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Eight foodborne pathogenic and spoilage Gram-positive bacteria were 

evaluated for their spontaneous resistance frequencies to the peptide 

antimicrobial nisin. In brain heart infusion (BHI) medium, nisin resistance 

frequencies were in the range of lO6 to lO8 when exposed to nisin at 

concentrations 2 to 4 times the minimal inhibitory concentrations. 

A stable nisin resistant mutant of Listeria monocytogenes Scott A was 

obtained by increasing stepwise exposure to nisin and subsequently 

characterized. Phospholipid content, fatty acid composition, phase transition 

temperature (Tc), and specific growth rates of the resistant mutant and parent 

were determined. The Tc of the resistant mutant (44.40C) in comparison of 

the parent (37.40C) indicated that significant changes occurred in the lipid 

composition of the mutant. Gas chromatographic analysis of fatty acids of 

mutant and parent revealed significant differences (P<0.05) in the 

proportional ratios of fatty acids; 14:0,15:0 iso, 15:0 anteiso and 17:0 iso. 



cells and the concentration of nisin required for reaching a 50% maximum 

killing rate was five times that of sensitive cells. The bactericidal activity of 

nisin was more effective at 370C than 40C for both resistant and sensitive cells, 

but there was always higher survival of resistant cell than sensitive cells for 

both   temperatures. Nisin degradation and plasmid involvement were 

demonstrated to not be the responsible resistance mechanism to nisin in 

L. monocytogenes.   No cross-resistance was observed to therapeutically 

important antibiotics ( rifampicin, chloramphenicol, vancomycin, 

erythromycin ) and to metabolic inhibitors ( CCCp, DCCD ) by the nisin- 

resistant mutant. 
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A STUDY OF NISIN RESISTANCE IN LISTERIA MONOCYTOGENES 

SCOTT A 

INTRODUCTION 

Nisin is a polypeptide antibacterial agent produced by Lactococcus lactis 

subsp. lactis. It is effective in inhibiting Gram-positive bacteria, particularly 

spore formers. In the United States, nisin is generally recognized as safe for 

use in pasteurized cheese products to prevent both spore outgrowth and toxin 

production by Clostridium botulinum. In other countries, nisin has been 

used for a number of applications including extension of the shelf life of dairy 

products and prevention of spoilage of canned foods by thermophiles. 

Because of its low toxicity, use of nisin as a food preservative has attracted a 

number of researchers to look for potential applications. The study on nisin 

resistance mechanisms is of great interest due to the increased use of nisin as 

a food preservative. In this thesis, the nisin resistance in Listeria 

monocytogenes Scott A was studied. Listeria monocytogenes has been chosen 

because this bacterium is nisin sensitive and is of major concern to the food 

industry because of its ability to survive refrigeration temperatures and its 

high potencial for causing fatal foodborne illness, listeriosis. 

Nisin resistance in L. monocytogenes as well as other bacteria has been 

reported by several laboratories (Jarvis, 1967; Lipinska, 1977 ; Daeschel, 1991; 



Harris, 1991 ). Jarvis (1967) proposed a nisinase mechanism for nisin resistant 

strains of Bacillus. Daeschel et al. ( 1991) obtained strains of Leuconostoc 

oenos that exhibited 100-fold resistance to nisin for use in malolactic 

fermentation of wine. These strains were not resistant by means of a secreted 

nisinase. Harris (1991) did not detect plasmid DNA in either nisin resistant or 

sensitive strains of L. monocytogenes   Scott A. Mechanisms for nisin 

resistance other than nisinase have not been reported. An understanding of 

nisin resistance in foodborne pathogens would increase our knowledge of the 

general resistance mechanism of bacteriocins as well as  the mode of action of 

nisin which is still not clearly defined. A successful explorative study on nisin 

resistance inL. monocytogenes would also broaden our knowledge about this 

pathogen and provide useful information on enhancing the use of nisin for 

inhibition of L. monocytogenes   and other foodborne pathogens. 

The principal aim of these studies was to advance our understanding 

of nisin resistance in L. monocytogenes. This thesis began with a literature 

review which covered the properties and applications of nisin, the mode of 

action of nisin, and the resistance mechanisms of antibiotics and bacteriocins. 

The experimental section of the thesis comprised three chapters. The first of 

the three chapters summarizes a study on spontaneous nisin resistance 

frequency for eight common foodborne pathogens and the isolation and 

characterization of a nisin resistant mutant strain of L. monocytogenes   Scott 

A (R-2000). The second chapter of the experimental section summarizes the 



physiological and genetic characteristics of the resistant mutant 

L. monocytogenes Scott A R-2000 in comparison with its nisin sensitive 

parent. The final chapter summarizes the study on changes observed in the 

phospholipid composition of the mutant strain and how that property may be 

related to nisin resistance. 



CHAPTER     1 4 

LITERATURE REVIEW 

NISIN AND ITS APPLICATIONS 

Structure and properties 

Nisin is a member of a unique group of small ribosomally-synthesized 

peptide antibiotics which, because of their characteristic lanthionine bridges, 

are often referred to as "lantibiotics" (Schnell et al, 1988). Several other 

lanthionine-containing peptides have been discovered and characterized, 

including subtlin (Gross and Kiltz, 1973), Pep-5 (Sahl et al., 1985), and 

epidermin (Allgaier et al., 1986). Of this group, only nisin has achieved 

widespread recognition and application for its use as a food preservative. 

Nisin's novel structure, as shown in Fig. 1 (Gross and Morell, 1971). 

has been studied for many years. It contains 34 amino acid residues which 

include two atypical forms; a.p-unsaturated amino acids dehydroalanine 

(DHA) and dehydrobutyrine (DHB) (Gross and Morell, 1967). These unusual 

amino acid residues which arise through posttranslational modifications of 

the ordinary amino acids serine and threonine (Hurst, 1981) contribute to the 

five internal thioether rings which are characteristic of lantibiotics. 

There is a growing body of evidence that a,p-unsaturated amino acids 

such as DHA and DHB play an important role in the mechanism of nisin 



antibiotic action by reacting with one or more nucleophiles in a sensitive 

cellular target (Gross and Morell, 1971; Morris, 1984; Liu, 1990). These 

molecules have been shown to be reactive and may crosslink with sulfur to 

form lanthionine or [J-methyllanthionine rings. They may also react with 

available NH groups forming peptide bonds, and leading to the formation of 

nisin polymers. 

The existence of nisin polymers was apparently responsible for the 

controversy surrounding nisin's true molecular mass. Originally, the 

molecular mass was reported to be 7000 daltons (Cheeseman and Berridge, 

1959), but the researchers had been unable to detect either amino or carboxy 

end groups. Gross and Morell (1967) obtained a molecular mass of 3500 by 

using partial dinitrophenylation and countercurrent distribution. This result 

was confirmed by Jarvis et al. (1968). It is now accepted that nisin generally 

occurs in its most stable forms, as a dimer with a molecular mass of about 

7000, or as a tetramer (Jarvis et al., 1968). 

The solubility and stability of nisin have been found to depend on the 

pH of the solution. In dilute HCL at pH 2.5, the solubility of nisin is 12%, and 

it may be autoclaved without loss of activity (Tramer, 1964). The solubility 

decreases to 4% when the pH is raised to pH 5.0. At neutral and alkaline pH 

values, nisin is practically insoluble. The effect of processing temperature and 

pH on the stability of nisin in different foods was studied by Heinemann et al. 

(1965). Their results showed that in low-acid foods, at pH 6.1-6.9, heating for 3 



minutes at 250° F destroyed 25 - 50% of the added nisin. A similar degree of 

destruction was reported for highly acidic foods (pH 3.3-4.5). Proteins and 

macromolecules from milk or broth were reported by Tramer (1964) to protect 

nisin from heat inactivation. 

The inactivation of nisin at high pH was once believed to be simply a 

protein denaturation; however, it has been shown to occur as a consequence 

of pH-induced modifications (Liu and Hansen, 1990). The dehydro residues of 

nisin are potentially susceptible to modification by nucleophiles that are 

present at high pH, such as hydroxide ions, deprotonated amines, and 

deprotonated hydroxyl groups. Reactions with those nucleophiles could be 

intramolecular or intermolecular, the latter which could cause cross-linking. 

Since there are three dehydro residues per molecule, large multimolecular 

aggregates could form by intermolecular reactions (Gross and Morell, 1971). 

Applications 

The approved use of nisin varys from country to country. Britain was 

the first country to permit the use of nisin as a food preservative (1959). In 

1969, the Joint Food and Agriculture Organization/World Health 

Organization (FAO/WHO) Experts Committee on food additives assigned 

international acceptance of nisin (WHO, 1969). WHO recommended that use 

of nisin as a food additive "be considered acceptable, the unconditional 

Average Daily Intake being 0-33,000 units/kg of body weight." 



After 30 years of safe and efficacious use in many European and Third 

World countries, nisin was affirmed by the FDA (1988) as a GRAS (generally 

recognized as safe) substance for use as an antimicrobial agent to inhibit the 

outgrowth of Clostridium botulinum spores and toxin formation in certain 

pasteurized cheese spreads. This action by the FDA was based on the 

accumulated body of scientific data indicating that nisin is nontoxic, 

nonallergenic, and is safe and effective as an antimicrobial agent (Hurst, 1983; 

Delves-Broughton, 1990). 

Since its initial use as a food preservative in Swiss cheese to prevent 

gas-induced defects attributable to the growth of clostridia (Hirsch, 1951), nisin 

has proven to be an effective preservative in pasteurized processed cheese 

and pasteurized processed cheese spreads. The clostridial spores, often present 

in raw cheese, can survive relatively high temperatures (85-105° C) which 

occur during the melting process. The outgrowth of these spores is then 

favored by the pH, moisture content, and ultimate anaerobiosis of the 

processed cheese. This may result in subsequent spoilage due to liquefaction 

or gas production and off-odors. 

Trials have indicated that nisin at levels of 500-10,000 U/g (U= 

international units; 1 ug of pure nisin is 40 U/ml) in pasteurized processed 

cheese spreads can delay or prevent the growth and formation of toxin by 

inoculated C. botulinum strains (Somers and Taylor, 1987). The level of nisin 

required was dependent upon the number of clostridial spores present (Scott 
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and Taylor, 1981; Hirsch and Grinsted, 1954), as well as the storage time, and 

the temperatures likely to be experienced during the shelf life of the product. 

Levels of nisin used to control nonbotulinal spoilage varied from 250 to 500 

U/g. For antibotulinal protection, levels required were 500 U/g or higher. 

Nisin can also be used to extend the shelf life of dairy based desserts. 

Such products cannot be subjected to full sterilization without damaging 

either the appearance, flavor or texture of the product. Pasteurized products 

have a limited shelf life but the addition of nisin can give a significant 

increase (Heinimann et al., 1965). 

In many European countries, the application of nisin to canned foods 

has been accepted. With nonacid foods, cans should normally receive a 

minimum heat treatment (F=3). F is the time in minutes at 1210C in the 

center of the can that ensures the destruction of C. botulinum type A, which 

is also the most nisin-resistant sporeformer. Even at F values above 3, heat 

resistant spores of thermophiles Bacillus stearothermophilus and 

Clostridium   thermosaccharolyticum can survive and cause spoilage of 

canned foods, particularly under warm storage conditions (Eyles and 

Richardson, 1988). By using nisin, it is possible to control thermophilic 

spoilage of canned foods which are stored at warm storage condition or 

climates. A reduction in heat processing will also save energy, as well as 

improve the nutritional value, flavor, appearance, and texture of canned 

foods without the risk of increased spoilage by thermophiles. 



Nisin has also been considered for use in cured meats to reduce the 

level of nitrite for reasons of toxicological safety (Scott and Taylor, 1981; 

Taylor and Somers, 1985; Calderon et al., 1985; Bell and De Lacy, 1987). Results 

have indicated that only high levels of nisin can effectively control 

C. botulinum, and that further work will be required before nisin can be 

considered for partial replacement of nitrite. 

Research in the United Kingdom and Germany has demonstrated that 

nisin has potential for controlling spoilage lactic acid bacteria in beer (Ogden 

and Tubb, 1985; Ogden and Waites, 1986; Ogden et al. 1988) and wine (Radler, 

1990). These studies indicated that although the spoilage lactic acid bacteria 

were sensitive to nisin, the yeasts were completely unaffected; which is an 

important factor permits nisin to be introduced during the fermentation. 

Other applications in the brewing industry include the use of nisin for 

washing the pitching yeast. This alternative to the present method of add 

washing would have the advautages of decreasing the spoilage bacteria 

without affecting yeast viability. The use of nisin also has the potential for 

reducing pasteurization regimes, and increasing the shelf life of 

unpasteurized or bottle-conditioned beers. Recently, Daeschel et al. (1991) 

reported that nisin and nisin-resistant bacterial starter cultures of Leuconostoc 

oenes could conceivally be used to control malolactic fermentations in wines. 

Studies have also shown that the spectrum of nisin activity could be 

extended to include Gram-negative bacteria. Blackburn et al. (1989) first 
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reported that nisin used in combination with a chelating agent (e.g. EDTA) 

exhibited a bactericidal effect against Gram-negative bacteria. Kelly et al. 

(1991) reported that nisin was bactericidal to Salmonella species and other 

Gram-negative bacteria. In their study, inhibition was observed for all of the 

Salmonella species tested when the bacteria were simultaneously exposed to 

nisin and EDTA. The inhibition was defined as greater or equal to a 

1-log-cycle reduction of the initial population. Applications involving 

simultaneous treatment with nisin and an outer membrane modifying- 

chelating agent such as EDTA may be of value in controlling food-borne 

Salmonella  species as well as other Gram-negative pathogens in foods 

(Stevens et al., 1992). 

Nisin inhibition of Listeria monocytogenes 

Listeria monocytogenes was recognized as a significant emerging 

human food-borne pathogen in the 1980s and continues to be a major 

concern of the food industry today (Farber and Peterkin, 1991; Ryser and 

Marth, 1991). This pathogen has been isolated from both the food-processing 

environment and finished food products. Because L. monocytogenes   can 

grow slowly at refrigeration temperature, control of the organism is of 

particular concern in minimally processed refrigerated foods that are 

distributed with extended shelf life period (Farber and Peterkin, 1991; Leistner, 

1978). For control of L. monocytogenes  in such foods, it often becomes 
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necessary to incorporate additional microbial outgrowth barriers, including 

preservatives ( Farber and Peterkin, 1991; Leistner, 1978; Ryser and Marth, 

1990 ). 

It has been reported that nisin can inhibit the growth of 

L. monocytogenes  (Benkerroum and Sandine, 1987; Harris et al. ,1989; 

Doyle,1988; Monticello and O'Connor, 1990; Jung et al. 1992). The research 

results of these investigators has demonstrated  that nisin can cause lysis of 

many strains of L. monocytogenes, but the degree of inhibition depends on 

the number of bacteria present. Nisin effectively inhibited the growth of L. 

monocytogenes at a concentration of 100 U/ml when the bacterial load was 

less than 106/ml. Since the levels of L. monocytogenes reported in even the 

worst contaminated foods is usually less than 106/ml, the potential for using 

nisin as an anti-Listerial agent in some foods appears favorable. 

MODE OF ACTION OF NISIN 

Target of nisin action 

Numerous studies have been made to determine nisin's mode of 

action against susceptible bacterial cells and spores. Ramseier (1960) suggested 

that nisin behaves like a surface active cationic detergent, and that the point 

of action was the cytoplasmic membrane. The subsequent disruption resulted 

in leakage of essential cellular materials such as adenosine triphosphate from 
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the cell, or in some cases, total cell lysis. Linnett et al. (1973) reported that 

nisin could inhibit murein synthesis. Later, with cell-free systems, Reisinger 

et al. (1980) suggested that nisin could cause the accumulation of 

undecaprenyl-pyrophospho-MurNac( pentapeptide), which is an lipids 

intermediate of murein synthesis. This accumulation was caused by the 

formation of a complex between nisin and the lipid intermediate which 

resulted in a final inhibition of polymer synthesis. 

Investigations by a group of German scientists provided a better 

understanding of the cellular target of nisin. They found that one of the 

earliest events after nisin addition was the rapid, nonspecific efflux of 

different substrates like amino acids and cations from sensitive cells and their 

membrane vesicles, followed by the immediate collapse of the membrane 

potential (Ruhr and Sahl, 1985). From these results, they concluded that the 

inhibition of murein synthesis should be regarded as a secondary effect of 

nisin action. Electron micrographs of nisin-sensitive bacteria provided 

physical evidence of damage to the cytoplasmic membrane when the bacteria 

were exposed to nisin (Andersson et al., 1988). 

Molecular basis of nisin action 

Even though the mode of action of nisin at the molecular level is not 

yet completely understood, there have been some interesting findings in 

recent years. Sahl and Kordel (1987,1989) found that nisin disrupted 
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valinomycin-induced potassium diffusion potentials imposed on intact cells 

of Staphylococcus cohnii 22. The membrane depolarization occurred rapidly 

at high diffusion potentials, while at low potentials, nisin-induced 

depolarization was slower. Their results suggested that nisin required a 

membrane potential for activity. This assumption was later proven in their 

experiments with artificial lipid bilayers. Further, they observed that the 

potential must have a trans-negative orientation with respect to the addition 

of nisin and a sufficient magnitude (ca. -lOOmV). 

As a peptide antibiotic, nisin shares striking structural similarities with 

staphylococcin-like peptide Pep-5 and subtilin (Sahl et al., 1985). They are all 

cationic peptides possessing intramolecular thioether bridges introduced by 

posttranslational modifications of precursor peptides (Gross, 1973; Sahl, 1985). 

The structural similarity of these three peptide antibiotics suggests a similar 

mode of action. Kordel and Sahl (1989) pointed out that nisin, Pep 5 and 

subtilin each depolarized bacterial and artificial membranes by formation of 

voltage-dependent multi-state pores. Single channel recordings resolved 

transient multi-state pores, which for nisin, had diameters in the range of 0.2- 

1 nm and a lifetime of several hundred milliseconds. Studies using non- 

energized liposomes indicated that the peptides failed to span the membrane 

in the absence of a membrane potential. The affinity between nisin and 

membrane was strongly dependent on the presence of negatively charged 

phospholipids, and was primarily based on electrostatic interactions (Kordel, 
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1989). Henning et al. (1986 ) observed that isolated membrane fractions from 

nisin-sensitive Lactobacillus plantarum and Streptococcus agalactiae could 

antagonize the antimicrobial effect of nisin. Their results indicated that some 

constituents of the membrane could interact with nisin, and that the 

interaction of nisin with phospholipids was the most important step of the 

antimicrobial effect of nisin. 

Bierbaum and Sahl  (1985) observed autolysis of S. simulans 22 

induced by nisin and Pep-5; they noted a substantial amount of wall 

hydrolysis as the treated cells rapidly lysed. To elucidate the induction 

mechanism of cell wall degradation, they isolated and purified two autolysins 

from S. simulans 22 and demonstrated in vitro  that addition of a small 

quantity of nisin or Pep-5 at low ionic strength led to the stimulation of lytic 

enzyme activity if teichoic or teichuronic acids were present in the cell wall. 

They observed that the effect of the peptides on autolysin activity depended 

on the length and charge of the peptide, the presence of anionic polymers in 

the cell wall, and the ionic strength of the assay condition. Their results 

indicated that at low ionic strength the enzymes are bound to the  teichoic or 

teichuronic acids of the cell wall which act as noncompetitive inhibitors of 

enzyme activity. Nisin and Pep-5 replace the enzymes from the anionic 

polymers and thereby induce lysis. In the case of intact cells, the peptide- 

induced autolysis was enhanced after energization of the cells with glucose 

(Bierbaum and Sahl, 1985). However, treatment of cells with valinomycin. 
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which should have caused potassium leakage and thereby displayed a de- 

energization effect similar to that of nisin, did not stimulate autolysis. 

Therefore, they suggested that the membrane-disruptive effect, as well as the 

binding of basic peptide nisin to teichoic and teichuronic acids, was essential 

for the effective induction of autolysis. 

The effect of nisin on spore formers 

The inhibitory activity of nisin against spores is sporicidal rather than 

sporostatic. Hitchins et al. (1963) followed germination and outgrowth by 

measuring cell volume. Three stages of swelling were recognized: (1) 

germination swelling, followed by (2) pre-emergence swelling, an 

approximate doubling in volume which occurs before emergence from the 

spore envelope and (3) elongation, or the commencement of growth. 

Germination swelling (1) was not inhibited by nisin, whereas the pre- 

emergence swelling (2) was oxygen dependent and was inhibited by nisin 

(Hitchins et al., 1963; Lipinska, 1977). 

Nisin was tested ( Lewis et al. 1954; O'Brien et al. 1956 ) for its 

complementary action with heat against spore formers including 

C.  botulinum, Clostridium thermosaccharolyticum, Bacillus coagulans, and 

Bacillus stearothermophilus. Nisin reduced the D value by 50-60%. Hawley 

(1962) reported that the spores of C. botulinum types A and B became injured 

when heated. This probably contributed to the greatly increased sensitivity of 
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the sublethally heated organisms to nisin. 

Factors affecting the antimicrobial activity of nisin 

In addition to the pH effect on solubility and stability of nisin, there are 

other factors which affect the antimicrobial activity of nisin. Many 

investigators have noticed that nisin activity was gradually lost in food. 

Inactivation was observed in processed Swiss cheese (McClintock et al., 1952), 

canned mushrooms (Denny et al., 1962), chocolate milk (Fowler and McCann, 

1971), and cooked-ham (Rayman et al., 1981). 

Nisin is vulnerable to enzymic inactivation by a-chymotrypsin, a 

component of pancreatin (Heineman et al., 1966) and nisinase; isolated from 

L. plantarum (Kooy, 1952), Streptococcus thermophilus (Alifax and Chevalier, 

1962), and Bacillus cereus (Jarvis, 1967). 

The effectiveness of nisin, and the subsequent concentration of nisin 

required to inhibit outgrowth, was found to be closely related to the initial 

spore load. Thus, increasing the spore load by 10-fold would require an 

increase in nisin concentration of about half a logarithmic cycle expressed in 

international units (Ramseier, 1960). 

The components of foods also affected the activity of nisin. Jones 

(1974) observed that nisin was more effective in controlling Staphylococcus 

aureus in skim milk than in whole milk and attributed the effect to the milk 

fat content. Daeschel (1990) observed that nisin was consistently more active 
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on a per unit basis in low fat foods than in high fat foods. Jung et al. (1992) 

reported that nisin was far less effective in inhibiting Listeria in half-and-half 

than in skim milk. 

RESISTANCE MECHANISMS OF ANTIBIOTICS 

Genetics of antibiotic resistance 

Basically, two theories have evolved to explain the genetics of 

antibiotic resistance. One school of thought professes that the development of 

a resistant cell population could be explained by the phenotypic adaptation of 

the cells to an inhibitory compound without much modification of their 

genotype. The opposing faction took the view that any large population of 

cells which was sensitive overall to an antibiotic was likely to contain a few 

genotypically- resistant cells, and the continued presence of the antibiotic 

would result in the emergence of a new population of resistant cells through 

a process of selection. 

Evidence gathered over the years strongly supports the second of the 

two theories. Bacterial cells which have phenotypically adapted to antibiotics 

are always genotypically different from the sensitive cells, and do not 

constitute the majority of the wild-type population not previously exposed to 

the antibiotic (Franklin and Snow, 1989). When the selective pressure applied 

by an antibiotic is removed, a previously resistant microbial population may 
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revert to a sensitive state. Sometimes the resistant cells are at a selective 

disadvantage in an antibiotic-free environment, and are therefore eventually 

overgrown by the sensitive cells. In other cases of reversion, the genetic 

material that confers the resistance is lost from the cells, and the resistant cells 

are progressively diluted out of the population. 

Plasmid-mediated antibiotic resistance has been extensively studied. 

Most clinically significant antibiotic resistance is determined by plasmids 

(Broda, 1979). A plasmid is an extrachromosomal segment of DNA. Some 

plasmids carry one or more genes for antibiotic resistance. They may be either 

self-transmissible through conjugation or non-self-transmissible. In the latter 

case, transmission may result from mobilization of the plasmid, or by 

transduction or transformation. 

The size of plasmids which carry resistance determinants can vary 

greatly. Conjugative R plasmids generally have a molecular mass above 25 x 

106. Nonconjugative plasmids are much smaller and usually range from 1 x 

106 -1 x 107. The number of copies of R-plasmid per cell is related to the 

molecular mass. R-plasmid may be lost spontaneously from cells upon 

storage or may be unstable at elevated temperatures. They may be artificially 

eliminated through selective inhibition of plasmid replication by curing 

agents (Bryan, 1981). 

Although many antibiotic-resistance determinants are carried by 

plasmids, certain resistance genes appear to be restricted to a chromosomal 
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location in a number of bacteria, particularly Gram-positive organisms (El 

Salh et al., 1981). Genetic alterations in chromosomes result from 

spontaneous mutations. Mutations are said to be spontaneous when they 

occur unprovoked by experimental mutagenesis. Spontaneous mutations are 

relatively infrequent, e.g. one mutation per 105-107 cell division. However, 

when the vast numbers of cells involved in bacterial populations are 

considered, the probability of a mutation causing an increase in antibiotic 

resistance is quite high. A spontaneous mutation may occasionally cause a 

large increase in resistance, but more commonly, resistance develops as a 

result of numerous mutations, each one giving rise to a small increment in 

cell resistance. In this case, highly resistant cells emerge only after prolonged 

or repeated exposure of the cell population to the given antibiotic. 

In general, resistance produced by mutation, unlike that associated 

with plasmids, is by a recessive mechanism. The result of the mutation in 

most cases is to produce a gene product with reduced or absent affinity for the 

antibiotic in question. Most often the product affected is the antibiotic target 

or a transport protein. Other possible effects of mutation might be to increase 

the amount of target or to reduce a cell's need for a particular metabolite. 

Mutations involve the addition, deletion or substitution of one or more 

nucleotides. They most likely occur during DNA replication or repair (Bryan, 

1982). 
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Biochemical mechanisms of antibiotic resistance 

A number of possible biochemical mechanisms for antibiotic resistance 

can be found in the literature: 

1) Conversion of active antibiotic to an inactive derivative by enzymes 

produced by the resistant cells. 

(Hactamase was found (Foster, 1983) to be capable of hydrolyzing 

antibiotics of P-lactams group such as penicillin and ampicillin. 

Chloramphenicol acetyltransferase was able to enzymatically inactivate 

chloramphenicol, and various aminoglycoside-modifying enzymes have 

been reported to be active against aminoglycoside (Britz and Wilkinson, 1978; 

Shannon et al., 1982). 

2) Modification of the target site. 

Cases have been reported of bacteria resistance to streptomycin, 

kanamycin, erythromycin, rifamycins and quinolones by a mechanism which 

involves modification of the target site (Foster, 1983; Bryan, 1981; Hotta, et al., 

1981). This kind of resistance is related to altered proteins, rRNAs, RNA 

polymerase or DNA gyrase, and usually, results from chromosomal 

mutation. 

3) Loss of cell permeability to an antibiotic. 

The loss of permeability barrier may be due to any of several 

mechanisms: (a) Modification of an existing permeability barrier. Antibiotic 

resistance of Gram-negative bacteria depend more on this mechanism, (b) 
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Partial or complete loss of transport function. Some antibiotics gain 

intracellular access by a specific transport mechanism. Mutants with transport 

function loss may fail to take up the antibiotic and thus become resistant in 

that manner, (c) Specific antagonism of antibiotic transport. The most 

commonly encountered mode of resistance to tetracyclines in Gram-positive 

and Gram-negative bacteria (Levy, 1981). 

4) Synthesis of an additional resistant enzyme. 

Resistance to sulfonamides, trimethoprim and methicillin are reported 

due to the synthesis of additional resistant enzymes (Pattishall et al., 1977; 

Bryan, 1981). The resistance determinants are either plasmids or transposons 

(Shapiro et al., 1977; Foster, 1983), which encode more than one form of the 

target enzymes for the antibiotics, the enzymes have similar Km for their 

substrates but highly resistant to the antibiotics. 

5) Increased concentration of a metabolite that antagonized the inhibitor. 

This type of resistance is exemplified by certain mutants resistant to 

sulphonamides (Sevderg et al., 1980). In these cells the concentration of 

p-aminobenzoic acid is said to be substantially higher than in sensitive cells, 

the inhibitor is competitively displaced from its enzyme binding site. 
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RESISTANCE MECHANISMS OF PEPTIDE ANTIBIOTICS 

OF BACTERIAL ORIGIN 

Nisin 

The development of acquired or spontaneous nisin resistance was first 

observed by Hirsch (1950). He reported that cells of Streptococcus agalactiae 

that survived exposure to nisin were able to grow in concentrations of nisin 

forty times higher. Carlson and Bauer (1957) were able to increase the 

resistance of Staphylococcus aureus  from 2.5 to 2000 U/ml through 

successive stepwise transfers. Ramseier (1960) reported on the nisin resistance 

of Clostridium butyricum. Hirsch and Grinsted (1951) used spontaneous 

resistant mutants of L. lactis subsp. cremoris to differentiate bacteriocins of 

different Lactococci. 

Observations were made which suggested the existence of a nisin 

inactivation substance in nisin resistance strains. Kooy (1952) described strains 

of Lactobacillus plantarum isolated from cheese and raw milk which could 

degrade the antimicrobial activity (presumably nisin) in L. lactis subsp. lactis 

culture filtrates. Galesloot (1956) also described similar observations with 

L. lactis subsp. lactis , L. lactis subsp. cremoris  and Enterococcus faecalis. 

Alifax and Chevalier (1962) described nisinase activity in a strain of 

Streptococcus salivarius subsp. thermophilus and went on to partially purify 

the enzyme. They further observed that the optimum conditions for nisin- 
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degradation by their enzyme preparation included pH 7.0 (no activity at pH 3 

or 4), with a six hour incubation at 370C. Nisinase activity has also been 

reported for several Bacillus spp.  (Javis, 1967). Nisinase preparations from B. 

cereus and B. polymyxa were found to inactivate nisin and subtilin, but not 

other polypeptide antibiotics. Further investigations (Jarvis, 1970; Jarvis and 

Farr, 1971) have provided details on substrate specificity, thermal stability and 

the mechanism of nisin inactivation. Jarvis et al. ( 1971) suggested that nisin 

inactivation by the nisinase preparation may not be a proteolytic degradation 

process but rather a reductase reaction on the dehydroalanine residue 

adjacent to the C-terminus. The inactivation of subtilin by the nisinase 

preparation was consistent with their hypothesis in that nisin and subtilin 

have a similar C-terminal sequence. 

The appearance of spontaneous nisin resistance or the intentional 

exposure of strains to increasing amounts of nisin to obtain variants with 

high resistance has been frequently observed. Lipinska (1977) "trained" cheese 

starters to become nisin resistant but not to produce nisinase. Daeschel et al, 

(1991) obtained strains of Leuconostoc oenos 100-fold resistant to nisin for use 

in malolactic fermentation of wine. These strains were not resistant by means 

of a secreted nisinase. Harris et al. (1991) described the appearance of 

L. monocytogenes   mutants resistant to 2000 U/ml nisin at frequencies 

between 10-6 to 10-8. Mechanisms to explain nisin resistance other than 

"nisinase" have not been proposed. 
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It has been suggested (Klaenhammer et al., 1985; McKay et al., 1988, 

1989) that nisin resistance was plasmid encoded among Lactococcus lactis , the 

genus in which nisin producers belong. Klaenhammer et al. (1985) reported 

that a plasmid (pTR1040) encoded nisin resistance in L. lactis ME2. McKay and 

Baldwin (1984; 1988; 1991) reported that a plasmid pNP40 from L. lactis subsp. 

diacetylatis  DRC3 encoded nisin resistance. The nisin resistance determinant 

was located onto a 1.3-kb EcoR 1-Nde I fragment. The fragment as well as its 

associated transcription and translation signal sequences were cloned into 

plasmid-free L. lactis subsp. lactis LM0230 and conferred an MIC of 160 U/ml 

of nisin. This level of nisin resistance was equivalent to that of the initial 

nisin-resistance strain (Froseth and Mckay, 1988, 1991). The inferred amino 

acid sequence would result in a protein with a molecular mass of 35,035 Da. 

This value was in agreement with the molecular mass of protein detected 

after in vitro transcription and translation of DNA encoding the nisin 

resistance gene, nsr . This protein contained a hydrophobic region at the 

N- terminus that was predicted to be membrane associated. Nevertheless, the 

mechanism by which the proteins encoded by these genes confer resistance is 

not yet understood. 

Polymyxin 

Polymyxin is a clinical peptide antibiotic which acts on cytoplasmic 

membrane and is the only peptide antibiotic in which resistance mechanisms 
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have been explained. The antibacterial action of polymyxin is caused 

primarily by its binding to the cytoplasmic membrane. The positively charged 

peptide ring is thought to bind electrostatically to the anionic phosphate head 

groups of the membrane phospholipid, displacing magnesium ions which 

normally contribute to membrane stability. At the same time the fatty acid 

side chain is inserted into the hydrophobic inner region of the membrane. 

This disrupts the normal organization of the membrane and alters its 

permeability. 

The resistance mechanism of polymyxin has been extensively studied. 

Pseudomonas aeruginosa strains were used as a model system in these 

studies. Gilleland et al. (1976,1977,1982b) suggested that the resistance was 

due to an exclusion mechanism which prevented the antibiotic from 

penetrating the outer membrane to reach the sensitive sites on the 

cytoplasmic membrane. Freeze-etch analysis of polymyxin-resistance isolates 

of P. aeruginosa indicated that there was indeed an alteration in the 

ultrastructure of the outer membrane. Gilleland and Lyle (1979) documented 

that acquisition of polymyxin resistance in P. aeruginosa was associated with 

the loss of three outer membrane proteins having apparent molecular mass 

of 24,000, 36,500, and 47,000. There was also a reduction of approximately 25% 

in the lipopolysaccharide content. Following their findings, Conrad and 

Gilleland (1981; 1982a) compared the lipid composition of cells of 

P. aeruginosa polymyxin B resistant strains with the sensitive strains, and 
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observed consistent alterations in the cell envelope of four genetically 

unrelated P. aeruginosa  polymyxin B resistant isolates. These alterations 

included a decrease in phospholipid content, with either a slight or 

insignificant change in the amount of readily extractable lipid fraction. The 

decreased phospholipid level was of particular interest since all of the 

resistant strains had a significant reduction in phosphatidylglycerol and 

phosphatidylethanolamine content with the concomitant appearance of a 

large amount of free fatty acids. Furthermore, Moore et al. (1984) suggested 

that the resistance to polymyxin in P. aeruginosa was a complicated 

phenomenon which resulted in a number of cell surface alterations. At least 

two mechanisms were proposed to account for the resistance. The first, as 

described by Gilleland and Conrad (1981), resulted from step wise adaptation 

to increasing amounts of polymyxin, and was characterized by a variety of 

outer membrane alterations. The second mechanism involved mutational 

resistance, and was characterized by increased levels of the outer membrane 

protein HI, decreased Mg+2 content of the cell envelope, and increased 

resistance to polymyxin, EDTA and aminoglycosides (Nicas et al., 1980). Later, 

Conrad and Galanos (1989) proposed that the loss of hydroxy fatty acids from 

lipopolysaccharides disrupted the outer membrane hydrophobicity and was a 

contributing factor to polymyxin B adaptive resistance. 
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CHAPTER   2 

NISIN RESISTANCE OF FOODBORNE BACTERIA AND THE SPECIFIC 

RESISTANCE RESPONSES OF LISTERIA MONOCYTOGENES SCOTT A* 

INTRODUCTION 

Nisin is an antibacterial peptide produced by Lactococcus lactis subsp. 

lactis (L. Lactis) that exhibits a broad spectrum of inhibitory activity against 

Gram-positive bacteria and spores. Since its first application as an effective 

food preservative in preventing butyric clostridial blowing in Swiss cheese 

(Hirst, 1951), nisin has been used in a large variety of fresh and processed 

foods in many countries and has been found to be an effective and safe food 

preservative.   Recent investigations (Benkerroum, 1987; Carminati, 1989; 

Harris, 1989) have indicated that nisin or nisin-producing lactococci are 

inhibitory toward Listeria monocytogenes, a foodborne pathogen of 

increasing concern to the food industry. Nisin is also effective in preventing 

the outgrowth of Clostridium botulinum spores (Scott et al., 1981) and has 

found application as a GRAS ingredient in processed cheese to prevent 

clostridial growth (FDA, 1988). With the potential for increased use of nisin 

in food preservation and processing, foodborne pathogens will have a greater 

* Submitted for publication, J. Food Protection. Jan. 23, 1993 
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frequency of exposure to nisin. Analogous to drug-resistant bacteria that 

occur after exposure to clinical antibiotic agents, nisin sensitive bacteria may 

develop nisin resistance. Therefore, it is meaningful to investigate the 

occurrence of nisin resistance among some common foodborne pathogenic 

and spoilage bacteria. Information regarding spontaneous resistance 

frequencies of these undesirable bacteria may provide a better base of 

knowledge for the application of nisin in food processing and preservation. 

Furthermore, investigations into the mechanism of nisin resistance will 

broaden our knowledge about the mode of action of nisin. 

The only type of bacterial nisin resistance that has been well 

characterized was reported by Jarvis and Farr in 1971. They isolated a protein 

from Bacillus cereus capable of inactivating nisin and similarly structured 

subtilin and characterized it as a dehydroalanine reductase. Other researchers 

have reported on strains Streptococcus thermophilus, Leuconostoc oenos 

and Staphylococcus aureus which are resistant to nisin, but the mechanism of 

nisin resistance has not been specifically identified (Hurst, 1981; Daeschel et 

al., 1991). Harris, et al. (1991) specifically addressed the frequency of nisin 

resistance in three strains of L. monocytogenes and were able to isolate 

mutants resistant to 50 ug/ml (2000 units) at frequencies of 10-6 to 10-8. 

In this study, we evaluated the spontaneous nisin resistance 

frequencies of eight common foodborne pathogenic and spoilage type bacteria 
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and characterized the phenotypic response of L. monocytogenes Scott A when 

purposefully made resistant to high levels of nisin. 

MATERIALS AND METHODS 

Bacterial strains 

Test strains used in this study were from the author's laboratory and 

are listed in Table 1. Cultures were maintained in brain heart infusion (BHI) 

broth (Difco Laboratories, Detroit, MI), stored at 4 0C and transferred to fresh 

BHI broth 24 h prior to experiments. 

Nisin 

High potency grade nisin was obtained from Aplin and Barrett, Ltd. 

(Dorset, U. K.). Activity was indicated as 37 X 106 U/g. Stock solutions (10,000 

U/ml) were prepared by solubilizing in distilled water acidified to pH 2 with 

0.02 N hydrochloric acid. Aliquots were kept frozen at -180C until use. 

Minimum inhibitory concentrations 

The minimum inhibitory concentrations (MIC) of nisin were 

determined for the eight test strains and for nisin resistant-mutants derived 

from the strains. Serial two-fold dilutions of nisin containing BHI broth were 

prepared according to Bailey and Scott (1974). Each tube was inoculated with 
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approximately 5 X105 (CFU/ml) contained in 4 ml final tube volume. 

Incubation was at 370C for 24 h and the lowest concentration of nisin that 

resulted in complete inhibition of visible growth was read as the MIC. All 

dilution series were performed in duplicate. 

Determination of spontaneous resistance frequencies 

Nisin-containing agar medium was prepared by adding nisin stock 

solution to 50° C BHI agar. The final concentrations of nisin were two to eight 

times the MIC for the test strains. Bacterial strains were exposed to nisin by 

mixing 108 tolO9 log phase cells into tempered (50oC) BHI agar medium and 

pouring plates with 20 ml of cell and agar mixture. Solidified plates were 

incubated at 370C for 24 h. Frequency of spontaneous resistance was 

determined by comparing the number of colonies arising at each 

concentration of nisin with the original inoculum size, which was 

determined by the same method using nisin-free BHI agar. The procedures 

were performed in duplicate, and the mean values recorded. 

Selection of resistant mutants 

Two types of nisin-resistant mutants were selected in this study:  1) 

mutants from a single exposure to nisin and  2) a highly resistant mutant of 

Listeria monocytogenes Scott A selected by stepwise exposure in BHI broth 

that contained increasing concentrations of nisin. For the first type, the 
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mutants were picked from nisin containing BHI agar plates and confirmed by 

streaking out the colony on plates that contained the same amount of nisin. 

With the second type, a pure colony isolate from nisin containing agar plate 

was transferred into BHI broth and sequentially transferred into BHI broth 

that contained increasing concentrations ( 400, 600, 800,1000,1200,1500 and 

2000 U/ml) of nisin. 

Inactivation of nisin in culture supernatants and cell extracts 

Loss of nisin activity in culture supernatants may indicate a specific or 

nonpecific mechanism by which cells are degrading or inactivating nisin 

exocellularly. The method described by Collins-Thompson, et al. (1985) was 

used for detecting what was termed nisinase activity.  Residual nisin levels 

were measured in cell-free (filter-sterilized, 0.2Mm) supernatants from nisin 

resistant and nisin-sensitive isolates of Listeria monocytogenes Scott A. 

Experiment controls consisted of uninoculated medium with and without 

nisin. 

Phase transition temperatures determined by differential scanning 

calorimetry (DSC) 

A DuPont 910 differential scanning calorimeter was calibrated using 

manufacturer software and with distilled water for heat flow calibrations. 

Overnight cultures of L. monocytogenes  Scott A mutant R-2000 and parent 
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strain were washed twice with distilled water by centrifugation at 5000 x g for 

10 min. Cell pellets were sealed in aluminum pans for placement in the 

instrument. The heat adsorption was measured in the range of 10-100°C with 

a heating rate of 10 °C /min according to the manufacturers guidelines 

( Dupont instruments, 1988 ) and those of Wang et al. ( 1991 ). 

Fatty acid composition of bacterial cells 

The fatty acid profile of nisin resistant and sensitive L. monocytogenes 

were determined with gas chromatography analysis by contract with Five 

Star Laboratories ( Branford, CT ). The data were analyzed statistically with the 

two sample t test ( Devore, 1986 ). 

Growth rates 

Specific growth rates (k) ( Drew, 1981 ) of resistant and sensitive strains 

at 20, 25, 32, 37 and 420C were measured by growing the strains in BHI broth 

and taking optical density (O D6oo ) readings hourly.  Arrhenius plots of the 

growth rate (Ingraham et al., 1983 ) were constructed by plotting log (k) 

against 1/K. 
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RESULTS 

Spontaneous nisin resistance frequency 

Eight common foodborne spoilage and pathogenic strains were tested 

for their spontaneous resistance frequencies to nisin (Table 1). Five of the 

eight strains exhibited the same MIC value, however there was variation in 

their resistance frequencies at nisin concentrations twice the MIC. 

Furthermore, there was a significant difference in resistance frequency among 

strains within a given species. For example, Staphylococcus aureus 40 had a 

higher resistant frequency thanS. aureus 618 and L. monocytogenes Jalisco 

demonstrated a higher resistance frequency than L. monocytogenes Scott A. 

The stability of resistant mutants isolated from initial nisin exposures 

was determined by transferring colonies from nisin containing culture plates 

to nisin free BHI broth. It was observed ( Table 2 ) that the resistant mutants 

from initial nisin exposure had developed a resistance 2-4 times the original 

MIC values and that after three passages in nisin free BHI broth (approx. 30-35 

generations), the MICs of resistant mutants S. aureus 618 and 

L. monocytogenes Jalisco  returned to the original MICs. Nisin resistance with 

B. cereus  and L. monocytogenes Scott A remained at 2 times the original MIC 

value after passage through nisin free medium. 

A nisin resistant isolate of L. monocytogenes  Scott A was obtained 

after seven transfers through BHI broth that contained increasing amount of 
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nisin. The nisin resistance of the mutant (R-2000) that subsequently 

developed was ten times the original MIC and was very stable. 

Nisin degradation in culture supernatants 

No differences were observed in residual activity when nisin was 

exposed to cell-free culture supernatants from nisin sensitive and nisin 

resistant L. monocytogenes Scott A. Furthermore, there was no difference in 

residual nisin activity of the culture supernatants and uninoculated media in 

which the same amount of nisin was added. 

Phase transition temperature   determination 

The phase transition temperature (Tc) of whole cells of 

L. monocytogenes  Scott A and the derived nisin resistant mutant (R-2000) 

were measured by DSC (Fig. 2). The Tc value is the temperature at which the 

phase transistion of lipids from a solid gel matrix to a liquid starts to occur 

(Russel 1989). The Tc of the nisin resistant strain was 44.40C while the 

sensitive parent was 37.40C. The higher phase transition temperature of the 

resistant mutant compared to its parent indicated that significant changes 

likely occurred in cellular lipid composition of the mutant. 

Fatty acids profile 

The GC analysis of fatty acids of L. monocytogenes Scott A and mutant 
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R-2000 indicated that there were some significant differences in fatty acid 

composition (Fig. 3) which is consistent with the observed differences in 

phase transition temperature. The percentages of peak area of each fatty acid 

detected in the two strains were compared statistically by the two-sample t 

test. It was found that there was a significant difference in fatty acids: 14:0,15:0 

iso,15:0 anteiso and 17:0 iso (P< 0.05). Comparatively speaking, the resistant 

mutant contained a greater proportion of straight chain fatty acids while the 

sensitive strain contained more bulkier branched fatty acids (iso and anteiso). 

Comparison of specific growth rate at different temperatures 

The Arrhenius plot of culture growth rate (Fig. 4) served to illustrate 

the growth behavior of resistant and sensitive strains at temperatures that 

ranged from 42 to 20oC. The specific growth rate of resistant mutant is slightly 

lower than that of the sensitive parent strain at the higher temperatures but 

was much slower at lower temperatures. At 370C, the specific growth rate of 

the resistant strain was 86.7% of that of parent strain while at 20oC, it was 

only 40.9% of the parent strain 

DISCUSSION 

The results of this study indicated that spontaneous nisin resistance among 

some common food-borne spoilage and pathogenic bacteria occurs at different 
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frequencies. Considering both the MICs and the resistance frequencies 

observed from our study, it appeared that the group of bacteria in this 

investigation are less sensitive to nisin in comparison with lactic acid bacteria 

(Collins-thompson, 1985; Harris, 1992; Radler, 1990 ). Although the 

background resistance (MIC values) of the bacteria in this study are generally 

higher than that described for lactic acid bacteria, the resistant mutants 

obtained through one exposure to nisin did not develop high resistance in 

terms of MIC ( 2-4 times original MIC). Furthermore, the resistance was lost 

when cultured without nisin. In contrast to mutants obtained after a single 

exposure to nisin, the resistance level of L. monocytogenes Scott A R-2000 

remained stable after five passages through nisin-free medium. The latter, 

however, was isolated after multiple and increasing stepwise exposure to 

nisin. 

It is often the case that antibiotic resistance in bacteria is plasmid 

determined with the potential consequence of a rapid distribution of the 

genotype among other strains. The genes for nisin resistance (more accurately 

called producer cell immunity) in nisin producing Lactococcus lactis  strains 

have been described as plasmid encoded. McKay and Baldwin (1984) observed 

that a plasmid (pNp400) from Lactococcus lactis subsp. Lactis biovar 

diacetylactis DRC3 encoded nisin resistance. Klaenhammer and Sanozky 

(1985) also reported that a plasmid (pTR1040) encoded nisin resistance in 

L. lactis ME2. Plasmid or chromosomal genes for true nisin resistance as 
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opposed to nisin producer immunity have not been described for any bacteria. 

Harris et al (1990) did not detect plasmid DNA in any of three nisin-sensitive 

L. monocytogenes strains or nisin-resistant strains derived from them. 

Included among the three strains was L. monocytogenes Scott A. In our study, 

we were also unable to detect plasmid DNA (data not shown) in the parent 

strain or the resistant mutant of L. monocytogenes Scott A. 

The significance of the above observations as pertains to the use of 

nisin as a food preservative or food processing aid is difficult to predict. As 

pointed out by Harris et al. (1991) when high levels of microbial 

contamination are present, the likelihood of spontaneous nisin resistant 

mutants arising is inevitable. We concur, however, that the transisent and 

relatively low degree of resistance with mutants derived from a single 

exposure to nisin, coupled with the lack of plasmid mediated resistance (only 

shown with L. monocytogenes) may serve to limit a more serious problem 

from developing. Certainly, multiple exposure to nisin will enhance the 

likelihood of stable resistance mutants which would be of more serious 

consequence. This would be quite relevant in a situation where nisin is used 

as the sole means of preservation. Nisin and other bacteriocins may provide a 

useful alternative to certain preservatives and preservation mechanisms. 

However, the observation of resistance to nisin by many bacteria should be a 

caution as how to effectively utilize this bacteriocin. Food product 

contamination load, potential food interactions with nisin and the residual of 
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nisin in products are parmeters that warrant careful consideration when 

developing applications for nisin. 

The nisin resistant mutant of L. monocytogenes Scott A (R-2000) and 

its parent were used as a model system to study possible nisin resistance 

mechanisms. In this study we did not find any evidence that nisin resistance 

in strain R-2000 was related to a possible inactivation mechanism. Jarvis et al., 

(1971) described one such inactivation mechanism with Bacillus cereus as 

nisinase activity and characterized a specific reductase that inactivated nisin. 

This does not appear to be the resistance mechanism in L. monocytogenes 

Scott A R-2000 in that nisin activity was stable in culture supernatants. Based 

on the general consensus that nisin kills cells by disrupting membranes 

(Henning, 1986; Hurst^Sl) and that some resistance mechanisms to 

antimicrobial agents are related to the changes in bacterial membrane 

components (Bryan et at., 1984; Conrad et al., 1989; Juneja et al., 1992; 

Krulwich et al., 1987), our attention was focused on finding changes that 

occurred in the resistant mutant in terms of membrane fatty acid composition 

and other related characteristics. 

The cellular membrane of Listeria monocytogenes contains mainly 

branched-chain fatty acids, with anteiso compounds being preponderant 

(O'Leary et al., 1989; Tadayon et al., 1971). The fluidity of cell membranes 

composed of branched-chain fatty acids is controlled mainly by anteiso-Qs 

(Kaneda, 1991). In our study, we observed that the nisin resistant mutant 
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R-2000 had a higher phase transition temperature which corresponded to the 

higher percentage of straight chain fatty acids as well as the lower percentage 

of branched fatty acids compared with that of the parent strain. The above 

observations are consistent in that branched chain fatty acids disrupt acyl 

chain packing in membranes, thereby lowering the membrane lipid gel to 

liquid transition temperature (Russell, 1989). The difference in fatty acid 

composition was especially evident (P=0.001) in the case of anteiso-Qs, the 

branching fatty acid which plays an important part in controlling membrane 

fluidity (Kaneda, 1991). The lower amount of bulkier iso and anteiso fatty 

acids and higher proportions of straight chain fatty acids may make the cell 

membrane of the mutant more compact than that of the sensitive strain. We 

speculate that this may somehow make it less susceptible to the action of 

nisin. Alternatively, the protein distribution in the membrane may also be 

altered due to changes in membrane fluidity and this may affect membrane 

related enzymatic or receptor reactions which may make the mutant resistant 

to nisin. The lower growth rate of the nisin resistant mutant at lower 

temperatures also indicated  membrane composition changes of the resistant 

strain. It is well established that transport across the membrane of bacterial 

cells is affected by the structure and composition of the membrane, and 

reflected by their phase transition temperature profiles (McElhaney, 1985). 

The specific growth rate of the resistant strain markedly decreased at low 

temperature. At low temperatures, the membrane of the resistant strain may 
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be less flexible than that of the parent strain due to its higher phase transition 

temperature; therefore, the transport of nutrients may be affected leading to 

the lower growth rate. In a study of protonophore resistance in Bacillus 

subtilis , the resistance was found to be related to the packing properties of 

fatty acids in the membrane (Krulwich et al., 1987). Protonophores are 

membrane disrupting agents which may induce some resistant responses 

similar to that observed with nisin in this study. From the standpoint that 

changes in the fatty acids composition of bacteria membranes have been 

observed when bacteria are grown at low temperatures or in high salt 

environments (Kaneda, 1991; Miller, 1985), a question arises is: can the change 

in fatty acid composition be simply a general adaption to an unfavorable 

environment or is it a specific response to nisin? Other researchers have 

described similar changes in fatty acid composition in salt (NaCl) resistant 

mutants of L. monocytogenes (Juneja et al. 1992). However, the nisin resistant 

mutant in our study did not exhibit any change in NaCl tolerance compared 

to the sensitive parent strain (both strain grew in BHI broth with 6, 7, 8% of 

NaCl; and did not grow in BHI broth with above 9.6% of NaCl). 

It appears that nisin resistance is a multi-faceted and complicated 

phenomenon. The correlation between fatty acid composition and nisin 

resistance in L. monocytogenes Scott A may only represent one aspect of the 

entire effect. Currently, studies are in progress to more precisely describe 

mechanisms of resistance to nisin in L. monocytogenes. 
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ABA= Amino Butyric Acid 

DHA = Dehydroalanine DHB= Oehydrobutyrine (/3-Methyldehydroalaninel 

ALA —S —ALA = Lanthionine      ABA-S-ALA =   $ .Methyllanthionine 

Fig. 1 The structure of nisin. From Gross and Morell (1971). 
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Table 1.        Nisin resistance frequencies of some foodborne spoilage and 

pathgenic bacteria in BHI agar. 

Strains MIC (U/ml) Resistance frequencies at 400 U/ml 

S. aureus 618 200 8.5 x 10-8 ± 5.6X10-9 * 

S. aureus 40 200 1.5x10-6 ±4.2X10-7 

L. monocytogene Scott A 200 1.7x10-6+4.5X10-7 

L. monocytogene Jalisco 200 9.2 x 10^ ± 4.2X10-7 

B. licheniformis 50 5.6 x 10-8 ± 8.5X10-9 

B. pumilus 50 4.2 x 10-8 ± 2.8X10-10 

B. subtilis 200 2.1x10-6 ±7.1X10-7 

B. cereus 400 4 X 10-6 ± 5.6X10-7 

* standard diviation 
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Table 2 .        Minimum Inhibition Concentration ( MIC ) values of nisin 

resistant mutants and their resistance stability. 

Minimum Inhibition Concentration ( U/ml) 

Strains Initial Mutants after a single       Mutants3 after three 

exposure to nisin a passage on 

nisin-free medium 

L. monocytogenes 200 

Scott A 

L. monocytogenes 200 

Jalisco 

B. cereus 400 

S. faecalis 600 

S. aureus 40 200 

L. monocytogenes 2000 

ScottAR-2000b 

400 

400 

1600 

800 

800 

200 

200 

800 

600 

200 

2000 

a. Mutant were obtained from BHI agar plates containing nisin at the 

highest concentration which permitted mutant outgrowth into 

colonies. 

b. Mutant were obtained from multiple and increased stepwise exposure 

to nisin. 
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CHAPTER   3 

PHYSIOLOGICAL AND GENETIC CHARACTERISTICS OF A NISIN 

RESISTANT MUTANT OFL. MONOCYTOGENES SCOTT A 

INTRODUCTION 

Listeria monocytogenes was recognized as an imerging and serious 

significant human foodborne pathogen in the 1980s and continues to be a 

major concern to the food industry (Farber et al., 1991). Since this pathogen is 

sensitive to the bacteriocin nisin, using nisin as a barrier to control the 

pathogen has been reported for different foods and has shown great potential. 

The appearance of nisin resistant bacterial strains has been reported for 

several genera as well as for L. monocytogenes (Jarvis, 1972; Daeschel, 1990; 

Harris, 1991). In prior studies, we have investigated the spontaneous nisin 

resistance frequency and the specific nisin resistance responses of 

L. monocytogenes Scott A. In the present study, we examined the nisin killing 

rate for both resistant and sensitive L. monocytogenes  Scott A, the 

temperature effect on nisin activity, the cell surface characteristics, the 

genetics characteristics of the resistant mutant, and the cross-resistance with 

other antibiotics for the nisin resistant mutant and its parental strain. 
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MATERIALS AND METHODS 

Bacterial strains and growth media 

Listeria monocytogenes Scott A was from the author's laboratory and 

was cultivated and enumerated with brain-heart infusion (BHI) broth and 

agar. The nisin resistant mutant R-2000 was derived from the nisin 

susceptible strain of L. monocytogenes Scott A by stepwisely induced the 

resistance in BHI broth containing incremental concentrations of nisin 

(described in previous chapter). 

Nisin 

High potency grade nisin was obtained from Alplin and Barrett, Ltd. 

(Dorset, U.K.). Activity was indicated as 37 x 106 U/g. Stock solutions (10,000 

U/ml) were prepared by solubilizing in distilled water acidified to pH 2 with 

0.02 N hydrochloric acid. Aliquots were kept frozen at -180C until use. 

Nisin killing rate 

The loss of viability of resistant and sensitive bacterial cell populations 

after nisin treatment was determined in BHI broth and in phosphate buffer 

(50 mM, pH 6.5), as a function of time and amount of nisin added. Cells were 

added as a log phase culture to a final population of about 106-107 CFU/ml. 

Nisin was added in amounts to provide a final concentrations ranging from 5 
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to 500 U/ml. Samples were withdrawn at designated time intervals and 

viable cell counts were performed in duplicate. Average killing rates were 

calculated from the slopes of survivor curves for different nisin 

concentrations in a interval of 0 to 10 minunts. 

Determination of cross-resistance between nisin and other antibiotics 

The cross-resistance between nisin and other antibiotics were 

determinated by comparing the minimum inhibitory concentrations (MIC) of 

resistant and sensitive strains to several antibiotics and inhibitors. Serial 1 : 1 

dilutions of antibiotic-containing BHI broth were prepared according to Bailey 

and Scott (1974). Each tube was inoculated with approximately 5 x 105 

(CFU/ml) contained in a 4-ml final volume. Incubation was at 370C for 24 h, 

and the lowest concentration of antibiotic resulting in complete inhibition of 

visible growth was read as the MIC. All dilution series were performed in 

duplicate and mean values were reported. 

Determination of cell hydrophobicity 

Hydrophobicity of the resistant and sensitive cells were determined by 

the BATH test (bacterial adherence to hydrocarbons) described by Rosenberg 

(1984). Log phase cultures (O D6oo = 0.2-0.3) were centrifuged, washed twice 

with 50mM phosphate buffer (pH 7.0) and suspended in a suitable volume of 

the same buffer to adjust the optical density of the suspension in the range of 
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0.7 to 0.8. Hexadecane was added at 1/5 the volume of the cell suspension. 

The mixtures were then vortexed on a mixer for 1 min at maximum speed 

and kept at room temperature for 30 min for phase separation. Optical 

densities at 600 nm were recorded before the addition of hexadecane and after 

phase separation. The decrease in optical density after phase separation served 

as a relative index of cell surface hydrophobicity. 

Bacterial cell protoplasts preparation and testing 

Protoplasts from both resistant and sensitive cells L. monocytogenes 

Scott A were prepared as described by Lee-Wickner (1984) with some 

modifications. Log phase cells were washed twice with 0.85% saline and 

suspended in 1 /5 original culture volume of protoplast buffer, which 

consisted of  0.02 M HEPES (N-2-hydroxyethylipiperazine-N'-2-ethanesulfonic 

acid) pH 7.0,1 mM MgCl^, 0.5% gelatin, and 0.5 M lactose as a stabilizer. 

Lysozyme was added to the cell suspension at 50 ug/ml. The cell suspension 

was incubated at 370C for 6-8 hours to allow 99.999% of reduction in original 

plate count. Formation of protoplasts was judged by light microscopy, or 

enumeration of the number of osmotically fragile cells (the difference 

between the plate counts before and after protoplast formation treament). 

Nisin treatment of protoplasts was under the same conditions as for intact 

cells, except they were conducted in protoplast buffer, and the response was 

measured by recording the decrease in optical density at 600 nm. 
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Plasmid isolation 

Plasmid DNA was isolated as described by Klaenhammer (1984). 

Electrophoresis was conducted on 0.7% agarose, horizontal slab gels in Tris 

acetate buffer (Maniatis et al., 1982) at pH 8.0 using a constant voltage of 75 V 

for 105 min. Lamda DNA/Hind III marker (BRL, Inc., Gaithersburg, Md.) was 

used as a standard for molecular mass determinations. 

Restriction fragment length polymorphism analysis of genomic DNA of 

resistant and parental strains. 

Restriction fragment length polymorphism (RFLP) was carried out 

with restriction endonuclease followed by fragment separation by pulsed-field 

gel electrophoresis. Chromosomal DNA embedded in agarose was prepared 

essentially by a previously described procedure (Smith et al., 1989). Each plug 

was cut into about five inserts, each insert was placed in a sterile 

microcentrifuge tube for restriction endonuclease digestion of embedded 

DNA as described by the enzyme manufacturer (Promega Corp., Madison, 

Wis.). A portion of 20 U of enzyme was added per insert. Following digestion 

for at least 16 h at the appropriate temperature with gentle shaking, 25 ul of 

0.5 M EDTA (pH 8) was added to stop the reaction. 

Samples were electrophoresised through 1% agarose gels in a solution 

consisting of 45 mM Tris, 45 mM boric acid (pH 8.3) and 1 mM sodium EDTA 

for 24 h at 200 V at 120C in a Bio-Rad CHEF DR II electrophoresis cell (Vollrath 
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et al., 1987). Pulse times ramped from 1 to 19 s. Gels were stained with 0.5 mg 

of ethidium bromide per liter of water to detect DNA under UV 

illumination. 

RESULTS AND DISCUSSION 

Nisin killing rates of resistant and sensitive cells and protoplasts 

Nisin killing effect on resistant and sensitive cells were compared in 

phosphate buffer and BHI broth. The survival plots ( Fig.5. a, b, c, d) showed 

that nisin killed resistant cells less effectively than sensitive cells in both BHI 

broth and buffer. When cells were exposed to nisin in buffer ( Fig. 5. a, b), the 

sensitive population decreased significantly (107 to 103 at 5 U/ml) in 30 min 

while the resistant population was only slightly reduced ( 0.5 log cycle at 5 

U/ml). In BHI broth ( Fig. 5. c, d ), the sensitive population started decreasing 

when nisin concentration was at 50 U/ml, while for resistant cells, the 

population started showing significant reduction when the nisin 

concentration was 500 U/ml. 

Considering the killing rate and nisin concentration used, it appeared 

that nisin killed cells more effectively in buffer than in BHI broth. In BHI 

broth, active cell multiplication and nisin killing occurred simultaneously; 

the observed survivor cells were the net result of growth and killing. Since 

the maximum nisin killing rate of resistant cells was only one third of that of 
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sensitive cells (Table 4) but their growth rates at 370C were similar ( Fig. 4 ), 

the difference in the growth/killing rate for resistant and sensitive cells 

would make resistance more significant in BHI broth than in buffer. The 

possibility that nisin may have bound to components of BHI broth, thus 

reducing the activity was desproved since nisin residual activity of BHI broth 

and phosphate buffer were essentially the same. 

Different nisin lysis effects were observed for the protoplasts prepared 

from resistant and sensitive cells. The lysis rate of protoplasts from sensitive 

cells was higher than that of the resistant protoplasts when treated with 10 or 

100 U/ml of nisin (Fig. 6). In the case of protoplasts, cell walls are removed so 

nisin may act directly on the cytoplasmic membrane. The relatively lower 

lysis rate of resistant protoplasts indicated that nisin resistance also exist in 

the protoplasts. This observation suggested that nisin resistance may not 

related to cell wall and more likely related to cell membrane. 

The curves of killing rates versus nisin concentrations for cells and 

protoplasts (Fig.7, Fig.8) suggested that nisin killing rates were dependent on 

nisin /cell ratios instead of on nisin concentration alone. The killing of a 

definite fraction of a bacterial population in a chosen time interval requires 

the absorption of a given amount of antimicrobial agent by the cells. In the 

case of polymyxin B, 2 x 105 molecules/cell should be bactericidal toward 

Salmonella ( Franklin and Snow, 1989 ). In our study, the 50% maximum 

killing rates were reached when the ratio at 0.63 U/106 cell (2.9 x 107 
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molecules /cell) for sensitive cells and 3.3 U/106 cells (1.5 x 108 molecules/cell) 

for resistant cells (Table 3). Considering the killing rates individually, it was 

found that the maximum nisin killing rate for sensitive cells was 3.2 times of 

that of resistant cells (Table 3). 

The data on nisin killing rate indicated that resistant cells have a 

higher threshold for nisin killing action and a lower killing rate compared to 

that of sensitive cells. It is these two factors that made the nisin resistant 

population relatively more resistant to nisin. 

Temperature effect on nisin activity 

The effect of temperature on nisin's bactericidal and bacteriolytic 

activity was examined with both nisin resistant and sensitive cells. It was 

observed that nisin induced-cell lysis was temperature dependent for both 

resistant and sensitive cells ( Fig. 9 ). At 40C/ both resistant and sensitive cells 

did not lyse when the nisin concentration was 10 U/ml and the sensitive cells 

slightly lysed at 100 U/ml. At 37°C, both populations severely lysed at nisin 

concentrations of 10 U/ml, however, the sensitive cells lysed to a greater 

extent than resistant cells. The significant temperature effect on cell lysis 

suggested that nisin-induced cell lysis may involve the action of autolytic 

enzymes. It has been documented (Bierbaum and Sahl, 1985, 1987) that many 

cationic peptides that exhibit antimicrobial activity also stimulate autolysis in 

Gram-positive bacteria. Nisin and Pep 5 have been reported to stimulate the 
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autolysis of S. simulans 22 in addition to its membrane-disturbing properties 

(Bierbaum and Sahl, 1985,1987); the bacteriolytic effect of AS-48 ( basic peptide 

produced by Enterococcus faecalis S-48) was also reported to be associated with 

autolysin activation (G'alvez et al., 1990). Since autolysis was the result of 

enzymatic reaction (autolysins) and could be retarded at low temperatures 

(Lortal et al., 1991), the poor lysis induced by nisin at a low temperature in the 

present study may serve to indicate the involvement of autolysins in cell 

lysis. 

Fig. 10 portrays the viability of resistant and sensitive cells when 

incubated with nisin at 40C and 370C. It was observed that nisin was more 

effective at 370C than at 40C for killing both resistant and sensitive cells. It has 

been reported that nisin was more effective in killing Salmonella species 

(with EDTA) at 370C than at 40C ( Stevens et al., 1992 ). At lower 

temperatures, nisin-induced cell lysis may be retarted, while at higher 

temperatures, this process may be more active and may facilitate the 

bactericidal action of nisin. Changes in the physical properties of cell 

membranes at lower temperatures which may make the bacteria more 

resistant to nisin, is yet another possible reason. 

It was also observed that more resistant cells survived nisin exposure 

than sensitive cells at both 40C and 370C. At 40C, even though sensitive cells 

did not exhibited much lysis, their viability was much less than that of 

resistant cells (Fig. 9, Fig. 10). These results suggested that nisin-killed cells 
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not necessarly resulted in cell lysis and that nisin resistance observed for 

L. monocytogenes Scott A may not be related to autolytic response. For nisin 

killing action against L. monocytogenes Scott A, we propose that membrane 

damage is the first, fatal event, while nisin stimulated cell lysis is functioning 

as a secondary, cooperative effect. 

Hydrophobicity of resistant and sensitive cells 

Bacterial hydrophobicity is a term used to describe the hydrophobic 

properties conferred on bacteria cells by their outermost cell surfaces. Since 

the major part of the amino acid content of nisin are non-polar in nature, 

hydrophobic interactions between nisin and cell surfaces may have some 

effects on nisin killing efficiency (Henning, 1986). The hydrophobicity of the 

resistant and sensitive cells were compared in this study. It was observed that 

sensitive cells had a relatively higher hydrophobicity than resistant cells (Fig. 

12). The lower hydrophobicity observed for the resistant cells suggested that 

the affinity between nisin and resistant cells may be weaker then that between 

nisin and sensitive cells, which would make the resistant cells absorb less 

nisin compared to sensitive cells. Therefore, a less hydrophobic cell surface 

may provide another factor that contributes to nisin resistance. 

Difference in bacterial cell surface hydrophobicity may be influenced by 

cell surface composition. Some cell wall components were reported to be 

implicated in the hydrophobic reactions of Gram-positive bacteria (Hancock, 
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1991), such as proteins, lipoteichoic acids and lipids. It has been reported that 

there were significant differences in the cell surface components of 

methicillin-resistant cells of S. aureus and were attributed to the production 

of different anionic polymers on the surface (James, 1972). The particular cell 

surface components of the resistant cells that may be responsible for the 

observed decrease in hydrophobicity was not further investigated in this 

study. 

Cross-resistance between nisin and some antibiotics and inhibitors 

Table 4 lists the MIC of resistant and sensitive cells to other antibiotics 

and inhibitors. With all the antibiotics and inhibitors tested, the nisin 

resistant strain showed only a slight increase in resistance to polymyxin B 

which is also a peptide membrane disrupting agent. With the other nine 

antibiotics and metabolic inhibitors, nisin resistant cells were slightly less 

resistant than the nisin sensitive parent. These results indicated that nisin 

resistance observed for L. monocytogenes Scott A did not contribute to 

resistance to therapeutically important antibiotics and some metabolic 

inhibitors. The slightly less resistance to other antibiotics may be due to the 

less metabolic activity of the resistant mutant which was reflected by their 

reduced growth rate (Fig. 4) as compared to the sensitive parent. 

It has been reported in the literature that nisin resistant S. aureus 

(Carlson and Bauer, 1957) and lactic acid bacteria (Lipinska, 1977) did not 
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exhibit cross-resistance to medically important antibiotics. Our study with 

nisin resistant L. monocytogenes Scott A is consistent with these fundings. 

Resistance to several antibiotics have been documented for 

L. monocytogenes. Resistance to tetracycline, chloramphenicol, erythromycin, 

and streptomycin were reported as transferable plasmid-mediated traits 

(MacGowan, 1990). We failed to detect any plasmids in both resistant and 

sensitive strains of L. monocytogenes Scott A which is consistent with the 

results of Harris et al. (1991). These results suggested that the resistance 

mechanism of L. monocytogenes to nisin is specific for nisin and is not 

related to resistance to clinically important antibiotics. 

Restriction fragment length polymorphism analysis of genomic DNA of 

resistant and parent strains. 

Restriction fragment length polymorphism (RFLP) has been used for 

several years as an epidemiological tool for the study of viral or bacterial 

infection outbreaks. RFLP analysis of chromosomal DNA can be carried out 

with restriction endonucleases which infrequently cleave sites in the DNA. 

The use of infrequently cleaving enzymes followed by fragment separation by 

pulsed-field gel electrophoresis has been demonstrated to be a sensitive and 

reproducible method for the typing of bacterial species or subspecies otherwise 

difficult to study. This approach has recently been used for differentiating 

Listeria spp. as well as other bacterial species (Le Bourgeois et al., 1989). 
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In initial experiments, we found that both resistant and sensitive 

strains of L. monocytogenes Scott A were plasmid-free, and the resistance was 

quite stable (Table 2). Based on these two facts, we assumed that the resistance 

was genetically determined by some alternations in chromosomal DNA, and 

we attempted to detect those alterations by RFLP. 

Endonuclease Sma I and Apa I were reported (Howard et al., 1992) 

most useful for the separation of megabase-sized restriction fragments from 

strains representing different Listeria species. Generally, the number of sites 

recognized by a restriction endonuclease in a DNA molecule is dependent on 

the length of the recognition site and the respective base compositions of the 

DNA (McClelland et al., 1987). Listeria monocytogenes genomic DNA has a 

G+C content of 38% (Seeliger et al., 1986). Therefore, digestion with 

endonucleases recognizing G+C-rich sites would be expected to give rise to a 

small number of fragments. Enzymes Apa I and Sma I, which have 

recognition sites ( GGGCCC ) and ( CCCGGG ), were chosen for use in this 

study. 

Apa I digestion of L. monocytogenes DNA generated 15 fragments, 

whereas 17 fragments were obtained after Sma I digestion ( Fig. 13 ). The two 

restriction endonuclease digestion patterns of the nisin resistant strain 

L. monocytogenes R-2000 were identical to that of the parent ( Fig.13 ). 

Possible explanations for the Sma I and Apa I digestion patterns may include : 

(1) Nisin resistance may not be related to chromosomal rearrangements 
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involving deletions, insertions and inversions which were comparatively 

large genetic changes and could be detected easily. (2) The resistance may be 

related to some minor genome changes which would not cause the 

appearance or disappearance of recognizably different cut sites of both Sma I 

and Apa I. (3) The nisin resistance was not genetically determined by 

alterations in chromosomal DNA. 

It was reported that these two enzymes (Sma I and Apa I) could 

produce different digestion patterns among strains belonging to different 

serovars of L. monocytogenes (Carriere et al., 1991), but in a study using the 

same technique in identification of Lactococcus, it was also found 

(Tanskanen et al, 1990) that the Sma I digestion pattern of bacteriophage- 

resistant derivatives was identical to that of the parent strain. The genetic 

determinants of nisin resistance in L. monocytogenes Scott A R-2000 remains 

to be identified. 
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Fig. 5 a)        Survival plots of L. monocytogenes   Scott A R-2000 as a function 

of time at different concentrations of nisin in 50 mM phosphate 

buffer pH 6.5. 
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( —u— ) 50 U/ml   (  —«—   ) 100 U/ml of nisin. 
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Fig. 5 b)        Survival plot of L. monocytogenes Scott A (sensitive) as a 

function of time at different concentrations of nisin in 50 mM 

phosphate buffer pH 6.5, 

( —e— ) 0 U/ml ( —♦— ) 5 U/ml 

( —a— ) 50 U/ml of nisin. 
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Fig. 5 c) Survival plot of L. monocytogenes Scott A R-2000 as a function 

of time at different concentrations of nisin in BHI broth. 
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Fig. 5  d)        Survival plot of L. monocytogenes Scott A ( sensitive ) as a 

function of time at different concentrations of nisin   in BHI 

broth. 

(—o— ) 0 U/ml ( —♦— ) 10 U/ml 

( —o—) 50 U/ml ( —«—) 100 U/ml of nisin. 
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Fig. 6 Nisin lysis of protoplasts of L. monocytogenes Scott A resistant 

( R ) and sensitive ( S ) strains in protoplast buffer containing 

nisin for one hour at 370C. Lysis was indicated by the decrease in 

optical density ( O.D eoo)- 

( —a— ) R-10 U/ml (-*—) R-100 U/ml 

( —•— ) S-10 U/ml (—♦—) S-100 U/ml. 
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y = 7.3595e-2 + 0.32984*LOG(x)  RA2 = 0.982 

y= -1.7144e2 + 0.11679*LOG(x)   RA2 = 0.959 

—r- 
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Fig. 7 Nisin killing rates of L. monocytogenes  Scott A resistant 

( —Q— ) and sensitive ( —•— ) cells as a function of nisin 

concentrations in 50 mM phosphate buffer, pH 6.5. Killing rates 

( K ) were slopes of survival plots ( Fig. 5 a and b ). 
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Fig. 8 Nisin lysis rates of protoplasts from L. monocytogenes  Scott A 

resistant ( —o—   ) and sensitive ( —♦— ) cells as a function of 

nisin concentrations in protoplast buffer. Killing rates ( K ) were 

slopes of lysis curves of protoplasts from resistant and sensitive 

cells. 
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Fig. 9 Temperature effect on nisin induced lysis of L. monocytogenes 

Scott A resistant ( R ) and sensitive ( S ) cells. Log phase cells 

were washed once and suspended in 50mM phosphate buffer, 

pH 6.5. Nisin was added at different concentration, the samples 

were incubated at 40C and 370C respectively for one hour. 

Results are means of duplicates. 
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Fig. 10 Temperature effect on nisin bactericidal activity toward 

L. monocytogenes  Scott A resistant ( R ) and sensitive ( S ) cells. 

Nisin treatment was the same as in Fig. 9. Results are the means 

of duplicates. 
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Fig. 11 The comparative hydrophobicity of L. monocytogenes Scott A 

resistant (   ■   ) and sensitive (    0   ) cells. The assay was 

conducted by theBATH procedure of Rosenberg (1984). The 

decrease in cell suspension optical density (O D 600 ) occured 

because more hydrophobic cells partitioned into the organic 

phase (hexadecane). Hence, this served as a relative index of cell 

hydrophobicity. Results are the means of duplicates. 
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Fig. 12 Restriction fragment patterns of Sma I ( b, c, d, e) and Apa I 

( f, g, h, i ) digests of chromosomal DNA of L. monocytogenes 

Scott A resistant ( R ) and sensitive ( S ) cells. 

Lane a: lambda concatemers 

Lane b, d, f, h: R 

Lane c, e, g, i:   S 

Lane j: undigested control of R 

Lane k: undigested control of S 



72 

TABLE 3.      Comparison of nisin killing rates of resistant and sensitive 

strains of L. monocytogenes Scott A. 

Strains Original CFU/ml MKR*(l/min) Nisin/cell ratio for 

50% MKR 

Resistant 3X106 0.219 (100 U/ml) 3.3U/106 

cells 

Sensitive 8X106 0.691 (50 U/ml) 0.63U/106 

Resis tant/Sensitive 0.32 5.24 

MKR: Maximum killing rate ; data in parenthesis were nisin 

concentrations at which maximum killing rates were reached. 
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Table. 4 Minimum inhibition concentrations of L. monocytogenes 

Scott A and the resistant mutant R-2000 to antibiotics. 

Antibiotics   (ug/ml) Scott A R-2000 

CCCP 16 

DCCD 32 

D-cycloserine 32 

Cerulenin 16 

Rifampicin 32 

Chloramphenicol 16 

Vancomycin 16 

Streptomycin 32 

Erythromycin 0.125 

Polymyxin B(U/ml) 64 

CCCP : Carbonyl cyanide m -chlorophenylhydrazone. 

DCCD : N, N'-Dicyclohexylcarbodiimide. 

8 

16 

16 

8 

16 

8 

2 

8 

0.0625 

128 
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CHAPTER   4 

CORRELATION OF CELLULAR PHOSPHOLIPID CONTENT WITH 

NISIN RESISTANCE OF L. MONOCYTOGENES SCOTT A 

INTRODUCTION 

Nisin is the most thoroughly characterized bacteriocin among the 

antimicrobial peptides produced by lactic acid bacteria. As an effective and safe 

food preservative, nisin received international acceptance in 1969 and has 

found applications in the United States as a GRAS (generally recognized as 

safe) ingredient in processed cheese to prevent clostridial growth (FDA, 1988). 

The inhibitory activities of nisin toward some Gram-positive foodborne 

pathogens including L. monocytogenes have been approved 

(Benkerroum, 1988; Scott, 1981; Somers, 1981). The recognition of a nisin- 

sensitive strain of Streptococcus agalactiae becoming resistant was first 

observed during early studies on nisin by Hirsch (1950). The development of 

acquired or spontaneous nisin resistance has been reported for Staphylococcus 

aureus, Lactobacillus plantarum, Streptococcus thermophilus, several species 

of Bacillus and more recently L. monocytogenes (Chevalier, 1962; Jarvis 1968; 

Lipinska 1977; Harris et al. 1991). Even though nisin resistance has been 

observed for a long time, the mechanisms of nisin resistance other than 
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nisinase have not been determined. In the previously described studies in 

this thesis, we reported on the nisin resistance frequencies for several 

foodborne pathogenic bacteria and one possible mechanism of nisin 

resistance in L. monocytogenes Scott A. The present study was a continued 

investigation on nisin resistance in L. monocytogenes and was undertaken in 

an attempt to elucidate the correlation of cellular phospholipid changes with 

nisin resistance. 

MATERIALS AND METHODS 

Bacterial strains and growth media 

Listeria monocytogenes Scott A was from the author's laboratory and 

was cultivated and enumerated with brain-heart infusion (BHI) broth and 

agar. The nisin resistant mutant R-2000 was derived from L. monocytogenes 

Scott A by stepwise exposure to increasing concentrations of nisin in BHI 

broth (described previously in this thesis). 

Nisin 

High potency grade nisin was obtained from Alplin and Barrett, Ltd. 

(Dorset, U.K.). Activity was indicated as 37 x 106 U/g. Stock solutions (10,000 

U/ml) were prepared by solubilizing in distilled water acidified to pH 2 with 

0.02 N hydrochloric acid. Aliquots were kept frozen at -180C until used. 



76 

Extraction and identification of phospholipids 

Lipids were extracted directly from wet cell pellets of overnight cultures 

by the modified Bligh and Dyer procedure (Morris, 1972). 

Individual phospholipid components were separated by 

two-dimensional thin-layer chromatography on silica gel 60 plates using 

chloroform-methanol-28% ammonia ( 65:35:5 ) in vertical direction. Plates 

were then air-dried and developed with chloroform-acetone-methanol-acetic 

acid-water ( 5: 2: 1: 1: 0.5 ) in the horizontal direction. Individual 

phospholipids were identified by spraying the plates with ammonium 

molybdate reagent and then comparing plate their mobilities with those of 

standards obtained from the Sigma Chemical Company. (St. Louis). 

Phospholipids were quantified by estimating lipid phosphorus by the method 

of Bartlett (1959), as modified by Marinetti (1962). 

Release of phospholipids from cells 

Log phase cells ( O D 600 = 0.2-0.3 ) were washed once and suspended in 

0.85% saline at 1/50 of the original volume of the culture. After being 

incubated with nisin at 370C for 60 min, cells were removed by centrifugation 

at 8000 x g for 5 min. Lipids in the supernatant were extracted with the Bligh 

and Dyer procedure and then assayed for phospholipid phosphorus (1962). 
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Measurement of cell viability 

Cell viability was measured for the same batch of cells that were 

measured for release of phospholipids. Samples were taken before cells had 

been removed from cell/nisin suspensions. Viability of cells was determined 

by plate count. Results reported represent means of duplicate determinations. 

Electron microscopy 

Nisin-induced physical damage to resistant and sensitive cells was 

visually evaluated using transmission electron microscopy. Early log phase 

cells (O D600 = 0.2-0.3) were washed twice with 50mM phosphate buffer (pH 

6.5) and resuspended in the same buffer at the original volume. Nisin was 

added to a final concentration of 300 U/ml and cultures incubated at 370C for 2 

hours. Cells were removed from 3 ml of samples by centrifugation and 

resuspended in 0.5 ml fixative (McDowel and Trump, 1976). Preparation of 

samples for electron microscopy was carried out according to Wiegel and 

Dykstra (1984). 

Nisin binding affinity 

Early log phase cells were washed twice with 50 mM potassium 

phosphate buffer (pH 6.5) and suspended in the same buffer to the same 

volume. Nisin was added at different concentrations and incubated at 370C 

for 2 hours. Portions (100 ul) of supernatant of the cell/nisin suspensions 
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were added to wells in MRS agar plates seeded with 0.1% (V/V) of indicator 

bacteria {Pediococcus pentosaceus FBB-61-2). Samples were allowed to diffuse 

for 24 h at 40C prior to incubation at 370C for outgrowth of the indicator. 

Estimates of residual nisin activity in samples were obtained by measuring 

inhibition zone widths (the distance from the edge of the inhibition zone to 

the edge of the well) with a dial micrometer. The residue nisin activity was 

reported as percentage of the control (nisin in buffer without cells). 

RESULTS AND DISCUSSIONS 

Changes of phospholipid content of nisin resistant cells. 

It was observed (Table 5) that the development of nisin resistance was 

accompanied by a significant reduction in the content of total phospholipids 

( TPL ) (P < 0.001). This decrease was also reflected in the content of 

individual phospholipids. Three phospholipids: phosphatidylglycerol (PG), 

diphosphatidylglycerol (DPG) and bis-phosphatidylglyceryl phosphate (BPG), 

were isolated from both resistant and sensitive cells by two-dimensional TLC 

(Fig. 17) which was consistent with the results of Kosaric (Kosaric, 1971). 

There was a significant (P < 0.01) decrease in content of each of the three 

phospholipids. Earlier studies on the mode of action of nisin have suggested 

that the antimicrobial effect of nisin is caused by its interaction with 

phospholipids components of the cytoplasmic membrane (Henning et al.. 
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1986), and that the phospholipid composition of artificial membranes will 

affect the activity of nisin (Abee et al., 1991). Nisin is an amphiphilic molecule 

with a net positive charge (Pi=10.5). Henning et al. (1986) proposed that 

hydrophobic interaction between nisin's amino acid residues and fatty acids 

of membrane phospholipids was responsible for interactions between nisin 

and membrane that decreased its activity. On the other hand, the electrostatic 

reaction between nisin molecules and negatively charged phospholipids has 

also been considered as the primary reaction of the bactericidal action of nisin 

(Sahl et al., 1991). In both cases, phospholipids of bacterial cell membrane 

were strongly implicated as the target of nisin. In our study, nisin resistance 

observed for L. monocytogenes Scott A correlated with the reduction of 

phospholipids, which perhaps implies that the resistant cells may be less 

damaged because of the reduced amount of phospholipids which function as 

the targets of nisin. 

It has been proposed that a correlation exists between lipid 

composition and bacterial resistance to antibiotics (Vaczi, 1973). The reduction 

of phospholipid content was documented for polymyxin B (membrane 

disrupting peptide) resistance (Conrad et al., 1981; 1989) and ethambutol 

resistance in Mycobacterium tuberculosis (Sareen, 1990). The bacterial 

resistance to duramycin (related to nisin) was reported as originating from 

alterations of the phospholipid composition (Clejan et al., 1989). The nisin 

resistance observed for L. monocytogenes Scott A may share a similar 
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resistant mechanism with other peptide antibiotics promoted by the 

alteration of membrane phospholipids. 

The release of phospholipids from cells 

The experiment of phospholipids released by nisin from both resistant 

and sensitive cells provided additional evidence for the nature of nisin 

resistance. When treated with 300 U/ml of nisin in 0.85 % saline, sensitive 

cells lose about 45% of the cellular phospholipids while the resistant cells 

only lost 14% (Fig. 13). It was reported (Katsu et al., 1989) that amphophilic 

peptides gramicidin S and melittin stimulated the release of membrane 

phospholipids from bacterial cells. Sahl et al. (1991) has proposed that nisin 

forms pores on cell membranes which may be due to the formation of nisin- 

aggregate on the membrance. In this study, based on the data generated, we 

suggest that in the processes of pore formation, aggregated nisin molecules 

may pluck off cell membrane components which could be indicated by the 

release of phospholipids, analagous to the findings of Katsu et al. (1989). The 

lower amount of phospholipid released from resistant cells in this 

experiment indicated that nisin caused less damage to resistant cells, which 

made the population comparatively resistant to nisin. The reduction of 

phospholipids in the resistant cells may simply be the reason for the observed 

smaller amount of phospholipids being released by nisin. 
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Viability of resistant and sensitive cells after nisin treatment 

To find out the correlation between cell viability and phospholipid 

release after nisin treatment, the viability of both resistant and sensitive cells 

were measured for the same batch of cells that were subjected to phospholipid 

release by nisin. It was observed ( Fig. 14 ) that nisin kills sensitive cells more 

effectively than resistant cells. With 300 U/ml nisin treatment for one hour, 

3.1% of resistant cells survived, while for the sensitive cells in the same 

treatment, only 0.5% of the population survived. The fact that nisin killed a 

smaller amount of resistant cells than sensitive cells of L. monocytogenes 

Scott A was correlated with the smaller amount of phospholipids released 

from resistant cells and may have also resulted from the reduction in their 

membrane phospholipids. 

Cell membranes act as osmometers, permeability barriers and carry 

important functional units concerned with energy and macromolecular 

synthesis. In speaking about the bactericidal action of nisin, cell membrane 

damage has been suggested to be the major cause of cell death. It was 

demonstrated by single channel recording (Sahl et al., 1987) that nisin induced 

formation of transient multi-state pores and the pores had diameters in the 

range of 0.2-1 nm and a life time of a few to several hundred milliseconds. 

Although these pores were small, they were important to the viability of the 

cells. According to the pore-formation theory, we could assume that the 

threshold nisin concentration for cells to be killed depends on the number 
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and size of the pores formed on the target membrane. Nisin resistant cells 

have a reduced amount of phospholipids which may render them less 

susceptible because there are less target sites for nisin and thus less and 

perhaps smaller pores would formed on their membrane compared to that of 

sensitive cells. Although there is no direct evidence for this assumption yet, 

electron microscopy studies showed that resistent cells were less damaged 

than sensitive cells under the same nisin treatment (Fig. 17). 

Nisin binding ability of resistant and sensitive cells 

In our preliminary experiment, we found that no signifficant 

difference between nisin residual activity of pre-heated cell suspensions (80oC 

for 5 min.) and cell suspensions without heating for both resistant and 

sensitive cells, therefore, enzymatic digestion was eliminated as a major 

reason for reduced nisin activity since most of the proteins denatured during 

the heating. The decrease in nisin activity when cells incubated with nisin 

should be mainly resulted from cell binding of nisin. Fig. 15 illustrates the 

nisin binding ability of resistant and sensitive cells. We observed that more 

residual nisin activity was present in the supernatants of resistant cell 

suspension than in that of sensitive cells.This suggested that the resistant 

cells may be bind a lesser amount of nisin compared to sensitive cells. This 

observation may provide another explanation for nisin resistance. Nisin 

binding to a cell surface is the first event for its eventual bactericidal action 
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(Sahl et al., 1991). The data from nisin's activity on artificial membranes 

suggested (Abee et al., 1991) that there were no specific cell surface 

components that serve as the receptor for nisin binding, and that the activity 

of nisin was affected by phospholipid composition of the artificial 

membranes. This may indicate that it is the bulk membrane component 

(phospholipids) that serve as the initial nisin binding site. In this study, we 

found smaller amounts of nisin binding to resistant cells than to sensitive 

cells, which may be correlated with the reduction in the phospholipid content 

of resistant cell membranes. In the studies of a newly characterized bacteriocin 

AS-48, it was suggested that (G'alvez et al., 1989) the receptor for the 

bacteriocin was more general than specific, and cell membrane absorbed more 

bacteriocin than cell wall.  Moreover, they found that phospholipid (DPG) 

could absorb and neutralize the bacteriocin in vitro which suggested 

phospholipid could be the binding site of the bacteriocin. AS-48 is a peptide 

produced by Enterococcus faecalis S-48 and shares a similar size (8000)  and 

iso-electric point (10.5) (G'alvez et al., 1989) with nisin. Their results provided 

supportive evidence for the theory of phospholipids as the binding sites for 

nisin as well as other amphiphilic bacteriocins. The interaction with anionic 

phospholipids may be an essential step in biological activity of cationic 

peptides with a amphiphilic structure. 
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SUMMARY AND CONCLUSIONS 

Nisin resistance responses of L. monocytogenes Scott A were studied. 

Characterization of the nisin resistant mutant was conducted by comparison 

with its parent. The mutant was then examined for its fatty acid profile, 

phospholipid composition, phase transition temperature, nisin binding 

affinity, nisin killing kinetics, cell hydrophobicity, growth rate as well as cross- 

resistance to other antibiotics and inhibitors. 

From the data presented in this thesis, we present the following 

conclusions: 

1. Nisin resistance observed for L. monocytogenes Scott A was related 

to cell membrane structure and property changes. These changes occurred in 

fatty acid and phospholipid composition and content. The significant decrease 

in phospholipid contents was proposed to be the major contribution to the 

nisin resistance. 

2. The resistant cells may had less nisin binding affinity which may 

relate to the decrease in phospholipid content. The cell surfaces of the mutant 

were less hydrophobic than that of the sensitive parent, which may also be 

related to its weaker affinity for nisin binding and thus greater nisin 

resistance. 

3. The resistant cells had a higher phase transition temperature and 

significantly decreased specific growth rate at lower temperatures, both of 

which may directly relate to the higher percentage of straight chain fatty acids 
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and lower percentage of branched fatty acids of the cell membrane. 

4. The resistant cells had a higher threshold and lower killing rate for 

nisin killing action in comparison with the parent. 

5. Nisin was more effective at 370C than at 4°C for both resistant and 

sensitive cells of L.monocytogenes Scott A. 

6. Nisin stimulated cell autolysis which may enhance nisin's 

bactericidal action. Membrane damage is the first, cidal event while nisin 

induced cell lysis is likely a secondary, cooperative effect. 
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Fig. 13 Comparison of phospholipids released from L. monocytogenes 

Scott A resistant ( ES   ) and sensitive ( ■ ) cells by nisin. Log 

phase cells were washed once and suspended in 0.85 % saline 

at about lO^CFU/ml, different concentrations of nisin were 

added and incubated at 370C for one hour. Phospholipids 

released from cells were analyzed after cells had been removed. 

The data is presented as percentages of equivalent amount of 

whole cell phospholipids. 
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Fig. 14 The viability of L. monocytogenes Scott A resistant (   GS    ) and 

sensitive (   ■    ) cells after nisin treatment (same treatment as 

in Fig. 13, samples were taken before cells been removed). 
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Fig. 15 The comparison of nisin binding ability of L. monocytogenes 

Scott A resistant (  0   ) and sensitive (   ■   ) cells. Log phase 

cells were washed once and suspended in 50mM phosphate 

buffer, pH 6.5, different concentrations of nisin were added 

and incubated at 370C for one hour. Portions of 100 ul of 

supernatant were put into well plates seeded with indicator 

bacteria. Residue nisin activity was presented as percentage of 

control (nisin in same buffer without cells). 
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Fig. 16 Individual phospholipid components of L. monocytogenes 

Scott A were separated by two-dimensional thin-layer 

chromatography. The TLC was run on silica gel 60 plates using 

the solvent system chloroform-methanol-28% ammonia 

(65:35:5) in vertical direction, air-dried and then developed with 

chloroform-acetone-methanol-acetic acid-water ( 5: 2: 1: 1: 0.5 ) in 

the horizontal direction. The individual phospholipids were 

identified by comparing their mobilities on plates with those of 

standards obtained from Sigma chemical company (St. Louis). 
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Fig. 17 Electron micrographs of L. monocytogenes Scott A resistant ( A ) 

and sensitive ( B ) cells exposed to 300 U/ml nisin for 2 hours. 
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Table 5.   Comparsion of phospholipid ( PL ) contents of nisin resistant and 
sensitive strains of L. monocytogenes Scott A 

Individual PL* 

Strains Total PL* % of reduction PG DPG BPG 

Resistant      31.32+1.7 32 11.71+1.4       10.78+0.9       4.83+0.25 

Sensitive       46.1+2.2 15.62+ 2.0       18.43+1.3 5.65+0.4 

* mg/g [dry weight] of cells. Values are means + standard deviations of three 
different batches. 

PG:    Phosphatidylglycerol; 
DPG: Diphosphatidylglycerol; 
BPG: Bis-phospfatidylglyceryl phosphate. 
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