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1. Introduction

During the recent years health-conscious consumers are looking for natural foods without
chemical preservatives that will fit in their healthy lifestyle. The increasing consumption of
precooked food, prone to temperature abuse, and the import of raw foods from developing
countries are among the main causes of this situation. Biopreservation refers to extended
shelf life and enhanced safety of foods using microorganisms and/ or their metabolites (Ross
et al., 2002). LAB is generally employed because they significantly contribute to the flavor,
texture and, in many cases, to the nutritional value of the food products (McKay and
Baldwin, 1990). LAB are used as natural or selected starters in food fermentations and exert
the antimicrobial effect as a result of different metabolic processes (lactose metabolism,
proteolytic enzymes, citrate uptake, bacteriophage resistance, bacteriocin production,
polysaccharide biosynthesis, metal-ion resistance and antibiotic resistance) (Zotta, T., 2009;
Corsetti, 2004). Lactic acid bacteria (LAB) play a key role in food fermentations where they
not only contribute to the development of the desired sensory properties in the final product
but also to their microbiological safety. LAB has a GRAS status (generally recognized as
safe) and it has been estimated that 25% of the European diet and 60% of the diet in many
developing countries consists of fermented foods (Stiles, 1996). Fermentation is one of the
most ancient and most important food processing technologies. Fermentation is a relatively
efficient, low energy preservation process, which increases the shelf life and decreases the
need for refrigeration or other forms of food preservation technology. Currently, fermented
foods are increasing in popularity (60% of the diet in industrialized countries) and, to assure
the homogeneity, quality, and safety of products, they are produced by the intentional
application in raw foods in different microbial systems (starter/protective cultures)
(Holzapfel et al., 1995).

Examples of vegetable lactic acid fermentations are: sauerkraut, cucumber pickles, and
olives in the Western world; Egyptian pickled vegetables in the Middle East; Indian pickled
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vegetables and Korean kim-chi, Thai pak-sian-don, Chinese hum-choy, Malaysian pickled
vegetables and Malaysian tempoyak. Lactic acid fermented cereals and tubers (cassava)
include: Mexican pozol, Ghanaian kenkey, Nigerian gari; boiled rice/raw shrimp/raw fish
mixtures: Philippine balao-balao, burong dalag; lactic fermented/leavened breads:
sourdough breads in the Western world; Indian idli, dhokla, khaman, Sri-lankan hoppers;
Ethiopian enjera, Sudanese kisra and Philippine puto; Lactic acid fermented cheeses in the
Western world and Chinese sufu/tofu-ru. Lactic acid fermented yogurt/wheat mixtures:
Egyptian kishk, Greek trahanas, Turkish tarhanas.

Moreover, because of the improved organoleptic qualities of traditional fermented food,
extensive research on its microbial biodiversity has been carried out with the goal of
reproducing these qualities, which are attributed to native microbiota, in a controlled
environment.

Recent years the interest increased in bacteriocin-like inhibitory substances (BLIS)
producing LAB because of their potential use as natural antimicrobial agents to enhance the
safety of food products. Bacteriocins from LAB are described as “natural” inhibitors, in
regard to LAB having a GRAS status. Bacteriocin-like inhibitory substances (BLIS) from LAB
are antimicrobial compounds that possess bacteriocin requisites but that have not yet been
characterized for their amino acid sequence (Jack et al., 1995). Bacteriocins from the
generally recognized as safe LAB, have received significant attention as a novel approach to
the control of pathogens in foods (Klaenhammer, 1993; Settani et al., 2005). Nisin is the first
antimicrobial polypeptide found in LAB (Rogers, 1928); at the time of discovery, the
producer strains were identified as Streptococcus lactis [later classified as Lactococcus lactis)
(Schleifer et al., 1985). Today nisin is a permitted preservative in at least 48 countries, in
which it is used in a variety of products, including cheese, canned food and cured meat
(Delves-Broughton, 1990). Another commercially produced bacteriocin is pediocin PA-1
produced by Pediococcus acidilactici and marketed as ATTA ™ 2431 (Kerry Bioscience,
Carrigaline, Co, Cork, Ireland). The source of natural or controlled microbiota and/or
antimicrobial compounds could be traditional fermented foods. The health benefits
attributed to peptides in these traditional products have, so far, not been established,
however. Several factors can affect the bacteriocin activity including interaction with other
bacteriocins, constituents from the cells as well as the growth medium, purity and
concentration of exogenous added enzymes (Moreno et al., 2000). Enzymes present during
food making originate from different sources: there are those that already exist in the plant
raw material, those associated with the metabolic activity of yeasts or LAB, and those
intentionally added to the formulations. For example, amylases are added for the
intensification of the saccharification stage (Stauffer, 1994), while microbial lipases induce
changes in lipid and short-chain fatty acid compositions (Martinez-Anaya, 1996). Up to date,
numerous recent review articles focused on the isolation of novel LAB bacteriocin-like
inhibitory substances produced by LAB, evaluation their inhibitory activities, classification,
biochemical and genetic characterization, studying the sensitivity of the BLIS antimicrobial
activity to different factors, e.g. enzymes in fermentation media and the mode of action of
LAB bacteriocins, as well as on some of their food application (mainly animal origin) have
been published. Unfortunately literature lacks of concentrated articles dealing with the use
of bacteriocins or bacteriocin-producing strains for the biopreservation and improving
functional properties of vegetable and fruit products.

www.intechopen.com



Fermentation Processes Using Lactic Acid Bacteria Producing
Bacteriocins for Preservation and Improving Functional Properties of Food Products 65

2. Characterization of bacteriocins produced by lactic acid bacteria

The antimicrobial ribosomal synthesized peptides produced by bacteria, including members
of the LAB, are called bacteriocins. Such peptides are produced by many, if not all, bacterial
species and kill closely related microorganisms (Jack et al., 1995). Due to their nature, they
are inactivated by proteases in the gastrointestinal tract. Most of the LAB bacteriocins
identified so far are thermo stable cationic molecules that have up to 60 amino acid residues
and hydrophobic patches. Electrostatic interactions with negatively charged phosphate
groups on target cell membranes are thought to contribute to the initial binding, forming
pores and killing the cells after causing lethal damage and autolysin activation to digest the
cellular wall (Galvez et al, 1990). Example of damage caused by bacteriocin on L.
monocytogenes CECT 4032 cells is presented in Figure 1.

The LAB bacteriocins have many attractive characteristics that make them suitable
candidates for use as food preservatives, such as:

e Protein nature, inactivation by proteolytic enzymes of gastrointestinal tract

¢ Non-toxic to laboratory animals tested and generally non-immunogenic

e Inactive against eukaryotic cells

¢  Generally thermo resistant (can maintain antimicrobial activity after pasteurization and
sterilization)

e Broad bactericidal activity affecting most of the Gram-positive bacteria and some,
damaged, Gram-negative bacteria including various pathogens such as L.
monocytogenes, Bacillus cereus, S. aureus, and Salmonella

¢ Genetic determinants generally located in plasmid, which facilitates genetic
manipulation to increase the variety of natural peptide analogues with desirable
characteristics

Fig. 1. Example of damage caused by bacteriocin on L. monocytogenes CECT 4032 cells. (A)
cells without enterocin AS-48; (B) cells treated with 0.1 pg/ml of AS-48 for 2 h; (C and D)
cells treated with 3 pg/ml of enterocin AS-48 for 10 min (adapted from Mendoza et al.,
1999).

For these reasons, the use of bacteriocins has, in recent years, attracted considerable interest
for use as biopreservatives in food, which has led to the discovery of an ever-increasing
potential of these peptides. Undoubtedly, the most extensively studied bacteriocin is nisin,
which has gained widespread applications in the food industry. This FDA approved
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bacteriocin is produced by the GRAS microorganism Lactococcus lactis and is used as a food
additive in at least 48 countries, particularly in processed cheese, dairy products and canned
foods. Nisin is effective against food-borne pathogens such as L. monocytogenes and many
other Gram-positive spoilage microorganisms (Thomas et al., 2000; Thomas and Delves-
Broughton, 2001). Nisin is listed as E-234, and may also be cited as nisin preservative or
natural preservative. In addition to the work on nisin, several authors have outlined issues
involved in the approval of new bacteriocins for food use (Harlander, 1993).

2.1 The biosynthetic pathway of bacteriocins

The biosynthetic pathways of bacteriocins with the focus on class II bacteriocins (mainly
produced by LAB from fermented plant products) will be discussed in this section. All
bacteriocins are synthesized as a biologically inactive prepeptide carrying an N-terminal
leader peptide attached to the C-terminal propeptide (Hoover and Chen, 2005).

The mode of action of lactic acid bacteria bacteriocins belonging to class I, II and III are
presented in Figure 2.
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Fig. 2. Mode of action of bacteriocins by lactic acid bacteria.
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Some bacteriocins (or lantibiotics) of class I (e.g. nisin) have a dual mode of action: (1) they
prevent correct cell wall synthesis that leads to cell death by binding to lipid II - the main
transporter of peptidoglycan subunits from the cytoplasm to the cell wall and (2) they
employ lipid II as a docking molecule to initiate a process of membrane insertion and pore
formation leading to a rapid cell death (Gillor et al., 2008; Cotter et al., 2005; Wiedemann et
al., 2001). The majority of class II bacteriocins kill by inducing membrane permeabilization
and the subsequent leakage of molecules from target bacteria (Gillor et al., 2008).
Bacteriolysins (bacteriolytic proteins belonging to class III) function directly on the cell wall
of Gram-positive targets leading to death and lysis of the target cell (Cotter et al., 2005).

Class II bacteriocins are synthesized as a prepeptide containing a conserved N-terminal
leader and a characteristic double-glycine proteolytic processing site, and in contrast to
lantibiotics, they do not undergo extensive posttranslational modification (Hoover and
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Chen, 2005). The examples of the class II bacteriocins are Sakacin P, G, A and Pediocin
PA-1/AcH.

A general scheme of the biosynthetic pathway of class II bacteriocins is shown in Figure 3.
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Fig. 3. The biosynthesis of class II bacteriocins. 1. Formation of prebacteriocin and
prepeptide of induction factor (IF). 2. The processing of the prebacteriocin and pre-IF, and
translocation by the ABC-transporter, resulting in the release of mature bacteriocin and IF. 3.
Histidine protein kinase (HPK) senses the presence of IF and autophosphorylates. 4. The
transfer of the phosphoryl group (P) to the response regulator (RR). 5. The activation of the
regulated genes transcription by the RR. 6. Producer immunity.

The production of most class Ila bacteriocins is regulated by a three-component system
which includes a histidine protein kinase, a response regulator, and an induction factor.
Some class Ila bacteriocins are autoregulated by a two-component signal transduction
system, which is a well-known phenomenon in lantibiotics (Sahl et al., 1998). A threshold
concentration of the bacteriocin, which functions as a signal molecule accumulating during
growth, triggers the transcription of the genes coding for bacteriocin production, suggesting
a self-inducing cell density (quorum-sensing)-regulated system (Sahl et al., 1998).

Class Ilc bacteriocins are an exceptional case due to their production with a typical N-
terminal signal sequence of the sec-type, processing and excretion through the general
secretory pathway (Leer et al., 1995; Worobo et al., 1995). Once the prepeptide is formed, it is
processed to remove the leader peptide concomitant with export from the cell through a
dedicated ABC-transporter and its accessory protein (Nes et al., 1996).

2.2 Activity spectra and biochemical properties of LAB and their produced
bacteriocins

As mentioned before, LAB bacteriocins tend to be active against a wide range of mostly
closely related Gram-positive bacteria (Jack et al., 1995). Génzle (1998) corroborated this
while reviewing the inhibitory spectrum of bavaricin A, BLIS C57, and plantaricin ST31,
produced by sourdough LAB, indicating no inhibition of Gram-negative bacteria, whereas a
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variety of Gram-positive bacteria were sensitive. The insensitivity of Gram-negative bacteria
to bacteriocins from LAB strains might be explained by their outer membrane providing
them with a permeability barrier (Messens et al., 2002). Furthermore, the producer strains
are found to be immune towards their own bacteriocin (Génzle, 1998). Studies on the
resistance of List.monocytogenes strains towards bavaricin A confirmed that only 3 of the 245
strains examined were resistant to bavaricin A (Larsen and Nerrung, 2003), meanwhile
Rasch and Knechel (1998) reported about the correlation between bavaricin A sensitivity
and pediocin PA-1 sensitivity of the strains.

The seldom inhibition of commonly encountered enteropathogenic bacteria (Enterobacter,
Klebsiella, or Salmonella was announced as the weakness of the bacteriocins produced by
Gram-positive bacteria. Gram-positive bacteriocins are restricted to kill other Gram-
positives and the killing range varies significantly (Gillor et al., 2008). Martinez-Cuesta et al.
(2006) reported about the relatively narrow range of lactococcins A, B and M able to inhibit
only Lactococcus, meanwhile some type A lantibiotics (e.g. nisin A, mutacin B-Ny266) had a
wide range while killing Actinomyces, Bacillus, Clostridium, Corynebacterium, Enterococcus,
Gardnerella, Lactococcus, Listeria, Micrococcus, Mycobacterium, Propionibacterium, Streptococcus,
and Staphylococcus as shown by Mota-Meira et al. (2005). These particular bacteriocins were
found to be active against some medically important Gram-negative strains of
Campylobacter, Haemophilus, Helicobacter, and Neisseria (Morency et al., 2001).

Furthermore, Ila class bacteriocins have relatively narrow killing spectrum as compared to I
class bacteriocins and inhibit only closely related Gram-positive bacteria (Heng et al. 2007).
However, pediocin was reported to have a fairly broad activity spectrum while inhibiting
Streptococcus aureus and vegetative cells of Clostridium spp., Listeria and Bacillus spp. (Nes
and Holo, 2000; Eijsink et al., 2002). Besides, maximum antimicrobial activity against
Escherichia coli, Staphylococcus aureus and Bacillus cereus, though it was more effective against
E. coli than others, showed bacteriocin produced by strain CA 44 of Lactobacillus genus
isolated from carrot fermentation medium. This bacteriocin was stable at up to 100°C but its
activity declined compared to that at 68°C and was completely lost at 121°C. The maximum
antimicrobial activity was retained within the pH range of 4-5, but it was adversely affected
by the addition of papain. Bacteriocin was also effective against B. cereus in different fruit
products (pulp, juice and wine) indicating its potential application as a biopreservative in
fruit products (Joshi et al., 2006).

Quite a few studies on a bacterocin activity possessed by L. sakei strains have been
performed. Schillinger and Liicke (1989) reported about 221 surveyed lactobacilli strains,
among those 19 L. sakei strains, 3 L. plantarum strains and 1 L. curvatus strain were found to
inhibit other lactobacilli. Bacteriocins were not identical according to the evaluation of
supernatants antimicrobial spectra. Sakacin A produced by L. sakei Lb706 was reported to be
active against List. monocytogenes strains 8732 and 17a, moreover 4 other strains of L. sakei
and 1 strain of L. plantarum also shown antilisterial activity. Mertvedt and Nes (1990)
identified bacteriocin Lactosin S produced by L. sakei and described it as moderately heat
stable, sensitive to protease and having antimicrobial activity against Lactobacillus,
Pediococcus and Leuconostoc genera members. Furthermore, the instability of bacteriocin
production and immunity was revealed by the plasmid biology investigation in L. sakei L45.
Antagonistic effect of L. sakei CTC494 and sakacin K to different extents against List.innocua
CTC1014 was demonstrated by Hugas and co-workers (1998). While Axelsson with co-
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workers (1988) developed a system for heterologous expression using a bacteriocin-negative
L. sakei Lb790 strain, where into Lb790 introduced two plasmids allowed the production of
various bacteriocins (sakacin P, pediocin PA-1, and piscicolin 61) at levels equal to or
exceeding levels in correspondence with the wild type cultures. Cuozzo et al. (2000)
investigated II b class bacteriocin lactocin 705 from L. casei CRL 705 and reported about the
required of both two peptides presence for the inhibitory activity.

The cloning, expression, and nucleotide sequence of the genes involved in the synthesis of
pediocin PA-1 was reported by Marugg et al. (1992). The genes were cloned and expressed in
E. coli and 5.6-kbp fragment from the plasmid was found to be necessary for the bacteriocin
production. Hoover and co-workers (1989) noted about the surveyed 37 pediococci cultures
for the antagonistic effect against eight List. monocytogenes strains and indicated that a
bacteriocin effect of these LABs against List. monocytogenes may not be limited to a few
industrial starter cultures. 15 strains containing the Lactobacillus, Pediococcus, Lactococcus, and
Leuconostoc genera were examined for the inhibition against eight strains of List.
monocytogenes (Harris et al., 1989) and only cell-free supernatants from Lactobacillus species
UAL11, P. acidilactici PAC 1.0, and Leuconostoc species UAL14 were reported to inhibit all
eight strains of List. monocytogenes. The addition of proteolytic enzymes caused the
prevention of the inhibition. Ennahar et al. (1996) found out that Lactobacillus plantarum
WHE 92 produce a bacteriocin identical to pediocin AcH from P. acidilactici H, though
pediocin AcH was produced more effectively in L. plantarum WHE 92 in the pH range of 5.0
to 6.0 as compared to P. acidilactici H. Moreover, L. plantarum WHE 92 seems to have more
effective means of antagonism against List. monocytogenes, since dairy products are normally
higher than pH 5.0 (Hoover and Chen, 2005). Miller and co-workers (1998) applied PCR
random mutagenesis for the construction of pediocin AcH amino acid substitution mutants.
One mutant peptide was found to have a 2.8-fold higher activity against L. plantarum
NCDO955, while other mutations were inactive and shown a reduced antagonism. Johnsen
et al. (2000) increased the stability of pediocin PA-1 with the replaced methionine residue
with alanine, isoleucine, or leucine in order to protect from oxidation, since this peptide was
found to lose its activity while stored as refrigeration or ambient temperatures.

Lacticin 3147 is a two peptide bacteriocin with a broad-spectrum activity and genetically
resides on a self-transmissable plasmid that can be moved to other lactococci strains (Ross et
al., 2000). McAuliffe and co-workers (1999) reported about a 3-logl10 reduction in CFU/g of
List. monocytogenes with the used Lc. lactis subs. lactis culture producing lacticin 3147.
Bacteriocin S50 is another antimicrobial compound produced by lactococci, though it has a
relatively narrow activity spectrum (Hoover and Chen, 2005). Lacticin FS92, containing 32
amino acids, is a heat-stable bacteriocin and appears to be active against List. monocytogenes
as noticed by Mao et al. (2001). List. monocytogenes resistant mutants were found to remain
sensitive to lacticin FS92, but not to pediocin PA-1, curvaticin FS47 and lacticin FS56. The
susceptibility of List. monocytogenes, List. innocua, and List. seeligeri strains was found to
strain-dependent at each pH examined in response to lactocin 705, enterocin CRL35, and
nisin (Castellano et al., 2001).

3. Optimization of media and growth conditions for increased bacteriocin
production

The incorporation of bacteriocins as a biopreservative ingredient into model food systems
has been studied extensively and has been shown to be effective in the control of
pathogenic and spoilage microorganisms (Neysen and De Vuyst, 2005). LAB can also be
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considered as protective cultures because they improve the microbiological quality as well
as the safety of the food (Messens and De Vuyst, 2002) and can be a way to prevent
product spoilage (Verluyten et al., 2004a). Lactic acid bacteria (LAB) are a group of
microorganisms nutritionally exigent. They need a wide range of nutrients to grow and
synthesize metabolic products, some nutritional requirements usually being strain
specific. De Man-Rogosa-Sharpe (MRS) and yeast autolysate-peptone-tryptone-tween 80-
glucose (LAPTg) are standard culture media commonly used to support the growth of
lactobacilli in the starting point of their cultivation. These media contain carbon and
energy sources (carbohydrates, e.g. glucose), complex nitrogen sources (yeast extract,
meat extract, tryptone and peptone) and supplements derived from oleic acid (Tween 80).
MRS also includes inorganic and organic salts that have shown a stimulating effect or are
essential for the growth of most of the species of this genus. Different components of
culture media strongly affect the growth and bacteriocin production of several
microorganisms that are mainly considered for food applications and must be included in
fermentation processes, which are used on a production scale. Extruded wheat material is
one of the candidates to be included as fermentation media for cultivation of bacteriocins
producing LAB (Lactobacillus sakei MI806, Pediococcus pentosaceus MI810 and Pediococcus
acidilactici MI807), previously isolated from spontaneous Lithuanian sourdoughs, in
fermented products preparation formula for wheat bread production to have a higher
positive effect compared with the control medium on LAB growth and their antimicrobial
activities (Juodeikiene et al., 2011).

Frequently, the conditions that lead to high bacteriocin production are similar to those
prevailing during food fermentation processes (Leroy et al., 2002; Delgado et al., 2005;
Neysen and De Vuyst, 2005). Bacteriocin production is usually proportional to growth and
shows primary metabolite kinetics (Moretro et al., 2000) but often the correlation is weak
(Delgado et al., 2005) and this is particularly evident for bacteriocins produced during the
stationary phase (Jim’enez-D"1az et al., 1993). Food preservation using in situ bacteriocin
production requires a better understanding of the relationship between growth and
bacteriocin production. Different bacteriocin exhibits different inhibition profile on food
spoilage and pathogenic microorganisms. Therefore, they could be natural replacements for
synthetic food preservatives. In order to increase the productivity of the bacteriocins, a
better understanding on the factors affecting their production is essential.

Bacteriocin titres change with environmental factors (Leal-S"anchez et al., 2002; Delgado et
al, 2005), such as pH, temperature, and NaCl and ethanol concentrations. These
environmental factors may influence growth negatively and thereby the secretion of the
induction factor (Leal-S’anchez et al., 2002). Further, it has been suggested that some
environmental factors reduce the binding of the induction factor to its receptor (Delgado et
al., 2005). Bacteriocin production is strongly dependent on pH, nutrient sources and
incubation temperature. Activity levels do not always correlate with cell mass or growth
rate of the producer (Kim et al., 1997; Bogovic-Matijasic & Rogelj, 1998). Increased levels of
bacteriocin production are often obtained at conditions lower than required for optimal
growth (Bogovic-Matijasic & Rogelj, 1998; Todorov et al., 2000; Todorov & Dicks, 2004).
Understanding the influence of food-related environmental factors on the induction of
bacteriocins is essential for the effective commercial application of bacteriocin-producing
LAB in the preservation of foods.

Leal et al. (1998) optimized the production of bacteriocins by Lactobacillus plantarum LPCO10
to allow the use of bacteriocins as natural food additives in canned vegetables and other
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food systems. Results obtained indicated that the best conditions for bacteriocin production
were shown with temperatures ranging from 22°C to 27°C, salt concentration from 2.3 to
2.5%, and L. plantarum LPCO10 inoculum size ranging from 1073 to 1074 CFU/ml, fixing the
initial glucose concentration at 2%, with no aeration of the culture. Under these optimal
conditions, about 3.2 x 104 times more bacteriocin per liter of culture medium was obtained
than that used to initially purify plantaricin S from L. plantarum LPCO10 to homogeneity.

Delgado A. et al. (2007) by modeling studied the effects of some environmental factors on
bacteriocin production by Lactobacillus plantarum 17.2b. Bacteriocin production by L.
plantarum 17.2b was very sensitive to environmental conditions and uncoupled from
growth. Maximum production required suboptimal growth temperatures, pH values above
growth’s optimum and no NaCl.

Many studies have focused on optimization of media and growth conditions of LAB for
increased bacteriocin production. They have generally focused on the effects of pH,
temperature, composition of the culture medium, and general microbial growth conditions
(in vitro as well as in natural fermentations) on maximal bacteriocin production (FAO-WHO,
2002; ANVISA, 2010; Cruz et al., 2009; Silveira et al., 2009; Minei et al., 2008; Galvez et al.,
2008). By supplementing the medium with growth limiting factors, such as carbohydrates,
nitrogen, vitamins and potassium phosphate, or by adjusting the medium pH, levels of
bacteriocin production is often increased.

Several mechanisms have been proposed for the bacteriocins activity: alteration of
enzymatic activity, inactivation of anionic carriers through the formation of selective and
non-selective pores and inhibition of spore germination (Parada et al. 2007; Martinez and De
Martinis, 2006). Powell et al. (2006), Todorov and Dicks (2005a), (2005b), (2006a), (2006b),
Todorov et al. (2000), (2007a), (2007b), (2004) and Todorov (2008) reported higher bacteriocin
production levels for L. plantarum ST194BZ, L. plantarum ST13BR, L. plantarum ST414BZ, L.
plantarum ST664BZ, L. plantarum ST23LD, L. plantarum ST341LD, L. plantarum 423, L.
plantarum AMAK, L. plantarum ST26MS, L. plantarum ST28MS, L. plantarum ST8KF, L.
plantarum ST31 in optimized growth media.

In general, the bactericidal/bacteriostatic action of bacteriocins encompasses the increased
permeability of the cytoplasmic membrane of the target cells for a broad range of
monovalent cations (e.g. Na*, K*, Li*, Cs*, Rb* and choline) leading to the destruction of
proton motive force by dissipation of the transmembrane pH gradient and eventually to the
cell death (Simova et al.,, 2009; Oppegard et al.,, 2007). The bactericidal or bacteriostatic
activity possessed by bacteriocins is influenced by the following factors: bacteriocin dose
and purification degree, physiological status of the indicator cells (e.g. growth phase) and
experimental conditions (e.g. temperature, pH, presence of agents disrupting cell wall
integrity and other antimicrobial compounds) (Deraz et al., 2007; Cintas et al., 2001). An
increased antibacterial activity of non-lanthionine-containing bacteriocins at low pH can be
explained by the following factors: (1) more molecules are available to interact with the
sensitive cells due to a lesser probability of the aggregation of hydrophilic peptides; (2) more
molecules are available for the bactericidal action, since fewer molecules remain bound to
the wall; (3) an enhanced capacity of hydrophilic bacteriocins to pass through hydrophilic
regions of the cell wall of the sensitive bacteria; (4) an inhibited interaction at higher pH
values between the non-lanthionine-containing bacteriocins and putative membrane
receptors (Parada et al., 2007).

www.intechopen.com



72 Advances in Applied Biotechnology

These studies highlight the possibility of increase antimicrobial activity of fermented
products with the aim to improve food safety and quality characteristics. Besides the
optimization of bacteriocin production and enhancement of its activity are economically
important to reduce the production cost.

4. Application of bacteriocins producing LAB for improving some safety
characteristics of plant products

4.1 Possibilities to prolong microbiological spoilage of bread using novel BLIS
producing LAB

Knowledge of fermenting microorganisms plays a defining role in the process of
fermentation standardization and it is essential to have an exhaustive view of microbial
interactions. The development of starter cultures for food fermentations follows a
multidisciplinary approach and requires a thorough ecological study of these ecosystems.
LAB are fundamental for the fermented product properties such as lactic fermentation,
proteolysis, synthesis of volatile compounds, anti-mould and antiropiness effect. Since LAB
are found to be the dominant microorganisms in sourdoughs, the rheology, flavour and
nutritional properties of sourdough-based baked products greatly rely on their activity
(Corsetti at al., 2003; Hammes and Génzle, 1998; Gobbetti et al., 2005). Sourdough is used as
an essential ingredient for acidification, leavening and production of flavour compounds
and biopreservation of bread (Sadeghi, 2008; De Vuyst, 2007; Katina et al., 2005; Hansen,
2004; Clarke et al., 2004). In bakery practice, sourdough is usually sustained by repeated
inoculation, whereby a reproducible and controlled composition and activity of the
sourdough microflora is paramount to achieve a constant stability of sourdough as well as a
constant quality of the end-product. Besides, many researchers have reported about the high
resistance of sourdough breads to the microbiological spoilage by moulds and rope-forming
bacilli (Valerio et al., 2009; Hassan and Bullerman, 2008; Sadeghi, 2008; Ryan et al., 2008;
Mentes et al., 2007). Mould causes mouldiness and bacteria belonging to the genus Bacillus
(Simsek et al., 2006) are capable of causing massive economic losses due to the considerable
resistance allowing them to survive food processing (Errington, 2003; Driks, 2002). The
bacterial spoilage of bread, known as ropiness, occurs as an unpleasant fruity odour (Mentes
et al., 2007), and is still of major economic concern in the baking industry.

4.1.1 Rope production in bread

Ropiness is mainly caused by Bacillus subtilis and Bacillus licheniformis (Collins et al., 1991)
which reportedly originate from the raw materials, the bakery atmosphere and equipment
surfaces (Bailey and von Holy, 1993). These strains are also known to be food-borne
pathogens when present at levels of 105 CFU/g in bread crumb (Kramer and Gilbert, 1989).
Bacillus is a genus of rod-shaped, endospore-forming aerobic or facultatively anaerobic,
Gram-positive bacteria (in some species cultures may turn Gram-negative with age) and a
member of the division Firmicutes. Many species of the genus exhibit a wide range of
physiologic abilities that allow them to live in every natural environment. Under stressful
environmental conditions, the cells produce oval endospores that can stay dormant for
extended periods (Ravel and Fraser, 2005; Kunst et al., 1997). Bacteria belonging to the genus
Bacillus are capable of causing economic losses to the baking industry due to the food
spoilage condition known as rope (Valerio et al., 2008; Thompson et al., 1993). The
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predominant species involved in bread spoilage are Bacillus subtilis and B. licheniformis,
though B. pumilus, B. megaterium and B. cereus are implicated as well (Simsek et al., 2006;
Rosenkvist and Hansen, 1995; Collins et al., 1991). These strains are also known to be food-
borne pathogens when present at levels of 105 CFU/g in bread crumb (Kramer and Gilbert,
1989). Ropiness is noticed as an unpleasant odour, followed by a soft and sticky bread
crumb caused by the enzymatic degradation and the production of extracellular slimy
polysaccharides (Sadeghi, 2008; Valerio et al., 2008; Pepe et al., 2003).

Figure 4 illustrates an example of —ropy bread. B. subtilis spores have been isolated from
ropy bread, meanwhile contamination of Bacillus have been reported to originate from raw
materials, bakery environments and also from additives, including yeast, bread improvers,
and gluten (Thompson et al.,, 1993; Rosenkvist and Hansen, 1995; Collins et al., 1991;
Sorokulova et al., 2003; Bailey and von Holy, 1993).

Fig. 4. Rope production in bread.

B.subtilis spores being heat resistant can survive the baking process, since the maximum
temperature in the loaf centre remains 97°C to 101°C for a few minutes (Ostman, 2002;
Rosenkvist and Hansen, 1995). During subsequent exposure to the warm (25°C to 30°C) and
humid (water activity, 20.95) environmental conditions Bacillus spores germinate causing
bread spoilage (Volavsek et al., 1992). The spore germination and growth of Bacillus
vegetative cells during storage strongly depend on the water activity, pH and temperature
(Condén et al., 1996; Quintavalla and Paroli, 1993).

4.1.2 Spore formation in Bacillus subtilis

Bacterial spores are very specialized, differentiated cell types and can survive the adverse
conditions (e.g. starvation, high temperatures, ionizing radiation, mechanical abrasion,
chemical solvents, detergents, hydrolytic enzymes, desiccation, pH extremes and
antibiotics). Spores can cause massive problems in the food industry due to the considerable
resistance allowing them to survive food processing and conservation methods (Errington,
2003; Driks, 2002).

The mature heat-resistant spore formation takes approx. 8 hours from the initial time of
starvation. Numerous alterations in gene expression and a variety of physiological and
morphological changes characterize the process of sporulation (Grossman and Losick, 1988).
B. subtilis has been used as a model for the sporulation (the process of spore formation)
studies (Errington, 2003; Eichenberger et al., 2004; Piggot and Hilbert, 2004; Phillips and
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Strauch, 2002). Spore formation is a unique and complex process and can be divided into
stages 0, II, III, IV, V, and VI (Grossman and Losick, 1988) involving asymmetric cell
division, engulfment of the smaller cell and sacrifice of the original bacterial cell for the
production of a single spore (Figure 5).
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Fig. 5. The sporulation cycle of Bacillus subtilis.
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Stage 0 is characterized as the cell commitment to sporulation that leads to the building of a
septum (stage II). As a cell begins the process of forming an endospore, it divides
asymmetrically, resulting in the creation of two compartments (the larger mother cell and
the smaller prespore). Afterwards, the degradation of thepeptidoglycan in the septum
occurs and mother cell engulfs the prespore, leading to the formation of a cell within a cell
(stage III). The synthesis of the endospore-specific compounds, formation of the cortex and
deposition of the coat (stages IV and V) proceeds due to the activities of the mother cell and
prespore. Stages IV and V are followed by the final dehydration and maturation of the
prespore (stages VI and VII). Finally, the mother cell is destroyed in a programmed cell
death, and the endospore is released into the environment. The endospore remains dormant
until it senses the return of more favourable conditions (Errington, 2003; Grossman and
Losick, 1988; Phillips and Strauch, 2002).

4.1.3 Strategy for the control of Bacillus spp. by BLIS producing LAB in bread
production

The initial Bacillus spore counts could be reduced by the recommended control procedures
such as raw material quality, good sanitation of bakery equipment, stringent temperature
control during baking, production cooling and storage environments (Bailey and von Holy,
1993; Viljoen and von Holy, 1993). The use of chemical preservatives (propionic and acetic
acids) was reported to be one of the ways for the inhibition of Bacillus germination and
growth in bread, although the current trend is to reduce the levels of these substances
(Pattison et al.,, 2004; Marin et al, 2002). The increase in acidity by using traditional
sourdough fermentation is an effective way to limit the germination and growth of rope
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forming bacteria (Sadeghi, 2008). Rocken (1996) reported about the enhanced thermal
inactivation of B. subtilis spores by using an increased sourdough contents. Katina and co-
workers 2005 examined the ability of LAB to inhibit the growth of rope forming strains in
wheat bread and announced about the growth inhibition of B. subtilis and B. licheniformis by
Lactobacillus plantarum VTT E-78076 and Pediococcus pentosaceus VIT E-90390. The added
heat-treated cultures of L. plantarum E5 and Leuc. mesenteroides A27 were reported to prevent
the growth of approximately 104 rope-producing B. subtilis G1 spores per cm?2 on bread slices
for more than 15 days (Pepe et al., 2003). The inhibition of the rope spoilage of wheat bread
was observed with the added 20-30 g of sourdough/100 g of wheat dough (Katina, K. et al.,
2002). Kingamkono and co-workers (1994), Svanberg and co-workers (1992) shown that food
fermentation by LAB to pH 4.0 or lower inhibited the growth of Bacillus as well as other
pathogenic microorganisms. Suomalainen and Mayrd-Makinen (1999) reported about the
inhibitory effect of Lactobacillus rhamnosus LC705 against Bacillus spp. in bakery products.
Bogovi¢-Matijasi¢ and co-workers (1998) found out the antimicrobial activity of Lactobacillus
acidophilus LF221 producing two bacteriocins against different pathogens including B.
cereus. Ressland and co-workers (2003) demonstrated that a rapid decrease in pH during
log phase of fermentation was related with the B. cereus growth inhibition. Meanwhile B.
cereus sporulated and existed as endospores with the pH reduced at a slower rate in early
log phase.

Several studies have been dedicated for the analysis of the antimicrobial activity of LAB and
their produced bacteriocins, and have reported that the antifungal activity of LAB is lost
after treatment with proteolytic enzymes. Batish et al. (1989) suggested that the antifungal
substance produced by a LAB isolate was of proteinaceous nature since activity disappeared
with proteinase treatment. Roy et al. (1996) isolated a Lactococcus lactis subsp. lactis with
antagonistic activity against several filamentous fungi, that were lost after enzymatic
treatment with chymotrypsin, trypsin and pronase Gourama (1997a) found that the
inhibitory effect of a Lactobacillus casei strain against two Penicillium species was slightly
reduced by treatment with trypsin and pepsin. Gourama and Bullerman (1995, 1997b)
showed that a commercially available silage inoculant with a combination of Lactobacillus
species (L. plantarum, L. delbrueckii subsp. bulgaricus and L. acidophilus) had antifungal and
antiaflatoxin activity against A. flavus. The inhibitory activity was sensitive to treatments
with trypsin and alpha-chymotrypsin, and it was concluded that the activity was due to a
small peptide.

The changes in LAB antimicrobial effect upon the interactions with the enzymes is very
important in the baking industry where commercial enzyme preparations often are used for
fermentation processes intensification and recently became one of the research topics.

In one of the studies (Digaitiene et al., 2005), 270 bacterial strains were isolated from
spontaneous sourdoughs and of these, five LAB (Lactobacillus sakei MI806, Pediococcus
pentosaceus MI808, MI809 and MI810, Pediococcus acidilactici MI807) isolates were found to
produce BLIS (sakacin 806, pediocin 808, 809, 810 and pediocin Ac807 respectively). Isolates
of new bacteriocins producing LAB strains depend for subclass II. The results of inhibitory
spectra studies and pH sensitivity analysis indicated that the BLIS under investigation were
different from each other. These novel BLIS (sakacin 806, pediocin 808, pediocin 809,
pediocin 810 and pediocin Ac807) have been tested for their antimicrobial activity against B.
subtilis, one of the most important micro-organisms responsible for ropiness in bread;
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furthermore their sensitivity to various baking enzymes has been examined (Narbutaite et
al., 2008). Antimicrobial activity was tested using an overlay assay method; the results
showed that the BLIS studied here were effective against B. subtilis. To our knowledge, this
is the first report of BLIS-producing LAB isolated from sourdoughs which are active against
B. subtilis.

Bacteriocins have gained importance as natural biopreservatives for the control of spoilage
and pathogenic organisms in foods. Latest studies highlights the possibility of using LAB
exhibiting antimicrobial activity against B. subtilis in sourdough bread making, a desirable
characteristic when selecting for more competitive starters. The strains described here can
have an impact when used as starter cultures for traditional sourdough fermentation by
delaying spore germination and inhibiting the outgrowth of B. subtilis. This opens up the
possibility of using such LAB on an industry scale. Future work will also focus on obtaining
the amino acid sequences of the BLIS presented here.

4.2 Potential of lactic acid bacteria to degrade biogenic amines in different
fermentation media

A variety of fermented foods especially protein-rich foods e.g. fermented vegetables, legume
products, beers and wines contain biogenic amines (BAs) (Kala¢ et al., 2002). During the
fermentation process protein breakdown products, peptides and amino acids, used by
spoilage and also by the fermentation microorganisms represent precursors for BAs
formation (Hernandez-Jover et al., 1997; Bodmer et al., 1999). BAs are formed through the
decarboxylation of specific free amino acids by exogenous decarboxylases released from the
microbial population associated with the raw material.

Some biogenic amines such as histamine (HIS), tyramine (TYR), putrescine (PUT) and
cadaverine (CAD) are important for their physiological and toxicological effects on the
human body. They may exert either psychoactive or vasoactive effects on sensitive humans.
Histamine is physiologically the most important BA. Histamine has been found to cause the
most frequent food-borne intoxications associated with BAs; it acts as a mediator and is
involved in pathophysiological processes such as allergies and inflammations (Gonzaga et
al, 2009). Tyramine can evoke nausea, vomiting, migraine, hypertention and headaches
(Shalaby, 1996). Putrescine and cadaverine can increase the negative effect of other amines
by interfering with detoxification enzymes that metabolize them (Stratton et al., 1991). The
consumption of foods with high concentrations of BAs can induce adverse reactions such as
nausea, headaches, rashes and changes in blood pressure (Ladero et al., 2010).

The main BAs associated with such fermented plant product as wine are HIS, TYR and PUT
(Ancin-Azpilicueta et al., 2008). Their presence in wine is considered as marker molecules of
quality loss, and some EU countries even have recommendations for the amount of
histamine acceptable in wine which impacts on the import and export of wines to these
countires. Most fermented foods, such as cheese, fermented sausages and beer, which are
consumed more frequently than wines, have biogenic amine content (Fernandez et al., 2007).
However, the precence of alcohol in wine may enhance the activity of amines because it
inhibits monoamine oxidase enzymes. These enzymes depending for the detoxification
system in the intestinal tract of mammals convert amines into non-toxic products, which are
further excreted out of the organism.
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Regarding fruits and vegetables relatively low levels of biogenic amines were found in fruit
juice and canned fruit/vegetable samples. The same tendency has been noticed in other
publications, but sometimes the results are controversial. Moret et al., (2005) showed that
vegetables generally contained low levels in biogenic amines (0.1-9.6 mg kg1) while Kala¢ et
al,, (2002) found relatively high levels of the amines in vegetables (0.8-52.5 mg kg?). The
polyamines PUT and spermidin (SPM) are practically ubiquitous in all vegetables at a few
mg/100 g of fresh weight and TYR is less widespread in vegetables (Kala¢ et al., 2002; Moret
et al., 2005). They are implicated in a number of physiological processes, such as cell
division regulation, plant growth, flowering, fruit development, response to stress and
senescence (Bouchereau et al., 2000). Moreover, although PUT, SPD and other biogenic
amines are generated in low quantities in most canned vegetables/fruits, they are not the
primary metabolic products produced by the fermenting organisms (Stratton et al., 1991).

With the exception of tempe (Saaid et al., 2009) and taucu, relatively low levels of biogenic
amines are found in the soy bean products tested. Studies by Mower and Bhagavan (1989)
showed higher level of TYR (450 mg kg) in salted black beans. The quantitative analysis of
fermented products prepared for wheat bread production revealed that tyramine (32.6-215.8
mg kg1), histamine (20.8-96.7 mg kg1), and putrescine (33.7-195.2 mg kg?1) showed as being
the major occurring BAs (Bartkiene et al., 2011). Since several varieties of molds, yeasts and
lactic acid bacteria are involved in the fermentation processes of such products and the raw
material (soy bean) contains considerable amounts of protein, the formation of various amines
might be expected during the fermentation (Shalaby, 1996). Studies have shown that biogenic
amines in fermented soy bean products are most likely formed by the lactic microflora that is
active during fermentation (Kirschbaum et al., 2000). TYR and HIS have been found at various
levels in such products (Stratton et al., 1991). The variability of biogenic amines levels in the
commercial fermented soy bean products samples had been attributed to the variations in
manufacturing processes; variability in the ratio of soy bean in the raw material, microbial
composition, conditions and duration of fermentation (Shalaby, 1996).

Knowledge concerning the origin and factors involved in BAs production in fermented
products e.g. wine is well documented, and recently several reviews on this topic have been
published (Costantini et al., 2009; Moreno-Aribas and Polo, 2010). They are generated either
as the result of endogenous decarboxylase-positive microorganisms in raw materials or by
the growth of contaminating decarboxylase-positive microorganisms in fermented products.
With regards to wine microorganisms, a large amount of literature is available on the
production of BAs. Several research group support the view that biogenic amines are
formed in winemaking mainly by lactic acid bacteria (LAB) due to the decarboxilation of the
free amino acids (Constantini et al., 2006; Lucas et al., 2008). The levels of BAs usually
increase during fermentation due to decarboxylase activity of the LAB used as starter
culture. Low acid conditions, such as those occurring during fermentation, favour the
decarboxylation of amino acids (De las Rivas et al., 2005). The levels of free amino acids
usually increase in fermented products during fermentation due to the action of endogenous
and exogenous proteases through proteolysis processes (Hughes et al., 2002). It is thought
that proteolysis might provide the nutrient for spoilage microorganisms, leading to a
promoted growth of those microorganisms (Riebroy et al., 2004).

In this context, recently published paper (Garcia et al., 2011) reports novel data about the
presence of histamine-, tyrosine- and putrescine-degrading enzymatic activities of wine-
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associated LAB. Of particular interest are the results concerning the degradation of
putrescine, since no such degrading ability of any food LAB has previously been reported.
The isolates tested (42 strains Oenococcus oeni, 7 strains Pediococcus parvulus, 4 strains P.
pentosaceus, 6 strains Lactobacillus plantarum, 9 strains L. hilgardi, 3 strains L. zeae, 7 strains L.
casei, 5 strains L. paracasei and 2 strains Leuconostoc mesenteroides) belong to the principal
species of wine LAB and other related ecosystems and were selected because they came
from wine cellars that often suffer from the problem of BAs in their wines (Moreno-Aribas
and Polo, 2010). In this study the most potent amine-degrading species detected were L.
plantarum, P. parvulus and, in particular, P. pentosaceus and L. casei, in spite of the fact that
strains of these last species have never be reported to degrade histamine, tyramine and/or
putriscine. None of the strains were able to produce these BAs as they did no show the
decarboboxylase activity necessary for the production of these compounds in wine.
However, this potential for histamine, tyramine and/or putrescine degradation among wine
LAB does not appear to be very frequent, since out of the 85 strains examined, only nine
displayed noteworthy amine-degrading activity in culture media. Further studies using
other LAB species and/or strains may enable more potent amine-degrading enzyme
producers to be identified. However, it was observed that positive strains displayed amine-
degrading activity against several biogenic amines simultaneoustly, in accordance with
previous works that also reported the presence of either one or two amine oxidases in other
food fermenting microorganisms, such as Micrococcus varians and Staphylococcuscarnosus
(Leuschner et al., 1998).

The fact that active bacteria which were able to significantly reduce the concentration of BAs
in the conditions used in the study came from different fermentation media such as young
wine, wood- aged wines, sherry wines (Table 1), suggest that there are ecological niches for
the isolation of potential amine-degrading bacteria.

Strains Degradation, % ab
Histamine Tyramine Putrescine

L. casei IFI-CA-52 54 55 65
L. hilgardi IFI-CA-41 n.e. n.e. 20
L. plantarum IFI-CA-26 33 n.e. 24
L. plantarum IFI-CA-54 23 17 24
O. oeri IFI-CA-32 12 n.e. 16
P. parvulus IFI-CA-30 20 15 53
P. pentosaceous IFI-CA-30 10 12 49
P. pentosaceous IFI-CA-83 19 22 39
P. pentosaceous IFI-CA-86 n.e. 54 69

a Activity is expressed as a percentage of control without strain and according to HPLC quantitative
biogenic amine results.
bMean value (n=3); n.e. : no effect was observed.

Table 1. Percentage of degradation of the biogenic amines (histamine, tyramine and
putrescine) by wine-associated LAB in culture media

Recently, homofermentative Pediococcus acidilactici were isolated from spontaneous rye
sourdoughs and characterised as producing pediocin Ac807 with antimicrobial activity
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against Bacillus subtilis (Digaitiene et al., 2005; Narbutaite et al., 2008). Since fermentation by
using P. acidilactici could improve or modify flavour, taste, and texture of used plant
additives for wheat bread production, the safety characteristics of fermented products rich
in proteins are not always predictable. Therefore the BAs investigation in untreated whole
lupine flours and fermented products of different lupines species (Lupinus angustifolius and
Lupinus luteus) after spontaneous fermentation and fermentation by P. acidilactici has been
carried out (Bartkiene et al., 2011). This study showed that the BAs levels were found to be
lower after fermentation (by 17%) of L. luteus flour by P. acidilactici. Also the total amount of
BAs was significantly reduced (25%) during spontaneous fermentation of L. Iuteus flour
compared to non-treated samples. Opposite to the L. luteus, fermentation of L. angustifolius
flour led to an increase of 20.5% and 44% of total amount of BAs in spontaneous and P.
acidilactici sourdoughs, respectively. The different BAs in fermented products, which have
been prepared using different kinds of lupine can be explained by the quality of the raw
material and /or by formation during the fermentation process involving microorganisms
and these results are in agreement with previous research (Silla Santos, 1996).

The presented results agree to the findings that the use of decarboxylase negative
microorganisms, e.g. LAB as starter cultures could be an important factor to be considered
in order to reduce the levels of BAs in fermented foods.

4.3 Possible approaches of LAB and enzymes to biodegradation of mycotoxins

Mycotoxins are secondary metabolites produced by a wide variety of filamentous fungi,
including species from the genera Aspergillus, Fusarium and Penicillium. They cause
nutritional losses and represent a significant hazard to the food and feed chain. Humans
have long been exposed to mycotoxins by several different routes: directly, via foods of
plant origin, including cereals from which bread and bakery products are derived; by air
(both indoors and outdoors); or indirectly, through foods of animal origin. Many countries,
therefore, have established measures to safeguard the health of consumers by establishing
regulations for food and feed. The most economically important mycotoxins occurring in
food and feed are aflatoxins, ochratoxin A, patulin, and the Fusarium toxins (zearalenon,
trichothecenes, fumonisins etc.) (Chassy, 2010).

Principally, there are three possibilities to avoid harmful effect of contamination of food and
feed caused by mycotoxins: (1) prevention of contamination, (2) decontamination of
mycotoxin-containing food and feed, and (3) inhibition of absorption of mycotoxin content
of consumed food into the digestive tract (Halasz et al., 2009).

The theoretically soundest approach of prevention is doubtless to breed cereals and other
food and feed plants for resistance to mould infection and consequently exclude mycotoxin
production. Particularly in breeding wheat and corn, significant improvement of resistance
has been achieved. The identification of microbial species (and genes coding enzymes
degrading mycotoxins) allows transfer of these genes into plants and production of such
enzymes by transgenic plants. In this way, the safety problems connected with the use of
live microorganisms may be avoided.

Another practical approach to prevention of mycotoxin contamination is the inhibition of
the growth of molds and their production of mycotoxins. First, optimal harvesting, storage
and processing methods, and conditions may be successful in prevention of mold growth.
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Although the primary goal is the prevention of mycotoxin contamination, mycotoxin
formation appears to be unavoidable under certain adverse conditions.

Treatment of grains by some chemicals to prevent mycotoxin formation is also possible.
Most of these compounds work by inhibiting fungal growth. For example, approximately
one hundred compounds have been found to inhibit aflatoxin production. Two extensively
studied inhibitors of aflatoxin synthesis are dichlorvos (an organophosphate insecticide) and
caffeine. As reported by (Halasz et al., 2009) some surfactants have been found to suppress
the growth of Aspergillus flavus and aflatoxin synthesis.

When contamination cannot be prevented, physical and chemical decontamination methods
have been employed with varying success in the past, principally for feed. Whichever
decontamination strategy is used, it must meet some basic criteria:

¢ the mycotoxin must be inactivated or destroyed by transformation to non-toxic
compounds;

¢ fungal spores and mycelia should be destroyed, so that new toxins are not formed;

e the food or feed material should retain its nutritive value and remain palatable;

o the physical properties of raw material should not change significantly; and

e it must be economically feasible / the cost of decontamination should be less than the
value of contaminated commodity.

Partial removal of mycotoxin may be achieved by dry cleaning of the grain and in the
milling process, as well. Milling led to a fractionation, with increased level of mycotoxin in
bran and decreased level in flour. The majority of mycotoxins are heat-stable so heat
treatment, usually applied in food technology, does not have significant effect on mycotoxin
level.

Efforts were made in several countries to find an economically acceptable way of
destruction of mycotoxins into non-toxic products using different chemicals such as alkali
and oxidative agents. Although such treatment reduces nearly completely the mycotoxin
concentration, these chemicals also cause losses of some nutrients and such treatment is too
drastic for grain destined for food uses.

Although the different methods used at present have been to some extent successful, most
methods have major disadvantages, starting with limited efficacy to losses of important
nutrients and generally with high costs.

More recently, biological decontamination and biodegradation of mycotoxins with
microorganisms or enzymes, have been used (He et al., 2010; Juodeikiene et al., 2011). In this
case no harmful chemicals where used, so no significant losses in nutritive value and
palatability of decontaminated food and feed occurred. Today, ruminants appear to be a
promising potential source of microbes or enzymes for use in the biotransformation of
mycotoxins.

One of the most frequently used strategies for biodegradation of mycotoxins includes
isolation of microorganisms able to degrade the given mycotoxin and treatment of food or
feed in an appropriate fermentation process. From the food safety point-of-view,
fermentation with microorganisms commonly used in food production (fermentation with
lactic acid bacteria, alcoholic fermentation, traditional fermentation of vegetable protein
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used in South Asia, etc.) should be preferred. Knowledge of enzymes that take part in
degradation of mycotoxins opens some new approaches: (1) the production of genetically
modified species of microorganisms commonly used in food production and their use for
production of enzymes mentioned above; or (2) the transfer of genes coding for these
enzymes to transgenic plants and use the plants for production of mycotoxin degrading
enzymes.

In staple food such as bread and bakery products in the flour sector, yeast and lactobacilli
now play an important role. It thus stands to reason that the same microbes and enzymes
are the first to have been considered for use as detoxifying or decontaminating agents. This
type of biodegradation could therefore prove a useful strategy for partially overcoming the
problem of some mycotoxins. Indeed, this already takes place in bread and in sourdough
processes (Bartkiene et al, 2008); and OTA in food can also undergo biodegradation
(Abrunhosa et al., 2010) and certain antagonistic yeast strains can substantially degrade
OTA. This might offer new possibilities for reducing this mycotoxin in bread and bakery
products and their raw materials (Patharajan et al., 2011). The use of enzymes or engineered
micro-organisms (provided that these are allowed by legislation) as processing aids in the
bread and bakery sector would also prove beneficial. Genetic engineering technologies will
improve the efficiency with which enzymes can be produced from these organisms, and will
allow the production of engineered organisms which have the target genes. They will
additionally increase the availability and bioavailability, and will improve the quality of the
end product.

4.3.1 Inhibition of mycotoxins biosynthesis by lactic acid bacteria

Several papers dealing with the inhibition of mycotoxin biosynthesis by LAB have focused
on aflatoxins (Thyagaraja & Hosono, 1994). During cell lysis, it is possible that LAB releases
molecules that potentially inhibit mould growth and therefore lead to a lower accumulation
of their mycotoxins (Gourama & Bullerman, 1995). These “anti-mycotoxinogenic”
metabolites could also be produced during LAB growth. Gourama (1991), using a dialysis
assay, demonstrated the occurrence of a metabolite that inhibits aflatoxin accumulation in
Lactobacillus cell-free extracts. It was suggested that this inhibition of aflatoxin biosynthesis
was not the result of a hydrogen peroxide production or a pH decrease (Karunaratne et al.,
1990). These findings were consistent with those of Gourama (1991), who suggested that
inhibition of aflatoxin biosynthesis by Lactobacillus cell free supernatants was probably due
to specific bacterial metabolites. Coallier-Ascah and Idziak (1985) reported a significant
reduction of aflatoxin biosynthesis by Lactobacillus cell free supernatants and suggested that
this inhibition was related to a heat stable, low-molecular-weight inhibitory compound.
Although Lactobacillus spp. were found to delay aflatoxin biosynthesis, other lactic strains
such as Lc. lactis were found to stimulate aflatoxin accumulation (Luchese and Harrigan,
1990).

4.3.2 Decontamination of mycotoxins using microorganisms by binding or
degradation

Biological detoxification of mycotoxins works mainly via two major processes, sorption and
enzymatic degradation, both of which can be achieved by biological systems. Live micro-
organisms can absorb either by attaching the mycotoxin to their cell wall components or by
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active internalization and accumulation. Dead microorganisms too can absorb mycotoxins,
and this phenomenon can be exploited in the creation of biofilters for fluid decontamination
or probiotics (which have proven binding capacity) to bind and remove the mycotoxin from
the intestine.

Another approach to the biological decontamination of mycotoxins involves their
degradation by selected micro-organisms. Recently critical review on biological
detoxification by (Dalié et al., 2009) summarized different and interesting aspects of the
biological detoxification of mycotoxins.

Micro-organism detoxification can be performed in many different ways (Magan and Olsen,
2004):

¢  The entire organism can be used as a starter culture, as in the fermentation of beer, wine
and cider, or in lactic acid fermentation of vegetables, milk and meat.

¢  The purified enzyme can be used in soluble or immobilized (biofilter) forms.

e The gene encoding the enzymatic activity can be transferred and overexpressed in a
heterologous system; interesting candidates for this application include yeasts,
probiotics and plants.

Biological methods have been applied for the biodegradation and decontamination of
different mycotoxins.

Aflatoxins. As the first mycotoxins to be discovered, were also the first target in screening
for microbial degradation. Several examples of the detoxification of the most common and
important mycotoxins are reviewed. Almost 40 years ago, several species of micro-
organisms - including yeasts, moulds, bacteria, actinomycetes and algae - were screened for
detoxification activity; based on this studies only one isolate was found, Flavobacterium
auranotiacum, which significantly removed aflatoxin from a liquid medium (Ciegler et al.,
1966).

Later aflatoxins decontamination during fermentation was reported in several cases. About
50% reduction in aflatoxins B1 and G1 has been reported during an early stage of miso
fermentation. It was attributed to the degradation of the toxin by micro-organisms.
Significant losses of aflatoxin B1 and ochratoxin A were observed during beer brewing (Chu
et al., 1975). Detoxification of aflatoxin Bl occurred during the fermentation of milk by LAB
and in dough fermentation during breadmaking. Digestive tract micro-organisms are able to
reduce mycotoxin levels not only by binding and removal but also by detoxification.

Most data dealing with the effects of LAB on the accumulation of mycotoxins are related to
aflatoxin-producing moulds. Wiseman and Marth (1981) revealed the existence of an
amensalism relationship between Lc. lactis and A. parasiticus. When these authors added the
spores of A. parasiticus to a 13-day-old culture of Lc. lactis, they observed the entire
repression of aflatoxin production. When the fungal spore suspension and the lactic strain
were inoculated simultaneously, an increase in aflatoxin production was observed. In
contrast, Coallier-Ascah and Idziak (1985) showed an inhibition of aflatoxin accumulation
when both microorganisms were simultaneously cultivated in Lab-Lemco tryptone broth
(LTB). Addition of glucose to the cultivation medium during the conidiation phase of the
mould did not restore the the production of aflatoxin.
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Several LAB have been found to be able to bind aflatoxin B; in vitro (Kankaanpai et al., 2000;
Gratz et al., 2004), with an efficiency depending on the bacterial strain (Shah & Wu, 1999).
El-Nezami with co-workers (1998a) have evaluated the ability of five Lactobacillus to bind
aflatoxins in vitro and have shown that probiotic strains such as Lb. rhamnosus GG and Lb.
rhamnosus LC-705 were very effective for removing aflatoxin By, with more than 80% of the
toxin trapped in a 20pg/ml solution (Haskard et al., 1998).

According to Coallier-Ascah and Idziak (1985), the inhibition of aflatoxin accumulation was
not related to a pH decrease but rather to the occurrence of a low-molecular-weight
metabolite produced by the LAB at the beginning of its exponential phase of growth.
Inhibition of aflatoxin production by other LAB belonging to the genus Lactobacillus was also
reported (Karunaratne et al., 1990). It was assumed that this inhibition resulted from the
production of a metabolite different from hydrogen peroxide or organic acid (Gourama,
1991). Haskard wich co-wokers (2001) demonstrated that Lb. rhamnosus GG (ATCC 53103)
and Lb. rhamnosus LC-705 (DSM 7061) were able to eliminate aflatoxin By from the culture
medium by a physical process.

Several studies have suggested that the antimutagenic and anti-carcinogenic properties of
probiotic bacteria can be attributed to their ability to non-covalently bind hazardous
chemical compounds such as aflatoxins in the colon (El-Nezami et al., 1998b; Gratz et al.,
2004). Both viable and non-viable forms of the probiotic bacterium Lactobacillus rhamnosus
GG effectively removed aflatoxin Bl from an aqueous solution (El-Nezami et al., 1998D).
Since metabolic activation is not necessary, binding can be attributed to weak, non-covalent,
physical interactions, such as association to hydrophobic pockets on the bacterial surface
(Haskard et al., 2000). Coallier-Ascah and Idziak (1985) reported a significant reduction of
aflatoxin biosynthesis by Lactobacillus cell free supernatants and suggested that this
inhibition was related to a heat stable, low-molecular-weight inhibitory compound.

Ochratoxin-A (OTA) The major OTA producers in food and feed products are considered to
be A. alliaceus, A. carbonarius, A. ochraceus, A. steynii, A. westerdijkiae, P. nordicum and P.
verrucosum (Frisvad et al., 2006). These are mainly associated with agricultural crops pre-
harvest, or in post harvest storage situations. Biological methods use microorganisms, which
can decompose, transform or adsorb OTA to detoxify contaminated products or to avoid the
toxic effects when mycotoxins are ingested. These are the technologies of choice for
decontamination proposes because they present several advantages from being mediated by
enzymatic reactions. For example, they are very specific, efficient, environmentally friendly,
and they preserve nutritive quality.

Two pathways may be involved in OTA microbiological degradation (Abrunhosa et al.,
2010). First, OTA can be biodegraded through the hydrolysis of the amide bond that links
the L-f-phenylalanine molecule to the OTa moiety. Since OTa and L-f-phenylalanine are
virtually non-toxic, this mechanism can be considered to be a detoxification pathway.
Second, a more hypothetical process involves OTA being degraded via the hydrolysis of the
lactone ring. In this case, the final degradation product is an opened lactone form of OTA,
which is of similar toxicity to OTA when administered to rats. However, it is less toxic to
mice and Bacillus brevis. Although this is hypothetical, it is likely to occur since
microbiological lactonohydrolases, which undertake a similar transformation, are common.
Several protozoal, bacterial, yeast and filamentous fungal species are able to biodegrade
OTA. After success in clarifying the mechanism and degradation products of ochratoxin,
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three directions in recent research may be observed (1) possibilities of bacterial degradation,
study of molds able to degrade this mycotoxin and identification and isolation of enzymes
taking part in the degradation process.

Lactobacillus strains were demonstrated to eliminate 0.05 mg OTA/L added to culture
medium - in particular, L. bulgaricus, L. helveticus, L. acidophillus, eliminated up to 94%, 72%
and 46%, respectively, of OTA (Boshm et al, 2000); L. plantarum, L. brevis and L.
sanfrancisco were reported to eliminate 54%, 50% and 37%, respectively, of 0.3 mg OTA/L
after 24 h of incubation (Piotrowska and Zakowska, 2000). It is now generally accepted that
OTA adsorption to the cells walls is the predominant mechanism involved in this OTA
detoxification phenomenon by lactic acid bacteria (LAB). For example, adsorption effects
were claimed by Turbic et al. (2002), who found that heat and acid treated cells from two
Lactobacillus rhamnosus strains were more effective at removing OTA from phosphate buffer
solutions than viable cells. The strains removed 36% to 76% in the buffer solution (pH 7.4)
after 2 h at 37°C. Similarly, Piotrowska and Zakowska (2005) verified that L. acidophilus and
L. rhamnosus caused OTA reductions of 70% and 87% of 1 mg OTA/L after five days at 37°C,
and that significant levels of the OTA were present in the centrifuged bacteria cells. Other
LAB (L. brevis, L. plantarum and L. sanfranciscencis) also produced smaller decreases on OTA
(approximately 50%). Finally, Del Prete et al. (2007) tested 15 strains of oenological LAB in
order to determine the in vitro capacity to remove OTA, and reported Oenococcus oeni as the
most effective, with OTA reductions of 28%. The involvement of cell-binding mechanisms
was confirmed as (i) up to 57% of the OTA absorbed by the cells was recovered through
methanol extraction from the bacteria pellets; (ii) crude cell-free extracts were not able to
degrade OTA; and (iii) degradation products were not detected. Nevertheless, some authors
consider that metabolism may also be involved. For example, Fuchs et al. (2008) confirmed
that viable cells of L. acidophilus removed OTA more efficiently then unviable. A L.
acidophilus strain was able to decrease 295% the OTA in buffer solutions (pH 5.0) containing
0.5 and 1 mg OTA/L when incubated at 37°C for 4 h. In addition, a detoxification effect was
also demonstrated since pre-incubation of OTA with this strain reduced OTA toxicity to
human derived liver cells (HepG2) (Fuchs et al., 2008). Other L. acidophilus strains
demonstrated only a moderate reduction in OTA contents suggesting that the effect was
strain specific. In summary, some LAB adsorbs OTA by a strain specific cell-wall binding
mechanism, although some undetected catabolism can also be involved. The detection of
this OTA catabolism may only be possible with radiolabeled OTA.

The potential of LAB as mycotoxin decontaminating agents has been studied in different
fermentation processes and reviewed (Shetty and Jespersen, 2006). The ochratoxin-A
content, its fate during wine-making and possibilities of its degradation have been
intensively studied. Overviews concerning presence and fate of this mycotoxin in grapes,
wine and beer were published by Mateo et al. (2007) and Varga and Kozakiewicz (2006).
Although the decrease of OTA content in liquid phase during vinification process is
observed by the majority of researchers, reports are controversial regarding the mechanism
of OTA removal. Is it a result of malolactic fermentation due to the action of lactic acid
bacteria (Kozakiewicz et al., 2003), or is it adsorption to yeast cell walls (Binder et al., 2000).
Reports about the capacity of proteolytic enzymes to hydrolyze OTA can also be found.

Furthermore, although the results of these studies look very promising for reducing OTA
contamination, studies on model systems do not guarantee the degradation of OTA in situ,
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using food or feed. Further studies are needed to characterize the products of degradation
and to investigate the activity of these bacteria in food and feedstuffs.

Patulin contamination of apple and other fruit-based foods and beverages is an important
food safety issue due to the high consumption of these commodities. Patulin contamination
is considered of greatest concern in apples and apple products; however, this mycotoxin has
also been found in other fruits, such as pears, peaches, strawberries, blueberries, cherries,
apricots and grapes as well as in cheese (Haldsz et al., 2009). The initial studies concerning
degradation of patulin by actively fermenting yeasts were reported in the 1979 by Stinson et
al. (1979). However, authors were not able to chemically characterize the products of
degradation. More recently, Moss and Long (2002) reported that under fermentative
conditions, the commercial yeast Saccharomyces cerevisiae transformed patulin into ascladiol.

In a recent study (Richelli et al., 2007) the ability of Gluconobacter oxydans to degrade patulin
was investigated and the degradation products of this mycotoxin determined. More than
96% of patulin was degraded after twelve-hour treatment, due to change of chemical
structure (opening of the pyran ring). The degradation product was confirmed to be
ascladiol. The genus Gluconobacter, whose taxonomy is at present under worldwide study, is
made up of five different species (Tanasupawat et al., 2004; Sievers et al., 1995) which have
no health risk, and that are commonly used in food manufacturing. Apple juice inoculated
with this bacterium and incubated for 3 days still tasted like juice and was drinkable.
However, keeping in mind the toxicity of ascladiol and eventual unsatisfactory organoleptic
properties of alcoholic apple (fruit) juice (apple wine), the use of this bacterium at the
industrial level needs additional investigation.

In screenings for patulin detoxifying bacteria, has been isolated a bacterium from fermented
sausage; it was identified as Lactobacillus plantarum, and it significantly reduced patulin
levels via an intracellular enzyme (Halasz et al., 2009).

Fusarium toxins Considerable amounts of the Fusarium mycotoxins zearalenone (ZEN) and
its derivative a-zearalenol, were bound in vitro to the probiotic bacteria L. rhamnosus GG and
L. rhamnosus LC705. Both heat-treated and acid-treated bacteria were capable of removing
the toxins, indicating that binding, not metabolism is the mechanism by which the toxins are
removed from the media (EI-Nezami et al., 2002). Zearalenone was also degraded by a
mixed bacterial culture. A few other microbial activities that transform zearalenone have
been published but are protected by patents. Several micro-organisms have been found that
can degrade DON and T-2. On the basis of morphological and phylogenetic studies, the
degrader strain was classified as a bacterium belonging to the Agrobacterium Rhizobium
group. Interactions between lactic strains and ZEN and its derivative, p-zearalenol were also
investigated.

DON levels did not change during beer malting and the amount of trichothecene did not
change during wine alcoholic fermentation. In contrast, trichothecene and iso-trichothecin
were decomposed during alcoholic fermentation of grape juice. It was suggested that the
yeast epihydroxylase might be involved.

A significant proportion (38-48%) of both toxins was trapped in the bacterial pellet and no
degradation product of zearalenone or a-zearalenol was detected (El-Nezami et al., 2002),
leading to the conclusion that binding and not metabolism was the mechanism by which the
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toxins were removed from the media. Similar results were obtained with other mycotoxins
including ochratoxin A (Del Prete et al., 2007; Fuchs et al., 2008) and fumonisin B; and B
(Niderkorn et al., 2006).

Therefore, two specific processes such as binding and inhibition of biosynthesis may be
involved in the interaction between LAB and the accumulation of some mycotoxins.

Concerning the mechanisms of action involved in the removal of fumonisins by LAB,
Niderkorn (2007) suggested that peptidoglycans were the most plausible fumonisin binding
sites. The quenching ability of LAB was increased when bacteria were killed using different
physical and chemical treatments, while lysozyme and mutanolysin enzymes that target
peptidoglycans partially inhibited it. It was also reported that tricarballylic acid chains
found in fumonisin molecules played an important role in the binding process since
hydrolysed fumonisin had less affinity for LAB, and free amine group inactivation had no
effect on the binding process (Niderkorn, 2007). The same article attempted to explain the
low affinity of fumonisin B; using a molecular modelling approach. In fact, an additional
hydroxyl group in fumonisin B; could form a hydrogen bond with one of the tricarballylic
acid chains, resulting in a spatial configuration where the tricarballylic acid chain is less
available to interact with bacterial peptodoglycans.

Removal of fumonisins by LAB was ascribed to adhesion to cell wall components rather
than covalent binding or metabolism, since the dead cells fully retained their binding ability.
Peptidoglycans probably play a key rule in this binding process. Therefore, elucidating the
differences between bacterial cell wall components of LAB strains might make it possible to
select LAB species with the potential to act as biopreservative agents capable of reducing
exposure from fumonisins that occur in food and feed.

5. Conclusions

The use of bacteriocins and/or bacteriocin-producing strains of LAB are of great interest as
they are generally recognized as safe organisms and their antimicrobial products as
biopreservatives. Several studies confirmed that microorganisms and enzymes could be a
practical way to reduce the concentrations of some contaminants and to avoid the toxic
effects via bioremediation. This opens up wide possibilities of using such biotechnological
means on an food industry scale. Further experiments like utilization of the strains in
fermentation processes or using the enzyme preprations can exhibit great outcomes. Great
source of BLIS producing LAB strains could be traditional fermentation processes which
should be more widely distributed as novel microorganisms crossing the borders. Further
development of these strains for the biopreservation of food products requires an
understanding of the mechanisms of action of the antimicrobial activity and of the
decontamination of certain contaminants e.g. biogenic amines and mycotoxins. It seems that,
according to results of the experiments to date, microorganisms are the main living
organisms applicable for the biodegradation of these contaminants. Progress in this field of
molecular biology techniques, antimicrobial LAB strains with multi-functional properties,
including the degradation of mycotoxins, can be engineered to significantly improve the
quality, safety and acceptability of plant foods. Further studies and knowledge of enzymes
taking part in mycotoxin degradation allows production of these enzymes and their use for
detoxification instead of microorganisms or additionally with LAB strains. Despite the
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intensive research in this field and of the numerous publications that confirm the ability of
various microorganisms to degrade mycotoxins, lack of results achieved until now in the
development of practical commercial technologies by using BLIS producing strains
hampered progress. The majority of experiments were carried out in model systems and in
laboratory conditions. The control of degradation products and the effects of detoxification
on nutritive and sensory properties is in every case a decisive part of research and potential
application. The use of antifungal LAB instead of chemical preservatives would enable the
food industry to meet the request of consumers for natural products. Finally a practical
technology should be developed and controlled from an economical point of view. Several
studies confirmed that different environmental factors have strongly affected on the growth
and bacteriocin production of several LAB strains that are mainly considered for food
applications. However, it is desirable to continue the studies on this subject to select the
most efficient factors and their combinations, which could be used on a production scale.
Future work on LAB bacteriocin production, purification, obtaining the amino acid
sequences of the BLIS to increase their activity is required.
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