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Abstract Nisin-, pediocin 34-, and enterocin FH99-

resistant variants of Listeria monocytogenes ATCC 53135

were developed. In an attempt to clarify the possible

mechanisms underlying bacteriocin resistance in L. mon-

ocytogenes ATCC 53135, sensitivity of the resistant strains

of L. monocytogenes ATCC 53135 to nisin, pediocin 34,

and enterocin FH99 in the absence and presence of dif-

ferent divalent cations was assessed, and the results showed

that the addition of divalent cations significantly reduced

the inhibitory activity of nisin, pediocin 34, and enterocin

FH99 against resistant variants of L. monocytogenes ATCC

53135. The addition of EDTA, however, restored this

activity suggesting that the divalent cations seem to affect

the initial electrostatic interaction between the positively

charged bacteriocin and the negatively charged phospho-

lipids of the membrane. Nisin-, pediocin 34-, and entero-

cin-resistant variants of L. monocytogenes ATCC 53135

were more resistant to lysozyme as compared to the wild-

type strain both in the presence as well as absence of nisin,

pediocin 34, and enterocin FH99. Ultra structural profiles

of bacteriocin-sensitive L. monocytogenes and its bacte-

riocin-resistant counterparts revealed that the cells of wild-

type strain of L. monocytogenes were maximally in pairs or

short chains, whereas, its nisin-, pediocin 34-, and entero-

cin FH99-resistant variants tend to form aggregates.

Results indicated that without a cell wall, the acquired

nisin, pediocin 34, and enterocin FH99 resistance of the

variants was lost. Although the bacteriocin-resistant vari-

ants appeared to lose their acquired resistance toward nisin,

pediocin 34, and enterocin FH99, the protoplasts of the

resistant variants appeared to be more resistant to bacteri-

ocins than the protoplasts of their wild-type counterparts.

Keywords L. monocytogenes � Nisin � Pediocin 34 �
Enterocin FH99 � Bacteriocin resistance

Introduction

For the past few decades, food safety has been an

important issue globally due to increasing food-borne

diseases and changes in food habits. Illness caused due to

the consumption of contaminated foods has a wide eco-

nomic and public health impact worldwide. L. monocyt-

ogenes can be found in a wide variety of raw and

processed foods. Milk and dairy products and various

meats and meat products have been associated with Lis-

teria contamination [26]. Foods such as soft cheeses, hot

dogs, and seafood have been implicated in several out-

breaks of human listeriosis.

Among the wide spectrum of antibacterial products

released by microorganisms, the bacteriocins, especially

those produced by lactic acid bacteria (LAB), have

attracted the greatest attention as tools for food biopreser-

vation. Bacteriocins are ribosomally synthesized peptides

or proteins with antimicrobial activity. Several LAB bac-

teriocins with inhibitory activity offer potential applica-

tions in food biopreservation [10]. Food application of

pediocins and enterocins can also provide a good
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alternative means in protecting food against food-borne

pathogens. As products of lactic acid bacteria, they provide

natural means of preservation and can be accepted by the

consumers in the way nisin became accepted. As the trend

of consumption of minimally processed and preserved

foods is increasing, use of pediocins by the food industry

could offer solutions and provide alternatives to conven-

tional preservation means. Importantly, enterocins also

show a strong activity against Listeria, which can be of

practical use in the food industry [11, 13, 22]. Application

of enterococcal bacteriocins on dairy foods has been the

focus of many investigations [8, 13]. Enterococcus strains

displaying a limited inhibitory spectrum due to the pro-

duction of enterocins targeted toward Listeria and/or

Clostridium [9, 13, 29] would be interesting as protective

cultures for cheese manufacturers, given their very limited

antagonistic activity toward dairy starter cultures such as

Lactococcus and Streptococcus [8, 27].

However, similar to the use of antibiotics, the concern

with the use of bacteriocins is the development of resis-

tance in food-borne pathogens. The resistance mechanism

is complex and may be due to three major factors: (1)

variation of peptidoglycan composition [17], which should

make it possible to increase the binding of divalent cations

that should interact with the cationic peptide; (2) modifi-

cation of the electric charge of the membrane by changes in

the phospholipid content, thereby preventing pore forma-

tion [4, 20, 25]; and (3) increase in membrane rigidity,

preventing peptide insertion and association [20]. How-

ever, resistance to bacteriocins has also been correlated

with an altered fatty acid composition [18, 20] and an

altered phospholipid composition [21]. Studies aimed at

characterizing the resistance mechanisms of bacterial tar-

gets have revealed the stability of this phenomenon [7, 24],

which occurs at either a low or a high level. In L. mono-

cytogenes and E. faecalis, low-level resistance has been

attributed to alterations in membrane lipid composition

[31, 32] and high-level resistance has been attributed to the

inactivation of the mptACD operon, which encodes the

EIIMan
t mannose permease of the phosphotransferase sys-

tem (PTS) [5, 15].

In order to assess the utility of pediocin 34 and enterocin

FH99 as a food preservative against Listeria, it was

important to determine their cellular target(s) and potential

mechanisms of resistance to these bacteriocins. In this

communication, we report on the isolation and character-

ization of nisin-, pediocin 34-, and enterocin FH99-resis-

tant variants of L. monocytogenes. We propose that nisin,

pediocin 34, and enterocin FH99 resistance in these vari-

ants is mediated by changes in their cell wall architecture

limiting the access of these bacteriocins to a potential

target in the cytoplasmic membrane and/or in the cyto-

plasm of the bacterium.

Materials and Methods

Bacterial Strains and Culture Conditions

Enterococcus faecium FH99 bacteriocinogenic strain was

an isolate from human feces [14]. Pediococcus pentosa-

ceous 34, a bacteriocinogenic strain isolated from cheddar

cheese and Pediococcus acidilactici LB 42 (a sensitive

strain used for detection of bacteriocin producers), was

obtained from Prof Bibek Ray, Department of Animal

Science, University of Wyoming, Laramie, Wyoming,

USA. E. faecium FH 99, P. pentosaceus 34, and P. acidi-

lactici LB 42 were maintained in MRS broth at 37 �C for

24 h. Listeria monocytogenes ATCC 53135 were procured

from American Type Culture Collection (ATCC) and cul-

tivated in Brain Heart Infusion (BHI) broth at 37 �C for

24 h.

Bacteriocins

One liter aliquots of MRS broth (pH 6.5) (HiMedia, Mum-

bai) were inoculated with active cultures of E. faecium FH 99

[14] and P. pentosaceus 34 (1% v/v) and incubated at 37 �C

for 24 h. Cell-free culture supernatants (CFCS) were pre-

pared by centrifugation of the cultures in refrigerated cen-

trifuge (HANIL, Supra-30 K) at 7,000g for 10 min, filter

sterilized by passing through a 0.2 lm, 45 mm diameter

membrane filter and used for partial purification after neu-

tralization. To 1,000 mL of cell-free culture supernatant,

solid ammonium sulfate was added slowly with constant

stirring to achieve 60% saturation and stirring was continued

for another 1 h in a cold room at 5–7 �C. The mixture was

then kept overnight in the cold room. It was then centrifuged

at 7,000g for 20 min, and the precipitates were recovered.

The supernatant was subsequently adjusted to 80% satura-

tion levels by further addition of solid ammonium sulfate.

The pellet in each case was dissolved in sterile Milli Q water.

Nisin A (Nisaplin�) was procured from Danisco (Gurgaon,

India). Nisin stock solutions were prepared from Nisaplin in

0.02 N HCl and autoclaved.

Antimicrobial Activity Assays

Measurement of Activity Units (AU)

The inhibitory spectrum of activity was obtained using the

spot-on-lawn assay as described by Ulhman et al. [30],

against P. acidilactici LB 42. Five microliters of the par-

tially purified bacteriocin of E. faecium FH99 and

P. pentosaceus 34 grown in MRS broth [6] was spotted on

the tryptone glucose yeast extract (TGE) agar plates [2]

(1.5% agar). Before spotting, TGE agar plates were over-

laid with TGE soft agar (0.75%) seeded with actively
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growing cells of the test organism, P. acidilactici LB 42

(1% v/v). Plates were kept undisturbed for 3–4 h for dif-

fusion of bacteriocin through agar and then incubated. The

sensitivity of the strain in question was evaluated by

checking for clear zones around the spots. Three inde-

pendent replicates of experiment were done, and samples

were tested in triplicate in each assay. The activity units of

the partially purified bacteriocins were calculated using the

following formula and expressed as activity units/mL:

activity units/mL (AU/mL) = 200 9 reciprocal of highest

dilution that gave a clear zone.

The inhibitory spectrum of activity was obtained using

the spot-on-lawn assay as described by Ulhman et al. [30]

against L. monocytogenes ATCC 53135. Five microliters of

nisin and the partially purified bacteriocin from E. faecium

FH 99 and P. pentosaceus 34 grown in MRS broth [6] were

spotted on TGE agar plates (1.5% agar) overlaid with TGE

soft agar (0.75%) seeded with actively growing cells of the

test organism [2]. Plates were kept undisturbed for 3–4 h

for diffusion of bacteriocin through agar and then incu-

bated. The sensitivity of the strain in question was evalu-

ated by checking for clear zones around the spots. For MIC

determinations, 5 lL of a 1:2 dilution series of a bacte-

riocin solution was spotted. The MIC was defined as the

lowest concentration of bacteriocin that induced an inhi-

bition zone. Three independent replicates of experiment

were done.

Isolation of Spontaneous Bacteriocin-Resistant Variants

To obtain resistant strains, the wild-type strain of

L. monocytogenes ATCC 53135 was cultured in BHI broth

with increasing concentrations of bacteriocin correspond-

ing to one-, three-, six- and then to 10- and 100-fold the

MIC. The stability of these resistances in cultures without

nisin, pediocin 34, and enterocin FH99 was checked and

determined by MICs.

Bacteriocin-Induced Changes in Bacterial Cell

Morphology by Scanning Electron Microscopy

To visualize differences occurring in the morphology

between wild-type L. monocytogenes ATCC 53135 and its

nisin-, pediocin 34-, and enterocin FH99-resistant variants

were grown overnight in BHI broth and incubated at 37 �C

for 24 h. Bacterial cells were washed in 0.1 M phosphate-

buffered saline (pH 7.0) and fixed with 2.5% glutaralde-

hyde in 0.1 M sodium cacodylate buffer (pH 7.0). After 2 h

on a rotator (2 rpm) at room temperature, the samples were

washed three times with the same buffer and postfixed with

2% osmium tetroxide in 0.1 M sodium cacodylate buffer

(pH 7.0). After 1 h at room temperature, the samples were

washed three times in the same buffer and for dehydration

of cells, graded series of ethanol water mixtures of 30, 50,

70% and absolute alcohol were used. After dehydration in

absolute alcohol, these were subsequently dehydrated in

propylene oxide for 15 min and allowed to dry. Dried

samples were mounted on aluminum stubs with silver paint

and sputter coated with gold at approximately 200 Å
´

thickness. The samples were visualized with a Scanning

Electron Microscope (SEM), Model 501, Philips-Holland

with EDAX and EBIC attachments.

Divalent-Cation Requirement of Nisin-Resistant,

Pediocin 34-Resistant, and Enterocin

FH99-Resistant Variants

Divalent-cation requirement of nisin-resistant, pediocin

34-resistant, and enterocin FH99-resistant variants were

determined by the method described by Crandall and

Montville [4]. Overnight cultures of wild-type or nisin-,

pediocin 34-, and enterocin FH99-resistant variants were

harvested by centrifugation (7,000g; HANLIN, Supra-

30 K), washed once with phosphate-buffered saline, and

resuspended in 50 mM MES (morpholineethanesulfonic

acid) buffer (pH 6.5) containing either divalent cations

alone, divalent cations plus EDTA, EDTA alone, or none

of these. The metal ions tested (final concentration of

10 mM) were MgSO4, MgCl2, CaCl2, and MnSO4 (Hi

Media, Mumbai). The final concentration of EDTA was

20 mM. The cells were then treated with a final concen-

tration of 50 IU of nisin, 500AU/mL of pediocin 34, and

120 AU/mL of enterocin FH99 for 20 min. Control sam-

ples were not treated with nisin, pediocin 34, or enterocin

FH99. The cells were then diluted in saline and plated on

BHI agar plates. The plates were incubated at 37 �C, and

colonies were counted after 48 h. The results are reported

as log reductions in cell viability relative to an untreated

control. Three independent replicates of the experiment

were done with each individual experiment consisting of

triplicate reactions.

Lysozyme Sensitivity of Nisin-Resistant, Pediocin

34-Resistant, and Enterocin FH99-Resistant Variants

Overnight cultures of wild-type cells and nisin-, pediocin

34-, and enterocin FH99-resistant variants of L. monocyt-

ogenes ATCC 53135 were inoculated at 1% (v/v) into fresh

BHI containing 2 mg of lysozyme (Sigma)/mL. The cul-

tures were incubated at 37 �C, and samples were drawn at

different time intervals (1, 2, 4, 6, and 24 h). The survivors

at each time interval were enumerated on BHI agar med-

ium after appropriate dilutions in saline, and colonies were

counted after 24–48 h of incubation at 37 �C. Three

independent replicates of experiment were done.
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Role of the Cell Envelope of L. monocytogenes ATCC

53135 in the Acquisition of Bacteriocin Resistance

Protoplast Formation

Protoplasts of wild-type L. monocytogenes ATCC 53135

and its respective bacteriocin-resistant variants were pre-

pared using the method of Ghosh and Murray [12].

L. monocytogenes ATCC 53135 and its nisin-, pediocin

34-, and enterocin FH99-resistant variants were grown in

100 mL BHI broth (pH 7.3) at 37 �C for 20 h to get 109

CFU/mL. Cell concentrations were determined using

spread plates. Cells were harvested by centrifugation at

7,000g for 20 min (at 4 �C), washed with water, and

weighed. The cell pellets were then resuspended in lyso-

zyme incubation buffer (0.015 mol/L NaCl; 0.03 mol-1

Tris–HCl (pH 6.7) (Sigma) and 0.4 mol-1 sucrose at

20 mg/mL wet weight before addition of lysozyme

(Sigma) solution (6 mg/mL) to give a final concentration of

600 lg/mL lysozyme. The samples were shaken for 15 min

at 37 �C, and 1 mol/L MgCl2 was added to give a final con-

centration of 0.02 mol/L MgCl2. After a 45-min incubation at

37 �C without shaking, the samples were centrifuged at

1,500g for 15 min and the pellets washed in protoplast buffer

(0.03 mol/L Tris–HCl (pH 6.7); 0.01 mol/L MgCl2 and

0.5 mol/L sucrose). The pellets were then resuspended to their

original volume (100 mL) with protoplast buffer and stored

briefly on ice before use.

Determination of the Efficiency of Protoplast

Formation

The total number of CFU/mL present in each protoplast

preparation was determined using spread plates. All enu-

merations were conducted using protoplast buffer as a

diluent and BHI that had been hydrated with protoplast

buffer. To determine the percentage of protoplasts present,

a small volume of each protoplast suspension was centri-

fuged (1,500g for 15 min) and resuspended in an equal

volume of water. The cells were incubated at 30 �C for

30 min with constant shaking to ensure lysis. Control

whole cells were treated in the same manner.

Inactivation of Whole Cells and Protoplasts by Nisin,

Pediocin 34, and Enterocin FH99

Overnight cultures of L. monocytogenes ATCC 53135 and

its nisin-resistant, pediocin 34-resistant, and enterocin

FH99-resistant variants were grown to 109 CFU/mL in BHI

broth (10 mL) at 30 �C. After centrifugation (1,500g for

15 min), they were washed and resuspended to their ori-

ginal volume in protoplast buffer (0.03 mol/L Tris–HCl

(pH 6.7); 0.01 mol/L MgCl2 and 0.5 mol/L sucrose). After

15 min equilibration at 30 �C, samples were removed and

diluted in protoplast buffer, and cells were enumerated on

BHI. Bacteriocin was added to the remaining cultures

(MICs as shown in Table 1 were used) and samples taken

for cell enumeration periodically over 3 h. Protoplasts were

treated in exactly the same way as whole cells, except for

the use of buffered diluents and agar. Three independent

replicates were done.

Statistical Analysis

The data were subjected to various statistical analyses as

and when needed, using SYSTAT 6.0.1 (Statistical Soft-

ware Package, 1996, SPSS, Inc., USA), Microsoft R excel

2000 Software Package (Microsoft Corporation, USA) and

GraphPad 3.02, 1999 (GraphPad Software Inc., San Diego

CA).

Determination of Mean and Standard Error

of the Mean (SEM)

The experimental data, as and when necessary, are pre-

sented as the mean and standard error of the mean (SEM)

of different parameters studied in the present investigation.

The mean and SEM were determined running Microsoft

Excel 2000 Software Package, Microsoft Corporation,

USA.

Graphical Presentation

The mean ± SEM of different parameters studied were

graphically presented using Graph Pad 3.02, 1999,

GraphPad Software Inc., San Diego CA.

Results

Table 1 shows the MICs of the wild-type strains L. mon-

ocytogenes ATCC 53135 as determined by the spot-on-

lawn assay. The nisin, pediocin 34, and enterocin FH99

resistance phenotype in L. monocytogenes ATCC 53135

was stable during 60, 40, and 10 successive cultures

without nisin, pediocin 34, and enterocin FH99, respec-

tively. MICs of the wild-type and the nisin-, pediocin 34-,

and enterocin FH99-resistant variants of Listeria mono-

cytogenes ATCC 53135 were determined by the spot-on-

lawn assay (data not shown). The MIC was determined as

the minimal concentration giving a visible zone of inhibi-

tion after 24 h at 37 �C. Nisin-, pediocin 34-, and enterocin

FH99-resistant variant of L. monocytogenes ATCC 53135

were 92, 64, and 1,250 fold more resistant to nisin,
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pediocin 34, and enterocin FH99, respectively, than its

corresponding wild-type strain.

Bacteriocin-Induced Changes in Bacterial Cell

Morphology by Electron Microscopy

In the present investigation, attempts were made to study

ultra structural profiles of bacteriocin-sensitive L. mono-

cytogenes ATCC 53135 and its bacteriocin-resistant

counterparts. The cells of wild-type (bacteriocin sensitive)

L. monocytogenes were maximally in pairs or short chains.

On the other hand, nisin-, pediocin 34-, and enterocin

FH99-resistant variants of L. monocytogenes ATCC 53135

tend to form aggregates (Fig. 1).

Divalent-Cation Requirement of Nisin-, Pediocin 34-,

and Enterocin FH99-Resistant Variants

A major component of growth media, which could be

required by the bacteriocin-resistant strain to resist bacte-

riocins, is divalent cations. Therefore, the nisin, pediocin

34, and enterocin FH99 sensitivity of the resistant strains of

L. monocytogenes ATCC 53135 in the absence and pres-

ence of different divalent cations was assessed.

Figure 2 shows the effect of MgSO4, MgCl2, CaCl2, and

MnSO4 on the sensitivity of nisin-, pediocin 34-, and

enterocin FH99-resistant L. monocytogenes ATCC 53135

variants to nisin, pediocin 34, and enterocin FH99 in the

presence or absence of EDTA. In case of L. monocytogenes

ATCC 53135, the viability of the nisin-resistant cells sus-

pended in MES buffer supplemented with 10 mM MgSO4

and treated with 50 IU of nisin/mL was reduced by 0.50

log cycles only. The effect was confirmed to be due to the

divalent cation by involving EDTA, a chelator of divalent

cations. A significant difference (P \ 0.05) in viable count

of nisin-, pediocin 34-, and enterocin FH99-resistant vari-

ants of L. monocytogenes ATCC 53135 was observed when

treated with nisin, pediocin 34, and enterocin FH99 alone

or in combination with EDTA. Inclusion of 20 mM EDTA

in the system containing MgSO4 increased the lethality

caused by nisin to a 2.51 log reduction. The inhibition of

pediocin 34- and enterocin FH99-resistant variants was

also affected by the addition of Mg2? ions. In the presence

of 10 mM MgSO4, a reduction of 0.35 and 0.08 log cycles

Table 1 Minimum inhibitory concentration (MICs) of wild-type and

the nisin-, pediocin 34-, and enterocin FH99-resistant variants of

Listeria monocytogenes ATCC 53135

Culture Strains Nisin

IU/mL

Pediocin

34 AU/mL

Enterocin

FH99 AU/mL

L. monocytogenes
ATCC 53135

WT 13.2 540 120

Nr 1,250 540 120

Pr 400 35,000 7,500

Er 400 35,000 150,000

WT wild type, Nr nisin resistant, Pr pediocin 34 resistant, Er enterocin

FH99 resistant

Fig. 1 Scanning electron

micrographs of (a) wild-type

L. monocytogenes ATCC 53135

& its (b) nisin-resistant variants,

(c) pediocin 34-resistant

variants and (d) enterocin

FH99-resistant variants
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was caused by pediocin 34 and enterocin FH99, but the

inclusion of 20 mM EDTA increased the lethality caused

by pediocin 34 by 2.52 log cycles and enterocin FH99 by

3.87 log cycles (Fig. 2a). For the nisin- and pediocin-

resistant variants, in the presence of MgCl2, inclusion of

EDTA resulted in the increase of lethality caused by nisin

and pediocin 34 to about 1.40 and 1.63 log cycles,

respectively. However, for the enterocin-resistant variant, a

reduction of about 1.94 log cycles was observed after

inclusion of EDTA in the system (Fig. 2b).

For the nisin- and pediocin-resistant variants, in the

presence of CaCl2, inclusion of EDTA resulted in the

increase of lethality caused by nisin and pediocin 34 to

about 3.17 and 3.50 log cycles, respectively. However, for

the enterocin-resistant variant, reduction of about 2.21 log

cycles was observed after inclusion of EDTA in the system

(Fig. 2c). In the presence of MnSO4, inclusion of EDTA

resulted in the increase of lethality by nisin and pediocin 34

to about 3.65 and 3.02 log cycles, respectively, for the

nisin- and pediocin-resistant variants. However, for the

enterocin-resistant variant, reduction of about 3.19 log

cycles was observed after inclusion of EDTA in the

experimental system (Fig. 2d).

Lysozyme Sensitivity of Nisin-, Pediocin 34-,

and Enterocin FH99-Resistant Variants

In the presence of lysozyme, the nisin-resistant variant

showed an increase of 0.62 log cycles after 4 h, whereas

the wild-type strain showed a decrease of about 2.5, 2.9,

and 2.08 log cycles after 4, 6, and 8 h, respectively. Ped-

iocin 34-resistant variant of L. monocytogenes ATCC

53135 depicted a log reduction of 0.58, 2.88, and 2.04 log

cycles after 4, 6, and 8 h, respectively. Enterocin

FH99-resistant variant showed an increase of 0.44 log

cycles after 4 h. However, after 6 and 8 h, it showed a

decrease of approximately 0.57 and 0.82 log cycles,

respectively (Fig. 3a).

The effect of lysozyme on the wild-type and nisin-,

pediocin 34-, and enterocin FH99-resistant variants of

L. monocytogenes ATCC 53135 in the presence as well as

in the absence of nisin, pediocin 34, and enterocin FH99

was determined. A significant differences (P \ 0.05) in

viable count of wild-type L. monocytogenes and its nisin-,

pediocin 34-, and enterocin FH99-resistant variants were

observed when treated with nisin, pediocin 34, and

enterocin FH99 alone and in combination with lysozyme.

Wild-type L. monocytogenes ATCC 53135 showed a log

reduction of 3.07 and 3.86 log cycles after 1- and 2-h and

no growth after 2-h incubation with lysozyme and nisin. On

the other hand, the nisin-resistant variant showed a log

reduction of about 0.57, 1.09, and 1.64 log cycles after 2, 6,

and 24 h, respectively, in the presence of lysozyme and

nisin (Fig. 3b). In the presence of pediocin 34 and lyso-

zyme, wild-type L. monocytogenes ATCC 53135 showed a

log reduction of 1.9 and 3.6 log cycles after 4 and 8 h,

respectively, and no growth was observed after 24 h,

whereas, pediocin 34-resistant variant showed a log

reduction of 3.11 after 6 h and no growth after 8 and 24 h

(Fig. 3c). Wild-type L. mononocytogenes ATCC 53135 in

the presence of both lysozyme and enterocin FH99 showed

a log reduction of 0.35 and 4.0 log cycles after 4 and 8 h,

respectively, and no growth after 24-h incubation.

Enterocin-resistant variant showed an increase of approxi-

mately 0.89 log cycles after 6 h whereas a log reduction of

1.27, 1.23, and 0.09 log cycles was observed after 6-, 8-, and

24-h incubation (Fig. 3d). In conclusion, it was observed that

L. monocytogenes ATCC 53135 nisin-, pediocin 34-, and

Fig. 2 Effect of (a) MgSO4

(M), (b) MgCl2 (M), (c) CaCl2
(Ca), and (d) MnSO4 (Mn) on

sensitivity of nisin-resistant

(Nr), pediocin 34 (Pr)-resistant,

and enterocin FH99

(Er)-resistant L. monocytogenes
ATCC 53135 to nisin (N),

pediocin 34(P), and enterocin

FH 99 (FH99) in presence or

absence of EDTA (E)
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enterocin-resistant variants were more resistant to lysozyme

when compared with the wild-type strain both in the pres-

ence as well as absence of either nisin, pediocin 34, and

enterocin FH99.

Role of the Cell Envelope in the Acquisition

of Bacteriocin Resistance

The role of the cell wall in the acquisition of bacteriocin

resistance in strains of wild-type and resistant variants was

investigated. For this, protoplasts were prepared using the

method of Ghosh and Murray [12]. Efficiency of protoplast

formation and inactivation of whole cells and protoplasts

by bacteriocins was determined (Fig. 4). The efficiency of

protoplast formation in those cells surviving lysozyme

treatment as determined by lysis in water was high ([90%).

Control cells were unaffected by suspension in water.

The inactivation of whole cells and protoplasts of

L. monocytogenes ATCC 53135 and its nisin-, pediocin

34-, and enterocin FH99-resistant variants was studied

using nisin, pediocin 34, and enterocin FH99 (MICs of

each bacteriocin as given in Table 1 were used).

Significant differences (P \ 0.05) in viable count of

whole cells of wild-type L. monocytogenes and whole cells

of its nisin-, pediocin 34-, and enterocin FH99-resistant

variants were observed when treated with nisin, pediocin

34, and enterocin FH99, respectively. Also, significant

differences (P \ 0.05) in viable count of protoplasts of

wild-type L. monocytogenes and protoplasts of its nisin-,

pediocin 34-, and enterocin FH99-resistant variants were

observed when treated with nisin, pediocin 34, and

enterocin FH99, respectively. In the presence of nisin,

the number of whole cells of wild-type L. monocytogenes

ATCC 53135, decreased by 1.6 log cycles over 3 h com-

pared with a decrease of 0.5 log in the nisin-resistant

variant whole cell population. After a 3-h incubation with

nisin, the nisin-resistant L. monocytogenes ATCC 53135

protoplasts had decreased in concentration by 3.09 log

cycles compared with a 0.50 log cycle reduction of the

nisin-resistant L. monocytogenes ATCC 53135 whole cells.

In contrast, the reduction in concentration of the L. mon-

ocytogenes ATCC 53135 wild-type protoplasts was about a

5.23 log cycles after 3 h (Fig. 4a). After a 3-h incubation

with pediocin 34-, the pediocin-resistant L. monocytogenes

ATCC 53135 protoplasts had decreased in concentration by

2.00 log cycles compared with a 0.44 log cycle reduction of

the pediocin 34-resistant L. monocytogenes ATCC 53135

whole cells. In contrast, the reduction in concentration of

the L. monocytogenes ATCC 53135 wild-type protoplasts

was about 4.55 log cycles compared to a reduction of 1.20

log cycles of wild-type whole cells after 3 h (Fig. 4b).

After a 3-h incubation with enterocin FH99, the enterocin-

resistant L. monocytogenes ATCC 53135 protoplasts

decreased in concentration by 2.06 log cycles compared to

only 0.24 log cycle reduction of the enterocin FH99-

resistant L. monocytogenes ATCC 53135 whole cells. In

contrast, the reduction in concentration of the L. mono-

cytogenes ATCC 53135 wild-type protoplasts was about

4.85 log cycles compared to a reduction of 2.24 log cycles

of wild-type whole cells after 3 h (Fig. 4c).

Discussion

Bacteriocin-Induced Changes in Bacterial Cell

Morphology by Electron Microscopy

The formation of bacterial cell aggregates observed in

resistant cells may be the prime mechanism of resistance

because overall, a smaller cell surface in aggregated cells is

Fig. 3 Growth of wild-type

(WT), nisin-resistant (Nr),

pediocin 34-resistant (Pr), and

enterocin FH99-resistant (Er)

variants of L. monocytogenes
ATCC 53135 in presence of

(a) lysozyme, (b) growth of WT

and Nr variant in presence of

both lysozyme and nisin,

(c) Growth of WT and Pr

variant in presence of both

lysozyme and pediocin 34 and

(d) Growth of WT and Er

variant in presence of both

lysozyme and enterocin FH99
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exposed to bacteriocins. Similar results have been reported

by Mehla and Sood [19].

Divalent-Cation Requirement of Nisin-, Pediocin 34-,

and Enterocin FH99-Resistant Variants

Supplementation of 10 mM MgSO4, MgCl2, CaCl2, and

MnSO4 reduced the lethality caused by nisin, pediocin 34,

and enterocin FH99. In the absence of bacteriocins, the

divalent cations had no effect on cell viability. The effect

due to divalent cations was further confirmed by experi-

ments involving EDTA, a chelator of divalent cations.

Inclusion of 20 mM EDTA in any of the systems con-

taining divalent cations increased the lethality caused by

nisin, pediocin 34, and enterocin FH99. Divalent cations

did not prevent nisin, pediocin 34, and enterocin FH99

from killing wild-type cells (data not shown). The EDTA,

either alone or in combination with divalent cations, had no

effect on the viability of nisin-, pediocin 34-, and enterocin

FH99-resistant variants (data not shown).

The addition of divalent cations significantly reduced the

inhibitory activity of nisin, pediocin 34, and enterocin FH99

against cells of resistant variants of test culture L. mono-

cytogenes ATCC 53135. Similar results have earlier been

reported by Abee et al. [1] who found that di- and trivalent

cations (Mg2?, Ca2?, and Gd3?) decreased the nisin

Z-induced rate of K1? efflux from whole cells of L. mon-

ocytogenes Scott A. They suggested that di- and trivalent

cations might inhibit the electrostatic interactions between

the positive charges on the nisin molecule and negatively

charged phospholipids head groups. Alternatively or addi-

tionally, the neutralization of the negative head group

charges may induce a condensation of these phospholipids,

resulting in a more rigid membrane [1]. In conclusion, the

impact of divalent cations on bactericidal activity of nisin,

pediocin 34, and enterocin FH99 revealed that Mg2?,

Mn2?, and Ca3? cations were able to reduce the binding of

antimicrobial peptide to the cell membrane. Divalent and

trivalent cations seem to affect the initial electrostatic

interaction between the positively charged bacteriocin and

the negatively charged phospholipids of the membrane [23].

Lysozyme Sensitivity of Nisin-, Pediocin 34-,

and Enterocin FH99-Resistant Variants

Lysozyme had two modes of action: (1) enzymatic lysis of

the bacterial cell wall and (2) membrane perturbation

inducing cell death [16]. The efficacy of lytic activity of

lysozyme is preferentially directed to Gram-positive bac-

teria because of the cell wall composition (peptidoglycan,

the target of lysozyme). Nisin-, pediocin 34-, and entero-

cin-resistant variants of L. monocytogenes ATCC 53135

were more resistant to lysozyme as compared to the wild-

type strain both in the presence as well as absence of nisin,

pediocin 34, and enterocin FH99. These results suggest that

certain cell wall-associated modifications might have

occurred in these resistant variants that made them resistant

toward the lytic effect of lysozyme and bacteriocins. The

results of our study are in contrast (no additive effect

between lysozyme and bacteriocins was observed) to the

Fig. 4 The effect of (a) nisin

(N) on whole cells and

protoplast cells of WT and

nisin-resistant variant cells (Nr),

(b) pediocin 34 (P) on WT

protoplast cells and protoplast

of pediocin 34-resistant variant,

(c) enterocin FH99 (FH99) on

whole cells and protoplast cells

of WT and enterocin FH99-

resistant variant cells(Er). Mean

and range of triplicate

experiments indicated
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studies conducted by Calvez et al. [3] where they showed

that the resistant variant to divercin RV41 did not confer

any cross-resistance but exhibited an additive effect ascri-

bed to the combined action of lysozyme and (P)-DvnRV41.

This phenomenon could be due to the mode of action of

each substance. The lysozyme, which causes cell wall

disruption and stress in the cell, was unable to do so due to

some modification in the cell wall architecture. Therefore,

there might be a possibility that the access to IIC subunit

encoded by the mptC gene of the mannose transport system

might be hindered, which thereby might constitute a

putative target of pediocin 34, and enterocin FH9 [3]. With

wild-type cells, nisin passes through the cell wall, binds to

the cytoplasmic membrane, probably via electrostatic

interactions with the anionic phospholipids (phosphatidyl-

glycerol and cardiolipin), and disrupts the membrane

through the formation of pores. In the nisin-resistant vari-

ant, cell wall alterations may prevent nisin from interacting

with the cytoplasmic membrane. Nisin, which does reach

the membrane, interacts with it to induce the changes in

fatty acid and phospholipid composition. Nisin’s ability to

bind to the cytoplasmic membrane of the nisin-resistant

variant may be hindered by the decrease in the net negative

charge of the membrane surface, and its ability to insert

may be hampered by a decrease in membrane fluidity [4].

Role of the Cell Envelope in the Acquisition

of Bacteriocin Resistance

Results indicated that without a cell wall, the acquired

nisin, pediocin 34, and enterocin FH99 resistance of the

variants were lost. When the cell wall was removed from

the wild-type strain, the nisin-, pediocin 34-, and enterocin

FH99-resistant variants of L. monocytogenes ATCC 53135

showed sensitivity to the three bacteriocins. Although the

bacteriocin-resistant variants appeared to lose their

acquired resistance toward nisin, pediocin 34, and entero-

cin FH99, the protoplasts of the resistant variants appeared

to be more resistant to bacteriocins than the protoplasts of

their wild-type counterparts. This may be due to non-spe-

cific adsorption of the bacteriocins on to freshly exposed

hydrophobic sites on the protoplast. These results concur

with Schved et al. [28] who attributed the resistance of

Lactobacillus plantarum strains to pediocin SJ-1, to the

barrier properties of the cell wall. However, our results are

in contrast to the observation of Zajdel et al. [33] who in

their study stated that the bacteriocin lactostrepsin (Las) 5

did not kill protoplasts prepared from either sensitive or

resistant bacterial cells. The authors suggested that inter-

action with the cell wall is a condition necessary for Las 5

activity. The observations with protoplasts, however,

indicate that the cell wall architecture plays a major role in

the development of bacteriocin resistance.

Conclusions

Since bacteriocins are considered as potential tools for

biopreservation, more study is needed to determine the

distribution of bacteriocin-resistance phenomena among

microorganisms that cause food spoilage. Among the food-

borne pathogens, knowledge of the characteristics of bac-

teriocin-resistant variants and the conditions that prevent

their emergence will help in determining the optimal

conditions for application of bacteriocins in foods and

minimize the incidence of resistance. Insight to the

mechanism of action of nisin, pediocin 34, and enterocin

FH99 suggests that nisin, pediocin 34, and enterocin FH99

resistance in L. monocytogenes is linked to a modification

in the cell wall that might limit the diffusion of these

bacteriocins into the cell. This, in turn, suggests that nisin,

pediocin 34, and enterocin FH99 require access to the

cytoplasmic membrane and/or the cytoplasm to exert their

antimicrobial activity.
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