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Abstract

The microflora of different types of fermented sausages has been defined by isolation and biochemical identification of the microorganisms
commonly found in these products. It is generally agreed that the main microbial groups involved in such products are lactic acid bacteria and
coagulase-negative cocci. In addition, and depending on the product, other groups may play a role, such as yeasts and enterococci. Since it appears
that the types of microbial groups, or even the specific strains of a given microbial group, that dominate the fermentation, significantly affect the
organoleptic profile of the final product, there is an increasing interest in the description of the microbiota that are found in different fermented
sausages. More recently, new tools, based on molecular methods, allowing fast and unequivocal identification of strains, isolated from fermented
sausages, became available. These methods have been successfully applied and, in general, biochemical and molecular identification compared
well. However, new information comes to light when molecular methods are applied to DNA and/or RNA extracted directly from sausages. This
approach eliminates problems related to traditional isolation. This review deals with the recent findings and results of the application of molecular
methods, in a culture-dependent and culture-independent manner, on the study of the microflora of fermented sausages.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Meat fermentation is an ancient process originally used to
extend the shelf life of perishable raw materials. During
fermentation, complex biochemical and physical reactions take
place that result in a significant change of the initial char-
acteristics. Moreover, production of aromatic substances during
fermentation define the sensorial characteristics of the final
product that are significantly different from the ones of the raw
materials used. Low acid fermented meat products (final pH 5.3
to 6.2) (Aymerich et al., 2003) are a group of traditional Medi-
terranean products with a great diversity between different
countries and between different regions of the same country.
The first evidence of sausages production date back to the
period of the Roman empire (Lücke, 1974).

Fermentation of sausages is a well-known microbial process,
and pioneering contributions to the study of the ecology during
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ripening are available from the 1960s (Lerche and Reuter, 1960;
Reuter, 1972; Lücke, 1974). These studies stated that lactic acid
bacteria (LAB, Lactobacillus spp.) and coagulase-negative
cocci (CNC, Staphylococcus and Kocuria spp.) are the two
main groups of bacteria that are considered technologically
important in the fermentation and ripening of sausages.

LAB are usually present in high hygienic quality raw meat at
low numbers (102–103 colony forming units, cfu/g), but they
rapidly dominate the fermentation due to the anaerobic envi-
ronment and the presence of NaCl, nitrate and nitrite, conditions
that favour their growth. They reduce the pH of the sausage with
their main metabolic activity, the production of lactic acid from
carbohydrates (Hammes et al., 1990; Hammes and Knauf,
1994). In addition to lactic acid production, LAB are respon-
sible for the “tangy” flavour of sausages, and for the small
amounts of acetic acid, ethanol, acetoin, pyruvic acid and car-
bon dioxide (Demeyer, 1982; Bacus, 1986). Recently, it was
demonstrated that Lactobacillus spp. commonly isolated from
fermented sausages possess proteolytic activity on muscle sar-
coplasmatic proteins (Fadda et al., 1998, 1999a,b, 2002; Sanz
et al., 1999; Pereira et al., 2001).
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CNC participate in the development and stability of a
generally appreciated red colour through nitrate reductase
activity that eventually leads to the formation of nitroso-
myoglobin. Furthermore, nitrate reduction produces nitrite
that can limit lipid oxidation (Talon et al., 1999). By the
activity of CNC, different aromatic substances and organic
acids are also produced. In particular, proteolysis and
lipolysis influence both texture and flavour development
due to the release of low molecular weight compounds,
including peptides, amino acids, aldehydes, amines and free
fatty acids, which are important flavour compounds, or
precursors of flavour compounds (Demeyer et al., 1986;
Schleifer, 1986).

The type of microflora that develops in sausage fermen-
tation is often closely related to the ripening technique utilised.
Sausage with a short ripening time have more lactobacilli from
the early stages of fermentation, and an “acid” flavour pre-
dominates in the products, which are commonly sold after less
than two weeks of ripening. The intensity of this flavour
depends on the pH value, but, at a given pH, a high amount of
acetic acid gives the product a less “pure” and more “sour”
flavour (Montel et al., 1998). Longer ripening times and
greater activity of microorganisms other than LAB, such as
CNC and yeasts, lead to higher levels of volatile compounds
with low sensory thresholds. Lipids and peptides are pre-
cursors of most of these substances. Tissue enzymes are the
main agents of initial lipolysis and proteolysis processes
(Lücke, 2000), however, later in ageing, bacterial enzymes
play a role in the degradation of peptides formed (Molly et
al., 1997).

In some fermented sausages, particularly those produced in
France, Spain and Italy, the sensory properties of the products
are also influenced by the development of the surface flora,
consisting of moulds and yeasts (Lücke, 2000).

In naturally fermented sausages there is an evident and
strong connection between the microflora that develops during
transformation and the sensory characteristics of the final pro-
duct. As a consequence the study of the microbial ecology is an
important parameter to consider in sausage fermentation and for
this reason is a subject of intense study.

The information collected so far on the ecology of fermented
sausages was obtained by using traditional microbiological
methods, based on plating analysis and biochemical identifica-
tion of isolated strains. With these techniques only easily
culturable organisms are isolated, and often microorganisms for
which selective enrichment and subculturing is problematic or
impossible cannot be characterised. The introduction in the field
of food microbiology and food fermentation of new approaches,
exploiting molecular methods, complements the studies carried
out so far and allows scientists to overcome the limitations of
traditional methods.

The goal of this paper is to report the latest findings in the
study of the microbial ecology of fermented sausages by using
molecular methods, with a special focus on LAB and CNC
microbial groups. A comparison of the microbial ecology
picture, as determined by traditional methods and molecular
methods, will also be presented and discussed.
2. Experimental approaches to study the microbial ecology
in fermented sausages

The main differentiation of the experimental approaches
that scientists used so far for the study of the ecology of
fermented sausages is between culture-dependent and inde-
pendent methods. Moreover, the methods exploited to achieve
the result of understanding the microbial populations involved
in the transformation process can be distinguished in
traditional and molecular ones. A schematic representation
of the interconnection between these approaches is presented
in Fig. 1.

2.1. Culture-dependent methods

The culture-dependent methods are based on growth of the
bacterial species on synthetic media that resemble the condi-
tions of the system from which the microorganisms are isolated.
In the case of fermented sausages, it has been defined that the de
Man, Rogosa, Sharpe (MRS, de Man et al., 1960) medium is the
most suitable for the isolation of LAB, while for the CNC the
Mannitol Salt Agar (MSA) (APHA, 1966) is often used for its
characteristics of selectivity towards halotollerant species. The
microbiological technique used for the sampling is carried out
with the goal to facilitate the growth of the desired species. For
instance, for the LAB the double layer technique is used, where
the appropriate dilution of the sample is incorporated in the
medium kept at 45–50 °C, and after solidification of the first
layer a second is added, while for the CNC, a simple spread on
the surface of the plate is sufficient. In the first case, a micro-
aerophilic environment is created that makes LAB growth
optimal, in the second case, the aerobic nature of CNC is
exploited to enhance their growth. The following steps of the
culture-dependent technique concern the isolation, after count-
ing, and the biochemical identification. A first problem that
scientists have to face is the selection of the colonies to isolate.
Sometimes it is possible to observe differences in the
morphology and colour of the colonies (i.e. on MSA, Kocuria
spp. have a pale red colour, while Staphylococcus spp. appear as
yellowish, due to their capability to produce acids from
mannitol, thereby changing the pH and the colour of the phenol
red contained in the medium), but almost all of the times they
appear as identical. For this reason, the approach more often
used is the random isolation. Finally, the study of the bio-
chemical characteristics, such as the capability to produce acids
from different carbohydrates, is performed to achieve the
identification of the isolated microorganisms. These tests can be
prepared “in house”, or purchased from commercial facilities
(Biomerieux, API Tests). A big hurdle to overcome, when
applying biochemical tests, is their interpretation. In both cases
of “in house” and commercial, the positivity to a specific
character is given by a change in the original colour of the
medium. For this reason, the subjective interpretation by the
technician becomes an important factor, and often adequate
identification (e.g. to the species level) is not achieved using this
approach (Samelis et al., 1994; Coppola et al., 2000). Moreover,
biochemical identifications are time-consuming.
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Fig. 1. Schematic representation of the experimental approaches used for the analysis of the microflora in fermented sausages.

257K. Rantsiou, L. Cocolin / International Journal of Food Microbiology 108 (2006) 255–267
Alternative to traditional methods for identification of
isolated strains, molecular methods have attracted the attention
of many researchers in the last 10 years. They are reproducible,
easily automated and rapid (Charteris et al., 1997). The
increasing availability of the sequences of the 16S rRNA gene
(Collins et al., 1991) and the intergenic region between
16S rRNA and 23S rRNA genes (Nour, 1998) allowed the
development of different methods for the identification of
microbial species of interest in the field of sausage fermentation.
Ribosomal RNA probes (Nissen and Dainty, 1995; Hertel et al.,
1991), species specific PCR primers (Berthier and Ehrlich,
1998; Yost and Nattress, 2000; Rossi et al., 2001; Blaiotta et al.,
2003b; Morot-Bizot et al., 2003), randomly amplified poly-
morphic DNA (RAPD)-PCR analysis (Berthier and Ehrlich,
1999; Andrigetto et al., 2001), restriction fragment length poly-
morphism (RFLP) analysis of the 16S rRNA gene (Sanz et al.,
1998; Lee et al., 2004), multiplex PCR (Corbiere Morot-Bizot et
al., 2004), ribotyping (Zhong et al., 1998), PCR amplification of
repetitive bacterial DNA elements (rep-PCR) (Gevers et al.,
2001), temperature gradient gel electrophoresis (TGGE) (Co-
colin et al., 2000) and denaturing gradient gel electrophoresis
(DGGE) (Cocolin et al., 2001a; Ercolini et al., 2001a; Blaiotta
et al., 2003a) have been applied for the identification of LAB
and CNC isolated from fermentation of sausages. Moreover,
other molecular techniques were described as valuable tools
for the same purposes. Samelis et al. (1995) developed a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis of
whole-cell proteins to differentiate between Lactobacillus sakei
and Lactobacillus curvatus, isolated from naturally fermented
Greek dry salami and Di Maria et al. (2002) used pulsed field
gel electrophoresis (PFGE) to monitor Staphylococcus xylosus
DSM 20266 added as a starter during fermentation and rip-
ening of soppressata molisana, a typical Italian sausage.

2.2. Culture-independent methods

As mentioned above, conventional microbiological meth-
ods for the characterisation of microorganisms that require
selective enrichment and subculturing are problematic or
impossible. In the last decade it was shown that classical
microbiological techniques do not accurately detect microbial
diversity (Hugenholtz et al., 1998; ben Omar and Ampe,
2000) and as a consequence, an increasing interest in the
development and use of culture-independent techniques was
shown. A variety of new methods has been developed to
directly characterise the microorganisms in particular habitats
without the need for enrichment or isolation (Head et al.,
1998). Typically, these strategies examine the total microbial
DNA (or RNA) derived from mixed microbial populations to
identify individual constituents (Hugenholtz and Pace, 1996).
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This approach eliminates the necessity for strain isolation,
thereby negating the potential biases inherent to microbial
enrichment. Studies, which employed such direct analysis,
have repeatedly demonstrated a tremendous variance between
cultivated and naturally occurring species, thereby dramati-
cally altering our understanding of the true microbial diversity
present in various habitats (Cocolin et al., 2002a; Cocolin and
Mills, 2003).

One culture-independent method for studying the diversity
of microbial communities is analysis of PCR products, gen-
erated with primers homologous to relatively conserved re-
gions in the genome, by using DGGE or TGGE (Muyzer et al.,
1995; Heuer and Smalla, 1997). These approaches allow sepa-
ration of DNA molecules that differ by a single base (Myers
et al., 1987) and hence have the potential to provide infor-
mation about variations in target genes in a bacterial popu-
lation. By adjusting the primers used for amplification, both
major and minor constituents of microbial communities can
be characterised. Different authors (Muyzer and Smalla, 1998;
Muyzer, 1999; Ercolini, 2004) have reviewed the application
of DGGE in the field of microbial ecology. In general, the
technique is based on the electrophoretic separation of PCR-
generated double stranded DNA in a polyacrilamide gel con-
taining a gradient of chemical denaturants (urea and form-
amide). As the DNA molecule encounters an appropriate
denaturant concentration, a sequence-dependent partial dena-
turation of the double strand occurs. This change in the
conformation of the DNA structure causes a reduced mi-
gration rate of the molecule. For a mix of DNA molecules of
different sequences, a band pattern is obtained that is repre-
sentative of the sampled microbial community. In the TGGE
method, the temperature is the main denaturing agent.

Modern image analysis systems have proven to be of value
for the analysis of DGGE bands and their associated patterns.
For instance, pairwise matching of DGGE bands in separate gel
lanes has facilitated the calculation of similarity coefficients to
describe relationships between communities (van der Gucht et
al., 2001).

In the early 90s, Muyzer et al. developed DGGE with the
potential to characterise the microbial flora quickly and eco-
nomically. It was developed for the study of microbial ecology in
environmental ecosystems, such as communities of sulphate-
reducing bacteria (Muyzer et al., 1993). Only later, the same
approach started to be considered in the field of food fermen-
tations and this resulted in an impressive number of papers using
DGGE published in the last 4 years. Cheese (Ercolini et al.,
2001b, 2003, 2004; Randazzo et al., 2002), sausage (Cocolin et
al., 2001c, 2004; Rantsiou et al., 2005c), wine (Cocolin et al.,
2001b; Mills et al., 2002), sourdough (Meroth et al., 2003a,b)
and malt whisky (van Beek and Priest, 2002) fermentation
processes have been studied using this approach. DGGE was
also applied to study the ecology of Listeria spp. (Cocolin et al.,
2002b) and Yersinia spp. (Cocolin and Comi, 2005) without
traditional isolation and identification.

A second culture-independent method used to study micro-
bial ecology is represented by direct PCR and reverse tran-
scription (RT)-PCR amplification using species-specific
primers. The possibility to exploit the potential of polymerase
chain reaction to amplify, theoretically, a single nucleic acid
molecule allows the detection of low-number populations that
may be lost when traditional methods, such as plating or
selective enrichments, are used. Species-specific PCR is a rapid
and reliable molecular technique for the characterisation of
bacterial communities without colony isolation. However, the
sensitivity of PCR in foods can be reduced due to the com-
plexity of the food matrix and the presence of many PCR
inhibitors. Many substances have been proven to be PCR in-
hibitory (Buffone et al., 1991; Rossen et al., 1992; Akane et al.,
1994; Powell et al., 1994) and for this reason appropriate
DNA and RNA extraction protocols, chosen on the basis of
the food matrix under study, are used to avoid non-amplifi-
cation of microbial species actually present in the ecosystem
investigated.

Lastly, fluorescence in situ hybridisation (FISH) represents a
new culture-independent technique in the field of food fer-
mentations. Despite the considerable background of knowl-
edge, its application to the study of the distribution of microbial
populations in food has been limited (Ercolini et al., 2003).

3. Study of the fermented sausages microflora by
traditional culture-dependent methods

The study of the fermented sausages microflora by tra-
ditional methods has been carried out by different authors in the
last 20 years. In some cases, only the technologically relevant
microbial groups were examined (LAB and CNC), whereas
other studies reported the dynamics of several microbial popu-
lations, thereby carefully profiling the changes in the microbial
ecology during fermentation and ripening. LAB and total
aerobic microbes are the fastest growing during the production
of sausages. From the initial counts of 102–103 cfu/g, they
reach values of 107–108 cfu/g in the first three days of fermen-
tation (Sanz et al., 1988; Samelis et al., 1993, 1998; Rebecchi
et al., 1998; Cocolin et al., 2001a,c; Metaxopoulos et al., 2001;
Papamanoli et al., 2002, 2003; Aymerich et al., 2003; Mauriello
et al., 2004; Drosinos et al., 2005), and this situation establishes
both in the core and in the external layers of the sausage
(Coppola et al., 2000). Their counts remain quite stable in
number throughout the ripening period. Also the CNC show a
rapid increase in the first days of fermentation, but in some
cases it has been reported that fast growth of LAB, with the
consequence of deep acidification of the substrate, could result
in inhibitions towards CNC, that exhibit a slow growth
(Papamanoli et al., 2002, 2003). However, in several studies it
was shown that CNC, together with LAB are the populations
numerically more important at the end of the ripening period
(Rebecchi et al., 1998; Cocolin et al., 2001a; Aymerich et al.,
2003; Mauriello et al., 2004). Yeasts only in few cases were
found to be relevant to sausage fermentation. Samelis et al.
(1993) determined a stable number of 105 cfu/g in all stages of
production, and this data was confirmed by Metaxopoulos et al.
(2001). Coppola et al. (2000) found yeasts to be a predominant
flora, together with LAB and CNC, in Naples-type salami, with
Debaryomyces spp., described as a proteolytic agent during



Table 1
LAB and CNC isolated from naturally fermented sausages from different
countries and identified by traditional methods

Country Traditional product Bacterial species Reference

Greece Dry salami L. curvatus Samelis et al.,
1994L. sakei

L. plantarum
L. farciminis
L. coryniformis
L. casei subsp.
pseudoplantarum
W. viridescens
W. hellenica
W. paramesenteroides

Dry salami L. sakei Samelis et al.,
1998S. saprophyticus

S. xylosus
N.S. S. saprophyticus Papamanoli

et al., 2002S. carnosus
S. xylosus
K. varians

N.S. L. sakei Papamanoli
et al., 2003L. curvatus

L. plantarum
L. paracasei subsp.
paracasei
L. buchneri
W. viridescens
W. pseudomesenteroides

Dry sausages L. plantarum Drosinos
et al., 2005L. plantarum/

pentosus
S. saprophyticus
S. xylosus
S. simulans

France N.S. S. xylosus Montel
et al., 1993S. carnosus

S. saprophyticus
S. epidermidis

Italy N.S. L. sakei Torriani
et al., 1990L. curvatus

L. plantarum
“Salame friulano” S. xylosus Comi

et al., 1992S. intermedius
S. simulans

“Soppressata molisana” S. xylosus Coppola
et al., 1997S. simulans

S. equorum
S. kloosii
K. kristinae
K. roseus
K. varians

“Soppressata molisana” L. sakei Coppola et al.,
1998L. plantarum

L. curvatus
N.S. S. xylosus Rebecchi

et al., 1998S. sciuri
“Salame tipo Napoli” L. sakei Coppola et al.,

2000S. xylosus
S. saprophyticus

“Soppressata” and
“salsiccia”

L. sakei Parente et al.,
2001Lc. carnosum

Lc. gelidum
W. paramesenteroides

“Salame tipo Napoli”,
“sopressata di

S. xylosus Mauriello
et al., 2004S. saprophyticus

(continued on next page)
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fermentation of sausages (Santos et al., 2001), as the main
representative. Significant differences on the presence and
persistency of enterococci were reported by different authors. In
some studies, after an increase to 105 cfu/g up to 20 days of
fermentation, a reduction in the numbers was observed, leading
to a final count of about 102 cfu/g (Cocolin et al., 2001a,c;
Aymerich et al., 2003; Papamanoli et al., 2003). On the other
hand, several papers reported a stable population of enterococci
of about 105–106 cfu/g at the end of the fermentation (Rebecchi
et al., 1998; Samelis et al., 1998; Metaxopoulos et al., 2001;
Comi et al., 2005; Rantsiou et al., 2005c), becoming an
important population possibly influencing the final organoleptic
characteristics of the product. Since enterococci are able to
produce ammonia and other amines, they possibly contribute to
the final flavour of the product.

Total enterobacteria and Escherichia coli are usually counted
only in the first days of fermentation and their number decreases
due to the acidification performed by LAB (Rebecchi et al.,
1998; Cocolin et al., 2001a,c; Metaxopoulos et al., 2001;
Aymerich et al., 2003; Papamanoli et al., 2003; Drosinos et al.,
2005). Fermented sausages are usually free of sulphite-reducing
clostridia and coagulase-positive staphylococci (Samelis et al.,
1998; Cocolin et al., 2001a,c; Papamanoli et al., 2003;
Aymerich et al., 2003; Comi et al., 2005; Drosinos et al.,
2005; Rantsiou et al., 2005c), but in some studies suspected
colonies of Staphylococcus aureus were isolated from the meat
mix (Rebecchi et al., 1998; Metaxopoulos et al., 2001).

Considering the safety aspect of the fermented sausages,
several studies investigated the presence of Listeria mono-
cytogenes and Salmonella spp. during the different stages of the
production. It has been defined that generally these foodborne
pathogens are absent in 25 g of product (Aymerich et al., 2003;
Comi et al., 2005; Rantsiou et al., 2005c). Listeria mono-
cytogenes can contaminate the fresh sausage mix, but
commonly it is undetectable at the end of the fermentation
(Samelis et al., 1998; Metaxopoulos et al., 2001; Drosinos et al.,
2005).

4. Identification of LAB and CNC populations from
fermented sausages

Different studies focusing on the identification of LAB and
CNC during sausage fermentation are available. The strains,
isolated at different steps of the transformation process, were
identified by biochemical tests, as reported above, but, more
recently, molecular methods were used for the same purpose.

4.1. Identification by physiological and biochemical tests

The studies that applied biochemical tests to achieve the
identification of LAB and CNC and the results obtained are
reported in Table 1. As shown, the strains were mainly isolated
from fermented sausages produced in Greece, Italy and Spain,
but also a study on the identification of CNC from French
sausages is available (Montel et al., 1993). Only in a few cases,
both LAB and CNC were taken into consideration (Samelis
et al., 1998; Coppola et al., 2000), while more often researchers



Table 1 (continued)

Country Traditional product Bacterial species Reference

Ricigliano”,
“soppressata di Gioi”

S. warneri
S. lentus

Spain N.S. L. sakei Sanz et al.,
1988L. curvatus

N.S. S. capitis del Carmen de
la Rosa et al.,
1990

S. epidermidis
S. simulans

N.S. L. curvatus Hugas et al.,
1993L. plantarum

“Chorizo” L. sakei Santos et al.,
1998L. curvatus

Pediococcus sp.
“Chorizo” S. xylosus Garcia-Varona

et al., 2000

The species are ordered on the basis of their prevalence in the product studied.
Abbreviations. N.S., not specified.
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focused only on one group of bacteria. In the case of Rebecchi
et al. (1998), isolation of LAB and CNC was performed but
biochemical tests were applied only on CNC, while LAB were
identified by molecular methods. From Table 1, it can be con-
cluded that some species of LAB and CNC are widespread and
isolated from several types of fermented sausages produced in
different countries.

Concerning the LAB, it is apparent that L. sakei and L. cur-
vatus are the most adapted species of Lactobacillus spp. to meat
fermentations. Among the studies reported here and considering
the LAB populations, at least one and in some cases both of the
species were isolated. As a matter of fact, only Samelis et al.
(1998), Coppola et al. (1998) and Coppola et al. (2000) did not
isolate L. curvatus. Other species of Lactobacillus were also
identified. It seems that Lactobacillus plantarum is another
important species that can participate to sausage fermentations,
but its frequency of isolation is not as high as for the other two
species mentioned above. Samelis et al. (1994) and Papamanoli et
al. (2003) described the isolation and identification of other
members of Lactobacillus (i.e. Lactobacillus farciminis,
Lactobacillus coryniformis, Lactobacillus casei subsp. pseu-
doplantarum, Lactobacillus paracasei subsp. paracasei and
Lactobacillus buchneri) that were never found in fermented
sausages apart from the Greek salami. Moreover, representa-
tive of the genus Weissella, originally proposed by Collins et
al. (1993), were identified from these Greek products, leading
to the hypothesis that they are country specific. Among all
the studies presented in Table 1, only a few presented
sporadic isolation of Weissella spp. (Parente et al., 2001).
However, it should be mentioned that members of Weissella
are undesirable contaminants, due to their hetero-fermenta-
tive metabolism.

It is interesting to point out that only in the case of Santos
et al. (1998) wild strains of Pediococcus spp. were found during
the fermentation process. Pediococcus spp. are among the most
common starter cultures used in fermented meat products in the
USA, while in Europe, Lactobacillus spp. are more often used
(Bacus and Brown, 1981). This fact is raising the issue of
whether or not Pediococcus spp. should be used as starter
culture for the production of traditional products in Europe. As a
matter of fact, it has been demonstrated that starter cultures
isolated from one product have failed to lead fermentation when
used to produce a different product (Marchesini et al., 1992).

Taking into consideration the CNC microflora, the species
always isolated, independently of the country of production, is
S. xylosus. It often dominates the CNC populations and this is
justifying its wide use as starter culture. Another species, among
Staphylococcus spp., that was frequently isolated from the
fermentation process is Staphylococcus saprophyticus isolated
from Greek sausages (Samelis et al., 1998; Papamanoli et al.,
2002), and from Naples-type salami (Coppola et al., 2000;
Mauriello et al., 2004). Staphylococcus carnosus, Staphylococ-
cus simulans, Staphylococcus equorum, Staphylococcus kloosii,
Staphylococcus sciuri, Staphylococcus warneri and Staphylo-
coccus lentus, as well as Kocuria spp., were identified at lesser
extend. However, in freshly prepared sausages, Kocuria spp.
were found to be the dominant population (Comi et al., 1992;
Rodriguez et al., 1994). It is worth mentioning that, by applying
direct culture-independent methods in fresh sausages, Kocuria
spp. were never detected from the day of production to the
10th day of storage at 4°C (Cocolin et al., 2004).

4.2. Identification by molecular methods

For the purpose of identification of isolates by molecular
methods, the gene more often targeted is the 16S rRNA. It
possesses some key attributes that make it suitable for bacterial
identification. In particular, it is common in all bacteria, it
possess variable and conserved regions that can be used for
differentiation purposes and lastly, it functions as an evolution-
ary clock, allowing for conclusions to be drawn regarding
phylogeny (Woese, 1987; Collins et al., 1991; Gürtler and
Stanisich, 1996; Nour, 1998). Moreover, a large database of
sequences is already available. Despite the large number of
molecular techniques developed for the identification of LAB
and CNC isolated from fermented sausages, only some were
applied in order to define the microflora of these products. The
studies that exploited molecular methods for this purpose are
reported in Table 2. They should be included in the category of
culture-dependent methods, since the application is on strains
traditionally isolated (Fig. 1). The first paper applying mo-
lecular methods for the identification of LAB was published in
1998 by Rebecchi et al. The authors used RAPD analysis to
group the isolated LAB that were subsequently subjected to the
16S rRNA gene sequencing. The authors reported that the
isolates could be grouped in a very limited number of groups
with the same RAPD pattern, and after sequencing they resulted
to belong to L. sakei and L. plantarum. The RAPD-PCR
approach was also used by Andrigetto et al. (2001) that
identified L. sakei and L. curvatus from traditional salami
produced in the Veneto region, Italy. Versatile methods,
recently extensively used for strain identification, are DGGE
and TGGE. Since the separation between strains is based on
differential migrations, these techniques can be used for
screening and grouping the isolates, thereby reducing the
number of cultures to identify by 16S rRNA gene
sequencing. This approach was used to identify LAB during



Table 2
LAB and CNC isolated from naturally fermented sausages from different
countries and identified by culture-dependent and -independent molecular
methods

Country Traditional
product

Bacterial species a Identification
method

Reference

Culture-dependent methods:
Greece NS L. curvatus PCR-DGGE

and 16S rRNA
gene
sequencing

Rantsiou
et al.,
2005a

L. sakei
L. plantarum
L. casei/paracasei a

L. paraplantarum
Hungary N.S. L. sakei PCR-DGGE

and 16S
rRNA gene
sequencing

Rantsiou
et al.,
2005a

L. curvatus
W. viridescens
W.
paramesenteroides/
hellenica a

Leuconostoc
mesenteroides

Italy N.S. L. sakei RAPD
analysis and 16S
rRNA
gene
sequencing

Rebecchi
et al.,
1998

“Salame
friulano”

L. plantarum PCR-TGGE Cocolin
et al.,
2000

L. sakei
L. casei
L. curvatus
L. alimentarius

“Salame
friulano”

S. xylosus PCR-DGGE Cocolin
et al.,
2001a

S. carnosus
S. simulans
K. varians

“Soppressata”,
“salame
tradizionale”

L. sakei RAPD-PCR Andrigetto
et al.,
2001

L. curvatus

“Salsiccia
sotto sugna”

S. xylosus 16S-23S
rRNA genes
intergenic
region PCR

Rossi
et al.,
2001

S. condimenti

N.S. S. xylosus 16S rRNA
gene
sequencing

Blaiotta
et al.,
2004

S. pulvereri/
vitulus a

Intergenic
spacer
region PCR

S. equorum PCR-DGGE
S. saprophyticus Species-

specific PCR
“Salame
friulano”

L. sakei PCR-DGGE
and 16S rRNA
gene
sequencing

Rantsiou
et al.,
2005a

L. curvatus
L. plantarum
L. paraplantarum
W.
paramesenteroides/
hellenica a

“Salame
friulano”

L. sakei PCR-DGGE
and 16S rRNA
gene
sequencing

Comi
et al.,
2005

L. curvatus
L. plantarum
L. paraplantarum

Culture-independent methods:
Italy “Salame

friulano”
L. sakei 16S rRNA

gene
PCR-DGGE

Cocolin
et al.,
2001c

L. curvatus
S. xylosus

(continued on next page)
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production of Italian, Greek and Hungarian fermented
sausages (Cocolin et al., 2000; Comi et al., 2005; Rantsiou
et al., 2005a). It is interesting to notice that the application of
PCR-DGGE and 16S rRNA gene sequencing allow the
identification of a large number of strains in a quick and fast
way. PCR-DGGE was also exploited to identify CNC from
Italian sausages (Cocolin et al., 2001a). 16S-23S rRNA genes
intergenic PCR and species-specific PCR were used as well,
mainly for the identification of CNC (Rossi et al., 2001;
Blaiotta et al., 2003b, 2004; Rantsiou et al., 2005b). In this
last case, some strains could not be definitively identified
(Blaiotta et al., 2004) (Table 2).

The picture of the fermented sausage microflora that can be
observed with the application of molecular methods does not
disagree with the one produced using biochemical identifica-
tion. Once more the predominance of L. sakei and L. curvatus,
and of S. xylosus, is emerging. As already described for the
biochemical tests, also in this case other lactobacilli are
identified, but their numbers were found to be significantly
lower than L. sakei and L. curvatus. Leuconostoc and Weissella
spp. were identified at lesser extend, underlining possible
pitfalls in their identification by traditional methods, or more
simply their low presence in the type of sausages studied. Also
in the case of CNC, apart from S. xylosus other species were
described. S. carnosus, S. simulans, Staphylococcus condimenti,
Staphylococcus pulvereri/vitulis, S. equorum, and S. saprophy-
ticus were identified among the CNC isolates, and it is
interesting to notice that some species were identified only
when molecular methods were applied. Kocuria spp. were
identified only in “salame friulano” (Cocolin et al., 2001a).

5. Culture-independent methods

The papers describing the application of culture-independent
methods in the definition of the microflora in fermented
sausages are reported in Table 2. As described above, the
culture-independent methods are based on a direct extraction of
DNA and/or RNA from the sample under investigation. The
purified nucleic acids are subsequently subjected to molecular
methods that are able to profile the bacterial populations
present. The approaches that can be considered are either based
on the use of molecular probes, or the use of PCR by itself or
coupled with other techniques. Despite the fact that specific
probes have been developed for the identification of lactobacilli
commonly isolated from meat (Hertel et al., 1991; Nissen and
Dainty, 1995), there are no papers available on the application
of these probes to target specific LAB directly in the sausages
during fermentation. The available data refer only to the rapid
identification of isolated strains.

For the purpose of the direct profiling of the microflora in
fermented sausages the main protocols exploited were species-
specific PCR and the PCR-DGGE method. It is important to
underline that the direct approaches have only recently been
applied to sausage fermentations. Studies so far available on the
direct profiling of sausage microflora have been performed on
Italian and Spanish sausages (Cocolin et al., 2001c; Aymerich
et al., 2003; Rantsiou et al., 2005c).



Table 2 (continued)

Country Traditional
product

Bacterial species a Identification
method

Reference

S. intermedius
S. carnosus
S. lentus
S. pulvereri
L. plantarum

“Salame
friulano”

L. sakei rpoB gene
PCR-DGGE

Rantsiou
et al.,
2004

L. curvatus
S. xylosus
L. plantarum

“Salame
friulano”

L. sakei 16S rRNA
gene
PCR-DGGE

Rantsiou
et al.,
2005c

L. curvatus
L. paracasei
S. xylosus
S. sciuri/pulvereri a

S. equorum/
succinus a

L. garvieae
S. intermedius
M. caseolyticus

Spain “Fuet” b L. sakei Direct species-
specific PCR

Aymerich
et al.,
2003

L. curvatus
L. plantarum
S. xylosus

“Chorizo” b L. sakei Direct species-
specific PCR

Aymerich
et al.,
2003

L. plantarum
L. curvatus
S. xylosus

The species are ordered on the basis of their prevalence in the product studied.
a The method used did not allow a definitive identification.
b Results obtained after an enrichment step at 30 °C for 24 h in MRS broth

and in mannitol salt broth for LAB and CNC, respectively.
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Aymerich et al. (2003) described the use of several species
specific primers to identify without traditional isolation and
identification, LAB and CNC members in “chorizo” and “fuet”,
two traditional fermented sausages produced in Spain. The
investigation focused on products at the end of maturation, and
the experimental approach consisted of the amplification of
DNA extracted from the sample, either subjected to an
enrichment step or not. Six species of LAB and six species of
CNC were targeted with specific primers. In particular, L. sakei,
L. curvatus, L. plantarum, Enterococcus faecium, Lactococcus
lactis, Pediococcus acidilactici, S. carnosus, S. warneri,
Kocuria varians, S. xylosus, S. simulans and Staphylococcus
epidermidis were considered. Authors concluded that L. sakei
and S. xylosus can be considered the predominant species in
slightly fermented sausages produced in Spain. Also L. plan-
tarum, detected in 100% of “chorizos” and in only 50% of the
“fuets” should be considered an important agent of Spanish
sausage fermentation. This difference in the detection should be
explained by the different technology used for the production of
the two types of sausages studied.

The use of the enrichment can be considered to introduce
biases in the results obtained on the profiling of the microflora,
in fact some populations can take over and inhibit the growth of
numerically less important species. However, the use of se-
lective or elective media in samples that will be subjected to
DNA extraction and PCR, is a common practice in the field of
food microbiology because it helps to overcome problems
related with the PCR method. More specifically, with an en-
richment step, target cells are increasing in the number making
their detection easier, only alive cells are amplified, and, lastly,
by diluting the sample in liquid enrichment media, also PCR
inhibitors are diluted.

The disadvantage of a method that is based on species
specific probes for hybridisation or species specific primers for
amplification is that, unavoidably, the number of species that
may be detected is limited and it is lower or equal to the number
of probes or sets of primers. These methods are applicable if we
are interested in the dynamics of specific organisms. But if we
are interested in obtaining a more complete picture of the fer-
mentation microflora and its evolution with time an alternative
technique is required.

Themost suitable technique for the profiling of themicroflora
present in a specific environment should be able to detect
simultaneously all the bacterial species present. This goal can be
almost completely achieved with the application of the PCR-
DGGE technique. Additionally, DGGE supports the species
identification of community members because the amplification
products, after they have been separated by DGGE, they can be
recovered from the gels and sequenced (Cocolin et al., 2001c,
2004; Mills et al., 2002).

The PCR-DGGE method has been applied in our laboratory
to profile the dynamic change during sausage fermentation, with
the goal of understanding the population successions and to
investigate which species are metabolically active during the
process (Cocolin et al., 2001c; Rantsiou et al., 2005c). In these
studies the V1 region of the 16S rRNA gene was selected for the
amplification purpose. It has been recently reported that the use
of V1 region alone in DGGE analysis should be used carefully,
because of its limited length (Yu andMorrison, 2004). However,
in the first study performed on DGGE profiling of fermented
sausage microflora (Cocolin et al., 2001c), it was concluded that
only PCR products of the V1 region allow the differentiation
between LAB and CNC involved in the transformation process.
Products produced from the V3, V6–V8 and V9 regions of the
16S rRNA genes resulted always in co-migrations of control
species of LAB and CNC used for the optimisation of the
protocol (Cocolin et al., 2001c). In this study, both DNA and
RNA were sampled directly in order to determine the levels of
expression of the 16S rRNA gene of the most prominent
bacteria, which may reflect their contributions to the fermenta-
tion process. The main difference detected by sampling RNA
rather than DNAwas the presence of natural meat contaminants,
such as Brochotrix thermosphacta, Enterococcus sp., Leuco-
nostoc mesenteroides and Brevibacillus sp., which were not
present after the third day. Staphylococcus species were found
only in the meat mixture before sausages were filled and after
3 days. The only Staphylococcus species represented in the
DGGE gel, after 3 days was S. xylosus, which produced a
specific band in the gel until the end of fermentation. L. sakei and
L. curvatuswere the two species of LAB strongly present at both
DNA and RNA level from the 3rd day of fermentation. One
band, at DNA level, was identified as L. plantarum, but it was
probably generated from dead cells present in the meat, since no
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L. plantarum cells were isolated during fermentation and no
specific signal was detected in the RNA amplicons.

Rantsiou et al. (2005c) in the last year completed a study in
which a comparison of the microflora, determined by PCR-
DGGE, of three traditional fermented sausages produced in
three plants of the Northeastern part of Italy, was performed.
The bacterial ecology was mainly characterised by the stable
presence of L. curvatus and L. sakei, but also L. paracasei was
repeatedly detected. Important evidence was the presence of
Lactococcus garvieae, which clearly contributed in two
fermentations. Several members of Staphylococcus were also
detected. Regarding other bacterial groups Bacillus sp.,
Ruminococcus sp. and Macrococcus caseolyticus were also
identified at the beginning of the transformations. In addition,
yeast species belonging to Debaryomyces hansenii, several
Candida species and Willopsis saturnus were observed in the
DGGE gels. Finally, cluster analysis of the bacterial and yeast
DGGE profiles highlighted the uniqueness of the fermentation
processes studied.

A high level of information could be obtained by the ap-
plication of molecular methods. The importance of species
commonly recognised as responsible for sausage fermentation
(i.e. L. sakei and L. curvatus) was confirmed. In addition, for the
first time, evidence was obtained that, strains belonging to
L. garvieae and M. caseolyticus, that are commonly isolated
from dairy products, may also be involved in sausage fermen-
tation. Since milk powder and/or lactose are commonly used in
the production of fermented sausages, it can be assumed that
these microorganisms come from these sources. However, the
sausages studied by Rantsiou et al. (2005c) did not contain these
ingredients in their formula.

The application of 16S rRNA gene PCR-DGGE analysis is
not, however, free of problems. One hurdle to overcome is the
sensitivity of the method for the detection of low number
populations. Cocolin et al. (2001c) defined that in mixed popu-
lations, individual members could be identified by PCR-DGGE
of the V1 region when the concentrations are more than 104 cfu/
g, which allows detection of species at a threshold level during
fermentation. This may not be true when other primers are
applied in the PCR amplification step. As a consequence,
special attention should be dedicated to this issue to carefully
profile the microflora present in specific ecosystems. A second
problem, related to the technique when rRNA amplicons are
analysed by DGGE, is the presence of multiple copies of the
ribosomal genes. Due to its heterogeneity, several bands per
species can be seen in high-resolution PCR-DGGE analysis.
The amplified fragments will therefore appear as several bands
on a DGGE gel, rather than a single band that would allow
precise species identification.

A possible solution to the heterogeneity of the 16S rRNA
gene was given by Dahllof et al. (2000), which proposed the
rpoB gene, coding for the β subunit of the RNA polymerase, as
a target for PCR-DGGE. The approach resulted to be conve-
nient for environmental samples (Dahllof et al., 2000), and it
was further applied to follow the fermentation of sausages
(Rantsiou et al., 2004). In this study, the contribution of L. sakei,
L. curvatus and S. xylosuswas again pointed out. Interestingly, a
band belonging to L. plantarum was constantly present after the
10th day of fermentation.

Lastly, the incomplete extension of the GC clamp during
PCR amplification, which may result in artifactual double bands
in DGGE analysis, often complicates the interpretation of the
profiles. This issue was recently addressed by Janse et al. (2004)
and it was proposed that it can be eliminated by increasing the
time of the final extension step during CPR.

6. Conclusions

Sausage fermentation is a complex system of events in which
microorganisms represent key agents for the production of
specific compounds and enzymes that allow the transformation
of raw meat in a product with new physico-chemical and sen-
sory characteristics. In this process the quality of the meat and
of the ingredients (salt, spices, nitrate and nitrite), the mi-
croorganisms operating the transformations (added as a starter
or naturally present) and the fermentation and ripening con-
ditions are fundamental parameters to control in order to obtain
final products with the desired organoleptic profile.

It is widely accepted that the contribution of microorgan-
isms, in particular LAB and CNC, is essential to achieve
specific sensory characteristics during sausage fermentations.
For this reason, the study of the microflora is an important
aspect to take into account.

Considering the data available on the microflora in fermented
sausages, it can be concluded that there is a good correlation
between the results obtained with traditional methods and the
ones achieved with molecular methods of identification. With
both approaches it has been repeatedly highlighted that species
belonging to L. sakei, L. curvatus and S. xylosus are the best
adapted to the sausage fermentation ecosystem, thereby
dominating the microflora present. However, small differences
can be observed in cases of traditional products coming from a
specific country. As an example, using traditional methods
researchers from Greece defined that dry salami were char-
acterised by the presence of Weissella members, such as
Weissella viridescens, Weissella hellenica and Weissella para-
mensenteroides (Samelis et al., 1994; Papamanoli et al., 2003).
This evidence was not confirmed by molecular methods, in fact
in one study performed using PCR-DGGE followed by 16S
rRNA gene sequencing, it was determined the absence of these
species in sausages produced in Greece (Rantsiou et al., 2005a).
The different results obtained can be explained very simply
considering that the studies were performed on different
samples, so it is possible that in the last case sausages did not
contain Weissella spp., but it is acceptable to recognise a
probable overestimation of this genera with traditional methods.
This question could be addressed only if a comparative study on
the microflora of Greek fermented sausages was available.

With the development of molecular methods of detection and
identification new frontiers could be reached. Moreover, the
possibility to profile these populations directly in the sample,
without the need of traditional isolation and identification,
allows scientists for the first time to investigate the microbial
interrelations in situ.
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Considering the culture-independent methods, once more the
capability of L. sakei, L. curvatus and S. xylosus to dominate the
fermentation process is obvious, but new interesting informa-
tion is also obtained. As a matter of fact, it seems that other
species of LAB and CNC are active in the transformation
process as well. L. paracasei was identified by the means of
direct PCR-DGGE method in Italian sausages. Moreover, also
L. garvieae seems to contribute to the fermentation. In the group
of CNC, S. equorum and S. succinus, although isolated in
sausages at low percentages by traditional methods, they were
often detected by direct methods, therefore they should be
considered important.

Future developments in the field of sausage fermentation can
be represented by studies on strain biodiversity with the final goal
to try to explain the extreme diversity of products. Sausages,
produced in different countries but also within the same country,
are characterised by different organoleptic profiles and sensory
characteristics, and this aspect can be only partially explained
considering the actual ingredients used. In our opinion the
microflora plays a major role by this point of view, and it is
possible that the differences in the sensory characteristics of the
products are due to the presence of different strains. This aspect
becomes even more interesting considering that in the fermented
sausages studied so far, it was always defined that the main
species found were the same among the different products. A
possible explanation could be the presence within the species of
specific strains unique for a specific product. It has been defined,
for example, that within the species L. sakei and L. curvatus there
are populations that can be differentiated based on their
provenience (Rantsiou et al., 2005a). Moreover, a study
performed on about 350 LAB strains, isolated from three plants
of continental Greece, highlighted the presence of plant-specific
populations (Rantsiou et al., unpublished results). Little is known
about the intra-species differences of LAB strains involved in the
sausage fermentations. However, the plant-specific clusters found
are highlighting that the production conditions (temperature,
moisture and ingredients), that differ from plant to plant, are
possibly able to determine the selection of a specific population,
and more precisely of a specific strain within the species that will
take over during transformation, thereby characterising the final
product produced in the specific plant. To us this is an important
aspect to consider to completely understand the fermentation
process, and it should be investigated further. Defining and un-
derstanding microbial dynamics, as determined by species
successions, as well as microbial ecology, as determined by
species interactions at each time point and throughout fer-
mentation, are crucial since these are the parameters that will have
a great impact on the organoleptic and sensorial characteristics of
the final product.
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