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A B S T R A C T   

The increasing concern of consumers about food quality and safety and their rejection of chemical additives has 
promoted the breakthrough of the biopreservation field and the development of studies on the use of beneficial 
bacteria and their metabolites as potential natural antimicrobials for shelf life extension and enhanced food 
safety. Control of foodborne pathogens in meat and meat products represents a serious challenge for the food 
industry which can be addressed through the intelligent use of bio-compounds or biopreservatives. This article 
aims to systematically review the available knowledge about biological strategies based on the use of lactic acid 
bacteria to control the proliferation of undesirable microorganisms in different meat products. The outcome of 
the literature search evidenced the potential of several strains of lactic acid bacteria and their purified or semi- 
purified antimicrobial metabolites as biopreservatives in meat products for achieving longer shelf life or 
inhibiting spoilage and pathogenic bacteria, especially when combined with other technologies to achieve a 
synergistic effect.   

1. Introduction 

In industrialized countries, consumers demand a continuous supply 
of a wide variety of foodstuffs with high quality and safety. For this 
purpose, products which maintain their quality attributes throughout a 
relatively long shelf life, from production until consumption, are in 
increasing demand. In addition, food quality and safety requirements 
must be strictly met, considering also the nutritional value and sensory 
properties of the end product (Saltmarsh & Insall, 2013). 

In 2019, the zoonosis most commonly reported at European Union 
(EU) level was campylobacteriosis, with 220,682 confirmed cases, fol
lowed by salmonellosis, infections caused by Shiga toxin-producing 
Escherichia coli (STEC) and yersiniosis, with 87,923; 7,775 and 6,961 
confirmed cases, respectively (EFSA, 2021). These diseases are caused 
by foodborne pathogenic bacteria which can contaminate meat and 
meat products during slaughtering or the manufacturing processes, 
causing debilitating or fatal effects in humans (Kim, Cho, & Han, 2013). 
Listeria monocytogenes, which in 2019 caused 2,621 confirmed cases in 
the EU, is the zoonotic agent with the highest case-fatality rate, with 300 

reported deaths in 2019, which represents a 17.6% case-fatality rate and 
is showing a statistically significant increasing trend in the EU since 
2009 (EFSA, 2021). Meat and meat products can be carriers of 
L. monocytogenes, with some recent foodborne outbreaks attracting 
much public attention. For instance, in August 2019, one of the largest 
listeriosis outbreaks ever reported was associated with a chilled roasted 
pork meat product. The outbreak caused a total of 227 confirmed cases, 
226 in Spain, the majority reported in the region of Andalucía, and 1 
case reported in France. Thirty-seven of these cases were pregnant 
women, with 5 reported miscarriages linked to the outbreak. Three 
deaths were reported among elderly people (Centro de Coordinación de 
Alertas y Emergencias Sanitarias, 2019; WHO, 2019). 

The food industry has devoted intense research efforts to counteract 
the emergence of outbreaks caused by foodborne pathogenic bacteria. 
Thermal processing is commonly employed as a preservation method, 
but intense thermal treatments can entail unwanted organoleptic and 
nutritional effects onto food (Pisoschi et al., 2018). This problem is 
addressed by the food industry to a certain extent through the use of 
additives such as chemical preservatives, which allow responding to the 
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requirements regarding variety, price, accessibility, convenience and 
quality of products, while reducing the intensity of technological 
treatments causing quality losses (Saltmarsh & Insall, 2013). Never
theless, it is not uncommon to find rejection to certain food additives 
among consumers. 

In the meat industry, the most relevant preservative substances that 
may be of safety concern from the consumeŕs perspective are nitrites and 
nitrates. On the one hand, they have been traditionally recognized for 
accomplishing several relevant functions in meat products, such as (i) 
their contribution to the development of the typical colour and flavour of 
cured meats, (ii) their bacteriostatic or bactericidal effect against some 
pathogens such as Clostridium botulinum (Majou & Christieans, 2018), (iii) 
or the inhibition of oxidation processes, which overall result in an 
extension of the shelf life of meat products. On the other hand, these 
additives can undergo nitrosation reactions to generate nitric oxide, a 
compound that in the presence of unprotonated secondary amines can 
form N-nitrosamines (Flores & Toldrá, 2020). The most frequently re
ported N-nitrosamines are N-nitrosodimethylamine (NDMA), N-nitro
sodiethylamine (NDEA), N-nitrosopiperidine (NPIP), N-nitrosopirrolidine 
(NPYR) and N- nitrosomorpholine (NMOR). Remarkably, NDMA and 
NDEA are considered the volatile N-nitroso compounds with the most 
powerful carcinogenic and genotoxic effects (Flores, Mora, Reig, & Tol
drá, 2019; Flores & Toldrá, 2020). Nitrites and nitrates have been the 
focus of intense debate, although, at the levels used in meat products, they 
have been considered safe for consumers (EFSA, 2017a; EFSA, 2017b). 
However, they have been classified as probably carcinogenic to humans 
(group 2A) by the International Agency for Cancer Research, so new al
ternatives are being seeked to replace them or reduce their dose (IARC, 
2010). Also, due to their possible health risk concerns, such as allergic 
reactions or carcinogenic effects, benzoates, sulfites, sorbates and phos
phates are causing unfavorable opinions among consumers (Pisoschi 
et al., 2018). For example, phosphates are commonly used in processed 
meat products due to their various technological properties (pH stabi
lizers, increasing water holding capacity, improving texture, etc.), while 
the increased consumption of this type of products among infants, chil
dren and adolescents can be associated with health problems (Thanga
velu, Kerry, Tiwari, & McDonnell, 2019). Therefore, there is an increasing 
interest in finding alternative additives from natural sources and devel
oping novel food preservation methods, aiming to eliminate or reduce the 
use of unpopular preservatives in food (Kim et al., 2013; Pisoschi et al., 
2018). In this field, the new spotlight is on the identification, development 
and evaluation of alternative additives from natural sources, and on the 
validation of novel nonthermal processing technologies such as high- 
pressure processing or non-thermal atmospheric plasma (López et al., 
2019; Rendueles et al., 2011). Concurrently, there is also a need to eval
uate the safety and mechanisms of action of these natural preservatives 
and novel technologies, and to elaborate proper safety regulations (Piso
schi et al., 2018). 

Biopreservation strategies are those based on the use of natural sub
stances derived from bacteria, fungi, plants or animals, with the aim of 
extending the shelf life of food products while guaranteeing their safety 
(Pisoschi et al., 2018). These substances can be primary and/or second
ary metabolites obtained from microorganisms, vegetables, animal 
products, such as milk or eggs, or animal tissues, among others. Some of 
them are of great interest for the food industry because they can minimize 
lipid oxidation, reduce color losses and extend food shelf life. However, 
most authors circumscribe the concept ‘biopreservation’ strictly to the 
use of microorganisms and/or their metabolites to extend shelf life and 
enhance food safety. The most common approach is to use agents that 
have antimicrobial activity against bacteria responsible for food spoilage 
and, especially, agents which can combat foodborne pathogens (Ross, 
Morgan, & Hill, 2002; Settanni & Corsetti, 2008). An ideal bio
preservation agent should only show specific antimicrobial activity 
against the targeted pathogenic or spoilage microorganism(s), and 
should not negatively influence the own intestinal microbiome of con
sumers (Pisoschi et al., 2018). Biopreservative agents can also be used as 

part of a hurdles technology approach, where they would be strategically 
combined with other barriers to fight food spoilage and ensure food 
safety. The rationale behind this combined approach is that synergism 
may occur by exposing the undesired microorganisms to a series of ob
stacles to their growth or survival. Moreover, if synergism occurs, lower 
doses of preservative agents and/or lower technological treatment in
tensities could be employed (Gálvez, Abriouel, López, & Omar, 2007). 

Bacteriocin-producing bacteria and bacteriocins have been often 
suggested as promising natural preservatives. Nonetheless, some au
thors have indicated that the application of bacteriocins as additives 
may be limited by their elevated cost or by their limited effectiveness 
against certain pathogenic microorganisms in the end product. Conse
quently, research is still being conducted to improve their conditions of 
use. Bacteriocin characterization and purification have already allowed 
to develop databases for the automated identification of antimicrobial 
peptides and their genetic determinants from genomic data (Silva, Silva, 
& Ribeiro, 2018; van Heel, Jong, Montalbán-López, Kok, & Kuipers, 
2013). Moreover, whole genome sequencing data also provide valuable 
information for confirming the safety (i.e., absence of virulence and 
antimicrobial resistance determinants) of bacteriocin-producing strains 
(Gálvez et al., 2007). 

Bacteriocins are biologically active compounds with peptidic struc
ture and antimicrobial activity that are ribosomically synthesized by 
some bacteria (Bastos, Coelho, & Santos, 2015; Silva et al., 2018). Their 
classification is complex, considering that they can differ in amino acid 
structure, biochemical properties, antimicrobial activity and mode of 
action (Zouhir, Hammami, Fliss, & Hamida, 2010). The first globally 
used classification was established by Klaenhammer (Klaenhammer, 
1993), although it has undergone several modifications as new bacte
riocins have been discovered. New classifications have been proposed 
which include four classes of bacteriocins. The most relevant ones for 
food biopreservation belong to Class I, which contains thermoresistant 
and ribosomically synthesized post-translationally modified peptides 
(RiPPs), and Class II, which predominantly includes unmodified pep
tides (Bolívar-Monsalve, Ramírez-Toro, Bolívar, & Ceballos-González, 
2019; Cotter, Ross, & Hill, 2013). 

Although some bacteriocins are active against both spoilage and 
pathogenic bacteria (Kumariya et al., 2019), most of the bacteriocins are 
active to a greater extent against Gram-positive bacteria (Pisoschi et al., 
2018; Yildirim et al., 2018). Most species from bacteria and archaea can 
produce at least one bacteriocin (Caulier et al., 2019), although Gram- 
positive bacteria, and particularly lactic acid bacteria (LAB), have 
been the most widely studied as producers of bacteriocins of interest for 
biotechnological applications (Bastos et al., 2015). 

LAB are part of the natural microbiota of fermented foods and also 
part of the intestinal microbiota of humans (Oppegård et al., 2007). 
Traditionally, they have been widely employed in fermentation pro
cesses, transforming carbohydrates to lactic acid and generating other 
biologically active compounds like organic acids, diacetyl, acetoin, 
polyols, hydrogen peroxide, antifungal and antibacterial peptides and 
flavor precursors (Egan et al., 2016). The vast majority of LAB have the 
status ‘Generally Recognized As Safe’ (GRAS) according to the U.S. Food 
and Drug Administration (FDA). The European Food Safety Authority 
(EFSA) has also granted the status of “Qualified Presumption of Safety” 
(QPS) to many LAB species (Table 1), included in the genera Carno
bacterium, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Strepto
coccus and the former Lactobacillus genus, recently reclassified into 
twenty-five new genera (EFSA, 2020; Zheng et al., 2020). 

The increasing application of LAB as biopreservative agents in meat 
and meat products makes it necessary to systematically review the 
latest information available on the antimicrobial activity of LAB and 
their metabolites against meat spoilage microorganisms and foodborne 
pathogens. Hence, here a review of the state of the art of meat bio
preservation was carried out considering the research articles published 
in the last 10 years and following the approach detailed in the sup
plementary file. 
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Most of the articles retrieved and thoroughly revised were based on 
the direct incorporation of LAB to meat products as a functional ingre
dient or as starter cultures during fermentation processes. There are 
different ways of directly applying LAB to a meat product, from a direct 
addition to the meat batter, to a surface spraying on fresh or ready-to-eat 
(RTE) products. In both cases, the agent can be added fresh or lyophi
lized. In other cases, the potential use of purified/semipurified biologi
cally active compounds obtained from LAB was assessed or the 
effectiveness of these biopreservation agents when used within com
bined hurdles technology approaches or as part of an active packaging 
was tested (Fig. 1). The sections below critically discuss the most rele
vant information extracted from the retrieved articles in relation to each 
of these application strategies, which is also summarised in Tables 2–5. 

2. LAB as a non-starter ingredient 

L. monocytogenes is a major concern for meat producers due to its 
ubiquitous nature and its survival capacity under adverse conditions 
(Buchanan, Gorris, Hayman, Jackson, & Whiting, 2017; Letchumanan 
et al., 2018). As such, most of the investigations performed up to date on 
the biopreservation of meat products through the addition of functional 
LAB cultures focused mainly on designing strategies to eliminate this 
pathogen, but also Salmonella spp. or Escherichia coli. Sakaridis, Soultos, 
Batzios, Ambrosiadis, and Koidis (2014) assessed the potential of Ligi
lactobacillus salivarius (106 cfu/g) to inhibit L. monocytogenes and Sal
monella spp. (both at 104 cfu/g) on chicken meat and skin (Table 3). All 
samples were stored at refrigeration temperature (7 ◦C) and were sub
jected to microbiological analysis after 0, 1, 2, 3, 4, 5, and 6 days. On the 
day 6 of analysis, they observed a statistically significant reduction of 
0.7 and 0.5 log cfu/g for L. monocytogenes and Salmonella spp., respec
tively, on chicken skin. A slightly lower inhibition was observed in 
chicken meat. They also evaluated if the biopreservation agent caused 
changes in the sensorial properties of meat. LAB can produce a pH 
decrease which can lead to unpleasant flavours in food but also to in
hibition of spoilage or pathogenic microorganisms. The sensorial eval
uation at the end of the storage concluded that the addition of 

L. salivarius to chicken did not have any adverse effect on quality attri
butes of the food. It even inhibited slime production and improved 
overall appearance. This could be due to the fact that LAB populations 
remained practically stable throughout storage. Interestingly, although 
the authors did not detect LAB growth, the inhibition of the pathogens 
took place (Sakaridis et al., 2014). 

The influence of temperature in the activity of biopreservative agents 
has been commonly assessed in the literature. A constant 2.5 log 
reduction of L. monocytogenes, which was reduced to levels below the 
limit of detection, was obtained in “chorizo” stored at 4 ◦C for 35 days 
when both L. monocytogenes and Carnobacterium maltaromaticum strains 
were incorporated at concentrations of 102 and 103 cfu/g, respectively 
(Table 4) (González, Yien, Castrillón, & Ortega, 2013). When the study 
was performed at 8 ◦C, during the first 7 days of storage the difference 
between the treated and control samples was of just 1 log unit, but from 
day 7 to day 35 L. monocytogenes counts remained under the limit of 
detection. These results confirm that the use of C. maltaromaticum as a 
biopreservative agent is a good choice due to its capacity to grow at low 
temperatures, as one of the prevailing LAB in fresh meat. In other study, 
García-Díez and Patarata (2017) obtained that higher storage temper
atures (22 ◦C) result in safer biopreservative-treated products than lower 
storage temperatures (8 ◦C) because some LAB are not capable to grow 
at low temperatures, unlike psychrotrophic L. monocytogenes. In addi
tion to storage temperature, García-Díez and Patarata (2017) also 
evaluated the effect of other components added in the meat batter, 
including salt (at 1.5 or 3%), L. sakei (6 log cfu/g) and 0.75% dextrose 
plus 0.75% lactose, in the growth of the pathogen (Table 4). They 
concluded that neither the addition of L. sakei nor the addition of 
dextrose and lactose achieved significant L. monocytogenes reductions in 
sliced “chouriço” sausage. However, high salt contents reduced 
L. monocytogenes counts. It is worth mentioning that after 7 days of 
storage both at 8 and 20 ◦C, L. monocytogenes was not detected in any of 
the samples (García-Díez & Patarata, 2017). 

The use of L. sakei (105 cfu/g) for the control of Salmonella Choler
aesuis (104–105 cfu/g) in a fresh pork sausage showed an average 
reduction of 2.4 log units in the pathogen, while in the absence of the 

Table 1 
LAB included in the 2019 updated list of QPS status recommended biological agents for safety risk assessments carried out by EFSA Scientific Panels and Units (EFSA, 
2020).  

Carnobacterium divergens Lactobacillus delbrueckii Lentilactobacillus hilgardii Limosilactobacillus fermentum 
Companilactobacillus alimentarius Lactobacillus gallinarum Lentilactobacillus kefiri Limosilactobacillus mucosae 
Companilactobacillus farciminis Lactobacillus gasseri Lentilactobacillus parafarraginis Limosilactobacillus panis 
Fructilactobacillus sanfranciscensis Lactobacillus helveticus Lentilactobacillus paraplantarum Limosilactobacillus pontis 
Lacticaseibacillus casei Lactobacillus johnsonii Leuconostoc citreum Limosilactobacillus reuteri 
Lacticaseibacillus paracasei Lactobacillus kefiranofaciens Leuconostoc lactis Loigolactobacillus coryniformis 
Lacticaseibacillus rhamnosus Lactococcus lactis Leuconostoc mesenteroides Oenococcus oeni 
Lactiplantibacillus pentosus Lapidilactobacillus dextrinicus Leuconostoc pseudomesenteroides Pediococcus acidilactici 
Lactiplantibacillus plantarum Latilactobacillus curvatus Levilactobacillus brevis Pediococcus parvulus 
Lactobacillus acidophilus Latilactobacillus sakei Ligilactobacillus animalis Pediococcus pentosaceus 
Lactobacillus amylolyticus Lentilactobacillus buchneri Ligilactobacillus aviaries Secundilactobacillus collinoides 
Lactobacillus amylovorus Lentilactobacillus diolivorans Ligilactobacillus salivarius Streptococcus thermophilus 
Lactobacillus crispatus     

Fig. 1. Lactic acid bacteria, bacteriocins and their application in different meat products to achieve several benefits related to the inhibition of undesirable bacteria 
or towards improvements in the end product. 
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biopreservative agent S. Choleraesuis was able to grow around 4.4 log 
units after 7 days of storage at 10 ◦C under vacuum atmosphere (Table 4) 
(Gelinski et al., 2019). 

An increase in meat production and consumption is expected for the 
near future, especially in developing countries, where insufficient 
technological development jeopardizes food safety. A study performed 
in Nigeria proposed that biological agents can be exploited as an extra 
preservation technique. The results on local fresh beef inoculated with 
Pediococcus pentosaceus and P. acidilactici, added individually and in 
combination at a concentration of 106 cfu/g, and stored at room tem
perature (30 ◦C) exhibited a reduction of up to 4 log cycles in Entero
bacteriaceae, and yeasts and moulds, as compared to the control samples 
at day 7 of storage, while Staphylococcus spp. counts were under the 
detection limit during the 7 days of storage (Table 2). Also, coliform 
counts were under the detection limit for batches inoculated with 
P. pentosaceus, the combination of both LAB, and P. acidilactici on days 1, 
2 and 3, respectively. The impact on L. monocytogenes was promising for 
P. pentosaceus, both added individually and in combination, obtaining a 

bactericidal effect on day 2. However, P. acidilactici individually applied 
barely achieved 1 log reduction in the counts of the pathogen 
throughout the storage period. Similarly, S. Typhimurium counts were 
only reduced on day 3 for up to 1 log cfu/g with P. acidilactici and 2 log 
cfu/g with P. pentosaceus or the mixture of both LAB (Olaoye & Onilude, 
2010). These findings are in agreement with those of García-Díez and 
Patarata (2017), who showed that high temperatures could help 
improve LAB functionality. In addition, Olaoye and Onilude (2010) also 
evaluated the impact of the LAB on pH and thiobarbituric acid (TBA) 
and free fatty acid (FFA) contents. The three LAB inoculated samples had 
pH values below 5 from day 2 of storage, which could explain, at least in 
part, the control of the undesired microorganisms. The lower contents of 
TBA and FFA in LAB inoculated samples showed that LAB cultures can 
also control the lipolytic and oxidative changes of fat and, consequently, 
maintain the quality attributes of fresh beef. 

When a strain of P. acidilactici, in this case bacteriocinogenic, was 
applied (at 7 log cfu/g) on sliced turkey breast, L. monocytogenes counts 
remained lower than on the control batches, but a complete inhibition 

Table 2 
Studies performed in beef products, testing diverse biopreservative agents against different target microorganisms.  

Reference Biopreservative agent Product Target microorganism(s) Results observed 

Khalili 
Sadaghiani 
et al. (2019) 

L. reuteri or L.plantarum from beef in 
combination with garlic extract 

Ground beef L. monocytogenes L. reuteri induced a 0.5 log reduction; L. plantarum 
induced a 0.7 log reduction. Combination of garlic 
extract (1%) with L. reuteri resulted in a 1.4 log 
reduction. Combination of garlic extract (1%) with 
L. plantarum resulted in a 1.5 log reduction. 

Kamiloğlu 
et al. (2019) 

L. plantarum strains – producers of 
bacteriocins/bacteriocin – like compounds 

Sucuk sausages L. monocytogenes The difference between the initial and the final 
pathogen counts for the assays with L. plantarum 
S50, S51, S72, S74 and S85 were 2.7, 2.4, 1.0, 1.4 
and 1.2 log, respectively. 

Cosansu et al. 
(2010) 

Bacteriocin-producing P. acidilactici Dry fermented 
sausage during 
fermentation 

L. monocytogenes L. monocytogenes counts decreased by 3.3 log CFU/ 
g during the 8-day ripening period. pH values for 
the samples with P. acidilactici decresased from 5.5 
to 4.9. 

Orihuel et al. 
(2018) 

Bacteriocinogenic Enterococcus mundtii 
and curing agents (3% NaCl, 0.02% 
NaNO2, 0.0075% ascorbic acid, 0.75% 
sucrose and 0.75% glucose) 

Beef sausage L. monocytogenes In competition with E. mundtii, L. monocytogenes 
shows a slight decrease at 96 h (0.7 cfu/g). When 
E. mundtii was in combination with curing 
additives, an enhanced antilisterial activity 
reached a >2 log cfu/g reduction. 

Yildrim et al. 
(2016) 

Lactococcin BZ Fresh beef meat Total aerobic psychrotrophic and 
mesophilic bacteria, lactic acid 
bacteria, total coliforms, faecal 
coliforms and L. innocua 

Lactococcin BZ at 2500 AU/ml resulted in a 4.9 log 
decrease in mesophilic bacteria, 3.5 log reduction 
in psycotrophic bacteria and 3.9 log reduction in 
LAB. Also, in a 1.9⋅104 CFU/g reduction in 
coliforms and 1.04⋅102 CFU/g reduction in faecal 
coliforms. A concentration of 1600 AU/ml 
reduced L. innocua by 6 logs after 6 days. 

Olaoye and 
Onilude 
(2010) 

P. pentosaceus and P. acidilactici Sliced fresh beef 
samples 

L. monocytogenes and S. Typhimurium Reduction in Enterobacteriaceae, Staphylococcus 
and coliforms. L. monocytogenes counts were below 
the detection limit on day 2. Counts of S. 
Typhimurium showed about a 2 log reduction. 

Hu et al. 
(2019) 

Partly purified bacteriocin from 
C. maltaromaticum combined with steam 
and chitosan 

Sliced beef E. coli and S. Typhimurium No synergistic effects. 

Arief et al. 
(2012) 

Bacteriocin produced by L. plantarum Beef meatballs S. Typhimurium and E. coli Addition of bacteriocin significantly reduced the 
total plate counts, which were about 1 log cfu/g 
lower than those for control and nitrite treated 
batches at day 0, 3 and 6. E. coli was not present at 
days 3 and 6 either with nitrite or with the 
bacteriocin. 

Smaoui et al. 
(2016) 

Mentha piperita essenthial oil with semi- 
purified bacteriocin BacTN635 

Minced beef meat Enterobacteriaceae From 2.1 log to 2.6 log reduction depending on the 
concentration of essential oil and concentration of 
BACTN635. Extension of the shelf life for 
approximately 7 days. 

Castellano 
et al. (2011) 

Bacteriocin-producing L. curvatus and 
L. lactis in combination with Na2EDTA 

Frozen ground- 
beef patties 

E. coli The presence of the bioprotective cultures and the 
chelator resulted in a 1 log reduction for E.coli at 
day 0. Similar declines of indigenous coliforms 
were observed. Neither E. coli nor coliforms were 
inhibited in the absence of the chelator. 

Castellano 
et al. (2010) 

Lactocin producer strain of L. curvatus Vacuum packed 
raw beef 

B. thermosphacta Not significant bioprotective effect was found for 
Pseudomonas sp., but B. thermosphata was 
effectively inhibited. It also controled the growth 
of spoilage lactic acid bacteria naturally present in 
meat.  
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during storage at 12 ◦C was not achieved (Table 3) (Cosansu, Geornaras, 
Ayhan, & Sofos, 2010). These authors obtained more satisfactory results 
when applying the same biopreservative agent as a starter culture in a 
fermented sausage (below described). 

Two strains of Lactobacillus spp. and Levilactobacillus brevis were co- 
inoculated separately with Yersinia enterocolitica on pork meat samples 
and stored at 4 ◦C for 28 days (Table 4). Bacterial strains were inoculated 
by dipping the product in water containing concentrations of 5 × 107, 1 
× 108 and 1 × 105 cfu/ml, respectively, for Lactobacillus spp., L. brevis 
and the pathogenic strain. The results demonstrated that as the storage 
period progressed the inhibition was stronger. Yersinia counts were on 
day 0 of 5.5 log cfu/ml and remained during the last day of storage (day 
28) at 4.9 log cfu/ml with the addition of Lactobacillus spp. and 4.4 log 
cfu/ml with L. brevis, while in the control samples the counts of the 
pathogen increased to up to 7.9 log cfu/ml, achieving therefore a 
reduction of 3 and 3.5 log cfu/ml, respectively, and obtaining a bacte
ricidal effect until the last day of storage (Angmo, Kumari, Savitri, & 
Chand Bhalla, 2016). 

Some biopreservation studies have focused on the control of food 
spoilage microorganisms, such as Brochrothrix thermosphacta, associated 
with pork and lamb meat spoilage (Stanborough et al., 2017). Olaoye, 
Onilude, Ubbor, and Olaoye (2015) evaluated its survival capacity in 
pork meat when co-inoculated with two strains of Lactococcus lactis 
(Table 4). The L. lactis subsp. lactis strain was capable of diminishing 
B. thermosphacta counts to below the detection limit (<2 log cfu/g) after 
48 h, while the L. lactis subsp. hordinae strain did not produce any sig
nificant reduction (the highest reduction was of 0.8 log cfu/g after 120 h 
of incubation). L. lactis subsp. lactis showed also favourable results 
against Enterobacteriaceae and Staphylococcus spp., reducing the counts 
of the former and inhibiting the latter ones to levels below the detection 
limit (<2 log cfu/g) (Olaoye et al., 2015). 

Nutritional and sensory properties of meat products must be 
considered during the evaluation of novel biopreservatives. Lactilacto
bacillus curvatus, producer of lactocins 705 and AL705, was examined as 
a biocontrol agent at a concentration of 106 cfu/g in vacuum-packed 
fresh beef steaks stored during 60 days at 2 ◦C (Table 2). The counts 
of B. thermosphacta remained unchanged throughout the 60 days of 
storage while in the control batches a 2.5 log increase of this spoilage 
bacterium was observed. On the other hand, for Pseudomonas spp., no 
significant differences were observed between the control and treated 

batches. Along with microbiological analyses, microstructural charac
teristics of meat were evaluated and a 10-day delay for the appearance 
of tissue degradation signs was achieved when L. curvatus was used. 
Also, a trained panel evaluated the sensorial characteristics of the steaks 
and no significant differences between treated and control samples were 
appreciated during the first 30 days of storage. Moreover, samples 
treated with L. curvatus reached the end of the experiment (60 days) in 
better condition than the control samples according to odour, flavour 
and presence of off-odours and off-flavours. Only an “acid” off-flavour, 
typical of LAB, was developed in the treated batches, concurring with 
a slight but significant pH decrease (Castellano, González, Carduza, & 
Vignolo, 2010). 

3. LAB as starter cultures in fermentation processes 

LAB can be applied as starter cultures playing an important role in 
fermentation processes (Bartkiene et al., 2019). Five autochthonous 
Lactobacillus plantarum strains (S50, S51, S72, S74, and S85) selected due 
to their in vitro listericidal effect, were tested by Kamiloğlu, Kaban, and 
Kaya (2019) at a concentration of 107 cfu/g with Staphylococcus xylosus 
GM92 (106 cfu/g) in sucuk, a typical Turkish dry fermented sausage 
(Table 2). Strains were thought to produce bacteriocins and/or 
bacteriocin-like peptides, as treatment with proteases caused the loss of 
their inhibitory activity (Kamiloğlu et al., 2019). They observed re
ductions in L. monocytogenes counts (initially inoculated at 104 cfu/g) 
ranging from 1 to 2.7 log units for the different L. plantarum strains tested 
after 11 days of ripening. It was remarkable that the two most effective 
strains were also the ones with the highest acidification potential. They 
concluded that fast acidification, concurrently with the production of 
antimicrobial compounds during ripening, were fundamental for the 
control of L. monocytogenes. Similar conclusions regarding control of 
L. monocytogenes through pH modulation were achieved in the same beef 
product but using the bacteriocin-producing microorganism P. acidilactici 
(Table 2) (Cosansu et al., 2010). Although naturally occurring starter 
cultures controlled L. monocytogenes growth by approximately 1 log cfu/ 
g, P. acidilactici produced a 3.3 log cfu/g reduction after 8 days of 
fermentation at temperatures of 22–24 ◦C. A pH decrease from 5.5 to 4.9 
was seen in sucuk batches treated with P. acidilactici, but not in control 
samples. It is very likely that starter cultures formed by strains sourced 
from meat products and therefore better adapted to the meat matrix will 

Table 3 
Studies performed in poultry products, testing diverse biopreservative agents against different target microorganisms.  

Reference Biopreservative agent Product Target microorganism(s) Results observed 

Balay et al. 
(2017) 

Leucocin A from Leuconostoc gelidum Wieners L. monocytogenes Around 1 log reduction after 16 days of storage at 7 ◦C 

Cosansu et al. 
(2010) 

Bacteriocin-producing Pediococcus 
acidilactici 

Sliced turkey 
breast 

L. monocytogenes L. monocytogenes counts remained lower than in the control batch, 
although it was not completely inhibited during storage at 12 ◦C 

Trinetta et al. 
(2010) 

Sakacin A produced by L. sakei, 
delivered in some cases by a pullulan 
film 

Ready-to-eat 
turkey deli 
meat 

L. monocytogenes Sakacin A directly applied to turkey reduced L. monocytogenes more 
than 2 log CFU/g after 3 weeks at 4 ◦C, while sakacin A-containing 
pullulan films reduced its populations 3 log CFU/g during the same 
time 

Ruiz et al. (2010) 0.2, 0.3, 0.4, and 0.5% nisin 
treatment solutions 

Ready-to-eat 
turkey ham 

L. monocytogenes and LAB Antimicrobial effectiveness of nisin increased as concentration 
increased. L. monocytogenes counts remained below 2 log cfu/g with 
the 0.5% treatment at 4 ◦C for 63 days. LAB counts were significantly 
lower for all nisin treatments when compared with the control 

Sakaridis et al. 
(2014) 

L. salivarius Chicken meat 
and skin 

Salmonella spp. and 
L. monocytogenes 

After 6 days at 7 ◦C, reduction of Salmonella spp. on chicken skin was 
up to 0.5 log CFU/cm2, while for L. monocytogenes up to 0.7 CFU/cm2 

log. Reduction of Salmonella spp. on chicken meat was up to 0.5 and 
for L. monocytogenes up to 0.7 log CFU/cm2 

Melero et al. 
(2012) 

L. pseudomesenteroides combined with 
MAP (50% CO2 and 50% O2) 

Fresh chicken 
meat burger 

L. monocytogenes and 
C. jejuni 

L. pseudomesenteroides reduced L. monocytogenes counts in 0.90 log 
CFU/g when packed under MAP. C jejuni was affected by freezing but 
only completely eliminated in combination with high O2 MAP. The 
use of MAP extended the product's shelf-life up to 21 days 

Chakchouk- 
Mtibaa et al. 
(2017) 

Partially purified bacteriocin BacFL31 
from E. faecium 

Ground turkey 
meat 

L. monocytogenes, S. 
Typhimurium,S. aureus 

At 200 AU/g, the bacteriocin extended the shelf life up to 10 days, and 
at 400 AU/g up to 14 days. After 30 h, L. monocytogenes and Salmonella 
spp. counts were reduced by 3 logs. The BacFL31 treatment was less 
effective against S. aureus. After 30 h, 400 AU/g of bacteriocin 
reduced its numbers to 2.2 logs, from an initial level of 4 logs  
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better accomplish their antimicrobial activity in situ. On the other hand, 
on the basis that not all food matrices are similar, the promising results 
obtained in one given meat product will not necessarily be replicated in a 
different one, as it can be seen when comparing the effects of the addition 
of this P. acidilactici biocontrol agent on sucuk and on sliced turkey 
breasts (Cosansu et al., 2010). 

Ortiz, López, Garriga, and Martínez-Suárez (2014) tested a L. sakei 
strain and the industrial meat starter culture Bactoferm F-LC, con
taining P. acidilactici (pediocin producer), L. curvatus (bavaricin pro
ducer) and Staphylococcus xylosus. Both bioprotective cultures were 

added independently on meat batter together with a L. monocytogenes 
cocktail (104 cfu/g) to evaluate their antilisterial effect (Table 4). Two 
different conditions were simulated, a slow fermentation at 7 ◦C and a 
fast fermentation at 20 ◦C. The pH significantly decreased on the first 
day only in batches fermented with bioprotective cultures at 20 ◦C, 
while in the control batches the decrease in pH was only observed on 
the third day of fermentation. At 7 ◦C, in all batches, the pH dropped 
after 3 days of fermentation, but values were lower for those with the 
bioprotective cultures. With regard to L. monocytogenes counts, 
whereas Bactoferm F-LC showed a bacteriostatic effect at 7 ◦C, L. sakei 

Table 4 
Studies performed in pork products, testing diverse biopreservative agents against different target microorganisms.  

Reference Biopreservative agent Product Target microorganism 
(s) 

Results observed 

Ortiz et al. (2014) L. sakei (sakacin K producer); 
Bactoferm F-LC 

Batter for Iberian 
chorizo 

L. monocytogenes L. sakei induced a reduction of 4.4 and 5.4 log, respectively, at 
7 ◦C and 20 ◦C. Bactoferm F-LC induced a reduction 2.5 and 
2.3 log, respectively 

Zanette et al. (2015) L. plantarum: bacteriocin producer 
and non-bacteriocin producer strain 

Pork Colonial 
sausages 

L. monocytogenes Both agents equally reduced L. monocytogenes by 1.7 log 

Dussault et al. (2016) Nisin and hop alpha acids Ham L. monocytogenes Nisin applied in concentration of 20 ppm did not reduce 
L. monocytogenes 

Castellano et al. 
(2018) 

Bacteriocins from L. curvatus and 
L. sakei, in combination with nisin or 
organic acids 

Frankfurters L. monocytogenes Bacteriostatic effect of bateriocins alone. Combination of 
bacteriocins and acids reduced L. monocytogenes under the 
detection limit up to day 6 of storage 

Xie et al. (2018). Film incorporating plantaricin BM-1 Pork meat L. monocytogenes Reduction of 1.4 log10 CFU/ g for L. monocytogenes compared 
with the control 

Macieira et al. (2018) L. plantarum Chouriço L. monocytogenes No additional inhibition compared with the control 
García-Díez and 

Patarata (2017) 
L. sakei Sliced chouriço 

sausages 
L. monocytogenes No influence on survival of the pathogen 

Ghabraie et al. 
(2016) 

Combination of essential oils, nisin, 
nitrite and organic acid salts, 
encapsulated. 

Fresh pork sausage L. monocytogenes Antimicrobials (nitrite-100 ppm, nisin- 2.5 ppm, organic acid 
salts-1.5 % and essential oil-0.05 %) caused a reduction from 
initial 3 logs to1.8 log, after 7 days 

Vaz-Velho et al. 
(2013) 

L. sakei and L. plantarum, vacuum 
packed or packed under MAP (20% 
CO2, 80% N2) 

Alheira paste L. monocytogenes 2 log decrease with L. sakei. No differences between vacuum or 
MAP 

González et al. 
(2013) 

C. maltaromaticum Chorizo L. monocytogenes Continuous reduction of 2.5 log at 4 ◦C. At 8 ◦C there was a 
initial reduction of 1 log, but from day 7 on there was a 
reduction to levels below the detection limit 

Woraprayote et al. 
(2013) 

Biocomposite film impregnated with 
pediocin PA-1/AcH 

Raw sliced pork L. monocytogenes All treatments significantly reduced the Listeria population 
about 1.5–2 log cycles during storage at 4 ◦C 

Castro et al. (2018) Bacteriocin producing P. acidilactici 
or related supernatant alone or in 
combination with HPP 

Non-smoked 
sterilized paste of 
Alheira sausages 

L. innocua After 60 days of storage (4 ◦C), L. innocua inactivation values 
reached 0.9 to > 1.5 log CFU/g. With high pressure, a 
reduction of up to roughly 4 logs was observed. Bacteriocin 
HA-6111-2 alone did not cause pathogen reduction 

Casquete et al. 
(2018) 

L. sakei or BLC35 culture Sliced ‘lombo’ L. innocua Both cultures led to a reduction of 1–2 log CFU/g after 12 h. 
After 124 days of storage at 5 ◦C only L. sakei maintained this 
antilisterial effect, which was more evident at 40% CO2/60% 
N2 

Nikodinoska et al. 
(2019) 

L. plantarum non bacteriocin 
producing strain 

Chorizo L. monocytogenes and 
Salmonella spp. 

Reduction of 2.6 and 3.8 logs with 75 mg/kg and 150 mg/kg 
added nitrite, respectively, after 7 days. No antimicrobial 
activity against Salmonella spp. growth 

Gelinski et al. (2019) L. sakei Fresh pork sausage S. Choleraesuis Average reduction of 2.4 logs after 7 days stored at 10 ◦C 
Wang et al. (2017) Nisin, Salmonella bacteriophage and/ 

or potassium sorbate (PS) 
Pork meat S. Typhimurium Nisin alone did not cause reduction. Phage treatments 

inhibited Salmonella to concentrations under the detection 
limit. Nisin-PS-phage treatment significantly lowered total 
viable counts 

Vatanyoopaisarn 
et al. (2011) 

P. acidilactici and L. plantarum Thai fermented 
sausage 

S. aureus Total staphylococci remained unchanged. S. aureus was 
significantly reduced. During 2 days at room temperature 
(28–32 ◦C), E. coli counts did not increase and Salmonella sp. 
was reduced to an undetectable level 

Olaoye et al. (2015) L. lactis subsp. lactis I23 and L. lactis 
subsp. lactis E91 

Pork meat B. thermosphacta Reduction of Enterobacteriaceae, no detection of 
Staphylococcus sp. and B. thermosphacta from 48 h in samples 
with strain I23. Mixed cultures were more effective than when 
used individually 

Angmo et al. (2016) Lactobacillus sp. and L. brevis Refrigerated meat Y. enterocolitica Y. enterocolitica was reduced to 4.9 log CFU/ml (Lactobacillus 
sp.) and 4.4 log CFU/ml (L. brevis) on the 28th day of storage at 
4 ◦C. The inhibition was higher as the incubation period was 
prolonged 

de Azevedo et al. 
(2020) 

Bacteriocin-like inhibitory 
susbstances (BLIS) from 
P. pentosaceus and nisin 

Ready-to-eat pork 
ham 

L. seeligeri BLIS was effective in inhibiting the growth of L. seeligeri for 6 
days at 4 ◦C (counts from 1.7 log CFU/g to below the detection 
limit) 

Hongthong et al. 
(2020) 

Sucrose (0.3% and 1.2%) and 
L. plantarum 

Thai fermented 
sausage 

Total microbial counts 
and LAB 

The total microbial counts and LAB counts increased rapidly 
during fermentation at 30 ◦C and then decreased during 
storage at 4 ◦C  
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exerted a bactericidal effect at 7 ◦C and 20 ◦C, achieving nearly a 2 log 
reduction in the initial L. monocytogenes counts. The fastest inhibit 
ion was observed in the batch with L. sakei at 20 ◦C, where 
L. monocytogenes counts started to decrease on the second day of 
fermentation (Ortiz et al., 2014). These results show that LAB not only 
help to reduce the pH more rapidly, but also compete with pathogenic 
bacteria for the available nutrients and produce antagonistic primary 
and secondary metabolites, ensuring the safety of the product, effect 
that is more rapidly achieved at higher temperatures, which agree 
with the conclusions drawn by García-Díez and Patarata (2017) and 
Olaoye and Onilude (2010). 

Both bacteriocinogenic and non-bacteriocin producing LAB can be 
added to meat products as starter cultures. Two L. plantarum strains, one 
producing a bacteriocin and other which did not produce any bacteriocin, 
were added at 106 cfu/g and assessed during the fermentation and drying 
for 19 days of colonial sausages (Table 4). No significant differences in 
effectiveness were observed between both of them, which achieved a 1.7 

log cfu/g reduction in the concentration of L. monocytogenes (initially 
inoculated at 104 cfu/g) (Zanette, Dalla, & dos Santos, 2015). 

The reduction of S. aureus, E. coli and Salmonella was studied in Thai 
fermented sausages by Vatanyoopaisarn, Prapatsornwattana, Kuha
kongkeat, and Phalakornkule (2011), who added three LAB, P. acidilactici, 
L. plantarum CP1-15 and L. plantarum CP2-11, to control them (Table 4). 
When the Lactobacillus strains were individually applied at 106 cfu/g, 
S. aureus and E. coli were not significantly reduced. However, when dual 
starters were used (P. acidilactici with L. plantarum CP1-15 and 
P. acidilactici with L. plantarum CP2-11), counts of S. aureus were signifi
cantly reduced as compared with the control, and Salmonella counts were 
reduced to levels below the detection limit. Sausages with the dual starter 
P. acidilactici and L. plantarum CP1-15 obtained a higher score in 
appearance, taste, texture and overall acceptability (Vatanyoopaisarn 
et al., 2011). In other Thai fermented sausage, L. plantarum was suggested 
as an attractive alternative to improve the quality of the product (Table 4). 
With the starter, pH values decreased faster than in non-inoculated 
batches and the fermented sausages had significantly higher counts of 
LAB. The authors also evaluated the addition of sucrose and recom
mended an inoculation of 107 cfu/g of L. plantarum and a sucrose level of 
0.3% (Hongthong, Chumngoen, & Tan, 2020). 

Macieira et al. (2018) tested in a traditional Portuguese fermented 
dry meat sausage bacteriocinogenic L. plantarum cultures, both fresh and 
lyophilized (106 cfu/g), but obtained no further inhibition of 
L. monocytogenes (initially inoculated at 105 cfu/g), as compared with 
the control batches (Table 4). The authors attributed this either to the 
fact that the high hydrophobic matrix of the product can protect the 
pathogen from bacteriocins or to the low concentration of the bio
preservative agents. Regarding the sensory evaluation, lower hardness 
was obtained in the inoculated samples, which was attributed to the 
impact on the protein hydrolysis, and lower brightness and a strange 
odour were detected at the end of storage in comparison with the control 
batches (Macieira et al., 2018). 

4. Purified or semipurified bacteriocins 

Purified or semi-purified bacteriocins or other metabolites of bacte
rial origin can be also used to control undesired bacteria in meat prod
ucts. Lactococcin BZ, produced by L. lactis spp. lactis BZ, was added to 
fresh beef at concentrations ranging from 200 to 2,500 AU/ml (Table 2). 
The results obtained showed that the higher the amount of bacteriocin 
added, the higher the inhibitory activity observed, with 4.9, 3.9 and 3.5 
log reductions for total mesophilic bacteria, LAB and total psychrotropic 
bacteria being obtained, respectively, at the end of storage (12 days) 
(Yildrim, Yerlikaya, Öncül, & Sakin, 2016). Listeria innocua was also 
inoculated at a concentration of 106 cfu/g, together with the two lac
tococcin BZ preparations, at 800 and 1,600 AU/ml. Reductions of 4.5 
and 6 log units, respectively, were found for this microorganism on day 
6 (Yildrim et al., 2016). 

Bacteriocins produced by indigenous LAB have shown potential to be 
used as an alternative to nitrites. Plantaricin, produced by L. plantarum 
2C12, isolated from Indonesian local beef, was purified and added at a 
0.3% (v/v) during grinding in beef meatballs, which were later stored 
for 6 days at 4 ◦C (Table 2). The treatment showed the same effective
ness against E. coli as a treatment with 0.3 % nitrites, with counts below 
the detection limit at day 3 and 6, while around 0.6 log cfu/g was 
detected for the control samples and the samples containing nitrites. 
Furthermore, the samples with the addition of plantaricin showed the 
lowest total plate counts. In addition, the application of the bacteriocin 
did not lead to significant physical or nutritional changes (Arief, Jenie, 
Suryati, Ayuningtyas, & Fuziawan, 2012). When bacteriocins are used to 
inhibit Gram-negative bacteria, they first need to cross the cell wall. The 
combination of bacteriocins with chemical or physical treatments that 
disrupt the cell wall is frequently proposed as a successful synergistic 
approach. However, some bacteriocins are also active against Gram- 
negative bacteria, which may be attributed to the fact that there is a 

Table 5 
Studies performed in other meat-related products, testing diverse bio
preservative agents against different target microorganisms.  

Reference Biopreservative 
agent 

Product Target 
microorganism 
(s) 

Results observed 

Kumar 
et al. 
(2017) 

Pediocin from 
P. pentosaceus and 
Murraya koenigii 
berries extract 

Goat 
meat 
emulsion 

L. innocua Around 1.4, 3.0 and 
4.1 log reductions in 
L. innocua counts 
was noted at day 3, 
6 and 9, respectively 

Rivas 
et al. 
(2018) 

Cell free 
supernatant with 
sakacin G from 
L. curvatus 

Natural 
and 
artificial 
casings 

L. innocua Growth reduction 
was up to 0.5 log/ 
cm2, 0.6 log/cm2 

and 1.8 log/cm2 in 
the natural, 
cellulose and 
collagen casing, 
respectively. 
Collagen casings 
were a better carrier 
of the sakacin G, 
while in the rest of 
casings only a 
bacteriostatic effect 
was observed 

Hammou 
et al. 
(2010) 

Nisin solutions at 
0, 100, 150 and 
200 μg/g. Each 
combined with salt 
at 0, 4, 7 and 12% 
(w/v) 

Sheep 
natural 
casings 

L. monocytogenes Nisin alone had no 
antilisterial effect 
before 20 days. At 
days 20–90 all nisin 
treatments reduced 
the L. monocytogenes 
population. A 
bactericidal effect 
was evident in all 
samples in 
combination with 
salts, with 
reductions of 
approximately 1 log 
cfu/g after 90 days 

Hammou 
et al. 
(2011) 

Oregano essential 
oil (EO) and nisin 

Sheep 
natural 
casings 

E. coli Nisin at 800 or 1600 
IU/g did not show 
any antibacterial 
activity against 
E. coli strains, while 
the EO did. Synergy 
between EO and 
nisin was observed 

Wijnker 
et al. 
(2011) 

Different nisin 
solutions 

Natural 
sausage 
casings 

Clostridium 
sporogenes spores 

Nisin caused a 
reduction of 
approximately 1 log 
of Clostridium viable 
spores during 
outgrowth  
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membrane protein that can act as a bacteriocin-specific receptor (Acuña, 
Picariello, Sesma, Morero, & Bellomio, 2012). 

Another study undertaken with ground turkey meat evaluated the 
activity of BacFL31, a partially purified bacteriocin from Enterococcus 
faecium, against L. monocytogenes, S. Typhimurium and S. aureus 
(Table 3). The bacteriocin was added at two different concentrations 
in turkey meat: 200 and 400 AU/g, and the target bacteria was 
inoculated at 104 cfu/g. At the lowest concentration tested, the shelf 
life of the product was of 10 days, while at the highest concentration 
it was of 14 days. L. monocytogenes and S. Typhimurium were 
inhibited, with their counts being reduced by 3 log units after 30 h of 
incubation at 4 ◦C, while the highest concentration of bacteriocin 
diminished S. aureus counts around 1.8 log units (Chakchouk-Mtibaa 
et al., 2017). 

Leucocin A, a class II bacteriocin, has been suggested as a good 
candidate to be used in meat products due to its proved antilisterial 
activity and its stability under extreme conditions. In order to improve 
the bactericidal activity, or any other functional aspect, of a bacteriocin, 
variants with minor changes in the amino acid sequence can be pro
duced. Balay, Dangeti, Kaur, and Mcmullen (2017) synthesized an 
analogue of leucocin A by replacing the amino acid asparagine in the 
residue 17 by leucine, obtaining the leucocin N17L variant. They 
determined if the activity against L. monocytogenes could be enhanced in 
the presence of natural spoilage microbiota on RTE poultry meat 
(Table 3). Unfortunately, the synthesized compound did not show as 
good antilisterial activity as the original bacteriocin. Nevertheless, in situ 
experiments with leucocin A on the surface of wieners reduced the 
counts of L. monocytogenes. However, the presence of some spoilage 
bacteria could reduce the antimicrobial activity of the bacteriocin. 

Among all purified bacteriocins tested up to now, nisin (E-234) is the 
only one allowed as food additive in the European Union (European 
Commission, 2011). An assay performed testing different nisin concen
trations against L. monocytogenes in RTE turkey ham demonstrated that at 
day 0 all nisin treatments achieved up to 4 log reductions in L. mono
cytogenes when compared with the control batch (Table 3). It was re
ported that the higher the concentration of nisin the higher the inhibitory 
effect observed. Remarkably, 2 log reductions in L. monocytogenes counts 
were still obtained after 63 days of storage at 4 ◦C for samples treated 
with the highest nisin concentration (0.5%) (Ruiz, Williams, Djeri, Hin
ton, & Rodrick, 2010). 

Although not recognized as a pathogen, Listeria seeligeri can also cause 
sporadic human infections and, therefore, it has also been employed in 
experimental studies with artificially contaminated foods. De Azevedo 
et al. (2020) compared the antimicrobial activity of the industrial bio
preservative Nisaplin with that of a bacteriocin-like inhibitory substance 
(BLIS) produced by P. pentosaceus in vacuum packed RTE pork ham 
artificially contaminated with L. seeligeri (Table 4). Between day 2 and 6 of 
storage at 4 ◦C, L. seeligeri counts in the BLIS-inoculated samples were <1 
log cfu/g. However, in samples treated with Nisaplin, L. seeligeri counts 
were similar to those obtained for the control batch until the second day of 
storage, when a progressive decay in counts started until concentrations 
<1 log cfu/g were reached at day 6. Nonetheless, BLIS-inoculated samples 
showed a slight recovery of L. seeligeri from day 6 to the end of the 
experiment (day 10), while Nisaplin treated samples showed L. seeligeri 
concentrations <1 log cfu/g until the end of the experiment. 

Although most of the research studies retrieved were carried out in 
beef, pork and poultry products, a few articles dealt with casings or goat 
meat. In the case of casings, preservation with brines or with dry salt 
appears to be the ideal environment for the control of pathogenic non- 
spore-forming bacteria. However, if the environmental conditions 
become favourable, the remaining spores could germinate, thus being 
necessary the implementation of additional barriers. When nisin was 
employed to evaluate the reduction of Clostridium sporogenes spores 
outgrowth on casings, the model showed that nisin can cause a reduction 
of approximately 1 log of viable C. sporogenes (Table 5) (Wijnker, Weerts, 
Breukink, Houben, & Lipman, 2011). 

The effectiveness of cell free supernatants (CFS) containing sakacin 
G, produced by L. curvatus, added individually to porcine, ovine, bovine, 
cellulosic and collagen casings, showed variable results depending on 
the type of casing used. Porcine casings containing sakacin G showed 
statistically significant reductions in L. innocua counts from the day 2 of 
storage at 5 ◦C (Table 5). Collagen casings also exhibited significant 
lower L. innocua counts when treated with CFS containing sakacin G 
from the fifth day of storage and a 2 log reduction was achieved at the 
end of the trial (35 days). For ovine, bovine and cellulosic casings, a 
bacteriostatic effect until the end of the experiment was observed (Rivas, 
Cayré, Campos, & Castro, 2018). 

5. LAB and/or their metabolites as part of a hurdle technology 
strategy 

Several studies have tested the effectiveness of different LAB com
bined with other biopreservatives. In a study carried out in ground raw 
beef, two LAB strains, Limosilactobacillus reuteri and L. plantarum, were 
tested individually and in combination with a garlic extract (1%) at a 
concentration of 107 cfu/g, resulting in higher reductions of 
L. monocytogenes (initially inoculated at 105 cfu/g) and also of aerobic 
mesophilic bacteria when LAB and garlic extract were combined 
(Table 2) (Khalili Sadaghiani, Aliakbarlu, Tajik, & Mahmoudian, 2019). 
After 12 days of storage at 4 ◦C, the L. reuteri strain caused a 0.5 log cfu/g 
reduction of L. monocytogenes counts while its combination with the 
garlic extract resulted in a 1.4 log cfu/g reduction. The L. plantarum strain 
alone reduced 0.7 log cfu/g but, when combined with the garlic extract, 
caused a 1.5 log cfu/g reduction of the pathogenic microorganism. For 
aerobic mesophilic bacteria, significant statistical differences were also 
found when combining the LAB strains with garlic extract, reaching 
values 1.4–1.6 log cfu/g lower than in control batches. Interestingly, the 
sensory analysis revealed that regarding colour, odour and overall 
acceptability, the samples with combined treatments received higher 
scores than the control samples and also than the samples with only LAB 
at the end of the storage period. 

When various antimicrobial agents are used together, it is crucial to 
choose the most appropriate combination, so that favourable outcomes 
or even synergism can take effect. The addition of chelating agents can 
make the outer membranes of Gram-negative bacterial cells more 
permeable to hydrophobic peptides such as bacteriocins (Belfiore, Cas
tellano, & Vignolo, 2007). The combination of Na2EDTA (ca. 48 mM) 
with bacteriocin-producing strains of L. curvatus and L. lactis (at 107 cfu/ 
g) in frozen ground-beef patties, stored during 9 days at 5 ◦C, showed 
better ability than the use of the chelator alone to control E. coli O157: 
H7 and indigenous coliforms (Table 2). Moreover, in absence of 
Na2EDTA, neither E. coli nor coliforms were inhibited by the bio
protective cultures (Castellano, Belfiore, & Vignolo, 2011). 

Castellano et al. (2018) tested in frankfurters the antilisterial activity 
of various dipping solutions containing bacteriocins produced by 
L. curvatus CRL705 (533 UA/ml) or L. sakei CRL1862 (266 UA/ml), nisin 
(2500 UI/ml) or organic acids (2.5% lactic acid and acetic acid) 
(Table 4). The most effective treatment was the combination of the 
bacteriocin from L. sakei CRL1862 with organic acids, which reduced the 
pathogen counts (initially at 3–4 log cfu/ml) to below the detection limit 
from day 6 until the end of the 36-day storage at 10 ◦C. 

The combination of the semi-purified bacteriocin BacTN635, from 
L. plantarum, at 500–1,000 AU/g, and the essential oil of Mentha piperita, 
at 0.25–0.5% v/w, resulted in an extension of the shelf life of minced beef 
meat by approximately 7 days at 4 ◦C, taking into account that the shelf 
life of minced beef meat could be limited by lipid oxidation, metmyo
globin accumulation, aerobic bacteria and sensory attributes (colour, 
appearance, odour and overall acceptability) (Table 2). The strongest 
biopreservation effect and sensory acceptability was achieved with the 
highest concentrations of essential oil (0.5%) and bacteriocin (1,000 AU/ 
g) in combination (Smaoui et al., 2016). Samples containing the highest 
concentration of both biopreservatives obtained the following values on 
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day 7: 1.05 mg of malonaldehyde/kg of sample (a 2 TBARS value is the 
limit value of acceptability), 21.8% metmyoglobin (being 40% the limit 
value of acceptability) and 3.2 log cfu/g of aerobic plate counts (a value 
of 6.7 cfu/g indicates the end of shelf-life of raw minced meat). 

Hu, Balay, Hu, McMullen, and Gänzle (2019) observed that the 
addition of partially purified bacteriocins from C. maltaromaticum 
increased the activity of chitosan against E. coli and Salmonella in an in 
vitro experiment. However, when this was tested on beef, no synergistic 
effects were observed (Table 2). These differences can be attributed to 
the fact that the food matrix is a complex ecosystem in which several 
populations interact affecting the total community structure, unlike in 
vitro assays which are much simpler. Also, the efficacy of antimicrobial 
compounds depends on their concentration and the microbial load. If 
the antimicrobial substance is added at low concentrations, it could be 
difficult to control a target microorganism added at high concentrations 
(Fangio & Fritz, 2014). Thus, it may be convenient to design the ex
periments as close as possible to real industrial conditions, where 
contamination is not commonly at very high levels. Hence, an important 
aspect to consider when combining biopreservation agents in a meat 
product is the quantity/concentration to apply. Dussault, Vu, and 
Lacroix (2016) observed an absence of influence of a mixture of nisin 
and hop alpha acids on the growth of L. monocytogenes in ham (Table 4). 
Only this one, among the seven preservation strategies evaluated (so
dium nitrite, pH modulation, sodium chloride, sodium acetate, sodium 
lactate syrup, calcium propionate, and nisin and hop alpha acids), failed 
to provide positive results and this was attributed to the selection of 
inadequate concentrations of nisin and hop alpha acids to perform the 
assay (only 20 ppm). 

As a part of the hurdles technology approach, modified atmosphere 
packaging (MAP) and freezing temperatures can also be employed in 
combination with biopreservative agents. In a trial by Melero, Diez, 
Rajkovic, Jaime, and Rovira (2012), a culture of Leuconostoc pseudome
senteroides was applied at 6 log cfu/g in chicken meat burgers in com
bination with a 50% CO2/50% O2 MAP to control the growth of 
L. monocytogenes and Campylobacter jejuni (Table 3). The target pathogens 
were additionally subjected to − 18 ◦C for 48 h to stress their cells. When 
the bioprotective culture was combined with MAP L. monocytogenes 
counts were reduced in 0.9 log cfu/g. Freezing temperatures were not 
effective against L. monocytogenes but they were against C. jejuni. In fact, 
the combination of high-O2 MAP with freezing eliminated this microor
ganism (Melero et al., 2012). 

On the other hand, no significant additional reductions were observed 
with a Portuguese salami-like product, “Alheira”, when L. sakei was 
combined with packing under vacuum or MAP (20% CO2–80% N2), with 
a constant 2 log reduction of L. monocytogenes being observed during the 
first 7 days of storage at 4 ◦C regardless of the experimental condition 
(Table 4) (Vaz-Velho et al., 2013), meaning that the gas atmosphere did 
not influence the growth of the LAB or the pathogen, and only the 
presence of L. sakei was sufficient to control L. monocytogenes. 

Casquete et al. (2018) evaluated the antimicrobial effect of L. sakei 
and a commercial LAB starter culture (with L. curvatus, S. xylosus and 
P. acidilactici) against L. innocua in a cured-smoked pork loin (Table 4). 
The assay was performed in combination with two modified atmosphere 
packaging conditions (20% CO2/80% N2 and 40% CO2/60% N2), which 
showed no influence in the growth or survival of the biopreservative 
agents used. L. innocua numbers decreased between 1 and 2 log cfu/g at 
the early stages of storage in the presence of both LAB cultures. Despite 
this, the commercial culture did not show any significant effect, as 
compared to the control batch, at the end of the study (124 days), while 
L. sakei combined with a 40% CO2/60% N2 atmosphere reduced 
L. innocua counts in 5 log cfu/g, being much more effective. 

Other promising approach to control L. innocua was reported by Castro 
et al. (2018), who showed the synergistic effect between pediocin bacHA- 
6111-2 and 300 MPa (10 ◦C, 5 min) high hydrostatic pressure treatments 
in a traditional Portuguese fermented product (Table 4). Several 
L. innocua concentrations, ranging from 4 to 8 log cfu/g, were used. While 

a bacteriostatic effect was observed with the highest concentration, for 
lower concentrations of L. innocua, closer to natural contamination levels, 
pediocin decreased L. innocua numbers for up to 2 log cfu/g. 

Cocktails of L. monocytogenes and Salmonella spp. were used as target 
microorganisms by Nikodinoska et al. (2019) in a “chorizo” sausage 
model to test the efficacy of L. plantarum as a biopreservative (Table 4). 
The biopreservative agent was added to the product in the presence of 
150 mg/kg NaNO2, 75 mg/kg NaNO2 or with no nitrite added. Counts of 
L. monocytogenes were significantly lower with the addition of the bio
preservative, achieving a 3.8 log cfu/g reduction with the maximum 
nitrite concentration and a 2.6 log cfu/g reduction with the reduced 
nitrite concentration. In samples without nitrite, L. plantarum was 
capable of significantly reducing L. monocytogenes counts but not until 
the end of the experiment. The approach suffered the limitation of a lack 
of antimicrobial activity against Salmonella spp. (Nikodinoska et al., 
2019). Although the nitrite free treatment was not as effective as the 
halved-nitrite treatment, the combination of LAB with 75 mg/kg NaNO2 
was a good hurdle approach to ensure food safety. In agreement with 
this study, Orihuel et al. (2018) observed that the antilisterial activity of 
bacteriocinogenic Enterococcus mundtii was enhanced when curing ad
ditives (3% NaCl, 0.02% NaNO2, 0.0075% ascorbic acid, 0.75% sucrose 
and 0.75% glucose) were also used in a beef sausage model, reaching up 
to a 2 log cfu/g reductions (Table 2). 

The limitation of some biopreservative agents for the control of 
Salmonella in pork products has been also reported by Wang et al. 
(2017). Nisin and a Salmonella bacteriophage were applied to fresh pork 
meat previously inoculated with S. Typhimurium (at 3 log cfu/g) 
(Table 4). The bacteriophage, alone and in combination with nisin, 
produced a decrease in the counts to levels under the detection limit (<1 
log cfu/g). However, nisin treatment alone did not reduce Salmonella 
counts in fresh chilled pork (Wang et al., 2017). 

In relation to goat meat, pediocin from P. pentosaceus together with 
an extract of Murraya koenigii berries were evaluated for their antimi
crobial and antilisterial effect in a goat meat emulsion (Table 5) (Kumar, 
Kaur, Shahi, Kairam, & Tyagi, 2017). Analysis of aerobic plate counts, 
psychrotrophic counts, and counts of Enterobacteriaceae and L. innocua 
were conducted at day 0, 3, 6 and 9 of storage at 4 ◦C. Aerobic plate 
counts and psychrotrophic counts showed a 2.2 and 1.7 log reduction, 
respectively, at day 9 of storage in comparison with the control batch. In 
addition, similar results regarding aerobic plate counts were obtained 
from pediocin supplemented samples and a nitrite treated sample. These 
authors thus stated that pediocin and nitrite could have similar anti
microbial activities in goat meat. Enterobacteriaceae counts also suffered 
a 1 log reduction during the storage period, as compared with the 
control batch, but the greatest effect was observed for L. innocua. Sam
ples containing pediocin and berries extract showed a 1.4, 3, and 4.1 log 
reduction of L. innocua, respectively, at day 3, 6 and 9 of storage. When 
that treatment was compared with a nitrite treatment, significantly 
lower counts were observed when the bacteriocin was used, revealing 
the promising antilisterial effect of pediocin (Kumar et al., 2017). 

As previously mentioned, salt or brines are common techniques to 
preserve casings, hence Hammou, Skali, Idaomar, and Abrini (2010) 
evaluated the combination of nisin (0, 100, 150, and 200 μg/g) and salt 
(0, 4, 7 and 12% w/v) at different concentrations to prevent the growth 
of L. monocytogenes in casings (Table 5). Nisin alone did not show any 
antilisterial effect before 20 days of storage at 6 ◦C, but from day 20 to 
day 90 all nisin treatments were effective against L. monocytogenes. 
When nisin was applied with 4% salt, there was an evident antilisterial 
effect regardless of the nisin concentration. In all samples, the addition 
of nisin in combination with salt produced a greater inhibitory effect 
than the use of salt alone. The same authors reported similar synergistic 
effects in casings when nisin was combined with Origanum compactum 
essential oil to inhibit E. coli, although the bacteriocin used alone had no 
impact on the pathogeńs populations, when compared with the control 
samples (Table 5) (Hammou, Skali, Idaomar, & Abrini, 2011). The 
samples treated with oregano essential oil plus nisin presented higher 
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inhibitory effects on E. coli than both treatments applied individually, 
probably due to the fact that carvacrol and thymol, the most abundant 
individual components of the oregano essential oil, are able to destabi
lize the bacterial outer membrane thus facilitating the antimicrobial 
activity of nisin. 

6. LAB metabolites in active packaging 

Consumers are not only concerned about their health, demanding 
new ways of preserving food, but also demand ecologically friendly and 
biodegradable packaging materials. This has led to the development of 
new biopolymers. Pullulan is an extracellular polysaccharide produced 
by Aureobasidium pullulans whose edible and biodegradable films are 
colourless, tasteless and odourless, and allow a controlled release of 
antimicrobial molecules to the food matrix. This polysaccharide was 
tested with the bacteriocin sakacin A in RTE turkey breasts (Table 3) 
(Trinetta, Floros, & Cutter, 2010). When sakacin A was added directly to 
the meat, populations of L. monocytogenes were reduced in more than 2 
log cfu/g after 3 weeks of storage at 4 ◦C, while sakacin A incorporated 
in a pullulan film reduced them by 3 log cfu/g after the same time 
period. This result demonstrates that these types of films permit the 
persistent migration of the antimicrobial compound to the food matrix 
over time. In addition, the antimicrobials are protected from being 
degraded by cross-reactions with other food components, thus main
taining their activity along the product shelf life. 

Xie et al. (2018) rehearsed a plantaricin solution absorbed in an 
active polyvinylidene chloride film and determined the antimicrobial 
effect on fresh pork (Table 4). After 7 days of cold storage, the counts of 
L. monocytogenes were 1.4 log cfu/g lower than those observed for the 
control sample. Other assay by Woraprayote et al. (2013) evaluated a 
novel biocomposite film made of poly lactic acid and sawdust particles 
that enhanced the adsorption of the biopreservative pediocin PA-1/AcH 
using a diffusion coating technique. All treatments applied by these 
authors with the biocomposite film with pediocin PA-1/AcH on raw 
sliced pork significantly reduced the populations of L. monocytogenes 
about 1.5–2 log units after 14 days of storage at 4 ◦C (Table 4). 

Some studies have demonstrated the advantages of microencapsu
lation techniques due to the slow release of biopreservative agents, 
which are also protected from being degraded by the food matrix. 
Ghabraie, Vu, Huq, Khan, and Lacroix (2016) tested several antimicro
bial agents encapsulated into alginate-cellulose nanocrystal microbeads, 
and found it to be an effective delivery methodology (Table 4). These 
formulations were based on the utilization of the following four agents: 
essential oils (0.025–0.05%), 100–200 ppm of nitrite, organic acid salts 
(1.55–3.1%) and nisin (12.5–25 ppm). They obtained more than 2.6 and 
1.5 log cfu/g reductions in the counts of L. monocytogenes in sausages at 
day 7 of storage at 4 ◦C, as compared to those obtained for the control 
batches, for formulation A (0.05%, v/w mixed essential oils, 1.55% w/w 
mixed organic acid salts, 12.5 ppm nisin and 100 ppm nitrite) and 
formulation B (0.025% v/w mixed essential oils, 1.55% w/w mixed 
organic acid salts, 12.5 ppm nisin and 100 ppm nitrite), respectively. 

7. Conclusions and future perspectives 

LAB have a long history of safe application in fermentation processes. 
However, as biopreservation agents they are still underutilized despite 
the aforementioned promising results on meat products. Indeed, with 
regard to bacteriocins, up to now, the only purified bacteriocin that has 
been officially approved for a direct use as additive in the European and 
United States food legislation is nisin (Codex Alimentarius, 1995; FDA, 
2019) for certain types of foods. Pediocin PA-1 is also commercialized as 
a crude extract based on a fermentation of a bacteriocin-producing 
strain (Back et al., 2016). 

LAB and their antimicrobial metabolites show potential to be used as 
an alternative to widely employed additives as they meet the consumerś
demands and ensure the safety of the product. In addition, they help 

accomplish longer shelf life, control the growth of spoilage and patho
genic microorganisms, and provide better sensorial characteristics to 
meat products. Some authors have even highlighted that they could be a 
viable alternative to tackle resistant and challenging microorganisms 
(Camargo, Todorov, Chihib, Drider, & Nero, 2018; Pisoschi et al., 2018). 
Moreover, biopreservation seems to be a good alternative to solve the 
large economic losses that industries suffer when products become 
contaminated. 

Most of the findings emerging from the literature suggest that both 
LAB and purified bacteriocins (or bacteriocin-like substances) show a 
consistent antimicrobial activity when they are applied during in vitro 
assays. Although their use in real meat products at lab scale generally 
lead to a lower antibacterial activity due to the complexity of these 
foods, promising results have also been obtained. Further difficulties 
may arise when these lab-based trials are upscaled at industrial level 
under real processing conditions. The main challenges could be related 
to the regulatory framework, as the approval of novel bacteriocins as 
food additives could be tangled, and to their formulation in the meat 
product, as the dose of the biopreservative agent needs to be fine-tuned 
so that the required antimicrobial activity is achieved without the 
development of undesirable effects on the end product. 

On the other hand, it must not be assumed that LAB and their 
metabolites will represent a silver bullet which will provide the unique 
and final solution to quality and safety issues in the meat industry. 
Some of the limitation to their use here discussed are related to the fact 
that not all natural antimicrobials demonstrate the same activity in 
different food matrices or against different target microorganisms. In 
addition, their performance varies depending on the time and tem
perature of storage, pH range of the product, and the interactions with 
other food components or members of the food microbiota. Therefore, 
improvements in their use, alone or within combined hurdles ap
proaches, ought to be investigated. An important issue for further 
research would be the strategy followed for incorporating the active 
compound into the food. In this field, microencapsulation or active 
packaging may be a valuable alternative for gradually dosing the 
antimicrobial and avoiding its degradation during the shelf life. Also, 
the combination of the biopreservative agents with other methods of 
food preservation could provide better results. For instance, their 
combination with modified atmosphere packaging or high-pressure 
processing could result in a powerful synergistic effect. The com
bined use of cocktails of LAB or their bacteriocins has been barely 
investigated, although this could also be a promising approach and 
may show complementary antimicrobial activities against several 
pathogenic and/or spoilage microorganisms. 

Other very important topic where research is being focused in recent 
years is the use of genomic and metagenomic techniques for the iden
tification and characterization of environmental microorganisms in food 
processing chains and of the microbiome of food products. These tech
niques will facilitate the design of novel biopreservation strategies and 
the assessment of their efficacy and possible impact on the microbio
logical quality of the product. Nevertheless, although food safety is a 
great concern, and seems possible to positively manage it through bio
preservation, other sensory, toxicological and healthy attributes ought 
to be also evaluated. 
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