MRSA
9
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Figure 5. Effect of nisin and reuterin on the time-kill curves of MRSA.
Overnight cultures of MRSA adjusted to ~10° CFU mL™" were grown in
BHI broth supplemented with nisin and reuterin at 25.6 and 5.2 pgmL"’,
respectively. Viability as CFU mL" was assessed for the first 0-4 h and
then after 12 and 24 h.
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Figure 6. Effect of nisin and reuterin on the time-kill curves of S. aureus
ATCC 25937. Overnight cultures of S. aureus ATCC 25937 adjusted
to ~10° CFU mL" were grown in BHI broth supplemented with nisin
and reuterin at 25.6 and 5.2 ug mL™!, respectively. Viability as CFU
mL was assessed for the first 0-4 h and then 12 and 24 h.
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The combination effect, which is called a synergistic effect, of
nisin with other antimicrobials on Gram-positive bacteria has been
described by Mansour et al. (1998) and Boussouel et al., (2000) in
milk. The combination of reuterin and other antimicrobials was
discussed in a few studies, such as that of Arqués et. al. (2008)
[45] who confirmed that the synergistic effect between reuterin
and nisin on the inhibition of L. monocytogenes in milk has
been achieved. El-Ziney & Debevere (1998), observed that the
activity of reuterin against L. monocytogenes was enhanced with
3% salt and that the synergistic effect was dependent on salt
concentration. The synergistic effect of reuterin in combination
with lactic acid during meat decontamination has also been
reported (El-Ziney et al.,1999).

Arquésetal., (2008), reported that a synergistic antimicrobial
effect on S. aureus was detected when nisin was combined with
reuterin and the lactoperoxidase system (LPS), resulting in counts
5 log cfu/mL lower than in control cuajada after12 d at 10 °C.
The treatment combining these 3 natural biopreservatives at low
concentrations, within the hurdle concept of food preservation,
might be a useful tool to control the growth of pathogens such
as L. monocytogenes and S. aureus, which might have access to
milk used for the manufacture of dairy products through post
pasteurization contamination.

3.5 Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of methicillin-resistant S.
aureus and S. aureus ATCC 25937

Data in Table 2 shows the zone of inhibition of nisin against
MRSA strain was 15 mm in diameter, while was 10 mm against
S. aureus ATCC 25937, while of reuterin was 20 and 18 mm
in diameter against both respectively. Minimum inhibitory
concentration (MIC) and of nisin against MRSA and S. aureus
ATCC 25937 was 51.2 mg/ mL for both microbe, while reuterin
was 5.2 and 0.65 mg/ mL, respectively. Minimum bactericidal
concentration (MBC) of nisin was 5 and 10 mg/mL and against
MRSA and S. aureus was 5 and 10 mg/mL, respectively. While
MBC for reuterin were 5 and 5 mg/mL against MRSA and S.
aureus ATCC 25937, respectively.

So reuterin is considered to be a bactericide effect against
both microorganisms, while nisin was bacteriostatic against
MRSA alone and no effect against S. aureus ATCC 25937.

3.6. Microscopic examination of cells during the growth on
nisin-reuterin combination medium

As examined the cells by compound microscope after stained
with Gram stain in the absence of nisin and reuterin combination
revealed that both MRSA and S. aureus ATCC 25937 are a
Gram-positive, spherical assemble in clusters the membrane is
regular (Data not add). After 1 h of growth in the presence of
nisin and reuterin at concentrations of 25.6 and 5.2 ug mL™,
the cells started to change, and some of the cell walls begin to
appear to damage and this structure of clusters not all compact
state in comparison with normal cells. By increasing the time
exposure to nisin and reuterin, the damages worsened, and the
membrane lost its integrity until the structures exhibited an
irregular shape at the end of the 24-h period. Many of the cells
appeared as ghost cells when the cells were lysed after exposure
to nisin and reuterin.

Jensen et al. (2020), exposed S. aureus to nisin and noticed
striking differences, bulging, and invaginations in the cell
membrane. They suggested that nisin caused membrane damage
that resulted in the disposure of unstructured membranous material
at the septal site. Interestingly, the DNA in cells exposed to nisin
appeared condensed and fragmented, and the chromosomal
DNA structure was altered. This was considered to be an indirect
mechanism. Also explained by electron microscope that nisin
led to splitting of S. aureus daughter, while the cells untreated
by nisin appeared showed the staining pattern that characterizes
daughter cells having separated. Also, the cells exposed to nisin
are smaller than the untreated ones.

The cell induced by nisin (6.4 pg mL ") which was examined
via electron microscopy indicated that the cells profound
alterations in the DNA structure as condensed electron light
regions and fragmented DNA that were clearly visible only in
cells exposed to nisin. In untreated cells, the DNA is not clearly
distinguishable in the cytoplasm (Jensen et al., 2020).

A rapid lysis in the cells (about 14%) exposed to nisin and
that appeared as ghost cells was also found via transmission
electron microscopy (Jensen et al., 2020).

The partial depolarization of S. aureus cytoplasmic membranes
was caused by nisin (Chung & Hancock, 2000). The mode of
action of nisin considered the cytoplasmic membrane as the
biological target. The membranes were disrupted by nisin and
by pore formation, membrane insertion, and simultaneous

Table 2. Zone of inhibition (mm), minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of nisin and

reuterin on MRSA and S. aureus ATCC 25937.

Antibiotics

Microorganisms Nisin Reuterin
Antibiotics Nisin Reuterin
Microorganisms
Zone of MIC MBC Growth on MH  Zone of MIC MBC Growth on MH
inhibition (mg/ mL) (mg/mL) agar inhibition (mg/ mL) (mg/mL) agar
(mm) (mm)
MRSA 15 51.2 5 +/ Bacteriostatic 20 5.2 5 NG/ Bactericide
S. aureus ATCC 10 51.2 10 +++ 18 0.65 5 NG/ Bactericide
25937

+: Growth; NG: no growth; -: no effect.
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depolarization. The increase in membrane permeability disturbs
membrane transport and inhibits energy production as well as
the biosynthesis of proteins and nucleic acids (Bruno et al., 1992;
Breukink et al., 1998; Raju et al., 2003). S. aureus was completely
inhibited by nisin (100 IU/mL) in broth system (Masschalck et al.,
2001). Scannell etal., (1997), stated that nisin (500 IU/g) effectively
prevented the growth of S. aureus under similar conditions.
Proton motive was disrupted by pore formation through nisin
and pH equilibrium lead to leakage of ions and hydrolysis of
ATP and cells were death (Arauz et al., 2009).

Vollenweider & Lacroix (2004) reported that reuterin can
also enhance membrane permeability, facilitate antimicrobial
action, and inhibit the ribonucleotide reductase and thioredoxin
activities and thereby DNA synthesis. The combination of
nisin and LPS exerted a higher synergistic antimicrobial effect
on L. monocytogenes at higher temperatures and persisted at
refrigerator temperatures. It is also important to note that the
application of nisin, reuterin, and LPS in combination achieved
the greatest rate of inactivation on the two pathogens tested,
achieving reductions to levels well below those considered to
be harmful for consumers, even under refrigeration conditions
of temperature abuse.

Some other researchers were used chitosan coating and M.
aquatica L. essence against E. coli, S. aureus and L. monocytogenes
and its capability as a natural, healthy and safe preservative system
to improve Iranian white cheese shelf-life and noticed significant
growth inhibition of 88.54% and 85.9% were obtained for S.
aureus (Zavareh & Ardestani (2020). Combination of nisin an
natamycin were applied to foods as used in lemon soft drinks
to inhibit the growth of L. plantarum and Z. bailii cultures and
remained stable after 120 days (Garavaglia et al., 2019).

4 Conclusion

A synergistic bactericidal activity of nisin in combination
with reuterin against methicillin-resistant S. aureus (MRSA)
and S. aureus ATCC 25937 and transformed the effect from
bacteriostatic to bactericides according to the destruction of
cell membrane as demonstrated by microscopic examination
and extension effect on the cell viability for more than 24 h.
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