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Abstract Bacteriocins are being used as new food
biopreservative agents. In general, bacteriocins produced
by Gram-positive bacteria are active against other Gram-
positive. Basically, the same principle applies to those pro-
duced by Gram-negative bacteria. They have a restricted
spectrum of action against related bacteria to those that
produce the bacteriocin. Therefore, other hurdles or chem-
ical preservatives are necessary to apply to broaden the
spectrum of action of bacteriocins in foods. This is a further
and deeper study of the possible application of the hybrid
wide-spectrum bacteriocin named Ent35-MccV in food. Its
antimicrobial activity was assayed in skim milk and patties
as food models against Listeria monocytogenes and
Escherichia coli. The influence of the temperature and di-
gestive proteases on its biological activity and its antimi-
crobial activity was tested in vitro on a variety of pathogen-
ic and food spoilage bacteria. The results showed that
Ent35-MccV could inhibit the growth of both the Gram-
positive L. monocytogenes and the Gram-negative E. coli
in model food, and its activity was not affected by heating
conditions including autoclaving. E. coli strains and
Listeria spp. are the most affected bacteria, but Ent35-
MccV showed antimicrobial activity against some strain

of Salmonella spp., Staphylococcus epidermidis, Entero-
bacter aerogenes, Morganella morgani, Proteus mirabilis,
Shigella boydii, Shigella flexneri, and Shigella sonnei.

Keywords Microcin . Bacteriocin . Biopreservation . Hybrid
bacteriocin

Introduction

Foodborne illness results from the consumption of contam-
inated foods or water. Of the diseases caused by pathogens,
those produced by bacteria are of particular concern be-
cause they can often be fatal. The pathogenic Gram-
positive Listeria monocytogenes and the Gram-negative
Salmonella spp. cause the highest number of deaths (Ray
and Bhunia 2007). During the last years, the emergence of
alarming outbreaks of Gram-negative enteropathogenic
strains of Escherichia coli produced a great impact on the
public health authorities of countries around the world.
Enterohemorrhagic E. coli (EHEC) produces bloody diar-
rhea (Turner 2011). Sometimes, patients develop the dan-
gerous illness named hemolytic-uremic syndrome (WHO
2011).

Foodborne illnesses can be avoided by instrumenting
appropriate processing of food as described in the Codex
Alimentarius (WHO/FAO) and carrying out Hazard Analy-
sis and the Control of Critical Points (HACCP). In this
scenario, the application of hurdle technology to improve
the safety of food is gaining grounds for processing
(Leistner 1978). In this approach, foods are subjected to
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various mild treatments such as light pulses, food irradia-
tion, modified atmosphere packaging, high hydrostatic pres-
sure, and high-intensity pulsed electric fields with the aim that
each of them represents a barrier to the survival of pathogenic
and spoilage microorganisms that may be present in raw foods
(Chen et al. 2004; Jin et al. 2009; Metaxopoulos et al. 2002;
Uesugi and Moraru 2009). The goal of this strategy is to in-
crease the shelf life and the microbiological safety of proc-
essed foods without affecting the nutritional and organoleptic
qualities. Further hurdles are being developed that will allow,
if applied intelligently, a reduction of production costs and
will improve the quality of industrial products (Leistner and
Grahame 2005).

Bacteriocins from lactic acid bacteria are being considered
a serious candidate to be employed as biopreservatives for
food products. Currently, only two of the over 170 bacterio-
cins characterized so far are used as food biopreservatives in
the food industry (Calo-Mata et al. 2008; Hammami et al.
2010).

The lantibiotic nisin and the linear peptide pediocin PA-1
belonging to class I and class II bacteriocins, respectively,
are the only bacteriocins approved to be employed in foods
(Cotter et al. 2005). Bacteriocins from lactic acid bacteria
(LAB) have been extensively characterized. They are active
principally on Gram-positive bacteria phylogenetically re-
lated to the producer bacteria, including the opportunistic
pathogen L. monocytogenes. However, these bacteriocins
are generally not active against E. coli or other Gram-
negative bacteria. Only a few bacteriocins, as the cyclic
peptide enterocin AS-48 are active against Gram-negative
and Gram-positive bacteria in foods when employed mixed
with EDTA or another hurdle (Sánchez-Hidalgo et al.
2011).

Recently, the construction of the chimerical bacterio-
cin named Ent35-MccV, a hybrid peptide, was reported.
The linear class II bacteriocin enterocin CRL35, pro-
duced by Enterococcus mundtii CRL35, was linked to
the N-terminal of the linear microcin V, produced by
E. coli through a hinge of three glycine residues. The
hybrid bacteriocin combines in a single molecule the
antilisterial activity of enterocin CRL35 and the anti-
E. coli activity of microcin V. Such hybrid bacteriocin
proved to be active against pathogenic strains of
L. monocytogenes and E. coli O157:H7 (Acuña et al.
2012).

The purpose of this work is to expand the studies on the
antimicrobial spectrum of the hybrid bacteriocin Ent35-
MccV against foodborne pathogenic and spoilage bacteria,
including different species of Listeria, Gram-negative path-
ogens, and histamine-producing strains. Moreover, the ef-
fect of high temperature and digestive proteases on the bi-
ological activity were tested here and the application as a
biopreservative agent on milk and patties as food models.

Material and Methods

Bacteriocin Purification

Ent35-MccV and microcin V were purified as previously de-
scribed (Acuña et al. 2012; Fath et al. 1994). The strainsE. coli
BL21 [DE3] (pLysS) (pMA24) and E. coliMC4100 (pHK11)
were used to produce Ent35-MccV and microcin V, respec-
tively. Enterocin CRL35 was chemically synthesized (Bio-
Synthesis, Lewisville, TX, USA), based on the amino acid
sequence of the mature bacteriocin and was a generous gift
from Lucila Saavedra (Saavedra et al. 2004). Bacteriocin con-
centrations were calculated by serial twofold dilutions spot-
ting 10 μl on plate count agar (PCA) (Oxoid, Hampshire,
England) using E. coliATCC 13706 as the indicator organism
for both Ent35-MccV and microcin V. L. monocytogenes
CECT 4032was used as indicator for enterocin CRL35. Plates
were incubated at 37 °C for 24 h. One arbitrary unity (AU)
was defined as the reciprocal of the highest dilution that
showed a zone of inhibition with at least 5-mm diameter.
Protein concentration was determined using Quant-iT™ Pro-
tein Assay Kit (Invitrogen, Paisley, UK).

Antimicrobial Spectrum, Bacterial Strains, and Media

The antimicrobial activity was determined against 99 strains
by the agar well diffusion assay (see Table 1). Drops of each
purified peptide (10 μl, 1000 AU/ml) were spotted in a plate
of agar culture medium. Once the droplets were absorbed, the
plate was covered with 5 ml of 0.6 % agar previously inocu-
lated with 106 cells of the strain to test its sensitivity. The
incubation was carried out over night, and the antimicrobial
activity was evaluated by measuring the diameter of the inhi-
bition halos. The microorganisms used for evaluation of anti-
microbial activities and culture conditions are listed in Table 1.
The cultures media used were Plate Count Agar (PCA) (PCA)
(Oxoid), de Man, Rogosa and Sharpe (MRS) (Liofilchem, TE,
Italy), Brain-Heart Infusion (BHI) (Oxoid), Marine (Cultimed,
Barcelona, Spain), and Luria Bertani (LB) (Sigma Chemical
Co., St Louis, USA). Fluorocult Violet Red Bile (VRB) (Merck,
Darmstadt, Germany) and Palcam Listeria agar base (Merck,
Darmstadt, Germany) were used as selective media to E. coli
and L. monocytogenes, respectively. Experiments to test bacteri-
ocin stability and those carried out in complex media, skimmilk,
and patties were performed with the strains L. monocytogenes
CECT 4032 or E. coli ATCC 13706. They are referred to as
E. coli or L. monocytogenes throughout the manuscript.

Enzyme Sensitivity and Heat Stability

Trypsin, chymotrypsin, proteinase K (pH 7.4), and pepsin (pH
2.4) obtained from Sigma were used to treat Ent35-MccV. All
enzymes were employed at a final concentration of 5.0 mg/ml
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Table 1 Inhibitory spectrum of Ent35-MccVand parental bacteriocins

Indicator species Strain Source Culture media/temp Inhibitory activitya

Ent35-MccV MccV Ent35b

Gram-positive

Bacillus cereus ATCC 14893 CECT PCA/30 °C − − −
Bacillus licheniformis ATCC 14580 CECT PCA/37 °C − − −
Bacillus pumilus ATCC 7061 CECT PCA/30 °C − − −
Bacillus subtilis ATCC 6633 CECT PCA/30 °C − − −
Bacillus thuringiensis ATCC 10792 CECT PCA/30 °C − − −
Carnobacterium divergens ATCC35677 CECT PCA/37 °C − − ++

Clostridium botulinim ATCC 19397 CECT PCA/37 °C − − −
Clostridium perfringens ATCC 10543 CECT PCA/37 °C − − −
Lactobacillus sp. 30A* ATCC 33222 ATCC MRS/37 °C +++ − −
Listeria innocua 4L1Pe INRA BHI/37 °C − − −
L. innocua SR 215 IHT BHI/37 °C − − −
L innocua ATCC 33090 CECT BHI/37 °C +++ − +++

Listeria ivanovii ATCC 19119 CECT BHI/37 °C +++ − +++

Listeria monocytogenes CECT 4031 CECT BHI/37 °C +++ − +++

L. monocytogenes CECT 4032 CECT BHI/37 °C +++ − +++

L. monocytogenes CECT 934 CECT BHI/37 °C +++ − +++

L. monocytogenes FBUNT2 FBQF BHI/37 °C +++ − +++

L. monocytogenes Li01 LHICA-FI BHI/37 °C +++ − +++

L. monocytogenes Li02 LHICA-FI BHI/37 °C +++ − ++

L. monocytogenes Li03 LHICA-FI BHI/37 °C +++ − ++

L. monocytogenes Li04 LHICA-FI BHI/37 °C +++ − ++

Listeria seeligeri ATCC 35967 CECT BHI/37 °C +++ − +++

Listeria welshimeri ATCC 35897 CECT BHI/37 °C +++ − +++

Staphylococcus epidermidis FBUNT2 FBQF-CI LB/37 °C +++ − ++

Staphylococcus xylosus* ATCC 29971 CECT PCA/37 °C − − −
Gram-negative

Acinetobacter baumannii FBUNT1 MALBRAN-CI PCA/37 °C − − −
Acinetobacter baumannii ATCC 15308 CECT PCA/37 °C − − −
Aeromonas hydrophila* ATCC 7966 CECT BHI/30 °C − − −
Citrobacter freundii* ATCC 8090 CECT BHI/37 °C − − −
Enterobacter aerogenes* ATCC 13048 CECT PCA/30 °C + − −
Enterobacter cloacae* ATCC 13047 CECT PCA/30 °C − − −
Enterobacter sakazakii ATCC29544 CECT PCA/37 °C − − −
Escherichia coli O157:H7 CECT 4267 CECT PCA/37 °C + − −
E. coli O157:H7 CECT 4783 CECT PCA/37 °C + − −
E. coli ATCC 13706 CECT PCA/37 °C +++ ++ −
E. coli D03 LHICA-FI PCA/37 °C ++ +++ −
E. coli D05 LHICA-FI PCA/37 °C +++ + −
E. coli D16 LHICA-FI PCA/37 °C ++ + −
E. coli D41 LHICA-FI PCA/37 °C +++ ++ −
E. coli D73 LHICA-FI PCA/37 °C +++ ++ −
E. coli D79 LHICA-FI PCA/37 °C +++ ++ −
E. coli D83 LHICA-FI PCA/37 °C ++ − −
E. coli E41 LHICA-FI PCA/37 °C ++ + −
E. coli E43 LHICA-FI PCA/37 °C − ++ −
E. coli EC35 LHICA-FI PCA/37 °C ++ +++ −
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Table 1 (continued)

Indicator species Strain Source Culture media/temp Inhibitory activitya

Ent35-MccV MccV Ent35b

E. coli EC44 LHICA-FI PCA/37 °C ++ − −
E. coli EC114 LHICA-FI PCA/37 °C +/− − −
E. coli S39 LHICA-FI PCA/37 °C + ++ −
E. coli S58 LHICA-FI PCA/37 °C + + −
E. coli S139 LHICA-FI PCA/37 °C +/− ++ −
E. coli Esc11 IP PCA/37 °C ++ +++ −
E. coli NCTC 50365 NCTC PCA/37 °C +++ +++ −
E. coli NCTC 50271 NCTC PCA/37 °C ++ − −
Hafnia alvei* ATCC 9760 CECT BHI/30 °C − − −
Klebsiella oxytoca ATCC 13182 CECT PCA/37 °C − − −
Klebsiella pneumoniae* ATCC 10031 CECT BHI/37 °C − − −
Morganella morgani ATCC 8076H CECT PCA/30 °C ++ − −
M. morgani* BM56 UAB PCA/30 °C − − −
Pantoea aglomerans ATCC 27155 CECT PCA/30 °C − + −
Photobacterium damselae* ATCC 33539 CECT BHI/30 °C − −
Proteus mirabilis* ATCC 14153 CECT PCA/37 °C ++ − −
Proteus penneri ATCC 33519 CECT PCA/37 °C − − −
Proteus vulgaris* ATCC 9484 CECT BHI/37 °C − − −
Providencia rettgeri ATCC 29944 CECT PCA/37 °C − − −
Providencia stuartii ATCC 29914 CECT PCA/37 °C − − −
Pseudomonas aeruginosa FBUNT1 FBQF PCA/37 °C − − −
Pseudomonas fluorescens ATCC 13525 CECT PCA/30 °C − − −
Pseudomonas frágil ATCC 4873 CECT PCA/30 °C − − −
Pseudomonas putida ATCC 12633 CECT PCA/30 °C − − −
Pseudomonas syringae ATCC 19310 CECT PCA/30 °C − − −
Roultella planticola* ATCC 33531 CECT BHI/30 °C − − −
Salmonella enterica ATCC 4931 CECT PCA/37 °C − − −
Salmonella enterica arizonae CECT 4395 CECT PCA/37 °C − − −
Salmonella enterica Enteritidis CECT 4300 CECT PCA/37 °C − − −
Salmonella enterica Enteritidis CECT 4396 CECT PCA/37 °C − − −
Salmonella enterica Thypimurium CECT 4594 CECT PCA/37 °C − − −
Salmonella enterica houtenae CECT 5326 CECT PCA/37 °C + ++ −
Salmonella enterica salamae ATCC 43972 CECT PCA/37 °C +/− − −
Salmonella enterica spp. Sal1 LHICA-FI PCA/37 °C − − −
Salmonella enterica spp. Sal2 LHICA-FI PCA/37 °C +/− − −
Salmonella enterica spp. Sal3 LHICA-FI PCA/37 °C − − −
Salmonella enterica spp. Sal4 LHICA-FI PCA/37 °C − − −
Salmonella enterica spp. Sal5 LHICA-FI PCA/37 °C − − −
Salmonella enterica Virchou C2 FI PCA/37 °C ++ ++ −
Serratia liquefaciens ATCC 12926 CECT PCA/30 °C − − −
Stenotrophomonas maltophilia ATCC 13637 CECT PCA/30 °C − − −
Stenotrophomonas maltophilia* 25MC6 LHICA-FI PCA/30 °C − − −
Stenotrophomonas maltophilia* 15MF LHICA-FI PCA/30 °C − ++ −
Vibrio alginolyticus ATCC 17749 CECT Marine/30 °C − − −
Vibrio parahaemolyticus ATCC 17802 CECT BHI/37 °C − − −
Vibrio vulnificus ATCC 27562 CECT Marine/30 °C − − −
Shewanella algae ATCC 51192 CECT BHI/30 °C − − −
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(Wulijideligen et al. 2012). The reaction mixtures for each
enzyme were incubated for 2 h at 37 °C, and a control was
prepared without enzyme. To test heat stability, Ent35-MccV
was exposed to different temperatures (50, 60, 70, 80, 90, and
100 °C for 10 min and sterilization treatment 121 °C,
0.10 MPa for 15 min). To ensure a fast and efficient heat
transfer, the assays were performed using 0.2-ml thin-walled
PCR tubes (Eppendorf, Hamburg, Germany). Test tubes were
dipped in a preheated water bath at the set temperature or
autoclaved. Samples were taken from the hot water bath and
were immersed in an ice bath, except for when they were
autoclaved. The residual antimicrobial activity was evaluated
against L. monocytogenes and E. coli by the agar well diffu-
sion assay.

Determination of Minimal Inhibitory Concentration
and Minimum Bactericidal Concentration in Complex Media

The minimal inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) of Ent35-MccV were tested
in BHI broth (Oxoid) and sterile skim milk 10 % w/v (Central
Lechera Asturiana, Oviedo, Spain). E. coli ATCC 13706 and
L. monocytogenes CECT 4032 were used as indicator Gram-
negative and Gram-positive strains, respectively. MIC was
performed in duplicates with a 96-well microtiter plate. The
concentration range tested was from 2 to 500 AU/ml prepared
from a stock bacteriocin Ent35-MccV solution titrated against
E. coli ATCC 13706. The media was inoculated with ∼104

cells of the sensitive strains. Positive growth controls were
included in wells lacking the antimicrobial compound tested.

MIC was defined as the lowest dilution of bacteriocin that
inhibited growth of the indicator strain after 24 h of incubation
at 37 °C. The MBC was calculated by performing viable cell
counts after 24 h of incubation at 37 °C for both pathogens.
Since L. monocytogenes is able to grow at low temperatures,
MBC was additionally studied at 4 °C after 7 days of incuba-
tion. In order to do this, aliquots of tenfold dilutions of each
solution were plated onto selective agar plates after incuba-
tion. Plates containing between 30 and 300 colony forming
units (CFUs) were considered for counting. The MBC was
defined as the minimum concentration of Ent35-MccV that
produced a ≥99.9 % reduction of the original inoculum.

Antimicrobial Activity of Ent35-MccV in Contaminated Food
Products

Sterile Skim Milk

To determine the antibacterial activity of the hybrid bacterio-
cin Ent35-MccVagainst L. monocytogenes and E. coli in food
products, each bacteria was grown overnight in BHI medium
(Oxoid) at 37 °C prior to use using the cells for the antibacte-
rial activity assays. Ten milliliters of skim milk powder (Cen-
tral Lechera Asturiana) reconstituted in distilled water to 10 %
(w/v) and sterilized in autoclave were inoculated with ∼104

cells of L. monocytogenes or E. coli. The contaminated sam-
ples were treated with 125 or 250 AU of Ent35-MccV per
milliliter of milk. Two trials were conducted in parallel, incu-
bating the samples at 37 and 4 °C, respectively. Aliquots were
taken at different times and seeded in agar plates with selective

Table 1 (continued)

Indicator species Strain Source Culture media/temp Inhibitory activitya

Ent35-MccV MccV Ent35b

Shewanella baltica CECT 323 CECT BHI/30 °C − − −
Shewanella putrefaciens ATCC 8071 CECT BHI/30 °C − − −
Shigella boydii CECT 583 CECT PCA/37 °C ++ − −
Shigella dysenteriae ATCC 13313 CECT PCA/37 °C − − −
Shigella flexneri CECT 585 CECT PCA/37 °C + ++ −
Shigella sonnei ATCC 11060 CECT PCA/37 °C ++ ++ −
Yersinia enterocolitica CECT 500 CECT PCA/37 °C − − −

Strains that were sensitive to Ent35-MccVand not its parental bacteriocin or vice versa are underlined. Biogenic amine-producing bacterial species are
indicated with an asterisk (*)

CECT Spanish Type Culture Collection, ATCC American Type Culture Collection, INRA Jouy-en-Josas, France, IHT Institute of Hygiene and Toxi-
cology, Karlsruhe, Germany, FBQF Facultad de Bioquímica, Química y Farmacia. Universidad Nacional de Tucumán. Argentina, LHICA: Laboratorio
de Higiene, Inspección y Control de Alimentos, USC Spain, MALBRAN Administración Nacional de Laboratorios e Institutos de Salud (ANLIS) Dr.
Carlos Malbrán, Argentina, IP: Institut Pasteur, Paris, France, NCTC National Collection of Type Cultures, UK, UAB Universidad Autónoma de
Barcelona, FI food isolate, CI: clinical isolate
a Symbols represent relative activity by diffusion in agar, evaluated by measuring the average diameter (da) of inhibition zones: −, no inhibition; +, da<
5 mm; ++, 5 mm<da<10 mm; +++, da>10 mm; +/−, 5-mm turbid halo
b Ent35: enterocin CRL35
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medium to perform the viable counts as detailed in “Microbi-
ological Analysis” section.

The stability of Ent35-MccV in milk was evaluated in a
different assay. Milk samples treated with the peptide
(250 AU/ml) were kept at 4 °C. They were collected at differ-
ent times (0, 1, 2, 3, 4, 5, 7, and 10 days), inoculated with 104

cells/ml of each strain separately (L. monocytogenes orE. coli)
and incubated 6 h at 37 °C without agitation. Subsequently,
different dilutions were plated in their respective media plates,
incubated 24 h and the remaining viable cells counted.

Preparation of Ground Beef Patties and Experimental Design

Ground beef patties were prepared from quadriceps femoris
muscles obtained from a local supermarket as it was reported
previously (Castellano et al. 2011). Approximately 5 mm of
the beef surface were aseptically trimmed off to reduce the
initial numbers of resident microbiota. The beef was asepti-
cally ground with a sharp knife to form multiple 50–100-mm
diameter pieces, placed in sterile bags. Since most processed
meat products contain sodium chloride to bind ingredients,
stabilize and improve taste and color, 1 % (w/w) of NaCl
was added (Juneja et al. 2013). Finally, the ground meat was
inoculated with L. monocytogenes or E. coli 104 CFU/g. Pu-
rified Ent35-MccV was reconstituted in peptone water
(Merck) and added at a final concentration of 125 AU/g.
The bag was manually mixed, and the ground beef patties
(25 g) were aseptically weighed and hand-formed. Control
patties were prepared using the inoculated mixture treated
with peptone water. They were stored at 4 °C in sterile Petri
dishes for 10 days, as it was previously reported elsewhere
(Chounou et al. 2013). CFU were counted as described in
“Microbiological Analysis” section.

The stability of Ent35-MccV in patties was evaluated in a
similar way as it was done in milk (“Sterile Skim Milk” sec-
tion). Ground beef patties were mixed with 125 AU/g and
were kept at 4 °C. They were collected at different times,
inoculated with 104 cells/g of each strain separately
(L. monocytogenes or E. coli) and incubated 6 h at 37 °C
without agitation. Subsequently, different dilutions were plat-
ed in their respective selective media plates, incubated 24 h,
and the viable cells counted.

Microbiological Analysis

Each ground beef patty (25 g) from each experimental case
was aseptically transferred to a sterile stomacher bag, diluted
with 225 ml of sterile peptone water and homogenized for
2 min using a Mix2 Stomacher (AES Laboratories,
Combourg, France). Decimal dilutions were prepared in the
same diluents. To count E. coli cells, 1 ml of each dilution was
poured on Fluorocult® agar prepared as specified by the man-
ufacturer (Merck). After the agar solidified, the plates were

overlaid with 3–4 ml of melted Fluorocult® and incubated at
42 °C for 24 h. After incubation, pink to red colonies showing
blue florescence after exposure to a 365-nm ultraviolet lamp
were coun ted (Miranda e t a l . 2008) . To coun t
L. monocytogenes, 1 ml of each dilution was poured on
Palcam Listeria agar base (Merck, Darmstadt, Germany) and
incubated 24 h at 37 °C. The plates having between 30 and
300 CFU were selected for counting.

The procedure was similar to trials in milk. Decimal dilu-
tions were performed in peptone water, and the same culture
media were used for the viable cell count. The difference
between the CFU/ml (milk) or CFU/g (meat) in the samples
without bacteriocin and the CFU/ml or CFU/g in the samples
treated with bacteriocin at initial time (day 0), i.e., the highest
inhibitory capacity. Afterward, differences between
bacteriocin-treated and non-treated samples were calculated
for each time point, and stability assays were reported relative
to the initial inhibitory capacity of Ent35-MccV (day 0).

Data Analysis

All experiments in skimmilk and patties were performed three
times using different overnight bacteria cultures as inoculum
for each trial. Every independent assay was carried out in
duplicate. Data of CFU from duplicates were averaged first,
and then, the three averages of each individual experiment
were used to calculate the mean and standard deviation. The
colony-forming units and residual activity was plotted versus
time with the Origin 6.0 program (MicroCal Software, North-
ampton, USA), and the error bars presented indicate the stan-
dard deviation of the mean (shown only in the positive direc-
tion). Data were subjected to analysis of variance (ANOVA)
followed by Tukey’s test with Statistix 9.0 for Windows
(AnalyticalSoftware, Tallahassee, USA). Differences at p val-
ue of 0.05 were considered significant.

Results and Discussion

Antimicrobial Spectrum of the Hybrid Bacteriocin

The antimicrobial activity of Ent35-MccVand its component
bacteriocins microcin V and enterocin CRL35 were tested
over a wide range of bacteria; 54 bacterial species were
assayed, including 99 different strains belonging to 27 genera
and different serovars. Among these, previously reported
foodborne pathogens and food spoilage bacteria were consid-
ered and included several clinical isolates and strains of bac-
teria belonging to different serovars. Bacteria isolated at our
laboratory from contaminated food and bacteria reported as
histamine producers were also included. The latter are consid-
ered of great importance for the meat and, especially for the
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fish industry, since they can cause poisoning due to the con-
sumption of meat and, especially, seafood products
(Fernández-No et al. 2010).

The results of the inhibition assays are shown in Table 1.
Ent35-MccV showed potent antimicrobial activity against
various strains of Listeria and E. coli. Ent35-MccV was in-
hibitory against 12 of the 14 Listeria spp. strains tested. Re-
markably, the only two strains that were not sensitive to the
hybrid bacteriocin (Listeria innocua 4L1Pe and L. innocua
SR215) were resistant to the parental enterocin CRL35.
Among the strains of Listeria sensitive to the new bacteriocin,
these were isolated from contaminated foods.

On the other hand, many Gram-negative bacteria inhibited
by MccV were also inhibited by Ent35-MccV. In particular,
the hybrid bacteriocin showed antimicrobial activity against
almost all food E. coli isolates tested, including the
enterohemorrhagic O157:H7 strains.

Another interesting result of these assays was that several
strains of Gram-positive and Gram-negative bacteria were af-
fected by Ent35-MccV but were not sensitive to their parental
bacteriocins. These were the cases of E. coli CECT 4267,
CECT 4783, NCTC 50271, and D83; Shigella boydii;
Morganella morganii ATCC 8076H; Staphylococcus
epidermidis; and the histamine-producing bacteria
Lactobacillus sp. 30A, Enterobacter Aerogenes, and Proteus
mirabilis. In addition to the abovementioned strains, it is re-
markable that Ent35-MccV was active against some Shigella
and Salmonella species. On the other hand, Salmonella
enterica C2 and Sal2, Shigella boydii, Shigella sonnei, En-
terobacter aerogenes, and Lactobacillus sp. 30A strains were
not completely sensitive to the hybrid bacteriocin since the
inhibition zones showed a slight turbidity. Moreover, strains
that were inhibited by the parental but not by the hybrid bac-
teriocin as it were previously noted to Enterococcus faecalis
FBUNT1 were also observed. In the present paper, it was
found that Gram-positive strain Carnobacterium divergens,
sensitive to enterocin CRL35 and Gram-negative species
Pantoea aglomerans and Stenotrophomonas maltophilia
15MF sensitive to microcin V were insensitive to the hybrid
bacteriocin Ent35-MccV. This is not surprising given the al-
terations in the primary structure of the bacteriocins that make
up Ent35-MccV. As a matter of fact, we already characterized
the strain Enterococcus faecalis FBUNT1 with a similar phe-
notype in a previous work (Acuña et al. 2012).

In the light of the results obtained on these latter strains, it
would be important in the future to test whether different
treatments that may be used as hurdles in food processing
improve the activity of the hybrid peptide. Moreover, strains
that were inhibited by the parental but not by the hybrid bac-
teriocin as it was previously noted to Enterococcus faecalis
FBUNT1 (Acuña et al. 2012) were also observed. This is not
surprising given the alterations in the primary structure of the
bacteriocins that make up Ent35-MccV. Gram-positive strain

C. divergens was sensitive to enterocin CRL35 and Gram-
negative species Pantoea aglomerans and Stenotrophomonas
maltophilia 15MF were sensitive to microcin V. By contrast,
the hybrid bacteriocin Ent35-MccV showed no antimicrobial
activity against these strains. In this regard, new hurdle com-
bination using antimicrobial peptides were reported. Nisin Z
in combination with natural preservatives as the surfactant
lauric arginate increased its antimicrobial activity against
E. coli, L. monocytogenes, and Brochothrix thermosphacta.
Also, nisin with white mustard essential oil had synergistic
effects against L. monocytogenes (Techathuvanan et al.
2014). Furthermore, combination using nisin or several chem-
ical preservatives as methyl paraben, propyl paraben, and so-
dium nitrite increased inhibitory effects of sakacin C2 against
Staphylococcus aureus and E. coli (Li et al. 2014). Physical
and chemical combinations with antimicrobial peptides were
also assayed. Huq et al. (2015) showed greater antilisterial
activities when they used essential oils and nisin in combina-
tion with -irradiation (Huq et al. 2015). Regarding physical
barriers, in recent years, synergistic effects have been reported
among antimicrobial peptides like nisin or pediocin AcH in
combination with physical agents such as pulsed electric
fields, high-pressure processing, and intense light pulses that
were successfully applied in food products (Smigic and
Rajkovic 2014). In addition, several studies reported effective
results using nisin in foods together with chemical or physical
hurdles that alter the permeability of the outer wall of Gram-
negative bacteria (Chalón et al. 2012). The antilisterial activity
is a common characteristic among enterococcal bacteriocins
(Cintas et al. 1997; Cotter et al. 2005; Giraffa et al. 1994). The
structure and composition of the outer membrane of Gram-
negative bacteria is a formidable barrier that does not allow
bacteriocins of Gram-positive bacteria to reach their target: the
inner membrane (Acuña et al. 2011; Chalón et al. 2012). How-
ever, some bacteriocins produced by LAB with activity
against Gram-negative bacteria have been described (Gao
et al. 2013; Sánchez-Hidalgo et al. 2011). With respect to
microcins, they have a spectrum of bactericidal activity
against Enterobacteriaceae (Duquesne et al. 2007). To our
knowledge Ent35-MccV is the first well-characterized linear
bacteriocin with such a wide inhibitory spectrum against a
large number of foodborne pathogens and spoilage Gram-
negative and Gram-positive bacteria.

Susceptibility of Ent35-MccV to High Temperature
and Digestive Proteases

From an industrial point of view, it is very important to know
the thermal stability of Ent35-MccV antimicrobial activity
since many foods are subjected to heat treatments during
cooking and processing to decrease or eliminate the microbial
load. Ent35-MccV was subjected to different heat treatments
in order to evaluate its thermal stability. As it can be seen in
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Table 2, the hybrid bacteriocin kept intact its antimicrobial
activity against E. coli and L. monocytogenes, after suffering
10 min of heat treatment at different temperatures. Only a
small decrease in activity against both strains was observed
after a sterilization treatment.

On the other hand, the application of a bacteriocin to a food
system requires keeping the necessary antimicrobial activity
to inhibit the bacterial contaminants in the food, but after
ingestion, such antimicrobial activity must not persist in the
human gut because it could cause an imbalance of the normal
microbiota. Accordingly, it would be desirable to render
Ent35-MccV susceptible to at least one digestive protease.
When Ent35-MccV was treated with different proteolytic en-
zymes in order to assess their potential use in food preserva-
tion strategies, there was a loss of the antimicrobial activity
after incubation with pepsin (stomachal enzyme), with the
intestinal proteases trypsin and chymotrypsin, as well as with
the broad-spectrum serine protease proteinase K. After treat-
ment with pepsin, only a small cloudy inhibition halo was
observed (less than 5 mm in diameter), as compared with the
clear halos with a diameter greater than 10 mm of the control
untreated extracts. Treatment with any of the other enzymes
tested voided the antimicrobial activity of the peptide. These
results indicate that the hybrid bacteriocin may be inactivated
in vivo, not expecting to affect the intestinal flora of the hosts
in the event of incorporation in food as biopreservative.

Ent35-MccV in Complex Media

The MICs and MBCs were determined in complex media as a
first approach to the study of the action of the hybrid bacteri-
ocin on food products. The culture media selected for this

purpose were BHI (due to its meat derived composition) and
sterile skim milk. The stock solution of Ent35-MccV used to
perform these tests was titrated against E. coli MC4100 as
previously detailed in “Bacteriocin Purification” section.

The results obtained showed that the MICs and MBCs
varied depending on the temperature and the culture media
in which the assays were carried out. No difference was ob-
served between MIC and MBC against E. coli. The bacterio-
cin concentration required to inhibit the growth or kill E. coli
at 37 °C in skim milk (64 AU/ml) was slightly lower than in
BHI (170 AU/ml). On the other hand, the action of Ent35-
MccVagainst L. monocytogenes at 37 °C exhibited a different
pattern. Thus, it was found that the MIC against
L. monocytogeneswas 16AU/ml in BHI and 4 AU/ml inmilk.
This means that the growth of L. monocytogeneswas inhibited
at a concentration of bacteriocin at least four times lower than
that required to inhibit the growth of E. coli in each medium.
Unlike what was observed for E. coli, the MBCs against
L. monocytogenes were 250 and 500 AU/ml in BHI and milk,
respectively, these resulting to be considerably higher than the
MICs regardless of the culture medium. In other words, hybrid
bacteriocin inhibits the growth of L. monocytogenes much
better than E. coli, although it is more efficient to kill E. coli
than Listeria spp. This result is consistent with previously
reported results using other Gram-positive and Gram-
negative (Acuña et al. 2012).

In turn, the MBC against L. monocytogenes did not show
great difference with the MBC against E. coli in BHI, but
differences were observed between the values of MBCs
against E. coli and L. monocytogenes in skim milk, since
almost three times more concentration of Ent35-MccV was
required to achieve the MBC against L. monocytogenes. The
probable cause of the antilisterial activity of the hybrid bacte-
riocin was affected by some component present in the milk.

Finally, considering that L. monocytogenes is a pathogen
able to grow at refrigeration temperatures, MBCs was also
determined at 4 °C. MBC values in both media were slightly
lower (125 AU/ml in BHI and 250 AU/ml in milk) than the
counterpart values obtained at 37 °C. This observation is con-
sistent with experiments of inhibitory concentrations at differ-
ent temperatures reported previously for enterocin CRL35
(Minahk et al. 2005).

Antimicrobial Activity of Ent35-MccV in Food Products

The effectiveness of bacteriocins in food systems is often low
due to several factors such as adsorption of the peptide to food
components like particles of fat, poor solubility, the generation
of oxidation processes that destabilize its biological activity,
inactivation or degradation by enzymes, presence of additives,
effect of pH, or uneven distribution in the food matrix (Cleve-
land et al. 2001). The antimicrobial efficiency of the hybrid
bacteriocin was evaluated in food products using Gram-

Table 2 Effect of enzymes and heating on antimicrobial activity of
Ent35-MccV

Treatment Inhibitory activity

Heat L. monocytogenes E. coli

50 °C, 10 min +++ +++

60 °C, 10 min +++ +++

70 °C, 10 min +++ +++

80 °C, 10 min +++ +++

90 °C, 10 min +++ +++

100 °C, 10 min +++ +++

121 °C, 15 min ++ ++

Enzyme

Pepsin (pH 2.4, 2 h) +/− +/−
Trypsin (pH 7.4, 2 h) − −
Chymotrypsin (pH 7.4, 2 h) − −
Proteinase K (pH 7.4, 2 h) − −

Symbols represent inhibition zones after treatment: −, no inhibition; +, da
<5 mm; ++, 5 mm<da<10 mm; +++, da>10 mm; +/−, 5-mm turbid halo
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positive and Gram-negative bacterial indicator strains. To per-
form these studies, two different models of food were
employed. Sterile skim milk was used as dairy model, and
beef burgers were used as a meat model. Samples of these
foods were treated without or with two different concentra-
tions of bacteriocin 125 and 250 AU/ml and were inoculated
with E. coli or L. monocytogenes as described above. The
evolution of viable cells along time was determined after the
treatment.

Effect of Ent35-MccV in Sterile Skim Milk

As shown in Fig. 1, 250 AU/ml of Ent35-MccV applied to
sterile skim milk reduced the initial bacterial load of
104 CFU/ml of L. monocytogenes in almost two log units
after 24 h at 37 °C. Moreover, Ent35-MccV was able to
inhibit the growth of this pathogen by a factor of four mag-
nitude orders as compared to the sample control without
bacteriocin, after 48 h at 37 °C. However, slight increases
in the bacterial counts at 48 h were observed, these obser-
vations being in agreement with Vignolo et al. (2000) who
observed that the population of Listeria treated with
enterocin CRL35 decreased initially but increased upon
further incubation at 30 °C. L. monocytogenes had a similar
behavior when treated with other bacteriocins as lactocin
705, nisin, or a bacteriocinogenic LAB in milk and other
food systems (Chi-Zhang et al. 2004; Schillinger et al.
1998; Schmidt et al. 2009).

On the other hand, when the assay was performed at
refrigeration temperatures, the bacterial load of the samples
treated with bacteriocin decreased along time. There was a
2 and 3 log reduction of CFU/ml in the samples treated with
125 and 250 AU/ml of bacteriocin, respectively, with re-
spect to the control assays, after 10 days of storage. More-
over, no growth of L. monocytogenes in milk samples treat-
ed with Ent35-MccV was observed at any time of the assay.
However, Pucci et al. (1988) reported inhibition of
L. monocytogenes by the class IIa bacteriocin pediocin
PA-1 in several dairy systems but with a resurgence of the
pathogen after 7 days at 4 °C (Pucci et al. 1988). The results
obtained in our study are more in agreement with the pre-
viously reported results by Mitra et al. (2011) who noted
that non-viable L. monocytogenes cells were detected at
13 h under refrigeration in milk after the addition of the
class I bacteriocin nisin Z (Mitra et al. 2011). In addition,
although it was mentioned that nisin and pediocin PA-1 are
the only bacteriocins permitted in the food, the literature
offers many examples of bacteriocins used in food preser-
vation at laboratory scale. Between them, enterocin CRL35
(one of the parental bacteriocins of Ent35-MccV) was test-
ed as biopreservative in the manufacture of artisan cheeses
proving to be very effective controlling the growth of
L. monocytogenes (Farias et al. 1994). Also, the two-
component bacteriocin lacticin 3147 exhibited a great po-
tential for the preservation of dairy products (Morgan et al.
1999; Ryan et al. 1996; Sobrino-López and Martín-Belloso
2008). It has also been reported that lacticin 3147 inhibited

Fig. 1 Antimicrobial activity of
Ent35-MccV in skim milk.
Assays were carried out at 37 °C
(a) and 4 °C (b) against E. coli
(left) and L. monocytogenes
(right). Cell viability is expressed
as CFU/ml at several times. The
results represent the average of
three independent experiments.
All the graphs show cells without
treatment (squares), cells treated
with 250 AU/ml of Ent35-MccV
(circles), and cells treated with
125 AU/ml of Ent35-MccV
(triangles)
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the growth and reduced the number of L. monocytogenes
and Staphylococcus aureus in infant milk (Morgan et al.
1999).

When Ent35-MccV 125 or 250 AU/ml were assayed in
milk samples at 37 °C against E. coli ATCC 13706, a com-
plete elimination of viable cells was observed after 10 h of
incubation. In like manner, when the experiment was per-
formed at 4 °C, after the fourth day, no viable cells were
detected. Either in the trial conducted at 37 °C or at refriger-
ation temperature, both concentrations of the bacteriocin test-
ed caused total disappearance of CFUs.

These results indicate that Ent35-MccV could be effective
for the biopreservation of refrigerated dairy foods and may
prevent a possible contamination caused by Listeria or E. coli
strains.

Effect of Ent35-MccV in Beef Burger Patties

It was previously reported that enterocin CRL35 was effective
in controlling L. monocytogenes in a model of beef and shrimp
(Concha et al. 1999; Vignolo et al. 2000), and the class IIa
bacteriocin pediocin PA-1 was able to decrease the population

of L. monocytogenes in a piece of beef (Nielsen et al. 1990).
Patties inoculated with L. monocytogenes were treated with
125 AU/g of the hybrid bacteriocin. No significant decrease of
the initial bacterial loadwas observed. However, the growth of
Listeria was inhibited throughout the treatment. The final dif-
ference of CFU/g between bacteriocin-treated patties and un-
treated control after 10 days at refrigeration temperature was
greater than one order of magnitude (Fig. 2). On the other
hand, Ent35-MccV, at a final concentration of 125 AU/g,
was able to reduce the initial bacterial load of E. coli almost
one order of magnitude. Figure 2 shows a marked decrease in
the CFUs from the first day and along the treatment in treated
samples, compared to the control without bacteriocin which
continued to grow slowly. Finally, after 10 days, the difference
between untreated and Ent35-MccV-treated patties was a ∼1.2
log CFU/g decrease.

Gram-negative food pathogens are causing great concern
due to the emergence of outbreaks due mainly to
enterohemorrhagic E. coli producing hemolytic-uremic syn-
drome and species of Salmonella and Shigella. The main
problem of the bacteriocins produced by LAB is their inability
to cross the outer membrane of Gram-negative bacteria, since

Fig. 2 Antimicrobial activity of Ent35-MccV in ground beef patties
stored at 4 °C for 10 days. Cell viability is expressed as CFU/g at different
times. Left: E. coli cells without bacteriocin (squares) and Ent35-MccV

125 AU/g (triangles). Right: L. monocytogenes control without bacterio-
cin (squares) and Ent35-MccV 125 AU/g (triangles). The results repre-
sent the average of three independent experiments

Fig. 3 Effect of storage at 4 °C on the stability of Ent35-MccV in ground
beef patties (left) and milk (right). The residual activity is represented as
percentage relative to the maximum measured value taken at initial time
(day 0) against E. coli and L. monocytogenes. Columns with the same

letters (uppercase letters for E. coli and lowercase letters for
L. monocytogenes) are not significantly different according to Tukey’s
honestly significant difference (P=0.05)
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these do not have a protein receptor for bacteriocins. In this
aspect, nisin was effective against E. coliwhen added in com-
bination with lactoferrin in different liquid cultures (Murdock
et al. 2007). Also, the cyclic bacteriocin enterocin AS-48 was
able to control the growth of this pathogen in crops and fruit
juices when used in combination with heating or chelating
agents. Regarding microcins (bacteriocins produced by
Gram-negative bacteria), the only one which was tested as a
food biopreservative was a mutant of microcin J25 (MccJ25)
(Salomón and Farías 1992). MccJ25 is a class I bacteriocin
produced by E. coli not susceptible to degradation by the
intestinal proteases. Using genetic engineering techniques, a
single amino acid substitution at residue 12 introducing a chy-
motrypsin cleavage site was built. The mutant microcin is then
degraded in the intestine, proving to be active against Gram-
negative pathogens in food models without altering the intes-
tinal flora in rats (Pomares et al. 2009).

Ent35-MccV Stability in Model Foods

The biopreservation models tested until here involved food
contamination in a first stage of its preparation or processing.
However, the contamination may also occur in later stages of
handling or storage, since L. monocytogenes is a ubiquitous
bacterium (Saavedra et al. 2012). Accordingly, its presence is
a common fact in food processing plants, transport vehicles
and storage areas for rawmaterials. Moreover, operators could
contaminate food when handling because it is normal to find
Listeria in feces of healthy individuals (Rørvik 2000). Be-
cause of this, it was interesting to study whether Ent35-
MccV could remain stable in the food for a considerable pe-
riod of time, and in consequence, elucidate if it would be able
to prevent a possible bacterial food contamination should this
happen at a later stage of storage after the addition of the
bacteriocin. Therefore, in order to test Ent35-MccV stability
in biological products, its inhibitory activity was followed up
to 10 days determined at different days after being added to
the different foodmodels. The experiments were carried out in
the two food models tested: sterile skim milk and ground beef
patties. Samples of these foods were treated with Ent35-MccV
and kept in individual bags (ground beef patties) or in individ-
ual falcon tubes (skim milk) at refrigeration temperature. The
residual antimicrobial activity was quantified periodically for
10 days.

Figure 3 shows that Ent35-MccV retained more than 60 %
of its antimicrobial activity at least 3 days in both foodmodels.
In sterile skim milk, 95 % of its activity against E. coli and
20 % against L. monocytogenes remained after 10 days in
preparations of sterile skim milk (Fig. 3, right panel). On the
other hand, on ground beef patties, Ent35-MccV completely
lost its antilisterial activity after 10 days on ground beef pat-
ties, while it retained 20 % of its initial activity after 1 week at
4 °C. Moreover, Ent35-MccV maintained the 60 % of its

initial activity against E. coli after 10 days (Fig. 3, left panel).
The shelf life and display life reported for ground meat and
derivatives in overwrapped air-permeable packaging systems
is 2–3 days (Delmore 2009). During this period, Ent35-MccV
antimicrobial activity against both pathogens remained above
60 %. These results suggest that Ent35-MccV could retain
preservative effects during a significant time for highly per-
ishable food products. However, antilisterial activity de-
creased along time. Thus, after 1 week, only 20 % of initial
activity remained, and there was a total loss after 10 days.

Conclusions

In summary, the hybrid bacteriocin Ent35-MccV exhibited
broad inhibition spectrum against Gram-positive and Gram-
negative emergent foodborne pathogens and spoilage strains.
The peptide inhibited the growth of L. monocytogenes, E. coli,
and Shigella.

Apart from its antimicrobial activity, the other properties
that make it a promising food preservative are the sensitiv-
ity to protease, thermal stability, and the maintenance of
antimicrobial activity in food models after storage at refrig-
eration temperature. Then, from the perspective of the pro-
cessing, the thermal stability of the peptide allows its use
from the beginning of food production. Thus, the hybrid
bacteriocin may be added in a first moment to the fresh food
to prevent contamination with microorganisms sensitive
and extend the shelf life after cooking or other heat treat-
ment. As far as it is known, the results of this study indicate
that Ent35-MccV is the first example of a lineal genetically
engineered bacteriocin used alone as an effective approach
to control Gram-negative and Gram-positive foodborne and
spoilage bacteria in food products. For bacteriocins to be
massively employed on food industries, it is necessary to
adjust scientific, legal, and administrative aspects which
wi l l ach ieve the i r approval as b iopreserva t ives
(Benmechernene et al. 2013). The results demonstrate that
hybrid bacteriocins can be a solution to develop additives
suitable to the needs of the food industries.
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