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De verlaagde activiteit van hybride classe Ha bacteriocines in de studie van Fimland et
al. hangt samen met de aard van de ¢-helix in deze peptiden.

- Dit proefschrift,
- Fimland, G. et al. 1996. New biclogically active hybrid bacterioeins constructed by combining regions fram various pediocin-like
bacteriocins: the C-termiral region is important for datermining specificity. Apaol. Enviren. Microbial. 62, 3313-3318.

Bij de conclusie dat de werking van pediocine PA-1 geen eiwit-receptor vereist gaan
Chen et al. voorbij aan de mogelijkheid dat de gebruikte lipiden-extracten in hun lipo-
somenstudies nog hydrophobe eiwitten of peptiden bevatten.

- Chen, Y. et al. 1997. Functional characterization of pediocin PA-1 binding to liposomes in the absence of a protein receptor and its
relationship to a predicted tertiary structure. Appl. Environ. Micrabiol. 63, 524-531.

Het grote aantal verschillende namen van bacteriocines suggereert ten onrechte een
even groot aantal verschillende verbindingen.
- Onder meer dit proefschrift.

Bij de extrapolatie van resultaten verkregen d.m.v. modelsystemen naar de praktijk-
situatie dient de nodige zorgvuldigheid in acht te worden genomen.

- Dit proetschrift,
- Gai, Y. et al. 1997. |splation and characterization of nisin-produzing Lactoceseus lactis subsp. Jagtis from hean sprouts. J. Appl.
Microbial. 83, 438-507.

Om de micrabiologische veiligheid van verse groenten te garanderen zijn hygiénische
omstandigheden tijdens teelt, bewerking en distributie noodzakelijk, alhoewel ook de
consument een deel van de verantwoordelijkheid moet nemen.

- Hyde, B. 1997. Consumers conc¢erned about food contamination don’t use safe practices at home, ASM News, 68: 352,

Bij een toenemende internationale handel in verse voedingsmiddelen zal niet alleen de
omvang, maar ook de aard van voedselinfecties veranderen.
- Mahaon, B.E. et al. 1997. An international cutbreak of Salmanefia infections caused by alfalfa sprouts grown from contamined seeds.

J. Infact. Disaases 175{4): 876-882.
- Monge, R., et al. 1996. Occurrence of parasites and intestinal bacteria in vegetables that are consumed raw in Costa Rica. Rev. Biol.
Trop. 44 369-375.

Inburgeren in de VS is een kwestie van meer ‘burgers’.
Wetenschap brengt ons verder, ook van huis.

False facts are highly injurious to the progress of science, for they often endure long;
but false views, if supported by some evidence, do little harm, for everyone takes a
salutary pleasure in proving their falseness; and when this is done, one path toward
error is closed and the road to truth is often at the same time opened.

~ Charles Darwin
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INTRODUCTIAQN

CHAPTER 1
General introduction

Postharvest losses of both fresh and freshly processed agricultural produce have been esti-
mated to be as high as 25 to 40% of the total production {132). These can be the result of inade-
quate control of physiological and microbiological deterioration processes that occur during stor-
age, handling, transport and retailing {132). To counteract postharvest losses, the use of modified
atmosphere (MA} storage techniques has increased for bulk storage, but also for consurner-sized
packages. Moreover, MA packaging complies with recent trends toward the use of healthy conven-
ient foods, that are minimally processed and less heavily preserved as compared with traditionally
processed foods {85). This introduction focuses on the quality and safety aspects of fresh and mini-
mally processed vegetables that are packaged under MA conditions, and introduces biopreserva-
tion, based on the use of lactic acid bacteria {(LAB), as a potential safety measure.

1. Modified atmosphere packaging of vegetables

1.1 General characteristics

MA packaging in combination with refrigeration can effectively prolong the shelflife of
fresh and minimally processed vegetables. Unlike other perishable foods that are packed under
MA conditions, such as meats, fresh vegetables continue to respire. As a consequence, oxygen {O;)
is consumed and carbon dioxide (CO,) is produced inside the package. Favorable gas concentra-
tions for the storage of vegetables are in the range of 1 to 5% O, and 5 to 10% CO, {112,113}. Under
these reduced O, and elevated CO, conditions, the respiration rate of the product, which is posi-
tively associated with maturation and change of quality {e.g. softening, enzymic browning), is
decreased. In addition, MA conditions can reduce micrabial spoilage of the product (83,134). The
antimicrobial effect of MA conditions is considered to result mainly from elevated concentrations
of CO,, which can reduce the intracellular pH and interfere with the cellular metabolism by the
diffusion of H,CO4 across the bacterial membrane (56,195).

The equilibrium gas atmosphere inside the package depends on the gas diffusion proper-
ties of the packaging material, and the respiratory activity of the produce (50,83,113). The latter
activity is affected by intrinsic factors such as the size/variety of produce and the stage of matura-
tion, but also by external factors such as temperature, processing, relative humidity, fill weight,
pack volume, film surface area, and the degree of illumination {49). Both high barrier package
films and films with excessive permeability are known to have adverse effects. In the case of a
high barrier film, undesirable situations may arise from the depletion of O,, which leads to
anaerobic respiration of the product and sebsequently yields olf-odors and off-flavors. Conversely,
the use of a film of excessive permeability will result in little or no favorable change in the
atmosphere inside the package. In general, optimal equilibrium MA conditions can be achieved
with the use of a film with intermediate permeability and careful consideration of the above men-
tioned factors for each commodity.
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1.2 Microbiological quality and safety of MA stored produce

Fresh or refrigerated minimally processed vegetables normally contain epiphytic microor-
ganisms that can cause spoilage (e.g.. Enterabacteriaceae, Pseudomonas species, lactic acid bacteria)
but they are considered harmless to the consumer (reviewed in reference 148). In addition to spoilage
bacteria, these products may incidently harbor pathogens. Especially the ability of cold tolerant
pathogens to grow during storage is considered a potental safety hazard. Several studies have
demonstrated the presence of Listeria monacytogenes on minimally processed vegetables (30,167,170).
Other psychrotrophic pathogens, such as Aeromonas hydrophila and Yersinia enterocolitica are a con-
cern as well (18). Furthermore, mesophylic pathogens, such as Sa/monella typhimurium and Staphylo-
coccus aurens can proliferate at abuse temperatures (reviewed in reference 148). Also the possibie
growth of strictly anaerobic pathogens, such as Clostridium botulinum, cannot be ignored when a MA
package is used that allows the total depletion of O,.

MA storage has been reported to suppress the growth of spoilage bacteria, especially
Pseudomonas species, several of which can cause soft rot {134), but detailed studies on the effects of
gas atmospheres on the prevailing vegetable-associated microorganisms are limited. High CO,
concentrations have also been shown to suppress the growth of pathogens in a range of packed,
nonrespiring products and in laboratory media, but CO, concentrations that were applied ex-
ceeded the levels that are generally tolerated by vegetable produce. On minimally processed MA-
stored vegetables that were stored under refrigerated conditions, however, the growth of L mono-
cytogenes was not suppressed as compared with ambient conditions {12,35).

Although refrigerated MA packaging prolongs the initial fresh state and the shelf life of
the product, it must be noted that it cannot overcome hygienic abuses in the production or han-
dling of a product. Both a good physiological and microbiological quality of the product at the
onset of storage is therefore essential. To avoid the potential hazard of pathogens in practice, ade-
quate measures should be applied to prevent contamination during cultivation and processing. In
addition, extra safety factors may be required for the safe use of MA stored vegetables.

2. Biopreservation by the use of lactic acid bacteria

2.1 The antimicrobial traits of lactic acid bacteria

Lactic acid bacteria can inhibit or eliminate the growth of a wide range of microorgan-
isms, including bacteria, yeasts and fungi, by the production of a variety of antimicrobial com-
pounds, such as organic acids, diacetyl, hydrogen peroxide, enzymes, defective phages, lytic
agents and antimicrobial peptides (bacteriocins) (23,131,162).

Since the addition of chemical preservatives to foods has fallen in disfavor with consumers,
there has been a large interest in the apptication of natural antimicrobial agents in foods {86). In
this respect, LAB and their antimicrobial compounds could play an important role as biopreserva-
tion agents to extend the storage life and safety of products, including MA packaged vegetables.
An additional favorable characteristic of LAB is their GRAS {GENERALLY RECOGNIZED AS SAFE) status,
which is mainly based on the fact that they have been used for centuries to produce stable foods
(e.g. dairy, yogurt, sausages, sauerkraut) without negative effects on the health of consumers (196).
In particular, bacteriocins of LAB have provoked a great deal of interest for their potential as non-
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toxic preservatives {53). Their characteristics and potential application in food preservation will be
addressed below.

2.2 Bacteriocins produced by lactic acid bacteria

2.2.a Definition and classification

Bacteriocins are antimicrobial peptides and proteins which are ribosomally synthesized by
bacteria {175). Although bacteriocin research was initially focused on proteins which are produced
by Gram-negative bacteria (125), a large number of chemicaily diverse bacteriocins of Gram-
positive bacteria have recently been identified and characterized, particularly those produced by
LAB {184). Biochemical and genetic studies have enabled the classification of the latter bacteriocins
into the following classes {121):

| Lantibiotics. These are defined as small heat-stable membrane active peptides which
contain posttranslationally modified amino acids (i.e. lanthionine, p-methyl lanthionine
and dehydrated amino acids [dehydroalanine and/ar dehydrabutyrinel).

I Small (< 5 kDa), heat-stable membhrane active bacteriocins that are characterized by the
absence of unusual amino acids and the presence of a double glycine processing site
in the leader sequence of the precursor. Most of the bacteriocins of LAB that have been
characterized to date belong to this class in which three major subclasses are distin-
guished:
lBa Bacteriocins with activity towards Listeria monocytogenes, containing a consensus
sequence at the N-terminus: Tyr-Gly-Asn-Gly-Val-Xaa-Cys (Xaa is His, Thr, Ser or Tyr}.
The bacteriocins pediocin PA-1 and mundticin, which are investigated in this thesis, are
members of this class.

b Bacteriocins that form pores which require two peptides for activity.
Bc Thiol-activated peptides that require reduced cysteines for activity.

mn Large (> 30 kDa) heat-labile proteins bacteriocins.

A fourth class of bacteriocins has been proposed, consisting of complex bacteriocins that
are composed of a protein plus one or more nonproteinaceous moieties (lipid, carbohydrates).
However, these bacteriocins have not yet been characterized adequately at a biochemical level and
the recognition of this class seems therefore premature to date (147).

Members of class I and II have been isolated and characterized most frequently, and have
been intensively studied because they are prominent candidates for industrial application. These
compounds are synthesized as inactive prepeptides, which are activated upon cleavage of the
leader sequence. For a detailed description of the biochemical properties and the characterization
of the genes involved in production, immunity, secretion and regulation of production of lantibio-
tics and class II bacteriocins, the reader is referred to several extensive reviews {51,104,111,121-
123,147,168}.
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2.2.b Mode of action

Of the class I bacteriocins that are produced by LAB, nisin A is a prominent member of
which the mode of action has been studied in detail {57,111). Although over 15 class II bacteriocins
have been characterized at the genetic level, the mode of action has only been studied in detail
for lactococcins A and B (182,185), mesenterocin Y105 (136), pediocin PA-1 (39}, lactacin F (3}, and
plantaricin C (81).

The class I and II bacteriocins have a number of characteristics in common: a molecular
mass of 3 to 6 kDa, a high isoelectric point, and an amphiphilic, hydrophobic nature, In addition,
they share the capacity to permeate the cytoplasmic membranes of target cells by the formation
of oligomeric pores (57,151,187). The formation of pores subsequently causes an efflux of small cyto-
plasmic molecules and icns from the target cells and a dissipation of the proton motive force,
which eventually may lead to cell death (39,72,164).

The mode of action of class I and II bacteriocins differs in some aspects: whereas nisin is
believed to inhibit the growth of sensitive organisms in a voltage-dependent way in absence of a
protein receptor {57,72}, pediocin PA-1, lactococcin A and B and plantaricin C were found to act in
a voltage-independent and protein receptor-mediated way (39,81,96,145). More detailed information
on the mode of action of the lantibiotics and dass I1 bacteriocins can be found in recent reviews
and books {2,111,187).

2.3 Application of bacteriocins and bacteriocin-producing strains

Several factors have contributed to extensive research aimed at the application of bacterio-
cinogenic strains and their bacteriocins to preserve foods. These include the consumers’ resistance
to, and concern about the safety of chemical preservatives, the realization that LAB are naturally
occurring on a wide variety of foods, and the approval of the bacteriocin nisin A for use in certain
pasteurized cheese spreads by the FDA. Nisin A is currently permitted in at least 50 countries for
the inhibition of sporeforming bacteria {clostridia, bacilli) in cheeses and canned foods, and is the
only bacteriocin within the EU with a full legal status as a food additive to date (E234). Its broad
spectrum of activity towards Gram-positive bacteria (inciuding pathogens such as listeria monocyt-
ogenes, Staphylococcus aureus, and Clostridium botulinum), its heat stability at low pH. and nontoxic
nature have promoted its use in food processing and fermentation {(31,183).

A number of bacteriocins of LAB other than nisin also exhibit fairly broad spectra of inhi-
bition, which might make them suitable candidates for improvement of food safety {40,157,194,198).
Of special interest are the heat stable class Ila bacteriocins, which generally show antimicrobial
activity towards {. monocytegenes, but may also inhibit the growth of other Gram-positive patho-
gens {121). For industrial applications, it is noteworthy that these compounds are usually active
over a wide pH range, whereas nisin has the highest antimicrobial activity at a low pH. In addi-
tion, the production of these compounds does not involve posttranslational modifications, and
consequently does not require complex biosynthesis pathways. Class Ila bacteriocins have now
been reported to be produced by a wide variety of LAB including Pediococcus (41,105,139,146), Lacto-
bacilius (64,102,128,179), Carnobacterium {20,109,158}, Enterococcus (8, AND THIS THESIS), and Leuconostoc
(94,95).
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The inhibitory spectra of most other LAB bacteriocins than those mentioned above are
limited to bacteria that are closely related to the producer. Rather than for biopreservation, strains
that produce such narrow spectrum bacteriocins are interesting from a food quality point of view,
since they can be used as starter cultures in fermentations. Several of these narrow spectrum hac-
teriocinogenic LAB have been demonstrated to inhibit the growth of competing spoilage bacteria
more effectively as compared with their nonpreducing counterparts (53,93,188,190). Applications of
bacteriocins in foods have been reviewed frequently {53,89,162,172).

It has become evident that the production of a certain bacteriocin is not necessarily linked
to one species or restricted o organisms sharing the same environment. This is exemplified by the
characterization of a number of identical bacteriocins that are produced by different strains which
were isolated from a variety of food products: pediocin PA-1, AcH, |D and Bac by Pediococcus acidi-
lactici, Lactobacillus plantarum and P, parvelus {41,64,105,139,146, AND THIS THESIS); sakacin 674, sakacin P
and bavaricin A by L sake and L. bavaricus (102,128,179); or curvacin A and sakacin A by L curvatus
and L sake {102,178). In addition, the production of different bacteriocins by a single organism has
been reported for several LAB {20,158,181). Evidently, the application of LAB bacteriocins as preser-
vatives in foods requires a full characterization of the compounds that are produced.

2.3.a Modes of application

The application of bacteriocins in food systems can be achieved by three basic methods:

1 The use of a pure culture of the viable hacteriocin-producing LAB. This offers an indi-
rect way to incorporate bacteriocins in a food product. The success of this method
depends on the ability of the LAB to grow and produce the bacteriocin to the desired
extent in the food under the prevailing environmental conditions {e.g., composition of
the food, temperature, pH, gas atmosphere)

n Application of a crude bacteriocin preparation obtained by growing the bacteriocin
producing LAB on a complex, natural substrate (e.g. milk). This method provides a
bacteriocin preparation of known and constant activity and is currently employed for
the production of nisin preparations on an industrial scale.

[[]] The use of a {(semi-)purified preparation of the bacteriocin. Here, the dosage of the bac-
teriocin is accurate and its effect is therefore more predictable. However, the applica-
tion of this method is limited as a result of national regulations on food additives.

2.3.b Considerations for application

The success of the application of a bacteriocin or its producing strain to inhibit the growth
of pathogenic or spoilage bacteria in foods depends on multiple factors. Firstly, as with all other
preservative compounds, target bacteria may possess a certain degree of tolerance or resistance to
bacteriocins or develop this upon prolonged exposure {47,142). Both the cell wall constitution and
the membrane lipid composition have been demonstrated to be involved in acquired bacteriocin
resistance (48,137,142). Secondly, the inhibitory action of these antimicrobial peptides is only di-

13
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rected towards Gram-positive bacteria and can vary considerably between different genera, species
of genera, identical species, and even for identical cultures under different environmental condi-
tions (4,93,121). The exact factors that account for the naturally occurring variability in bacteriocin
susceptibility have yet to be clarified. Thirdly, there are intrinsic factars in foods, such as pH and
temperature, that can influence both the bacteriocin production and the activity of bacteriocins
{115). The effectiveness of bacteriocins can furthermore be compromised by proteolytic cleavage,
and by adsorption of these hydrophobic compounds to fats and phospholipids in the food matrix.
Finaily, when using viable cultures, the primary requirement is that optimal growth and bacterio-
cin production take place under the prevailing processing or storage conditions. The size of the
inoculum applied may determine whether or not the bacteriocinogenic strain can outgrow the
competing microflora, but may also be important in the view that bacteriocin preduction can be
an autoregulated process (122),

Given the above concerns, adequate control of the growth of both pathogens and com-
peting microflora requires extensive knowledge of factors that determine susceptibility and resis-
tance of Gram-positive bacteria towards bacteriocins.

3. Outline of this thesis

This dissertation comprises studies that deal with the microbiological quality and safety of
minimally processed vegetables which are stored under refrigerated modified atimosphere condi-
tions, and the use of bacteriocinogenic LAB cultures and their bacteriocins as potential safety
measures,

Chapter 1 gives a short introduction to MA packaging of vegetables and the general
microbiological characteristics of this type of products. It furthermore describes the possibility to
introduce LAB and their antimicrobial peptides as an additional barrier to the growth of patho-
gens.

Chapter 2 describes the composition of the spoilage microflora on produce during MA
storage. Representatives of the predominant spoilage bacteria were evaluated for their growth
under various constant gas atmnospheres in an agar model system.

In Chapter 3, we investigated the influence of different oxygen and carbon dioxide con-
centrations on the growth of psychrotrophic pathogens that may be present on minimally proces-
sed vegetables.

Chapter 4 describes the isolation of vegetable-associated bacteriocinogenic LAB. The
broad spectrum bacteriocins produced by two strains of Pedioccus parvulus were further character-
ized by both genetic and biochemical techniques.

The identification and characterization of a novel broad spectrum bacteriocin from
Enterococcus mundtii is the subject of Chapter 5. Having established its membrane active bacterici-
dal action, we performed further structural analysis on this bacteriocin, and related peptides.

To obtain better insight into the natural variability in the susceptibility of closely related
Gram-positive bacteria towards bacteriocins, we selected two sets of strains with 100 to 1000 fold
differences in sensitivity towards bacteriocins, and studied the effect of bacteriocins on physiologi-
cal responses of whole cells in conjunction with their membrane lipid properties (Chapter 6).

In Chapter 7, we have investigated the use of P parvulus and E. mundtii and their bacterio-
cins as biopreservation agents to control the growth of Listeria monocytogenes in a vegetable model
systemn, and on minimally processed vegetables that were stored under MA conditions.
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CHAPTER 2

The influence of oxygen and carbon dioxide on
the growth of prevalent Enterobacteriaceae
and Pseudomonas species isolated from fresh
and modified atmosphere stored vegetables

Marjon H. J. Bennik, Werner Vorstman, Eddy J. Smid, Leon 6.M. Gorris
Food Microbiology, submitted for publication

ABSTRACT

To obtain more insight into the specific impact of Modified Atmosphere (MA) pack-
aging on the composition of the epiphytic microflora of minimally processed vegetables, we
determined the pravalent bacteria on cut chicory endive and mungbean sprouts before and
after storage under constant MA conditions at 8°C. On both fresh and MA stored mung bean
sprouts, Enterobacter cloacea, Pantoea agglomerans, Pseudomonas fluorescens, Ps. viridilivi-
da and Ps. corrugata constituted the main species. By contrast, we observed a shift from
Rahnella aquatilis and several Pseudomonas spacies towards Escherichia vulneris and Ps.
fluorescens on chicory endive before and after MA storage. For the prevalent epiphytes, an
agar model system was used to quantify the growth in pure culture at 8°C under 1.5 or 21%
O, in combination with 0, &, 20, or 50% CO,. In general, the varicus MA conditions tested had
no strong influence on maximum population densities, while lag times wers not detected. For
each of the strains, however, maximum specific growth rates were reduced at increased CO,
concentrations, independent of the O, concentration applied. This effect was more pronoun-
ced for Pseudomonas species than for Enterobacteriaceae. Notably, the agar model study
showed that individual species of Pseudomonas or Enterobacteriaceae responded similarly to
specific MA conditions applied, which did not correlate with the shift in the predominent spe-
cies observed on chicory endive. The data obtained underline the complexity of the ecological
conditions to which microorganisms on MA-packaged vegetables are subjected. Our results
substantiate the merely partial suppression of the microflora under MA conditions optimal for
minimally processed vegetable products. A possible implication for food safety is discussed.

INTRODUCTION

The shelf life of minimally processed vegetables can be prolonged by refrigerated storage
under modified atmospheres (MA). These products harbor large and diverse populations of micro-
organisms, including potential spoilage organisms, that may rapidly multiply during storage {148}.
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While nonrespiring products can be exposed to very high CO; concentrations and/or
anaerobic conditions to suppress the growth of undesirable organisms {67, fresh vegetables re-
quire the presence of O, and do not tolerate high levels of CO, to maintain their metabolic func-
tions {153,154). Under typical MA storage conditions, e.g. 1 to 5% O, in combination with 5 to 10%
CO, (112), the extended shelf life of vegetables is thought to result from a lowered product respira-
tion and inhibition of the growth of spoilage microorganisms {46,67). The inhibitory effect of CO,
on the growth of bacteria is believed to result from diffusion of H,CO across the bacterial mem-
brane, thereby causing intracellular changes in pH which may affect enzymes that are involved in
metabolic routes in the cell {56,195). This effect is stronger at low temperatures because of its better
solubility at decreased temperature {34).

Generally, the microflora on vegetables primarily consists of epiphytic strains of Enterobac-
teriaceae and Pseudomonas species, whereas lactic acid bacteria (LAB} and fungi may be present at
relatively lower numbers {148}. Occasionally, pathogens can occur due to the use of contaminated
irrigation water or organic fertilizer during cultivation or as a consequence of insufficient hygiene
during processing (18,148}, A suppression of the outgrowth of pathogens by isolates from the epi-
phytic microflora on minimally processed vegetables was previously observed and indicates that
these epiphytes may play a role in assuring the safety of these nonsterile products {12,36}.

Whereas MA packaging can cause specific changes in the composition of the microflora
due to changes in the gas atmosphere, characteristics of this microflora on produce are generally
monitored only for major groups of microorganisms. Information on the specific effect of MA con-
ditions on the individual microorganisms residing on produce is insufficient to address a possible
link to product safety. To gain more insight in this matter, we identified the prevailing epiphytic
microflora before and after MA storage of minimally processed vegetables, using chicory endive
and mungbean sprouts as representative products. Subsequently, representatives of the predomi-
nant Enterobacteriaceae and Pseudomonas strains were individually evaluated for their growth
under various constant gas atmospheres in a previously described agar model system (14) using
conditions relevant to MA packaged vegetables.

MATERIALS AND METHODS

Products and storage. Chicory endive (Cicherium intybus L, var. foliosum) was purchased from a local retailer and,
after removal of the outer leaves and the kernel, aseptically cutin 1 cm pieces across the midrib. Mungbean sprouts
(Vigna radiata (L.} Wilczek} were obtained directly from a local grower. The veqgstahlies were incubated under con-
trolled gas atmospheres at 8°C, thereby mimicking equilibrium gas conditions inside packages of vegetables {1.5%
0., 20% CO5, 78.5% N,). Controls for storage under ambiant conditions were taken along by storing both products
under 21% 0y, 0% £0,, 78% N,. The gas concantrations were set and controlled as previously described [14).

Isglation and enumeration of micro-organisms. Duplicate samples {25 g) of 2ach of the products were taken at day
0,1,3,6 9and 13 and diluted with 0.85% NaCl suppiemented with 225 ml of 0.1% (w/v) peptone {peptone salt solu-
tion). After blending in a Stomacher Lab-blender (Seward Labaratary, London) for 1 min, dilutions were plated in
duplicate onto appropriate media for the enumeration of different groups of microerganisms, The media and cultu-
ring conditions used were as follows: mesophilic aerobes, Plate Count agar (PCA) (Oxoid, Basingstoks, England)
incubated for 3 d at 30°C; Psevdomonas species, Pseudomonas agar base {Oxoid} containing cephaloridine-fucidin-
cetrimide (CFC agar) |Oxoid}, incubated for 2 d at 30°C; coliform bacteria, violet red bile glucose {VRBG) agar (Oxoid)
incubated at 30°C for 1 d; lactic acid bacteria, Rogosa agar (Merck, Darmstadt, Germany} incubated under an 04
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depleted/C05-enriched atmosphere in gas tight jars with Anaerocult C pouches (Merck) at 30°C for 3to 5 d.

Selection snd identification of micro-organisms. Twentyfive colonigs were randomly isolated from the greatest ditu-
tion of VRBG and CFC agar plates after 0 and 7 days of storage of chicory and mungbean sprouts {under 1.5% 0,
20% €Oy, 78.5% N,}. Subsequently, colonies were purified by repeated subculture on PCA. Samples from plates
incubated for 24 h at 30°C were used for Gram stains, oxidase test by the use oxidase strips {Merck), catalase pro-
duction, and oxidative or fermentative utilization of glucose (144). Members of the Enterobacteriaceae, which were
isolated from VRBG, were further identified by using the Biolog GN MicroPlates system (Biclog Inc., Hayward, CA).
Pseudomonads were grouped according ta their capability of arginine hydrolysis, production of exopigment, and
nitrate reduction (144), and subsequently identifiad by the Biolog GN system.

Culturing conditions of selected strains and inoculation of plates. Purified strains were stored at -80°C in brain
heart infusion broth (BHI} {Oxoid) containing 20% glyceral. Prior to use, Enferobacteriaceae and Pseudomonas isola-
tes were cultured in BHI broth at 30°C for 24 hours, and subsequently subcultured for another 16 hours, using 0.1%
inocula. The agar plates to be incubated under modified atmospheres were inoculated with early-stationary-phase
cultures, which were diluted in peptone salt to approximately 5.5 x 108 colony forming units {cfu} per m. 50 wl sam-
ples of diluted culture were surface-spread onto B0 mm diameter Petri dishes, containing 9 ml of BHI agar to give an
estimated initial populations of bacteria of 1 x 104 cfu.cm~Z. Unless stated otherwise, the medium was buffered at pH
7.2 with phosphate buffer (0.1M), using equimolar amounts of sodium and potassium phosphate (Na/K P;). Contro!
experiments for the acidifying effect of 50% CO were carried out with buffered medium adjusted to pH 6.7 (14},

Storage asd analysis of inoculated agar plates under modified gas phase atmospheres. Plates inoculated with pure
cultures were stored at 8°C as described previously {14). In short, incculated agar plates were incubated in flasks
that were continuously flushed (flow rate = 200 ml.min~1) with 1.5 or 21% 0y, combined with 0, 5, 20, or 50% CO, at
8°C. The remainder of each atmosphere was made up to 100% with Ny. At day 1,2, 4, 7,9 and 13 the last flask of a
series was disconnected from the flow through system, which anabled plates to be removed individually, without
disturbing the gas conditions of the remaining plates. Viable counts on the surface of the agar were determined in
duplicate and expressed as cfu.cm=2, using BHI medium for £nferobacteriaceas and Pseudomonas species.

Data handling. Bacterial growth data were fitted by the Dmodel {IFR inhouse model, provided by Joszef Baranyi,
Institute of Food Research, Reading, England} to render the lag time {}, the maximum pepulation density (MPD), the
maximurn specific growth rate (u,,) and the standard errors (se) of the estimates (10}.

RESULTS

Microbial populations during modified atmesphere storage. Fresh mungbean sprouts had a high
initial microbial load of approximately 1 x 107 cfu.g~! on PCA. These numbers increased to
approximately 1 x 109 cfu.g ! during MA storage for 9 days at 8°C. The microflora on this product
primarily consisted of Entsrobacteriaceae and Pseudomonas species, with LAB being present at an
approximate 1000-fold lower number. A 3 day lag phase was apparent for the LAB, and despite a
50% higher maximum specific growth rate of this population as compared with the Enterobacte-
riaceas and Psoudomonas, their numbers remained 3 log units lower.

The initial microflora on fresh cut chicory endive was approximately 1 x 10% cfu.g-! on
PCA, and reached a maximum population density of approximately 1 x 108 cfu.g!after 9 days of
storage. The microflora on chicory mainly consisted of Enterobacteriaceae, Pseudomonas species and
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LAB, with the former two groups dominating after storage under the selected MA condition. The
growth rates of the entire populations of Enterobacteriaceae and Pseuvdomonas species on this prod-
uct were approximately 2.5 fold higher than on mung bean sprouts.

Both products had a good appearance after 9 to 13 days of storage at 8°C under 1.5%
0,/20% CO0,/78.5% N, and off-odors were absent. For the control samples, which were stored
under ambient gas conditions, we observed 50% higher maximum specific growth rates of the
Enterabacteriaceae and Pseudomonas populations. These products were not suitable for consumption
atter 6 days, as a result of brown discoloration and soft rot.

Identification of Gram-negative bacteria on fresh and MA stored vegetables. For mungbean
sprouts, both before and after storage under MA, the predominant bacteria detected on VRBG
agar were Enterobactsr cloacea and Pantoea agglomerans while the bacteria prevailing on CFC agar
were identified as Ps. fluorescens, Ps. viridilivide and Ps. corrugsta (Table 1). For fresh chicory endive,
the prevalent bacterium detected on VRBG agar was Rahnella aquatilis. MA storage induced a shift
in the Enterobacteriaceae population towards primarily Escherichia vulneris. Microorganisms isolated
from this product by the use of CFC agar represented different species of Pssudomenas species,
whereas Ps. fluorescens was found as the predominant strain after MA storage (Table 1).

Overall, 20% of the isolates were not identified with the Biolog GN identification system,
which is 10% higher than previously reported for clinical isolates and reference taxa (87,103,124}
The unidentified Enterobacteriaceae had similarity scores <0.500 at 24 h of incubation, which were
too low for characterization. Unidentified isolates from CFC agar were either atypical Pssudomonas
species {based on preliminary testing of arginine hydrolysis, production of exopigment, and ni-
trate reduction) or had similarity scores <0.500 (24 h incubation) in the Biolog GN system.

lfluence of gas atmospheres on vegetable-associated isolates. Isolates of the predominant
Enterobacteriaceae and Pseudomonas species which were present on the two products before and
after MA storage were individually evaluated for their growth on an agar surface under 1.5 or 21%
0,, combined with 0, 5. 20, or 50% CO,. Lag times were not observed for any of the selected
strains under the different test conditions. In addition, we found no significant differences for
growth under 1.5% O, as compared with 21% O,.

The predominant Enterobacteriaceae on cut chicory endive before and after MA storage, ie.
Rahnella aquatifis and Escherichia vulneris, showed similar growth patterns under the different CO,
concentrations tested {Figure 2A). On mungbean sprouts, we cbserved comparable growth patterns
for the two strains of P agglomerans which were isolated from fresh and MA stored product {Figure
1A). Although £ cleacea was identified as one of the major species on the latter product both be-
fore and after MA storage, this isolate grew poorly at 8°C. Its u,, was approximately fivefold lower
under 0, 5 and 20% CO, as compared with the other Enterobacteriaceae under study, and growth
was completely absent under 50% CO,. In addition, its maximum population density on agar
plates did not exceed 7.9 x 10° cfu.cm2. The other E. cloacea isolates from mungbean sprouts were
found to have equal growth characteristics (data not shown).

For each of the selected psychrotrophic Enterobacteriaceae, a near linear relationship be-
tween the CO, concentration and the pg,, was found. In the absence of CO,, the p, of these iso-
lates ranged between 0.13 and 0.16 h™1 at 8°C whereas their rates were 50 to 60% reduced under
50% COg (Figure 1A and 2A). Starting from initial population densities of approximately 1 x 104
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cfu.cm2, maximum population densities (MPDs) of 8 x 108, 2 x 10? and 2 x 10? cfu.cm2 were
reached by Pantoea agglemerans, Rahnella aquatilis and Escherichia vulneris, respectively, under 0%
CO,. These final levels were unaffected by CO, concentrations up to 20%, and approximately 0.5
log units reduced under 50% CO,.

The inhibitory effect of CO, on the growth of Pseudomonas species was more pronounced
than on the Enterobacteriaceae. The relationship between the p,, and the CO, concentration ap-
peared nonlinear for the Pseudomanas isolates: starting from p,’s ranging from 0.13 to 0.17 h™! in
absence of CO,, a 60 to 75% reduction was observed under 20% CO,. The rates were reduced by
80 to 90% under 50% CO, (Figure 1B and 2B). The MPDs of Ps. corrugata, Ps. fluorescens (both isolates)
and Ps. viridifiava increased from initial levels of approximately 1 x 10% cfu.cmn™ to 1.6 x 109, 1 x

Figure 1.

Influence of CO4 concantration on the maximum

specific growth rates () of isolates from mungbean
sprouts as determined on BHIA (pH 7.2} under 1.5%
05 topen symbols) and 21% Oy (closed symbols).
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b, ()

frash praduct: {@®Q) Enterobacter cioacea and
{A A) Pantoea agglomerans, or from frash product:
{BO) Pantoea agglomerans.

{B) Predominant Psevdsmonas isolated from fresh

praduct. { €< ) Pseudomonas fiuorescens ; or from
MA stored product:

(¥ V) Pssudomonas corrugata.
% COZ The error bars represent the standard esrors of the
estimates.
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B Figure 2.
015 Influence of CO; concentratian on the maximum
spacific growth rates () of isalates from chicory
endive as determined on BHIA {pH 7.2) under 1.5%
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102 and 1.6 x 109 cfu.cm™2, respectively, under 0% C0,. Whereas the MPDs of the individual
Pseudomonsas species were essentially unaffected by €O, concentrations up to 20% (less than 0.5
log units lower under 20% CO, than under 0% CO;), the MPDs were significantly lower under 50%
CO,, with maxima of 5 x 106, 1 x 105 and 5 x 10* cfu.cm™ for Ps. corrugata, Ps. fiucrescens (both iso-
lates) and Ps. viridiflava, respectively.

The growth of the Enterobactariaceae and Pseudomonas isolates was unaffected by the pH
change of the medium from 7.2 to 6.7 (data not shown), indicating that the inhibitory effect of
50% CO, is not the result of the CO,-induced reduction in the pH of the medium.

DISCUSSION

Although the presence of Enterobacteriaceae and Pseudomonas species on fresh and modi-
fied atmosphere (MA} stared vegetables is well established, only few studies on the composition of
the prevalent microflora have detailed the specific species within these populations. In addition,
information on the responses of the individual predominant strains to modified gas atmospheres
is limited. Such information would be relevant to assess the impact of the growth of the individual
species on the survival and growth of pathogens that occasionally occur on minimally processed
vegetables. In this view, we identified Enterobacteriaceae and Pseudomonas species that prevailed on
cut chicory endive and mungbean sprouts before and after storage under MA at a low tempera-
ture. Subsequently, the growth of the predominant isolates was evaluated in an agar model sys-
tem under different O, and CO, concentrations at the same temperature {14). We demonstrated
that the Enterobacteriaceae and Pseudomonas isolates had reduced maximum specific growth rates
at increasing CO, concenirations, however, this effect was more pronounced for the Pseudomonas
species. Of specific interest is our observation that the growth of the individual psychrotrophic
species within each of the populations responded in a highly similar way to different CO, concen-
trations in the model system, whereas differences between the tested O, concentrations were
absent. This accounted for isolates of both chicory endive and mungbean sprouts,

The vegetables investigated contained high numbers of Entercbacteriaceae and Pseudo-
monas species, including strains which are known as phytopathogenic bacteria that can cause rot
in vegetables due to the production of pectate lyase (PL), such as Ps. chicorii, Ps. viridiflava, Ps. mar-
ginalis, Ps. fluorescens, Erwinia caratovora and E. amylovora (71,130,134). Despite the presence of these
organisms, visible spoilage (e.g. maceration, softrot, discoloration) was absent after storage. This
observation is in line with previous studies that suggested that the beneficial effect of MA storage
of vegetables is for an important part the result of the physiological state of the product rather
than the inhibition of soft-rot bacteria {134).

The observed high microbial load on mungbean sprouts is consistent with previously
reported aerobic plate counts {1,6). These high numbers are generally not related to unhygienic
conditons, but to the growth of the microflora during the germination of the beans, which typi-
cally takes place in a moist, warm (21 to 27°C) environment under 10% 0,/10% CO,/80% N,
(156,171). Whereas mungbean sprouts essentially harbored the same species of bacteria before and
after MA storage, we observed a marked shift in both Enterebacteriaceae and Pseudomenas species
on chicory endive. )
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On mungbean sprouts, the similar sensitivity of the various Enterobacteriaceae or Pseudo-
monas isolates towards CO, in our madel system may explain the minor changes in the predomi-
nant sirains before and after MA storage. For chicory endive, however, the observed shift from £
aquatilis to E. vulneris and from a mixed Pseudomongs population to Ps. fluorescens cannot be attrib-
uted to differences in CO, sensitivity as these strains were found to exhibit the same growth
responses under the specified gas conditions. The outgrowth of these specific species is likely to be
related to other factors than the gas concentrations that are suitable for vegetables. In this
respect, one should consider the interactions between the different microorganisms (12,36), their
specific nutritional requirements, the physiological state of the product and the nutrient availabili-
ty (192}. A nutritional limitation for the total bacterial populations on both products was indicated
by the two to fourfold higher maximum specific growth rates of the individual organisms under
identical gas conditions in the agar model system {data not shown). The twolold higher growth
rates of the Enterobacteriaceae and Pseudomonas populations on cut chicory endive as compared
with mungbean sprouts likely resulted from a higher nutrient availability on cut surfaces and
from a lower competition on chicory endive that contained a 1000-fold lower initial bacterial load.

Whereas information on the effect of CO, on Enterobacteriaceae is limited, it is well known
that Pseudemonas species are sensitive to CO, (61,63,79,90). The stronger inhibitory effect of CO, on
pure cultures of Pseudomonas as compared with Enferobacteriaceae was mainly reflected by a more
pronounced CO,-induced decrease of their maximum specific growth rates. The observed 80 to
90% reduction in the maximum specific growth rates under 50% CO, at 8°C of the strains investi-
gated, ie. Ps. virigifiava, Ps. corrugata and Ps. fluorescens, agrees with a previously reported 90% rela-
tive inhibition of the growth rate of Ps. fragi under 50% CO, at 5°C {62). We furthermore observed
a reduction of the maximum population densities for only the Pseudomonas species under 50%
CO,, while lag times were not detected. These {indings are consistent with the effects of CO, on
Ps. flusrescens as reported by Eyles et al. {65).

Under the MA conditions tested, the maximum specific growth rates of the the selected
Entarobacteriaceae strains resembled those of a number of psychrotrophic pathogens as previously
determined in our model system (14}, whereas the maximum specific growth rates of Pseudomonas
species were 20 to 60% lower. In conclusion, MA storage can cause a selective suppression of the
outgrowth of different epiphytic populations. Since competition between epiphytes and pathogens
may retard the ocutgrowth of pathogens on minimally processed vegetables {36), the inhibitory
effect of MA storage on a subgroup of the epiphytes, namely the Psevdomonas species, and not on
the psychrotrophic pathogens may bring this safety feature in unbalance. The complexity of the
ecological conditions to which epiphytes and pathogens are subjected urges the need for more
systernatic studies to ensure the safety of minimally processed vegetables stored under MA condi-
tions.

ACKNOWLEDGEMENTS

WE THANK IRENE POL, SIMONE QOLHORST AND MARC WALPOT FOR THEIR CAPABLE TECHNICAL
ASSISTANCE, AND JOSZEF BARANYI FOR INSTRUCTING TIHE USE OF THE DMODEL.




GAS EFFECTS ON SURFACE GROWTH ON PATHOGENES

23
CHAPTER 3

Growth of psychrotrophic foodbhorne patho-
gens in a solid surface model system under the
influence of carbon dioxide and oxygen

Marjon H.J. Bennik, Eddy J. Smid, Frank M. Rombouts, and Leon 6.M. Gorris
Food Microbiology (1995) 12: 509-519

ABSTRACT

A solid surface model system was developed to study the effect of gas atmosphers
composition on the growth of Aeromonas hydrophila, Yersinia enterocolitica, Listeria mono-
cytogenes, and a cold tolerant strain of Bacillus cereus. The organisms were incubated on an
agar surface at 8°C under either 1.5 or 21% O,, combined with 0, 5, 20 or 50% CO,. The
remainder of each atmosphere was made up to 100% with N,. Growth was avaluated on the
basis of three parameters, namely maximum specific growth rata, maximum population den-
sity and lag time. In all instances the maximum specific growth rate decreased significantly
with inereasing CO, concentration. Prolonged lag times were observed only for Y. enterocoliti-
ca under 50% CO; / 21% O, / 29% N,, while a strong reduction in the maximum population
density was noted only for B. cereus at the highest level of CO,. The O, concentrations tested
did not significantly affect maximum specific growth rates nor maximum population densities
in any case. The results indicate that the model system may be a suitable means of estimating
the growth of bacteria on minimally processed produce, packaged under modified atmos-
pheres. Extrapolation of our results to modified atmosphere packaged fruits and vegetables
using typical O, concentrations of 1 to 5% and CO, concentrations of b to 10%, suggest that
growth of the above pathogens may occur at 8°C, thereby imposing a safety hazard for these
products.

INTRODUCTION

Modified atmosphere (MA) packaging in combinaticn with refrigeration is increasingly
used to extend the storage life of minimally processed fresh {MPF) fruits and vegetables. The low
oxygen (O,) concentrations employed in MA packaging (1 to 5%) have been found to reduce oxida-
tive processes as well as produce respiration and ripening (76,112,113). The presence of O, at a mini-
mum concentration of 1 to 2% is thought to be required to prevent anoxic condijtions that cause
anaerobic metabolism of the product, thereby leading to the formation of off-odors {112). These
minimum O, levels furthermore prevent the growth of obligatory anaerobes such as Clostridium
botufinum. Typical carbon dioxide {CO;) concentrations for MA packaging of fruits and vegetables
are 5 to 10% {112). These relatively high CO, levels suppress the respiration of produce, and more-
over seem to inhibit a number of common food spoilage microorganisms {46,67).
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The microbiology of MPF fruits and vegetables has been reviewed extensively (148). Hazar-
dous situations may arise with products that are organoleptically acceptable, ie. harbor relatively
low numbers of spoilage organisms, but contain cold tolerant pathogens (99,148). Although cut-
breaks of foodborne diseases with MA stored vegetables are scarce {170), the potential risk of such
events may increase, due to increased consumption of fresh and minimally processed foods.

A number of studies have indicated that the storage of foods at refrigeration temperatures
under MA conditions may select for the growth of psychrotrophic pathogens (25,99). In this
respect, the proliferation and survival of bacteria such as Aeromenas hydrophila, Yersinia enterocolitica
and Listeria monocytogenes are of particular concern (17,19,116,180}. With regard to the prevailing
gas concentrations during MA packaging of vegetables, it is known that especially elevated CO,
concentrations can exert an antimicrobial acton. In general, CO, causes a decrease in the pH of
media, an effect that increases at lower temperatures when the sclubility of the gas is enhanced
(34). Its inhibitory etfect on microorganisins is thought to result mainly from diffusion of HyCO4
across the bacterial membrane, causing intracellular changes in pH (195). Such intracellular pH
changes may affect enzymes that are involved in metabolic routes in the cell. Furthermore, ele-
vated CO, concentrations may inhibit decarboxylation reactions, in which CO; is released by feed-
back mechanisms {56). The direct inhibition of enzymatic processes in bacteria by CO, has been
demonstrated previously (79,120).

The growth characteristics of pathogens under the influence of CO, have been found to
depend on the microorganism, the presence of endogenous micreoorganisims, the age and load of
the initial bacterial population, the incubation temperature, the type of food product, and the
CO, concentration applied {56,107,150). Since many studies on the antimicrobial effect of CO, have
been carried out with packaged products, CO, concentrations may not always be stable as a result
of gas diffusion through the packaging material, the respiratory activity of the product inside the
package and dissolving and binding of CO, in the food mairix (78,99,193). Many studies on the
effect of CO, on the growth of pure bacterial cultures have been performed in liquid laboratory
media to avoid the above mentioned variations {9,60,61,79,90,120,143). Only a few studies report the
growth of pure cultures under modified atmospheres on solid surfaces of laboratory media (65,80).
Considering that many foods are mainly contaminated at the surface, the latter approach is prob-
ably a more accurate reflection of the practical situation.

The aim of the present study was to develop a model test systemn to investigate the growth
of pure cultures of psychrotrophic foodborne pathogens on a solid surface under constant gas
phase conditions, and to design an objective assessment of their growth parameters.
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MATERIALS AND METHODS

Microorgamisms. Two Gram-negative and two Gram-positive psychrotrophic foodborne pathogens were studied.
Aeromonas hydrophila DSM 30187 and Yersinia enterocolitica DSM 4780 were obtained from the German Collection
of Microarganisms and Cell Cultures {Braunschweig, Germany). Listeria manacytogenes Scott A was obtained from
the Culture Collection of the Department of Food Science of the Agricultural University of Wageningen {The
Netherlands). A psychrotrophic strain of Bacillus cereus FA626/90 (= IFR-NL94-25), isolated from milk by Dr. R. Gilbert
(PHLS, Colindale, UK), was kindly provided by Dr. M. Peck [IFRN, Nerwich, UK}

Media and cultural conditions. All cultures were stored at -80°C in brain heart infusion broth {BHI, Oxoid, UK} sup-
plemented with 20% glycerol, Bacteria ware cultivated at 30°C in BHI broth for 24 hours, and subsequently subcultu-
red for anather 16 hours, using 0.1% inocufa. Cultures in stationary phase were diluted in 0.85% NaCl supplemented
with 0.1% fw/v) peptone, to give approximately 5.5 x 108 colony forming units {cfu) per ml. Fifty w samples of diluted
culture wera surface spread onto 60 mm diameter Petri dishes, containing 9 ml of brain heart infusion agar (BHIA).
Initial populations of bacteria were about 104 cfu.cm2. Unless stated otherwise, the medium was buffered at pH 7.2
with phosphate huffer (0.1M}, using equimolar amounts of sodium and potassium phosphate {Na/K P;). A number of
experiments were also performed using buffered BHIA adjusted to pH §.7. Bacterizl growth on the agar surface was
examined under ¢ight modified gas atmosphere compasitions, ie. 1.5 or 21% 05, cambined with 0, 5, 20, or 50% CO,.
The remainder of each atmosphere was made up to 100% with No.

Buffered media were used to minimize acidification caused by CO5 dissolving in the medium. The effect of buffer
strenght upon growth was examined at 30°C in BHI broth without additional phosphate and with final Na/K P; con-
centrations of 0.05, 0,10, 0.15, .20, and 0.25M (pH 2.2).

Assessmeast of pH reduction by dissolved C0,. Acidification of buffered BHIA plates {(pH 7.2) by CD;, was examinad in
a gas flow-through system over 10 days incubation at 8°C. Uninoculated buffered plates (0.05, .10, 0.15 and 0.20M of
Na/K P;) wera incubated in atmospheres containing 0, 1.0, 5.0, 10.0, 25.0, 50.0, and 100.0% CO made up to 100% with
N,. On day 0, 1, 3, 6 and 10, duplicate samples were removed from the system and the pH was measured instantly at
8°C, using a flat surface pH electrode {Phoenix, USA},

Experimental design and storage of sample. Plates were incubated in a series of 1 | flasks, connected via silicon
rubber tubings for each gasphase composition. Flasks were placed in a climatized room at 8°C and flushed conti-
nuously [flow rate = 200 ml.min=1} with the desired gas atmosphere. Mass flow controllers (5850 TR series, Brooks
Instrument b.v., The Netherlands) were used to mix the Ny, Oz and CO,. The incoming gas was humidified by passage
through a 500 ml gas wash bottde. Concentrations of 0, and G0, in the outcoming gas were measured and controlled
at 2 h intervals by an 0, and CD, anatyzer {Servomex, analyzers series 1400). Agar plates were stored in the modified
atmospheres at B°C for up to 13 days. On day 2, 4, 7, 9 and 13 the last flask of a series was disconnected from the
flow through system. This enabled plates to be removed individually, without disturbing the gas conditions of the
remaining plates.

Microbial analysis. Viable bacterial counts were determined by analyzing samples of the agar medium in duplicate
as follows. Agar samples were aseptically transferred from Petri dishes into stomacher bags and homogenized for
one min with 41 ml of 0.85% NaCl using a stomacher {Seward, UK). Serial dilutions of each homogenized sample
were made in 0.85% NaCt supplemented with 0.1% peptone and plated on BHIA in duplicate. Plates were incubated
at 30°C for 24 h and the cfu.cm—2 values were determined. The pH of the homogenate from each agar sample was
recorded.
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Data handling. Bacterial growth curves were generated for each gas phase composition by fitting the data to the
Gompertz equation, as modified by Zwietering et al. (200} to include microbiologically significant parameters
(Equation 1). A is the number of microorganisms at time ¢, Ny is the number of microorganisms at t=0, A (=
In[N./Ngl} is the asymptotic level of micreorganisms, py, is the maximum specific growth rate achieved, e = exp(1},
and A is the lag time.

Equation 1 In (x—g):.ﬂt-exp{-exp[u"‘;ell-t)H]}

Bacterial counts were fitted to equatien 1 by a nonlinear regression program, using a Marquardt algorithm. This pro-
gram estimates the maximum specific growth rate (uy,), the final level of microorganisms (A = In[N/Ngl}, the lag
time (A) and their 95% confidence intervals (200). Confidence intervals were based on the variance-covariance
matrix of the parameters, calculated with the Jacobian matrix. Estimated u,, values were subjected to lingar regres-
sien using Equation 2.

Equation 2 y="by+ byx

with regression coefficients bp{intercept) and b; (x coefficient}, y representing the estimated growth parameter, and
xthe €05 concentration (%). 95% Confidence intervals of the linear regression parameters were aiso determined.

RESULTS

Acidification of the medium by CO, and gas analyses. The pH of the buffered BHIA (pH 7.2) was
influenced by the concentration of CO, in the gas atmnosphere. Equilibrium medium pH values of
7.2, 7.2, 7.0, 6.9, 6.8, 6.7 and 6.6 were observed in atmospheres containing 0, 1, 5, 10, 25, 50 or
100% CO, respectively, at 8°C. Due to permanent gas flushing of the incubators, the CO, concen-
trations in the gas phase were not influenced by CO, dissolving in the medium.

The maximum C0, concentration that was applied was 50%, and under these gas condi-
tions, the medium pH decreased from 7.2 to 6.7. Therefore, growth was also monitored on BHIA
buffered at pH 6.7 in the absence of CO,, as a control for acidification of the medium.

General growth characteristics. The phosphate concentration employed (0.1 M} did not inhi-
bit growth of the different pathogens in liquid medium at 30°C (data not shown). With incubation
on agar surfaces, the growth of A. hydrophila, Y. enterocolitica and B. cereus resulted in a slight alkali-
nisation of the medium at CO, concentrations below 20% after 13 days at 8°C (Table 1), with a
maximum increase of 0.9 pH units. By contrast, growth of L. monocytogenes caused a slight acidifi-
cation of the medium under each of the gas conditions tested, with a maximum pH drop of 0.5
units at maximum population density.

An example of growth of ¥ enterocolitica on the surface of BHIA (pH 6.7 and 7.2) under
1.5% O and 0, 5, 20, or 50% CO, is shown in Figure 1. The growth curves were obtained using the
modified Gompertz equation (Equation 1).
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Lag times. Significant lag times were absent for the four pathogens grown on BHIA me-
dium {pH 6.7 or 7.2) under the different gas phase compositions, notwithstanding the growth of ¥,
gnterocolitica under 50% CO, and 21% O,. Furthermore, viable counts of 8. cereus gradually de-
creased under 50% CO, and 1.5% or 21% O (data not shown).

Maximum specific growth rates. The maximum specific growth rates (u,,) and their 95% con-
fidence intervals, derived from the growth curves, are presented as a function of the CO, concen-
tration in Figure 2. Linear regression analysis of these data (Equation 2} revealed a significant reduc-
tion of the maximum specific growth rates as a function of increasing CO, concentrations for all
four pathogens, as indicated by negative values of both the estimates and the 95% confidence
intervals of b (x coefficient of regression) under 1.5% and 21% O, (Table 2). Linear regression ana-

Tahle 1. Medium pH {initial and final after 13 days of incubation) and estimated maximum population densities
(PD) of A. hydrophila, Y, enterocolitica, L. monocytegenes and B. cereus on BHIA incubated at 8°C under 1.5% 0,
or 21% 0,. Measured initial popuiation densities are also presented.

Microorganism % CO, Meadium pH PD (log cfu.cm2)
Initial 15% 0, 21% 0, Initial 15% 0, 21% 0y
Final Final Maximum  Maximum
A. hydrophila 0 6.7 6.9 7.1 373 9.70 9.87
0 7.2 74 15 373 956 9.75
5 7.2 73 13 373 9.48 9.72
20 7.2 71 7.1 373 9.3 9.44
50 7.2 6.8 6.6 373 9.18 8.80
Y enterocolitica 0 6.7 7.0 7.3 412 9.64 9.86
0 7.2 78 78 412 9.51 9.82
5 1.2 74 14 4.12 9.56 9.68
20 7.2 12 73 412 9.31 9.56
50 7.2 6.8 6.6 412 8.85 9.558
L. monoecytogenes 0 6.7 6.3 6.2 481 9.13 8.70
¢ 12 6.8 6.8 481 9.21 9.14
5 12 6.8 6.8 481 9.25 9.25
20 12 6.8 6.8 481 9,04 a.11
50 12 6.7 6.7 481 893 8.57
B. cereus 0 6.7 16 8.0 410 782 7.96
1} 12 18 8.1 410 8.22 8.12
5 12 12 7.4 410 8.17 8.03
20 12 6.8 6.9 410 7.28 7.54
50 12 6.7 6.7 410 3.600 3.88b

4 Estimation based on growth under 20% €0y
b Measured instead of estimated valugs
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10 BGIRGTA—
Figure 1.
Growth of ¥, enterocolitica {Logqq cfu.cmi—2) on the surface of
buffered BHIA (pH 7.2) stored under 1.5% 05 and
“-‘E 8 (m} 0% CO,,
o (4}56%C0,,
> (¥)20% CQy or
& (®)50% €O and on buffered BHIA (pH 6.7) stored under
m? 1.5% 0, and 0% COy (- -O0- - ).
S g Data ara fitted by the maodified Gomperz equation (Equation 1).
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Figure 2.

Influence of CO, concentration on
the maximum specific growth rates
(py) of

{A) A. hydrophita,

(B} Y. enterocolitica,

{C) L. monocytogenes, and

{D} B. cereus on BHIA (pH 7.2)
stored under

(0} 1.5% 0y and

(@} 21% 0,.

. . Lines represent linear regression
£.20 I 020 under 1.5% 0y {--} or 21% 0y {-—).
Inserts show w, on BHIA {(pHE.7)
010 under 1.5% 0, {white bar}

or 21% Oy {black bar) and 0% CO,.
95% Confidence intervals of the
estimated u, are indicated by error
bars.
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lysis furthermore substantiated the absence of significant differences in the maximum specific
growth rates under 1.5% and 21% O,, since estimated values of regression coefficients by (inter-
cept) and By under 21% O, were situated within the 95% confidence intervals of the 1.5% O,
regression coefficients in all cases (Table 2).

For growth of A. hydrophila, Y. enterocolitica and L. monocytogenes under 50% CO,, we obser-
ved maximum specific growth rates that were almost half of those under ¢ and 5% CO, {Figures 2A,
2B and 2C). In absence of €Oy, these three pathogens generally had lower maximum specific
growth rates on medium with an initial pH of 6.7 as compared with pH 7.2. However, their maxi-
mum specific growth rates under 0% CO, at pH 6.7 were higher than the rates on medium with
pH 7.2 during incubation under 50% CQO, (the latter concentration was shown to cause a decrease
in the pH of the medium to pH 6.7) (Figures 2A, 2B and 2 plus inserts). The observed decrease in the
maximum specific growth rates obtained under elevated CO, concentrations may therefore be
atiributed to both a direct inhibitory effect of CO, on the growing cells and to the acidifying effect
of CO, on the medium.

In the case of B. cersus, we observed an approximate 50% reduction in the maximum spe-
citic growth rates during incubation under 20% CO, as compared with 0% CO,. The antimicrobial
effect of this gas on this organism was even more pronounced at higher CO, concentrations as
indicated by a dedine of viable counts during incubation under 50% CO, at 8°C for 13 days (Table
1). The maximum specific growth rates of B. cereus were similar on pH 6.7 and pH 7.2 medium

Table 2 Linear regression parameter values {Bgand by) and their 95% confidence intervals for the effect of CO,
on the estimated maximum specific growth rate {u,) values of A. hydrophila, Y. enterocolitica, L. menocytogenes
and B. careus during growth on agar at8°C under 1.5% 0 or 21% 0,.

Microrganism 0; (%) Parameter
bg b?
Estimate  95% Conf. Int.® Estimate  95% Conf. Int.
A. hydrophila 15 0.129 0.112to 0.146 -0.00158 - 0.00220 to - 0.00095
21 0.118 0.109t0 0.127 -0.00158 - 0.00192 to - 0.00125
Y. enterocolitica 1.5 0,133 0.097 10 0.168 -0.00136 - 0.00265 to - 6.3E-05
21 0.115 0.10310 0.127 -0.00144  -0.00188 to - 0.00100
L. monoeytogenes 1.5 0.082 0.067 to 0.097 -0.00089 - 0.00146 to - 0.00034
21 0.089 0.062 10 0.116 -0.00108 - 0.00208 to - 8.5E-05
B. cereus 1.5 0.097 0.060 ta 0.133 -0.00200 - 0.00334 to - 0.00065
b 0.080 0.054 t0 0.127 -0,00192 - 0.00327 to - 0.00057

8 959% Confidence interval.
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under 0% CO,, while growth was completely absent under 50% CO, (Figure 2D plus insert). The
observed reduction of the viable counts of this organism under 50% CO, is therefore likely to
result from a direct inhibitory effect of CO,.

Maximum population densities. The estimated maximum population densities of A. hydrophila,
Y entarocolitica and L. monocytogenes on BHIA medium (pH 7.2) were only slightly reduced under
50% CO, as compared to (% CO, (maximum one log unit) under both 1.5% and 21% O, (Table 1).
Incubation of B. cereus under 20% CO, resulted in a reduction in the maximum population den-
sity of less than 1 log unit as compared to 0% CO,, for both Oy concentrations {Tahle 1), but no
growth was observed under 50% CO,. The 95% confidence intervals of the estimated maximum
population densities were less than one log unit (data not shown).

Since the estimated maximum population densities on pH 6.7 and pH 7.2 medium in
absence of CO, were similar for each pathogen (Table 1), the reduction of the maximum popula-
tion densities under 50% CO, can be accounted for by a direct inhibitory effect of CO,, rather
than acidification of the medium.

DISCUSSION

In this study we evaluated the growth of the psychrotrophic pathogenic bacteria A. hydro-
phila, Y. enterocolitica, L. monacytogenes, and B. cereus under different O, and CO, concentrations.
For this purpose, a model surface system was developed in which pure bacterial cultures can be
incubated on an agar surface under controlled gas atmospheres at 8°C. The growth data were sub-
sequently evaluated by using of the modified Gompertz equation (200), which rendered objective
assessment of the maximum specific growth rates, maximum population densities and lag times.

The main effect of CO, on the growth parameters of each of the above pathogens was
observed for the maximum specific growth rates, which were found to decrease significantly with
increasing concentrations of CQ,. Within the range of 0 to 50% CO,, we identified a linear rela-
tionship between the maximum specific growth rate and CO, concentration. The decreases in the
maximum specific growth rates under elevated CO, concentrations which were observed for A
hydrophila, Y. enterocolitica and L. monocytogenes likely resulted from a combined effect of acidilica-
tion of the medium and direct inhibition by CO,. With B. careus, however, the growth inhibition
under 50% CO, probably resulted from a direct inhibitory effect of CO,, since the maximum speci-
fic growth rates that were found on medium of pH 6.7 and pH 7.2 in the absence of CO; were
similar. These results are in agreement with previous reports on the high sensitivity of B. careus to-
wards CO, (61,62,143).

With regard to the influence of CQ, on the maximum population densities, we observed
only small differences for A. hydrophila, Y. enterocolitica, L. monocytegenes under CO, concentrations
up to 50%. For B. cereus, these values were slightly reduced under 20% CO, compared to 0% CO,,
while growth was completely absent under the highest CO, concentration tested (50%). The reduc-
tion of the maximum population densities of this pathogen under 50% CO, could not be attrib-
uted to the acidification of the medium. This is in line with the general thought that reduction of
the medium pH by CO; is not the major cause of inhibition of bacterial growth {46,120).
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In general, we did not observe significant lag times for A. hydrophila, Y. enterocolitica, L.
monocytogenes and B. ceraus under the different gas conditions. Exceptions were ¥ enterocolitica un-
der 50% CO, combined with 21% O, and B. cereus under 50% CO,. To our knowledge, there are no
reports on the influence of CO, on the lag time for growth of B. cereus. Reports that CO, may in-
fluence lag times of the other pathogens are variable (62,65,67,100). Notably, extended lag times
were ohserved in some of these studies at much higher CO, concentrations than applied in this
study. The main variables that seem to determine lag times are the type of bacterium, the type of
product, and the storage ternperature. For A. hydrophifa, prolonged lag phases have been reported
during growth on BHI agar at 5°C in saturated CO, as compared to Ny or air {80}, Gill and Reichel
{77} observed an extended lag phase for Y. enterocolitica on high pH beef packaged under saturated
CO, at 5°C and 10°C, while the growth of A hydrophila and L. monecytegenes was completely inhibi-
ted at 5°C. Their study, however, demonstrated the absence of a significant lag phase and growth
of A. hydrophila and L. monocytegenses at 10°C. Furthermore, Hudson et al. (107} observed extended
lag times for A. hydrophila and L. monocytogenes, but not for ¥, enterccolitica on roast beef, packaged
under saturated CO, at 3°C.

With regard to the 0, concentrations tested, we did not observe significant differences in
the growth patterns of A. hydrophila, Y enterocolitica, L. monocytogenes and 8. cereus under 1.5 and
21% 0O,. Although the applied O, concentration of 1.5% approaches the minimal requirement for
vegetables to maintain aerobic respiration {83,113,152}, this concentration appears not to be inhibi-
tory to the growth of aerobic respiratory bacteria. These results agree with the observation that
strictly aerobic bacteria such as Psewdomonas fragi did not have decreased maximum specific
growth rates at reduced 0, concentrations, unless these levels were lower than 0.5 to 0.25% {43,61).

The extrapolation of our results to MA packaged fruits and vegetables suggest that growth
of A. hydrophila, Y. enterocolitica, and L monocytogenes and B. cereus may be possible at 8°C since the
maximum specific growth rates were only slightly reduced and maximum population densities
were not effectively reduced by typical MA gas concentrations of 1 to 5% O, combined with 5 to
10% CO5. The surface model systemn presented together with the data analyses performed allowed
an objective assessment of the effects of CO, on the growth of individual bacteria. This system can
also be employed to investigate the effects of other gases as well as the interactions between epi-
phytic microflora and psychrotrophic pathogens under various gas phase compositions. It is note-
worthy that Pseudomanas species are prominent members of the endogenous spoilage microflora
on MA packaged vegetables {148]. Since these organisms are sensitive to CO, {62), their suppression
may influence the nutrient availability for other organisms. To elucidate the impact of CO, on
vegetable-associated spoilage or other organisms, the evaluation of their growth in absence of an
interfering microflora by the use of a systematic approach such as the model surface system may

" prove helpful.
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PRODUCES

PEDIOCOCCUS PARVULUS PEDIOCIN

CHAPTER 4

Vegetable-associated Pediococcus parvulus
produces pediocin PA-1

Marjon H.J. Bennik, Eddy J. Smid and Leon G.M. Gorris.
Applied and Environmental Microbiology (1997) 63: 2074-2076

ABSTRACT

Two bacteriocin producing lactic acid bacteria, designated ATO34 and ATO77, were iso-
lated from fresh vegetables and identified as Padiococeus parviiius on the basis of fermenta-
tion patterns and ribotyping. The strains inhibited the growth of a number of important food-
borne pathogens, such as Listeria monocytogenes and nonproteolytic Clostridium botulinum.
Recombinant DNA techniques revealed the presence of the pediocin PA-1 gene in both strains.
Further biochemical analysis confirmed the production of pediocin PA-1 and excluded the
presence cf other bacteriocins. To our knowledge, this is the first case of bacteriocin produc-
tion by P, parvulus,

INTRODUCTION

A recent trend towards the use of natural, healthy convenient foods has resulted in a new
generation of chillstored, minimally processed vegetables. Since these products rely heavily on re-
frigeration as the main preservation factor, psychrotrophic pathogenic bacteria that can be pres-
ent as part of the microflora, such as Listeria monocytogenes and Clostridium botulinum, may pose a
hazard (12,148). The application of bacteriocinogenic lactic acid bacteria (LAB} with activity against
Gram-positive pathogens might therefore be effective to ensure the microbial safety of these prod-
ucts. We isolated a number of bacteriocinegenic LAB, including two strains of Pedioceccus parvu-
{us, from minimally processed vegetables. Although several bacteriocinogenic pediocoeci have
been reported (reviewed in reference 52), only two pediocins produced by Pediococcus aciditactici of
meat origin, have been described in more detail, namely, pediocin PA-1/AcH (139,145) and pediocin
L50 {42}. To our knowledge, this report describes the first case of bacteriocin production by
P, parvulus.
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METHODS, RESULTS AND DISCUSSION

Strains, growth conditions, and screening for bacteriocin production. In our search for bacterio-
cinogenic LAB, a total of 900 strains were randomly isolated from minimally processed vegetables
by using MRS agar plates {Oxoid, Basingstoke, England) supplemented with delvocid (0.2 mg.liter -1).
All LAB isolates were cultured in MRS broth at 30°C. Cell-free supernatants of early-stationary-cul-
tures, adjusted to pH 6.0, were tested for antimicrobial activity by a previously described well-diffu-
sion assay (129). Supernatants of nine isolates produced clear zones against the indicator organism
Lactobacilius sake DSM20017. The fermentation patterns of these isolates as determined with API
Rapid CH fermentation strips in CHL medium (BioMerieux, Marcy, France} preliminary identified the
strains as one lactobacilfus plantarum strain, one Enterococcus strain, five Leuconostoc mesenteroides
strains, and two Pediococcus strains. The two pediococci, AT034 and ATO77, which were isolated
from separate batches of fresh chicory endive, were selected for further studies, since initial
screening revealed activity against L. monocytogenes. Full characterization by the services of the
Deutsche Sammlung von Mikroorganismen (Braunschweig, Germany) identified both strains as P parvufus
on the basis of fermentation patterns and 16S rRNA sequence sinilarity.

Characterization of the inhibitory compound. Evidence for bacteriocin production by the two F.
parvulus sirains was obtained by proteolytic treatment of culture supernatants. Incubation with
trypsin, pepsin, a-chymotrypsin, papain, protease IX, and proteinase K (1 mg.ml-!) (Boehringer,
Mannheim, Germany), resulted in a complete loss of activity, as detemined by the well diffusion
assay. The inhibitory compound of both strains was not affected by heating for 15 min at 100°C.
Both bacteriocins were stable from pH 1 to pH 6 for 14 h at 4°C, whereas decreased activity was
observed above pH 7.

Activity spectrum. Supernatants of P parvufus ATO34 and ATO77 inhibited the growth of sev-
eral types of LAR, L monocytogenes, and €. botulinum. Gram-negative bacteria, yeasts and moids were
not inhibited (Table 1). A broader range of microorganisms was sensitive to the inhibitory action of
the culture supernatant of strain ATQ77, as compared with ATO34. This can be explained by a dif-
ference in concentration, since the bacteriocin activity in culture supernatant of strain ATO77 was

Figure 1.

Dot blot hybridization with 5' end-labeled padA oligomer 1 and equal
amounts {400, 40, 4, or 0.4 ng [left to right]) of plasmid DNA of P. acidilactici
PAC1.0 {positive control) (A},

P. parvulus AT034 (B},

P. parvulus ATO77{C},

and phage lambda DNA (D).
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Table 1. Spectrum of bacteriocin activity of P parvulus strains AT034 and AT077, as determined in duplicate in

a well diffusion assay.

Indicator strain{s)? Culture conditionst Inhibition by:
ATOM  ATO7?
Lactobacitlus brevis NCAIM BOG509 MRS, 30°C, anaerobic - -
Lactohacillus casei WAUT MRS, 30°C, anaerobic - -
Lactobacillus delbrusckii subsp. buigaricus DSMZ20081 MRS, 30°C, anaerobic + +
Lactobacillus defbrueckii subsp. lactis DSM20072 MRS, 30°C, anaerabic - -
Lactebacillus plantarum ATCC8014 MRS, 30°C, anaerobis - -
Lactobacillus sake DSM20017, IFQ12456 MRS, 30°C, anaerobic + +
Lactobacillus sake DSM20497, NCFB2512 MRS, 30°C, anaerobic - -
Lactebacillus salivarius subsp. salicinius DSMZ20555 MRS, 30°C, anaerobic - -
Lactobacillus xylosus WAUT MRS, 30°C, anaerobic - -
Lactecoccus lacts subsp. factis NCD0435, NCDD497 MRS, 30°C, anaerobic - -
Leuconostoc mesenteroides subsp. mes, DSM20343 MRS, 30°C, anaerabic - +
Leuconostoc paramsssnteroides DSM 20288 MRS, 30°C, anaerobic - -
Pediacoccus dextrinicus DSM20335 MRS, 30°C, anaerabic + +
Pediscoccus pentosaseus DSM20336 MRS, 30°C, anaerabic - -
Carnohactarium piscicola U143 APT, 30°C, anaerobic + +
Enterococcus fascalis DSM20478 BHI, 30°C, aerabic - +
Enterpcoccus hirge ATCCI790 BHI, 30°C, aerobic - +
Micrococcus futaus DSM1730 NA, 30°C, aerobic - -
Streptococcus mutsns DSM20523 NA, 30°C, aerobic - -
Listeria monocytogenes WAUI, WAUL4492, LDCDEY-861, LCDC81-1081 BHI, 30°C, aerobic + +
Listeria monocytogenes WAL LO28 BHI, 30°C, aerabic - +
Listeria monocytogenas Scott A WAU BHI, 30°C, aerobic - -
Listeria innocua WAU 1), WAU Il BHI, 30°C, aerobic + +
Listerig irnecua DSM20649 BHI, 30°C, aerobic - +
Ciostridium botulinum IFR81-23C, 81-26C, 86-32C, 86-34C VL, 30°C, 90% Hy/10% COp  — +
Clostridium botufinam |FRB1-1%, 81-30¢, 81-31°, 83-219, g3-420, 81-219, 93-269, 86029, 93230 WL, 30°C, 90% Hp10% €O, - -
Clostridium beiferinkii NIZQ B523 RC, 30°C, anaerobic + +
Clostridium sporogenes NIZ0 B545 RC, 30°C, anaerobic + +

Clostridium tyrebutyricum NIZD B570, B571, B539

Bacillus cereus DSM 31, IFR94-10, 94-15, 94-22, 94-23, 94-24, 94-25, 94-26
Staphylococcus auraus ATCCES38

Agromonas hydropiila subsp Rydrophila DSM30187

Yersinia enterocolitica DSM4780

Salmonella typhimuripm DSM554

Escherichia coli ATCC11775

Psaudomonas aeruginosa ATCC027

Candida atbicans ATCC10231

Aspargillus niger ATCC16404

RC, 30°C, anaerobic
NA, 30°C, aerobic
BHI, 30°C, aerabic
BHI, 30°€, aerobic
BHI, 30°C, aerobic
BHI, 30°C, aerabic
BHI, 30°C, aerobic
BHI, 30°C, aerabic
YNB, 25°C, aerobic
YNB, 25°C, aerobic

3 NCAIM, National Collacticn af Agricultural and Industrial Micraorganisms, Budapest, Hungary; WAL, Wageningen Agricultural University,

Wageringen, The Netherlands; DSM, Deutsche Sammlung von Microorganismen, Braunschweig, Germany; ATCC, American Type Culture

Collection, Rockville, USA; IFO, Institute for Fermentation, Osaka, Japan; NCFB, National Collection of Food Bacteria, Reading, UK; NCDO, National
Collection of Dairy Qrganisms, Reading, UK; U1, University of Iceland, Reykiavik, Iceland; IFR, Institute of Food Research, Norwich, United Kingdam;
NIZ0, Institute for Dairy Research, Ede, The Netharlands.

B MRS medium, brain heartinfusion (BHI) medium, and reinforced clostridium (RC) medium were chtained from Oxoid (UK) ; all-purpose tryptone
|APT) medium and yeast nitrogen hase (YNB) were ahtained from Difco {Detroit, Mich.); VL agar base |11} was supplemanted with 5% horse blood.
€ Nonproteolytic strain.

d Proteolytic strain.
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twofold higher as determined by critical dilution in a microtiter plate assay (75). In the case of C.
botulinum, growth of the nonproteolytic strains was inhibited, whereas growth of the proteolytic
strains was not. This is probably due to inactivation of the bacteriocins by secreted proteolytic
enzymes, These enzymes may also be present in foods, originating irom either the product or the
endogenous microorganisims in it. This type of inactivation may reduce the effectiveness of bacte-
riocins in practical food applications.

Genetic characterization. Characteristics of the bacteriocins produced by R parvulus ATQO34
and ATO77, such as pH and thermal stability, were compared with those of all pediocins described
ta date. These characteristics coincided best with those of pediocin PA-1 (AcH) (21,82), which is
encoded by the ped4 gene {139).

Putative sequence homology of plasmid DNAs isolated from the two strains with the pedA
gene was initially investigated by dot blot hybridization. Equal amounts of plasmid DNAs of strain
ATO34, strain ATO77, and P acidifactici PAC1.0, isolated by the method of Ahn and Stiles {5), and
phage A DNA (negative control) were biotted on a nylon membrane. A probe identical to the 3-
sequence of the pedA gene was obtained by 5' end labeling with [y-32P] ATP of oligomer 1 (5- CAT-
TTATGATTACCTTGATGTCCA-3"). Hybridization was performed in 6 x SSC (1xSSC is 0.15 M NaCl
plus 0.015 M sodium citrate) at 45°C by established methods (166). Plasmid DNAs of strains ATO34
and ATQ77 showed signals with the same intensity as those of plasmid DNA of P acidifactici
PAC1.0, in the absence of a signal for phage » DNA {Figure 1).

The plasmid DNAs of strains ATO34 and ATQ77 were subsequently screened for the presen-
ce of the pedA gene {139} by PCR with primers 2A (5“TAAGGATAATTTAAGAAGAAGGAG-3') and 2B
{5-TAAAATCACCCCTTTATTGA-3"). Plasmid pSRQ220 {139}, containing the pedA gene, was used as a
positive control. PCRs were carried out in standard PCR buffer, with 200 uM deoxynucleoside tri-
phosphates, (.2 uM primers, and 0.5 U of Tag polymerase {Pharmacia, Uppsala, Sweden} in a total
volume of 50 ul (30 cycles of 30 s at 95°C, 30 s at 52°C, 30 s at 72°C. We obtained DNA fragments
of the expected size (260 bp). Purified PCR products were directly used for cloning, using the
PGEM-T vector system (Promega, Madison, Wis.}). Positive clones containing PCR products from
ATO34 (n=5}) and AT077 (n=8) were pooled and sequenced. Sequence analysis revealed sequences
fully identical to that of the pedA gene (139) for both ATO34 and ATO77.
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Figure 2.

Gelfiltration of bacteriocins of
P. acidilactici PAC1.D {A),
020k P. parvulus ATO34 (B), and

P. parvuius ATO77 {C), after purification by
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and cation-exchange chromatography.
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Biochemical characterization. To confirm that P parvulus produces only pediocin PA-1, bacte-
riocins of strains ATO34 and ATO77 were purified to homogeneity from 500 ml of early-stationary-
phase culture supernatant. P acidifactici PAC1.0, producing pediocin PA-1 {139}, was used as a ref-
erence. The maximum bacteriocin activities in culture supernatant of strains ATO34, ATO77, and
PAC1.0 were 80, 160 or 2560 bacteriocin units per ml {75), respectively. Proteins were concentrated
from the supernatants by a two-step ammonium sulfate precipitation, in which 94% of the total
activity was recovered in the second step (25 to 70% saturation) for all three batches. This fraction
was loaded on a 24-mi phenyl-Sepharose CL4B column (Pharmacia) which was equilibrated with
0.42 M ammonium sulfate in 50 mM 2{A‘morpholinojethanesulfonic acid {MES), pH 5.5 {buffer 1).
The column was eluted with a linear gradient (after 60 min in 100% buifer 1, in 140 min to 100%
50 mM MES buffer [pH 5.5], at 2 ml.min™1} and subsequently washed with 40 ml of 70% ethanol
(EtOH} in water. The EtOH fraction, containing all of the bacteriocin activity, was loaded on a 1-ml
Resource$ cation-exchange column {Pharmacia} which was equilibrated with 10 mM formic acid-
10% ELOH (A). Elution was performed with a linear gradient (in 10 min from [A] to 100% 1.0 M
NaCl-10 mM formic acid-10% EtOH in water [B], at 2 ml.min™!). Each baich showed the same elu-
tion profile, with bacteriocin activity in the 0.8 to 1.0 M NaCl fractions. These active fractdons were
pooled and concentrated by ulirafiltration (3000 molecular weight cutoff), and 50 ul {80% of the
sample) was loaded on a Superdex Peptide PC3.2/30 gelfilration column (SmartSystem, Pharmacia)
equilibrated with 0.15 M NaCl-0.1% trifluoroacetic acid-20% EtOH. Bacteriocin was eluted by using
a constant flow (80 pl.min~!) with monitoring of Ay;. An absorbance peak at 1.32 ml (Figure 2} cor-
responded to bacteriocin activity for all three batches. The peak areas reflected the initial bacterio-
cin activities, present in culture supernatants of the three different strains, which indicated similar
yields. The homogeneity of each peak was confirmed by reversed-phase chromatography, using a
Cy-C1g PRPC 3.2/30 column (SmariSystem: Pharmacia), and this confirmed the identity of the bacte-
riocin of P parvuius as a single peptide, being pediocin PA-1. Interestingly, this bacteriocin has pre-
viously been reported to be produced by only meat- and dairy-associated strains of P acidifactici
(105,139,1486).

In conclusion, this study shows that knowledge of physicochemical and biological proper-
ties in conjunction with the use of recombinant DNA technology were effective means of identi-
fying bacteriocins of £ parvuius. The adaptation of this sirain to the vegetable environment, its
observed ability to grow at low temperatures, and its GENERALLY RECOGNIZED AsS SAFE status make
it a candidate for use as a biopreservation agent for minimally processed vegetables.
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A role for oblique peptides in pore formation by
bacteriocins of lactic acid bacteria

Marjon H.J. Bennik, Berlinda Vanloo, Eddy J. Smid, Lean 6.M. Gorris, Bobert Brasseur
Biochimica et Biophysica Acta, submitted for publication

ABSTRACT

Bacteriocins are antimicrobial peptides and proteins which are produced by bacteria.
The activity of those that are secreted by lactic acid bacteria is generally related to the forma-
tion of pores in the cytoplasmic membrane of their target organisms, eventually leading to
cell death. This report addresses the initial steps involved in the mode of action of class lla
bacteriocins which share a highly conserved N-terminal 'YGNGV’ motif. We report the com-
plete primary amino acid sequence of mundticin, a novel class lla bacteriocin of 43 amino
acids (M, 4287.2}, produced by Enterococcus mundtii. This bacteriocin was demonstrated to
permeate the cytoplasmic membrane of sensitive organisms. Furthermore, we have used
mundticin as a prototype of class lla hacteriocins to study the initial steps involved in the
pore-forming activity of these compounds by computer modeling. A three-dimensional repre-
sentation of the molecular hydrophobicity potential around lipid-associating helices revealed
an asymmetric distribution of hydrophobic residues along the axis of an a-helix in the central
region of mundticin, and the same was found for homologous class lla bacteriocins. The pre-
dicted angle of insertion of these o-helical regions in a simulated hydrophobic-hydrophilic
interface varied from 30 to 50°. Based on these predictions, we bhelieve that the oblique orien-
tation of these regions in bacteriocins results in the destabilization of the phospholipid bilayer
and may facilitate the insertion and/or aggregation of monomers into functional pores in the
cytoplasmic membrane.

INTRODUCTION

Bacteriocins are antimicrobial peptides and proteins that are ribosomalty synthesized by
bacteria (175). These compounds can inhibit or eliminate the growth of their target organisms by
affecting the membrane permeability (111,197), or alternatively by interference with essential cell
functions such as DNA replication {189) and translation (74). Traditionally, bacteriocin research has
focused on proteins from Gram-negative bacteria (125). However, bacteriocins produced by Gram-
positive organisms, particularly those from lactic acid bacteria (LAB), have recently provoked a
great deal of interest for their potential as nontoxic preservatives in the food and feed industry
{184). The action of bacteriocins that are produced by LAB seems to be confined to the formation
of pores in the cytoplasmic membrane of target cells, explaining the leakage of small intracellular
components and the dissipation of the proton motive force after exposure to these antimicrobial
compounds ({108,187).
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Amongst LAB bacteriocins, the class [Ia bactericcins have received a lot of attention, espe-
cially because of their activity toward the pathogen L. monocytogenes. This class of bacteriocins con-
sists of a group of small heat-stable cationic membrane active peptides that do not undergo sub-
stantial posttranslational modification and are predicted to form o-helices with varying amounts
of hydrophobicity {(108,121). The presence of the N-terminal consensus sequence ‘Tyr-Gly-Asn-Gly-
Val’ (YGNGV) is typical for members of this class {121,158).

Pore formation by class II bacteriocins is thought to require membrane receptor proteins
{39,186). However, the exact molecular events which precede pore formation remain to be eluci-
dated to date. The action of these membrane-active peptides on lipid bilayers involves both hydro-
phobic interactions between the lipid acyl chains and the hydrophobic residues of the peptide,
and elecirostatic interactions between the polar residues and the phospholipid head groups {27,69}.
Although the presence of an o-helical domain in the dass [Ia bacteriocins is thought to play a key
role in the interaction with the lipid bilayer (69), the structural and functional properties of such a
lipid-protein complex are unknown. In the present study, we propose a possible mode of action.

A recent classification of lipid-associating helices based on the structural and functional
characteristics of the lipid-protein complexes, distinguishes between lipid-associated peptides with
a constant hydrophobicity, and peptides with a hydrophobic gradient along the axis of an a-helix
{26,27). Peptides of the former category have been found to interact with lipid bilayers through
helical structures which are positioned parallel or perpendicular to the hydrophobic-hydrophilic
interface. Conversely, oblique peptides with a hydrophobicity gradient along their axis insert at an
30 to 60° angle at hydrophobic/hydrophilic interfaces. Such peptides have been identified in pro-
cesses in which membrane perturbation underlies the action of the peptide by the partial pene-
tration of the bilayer and destabilization of the phospholipid acyl chains {recently reviewed by 27}.
These processes include a wide range of biological phenomena, such as cell signaling events {176),
fusion events that are induced by viral peptides {106,191} or the Alzheimer f-amyloid peptide {155},
and processes in lipid metabolism {27).

The aim of this study was to identify the compound that is responsible for the antimicro-
bial activity of Enterococcus mundti and to explain its mode of action on the cytoplasmic membra-
ne of sensitive cells. Based on computer modeling studies, we furthermore propose the hypothesis
that the presence of an ablique peptide in this protein plays a role in the initial steps of the pore-
forming activity of mundticin and homologous class I1a bacteriocins.

MATERIALS AND METHODS

Bacterial strains and culturing conditions. Enterococcus mundtii ATO6 was isolated from minimally processed
vegetables {13), and identified on the basis of fermentation patterns and 165 rRNA analysis by the services of the
Deutscha Sammlung von Mikroarganismen {DSM, Braunschweig, Germany). Lactobacillus sake DSM 20017 was
used as an indicator strain for the monitoring of bacteriocin activity. Both strains mentioned above wera routinely
grown it MRS medium {Oxoid, Basingstoke, England}. Listeria monocytogenes LDCD81-861 {167) was grown in brain
heart infusion (BHI) broth {Oxoid} supplemented with 0.5% {w/v) glucose. All cultivations were started with 1% inocu-
la and performed at 30°C.

Bacteriacin assays, antimicrobial spactrum and stability. The antimicrobial activity of mundticin was determined in
a microtiter assay as previously described [13). Hereby, the activity was expressed in bacteriocin units {BU) per ml,
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which was calculated from the reciprocal of the highest dilution of a sample that reduced the QD g of the indicator
organism by 50% after 8 h of incubation at 30°C. This assay was also used to determine the minimally inhibitory con-
centration {MIC) of mundticin against L. monocytogenes LDCD81-861, starting from a purified bacteriecin solution
with a known bactariocin concentration.

To determine the nature of the inhibitory substance, the supernatant of £ mundtii AT0O6 was treated with proteolytic
enzymes, ie. trypsin, a-chymotrypsin and proteinase K (1 mg/ml} {Boehringer, Mannheim, Germany} for 2 h at 37°C.
The pH stability of the purified bacteriocin during storage at 4°C for 14 h was determined in the range of pH 1 to 12
with 1 pH unit intervals. Following incubation, the antimicrobial activity of the samples was determined by the use of
the microtiter assay as described above. The heat resistance was assessed by boiling a bacteriocin solution which
was adjusted to pH 6.0 for 1, 5, 10, 15, 30 or 60 minutes. Again, the remaining bacteriocin activity was measured by
the use of the microtiter assay.

Growth inhibition of a panel of 65 bacteria and fungi in response to culture supernatant of £ mundtii was determined
by the use of a well diffusion assay and a microtiter assay as described previously {13). To establish whether the
action of mundticin was bacteriostatic or bactericidal, late- exponential-phase cells of L. manocytogenes LCDC81-
681 in BHI broth were exposed to this bacteriocin (final concentrations 0.1 and 1.0 pg/ml) and after dilution of the
cells, the viable counts were determined at regular time intervals during 5 h at 30°C.

Purification of mundticin. The bacteriocin produced by £ mundtii ATO6 was isolated from 2 liters of a 22 h static cul-
ture. The cells were removed by centrifugation, and proteins were subsequently concentrated from the supernatants
by a two-step ammonium sulfate precipitation {0 to 25% and 25 to 70% saturation). The fraction obtained from the
second step of this precipitation was dissalved in 50 mM 2-{ N-morpholino) ethanesulfonic acid {MES) buffer, pH 5.5,
containing 0.85 M ammonium sulfate. Aliquots (3 ml} were loaded on a 24-m! phenyl Sepharose CL4B column
{Pharmacia, Uppsala, Sweden) which was equilibrated with 0.42 M ammanium sulfate in 50 mM MES buffer, pH 5.5.
The alution was performed by a 140 min linear gradient from 0.42 to 0.0 M ammonium scifate in 50 mM MES buffer,
pH 5.5, at 2 mVmin. The most active fractions were pooled, diluted fivefold in 10 mM formic acid-10% EtOH (Solution
A), and loaded on a 1 ml Resource$ cation-exchange column (Pharmacia) which was equilibrated with solution A.
The column was eluted with a 30 min linear gradient from 0.0 to 1.0 M NaCl in 10 mM formic acid-10% EtOH at §
mi/min. The active fractions were pooled, and further purification was accomplished by loading 50 wl samples on a
Superdex Peptide PC3.2/30 gelfiltration column {Smartsystem, Pharmacia), followed by elution in 0.15 M NaCl-0.1%
triftuoroacetic acid (TFA)-20% EtOH at 80 wl/min (monitoring at 214, 264, and 280 nm). The homogeneity of the peaks
was confirmed by reversad phase chromatography with a C5-Cqg pRPC 3.2/30 column {Pharmacia) using a 30 min
linear gradient frem 20 to 95% EtOH in 0.1% TFA (100 wl/min, monitoring at 214 nm}.

Enzymatic cleavage and alky'ation of mundticin. Purified mundticin (40 pg/ml in 50 mM Tris- HCI, pH 7.4) was incu-
hated with the sequence grade endoprotease Asp-N {Boehringer) at an enzyme to substrate ratio of 1:20 (w/w}. After
incubation for 7 h at 37°C, the reaction was stopped by the addition of trichloroacetic acid (TCA) (5% final concentra-
tion). The peptide fragments were immediately separated by injection of 50 pl samples on a Superdex Peptide
P(3.2/30 gelfiltration column {Pharmaeia), using the same conditions as described above. Reduction and alkylation of
purified mundticin were performed by dissolving the peptide in 0.2M Tris-6M guanidine.HCI buffer, pH 8.4, containing
20mM DTT. After incubation of 1 h at 20°C, 1 ul of 4-vinylpyridine was added. This reaction mixture was further incu-
bated for 1 h at 20°C, after which the sample was diluted (1:1 in water) and sequenced.

N-terminal amino acid sequence analysis and mass spectrometry. Purified peptides were analyzed by the
Sequence Centre Utrecht {University of Utrecht, Utrecht, The Netherlands). The N-tarminal sequences were ob-
tained by Edman degradation on an automated gas phase sequencer (Applied Biosystems madel 476A) with on-line
phenylthiohydantoin derivate identification by reversed phase HPLC. Electronspray-mass spectrometry (ES-MS) was
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performed at the Institute for Animal Science and Health (ID-DLO, The Netherlands). The mass spectrum of purified
peptides was determined by direct injection {1.2 pg/ul in 0.1% TFA-50% EtOH} on a Quattro 11SQ instrument {Micra-
mass, Manchester, UK).

Measurement of the membrane potential with fluorescent probe. Cells of L. monocytogenes LDCD81-861 were har-
vested in the exponential phase of growth {0Dggy 0.6} by centrifugation (5000 g, 15 min} at 4°C, washed twice in 50
mM potassium N-2-Hydroxyethylpiperazina-N-2-ethana-sulfanic acid (K-HEPES) buffer {pH 7.0), resuspanded, con-
centrated approximately fifty-fold, and stored on ice. Membrane potential {Ay) measurements were performed by
using the fluorescent probe 3,3-dipropyithiocarbocyanine (DiSC4[5]). Cell suspensions were diluted in the K-HEPES
buffer ta a density of 0.06 mg bacterial protein/ml. Reactions ware performed at 20°C in a Perkin Elmer LS 50B spec-
troffuorometer, and the Ay was manitored with DiSC5(5) (excitation wavelength, 643 nm; emission wavelength, 666
nm) at a final concentration of 5 uM. The was generated after the addition of glucose in the presence of the H¥/K*
exchanger nigericin {final concentrations of 0.2% wt/vol and & pM, respectively). After reaching a steady-state Ay,
the purified mundticin was added to the cells. The K* ionephore valinomycin (final concentration 2 uM) was used as
a control for the absence of a membrane potential. Protein cencentrations of bacteriocin preparations were determi-
ned with the Nano-Orange Protein Quantitation kit (Malecular Probes Europe).

Measurement of ATP concentrations. To determine the influence of mundticin on the intracellular and extracellular
ATP concentrations of L. monocytogenes LDCDB1-681, cell suspensions were preparad essentially as dascribed
above for the Ay measurements, however, by the use of 50 mM potassium phosphate (KP;} buffer {pH 7.0). Cell sus-
pensions were diluted in this KP; buffer {0.10 mg bacterial protein/mi) and incubated for 6 min at 30°C with glucose
{final concentration of 0.5% [wt/voll}, prior to the addition of purified mundticin (final concentrations of 0.14 pg/mi}. At
regular time intervals, 0.2 ml samples of the suspensions were removed, and the cells were immediately separated
from the external medium by spinning them through a layer of silican oil, which was placed on top of a layer of 50 pl
10% (w/v) TCA with 2 mM EDTA (177). 5 ul aliquots of both aqueous layers were used to determine the ATP content
using the firefly luciferase assay as described previously (135}). Luminescence was recorded using a BI0-Orbit 1250
luminomater (Turku, Finland). Protein concentrations of bacterial cell suspensions were determined and by the
method of Lowry et al. (133},

Identification of an oblique-ariemtated peptide and molecular modeling of peptide insertion into the lipid bilayer
environment. The search for an obligue-orientated peptide was carried out by scanning the entire bacteriocin
saquences according to the procedure of Rahman et al. (161). The hydrophobicity gradient for a 12-13 residue pep-
tide window aiang the different bacteriocin sequences was calculated according te the method of Jéhnig {110},
using the Eisenberg's hydrophobicity scale (58). Any helical peptide with a minimal mean hydrophobicity of 0.2 and a
hy-drophobicity gradient along the axis of the helical peptide between the C-terminal and N-terminal end of the pep-
tide was considered as an acceptable candidate. Modeling of all peptides was carried out as described previously
{26) and the method used is that applied to the study of amphiphilic molecule confarmation {28). The method used for
the prediction of the conformational structure of the peptides accounted for the ¢ontribution of classic energy (Van
der Waals, alactrostatic and hydrophobic hinding energy) as well as the lipid-water intarface properties, including
the concomitant variation of the dielectric constant and the transfer energy of atoms from a hydrophobic to a hydro-
philic environment (29). The structure, mode of insertion, and orientation of the peptides were predicted asin a
hydrophobic-hydrophilie interface. In this model, the interaction energy was calculated and minimized until the
|owest energy state of the entire paptide-lipid aggregate was reached. All calculations were performed on a Pentium
Pro processor station, by using PC-TAMMO+ {Theoretical Analysis of Molecular Membrane Organization} and PC-
PROT+ {Protein Plus Analysis) software, Graphs were drawn with the WINMGM program,

Accession number. The amine acid sequence of mundticin determined in this study has heen deposited in the
SWISS-PROT database under accession number P80325,
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RESULTS

Characterization and purification of mundticin. A lactic acid bacterium with a broad spectium
of antimicrobial activity was isolated from minimally processed vegetables and identified as
Enterococecus mundtii ATO6. The supernatant of £. mundtif ATO6 cultures exhibited strong antimicro-
bial activity against the indicator strain lactobacillus sake DSM 20017, which reached a maximum
after approximately 22 h of growth, yielding 2.6 x 106 BU/] culture fluid. Proteolytic treatment of
the supernatant resulted in total loss of this activity, indicating the proteinacecus nature of the
antimicrobial compound. After a two-step ammonium sulfate precipitation of the supernatant,
with near total recovery of bacteriocin activity (99%) in the second step, the antimicrobial com-
pound was purified to homogeneity by chromatographic techniques. Hydrophobic interaction
chromatography and subsequent cationic exchange chromatography gave 60% and 55% recovery
of the inftial activity, respectively. A single peak eluted from the gelfiltration column (95% vield of
activity) (Peak i, Figure 1}, which horogeneity was confirmed by reversed phase chromatography.
The spedific activity of the purified peptide against L. sake was 1500 BU/pg, and the final yield of
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Figure 1, Figure 2. Figure 3.
Gelfiltration elutian profile of Effect of mundticin on the Intracellular ATP concentrations
{A) purified mundticin and membrane potential {Ay} of (dots} or extracelluiar ATP
{B) mundticin cleaved with snergized, nigericin-treated concentrations {squares) of
Asp-N on a Superdex Peptide whole cells of Listeria monocyt- L. monocytogenes LDCD81-861
PC3.2/30 column. ogenes LDCDB1-861 in absence cells after the addition of glucose
Peak i, amino acids 1-43; or presence of purified mundtcin: att=0{gluc; finat concentration
Pagk i, amino acids 17-43; i, 0 i, 1.4.103 i, 2.8.10-3: i, 0.5% wt/vol, in absence
Peek iii, amino acids 1-16. 1.4.10-% v, 0.14 pg mundticin/ml. {O0, control) or presence of
The Ay was measured with the { @) mundticin {0.14 pg/ml).
fluorescent probe DiSC4(5). The values rapresent the average
The ahsence of the Ay was of duplicate determinations.

astablished at 0.05 arbitrary
fluorescence units by the
addition of valinomycin (2 uM).
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the peptide from the culture supernatant was (.5 mg/liter. The antimicrobial activity of the pep-
tide was not alfected by heating for 15 min at 100°C, but prolonged heating for 1 h at 100°C re-
sulted in a 50% loss of actvity. The peptide was stable from pH 1 to 10 for 14 h at 4°C.

N-terminal amino acid sequence analysis of the purified bacteriocin revealed a 43 amino
acid (a.a.) residue peptide, which was designated mundticin. Initial sequence analysis did not iden-
tify the residues at positions ¢ and 14 and the residues at positions 37 and 40 to 43 could not une-
quivocally be appointed. To fully elucidate the primary structure of the bacteriocin, the peptide
was cleaved with Asp-N specific endoprotease. The two resulting fragments were separated by gel-
filtration chromatography, yielding two clear absorbance peaks as shown in Figure 1 {Peak ii and iii).
The full sequence of the C-terminal region was obtained after N-terminal aminoe acid sequencing
of the larger fragment (a.a.17 to 43). Following reduction and alkylation with 4-vinyl pyridine of
the uncleaved peptide, the residues at position 9 and 14 were identified as pyridethylated cyste-
inyl residues, rendering the complete primary structure of a novel bacteriocin, which was desig-
nated mundticin: KYYGNGVSCNKKGCSVDWGKAIGIIGNNSAANLATGGAAGWSK. The presence of a
YGNGV motif in the N-terminus of this bacteriocin characterized it as a class IIa bacteriocin of
LARB (121}. The homology to other members of this class is described below. The average mass of
mundticin as determined by electronspray mass spectrometry was 428721 + 0.59 Da, which fully
agrees with a calculated mass of 4287.8 in the presence of one disulfide bridge, linking the cyste-
ine residues at position 9 and 14.

Mundticin targets the cytoplasmic membrane and dissipates the Ay. Mundticin was found to inhi-
bit the growth of a wide range of Gram-positive bacteria at nanomolar concentrations. Specif-
ically, this bacteriocin caused a 10,000-fold reduction of viable counts of the pathogen L. monocyt-
ogenas within 25 or 150 min at a concentration of 1.0 ug/ml or 0.1 pg/ml, respectively, which de-
monstrated its vigorous bactericidal action. Furthermore, mundticin prevented the outgrowth of
spores and vegetative cells of toxin-producing strains of Clestridium botulinurn and inhibited the
growth of different species of LAB (Lactobacilius salivarius, L. sake, Leuconostoc paramesenteroides, Leuc.
mesenteroides, Carnobacterium piscicola, Pedipcoccus dextrinicus, P pentosaseus, Enterococcus faecalis, E.
hirae, and Listeria innocua). We did not observe activity against Gram-negative bacteria and fungi.

Table 1. Sequence and properties of the tilted peptides identified in class Jla bacteriocins.

Bacteriocin Sequence? % homol %ident Ho uH  Angle of SwissProt
ingertion (°}) accession nr

Mundticin SVDWGKAIGIIGN 100 100 0.37 0.37 40 P80925
Piscicolin 126 TVDWSKAIGIIGN 100 85 0.33 0.33 a5 P80569
Sakacin P TVDWGTAIGNIG 83 75 0.42 0.4 3 P35618
Pediocin PA-1 SVDWGKATTCIIN kL 69 0.2 02 3 P29430
Leucosin A SVNWGEAFSAGVH 69 kY, 032 0.26 K] P34034
Mesentericin Y1059  SVNWGEAASAGIH 59 37 0.3 0.23 35 P38577

2 Sequence of residue 15to 26 for sakacin P; sequence of residue 15 to 27 for the other bacteriocins.
The mean hydrophabicity {Ho) and the hydrophobic moment {uH) of the peptide was computed using the Eisenberg consensus
scale (59). The angle of insertion in a lipid bilayer was calculated according to Brasseur (26).
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Figure 4.
Staric represaentation of the tilted peptide in the bacteriocins (A) mundticin (residue 15-27) and {B} sakacin P (residue 15-26} at
a lipid {upper)f water {lower) interface. The peptides are orientated at an angle of 40 and 45%, respectively.

The molecular hydrophobicity potential around these a-helical regions, which indicates both the hydrophobicity gradient along
the peptide sequence and the magnitude of the hydrophobic envelope around the hslix, is presented in panel G {mundticin} and
D {sakacin P). The hydrophobic and hydrophilic envelopes are shown in light and dark grey, respectively.
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To investigate the effect of mundticin on the cytoplasmic membrane, the membrane
potential (Ay) of whole cells of L. monocyfogenes LDCD81-861 was measured after exposure to the
purified bacteriocin. At increasing bacteriocin concentrations, a more rapid Ay dissipation was
observed in conjunction with a lower final membrane potential {Figure 2}. The addition of mundti-
cin to energized cells of the same strain at a concentration that caused the complete dissipation of
the Ay resulted in an almost complete loss of intracellular ATP within 10 min, in absence of ATP
leakage (Figure 3). The elimination of the growth of L monocytogenes was achieved at 7 ng/ml
(= MIC], which is a lower concentration than required for full dissipation of the Ay.

Identification of the ablique-orientated peptides in class lla bacteriocins. A homology search for
the entire sequence of mundiicin through the SwissProt database rendered eight other class lla
bacteriocins of lactic acid bacteria with the characteristic YGNGV motif near the N-terminus; pisci-
colin 126 (P80569), sakacin P (P35618), pediocin PA-1 {P29430), leucocin A (P34034), mesentericin
Y105 (P38577), carnobacteriocin B2 (P38580), sakacin A (P80097), and carnobacteriocin BM1
(P38579). The homology of these respective sequences to mundticin decreased from 82 to 47% and
the identity decreased from 74 to 26%, as determined by multiple sequence alignment with the
Clustal program {98). Overall, the sequence similarities were high at the N-terminal region
(varying between 62 and 100% homology for the first 21 residues), but low for the remaining 22
residues, apart from residues 34 to 36.

The sequence of mundticin was entirely scanned to identify a peptide meeting the criteria
of an oblique-orientated peptide (as defined in the materials and methods section). This analysis
identified the Ser-15 to Asn-27 domain of mundticin as the best candidate, with a mean hydrophob-
icity of 0.37. Due to the hydrophobicity gradient between the more hydrophobic N-terminal end of
the peptide and the more hydrophilic C-terminal residues, the peptide was calculated to insert in
the lipid bilayer at an angle of 40° (Table 1). Using the same criteria, oblique-orientated peptides

Figure 5.
Suggested initial steps of pore-formation by the YGNGV bacteriocins. Following interaction of the water soluble bacteriocin
with @ membrane protein receptor (A), the a-helical region of the bacteriocin inserts at an approximate angle of 40° in the lipid
bilayer of the target strain, therehy disrupting the regular parallel orientation of the phosphalipids.

Subsequently, bacteriocin menomers insert into the membrane {B1), followed by pore formation threugh aggregration of the
maonomers inta oligomeric structures {(Cl: or alternatively, bacteriocin monomers aggregate at the surface {B2) and then form a
water filled pore {C).
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were also identified in the other bacteriocins, and predicted to insert into the hydrophobic/hydro-
philic interface with their N-termini at an approximate angle of 40° relative to a lipid/water inter-
face (Tabde 7). The homology of the oblique orientated fragments of mundticin and the other bacte-
riocins varied between 69 and 100% (Table 1). Carnobacteriocin B2, carnobacteriocin BM1 and saka-
cin A were not included in this study, because of their low similarity of both the entire sequence,
and the oblique peptide region (<34% identical; <60% homologous). In addition to mundticin and
homologous class IIa bacteriocins, we also analyzed hybrid class Ila bacteriocins, that have been
described by Fimland et al. (68} {SEE DISCUSSION).

The most probable conformation of the bacteriocin peptides at a hydrophobic/hydrophilic
interface is illustrated for mundticin (residue 15 to 27) and sakacin P (residue 15 to 26} in Figures
4A and 4B, respectively. Including the Asn at position 27 in the oblique segment of sakacin P (resi-
due 15 to 27) rendered a slightly less hydrophobic peptide (Ho 0.32 and uH 0.32), with an angle of
insertion of 55°, that thereby also met the criteria for a tilted peptide as defined in the materials
and methods section. The conformations of the oblique segments of piscicolin 126, pediocin PA-1,
leucocin A and mesenterocin Y10537 were similar to that shown in Figures 4A and 4B (data not
shown). For each of these peptides, the hydrophobic Trp-18 was similarly positioned at the hydro-
phobic face of the simulated lipid/water interface as shown in Figure 4.

The molecular hydrophobicity potential {MHP) of the o-helix, which indicates both the
hydrophobicity gradient along the peptide sequence and the magnitude of the hydrophobic enve-
lope around the helix {26), is sterically represented for the oblique peptide of mundticin (residue
15 to 27) and the sakacin P segment (residue 15 to 26) in Figure 4C and 40, respectively. This illus-
trates the hydrophobicity gradient that underlies the oblique insertion of these peptides, which in
turn perturbs the lipid acyl chains and disrupts the regular parallel orientation of the phospholi-
pids.

DISCUSSION

We have identified the novel antimicrobial peptide, designated mundticin, that was found
to belong to the class [Ia bacteriocins of lactic acid bacteria {121). This study describes its isolation,
characterization and antimicrobial action, and focuses on the initial steps involved in the pore-
forming activity of mundticin and homologous bacteriocins. Molecular modeling revealed an obli-
que hydrophobic o-helical region in mundticin, that was calculated to insert at an angle of 40° at
a hydrophobic/hydrophilic interface. Similarly, other class Ila bacteriocins were found to contain a
oblique peptides, which were calculated to insert at angles varying between 30 and 45°. We hy-
pothesize that the presence of this oblique peptide, due to the hydrophobicity gradient along the
axis of the helical peptide, constitutes an important factor for bacteriocin permeation of the cyto-
plasmic membrane of target cells, similar to the destabilizing effects of tilted peptides in a variety
of other processes in which membrane perturbation underlies the mode of action of the peptide
in question (27).

Mundticin is a positively charged, hydrophobic, 43 amino acid peptide, which is produced
and secreted by the Gram-positive bacterium Enterococcus mundtii. Our data indicate the presence
of one disulfide bridge between Cys-9 and Cys-14, and the absence of further postiranslational
modifications. In addition to the conserved N-terminal Tyr-Gly-Asn-Gly-Val {YGNGV) motif at posi-
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tion 3 to 7, these two cysteines were also present in each of the homologous class Ila bacteriocins.
Although this disulfide bridge was required for the activity of pediocin PA-1 and mesenterocin
Y10537 (39,69), it was reported to be not essential for activity of leucocin A and carnobacteriocin B2
(94,158).

A common feature of the YGNGV bacteriocins is their activity towards Listeria monocytog-
enes, a Gram-positive bacterium that can cause severe infections of the central nervous system
{167). Mundticin was shown to inhibit the growth of a broad spectrum of bacteria, including the
toxin producing Clostridium botulinum. Its good solubility in water, the absence of posttranslational
modifications, and its stability over a wide pH and temperature range are favorable characteristics
for a possible application as a food preservative. The bactericidal effect of mundticin on cells of L.
monacytoganes was shown to be related to a rapid loss of the membrane potential, which indicated
the dissipation of ionic gradients. In absence of ATP leakage, the observed reduction of the pool
size of ATP can be explained by the accelerated consumption of ATP to regenerate the decreased
PMF and/or by a shift in the ATP hydrolysis equilibrium resulting from phosphate efflux (88]. The
absence of ATP efflux furthermore indicates that the size exclusion limit of mundticin-induced
pores is smaller than 500 Da. The action of mundticin hereby resembles that of the structurally
related class 1la hacteriocins pediocin PA-1 {75% homolagous) {37} and of mesenterocin Y10537
(71% homologous) {138).

The class IIa bacteriocins are believed to interact with a membrane bound protein recep-
tor prior to insertion into the cytoplasmic membrane in a membrane potential independent way
(39). This mode of action resembles that of lactococcin A (class IT) {187), but is different from a num-
ber of extensively posttranslationally modified lanthioninecontaining class I bacteriocins that act
in absence of a protein receptor in a voltage-dependent way {111). From recent studies on bacterio-
cins with a N-terminal YGNGV motif it became evident that mutations or deletions in both the N-
terminus and the C-terminus of these peptide can cause complete loss of activity (69,160). The high-
ly conserved N-terminal region has been suggested to form part of a recognition sequence for a
putative membrane-bound protein receptor, and the more variable C-terminal region was put for-
ward to determine the specificity for target organisms (68,160). Following interaction with the pro-
tein receptor, the actual pore formation by bacteriocins has been proposed to take effect through
a ‘barrelstave’ mechanism invelving subsequent binding of monomers to the membrane, inser-
tion into the membrane, and the aggregation of monomers in a ‘barrel-staves’ manner, sur-
rounding a central core, analogous to a variety of pore-forming toxins {151,187).

The interactions of the YGNGV bacteriocins with the cytoplasmic membrane involves the
electrostatical interaction of these cationic compounds with the phospholipid head groups, and
hydrophobic interactions of the o-helix with the lipid acyl chains, but the exact interactions
remain to be elucidated. Our results indicate that the bacteriocin mundticin and the highly ho-
maologous bacteriocins piscicolin 126, sakacin P, pediocin PA-1, leucocin A, and mesenterocin
¥10537 contain o-helical hydrophobic peptide regions that insert at an angle of 30 to 45° in the
lipid/ water interface. This oblique orientation most likely destabilizes the phospholipid bilayers,
and is thereby thought to facilitate the insertion andjor aggregation of bacteriocin molecules
prior to forming pores in the cytoplasmic membrane of their target organisms. Interestingly, each
of these oblique peptides contained a tryptophane residue at position 18, which was similarly
positioned in the hydrophobic region of the hydrophobic/hydrophilic interface. The presence of
this conserved hydrophebic residue is likely to constitute an important determinant in the action
of these peptides.
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The proposed involvement of an oblique peptide in the initial steps of pore formation by
class ITa bacteriocins is schematically represented in Figure 5. Following interaction of the water-
soluble bacteriocin with a putative membrane protein receptor, the o-helical region of the bacte-
riocin inserts at an angle of approximately 40° in the lipid bilayer of the target strain, thereby dis-
rupting the reqular parallel orientation of the phospholipids. Subsequently, bacteriocin monomers
insert into the membrane, and pore formation occurs by aggregation of the monomers into oligo-
meric structures. Alternatively, bacteriocin monomers aggregate at the surface, where they desta-
bilize the phospholipid bilayer, and then form a water filled pore. Qur hypothesis was strength-
ened by analyzing data of ather investigators. Fimland et al. {68} constructed hybrid bacteriocins
from pediocin PA-1, sakacin P and curvacin A {sakacin A) by combining the N-terminal parts {resi-
due 1 to 21} with the C-terminal parts (position 22 to end) of these peptides which involved their o-
helical region. Each of the hybrid bacteriocins had an antimicrobial spectrum similar to the parent
C-terminal bacteriocin. Interestingly though, Ped-Sak was as potent as the parent bacteriocin
whereas the other hybrids exhibited 10 to 10000 times reduced activities (68). Our analysis of the
constructed hybrids Ped-Sak, Sak-Ped, Sak-Cur and Cur-Sak revealed that only Ped-Sak had a hydro-
phobic oblique pepiide with an angle of insertion of 45°, The hydrophobic a-helical regions in Sak-
Ped and Sak-Cur had angles of insertion of 25 and 0°, respectively, indicating a near parallel or full
parallel orientation to the hydrophobic-hydrophilic interface. In addition, Cur-Sak contained a less
hydrophobic peptide with an angle of insertion of 70° that resembles a perpendicular orientation.
Thus, the reduced activity of the latter three hybrids is likely related to the unfavorable angles of
insertion of the a-helical region as compared to the parent bacteriocin (calculated to have angles
of insertion of ca. 40°). This observation agrees with the proposed relevance of the oblique peptide
in the initial steps of pore formation. The involvement of a tilted o-helix in the action of the
YGNGYV bacteriocins is further substantiated by data on leucocin A and mesentericin Y10537, that
have the same activity against various indicator strains {§9). Although these bacteriocins differ at
two residues, which are both situated in the oblique peptide region, their calculated angles of
insertion in a bilayer are similar {ca. 30°), which agrees with their comparable action.

The present study identified the novel pore-forming bacteriocin mundticin and demonstra-
ted its action on the cytoplasmic membrane of target cells. This bacteriocin was used as a proto-
type of class IIa bacteriocins of LAB to study the initial steps that are invoived in pore formation.
Our study indicates that not only mundticin, but also other members of the class Ila bacteriocins
of LAB contain oblique o-helical regions. The variety of biological phenomena in which such
domains have been identified to date {106,155,176,191) underlines that the perturbing effect of tlted
peptides at hydrophobic/hydrophilic interfaces is a wide spread phenomenocn in nature. The pres-
ent analysis of oblique peptides may enable the rational design of molecules with enhanced or
altered activities, and renders valuable information for the construction of bacteriocins with better
preservative properties.
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CHAPTER 6
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ABSTRACT

The natural variation in the susceptibilities of Gram-positive bacteria towards the bac-
teriocins nisin and pediocin PA-1 is considerable. This study addresses the factors associated
with this variability for closely related lactic acid bacteria. We compared two sets of nonbacte-
riocinogenic strains for which the MICs of nisin and pediocin PA-1 differed 100 to 1000-fold:
Lactobacillus sake DSM20017 and L. sake DSM20497; and Pediococcus dextrinicus and P. pen-
tosaceus. Strikingly, the bacteriotin-sensitive and -insensitive strains showed a similar con-
centration-dependent dissipation of their membrane potential {(Ay) after exposure to these
bacteriocins. The bacteriocin-induced dissipation of Ay below their MICs for the insensitive
strains did not coincide with a reduction of intracellular ATP pools and glycolysis rates. This
was not observed with the sensitive strains. Analysis of membrane lipid properties revealed
minor differences in the phospho- and glycolipid compositions of both sets of strains. The
interactions of the bacteriocins with strain-specific lipids were not significantly different in a
lipid monolayer assay. Further lipid analysis revealed a higher in situ mambrane fluidity of the
bacteriocin-sensitive Pediococcus strain compared with that for the insensitive strain, but the
opposite was found for the L. sake strains. Our rasults provide evidence that the association
of bacteriocins with the cell membrane and their subsequent insertion takes place in a similar
way whether cells have a high or a low natural tolerance towards bacteriocins. For insensitive
strains, overall membrane constitution rather than mere membrane fluidity may preclude the
formation of pores with sufficient diameters and lifetimes to ultimately cause cell death.

INTRODUCTION

Bacteriocins from lactic acid bacteria (LAB) are ribosomally synthesized antimicrobial pep-
tides of a cationic, amphiphilic nature. Their antimicrobial activity is directed towards Gram-pos-
itive bacteria while the cells that produce bacteriocins are insensitive (33,127,159). The potential of
these peptides for ensuring the microbial safety and quality of various food products has provoked
great interest (reviewed in reference 172). Three major classes of bacteriocins have been distin-
gquished: lantibiotics (class Ij, small heat-stable nonlantibiotics (class II) and large heat labile pro-
teins {class HI) (121,147), Nisin is the best-characterized class I bacteriocin of LAB {111} and to date
the only bacteriocin that has been accepted by the WORLD HEALTH ORGANIZATION as a preservative

29
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in foods. The acton of pediocin PA-1, a class II bacteriocin which is identical to pediocin AcH
(96,145}, has been described in detail by several investigators (33,38). Class I and II bacteriocins are
believed to form pores in the membranes of target cells through a “barrel-stave” mechanism,
which involves the binding of monomers to the membrane, their insertion into the membrane,
and finally their aggregation, leading to the formation of pores surrcunding a central core
(151,187). Alternatively, a “wedge” model has been proposed as a made of action for nisin, whereby
monomers associate with the membrane surface and cause destabilization of the bilayer structure,
thereby promoting the formation of a wedge-state pore {57). Pore formation by bactericcins causes
a rapid efflux of small cytoplasmic molecules and ions from the target cells and the collapse of
the proten motive force (PMF), which may lead to cell death {39,72,164). Yet, the molecular mecha-
nism by which nisin and pediocin PA-1 act, appears to differ considerably. Whereas nisin is belie-
ved to inhibit the growth of sensitive organisms in a voltage-dependent way in the absence of a
protein receptor {57,72), pediocin PA-1 has been suggested to act in a voltage-independent protein
receptor-mediated way (33,39). However, it was demonstrated recently that pediocin PA-1 can func-
tion in absence of a protein receptor {38).

The success of the application of bacteriocins or bacteriocinogenic LAB to eliminate or
inhibit the growth of pathogenic or spoilage bacteria in complex food systems depends on multi-
ple factors. Firstly, the effectiveness of the excreted bacteriocins can be compromised by proteoly-
tic cleavage through the action of enzymes originating from the product or from endogenous
microflora. In addition, the prolonged exposure of bacteria to bacteriocins may induce resistance
to these compounds (47,142). Moreover, bacteriocinogenic LAB used for the suppression of patho-
gens need a competitive advantage over phylogeneticrelated genera (or species) that may be pres-
ent in the same ecolagical niche. The excretion of a bacteriocin may provide such an advantage,
but the inhibitory action of these antimicrobial peptides against Gram-positive bacteria can vary
considerably between different genera, species of genera, identical species, and even identical cul-
tures under different environmental conditions {4,93,121). Adequate control of the growth of the
pathogens and the competing microflora requires extensive knowledge of factors that determine
bacteriocin susceptibility.

Thus far, the majority of studies on bacteriocin susceptibility have been performed with
bacteriocin-sensitive strains and their variants which gained bacteriocin resistance through serial
passages in bacteriocin-containing media. This has been shown to yield cultures of trained var-
jants for which MICs are 2 to 10 times higher than those for the original cultures {47,92,137,142).
Both cell wall constitution and membrane lipid composition have been demonstrated to be in-
volved in such acquired bacteriocin resistance (48,137,142). However, observations that the stability
of this acquired resistance can be variable and may be lost upon subculturing in medium without
the bacteriocin (142,163) indicate that trained bacteriocin resistance might be related to a more
general adaptive response of the cells, The factors that account for the naturally occurring variabi-
lity in bacteriocin susceptibility have yet to be clariiied.

The present study was conducted to obtain better insight into the natural variation in bac-
teriocin sensitivity of closely related LAB that can be present in the same ecological niche, There-
fore, two sets of strains with 100- to 1000-fold differences in sensitivity were selected. Having stud-
ied the effect of nisin and pediocin PA-1 on the glycolysis, intracellular ATP (ATPy,} pools, and the
membrane potential {Ay) of whole cells in conjunction with membrane lipid properties, we
suggest that the differences in bacteriocin susceptibility of LAB are associated not only with varia-
tion in membrane lipid composition but also with the overall membrane constifution.
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MATERIALS AND METHODS

Bacterial stmins and culture conditions. The LAB strains used throughout this study were Pediococcus dextrinicus
DSM20335 which is bacteriocin sensitive {P. dextr.SENS), Pediococcus pentosaceus DSM20336 which is bacteriocin
insensitive (P. pentINSENS), [ actobacillus sake DSM20017 (. sakeSENS) (all type strains), and L. sake DSM20497 (L.

$ake/NSENS), The identity of the latter strain has previousty been confirmed by DNA-DNA homology analysis {114).

Strains that ware used in the initial screening for bacteriocin sensitivity are listed in Table 1. All Lactobacilius,
Leuconostoe, and Pediococcus strains were grown in MRS broth {Oxoid, Basingstoke, England). Strains of Camo-
bacterium, Enterococcus, Lactococeus and Streptococcus werg grown in M17 broth [Oxoid) supplemented with
0.5% (wt/ vol} glucose (GM17). The following bacteriocin producing strains were used: Lactococcus lactis subsp.
lactis NCDO 497, which produces nisin A; Pediococcus acidilactici PAC1.0, which produces pediocin PA-1 (139} (pro-
vided by Dr. A. M. Ledeboer, Unilever Research Laboratory, Vlaardingen, The Netherlands); Carnobactenum piscico-
la Ul49, which produces carnobacteriocin Ul48 (173); L sake DSM6333, which produces sakacin A (101}, Enterocoe-
cus mundtii ATO6, which produces mundticin {15). Cultivations were parformed statically at 30°C unless stated other-
wise.

Bacteriocim preparations. Strains producing nisin A or pediocin PA-1 were grown to the late axpenential phase.
After the removal of the cells by centrifugation, the supernatant was adjusted to pH 6.0 and filter sterilized, with 0.2
um pore-size fitters (Costar, Cambridge, Mass.). The supernatant containing pediocin PA-1 was concentrated 10-fold
by freeze drying and resuspension in water, while the supernatant containing nisin was used diractly to determine
the sensitivities of various LAB {see Table 1) towards these bacteriocins.

For further axperiments, pediocin PA-1 was purified from culture suparnatant of P. acidilactici PAC1.D as described by
Bennik et al, {13); after ammonium sulfate precipitation, pediccin PA-1 was purified to homogeneity by hydrophobic
intaraction-, cation-exchange-, and gelfiltration chromatography. Nisin A was purified from a commercially available
preparation containing 2.5% nisin (Sigma Chemical Co., St. Louis, Mo.), which was dissolved in water. After precipita-
tion of the whey proteins from this solution by centrifugation, nisin was purified to homogeneity by using the hydro-
phobic-interaction, cation-exchange and gelfiltration columns as desgribed previously {13).

The purified nisin and pediocin PA-1 preparations were desalted by ultrafiltration {molecular weight cutoff 3000,
Costar) with 10 mM potassium 2-{N-morpholino} ethanesulfonic acid (K-MES) buffer (pH 5.5) containing 20% ethanol.
The homogensity of the final samples was confirmed by reversed phase chromatography on a C4-Cig pRPC 3.2/30
column (Smart System} with a linear gradient {20% to 95% ethylalcohol-0.1% trifluoreacetic acid in 30 min, 100
pl.min~1). All purification steps were performad at room temperature. All chromatographic equipment was obtained
from Pharmacia Biotechnology, Uppsala, Sweden.

Determination of bactericcin sensitivity and MICs. Bacteriocin sensitivities of indicator organisms were determined
in duplicata by a critical dilution assay. Twofold diluted bacteriocin solutions {50 wl) were prepared in MRS or GM17
broth by using 96-well microtiter plates {Costar). The wells were filled with a mixture of the indicator strain (grown to
optical density at 660 nm [ODggql of 0.9) and the appropriate culture medium at a ratio of 1:9 to a final volume of 200
ul. After 6 h of incubation at 30°C, growth was evaluated by measuring the ODggs in a microplate reader (Maodel 3550-
UV, Bio-Rad, Richmond, Calif.}. The bacteriocin sensitivities of the tested strains were calculated from the reciprocal
of the highest dilution of the bacteriocin preparation that inhibited growth of the indicator strain by 50%, and expres-
sed in bacteriocin units per millititer {BU.mI—1). Furthermare, the MIC of nisin or pediecin PA-1 was calculated from
the lowest concentration at which the growth of the indicator was inhibited.

Bacteriocin degradation by extracellular protease. Extracellular proteases were extracted from cells of bacteriocin-
sensitive and -insensitive strains by the method of Mills and Themas (141). Cells were grown in 500 mi of MRS broth
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containing 10 mM CaCly at 30°C, harvested at an 0Dggg of 0.7, and washed twice in 50 mM K-MES - 10 mM CaCly
buffer (pH 6.3). Cells were resuspended in 1 ml of 20 mM Tris HCl {pH 7.8) in the absence of CaCl, and incubated
without stirring for 30 min at 30°C. After the removal of cells by centrifugation, the supernatant containing extracellu-
lar proteases was kept on ice. After the protein concentration was determined, the extracts were dilutad in 50 mM
KMES (pH B.0) to a final concentration of 0.2 mg.ml-1 of protein. Directly afterwards, purified nisin (130 ug.mi-') was
incubated with these solutions, with final concentrations of 13 pg of nisin per ml and 0.1 mg of protein per ml of the
enzyme extracts. Following incubation for 2 h at 30°C, solutions of nisin incubated with the protein extracts, the enzy-
me extracts alone, or nisin without the protein extracts were analyzed on a Superdex Peptide PC 3.2/30 gelfiltration
column as described previously {13), and antimicrabial activity was monitored.

Determination of glycolysis rate. Exponential-phase cultures (0Dggq of 0.8) of selected LAB were harvested by cen-
trifugation and washad twice in a 0.5 mM potassium-piperazine- N-N-(2-ethanesulfonic acid) {K-PIPES), 0.5 mM K-
HEPES, 0.5 mM K-MES buffer {polybuffer pH 6.0 or 7.6} containing 50 mM KCI. |Cultures were grown to an QDggq of
0.8 instead of 0.7. The viahility of these cells was better on ice; thereby, the reproducibility of the assay was in-
creased. Freshly harvested cells at DDggq of 0.7 and 0.8 had the same responses). The cells were concentrated
{=~ 50-fold} and kept on ice until use. Washed cells were diluted in the appropriate buffer [pH 6.0 or 7.6) in a temper-
ature-regulated vessel {5 ml at 30°C} to a density of 0.2 mg of bacterial protein per ml. Following equilibration, the
cells ware energized with the fermentable substrate glucose (final concentration of (.2% [wt/vol]). The recorded pH
changes were converted into micromoles of H* released by calibration of the buffer with a standardized HC| solution,

Glycalysis rates were determined in the presence or absance of purified nisin, purified pediocin PA-1, or the proten-
ophore carbonyl cyanide 3-chlorophenylhydrazone {CCCP). Fivefold serial dilutions of these substances were added
to the above mentiened vessel, with the highest final concentrations being 5 and 0.80 pg.mb1 and 100 uM, respect-
ivety. For the experiments perfarmed in polybuffer with a pH of 6.0, additions were made at a pH of 5.7; when the
polybuffer had a pH of 7.6, additions were made ata pH of 7.3.

Acid analysis. Acids produced by LAB during glycalysis ware analyzed by high pressure liguid chromatography by
the method of Gosselink et al. (84} with an lonpak KC-811 (300 by 8 mm [inside diameter]; Shodex, Tokyo, Japan)
packed with strong cation-exchange resin gels. Acids produced by LAB during glycolysis were determined under
standard glycolysis ¢onditions in the presence or absence of CCCP (final concentrations of 10 or 100 uM, respact-
ivelyl, with polybuffer of pH 6.0. Samples (0.5 ml) were taken after 15 and 45 min of incubation. After removal of the
cells by centrifugation, the acid composition of 50 pl of filtered {0.2 um) supernatant was analyzed.

Intracellular pH measurememts. The intracellular pH (pH;,} of the LAB strains in the absence or presence of CCCP
{maximum, 10 uM; Sfold serial diluted) was determined based on the method of Breeuwer et al. {31). Harvested cells
{0Dggp of 0.7} were washed and resuspended in 50 mM K- HEPES buffer (pH 8.0). Subsequently, the cells were incu-
bated for 10 min at 30°C in the presence of 1 uM carboxyfluorescein diacetate succinimidyl ester (cFDASE)
{Molecular Probes Europe, Leiden, The Netherlands), washed, and resuspended in 50 mM potassium phosphate
buffer (pH 6.5). in the cytoplasm, cFDASE is hydrolyzed to carbaxyfluorescein succinimidyl ester {cFSE) and subse-
guently cenjugated to aliphatic amines. To eliminate nonconjugated ¢FSE, the cells were incubated in the presence
of glucose (0.2% wtyvol). After being washed, the cells were diluted to a concentration of 0.013 mg of bacterial pro-
tein per ml in a 3 m| glass cuvette and placed in the cuvetts holder of tha spectroflucrometer {equipped with a stirrer
and a thermostate} {Perkin-Elmer LS 50B}. Fluorescence intensities at the emission wavelength of 530 nm were
measured at excitation wavelengths of 500 and 440 nm by rapidly altering the monochromator between the two
wavelengths. The intracellular pH was calculated from the 500 to-340 ratio’s as described previously (31).

Determination of ATP;, and ATP,,,. Exponential-growth-phase cells of bactariocin-sensitive and -insensitive LAB
(0Dggp of 0.8) were harvested, washed twice in 50 mM potassium phosphate buffer {pH 5.7 or 7.3), and concentrated




BACTERIOQOCEN aU0sSCEPRPOCIRILITY OF AL o A0 iD BAOTERILIA

(= 50 fold). Washed cells were subsequently diluted in phosphate buffer (pH 5.7 or 7.3} to a concentration of 0.2 mg of
protein per ml in & temperature-controlled vessel at 30°C. Glucose was added to a final concentration of 0.5%
{wifvol), and after 5 min of incubation, purified nisin {final concentrations of 0.2 or 5 pg.mi=1), purified pedioein (final
concentrations of 0.8 or 0.08 pg.ml=1}, or CCCP {final concentration of 20 uM) was added. A contro! experiment was
run. ATP;, and ATP,,; concentraticns were determined at regular time intervals by separating the cells from the
external medium by silicon il centrifugation (177). Specifically, samples (500 wi} from a cell suspension were trans-
ferred to microcentrifugation tubes containing 750 ul of a 2:1 mixture of silicon oil AR200 (p = 1.06 g.mI~") and silican
oil AR20 {p = 0.96 g.mi~1) (Wacker Chemicals, Munich, Germany) on top of a layer of 100 ul of 10% {wt/vol) trichloro-
acetic acid with 2 mM EDTA. The cells were spun through the silicon oil for 5 min at 12000 x g, and samples (5 ul) of
both aqueous layers were taken to determine the ATP content by using the firefly luciferase assay as described by
Lundin and Thore {135). Luminescence was recorded using a model 1250 luminometer (BI0-Orbit, Turku, Finland).

Monitoring the Ay with a fluorescent probe. Cells of selected LAB (QDggq of 0.8} were washed twice in 50 mM K-
HEPES buffer (pH 7.0}, concentrated {~ 50-fold), and stored on ice until use. Washed cells were diluted {~ 200-fold) in
this buffer, which centained the fluorescent dye 3,3 dipropylthiacarbocyanine {DiSC4[5]) {5 pM} (Molacular Probes
Eurape}, to & density of 0.05 mg of bacterial protein per mi.Ay was monitored with DiSC4(5} {excitation wavelength,
643 nm; emission wavelength, 666 nm) with a Perkin Elmer LS 50B spectrofiuorometer at 25°C. Following equilibra-
tion, the Ay was built up by the addition of glucose (final congentration 0.2% wifvol) in the presence of the K*/H*
exchanger nigericin {5 uM). At the maximum Aw, purified nisin (final concentrations of 7.8 x 10!, 7.8 x 10-2, or 7.8 x
103 ug.mt) or pediocin PA-1 (final concentration of 9.3 x 1072, 4.7 x 102, or 2.3 x 10-2 pg.mi~"} was added to the
cells. Valinamygin {2 nM) was used as a control.

Lipid extrattion and analysis. Lipids extractions of LAB were performed by the methed of Bligh and Dyer (22} as
detailed by Kates (117). Exponential-growth-phase cells (0Dggp of 0.7) of 2 liter cultures were harvested by centrifu-
gation, washed twice in 50 mM potassium phosphate buffer {pH 6.3) containing 5 mM Mg50,, and concentrated 250-
fold. Prior to lipid extraction, concentrated cell suspensions were incubated with lysozyme (3 mg} and mutanalysin
{150 U} for 45 min at 37°C to degrade glycosidic bonds of the cell wall glycan layer.

The lipid composition of the extracts was determined by thin layer chromatography (TLC) isilica 60, Fertigplatten,
Merck, Germany} with chloroform-methanol-acetic acid-water {85:15:10:3.5 by volume). General lipid staining was
performed with |, vapor, glycolipids were indicated by spraying with o-naphtol {G.5 g in 100 mi of methanol-water =
1:1), and phosphclipids were visualized with sulfuric acid in water [85% [vol/val]). Plates were heated at 90°C until
maximal staining intensity of the glycolipids (blue-purple} and the polar lipids {yellow) was observed {117). The R;
values of individual spots were compared to the reference phospholipids diphosphatidylglyceride (DPG or cardioli-
pin|, phosphatidylglyceride (PG), phosphatidyl choline, phesphatidylethanolamine, phosphatidyl serine, and lysop-
hosphatidyiglyceride (LPG} and the glycolipids monogalactosyldiacylglycerol and digalactasyldiacylglycerol {Sigma).
These reference lipids included phospholipids previously reported to be present in lactobacilli and pediococci, ie.,
PG, DPG, LPG, and phosphatidic acid {58,149},

Analysis of the fatty acyl chains of lipid extracts was perfarmed in duplicate by gas-liquid chromatography (GLC).
Aliquots of the total lipid extracts were used for the preparation of fatty acid methyl esters by transmethylation with
concentrated 2.5% H,504 (volivol) in anhydrous methanol. The fatty acid methyl esters were extracted with petro-
leum ether {boiling point, 60 to B0°C) and subsequently separated isothermally at 165°C by GLC with a Perkin-Eimer
F33 gas chromatograph equipped with a glass column {1 m by 4 mm [inside diameter]) packed with 5% {wt/wt)
SP2100 (Supalco, Bellefonte, Pa.) as the stationary phase. Fatty acid methyi ester compositions were determined by
measuring peak areas after identification with authentic standards and comparison of retention times.

Monolayer experiments. The change in surface pressure of hacteriat lipid monolayers after the addition of bacterio-
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cin was considerad as a measure of penetration of the peptide into the surface lipid phase by using the Wilhelmy
plate method at 30°C (70}. Monolayers with initial surface pressures of 18 to 40 mN.m~! were formed by spreading
purified bacterial total lipid extracts {dissolved in chloroform) on a subphase of 10 mM Tris buffer {pH 7.4). These
purified lipid extracts were abtained by the conversion of the anionic lipids to their sodium salts and the removal of
proteins from the lipid extract by silica column chramatagraphy (119). A saturating concentration of purified nisin or
pedigcin PA-1 {1 pg.mi~"} was added to the continuously stirred subphase through a small injection channel. The
increase in surface pressure as a result of the added bacteriocin was monitored until the surface pressure becams
stable.

Whote cell membrane lipid phase transition temperature. For each strain of LAB, two separate batches of expanen-
tial-grawth-phase cells (0Dggq of 0.7) were harvested and washed twice with 50 mM potassium buffer (pH 6.0). The
wet bacterial pellet was placed between two CaF, windows and subsequently, Fourier transform infrared (FTIR)
spectra were recorded on a Peskin-Elmer 1725 spectrometer equipped with a liquid nitrogen-cooled mercury-cadmi-
um-telluride detecter and a Perkin-Elmer microscope interfaced to a personal computer. The FTIR spectra to study
the phase-transition temperature of lipids in whole cells were recorded in a temperature-controlled cell. After the
samples were cooled to -50°C, they were slowly heated {1°C/min), and a spectrem was recorded every 2-3°C. Each
spectrum was the average of 32 scans at each temperature. Membrana fluidity was monitared by observing the
band position of the CH, symmetric stretch band around 2850 cm~1. The spectral region between 3000 and 2800 cm~!
was selected, and second derivative spectra were calculated. The second derivative spectrum was normalized, and
the band position was calculated as the average of the spectral positions at 80% of the total peak height. Pletting of
the wave number (expressed per cm) against temperature resulted in a curve from which the phase transition tem-
perature was determined.

Protein determination. Protein concentrations of bacterial cells were determined by the method of Lowry et al. {133},
Protein concentrations of purified bacteriocin preparations were assayed by using the NanoQrange Pratein Quan-
titation kit (Malecular Probes Europe) according to the manufacturer's instructions. In both assays, bovine serum
albumin was used as a standard.

RESULTS

Sensitivity of LAB to bacteriocins. To select strains with high and low bacteriocin sensitivities,
twenty strains of LAB were examined for their sensitivities towards nisin and pediocin PA-1 in a
critical dilution assay {Table 1). Seven strains were relatively insensitive towards the two bacterio-
cins, three strains showed high sensitivity, and the remaining ten strains were moderately sensiti-
ve. Two strains of identical species with the highest difference in bacteriocin sensitivity were selec-
ted for further studies: the bacteriocin sensitive L. sake DSM20017 (L. sakeSiNs) and the relatively
bacteriocin-insensitive strain L. sake DSM20497 (L sake™SENS). In addition, two different species of
the same genus were selected, namely the bacteriocin-sensitive £ dextrinicus DSM20335 (P, dextrSEns)
and the bacteriocin-insensitive P pentosaceus (F pentNSENS), based on the same criterion. The differ-
ence in the bacteriocin sensitivities of the strains is reflected by the different MICs of the bacterio-
cins for the strains (Table 2). Similar nisin and pediocin PA-1 concentrations were needed to inhibit
the growth of the two selected sensitive strains, whereas 100- to 1000-fold higher concentrations
were required to inhibit the growth of the insensitive strains. Full inhibition of the growth of the
insensitive strains by the protonophore CCCP was observed at concentrations only twofold higher
than those required for the sensitive strains {Table 2}. Production of bacteriocins by the four selec-
ted strains could not be detected with the indicator strains listed in Tahle 1. We tested the sensitivi-
ties of the four selected strains towards the class I bacteriocin carnobacteriocin UI49 (173) and two

. —
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Table 1. Sensitivity of indicatar organisms towards bacteriocins as determined by a critical dilution assay.

Indicator organism? Sensitivity (BU.mI-}® tawards

Nisin Pediocin PA-)

Carnabacterium gallinarum NCDQ2766 0 10240

Enterococeus fagcalis DSM20478t <20 <20
Lactococcus factis subsp. factis NCDD497 <20 <20
lactococeus lactis subsp. lactis WAL L1403 pMBSB0 640 20
Lactobacillus acidophifus U0T705-R-1 160 <20
Lactobacillus fermentum U0T22-0-6 160 <20
Lactobacillus plantarum ATCCBO014t 320 1280
Lactobacillus sake DSM20017¢, ¢ 40960 81920
Lactobacilius sake DSM6333 640 640
Lactobacilius sake DSM20497°¢ 40 80
Lactobacillus sake DSM20498 320 320
Lactobacillus sake IF03541 640 640
Lactobacillus sake IF0 12456 6240 20430
Lactobaciflus sake NCFB2812 1280 160
Lactobacillus sake NCFB2813 160 1280
Lactobacilfus sake NCFB2814 1280 160
Leuconostoc mesenteroides subsp. mes. DSM20343t 640 10240
Pediococeus dextrinicys DSM203351, © 20480 403960
Pediococeus pentosaceus DSM20336t, © 80 160
Streptococeus mutans DSM20523t <20 <20

8 Sources: NCDO, Natianal Collection of Dairy Grganisms, Reading, United Kingdom; DSM, Deutsche Sammlung von
Mikrocrganismen und Zeflkulturen, Braunschweig, Germany; WAU, Wageningen Agricultural University, Wageningen, The
Netherlands; UOT, University of Otaga, Otaga, Iceland; ATCC, American Type Culture Collection, Rockville, Md.; IFD, Institute
for Fermentation, Osaka, Japan; NCFB, National Collection of Food Bacteria, Reading, United Kingdom,

b BU.mI-1, bacteriocin units per milliliter (FURTHER DEFINED IN MATERIALS AND METHODS).

€ Strain used throughout the study, and designated as follows: L sake DSM20017 = L. sakeSENS, L. sake DSM20497 =

L. sakelNSENS, P. dextrinicus DSM20335 = P, dextrSENS, P, pentosaceus ISM20336 = P. pent,INSENS,

t Type strain.

Table 2. MICs of nisin, pediocin PA-1 and CCCP for selected strains.

Strain MIC? of:
Nisin {mg.liter-1}) Pediocin PA-1 {mg.liter 1} CCLP (uM)
L. sakgSENS 30x103 23x103 39
L. sake!NSENS 3.06 1.19 78
P, dextrSENs 6.0x103 46x 103 39
P pentNSENS 1.53 0.59% 78

8 Mean valuas of duplicate determinations are presented.
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class Ila bacteriocins: sakacin A (101) and mundticin (a novel bacteriocin) (15) in addition to nisin
and pediocin PA-1. This indicated similar differences in the sensitivities of the sensitive and insen-
sitive strains (data not shown).

Bacteriocin degradation. Since the inactivation of bacteriocins by extracellular proteclytic
activity could explain differences in the bacteriocin sensitivities, peptide cleavage was tested by
the coincubation of nisin with extracellular proteins extracted from each of the four selected
strains. No degradation of nisin or decrease in antimicrobial activity was observed after 2 h of in-
cubation at 30°C for any of the strains.

Effect of bacteriocins on glycolysis. The insertion of bacteriocins into the cell membrane can
result in the dissipation of the PMF and the efflux of cytoplasmic components (32,39). To evaluate
differences in the bacteriocin sensitivities of the selected strains, the effect of bacteriocins on the
glycolytic activities of cells was analyzed. Exponential-growth-phase, glycolyzing cells which were
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energized with the fermentable substrate glucose {referred to hereafter as glucose-energized cells)
were therefore exposed to different concentrations of nisin and pediocin PA-1 at extracellular pHs
{pH,,;) of 5.7 and 7.3, respectively. The direct effect of the PMF dissipation on the glycolysis of cells
was determined by the addition of the protonophore CCCP.

First, the actual insertion of CCCP into the cytoplasmic membrane was assessed by the
measurement of the intracellular pH (pH;,) of the glucose-energized cells with the fluorescent
probe cFSE. The rapid dissipation of the pH gradient confirmed the action of CCCP against each
of the selected strains at concentrations exceeding 10 uM (data not shown}. The influence of CCCP
on the glycolytic activities of these strains is represented in Figure 1 (left panels). Exposure of the
two L sake strains to the highest CCCP concentration at a pH,, of 7.3 resulted in only slightly in-
hibited glycolysis, whereas CCCP added at a pH,,,; of 5.7 caused a significant reduction in the gly-
colysis rates at concentrations of 4 to 20 uM. By contrast, the glycolysis of P dextrSENS and P
pentINSENS was not inhibited by CCCP at either of the pH values tested.

A Figure 2.
4 ATP;, concentrations (closed symbols}
B and ATP,,; concentrations
2 F {open symbols) of glucose-energized,
i exponential-growth-phase cells of
0 L. sakeSENS (A),
6 L. sakelNSENS (B),
B P. dextr.SENS (C), and
- P. pent INSENS (D}
4 F in the absence (O®, control) and
presence of CCCP {20 uM){V ¥},
s L — nisin (0.2 pg.mt=1) (M), and

pediocin PA-1{8 x 102 pg.ml-U{A A).

0 ! ! f __._B,-_:E:————"gj A cell density of 0.2 mg of bacterial

protein.mi=1 in 50 mM

ATP (nmol.mg " bacterial protein)

6 c potassium-phasphate buffer {pH 56.7)
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4r were addad at 0 min.
- Values represent the average of
2L duplicate experiments.
6
1 D
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| P ——t,
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The addition of nisin at a pH of 5.7 resulted in reduced glycolysis rates for all selected
strains, but a concentration more than 100-fold higher was needed to inhibit the glycolysis of L.
SakelNSENS and £ pentNSENS (Figures 1B and 1D, middle panels) compared with that of L. sakeStNs and P
dextrSENS (Figures 1A and 1C, middle panels). For each strain, the reduction of the glycolysis in the pres-
ence of equal nisin concentrations was less pronounced at pH 7.3 than at pH 5.7 {Figure 1, middle
panels). The addition of pediocin PA-1 at pH 5.7 also caused a reduction in the glycolysis rates for
the selected strains, and again, higher concentrations were needed (= 50-fold) for the inhibition of
the insensitive strains than for the sensitive strains (Figure 1, right panels). The glycolysis rates of L
Sake/NSENS and P pentNSENS gradually decreased at pediocin PA-1 concentrations exceeding 8x10-2

glu nig nis glu nig nis g nig nis glu nig nis
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|
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Figure 3.
Effects of nisin and pediocin PA-1{upper and lower panels, respectively) on the Ay of exponential-growth-phase cells of . sakeSENS (A),

L. sake/NSENS (B) P, dextr.SENS {C}, and P. pantNSENS (D) with a cell density of 0.05 mg of bacteriat protein.mi— in 50 mM K-HEPES bufer (pH 7.0).
At the indicated times, glucese (glc; 0.2% [wi/vol]), nigericin {nig; 5 uM} or bacteriocin was added.

93x1072 ng of pediocin PA-1 (ped) per ml, respectively. Ay was measured with the fluarascant probe DiSC4(5) as described in the MATERIALS

AND METHODS, Valinomycin (2 uM) was used as a control (absence of Ay}, resulting in 0.1 arbitrary fluorescence units for the differant strains.
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ng.ml-1, but even at the highest concentration, 15 and 55% of the initial glycolysis rates were
maintained, respectively. When pediocin PA-1 was added at pH 7.3, the same trends were ob-
served; however, the pediocin PA-1 concentrations were fivefold higher (Figure 1, right panels).

In the absence of bacteriocins or CCCP, the maximum glycolysis rates of the two L. sake
strains were comparable (Figure 1). By contrast, the glycolysis rate of P dextrSINS was only 40% of the
rate of P pentINSENS (Figure 1), Acid analysis of cell suspensions confirmed homolactic fermentation
under standard glycolysis assay conditions (initial pH 7.3) for the four different organisms with
and without CCCP (data not shown).

Effect of bacteriocins on the ATP;, pools. The steady state ATP;, concentrations of energized
cells of L sakeSENS, | sakelNSENS, P dextrSENS and P pentNSENS at pH 5.7 were approximately 5.0, 3.5,
1.3 and 4.2 nmol.mg~! bacterial protein, respectively {Figure 2). Comparable values were found at
a pH of 7.2 (data not shown). ATP,,,; was not observed at either pH value. The protonophore CCCP
{final concentration, 20 uM) was added at pHs 7.3 and 5.7 to determine the effect of PMF dissipa-
tion on the ATP;, and ATP,,; concentrations. CCCP reduced ATP;, to approximately 3.0, 1.3, 0.2,
and 3.2 nmol per mg of bacterial protein at a pH of 5.7 {Figure 2} and 4.4, 2.2, 0.9, and 3.3 nmol
per mg of bacterial protein at a pH of 7.3 (data not shown) for L. sakeSENS, L sakelNSENS, P dextrSENS
and P pantNSENS, respectively. Again, extracellular ATP was not detectable.

The addition of nisin at a higher concentration than required for the inhibition of the
growth of all selected strains (5 pg.ml-!) caused a total loss of ATP;;, from {. sakeSENS and A dextrSENS
and an increase of ATP,,, within 2 min. The sum of the ATP;;, and ATP,,, remained constant,
which indicated that the reduction in ATP;, resulted directly from leakage (data not shown).

Exposure of £ sake'NSENS and P pent!NSENS ¢o this high nisin concentration resulted in a more
gradual reduction of the ATP;, to approximately 10% of the initial concentration within 5 min.
The sum of ATP;, and ATP,,, slightly decreased with time, suggesting that the reduction in ATP;,
was a result of ATP leakage, with a minor contribution of ATP hydrolysis {data not shown). Nisin
was also added to the selected strains at pH 5.7 at a concentration that was inhibitory to the
growth of the sensitive strains but not to that of insensitive strains (0.2 pg.ml-1) (Table 2). Again,
this resulted in a rapid total loss of ATP;;, and an increase of ATP,, for the two sensitive strains
{Figures 2A and 2C}. However, L. sakeStNS showed only a small decrease in ATP;, and a slight in-
crease in ATP,,,, under these conditions. Moreover, F. pantiNSENS showed neither a reduction in
ATP;; nor an increase in ATP,,;. When nisin (0.2 pg.ml-1) was added at pH 7.3, similar results
were cbtained (data not shown).

The selected sirains were also exposed to a concentration of pediocin PA-1 that was inhib-
itory to the growth of all strains (1.5 wg.ml-1). This resulted in a gradual decrease of ATP;, to
approximately 30% of the initial value within 5 min for both sensitive strains, whereas a reduction
of approximately 50% was found for the insensitive strains. ATP leakage was not observed (data
not shown). Furthermore, pediocin PA-1 was added at a concentration {8x1072 pg.ml-1) inhibitory
to the growth of L sakeStN$ and P dextrSENS, but not to that of L. sake!NSENS or P pentNSENS, This
caused ATPy, reductions of 75% for L sakeSENS and 90% for P dextrSENS at pH 5.7, but no increase in
ATP,,,; (Figures 2A and 2C). Exposure of the insensitive strains to this pediocin PA-1 concentration led
to a minor decrease in the ATP;, of L. sakeNSENS in the absence of ATP leakage (Figure 2B), whereas
the ATPy, and ATP,,;; concentrations of £ pent/NSENS were unaffected (Figure 2D). When pediocin PA-
1 (8x1072 pg.ml~1) was added at pH 7.3, similar results were obtained (data not shown).
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Ay of whole cells. The influence of bacteriocins on the Ay of whole cells was investigated
for each of the selected strains with different final concentrations of nisin or pediocin PA-1. At
increasing bacteriocin concentrations, both a higher rate of Ay reduction and a lower final poten-
tial were observed for the four different strains with the Ay indicator DiSC5(5} (Figure 3). L sakeSens
and L. sakeNSENS Ay responses after the addition of nisin or pediocin PA-1 were similar, even
though the former strain is 500- to 1000-fold more sensitive towards these bacteriocins (Figures 3A
and 3B). Comparable Ay responses at different nisin and pediocin PA-1 concentrations were also
observed for P dextrSENS and P pentNSENS, whose sensitivities towards the two bacteriocins differ
more than 100-fold {Figures 3C and 3D). Whereas the addition of nisin at the highest concentration
caused the complete dissipation of the Ay (compared to the addition of valinomycin [control]), the
full dissipation of the Ay by pediocin PA-1 was not observed for the different strains at the maxi-
mum concentration applied.

Membrane glyco- and phospholipid compesition and the interaction between bacteriocing and lipid
monelayers. The initial association of bacteriocins with the phospholipid bilayer may be influenced
by the (di)acylglycerol head group composition of the membrane lipids. To determine possible dif-
ferences between the phospho- and glycolipid compositions of strains sensitive and insensitive
towards bacteriocins, extracted lipids of the four selected strains were analyzed by TLC. As shown
in Table 3, each strain contained the major phospholipid DPG in addition to a major glycolipid
(R; = 0.47) which was not further characterized. The migration profile of the latter cornpound was
similar to the reference digalactosyldiacylglycerol (R; = 0.44) and probably indicated the presence
of a dihexosyldiacylglycerol containing stereo isomers of galactose, since the most abundant glyco-

Table 3. Membrane lipid characteristic of Lactobacillus and Pediccoccus species, grawn at 30°C2.

Strain Diacyl head group composition? % Fatty acid compasition  Phase-transition temp {°C)
(acyt chains)
Phospholipid  Glycolipidéwith  Short Saturatede Tm Ty Te

R;of:

DPG PG LPG 0.23 0.47

L. sakeSENs +Ht +— - - 4+ 418 49.0 100 -44 224
L. sakeNSENS 4+ 4= - - +H 419 398 04 -31 39
P, dextrSENs tHE b- - +H +Ht 320 20.2 -6.4 -347 211
P pentINSENS 444 +-  +- - HH 319 263 5.1 -5.7 16.0

8 Mean values of duplicate determinations are presented.

b Diameters of spots as determined by TLC analysis: —, 0 mm; + —, 0 to 2 mm; ++, 2to 5 mm; +++, 5 to 8 mm.
Equal amounts of total lipids were applied for the different strains.

€ Unidentified with R¢s determined by TLC analysis.

4 Percentage of short fatty acids {[C14,0 + Cyg:g + Cqgqlitotal).

€ Percentage of saturated fatty acids ([C14.4+ Cyg0 + Crgglitotal).
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lipid of lactobacilli has been identified as galactosylglucosyl-diacylglycerol {58,149). Only £ dextrSens
contained an additional major glycolipid (R; = 0.23), that was not further studied (Table 3). In addi-
tion, one minor phospholipid {R; = 0.94) and two minor glycolipids (R¢ = 0.06 and 0.90) were
observed for each strain (data not shown). Lysozyme treatment did not result in a higher yield of
crude lipld extract from the cell pellets, whereas the lipid head group composition was similar to
that for extraction without lysozyme.

The impact of the differences in the diacyl head group composition on the interactions
between bacteriocins and lipids was evaluated by determining the interaction of the lipid extracts
of the four selected strains with either nisin or pediocin PA-1 by using monomolecular lipid layers.
Peptide-induced pressure changes of the lipid film were interpreted as partial penetration of the
peptide into the lipid phase. The nisin-induced pressure changes in the lipid monolayers of the
bacteriocin-sensitive or -insensitive strains were not significantly different from each other {Figure
4). The surface pressure changes induced by pediocin PA-1 were much lower than those for nisin:
a pressure increase of only 3 mN.m~! at an initial surface pressure of 18 mN.m~! was observed for
the lipid monolayers of both the sensitive and insensitive strains, whereas a pressure increase did
not occur in the initial pressure range of 30 to 35 mN.m~! (data not shown)}.

Fatty acid composition and phase transition temperatures of the cytoplasmic membrane. The actual
insertion of bacteriocins into the lipid membrane of LAB might be influenced by membrane flu-
idity, which depends on the length of the acyl chains and the degree of saturation (174).
Therefore, the fatty acid composition of membrane lipids from sensitive and insensitive strains
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was determined. Each strain predominantly contained C;g.g. Cyg.1. and Cyg.q. with the latter fatty
acid being the major component of each strain, and minor amounts of Cy4. and Cygq. In addi-
tion, only the two L sake strains contained one extra fatty acid with a chain length of >18 (data
not shown}. This unidentified acid most likely indicates the presence of 11,12 methylene octa-
decenoic acid {AC,q. lactobacillic acid), which has previously been identified in L sake ATCC
15521 (DSM20017, L. sakeSENS) as the only fatty acid with a chain length of >18 (45).

As an indication of membrane fluidity, we calculated the percentages of short acyl chains
and saturated fatty acids for all four strains (Table 3). Compared with the Pediococcus strains, the
two L. sake strains contained a substantially higher percentage of short acyl chains and saturated
fatty acids. Comparison of the two L sake strains showed similar percentages of short acyl chains
but a higher degree of saturation of the fatty acids for L. sakeSENS, For the two Pediococcus strains,
similar percentages of short acyl chains were found, with F pentNSENS containing a higher percen-
tage of saturated fatty acids {Table 3).

The /n sifu membrane fluidity of whole cells was studied by FTIR spectroscopy. The memn-
brane phase transition temperature, Ty, and the beginning (T,) and ending (T} temperatures of
the melting curve were determined by plotting the symmetric CH, stretching band position
against the temperature. The Ty, of the sensitive Pediococcus strain was considerably lower than
the Ty, of the insensitive strain {AT,, 11.5°C). By contrast, the T, of the sensitive L. sake strain was
considerably higher than that of the insensitive strain (AT, 9.6°C) (Table 3).

In short, both the fatty acid analysis and the ir sitv membrane fluidity measurements indi-
cate that the membrane of the sensitive Pediococcus strain is more fluid than that of the insensitive
strain. By contrast, the sensitive L. sake strain was Iound to have a membrane that was less fluid than
that of the insensitive strain. Notably, a comparison of the two sets of organisms shows that the
range over which the membrane phase transition accurs is broader for the sensitive strains than for
the the insensitive strains, as can be deduced from the increase between T, and Ty, (Table 3).

DISCUSSION

We have investigated the susceptibilities of two sets of closely related LAB with large differ-
ences in sensitivity towards the bacteriocins nisin and pediocin PA-1. Strikingly, the bacteriocin-
induced dissipation of the Ay of whole cells as well as the interaction of the bacteriocins with
strain-specific lipids were similar for the sensitive and insensitive strains. Despite the dissipation of
the Ay, the insensitive strains were able to maintain high ATP;, pools and high glycolytic rates
below the MICs of these compounds. Furthermore, it became clear that the differences in bacte-
riocin sensitivity of the selected LAB could not be explained only by the variation in their mem-
brane lipid composition. In this respect, our findings suggest an important role for the overall
membrane constitution in the determination of LAB sensitivities towards nisin and pediocin PA-1.

Both nisin and pediocin PA-1 are known to induce the dissipation of the Ay and chemical
gradients of ions, which directly disturb membrane-associated energy transducing processes in
target cells. In addition, pore formation by bacteriocins may affect energy generation via the gly-
colysis by the efflux of pathway intermediates and/or reduced enzyme activities after intracellular
acidification (32,37,39,57,164). The bacteriocins were shown to cause a depletion of the ATP;; pools
and a reduction of the glycolysis rates at concentrations similar to the MICs for the selected LAB.
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Consistent with the results of previous studies {4,193}, nisin concentrations above the MIC for each
strain induced a rapid, near total efflux of ATP (M,, 507), indicating that the energy depletion and
reduced glycolysis are primarily determined by the efflux of essential metabolites. Furthermore,
our results agree with predictions that nisin induces the formation of pores with a maximum dia-
meter of 0.9 nm, allowing the passage of molecules with molecular masses up to 500 Da {165).

In contrast to nisin, pediocin PA-1 did not induce ATP leakage above concentrations that
caused complete growth inhibition. Evidently, the size exclusion limit of pediocin PA-1-induced
pores is smaller than 500 Da. The stronger depletion of ATP;; pools by pediocin PA-1 compared
with that by the protonophore CCCP implies that this bacteriocin also affects ion gradients other
than protons, possibly coinciding with the efflux of essential metabolites (<500 Da). This sugges-
tion agrees with the findings of Chen and Montville {37}. The observed reduction of the pool size
of ATP can be explained by the accelerated consumption of ATP to regenerate the decreased PMF
andjor by a shift in the equilibrium of ATP hydrolysis resulting from an efflux of phosphate (4,88},

The dissipation of the proton gradient was studied by the use of the protonophore CCCP,
which acts as a monomeric proton shuttle (37). At a low pH, this compound caused a reduction of
the glycolysis rates of both L. sake strains, probably because of an inhibition of the glycolytic en-
zymes at the observed reduced intracellular pH. By contrast, the glycolysis of the Pediscoccus
strains was not atfected by this protonophore, indicating that these organisms are less sensitive to
internal pH variation. At a neutral pH, the CCCP-induced reduction of the ATPy, pools indicated
an enhanced use of ATP to regenerate the PMF. The eifect of this compound on the glycolysis and
ATP;, pools was comparable for the sensitive and insensitive cells for both sets of strains, and only
twofold higher concentrations of CCCP were required to kill insensitive strains as compared with
those for their sensitive counterparts. The insertion of this protonophore into the cytoplasmic
membrane is therefore thought to take place in a similar way for each of the selected strains.

Importantly, the exposure of the sensitive and insensitive strains to either nisin or pedio-
cin PA-1 resulted in a similar concentration-dependent dissipation of the Ay in these cells that
manifest 100- to 1000-fold differences in bacteriocin sensitivity. Whereas the perturbation of the
cytoplasmic membrane upon exposure to low concentrations of bacteriocins caused rapid energy
depletion in the sensitive strains, the glycolysis rates and ATP;, pools of the insensitive cells ap-
peared to be unaffected. As opposed to the results for CCCP, these results suggest that nisin and
pediocin PA-1 molecules interact differently with the cytoplasmic membranes of sensitive and
insensitive strains. The Ay measurements indicate that the accessability of the cytoplasmic mem-
brane to the bacteriocins was not impaired for the insensitive strains. This finding excludes the
possibility of a role for the cell wall in the high bacteriocin tolerance of these strains, as has been
proposed for the acquired nisin resistance of Listeria monocytogenes (48,137). Our findings further
indicate that the inactivation of bacteriocins by proteases does not underlie the mechanism of the
bacteriocin resistance of L. sakeNSENS and P pentINSENS,

It is unlikely that the observed differences in sensitivity are related to the presence of puta-
tive immunity genes in the insensitive strains. To date, strains which express immunity towards a
specific bacteriocin have been reported not to exhibit a loss of Ay when they are exposed to the
respective bacteriocin (39,81,182). The insensitive strains in this study, however, showed a dissipation
of Ay when they were exposed to bacteriocins, even at low concentrations. In addition, immunity
to a specific bacteriocin has been reported only for strains that produce the cognate bacteriocin
(7,127,159,186}. In this respect, we have shown that the strains we studied are nonbacteriocinogenic.
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The first step in bacteriocin pore formation involves the hydrophobic and electrostatic
interactions with the phospholipid bilayer, which may account for the local disorganization of
membrane phospholipids {55,57). In our monolayer studies, we identified substantial nisin-induced
changes in the pressure of strain-specific lipid films with initial surface pressures of 30 to 35
mN/m, which are believed to be relevant for biological mermbranes {54). On the other hand, pedio-
cin PA-1 did not induce an increase in pressure under these conditions, whereas a slight increase
was observed at lower initial surface pressures. Considering that the above experiments were con-
ducted in the absence of membrane proteins, these results agree with previous findings that nisin
acts in a receptor-independent way (57,72), whereas pediocin PA-1 is believed to require membrane-
associated protein receptor {39). Despite differences in the diacyl head group compositions of the
LAB investigated, no significant differences were observed between the interactions of nisin or
pediocin PA-1 with the respective lipid monolayers. In a similar monolayer study, Demel et al. {55)
demonstrated that nisin had a high affinity for anionic phospholipids, while it exhibited low inter-
action with neutral or Zwitterionic phospholipids or glycolipids. Since the sensitive and insensitive
strains in the current study varied mainly in their neutral and glycolipid compositions, this might
explain our findings of the similar interactions of the bacteriocins with strain-specific lipids.

The actual pore formation by bacteriocins may be influenced by their specific biochernical
characteristics, concentration, and Ay (37-39,57,73,165). To explain differences in bacteriocin sensiti-
vities among bacteria, Ming and Daeschel {142} have recently postulated a role of membrane flu-
idity, wherein a more compact membrane, as determined by its membrane acyl chain composi-
tion, was suggested to affect the action of nisin. Our data indicate higher membrane fluidity for P
dextrSENS than for P pent!NSENS, [n line with the above hypothesis, a less compact membrane of the
sensitive Pediococcus strain might facilitate pore formation by bacteriocins. However, a similar
explanation does not hold true for the sensitivity of the L. sake strain, since the insensitive L sake
strain had a more fluid membrane. Interestingly, though, the temperature range for the mem-
brane phase transition was considerably broader for the sensitive strains than for their insensitive
counterparts. This result might indicate that the membrane of the sensitive .. sake is less homoge-
negus, which in turn might enhance the pore-forming action of bacteriocin molecules.

It is likely that the association of bacteriocins with the cell membrane, followed by the
insertion of these compounds, takes place in a similar way for sensitive and insensitive cells. This
speculation was supperted by the similar interactions of nisin or pediocin PA-1 with strain-specific
lipid monolayers, their comparable effects on the Ay of whole cells, and by the comparable action
of CCCP on the LAB strains, which was independent of the aggregation of molecules {97). How-
ever, the aggregation of bacteriocin monomers in oligomeric structures appeared to occur more
efficiently in the membranes of sensitive cells than in those of insensitive cells. This assumption is
strengthened by the observation that the perturbation of the cytoplasmic membrane by low bac
teriocin concentrations caused rapid ATP depletion only in the sensitive strains. We suggest that
not only membrane fluidity but also overall membrane constitution, in which membrane proteins
can affect lipid ordering (66}, might influence the pore-forming activity of bacteriocins. In this
respect, the formation of transient, multistate pores with varying diameters, rather than uniform
pores, has been demonstrated in planar lipid bilayers for various lanthionine-containing bacterio-
cins (45,126,165). Whereas our data indicate that the selected LAB strains with a natural high toler-
ance towards bacteriocins cannot hinder the insertion of bacteriocin monomers, the overall con-
stitution of their membranes may preclude the formation of pores with sufficient diameters and
lifetimes to ultimately cause cell death. Clearly, the in vivo formation of pores by bacteriocins in
the cytoplasmic membranes of intact cells is a multifaceted and complex phenomenon. Having
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provided evidence that naturally occurring differences in bacteriocin susceptibilities cannot be
explained only by variation in membrane lipid composition, we suggest that further in-depth a-
nalysis of this phenomenon requires focusing on the role of membrane proteins in the constitu-
tion of biological membranes.
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CHAPTER 7

Biopreservation for the control of Listeria monocyt-
ogenes on minimally processed, modified atmos-
phere stored vegetables

Marjon H.J. Bennik, Wendy van Overbeek, Eddy J. Smid and Leon G.M. Gorris
Lettars in Applied Microbiolagy, submitted for publication

ABSTRACY

Two Pediococcus parvalus strains and one Enterococcus mundtii strain, isolated from
minimally processed vegetables, were evaluated for their potential to control the growth of
Listeria monoccytogenes on refrigerated, modified atmosphere (MA) stored mungbean
sprouts. In culture broth, only E. mundtii was capable of growth and bacteriocin production at
low temperatures {4 to 8°C). This strain inhibited the growth of L. monocytogenes on sterile
vegetable-medium but not on fresh produce during storage at 8°C under MA-conditions. How-
ever, mundticin, the bacteriocin produced by E. mundtii, was found to have potential as a bio-
preservative agent for minimally processed vegatables when used in a washing step or a
coating procedure.

INTRODUCTION

Minimally processed, modified atmosphere (MA) packaged vegetables generally contain
few or no antimicrobial additives and rely on refrigeration as the main preservation factor. MA-
conditions that are commonly used (1 to 5% O, and 5 to 10% CO,) can extend the shelflife of pro-
duce by five to seven days at 4 to 8°C. The major safety concern with these non-sterile, ready-to-eat
products is the possible outgrowth of psychrotrophic pathogens, such as Listeria monocytagenes, in
the absence of sensory defects (24). L. monocytogenes has been isolated from a wide variety of raw
or processed vegetables, and several cases of listeriosis have been related to the consumption of
vegetable products {148,167). Thus, there may be a genuine need to introduce additional safety
measures for minimally processed vegetables.

Fresh vegetables generally harbor low numbers of lactic acid bacteria (LAB) {148). The rela-
tively high resistance of LAB towards CO, (143), their possibility to grow at low temperatures, and
their ability to produce several different antimicrobial substances, including bacteriocins {121},
make them suitable candidates for a natural preservation of vegetables under rerigerated MA-con-
ditions. Bacteriocin producing LAB exhibit activity against Gram-positive bacteria, which may
include L monocytogenes. The application of these LAB as protective cultures or their bacteriocins
as biopreservation agents on minimally processed vegetables could inhibit or prevent the growth
of this pathogen.

The use of LAB andjor their antimicrobial products has already been demonstrated to
extend the storage life and safety of chilled, MA-stored meats {140). In ready-to-eat salads, favorable
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shifts in microbial populations after inoculation with several bacteriocin producing LAB have been
reported by Vescovo et al. {188). However, the strains used in their study were isolated from envi-
ronments which are ecologicaily different from minimally processed vegetables, ie tomato pulp,
cheese, cucumber brines or silage. Since efficient inhibition of the growth of pathogens by bacte-
riocin producing LAB on minimally processed vegetables may be achieved by strains that grow
and secrete these compounds under refrigerated MA-conditions, ecological adaptation may be an
important factor. We have previously isolated a number of bacteriocinogenic LAB from minimally
processed vegetables with activity towards e.g. L monocytogenes and nonproteolytic Clostridium botu-
linum. These included two strains of Pediococcus parvulus (13}, producing the bacteriocin pediocin
PA-1 {96), and one strain of Enferococcus mundti, producing the novel class Ila bacteriocin mundt-
cin {13,15). These isolates are well adapted to the vegetabie ecosystem, and have now been studied
for their ability to control the growth of L monocytogenes on mungbean sprouts under refrigerated
MA-conditions.

The aim of this study was to investigate the potential use of P panvulus and E. mundtii and
their bacteriocins as biopreservative agents for MA-stored vegetables. Therefore, the strains were
evaluated for their growth, bacteriocin and acid production at different temperatures. In addition,
the influence of CO, on their growth was studied in a model agar system. The ability of £ mundti
to suppress L. monocytogenss under MA-storage conditions at 8°C was assessed on a sterile vegeta-
ble medium, and on fresh mung bean sprouts. Additionally, we determined whether it would be
possible to use mundticin, the bacteriocin produced by £ mundtii, as a biopreservation factor in a
washing step and in a coating procedure for minimally processed vegetables.

MATERIALS AND METHODS

Strains, media and culturing conditions. The bacteriocin producing {bact*) strains Enterococcus mungdtii ATO6 as
well as Pediococcus parvulus AT034 and ATO77 have been isolated from minimally processed vegetables (13,15).
The non-preducing {bact™) strains E. mundti DSM3848 and P. parvufus DSM20332 were obtained from the German
Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Listeria monocytogenes LDCDB61 and
LDCD1087 were isolated during an outhreak of listeriosis related to the consumption of raw cabbage (167}, LAB were
cultivated in all purpose tryptone (APT) medium {Difco, Detroit, Mich.), and Listeria monocytogenes in brain heart
infusion broth {BHI} {Oxoid, Basingstoke, England). Media were supplemented with 0.5% glucose, and incubations
were performed at 30°C, unless stated atherwise.

Vegetable agar medium was prepared by submerging 1 kg of fresh mungbean sprouts, obtained from a local grower,
in 1 liter of water of 90°C. After 3.5 minutes, the mungbean sprouts were removed from the exudate and blended in a
foodprocessor. The exudate and the blended vegetables were centrifuged (30 min, 5000 g) at 4°C. The pocled super-
natants were adjusted to pH 6.5 with NaQH, filter sterilized (0.2 um, Costar, Cambridge, MA, and stored at -20°C until
use.

To prepare vegetable agar medium, the above sterile vegetable supernatant was warmed to 50°C, and mixed at a
ratio of 211 with a 3% agar-containing sterile phosphate buffer {0.3 mol.t! of equimolar amounts of sodium and
potassium phosphate {Na/K P;} at pH 7.2), to give a final concentration of 0.1 mol.|-? phosphate and 1% agar.

Temperatwre-dependent growth, bacteriocin production and medium acidifieation. 100 ml of APT broth was inocu-
lated with the bacteriocin preducing LAB, using initial levels of appraximately 104 cfu.mi-1. Incubations were perfor-
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med at 4, 8, 15 and 30°C. At regular time intervals, duplicate aliguots of the culture fluid were used to determine via-
ble counts (colony ferming units {cfu} par ml }, pH, and bacteriocin activity {arbitrary bacteriocin units (BU) per ml).
The growth and final pH of the medium were also monitored for the nonbactariocinagenic strains E. mundtii
DSM3848 and P. parvelus DSM20332.

Influence of CO, on bacteriocinogenic strains. The bacteriocinogenic LAB ware evaluated for their growth on an
agar surface under 1.5% 05 combined with either 0, 5, 20 or 50% CD; at 8°C, employing a model system described
previously (14). The strains were individually inoculated onto APT agar plates supplemented with 0.5% glucose and
0.1 mal.i-! Na/K P; buffer {see above) at pH 7.2. Viable counts on the surface of the agar were determined in duplica-
te and expressed as cfu.cm—2,

Bacterial growth in a vegetable model system. Early-stationary-phase cultures of L. monocytogenes LDCD8B1 and
LBCD1087 (QDggq 0.9) were mixed (ratio 1:1) and washed in a 4°C physiological salt solution {0.85 w/v % NaCl and 0.1
w/v % peptone). A dilution of this mix of L. monocytogenes was surface spread onto Petridishes {diameter 6 cm) con-
taining 9 ml of vegetable agar medium ta render an initial population density of approximately 1 x 10* cfu.cm2,
Following the same procedure, plates were coinoculated with washed cells of bact™ E. mundti ATO6 or bact™
E.mundtii DSM3848 cultures to a population density of 1 x 10% cfu.mi=1 {low inacutum) or 1 x 108 cfu.ml-1 thigh inocu-
lum). Pure cultures of each of the above LAB strains were used as controls.

Inoculation of vegetables. Fresh mungbean sprouts which were either dipped in a mundticin- containing solution, ar
coated with an alginate film {see below), were inoculated with approximately 1 x 10% cfuml~? of the L. monocytog-
enes mix by spraying 10 mi of approximately 1 x 108 ¢humi! per kg of produce. £ mundti was inoculated on the
product at initial levels of appraximately 1 x 104 or 1 x 108 cfu.ml~! by spraying 10 m) of a celf suspension of 1 x 106 or
1x 108 cfumi™", respectively, per kg of produce.

Treatment of mungbean sprouts with bacteriocin-containing selution or coating. Prior to inoculation of a mix of L.
monocytogenes LDCD631 and 1087, fresh mungbean sprouts were dipped in sterile water containing 200 BU.ml=" of
purified mundticin (15} and subsequently dried on a grid at 4°C for 30 minutes. Mungbean sprouts were ¢oated with
an alginate film by dipping them in a 10% solution of Saltiagine SG 300 (Systems Bio-Industrigs, Lannilis, France) con-
taining 200 BU.mi—! of mundticin, and subseguently in a sterile, 200 BU.mI~" of mundticin containing 3% (w/v) CaCl;
solution. The spouts were dried on a grid at 4°C for 30 to 40 min before inoculation with L. monocytogenes and stor-
age under appropriate conditions. With both treatments, appropriate controls were examined that did not contain
mungticin,

Vegetable modal system and munghean sprouts: MA storage conditions and enumeration. Mungbean sprouts and
inoculated vegetable-medium plates were incubated under a constant flow (200 ml.min=1) of 1.5% 05 /20%
C04/78.5% N at 8°C. At regular time intervals, duplicate viable counts were determined by plating dilutions of either
the agar medium or the mungbean sprouts onto Palcam agar medium (Oxoid) for L. monocytogenes and onto MRS
agar {Oxoid) for LAB, including £. mundtii, Plates were ingubated at 30°C for 2 to 3 days.

Bacteriocin activity. The bacteriocin activity in filter-sterilized (0.2 um filters, Costar} culture supernatant of the
varieus bacteriocinogenic strains was determined a previously described microtiter plate system {13). Bacteriocin
aclivities ware expressed as Bacteriocin Units per ml (BU.mI=}). L. monocytagenas LDCD8BY was used as &n indica-
tor strain.

Data handling. Bacterial growth data were fitted by the Dmodel {IFR inhouse model, provided by Joszef Baranyi,
Institute of Food Research, Reading, England) to detarmine the lag time {A), the maximum population density (MPD),
the maximum specific growth rate (uy,} and the standard errors{se) of the estimates (10).
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RESULTS AND DISCUSSION

We evaluated the potential of different bacteriocinogenic LAB, that were isolated from
minimally processed vegetables, to control the growth of Listeria monocytogenes on vegetable agar
medium, and fresh mungbean sprouts under refrigerated MA conditions. The LAB studied, ie. two
strains of P parvulus {13} and one strain of Enterococcus mundtii {15), are homofermentative and typi-
cally associated with plants {44,169}, The experiments were conducted in systems of increasing
complexity, ie. in culture broth, on sterile vegetable {mungbean sprouts) medium, and on fresh
produce.

For growth in culture broth at 4, 8, 15 or 30°C, respectively, both pediocin PA-1 producing
P parvulus strains showed similar maximum specific growth rates (u,,), maximum population den-
sities (MPDs), and final pH values of their growth medium (Table 1). These growth characteristics
matched those of the nonbacteriocinogenic P parvilus DSM20332, which was used as a control
{data not shown). Neither P parvulus ATO34 nor ATO77 exhibited bacteriocin activity at 4 or 8°C,
but both strains produced pediocin PA-1 when cultured at 15 and 30°C, with strain ATO77 dis-
playing a twofold higher activity than ATQ34. Further examination of the growth potential of £
parvufus ATO77 under different CO, concentrations indicated an increase of the py, under elevated
CO, concentrations (Figure 1). This is in line with previous reports on the high resistance of LAB
towards €O, {143). Due to the lack of bacteriocin production at 4 and 8°C, the bact” P parvulus
strains were considered unsuitable as biopreservation agents on refrigerated, MA-stored vegeta-

Table 1. Growth and bacteriocin production of the bacteriocinegenic strains of Pediecoccus parvulus and Ente-
rococcus mundti at 4, 8, 15 and 30°C, respectively. Cultivations were performed in APT breth, supplemented with
0.5% glucose. Values represent the average of duplicate experiments.

Strain Incubation Growth characteristics Final pH Maximum
temperature medium bacteriocin
activity
{°C) U e MPD2 (log cfu.ml-'} (BU.ml-1)b
FP. parvulus AT034 4 0.8 +0.001 8.2 +0.1 KX} ]
8 0030  +0.002 30 =01 38 0
15 0122 +0.005 83 +0.1 39 40
30 0403 +0.036 8.0 =01 39 1280
P. parvulus ATOT7 4 0.018 +0.001 79 +0.1 39 0
8 0045 =0006 85 +0.3 38 0
15 0141 +0.017 8.1 +0.1 39 80
30 6389 +0016 8.1 +0.1 39 2560
E£. mundtii ATOB 4 0.053 +0.008 89 +0.2 41 1280
0.059 +0.008 9.1 +02 46 5120
15 0256 :0.039 9.2 +{01 44 5120
30 1.490 +0.106 9.0 +0.1 44 5120

Growth of LABs was determined in APT broth, supplemented with 0.5% glucose.
b Bacteriocin activity was expressed as Bacteriocin Units per ml, measured against L. morocytogenes LDCD861.
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bles. However, these LAB may find use as biopreservatives in food products that are processed or
stored at higher temperatures in which L. monocytogenes poses a safety hazard (e.g. soft cheese,
paté).

The u,,, MPDs and the final pH values of the media that were found for £ mundti in
culture broth during incubation at 4, 8, 15 and 30°C were higher than those of both P parvulus
strains (Tabla 1). The growth characteristics of the control bact™ strain £ mundtii DSM3848 were
similar to its bact* counterparts (data not shown). On agar medium, the p, of bactt £ mundtii was
found to decrease with increasing CO, concentrations, whereas the MPDs were unaffected (Figure
1). Especially at CQO, concentrations below 20%, which are relevant for MA-storage of vegetables
{113), we observed significantly higher growth rates for £. mundti than for P parvidus. Importantly,
supernatants of £ mundtii that were obtained from cultures grown at 8, 15 and 30°C, all exhibited
high ({ie. 5120 BU.ml"!) bacteriocin activities against L. monocytogenes. A more moderate antiliste-
rial activity was observed in the supernatants from cultures grown at 4°C (Table 1).

Although E. mundtii has been reported to be associated with plants (44), it does not have a
GENERALLY RECOGNISED AS SAFE status. However, the above favorable characteristics of this strain
prompted us to further evaluate its potential as a model biopreservation agent Therefore, coino-

Figure 1.

The influence of C03 an the maximum
specific growth rates of
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and incubated under a constant flow of
1.5% 0, combined with 0,5, 20 or 50%
C0,, the remainder being N.
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culation with L monocytogenes was performed on the surface of sterile agar medium that was pre-
pared from mungbean sprouts. £ mundtii was applied at both a low and a high inoculation density,
since bacteriocin activity in its culture broth was specifically observed at the end of the exponen-
tial growth phase {data not shown). Both inoculum levels prevented the outgrowth of L. monocytog-
enes for 5 days during storage at 8°C under 1.5% Q,/20% C0,/78.5% N,. The biopreservative effect
was most pronounced with the highest inoculum, as evidenced by a one log reduction in the ini-
tial number of the pathogen (Figure 2). In a control experiment, the growth of the pathogen was
not affected when the bact strain £ mundti DSM3848 was used as the coinoculant {Figure 2).

The inhibition of L monocytogenes by the bact* E mundtii is likely to result from the produc-
tion of mundticin on the vegetable medium, since both the bact® and the bact™ £ mundti strains
showed similar growth characteristics on vegetable agar medium, reaching MPDs of 5x108 cfu.cm—2
after 5 or 8 days while using the high or low initial inoculum, respectively. In addition, the
growth of both the bact® and the bact™ £ mundtii strains resulted in an identical final pH of the
medium (pH 6.3).

An increase in the viable counts of L. monocytogenes after 5 days of cocultivation with bact™
£ mundtii in the vegetable model system (Figure 2}, may indicate that part of the L. monocytogenes

10 SR

Figure 2,

R Growth of L. monocytogenes

(1:1 mix of LDCDG81 : LDCD1087} on
vegetable agar medium in absence of
E. mundtii {X); cocultured with

{4) bact* £ mundtiiar

{A) bact™ E. mundni DSM3848 using
initial tevels of 1 x 10% cfu.cm%;

or cocultured with

{W) bact* £ mundti or

{0OJ) bact™ E. mundiii DSM3843 using
initial tevels of 1x 108 cfu.cm=2

All strains were washed prior to
inoculation.

Incubations were performed under
a constant flow of

1.5% 05/20% C03(78.5% N, at 8°C.
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population gained resistance against mundticin, Similar findings were previously reported with
respect to other bacteriocins {163). Alternatively, the loss of mundticin activity may be due to ad-
sorption or proteolytic degradation.

To obtain more information on the putative application of bact* £ mundtii, this strain was
tested for its activity against L. menocyfogenss on mungbean sprouts stored at 8°C under MA condi-
tions. The bact* £, mundtii did not suppress the growth of the pathogen after the application of
either a low or high inoculum (Figure 3). This inability is probably not due to lack of jn situ bacterio-
cin production, as suggested by the secretion of mundticin in the model vegetable agar system
under identical storage conditions. However, since the addition of the protective culture was per-
formed on non-sterile produce, it is likely that the secreted bacteriocin was degraded by proteo-
Iytic enzymes. These can originate from the produce or from its endogenous microflora, which
consisted of high numbers of Enterohacteriaceas and Pseudomonas species, including several proteo-
lytic strains {16,138).

Although the direct application of £ mundti on mungbean sprouts was not effective in
reducing the initial viable count of L. monocytogenes nor its growth potential, a decline of two log
units in the initial numbers was achieved when the produce was dipped in a solution of mundti-
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Figure 3.

The influence of bacteriocinogenic strains on the growth of L. manoecytogenes
(1:1 mix of strain LDCD681 and LDCD1087) an mungbean sprouts, incubated
under 1.5% 0,/20% C0,/78.5% N at 8°C.

Growth of (X} L. monocyloganes in absance of E. mundti;

L. monocytogenes coinaculated with { A) low (approximately 104 cfu.g™)

or {0} high {approximately 105 ¢fu.g~'} initial inocula of bact* £, munetii
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Figure 4.
7 Growth of L. monocytogenes on mungbean sprouts after treatment with
purified bacteriocin of E. mundtii.
The product was (A} dipped in sterile water,
g 5 {0} coated with alginate film without mundticin;
E’ g (A} dippad in sterile water containing 200 BU.m1~1 of mundticin;
= or (M) coated with an alginate film containing 200 BU.mi~! mundticin,
3 Incubations were performed under 1.5% D4/20% C0,/78.5% N, at 8°C.
1 et PRI S T TS T
0 5 10 15

time {d)




BIDPRESERVYATION OF VEGETARLERES

cin prior to contamination with the pathogen (Figure 4). Identical results were obtained when the
product was treated with a mundticin containing alginate film. The increase of the viable count
of the pathogen after five days may, again, be attributed to proteolytic degradation. Noteworthy is
that the counts of the pathogen did not exceed the initial inoculation level for approximately
eight days.

In conclusion, two vegetable-associated bact* P parvulus strains were considered unsuitable
as biopreservation agents for refrigerated, MA-stored vegetables due to a lack of bacteriocin pro-
duction at low temperatures (4 to 8°C). By contrast, the bact™ £ mundti strain displayed a number
of characteristics that favor its putative use as a biopreservation agent, such as limited product
acidification, production of a bacteriocin with anti-listeria activity at refrigeration temperatures,
and high growth rates on vegetable medium under MA-conditions. Despite these properties, this
strain failed to inhibit the growth of L monocytogenes on fresh mungbean sprouts and was there-
fore not likely to be feasible as a protective culture against L. monocytegenegs on MA-stored vegeta-
bles. However, our first successful trials of the applications of mundticin in 2 washing solution or
as a component of a coating warrant further research on the potential for this compound as a
natural preservation agent for minimally processed vegetables.
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SUMMARY AND
CONCLUDING REMARKS

Recent trends in food preservation are the use of mild preservation techniques,
such as modified atmosphere (MA)} packaging and refrigeration, to prolong the shelflife
of foods without affecting the fresh character of the product. This has resulted in the
development of a new generation of chill stored, minimally processed foods, such as
vegetables that are packaged under reduced oxygen {O,) and elevated carbon dioxide
{CO,) concentrations. These gas atmospheres in combination with refrigerated storage
conditions reduce the respiration rates of these products, and can limit the growth of
endogenous spailage bacteria, thereby rendering prolonged shelflives as compared
with storage under ambient conditions. Although MA packaged vegetables have a fair
safety racord, they may incidently harbor foodborne pathogens. Especially the out-
growth of psychrotrophic (cold tolerant) pathogens can be considered a safety concern,
but quantitative data on their growth under MA conditions that are suitable for produce
are essentially lacking. Detailed information on the outgrowth of both pathogens and
vegetable-associated spoilage bacteria under these conditions may give better insight
into possible antagonistic action of competing microflora on the growth of pathogens,
and the development of adequate countermeasures toward their growth to hazardous
levels,

Cne of the objectives of the studies that are described in this thesis was to
obtain information on the impact of refrigerated MA storage conditions on the growth
of microorganisms on minimally processed, MA packaged produce. Since our initial
studies substantiated the possible hazard which can be posed by psychrotrophic patho-
gens, the use of biopreservation for adequate control of these microorganisms was
investigated. In this respect, we have focused on lactic acid bacteria (LAB) because they
occur naturally on fresh and minimally processed vegetables, and are able to produce
a variety of antimicrobial substances, amongst which bacteriocins.



SPMMARY AND CONCLUDING BEMARKS

Chapter 1 gives a short introducticn on the technology of MA packaging of
minimally processed vegetables and their current microbiological safety and quality
status. Furthermore, the possible rale of LAB as biopreservation agents in foods is
addressed with special emphasis on those strains that are able to produce bacteriocins.
The characteristics and mode of action of different bacteriocins that are produced by
LAB are described, as well as aspects which are refevant to the application of these
antimicrobial compounds or their producing organisms as food preservatives.

Detailed information on the impact of refrigerated MA storage on the popula-
tion dynamics of the endogencus microflora on vegetables is limited. Thersfore, the
prevailing epiphytic microorganisms on model produce {i.e. chicory endive, and mung-
bean sprouts} were identified before and after MA storage. Subsequentiy, the growth
characteristics of the predominant spoilage bacteria were determined under MA condi-
tions (Chapter 2]. It was found that the major strains on both products were Enterobac-
teriaceae and Pscudomonas species. There were changes in the prevalent species on
chicory endive before and after MA storage, but this was not observed for mungbean
sprouts. To quantify the influence of CO, and O, on the growth of the individual spoil-
age bacteria, a model agar system was developed that mimicked the in situ growth of
bacteria on the surface of vegetables. The analysis of the growth of the predominant
strains under controlled O, and CO, concentrations at 8°C indicated that, in general, lag
times were not present under the various conditions tested, and that the maximum
population sizes were not affected. However, the maximum specific growth rates
generally decreased with increasing CO, concentrations, which was independent of the
O, concentrations applied. This effect was more pronounced for Pseudomonas species
than for Enterobacteriaceae. Representatives of the former subpopulation already
showed significantly reduced maximum specific growth rates at CO, concentrations
that are suitable for MA packaged vegetables.

In Chapter 3, the effects of different O, and CO, concentrations on the growth of
Aeromonas hydrophila, Yersinia enterocolitica, L. monocytogenes, and a cold tolerant
strain of Bacillus cereus were guantified in the above mentioned model agar system at
8°C. Again, the maximum specific growth rates of the various microorganigsms de-
creased significantly with increasing CO, concentration, while the maximum popula-
tion densities were not affected and lag times were not observed. Extrapolation of the
results from the model system to MA packaged vegetables suggested that growth of
the above pathogens may occur at 8°C to the same maximum population densities as
compared to ambient conditions, but at 10 to 20% lower maximum specific growth
rates. Because we have shown that MA packaging can only moderately retard the
growth of psychrotrophic pathogens, these bacteria can be considered a safety hazard
to which countermeasures need to be developed.

L. monocytogenes is a relevant psychrotrophic pathogen on minimally proces-
sed vegetables that requires adequate control measures. This Gram-positive bacterium
can be inhibited by a number of bacteriocins that are produced by LAB. Thus, biopre-
servation using bacteriocin producing LAB strains may effectively prevent the growth
of this bacterium, and possibly other psychrotrophic pathogens. With respect to practi-
cal application, an effort was made to obtain bacteriocinogenic LAB from minimally
processed vegetables since these strains might be best adapted to the specific condi-
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tioans under which their antimicrobial activity is required. Out of a total of 890 LAB iso-
lates from mungbean sprouts and chicory endive, only nine strains were found ta pro-
duce bacteriocins (Chapter 4). Three of these strains exhibited antimicrobial activity
towards & wide variety of Gram-paositive bacteria, including the foodborne pathogens L.
monocytogenes, and nonproteolytic Clostridium botulinum. Two of these bacteriocin-
ogenic isolates were identified as Pediococcus parvuius on the basis of fermentation
patterns and ribotyping. Recombinant DNA experiments revealed the presence of the
pediocin PA-1 gene in both LAB strains, and further biochemical analysis confirmed the
production of pediocin PA-1 in absence of other bacteriocins.

The third broad spectrum bacteriocin-producing strain was identified as Entero-
coccus mundtii (Chapter 5). Its bacteriocin was purified to homogeneity and character-
ized. Elucidation of the complete primary amino acid sequence revealed a novel bacte-
riocin of 43 amino acids {M, 4287.2), designated as mundticin, that belongs to the class
lla bacteriocins of LAB. Other LAB that produce this class of antimicrobial peptides
have previously been isolated from a wide variety of meat and dairy products, and
their apparent wide-spread occurrence in foods may allow for the selection of strains
that are acologically adapted to specific food environments.

As further described in Chapter 5, mundticin exhibited bactericidal activity
towards L. monocytogenes, and was shown to dissipate the membrane potential of
whole cells, and to deplete their intracellular ATP pools. Mundticin was selected as a
prototype of class lla bacteriocins to investigate the biophysical properties of this pepti-
de by molecular computer analysis. It was found that mundticin and related bacterio-
cins, contain a central a-helical region that was predicted to insert at an angle of 30 to
50° in a simulated hydrophobic/hydrophilic interface. This oblique insertion is pro-
posed to cause a destabilisation of the phospholipid bilayer and facilitate the insertion
and/or aggregation of monomers into functional pores in the cytoplasmic membrane.
This concept is of interest for the rational design of bacteriocins with, for example, bet-
ter biopreservation properties.

For the effective application of bacteriocins as biopreservation agents, it is
essential to gain more insight into the variaticn in the susceptibility of Gram-positive
bacteriocins towards bacteriocins. The comprehensive study that is described in
Chapter 6 addresses several factors which are associated with the natural variability in
the bacteriocin-gensitivity of closely related non-bacteriocinogenic LAB. Two sets of
strains for which the minimal inhibitory concentrations for nisin and pediacin PA-1
differed 100 to 1000-fold were compared. Our data provide evidence that the associa-
tion of bacteriocins with the cell membrane and their subsequent insertion into the
membrane take place in a similar way for cells that have a high or a low natural bacte-
riocin tolerance. For insensitive strains, the overall constitution of the membyrane, rath-
er than the mere membrane fluidity, may preclude the formation of pores with suffi-
cient diameters and lifetimes to ultimately cause cell death. Further analysis of this
phenomena may require more attention for the structural role of proteins in biological
membranes.

The last part of this dissertation comprises a study on the potential of the vege-
table-associated bacteriocin-producing bacteria and mundticin to act as biopreserva-
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tion agents on refrigerated, MA-stored vegetables (Chapter 7). Both P parvulus strains
were found to be unsuitable for this purpose, due to the lack of bacteriocin production
at 4 and 8°C. By contrast, E. mundtii displayed a number of characteristics that favor an
application as a biopreservative agent, such as limited acid production, production of a
bacteriocin with anti-listeria activity at low temperatures, and high growth rates under
MA conditions. Despite these properties, this strain failed to effectively inhibit the
growth of L. monocytogenes on fresh mungbean sprouts. This is probably not due to a
lack of in situ bacteriocin productian, but rather the result of proteolytic degradation of
mundticin or the growth of L. monocytogenes cells that are resistant to mundticin.
Experiments with mundticin in a washing step and as a component of a coating were
successful and warrant further research on the potential of this compound as a naturai
preservative agent for minimally processed vegetables.

In conclusion, this dissertation has contributed to a better understanding of the
micrabiological characteristics of minimally processed vegetables that are stored under
MA conditions. A general concern for the possible outgrowth of psychrotrophic patho-
gens on MA stored vegetables was substantiated by our investigations, which stresses
that hygienic cultivation and processing conditions of this type of products remain
indispensable. Although bacteriocins cannot be used as the sole preservatives to
enhance the safety of refrigerated MA-stored minimally processed vegetables, they can
contribute to tackle safety problems that may arise from certain cold tolerant, Gram-
positive pathogens.
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Een recente trend in de voedselconservering is de toepassing van milde tech-
nieken, zoals natuurlijke anti-microbiéle verbindingen en het verpakken onder gewijzig-
de gascondities. Dit heeft geleid tot de ontwikkeling van gekoelde, minimaal bewerkte
levensmiddelen, waaronder groenten die zijn verpakt onder verlaagde zuurstof {O,} en
verhoogde kooldioxide (CO;) concentraties. De combinatie van koeling en dergelijke
gascondities leidt tot een verlengde houdbaarheid als gevolg van een verlaging van de
respiratie snelheden van deze produkten en een remming van de groei van de endoge-
ne microbiéle bederf-flora. Hoewel gasverpakte groenten als veilig te hoek staan, kun-
nen er incidenteel pathogene bacterién op voorkomen. Met name de uitgroei van
koude-tolerante {psychraotrofe} stammen kan de veiligheid van deze produkten in
gevaar brengen. Er is relatief weinig bekend over de groei van deze organismen onder
gascondities die geschikt zijn voor groenten. Om de uitgroei van pathogenen doel-
treffend tegen te kunnen gaan, is het niet alleen van belang een beter beeld te krijgen
van de invloed van gewijzigde gascondities op deze micro-organismen, maar ook van
de invloed ervan op mogelijk antagonistische/competerende microflora.

Een van de doelstellingen van deze dissertatie vormde het verdiepen van het
inzicht in de invloed van gewijzigde gascondities op de groei van micro-organismen op
minimaal verwerkte, gasverpakte groente tijdens gekoelde bewaring. Omdat uit initiéle
studies {(Hoofdstuk 3) naar voren kwam dat psychrotrofe pathogene bacterién een
mogelijk vetligheidsrisico met zich mee kunnen brengen, is nagegaan of de groei van
deze micro-organismen kan worden tegengegaan d.m.v. bioconservering. Hierbij was
de aandacht met name gericht op melkzuurbacterién, omdat deze micro-organismen
anti-mi¢robiéle verbindingen kunnen produceren {waaronder bacteriocines) en ze bo-
vendien van nature op de betreffende produkten voorkomen.
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In de introduktie {Hoofdstuk 1} wordt kort ingegaan op technologische aspekten
van het verpakken van verse en minimaal bewerkte groenten onder gewijzigde gascon-
dities en de microbiologische kwaliteit en veiligheid van deze produkten. Hierna wordt
de rol van melkzuurbacterién in bioconservering behandeld, waarbij het accent is
gelegd op bacteriocine-producerende stammen. Vervolgens worden de eigenschappen
en werkingsmechanismen van bacteriocines beschreven, evenals een aantal aspekten
die van belang zijn voor de toepassing van deze verbindingen of hun producerende
stammen als mogelijke bioconserveringsmiddelen.

Om een beter inzicht te krijgen in de invloed van gewijzigde gascondities op de
microbiéle populatie-dynamica op groente tijdens gekoelde bewaring is, zowel voor als
na bewaring, de samenstelling van de microflora op twes model-produkten {witlof en
taugé) bepaald (Hoofdstuk 2). De belangrijkste micro-organismen op beide produkten
waren Enterobacteriaceae en Pseudomonaden. Op witlof werd een verschuiving van
de belangrijkste soorten waargenomen tijdens bewaring, terwijl dit niet het geval was
voor taugé. Om de invloed van CO, en O, op de groei van de afzonderlijke bederf-ver-
oorzakende bacterién te kwantificeren, is een model systeem ontwikkeld om de in situ
groei van bacterién op een oppervlak na te bootsen. In de groeicurven van de groei van
de meest voorkomende Enterobacteriaceae en Pseudamonas isolaten opgenomen
onder constante O, en CO, concentraties bij 8°C, bleken lag tijden afwezig te zijn, ter-
wijl de maximum populatie dichtheden niet of nauwelijks van elkaar verschilden. Ech-
ter, alle geteste isolaten hadden verlaagde maximale groeisnelheden onder verhoogde
CO, concentraties. De groei van Pseudomonaden werd duidelijk sterker geremd dan de
groei van Enfero-bacteriaceae en er werd een significante verlaging van hun maximale
specifieke groeisnelheden waargenomen onder CO, concentraties die geschikt zijn
voor gasverpakte groenten.

In Hoofdstuk 3 is het effect van verschillende O, en CO, concentraties op de
groei van Aeromonas hydrophila, Yersinia enterocolitica, L. monocytogenes, en een
koude-tolerante stam van Bacillus cereus gekwantificeerd in het boven beschreven
model systeem hij 8°C. Deze bacterién vertoonden een reduktie van de maximale spe-
cifieke groeisnelheid als funktie van toenemende CO, concentratie onder verschillends
O, concentraties. De maximale populatie dichtheden werden echter niet of nauwelijks
beinvioed door verhoogde CO, concentratie, en lag tijJden waren afwezig. Een extra-
polatie van deze resultaten naar gasverpakte groente geeft aan dat de bovengenocemde
pathogenen bij 8°C dezelfde maximale populatie-dichtheden kunnen bereiken onder
optimale gascondities voor groente als onder atmosferische condities, met slechts 10
tot 20% verlaagde groeisnelheden. De geringe vertraging van de groei van deze patho-
genen kan een probleem voor de veiligheid van deze produkten opleveren, waartegen
maatregelen dienen te worden getroffen.

L. monocytogenes is een belangrijke psychrotrofe pathogeen die kan voorko-
men op minimaal verwerkte groenten. Aangezien de groei van deze Gram-positieve
bacterie, en mogelijk andere ongewenste soorten, onderdrukt kan worden door bacte-
riocine-producerende melkzuurbacterién, zou de toepassing van zulke cultures als bio-
conserveringsmiddel uitkomst kunnen bieden. Een efficiént gebruik van levende cultu-
res vereist echter een goede aanpassing van de betreffende stammen aan condities
waaronder hun activiteit gewenst is. Dit gaf aanleiding tot de isolatie van melkzuurbac-
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terién van witlof en taugé, die vervolgens werden getest op bacteriocine-produktie. Uit
totaal van 890 melkzuurbacterién bleken slecht negen isolaten bacteriocines te produ-
ceren (Hoofdstuk 4). Drie hiervan vertoonden antimicrobiéle activiteit tegen een breed
scala aan Gram-positieve hacterién, waarander Listeria monocytogenes en Clostridium
botulinumn. Twee van deze isolaten zijn vervolgens op basis van hun fermentatie profie-
len en de typering van hun ribosomale DNA geidentificeerd als Pediococcus parvulus.
Met behulp van recombinant DNA technieken werd het gen dat codeert voor pediocine
PA-1 in beide stammen aangetoond en middels biochemische analyse werd tenslotte
de produktie van pediocine PA-1 bevestigd.

De derde bacteriocine-producent met een breed antimicrobiéel werkingsspec-
trum werd geidentificeerd als Enterococcus mundtii (Hoofdstuk 5). Het door deze stam
geproduceerde bacteriocine is uitgebreid gekarakteriseerd. Op basis van zowel de pri-
maire aminozuursequentie als de molekulaire massa bleek het een nieuw bacteriocine
te betreffen (mundticin), welke behoort tot de klasse lla bacteriocines van melkzuurbac-
terién. Stammen die deze klasse van verbindingen produceren zijn door andere onder-
zoekers geisoleerd van vlees- en zuivel-produkten en hun brede verspreiding in voedsel
kan nuttig zijn voor de selectie van stammen met een goede ecoiogische aanpassing
voor een specifiek voedingsmiddei.

Zoals beschreven in Hoofdstuk 5, veroorzaakte de blootstelling van L. monocy-
togenes aan mundticin een dissipatie van de membraan potentiaal en een depletie van
de intracellulaire ATP pools, hetgeen uiteindelijk resulteerde in celdood. M.b.v. compu-
ter analyse werd aangetoond dat mundticin en sterk homologe bacteriocines {allen
behorend tot klasse la) een a-helix bevatten welke met een hoek van 30 tot 50° inser-
teert in een gesimuleerd hydrofoob-hydrofiel scheidingsvlak. Vermoedelijk veroorzaakt
deze oblique insertie een destabilisatie van de fosfolipiden bilaag, wat de insertie en/of
aggregatie van bacteriocine-monomeren in de cytoplasmatische membraan vergemak-
kelijkt. Dit concept is van belang voor de maogelijke ontwikkeling van bacteriocines met
verbeterde antimicrobiéle eigenschappen.

Voor de effectieve toepassing van bacteriocines als bioconserverende verhin-
dingen is een beter inzicht in de variatie in gevoeligheid van Gram-positieve bacterién
voor bacteriocines essentiéel. De uitgebreide studie in Hoofdstuk 6 is gericht op facto-
ren die de verschillen in gevoeligheid tussen nauw verwante bacterién kunnen verkla-
ren. Twee paar stammen met een 100- tot 1000-voud verschil in hun gevosligheid voor
nisine en pediocine PA-1 zijn met elkaar vergeleken. De resultaten suggereren dat de
associatie van bacteriocines met de celmembraan en de daaropvolgende insertie in de
membraan op een vergelijkbare manier plaatsvindt voor cellen met een hoge en een
lage natuurlijke tolerantie voor bacteriocines. Voor de ongevoelige stammen lijkt de
vorming van porién met voldoende diameter en levensduur (wat leidt tot celdood)
bepaald te worden door de gehele membraansamenstelling, en niet alleen de mem-
braanvloeibaarheid. Verdere analyse van dit fenomeen vraagt meer aandacht voor de
structurele rol van eiwitten in biologische membranen.

In Hoofdstuk 7 is de toepassing van mundticin en bacteriocine-producerende
groente-isolaten als bioconserveringsmiddelen op gekoelde gasverpakte groente
onderzocht. Twee F parvulus stammen bleken ongeschikte kandidaten te zijn door de
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afwezigheid van bacteriocine-produktie bij 4 en 8°C. E. mundtii had echter aen aantal
gunstige eigenschappen voor gebruik als bioconserveringsmiddel, zoals een gematig-
de zuurproduktie, de produktie van mundticin met activiteit tegen L. monocytogenes hij
lage temperaturen en hoge groeisnelheden onder gascondities die geschikt zijn voor
de bewaring van groente. Desondanks werd de groei van L. monocytogenes op verse
taugé niet onderdrukt door £. mundtii. Dit is waarschijnlijk niet toe te schrijven aan een
gebrek aan in situ bacteriocine-produktie, maar aan proteclytische inactivatie van het
bacteriocine, of aan de groei van L. monocytogenes cellen met resistentie tegen mund-
ticin. Het gebruik van mundticin in een wasstap of als component in een coating was
wel echter wel succesvol. Dit laatste vormt de basis voor mogelijk verder onderzoek
naar de potentie van dit peptide als een natuurlijke antimicrobiéle verbinding voor
minimaal bewerkte groente.

Samenvattend heeft deze dissertatie bijgedragen aan een beter begrip van de
micrabiologische karakteristieken van minimaal verwerkte groenten die onder gewijzig-
de gascondities worden bewaard. De algemene zorg m.b.t. de uitgroei van koude tole-
rante pathogenen op deze produkten werd bevestigd door onze studies, hetgeen
onderstreept dat hygiénische omstandigheden tijdens teelt en verwerking onontbeerlijk
zijn. Hoewel bacteriocines niet geschikt zijn als enige barriére tegen de groei van onge-
wenste bacterién om de veiligheid van minimaal bewerkte, gasverpakte groenten te
garanderen, kunnen zij wel bijdragen tot de oplossing van specifieke veiligheids-
problemen die worden veroorzaakt door een aantal koude-tolerante Gram-positieve
pathogenen.
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