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 Introduction 

 Lactic acid bacteria (LAB) have a long history of ap-
plication in fermented foods because of their beneficial 
influence on nutritional, organoleptic, and shelf-life 
characteristics  [1, 2] . They cause rapid acidification of the 
raw material through the production of organic acids, 
mainly lactic acid. In addition, their production of acetic 
acid, ethanol, aroma compounds, bacteriocins, exopoly-
saccharides, and several enzymes is of importance. 
Whereas a food fermentation process with LAB is tradi-
tionally based on spontaneous fermentation or backslop-
ping, industrial food fermentation is nowadays performed 
by the deliberate addition of LAB as starter cultures to the 
food matrix. This has been a breakthrough in the pro-
cessing of fermented foods, resulting in a high degree of 
control over the fermentation process and standardiza-
tion of the end products. Recently, the use of functional 
starter cultures, a novel generation of starter cultures that 
offers functionalities beyond acidification, is being ex-
plored  [2–4] . For instance, LAB are capable of inhibiting 
various microorganisms in a food environment and dis-
play crucial antimicrobial properties with respect to food 
preservation and safety. In addition, it has been shown 
that some strains of LAB possess interesting health-pro-
moting properties; one of the characteristics of these pro-
biotics is the potential to combat gastrointestinal patho-
genic bacteria such as  Helicobacter pylori ,  Escherichia 
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 Abstract 

 In fermented foods, lactic acid bacteria (LAB) display numer-
ous antimicrobial activities. This is mainly due to the produc-
tion of organic acids, but also of other compounds, such as 
bacteriocins and antifungal peptides. Several bacteriocins 
with industrial potential have been purified and character-
ized. The kinetics of bacteriocin production by LAB in rela-
tion to process factors have been studied in detail through 
mathematical modeling and positive predictive microbiol-
ogy. Application of bacteriocin-producing starter cultures in 
sourdough (to increase competitiveness), in fermented sau-
sage (anti-listerial effect), and in cheese (anti-listerial and 
anti-clostridial effects), have been studied during in vitro 
laboratory fermentations as well as on pilot-scale level. The 
highly promising results of these studies underline the im-
portant role that functional, bacteriocinogenic LAB strains 
may play in the food industry as starter cultures, co-cultures, 
or bioprotective cultures, to improve food quality and safety. 
In addition, antimicrobial production by probiotic LAB might 
play a role during in vivo interactions occurring in the human 
gastrointestinal tract, hence contributing to gut health. 
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coli , and  Salmonella . This paper focuses on the role of 
bacteriocins as fast-acting, antibacterial peptides in both 
food safety and gastrointestinal health ( fig. 1 ).

  Antimicrobial Potential of Lactic Acid Bacteria 

 LAB display a wide range of antimicrobial activities. 
Amongst these activities, the production of lactic acid 
and acetic acid is obviously the most important. How-
ever, certain strains of LAB are further known to produce 
bioactive molecules such as ethanol, formic acid, fatty ac-
ids, hydrogen peroxide, diacetyl, reuterin, and reutericy-
clin. Many strains also produce bacteriocins and bacte-
riocin-like molecules that display antibacterial activity 
 [5] . Besides the production of bacteriocins, some LAB are 
able to synthesize other antimicrobial peptides that may 
also contribute to food preservation and safety. For in-
stance, strains of  Lactobacillus plantarum , isolated from 
sourdough and grass silage, display antifungal activity, 
due to the production of organic acids, other low-molec-
ular-mass metabolites, and/or cyclic dipeptides  [6–8] . It 
is not unlikely that additional, new antimicrobial pep-
tides are to be discovered  [9] . Although still in its infancy, 
there is good reason to believe that genomics will soon 

become an essential tool for exploring the antimicrobial 
potency of LAB  [10] . Interestingly, bacteriocin screening 
programs have yielded, during the last decades, a large 
arsenal of bacteriocins with different properties, target 
species, and producer organisms  [11] .

  Bacteriocins, a Class of Antibacterial Peptides for 

Promising Applications 

 Although bacteriocins may be found in many Gram-
positive and Gram-negative bacteria  [12] , those produced 
by LAB have received particular attention in recent years 
due to their potential application in the food industry as 
natural preservatives  [13] . Bacteriocins produced by LAB 
are small, ribosomally synthesized, antimicrobial pep-
tides or proteins that possess activity towards closely re-
lated Gram-positive bacteria, whereas producer cells are 
immune to their own bacteriocin(s)  [5, 11, 14] . The anti-
bacterial spectrum frequently includes spoilage organ-
isms and food-borne pathogens such as  Listeria monocy-
togenes  and  Staphylococcus aureus . Besides their antimi-
crobial action towards undesirable bacteria, bacteriocins 
are believed to contribute to the competitiveness of the 
producer cells  [15] . Activity against Gram-negative bac-
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  Fig. 1.  Overview of the application poten-
tial of bacteriocin production by LAB in 
food quality and safety and in medicine, 
emphasizing their role as food ingredient 
and in the human gastrointestinal tract, 
respectively. 
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teria such as  E. coli  and  Salmonella  has been shown, but 
usually only when the integrity of the outer membrane 
has been compromised, for example after osmotic shock 
or low pH treatment, in the presence of a detergent or 
chelating agent, or after pulsed electric field or high-pres-
sure treatment  [16] .

  Among bacteriocins from LAB, distinction can be 
made between (i) lantibiotics or small, heat-stable, lan-
thionine-containing, single- and two-peptide bacterio-
cins (class I), whose inactive prepeptides are subject to 
extensive post-translational modification; (ii) peptide 
bacteriocins or small, heat-stable, non-lanthionine-con-
taining bacteriocins (class II), including pediocin-like or 
 Listeria- active bacteriocins (class IIa), two-peptide bacte-
riocins (class IIb), and circular bacteriocins (class IIc), 
and, arguably, (iii) bacteriolysins or large, heat-labile, lyt-
ic proteins, often murein hydrolases (class III)  [14] . Ex-
tensive efforts have been made to resolve the relationship 
between structure and function for both class I and class 
II bacteriocins  [17, 18] . The majority of the class I and 
class II bacteriocins are active in the nanomolar range, 
causing membrane permeabilization, leading to the dis-
sipation of membrane potential and the leakage of ions, 
ATP, and other vital molecules from the target bacteria 
 [14] .

  Production and Purification of Bacteriocins 

 Although bacteriocins can be produced in the food 
matrix during food fermentation, bacteriocins by LAB 
can be produced in much higher amounts during in vitro  
 fermentations under optimal physical and chemical con-
ditions  [19] . The higher in vitro   production is due to the 
absence of limiting factors, such as strong diffusion lim-
itations, inactivation by proteases, and the adsorption to 
food particles  [20] . However, even during controlled fer-
mentor experiments, considerable differences in activity 
yields are obtained, and an influence of the environmen-
tal process conditions on the obtained bacteriocin activ-
ity can be seen. For instance, a decrease of pH results in 
a decreased adsorption of the bacteriocin molecules to 
the producer cells, and hence in an increased bioavail-
ability  [21, 22] . In addition, temperature and pH  [23–25]  
as well as nutrient availability  [26–28]  seem to play a cru-
cial role in bacteriocin production, whereas the presence 
of elevated amounts of sodium chloride usually decreases 
production levels  [29, 30] . In general, the cultivation con-
ditions directly affect bacteriocin production as such 
(specific bacteriocin production in particular) and, indi-

rectly, through biomass production. This is to be ex-
plained by the fact that bacteriocin production is a 
growth-dependent physiological trait and hence follows 
primary metabolite kinetics  [22–24] .

  Three major methods for the purification of bacte-
riocins by LAB to homogeneity can be distinguished. 
First, purification can be done by a conventional meth-
od that is based on a rather laborious series of subse-
quent steps of ammonium sulfate precipitation, ion ex-
change, hydrophobic interaction, gel filtration, and 
 reversed-phase high-pressure liquid chromatography 
 [31–33] . Second, a simple three-step protocol has been 
developed  [34] , including (i) ammonium sulfate precip-
itation, (ii) chloroform/methanol extraction/precipita-
tion, and (iii) reversed-phase high-pressure liquid chro-
matography, the sole chromatographic step involved. 
Third, bacteriocins can be isolated through a unique 
unit operation, i.e. expanded bed adsorption, using a hy-
drophobic interaction gel, after maximizing the bio-
available bacteriocin titer through pH adjustment of the 
crude fermentation medium  [35, 36] . Following the lat-
ter two methods, which are more rapid than the first 
conventional method and yet successful, several bacte-
riocins with interesting industrial potential have been 
purified, such as the class II bacteriocins amylovorin L 
(produced by  Lactobacillus amylovorus  DCE 471) and 
several enterocins (produced by the  Enterococcus faeci-
um  RZS C5, RZS C13, and FAIR-E 406 strains), and the 
lantibiotic macedocin (produced by  Streptococcus mace-
donicus  ACA-DC 198)  [34, 37–39] .

  Bacteriocin Production in Foods:

Application Possibilities 

 Bacteriocins can be used as food additives. For in-
stance, nisin is commercially made in a partially purified 
form  [5, 18]  and a marketed preparation with the pedio-
cin PA-1 (AcH) producer is available  [40] . As an alterna-
tive to the addition of bacteriocins to foods, bacteriocins 
may be produced directly in the food as a result of starter 
culture or co-culture activity  [2] . Several studies have in-
deed indicated that LAB starter cultures or co-cultures 
are able to produce their bacteriocins in food matrices, 
and consequently display inhibitory activity towards sen-
sitive food spoilage or pathogenic bacteria. The latter trait 
has mainly been documented for fermented sausage, fer-
mented vegetables and olives, and dairy products  [2, 13] . 
For instance, bacteriocin extraction has been demon-
strated in the case of Cheddar cheese  [41]  and fermented 
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sausage and sourdough [Foulquié Moreno MR, Leroy F, 
De Vuyst L, unpubl. results] ( fig. 2 ). Because of the com-
plexity of the food matrix and the difficulty of quantify-
ing bacteriocin activities in foods, in vitro   studies can be 
performed to simulate and study the in situ   functionality 
of bacteriocinogenic starters  [19, 42] . In this way, the ki-
netics of bacteriocin production by LAB strains in foods 
have been described in detail, amongst others through 
mathematical modeling and positive predictive microbi-
ology  [43] . Insights in the relationship between the food 
environment and kinetics of the starter culture have 
yielded valuable information about the in situ   production 
of bacteriocins and its interactions with the target strains, 
which will be important if bacteriocins or bacteriocin-
producing strains are to be increasingly used in food sys-
tems  [19, 44, 45] . In particular, such information is essen-
tial when dealing with the potential problem of bacte-
riocin-resistant target bacteria  [44, 45] . Application of 
bacteriocin-producing starter cultures in sourdough (to 
increase competitiveness and hence establish a desired 
microbial population), in fermented sausage (anti-liste-
rial effect to meet the zero-tolerance policy in ready-to-
eat foods), and in cheese (anti-listerial and anti-clostrid-
ial effects), have been studied during in vitro laboratory 
fermentations as well as on pilot-scale level  [19, 41, 44–
49] . Results of these studies were highly promising and 

underline the important role that functional, bacterioci-
nogenic strains of LAB may play in the food industry as 
starter cultures, co-cultures, or bioprotective cultures, to 
improve food quality and safety  [2, 3, 13] .

  Bacteriocin Production by Probiotics 

 Probiotics are live microorganisms that, when con-
sumed in an adequate amount as part of the food, confer 
a health benefit on the host  [50] . An experimental focus 
on bacteriocin production by probiotic LAB strains has 
indicated that this potential might play a considerable 
role during in vivo interactions occurring in the human 
gastrointestinal tract, for instance towards  H. pylori   [4, 
51–52] . Whereas bacteriocins in food are degraded by the 
proteolytic enzymes of the stomach, probiotic bacteria 
may lead to in situ   production of bacteriocins in the gas-
trointestinal tract. Up to now, bacteriocins have been iso-
lated from the commercial probiotic strains  Lactobacillus 
casei  Shirota and  Lactobacillus johnsonii  La1  [53] . The lat-
ter bacteriocin, referred to as lactacin Fa, is a two-peptide 
bacteriocin, which differs in one amino acid from the 
well-known bacteriocin lactacin F produced by  L. john-
sonii  VPI 11088 ( fig. 3 ). However, only activity towards 
Gram-positive indicator bacteria has been shown under 

Lactacin Fa    RNNWQTNVGGAVGSAMIGATVGGTICGPACAVAGAHYLPILWTAVTAATGGFGKIRK 
Lactacin F RNNWQTNVGGAVGSAMIGATVGGTICGPACAVAGAHYLPILWTGVTAATGGFGKIRK 

  Fig. 2.  In situ   bacteriocin production by  Lactobacillus curvatus  LTH 1174, as demon-
strated by the inhibition zones caused by pieces of Belgian-style fermented sausage on a 
bacteriocin-sensitive indicator layer containing  Listeria innocua  LMG 13568, in a direct 
diffusion assay. The pieces of meat were obtained after 1 (03.1), 3 (03.3), 5 (03.5), and 12 
(03.12) days of fermentation. The fermented sausages were prepared with a commercial 
starter culture, supplemented with  L. curvatus  LTH 1174, at an inoculation level of 7.0 
log colony-forming units per gram. Control sausages prepared with the same commer-
cial starter culture, but without  L. curvatus  LTH 1174, did not yield inhibition zones. 

  Fig. 3.  Comparison of the amino acid se-
quence of lactacin F (produced by  Lactoba-
cillus johnsonii  VPI 11088) and lactacin Fa 
(produced by  L. johnsonii  La1).       
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the conditions tested  [51, 53] . In contrast, the inhibitory 
role of organic acids produced by probiotics towards 
Gram-negative pathogenic bacteria has been shown  [9, 
54] .

  Conclusions 

 Bacteriocins produced by LAB have the potential to 
cover a very broad field of application, including both the 
food industry and the medical sector. Concerning their 
use in food, bacteriocin-producing starter or co-cultures 
have been successfully applied in pilot-scale experiments 
(cheese, fermented sausage, sourdough, etc.), yielding 
food quality and food safety advantages. The current bot-
tleneck hampering widespread industrial practice seems 
to be market implementation rather than scientific evi-

dence or proof-of-concept. With respect to medical ap-
plications, antimicrobials produced by probiotic LAB 
might play a role during in vivo interactions occurring in 
the human gastrointestinal tract, hence contributing to 
gut health. Further research is needed to unravel the pre-
cise role of LAB bacteriocins in this process.
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