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Listeria monocytogenes or Escherichia coli O157:H7 are equally small in dry sausages

fermented by commercial meat starter cultures and these L. rhamnosus strains.
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Vocabulary

Bacteriocin Antimicrobial peptide or protein (molecular mass >1000) produced

by protective culture

Bioprotective culture Micro-organism which prevents the growth of unwanted micro-

organism by producing – in addition to lactic acid – other

antimicrobial compounds

Curing Treating meat with salt and nitrite

Fermentation Incomplete anaerobic oxidation of organic substrates

GRAS Generally recognised as safe

Homeostasis Micro-organisms reacting to maintain their internal environment

(water content and pH value) stable and balanced

LAB Lactic acid bacteria

LMM compound Non-proteinaceous antimicrobial compound (molecular mass

<1000) produced by protective culture

Probiotic Alive microbial food ingredient that is beneficial to human health

(health effects must have been demonstrated in proper human

clinical studies)

Ripening Ageing process with slow or no microbial activities

Starter culture Commercial preparation containing living or resting GRAS micro-

organisms that develop the desired metabolic activity in the food



1.          Introduction

“It is unbelieveable that such a tiny streamlet, as was our initial test trial with the first

bacterial starters exactly 40 years ago, grew to a big river for an important industry.  Who

would have believed then that the use of starter cultures would be a matter of course today.”

(F.P. Niinivaara 1994)

The preservation of meat by fermentation has been used for thousands of years.

According to Zeuthen (1995), the shelf-life was based on natural meat lactic acid bacteria

(LAB), traces of nitrate and high amount of salt.  When the need for higher amounts of

fermented meat products increased after the World War II, researchers begun to develop

starter cultures for meat products in order to ensure a standard quality for the fermentation

process (Caplice and Fitzgerald 1999).  The idea of inoculating Lactobacillus into dry sausage

material was introduced by Jensen and Paddock in 1940 (US Patent 2,225,783) with the aim

to reduce the ripening time as well as ensuring the quality and aroma of dry sausages.  The

first LAB meat starter culture, introduced as a pure culture of Pediococcus cerevisiae, was

developed in 1955 in the USA by Niven et al. (1955).  At the same time, Niinivaara (1955)

applied Micrococcus M53 to dry sausage production in Europe.  The work of Niinivaara was

continued by Nurmi (1966) who combined micrococci with Lactobacillus plantarum.  Today,

several companies provide Lactobacillus spp., Pediococcus acidilactici, P. pentosaceus,

Staphylococcus xylosus or S. carnosus strains in pure cultures or their mixtures for

fermentation of meat (Hammes et al. 1985).

The trend today is food for special health use, referred as functional food, with the aim

to promote the health and well-being of the consumers.  The health promoting dairy products

– especially sour milk and yoghurt – are fermented by viable probiotic LAB with

scientifically proven health effects and safety.  Such cultures may promote health in different

ways (Saxelin 2000).  Dry sausages are non-heated meat products, which may be suitable

carriers for probiotics into the human gastrointestinal tract.  After a discussion within the

scientific community for several years, the idea of using these bacteria as fermenting agents in

meat products is beginning to develop.  The present study provides an insight into the

technology and microbiology of dry sausage fermentation with both probiotic and proposed

probiotic LAB.



2. Literature review

2.1 Fermentation of meat

2.1.1 Dry sausage manufacturing process

Dry sausage material is made from a mixture of frozen pork, beef and pork fat (Fig. 1).  In

addition, it contains sugars, salt, nitrite and/or nitrate, ascorbates and spices.  Sugars are

added for fermenting substrates for starter lactic acid bacteria (LAB) and starter

staphylococci.  Salt acts as one of the first hurdles against the growth of unwanted micro-

organisms.  It also induces the solubilisation and diffusion of myofibrillar proteins from

muscle forming a gel texture between meat and meat as well as meat and fat particles of the

raw sausage material.  Salt (NaCl 2.5-3.0%, initial value) is also an important flavour

component of the end product (Lücke 1985).  Nitrite is a hurdle against the growth of

salmonellae eventually derived from raw meat material.  It also contributes to the formation

of the typical cured meat colour which is discussed in detail later on.  According to EU

regulations, nitrite may be added to the dry sausage material in the form of sodium nitrite

(max. 150 mg/kg) or nitrate in the form of potassium nitrate (max. 300 mg/kg). (95/2/EY)

Nitrite as well as ascorbates, which may be added to the dry sausage material in the form of

sodium ascorbate max. 500 mg/kg, act as antioxidants inhibiting auto-oxidative processes

which lead to rancidity.  Ascorbates also enhance the colour formation (Puolanne 1977).

Spices, such as pepper, cardemum and garlic, have an impact on flavour and they may also

have antioxidative and antimicrobial effects (Hammes 1977).







Catalase degrade hydrogen peroxide (2H2O2 -> 2 H2O + O2) eventually produced by

LAB (Katsaras and Leistner 1988).  In addition, staphylococci reduce nitrate into nitrite

(Niinivaara 1955, Pohja and Niinivaara 1957, Nurmi 1966) and have an impact on flavour

(Demeyer et al. 1974, Selgas et al. 1988).

For dry sausage manufacturing process the temperature and relative humidity as well

as the amount of smoke and ripening time are referred to as the outer parameters, while the

diameter, sugar content or fat content are referred to as the inner parameters (Buckenhüskes

1994).

2.1.2  Production of biogenic amines during the dry sausage manufacturing process

During the manufacturing process of the dry sausage the temperature and pH conditions

favour the microbial decarboxylation of amino acids into biogenic amines. In fact, the

biogenic amines produced by enterococci, carnobacteria, pseudomonads, enterobacteria,

micrococci and LAB are generally present in dry sausages (Beutling 1996, Hernádez-Jover et

al. 1997, Maijala 1994, Shalaby 1996, Eerola et al. 1998, Bover-Cid et al. 1999b).  The

consumption of high amounts of biogenic amines, such as histamine and tyramine, may cause

toxicological effects (Table 2) (Taylor 1986, Edwards et al. 1987,  Shalaby 1996).  Since

these micro-organisms may be derived from raw material, the use of raw material of high

hygienic quality is essential.  Furthermore, the selection of suitable starter cultures contribute

to the prevention of the occurrence of biogenic amines in dry sausages (Buncic et al. 1993,

Maijala 1993, Maijala et al. 1995, Bover-Cid et al. 1999a, 2000).

2.1.3 Lactic acid bacteria used in the fermentation of meat

LAB ferment carbohydrates into lactic acid.  This efficient carbohydrate fermentation coupled

to substrate level phosphorylation is essential feature of lactic acid bacteria (LAB)

metabolism.  Generally,  LAB produce lactic acid as their main fermentation end-product via

glycolysis (the Embden-Meyerhof pathway) or the 6-phosphogluconate/phosphoketolase

pathway and they are named homo- or heterofermentative LAB, respectively (Kandler 1983,

Axelsson 1998).  LAB are generally catalase negative but also catalase positive strains exist

(Kroll et al. 1989, Engesser and Hammes 1994, Hammes 1994).  They prefer nutritionally

rich environments and are natural inhabitants of the mammalian gastrointestinal tract.  Several

food products are manufactured using Lactococcus, Lactobacillus, Leuconostoc,





is further converted into glucose 6-phosphate via Leroir pathway (Axelsson 1998), but there

are 10-1000 -fold differences between LAB in their ability to ferment lactose (Sanders et al.

1998).

The selection of a suitable strain for each product is essential.  For Lactobacillus

plantarum the optimum growth temperature is 30-35 °C and L. sakei and L. curvatus are

adapted to even lower temperatures.  The optimum growth temperature for P. acidilactici is

>40 °C and for P. pentosaceus it is 30-35 °C.  Pedicocci do not grow on temperatures <8 °C

(Blickstad and Molin 1981, Garvie 1986, Lücke and Hechelmann 1987).  Different LAB

strains produce different amounts of lactic acid by their nature, which needs to be considered

while choosing a LAB strain for a specific meat product.  Furthermore, several factors effect

the rate and amount of acid formation.  The higher the temperature and water activity (aw) the

higher the growth rate (Klettner and Rödel 1979, Stiebing and Rödel 1990).  The higher the

diameter of the sausage (smaller oxygen level) the higher the lactic acid production (Demeyer

1982, Demeyer and Verplaetse 1985).

2.2 Flavour of dry sausage

Several factors may contribute to the final flavour of dry sausage as reviewed by, among

other, Dainty and Blom (1995).  These include the following:  The quality and type of raw

material,  smoking,  fermentation time as well as rate and extent of drying.  Some of the

flavour results simply from curing salt and nitrite.  The characteristics of different spices

affect the final flavour differently.  Some of the flavour is generated by meat endogenous

enzymes and micro-organisms via glycolysis, proteolysis, lipolysis and lipid oxidation

(Dainty and Blom 1995, Buckenhüskes 2000).  The production of different metabolic

products (Table 1) is species and strain dependent and thus the flavour of sausage is also

species and strain dependent.  The main sausage flavour in North European type dry sausages

is lactic acid, which is considered as a pleasant flavour, while the typically 1/10 of the

amounts of acetic acid are considered to contribute to odours and unpleasant flavours.  The

amounts of other acids, such as butanoic acid, are typically 1/100-1/1000 of the amounts of

acetic acid (Lücke 1986, Dainty and Blom 1995).

The chemical and enzymatic reactions during dry sausage fermentation and ripening

process degrade proteins into peptides, dipeptides and amino acids and lipids into fatty acids.

Amino acids are further decarboxylated into biogenic amines or aroma compounds and fatty

acids oxidated into aldehydes, alkanes, alcohols and ketones (Langner 1972, Dobbertin et al.



1975, Fernandez et al. 1991, Mateo and Zumalacárregui 1996, Montel et al. 1996, Viallon et

al. 1996).  These volatile compounds contribute to the flavour of dry sausage.  Generally,

LAB are only weakly protolytic (Law and Kolstad 1993) and lipolytic (Sanz et al. 1988,

Papon and Talon 1988) and have an effect on  the proteolysis and lipolysis mainly via

decreasing pH, while the proteolytic and lipolytic activities of staphylococci are strain

dependent (Demeyer et al. 1974, Selgas et al. 1988).  However, the essential role of starter

cultures, mainly staphylococci, on dry sausage flavour has been described by several authors

(Comi et al. 1992, Berdagué et al. 1993, Stahnke 1994, Montel et al. 1993, Miralles 1996,

Montel et al. 1996).

2.3 Safety and shelf-life of dry sausage

2.3.1. Hurdle concept

Dry sausages are microbiologically stable products.  It is achieved by the combination and

timing of different factors referred to as the hurdle-concept (Leistner 1995).  The safety of dry

sausage material, which is actually raw meat kept in room temperature for several days, is

based on the migration of salt into meat before the temperature of the (initially frozen) meat

rises >10 °C and the addition of nitrite.  Salt decreases the initial water activity inhibiting or

at least delaying the growth of many bacteria while favouring the growth of starter LAB and

starter staphylococci.  Nitrite is important at the start of the fermentation process for the

microbiological stability of the product, especially for inhibiting any salmonellae (Puolanne

1977).  Nitrite as in the form of undissociated nitrous acid (HNO2) is able to pass the ion

barrier of bacterial cell wall and disturb the function of bacterial enzymes and therefore

bacterial growth (Cook and Pierson 1983, Pierson and Smooth 1987).  Nitrate is sometimes

added to the sausage material as a storage of nitrite.  Staphylococci reduce nitrate into nitrite.

The lowering of pH value in the dry sausage (pH 5.0) enhances the reduction of nitrite (in the

form of HNO2) into nitric oxide (3HNO2 -> 2 NO + H2O + HNO3) (Puolanne 1977).

Ascorbic acid is also added to the meat matrix to do the same (2 HNO2 + C6H8O6 -> 2 NO + 2

H2O + C6H6O6).  While some of the nitrite is oxidiced to nitrate, meat oxymyoglobin is

oxidised to metmyoglobin.  Nitric oxide thereafter binds to metmyoglobin resulting nitric

oxide metmyoglobin, which is further reduced to nitric oxide myoglobin.  Due to the low pH

nitric oxide myoglobin is further denatured into stable nitric oxide myochromogen (Möhler

1980, Lücke 1986, Kröckel 1995).  The binding of nitrite with the iron in myoglobin reduces

the oxidation of unsaturated fatty acids and therefore prevents rancidity (Lücke 1986).  In the



end product, after weeks of ripening, only a few mg nitrite per kg dry sausage may be traced

(Puolanne 1977, Lücke 1985).

During the first day of fermentation the growth of microbes in sausage material uses

up all the oxygen mixed in the sausage matrix during the chopping.  This reduces the redox

potential (Eh) making the nitrite more effective and restricts the growth of aerobic spoilage

bacteria (pseudomonads) derived from the raw meat (Lücke and Hechelmann 1987, Kröckel

1995).  After few days of fermentation, the high amounts of LAB have produced high

amounts of lactic acid resulting in a low pH value of dry sausages.  Glucono-delta-lactone

(GDL) has also been used as an acidulant to decresease the pH of sausage material in few

hours and consequently shorten the total fermenting time (Sair 1964).  The lower external pH

disturbs the homeostasis of different pathogens (Staphylococcus aureus, Clostridium spp.,

Salmonella spp.) as well as spoilage bacteria (e.g. gram negative pseudomonads and

enterococci).  In a solution, weak acids exist in pH-dependent equilibrium between

undissociated and dissociated state (lactic acid pKa=3.86).  The low pH favours the uncharged

undissociated state of the molecule,  which is able to penetrate the target cell membrane.

Therefore, the lower the pH the stronger the inhibitory effect.  Inside the cell (pH 7.0) the acid

dissociates leading to the release of charged protons (and anions),  which can not cross the

plasma membrane.  Since the bacteria need to maintain their internal homeostasis,  energy

(ATP) is consumed in order to extrude the generated protons (and anions),  resulting the

restriction of growth (Davidson 1997, Leistner 2000).  However, in the pH values typical for

dry sausage (4.8) only 10% of lactic acid is undissociated, resulting in a fairly moderate

inhibitory effect (Lueck 1980, review Cherrington et al. 1991).

Furthermore, smoking of sausages contributes to inhibition of different bacteria on the

surface of the sausages (Tóth and Blaas 1972).  Smoke consists mainly of phenols, carbonyls

and different organic acids, such as formic, acetic, propionic and butyric acid.  In addition to

antimicrobial effect, phenols act as antioxidants and acids contribute to coagulation of surface

proteins.

The final hurdle for the growth of other bacteria than LAB and staphylococci is the

low water activity of the dry sausage (Kröckel 1995).  The low pH value decreases the water

holding capacity of meat increasing the rate of the drying process.  The drying is achieved by

ripening the sausages in ripening chambers with a relative humidity four %-units lower than

the respective water activity of the sausages.  The drying of sausages in ripening chamber (air



velocity 1 m/s) with relative humidity value <86% leads to the final water activity <0.90 of

the product (Klettner and Baumgartner 1980, Stiebing and Rödel 1987, Lücke 1985).

2.3.2  Inhibition of pathogens by hurdle concept

The growth of enterobacteria, such as Salmonella, is inhibited by nitrite, low oxygen level,

pH and water activity (Smith et al. 1975, Puolanne 1977, Sirviö et al. 1977).  Staphylococcus

aureus is tolerant for dry sausage environmental factors, but it is a fairly poor competitor to

starter LAB and starter staphylococci at fermentation temperatures 20-25 °C commonly used

in Finland (Hurst and Collins-Thompson 1979, Metaxopoulos et al. 1981a,b).  At the higher

fermentation temperatures (summer sausage) S. aureus may form a risk (Raccach 1981).  The

growth of Bacillus and Clostridium spores, which may be derived from spices (and to lesser

extent from meat) are controlled by low pH and water activity (Nordal and Gudding 1975).

However, the hurdles present in dry sausage are not sufficient to prevent the survival of

Listeria monocytogenes (Farber and Peterkin 1991, Varabioff 1992) or enterohemorrhagic

Escherichia coli O157:H7 (Reed 1995).

Listeria monocytogenes is a gram positive non-sporulating food pathogen.  It is

specially dangerous for very young (children), old, pregnant and immunocompromized

persons (Farber and Peterkin 1991).  The minimal infectious dose is not known and therefore

L. monocytogenes should not be found in any food product.  L. monocytogenes is widespread

in the environment and unusually tolerant of environmental extremes.  Despite the various

hurdles in dry sausage manufacturing process it is able to survive the commercial dry sausage

manufacturing process (Varabioff 1992).  It grows at the pH values common in commercial

dry sausages (Gahan et al. 1996) and survives in the low temperatures commonly used for

food storage.  Recently, its occurrence in food products has been suspected to be under-

reported due to the unreliable detection and enumeration media (Johansson 1999).  A novel

solution to reduce the risk of L. monocytogenes in dry sausage is to utilise specific bacteriocin

producing starter LAB strains as the main fermenting agents in dry sausage manufacturing

(Berry et al. 1990, Foegeding et al. 1992, Campanini et al. 1993, Elsser 1999).

Escherichia coli O157:H7 is highly adapted to acidic conditions and due to its very

low infectious level it poses a serious risk for the consumers (Doyle 1991, Bolton 1996).  Its

acid tolerance is inducible and involves the synthesis of acid shock proteins, activation of

metabolic enzymes to maintain homeostasis, and the increased corporation of cyclopropane

fatty acids in the cytoplasmic membrane (Leyer et al. 1995, Rowbury 1995, Bearson et al.



1997, Brown et al. 1997).  In 1994, in Washington and California 18 people were infected by

E. coli O157:H7 derived from dry sausage. Therefore, United States Department of

Agriculture (USDA) Food Safety and Inspection Service (FSIS) required the processors of

dry and semidry sausage to validate at least a 5-log-unit reduction in numbers of E. coli

O157:H7 cells in dry sausages (Reed 1995).  However, numerous studies concerning the

survival of E. coli O157:H7 in non-heated dry sausage manufacturing process have shown

that the number of E. coli O157:H7 can be reduced only by 1-2 log units (Hinkens et al. 1996,

Clavero et al. 1996, Calicioglu et al. 1997, Faith et al. 1997, 1998, Yu and Chou, 1998).

Infact, the only solution seems to be cooking of the dry sausages.

2.3.3 Protective culture concept

In recent years, there has been a considerable increase in studies of the natural antimicrobial

compounds on and in food produced by lactic acid bacteria (LAB), referred as bioprotective

cultures.  In addition to the production of antimicrobial lactic acid (see Chapter 2.3.1), these

LAB contribute to the safety and shelf-life of the food product by producing antimicrobial

bacteriocins (molecular mass >1000) and/or low-molecular-mass (LMM) compounds

(molecular mass <1000).  Bioprotective cultures may act as starter cultures in the food

fermentation process or they may protect foods without any detrimental organoleptic changes

(DeVuyst and Vandamme 1994).  Sometimes bioprotective cultures may even produce

favourable organoleptic changes in the final product.

Bacteriocins are peptides or proteins (Tagg et al. 1976), which due to their

proteinaceous nature are readily degraded after human digestion to common nutrients

(Sanders 1993).  The well-known bacteriocin nisin (E234), produced by Lactococcus lactis

ssp. lactis, is applied as food preservative in more than 50 countries (Hurst and Hoover 1993,

Vandenbergh 1993, DeVuyst and Vandamme 1994, Delves-Broughton et al. 1996).  The

mode of action of nisin is to dissipate the proton motive force of the target cell by forming a

pore through the cytoplasmic membrane which causes the flux of essential energy (ATP) and

different ions from the cell (Moll et al. 1996, Brötz et al. 1998).  Different bacteriocins vary

in their positions in the antimicrobial spectrum, mode of action, molecular weight, genetic

origin and biochemical properties (Naidu et al. 1999), and therefore they are divided into four

groups: I) lantibiotics,  II) small heat stable peptides,  III) large heat labile proteins and IV)

protein complexes (Klaenhammer 1993, Nes et al. 1996).  Group II is the most interesting for

meat industry.  For example curvacin A (Tichaczek et al. 1992) and sakacin A, P and K



(Holck et al. 1992, Tichaczek et al. 1992, Hugas et al. 1995) produced by Lactobacillus

curvatus and L. sakei strains, respectively, are isolated fron meat and they are mainly active

against other LAB and Listeria monocytogenes while pediocin PA-1/AcH produced by

Pediococcus acidilactici, P. parvulus and L. plantarum inhibit the growth of Staphylococcus

aureus, Listeria monocytogenes and Clostridium perfingens by binding to the cell wall

(Bhunia et al. 1988, 1991, Christensen and Hutkins 1992, Ennahar et al. 1992, Luchansky et

al. 1992, Klaenhammer 1993, Eijsink et al. 1998). Compared to the mode of action of for

nisin (class I), class II bacteriocins also form pores, which cause the leakage of ions (Bhunia

et al. 1991, Chikindas et al. 1993, Kaiser and Montville 1996, Chen et al. 1997) but no

leakage of ATP occurs due to the smaller pores formed by by class II bacteriocins compared

to the pores formed by class I bacteriocins.  However, ATP is consumed in order to maintain

the proton motive force dissipated by pore formation (Chen and Montville 1995).

In contrast to gram-positive bacteria, gram-negative bacteria, such as Escherichia coli

O157:H7, possess in addition to an inner membrane an outer membrane through which the

hydrophobic bacteriocins are not able to penetrate (Helander et al. 1997).  The inner leaflet of

the outer membrane is build of glyserophospholipids, while the outer leaflet is built of

lipopolysaccharides.  Lipopolysaccharides are composed of an inner hydrofobic lipid part and

outer hydrophilic heteropolysaccharide part, which is stabilized by divalent cations (such as

Mg2+) (Nikado and Vaara 1985).  The integrity of the outer membrane may be abolished by

permeabilizers, such as ethylenediaminetetraacetic acid (EDTA), citric acid or lactic acid,

which enable hydrophobic bacteriocins to penetrate the target gram-negative cell (Cutter and

Siragusa 1995b, Alakomi et al. 2000, Helander and Mattila-Sandholm 2000).  As suggested

by Helander et al. (1997), food grade permeabilizers in combination with other antimicrobials

would be ideal as part of the hurdle concept in inhibiting gram-negative bacteria in foods.

Furthermore, the probiotic effect of LAB in vivo may partly be based on the production of

relevant concentrations of lactic acid in the microenvironment, which in combination with

detergent like bile salts inhibit the growth of gram negative pathogenic bacteria (Alakomi et

al. 2000).

Non-proteinaceous low-molecular-mass (LMM) compounds possess a wide

antimicrobial spectrum concerning both gram-positive and gram-negative bacteria.  However,

their mode of action is unknown and they are poorly characterized due to difficulties in

purification as described by Niku-Paavola et al. (1999).  The typical LMM compounds are

small hydrophobic heterocyclic or aromatic structured compounds similar to benzoic acid



(pKa 4.19), active at low pH and stable in heat processing (Axelsson 1990, Brul and Coote

1999, Niku-Paavola et al. 1999).  The well known examples of LMM compounds are diacetyl

(2,3-butanedione), reuterin (3-hydroxypropanal) and PCA (2-pyrrolidone-5-carboxylic acid).

Diacetyl is produced by citrate metabolism contributing distinct butter flavour to the product

at concentrations too low for the antimicrobial effect (Jay 1982).  Furthermore, the production

is repressed by hexose fermentation (Lindgren and Dobrogosz 1990).  Reuterin is produced

by obligatory heterofermentative LAB, such as Lactobacillus reuterii, which can not be used

in fermentation process of meat products due to other unwanted metabolic products (Chung et

al. 1989).  PCA is produced by several strains including Lactobacillus rhamnosus strains GG,

LC-705 and Shirota as well as L. reuterii (Huttunen et al. 1995, Yang et al. 1997, Yang

2000).  It is possible that the antimicrobial activity of probiotic L. rhamnosus GG against

Clostridia spp., Bacteroides spp., Bifidobacterium spp., Peudomonads spp., Staphylococcus

spp., Streptococcus spp. and members of the Enterobacteriaceae in vitro (Silva et al. 1987) is

due to this compound.  However, it has been shown that when consumed with fermented milk

products L. rhamnosus GG stimulated indigenous bifidobacteria and therefore the inhibitory

effect on the beneficial bifidobacterial flora was not detected in vivo (Hosoda et al. 1994,

Benno et al. 1996).

In order to fully utilise the antimicrobial metabolites of LAB a few challenges have to

be overcome in future.  Bacteriocins or LMM compounds may bind to the food fat or protein

particles or the food additives may inactivate them.  In addition, the effect may be seen only

in a narrow pH range,  which excludes their utilisation in many food products (Jung et al.

1992, Nettles and Barefoot 1993, DeVuyst and Vandamme 1994, Cutter and Siragusa 1995a,

Mortvedt-Abildgaard et al. 1995).  The concentrations produced by LAB in situ may be

extremely low.  However, many bioprotective cultures produce several antimicrobial

compounds, which act in co-operation (Hanlin et al. 1993, Niku-Paavola et al. 1999).

2.4 Probiotics in dry sausage

2.4.1 Probiotics and the human gastrointestinal tract

As defined by Havenaar and Huis in´t Veld (1992) probiotic is a viable mono- or mixed

culture of micro-organisms which, when applied to animals or man, beneficially affects the

host by improving the properties of the indigenous microflora.  Recently this definition has

been widened to concern also non-microflora mediated effects such as immune parameters

and therefore become “live microbial food ingredient that is beneficial to health” (Salminen et





After consumption,  the first stress factors for probiotics are the enzymes in the oral

cavity (amylase, lysozyme) for a short period of time (Havenaar et al. 1992).  The actual first

line of defence against bacteria entering gastrointestinal tract is the low pH of gastric

secretions (pH 1).  The residence time can be from less than an hour to several hours

depending on the individuals, diet and the prevailing conditions.  The pH in the stomach is at

the lowest, pH 1.5, when the food bulk is low and highest while the food bulk is high, pH 5.5

(Giannella et al. 1972, Peterson et al. 1989, Verdu et al.  1994).  Ingestion of a fatty meal

produces produces an immediate rise of pH (Snepar et al. 1982, Konturek et al. 1994).

For those bacteria that survive the environmental conditions of stomach, the next

challenge is bile secretion and bile salts in the upper small intestine (duodenum).  In addition

to bile salts, the probiotics need to survive e.g. pancreatic juice, proteases and hydrolases

(Playne 1995).  In the lower small intestine (ileum) the conditions for bacterial presence and

growth begin to improve and the number of species and number of bacteria present can be

high (4-8 log cfu/ml, depending individual) with adherence to mucosa and perhaps temporary

colonisation (Goldin and Gorbach 1992).  Most lactobacilli exert beneficial effect already in

the small intestine whilst the largest numbers of bifidobacteria are often found in the colon.

After arriving at the colon probiotics should also adhere to epithelial mucosal surface

of the colon wall and temporarily colonise the colon.  This ability is most likely closely linked

to positive effects since the longer probiotics persist in the intestinal tract the better

possibilities they have to show metabolic effects towards other potentially harmful bacteria as

well as beneficially interact with mucosal surface (Ouwehand et al. 1999).  The ability of a

novel potentially probiotic strain to colonise human gut has been studied in vitro by using

Caco-2 cells (Greene and Klaenhammer 1994, Crociani et al. 1995, Kirjavainen et al. 1998,

Tuomola and Salminen 1998, Ouwehand et al.  1999).  Unfortunately,  in vivo studies have

shown that most of the probiotic strains colonise the human gut only temporarily (Tannock

1999b).  Promising results, however, have been achieved with  Lactobacillus rhamnosus GG,

which has colonised the human gut for over a week depending on the individual human

gastrointestinal flora (Benno et al. 1996, Alander et al. 1999b).  The human origin of the

strain may provide stronger competitors against harmful bacteria present (11-12 log cfu/ml)

since the strains are adapted to the environment of human gastrointestinal tract (Playne 1995).

The normal microflora of human gastrointestinal tract consists of over 400 species (Moore

and Holdeman 1974), and 30-40 of them form the main flora (Drasar and Barrow 1985).   The

number of species, however, may change in the near future, when researchers accomplish new



results by using modern molecular biology methods (Fooks et al. 1999, O’Sullivan 1999,

Suau et al. 1999, Tannock 1999a).  Understanding the interactions between specific well

characterised probiotics and the mucosal and intestinal microflora has developed rapidly

during recent years.  Today, we can also assess the interactions using intestinal biopsies and

molecular methods such as fluorescent in situ hybridisation (FISH) assessment of specific

members of the microflora (Amann et al. 1995, Langendijk et al. 1995, Alander et al. 1997,

1999b).

2.4.2 The health effects by probiotics

The ability to produce different antimicrobial compounds, such as bacteriocins and/or other

low-molecular-mass (LMM) antimicrobial compounds, may be one of the critical

characteristics for effective competitive exclusion of pathogens and survival in the intestine to

express probiotic effect to the host (Ouwehand 1998, Salminen et al. 1998c, Tuomola et al.

2001).  The acidic conditions in the stomach may even enhance the activity of these

antimicrobial compounds (Gänzle et al. 1999a, b).  Other possible actions in the gut include

e.g. local lowering of pH due to production of lactic acid and competitive exclusion of other

micro-organisms by using a wide range of carbohydrates (prebiotics) as an energy source.  In

fact, while the exact mechanism by which a probiotic strain interacts with other bacteria in the

gastrointestinal tract or with the mucus of gastrointestinal tract itself is not known (Havenaar

et al. 1992, Fuller 1992, Playne 1995, Berg 1998, von Wright and Salminen 1999), several

clinical studies concerning gastrointestinal disorders,  food allergies and inflammatory bowel

diseases have been successful (Isolauri et al. 1999, Ouwehand et al. 1999, von Wright and

Salminen 1999, Mattila-Sandholm and Saarela 2000). Gastrointestinal disorders mainly

covers diarrhoea caused by pathogens (Oksanen et al. 1990, Perdigon et al. 1990, Hilton et al.

1997),  antibiotics (Arvola et al. 1999) and rotavirus (Saavedra et al.  1994).  The term

inflammatory bowel disease (IBD) covers a wide range of incurable diseases that result in

chronic inflammation of the gut (Marteau 2000).  Furthermore,  probiotics are known to

promote the immune function (Perdigon et al. 1995, Schiffrin et al. 1995, Pelto et al. 1998,

He et al. 2000).  Recently, probiotics have been used for alleviation of symptoms of food

allergy in infants and adults as well as prevention of atopic diseases in infants (Isolauri et al.

1999, Kalliomäki et al. 2001).





The target products in meat processing are the various dry sausages which are

processed by fermenting without heating.  Arihara et al. (1996, 1998) have shown that the

potentially probiotic strain Lactobacillus gasseri JCM1131 is applicable for meat

fermentation to enhance product safety,  and Sameshima et al. (1998) have demonstrated the

usefulness of the potential probiotics L. rhamnosus FERM P-15120 and L. paracasei subsp.

paracasei FERM P-15121 in meat fermentation.  Andersen (1998) fermented dry sausages

succesfully using a mixture of the traditional starter culture Bactoferm T-SPX (Chr. Hansen)

and a potentially probiotic culture of L. casei LC-01 or a mixture of the same starter and the

probiotic Bifidobacterium lactis Bb-12.  Probiotic strains may be found among LAB species

(e.g. Lactobacillus plantarum, L. casei) currently used as meat starter cultures, but the

probiotic nature of a strain is always strain specific and the health promoting effects needs to

be studied in vivo.  However, the human clinical studies concerning health promoting dry

sausage do not exists.  Since the expression of properties of a bacterium is controlled by

environmental factors, the clinical studies with human subjects are essential for each product

before their efficacy as functional foods can be assessed (Hammes and Hertel, 1998).



3   Objectives of the study

Dry sausages have been fermented by meat starter cultures for decades.  The novel idea is to

use bioprotective LAB as fermenting organisms in order to restrict the growth of pathogens,

especially Listeria monocytogenes.  Furthermore, health promoting LAB, referred to as

probiotics, has been widely used in dairy industry, but not until recently have they been

studied for their potential use as meat starter cultures.  As one possible mode of action for

probiotics is the production of antimicrobial compounds. LAB may act as both probiotic and

bioprotective culture as well as fermenting agent in meat product, such as dry sausage.

Therefore, the selection of suitable strains would contribute the further design and operation

of the full-scale applications for the utilisation of probiotic and bioprotective bacteria in the

meat industry.  The aim of the study was to produce high quality dry sausages fermented by

probiotic and proposed probiotic Lactobacillus rhamnosus strains and describe the flavour

impact of these strains on dry sausages.  Furthermore, the aim was to screen the bioprotective

nature of these strains against Listeria monocytogenes or Escherichia coli O157:H7.

This dissertation summarises the results of five studies focusing on:

1. screening of selected commercial meat starter cultures for acid and bile resistance by

using in vitro methods (I),

2. assessing out whether Lactobacillus rhamnosus strains GG, LC-705 and E-97800 can

act as main fermenting organisms in manufacturing process for dry sausage and

therefore produce technologically high quality dry sausage with high amounts of LAB

(II),

3. determining the flavour profiles of dry sausages fermented by Lactobacillus

rhamnosus strains GG, LC-705 and E-97800 (III),

4. characterising the risk associated with Listeria monocytogenes in dry sausages

fermented by Lactobacillus rhamnosus strains LC-705 and E-97800 and assessing out

the bioprotective nature of these strains (IV) and

5. characterising the risk associated with Escherichia coli O157:H7 in dry sausages

fermented by Lactobacillus rhamnosus strains GG, LC-705 and E-97800 and

assessing the bioprotective nature of these strains (V).



4. Materials and methods

4.1 Study design

The present study is in three parts:

1. The selection of probiotic LAB strains for dry fermented sausages.  Selected

commercial meat starter cultures were screened for acid and bile resistance by using in

vitro methods (I).  The ability of probiotic Lactobacillus rhamnosus strain GG and

proposed probiotic strains L. rhamnosus strains LC-705 and E-97800, to produce

lactic acid and not to produce biogenic amines, i.e. to act as meat starter cultures,

were also studied (III).

2. The manufacturing of dry sausages. Technological and microbiological as well as

sensory properties of the dry sausages fermented by Lactobacillus rhamnosus strains

GG, LC-705 and E-97800 were studied (II-III).  The strains were confirmed to act as

main fermenting organisms by their genetic fingerprints (II-IV).  The amount of

biogenic amines were also measured from the dry sausages (II).

3.   The evaluation of risk of pathogens in dry sausages.  The risk of Listeria

monocytogenes (IV) and Escherichia coli O157:H7 (V) in dry sausages fermented by

Lactobacillus rhamnosus strains GG, LC-705 and E-97800 were studied.

The selection of potentially probiotic strains was carried out at the Department of Food

Technology, University of Helsinki (I).  The amount of lactic acid and biogenic amines were

analysed at the Department of Chemistry, National Veterinary and Food Research Institute

(II-III).  The dry sausages were manufactured and analysed at the Department of Food

Technology, University of Helsinki (II-III) and at the Department of Food and Environmental

Hygiene, University of Helsinki (IV-V).  The genetic fingerprints of the probiotics were

studied at VTT Biotechnology (II-IV).  Preliminary sensory evaluation of the experimental

sausages was performed at the Department of Food Technology, University of Helsinki (II),

while the flavour profiles were created at the National Veterinary and Food Research Institute

(III).



4.2 Strains

Meat starter cultures (Table 5) were kindly provided by Mrs. Lone Andersen, Chr. Hansen as

lyophilised pure cultures containing one LAB strain and one staphylococcus strain.

Lactobacillus rhamnosus strains GG and LC-705 (Table 6) were provided by Valio Ltd. as

lyophilised pure starter cultures while experimental strain E-97800 was provided by VTT

Biotechnology laboratory as active culture on MRS agar.

Lactobacillus rhamnosus GG (Lactobacillus GG) is a well known probiotic lactic acid

bacterial strain used to ferment dairy products (Saxelin 1997).  Its beneficial effects are well

documented (Salminen 1996, Saxelin 1997).  L. rhamnosus E-97800 is a novel potential

probiotic strain isolated from human faeces (Kontula et al. 1999a).  L. rhamnosus LC-705 is a

bioprotective lactic acid bacterium used to ferment dairy products together with

Probionibacterium shermanii (Mäyrä-Mäkinen and Suomalainen 1995).  The commercial

name of the mixture is Bioprofit�.  However, since propionibacteria produce high amounts of

propionic acid and acetic acid which are not wanted in meat products, L. rhamnosus LC-705

was provided as pure culture by Valio Ltd. for the experimental series presented in this study.

L. rhamnosus LC-705 has recently been studied for its probiotic properties (Lehto and

Salminen 1997,  Tuomola and Salminen 1998),  and this research work is still going on.  L.

rhamnosus E800,  L. rhamnosus LC-705 and Lactobacillus GG have been shown to adhere to

human cells (Caco-2) in vitro (Elo et al. 1991,  Lehto and Salminen 1997,  Tuomola and

Salminen 1998, Kontula et al. 1999a,b).  In addition,  Lactobacillus GG and L. rhamnosus

E800 have recently been studied in a Simulator of the Human Intestinal Microbial Ecosystem

(SHIME),  which has been used as a model in probiotic studies (Molly et al. 1993, 1994,

1996).  Kontula et al. (1998) have demonstrated that after the administration of Lactobacillus

GG-fermented oats Lactobacillus GG continued colonising the SHIME model for several

days.  In vivo studies have shown that Lactobacillus GG continues to colonise the human gut

for more than a week (Alander et al.  1999b).  Feeding the SHIME model with L. rhamnosus

E800 clearly showed that L. rhamnosus E800 colonised the model.  It enhanced the metabolic

activity of intestinal microbes and the production of lactic acid and butyric acid increased,

whereas production of ammonium and β-glucuronidase decreased (Kontula et al. 1999c).





4.3  Screening of meat starter cultures for their acid and bile tolerance (I)

4.3.1  Survival at low pH (I)

Eight meat starter LAB strains (Table 5) were studied sequential for their ability to survive at

low pH and in the presence of bile salts. Each LAB strain was isolated on MRS agar (pH 5.6)

by incubating for 3 days at 30 °C and thereafter one colony forming unit was inoculated into

10 ml of sterile saline and stirred (suspension).  A modification of the method of Mäyrä-

Mäkinen et al. (1983), Conway et al. (1987) and Jin et al. (1998) was then applied to

screening at low pH.  A 0.50 ml aliquot of bacterial suspension was inoculated into 10 ml of

sterile phosphate-buffered saline tubes with pH values 1,  2,  3 and 4 (adjusted using 8 M

HCl).  LAB were also tested at pH 5,  since it was assumed that no reduction in number of

LAB exists in this pH value (control).  Phosphate-buffered saline was prepared by dissolving

NaCl (9 g/l), Na2HPO4  x 2 H2O (9 g/l), and KH2PO4 (1.5 g/l) in distilled water.  The tubes

were incubated at 37 °C and the viable organisms were counted after exposure for 0,  0.5,  1,

2.5 and  4 h on MRS agar (pH 5.6) incubated for 48 h at 30 °C.

4.3.2  Survival in the presence of bile salts (I)

For screening the effect of bile salts on the meat starter LAB strains a method of Gilliland et

al. (1984) was employed.  A 0.25 ml aliquot of bacterial suspension was inoculated into 5 ml

sterile MRS broth tubes with pH values  4,  5,  6 and 7 (adjusted using 8 M HCl/NaOH).

0.15% or 0.30% standardised mixture of the salts of bile acids prepared from ox bile (Oxoid

L55) was also added to the tubes at different pH values.  The tubes were incubated at 37 °C

and the viable bacteria were counted after exposure for 0,  0.5,  1,  2.5 and  4 h on MRS agar

(pH 5.6) incubated for 48 h at 30 °C.  The control consisted of 0.25 ml of the bacterial

suspension added to MRS broth at pH 5.6 and 7.0 (adjusted using HCl/NaOH) and incubated

for 30 h at 37 °C.  After incubation viable organisms were counted on MRS agar after 48 h at

30 °C.

4.4 Proposed probiotic lactic acid bacteria as meat starter cultures (II-III)

4.4.1 Ability to produce lactic acid (III)

Probiotic Lactobacillus rhamnosus strain GG and proposed probiotic strains LC-705 and E-

97800 were studied for their ability to produce sufficient amount of lactic acid in order to act

as main fermenting organism in dry sausage manufacturing.  Each strain was isolated on MRS

agar (pH 5.6) by incubating for 3 days at 30 °C and thereafter inoculated into 10 ml MRS



broths (glucose 20 g/l) and incubated for 48 h at 22oC.  The broths were purified with strong

anion-exchange (SAX) solid phase extraction (SPE) cartridges and lactic acid were separated

with a reversed-phase column (Spherisorb S5ODS2 25 cm x 4.6 mm, 5µm, Phase separations

Ltd, UK) in a high performance liquid chromatography (HPLC) system.  Lactic acid

concentrations of the samples were determined at a wavelenght 214 nm by by using external

standard method with 0.5 mM,  1.0 m,  5.0 mM and 10.0 mM standards.  The mobile phase 50

mM potassium phosphate buffer (pH 2.4) was pumped at 1 ml/min and the column

temperature was 30 
oC.   Relative retention value for lactic acid was 1.3.  Standards were run

eight times and each sample twice.  The amount of lactic acid was presented as mmol/l MRS

broth.

4.4.2  Ability to produce biogenic amines (II-III)

Lactobacillus rhamnosus strains GG, LC-705 and E-97800 were isolated on MRS agar (pH

5.6) by incubating for 3 days at 30 °C and thereafter inoculated into 10 ml MRS broths

containing 0.5% histidine and 0.5% tyrosine (III).  Since the maximum histamine and

tyramine production in MRS broth takes place after the 24 hours of incubation (Chandler et

al. 1989) the inoculated broths were incubated for 48 h at 22 
oC.  Biogenic amines were

detected as their dansyl derivatives at 254 nm by HPLC-system (HP 1090 Series M LC,

diode-array detector including gradient module, binary DR5 pumps, autoinjector system with

25 µl loop) by the method of Eerola et al. (1993).  The limit of determination for histamine

was 1 µg/ml and for tyramine 2 µg/ml.  The amount of biogenic amines was presented as

µg/ml MRS broth.

In dry sausage trials the ability of the selected strains not to produce amines was

confirmed.  Biogenic amines were extracted from 5.0 g raw sausage material (0 day) and from

5.0 g dry sausages after 35 days of fermentation and ripening with 0.4 M perchloric acid

(Merck) (II). The analysis was performed as indicated above.  The amount of biogenic amines

was presented as mg/kg sausage.

4.5  Preparation of dry sausages (II-V)

Dry sausages were manufactured according to different formulations (II-V).  The

formulations included beef, pork, pork fat, salt, glucose, NaNO2 and KNO3, sodium

ascorbate, spices as well as bacterial cultures (Table 6). Each experimental lactic acid

bacterial (LAB) strain was isolated on MRS agar (pH 5.6) by incubating for 3 days at 30 °C



before use in the different studies (II-V).  In addition to Lactobacillus rhamnosus strains LC-

705 and E-97800 (II-V) as well as strain GG (II, III, V) two bioprotective cultures (L.

plantarum and Pediococcus pentosaceus) were studied for their flavour profile (III) and one

commercial bioprotective culture (L. plantarum) for its effect on survival of Listeria

monocytogenes (IV).  LAB were added to sausage material as pure cultures grown in MRS

broth at 30 °C for 24 h (III-V) or 48 h (II) aiming at 7 log cfu/g sausage.  Staphylococcus

carnosus and S. xylosus (6 log cfu/g sausage material) were added as commercial starter

cultures (Pökelferment 77, Chr. Hansen (II-IV) and Actif K-E Soprosal, Schneider Ferments

(V), respectively) while Escherichia coli O157:H7 (5 log cfu/g) and Listeria monocytogenes

(3 log cfu/g) were inoculated to sausage material as pure cultures grown in Brain Heart

Infusion for 24 h at 37 
oC.

The raw sausage material was stuffed into casings of different diameter, 45 mm (II)

and 60 mm (III-V), and therefore fermented and ripened by different programs.  All

experimental series were run three times and the results concerning the sausages

manufactured by Lactobacillus rhamnosus strains GG, LC-705 and E-97800 were compared

to the results from sausages manufactured by a commonly used commercial meat starter LAB

strain (two strains of Pediococcus pentosaceus (II, IV,V) and Lactobacillus sakei (III)).

4.6 Analysis of pH, weight losses and consistency (II-V)

In present study the pH values of the dry sausages were measured (electrode: Ingold S 2518)

directly from the sausage as the mean value of three measurements during the fermentation

and ripening.  The isoelectric point (pI) of meat is 5.0 (Hamm 1962).  However, the pI of dry

sausage is lower depending the amount of NaCl added to the sausage material (Hamm 1962).

In addition, the isoelectric point of dry sausage decreases along the increasing NaCl

concentration resulted from the drying process.  The pH of dry sausage (with NaCl) is always

higher that the pI.  Therefore, the addition of water dilutes the dry sausage sample lowering

the ionic strenght and increasing the measured pH value.  The lowering of ionic strength may

be prevented by using dilutions of the same NaCl concentrations e.i. ionic strength than the

measured sample (Landvogt 1991).  Due to the different amounts of added NaCl and the NaCl

concentrations at different times of the dry sausage drying process the favourable ionic

strength of the dilution may not be known.  In order to prevent the shift of pH value in the pH

measurement of dry sausage the only correct way to proceed is to measure the pH value

directly from the dry sausage.





After fermentation and ripening for 28 days (II, IV) or 35 days (III) colonies were collected

from MRS agar plates and were ribotyped by the automated RiboPrinter® Microbial

Characterisation System (Qualicon™, USA) according to the manufacturer´s instructions

(Bruce 1996).  Cells from the MRS agar plates were suspended in buffer.  DNA was released

by two lysing agents and cut with EcoR1 restriction enzyme.  Resulted fragments were

electrophoretically separated according to their size and transferred to a nylon membrane.

This was followed by Southern hybridisation probing with a chemically labelled rRNA

operon probe from Escherichia coli.  The luminescent fragments of membranes were

photographed with a charge-coupled device camera and converted to digital information by

the system’s software.  This software automatically normalised experimental fragment pattern

data (RiboPrint® patterns, i.e. genetic fingerprints) by comparing band intensities and relative

band positions with those of the molecular weight markers.  Isolates with ribotype similarity

indices >0.96 are classified in the same ribogroup.  Finally, the RiboPrint® patterns of the

isolates were compared to patterns from the inoculated strains.

4.7.2 Staphylococci (II-V), Listeria monocytogenes (IV) and Escherichia coli O157:H7 (V)

Staphylococci were enumerated on Paird-Parker agar for 2 days at 37 
oC and Escherichia coli

O157:H7 on Sorbitol-MacConkey with cefixime (0.05 mg/l) and tellurite (2.5 mg/l) for 24 h

at 37 
oC (Table 7). Qualitative detection of Listeria monocytogenes in dry sausages were

performed by enriching in Fraser broth and plating on Palcam agar and Oxford agar for 24 h at 37
oC (Table 7).

4.8 Flavour analysis (II-III)

A preliminary sensory evaluation was performed after 28 days of ripening using dry sausage

slices (II).  An 8-person panel highly experienced with the sensory evaluation of dry sausages

were asked to assess blinded samples and respond to the question “Do you find the flavour of

the experimental sausage better than / as good as / worse than the control sausage?”.

Detailed analysis of sensory properties of dry sausages fermented by Lactobacillus

rhamnosus strains GG, LC-705 and E-9780 was conducted by following the principles

presented in ISO 11035:1994 (III).  Trained panelists (n=17) were provided with wide range

of commercial Finnish dry sausages and they independently generated descriptive words.

Five most descriptive words were selected in consensus and reference standard dilution in

applicable concentrations were provided to the panelists.  The meaning and quantitative scale



(1-7, 0=not detected) of the descriptive words for each panel member was discussed during

the training sessions as advised by Civille and Lawless (1986).   Evaluation of experimental

dry sausages was carried out blinded with a score sheet,  which included in addition to

descriptive words also after-taste and persistence as well as the overall impression.  After-

taste was determined after 1 minute from ejection and persistence was described as the

persistence of after-taste.  The overall impression was understood to be the quality of the dry

sausage and the success of fermentation process.  It was evaluated at the end of evaluation

session from “excellent quality” (3) via “good quality” (2) to “satisfactory quality”(1).

4.9 Statistical analyses (I-V)

The reported differences between the results of physical, chemical and microbiological

analysis of sausages fermented by different strains were tested with one-way analysis of

variance (ANOVA, Statgraphics) (I-V).  The results of preliminary sensory evaluation were

tested with χ2
 –test (Statgraphics) (II).  P<0.05 values were considered to be significant.



5   Results

5.1 Screening of meat starter cultures for their acid and bile tolerance (I)

5.1.1 Survival at low pH (I)

Over the course of 1 h in phosphate buffered saline at pH 1 and pH 2 the number of all LAB

isolated from commercial meat starter cultures decreased from the inoculated level of 7.4-7.6

log cfu/ml to <4 log cfu/ml (I, Table 2).  However, differences existed at the pH 3.  P2,

RM10 and FF proved to be most acid tolerant.

5.1.2 Survival in the presense of bile salts (I)

The results indicated that at a concentratin of 0.15% bile salts did not affect the numbers of

lactobacilli at pH 6 while the numbers decreased at pH 5.  At a concentration of 0.30% of bile

salts only FF survived at pH 5, while at pH 6 P2,  RM10 and L2 survived (I, Table 3).  The

number of P2, RM 10 and L2 decreased by approximately 1 log unit indicating that as many

as 10% survived.

5.2  Proposed probiotic lactic acid bacteria as meat starter cultures (II-III)

5.2.1   Ability to produce lactic acid (III)

The numbers of lactic acid bacteria increased in the broth cultures to 9.5-9.9 log cfu/ml and

the pH values decreased to values 4.1-4.3.  The amount of lactic acid in MRS broths varied

between the strains from 80 mmol/l (control) to 100 mmol/l (LC-705 and E-97800) and even

to 140 mmol/l (GG) (III, Figure 1).

5.2.2   Ability to produce biogenic amines (II-III)

The analysis of MRS broths showed that the strains form neither histamine nor tyramine.  The

level of histamine was <10 µg/ml and the level of tyramine <15 µg/ml (III).  In dry sausage

after 35 days of fermentation and ripening the concentration of tryptamine, putrescine,

spermine and spermidine were at the same level as in the raw sausage material (II).  There

were only a slight increases in the amounts of phenylethylamine, cadaverine and histamine.

The levels of tyramine increased approximately tenfold in all sausages.

5.3 Analysis of pH,  weight losses and consistency of dry sausages (II-V)

The pH values of the sausages decreased in 7 days from a value of 5.6 to 4.9-5.1 in studies II-

V, while to values of 4.7-4.9 in study IV.  The pH values remained at those levels to the end



of ripening period (II-IV) or increased slightly (IV-V).  There were no marked differences

between pH values of dry sausages fermented by different strains, even though the results of

study II indicated that dry sausages fermented by GG and E-97800 had lower (p< 0.05)

ultimate pH (4.9) than sausages fermented by LC-705 and control (pH 5.0).  The weight

losses of the sausages were at the level of 40% after 28 days of fermenting and ripening (II,V)

and at the level 45% after 35 days of fermenting and ripening (III).  In study IV the weight

losses were 20% after 28 days of ripening.  The results of the consistency values indicated

that dry sausages fermented by LC-705 were softer (p<0.05) than the other sausages (II).

5.4 Microbiological determinations of dry sausages (II-V)

5.4.1 Lactic acid bacteria (II-V)

The number of lactic acid bacteria increased from the inoculated level 7 log cfu/g to a level of

8-9 log cfu/g in 7 days (II-V).  Until the end of ripening the number of lactic acid bacteria

decreased <8 log cfu/g in dry sausages fermented by LC-705 and GG in studies II and V,

while the number remained at the level 8.5 log cfu/g in the studies III and IV.  The number of

lactic acid bacteria in dry sausages fermented by E-97800 was the highest in all dry sausage

studies (II-V).

The same RiboPrint� patterns (genetic fingerprints) were obtained in from the

sausage isolates as from pure cultures of the relevant experimental strains (II-IV).  The

ribotyping results indicated that each of the inoculated bacterial strains was the dominating

bacterial strain in the final product.  The similarity between the genetic fingerprints of GG

and LC-705 was 82%, GG and E-97800 91%, and LC-705 and E-97800 71%.

5.4.2 Staphylococci (II-V)

The number of staphylococci remained at the inoculated level of 6 log cfu/g to the end of

ripening period (II-III) or decreased to 5.0-5.5 log cfu/g (IV-V).

5.4.3 Listeria monocytogenes (IV)

LC-705 and E-97800 as well as bacteriocin producing ALC (positive control) resulted L.

monocytogenes negative dry sausages at the early stage of ripening process (7 days).

Independing on the strain used for fermentation of dry sausages (North European

formulation),  dry sausages were Listeria monocytogenes negative (inoculation 3 log cfu/g) at

the end of process (28 days) (IV, Table 4).



5.4.4 Escherichia coli O157:H7 (V)

The number of Escherichia coli O157:H7 decreased from the inoculated level of 5 log cfu/g

to the level of 1-2 log cfu/g in 28 days of ripening (V, Figure 3). There were no differences

(p<0.05) between sausages fermented by different strains.

5.5 Flavour analysis (II-III)

In preliminary tests (II) the flavour of the sausages fermented by GG and E-97800 was

considered to be as good as the flavour of sausages fermented by control, while the flavour of

sausages fermented by LC-705 was inferior (p<0.05) to that of sausages fermented by the

control strain.  However, the flavour profile of the sausages described by panel members were

almost identical (III, Figure 4).  The overall impressions of the sausages were reported as

being between good quality and excellent quality in all the sausages.



6. Discussion

6.1 Screening of meat starter cultures for their acid and bile tolerance (I)

In addition to those lactic acid bacteria (LAB) that are part of the normal flora of human

gastrointestinal tract (Moore and Holdeman 1974, Drasar and Barrow 1985),  large numbers

of LAB are introduced into the gastrointestinal tract as constituents of foods.  However, LAB

typically found in food do not survive the gastric conditions and passage through human

gastrointestinal tract (Conway et al. 1987, Goldin et al. 1992, Hammes et al. 1997).

Therefore, they may not contribute to the health of the consumer.  Probiotic strains used in

fermented foods (Havenaar and Huis in´t Veld 1992,  Salminen et al. 1998a) have been

selected to withstand these conditions and reach the intestine as viable organisms thus

facilitating potential health effects.

Several in vitro studies aimed at screening potentially probiotic strains have been

carried out (Mäyrä-Mäkinen et al. 1983, Gilliland et al. 1984, Conway et al. 1987, Hammes

et al. 1997, Jin et al. 1998).  The results obtained from present study indicate that strains

Lactobacillus curvatus and Pediococcus acidilactici isolated from commercial meat starter

cultures RM10 and P2 (Chr. Hansen, Denmark) had the strongest capacity for surviving both

acidic conditions (pH 3) and 0.30% bile salts at pH 6 (I, Table 2-3).  The growth pattern of FF

(I, Table 3) was inconsistant indicating survival at pH 5 but not at pH 6 and therefore the

results were omitted.  The number of RM10 and P2 remained at the high level, which may

have a positive probiotic effect on human health.  This is similar to the results obtained by

Goldin et al. (1992) with Lactobacillus GG which has been proven to be a human probiotic.

The results also indicated that 0.30% was the critical bile salt concentration for screening

tolerant strains, as stated earlier by Gilliland et al. (1984) and Goldin and Gorbach (1992).

Since the bacteria in general are sensitive to low pH values in stomach (Conway et al.

1987, Berrada et al. 1990),  it is most important that probiotics are consumed within a food

matrix.  Bacteria can survive acidic conditions in vitro when inoculated onto the surface of

solid food, whereas the same level of acidity is lethal to the inoculum in an acidified broth

environment.  Milk has been shown to be an excellent vehicle for probiotic bacteria probably

due to its high buffering capacity (Saxelin 1996).  Meat acts also as a buffer in an acidic

environment and therefore may also protect bacteria from hostile environment.  The

protective effect of some solid foods may be due to the raising the pH of microenvironment of

the bacteria on the surface of the food (Waterman and Small 1998).  Furthermore, meat has

been found to protect LAB against the lethal action of bile (Gänzle et al. 1999).



In fermented sausages LAB grow in nests (Katsaras and Leistner 1991) and they are

therefore “encapsulated” by the sausage matrix consisting of meat and fat.  Thus they may

survive better the critical passage through the stomach and the small intestine compared to

their unprotected exposure to low pH and bile salts as studied in present study (I).

Furthermore, it has been argued by Tannock (1999c) that food components (meat and fat

particles) that have escaped digestion may act as an energy source for the bacteria in the

intestine.  On the other hand, lactobacilli in these nests degenerate (i.e. weaken) easily during

the longer ripening time of fermented sausages because of an accumulation of metabolic

products (Katsaras and Leistner, 1991).  Degenerated lactobacilli are probably more

vulnerable during their passage through the intestine than young cultures.

The present study (I) showed that Lactobacillus curvatus (RM10) and Pediococcus

acidilactici (P2) can be regarded as acid and bile stable, but further studies are needed before

these strains may eventually be considered probiotic meat starter cultures.  The key selection

criteria for probiotic bacteria (Mattila-Sandholm and Salminen 1998, Klaenhammer and

Kullen 1999, Ouwehand et al. 1999) includes in addition to studies of acid and bile salt

resistance also several other in vitro studies not to mention the clinical and nutritional studies

in humans to verify their health promoting effects.  Therefore, the aim of the present study

was focused on the technological properties of Lactobacillus rhamnosus strains,  which have

been previously studied and proposed or shown to be probiotic (Saxelin 1997, Lehto and

Salminen 1997, Tuomola and Salminen 1998, Alander et al. 1999a,b,  Kontula et al. 1998,

1999, 2000a,b).

6.2 Proposed probiotic lactic acid bacteria as meat starter cultures (II-III)

In present study Lactobacillus rhamnosus GG, LC-705 and E-97800 were confirmed to

produce sufficient amount of lactic acid in order to act as main fermenting organism in dry

sausage manufacturing (III).

Since it has been suggested by Buckenhüskes (1993) that the main fermentative

organisms in dry sausage should be amine negative, the strains were studied for their ability

to produce biogenic amines in vitro (III) and in a sausage matrix (II).  The strains proved to

be amine negative and the levels of biogenic amines in experimental dry sausages were low

compared to levels reported in the literature (Eerola et al. 1996, Hernádez-Jover et al. 1997,

Paulsen and Bauer 1997, Bover-Cid et al. 1999a,b, 2000).  This also indicates the high

hygienic quality of the raw material (Vidal-Carou et al. 1990, Maijala et al. 1995).



Therefore,  it was shown that Lactobacillus rhamnosus GG,  LC-705 and E-97800 can

be used as meat starter cultures for production of dry fermented sausages.

6.3 Analysis of pH, weight losses and consistency of dry sausages (II-V)

The decrease of pH resulted from the production of lactic acid has an impact on water

evaporation during the fermentation and ripening process and consequently the weight losses

and the consistency (firmness) values of dry sausages.  Therefore,  in present study (II-V) the

results of pH, weight losses and consistency of dry sausages are discussed together.

The pH values decreased as expected on the basis of several review articles, e.g.

Bacus (1984), on dry sausage manufacturing.  However,  the typical pH value of the Finnish

dry sausage is 4.7-4.8, which could be considered as a very low value for the pH of a dry

sausage world-wide.  In the present study the pH values were 4.9-5.1 (II-III,V) and 4.7-4.9

(IV) and there were no marked differences between dry sausages fermented by different

strains.  Despite the fact that the ability to produce lactic acid in broth varied between the

strains (III), the pH values of dry sausages were similar.  The explanation for this is that while

the strains may produce different amounts of acid in laboratory media (Lücke and

Hechelmann 1987), their production in dry sausage environment may be similar (Berdagué et

al. 1993).  Another reason may be due to the buffering capacity of meat which results in the

differences in the amount of lactic acid not being shown in the pH values of the meat.  In

addition, the spices used in commercial dry sausage formulation may change the amount of

acid produced by LAB as indicated by Demayer et al. (1987).

The weight losses of 40-45% (II-III, V) are higher and 20% (IV) lower than typically

found in commercial Finnish dry sausages (35%) as indicated by the product labels.  The

reason for higher weight losses most probably lies in the longer ripening times of dry

sausages in present study (28-35 days) than that of in industrial scale sausages.  The weight

losses of 20% in study IV were atypically low.  However, no marked differences between the

weight losses of dry sausages fermented by different strains existed,  which is in agreement

with the pH values of the sausages.  On the otherhand, the results of consistency values (II)

indicated that dry sausages fermented by Lactobacillus rhamnosus LC-705 might be softer

than other sausages.

Therefore, it was demonstrated that Lactobacillus rhamnosus strains GG, LC-705 and

E-97800 are able to reduce the pH of meat (dry sausage) as expected for a meat starter culture



and consequently cause the weight losses and formation of firm structure of typical dry

sausage.

6.4 Microbiological determinations (II-V)

6.4.1. Lactic acid bacteria (II-V)

The minimum dose of daily ingestion of probiotic bacteria is not known but it is estimated to

be 109-10
 viable microbes in order to show a health effect and temporary colonisation of 106-8

viable microbes/g faeces.  For a dry sausage containing 108
 viable microbes/g the minimum

dose therefore could be 10-100g sausage per day.  However, the minimal dose is dependent

on several factors:

1. Individual: Each human individual has a unique normal gastrointestinal bacterial

flora.  Since the exact mechanism by which a probiotic strain interact with other

bacteria in the gastrointestinal tract or with the mucus of gastrointestinal tract in

itself is not known (Havenaar et al. 1992, Fuller 1992, Playne 1995, Berg 1998), no

direct extrapolations of how a strain would affect a host can be made (Mattila-

Sandholm et al. 1999).

2. Strain:  A strain particularly well-suited to survival of the journey through the

gastrointestinal tract could be provided in lower numbers than a poorly adapted

strain (Conway et al. 1987,  Berrada et al. 1990).

3. Food product:  As emphasised by Valio Ltd., which manufactures several products

with Lactobacillus rhamnosus GG, different food products protect probiotics in

different ways.  Since no clinical studies on dry sausage exist, the protective effect of

sausage material on probiotics is not known.  In addition, strains claimed to be

present in a product should remain in a sufficiently high number and retain their

metabolic activity even beyond the “use before” date (Holzapfel et al. 1998,

Scheinbach, 1998).  This needs to be studied prior to industrial applications.

The number of viable probiotics in the product is effected by several factors, such as

temperature, moisture, fat content and levels of different chemicals (Sanders and Huis in´t

Veld 1999).  In the present study, the dry sausages were manufactured by using different

formulations as well as fermenting and ripening programs in order to study the ability of the

strains to perform in varying inner and outer parameters (Buckenhüskes 2000) of the dry



sausage manufacturing process.  The results indicated that the studied strains are suitable for

the production of technologically high quality dry sausages.  The number of lactic acid

bacteria (LAB) increased as expected on the basis of several review articles, e.g. Bacus

(1984), on dry sausage manufacturing.  However, the results indicate that while Lactobacillus

rhamnosus LC-705 and GG may not remain on high values (>8 log cfu/g) during the ripening

process of dry sausage (II,V), L. rhamnosus E-97800 is a fast growing strain that remains in

high numbers (II-V).  This is an important characteristic related to future probiotic effects.

It is essential to confirm that the results obtained are indeed a reflection of metabolic

activity of a certain strain.  For the dry sausage manufacturing process, which consists of

uncountable number of complex interactions during several weeks, it is not surprising that a

LAB strain derived from raw material or environment (equipment) may be a better competitor

than the inoculated strain and therefore become the main flora of the end product.  Therefore,

the ability to compete with the other LAB need to be studied when selecting novel starter

cultures.  Different species may be enumerated by using agar media containing selective

antibiotics,  such as vancomycin (Isolini et al., 1990, Hamilton-Miller and Shah 1998,

Tynkkynen et al. 1998).  However, this method is not sufficient for studying strains among

one species.  The methods to differentiate strains by their genetic fingerprints are novel and

expensive.  One of them is the RiboPrint� device (Bruce 1996) used in present study, which

indicated that the similarity between selected Lactobacillus rhamnosus strains were between

GG and LC-705 82%, GG and E-97800 91%, and LC-705 and E-97800 71%.  These strains

as well as other strains studied could be traced from dry sausages after 28 days (II, IV) or 35

days (III) by their genetic fingerprints which indicated that each of the inoculated bacterial

strains was the dominating bacterial strain in the final product.  The strains were not traced

from the sausages in study V due to the consistent results from studies II-IV.

6.4.2 Staphylococci (II-V)

In present study each batch was inoculted with similar number (6 log cfu/g) of meat starter

cultures Staphylococcus carnosus (II-IV) or S. xylosus (V).  The number of staphylococci

remained at the inoculated level, as expected on the basis of several review articles, e.g.

Reuter (1972) and Bacus (1984).  Catalase positive staphylococci degrade hydrogen peroxide

by catalase (Katsaras and Leistner 1988), reduce nitrate to nitrite (Niinivaara 1955, Pohja and

Niinivaara 1957) and have an impact on flavour (Demeyer et al. 1974, Selgas et al. 1988,



Comi et al. 1992, Berdagué et al. 1993, Stahnke 1994, Montel et al. 1993, Miralles 1996,

Montel et al. 1996).

6.4.3 Listeria monocytogenes (IV)

The mode of action of probiotics is not known,  but it is agreed that high amounts of LAB

may prevent the growth of harmful bacteria in the gastrointestinal tract not only through the

competition for mucosal-specific niches or nutrients but also through the production of

specific antimicrobial compounds (Playne 1995, Mattila-Sandholm and Salminen 1998,

Klaenhammer and Kullen 1999, Ouwehand et al. 1999).  In vitro several bacteriocins are

known to decrease the number of Listeria monocytogenes and therefore decrease the risk for

listeriosis among consumers.  In dry sausages fermented by bacteriocin producing

Pediococcus acidilactici JD1-23, P. acidilactici PAC 1.0 and Lactobacillus plantarum MSC

the numbers of L. monocytogenes per gram dry sausage (pH >5.0) were 1-2 log units lower

than in the control sausages (Berry et al. 1990, Foegeding et al. 1992, Campanini et al. 1993).

In present study the typical North European type dry sausage formulation fermented

by a commercial meat starter culture (RM 2000, Chr. Hansen) resulted in L. monocytogenes

negative dry sausages.  Furthermore, the dry sausages fermented by L. rhamnosus strains as

well as bacteriocin (pediocin AcH) producing antilisterial L. plantarum strain (positive

control, Ennahar et al. 1992, Elsser 1999) were L. monocytogenes negative at the early stage

of ripening process.  This may be the result of the production of special antimicrobial

compounds, i.e. bacteriocins and/or low-molecular-mass compounds.  To reach conclusive

evidence on mechanisms further studies are needed to identify these compounds.  The effect

of these compounds was not observed in the first trial of study IV due to unknown ecolocical

reasons.  As reviewed in the literature several ecolocical factors may restrict the effect of

antimicrobial compounds.  These include the binding of compounds to fat and protein

particles (Jung et al. 1992) as well as their inactivation by food additives, natural proteases or

other inhibitors (Degnan and Luchansly 1992, Leroy and De Vuyst 1999).  Furthermore, the

low carbohydrate content and low ripening temperature may affect the activity (Vogel et al.

1993, Hugas et al. 1995). The production as well as the effect of the antimicrobial compound

may be only seen in a narrow pH range (Yang and Ray 1994, Mortvedt-Abildgaard et al.

1995, Gänzle et al. 1999b). Furthermore, one possible reason for different antilisterial

activities observed in different trials may lie in different weight losses and consequently in

different salt contents of the first trial versus the second and third trails.  High salt content



may decrease the activity of the bacteriocins, and furthermore, salt may prevent the growth

and consequently the production of bacteriocins (bacteriocin production generally exhibits

primary metabolic kinetics) (De Vuyst et al. 1996, Nilsen et al. 1998, Leroy and DeVuyst

1999).  Despite the fact that attempts were made to exlude the eventual occurrence of these

factors in study IV by repeating the three trials, some of the above mentioned factors may

have contributed to the loss of activity of the compounds in the first trial compared to second

and third.

It was shown that Lactobacillus. rhamnosus strains LC-705 and E-97800 expressed

additional antilisteral activity resulting listeria negative dry sausages at an early stage of

ripening process. As discussed by Gänzle et al. (1999a) bacteriocin producing LAB derived

from food may be useful in the small intestine against food pathogens - as long as they are not

sensitive to acid and bile during their gastrointestinal passage.  Since it is difficult for a novel

strain to colonise the gut and compete against the normal flora, commonly used food

fermenting bacteria may not be successful in the gut.  On the contrary,  probiotic strains with

antimicrobial effects on food and good survival and antimicrobial effects in the

gastrointestinal tract might be more successful.  On the other hand, as discussed by Tuomola

et al. (2001) there is the potential risk that beneficial strains in the indigenous microflora are

also affected by the precence of an antimicrobial component.

6.4.4 Escherichia coli O157:H7 (V)

Non-heated fermented meat products,  such as dry sausages,  are the most hazardous meat

products for Escherichia coli O157:H7.  In fact, they have been the source of outbreaks of

Escherichia coli O157:H7 infection (Centers for Disease Control and Prevention 1995, Tilden

et al. 1996, Riordan et al. 1998).  Numerous studies have found that the number of E. coli

O157:H7 can be reduced only by 1-2 log units (Glass et al. 1992, Hinkens et al. 1996,

Clavero and Beuchat 1996, Calicioglu et al. 1997, Faith et al. 1997, 1998, Yu and Chou

1998).  E. coli O157:H7 is a gram negative bacterium and its growth may therefore not be

prevented by bacteriocins but instead it may be prevented by different antimicrobial low-

molecular-mass (LMM) compounds.  In the present study the level of added E. coli O157:H7

decreased from a level of 5 log cfu/g to a level of 2 cfu/g in dry sausages fermented by

Lactobacillus rhamnosus GG, LC-705 and E-97800 as well as by commercial meat starter

culture.  The antimicrobial compounds eventually produced by L. rhamnosus strains (Silva et

al. 1987, Mäyrä-Mäkinen and Suomalainen 1995, 1996, Hudault et al. 1997, Maria Saarela,



VTT, personal communication) did not appear to contribute any extra hurdle to the survival of

E. coli O157:H7.

The results indicated that despite the fact that E. coli O157:H7 does not grow and

most certainly the number of Escherichia coli O157:H7 decreases during the ripening process

of dry sausage,  the only current answers to prevent the high numbers of Escherichia coli

O157:H7 occurring in non-heated meat products are preventing of infection of cattle with

Escherichia coli O157:H7 in farms and hygienic processing conditions in slaughter-houses

and sausage manufacturing plants.  The other answer was the heating of sausages, which

would kill the probiotics used for fermentation.

6.5 Flavour analysis (III)

Different starter cultures are known to result in different flavour compounds in dry sausage

(Berdagué et al. 1993, Stahnke 1994, Montel et al. 1996).  However,  in the present study the

flavour profiles of dry sausages fermented by five experimental strains and one commercial

strain were almost identical.  It is possible that due to their similar genetic background (II) the

Lactobacillus rhamnosus strains used in the present study did not result in different flavour

profile.  However, it was concluded that the commercial spice mixture – similar to normal

industrial scale procedure – overruled the slight differences in flavour profile caused by

different organisms.  This is in consensus with the results of Johasson et al. (1994),  Mateo

and Zumalacárregue (1996) and Meynier et al. (1999).  Meynier et al. (1999) identified 80

aroma compounds from Milano salami from which over 60% of the compounds were

identified to be of spice origin, while 19% came from lipid oxidation, 12% from amino acid

catabolism and only 5% from fermentation processes.
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