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Summary - Lactic acid bacteria can produce a variety of substances with antibacterial activity
which are described in this article. Non-peptide antibacterial substances are distinguished from bac-
teriocins, which have a proteinaceous active site. Among the former, reuterin produced by Lactoba-
cillus reuteri is a broad spectrum inhibitor active against Gram-positive and Gram-negative bacteria,
yeasts, molds and protozoas. It is a glycerol derivative, [3-hydroxypropionaldehyde. Bacteriocins can
be produced by most lactic acid bacteria species and their spectrum of activity is generally restricted
to organisms taxonomically close to the producer. The biochemical properties of bacteriocins, their
structure and nature of their genetic determinants are highly variable. This literature review discuss-
es the similarities and differences existing in this group of substances.

lactic acid bacteria / antimicrobial substance / bacteriocin

Résumé - Les facteurs inhibiteurs produits par les bactéries lactiques: 2. Bactériocines et
autres substances antibactériennes. Des bactéries lactiques sont capables de produire une
variété de substances a activité antibactérienne décrites dans le présent article. On distingue les
antibactériens non peptidiques des bactériocines dotées d'un site actif de nature protéique. Parmi
les premiers, la reuterine produite par Lactobacillus reuteri est un antibiotique a large spectre, actif
vis-a-vis des bactéries Gram-positives et Gram-négatives, des levures, des moisissures et des
protozoaires. Il s'agit d'un dérivé du glycérol, le j3-hydroxypropionaldéhyde. Les bactériocines peu-
vent étre produites par la plupart des espéces de bactéries lactiques et leur spectre d'activité est
restreint en général aux bactéries taxonomiquement proches du microorganisme producteur. Les
propriétés biochimiques des bactériocines, leur structure et la nature de leur déterminant généti-
gue sont d'une grande variabilité. Cette revue bibliographique fait le point des similitudes et des
disparités qui existent au sein de ce groupe de susbstances.

bactérie lactique / substance antimicrobienne / bactériocine
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INTRODUCTION

Lactic acid bacteria used as the transfor-
mation agent for milk and other food prod-
ucts have several technological roles. In
the case of milk transformation, they par-
ticipate in the formation of flavors and
rheological qualities of cheeses and fer-
mented milks. They also play an important
hygienic role by synthesizing a variety of
inhibitory compounds which prevent the
development of undesirable or pathogenic
bacteria. In the first part of this review, the
inhibitory factors resulting from the metab-
olism of oxygen in lactic acid bacteria and
the cellular catabolism products of these
bacteria have been described (Piard and
Desmazeaud, 1991).

In this second part, we will distinguish 2
types of substances: antibacterial agents
which are often non-proteinaceous and
protein bacteriocins.' This category of sub-
stances which can be produced by most
lactic acid bacteria species has sparked
new interest in the last several years. As a
result, sorne of the molecular bases con-
cerning the structure and genetics of bac-
teriocins are beginning to be understood.

For convenience, Lactococcus lactis
subsp lactis, L lactis subsp lactis biovar di-
acetylactis and L lactis subsp cremoris will
be designated L lactis, L diacetylactis and
L cremoris respectively.

SMALL ANTIMICROBIAL SUBSTANCES

A number of authors have reported the ca-
pacity of L diacetylactis and Lc citrovorum

to inhibit undesirable microorganisms, not-
ably Pseudomonas sp (Mather and Babel,
1959; Daly et al, 1972; Genske and Bra-
nen, 1973). Although these studies estab-
lished the role of organic acids in the ob-
served inhibitions, it was suggested that

other antibacterial factors must also be in-
volved (Mather and Babel, 1959; Pinheiro
et al, 1968). Continued studies by Branen
et al (1975) showed that L diacetylactis

produced a small peptide of 100-300 Da,
active against P fluorescens, P fragi, P pu-
trefaciens and E coli.

Relatively similar results were obtained
in terms of the antimicrobial activity of
S thermophilus.  Using the milk fermented
by this species, Pulusani et al (1979) suc-
cessively extracted a material with metha-
nol and then acetone (M-A extract), which
reacted with ninhydrin and which was in-
hibitory towards L lactis, E coli, S typhimu-
rium, Shigella sp, P fluorescens, P aerugi-
nosa and Bacillus sp. 8ikes and Hilton
(1987) extended the study of this spectrum
and showed that the M-A extract was also
active against Clostridium  perfringens,
Staphylococcus  aureus and Salmonella
enteritidis. The partial purification of inhibi-
tory substances by gel filtration led to elu-
tion of a 700-Da molecular weight sub-
stance with antibacterial activity (Pulusani
et al, 1979). The results, however, did not
enable the authors to determine whether 1
or 2 compounds were involved in the inhib-
itory activity. The composition of the sub-
stances was not determined, but the au-
thors believed that an aromatic moiety was
present.

Abdel-Bar et al (1987) came to the
same conclusion in a study on the inhibito-
ry factor produced by Lb bulgaricus 7994,
active against P fragi and to a lesser ex-
tent against S aureus. The optimum pH for
activity is at pH 4.0 and the inhibitor is
stable for 1 h at 100 "C. Purification by re-
versed-phase chromatography enabled the
elution of a chromatographically pure peak
which was not a polypeptide as shown by
the negative biuret reaction. Mass spec-
trometry and the study of the UVNis ab-
sorption spectrum were in agreement, ena-
bling the authors to conclude that the
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substance contained an aromatic moiety.
The molecular weight of the inhibitor is
around 700 Da.

Considerable studies have recently led
to the identification of reuterin, an inhibitor
produced by Lb reuteri, a resident bacteri-
um in the digestive tract of humans and
animais. This substance is produced by
Lb reuteri grown anaerobically in the pres-
ence of glycerol (Talarico et al, 1988). Its
spectrum of activity is exceptionally broad
and includes Gram-positive and Gram-
negative bacteria, yeasts, molds and proto-
zoa.

The chemical characterization of reute-
rin showed that it is a dehydrated deriva-

tive of glycerol, 13-hydroxypropionaldehyde.

This compound can occur in solution in 3
forms, one of which is a cyclized dimer. It
has not been determined if ail 3 forms are
active (Talarico and Dobrogosz, 1989). Re-
uterin could exert its activity on ribonucleo-
tide reductase (Talarico and Dobrogosz,
1989). In the living world, this enzyme uni-
versally catalyzes the first step in DNA
synthesis, which could explain reuterin's
broad spectrum of activity. Talarico and
Dobrogosz (1989) observed that another
enzyme with a sulfhydryl group was inacti-
vated by reuterin, indicating that this type of
enzyme could be one of the targets of the
antimicrobial substance. The wide spectrum
of activity of this substance justifies further
study, especially as regards the safety of re-
uterin and its values in the food and agricul-
turai industry, as a result of the restrictive
conditions of production by Lb reuteri.

BACTERIOCINS
AND LACTIC ACID BACTERIA

Bacteriocins are protein substances which
are bactericidal towards bacteria taxonomi-
cally close to the producer (Tagg et al,
1976). They were initially demonstrated in
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E coli (see colicins; Hardy, 1975) and then
later in Gram-positive bacteria (Tagg et al,
1976). Bacteriocins do not respond to weil
defined criteria. Rather, their biochemical
properties, molecular weight, spectrum of
activity, mode of action and genetic support
are very heterogeneous (Reeves, 1972;
Tagg et al, 1976). The study of bacteriocins
in lactic acid bacteria has been actively de-
veloped over the pastfew years (Klaenham-
mer, 1988; Schillinger, 1990) and these in-
vestigations have shown that bacteriocin
production is an extensively prevalent phe-
notype in this group of bacteria.

Spectrum of activity

The spectrum of activity of the main bacte-
riocins described in lactic acid bacteria is
listed in table 1 Most lactic acid bacterial
species can produce bacteriocins which
are active against the lactic acid flora itself.
Bacteriocin production has not been stud-
ied much in leuconostocs, but Orberg and
Sandine (1984) have demonstrated the
production of antimicrobial species in 4
strains of Leuconostoc. Harris et al (1989)
also showed the capacity of Leuconostoc

sp UAL14 to produce a protein inhibitor
which was active against L monocyto-

genes and Rammelsberg and Radier
(1990) noted that Leuconostoc oenos pro-
duced an inhibitor with a narrow spectrum
of activity. Finally, mesentericin Y105 is a
bacteriocin which is being characterized in
Lc mesenteroides Y105 and is active
against L monocytogenes (Hechard and
Cenatiempo, personal communication).

Nisin is unusual in that it can inhibit
most Gram-positive bacteria. Interest in
this substance initially arose from its bacte-
ricidal activity against spores of Clostridium
sp and of Bacillus sp (Hurst, 1978; Somers
and Taylor, 1987). These bacteria are re-
sponsible for most of the deterioration af-
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Table 1.Spectrum of activity of bacteriocins produced by lactic acid 1
Spectre d'activité des bactériocines

Bacteriocin

Nisin

Diplococcin
Lactostrepcins

Bac

Bac

Lacticin 481

Lactococcin A

Lactocin

27

Helveticin J

Bac
Lactacin

B

F

Plantaricin A

Plantaricin B

Plantaricin S

Sakacin

Lactocin

Caseicin
Brevicin

Pediocin

Pediocin
Pediocin

Bac

Bac

A

S

80
37

AcH
PA-1

Producer
organism

L lactis
L cremoris
L lactis

Lactococcus  sp

L lactis
L lactis

L cremoris

Lb helveticus
Lb helveticus

Lb fermentii
Lb acidophilus

Lb acidophilus
Lb plantarum
Lb plantarum
Lb plantarum
Lb sake

Lb sake

Lb casei
Lbbrevis

P pentosaceus

P acidilactici
P acidilactici

P acidilactici

P acidilactici
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de bactéries lactiques.

Spectrum of activity

Gram-positive  bacteria
Lactococcus  sp

Lactococcus  sp,

p-haemeolytic  streptococci

Lb helveticus, Leuconostoc sp,
Clostridium sp

Lactococcus sp, Lactobacillus sp,
E faecals,

Pediococcus sp, Leuconostoc sp,
Clostridium sp

Lb helveticus, L monocytogenes
Lactococcus sp, Lb helveticus,

Lb bulgaricus

Leuconostoc sp, S thermophilus,
C tyrobutyricum

Lactococcus  sp

Lb acidophilus
Lb bulgaricus,

Lb helveticus,
Lb helveticus,

Lbcasei
Lactobacil/lus sp
Lb leichmanii, Lb bulgaricus,

Lb helveticus, Lb casei

Idem + Lb fermentum

+ E faecalis

Lactobacil/us sp, Pediococcus sp,
Leuconostoc  sp, E faecalis

Lb plantarum, Le mesenteroides,
Pdamnosus

Lactobacillus sp, Leuconostoc sp
Lactococcus sp, Pediococcus sp
Lactobacillus  sp,

L monocytogenes

Lactobacillus sp, Le mesenteroides
P acidilactici, P pentosaceus

Lb casei

Lactobacil/us sp, Leuconostoc sp
Pediococcus sp

Lactic acid bacteria,
Clostridium  sp,

S aureus, L monocytogenes,
B cereus

Idem

Lactic acid bacteria +

L monocytogenes
Pediococcus sp, E faecalis,
L monocytogenes

L ivanovii, L monocytogenes

a.
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Muriana and Klaenhammer
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Daeschel et al (1990)
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(1988)

Jimenez-Diaz et al (1990)
Schillinger and Licke
(1989)

MOrlvedt and Nes (1990)
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Rammelsberg and Radier
(1990)

Daeschel and Klaenhammer
(1985)

Spelhaug and Harlander
(1989)

Rayet al (1989a)

Pucci et al (1988)
Hoover et al (1988)

Nielsen et al (1990)
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fecting canned foods and the addition of ni-
sin to these products can reduce the doses
of nitrite used (Rayman et al, 1981). In ad-
dition, nisin prevents late blowing phenom-
ena (Hurst, 1981) caused by the develop-
ment of Clostridium tyrobutyricum in
pressed cheeses. Recently, more attention
has been paid to nisin because of its anti-
bacterial activity against L monocytogenes
(Mohamed et al, 1984), a pathogen capa-
ble of causing outbreaks of listeriosis after
consumption of contamined cheeses
(Doyle, 1985). These different observa-
tions have led to the authorization to use
nisin as a food additive in Europe (Hurst,
1981) and recently in the United States
(FDA, 1988).

Other bacteriocins, such as the pedio-
cins and sakacin A (table 1) can also inhibit
L monocytogenes, although some sero-
types are resistant (Hoover et al, 1988). In
lactococci Carminati et al (1989) character-
ized several bacteriocins active against
L monocytogenes but further studies have
recently shown that these were actually
similar to nisin (Giraffa, personal communi-
cation). Bacteriocins produced by lactic
acid bacteria may thus present a spectrum
of activity which is not always confined to
bacteria of the same species or the same
genus. On the other hand, bacteriocins iso-
lated from alimentary lactic acid bacteria
active against Gram-negative bacteria
have not yet been characterized. These
substances may be characterized in the
future by the study of strains obtained
from other environments. For example,
Mc Groarty and Reid (1988) characterized
an inhibitor produced by a Lactobacillus
isolated from the female genital tract and
the substance was found to be inhibitory
towards E coli. It is not clear, however,
whether this substance is a bacteriocin or
another inhibitory agent. Klaenhammer
(1988) defined 2 classes of bacteriocins
according to their spectrum of activity. One

included bacteriocins active against bacte-
ria taxonomically close to the producer and
the other was composed of bacteriocins
(nisin, pediocins) with a relatively broad
spectrum of activity against Gram-positive
bacteria. Various possibilities of use can
be envisaged according to the spectrum of
activity of bacteriocins. Those of the first
type are likely candidates for favoring the
growth of a given bacterial strain in compe-
tition with the natural flora. This is interest-
ing in the case of empirical fermentations,
in which starters are not used, eg the fer-
mentation of olives. This type of bacterio-
cin could also be used in certain food prod-
ucts in which development of lactic acid
bacteria is detrimental (certain alcoholic
beverages, products of the 4th range,
meat products, refined sugar). Bacteriocins
of the second type, on the other hand,
have an additional value since they com-
bat certain pathogenic flora.

Biochemical properties

Tolerance to heat, to acid
and sensitivity to enzymes

As a result of the definition attributed to
bacteriocins, 'ail are inactivated by at
least one protease (table Il). Most au-
thors differentiate nisin from the other
lactococcal bacteriocins by the fact that
a-chymotrypsin is the only proteolytic en-
zyme to which nisin is sensitive (Jarvis and
Mahoney, 1969). This property is to be re-
garded with caution, however, since others
have reported that nisin can be inactivated
by pronase-type proteases or by protei-
nase K (Rammelsberg and Radier, 1990;
Giraffa, personal communication; Piard et
al, unpublished results). Nisinase is an-
other enzyme which inactivates nisin and
is important, since it can be produced by
certain strains of B cereus, a species con-
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Table Il. Sensitivity to enzymes, thermotolerance and aeidotolerance 01 bacterioeins produced by lac-

tic aeid bacteria.
Sensibilité aux enzymes, thermotolérance et acidotolérance des bactériocines de bactéries lactiques.

Bacteriocin Inactivating Thermotolerance  « References
enzymes acidotolerance

Nisin a-Chymotrypsin + (115 oC, pH 2) Hurst (1981)
nisinase - (neutral pH)

Lactostrepeins  a-Chymotrypsin + (100 oC, 10 min) Kozack et al (1978)
trypsin, pronase, - (neutral pH)
phospholipase 0

Diplococcin a-Chymotrypsin, unpurilied: + (1 h, 100 "C, Davey and Richardson
trypsin, pronase pH 5.0) (1981)

- (1 h, 100 oC, alkaline pH)
Purilied: - (1 min, 100 OC)

Bac . a-Chymotrypsin, + (30 min, 100 oC, pH 4.5 Geis et al (1983)
pronase, proteinase 1 and 7.0)
+/- (30 min, 100 oC, pH 9.4)
Lacticin 481 a-Chymotrypsin, + (1 h, 100 "C, pH 4.5 Piard et al (1990)
pronase, liein, and 7.0)
prciteinase 1 rennet Stable Irom pH 2 to pH 8
Lactoein 27 Trypsin, pronase + (1 h, 100 oC) Upreti and Hinsdill (1973)
Helvetiein J Trypsin, pronase, - (30 min, 100 oC) Joerger and Klaenhammer
liein, proteinase 1 (1986)
pepsin, subtilisin
Bac Trypsin, pepsin + (30 min, 96 OC) De Klerk and Smit (1967)
Lactaein B Proteinase 1 Unpurilied: + (1 h, 100 OC) Bareloot and Klaenhammer
Purilied: + (3 min, 100 OC) (1983, 1984)
Lactaein F Trypsin, liein, + (15 min, 121°C) Muriana and Klaenhammer
proteinase 1 (1987)
Plantariein A  Proteolytic preparation + (30 min, 100 oC) Daeschel et al (1990)
Plantaein B a-Chymotrypsin,  trypsin, West and Warner (1988)

pronase, pepsin,
lipase, a-amylase
Plantariein S a-Chymotrypsin, liein + (1 h, 100 OC) Jimenez-Diaz et al (1990)
pronase, proteinase 1
trypsin, thermolysin,
dextranase, a-amylase
lipase, phospholipase

Sakaein A Trypsin, pepsin + (20 min, 100 OC) Schillinger and Liicke (1989)
Lactocin S Trypsin, protease 50% inactivated Mertvedt and Nes (1990)
type XIV alter 1 h, 100 -C
Caseiein 80 Trypsin, a-chymotrypsin - (10 min, 60 oC, pH 2) Rammelsberg et al (1990)
pronase, proteinase 1
pepsin
Brevicin 37 Trypsin, pronase + (1 h, 121°C, pH 2to 4) Rammelsberg and Radier (1990)
Stable 24 hIrom pH 1to 11
Pedioein A Pronase + (1 h, 100 OC) Daeschel and Klaenhammer
(1985)
Pedioein AcH  Trypsin + (1 h, 100 "C, pH 7.0) Rayet al (1989a)
Unstable at pH 11.0
Pedioein PA-1 a-Chymotrypsin, + (10 min, 100 "C) Pucei et al (1988)
pepsin, papain - (15 min, 121°C)

« -: Stable, -; unstable.
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sidered to be a nisin target in canned food
products. It is a dehydroalanine reductase
and is thus active against nisin-type pep-
tides (see Elements of composition and/or
structure) (except the D form of nisin) and
subtilin (Jarvis and Farr, 1971). Other bac-
teriocins are generally inactivated by an ar-
ray of proteolytic enzymes (table Il), includ-
ing those of pancreatic origin (trypsin and
a-chymotrypsin) and sometimes of gastric
origin (pepsin). This high sensitivity of lac-
tic acid bacterial bacteriocins to metabolic
proteolytic enzymes is very interesting with
respect to food safety, since it means that
the ingestion of bacteriocins will not alter
digestive tract ecology and also will not
cause rlsks related to the use of common
antibiotics. Few authors have investigated
the sensitivity of bacteriocins to rennet.
Piard et al (1990) reported that lacticin 481
was resistant to the concentrations of ren-
net usually employed in cheese making,
which is an important property from a tech-
nological standpoint. Some bacteriocins
produced by bacteria of the genus Lacto-
bacillus are sensitive to non-proteolytic en-
zymes. Plantaricin B is inactivated by a li-
pase and by an a-amylase, and plantaricin
S is inactivated by glycolytic, lipolytic and
phospholipolytic enzymes (table Il). These
observations indicate that the active part of
bacteriocins of lactobacilli may be chemi-
cally heterogeneous, which could signify
that the term bacteriocin covers a-set of
chemically varied substances.

The heat tolerance of lactic acid bacte-
ria bacteriocins is generally high (table ),
even though it may be significantly re-
duced after purification (Davey and
Richardson, 1981; Barefoot and Klaen-
hammer, 1984). In ail cases, this heat sta-
bility enables bacteriocins to resist a heat
treatment equivalent to the pasteurization
of milk (63 "C for 30 min or 72 oCfor 15 s).
This heat resistance also suggests that the
activity of these substances is based on

molecular structures which are relatively
small and uncomplicated, probably lacking
a tertiary structure. Nevertheless, helveti-
cin J is distinguished from the other bacte-
riocins by a relatively lower heat stability
which could indicate the presence of a
more elaborate protein structure.

Lactic acid bacteria bacteriocins are
generally stable at acid or neutral pH, indi-
cating that the substances are weil adapt-
ed to the environment of the bacteria pro-
ducing them. Nisin and lactostrepcins are
particularly sensitive to these factors. The
maximum solubility and stability of nisin is
at pH 2.0, and these parameters decrease
significantly as the pH increases. The solu-
bility of nisin decreases from 57 mg/ml at
pH 2 to about 1.5 mg/ml at pH 6, which is
a considerable disadvantage for the use of
nisin as an additive in non-acldic foods
(canned foods, cheeses during ripening).
This drawback to the use of nisin may be
overcome by engineering more soluble
molecular forms which are also more re-
sistant to neutral pH. Also, lactostrepcins
are stable at pH 4.6-5.0 and are reversibly
inactivated at pH 6.0 and higher (Kozak et
al,1978).

Biosynthesis and conditions
of maximal production

Bacteriocin biosynthesis occurs during or
at the end of exponential growth phase
(table III). Generally, they are cellular ex-
cretion products but a part of antimicrobial
activity may be retained within the cell (Ko-
zak et al, 1978; Rammelsberg et al, 1990).
In the case of nisin, excretion occurs when
the pH of the culture is unregulated (Hurst,
1966b) or when the culture is regulated at
pH 6.0 (Cheeseman and Berridge, 1957),
while activity remains inside producing
cells grown at pH 6.7-6.8 (Bailey and
Hurst, 1971). The fact that nisin synthesis
begins only after half the biomass has
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Table Ill. Biosynthesis of bacteriocins and conditions for maximum production.

Biosynthese des bactériocines

et conditions de production maximale.

Bacteriocin Biosynthesis Conditions for maximum  References
production
Nisin Starts when half Complex medium Hurst (1981)

Lactostrepcins
Diplococcin

Bac
Lacticin 481

Lactocin 27

Helveticin J
Lactacin B

Lactacin F
é

Plantaricin S

Caseicin 80

Sakacin A
Lactocin S

of the biomass

has been synthesized
Excreted in the medium
or cell-associated
according to pH

Late log phase of growth,
3-5% of intracellular
Parallel to growth CUNe

Log phase of growth
Idem

Idem
No intracellular activity
Late log phase of growth

Early log phase of growth

Idem

Parallel to growth CUNe

2% of intracellular activity

Late log phase of growth
Idem

activity

buffered at pH 5.9-6.1

Non-pH-regulated
cultures
ND

Elliker » M17 > milk
cultures maintained

at pH 5.5 in Elliker broth
Cultures in APT medium
held at 37 "C

Anaerobie cultures
maintained at pH 5.5

in MRS broth

Cultures held

at pH 6.0

in MRS broth

Cultures held

at~H 7.0

n

il MRS brom>
Cultures maintained
at pH 5.0

in MRS broth
Cultures in tomato
juice-medium
Increase in caseicin
production upon induction
with mitomycin C
ND

ND

Kozak et al (1978)

Davey and Richardson
(1981)

Geis et al (1983)

Piard et al (1990)

Upreti and Hinsdill (1973)

Joerger and Klaenhammer
(1986)

Barefoot and Klaenhammer
(1984)

Muriana and Klaenhammer

(1987)

Jimenez-Diaz et al (1990)

Rammelsberg et al (1990)

Schillinger and Licke (1989)
Mertvedt and Nes (1990)

ND: not determined
NS : non déterminé

formed and that this bacteriocin contains
modified amine acids (see Elements of
composition and/or structure) suggested
that nisin could be formed via a multien-
zyme synthesis process, as is the case for

certain bacterial antibiotics such as gramic-
idin (Consden et al, 1947) or bacitracin
(Craig et al, 1952). Hurst (1966a) in fact
showed that chloramphenicol, an inhibitor
of RNA synthesis, inhibited nisin synthesis
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after 60 min of contact with producing
cells. Ingram (1970) later showed that nisin
biosynthesis is a 2-step process, the first
involving the ribosomal synthesis of proni-
sin, the second the maturation of this pro-
peptide into active nisin (see Elements of
composition and/or structure). This biosyn-
thetic pathway has been confirmed recent-
ly by genetic studies showing that RNA
corresponding to the nisin gene were
present in nisin producing cells taken at
any stage of growth whereas mature nisin
could only be detected in the supernatant
after 5 hours of growth (Buchman et al,
1988). Some preliminary work (Hurst and
Paterson, 1971) suggested. that a mem-
brane-associated enzyme catalyzed these
reactions. This enzymatic activity ap-
peared only very progressively during the
growth of the producing bacteria, which
thus explained the late synthesis of nisin.
However, these statements have not been
confirmed and remain speculative.

With the aim of optimizing bacteriocin
purification, several groups have studied
the culture conditions of the producing
strain which would lead to maximal bacteri-
ocin production (table Ill). Most authors
have noted that bacteriocin production is
correlated with the quantity of biomass pro-
duced. As a result of this, maximal bacteri-
ocin production could be obtained by sup-
plementing a given culture medium with
growth-limiting factors, such as sugars, vi-
tamins, nitrogen sources (Hurst, 1981), by
regulating bacterial cultures at a given pH
or by choosing the most weil adapted cul-
ture medium. Concerning this, Geis et al
(1983) reported that Elliker medium is bet-
ter for bacteriocin production than M17 or
milk. Piard et al (1990) observed that
Elliker medium buffered with sodium ~-
glycerophosphate led to higher production
of lacticin 481 than M17 medium. The lat-
ter authors also assayed lacticin 481 ex-
creted during the experimental manufac-

ture of cheese with L lactis 481 Bac- (bac-
teriocin producer) Bac" (bacteriocin resist-
ant). They showed that bacteriocin produc-
tion in the milk and later in the cheese curd
after coagulation is equivalent to produc-
tion in synthetic media.

Plantaricin S is produced by ~/antarum
LPCO-10, isolated during the fermentation
of olives. Maximal synthesis of plantaricin
S occurs in cultures regulated at pH 5.5 in
MRS medium (table IIl) and enables a sin-
gle peak of antimicrobial activity to be de-
tected. In the presence of 4% salt, howev-
er, Lb plantarum LPCO-10 successively
produces 2 bacteriocins with different prop-
erties (Jirnenez-Dlaz et al, 1990). This find-
ing shows the value of working in condi-
tions close to those encountered in the
environment of the producing bacterial
strain.

In order to facilitate the purification
steps, some groups have attempted to use
a semi-defined culture medium for bacteri-
ocin production. These attempts have led
to highly reduced bacteriocin production in
some cases (Geis et al, 1983; lajdel and
Dobrezanski, 1983; Rammelsberg et al,
1990; Piard et al, unpublished results), but
in other cases have led to bacteriocin con-
centrations in the culture supernatant
equivalent to those in ‘cultures grown In
rich media (Barefoot and Klaenhammer,
1984; Joerger and Klaenhammer, 1986).
Based on the postulate that bacteriocin
production would be an inducible factor of
dominance for a strain competing with oth-
er strains (Hirsch, 1952), we examined
bacteriocin production by L lactis CNRI
481 Bac- Bac! when the strain was grown
in association with another strain, L crem-
oris CNRI 117 Bac- Bacs. No increase in
the apparent concentration of bacteriocin
in the culture supernatant was detected,
even though it was possible that the higher
levels of bacteriocin synthesis in these
conditions were masked by the adsorption
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of a part of the bacteriocin produced on
L cremoris CNRI 117 (unpublished re-
sults). Also, Upreti and Hinsdill (1973)
grew Lb helveticus LP27 Bac- Bacr in
stressful conditions, at 45 or 55 "C, with no
positive effect on lactocin 27 production.

Concerning colicins, it has been report-
ed that baeteriocin producing strains could
be induced by treating with mitomycin C or
with UV (Hardy, 1975). In this context,
Rammelsberg et al (1990) observed that
treating Lb casei B 80 with UV had no ef-
fect on bacteriocin production, but that
treatment with mitomycin C, on the other
hand, induced a 5- to 7-fold increase in
caseicin 80 synthesis . The authors did not
state, however, whether or not they had
checked that the increase in bacteriocin
concentrations arose from the release of
phage particles. To our knowledge, this re-
port is the first to show this type of phe-
nomenon in lactic acid bacteria. In experi-
ments analogous to that with lacticin 27
(Upreti and Hinsdill, 1973) or with lacticin
481 (Piard, unpublished results), no varia-
tions in bacteriocin production were ob-
served after treating producing strains with
varying concentrations of mitomycin C.
These tests should be extended to other
lactic acid bacteria, since if confirmed they
would indicate that, as in the case of E coli
(Salles et al, 1987), lactic acid bacteria
synthesis of bacteriocins could be induced
by the SOS system.

Mode of action

According to Tagg et al (1976), the action
of bacteriocins on sensitive cells is a 2-
step process. The first phase is the ad-
sorption of bacteriocins on specifie or non-
specifie receptors on the cell envelopes of
host bacteria. At this time, bacteriocins are
sensitive to proteases. The second irrever-
sible phase involves pathological changes
in the target cell, specifie to each bacterie-

cino This process has been described for
Gram-positive bacteria but it is not clear
whether it is applicable to the bacteriocins
of lactic acid bacteria.

Most published work has shown that
bacteriocins produced by lactic acid bacte-
ria are non-specifically adsorbed to Gram-
positive bacteria, whether they are sensi-
tive or resistant to the bacteriocin studied
(Upreti and Hinsdill, 1975; Davey, 1981;
lajdel et al. 1985; Bhunia et al, 1991). In
the case of Gram-negative bacteria, on the
other hand, there is no adsorption, as
shown by Andersson et al (1988) for nisin
and by Bhunia et al (1991) for pediocin
AcH. These data suggest that: il, the activi-
ty of bacteriocins does not depend on their
specifie adsorption to the surface of sensi-
tive cells or/and that: ii), the immunity of
Bacr strains is rather due to the production
of an immunity protein than to an alteration
of receptor. This is reminiscent of the im-
munity system of colicins (Konisky, 1982).
However, the propensity of bacteriocins
from lactic acid bacteria to adsorb non-
specifically on cell envelopes could arise
from the hydrophobie nature of bacterio-
cins (see Purification of lactic acid bacteria
bacteriocins) which would hide the pres-
ence of specific receptors. lajdel et al
(1985) showed that lactostrepcin 5 is 10
times less active against indicator cells
previously treated with trypsin and that it is
totally inactive against the protoplasts of
sensitive cells. The authors concluded that
the cell wall is involved in the antibacterial
action of lactostrepcin 5, probably via pro-
teinaceous receptors. Inversely, Muriana
and Klaenhammer (1991a) reported that
lactacin F was bactericidal towards proto-
plasts, while intact cells of the correspond-
ing strain were immune to the bacteriocin.
This suggests that the cell wall is involved
in immunity. Bhunia et al (1991) observed
that the receptor sites for pediocin AcH
were not proteins, sugars, lipids or phos-
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phate groups. The authors treated cell
walls with methanol/chloroformITCA and
extracted a fraction containing lipoteichoic
acids (LTA) wliich seemed to be responsi-
ble for the attachment of pediocin AcH.
LTA are present in the walls of Gram-
positive bacteria and are absent in those of
Gram-negative bacteria. The involvement
of these acids in the adsorption of pediocin
AcH would thus be consistent with the fact
that it adsorbs only on Gram-positive bac-
teria.

With the exception of lactocin 27, which
is bacteriostatic towards sensitive strains
(Upreti and Hinsdill, 1975), the activity of
lactic acid bacteria bacteriocins is via a lyt-
ic (Andersson et al, 1988; Pucci et al,
1988; Bhunia et al, 1991) or non-lytic bac-
tericidal effect (Kozak et al, 1978; Davey,
1981; Barefoot and Klaenhammer, 1983;
Piard et al, 1990). Their action is rapid, as
shown by the decrease in the viable popu-
lation within several minutes following
cell/lbacteriocin contact (Barefoot and
Klaenhammer, 1983; Zajdel et al, 1985; Pi-
ard et al, 1990) and their lethal effect is
higher on exponentially growing cells than
on stationary phase cells (Davey, 1981;
lajdel et al, 1985). These observations
can be explained by the type of alteration
caused by bacteriocins. Several authors
have reported that bacteriocins cause the
leaking of K+, ATP and sometimes UV ab-
sorbing substances from target cells (Upre-
ti and Hinsdill, 1975; Sahl and Brandis,
1983; lajdel et al, 1985; Bhunia et al,
1991). The loss of ATP and the efflux of K+
ions, which have a role in the maintenance
of intracellular pH (Otto et al, 1983) and
thus of the ATP-generating electrochemi-
cal gradient in lactic acid bacteria, lead to
the exhaustion of energy reserves in sensi-
tive bacteria. These phenomena result in
decreased synthesis of macromolecules
(DNA, RNA, proteins). These observations
suggest that the membrane is the principal

bacteriocin target. Considerable work
along this line has been done with nisin
and lactococcin A. Nisin acts as a depolari-
zation agent on energized bacterial mem-
branes (Ruhr and Sahl, 1985) and creates
pores in lipid bilayers (Sahl et al, 1987).
The formation of pores requires the exis-
tence of a negative transmembrane poten-
tial (the negative pole must be in the corn-
partment opposite that containing nisin)
and/or of a pH gradient (alkaline inside) in
the cells or in the bilayers (Gao et al,
1991). We have seen above that the anti-
bacterial activity of some bacteriocins was
lower in stationary phase indicator cells
than in exponentially growing indicator
cells. This is consistent with the fact that
both the membrane potential and the pH
gradient of the former are lower than that
of the latter. The ability of nisin to create
pores in liposomes clearlyestablished that
no membrane receptor is required for ac-
tivity. The activity of nisin is dependent on
the nature of the phospholipids composing
the membrane and therefore, the threshold
potentials necessary for nisin activity vary
from -30 to -100 mV according to the
phospholipids used (Sahl et al, 1987; Gao
et al, 1991). Pore sizes vary from 0.2 to 1
nm and their lifetime is several ms to 100
ms. It is probable that the size of nisin oli-
gomers determines the size of the pores
formed and thus the size of the molecules
which can cross the membrane. Corn-
pounds with a molecular weight of 500 Da
can cross 1-nm diameter pores.

Lactococcin A acts similarly to nisin in
that it also increases the permeability of
the cytoplasmic membrane and dissipates
the membrane potential of sensitive cells
(van Belkum et al, 1992b). No lysis of the
indicator cells is visible by electron micros-
copy and therefore the permeabilization of
the membrane seems to occur via pore for-
mation. In contrast with nisin, and with col-
icins (Koninsky, 1982), lactococcin A is ac-
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tive in absence of a proton motive force.
Also, lactococcin A is unable to dissipate
membrane potential in liposomes prepared
from L lactis phospholipids which suggests
that, in contrast to nisin, lactococcin A ac-
tivity is mediated by a receptor present in
the membrane of the sensitive cells. The
colicins acting by forming ion channels in
the cytoplasmic membrane show some
similarities with nisin's mode of action. Re-
cently, Pattus et al (1990) proposed a
model in 3 stages for the mechanism of
action of colicin A. The active fragment of
colicin A is composed of 10 a helices, 2 of
which contain hydrophobie residues only,
while the remainder contain a majority of
positively charged residues. i) The first
step occurs Via electrostatic interactions of
the positively charged domains of colicin A
and the polar headgroups of the negatively
charged phospholipids. This orientates the
hydrophobic  hairpin formed by the 2 hy-
drophobie a-helices so that its axis is per-
pendicular to the membrane surface. ii)
The hairpin penetrates into the membrane
leading to a conformational change within
the protein which opens like an umbrella,
leaving the positively charged domain of
the protein on the surface of the bilayer.
This is the closed state of the channel. (iii)
Upon a trans-negative potential, insertion
of further helical hairpins occurs leading to
an open state of the channel. The molecu-
larity of the proposed model is 3.

The phenomena of lysis observed with
some bacteriocins, however, result from
another type of mechanism. Nisin has
been shown to be able to induce 2 autolyt-

ic systems in Staphylococcus cohnii, a
muramidase-type  enzyme and a gluco-
samidase-type enzyme (Bierbaum and

Sahl, 1985). These enzymes bind with
LTA by affinity and are thus inhibited. Ni-
sin-type cationic peptides, which also have
a high affinity for LTA, compete with these
enzymes, which are displaced and thus

activated  (Bierbaum and Sahl, 1987).
These findings could explain those of Hen-
ning et al (1986), who reported that nisin
inhibited murein synthesis: This could in
fact involve the induction of a muramidase

by nisin. The protective effect of LTA ob-
served in cells exposed to pediocin AcH
(Bhunia et al, 1991) could thus mdicate a
similar mechanism of action for this bacte-
riocin, which also causes lytic phenomena.

Purification of lactic acid bacteria
bacteriocins

The purification of several bacteriocins has
been performed and the most important
findings are listed in table 1V. The relatively
high heat resistance of bacteriocins has in
some cases enabled the active superna-
tants of cultures to be heat treated, thereby
inactivating enzymes which denature bac-
teriocins (Davey and Richardson, 1981,
Piard et al, 1990). Most authors have ini-
tially used a pre-purification by fractionated
precipitation  with salts or solvents. In 2
cases, for lacticin 481 (Piard et al, 1991)
and lactacin B (Muriana and Klaenham-
mer, personal communication), treating the
active supernatants of cultures with high
concentrations of ammonium sulphate led
to an "™ 450-fold increase in total biological
activity. The reasons for this increase are
unknown, but the authors believe that the
salt could have an effect both on the - .so-
ciation of native bacteriocins into me. _ ac-
tive monomers and on the conformation of
bacteriocins.  Several reports have dealt
with the propensity of lactobacilli bacterio-
cins in the native form to form molecular
aggregates larger than 100 000 to 300 000
Da (table IV). These aggregates were dis-

rupted by ultrafiltration (Muriana  and
Klaenhammer, 1991a) or by treatment with
SDS (Upreti and Hinsdill, 1973; Joerger

and Klaenhammer, 1986; Muriana and



Table V. Purification and structure data of bacteriocins produced by lactic acid bacteria.

Purification et éléments de structure des bactériocines de bactéries lactiques.
Bacteriocin Purification  protocol Chemical composition structure
data
Nisin Organic solvent precipitations (1), 34 Amino acids peptide containing
or counter current distribution (2) a,~-unsaturated acids, lanthionine
or anion exchange chromatography (Lan) and ~-methyllanthionine (4);
+ pH gradient chromatography (3)
or hydrophobic interaction
chromatography
+ reversed-phase HPLC (5)
Diplococcin (NH4)2S04 Precipitation 51 Amino acids (5 300 Da),
+ cation exchange chromatography no Lan or a,J3-unsaturated acids,
high glycine content
Lacticin 481  (NH ) S04 Precipitation 21 Amino acids (1 700 Da),
+ getffitration + C,8RP-HPLC contains 1or 2 Lan per mol;
N-terminal sequence: KGGSGVI
Bac Dialysis + gel filtration Lipocarbohydrate protein, protein

Lactococcin A

Lactocin 27

Helveticin J

Lactacin B

Lactacin F

Caseicin 80

Lactocin S

Pediocin AcH

+ adsorption chromatography
(NH4)2S04 Precipitation + cation
exchange chromatography + HIC
Organic solvent precipitations

+ gel filtration with SDS

in the running butter

(NH4)2S04 Precipitation

+ gel filtration + SD8-PAGE
Cation exchange chromatography
+ ultrafiltration + gel filtration

(NH4)ffiS04 Precipitation
+ gel litration + C,8RP-HPLC

Ultrafiltration + cation exchange
chromatography + gel filtration

(NH4)2S04 Precipitation + ion
exchange chromatography + HIC +
GF + HIG-FPLC + C'8 RP-HPLC

(NH4)2S04 Precipitation + GF +
anion exchange chromatography

24%, carbohydrate 53%.lipid 21%
54 Amino acids (5778 Da), pHi =9.2;
high glycine and alanine content;
Glycoprotein of 12400 Da,

protein: carbohydrate, 1.75:1,

high content of glycine and alanine;
Protein of 37 000 Da;

Peptide of 6 500 Da. max ~ 211 nm,
minimal absorbance at 280 nm

Peptide of 57 amino acids (6 300 Da),
molecular weight estimated

by SD8-PAGE: 2500 Da

Protein of 40 000-42 000 Da,

pHi =4,5

Peptide of 33 amino acids:
MELLPTAAVLYXDVAGXFKYXAKHH
+ 8 amino acids (A and V);

Peptide of 2 700 Da

Remarks

Purified from culture supematant (1) or
from producing cells (3); 5 types of nisin
(A,B,C,D,E) dittering slightly in amino acid
composition (2); nisin Z (5): see text

Inactivation of proteinases by heat treatment,
purification yield 45%

Increase (450x) of total biological activity
upon treatment with (NH4)2S04'

high hydrophobicity of lacticin 481
Carbohydrate moiety involved in biological
activity, uncharged molecule

Hydrophobic N- and C-terminus,

possible membrane-spanning helice
Aggregates of more than 200 000 Da before
purification, amino acid composition close
to that of Lb fermenti bacteriocin;

Aggregates of more than 300 000 Da before
purification, solubilization using SDS
Lactacin B produced in semi-defined medium,
1055 of 97% of biologicaJ activity upon ion
exchange chromatography, disruption of
aggregates with urea 8 M

Lactacin F recovered in a floating pellicle
formed upon (NH4)2S04 treatment

of culture supernatants

Loss (76%) of caseicin 80 activity upon

UF, caseicin 80 inactivated during

anion exchange chromatography

X are unidentified residues, partial
homology of the sequence of lactocin S
with the signal sequence of the precursors
of 2 other proteins

References

(1) Cheeseman and Berridge (1957)
(2) Berridge et al (1952)

(3) Bailey and Hurst (1971)

(4) Gross and Morel (1971)

(5) Mulders et a/(1991)

Davey and Richardson (1981)
Piard et al (1991)

De Klerk and Smit (1967)
Holo et a/(1991)

Upreti and HinsdiU(1973)

Joerger and Klaenhammer (1986)

Barefoot and Klaenhammer (1984)

Muriana and Klaenhammer (1991a)
Rammelsberg et al (1990)

Mortvedt et al (1991)

Bhunia et al (1988)

(NH4)2S04 Ammonium sulphate; FPLCIHPLC fasVhigh performance liquid ehromatography; HIC hydrophobie interaction ehromatography; GF gel fittration; UF uttrafittration.

1\
U1
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Klaenhammer, 1991 a), urea (Barefoot and
Klaenhammer, 1984) or Nonidet P-40
(Muriana and Klaenhammer, 1991 a).

Further purification of active extracts by
ion exchange chromatography led to both
good resolution and good recovery of the
bacteriocin in the case of nisin (Bailey and
Hurst, 1971), of diplococcin (Davey and
Richardson, 1981) and of lactococcin A
(Holo et al, 1991). On the other hand, this
is not the method of choice for other bacte-
riocins such as lactacin B, with only 3% re-
covery (Barefoot and Klaenhammer, 1984)
and lacticin 481 (Piard et al, 1992). The
choice of the ion exchanged can affect the
level of activity recovered, as noted by
Rammelsberg et al (1990) for caseicin 80,
which is totally inactivated after passing
through an anion exchange resin but
which is satisfactorily purified on a cation
exchange resin.

Chromatographic  methods involving hy-
drophobic interaction have been success-
fully used to purify nisin, lactococcin A and
lactocin S. This method is not interesting
for certain bacteriocins with elevated hy-
drophobicity  (lacticin 481 and plantaricin
S), which in the absence of salt react
spontaneously with the gel matrix (Piard et
al, 1992; Jimenez-Diaz and Piard, unpub-
lished results). Some authors have thus
used Cl8-reversed phase chromatogra-
phy which is more adapted to hydrophobic
molecules. This method was shown to be
satisfactory for the final purification of ni-
sin, lactacin F, lacticin 481 and lactosin S
(table 1V). In order to demonstrate the cor-
relation between the absorbance peak
containing the antimicrobial activity and
the bacteriocin studied, some groups have
applied the same purification protocol to
supernatants  of cultures of an isogenic
strain, cured of Bact Bac! phenotypes
(Muriana and KJaenhammer, 1991 a; Piard
et al, 1992). These extracts exhibited the
same elution profile as the active extracts,

except for the peak containing antimicrobi-
al activity.

Elements of composition
and/or structure

The analysis of amino acid composition
and of the structure of lactic acid bacteria
bacteriocins has shown that 3 groups of

moJecules exist: i) lantibiotics, low molecu-
Jar weight peptides « 50 amino acids)
which contain lanthionine  (nisin, lacticin

481; see table 1V), ii) low molecular weight
peptides without lanthionine  (diplococcin,
lactococcin A, lactacin F), iii) proteins with
molecular weights from 12 400 (lactocin
27) to 42 000 Da (caseicin 80).

Nisin was the first lantibiotic studied.
First reports indicated the existence of 5
types of nisin (A, B, C, D and E), which
could be produced by the same strain of
L lactis (table 1V). These 5 types were dis-
tinguished by their amino acid composition
which differed by several residues, as weil
as by the level of their specific biological
activity (Berridge et al, 1952). However,
these statements have not been confirmed
and it is not clear whether nisin B, C, D, E
are deleted variants of nisin A (Chan et al,
1989) or if different nisin variants can oc-
cur. Only recently, a new natural nisin vari-
ant, designated nisin Z, was characterized
(Mulders et al, 1991). Nisin Z has a unique
His27 Asn as compared with nisin A. Nisin
A is a peptide containing 34 amino acids

(3354 Da), with 1 lanthionine (Lan) resi-
due, 4 ~-methyllanthionirie  (~-CH3Lan) res-
idues and u-, ~-unsaturated acids (2-

dehydroalanine and  1-dehydrobutyrine)

(fig 1). The study of the breakdown prod-
ucts of nisin, nisint-32 (nisin lacking the 2
C-terminal  residues) and (des-Ala5) ni-
sin1.32 (nisini-32 lacking dehydroalanine in
position 5) showed that the biological activ-
ity of the first product was comparable to
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Fig 1. The structure of nisin A. Abbreviations:
hydrobutyrine.
Morel, 1971).
La structure de la nisine A. Abréviations:
hydrobutyrine;
et Morel, 1971).

that of native nisin, while the second was
totally inactive (Chan et al, 1989). Dehy-
droalanine 5 or the corresponding ring is
thus apparentiy one of the determinants for
biological activity. These observations are
consistent with the characterization of nisi-
nase produced by some strains of B cere us
and which is believed to be a dehydro-

Abu, aminobutyric acid; Dha, dehydroalanine;
Lanthionine and I3-methyllanthionine

Abu, acide aminobutyrique;
les résidus lanthionine et {3-méthyllanthionine

Dhb, de-
residues are shown in figure 2 (after Gross and

Dha, Dehydroalanine; Dhb, de-
sont représentés figure 2 (d'aprés Gross

alanine reductase (Jarvis and Farr, 1971;
see Tolerance to heat, to acid and sensitiv-
ity to enzymes). Since nisin is synthesized
by a ribosomal process (see Biosynthesis

and conditions of maximal production),

Ingram (1969) proposed a synthesis path
which could explain the appearance of
these residues (fig 2). This path suggests

CH50H CHy HSCH, CHy-S-CHy

1 1 1 1 1
CHNHo Q CNHy + CHNH, Q CHNH,  CHNH,
1 1 1 1 1
COOH COOH COOH COOH  COOH
Serine Dehydroalanine Cysteine Lanthionine
CHg CHz CHg

1 1 1

CHOH CH HSCH, CH-S-CH

1 Qe + 1 Q. L2
CHNHo CNHy CHNHo CHNH,CHNH,
1 1 1 1 1
COOH COOH COOH COOH COOH
Threonine Dehydrobutyrine Cysteine ~-methyllanthionine

Fig 2. Pathway for synthesis of lanthionine and I3-methyllanthionine

Voie de synthése des résidus lanthionine et {3-méthyllanthionine

(after Ingram, 1969).
(d'aprés Ingram, 1969).
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the synthesis of a nisin precursor contain-
ing serine, threonine and cysteine resi-
dues. It is possible that serine and threo-
nine residues may be dehydrated to
dehydroalanine and dehydrobutyrine, re-
spectively, which would react with the sul-
fur groups of cysteine to form lanthionine
and p-methyllanthionine. This hypothesis
for the synthesis pathway of nisin is sup-
ported by: il, the characterization of an en-
zymatic activity catalyzing these reactions
in the membrane of nisin producing strains
(see Biosynthesis and conditions of maxi-
mal production); and ii) sequencing the
gene coding for the presumed propeptide
(see Genetic determinants of bacterio-
cins). This pathway of post-transcriptional
modification is now weil established.

Lacticin 481 produced by L lactis CNRZ
481 (table 1V) is another lantibiotic, smaller
than nisin (21 amino acids identified and a
molecular weight of 1700 Da, estimated
by SDS-PAGE) and whose N-terminal
amino acid sequence does not show any
resemblance to nisin. The analysis of the
amino acid composition has shown the
presence of 1 or 2 lanthionine residues per
molecule and a majority of hydrophobic or
uncharged amino acids. As in the case of
nisin, the lantibiotic nature of lacticin 481
results in elevated hydrophobicity, imputa-
ble to the presence of Lan and p-CHsLan
groups (Kaletta et al, 1989) and by the
presence of oligomeric forms, probably
due to the reactivity of -, p-unsaturated
acids (Liu and Hansen, 1990). The produc-
tion of a lantibiotic bacteriocin, lactocin S,
has also been suggested in Lb sake. Lac-
tocin S is a hydrophobic bacteriocin con-
taining 33 amino acid residues, of which
only 25 could be sequenced because of
an N-terminal block (table 1V). The se-
quence of 25 C-terminal residues has
shown the presence of 3 unidentified resi-
dues, X, which have the same properties
as lanthionine. The sequence of lactocin S

is unique, but shows homologies with the
signal sequences of 2 other proteins, sug-
gesting that a possible target of lactocin S
is the membrane (Mertvedt et al, 1991).

Other lantibiotic type antimicrobial pep-
tides have been described in bacterial spe-
cies other than lactic acid bacteria. The
most important are subtilin produced by
B subtilis (Gross and Kiltz, 1973), epider-
min and pep5 produced by S epidermidis
(Ailgaier et al, 1986; Weil et al, 1990) and
gallidermin produced by S gallinarium
(Kellner et al, 1988). The examination of
the propeptide sequences of the lantibiot-
ics shows considerable analogies within
this group of substances (table V). These
observations raise several comments.
These substances are produced by taxo-
nomically distant strains and which on the
one hand are generally recognized as safe
(GRAS) type bacteria (L lactis) and on the
other hand undesirable or pathogenic bac-
teria (Staphylococcus sp). The antibacteri-
al activity of these peptides differs and is
exerted preferentially against strains be-
longing to species close to the producer.
As a result of this, these substances are
excellent candidates for structure/function
studies. For example, the study of nisin an-
alogues could lead to the discovery of
more active forms or of forms more stable
at neutral pH and whose activity is exerted
preferentially against certain undesirable
flora.

Other peptide bacteriocins (diplococcin,
lactococcin A and lactacin F) do not
contain lanthionine. The analysis of the
amine acids constituting the diplococcin
produced by L cremoris has shown the
presence of ornithine, an amine acid usual-
ly absent in native proteins but which can

nevertheless form from ariginine by
alkaline hydrolysis (Gross, 1977), a
treatment which diplococcin  has not

undergone in this case. On the other hand,
the amine acid has been detected in
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Table V. Comparison of amine acid sequence of the main lantibiotics; producer strain of the lantibio-

tic: nisin (Lactococcus

dermin (Staphylococcus — gallinarumy;
biotique:
mis), gallidermine

lactis); subtilin (Sacil/lus subtilis); epidermin (Staphylococcus
Pep 5 (Staphylcoccus
Séquence d'acides aminés des propeptides des principaux lantibiotiques;
nisine (Lactococcus lactis); subtiline (Bacillus subtilis); épidermine (Staphylococcus épider-
(Staphylococcus gallinarum); Pep 5 (Staphylococcus epidermis).

epidermis); galli-

epidermis).
souche productrice du lenti-

FrQtoS.JHY~K

QNQK Isk

Lantibiotic Amino acid sequence °

Nisin JI~1Irj,QlNE~QKIGf 1MGAQb!MKIf,
Subtilin WK~ES1QIl ECGGQVI CGf,LQTQFLQIL
Epidermin ASKFI1QIEGQAKTGSFNSyCC
Gallidermin A~ KFLQIEGQAKTGSFNSyCC
Pep5 TAG PAl

RAS VAQCQKTLKAT RLFTVSCKGKNGCK

« Amino acids which are homologous to nisin amino acids are underlined.
Les acides aminés identiques a ceux de la nisine sont soulignés.

gramicidin (Synge, 1945) and in bacitracin
(Craig et al, 1952), 2 bacterial antibiotics
produced by a non-ribosomal multi-
enzymatic process. The modalities of
diplococcin synthesis are unknown but
they may belong to those of these
antibiotics and thus explain the presence
of ornithine. Lactacin F produced by
Lb acidophilus 11088 is a peptide estimat-
ed at'2 500 Da by SOS-PAGE and at
6200 Da by amino acid analysis (table 1V).
The observed difference arises from the
highly hydrophobic nature of the substance
(Muriana and Klaenhammer, 1991a). The
sequence of the 25 N-terminal residues
(RNNWQTNVGGAVGS/

CAMIGATVGGTI...) did not enable Lan or
13-CHjLanto be identified, an observation
which is consistent with the fact that sever-
al cysteine and threonine residues are in-
cluded in the amino acid composition of
lacticin F. Sequencing data have neverthe-
less shown that lactacin F contains one ar-
ginine residue at its N-terminal extremity,

atypical in non-mature proteins. These
data have been confirmed by the study of
the gene coding for lactacin F (Muriana
and Klaenhammer, 1991b; see Genetic de-
terminants of bacteriocins). Lactacin F is a
peptide containing 57 amino acids (6 300
Da) with a high proportion (21%) of gly-
cine. Predictions of the secondary struc-
ture of non-matured lactacin F show a pro-
pensity for an a-helical structure at the N-
terminal end, followed by a 13-sheetaind 13-
turn structure which could explain the heat
stability of lactacin F. Finally the characteri-
zation of lactococcin A (table V) has
shown that it is a 54-amino acid peptide
rich in alanine and glycine, whose hydro-
phobicity and structure prediction calcula-
tions suggest that it is a membrane pep-
tide.

The' last category of bacteriocins in-
cludes molecules > 10000 Da. They are
bacteriocins produced by Lb helveticus
(lactocin 27 and helveticin J), Lb fermenti
and Lb casei (caseicin 80) (table 1V). Lac-
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tocin 27 and the bacteriocin produced by
Lb fermenti are glycoproteins and the lat-
ter also has a lipid moiety which cannot be
dissociated. The carbohydrate fraction is
composed of 4 sugars (galactose, glu-
cose, mannose and rhamnose) and is in-
dispensable for the maintenance of biolog-
ical activity (De Klerk and Smit, 1967). The
amine acid composition of these 2 bacteri-
ocins is close and they contain large quan-
tities of glycine, alanine and aspartate.

The comparative analysis of the compo-
sitional and structural elements of lactic
acid bacteria bacteriocins shows that
these molecules exhibit a relatively broad
chemical heterogeneity. They are peptides
or proteins which may contain cycling Lan
or ~-CH3Lanresidues and sometimes con-
tain a carbohydrate or lipid moiety. It may
nevertheless be asked in the latter case if
a sufficient degree of purity had been
reached. Indeed, Muriana and Klaenham-
mer (1991a) reported the presence of lip-
ids combined with lactacin F, but this frac-
tion could be eliminated by reversed
phase HPLC. The several publications de-
scribed above show considerable hydro-
phobicity of bacteriocins produced by lac-
tic acid bacteria. This results from the high
proportion of glycine or from the presence
.of thioether bridges in the lantibiotics. This
hydrophobicity is characteristic of proteins
which interact with membranes (von Heij-
ne, 1988) and is thus consistent with
observations on the mode of action of cer-
tain of these substances (see Mode of ac-
tion).

There is still little data available on the
amine acid sequences of bacteriocins, un-
doubtedly due to the difficulties encoun-
tered by several groups when attempting
to purify them. Nevertheless, active re-
search is underway in this field and the
comparison of the biological and biochemi-
cal properties among different structural
analogues should enable structurel

function relationships to be identified in
these molecules.

Genetic determinants of bacteriocins

In their definition of the bacteriocins of
Gram-positive bacteria, Tagg et a/ (1976)
specified that the genetic determinant of
these substances is a plasmid. This is a
frequent but not general property of bacte-
riocins produced by lactic acid bacteria.
Table VI lists the most important work car-
ried out on localizing and even characteriz-
ing the genes coding for Bac- Bac' pheno-
types. Several authors initially noted the
instability of Bact Bac' phenotypes, whose
high frequency of spontaneous loss (Fuchs
et al, 1975; Merdvedt and Nes, 1990) or
loss caused by plasmid curing agents
(Kozak et al, 1974; Davey and Pearce,
1980; Daeschel and Klaenhammer, 1985;
Gonzalez and Kunka, 1987; Hoover et al,
1988; Rayet al, 1989a) suggested that the
genetic determinant was a plasmid. Subse-
quently, several authors attempted to
transfer plasmids bearing genes coding for
the Bac- Bac! phenotypes by conjugation.
Based on the postulate that these 2 pheno-
types are genetically linked, sorne groups
selected transconjugants in a bacteriocin-
enriched medium (Gonzalez and Kunka,
1985; Tsai and Sandine, 1987; Rayet al,
1989b). This assertion is unjustified, how-
ever, as shown by Gonzalez and Kunka
(1987) for pediocin PA-1, whose resis-
tance genes are not on the plasmid bear-
ing the production genes. Conjugation phe-
nomena require physical contact between
the donor strains (Bact Bac') and recipient
strains (Bac- BacS)and so there is a bacte-
ricidal risk of the donor towards the recipi-
ent. To avoid this, donor suspensions were
first treated with a protease which de-
grades bacteriocins (Steele and McKay,
1986), leading to an increased conjugation
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Table VI. Genetic determinant of bacteriocins produced by lactic acid bacteria.
Déterminants génétiques des bactériocines de bactéries lactiques.

Bacteriocin Plasmids Plasmid Gene characterization and/or remarks
involved in size
Beer Bad (MDa)

References

Nisin (Nis) +- - 17.5 Nis associated with sucrose fermenting abilities, nis gene can be
plasmid or chromosome-borne due to an insertion sequence adjacent
to nis gene, nis structural gene cloned,sequenced but not expressed.

Diplococcin + + 54 10-! T/donor, 54 MDa plasmid absent from the donor strain.
Bacl + + 39.6; 75 1Q-4-10-7 T/donor, high homology between plasmids carrying the
Bac",:determinants; 3 bac genes from the 31J3 My
cplasmidwere.clolJELd;::>- - - -
~sed and sequenced, high homolog~
<betweernne upstréam region cinne 3 genes,
Bacé , + + 88 Self-transmissible (Tra-) plasmid, cloning of bacgene resulted in
higher Bac production possibly due to higher plasmid copy number.
Lactococcin A + + 36 IcnA gene cloned, sequenced and expressed using a synthetic DNA
(LCN-A) probe IcnA gene located in an ORF coding for a 75-amino
acid precursor including a 21-amino acid extension;
Helveticin J (hlv) - - hivgene cloned using Agt11 and AEMBL3 vectors, sequenced and
expressed, possible signal sequence upstream of hivgene.
Lactacin B - - Chromosomic determinant. .
Lactacin F + + 52.68  Episomal plasmid, gene cloned, expressed and sequenced, ACEllgene

(lat) located in an ORF coding for an N-terminal extension.

Plantaricin A - - Same plasmid profile in Bac+ and Bac- derivatives.

Plantaricin S + + nd 80% Bac-Bac' derivatives after novobiocin treatment of the producer.
Sakacin A + + 18 Plasmid curing using acriflavine.

Lactocin S + + 32.7 Plasmid prone to instability and deletion.

Pediocin A + + 13.6 Plasmid curing in glucose-limited chemostat cultures.

Pediocin PA-1 + - 6.2 Plasmid cured Bac- derivatives remained Bacr.

Pediocin AcH + + 7.4 Conjugative plasmid.

Tsai and Sandine (1987)

Dodd et al (1990)

Steen et al (1991)

Davey (1984)

Neve et al (1984)

van Belkum et al (1989, 19914, 1991b )
van Belkum (1991)

Scherwitz et al (1983)
Scherwitz-Harmon and McKay (1987)
Holo et al (1991)

Joerger and Klaenhammer (1986, 1990)

Barefoot and Klaenhammer (1983)
Muriana and Klaenhammer (1987, 1991)

Daeschel et al (1990)

Jimenez-Diaz et al (1990)
Schillinger and Licke (1989)
Mertvedt and Nes (1990)

Daeschel and Klaenhammer (1985)
Gonzales and Kunka (1987)

Rayet al (1989a, b)

T: Transconjugant. ORF: open reading frame.
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yield (Broadbent and Kondo, 1991). It is
also possible to harvest the donor suspen-
sion at the beginning of exponential
growth and carry out the conjugation mat-
ings on agar in conditions prohibiting bac-
teriocin  production. Muriana and Klaen-
hammer (1987) used MRS agar at pH 5.5,
a pH value which prohibits the production
of lactacin F. Recently, Broadbent and
Kondo (1991) developed a new, direct
plate conjugation method, enabling the
Nip+ (nisin production) Suer (sucrose fer-
mentation) traits to be transferred with a
frequency 4-100 times higher than with
convention al methods of conjugation on
agar. In sorne cases, there have been diffi-
culties in correlating the acquisition of
Bacr Bac' phenotypes with the appear-
ance of a plasmid in transconjugants. In
the case of lactacin F, the 2 plasmids of 52
and 68 MDa detected in a Laf+ Laf trans-
conjugant (T-E) were absent in the donor
strain and were very unstable. Neverthe-
less, transferring T-E type strains in the
presence of lactacin Fied to the appear-
ance of a second type of transconjugant
(T-89), in which the Laf+ Laff phenotypes
were maintained in spite of the loss of the
2 plasmids of 52 and 68 MDa (Muriana
and Klaenhammer, 1987). The authors
suggested that the genetic determinant of
lactacin F is chromosomal and it is mobi-
lized from the donor strain in plasmids.
These plasmids would be capable of being
reintegrated in the chromosome, except in
the case of unstable T-E type transconju-
gants where mobilization would have been
defective or incomplete. In the case of ni-
sin, several reports have described the
conjugative and simultaneous transfer of
the Nip+ Nis! Suc" phenotypes in L lactis,
suggesting that the genes in question are
adjacent and on a plasmid, but the acquisi-
tion of these characters could not be corre-
lated with the acquisition of a plasmid
(Gasson, 1984; Gonzalez and Kunka,

1985; Steele and McKay, 1986). Steele
and McKay (1986) ruled out the possibility
of the chromosomal integration of the Nip+
Nisr Suc- determinants by homologous re-
combination but did suggest the possibility
of transposition or insertion events. Finally,
Tsai and Sandine (1987) succeeded in
transferring the Nip- Nis’ Suer phenotypes
by conjugation in Lc dextranicum and suc-
cessfully correlated this transfer with that
of a 17.5-MDa plasmid. Nisin levels pro-
duced by the transconjugant were 1 000
times higher than those produced by the
donor. These phenotypes, however, could
not be preserved after transfers (Sandine,
cited by Klaenhammer, 1990).

Following this work on the localization of
the genes coding for bacteriocins, several
groups began characterizing these genes.
The structural gene of nisin could be
cloned and sequenced by the use of a syn-

thetic DNA probe corresponding to the se-
guence of pronisin (Buchman et al, 1988;
Kaletta and Entian, 1989; Dodd et al,

1990). It was localized in an open reading
frame (ORF) coding for an N-terminal ex-
tension which led to the synthesis of a pre-
propeptide containing 57 amino acids. The
C-terminal portion containing 34 residues
matured according to the scheme pro-
posed by Ingram (1970; see Elements of
composition and/or structure) and facilitat-
ed the formation of pronisin by the incorpo-
ration of dehydroalanine, dehydrobutyrine,

lanthionine and ~-methyllanthionine resi-
dues. The last step involved the cleavage
of 23 amino acids, leading to the release of
active nisin (Kaletta and Entian, 1989). By
comparing with epidermin, the authors
concluded that cleavage occurred at the
Pro-2X-1\ 1Y+1 site, where X is a basic ami-
no acid and Y is a hydrophobie residue. It
is extremely interesting to note the analo-
gies between the N-terminal extension of
nisin and those of other lantibiotics (subti-
lin, epidermin), as weil as among their hy-
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dropathic profiles (Buchman et al, 1988;
Kaletta and Entian, 1989). These observa-
tions suggest that these antibacterial pep-
tides ail evolved from a common origin and
that their leader peptide plays a role in
maturation. However, the role of this lead-
er peptide is still unknown. Il escapes the
rules of signal sequences in that it is quite
hydrophilic and does not respect the "-3, -
1" rule (Von Heijne, 1984, 1988). It can
therefore be speculated that nisin secre-
tion relies on the involvement of a translo-
cation protein. The search for maturation
enzyme systems and for the nisin irnrnuni-
ty system led to the study of regions adja-
cent to the nisin structural gene. No pro-
motor region has been identified in the
region upstream from the nis gene but sev-
eral groups (Buchman et al, 1988; Dodd et
al, 1990; Rauch et al, 1991) characterized
an open read frame coding for a 253 ami-
no acid protein, having significant homolo-
gy with E coli 1S3 transposase and named
IS904. Gasson et al (1990) showed that
the nis gene is located in a 70-kb element
that has the properties of a transmissible
transposon. However the ro/e of 1S904 in
the mobility of the nis gene in the genome
is not actually demonstrated since the left
end of the transposon is about 200-bp be-
yond 1S904 and analysis of the opposite
(right end) of this e/fement does not reveal
the presence of a second copy of 1S904.
The presence of a 70-kb conjugative trans-
poson, encoding production of and immu-
nity to nisin, has been demonstrated re-
cently (Horn et al, 1991; Rauch and De
Vos, 1'992)and it has been clearlyshown
that the nisin genes are located on the
chromosome. This transposon has been
found to insert at various locations in the
chromosome of the recipient strain. It /acks
inverted repeats in its termini and it is
flanked by a direct hexanucleotide repeat.
Rauch and De Vos (1992) mapped this
transposon. It was confirmed that the
structure gene for nisin is /ocated in the up-

stream region of the transposon and that
the gene specifying sucrose fermentation
was present in the opposite orientation,
suggesting that the 2 genes are tran-
scribed separately. Another open reading
frame downstream from the nis gene
codes for a putative protein of 851 amino
acids (Dodd et al, 1990; Steen et al, 1991).
This sequence shares homologies with
membrane proteins and structural predic-
tion studies have shown that the protein
contains several amphipathic a-helices and
a membrane attachment helix. This sug-
gests a putative role in nisin processing
(Steen et al, 1991). This ORF is followed by
a putative p-independent terminator, sug-
gesting that this is the end of an operon.

Although the mechanisms of immunity
exhibited by nisin producing strains have
not been characterized, the nisin resis-
tance phenotype (Nisr) is encountered in
lactic acid bacteria not producing nisin. In
the lactococci, the Nis! phenotype coded
by resident plasmids of L diacetylactis not
producing nisin has been cloned (Froseth
et al, 1988; Simon and Chopin, 1988; von
Wright et al, 1990). Froseth and McKay
(1991) have recently shown that the gene
coding for the Nis! phenotype is borne by a
1.2-kb Oral fragment. The nucleotide se-
guence showed the presence of a large
open reading frame designated nsr com-
posed of 957 nucleotides which can code
for a 35035 Da protein containing 318
amino acids. These data agree with in vitro
transcription-translation  studies  which
have led to the identification of a 37-kDa
protein. Analysis of the putative sequence
of the protein has shown that it has no ho-
mology with known proteins and that it
contains a highly hydrophobic region at its
N-terminal extremity, analogous to mem-
brane integration proteins,

Hybridization studies have shown that
the 1.2-kb Oral fragment does not hybri-
dize with genome DNA of L lactis 11454
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Nip- Nisf, which indicates that the 2 sys-
tems of resistance are different. This is
consistent with the fact that the nisin resis-
tance conferred by the system described
here is only 1/10 that of nisin producing
strains and is thus different from the im-
mune system of Nip- Nis" strains.

In their study on the bacteriocin-
producing character of L cremoris 9B4,
.van Belkum et al (1989) clonee and identi-
fied 2 regions of p9B4-6, one 1.8-kb frag-
ment coding for a low activity bacteriocin
and another 1.3-kb fragment coding for an-
other bacteriocin with higher activity. The
analysis of sequences showed that the
1.8-kb fragment contained 3 ORFs (ORF-
Al,-A2, -1\3) coding for products contain-
ing 69, 77 and 154 amino acids respec-
tively, and that the 1.3-kb fragment con-
tained 2 ORFs (ORF-B1 and -B2) coding
for 75 and 98 amino acid proteins respec-
tively (van Belkum et al, 1991a). It is inter-
esting ta note that the regions upstream
from ORF-A 1 and ORF-B1, as weil as the
first 20 nucleotides of these 2 ORFs (for a
total of 378 bp) are identical. The different
activities of the 2 bacteriocins is thus not
due ta the different strength of promoters.
On the other hand, the similarity of these
upstream sequences could mean that
these operons may move in the genome
by transposition events. The organization
of the 2 operons was analyzed by muta-
tions/deletions of the ORFs identified. In
the first operon, the first 2 ORFs (ORF-
Al, -A2) are involved in the Bac+ pheno-
type, while ORF-A3 specifies immunity. In
the second operon, ORF-B1 and ORF-B2
determine bacteriocin production and bac-
teriocin immunity, respectively. The ORF-
B1 product could be detected after migra-
tion in an SOS-PAGE gel. An inhibition
zone was detected in a position close ta
3.4 kOa, ta be compared with an expected
molecular weight of 8.1 kOa. This indi-
cates that the substance examined exhibit-

ed aberrant mobility in SOS-PAGE gels, or
that it had matured. The products of ORF-
Al and ORF-B1 had a certain degree of
homology and sa the authors believed that
ORF-A2 could play a raie in maturation
and/or secretion of the bacteriocin pro-
duced by ORF-A 1, or that it could form a
heterodimer with the ORF-A 1 product.

In another study, Halo et al (1991) char-
acterized lactococcin A (LCN-A) produced
by L cremoris LMG 2130. The amino acid
sequence and the IcnA gene sequence
showed that lactococcin A is identical ta
the bacteriocin coded by ORF-B1 in the
prior study. It is a peptide containing 54
amino acids, with a 21 residue N-terminal
extension. This leader peptide is com-
posed of a positively charged N-terminal
extremity and a hydrophobic zone charac-
teristic of the signal peptides of Gram-
positive bacteria. However, it escapes the
"-3, -1" rule of von Heijne (1984) concern-
ing signal peptidases.

Analysis of the sequence downstream
of the lactococcin A operon showed that a
third bacteriocin determinant was present
(van Belkum, 1991). A 1.2-kb Cell II-Scal
fragment carrying the information for pro-
duction of and immunity ta this bacteriocin
(designated lactococcin B) was analyzed.
Two genes transcribed as an operon were
found. Oeletion and mutation analyses re-
vealed that the upstream ORF, coding for
a 7.5-kOa product and designated IcnB, is
involved in bacteriocin production and that
the second ORF, designated IciB, encodes
immunity ta lactococcin B. Upstream of the
first ORF, a stretch of 123 bp appeared al-
most identical ta the nucleotide sequences
upstream of lactococcin M (the bacteriocin
encoded by ORF-A1, -A2) and lactococcin
A genes. In addition, the 5' nucleotide se-
quence of IcnB shows similarity with the
first 20 bp of IcnMa (the gene coding for
lactococcin M) and with the first 64 bp of
IcnA. This suggests that the processing
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site of these 3 bacteriocins might be at the
same position. Using a T7 RNA polyme-
rase-specifie promotor, lactococcin B oper-
on could be expressed in E coli. SDS-
PAGE analysis revealed that the size of
lactococcin B was 3.4 kDa when detected
from L lactis supernatant and 6.5 kDa
when isolated from E coli lysates. This
suggest that: i) E coli is unable to process
the bacteriocin precursor; ii) processing is
not necessary for biological activity of lac-
tococcin  B. From comparison with lacte-
coccin A, processing of pre-lactococcin B
was assumed to remove the N-terminal 21
amino acids. A construct was made by de-
leting the 5' part of IcnB to obtain the ma-
ture lactococcin B as the primary transla-
tion product. No expression of antagonistic
activity was detected in cells or lysates of
E coli or L lactis. This suggests that the N-
terminal extension is necessary either for
gene expression or for maturation to an ac-
tive product.

Muriana and Klaenhammer (1991 b) re-
cently cloned the lat gene encoding lacta-
cin F. As in the studies discussed above
(van Belkum et al, 1989; Holo et al, 1991),
the phenotype is not expressed in E coli
but a synthetic DNA probe was used to
screen clones having acquired an insert
bearing the lat gene. The gene sequence
showed the presence of an ORF coding for
lactacin F plus an N-terminal extension of
18 amino acids. This sequence had the hy-
dropathy characteristics of signal sequenc-
es and complied with the "-3,-1" rule.
Even though immune functions were cod-
ed by the cloned 2.2-kb fragment, an ORF
corresponding to these functions remains
to be identified.

The genetic determinant of helveticin J
borne by the chromosome of Lb helveticus
481 was recently characterized (Joerger
and Klaenhammer, 1990). A gene bank
was created in Agtll and a polyclonal anti-
helveticin J antibody was used to screen

phages producing ~-galactosidase-helveticin

fusion proteins. Two recombinant phages
(HJ1 and HJ4), containing 350- and 600-
bp inserts respectively, specifically hybri-
dized with the genomic DNA of the helvet-
icin producing strain. The 600-bp insert of
HJ4 was used as a probe to screen a

chromosomal DNA bank from
Lb helveticus 481, prepared in EMBLS3.
Sequencing a 3364-bp fragment of DNA

showed the presence of 2 ORFs (ORF2
and ORF3), of which ORF3 could code for
a 37511 Da protein, possibly helveticin J
since its molecular weight after purifica-
tion was estimated to be 37 000 Da (Joer-
ger and Klaenhammer, 1986). Inserts of
HJ1 and HJ4 are localized in this ORF.
Upstream from ORF3, ORF2 could code
for a 11 808 Da protein, with an N-
terminal region characteristic  of signal
peptides. Signais -10 and -35 of a puta-
tive promoter and a possible ribosome
binding site were identified upstream from
ORF2, suggesting that these 2 ORFs are
transcribed as an operon. As a result of
this, this product could be an immunity
and a transport protein, as is the case for
certain colicins (Konisky, 1982). Helveticin
J is not expressed in E coli, but cloning a
fragment containing the 2 ORFs in Lb eci-
dophilus led to the excretion of a bacterie-
cin having the same properties as helveti-
cin J.

Finally, the genetic organization of pedio-
cin PA-1 biosynthesis genes was recently
presented in a meeting (Marugg et al, per-
sonal communication).

CONCLUSION

In addition to their capacity to produce or-
ganic acids and hydrogen peroxide (Piard
and Desmazeaud, 1991), lactic acid bacte-
ria can produce antimicrobial peptides or
proteins. The development of our know-
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ledge of these substances may lead to an
addition al increase in the role of the micro-
organisms in the preservation of foods.

Considerable effort has recently been
focussed on the understanding of the
structure, the genetic organization and the
mode of action of several bacteriocins.
There has been a concomitant develop-
ment in the description of new bacterio-
cins, whose biochemical and genetic char-
acterization should lead to the discovery of

important elements for the elucidation of
structure/function relationships  in these
substances.

The ideal alimentary antimicrobial sub-
stance should respond to the following
requirements: i) a spectrum of activity di-
rected against harmful flora; ii) physico-
chemical properties enabling it to resist
heat treatments and pH changes encoun-
tered in the food industry; iii)) a small size,
consistent with rapid diffusion in semi-solid
systems, which characterize most alimen-
tary products. Among the bacteriocins de-
scribed above, several respond individual-
ly to 1 or 2 of these criteria and may thus
constitute good material for study and
comparison. The field of action for modify-
ing these substances is broad, notably as
a result of maturation systems such as
those encountered in the lantibiotics and
which circumvent the restrictions imposed
by the genetic code for the incorporation of
modified amine acids (Buchman et al,
1988).

Certain domains remain to be further
explored. We have only little data available
on the mode of action of bacteriocins and
none whatsoever on the systems confer-
ring immunity to these substances. These
data are necessary if we want to under-
stand the elements governing the specifici-
ty of the spectrum of bacteriocins better
and also to be able to render useful lactic
acid flora immune.

The current interest in the study of bac-
teriocins is proportional to the stakes rep-
resented by these substances. Several
sectors of the food industry are preoccu-
pied with the possibility of being able to
offer products with increased hygienic
qualities. In addition, these "natural® sub-
stances, biodegradable in the human di-
gestive tract, are good candidates for re-
placing certain usual antibiotics used for
pharmaceutical purposes.

Egg-white lysozyme is another antibac-
terial agent, active against Listeria mono-

cytogenes, Clostridium sp and B stearo-
thermophilus (Hughey and  Johnson,
1987). The genetic determinant of this en-

zyme was recently clonee in L lactis (van
de Guchte et al, 1989). It is thus another
potential inhibitor whose utilization cou Id
be facilitated by the possibility of obtain-
ing resistant variants in lactic acid bacte-

ria (Neviani et al, 1991; Veaux et al,
1991).
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