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Abstract

The efficacy of antimicrobials is an important aspect during their applications in food and therapeutics. In this study, combination
of two bacteriocins, enterocin LD3 and plantaricin LD4, was studied against two pathogenic bacteria, Staphylococcus aureus
subsp. aureus ATCC25923 and Salmonella enterica subsp. enterica serovar Typhimurium ATCC13311 for increasing their
potency and bactericidal activity. The minimal inhibitory concentrations (MICs) of enterocin LD3 and plantaricin LD4 against
Staph. aureus subsp. aureus ATCC25923 were 180 and 220 pg/mL, whereas in combination, reduced to 115 pg/mL, respec-
tively. The MICs of enterocin LD3 and plantaricin LD4 against Salm. enterica subsp. enterica serovar Typhimurium
ATCC13311 were 240 and 320 pg/mL, respectively, whereas in combination, these were found to be 130 pg/mL, respectively.
The fractional inhibitory concentration (FIC) indices calculated as 0.50 against Staph. aureus subsp. aureus ATCC25923 and
0.43 against Salm. enterica subsp. enterica serovar Typhimurium ATCC13311 were found to be <0.5 indicating the synergy.
The isobologram showed MIC of combined bacteriocins falls below the plotted straight line further signifies synergy. The growth
response of Staph. aureus subsp. aureus ATCC25923 and Salm. enterica subsp. enterica serovar Typhimurium ATCC13311
was significantly reduced in the presence of combined bacteriocins in comparison with their individual effects. The number of
dead cells was higher as a result of combined effect as compared with their independent effect evidenced by fluorescent
microscopy. Transmission electron microscopy (TEM) revealed the higher disruption of cell membrane in the combined
bacteriocin-treated cells as compared with alone effects. The FTIR spectra of enterocin LD3-treated cells showed alteration at
~1,451.82 and ~ 1,094.30/cm corresponding to nucleic acids and phospholipids suggesting its interaction with cell membrane
and nucleic acids. In contrast, plantaricin LD4-treated cells did not show such alterations suggesting plantaricin LD4 may kill
target cells using other mechanism. Our data suggest that different mode of action of both bacteriocins results in division of labour
and may be responsible for their synergistic activity against target cells. Similarly, the synergistic effect of bacteriocins was also
observed against other pathogenic bacteria such as Proteus mirabilis ATCC43071, Pseudomonas aeruginosa ATCC27853 and
Escherichia coli ATCC25922. These bacteriocins, therefore, act synergistically against target pathogens and may be applied in
appropriate combinations for food safety and medical applications.
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Introduction

Microbial infections are major concern for the public health.
In present situation of COVID-19 pandemic, the chances of
secondary infections remain higher and become complicated
during treatment procedures [1]. The most common
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pathogens, Listeria monocytogenes, Escherichia coli,
Staphylococcus aureus, Salmonella Typhimurium, etc., are
hard to be eliminated from food and human environments.
Staph. aureus is the major human pathogen causing a wide
range of infections such as bacteremia and infective endocar-
ditis. The treatment remains challenging due to the emergence
of multidrug resistant strains such as MRSA (methicillin-re-
sistant Staph. aureus) [2]. Salm. Typhimurium is the most
dominant serovar around the world associated with food-
borne outbreaks in both developing and high-income coun-
tries [3]. Human infection with Sa/m. Typhimurium normally
occurs through consumption of undercooked meat, dairy
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products and especially raw eggs. Outbreaks by Salm.
Enteritidis and Salm. Heidelberg have been mainly associated
with consumption of raw eggs, whereas outbreak caused by
Salm. Newport has been linked to uncooked ground beef,
runny scrambled eggs or omelettes [4]. Salmonellosis is one
of the most common food-borne diseases worldwide, account-
ing around 93.8 million food-borne illnesses and 155,000
deaths per year worldwide [5]. Therefore, it is essential to
use effective and safe antimicrobials for the control of such
pathogens.

The use of chemical preservatives has been recognized as
effective in limiting food-borne pathogens but causes severe
toxicity to the consumers. Similarly, overdose of antibiotics
during the treatment of infectious diseases has resulted devel-
opment of multidrug resistance in pathogens [2, 6]. Since the
past, several compounds have been searched in food safety
and clinical applications, but nature-derived products have
always been the preference. Bacteriocins are ribosomally syn-
thesized antimicrobial peptides produced by bacteria
exhibiting narrow spectra of activity against related species,
whereas others display broader activity spectra against unre-
lated species [7]. In particular, most bacteriocins from lactic
acid bacteria (LAB) have been attractive as potential natural
antimicrobials due to the non-toxic nature of the compounds
[8]. Although, bacteriocins are mostly non-toxic and consid-
ered safe, exceptions do exist; e.g. cytolysin produced by sev-
eral enterococci has known cytotoxic activity [9]. In most
cases, cytotoxicity has only been noted at levels much higher
than the MIC required to inhibit food spoiling microorganisms
[10, 11]. Generally, bacteriocins demonstrate strong activity
against sensitive strains in the nanomolar range rendering
them more effective antimicrobials. However, perhaps an
even better option is to combine bacteriocins along with other
existing antimicrobials for effective killing of the target strains
[11]. Tt is plausible that the use of synergistically acting bac-
teriocins with other antimicrobials may accelerate each other’s
effects, thereby dropping the likelihood of resistance develop-
ment by target strains [12]. As reported earlier, the combined
effect of nisin and pediocin displayed a synergistic activity
against Lactobacillus sakei and also resulted in additive effect
against Bacillus cereus and L. monocytogenes. These com-
bined bacteriocins may represent potential candidates applied
in food systems for controlling pathogenic or food spoilage
bacteria [13]. Furthermore, the combined use of these com-
pounds may also reduce the concentration and thus decrease
financial burden related with the synthesis and management of
expensive antibiotics [14].

Keeping these views in consideration, enterocin LD3 and
plantaricin LD4 have been studied to evaluate their individual
and combined effects against pathogenic bacteria. These bac-
teriocins are produced from Lactobacillus plantarum LD4 and
Enterococcus hirae LD3 isolated from indigenous fermented
food, Dosa, which is most commonly consumed in the

southern part of India. Strain LD3 and LD4 have been previ-
ously characterized for their probiotic efficacy in vitro and
found to lower cholesterol, tolerance to low pH, higher hydro-
phobicity and antimicrobial activity against food-borne and
clinical pathogens [6, 15]. Later, enterocin LD3 purified from
cell-free supernatant (CFS) of Ent. hirae LD3 showed novel
characteristics such as unique mass (4114.62 Da), N-terminal
sequence (HZNQGGQANQ-COOH), pH and heat stability
with broad host-range activity. In laboratory conditions,
enterocin LD3 demonstrated antimicrobial activity against dif-
ferent pathogens and related LAB [16]. Further, mode of ac-
tion of enterocin LD3 was found to be bactericidal; involving
dissipation of membrane potential and efflux of ATP, ions,
proteins and nucleic acids was recorded [16, 17]. Plantaricin
LD4 was found to be approx. 6 kDa in size, stable up to
121 °C and below pH 7.0. It was also able to inhibit several
pathogens, haloarchaea and related strains as described previ-
ously [6]. Recently, we have also demonstrated
antistaphylococal activity of enterocin LD3 and plantaricin
LD4 in pasteurized milk indicating their efficacy in food safe-
ty [18]. The aim of the present study is to explore the syner-
gistic effect of these bacteriocins against selected food-borne
pathogens, Staph. aureus subsp. aureus ATCC25923 and
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311 for their applications in food safety and/or as
clinical antimicrobials.

Materials and Methods
Bacterial Strains and Growth Conditions

Ent. hirae LD3 and L. plantarum LD4 were grown in MRS
medium at 37 °C for 18 h. Staph. aureus subsp. aureus
ATCC25923 and Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 were obtained from Pandit
Bhagwat Dayal Sharma University of Health Sciences,
Rohtak, Haryana, India, and grown in nutrient broth (NB) at
37 °C overnight in a BOD incubator (Scigenics Biotech,
Chennai, India). All the media components were purchased
from Hi-Media, Mumbai, India.

Determination of Minimum Inhibitory Concentrations

Enterocin LD3 and plantaricin LD4 were purified using
activity-guided multistep chromatographic techniques such
as cation exchange chromatography, gel-filtration chromatog-
raphy and reverse-phase ultra-performance liquid chromatog-
raphy as reported previously [16]. The minimum inhibitory
concentrations (MICs) of purified bacteriocins against Staph.
aureus subsp. aureus ATCC25923 and Salm. enterica subsp.
enterica serovar Typhimurium ATCC13311 were determined
using the broth microdilution method as suggested by Weeks
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et al. [19]. Briefly, different concentrations (0—340 pg/mL) of
enterocin LD3 and plantaricin LD4 were added individually
into the wells of 96-well polypropylene plates containing
100 pL cell suspension of Staph. aureus subsp. aureus
ATCC25923 and Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 in NB medium (OD600 0.02)
and incubated at 37 °C for 24 h as mentioned in CLSI manual
[20]. The MIC was determined as the lowest concentration of
bacteriocin showing no visible bacterial growth (OD600 <
0.05) as suggested previously [17].

Estimation of the Synergistic Effect of Bacteriocins

The interaction between enterocin LD3 and plantaricin LD4
against Staph. aureus subsp. aureus ATCC25923 and Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
was performed using a ‘checkerboard’ assay as reported by
Acosta et al. [21]. Different concentrations of enterocin LD3
(5, 10, 15, 20, 25, 30, 35 and 40 pug/mL) and plantaricin LD4
(50, 60, 70, 80, 90, 100, 110 and 120 pg/mL) were added into
the wells of microplate in vertical and horizontal orientation,
respectively, so that the wells would contain mixed concen-
trations of the two bacteriocins in different proportions. Wells
with cells alone without bacteriocin were used as controls.
Wells containing bacteriocin alone were used as an additional
control (as a blank). Each well was inoculated with 100 pL
(OD600 0.02) NB medium containing Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 individually and incubat-
ed at 37 °C for 24 h in a microplate reader (Molecular devices,
Sunnyvale, USA). An automated 30-min shake was per-
formed to assure even distribution of bacteriocins and cells
in each well. The net absorbance was determined by
subtracting the initial OD600 from the final OD600. The frac-
tional inhibitory concentration (FIC) was calculated by divid-
ing the MIC of the bacteriocin in the mixture by the MIC of
respective bacteriocin independently. The FIC index (FICI)
was calculated as FICindex = FICenterocin LD3 +
FICplantaricin LD4. According to European Committee for
Antimicrobial Susceptibility Testing (EUCAST) [22], a syn-
ergistic effect is observed when FICI value <0.5, an additive
effect when 0.5 < FICI value < 1, an indifferent effect (IndE)
when 1 < FICI value < 2 and an antagonistic effect (AntE)
when FICI value >2.

The results of the checkerboard assay were represented
graphically by plotting the meeting points formed by pairs
of concentrations of enterocin LD3 and plantaricin LD4 on a
graph known as an isobologram. MIC values of the bacterio-
cins used alone were plotted on the x- and y-axes and joined
by a line. Then, effective combined concentrations (MIC) of
bacteriocins were plotted and compared with the previous
line. The isobologram was interpreted examining the position
of the ratio points and extrapolating synergy (below the line),
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antagonism (above the line) and additive effect (on the line) as
reported by Amrouche et al. [23].

Growth Inhibition Assays

The interactive effect of bacteriocins was also studied in terms
of time- and concentration-bound growth response of target
cells. Staph. aureus subsp. aureus ATCC25923 was treated
with enterocin LD3 (25 pg/mL) and plantaricin LD4 (90 ng/
mL) individually and in combination (115 pg/mL). Similarly,
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311 was treated with enterocin LD3 (30 pg/mL)
and plantaricin LD4 (100 pg/mL) individually and in combi-
nation (130 pug/mL). These sets were grown in NB medium
(100 pL) with initial OD600 0.02 and incubated for 24 h at
37 °C with intermittent mixing. The absorbance was moni-
tored at regular intervals of 2 h up to 24 h using a microplate
reader (Molecular devices, Sunnyvale, USA).

Estimation of Live/Dead Cells

The concentration-based killing of Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 cells was further con-
firmed by staining with a mixture of 4', 6-diamidino-2-
phenylindole (DAPI) and propidium iodide (PI) (Merck,
Darmstadt, Germany, USA) as reported by Lee et al. [24].
For viable staining, 10 uL of a 1 mg/mL stock solution of
each PI and DAPI was added to 1 mL of target cells treated
with bacteriocin independently and in combination for 24 h.
Here, to observe the independent effect of bacteriocins on
Staph. aureus subsp. aureus ATCC25923, 25 ug/mL of
enterocin LD3 and 90 pg/mL of plantaricin LD4 were used,
and for combined effect, a total of 115 pg/mL were added. On
the other hand, enterocin LD3 as 30 pg/mL and plantaricin
LD4 as 100 pg/mL were used to observe the individual effect
on Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311, whereas for obtaining the synergistic effect, a
mixture of bacteriocins (130 pg/mL) was used. As positive
control, cells grown for 24 h (~ 10° CFU/mL) in normal saline
(0.8% NaCl) were used. The treated and untreated cell sus-
pensions were incubated with the mixture of PI and DAPI for
10 min. The staining was carried out at room temperature
before the live/dead cells were analysed at excitation 330—
380 nm using a fluorescent microscope (DS-Fi2, Nikon
Eclipse, Japan) with x 40 magnification.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy is capable of monitoring conformational,
compositional and quantitative differences of biochemical
compounds in microbial cells. Therefore, this technique was
used to evaluate the cellular response of bacteriocin-treated
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and untreated cells as reported by Zoumpopoulou et al. [25].
Briefly ~10° CFU/mL cells of Staph. aureus subsp. aureus
ATCC25923 were treated with enterocin LD3 (25 pg/mL)
and plantaricin LD4 (90 pg/mL) individually and in combi-
nation (115 pg/mL). Similarly, Salm. enterica subsp. enterica
serovar Typhimurium ATCCI13311 was treated with
enterocin LD3 (30 pg/mL) and plantaricin LD4 (100 pg/
mL) individually and in combination (130 pg/mL) and incu-
bated at 37 °C, 200 rpm for 10 h. The untreated cells were
used as controls. After incubation for 10 h, cell suspensions
were washed twice with sterile saline (0.85% NaCl). Infrared
absorbance spectra of bacteriocin-treated and untreated target
cells were monitored using an FTIR spectrophotometer
(Bruker, Bremen, Germany) on diamond-attenuated total re-
flectance accessory. For spectra acquisition, Opus software
was used. The cells were placed in direct contact with the
internal reflecting diamond crystal. Multiple scans were ob-
tained to reduce error. Each spectrum was baseline corrected,
and the spectral range was set from 500/cm to 4000/cm at a
resolution of 8/cm.

Transmission Electron Microscopy (TEM)

TEM analysis was performed to explore alterations in the
morphology of target cells treated individually and with a
mixture of bacteriocins. The cells of Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 were harvested from
mid-log phase (~10° CFU/mL) by centrifugation at 7000 g,
for 10 min at 4 °C, and used for TEM analysis as reported by
Zhang et al. [26]. The cells were washed individually twice
with normal saline and individually treated with bacteriocins
alone and in combination for 24 h. For analysis of bacteriocins
acting independently, Staph. aureus subsp. aureus
ATCC25923 cells were treated with enterocin LD3 (25 pg/
mL) and plantaricin LD4 (90 png/mL), whereas Salm. enterica
subsp. enterica serovar Typhimurium ATCC13311 cells were
treated with enterocin LD3 (30 ng/mL) and plantaricin LD4
(100 pg/mL) for independent effect of bacteriocins. On the
other hand, to evaluate the synergistic effect, 115 and 130 pg/
mL mixed concentrations of bacteriocins were used for Staph.
aureus subsp. aureus ATCC25923 and Salm. enterica subsp.
enterica serovar Typhimurium ATCC13311, respectively.
Untreated cells were resuspended in normal saline and used
as controls. After treatment, cells were processed to visualize
under transmission electron microscope as reported previous-

ly [17].
Antibacterial Spectrum
To observe the host-range of bacteriocins alone and in com-

bination against other pathogenic bacteria such as Proteus
mirabilis ATCC43071, Pseudomonas aeruginosa

ATCC27853, E. coli ATCC25922, Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311, Serratia marcescens
ATCC27137 and indicator strain, Micrococcus luteus
MTCCI106, agar well diffusion assay (AWDA) was per-
formed overlaying soft nutrient agar (0.8%) seeded with re-
spective pathogenic strain (~ 10° CFU/mL) on the nutrient
base agar as reported previously [27]. On such plates, the
wells were cut out (6.0 mm diameter) and filled with aliquots
of 100 pL of enterocin LD3 (50 pg/mL) and plantaricin LD4
(50 pg/mL) independent and in combination (25 pg/mL each,
total 50 pg/mL) in the wells. The plate was incubated for 18 h
at 37 °C. The zone of growth inhibition (mm) was measured.

Statistical Analysis

The data presented are means + standard deviation (SD) of
three independent experiments. The level of statistical signif-
icance was estimated as p <0.05 using Student’s ¢ test.
Florescence microscopy and TEM analysis were performed
three times for reproducibility of the results.

Results

Synergistic Effect of Enterocin LD3 and Plantaricin
LD4

The growth of target strains was drastically reduced as the
concentration of bacteriocin was increased. The growth of
Staph. aureus subsp. aureus ATCC25923 was completely
inhibited in the presence of 180 and 220 pg/mL enterocin
LD3 and plantaricin LD4, respectively. Therefore, MICs of
these bacteriocins were considered 180 and 220 pg/mL
against Staph. aureus subsp. aureus ATCC25923 (Fig. 1a).
Similarly, the MIC of enterocin LD3 and plantaricin LD4
were found to be 240 and 320 pg/mL, respectively, against
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311 (Fig. 1b). The corresponding values of MICs
of enterocin LD3 and plantaricin LD4 in combination was
observed as 25 and 90 pg/mL (115 pg/mL), respectively,
against Staph. aureus subsp. aureus ATCC25923 (Fig. 2a)
whereas 30 and 100 pg/mL (130 pg/mL) against Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
(Fig. 2b). Thus, MIC of enterocin LD3 in combination was
reduced to approx. 1/8th against Staph. aureus subsp. aureus
ATCC25923 and Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311. Similarly, the MIC of plantaricin
LD4 in combination was reduced to approx. 1/3rd against
both target strains. Therefore, enterocin LD3 and plantaricin
LD4 showed lower MICs in combination as compared with
their individual effect against Staph. aureus subsp. aureus
ATCC25923 and Salm. enterica subsp. enterica serovar
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Fig. 1 Effect of different concentrations of enterocin LD3 (black bar) and
plantaricin LD4 (grey bar) on Staphylococcus aureus subsp. aureus
ATCC25923 (a) and Salmonella enterica subsp. enterica serovar
Typhimurium ATCC13311 (b). Enterocin LD3 showed MIC 180 and

Typhimurium ATCC13311. The FICs of enterocin LD3 and
plantaricin LD4 against Staph. aureus subsp. aureus
ATCC25923 were 0.10 and 0.40, whereas corresponding
FICs were 0.12 and 0.31 against Salm. enterica subsp.
enterica serovar Typhimurium ATCC13311, respectively.
Therefore, the FIC index was calculated as 0.50 against
Staph. aureus subsp. aureus ATCC25923 and 0.43 against
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311. Since the FIC index of both bacteriocins is <
0.5, the synergistic interaction of enterocin LD3 and
plantaricin LD4 was apparent. The isobologram provided a
graphical representation of the nature of bacteriocin interac-
tion. It was constructed showing that the combination of two
bacteriocins inhibiting target strains falls below the plotted
straight line, of which the end point reflects the independent
MICs of the bacteriocins (Fig. 3a, b). This further signifies
synergy between enterocin LD3 and plantaricin LD4 against
Staph. aureus subsp. aureus ATCC25923 and Salm. enterica
subsp. enterica serovar Typhimurium ATCC13311.
Therefore, enterocin LD3 and plantaricin LD4 showed syner-
gistic effect against the target bacteria tested.

Combined Bacteriocins Caused Higher Growth
Inhibition

It was found that untreated Staph. aureus subsp. aureus
ATCC25923 and Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 cells followed normal growth pat-
tern and grew up to OD600 0.702 and 0.937, respectively.
When Staph. aureus subsp. aureus ATCC25923 cells were
treated with enterocin LD3 (25 pg/mL) and plantaricin LD4
(90 pg/mL) individually, growth was partially inhibited and
found to be OD600 0.47 and 0.54, respectively, at 24 h,
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220 pg/mL against Staph. aureus subsp. aureus ATCC25923 and
Salm. enterica subsp. enterica serovar Typhimurium ATCC13311 as
compared with plantaricin LD4 240 and 320 pg/mL, respectively

whereas combined effect of bacteriocins (115 pg/mL) on
Staph. aureus subsp. aureus ATCC25923 showed complete
inhibition (OD600 0.028) as compared with untreated cells.
Similarly, Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 showed growth up to OD600
0.79 and 0.70 in the presence of individual enterocin LD3
(30 pg/mL) and plantaricin LD4 (100 pg/mL), but the growth
(OD600 0.023) was completely inhibited in the presence of
combination (130 pg/mL) of bacteriocins (data not shown).
Therefore, significant growth inhibition of target strains was
observed when bacteriocins were used in combination than
alone.

Combined Bacteriocins Caused Higher Lethality

The cell membrane permeability was also determined by
fluorescent microscopy using DAPI and PI which could
distinguish intact cells with ruptured membranes. The
untreated cells (live) were stained blue (Fig. 4a, ¢) with
DAPI and dead cells stained red (Fig. 4d, h) with PIL
After treatment of cells with enterocin LD3 (Fig. 4b, f)
or plantaricin LD4 (Fig. 4c, g) individually, light pink
fluorescence was observed in Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 cells, indicating that
the cell membrane of the treated cells was damaged.
When cells were treated with combined bacteriocins,
dead cells were found to be red indicating higher effect
of bacteriocins (Fig. 4d, h). However, there is possible
explanation for the reduction in DAPI fluorescence, and
increase in PI fluorescence of target cells indicating the
combined bacteriocin effect was more potent than the
effects independently.
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Fig.2 Checkerboard assay layout
allows for simultaneous testing of
several mixed concentrations of
enterocin LD3 and plantaricin
LD4 against Staphylococcus
aureus subsp. aureus
ATCC25923 (a) and Salmonella
enterica subsp. enterica serovar
Typhimurium ATCC13311 (b).
The upper row and the left
column are used to make
bacteriocin solution at increasing
concentrations, then the top row
(plantaricin LD4) is spread
downward, and the first left
column (enterocin LD3) is spread
across the right side of the 96-well
plate. The result shows an
increasing order of inhibition
from no inhibition to delayed
growth through partial inhibition
and finally complete inhibition.
The first well of upper row served
as control without bacteriocin.
The red circle represents MIC in
combination

Enterocin LD3 Interacts with Cell Membrane and
Nucleic Acids, Whereas Plantaricin LD4 Does Not

To observe the effect of bacteriocins independently and in
combination on the cell membranes and nucleic acids of
Staph. aureus subsp. aureus ATCC25923 and Salm. enterica
subsp. enterica serovar Typhimurium ATCC13311 cells,
FTIR analysis was performed. The Staph. aureus subsp.
aureus ATCC25923 cells after treatment with enterocin LD3
alone showed increased absorbance at ~1094.30 and ~
1451.82/cm corresponding to nucleic acids and phospho-
lipids, respectively (Fig. 5a), whereas plantaricin LD4-
treated Staph. aureus subsp. aureus ATCC25923 cells did
not show such increase in the wavelength corresponding to
nucleic acids and phospholipids (Fig. 5b). When Staph.
aureus subsp. aureus ATCC25923 cells were treated with a

mixture of enterocin LD3 and plantaricin LD4, higher absor-
bance at ~1094.30 and ~ 1451.82/cm was observed as com-
pared with their effects alone (Fig. 5c). Similarly, Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
cells after treatment with enterocin LD3 independently
showed increase in the absorbance at ~1094.30 and ~
1451.82/cm corresponding to nucleic acids and phospho-
lipids, respectively (Fig. 6a). The plantaricin LD4-treated
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311 cells did not show such alteration in the wave-
length corresponding to nucleic acids and phospholipids (Fig.
6b). The Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311cells treated with a mixture of enterocin LD3 and
plantaricin LD4 showed higher absorbance at ~1094.30 and
~1451.82/cm as compared with the effects of the bacteriocins
independently (Fig. 6¢) indicating synergy between two
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Fig. 3 Isobologram showing synergistic interaction (indicated by closed
filled circle) between enterocin LD3 (25 pg/mL) and plantaricin LD4
(90 pg/mL) against Staphylococcus aureus subsp. aureus ATCC25923
(a). For the Salmonella enterica subsp. enterica serovar Typhimurium
ATCCI13311, synergistic concentrations (indicated by closed filled
upright triangle) of enterocin LD3 and plantaricin LD4 were found to

bacteriocins. Enterocin LD3 and plantaricin LD4 also showed
higher absorbance in the range of 2800 and 3000/cm against
both cells exhibiting typical C—H stretching and vibrations
corresponding to the CH3- and CH2- functional groups.

The Morphological Damage of Cell Was Higher in
Combined Treatment

The TEM analysis was used to visualize the morphology and
intracellular images of target cells. Untreated Staph. aureus
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be 30 and 100 pg/mL, respectively (b). MIC values of the bacteriocins
used alone were plotted on the x- and y-axes and joined by a dotted
straight line. It was constructed showing that the combination of two

bacteriocins inhibiting target strains falls below the plotted straight line
indicating synergy

subsp. aureus ATCC25923 cells displayed a highly homoge-
nous intracellular density and round shape (Fig. 7a), but
enterocin LD3-treated cells showed disruption of the cell
membrane and release of intracellular contents (Fig. 7b).
Staph. aureus subsp. aureus ATCC25923 cells treated with
plantaricin LD4 also exhibited cellular damages (Fig. 7c),
while enterocin LD3 and plantaricin LD4 combined treatment
caused higher damage to most cells, showing sunken cell sur-
face and shrinking cytoplasm (Fig. 7d). Irregularity of the cell
surface and the increase of the cell mass were undoubtedly

Fig. 4 Untreated Staphylococcus aureus subsp. aureus ATCC25923 (a)
and Salmonella enterica subsp. enterica serovar Typhimurium
ATCCI13311 (e) cells showed blue colour indicating live cells. Staph.
aureus subsp. aureus ATCC25923 cells treated with enterocin LD3
(25 pg/mL) independent (b) and plantaricin LD4 (90 pg/mL)
independent (f); and Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 cells treated with enterocin LD3 (30 pg/

@ Springer

mL) independent (¢) and plantaricin LD4 (100 pg/mL) independent (g)
showed the mixture of blue and pink cells indicating partially killed cells,
whereas combined effects of bacteriocins against Staph. aureus subsp.
aureus ATCC25923 (115 pug/mL) (d) and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 (130 pg/mL) (h) showed red colour
indicating completely dead cells
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Fig. 5 The Fourier transforms infrared spectra of bacteriocin-treated
(continuous grey line) and untreated cells (dotted line) of
Staphylococcus aureus subsp. aureus ATCC25923. The cells treated with
enterocin LD3 independent (a) showed higher absorbance corresponding
to phospholipids (~ 1451.82/cm) and nucleic acids (1094.30/cm) shown
as peaks, whereas cells treated with plantaricin LD4 independent (b) did
not show such increased absorbance. When both bacteriocins have been
used together (c), the absorbance was higher as compared with their
independent effects. This indicated that enterocin LD3 directly interact
with cell membrane and nucleic acids of the target cells, whereas
plantaricin LD4 interacts with neither cell membrane nor nucleic acids
and may use other mechanisms for cell killing. Therefore, their combined
use causes synergy in cell killing due to different mode of action against
target strain

evident which indicated the perforation of cell membrane with
consequent cell deformation after combined bacteriocin treat-
ment. The untreated Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311cells maintained typical rods and
intact status (Fig. 7e). When held in contact with enterocin
LD3, cells showed an alternation in morphology and ruptured
cells were observed (Fig. 7f). Similarly, plantaricin LD4 in-
duced a dramatic change in the Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311cells showing various al-
terations (Fig. 7g). Therefore, enterocin LD3 and plantaricin
LD4 showed cellular damages of both Gram-positive (Staph.
aureus subsp. aureus ATCC25923) and Gram-negative
(Salm. enterica subsp. enterica serovar Typhimurium
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Fig. 6 The Fourier transforms infrared spectra of bacteriocin-treated
(continuous grey line) and untreated cells (dotted line) of Salmonella
enterica subsp. enterica serovar Typhimurium ATCC13311. The cells
treated with enterocin LD3 independent (a) showed higher absorbance
corresponding to phospholipids (~1451.82/cm) and nucleic acids
(1094.30/cm) shown as peaks, whereas cells treated with plantaricin
LD4 independent (b) did not show such increased absorbance. When
both bacteriocins have been used together (¢), the absorbance was higher
as compared with their independent effects. This indicated that enterocin
LD3 directly interacts with cell membrane and nucleic acids of the target
cells, whereas plantaricin LD4 interacts with neither cell membrane nor
nucleic acids and may use other mechanism for cell killing. Therefore,
their combined use causes synergy in cell killing due to different mode of
action against target strain

ATCC13311) bacteria. In the presence of combined concen-
trations of these bacteriocins, the outer membrane of Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
cells was highly damaged, cell membrane was found to be
protruding into the cytoplasm, and several cells displayed rup-
tures and loss of cytoplasm, indicating cytoplasmic membrane
was severely affected when both bacteriocins were present
together (Fig. 7h). Thus, combined effects of enterocin LD3
and plantaricin LD4 caused higher cell damage and bacteri-
cidal effect as compared with their activity alone.
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Fig. 7 Transmission electron microscopic analysis of Staphylococcus
aureus subsp. aureus ATCC25923 (a) and Salmonella enterica subsp.
enterica serovar Typhimurium ATCC13311 (e) cells displaying highly
homogenous intracellular density with a uniform wall to which the
cytoplasmic membrane is tightly adhered. Staph. aureus subsp. aureus
ATCC25923 cells treated with enterocin LD3 (25 pg/mL) (b) and
plantaricin LD4 (90 pg/mL) independent (¢) showed disturbances and
slight surface damage, while combined treatment (d) caused extensive
surface damage to most cells showing shrinking cytoplasm (as shown

Antibacterial Spectrum

Enterocin LD3 and plantaricin LD4 inhibited the target path-
ogens and indicator strain, Micrococcus luteus MTCC106,
showing distinct zones of growth inhibition. The size zones
of growth inhibition were smaller (8-22 mm) when bacterio-
cin was used alone and higher (11-26 mm) when used in
combination, further suggesting the synergy between the bac-
teriocins. S. marcescens ATCC27137 was neither inhibited by
either bacteriocin acting independently or in combination
(Table 1).

Table 1
pathogenic bacteria

by arrow). Similarly, Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311 cells treated with enterocin LD3 (30 pg/
mL) (f) and plantaricin LD4 (100 pg/mL) independent (g) showed an
alternation in morphology with ruptured cells, but combined
concentration (130 pg/mL) of bacteriocins (h) damaged cell; cell
membrane protruding into the cytoplasm indicating that the structure of
the cytoplasmic membrane was severely affected by mixture of
bacteriocins (shown by arrows)

Discussion

Recently, few bacteriocins of LAB have been used for the
food safety, and others have potential therapeutic applications
[11]. Nisin is one of the most studied bacteriocin being used as
food preservative but does not inhibit Gram-negative bacteria
[28]. Therefore, there is a need to explore more bacteriocins
for their potential applications. Moreover, combinatorial ef-
fects of bacteriocins may enhance efficacy against target bac-
teria and reduce economic burden in the respective industries.
Keeping these views in consideration, two bacteriocins from

Antibacterial activity of enterocin LD3 and plantaricin LD4 alone and in combination against indicator strain, Micrococcus luteus and

Pathogens

Zone of growth inhibition (mm)

Enterocin LD3 (50 pg/mL)

Plantaricin LD4 (50 pg/mL) Combined (25 +25 pg/mL)

Micrococcus luteus MTCC106 22+0.02
Proteus mirabilis ATCC43071 8+0.01
Pseudomonas aeruginosa ATCC27853 8+0.02
Escherichia coli ATCC25922 8+0.03

Serratia marcescens ATCC27137 0
Staphylococcus aureus ATCC259323 11+£0.02
Salmonella Typhimurium ATCC13311 10+0.02

20+0.03 26+0.02
11+0.02 15+0.02
10+0.02 13+£0.03
9+0.01 11+0.02
0 0

9+0.03 17+0.01
8+0.02 14+0.02

Means =+ standard deviation (SD)
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different producers, enterocin LD3 and plantaricin LD4, were
studied to evaluate their individual and combined effects.

In this study, we have shown the efficacy of these bacte-
riocins in combination against two important food-borne path-
ogens, Staph. aureus subsp. aureus ATCC25923 and Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311.
The MICs of enterocin LD3 and plantaricin LD4 (180 and
220 pg/mL against Staph. aureus subsp. aureus
ATCC25923 and 240 and 320 pg/mL against Staph. aureus
subsp. aureus ATCC25923 and Salm. enterica subsp.
enterica serovar Typhimurium ATCC13311), when com-
pared with other bacteriocins, were found to be comparatively
lower than enterocin DD93 (200 png/mL) against Staph.
aureus and plantaricin MG (500 pg/mL) against Salm.
Typhimurium [20, 29]. Furthermore, the MIC of enterocin
LD3 and plantaricin LD4 in combination was significantly
reduced. The reduced combined MICs of enterocin LD3 and
plantaricin LD4 (130 pg/mL, respectively) against Salm.
enterica subsp. enterica serovar Typhimurium
ATCC13311are in the range of CLSI susceptible breakpoints
(£256 pg/mL for sulphamethoxazole against Salmonella and
E. coli). The breakpoint for ceftaroline against Staph. aureus
is <1 pug mL [19, 20] which is much lower than the combined
MICs of enterocin LD3 and plantaricin LD4 (115 pg/mL)
against Staph. aureus subsp. aureus ATCC25923. These ob-
servations have indicated that there is further scope to reduce
the MICs of these bacteriocins using genetic modifications,
increasing purity level and testing synergy with existing anti-
microbials. Though the breakpoints are different for different
microorganisms and different antibiotics, these are universally
adopted susceptibility concentrations useful in clinical set-
tings. Other studies have reported that nisin and pediocin in
combination showed synergistic activity against L. sakei and
caused an additive effect against B. cereus and
L. monocytogenes. Similarly, the mixture of nisin and
enterocin MT104B displayed a synergistic activity against
Staph. aureus [13]. Ferreira et al. [29] showed that a combi-
nation of pediocin 34, nisin and enterocin F99 was highly
effective with lowered concentrations against target strains
as compared with individual effects. However, there are no
such reports on use of combined enterocin and plantaricin
against food-borne or clinical pathogens.

According to EUCAST [19], a synergistic effect is ob-
served when FICI value <0.5. The FIC indices calculated as
0.50 against Staph. aureus subsp. aureus ATCC25923 and
0.43 against Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311were found to be <0.5 indicating
the synergy between two enterocin LD3 and plantaricin LD4.
The FIC index defines the nature of interaction of two antimi-
crobials and indicates full synergy if <0.5 [20, 21]. The
isobologram further signifies synergy between two bacterio-
cins against Staph. aureus subsp. aureus ATCC25923 and
Salm. enterica subsp. enterica serovar Typhimurium

ATCC13311 where combined MICs fall below the strait line.
The isobologram interpretation examining the position of the
ratio points suggests synergy if it is below the line [23]. These
findings here indicated that synergistic interaction between the
two bacteriocins could be due to their different mode of action
against target bacteria. One of them could be involved in pore
formation/disruption of the outer cell membrane allowing ac-
cess of the other bacteriocin in target cells as also suggested by
Chi and Holo [8]. The mechanism of action of plantaricin LD4
is not exactly known, but our recent findings suggest that
enterocin LD3 causes membrane disruption and enters inside
the cells interacting with nucleic acids [17].

The effect of bacteriocins was also observed on the growth
response of Staph. aureus subsp. aureus ATCC25923 and
Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311. The untreated cells of Staph. aureus subsp.
aureus ATCC25923 and Salm. enterica subsp. enterica
serovar Typhimurium ATCC13311 followed a normal growth
pattern. When the cells were treated with individual bacterio-
cin, there was partial inhibition of growth recorded, whereas
complete growth inhibition was found when both bacteriocins
were applied in combination. Therefore, significant growth
inhibition of target strains was observed when bacteriocins
were used in combination than alone. Therefore, synergistic
property of antimicrobials may improve kill kinetics. Further
the synergistic interaction of antimicrobials may also reduce
the development of resistance in pathogenic bacterial strains
as suggested by Al Atya et al. [30]. In earlier reports, the
combination of lactocin 705, enterocin CRL35 and nisin was
found to be synergistically active against L. monocytogenes
FBUNT where viability loss occurred after incubation for 3 h
[31]. However, to the best of our knowledge, there are no
studies where enterocin and plantaricin reported to show syn-
ergistic interactions against Gram-negative bacteria. In the
present study, we are reporting not only inhibition of Gram-
positive and Gram-negative bacteria by enterocin LD3 and
plantaricin LD4 but also their synergy against Gram-
negative pathogens. The cell killing was further confirmed
by the use of membrane permeable stain, PI, which is a nucleic
acid staining dye, enters in to cells with compromised mem-
branes and binds to DNA, giving a red fluorescence. Thus,
bacterial cells with intact membranes exclude PI while being
stained by DAPI emit blue fluorescence, whereas bacterial
cells with damaged membranes are stained with PI and emit
a red fluorescence [32, 33]. After treatment with enterocin
LD3 or plantaricin LD4, light pink fluorescence was observed
in Staph. aureus subsp. aureus ATCC25923 and Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
cells, indicating that the cell membrane of the treated cells was
damaged. In combination treatment, dead cells were found to
be red suggesting higher effect of bacteriocins. The synergy
among the bacteriocin is possible explanation for the increase
in PI fluorescence of target cells.
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The FTIR analysis of target cells was performed to monitor
the specific interaction of the bacteriocins with cellular targets.
The valuable information about the biochemical composition
of the target bacteria may be used to evaluate the mechanism
of action of bacteriocins in treated cells [34]. Therefore,
bacteriocin-treated cells were scanned using FTIR to monitor
the interaction of bacteriocins with cellular targets. The FTIR
spectra of enterocin LD3-treated cells showed alteration at ~
1094.30/cm corresponding to nucleic acids [35] suggesting
enterocin LD3 may enter inside the cells and interacts with
nucleic acids. The spectrum was also found to be altered (in-
creased absorbance) at the region ~ 1451.82/cm correspond-
ing to phospholipids [36] indicating the interaction of
enterocin LD3 with membrane lipids. These observations in-
dicated that enterocin LD3 not only interacts with cell mem-
brane but also enters inside the target cells interacting with
nucleic acids. In contrast, plantaricin LD4-treated cells did
not show such alteration in the wavelength corresponding to
phospholipids and nucleic acids suggesting plantaricin LD4
kills target cells using other mechanism which is different to
enterocin LD3. Our data suggest that different mode of action
of both bacteriocins results in division of labour and may be
responsible for their synergistic activity against target cells.
Since enterocin LD3 interacts directly with phospholipids, it
may be involved in pore formation or cell membrane damage
allowing both/other bacteriocins access inside the cells caus-
ing cell death.

The membrane-acting nature of these bacteriocins was also
confirmed using TEM analysis. It was used to visualize the
morphology and capture intracellular images of the target
cells. Untreated Staph. aureus subsp. aureus ATCC25923
cells displayed a highly homogenous intracellular density
and round shape, but enterocin LD3-treated cells showed dis-
ruption of cell membrane and release of intracellular contents.
Staph. aureus subsp. aureus ATCC25923 cells treated with
plantaricin LD4 also exhibited cellular damages, while
enterocin LD3 and plantaricin LD4 combination treatment
caused wide surface damage to most cells, showing sunken
cell surface and shrinking cytoplasm. Irregularity of the cell
surface and the increase of cell mass were undoubtedly evi-
dent indicating perforation of the cell wall with consequent
cell deformation after combined bacteriocin treatment. The
untreated Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311cells maintained typical rods and
intact status. When exposed to enterocin LD3, the cells
showed an alteration in morphology, and ruptured cells were
observed. Similarly, plantaricin LD4 induced a dramatic
change in the Salm. enterica subsp. enterica serovar
Typhimurium ATCC13311cells showing various alterations
[37] reported that plantaricin MG damaged outer membrane
of Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311 with release of cellular contents in the surround-
ing, but nisin did not show any effect on cell morphology of
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Salm. enterica subsp. enterica serovar Typhimurium
ATCCI13311. Other reports showed that nisin did not inhibit
Salmonella spp. Due to their external membrane consisting of
extensive amounts of protein, phospholipids and polysaccha-
ride may act as a barrier to the action of nisin on the cytoplas-
mic membrane [38, 39]. Yildirim et al. [40] explained that
enterocin KP alone did not act against intact cells of Salm.
Typhimurium and E. coli but in the presence of physio-
chemical sublethal treatments decreases their cell number.
However, in the present study, enterocin LD3 and plantaricin
LD4 showed bactericidal effects on both Gram-positive and
Gram-negative bacteria. In the presence of combined concen-
tration of these bacteriocins, the outer membrane of Salm.
enterica subsp. enterica serovar Typhimurium ATCC13311
cells was damaged, cell membrane protruded into the cyto-
plasm, and several cells displayed ruptures and loss of cyto-
plasm, indicating the cytoplasmic membrane was severely
affected by the mixture of bacteriocins. The activity of these
bacteriocins alone and in combination was also observed
against other pathogens such as P. mirabilis ATCC43071,
P. aeruginosa ATCC27853 and E. coli ATCC25922 suggest-
ing their wider applications. However, their effect against
S. marcescens ATCC27137 was not recorded either alone or
in combination suggesting the possibility to explore other
strains of this species for activity testing. In contrast, bacterio-
cins produced by E. mundtii 115 and E. faecium DSH20 did
not inhibit E. coli, Staph. aureus, Salm. Typhimurium,
M. luteus and P. aeruginosa [29, 41]. Furthermore, synergistic
interaction may also reduce the costs of application of these
bacteriocins. In addition, combinatorial therapies with bacte-
riocins and/or other antimicrobials may broaden antimicrobial
spectra and reduce the probability of resistance development
probably due to contribution of two different mechanisms of
bacteriocin action as also suggested by Gulluce et al. [42].

Conclusions

In the present study, two synergistically acting bacteriocins,
enterocin LD3 and plantaricin LD4 have been used against
known food-borne pathogens, Staphylococcus aureus subsp.
aureus ATCC25923 and Salmonella enterica subsp. enterica
serovar Typhimurium ATCC13311. It was found that
enterocin LD3 was more effective on target cells than
plantaricin LD4. When both bacteriocins were used in combi-
nation, their effect was manyfold higher than their individual
effects suggesting synergy between the two bacteriocins. The
synergetic effect was observed in terms of reduced MIC, FICI,
isobologram interpretation, higher growth inhibition, loss of
cell viability and damage to the cell membrane of the target
cells. Further, inhibition of Gram-positive and Gram-negative
pathogenic bacteria is other unique feature suggesting their
wider applications in food safety and clinical settings. Use of
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synergistically acting compounds may reduce the likelihood
of resistance development against target bacteria and may also
be economical for industrial applications.
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