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Selection criteria for lactic acid bacteria to be used as functional starter 
cultures in dry sausage production: An update
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Abstract

Lactic acid bacteria (LAB) have long been used as starter cultures in the production of fermented dry sausages and other meat-derived
commodities. These cultures are generally designed to meet food safety, shelf-life, technological eVectiveness and economic feasibility cri-
teria. Besides all these traditional properties, novel starter cultures should take into account the risks posed by the formation of biogenic
amines in food, and the development and spreading of bacterial resistance to antibiotics. Further, ‘functional starters’ could protect con-
sumers from harmful bacteria either by a rapid acidiWcation or by the production of antimicrobials (bacteriocins). Specially-selected cul-
tures may also provide probiotic beneWts, and, if properly modiWed, they may even be endorsed with nutraceutical traits. The present
review discusses the technological and new selection criteria that should be taken into account when selecting LAB starter cultures for the
production of fermented dry sausages.
©  2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fermented dry sausage is deWned as a mixture of commi-
nuted fat and lean meat, salt, nitrate and/or nitrite, sugar
and spices (mostly oregano and black pepper), which is
stuVed into casings, subjected to fermentation and then
allowed to dry (Hugas & Monfort, 1997). The quality of the
Wnal product is closely related to the ripening that takes
place during drying. This process, which confers on the
product its particular slice ability, Wrmness, color and
Xavor, is characterized by a complex interaction of chemi-
cal and physical reactions associated with the microbiologi-
cal development of the batter Xora (Ordóñez, Hierro,
Bruna, & de la Hoz, 1999).

The spontaneous fermentation of dry sausages involves
the participation of Lactic Acid Bacteria (LAB), Coagulase
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Negative Cocci (CNC; mostly Staphylococcus and Kocuria
species), and, less importantly, yeasts and moulds. Most of
the commercially available meat starter cultures contain
mixtures of LAB and CNC. According to the deWnition of
Hammes, Bantleon, and Min (1990), meat starter cultures
are preparations that contain active or dormant microor-
ganisms that develop the desired metabolic activity in the
meat. They are, by deWnition, used to change the sensory
properties of the food. LAB originating from fermented
meats are particularly well adapted to the ecological niche
of meat fermentation (Hugas & Monfort, 1997) and thus
should be considered for selection as starter cultures.

Phenotypic methods relying on physiological or bio-
chemical criteria have been widely used for LAB identiWca-
tion (Montel, Talon, Fournaud, & Champomier, 1991). In
order to overcome the tediousness, ambiguousness, and
time consumed by these methods, molecular methods such
as rRNA hybridization probes (Nissen & Dainty, 1995),
species-speciWc PCR (Aymerich et al., 2006; Kwon,
Yang, Yeon, Kang, & Kim, 2004), PCR-denaturing gel
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electrophoresis (Cocolin et al., 2004), real-time PCR (Furet,
Quenee, & Tailliez, 2004) have been developed for LAB
species identiWcation. Randomly ampliWed polymorphic
DNA (RAPD)-PCR analysis has been used to estimate the
biodiversity among LAB (Aymerich et al., 2006).

The main LAB genera isolated from dry sausages are
Lactobacillus, Pediococcus, Leuconostoc, Weissella and
Enterococcus (Ammor et al., 2005; Aymerich et al., 2006;
Huerta, Jordano, Medina, & López, 2004; Martín, Garriga,
Hugas, & Aymerich, 2005; Santos et al., 2005). The domi-
nant species are usually members of Lactobacillus, although
in certain slightly acidiWed sausages Lactobacillus and
Enterococcus populations reach similar sizes (Ammor et al.,
2005; Martín et al., 2005). Although Lactobacillus curvatus
and Lactobacillus plantarum are commonly isolated from
fermented sausages, Lactobacillus sakei remains the pre-
dominant LAB in southern European sausages (Montel,
1999; Rantsiou & Cocolin, 2006). Under the conditions pre-
vailing in fermented sausages, L. sakei is more competitive
than other lactobacilli, showing a shorter lag phase, a
higher maximum growth rate, and a higher Wnal cell density
(Dossmann, Vogel, & Hammes, 1996).

L. sakei, L. curvatus, L. plantarum, Lactobacillus pento-
sus, Lactobacillus casei, Pediococcus pentosaceus and Pedio-
coccus acidilactici are the species most used as commercial
meat LAB starter cultures (Hammes & Hertel, 1998; Hugas
& Monfort, 1997). The Wrst stage in designing a starter cul-
ture for a meat commodity is to characterize the LAB
strains isolated from the meat product in question and then
select those best suited. In meat fermentations, the main
function of LAB is to obtain a rapid pH drop of the batter,
which in turn favours (i) product safety by inactivating
pathogens, (ii) product stability and shelf life by inhibiting
undesirable changes caused by spoilage microorganisms or
abiotic reactions, and (iii) creates the biochemical condi-
tions to attain the new sensory properties of the ripe prod-
ucts through modiWcation of the raw materials (Lücke,
2000). Currently the use of starters as functional Xora is
gaining importance; designed starter cultures have proper-
ties additional to those of the more classic type, helping to
optimize the sausage fermentation process, and to produce
tastier, safer, and healthier products. The aim of the present
review is to provide an update on the criteria that ought to
be taken into account when selecting new LAB strains for
use as starter cultures in dry sausage production.

2. Technological features

2.1. Rapid and adequate production of lactic acid

The production of organic acids – mainly lactic acid –
from carbohydrates is the major role of LAB in sausage fer-
mentation. This depends on several chemical, physical and
microbiological reactions. While acidifying the batter, LAB
participate in the coagulation of muscle proteins, resulting
in the increased slice stability, Wrmness and cohesiveness of
the Wnal product (Hugas & Monfort, 1997; Ordóñez et al.,
1999). They also enhance the spontaneous reduction of
nitrites to nitric oxide, which reacts with the myoglobin to
form nitrosomyoglobin, the compound responsible for the
typical pink color of cured sausage (Hugas & Monfort,
1997). Moreover, they contribute to the Xavor of the Wnal
product through the formation of noticeable acidic and
vinegary (acetic acid) tastes. Acidic conditions are also
thought to increase the activity of cathepsin D, which is
responsible for muscle proteolysis (Molly et al., 1997). The
production of organic acids is undoubtedly the determining
factor on which the shelf life and the safety of the Wnal
product depends. The inhibition of pathogenic and spoilage
Xora is also dependent on a rapid and adequate formation
of these organic acids. Finally, it has been reported that a
rapid decrease in pH caused by amine-negative starter cul-
tures can largely prevent biogenic amine (BA) accumula-
tion in sausages (Maijala, Eerola, Aho, & Hirn, 1993).

The immediate and rapid formation of acid at the begin-
ning of the fermentation process, and the production of
suYcient amounts of organic acids allowing a pH below 5.1
to be reached, are therefore essential requirements of meat
LAB starters. Excessive acid formation, however, is often
associated with color defects (due to the inhibition of the
CNC) and sometimes with gas formation – one of the most
important problems in sausage fermentation (Buckenhüs-
kes, 1993).

2.2. Growth rate at diVerent temperatures, salt 
concentrations and pHs

The ability of the starter culture to compete with the nat-
ural microbiota of the raw material and to undertake the
metabolic activities expected is conditioned by its growth
rate and survival in the conditions prevailing in the sausage,
i.e., an anaerobic atmosphere, rather high salt concentra-
tions, low temperatures and low pH. The salt concentration
is about 2% (awD0.94–0.98) in the batter and can reach
15% (awD 0.85–0.86) in the Wnal product (Lücke & Hechel-
mann, 1987; Montel, 1999). The manufacturing tempera-
ture ranges from 4 to 7 °C when preparing the batter
(Baracco, Durand, Frentz, Jacquet, & Zert, 1990), from 18
to 24 °C during the fermentation period (Montel, 1999),
and from 12 to 15 °C during the drying and ripening period
(Montel, 1999). The initial pH of the batter, which is gener-
ally around 6.0 decreases during fermentation and reaches
values between 4.6 and 5.1. Thereafter, yeasts, mostly
Debaryomyces hansenii, increase the pH of the product
(Cook, 1995), achieving Wnal values which range from 5.1 to
5.5.

Thus, the growth rate at diVerent temperatures (2–4 to
24 °C), the tolerance of salt concentrations of 2–10 (max
15)%, and of pHs in the range 4.2–6.0 are limiting factors
aVecting the persistence and competitiveness of the starter
culture over the entire fermentation and ripening process.
L. sakei can grow at 4 °C, in the presence of 6.5% NaCl, and
at pH 4.2 (Ammor, Dufour, Zagorec, Chaillou, & Cheval-
lier, 2005). At 15 °C and in the presence of 2% NaCl, this
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meat-borne LAB shows growth rates which allow 0.55 gen-
erations to be produced per hour (Ammor et al., 2005). Its
psychrotrophic character and salt tolerance may be due to
its ability to eYciently accumulate osmo- and cryoprotec-
tive solutes such as betaine and carnitine, and to its cold
stress response: L. sakei has more putative cold-stress genes
than any other lactobacilli (Chaillou et al., 2005). A combi-
nation of mechanisms, including modiWcation of carbohy-
drate metabolism (downregulation of glycolysis) and
stimulation of oxidative stress may also increase its resil-
ience to cold (Marceau, Zagorec, Chaillou, Mera, &
Champomier-Verges, 2004).

2.3. Gas production from carbohydrates

Heterofermentative LAB are not suitable for sausage
production because the formation of large amounts of car-
bon dioxide leads to holes of diVerent sizes in the product
(Buckenhüskes, 1993). In addition, these LAB produce con-
centrations of acetic acid that cause a pungent oV-Xavor.

2.4. Catalase activity and hydrolysis of hydrogen peroxide

Most lactobacilli are able to form hydrogen peroxide by
oxidizing lactate. Hydrogen peroxide can interfere with the
organoleptic properties of fermented meat products by
increasing rancidity and the discoloration of the Wnal
product. Catalase hydrolyses hydrogen peroxide. Some
LAB strains involved in meat fermentation, such as L.
sakei, L. plantarum, L. pentosus and P. acidilactici, possess
heme-dependent catalase activity which is active in meat
products since these substrates contain heamin in abun-
dance (Abriouel et al., 2004; Ammor et al., 2005; Mares,
Neyts, & Debevere, 1994). Noonpakdee, Sitthimonchai,
Panyim, and Lertsiri (2004) showed that the expression of
the katA gene of L. sakei in the catalase-deWcient species
L. plantarum (isolated from sausage) resulted in catalase
activity approximately three times higher than that seen in
the original strain. The level of lipid oxidation in fer-
mented meat products seeded with this catalase-modiWed
starter culture was signiWcantly lower than that seen in the
original catalase-deWcient strain. Thus, although weak
compared to the constitutive catalase of CNC, the induc-
ible catalase activity is a desirable property of meat LAB
starter strains.

2.5. Nitrate and nitrite reduction

As mentioned above, while decreasing the batter pH,
LAB participate in the formation of the typical pink color
through the spontaneous reduction of nitrites to nitric
oxide. Some meat LAB have also been reported to possess
nitrate reductases and heme-dependent and heme-indepen-
dent nitrite reductases (Hammes et al., 1990; Wolf, Arendt,
Pfahler, & Hammes, 1990). These are directly involved in
the mechanisms of nitrosomyoglobin formation. Thus,
screening for nitrate and nitrite reductases is desirable, even
though LAB undertake these activities at much lower
intensities than CNC.

2.6. Proteolytic and lipolytic enzyme activities

LAB have only weak proteolytic action on myoWbrillar
proteins (Hammes et al., 1990; Molly et al., 1997; Sanz
et al., 1999a). However, some L. casei, L. plantarum, L.
curvatus and L. sakei strains actively contribute to the
hydrolysis of the sarcoplasmic proteins (Fadda et al., 1999a,
1999b; Sanz et al., 1999b) and to the subsequent decompo-
sition of peptides into amino acids. Several peptidase activi-
ties have been reported in L. sakei, L. curvatus and L.
plantarum isolated from sausages (Fadda et al., 1999a,
1999b). Further, some L. sakei, L. curvatus and L. planta-
rum strains possess leucine and valine amino-peptidases,
which contribute to the catabolism of proteins and peptides
generating free amino acids, precursors of Xavor com-
pounds in the Wnal product (Ammor et al., 2005; Papaman-
oli, Tzanetakis, Litopoulou-Tzanetaki, & Kotzekidou,
2003). Screening for proteinases, peptidases, and amino-
peptidases activities is therefore recommended.

2.7. Tolerance to or even synergy with other microbial 
components of the starter

As mentioned earlier, meat starter cultures are mainly
mixtures of LAB and CNC. Thus, to perform their
expected functions, LAB starters must be able to tolerate or
even show synergy with CNC starter components. Hammes
et al. (1990) showed some L. sakei and L. curvatus strains to
inhibit others used in meat starter cultures (in addition to
unwanted Xora), such as Kocuria varians. Therefore, the
strains intended for use in any starter mixture should be
checked for antagonism.

3. Safety

As aforementioned, one of the main roles of starter cul-
tures is to improve safety by inactivating pathogens and
spoilage microorganisms via acid production and bacterio-
cins. Furthermore, it is essential that starter cultures show
no pathogenic or toxic activities. This general requirement
has been widely reviewed (Hammes & Hertel, 1998; Hugas
& Monfort, 1997). Two other issues are addressed here: the
need to prevent antibiotic resistance and the production of
biogenic amines.

3.1. Biopreservation

3.1.1. Acid production
As mentioned above, one of the main roles of meat

LAB starter cultures is the rapid production of organics
acids; this inhibits the growth of unwanted Xora and
enhances product safety and shelf-life. The antimicrobial
eVect of organic acids lies in the reduction of pH, and in
the action of undissociated acid molecules (Podolak,
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Zayas, Kastner, & Fung, 1996). It has been proposed that
low external pH causes acidiWcation of the cytoplasm. The
lipophilic nature of the undissociated acid allows it to
diVuse across the cell membrane (Kashket, 1987) collaps-
ing the electrochemical proton gradient. Alternatively, cell
membrane permeability may be aVected, disrupting sub-
strate transport systems (Snijders, van Logtestijn, Mossel,
& Smulders, 1985).

The types and levels of organic acids produced during
the fermentation process depend on the LAB strains pres-
ent, the culture composition, and the growth conditions
(Lindgren & Dobrogosz, 1990). L(+) lactic acid is more
inhibitory than its D(¡) counterpart (Benthin & Villadsen,
1995). Since the D(¡) isomer is not hydrolyzed by human
lactate dehydrogenase and may cause health problems,
only strains producing mainly L(+) lactic acid should be
selected (Buckenhüskes, 1993).

3.1.2. Bacteriocin production
During the last decade, interest in the bacteriocins pro-

duced by meat LAB increased dramatically, reXecting their
growing importance with respect to the functional proper-
ties of starter cultures (Abee, Krockel, & Hill, 1995). A
number of bacteriocins are produced by most LAB species
involved in sausage fermentation, including L. sakei (Tich-
aczek, Nissen-Meyer, Nes, Vogel, & Hammes, 1992), L.
curvatus (Tichaczek et al., 1992), L. plantarum (Enan, El-
Essawy, Uyttendaele, & Debevere, 1996), and P. acidilactici
(Foegeding, Thomas, Pilkington, & Klaenhammer, 1992).

Meat-borne LAB produce a range of bacteriocins that
are generally active towards other LAB (contributing to the
competitiveness of the producing strain) and food borne
Gram–positive pathogens such as Listeria monocytogenes,
Staphylococcus aureus, Clostridium perfringens and Bacillus
cereus (Aymerich, Garriga, Monfort, Nes, & Hugas, 2000;
Enan et al., 1996; Messi, Bondi, Sabia, Battini, & Mani-
cardi, 2001; Noonpakdee, Santivarangkna, Jumriangrit,
Sonomoto, & Panyim, 2003). Bacteriocins exert their inhib-
itory action via the formation of pores in the cytoplasmic
membrane of sensitive cells. Gram-negative bacteria are
protected by their outer membrane, which prevents bacteri-
ocins (and most other compounds of molecular weight
above 600 Da) from reaching the plasma membrane (Abee
et al., 1995).

It is generally accepted that bacteriocin activity is less
eVective in sausage than in in vitro systems. Activity may
be reduced by the binding of the bacteriocin molecules to
food components (mainly the fat matrix), and by the
destabilizing action of proteases and other enzymes. Fur-
ther limitations of bacteriocin eVectiveness are uneven dis-
tribution in the food matrix and their inhibition by salt
and curing agents (Leroy & de Vuyst, 1999; Schillinger,
Geisen, & Holzapfel, 1996). Even so, several authors report
that certain bacteriocinogenic meat LAB could be used as
bioprotective cultures to prevent the growth of pathogens
in sausage. Indeed, the use of bacteriocin-producing L.
sakei as a starter culture decreases the numbers of Listeria
in fermented sausage (De Martinis & Franco, 1998;
Hugas, Garriga, Aymerich, & Monfort, 1995; Hugas, Neu-
meyer, Pages, Garriga, & Hammes, 1996; Schillinger,
Kaya, & Lücke, 1991). Antilisterial eVects have also been
demonstrated with bacteriocinogenic L. curvatus (Dicks,
Mellett, & HoVman, 2004; Hugas et al., 1996), L. planta-
rum (Campanini, Pedrazzoni, Barbuti, & Baldini, 1993;
Dicks et al., 2004) and P. acidilactici (Luchansky et al.,
1992). The production of bacteriocins with a broad inhibi-
tion range, especially towards food-borne pathogens is
therefore highly desirable since this would ensure the com-
petitiveness of the starter strain while reducing the num-
bers of harmful Xora.

3.2. Antibiotic resistance

Antibiotic resistance is a worldwide public health prob-
lem that continues to grow. Limiting the transmission of
antibiotic resistance genes to unrelated pathogenic or
opportunistic bacteria is essential. The food chain has been
recognized as one of the main routes for the transmission of
antibiotic resistant bacteria between animal and human
populations (Witte, 2000). European Authorities have
recently concluded that some bacteria used for or in feed
production might pose a risk to human and animal health
because of harboring strains with transferable resistance
genes (European Commission, 2005). Fermented meats that
are not heat-treated before consumption provide a vehicle
for such bacteria and can act as a direct link between the
indigenous microXora of animals and the human GIT.
Recently, food-associated bacteria such as L. sakei, L. curv-
atus, Leuconostoc mesenteroides, and P. pentosaceus have
been isolated from human feces, suggesting their ability to
survive passage through the human gastrointestinal tract
(GIT) (Walter et al., 2001).

Several studies have reported antibiotic resistance in
LAB from meats and meat products; a few strains
involved in sausage fermentation such as L. sakei, L.
curvatus and L. plantarum have been found to show such
resistance (Gevers, Danielsen, Huys, & Swings, 2003;
Holley & Blaszyk, 1997; Teuber & Perreten, 2000).
Although most of these resistances have been character-
ized as intrinsic, some genetic determinants such as chlor-
amphenicol acetyltransferase (cat-TC), erythromycin
[erm(B)] and tetracycline [tet(M), tet(S)] resistance genes
have been identiWed, suggesting that horizontal gene
transfer may have occurred (Ahn, Collins-Thompson,
Duncan, & Stiles, 1992; Gevers et al., 2003; Lin, Fung,
Wu, & Chung, 1996; Tannock et al., 1994) (Table 1). A
recent study has shown that seven out of 62 lactobacilli
strains might harbor transferable resistance genes on the
basis of their resistance levels to chloramphenicol, eryth-
romycin/clindamycin, tetracycline and oxacillin (Daniel-
sen & Wind, 2003). Therefore, before launching a starter
culture or probiotic product, it is important to verify that
the bacterial strains involved do not content transferable
resistance genes.
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3.3. Biogenic amines

Biogenic amines (BA) – organic bases with aliphatic,
aromatic or heterocyclic structures – are found in several
foods, and are mainly produced by the microbial decarbox-
ylation of amino acids (with the exception of physiological
polyamines) (Silla Santos, 1996). Histamine, tryptamine,
tyramine, cadaverine, putrescine and phenylethylamine are
regarded as undesirable because of their toxic eVects (Silla
Santos, 1996). Excessive consumption of these amines
could cause nervous, gastric, intestinal, and blood pressure
problems (Suzzi & Gardini, 2003). Nowadays, increasing
attention is given to BA because of the growing number of
consumers who are sensitive to them; in such people the
action of amine oxidases, the enzymes involved in the
detoxiWcation of these substances, is deWcient (Suzzi & Gar-
dini, 2003).

The accumulation of BA in foods requires the presence
of precursors (i.e., amino acids), microorganisms with
amino acid decarboxylase activity, and favourable condi-
tions for growth and decarboxylation (ten Brink, Damink,
Joosten, & Huis in’t Veld, 1990). Such requirements are met
in dry sausages. The large quantities of protein present and
the proteolytic activity seen during ripening provide the
precursors for later decarboxylase reactions performed by
both starter cultures and wild microbiota (Suzzi & Gardini,
2003). Many LAB from meat and meat products can decar-
boxylate amino acids (Bover-Cid & Holzapfel, 1999). Most
strains ofL. curvatus, one of the main species used as a
starter in sausage production, are associated with high BA
production (Bover-Cid & Holzapfel, 1999; Pereira, Crespo,
& Romao, 2001).

A key requirement in the selection of LAB starter cul-
tures for sausage production is, therefore, that they show
no amino decarboxylase activity. Rapid growth and acid
production will further prevent the development of wild
amine-producing microXora. Several papers have reported
on the ability of selected L. sakei to greatly reduce BA
accumulation in fermented sausages (Bover-Cid, Izquierdo-
Pulido, & Vidal-Carou, 2001; González-Fernández, Santos,
Jaime, & Rovira, 2003). The introduction of starters with
amine oxidase activity might be a way of further reducing
the amount of biogenic amines produced in situ. Such activ-
ity has already been described in some LAB involved in
sausage fermentation, such as L. plantarum and L. casei
(Fadda, Vignolo, & Oliver, 2001).

4. Probiotic features

Probiotic organisms are deWned as “non-pathogenic
microorganisms that, when ingested in certain numbers
exert a positive inXuence on host physiology and health
beyond inherent general nutrition” (Ouwehand, Salminen,
& Isolauri, 2002). Large numbers of these bacteria are con-
sumed to ensure a healthy microbial balance in the intes-
tine, to increase the returns of their beneWcial activities,
and/or to counteract the action of harmful populations
(Ouwehand et al., 2002). Meat products are usually not
heated, so they are thought to be adequate for the carriage
of probiotics (GIT) (Hugas & Monfort, 1997; Incze, 1998).
Further, probiotic meat starter cultures which do not alter
the technological and sensory properties of the products
have recently been proposed and used in the manufacturing
of dry fermented sausages (Erkkilä et al., 2001; Erkkilä,
Suihko, Eerola, Petäjä, & Mattila-Sandholm, 2001).

The most critical characteristics of probiotic strains are acid
and bile salt resistance; without these they could not reach the
human intestine, where they are expected to exert their health
Table 1
Overview of antibiotic resistances reported in meat LAB

Key of resistance gene designation: cat, chloramphenicol acetyltransferase; erm, erythromycin resistant gene; tet, tetracycline resistant gene.

Species/strain name or number Origin Resistance gene(s) Database accession number References

Lactobacillus alimentarius
DG500, DG499, DG498 Fermented dry sausage tet(M) AY149587, AY149586, AY149585 Gevers et al. (2003)

Lactobacillus curvatus
DG524, DG484 DG142, DG143, G048 Fermented dry sausage tet(M) AY149595, AY149580, AY149576,

AY149577 AY149575
Gevers et al. (2003)

Lactobacillus plantarum
DG507 Fermented dry sausage tet(M), erm(B) AY149588 Gevers et al. (2003)
DG533, DG522, DG520, DG515,

DG512, DG509, DG013
Fermented dry sausage tet(M) AY149597, AY149594, AY149593,

AY149591, AY149590, AY149589, AY149574
Gevers et al. (2003)

caTC2R Pork, raw and ground cat-TC – Ahn et al. (1992)

Lactobacillus reuteri
100-63 Poultry erm(T) M64090 Tannock et al. (1994)
G4 Poultry cat-TC U75299 Lin et al. (1996)

Lactobacillus sakei
DG516, DG489, DG488, DG485,

DG483, DG165
Fermented dry sausage tet(M) AY149592, AY149583, AY149582,

AY149581, AY149579, AY149578
Gevers et al. (2003)

Leuconostoc citreum
– Sausage process line tet(S) – Gevers et al. (2003)
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promoting eVects. The capacity of the strains to adhere to the
intestinal mucosa is crucial if they are to promote changes in
intestinal microecology (Erkkilä & Petäjä, 2000).

4.1. Tolerance to low pH

The survival of bacteria in the gastric juice depends on
their ability to tolerate low pH. The transit time can be
from <1 h to 3–4 h depending on the individual, the diet
and other reigning conditions. Several LAB isolated from
sausages, e.g., L. sakei, L. plantarum, L. pentosus, P. acidi-
lactici and P. pentosaceus, can tolerate such acidic condi-
tions (Erkkilä & Petäjä, 2000; Klingberg, Axelsson,
Naterstad, Elsser, & Budde, 2006; Pennacchia et al., 2004).
Therefore, some authors propose that strains intended for
probiotic purposes should be screened for tolerance to pH
2.5 in an HCl-acidiWed culture medium for 4 h (Klingberg
et al., 2006; Pennacchia et al., 2004).

4.2. Tolerance to bile salts

Bacteria that survive the acidic conditions of the stom-
ach must then face the detergent-like function of the bile
salts released into the duodenum after the ingestion of fatty
meals. Microorganisms can reduce the emulsifying eVect of
the bile salts by hydrolyzing them with bile salt hydrolase
enzymes (BSHs), thus decreasing their solubility (Erkkilä &
Petäjä, 2000). BSH activity has been described in some
intestinal lactobacilli such as L. acidophilus, L. casei, and L.
plantarum (Gilliland & Speck, 1977). Furthermore, some
LAB strains from sausages, such as L. sakei, L. plantarum,
L. pentosus, and P. acidilactici, have been shown to resist
bile salts (0.3% (w/v) oxgall) (Erkkilä & Petäjä, 2000; Kling-
berg et al., 2006; Pennacchia et al., 2004).

4.3. Adherence to human intestinal cells

Probiotic bacterial cells need to adhere to the mucosa
and, at least temporarily, colonise the ileum, where probio-
tics are thought to exert their beneWcial eVects, which are
dependent on the bacteria adhering to the mucosa for suY-
cient time (Goldin & Gorbach, 1992; Ouwehand et al.,
2002). The ability of potential probiotic meat LAB strains
to colonise the human GIT has been studied in vitro using
Caco-2 cells. P. pentosaceus, L. pentosus and L. plantarum
have shown high adhesion capacities (13–21%) compared
to L. rhamnosus GG (15.7 §  8.8%) (frequently used as a
control in such experiments) (Klingberg et al., 2006). This
last strain has been successfully used as a starter for pro-
duction of dry fermented sausages (Erkkilä et al., 2001).
Therefore, probiotic starter strains should be screened for
adherence and persistence in the human GIT.

4.4. Antimicrobial activity

The antagonism shown by potentially probiotic meat
LAB strains towards pathogenic microorganisms has to be
functional under anaerobic conditions. Some L. pentosus
and L. plantarum strains inhibit the growth of L. monocyt-
ogenes strains, as well as enterohaemorrhagic Escherichia
coli, and strains of Salmonella typhimurium, B. cereus, Shi-
gella Xexneri, and Yersinia enterocolitica (Klingberg et al.,
2006).

4.5. Nutraceutical properties

LAB are ideal cellular factories for the production of
nutraceutical compounds (Hugenholtz & Smid, 2002).
Recent progress in the engineering of LAB, especially in
Lactococcus lactis, underscores the possibility of develop-
ing meat LAB starter cultures for the in situ production of
vitamins via the overexpression and/or disruption of rele-
vant metabolic genes (Burgess, O’Connell-Motherway,
Sybesma, Hugenholtz, & van Sinderen, 2004; Sybesma,
Starrenburg, Tijsseling, Hoefnagel, & Hugenholtz, 2003;
Sybesma, Burgess, Starrenburg, van Sinderen, & Huge-
nholtz, 2004). Some species involved in sausage fermenta-
tion, such as L. plantarum, have been engineered to
produce excess of folate (vitamin B11) (Sybesma et al.,
2003). This is thought to reduce fetal neural tube defects
and to help maintain normal plasma homocysteine levels
and cognitive functions, as well as to provide protection
against certain forms of cancer, notably colon cancer
(Jägerstad, Jastrebova, & Svensson, 2004). This aVords the
possibility of fortifying meat products with vitamins and
other essential compounds, thus producing healthier meat
products.

5. Conclusions

Over the past two decades, interest in the physiology and
genetics of meat LAB species has increased greatly, reXect-
ing the growing importance of these bacteria as starters and
their increasing potential in the market of probiotics. LAB
possess a myriad of desirable properties that could be of
value in the production of fermented products such as dry
sausages, and they have added value in terms of their pro-
motion of end-product safety, improved sensorial charac-
teristics, and health-related beneWts. Careful screening of
meat LAB should take into consideration as many of the
above-mentioned selection criteria as possible; this would
contribute towards improving the quality and safety of fer-
mented dry sausages.
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