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ABSTRACT 

 
Cheese traits can be seen in the context of metabolic activity of lactic acid bacteria (LAB) 

and their impact is important to obtain cheeses with specific characteristics. Accurate 

identification and characterisation of LAB is especially important when these are applied in the 

dairy industry. To identify LAB, various methods have been used, but the most accurate are the 

ones employing molecular biology techniques. Characterized strains of LAB can be used for the 

improvement of flavour, texture and aroma of cheeses. Many of the strains used nowadays in 

industrial production are originating from indigenous dairy products and niches. Therefore, it is 

extremely important to preserve this autochthonous diversity and scientifically support the 

production of traditional cheeses.  

 In the first part of this study the possibility of making traditional cheese with selected 

strains of indigenous lactic acid bacteria was explored. Most of the traditional dairy products of the 

South- Eastern Europe are produced from unpasteurized milk without addition of selected starter 

cultures.  These artisanal food products contain an interesting biodiversity of indigenous 

microorganisms. In Montenegro, one of the most popular traditional cheeses is Njeguši cheese, 

belonging to the group of semi-hard cheeses. Most of the cheeses are produced from ewe’s milk, 

but cow’s milk is also widely used. One of the priorities of the food producers in Montenegro is to 

obtain a larger scale, standardized production of traditional food products, which are of good 

quality and considered safe for the consumers. Therefore, in this study indigenous strains of lactic 

acid bacteria isolated from various Montenegrin artisanal dairy products were tested as starters in 

Njeguši cheese. After their biochemical and molecular characterization, three isolates were 

selected and used as starter cultures in pilot plant experiments for the simulation of a possible semi 

industrial production of Njeguši cheese. When applying an adequate combination of added 

bacterial strains as starters, the flavour of Njeguši cheese, produced under pilot plant conditions, 

was a step in the right direction towards achieving the flavour comparable to that of the artisanal 

origin.  

In the second part of the study the effects of two adjunct Lactobacillus casei strains on 

the lactobacilli population of low fat Cheddar cheese were described. The adjuncts were added at 

a low initial number and differed in their ability to utilize components of the milk fat globule 
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membrane (MFGM), which was controlled by addition of butter milk powder or skim milk 

powder. The most diverse microbial composition was revealed at the start and it became more 

uniform in the later stages of cheese ripening. The microorganisms present at the start influenced 

the lactobacilli population during ripening, but the adjuncts did not dominate the microbiota in 

the cheese. A higher content of MFGM components in the cheese seemed to influence the 

lactobacilli population and the composition of free amino acids during ripening. The low initial 

numbers of lactobacilli resulted in comparatively large distances between these cells in the fresh 

cheese. Electron micrographs of ripened cheese showed large clusters of clearly elongated 

lactobacilli. 

Third part of the study, encompassed the analysis of the survival of selected bacteria in 

semi-hard experimental cheeses after exposure to human gastric and duodenal juices in an ex 

vivo model. Experimental cheeses (10 and 28 % fat) were supplemented with different strains of 

Lactobacillus sp. and Propionibacterium sp. and ripened for 7 and 70 weeks. After digestion, a 

greater numbers of the adjunct bacteria were recorded in the 7-wk cheeses compared to the well-

matured cheeses (70 wk). The bacterial survival was strain dependent, and influenced by the fat 

content of the cheese. Lactobacilli showed better survival, especially in low-fat cheeses. The 

strains of propionibacteria also survived well during the digestion of the low-fat cheeses. The 

results confirmed that cheese can potentially be a good carrier matrix for bacteria to the intestine.  

In addition, it has been shown that different strains present in cheese have different 

abilities to survive the conditions of the gastrointestinal tract. Younger cheese was indicated to 

be a better carrier, possibly because the bacteria present in those cheeses have had shorter 

exposure to the stress conditions occurring in cheese during prolonged maturation.  
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SAMMENDRAG 

Ostens egenskaper kan sees i sammenheng med den metabolske aktiviteten til 

melkesyrebakterier (LAB). Nøyaktig identifisering og karakterisering av LAB er spesielt viktig 

når disse  brukes i meieriindustrien. Det benyttes forskjellige metoder for å identifisere LAB, 

men de mest nøyaktige metodene anvender molekylærbiologiske teknikker. Karakteriserte 

stammer av LAB kan anvendes til  forbedring av smak, tekstur og aroma i  oster. Mange av 

stammene som brukes i industriell produksjon i dag stammer fra tradisjonelle meieriprodukter. 

Derfor er det ekstremt viktig å bevare dette mangfoldet, og vitenskapelig støtte opp under 

produksjon av tradisjonelle oster. 

I den første delen av denne studien ble muligheten for å lage tradisjonell ost med utvalgte 

stammer av melkesyrebakterier isolert fra tradisjonelle meieriprodukter undersøkt. De fleste 

tradisjonelle meieriprodukter i sørøst-Europa er produsert av upasteurisert melk og uten 

tilsetning av utvalgte starterkulturer. Disse tradisjonelle  matvarene inneholder et interessant 

biologisk mangfold av mikroorganismer som ikke er karakterisert. I Montenegro er Njeguši ost 

en av de mest populære tradisjonelle ostene.  Njeguši ost  tilhører gruppen av semi-harde oster. 

De fleste av disse ostene er produsert fra  sauemelk, men kumelk er også mye brukt. En av 

prioriteringene for matprodusenter i Montenegro er å utvikle en standardisert, storskala 

produksjon av tradisjonelle matvarer av god kvalitet og som også er trygge for forbrukerne. I 

denne studien er derfor stammer av melkesyrebakterier isolert fra ulike montenegrinske, 

tradisjonelle meieriprodukter testet som syrekultur  til produksjon av Njeguši ost. Etter 

biokjemisk og molekylær karakterisering av isolatene ble tre isolater valgt ut og brukt som 

syrekulturer i pilot forsøk for å simulere  en mulig semi-industriell produksjon av Njeguši ost. 

Ved anvendelse av en egnet  kombinasjon av bakteriestammer som syrekultur, ble ost med smak 

av Njeguši ost, produsert i pilot skala. Dette er et skritt i riktig retning med hensyn til å oppnå 

den"riktige" smaken sammenlignet med den opprinnelige tradisjonsosten. 

I den andre delen av studien ble effekten av  tilsats av 2 tilleggskulturer bestående av 2 

Lactobacillus casei stammer på populasjonen av laktobasiller i en lav-fett Cheddarost beskrevet. 

Tillegggskulturene ble tilsatt i lavt antall og var forskjellige med hensyn til å utnytte 

komponenter av melkens fettkulemembran (MFGM), noe som ble regulert ved tilsetning av 

kjernemelkpulver eller skummetmelkpulver.  Den mest varierte mikrobielle sammensetningen 
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ble funnet i tidlig fase,  og den ble mer ensartet i senere stadier av ostens modning. 

Mikroorganismene  tilstede i tidlig fase påvirket populasjonen av laktobasiller under modningen, 

men tilleggskulturene dominerte ikke  bakteriefloraen i osten. Et høyere innhold av MFGM 

komponenter i osten så ut til å påvirke populasjonen av laktobasiller og sammensetningen av frie 

aminosyrer under modning. Det lave opprinnelige  antallet av laktobasiller resulterte i relativt 

store avstander mellom disse bakteriecellene i fersk ost. Elektronmikroskopi av moden ost viste 

store klynger av  tydelig langstrakte laktobasiller. 

Tredje del av studiet  omfattet analyse av overlevelse av utvalgte bakterier i semi-harde 

forsøksoster etter eksponering for human mage  og tarm saft i en ex vivo-modell. 

Eksperimentelle oster (10 og 28% fett) ble tilsatt forskjellige stammer av Lactobacillus sp. og 

Propionibacterium sp. Under ysting og ble videre modnet i  7 og 70 uker. Etter fordøyelse, ble et 

større antall av de tilsatte bakteriene målt  i 7-ukers  ostene,  sammenlignet med de godt 

modnede ostene  (70 uker). Den bakterielle overlevelsen varierte blant ulike stammer, og ble 

påvirket av fettinnholdet i osten. Laktobasiller viste bedre overlevelse, spesielt i lav-fett oster. 

Propionsyrebakteriestammene overlevde også godt under fordøyelsen av lav-fett oster. 

Resultatene bekreftet at ost potensielt kan være en god bærermatriks for bakterier til tarmen. I 

tillegg er det vist at forskjellige stammer tilstede i osten har forskjellige evne til å overleve 

forholdene i mage-tarmkanalen. Det ble antydet at yngre ost kan være en bedre bærer, muligens 

fordi bakterier i disse ostene har hatt en kortere eksponering for stressbetingelsene  som 

forekommer i ost under langvarig modning. 
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1. AIM OF THE STUDY 

 

Lactic acid bacteria (LAB) play a crucial role in cheese production and ripening, 

influencing all main characteristics of the cheese such are texture, sensory characteristic, aroma, 

etc. Therefore, it is particularly important to properly identify and characterize those strains that 

are used as a primary or secondary starter cultures as well as adjunct cultures in the cheese 

making. This can be done by the application of molecular methods.  

Furthermore, the starter and adjunct cultures can be used for the improvement of the 

quality of reduced fat cheeses, influencing the textural characteristics, flavour and aroma of the 

ripened cheese. 

Cheese can be a suitable carrier of beneficial strains of bacteria that can improve human 

health. It is as well very important to preserve biodiversity and richness of traditional cheese 

varieties that can be achieved via isolation and characterization of indigenous strains to be used 

in the cheese production.  

In this research, the attempt was to address all of these aspects through the experimental 

set up with the aim of obtaining results that could represent a sound foundation of further 

research in the area. 

The work is divided in the following research sections: 

 

A) Application of selected strains of LAB in pilot plant production of the traditional 

Montenegrin Njeguši cheese. Three selected, previously identified and characterized 

strains of LAB (two belonging to Lactococcus lactis ssp. lactis and one belonging to 

Lactobacillus (Lb.) plantarum, isolated from indigenous cheeses of Montenegro, were 

used for semi-industrial production of Njeguši cheese (PAPER I).  

B) Investigation of the development and dynamics of the lactobacilli population during 

ripening of low-fat Cheddar cheese differing in the content of milk fat globule 

membrane (MFGM) components, and with a low initial number of adjunct Lb. casei 

strains differing in their ability to utilize MFGM components added to the cheese milk 

(PAPER II). 

C) Evaluation of ex vivo survival of selected microorganisms in cheese differing in fat 
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content and ripening time. Cheese supplemented with different adjunct lactic acid 

bacteria or propionic acid bacteria (PAB) were exposed to conditions of the human 

upper gastro intestinal tract (GIT) using simulated digestion with human gastric and 

duodenal juices (ex vivo digestion) (PAPER III). 
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2. BACKGROUND, MAIN RESULTS AND DISCUSSION 

 

2.1. Say cheese  

 

   "Say cheese", calls the photographer in any part of the world when a photograph is to be 

taken. This is the extent to which the taste of cheese has influenced people such it brings a smile 

upon a mention (Weimer, 2007).  

 

2.1.1. What is cheese 

 

According to the Codex Alimentarius (Codex Alimentarius, FAO/WHO, Standard 283-

1978, 2013), cheese is the fresh or ripened solid or semi-solid product in which the whey 

protein/casein ratio does not exceed that of milk, obtained by: 

 Coagulating (wholly or partly) the following raw materials: milk, skimmed milk, partly 

skimmed milk, cream, whey cream, or buttermilk, through the action of rennet or other 

suitable coagulating agents, and by partially draining the whey resulting from such 

coagulation; or 

 Processing techniques involving coagulation of milk and/or materials obtained from milk 

that give an end product which has similar physical, chemical and organoleptic 

characteristics as the product systemized under Classification of cheese.  

 

2.1.2. The history of cheese production 

 

The art of cheese production dates back to the ancient past and today there are more than 

1000 different varieties of cheese. It is believed that cheese is originating from the area of 

today’s Iraq, the ,,Fertile Crescent”, between the Tigris and Euphrates rivers, 8.000 years ago. At 

the time of the ,,Agricultural Revolution”, domestication of animals alights the man on the 
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nutrition quality of the milk and the modalities for its preservation. It is supposed that the first 

cheese was made accidentally by putting the milk into the pouch made from a sheep’s stomach. 

The rennet of the pouch and high outer temperature caused the milk to coagulate. The specific, 

pleasant taste of the formed curd was the revelation and the new beginning of the cheese making 

era (Kindstedt, 2012).   

Data on the production of milk and dairy products found in Egypt are at least from the 

year 4000 B.C. and Babylon (2000 B.C.). The athlete stadium in Jerusalem was named 

Tyroponeon (the valley of cheese makers). In ancient Greece, the cheese is mentioned in 

Homer’s writings, whereas the art of cheese making was extremely important during the Roman 

Empire. Roman naturalist and writer, Pliny the Elder referrers to Caseus Helveticus ("Swiss 

cheese") in 23-79 B.C. Later on, the art of cheese making starts to be widespread throughout the 

Europe, especially in the monasteries where the famous cheese varieties have been developed 

(Wensledayle, Port du Salut, Formage de Tamie, Maroilles, Trapist, etc.). Certainly, most of the 

cheese varieties have been developed spontaneously, depending greatly on the local 

circumstances, such as the milk quality, natural microbiota and processing technologies applied.   

By the beginning of XX century, cheese making is becoming more industrialized having 

the dominant cheese varieties produced worldwide. Over the last three decades a significant 

increase of the cheese production can be recorded globally. It grew from 11 mil tonnes produced 

in 1977 to over 18 mil tonnes in 2012 (PM Food & Dairy Consulting, 2014). The growth was 

driven by the application of innovation processing techniques, development of new products and 

market demands. Almost 75% of the world’s cheese production is produced in Europe and 

Northern America. Europe (especially France, Ireland and Germany) are the most export 

oriented countries, while USA is the world’s largest cheese producer, but with minor cheese 

exportion (PM Food & Dairy Consulting, 2014). Germany, UK and Italy imports the largest 

quantities of cheese in the world.  



3 
 

There are many attempts to classify cheeses. Usually, the cheeses are classified according 

to the moisture content. McSweeney, Ottogalli & Fox (2004) gave an overview of the diversity 

of cheese varieties (Fig. 1).  

Figure 1.  The diversity of cheese. Cheese varieties are classified into super-families based on the method of 

coagulation and further sub-divided based on the principal ripening agents and/or characteristic technology. Adapted 

from: McSweeney, Ottogalli & Fox, 2004. 

 

 There is no consensus on the number of cheese varieties in the world and different authors 

suggest the numbers varying from 400 up to 2000 varieties.  Considering such a high number of 

different cheeses, it is quite demanding to make a reasonable classification of the cheese 

varieties.  

  In spite of the complexity in classification of cheese varieties, these can, according to 

McSweeney, Ottogalli & Fox (2004) be divided into: 

 Extra hard cheeses (hard texture, ripened for a long period, aromatic flavour). The most 

important in this group are the Italian‘Grana’ types (Grana Padano, Granone Lodigiano, 

Parmigiano Reggiano), Asiago, Bagozzo, Bra, Formai de Mut; in addition, the ‘Pecorino’ 
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cheeses (Pecorino Romano, Pecorino Sardo, Pecorino Siciliano, Pecorino Toscano, 

Pecorino Pepato, Fiore Sardo), which are made from ewes’ milk, , as are the Swiss 

varieties, Tete de Moine, Sbrinz, Sapsago, the Spanish cheeses, Cebrero, Pedroches and 

Manchego, the Greek cheeses, Kefalotiri and Gravera and Reggianito from South 

America. Njeguši cheese, produced in Montenegro, according to its traits also belongs to 

the group of hard cheeses; 

 Cheddar and Cheddar varieties (cheese made of pasteurized milk, with the addition of 

mesophilic starters, and the application of  a “cheddaring” process); 

 Cheeses with propionic acid fermentation (presence of large cheese eyes, resulting from 

gas produced by propionic acid bacteria used in the cheese making). The best known 

varieties are Emmental, Maasdamer, Leerdamer and Jarlsberg. 

 Gouda type cheeses (made from pasteurized cow’s milk with a mesophilic LD-starter, 

ripening for 2-3 months, characterized with the catabolism of citrate to diacetyl and small 

eyes). The varieties also include Edam, Maribo, Danbo, Colonia, Norvegia, Svecia 

varieties; 

 Pasta-fillata cheeses (the curd is heated to 55-60 °C, with smooth fibrous and sliceable 

texture. The best known are Mozzarella varieties with Mozzarella di Bufala (buffalo 

milk), Mozzarella di vacca (cows’milk; also called Fiordilatte, Scamorza or Provola), 

Caciocavallo, Cascaval, Kashkaval, Provolone, Kasseri and Kasar peyniri; 

 Cheese ripened in brine such are Brinza, Beli Sir, Telemes, Kareish, Beyaz Peiniri; 

 Mould- ripened varieties (surface mould ripened varietis such are Camemebert and Brie, 

and blue cheeses such are Cabrales, Gorgonzola, Danablu and Stilton); 

 Smear-ripened cheeses (bacteria surface ripened cheeses, mostly made of ewes or goats 

milk); 

 Acid curd cheeses such are Cottage or Quarg; 

 Whey cheeses, etc.  
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2. 1. 3. Protection of the indigenous strains- treasuring of the national heritage 

 

The characteristics and different varieties of traditional cheeses are highly influenced by 

the region of production, cultural heritage and the tradition of the population living in the 

specific area. These products show a strong link with the territory of origin, natural conditions 

and costumes of the local population. 

  Production of traditional cheeses in most of the cases involves utilization of raw, 

unpasteurized milk, resulting in a cheese texture and aroma highly influenced by the naturally 

occurring micro flora. The complex system of biochemical reactions in cheese is a result of 

metabolic activities of different microbial populations that change during the cheese ripening. 

Numerous external factors are also influencing the traits of traditional cheeses and therefore it is 

very difficult to control production process and maintain more standardized production. On the 

other hand, one of the possible solutions, and so far the most widespread in the process of cheese 

making, is to standardize production technology by using pasteurized milk, followed by the 

application of starter cultures. However, when applying commercial starter cultures the resulting 

cheese might lose its valuable authenticity. Isolates of the natural occurring microbiota and their 

application as starter or adjunct cultures in controlled cheese making processes may lead to 

preservation of the unique quality of traditional cheeses along with the more standardized 

production.    

 East Mediterranean area is featured with small precipitations, hot long summers and 

rocky terrain not suitable for crop growing. This highly influences the animal breeding systems 

in the area, being semi-extensive, with variable lactation periods lasting approximately 7 months 

as well as a variable quality of the milk used for cheese production (Boyazoglu & Morand-Fehr, 

2001; Carić, 1993). Montenegro, although small in size, is rather rich in agro- and bio-diversity 

that results in, among other food products, different traditional dairy products: cheeses (soft, 

brined, semi-hard, pasta filata), fermented milks and specific full fat fermented cream ripened in 

an animal sack called ‘’skorup’’ (Dozet, Adžić, Stanišić & Živić, 1996).  

          Indigenous dairy products of Montenegro have not been studied to a great extent. First 

structured data were found in the works of Zdanovski (1947), Vukina (1949) and Rakočević 

(1950). These are followed by the research in the 1970-ties and 1980-ties which gave the insight 

into the structure and diversity of autochthonous dairy products of Montenegro (Adžić et al., 
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1984; Dozet, Adžić, Stanišić & Ljumović, 1987; Dozet, Adžić, Stanišić & Živić, 1996; Dozet, 

Maćej & Jovanović, 2004).  

   Based on unique characteristics and specific features of indigenous cheeses Adžić, Dozet, 

Ljumović, Marković & Adžić (1997) propose a schematic overview of the most important dairy 

products of Montenegro that should as well be considered for nomination for Protection of 

Geographical Indications (PDO) (Fig. 2). 

 

 
Figure 2. The most significant traditional Montenegrin dairy products 

 

2.1.4. Njeguši cheese 

 

One of the oldest traditional Montenegrin semi-hard cheeses- Njeguši cheese dates back 

to  the age of Roman Empire where it was called ʽʽCaseus Doclestes’’ (Markeš, 1973) named 

after the state Doclea existing at the territory of today’s Montenegro. Numerous writings 

evidence the quality and taste of this semi-hard cheese (Stieglitz, 1841).   

Originally, Njeguši cheese is produced using ewe’s, cow’s or mixed milk, filtered 

through a cheese cloth and heated to the temperature of 32 to 35 °C. Rennet obtained from the 

lamb stomach is used for curdling occurring 30-60 minutes after rennet addition. The 

temperature is then increased to 40-45 °C to achieve an optimal whey separation. The cheese 

curd enclosed by a cloth is placed in a mould, loaded with a circuit or plate, and then pressed for 

about 5 to 12 hours before turning of the cheese and pressing for 24 hours. After pressing, the 

cheese is dry salted. The cheese is ripened at an average temperature of 16 °C and at the 

• Cheese of Pljevlja

• Cheese of Polimlje

• Cheese of Sjenica

White cheeses 

in brine

• Njegusi cheeseHard cheese

• Soft cheese
Pasta fillata

cheese

• Montenegrin Skorup
Skorup

Cheese cream
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humidity higher than 80 % for up to 25 days with occasional turning (Fig. 3). Sometimes, the 

cheese is smoked, dipped into olive oil or corn grains to obtain a more piquant taste.  

 
Figure 3. Flow diagram of production technology of Njeguši cheese 

 

 In the study performed by Dozet et al. (1996) on different Montenegrin households 

producing Njeguši cheese, the moisture content of the cheese ranged from 16.4 to 47.4 %, the fat 

in dry matter from 44.6 to 58.6, the total protein from 19.0 to 31.2 % and the percentage of salt  

from 1.1 to 1.2  %.  

2.1.5. Application of indigenous strains in controlled production of traditional cheeses 

 

 Farmhouse fermented milk products are made using ancient technology developed in the 

country or region where this food is produced and can be considered as part of the country's 

cultural heritage. Traditional cheeses, as complex ecosystems, contain different types of 

microorganisms that are influencing cheese ripening and its sensory properties (Beresford & 
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Williams, 2004). Diversity of microorganisms in traditional cheeses, usually made from raw 

milk, depends on milk microbial diversity as well as on traditional practices applied in cheese 

making. Flavor of traditional raw milk cheeses is more intense when compared to those produced 

from pasteurized milk. This is due to the fact that diverse native microbiota expresses its 

metabolic activities during cheese ripening resulting in the richer flavor. The natural community 

of LAB, isolated from farmhouse fermented unpasteurized milk products represents a reservoir 

for obtaining strains with specific features, which could be used as starter cultures in the dairy 

industry (Marilley & Casey, 2004). Such strains may differ in many important properties, such as 

their rate and extent of acid production, sensitivity to bacteriophage infection, and ability to 

degrade casein.  

 Montenegro is a small country, but due its climate and geographical characteristics it has a 

high diversity of traditional food products, including dairy products (Dozet et al., 1996). In the 

various regions of the country, different traditional dairy foods are produced (such as soft, semi-

hard, and pasta filata cheeses, fermented milks, etc.), which are influenced by climate conditions 

and type of the livestock breed in different areas (Mirecki, 2012). In order to achieve the 

successful application of LAB strains in industrial production, it is necessary to carry out accurate 

classification and identification and also to determine biochemical reactions of these bacteria when 

used as industrial starter cultures (Henriksen & Nilsson, 2001; Cogan et al., 2007; Escamilla- 

Hurtado et al., 1996).  

A natural pool of lactic acid bacteria (LAB) may be used for standardization of the 

Njeguši cheese production process to obtain the desired quality and unique features of this 

traditional cheese. A collection of 100 LAB, isolated from indigenous dairy products of 

Montenegro (cheese, sour milk and ‘’skorup’’) has been made and these isolates have been 

characterized and identified using conventional microbiological as well as molecular techniques 

(Martinovic et al., 2005).  

           In the present study (paper I), bacterial strains isolated from indigenous dairy products of 

Montenegro were used. In the previous study, these strains were identified by 16S rDNA 

sequencing and discriminated using pulsed field gel electrophoresis (PFGE) (Martinovic et al., 

2005). After their biochemical characterization (Martinovic et al., 2006) three strains were 

selected for use as starter cultures in pilot plant experiments of Njeguši cheese. The results of 

chemical, biochemical and sensory analyses indicated that experimental cheeses, made with 
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strain M (L. lactis ssp. lactis ABO19-3) and the combination of the strains M and A (L. lactis 

ssp. lactis ABO57-1), originally isolated from Njeguši cheese, showed the highest similarity with 

traditional Njeguši cheese. Strain M was able to synthesize the branched chain alcohols 2-

methyl-1-propanol, 3-methyl-1-butanol and 2-methyl 1-butanol (Martinovic et al., 2006), which 

was also detected in cheeses where this strain was used as starter. The obtained results showed 

that methyl-ketones synthesis might be correlated with the synthesis of methyl-alcohols as they 

were identified in the same cheeses (paper I). Development of gross components and pH in the 

studied cheeses showed that these were not significantly influenced by the strain combinations 

used during cheese making, but were significantly dependent on the ripening time which was in 

accordance to the findings of other authors for Njeguši cheese (Adžić et al. 1997; Dozet, Maćej, 

& Jovanović, 2004; Mirecki et al., 2015). The salt content was at the optimum values for this 

type of cheese and as well was in accordance to findings of Mirecki et al. (2015).  

 In cheeses made with starter A (Lactococcus lactis ssp. lactis) (cheese A) the 

concentration of DL-pyro glutamic acid was increasing by the end of maturation period, while in 

cheeses made with strain M  (Lactococcus lactis ssp. lactis) (cheeses A, AM and ALM) the 

highest concentration of this acid was recorded after 7 days of ripening (paper I). DL pyro-

glutamic acid in cheese can be free or bound to N terminus of proteins (Lemieux & Simard 1992; 

Muchetti et al., 2000). It can be formed by enzyme-mediated cyclisation of glutamic acid by 

some strains of LAB (Mucchetti et al., 2002; Sforza et al., 2009).  

 Strain M was able to synthesize the branched-chain alcohols 2-methyl-1-propanol, 3-

methyl-1-butanol and 2-methyl 1-butanol) (Martinovic et al., 2006). It has been shown in 

previous research that methyl aldehydes, responsible for the development of malty aroma in 

cheeses can positively contribute to the flavour development in some cheeses (Griffith & 

Hammond, 1989; Barbieri et al., 1994; Banks et al., 2001; Yvon & Rijnen, 2001; Thierry & 

Maillard, 2002).  

 

2.1.6. Low fat cheeses 

 

Increased awareness on ethology of chronic diseases associated with consumption of 

food with high fat content have resulted in higher demands towards low fat foods (Katsiari, 
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Voutsinas & Kondyli, 2002a; Kucukoner & Haque, 2006; Oliveira & Assumpcio, 2000; Katsiari, 

Voutsinas, Kondyli & Alichanidis, 2002b). 

The dairy industry follows these trends as well, particularly in the cheese production with 

the attempts of improving the texture and functional properties of low fat cheeses (Nelson & 

Barbano, 2004; Koca & Metin, 2004; Madadlou, Khosroshahi & Mousavi, 2005; Kilcawley et 

al., 2007; Mohamed, 2015). 

The great challenge for the dairy industry is to produce reduced fat cheese varieties that 

would be competitive to full fat varieties on the market (El Soda, 2014; Mohamed, 2015). 

Altered processing parameters and fat reduction during low fat cheese production, results 

in a less acceptable flavour, texture and functional properties of cheese (Mohamed, 2015).  

  The flavour of the low fat cheese is impaired mostly by the deficiencies in fatty acids 

deriving from the milk fat (Urbach, 1997; Barlow et al., 1989; Banks, Brechany & Christie, 

1989). Wijesunda & Watkins, (2000) have described that the flavour deficiencies in fat reduced 

Cheddar cheese are associated with the lower content of milk fat derived flavour compounds 

such as short to medium chain carboxylic acids, methyl ketones and β and σ-lactones. 

Furthermore, bitter off-flavours in low fat cheeses may be a result of reduced partitioning of 

hydrophobic bitter peptides in the fat phase (McSweeney, Nursten & Urbach, 1997). 

  It is also well known that textural defects in the low fat cheese are a consequence of the 

influence of fat on the microstructure, texture and functionality of the cheese resulting in 

increased firmness, rubberness, hardness and dryness of the cheese (Olson & Johnson, 1990; 

Guinee, Auty & Fenelon, 2000). In low fat cheeses, the breakdown of casein is often insufficient, 

which results in calcium retention in the curd and higher firmness of the cheese. The yield of the 

low fat cheeses is lower when compared to the full fat cheeses (Mohamed, 2015). 

In order to improve the quality of the low fat cheeses different procedures are applied in 

the dairy industry such are improvement trough processing techniques, application of adjunct 

cultures and utilization of additives or novel methods for fat removal (Collins, McSweeney & 

Wilkinson, 2003; Kilcawley et al., 2007; Liu, Xu & Guo, 2008). 

  Adjunct cultures are also used to increase functionality of the low fat cheeses. 

Experiments with low-fat Feta-type cheese resulted in development of a flavour similar to the 

full-fat variant when a commercially available adjunct culture CR-213 (Chr. Hansen’s 

Laboratorium, Copenhagen, Denmark) was used in the production process (Katsiari et al., 
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2002b). It has been shown that homofermentative and facultative heterofermentative lactobacilli 

may contribute to the development of desirable flavour in reduced-fat Cheddar cheese due to 

their metabolic activities (Fox et al., 1996; Fox, Mc Sweeney & Lynch, 1998; Lynch et al., 1999; 

El Soda, Madkor & Tong, 2000a,b; Beresford, Fitzsimons, Brennan & Cogan, 2001). In low-fat 

cheese, it has been assumed that the nonstarter lactic acid bacteria (NSLAB) microbiota develops 

differently compared to the microbiota of full-fat cheeses (Laloy, Vuillemard, El Soda & Simard, 

1996). In the present research, the diversity of NSLAB was highest at the beginning of ripening, 

while towards the end it was more uniform.   

 The milk fat globule membrane (MFGM) contains different glycoconjugates in the form 

of glycoproteins and glycolipids (Mather, 2000; Liu et al., 2005; Moe, Faye, Abrahamsen, Østlie 

& Skeie, 2012). Oligosaccharides from the glycoproteins of MFGM can be a potential energy 

source for the cheese-ripening microbiota, since the monosaccharides from the glycoconjugates 

and amino acids created in the proteolysis can be a significant energy source for NSLAB  

(Martley & Crow, 1993; Crow et al., 1995; Hynes, Ogier & Delacroix-Buchet, 2001; Di Cagno 

et al., 2003; Moe et al., 2012). Low-fat cheese has a lower content of MFGM, which is a possible 

energy source for NSLAB.  

  Buttermilk contains lactose, caseins, minerals and serum proteins and is rich in water-

soluble MFGM components (Rombaud, Van Camp, & Dewettinck, 2006; Vanderghem et al., 

2010). This membrane contains polar lipids and specific membrane proteins ensuring structural 

integrity and stability of the milk fat (Vanderghem et al., 2010; Danthine et al., 2000; Dewettinck 

et al., 2008; Jiménez-Flores & Brisson, 2008; Singh, 2006). Therefore, buttermilk has a big 

potential for the application in the food industry (Vanderghem et al., 2010). 

 Addition of buttermilk, which is rich in MFGM components (Morin, Pouliot & Britten, 

2008) to the low-fat cheese, may increase the content of possible energy sources for the cheese 

microbiota. It has been demonstrated that some lactobacilli adjuncts isolated from cheese are 

able to grow and survive for an extended period in a medium with MFGM as the only added 

carbohydrate source (Moe et al., 2012). In paper II, effects of two adjunct Lb. casei strains on 

the lactobacilli population of low fat Cheddar cheese were described. The adjuncts, differing in 

their ability to utilize MFGM components were added during Cheddar cheese making using 

either butter milk powder or skim milk powder to control their access to MFGM components. 

The diversity of lactobacilli in the experimental cheeses was becoming more uniform by the end 
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of maturation time, while resulting electron micrographs of the cheese matrix confirmed that 

lactobacilli were distributed in clusters embedded in the protein matrix. This research revealed 

that adjuncts and MFGM components influenced the development of microbiota of the cheeses 

as well as synthesis of branched chain amino acid Leu in the cheese during ripening. The 

production of diacetyl and acetoin was highest in the cheeses without added adjuncts. Previous 

research show that in Cheddar cheese citrate is decreasing rather slowly and enzymatic activity 

of NSLAB flora is causing its decrease at late stages of ripening (Thomas, 1987a; Singh, Drake 

& Cadwallader, 2003). Diacetyl and acetoin may be synthesized through transamination of Asp 

and Asn leading to formation of oxaloacetate which by spontaneous decarboxylation can be 

metabolized to diacetyl by some lactobacilli (Kieronczyk et al., 2004; Skeie, Kieronczyk, Næs & 

Østlie, 2008). The present research (paper II) showed that cheeses without added adjuncts had 

reduced contents of Asp and Asn, and it was assumed that indigenous NSLAB flora in these 

cheeses caused this degradation, resulting in increased levels of diacetyl and acetoin. Ribose can 

be used as a carbon source for mesophilic lactobacilli in the later stages of ripening (Thomas, 

1987b), while lysed lactococcal cells may release ribose from RNA and N-acetylgluconsamin 

from degraded cell walls (Østlie, Vegarud, & Langsrud, 1995; Adamberg et al., 2005). In the 

present study, 97% of the isolates were ribose positive indicating that a possible source of carbon 

for mesophilic lactobacilli may be connected to the fact that they possess some 

glycosidehydrolase activity and can utilize sugars from glycoproteins of the MFGM as an energy 

source (Williams & Banks, 1997; Fox, McSweeney & Lynch, 1998).  

In the present study the highest levels of 3-methyl butanal, originating from Leu, were 

measured starting from 6 weeks of ripening in cheeses supplemented with BMP. In these cheeses 

also the highest amounts of Leu were recorded.  Aldehydes in cheese, originating from 

transamination of branched chain amino acids, as well as from imides that may be 

decarboxylated to the corresponding aldehydes (McSweeney & Sousa, 2000; Kieronzcyk, Skeie, 

Olsen & Langsrud, 2001; Marilley & Casey, 2004,). Supplementation of the cheese with 

buttermilk components seemed to facilitate better growth of microorganisms able to degrade 

these branched chain amino acids. 

  Production of low fat cheeses supplemented with adjuncts and suitable energy sources for 

their growth may significantly influence the sensory parameters of these cheeses that can be 

further explored for the application in the cheese making industry. Taking into consideration 



13 
 

these findings, along with those of other authors, it can be seen that the production of low fat 

cheeses supplemented with adjuncts and suitable energy sources for their growth may 

significantly improve the sensory parameters of these cheeses, fulfilling the market requirements 

at the same time. 

 

2.2. THE WORLD OF LAB 

 

 Lactic Acid Bacteria (LAB) as one of the biggest and most widespread bacterial groups 

share common morphological, metabolic and physiological properties. There is no general 

definition of the name of Lactic Acid Bacteria. Typical LAB is Gram positive, catalase negative, 

without cytochromes, anaerobic but aero tolerant, strictly fermentative producing lactic acid as 

the main end product of the sugar fermentation (Salminen & Von Wright, 1998; Von Wright & 

Axelsson, 2012). These bacteria can be found in various food products (dairy, meat, vegetables, 

fruits, cereals, etc.), and are the part of the normal microbiota of the mouth, digestive system and 

vagina of mammals. Their metabolic activities are important in the production of numerous food 

products, especially in the dairy industry. Physiological activity of LAB is featured by the 

production of lactic acid, leading to the decrease of pH, proteolytic activity, ability for 

exopolysaccharide synthesis, production of aroma compounds, bacteriocine production and their 

probiotic activity. 

 Lactic acid bacteria constitutes a group of Gram positive, non-spore forming, non-

respiring coccobacilli, bacilli and cocci with a DNA base composition of less than 53 mol % 

G+C and producing lactic acid as the main metabolite during carbohydrate fermentation. Current 

taxonomic classification of LAB shows that they belong to the phylum Firmicutes, class Bacilli 

and order Lactobacillales. The different families include Aerococcaceae, Carnobacteriaceae, 

Enterococcaceae, Lacobacillaceae, Leuconostocaceae and Streptococcaceae (Von Wright & 

Axelsson, 2012). There are 12 common genera related to the food products: Aerococcus, 

Carnobacterium, Enterococcus, Tetrageonococcus, Vagococcus, Lactobacillus, Pediococcus, 

Leuconostoc, Oenococcus, Weissella, Lactococcus and Streptococcus (Von Wright & Axelsson, 

2012).  Genus Lactobacillus, Leuconostoc, Lactococcus, Pediococcus and Streptococcus make 

the sole heart of the group (Von Wright & Axelsson, 2012).  
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  The first pure culture of LAB was isolated by J. Lister in 1873 which he named 

Bacterium lactis (most probably what we now know as L. lactis). Significant achievement in the 

classification of this bacterial group was done by Henneberg (1904), when the connection 

between milk acidification and the bacteria producing lactic acid become obvious. Later in time, 

when classification was done based on morphology, glucose fermentation patterns, growth on 

different temperatures and sugar utilization (Orla-Jensen, 1919) the genera Lactobacillus, 

Leuconostoc, Pediococcus and Streptococcus were characterized. Orla Jensen (1919) classified 

LAB into the genera Lactobacillus, Leuconostoc, Pediococcus and Streptococcus.  

   At that time, solely the phenotypic characteristics could be examined, but later on, 

detailed research based on macromolecules such as nucleic acids was established.  

Method of partial or total 16S rRNA gene sequencing is the most widespread method for 

studies of the bacterial phylogeny and taxonomy. This gene is present in all bacteria. Some 

regions of the 16S rRNA gene are highly conserved throughout the bacterial evolution allowing 

the comparison between distant related organisms, while other regions are variable allowing the 

comparison of closely related organisms (Janda & Abbott, 2007; Petti, 2007).  The 16S rRNA 

gene sequencing method is commonly used for reliable identification and confirmation of 

bacteria offering information on the degree of similarity of sequences between different genera 

and species (Gonzales et al., 2007; Abosereh, El Ghani, Gomaa & Foua, 2016). The technique 

itself is based on the similarity percentage, meaning that two organisms are closely related if the 

16S rRNA gene sequences have identity values higher than 97% (Adimpong et al., 2012). 

  However, this technique also has certain limitations due to the quality of the isolated 

DNA, impurities/inhibitors present, amount of the isolated DNA, utilization of different primer 

sets or incomplete sequences (Temmerman, Huys & Swings, 2004; Vetrovsky & Baldrian, 

2013). Closely related species where 16S rRNA sequencing can provide information only up to 

the genus level due to the high similarity of 16 S rRNA gene sequences among certain species 

exists. This was the case in the recently diverged LAB species Lb.  plantarum, Lb. 

paraplantarum and Lb. pentosus (Felis & Dellaglio, 2007; Pot & Tsakalidou, 2009; Ueda, 

Nomoto, Yoshida & Osawa, 2014). 

 First genome sequences of LAB were discovered at the beginning of this century, by 

sequencing of genomes of L. lactis spp. lactis IL1403 (Bolotin et al., 2001), Lb. plantarum 

WCFS1 (Kleerebezem et al., 2003) and Bifidobacterium longum NCC2705 (Schell et al., 2002) 
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that doesn’t belong to the group of LAB, but is often considered in the same context. Since then, 

the number of sequenced LAB genomes has grown significantly resulting in wide pool of 

available genomic data (Douillard &  de Vos, 2014).  

  Previously, the classification of LAB was done on the basis of their metabolic activities, 

cell morphology, growth temperature and the protein patterns in the cell wall and in the cell 

(William & Sandler, 1971; Decallone et al., 1991; Tsakalidou et al., 1994; Gatti, Fornasari & 

Neviani, 1997; Morelli, 2001). These methods however have biased reproducibility, while the 

potential of the genome sequencing is not fully detectable since the gene expression highly 

depends on the environmental conditions (Mohania et al., 2008).  Fig. 4 shows the major 

phylogenetic groups of LAB based on 16 S rRNA data.  

 

 
Figure 4. Schematic, unrooted phylogenetic tree of the LAB, including some aerobic and facultatively anaerobic 

Firmicutes. Note: Evolutionary distances are approximate. Adapted from Von Wright & Axelsson (2012). 

 

 The genus Bifidobacterium, was previously generally considered together with LAB 

belong to the Gram-positive bacteria with a high G+C content but it belongs to Actinobacteria, 

and the genus Propionibacterium, present in some cheese varieties, has never been classified as a 

LAB, but belongs to Actinobacteria (Ludwig & Klenk, 2001). 
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2.2.1. Methods to study cheese microbiota 

 

  Nowadays, numerous phenotypic and genotypic methods for identification have been 

developed. Depending on the methodology used, all methods can be divided into culture-

dependent or culture-independent methods. Fig. 5. gives an overview of the existing culture-

dependent and culture-independent methods applied in dairy research.  

 
Figure 5.  Flow diagram of the culture-dependent and culture-independent methods to study the community 

structure and activity of cheese microbiota. a Culture-dependent methods. b, c Culture-independent methods for 

microbial diversity (b) and microbial activity (c). RFLP restriction fragment length polymorphism, ribotyping, 

PFGE pulsed-field gel electrophoresis, ARDRA amplified ribosomal DNA restriction analysis, RAPD randomly 

amplified polymorphic DNA, REP-PCR repetitive extragenic palindromic PCR, ARISA automated rDNA internal 

spacer analysis, DGGE denaturing gradient gel electrophoresis, FISH fluorescence in situ hybridization, ISH in situ 

hybridization, LH-PCR length heterogeneity polymerase chain reaction, qPCR quantitative PCR, RT-PCR reverse 

transcription PCR, RTqPCR reverse transcription quantitative PCR, SSCP single-strand conformation 

polymorphism, SSH suppression subtractive hybridization, TGGE temperature gradient gel electrophoresis, T-RFLP 

terminal restriction fragment length polymorphism (Ndoye, Andriamahery, LaPointe & Roy, 2011). 
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2.2.2. Culture- dependent methods for identification of cheese microbiota 

 

  The culture-dependent methods are limited to bacteria isolated from the given sample 

after plate enrichment and they are divided into traditional and molecular methods. 

  Traditional methods include phenotypic methods. Phenotypic tests include morphological 

characterization of isolates by microscopy, as well as physiological ones by determination of the 

growth characteristics of isolates. Biochemical tests designed for determination of carbohydrate 

fermentations (API tests), can be used for preliminary identification of LAB to genus or species 

level.  

 Molecular biology based methods represent support to the conventional 

phenotypic/biochemical methods, featured by short time for the analysis, good repeatability and 

reliability. Macromolecules (DNA and RNA) document the evolutionary history and are used for 

decades now to determine the relatedness of microorganisms. For identification of unknown 

isolates and evaluation of their evolutionary relatedness, 16S rRNA comparative sequence 

analysis is often used, developed in 1987 by Woese (Woese, 1987).  DNA-DNA hybridization is 

a very useful tool for the determination of the relatedness between the strains (Stackebrandt & 

Gobel, 1994). 

 In most cases it is necessary to discriminate different strains within the same species of 

LAB. There are numerous molecular techniques dealing with strain identification. The most 

commonly used strain typing methods are shown in Fig. 6. 
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  Figure 6. Flow chart of DNA banding pattern-based genotyping methods for identification of bacterial strains.Created based on information given by 

Li, Raoult & Fournier (2009). 
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 One of these is the pulse field gel electrophoresis (PFGE) that involves digestion of the 

genomic DNA with rare-cutting restriction enzymes, which are separated in the alternating, 

pulsed electric field (Klein et al., 1998; Vancanneyt et al., 2006; Njeru et al., 2010). The obtained 

fingerprint profiles represent the whole genome and are mainly used for discrimination of 

evolutionary close strains (Holzapfel, Haberer, Geisen, Bjorkroth & Shillinger, 2001; Delgado & 

Mayo, 2004). 

AFLP (amplified fragment length polymorphism) is a PCR- based method widely used 

for strain identification. Initially the DNA is hydrolyzed by two restriction frequent cutting 

enzymes, followed by PCR with two different primers that correspond to the adapters ligated to 

the restriction fragments. The application products are separated on denaturating polyacrylamide 

gels with 50 to 100 restriction fragments amplified and detected. The AFLP technique is applied 

in the analysis of complex populations of LAB (Busconi, Reggi & Fogher, 2008; Scheirlinck et 

al., 2009). 

 RAPD (random amplification of polymorphic DNA) technique is based on annealing of 

the short arbitrary primers to the multiple random target sequences. Resulting patterns are useful 

for strain discrimination of LAB (Oh-Sik, 2002; Spano et al., 2002). 

 RFLP (restriction fragment length polymorphism) technique employs the digestion of the 

complete chromosomal DNA allowing strain discrimination. The technique is widely used for 

species and strain identification (Deveau & Moineau, 2003; Mainville Robert, Lee & Farnworth, 

2005; Claisse, Renouf & Lonvaud-Funel, 2007; Mohania et al., 2008). 

 Molecular typing techniques, such as repetitive element sequence-based PCR (rep-PCR) 

offer a high discriminatory power for identification of LAB (De Urraza et al., 2000; Berthier, 

Beuvier, Dasen & Grappin, 2001; Ben Amor, Vaughan & De Vos, 2007; Singh, Pawas, Singh & 

Heller, 2009). It is used for determination of the phylogenetic relationships between species and 

strains, having high differentiation power. The method is easily applicable in all types of 

research laboratories, and it is based on the amplification of short repetitive sequence elements in 

the chromosome (Versalovic, Schenider, Bruijn & Lupski, 1994; Randazzo, Caggia & Neviani, 

2009). The technique has been used for monitoring the dynamics of starter bacteria in Cheddar 

cheese (Dasen et al., 2003) as well as for the identification and detection of lactobacilli and 

Bifidobacterium species (Gevers, Huys & Swings, 2001; Krizova, Spanova & Rittich, 2008). The 
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application of the (GTG)5 primer has shown to give  the highest discriminatory power (Gevers, 

Huys & Swings, 2001; Kostinek et al., 2005; Svec, Drab & Sedlacek, 2005; Ouadghiri, Amar, 

Vancanneyt & Swings, 2005).  

Molecular ribotyping is the technique which recognizes ribosomal genes trough 

hybridization of the chromosomal DNA patterns with 23S and 16S rRNA gene probes 

employing Southern blotting. This results in higher reproducibility and accuracy of the method 

for strain identification (Grimont & Grimont, 1986; Charteris, Kelly, Morelli & Collins, 1997). 

The discriminatory power is similar to that of PFGE, when lactobacilli or bifidobacteria were 

analysed (Tynkkynen et al., 1999; Mättö et al., 2004). However, ribotyping – although robust - is 

a very labourous and cost intensive technique. 

  MLSA/MLST (Multi Locus Sequence Analysis/Multi Locus Sequence Typing) is another 

technique, which offers sequencing of several gene loci, usually of housekeeping genes, such as 

atpD, gyrB, recA, rpoB, rpoD, often combined with conserved 16S and 23S rRNA genes 

(Maiden et al., 1998; Hanage, Fraser & Spratt, 2006; Bennasar, Mulet, Lalucat & García-Valdés, 

2010). Application of MLSA has for example been described for lactic acid bacteria populations 

in sourdough (De Vuyst & Vancanneyt, 2007).  

The most contemporary methods such as “next generation” sequencing techniques, the 

“454 sequencing” and the “Solexa/Illumina”, “SOLiD”, Life Sciences Ion-Torrent and Pacific 

Biosciences Single-molecule real-time sequencing (SMRT) sequencing can provide sequence 

data of the whole genomes in less than one day (Margulies et al., 2005; Hudson, 2008; Loman et 

al., 2012ab; Kelleher et al., 2015). Application offers a huge pool of information containing 

billions of small sequence reads providing sequencing of a large number of isolates in a short 

time.  

  With the ongoing development of genomics, complete genome sequences are available 

for many of the species and strains found in starter cultures, enabling a deeper insight into the 

metabolic properties of the organisms (Dellaglio et al., 2005; Pfeiler & Klaenhammer, 2007). 

Transcriptomics enables the creation of a realistic insight into the cell metabolism during its 

growth in milk (Pedersen, Iversen, Sorensen & Johansen, 2005; Smeianov et al., 2007). 

  In the present research, different conventional, biochemical and molecular techniques 

were applied for identification of unknown LAB species and their discrimination at the strain 

level (paper II).  In total, 100 isolates were chosen on the basis of their cultivation and 
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morphological differences and presumptive lactobacilli were characterized on the basis of their 

carbohydrate fermentation patterns. To ensure accurate identification at the species level, the 16S 

rRNA sequence analysis was used. Discrimination of the FHL at strain level was done by rep-

PCR analysis, according to a method adapted from Versalovic, Schneider, de Brujin & Lupski 

(1994).  

Phenotypic characterization showed that all of the isolates were Gram positive and 

catalase negative bacilli and their CO2 production was at the level of homofermentative 

organisms. The results obtained by API 50 CHL showed that 97 out of 100 isolates tested in this 

study were ribose positive. These data also revealed a higher diversity of the isolates at the 

beginning of the ripening, while the population composition became more uniform by the end of 

maturation (24 weeks of ripening). Most of the isolates were identified as Lb. casei/Lb. 

paracasei. The results of API testing of the selected isolates were in accordance with the 

chemical and microbial characterization of the cheeses indicating a clear grouping according to 

the adjuncts in the intermediate phase of ripening (4-10 weeks), whereas after 24 weeks the 

differences between the experimental factors were less apparent. 

 Rep-PCR showed some isolates from the same maturation time clustered together in 

separate clusters. The numbers of clusters with at least 80% similarity decreased during the 

ripening period. This indicates a change in microbial composition of the studied cheeses over the 

maturation period, while none of the investigated isolates clustered with more than 80 % 

similarity with the adjuncts Lb. casei INF448 or INF 456. Previous studies of semi-hard cheeses 

also show that mesophilic lactobacilli predominate in the later stages of cheese ripening (Berthier 

& Ehrlich, 1998; Crow, Curry & Hayes, 2001; Østlie, Eliassen, Florvaag, & Skeie, 2004). 

Certain strains of Lb. casei/Lb. paracasei appeared to be common in all cheeses and they most 

probably originate from the cheese milk or dairy environment (Fitzsimons, Cogan, Condon & 

Beresford, 1999; Antonsson, Ardö & Molin, 2001; Antonsson, Molin & Ardö, 2003). The most 

uniform microbiota was observed at the end of ripening with Lb. casei/Lb. paracasei 

representing the most abundant Lb. species regardless of experimental factors used. As shown by 

other authors (Beresford, Fitzsimons, Brennan & Cogan, 2001; Banks & Williams, 2004) the 

NSLAB population of Cheddar cheeses is dominated by Lb. casei/Lb. paracasei.  
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2.2.3. Culture independent methods for identification of cheese microbiota 

  

Culture independent methods are based on total DNA/RNA isolation from the sample and 

it offers the possibility of studying the complete microbial diversity in a single step.  Monitoring 

of the diversity and dynamics of the cheese microbiota during cheese ripening is essential in 

contemporary research. Culture-independent molecular biology techniques offer a high spectrum 

of possibilities for determination of not only different species and strains, but also the metabolic 

activities of microorganisms in the course of cheese ripening (Jany & Barbier, 2008). In this type 

of analyses it is not necessary to grow bacteria on culture media but nucleic acids (DNA or 

RNA) are isolated directly from the given sample. This shortens the time necessary for the 

analysis and provides a complete insight into the complexity of microbial communities in cheese, 

avoiding possible errors that may occur when a cultivation step is involved.  

  Common techniques used for studying the cheese ecosystem are denaturating gradient gel 

electrophoresis (DGGE),  (Randazzo, Torriani, Akkermans, de Vos, & Vaughan, 2002), single-

strand conformation polymorphism (SSCP) (Duthoit, Godon & Montel, 2003), fluorescent in situ 

hybridization (FISH) (Ercolini, Hill & Dodd, 2003), length heterogeneity-PCR (LH-PCR) (Lazzi 

et al., 2004), quantitative real-time PCR (qPCR) (Friedrich & Lenke, 2006), and terminal-

restriction fragment length polymorphism (T-RFLP) (Arteau, Labrie & Roy, 2010). 

Furthermore, next generation sequencing, e.g. pyrosequencing (Margulies et al., 2005; Humblot 

& Guyot,  2009; Roh et al., 2010; Jung et al., 2011) are applied to study the diversity and 

dynamics of food fermentations. More recently, next generation sequencing has been used for 

the investigation of microbial composition of different cheeses (Quigley et al., 2012; Lusk, 2012; 

Alegria et al., 2012; Ercolini, De Filippis, La Storia & Iacono, 2012; Masoud, 2012; Planý et al., 

2016; Porecllato & Skeie, 2016).  

2.3. ROLE OF THE LAB IN THE DAIRY INDUSTRY 

 

  Milk, as a growth medium, is featured with high nutrition value and it represents a 

suitable environment for the development of different microorganisms. Raw milk, kept at room 

temperature is susceptible for spoilage, and after a few days it becomes sour due to the activities 
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of LAB. The bacteria from spontaneous fermented milk can be transferred to milk and make a 

foundation for controlled acidification.  

   The cheese making process strongly relates to the activity of LAB. These bacteria are 

initiating the production of lactic acid, facilitating the curd formation and are called starter 

bacteria (Parente & Cogan, 2004). Starter cultures are contributing to the acid formation, texture 

and flavour development in cheese. Since LAB are naturally occurring in the raw milk, over the 

time cheese makers developed different modalities for the inoculation of the cheese milk with 

starter cultures. At the beginning of the commercial cheese production, the application of starter 

cultures was based on using the liquid cultures, but later in time freeze-dried culture technology 

was developed in the form of direct vat set (DVS) or direct-to-vat inoculation (DVI) cultures 

(Høier et al., 2010). 

  Generally, starter cultures can be divided in primary cultures initiating the production of 

lactic acid from lactose early in the cheese production and secondary starters that cause 

biochemical changes in the cheese during ripening (Parente & Cogan, 2004). 

  The most common LAB species used as primary starter cultures are shown in Tab. 1.  

 

Table 1. LAB species in various culture types and typical product applications. Adapted from Høier et al., 2010.  

Culture types Species Product application 

Mesophillic 

 
O type  

  

 L. lactis subsp. lactis  Cheddar cheese  
 L. lactis subsp. cremoris  Feta cheese, Cottage cheese  
LD type    
 L.. lactis subsp. lactis  Gouda cheese  
 L.. lactis subsp. cremoris  Tilsiter cheese  
 L. lactis subsp. lactis biovar. diacetylactis  Soft cheeses with mould  
 Leuconostoc mesenteroides subsp. cremoris   
Thermophilic    
Streptococcus type  Streptococcus thermophilus  Mozzarella cheese,  Stabilized Brie, 

Swiss-type cheese  
Yoghurt type  S. thermophilus  Mozzarella cheese  
 Lb. delbrueckii subsp. bulgaricus  Pizza cheese  

Lactobacillus type  Lb.  helveticus  Swiss-type cheese  
 Lb. delbrueckii subsp. lactis  Grana cheese  
Mixed types    
 L.. lactis subsp. lactis  Cheddar cheese  
 L.. lactis subsp. cremoris   
 S. thermophilus   
   
 L.. lactis subsp. lactis  Feta cheese  
 L.. lactis subsp. cremoris  White brine cheeses  
 S. thermophilus   
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  Taking into account the growth temperature, primary starter cultures are classified as 

mesophilic (optimum growth temperature ranging from 20-30oC) and thermophilic bacteria 

(optimal growth temperatures 40-45oC) (ref). Mesophilic cultures can be divided into LD 

(containing citrate-fermenting bacteria producing aroma and CO2) and O cultures (containing 

acid-producing strains without the ability for gas production) (Høier et al., 2010). 

  Nevertheless, all of the starters are originating from indigenous strains, gradually used 

and adapted to the industrial production (Limsowtin, Powell & Parente, 1996; Beresford, 

Fitzsimons, Brennan & Cogan, 2001; Parente & Cogan, 2004). These are still used in some of 

the European dairies but are nowadays to great extent replaced by the commercial starters 

produced by big companies, which are mostly a mixture of different undefined strains, e.g. 

mixed-strain starters (Parente & Cogan, 2004).  

  Other microorganisms e.g. Propionibacterium freundreicii, Brevibacterium linens, 

Debaryomyces hansenii, Geotrichum candidum, Penicillium roqueforti, Penicillium camemberti 

do not have the acidification ability, but influence organoleptic and biochemical properties of 

cheese and belong to the group of secondary starters (Parente & Cogan, 2004).   

  It is very important to properly characterize the single strains before their utilization as 

starter cultures. The selection criteria are related to different metabolic activities, primarily 

acidification ability of the strains, resistance to bacteriophages, plasmid profiles, etc. Tab. 2 

outlines selection criteria for LAB cheese cultures.   

 

 Table 2. Screening criteria for LAB for cheese cultures. Adapted from: Parente & Cogan, 2004.  

Basic screening criteria Specific selected criteria Production criteria 

 

Acidification rate Acidification rate in the specific cheese-
making profiles 

Ease of production with high cell densities and 
activity 

Phage sensitivity Proteinase and peptidase activity Ease of concentration 

DNA and plasmid profiles Texture properties Stability during freezing and drying 

Species identification Strain interaction Storage stability 

Favour and off-flavour production 
in milk 

Sugar fermentation profile  

Antibiotic resistance Flavour screening in model cheese systems  
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2.3.1. NSLAB and adjunct cultures  

 

 Stated earlier, secondary microorganisms play a significant role during cheese ripening. 

Nonstarter Lactic Acid Bacteria (NSLAB) are still an uncontrolled factor in the modern cheese 

production industry and may cause positive, as well as negative effects in the cheese products 

(Crow, Curry & Hayes, 2001; Coolbear et al., 2008; Montel et al., 2014; Gobbetti, De Angelis, 

Di Cagno, Mancini & Fox, 2015).  

 Secondary microbiota is most extensively studied in Cheddar cheese represented by 

mesophilic lactobacilli and pediococci (Peterson & Marshall, 1990; Singh, Drake & 

Cadwallader, 2003; Hassan, Mona, Abd El Gawad & Enab, 2013). This group of bacteria is 

named Non Starter Lactic Acid Bacteria. Nonstarter lactobacilli are a widespread group among 

NSLAB species in most of the cheese varieties (Beresford, Fitzsimons, Brennan & Cogan, 2001; 

Beresford & Williams, 2004). Most commonly found representatives of this group are Lb.  

paracasei, Lb. plantarum, Lb. rhamnosus, Lb. casei and Lb. curvatus depending on type and age 

of the cheese (Williams & Banks, 1997; Fitzsimons, Cogan, Condon & Beresfrod, 2001; Settanni 

& Moschetti, 2010; Solieri, Bianchi & Giudici, 2012). Those lactobacilli belong to the group of 

facultative heterofermentative lactobacilli (FHL) (Kandler & Weis, 1986).  FHL were found in 

more than 50 cheese varieties (Østlie et al., 2016), while the most extensive studies have been 

conducted on Cheddar cheese (Singh, Drake & Cadwallader, 2003). 

 Although mesophilic lactobacilli are found in the raw milk and dairy environment, they 

are overgrown by acidifying microorganisms primarily Lactococcus spp. However, they are 

often present in cheese as a secondary microbiota. This is especially the case with the raw milk 

cheeses, but mesophilic lactobacilli are also found in cheeses manufactured using modern 

technologies and pasteurized milk. During cheese maturation the numbers of starter bacteria is 

decreasing from 109 to 107 cfu g-1, while nonstarter lactobacilli are present in low numbers, 102 

to 104 cfu g-1 at the beginning of the ripening process, but reaches levels of 106 to 108 cfu g-1 

after a few weeks of ripening (Shakeel Ur Rehman, Waldron & Fox, 2004; Gobbetti, De Angelis, 

Di Cagno, Mancini & Fox, 2015). 

 NSLAB in cheese have the ability to grow under highly selective conditions, under which 

the lactose is utilized by starter bacteria, the pH value is in the range from 4.9 to 5.3, temperature 

from 15 to 31 oC, moisture 50 %, salt content 4-6% and with low oxygen availability. NSLAB 
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are able to utilize other components as growth substrates besides the lactose such as lactate, 

citrate, glycerol, amino sugars, amino acids and other metabolites (Peterson & Marshall, 1990). 

They possess a wide spectrum of hydrolytic enzymes and have an efficient lipolysis and 

proteolysis (Khalid & Marth, 1990; Williams & Banks, 1997; Gobbetti, De Angelis, Di Cagno, 

Mancini & Fox, 2015).  

  Adjunct cultures are the selected strains of cheese related microorganisms that are added 

to the cheese milk to improve the development of the cheese sensory quality (El Soda, Madkor & 

Tong, 2000ab; Tarakci & Tuncturk, 2008). There are commercially available adjunct cultures on 

the market, designed for improving the quality of the full fat and low fat cheeses (Tarakci & 

Tuncturk, 2008). 

 Non-starter lactic acid bacteria, especially FHL, are used as adjuncts to contribute to the 

development of desirable cheese flavour by replacing the indigenous NSLAB microbiota, which 

results in more controlled cheese production (Fox, McSweeney & Lynch, 1998; Hynes, 

Bergamini, Suarez & Zalazar, 2003; Cogan et al., 2007; El Soda, Madkor & Tong, 2008). An 

important feature of FHL is their recorded peptidase activity, including their ability to hydrolyse 

bitter peptides along with the release of amino acids (Gagnaire, Thierry & Léonil, 2001; Chamba 

& Irlinguer, 2004). Catabolism of amino acids by FHL, which is strain dependent,  results in the 

synthesis of α-ketoglutarate, and through their production of various aroma compounds they may 

be very valuable as adjunct cultures (Rijnen, Courtin, Gripon & Yvon, 2000, Tanous et al., 2002; 

Chamba & Irlinger, 2004).  

 

2.3.2. LAB and their relation to the flavour development in cheese 

 

 When growing in milk, the major energy source for LAB is lactose, which is 

phosphorylated during its transport across the cytoplasmic membrane involving 

phosphoenolpyruvate phosphotransferase system (PEP-PTS), or is transported with the permease 

system without phosphorylation. Accumulated inside the cell, the phosphorylated lactose is 

hydrolysed to glucose and galactose-6-phospate (Walstra, Wouters & Geurts, 2006). This PEP-

PTS is characteristic for lactococci. Inside the cell the unphosphorylated lactose is hydrolysed to 

glucose, while galactose is being further phosphorylated to glucose-6-phosphate (Thompson, 

Brower & Farrell, 1987; Walstra, Wouters & Geurts, 2006, Høier et al., 2010).  
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Table 3. Lactate production by various LAB. Adapted from: Høier et al., 2010 

 
a2 moles of lactate if galactose is stoichiometrically secreted, and 4 moles of lactate if galactose is fully metabolized. 
b The stoichiometry of the fermentation products depends on the species and growth conditions.   
c Additional ATP and acetate are produced under aerobic conditions. 

 

  In lactococci, streptococci and group I Lb. spp., glucose-6-phosphate is further 

metabolized via Embden-Meyerhof (EM) pathway resulting in lactic acid synthesis characteristic 

for homo-fermentative lactic acid fermentation (Walstra, Wouters & Geurts, 2006; Høier et al., 

2010) (Tab. 3). In hetero-fermentative LAB, glucose is fermented via the phosphoketolase 

pathway where the end products besides lactic acid are CO2, ethanol or acetic acid. Acetic acid is 

produced under aerobic conditions from acetyl phosphate, together with extra ATP. This 

fermentation pattern can be found in Leuconostoc spp., and group II and III of Lb. spp. (Høier et 

al., 2010). Under aerobic conditions, in groups II and III of Lb. spp,. one extra molecule of ATP 

and one extra mole of acetate is produced. Since most of the lactose in cheese is lost with the 

whey, the contribution of lactate to the cheese flavour is actually its influence to the decrease of  

pH, reflecting to the growth of secondary flora and activity of ripening enzymes (McSweeney, 

2004). In Swiss-type cheeses, lactate is metabolized to propionate, acetate, H2O and CO2 by 

Propionibacterium freidenreichii spp. shermanii, causing the formation of the characteristic 

large eyes (McSweeney, 2004).  

         Pyruvate has a central role in synthesis of short chain components essential for the flavour 

formation in dairy products such as diacetyl, acetoin, acetaldehyde, acetate and ethanol (Cogan 

& Hill, 1993; Escamilla-Hurtado, Tomasini-Campocosio, Valde´s-Martı´nez & Soriano-Santos, 

1996; Henriksen & Nilsson, 2001; Syu, 2001; Melchiorsen et al., 2002).  

   

Organism Transport 

system 

Pathway Main fermentation products 

(Moles
 
per mole lactose 

fermented) 

Lactate 

isomer 

Lactococcus spp. PEP-PTS Homo-fermentative 4 lactate L 
Streptococcus spp. Permease Homo-fermentative 2 or 4 lactatea L 

Group I  Lactobacillus  spp. Permease Homo-fermentative 2 or 4 lactate D or LD 
Group II and  III 

Lbactobacillus  spp. 
Permease Hetero-fermentative Lactateb + ethanol + acetate+ 

2CO2
c 

D and/or 
L 

Leuconostoc spp. Permease Hetero-fermentative 2lactate + 2ethanol + 2CO2 D 
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  Many LABs have limited capacity of amino acids synthesis from inorganic nitrogen (Von 

Wright, & Axelsson, 2012). Dairy LAB are mainly able to utilize peptides and amino acids 

created through primary protein degradation by external proteins. In cheese making, a very 

important feature of LAB metabolism is their ability to degrade the protein fractions resulting in 

textural changes in the cheese during maturation and flavour development. The extracellular 

membrane serine proteinase in L. lactis spp. (lactocepin- PrtP), together with several intracellular 

peptidases, influences the hydrolysis of casein in cheese (Walstra, Wouters & Geurts, 2006; Liu 

et al., 2010). There are different classification types of lactocepins depending on their ability for 

hydrolysis of caseins (Visser, 1993; Exterkate, Alting & Bruinenberg, 1993; Broadbent et al., 

2006). Since lactocepin is plasmid encoded, the proteolytic activity is highly dependent on the 

presence of this plasmid or not (Høyer et al., 2010; Kok & Venema, 1988; Kunji et al., 1996; 

Siezen, 1999), unlike the proteinases of S. thermophilus, Lb. delbrueckii subsp. bulgaricus and 

Lb. helveticus that are chromosomally encoded (Gilbert et al. 1996; Pederson, Mileski, Weimer 

& Steele, 1999; Fernandez-Espla, Garault, Monnet & Rul, 2000). 

     When too much of the hydrophobic peptides are created via the activity of proteinases, 

bitterness can occur in cheese (Lemieux & Simard, 1991, Lortal & Chapot-Chartier, 2005). 

  As a result of proteolytic and peptidolytic activities numerous peptides and free amino 

acids are created in the cheese matrix (Christensen, Dudley, Pederson & Steele, 1999; Broadbent 

& Steele, 2007). These amino acids can be further catabolized by cheese microbiota, via 

different pathways, to different flavor compounds (Yvon & Rijnen, 2001).   

The first step of conversion of amino acids to α-keto acids is transamination. 

Aminotransferase activity of bacteria in cheese is leading to the oxidation of amino acids to keto 

acids (Ardö, 2001). The process of transamination requires the presence of α-ketoglutarate as 

amino acceptor and its amount might directly influence the reaction (Høier et al., 2010). 

 Created keto acids are further catabolized by α- keto acid decarboxylases to aldehydes or 

by hydroxyl acid dehydrogenases to hydroxy acids (Christensen, Dudley, Pederson & Steele, 

1999). In the latter phases aldehydes can be converted to alcohols or carboxylic acids by 

corresponding dehydrogenases.  

 NSLAB can contribute both to the development of the desired flavour but can also have 

some negative effects to taste and texture of the cheese (McSweeney et al., 1993; Fox, Mc 

Sweeney & Lynch, 1998; Thomas & Crow, 1983; Johnson, Nelson & Johnson, 1990; Taylor, 
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Keefe, Windham & Howell, 1982). Defects caused by the colonisation of cheese by NSLAB 

include abnormal flavour profiles, gas slits and lactate crystal formation (Crow et al., 2002; 

Gobbetti et al., 2015). On the other hand, NSLAB are essential for the development of the 

diversity and typical features of many cheese varieties (Coolbear et al., 2008; Montel et al., 

2014; Gobbetti et al., 2015). 

 Aromatic branched chain amino acids and methionine are the most important flavour 

compounds in cheeses. Their conversion can result in the synthesis of components such as 

phenyl ethanol, phenyl acetaldehyde, indole, skatole influencing the development of cheese 

flavour. Christensen, Dudley, Pederson & Steele (1999) and Gao, Oh & Steele (1997) have 

discovered that tryptophan metabolites in L. lactis spp. lactis are strain dependent meaning that 

the selection of starter bacteria can be a powerful tool for avoiding the creation of undesirable 

flavour.  

 In the present study (paper I), cheeses M and AM had the highest concentrations of 

volatile sulphur-containing compounds. Such compounds originate from methionine and include 

methanethiol, dimethyl sulphide and dimethyl trisulphide. (Urbach, 1995; Bruinenberg, Roo & 

Limsowtin,1997). It has been observed that non-industrial strains have a wider pool of amino-

acid converting enzymes (Smit, Smit & Engels, 2005). 

 The novel techniques, such as transcriptomics and proteomics, deepen the knowledge of 

the metabolic activities of LAB bacteria and can be used to predict the circumstances under 

which some of the metabolites are synthetized (Neves, Pool, Kok, Kuipers & Santos, 2005; 

Pfeiler & Klaenhammer, 2007).  

 

2.4. CHEESE AS A CARRIER 

 

The microbiome of the human gut represents a specific ecosystem, having complex 

metabolic activities that, to great extent, influence physiology and susceptibility to inflammation 

and diseases of every individual (Fujimura, Slusher, Cabana & Lynch, 2010; Brown, De Coffe, 

Molca & Gibson, 2012; Pfefferele & Renz, 2014). The composition of the microbial community 

in the human gut is highly variable, depending on age, dietary habits and the genetics of the 

specific individual (Lozupone, Stombaugh, Gordon, Jansson, & Knight, 2012; Cotillard et al., 

2013; Schloissnig et al., 2013).  
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Most of the human adult microbiota lives in the gut. Only in the human colon does 

microbial cell density exceed 1011 cells/g content, being equivalent to 1–2 kg of body weight 

(Walker, Duncan, Louis & Flint, 2014). It has been estimated that the human gut microbiome 

accounts for more than 5 million different genes (Human Microbiome Project Consortium, 

2012a). Over 1,000 different species colonize the human gut (Human Microbiome Project 

Consortium, 2012b). Most of these belong to the phyla of Firmicutes, Bacteroidetes and 

Actinobacteria, while Proteobacteria, Fusobacteria, Cyanobacteria and Verrucomicrobia are 

less present (Qin, Li & Raes, 2010). Remarkably, given this high inter-individual variability in 

the gut microbiota composition, a core gut microbiome, shared by healthy adults, has been 

identified, which suggests that it plays a role in the maintenance of health status (Turnbaugh & 

Gordon, 2009). This core microbiome is proven to have a  influence in polysaccharide digestion, 

immune system development, defense against infections, synthesis of vitamins, fat storage, 

angiogenesis regulation, and behavior development (Sekirov, Russell & Antunes, 2010; Qin, Li 

& Raes, 2010; Cryan & O’Mahony, 2011; Flint et al., 2012). Interestingly, genes encoded by the 

human core gut microbiome encode proteins required for host survival, but they are not present 

in the human genome, this finding led to the definition of the gut microbiome as “our forgotten 

organ” (O’Hara & Shanahan, 2006). 

 

Figure 7. Diagram showing the diversity of human microbiome 

Adapted from: Human microbiome project (2012a) 
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  Changes of the normal balance of the gut microbiota may result in the occurrence of 

changes in energy harvest from foods, numerous physiological disorders and diseases (Lozupone 

et al., 2012; Cotillard et al. 2013, Schloissnig et al. 2013).  

Resilience of the normal physiological status of the microbial population in the human 

GIT can be achieved via introduction of exogenous microorganisms (Lozupone et al., 2012; 

Cotillard et al. 2013).  

 

2.4.1. Improvement of the gut health via addition of a suitable microbiota 

 

Recent research is focusing on improvement of the gut health by maintaining the 

microbial balance in the GIT via addition of a suitable microbiota (Cotillard et al., 2013; Smid & 

Lacroix, 2013). Complex relations in the microbial ecosystem of the human gut emphasize the 

significance of the interactions between the host and the existing microbiome, as well as the 

interactions between the existing microbiome of the human gut and bacterial cells introduced via 

food carriers (Eckburg et al., 2005; Schloissnig et al., 2013). The main prerequisite for the 

efficient incorporation of the exogenous microorganisms into the existing microbiota is its 

survival and adaptation to diverse and severe GIT conditions. Food microorganisms most 

probably contribute to the maintenance and recovery of the balance in the gut microflora. 

Therefore, the consumption of fermented foods could support preservation of a healthy 

physiological state of the gut microbiota and the improvement of its resilience. Different 

fermented foods, especially fermented dairy products, may act as carriers, and may preserve the 

viability of the introduced bacteria, thus enabling them to survive the severe conditions in the 

GIT and potentially attain a synergism with the existing gut microbiota. It is well known that 

fermented dairy products in general are good carriers for living bacteria (Sharp, McMahon & 

Broadbent, 2008; Karimi, Mortazavian, Gomez & Da Cruz, 2011; Pitino et al., 2012). Cheese, in 

particular might be a good carrier of bacteria, as it has a firmer texture, higher pH, and a better 

buffer capacity in comparison to fermented milks and yogurts (da Cruz et al., 2009). In the 

research conducted by Sumeri et al. (2012) on 22 weeks old, open texture cheeses it was shown 

that cheese, due to its numerous beneficial properties, was a better choice for administration of 
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viable beneficial bacteria compared to fermented milk products. The results obtained in this 

research support these findings.  

To evaluate the survival of the cheese microbiota during human gastrointestinal digestion 

it is also necessary to have insight into the metabolic activities of these bacteria when exposed to 

factors in the cheese environment such as low pH, lack of available carbohydrates, low O2, low 

redox potential, low aw, and processes of proteolysis and/or lipolysis. Furthermore, the cheese 

bacteria need to be able to survive the hostile environment of the stomach during their passage 

through the gastro intestinal tract (Jacobsen et al., 1999). 

Therefore, in order to determine the contribution of food-related bacteria to the 

microbiota of the intestine, extensive studies should be undertaken, such as testing of their 

survival through the digestive tract (Ekmekcioglu, 2002). The food bacteria have primarily been 

exposed to in vitro tests for the purpose of testing their ability to survive the severe conditions of 

the digestive tract, exposure to acidic conditions and the activity of bile salts (Borchers et al.  

2009). 

Most of the dairy products found on the market having such potential are fermented milks 

and yogurts. These products contain large numbers of bacteria and may also be supplemented 

with strains having potential probiotic properties. Among LAB, the genus Lactobacillus has been 

the most studied for this type of applications, but also other lactic acid bacteria and bifidobacteria 

have been applied (Kimoto et al., 1999; Guarner et al., 2005; Mather, Langella, Corthier & 

Flores, 2005; Kimoto-Nira et al., 2007; Lee, 2007).  

In vitro digestion models are usually performed with commercial digestive enzymes of 

animal origin (Bordenave, Sannier, Ricart & Piot, 2000; Hernández-Ledesma, Quirós, Amigo & 

Recio, 2007; Kim et al., 2007; Schmelzer et al., 2007,Escudero, Sentandreu & Toldra, 2010). 

However, it has been proved that human digestive juices contain enzymes and cofactors that 

differ from purified animal enzymes and therefore are more reliable for application in ex vivo 

digestion models (Chiang, Sanchez-Chiang, Mills & Tang, 1976; Whitcomb & Lowe, 2007; 

Ulleberg et al., 2011).   

The survival rate of food bacteria when exposed to the severe conditions of the digestive 

tract is usually tested by in vitro tests (Borchers, Selmi, Meyers Keen & Gershwin, 2009). When 

bacteria are subjected to standard in vitro testing, the results of such tests usually indicate only 

their tolerance to the digestive conditions, without taking into account other stress factors that 
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also affect their survival in the GIT (Faye, Tamburello, Vegarud & Skeie, 2012). Therefore, 

recent experiments have shown that a more suitable option is to use digestion model systems that 

are potentially more valid when addressing survival of different bacteria in the human GIT, since 

in such models, bacteria are better exposed to the complex conditions in the upper part of the 

human digestive tract (Faye, Tamburello, Vegarud & Skeie, 2012; Sumeri et al., 2012; Adouar et 

al., 2016). 

In the present study (paper III) young and aged cheeses differing in fat content and 

supplemented with different culture combinations of starter and adjunct bacteria, were tested for 

survival of the cheese microbiota after exposure to an ex vivo model digestion. Human 

gastrointestinal enzymes were used in order to simulate realistic conditions in the GIT, since 

commercial non-human enzymes differ in various characteristics such as the content and types of 

amylases, lipases, bile salts, cell mucus, etc. (Ulleberg et al. 2011). Survival of lactobacilli 

during digestion was higher in the low fat cheeses (10% fat) when compared to full fat cheeses 

(28% fat). The low fat cheeses had higher moisture content, and thereby a higher aw value, most 

probably creating better conditions for bacterial growth and survival. The obtained results also 

suggest that the propionic acid bacteria (PAB) are less exposed to stress conditions in younger 

cheeses than in more aged cheeses.  

NSLAB increase during cheese maturation since these is only slightly inhibited by the 

conditions in cheese (Beresford, Fitzsimons, Brennan & Cogan, 2001; Banks & Williams 2004; 

Beresford & Williams 2004). Lactobacilli are able to survive for over 3 years in cheese at a 

storage temperature of 10°C (Beresford & Williams 2004), and are able to use other energy 

sources beside lactose (Martinovic et al., 2013). In the present research (paper III) a good 

survival of lactobacilli was observed during digestion in cheese ripened for 7 wk. However, as 

the stress conditions in the more aged cheeses were higher this most probably influenced the 

decrease in numbers of lactobacilli during ripening (70 wk cheeses. Revealed findings on the 

survival during digestion of Lb. paracasei INF 448 and Lb. paracasei INF 456 in 7 wk old 

cheese are in agreement with findings obtained for these same strains, when tested under similar 

conditions during ex vivo digestion of fermented milk (Faye, Tamburello, Vegarud, & Skeie, 

2012). The numbers of PAB used in the present research increased to around log 9 cfu g-1 cheese 

throughout the first 7 wk of maturation (Porcellato et al., 2013). In Swiss type cheese where PAB 

are used as adjunct cultures, high scalding temperatures of the curd do not impair the growth of 
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PAB and these can be found in high numbers ranging from 108 -109 cfu/g in the cheese a couple 

of weeks after cheese making (Beresford et al., 2001; Fröhlich-Wyder et al., 2002; Rossi et al., 

2000). PAB can also tolerate pH of the cheese between 5 to 6 and the salt concentration in the 

moisture phase lower than 5% (Walstra, Wouters & Geurts, 2006; Poonam et al., 2012). Other 

findings also confirm that PAB from commercially available calcium-enriched orange juice 

exposed to simulated gastric and small intestinal juice models have shown that they can survive 

severe conditions in the GIT (Huang & Adams, 2004; Soumalianen, Sigvart- Mattila, Mâttö & 

Tynkkynen, 2008).  

In the present study, facultative heterofermentative Lb. paracasei ssp. paracasei INF 448 

and Lb. paracasei ssp. paracasei INF 456 showed a good survival under acidic conditions during 

digestion, but with approx. 2-3 log higher bacteria numbers after digestion of cheese ripened for 

7 wk compared to 70 wk. It has been shown that heterofermentative lactobacilli show greater 

acid and salt tolerability than homofermentative lactobacilli (Charteris et al., 1998; Alander et 

al., 1999; Fox, McSweeney, Cogan, Guinee, 2004). In cheese, lactobacilli develop as large 

clusters of cells trapped in the cheese matrix (Paper III). In the present study, the 

microenvironment around such clusters regulates the metabolic activity and nutrient supply of 

the bacteria. It has been shown that the fat content influenced the survival during digestion of 

lactobacilli in 7 week old cheeses supplemented with Lb. rhamnosus GG and Lb. paracasei ssp. 

paracasei INF 448. Furthermore, within the 10 % fat cheeses the numbers of lactobacilli 

remained more stable during digestion, indicating that these could enter duodenum in substantial 

numbers. 

 This study demonstrated that cheese can function as a vehicle for delivery of a variety of 

food related microorganisms to the intestine and that the younger cheese was a better carrier 

matrix of the cheese bacteria. Besides the age of the cheese, the survival rate was influenced by 

the fat content of the cheese. Most of the lactobacilli and all the PAB survived well during 

digestion of the low-fat cheeses, but some less well in the full fat cheese. This study also showed 

the ability of cheese lactobacilli and PAB to survive the severe conditions of GIT.  
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES  

 

The dairy industry highly depends on the application of LAB. Their diversity and vast 

metabolic activities will be a constant source of new challenges for the science enlightening the 

different roads to be applied in cheese making. 

 Traditional cheeses, as a reservoir of new strains of LAB, are the pool for the future 

research and for preservation of cultural heritage of different nations. Montenegro, as a 

Mediterranean country has still unexplored potentials of “wild” microbiota that should be 

preserved and their possible applications in diary industry should be explored. Present 

research showed that indigenous strains isolated form artisanal Montenegrin products can 

find their applications as starter cultures in the dairy industry. In the future, the research 

in this area should be focused on comprehensive studies of the diversity of indigenous 

LAB from Montenegrin dairy products, their metabolic properties and preservation for 

their possible future applications in dairy industry. 

 

 Recent health concerns have revealed the need for decreasing the proportion of the full 

fat cheeses in the daily diet of the modern human. Having in mind that the flavor of the 

low fat cheeses is often considered as not as favorable as the one of the full fat cheeses, 

tis research attempted to explore the possibilities of applying different strains of NSALB 

during the production of low fat cheeses. It has been discovered that the diversity of 

NSALB is increasing during maturation, while at the same time the flavor of the cheese is 

positively influenced by their metabolic activities. The addition of SMP to the cheese 

milk, coupled with different combinations of adjunct cultures and innovations in cheese 

technology can further contribute to the development of low cheeses with improved 

flavor characteristics. The importance of the application of modern molecular- biology 

techniques can emphasize the reasoning of adjunct supplementation in these cheeses. 

 

 Cheese, due to its properties can act as a good protective matrix for the delivery of 

different beneficial microorganisms into GIT of humans. Present research showed that 

different strains and species have different ability to survive GIT conditions when added 
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to the cheeses with different fat content. Ex vivo digestion has shown to be a reliable and 

yet etic, technique for the simulation of the GIT conditions. Future research should focus 

on application of this model for studying survival rate of different LAB strains when 

added to the cheese during manufacture as it can have numerous beneficial effects not 

only for the dairy industry, but also to the field of medicine.  
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 2 

Abstract 25 

 26 

Most of the traditional dairy products of the South-Eastern Europe are produced from 27 

unpasteurized milk without addition of selected starter cultures. These artisanal food products 28 

contain an interesting biodiversity of indigenous microbiota. In Montenegro, one of the most 29 

popular traditional cheeses is Njeguši cheese, belonging to the group of semi-hard cheeses. Most 30 

of the cheeses are produced from ewe’s milk, but cow’s milk is also widely used. In Montenegro, 31 

there are no existing legal regulations defining the specificities of the production or the raw 32 

material used for the production of autochthonous food products, and therefore the producers 33 

make the decision about what type of milk they use for cheese production. One of the priorities of 34 

the food producers in Montenegro is to obtain a larger scale, standardized production of traditional 35 

food products, which are of good quality and considered safe for the consumers. Therefore, in this 36 

study, indigenous strains of lactic acid bacteria isolated from various Montenegrin artisanal dairy 37 

products were tested as starter cultures for the production of Njeguši cheese. Three isolates were 38 

selected and used as starter cultures in pilot plant experiments for the production of Njeguši 39 

cheese. When applying an adequate combination of added bacterial strains as starters, the flavour 40 

of Njeguši cheese, produced under pilot plant conditions, was comparable to that of the artisanal 41 

origin. 42 

 43 

Key words: Lactic acid bacteria, Njeguši cheese, traditional cheese production 44 

 45 

 46 

 47 
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1. Introduction 48 

Farmhouse fermented milk products are made using ancient technology developed in the 49 

country or region where this food is produced and can be considered as part of the country's 50 

cultural heritage. The natural community of lactic acid bacteria (LAB) isolated from farmhouse 51 

fermented milk products represents a reservoir for obtaining strains with specific features, which 52 

could be used as starter cultures in the dairy industry (Marilley and Casey 2004). Such strains may 53 

differ in many important properties, such as their rate and extent of acid production, sensitivity to 54 

bacteriophage infection, and ability to degrade casein. Montenegro is a small country, but due to 55 

its climate and geographical characteristics, it has a high diversity of traditional food products, 56 

including dairy products (Dozet et al. 1996). In the various regions of the country, different 57 

traditional dairy foods are produced (such as soft, semi-hard, and pasta filata cheeses, fermented 58 

milks, etc.), which are influenced by climate conditions and type of the livestock breed in the 59 

different areas (Mirecki 2012). 60 

One of the most appreciated and best known traditional Montenegrin cheeses is Njeguši 61 

cheese, dating back to the time of the Roman Empire when Montenegro was a part of Doclea, and 62 

the cheese was distributed to Rome under the name “Caseus Doclestes” (Markeš 1973). Its 63 

production was recorded later in the travelogue of Heinrich Stieglitz when describing the 64 

hospitality of the people from Njeguši as well as the extremely good taste of the cheese that he 65 

was served (Steiglitz 1841). 66 

Njeguši cheese belongs to the group of full fat semi-hard cheeses, produced originally 67 

from ewe's milk. Nowadays, the main raw material for its production is cow’s milk. The cheese 68 

microbiota originates from the raw milk and from the environment. The rind and the inner part of 69 

this cheese is yellowish. The cheese is rather compact and elastic and has a homogenous structure. 70 
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The taste is acidic with an aroma of lactic acid. In the production of Njeguši cheese, the cooled 71 

raw milk is filtered through a cheese cloth before heating to approximately 35 °C. After the 72 

addition of natural rennet, the cheese coagulum (formed after 30-60 minutes) is cut to the size of 73 

sweet corn kernels and the temperature is increased to 45 °C in order to achieve optimal whey 74 

separation from the curd particles. The curd is then transferred to wooden or metal moulds, and 75 

pressed for 24 hours with turning of the cheese after 12 h of pressing. The curd is pressed, using a 76 

wooden circular board and then a stone is put on top for extra weight. After pressing, the cheese is 77 

dry salted for two days. Salt is added 2-3 times per day. The cheese is ripened on wooden shelves 78 

in stone cellars, at approximately 16 °C and with 83-88 % relative humidity (RH) for 4 weeks. 79 

However, the ripening can be prolonged in order to obtain a more piquant taste, or the cheese can 80 

be stored in corn or olive oil. 81 

The methods of the cheese making are artisanal, and traditionally every phase of 82 

manufacture is done manually, contributing to a variable quality. In order to satisfy consumer 83 

demands the producer should provide a final product with consistent quality and an attractive 84 

flavour and microbial safety. The flavour of the cheese results from the presence of various 85 

components released through the enzymatic reactions caused by enzymes originating from the 86 

milk and rennet as well as from the metabolic activity of the microbiota of the cheese. 87 

The metabolic activity of LAB has always been of significance for the production and 88 

conservation of different products such as fermented milks, cheeses, meat, vegetables and wine. 89 

Today, the modern dairy industry aims to standardize the production process of fermented 90 

products to ensure a more uniform quality of the product and to ensure its microbiological safety. 91 

Therefore, active starter cultures of LAB are usually applied during the production process. Most 92 
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of the cultures available on the commercial market originate from natural isolates of LAB that 93 

have proven to contribute to high quality products. 94 

In order to achieve the successful application of LAB strains in industrial production, it is 95 

necessary to carry out accurate classification and identification, and also to determine biochemical 96 

reactions of these bacteria when used as industrial starter cultures (Cogan et al. 2007; Escamilla- 97 

Hurtado et al. 1996; Henriksen and Nilsson 2001). 98 

The objective of this study was the application of selected strains of LAB, isolated from 99 

indigenous dairy products of Montenegro, for the pilot plant production of Njeguši cheese. The 100 

strains were previously investigated for their biochemical characteristics (Martinovic et al. 2005, 101 

Martinovic et al. 2006) with the aim of assessing their potential for use as starter cultures in 102 

cheese production. Cheeses produced with different starter combinations were analysed over the 103 

initial ripening period of 21 days for the microbiological composition, chemical composition and 104 

volatile compounds. The possible application of the selected strains would most probably lead to a 105 

more controlled production of the Njeguši cheese, resulting in an improved and standardized 106 

quality. 107 

 108 

1. Materials and methods 109 

 110 

Origin of the strains and growth conditions 111 

Bacterial strains were previously isolated from indigenous dairy products of Montenegro, 112 

identified by 16S rDNA sequencing and discriminated using Pulsed Field Gel Electrophoresis 113 

(PFGE) (Martinovic et al. 2005). The strains were biochemical characterized to be used as starter 114 

cultures for a controlled pilot plant production of Njeguši cheese (Martinovic et al. 2006). Strains 115 
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were selected according to their acidification ability, their production of volatile compounds, 116 

organic acids and their carbohydrate degradation patterns (Martinovic et al. 2006). Three strains 117 

were selected for cheese making trials from a collection of 23 strains isolated from autochthonous 118 

fermented milk products of Montenegro. The three strains were: ABO57-1 and ABO19-3, 119 

identified as Lactococcus lactis ssp. lactis (marked as strains A and M respectively) and ABO19-2 120 

identified as Lactobacillus plantarum (marked as L strain)). In addition, a commercial DL-starter 121 

(CH-N 22, Christian Hansen, Hørsholm, Denmark) featured with high acidification activity 122 

(marked with C) was also used. The strains were kept in MRS medium, supplemented with 15 % 123 

glycerol (v/v) at -80 °C, sub-cultured three times in M17 broth (Merck, Darmstadt, Germany) for 124 

lactococci and MRS broth (Merck, Darmstadt, Germany) for Lactobacillus at 30 °C overnight. 125 

These starters were then inoculated to 100 mL of UHT milk (1.5 % fat) (TINE, Norway) and 126 

incubated at 30 °C for 24 hours before inoculation in the cheese milk. 127 

 128 

Cheese-making procedure  129 

The cheese-making procedure was designed as an imitation of the traditional production 130 

process, except that pasteurized milk was used with the inoculation of different combinations of 131 

the LAB strains as starters. Six different combinations of LAB strains were used in two repetitions 132 

of the cheese-making as shown in Tab.1. 133 

150 L of cheese milk was pasteurized (72 °C, 15 s) and cooled to 35 °C before transfer to 134 

stainless steel cheese vats. After starter addition, the milk was mixed for 5 minutes and 135 

supplemented with 15 mL (10 mL 100 L-1 milk) of rennet (Animal Rennet, Naturen, Chr. Hansen, 136 

Hørsholm, Denmark). The milk was left to coagulate for 30 min, and then the curd was cut. 137 

Following resting for 30 min, the curd was stirred for 45 min. 138 
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During the last 20 min of stirring, the temperature was increased to 36 °C. The curd 139 

(approximately 1.5 kg) was then pre-pressed for 15 min in a pre-pressing vat and then cut into 140 

cubes (15 x 15 cm), put into round stainless steel moulds and pressed for 24 h at 1.5 bar. 141 

The cheese was dry-salted (99,8 % fine salt, Akzo, Nobel, Amersfoort, Netherlands) on the 142 

first and second day after pressing. The cheeses were ripened at 18 °C at a relative humidity (RH) 143 

of 87 %. The cheese was turned twice a day for the first three days, and thereafter once a day. The 144 

cheeses were not covered with the plastic or waxed since the traditional procedure was followed. 145 

Cheese was analysed after 1, 7, 14 and 21 days of ripening. The cheeses are further denoted 146 

according to the starter strain used, i.e. cheese with starter strain A is cheese A. 147 

 148 

Microbiological analyses 149 

The presence of coliform bacteria was investigated in the cheese milk after 150 

pasteurization, after addition of starter cultures, in the drained whey, in the pre-pressed cheese 151 

and in one day old cheeses. Cheese samples (10 g) were added to 90 ml sterile 2% w⁄ v sodium 152 

citrate solution and homogenized for 2 min in an Omni mixer (Omni International, Waterbury, 153 

CT, USA). Serial dilutions in Ringer’s solution were plated on suitable media for enumeration 154 

of microorganisms. Coliform bacteria were enumerated on VRB agar (Merck, Germany) by 155 

plating the dilutions (10-1 to 10-3) of 1 day old cheeses and incubation at 37 °C for 24 h. Lactic 156 

acid bacteria were enumerated in 1, 7, 14 and 21 day-old cheeses by plating on M17 agar 157 

(Merck) for lactococci and incubating at 30 °C for 48 h and MRS agar (Merck) (De Man et al. 158 

1960) for lactobacilli incubated at 30 °C for 72 h. 159 

 160 

 161 
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Chemical analyses  162 

Samples for chemical analysis were taken from 1, 7, 14 and 21 day-old cheeses. 163 

Sampling was done according to IDF-standard 50C (1995). The dry matter (DM) (IDF standard 164 

4A 1982), pH (Skeie et al. 2001) fat (IDF standard 105 2008), protein (IDF Standard 20 A 1986) 165 

and salt (IDF standard 88A 1988) content were analyzed at each sampling time. 166 

Sugars and organic acids were analyzed using High Performance Liquid 167 

Chromatography (HPLC) according to the method used by Narvhus et al. (1998). Volatile 168 

compounds were determined by headspace gas chromatography (HSGC) according to the 169 

method described by Narvhus et al. (1998). As extraction rates for individual components from 170 

the cheese matrix have not been determined, quantification is presented as the integrated peak 171 

area g-1 cheese, which allows a semi-quantitative comparison between cheese samples. 172 

 173 

Sensory analyses of the cheeses  174 

Mature experimental cheeses were evaluated by four Norwegian cheese judges scoring 175 

six cheese attributes: appearance, colour, consistency, firmness, odour and flavour according to 176 

the method of Ritz et al., 1991. According to results obtained, cheeses were classified into 177 

different quality categories. 178 

 179 

Statistical analysis of the cheeses 180 

Significant differences (P<0.05) between treatment factor (starter culture) and age were 181 

found by using the Proc Mixed procedure with repeated measurements using SAS Enterprise 182 

Guide 4 (SAS Institute Inc., Cary, USA). Replicate block was treated as a random factor and a 183 

variance components covariance model was used when analyzing the data. Statistical analyses 184 
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were carried out on the gross composition data using SAS Enterprise Guide 4 (SAS Institute Inc., 185 

NC USA). A general linear model (GLM) was used to perform the analysis of variance (ANOVA) 186 

using the starter combinations and replicate blocks as experimental factors.  187 

Principal component analysis (PCA) and partial least squares regression (PLS2) were 188 

performed using UNSCRAMBLER 7.01 (Camo ASA, Oslo). The data sets were weighted by 189 

dividing each response variable by the standard deviation of that variable. Full cross validation 190 

was used for validating the data set. Samples shown to be outliers were removed from further 191 

analyses. 192 

 193 

2. Results  194 

 Microbial population in cheeses 195 

The number of lactococci in the cheeses ranged from 7.25 to 8.26 log cfu g-1 after 1 d of 196 

ripening (Fig. 1-a). Maximum numbers were detected in 14 day old cheeses. Maximum number 197 

of presumptive lactobacilli was recorded in 7 d old cheese (Fig. 1-b). The development of the 198 

number of lactobacilli in cheese A was significantly different from the development of the 199 

numbers recorded in cheeses C and AM.  In cheese AM the number of presumptive lactobacilli 200 

decreased rapidly after 14 d of ripening in comparison to other cheeses. The growth of coliform 201 

bacteria in cheese was slight or absent at all of the samplings points. 202 

 203 

          Chemical composition of cheese 204 

The development of pH and gross composition of the experimental cheeses during the 21 205 

d ripening period is shown in Tables 2 and 3. The DM, fat in dry matter (FDM) content and pH 206 

were not significantly influenced by the strain combinations used during cheese making, but 207 
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were significantly dependent on the ripening time (P<0.001). Average DM content at the 208 

beginning of ripening was 50.5 %, while at the end of ripening period it was 69.4 % (Tab. 2). 209 

The pH value ranged in average from 5.0 at the beginning of ripening to 4,7 at the end of 210 

ripening period (Tab. 2). The protein content (results not shown) increased uniformly from 211 

initial 17.2±0.64 % in the fresh cheese to 28.5±1.53 % at the end of the investigated ripening 212 

period (P<0.001). Soluble nitrogen (SN/TN; Tab. 3) in cheeses was not significantly influenced 213 

by starter type (P >0.05) but by age (P<0.001) and in average it increased from 3.7±1.73 at start 214 

to 7.8±1.02 at the end of ripening.   215 

The lactose concentration decreased from the 1st until the 7th day of ripening (P<0.001). 216 

The lactose concentration ranged from an average of 16.51mmol kg-1 at 1d of ripening to 4.6 217 

mmol kg-1- at the end of ripening period (Fig. 2a). The obtained results showed that starter 218 

combination had a significant influence on the galactose content in the studied cheeses 219 

(P<0.001) (Fig. 2b). Galactose started to decrease after 7 days of ripening in cheeses containing 220 

L. plantarum (cheeses AL and AML), whereas in cheeses made with only the lactococci starters 221 

(cheeses A and M) the concentration of galactose was relatively stable throughout ripening. The 222 

lowest galactose concentrations throughout ripening were recorded in cheese C (control with 223 

commercial DL starter) with 0.34 mmol kg-1kg after 7 days of maturation (Fig 2b). Glucose was 224 

not detected in any of the cheeses, irrespective of sampling time.  225 

Principal component analysis (PCA) (Fig 3) showed that the cheeses were clearly 226 

separated in groups according to the starter strain(s) used (Fig 3). The content of lactose, orotic 227 

acid, and α-ketoglutaric acid at the left and succinic acid at the right were responsible for the 228 

separation along PCA loadings plot (Fig 3) with the oldest cheeses placed to the right, but also 229 

with a separation due to the starter strain used with the young cheeses added Lb. plantarum (L) 230 
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more to the left (Fig 3). Along PC2, the content of formic acid in the upper part and DL-231 

pyroglutamic acid and galactose in the lower part were responsible for the separation along PC2 232 

and these compounds caused the separation of cheeses depending on the strain used in the cheese 233 

making (Fig 3). The separation revealed three different groupings: cheese C; cheeses M, AM, 234 

ALM; and cheese A and AL (marked with rings in the score plot, Fig. 3). Cheese (C) made with a 235 

commercial starter showed a clear separation from the other cheeses.  236 

The concentration of lactic acid increased (P<0.001) from the first to the seventh day of 237 

ripening in all of the cheeses (Fig. 4a). The development of formic acid was different in control 238 

cheese C when compared to the other cheeses (Fig. 4b), with the highest values at the beginning 239 

of ripening, a drop at 7 days and then again increase by the end of ripening period.  240 

The concentration of lactic acid increased (P<0.001) from the first to the seventh day of 241 

ripening in all of the cheeses (Fig. 4a). The development of formic acid was different in control 242 

cheese C when compared to the other cheeses (Fig. 4b), with the highest values at the beginning 243 

of ripening, a drop at 7 days and then again increase by the end of ripening period.  244 

An increase in the concentration of DL- pyroglutamic acid during the first 14 d of ripening 245 

was followed by a decrease in concentration in all of the cheeses (P<0.001), except cheese M. The 246 

concentration of the DL-pyroglutamic acid was significantly influenced by the type of starter used 247 

(P<0.001).  In cheeses with A starter (cheese A)) the concentration of DL-pyroglutamic acid was 248 

increasing by the end of the maturation period. In cheeses M and AML the highest concentration 249 

was recorded after 7 days of ripening, while in cheese C the highest concentration was found after 250 

14 days of ripening (Fig. 5a).  Succinic acid was significantly higher (P<0.001) in cheese C than 251 

in the other cheeses during the whole ripening period and increased during the experimental 252 

maturation period in all cheeses (Fig. 5b). 253 



 12 

Volatile compounds were analyzed at each sampling time and the distribution was 254 

evaluated by PCA. The PCA plot (Fig. 6) showed that PC1 explained the variance in the cheese 255 

samples due to age of the cheese by 31 % and it can be seen that cheese M at the beginning of the 256 

ripening period (dotted circle), had a higher concentration of methyl aldehydes and alcohols 257 

(P<0.01) compared to the other experimental cheeses. Cheese C and A ripened for more than 14 d 258 

grouped together based on the amounts of ethanol (Fig 6, dashed circle).  259 

 260 

Sensory analysis 261 

The results of the sensory analysis of the experimental cheeses are shown in Tab. 4. All 262 

of the cheeses were judged to be of good quality, based on criteria such as appearance, taste and 263 

flavour and texture. In the different cheeses, variations in aroma were noticed depending on 264 

starter cultures used. In cheeses M and AM, the typical Njeguši cheese aroma was recorded. 265 

This might be related to the higher concentrations of methyl aldehydes observed in these 266 

cheeses, also shown in the PCA plot (Fig. 6). 267 

The sensory properties of the cheeses changed in accordance with changes in aroma. 268 

Saltiness increased during ripening along with the achievement of a more intense piquant cheese 269 

taste. On the basis of the sensory analysis it was determined that cheeses M and AM had the 270 

characteristic taste and appearance of Njeguši cheese with favourable sensory characteristics, 271 

especially for cheese M. Cheese made using the commercial DL starter (cheese C) was 272 

characterized with a neutral taste, while cheese A was more acidic. 273 

 274 

 275 

 276 



 13 

3. Discussion 277 

The DM and FDM content increased, as expected, during ripening and reached high values 278 

that are in accordance with the findings of other authors for this indigenous hard cheese. The 279 

protein content was correlated with the increase in DM, but was higher after 21 d compared to the 280 

results from previous investigations of Njeguši cheese (Adžić et al. 1997; Dozet et al. 2004; 281 

Mirecki et al. 2015). Differences in the cheese making technique, in the relative humidity during 282 

ripening and thereby some differences in the DM of the cheeses might be the reason for this 283 

observation. The salt content in the ripened cheese was in the optimum range for this group of 284 

hard cheeses (Mirecki et al. 2015). 285 

In the cheeses to which Lb. plantarum was added, the numbers of presumptive lactobacilli 286 

remained relatively high throughout the investigated ripening time (> 6 log cfu g-1) The growth of 287 

presumptive lactobacilli in cheese C, A, M and AM might be a result of the development of 288 

NSLAB in the cheese.  289 

Degradation of lactose to lactate is essential for cheese production. Lactose is usually 290 

metabolised by the glycolytic pathway in the early stages of the cheese ripening, resulting in a 291 

decrease in pH. Most of the metabolism of lactose by LAB was recorded during the first 7 days of 292 

maturation, when the DM content was not that high, and the developments of lactic acid and 293 

SN/TN had the highest increase.  294 

A relatively high content of formic acid was found in cheeses added L. plantarum (L), 295 

cheeses M and AM as well as in control cheese (C) made with commercial starter indicating that 296 

the synthesis of formic acid is strain dependent. Most of the microbial metabolic activity was 297 

recorded during the first 7 days of maturation, when the DM content was not that high, during this 298 
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period the lactose content decreased, and the developments of lactic acid and SN/TN had the 299 

highest increase.  300 

The content of DL-pyroglutamic acid was influenced by the strain combination used for 301 

the cheese making, and developed differently in cheese with the A strain versus cheeses with the 302 

M strain. In cheeses made with A (Lc. lactis subsp lactis) strain the synthesis of DL-303 

pyroglutamic acid increased over the maturation period. DL-pyroglutamic acid in cheese is 304 

found as a free acid or bound to the N terminus of proteins and peptides (Lemieux and Simard 305 

1992; Mucchetti et al. 2000). Furthermore, it has been reported that it is formed by some LAB 306 

trough enzyme-mediated cyclisation of glutamic acid (Mucchetti et al. 2002; Sforza et al. 2009).  307 

The obtained results showed that in the young cheese samples containing Lb. plantarum, 308 

the concentration of α-ketoglutaric acid was significantly higher than in young cheeses without 309 

lactobacilli addition. It is known that some lactobacilli strains have glutamate dehydrogenase 310 

activity, therefore influencing the sensory attributes of the cheese (Williams et al. 2006).  311 

It has been observed that non-industrial strains of LAB may have a greater selection of 312 

amino-acid converting enzymes (Smit et al. 2005). Ayad et al. (2000) showed that lactococci 313 

isolated from natural niches were able to produce rather unusual flavour components and/or 314 

flavour profiles. A malty compound-producing strain of L. lactis ssp. lactic biovar. diacetylactis 315 

was for instance isolated by Narvhus et al. (1998) from Zimbabwean naturally fermented milk.  316 

Branched chain aldehydes originate from α-keto acids and 2- methyl propanal, 2-methyl 317 

butanal and 3-methyl butanal are formed from valine, isoleucine and leucine, respectively (Ardö 318 

2006). These amino acids metabolites are responsible for the occurrence of malty flavor in 319 

cheeses (Sheldon et.al. 1971), often associated with an undesirable flavor in dairy products 320 

(Morgan 1976; Ayad et al. 2000). Griffith and Hammond (1989), on the other hand, emphasize 321 

http://onlinelibrary.wiley.com/doi/10.1111/1471-0307.12236/full#idt12236-bib-0020
http://onlinelibrary.wiley.com/doi/10.1111/1471-0307.12236/full#idt12236-bib-0024
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that malty aroma associated with aldehydes, originating from the branched-chain amino acids 322 

valine, leucine and isoleucine, could,in lower concentrations, contribute to a pleasant taste in 323 

cheese. This is confirmed in other research where these compounds are recognized as key flavor 324 

components in some indigenous cheeses (Bosset and Gauch 1993) and are produced by 325 

indigenousstrains of LAB (Mauriello et al. 2001; Weerkamp et al. 1996; Ayad et al. 1999). 326 

Banks et al. (2001) also reported that the aroma of Cheddar cheese could be improved trough 327 

intensified production of the branched-chain amino acids. 3-methyl butanal and 2-methyl 328 

butanal are for instance identified as flavour compounds in Cheddar and Emmental cheeses 329 

(Curioni and Bosset, 2002). Furthermore, 2- and 3-methyl aldehydes are a major part of the 330 

volatile fraction of several cheeses such as Cheddar, Camembert, Emmental, and Parmesan 331 

(Barbieri et al. 1994; Yvon and Rijnen 2001; Thierry and Maillard 2002). When balanced with 332 

other volatiles it is assumed that they contribute to the overall desirable cheese flavor. In this 333 

research, the highest concentration of 2- and 3-methyl aldehyde was found in younger cheeses. 334 

Strain M (Lc. lactis ssp. lactis) has been identified to synthetize these compounds to greater 335 

extent when compared to the other strains used in this research (Martinovic et al. 2006). The 336 

malty flavor could actually be sensed even during cheese making in the batches added strain M.  337 

This strain was initially isolated from Njeguši cheese, and sensory analysis in this research 338 

showed that cheese M have had the properties most similar to indigenous Njeguši cheese. In the 339 

research performed by Ayad et al. (2001), formation of the malty aroma compounds 3-340 

methylbutanal, 2-methylbutanal and 2-methylpropanal has been achieved in milk cultures by 341 

combining two lactococci strains, one producing free amino acids and the other degrading 342 

leucine and this may also affect the flavor of cheese made with these strains. 343 
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Aldehydes can be reduced to primary alcohols or even further oxidized to acids (Ardö 344 

2006). Strain M was able to synthesise the branched-chain alcohols 2-methyl-1-propanol, 3-345 

methyl-1-butanol and 2-methyl 1-butanol (Martinovic et al., 2006), which was also detected in 346 

cheeses where this strain was used as starter (cheeses M and AM). These compounds may 347 

contribute to a positive flavour of cheese (Ayad et al. 2000). The obtained results showed that 348 

methyl-ketone synthesis might be correlated with the synthesis of methyl-alcohols as they were 349 

identified in the same cheeses. In addition, the PCA plot of the volatile compounds of the 350 

experimental cheeses showed that they were correlated.  351 

 352 

Conclusion 353 

The diverse pool of indigenous strains should be preserved with the aim of their possible 354 

application in the dairy industry. The metabolic activity of the microbiota isolated from 355 

traditional cheeses should therefore be explored 356 

This research attempted to make a foundation for controlled production of Njeguši 357 

cheese, using some of the previously identified indigenous strains of LAB as starter cultures. 358 

The obtained results indicate that the indigenous strain M belonging to the Lc. lactis ssp. lactis 359 

is a promising candidate to be used as a starter culture for industrial production of Njeguši 360 

cheese in Montenegro. 361 

 362 

 363 

 364 

 365 

 366 
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Table 1. Starter combinations used for the cheese making experiment. 490 

Cheese Starter combinations  Inoculation (%) 

C DL- starter (CH-N 22, Christian Hansen) 0,5 

M Lactococcus lactis ssp. lactis (ABO19-3) 0,5 

A Lactococcus lactis ssp. lactis (ABO57-1) 0,5 

AM Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) 0,25 each 

AL Lactococcus lactis ssp. lactis (ABO57-1)  and 

Lactobacillus plantarum (ABO19-2) (L) 

0,41 of A and 

0,01 of L  

AML Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) and

Lactobacillus plantarum (ABO19-2) 

0,24 of A, 

0,24 of M and 

0,02 of L 

 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 
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Table 2. Development of pH, dry matter (DM) and fat in dry matter (FDM) (presented as mean values and SD) during ripening of 505 
experimental cheeses. All responses was significantly different by age (p<0.001), whereas no significant differences were found by 506 
culture (p>0.05). 507 

 508 
Culture*                          pH DM (%)  FDM  

 1d 7d 14d 21d 1d 7d 14d 21d 1d 7d 14d 21d 

C 4.9±0.01 
 

 

4.7±0.01 4.8±0.18 4.7±0.00 51.0± 0.38 
 

61.2±1.27 68.0±0.40 
 

70.4±1.21 53.0±0.19 51.1±2.17 50.9±0.58 54.4±1.99 

M 

 

5.0±0.05 
 

4.7±0.16 4.8±0.20 4.7±0.01 
 

51.0±0.92 60.5±1.02 66.2±1.14 70.2±0.41 52.3±1.12 
 

53.4±1.86 49.9±1.01 52.7±0.26 

M 4.9±0.02 4.7±0.06 4.7±0.11 4.5±0.20 50.0±0.62 58.9±2.91 65.0±0.30 69.6±0.72 54.3±0.69 51.8±1.30 50.6±0.02 54.5±2.81 

A 5.0±0.06 
 

4.8±0.11 4.8±0.06 4.8±0.13 52.2±0.78 
 

60.7±0.23 66.4±0.17 68.7±2.76 53.8±1.17 
 

53.2±3.30 50.9±0.01 53.7±0.63 

AL 5.0±0.06 4.9±0.23 4.7±0.09 4.7±0.14 47.9±1.02 
 

61.4±0.46 67.1±0.51 69.8±0.66 56.3±1.06 
 

52.9±1.41 51.2±0.85 53.0±0.04 

AML 4.9±0.04 
 

4.7±0.08 4.7±0.09 4.6±0.04 50.7±  0.71 
 

59.9±0.37 65.8±2.40 68.2±3.69 50.3±5.47 
 

55.1±0.91 50.6±0.14 53.0±2.89 

*C- DL- starter (CH-N 22, Christian Hansen) 509 
M- Lactococcus lactis ssp. lactis (ABO19-3) 510 
A-Lactococcus lactis ssp. lactis (ABO57-1) 511 
AM-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) 512 
AL-Lactococcus lactis ssp. lactis (ABO57-1) and Lactobacillus plantarum (ABO19-2) (L) 513 
AML-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) and Lactobacillus plantarum (ABO19-2)514 
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 515 
Table 3. Development of salt and soluble nitrogen/total nitrogen content (SN/TN) (presented as 516 
mean values and SD) during ripening of experimental cheeses.  517 

 518 
    

Culture* Salt (%) SN/TN 

 1d 7d 14d 21d 1d 7d 14d 21d 

C 0.1±0.05 
 

 

3.0±0.59 3.5±0.91 4.0±0.48 2.8±0.75 3.6±2.43 7.6±0.05 7.7±0.56 

M 0.1±0.02 
 

1.9±1.36 2.6±2.15 2.4±1.46 4.3±1.70 
 

9.5±0.40 6.7±0.88 8.3±1.16 

AM 0.1±0.02 
 

2.1±0.64 2.3±1.05 3.2±1.50 4.0±2.33 5.0±4.01 7.8±0.49 9.6±1.48 

A 0.1±0.01 
 

1.8±0.57 3.0±1.76 2.7±1.07 3.9±2.44 
 

7.4±0.20 7.0±1.45 7.2±1.08 

AL 0.0±0.03 2.3±2.36 3.1±1.57 3.3±1.27 4.8±3.09 
 

6.7±0.08 8.1±1.19 7.8±1.68 

AML 0.0±0.01 
 

2.7±1.86 3.6±0.70 3.9±0.59 2.9±0.07 
 

6.0±2.40 6.8±0.58 6.3±0.16 

*C- DL- starter (CH-N 22, Christian Hansen) 519 
M- Lactococcus lactis ssp. lactis (ABO19-3) 520 
A-Lactococcus lactis ssp. lactis (ABO57-1) 521 
AM-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) 522 
AL-Lactococcus lactis ssp. lactis (ABO57-1) and Lactobacillus plantarum (ABO19-2) (L) 523 
AML-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) and Lactobacillus plantarum (ABO19-2)524 
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 525 
Table 4. Sensory evaluation of the studied cheeses 526 
 527 
Quality category Scores Cheese* 

Excellent 18.2 - 19.6 A, M 
Good 15.5 -17.1 AM, AML 
Mediocre 13.5 -14.5 AL 
Acceptable 11.2 - 13.1 C 
Not acceptable < 11.2 - 
*C- DL- starter (CH-N 22, Christian Hansen) 528 
M- Lactococcus lactis ssp. lactis (ABO19-3) 529 
A-Lactococcus lactis ssp. lactis (ABO57-1) 530 
AM-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) 531 
AL-Lactococcus lactis ssp. lactis (ABO57-1) and Lactobacillus plantarum (ABO19-2) (L) 532 
AML-Lactococcus lactis ssp. lactis (ABO57-1 and ABO19-3) and Lactobacillus plantarum (ABO19-2)533 
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 534 
LEGENDS TO FIGURES 535 

 536 

Fig. 1. Numbers of Lactococci (a) and Lactobacilli (b) during 21 day ripening of 537 

experimental cheeses with different strain combinations: cheese C  (DL culture CH-N 22) (○), 538 

cheese M  (strain M- Lactococcus lactis ssp. lactis) (□), cheese AM  (strains A and M- 539 

Lactococcus lactis ssp. lactis) (■), cheese A (strain A- Lactococcus lactis ssp. lactis) (Δ), 540 

cheese AL  ( strains A- Lactococcus lactis ssp. lactis and L- Lactobacillus plantarum) (▲), 541 

cheese AML (strains A and M- Lactococcus lactis ssp. lactis and strain L- Lactobacillus 542 

plantarum) (♦).   543 

Fig. 2. Development of lactose (a) and galactose (b) during ripening of experimental 544 

cheeses with different strain combinations: cheese C  (DL culture CH-N 22) (○), cheese M  545 

(strain M- Lactococcus lactis ssp. lactis) (□), cheese AM  (strains A and M- Lactococcus lactis 546 

ssp. lactis) (■), cheese A (strain A- Lactococcus lactis ssp. lactis) (Δ), cheese AL  ( strains A- 547 

Lactococcus lactis ssp. lactis and L- Lactobacillus plantarum) (▲), cheese AML (strains A and 548 

M- Lactococcus lactis ssp. lactis and strain L- Lactobacillus plantarum) (♦).   549 

Fig. 3. Principal component analysis (PCA) with loadings (a) and scores (b) of the 550 

sugars and organic acids in the studied cheeses. Thirty-one percent and sixteen percent of the 551 

variation was explained by the first two components. Each sample is marked accordingly: 552 

culture (C, M, A, AM, AL and AML), sampling day (1, 7, 14 and 21) and replicate (a, b). 553 

Cultures: cheese C (DL culture CH-N 22), cheese M (strain M- Lactococcus lactis ssp. lactis), 554 
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cheese AM (strains A and M- Lactococcus lactis ssp. lactis), cheese A (strain A- Lactococcus 555 

lactis ssp. lactis), cheese AL (strains A- Lactococcus lactis ssp. lactis and L- Lactobacillus 556 

plantarum), cheese AML (strains A and M- Lactococcus lactis ssp. lactis and strain L- 557 

Lactobacillus plantarum). The solid circle marks the control cheeses, the dotted circle the 558 

cheeses with culture M and the circle with dashed lines the cheese with culture A.  559 

 560 

Fig. 4. Development of lactic acid (a) and formic acid (b) in experimental cheeses during 561 

ripening: Cheese C  (DL culture CH-N 22) (○), cheese M  (strain M- Lactococcus lactis ssp. 562 

lactis) (□), cheese AM  (strains A and M- Lactococcus lactis ssp. lactis) (■), cheese A (strain 563 

A- Lactococcus lactis ssp. lactis) (Δ), cheese AL  (strains A- Lactococcus lactis ssp. lactis and 564 

L- Lactobacillus plantarum) (▲), cheese AML (strains A and M- Lactococcus lactis ssp. lactis 565 

and strain L- Lactobacillus plantarum) (♦).   566 

Fig. 5. Development of DL-pyroglutamic acid (a) and succinic acid (b) in experimental 567 

cheeses during ripening: Cheese C (DL culture CH-N 22) (○), cheese M (strain M- Lactococcus 568 

lactis ssp. lactis) (□), cheese AM  (strains A and M- Lactococcus lactis ssp. lactis) (■), cheese 569 

A (strain A- Lactococcus lactis ssp. lactis) (Δ), cheese AL  (strains A- Lactococcus lactis ssp. 570 

lactis and L- Lactobacillus plantarum) (▲), cheese AML (strains A and M- Lactococcus lactis 571 

ssp. lactis and strain L- Lactobacillus plantarum) (♦).   572 

.   573 

 574 
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Fig. 6. Principal component analysis (PCA) with loadings (a) and scores (b) of the 575 

volatiles components in experimental cheeses. Each sample is marked accordingly: culture (C, 576 

M, A, AM, AL and AML), sampling day (1, 7, 14 and 21) and replicate (a, b).  Samples 577 

marking: cheese C (DL culture CH-N 22), cheese M (strain M- Lactococcus lactis ssp. lactis), 578 

cheese AM (strains A and M- Lactococcus lactis ssp. lactis), cheese A (strain A- Lactococcus 579 

lactis ssp. lactis), cheese AL (strains A- Lactococcus lactis ssp. lactis and L- Lactobacillus 580 

plantarum), cheese AML (strains A and M- Lactococcus lactis ssp. lactis and strain L- 581 

Lactobacillus plantarum).  The solid circle marks the control cheeses; the dotted circle the 1 day 582 

old samples and the circle with dashed lines the ripened cheeses (age 14 and 21 days of 583 

ripening).  584 

 585 

 586 

 587 
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Figure 2.  
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Figure 5.  

 

  

 

 

 

 

 

 

 

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

0.26

0.28

0.30

1 7 14 21

D
L 

P
y

ro
g

lu
ta

m
ic

 a
ci

d
 (

m
m

o
l/

k
g

)

Maturing time (days)

C

M

AM

A

AL

AML

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

1 7 14 21

S
u

cc
in

ic
 a

ci
d

 (
m

m
o

l/
k

g
)

Ripening time (days)

C

M

A

AM

AL

AML

a 
b 



 

 

Figure 6.  

 

 



 

 

 

Paper II 



Growth of adjunct Lactobacillus casei in Cheddar cheese differing in
milk fat globule membrane components

Aleksandra Martinovic a, Kim Marius Moe a, Ehab Romeih c, Bashir Aideh b,
Finn K. Vogensen b, Hilde Østlie a, Siv Skeie a,*

aNorwegian University of Life Sciences, Department of Chemistry, Biotechnology and Food Science, P.O. Box 5003, N-1432 Aas, Norway
bUniversity of Copenhagen, Faculty of Sciences, Department of Food Science, Rolighedsvej 30, DK-1958 Frederiksberg C, Denmark
cCairo University, Faculty of Agriculture, Department of Dairy Science, Giza 12613, Egypt

a r t i c l e i n f o

Article history:

Received 27 January 2012

Received in revised form

16 February 2013

Accepted 23 February 2013

a b s t r a c t

The effect of two adjunct Lactobacillus casei strains on the lactobacilli population of low-fat Cheddar

cheese is described. The adjuncts, added at a low initial number, differed in their ability to utilise

components of the milk fat globule membrane (MFGM); these were controlled by addition of butter milk

powder or skim milk powder. The most diverse microbial composition was revealed at the start of cheese

ripening and became more uniform in the later stages. The microorganisms present at the start influ-

enced the lactobacilli population during ripening, but the adjuncts did not dominate the microflora in the

cheese. A higher content of MFGM components in the cheese seemed to influence the lactobacilli

population and the composition of free amino acids during ripening. The low initial numbers of lacto-

bacilli resulted in comparatively large distances of separation between these cells in fresh cheese;

electron micrographs of ripened cheese showed large clusters of clearly elongated lactobacilli.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Non-starter lactic acid bacteria (NSLAB) in cheese originate from

raw milk or from the production plant environment (Beresford,

Fitzsimons, Brennan, & Cogan, 2001; Cogan et al., 2007). The pop-

ulation of NSLAB isolated from Cheddar cheese made from pas-

teurised milk is dominated by Lactobacillus casei/paracasei

(Beresford et al., 2001; Fox, McSweeney, & Lynch, 1998). Certain

NSLAB, especially mesophilic facultative heterofermentative lac-

tobacilli, are used as adjuncts to contribute to the development of

desirable cheese flavour by replacing the indigenous NSLAB

microflora, which results in more controlled cheese production

(Cogan et al., 2007; El Soda, Madkor, & Tong, 2008; Fox et al., 1998;

Hynes, Bergamini, Suarez, & Zalazar, 2003). The growth substrates

for the NSLAB microflora in cheese are not fully known, but it has

been hypothesised that mesophilic lactobacilli are able to utilise, in

addition to residual carbohydrates, citrate and amino acids, the

components of degraded cell walls and RNA from lysed cells, as well

as the monosaccharide moieties of the glycoconjugates in the milk

fat globule membrane (MFGM; Adamberg et al., 2005; Fox et al.,

1998; Laloy, Vuillemard, El Soda, & Simard, 1996; Moe, Faye,

Abrahamsen, Østlie, & Skeie, 2012; Østlie, Vegarud, & Langsrud,

1995; Williams & Banks, 1997).

Numerous studies have been carried out to improve the overall

quality of low-fat cheese (Collins, McSweeney, & Wilkinson, 2003;

Kilcawley et al., 2007; Liu, Xu, & Guo, 2008) that, generally, is

inferior compared with the full-fat alternative. It has been shown

that homofermentative and facultative heterofermentative lacto-

bacilli may contribute to the development of desirable flavour in

reduced-fat Cheddar cheese due to their metabolic activities

(Beresford et al., 2001; El Soda, Madkor, & Tong, 2000; Fox et al.,

1996, 1998; Lynch, Muir, Banks, McSweeney, & Fox, 1999). In low-

fat cheese, it has been assumed that the NSLAB microflora de-

velops differently from the microflora of full-fat cheeses (Laloy

et al., 1996). Low-fat cheese has a lower content of MFGM, which

is a possible energy source for NSLAB. Addition of buttermilk, which

is rich in MFGM components (Morin, Pouliot, & Britten, 2008), to

low-fat cheese may increase the content of possible energy sources

for the cheese microflora. We have recently shown that some lac-

tobacilli adjuncts isolated from cheese are able to grow and survive

for an extended period in a mediumwith MFGM isolate as the only

added carbohydrate source (Moe et al., 2012). The MFGM is mainly

composed of phospholipids, sphingolipids, glycoproteins and other

minor compounds (Morin et al., 2008).

Most of the experimental cheeses made with adjuncts use in-

oculations of greater than log 4 cfu mL�1 (Broadbent, Houck,
* Corresponding author. Tel.: þ47 64 96 58 44.
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Johnson, & Oberg, 2003; Lynch, McSweeney, Fox, Cogan, & Drinan,

1996; Puchades, Lemieux, & Simard,1989; Skeie et al., 2008a; Skeie,

Kieronczyk, Næs, & Østlie, 2008b) to suppress or reduce the growth

of the indigenous NSLAB flora and affect the cheese microflora.

However, if the adjunct is added at a level mimicking the number of

NSLAB usually found in cheese milk (1e2 log cfu mL�1), a dynamic

growth situation will presumably develop with the indigenous

NSLAB flora. To our knowledge, experiments utilising low inocu-

lation levels of adjunct Lb. casei/paracasei strains have not been

published.

To assess the diversity of the microbial population in cheese,

molecular based 16S rRNA sequencing has been used for classifi-

cation at the species level (Berthier & Ehrlich, 1998; Coeuret,

Dubernet, Bernardieau, Gueguen, & Vernoux, 2003). In addition,

polymerase chain reaction (PCR) amplification of repetitive bacte-

rial DNA elements (rep-PCR) has been proven to be a reliable

technique for typing of different bacteria at the strain level, and has

been applied for studying LAB communities of different food

products, including cheese (Ben Amor, Vaughan & De Vos, 2007;

Berthier, Beuvier, Dasen, & Grappin, 2001; De Urraza, Gomez-

Zavaglia, Lozano, Romanowski, & Antoni, 2000; Singh, Pawas,

Singh, & Heller, 2009).

The objective of this study was to investigate the development

and dynamics of the lactobacilli population during ripening of low-

fat Cheddar cheese differing in the content of MFGM components,

andwith a low initial number of adjunct Lb. casei strains differing in

their ability to utilise MFGM components added to the cheese milk.

2. Materials and methods

2.1. Experimental design

Low-fat Cheddar cheese was made with two experimental fac-

tors in three replicate blocks (cheesemaking days: A, B and C).

Factor 1: MFGM composition, was achieved by adding either butter

milk powder (BMP) or skim milk powder (SMP) to the cheese milk.

In cheese milk with SMP addition, creamwas added to standardise

the fat and protein content to be comparable with that of the BMP

cheese milk. Factor 2: adjunct, was achieved using two adjunct

cultures, Lb. casei INF 448 and Lb. casei INF 456, (INF, culture

collection of Department of Chemistry, Biotechnology and Food

Science, University of Life Sciences, Aas, Norway) that differed in

their ability to utilise MFGM components (Moe et al., 2012); both

were added at a level of log 2 cfu mL�1.

Lb. casei INF 448 and Lb. casei INF 456 were previously described

as Lb. paracasei INF 448 and Lb. paracasei INF 456 (Moe et al., 2012;

Østlie, Eliassen, Florvaag, & Skeie, 2004; Skeie et al., 2008b) ac-

cording to species specific PCR-identification. The reclassification is

based on the observation that the type strain Lb. casei ATCC

(American Type Culture Collection) 393T is most probably a

contamination and not the original Orla-Jensen strain #7 as claimed

by the ATCC (Larsen, Aideh, Kilstrup, Michelsen, & Vogensen, 2008).

The different vats were denoted: SMP (cheese milk with SMP,

cream and without adjunct), BMP (cheese milk with BMP and

without adjunct), SMP þ 448 (cheese milk with SMP, cream and

adjunct Lb. casei INF 448), BMP þ 448 (cheese milk with BMP and

adjunct Lb. casei INF 448), SMPþ 456 (cheesemilk with SMP, cream

and adjunct Lb. casei INF 456) and BMP þ 456 (cheese milk with

BMP and adjunct Lb. casei INF 456).

Analysis of variance (ANOVA) was carried out with SAS software

(SAS Institute Inc., Cary, NC, USA) using a general linear model

(GLM) procedure with replicate block, MFGM components and

adjuncts as classification variables at each ripening step. Differ-

ences between the means of the experimental factors were found

by Tukey’s honest significant difference (HSD) test for pair-wise

comparison of the means.

2.2. Production of skim milk powder and butter milk powder

The SMP and BMPwere produced from900 L of wholemilk from

the university farm at the Norwegian University of Life Sciences, as

described byRomeih,Moe, and Skeie (2012). The BMPhad 96.6% dry

matter (DM) and 9.8% fat; the SMP had 97.1% DM and 2.26% fat.

According to Morin et al. (2008), the phospholipid content is 8.5

times higher in sweet pasteurised buttermilk than in skimmedmilk.

2.3. Cheese milk

Raw milk was obtained from a local farm in Cork, Ireland, and

was separated (45 �C) and standardised to 0.5% fat using a table top

milk separator (Clair, Milky; Althofen, Austria), before pasteurisa-

tion (72 �C,15 s). The six cheesemaking vats, containing 20 L of milk

each, were mixed and supplemented with different amounts of

BMP, SMP and cream according to the procedure described by

Romeih et al. (2012). The vats of cheese milk were stored at 4 �C for

17 h to ensure that the proteins of the powders were fully hydrated

before further cheesemaking.

2.4. Cheesemaking procedures

The cheese milk was heated to 30 �C, and 1% single strain starter

culture (Lactococcus lactis subsp. lactis ML-8), cultured for 24 h in

200 mL reconstituted skim milk (10%, w/v); was added to each of

the vats. The adjunct cultures, grown in DeMan, Rogosa and Sharpe

(MRS) broth at 30 �C for 24 h and further diluted in Ringer’s solu-

tion, were added 15 min after the addition of the starter culture. To

the treatment vats with adjunct, 10 mL of the adjunct culture was

added to achieve log 2 cfu mL�1 of adjuncts in the cheese milk.

Cheddar cheese was made as described by Romeih et al. (2012).

2.5. Cheese analyses

Cheese sampling was carried out as described in IDF (1995)

standard 50c after 24 h (time 0) and after 2, 4, 6, 10 and 24 weeks

of ripening. Microbial counts (Skeie, Lindberg, & Narvhus, 2001), pH

(Skeie et al., 2001) and dry matter (IDF, 1982) were measured

immediately after sampling. Presumptive lactococci were enumer-

ated on M17 agar (Oxoid, Basingstoke, Hampshire, England) after

aerobic incubation at 30 �C for 2 days and presumptive lactobacilli

onRogosa agar (Oxoid) after anaerobic incubation at 30 �C for 4days.

Volatile compounds were determined by headspace gas chro-

matography (HSGC) according to the method of Narvhus, Østeraas,

Mutukumira, and Abrahamsen (1998) with modifications as

described by Skeie et al. (2008b). As extraction rates for individual

components from the cheese matrix have not been determined,

quantification is presented as the peak area g�1 cheese, which is

comparable among the present cheese samples.

Amino acids were analysed using HPLC with o-phthaldialde-

hyde (OPA) and fluorenylmethyl chloroformate (FMOC) derivati-

sation according to a modified method previously described by

Bütikofer and Ardö (1999). To 1.5 g of cheese 15.0 mL of 0.1 M HCl

was added. The 0.1 M HCL contained 0.4 mmol mL�1 of L-norvalin

(Sigma, St. Louis, MO, USA) and 0.4 mmol mL�1 of piperidine-4-

carboxylic acid (PICA; Fluka, St. Louis, MO, USA) as internal stan-

dards. The sample was homogenised by an Ultra-Turrax (Pro Sci-

entific Inc, Monroe, CT, USA) for 5 min at 20,000 rpm, sonicated for

30 min (Branson, Soest, The Netherlands), centrifuged (40 min,

4 �C,w3000� g; Beckman J2-MC, GMI Inc., MN, USA) and 1.0 mL of

the supernatant was added to 1.0 mL of 4% trichloracetic acid
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(Merck, Darmstadt, Germany) before mixing on a Vortex-Genie 2

(Aldrich, St. Louis, MO, USA) and placed on ice for 30 min before

further analysis. After centrifugation (5 min, 5 �C, w11,148 � g;

Eppendorf 5415 D, Hamburg, Germany), the samples were filtered

with a 0.2 mmMFS-13mm CA filter (Advantec, Dublin, CA, USA) and

analysed directly or stored in the freezer (�20 �C) until analysis.

The separation of the amino acids was carried out using a Perkin

Elmer series 410 pump (Perkin Elmer, Waltham, MA, USA), an

Agilent Technologies 1200 series autosampler (Agilent Technolo-

gies, Waldbronn, Germany), a Perkin Elmer 200 column oven and

an Agilent Technologies 1200 series thermostat. The system was

driven by an EZChrom Elite (Agilent Technologies). An XTerra RP 18

column with 150 � 4.6 mm (Waters, MA, USA) was used and sep-

arations were carried out at 42 �C.

2.6. Cheese electron micrographs

From the centre of the cheese blocks ripened for 24weeks, small

cubic samples (approximately 3 � 3 � 3 mm) were prepared as

described by Liu et al. (2008) with the following modifications: by

the end of the CO2 sample drying step, some of the dried cubic

samples from each treatment were gently cut from the centre into

two pieces using a fine scalpel. Samples were then mounted on

aluminium scanning electron microscope (SEM) stubs, followed by

gold coating in a Sputter Coater Polaron SC 7640 (Quorum Tech-

nologies Ltd, East Sussex, UK). A high vacuum Zeiss SEM EVO-50-EP

(Carl Zeiss SMT Ltd., Cambridge, UK) was used to examine the

samples at 5 kV and a magnification of 7500�.

2.7. Bacterial isolates

2.7.1. Morphological and physiological characterisation of the

isolates

From Rogosa agar plates, approximately 16 colonies were

randomly picked from each of the six cheeses at each time point of

cheese ripening, from each replicate block. The isolates were

transferred to 1.0 mL MRS broth (MRS, Merck) (De Man, Rogosa, &

Sharpe, 1960) and grown at 30 �C for 24 h. All the isolates were

subsequently purified three times on MRS agar and a total of 993

isolates were stored at �80 �C in 1.5 mL aliquots of MRS medium

supplemented with 15% (v/v) glycerol. Working cultures were

provided by transferring frozen cultures into MRS broth and incu-

bation overnight at 30 �C.

Isolates were analysed by observing the morphology using

phase contrast microscopy, Gram reaction and catalase reaction (3%

H2O2). Carbon dioxide production was determined using an

infrared gas analyser (ADC 225 Mk3, Analytical development,

Hoddesdon, Hertfordshire, UK) by the method of Narvhus,

Hulbækdal, Baugerød, and Abrahamsen (1991) with modifications

as described by Østlie, Helland, and Narvhus (2003) after 20 h in-

cubation at 30 �C in MRS broth.

In total, 100 isolates are further described in this paper, and

these were chosen on the basis of their cultivation and morpho-

logical differences (colony morphology, Gram staining, catalase

reaction, exopolysaccharide and CO2 production). These isolates are

further described in this paper by their isolation number and the

cheese from which they were isolated; isolation number

(powder þ adjunct � weeks of ripening), e.g., 23 (SMP þ 456 � 0).

Presumptive lactobacilli were characterised on the basis of their

carbohydrate fermentation patterns using the API 50 CHL system

(BioMérieux, Marcy l’Etoile, France). Analysis of the obtained

fermentation profiles was done using the APILAB Plus version 4.0

program (BioMérieux). Principal component analysis of API 50 CHL

results was made by using The Unscrambler Client 9.5 (CAMO

Process AS, Oslo, Norway).

2.7.2. 16S rRNA sequence analysis

The universal primers 50-GAGTTTGATCCTGGCTCAG-30 and 50-

AGAAAGGAGGTGATCCAGCC-30 (Escherichia coli positions 9e27 and

1544e1525 respectively) were used for amplification of an

approximately 1540 bp DNA fragment of the 16S rRNA gene. The

primers were synthesised by Invitrogen Ltd. (Paisley, Scotland). PCR

reactions were carried out in a 50 mL reaction mixture containing

2 mL of each 20 pmol primer, 5 mL 10� PCR buffer, 1 mL 10 mM dNTP,

4 mL 25 mM MgCl2, 2 mL DNA template and 0.5 mL 5 U mL�1 Taq Po-

lymerase (Applied Biosystems, Carlsbad, CA, USA). The PCR reaction

was carried out in a DNA-Thermal Cycler (Perkin Elmer Cetus,

Waltham, MA, USA) using the following program: one cycle of

denaturation at 97 �C for 3min; 34 cycles consisting of denaturation

at 94 �C for 15 s, primer annealing at 54 �C for 15 s, elongation at

72 �C for 1 min; a final extension step at 72 �C for 10 min.

The PCR products were purified using E.Z.N.A.� Cycle-Pure Kit

(Omega Biotek, Norcross, GA, USA) according to the procedure

recommended by the supplier. Sequencing was done using a Big-

Dye v3.1 terminator cycle sequencing kit, the primers 50-

CAGCMGCCGCGGTAATWC-30, 50-TAACACATGCAAGTCGAACG-30

and 50-ACGGGCGGTGTGTRC-30 (E. coli positions 519e536, 50e70

and 1406e1392, respectively) and the sequencing device ABI

Prism 377 DNA (Applied Biosystems). The PCR reactions were car-

ried out using the following program: one cycle of denaturation at

96 �C for 10 s; 25 cycles consisting of denaturation at 96 �C for 10 s,

primer annealing at 50 �C for 5 s, polymerisation and ddNTPs

incorporation at 60 �C for 4 min. Sequences were edited using

BioEdit software (Abbott, CA, USA) and analysed using BLAST (basic

local alignment search tool; http://blast.ncbi.nlm.nih.gov/Blast.cgi).

2.7.3. Repetitive sequence based PCR analysis of facultative

heterofermentative lactobacilli isolates

The rep-PCR method was adapted from the method described

by Versalovic, Schneider, de Brujin and Lupski (1994) and was used

for the confirmation of NSLAB strain identity. Bacterial isolates from

MRS agar plates were incubated in MRS broth for 24 h at 30 �C. In

addition, the adjuncts used in this study and the strain Lb. casei 7R1,

previously described as Lb. paracasei 7R1 in Christiansen, Waagner

Nielsen, Vogensen, Brogren, and Ardö (2006), were also analysed to

compare the rep-PCR profiles. The rep-PCR protocol was as

described by Christiansen et al. (2006), using the rep-PCR primers

REP1R-Dt: (50-III NCG NCG NCA TCN GGC-30), and REP2R-Dt: (50-

NCG NCT TAT CNG GGC CTA C-30).

Banding patterns of rep-PCR products were normalised using

the Lb. casei 7R1 profile and clustered by Bionumerics 4.5 (Applied

Maths, Saint-Martens-Latem, Belgium) and the dendrogram was

constructed on the basis of Dice’s Coefficient of similarity with the

un-weighted pair group method with arithmetic averages clus-

tering algorithm (UPGMA).

3. Results

3.1. Cheese composition

The development of the gross composition during ripening is

shown in Table 1. The BMP significantly reduced the content of dry

matter (and protein, results not shown) in the cheese compared

with the cheese with added SMP byw1%, and decreased the pH by

w0.05 (P < 0.05). Cheeses with adjuncts had a significantly lower

pH after 24 weeks of ripening than cheeses without adjuncts. The

different replicate blocks were significantly different (P < 0.05)

with regards to both pH, dry matter (DM), some free amino acids

(Tables 2 and 3, shown by large standard deviations (SD)) and some

volatile compounds (results not shown) and this may explain the

large standard deviation found within the experimental factors for
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some responses. Replicate block C had a 1% highermoisture content

than replicate block A and B (Table 1, shown by large SD), resulting

in higher levels of most volatile compounds and free amino acids,

most probably due to an increased microbial activity although the

enumerated numbers did not differ between the replicate blocks.

Salt and fat were measured at 6 weeks of ripening and the cheeses

had a similar salt content regardless of treatment.

3.2. Microbial development

At the start of ripening, the cheeses had up to log 9.6 cfu g�1 of

presumptive lactococci as counted on M17 agar. From 4 weeks on,

these numbers were reduced, and after 24 weeks the numbers

were around log 6.9 cfu g�1 (results not shown). In the early phases

of ripening (6 weeks) the numbers of lactococci were slightly but

significantly (P < 0.05) higher in cheeses with adjunct Lb. casei INF

456, than in all the other cheeses.

The growth of lactobacilli as enumerated on Rogosa agar (Fig. 1)

showed significant differences in the growth between cheeses with

or without added adjuncts (P < 0.001). Generally, the number of

lactobacilli increased during 0e10 weeks of ripening in all the

experimental cheeses. Presumptive lactobacilli in cheeses with

added adjuncts reached log 8 cfu g�1 after 10 weeks of ripening.

In cheeses without adjuncts the number of lactobacilli were 3e

4 log cfu g�1 lower from 0 to 10 weeks of ripening and were still

increasing up to 24 weeks of ripening.

When comparing the cheeses without adjuncts (cheeses with

added only SMP or BMP), significant (P < 0.001) differences were

found between the replicate blocks at the start of ripening until

6 weeks of age (results not shown). Cheeses from replicate block A

showed no growth on Rogosa agar after 24 h, but had log 1.4 and

3.7 cfu g�1 after 2 weeks and 6 weeks of ripening, respectively.

Cheese from replicate block B had log 1.7 cfu g�1 after 24 h and

log 3.1 and 5.7 cfu g�1 on Rogosa agar after 2 weeks and 6 weeks,

respectively. However, even though replicate block C had a higher

moisture content than replicate block A and B, no growthwere seen

on Rogosa agar until 6 weeks of ripening in cheese from replicate

block C, and even at that stage, the numbers were low at

log 1.48 cfu g�1.

3.3. Electron micrographs of matured cheese

As shown in the electron micrographs in Fig. 2, the starter lac-

tococci (black arrows) were displayed in the form of clusters

immersed and dispersed uniformly throughout the protein matrix

after 24 weeks of ripening. The cavities of fat globules, which were

removed during sample preparation, can be seen as smooth surface

concave areas, spherical in shape (white arrows). Most of the lac-

tococcal cells seem to be associated to these areas. The adjunct

lactobacilli were very difficult to find and when found, they

appeared in the shape of a huge cluster of long bacilli cells

embedded in the protein matrix (Fig. 2b).

Table 2

The content of free amino acids (mmol g�1) significantly influenced by experimental factors in the cheeses after 10 weeks of ripening.a

Factorb Thr Arg GABA Met Ile Leu Lys FAA

SMP 0.76 � 0.05 0.74 � 0.06 0.40 � 0.05 0.64 � 0.06 0.37 � 0.06 4.22 � 0.12 2.45 � 0.35 31.95 � 1.41

BMP 0.75 � 0.01 0.78 � 0.04 0.49 � 0.08 0.63 � 0.03 0.37 � 0.04 4.39 � 0.19 2.22 � 0.17 31.73 � 1.11

SMP þ 448 0.71 � 0.10 0.70 � 0.04 0.45 � 0.13 0.62 � 0.05 0.34 � 0.02 4.25 � 0.26 2.20 � 0.10 31.40 � 1.23

BMP þ 448 0.68 � 0.03 0.68 � 0.03 0.63 � 0.13 0.56 � 0.02 0.32 � 0.02 4.29 � 0.20 2.06 � 0.05 30.53 � 0.43

SMP þ 456 0.76 � 0.10 0.60 � 0.10 0.49 � 0.06 0.62 � 0.04 0.35 � 0.05 4.22 � 0.28 2.30 � 0.02 31.20 � 1.84

BMP þ 456 0.81 � 0.10 0.62 � 0.10 0.55 � 0.08 0.61 � 0.03 0.34 � 0.03 4.39 � 0.36 2.21 � 0.18 32.09 � 1.92

Effects (significant differences within each experimental factor)

MFGM components

(SMP, BMP)

ns ns 0.01 0.05 ns 0.04 0.03 ns

Adjunct (0, 448, 456) 0.009 0.0017 ns 0.02 0.02 ns ns ns

Tukey 456 > 448 0 > 456 0 > 448

Rep block (A, B, C) 0.01 ns ns 0.0008 0.0003 0.0002 0.03 0.0013

a Abbreviations are: GABA, gamma aminobutyric acid; FAA, free amino acids. Significance level tested at P¼ 0.05; ns, not significant; Tukey’s significance test for differences

between means within the experimental factor of adjunct type.
b SMP, skim milk powder; BMP, butter milk powder; þ448, adjunct addition of Lb. casei INF 448, þ456, adjunct addition of Lb. casei INF 456.

Table 1

Development of pH and gross composition during 24 weeks of ripening and significant effects of the experimental factors.a

Factorb pH DM (%) FDM (%) at 6 w Salt (%) at 6 w SM (%) at 6 w

24 h 6 w 24 w 24 h 6 w 24 w

SMP 5.16 � 0.02 5.24 � 0.16 5.39 � 0.11 53.5 � 0.8 53.0 � 1.5 52.6 � 1.0 13.8 � 0.7 1.7 � 0.3 3.5

BMP 5.13 � 0.03 5.19 � 0.16 5.31 � 0.14 52.6 � 0.7 52.1 � 0.5 51.5 � 0.6 13.4 � 0.2 1.8 � 0.2 3.7

SMP þ 448 5.19 � 0.03 5.24 � 0.17 5.32 � 0.11 53.5 � 0.3 52.5 � 0.9 52.4 � 0.6 14.0 � 1.0 1.8 � 0.0 3.7

BMP þ 448 5.14 � 0.01 5.16 � 0.15 5.26 � 0.14 52.4 � 1.3 51.3 � 0.9 51.0 � 1.0 13.7 � 0.2 1.6 � 0.3 3.3

SMP þ 456 5.15 � 0.03 5.24 � 0.12 5.30 � 0.12 53.4 � 1.0 52.7 � 0.8 52.3 � 0.8 13.9 � 0.9 1.5 � 0.1 3.2

BMP þ 456 5.18 � 0.01 5.23 � 0.13 5.28 � 0.13 52.8 � 0.2 51.9 � 0.6 51.5 � 1.1 13.5 � 0.2 1.6 � 0.4 3.3

Effects (significant differences within each experimental factor)

MFGM components

(SMP, BMP)

ns 0.05 0.001 0.01 0.01 0.001 ns ns ns

Adjunct (0, 448, 456) ns ns 0.001 ns ns ns ns ns ns

Tukey 0 > 448,456

Rep block (A, B, C) ns 0.001 0.001 0.05 0.001 0.001 ns 0.01 0.01

a Abbreviations are: DM, dry matter; FDM, fat in dry matter; SM, salt-in moisture, all per kg of cheese; ns: not significant. Significance level tested at P ¼ 0.05; ns, not

significant; Tukey’s significance test for differences between means within the experimental factor of adjunct type.
b SMP, skim milk powder; BMP, butter milk powder; þ448, adjunct addition of Lb. casei INF 448, þ456, adjunct addition of Lb. casei INF 456.
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3.4. Development of flavour compounds

The concentration of diacetyl (results not shown) and acetoin

(Fig. 3) decreased until six weeks of ripening in all cheeses, but

increased from 6 to 10 weeks of ripening and then again decreased

until 24 weeks of ripening. The measured levels of acetoin in the

24 h old cheeses were two times higher (P < 0.05) in the cheeses

without adjuncts compared with cheeses with added adjuncts.

Production of 3-methyl butanal was 1.2 times higher in cheeses

with added BMP compared with cheeses with added SMP

throughout ripening (Fig. 4). The differences were significant after 6

and 10 weeks of ripening (P < 0.05). After 10 weeks of ripening the

contents of 3-methyl butanal was significantly higher (P < 0.05) in

cheeses with BMP and adjunct Lb. casei INF 456 than in cheeses

with SMP and the adjunct Lb. casei INF 448.

3.5. Amino acid composition

Free amino acids (FAAs) were analysed after 10 and 24 weeks,

and the distribution of FAAs was evaluated by principal component

analysis (PCA). The PCA showed that Tyr and Trp were not signifi-

cant for the distribution of the samples, andwere therefore omitted

from further statistical analysis. The PCA plot (Fig. 5) showed that

PC1 explained the variance in cheese samples due to age and

replicate block, and PC2 explained the variance in cheeses due to

the experimental treatments. The cheeses made in replicate block C

had significantly (P < 0.01) higher levels of FAAs after 24 weeks of

ripening, and this is also reflected in the PCA (Fig. 5a). However, the

relationship between the experimental factors within each repli-

cate block was fairly similar both after both 10 and 24 weeks

(Fig. 5a). The cheeses with adjuncts in replicate block C had a higher

Table 3

The content of free amino acids (mmol g�1 cheese) significantly influenced by experimental factors in the cheeses after 24 weeks of ripening.a

Factorb Asp Glu Asn Ser Thr FAA

SMP 1.22 � 0.09 8.41 � 1.02 3.33 � 0.54 1.44 � 0.28 1.28 � 0.18 46.41 � 5.85

BMP 1.33 � 0.17 8.68 � 0.41 3.39 � 0.31 1.36 � 0.18 1.28 � 0.09 47.42 � 2.94

SMP þ 448 1.75 � 0.65 8.82 � 0.95 3.52 � 0.39 1.48 � 0.07 1.25 � 0.08 48.03 � 4.54

BMP þ 448 1.75 � 0.64 9.85 � 2.05 3.93 � 0.82 1.71 � 0.34 1.37 � 0.26 54.44 � 11.39

SMP þ 456 1.60 � 0.57 9.98 � 1.76 4.13 � 0.69 1.71 � 0.18 1.53 � 0.21 54.21 � 9.72

BMP þ 456 1.65 � 0.66 10.50 � 2.26 4.29 � 0.79 1.78 � 0.15 1.59 � 0.24 56.32 � 11.66

Effects (significant differences within each experimental factor)

MFGM components

(BMP, SMP)

ns ns ns ns ns ns

Adjunct (0, 448, 456) 0.05 0.05 0.01 0.05 0.02 ns

Tukey 0 < 448,456 ns 0 < 456 ns 456 > 0,448

Rep block (A, B, C) 0.0003 0.01 0.007 ns ns 0.01

a Abbreviation: FAA, free amino acids. Significance level tested at P ¼ 0.05; ns, not significant; Tukey’s significance test for differences between means within the exper-

imental factor of adjunct type.
b SMP, skim milk powder; BMP, butter milk powder; þ448, adjunct addition of Lb. casei INF 448, þ456, adjunct addition of Lb. casei INF 456.
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Fig. 1. Development of lactobacilli as enumerated on Rogosa agar (log cfu g�1) during cheese ripening (n ¼ 3). Each data point represents mean � standard deviation;

butter milk powder (BMP), BMP448, BMP456, SMP, SMP448, SMP456. Numerals indicate the culture adjunct.
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content of FAAs, whereas no such clear difference could be seen in

replicate blocks A and B. The content of gamma-aminobutyric acid

(GABA), His, Arg, Glu and Lys was responsible for the separation

along PC2, and some of themwere also significantly affected by the

treatment factors.

The FAAs significantly (P < 0.05) affected by the experimental

factors during cheese ripening are shown in Table 2 (after

10 weeks) and Table 3 (after 24 weeks). Cheeses with BMP had a

significantly (P < 0.01) higher content of GABA and significantly

(P < 0.03) lower levels of Lys than cheeses with SMP after 10 weeks

of ripening. Cheeses with added Lb. casei 456 had significantly

lower levels of Arg after 10 weeks of ripening and higher levels of

Glu after 24 weeks of ripening than the cheeses without adjunct

and cheeses added Lb. casei 448. When replicate block C was

omitted from the dataset, ANOVA revealed that cheeses with BMP

had significantly higher levels of Leu after 10 weeks and 24 weeks

of ripening than cheeses with added SMP (results not shown).

Cheeses with adjuncts had significantly lower contents of Ile than

the cheese without adjunct after 10 weeks of ripening. Cheeses

added Lb. casei INF 456 had higher levels of Thr than the cheeses

without adjuncts and cheeses with Lb. casei 448, both after 10 and

24 weeks. After 24 weeks of ripening the cheeses without adjuncts

had lower levels of Asp, Asn and Ser than the cheeses with adjuncts.

3.6. Phenotypic characterisation

Phenotypic characterisation showed that all of the isolates (a

total of 993) were Gram positive and catalase negative bacilli

showing colony morphology on MRS agar ranging from large

round, white colonies to small, opalescent colourless colonies. The

CO2 production was at the level of homofermentative organisms

(lower than 1000 mg kg�1) ranging from 98 mg kg�1 to

261 mg kg�1.

The results obtained by API 50 CHL showed that 97 out of 100

isolates tested in this study were ribose positive. Among the iso-

lates from 24-h cheeses, the API 50 CHL results revealed the highest

phenotypic diversity (results not shown), whereas the isolates from

the ripened cheeses had a more similar fermentation pattern. From

the PCA (Fig. 6) the isolates from 4- (25 isolates) and 24- (18 iso-

lates) week old cheeses were clustered on the basis of their sugar

fermentation pattern, whereas the isolates from 24-h cheese

seemed to be randomly distributed (results not shown). A clear

clustering of the isolates was observed after four weeks of ripening

with respect to the adjuncts as well as to the powder addition

(MFGM content; Fig. 6a). Isolates from cheeses with added Lb. casei

INF 448 formed one cluster, whereas cheeses with added Lb. casei

INF 456 formed a second cluster. A third cluster was formed with

Fig. 2. Electron micrographs (5000�) of low-fat Cheddar cheese ripened for 24 weeks. a) Cheese matrix with lactococci evenly distributed (black arrows) and smooth surface

concavity areas originally occupied by fat globules (white arrows) and b) cheese matrix with lactobacilli cluster.
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the isolates from the cheeses without added adjunct (only SMP or

BMP). The differences between isolates diminished throughout the

maturation period and the 24-week old cheese isolates (Fig. 6b)

made two distinct clusters with no relationship to the experimental

design.

3.7. Species identification by 16S rRNA sequence analysis

The highest microbial diversity was observed in cheeses at start

of maturation (24 h of ripening), and the population composition

became more uniform by the end of maturation (24 weeks of

ripening). Most of the isolates were identified as Lb. casei/Lb. par-

acasei. At the start of ripening (time 0), 27 out of 32 analysed iso-

lates from all cheeses were identified as Lb. casei/Lb. paracasei, four

of the tested isolates were identified as Lactobacillus brevis (isolates

5 (SMP þ 448 � 0), 13 (BMPþ 448 � 0), 23 (SMP þ 456 � 0) and 24

(SMPþ 456� 0)), whereas one belonged to Lactobacillus rhamnosus

(17 (SMP þ 456 þ 0)).

In the 10 week old cheeses, 24 out of 25 tested isolates belonged

to Lb. casei/Lb. paracasei and only one isolate was characterised as

Lactobacillus curvatus (66 (BMP � 10)). All of the 42 tested isolates

from 4 to 24 week old cheeses were identified as Lb. casei/Lb.

paracasei.

3.8. Rep-PCR typing

Rep-PCR gave bands in the range of 0.3e8 kbp, which made it

possible to cluster the 100 isolates. The REP1R-Dt and REP2R-Dt

primer set generated fingerprints containing between 10 and 22

visualised PCR products. The analysis of the generated banding

patterns is shown as a dendrogram (Fig. 7aed).

It can be seen that some isolates from the same maturation time

clustered together in separate clusters. The numbers of clusters

with at least 80% similarity decreased during the ripening period.

This indicates a change in microbial composition of the studied

cheeses over the maturation period. However, none of the inves-

tigated isolates clustered with more than 80% similarity with the

adjuncts Lb. casei INF 448 or INF 456.

Most of the isolates from the 24-h old cheese (Fig. 7a) grouped

together with at least 40% similarity, showing little grouping on the

basis of the experimental factors. Clustering with at least 80%

similarity was observed in ten small clusters. The clustering of the

isolates was rather random and seemed not to correlate with the

adjunct addition; however, some clusteringwas correlatedwith the

MFGM composition of the cheeses. In the 4 week old cheeses

(Fig. 7b), clustering based on the different experimental treatments

was observed in five clusters with at least 80% similarity. The first

cluster comprised isolates from cheese with added Lb. casei INF 456

(isolates 52, 53, 54, 55, 56 and 57) with the exception of one isolate

from the vat supplemented with Lb. casei INF 448 (isolate 51). This

cluster also had two sub-groups due to the MFGM content of the

cheese. The second cluster was grouped according to MFGM con-

tent, but seemed to be random regarding the adjuncts. The isolates

of the second and third cluster had a random clustering and mostly

consisted of isolates from the cheese vats without added adjuncts

or the vats supplemented with the adjunct strain Lb. casei INF 448.

The last two clusters were grouped according to the adjunct addi-

tion; they all came from vats added Lb. casei INF 448.

Clustering of the isolates from the 10 week old cheeses (Fig. 7c)

showed three different clusterswith at least 80% similarity, and also

showing sub-clusters within the clusters. The first group (isolates

60, 61, 62, 64 and 65) represents the isolates from the cheese vats

without added adjuncts and one isolate supplemented with Lb.

casei INF 448 (isolate 67). The second group (isolates 68, 69, 70, 71

and 72) was isolates from the vats supplemented with Lb. casei INF

448 and two isolates from cheese vats without adjuncts (isolates 58
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and 63). Isolates 80 and 81 showed an identical pattern and

grouped with 100% similarity. The rest of the isolates from 10 week

old cheeses grouped together with less than 80% similarity.

The most uniform grouping was observed among the isolates

from the 24 week old cheeses (Fig. 7d), represented by three

clusters which grouped with at least 80% similarity; only four of

the isolates had less than 80% similarity with the others. The

isolates of the first two clusters were isolated from cheese with

added BMP. Isolates 89, 90, 91 and 96 clustered together with

100% similarity. At this stage of ripening there seemed to be less

clustering according to the experimental factors than earlier in the

ripening.

4. Discussion

This work was undertaken to follow the evolution of the

microflora of low-fat cheeses with a low initial number of adjunct

lactobacilli over a 24 week maturation period. Adjuncts are

commonly added at high numbers, around log 5 cfu mL�1, to the

cheese milk to dominate the cheese microflora (Fox et al., 1996);

however, in this study the adjuncts were added at log 2 cfu mL�1

in the cheese milk. Through using a low inoculum, the adjunct

colonies were sparsely distributed in the cheese, whereas the

lactococci were more densely distributed. During the first 24 h,

the number of presumptive lactobacilli increased to
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log 4.5 cfu g�1, indicating growth of adjuncts and/or NSLAB during

cheesemaking. The rep-PCR showed that the adjunct bacteria did

not dominate the lactobacilli microflora completely in the early

stages of ripening. The numbers of lactobacilli (NSLAB) enumer-

ated in the cheeses without added adjuncts was in accordance

with previous findings (Beresford et al., 2001) for replicate blocks

A and B, whereas replicate block C showed lower numbers of

lactobacilli at the start of the ripening period, indicating that the

initial NSLAB numbers of replicate block C was lower than that of

A and B.
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Fig. 7. Dendrogram based on the rep-polymerase chain reaction (PCR) DNA fingerprinting of bacterial isolates from the low-fat Cheddar cheeses. a) 24-h cheese isolates; b) 4 week

cheese isolates; c) 10 week cheese isolates; d) 24 week cheese isolates, M1: Lb. casei INF 448, M2: Lb. casei INF 456. The scale in the upper left corner represents the % of similarity

within the clusters. SMP: skim milk powder; BMP: butter milk powder.



Fig. 7. (continued).
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Grouping due to adjunct addition was shown in the interme-

diate maturing steps of the cheese by rep-PCR. The microbial

composition at the start of ripening influenced the development

and composition of the lactobacilli during further ripening. The

uniform microorganism distribution observed in the cheeses after

24 weeks of ripening indicated that some strains were able to grow

to high numbers and dominate the NSLAB flora.

The enumerated numbers of presumptive lactobacilli were

significantly different in cheeses with and without adjuncts

throughout the whole period of maturation, while no significant

differences between BMP and SMP addition in the lactobacilli counts

were found, indicating that the MFGM content had a minor affect on

the general lactobacilli growth in cheese. The differences in lactoba-

cilli countsbetweenthe replicateblocksof thecheeseswithout added

adjuncts may also explain the broad variety of species and strains

found at the start of ripening. Furthermore, this study showed that

there was no obvious clustering of the isolates on the basis of

experimental factors used in this study. However, a clearer grouping

of the isolates could be observed in the mid-stages of ripening in

connection to the experimental factors. These findings showed that

the adjuncts, when added in low numbers, do not manage to domi-

nate the microflora throughout ripening. However, the different

treatments influenced the grouping of the isolates during ripening.

Electron micrographs confirmed the even distribution of lacto-

cocci (starter) in the cheese matrix. The lactococci were inoculated

at high numbers andwere uniformly distributed in the cheesemilk.

They reached their maximum cell number during cheesemaking,

and this explains their uniform distribution in the cheese matrix. In

addition, some clustering of cells was seen, indicating further

growth in the cheese. The lactobacilli were inoculated at low

numbers in the cheese milk, and therefore were more sparsely

distributed in the cheese matrix in comparison with the lactococci.

The number of lactobacilli increased to log 7e8 cfu g�1 during

ripening, and since they are not motile in cheese, their growth

resulted in large cell clusters with clearly elongated cells as

observed by electron microscopy.

In Cheddar type cheese, which is commonly made with no

addition of Citþ starter bacteria, the production of the flavour

compounds, such as diacetyl and acetoin, was not expected. The

amounts of these components were highest in the cheeses without

added adjuncts. It has been shown in earlier studies that the con-

centration of citrate in Cheddar cheese is decreasing rather slowly

and its degradation results from the enzymatic activity of the

NSLAB microflora at late stages of ripening (Singh, Drake, &

Cadwallader, 2003; Thomas, 1987a). Diacetyl and acetoin may be

synthesised through transamination of Asp and Asn leading to

formation of oxaloacetate which can be metabolised to acetoin and

diacetyl by some lactobacilli (Kieronczyk, Skeie, Langsrud, Le Bars,

& Yvon, 2004; Skeie et al., 2008b). In addition, diacetyl can also

be produced from oxaloacetate by spontaneous decarboxylation of

the intermediate acetolactate. Since the cheeses without added

adjuncts had reduced contents of Asp and Asn, it is most probably

indigenous NSLAB flora in these cheeses that caused this degra-

dation, resulting in increased levels of diacetyl and acetoin. In the

cheeses with added adjunct, the growths of indigenous NSLAB

were most probably repressed by the presence of the lactobacilli

adjuncts. In addition, it is known that the adjunct Lb. casei INF 448

is not able to degrade Asp in cheese (Skeie et al., 2008b). Further-

more, both adjuncts used in this study are not able to metabolise

citrate in milk to diacetyl and acetoin (unpublished results).

It has been indicated in previous studies of semi-hard cheeses,

that mesophilic lactobacilli predominate in the later stages of

cheese ripening (Berthier & Ehrlich, 1998; Crow, Curry, & Hayes,

2001; Østlie et al., 2004). The rep-PCR analysis was applied to get

a more complete picture of the strain diversity during the period of

cheese maturation. Certain strains of Lb. casei/Lb. paracasei

appeared to be common in all cheeses and they most probably

originate from the cheese milk or dairy environment, which is in

accordance with findings by other authors (Antonsson, Ardö, &

Molin, 2001; Antonsson, Molin, & Ardö, 2003; Fitzsimons, Cogan,

Condon, & Beresford, 1999). The most uniform microflora was

observed at the end of ripening.

As expected, Lb. casei/Lb. paracasei represented the most abun-

dant Lb. species regardless of experimental factors used, such as

powder (MFGM content) or adjunct addition. These results were in

accordance with previous findings (Banks & Williams, 2004;

Beresford et al., 2001) stating that the NSLAB population of Cheddar

cheeses is dominated by Lb. casei/Lb. paracasei (approximately 95%

of the isolates belong to Lb. casei/Lb. paracasei). The PCA of the API

results of the selected isolates were in accordance with the

chemical and microbial characterisation of the cheeses, with the

highest diversity of the lactobacilli in the 24 h cheese, a clear

grouping according to the adjuncts in the intermediate phase of

ripening (4e10 weeks), whereas after 24 weeks the differences

between the experimental factors were less apparent.

Most of the isolates (97%) were ribose positive. In model systems,

Thomas (1987b) demonstrated that ribose can be used as a carbon

source for mesophilic lactobacilli in the later stages of ripening.

Lysed lactococcal cells may release ribose from RNA and N-acetyl-

glucosamine from degraded cell walls (Adamberg et al., 2005; Østlie

et al., 1995). Another possible source of carbon for mesophilic lac-

tobacilli may be connected to the fact that they possess some

glycoside hydrolase activity and can utilise sugars from glycopro-

teins of the MFGM as an energy source (Fox et al., 1998; Williams &

Banks,1997). The electronmicrographs showed an even distribution

of the lactococcal strains throughout the cheese matrix, most of

them connected to fat globules, and the lactobacilli appeared to be

surrounding cavities from where milk fat globules were removed.

Aldehydes in cheese, such as 3-methyl butanal and 2-methyl

butanal originate from transamination of branched chain amino

acids, as well as from imides that may be decarboxylated to the

corresponding aldehydes (Kieronzcyk, Skeie, Olsen, & Langsrud,

2001; McSweeney & Sousa, 2000; Marilley & Casey, 2004). In this

study, the highest levels of 3-methyl butanal,most probably derived

from Leu, were measured from 6 weeks of ripening in cheeses

supplemented with BMP. In addition, the content of Leu was higher

in cheeses with BMP than in cheeses with SMP, although the dry

matter (and protein) contentwere lower in the BMP cheeses than in

the SMP cheeses. Supplementation of the cheese with buttermilk

components seemed to facilitate better growth of microorganisms

able to degrade these branched chain amino acids.

5. Conclusion

The diversity of lactobacilli in the studied low-fat Cheddar

cheeses were highest at the start of ripening, becoming more

uniform by the end of the maturation process with Lb. casei being

themost dominant lactobacilli species. The Lb. casei adjuncts added

in low numbers were not able to dominate the cheese microflora at

any stage during ripening, even if they have the ability to utilise the

MFGM components. However, the experimental factors (adjunct

and MFGM components) did influence the development of micro-

organisms, some flavour compounds and the branched chain

amino acid Leu in the cheese during ripening. The lactobacilli were

found in the cheese in large clusters of clearly elongated cells.
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Abstract

The survival of selected bacteria in semi-hard experimental cheeses was studied

after exposure to human gastric and duodenal juices in an ex vivo model.

Experimental cheeses (10 and 28% fat) were supplemented with different

strains of Lactobacillus sp. and Propionibacterium sp. and ripened for 7 and

70 weeks. After digestion, greater numbers of the adjunct bacteria we

rerecorded in the 7-week-old cheeses compared to the well-matured cheeses

(70 weeks). The bacterial survival was strain dependent, and influenced by the

fat content of the cheese. Lactobacilli showed better survival, especially when in

low-fat cheeses. The strains of propionibacteria also survived well during the

digestion of the low-fat cheeses. The results confirmed that cheese can

potentially be a good carrier matrix for bacteria to the intestine. In addition, it

has been shown that different strains present in cheese have different abilities

to survive the conditions of the gastrointestinal tract. Younger cheese was

indicated to be a better carrier, possibly because the bacteria present in those

cheeses have had shorter exposure to the stress conditions occurring in cheese

during prolonged maturation.

Introduction

The microbiome of the human gut represents a specific

ecosystem, having complex metabolic activities that, to

great extent, influence physiology and susceptibility to

inflammation and diseases of every individual (Fujimura

et al. 2010). Changes in the normal balance of the gut

microflora may result in not only changes in energy har-

vest from foods but also numerous physiological disor-

ders and diseases (Lozupone et al. 2012; Schloissnig et al.

2013).

Recent research is focusing on improvement of the gut

health by maintaining the microbial balance in the gastro

intestinal tract (GIT) via addition of a suitable microflora

(Cotillard et al. 2013; Smid and Lacroix 2013). Complex

relations in the microbial ecosystem of the human gut

emphasize the significance of the interactions between the

host and the existing microbiome, as well as the interac-

tions between the existing microbiome of the human gut

and bacteria introduced via food (Eckburg et al. 2005;

Schloissnig et al. 2013). The main prerequisite for the

efficient incorporation of exogenous micro-organisms

into the existing microflora is survival and adaptation to

diverse and severe GIT conditions. Different fermented

foods, especially fermented dairy products, may act as

carrier foods that preserve the viability of the introduced
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bacteria, thus enabling them to survive the severe condi-

tions in the gastrointestinal tract (GIT) and potentially

attain a synergism with the existing gut microflora (Sharp

et al. 2008; Karimi et al. 2011; Pitino et al. 2012).

Cheese might be a good carrier of beneficial/probiotic

bacteria, as it has a firmer texture, higher pH, and a

greater buffering capacity compared to fermented milks

and yoghurts (da Cruz et al. 2009). Research conducted

by Sumeri et al. (2012) on open texture cheeses ripened

for 22 weeks, showed that cheese was a better choice for

the administration of viable beneficial bacteria to the gut

when compared to fermented milk products.

In testing of potentially probiotic bacteria, they have

primarily been exposed to in vitro tests which assess their

ability to survive the severe conditions in the digestive

tract (Borchers et al. 2009). However, when bacteria are

subjected to standard in vitro testing, the results of such

tests usually only indicate their tolerance to digestive con-

ditions without taking into account other stress factors

that also affect their survival in the GIT (Faye et al.

2012). Therefore, recent experiments have shown that a

more valid suitable option is to use digestion model sys-

tems ex vitro, since in such models, bacteria are given a

more realistic exposure to the complex conditions in the

upper part of the human digestive tract (Faye et al. 2012;

Sumeri et al. 2012; Adouard et al. 2016).

The aim of this work was to evaluate the ex vivo sur-

vival of selected micro-organisms in cheeses of different

fat content and after 7 and 70 weeks maturation. Cheese

samples with different adjunct bacteria of lactic acid bac-

teria and propionic acid bacteria (PAB) were exposed to

the conditions of the human upper GIT in a simulated

digestion using human gastric and duodenal juices

(ex vivo digestion).

Results and discussion

In this study, young and aged cheeses differing in fat con-

tent and supplemented with different culture combina-

tions of starter and adjunct bacteria, were tested for the

survival of cheese microflora after exposure to an ex vivo

model digestion. Human gastrointestinal enzymes were

used in order to simulate realistic conditions in the GIT,

since commercial nonhuman enzymes differ in various

characteristics such as the content and types of amylases,

lipases, bile salts, cell mucus, etc. (Ulleberg et al. 2011).

pH development during the first 7 weeks of cheese

ripening was uniform in all of the cheeses regardless of

fat content and adjuncts (Porcellato et al. 2013). At

7 weeks, the pH in the 10% fat cheese was significantly

lower than in the 28% fat cheese, an effect not seen after

70 weeks of maturation (Table 1). After 7 weeks of ripen-

ing, the cheeses with the added PAB showed the highest

pH (5�55 � 0�03) (P < 0�01), while the cheeses with

added lactobacilli obtained the lowest pH (5�47 � 0�02)

(results not shown). The dry matter was significantly

higher in cheeses with 28% fat than in those with 10% fat

(Table 1).

Porcellato et al. (2013) have described the development

of the microbial population in the cheeses during the first

7 weeks of ripening in detail. Through further ripening

from 7 to 70 weeks, the number of presumptive lacto-

bacilli, as enumerated on LBS agar, was similar in cheeses

with added adjuncts of lactobacilli regardless of their fat

content (Table 2).

The numbers of presumptive lactobacilli were lower in

cheeses supplemented with propionibacteria compared

with cheeses supplemented with lactobacilli. In cheeses

with added Lactococcus lactis ssp. cremoris starter, the

number of bacteria growing on LBS agar increased by

1�3–1�8 log from 7 to 70 weeks of ripening in the 28% fat

cheeses, but did not increase in the 10% fat cheeses

(Table 2).

Cheeses supplemented with PAB contained approx. log

9 CFU g�1 cheese of PAB after 7 weeks of ripening (Por-

cellato et al. 2013), but a decrease to 5 log CFU g�1oc-

curred during further ripening to 70 weeks (Fig. 2).

The numbers of lactobacilli enumerated in the digestive

fluids (DF) was higher following digestion of the younger

cheeses (7 weeks) than following digestion of the well-

matured cheeses (70 weeks) (Fig. 1).

After digestion of both the 7- and 70-week-old cheeses,

a greater decrease in numbers of lactobacilli and PAB

(P < 0�01) was found in the DF of the digested 28% fat

cheeses compared to the 10% fat cheeses (Figs 1 and 2).

After digestion of the 7-week-old cheese, a decrease of

only 1–2 log CFU g�1 cheese were observed during diges-

tion of the 10% fat cheeses, compared to a decrease of 2–

3 log CFU g�1 cheese during digestion of the 28% fat

cheeses. The numbers of lactobacilli and PAB were only

4–5 log CFU g�1 before digestion of cheeses ripened for

70 weeks. However, during digestion, the growth rate of

the bacteria was similar to that found by digestion of the

Table 1 pH and dry matter (mean (SD)) of the experimental cheeses

at 7 and 70 weeks of ripening

Fat

Age in weeks

7 70

pH 10 5�48 (0�04)* 5�66 (0�07)

28 5�52 (0�04) 5�62 (0�05)

DM (%) 10 53�98 (0�72)*** 54�82 (1�35)**

28 58�16 (1�24) 57�83 (1�24)

Asterisks represent significant differences between the two levels of

fat (*P < 0�05, **P < 0�01, ***P < 0�001).
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7-week-old cheeses in the 10% fat cheeses, while a

decrease of 3–4 log CFU g�1 cheese was found for the

28% fat cheeses.

No significant differences between the adjunct bacteria

were found with respect to the survival of the different

lactobacilli or PAB adjuncts during digestion.

A marked difference in the survival of the cheese bacte-

ria during the digestion of 7- and 70-week-old cheeses

was observed, and can most probably be explained by the

initial numbers of lactobacilli cells in the 70-week-old

cheeses at the start of digestion and the physical condi-

tion of the bacterial cells in those cheeses. Survival of lac-

tobacilli during digestion was also higher in the low-fat

cheeses (10% fat) when compared to full-fat cheeses

(28% fat). The low-fat cheeses had higher moisture con-

tent, and thereby a higher aw value, most probably creat-

ing better conditions for bacterial growth. Similar

findings on better survival rate in low-fat cheeses were

observed by Ganesan et al. (2014).

Current trends towards healthy diets cause an increased

interest in reduced-fat cheeses. However, these have dif-

ferent technological characteristics when compared to

full-fat cheeses (Gerdes 2005; Drake et al. 2010). During

the manufacture of low-fat cheese, the fat is replaced by

moisture and protein resulting, among other factors, also

in higher moisture content in these cheeses and thereby

higher aw value (Esteban and Marcos 1989; Beresford

et al. 2001; Drake et al. 2010).

Nonstarter Lactic Acid Bacteria (NSLAB), especially

lactobacilli, are only slightly inhibited by the conditions

in cheese and they can increase during cheese maturation

(Beresford et al. 2001, Banks and Williams 2004; Beres-

ford and Williams 2004). Lactobacilli are able to survive

for over 3 years in cheese at a storage temperature of

Table 2 Numbers of lactobacilli and lactococci in the experimental

cheeses after 7 and 70 weeks of ripening

Cheese

LBS 30°C (log CFU g�1)

M 17 30°C (log

CFU g�1)

7 weeks 70 weeks 7 weeks 70 weeks

448-10 8�3 6�2 8�5 5�3

448-28 8�2 6�1 8�1 5�4

456-10 7�7 5�0 7�5 5�1

456-28 7�9 5�5 7�4 5�9

15D-10 8�2 4�7 8�5 6�0

15D-28 8�6 4�9 8�0 4�4

GG-10 8�3 5�2 8�5 4�8

GG-28 7�3 5�1 8�5 5�1

P203-10 7�3 5�3 7�3 5�2

P203-28 7�3 4�3 7�0 4�5

P303-10 7�4 6�1 7�8 4�8

P303-28 6�7 5�1 6�2 3�8
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Figure 1 Numbers of Lactobacilli during digestion in human gastric (HGJ) and duodenum (HDJ) juice of the studied cheeses of 10 (──) and

28 (----) % fat after 7 (closed symbols) and 70 (open symbols) weeks of ripening. Enumeration made at start of digestion (0 min) and after

digestion in HGJ (5–60 min) and HDJ (60–120 min). (a) Lactobacillus paracasei INF448, 7 weeks (●) and 70 weeks (○), (b) Lact. paracasei INF456,

7 weeks (■) and 70 weeks (□), (c) Lactobacillus plantarum INF15D, 7 weeks (▲) and 70 weeks (M) and (d) Lactobacillus rhamnosus GG, 7 weeks

(♦) and 70 weeks (♢).
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10°C (Beresford and Williams 2004) and they have even

been found at high numbers in a cheese stored for 6 years

at 4°C (S. Skeie, personal communication). Lactobacilli are

able to use other energy sources beside lactose and there-

fore may increase in numbers during the later stages of

maturation (Martinovic et al. 2013). This may also

explain their good survival during digestion in cheese

ripened for 7 weeks, since they may have been metaboli-

cally active and in good physical condition. The lower

numbers of lactobacilli in 70-week-old cheese is most

probably a result of increasing stress conditions in older

cheeses due to the lack of easily accessible nutrients and a

lowered aw. Our results of survival during digestion of

Lactobacillus paracasei INF 448 and Lact. paracasei INF

456 in 7-week-old cheese are in agreement with findings

obtained earlier for these same strains when tested under

similar conditions during ex vivo digestion of fermented

milk (Faye et al. 2012).

In cheese, lactobacilli develop as large clusters of cells

entrapped in the cheese matrix (Martinovic et al. 2013).

The microenvironment around such clusters regulates the

nutrient supply and thereby the metabolic activity of

the bacteria. Our results showed that the fat content of

the cheese influenced the survival of lactobacilli during

the digestion of cheeses supplemented with different lac-

tobacillus adjuncts. The lactobacilli decreased only slightly

in numbers following digestion of the 10% fat cheeses,

whereas in the 28% fat cheeses, they decreased further by

1–2 log following exposure to the acidic digestive condi-

tions. Digestion with duodenal juice, following 60 min of

digestion with gastric juice, caused a further decrease in

lactobacilli. However, the numbers of lactobacilli

remained more stable during digestion of the 10% fat

cheeses, indicating that these bacteria could enter the

duodenum in substantial numbers.

PAB are used as adjunct cultures in Swiss-type cheese.

They tolerate high scalding temperatures of the curd and

can be found in high numbers ranging from 108 to

109 CFU g�1 in the cheese 2 weeks after cheesemaking

(Rossi et al. 2000; Beresford et al. 2001; Fr€ohlich-Wyder

et al. 2002). When the pH of the cheese is higher than 5

and the salt concentration in the moisture phase is lower

than 5%, good growth of PAB can be expected (Walstra

et al. 2006; Poonam et al. 2012). This was also observed

in the cheeses added PAB in this study, where the num-

bers of these bacteria increased to around log 9 CFU g�1

cheese at 7 weeks of maturation (Porcellato et al. 2013).

During digestion, the propionibacteria survived well,

especially in the 7-week-old cheese. However, the num-

bers of PAB in the cheese decreased from 7 to 70 weeks

indicating that nutrient availability probably decreased in

the microenvironment around the bacteria in the cheese.

During digestion, the survival rate of PAB was not influ-

enced by the age of the cheese. However, as the initial

numbers were lower, such cheese ripened for 70 weeks

would contribute with fewer PAB to the intestine than

similar cheese ripened for only 7 weeks. Furthermore, the

fat content in the 7-week-old cheeses did not influence

the numbers of PAB in cheese after digestion, while in

70-week-old cheese the numbers were somewhat higher

in the low-fat cheeses, probably due to higher moisture

content. The obtained results suggest that the propionic

acid bacteria are less exposed to stress conditions in

younger cheeses than in more aged cheeses. This can

most probably be explained by a high availability of lac-

tate, which PAB utilizes as an energy source in the

younger cheeses. Subsequently, its local exhaustion

around the cell during further maturation most probably

caused the reduced numbers of PAB in the well-matured

cheeses. Porcellato et al. (2013) showed that the PAB used

also in this experiment maintained their numbers

throughout the first 7 weeks of ripening regardless of the

fat content of the cheeses. Cheese with PAB consumed at

an early stage of ripening may, therefore, contribute to a

higher transfer of PAB to the intestine than consumption

of a well-matured cheese.
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Figure 2 Numbers of PAB during digestion in human gastric (HGJ) and duodenum (HDJ) juice of the studied cheeses with 10 (──) and 28 (----)

% fat after 7 (closed symbols) and 70 (open symbols) weeks of ripening. Enumeration at start of digestion (0 min) and after the digestion in HGJ

(5–60 min) and HDJ (60–120 min). (a) Propionibacterium freudenreichii subsp. shermanii INF P203, 7 weeks (▲) and 70 weeks (M) and (b) Propi-

onibacterium jensenii INF P303, 7 weeks (♦) and 70 weeks (♢).
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Similar studies on PAB in in vivo and ex vivo simula-

tions with gastric and small intestinal juices have shown

that they can survive the severe conditions in the GIT

(Jan et al. 2001; Huang and Adams 2004).

Fermented foods are rich in micro-organisms that may

be found in the human GIT (van Hylckama Vlieg et al.

2011; Tremaroli and B€ackhed 2012). These foods may,

therefore, contribute to the microbiota in the human GIT

provided that the viability and functionality of the micro-

flora is preserved through the severe conditions in the

human GIT (Huang and Adams 2004; da Cruz et al.

2009; Coeuret et al. 2003). Dairy products have a high

buffer capacity their bacteria may be enclosed in a protein

matrix.

This study demonstrated that cheese can function as a

vehicle for delivery of a variety of food-related micro-

organisms to the intestine and that the younger cheese

was a better carrier matrix of the cheese bacteria. Besides

the age of the cheese, the survival rate was influenced by

the fat content of the cheese. Most of the lactobacilli and

all the PAB survived well during digestion of the low-fat

cheeses. This study also showed the ability of cheese lac-

tobacilli and PAB to survive the severe conditions of GIT.

The initial numbers of lactobacilli and PAB in the

cheeses at the two maturation stages before digestion were

different, and the numbers were lower in the 70-week-old

cheeses. This is most probably a consequence of the bac-

teria being more stressed due to exposure to the different

stress factors affecting the bacterial growth and survival in

well-matured cheeses for a longer time period. These bac-

teria, already stressed in the cheese matrix, were unable to

fully recover after the exposure to gastric juices and to

resist additional stress conditions of the duodenum.

Materials and methods

Cheesemaking procedure and experimental design of the

cheese makings

Cheese was made over 3 days using two levels of fat (10

and 28% fat in cheese) and six different combinations of

the starter culture with the different adjuncts as described

by Porcellato et al. (2013) (Table 3). Using this experi-

mental design, the effect of the adjunct had two repli-

cates, and the fat content six replicates. The same starter

(Probat Visbyvac 505; Danisco, Copenhagen, Denmark)

was used in all vats.

Analysis of the cheese

In the cheese, lactococci were enumerated on M17 broth

(Merck, Darmstadt, Germany) added 15 g l�1 Bactoagar

(Saveen Werner AB, Malmø, Sweden) with aerobic incu-

bation for 2 days at 30°C. Lactobacilli were enumerated

on Lactobacillus-selective agar (LBS) (Difco, Sparks, MD)

with anaerobic incubation for 4 days at 30°C. The num-

ber of presumptive PAB in the cheese was enumerated on

sodium lactate agar (SLA) as described by Østlie et al.

(1995), with anaerobic incubation at 30°C for 6 days.

The cheese was sampled and analysed after 7 and

70 weeks of ripening. Microbial counts, dry matter (IDF

standard 4a 1982) and pH (Skeie et al. 2001) were mea-

sured at all sampling times. Sampling was done according

to IDF-standard 50c (1995).

Model digestion of the cheese samples

Human gastric juice (HGJ; 36�9 U ml�1) and duodenal

juices (HDJ; 12�4 Uml�1) were collected from 20 individ-

ual healthy volunteers, following the procedure described

by Ulleberg et al. (2011). Enzyme activities were calcu-

lated by the pepsin activity assay for HGJ (Sanchez-

Chiang et al. 1987) and by the total proteolytic activity

assay for HDJ according to Krogdahl and Holm (1979).

Cheese samples, after 7 and 70 weeks of ripening, were

digested with HGJ and HDJ. Eleven grams of cheese was

placed into a sterile omni mixer (Omni Int., Waterbury,

CT), supplemented with sterile citrate water (99 ml,

48°C) and mixed at 4500 rev min�1 for two min. The

cheese suspension (0�5 ml) was transferred to two sterile

plastic tubes containing sterile magnetic stirrers before

incubation in a water bath circulator (Julabo MB-7a;

Julabo Labortechnik GmbH, Seelbach, Germany) pre-

heated at 37°C, simulating the conditions of the human

digestive system. The digestion process was followed

according to Faye et al. (2012) with the following modifi-

cations to adapt to the cheese matrix. The pH in the first

Table 3 Experimental design with combination of adjunct and fat

content of the cheeses

Adjunct

Fat content

(%)

Cheese

code

Lactobacillus paracasei INF448 10 448-10

Lact. paracasei INF448 28 448-28

Lact. paracasei INF456 10 456-10

Lact. paracasei INF456 28 456-28

Lactobacillus plantarum INF15D 10 15D-10

Lact. plantarum INF15D 28 15D-28

Lactobacillus rhamnosus GG* 10 GG-10

Lact. rhamnosus GG* 28 GG-28

Propionibacterium

freudenreichii subsp. shermanii INF P203

10 P203-10

P. freudenreichii subsp. shermanii INF P203 28 P203-28

Propionibacterium jensenii INF P303 10 P303-10

P. jensenii INF P303 28 P303-28

*Valio Ltd, Helsinki, Finland.
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step was adjusted to 3�0 using 1 mol l�1HCl. After 5 min

incubation, 178 ll of HGJ was added. After 60 min diges-

tion, the sample pH was adjusted to 7�0 using 1 mol l�1

NaOH and then 1569 ll of the HDJ was added and incu-

bated further for 60 min. Samples for determination of

the viable cell counts were taken in duplicates, after 0, 60

and 120 min of incubation.

Statistical analysis

To investigate the effects of the experimental factors

adjunct culture and fat % at each ripening stage (7 and

70 weeks of ripening) and digestion stage (0, 60 and

120 min of digestion), Analysis of Variance (ANOVA) was

carried out using MINITAB 16.2.2 (Minitab Inc., State Col-

lege, PA), using the general linear model (GLM) procedure.

In addition to investigating differences in the decrease of

bacteria during digestion, the 0–120 min decrease in bacte-

ria during digestion was used in calculations. Differences

between the means of the adjunct culture were found by

Tukey’s honest significant difference (HSD) test for pair-

wise comparison of the means.
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