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Abstract

Nisin (25–100 IU/ml) and curvaticin 13 (160 AU/ml), a bacteriocin produced by Lactobacillus curvatus SB13, were
shown to have a bactericidal effect against Listeria monocytogenes ATCC 15313 in TSB-YE broth (pH 6.5), but it was only
transitory. Regrowth was not due to the loss of bacteriocin activity. Cells surviving nisin or curvaticin 13 were more resistant
to the respective bacteriocin than the parental strain. Survivors to curvaticin 13 were resistant to the class IIa bacteriocins
(carnocin CP5, pediocin AcH) but remained sensitive to nisin. The frequencies of spontaneous nisin resistants decreased with
increasing bacteriocin concentration and the presence of salts (NaCl, K HPO ). The behaviour of nisin (1000 IU/ml) or2 4

1000 640curvaticin 13 (640 AU/ml) resistant variants (Nis , Curv ) was investigated in the presence of nisin (100 IU/ml) or
curvaticin 13 (320 AU/ml) at 22 and 378C, and compared with that of the parental strain. The effectiveness of nisin was the

1000same at both temperatures, whereas curvaticin 13 displayed a faster bactericidal action at 378C. Nis cells were less
640sensitive to curvaticin 13 than the parental strain, whereas Curv cells were more sensitive to nisin than the parental strain.

Simultaneous or sequential additions of nisin (50 IU/ml) and curvaticin 13 (160 AU/ml) were performed at 228C in broth
inoculated with the parental strain. All combinations induced a greater inhibitory effect than the use of a single bacteriocin.
Simultaneous addition of bacteriocins at t led to the absence of viable cells in the broth after 48 h.  2000 Elsevier0

Science B.V. All rights reserved.
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L. monocytogenes is often detected in a variety of bacteriocins has previously been observed by Rekhif
foods and has caused major food-borne outbreaks et al. (1994), Wan et al. (1997), Dykes and Hastings
worldwide (Farber and Peterkin, 1991). (1998), and Rasch and Knøchel (1998).

Bacteriocins of lactic acid bacteria, natural anti- The objectives of this study were to investigate the
microbial peptides, have been proposed by many resistance of L. monocytogenes ATCC 15313 var-
researchers for controlling L. monocytogenes in food iants to bacteriocins from class I (nisin) or class IIa
products (Muriana, 1996). Nisin, produced by some (curvaticin 13, carnocin CP5, pediocin AcH). The
Lactococcus lactis subsp. lactis strains, belongs to effect of incubation temperature (22 and 378C) on
class I (lantibiotic peptides) (Klaenhammer, 1993). the growth response was studied for two variants of
This bacteriocin has been approved by the World L. monocytogenes (nisin and curvaticin 13 resistant
Health Organization as a preservative in the food strains) and the parental strain. The combined effects
industry (Ronk, 1988). The bacteriocins of class IIa, of nisin and curvaticin 13 were studied in order to
characterized by the presence of a consensus motif obtain synergistic associations of bacteriocins which
(YGNGV) in their N-terminal extremity and by their could prevent regrowth of bacteriocin resistant L.
inhibitory activities towards L. monocytogenes monocytogenes cells.
(Klaenhammer, 1993), can be used as food preserva-
tives (Schillinger et al., 1996). Curvaticin 13 is a
listericidal bacteriocin produced by Lactobacillus 2. Materials and methods
curvatus SB13, a strain isolated from a Belgian
sausage (Sudirman et al., 1993). This bacteriocin, 2.1. Bacterial strains and culture conditions
with four amino acid residues 2–5 (YGNG) present
in the consensus motif (unpublished data), may be a L. monocytogenes ATCC 15313 was selected as
pediocin-like bacteriocin (class IIa). the test organism and designated as the parental

It has been reported that bacteriocins induce a strain (PS). This strain was maintained at 48C on
transitory bactericidal effect against L. monocyto- trypcase-soy agar slants (TSA; code 51019, Bio

´genes, often followed by a regrowth of cells in food Merieux, Craponne, France) supplemented with 0.6%
models and in laboratory media supplemented with yeast extract (YE; code 112002, Biokar Diagnostics,
nisin (Davies et al., 1997) or with class IIa bac- Beauvais, France) and 1.2% agar (code 101001,
teriocins (Rekhif et al., 1994; Song and Richard, Biokar Diagnostics) (TSA-YE). Micrococcus luteus
1997). This growth could be due to a too low A270 (Institut Pasteur Collection, Paris, France), the
concentration of bacteriocins to kill all cells, or to indicator strain for nisin assays, was maintained at
physico-chemical factors such as alkaline pH values 48C on tryptose agar slants (code 0064-17-4, Fisher
(Liu and Hansen, 1990), NaCl (Bell and De Lacy, Scientific, Difco, Detroit, MI, USA). Lactobacillus
1985; Bhunia et al., 1991) or fat (Jung et al., 1992; curvatus SB13, the curvaticin 13 producer (Sudir-
Blom et al., 1997), which decrease bacteriocin man et al., 1993), was maintained at 2 208C in MRS
action, or due to the emergence of bacteriocin broth (code BK070, Biokar Diagnostics). Working
resistant cells. According to various authors, nisin cultures were obtained after two subcultures (2% v/v
resistant variants of L. monocytogenes appear at inoculum) for 24 h on TSB-YE (this broth has the

25 28frequencies of 10 to 10 (Harris et al., 1991; same composition as TSA-YE without agar) at 378C
Ming and Daeschel, 1993; Davies and Adams, 1994; (L. monocytogenes), on MRS broth at 308C (Lb.
Mazzotta and Montville, 1997). For the class IIa curvatus), or on brain heart infusion (code 0037-01-
bacteriocins (leucocins A, B, E and sakacin A), 6, Difco) at 308C under stirring at 250 rpm (M.
Dykes and Hastings (1998) reported higher frequen- luteus). The following bacteriocin-producing strains

24 26cies (10 to 10 ). Spontaneous variants of L. were used: Lactococcus lactis subsp. lactis ATCC
monocytogenes ATCC 15313 resistant to mesen- 11454, the nisin producer, Carnobacterium piscicola
terocin 52 (class IIa), curvaticin 13 and plantaricin CP5, which produces carnocin CP5 (Herbin et al.,

23 24C19 were detected at frequencies of 10 to 10 , 1997), and Pediococcus acidilactici H, provided by
and the resistance phenotype was stable (Rekhif et B. Ray (Department of Animal Science, University
al., 1994). Cross-resistance between pediocin-like of Wyoming, Laramie, WY, USA), which produces
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pediocin AcH (Bhunia et al., 1988). Lc. lactis was showing a distinct growth inhibition zone of the
grown in Elliker broth (code BK054, Biokar Diag- indicator strain gave the bacteriocin activity in units
nostics), whereas C. piscicola CP5 and P. acidilactici (AU) in 50 ml of sample (Mayr-Harting et al., 1972).
H were grown in TSB-YE or in MRS broth, respec- The curvaticin 13 solution had a titre of 20 480
tively. All strains were incubated at 308C for 24 h AU/ml.
except for L. monocytogenes (378C).

2.2. Preparation of nisin and curvaticin 13 2.4. Frequency of nisin resistant variants
solutions

In a previous study, we showed that nisin was
Stock solution of nisin (code N5764, Sigma, Saint- more active in the absence of NaCl, hence more

4Quentin Fallavier, France) containing 10 IU/ml nisin-sensitive cells was killed (Bouttefroy et al.,
consisted of 10 mg/ml in 0.02 mol / l HCl. Curvaticin 2000). Therefore, the frequencies of resistant var-
13 was partially purified by the modified adsorption– iants were determined with or without salts (NaCl,
desorption method (Yang et al., 1992) from a culture K HPO ) in TSA-YE agar containing nisin (0, 100,2 4

of Lb. curvatus SB13 in 2 l MRS broth (308C, 24 h). 500 or 1000 IU/ml). The TSA-YE1 reconstituted
The desorption step was carried out without NaCl. agar, which had the same composition as TSA-YE
Curvaticin 13 solution, in 100 ml demineralized but without NaCl (5 g/ l) and K HPO (2.5 g/ l),2 4

water acidified to pH 2.0 with orthophosphoric acid contained the following (g / l): bio-trypcase (code
´(85%, code A4713501, Fisher Scientific, Labosi, 51091, BioMerieux), 17; bio-soyase (code 53401,

ˆ ´Oulchy-le-Chateau, France), was concentrated 10- BioMerieux), 3; glucose, 2.5; YE, 6; agar, 12. Three
¨fold at 408C (Rotavapor Buchni RE111, Bioblock, cultures of the PS in TSB-YE (378C, 24 h) were

Illkirch, France). Acidic solutions of each bacteriocin 10-fold serial diluted in tryptone-salt broth (TS; code
were sterilized by heating (758C, 10 min) and then BK014, Biokar Diagnostics), and 0.1 ml of each
adjusted to pH 6.5 with 10 mol / l NaOH. dilution was streaked onto TSA-YE or TSA-YE1

plates with or without nisin (100, 500 or 1000
2.3. Bacteriocins assay IU/ml). After incubation at 378C for 48 h, the

numbers of cfu on control and nisin-containing plates
The activity of curvaticin 13 solutions and the were determined. Experiments were conducted in

concentrations of bacteriocins in cultures of L. duplicate. The frequency of spontaneous curvaticin
monocytogenes were determined from cell-free 13 resistant variants of L. monocytogenes ATCC
supernatants adjusted to pH 6.5 using a well diffu- 15313 was previously determined in our laboratory;
sion assay. Two-fold dilutions of supernatants were Rekhif et al. (1994) showed that the curvaticin 13
then prepared in 50 mmol / l K HPO (code 104873, resistance of this strain was of stable character.2 4

Merck, Darmstadt, Germany)–Na HPO (code 6579,2 4

Merck) buffer (pH 6.5). Aliquots (50 ml) were
poured into wells (8 mm diameter) in IP (Institut 2.5. Behaviour of L. monocytogenes ATCC 15313
Pasteur) agar plates (15 ml) previously seeded with a cells after a single exposure to nisin or curvaticin
culture of the indicator strain. This strain was M. 13

6luteus A270 (N 5 2 3 10 cfu /ml) for nisin assay or0
7 4L. monocytogenes ATCC 15313 (N 5 2 3 10 cfu / The sensitivity of PS cells (1.5310 cfu /ml) to0

ml) for curvaticin 13 assay. The IP agar contained nisin was determined in TSB-YE (pH 6.5) sup-
the following (g / l): bactopeptone (code 0118-17-0, plemented with different nisin concentrations (0, 25,
Difco), 6; tryptone (code 104001, Biokar Diagnos- 50, 100 or 125 IU/ml) at 228C for 240 h. Similar

100tics), 4; YE, 3; meat extract (code 117010, Biokar experiments were performed with Nis cells ob-
Diagnostics), 1.5; glucose (code A4815281, Labosi), tained after a subculture of the PS strain in TSB-YE
1; Tween 80 (code 822187, Merck), 2; agar, 9. Plates with 100 IU/ml nisin at 378C for 24 h in order to

9 100were first stored at 48C for 16 h then incubated at obtain a population of 10 cfu /ml. The Nis cells
4378C for 24 h. The reciprocal of the highest dilution (1.2310 cfu /ml) were inoculated in TSB-YE with
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or without 0, 50, 100, 150 or 200 IU/ml nisin, and Cultures were incubated at 22 and 378C. Experi-
cultures were incubated at 228C for 96 h. ments were carried out in triplicate.

4Cultures of PS cells (10 cfu /ml) were performed
in TSB-YE (pH 6.5) with or without curvaticin 13 2.8. Effect of simultaneous or delayed addition of160(160 AU/ml) at 228C for 24 h. Cells (PS or Curv ) nisin and curvaticin 13 on L. monocytogenes PS
were then harvested by centrifugation for 10 min at
10 0003g, resuspended and washed in TSB-YE. The effectiveness of nisin (50 IU/ml) and cur-
Their sensitivity towards nisin, curvaticin 13, and vaticin 13 (160 AU/ml), alone or in combination,
two class IIa bacteriocins (carnocin CP5 and was analyzed according to the behaviour of L.

4pediocin AcH) was evaluated using the well diffu- monocytogenes PS cells (1.5310 cfu /ml) in TSB-
sion method. The culture supernatant of each bac- YE (pH 6.5) at 228C. Both bacteriocins were added
teriocin-producing strain was used as the bacteriocin at 0 h (t ) and/or at 4 h of incubation.0solution. These supernatants were adjusted to pH 6.5,
and bacteriocin titres were determined with L. mono-

2.9. Microbial analysiscytogenes ATCC 15313 as the indicator strain.

For L. monocytogenes enumeration, 1 mg/ml of
protease (type XIV from Streptomyces griseus, code2.6. Generation of bacteriocin resistant variants
P5147, Sigma) was added to culture samples in orderand stability of the nisin resistance phenotype
to inactivate bacteriocins. Samples were incubated at
378C for 20 min. Under our experimental conditions,In order to obtain the nisin (1000 IU/ml) resistant

1000 7 this protease had no inhibitory effect on L. mono-variant (Nis ), L. monocytogenes PS (1310 cfu /
cytogenes. For determination of the viable populationml) was first grown in TSB-YE with 100 IU/ml
(cfu /ml), 1 ml of a given 10-fold dilution of thenisin at 378C for 24 h. This culture was then serially
sample in TS broth was plated in duplicate intotransferred into TSB-YE broths containing increasing
TSA-YE and incubated at 378C for 48 h. Theconcentrations of nisin in 100 IU/ml steps until 1000
absence of L. monocytogenes in 1, 5 or 10 ml ofIU/ml. The curvaticin 13 (640 AU/ml) resistant

640 sample was checked by an enrichment procedure invariant (Curv ) was obtained by successive subcul-
9, 45 or 90 ml UVM broth, respectively (UVM basetures of PS cells in TSB-YE supplemented with 160,
code 52331, UVM1 supplement code 52352 and320 and 640 AU/ml curvaticin 13 at 378C. The nisin
UVM2 supplement code 52362, Oxoid, Hampshire,or curvaticin 13 resistance phenotype was checked
UK), following the AFNOR norm (NF V08-055,using the well diffusion method with the parental
AFNOR, 1993).strain as the control.

In order to determine the stability of the nisin-
1000 4 7resistance phenotype, Nis cells (10 or 10 cfu /

3. Resultsml) were subcultured 15 times in TSB-YE with or
without nisin (1000 IU/ml) at 378C for 24 h. For L.

3.1. Frequency of nisin resistant variantsmonocytogenes ATCC 15313, Rekhif et al. (1994)
reported that the resistance phenotype to curvaticin

The frequency of spontaneous nisin resistant var-13 was stable.
iants decreased with increasing nisin concentration
(Table 1). Thus, the variants were isolated on agar

222.7. Effect of nisin and curvaticin 13 on PS, plates at a frequency of 10 with 100 IU/ml or
251000 640 10 with 500 IU/ml nisin. With 1000 IU/ml nisin,Nis and Curv cells

29the frequency was estimated below 10 , because no
4 1000 3 survivor was obtained. The frequency was salt-de-PS (1.2310 cfu /ml), Nis (4.6310 cfu /ml)

640 4 pendent (NaCl, K HPO ) because, in the presence ofor Curv (3.3310 cfu /ml) cells were inoculated 2 4

500 IU/ml nisin without salt, variants were isolatedinto 100 ml TSB-YE (pH 6.5) supplemented with
28at a lower frequency (10 ).nisin (100 IU/ml) or curvaticin 13 (320 AU/ml).
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Table 1
Influence of nisin concentration and salt addition (NaCl, K HPO )2 4

aon the frequency of spontaneous nisin resistant variants

Nisin TSA-YE TSA-YE1
(IU/ml)

22 23*100 5.9310 2.6310
22 24**2.9310 5.8310
25 28*500 3.5310 1310
25 28**1.5310 2.4310

29 29***1000 ,10 ,10
a TSA-YE1 had the same composition as TSA-YE but without

NaCl or K HPO . For each inoculum of Listeria monocytogenes2 4
8 8 8ATCC 15313 (*2.8310 , **5310 , ***9.8310 cfu /ml), ex-

periments were carried out in duplicate.

1003.2. Behaviour of Nis cells in the presence of
nisin

100The behaviour of PS and Nis cells was de-
termined in TSB-YE with nisin during incubation at
228C (Fig. 1). For the PS strain, the addition of nisin
resulted in an immediate bactericidal effect, with cell
counts decreasing with increasing bacteriocin con-
centration between 25 and 125 IU/ml (Fig. 1A). The
population level was 20 cfu /ml with 25 IU/ml nisin
and 1 or 0 cfu /ml with concentrations between 50
and 125 IU/ml after 4 h. Nevertheless, a transitory
bactericidal effect was observed because regrowth
occurred after 6, 12 or 24 h in the presence of 25, 50
or 100 IU/ml, respectively. Total inhibition was only

Fig. 1. Effect of nisin against Listeria monocytogenes ATCCobserved with 125 IU/ml and no L. monocytogenes
15313 (parental strain) PS (A) and a spontaneous nisin resistant

were detected during 240 h in 10 ml pre-enriched 100variant (Nis ) (B) in TSB-YE broth (pH 6.5) at 228C. Nisin
culture. No variation in nisin titres was noted, concentrations (IU/ml): (1) 0; (s) 25; (h) 50; (n) 100; (d)
indicating that regrowth was not associated with the 125; (j) 150; (m) 200. Absence in 1 ml: no cells were present in

1 ml sample culture after an enrichment procedure. *Until 240 hloss of bacteriocin activity.
100 regrowth was not observed and no cells were present in 10 ml ofThe nisin sensitivity of Nis cells was deter-

sample.
mined in TSB-YE with increasing concentrations of
nisin between 0 and 200 IU/ml. Without nisin,

100 4 8Nis cells grew from 1.8310 to 4.2310 cfu /ml
in 30 h (Fig. 1B) and, after a short stationary phase after 8 h, while PS cells were totally inhibited by 125

7(18 h), the population level decreased to 6310 IU/ml nisin.
cfu /ml at 96 h, while the level of PS cells was stable

8 100 160at 3.1310 cfu /ml. With Nis cells, nisin always 3.3. Sensitivity of Curv cells to bacteriocins
induced a transitory bactericidal effect which was

160enhanced with increasing nisin concentrations. How- The sensitivity of PS and Curv cells to bac-
100ever, the reduction in Nis cell counts was lower teriocins was determined by the diameter of the

than that with PS cells, and cells quickly resumed inhibition zone produced by curvaticin 13 (1280
100growth. Thus, 200 IU/ml nisin reduced Nis AU/ml), carnocin CP5 (640 AU/ml), pediocin AcH

counts by 2.5 log in 6 h, but regrowth occurred (10 240 AU/ml) and nisin (640 AU/ml) (Table 2).(10)
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Table 2
160Sensitivity to bacteriocins of Listeria monocytogenes ATCC 15313 cells obtained from cultures in TSB-YE with (Curv ) or without (PS)

160 AU/ml curvaticin 13 at 228C

Cell Culture supernatant of the bacteriocin-producing strain (titre in AU/ml)

Curvaticin 13 Carnocin CP5 Pediocin AcH Nisin
(1280) (640) (10 240) (640)

a cPS 13.1660.28 7.1660.28 8.8360.76 9.3360.28
160 b dCurv 1.5260.51 (bl) 0 0 10.9760.55

a PS, parental strain of L. monocytogenes ATCC 15313.
b 160Curv , cultivar of PS grown in TSB-YE with curvaticin 13 (160 AU/ml).
c Mean diameter of inhibition zones (diameter of the well was subtracted) and standard deviation (n 5 3).
d bl, blurred zone of inhibition.

160Curv cells remained slightly sensitive to cur-
vaticin 13; the inhibition zones were blurred with a
diameter of inhibition of 1.5 mm, a value signifi-
cantly lower than that obtained with the PS cells

160(13.1 mm). Curv cells were resistant to carnocin
CP5 and pediocin AcH, two bacteriocins of class IIa,
while PS cells were sensitive to both bacteriocins.

160Curv cells were sensitive to nisin as well as the
PS strain.

3.4. Effect of nisin and curvaticin 13 on PS,
1000 640Nis and Curv cells

1000 640The behaviour of PS, Nis and Curv cells in
TSB-YE with or without nisin (100 IU/ml) or
curvaticin 13 (320 AU/ml) was investigated at 22
and 378C for 72 h. The PS strain was sensitive to
both bacteriocins at 228C (Fig. 2A) and at 378C (Fig.
2B). The effectiveness of nisin, expressed as the
maximum viability loss (log ), was the same at(10)

both temperatures. Curvaticin 13 displayed a quicker
bactericidal action at 378C, with a maximal reduction
in 2 h (1.3 log ); at 228C, the bactericidal effect(10)

was only obtained in 8 h (1 log ). With both(10)

bacteriocins, the regrowth of surviving cells was
faster at 378C than that at 228C.

1000The Nis cells were unaffected by 100 IU/ml
nisin at 228C (Fig. 3A) and 378C (Fig. 3B). How-
ever, they were sensitive to curvaticin 13; growth
occurred after a bacteriostatic phase of 8 or 6 h at 22
or 378C, respectively. PS cells were more sensitive to

1000curvaticin 13 than Nis cells. The resistance
Fig. 2. Behaviour of Listeria monocytogenes ATCC 15313 PS in1000phenotype to nisin (Nis ) was stable after 15 TSB-YE broth (pH 6.5) in the presence of nisin or curvaticin 13 at

subcultures with or without nisin. 228C (A) and 378C (B). Without bateriocins (1), cultures with
640The Curv cells were unaffected by 320 AU/ml 100 IU/ml nisin (s) or 320 AU/ml curvaticin 13 (n).



`A. Bouttefroy, J.-B. Milliere / International Journal of Food Microbiology 62 (2000) 65 –75 71

Fig. 3. Behaviour of the nisin (1000 IU/ml) resistant variant of
1000 Fig. 4. Behaviour of the curvaticin 13 (640 AU/ml) resistantListeria monocytogenes (Nis ) in TSB-YE broth (pH 6.5) in the

640variant of Listeria monocytogenes (Curv ) in TSB-YE broth (pHpresence of nisin or curvaticin 13 at 228C (A) and 378C (B).
6.5) in the presence of nisin or curvaticin 13 at 228C (A) and 378CWithout bateriocins (1), cultures with 100 IU/ml nisin (s) or
(B). Without bateriocins (1), cultures with 100 IU/ml nisin (s)320 AU/ml curvaticin 13 (n).
or 320 AU/ml curvaticin 13 (n).

curvaticin 13 at both temperatures, with the same in titres of bacteriocins was observed, indicating that
growth rate in culture with or without curvaticin 13 the bacteriocin resistant variants did not produce
(Fig. 4). However, without bacteriocin, the stationary proteases. The nisin or curvaticin 13 resistant pheno-
phase was shorter, and cell counts decreased faster at type was verified in IP agar using the well diffusion

1000378C (Fig. 4B) than at 228C (Fig. 4A). At 378C, the method. No inhibition zone was observed for Nis
5 640population level was 1.6310 cfu /ml in broth cells with 1000 IU/ml nisin or for Curv cells with

8without bacteriocin after 72 h and 4.2310 cfu /ml 5120 AU/ml curvaticin 13.
with curvaticin 13. In the presence of 100 IU/ml
nisin, the maximal bactericidal effect (4.5 log ) 3.5. Effect of simultaneous or delayed addition of(10)

was observed in 1 h at both temperatures, whereas nisin and curvaticin 13 on L. monocytogenes
with PS cells a lower inhibition was obtained after 8

640h. The Curv cells were more sensitive to nisin The behaviour of PS cells was investigated in
than the PS cells. TSB-YE (pH 6.5) at 228C, with addition of nisin (50

In all experiments with bacteriocins, no variation IU/ml) and/or curvaticin 13 (160 AU/ml) at sub-
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lethal concentration at t and/or after 4 h of incuba- reduced counts by 1 log unit, and regrowth0 (10)

tion. occurred after 12 h.
The addition of nisin or curvaticin 13, at both Simultaneous addition of both bacteriocins at t0

incubation times, always induced an immediate induced an immediate bactericidal phase which led,
transitory bactericidal effect (Fig. 5A). However, the in 48 h, to reduction of the population to a non-
action of nisin was dependent on the physiological detectable level; the absence of cells in 5 ml culture
state of the cells. Therefore, the bactericidal effect of sample was verified after an enrichment procedure
nisin added at t was greater (3 log ) than that up to 96 h (Fig. 5B). When nisin and curvaticin 130 (10)

observed with nisin added at 4 h (0.8 log ); in were added after 4 h, the reduction in cell counts was(10)

both cases, growth was resumed after 6 h of incuba- 2.5 log after 12 h of incubation, but cells resumed(10)

tion. The addition of curvaticin 13 at t or after 4 h growth after 24 h and reached the control culture0
8level (4310 cfu /ml) after 72 h. Addition of nisin at

t followed by curvaticin 13 at 4 h induced a strong0

bactericidal effect (4.1 log ), with only 1 cfu /ml(10)

between 6 and 12 h. However, regrowth occurred
between 12 and 24 h and the population reached the
control culture level after 96 h (data not shown).
When curvaticin 13 was added at t and nisin at 4 h,0

the bactericidal effect was lower (2.7 log ), the(10)

cells resumed growth between 12 and 24 h and the
8population level was 4.5310 cfu /ml after 72 h. All

combinations of bacteriocins induced greater inhib-
itory effects than obtained with only a single bac-
teriocin.

4. Discussion

Curvaticin 13 and nisin induced a bactericidal
effect on L. monocytogenes followed by regrowth of
the target cells. This transitory inhibitory effect of
nisin (lantibiotic) or class IIa bacteriocins has been
reported previously (Mathieu et al., 1994; Rekhif et
al., 1994; Song and Richard, 1997). Cells resumed
growth because of an insufficient amount of bac-
teriocins, and/or the emergence of more resistant

4cells. However, exposure of 1.5310 cells of L.
monocytogenes ATCC 15313 to 125 IU of nisin led
to total inhibition. In this species, the resistance to
nisin (Ming and Daeschel, 1993; Mazzotta and
Montville, 1997) or to class IIa bacteriocins (Rekhif
et al., 1994; Song and Richard, 1997) was notFig. 5. Behaviour of Listeria monocytogenes ATCC 15313 PS in
attributed to the production of a protease such as aTSB-YE broth (pH 6.5) in the presence of nisin (50 IU/ml)

and/or curvaticin 13 (160 AU/ml) added at t and/or after 4 h of nisinase previously described for Bacillus species0

incubation at 228C. No bacteriocin was added to the control (Jarvis, 1967). Nisin resistance of Listeria was
culture (1). (A) nisin added at t (s) or at t (d); curvaticin 130 4 h attributed to changes in cytoplasmic membrane fatty
added at t (n) or at t (m). (B) Both bacteriocins added at t0 4 h 0 acid and phospholipid compositions in the cell wall(n) or at t (m); nisin added at t and curvaticin 13 at t (h);4 h 0 4 h

(Ming and Daeschel, 1995; Davies et al., 1996;curvaticin 13 added at t and nisin at t (j). *Viable cells not0 4 h

detectable. Maisnier-Patin and Richard, 1996; Verheul et al.,
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1997; Crandall and Montville, 1998). Pore formation another pediocin-like bacteriocin (Revol-Junelles et
in the cytoplasmic membrane by nisin was decreased al., 1996). Cross-resistance between class IIa bac-
in relation to the decrease in the net negative charge teriocins has been reported for pediocin AcH/
of the membrane and in membrane fluidity. Crandall bavaricin A (Rasch and Knøchel, 1998), pediocin
and Montville (1998) reported that divalent cations AcH/piscicolin 126 (Wan et al., 1997) and leucocins
were required by the variant to resist nisin. Little is A, B, E/sakacin A (Dykes and Hastings, 1998).

1000 640known about the mechanism of resistance to non- Without bacteriocin, Nis and Curv cells
nisin bacteriocins. Robichon et al. (1997) showed have the same growth rates as the PS cells at 22 or

54that when a s transcriptional factor is not ex- 378C. The growth kinetics of nisin and curvaticin 13
pressed in L. monocytogenes, cells become resistant resistant cells were similar with or without the
to mesentericin Y105. respective bacteriocin. However, without bacteriocin

Spontaneous nisin resistants were obtained at a the population level of curvaticin 13 resistant cells
22 25frequency ranging from 10 to 10 with nisin quickly decreased after a short stationary phase. No

between 100 and 500 IU/ml at 378C. These fre- previous study has reported this instability for a
quencies are 1000-fold higher than those for L. bacteriocin resistant variant. Drastic acidification
monocytogenes Scott A as reported by Mazzotta and (pH 6.5 to 4.6) of TSB-YE was always observed in
Montville (1997) and De Martinis et al. (1997). In L. relation to the growth of the parental strain and both
monocytogenes, nisin resistance was strain-depen- variants (data not shown). Curvaticin 13 resistant
dent. The frequency of nisin resistance was drastical- cells would be less acid-tolerant than the parental
ly reduced in the absence of salts (0.5% NaCl and strain due to membrane modifications. Dykes and
0.25% K HPO ). Without salts, cells formed Hastings (1998) reported that the variants resistant to2 4

28colonies at a frequency of 10 with 500 IU/ml at class IIa had a slower growth rate than the sensitive
378C. Bell and De Lacy (1985) have reported similar parental strain and, in the absence of bacteriocin,
results with B. licheniformis; NaCl appears to an- variants were unable to invade populations of the
tagonize the sporicidal action of nisin by interfering sensitive strain when grown in co-culture. These
with its adsorption onto the spores. De Martinis et al. authors concluded that the resistance phenotype was
(1997) have previously studied the effect of NaCl, unstable, in opposition to the results of Rekhif et al.
between 0.5 and 3.5%, on the frequency of nisin (1994). The variant resistant to curvaticin 13 did not
resistance in L. monocytogenes Scott A. A protective display cross-resistance to nisin, and was slightly
effect of NaCl was observed at concentrations more sensitive to nisin than the parental strain. The
around 2% at low temperature (108C), but not at nisin resistant cells were sensitive to curvaticin 13,
higher temperatures (20–308C). This effect could be but were more tolerant than the parental strain. These
due to monovalent cations, which may be able to results agree with those reported by Schillinger et al.
bind to phospholipids and prevent nisin adsorption. (1998) and Rasch and Knøchel (1998), who reported

L. monocytogenes cells surviving nisin or cur- that a nisin resistant cell did not display cross-
vaticin 13 were more resistant to the bacteriocin than resistance to sakacin A, enterocin A, pediocin AcH
cells of the parental strain. The nisin resistance was a or bavaricin A.
stable phenotype, as reported by Ming and Daeschel As no nisin /curvaticin 13 cross-resistance was
(1993), Mazzotta and Montville (1997), and Schill- found, combinations of these bacteriocins were in-
inger et al. (1998). The phenomenon of cross-resist- vestigated in broth at 228C. After 4 h of culture
ance between curvaticin 13 and two bacteriocins of without bacteriocin, cells were more resistant to nisin
class IIa (carnocin CP5, pediocin AcH) was ob- than those in the lag phase (bacteriocin added at t ).0

served, but not with nisin. These results indicate that Zapico et al. (1998) described similar results with L.
the mechanism of resistance of L. monocytogenes to monocytogenes Scott A. The effectiveness of cur-
curvaticin 13 is probably the same as for the class IIa vaticin 13 was identical on cells in the lag phase or
bacteriocins, but should be different to the mecha- on growing cells (bacteriocin added at 4 h). Cur-
nism of nisin resistance. Previously, Rekhif et al. vaticin 13 and nisin had a synergistic bactericidal
(1994) reported that curvaticin 13 resistant cells effect on L. monocytogenes. When both bacteriocins
displayed cross-resistance towards mesenterocin 52, were added at t , their combined inhibitory effect0
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4 Davies, E.A., Adams, M.R., 1994. Resistance of Listeria mono-resulted in the death of all cells (1.5310 cfu /ml),
cytogenes to the bacteriocin nisin. Int. J. Food Microbiol. 21,whereas regrowth was observed with a single bac-
341–347.teriocin. Synergistic combinations of two bac-

Davies, E.A., Falahee, M.B., Adams, M.R., 1996. Involvement of
teriocins have already been reported for pediocin the cell envelope of Listeria monocytogenes in the acquisition
AcH/nisin (Hanlin et al., 1993), lactacin B or of nisin resistance. J. Appl. Bacteriol. 81, 139–146.
lactacin F with nisin or pediocin AcH, and lactacin Davies, E.A., Bevis, H.E., Delves-Broughton, J., 1997. The use of

the bacteriocin, nisin, as a preservative in ricotta-type cheeses481/pediocin AcH (Mulet-Powell et al., 1998). After
to control the food-borne pathogen Listeria monocytogenes.4 h, addition of nisin and curvaticin 13 reduced their
Lett. Appl. Microbiol. 24, 343–346.bactericidal effect because cells were more resistant

De Martinis, E.C.P., Crandall, A.D., Mazzotta, A.S., Montville,to nisin. When bacteriocins were applied sequential-
T.J., 1997. Influence of pH, salt, and temperature on nisin

ly, they produced a lower inhibitory effect than that resistance in Listeria monocytogenes. J. Food Prot. 60, 420–
obtained with simultaneous additions at t . 423.0

Based on the above data, the transitory bacterici- Dykes, G.A., Hastings, J.W., 1998. Fitness costs associated with
class IIa bacteriocin resistance in Listeria monocytogenes B73.dal effect of bacteriocins was due to the growth of
Lett. Appl. Microbiol. 26, 5–8.spontaneous resistant variants. No cross-resistance

Farber, J.M., Peterkin, P.I., 1991. Listeria monocytogenes, a foodwas found between nisin and curvaticin 13, a bac-
borne pathogen. Microbiol. Rev. 55, 476–511.teriocin probably of class IIa. Curvaticin 13 and nisin

Hanlin, M.B., Kalchayanand, N., Ray, P., Ray, B., 1993. Bac-
had a synergistic listericidal effect without regrowth teriocins of lactic acid bacteria in combination have greater
when the bacteriocins were added simultaneously at antibacterial activity. J. Food Prot. 56, 252–255.

Harris, L.J., Fleming, H.P., Klaenhammer, T.R., 1991. Sensitivityt . This combination may prevent the emergence of0
and resistance of Listeria monocytogenes ATCC 19115, Scottspontaneous variants resistant to nisin or curvaticin
A, and UAL500 to nisin. J. Food Prot. 54, 836–840.13. Experiments are currently being conducted in
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