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Abstract

Preservation of food and beverages resulting from fermentation has been an effective form of extending the shelf-life of

foods for millennia. Traditionally, foods were preserved through naturally occurring fermentations, however, modern large scale

production generally now exploits the use of defined strain starter systems to ensure consistency and quality in the final product.

This review will mainly focus on the use of lactic acid bacteria (LAB) for food improvement, given their extensive application

in a wide range of fermented foods. These microorganisms can produce a wide variety of antagonistic primary and secondary

metabolites including organic acids, diacetyl, CO2 and even antibiotics such as reuterocyclin produced by Lactobacillus reuteri.

In addition, members of the group can also produce a wide range of bacteriocins, some of which have activity against food

pathogens such as Listeria monocytogenes and Clostridium botulinum. Indeed, the bacteriocin nisin has been used as an

effective biopreservative in some dairy products for decades, while a number of more recently discovered bacteriocins, such as

lacticin 3147, demonstrate increasing potential in a number of food applications. Both of these lactococcal bacteriocins belong

to the lantibiotic family of posttranslationally modified bacteriocins that contain lanthionine, h-methyllanthionine and

dehydrated amino acids. The exploitation of such naturally produced antagonists holds tremendous potential for extension of

shelf-life and improvement of safety of a variety of foods.
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1. Historical perspective

Modern food processing is dependent on a range of

preservative technologies to ensure that food is main-

tained at an acceptable level of quality from the time

of manufacture through to the time of consumption.

One of the oldest of these technologies is fermenta-

tion, a process dependent on the biological activity of

microorganisms for production of a range of metab-

olites which can suppress the growth and survival of

undesirable microflora in foodstuffs. Fermentation as

a food preservation technique can be traced back

thousands of years (Fig. 1). Indeed, it is thought that

the art of cheese-making was developed as far back as

8000 years ago in the fertile Cresent between Tigris

and the Euphrates rivers in Iraq, at a time when plants

and animals were just being domesticated (Fox,

1993). Later, alcoholic fermentations involved in

winemaking and brewing are thought to have been

developed during the period 2000–4000 BC by the

Egyptians and Sumerians. The Egyptians also devel-
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oped dough fermentations used in the production of

leavened bread. Although fermentations have been

exploited as a method for the preservation of food and

beverages for thousands of years, it has only been in

the more recent past that microorganisms were recog-

nized as being responsible for the fermentation proc-

ess. Pasteurization was developed (1861 AD) and for

the first time, the essential role of microorganisms in

the fermentation process was realized. Coincidentally,

this was the time of the industrial revolution and

resulted in the concomitant concentration of popula-

tions in large cities. There was therefore a dramatic

shift from food production for local communities to

large scale food production, necessary to meet the

requirements of expanding and more distant markets.

This in turn led to the development of large scale

fermentation processes for commercial production of

fermented foods and alcoholic beverages, with the

most widely used microorganisms including yeast for

the production of beer, wine and spirits, and lactic

acid bacteria (LAB) for a variety of dairy, vegetable

and meat fermentations. In each case, the food or

beverage raw material provides the substrates for the

formation of a range of microbial metabolites that

contribute to the shelf-life extension and quality of the

product (Table 1). Modern, large-scale production of

Fig. 1. Major events in food fermentation and preservation through the years.
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fermented foods and beverages is dependent almost

entirely on the use of defined strain starters which

have replaced the undefined strain mixtures tradition-

ally used for the manufacture of these products. This

switch to defined strains has meant that both culture

performance and product quality and consistency have

been dramatically improved, while it has also meant

that a smaller number of strains are intensively used

and relied upon by the food and beverage industries.

This intensive use of specific starters has, however,

some drawbacks and can lead to production problems

resulting in unsatisfactory strain performance. In the

case of lactococcal fermentations, bacteriophage pro-

liferation can affect cheese starter performance

(Klaenhammer and Fitzgerald, 1994).

For the purposes of this review, the link between

fermentation and preservation is biopreservation

which refers to the extension of the shelf-life and

improvement of the safety of food using microorgan-

isms and/or their metabolites. In this respect, it is well

known that starter microorganisms can produce a

wide range of antimicrobial compounds and proteina-

ceous substances which can inhibit or reduce undesir-

able flora in food products. Indeed, there are many

examples which report the inhibition of spoilage and

pathogenic bacteria by LAB (Kao and Frazier; 1966;

Price and Lee, 1970; Klaenhammer, 1988; Holzapfel

et al., 1995). In a study by Daly et al. (1970), the food-

borne pathogens Pseudomonas fluorescens, Staphylo-

coccus aureus and Clostridium perfringens were

inhibited when co-cultured with a Streptococcus diac-

etylactis strain. In this case, the S. aureus numbers

were reduced by more than 99% in foods such as ham

sandwich spread, chicken gravy and ground beef. This

inhibition was most likely a direct result of acid

production by the starter L. lactis subsp. lactis biovar.

diacetylactis strain.

Microorganisms can also produce a range of anti-

microbial peptides and proteins which are collectively

referred to as bacteriocins. In particular, almost all the

different species which make up the LAB group have

been reported to produce these inhibitory proteins.

The first observations that led to the discovery of

bacteriocins were made by Rogers and Whittier

(1928) in England when they discovered that certain

lactococcal strains had an inhibitory effect on the

growth of other LAB. Shortly after, researchers in

New Zealand (Whitehead, 1933) observed similar

inhibition of cheese starter cultures and isolated and

identified the active antimicrobial as being proteina-

ceous in nature. Because the producing strains were

identified as lactic streptococci of the serological

group N, this bacteriocin was called ‘nisin’ or group

N inhibitory substance (Mattick and Hirsch, 1947).

Table 1

Biopreservation by lactic acid bacteria

Product Microorganisms Substrate

Wine, beer Saccharomyces cerevisiae, LAB grapes, grain, hops

Bread Saccharomyces cerevisiae, LAB wheat, rye, grains

Cheddar cheese Lactococcus (cremoris, lactis) and leuconostoc milk

Swiss-type cheese Lactobacillus (delbruckii, bulgaricus, helveticus) milk

Mould- and

smear-ripened cheeses

Carnobacterium piscicola, Brevibacterium linens milk

Yogurts St. thermophilus and Lb. bulgaricus milk

Kefir Lactococci, yeast, Lb. kefir (and others) milk

Fermented meats

( < chicken)

Pediococci, Staphylococci, various LAB pork, beef

Sauerkraut L. lactis, Leuc. mesent., Lactobacillus

(brevis, plantarum, curvatus, sake)

cabbage

Soy sauce Aspergillus oryzae/soyae, lactobacilli

and Zygosaccharomyces rouxii

soy beans and wheat

Vegetables Enterococcus (mundtii, faecium),

Lactococcus (cremoris, lactis),

Lactobacillus (plantarum, casei)

vegetables

Fish Carnobacterium (piscicola, divergens) fish

Sources: Caplice and Fitzgerald (1999) and Cleveland et al. (2001).
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The bacteriocin was first marketed in England in 1953

and since then has been approved for use in over 48

countries. Significantly, nisin was assessed to be safe

for food use by the Joint Food and Agriculture

Organization/World Health Organization (FAO/

WHO) Expert Committee on Food Additives in

1969. The FAO/WHO Codex Committee on milk

and milk products accepted nisin as a food additive

for processed cheese at a concentration of 12.5-mg

pure nisin per kilogram product. This biopreservative

was also added to the European food additive list

where it was assigned the number E234 (EEC, 1983).

Although the use of nisin is still restricted mainly to

its exploitation for the prevention of clostridial growth

in processed cheese, dairy desserts and cheese

spreads, the potential fields of opportunity continue

to grow in both food and biomedical applications

(Ryan et al., 2002).

2. Food fermentation by LAB

As stated above, food fermentations have been

practiced for millennia with the result that there is a

tremendous variety of fermented foods ranging from

those derived from meat and plants to those derived

from milk and dairy products. In each case, the

fermentation process involves the oxidation of carbo-

hydrates to generate a range of products which are

principally organic acids, alcohol and carbon dioxide

(Ray and Daeschel, 1992). Such products have a

preservative effect through limiting the growth of

spoilage and/or pathogenic flora in the food product.

In addition, a number of desirable products, which

affect the quality of the food may be produced,

including the flavour compounds diacetyl and acetal-

dehyde, as well as compounds which may have

positive health implications such as vitamins, antiox-

idants and bioactive peptides. When considering food

fermentations (as distinct from alcoholic fermenta-

tions involving yeast), a group of bacteria known

collectively as the LAB is primarily responsible for

many of the microbial transformations found in the

more common fermented food products (Table 1).

This group is composed of a number of genera

including Lactoctoccus, Lactobacillus, Enterococcus,

Streptococcus, Leuconostoc and Pediococcus and

generally produces lactic acid as their major end

product. They are strictly fermentative and lack the

ability to synthesize haeme which means that they are

consequently catalase-negative and lack a terminal

electron transport chain (Condon, 1987). The most

common members of the group which are exploited

for food uses include lactocococci for cheese manu-

facture, Streptococcus salivarius subsp. thermophilus

for cheese and yoghurt manufacture and various

members of the Lactobacillus genus for a variety of

dairy, meat and vegetable fermentations (Table 1).

Members of the LAB can be subdivided into two

distinct groups based on their carbohydrate metabo-

lism. The homofermentative group composing Lacto-

cococcus, Pediococcus, Enterococcus, Streptococcus

and some lactobacilli use the Embden–Meyerhof–

Parnas pathway to convert 1 mol of glucose into 2 mol

of lactate. In contrast, heterofermentative bacteria

produce equimolar amounts of lactate, CO2 and etha-

nol from glucose using the hexose monophosphate or

pentose pathway, and in so doing generate only half

the energy of the homofermentative group. Members

of this group include Leuconostoc, Weissella and

some lactobacilli. Although enterococci are com-

monly found in artisenal fermentations and are a

component of some mixed starters, their deliberate

addition to food is somewhat controversial, given that

members of the genus are known human pathogens,

and are a significant cause of hospital-acquired and

urinary tract infections (Franz et al., 1999). In addi-

tion, from a genetic standpoint, enterococci may

contribute to the spread of antibiotic resistance genes,

given that many strains contain multiple resistances,

some of which are encoded on transmissible plasmids

(Clewell, 1990).

3. Antimicrobial compounds produced by LAB

The preservative action of starter strains in food

and beverage systems is attributed to the combined

action of a range of antimicrobial metabolites pro-

duced during the fermentation process (de Vuyst and

Vandamme, 1994a; Caplice and Fitzgerald, 1999).

These include many organic acids such as lactic,

acetic and propionic acids produced as end products

which provide an acidic environment unfavourable for

the growth of many pathogenic and spoilage micro-

organisms. Acids are generally thought to exert their
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antimicrobial effect by interfering with the mainte-

nance of cell membrane potential, inhibiting active

transport, reducing intracellular pH and inhibiting a

variety of metabolic functions (Doores, 1993). They

have a very broad mode of action and inhibit both

Gram-positive and Gram-negative bacteria as well as

yeast and moulds (Blom and Mortvedt, 1991; Caplice

and Fitzgerald, 1999). One good example is propionic

acid produced by propionic acid bacteria, which has

formed the basis for some biopreservative products,

given its antimicrobial action against microorganisms

including yeast and moulds. Microgardk is a Food

and Drug Administration (FDA)-approved fermentate

produced by Propionibacterium freudenreichii subsp.

shermanii which contains propionic acid and is used

in an estimated 30% of the cottage cheese manufac-

tured in the United States (Daeschel, 1989). In addi-

tion to acids, starter strains can produce a range of

other antimicrobial metabolites such as ethanol from

the heterofermentative pathway, H2O2 produced dur-

ing aerobic growth and diacetyl which is generated

from excess pyruvate coming from citrate (Ray and

Daeschel, 1992). In particular, H2O2 can have a strong

oxidizing effect on membrane lipids and cellular

proteins and is produced using such enzymes as the

flavo protein oxidoreductases NADH peroxidase,

NADH oxidase and a-glycerophosphate oxidase

(Condon, 1987). Obviously, each antimicrobial com-

pound produced during fermentation provides an

additional hurdle for pathogens and spoilage bacteria

to overcome before they can survive and/or proliferate

in a food or beverage, from time of manufacture to

time of consumption. Since any microorganism may

produce a number of inhibitory substances, its anti-

microbial potential is defined by the collective action

of its metabolic products on undesirable bacteria.

Other examples of secondary metabolites produced

by LAB which have antagonistic activity include the

compound reuterin (Axelsson et al., 1989; Chung et

al., 1989; Talarico and Dobrogosz, 1989) and the

recently discovered antibiotic reuterocyclin (Ganzle

et al., 2000; Holtzel et al., 2000), both of which are

produced by strains of Lactobacillus reuteri. Reuterin

is an equilibrium mixture of monomeric, hydrated

monomeric and cyclic dimeric forms of h-hydroxy-
propionaldehyde. It has a broad spectrum of activity

and inhibits fungi, protozoa and a wide range of

bacteria including both Gram-positive and Gram-neg-

ative microorganisms. This compound is produced by

stationary phase cultures during anaerobic growth on

a mixture of glucose and glycerol or glyceraldehyde.

Consequently, in order to use reuterin-producing L.

reuteri for biopreservation in a food product, it would

be beneficial to include glycerol with the strain. This

approach was used to extend the shelf-life of herring

fillets stored at 5 jC and involved dipping the fish in a

solution containing 1�109 cfu/ml of L. reuteri and 250

mM glycerol (Lindgren and Dobrogosz, 1990). Results

demonstrated that after 6-day of storage, there were

approximately 100-fold-less Gram-negative bacteria in

the L. reuteri samples than in the untreated control.

More recently, the first antibiotic produced by a

LABwas discovered (Ganzle et al., 2000; Holtzel et al.,

2000). Reuterocyclin is a negatively charged, highly

hydrophobic antagonist, and structural elucidation

revealed it to be a novel tetramic acid. The spectrum

of inhibition of the antibiotic is confined to Gram-

positive bacteria including Lactobacillus spp., Bacillus

subtilis, B. cereus, E. faecalis, S. aureus and Listeria

innocua. Interestingly, inhibition of E. coli and Salmo-

nella is observed under conditions that disrupt the outer

membrane, including truncated LPS, low pH and high

salt concentrations. Since it is well known that nisin can

kill Gram-negative bacteria under conditions which

disturb the outer membrane (Stevens et al., 1992), it

is likely that there are similarities in the mode of action

of nisin and this novel antibiotic.

4. Bacteriocins produced by LAB

It has been known for some time that many

members of the LAB produce proteinaceous inhibitors

referred to collectively as bacteriocins. These inhib-

itors generally act through depolarization of the target

cell membrane or through inhibition of cell wall

synthesis (Abee et al., 1995), and range in specificity

from a narrow spectrum of activity (lactococcins

which only inhibit lactococci) to those which have a

broad range of activity such as the lantibiotic nisin

(De Vuyst and Vandamme, 1994b; Jack et al., 1995).

These proteinaceous inhibitors have attracted an inten-

sive research interest over the last three decades,

resulting in the discovery and characterization of

many different types of bacteriocins from LAB. Given

their current use and potential for biopreservation, the
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remainder of this review will focus on bacteriocins

with particular reference to nisin and lacticin 3147.

Bacteriocins can be divided into three main groups as

follows, based on the groupings proposed by Klaen-

hammer (1993).

4.1. Class I: the lantibiotic family

These are generally small bacteriocins composed

of one or two peptides of approximately 3 kDa. An

unusual feature of this group is that they are post-

translationally modified to contain lanthionine, h-
methyllanthionine and dehydrated amino acids, while

at least two members of the group also contain D-

alanine (Skaugen et al., 1994; Ryan et al., 1999). This

latter amino acid residue is derived from dehydroala-

nine resulting from the dehydration of a serine resi-

due. Nisin and lacticin 3147 both belong to the

lantibiotic family and inhibit a broad range of Gram-

positive bacteria (De Vuyst and Vandamme, 1994b;

Ryan et al., 1996). The lantibiotics were originally

subdivided into two groups, A and B (Jung, 1991;

Sahl and Bierbaum, 1998). Type A includes the

elongated flexible molecules that have a positive

charge and act via membrane depolarization, such as

nisin. Type B lantibiotics are globular in structure and

interfere with cellular enzymatic reactions and exam-

ples include mersacidin and actagardine. In addition,

some members of the lantibiotic family (e.g. lacticin

3147) require two separate peptides for activity. The

continual discovery of extra members of this complex

group of peptides has meant that their classification

has to be periodically updated (Sahl and Bierbaum,

1998; Guder et al., 2000). On the basis of alignment

of mature peptides, we have recently subdivided the

lantibiotic peptides from LAB into six subgroups

(Twomey et al., in press) as follows: nisin A and

nisin Z make up a single group as they do not share

significant homology to any of the other members.

The second group is the lacticin 481 group and is

made up of just two members, lacticin 481 (Piard et

al., 1992; Rince et al., 1994) and lacticin J49 (Hout et

al., 1996). The third group, called the mersacidin

group, is composed of plantaricin C (Turner et al.,

1999), LtnA1 (one component of the two-peptide

lacticin 3147) (Ryan et al., 1999) and Plwa (Holo et

al., 2001). A fourth group is characterized by LtnA2

(the second component of lacticin 3147) and is

composed of itself and Plwh (Holo et al., 2001).

Finally, the two peptides, CylLl and CylLs, from the

two-peptide cytolysin (Gilmore et al., 1994), form a

group of their own, while lactocin S (Mortvedt et al.,

1991) is also grouped separately.

4.2. Class II: small non-modified peptides

These are generally small unmodified peptides of

< 5 kDa, which are subdivided into two groupings.

The first (Class IIa) are the Listeria active peptides

which are characterized by a YGNGV N-terminus.

They are synthesized with a leader peptide attached

which is removed by proteolytic processing, usually

after a double glycine residue, with examples includ-

ing bacteriocins such as pediocin PA-1 (Henderson et

al., 1992) and sakacin A (Holck et al., 1992). How-

ever, some Class II bacteriocins (e.g. acidocin B, Leer

et al., 1995) use the sec system for secretion. As in the

lantibiotic family, some Class II bacteriocins are

composed of two separate peptides and are referred

to as the Class IIb type. These two-component non-

modified bacteriocins include lacticin F (Muriana and

Klaenhammer, 1991) and lactococcin G (Nissen-

Meyer et al., 1992).

4.3. Class III: large heat-labile proteins

The class III bacteriocins are the least well-char-

acterized group and consist of heat-labile proteins

which are generally > 30 kDa. The group includes

Helvetin J produced by Lactobacillus helveticus

(Joerger and Klaenhammer, 1986) and enterolysin

produced by Enterococcus faecium (Nilson, 1999).

5. Nisin—structure, function and genetics

Nisin is undoubtedly the most well known and

characterized bacteriocin and the only one to have

realized widespread commercial use. This bacteriocin

has consequently been the subject of a wide variety of

fundamental studies as to its structure and genetics,

and the reader is directed to a number of review

articles and references therein (De Vuyst and Van-

damme, 1994b; Dutton et al., 2002). Nisin is com-

posed of 34 amino acids and has a pentacyclic

structure (Gross and Morell, 1971; Shiba et al.,

R. Paul Ross et al. / International Journal of Food Microbiology 79 (2002) 3–168



1991) with one lanthionine residue (ring A) and four

h-methyllanthionine residues (rings B, C, D and E). A

natural variant of nisin, nisin Z exists in which the

histidine at position 27 is replaced by asparagine

(Kuipers et al., 1991; Mulders et al., 1991). This

variant has been reported to have improved solubility

over nisin at higher pH values. An interesting feature

of nisin is its unusually high specific activity when

compared to eukaryotic-derived peptides such as

meganin. Nisin can be effective at nanomolar concen-

trations depending on the target strain under inves-

tigation, while the eukaryotic peptide meganin is

generally up to 1000-fold less active. Earlier studies

with nisin demonstrated that it inhibited peptidogly-

can biosynthesis (Linnet and Strominger, 1973) and

that it interacted with either lipid I or lipid II

(Reisinger et al., 1980). It was later found that nisin

caused pore formation in the membranes of sensitive

bacteria (Ruhr and Sahl, 1985; Sahl et al., 1987; Benz

et al., 1991). More recently, it was shown that nisin

interacts with a docking molecule, lipid II, which is a

membrane-bound precursor for cell wall biosynthesis

(Fig. 2). Indeed, in the absence of this precursor,

significantly higher concentrations of nisin are

required to form pores (Breukink et al., 1999;

Wiedemann et al., 2001). Significantly, mutations in

the N-terminal rings of nisin indicated that these are

involved in lipid II binding, whereas mutations in the

flexible hinge region severely affected the ability of

the bacteriocin to form pores. Such experiments have

revealed the dual functionality of the nisin molecule

involving initial binding to lipid II followed by pore

formation resulting in rapid killing of the target cell.

A number of genes are involved in the production

and export of nisin as well as immunity (Rodriguez

and Dodd, 1996). These genes are tightly linked

together in the nisin cluster made up of a total of 11

genes of which nisA encodes the nisin precursor itself.

Interestingly, the genes responsible for nisin A pro-

duction and immunity are carried on a 70-kb con-

jugative transposon called Tn5301 from L. lactis

NCFB894 (Dodd et al., 1990; Horn et al., 1991) or

Tn5276 from L. lactis NIZO R5 (Rauch and De Vos,

1992), while the genetic determinants for nisin Z are

on the transposon Tn5278 (Immonen et al., 1995).

These transposons also encode sucrose utilization

genes sacA, sacB and sacR. Nisin synthesis is regu-

lated by a two-component regulatory system made up

of the membrane-bound histidine kinase sensor pro-

tein NisK and the regulator NisR. This regulatory

system responds to extracellular nisin, which leads to

the expression of genes involved in immunity and

synthesis/posttranslational modification (Kuipers et

al., 1995). Indeed, this regulatory system is the basis

for the nisin-induced controlled expression system

(NICE) which is a very useful overexpression system

for heterologous expression of proteins in many

Gram-positive bacteria (De Vos, 1999).

6. Lacticin 3147—structure, function and genetics

Although the bacteriocin lacticin 3147 is not com-

mercially exploited at present, its many potential

applications make it a suitable example to select, from

the many recently discovered bacteriocins, for inclu-

Fig. 2. A schematic representation of the mode of action of nisin (reproduced with kind permission of Wiedemann et al., 2001).
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sion in this review. Lacticin 3147 is a broad spectrum

bacteriocin produced by a Lactococcus lactis strain

that was originally isolated from an Irish kefir grain

(Ryan et al., 1996). This bacteriocin has been the main

focus of our research for the last 7 years from both

fundamental science and applied aspects. The bacter-

iocin is composed of two similarly sized posttransla-

tionally modified peptides, both of which are required

from optimal killing activity (Ryan et al., 1999). The

bacteriocin causes pore formation in target cells which

selectively causes release of K + ions and inorganic

phosphate (McAuliffe et al., 1998). An unusual fea-

ture of these lanthionine-containing peptides is that

both also contain D-alanine, the biological signifi-

cance of which is not understood in this context (Ryan

et al., 1999). Recent results have demonstrated that

these unusual peptides act sequentially on target cells

and at nanomolar concentrations (unpublished

results). The bacteriocin has a very broad spectrum

of action that includes all Gram-positive bacteria

tested including food pathogens such as Listeria

monocytogenes and S. aureus and food spoilage

microorganisms such as Clostridium tyrobutyricum

(Ryan et al., 1996; Galvin et al., 1999). The activity

of lacticin 3147 suggests that this bacteriocin has

potential in a wide range of applications spanning

food safety to use in the treatment or prevention of

human and animal infections.

An attractive feature associated with lacticin 3147

is that the genetic determinants associated with the

bacteriocin are encoded on a 60-kb self-transmissible

plasmid pMRC01 which has been completely

sequenced (Dougherty et al., 1998). This plasmid

can readily be transferred to a lactose-deficient lacto-

coccal host L. lactis MG1363 at relatively high

frequencies (up to 10 � 2–10 � 3 per donor) using

lacticin 3147 itself for selection. Using the resultant

strain as a donor, the genetic determinants have been

transferred to greater than 25 different lactococcal

hosts, many of which are commonly used lactococcal

starters in the cheese industry (Fig. 3; Coakley et al.,

1997; O’Sullivan et al., 1998; Fenelon et al., 1999).

All of these transconjugants now produce the bacter-

iocin and can potentially be substituted for the parent

strain in different commercial applications. In some

cases, the entire plasmid was not transferred to some

of these strains but instead the lacticin genes had

integrated into a resident plasmid.

To facilitate the detailed genetic analysis of the

lacticin genes, the entire region encoding the bacter-

iocin (12.6 kb) was cloned into the lactococcal vector

pCI372. In all, 10 genes are included in this region

and are expressed from divergent promoters which

control two clusters namely ltnA1A2M1TM2D and

ltnRIFE. The putative functions of some of these

genes have, in many cases, been confirmed using a

series of knockout deletions in single or multiple

genes of the cluster. For example, the inactivation

of either of the structural genes ltnA1 or ltnA2 resulted

in strains which were unable to produce bacteriocin,

however, when the supernatants from each of these

cultures were combined, active bacteriocin resulted.

Similar phenotypic results were obtained when super-

natants from strains in which the modification genes

ltnM1 and ltnM2 were combined (McAuliffe et al.,

2000a). Further subcloning of this region revealed

that the smaller of the two clusters (ltnRIFE) confers

Fig. 3. (A) Plasmid profile of L. lactis HP (lane 3) to demonstrate

the acquisition of pMRC01 by transconjugants (lane 1). The

position of the chromosome and pMRC01 is indicated by horizontal

arrows. Plasmids isolated from L. lactis DRC3 (lane 2) were used as

standard molecular weight sizes (78, 65 and 58 kb). (B) Well

diffusion assay showing zones of inhibition whenever pMRC01 is

present, demonstrating that lacticin 3147 is being produced.
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immunity to the bacteriocin. LtnI encodes a 116

amino acid protein with a predicted membrane loca-

tion and bears no homology to other bacteriocin

immunity proteins (McAuliffe et al., 2000b). How-

ever, when cloned into the expression plasmid

pMG36e, this gene was associated with a level of

immunity to lacticin 3147 similar to that obtained

with the parent plasmid pMRC01. This gene has

potential as a food grade selectable marker for lacto-

cocci where studies have demonstrated that it is

comparable to the CAT gene for selection of electro-

poratants. Regulation of the lacticin 3147 gene cluster

also has some interesting features (McAuliffe et al.,

2001). For example, while the promoter controlling

biosynthesis (Pbac) appears to be constitutive, charac-

terization of a downstream region revealed a stem

loop structure within the ltnM1 gene which probably

acts as rho-independent terminator that functions as a

signal for processing of the ltnA1A2M1TM2D tran-

script. In addition, the promoter of the ltnRIFE

operon (Pimm) was shown to be regulated by the

repressor LtnR.

7. Applications of bacteriocins as biopreservatives

There is a significant dilemma at present in modern

food processing in that there is an expectation for long

shelf-life and safety of foods and beverages, at a time

when consumer preferences are veering towards foods

which are minimally processed and free from chem-

ical preservatives (due to safety concerns). Conse-

quently, there has been renewed interest in so-called

‘‘green technologies’’ including novel approaches for

minimal processing and the exploitation of microbial

metabolites such as bacteriocins for biopreservation.

Undoubtedly, the most well-known and studied bac-

teriocin is nisin, the lantibiotic which has found

application as a shelf-life extender in a broad range

of dairy and nondairy products worldwide, ranging

from processed and cottage cheese to dairy desserts

and liquid egg (De Vuyst and Vandamme, 1994b).

The bacteriocin was also found to be effective in such

applications as inhibiting spoilage bacteria during

beer and wine fermentations, while the exploitation

of nisin-producing strains has been shown to improve

certain vegetable fermentations. The success of nisin

has prompted many research groups to search for

novel bacteriocin-producing strains over the last 20

years. This has resulted in a growing arsenal of

potential biopreservatives which may be used either

singularly or in combination to protect food from

spoilage and safety problems. These biopreservatives

can be used in a number of ways in food systems from

the use of the bacteriocin-producing strains directly in

food as starter or protection cultures to the use of

concentrated bacteriocin preparations as food addi-

tives in food systems.

8. Nisin as a biopreservative

Since nisin is produced by a lactococcal culture,

one of the principal applications of nisin-producing

strains is in the manufacture of cheese, where it has

been investigated for the inhibition of both spoilage

and pathogenic microorganisms. From a food safety

point of view, the pathogen of primary concern in a

number of cheeses is L. monocytogenes, which is

capable of growing at refrigeration temperatures

(Farber and Peterkin, 1991) and has the ability to

survive the acidic conditions of cheese manufacture

(Seelinger and Jones, 1986). Moreover, the patho-

gen can also resume growth in cheeses exhibiting a

pH rise during ripening, such as on the surface of

mould-ripened cheese. Furthermore, Listeria has

been shown to survive the manufacturing process

of cottage cheese, Camembert and Cheddar (Doyle

et al., 1987). Indeed, listeriosis outbreaks linked to

the consumption of contaminated dairy products are

well documented (Linnan et al., 1988). A number of

studies have been performed with both nisin-pro-

ducing cultures and NisaplinR, demonstrating the

effectiveness of nisin for the inhibition of L. mono-

cytogenes in cheese (Maisnier-Patin et al., 1992;

Ferreira and Lund, 1996). An example of the

effectiveness of nisin is given in Fig. 4, where the

presence of nisin in cottage cheese resulted in

inhibition of L. monocytogenes (Benkerroum and

Sandine, 1988). Nisin has also been investigated

and demonstrated to be effective in a range of food

products which include processed cheese and cheese

spreads, milk products, canned foods, fish and meat

products, brewing, wine manufacture, liquid egg

and confectionery. Numerous extensive reviews cat-

alog the many widespread uses of nisin as a
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biopreservative, and the reader is directed to the

following examples: Ray and Daeschel (1992), De

Vuyst and Vandamme (1994b) and Ryan et al.

(2002).

9. Lacticin 3147 as a biopreservative

Lacticin 3147 has also been shown to be an

effective biopreservative in many food applications

(Ross et al., 1999). An important advantage of lacticin

3147 is that many transconjugants have been gener-

ated which produce the bacteriocin. Importantly, the

performance of these strains in food fermentations is

not compromised by the presence of the plasmid.

When used for production of Cheddar cheese, use of

these starters is associated with reduced (at least 100-

fold) numbers of nonstarter lactic acid bacteria during

cheese ripening (Ryan et al., 1996). Since this micro-

flora is often associated with quality defects in the

product, such as crystal formation, flavour defects and

slit defects, use of these bacteriocin-producing cul-

tures should offer manufacturers greater predictability

in terms of product quality. In an extension of this

concept, Lactobacillus strains exhibiting greater

resistance to the bacteriocin have now been isolated

which can be used as adjuncts to lacticin-producing

starters (Ryan et al., 2001). Consequently, it should be

possible to isolate lacticin-resistant derivatives of

either flavour adjunct or probiotic strains to be used

with lacticin-producing starters.

Fig. 5. The effect of high pressure and lacticin 3147 on L. innocua DPC1770 viability (Morgan et al., 2000).

Fig. 4. Growth of L. monocytogenes 7644 at 4 and 37 jC in the

presence and absence of nisin (2.55� 103 IU/g) in sterilized cottage

cheese (Based on data from Benkerroum and Sandine, 1988).
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The exploitation of such bacteriocin-producing

cultures can also have a dramatic effect on product

safety. For example, use of a lacticin-producing trans-

conjugant resulted in a 5-log reduction in L. mono-

cytogenes numbers over 5 days in a trial where the

pathogen was deliberately added to the product during

manufacture (McAuliffe et al., 1999). Such trials have

also been completed for mould- and smear-ripened

cheeses with similar results being obtained in both

cases. Like nisin, this bacteriocin can also be used

as a biopreservative when added to products as a

dried ingredient. Recent trials have shown the effi-

cacy of the dried bacteriocin product in food ranging

from infant formula to dried soup (Morgan et al.,

1999; Morgan et al., 2001) and fresh pork sausage

(Scannell et al., 2000). When lacticin 3147 was

combined with high hydrostatic pressure for the

inactivation of L. innocua, results demonstrated

greater than an additive effect when both treatments

were used in combination (Fig. 5; Morgan et al.,

2000). Furthermore, preliminary results demonstrate

the effectiveness of the bacteriocin for extending the

shelf-life of pasteurized milk.

These examples with both nisin and lacticin 3147

as biopreservatives serve to demonstrate the uses

which bacteriocins, produced by food-grade bacteria,

have to offer for food applications, although full

industrial exploitation of newer preservatives such as

lacticin 3147 is dependent on legislative approval

being obtained in different countries.

10. Future prospects

In conclusion, we are now entering the post-

genomic age of microbiology at a time when many

microorganisms used for food production have already

been sequenced. This offers a new knowledge-based

approach to the exploitation of bacteria for food

production, from metabolic engineering of microor-

ganisms to produce antimicrobials or nutritionals, to

the molecular mining of activities as yet unknown but

which could benefit food production. In addition, the

availability of the genomes of many food pathogenic

and spoilage bacteria may open up new possibilities

for the design of novel antimicrobials which target

essential functions of these problematic bacteria. The

real challenge of the genomics era, as it applies to food

systems, is the harnessing of this wealth of informa-

tion for improved culture performance and activities,

thereby improving the safety and quality and compo-

sition of our food supply.
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