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Summary 

Listeria monocytogenes is the causative agent of listeriosis, a foodborne disease that provokes 

life-threatening infections in elderly, pregnant, newborn and immunocompromised 

populations. Post-production contamination of smear cheeses with L. monocytogenes occurs 

frequently, even in production facilities maintaining good hygienic standards, because of the 

extensive handling required during the ripening process. The microbial mat developing on the 

surface of smear cheeses during ripening creates a favorable environment to support L. 

monocytogenes growth. Biopreservation is a promising natural food preservation technique 

based on the application of microorganisms exhibiting antimicrobial properties, or barrier 

effects, or of their purified antimicrobial metabolites. The aim of this thesis was therefore to 

examine new biopreservation strategies for the control of Listeria contamination on the 

surface of semi-hard smear cheese. The anti-listerial properties, population dynamics and 

mechanisms of two natural smear ecosystems (chapter 2 and 3) were studied and compared 

with the in situ anti-listerial effects of three protective cultures producing broad spectrum 

bacteriocins (chapter 4) during ripening of Raclette type cheese at pilot scale. 

In the first experimental part of this work, anti-listerial activities and population dynamics of 

two complex smear ecosystems (called F and M), isolated from commercial Raclette type 

cheeses, were investigated during the ripening process of Raclette cheeses artificially 

contaminated with Listeria innocua at 10-100 cfu cm-2, using cultivation and Temporal 

Temperature Gradient Gel Electrophoresis (TTGE), a culture-independent method (chapter 2). 

The two consortia exhibited strong anti-listerial properties in situ over the whole ripening 

period of 60 to 80 days. TTGE revealed a similar sequential development of nine species 

common to both smears (F and M). Beside common cheese surface bacteria, the two consortia 

contained marine lactic acid bacteria that developed early in ripening (day 14), shortly after 
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the growth of staphylococci (day 7). In addition, the genus Facklamia was shown for the first 

time in cheese. 

We then tested in the second part of this work the in situ anti-listerial properties of 29 

bacterial strains isolated from smear ecosystem F (chapter 3). A control flora, consisting of 6 

common species of smear cheeses exhibiting no anti-listerial activity, was inoculated on the 

surface of both control and test cheeses artificially contaminated with Listeria innocua at 50 

cfu cm-2. Application of different combinations of 3, 12 or 20 isolates in addition to the 

control flora on test cheeses led to a reduction of 1 to 4 log of Listeria growth after 15 days 

ripening. The highest inhibition was observed on cheese treated with 3 Facultative Anaerobic 

Halophilic and Alkaliphilic (FAHA) species, i.e. the two marine lactic acid bacteria 

Alkalibacterium kapii ALK 6 and Marinilactibacillus psychrotolerans ALK 9, and Facklamia 

tabacinasalis ALK 1. TTGE confirmed the growth of the 3 species to dominant level between 

11 and 22 days of ripening, suggesting that the initial part of the in situ inhibition exerted by 

consortium F may be linked to the development of these species in early ripening period. 

In the third experimental part, we evaluated the application of one pre- and two post-

treatments of bacteriocin-producing lactic acid bacteria as protective cultures against Listeria 

growth on smear cheeses (chapter 4). Pediococcus acidilactici UL5 producing pediocin PA-1 

revealed the highest in situ anti-listerial activity, followed by Lactobacillus plantarum SM71 

producing plantaricin SM71. In contrast, Lactococcus lactis UL719, a nisin Z producer, 

enhanced Listeria growth by 1 log compared to a control cheese. Complete inhibition was 

achieved by Ped. acidilactici UL5 and Lb. plantarum SM71 after early Listeria contamination 

at day 3, i.e. at low pH on cheese surface (pH 5.5), while only a short term inhibition was 

observed when Listeria contamination occurred at day 7, corresponding to a higher pH on the 

cheese surface of 6.8. This short term inhibition was correlated with a low stability of 

protective cultures’ cell counts and bacteriocin activity. Repeated applications of protective 



Summary 
 

3 

cultures affected the natural flora, inducing a delay in development of Al. kapii, Agrococcus 

casei, Enterococcus sp. and Psychrobacter sp., as shown by TTGE. As the natural flora 

contributes to organoleptic properties and safety of the cheese, this impact may limit use of 

repeated application of ex situ produced bacteriocins. 

This research provided a broad basis for the development of high potential biopreservatives to 

control Listeria on the surface of semi-hard smear cheeses by the application of either natural 

antagonistic smear ecosystems or protective cultures. Application should nevertheless be 

carefully assessed in order to avoid changes in the natural flora that provoke negative impacts 

on organoleptic properties and barrier effects of the surface flora. 
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Résumé 

Listeria monocytogenes est la bactérie responsable de la listériose, une maladie d’origine 

alimentaire qui provoque des infections potentiellement mortelles chez les personnes âgées, 

les femmes enceintes, les nouveau-nés et les personnes immuo-déprimées. Du fait des soins 

constants que nécessite leur affinage, la surface des fromages emmorgés est fréquemment 

contaminée par Listeria monocytogenes, y compris dans les unités de productions qui 

maintiennent de hauts standards d’hygiène. Le tapis microbien qui se développe à la surface 

des fromages emmorgés pendant l’affinage crée des conditions favorables à la croissance de 

Listeria monocytogenes. La biopréservation est une technique prometteuse de préservation 

naturelle des aliments basée sur l’application de microorganismes présentant des propriétés 

antimicrobiennes ou des effets barrières, ou encore de leurs métabolites antimicrobiens sous 

une forme purifiée. Le but du présent doctorat était d’examiner de nouvelles stratégies de 

biopréservation pour le contrôle des contaminations de Listeria à la surface des fromages 

emmorgés à pâte mi-dure. Les propriétés anti-listeria, les dynamiques de population et les 

mécanismes de deux écosystèmes naturels de morge ont été étudiés (chapitres 2 et 3) et 

comparés aux effets anti-listeria exercés in situ par trois cultures protectrices productrices de 

bactériocines à large spectre d’inhibition (chapitre 4), au cours de l’affinage de fromages de 

type Raclette à l’échelle pilote. 

Dans la première partie expérimentale de ce travail, les activités anti-listeria et les 

dynamiques de population de deux écosystèmes complexes de morge (appelés F et M), isolés 

de fromages à Raclette industriels, ont été étudiés pendant le processus d’affinage de 

fromages artificiellement contaminés avec Listeria innocua à une concentration de 10-100 cfu 

cm-2 (chapitre 2). L’étude a été effectuée par des méthodes classiques de culture et par analyse 

TTGE (Temporal Temperature Gradient Gel Electrophoresis), une méthode culture-

indépendante. Les deux consortiums ont montrés un puissant effet anti-listeria in situ pendant 
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une période d’affinage allant de 60 à 80 jours. L’analyse TTGE a révélé un développement 

séquentiel similaire des neuf espèces communes aux deux morges (F et M). En plus des 

bactéries typiques des fromages emmorgés, les deux consortiums contenaient des bactéries 

lactiques d’origine marine qui se sont développées tôt dans l’affinage (après 14 jours), peu 

après la croissance des staphylocoques (7 jours). De plus, le genre Facklamia a été détecté 

pour la première fois en milieu fromage.  

Dans la deuxième partie de ce travail, nous avons testé in situ les propriétés anti-listeria de 

vingt-neuf souches de bactéries isolées de l’écosystème de morge F (chapitre 3). Une flore 

contrôle, comprenant 6 espèces typiques des fromages emmorgés ne présentant aucune 

activité anti-listeria, a été inoculée à la surface de fromages tests et contrôles contaminés 

artificiellement avec Listeria innocua à une concentration de 50 cfu cm-2. L’application sur 

les fromages tests de différentes combinaisons de 3, 12 et 20 souches en supplément de la 

flore contrôle a conduit à une réduction de la croissance de Listeria après 15 jours d’affinage 

allant de 1 à 4 log. L’inhibition la plus importante a été observée sur le fromage traité avec 3 

espèces facultatives anaérobies halophiles et alcaliphiles (FAHA), soit les deux bactéries 

lactiques d’origine marine Alkalibacterium kapii ALK 6 et Marinilactibacillus 

psychrotolerans ALK 9, ainsi que Facklamia tabacinasalis ALK 1. L’analyse TTGE a 

confirmé la croissance des 3 espèces qui sont devenues dominantes entre 11 et 22 jours 

d’affinage. Ces données indiquent que la partie initiale de l’inhibition in situ exercée par le 

consortium F pourrait être liée au développement de ces trois espèces tôt dans l’affinage. 

Dans la troisième partie expérimentale, nous avons évalué l’effet anti-listeria de bactéries 

lactiques productrices de bactériocines, appliquées comme cultures protectrices à trois 

reprises pendant l’affinage sur les fromages emmorgés, soit un pré- et deux post-traitements 

(chapitre 4). La souche Pediococcus acidilactici UL5 productrice de pédiocine PA-1 a montré 

la plus haute activité anti-listeria, suivie par la souche Lactobacillus plantarum SM71 



Résumé 
 

6 

productrice de plantaricine SM71. A l’inverse, la souche Lactococcus lactis UL719 

productrice de nisine a favorisé la croissance de Listeria (1 log), comparé au fromage 

contrôle. Une inhibition totale a été obtenue avec Ped. acidilactici UL5 et Lb. plantarum 

SM71 après une contamination précoce de Listeria après 3 jours d’affinage, correspondant à 

un pH bas de 5.5 à la surface, alors que seule une inhibition à court terme a été obtenue 

lorsque la contamination a eu lieu après 7 jours d’affinage, correspondant à un pH plus élevé à 

la surface de 6.8. Cette inhibition à court terme était corrélée avec une faible stabilité des 

cultures protectrices, démontrée par une forte diminution des comptes microbiens ou des 

activités de bactériocine au cours de l’affinage. L’analyse TTGE a révélé que des applications 

répétées de cultures protectrices induisent une perturbation de la flore naturelle, en retardant 

le développement des espèces Al. kapii, Agrococcus casei, Enterococcus sp. et Psychrobacter 

sp. Etant donné que la flore naturelle contribue aux propriétés organoleptiques et à la sécurité 

du fromage, cet impact pourrait limiter l’application répétée de bactériocines produites ex situ.  

La présente recherche a permis de poser des bases de travail solides pour le développement 

d’agents conservateurs naturels à haut potentiel pour le contrôle de Listeria à la surface des 

fromages emmorgées à pâte mi-dure, que ce soit par l’application d’écosystèmes antagonistes 

de la morge, ou par des cultures protectrices. Les futures applications devront néanmoins être 

optimisées de manière à éviter les perturbations de la flore naturelle, qui peuvent avoir des 

impacts négatifs sur les propriétés organoleptiques et les effets barrières de la flore de surface. 



Zusammenfassung 
 

7 

Zusammenfassung 

Listeria monocytogenes ist der Erreger der Listeriose, einer Infektionskrankheit, die meist mit 

dem Verzehr von Lebensmitteln assoziiert wird. Vor allem bei älteren Menschen, 

Schwangeren, Neugeborenen und immunkomprimierten Menschen kann diese Krankheit ein 

lebensbedrohliches Ausmass annehmen. Eine Kontamination von geschmierten Käsen mit L. 

monocytogenes nach der Herstellung und somit während der Reifung ist ein häufiges 

Problem, sogar in Produktionsstätten mit hohen Hygienestandards. Eine Ursache dafür liegt in 

den zahlreichen manuellen Behandlungen, die während der Käsereifung stattfinden. Der 

mikrobielle Rasen, der sich auf der Oberfläche von geschmierten Käsen entwickelt, bildet 

eine für das Wachstum von L. monocytogenes optimale Umgebung. Die Biokonservierung ist 

eine Erfolg versprechende, natürliche Methode der Lebensmittelkonservierung. Sie basiert auf 

der Anwendung von antimikrobiell wirkenden Mikroorganismen, die gleichzeitig auch eine 

Barrierewirkung darstellen können, oder deren antimikrobiellen Stoffwechselprodukte in 

gereinigter Form. Die Zielsetzung dieser Doktorarbeit war es, neue Strategien für eine 

Biokonservierung von Oberflächen von geschmierten Halbhartkäsen zu entwickeln, um damit 

das Wachstum von Listerien kontrollieren zu können. Antilisterielle Eigenschaften, 

Populationsdynamiken und die Mechanismen von zwei natürlichen Schmiere Ökosystemen 

wurden dazu untersucht (Kapitel 2 und 3) und mit antilisteriellen Effekten von drei 

Bakteriozin bildenden Schutzkulturen in situ während der Käsereifung von Raclette Käsen 

verglichen (Kapitel 4). 

Im ersten Teil dieser Arbeit wurden antilisterielle Aktivitäten und die Populationsdynamiken 

von zwei komplexen Schmiere Ökosystemen (F und M genannt) während der Reifung von 

Raclette Käse untersucht. Die beiden Schmieren waren vorgängig von kommerziellen 

Raclette Käsen isoliert worden. Während der Reifung wurden die Käse künstlich mit 10-100 

KBE cm-2 kontaminiert. Die Entwicklung der Mikroorganismen auf der Oberfläche wurde 
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sowohl mittels klassischer Kultivierungsmethoden als auch mit einer vom Zellwachstum 

unabhängigen Methode, der Gelelektrophorese mit zeitlichem Temperaturgradienten 

(„Temporal Temperature Gradient Gel Electrophoresis“; TTGE), verfolgt (Kapitel 2). Beide 

Konsortien hatten während der gesamten Reifung von 60 bis 80 Tagen starke antilisterielle 

Eigenschaften in situ auf der Käseoberfläche. Die TTGE zeigte eine ähnliche sequentielle 

Entwicklung von 9 Spezies, die in beiden Schmieren (F und M) vorkamen. Neben typischen 

Käseoberflächenbakterien entwickelten sich in beiden Konsortien im Frühstadium der 

Reifung (14. Tag), kurz nach dem Wachstum der Staphylokokken (7. Tag), auch Meeres-

Milchsäurebakterien. Zusätzlich konnte zum ersten Mal das Genus Facklamia auf Käse 

nachgewiesen werden.  

In der Folge testeten wir in einem zweiten Teil in situ die antilisteriellen Eigenschaften von 29 

Bakterien, die wir aus dem Schmiere Ökosystem F isoliert hatten (Kapitel 3). Eine 

Kontrollflora bestehend aus 6 typischen Schmiere-Spezies ohne antilisterielle Aktivität wurde 

dabei auf die Oberflächen eines Kontroll- sowie verschiedener Testkäse appliziert. Die 

Kontroll- und Testkäse wurden zusätzlich künstlich mit 50 KBE cm-2 L. innocua 

kontaminiert. Die Verwendung von verschiedenen Kombinationen von 3, 12 oder 20 Isolaten 

zusätzlich zur der Kontrollflora führte auf den Testkäsen nach einer 15-tägigen Reifung zu 

einer Listerien-Reduktion um 1 bis 4 Log. Die stärkste Hemmung konnte auf Testkäsen 

beobachtet werden, die mit 3 fakultativ anaeroben, halophilen und alkaliphilen (FAHA) 

Spezies behandelt worden waren. Dies waren, die zwei Meeres-Milchsäurebakterien 

Alkalibacterium kapii ALK 6 und Marinilactibacillus psychrotolerans ALK 9, sowie 

Facklamia tabacinasalis ALK 1. Mit Hilfe von TTGE konnte schliesslich während des 11. 

und 22. Reifungstages das Wachstum dieser drei Spezies bis hin zu einem dominanten 

Bereich gezeigt werden. Es kann daher vermutet werden, dass die anfängliche 
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Listerienhemmung die durch das Konsortium F in situ beobachtet worden war, mit der 

Entwicklung dieser Spezies während der frühen Reifung zusammenhängt.  

Im dritten Teil evaluierten wir schliesslich die Anwendung von Bakteriozin bildenden 

Milchsäurebakterien in Form von Schutzkulturen gegen Listerien-Wachstum auf 

geschmierten Käsen (Kapitel 4). Pediococcus acidilactici UL5, ein Pediocin PA-1-Produzent, 

zeigte in situ die stärkste antilisterielle Aktivität, gefolgt von Lactobacillus plantarum SM71, 

dem Produzenten von Plantaricin SM71. Im Gegensatz dazu förderte der Nisin Z-Produzent 

Lactococcus lactis UL719 das Listerienwachstum, was zu einer um 1-Log erhöhten Zellzahl 

auf dem Testkäse im Vergleich zum Kontrollkäse führte. Eine komplette Hemmung wurde 

dann erreicht, wenn Ped. acidilactici UL5 und Lb. plantarum SM71 nach einer frühen 

Listerien-Kontamination am 3. Tag appliziert wurden. Zu diesem Zeitpunkt hatte die 

Käseoberfläche einen relativ tiefen pH Wert von 5.5. Eine nur kurzfristige Hemmung wurde 

erzielt, wenn die Listerien Kontamination am 7. Tag stattfand. Der pH-Wert der 

Käseoberfläche war dann mit 6.8 höher. Diese kurzfristige Hemmung korrelierte mit einer 

schwachen Stabilität der Keimzahlen der Schutzkulturen und auch der Bakteriozin-Aktivität. 

Eine wiederholte Applikation von Schutzkulturen beeinflusste die natürliche Oberflächenflora 

und führte zu einer Verzögerung der Entwicklung von Al. kapii, Agrococcus casei, 

Enterococcus sp. und Psychrobacter sp., was mittels TTGE gezeigt werden konnte. Da die 

natürliche Oberflächenflora massgeblich zu den organoleptischen Eigenschaften und auch zur 

Sicherheit von Käse beiträgt, könnte dieser negative Einfluss die repetitive Applikation von 

Schutzkulturen einschränken. 

Unsere Forschung bietet eine breite Basis für die Entwicklung von äusserst potentiellen 

biologischen Konservierungsmitteln zur Kontrolle von Listerien auf der Oberfläche von 

geschmierten Halbhartkäsen. Dies kann einerseits durch die Applikation von natürlichen 

antagonistischen Schmiere Ökosystemen oder mit Hilfe von Schutzkulturen erreicht werden. 
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Jede Anwendung sollte dabei sehr genau evaluiert werden, um jegliche Veränderungen der 

natürlichen Flora und daraus resultierende negative Einflüsse auf die organoleptischen 

Eigenschaften und auf die Barrierewirkung ausschliessen zu können.  
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1.1. Listeria monocytogenes  

1.1.1. A human pathogen 

The genus Listeria includes 6 species of Gram-positive, facultative anaerobic, non-spore-

forming and rod-shaped bacteria, i.e. Listeria monocytogenes, Listeria innocua, Listeria 

ivanovii, Listeria seeligeri, Listeria welshimeri, and Listeria grayi. Despite close 

morphological and biochemical properties, L. monocytogenes is the only species that is 

pathogenic for human, causing listeriosis, while L. ivanovii constitutes an animal pathogen 

(Allerberger, 2003). Pathogenicity of these two species is triggered by a virulent gene cluster 

which is absent from most apathogenic Listeria spp. but present in a modified version in 

Listeria seeligeri (Vázquez-Boland et al., 2001). The complete genomes of four L. 

monocytogenes, one L. innocua and one L. welshimeri strains, have been sequenced and are 

currently available (Glaser et al., 2001, Nelson et al., 2004, Hain et al., 2006). A phylogenetic 

study recently enabled a description of the evolutionary history of the genus Listeria based on 

virulence genes and associated genes (Schmid et al., 2005). This study proposed that the 

virulent gene cluster was present in an ancestor common to five of the six Listeria spp. and 

lost in subsequent events in the apathogenic species L. innocua and L. welshimeri.  

L. monocytogenes is an opportunistic intracellular pathogen that enters the host through the 

intestine and then multiplies in the liver (Vázquez-Boland et al., 2001). L. monocytogenes 

infection and pathogenesis include the following stages: internalization, escape from 

vacuoles, intracellular growth, and cell-to-cell spread (Hamon et al., 2006). Adhesion of 

internalin InlA to E-cadherin has recently been recognized as the first step that enables L. 

monocytogenes to cross the intestinal barrier (Bonazzi et al., 2009). Variations in virulence 

and pathogenicity of L. monocytogenes strains occur and can be evaluated by investigating the 

presence of virulence-associated genes (e.g. the internalin gene lmo2821), or by serological 

typing (Liu, 2006). 
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Epidemiologic studies have shown that listeriosis outbreaks and sporadic cases are mainly 

associated with serotype 4b, 1/2a, and 1/2b (Rocourt et al., 2000). Virulent strains cause 

gastroenteritis in healthy persons, spontaneous abortion, stillbirth and preterm delivery in 

pregnant women, infections such as pneumonia or bacteremia in newborns, and infection of 

the central nervous system, such as meningitis or menigoencephalitis, mainly in patients over 

50 years of age (Drevets and Bronze, 2008). A high mortality rate of 30% is observed in 

neonates, elderly, and immunosuppressed patients (Liu, 2006). Worldwide incidence of 

listeriosis is recorded as being low, with 0.1–1.1 cases per 105 individuals (Drevets and 

Bronze, 2008). 

1.1.2. Survival and growth in hostile environments 

L. monocytogenes is able to grow under adverse environmental conditions by activating a 

panel of adaptation and survival mechanisms (Gandhi and Chikindas, 2007). The pathogen 

can grow over a wide range of temperatures (0-45°C) including refrigeration temperatures, 

with an optimum growth at 30-37°C, and a wide range of pH (4.1 – 9.6) and salt content (0-

10% w/v) (Low and Donachie, 1997, Lungu et al., 2009). Changes in the membrane 

composition, production of cold shock proteins and use of compatible solutes as 

cryoprotectants are some of the mechanisms activated at low temperatures (Bayles et al., 

1996, Annous et al., 1997, Angelidis and Smith, 2003). Adaptation mechanisms at high salt 

concentrations include production of salt shock proteins and use of compatible solutes as 

osmoprotectants. L. monocytogenes survives to low-pH environments by utilizing the 

glutamate decarboxylase system (Cotter et al., 2001). Exposure of L. monocytogenes to a mild 

acidic pH even increases its resistance to a subsequent exposure to higher acidic pH, a 

phenomenon known as stress adaptation. Acid-adapted L. monocytogenes showed enhanced 

resistance in situ in cottage cheese, cheddar cheese, and Italian-style soft cheeses (Gahan et 

al., 1996, Cataldo et al., 2007). Cross-adaptation to environmental stresses may additionally 
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protect the cells. Faleiro et al. (2003) showed that acid-adapted strains exhibit enhanced 

resistance to salt stress when tested in vitro. Stress adaptation may induce improved survival 

of pathogens in minimally processed foods, since a succession of mild stresses is applied 

along the production process (Hill et al., 2002). Another survival mechanism harbored by L. 

monocytogenes consists in the formation of biofilms on different surfaces, including stainless 

steel, which protect L. monocytogenes against external stresses, and increase its resistances 

against sanitizers, disinfectants and other antimicrobial compounds (Norwood and Gilmour, 

2000, Robbins et al., 2005). 

1.1.3. A foodborne pathogen under strict surveillance 

Due to its presence in a variety of environments including soil, silage, groundwater, sewage 

and vegetation and its enhanced resistance to adverse conditions such as low pH, high salt 

concentration and low temperature, L. monocytogenes is able to enter the food chain, 

contaminate foods, and proliferate. The subsequent ingestion of contaminated food delivers 

the pathogen to the gastro-intestinal tract, its target site for starting invasive infection in the 

populations at risk, and gastroenteritis in healthy persons (Jemmi and Stephan, 2006, Drevets 

and Bronze, 2008). 

The first listeriosis outbreak that evidenced a transmission of the pathogen through food 

occurred in 1981. Since then, epidemic cases of invasive listeriosis were linked to 

consumption of a variety of ready-to-eat products, including meats, dairy products, and fish, 

while outbreaks causing gastroenteritis in healthy patients were associated with foods 

contaminated with high levels of the pathogen, i.e. > 103 – 109 cfu g-1 (Swaminathan and 

Gerner-Smidt, 2007). Risk assessments have been conducted at national and international 

level, based on epidemiologic data, achievable contamination level at the point of 

consumption, and capacity of proliferation during refrigerated storage. A classification of 23 
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categories of ready-to-eat foods in low to high risk products was set up by the US Food and 

Drug Administration (Table 1.1). 

Improved control and prevention strategies are needed to ensure safety of ready-to-eat foods 

that are being increasingly consumed worldwide. Regulatory policies for the control of L. 

monocytogenes in food greatly varied among industrialized countries until recently but 

harmonization of Listeria regulations is an ongoing process (Warriner and Namvar, 2009). A 

zero-tolerance was adopted in the US, Austria, Australia, New Zealand and Italy whereas a 

legal tolerance of 100 cfu g-1 at the point of consumption was adopted in France, Germany 

and Holland. In contrast, Canada and Denmark developed a risk-based approach, with more 

realistic limits for the industry than a zero-tolerance policy, but ensuring adequate protection 

for consumers. The European Community adopted an approach similar to that implemented in 

Canada in 2006. Foods supporting Listeria growth have a zero-tolerance policy when leaving 

the production facility (not detected in 25 g), while the contamination level tolerated on the 

market for these high risk foods is < 100 cfu g-1. This limit also applies for foods not 

supporting Listeria growth when they leave the production facility. Infant foods and medical 

formulations have a zero tolerance policy. 

Listeria monitoring programs should ensure the implementation of these regulations in 

production facilities to improve product safety and should include the following steps: 

preventive sampling, rapid response when a positive result occurs, and follow-up sampling 

(Swaminathan and Gerner-Smidt, 2007). Implementation of control measures over the last 

decades has significantly decreased the incidence of listeriosis in industrialized countries 

(Goulet et al., 2001, Swaminathan and Gerner-Smidt, 2007). Risk communication programs 

addressed to susceptible populations constitute an additional mean that should be used to 

reduce the risk associated with Listeria monocytogenes (Warriner and Namvar, 2009).
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Table 1.1. Relative risk ranking and predicted median cases of listeriosis for the total United States 
population on a per serving and per annum basis (Swaminathan and Gerner-Smidt, 2007).  

 
aFood categories were classified as high risk (>5 cases per billion servings), moderate risk (5 but 1 case per billion servings), and low 
risk (<1 case per billion servings). 
bFood categories were classified as very high risk (>100 cases per annum), high risk (>10-100 cases per annum), moderate risk (1-10 
cases per annum), and low risk (<1 cases per annum). 
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1.1.4. Incidence of Listeria monocytogenes in cheese 

Cheeses have often been implicated in outbreaks of listeriosis and are considered risk 

products (Lianou and Sofos, 2007, Swaminathan and Gerner-Smidt, 2007). Cheese 

contaminations by L. monocytogenes are mostly localized on their surface. In Switzerland, the 

monitoring program for Listeria from the Swiss Dairy Research Station revealed that only 

0.9% of 2609 cheeses (edible part) were contaminated by L. monocytogenes, while the 

pathogen was present on 5% of 56377 investigated cheese surfaces (Pak et al., 2002). One of 

the reasons for this high incidence is the recontamination of the cheeses during ripening. From 

all cheese types, smear cheeses are very sensitive to surface post-contamination by L. 

monocytogenes, as conditions prevailing in the smear may support Listeria growth (Rudolf 

and Scherer, 2001). L. monocytogenes were shown to grow to 107 cfu cm-2 on soft smear 

cheeses (Eppert et al., 1997; Loessner et al., 2003). In the dairy industry, despite 

improvements in the hygienic conditions, such as generalization of pasteurization of the vat 

milk, 6% of 329 smear cheeses from west European countries were shown to contain L. 

monocytogenes on their surface (Rudolf and Scherer, 2001). In this study, soft and semi-hard 

cheeses were more frequently contaminated than hard cheeses, while pasteurized cheeses 

were more frequently affected than raw milk cheeses. 
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1.2. Food preservation strategies 

Food preservation strategies are based either on a physical, a physicochemical, or a microbial 

approach (Leistner and Gorris, 1995). Physical techniques include use of high temperature 

(e.g. pasteurization), low temperature (e.g. freezing), ionizing radiation, high hydrostatic 

pressure, and modified atmospheric packaging (e.g. vacuum). Physicochemical techniques act 

through a low water activity, low pH, low redox potential, use of salt or chemical 

preservatives (e.g. organic acids, nitrite, sulfite). Microbial derived techniques rely on 

competitive flora, and use of protective cultures or bacteriocins.  

1.2.1. Homeostasis and metabolic exhaustion 

The role of preservative factors is to delay or prevent growth of spoilage and pathogenic 

microorganisms, by disturbing homeostasis of the target microbe (Gould, 1996). Homeostasis 

is the constant tendency of microorganisms to maintain the stability and balance of their 

internal environment. Under adverse environmental conditions, microorganisms spend an 

enormous amount of resources to maintain e.g. their internal pH and osmotic pressure. This 

phenomenon costs energy to the cell that can not be used for growth. In certain extreme cases, 

the cell even becomes metabolically exhausted and dies (Leistner, 2000).  

1.2.2. The hurdle approach 

The hurdle technology is a combined use of different preservation techniques. Preservation 

techniques are thereby applied in a milder way, leading to minimally process foods, harboring 

both fresh-like taste and appearance, and long shelf-life (Ross et al., 2003). The hurdle 

technology is based on the fact that only a certain percentage of microorganisms present will 

be able to overcome a hurdle, while multiplying the hurdles will ensure growth inhibition of 

all microorganisms (Leistner and Gorris, 1995). Only a limited number of microorganisms 

can be controlled by application of mild treatments. Therefore, hygienic concepts in 
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production facilities still primarily rely on Good Manufacturing Practice (GMP) that ensures a 

low amount of microorganisms in the food processing environment. Ancient preservation 

strategies applied to traditional products already relied on the combined effect of several 

preservation factors, but these strategies have evolved empirically over the years. A better 

knowledge of the synergetic effects between hurdles can nowadays be used to improve food 

stability and safety. An efficient hurdle technology should be multi-targeted, affecting 

microorganisms in different ways, e.g. by combining an effect at the cell membrane and on 

internal pH (Leistner, 2000). The classification of hurdles according to their target in the cell 

will thus help the elaboration of more efficient preservation strategies to produce minimally 

processed foods. One should however keep in mind that sequential applications of sub-lethal 

stresses may induce adaptive tolerance responses in microorganisms (Hill et al., 2002). This 

phenomenon may also have consequences on the virulence of pathogenic microorganisms, as 

shown for L. monocytogenes (Hill et al., 2002). 

1.2.3. Biopreservation 

Biopreservation refers to the enhancement of food safety and stability using microorganisms 

and/or their metabolites (Ross et al., 2002). Spontaneous fermentation is one of the oldest 

biopreservation technologies and has been used empirically for millennia. At the end of the 

nineteenth century, the role of lactic acid bacteria (LAB) in fermentation of dairy and meat 

products was discovered. They have since been used to control acid production that is today 

achieved by applying selected starter cultures. LAB produce a wide range of metabolites that 

inhibit growth of spoilage and pathogenic bacteria and act like multiple hurdles. These 

metabolites are active during food fermentation and/or subsequent ripening and storage (Ross 

et al., 2002). Production of weak organic acids by LAB, such as acetic and lactic acids, inhibit 

microbial growth through multiple actions, including membrane disruption, inhibition of 

metabolic reactions, disturbance of pH homeostatis, and accumulation of toxic anions in the 
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cell (Brul and Coote, 1999). In addition, LAB may produce hydrogen peroxide, bacteriocins, 

diacetyl, acetoin, and other antimicrobial compounds (Gálvez et al., 2007).  

Biopreservation is nowadays achieved by either (1) application of antimicrobial metabolites 

without the producing strain (e.g. bacteriocins), (2) application of an adjunct culture 

producing antimicrobial metabolites in situ or ex situ that does not influence food quality, or 

(3) application of a technological flora harboring protective effects.  

The main antimicrobial metabolite used as purified food biopreservative is nisin, a bacteriocin 

produced by Lactococcus sp. (listed as E234 in European Union). Nisin and other bacteriocins 

with potential as biopreservative but not yet authorized by food regulations are discussed in 

more details in chapter 1.3. Alternatively, bacteriophages harboring narrow inhibition spectra 

have recently emerged as biopreservatives for the control of L. monocytogenes in ready-to-eat 

foods (Hagens and Loessner, 2007, Guenther et al., 2009). 

 Application of live cultures producing antimicrobial metabolites is an advantageous 

alternative to biopreservatives for food producers in demand of natural preservation 

techniques, as the application of a food-grade microorganism does not need to be indicated on 

the product label. Bacteriocin-producing lactic acid bacteria have been studied extensively 

and will be discussed in chapter 1.3. Protective cultures producing other types of 

antimicrobials have received less attention but harbor a good potential to improve food safety. 

A mixed culture of Propionibacterium jensenii and Lactobacillus paracasei subsp. paracasei 

producing non-proteinaceous low molecular-weight antimicrobial compounds was developed 

for prevention of spoilage by yeasts and moulds in yoghurt and on the surface of hard cheese 

(Miescher Schwenninger and Meile, 2004) and is currently marketed by Danisco 

(Copenhagen, Denmark). The antifungal effect harbored by this mixed culture is likely to be 

due to complex mechanisms involving the synergistic interactions between several 

antimicrobials, i.e. propionic, acetic, 2-pyrrolidone-5-carboxylic, 3-phenyllactic, 
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hydroxyphenyllactic and succinic acids, each antimicrobial being present at a concentration 

lower than its minimal inhibitory concentration for fungi (Schwenninger et al., 2008). 

Few investigations on protective effects naturally harbored by technological flora have been 

carried out but this approach has great potential to increase food safety and stability. Saubusse 

et al. (2007) studied the bacterial communities present in raw milks and was able to 

distinguish bacterial communities harboring anti-listerial properties in 3 out of 6 raw milks 

investigated. Indeed, inoculation into pasteurized milk of members or the whole bacterial 

community composed of Enterococcus faecium, Enterococcus saccharominimus, 

Chryseobacterium sp., Corynebacterium flavescens, Lactococcus garvieae, and Lactococcus 

lactis, partially inhibited L. monocytogenes during subsequent production of Saint-Nectaire 

type cheese. However, no production of anti-listerial compounds was detected in vitro. 

In vitro investigations of anti-listerial activities exerted by smear ecosystems led to the 

isolation of bacteriocin-producing strains among ripening microorganisms in two studies 

(Ryser et al., 1994; Carnio et al., 1999). However, application of the bacteriocin producing 

strain on artificially contaminated cheeses failed to fully restore the inhibition, as shown for 

Brevibacterium linens M18 producing linocin M18 (Eppert et al., 1997) or disturbed the 

development of the smear, as shown for Staphylococcus equorum WS 2733 producing 

micrococcin P-1 (Carnio et al., 2000). In the study of Maoz et al. (2003), anti-listerial 

antagonism exerted by natural smear ecosystems could not be linked to bacteriocin-producing 

bacteria. Anti-listerial property was a stable feature of the smear flora in one of the ripening 

facility investigated. Coryneform bacteria dominated the surface flora while marine bacteria 

were recovered at lower level (Maoz et al., 2003). Mechanisms of antagonism exerted by 

natural flora from fermented products are not fully elucidated yet. This knowledge should 

enable the tailored application of new biopreservation strategies in the future. 



Chapter 1. Introduction 
 

22 

1.3. Bacteriocin-producing LAB  

1.3.1. Bacteriocins of LAB - classification, structure, inhibition spectrum, mode of action 

Bacteriocins are ribosomally-synthesized peptides or proteins with antimicrobial activity 

directed against bacteria that are usually closely related to the producer strains, while the 

producer strains are immune to their own bacteriocin(s) (Cotter et al., 2005). Numerous 

bacteriocins produced by lactic acid bacteria harbor a broader inhibition spectrum among 

Gram-positive bacteria, including some pathogenic and spoilage bacteria (O’Sullivan et al., 

2002). Bacteriocins are small (<10 kDa) and heatstable proteinaceous compounds. The last 

bacteriocin classification to date (Table 1.2) has been proposed by Cotter et al. (2005) as an 

update of the original classification of Klaenhammer (1993).  

 

Table 1.2. Classification scheme for bacteriocins (Cotter et al., 2005) 

 

 

Bacteriocins are now grouped in two categories, class I and class II, based on the presence or 

absence of lanthionine amino acids. Class I bacteriocins are extensively modified after 

translation, resulting in the formation of these unusual amino acids (Deegan et al, 2006). 

Class I contains both single and two-peptide bacteriocins, with up to 11 subclasses proposed 
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to date. Class II is subdivided in four subclasses. Class IIa consists of pediocin-like 

bacteriocins, also called “Listeria-active”, that show a high degree of homology in their amino 

acid sequences, in particular in the cationic N-terminal domain (Eijsink et al., 1998). Class IIb 

consists of two-peptide, class IIc of cyclic and class IId of non-pediocin single linear 

bacteriocins. In the classification of Cotter et al. (2005), former class III bacteriocins are no 

longer considered bacteriocins and are renamed bacteriolysins. 

Nisin, a class I bacteriocin discovered in 1933, is approved for use in over 48 countries and 

has been the subject of extensive research, due to its broad activity spectrum directed against 

Gram-positive bacteria, including Listeria sp., Clostridia sp., enterococci, staphylococci, 

streptococci and Campylobacter jejuni (Meghrous et al., 1999, Morency et al., 2001). 

Approval of nisin as biopreservative in Switzerland was gained in 2002. Nisin is naturally 

produced by lactococcal strains (Cotter et al., 2005). Two variant of nisin have been 

described, nisin A and nisin Z, both harboring 34 amino acids. Nisin Z differs from nisin A by 

a single amino acid substitution, i.e. the histidine in position 27 is replaced by an asparagine. 

Nisin harbors an elongated amphiphilic cationic structure enabling a dual mechanism of 

action (Figure 1.1), triggered by binding to lipid II, a component of the cell membrane 

involved in the peptidoglycan synthesis. Binding of nisin to lipid II induces (1) prevention of 

the cell wall synthesis and (2) membrane insertion and subsequent pore formation, leading to 

dissipation of membrane potential and efflux of small metabolites (Wiedemann et al., 2001). 

Activity of nisin is pH dependent, with increased solubility and stability at low pH (Rollema 

et al., 1995, Grattepanche et al., 2008). Optimized nisin production hs been achieved in low-

cost whey permeate-based media (Amiali et al., 1998). 
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Figure 1.1. Mode of action of lactic acid bacteria bacteriocins (Cotter et al., 2005) 

 

Pediocin PA-1 is a class IIa pediocin-like bacteriocin, also called Listeria-active, which 

harbors a narrow spectrum of activity, including a high specific activity directed against L. 

monocytogenes (Meghrous et al., 1999, Cotter et al., 2005). Pediocin PA-1 has not been 

approved as food preservative yet, but is commercialized as bacteriocin-containing raw 

concentrate (Gálvez et al., 2007). Pediocin PA-1 is generally produced by Pediococcus 

acidilactici strains, but production by a Lactobacillus plantarum strain was reported by 

Ennahar et al. (1996). Pediocin PA-1 is composed of 44 amino acids and, unlike most class 
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IIa bacteriocins that exhibit only one disulfide bond, harbors two disulfide bonds that are 

likely to be involved in the exerted activity (Ennahar et al., 2000a). Pediocin has an 

amphiphilic alpha helical structure that is typical of class II bacteriocins that enables their 

membrane insertion (Drider et al., 2006). This mode of action induces membrane 

permeabilization (Figure 1.1), leading to leakage of low-molecular-weight molecules from 

permeabilized cells and death (Drider et al., 2006). Recent data suggested that the EIIt 
Man 

permease of L. monocytogenes constitutes a possible docking molecule for class IIa 

bacteriocins, as expression of the permease by the cell was linked to its sensitivity (Ramnath 

et al., 2000). Biosynthesis of several class IIa bacteriocins has been shown to vary with 

respect to growth temperature, ionic strength, and pH (Drider et al., 2006). Optimized 

pediocin PA-1 production in low-cost whey permeate-based media has been achieved by 

Daba et al. (1993). 

1.3.2. Applications of bacteriocin-producing LAB 

1.3.2.1. Application in food systems 

Bacteriocins produced by lactic acid bacteria (LAB) have been extensively tested for food 

applications (Gálvez et al., 2008). This interest is based on several properties that make them 

good candidates for food preservation strategies and should enable their acceptance by food 

regulations. LAB bacteriocins are Generally Recognized As Safe (GRAS) substances, since 

they are produced by food-grade microorganisms that have been consumed for centuries 

(Cotter et al., 2005). Furthermore, they show no activity or toxicity on eukaryotic cells and are 

inactivated by digestive proteases, ensuring little influence on gut microbiota (Bernbom et al., 

2006). 

Several strategies have been investigated for application of bacteriocin-producing LAB in 

food products, based on the application of either (1) the purified bacteriocin or (2) the 

producing strain. In the latter, bacteriocin production can occur in situ or can be carried out ex 



Chapter 1. Introduction 
 

26 

situ prior to the application. Inoculation of the food with the producing strain, its subsequent 

growth and in situ bacteriocin production represents the most beneficial alternative, both for 

costs and legal aspects (Deegan et al., 2006). One of the prerequisites for this approach is the 

use of strains that are well-adapted to the processing conditions of the targeted food. 

Moreover, this strategy is only applicable to fermented food, i.e. food that already contains 

microorganisms. Alternatively, biopreservation strategies based on the application of 

bacteriocins produced ex situ may overcome potential slow growth kinetic and associated low 

in situ production yields. One of the advantages of ex situ bacteriocin production is the 

controlled production that ensures a reproducible bacteriocin concentration and thus a 

reproducible protective effect. Bacteriocin as food preservative can be added directly to the 

food, or immobilized to a carrier (e.g. liposome encapsulation, adsorption to the producer 

cells) in order to protect the bacteriocin of possible inactivation by food components, thereby 

increasing its stability (Degnan and Luchansky, 1992, Ghalfi et al., 2006). A further 

development of the immobilization technology is its application in active packaging. 

Bacteriocin may be incorporated into protection films that are applied on the food surface, as 

shown for the control of Listeria monocytogenes on the surface of Turkey frankfurter pieces 

(Lungu and Johnson, 2005). The film acts as a reservoir that enables diffusion of the 

bacteriocin along the product shelf-life. This technique is a promising tool to protect food 

surfaces from post-process contaminations (Gálvez et al., 2007). 

Foods produced by a fermentation process generally harbor a natural flora in addition to the 

starter culture that confers specific organoleptic properties to the product. Broad spectrum 

bacteriocins such as nisin, have the advantage of inhibiting a wide range of spoilage and 

pathogenic bacteria, and can be used in biopreservation strategies of non-fermented food but 

nisin may affect the development of both starters and natural flora if added in fermented food. 

Pediocin, in contrast, has a more narrow inhibition spectrum, with a high specific activity 
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against L. monocytogenes (Cotter et al., 2005). Pediocin could be an ideal candidate for the 

specific inhibition of the foodborne pathogen L. monocytogenes in fermented food without 

disturbing starter cultures or natural flora. Successful application of bacteriocin-producing 

LAB in situ to a variety of food products, including meat, vegetables, beverages and dairy 

products have been reviewed recently (Cleveland et al., 2001, O’Sullivan et al., 2002, Gálvez 

et al., 2008). 

1.3.2.2. Application in cheese 

Application of bacteriocin-producing LAB in cheese mainly targets the human pathogen L. 

monocytogenes and endospore formers, such as Clostridium tyrobutyricum, the latter inducing 

late gas blowing defects in semi-hard and hard cheeses (Gálvez et al., 2008). 

Early application of nisin-producing protective cultures in cheese was directed against spore 

formers in Swiss-type (Hirsch et al., 1951) and Gruyère type cheese (McLintock et al., 1952). 

Inhibition of C. tyrobutyricum by application of bacteriocinogenic strains was recently 

achieved in semi-hard cheese using nisin Z-producing Lactococcus lactis IPLA 729 (Rilla et 

al., 2003) and the multiple bacteriocins producer Lactobacillus gasseri K7 (Bogovič et al., 

2007). Application of a nisin-producing Lc. lactis strain was also shown to inhibit L. 

monocytogenes in Camembert cheese (Maisnier-Patin et al., 1992) and in Gouda cheese 

(Bouksaim et al., 2000). As nisin may affect the controlled or natural flora of cheese as a 

result of its broad inhibition spectrum, it is mainly used as a food preservative for control of 

L. monocytogenes and C. tyrobutyricum in processed cheese and cheese spreads (Gálvez et 

al., 2008). The direct use of nisin-producing starter cultures for cheese fermentation has been 

investigated to overcome the effect on the starter but was usually unsuccessful due to bad 

acidification properties of nisin-producing Lc. lactis strains. The combined use of acidifying 

nisin-tolerant and nisin-producing Lc. lactis strains revealed promising for the successful 

inhibition of Listeria sp. in Cheddar cheese (Benech et al., 2002). 
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Despite a high specificity for L. monocytogenes, pediocin PA-1 producing cultures were 

rarely tested for cheese application, as producer strains of Pediococcus acidilactici are poorly 

adapted to cheese fermentations. Heterologous production of pediocin PA-1 by Lc. lactis 

strains applied as starters significantly reduced counts of L. monocytogenes in cheddar 

(Buyong et al., 1998) and in model cheese (Reviriego et al., 2007). A Lactobacillus 

plantarum strain producing pediocin PA-1 was successfully applied to protect the surface of 

smear soft cheeses against low levels of L. monocytogenes (Loessner et al., 2003).  

Lacticin 3147 is a two peptides class II bacteriocin harboring a good stability at high pH. A 

Lc. lactis culture producing lacticin 3147 was tested in various cheese types. In cottage 

cheese, Listeria counts were reduced by 99.9% (McAuliffe et al., 1999) but a poor stability of 

lacticin 3147 was observed after application on smear-ripened cheese (O’Sullivan et al., 

2006). 

Bacteriocinogenic enterococci were also described as having potential to control L. 

monocytogenes in cheese, e.g. enterocin AS-48, produced in situ by Enterococcus faecium 

7C5 in Taleggio cheese (Giraffa et al., 1995) and enterocin 4, produced in situ by 

Enterococcus faecalis INIA 4 in Manchego cheese (Nuñez et al., 1997). Enterococci are an 

important part of the bacterial population of various artisanal Mediterranean cheeses, 

conferring them their distinct organoleptic properties (Foulquié Moreno et al., 2006). 

However, enterococci are not automatically considered as food grade microorganisms. Some 

enterococcal strains may carry virulence factors such as aggregation, gelatinase and 

haemolysin (Foulquié Moreno et al., 2006, Psoni et al., 2006, Serio et al., 2007). Moreover, 

enterococci possess efficient gene transfer mechanisms such as pheromone-responsive 

plasmids that may carry antibiotic resistance genes (Teuber, 1999). The strain-by-strain 

rigorous testing of each enterococcal strain being foreseen as bacteriocin producing protective 

culture remains highly recommended. Heterologous production of bacteriocin in food grade 
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lactic acid bacteria can be used to overcome these safety issues (Rodríguez et al., 2003, Liu et 

al., 2008). 

Beyond improvement of cheese safety, a recent trend is to improve or better control cheese 

quality by addition of bacteriocins. Addition of lacticin 3147 in cheddar cheese reduced the 

count of non starter LAB in cheddar cheese that are potentially responsible for quality defects, 

such as off-flavors and crystal formation (Ross et al, 2002). Application of bacteriocin was 

also used to accelerate ripening by inducing autolysis of the flora responsible for flavor 

formation (Benech et al., 2003). 

1.3.2.3. Limitations 

Application of bacteriocin-producing LAB to improve cheese safety is promising, but some 

limitations should be kept in mind when building a biopreservation strategy. Limitations of 

the use of bacteriocin-based approaches for food biopreservation are due to four main factors: 

(1) the capacity of implantation and proliferation of the bacteriocin-producing strain, (2) the 

stability of the bacteriocin in the food environment, (3) the susceptibility of the target 

population and (4) the interactions with the food microbiota. In order to survive and grow in 

the food environment, the bacteriocin-producing strain should be adapted to the products’ pH, 

temperature, and salt content (Gálvez et al., 2007). Stability of bacteriocins in a food product 

depend on several factors, including food pH (e.g. nisin), inactivation by food enzymes, 

adsorption to food components, and uneven distribution in the food matrix (Grattepanche et 

al., 2008). The susceptibility of the target population may be reduced by the variability of 

intrinsic susceptibilities between strains of the target species (Katla et al., 2003), a potential 

development of resistances, and physicochemical barriers built by the target bacteria, such as 

microcolonies or biofilms (Kumar and Anand, 1998, Gandhi and Chikindas, 2007). 

Development of resistances is a great concern if bacteriocins are to be used extensively in 

food preservation strategies. Frequency of bacteriocin resistances and associated fitness costs 
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was shown to vary greatly depending on the strain, the bacteriocin and the environmental 

conditions, as reported for nisin A and pediocin PA-1 tested against 20 Listeria 

monocytogenens strains (Gravesen et al., 2002). Moreover, development of cross-resistances 

between Class I and Class IIa bacteriocins may occur, as reported for Listeria monocytogenes 

by Naghmouchi et al. (2007). Finally, application of bacteriocin through in situ production by 

a protective culture or addition of the purified substance should not interfere with the natural 

and/or starter food microbiota in order to avoid any disturbance on the acidification process or 

the production of aroma compounds. 

The application of bacteriocin-producing lactic acid bacteria can also be limited by food 

regulations. Purified bacteriocins are considered as food preservative and most described 

bacteriocins have not received approval yet. To date, nisin is the only preservative approved 

by the US Food and Drug Administration (FDA) and by the European Union (Cotter et al., 

2005). Approvals by food regulation authorities are limited to a list of selected products that 

include dairy products (e.g. cream and unripened cheese in EU, ripened cheese both in EU 

and US). Regulations can be partly overcome by use of bacteriocin-containing raw 

concentrates, such as the commercialized pediocin-containing ALTA 2431, if a food grade 

media is used for ex situ production. However, such raw concentrates have to be declared as 

food ingredients (Gálvez et al., 2007). In contrast, application of a food-grade protective 

culture producing bacteriocins in a fermented product does not need declaration and is likely 

to be the preservation strategy of choice for cheese application. Comparative assessment of 

three live bacteriocin-producing LAB produced ex situ at high cell count and bacteriocin 

activity, i.e. dairy-related strains producing either nisin Z, pediocin PA-1 or plantaricin SM71, 

was therefore carried out in the present thesis. 
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1.4. Smear cheeses 

Smear-ripened cheeses are characterized by the development of a microbial mat on their 

surface (Figure 1.2). A high variety of traditional smear-ripened cheeses are sold on the 

European market. Most smear-ripened cheeses are soft cheeses, e.g. Saint-Nectaire, Chaumes, 

Limburger, or semi-hard cheeses, e.g. Raclette, Tilsit, Gubbeen (Brennan et al., 2004). A few 

hard cheeses (e.g. Beaufort, Comté, Gruyère) are produced, mainly in France and 

Switzerland. Diversity of moisture contents and ripening processes triggers the development 

of a surface flora specific to each type, which markedly influences cheeses’ organoleptic 

properties (Bockelmann et al. 2005). 

Ripening of smear cheeses is carried out at low temperature, typically 10-16°C, with a relative 

humidity over 90%. Ripening time can be as short as 2 weeks for soft smear cheeses to more 

than one year for hard smear cheeses. The traditional smearing technique ensures the transfer 

of all ripening microorganisms of the complex microbiota by applying a technique named 

“old-young”. Ripe cheeses are smeared first with a fresh brine. Part of the smear is thereby 

washed out in the smear brine that is then used for inoculation of the young cheeses. The 

major drawback associated with this technique is a concomitant carry over of putative 

spoilage and pathogenic microorganisms, such as moulds and L. monocytogenes. 

Contaminants that would have been sporadically present on cheese surface have the 

possibility to proliferate and become a permanent species of the smear, leading to quality 

defects and raising safety concerns. Big scale production facilities thus inoculate the brine 

with a controlled ripening flora and preferentially smear the cheeses from the young to the 

ripe ones (Beresford et al., 2001).  

The smear plays an essential role for cheese quality and safety (Brennan et al., 2004). Smear 

development confers to the cheese its typical red-orange slimy appearance and is responsible 

for the formation of a sharp and pungent flavor. This layer additionally supports the control of 
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moisture content in the cheese by preventing a possible dry-out. Finally, the rapid 

development of a stable smear ecosystem that covers the whole cheese surface prevents the 

development to high level of toxygenic moulds and pathogenic bacteria (Brennan et al., 

2004). 

 

 

Figure 1.2. Example of semi-hard smear cheese: 1-month 
old Raclette type cheese 
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1.5. Natural smear ecosystems 

1.5.1. Biodiversity 

Smear consortia are complex ecosystems composed of bacterial and eukaryotic 

microorganisms. They harbor diversity at both species, and strain level. In traditional cheese 

varieties made from raw milk, each batch of cheese can exhibit a unique flora. 

Smear flora of various smear-ripened commercial cheeses were studied by Bockelmann et al. 

(2001). 75–95% of the bacterial flora was composed of coryneform bacteria, Brevibacterium 

linens accounting for 0–15% and Arthrobacter nicotianae for 1-30% of the total flora. 

Staphylococci were also dominant, with 5–15%, and St. equorum was the main 

Staphylococcus species isolated. Gubbeen cheese surface flora was studied at the strain level 

by Brennan et al. (2002). The bacterial flora was dominated by single strains of 

Corynebacterium casei (50.2%), Corynebacterium mooreparkense (26%), later classified as 

Corynebacterium variabile, and Microbacterium gubbeenense (12.8%). Contrary to the study 

of Bockelmann et al. (2001), staphylococci were only recovered at low level. A broader 

overview of the strain-level biodiversity found on smear cheeses is given by the study of 

Mounier et al. (2005) who investigated the bacterial microflora of four types of Irish 

farmhouse smear cheeses, i.e. Gubbeen, Durrus, Ardrahan and Milleens cheeses. Fourteen 

species were recovered and identified as coryneform bacteria (C. casei, C. variabile, A. 

arilaitensis, Arthrobacter sp., Mc. gubbeenense, Agrococcus sp. nov. and B. linens), 

staphylococci (St. epidermis, St. equorum and St. saprophyticus), micrococci (Micrococcus 

luteus), and Gram-negative bacteria. Each cheese type had a unique bacterial microflora, 

including several species of coryneform bacteria but only one Staphylococcus species. High 

diversity was found at the strain level but surprisingly, identical strains of C. casei and C. 

variabile were present on different cheese types. Recent studies (Feurer et al., 2004a, Maoz et 

al., 2003, Ishikawa et al., 2007) reported that smear ecosystems may also contain bacterial 
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species typically isolated from marine environments, i.e. Halomonas sp., Marinolactibacillus 

psychrotolerans, Pseudoalteromonas sp., and Vibrio sp. 

Yeasts develop particularly well on cheese surfaces, with reported cell counts in the range of 

104 to 108 cfu cm-2, depending on cheese type (Bockelmann et al., 2005). Debaryomyces 

hansenii predominates on smear cheeses (Bockelmann et al., 2005, Mounier et al., 2005, 

Gardini et al., 2006, Rea et al., 2007). Other species such as Geotrichum candidum, 

Kluyveromyces marxianus, Kluyveromyces lactis, Candida sp., Yarrowia lipolytica, and 

Saccharomyces cerevisiae are found at lower levels. In four Irish smear cheese types, 

Mounier et al. (2005) observed low yeast diversity at the species level, but 1 to 3 strains of D. 

hanseniii were recovered on a single cheese. In contrast, Larpin et al. (2006) identified nine 

yeast species on Livarot cheese. Each batch had its own unique yeast community. In artisanal 

Fiore Sardo cheese, Fadda et al. (2004) found high homogeneity at the strain level and 

suggested the presence of autochthonous yeast strains responsible for typical cheese flavor.  

The complexity of microbial ecosystems developing on smear cheeses is significantly higher 

than the ripening cultures deliberately applied on their surface. Feurer et al. (2004b), Mounier 

et al. (2005), and Georges et al. (2008) even observed that the starter culture could not be re-

isolated from the cheese surface, highlighting the importance of an adventitious resident 

microflora in the production facilities. An in depth study of the possible sources for the 

adventitious microflora of Gubbeen cheese was carried out by Mounier et al. (2006a). Cheese 

surface, dairy environment, such as milk, brines, water, saline suspension, shelves and air, as 

well as hands and arms of personnel were sampled. Identical strains of the dominant bacteria 

and yeasts species, i.e. C. casei, C. variabile, St. saprophyticus and D. hansenii, were found 

on cheese, in the dairy environment, and on the personnel. The original source was not 

identified but brines were important sources of St. saprophyticus, a class 2 microorganism 
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causing urinary tract infections, and D. hansenii, while the arms and hands of workers were 

the most probable source of C. casei and C. variabile. 

Since the composition of smear ecosystems is not controlled by the manufacturer, the 

presence of non-food grade species at dominant level may raise food safety concerns. Safety 

assessment of microorganisms commonly isolated from smear cheeses should therefore be 

carried out. The case of coryneform bacteria was already analyzed by Denis and Irlinger 

(2008) who recommended selection of starter strains based on taxonomic and ecological 

properties. Technological isolates were aerobic, psychrotrophic and unable to grow at 37°C 

while clinical isolates were facultative anaerobic and able to grow at 37°C. Tracking of 

undesirable species established as in-house flora, such as Gram-negative marine bacteria, non-

food grade staphylococci, and enterococci, should additionally be carried out in order to 

eliminate the source. 

1.5.2. Population dynamics 

The development of the smear is a dynamic process leading to the successive growth of 

several microbial communities. This process is driven by both, stimulating interactions, such 

as pH increase and production of growth factors, and negative interactions, such as 

competition for nutrients and production of antimicrobials (Peláez and Requena, 2005). Along 

ripening, metabolic interactions take place, leading to the final complex flavor of the cheese. 

Gaining information in dynamics of cheese population will help cheese industry monitoring 

cheese consortia in a beneficial way for cheese quality, flavor and safety. 

The first microorganisms to colonize the cheese surface are yeasts. During the first ripening 

days, yeasts metabolize lactate into CO2 and H2O and may also form alkaline metabolites (e.g. 

NH3), leading to cheese surface de-acidification. This enables growth of the salt-tolerant but 

less acid-tolerant smear bacteria. Dynamics within the yeast population was investigated in 

details by Larpin et al. (2006). They showed that G. candidum and D. hansenii were the 
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dominant species in the French smear cheese Livarot. K. lactis was only present at the 

beginning of ripening while Y. lipolytica appeared at the end of ripening period. Same kind of 

dynamics was observed in Pecorino Crotonese cheese. K. lactis and S. cerevisiae were 

predominant early in Pecorino Crotonese production while two very NaCl resistant species, Y. 

lipolytica and D. hansenii, dominated during the later stages of ripening (Gardini et al., 2006). 

Recently, gene expression of L-methionine, lactate, and lactose catabolism was successfully 

monitored, enabling the investigation of yeasts metabolism as well as metabolic interaction 

between species within yeasts co-cultures (Cholet et al., 2007). 

Population dynamics of the bacterial flora on Gubbeen cheese was investigated by Rea et al. 

(2007) who observed a progression of 17 species. Staphylococci were dominant in early 

stages of ripening and replaced by coryneforms in later ripening stages. This dynamics was 

also observed by Rademaker et al. (2005) on Tilsit cheese. Interspecies interactions between 

four species isolated from smear cheese, St. equorum or St. sciuri, C. ammoniagenes, A. 

nicotianae, and B. linens, were studied in milk by Bockelmann (2002). Non proteolytic C. 

ammoniagenes grew only in combination with proteolytic species, the proteolytic St. sciuri 

species and B. linens stimulated growth of A. nicotianae. 

Microbial interactions within a simplified cheese microbial community composed of 3 yeasts 

and 6 bacteria isolated from Livarot cheese were studied by Mounier et al. (2008). Yeast-

yeast and yeast-bacteria interactions were studied by evaluating the consequences of yeast 

omissions on the development of the microflora. Negative interactions between yeasts were 

found. Y. lipolytica inhibited G. candidum in its mycelium formation, indirectly modifying its 

utilization of lactate, possibly through NH3 or proline production. Each yeast species was 

shown to use a different energy source but competition may have occurred during stationary 

phase as Y. lipolytica and G. candidum inhibited D. hansenii. Yeast-bacterium interaction 

played a significant role in the establishment of microbial community. A. arilaitensis and 
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Hafnia alvei were not influenced by the yeast species added and dominated the flora while 

Leucobacter sp. and Brevibacterium aurantiacum relied on the presence of G. candidum for 

growth.  

1.5.3. Anti-listerial properties 

Among the natural smear ecosystems investigated in the last decades, some exhibit protective 

effects against pathogenic or spoilage microorganisms, while other enable proliferation of the 

same microorganisms. Two complex surface microflora isolated from commercial soft smear 

cheeses inhibited L. monocytogenes when inoculated on the surface of freshly-produced soft 

cheeses, with one of the consortia remaining stable over a 6-months period (Maoz et al., 

2003). Coryneform bacteria, such as C. variabile, C. casei, A. nicotiniae, Mc. gubbeenense, 

and B. linens, as well as an unidentified Gram-positive coccus-shaped bacterium dominated 

the surface flora while Marinolactobacillus psychrotolerans and Halomonas sp. were 

recovered at lower level. The composition and anti-listerial activity of one of the consortia 

remained stable over 6 months. The second consortium showed in contrast less stability and 

the associated anti-listerial activity was significantly decreased after 6 months. None of the 

isolates was found to secrete inhibitory substances active against L. monocytogenes. 

Biodiversity of a well established microbial community and complex interactions taking place 

in this community, including synergies, competition for nutrients, and production of 

antimicrobial compounds are supposed to be involved in Listeria inhibition exerted by smear 

ecosystems (Eppert et al., 1997, Maoz et al., 2003). Detection of bacterial members of these 

communities that produce bacteriocins is however a rare event (Ryser et al., 1994, Carnio et 

al., 1999). Different hypothesis were suggested to explain the anti-listerial activity of these 

surface consortia. Several inhibitory factors at low level (e.g. organic acids and H2O2 

production, nutrient depletion, temperature, salt concentration) may have a synergic action 

against Listeria. Bacteriocin synthesis may be regulated by a quorum sensing system where 
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signaling molecules produced by one population of the cheese consortia could trigger the 

bacteriocin production by another population explaining the absence of anti-listerial activity 

when pure cultures are tested (Gobbetti et al., 2007). Detailed investigation of in situ 

biodiversity and in situ dynamics of anti-listerial smear ecosystems may enable the detection 

of microbial species involved in the inhibition. In order to confirm their potential contribution 

to the anti-listerial effect, detected species should be isolated and tested against Listeria sp. on 

cheeses ripened at pilot scale. Saubusse et al. (2007) successfully used this approach for 

detecting naturally developing flora with anti-listerial activity in the core of raw milk cheeses. 
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1.6. Methods for the study of complex microbial communities  

1.6.1. Culture dependent versus culture independent methods 

Complex microbial communities are typically assessed by either culture dependent or culture 

independent methods. Culture dependent methods comprise cultivation on an appropriate 

medium, followed by isolation, and subsequent identification of isolates. The major bias of 

culture dependent approaches is the selectivity of the chosen culturing medium that directly 

influences the observed biodiversity. Biodiversity may consequently be underestimated or 

misinterpreted (Jany and Barbier, 2008). One of the main advantages of the culture dependent 

over the culture independent approaches is the possibility to investigate biodiversity at the 

strain level, due to the availability of molecular tools developed for strain typing.  

Culture independent methods are based on direct analysis of DNA, followed by PCR 

amplification, and detection of the species present by different techniques, including gel 

electrophoresis and DNA hybridization (Jany and Barbier, 2008). Culture independent 

techniques are potentially more exhaustive, as no preliminary knowledge of the community is 

needed. Potential bias lies in the DNA extraction protocol, which should allow DNA recovery 

of all microorganisms present. The PCR amplification step might be critical as well, due to 

disturbance by inhibition substances and generation of artefacts, the latter leading to an 

overestimation of the biodiversity (Jany and Barbier, 2008). Combination of the culture 

dependent and culture independent approaches leads to a better perception of the real 

biodiversity. Recent studies on smear ecosystems revealed that several species were only 

detected by the culture dependent or the culture independent method, while observed 

biodiversity was always significantly higher when both approaches were combined (Feurer et 

al., 2004a, Mounier et al., 2009) 
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1.6.2. Molecular tools for identification of smear isolates 

Microbial isolates of smear ecosystems were mainly identified by phenotypic analysis 

(Valdes-Stauber et al., 1997). Studies of biodiversity now rely almost exclusively on 

molecular tools for identification at the species level or even at the strain level. The gold 

standard for identification at the species level is 16S rRNA sequencing for bacteria (Mounier 

et al., 2005, Rea et al., 2007, Mounier et al., 2009, Feurer et al., 2004a, Brennan et al., 2002, 

Bockelmann et al., 2002) and 26S rRNA sequencing for yeasts (Larpin et al., 2006, Mounier 

et al., 2009). Fourier transform infrared spectroscopy FTIR (Mounier et al., 2005, Rea et al., 

2007, Larpin et al., 2006, Wenning et al., 2006, Georges et al., 2008) and Amplified 

Ribosomal DNA Restriction Analysis ARDRA (Bockelmann et al., 2002, Bockelmann et al., 

2008) constitute valuable alternatives for identification of both, bacteria and yeasts, but 

depend mainly on the availability and extent of databases. Isolates that can not be identified 

directly are subjected to sequencing in order to complete the database with the new identified 

profiles. Investigation of the bacterial flora at the strain level is often carried out by Pulsed-

Field Gel Electrophoresis (PFGE) combined to Repetitive Sequence-based PCR (Rep-PCR), 

e.g. in the studies of Mounier et al. (2005), Rea et al. (2007), and Georges et al. (2008). 

Brennan et al. (2002) reported a better consistency of results obtained by PFGE, compared to 

Random Amplified Polymorphic DNA (RAPD). Mitochondrial DNA Restriction Fragment 

Length Polymorphism (mtDNA RFLP) is used for the typing of yeasts (Mounier et al., 2005, 

Georges et al., 2008). 

1.6.3. Fingerprinting techniques applied to cheese consortia 

Fingerprinting techniques are based on direct extraction of whole DNA from the cheese 

sample, followed by PCR-amplification of a high variable region of bacterial 16S rRNA and 

subsequent discrimination techniques for visualization of community profiles. Temporal 

temperature gel electrophoresis (TTGE), Denaturing Gradient Gel Electrophoresis (DGGE), 
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Single Strand Conformation Polymorphism (SSCP), Terminal Restriction Fragment Length 

Polymorphism (T-RFLP), and Length Heterogeneity-PCR (LH-PCR) only differ by the 

discrimination techniques used for fingerprints visualization. All these techniques enabled an 

insight in the complexity of cheese microbial community at the species level (Randazzo et al., 

2002, Ogier et al., 2004, Lazzi et al., 2004, Rademaker et al., 2005, Florez et al., 2006, Delbès 

et al., 2007). A general drawback of the fingerprinting techniques is that only the main species 

can be visualized. This is particularly problematic if a single species is dominating and thus 

hiding a more complex community present at lower levels. Analysis of cultivable sub-

communities collected by harvesting colonies grown on a specific culturing medium was 

described as a possibility to overcome this drawback (Delbès et al., 2007). Another possibility 

is the use of specific primers targeting specific genus or group of microorganisms. Delbès et 

al. (2005) were thus able to monitor the dynamics of staphylococci population during 

production of raw milk cheese. Fingerprinting of eucaryotic population has similarly been 

developed with primers targeting the 18S or 26S rRNA gene (Callon et al., 2006, Florez et al., 

2006).  

Quantitative culture-independent methods, such as Fluorescent In Situ Hybridization (FISH) 

and real time-PCR, which are not based on a prior PCR amplification, have also been applied 

to study complex cheese consortia but in a lesser extent (Kollöffel et al., 1999, Ercolini et al., 

2003, Larpin et al., 2006, Cocolin et al., 2007). 

1.6.4. Temporal Temperature Gradient Gel Electrophoresis (TTGE) 

TTGE and DGGE are the fingerprinting techniques that have been the most extensively used 

in dairy products for the study of microbial communities and their dynamics (Jany and 

Barbier, 2008). TTGE fingerprinting is based on electrophoretic separation in a denaturing 

acrylamide gel of PCR amplicons harboring the same length but different sequences (Figure 

1.3). Separation occurs by applying a temperature gradient over time. When amplicons reach 
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their melting temperature, they become denatured, decreasing their motility in the gel and 

eventually stopping their migration. Sequences harboring a low GC content are the first to 

melt, followed by sequences harboring a high GC content. TTGE is generally used for 

separation of low-GC species and DGGE (Denaturing Gradient Gel Electrophoresis) for high 

GC species (Ogier et al., 2002, Ogier et al., 2004). Contrary to TTGE, separation of DNA 

amplicons in DGGE is based on a urea and formamide gradient in the acrylamide gel. TTGE 

is more likely to be reproducible, as DDGE relies on the uniformity of the gradient between 

successive gels. Conditions of TTGE analysis were therefore adjusted by Parayre et al. (2007) 

to enable the investigation of high GC bacteria. The allocation of each amplicon to a specific 

species is carried out after successful electrophoresis, using two different strategies. The first 

one is based on a database preliminary created using reference strains. In the second, the 

amplicon is directly excised from the acrylamide gel, cloned and sequenced, enabling the 

identification of species that are not yet member of the database. 

 

Figure 1.3. Example of a TTGE gel performed with the Dcode universal mutation 
detection system from Bio-Rad (in small). 
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1.7. Aim of the thesis 

1.7.1. Problem definition 

Listeriosis is a foodborne disease caused by the human pathogen Listeria monocytogenes. 

Among affected food products, smear cheeses are particularly at risk. L. monocytogenes is 

able to develop to high counts on their surface during ripening and subsequent storage, as 

conditions of temperature, pH and salt concentrations suit Listeria requirements. Hygienic 

concepts prevailing in the dairy industry are based on Good Manufacturing Practice, physical 

treatments, such as pasteurization, and use of chemical preservatives. The establishment of 

enhanced hygienic measures over the past 30 years was able to reduce the frequency of 

Listeria contamination but did not eradicate the pathogen, mainly due to its ubiquity in the 

environment.  

Additional hurdles should be designed to prevent growth of pathogens on susceptible cheese 

surface and to control associated risks. Biopreservation is the most promising tool to achieve 

this goal. This approach is based on the application of selected innocuous microorganisms 

that can prevent growth of spoilage or pathogenic microorganisms through different 

mechanisms including competition for nutrients or production of antimicrobial metabolites. 

Bacteriocin-producing lactic acid bacteria have been extensively studied during the last two 

decades and are promising candidates for food biopreservation, although until now their 

applications have been limited due to complex interactions with food components and 

microbes. Alternatively, natural flora as in fermented food such as cheese may provide natural 

protection against contaminants and reveals alternative antagonist microorganisms that are 

better adapted to the specific product. Natural smear consortia exhibiting anti-listerial activity 

have already been described in few studies (Eppert et al., 1997; Maoz et al., 2003). 

Microorganisms and mechanisms responsible for the inhibition are however currently not 
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understood although this knowledge is required to enable their application as protective 

systems in foods. 

1.7.2. Hypotheses 

This doctoral thesis was developed with three hypotheses: 

• The detailed characterization of biodiversity and population dynamics of anti-listerial 

natural smear consortia can lead to the detection of antagonist microorganisms with 

potential for Listeria inhibition. 

• The development of microorganisms with putative in situ anti-listerial effects is correlated 

to Listeria inhibition on the surface of Raclette cheese. 

• The application on the surface of Raclette smear cheese of one pre- and two post-

treatments of bacteriocin-producing LAB produced ex situ at high cell count and 

bacteriocin activity inhibits growth of Listeria artificially applied on cheese at low cell 

counts, without disturbing smear development. 

1.7.3. General objective 

The general objective of this thesis was to test new biopreservation strategies based on the 

application of protective cultures for Listeria inhibition on the surface of semi-hard smear 

cheeses. Therefore the detection and in situ testing of antagonist microorganisms from natural 

smear ecosystems exhibiting anti-listerial activity was carried out using advanced 

microbiological and molecular methods. Furthermore a comparative assessment of different 

lactic acid bacteria producing pediocin PA-1 (Pediococcus acidilactici UL5), nisin Z 

(Lactococcus lactis ssp. lactis biovar diacetylactis UL719) and plantaricin SM71 

(Lactobacillus plantarum SM71) was performed. 
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1.7.4. Specific objectives 

• To develop a combined approach of culture-dependent and culture-independent methods 

to study the composition and dynamics of smear ecosystems  

• To investigate bacterial biodiversity and population dynamics during cheese ripening of 

anti-listerial natural smear ecosystems isolated from commercial Raclette cheeses  

• To detect and characterize bacterial species in natural smear ecosystems with potential 

antagonist activity against Listeria 

• To select non pathogenic Listeria strains with representative susceptibilities to three 

bacteriocins as model for Listeria monocytogenes 

• To compare the application of three bacteriocin-producing LAB to control artificial 

Listeria contamination on semi-hard smear cheese ripened at pilot scale and to assess the 

impact of bacteriocin producing LAB on smear development 
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2.1. Abstract 

Background: Surface contamination of smear cheese by Listeria spp. is of major concern for 

the industry. Complex smear ecosystems have been shown to harbor anti-listerial potential but 

the microorganisms and mechanisms involved in the inhibition mostly remain unclear, and 

are likely related to complex interactions than to production of single antimicrobial 

compounds. Bacterial biodiversity and population dynamics of complex smear ecosystems 

exhibiting anti-listerial properties in situ were investigated by Temporal Temperature 

Gradient Gel Electrophoresis (TTGE), a culture independent technique, for two microbial 

consortia isolated from commercial Raclette type cheeses inoculated with defined commercial 

ripening cultures (F) or produced with an old-young smearing process (M). 

Results: TTGE revealed nine bacterial species common to both F and M consortia, but 

consortium F exhibited a higher diversity than consortium M, with thirteen and ten species, 

respectively. Population dynamics were studied after application of the consortia on fresh-

produced Raclette cheeses. TTGE analyses revealed a similar sequential development of the 

nine species common to both consortia. Beside common cheese surface bacteria 

(Staphylococcus equorum, Corynebacterium spp., Brevibacterium linens, Microbacterium 

gubbeenense, Agrococcus casei), the two consortia contained marine lactic acid bacteria 

(Alkalibacterium kapii, Marinilactibacillus psychrotolerans) that developed early in ripening 

(day 14 to 20), shortly after the growth of staphylococci (day 7). A decrease of Listeria counts 

was observed on cheese surface inoculated at day 7 with 0.1-1 × 102 cfu cm-2, when cheeses 

were smeared with consortium F or M. Listeria counts went below the detection limit of the 

method between day 14 and 28 and no subsequent regrowth was detected over 60 to 80 

ripening days. In contrast, Listeria grew to high counts (105 cfu cm-2) on cheeses smeared 

with a defined surface culture. 
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Conclusions: This work reports the first population dynamics study of complex smear 

ecosystems exhibiting in situ anti-listerial activity. TTGE revealed the presence of marine 

lactic acid bacteria that are likely related to the strong Listeria inhibition, as their early 

development in the smear occurred simultaneously with a decrease in Listeria cell count. 
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2.2. Introduction 

The surface of traditional smear-ripened cheeses is colonized by a complex microbial 

ecosystem. Its biodiversity has been investigated by identification of cultivable isolates with 

molecular techniques, such as Pulsed-Field Gel Electrophoresis (PFGE), Repetitive 

Sequence-based PCR (Rep-PCR) and 16S rDNA sequencing, or with Fourier transform 

infrared spectroscopy (FTIR) (Bockelmann et al., 2001, Mounier et al., 2005, Wenning et al., 

2006). Biodiversity studies using culture independent fingerprinting techniques, such as 

Temporal Temperature Gradient Gel Electrophoresis (TTGE), Denaturing Gradient Gel 

Electrophoresis (DGGE), Single Strand Conformation Polymorphism (SSCP) and Terminal 

Restriction Fragment Length Polymorphism (T-RFLP), have revealed the presence of 

additional uncultivable species (Ogier et al., 2004, Feurer et al., 2004a, Rademaker et al., 

2005). The development of the smear is a dynamic process driven by metabiosis leading to 

the successive growth of several microbial communities. The first microorganisms to colonize 

the surface are yeasts. Yeasts’ deacidification properties create a favorable environment for 

the next populations, mainly staphylococci followed by coryneforms. These two shifts in the 

microbial community structure of the smear have been observed in multiple studies 

(Bockelmann et al., 2002, Rademaker et al., 2005, Rea et al., 2007). Various marine bacteria 

have also been detected recently on cheese surface (Feurer et al., 2004a, Maoz et al., 2003, 

Ishikawa et al., 2007). Population dynamics of complex cheese surface ecosystems at species 

level have been studied by cultivation methods, but these approaches are necessarily limited 

by the selectivity of the cultivation media chosen. Alternatively, fingerprinting techniques can 

be used to generate data on main populations of such ecosystems. These methods are fast and 

can give a more exhaustive view of the biodiversity in cheese but they are greatly influenced 

by the quality of DNA extraction protocols and bias may be introduced by the PCR 

amplification step (Jany and Barbier, 2008). The main advantage of TTGE/DGGE over other 
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available fingerprinting techniques is the possibility to identify detected species by 

sequencing of DNA fragments after excision from the TTGE/DGGE gel (Jany and Barbier, 

2008). TTGE/DGGE has been applied to study dominant bacteria of dairy products, enabling 

detection of species accounting for at least 1 to 10% of the total flora, depending on the 

amplification efficiency of the PCR step for a given species (Ogier et al., 2002, Ogier et al., 

2004). 

Surface contamination of smear cheese by Listeria monocytogenes is of concern for the 

industry since listeriosis breakouts have been associated with consumption of cheese 

(Swaminathan and Gerner-Smidt, 2007). Improvements in hygienic conditions and 

application of safety guidelines failed to reduce the contamination frequency to an acceptable 

level (Rudolf and Scherer, 2001). Growth of Listeria on cheese surface is closely linked to the 

development of the surface ecosystems and is primarily supported by yeast growth, which 

leads to deacidification and provides nutrients for bacterial growth. Listeria sp. has been 

shown to grow easily on smear cheeses when defined ripening cultures containing 

Debaryomyces hansenii, Geotrichum candidum and Brevibacterium linens were used (Eppert 

et al., 1997; Loessner et al., 2003). Certain complex consortia naturally developing on smear 

cheese surface have been shown to inhibit Listeria sp. in situ (Eppert et al., 1997; Maoz et al., 

2003, Mayr et al., 2004). In vitro studies of these anti-listerial activities led to the isolation of 

bacteriocin-producing strains among ripening microorganisms in certain cases (Ryser et al., 

1994; Carnio et al., 1999). Application of the bacteriocin producing strain on artificially 

contaminated cheeses failed however to fully restore the inhibition (Eppert et al., 1997) or 

disturbed the development of the smear (Carnio et al., 2000). A better knowledge of microbial 

biodiversity and in situ population dynamics is crucial to identifying species that may be 

involved in the inhibition. Saubusse et al. (2007) successfully used this approach for detecting 

anti-listerial flora naturally developing in the core of Saint-Nectaire type cheese. 
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The objective of the present study was therefore to investigate population dynamics of 

complex cheese surface consortia with respect to their in situ inhibition properties. Two 

surface consortia were isolated from commercial Raclette type cheeses. TTGE was used for 

assessing biodiversity of both consortia at species level. An in-house database for species-

level identification of the bands appearing in the TTGE fingerprints was developed with 

cultivable isolates. The two complex consortia or a control flora (defined commercial culture) 

were then applied on freshly-produced Raclette cheeses that were artificially contaminated 

with Listeria innocua. Population dynamics and Listeria growth were monitored over 60 to 80 

ripening days. 
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2.3. Materials and methods 

2.3.1. Collection of cheese surface consortia and microbial cultures 

Cheese surface consortia were collected from two Swiss cheese manufacturers of Raclette 

type cheese made of pasteurized milk. Consortia F was collected from a 4-weeks old cheese 

produced with a defined surface ripening culture in industrial-scale dairy F. The surface 

ripening culture was composed of OFR9 (Danisco A/S, Copenhagen, Denmark), containing 

Brevibacterium linens, Brevibacterium casei as well as three yeasts, and OMK 703 (Research 

Station Agroscope Liebefeld-Posieux ALP, Bern, Switzerland), containing Brevibacterium 

linens, Arthrobacter arilaitensis as well as two yeasts. Consortium M was collected from a 6-

weeks old cheese in small-scale dairy M, where the cheeses were treated with old-young 

smearing, with a smear brine derived from Gruyère type cheese. Surface consortia were 

scraped off the cheese (~2000 cm2; ~10 g), homogenized in a stomacher in 100 ml 3.3% (w/v) 

NaCl for 4 min and stored at 4 °C until further use but not longer than 30 days. Long-term 

storage (up to 7 months) was carried out by addition of 20% glycerol and freezing at -30 °C. 

The commercial surface culture OMK 704 (ALP, Bern, Switzerland), used as control in 

cheese ripening experiments, contained one yeast (Debaryomyces hansenii FAM14334, ALP 

culture collection), five Brevibacterium linens, five Corynebacterium variabile, and one 

Arthrobacter arilaitensis strains. Each strain of the commercial culture was provided in a 

liquid form and stored at 4°C (short term) or at -30°C with addition of 20% glycerol (long 

term). For safety reasons, non pathogenic Listeria strains were used as a model for L. 

monocytogenes in cheese ripening experiments. Listeria innocua 80945-8, 81000-1, 81003-3, 

and 81587-4 (Laboratory of Food Biotechnology, ETH Zurich, Zurich, Switzerland) had 

previously been isolated from smears by ALP (Bern, Switzerland). Listeria strains were 

grown in tryptic soy broth (Oxoid, Pratteln, Switzerland) supplemented with 0.6% (w/v) yeast 

extract (Merck, Dietikon, Switzerland) at 30 °C for 14 h. 
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2.3.2. Cell enumeration of cheese surface consortia 

Total cell counts were determined on TGYA (Tryptic Glucose Yeast Agar, Biolife, Milano, 

Italy) supplemented with 1% (w/v) casein peptone (BBL, Heidelberg, Germany) after 

incubation at 30 °C for 3 days, followed by incubation at room temperature with daylight 

exposure for another 7 days. Staphylococci were counted on BP agar (Baird Parker RPF agar; 

BioMérieux, Geneva, Switzerland) and MSA (Mannitol Salt Agar, Oxoid, Pratteln, 

Switzerland) after incubation at 37 °C for 6 days. Yeast counts and mould counts were both 

determined on PY agar (Phytone Yeast extract agar, BBL, Heidelberg, Germany) incubated at 

30 °C. The plates were examined after 3 days for yeasts and after 6 days for moulds. 

Enterococci were determined on KFS agar (KF Streptococcus agar, Becton Dickinson AG, 

Allschwil, Switzerland) incubated at 42 °C for 3 days, and Listeria on Palcam agar (Oxoid, 

Pratteln, Switzerland) incubated at 37 °C for 2 days, all under aerobic conditions. Lactic acid 

bacteria were counted on MRS agar with Tween 80 (De Man et al., 1960, Biolife, Milano, 

Italy) incubated at 37 °C for 6 days, under anaerobic conditions which were generated using 

GENbox anaerobic systems (Biomérieux, Geneva, Switzerland). At the end of ripening, the 

presence or absence of Listeria was assessed using a three-step enrichment procedure that was 

previously validated against the reference method ISO 11290-1 for use on smear samples by 

ALP (Bern, Switzerland). 10 g (~2000 cm2) of smear were homogenized in 90 g tryptic soy 

broth supplemented with 0.6% (w/v) yeast extract, 0.02% (w/v) Delvocid® (DSM, Heerlen, 

Netherlands), 0.001% (w/v) acriflavin (Fluka, Buchs, Switzerland), and 0.004% (w/v) 

nalidixic acid (Fluka, Buchs, Switzerland) for 4 min using a Stomacher and incubated at 30 

°C for 24 h. After this step, 1% (v/v) of enriched sample was inoculated to supplemented 

tryptic soy broth and incubated again at 30 °C for 24 h. Presence or absence of Listeria was 

then checked by streaking a loopful of the second enrichment media on ALOA agar (Biolife, 

Pero, Italy) that was incubated at 37°C for 24 h. 
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2.3.3. DNA extraction of complex consortia and single isolates 

Total DNA extraction of cheese surface consortia was carried out with 1 ml homogenate 

containing 107 to 109 cfu ml-1 that was centrifuged at 18’000 x g for 5 min. The resulting 

pellet was stored at -20°C until further use. The DNA extraction protocol was modified from 

Chavagnat et al. (2002). The frozen pellet was resuspended in 1 ml 0.1 M NaOH, incubated at 

room temperature for 15 min and centrifuged at 18’000 x g for 5 min. The pellet was 

resuspended in 1 ml TES buffer (10 mM EDTA, 0.1. M Tris(hydroxymethyl)-aminomethane, 

25% (w/v) saccharose) containing 0.25% (w/v) lysozyme (50000 U mg-1, Merck, Dietikon, 

Switzerland), incubated at 37°C for 1 h, and centrifuged at 18’000 x g for 5 min. The pellet 

was resuspended in 190 µl G2 Buffer (EZ1 DNA Tissue Kit, Qiagen, Basel, Switzerland) and 

10 µl proteinase K (EZ1 DNA Tissue Kit; Qiagen, Basel, Switzerland) were added. This 

suspension was incubated at 56 °C for 1 h after which DNA was further purified by 

BioRobot® EZ1 (Qiagen, Basel, Switzerland) and analyzed by TTGE, as described below. 

DNA extraction of single isolates was carried out by dissolving one colony of a pure culture 

in 0.2 ml Tris-K buffer (0.01 M Tris(hydroxymethyl)-aminomethane (Merck, Dietikon, 

Switzerland) containing 0.5 µl ml-1 Tween 20 (Fluka, Buchs, Switzerland) and 0.24 mg ml-1 

proteinase K (Sigma-Aldrich, St. Louis, USA)). This suspension was first heated at 60 °C for 

1 h followed by 95 °C for 15 min, and centrifuged at 10’000 x g for 5 min resulting in a DNA 

containing supernatant that was further analyzed by TTGE.  

2.3.4. Temporal Temperature Gradient Gel Electrophoresis (TTGE)  

PCR amplification of the V3 region of the 16S rDNA (~200 bp) was performed according to 

Ogier et al. (2002) using a Biometra T-Personal thermocycler (Biometra, Göttingen, 

Germany) with direct amplification using primers HDA1-GC and HDA2 (Microsynth, 

Balgach, Switzerland) and ~100 ng of bacterial DNA. Ten µl of PCR products were separated 

on a 2% (w/v) agarose gel to check successful amplification with a molecular weight standard 
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of TriDye 100 bp DNA Ladder (BioConcept, Allschwil, Switzerland). TTGE analysis was 

carried out by using the DCode universal mutation detection system (Bio-Rad Laboratories, 

Reinach, Switzerland) as described by Ogier et al. (2002) with the following modifications. 

The electrophoresis was run in 1.5 x TAE buffer (1.5 mM EDTA, 60 mM 

Tris(hydroxymethyl)-aminomethane, 60 mM acetic acid) at 65 V for 16 h, with a temperature 

ramp of 0.3 °C h-1 from 66 to 70 °C. The gel concentrations were optimized to enable 

visualization in separate runs of high-GC bacteria (8 M urea; 8.5% (w/v) acrylamide (37.5:1)) 

and low-GC bacteria (7 M urea; 8% (w/v) acrylamide (37.5:1)) by empirical approach using a 

ladder of dairy bacteria harboring a wide range of GC-contents (from 49% for Lactobacillus 

plantarum to 60% for Propionibacterium sp.). Volumes of 20 µl (isolates) or 30 µl (complex 

consortia) of PCR products were mixed with 20 µl loading dye (0.25% (w/v) Orange G, 50% 

(w/v) sucrose; Fluka, Buchs, Switzerland) and loaded in each well. The detection limit of the 

method proved similar to Ogier et al. (2002), with detection of bacterial species accounting 

for at least 1% of the total DNA amount. 

2.3.5. Identification of single isolates by partial sequencing of 16S rDNA 

Groups of isolates with identical TTGE profiles were formed and a representative isolate of 

each group was selected for further 16S rDNA sequencing analyses. A 1400-bp fragment of 

the 16S rDNA was amplified with universal primers 16SUNI-L and 16SUNI-R (Kuhnert et 

al., 1996). The 50-µl reaction mixture contained ~20 ng DNA (NanoDrop® ND-100, Witec 

AG, Littau, Switzerland), 2.5 U of Taq DNA polymerase (Euroclone, Pero, Italy), 0.4 µM of 

each primer (Microsynth, Balgach, Switzerland), 200 µM of each deoxynucleoside 

triphosphate (Amersham Biosciences, Otelfingen, Switzerland), and the reaction buffer 

(Euroclone, Pero, Italy) consisting of 10 mM Tris-HCl, 50 mM KCl, and 1.5 mM MgCl2. The 

amplification was performed in a Biometra T-Personal thermocycler (Biometra, Göttingen, 

Germany) with the following temperature profile: 94 °C for 3 min, 35 cycles of 94 °C for 30 
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s, 54 °C for 30 s, 72 °C for 60 s, and a final annealing at 72 °C for 7 min. Amplified DNA 

was purified using the GFX-PCR DNA Purification Kit (GE Healthcare Biosciences, 

Otelfingen, Switzerland). Partial sequencing was carried out with primer 16SUNI-L and the 

BigDye® Terminator v1.1 cycle sequencing kit (Applied Biosystems, Rotkreuz, Switzerland) 

and analyzed in an ABI Prism 310 genetic analyzer (Applied Biosystems, Rotkreuz, 

Switzerland). Species identification was obtained by matching the obtained partial sequence 

(500 to 900 bp) to deposited sequences in the GenBank public database using the BLAST 

program. 

2.3.6. Identification of TTGE bands by partial sequencing of 16S rDNA 

Bands of the complex TTGE fingerprints that could not be identified by comparison with the 

database were excised, cloned and sequenced as described by Ogier et al. (2002). The eluted 

DNA was amplified by PCR using primers HDA1 and HDA2 (Microsynth, Balgach, 

Switzerland). PCR products were purified using the GFX-PCR DNA Purification Kit (GE 

Healthcare Biosciences, Otelfingen, Switzerland), ligated into pGEM®-T Easy vector 

(Promega, Dübendorf, Switzerland) and transformed into Escherichia coli (Subcloning 

EfficiencyTM DH5TM Competent Cells, Invitrogen, Basel, Switzerland). After plasmid 

purification, the insert was amplified by PCR with primers HDA1-GC and HDA2. The PCR 

product was analyzed by TTGE to confirm its position in the gel and sequenced from both 

sides with primers HDA1 and HDA2. The sequence obtained (~200 bp) was matched to 

deposited sequences in the GenBank public database. 

2.3.7. Cheese ripening experiments  

Raclette type cheeses (~6 kg; 2000 cm2) produced from pasteurized milk in dairy F were 

taken immediately after brining. A water content of 44.9% (w/w) and salt content of 1.8% 

(w/w) were measured in a 24 h-old cheese from the production batch, by gravimetric analysis 

(ISO 5534 / IDF 4:2004) and by potentiometric titration (IDF Standard 88A:1988), 
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respectively. Cheeses were ripened in a pilot plant cheese cellar with controlled temperature 

at 11°C and relative humidity at 95% for 2 to 3 months. Cheeses were smeared daily until day 

15 and twice a week thereafter, using 20 ml smear brine (3.3% (w/v) NaCl) per cheese side. 

Three different treatments were applied on cheeses and two independent experiments were 

carried out for each treatment. Cheeses were treated with 20 ml of smear brines inoculated 

with 5 x 108 cfu ml-1 of either: consortium F, consortium M or the commercial culture OMK 

704. In addition, 1 x 107 cfu ml-1 of the yeast strain Debaryomyces hansenii FAM14334 were 

inoculated in all smear brines. Smear brines were prepared fresh before each smearing with 

the following protocol. The appropriate amounts of consortium or defined culture and yeast 

were added in a 50 ml centrifugation tube and the volume was adjusted to 20 ml by addition 

of 3.3% (w/v) NaCl. Tubes were then centrifuged at 5’000 x g for 15 min, and the pellet was 

resuspended in 20 ml of fresh 3.3% (w/v) NaCl.  

Cheeses were artificially contaminated twice with Listeria after 7 and 8 days. Listeria 

inoculum was prepared as follows. Overnight cultures of 4 Listeria innocua strains were 

mixed in a 1:1:1:1 ratio, diluted 10’000 times in 0.9% (w/v) NaCl, and 0.3 ml of the dilution 

were added to each smear brine after the centrifugation step, to reach a concentration of ca. 5 

x 103 cfu ml-1. The brushes and wooden shelves were washed and autoclaved prior to each 

use. Wooden shelves were first changed after one week and every three weeks thereafter. The 

pH of the cheese surface was periodically measured in situ using a flat membrane electrode 

(InLab®Surface, Mettler-Toledo, Greifensee, Switzerland). 

2.3.8. Microbial analyses of cheese surface during ripening experiments 

Approximately 25 cm2 of cheese surface were scraped off using sterile cotton rolls (IVF 

Hartmann, Neuhausen, Switzerland) and aseptically transferred into a stomacher bag. Each 

sample was suspended in 25 ml pre-heated (45°C) peptone water, composed of 1% (w/v) 

casein peptone, 0.5% (w/v) NaCl and 2% (w/v) tri-sodium citrate dehydrate, all from Merck 
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(Dietikon, Switzerland), and homogenized for 4 min using a Stomacher (Silver Masticator; 

IUL Instruments GmbH, Königswinter, Germany). 1 ml of this solution was submitted to total 

DNA extraction for TTGE as described above. Serial dilutions in 0.9% (w/v) NaCl were 

prepared and plated on TGYA, PY agar and Palcam agar. At the end of ripening, 10 g of 

smear were harvested and tested for the presence of Listeria using an enrichment procedure as 

described above. 
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2.4. Results 

2.4.1. Bacterial biodiversity of cheese surface consortia by cultivation - Development of a 

TTGE database 

Consortium F was serial plated on five selective and non-selective media. A total of 128 

cultivable isolates were subjected to TTGE fingerprinting analysis and grouped into 16 TTGE 

profiles. One representative isolate of each profile was randomly selected and subjected to 

16S rDNA sequencing. Isolates displaying identical TTGE profiles but isolated from different 

cultivation media or exhibiting different macroscopic or microscopic morphologies were also 

subjected to 16S rDNA sequencing analyses. The presence of 15 species was detected by 

cultivation, with 7 dominant species enumerated on TGYA, the medium used for the 

determination of total cell count (Table 2.1). The number of bands and the corresponding 

migration lengths were recorded in a database (Figure 2.1). A majority of species displayed 

TTGE profiles with a single band for all isolates. Three species showed strain variations in 

TTGE profiles, with some strains harboring 1 to 5 supplementary bands (Figure 2.1). In 

addition, several species had indistinguishable TTGE profiles. Profile 5 corresponded to both 

Brachybacterium sp. and Arthrobacter arilaitensis, profile 12 to Staphylococcus equorum, 

Staphylococcus epidermidis and Facklamia tabacinasalis, and profile 16 to both Lactococcus 

lactis and Marinilactibacillus psychrotolerans (Figure 2.1). Low-GC bacteria Lc. lactis and 

M. psychrotolerans could not be distinguished on low-GC gel whereas high-GC gel revealed 

specific bands for the two species (bands z and z’, respectively, in Figure 2.2). The database 

(Figure 2.1) contained a total of 16 TTGE profiles corresponding to 15 species. It was used as 

reference for species-level identification in TTGE fingerprints obtained by the culture 

independent approach. 
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Table 2.1. Bacterial composition of cheese surface consortium F by a culture dependent method1  

Bacterial  

species 

Accession  

number2 

Similarity 

(%) 

Isolation 

media3 

Viable count  

[cfu cm-2] 

Percentage  

on TGYA 

Brevibacterium linens  

(or Brevibacterium aurantiacum4) 

AJ315491, 

(X765664) 

95.5-98.0 

(97.8) 

TGYA 

 

7.5.108 

 

32.5% 

 

Staphylococcus vitulinus NR_024670 99.6 TGYA 6.0.108 26.0% 

Brachybacterium tyrofermentans X91657 97.9 TGYA 4.5.108 19.5% 

Corynebacterium casei DQ361013 100.0 TGYA 1.5.108   6.5% 

Microbacterium gubbeenense AF263564 97.9 TGYA 1.5.108   6.5% 

Marinilactibacillus psychrotolerans  AB083413 99.8 TGYA 1.5.108   6.5% 

Brachybacterium sp. AF513397 99.9 TGYA 0.7.108   3.0% 

Staphylococcus equorum NR_027520 98.8-99.1 MSA 3.0.108 - 

Staphylococcus epidermidis NC_004461 98.5 MSA 8.107 - 

Facklamia tabacinasalis Y17820 99.1 BP 6.105 - 

Lactococcus lactis NC_002662 99.5 MRS 4.104 - 

Enterococcus devriesei AJ891167 98.2 MRS 1.104 - 

Enterococcus malodoratus Y18339 99.8 MRS 2.103 - 

Enterococcus faecalis AJ420803 99.3 KFS 2.102 - 

Enterococcus faecium EU547780 100.0 KFS 6.101 - 
1 128 isolates, i.e. ca. 25 isolates per media, were analyzed by TTGE and grouped into identical TTGE profiles. 
A representative isolate of each profile was identified by 16S rDNA sequencing. After the assignment of all 
isolates to a species, the percentage of each species on each of the five media was assessed. The cell count of a 
species was calculated by multiplying percentage and cell count determined for the corresponding media. 
2 Closest 16S rDNA sequence in the GenBank public database (www.ncbi.nlm.nih.gov). 
3 Total cell count was determined on TGYA. In addition, staphylococci were enumerated on BP agar and MSA, 
lactic acid bacteria on MRS agar and enterococci on KFS agar. 
4 Given the polymorphy in the intraspecies diversity of B. linens (Oberreuter et al., 2002), strain assignation to B. 
linens or the related species B. aurantiacum based on 16S rDNA analysis only was considered not reliable. 
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Figure 2.1. Database for species-level identification of bands in TTGE 
fingerprints of complex cheese surface ecosystems. 128 isolates from 
consortium F were grouped into 16 TTGE profiles corresponding to 15 species. 
TTGE profiles 1-9 and 10-16 were analyzed on gels optimized for the separation 
of high-GC bacteria and low-GC bacteria, respectively. 1, Microbacterium 
gubbeenense (band d); 2, 3, Corynebacterium casei (bands h, j); 4, 
Brachybacterium tyrofermentans (band k); 5, Brachybacterium sp. or 
Arthrobacter arilaitensis from the ladder (band l); 6, 7, 8, 9, Brevibacterium 
linens (bands a, e, g, h, i, n, o); 10, Staphylococcus vitulinus (band p); 11, 
Staphylococcus equorum (bands q, t); 12, Staphylococcus equorum, 
Staphylococcus epidermidis or Facklamia tabacinasalis (band q); 13, 
Enterococcus malodoratus (band r); 14, Enterococcus faecium or Enterococcus 
devriesei (band s); 15, Enterococcus faecalis (band u); 16, Lactococcus lactis or 
Marinilactibacillus psychrotolerans (band w). Ladder: A, Lactobacillus 
plantarum SM71; B, Lactococcus lactis diacetylactis UL719; C, 
Corynebacterium variabile FAM17291; E, Arthrobacter arilaitensis FAM17250; 
D, F, Brevibacterium linens FAM17309. 
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2.4.2. Bacterial biodiversity of cheese surface consortia by TTGE fingerprinting 

Bacterial biodiversity of consortium F and M was assessed by TTGE fingerprinting of total 

DNA extracts, a culture independent method (Figure 2.2). Both consortia were analyzed on 

two gels, targeting the bacterial species with high-GC and low-GC content in separate runs. 

TTGE fingerprints of consortia F and M were composed of 18 bands each, corresponding to 

13 and 10 species, respectively. Five bands could not be assigned to a known species of the 

database and were therefore submitted to cloning and sequencing after excision (Table 2.2). 

High similarity was found between consortium F and M with 9 common species, i.e. 

Corynebacterium variabile, Microbacterium gubbeenense, an uncultured bacterium from 

marine sediment (Table 2.2), Corynebacterium casei, Brevibacterium linens, Staphylococcus 

equorum, Lactococcus lactis, Agrococcus casei and Alkalibacterium kapii. Consortium F 

showed a higher diversity than consortium M with four additional species, Brachybacterium 

tyrofermentans, Brachybacterium sp., Marinilactibacillus psychrotolerans and 

Staphylococcus vitulinus. The species Brachybacterium paraconglomeratum was specific to 

consortium M. 
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Figure 2.2. Biodiversity of cheese surface consortia F and M by a 
culture independent method. TTGE fingerprints were analyzed on 
two different gels (high and low GC) after total DNA extraction of 
cheese surface consortia. Single bands were assigned to species 
using the species database or by excision, cloning and sequencing 
(*). b, c*, C. variabile; d, Mc. gubbeenense; f*, uncultured bacterium 
from marine sediment; h, j, C. casei; k, Br. tyrofermentans; l, 
Brachybacterium sp.; m*, Br. paraconglomeratum; a, e, g, h, i, n, o, 
B. linens; p, St. vitulinus; q, St. equorum, St. epidermidis or F. 
tabacinasalis; q, t, St. equorum; w, Lc. lactis or M. psychrotolerans; 
x*, Ag. casei; y*, Al. kapii; z, Lc. lactis; z’, M. psychrotolerans. L , 
Ladder: A, Lb. plantarum SM71; B, Lc. lactis diacetylactis UL719; 
C, C. variabile FAM17291; E, A. arilaitensis FAM17250; D, F, B. 
linens FAM17309. 
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Table 2.2. Identification of non-assigned TTGE bands by excision, cloning and sequencing 

Band designation1 Bacterial species Accession number 2 Similarity (%) 

c Corynebacterium variabile AJ783438      98.3 

f 3 uncultured bacterium from marine sediment FJ717185      97.2 

m Brachybacterium paraconglomeratum AJ415377      96.8 

x Agrococcus casei DQ168427    100.0 

y Alkalibacterium kapii AB294171      97.5 

1 These designations are used to annotate bands from TTGE gels in figures 2.2 and 2.3. 
2 Closest 16S rDNA sequence in the GenBank public database (www.ncbi.nlm.nih.gov). 
3The 16S rDNA sequence of band f exhibited highest similarity of 94% with Clostridiisalibacter paucivorans 
(EF026082), a bacterium that belong to cluster XII of the Clostridium subphylum (Liebgott et al., 2008). 

 

2.4.3. Population dynamics of cheese surface consortia by cultivation methods 

Total cell counts and yeast counts were similar for all cheeses, independent of the surface 

flora applied to cheeses, i.e. consortium F, M or control flora OMK 704. Total cell counts 

increased from 1.2 ± 0.4 × 107 cfu cm-2 to 1.2 ± 0.7 x 109 cfu cm-2 within 14 days and 

remained stable afterwards (1.7 ± 1.0 x 109 cfu cm-2). Yeast counts increased from day 4 to 

reach 6.5 ± 0.2 x 106 cfu cm-2 at day 7 and decreased afterwards by 2 to 3 log until the end of 

ripening. Mould counts of ca. 102 cfu cm-2 were measured after 3 weeks ripening on cheeses 

treated with consortium F, while no moulds were detected on the cheese treated with 

consortium M or on control cheese. At the end of ripening, similar mould counts of ca. 104 

cfu cm-2 were measured on all cheeses. The pH of cheese surface increased from 5.5 ± 0.1 at 

day 4 to 6.8 ± 0.4 at day 7 to 10, depending on the cheese, and was constant afterwards, with 

mean pH of 7.2 ± 0.4. 
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2.4.4. Population dynamics of complex cheese surface consortia by TTGE fingerprinting 

Population dynamics of consortium F or M were assessed at species level by TTGE 

fingerprinting of total DNA extracts (Figure 2.3, Table 2.3). TTGE fingerprints of day 1 

cheese depict the starter culture (Lc. lactis) as well as the composition of the smear brines. 

Multiple shifts in the microbial community structure of cheeses treated with complex surface 

consortia F or M were observed throughout ripening. The nine species common to both 

consortia had similar sequential development on cheese surface. Lc. lactis, used as starter 

culture for cheese manufacture, was part of the dominant flora until day 7 and disappeared 

thereafter. St. equorum was the first species to colonize the surface within 7 days. Al. kapii 

grew on day 14 concomitant with C. casei and B. linens, followed by C. variabile, an 

uncultured bacterium from marine sediment and Mc. gubbeenense between day 14 and 37. 

Agrococcus casei was first detected on day 37. Other species specific to consortium F (St. 

vitulinus, Enterococcus sp., M. psychrotolerans, Brachybacterium sp. and Br. tyrofermentans) 

colonized the corresponding cheese after 7 to 21 day ripening. Both Brachybacterium species 

also colonized the cheese treated with consortium M, but could only be detected after 81 days, 

together with Brachybacterium species specific to consortium M (Br. paraconglomeratum). 

Repetition of both treatments revealed the same trends with minor differences including a 

growth delay (ca. 5 days) for some high-GC species and the additional development of M. 

psychrotolerans at day 20 on the cheese treated with consortium M (data not shown). 

2.4.5. Population dynamics of the defined culture OMK 704 by TTGE fingerprinting 

Population dynamics of the defined commercial culture OMK 704 at species level was 

assessed by TTGE fingerprinting of total DNA extracts (Figure 2.3, Table 2.3). All three 

species of the culture OMK 704 (C. variabile, A. arilaitensis and B. linens) established 

themselves on cheese surface during the first 14 days. Each of the five B. linens strains of the 

culture OMK 704 exhibited a distinguishable strain-specific TTGE profile (data not shown). 
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The profile of B. linens FAM17309 (Bands e, o; Figure 2.3) was detected in the TTGE 

fingerprint of day 81 cheese, showing that this strain predominated over other B. linens strains 

at the end of ripening. Additional species not deliberately applied on the cheese colonized the 

cheese surface along ripening. Two staphylococci species (St. vitulinus; St. equorum) 

appeared on day 14 as well as M. psychrotolerans and Al. kapii on day 37. Br. tyrofermentans 

and an uncultured bacterium from marine sediment completed the high GC community at day 

81. Repetition of the treatment revealed the same trends regarding the three defined species. 

However, the development of non-deliberately applied species was different in the repetition. 

Three additional species colonized the cheese, i.e. Enterococcus sp., C. casei, Ag. casei, while 

Br. tyrofermentans could not be detected (data not shown). 
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Table 2.3. Population dynamics of cheese surface consortia by TTGE 1 

Bacterial species detected with TTGE Band designation2 Consortium F (ripening day) Consortium M (ripening day) OMK 704 (ripening day) 

 …. 1 7 14 21 37 81 
.…. 

1 7 14 21 37 81 
..... 

1 7 14 21 37 81 

Ag. casei x      + d.      + d.        

Al. kapii y  d.  + d. d.   d.  + d. d.       +  

Br. paraconglomeratum m         d.     +        

Brachybacterium sp., or A. arilaitensis l  d. d. + d. d. d.       +    + d. d. d. 

Br. tyrofermentans k  d.   + d. d.       +       + 

B. linens a, e, g, h, i, n, 
o 

 d. d. + d. d. d.  d. d. + d. d. d.   + d. d. d. d. 

C. casei h, j, v  d. d. + d. d. d.  d. d. + d. d. d.        

C. variabile b, c  d. d.  + d. d.  d. d. + d. d. d.  d. + d. d. d. d. 

E. malodoratus r    + d.                 

Lc. lactis w (without z’)  d. d.      d. d.      d. d.     

M. psychrotolerans  w and z’    + d.               +  

Mc. gubbeenense d  d.   + d. d.      + d.        

St. equorum, 

St. epidermidis, 

or F. tabacinasalis 

q  d. + d. d. d. d.  d. + d. d. d. d.    + d. d.  

St. equorum q and t  d. + d. d.    d. + d. d.      + d.   

St. vitulinus p  d. + d. d.             + d. d.  

uncultured bacterium from marine sediment f  d. d.  + d.   d. d.   + d.       + 
1 The letter (d.) indicates sampling times where a given species was detected in the TTGE gel. The symbol (+) indicates growth of a species in the smear. Growth was assumed 
in two cases, i.e. when a band was detected at a sampling time, while absent from the previous sampling time, or when the intensity of the detected band increased, compared 
to the previous sampling time (valid only at day 7 and 14, i.e. for a 1 log-increase of the total cell count). 
2The same letter code as for band designation in Figure 2.3 was used. 
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Figure 2.3. Population dynamics of cheese surface consortia by TTGE. TTGE analysis 
was carried out after total DNA extraction of cheese surfaces treated with complex surface 
consortium F, complex surface consortium M, or defined commercial culture OMK 704 
(control cheese). Cheeses were sampled after 1, 7, 14, 21, 37 and 81 days. Each sample was 
analyzed on two different gels (high and low GC). Single bands were assigned to species 
using the database of 15 cultivable species completed by the database of 5 species 
identified by excision, cloning and sequencing. b, c, C. variabile; d, Mc. gubbeenense; f, 
uncultured bacterium from marine sediment; h, j, v, C. casei; k, Br. tyrofermentans; l, 
Brachybacterium sp. or Arthrobacter arilaitensis; m, Br. paraconglomeratum; a, e, g, h, i, 
n, o, B. linens; p, St. vitulinus; q, St. equorum, St. epidermidis or F. tabacinasalis; q, t, St. 
equorum; r, E. malodoratus; w, M. psychrotolerans or Lc. lactis; x, Ag. casei; y, Al. kapii; 
z’, M. psychrotolerans. L, Ladder: A, Lb. plantarum SM71; B, Lc. lactis diacetylactis 
UL719; C, C. variabile FAM17291; E, A. arilaitensis FAM17250; D, F, B. linens 
FAM17309. 
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2.4.6. In situ inhibition of Listeria by complex surface consortia 

Raclette cheeses were artificially contaminated with 4 strains of Listeria innocua on day 7 and 

8, i.e. when yeasts on cheese surface had reached high counts of 6.5 ± 0.2 x 106 cfu cm-2. 

From the amount added to the smear brine (5 x 103 cfu ml-1), Listeria counts of 1.4 ± 0.9 x 101 

cfu cm-2 (first trial) and of 1.0 ± 0.6 x 102 cfu cm-2 (repetition) were recovered from the 

surface immediately after contamination. Listeria development was strongly affected by the 

surface flora applied for ripening. A decrease of Listeria counts below the detection limit of 

the method (< 3 cfu cm-2) was observed for cheeses treated with complex consortia F or M 

supplemented with Debaryomyces hansenii FAM14334 (Figure 2.4). Listeria could be 

recovered from cheese surface (~2000 cm2) with an enrichment procedure at the end of 

ripening (60 to 80 days), for both consortia. In contrast, Listeria counts on control cheeses 

treated with the commercial culture OMK 704 increased to ca. 105 cfu cm-2 after one month 

(Figure 2.4).  
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Figure 2.4. In situ inhibition of Listeria on cheese surface 
by complex consortia. Cheese surfaces were treated with 
smear brines (3.3% (w/v) NaCl), inoculated with either 
consortium F, consortium M or the defined commercial 
culture OMK 704 (control cheese). Two independent 
experiments were carried out for each treatment. Different 
symbols indicate different commercial cheese production. 
Smear brines were inoculated with Listeria innocua on day 7 
and 8, at 5 x 103 cfu ml-1. Stars indicate times where Listeria 
counts were below the detection limit of the enumeration 
method (< 3 cfu cm-2; dashed line). 
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2.5. Discussion 

To our knowledge, this work describes the first dynamic study of naturally developing anti-

listerial cheese surface consortia. The monitoring of two complex consortia obtained from 

industrial productions was carried out with TTGE, a culture independent fingerprinting 

technique which enabled species-level detection of high-GC and low-GC bacteria in separate 

runs.  

Previous studies reported a broad range of biodiversity in smear consortia, with 2 to 15 

bacterial species detected (Brennan et al, 2002, Feurer et al., 2004a, Mounier et al., 2005, 

Georges et al., 2008). High bacterial diversity was observed in consortium F, with 13 species 

detected at dominant level by culture independent analysis. The cultivation approach detected 

only 9 of the 13 species present at dominant level in consortium F, but enabled detection of 6 

additional species present at subdominant level. TTGE is a semi quantitative approach with 

limited sensitivity compared to the cultivation approach. However, as fingerprinting 

technique, TTGE enabled to overcome the arbitrary selection exercised on the flora by the 

cultivation step, giving a more complete view of biodiversity at dominant level. The 

combined use of both approaches led to a detailed knowledge of biodiversity in cheese smear 

flora, as already observed by Feurer et al. (2004a) and Mounier et al. (2009). The 

identification strategy used in the present study for the cultivation approach, i.e. all cultivable 

isolates grouped by TTGE profiles and subsequent sequencing, enabled the detection of 

intraspecies diversity differentiation in 3 dominant species. This strategy greatly simplified 

the identification of bands in the TTGE fingerprints of complex consortia corresponding to 

intraspecies variability. Consortium M displayed slightly less diversity than F with 10 species 

detected at the dominant level by culture independent analysis. 

A total of 20 species were detected in consortia F and M, including eight coryneform bacteria. 

C. variabile, C. casei, B. linens and Mc. gubbeenense are common ripening microorganisms 
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of smear cheeses detected on soft cheeses (Maoz et al., 2003; Feurer et al., 2004a) and semi-

hard cheeses (Brennan et al., 2002; Rea et al., 2007; Mounier et al., 2005). Br. tyrofermentans 

was first isolated from Gruyère cheese (Schubert et al., 1996) and was recently shown to 

colonize the surface of soft cheeses (Maoz et al., 2003; Feurer et al., 2004a). To our 

knowledge, this is the first time that Br. paraconglomeratum has been detected in cheese 

although this species has been previously isolated from milk (Callon et al., 2007). Agrococcus 

casei was first isolated from Gubbeen, an Irish semi-hard cheese (Mounier et al., 2005). Three 

Staphylococcus species were isolated in addition to coryneforms. St. equorum is common on 

smear cheeses (Irlinger et al., 1997; Bockelmann et al., 1997; Place et al., 2003; Rademaker et 

al., 2005; Rea et al., 2007) while St. vitulinus was only isolated by Irlinger et al. (1997) from 

French cheeses. St. epidermidis, a human skin inhabitant, was detected on various Irish semi-

hard cheeses (Mounier et al., 2005; Rea et al., 2007). Two Gram-positive marine lactic acid 

bacteria (LAB) and an uncultured bacterium from marine sediment were also part of the 

dominant flora. M. psychrotolerans has been detected in the smear of soft cheeses from 

Germany and France (Maoz et al., 2003; Feurer et al., 2004a). Alkalibacterium sp. was found 

to be present in many European cheeses including Tilsiter, a semi-hard smear cheese 

(Ishikawa et al., 2007). We also identified potentially undesirable species of enterococci in the 

subdominant flora of consortium F. Enterococci have a controversial status in the dairy 

industry. They are considered naturally occurring ripening organisms for artisanal 

Mediterranean cheeses (Foulquié Moreno et al., 2006), but also appear as emerging pathogens 

due to the virulence factors they tend to harbor (Franz, 2003). To our knowledge, this study is 

the first report of the presence of Facklamia sp. in cheese. F. tabacinasalis was first isolated 

from powdered tobacco by Collins et al. (1999) and has recently been detected in raw milk by 

Delbès et al. (2007) in a French farm producing Saint-Nectaire cheese and by Hantsis-

Zacharov and Halpern (2007) in a farm from northern Israel equipped with modern automated 
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milking facilities. The presence of F. tabacinasalis on the surface of smear cheese may 

constitute a health hazard, as this species was shown to be α-haemolytic on horse blood 

(Collins et al., 1999). Moreover, from six Facklamia species described to date, four were 

isolated from human clinical specimen (Takamatsu et al., 2006). 

We observed highly similar microbial community structures of consortia F and M, with 9 

species being common to both consortia at dominant level, despite different ripening 

procedures. High interbatch diversity was described by Rea et al. (2007) in a single cheese 

ripening facility of Gubbeen, an Irish semi-hard smear cheese, over 8 years production, which 

may be related to a lack of humidity and temperature control during ripening of Gubbeen 

cheese. In the present study, the production of Swiss Raclette type cheese with defined 

production and ripening parameters led to the development of a similar flora in two distinct 

dairies. The source of this highly diverse flora remains unidentified but possible sources could 

be the brine bath, skin of the workers or wooden shelves, as shown by Mounier et al. (2006a) 

for Gubbeen cheese. 

The high biodiversity is particularly surprising in the case of dairy F, where the smear brine is 

freshly prepared prior to each smearing and inoculated with a defined ripening culture of only 

3 bacterial species. Moreover, the smear brine is applied by a cheese ripening robot that 

smears the young cheeses first. However, the microflora of the brine bath is not controlled and 

might be one of the major sources. In particular, the brine bath (18-22% (w/v) NaCl) could be 

suitable to maintain the two halophilic and alkaliphilic marine lactic acid bacteria detected in 

consortium F, as some strains of M. psychrotolerans and Al. kapii were shown to grow at salt 

concentration as high as 21% (w/v) by Ishikawa et al. (2003, 2009). 

Dynamic studies of consortia F and M inoculated at same cell counts on cheese surface 

revealed a similar sequential development of nine bacterial species, i.e. Lc. lactis, St. 

equorum, Al. kapii, C. casei, B. linens, C. variabile, an uncultured bacterium from marine 
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sediment, Mc. gubbeenense and Ag. casei. The development of this microbial community 

prevented growth of Listeria innocua, inoculated at 5 x 103 cfu ml-1 smear brine on cheeses at 

day 7 and 8, over 60 to 80 days ripening. Contamination at day 7 and 8, i.e. when yeasts 

reached their highest density, provided optimal growth conditions for Listeria, as shown by 

the rapid Listeria growth on control cheese. Strong anti-listerial activities were shown in this 

unfavorable condition for consortia F and M. Anti-listerial activities of complex undefined 

cheese surface consortia were already observed in previous studies (Eppert et al., 1997; Maoz 

et al., 2003). Maoz et al. (2003) reported a total inhibition of L. monocytogenens during 40 

days ripening of a soft smear cheese with an initial contamination level of 1.6 x 103 cfu ml-1 

smear brine. 

The surface of smear cheese contains a limited range of substrates supporting growth of 

microorganisms, mainly lactose and lactate. Lactose is mostly metabolized by lactic acid 

bacteria during curd acidification and initial ripening. The residual lactose can be metabolized 

on the cheese surface by yeasts during the first days of ripening, as shown for soft cheeses by 

Leclercq-Perlat et al. (1999). Lactate metabolized by yeasts into CO2 and H2O leads to 

deacidification of the cheese surface (Brennan et al., 2004). As a result, lactate continuously 

diffuses from the core to the surface of the cheese. Lactate can be totally consumed by surface 

microorganisms in soft cheeses (Mounier et al., 2006b). Several smear bacterial species, i.e. 

Brevibacterium aurantiacum, C. casei, C. variabile, Mc. gubbeenense and St. saprophyticus, 

were shown to use lactate and casaminoacids for growth (Mounier et al., 2007). In contrast, 

Listeria sp. can only use a limited range of carbon sources for growth, including glucose, 

glycerol, fructose and mannose, while no growth occurs on lactate or casaminoacids (Pine et 

al, 1989; Premaratne et al., 1991; Tsai and Hodgson, 2003; Lungu et al., 2009). Premaratne et 

al. (1991) showed that Listeria monocytogenes may utilize alternative carbon sources, such as 

N-acetylglucosamine and N-acetylmuramic acid, which are major components of bacterial 
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and fungal cell walls (Premaratne et al., 1991; Barreteau et al., 2008). In addition, the yeasts 

cell wall contains a mannan glycopeptide with mannose (Sentandreu and Northcote, 1969), a 

sugar metabolized by Listeria sp. Listeria growth on smear cheese can therefore be limited by 

a low availability of carbon source and stimulated by components of smear microorganisms.  

Marine LAB ferment glucose into lactate and assimilate mannose (Ishikawa et al., 2003, 

Ishikawa et al., 2009). Ishikawa et al. (2009) reported that Al. kapii can utilize a fairly limited 

range of carbon sources. In the present study, M. psychrotolerans and/or Al. kapii established 

early on cheeses treated by complex consortia, i.e. between day 14 and day 20. We believe 

competition for nutrients between marine LAB and Listeria sp. may be involved in Listeria 

inhibition in the smear since the development of M. psychrotolerans and Al. kapii occurred 

simultaneously with the decrease of Listeria counts for both cheeses treated with consortium 

F (first trial and repetition) and for one cheese treated with consortium M (repetition). In 

addition, Listeria growth on control cheese stopped when M. psychrotolerans and Al. kapii 

were first detected in the smear, i.e. on day 37. Hain et al. (2007) reported a microarray 

experiment conducted with the anti-listerial complex smear consortium described by Maoz et 

al. (2003). Genes involved in energy supply were mostly up-regulated after 4 hours of contact 

between Listeria monocytogenes and the consortium, suggesting that Listeria had entered a 

state of starvation. While Maoz et al. (2003) detected M. psychrotolerans in the aforesaid 

smear consortium by cultivation methods, they may have overlooked the presence of Al. kapii 

or related species. 
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2.6 Conclusion 

This work reports the first study of population dynamics of anti-listerial cheese surface 

consortia. Dynamics of two consortia obtained from industrial productions revealed highly 

similar, with the sequential development of 9 common species, whereas development of both 

consortia inhibited Listeria growth over the whole ripening period. Next to common cheese 

surface bacteria, the two consortia contained one or several marine lactic acid bacteria (LAB) 

that developed early in ripening, shortly after the growth of staphylococci and concomitant 

with a decrease in Listeria cell counts. Competition for nutrients between marine LAB and 

Listeria sp. could be involved in the observed inhibition. Temporal Temperature Gradient Gel 

Electrophoresis revealed decisive to detect all marine bacteria present at dominant level in the 

smear, as only one of three species was detected by the culture dependent approach. Further 

cheese ripening experiments are needed to investigate the potential contribution of marine 

LAB to anti-listerial activity.  
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3.1. Abstract 

In vitro and in situ anti-listerial properties of 31 strains isolated from smear ecosystem F, 

originating from a commercial Raclette type cheese and exhibiting strong anti-listerial activity 

in situ on cheese surface, were investigated.  

In a preliminary step, strains were tested in vitro for production of antimicrobial compounds 

against Listeria innocua 81000-1 and Listeria ivanovii HPB 28. Arthrobacter arilaitensis FSC 

24, Enterococcus faecalis KFS 2 and Marinilactibacillus psychrotolerans ALK 9 inhibited 

both indicator strains in spot-on-the-lawn tests. Facklamia tabacinasalis ALK 1 exerted an in 

vitro inhibition on L. ivanovii HPB 28, but induced the formation of dense ball-shaped 

microcolonies of L. innocua 81000-1 in the soft agar, a typical biofilm microstructure. The 

extent of the biofilm zone was enhanced when F. tabacinasalis ALK 1 and M. 

psychrotolerans ALK 9 were tested together. 

In a second step, different combinations of strains were applied on Raclette cheeses ripened at 

pilot scale and contaminated with 50 cfu cm-2 Listeria innocua at day 7. A control flora of 6 

strains, composed of species commonly found on smear cheeses present at dominant level in 

the studied consortium and showing no anti-listerial activity in vitro, was applied on control 

and test cheeses. In test cheeses, we investigated the impact on Listeria growth of the addition 

of: (1) 12 dominant strains including Arthrobacter arilaitensis FSC 24, (2) same 12 dominant 

strains together with 8 subdominant strains including Enterococcus faecalis KFS 2, (3) 3 

dominant strains of Facultative Anaerobic Halophilic and Alkaliphilic (FAHA) species, i.e. 

the two marine lactic acid bacteria Alkalibacterium kapii ALK 6 and M. psychrotolerans ALK 

9, and F. tabacinasalis ALK 1, and (4) each FAHA species applied individually. On the first 

two test cheeses, a 1-log inhibition was observed at day 15 and Listeria counts increased 

thereafter to reach counts similar to the control between day 22 and 28. In contrast, an initial 

high inhibition of 4 log was observed at day 15 on the cheese treated with 3 FAHA species, 
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compared to the control. Listeria counts increased thereafter to reach counts 1 log lower than 

the control at day 50. Monitoring of FAHA species growth on cheese surface using culture-

dependent methods and TTGE revealed their development in early ripening, i.e. M. 

psychrotolerans at day 11, followed by Al. kapii and F. tabacinasalis at day 22. When applied 

individually on test cheeses, the early development of each FAHA species, i.e. between day 

11 and 15, induced a 1 log inhibition of Listeria at day 15. 

This study showed that three FAHA species added together with a control flora on the surface 

of semi-hard smear cheeses efficiently inhibited Listeria, suggesting that the development of 

FAHA species in early ripening likely contributes to the initial part of the in situ inhibition 

exerted by the complex cheese surface ecosystem. 
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3.2. Introduction 

Complex microbial ecosystems naturally develop on the surface of smear cheeses along 

ripening. Composition of smear ecosystems has been studied by several authors (Bockelmann 

et al., 2001, Brennan et al., 2002, Feurer et al., 2004a, Rademaker et al., 2005, Mounier et al., 

2005, Wenning et al., 2006, Rea et al., 2007, Georges et al., 2008, Mounier et al., 2009). Most 

studies reported the presence of coryneforms and staphylococci, but bacterial species from 

marine environments, i.e. Halomonas sp., Marinolactibacillus psychrotolerans, 

Pseudoalteromonas sp., and Vibrio sp., were also present in certain consortia. Inhibition 

properties directed against the human pathogen Listeria monocytogenes have been associated 

with consortia that naturally develop on smear cheeses (Eppert et al., 1997; Maoz et al., 2003, 

Mayr et al., 2004). Biodiversity of a well established cheese microbial community and 

complex interactions taking place in this community, including synergies, competition for 

nutrients and production of antimicrobial compounds are believed to be involved in the 

inhibition of foodborne pathogens such as L. monocytogenes (Eppert et al., 1997, 

Grattepanche et al., 2008, Irlinger and Mounier, 2009). However, detection of bacterial strains 

producing bacteriocins is a rare event (Ryser et al., 1994, Carnio et al., 1999) and research on 

anti-listerial effects exerted by complex smear ecosystems is still at an early point of 

development. 

In a previous study (chapter 2), we collected two smear ecosystems F and M from two Swiss 

Raclette cheese plants. Once applied on freshly-produced cheeses contaminated on day 7 with 

0.1-1 102 cfu cm-2 Listeria, a strong in situ inhibition of Listeria growth was observed over 80 

days ripening. Consortia F exhibited a high biodiversity at dominant level, with 13 species 

detected by culture independent Temporal Temperature Gradient Gel Electrophoresis (TTGE) 

fingerprinting and 9 species detected by cultivation. Study of population dynamics by TTGE 

revealed the development in early ripening of marine lactic acid bacteria, i.e. Alkalibacterium 
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kapii, and Marinilactibacillus psychrotolerans, that coincided with a decrease in Listeria 

count. 

In the present study, we investigated the possible causes for the strong in situ anti-listerial 

activity exerted by cheese surface consortium F. In a preliminary step, isolation procedures 

were carried out, targeting the bacteria non cultivable on classical media for cheese surface 

that were previously detected in consortium F by TTGE (chapter 2). Thirty-one strains 

representative of consortium F were then tested in vitro for production of antimicrobial 

compounds against Listeria innocua 81000-1 and Listeria ivanovii HPB 28 using spot-on-the-

lawn tests. Different combinations of strains were then applied on cheeses ripened at pilot 

scale and contaminated with Listeria innocua at day 7. Six strains, which corresponded to 

common dominant species of smear cheeses and showed no anti-listerial activity in vitro, 

were selected as control flora. We increased the biodiversity of test cheeses by addition of 

either, (1) 12 dominant strains, (2) 12 dominant and 8 subdominant strains, (3) three dominant 

Facultative Anaerobic Halophilic and Alkaliphilic (FAHA) strains, i.e. the two marine lactic 

acid bacteria Alkalibacterium kapii ALK6 and Marinilactibacillus psychrotolerans ALK 9, 

and Facklamia tabacinasalis ALK 1, or (4) each FAHA strain individually. Influence of 

strain mixtures on Listeria growth was investigated by monitoring Listeria cell counts over 35 

to 50 ripening days. 
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3.3. Materials and methods 

3.3.1. Cheese surface consortia and bacterial strains 

Cheese surface consortium F was previously collected from Raclette cheeses produced in two 

Swiss dairies and 128 strains corresponding to 15 species were isolated from consortium F by 

cultivation on TGYA, MSA, BP, MRS and KFS agar (chapter 2). Twenty-three strains 

therefrom were selected for the present study (Table 3.1). One strain of each species was 

randomly selected. In addition, multiple strains of one species were selected whenever they 

exhibited different macroscopic morphologies or TTGE profiles, i.e. 5 B. linens strains, 3 Br. 

tyrofermentans strains, 2 C. casei strains and 2 St. equorum strains. All strains were 

maintained as frozen stocks at -20°C in NaCl 0.9% (w/v) with addition of 20% (v/v) glycerol 

and propagated on their isolation media prior to use. Listeria innocua 81000-1 previously 

isolated from cheese smear (Research Station Agroscope Liebefeld-Posieux ALP, Bern, 

Switzerland) and Listeria ivanovii HPB 28 (Daba et al., 1993) were used as indicator strains 

for in vitro inhibition tests. Listeria innocua 81000-1 was shown to be susceptible to the in 

situ anti-listerial effect exerted by consortium F (chapter 2) while Listeria ivanovii HPB 28 

was shown to be highly susceptible to three broad spectrum bacteriocins by Meghrous et al. 

(1999), i.e. nisin A, nisin Z and pediocin. Listeria innocua 80945-8, 81000-1, 81003-3, and 

81587-4 previously isolated from cheese smears at ALP (Bern, Switzerland), were used as 

indicator strains for cheese surface contamination. All four strains were susceptible to the in 

situ anti-listerial effect exerted by consortium F (chapter 2). Listeria strains were maintained 

as frozen stocks at -80°C in propagation media with addition of 20% (v/v) glycerol and 

propagated twice prior to use in TSBY medium made of tryptic soy broth (Oxoid, Pratteln, 

Switzerland) supplemented with 0.6% (w/v) yeast extract (Merck, Dietikon, Switzerland), 

incubated at 30 °C for 14 h. The yeast culture Debaryomyces hansenii FAM14334 used for 
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inoculation of smear brines in cheese ripening experiment was provided by ALP (Bern, 

Switzerland) in a liquid form and stored at 4°C for up to 1 month. 

 

Table 3.1. Strains used for in vitro inhibition tests and in situ application on cheese 

Organism Strains Isolation 
media3 

Cultivation 
media 

Source 

Agrococcus casei I9 TGYA TSBY agar This study 

Alkalibacterium kapii ALK 6 GYPB GYPB agar This study 

Arthrobacter arilaitensis FSC 24 TGYA TSBYG broth This study 

Brachybacterium sp. FSC 8 TGYA TSBYG broth Chapter 2 

Brachybacterium tyrofermentans FSC 6, FSC 10, FSC 18 TGYA TSBYG broth Chapter 2 

Brevibacterium linens 

 (or Brevibacterium aurantiacum1) 

FSC 12, FSC 13, FSC 14,  

FSC 16,  FSC 22 

TGYA 

 

TSBYG broth 

 

Chapter 2 

 

Corynebacterium casei FSC 9, FSC 15B TGYA TSBYG broth Chapter 2 

Corynebacterium variabile FSC 1A TGYA TSBYG broth This study 

Enterococcus devriesei 2 FMR 17 MRS - Chapter 2 

Enterococcus faecalis KFS 2 KFS TSBYG broth Chapter 2 

Enterococcus faecium KFS 6 KFS TSBYG broth Chapter 2 

Enterococcus malodoratus KFS 5 KFS TSBYG broth Chapter 2 

Facklamia tabacinasalis 

 

FBP 13 

ALK 1 

BP 

GYPB 

TSBYG broth 

GYPB agar 

Chapter 2 

This study 

Lactococcus lactis 2 FMR 1 MRS - Chapter 2 

Marinilactibacillus psychrotolerans  FSC 4 

ALK 9 

TGYA 

GYPB 

TSBYG broth 

GYPB broth 

Chapter 2 

This study  

Microbacterium gubbeenense FSC 11 TGYA TSBYG broth Chapter 2 

Staphylococcus epidermidis FMSA 11 MSA TSBYG broth Chapter 2 

Staphylococcus equorum FMSA 5, FMSA 17 MSA TSBYG broth Chapter 2 

Staphylococcus saprophyticus FBP 2D BP TSBYG broth This study 

Staphylococcus vitulinus FSC 2 TGYA TSBYG broth Chapter 2 

Vagococcus sp. FBP 2A BP TSBYG broth This study 

1 Given the polymorphy in the intraspecies diversity of B. linens (Oberreuter et al., 2002), strain assignation to 
B. linens or the related species B. aurantiacum based on 16S rDNA analysis only was considered not reliable. 
2Lactococcus lactis FMR 1 and Enterococcus devriesei FMR 17 were not tested on cheese. 
3TGYA: Tryptic Glucose Yeast Agar (Biolife, Milano, Italy) supplemented with 1% (w/v) casein peptone 
(BBL, Heidelberg, Germany), MRS: MRS agar with Tween 80 (De Man et al., 1960, Biolife, Milano, Italy), 
KFS: KF Streptococcus agar (Becton Dickinson AG, Allschwil, Switzerland), BP: Baird Parker RPF agar 
(BioMérieux, Geneva, Switzerland), MSA: Mannitol Salt Agar (Oxoid, Pratteln, Switzerland). Incubation 
conditions are detailed in chapter 2.3.2. 
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3.3.2. Isolation procedures 

Consortium F was subjected to further isolation procedures targeting dominant bacteria 

detected by TTGE that were not cultivable on classical media for cheese surface (chapter 2). 

Facultative Anaerobic Halophilic and Alkaliphilic bacteria (FAHA) were isolated on 7% 

NaCl glucose–yeast extract–peptone–beef extract agar (GYPB), slightly modified from 

Ishikawa et al. (2003). One liter of GYPB was composed of 13 g agar, 70 g NaCl (VWR, 

Haasrode, Belgium), 5 g yeast extract (Merck, Darmstadt, Germany), 5 g beef extract (Biolife, 

Milano, Italy), 5 g Universal Peptone M66 (VWR, Haasrode, Belgium), 10 g glucose (VWR, 

Haasrode, Belgium), a buffer (0.5 g K2HPO4, VWR, Haasrode, Belgium; 8.4 g NaHCO3, 

Sigma-Aldrich, Steinheim, Germany), 2 g CaCO3 (Sigma-Aldrich, Steinheim, Germany), and 

four salts, i.e. 1 g NH4SO4, 12 mg MgSO4.7H2O, 10 mg MnSO4.1H2O, and 10 mg 

FeSO4.7H2O, all from Sigma-Aldrich (Steinheim, Germany). The buffer, extracts and 

peptone, glucose, CaCO3, salts were autoclaved separately in five flasks. The content of the 

flasks was transferred aseptically to a 1-l autoclaved flask, containing NaCl and agar, just 

before pouring plates (final pH 7.8). Plates were incubated at 30°C for 4 days under anaerobic 

conditions using GENbox anaerobic systems (Biomérieux, Geneva, Switzerland). Seventeen 

colonies grown on GYPB agar were subjected to an identification protocol combining DNA 

extraction, TTGE and 16S rDNA sequencing as described in chapter 2. 

An isolation protocol for bacterial species that were not cultivable at high counts on classical 

media for cheese surface was developed. Low dilutions of consortium F were plated on non-

selective TGYA medium, i.e. Tryptic Glucose Yeast Agar (Biolife, Milano, Italy) 

supplemented with 1% (w/v) casein peptone (BBL, Heidelberg, Germany), incubated for 3 

days at 30°C and further 7 days at room temperature. For each dilution, the whole flora was 

harvested and homogenized in 10 ml 0.9% (w/v) NaCl by vortexing. The resulting 

homogenates were plated on TGYA medium at high dilutions, enabling the isolation of single 
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colonies that were identified by 16S rDNA sequencing, as described in chapter 2. Additional 

species were also isolated on Baird Parker (BP) agar, a medium selective for staphylococci, 

incubated for 6 days at 37°C following to the same protocol. 

Strains were maintained as frozen stocks at -20°C in NaCl 0.9% (w/v) with addition of 20% 

(v/v) glycerol and propagated on their isolation media (Table 3.1) prior to use, except for 

Agrococcus casei that was grown on TSBY medium. 

3.3.3. In vitro inhibition tests 

Individual strains were tested by spot-on-the-lawn inhibition tests. One to 3 colonies of each 

strain were homogenized in 100 µl NaCl 0.9% (w/v) and 10 µl of the homogenate were 

spotted on TSBY soft agar (0.7% (w/v)) inoculated with 106 cfu ml-1 of either L. innocua 

81000-1 or L. ivanovii HBP28. Three strains of FAHA species, i.e. Alkalibacterium kapii 

ALK6, Facklamia tabacinasalis ALK 1 and Marinilactibacillus psychrotolerans ALK 9, 

were tested with the same methods on 2.5% NaCl GYPB soft agar containing 0.1% (w/v) 

CaCO3. Plates were incubated at 30°C and were checked for inhibition zones after 3 days. 

The extent of the inhibition zone was measured by its diameter minus the diameter of the spot 

formed by the tested strain. Tests were carried out in duplicates. If a growth enhancement 

zone was visible around the tested strain, corresponding to Listeria biofilm formation in the 

soft agar, the extent of the biofilm zone was measured with the same method. Individual 

strains that exerted a growth inhibition or induced biofilm formation when tested alone were 

tested in 1:1 mixtures with all other strains to detect potential synergies.  

3.3.4. Small-scale production of isolates for cheese ripening experiment 

A majority of isolates (Table 3.1) were cultivated in TSBYG broth consisting of tryptic soy 

broth (BBL, Heidelberg, Germany) supplemented with 0.5% (w/v) yeast extract (BBL, 

Heidelberg, Germany) and 0.5% (w/v) glucose (Merck, Dietikon, Switzerland), incubated for 
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3 to 5 days at 30°C. Cultures of high-GC bacteria (coryneforms) were carried out in 300 ml 

flasks equipped with baffles, filled with 100 ml media. Flasks were agitated at 230 rpm to 

enable aeration of the media supplemented with 0.03% (v/v) antifoam (Dow Corning 1510 

Antifoam Emulsion, Wiesbaden, Germany). Cultures of low-GC bacteria were carried out in 

non-agitated 10 ml flasks. M. psychrotolerans ALK 9 was grown in GYPB broth incubated at 

30°C for 2 days, using a 100 ml flask filled with 75 ml media agitated at 160 rpm. Al. kapii 

ALK 6 and F. tabacinasalis ALK 1 were cultivated on GYPB agar under anaerobic 

conditions for 3 days at 30°C. Agrococcus casei I9 was cultivated on TSBY agar for 3 days at 

30°C. Cultures produced on solid media were harvested in NaCl 0.9% (w/v) and 

homogenized by vortexing. Long-term storage (up to 6 months) of cultures was carried out at 

-20°C in 20% glycerol stock. In trial 2, Al. kapii ALK 6, F. tabacinasalis ALK 1, and M. 

psychrotolerans ALK 9 were stored up to 7 days at 4°C on their cultivation media prior to use 

in the first ripening experiment, and stored at -20°C with 20% glycerol in the repetition 

experiment. 

3.3.5. Cheese ripening experiments 

Raclette type cheeses (~6 kg; 2000 cm2) produced from pasteurized milk in dairy F (chapter 

2) were taken immediately after brining. Cheeses were ripened in a pilot plant cheese cellar 

with controlled temperature at 11 °C and relative humidity at 95% for 35 to 50 days. Cheeses 

were daily smeared until day 15 and twice a week afterwards, using 20 ml smear brine (3.3% 

(w/v) NaCl) per cheese side. The brushes and wooden shelves were washed and autoclaved 

prior to each use. Wooden shelves were first changed after one week and every three weeks 

thereafter. Six strains representative of six species commonly found on smear cheeses, i.e. 

Agrococcus casei I9, Brevibacterium linens FSC 22, Corynebacterium casei FSC 9, 

Corynebacterium variabile FSC 1A, Microbacterium gubbeenense FSC 11 and 

Staphylococcus equorum FMSA 5, and exhibiting no Listeria inhibition in vitro, were 
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selected for the control flora (CON6). Species of the control flora were inoculated in the 

smear brine of control cheeses as well as test cheeses, each strain at 107 cfu ml-1.  

Different combinations of strains were tested in three cheese ripening trials (Table 3.2 and 

3.3). In trial 1, a first test cheese was treated with the control flora and 12 strains inoculated at 

high counts in the smear brine, i.e. 106 to 107 cfu ml-1 to mimic dominant strains (DOM12), 

including Arthrobacter arilaitensis FSC 24, a strain exhibiting in vitro Listeria inhibition. A 

second test cheese was treated with the same control flora and 12 strains, and 8 additional 

strains inoculated at low counts in the smear brine, i.e. 104 to 105 cfu ml-1 to mimic 

subdominant strains (SUB8), including two strains with in vitro inhibition properties, i.e. 

Enterococcus faecalis KFS 2 and Staphylococcus saprophyticus FBP 2D. In trial 2, a first test 

cheese was treated with the control flora and 3 Facultative Anaerobic Halophilic and 

Alkaliphilic species (FAHA3), i.e. Alkalibacterium kapii ALK 6, Facklamia tabacinasalis 

ALK 1 and Marinilactibacillus psychrotolerans ALK 9, inoculated in the smear brine at 107 

cfu ml-1, ≤ 107 cfu ml-1 and 108 cfu ml-1, respectively. The amount of F. tabacinasalis ALK 1 

added in the smear brine was equal to 107 cfu ml-1 at day 1 and 7 when fresh cell suspensions 

were prepared, but decreased between day 2 and 6 and between day 8 and 14, due to viability 

losses of F. tabacinasalis ALK 1 over 7 days storage at 4°C on its cultivation media. The 

treatment with 3 FAHA species was repeated on a second test cheese, with increased and 

controlled concentrations of F. tabacinasalis ALK 1, inoculated at 108 cfu ml-1. In trial 3, 

FAHA species were tested individually on three test cheeses, inoculated with either, Al. kapii 

ALK 6 (107 cfu ml-1), F. tabacinasalis ALK 1 (at 108 cfu ml-1), or M. psychrotolerans ALK 9 

(108 cfu ml-1). 
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Table 3.2. Strains mixtures used for cheese surface application 

Designation Flora tested (number of strains) Strains 

CON6 Control flora (6 strains) Ag. casei I9, B. linens FSC 22, C. casei FSC 9, C. 
variabile FSC 1A, Mc. gubbeenense FSC 11, St. 
equorum FMSA 5 

DOM12 Increased biodiversity at dominant 
level (12 strains) 

A. arilaitensis FSC 24, Brachybacterium sp. FSC 8, Br. 
tyrofermentans FSC 6, FSC 10, FSC 18, B. linens FSC 
12, FSC 13, FSC 14, FSC 16, C. casei FSC 15B, M. 
psychrotolerans FSC 4, St. vitulinus FSC 2 

SUB8 Increased biodiversity at 
subdominant level (8 strains) 

E. faecalis KFS 2, E. faecium KFS 6, E. malodoratus 
KFS 5, St. epidermidis FMSA 11, F. tabacinasalis FBP 
13, Vagococcus sp. FBP 2A, St. saprophyticus FBP 
2D, St. equorum FMSA 17 

FAHA3 Facultative Anaerobic Halophilic 
and Alkaliphilic bacteria (3 strains) 

Al. kapii ALK 6, F. tabacinasalis ALK 1, M. 
psychrotolerans ALK 9 

 

Table 3.3. Treatments applied on cheeses in cheese ripening trials 

Trial Cheese CON6 DOM12 SUB8 FAHA3 others 

1 Test cheese 1 x x    

Test cheese 2 x x x   

2 Test cheese 1 x   x  

Test cheese 2 x   x  

3 Test cheese 1 x    Al. kapii ALK 6 

Test cheese 2 x    F. tabacinasalis ALK 1 

Test cheese 3 x    M. psychrotolerans ALK 9 

Controls Control cheese 1* x     

Control cheese 2** x     

*control cheese 1 was produced and  ripened concomitant with both test cheeses of trial 1. 

**control cheese 2 was produced and  ripened concomitant with test cheese 1 of trial 1. 

 

In addition to the bacterial flora, 1 x 107 cfu ml-1 of the yeast strain Debaryomyces hansenii 

FAM14334 was added to smear brines for all cheeses. Smear brines were freshly prepared 

before each smearing as follows. Appropriate amounts of each strain were added in 50 ml 

centrifugation tubes and volumes were adjusted to 30 ml by addition of 3.3% (w/v) NaCl. 

Tubes were then vortexed, centrifuged at 5’000 x g for 15 min, and the pellet was 
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resuspended in 20 ml of 3.3% (w/v) NaCl. All cheeses were artificially contaminated twice 

with Listeria after 7 and 8 days. Overnight cultures of Listeria innocua 80945-8, 81000-1, 

81003-3, and 81587-4, selected for their susceptibility to the in situ anti-listerial effect exerted 

by consortium F (chapter 2), were mixed in a 1:1:1:1 ratio, diluted 10’000 fold in 0.9% (w/v) 

NaCl, and 0.3 ml of the dilution was added to smear brines after the centrifugation step, to 

reach a Listeria concentration of ca. 5 x 103 cfu ml-1. 

3.3.6. Sampling of cheese surface and cell enumeration 

Approximately 25 cm2 of cheese surface were scraped off using sterile cotton rolls (IVF 

Hartmann, Neuhausen, Switzerland) and were aseptically transferred into a stomacher bag. 

Each sample was resuspended in 25 ml preheated (45°C) peptone water (casein peptone (1%, 

w/v), NaCl (0.5%, w/v), tri-sodium citrate dehydrate (2%, w/v), Merck, Dietikon, 

Switzerland) and homogenized for 3 min using a Stomacher. The homogenates were used for 

cell count determination and TTGE analysis, as described below. Total viable cell counts 

were determined on TGYA (Tryptic Glucose Yeast Agar, Biolife, Milano, Italy) 

supplemented with 1% (w/v) casein peptone (BBL, Heidelberg, Germany) incubated at 30°C 

for 3 days, followed by incubation at room temperature with daylight exposure for another 7 

days. Yeasts and moulds were enumerated on Phytone Yeast Extract Agar (BBL, Heidelberg, 

Germany) incubated at 30°C for 6 days. Listeria counts were determined both on Palcam agar 

(Oxoid, Pratteln, Switzerland) and ALOA agar (Biolife, Pero, Italy) incubated at 37°C for 2 

days. In trials 2 and 3, FAHA bacteria were enumerated on GYPB agar incubated at 30°C for 

4 days under anaerobic conditions. At the end of the incubation period, the flora of GYPB 

plates containing 30 to 300 colonies was harvested, homogenized and submitted to TTGE as 

described below. 
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3.3.7. Temporal Temperature Gradient Gel Electrophoresis (TTGE) 

Total extraction of genomic DNA was carried out with 1 ml of homogenized sample that 

underwent three successive treatments, i.e. by NaOH, lysozyme and proteinase K, before 

purification with BioRobot® EZ1 (Qiagen, Basel, Switzerland), as described in chapter 2. 

Each DNA sample was amplified by PCR with primers HDA1-GC and HDA2, as described 

by Ogier et al. (2002). PCR products were analyzed by TTGE on two denaturing acrylamide 

gels, enabling the visualization of low-GC (7 M urea; 8% (w/v) acrylamide) and high-GC 

bacteria (8 M urea; 8.5% (w/v) acrylamide) in separate runs, as described in chapter 2. 

Species-level identification of bands in TTGE fingerprints was achieved by matching 

migration lengths to the TTGE profiles of each isolate. 
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3.4. Results 

3.4.1. Isolation of “non-cultivable” species 

Bacteria non-cultivable on classical media for cheese surface and detected by TTGE in the 

dominant flora of consortium F (chapter 2) were isolated in the present study. High counts of 

Facultative Anaerobic Halophilic and Alkaliphilic (FAHA) bacteria were isolated from GYPB 

agar at 1.3 x 108 cfu cm-2, corresponding to ca. 6% of the total flora of consortium F 

determined on non-selective TGYA media in chapter 2, i.e. 2.3 x 109 cfu cm-2. 

Alkalibacterium kapii was isolated at 5 x 107 cfu cm-2, together with Facklamia tabacinasalis 

at 6 x 107 cfu cm-2 and Marinilactibacillus psychrotolerans at 2 x 107 cfu cm-2. The procedure 

targeting bacterial species that were detected by TTGE in the dominant flora of consortium F 

(chapter 2) but were not cultivable at high counts on classical media for cheese surface 

enabled the isolation of two coryneform species, i.e. Agrococcus casei at 103 cfu cm-2 and 

Corynebacterium variabile at 101 cfu cm-2. We additionally detected the presence of 

Arthrobacter arilaitensis at 105 cfu cm-2 as well as Staphylococcus saprophyticus and 

Vagococcus sp. at 101 cfu cm-2. Eight strains isolated from consortium F in the present study 

were selected to be tested for in vitro and in situ inhibition properties, together with 23 strains 

previously isolated (Table 3.1). 

3.4.2. In vitro inhibition of Listeria 

Most of the 31 isolates from consortium F tested by spot on the lawn test on TSBY soft agar 

showed no inhibition against both Listeria indicator strains, Listeria ivanovii HBP 28 and 

Listeria innocua 81000-1. Strong and weak inhibitions were measured for Enterococcus 

faecalis KFS 2 and Arthrobacter arilaitensis FSC 24, with inhibition zones of 4-9 and 1-2 

mm, respectively (Table 3.4). Inhibition of L. ivanovii HBP 28 was thereby stronger than 

inhibition of L. innocua 81000-1. Synergetic effects of E. faecalis KFS 2 and A. arilaitensis 

FSC 24, as well as E. faecalis KFS 2 and St. saprophyticus FBP 2D, were detected and more 
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pronounced with L. innocua 81000-1 (Table 3.4). Anti-listerial activity of E. faecalis KFS 2 

was also detected in liquid culture, in contrast to Arthrobacter arilaitensis FSC 24. Activity in 

the supernatant of E. faecalis KFS 2 grown for 24 h in MRS was lost after heating at 95°C for 

5 min.  

 

Table 3.4. Strains inducing Listeria inhibition or biofilm formation in spot-on-the-law n tests1 

Strains inhibition / (biofilm) zone2 
[mm] 

Soft agar 

L. ivanovii 

HBP28 

L. innocua 

81000-1 

Arthrobacter arilaitensis FSC 24  2 1 TSBY 

Enterococcus faecalis KFS 2 9 4 TSBY 

E. faecalis KFS 2 + A. arilaitensis FSC 24  11 14 TSBY 

E. faecalis KFS 2 + St. saprophyticus FBP 2D 15 16 TSBY 

Facklamia tabacinasalis ALK 1 1 (6) GYPB 

Marinilactibacillus psychrotolerans ALK 9 1 1 GYPB 

F. tabacinasalis ALK 1 + Al. kapii ALK 6 (1) (12) GYPB 

F. tabacinasalis ALK 1 + M. psychrotolerans ALK 9 (2) (13) GYPB 

ALK 1 + ALK 6 + ALK 9 (3) (16) GYPB 

1 The inhibition zone was defined as the zone with no visible Listeria growth compared to growth control. The 
biofilm zone was defined as the zone with enhanced visible Listeria growth compared to growth control, 
corresponding to the formation of dense ball-shaped microcolonies in the soft agar, as shown in Figure 3.1. 
2 the extent of the inhibition or biofilm zone (in parentheses) is reported as the diameter of the inhibition or 
biofilm zone, respectively, minus the diameter of the spot formed by the tested bacteria or mixture of bacteria 
after 3 days of incubation. Tests were carried out in duplicates and mean values are reported in the table.  

 

M. psychrotolerans ALK 9 and F. tabacinasalis ALK 1 exerted a weak inhibition on L. 

ivanovii HBP 28 when tested on GYPB soft agar (Table 3.4). While M. psychrotolerans ALK 

9 also inhibited L. innocua 81000-1, F. tabacinasalis ALK 1 enhanced growth of L. innocua 

81000-1 in a zone localized around the colony (Figure 3.1). Light microscopy observation of 

microcolonies in soft agar showed dense ball-shaped microcolonies of L. innocua 81000-1 in 
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the growth enhancement zone, i.e. a typical morphology of bacterial biofilms (Figure 3.1; C 

and D), compared to a loose Listeria growth observed in the growth control plate (Figure 3.1; 

E). High synergetic effects of F. tabacinasalis ALK 1 and M. psychrotolerans ALK 9, F. 

tabacinasalis ALK 1 and Al. kapii ALK 6, as well as for the mixture of the 3 strains, were 

detected with L. innocua 81000-1, and to lesser extent, with L. ivanovii HBP 28 (Table 3.3, 

Figure 3.1).  

a b c

d e f

g

a b c

d e f

g

A B

C D E

a b c

d e f

g

a b c

d e f

g

A B

C D E

 

Figure 3.1. Influence of FAHA species on Listeria growth in spot-on-
the-lawn tests. Inhibition tests were carried out on 2.5% (w/v) NaCl 
GYPB soft agar, inoculated with either L. innocua 81000-1 (A), or L. 
ivanovii HPB 28 (B), and incubated for 3 days at 30°C. a, F. tabacinasalis 
ALK 1, b, Al. kapii ALK6, c, M. psychrotolerans ALK 9, d, ALK 1 and 
ALK 6, e, ALK 1 and ALK 9, f, ALK 6 and ALK 9, g, ALK 1, ALK 6 and 
ALK 9. F. tabacinasalis ALK 1 enhanced Listeria growth by inducing 
biofilm formation, as indicated by the presence of dense ball-shaped 
microcolonies in the soft agar (C, D) compared to a loose growth in the 
control (E), as shown for L. innocua 81000-1 by light microscopy at 
magnification 1000x.                                                              . 
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3.4.3. In situ inhibition of Listeria on cheese surface by increased biodiversity and FAHA 

species  

Various cocktails of strains were applied on cheeses ripened at pilot scale and contaminated 

with Listeria on day 7 and 8. Listeria growth on control and test cheeses during 35 to 50 days 

ripening is presented in Figure 3.2. Listeria counts of 5.1 ± 2.3 x 101 cfu cm-2 were recovered 

on cheeses immediately after contamination. On control cheeses ripened with CON6, a 

cocktail of 6 strains representing dominant species of smear cheeses, i.e. Ag. casei I9, B. 

linens FSC 22, C. casei FSC 9, C. variabile FSC 1A, Mc. gubbeenense FSC 11 and St. 

equorum FMSA 5, Listeria counts progressively increased to 1.3 ± 0.4 x 104 cfu cm-2 on day 

15 and 8.5 ± 4.9 x 105 cfu cm-2 on day 28, and remained stable thereafter (1.2 ± 0.4 x 106 cfu 

cm-2), until the end of ripening. In trial 1, lower Listeria counts were measured at day 15, i.e. 

1.4 ± 1.3 x 103 cfu cm-2, on the two cheeses treated with increased biodiversity, either at 

dominant level, with 12 additional strains (DOM12), or at both dominant and subdominant 

levels, with DOM12 and 8 additional strains (SUB8). However, Listeria increased to reach 

counts similar to control cheese on day 49 (1.5 ± 1.0 x 106 cfu cm-2). In trial 2, Listeria counts 

were below the detection limit of the enumeration method on day 11 and 15 on test cheese 1 

treated with FAHA3 (Al. kapii ALK 6, F. tabacinasalis ALK 1 at low counts ≤ 107 cfu ml-1, 

and M. psychrotolerans ALK 9) in addition to control strains (CON6). Listeria grew 

thereafter on test cheese 1 to reach 6.4 x 104 cfu cm-2 on day 50. However, reduced Listeria 

growth inhibition, with counts of 3.9 x 102 cfu cm-2 measured on day 15, was observed on test 

cheese 2 treated with FAHA3, i.e. when F. tabacinasalis ALK 1 was applied at high counts 

(108 cfu ml-1) compared to test cheese 1. In trial 3, a slower Listeria growth was measured on 

cheeses treated with individual FAHA species compared to control cheeses, with Listeria 

counts of 7.5 ± 6.5 x 102 cfu cm-2 and 1.3 ± 0.4 x 104 cfu cm-2 at day 15, respectively. 
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Figure 3.2. In situ inhibition of Listeria by increased biodiversity and FAHA 
species. Trial 1. Listeria innocua cell counts on: control cheeses, treated with CON6 
( ), cheese treated with increased biodiversity at dominant level, i.e. CON6 and 
DOM12 ( ) and cheese treated with increased biodiversity at dominant and 
subdominant level, i.e. CON6, DOM12 and SUB8 ( ). Trial 2.  Listeria innocua cell 
counts on: control cheeses, treated with CON6 ( ), cheese treated with CON6 and 
FAHA3, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 1 and M. psychrotolerans ALK 9, 
inoculated in the smear brine at 107 cfu ml-1, ≤ 107 cfu ml-1 and 108 cfu ml-1, 
respectively ( ), and cheese treated with CON6 and FAHA3, inoculated in the smear 
brine at 107 cfu ml-1, 108 cfu ml-1 and 108 cfu ml-1, respectively, i.e. with a higher load 
of F. tabacinasalis ALK 1 ( ). Trial 3.  Listeria innocua cell counts on: control 
cheeses, treated with CON6 ( ), cheese treated with CON6 and Al. kapii ALK 6 ( ), 
cheese treated with CON6 and F. tabacinasalis ALK 1 ( ) and cheese treated with 
CON6 and M. psychrotolerans ALK 9 ( ). Value and standard deviation reported for 
control cheeses are means of two repetitions. Stars indicate times where Listeria counts 
were below the detection limit of the enumeration method (< 3 cfu cm-2; dashed line).  
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3.4.4. Population dynamics of FAHA species on cheese surface 

Population dynamics of FAHA species applied on cheese surface was monitored by 

cultivation on GYPB agar (Figure 3.3). A low count of 2.0 x 101 cfu cm-2 was measured on 

control cheese at day 4, while higher initial counts of 2.4 x 105 to 3.1 x 106 cfu cm-2 were 

measured on cheeses treated with FAHA species, either added as single (trial 3) or as mixed 

cultures (trial 2), reflecting the amount used in the smear brines. FAHA species increased to 

3.8 ± 1.9 x 108 cfu cm-2 at day 15 and were stable thereafter, at 3.7 ± 1.7 x 108 cfu cm-2, in 

both experimental and control cheeses. On control cheese, very small colonies were observed 

on GYPB plates at day 11 and 15 whereas normal shaped colonies were observed at day 22 

and 28. 

The entire flora grown on GYPB plates was subjected to TTGE analysis to identify dominant 

species. On control cheese, small colonies grown at day 11 and 15 were assigned to 

staphylococci species, while growth of M. psychrotolerans and Al. kapii was detected after 22 

days (Figure 3.4). In trial 3, FAHA species inoculated as single cultures were detected at day 

11 and remained in the dominant flora until day 22 (data not shown). On cheese treated with 

Al. kapii ALK 6, an additional species was detected in the FAHA flora at day 22, i.e. M. 

psychrotolerans (data not shown). On cheese treated with 3 FAHA species and low level of F. 

tabacinasalis ALK 1 (trial 2), growth of M. psychrotolerans was first detected in the TTGE 

analysis at day 11 and 14, whereas Al. kapii and F. tabacinasalis were observed after 22 days 

(Figure 3.4). Simultaneous growth of M. psychrotolerans and F. tabacinasalis occurred, while 

Al. kapii growth was not detected, on cheese with increased inoculation level of F. 

tabacinasalis ALK 1 (Figure 3.4). 
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Figure 3.3. Growth of FAHA species on cheese surface assessed by 
cultivation on GYPB agar. Trial 2. Cell counts of FAHA species on: 
control cheese, treated with CON6 ( ), cheese treated with CON6 and 
FAHA3, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 1 and M. 
psychrotolerans ALK 9, inoculated in the smear brine at 107 cfu ml-1, ≤ 
107 cfu ml-1 and 108 cfu ml-1, respectively ( ), and cheese treated with 
CON6 and FAHA3, inoculated in the smear brine at 107 cfu ml-1, 108 cfu 
ml-1 and 108 cfu ml-1, respectively ( ). Trial 3 . cell counts of FAHA 
species on: control cheese, treated with CON6 ( ), cheese treated with 
CON6 and Al. kapii ALK 6, inoculated in the smear brine at 107 cfu ml-1 
( ), cheese treated with CON6 and F. tabacinasalis ALK 1, inoculated 
in the smear brine at 108 cfu ml-1 ( ) and cheese treated with CON6 and 
M. psychrotolerans ALK 9, inoculated in the smear brine at 108 cfu ml-1 
( ). 
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Figure 3.4. Growth of FAHA species on cheese surface assessed by TTGE 
fingerprinting.  TTGE fingerprints were analyzed on a low-GC gel after total DNA 
extraction of smear brines or whole flora grown on GYPB agar. TTGE fingerprints of 
smear brines (SB) and samples corresponding to ripening day 4, 11, 15 and 22 are 
presented for: control cheese, treated with CON6, i.e. Ag. casei I9, B. linens FSC 22, C. 
casei FSC 9, C. variabile FSC 1A, Mc. gubbeenense FSC 11 and St. equorum FMSA 5 
(A), cheese treated with CON6 and FAHA3, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 
1 and M. psychrotolerans ALK 9, inoculated in the smear brine at 107 cfu ml-1, ≤ 107 
cfu ml-1 and 108 cfu ml-1, respectively (B), and cheese treated with CON6 and FAHA3, 
inoculated in the smear brine at 107 cfu ml-1, 108 cfu ml-1 and 108 cfu ml-1, respectively, 
i.e. with a higher load of F. tabacinasalis ALK 1 (C). a, Staphylococcus vitulinus, b, F. 
tabacinasalis, c, d, St. equorum, e, M. psychrotolerans and f, Al. kapii. L, Ladder: A, 
Lb. plantarum SM71; B, Lc. lactis diacetylactis UL719; C, C. variabile FAM17291. 



Chapter 3. FAHA bacteria isolated from a smear ecosystem inhibit Listeria growth 
 

99 

3.4.5. Effect of FAHA species on smear development 

Addition of FAHA species had generally no influence on total cell counts and yeast counts or 

pH development, compared to control cheeses (data not shown). A lower total cell count was 

however measured at day 15 on cheese treated with M. psychrotolerans ALK 9 as single 

adjunct culture compared to the control, with 1.1 x 108 cfu cm-2 and 7.8 ± 3.2 x 108 cfu cm-2, 

respectively. 

In trial 2, population dynamic of the surface flora was assessed by TTGE fingerprinting of 

total DNA extracts, for both control cheese and test cheese 1 treated with additional FAHA 

species (FAHA3) and low level of F. tabacinasalis ALK 1 (Figure 3.5). All six species of the 

control flora were detected on control cheese. St. equorum and Mc. gubbeenense were the first 

species to colonize the surface (day 11), followed by C. casei and C. variabile (day 22), and 

finally Ag. casei and B. linens (day 35). Further species that did not belong to the control flora 

also colonized the cheese surface along ripening: St. vitulinus (day 11), Psychrobacter sp. 

(day 15), M. psychrotolerans and Al. kapii (day 22). Development of the control flora was 

only slightly affected by addition of the 3 FAHA species, with Mc. gubbeenense growth 

delayed to day 22 and B. linens growth not detected after 35 days. In addition, among species 

that did not belong to the control flora, development of Psychrobacter sp. was delayed to day 

22 and development of Al. kapii to day 28, in test cheese 1 with additional FAHA species and 

low level of F. tabacinasalis ALK 1, compared to control cheese. 
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Figure 3.5. Influence of FAHA species on population dynamics of control flora on 
cheese. TTGE fingerprints were analyzed on a high-GC gel after total DNA extraction 
of smear brines or cheese surface. TTGE fingerprints of smear brines (SB) and samples 
corresponding to ripening day 4, 11, 15, 22, 28 and 35 are presented for: control cheese, 
treated with CON6, i.e. Ag. casei I9, B. linens FSC 22, C. casei FSC 9, C. variabile 
FSC 1A, Mc. gubbeenense FSC 11 and St. equorum FMSA 5 (A), and cheese treated 
with CON6 and FAHA3, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 1 and M. 
psychrotolerans ALK 9, inoculated in the smear brine at 107 cfu ml-1, ≤ 107 cfu ml-1 
and 108 cfu ml-1, respectively (B). a, St. vitulinus, b, F. tabacinasalis, St. equorum or 
Enterococcus sp. b, c, St. equorum, d, M. psychrotolerans or Lc. lactis, e, 
Psychrobacter sp., g, Al. kapii, h, Ag. casei, j, C. variabile, k, Mc. gubbenense, f, n, p, 
C. casei, i, l, m, o, q, B. linens. L, Ladder: A, Lb. plantarum SM71; B, Lc. lactis 
diacetylactis UL719; C, C. variabile FAM17291; E, A. arilaitensis FAM17250; D, B. 
linens FAM17309.     



Chapter 3. FAHA bacteria isolated from a smear ecosystem inhibit Listeria growth 
 

101 

3.5 Discussion 

This work described the in situ anti-listerial effects exerted by strain mixtures isolated from a 

natural smear ecosystem exhibiting strong in situ anti-listerial activity. Isolation of “non 

cultivable” species and inhibition tests were carried out in a preliminary step to evaluate in 

vitro their anti-listerial potential and select strains for in situ testing. 

Three of four species, which were previously detected at dominant level in consortium F by 

culture independent methods but not by cultivation on classical media for cheese surface 

(chapter 2), were successfully isolated in the present study, i.e. Alkalibacterium kapii, 

Agrococcus casei and Corynebacterium variabile. In contrast, the species phylogenetically 

related to a clone from marine sediment could not be isolated. Isolation of Al. kapii and M. 

psychrotolerans on GYPB agar partly confirmed the selectivity of the medium developed by 

Ishikawa et al. (2003) for detection of halophilic and alkaliphilic lactic acid bacteria from 

marine origin. However, this medium also supported growth of staphylococci and Facklamia 

tabacinasalis, a species phylogenetically closely associated to lactic acid bacteria isolated 

from tobacco (Collins et al., 1999). The three species growing on GYPB agar were 

collectively named “Facultative Anaerobic Halophilic and Alkaliphilic” (FAHA) bacteria. F. 

tabacinasalis, previously isolated in the subdominant flora of consortium F (chapter 2), was 

present at high counts in consortium F, representing ca. 3% of the total flora estimated by 

plating on non-selective media TGYA. As F. tabacinasalis was also isolated from the 

dominant flora of another smear ecosystem M collected in an unrelated Swiss Raclette cheese 

plant (data not shown), it may constitute a common but yet undetected species of smear 

ecosystems. The safety status of F. tabacinasalis ALK 1 should be examined because α-

haemolytic activity has been reported for this species (Collins et al., 1999). Additionally, 

strains of Agrococcus casei and Corynebacterium variabile could be isolated using a 

procedure developed for isolation of microorganisms cultivable at low dilutions. However, 
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because Agrococcus casei I9 and Corynebacterium variabile FSC 1A were isolated at low 

counts (101-103 cfu cm-2), they may correspond to subdominant strains in consortium F and 

may therefore not be representative of the behavior of dominant strains detected by TTGE in 

chapter 2. 

Inhibition properties of three FAHA species that are part of the dominant species of 

consortium F, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 1 and M. psychrotolerans ALK 9, 

were tested in vitro and in situ on cheese. M. psychrotolerans ALK 9 induced a weak 

inhibitory effect in vitro against both L. innocua 81000-1 and L. ivanovii HPB 28 that was 

confirmed in situ against 4 L. innocua strains (1-log inhibition). When tested against L. 

innocua 81000-1 in vitro, F. tabacinasalis ALK 1 induced the formation of “dense ball-

shaped microcolonies” in the soft agar, corresponding to typical microstructure of a biofilm, 

as described by Rieu et al. (2008) for L. monocytogenes. This effect could be due to the 

production of anti-listerial compound by F. tabacinasalis ALK 1, as exposure of bacterial 

cells to sub-inhibitory concentrations of antibiotics were shown to induce biofilm formation 

(Hoffman et al., 2005, Karatan and Watnick, 2009). This hypothesis is supported by two 

additional observations: (1) a weak inhibitory effect was exerted by F. tabacinasalis ALK 1 

in vitro on the second indicator strain, i.e. L. ivanovii HPB 28, and (2) the inhibitory effect 

against L. innocua 81000-1 was confirmed in situ against 4 L. innocua strains (1-log 

inhibition). Finally, Al. kapii ALK 6 that had showed no inhibition in vitro showed an 

inhibitory effect in situ against 4 L. innocua strains (1-log inhibition).  

Synergies between the FAHA species were observed in vitro. A larger biofilm zone was 

formed when F. tabacinasalis ALK 1 was tested together with M. psychrotolerans ALK 9 or 

when the 3 FAHA species, i.e. Al. kapii ALK 6, F. tabacinasalis ALK 1 and M. 

psychrotolerans ALK 9, were tested together. Synergies were also observed in situ with a 

higher inhibition obtained when the three FAHA species were applied together on cheese (4-
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log inhibition). The extent of this inhibition at day 15 was comparable to that observed with 

application of the original complete consortium F (chapter 2).  

Surprisingly, synergies effects were not repeatable on a second test cheese treated with the 3 

FAHA species. Slight modification of the inoculation concentrations, i.e. an increase in the 

amount of F. tabacinasalis ALK 1 applied, led to an altered development of FAHA species 

on the second test cheese. This suggests that the extent of the in situ inhibition could be 

influenced by the proportion of F. tabacinasalis ALK 1 in the mixture. However, next to the 

three FAHA species, a putative participation of other species present at dominant level on the 

cheese can not be ruled out. Growth of Mc. gubbeenense, a control strain, was delayed on the 

cheese showing the highest inhibition compared to the control. Mc. gubbeenense growth was 

not delayed on any other test cheese treated with FAHA species in the present study (data not 

shown). A putative supporting effect of Mc. gubbeenense on Listeria growth could have 

counteracted the inhibiting effect exerted by the 3 FAHA species on the second cheese, but 

this hypothesis remains to be tested. Development of the three FAHA species early in 

ripening may have inhibited Listeria by production of antimicrobial compounds, as observed 

in vitro for F. tabacinasalis ALK 1 and M. psychrotolerans ALK 9, or by competition for 

nutrients, as hypothesized for the two marine lactic acid bacteria Al. kapii and M. 

psychrotolerans in chapter 2. 

Growth of FAHA species were detected on control cheese at day 22, with simultaneous 

growth of M. psychrotolerans and Al. kapii. While their development was delayed compared 

to test cheeses, the presence of naturally present FAHA species on both control and test 

cheeses should be avoided. Future experiments on the anti-listerial effect of FAHA species 

should therefore be carried out with cheeses that are salted in a sterilized brine bath, as the 

origin of the FAHA species naturally developing on cheese surface is likely to be the brine 

bath (chapter 2). 
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Among 28 isolates from consortium F tested in spot-on-the-lawn test on TSBY agar, only two 

isolates, i.e. Enterococcus faecalis KFS 2 and Arthrobacter arilaitensis FSC 24, inhibited 

Listeria growth, in agreement with literature data showing a low incidence of isolates from 

smear cheeses exhibiting anti-listerial activity in vitro. Ryser et al. (1994) detected inhibiting 

properties for only 0.1% of 125’000 isolates from French smear cheeses, while Carnio et al. 

(1999) reported 48 inhibiting isolates out of 2613 isolates from French smear cheeses. In vitro 

inhibition of Listeria sp. by Enterococcus faecalis and Arthrobacter sp. strains isolated from 

smear cheese was also previously reported by several authors (Ryser et al., 1994, Hug-Michel 

et al., 1989, Valdés-Stauber et al., 1991). A 1-log inhibition compared to control cheeses was 

observed on a first test cheese treated with 12 strains inoculated at high counts in the smear 

brine, including a strain with weak in vitro inhibition properties, i.e. A. arilaitensis FSC 24. 

An A. arilaitensis strain with similar in vitro inhibitory effect (data not shown) is part of the 

commercial culture OMK 704 that was used on the control cheeses in chapter 2, where its 

early growth (day 14) did not disturbed optimal Listeria growth. This 1-log inhibition is 

therefore more likely due to the presence in the strains mixture applied of M. psychrotolerans 

FSC 4, since the application of M. psychrotolerans ALK 9 induced a 1-log in situ inhibition 

as reported above. An inhibition of similar intensity was observed on a second test cheese 

treated with the same 12 strains described above and 8 additional strains inoculated at low 

counts in the smear brine, including two strains with synergetic strong in vitro inhibition 

properties, i.e. E. faecalis KFS 2 and St. saprophyticus FBP 2D. The absence of additional 

inhibitory effect on the second test cheese could be explained by the absence of E. faecalis 

growth, neither detected by TTGE (chapter 2) or by cultivation on selective media (this study, 

data not shown). Results of the present study emphasize the fact that species interactions 

observed in vitro can not always be extrapolate to species interactions taking place in situ on 
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cheese. Investigation of species interactions, such as studies of inhibition mechanisms, should 

therefore be preferentially carried out in situ (Saubusse et al., 2007, Mounier et al., 2008). 



Chapter 3. FAHA bacteria isolated from a smear ecosystem inhibit Listeria growth 
 

106 

3.6. Conclusion 

Early development on cheese surface of 3 Facultative Anaerobic Halophilic and Alkaliphilic 

(FAHA) species, i.e. two marine lactic acid bacteria Alkalibacterium kapii ALK 6 and 

Marinilactibacillus psychrotolerans ALK 9, and Facklamia tabacinasalis ALK 1, induced a 

strong Listeria inhibition of 4 log after 15 days ripening, compared to the control flora. These 

data suggest that initial in situ inhibition exerted by anti-listerial consortium F may be linked 

to the development of these three species in early ripening. Further studies are needed to 

characterize the potential of these three species as protective system to improve cheese safety. 

The concentrations of each species should be optimized whereas mixtures of two strains 

should be tested to confirm that all three species are necessary to induce the anti-listerial 

effect. An important prerequisite for the development of new bioprotective systems is the safe 

status of the strains, and in this respect, F. tabacinasalis should be carefully examined. 

Further investigations are also needed to detect which microbial species are responsible for 

Listeria inhibition taking place in later ripening stages with consortia F and M.  
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4.1. Abstract  

Aims: The ability of Lactococcus lactis UL719 (nisin Z), Pediococcus acidilactici UL5 

(pediocin PA-1) and Lactobacillus plantarum SM71 (plantaricin SM71) to control Listeria 

growth on semi-hard smear cheese was assessed together with their impact on cheese quality. 

Methods and Results: One pre- and two post-treatments with protective cultures were 

applied on the surface of Raclette type cheeses, ripened at pilot-scale and surface-

contaminated, either at day 3 or 7, with 4 Listeria innocua strains, selected from in vitro 

screening of 23 Listeria monocytogenes and 16 L. innocua. With contamination at day 3, Lb. 

plantarum SM71 and Ped. acidilactici UL5 fully inhibited Listeria, with no viable cells 

recovered by enrichment after 37 days ripening, while Lc. lactis UL719 enhanced Listeria 

growth by 1 log compared to control cheese at the end of ripening. With contamination at day 

7, Listeria counts dropped below the detection limit at day 11 for SM71 and UL5 but 

increased from day 22 to counts 2 log higher than control cheese at day 77. UL5 showed the 

highest in situ anti-listerial activity until day 37 among tested cultures. There wasn’t any 

detectable bacteriocin activity immediately after application, and counts of protective cultures 

progressively decreased along ripening. SM71 and UL5 added delayed the growth of naturally 

developing species, including two lactic acid bacteria, i.e. Enterococcus sp., and 

Alkalibacterium kapii. 

Conclusions: Ped. acidilactici UL5 and Lb. plantarum SM71 exhibited anti-listerial effect in 

situ on semi-hard smear cheese. Addition of protective cultures in mid- ripening affected 

development of natural flora. 

Significance and Impact of Study: This is the first comparative study of the anti-listerial 

effects of different bacteriocin-producing protective cultures on semi-hard smear cheese and 

their influence on smear development that may have negative impacts on cheese quality and 

safety. 
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4.2. Introduction  

Red smear cheeses are characterized by the development of a microbial mat on their surface. 

A wide variety of smear cheese types are sold on the European market. Moisture content and 

ripening process triggers development of a surface flora specific to each type; this flora in turn 

confers unique organoleptic properties to each cheese (Bockelmann et al., 2005).  

Listeria monocytogenes is the causative agent of listeriosis, a food-borne illness with a high 

mortality rate (Mead et al., 1999). The ubiquitous presence of the pathogen makes it difficult 

to eliminate from cheese production facilities, despite good hygienic conditions. Smear 

cheeses are often contaminated on their surface due to extensive handling required during 

ripening. Six percent of 329 European smear cheeses were shown to contain this human 

pathogen on their surface (Rudolf and Scherer, 2001). Soft and semi-hard cheeses were found 

more frequently contaminated in this study, and pasteurized cheeses were even more 

frequently affected than raw milk cheeses. The pH, nutrients, temperature and salt content on 

the surface of smear cheese provides a favorable environment for L. monocytogenes growth. 

New preservation strategies are therefore needed to control L. monocytogenes growth on 

smear cheeses. 

Biopreservation is a modern technique to protect food products from pathogenic or spoilage 

microorganisms through natural methods i.e., using microorganisms with antimicrobial or 

barrier effects and/or their metabolites (Ross et al. 2002, Deegan et al. 2006). Lactic acid 

bacteria (LAB) produce a variety of antimicrobial substances such as organic acids, diacetyl, 

hydrogen peroxide, bacteriocins, and others (Holzapfel et al. 1995). In the last decades, a 

large number of bacteriocins were identified from LAB that are ribosomally-synthesized 

peptides or proteins inhibiting the growth of bacteria, including pathogens or spoilage strains 

that are usually closely related to the producer strains (Klaenhammer, 1993; Cotter et al. 

2005). Bacteriocins are grouped in two main classes, the class I bacteriocins or lantibiotics 
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and the class II bacteriocin, comprising the class IIa Listeria-active peptides (Cotter et al. 

2005). Nisin Z is a class I bacteriocin exhibiting a broad activity spectrum directed against 

Gram-positive bacteria. Pediocin PA-1 and pediocin-like bacteriocins, such as curvacin A and 

sakacin P, exhibit narrow activity spectra including a high activity against L. monocytogenes.  

The susceptibility of 200 strains of L. monocytogenes to several bacteriocins, including 

sakacin P, sakacin A, pediocin PA-1 and nisin, were tested in vitro by Katla et al. (2003). 

Susceptibilities were largely dependent on the bacteriocin tested. Moreover, high strain-

dependence with a single bacteriocin was observed. Application of bacteriocin-producing 

LAB in situ on a variety of food products successfully inhibited Listeria sp. (Cleveland et al., 

2001, O’Sullivan et al., 2002, Gálvez et al., 2008). In particular, nisin was shown effective 

when applied in camembert (Maisnier-Patin et al., 1992) and cheddar cheeses (Benech et al., 

2002) while pediocin was shown effective when applied in milk (Huang et al., 1994) and 

cheddar cheese (Buyong et al., 1998).  

Several bacteriocin-producing LAB have been tested on the surface of smear cheese for 

Listeria growth control, including pediocin-producing Lactobacillus plantarum ALC 01 

(Loessner et al., 2003), Lactococcus lactis DPC4275 producing lacticin 3147 (O’Sullivan et 

al., 2006) and Enterococcus faecium WHE 81 producing multiple bacteriocins (Izquierdo et 

al., 2009). These studies were performed with one anti-listerial protective culture and tested 

on soft cheeses ripened under laboratory conditions. However, there is no study comparing 

the inhibitory efficacy of different LAB on Listeria sp. and data from different studies are 

difficult to compare due to varying protocol and strains. Furthermore, studies carried out at 

pilot scale or on semi-hard and hard cheeses have not been reported to date. 

The efficiency of three bacteriocin-producing LAB to control L. monocytogenes on semi-hard 

smear cheese ripened at pilot-scale is compared in this study: Lactococcus lactis UL719 

producing the broad-spectrum nisin Z (Meghrous et al., 1997), Pediococcus acidilactici UL5 
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producing the Listeria-active pediocin PA-1 (Daba et al., 1994), and Lactobacillus plantarum 

SM71, producing a bacteriocin active against L. monocytogenes designated plantaricin SM71 

(Miescher Schwenninger et al., unpublished). Plantaricin SM71 exhibited activity against all 

tested strains of L. monocytogenes (7 strains) and Enterococcus faecalis (5 strains), and 

against 5 of 12 Lb. plantarum strains. As Lb. plantarum may produce pediocin PA-1 (Ennahar 

et al., 1996), the absence of the pediocin gene in strain Lactobacillus plantarum SM71 was 

confirmed using a PCR approach targeting pedA and pedB (Rodríguez et al., 1997). In vitro 

screening of L. monocytogenes susceptibilities to the three protective cultures enabled 

selection of a panel of non-pathogenic strains, exhibiting average to high susceptibilities 

compared to L. monocytogenes susceptibilities, for use in ripening experiments. One pre- and 

two post-treatments with protective cultures were applied on cheeses ripened at pilot-scale 

and artificially contaminated with Listeria, either at day 3 or at day 7. Treatments also 

differed for contamination at day 7 with higher ripening flora and Listeria concentrations 

applied. Surface flora development was monitored along ripening by TTGE. 
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4.3. Materials and methods 

4.3.1. Microbial strains and culture conditions 

Three bacteriocin-producing lactic acid bacteria were investigated as protective cultures in 

this study: Lactococcus lactis subsp. lactis biovar. diacetylactis UL719 producing nisin Z 

(Meghrous et al., 1997), Pediococcus acidilactici UL5 producing pediocin PA-1 (Daba et al., 

1994), and Lactobacillus plantarum SM71 producing plantaricin SM71 (Miescher et al., 

unpublished). The commercial freeze-dried culture HOLDBACTM Listeria dairy, containing a 

pediocin AcH/PA-1-producing Lactobacillus plantarum strain (Danisco Deutschland GmbH, 

Niebüll, Germany) was used as control in cheese ripening experiments. Ped. acidilactici UL5 

(Meghrous et al., 1997), Listeria ivanovii HPB28 (Daba et al., 1993) and L. ivanovii 

DSM20750T (DSMZ GmbH, Braunschweig, Germany) were used as indicator strains to 

determine bacteriocin titres of nisin Z, pediocin PA-1, and plantaricin SM71, respectively. An 

in vitro susceptibility screening was carried out with 39 Listeria strains, comprising 23 

Listeria monocytogenes strains isolated from cheese smears collected in Switzerland between 

1989 and 2006 (ALP culture collection, Research Station Agroscope Liebefeld-Posieux ALP, 

Bern, Switzerland) and 16 Listeria innocua strains isolated from dairy environment in 2006 

(Laboratory of Food Biotechnology, ETH Zurich, Zurich, Switzerland). All strains (Table 4.1) 

were maintained as frozen stocks at -80°C with an addition of 33% (v/v) glycerol and 

propagated twice prior to analyses.  

Listeria strains were grown in TSBYE, tryptic soy broth (Oxoid, Pratteln, Switzerland) 

supplemented with 0·6% (w/v) yeast extract (Merck, Dietikon, Switzerland), at 30°C for 16 h. 

Lc. lactis UL719 was propagated in M17 broth (Biolife, Milan, Italy) at 30°C for 24 h and 

Ped. acidilactici UL5 in Man Rogosa Sharp (MRS) medium (De Man, Rogosa, and Sharpe, 

1960) with Tween 80 (Biolife) at 30°C for 24 h. Lb. plantarum SM71 was grown in MRS 

broth with Tween 80 at 37°C for 24 h under anaerobic conditions generated using GENbox 
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anaerobic systems (Biomérieux, Geneva, Switzerland). The commercial liquid culture OMK 

704 (Research Station Agroscope Liebefeld-Posieux ALP, Bern, Switzerland), containing one 

yeast, i.e. Debaryomyces hansenii FAM14334, and three bacterial species, i.e. one 

Arthrobacter arilaitensis, five Brevibacterium linens and five Corynebacterium variabile 

strains, was used as ripening flora in cheese ripening experiments. The yeast culture 

Debaryomyces hansenii FAM14334 was applied on wooden shelves to prevent mould growth. 

A pure culture of each bacterial strain (Research Station Agroscope Liebefeld-Posieux ALP) 

was used as reference for TTGE analyses. 
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Table 4.1. Microbial strains used in this study 

Strain Use Source 

Lactobacillus plantarum SM71 in vitro assay, cheese experiment ETH Zürich† 

Lactococcus lactis diacetylactis UL719 in vitro assay, cheese experiment ETH Zürich† 

Pediococcus acidilactici UL5 in vitro assay, cheese experiment, 

 indicator strain for UL719 

ETH Zürich† 

HOLDBACTM Listeria dairy cheese experiment Danisco*  

Listeria innocua 

80945-8**, 80999-12, 81000-1**,  

81003-3**, 81109-1, 81115-4,  

81176-4, 81200-10, 81587-4**,  

81589-3, 81641-12, 81641-13,  

81711-6, 82928-5, 83017-9,  

83022-74 

in vitro assay, cheese experiment ETH Zürich† 

Listeria ivanovii HPB28 indicator strain for UL5 and 

 HOLDBACTM Listeria dairy 

ETH Zürich† 

Listeria ivanovii DSM20750T indicator strain for SM71 DSMZ‡ 

Listeria monocytogenes  

FAM9811, FAM9813, FAM9912,  

FAM10208, FAM10230, FAM10231,  

FAM10233, FAM10234, FAM10239,  

FAM10246, FAM10249, FAM10255,  

FAM10259, FAM10261, FAM10263,  

FAM10267, FAM10272, FAM10273,  

FAM10275, FAM18410, FAM18411,  

FAM18413, FAM18414 

in vitro assay ALP§ 

* Danisco, Niebüll GmbH, Germany  
† Laboratory of Food Biotechnology, ETH Zürich, Zürich, Switzerland 
‡ DSMZ GmbH, Braunschweig, Germany 
§ ALP culture collection, Research Station Agroscope Liebefeld-Posieux ALP, Bern, Switzerland 

** Listeria innocua strains used for cheese surface contamination 
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4.3.2. Production of protective cultures and crude bateriocin extracts 

Batch fermentations were carried out in autoclaved 500-ml Sixfors or 1000-ml Multifors 

bioreactors (Infors AG, Bottmingen, Switzerland) inoculated with 1% (v/v) of an overnight 

culture in a total fermentation volume of 400 ml or 700 ml, respectively. All fermentations 

were carried out at 37°C, with stirring set at 150 rpm, and pH controlled by continuous 

addition of NaOH (5 mol l-1). Lc. lactis UL719 was grown in supplemented whey permeate 

(SWP), consisting of 6% (w/v) whey permeate (Emmi, Dagmersellen, Switzerland), 2% (w/v) 

yeast extract (Merck, Dietikon, Switzerland), 0.1% (v/v) Tween 80 (Sigma-Aldrich, Buchs, 

Switzerland) and 0.5% (w/v) glucose (VWR, Dietikon, Switzerland), for 10 h at pH 6.0 as 

described by Amiali et al. (1998). Ped. acidilactici UL5 was grown in SWP for 16 h at pH 5.0 

as described by Daba et al. (1993). Lb. plantarum SM71 was grown in M3 medium 

(Schwenninger et al., 2008) for 24 h, with no pH control and 0.7 l min-1 CO2 flushed through 

the head of the bioreactor. At the end of the fermentation, pH was adjusted to 6.0 with NaOH 

and the fermentation broth was freeze-dried (Genesis 29 EL; Virtis, NY, USA). Aliquots of 

120 ml fermentation broth were placed in Petri dishes (diameter 14.5 cm) and frozen at -40°C 

for 3 h. Sublimation was carried out for 17 h at -40°C and 75 µbar and secondary drying for 

12 h at 25°C and 75 µbar. Freeze-dried cultures were stored at -20°C.  

Crude bacteriocin extracts used for determination of bacteriocin titres and Listeria 

susceptibilities were prepared as follows. Samples of 40 ml of each fermentation broth was 

removed from the bioreactor after the pH adjustment step, centrifuged at 10’000 g and 4°C for 

15 min and filtrated (0.2 µm) to yield cell-free supernatants. Aliquots of 1.5 ml were heated at 

100°C for 5 min, and kept at -20°C until activity testing. 

4.3.3. Bacteriocin titres 

A turbidometric microplate assay was carried out in sterile 96-well microplates for the 

determination of bacteriocin titres. Nisin Z titres were determined as described by Amiali et 
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al. (1998). Serial twofold dilutions of nisin crude extracts were prepared in 125 µl of MRS 

broth with Tween 80. Each well was then inoculated with 50 µl of an overnight culture of 

Ped. acidilactici UL5 diluted 100-fold in MRS with Tween 80. Pediocin PA-1 titres were 

determined as described by Le Blay et al. (2007). After pH adjustment (pH 7.0), serial 

twofold dilutions of pediocin crude extracts were prepared in 125 µl of tryptic soy broth 

(TSB). Each well was then inoculated with 50 µl of an overnight culture of L. ivanovii HPB28 

diluted 1000-fold in TSB. Crude extracts of plantaricin SM71 were twofold diluted in 125 µl 

TSB supplemented with 0.6% (w/v) yeast extract and 0.2% (w/v) sodium hydrogen carbonate. 

Each well was then inoculated with 50 µl of an overnight culture of L. ivanovii DSM20750T 

diluted 1000-fold in supplemented TSB. After incubation of the microplates at 30°C for 16 h, 

optical densities were measured at 590 nm in each well using a microplate reader (FL600 

microplate fluorescence reader, Biotek, Vinooski, USA). Bacteriocin titres were first 

calculated in arbitrary units (AU) ml-1 using the following formula: AU ml-1 = (1000/125) x 

2n, where n is the number of wells with no detectable increase in turbidity over the incubation 

period. The bacteriocin titres were then expressed in µg ml-1 using correspondence factors 

previously determined with the same activity tests by Amiali et al. (1998) for pure nisin Z (40 

AU = 1 µg) and by Le Blay et al. (2007) for pure pediocin (41.5 AU = 1 µg). Determinations 

were carried out at least in duplicates. Repetitions differed by no more than one well 

corresponding to a twofold dilution. 

4.3.4. Listeria susceptibilities to nisin Z, pediocin PA-1 and plantaricin SM71 

Susceptibilities of 39 Listeria strains to nisin Z, pediocin PA-1 and plantaricin SM71 were 

determined by the turbidometric microplate assay as described above. Therefore, crude 

bacteriocin extracts of known concentrations were twofold diluted in 125 µl TSB 

supplemented with 0.6% (w/v) yeast extract and 0.2% (w/v) sodium hydrogen carbonate. 

Each well was then inoculated with 50 µl of an overnight culture of Listeria diluted 1000-fold 
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in supplemented TSB. After incubation of the microplates at 30°C for 16 h, optical densities 

were measured at 590 nm in each well. The 50% inhibitory concentration (IC50) was defined 

as the concentration leading to a 50%-growth inhibition of the Listeria strain compared to its 

growth with no bacteriocin addition. Assays were carried out at least in duplicates. 

Repetitions differed by no more than one well corresponding to a twofold dilution. 

4.3.5. Cheese ripening experiment 

Raclette type cheeses (6 kg, 2000 cm2) produced at an industrial dairy from pasteurized milk 

were harvested immediately after the brining step. Two independent trials were carried out, in 

2006 (trial 1) and 2009 (trial 2). Control and test cheeses of a given trial were produced in a 

single vat, aiming at a high similarity of chemical and microbial composition of the fresh 

cheeses. The cheeses were ripened in a cellar with controlled temperature (11°C) and relative 

humidity (95%) for 37 (trial 1) and 77 days (trial 2). Cheeses were turned and smeared on a 

daily basis for two weeks, and twice a week thereafter. The brushes and wooden shelves were 

washed and autoclaved prior to each use. Wooden shelves were first changed after one week 

and every three weeks thereafter. In trial 2, additional measures were introduced to avoid 

mould contamination on cheese surface. The surface of wooden shelves in contact with 

cheeses was soaked with 40 ml of Debaryomyces hansenii FAM14334 at 107 cfu ml-1 in 3.3% 

(w/v) NaCl. In addition, the mould count in the air was assessed twice a week by collection of 

0.1 and 1 m3 air on PY agar using an air sampler (MAS-100®; Merck, Dietikon, Switzerland) 

and subsequent incubation for 3 days at 30°C. Contamination in the cellar was detected by an 

increase in mould counts > 500 moulds m-3. Localized contaminated areas, such as wooden 

shelves or stainless steel, were disinfected by either, autoclaving or rubbing disinfectant. 

Cheeses were inoculated with Listeria on both sides on two successive days. Control cheeses 

for Listeria growth were treated with the surface culture OMK 704. Test cheeses were treated 

with the culture OMK 704 and one freeze-dried protective culture, i.e. Lc. lactis UL719 
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producing nisin Z, Ped. acidilactici UL5 producing pediocin PA-1, Lb. plantarum SM71 

producing plantaricin SM71 or HOLDBACTM Listeria dairy containing pediocin. Protective 

cultures were applied three times on both sides, once before and twice after contamination 

with Listeria. In the first trial, Listeria contamination was done at day 3 and 4. In the second 

trial, Listeria contamination was done at day 7 and 8 and higher concentrations of Listeria and 

surface culture OMK 704 were applied to improve conditions for Listeria growth (Table 4.2).  

 

Table 4.2. Composition of the smear brines used in ripening experiments 

  Trial 1 Trial 2 

Amount of brine* [ml] 15 20 

NaCl [% (w/v)] 3.3 3.3 

OMK 704** Bacterial count [cfu ml-1] 1 x 107 5 x 108 

 Yeast count [cfu ml-1] 1 x 105 1 x 107 

Listeria innocua† [cfu ml-1] 1 x 103 5 x 103 

Protective culture‡ [% (w/v)] 8 (or 3 §) 8 (or 3 §) 

* Amount of brine applied per cheese side, i.e. 1400 cm2 (upper flat side + round side) 

** The ripening culture OMK 704 was applied on a daily basis for 2 weeks and twice a week afterwards 
† Listeria strains were applied on days 3, 4 in trial 1 and on days 7, 8 in trial 2 
‡ Protective cultures were applied on days 1, 2, 5, 6, 7, 8 in trial 1 and on days 1, 2, 9, 10, 11, 12 in trial 2 
§ Concentration of commercial culture HOLDBACTM Listeria dairy 

 

Smear brines were prepared fresh before each smearing with the following protocol. The 

liquid culture OMK 704 was centrifuged at 5’000 x g for 15 min and resuspended in 3.3% 

(w/v) NaCl, before addition of Listeria inoculum or freeze-dried protective cultures. Four 

Listeria innocua strains selected from the susceptibility screening (Table 4.1) were grown 

separately overnight and mixed in a 1:1:1:1 ratio. In trial 1, the Listeria inoculum was diluted  

100’000-fold in 0.9% (w/v) NaCl, and 0.6 ml of the dilution were added to each smear brine, 

to reach a concentration of ca. 1 x 103 cfu ml-1. In trial 2, the Listeria inoculum was diluted 
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10’000-fold in 0.9% (w/v) NaCl, and 0.3 ml of the dilution was added to each smear brine, to 

reach a concentration of ca. 5 x 103 cfu ml-1. The freeze-dried protective cultures were 

resuspended in the smear brine at 8% (w/v), while the commercial culture HOLDBACTM 

Listeria dairy (inhibition potential: 0.1 IP g-1) was added at 3% (w/v), corresponding to the 

manufacturer recommendation of 0.3 IP m-2 for the protection of soft smear cheeses against 

low Listeria contamination of 102 cfu ml-1 brine.  

Cheese surfaces were periodically analyzed during ripening. pH was measured in situ using a 

flat membrane electrode (InLab®Surface, Mettler-Toledo, Greifensee, Switzerland). 

Approximately 25 cm2 of the 2000 cm2 cheese surface were scraped off using sterile cotton 

rolls (IVF Hartmann, Neuhausen, Switzerland) and were aseptically transferred into a 

stomacher bag. Each sample was suspended in 25 ml preheated (45°C) peptone water (casein 

peptone (1%, w/v), NaCl (0·5%, w/v), tri-sodium citrate dehydrate (2%, w/v), Merck, 

Dietikon, Switzerland) and homogenized for 4 min using a Stomacher (Silver Masticator, IUL 

Instruments GmbH, Königswinter, Germany). The homogenized sample was used for cell 

enumeration, bacteriocin extraction and TTGE analysis as described below.  

4.3.6. Cell enumeration 

Sample dilutions were carried out in NaCl 0·9% (w/v). Total count was determined on TGYA 

(Tryptic Glucose Yeast Agar, Biolife, Milano, Italy) supplemented with 1% (w/v) casein 

peptone (BBL, Heidelberg, Germany) incubated at 30°C for 3 days, followed by incubation at 

room temperature with daylight exposure for another 7 days. Yeasts and moulds were 

enumerated on Phytone Yeast Extract Agar (BBL, Heidelberg, Germany) incubated at 30°C 

for 6 days. Lactic acid bacteria were enumerated on MRS agar with Tween 80 (Biolife) 

incubated at 37°C for 6 days under anaerobic conditions using GENbox anaerobic systems 

(Biomérieux, Geneva, Switzerland). Protective cultures were distinguished from other 

bacteria on MRS plates by comparing macroscopic and microscopic morphologies. To 
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confirm this analysis, the whole flora of MRS plates from day 49 (trial 2) that either contained 

or lacked presumptive colonies of protective cultures were harvested, homogenized and 

submitted to TTGE as described below. This permitted species-level identification of the 

components of the bacterial flora grown on MRS plates. Listeria counts were determined on 

Palcam agar (Oxoid, Pratteln, Switzerland) incubated at 37°C for 2 d. When Listeria count 

was below the detection limit of the enumeration method at the end of ripening, an 

enrichment procedure was carried out with 10 g of smear, as described in chapter 2. 

4.3.7. Bacteriocin extraction from smear and activity determination 

Bacteriocin extraction from smear was carried out by acid extraction as described by 

Bouksaim et al. (2000) for nisin extraction from cheese, with the following modifications: 1 

ml of homogenized smear sample was centrifuged for 15 min at 10’000 x g and 4°C. The 

supernatant was stored at 4°C until activity determination. The pellet was resuspended in 1 ml 

HCl 0.02 N and pH was adjusted to 2.0 with HCl 1 N. The sample was heated for 30 min at 

60°C with shaking, followed by heating for 5 min at 100°C. After cooling down to room 

temperature, the sample was centrifuged for 20 min at 4’000 x g and 4°C. pH was adjusted to 

5.5 with NaOH 1 N and the sample was stored for 2 h at 4°C. Bacteriocin activity of filtered 

(0.2 µm) or untreated supernatants, obtained before and after acidic extraction, was 

determined by the turbidometric microplate assay as described above. 

4.3.8. Temporal Temperature Gradient Gel Electrophoresis (TTGE) 

TTGE analysis was carried out as described in chapter 2. Briefly, total extraction of genomic 

DNA was carried out with 1 ml of homogenized cheese sample that underwent three 

successive treatments, i.e. by NaOH, lysozyme and proteinase K, before purification with 

BioRobot® EZ1 (Qiagen, Basel, Switzerland). DNA sample was amplified by PCR with 

primers HDA1-GC and HDA2 as described by Ogier et al. (2002). PCR products were 

analyzed by TTGE on two denaturing acrylamide gels, enabling the visualization of low-GC 
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bacteria (6.5 M urea; 7.5% (w/v) acrylamide) and high-GC bacteria (8 M urea; 8.5% (w/v) 

acrylamide) in separate runs. Species-level identification of bands in TTGE fingerprints was 

achieved by matching the migration lengths to a species database containing species of the 

commercial culture OMK 704 and further species isolated from complex cheese surface flora 

(chapter 2). 
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4.4. Results 

4.4.1. Viable cell counts and activities of protective cultures 

Viable cell counts and activities of protective cultures used for cheese application are 

presented in Table 4.3. Fermentations yielded cells counts in the range 5 x 108 to 4 x 109 cfu 

ml-1, depending on the strain: Lc. lactis UL719 > Ped. acidilactici UL5 > Lb. plantarum 

SM71. Similar bacteriocin concentrations calculated from bacteriocin titres were obtained for 

the nisin Z-producing Lc. lactis UL719 and the pediocin PA-1-producing Ped. acidilactici 

UL5, i.e. 102.4 and 98.7 µg ml-1, respectively, whereas Lb. plantarum SM71 yielded an 

activity of 16’384 AU ml-1. No loss in activity or viability was observed for Lc. lactis UL719 

and Ped. acidilactici UL5 after the freeze-drying process and during storage up to 6 months of 

the freeze dried cultures at -20°C. In contrast, Lb. plantarum SM71 showed a 70% viability 

loss after freeze-drying with no loss of bacteriocin activity and stable counts during 

subsequent storage at -20°C. Protective cultures were resuspended to their original volume for 

cheese application, i.e. at 8% (w/v). Cell count and pediocin activity of the freeze-dried 

commercial culture HOLDBACTM Listeria dairy, applied in the smear brine at 3% (w/v), was 

about 13 and 8 fold lower, respectively, compared to the pediocin-producing Ped. acidilactici 

UL5 culture preparation used at 8% (w/v) in the brine. 

Bacteriocin crude extracts displaying similar activity were used for the determination of 

Listeria susceptibilities to nisin Z and pediocin PA-1, whereas a bacteriocin crude extract of 

1024 AU ml-1 was used for susceptibilities to plantaricin SM71. 
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Table 4.3. Viable cell counts and activities of protective cultures used for cheese testing* 

 Viable cell count Activity 

 
Fermentation 

[cfu ml-1] 

Freeze drying 

[cfu g-1] 
[AU ml -1] [µg ml-1] 

Lactococcus lactis UL719 4.1 ± 2.3 × 109 5.8 ± 2.6 × 1010 4096  . 102.4 . 

Pediococcus acidilactici UL5 1.8 ± 1.0 × 109 1.4 ± 0.4 × 1010 4096  . 98.7 . 

Lactobacillus plantarum SM71 4.8 ± 2.8 × 108 1.6 ± 0.6 × 109 16384  . - . 

HOLDBACTM Listeria dairy† - 2.8 ± 0.9 × 109 512  . 12.3 . 

*Mean and standard deviation of the two fermentation batches used for cheese trial 1 and 2 are presented. No 
loss of viable count or activity was observed in the freeze-dried products over 6 months at -20°C, when freeze-
dried cultures were resuspended at their original concentration in water, i.e. 8% (w/v). 
†Two batches of freeze-dried commercial culture were obtained from Danisco. Activity was measured after 
resuspension at 3% (w/v) in water. 

 

 

 

4.4.2. In vitro screening of Listeria susceptibilities to nisin Z, pediocin PA-1 and plantaricin 

SM71 

The 50% inhibitory concentrations (IC50) of 23 L. monocytogenes strains were very different 

and ranged from 25.6 to >51.2 µg ml-1 for nisin Z, from 1.5 to 12.3 µg ml-1 for pediocin PA-1, 

and from 32 to 128 AU ml-1 for plantaricin SM71 (Table 4.4). IC50 of 16 L. innocua strains 

showed values in the same range as the IC50 of L. monocytogenes for pediocin PA-1 (1.5 to 

12.3 µg ml-1) and for plantaricin SM71 (64 to 128 AU ml-1), while 14 of 16 L. innocua strains 

displayed high susceptibilities to nisin Z (12.8 or 25.6 µg ml-1). Four strains of L. innocua  

isolated from cheese smears that exhibited average susceptibilities measured for L. 

monocytogenes to both pediocin PA-1 (6.2 µg ml-1) and plantaricin SM71 (64 AU ml-1) and 

high susceptibilities to nisin Z (25.6 µg ml-1) were selected to study in situ anti-listerial effect 

during cheese ripening of pediocin PA-1-producing Ped. acidilactici UL5, plantaricin SM71-

producing Lb. plantarum SM71 and nisin Z-producing Lc. lactis UL719. 
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Table 4.4. 50% inhibitory concentrations (IC50) of nisin Z, 
pediocin PA-1 and plantaricin SM71 for 23 L. 
monocytogenes and 16 L. innocua strains. 

 Number of inhibited strains 

 L.monocytogenes L. innocua 

IC 50 [µg ml-1] Nisin Z 

12.8 0 4 

25.6 8 10* 

51.2 6 1 

> 51.2 9 1 

IC 50 [µg ml-1] Pediocin PA-1  

1.5 1 1 

3.1 7 4 

6.2 11 9* 

12.3 4 2 

IC 50 [AU ml-1] Plantaricin SM71 

32 1 0 

64 12 14* 

128 10 2 

* susceptibilities of L. innocua strains selected for cheese surface 
contamination 

 

4.4.3. Evaluation of three protective cultures to control Listeria growth on cheese surfaces 

Two independent cheese ripening trials were carried out and changes in Listeria innocua cell 

counts on cheese surfaces over ripening time are presented in Figure 4.1.  

Listeria cell counts of 4.4 ± 2.2 cfu cm-2 were recovered on cheeses right after contamination 

on day 3 in trial 1. Listeria cell counts were below the detection limit (< 3 cfu cm-2) between 

days 7 and 22 on control cheese that was not treated with a protective culture, and increased 

to 2 x 101 cfu cm-2 on day 37. Listeria were undetectable by enumeration on cheeses treated 

with Lb. plantarum SM71, Ped. acidilactici UL5 and HOLDBACTM Listeria dairy during the 

entire ripening. However, the cheese treated with commercial HOLDBACTM Listeria dairy 

revealed Listeria-positive on day 37 after enrichment. Surprisingly, Lc. lactis UL719 showed 

a 1-log higher Listeria counts after 37 days, compared to control cheese, at 2 x 102 cfu cm-2.  
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For the second trial, higher Listeria cell counts of 6.5 ± 1.6 x 101 cfu cm-2 were recovered on 

cheeses right after contamination on day 7, corresponding to a higher amount applied in the 

smear brines. On control cheese without protective culture, Listeria cell count progressively 

increased to 3.4 x 104 cfu cm-2 on day 22 and remained stable afterwards. The application of 

protective cultures caused an initial reduction of Listeria cell counts on day 11, with values 

below the detection limit for Lb. plantarum SM71 and for Ped. acidilactici UL5, and a count 

of 1.7 x 101 cfu cm-2 for HOLDBACTM Listeria dairy. However, this initial reduction was 

followed by a rapid increase for all protective cultures with Listeria cell counts reaching a 

very high value of 4.3 ± 0.3 x 105 cfu cm-2 at day 37. Listeria counts increased from day 15 on 

cheese treated with HOLDBACTM Listeria dairy and from day 22 on cheeses treated with Lb. 

plantarum SM71 or Ped. acidilactici UL5. After 22 days, Listeria count was about 3 and 4 

log lower on cheese treated with Ped. acidilactici UL5, compared to cheeses treated with 

HOLDBACTM Listeria dairy or Lb. plantarum SM71, and control cheese. At the end of 

ripening, however, Listeria cell counts were similar for cheeses treated with all three 

protective cultures (4.0 ± 0.7 x 105 cfu cm-2) and higher compared to the control cheese (8.0 x 

103 cfu cm-2).  

Changes in cell counts of protective cultures on cheese surfaces over ripening are presented in 

Figure 4.1. A decrease in cell counts of protective cultures was measured 7 and 10 days after 

the last application, in trial 1 and 2, respectively. All protective cultures reached cell counts 

about 3 to 4 log lower than the applied counts at the end of ripening. The low cell counts of 

protective cultures measured on day 49 in trial 2 were confirmed by TTGE analysis of the 

whole flora grown on MRS plates (data not shown). Band profiles of Lb. plantarum or Ped. 

acidilactici were only detected in the TTGE fingerprints of plates exhibiting typical colonies 

(large thick opaque colonies), while profiles of Lc. lactis, Enterococcus sp. or Listeria sp. 

could be detected on plates showing untypical colonies (small thin transparent colonies). No 
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bacteriocin activity was extractable from smears of control and test cheeses, neither on 

samples taken immediately after the last protective culture application nor on samples taken at 

a later point during ripening.  
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Figure 4.1. Cell counts of Listeria innocua and protective cultures on the surface of 
cheese treated with either Lc. lactis UL719 ( ), Ped. acidilactici UL5 ( ), 
HOLDBACTM Listeria dairy ( ), Lb. plantarum SM71 ( ) or no protective culture 
( , control cheese), and inoculated with a cocktail of Listeria innocua at day 3 (trial 
1) and day 7 (trial 2). Dashed lines represent detection limits of the enumeration 
method, i.e. < 3 cfu cm-2 and < 10 cfu cm-2 for Listeria and protective cultures, 
respectively. Stars indicate times where cell counts were below the detection limit of 
the enumeration method. 
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4.4.4. Influence of protective culture on surface flora development 

Mean total cell counts, yeasts counts and pH measured on cheese surface along ripening in 

trial 1 and 2 are shown in Figure 4.2. For both trials, a similar smear development was 

observed on test cheeses compared to control cheese, as indicated by low standard deviations. 

Differences in the smear development were however observed between the two trials. Smear 

development was faster in trial 2, in accordance with the higher amount of ripening culture 

OMK 704 added to the smear brine. On day 7, higher yeasts counts and pH were measured in 

trial 2 compared to trial 1, with 7.5 ± 5.8 x 106 cfu cm-2 and 2.3 ± 1.6 x 104 cfu cm-2, and pH 

7.1 ± 0.3 and 5.5 ± 0.1, respectively. Furthermore, on day 15, a higher total cell count was 

measured on cheese surfaces in trial 2 (5.3 ± 2.0 x 108 cfu cm-2) compared to trial 1 (5.9 ± 3.0 

x 107 cfu cm-2). 
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Figure 4.2. Mean total cell counts ( , ) yeast counts ( , ) and pH (columns) of 
cheese smears along ripening measured for five and four cheeses of trial 1 (solid 
symbols) and 2 (open symbols), respectively. Total counts were determined on 
TGYA and yeast counts on PY agar. pH measurements were carried out with a flat 
membrane electrode (InLab®Surface). 
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TTGE analyses revealed that the development of the smear at the species level was not or 

little affected by the tested protective cultures in trial 1 (Figure 4.3). Two staphylococci 

species (St. vitulinus and St. equorum) were detected on day 15 on the surface of control 

cheese, followed by species of the culture OMK 704, i.e. C. variabile on day 22 and A. 

arilaitensis as well as B. linens on day 37. Protective cultures caused a delay in B. linens 

growth but the only major effect was observed with nisin Z-producing Lc. lactis UL719 that 

inhibited St. equorum.  

The effect of protective cultures on smear development was more clearly visible in trial 2 

(Figure 4.3). Two species of the culture OMK 704, i.e. C. variabile and A. arilaitensis, and 

species St. vitulinus, St. equorum, Psychrobacter sp., Alkalibacterium kapii were detected 

after 15 days on the surface of control cheese. TTGE profiles of the third OMK 704 species, 

i.e. B. linens, as well as Enterococcus sp. and unknown species (band h and o) were detected 

on day 22, followed by an uncultured bacterium from marine sediment on day 37, and 

Corynebacterium casei, Agrococcus casei and Microbacterium gubbeenense on day 49. 

Finally, a Corynebacterium variabile strain that exhibited a different TTGE profile than 

strains of the OMK 704, and an unknown species (band p), were detected on day 77. The 

bacterial community structures of all cheeses were very similar at the end of ripening. 

Differences were however detected along ripening between the control cheese and cheeses 

treated with protective cultures, as illustrated for Lb. plantarum SM71 in Figure 4.3. Next to 

B. linens, the protective culture delayed the growth of naturally developing species, i.e. 

Enterococcus sp., Psychrobacter sp., Alkalibacterium kapii and Agrococcus casei, or even 

inhibited their development (unknown species; band h, o and p). Application of pediocin PA-

1-producing Ped. acidilactici UL5 or HOLDBACTM Listeria dairy caused similar changes to 

the surface flora development as observed for Lb. plantarum SM71 (data not shown) 
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Figure 4.3. Surface flora development analyzed by TTGE in trial 1 (left) and 2 (right). In trial 
1, cheeses treated with no protective culture (control cheese), Lb. plantarum SM71 or Lc. 
lactis UL719 were sampled after 2, 15, 22 and 37 days. In trial 2, cheeses treated with either 
no protective culture (control cheese) or Lb. plantarum SM71 were sampled after 2, 15, 22, 
37, 49 and 77 days. Each sample was analyzed on two different gels (low and high GC). 
Single bands were assigned to species by comparing their migration lengths to a species 
database. b, Lb. plantarum; d, St. vitulinus; e, St. equorum, St. epidermidis or Facklamia 
tabacinasalis; a, c, e, g, St. equorum; f, Enterococcus sp.; h, unknown species; i, Lc. lactis; j, 
unknown species; k, Psychrobacter sp.; m, Al. kapii; n, Ag. casei; o, unknown species; p, 
unknown species; q, r, C. variabile; s, Microbacterium gubbeenense; t, uncultured bacterium 
from marine sediment; l, u, v, Corynebacterium casei; w, A. arilaitensis; x, unknown species, 
y, z, B. linens. L , Ladder: A, Lb. plantarum SM71; B, Lc. lactis diacetylactis UL719; C, C. 
variabile FAM17291; E, A. arilaitensis FAM17250; D, F, B. linens FAM17309. 
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4.5. Discussion 

Comparative assessment of the ability of three bacteriocin-producing LAB to control Listeria 

contamination in situ on Raclette type cheese ripened at pilot scale was carried out. Their 

impact on smear development was monitored by pH and cell counts, as well as Temporal 

Temperature Gradient Gel Electrophoresis (TTGE) throughout ripening. 

Listeria monocytogenes susceptibility to bacteriocins is known to be strain-dependant 

(Ennahar et al., 2000b, Katla et al., 2003). In this study, a broad screening with 23 L. 

monocytogenes strains isolated from smear cheeses between 1989 and 2006 in Switzerland 

was carried out to determine their susceptibility ranges to nisin Z, pediocin PA-1 and 

plantaricin SM71 and select strains with average susceptibilities for cheese ripening 

experiments. As expected, the susceptibility to a given bacteriocin was greatly dependent on 

the strain, while pediocin PA-1 revealed more activity than nisin Z for all investigated strains. 

Both observations are in accordance with previous studies (Meghrous et al. 1999, Katla et al. 

2003, Naghmouchi et al. 2006). For safety reasons, none of the 23 pathogenic strains were 

selected for ripening experiment. A cocktail of 4 L. innocua strains isolated from cheese 

smears with average susceptibilities to pediocin PA-1 and plantaricin SM71 and high 

susceptibility to nisin Z could be selected out of 16 L. innocua strains isolated from dairy 

environment.  

In pilot scale experiments, protective cultures were first tested in trial 1 for control of an early 

contamination by Listeria, i.e. on day 3. One pre-treatment and two post-treatments with 

Lactobacillus plantarum SM71 or Pediococcus acidilactici UL5 fully inhibited Listeria, with 

no viable cells recovered by enrichment after 37 days ripening. Despite a clear inhibition of 

Listeria growth, viable cells were recovered at day 37 on cheese treated with commercial 

HOLDBACTM Listeria dairy. According to the manufacturer, a dose of 3% (w/v) is able to 

protect soft smear cheeses from Listeria contamination at 102 cfu ml-1 smear brine. Our data 
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suggest that a 3% (w/v) dose may be too low to protect semi-hard smear cheese from Listeria 

contamination at 103 cfu ml-1 smear brine. In contrast, the application of Lactococcus lactis 

UL719 appeared to enhance Listeria growth compared to control cheese, with higher counts 

measured at day 37. These data are consistent with the effect observed in vitro for pediocin 

PA-1 and nisin Z. Next to intrinsic lower susceptibility of Listeria to nisin, the reduced 

efficacy may be explained by low solubility of nisin at high pH found on cheese surface 

(Gálvez et al., 2007). On the other hand, encapsulation of purified nisin in liposomes was 

shown to increase nisin stability and efficacy in cheese matrix compared to free nisin (Benech 

et al., 2002) and could be used to increase nisin stability on cheese surface. 

In trial 1, Listeria growth on control cheese without protective culture only occurred from day 

37 and was strongly delayed compared to the study of Eppert et al. (1997) who detected 

growth from day 10 on soft cheese contaminated under similar conditions (on day 3 at 5 cfu 

cm-2). Growth of Listeria on cheese surface is primarily supported by yeast growth, which 

leads to deacidification and provides nutrients for bacterial growth. Yeast growth was also 

delayed compared to the study of Eppert et al. (1997), with lower counts of ca. 3 log 

measured on day 7. Consequently, the delay in Listeria growth was probably linked to a low 

pH and nutrient availability at the time of contamination. Conditions of the ripening 

experiment were adjusted for the second trial in order to enhance Listeria growth on control 

cheese. The yeast count in the smear brine was thereby increased by 2 log. In addition, 

Listeria contamination was increased to ca. 60 cfu cm-2 and applied later, on day 7. Under 

these conditions, contamination of the control cheese with Listeria on day 7 was followed by 

immediate growth of the contaminant in trial 2.  

Under favorable conditions for Listeria growth (trial 2), one pre-treatment and two post-

treatments with protective cultures caused an initial reduction in Listeria cell counts for all 

protective cultures but the inhibition was only short-term. Listeria growth was detected 4 days 
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after the last application of protective culture with HOLDBACTM Listeria dairy applied at 3% 

(w/v), and 11 days after the last application for both Lb. plantarum SM71 or Ped. acidilactici 

UL5 applied at 8% (w/v). However, lower counts of 3 log were measured on day 22 for Ped. 

acidilactici UL5, indicating a higher in situ anti-listerial activity exhibited by this protective 

culture. Bacteriocins were either not stable or extractable from cheese surface, as no activity 

was recovered, even after acidic extraction from smear samples. Bacteriocin deactivation on 

cheese surface may have occurred through action of smear microorganisms enzymes or 

adsorption to cheese constituents (Gálvez et al., 2007). In addition, protective culture cell 

counts decreased over the ripening time, as confirmed by TTGE analysis. Both instability of 

bacteriocin activity and decrease in cell counts correlate with the short term inhibition 

measured on smear cheese surface. Similarly, O’Sullivan et al. (2006) observed that a single 

pre-treatment of lacticin 3147-producing Lc. lactis DPC4275 did not inhibit Listeria on the 

surface of soft smear cheese while a single post-treatment caused an initial inhibition followed 

by later growth. Loessner et al. (2003) reported stable counts of a pediocin AcH/PA-1 

producing Lb. plantarum strain on the surface of soft smear cheese over 37 days but testing 

the application of cell pellet or cell free supernatant suggested that a putative in situ 

production of bacteriocin was not responsible for the observed inhibition. In contrast, a pre-

treatment by Enterococcus faecium WHE 81 producing multiple bacteriocins, applied at 

relatively low count (105 cfu ml-1 brine) at day 3, successfully controlled a Listeria 

contamination applied at day 7 on soft smear cheese, with no growth observed over 27 days 

(Izquierdo et al., 2009). Contrary to Lactococcus sp. and Lactobacillus sp., Enterococcus 

species are able to grow on smear cheese surface, as detected by TTGE in this study and by 

Parayre et al. (2007) for Raclette type cheese. Enterococci could produce bacteriocins in situ 

on cheese surface and may be better suited as anti-listerial protective cultures for cheese 

surface application. However, use of Enterococcus sp. as protective culture is controversial, 
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as many Enterococcus strains were shown to harbor virulence factors (Franz, 2003). An 

Enterococcus strain with anti-listerial properties should be therefore submitted to rigorous 

checking for virulence potential and antibiotic resistance genes (Franz, 2003). 

The quality of smear cheese is primarily defined by its smear composition with impacts on 

both safety and organoleptic properties. The addition of a protective system should therefore 

not interfere with the development of the smear, at least not in a detrimental way. Smear 

development is a dynamic process over the entire ripening period. The bacterial community 

structure of the smear was therefore monitored by TTGE, a culture independent method 

validated for detection and identification of the dominant cheese surface flora at the species 

level (Parayre et al., 2007). Surface flora development on control cheeses showed a 

progression of bacterial species, with staphylococci being dominant in early stages of ripening 

and being replaced by coryneforms in later stages. This dynamic was observed on several 

semi-hard smear cheeses, i.e. on Gubbeen type cheese investigated by cultivation techniques 

(Rea et al., 2007) as well as on Tilsit type cheese investigated by culture independent 

techniques (Rademaker et al., 2005). In the present study, all three species inoculated in the 

smear brine (commercial culture OMK 704) established on control cheeses. Two 

Staphylococcus species grew in the smear of control cheeses in both trials, but a higher 

diversity of not deliberately inoculated flora was observed in trial 2, with the development of 

enterococci, marine LAB and further unidentified species. 

Only small effects of protective culture addition was observed on species of the defined 

ripening culture OMK 704. Among the three species, only Brevibacterium linens growth was 

delayed by protective cultures in both trials. In contrast, a clear effect of protective cultures 

was detected on the development of not deliberately inoculated flora. In trial 1, the nisin Z-

producing culture Lc. lactis UL719 inhibited Staphylococcus equorum, a species commonly 

found on smear cheeses and validated as ripening culture for smear cheeses (Place et al., 
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2003, Bockelmann, 2002). Lb. plantarum SM71 and Ped. acidilactici UL5 showed no 

detectable influence in trial 1 on the natural flora, but partially inhibited growth of lactic acid 

bacteria, i.e. Enterococcus sp. and Alkalibacterium kapii, in trial 2. These observations 

correspond to reported spectra of the bacteriocins, being narrow and rather specific on 

Listeria as well as related lactic acid bacteria for pediocin AcH/PA-1 and broad for nisin Z, 

including numerous Gram-positive bacteria (Cotter et al., 2005, Drider et al., 2006, Kheadr et 

al., 2004, Le Blay et al., 2007). Beyond the specific effect of bacteriocins, addition of 

components of the fermentation media, such as remaining nutrients or antimicrobials (e.g. 

organic acids), could have influenced smear development. 

Several studies have reported the occurrence on soft cheeses of naturally developing cheese 

surface flora with anti-listerial potential (Eppert et al., 1997; Maoz et al., 2003; Mayr et al., 

2004). In chapter 2, we suggested that the development of marine LAB in the smear may act 

as antagonistic flora against Listeria through competition for nutrients. The addition of 

protective cultures in trial 2 disturbed growth of the marine LAB Alkalibacterium kapii, 

which was delayed by about three weeks. This effect may contribute to the enhanced Listeria 

growth observed on cheeses treated with protective cultures compared to control cheese. 
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4.6. Conclusion 

The application of pediocin PA-1-producing Pediococcus acidilactici UL5 and Lactobacillus 

plantarum SM71, producing plantaricin SM71, revealed a good potential for the control of an 

early Listeria post-contamination on the surface of semi-hard smear cheese (trial 1). In 

contrast, nisin Z-producing Lactococcus lactis UL719 was poorly adapted to the conditions 

found on cheese surface and failed to inhibit Listeria, and was therefore not further tested in 

trial 2. In trial 2, Ped. acidilactici UL5 revealed the highest in situ anti-listerial activity to 

control a late Listeria contamination among the three tested protective cultures although 

inhibitions exerted by all tested cultures were short-term. The application of HOLDBACTM 

Listeria dairy to prevent growth of Listeria on semi-hard type cheese would require increasing 

and optimizing the application level. Repeated applications of protective cultures to increase 

their anti-listerial activity may be limited by their influence on the naturally developing smear 

flora, because the natural flora contributes to organoleptic properties and safety of the cheese. 

The application of encapsulated pediocin PA-1 and plantaricin SM71 as protective ingredients 

with increased stability (Benech et al., 2002) should be investigated, together with the impact 

of purified bacteriocins on smear development. 
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Contamination of ready-to-eat products by Listeria monocytogenes, a foodborne pathogen 

that can cause life-threatening infections, is of great concern for the industry. The aim of this 

thesis was to examine new biopreservation strategies, including anti-listerial natural smear 

ecosystems and bacteriocin-producing protective cultures, for the control of Listeria sp. 

contamination on the surface of semi-hard smear cheese.  

The first hypothesis of this study was that detailed characterization of anti-listerial natural 

smear ecosystems enables the detection of microorganisms with putative anti-listerial activity. 

To verify this hypothesis, we investigated two such ecosystems, designated F and M, which 

were isolated from commercial Raclette type cheeses. The isolated consortia exhibited strong 

in situ anti-listerial effects on cheese, as the development of both consortia inhibited Listeria 

growth over the whole ripening period of 60 to 80 days, on cheese surface contaminated with 

10-100 cfu cm-2 Listeria innocua. Population dynamics investigated by TTGE revealed a 

similar sequential development of nine species common to both smears. Next to common 

cheese surface bacteria, the two consortia contained marine lactic acid bacteria (LAB) 

developing early in ripening. Taking into consideration similar metabolism of Listeria sp. and 

marine LAB, a putative inhibition mechanism through competition for nutrients was 

considered as a possible cause for the observed Listeria inhibition. 

The second hypothesis was that the development of detected microorganisms with putative in 

situ anti-listerial effects is correlated to Listeria inhibition on the surface of Raclette cheese. 

In situ anti-listerial properties of 29 strains isolated from smear ecosystem F were thereby 

tested on cheeses ripened at pilot scale. Combinations of strains were selected based on data 

collected during the study of population dynamics and results of preliminary in vitro 

inhibition tests. Application of 3 Facultative Anaerobic Halophilic and Alkaliphilic (FAHA) 

species that had showed synergetic in vitro anti-listerial effect, i.e. the two marine lactic acid 

bacteria Alkalibacterium kapii ALK 6 and Marinilactibacillus psychrotolerans ALK 9, and 
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Facklamia tabacinasalis ALK 1, induced an initial Listeria inhibition of 4 log after 15 days 

ripening, compared to a control flora of 6 strains. TTGE revealed growth of the 3 species to 

dominant level, between 11 and 22 days ripening. Development of the three FAHA species 

early in ripening may have inhibited Listeria by production of antimicrobial compounds, as 

observed in vitro, and/or by competition for nutrients, as hypothesized for the two marine 

lactic acid bacteria Al. kapii and M. psychrotolerans. These data suggests that the initial part 

of the in situ inhibition exerted by anti-listerial consortium F may be linked to the 

development of these three species in early ripening.  

We showed in a further experiment, that the in situ inhibition exhibited by the three FAHA 

species was dramatically reduced by increasing the proportion of Facklamia tabacinasalis 

ALK 1 compared to the two marine lactic acid bacteria. In addition, each of the 3 FAHA 

species tested individually showed weak anti-listerial activity in situ. Optimization of the 

ratios of the three strains should lead to high and robust Listeria inhibition. Combinations of 

two strains should thereby be tested to confirm necessity of all three species for induction of 

anti-listerial effects. An important prerequisite for the development of a new protective 

system of biopreservation is the safe status of the strains applied. This is the first time that the 

genus Facklamia has been detected in cheese. The food-grade status of F. tabacinasalis ALK 

1, a bacterium phylogenetically closely associated to lactic acid bacteria, should be carefully 

examined due to the α-haemolytic activity reported by Collins et al. (1999) in F. tabacinasalis 

strains.  

Microorganisms involved in the Listeria inhibition in early ripening were detected in the 

present study but no microorganism applied in situ inhibited Listeria in later ripening stages. 

Population dynamics studies revealed the development of a dominant species 

phylogenetically related to a clone from marine sediment, after 21 and 37 days ripening, in 

consortia F and M, respectively. This species could be isolated from consortium M and 
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partially characterized as rod-shaped Gram-positive bacterium in the present study. 

Considering its development in a later ripening phase, this species may be involved in the 

long term anti-listerial properties exerted by consortia F and M. Putative anti-listerial 

activities of this species should be tested in situ to confirm this hypothesis. 

The third hypothesis of this work was that application of one pre- and two post-treatments 

with bacteriocin-producing LAB inhibits growth of Listeria, without disturbing smear 

development. This hypothesis could only be partially confirmed. One pre- and two post-

treatments with Pediococcus acidilactici UL5 producing pediocin PA-1 and Lactobacillus 

plantarum SM71 producing plantaricin SM71 led to total inhibition of Listeria innocua 

artificially applied on cheese on day 3, but only short term inhibition was achieved with a 

contamination at day 7. Lactococcus lactis UL719 producing nisin Z showed no protective 

effect and even enhanced Listeria growth, compared to the control without protective culture.  

The stability on smear cheeses of all three protective systems was poor, both in terms of cell 

counts and bacteriocin activity and repeated applications along ripening may be necessary to 

improve anti-listerial effects. This strategy may however be limited by the influence observed 

on the naturally developing smear flora that contributes to organoleptic properties and safety 

of the cheese. We showed a negative influence on safety in one of the trials, when protective 

cultures where challenged with a Listeria contamination at day 7. After a first inhibition 

phase, Listeria counts increased to higher level than in control at the end of ripening. Addition 

of protective culture is believed to have disturbed antagonist anti-listerial properties of the 

natural flora, as a delayed growth of Al. kapii occurred compared to the control cheese. Both 

the specific effect of bacteriocins and addition of components of the fermentation media could 

have influenced smear development. This study emphasizes the complexity of microbial 

antagonism in complex smear, with protective cultures affecting the autochthonous 

microbiota balance, which at term can modulate (weaken in this case) its barrier properties. 
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An interesting research direction would be to investigate factors (e.g. nutrients, 

microorganisms, environmental conditions) that can reinforce the barrier effects of complex 

smear ecosystems. 

The application of pediocin PA-1 and plantaricin SM71 as protective ingredients with 

increased stability, i.e. by encapsulation of the purified bacteriocin (Benech et al., 2002), 

should be investigated, together with the impact of purified bacteriocins on smear 

development. Indeed, increasing the stability would reinforce the putative impact on smear 

development. If this approach proves successful, an industrial application would be subjected 

to acceptance of pediocin PA-1 and plantaricin SM71 as food additive by the food authorities. 

The results of this thesis clearly showed high potential of biopreservation in the control of 

Listeria contamination on the surface of smear cheeses. The three FAHA species we detected 

in natural smear ecosystems were able to develop on cheese surface and were supposed to be 

involved in Listeria inhibition in early ripening. While the dose-dependent effect still needs to 

be determined, a low amount of this culture is likely to be needed to achieve strong inhibition, 

implying low production costs of such a protective system. The application of Pediococcus 

acidilactici UL5 and Lactobacillus plantarum SM71 as classical protective cultures has 

similar high potential. The low stability on cheese surface however implies an ex situ 

production of protective cultures, with high counts and bacteriocin activity, which would be 

associated with high costs. Moreover, repeated applications of ex situ produced bacteriocins 

may be limited by the impact observed on naturally developing smear flora and this impact 

should be carefully monitored in future developments studies. 
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