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ABSTRACT Bacteria-derived natural antimicrobial compounds such as bacteriocins,
reruterin, and organic acids have recently received substantial attention as food
preservatives or therapeutic alternatives in human or animal sectors. This study
aimed to evaluate the antimicrobial activity of different bacteria-derived antimicro-
bials, alone or in combination, against a large panel of Gram-negative and Gram-
positive bacteria. Bacteriocins, including microcin J25, pediocin PA-1, nisin Z, and
reuterin, were investigated alone or in combination with lactic acid and citric acid,
using a checkerboard assay. Concentrations were selected based on predetermined
MICs against Salmonella enterica subsp. enterica serovar Newport ATCC 6962 and
Listeria ivanovii HPB28 as Gram-negative and Gram-positive indicator strains, respec-
tively. The results demonstrated that the combination of microcin J25 1 citric acid 1

lactic acid; microcin J25 1 reuterin 1 citric acid; and microcin J25 1 reuterin 1

lactic acid tested against S. Newport ATCC 6962 showed synergistic effects (FIC
index = 0.5). Moreover, a combination of pediocin PA-1 1 citric acid 1 lactic acid;
and reuterin 1 citric acid 1 lactic acid against L. ivanovii HPB28 showed a partially
synergistic interactions (FIC index = 0.75). Nisin Z exerted a partially synergistic effect
in combination with acids (FIC index = 0.625 -0.75), whereas when it was combined
with reuterin or pediocin PA-1, it showed additive effects (FIC index = 1) against L.
ivanovii HPB28. The inhibitory activity of synergetic consortia were tested against a
large panel of Gram-positive and Gram-negative bacteria. According to our results,
combining different antimicrobials with different mechanisms of action led to
higher potency and a broad spectrum of inhibition, including multidrug-resistance
pathogens.

IMPORTANCE Reuterin and bacteriocins, including microcin J25, pediocin PA-1, ni-
sin were produced and purified with .90% purity. Using the broth-based check-
erboard assay the interaction between these compounds (synergetic, additive, or
antagonistic) was assessed. By combining different natural antimicrobials with
different modes of action and structure (reuteirn, microcin J25, pediocin PA-1,
and organic acids), we successfully developed five different synergetic consortia
with improved antimicrobial activity and a broad spectrum of inhibition. These
consortia were shown to be effective against a large panel of pathogenic and
spoilage microorganisms as well as clinically important multidrug-resistance bac-
teria. Moreover, because the lower concentrations of bacteriocins and reuterin
are used in the synergetic consortia, there is a limited risk of toxicity and resist-
ance development for these compounds.
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The increasing emergence of antibiotic-resistant pathogenic microorganisms is a se-
rious threat to public health across the globe. In agriculture and medicine, the

long-term overuse of antibiotics in humans and animals has resulted in extensive bac-
terial adaptation, leading to them possessing rapidly developed resistances to existing
treatments. Moreover, the rates at which bacteria are developing resistances to antibi-
otics are increasing, while the discovery of new antibiotics remains at a standstill.
Therefore, scientists are being encouraged to develop alternative strategies and thera-
peutic solutions (1).

From a food quality and safety perspective, the use of traditional preservatives such
as chemical additives and salt is increasingly being contested in the current context of
the “clean label” approach. Thus, consumers are rapidly shifting to natural and mini-
mally processed foods. However, such demands increase the risks associated with
foodborne pathogens and spoilage (2). Accordingly, providing safe and high quality
food products, without antibiotic residue, and resistance development is challenging
for the global food industry; thus, there is an urgent need for alternatives to antibiotics
and chemical preservatives.

Scientists in both the clinical and food sectors are under pressure to discover new antimi-
crobial agents or novel strategies to tackle such problems. In this regard, protective cultures
and their antimicrobial compounds have attracted extensive attention as promising alterna-
tives. Protective cultures are antagonistic microorganisms that mainly comprise of lactic acid
bacteria, including the genera Lactobacillus, Leuconostoc, Streptococcus, Enterococcus, and
Bacillus (3). Their bio-protective activities are linked to their ability to metabolically produce
different compounds such as organic acids, phenylacetic acid, hydrogen peroxide, diacetyl,
reuterin, and bacteriocins (4, 5). Bacteriocins are ribosomally synthesized proteins with high
antimicrobial activity in the nanomolar range and have broad or narrow spectrums of inhibi-
tion (6). A complete review of bacteriocins and their characteristics is presented in
BACTIBASE, a database recently developed by Hammami et al. (7). Bacteriocins are produced
by Gram-positive and Gram-negative bacteria and are classified based on the presence or ab-
sence of posttranslational modifications in Class I and Class II, which have subclassifications
(8). It should be noted that bacteriocins exhibit several characteristics that make them attrac-
tive for use in the medical, veterinary, and food sectors, such as only being active against
strains that are phylogenetically close to producer strains, their narrower spectrums, strong
activity at very low concentrations, the stability to heat, tolerance to extreme salt and pH
conditions, and (9) rarer capacities for inducing resistance mechanisms (10). Owing to their
potential, approaches that incorporate their application have steadily gained interest in scien-
tific and industrial communities. The potent activity of bacteriocins against significant food
spoilage and pathogens in different food matrices, such as meat, vegetables, and dairy prod-
ucts has been well studied (11). As many bacteriocins are naturally produced by lactic acid
bacteria in fermented foods, they are generally considered safe. Some have obtained GRAS
status by the FDA; including nisin (Nisaplin by Danisco, Chrisin by Chr. Hansen), to control
Clostridium botulinum in cheese (12), and meat in particular (13), and colicin E1 for the control
of Escherichia coli in beef (14). Kerry Bioscience also markets pediocin PA-1 under the name
ALTA 2431 (6). Furthermore, bacteriocins have been shown to be active against significant
clinical pathogens such as vancomycin-resistant enterococci (VRE), methicillin-resistant
Staphylococcus aureus (MRSA), Clostridium difficile, and Salmonella enterica (15–17). In addi-
tion, several bacteriocins are effective in human and animal infection treatments, and some
of them have been progressed into clinical evaluation (18).

Despite several studies on the efficacy of bacteriocins as promising antimicrobial
agents, the extensive and routine use of these compounds in the food, medical, and
veterinary sectors is still limited by several drawbacks such as their narrow spectrum of
activity and the development of resistance and cross-resistance between bacteriocins
or between antibiotics and bacteriocins.

One of the strategies to overcome these shortcomings is to use a combination of
different bacteriocins or bacteriocins with other natural compounds that have different
structures and mechanisms of action. Several studies have reported that bacteriocins,
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in combination with other antimicrobial compounds, effectively inhibit clinical and/or
foodborne pathogens (19–22). A synergistic mixture of bacteriocins with other antimi-
crobials with different mechanisms of action may promote their inhibitory effects and
limit the risk of resistance development to either of these compounds. At the same
time, a broad spectrum of organisms can be targeted. In an effective synergistic combi-
nation of bacteriocins and other antimicrobials, bacteriocins are used in reduced con-
centrations, which lowers the costs of using these compounds at an industrial scale
and makes the approach economically viable (23).

In most reported studies, the selection of bacteriocin combinations (bacteriocin-bac-
teriocin or bacteriocin-antimicrobials) has been conducted in an arbitrary fashion. In
addition, the results obtained are often qualitative and limited to a few bacterial species.
A better understanding of the structures and mechanisms of action of the different com-
pounds may allow a better selection of compounds to be tested in combinations and
may provide opportunities to identify combinations with additive or synergistic effects.
In addition, a more systematic study using a larger panel of food-, medical-, and veteri-
nary-associated pathogenic bacteria will generate more valuable data and more credible
scientific evidence regarding the spectrum of inhibition activity obtained by such combi-
nations. This study aimed to investigate the inhibitory activity of various bacteria-derived
antimicrobial compounds with different modes of action alone or in combination against
primary and secondary panels of pathogenic microorganisms. Nisin Z, pediocin PA-1,
microcin J25 (MccJ25), and reuterin were produced and purified. Their antimicrobial
activities were evaluated by determining the MIC and minimum bactericidal concentra-
tion (MBC) against a first panel of indicator strains, including Gram-positive and Gram-
negative bacteria. A broth-based checkerboard assay was carried out to evaluate the
interactions (synergetic, additive, or antagonistic) between these compounds: first, two-
by-two and then in a combinations of three. Finally, the selected synergetic consortia
were tested quantitatively against a secondary panel of pathogenic and spoilage bacte-
ria, including multidrug-resistant bacteria.

RESULTS
Production and purification of compounds. Reuterin was produced from the bio-

conversion of glycerol (300 mM) by Lactobacillus reuteri ATCC 53608. We obtained a so-
lution of 200 mM reuterin with a bioconversion yield of 85%, which is active against
both indicator strains Listeria ivanovii HPB28 and Salmonella enterica subsp. enterica
serovar Newport ATCC 6962 (later referred to as S. Newport, ATCC 6962) (Fig. 1A).
Notably, the reuterin solution did not contain any residual glycerol. Pediocin PA-1 was
successfully synthesized with high purity (.90%) and was active against L. ivanovii
HPB28 (Fig. 1B). Mcc25 was produced by E. coli MC4100 pTUC202, and according to
the LC/MS profile, MccJ25 had a purity of .90% after purification (Fig. 1C). Moreover,
an activity test showed that MccJ25 was active against S. Newport ATCC 6962. Finally,
nisin Z was purified from commercial nisin (Niseen—S, Fromagex, Canada) with 90% pu-
rity (Fig. 1D).

MIC and MBC of individual compounds. The MIC and MBC of MccJ25, reuterin,
pediocin PA-1, nisin Z, and organic acids against the indicator strains are summarized in
Table 1. MccJ25 was the most potent against S. Newport ATCC 6962, with a MIC of
0.0356 mg/mL and a MBC value higher than 0.2848 mg/mL. The MBC/MIC ratio of
MccJ25 was higher than 8, indicating that MccJ25 exhibited a bacteriostatic mechanism
of action. Pediocin PA-1 was the most potent against L. ivanovii HPB28, with a MIC of
0.09 mg/mL and no MBC detected (bacteriostatic). The MIC of nisin Z against L. ivanovii
HPB28 was 1.56 mg/mL, with bactericidal effects observed at a concentration two times
that of the MIC (bactericidal at 3.12 mg/mL). As expected, reuterin and acids (citric acid
and lactic acid) exhibited a broad spectrum of activity against both Gram-positive and
Gram-negative bacteria. Reuterin and lactic acid exhibited slightly lower MICs for S.
Newport ATCC 6962 (125 mg/mL and 0.2% vol/vol, respectively) than L. ivanovii HPB28
(250 mg/mL, and 0.4% vol/vol, respectively). Reuterin at concentrations eight times that
of its MI, showed bactericidal effects against both strains. Citric acid presented the same
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MIC for both strains (0.4% vol/vol). Citric and lactic acid showed bactericidal effects at
concentrations four- and 2-fold higher than their MICs, respectively.

Interactions between antimicrobial compounds (FIC index). To determine the
types of interactions among bacteriocins, organic acids, and reuterin; their fractional in-
hibitory concentrations were determined based on the MIC values of each individual
compound. In general, no antagonistic effects were observed with the different combi-
nations of the antimicrobial compounds tested, while different consortia showed ei-
ther synergistic or additive effects against Gram-positive or Gram-negative target
microorganisms. First, the combinations of the two compounds were evaluated, and
their FIC values are listed in Table 2. Nisin Z in combination with either reuterin or ped-
iocin PA-1 showed additive effects against L. ivanovii HPB28 (FIC index = 1), and inhibi-
tion was obtained at 1/2 MIC nisin Z (0.78 mg/mL) with 1/2 MIC pediocin PA-1

FIG 1 LC/MS and agar well diffusion assay of (A) reuterin, (B) pediocin PA-1, (C) MccJ25, (D) nisin Z.

TABLE 1 The MIC of antimicrobials against S. Newport ATCC 6962 and L. ivanovii HPB28

Compounds MIC MBC concn MBC/MIC ratio
S. Newport ATCC 6962
MccJ25 0.0356 (mg/mL) .0.2848 (mg/mL) .8
Reuterin 125 (mg/mL) 1000 (mg/mL) 8
Citric acid 0.4% (w/v) 1.6% (w/v) 4
Lactic acid 0.2% (v/v) 0.4% (v/v) 2

L. ivanovii HPB28
Pediocin PA-1 PA-1 0.09 (mg/mL) .0.72 (mg/mL) .8
Reuterin 250 (mg/mL) 2000 (mg/mL) 8
Nisin 1.56 (mg/mL) 3.12 (mg/mL) 2
Citric acid 0.4% (w/v) 1.6% (w/v) 4
Lactic acid 0.4% (v/v) 0.8% (v/v) 2
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(0.045mg/mL), or with 1/2 MIC reuterin (125mg/mL). Similarly, the combination of ped-
iocin PA-1 with reuterin had additive effects (FIC index = 1), and their MICs were
reduced to 1/2. The combination of MccJ25 with reuterin was synergistic (FIC
index = 0.5), and their MICs were reduced to 1/4 (0.0089 mg/mL and 31.25 mg/mL,
respectively) against S. Newport ATCC 6962.

When the selected bacteriocins and reuterin were combined with citric acid or lactic
acid, synergistic to partial synergistic activity against the indicator strains was noted.
Nisin Z in combination with citric acid (FIC index = 0.625) or with lactic acid (FIC
index = 0.75), exerted a partial synergistic effect against L. ivanovii HPB28, and its MIC
in combinations was reduced to 1/2 (0.78 mg/mL). When MccJ25 was combined with
citric acid or lactic acid, we observed a synergistic interaction (FIC index = 0.5), and
their MICs against S. Newport ATCC 6962 were reduced to 1/4 (0.0089 mg/mL MccJ25
and 0.1% wt/vol of citric acid or 0.05% lactic acid). Moreover, the combination of reu-
terin with citric acid or lactic acid showed synergistic activity (FIC index = 0.5), and inhi-
bition was obtained at lower concentrations, corresponding to 1/4 MICs (31.25 mg/mL
reuterin and 0.05% vol/vol lactic acid or 0.1% wt/vol citric acid) against S. Newport
ATCC 6962. However, the same combination against L. ivanovii HPB28 showed a partial
synergistic effect (FIC index = 0.75) and inhibition at 1/2 and 1/4 of their MICs, respec-
tively (125 mg/mL reuterin and 0.1% wt/vol citric acid or 0.1% vol/vol lactic acid).
Pediocin PA-1 combined with either citric acid or lactic acid acted synergistically to
partially synergistically and could inhibit L. ivanovii HPB28 at 1/2 - 1/4 of their MICs (FIC
index = 0.5 -0.75).

After evaluating the interactions between each pair of compounds, the combina-
tions of three were evaluated based on their interactions. For this purpose, the combi-
nations of each of the two compounds previously described were now considered
one at their reduced MICs, and their interactions with the third compound were
determined. The FIC values are listed in Table 3. MccJ25 with reuterin 1 lactic acid
exerted a synergistic interaction (FIC index = 0.5); the MICs for MccJ25 reduced to 1/4
(0.0089 mg/mL) and those for reuterin and lactic acid reduced to 1/16 (7.8 mg/mL and
lactic acid 0.0125% wt/vol, respectively). Similar results were observed with the combi-
nation of MccJ25 and reuterin 1 citric acid (FIC index = 0.5) against S. Newport ATCC
6962. The combination of MccJ25 with citric acid 1 lactic acid showed a synergistic
effect (FIC index = 0.5), and inhibition was obtained at 1/4 MIC MccJ25 (0.0089 mg/mL),

TABLE 2 FIC values of different combinations of antimicrobials (two compounds) against L. ivanovii HPB28 and S. Newport ATCC 6962a

Consortia Ped-Lac Ped-Cit Reu-Cit Reu-Lac Ped-Reu Nis-Reu Nis-Ped Nis-Cit Nis-Lac Cit-Lac
L. ivanovii HPB28
FIC 0.5-0.75 0.5-0.75 0.75 0.75 1 1 1 0.625 0.75 0.75
MIC 0.045-0.1 0.045-0.1 125-0.1 125-0.1 0.0452125 0.782125 0.7820.045 0.78-0.05 0.78-0.1 0.2-0.1

S. Newport ATCC 6962
J25 -Reu J25 -Lac J25 -Cit Reu-Cit Reu-Lac Cit-Lac

FIC 0.5 0.5 0.5 0.5 0.5 0.75
MIC 0.0089-31.25 0.0089-0.05 0.0089-0.1 31.25-0.1 31.25-0.05 0.2-0.05

aJ25: MccJ25, Cit: citric acid, Lac: lactic acid, Reu: reuterin, Ped: pediocin PA-1, Nis: nisin.

TABLE 3 FIC values of different combinations of antimicrobials (three compounds) against S. Newport ATCC 6962 and L. ivanovii HPB28

Consortia MccJ25+ (reuterin+ lactic) MccJ25+ (reuterin+ citric) MccJ25+ (citric+ lactic) Reuterin+ (citric+ lactic)
S. Newport ATCC 6962
FIC value 0.5 0.5 0.5 0.5
MIC 0.00891 (7.81 0.0125) 0.00891 (7.81 0.025) 0.00891 (0.051 0.0125) 31.251 (0.051 0.0125)

L. ivanovii HPB28
Consortia Pediocin PA211 (citric1 lactic) Reuterin1 (citric1 lactic)
FIC value 0.75 0.75
MIC 0.0451 (0.051 0.025) 1251 (0.051 0.025)
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1/8 MIC citric acid (0.05% wt/vol), and 1/16 MIC lactic acid (0.0125%). Similarly, when
reuterin was combined with citric 1 lactic acid, a synergistic interaction against S.
Newport ATCC 6962 was apparent (FIC index = 0.5, 1/4 MIC reuterin), and they showed
a partially synergistic activity (FIC index = 0.75, 1/2 MIC reuterin) against L. ivanovii
HPB28. Similarly, the combination of pediocin PA-1 with two acids was partially syner-
gistic (FIC index = 0.75), and their MICs were reduced to 1/2 MIC of pediocin PA-1
(0.045 mg/mL), 1/8 MIC citric acid (0.05% wt/vol), and 1/16 MIC lactic acid (0.025% vol/
vol).

(i) Analyses of synergetic consortia with agar diffusion assay. Five combinations
containing three different compounds were selected for their synergetic effects. They
were further qualitatively analyzed using the agar well diffusion assay (Fig. 2). To
obtain distinct inhibition zones, all compounds were tested at 50 times the MICs given
in Table 3. The synergistic combination containing MccJ25 and reuterin 1 lactic acid
(Fig. 2A) produced a clear 13 mm inhibition zone against S. Newport ATCC 6962;
whereas no inhibition was observed when each compound was tested alone at the
same concentrations used in the consortium. Similarly, MccJ25, in combination with
reuterin 1 citric acid (Fig. 2B), produced a 13 mm inhibition zone. The combination of
MccJ25 with citric 1 lactic acid also produced an inhibition zone of 13 mm (Fig. 2C);
however, there was no inhibition zone for each individual compound at the same con-
centrations, and only citric 1 lactic acid gave an inhibition zone, that was 11 mm. As
shown in Fig. 2D, the diameter of the inhibition zone against S. Newport ATCC 6962
increased when reuterin was combined with citric 1 lactic acid (16 mm), relative to
that induced by the individual compounds at the same concentrations (for reuterin or
citric acid: 10 mm, and for citric 1 lactic acid: 13 mm). Figure 2E shows that the combi-
nation of pediocin PA-1 with citric and lactic acid resulted in a larger zone of inhibition
against L. ivanovii HPB28 (14 mm) compared with individual compounds (10 mm for
citric 1 lactic acid, and 11 mm for pediocin PA-1).

FIG 2 Agar well diffusion assay depicting inhibitory effect of compounds alone and in combinations A: MccJ25 1
(reuterin 1 lactic) acid against S. Newport ATCC 6962. B: MccJ25 1 (reuterin 1 citric acid) against S. Newport ATCC 6962.
C: MccJ25 1 (citric acid 1 lactic acid) against S. Newport ATCC 6962. D: Reuterin 1 (citric 1 lactic acid) against S.
Newport ATCC 6962. E: Pediocin PA-1 1 (citric acid 1 lactic acid) against L. ivanovii HPB28. All samples are tested at 50
times MICs given in Table 3.
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(ii) Impacts of the antimicrobial compounds on growth kinetics. The inhibitory
activities of the five combinations (of three compounds) with synergistic effects
were studied over an incubation period of 24 h. As shown in Fig. 3, all synergistic
consortia could completely inhibited the growth of the indicator strains. When
MccJ25 1 reuterin 1 lactic acid (1/4 MIC, 1/16 MIC, and 1/16 MIC), MccJ25 1 reuterin 1

citric acid (1/4 MIC, 1/16 MIC, and 1/16 MIC), and MccJ25 1 citric 1 lactic acid (1/4 MIC,
1/8 MIC, and 1/16 MIC) were used against S. Newport ATCC 6962, complete inhibition of
growth was observed over a 24 h period (Fig. 3A1-C1). However, except MccJ25,
for which a 5 h delay in the growth (extended lag phase) was observed, each of the anti-
microbials did not show inhibition when independently applied. For 1/8 MIC citric
acid 1 1/16 MIC lactic acid and 1/16 MIC reuterin 1 1/16 MIC citric acid, a time lag of
approximately 2–3 h was noted, compared with the control. The combination of 1/4 MIC
reuterin 1 1/8 MIC citric 1 1/16 MIC lactic acid was sufficient to completely inhibit the
growth of S. Newport ATCC 6962, while none of the individual compounds showed
any inhibitory effects (Fig. 3D1). A combination of 1/2 MIC pediocin PA-1 1 1/8 MIC
citric 1 1/16 MIC lactic acid resulted in the complete inhibition of L. ivanovii HPB28
(Fig. 3E1). Antimicrobials alone did not show any inhibitory effects over 24 h, and only
pediocin PA-1 at 1/2 MIC delayed the growth for about 6 h. Altogether, these results pro-
vide further evidence of the synergy and antimicrobial efficacy observed when two or
three compounds were used in combinations. We have also compared OD595 at 24 h
using on-way analysis of variance (ANOVA) with Tukey’s t test. In general, the bacterial
growth in the presence of different consortia at 24 h were statistically different from
the growth obtained in the presence of each compound alone (P , 0.001) (Fig. 3A2, B2,
C2, D2, E2).

Antimicrobial activity against a secondary panel of pathogen, spoilage and
multidrug-resistant bacteria. One of the objectives of combining several antimicro-
bial compounds is to extend the spectrum of antimicrobial activity. The five selected
synergistic combinations were tested against a secondary panel of pathogenic and
spoilage organisms (Table 4). Most of the strains were inhibited by the selected consor-
tia. Notably, developed consortia showed synergistic effect against most of strains
tested (Table 4). Interestingly, when antimicrobial compounds were individually tested,
against the same secondary panel, at the same concentrations used in the synergistic
consortia, no significant inhibitory effects were observed, and their MIC values were
significantly higher (Table S1 Supporting Information).

Synergistic consortia were also tested for their inhibitory activity against five mul-
tiresistant strains, namely, S. aureus 40709611, Streptococcus uberis 30600126, E. coli
C999, S. enterica Enteritidis C664, and Klebsiella pneumoniae C1865. As shown in
Table 5, the use of antimicrobials alone resulted in either no activity or activity at
high MICs. However, when the same compounds were used in combination, all five
multiresistant strains were successfully inhibited (Table 6). All consortia showed syn-
ergistic effect against these strains with exception of pediocin PA-1 1 citric acid 1

lactic acids.

DISCUSSION

Natural antimicrobial agents, including bacteriocins, have attracted extensive attention
as a new microbial barrier in both the food and veterinary sectors. In the food sector, bac-
teriocins are an ideal option for improving food quality and safety, as a replacement for
controversial chemical preservatives (24). In the veterinary and medical sectors, where the
search for novel antimicrobials has become an urgent task, bacteriocins are very attractive
alternatives to antibiotics, for the prevention and treatment of bacterial infections (8, 25).
Because of their narrow spectrums of inhibition, using a bacteriocin alone will considerably
limit its activity and increase the risk of developing resistant variants. Combining different
bacteriocins or natural antimicrobial agents (stressors) may become a particularly appealing
approach, as the synergistic activity of antimicrobials may reduce the development of resis-
tances in pathogenic bacteria, while a broad spectrum of pathogens or spoilage organisms
can be targeted at lower dosages (26). Some studies have demonstrated synergistic effects
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FIG 3 Growth curves and bar charts (OD595 at 24 h) analysis of (A1, A2) S. newport ATCC 6962 in the presence
of MccJ25 1/4 MIC, reuterin 1/16 MIC, lactic 1/16 MIC, and combinations thereof (B1, B2) S. newport ATCC 6962

(Continued on next page)
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between bacteriocins and antibiotics against important clinical pathogens (27–29).
However, very few studies have investigated the synergistic effects of multiple bacteriocins
that belong to different classes or that have different mechanisms of action. Moreover, the
interactions between bacteriocins and other natural antimicrobial compounds such as or-
ganic acids and reuterin have not been thoroughly investigated. In this study, our approach
was to combine natural antimicrobial compounds with different structures and modes of
action. Such an approach would improve their inhibitory activity, broaden their spectrum of
antimicrobial activity and possibly limit the development of bacterial resistances to these
compounds.

FIG 3 Legend (Continued)
in the presence of MccJ25 1/4 MIC, reuterin 1/16 MIC, citric 1/16 MIC, and combinations thereof (C1, C2) S.
newport ATCC 6962 in the presence of MccJ25 1/4 MIC, citric 1/8 MIC, lactic 1/16 MIC, and combinations
thereof (D1, D2) S. newport ATCC 6962 in the presence of reuterin 1/4 MIC, citric 1/8 MIC, lactic 1/16 MIC, and
combinations thereof (E1, E2) L. ivanovii HPB28 in the presence of pediocin PA-1 1/4 MIC, citric 1/8 MIC, lactic
1/16 MIC, and combination thereof. The experiment was performed in triplicates and the error bars indicate
the standard deviation of the mean. Treatment with different alphabetic letters is statistically different (Tukey’s
t test) at P , 0.001. J25: MccJ25, Cit: citric acid, Lac: lactic acid, Reu: reuterin, Ped: pediocin PA-1.

TABLE 4 FIC index values of five developed consortia against panel of spoilage and pathogenic strainsa

FIC index

Bacteria strain
Reuterin+citric+
lactic

MccJ25+reuterin+
citric

MccJ25+reuterin+
lactic

MccJ25+citric+
lactic

Pediocin+citric+
lactic

Listeria monocytogenes
ATCC 19112

FIC = 0.375 —b — — FIC = 0.5

Staphylococcus aureus
ATCC 6538

FIC = 0.5 — — — FIC =1

Bacillus cereus
ATCC 14579

FIC = 0.25 — — — FIC = 0.5

Enterococcus faecalis
ATCC 29212

FIC = 0.375 — — — FIC = 0.5

Listeria innocua
ATCC 51742

FIC = 0.25 — — — FIC = 0.625

Brochothrix thermosphacta
ATCC 11509

FIC = 0.625 — — — FIC = 1

Lactobacillus acidophilus
ATCC 4356

FIC = 1 — — — FIC. 1

Lactococcus cremoris
ATCC 19257

FIC.1 — — — FIC. 1

Lactobacillus casei
ATCC 334

FIC = 0.375 — — — FIC = 0.625

Pediococcus pentosaceus
ATCC 33316

FIC = 1 — — — FIC = 1

Carnobacterium divergence
ATCC 35677

FIC = 0.375 — — — FIC = 0.625

Pseudomonas aeruginosa
ATCC 15442

FIC = 0.25 FIC = 0.375 FIC = 0.5 FIC = 0.375 —

Escherichia coli
ATCC 35150

FIC = 0.5 FIC = 0.5 FIC = 0.5 FIC = 0.375 —

Aeromonas hydrophila
ATCC 7966

FIC = 0.5 FIC = 0.75 FIC = 0.75 FIC = 0.75 —

Klebsiella pneumonae
ATCC 13883

FIC = 0.375 FIC = 0.5 FIC = 0.375 FIC. 1 —

Campylobacter coli 2020/0011 FIC = 0.25 FIC = 0.375 FIC = 0.375 FIC = 0.375 —
Enterobacter aerogenes
ATCC 13048

FIC = 0.25 FIC = 0.75 FIC = 0.75 0FIC 0.5 —

Salmonella enteria Minnesota
ATCC 9700

FIC = 0.5 FIC = 0.625 FIC = 0.625 FIC = 0.5 —

Salmonella enterica Typhimurium
ATCC 14028

FIC = 0.375 FIC = 0.5 FIC = 0.5 FIC = 0.375 —

aReuterin1 citric1 lactic acid, MccJ251 reuterin1 citric acid, MccJ251 reuterin1 lactic acid, MccJ251 citric acid1 lactic acid, pediocin PA-11 citric acid1 lactic acid.
b—, Refers to no inhibition was observed at tested concentrations.
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This study investigated the synergistic interactions between different bacteriocins,
and organic acids, and/or reuterin. Previous studies have addressed the antimicrobial
activity of bacteriocins in combination with other stressors such as organic acids (30),
other bacteriocins (31), essential oils (32, 33), cinnamon (34), and EDTA (35). However,
these combinations are often designed arbitrarily and do not consider the specificities
of the different compounds and, more particularly, their structure, the differences in
their mechanisms of action, or their spectra of activity. More targeted combinations
were designed and tested in this study with the ultimate goal of ensuring a more
potent and broader spectrum of inhibition.

Pediocin PA-1, a class IIa bacteriocin, has a very narrow spectrum of inhibition
directed mainly against the clinically relevant and foodborne pathogen, Listeria spp.
However, pediocin PA-1 is not active against many other Gram-positive and Gram-neg-
ative bacteria. To enhance its antimicrobial activity, pediocin PA-1 was combined with
other antimicrobials, such as organic acids and other bacteriocins. In this study, the
combined application of pediocin PA-1 and nisin Z demonstrated an additive effect
against L. ivanovii HPB28, which is in agreement with the findings of another study
(36). Moreover, our results indicated that pediocin PA-1 with citric acid and/or lactic
acid exhibited synergistic to partially synergistic interactions (the MIC of pediocin PA-1
reduced to 1/2 or 1/4 MICs when combined with citric acid or lactic acid) against L. iva-
novii HPB28. Furthermore, Gram-negative strains such as Aeromonas hydrophila and
Klebsiella pneumoniae could be inhibited by this combination. In this consortium, or-
ganic acids likely initially act as permeabilizing agents, allowing pediocin PA-1 to
access its target receptor and the cytoplasm. Notably, a recent study has reported that
the combination of pediocin PA-1 with lactic acid could synergistically inhibit the
Gram-negative A. hydrophila, which is in line with our findings (37). Lactic acid releases
the outer membrane LPS, granting pediocin PA-1 access to the cytoplasmic mem-
brane, causing cell death by the dissipation of the proton motive force in the inner
membrane (38).

Reuterin is an aldehyde with a broad inhibitory effect and great potential for appli-
cations in food and clinical settings. Recently, we have shown that reuterin may exhibit
some toxic effects on epithelial cells and may cause hemolysis at concentrations above
20 mg/mL (39). Combining reuterin with other antimicrobial compounds reduces
the MIC, thereby reducing the risks of developing side effects. Very few studies have
reported on the combination of reuterin and other antimicrobial agents. In this study,

TABLE 5 The MIC of antimicrobials against multiresistant strains

Minimum inhibitory concn

Bacterial strain Resistant profile
Citric acid
%w/v

Lactic acid
%v/v

Reuterin
mg/mL

MccJ25
mg/mL

Pediocin PA-1
mg/mL

S. aureus 40709611 PEN-CF-CTX-FOX-CIP-CC-KAN-GEN-STR-P/N 0.312 0.156 100 —a .250
S. uberis 30600126 PEN-AMO-VAN-CEP-CTX-FOX-ERY-CC-ERY-P/N 0.156 0.312 200 — .250
E. coli C999 CTX-AMP-STR-KAN-TET-TOB-SUL SXT-NAL-CIP 1.25 0.625 400 283 —
S. enterica Enteritidis C664 CTX-AMP-STR-TET-SUL-SXT-NAL 0.625 0.312 200 141.8 —
K. pneumonia C1865 CTX, AMP, TOB, ATM, KAN, TET, CHL, SXT, SUL, CIP, NAL, NOR 0.625 0.312 200 141.8 —
a—, Refers to no inhibition was observed at tested concentrations.

TABLE 6 FIC index values of five developed consortia against multi-resistant strainsa

FIC index

Bacterial strain Reuterin-Citric-Lactic MccJ25/reuterin/citric MccJ25/reuterin/lactic MccJ25/citric/lactic Pediocin /citric/lactic
S. aureus 40709611 FIC = 0.25 —b — — FIC. 1
S. uberis 30600126 FI = 0.5 — — — FIC = 1
E. coli C999 FIC = 0.25 FIC = 0.375 FIC = 0.375 0.375 —
S. enterica Enteritidis C664 FIC = 0.25 FIC = 0.625 FIC = 0.625 FIC = 0.75 —
K. pneumonia C1865 FIC = 0.25 FIC = 0.625 FIC = 0.625 FIC = 0.75 —
aReuterin1 citric1 lactic acid, MccJ251 reuterin1 citric acid, MccJ251 reuterin1 lactic acid, MccJ251 citric acid1 lactic acid, pediocin PA-11 citric acid1 lactic acid.
b—, Refers to no inhibition was observed at tested concentrations.
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the combination of reuterin with either bacteriocins, citric acid, or lactic acid against
Gram-positive and Gram-negative indicator strains was synergistic to partially synergis-
tic. Although there is a scarcity of studies addressing the combination of reuterin with
bacteriocins, few studies have reported the enhanced activity of reuterin with nisin Z
(40) and durancin 61A (19). In this study, reuterin in combination with nisin Z showed
additive effects against L. ivanovii HPB28. This result was in line with a previous study
that reported on the enhanced activity of reuterin, when combined with nisin Z,
against Listeria monocytogenes (41). Similarly, we found that the combination of reu-
terin with pediocin PA-1 exerted an additive effect against L. ivanovii HPB28, owing to
the multitargeting mechanisms (8, 42).

Notably, no antagonistic interactions were observed for any of the different combi-
nations of antimicrobial compounds evaluated. This result reflects the advantages of
selecting antimicrobials with different mechanisms of action to develop combinations
with additive or synergistic effects.

To the best of our knowledge, Gram-negative bacteriocins have not been investi-
gated for any potential synergistic combinations. MccJ25 is one of the most well-
known Gram-negative bacteriocins produced by E. coli. In this study, we determined
the synergistic interactions between MccJ25 and two different organic acids (citric and
lactic acid), which could be due to the membrane permeabilization action of organic
acids and subsequent access that MccJ25 has to the cytoplasm. Moreover, the combi-
nation of MccJ25 and reuterin, exhibited synergistic activity at very low concentrations
(1/4 MIC for each). MccJ25 showed dual independent mechanisms of action; one was
the inhibition of vital bacterial enzymatic function DNA-dependent RNA polymerase
(43). Reuterin exerts its effect by reacting with thiol groups and causing oxidation, fol-
lowed by cell membrane disruption, DNA damage, and consequently, cell death (42,
44). Their different modes of action might be responsible for their synergistic interac-
tion; however, further in-depth studies are required.

Enhancing the activity of bacteriocins to target a broader spectrum of antimicrobial
activity is of paramount importance for the food industry, as it allows better control of
pathogenic and spoilage microorganisms and ensures a longer shelf life for foods. This
is of particular importance in the current context, where the use of chemical additives
is controversial and where consumers’ demand for more natural products is constantly
increasing. One of the most important features for the use of antimicrobial combina-
tions is the possibility of simultaneously targeting Gram-positive and Gram-negative
pathogenic and spoilage bacteria. Here, we investigated the efficacy of the developed
consortia against a broad panel of spoilage and pathogenic bacterial strains. Most of
the strains tested were successfully inhibited by all consortia, but reuterin and organic
acids showed the greatest synergistic effects against all strains. This result could be
due to the broad spectrum of inhibition of both reuterin and organic acids and their
complementary mechanisms of action against both Gram-positive and Gram-negative
bacteria.

Considering the potential use of bacteriocins and reuterin in clinical settings, we
investigated the efficacy of the developed consortia against five multidrug-resistant
pathogenic strains. All of the developed consortia were effective against the tested
strains, whereas the combination of reuterin with acids exerted high potency with
strong synergistic activity against all multiresistant strains. Similarly, Hanchi and co-
workers reported on the synergistic inhibition of the reuterin and durancin 61A combi-
nation against C. difficiIe which was attributed to their different modes of action (19).
Taken together, these results show that consortia, particularly the reuterin combina-
tions, could be considered for different applications in clinical settings.

Conclusion. Our study demonstrated that different combinations of bacteriocins,
reuterin, and organic acids showed synergistic inhibitory effects. The selection process
based on different mechanisms of action resulted in novel antimicrobial combinations
with high potency, that may target a broad spectrum of bacteria, and possibly reduce
the risks of resistance development. Our study also showed that these synergetic
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consortia were active against antibiotic-resistant pathogens. The use of a low concen-
trations of bacteriocins and reuterin in the synergetic consortia is both beneficial from
a toxicity perspective and economical for industrial applications. More in-depth studies
should be performed to prove the efficacy of these combinations under actual usage
conditions.

MATERIALS ANDMETHODS
Strains and growth condition. L. ivanovii HPB28 (Public Health Agency of Canada) and S. Newport

ATCC 6962 (STELA Collection, Laval University) were used as indicator strains. L. ivanovii HPB28 culture was
prepared by inoculating 10 mL of Tryptone Soy Broth TSB enriched with 0.6% yeast extract with a single col-
ony from TSB agar (1.5%, Oxide) plate grown overnight at 30°C. S. Newport ATCC 6962 culture was prepared
by inoculating 10 mL of LB with a single colony from LB agar plate grown overnight at 37°C.

Lactobacillus reuteri ATCC 53608, used for reuterin production, was cultured at 37°C overnight in De
Man Rogosa Sharpe (MRS) (Oxoid, Nepean, ON, Canada), under anaerobic condition (10% H2, 10% CO2,
80% N2) in Forma Anaerobic Chamber (Thermo Scientific, Waltman, MA, USA).

E. coliMC4100 PTUC 202 (STELA Collection, Laval University), used for MccJ25 production, was cultured
aerobically at 37°C overnight in Luria-Bertani (LB) (Difco Laboratories, Spark, MD, USA). All bacterial stocks
were stored at280°C in their respective media, supplemented with 20% sterile glycerol.

The strains used as a secondary panel for screening selected consortia are listed in Table S2 of (sup-
plemental materials) and were acquired from the Laval University culture collection (Laval University,
Canada).

Production of antimicrobial compounds. (i) Reuterin. It was produced by L. reuteri using the fol-
lowing protocol: Culture of L. reuteri was grown anaerobically in MRS media supplemented with 20 mM
glycerol at 37°C overnight. After incubation, the culture was centrifuged (1500 � g, 10 min, 20°C), the
cells were washed twice (with 0.1 M potassium phosphate buffer pH 7) to be resuspended in 300 mM
glycerol and incubated anaerobically at room temperature for 45 min. Bacterial suspensions were centri-
fuged (10,000 � g, 10 min, 4°C), and the supernatant was filtered and lyophilized. Finally, the purity and
quantity of reuterin were verified using an analytical HPLC system (Waters, Milford, MA) equipped with
ICsep-ion-300 column (Transgenomic, San Jose, CA) as previously described (39).

(ii) Microcin J25. It was obtained from the culture supernatant of E. coli MC400 PTUC202 cultured in
minimal medium (M63) using previously established conditions (45). MccJ25 was purified from the cul-
ture supernatant by solid-phase extraction using a Sep-Pak C18 35 cc Cartridge (Water). Mcc J25 was
eluted by acetonitrile/water (30% vol/vol) containing 0.1% HCl and further purified to homogeneity (up
to 95% purity) by RP-HPLC (Beckman Coulter System Gold Preparative HPLC system, Mississauga, ON,
Canada) on a preparative C18 column (Luna 10 mm, 250 mm x 21.10 mm, Phenomenex, CA, USA) at a
flow rate of 10 mL/min. The purified sample was quantified by RP-HPLC system (Waters, Milford, MA)
equipped with an analytical C18 column (Aeris 3.6 mm PEPTIDE XB-C18, 250 � 4.6 mm, Phenomenex, CA
USA) according to (45).

(iii) Pediocin PA-1. It was prepared by standard solid-phase peptide synthesis (SPSS) according to
(46). Pediocin PA-1 was purified to over 95% homogeneity using RP-HPLC, and mass spectrometry analy-
sis was performed to confirm identity and purity before use.

(iv) Nisin Z. It was isolated from a commercial nisin solution purchased from Niseen—S, Fromagex,
Canada. The commercial solution was purified by Sep-Pack C18 column 35 cc Cartridge (Water) with a
flow rate of 2.5 mL/min. And samples containing nisin Z were concentrated by Speed-Vac overnight at
45°C.

Citric acid and lactic acid were purchased from Sigma-Aldrich.
LC/MS-MS analysis. The purity of the samples was determined by LC/MS-MS on a Waters Synapt

G2-SI with a Waters UPLC binary pump. The mass spectrometer was performed in high-resolution mode,
and calibration was done with sodium formate (Sigma) solution and lock-mass correction using a leu-
cine-enkephaline solution (Waters).

Agar well diffusion assay. Inhibitory activity was determined qualitatively by agar well diffusion
assay as described previously (45). L. ivanovii HPB28 and S. Newport ATCC 6962 were seeded at 1% in
the appropriate media (soft agar). In agar plates, a 5 mm well was created by sterile pipet glass. 80 mL of
samples were added and incubated under the required condition.

MIC and MBC assay. MIC and MBC of antimicrobial compounds were determined according to clinic
and Laboratory Standard Institution (CLSI) guidelines (47). In brief, stock solutions (MccJ25 1mg/mL, pediocin
PA-1 12 mg/mL, reuterin 15 mg/mL, citric acid 50% wt/vol, lactic acid 50% vol/vol) were prepared for each
antimicrobial compound using sterile distilled water. In a sterile flat-bottom 96-well polystyrene microtiter
plate, a 2-fold serial dilution of each compound (125 mL) was performed in 125 mL of appropriate medium.
Target strains were subcultured from an overnight grown culture and allowed to grow to an optical density
OD595 of ; 0.5, diluted in an appropriate medium to a final concentration of 105 CFU/mL and 50 mL was
added to each well. After incubation, optical densities at 595 nm (OD595) were measured (Infinite M200,
Tecan, Switzerland), and MIC was noted as the lowest concentration of antimicrobials with less than 90%
growth compared to control based on optical density measurement. Growth curves were obtained spectro-
photometrically using (Infinite M200, Tecan, Switzerland); OD595 was measured at a different time interval for
24 h.

For MBCs determination, 10 ml was withdrawn from each clear well, showing complete inhibition of
the tested strain, plated on agar medium and incubated under the same condition as the previous test.
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MBCs were determined as the lowest concentration from which the number of colonies on a subculture
plate was less than 0.1% of the initial inoculum (indicating 99.9% or more killing and bactericidal effect
has been achieved).

Checkerboard/FIC assay. For the FIC index experiment, a combination of two different antimicro-
bials (e.g., A and B) was determined, and then the combination of three was determined. On the basis of
the MIC value of each antimicrobial compound against a specific strain, a 2-fold serial dilution of com-
pound A was made horizontally in broth medium in a 96-well microtiter plate, starting at a concentra-
tion of 32 times the MIC. For compound B, a similar serial dilution was prepared vertically starting at
eight times the MIC, and 50 mL of compound B was transferred to the original microplate containing a
solution of compound A. Bacterial strain was added as described in the MIC assay, and plates were incu-
bated under acquired conditions. The FIC index was calculated by the following equation: FIC = FIC A 1
FIC B = (A/MICA) 1 (B/MICB). A is the minimum concentration of antimicrobial A used in combination
with another to achieve the antimicrobial effect, and MICA is the MIC of compound A alone against tar-
get strain. FIC index data were interpreted as follows: FIC # 0.5 is synergy, 0.5 , FIC # 0.75 is partially
synergy, 0.75, FIC # 1 is additive, and FIC . 1 is indifferent and FIC . 4 is antagonistic. All compounds
were initially analyzed in two combinations. Depending on their FIC concentrations, three combinations
were analyzed where A and B were considered in a mixture as one compound, and their FIC concentra-
tion was considered their new MICs together. They were analyzed with compound C as three
combinations.

Statistical analysis. All the experiments were carried in triplicate, and data were analyzed using a
data analysis tool in Excel 365 (Microsoft, WA, USA). Statistical analyses were performed by on-way anal-
ysis of variance (ANOVA) with Tukey’s t test using GraphPad Prism 8 (GraphPad Software, San Diego, CA,
USA). Also, growth curves were fitted using GraphPad Prism 8.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.2 MB.

ACKNOWLEDGMENTS
This work is supported by Natural Sciences and Engineering Research (NSERC) and

International Development Research Center (CRDI). Grant number: IRCPJ 499946-15.

REFERENCES
1. Michael CA, Dominey-Howes D, Labbate M. 2014. The antimicrobial resist-

ance crisis: causes, consequences, and management. Front Public Health
2:145. https://doi.org/10.3389/fpubh.2014.00145.

2. Mills S, Ross RP, Hill C. 2017. Bacteriocins and bacteriophage; a narrow-
minded approach to food and gut microbiology. FEMS Microbiol Rev 41:
S129–S153. https://doi.org/10.1093/femsre/fux022.

3. Silva CC, Silva SP, Ribeiro SC. 2018. Application of bacteriocins and protec-
tive cultures in dairy food preservation. Front Microbiol 9:594. https://doi
.org/10.3389/fmicb.2018.00594.

4. Egan K, Field D, Rea MC, Ross RP, Hill C, Cotter PD. 2016. Bacteriocins:
novel solutions to age old spore-related problems? Front Microbiol 7:461.
https://doi.org/10.3389/fmicb.2016.00461.

5. Hammami R, Fliss I, Corsetti A. 2019. Application of protective cultures
and bacteriocins for food biopreservation. Front Microbiol 10:1561.
https://doi.org/10.3389/fmicb.2019.01561.

6. Soltani S, Hammami R, Cotter PD, Rebuffat S, Said LB, Gaudreau H, Bédard
F, Biron E, Drider D, Fliss I. 2021. Bacteriocins as a new generation of anti-
microbials: toxicity aspects and regulations. FEMS Microbiol Rev 45:
fuaa039. https://doi.org/10.1093/femsre/fuaa039.

7. Hammami R, Zouhir A, Le Lay C, Hamida JB, Fliss I. 2010. BACTIBASE sec-
ond release: a database and tool platform for bacteriocin characterization.
BMC Microbiol 10:1–5. https://doi.org/10.1186/1471-2180-10-22.

8. Cotter PD, Ross RP, Hill C. 2013. Bacteriocins—a viable alternative to antibi-
otics? Nat Rev Microbiol 11:95–105. https://doi.org/10.1038/nrmicro2937.

9. Hatakka K, Saxelin M. 2008. Probiotics in intestinal and non-intestinal infec-
tious diseases-clinical evidence. Curr Pharm Des 14:1351–1367. https://doi
.org/10.2174/138161208784480162.

10. Freire Bastos MdC d, Coelho MLV, da Silva Santos OC. 2015. Resistance to
bacteriocins produced by Gram-positive bacteria. Microbiology (Reading)
161:683–700. https://doi.org/10.1099/mic.0.082289-0.

11. Gálvez A, Abriouel H, Omar NB, Lucas R. 2011. Food applications and reg-
ulation, p 353–390, Prokaryotic Antimicrob Peptides. Springer.

12. Hassan H, St-Gelais D, Gomaa A, Fliss I. 2021. Impact of Nisin and Nisin-
Producing Lactococcus lactis ssp. lactis on Clostridium tyrobutyricum and

Bacterial Ecosystem of Cheese Matrices. Foods 10:898. https://doi.org/10
.3390/foods10040898.

13. de Azevedo POdS, Converti A, Gierus M, de Souza Oliveira RP. 2019. Appli-
cation of nisin as biopreservative of pork meat by dipping and spraying
methods. Braz J Microbiol 50:523–526. https://doi.org/10.1007/s42770
-019-00080-8.

14. Patton BS, Lonergan SM, Cutler SA, Stahl CH, Dickson JS. 2008. Applica-
tion of colicin E1 as a prefabrication intervention strategy. J Food Prot 71:
2519–2522. https://doi.org/10.4315/0362-028x-71.12.2519.

15. Piper C, Draper LA, Cotter PD, Ross RP, Hill C. 2009. A comparison of the
activities of lacticin 3147 and nisin against drug-resistant Staphylococcus
aureus and Enterococcus species. J Antimicrob Chemother 64:546–551.
https://doi.org/10.1093/jac/dkp221.

16. Bédard F, Fliss I, Biron E. 2018. Structure–Activity Relationships of the Bac-
teriocin Bactofencin A and Its Interaction with the Bacterial Membrane.
ACS Infect Dis 5:199–207. https://doi.org/10.1021/acsinfecdis.8b00204.

17. Ben Said L, Emond-Rheault JG, Soltani S, Telhig S, Zirah S, Rebuffat S, Diarra
MS, Goodridge L, Levesque RC, Fliss I. 2020. Phenomic and genomic
approaches to studying the inhibition of multiresistant Salmonella enterica
by microcin J25. Environ Microbiol 22:2907–2920. https://doi.org/10.1111/
1462-2920.15045.

18. Ongey EL, Yassi H, Pflugmacher S, Neubauer P. 2017. Pharmacological
and pharmacokinetic properties of lanthipeptides undergoing clinical
studies. Biotechnol Lett 39:473–482. https://doi.org/10.1007/s10529-016
-2279-9.

19. Hanchi H, Hammami R, Gingras H, Kourda R, Bergeron MG, Ben Hamida J,
Ouellette M, Fliss I. 2017. Inhibition of MRSA and of Clostridium difficile by
durancin 61A: synergy with bacteriocins and antibiotics. Future Microbiol
12:205–212. https://doi.org/10.2217/fmb-2016-0113.

20. Cavera VL, Volski A, Chikindas ML. 2015. The natural antimicrobial subtilosin A
synergizes with lauramide arginine ethyl ester (LAE), « -poly-l-lysine (polylysine),
clindamycin phosphate andmetronidazole, against the vaginal pathogenGard-
nerella vaginalis. Probiotics Antimicrob Proteins 7:164–171. https://doi.org/10
.1007/s12602-014-9183-1.

Bacteriocin-Based Synergetic Consortia

Volume 10 Issue 1 e00406-21 MicrobiolSpectrum.asm.org 13

https://doi.org/10.3389/fpubh.2014.00145
https://doi.org/10.1093/femsre/fux022
https://doi.org/10.3389/fmicb.2018.00594
https://doi.org/10.3389/fmicb.2018.00594
https://doi.org/10.3389/fmicb.2016.00461
https://doi.org/10.3389/fmicb.2019.01561
https://doi.org/10.1093/femsre/fuaa039
https://doi.org/10.1186/1471-2180-10-22
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.2174/138161208784480162
https://doi.org/10.2174/138161208784480162
https://doi.org/10.1099/mic.0.082289-0
https://doi.org/10.3390/foods10040898
https://doi.org/10.3390/foods10040898
https://doi.org/10.1007/s42770-019-00080-8
https://doi.org/10.1007/s42770-019-00080-8
https://doi.org/10.4315/0362-028x-71.12.2519
https://doi.org/10.1093/jac/dkp221
https://doi.org/10.1021/acsinfecdis.8b00204
https://doi.org/10.1111/1462-2920.15045
https://doi.org/10.1111/1462-2920.15045
https://doi.org/10.1007/s10529-016-2279-9
https://doi.org/10.1007/s10529-016-2279-9
https://doi.org/10.2217/fmb-2016-0113
https://doi.org/10.1007/s12602-014-9183-1
https://doi.org/10.1007/s12602-014-9183-1
https://www.MicrobiolSpectrum.asm.org


21. Field D, Daly K, O'Connor PM, Cotter PD, Hill C, Ross RP. 2015. Efficacies of
nisin A and nisin V semipurified preparations alone and in combination
with plant essential oils for controlling Listeria monocytogenes. Appl Envi-
ron Microbiol 81:2762–2769. https://doi.org/10.1128/AEM.00070-15.

22. Lobos O, Padilla A, Padilla C. 2009. In vitro antimicrobial effect of bacterio-
cin PsVP-10 in combination with chlorhexidine and triclosan against
Streptococcus mutans and Streptococcus sobrinus strains. Arch Oral Biol
54:230–234. https://doi.org/10.1016/j.archoralbio.2008.11.007.

23. Mathur H, Field D, Rea MC, Cotter PD, Hill C, Ross RP. 2017. Bacteriocin-
antimicrobial synergy: a medical and food perspective. Front Microbiol 8:
1205. https://doi.org/10.3389/fmicb.2017.01205.

24. O’Connor PM, Kuniyoshi TM, Oliveira RP, Hill C, Ross RP, Cotter PD. 2020.
Antimicrobials for food and feed; a bacteriocin perspective. Curr Opin
Biotechnol 61:160–167. https://doi.org/10.1016/j.copbio.2019.12.023.

25. Lagha AB, Haas B, Gottschalk M, Grenier D. 2017. Antimicrobial potential
of bacteriocins in poultry and swine production. Vet Res 48:1–12. https://
doi.org/10.1186/s13567-017-0425-6.

26. Al Atya AK, Belguesmia Y, Chataigne G, Ravallec R, Vachée A, Szunerits S,
Boukherroub R, Drider D. 2016. Anti-MRSA activities of enterocins DD28
and DD93 and evidences on their role in the inhibition of biofilm forma-
tion. Front Microbiol 7:817. https://doi.org/10.3389/fmicb.2016.00817.

27. Mathur H, O'Connor PM, Hill C, Cotter PD, Ross RP. 2013. Analysis of anti-
Clostridium difficile activity of thuricin CD, vancomycin, metronidazole,
ramoplanin, and actagardine, both singly and in paired combinations.
Antimicrob Agents Chemother 57:2882–2886. https://doi.org/10.1128/
AAC.00261-13.

28. Tong Z, Zhang Y, Ling J, Ma J, Huang L, Zhang L. 2014. An in vitro study
on the effects of nisin on the antibacterial activities of 18 antibiotics
against Enterococcus faecalis. PLoS One 9:e89209. https://doi.org/10
.1371/journal.pone.0089209.

29. LeBel G, Piché F, Frenette M, Gottschalk M, Grenier D. 2013. Antimicrobial
activity of nisin against the swine pathogen Streptococcus suis and its syn-
ergistic interaction with antibiotics. Peptides 50:19–23. https://doi.org/10
.1016/j.peptides.2013.09.014.

30. Zhang P, Gänzle M, Yang X. 2019. Comparative analysis of Carnobacterium
spp. from meat reveals complementary antibacterial effects between bac-
teriocins and organic acids. Appl Environ Microbiol 85. https://doi.org/10
.1128/AEM.01227-19.

31. Sheoran P, Tiwari SK. 2020. Synergistically-acting Enterocin LD3 and Plan-
taricin LD4 Against Gram-Positive and Gram-Negative Pathogenic Bacte-
ria. Probiotics Antimicob Proteins :1–13.

32. Issouffou C, Suwansri S, Salaipeth L, Domig KJ, Hwanhlem N. 2018. Syner-
gistic effect of essential oils and enterocin KT2W2G on the growth of
spoilage microorganisms isolated from spoiled banana peel. Food Con-
trol 89:260–269. https://doi.org/10.1016/j.foodcont.2018.02.019.

33. Campion A, Morrissey R, Field D, Cotter PD, Hill C, Ross RP. 2017. Use of
enhanced nisin derivatives in combination with food-grade oils or citric
acid to control Cronobacter sakazakii and Escherichia coli O157: H7. Food
Microbiol 65:254–263. https://doi.org/10.1016/j.fm.2017.01.020.

34. Yuste J, Fung D. 2004. Inactivation of Salmonella typhimurium and Esche-
richia coli O157: H7 in apple juice by a combination of nisin and cinnamon.
J Food Prot 67:371–377. https://doi.org/10.4315/0362-028x-67.2.371.

35. Todorov SD, de Paula OA, Camargo AC, Lopes DA, Nero LA. 2018. Com-
bined effect of bacteriocin produced by Lactobacillus plantarum ST8SH
and vancomycin, propolis or EDTA for controlling biofilm development
by Listeria monocytogenes. Rev Argent Microbiol 50:48–55. https://doi
.org/10.1016/j.ram.2017.04.011.

36. Kaur G, Singh T, Malik R. 2013. Antibacterial efficacy of Nisin, Pediocin 34
and Enterocin FH99 against Listeria monocytogenes and cross resistance
of its bacteriocin resistant variants to common food preservatives. Braz J
Microbiol 44:63–71. https://doi.org/10.1590/S1517-83822013005000025.

37. Wang Y, Wang J, Bai D, Wei Y, Sun J, Luo Y, Zhao J, Liu Y, Wang Q. 2020.
Synergistic inhibition mechanism of pediocin PA-1 and L-lactic acid
against Aeromonas hydrophila. Biochim Biophys Acta Biomembr 1862:
183346. https://doi.org/10.1016/j.bbamem.2020.183346.

38. Alakomi H-L, Skyttä E, Saarela M, Mattila-Sandholm T, Latva-Kala K,
Helander I. 2000. Lactic acid permeabilizes gram-negative bacteria by dis-
rupting the outer membrane. Appl Environ Microbiol 66:2001–2005.
https://doi.org/10.1128/AEM.66.5.2001-2005.2000.

39. Soltani S, Couture F, Boutin Y, Said LB, Cashman-Kadri S, Subirade M,
Biron E, Fliss I. 2021. In vitro investigation of gastrointestinal stability and
toxicity of 3-hyrdoxypropionaldehyde (reuterin) produced by Lactobacil-
lus reuteri. Toxicol Rep 8:740–746. https://doi.org/10.1016/j.toxrep.2021
.03.025.

40. Arqués JL, Rodríguez E, Nuñez M, Medina M. 2011. Combined effect of
reuterin and lactic acid bacteria bacteriocins on the inactivation of food-
borne pathogens in milk. Food Control 22:457–461. https://doi.org/10
.1016/j.foodcont.2010.09.027.

41. Arqués JL, Fernández J, Gaya P, Nuñez M, Rodríguez E, Medina M. 2004.
Antimicrobial activity of reuterin in combination with nisin against food-
borne pathogens. Int J Food Microbiol 95:225–229. https://doi.org/10
.1016/j.ijfoodmicro.2004.03.009.

42. Schaefer L, Auchtung TA, Hermans KE, Whitehead D, Borhan B, Britton RA.
2010. The antimicrobial compound reuterin (3-hydroxypropionaldehyde)
induces oxidative stress via interaction with thiol groups. Microbiology
(Reading) 156:1589. https://doi.org/10.1099/mic.0.035642-0.

43. Rebuffat SF, Telhig S, Said LB, Zirah S, Ismail F. 2020. Bacteriocins to
thwart bacterial resistance in Gram-negative bacteria. Front Microbiol 11:
2807.

44. Engevik MA, Danhof HA, Shrestha R, Chang-Graham AL, Hyser JM, Haag
AM, Mohammad MA, Britton RA, Versalovic J, Sorg JA, Spinler JK. 2020.
Reuterin disrupts Clostridioides difficile metabolism and pathogenicity
through reactive oxygen species generation. Gut Microbes 12:1795388.
https://doi.org/10.1080/19490976.2020.1795388.

45. Naimi S, Zirah S, Hammami R, Fernandez B, Rebuffat S, Fliss I. 2018. Fate
and biological activity of the antimicrobial lasso peptide microcin J25
under gastrointestinal tract conditions. Front Microbiol 9:1764. https://
doi.org/10.3389/fmicb.2018.01764.

46. Bédard F, Hammami R, Zirah S, Rebuffat S, Fliss I, Biron E. 2018. Synthesis,
antimicrobial activity and conformational analysis of the class IIa bacterio-
cin pediocin PA-1 and analogs thereof. Sci Rep 8:1–13. https://doi.org/10
.1038/s41598-018-27225-3.

47. Clinical and Laboratory Standards Institute. 2017. Performance standards
for antimicrobial susceptibility testing. Clinical and Laboratory Standards
Institute, Wayne, PA.

Soltani et al.

Volume 10 Issue 1 e00406-21 MicrobiolSpectrum.asm.org 14

https://doi.org/10.1128/AEM.00070-15
https://doi.org/10.1016/j.archoralbio.2008.11.007
https://doi.org/10.3389/fmicb.2017.01205
https://doi.org/10.1016/j.copbio.2019.12.023
https://doi.org/10.1186/s13567-017-0425-6
https://doi.org/10.1186/s13567-017-0425-6
https://doi.org/10.3389/fmicb.2016.00817
https://doi.org/10.1128/AAC.00261-13
https://doi.org/10.1128/AAC.00261-13
https://doi.org/10.1371/journal.pone.0089209
https://doi.org/10.1371/journal.pone.0089209
https://doi.org/10.1016/j.peptides.2013.09.014
https://doi.org/10.1016/j.peptides.2013.09.014
https://doi.org/10.1128/AEM.01227-19
https://doi.org/10.1128/AEM.01227-19
https://doi.org/10.1016/j.foodcont.2018.02.019
https://doi.org/10.1016/j.fm.2017.01.020
https://doi.org/10.4315/0362-028x-67.2.371
https://doi.org/10.1016/j.ram.2017.04.011
https://doi.org/10.1016/j.ram.2017.04.011
https://doi.org/10.1590/S1517-83822013005000025
https://doi.org/10.1016/j.bbamem.2020.183346
https://doi.org/10.1128/AEM.66.5.2001-2005.2000
https://doi.org/10.1016/j.toxrep.2021.03.025
https://doi.org/10.1016/j.toxrep.2021.03.025
https://doi.org/10.1016/j.foodcont.2010.09.027
https://doi.org/10.1016/j.foodcont.2010.09.027
https://doi.org/10.1016/j.ijfoodmicro.2004.03.009
https://doi.org/10.1016/j.ijfoodmicro.2004.03.009
https://doi.org/10.1099/mic.0.035642-0
https://doi.org/10.1080/19490976.2020.1795388
https://doi.org/10.3389/fmicb.2018.01764
https://doi.org/10.3389/fmicb.2018.01764
https://doi.org/10.1038/s41598-018-27225-3
https://doi.org/10.1038/s41598-018-27225-3
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	Production and purification of compounds.
	MIC and MBC of individual compounds.
	Interactions between antimicrobial compounds (FIC index).
	Antimicrobial activity against a secondary panel of pathogen, spoilage and multidrug-resistant bacteria.

	DISCUSSION
	Conclusion.

	MATERIALS AND METHODS
	Strains and growth condition.
	Production of antimicrobial compounds.
	LC/MS-MS analysis.
	Agar well diffusion assay.
	MIC and MBC assay.
	Checkerboard/FIC assay.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

