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Abhstract

Bacteriocins are proteins produced by a heterogeneous group of bacteria that have a bactericidal effect
on closely related crganisms. Recently, bacteriocins from lactic acid bacteria and other food-related organisms
have heen the subject of much research because of their potential as food biopreservatives. Various modifications
of agar plate dilfusion assays are the most widely used methods even though the limitations of such assays
are generally recognized. The ability to obtain a concentrated crude preparation of bacteriocin by optimizing
production parameters greatly simplifies recovery of bacterocin on subsequent purification steps. Some studies
performed to optimize bacteriocin production have used commercial media to provide a rich supply of growth
nutrients. Many bacteriocins have been purified to homogeneity, and the amino acid sequences of many of
these purified bacteriocins have been determined. Obtaining characterization data on purified bacteriocin will
minimize the risk of overlapping of research and confusion in identification of these compounds. Several me—
chanisms leading to cell death have been hypothesized. These include depletion of the proton motive force(PMF)
across the cell membrane; RNase and/or DNase activity within the sensitive cell; and pore formation and lysis

of sensitive cells at the cell membrane.
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INTRODUCTION

Biopreservatives are antimicrobial compounds of
animal, plant, and microbial origin and have long been
used in food without any known adverse effects on hu-
man health. Use of biopreservatives can enhance the
safety and extend the shelf life of food(1). Tagg et
al.(2) defined bacteriocins as bactericidal proteing with
a narrow spectrum of activity targeted toward species
related to the producer culture. Because bactetiocins
are proteins and natural, there is tremendous interest
in their use as a novel means to ensure the safety of
food. This literature review will summarize recent in-
formation on assay methods, production of bacterfocins,
purification, characterization and mode of action of
bacteriocins.

ASSAY METHODS FOR BACTERIOCINS

Assay methods to assess bactericidal activity, one
criterion in the definition of a bacteriocin, have been
used for many years. Direct or deferred antagonism
are methods generally used to detect bacteriocin activity.,
These methods include 1) spotting culture supernatants
on indicator lawns; 2) cross—streaking bacteria; 3} ov—
erlapping colenies of the producer strain with an indicator

lawn; 4) agar well diffusion of culture supernatant; 5)
the flip plate method{3).

Various modifications of agar plate diffusion assays
are the most widely used methods even though the
limitations of such assays are generally recognized(4).
For example, it cannot be determined if cells are killed
or only inhibited from growing. Generally, the inhibition
zone size 15 determined by diffusion of antimicrobial
compounds including bacteriocin, and the growth rate
of the indicator strain{5). Large zones of inhibition are
usually formed when the indicator strain is slow grow—
mg(6). Addition of Tween 30 is likely to increase the
sensitivity of modified well-diffusion assay for pro-
pionicin PLG~1(7).

Methods of quantitatively estimating the activity of
a bactedocin have been based on the crtical dilution
of antagonistic activity(8). Briefly, diluted culture su-
pematant(including bacteriocin) is spotted on an indicator
lawn and activity is quantitated subjectively in arbitrary
units(AU) of bacteriocin activity. Generally, the AU
is the reciprocal of the dilution of bacteriocin that last
caused inhibition(9). Disadvantages of this method are
the frequently subjective judgment of inhibition and
differences in assay sensitivity because of inconsistent
procedures among laboratories{(8). The titration of ba—-
cteriocin activity is subject to error depending upon the
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reproducibility of the indicator cell concentration and
the ahility of the investigator to determine the last di~
lution showing complete inhibition. Therefore, the AU
value is only an approximate rather than a precisely
quantitative measure of bacteriocin activity(3).

An enzyme-linked immunosorbent assay(ELISA)
using polyclonal antiserum for nisin detection was
used with commercial cheese samples(10). This method
had a limit of detection of 1.9% 107 i.u./ml and yielded
results that correlated well with results of the bicassay
that measured inhibition of Micrococcus flavus NCIB
8166. Skytta and Mattila-Sandholm({11) developed a
quantitative method using automated turbidometry to
assess the antimicrobial efficacy of bacteriocin-like in-
hibitors produced by Pediococus dammosus and Pedi-
ococeus pentosaccus, Growth of the test strain{ Pseud-
omonas aeruginosa and other organisms) was kinefically
monitored and various growth curve parameters were
used as quantitative indicators of inhibition.

Recently, several investigators have developed new
detection methods using microdilution wells(12), hyd-
rophobic grid membrane filters{13), and other simplified
techniques(14). These methods are very convenient,
rapid, and sensitive for screening bacteriocin—producing
hacteria.

PRODUCTION OF BACTERIOCIN

Most studies of bacteriocins begin with detection of
inhibitory activity on an agar medium. However, further
characterization of bacteriocins is facilitated by their
production in liquid medium. The ahility to obtain a
concentrated crude preparation of bacteriocin by op-
timizing production parameters preatly simplifies re-
covery of bacterioein in subsequent purification steps,
hecause severe losses of activity may occur during the
course of protein purification(3). Most studies performed
to optimize bacteriocin production have used commer—
cial media to provide a rich supply of growth nutrents.

The effects of several factors on production of nisin
by Lactococcus lactis, pediocin AcH by Pediococcus
acidilactici, leuconocin Leml by Leuconostoc carnosuim
Lml and sakacin A by Lactobacillus sake LB 706 were
studied(15). Production of a bacteriocin in a simple
medium can be increased by growing the cells at optirmum
pH and supplementing with nutrients specific for the
particular species/strain, Also, conditions that provide

high cell density resulted in high bacteriocin production.
Economical media such as trypticase glucose veast- ex-
tract{ TGE) or TGE huffer broths with food-grade in-
gredients could be used to obtain high bacteriocin yields.

Effect of growth medium

Production of an unnamed bacteriocin hy Strepto-
coccus mutans was shown to be influenced by the gro-
wth medium(16). A medium containing Trypticase(BBL),
veast extract, sodinm chloride, potassium phosphate, and
agar was the most effective for bacteriocin production.

The effect of several inorganic and organic acids
on nisin production was studied(17). Potassium chloride
and calcium chloride increased production of nisin. Of
the organic salts studied, sodium citrate, sodium acetate
and sodium lactate increased nisin production, while
sodium oxalate depressed it. Vuyst and Vandamme(18)
reported that carbon source regulation appears to be
a major control mechanism for nisin production. The
influence of different phospharous and nitrogen sources
on Lactococcus lactis subsp. lactis NIZO 22186 growth
and nisin production was studied by Vuyst and Van-
damme(19). Potassium dihydrogen phosphate (KH=POq4}
was found to be the best phosphorous source for nisin
production. A complex medium with cotton seed meal
as nitrogen source also gave very high activity.

Addition of séme ingredients to the medium was
necessary to improve the vields of bacteriocin. Yeast
extract(16,2021) and beef extract(22) increased hac-
teriocin activity. Addition of Tween 80 is likely to increase
production of some bacteriocins such as pediocin AcH
(23}, lactococein G(24), jenseniin G(25), enterocin 1146
(21) and curvaticin FS47(26). This increase in measured
activity against an indicator strain could be caused by
increased production of the bacteriocin or by improved
diffusion of the bacteriocin in the assay system.

Several studies of inexpensive media have been re—
ported. Liao et al.{20) showed that whey permeate com-
plemented with yeast extract supported growth and
hacteriocin production by Pediococcus acidilactici POZ;
the medium contained all the minerals and trace ele-
ments required for growth. Barber et al.{27) developed
a molasses fermentation medium for the industrial pro-
duction of bacteriocin by Clostridium acetobutylicum.
Biswas et al.{23) reported that high levels of pediocin
AcH couid be produced by Pediococcus acidilactici H
in a simple medium{TGE broth) consisting of relatively
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inexpensive, food-grade ingredients. Hsieh et al.(7) de-
veloped combination medium of beet molasses and corn
steep liquor for the industrial production of propionicin
PLG-1 by Propionibacterium thoerui P127.

Effect of culture conditions

Bacteriocin production is also influenced by culture
conditions such as pH, temperature, and growth phase.
The pH of the medium is particularly important. For
example, Parente et al.(28) reported that pH was an
important factor in the production of lactococein 140
by Lactococcus lactis 1AONWC, A maximum activity
of 1.54% 10" AU/ml was obtained at pH 55. In contrast,
the optimal pH for growth and lactic acid production
was between 6.0 and 6.5. Maximum production of pis—
cicolin 61 by Carnobacterium piscicola LV61 was ob-
tained at pH 6.5(29); of bavaricin MN by Lactobacilits
bavaricus MN at pH 6.0(22); of mesenterocin 5 by
Leuconostoc mesenteroides subsp. mesenteroides ULS
at pH 5.0(30) of lenconocin S by Leuconostoc strain
OX at pH 65~-7.0(31); of lactacin B hy Lactobacillus
acidophilus N2 at pH 6.0(32); and of enterocin 1146
by Enterococcus faecium DPC1146 at pH 55~6.5(21).
In contrast, production of acidocin 8912 by Lactobacilius
acidophilus TKE912 was not affected in the pH range
5 to 7) rather, the incubation temperature seemed to
be more important in affecting acidocin 8912 production
in this study(33).

Optimal production of hacteriocin can occur at dif—
ferent growth phases. Some bacteriocins such as lac-
tococein 140 and nisin are produced during the ex—
ponential phase(18,28). During the late exponential and
early stationary phase of growth, many bacteriocins,
such as nisin(34), helveticin J(35), lactocin S(36), pe-
diocin AcH(23), propionicin PLG-1{37), and pediocin
SJ-1(38) are produced extraceliularly. This suggests
that these bacteriocins are secondary metabolites.

Although most bacteriocins are studied in batch
culture, continuous culture has been used for bavaricin
MN production(22). The level (6,400 AU/ml) of bavaricin
MN produced during continuous culture was twice
that seen in batch fermentations with the same medium,
pH, agitation rate, and inoculum size. This level was
maintained, independent of growth rate{0.058~0.205
h™h), for 345h,

Recently, Jones et al.(39) studied lactoferricin, a new
antimicrobial peptide derived from acid-pepsin digestion

of bovine lactoferrin. This lactoferricin is an example
of production of a more effective or new bacteriocin by
protein modification or engineering from a mother com—
pound.

Genetic determinants for production

The genetic determinants of bacteriocin production
and immmnity to bacteriocins have great potential as
genetic markers.

Bacteriocin production and immunity are frequently
associated with plasmid DNA(40), Production of lactocin
S by Lactobacillus sake 145 and of acidocin 8912 by
Lactobacillus acidophilus TK8912 was demonstrated
to be encoded by plasmids of 50kb(32.9 MDa: pCI M1)
and 105 MDaf{pl.A 103)(33,36), respectively. Gonzalez
and Kanka(4l) reported the association of a 62-MDa
plasmid(pSRQ11) and pediocin PA-1 production. Pro-
duction of pediocin SJ-1 was associated with a 46
MDa plasmid{38). Other plasmids encoding bacteriocin
production and immunity are the 22-kb(145 MDa) plas—
mid of Carnobacterium piscicola LV61 (29), the 40- and
19-MDa plasmids of Carnobacterium piscicola LV17
{42}, the 10-kb(6.6 MDa) plasmid of Lactococcus lactis
subsp, lactis ADRIA 85L.030(43), and the 63 kb{415
Mda) plasmid of Lactococcus lactis DPC3147(44).

On the other hand, there are several reports of chro-
mosomal location of genetic determinants of bacterio—
cin production. For instance, production of helveticin J
by Lactobacillus helveticus 481 was shown to be asso-
ciated with the chromosome(35). Two bacteriocins pro—
duced by propionibacteria, propionicin PLG-1 from
Propionibacterium thoenii P127(37) and jenseniin G
from Propionibacterium jensenii P126(45), were also
reported to be chromosomally located.

PURIFICATION METHODS FOR
BACTERIOCINS

Several techriques have been used to obtain purified
ar partially purified bacteriocins. For a hbrief review
of purification and characterization of bacteriocins, see
Paik and Oh{46}. The purification scheme may be varied
for some applications. Highly purified preparations would
be needed for determination of a bacteriocin’s amino
acid composition and sequence. However, high vields
of active bacteriocin will be the focus of a food bio-
preservative system. The ahility to assay for the target
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protein during purification steps is important. Target
hacteriocins can be assayed by determination of biolo—
gical activity and by other analytical methods, including
SDS-PAGE(sodium dodecyl sulfate-polvacrylamide gel
electrophoresis).

Most purifications start with a method that con—
centrates bacteriocins from culture supernatants, because
bacteriocing usually are extracellular products. Am-
monium sulfate precipitation is well established as an
initial step in the purification process. Ammonium sul-
fate fractionation is an effective method because var-
iations in the distribution of hydrophobic and hydro-
philic regions allow specific proteins to precipitate over
a narrow range of salt concentrations{3).

Dialysis and ultrafiltration are valuable methods of
concentrating and purifying bacteriocins. By using
membranes of specific pore size, the researcher can
retain proteins above a particular size and allow smaller
proteins to pass through.

Several methods of chromatography, such as gel
filtration, ion exchange, and/or hydrophobic interaction
chromatography, bave been recommended for achieving
significant purification of bacteriocins. Especially, re~
verse-phase chromatography has been frequently used
as a final step for several hacteriocing, including pediocin
PA-1(47), curvacin A(48), sakacin A(49), plantaricin
A(B0), bavaricin A(51), piscicolin 61(52), plantaricin
5{53), acidocin J1132(54), and enterocin A(35).

High performance liquid chromatography (HPLC) as
well as hydrophobic interaction chromatography have
also been used to obtain more highly purified bacteriocin
preparations, Separation on reversed-phase supports in
HPLC has been used to obtain highly purified prepara-
tions of leucocin A-UAL 187(56), lactacin F(57), mesen—
tericin Y105(58), lacticin 481(59), salivaricin A(60), cu-
rvaticin FS47(26), staphylococcin 1580(61), propionicin
PLG-1(62) and piscicolin 126(63), The hydrophobic na-
ture of these bacteriocins allows their purification by
reversed-phase HPLC.

In reversed-phase chromatography, the weak mobile
phase is usually 0.1%{v/v) trifluoroacetic acid(TTFA),
while the eluting mobile phase is an organic sclvent
such as Z-propanol or acetonitrile. Once the sample
is injected onto the colurnn in the weak mobile phase,
each protein is retained until the appropriate concen—
tration of organic solvent displaces it from the support.
The sample peak shape(resolution) of the bacteriocin
in the chromatogram is often very sharp, as a result
of digplacement elution. However, because of the acidity

and the organic solvents needed to elute bacteriocing
from the extremely hydrophohic reverse phase chro-
matography stationary phase, protein denaturation and
loss of hacteriocin activity often occur. In many cases,
bacteriocin activity cannot be retrieved afier the terti-
ary structure is disrupted. Therefore, reversed-phase
HPLC systems can be used as a preparative technique
onty for those bacteriocing that are stable in organic
solvents, or for bacteriocing that can renature after
unfolding occurs during the elution process{fd). Many
of the completely purified bacteriocins obtained by us—
ing reversed—phase HPLC or chromatography were small
highly hydrophobic molecules that apparently could
easily renature.

AMINO ACID COMPOSITION AND
N-TERMINAL SEQUENCE OF
BACTERIOCINS

Amino acid composition analysis provides an im-
portant guantitative parameter in the characterization
of purified bacieriocins. The most important step in
obtaining an unambiguous N-terminal seguence is to
purify suitable quantities of the bacteriocin in a man-
ner compatible with automated or manual Edman de-
gradation procedures, Matsudaira{65) suggested several
requirernents for obtaining sequences of unknown sam-—
ples. First, the sample should be relatively pure>80%4).
Second, the sample should be free of contaminants
such as Tris, glycine, sodium dodecyl sulfate(SDS}, or
acrvlamide, which will either affect the performance
of the sequencing machine or clutter the chromatograms
with large artifact peaks. Third, a sufficient quantity
of sample should be available for analysis. Most se-
quencing facilities request 10~100pmol of bacteriocin
for N-terminal sequence analysis. i no sequence is
obtained from 100pmole, then one would suspect that
the bacteriocin has a blocked N-terminus. If the N-
terminus of a bacteriocin is blocked, then it must be
cleaved chemically(CNBr cleavage) or enzymatically
(proteclvtic digestion) to generate internal peptides
with unblocked N-termini, In this case, a 5-fold increase
in sample size is necessary to do chemical or enzymatic
cleavage(65).

MODE OF ACTION OF BACTERIOCINS

Studies on the mode of action of bacteriocins started
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with the colicing, antimicrobial proteins produced by
E. eoli, The general lethal action of the coiicins was
suggested to occur in three stages: hinding to a spe-
cific receptor on the cell surface; insertion into or trans-
port across the sensitive cell’'s membrane; and killing
of the cell(86). Severa! mechanisms leading to cell death
have been hypothesized. These include depletion of the
proton motive force(PMF) across the cell membrane;
RNase and/or DNase activity within the sensitive cell;
and lysis of sensitive cells at the cell membrane(66).
For a review of this early work, see Montville and
Kaiser(66). The present literature review will mainly
focus on recent studies,

Bruno and Montville(67) studied the influence of
four bacteriocins(pediocin PA-1, leuconocin 5, lactacin
F, and nisin) from lactic acid bacteria on the PMF of
sensitive cells. They suggested that the bacteriocins
of lactic acid hacteria all have the same mecharnism,
namely, depletion of PMF. Pediocin PA-1(200g/ml),
leuconocin S{(485ug/ml), and nisin(Sig/ml) mediated
total or major PMF dissipation of energized Listeria
monocytogenes Scott A, while lactacin F(13.5ug/ml)
mediated 87% depletion of the PMFE of energized
Lactobaciilus detbrueckii ATCC 4797 cells. Pediocin
PA-1, leuconocin S, and lactacin F acted in an energy-
independent manner, whereas the activity of nisin was
energy—dependent.

By using liposomes and proteoliposomes, (rao et al.
{68) showed that nisin depolarized membranes and dis—
sipated the membrane potential{ Al) and the pH gra-
dient{ ApH) in a voltage-dependent manner. The basal
PMF and the influence of nisin on the PMF were stud-
ied in L. monocytogenes Scott A by Bruno et al.(69),
who showed that addition of nisin(= Sug/ml) completely
dissipated the PMF in cells at external pH values of
5.5 and 7.0, With 1ug/ml of nisin, ApH was completely
dissipated, but AW decreased only slightly. The action
of nisin on the PMF in L. monocytogenes Scott A was
both time—dependent and concentration-dependent.

van Bellkum et al.(70) reported that purified Jacto—
coccin A specifically increased permeability of lactococcal
cytoplasmic mermbranes in a voltage-independent, protein-
mediated manner and dissipated the membrane potential.
Lactococcin A also inhibited the PMF-driven leucine
uptake and leucine counterflow in membrane vesicles
of a sensitive strain but not in membrane vesicles of
a strain imunune to the bacteriocin. The specificity of
lactococein A may be mediated by a recepter protein

associated with the cytoplasmic membrane. From the
foregoing information, it appears likely that lactococcin
A induces the formation of pores in the cytoplasmic
membrane of L. lactis and these pores allow free
diffusion of ions and amino acids. The efflux of essential
compounds can explain the growth inhihition and ulti-
mate death of lactococeal cells exposed to lactococein A

Venema et al.(71) demonstrated that purified lacto-
coccin B(Len B experts its bactericidal effect on sen-
sitive L. lactis cells hy dissipating the PMF and thereby
causing leakage of intracellular substrates. The Len B
induces formation of pores in the cytoplasmic membrane
of sensitive cells in the absence of a PMF. At low
concentrations of Len B, efflux of some ions and amino
acids that are taken up by PMFE-driven systems was
found. On the other hand, a 150-fold higher Len B con-
centration was required for efflux of glutamate, previ-
ously taken up via a unidirectional A'TP-driven trans-
port system. In immune L. lactis cells, the PMF was
not dissipated, and no leakage of intracellular substrates
was detected.

The effect of pediocin J1, a bacteriocin produced by
Pediococcus acidilactici JD 1-23, on the PMF and
proton permeability of L. monocytogenes Scott A was
studied(72). The pH gradient of cells exposed to pe-
diocin JD was rapidly dissipated, while control cells
maintained a pH gradient and a membrane potential
of 0,65 pH unit and 75mV, respectively, The inhibitory
action of pediocin JD against L. monocytogenes is dir-
ected at the cytoplasmic membrane and may be caused
by the collapse of one or both of the individual com—
ponents of the PMFE.

Pediocin PA-1, a bacteriocin produced by P. acid-
flactici PAC1.0, showed a bactericidal effect on sensitive
Pediococcus cells, in which it acted on the cytoplasmic
membrane(73). Pediocin PA-1 dissipated the trans-
membrane electrical potential and inhihited amino acid
transport in sensitive Pediococcus cells, Release of
ions and small molecules from the target cells led to
cell death, with or without lysis.

Schved et al.{74) monitored alterations induced by
pediocin SJ-1 in the cytoplasmic membrane of sensitive
Lactobacillus plantarum cells by using a 1-anilino—8-
naphthalenestlphonic acid(ANS) fluorescent prabe. The
addition of pediocin SJ-1 to the sensitive strain showed
an increase in fluorescence intensity of ANS. Pediocin
SJ-1 neutralized charges located on the hydrophilic
poertion of membrane phosphelipids. Furthermore, pe-
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diocin SJ-1 was likely to create pores in the cyto-
plasmic membrane, which could explain the leakage
of low molecular weight compounds and depolarization
of the cytoplasmic membrane.

Changes in membrane permeability of L. monocy-
togenes and mitochondria caused by mesentericin
Y105 were reported(75), Mesentericin Y105 dissipated
the plasma membrane potential of L. monocytogenes
and inhibited the transport of leucine and glutamic
acid, Also, this bacteriocin uncoupled mitochondria by
increasing state 4 respiration and decreasing state 3
respiration, apparently by inducing pore formation in
the energy—transducing membranes.

Lactacin F is hactericidal against Lacfobacillus
delbrueckii, L. helveticus, and Enterococcus faecalis.
Inhibitory activity against L. delbrueckii was contri—
buted by two peptides, LatfA and LafX, which are en—
coded within the lactacin T operon(76), The mode of
action of lactacin F against £. faecalis ATCC 19443
was studied(77). Lactacin I caused an immediate loss
of cellular K™, depolarization of the cytoplasmic mem-
brane, and hydrolysis of internal ATP. The ATP hy-
drolysis was due not to dissipation of the PMF but most
likely to efflux of incrganic phosphate, resulting in a
shift of the ATP hydrolysis equilibrium. From these
results, it appears that possible mechanisms are in-
teraction of lactacin F with cytoplasmic membranes
and formation of poration complexes.

Lactobacilius acidophilus JCM 1132 produces a heat-
stable, two component bacteriocin designated acidocin
J1132. Acidocin acted bactenicidally rather than bac-
teriolvtically on sensitive cells and mediated total PMF
dissipation of sensitive cells in a concentratoin—de-
pendent manner and finally caused the leakage of es—
sential compounds by the formation of pores in the cy-
toplasmic membrane.

The bactericidai effect of plantaricin C, a bacteriocin
of Lactobacillus plantarum LL441, was studied(78).
Like other previous bacteriocins, plantaricin C dissipated
PMF, and inhibited amino acid transport in sensitive
cells, and was a pore-forming hacteriocin. The intra—
cellular ATP levels and the glycolytic rate of sensitive
cells was significantly reduced when plantaricin C was
added.

CONCLUSIONS

During the past decade, bacteriocinsg have become

a primary focus of research because of their potential
use as nontoxic hiopreservatives. To date, many bac-
teriocing have been optimized for production, purified
to homogeneity, characterized and compared with other
bacteriocins. Future efforts directed toward molecular
characterization of the structure, function, and regulation
of purified bacteriocin will accelerate efforts to engineer
innevative antimicrobial peptides with enhanced capa-
bilities and diverse applications(3). Manipulation of
genes for bacteriocin production and mmunity is expected
to provide the opportunity for drastic improvement of
hacteriocin production, and expansion of the inhibitory
spectrum. If a bacteriocin is to be used commercially,
rapid tests to detect and quantitate it would be useful,
At it’s molecular weight, it is probably large enough
to elicit antibody production and thus be detectable by
mmmunological assays such as ELISA. Rather than
using purified bacteriocin in foods, it may be possible
to preserve some fermented foods by adding live cul-
tures of bacteriocin producer either alone or in com-—
bination with other desirable strains(79).
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