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Abstract 

The growing awareness about the adverse health effects of artificial synthetic preservatives has led to a rapid increase 
in the demand for safe food preservation techniques and bio preservatives. Thus, in this study, the biopreservatives 
efficacy of enterocin-producing Enterococcus faecium Smr18 and its enterocin, ESmr18 was evaluated against Salmo-
nella enterica contamination in chicken samples. E. faecium Smr18 is susceptible to the antibiotics penicillin-G, ampicil-
lin, vancomycin, and erythromycin, thereby indicating that it is a nonpathogenic strain. Further, the enterocin ESmr18 
was purified and characterised as a 3.8 kDa peptide. It possessed broad spectrum antibacterial activity against both 
Gram-positive and Gram-negative pathogens including S. enterica serotypes Typhi and Typhimurium. Purified ESmr18 
disrupted the cell membrane permeability of the target cell thereby causing rapid efflux of potassium ions from L. 
monocytogenes and S. enterica. Chicken samples inoculated with S. enterica and packaged in alginate films containing 
immobilised viable E. faecium resulted in 3 log10 colony forming units (CFU) reduction in the counts of S. enterica after 
34 days of storage at 7–8 °C. The crude preparation of ESmr18 also significantly (p < 0.05) reduced the CFU counts of 
salmonella-inoculated chicken meat model. Purified ESmr18 at the concentration upto 4.98 µg/ml had no cytolytic 
effect against human red blood cells. Crude preparation of ESmr18 when orally administered in fish did not cause any 
significant (p < 0.05) change in the biochemical parameters of sera samples. Nonsignificant changes in the parameters 
of comet and micronucleus assays were observed between the treated and untreated groups of fishes that further 
indicated the safety profile of the enterocin ESmr18.
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Introduction
Poultry meat is the second highest in terms of global meat 
consumption (Chai et  al. 2017) that makes it the major 
source of meat-associated food-borne illness. The most 
common infectious disease transmitted by meat is sal-
monellosis caused by Salmonella enterica. Salmonellosis 

includes gastroenteritis caused by non-typhoidal strains 
of Salmonella and chronic enteric fever i.e. typhoid, 
caused by S. enterica typhi and paratyphi (Ryan et  al. 
2017). Every year, 11–20 million people become sick due 
to typhoid out of which 128,000 to 161,000 people die 
(WHO 2018). Almost 6% of the treated typhoid patients 
become chronic carriers of S. enterica typhi, that shed 
the bacteria in faeces resulting in continued transmis-
sion of the disease (Trujillo et al. 1991). Further, Increas-
ing incidences of antibiotic resistance has been observed 
among food-transmitted Salmonella spp. (Karkey et  al. 
2018). Thus, Salmonella contamination is one of the 
major challenges for poultry meat producers. The most 
common antimicrobial intervention used in chicken 
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is refrigeration. But Salmonella spp. not only survives 
refrigeration temperature (Dominguez and Schaffner 
2009) but also multiplies in chicken at temperature as 
low as 5  °C (Smadi et  al. 2012). Treatment of chicken 
meat with chemical preservatives such as sodium nitrite 
and sodium benzoate (Sindelar and Milkowski 2011) is 
done to prevent lipid oxidation and inhibit the growth of 
microorganisms but nitrites could be carcinogenic due 
to their ability to form nitrosamines (Massey and Lees 
1992) Sodium benzoate at different doses has number 
of adverse health effects (Piper and Piper 2017). Owing 
to these limitations, more attention has been drawn 
towards exploration of safe alternative bio preservative 
technologies.

Lactic acid bacteria (LAB) is known to prolong the shelf 
life of fermented food due to their ability to secrete num-
ber of metabolites such as organic acids, antimicrobial 
peptides known as bacteriocins (Mokoena et  al. 2021) 
etc. Some genera of LAB such as Lactobacillus spp., Pedi-
ococcus spp, Enterococcus spp. etc. have been successfully 
used for the preservation of processed fruits and vegeta-
bles (Agriopoulou et al. 2020), cheese (Medved ’ová et al. 
2020) dairy and meat (McMullen and Stiles 1996). As 
part of the starter culture, bacteriocin-producing Ente-
rococcus spp. was shown to inhibit food pathogens in 
cheese (Giraffa 2003) and meat (Callewaert et al. 2000). 
The application of LAB for the preservation of non-fer-
mented food products is a challenge because the addition 
of the bacterial strains to the food can change its sensory 
properties due to fermentation. Thus, to overcome this 
limitation, immobilisation of LAB in different matrices 
can be done. Immobilisation of L. plantarum in alginate 
films have been successfully used for the preservation of 
cheese (Silva et al. 2022). However, the preservative effect 
of immobilised LAB in meat has not been studied.

Bacteriocins have long been the focus of research as a 
potential replacement for chemical preservatives. They 
are being explored for many applications such as thera-
peutic drugs (Soltani et al. 2021) and as bio preservatives 
in food (Cleveland et  al. 2001) and cosmetics (Maurí-
cio et al. 2017). Two bacteriocins i.e. pediocin produced 
by  Pediococcus acidilactici  (Papagianni and Anasta-
siadou 2009) and nisin produced by  Lactococcus lactis 
(Deegan et  al. 2006) have been approved by Food and 
Drug Administration for use as a food preservative. How-
ever, due to their inability to inhibit Gram-negative bac-
teria (Zhou et al. 2016) they have limited applications as 
food preservatives in chicken meat products. Enterocins 
are the bacteriocins secreted by Enterococcus spp. Some 
enterocins exhibit broad-spectrum activities against both 
Gram-negative and Gram-positive pathogens including S. 
enterica (Ankaiah et al. 2018). Several studies have shown 
the potential of enterocins in inhibiting L. monocytogenes 

in the cooked and raw meat (Kasimin et al. 2022). How-
ever, the biopreservative efficacies of bacteriocinogenic 
strain or its bacteriocin in inhibiting S. enterica in meat 
models have not been evaluated.

Therefore, in this study, we explored the potential of 
enterocin-producing E. faecium Smr18 and its enterocin 
ESmr18 in inhibiting S. enterica in raw chicken. Fur-
ther, we purified the enterocin ESmr18 from the cul-
ture supernatant of E. faecium and tested its stability at 
refrigeration temperature. The biopreservative efficacy of 
ESmr18 against S. enterica-inoculated chicken was also 
tested. The safety of ESmr18 was evaluated in in vitro and 
in vivo studies.

Material and methods
Bacterial isolates
Enterococcus faecium Smr18 was received from Dr. 
Sukhraj Kaur’s laboratory. It was isolated from the swab 
samples of healthy vaginal microflora of woman after 
obtaining her written informed consent. The study was 
approved by the Human Ethics Committee of Guru 
Nanak Dev University, Amritsar, India. E. faecium was 
cultured in de Man Rogosa and Sharpe (MRS, Himedia 
Laboratories Pvt. Ltd., Mumbai, India) broth at 37 °C in 
anaerobic jars under stationary conditions. For conduct-
ing the experiments, E. faecium was propagated twice 
in MRS medium at 37  °C. All the chemicals used in the 
study were purchased from Himedia, except where spe-
cifically mentioned.

The strain was identified by using partial sequencing of 
16sRNA done at National Centre for Cell Science, Pune, 
India. The sequence so obtained was compared with the 
known sequences of other Enterococcal spp. aligned by 
using National Center for Biotechnology Information—
Basic Local Alignment Search Tool (NCBI-BLAST) data-
base. Phylogenetic tree was constructed by using MEGA 
6 software following Neighbourhood Joining method 
and Kimura2 Gamma I model. The strain was deposited 
to Microbial Type Culture Collection (MTCC), Institute 
of Microbial technology, Chandigarh, India with MTCC 
number 13248.

The pathogenic bacterial strains used in the study and 
procured from National Collection of Industrial Micro-
organisms (NCIM), Pune, India were Listeria monocy-
togenes NCIM 5277, Staphylococcus aureus NCIM 5718, 
Pseudomonas aeruginosa NCIM 2862, Shigella flexneri 
NCIM 5265, Klebsiella pneumoniae NCIM 5215 and 
Escherichia coli NCIM 5662. S. enterica serotype Typhi 
MTCC 733, S. enterica serotype Typhimurium MTCC 
1251, S. enterica serotype Typhimurium MTCC 1252 
and Streptococcus pyogenes MTCC 1927 were procured 
from MTCC. The pathogenic indicator bacteria were 
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propagated at 37  °C under aerobic conditions in Brain 
heart infusion (BHI) broth.

Preparation of enterocin and its susceptibility to various 
enzymes
Purification of the enterocin ESmr18 was done by ammo-
nium sulphate precipitation of cell-free culture super-
natant (CS) of E. faecium followed by cation exchange 
chromatography. The proteins were precipitated from 
the CS by adding ammonium sulphate at 60% satura-
tion (w/v) and mixing it on magnetic stirrer at 4  °C, for 
overnight. The precipitated proteins were separated by 
centrifugation (8000g; 10  min) and dissolved in sodium 
acetate buffer (20  mM; pH 4.5). The desalting of the 
precipitates was done by using Biogel PD-10 column 
(GE Health Care, USA) and the active fractions from 
the PD-10 column were pooled and referred as crude 
ESmr18.

For preparation of the purified ESmr18, the pooled 
fractions from PD-10 column were loaded onto SP-
Sepharose Fast Flow cation-exchange column (5010 mm; 
GE Health Care) and the bound proteins were eluted by 
using linear gradient of 0.1 to 1 M NaCl. The active frac-
tions were lyophilized and dissolved in distilled water. 
The purity of the protein was evaluated by electrophore-
sis on a 17% denaturing polyacrylamide gel and the pro-
tein concentration was evaluated by Bradford’s method 
(Bradford 1976).

Further, the susceptibility of various enzymes on the 
antimicrobial activities of crude and purified ESmr18 was 
determined. CS and ESmr18 were treated with enzymes 
proteinase K, trypsin, pepsin, and lipase (Sigma Aldrich, 
India) at the concentration of 1 mg/ml for 1 h at 37  °C, 
followed by heat inactivation at 60  °C for 10  min. The 
residual antimicrobial activity was determined by agar gel 
diffusion assay.

Antimicrobial activity
The antimicrobial activity of the CS of E. faecium, and 
the purified enterocin ESmr18 was determined against 
various pathogenic bacterial strains by using agar gel dif-
fusion assay (Geis et al. 1983). CS was prepared by centri-
fuging the overnight culture of E. faecium Smr18 at 8000g 
for 10 min at 4 °C and then passed through syringe filters 
(0.22 µm) and kept at 4  °C till further use. For conduct-
ing agar gel diffusion assay the optical density (OD; at 
550 nm) of pathogenic bacteria in log phase was adjusted 
to 0.1 and 100 µl of the culture was distributed onto BHI 
agar medium plates. A cork borer was used to cut wells 
in the agar plates with a diameter of 6.0 mm. Thereafter, 
100 µl of CS (pH 6.5) crude extract and purified ESmr18 
were added to the wells, and the plates were incubated 
at 4 °C for 4 h to allow the samples to diffuse. The plates 

were then incubated at 37  °C under aerobic conditions. 
After 24  h, the zones of inhibition were measured in 
millimetres.

Immobilization of E. faecium in films and antimicrobial 
activity of the films
Viable E. faecium Smr18 cells were immobilised in a 
sodium alginate film. The film was prepared by mixing 
sodium alginate (4% w/v), agar (3% w/v) and glycerol 
(20% v/v) in distilled water for 15 min on a magnetic stir-
rer at ambient temperature. The mixture was then steri-
lised by boiling for 20 min in a water bath. The solution 
so formed was mixed with autoclaved MRS medium in 
the ratio 1:1 under sterile conditions. 10 ml of the mix-
ture was poured in Petri plates and allowed to cool down 
to semi-solid state before adding viable E. faecium cells 
(5 × 108  CFU). The plates were left undisturbed for 
20 min. After 20 min, 20 ml of 2% calcium chloride solu-
tion was added for the polymerisation of sodium algi-
nate film and the plates were again left undisturbed for 
15  min. The extra calcium chloride was discarded, and 
the films were allowed to dry. Another film prepared by 
following similar process but without E. faecium cells was 
used as negative control. For determining the antimicro-
bial activity, films were cut with the help of well borer 
and placed on BHI agar plates inoculated with 100 µl of 
the overnight grown culture of S. enterica (OD set at 0.1). 
The plate was kept at 37 °C for 24 h and clear zones were 
measured.

The bio preservative efficacy of the film was tested 
against S. enterica-inoculated chicken model. Fresh bone-
less chicken (500 g) was procured from the local market 
and autoclaved for 10  min for complete sterilization. 
Overnight cultured S. enterica cell suspension contain-
ing 6 × 107 CFUs/g was added to the pieces. The chicken 
pieces were covered with E. faecium-immobilised film 
and film without E. faecium in separate Petri dishes and 
stored at 7–8 °C. The pieces (1 g) were removed at differ-
ent time intervals and plated on Salmonella Shigella agar 
(SS agar) containing plates for CFU counting.

Efflux of potassium ions
To determine the mechanism of action of enterocin, we 
evaluated the effect of ESmr18 on the stability of the 
cell membrane of S. enterica MTCC 733 and L. mono-
cytogenes NCIM 5277. Disruption of the cell mem-
brane by the action of enterocin may result in efflux 
of small ions from the cell. Therefore, we evaluated the 
effect of ESmr18 treatment of pathogens at minimum 
inhibitory concentration (MIC) values  on the extra-
cellular potassium ion concentration (McAuliffe et  al. 
1998). The bacterial cells in mid-log phase were har-
vested by centrifugation at 8000g for 5  min to obtain 
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cell pellet. The pellet was washed twice and re-sus-
pended in 2.5 mM sodium HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer (pH 7.0) at 
OD600 1.0. Purified ESmr18 was added to the cell pel-
lets of S. enterica and L. monocytogenes in two separate 
tubes to obtain final concentrations 3.2 µg/ml. Samples 
(1 ml) were taken at different time intervals and imme-
diately chilled on ice. S. enterica and L. monocytogenes 
cells in HEPES buffer without ESmr18 was used as 
controls. The samples were filter sterilised (0.2 µ) to 
separate the cells and the potassium ion concentration 
in the supernatants was determined by flame photom-
etry (Systronics 128, Gujarat, India). The experiment 
was performed thrice in triplicates.

Shelf life, stability, and bio preservative effect of crude 
ESmr18
Before the bio preservative effects of the crude prepa-
ration of ESmr18 was tested in chicken samples, it is 
important to study the shelf life of ESmr18 dissolved in 
water and sodium acetate buffer. The crude ESmr18 dis-
solved in distilled water and sodium acetate buffer (pH 
4.5) were stored at refrigeration conditions (7–8 °C) for 
6 months. At different time points twofold dilutions of 
the two samples were tested for its antimicrobial activ-
ity against S. enterica by agar gel diffusion assay in 
terms of arbitrary units (AU)/ml. AU is defined as the 
reciprocal of the highest dilution that showed zone of 
inhibition.

The stability of CS and crude Esmr18 at different pH 
and temperature treatments were evaluated. CS and 
crude ESmr18 were exposed to different temperatures 
(60, 80 and 100 °C) for upto 90 min and autoclaving for 
40  min. The residual antimicrobial activity was deter-
mined by using agar gel diffusion assay. To determine 
the effect of pH, the pH of CS and crude ESmr18 was 
adjusted to different values ranging from 2 to 10 and 
incubated at 37 °C for 1 h. Thereafter, the pH was reset 
to 6.5 and the residual antimicrobial activity was deter-
mined by using agar gel diffusion assay.

The bio preservative effect of crude ESmr18 was 
determined on the chicken meat inoculated with S. 
enterica. Fresh boneless chicken meat was purchased 
from a local vendor in Amritsar, India. Fresh boneless 
chicken (500 g) was procured from the local market and 
autoclaved for 10 min for complete sterilization. Over-
night cultured S. enterica cell suspension containing 
6 × 107 CFUs/g was added to the pieces and then crude 
ESmr18 (15  µg/g). For vehicle control, sodium acetate 
buffer was used. The counts of Salmonella in different 
samples were quantified at different time points over a 
period of 35 days by plating on SS agar plates.

Hemolysis assay
Some bacteriocins are known to have toxicity against 
host cells. Therefore, we tested the hemolytic activ-
ity of ESmr18 against human red blood cells (RBCs) by 
using haemoglobin release assay (Paiva et  al. 2012). For 
the preparation of RBCs, blood was drawn from persons 
over the age of 18 after obtaining their written informed 
consent. The protocol was approved by the Institutional 
Human Ethics Committee, Guru Nanak Dev Univer-
sity, Amritsar, and the study was carried out as per the 
guidelines of the Ethical Committee. Defibrinated human 
blood was centrifuged at 135g for 15  min at 37  °C and 
the RBC-containing pellet was suspended in 10  ml of 
phosphate-buffered saline (PBS; pH 7.2). RBC suspen-
sions (500 µl) were treated for 1 h at 37 °C with 100 µl of 
various concentrations of ESmr18. The suspensions were 
then centrifuged for 5 min at 825g, and the haemoglobin 
release in the supernatant was measured at OD 415 nm. 
TritonX-100 (1%)-treated RBCs and PBS-treated RBCs 
were used as positive and negative controls, respec-
tively. The percentage RBC lysis was calculated by using 
equation:

ODT is OD415 of ESmr18-treated RBCs; ODC is OD415 of 
PBS-treated RBCs and ODX is OD415 of 1% triton-treated 
RBCs.

Safety evaluation of ESmr18 in fish
The use of ESmr18, warrants oral consumption, there-
fore it is important to determine the in  vivo effects of 
the orally administered ESmr18. The in  vivo effects of 
crude ESmr18 were evaluated in healthy Cirrhinus mri-
gala. The fishes having average length of 15–18 cm and 
average weight of 90–100 g were acquired from the 
Government Fish Farm, Rajasansi, Amritsar. They were 
transported to the lab and placed directly in acclima-
tion tanks with tap water temperature at 24.8 ± 0.32  °C, 
dissolved oxygen 6.4 ± 0.09 mg/L, total dissolved solids 
133.3 ± 2.33  mg/L, electrical conductivity 457 ± 1.15 S/
cm and pH 7.01. During the acclimatisation and testing 
phases, the photoperiod was kept at a regular 12 h light–
dark cycle. Throughout the trial, fish were given commer-
cial fish food (fishmeal, vegetable proteins, and binding 
agents such as wheat) ad libitum at a rate of 2% of body 
weight. The test water was changed daily 1 h after feeding 
the fish.

To study the biosafety of crude ESmr18, 700  µg of 
crude ESmr18 was orally administered to a group of 6 
fishes. The vehicle treated (VC) group was administered 
200 µl of sodium acetate buffer (pH 4.5). The third group 
was left untreated (UT). The fishes were monitored for 

(ODT−ODC)/(ODX−ODC) × 100.
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any behavioural change before and during the experi-
ment. After 96 h fishes were sacrificed, the liver, kidney, 
and blood were taken and used in the comet assay. Blood 
was taken through cardiac puncture.

Comet assay
DNA damage in the blood, liver, and kidney of the fishes 
in the treated, VC and UC groups was determined by 
using comet test (Yun et  al. 2014) with minor changes. 
Slides covered with 1% normal melting point agarose 
were layered with 0.75% low melting point agarose con-
taining blood, liver, and kidney cells and allowed to set-
tle at 4  °C. The slides were subsequently submerged for 
2  h at 4  °C in cold lysing buffer (2.5  M NaCl, 100  mM 
EDTA, 0.25  M tris aminomethane, 0.25  M NaOH, 1% 
triton X-100, 10% DMSO, pH 10.0). The slides were 
then coated again with 0.5% normal melting point aga-
rose and allowed to solidify. Electrophoresis was carried 
out for 20 min at 25 V and 300 mA after the slides were 
coated with electrophoresis buffer (1  mM EDTA and 
300 mM NaOH; pH 13). The slides were neutralised with 
0.4  M Tris amino methane (pH 7.5) for 15  min, dried 
and stained with 20 μg/ml ethidium bromide. Analysis of 
the slides were done by fluorescence microscope (Nikon 
ECLIPSE E200) and images shot with Nikon D5300 cam-
era. For each treatment group, 100 cells per sample were 
scored in triplicate. Various parameters like tail length 
(TL), tail moment (TM), and % tail DNA were calculated 
using Casplab Software.

Micronucleus test
Homogenous blood smear of fish was prepared on a 
clean glass slide and air-dried for half an hour at room 
temperature. The slides were fixed in methanol, stained 
with 5% Giemsa dye for 15–20 min, and 1000cells/group 
were scanned at 100× by using light microscope (Olym-
pus scanner; CX31) for evaluating any nuclear or cellular 
abnormalities.

Statistical analysis
All the experiments were carried out in triplicates, and 
bars depict means ± SD standard deviation. To determine 
differences between mean values of different groups, a 
one-way analysis of variance (ANOVA) was used. The 
different treatment groups were compared by using the 
Tukey’s test and the level of significance was set at 5% 
(p < 0.05). The software SPSS version 16.0 (SPSS Inc., 
Chicago, IL, USA) was used for statistical analysis.

Results
Bacterial identification
E. faecium Smr18 was selected for this study because of 
its broad-spectrum antimicrobial activities against both 

Gram-positive and Gram-negative pathogens. The iso-
late was identified by sequencing 16srRNA gene, and the 
sequence was submitted to NCBI database with acces-
sion no. OK598049. Phylogenetic tree was constructed 
based on 16SrRNA sequence that showed close similarity 
to E. faecium type strain LMG 11423 (Additional file  1: 
Fig. S1).

Antimicrobial activity of crude and purified ESmr18
Purification of ESmr18 from cell free CS of E. faecium 
Smr18 was done using ammonium sulphate precipitation 
followed by cation-exchange chromatography. The active 
fractions were lyophilized and subjected to sodium-
dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) 
analysis to ensure purity of the protein. The concentrated 
purified fractions resolved as a single band with a molec-
ular weight of around 3.8 kDa on SDS-PAGE (Additional 
file 1: Fig. S2).

The CS, crude and the purified ESmr18 of the E. fae-
cium Smr18 had similar spectrum of antimicrobial activi-
ties as all of them were active against both Gram positive 
pathogenic bacteria (L. monocytogenes, St. pyogenes) and 
Gram negative pathogens, (S. enterica serotype Typhi 
and S. enterica serotype Typhimurium; Table  1). They 
exhibited no activity against rest of the tested pathogenic 
bacterial strains listed in the Table 1.

The antibacterial activities of the cell free culture super-
natant (CS), crude extract, and purified ESmr18 were 
evaluated by agar well diffusion assay. The pH of the CS 
was adjusted to 6.5 with 1  N sodium hydroxide before 
evaluation of antimicrobial activity. The experiment was 
carried out in triplicates.

Effect at various enzymatic treatment
Treatment of CS and ESmr18 with various enzymes was 
done to determine the biochemical nature of the anti-
microbial activity. The antimicrobial activity of both CS 
and purified ESmr18 was completely inactivated after 
treatment with proteolytic enzymes pepsin, trypsin, and 
proteinase-k whereas, lipase and catalase had no effect 
on the antimicrobial activity (Fig. 1).

Effect of Esmr18 on the cell membrane permeability
The mechanism of bactericidal effect of bacteriocins is 
mostly explained by their ability to interact with the cell 
membrane and form pores. Thus, the effect of ESmr18 
on the cell membrane permeability was evaluated by 
determining the efflux of potassium ions. As shown in 
Fig.  2, treatment of S. enterica and L. monocytogenes 
cells with ESmr18 resulted in significant (p < 0.05) 
increase in extracellular concentration of potassium 
ions at all time points as compared to the untreated 
control cells. The increased extracellular concentration 
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of potassium ions was observed 5 min after the addition 
of ESmr18 to the cells of both the pathogens. The peak 
potassium ion concentrations of 14.5 and 16.3  ppm 
were observed in L. monocytogenes and S. enterica at 
10 and 20 min, respectively, after which the effect pla-
teaued (Fig. 2).

Bio preservative efficacy of E. faecium‑immobilised 
alginate film against S. enterica
For testing the use of E. faecium Smr18 cells as food 
preservative, the viable cells were immobilised in 
sodium alginate film. The film so produced was trans-
lucent, flexible, cohesive and had smooth appearance. 
A section of the film was tested for antimicrobial activ-
ity by using agar spot assay. The film containing E. fae-
cium cells formed zone of inhibition against S. enterica, 
whereas film without E. faecium cells exhibited no anti-
microbial activity against S. enterica cells (Additional 
file 1: Fig. S3).

Further, the antimicrobial activity of E. faecium-con-
taining film was tested against S. enterica-inoculated 
chicken sample. Our results showed that on day 4, E. 
faecium-immobilised films reduced the CFU counts of 
S. enterica by 0.6 log10 as compared to films without 
E. faecium. On day 8 and day 16, the difference in the 
CFU10 counts in both the samples further increased by 
1.3 and 1.75 log10. Maximum reduction in the S. enter-
ica counts was obtained on day 34, when the number 
of CFUs decreased by 3.0 log10 CFU in the E. faecium-
immobilised films as compared to film without E. fae-
cium (Fig. 3).

Table 1  Antimicrobial activity of the CS, crude and purified ESmr18 of E. faecium against various pathogenic indicator bacteria

* S Sensitive

S+ zone of inhibition > 15 mm

S zone of inhibition < 15 mm

R Resistant No zone of inhibition

S. no Indicator bacteria Strain Zone of inhibition

CS Crude ESmr18 Purified 
ESmr18

1 L. monocytogenes NCIM5277 S* S+  S

2 Streptococcus pyogenes MTCC1927 S S+  S

3 S. enterica serotype Typhi MTCC733 S S+  S

4 S. enterica serotype Typhimurium MTCC1251 S S+  S

5 S. enterica serotype Typhimurium MTCC1252 S S+  S

6 Shigella flexneri NCIM5265 R R R

7 Escherichia coli NCIM5662 R R R

8 Klebsiella pneumonia NCIM5215 R R R

9 Pseudomonas aeruginosa NCIM2862 R R R

10 Staphylococcus aureus NCIM5718 R R R

Fig. 1  Effect of various enzymes on the antimicrobial activity of 
CS and purified ESmr18. CS and ESmr18 were treated with 1 mg/
ml of various enzymes for 1 h and the residual antimicrobial activity 
was tested by agar well diffusion assay after heat-inactivation of 
the enzymes. The untreated CS and ESmr18 were used as control. 
Error bars are representative of mean ± SD of the three independent 
experiments performed in triplicates. Letters a, b and c denote 
significant differences at p < 0.05

Fig. 2  Efflux of potassium ions from S. enterica and L. monocytogenes 
cells after the treatment of different concentrations of ESmr18. 
Untreated S. enterica and L. monocytogenes cells were used 
as controls. Error bars are representative of ± SD of the three 
independent experiments performed in triplicates
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Stability of the antimicrobial potential of crude enterocin
Stability of the crude ESmr18 dissolved in distilled water 
and in sodium acetate buffer (pH 4.5) was determined 
at 7–8 ˚C at different time points. The antimicrobial 
activity of the crude ESmr18 dissolved in distilled water 
remained stable till 6th day (6488 AU/ml). On 12th day 
of storage, the antimicrobial activity was reduced by 

50% and after 24 days the activity became negligibly low 
(Fig. 4a). On the other hand, in sodium acetate buffer, the 
activity remained stable till 60 days of storage at 7–8 °C. 
After 60 days, the antimicrobial activity decreased to half 
and remained constant till 180 days (Fig. 4b).

The stability of CS and crude ESmr18 at different pH 
and temperature was determined. Results in Additional 
file 1: Table S1 showed that both CS and Esmr18 retained 
the antimicrobial activities at pH 4, 6 and 8; however, at 
acidic pH 2 and at alkaline pH 10, both lost their activi-
ties. Further, temperature stability of CS and crude 
ESmr18 was tested by exposing to different tempera-
ture treatments for 90 min. Crude Esmr18 was stable at 
temperatures as high as autoclaving (Additional file  1: 
Table S1); however, at temperature above 80 °C the activ-
ity was reduced as shown by smaller zones of inhibition. 
On the other hand, CS was stable at temperature 60, 80 
and 100 °C but not to autoclaving.

Preservative effect of crude ESmr18 of on S. 
enterica‑inoculated chicken meat
The CFU counts of S. enterica were determined in fresh 
chicken meat samples inoculated with 7.0 log10 CFU/g 
of S. enterica cells in the presence or absence of crude 
ESmr18 at different time points. In untreated chicken 
meat samples, the counts of S. enterica increased by 1.6 
log10 CFU/g on day 7 as compared to the initial count of 
7.0 log10 CFU/g and they peaked (8.5 log10 CFU/g) on 
day 21, followed by 1 log10 decrease on day 35. However, 
in the case of ESmr18-treated samples, the Salmonella 
counts decreased by 3.0 log10 CFU as soon as 1 h after the 
addition of the enterocin. The differences in the counts of 
S. enterica in ESmr18-treated and untreated controls fur-
ther increased to 3.75 log10 CFU on day7, 4.7 log10 CFU 
on day 21 and 3.9 log10 CFU on day 35 (Fig. 5).

Fig. 3  Viable counts of S. enterica in chicken samples when stored at 
7–8 ºC covered with films with and without viable cells of E. faecium. 
Error bars are representative of mean ± SD of the three independent 
experiments performed in triplicates. aIndicates significant (p < 0.05) 
difference between E. faecium and without E. faecium-treated 
samples of the same day

Fig.4  Stability profile of crude ESmr18 stored at (7–8 °C) (a) in 
distilled water (b) sodium acetate buffer and tested in terms of its 
antimicrobial activity against S. enterica. Error bars are representative 
of mean ± SD of the experiment performed in triplicates. aIndicates 
data significantly (p < 0.05) different from the activity on day 0
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Fig. 5  The viable cell counts of Salmonella in S. enterica-inoculated 
chicken meat samples treated with sodium acetate buffer (vehicle) 
and crude ESmr18 stored at 7 °C. Error bars are representative of 
mean ± SD of the three independent experiments performed in 
triplicates. aIndicates significant (p < 0.05) difference on different days 
when compared with respective controls
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Evaluation of biosafety of crude ESmr18 in vitro and in vivo
The safety evaluation of ESmr18 was done in  vitro by 
using hemolytic assay against human RBCs. When com-
pared to the phosphate buffer saline (PBS)-treated nega-
tive control, purified ESmr18 at the maximum dose of 
4.98  µg/ml caused no significant hemolysis of RBCs 
(Additional file 1: Fig. S4). On the other hand, treatment 
of RBCs with 1% Triton X-100 (positive control) resulted 
in 98% hemolysis.

The acute toxicity of crude ESmr18 in C. mrigala was 
determined after oral administration of the enterocin for 
four days. No mortality was observed in any of the groups 
till 96 h exposure. In addition, no stress indicators, such 
as anorexia, lethargy, exophthalmia, irregular swimming, 
gasping at the surface, skin irritations, or changes in body 
colour were observed in any of the groups. The fishes in 
all the groups swam actively throughout the experiment.

Biochemical analysis
Liver and kidney function tests were conducted on the 
sera of orally administered ESmr18, VC and UC groups 
(Table  2). There was a non-significant (p < 0.05) differ-
ence in the liver and kidney parameters between the 
ESmr-treated, VC and UC groups. In ESmr18 group, the 
% change over control was maximum (−  16%) for pro-
tein and minimum (0%) for bilirubin. Whereas, in the VC 
group, % change over control was highest for Direct (D) 
bilirubin (30%) and minimum (0%) for creatinine.

Comet assay
Some strains of enterococci are known to secrete cyto-
lytic proteins that may show DNA damage (York 2022). 
Therefore, the in vivo genotoxicity of the crude ESmr18 
was determined by performing comet assay on blood, 
liver and kidney cells of C. mrigala. Three parameters 
i.e., TL, % tail DNA and TM were determined for assess-
ing the DNA damage. There were non-significant dif-
ferences in the average values of TL (Fig.  6a), tail DNA 
(Fig. 6b) and TM (Fig. 6c) between the 3 groups i.e., UT, 

VC and ESmr18-treated. Highest values of TL and TM 
were observed in kidney of VC group and liver of ESmr18 
group, respectively. The microscopic images of the blood, 
liver and kidney cells do not show any cell damages 
(Fig. 7).

Micronucleus test
The micronucleus test is a nucleo-cellular abnormality 
assay. This test is used in toxicological studies for screen-
ing of genotoxic compounds for observing various types 
of aberrant cells (AC) like micronuclei, necrotic cells, 
lobed nucleus, and notched nucleus. Mean frequency 
of AC in the UT, VC and crude ESmr18 treated groups 
were 51 ± 7.549, 54 ± 7.937 and 59.6 ± 8.020/10,000 cells, 
respectively. Similarly, micronuclei frequency in UT, 
VC and crude ESmr18 treated group was 2.33 ± 0.577, 
2.33 ± 0.577 and 2.66 ± 0.577. Non-significant differences 
were observed in AC and micronuclei cell frequency 
between the three groups (Fig. 8).

Discussion
Animal-derived foods, such as poultry, and seafood, are 
susceptible to easy bacterial spoilage due to high water 
activity, favourable pH, and high nutrient content. Path-
ogenic microorganisms such as E. coli, Salmonella spp., 
Campylobacter spp., and L. monocytogenes can be com-
monly isolated from chicken and meat (Bohaychuk et al. 
2006) that caused several food borne outbreaks (Morton 
et al. 2019; Mead et al. 2006; Nørrung and Buncic 2008). 
Thus, to prevent infections, raw animal-foods are treated 
with various chemical preservatives such as chlorine, 
nitrites, sodium chlorite and hypochlorite etc. These 
chemicals cause oxidative reactions in meat leading to 
adverse changes in the nutrient quality and the taste of 
the food. Secondly, they are also known to result in the 
formation of carcinogenic compounds in the treated food 
(Honikel 2008). Thus, safe bio preservatives are highly 
warranted.

Table 2  Biochemical analysis of serum samples of C. mrigala 

Data expressed as mean ± S.D. (n = 6). UT: Untreated healthy control; VC: vehicle control; ESmr18: crude ESmr18 treated. Values in parenthesis are percent change over 
control

− indicates decrease over control

+ indicates increase over control

Group SGPT U/L SGOT U/L ALP U/L T. Billuribin 
mg/dl

D. Bilirubin 
mg/dl

Protein g/dl Urea mg/dl Creatinine 
mg/dl

Albumin g/dl

UT 7.3 ± 0.95 76 ± 6.24 97.33 ± 3.50 3.1 ± 0.2 0.73 ± 0.15 2.66 ± 0.57 12.36 ± 1.75 0.26 ± 0.025 0.93 ± 0.152

VC 7.4 ± 0.99 
(+ 1.36%)

76.65 ± 3.5 
(+ 0.85%)

96.33 ± 3.20 
(− 1.02%)

2.9 ± 0.4 
(− 6.45%)

0.95 ± 0.22 
(+ 30%)

2.33 ± 0.29 
(− 12%)

12.66 ± 1.10 
(+ 12.42%)

0.26 ± 0.011 
(0%)

0.90 ± 0.1 
(− 3.22%)

ESmr18 7.52 ± 1.0 
(+ 3.01%)

73.63 ± 4.5 
(− 3.11%)

97.66 ± 6.65 
(+ 0.33%)

2.8 ± 0.55 
(− 9.6%)

0.73 ± 0.15 
(0%)

2.23 ± 0.30 
(− 16.16%)

13.4 ± 0.65 
(+ 8.41%)

0.24 ± 0.005 
(− 7.69%)

1.03 ± 0.057 
(+ 10.75)
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Natural preservatives such as LAB and their bacteri-
ocins (Yu et al. 2021) are being explored for food pres-
ervation and in antimicrobial food packaging systems. 
Number of studies have shown the applications of 
Lactobacillus spp. and their bacteriocins in food pres-
ervation for inhibiting the growth of Gram-positive 
pathogenic bacteria such as Listeria spp. (Woraprayote 
et  al. 2018). However, the use of bacteriocinogenic 
strains and bacteriocins in food for inhibiting Salmo-
nella spp. has not been explored much. This is prob-
ably because most of the bacteriocins secreted by LAB 
do not have activities against Gram-negative bacte-
ria including Salmonella spp. Among LAB bacterioc-
ins, few enterocins exhibit broad-spectrum activities 
against both Gram-positive and Gram-negative bacteria 
(Kasimin et al. 2022; Sharma et al. 2021) and therefore 
should be explored as food preservative. Enterococci 
spp. are commonly isolated from fermented cheese 
(Centeno et al. 1996) and used as starter cuture in other 
milk products (Wessels et al. 1990; Giraffa et al. 1997), 
where they impart characteristic flavour. Some strains 
of E. faecium such as SF68 etc. are also being used as 

probiotics for improving the health of humans and live-
stock (Franz et al. 2011).

In this study, E. faecium Smr18 and its enterocin 
ESmr18 was evaluated for its potential as an antimi-
crobial agent in food packaging and biopreservation of 
chicken, respectively. The nonpathogenicity of the isolate 
E. faecium Smr18, was determined by evaluating its sus-
ceptibility to antibiotics. Antibiotic susceptibility profile 
of the Enterococcal isolate can be used to differentiate the 
commensal nonpathogenic (belonging to clade B) iso-
lates of enterococci from the clinical isolates that belong 
to clade A as 80% of the pathogenic clinical E. faecium 
strains are vancomycin-resistant and 90% are resistant 
to ampicillin (Hidron et al. 2008; Lebreton et al. 2013). E. 
faecium Smr18 was tested for its antibiotic susceptibility 
profile by using Kirby Bauer disk diffusion method that 
revealed that the strain was susceptible to the antibiot-
ics ampicillin, penicillin-G, vancomycin, and erythromy-
cin (data not shown). Further, the strain Smr18 secretes 
enterocin in the CS as evidenced by complete abrogation 
of its antimicrobial activity after treatment with pro-
teolytic enzymes. On the other hand, catalase and lipase 

Fig. 6  Effect of crude ESmr18 on tail length (a) % tail DNA (b) and tail moment (c) in blood, liver, and kidney cells of C. mrigala. Error bars are 
representative of mean ± SD of the experiment performed in triplicates. aIndicates significant (p < 0.05) difference of the treated groups when 
compared with control
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treatment had no effects on its antimicrobial activity. 
Further, we purified enterocin ESmr18 of 3.8  kDa that 
has antimicrobial activity against both Gram-positive 

and Gram-negative pathogens. Unlike other LAB bac-
teriocins that mostly inhibit Gram-positive bacteria, 
enterocins are known to inhibit Gram-negative bacteria 

Fig. 7  Comet assay of the blood, liver, and kidney cells of C. mrigala. UT: untreated; VC: vehicle control; ESmr18; crude ESmr18 treated. Error bars are 
representative of mean ± SD of the experiment performed in triplicates

Fig. 8  Nucleo-cellular abnormalities in the blood cells of C. mrigala (a) normal cells (b) micronuclei (c) necrotic cell (d) lobed nucleus
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also. Anti-salmonella activity of few enterocins from 
E. faecium has been reported previously. Enterocin B 
purified from E. faecium por1 had molecular weight of 
7.2 kDa and it inhibited S. typhi and S. enterica (Ankaiah 
et al. 2018). Similarly, enterocin E-760 having molecular 
weight of 5.3 kDa inhibited several strains of S. enterica 
(Line et al. 2008).

Further, the mode of action of the purified ESmr18 
was studied that showed that the treatment of S. enter-
ica and L. monocytogenes cells with purified ESmr18 
at the MIC value  (3.2 µg/ml) altered the cell membrane 
permeability in both the cases that resulted in efflux of 
potassium ions in the extracellular medium. The con-
centration of potassium ions peaked faster (10  min) 
in case of L. monocytogenes as compared to S. enterica 
cells, where the peak was obtained at 20  min. This can 
be explained by the presence of outer cell membrane in 
the cell wall of Gram-negative bacteria that acts as bar-
rier to the enterocin. Similarly, bacteriocin produced by 
L. plantarum i.e., plantaricin MG caused peak efflux of 
potassium ions from S. enterica cells at 30  min (Gong 
et al. 2010). In another study, lacticin was shown to dis-
rupt the cell membrane permeability of L. monocytogenes 
resulting in rapid efflux of potassium ions that peaked 
at 2.5  min (McAuliffe et  al. 1998). However, in a recent 
study enterocin HDX-2 at 1X MIC (5 µg/ml) was shown 
to cause maximum efflux of potassium ions from L. 
monocytogenes cells at 160 min (Du et al. 2022).

In this study, E. faecium was immobilized in sodium 
alginate film and the film was tested for the first time 
against S. enterica-infected chicken. Sodium alginate is 
a polysaccharide produced by brown algae that is edible, 
non-toxic, biodegradable and bio compatible (Stephen 
et  al. 2016). An added advantage of storing meat prod-
ucts in alginate films is that it prevents the surface dry-
ing along with weight loss in meat during storage (Silva 
et al. 2022). Our results showed that there was constant 
reduction in the CFU counts of Salmonella in E. faecium 
immobilized film as compared to control film with time. 
Maximum reduction of 3.0 log10 CFU was observed on 
34th day of storage at 7–8 °C. Our results are in accord-
ance with previously reported study, wherein, 3.0 log10 
reduction in counts of L. monocytogenes was reported by 
sodium alginate film containing Carnobacterium spp. on 
day 28 (Concha-Meyer et al. 2011). Silva et al. (2022) also 
reported 1.2 log10 CFU reduction of L. monocytogenes on 
8th day of storage in alginate film containing Lactococcus 
lactis and Lc. garvieae as compared to control.

Physico-chemical stability studies revealed that 
the antimicrobial activities of both CS and the crude 
enterocin was stable at pH ranging from 4 to 8 and at 
temperatures upto 100  °C. Crude enterocin could resist 
autoclaving for 40 min. Further, we studied the stability 

of crude ESmr18 in water and sodium acetate buffer at 
7  °C. As the antimicrobial activity of crude ESmr18 dis-
solved in sodium acetate buffer was stable at 7–8 °C for 
6  months, we tested its effect on S. enterica counts in 
chicken meat stored at 7 °C. Results showed a significant 
decrease ranging between 2.9 log10 CFU to 3.9 log10 CFU 
in Salmonella counts in enterocin-treated chicken sam-
ples as compared to untreated controls at all time points 
starting as soon as 1 h of the treatment till day 35. Simi-
lar to our studies, Ananou et al. (2010) showed significant 
reduction in the counts of S. enterica (2 log10 CFU) and 
L. monocytogenes (1.87 log10 CFU) on day 10 following 
addition of purified enterocin AS-48 in fermented sau-
sage, fuet. However, in another study, AS-48 alone had 
no effect on the CFU counts of S. enterica inoculated as 
a cocktail of 5 different strains in Russian salad (Cobo 
Molinos et  al. 2009). In another study, a formulation 
containing enterocins A and B used as preservative to 
sausages inoculated artificially with S. enterica at 3 log10 
CFU and stored at 7  °C did not inhibit the growth of S. 
enterica (Jofre et al. 2009).

Next, the biosafety of ESmr18 was tested in an in vitro 
and an in  vivo assay in a fish model. ESmr18 treatment 
of human RBCs resulted in 4.8% hemolysis at the highest 
tested dose of 4.98 µg/ ml. The lytic effect of ESmr18 was 
lower than that reported previously for other enterocins 
S37 (74.2% at 10 µg/ ml; Belguesmia et al. 2011) and P40 
(19% at 2.5  µg/ ml; Vaucher et  al. 2010a) but compara-
ble to that caused by nisin (6% at 3.35 µg/ ml; Shin et al. 
2015) and P34 (5.84% at 2.5 µg/ ml; Vaucher et al. 2010b).

Further, in  vivo safety of orally administered ESmr18 
was tested as it is a low molecular weight peptide, and 
it is known that small molecules of less than 4 kDa size 
can easily transit gut epithelial barrier (Dreyer et  al. 
2019). Fish is a popular model to study the in vivo toxic-
ity of chemicals as it shows rapid response to chemicals, 
and the results of the experiment could be fairly extrap-
olated to humans (Demicco et al. 2010). C. mrigala was 
used for the in vivo experiments as it is readily available 
locally, and the biochemical profile of its sera is well stud-
ied (Ghayyur et  al. 2021). Our results showed that oral 
administration of crude ESmr18 for four days to fish at 
a dose of 700 µg did not cause any significant changes in 
the liver and kidney biochemistry of the fish as compared 
to the vehicle-treated and normal control. Further, acute 
dosing of partially purified ESmr18 did not induce any 
genotoxicity in fish as shown by micronucleus and comet 
assay. Both these assays detect DNA damage in several 
tissues from one specimen at the same time. Similar to 
our studies, the toxicity of enterocin AS-48 was stud-
ied in zebra fish and Balb/c mouse model Cebrián et al. 
(2019). The study showed that the maximum tolerated 
dose at which no lethality was observed was 10 µg/ml. In 
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mouse model, intraperitoneal injection of AS-48 at a high 
dose of 500  µg/g induced an alteration in biochemical 
parameters that reverted back to normal within 7  days. 
Baños et  al. (2019) administrated 100  µg/ ml AS-48 to 
trout fish for 96  h and observed no toxicity or appar-
ent signs of stress. The nontoxicity of ESmr18 combined 
with its broad spectrum activity makes it a promising 
candidate for use as safe biopreservative in foods stored 
under refrigeration conditions. Further experiments are 
required to determine the maximum tolerated doses of 
ESmr18 in animal models before its approval.

In conclusion, our study showed that E. faecium Smr18 
secretes 3.8  kDa enterocin that inhibits pathogens by 
altering the cell membrane permeability. Enterocinogenic 
strain Smr18 was used in antimicrobial food packaging 
system that was shown for the first time to inhibit Salmo-
nella contamination in chicken meat stored at refrigera-
tion temperature (7–8 °C). The sodium alginate film used 
for the immobilisation of enterococci allowed the diffu-
sion of the enterocin in the chicken samples that effec-
tively inhibited the growth of Salmonella for 34 days. The 
direct addition of crude ESmr18 was equally efficient in 
inhibiting the growth of S. enterica in chicken samples 
stored at 7–8 °C for nearly 1 month. Further, ESmr18 did 
not cause hemolysis in human RBCs and was found safe 
when orally administered at high doses to fish.
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