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Lactobacilli are Gram-positive, nonsporeform-
ing rods, catalase-negative when growing
without a heme source (e.g., blood), usually
nonmotile, and occasionally nitrate reducers.
They utilize glucose fermentatively (Kandler and
Weiss, 1986a) and may be either homofermenta-
tive, producing more than 85% lactic acid from
glucose, or heterofermentative, producing lactic
acid, CO2, ethanol, and/or acetic acid in equimo-
lar amounts. The type species is Lactobacillus
delbrueckii Leichmann 1896 (Beijerinck, 1901).
The genus Lactobacillus constitutes together
with the genus Pediococcus the family Lactoba-
cillaceae and presently comprises 80 recognized
species and 15 subspecies. The phylogenetic
position of this family in relation to lactic acid
bacteria (LAB) and closely related genera is
depicted in Fig. 1. The increased interest in
microbial ecology and the availability of sensi-
tive taxonomic methods delivering unambiguous
identification results have created a marked
increase in the number of species within the gen-
era Lactobacillus and Carnobacterium since the
previous edition of The Prokaryotes. The validly
described species of the genus Lactobacillus are
listed in Table 1, and those of the genus Carno-
bacterium are treated under a separate headline.
Lactobacillus rogosae is not included in Table 1
as no type strain with the original description
is available in culture collections (Kandler and
Weiss, 1986a). In addition, L. catenaformis and
L. vitulinus have not been included because 16S
rRNA sequence analyses show that these species
are closely related to Clostridium ramosum,
C. spiroforme, C. cocleatum and the genus
Coprobacillus.

In Table 1, the numbers in column I indicate
species for which 16S rRNA sequence data of
90% of the bases are available. These have been
used to construct phylogenetic trees shown in
Figs. 2–9. The species attribution to phylogenetic
groups (shown in Figs. 3–9) as well as to groups
of main habitats is included in Table 1. On the
basis of the results of genotypic studies, the
genus Lactobacillus comprises a defined group of
organisms, which consists of subgroups (Table 1,
column V) that are sufficiently genotypically dis-

tinct as to justify their attribution to several gen-
era. The recent creation of the genus Weissella
from a homogenous group of heterofermentative
LAB (formerly included in the genus Lactoba-
cillus; Collins et al., 1993) is a consequent step in
that direction, and the description of Paralacto-
bacillus follows this development. On the other
hand, the morphological, biochemical and phys-
iological characteristics of the lactobacilli are
usually not so diverse that they demand a sepa-
ration into different genera.

The genus Carnobacterium had also been
included in the genus Lactobacillus (Collins
et al., 1987). It presently contains 7 validly
described species, with Carnobacterium diver-
gens being the type species. These organisms
share some habitats with lactobacilli but differ in
certain physiological properties, the most impor-
tant of which are listed in Table 2. One species,
C. piscicola, contains strains pathogenic to fish.
Thus, the separation of Carnobacterium from
Lactobacillus renders the lactobacilli a homoge-
neous group of nonpathogenic bacteria. How-
ever, one exception has recently been described.
Lactobacillus psittaci was isolated from an
inflamed air sac of a dead parrot. Nothing is
known about the infectiveness, virulence factors,
or the natural habitat of this species. In general,
lactobacilli are useful to humans in several
respects: They are indispensable agents of the
fermentation of foods and feed, and are constit-
uents of the human (as well as animal) body
flora, wherein they exert health promoting
effects. On the other hand, together with certain
Carnobacterium species, they are involved in
food spoilage. On the basis of the taxonomic his-
tory of the genera Lactobacillus and Carnobac-
terium, common physiological properties, and
their common occurrence in certain habitats,
treatment of the two genera within one chapter
is justified. In the first edition of The Prokary-
otes, the genus Lactobacillus was excellently
treated by M. E. Sharpe (Sharpe, 1981). New
results and developments especially of ecologi-
cal, practical, taxonomical interest were added to
the second edition, and the process of updating
the knowledge is continued in this chapter.
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The Genus Lactobacillus

Habitat

Lactobacilli are strictly fermentative and have
complex, sometimes very fastidious nutritional
requirements for carbohydrates, amino acids,
peptides, fatty acid esters, salts, nucleic acid
derivatives, and vitamins. Large amounts of lac-
tic acid and small amounts of other compounds
are the products of their carbohydrate metabo-
lism. Lactobacilli grow in a variety of habitats,
wherever high levels of soluble carbohydrate,
protein breakdown products, vitamins, and a low
oxygen tension occur. They are aciduric or
acidophilic, different species having adapted

themselves to grow under widely different
environmental conditions, and their production
of high levels of lactic acid lowers the pH of the
substrate and suppresses the growth of many
other bacteria; these factors account for the wide
distribution of lactobacilli and their successful
establishment in many markedly different habi-
tats (Sharpe, 1981). The occurrence of the vari-
ous species in the main groups of habitats is
shown in Table 1.

Humans and Animals

Oral Cavity The oral cavity of humans and ani-
mals contains several types of epithelial surfaces
and is the only site that contains hard non-

Fig. 1. Phylogenetic tree depicting the position of Lactobacillaceae and carnobacteria in relation to lactic acid bacteria (LAB)
and closely related genera. The consensus tree is based on maximum parsimony analyses of all available, at least 90%
complete 16S rRNA sequences of Gram-positive bacteria. The topology was evaluated and corrected according to the results
of distance matrix and maximum likelihood analyses with various data sets. Alignment positions that share identical residues
in at least 50% of all sequences of the depicted genera were considered. Multifurcations indicate that a common branching
order could not be significantly determined or was not supported, when performing different alternative treeing approaches.
The bar indicates 10% estimated sequence divergence.
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Table 1. List of the species of the genus Lactobacillus.

Ia IIb IIIc IVd Ve

1f L. acetotolerans Entani et al. 1986 B D de
2 L. acidipiscis Tanasupawat et al. 2000 B F sl
3f L. acidophilus (Moro 1900) Hansen and Mocquot 1970 A I de
4f L. agilis Weiss et al. 1981 B S sl
5f L. algidus Kato et al. 2000 B D sl
6f L. alimentarius (Reuter 1970) Reuter 1983 B F, D pl
7f L. amylolyticus Bohak et al. 1998 A F de
8f L. amylophilus Nakamura and Crowell 1979 A F de
9f L. amylovorus Nakamura 1981 A F de

10f L. animalis Dent and Williams 1982 A I sl
11f L. arizonensis Swezey et al. 2000 B F pl
12af L. aviarius subsp. aviarius Fujisawa et al. 1984 A I sl
12b L. aviarius subsp. araffinosus Fujisawa et al. 1984 A I sl
13f L. bifermentans (Pette and van Beynum 1943) Kandler et al. 1983a B D u
14f L. brevis (Orla-Jensen 1919) Bergey et al. 1934 C F, D u
15f L. buchneri (Henneberg 1903) Bergey et al. 1923 C F, D bu
16f L. casei (Orla-Jensen 1916) Hansen and Lessel 1971 B I, F, D ca
17f L. coleohominis Nikolaitchouk et al. 2001 C I re
18f L. collinoides Carr and Davies 1972 C D pl
19af L. coryniformis subsp. coryniformis Abo-Elnaga and Kandler 1965 B F u
19b L. coryniformis subsp. torquens Abo-Elnaga and Kandler 1965 B F u
20f L. crispatus (Brygoo and Aladame 1953) Cato et al. 1983 A I de
21af L. curvatus subsp. curvatus (Troili-Petersson 1903) Abo-Elnaga and Kandler 1965 B I, F, D sa
21b L. curvatus subsp. melibiosus Torriani et al. 1996 B F, D sa
22f L. cypricasei Lawson et al. 2001a B F sl
23af L. delbrueckii subsp. delbrueckii (Leichmann 1896) Beijerinck 1901 A F de
23bf L. delbrueckii subsp. bulgaricus (Orla-Jensen 1919) Weiss et al. 1983 A F de
23cf L. delbrueckii subsp. lactis (Orla-Jensen 1919) Weiss et al. 1983 A F de
24f L. diolivorans Krooneman et al. 2002 C F bu
25f L. durianis Leisner et al. 2002 C F re
26f L. equi Morotomi et al. 2002 A I sl
27f L. farciminis (Reuter 1970) Reuter 1983 A F pl
28f L. ferintoshensis Simpson et al. 2001 C F bu
29f L. fermentum Beijerinck 1901 C F, D re
30f L. fornicalis Dicks et al. 2000 B I de
31f L. fructivorans Charlton et al. 1934 C D bu
32f L. frumenti Müller et al. 2000a C F re
33 L. fuchuensis Sakala et al. 2002 B D sa
34f L. gallinarum Fujisawa et al. 1992 A I de
35f L. gasseri Lauer and Kandler 1980 A I de
36f L. graminis Beck et al. 1988 B F sa
37f L. hamsteri Mitsuoka and Fujisawa 1987 B I de
38f L. helveticus (Orla-Jensen 1919) Bergey et al. 1925 A F de
39f L. hilgardii Douglas and Cruess 1936 C D bu
40f L. homohiochii Kitahara et al. 1957 B D bu
41f L. iners Falsen et al. 1999 A I de
42f L. intestinalis (Hemme 1974) Fujisawa et al. 1990 B I de
43f L. jensenii Gasser et al. 1970 B I de
44f L. johnsonii Fujisawa et al. 1992 A I de
45f L. kefiranofaciens Fujisawa et al. 1988 A F de
46f L. kefirgranum Takizawa et al. 1994 A F de
47f L. kefiri corrig. Kandler and Kunath 1983 C F bu
48f L. kimchii Yoon et al. 2000 B F pl
49f L. kunkeei Edwards et al. 1998 C D bu
50f L. lindneri (Henneberg 1901) Back et al. 1996 C D bu
51f L. malefermentans (Russell and Walker 1953) Farrow et al. 1988 C D pl
52f L. mali Carr and Davies 1970, emend. Kaneuchi et al. 1988 A D sl
53f L. manihotivorans Morlon-Guyot et al. 1998 A F ca
54f L. mucosae Roos et al. 2000 C I, F re
55f L. murinus Hemme et al. 1980 B I sl
56 L. nagelii Edwards et al. 2000 A D sl
57f L. oris Farrow and Collins 1988 C I re
58f L. panis Wiese et al. 1996 C F re
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Abbreviations: A, obligately homofermentative; B, facultatively heterofermentative; C, obligately heterofermentative; D,
food associated, usually involved in spoilage; F, involved in fermentation of food and feed; I, associated with humans and/or
animals, e.g., oral cavity, intestines, vagina; S, sewage; (P), opportunistic pathogen; bu, L. buchneri group; ca, L. casei group;
de, L. delbrueckii group; Pl, L. plantarum group; re, L. reuteri group; sa, L. sakei group; sl, L. salivarius group; and u, unique.
aIn column I, numbers have been assigned to species to facilitate their identification in Tables 5, 6 and 7.
bColumn II provides the full taxon name of each species.
cColumn III is the type of glucose fermentation of the species.
dColumn IV is the main habitat of the species.
eColumn V is the phylogenetic group as determined by C. Hertel (unpublished results).
fSpecies for which at least 90% of the complete 16S rDNA sequences have been published. These species were considered
for construction of the phylogenetic trees (Figs. 2 and 3). Partial sequences have been considered to species to phylogenetic
related groups.

59f L. pantheris Liu and Dong 2002 A I ca
60 L. parabuchneri Farrow et al. 1988 C I bu
61af L. paracasei subsp. paracasei Collins et al. 1989 B I, D, F ca
61bf L. paracasei subsp. tolerans (Abo-Elnaga and Kandler 1965) Collins et al. 1989 B D ca
62f L. parakefiri corrig. Takizawa et al. 1994 C F bu
63f L. paralimentarius Cai et al. 1999 B F pl
64f L. paraplantarum Curk et al. 1996 B D, I pl
65f L. pentosus (Fred et al. 1921) Zanoni et al. 1987 B F, S pl
66f L. perolens Back et al. 1999 B D u
67f L. plantarum (Orla-Jensen 1919) Bergey et al. 1923 B F, D pl
68f L. pontis Vogel et al. 1994 C F re
69f L. psittaci Lawson et al. 2001b A (P) de
70f L. reuteri Kandler et al. 1980 C I, F re
71f L. rhamnosus (Hansen 1968) Collins et al. 1989 B F ca
72f L. ruminis Sharpe et al. 1973a A I sl
73af L. sakei subsp. sakei corrig. Katagiri et al. 1934 B I, F, D sa
73b L. sakei subsp. carnosus corrig. Torriani et al. 1996 B F, D sa
74af L. salivarius subsp. salivarius Rogosa et al. 1953 A I sl
74bf L. salivarius subsp. salicinius Rogosa et al. 1953 A I sl
75f L. sanfranciscensis corrig. (Kline and Sugihara 1971) Weiss and Schillinger 1984 C F bu
76f L. sharpeae Weiss et al. 1981 A S ca
77f L. suebicus Kleynmans et al. 1989 C F re
78f L. vaccinostercus Okada et al. 1979 C I re
79f L. vaginalis Embley et al. 1989 C I re
80f L. zeae (Kuznetsov 1959) Dicks et al. 1996 B F ca

Ia IIb IIIc IVd Ve

Table 1. Continued

Table 2. Key characteristics for differentiating lactobacilli from carnobacteria.

Symbols and abbreviations: +, present; −, absent; mDpm, meso-diaminopimelic acid; homo, predominant fermentation
product is lactic acid; and hetero, CO2, ethanol, and acetic acid are produced in addition to lactic acid.
aIn D-MRS-broth.
bAbbreviations based on Schleifer and Kandler (1972).
cGlycolysis with minor and retarded CO2 production (De Bruyn et al., 1988).

Characteristic Lactobacillus Carnobacterium

Growth on actetate agar (pH 5.4) + −
Growth at pH 4.5 + −
Growth at pH 9.0a − +
Lactic acid isomers produced L(+), D(−), DL L(+)
Type of diamino acid in peptidoglycanb Lys, mDpm, Ornb mDpmb

Fermentation type (glucose) Homo or hetero Atypical homoc

G+C content (mol%) 32–55 33.0–37.2
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shedding surfaces (on teeth) for microbial colo-
nization (Jenkinson, 1999). It is estimated that
more then 500 bacterial species inhabit the oral
cavity (Moore and Moore, 1994), which is an
open system that is constantly exposed to exog-
enous factors, especially during breathing and
the intake of food. The composition and density
of the microbial population differs in the various
localities and is determined mainly by three eco-
logical determinants: nutrition, redox potential,
and adhesion. In addition, numerous additional
factors are operative (Knoke and Bernhardt,
1986; Jenkinson, 1999; Slots and Chen, 1999),
including 1) genetics, affecting for example the
saliva (flow rate, redox potential, buffer capacity
and pH, and concentration of ions, salts and
enzymes), gender, and hormonal status, 2) the
swallowing process, 3) the diet (composition,
consistency, and frequency of meals), 4) micro-
bial interactions, 5) mouth hygiene, 6) health
status, and 7) treatment with antimicrobials.

The anatomical features, in combination with
the previously mentioned factors, will determine
the relative proportions of the bacterial groups.
In these groups, LAB and especially oral strep-
tococci are of superior importance for health sta-
tus. In general, lactobacilli have been found to
constitute <0.1% of either the cheek or tongue
bacteria, <0.005% of intragingival plaque, and
<1% each of the saliva and the gingival crevice
bacteria (Marsh and Martin, 1984). Studies of
tooth surfaces of infants and young children
(Carlsson and Gothefors, 1975) have shown that
lactobacilli are present only in very small num-
bers or as transients in the mouth. Lactobacilli
developing in the mouth of 2- to 5-year-old chil-
dren consisted mostly of L. casei and L. rhamno-
sus, and occasionally of L. acidophilus and L.
fermentum. Lactobacillus casei was found espe-
cially in children with carious lesions. Rogosa et
al. (1953), in their classic paper on the identifica-
tion of oral lactobacilli, identified 500 strains
isolated from saliva specimens of 130 school
children. Lactobacillus casei and L. fermentum
were the predominant species present in 59
and 45% of the samples, respectively, while L.
acidophilus and L. brevis in 22 and 17% of the
samples, respectively, were also present. Lacto-
bacillus buchneri, L. salivarius, L. plantarum and
L. cellobiosus occurred less frequently. Those
findings have been confirmed by other studies on
children and adults (London, 1976) that found a
similar distribution of species, and L. casei and
L. fermentum were found to predominate. All
later investigations confirm clearly that the
closely related L. casei-L. rhamnosus are by far
the most important lactobacilli on the basis of
both general presence in individuals and num-
bers. The heterofermentative L. fermentum (L.
cellobiosus) is commonly ranked second. Owing

to changes in nomenclature, it should be noted
that the isolated L. casei are probably L. para-
casei (Collins et al., 1989), and L. cellobiosus are
L. fermentum (Vescovo et al., 1979). Heterofer-
mentative Lactobacillus strains isolated from
human saliva and classified as L. brevis (Hay-
ward and Davis, 1956; Hayward, 1957) were
found not to be genetically or biochemically
related to this or other recognized heterofermen-
tative species, and were classified into a new spe-
cies, L. oris (Farrow and Collins, 1988a). 

All strains of lactobacilli isolated from deep
dental plaque by Shovell and Gillis (1972) were
L. casei, and other work has confirmed that this
species is the prevalent Lactobacillus in plaque
(Basson and Van Wyk, 1982; Depaola, 1989;
Hahn et al., 1989; Wijeyeweera and Kleinberg,
1989). Kneist et al. (1988) found that L. rhamno-
sus was the dominant Lactobacillus in softened
and hard carious dentin of 125 deciduous molars.
In relative importance, this species was followed
by L. plantarum, L. casei subsp. casei, L. curva-
tus, L. xylosus and L. coryniformis. In a more
recent study of lactobacilli associated with active
caries lesions (Botha et al., 1998), their occur-
rence in the dentin of 12 patients with open car-
ies (group A) was compared with that in the
saliva of 12 individuals (group B) with no caries
(DMFT = 0). Of the 153 isolates differentiated
on the basis of phenotypical characteristics,
homofermentative species (group A = 82% and
B = 90%) were predominantly L. paracasei
(group A = 39% and B = 30%) and L. rhamnosus
(group A = 31% and B = 41%), heterofermenta-
tive species (group A = 18% and B = 10%) were
predominantly L. fermentum (group A = 68%
and B = 100%), and the remainder in group A
were Weissella confusa and W. minor. In addition
in group A, the authors found 16% L. murinus,
and at lower percentage (summing up to 14%),
L. hamsteri, L. casei, L. graminis, L. acidophilus,
L. jensenii and L. sakei. In group B, 29% of the
homofermentative association constituted L.
murinus, L. hamsteri, L. acidophilus, L. grami-
nis, L. jensenii, L. sakei, L. homohiochii, L.
curvatus, L. pentosus and L. salivarius. It is
remarkable that species such as L. murinus, L.
hamsteri and L. graminis (commonly considered
to be associated with mice, hamsters and grass,
respectively) had been identified. Furthermore,
L. salivarius was found at a rather low incidence.

Although present in carious lesions, the lacto-
bacilli are not considered to be actively involved
in caries progression. Kneist et al. (1988) and
Russel and Ahmed (1978) have shown that nei-
ther L. acidophilus nor L. casei or L. fermentum
is able to form plaque alone (i.e., without the
participation of Streptococcus mutans or S. san-
guis). Yet, lactobacilli were found at the site of
85% of progressive lesions before clinical diag-
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nosis of caries progression was made (Boyar and
Bowden, 1985). Using a modified Rogosa SL
agar medium (with melezitose as the only sugar),
Claesson and Crossner (1985) found L. casei to
be the most common oral Lactobacillus species,
representing a higher proportion of the salivary
Lactobacillus population in children than in
adults. It is recognized that the microbial popu-
lation of the saliva contains microorganisms
from different areas of the mouth, and although
it has been suggested that dental plaque contrib-
utes little to this population (Hardie and
Bowden, 1974; Hakgudener, 1985; Matee et al.,
1985), several reports indicate a definite relation-
ship between the incidence of caries and the Lac-
tobacillus population of the saliva (Minah et al.,
1985; Krasse, 1988; Alaluusua et al., 1989;
Bjarnason, 1989). Owing to fluctuations in num-
bers of lactobacilli and pH of the saliva, Sullivan
and Schroeder (1989) concluded that lactobacilli
had only low caries-predictive ability for children
from 5 to 7 years of age. Data from other work-
ers, however, contradicted this report, and spe-
cifically suggest the salivary Lactobacillus
population to be a useful tool for early diagnosis
of caries (Crossner and Unell, 1986; Vanderas,
1986; Wikner, 1986; Krasse, 1988). Neither the
use of fluoride (gel) toothpaste, fluoride-
containing mouth rinse (Brown et al., 1983;
Etemadzeh et al., 1989), nor fluoride-containing
chewing gum (Ekstrand et al., 1985), or even
chlorhexidine treatments (Lundstrom and
Krasse, 1987) was found to decrease oral lacto-
bacilli numbers significantly. By contrast, S.
mutans numbers were reduced by chlorhexidine
treatment (Lundstrom and Krasse, 1987).

Detailed studies of dental plaque show that
the pioneer bacteria (first binders) to a pre-
formed pellicle are streptococci, Neisseria,
Actinomyces and Capnocytophaga (Jenkinson,
1999). Other bacteria coadhere to that commu-
nity and increase the complexity of the associa-
tion. Dental caries is caused by the metabolism
of this association, which attacks the tooth
enamel. Caries is thus most probably initiated by
the combined activities of several species. There
is strong evidence that the progression of the
disease is promoted by streptococci of the S.
mutans group. At that stage also, lactobacilli
come into play. Only at that stage may lactoba-
cilli multiply within the built up matrix.  The
frequent consumption of fermentable carbohy-
drates increases the production of lactic acid and
changes the ecological conditions in the niche,
and it follows a selection for more acidophilic
bacteria among which lactobacilli, and L. para-
casei/L. rhamnosus in particular, are of primary
importance. Nothing is known about a specific
role of the multitude of Lactobacillus species

that occur in significant but minor numbers. The
effect of carbohydrates on the selective growth
of LAB, and above all lactobacilli, at the expense
of less acid tolerant species, is the basis of the
“ecological plaque hypothesis” (Marsh, 1994). It
includes, that the low pH (initiated by the strep-
tococci) found in carious cavities favors lactoba-
cilli. The high count may at least in part be the
result of caries and not the cause (Hardie and
Bowden, 1974; Alaluusua et al., 1987; Wijeyewe-
era and Kleinberg, 1989).

Intestinal  Tract A recent comprehensive
treatment of gastrointestinal (GI) microbiology
including aspects of anatomy, ecology, modeling,
taxonomy, and host interactions can be found in
a monograph edited by Mackie et al. (1997a);
(1997b). The GI tract of vertebrates harbors a
large and complex association of microbes. Most
knowledge of the intestinal microbial association
has been obtained from analysis of feces
inasmuch as access to the intestines is, at least
in healthy humans, extremely difficult, and even
sampling by application of automatic capsule
systems does not deliver results that are repre-
sentative of a defined section at a defined time.
Human feces contain >1011 bacteria per gram,
and microbial cells make up about 55% of the
solids within the colon (Tannock, 1995). More
then 400 bacterial species can be isolated from
one subject, with obligate anaerobe bacteria
being predominant and exceeding in number fac-
ultative anaerobes by 100–1000 times (Moore
and Holdemann, 1974). The bacterial numbers
and composition vary considerably between dif-
ferent animal species and along the GI tract (the
colon being the most highly colonized) owing to
anatomical and physiological distinctions. In ver-
tebrate animals and humans, the intestinal
microflora is similarly complex, but the ecologi-
cal importance of their lactobacilli differs. Lac-
tobacillus species comprise only a minor part of
the bacterial community in human feces (Mit-
suoka, 1992; Sghir et al., 2000), whereas animals
such as pigs, chicken, dogs, mice, rats and ham-
sters harbor greater Lactobacillus populations in
their intestines (Mitsuoka, 1992). Additionally,
the Lactobacillus species composition in feces
and intestinal contents vary between the differ-
ent hosts (Table 3). The role of lactobacilli in
intestinal ecosystems has received much atten-
tion, especially with respect to their beneficial
effect on human and animal health, e.g., when
ingested as probiotics. 

The Ecosystem The GI tract is an open ecosys-
tem in contact with the environment. Therefore,
lactobacilli isolated from gut contents or feces do
not necessarily inhabit this ecosystem but may be
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Table 3. Lactobacillus species in intestines of humans and animals. 

Symbols: M, major component of Lactobacillus species; +, occasionally recovered; *, the species composition has not been
studied so far; and nd, no data.
From Marounek et al. (1988); Mitsuoka (1992); Stewart (1992); Sarra et al. (1992); Tannock (1992); Rubio et al. (1998); Gusils
et al. (1999); Roos et al. (2000); Tannock et al. (2000); Walter et al. (2000, 2001); Yuki et al. (2000); Liu and Dong (2002);
Morotomi et al. (2002); and Dal Bello et al. (2003).

Species Human Pig Chicken Cattle Dog Mouse Rat Hamster Horse Jaguar*

L. acidophilus + + + + nd + + nd nd nd
L. amylovorus nd M nd + nd nd nd nd + nd
L. crispatus M + M nd nd nd nd nd + nd
L. gallinarum nd nd M nd nd nd nd nd nd nd
L. gasseri M nd nd + nd + nd nd nd nd
L. johnsonii + + M M nd nd nd nd + nd
L. murinus/animalis nd nd + nd M M + nd nd nd
L. intestinalis nd nd nd nd nd M M nd nd nd
L. salivarius M M M nd nd nd nd nd M nd
L. agilis nd + + nd nd nd nd nd + nd
L. ruminis M nd nd M nd nd nd nd nd nd
L. hamsteri nd nd nd nd nd nd nd M nd nd
L. aviarius nd nd + nd nd nd nd nd nd nd
L. paracasei + nd nd + nd nd nd nd nd nd
L. rhamnosus + nd nd nd nd nd nd nd nd nd
L. plantarum + + nd + nd nd nd nd + nd
L. reuteri M M M M M M M M M nd
L. fermentum + + + + nd + + nd nd nd
L. brevis + + + + nd nd nd nd nd nd
L. delbrueckii + nd nd nd nd + + nd nd nd
L. sakei + nd nd nd nd nd nd nd nd nd
L. mucosae nd + nd nd nd nd nd nd nd nd
L. equi nd nd nd nd nd nd nd nd M nd
L. pantheris nd nd nd nd nd nd nd nd nd +

transient or allochthonous. In the human intes-
tine, they may originate from fermented food,
the oral cavity, and food of plant origin or stored
meat products. From these sources they are con-
tinuously ingested in high numbers. Similarly in
animals, lactobacilli may originate from their
feed.

The main ecological parameters affecting
microbial growth in the mammalian fermenta-
tive gut compartments are 1) a pH ranging from
5.5 to 6.9 (with lower values in proximal and
higher values in the distal colon), 2) anaerobiosis
(redox potential ranging from –350 to –400 mV),
3) temperature (37–41°C), and 4) osmolality
(250–350 mmol/kg; Mackie, 1997a). In addition
to vertical differences in the ecological condi-
tions within the GI tract, those in the lumen and
in the mucus layer must also be considered.
Mucus consists of glycoproteins (secreted as
mucin by specialized goblet cells) and sloughed
epithelial cells. It forms a layer of approximately
400 µm (Wold, 1999) covering the epithelial cells,
and provides a continuous substrate supply (2–
3 g/day) for bacteria. Close to the mucosa, the
oxygen tension is relatively high, favoring the
growth of facultative anaerobes, which in their

turn contribute to the strict anaerobicity of the
lumen.

Little is still known of the controlling effect on
intestinal growth of bacteria caused by so-called
“defensins.” These antagonistic peptides are se-
creted together with lysozyme and other hydro-
lytic enzymes by Paneth cells in Leberkühn’s
crypts, which are most abundant in the small
intestine (reviewed by Axelsson and Mahida,
2000). Defensins are cationic, arginine-rich pep-
tides consisting of 28–44 amino acids, are synthe-
sized as pre-propeptides (Boman, 1998; Ayabe et
al., 2000). They resemble bacteriocins in their
mode of action. In the large intestine, which con-
tains the main mass of fermentatively active bac-
teria, normally few Paneth cells are found.
However, these can be upregulated in the large
intestine in response to inflammation or neopla-
sia. Factors such as defensins together with
specific bacterial adherence conditions and im-
munotolerance phenomena may determine the
composition of an individual’s intestinal micro-
bial flora. Lactobacilli therein require for their
fermentative metabolism carbohydrates, pre-
ferentially simple monosaccharides up to
oligosaccharides. Unlike these simple carbohy-
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drates, undigested carbohydrate sources (starch,
plant cell wall polysaccharides, and oligosaccha-
rides) reach the large intestine in substantial
amounts. Cassidy et al. (1994) estimated daily
supply of carbohydrates as follows: resistant
starch, 8–40 g; non-starch polysaccharides (e.g.,
cellulose, hemicellulose, pectin, and inulin), 8–
18 g; not absorbable sugars and sugar alcohols,
2–10 g; and chitin and amino sugars, 1–2 g. These
carbohydrates are mainly not or poorly fer-
mented by lactobacilli, which may therefore
depend on carbohydrates derived from the
hydrolytic activity of more potent bacteria, such
as bifidobacteria, Bacteroides spp., etc. On the
other hand, Hartemink (1999) showed that intes-
tinal lactobacilli can ferment certain undigestible
carbohydrates, often considered as prebiotics
(see below), such as galacto- and fructo-oligosac-
charides, palatinose, lactitol, raffinose and
stachyose. In addition, starch hydrolysis is not
uncommon in strains of L. acidophilus group. As
the supply of nitrogen sources (Cassidy et al.,
1994) and growth factors is not limited, the large
intestine can be a suitable environment for
lactobacilli.

Lactobacilli in Humans Lactobacillus species
can be isolated from feces of human subjects at
counts varying greatly from none to < 109 colony-
forming units (cfu)/g feces (Mitsuoka, 1992;
Kimura et al., 1997; Tannock et al., 2000).
Present knowledge indicates that 14 species are
associated with the human gut (Table 3), but only
certain species and especially strains thereof can
be isolated from individuals over longer periods.
Studies conducted between 1960 and 1980 indi-
cated that L. acidophilus, L. fermentum, L. sali-
varius and an anaerobic lactic acid bacterium,
previously named “Catenabacterium cat-
enaforme” are the dominant autochthonous Lac-
tobacillus species (Lerche and Reuter, 1961;
Reuter, 1965a; Mitsuoka, 1969; Moore and
Holdeman, 1974; Mitsuoka et al., 1975). On the
basis of current taxonomy, most of the L. acido-
philus isolates nowadays are classified as L.
gasseri and L. crispatus, and most of the L. fer-
mentum strains belong to L. reuteri (Mitsuoka,
1992; Reuter, 2001). Isolates identified as Caten-
abacterium catenaforme were later identified as
nonmotile variants of L. ruminis (Reuter, 2001).
In a more recent study, Tannock et al. (2000)
studied the succession of lactobacilli in feces of
10 human subjects and concluded that L. ruminis
and L. salivarius are autochthonous, since they
could recover defined strains of these species for
at least 18 months. Lactobacillus ruminis was
also detected by polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-
DGGE) as the predominant species over several

months, whereas detection of other Lactobacil-
lus species fluctuated (Walter et al., 2001; Heilig
et al., 2002). These studies indicated that lacto-
bacilli such as L. paracasei, L. rhamnosus, L.
delbrueckii, L. brevis, L. plantarum and L. fer-
mentum are rather transient, persist for limited
times, or in undetectably low numbers that may
increase in response to dietary factors or changes
in the host’s condition. This conclusion is in
accordance with findings of Bunte et al. (2000),
Jacobsen et al. (1999), and Reuter (1965a) show-
ing that some food-associated lactobacilli survive
the passage through the intestine. Other food-
associated lactobacilli, especially L. sakei and L.
curvatus, could be detected by direct analyses of
16S rRNA genes using specific primers but not
by bacteriological culture on Rogosa SL agar
(Walter et al., 2001; Heilig et al., 2002). Alterna-
tive cultivation methods, including incubation on
acetate-free media at 30°C in a 2% O2 atmo-
sphere showed that strains of L. sakei (and
numerous additional food-associated lactoba-
cilli) are viable and can be cultured from human
fecal samples (Dal Bello et al., 2003).

Our knowledge of the intestinal flora in sec-
tions of the intestinal tract rests on the study of
samples obtained using an automatic capsule sys-
tem or from post mortem cases. It was shown the
Lactobacillus species could be detected in all
parts of the human intestine including the stom-
ach, which is characterized by a pH of around 3.0
(2.2–4.2). Relatively few bacterial species can
tolerate these acidic conditions and most organ-
isms ingested with food and saliva are killed by
the hydrochloric acid, reducing the population to
about 103 cfu/ml containing mainly lactobacilli
and streptococci (enterococci; Reuter, 1965a;
Drasar and Hill, 1974). The flora of the small
intestine increases from <104 bacteria per ml of
digesta in the duodenum up to 108–109 bacteria
per gram of feces in the terminal ileum (Gorbach
et al., 1967; Drasar and Hill, 1974; Tannock, 1995;
Reuter, 2001). In the duodenum and jejunum,
lactobacilli and enterococci are the dominant
bacteria (Mitsuoka, 1992; Reuter, 2001). The
flora becomes more complex in the ileum, being
qualitatively similar to that of the large intestine,
and the relative proportion of lactobacilli drops.
Samples from the proximal and distal parts of the
colon as well as from feces show a rather similar
bacterial composition, with lactobacilli being
more numerous in the colon, especially in the
proximal section, than in feces (Reuter, 1965b;
Marteau et al., 2001). 

Lactobacilli in Animals In contrast to humans,
the proximal portions of the digestive tracts of
pig, mouse and rat harbor large populations of
bacteria (about 108 bacteria per gram of con-
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tent). Unlike the human stomach, which is lined
with a glandular mucosa, the stomach of pigs,
mice and rats is lined partly with a non-glandular,
squamous stratified epithelium (Tannock, 1992).
These regions, the “pars oesophagea” of pigs and
the forestomach of mice and rats, are colonized
by lactobacilli (forming a layer of bacterial cells)
adhering directly to the epithelium. Lactobacilli
shed from this layer inoculate continuously the
digesta, and lactobacilli are therefore detected in
large numbers throughout the gastrointestinal
tract (Tannock, 1997b). Cell counts for lactoba-
cilli in the rodent forestomach, colon and cecum
can exceed numbers of 108 bacteria per gram of
content with slightly lower counts in the duode-
num (106–107), jejunum and the ileum (107–108).
Direct analysis of 16S rRNA genes from the con-
tent of ilea and large intestines of pigs showed
that L. amylovorus, L. johnsonii and L. reuteri
are numerically dominant (4.5, 3.2 and 2.1% of
all clones, respectively; Leser et al., 2002). The
application of these culture independent molec-
ular techniques revealed that common food-
associated lactobacilli (in particular L. pontis
and L. panis) are present in the gut of pigs. These
species had hitherto not been found by bacteri-
ological culture (Simpson et al., 2000; Leser et
al., 2002). A new species, L. pantheris, was
detected in the feces of jaguars (Liu and Dong,
2002). 

Lactobacilli mainly colonize squamous, strati-
fied epithelium present in the crop of many types
of birds and in the stomach of horses as a dense
layer of bacteria, L. salivarius being the predom-
inant organism in the crop of birds (Mead, 1997).
In addition, L. aviarius with the subspecies avi-
arius and araffinosus were isolated from the
feces and alimentary tract of chickens and ducks
(Fujisawa et al., 1984). Adhering microorganisms
were isolated from the nonsecreting area of the
horse stomach and identified as L. salivarius, L.
crispatus, L. reuteri and L. agilis (Yuki et al.,
2000). Lactobacillus equi was not recovered at
that time but occurred in the feces of horses.

The mechanism by which Lactobacillus strains
adhere to these epithelia has not yet been deter-
mined, but preliminary in vitro investigations
have shown that both carbohydrate and protein
molecules are involved (Tannock, 1997b). Lacto-
bacillus strains that adhere to epithelial cells
show specificity for an animal host. Strains orig-
inating from the rodent forestomach do not
adhere to crop cells, while isolates from poultry
do not adhere to epithelial cells from the rodent
forestomach and the pars oesophagea of pigs
(Tannock, 1997b). However, some exceptions
occur. For example, Lactobacillus strains iso-
lated from chicken adhered to pig squamous epi-
thelial cells (Tannock et al., 1982) and a strain of

L. reuteri, isolated from calf feces, adhered mark-
edly to the squamous epithelium of the mouse
stomach (Sherman and Savage, 1986).

Relatively little is still known about the Lac-
tobacillus population of the ruminant and
especially of the rumen of adult animals. The
numbers of lactobacilli vary according to the age
and diet of the animal. In adult sheep and cattle,
LAB constitute usually only a minor component
of the microbial flora of the rumen (Stewart,
1992). They are, however, predominant in the
ruminal populations of young animals as well as
in animals being fed or being switched to high-
grain, starch diets (Hespell et al., 1997). Under
these conditions, the rumen pH can drop to 4.5,
and counts of lactobacilli and Streptococcus
bovis can reach >109cfu/ml. At that very low
rumen pH, the growth of other rumen bacteria,
including the lactate utilizers, is suppressed
(Stewart, 1992). The excessive accumulation of
lactic acid in the rumen leads to a condition
known as “lactic acidosis,” which is accompanied
with loss of appetite and, in the most severe
cases, death of the animal (Stewart, 1992). Many
(but not all) LAB are sensitive to animal feed
antibiotics, and it had been suggested that some
of these compounds my help to prevent the
development of lactic acidosis (Stewart, 1992).

Although insects may play a role as vectors for
the dissemination of lactobacilli, little is known
about the lactobacilli in these animals. Kvasni-
kov, Kotljar, and Vasileva (cited by London,
1976) isolated strains of L. casei and L. cellobio-
sus from the honeybee, silkworm moth, and from
fruit flies; Ruiz-Argueso and Rodriguez-Navarro
(1975) found L. viridescens (Weissella) in the
stomach of the honeybee. Shrivastava (1982)
suggested a new species, Lactobacillus eurydice,
to be typically associated with the honeybees and
bumblebees; this species name however has not
been validated. In the midgut and rectum of
honeybees, 108–109 anaerobic Gram-positive aci-
doresistant rods were found (Rada et al., 1997).
The favorable effect of L. acidophilus and L.
bulgaricus, administered in combination with
propionibacteria via mulberry leaves to silk-
worms was reported by Rizvanov et al. (1982).
Also in the foreguts of dog chow-fed cock-
roaches an abundant population of LAB was
observed, which were not identified to species
level. It was estimated that acetate and lactate
produced in the foregut of cockroaches could
support up to 14% of the insects’ respiratory
requirement if taken up and used by the animal
(Kane and Breszak, 1991). In a study of 44 Lac-
tobacillus strains isolated from the intestine of
insects (mainly termites), Tina (1987) grouped 31
strains as homofermentative, and identified 10 as
L. brevis and 3 as L. cellobiosus.
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Role of Adherence in Colonization When at-
tached and replicating on a host’s surface, a mi-
crobe species can persist in a flowing habitat
whereas nonadherent microbes are transported
away by the flow of secretion (Tannock, 1995).
Therefore, bacterial adherence to intestinal epi-
thelia could play a role in colonization of the
human gut or persistence in this ecosystem after
ingestion as a probiotic (Vaughan et al., 1999). It
has been shown that some lactobacilli have the
ability to bind to intestinal mucus and surface
structures of the mucosa and this trait might be
involved in intestinal colonization (Roos and
Jonsson, 2002). Lactobacilli adhere to the human
intestinal cell lines Caco-2 and HT-29 (Haller et
al., 2001) or enterocytes harvested from the in-
testinal tract (Tannock, 1997a). Comparative
studies with the wildtype and a nonaggregating
mutant of L. crispatus showed the mutant was
less adherent to Caco-2 cells and to mucus and
was not recovered from human intestinal con-
tents (Cesena et al., 2001). On the other hand,
members of the normal microflora colonize mu-
cus associated with tissue surfaces to only a very
limited extent in humans, and the numbers of
bacteria obtained from washed tissue surfaces
are considerably lower than those observed in
studies of rodents (Tannock, 1995). Evidence for
significant association of lactobacilli with the
columnar epithelium of the human gastrointesti-
nal tract is inconclusive and has not been
observed in vivo (Tannock, 1999a). Furthermore,
in vitro tests showed that adherence is highly
dependent on certain physiological conditions
(e.g., pH conditions not found in the gut), and no
correlation was observed between the in vivo
findings and adherence of a certain bacterial
strain to epithelial cells or cell lines. Thus it
appears impossible to predict the success of a
strain as a colonizer of the human gut (Wold,
1999; Morelli, 2000). The knowledge of the nat-
ural colonization pattern of lactobacilli in the
human gut is still rudimentary and more research
is necessary to confirm the role of adherence in
colonization or persistence.

The Acquisition of Lactobacilli The fetus of ver-
tebrates exists in a sterile environment until birth
and becomes rapidly colonized by bacteria after
nativity. In humans, lactobacilli can be cultured
from the feces (105–106 cells per gram) of some
newborns 1–3 days after birth (Sakata et al.,
1985; Benno and Mitsuoka, 1986). From weeks
1–19, varying numbers of lactobacilli (around 107

cells per gram of feces) can be detected in ca.
50% of all human infants (Conway, 1997). Since
the early work of Tissier (1905), it has been sug-
gested that L. acidophilus (Bacillus acidophilus)
is a predominant organism in bottle-fed infants,

whereas bifidobacteria predominate in breast
fed infants (Mitsuoka, 1992). Benno et al. (1984)
found higher numbers of lactobacilli in bottle-
fed compared with breast-fed infants. Later stud-
ies did not show a difference between the two
groups of infants (Adlerberth, 1999). These vari-
able results can at least partially be explained by
differences in the composition of the formulae
used in the various studies. As described by
Lönnerdal (1999) and Gil and Rueda (2000), the
concentration of compounds such as iron, nucle-
otides, and fatty acids as well as the whole com-
position of the diet can affect the composition of
the intestinal flora. However, little is known of
the specific effect on the Lactobacillus associa-
tion. The mode of delivery had a significant influ-
ence on early colonization and infants born by
cesarean delivery had a delayed colonization
with lactobacilli (Gronlund et al., 1999). Low
birth weight infants also had a delayed emer-
gence of Lactobacillus species compared with
normal weight infants (Sakata et al., 1985). The
fecal flora (including lactobacilli) of weaned chil-
dren closely resembles that of adults. In elderly
persons, marked alterations can be observed
with significantly higher numbers of lactobacilli
but less bifidobacteria in feces (Mitsuoka and
Hayakawa, 1973).

Lactobacilli are among the pioneer organisms
that colonize the gastrointestinal tract of pigs,
mice and rats and can be detected in appreciable
numbers 24 h after birth (Tannock, 1992). It has
been shown that strains colonizing the pars
oesophagea of piglets early in life were replaced
by other Lactobacillus strains as time pro-
gressed. From days 7–14 after birth, one Lacto-
bacillus strain predominated suggesting that a
bacteriologically stable situation had developed
(Tannock et al., 1990). The Lactobacillus strains
predominating in the contents of the piglet rec-
tum differed from those predominating in the
gastric region of the host.

Effect of Lactobacilli on the Host The normal
microflora of the digestive tract has marked
influences on the animal host (Tannock, 1995).
Comparisons between animals harboring a
normal microflora (conventional) and germ-free
animals have shown that the bacteria modify the
biochemistry, physiology and immunology
(Tannock, 1997a). The intestinal flora influence
the host’s health, including nutrition, physiolog-
ical function, drug efficacy, carcinogenesis, aging
as well as the hosts immunological responses,
resistance to infection, and responses to endo-
toxin and various other stresses (Mitsuoka,
1992). Microbial species that are likely candi-
dates responsible for particular activities can be
suggested in some cases, but in general there is a
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paucity of information on the role of specific
microbial components of the microbiota in the
ecosystem (Tannock, 1997a). 

An important function of the indigenous intes-
tinal microbiota is its ability to interfere with
colonization of the intestinal tract by exogenous
microorganisms, including pathogens (Rolfe,
1997). Terms such as bacterial antagonism, com-
petitive exclusion, bacterial interference, and
colonization resistance have been used to
describe this function. One possible mechanism
by which the indigenous microflora may inhibit
the establishment of pathogenic microorganisms
is by influencing the peristalsis of the intestine.
Lactobacilli dominate the small intestine of
humans and most mammals and may increase
the rate at which the digesta is propelled by peri-
staltic movement through the small bowel
(Tannock, 1997a). This difference, which has
been observed by comparing conventional with
germ-free rodents, is probably due the produc-
tion of lactic acid by the lactobacilli. Lactic acid,
which is not detectable in the gastrointestinal
tract of germ-free rats, was able to stimulate
intestinal motility in vitro (Yokokura et al.,
1977b). The desirable predominance of lactoba-
cilli in the small intestine helps to prevent the
potentially lethal diarrhea or scouring that
occurs in young animals when enteropathogenic
coliforms proliferate in the upper GI tract. For
example, the presence of lactobacilli in the small
intestine of newborn piglets results in an acid
intestinal environment that is inhibitory to
Escherichia coli and Vibrio cholerae enterotoxin
production and may protect newborn pigs
against these microorganisms (Rolfe, 1997). 

Similarly, a decrease of pH in the large intes-
tines can exert a marked effect on the ecology
and the composition of the microbial flora. The
concept of prebiotics aims to achieve such a shift
by adding to the diet carbohydrates that are not
digested in the small intestines. These become
substrates for LAB (mainly bifidobacteria),
which through their fermentative metabolism
achieve the desired decrease of pH (Hammes
and Dal Bello, 2002). Prebiotics are defined as
“nondigestible food ingredients that beneficially
affect the host by selectively stimulating the
growth and/or activity of one or a limited num-
ber of bacteria in the colon and thus improve
host health” (Gibson and Roberfroid, 1995). To
some extent the composition of the intestinal
lactobacilli are also affected by consumption of
prebiotics such as fructo-oligosaccharides and
galacto-oligosaccharides (see above).

The Role of Bacteriocins and Other Antag-
onistically Active Compounds Apart from low-
ering the pH of the gut contents, antimicrobial

substances (e.g., lactic acid, hydrogen peroxide,
and bacteriocins; Jack et al., 1995) produced by
intestinal lactobacilli may also contribute to this
protective effect (Tannock, 1992). Probably all
species of lactobacilli include strains producing
bacteriocins, such as lactocin B (Barefoot and
Klaenhammer, 1983), lactacin F (Muriana and
Klaenhammer, 1991), acidocin A (Kanatani et
al., 1995) produced by L. acidophilus, acidocin B
(Leer et al., 1995) by L. johnsonii, reutericin 6
by L. reuteri (Kabuki et al., 1997), and ABP-118
by L. salivarius ssp. salivarius (Flynn et al., 2002).
Additionally, non-bacteriocin (often called
“BLIS” [bacteriocin-like inhibitor substances])
and noncharacterized antibacterial activities
have been described for Lactobacillus strains,
which often inhibit enteropathogenic bacteria
including Salmonella typhimurium, Shigella
flexneri, Klebsiella pneumoniae, Pseudomonas
aeruginosa and Listeria monocytogenes (Bernet-
Camard et al., 1997; Coconnier et al., 1997;
Gänzle et al., 2000) and protozoa like Gardia
intestinalis in vitro (Perez et al., 2001). Reuterin,
produced by L. reuteri in the presence of glyc-
erol, also inhibits a great range of bacteria and
additionally protozoa and fungi (Talarico and
Dobrogosz, 1989). The ecological significance of
antibacterial substances in the intestine is still
inconclusive and it should be considered that
what happens in the test tube does not necessar-
ily predict an antibacterial effect in the intestinal
tract. For example, it has been demonstrated that
susceptibility of lactobacilli or enterococci to the
bacteriocin lactacin F, assayed on agar plates,
could not be confirmed in vivo (Tannock, 1999a).
Furthermore, a missing quorum-sensing signal
(e.g., cell counts that are too low in the intes-
tines) may prevent gene expression (Swift et al.,
2000). Some strains of lactobacilli were antago-
nistic to the growth of pathogens in the intestinal
tract (mainly in mouse models with Salmonella
typhimurium) and the cause of these effects was
assumed to be at least partly due to inhibitory
substances (Bernet-Camard et al., 1997;
Coconnier et al., 1997; Hudault et al., 1997). The
ecological significance of these antimicrobial
compounds has not been confirmed by compar-
ing non-BLIS-producing isogenic mutants with
corresponding BLIS-producing wildtypes and,
therefore, the true antagonistic principle was not
conclusively identified.

The Role of Bile Salt Hydrolases Bile salt
hydrolases catalyze the hydrolysis of conjugated
bile acids, which enter the small bowel in bile and
are important for the emulsification, digestion
and absorption of dietary lipid present in the
proximal small bowel (Tannock, 1998). Deconju-
gated bile acids are much less efficient and can



CHAPTER 1.2.10 The Genera Lactobacillus and Carnobacterium 331

damage the epithelium of the upper small bowel.
This becomes evident in patients suffering from
“contaminated small bowel syndrome,” a dysbi-
osis in which “fecal type” bacteria with bile salt
hydrolase activity colonize the upper region of
the small bowel and exert a deleterious effect on
the host (Tannock, 1995). In the case of mice,
where lactobacilli are numerous in the upper
intestinal tract and responsible for almost all bile
salt hydrolase activity, the decrease in the con-
centration of conjugated bile acids in the small
bowel does not appear to exert a negative effect,
i.e., the growth rate of the animals is not affected
whether or not they are colonized by lactobacilli
and regardless of how much bile salt hydrolase
the lactobacilli produce (Bateup et al., 1995).

Most intestinal isolates of lactobacilli and
some lactobacilli involved in food fermentations
exhibit bile salt hydrolase activity (Haller et al.,
2001; Moser and Savage, 2001). The genes encod-
ing bile salt hydrolases have been characterized
for L. johnsonii 100-100, L. acidophilus KS-13
and L. plantarum 80 (Christiaens et al., 1992;
Elkins et al., 2001). Whether producing bile salt
hydrolase favors lactobacilli colonization of the
intestinal tract is not readily apparent. The bile
acid nucleus is not degraded by lactobacilli, and
taurine is not incorporated into bacterial cell
proteins (Tannock, 1998). It has been suggested
that deconjugation of bile acids is a detoxifica-
tion mechanism and protects the cells from the
deleterious effect of conjugated bile salts (De
Smet et al, 1995; De Boever and Verstraete,
1999). However, recent findings did not support
this hypothesis and showed that hydrolase activ-
ity did not correlate with resistance (Moser and
Savage, 2001). Additionally, deconjugated bile
salts are more toxic than their conjugated coun-
terparts (especially at low pH), and it has been
shown that bile or bile salts are more toxic for
wildtype strains compared to their bile salt
hydrolase negative mutants (De Boever and
Verstraete, 1999; Grill et al. 2000). Bile salt
hydrolase activity is suggested to be important at
some level for lactobacilli to colonize the human
intestine (Moser and Savage, 2001). In contrast,
strains of lactobacilli having different amounts of
bile salt hydrolase activity were able to colonize
the gastrointestinal tract of mice equally well
(Bateup et al., 1995). 

Studies with Reconstituted Lactobacillus-free
Mice Animals lacking just one of the normal
complement of bacterial microflora provide a
good experimental model for studying microbial
influences on the host (Tannock, 1992). Mice
with gastrointestinal tract microflora lacking
lactobacilli but otherwise identical (tested by
comparing twenty-six microflora-associated
characteristics) with conventional animals were

used to study the influence of lactobacilli on
the host and other members of the gut flora
(Tannock et al., 1988). Studies using these recon-
stituted Lactobacillus-free mice (RLF mice)
have shown the following: 1) The numbers of
Enterobacteriaceae in the digestive tract of adult
mice is the same with or without lactobacilli
(Tannock et al., 1988); 2) the composition of the
large bowel microflora is the same whether lac-
tobacilli are present or absent (Tannock et al.,
1988); 3) azoreductase activity was 31% lower in
the cecum of mice colonized by lactobacilli
(McConnell and Tannock, 1991); 4) male RLF
mice had about 52% more cecal β-glucuronidase
activity than did their female counterparts, and
colonization of male mice by lactobacilli reduced
the β-glucuronidase activity to the level of
female mice (McConnell and Tannock, 1993); 5)
the presence of lactobacilli as members of the
digestive tract microbiota did not influence the
total concentration of cholesterol or the amount
associated with the high density lipoprotein frac-
tion in the serum (Tannock, 1997b); 6) bile salt
hydrolase activity detected in RLF mice was
reduced by 86% in the distal small bowel (74%
in the cecum) compared to RLF animals whose
gastrointestinal tract was colonized by lactoba-
cilli (RLFL mice), and a comparison of RLFL
mice with conventional mice revealed that lacto-
bacilli are the main contributors to total bile salt
hydrolase activity in the murine intestinal tract
(Tannock et al., 1989); and 7) the major portion
of the bile acids in the small bowel contents of
RLFL mice was deconjugated (67.9%) in con-
trast to RLF animals, where a smaller portion of
the bile acids was deconjugated (23.5%), demon-
strating that bile salt hydrolase produced by lac-
tobacilli was active under the conditions
prevailing in the proximal bowel of mice (Tan-
nock et al., 1994).

Lactobacilli and Health The presence of the lac-
tic microflora, and especially lactobacilli, in the
digestive tract has historically been considered as
beneficial to the host. At the beginning of the last
century, Elie Metchnikoff (1845–1916) stated
that toxic substances produced by members of
the intestinal microflora are absorbed from the
intestinal tract and contribute to the aging
process (Tannock, 1995). Microbes capable of
degrading proteins (putrefaction), releasing
ammonia, amines and indole were considered
harmful, and bacteria like lactobacilli (which fer-
ment carbohydrates to obtain energy and have
little proteolytic activity) were thought to be
beneficial. The extent to which lactobacilli colo-
nizing the intestine contribute to the health of a
healthy human is still hypothetical. Ecological
studies revealed that only a minority of human
subjects contained true autochthonous Lactoba-
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cillus strains and some did not contain any cul-
turable lactobacilli (Tannock et al., 2000; Walter
et al., 2001). It has never been reported that
these subjects are less healthy or more suscep-
tible to infections. 

Metchnikoff supposed that the number of
putrefactive microbes in the intestine could be
replaced or diminished by enriching the normal
microflora with LAB. This supposition was based
on the observation that these bacteria prevented
the putrefactive spoilage of milk, and that east-
ern European peasants, some of whom were
apparently long-lived, consumed fermented
dairy products as part of their diet. There is con-
flicting experimental data on the ability of LAB
present in these products (Streptococcus thermo-
philus, Lactobacillus delbrueckii ssp. bulgaricus
and Lactobacillus helveticus) to survive the pas-
sage through the intestinal tract (Pochart et al.,
1989; Pedrosa et al., 1995; Jacobsen et al., 1999).
However, other LAB ingested with fermented
food were found to survive in the intestinal
tract in high numbers (Fernandes et al., 1992;
Jacobsen et al., 1999; Bunte et al., 2000). Addi-
tionally, lactobacilli isolated from feces have
been used more recently in the preparation of
probiotic dairy products intended to promote
health. Oral probiotics are referred to as living
microorganisms which (upon ingestion in certain
numbers) exert health benefits beyond inherent
basic nutrition (Guarner and Schaafsma, 1998).
Metchnikoff’s concept to implant LAB in the
intestine proved to be realistic but only for short
periods. Strains ingested with fermented food or
probiotics could colonize the human gut only
transiently and disappeared from the feces of
most subjects within a couple of days (Jacobsen
et al., 1999; Tannock et al., 2000; Bezkorovainy,
2001). It has been reported that even without a
permanent colonization, lactobacilli benefit the
health of consumers as follows: 

1) Dairy products containing LAB, including
lactobacilli, are better tolerated by persons
with lactose intolerance (Fernandes et al., 1992;
Saavedra, 2001), since the bacterial β-
galactosidase supports the hydrolysis of lactose
in the small intestine.

2) Preparations containing lactobacilli were
effective in the treatment of diarrhea of various
etiology (Fernandes et al., 1992; Saavedra, 2001;
Van Niel et al., 2002), whereas the results of
prevention of diarrhea studies are contradictory
(Saavedra, 2001; Szajewkda and Mrukowicz,
2001).

3) Lactobacilli exert effects on the immune
system of the host (Isolauri et al., 2001; Perdigon
et al., 2001). These effects include modulation of
cytokine gene expression, stimulation of phago-
cytosis by peripheral blood leucocytes, and an

increase of serum IgA and IgM titers (Schiffrin
et al., 1995; McCracken and Gaskins, 1999;
Haller et al., 2000). The physiological signifi-
cance of this immunomodulation has not con-
clusively been shown in all cases. Products
containing lactobacilli exhibit anti-carcinogenic
properties (Fernandes et al., 1992; Hirayama and
Rafter, 1999) and they had been successfully
used to treat and prevent atopic disease and
infections (Cross et al., 2001; Hatakka et al.,
2001). These effects are thought to be mediated,
at least partly, through a lactobacillus-induced
enhancement of the immune response.

4) Lactobacilli reduce pro-carcinogenic
enzymes in feces and have the potential to bind
and degrade carcinogens (Fernandes et al., 1992;
Hirayama and Rafter, 1999).

5) Although studies of probiotics in therapy
of intestinal bowl disease (IBD) are at an early
stage, encouraging data have already been
obtained in experimental murine models, includ-
ing IL-10 knock-out mice. In this model, lactoba-
cilli were shown to reduce mucosal inflammation
(Madsen et al., 1999). At an age of two weeks,
these mice displayed changes in bacterial coloni-
zation characterized by increased adherent and
translocated bacteria as well as reduced numbers
of lactobacilli. The rectal administration of L.
reuteri enhanced the mucosal barrier function
and attenuated the development of the colitis
at an age of four weeks. Similar effects were
observed in mutant mice upon daily administra-
tion of L. plantarum (Schultz et al., 2002). The
established inflammation could be reversed and
the onset of colitis prevented upon a pretreat-
ment of gnotobiotic mutant mice. Human studies
have been performed under placebo-controlled,
double-blind conditions with patients suffering
from chronic pouchitis (Gionchetti et al., 2000).
The probiotic contained in the so-called “VSL-
3” (consisting of L. casei, L. plantarum, L. acido-
philus, and L. delbrueckii spp. bulgaricus, bifido-
bacteria and Streptococcus thermophilus) was
highly effective in maintenance of remission in
the patients. 

Many of the effects attributed to the ingestion
of lactobacilli and other LAB including probiot-
ics, however, remain convoluted and scientifi-
cally unsubstantiated, and it is rare that specific
health claims can be made (Sanders, 1993;
Tannock, 1999b). Lactobacilli as part of a tradi-
tional human diet or probiotic therapy may influ-
ence the homeostasis between the intestinal
microflora and the host, but their mode of action
in the prevention or even treatment of certain
disease remains to be clarified. Furthermore, it
has been shown that effects are strain specific,
and only a limited number of Lactobacillus
strains are investigated thoroughly (Reid,
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1999a). More research is necessary to confirm
the influence of ingested lactobacilli on the
health of the consumer and to understand the
mechanisms lying behind these effects.

Human Vagina In the healthy adult woman, the
pH of the vagina throughout the menstrual cycle
ranges between 3.5 and 4.5 (Redondo-López et
al., 1990). The Lactobacillus species predominant
in the vaginas of normal women are believed to
maintain this low pH through their fermentative
activities and to protect against invasion of unde-
sirable microorganisms (Hill et al., 1985). On the
other hand, the vaginal pH frequently does not
correlate with the presence of lactobacilli and
the vaginal secretions are already acidic at birth
despite sterility of the vagina. Therefore the con-
tribution of lactobacilli to the low pH is not yet
fully understood (Redondo-López et al., 1990;
Boskey et al., 1999). Their numbers determined
by vaginal washings vary between 3.7 and
9.8 log10/ml (Redondo-López et al., 1990). Clas-
sically, glycogen is regarded as the only source of
fermentable carbohydrate present in the vagina.
However, Rogosa and Sharpe (1960) found that
only some of their isolates fermented glycogen,
and Wylie and Henderson (1969) found only 3
of their 42 isolates were positive. Stewart-Tull’s
finding (Stewart-Tull, 1964) that vaginal strains
of L. acidophilus could ferment glycogen only in
the presence of normal human serum (contain-
ing a glycogenase) suggested that the majority of
vaginal lactobacilli are likely to obtain available
carbohydrate from enzymatic breakdown of the
polysaccharide by tissues or possibly by other
organisms.

The history of studies of the vaginal microflora
started with Döderlein (1894), and Döderlein’s
bacilli are now classified as lactobacilli. Rogosa
and Sharpe (1960), who cite the earlier literature,
identified isolates from normal, nonpregnant
women as L. acidophilus (67%), L. fermentum
(19%), L. casei subsp. rhamnosus (10%), and L.
cellobiosus (4%). Other studies relying on phe-
notypical testing confirmed the predominance of
L. acidophilus and L. fermentum and reported
the occasional isolation of L. casei, L. plantarum,
L. brevis, L. delbrueckii, L. lactis, L. bulgaricus,
L. leichmanii and L. salivarius (Lenzner, 1966;
Wylie and Henderson, 1969). New species were
subsequently detected for which no other habitat
but the female urogenital tract is known. Lacto-
bacillus vaginalis has been isolated from the
vagina of patients suffering from trichomoniasis
(Embley et al., 1989). Lactobacillus fornicalis
was isolated from the posterior fornix of healthy
patients attending pre- and postnatal clinics
(Dicks et al., 2000) and L. iners from the urine
and vaginal discharge from adult women (Falsen
et al., 1999). Remarkably, L. iners does not grow

on Man, Rogosa and Sharpe (MRS) or Rogosa
agar but needs culturing on blood agar. Finally,
L. coleohominis was isolated from the vaginas of
two young, healthy women (Nikolaitchouk et al.,
2001). 

When isolates were identified with methods
targeting the genotype, a more homogenous vag-
inal Lactobacillus association can be observed.
Using DNA-DNA hybridization technique,
Giorgi et al. (1987) did not detect L. acidophilus
in the vaginal secretions of 27 asymptomic
women but instead found L. crispatus, L. jen-
senii, L. fermentum and L. gasseri as the predom-
inant species. In a recent investigation of 200
isolates from 23 healthy Swedish women
(Vásquez et al., 2002), the isolates from blood
agar, MRS- and Rogosa-agar were analyzed by
combined use of random amplified polymorphic
DNA (RAPD), temperature gradient gel elec-
trophoresis (TGGE), and 16S rDNA sequenc-
ing. It was found that the vaginal flora of most
subjects was dominated by a single RAPD type,
and five of them harbored two types represent-
ing two different species or strains. The most fre-
quently detected species were L. crispatus, L.
gasseri, L. iners and L. jensenii. A greater varia-
tion of species with low probability occurrence
was revealed by whole chromosomal DNA
probe analysis of the vaginal lactobacilli isolated
from 215 sexually active women (Antonio et al.,
1999). Detected species (listed in decreasing
order of occurrence) included L. crispatus
(32%), L. jensenii (23%), an unknown species
(15%), L. gasseri (5%), L. fermentum (0.3%), L.
oris (0.3%), L. reuteri (0.3%), L. ruminis (0.3%)
and L. vaginalis (0.3%). Thus, more recent stud-
ies show that an association of mainly L. crispa-
tus, L. gasseri, L. jensenii and probably L. iners
is predominant, while species such as L. rhamno-
sus, L. paracasei, L. fermentum and L. plantarum
occur with less probability. The results of earlier
work may reflect the unreliability of phenotypi-
cal taxonomic methods (especially when applied
to different species of the L. acidophilus group),
differences in geographical regions, the way sam-
ples are taken and treated, as well as the vaginal
status (Vásquez et al., 2002). 

Bacterial vaginosis (BV), a mild infection
of the lower female genital tract (Reid and
Heinemann, 1999b), is commonly associated
with the presence of a variety of Gram-negative
rod-shaped bacteria, such as Fusobacterium, Pre-
votella, Peptostreptococcus, Porphyromonas,
Mobiluncus and Mycoplasma species (Spiegel
et al., 1980; Mardh and Taylor-Robinson, 1984;
Van der Meijden, 1984; Westrom et al., 1984;
Cook et al., 1989; Hillier et al., 1993; Holst et al.,
1994). It is unclear by which mechanism these
bacteria displace or replace the normal Lacto-
bacillus association. In addition, BV can lead to
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complications in pregnancy, premature birth,
death of the newborn, as well as acquisition of
sexually transmitted disease (Gibbs et al., 1992;
McGregor et al., 1993; Chaim et al., 1997; Gold-
enberg et al., 1997; Newton et al., 1997; Sewank-
ambo et al., 1997). The therapy of BV starts
usually with antibiotic treatment to remove the
pathogen. A restoration of the “normal Lactoba-
cillus-association” is the aim of the application
of probiotics (Reid and Heinemann, 1999b;
McLean and Rosenstein, 2000). There is indica-
tion that suitable bacterial strains with coloniza-
tion potential should possess properties such as
formation of the antagonistic compounds hydro-
gen peroxide (Klebanoff et al., 1991; Hillier et
al., 1992; Song et al., 1999) and/or bacteriocin,
adherence to the vaginal mucosa (Boris et al.,
1998), production of surfactant (Velraeds et al.,
1996), coaggregation ability with uropathogens
(Reid et al., 1988), and resistance to spermicidal
agents.

Lactobacilli and Pathogenicity The ingestion
of large numbers of diverse lactobacilli together
with contaminated and in particular fermented
food as well as their presence in high numbers in
the human body flora justifies the assumption
that this group of microorganisms is safe for
humans. On the other hand, lactobacilli have
been isolated from diseased persons, thus indi-
cating that once the organisms have gained
access to the aseptic part of the body, they can
survive, multiply and might become involved in
diseases. The cases of infections by lactobacilli
are very rare and have been estimated to be
0.05–0.48% of all cases of infective endocarditis
and bacteremias (Gasser, 1994; Saxelin et al.,
1996; Husni et al., 1997). In most of the rare
cases, an underlying disease indicated a predis-
position of the patients. Severe dental infections
or recent dental manipulations were identified
for 75% of cases of endocarditis as the main
portal of entry for the lactobacilli (Sussman et
al., 1986). Husni et al. (1997) reviewed the cases
of 45 patients with clinically significant Lactoba-
cillus bacteremia. It was reported that underly-
ing conditions were common, including cancer
(40%), recent surgery (38%), and diabetes mel-
litus (27%). Twenty-two patients were in the
intensive care unit at the onset of bacteremia.
Eleven were receiving immunosuppressive ther-
apy, 11 parenteral nutrition, and 23 had received
antibiotics without activity against lactobacilli
prior to the occurrence of bacteremia. The bac-
teremia was polymicrobial in 27 patients and
developed in 39 during hospitalization. Thirty-
one patients died, but only one death was attrib-
utable to Lactobacillus bacteremia.

Three main groups of infections can be differ-
entiated: endocarditis, bloodstream infections

and local infections, which have been reviewed
by Aguirre and Collins (1993) and Gasser (1994).
The most frequently isolated Lactobacillus spe-
cies were L. rhamnosus, L. paracasei and L.
plantarum. Additional species are listed in Table
4, which shows the importance of these species
for food fermentation including their use as
probiotics. The inclusion of L. casei into the list
takes into account the ongoing discussion of
the nomenclature of the “L. casei” group (see
below). To our knowledge, the isolation of L.
casei (Orla-Jensen) Hansen and Lessel 1971,
from patients has not been reported. Reported
isolation of L. casei before the description of L.
paracasei and L. rhamnosus by Collins et al.
(1989) might have been a misclassification. From
Table 4, it can be concluded that the isolates may
originate from intestines and/or food. This obser-
vation attracted much attention in the evaluation
of probiotic food safety. The probiotic organisms
contained therein are usually isolates from feces
often belonging to L. paracasei or L. rhamnosus,
and two cases of human infection by L. rhamno-
sus were traced to possible probiotic consump-
tion (Rautio et al., 1999; Mackay et al., 1999).
The safety of these LAB in food has been dis-
cussed by Borriello et al. (2003).

Properties that determine pathogenicity of
lactobacilli are unknown. As for the safety of
intestinal lactobacilli in food little is known,
their application needs to consider ceratin
aspects. Clearly, the formation of biogenic
amines in food is undesirable, and excessive for-
mation of D-lactate may be harmful for short
bowel patients. The D-lactate producing lactoba-
cilli may overgrow commensal bacteria and
cause D-lactic acidosis (Coronado et al., 1995;

Table 4. Ecology of Lactobacillus species that might have
been involved in human infections.

Symbols: +, present; and −, absent.
aThe early species identification may be doubtful (see also
section Intestinal Tract—Lactobacilli in Humans).

Species

Main habitat

Human
body

Fermented
food

Probiotic
food

L. acidophilus +a + +
L. brevis + + −
L. casei − + −
L. delbrueckii + + +
L. fermentum +a + −
L. gasseri + − −
L. jensenii + − −
L. johnsonii + + +
L. paracasei + + +
L. plantarum + + +
L. rhamnosus + + +
L. salivarius + − −
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Bongaerts et al., 1997). In intestinal flora, prop-
erties considered as disadvantageous in food
bacteria have become criteria in the evaluation
procedure. Examples of such properties are
binding to extracellular matrices (particularly
to collagen, or serum proteins fibrinogen and
fibronectin) and aggregation of human platelets
(Harty et al., 1994). Furthermore, deconjugation
of bile salts and degradation of mucin need
consideration (BgVV, 1999). Harty et al. (1994)
studied the relevant properties of 5 strains of L.
paracasei and 5 of L. rhamnosus isolated from
infective endocarditis (IE) patients. The IE-
strains were compared with 10 laboratory strains
of the same species and also with various oral
isolates. With L. rhamnosus, it was observed that
platelets aggregated with all IE isolates and with
half of the reference strains. With L. paracasei, 2
out of 5 IE isolates and 2 out of 9 reference
strains reacted positively. Platelet aggregation
was furthermore a property of oral strains of L.
acidophilus (1/1), L. salivarius (2/3), L. plan-
tarum (3/5) and L. fermentum (2/3). Thus, plate-
let aggregation is dispersedly spread among
lactobacilli and not restricted to isolates from
diseased persons. The authors included in their
studies the potential to bind to the plasma pro-
teins (fibrinogen and fibronectin) as well as to
collagens. The results showed the properties had
a dispersed distribution as was observed for
platelet aggregation. The results were also in
agreement with those of a preceding report
(Harty et al., 1993), which revealed just a signif-
icant tendency of the IE isolates to exhibit
higher hydrophobicity, hydroxyapatite adhesion,
and salivary aggregation values than observed
for laboratory strains. Thus, the results confirm
that no specific properties related to pathogenic-
ity can be attributed to lactobacilli isolated from
diseased persons.

Plants and Materials of Plant Origin

In the plant phyllosphere of rye, wheat, sugar
beet and olive, 85 species of microorganisms in
37 genera have been detected by culture-based
methods (Thompson et al., 1993; Legard et al.,
1994; Hirano and Upper, 2000). The majority of
the bacteria are commensals with no apparent
effect on the plant. With the availability of cul-
ture independent methods, it became evident
that the multitude of microorganisms is even
greater. Using denaturing gradient gel electro-
phoresis (DGGE) to study the microbial phyllo-
sphere populations of 7 plant species, Yang et al.
(2001) have observed that the community struc-
tures were similar on different individuals of the
same species, but unique on different plant spe-
cies. Of the bacteria represented on the gel by 7
unique sequences, only 4 could be attributed to

known phyllosphere bacteria. Among the species
identified by DGGE, no lactic acid bacteria
(LAB) were found. As DGGE analysis usually
detects not more than 90–99% of the main spe-
cies in a population, it can be concluded that
these bacteria play only a minor role in the phyl-
losphere. This conclusion is consistent with the
estimation of Daeschel et al. (1987) that LAB
represent 0.01–1% of the total phyllosphere pop-
ulation. Large variations in the LAB count have
been reported to occur on leaves, with numbers
ranging from below detectability to <108 cfu/g.
These variations are caused by the effects of fac-
tors such as climate, harvest season, ultraviolet
(UV)-light, location on the plant, exposure to
dust, fertilization, mechanical stresses, or lesions
caused by insects. In addition, it was shown by
Müller and Seyfarth (1997) that LAB on grass
occur as “somnicells” (Roszak and Colwell,
1987) and need resuscitation to be recovered. By
incubating the hand cut grasses in yeast extract
(5 g/liter) or peptone plus vitamins, the LAB
counts increased after 8 h of incubation and
within the following 20 h went from below
detectable levels (<101 cfu/g) to values up to ca.
108 cfu/g. This result may also partially explain
the so-called “apparent chopper inoculation”
phenomenon (Pahlow et al., 1995), which con-
sists of the observation that the microbial counts
of grasses (including maize) are dramatically
higher upon harvest with machines than those
determined for hand cut grass from the same
area. It is suggested the mechanical forces at
machine harvest release sap from the cells which
supports the resuscitation of the LAB. Other-
wise, LAB remain in a VBNC (viable but not
culturable) state, as they find usually harsh con-
ditions in the phyllosphere, especially because
nutrients are not readily available on the intact
epidermis. This aspect was investigated by
Leveau and Lindow (2001), who found 0.15–
4.6 pg of fructose as the local intial concentra-
tions on the leaves of Phaseolus vulgaris. For
their studies, the authors inoculated the leaves
with a reporter construct of Erwinia herbicola
harboring a green fluorescence gene under the
control of the fruB promoter of E. coli.

The location of microbial populations on
leaves of 9 plant species has been studied by
Morris et al. (1997). With the aid of epifluores-
cence microscopy, scanning electron microscopy,
and confocal laser microscopy, biofilms were
detected of about 20 µm in depth and up to 1 mm
in length. These contained copious extrapoly-
meric matrices, diverse morphotypes of micro-
organisms and debris. Gram-positive bacteria
were recovered from all plant species represent-
ing ca. 10% (parsley) up to 65% (broad leaved
endive) of the total population. No further dif-
ferentiation to the species level was performed.
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The well-known potential of lactobacilli to form
extracellular matrices suggests that these bacte-
ria can be components of the biofilms or even
build them up. Lactobacilli commonly share the
habitat phyllosphere with species of the genera
Leuconostoc, Pediococcus and Weissella. Species
frequently recovered from the leaves include L.
plantarum, L. paracasei, L. fermentum, L. brevis
and L. buchneri (Daeschel et al., 1987; Müller
and Lier, 1994). As components of the rhizo-
sphere community, L. plantarum, L. brevis and
L. fermentum were reported to occur most fre-
quently (Kvasnikov et al., 1983). 

Also reported were small numbers of L. brevis
and occasionally L. casei, L. viridescens, L. cel-
lobiosus and L. salivarius on a wide variety
of plants in a subtropical area (Mundt and
Hammer, 1968). Little is known about the inter-
dependence of plants and lactobacilli. As dis-
cussed by Daeschel et al. (1987), certain LAB
protect plants by producing antagonistic com-
pounds (Visser et al., 1986) that contribute to an
inhibition of the plant pathogens Xanthomonas
campestris, Erwinia carotovora and Pseudomo-
nas syringae. Furthermore, acid is formed which
lowers the pH at injured parts and acts addition-
ally in preventing growth of opportunistic phyto-
pathogens. On the other hand, phytoncides
(antimicrobials from plants) probably do not
exert strong effects on LAB, as is indicated by
their excellent growth during fermentation of
vegetables. A well-known exception is oleu-
ropein and its breakdown products, which inhibit
various lactobacilli, pediococci and leuconostocs
(Etchells et al., 1975). The compound is
degraded especially by strains of L. plantarum
(Ciafardini et al., 1994). Part of our information
about the occurrence of lactobacilli on plants is
derived from microbiological studies of the fer-
mentation process. Thus, the microbial popula-
tion upon initiation of the process is known for
cabbage (Buckenhüskes et al., 1986), silage raw
materials (Langston and Bouma, 1960a; Lang-
ston and Bouma, 1960b; Ruser, 1989), carrots
and beets (Andersson, 1984), olives (Lavermic-
occa et al., 1998) and fruits such as grapes
(Weiller and Radler, 1970; Suárez et al., 1994)
and pears (Heinzl and Hammes, 1986). Although
the numbers detected at this stage do not reflect
those of the living plants, they indicate what type
of organisms may potentially perform the fer-
mentation process or might become agents of
food spoilage. 

Soil, Water, Sewage and Manure

The presence of lactobacilli in soil and water
depends on the content of fermentable sub-
strates. Thus, they are more frequent in soils
(Kvasnikov et al., 1983) in which plants grow and

constitute a part of the bacterial plant rhizo-
sphere or are washed off from the phyllosphere.
They are further involved in the breakdown of
decaying matter. Correspondingly, lactobacilli
are not found in fresh or marine waters but occur
in sewage. From aquatic sources, a multitude of
heterofermentative and homofermentative lac-
tobacilli have been isolated (Weiss et al., 1981).
In sewage they were present at numbers of 104–
105 cfu/ml. Heterofermenters made up 25% of
the total LAB and comprised strains of L. fer-
mentum, L. reuteri, L. brevis, and to a minor
extent, of Weissella confusa and Leuconostoc
species. The major part of the homofermenters
consisted of L. plantarum and L. ruminis, and
two new species were recovered from sewage,
L. sharpeae and L. agilis. Also found were L.
casei, L. acidophilus, L. farciminis, L. curvatus,
L. sakei, L. lactis, L. salivarius and L. corynifor-
mis. The majority of these species has also been
isolated from human feces (see above) and may
therefore originate from that habitat. The same
holds true for L. curvatus and L. coryniformis,
which were first isolated from manure (Abo-
Elnaga and Kandler, 1965). Similarly, L. vaccino-
stercus has been exclusively isolated from cow
dung (Okada et al., 1979).

Food Fermentations

Raw Materials of Plant Origin After har-
vest, plant materials undergo lactic acid fermen-
tation when the content of sugar or starch is high,
neutral or weakly acid conditions prevail, and
access of oxygen is prevented. Lactic acid bacte-
ria occur furthermore in alcoholic fermentations
where they are associated with yeasts.

Vegetables and Fruits The lactic acid fermen-
tation of vegetables and fruits are traditional
processes to protect plant raw materials from
spoilage. Further, advantageous effects of the
fermentation process include the development of
characteristic sensory properties, removal of tox-
ins as well as antinutritional components and
improved digestibility (Kandler, 1981). Products
and microorganisms involved have been
reviewed recently (Nout and Rombouts, 2000;
Buckenhüskes, 2001). Most information on lac-
tobacilli relating to these products is available
for olives, sauerkraut, pickles, as these are the
products of main economic importance in the
western world. In addition, a vast multitude of
products from various raw materials are fer-
mented which however have only regional
importance, for example, kimchi in Korea. The
processes are commonly a spontaneous fermen-
tation performed by a fortuitous microbial asso-
ciation. The microbial population of fresh raw
materials is dominated by aerobic bacteria and
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yeasts, whereas LAB represent only a minor
component (see above). During fermentation,
under the influence of osmotically active salt,
anaerobiosis, death of cells, increasing availabil-
ity of nutrients released from the plant cells, and
drop in pH and redox potential, LAB gain dom-
inance and undergo characteristic qualitative
successions. With sauerkraut and pickles as
examples, the role of lactobacilli in vegetable fer-
mentation can be described.

For sauerkraut it is well established (Brunkow
et al., 1925; Stamer, 1975; Pederson, 1979;
Kandler, 1983a; Buckenhüskes et al., 1986;
Kandler et al., 1986b; Daeschel et al., 1987) that
the succession proceeds via the growth of Leu-
conostoc mesenteroides, representing up to
89.5% of the total LAB after 5 days of fermen-
tation at 19°C. Lactobacillus sakei, L. curvatus,
L. plantarum and L. brevis may be found at low
numbers (W. Schneider and W. P. Hammes,
unpublished results). The initial phase is fol-
lowed by the growth of “betabacteria,” mainly
Lactobacillus brevis, and in rare cases L. buch-
neri. Homofermentative bacteria become domi-
nant thereafter for a period whose length
depends on the temperature. They consist mainly
of L. plantarum (old synonym: L. cucumeris;
Brunkow et al., 1925; Pederson, 1969), L. curva-
tus and L. sakei. Other lactobacilli of minor
importance resemble L. paracasei (formerly L.
casei subsp. pseudoplantarum). Lactococci,
enterococci, and pediococci may also be found,
but their numbers are commonly low, usually not
exceeding 10% (Kandler et al., 1986b) of the
total LAB.

Similar fermentation events take place in the
Korean kimchi, which is produced from a
mixture of Chinese cabbage, radish, cucumber,
onion, pepper, garlic etc. and usually with more
salt (up to 5%) than used with sauerkraut (1.5–
2.5%). Leuconostocs are again the main organ-
ism in the early fermentation phase, and Leu-
conostoc kimchii (Kim et al., 2000a), and
Leuconostoc gelidum (Kim et al., 2000b) were
isolated from these products and described as
new species. In addition, Lactobacillus kimchii
was isolated by Yoon et al. (2000) from kimchi.
This species is very closely related to and may be
even identical with L. paralimentarius (see Fig. 6
and Table 6). 

For the fermentation of olives and cucumbers,
whole fruits or vegetables in brine are used.
Therefore, the nutrients are not as readily avail-
able as in sauerkraut and silage, where they are
released by shredding and chopping, respec-
tively. As shown by Daeschel et al. (1987), LAB
can grow not only in the brine, but after brining
also within the plant tissue, where they likely
enter via the stomata of the epidermis. The

succession of LAB in cucumber fermentation
resembles that of sauerkraut (Pederson, 1979).
Etchells et al. (1975) observed growth of LAB in
the following order of increasing prevalence:
Leuconostoc mesenteroides, Enterococcus faeca-
lis, Pediococcus cerevisiae, Lactobacillus brevis
and L. plantarum. As pointed out by Daeschel et
al. (1987), Leuconostoc mesenteroides is undesir-
able from a product viewpoint since the CO2

produced contributes to gas spoilage. The organ-
ism is less salt and acid tolerant and prevails only
shortly in the initial fermentation phase. Kandler
(1983a) has observed that L. curvatus and L.
sakei are also important species in cucumber fer-
mentation. A predominant role of L. plantarum
has also been observed in the various types of
olive fermentation. Recent reviews of these pro-
cesses and the microorganisms involved have
been presented by Harris (1998) and Garrido-
Fernandez et al. (1995). The strains occurring on
the olive leaves or in the fermentation brines are
rather resistant to oleuropein, which is the bitter
principle of olives. Some strains of L. plantarum
can even utilize the compound by splitting off
the aglycon and fermenting the glucose moiety
(Lavermicocca et al., 1998). In addition to L.
plantarum, Leuconostoc mesenteroides, entero-
cocci and yeasts usually occur in the indigenous
processes. 

The fermentation of juices of fruits and vege-
tables is a new method to obtain beverages of
appealing flavor. The juices are pasteurized and
fermented with the aid of starter cultures (see
below).

Cereal Products The production of bread
requires leavening of the dough. Before yeasts
were available for bakeries, sourdough was the
only biological leavening agent (Spicher, 1983).
Today, breads from wheat may be leavened with
yeast exclusively but sourdough or liquid prefer-
ment containing lactobacilli (L. fermentum, L.
plantarum and others; Miller and Johnson, 1958)
are also in use. In addition to leavening, the
application of sourdough improves the flavor
and shelf life of bread. For Italian sweet baked
goods of the panettone type, the leavening is the
major desired effect of the sourdough. Breads
made from rye flour or mixtures of wheat and
more than 20% of rye require acidification of the
dough, which is traditionally performed by the
addition of sourdough. Chemical acidification in
combination with yeast as leavening agent is
alternatively practiced. Traditionally, sourdough
contains yeasts and lactobacilli that have formed
a mixture of adapted organisms in the course of
their continuous propagation. The role of LAB
in sourdough was first recognized by Holliger
(1902). The description of the organisms
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reflected the state of taxonomy and isolation
techniques of that time. The importance of het-
erofermentative lactobacilli was suggested by
Henneberg (1909). Investigation of Danish sour-
doughs led Knudsen (1924) to the conclusion
that “Betabacterium γ” is a highly adapted
organism which is the true sourdough bacterium.
From his description, it can be deduced that
Betabacterium γ is identical with L. sanfrancisco,
first described in San Francisco sourdough bread
by Kline and Sugihara (1971). More recent stud-
ies of the microorganisms in sourdough revealed
the presence of yeasts and of homofermentative
and heterofermentative lactobacilli: L. del-
brueckii, L. acidophilus, L. plantarum, L. casei,
L. farciminis, L. homohiochii, L. brevis, L. buch-
neri, L. fermentum, L. hilgardii, L. sanfrancisco
and L. viridescens (Spicher and Loenner, 1985;
Spicher, 1987). The microbiology of sourdough
and its application has been reviewed by Spicher
(1983) and Sugihara (1985).

For the production of soda crackers in the
United States, a Lactobacillus-yeast fermenta-
tion of the dough is used. Sugihara (1978)
detected L. plantarum as the dominant species
in the dough and L. delbrueckii in significant
numbers. From these species, a pure starter prep-
aration has been developed for improved control
of the fermentation process.

Similar fermentation processes take place in
numerous doughs or batters of indigenous fer-
mented foods made from cereals or other starch
containing raw materials that are not baked but
simply boiled or steamed or even consumed
without any heating. Leuconostoc and Entero-
coccus are usually important fermentation
agents in addition to lactobacilli. These products
are discussed by Steinkraus (1983), Wood and
Hodge (1985b), and Holzapfel (1989).

Silage As for the fermentation of foods, the
production of silage has a tradition dating back
to ancient times. The main agents of the fermen-
tation are lactobacilli, which are therefore of
considerable economic importance. Silage is
made from various raw materials, of which grass,
hay, and maize play the major role. Depending
on the quality of the raw material, the dry matter
content, and the technology of ensilation, popu-
lations of LAB develop which determine the
final quality of silage. Since clostridia can multi-
ply at pH values above 4.2, it is important to
decrease the pH below that value (Groß and
Riebe, 1974). This limit depends, however, on
water activity and therefore may be higher when
the dry matter content is high. With poorly acid-
ified silages, Listeria monocytogenes may also
cause hygienic problems (Woolford, 1984). Only
after streptococci and leuconostocs have multi-

plied, do lactobacilli and pediococci dominate
the silage microflora (Langston et al., 1962). Spe-
cies chiefly isolated have been Lactobacillus
plantarum, L. casei, L. brevis, L. buchneri,
unclassified “streptobacteria,” L. coryniformis,
L. curvatus, L. casei, L. fermentum, L. acidophi-
lus and L. salivarius (Keddie, 1959; Langston and
Bouma, 1960b; Langston and Bouma, 1960a;
Abo-Elnaga and Kandler, 1965; Azeezullah et
al., 1973; Grazia and Suzzi, 1984; Dellaglio and
Torriani, 1986). Thorough investigation of the
LAB involved in fermentation of grass and red
clover, ensiled as fresh or prewilted material, was
performed by Beck et al. (1987). Totally, 612 iso-
lates were characterized and their role in the
course of fermentation was evaluated. Leu-
conostocs and “Lactobacillus coprophilus” were
the dominant bacteria at the initial phase, after
which other species gained importance. Pedio-
cocci, L. plantarum and L. graminis, together
with unclassified heterofermentative lactobacilli,
persisted for up to 90 days, whereas the organ-
isms of the initial phase died off. There is increas-
ing use of starter cultures for production of silage
(Pahlow and Honig, 1986; Seale, 1986).

Raw Materials of Animal Origin In modern
technologies, the fermentation of raw materials
of animal origin is characterized by a widely
accepted application of starter cultures. There-
fore, these aspects are included under the section
Technical Applications.

Fermented Milks A multitude of different
types of fermented milks is produced worldwide
(reviewed by Oberman, 1985). Products contain-
ing lactobacilli, produced with the aid of starter
cultures, and known to the western world are
yogurt, kefir, and some dietary products, of
which acidophilus milk is most representative.
Starter cultures for yogurt production contain
Streptococcus salivarius subsp. thermophilus and
Lactobacillus delbrueckii subsp. bulgaricus.
These bacteria multiply in the milk during incu-
bation at 40–42°C in a symbiotic association
(Pette and Lolkema, 1950; Robinson and
Tamime, 1981; Marshall and Law, 1984). The
Lactobacillus species has stronger proteolytic
activity, and the amino acids and dipeptides pro-
duced by it stimulate the growth of the Strepto-
coccus species (Shankar and Davies, 1978),
which in its turn reduces the redox potential and
forms formic acid that is stimulatory for the Lac-
tobacillus cells (Galesloot et al., 1968). Optimum
yogurt flavor is also produced by symbiotic asso-
ciations of microorganisms (Bottazzi and
Vescovo, 1969), with Lactobacillus being the
primary producer. The major flavor impact is
derived from acetaldehyde, but acetone and
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diacetyl also contribute to the flavor. Threonine
was found to be the precursor for acetaldehyde
production by L. delbrueckii subsp. bulgaricus
(Lees and Jago, 1978).

Kefir is a product of combined alcoholic and
lactic acid fermentation, containing 0.9–1.1%
lactic acid and 0.5–1% alcohol. The fermentation
is initiated by the addition of kefir grains or
starter cultures derived from them. These grains
have been found to contain yeast (mainly
Candida kefir) and LAB. Lactobacilli are the
dominant group in the grains, and in addition,
leuconostocs and lactococci were also identified
(Kunath, 1983). Lactobacillus acidophilus, L.
kefir (Kandler and Kunath, 1983b) and L. kefira-
nofaciens (Fujisawa et al., 1988) are the most
characteristic lactobacilli, the latter organism
being responsible for production of kefiran, a
polysaccharide derived from the matrix of kefir
grains (La Rivière et al., 1967; Toba et al., 1986).
The microbial population composition changes
from that of the grains to that of the ready-to-
drink kefir. In the final product, lactococci (Lac-
tococcus lactis) prevail and the ratio of L. acido-
philus/L. kefir changes from 0.89/0.11 to 0.2/0.8
(Kunath, 1983).

Acidophilus milk is consumed mainly for its
therapeutic effect (Robinson and Tamime, 1981;
Fernandes et al., 1987). The taste of the product
is rather astringent. Lactobacillus acidophilus is
known to produce antagonistic compounds, to
exert probiotic effects (see above), and to grow
poorly in milk. Special care has to be taken to
keep the numbers of lactobacilli at a high level,
since viable cells are considered essential for the
therapeutic activity. Thus, the shelf life is usually
restricted to around one week.

Cheese Two groups of lactobacilli can be differ-
entiated on the basis of the time of their growth
during the process of cheese making. These are
the thermophilic lactobacilli, added deliberately
as components of starter cultures, and the meso-
philic lactobacilli, which are derived from the
environment and emerge during the ripening
process. The thermophilic starter cultures are
applied for the production of cheese types that
require elevated temperatures during the pro-
cess of curd preparation. For example, the pro-
duction of Emmental cheese includes cooking
the curd grains at 53–57°C. The thermophilic
LAB grow best at about 45°C. They survive
this step and multiply during the cooling-down
period (Auclair and Accolas, 1983). Additional
examples of cheese types produced with thermo-
philic cultures are Gruyere, Gorgonzola, Mozza-
rella, Cacciocavallo and Provolone (Bottazzi
et al., 1973). Species included in starter cultures
are L. helveticus, L. delbrueckii subsp. lactis and

subsp. bulgaricus, in combination with Strepto-
coccus thermophilus. Mesophilic lactobacilli
grow in virtually all types of cheese. For example,
in cheddar cheese, numbers of 106–108 are found
after 10–60 days and are maintained for 4–6
months. Species involved include L. casei, L.
plantarum, L. brevis and L. buchneri (Chapman
and Sharpe, 1981). For the production of white-
brined cheese, starter cultures were applied suc-
cessfully containing lactobacilli in combination
with lactococci, enterococci. leuconostocs, or S.
thermophilus. Species employed were L. casei,
L. plantarum, L. helveticus and L. delbrueckii
subsp. bulgaricus (for review, see Haddadin,
1986).

Fermented Sausages Fermented sausages are
made from raw meat and gain their characteristic
texture, color, flavor, and above all their resis-
tance to spoilage during a ripening process in
which lactobacilli are the essential fermentation
agents. Fungi, yeasts, and micrococci or staphy-
lococci may also contribute to the special char-
acter of the product (Liepe, 1983; Lücke, 1985;
Hammes, 1986). In the traditional way, sugar is
added as a substrate for lactobacilli, which con-
vert it mainly to lactic acid, thereby decreasing
the pH to values, which prevent the growth of
food spoiling or poisoning organisms. Decrease
of water activity and addition of nitrite (or
nitrate) support this effect (Meisel et al., 1989).
Formerly designated as atypical lactobacilli, L.
sakei and L. curvatus are the dominant lactoba-
cilli, but L. plantarum, L. alimentarius and L.
farciminis have been also isolated (Reuter, 1970;
Reuter, 1975). Starter cultures containing L.
plantarum, L. sakei, L. curvatus or pediococci,
frequently combined with micrococci or staphy-
lococci, have been developed and are widely
applied (Hammes et al., 1985).

Food Spoilage

Acid Foods Lactobacilli play an important role
in the spoilage of processed foods. They may
exert their effect during processing or especially
in the final product. Food products with pH val-
ues below 4.1 (ICMSF, 1980; Buckenhüskes et
al., 1988) are commonly not sterilized but only
pasteurized since the outgrowth of endospores of
Bacillaceae is not of concern. Further factors
that may protect low-acid foods and especially
juices and juice-containing soft drinks are the
presence of essential oils or benzoic acid,
absence of specific nutrients or growth factors,
and in carbonated drinks, CO2. In the case of
underprocessing or leakages of food preserves,
juices, and juice-containing beverages, lactoba-
cilli may grow and cause formation of slime, gas,
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off flavors, turbidity, and changes in acidity.
Species involved are mainly Leuconostoc
mesenteroides and less commonly Lactobacillus
confusus, L. buchneri, L. casei, and L. plantarum
(Back, 1981). In citrus juices, L. brevis and L.
plantarum can multiply at a pH of less than 3.5
and at a temperature of 10°C (Murdock and
Hatcher, 1975; Juven, 1976).

Lactic-Acid Fermented Foods Lactobacilli are
also agents of spoilage of fermented foods. In
products obtained by lactic acid fermentation,
the effect is commonly exerted during the fer-
mentation process. As a result of the growth of
inappropriate strains, the fermentation product
may become unacceptable. Examples were
found in the formation of red color in sauerkraut
caused at elevated pH by L. brevis (Stamer,
1975) and formation of bloaters in cucumber fer-
mentation as a result of gas formation by hetero-
fermenters and homofermenters, which form
CO2 from malate (McFeeters et al., 1984).

In cheese, the citrate-utilizing species L. casei
and the heterofermentative L. brevis may pro-
duce excessive CO2, giving rise to unwanted gas
pockets in cheese and blowing of packaged
cheeses (Fryer et al., 1970; Keller and Jaarsman,
1975). Undesired small cracks (“Boekelscheu-
ren”) are formed in Gouda and Edam cheese by
L. bifermentans, an organism which produces
CO2 and free H2 (Pette and van Beynum, 1943).
Slime-forming strains of L. plantarum can multi-
ply in cheese pickling brines, causing ropiness,
and salt-tolerant streptobacteria multiplying in
rennet cause serious texture and flavor defects in
Dutch cheese (Stadhouders and Veringa, 1967).
Orange-pigmented strains (L. plantarum subsp.
rudensis or L. brevis subsp. rudensis) may multi-
ply in hard cheese (Sharpe, 1962) and in white-
brined cheese (Chomakov, 1962). Formation of
biogenic amines has been observed in cheese,
and lactobacilli have been identified as causative
agents. Lactobacillus buchneri was isolated
from high-level-histamine Swiss cheese (Sumner
et al., 1985). From Gouda cheese (Joosten and
Northolt, 1987), strains of L. buchneri and L.
brevis were isolated which produced histamine
and tyramine, respectively. A potential for for-
mation of tyramine and histamine in dairy-
related bacteria has been observed also for L.
casei (histamine) and lactococci (tyramine; Voigt
and Eitenmiller, 1978).

Sensory defects of raw fermented sausages
have been attributed to the growth of inappro-
priate species of lactobacilli during the ripening
process (Corretti, 1958). These defects may be
traced back to mistakes in technology or formu-
lation and are greatly reduced by the use of
starter culture preparations. The sensory aberra-

tions included defects in color (loss of color sta-
bility, gray or green core, and green surface
spots) and flavor. Corretti (1958) isolated from
spoiled sausages, strains of L. plantarum, L. del-
brueckii, L. brevis, L. buchneri, lactococci and
Leuconostoc mesenteroides. In sausages, the
activities of these bacteria may be the same as
observed for LAB involved in meat spoilage (see
below).

Fermented Beverages In fermented beverages
obtained by alcoholic fermentation, lactobacilli
may contribute to the quality of the product but
may also cause spoilage.

Wine Lactobacilli commonly occur in many
types of wine, despite the high level of ethanol,
the low pH of 3.2–3.8, and the added SO2 present.
They can exert profound effects on the quality of
wine. When they are present in high numbers,
they produce a combination of the various typical
wine defects, the prevalence of which differs,
depending on the strains present (Dittrich, 1977).
Their ability to metabolize organic acids such as
malic, citric and tartaric acids may affect the final
product in either a desirable (see Genera Leu-
conostoc, Oenococcus and Weissella in this Vol-
ume) or an undesirable way. In low-acid wines,
this process is detrimental and must be con-
trolled. Although most lactobacilli from wines
decompose malate, the source of malolactic bac-
teria is uncertain (Kunkee, 1967). They have been
detected only sporadically and in small numbers
on grapes and grape leaves and may well be part
of the established microbial population of the
winery itself. A variety of malolactic fermenting
species have been isolated, including Lactobacil-
lus plantarum, L. casei, unclassified “streptobac-
teria,” and the heterofermentative species L.
brevis, L. buchneri, L. hilgardii, L. trichodes, L.
fructivorans, L. desidiosus and L. mali (Pilone et
al., 1966; Nonomura and Ohara, 1967; Peynaud
and Domercq, 1967; Peynaud and Domercq,
1970; Barre, 1969; Weiller and Radler, 1970;
Chalfan et al., 1977; Maret and Sozzi, 1977; Maret
and Sozzi, 1979a; Maret et al., 1979b). The homo-
fermentative species disappear during alcoholic
fermentation in favor of pediococci and hetero-
fermentative LAB. The same species of lactoba-
cilli are found in French, Spanish, German,
Australian, Californian, and Japanese wines.
From high-temperature (40–43°C) fermenting
grape musts, however, Barre (1978) has isolated
pentose-fermenting “thermobacteria,” some of
which closely resemble L. acidophilus.

The decomposition of tartaric acid in wine is
usually connected with severe spoilage of wine.
Only a few strains of homofermentative and het-



CHAPTER 1.2.10 The Genera Lactobacillus and Carnobacterium 341

erofermentative lactobacilli perform this reac-
tion (Krumperman and Vaughn, 1966). Radler
and Yannisses (1972) observed that the tartrate-
decomposing systems of L. plantarum and L.
brevis differ in metabolic pathway (CO2, lactate,
and acetate are formed by both organisms, but
succinate is an additional product of L. brevis)
and several other criteria.

Other effects of lactobacilli in wine are due to
1) the production of diacetyl from citric acid, a
substance which enhances flavor when present in
traces, but causes spoilage if present in excess; 2)
spoilage such as bitterness occurring together
with excess formation of mannitol from fermen-
tation of fructose; and 3) occasional flocculent
growth of L. trichodes (Amerine and Kunkee,
1968).

Apple Cider The indigenous microbial popula-
tion of an apple cider factory is composed partly
of lactobacilli. As with wine lactobacilli, only
strains that are adapted to survive a low pH, low
levels of carbon and nitrogen compounds, and
the presence of increasing ethanol will form part
of the permanent population. Many of these
selected strains, particularly the heterofermenta-
tive species, can metabolize malic and citric acid,
as well as quinic acid, a substance present at
relatively high levels in apple cider (Carr, 1959).
Lactobacilli may multiply in stored ciders, where
they bring about several changes. They may take
part in the malolactic fermentation, which will
often be beneficial to the flavor of the cider; they
may also metabolize citrate and pyruvate, yield-
ing acetate, lactate and acetoin. The metaboliz-
ing of fructose and quinic acid to acetate, CO2

and dihydroxyshikimate is of special interest
(Whiting, 1975), since the acetate formed is det-
rimental to flavor (Sharpe, 1981).

Heterofermentative isolates from cider are
usually Lactobacillus brevis. They have an opti-
mum pH of 4.0–5.0 and metabolize actively only
at these low pH values. Fructose is preferentially
utilized, glucose often only weakly (Carr, 1959).
Slime-forming strains cause ropiness by produc-
tion of polysaccharide from glucose, fructose
or maltose but not from sucrose (Millis, 1951).
Homofermentative species are mainly strains
of L. plantarum and also L. yamanashiensis (L.
mali; Carr et al., 1977), which does not however
utilize quinic acid.

Beer In the brewery, lactobacilli may cause
spoilage but are also applied for useful purposes.
Heterofermentative strains are prevalent in
spoiled beer and preferentially ferment maltose.
They grow poorly on glucose unless an arginine
supplement is present as an additional energy
source (Rainbow, 1975). They ferment a narrow

range of carbohydrates, have complex nutri-
tional requirements, and are able to tolerate pH
values of 3.8–4.3 found in this environment.
Their tolerance to the hop resin humolene,
unusual for Gram-positive organisms, and the
rapidity with which such resistance is acquired
(Richards and Macrae, 1964) suggests that they
have become adapted to the brewery as their
natural habitat (Sharpe, 1981).

Back (1981) obtained about 1,000 strains of
bacteria from contaminated beer. These could
be allotted to 13 Gram-positive species belong-
ing to 5 genera and were proven to be obli-
gately or potentially beer-spoiling organisms.
The most frequently occurring species were L.
brevis (28%), Pediococcus damnosus (27%), L.
casei (11%), L. lindneri (9%) and L. corynifor-
mis (6%). In addition, L. curvatus, L. plan-
tarum, L. buchneri and two atypical groups of
heterofermentative lactobacilli, one of which
contained the new species L. brevissimile, were
isolated (Back, 1987). The growth of the lacto-
bacilli causes a silky turbidity accompanied by
acidity and off flavors because of diacetyl
(Scherrer, 1972), while slime-forming strains
cause ropiness (Williamson, 1959). As discussed
by Back (1987), L. lindneri and L. brevissimile
may pass through filters because of their small
size and contaminate the beer in the final con-
tainer. The latter organism does not cause
severe spoilage and is not easy to culture.
These species die off in the bottle rather
quickly and therefore escaped detection, until
recently.

Fruit Mashes For the production of fruit bran-
dies, mashes of fruits, such as apples, pears, plums
and cherries are fermented and distilled. To
ensure a “clean” yeast fermentation of the
mashes, sulfuric acid is added to decrease the pH
to about 3.0. In this environment, highly acido-
philic and alcohol-resistant LAB grow and may
lower the yield of alcohol or add undesired
flavor-active compounds (Heinzl and Hammes,
1986; Kleynmans et al., 1989). Some strains of L.
plantarum and L. suebicus grow at pH 2.5 in the
presence of 12 and 14% ethanol, respectively.
Lactobacillus suebicus grows during and, above
all, after the alcoholic fermentation and was
found in pear and apple mashes exclusively.
Other lactobacilli present at this fermentation
phase and exceeding numbers of 106 cfu/ml were
L. plantarum, L. brevis and L. hilgardii.

Grain Mashes During the manufacture of malt
whiskey, lactobacilli may multiply and reach high
numbers during the fermentation process itself.
In contrast to brewing, the malt is not boiled and
lactobacilli are often present in the malted bar-
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ley. Thermophilic strains may multiply during
fermentation when a rich supply of nutrients
is readily available. This rapidly depresses the
pH to such an extent that the activity of the
debranching enzymes and residual amylases of
the yeast are inhibited, fermentation is not com-
pleted, and a much lower yield of alcohol results
(MacKenzie and Kenny, 1965; Simpson, 1968). In
addition, detrimental flavor compounds such
as hydrogen sulfide may be produced (Geddes,
1986). Species of lactobacilli isolated from distill-
ery fermentations include L. fermentum, L.
brevis, L. casei, L. delbrueckii and L. plantarum
(Bryan-Jones, 1975).

Foods Preserved by Acetic Acid The applica-
tion of vinegar as a food preservative is a tradi-
tional method of preventing spoilage. Acetic
acid is an effective acidulant because it exists in
acid foods largely in the undissociated form (pK
4.75), which can pass the cell membrane (Baird-
Parker, 1980). Mayonnaise, dressings, and salads
are examples of foods whose microbial stability
(and taste) is mainly affected by acetic acid.
When access to oxygen is prevented, the spoilage
is most commonly caused by yeasts and lactoba-
cilli with an exceptionally high tolerance to ace-
tic acid. Highest resistance was found for L.
acetotolerans (Entani et al., 1986), which grows
in fermenting rice vinegar broth and can tolerate
4–5% acetic acid at pH 3.5. In mayonnaise and
salad dressings, L. fructivorans can cause spoil-
age (Charlton et al., 1934; Kurtzman et al., 1971)
at pH 3.7–3.8. Salads composed of mayonnaise
or dressings and ingredients like potatoes, meat,
marinated fish, eggs, vegetables, etc. have been
investigated by Baumgart et al. (1983). From 81
samples, 6 species of lactobacilli were isolated (in
order of prevalence): L. plantarum, L. buchneri,
L. brevis, L. delbrueckii, L. casei and L. fruc-
tivorans. These organisms are commonly tolerant
to the added benzoic and sorbic acid and form
gas and off flavors in the product.

The spoilage of marinated fish (mainly her-
ring) involves tolerance not only to acetic acid
but also to salt (Meyer, 1965). Lactic acid bacte-
ria (LAB) can grow, cause sensory defects, and
form gas that leads to the swelling of contain-
ers. Also, CO2 may originate from fermented
carbohydrates or, where these are missing, from
decarboxylation of amino acids (Meyer, 1956a).
The biogenic amines formed from the respec-
tive amino acids are -aminobutyric acid, cadav-
erine, tyramine and histamine (reviewed by
Blood, 1975). The species involved in spoilage
are L. brevis, L. buchneri, L. fermentum, L. pas-
torianum, L. delbrueckii, L. plantarum and L.
casei (Meyer, 1956a; Meyer, 1956b; Kreuzer,
1957; Lerche, 1960; Yurtyeri, 1963; Reuter,

1965a; Blood, 1970). Lactobacillus plantarum
and L. casei have been also identified as caus-
atives of ropiness in cooked marinades (Priebe,
1970).

Sugar Processing Of major interest is the
effect of LAB during sugar production (Sharpe,
1981). They may cause losses in yield and, owing
to excretion of dextran, interfere with the effi-
ciency of the production process and with crystal
formation. With cane sugar, most spoilage is
caused by leuconostocs. However, sugar-
tolerant, acidophilic strains of lactobacilli (able
to multiply in 15% sucrose), consisting mainly of
L. confusus (Sharpe et al., 1972) and occasionally
of L. plantarum and L. casei, multiply in cane
juice, causing souring and deterioration of canes.
Most of these strains, including L. plantarum and
L. casei, produce large amounts of dextran from
the sucrose (Tilbury, 1975). They come from the
cane itself and from contaminated equipment.
Similar spoilage occurs with beet sugar produc-
tion (Tilbury, 1975), where strains isolated
include L. casei, L. plantarum, L. cellobiosus and
L. fermentum (Kvasnikov et al., 1976).

Milk Aseptically drawn raw milk contains no
lactobacilli when it leaves the udder, but contam-
ination with these organisms rapidly occurs from
the dairy utensils, dust, grass, silage, and other
feedstuffs. Milk is an ideal substrate for bacterial
growth, but conditions that allow contamination
and multiplication favor other organisms, and
lactobacilli are usually outgrown. In the United
Kingdom, single-herd milks produced under
good hygienic conditions contain small numbers
of lactobacilli, of >1–50/ml, whereas bulked
herd market milks usually contain about 103/ml
(Sharpe, 1981). Species present include L. casei,
L. plantarum, L. brevis, L. coryniformis, L. cur-
vatus and occasionally L. buchneri, L. lactis and
L. fermentum (reviewed by Abo-Elnaga and
Kandler [1965] and Sharpe [1962]). Raw ewe’s
milk contains the same species (Chomakov and
Kirov, 1975). Pasteurization of the milk (high
temperature, short time [HTST] pasteurization,
71.7°C/15 sec) usually destroys all lactobacilli
present, except for heat-resistant L. paracasei
subsp. tolerans (Abo-Elnaga and Kandler, 1965).
Such heat-treated milks, when used for process-
ing, rapidly become recontaminated from the
creamery environment with the same species of
lactobacilli (reviewed by Sharpe, 1962). There-
after, lactobacilli are so universally present in
milk and dairy products that generally only
strains having unusual characteristics cause
spoilage. In liquid milk, slime-producing strains
of Lactobacillus casei, L. brevis, L. bulgaricus
and L. acidophilus occasionally produce ropi-
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ness, and L. maltaromicus may produce a malty
flavor (Miller et al., 1974).

Meat and Meat Products Technologies devel-
oped for extending the shelf life of meat and
meat products include curing, smoking, and
packaging in films of low gas permeability
together with applying vacuum or controlled
atmosphere and refrigeration. These technolo-
gies depress the growth of putrefactive micro-
organisms but create more or less selective
conditions for the growth of lactobacilli, leu-
conostocs (see Genera Leuconostoc, Oenococ-
cus and Weissella in this Volume), carnobacteria
(see below), and Brochothrix thermosphacta
(Kitchell and Shaw, 1975; Egan, 1983). Their
growth results in souring, slime formation, off-
odor, and greening (Reuter, 1975). Properties of
lactobacilli that lead to their preponderance in
meat are: psychrotrophy and tolerance to high
CO2 tensions, to nitrite, to salt, and to low pH
values. The numbers of lactobacilli on fresh meat
and meat products are usually below 103/g, and
less than 10/cm2 of the meat surface can grow
under the selective conditions present in vacuum
packages (Egan, 1983). During cold storage,
these atypical lactobacilli usually become the
dominant group, and their identity has been
investigated in many studies (Allen and Foster,
1960; Cavett, 1963; Gardner, 1968; Mol et al.,
1971; Hitchener et al., 1982; Holzapfel and Ger-
ber, 1986; Schillinger and Lücke, 1986; von Holy
and Holzapfel, 1989). It has become evident that
meat and meat products are a habitat of LAB
hitherto not detected elsewhere. Studies of Reu-
ter (1975) and Shaw and Harding (1984)
revealed that lactobacilli dominate the competi-
tive leuconostocs or carnobacteria when acidifi-
cation and/or reduction of the water activity by
drying (or smoking) or addition of salt and nitrite
are applied, e.g., in dry raw sausages and bacon.

A thorough investigation of lactobacilli in
meat and meat products performed by Reuter
(1975) showed that “atypical streptobacteria”
are the dominant group in all types of meat prod-
ucts. These have been alloted to L. curvatus and
L. sakei by Kagermeier (1981). In addition, L.
plantarum, L. casei, L. farciminis, L. alimentar-
ius, L. brevis and L. halotolerans have been
found. The latter has been transferred to the
rank of species, as L. halotolerans, by Kandler et
al. (1983d) since it is not related to L. viridescens
isolated by Niven and Evans (1957) as a caus-
ative agency of greening. The greening defect
originates from the formation of H2O2, which
reacts with myoglobin to form the green pigment
choleglobin. Sulfmyoglobin is another green pig-
ment formed by the reaction of myoglobin with
H2S. Lactobacilli that form H2S have been iso-
lated from meat and contribute in this way to

spoilage of vacuum-packed meat. The genetic
information for hydrogen sulfide (H2S) produc-
tion is plasmid-encoded (Shay and Egan, 1981;
Shay et al., 1988). Formation of H2S and methyl
mercaptan by lactobacilli was also described for
strains isolated from spoiled Parma hams (Can-
toni et al., 1969). The numbers of lactobacilli in
spoiled meats may exceed 107 or even 108/g in
products with added sugar, e.g., raw sausages and
vacuum-packed cooked sausages (Reuter, 1975).

The animal source of vacuum-packed meat
influences the composition of the microbial
spoilage association. Shaw and Harding (1984)
observed a preponderance of “non-aciduric
streptobacteria” (carnobacteria) in pork and
lamb, as opposed to beef where lactobacilli pre-
vail. This observation is in partial accordance
with earlier studies reviewed by Kitchell and
Shaw (1975), which indicated a preponderance
of Brochothrix thermosphacta on vacuum-
packed lamb. Furthermore, lactobacilli do not
belong to the spoilage population of refrigerated
chicken meat. This is mainly due to the packag-
ing techniques, which consist usually of wrapping
without application of vacuum or controlled
atmosphere. In addition, when controlled atmo-
sphere is applied, carnobacteria predominate
and lactobacilli are rarely found (see the section
The Genus Carnobacterium in this Chapter).

Technical Applications

Lactobacilli are frequently used as technical and
analytical tools. Of supreme importance is their
use as starter cultures, while their application as
probiotics (see the section Probiotics in this
Chapter) receives growing interest (see below).
The large-scale production of lactic acid with the
aid of L. leichmannii (L. delbrueckii) is one of
the oldest biotechnical processes for producing
chemicals by pure cultures (Buchta, 1983).
Finally, still in use is the determination of growth
factors (vitamins and amino acids) in complex
mixtures using auxotrophic strains of lactobacilli.

Starter  Cultures The application of starter
cultures for the production of fermented foods
of plant origin has still not been very successful
in practice. According to Fleming et al. (1985),
starter cultures in combination with the tradi-
tional technology do not influence the fermenta-
tion process in a way that superior products or
an improvement in the economy of the process
can be obtained. A limited application has been
found for L. bavaricus, which is used to produce
“L(+)-sauerkraut.” This product is sold in health
stores because of its content of L(+)-lactic acid.
On the other hand, for the production of fer-
mented vegetable juices, several starter cultures
are in use. In this case, it is possible to pasteurize
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the raw material and to initiate the fermentation
without any competing indigenous flora. Starter
organisms for fermentation of vegetable juices
have been reviewed by Buckenhüskes and
Hammes (1990) and include L. acidophilus, L.
bavaricus, L. brevis, L. casei, L. delbrueckii, L.
helveticus, L. plantarum and L. salivarius. For
production of juices containing L(+)-lactic acid,
L. bavaricus and L. casei are in use.

Fruit juices have been fermented with the aid
of L. casei (Wiesenberger et al., 1986). In this
process, the flavor was changed owing to degra-
dation of malic acid and formation of L(+)-lactic
acid.

The application of LAB in wine production is
now receiving commercial application (Krieger,
1989). The main aim is to reduce the content of
malate, which is converted to L(+)-lactic acid and
CO2 with a decrease in acidity. In addition, both
the stability and the flavor of the wine are
improved. Most work has been performed with
Leuconostoc oenos, but lactobacilli have also
been applied. Organisms that are sensitive to the
acid- and alcohol-containing environment are
added to the must before fermentation (e.g., L.
plantarum), while more tolerant cultures con-
taining L. brevis or L. casei have also been added
to the wine.

Lactobacilli are also used in breweries. In Ger-
many, a sour wort is fermented at 48–50°C, which
is added to the mash at 1–2%, thereby decreas-
ing the pH by 0.2–0.4 pH units. This causes the
following desired effects: higher enzyme activity
in the mash and better separation of protein dur-
ing wort boiling, followed by a quick fermenta-
tion. The sensory quality of the beer is also
improved since it becomes more mellow in taste,
lighter in color, and the foam has a higher stabil-
ity. Finally, the microbial stability is positively
affected. Maltose-fermenting strains of L. del-
brueckii subsp. delbrueckii are most suitable. The
cultures are propagated in the brewery and con-
tain L. delbrueckii subsp. lactis, L. amylovorus,
L. fermentum and L. rhamnosus and occasion-
ally L. helveticus (Back, 1988).

In addition, lactic-acid-fermented types of
beer are well known, e.g., Berliner Weisse beer,
which is produced with L. brevis (K. Wacker-
bauer, personal communication) and sorghum
beer (Haggblade and Holzapfel, 1989), in which
the souring process is performed at 48–50°C with
a thermophilic Lactobacillus strain (probably
not L. delbrueckii; W. Holzapfel, unpublished
observations) as the main fermenting organism.
Similarly, the Russian drink called “kwas” is a
sour beer made from bread, which obtains acid-
ity from fermentation by homofermentative and
heterofermentative lactobacilli.

Modern techniques of breadmaking make
extensive use of starter culture preparations, the

majority of which are mixed strain cultures. The
application of starter cultures in modern baking
technology requires the additional use of bakers
yeast. The starter cultures commonly contain the
organisms present in the sourdough but at vary-
ing ratios (Spicher, 1984). Böcker and Hammes
(1990) observed that in a so-called “pure culture
sour,” more than 99% of the lactobacilli con-
sisted of two strains of L. sanfrancisco and one
strain of L. brevis. This sourdough culture prep-
aration has been used for over 60 years, and
its composition has remained remarkably
unchanged in various batches of starter in spite
of the use of a nonaseptic production process,
which is similar to the traditional method of
sourdough propagation. Starter preparations
consisting of defined strains are also available.
Single strain cultures contain L. brevis, L. san-
francisco, L. delbrueckii or L. plantarum, while
multiple strain cultures consist of combinations
of L. plantarum, L. sanfrancisco and L. fruc-
tivorans, or L. brevis and Saccharomyces cerevi-
siae (Sugihara, 1985; Spicher, 1987; Budolfsen-
Hansen, 1988).

For silage fermentation, the most frequently
applied LAB in starter culture preparations were
L. plantarum (61%), Lactococcus lactis (31%),
L. acidophilus (23%), Pediococcus acidilactici
(19%), L. brevis (16%), Enterococcus faecium
(11%), L. lactis (6%) and L. bulgaricus (5%;
Pahlow and Honig, 1986). The cultures should
ensure quick acidification to pH values below 4.0
and should not be of the heterofermentative type
because of possible losses in nutritional value.
Their application should further ensure that
spoilage microorganisms do not affect the qual-
ity, even after the opening of the silo when oxy-
gen gains access. Present knowledge suggests
that the cultures should include fast-growing
strains of L. plantarum and P. acidilactici, one of
which possesses cellulase activity (Seale, 1986).

Probiotics Originally referring to a sub-
stance(s) from one protozoan stimulating
another, and later describing an animal feed sup-
plement(s) beneficial to the host by modification
of its GI microbial population, a probiotic is now
defined as “a live microbial feed supplement
which beneficially affects the host animal by
improving its intestinal microbial balance”
(Fuller, 1989). Probiotics as dietary and thera-
peutic adjuncts for humans and animal nutrition
are now well established in the market and may
provide effective and highly acceptable alterna-
tives to conventional growth promoters and ther-
apeutic agents. Their favorable effect on growth
and general health is most probably the result
of a combination of factors discussed before in
this section. In earlier considerations, Gilliland
(1979) has listed four desirable properties of an
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organism to be used as dietary adjunct: 1) normal
inhabitant of the GI tract; 2) resistance to
inhibitory systems in the digestive tract; 3)
potential for producing beneficial effects; and 4)
retention of viability during storage as dietary
preparations.

The present status of probiotics, though still in
the early stages of application, has been excel-
lently and comprehensively reviewed by Fuller
(1989). Referring to the complexity of the under-
lying mechanism, he emphasized the vital need
for additional (basic) information on antago-
nism, growth rate in the intestine, and attach-
ment to gut epithelial cells (Fuller, 1989). The
species most widely used in probiotic products
are mainly intestinal strains of L. acidophilus, L.
casei, L. helveticus, L. lactis, L. plantarum, L.
salivarius as well as Enterococcus faecium,
Enterococcus faecalis, Bifidobacterium species
and Escherichia coli. Special attention has been
given recently to possible antimutagenic effects
induced by viable LAB. The clastogenic effects
induced by a strong chemical mutagen have been
inhibited to about 80% by lyophilized cultures
of L. acidophilus and Bifidobacterium in experi-
ments with small laboratory animals (H. Renner,
personal communication). Beneficial effects
have also been claimed for nonintestinal strains
of L. bulgaricus, Streptococcus thermophilus
(Fuller, 1989) and a combination of mesophilic
lactobacilli, including L. curvatus and L. sakei.
The “Nurmiconcept,” related in principle to the
probiotic approach, involves the introduction
of the heterogenous (more or less undefined)
microbial cecum population of adult poultry to
newly hatched chicks, thereby rendering them
immediately resistant to 103 to 106 infectious
doses of Salmonella (Pivnick and Nurmi, 1982).
Aspects of probiotics in poultry nutrition have
been reviewed by Jernigan et al. (1985).

Isolation

Media for the isolation of lactobacilli must take
into account the aciduric or acidophilic nature of
these organisms and their complex nutritional
requirements. In some cases, species have
adapted to extreme environmental conditions
and can only grow on media that simulate their
natural habitat. This includes in some cases even
strictly anaerobic growth conditions. All media
must contain adequate growth factors, usually
with yeast extract as a source of vitamins, as well
as peptone, manganese, acetate, and the stimula-
tory Tween 80. A low pH, ranging between 4.5
and 6.2 favors growth. In some habitats, particu-
lar spoilage situations, lactobacilli may constitute
the only organisms present; more often, they
occur together with other organisms, which may
include other LAB and yeasts.

Media When lactobacilli are the majority popu-
lation, MRS agar (see below; de Man et al., 1960)
can often be used for isolation. This medium is
discussed in detail by Sharpe and Fryer (1965)
and compared with the somewhat similar all-
purpose with Tween (APT) medium (Evans and
Niven, 1951), which is commonly used for isolat-
ing Lactobacillus viridescens as well as other lac-
tobacilli and carnobacteria from meat products.
The growth of especially fastidious lactobacilli,
mainly obligately heterofermentative species,
has been found to be supported best by the
modified Homohiochii medium described by
Kleynmans et al. (1989). These media are gener-
ally used for cultivation of lactobacilli and other
LAB, and may be regarded as semiselective.

MRS Agar for Isolating and Propagating Lactobacilli 
(de Man et al., 1960)

Oxoid peptone  10.00 g
Meat extract  10.00 g
Yeast extract  5.00 g
K2HPO4 2.00 g
Diammonium citrate  2.00 g
Glucose  20.00 g
Tween 80  1.00 ml
Na acetate  5.00 g
MgSO4 · 7H 2O 0.58 g
MnSO2 · 4H 2O 0.25 g

For 1 liter of medium, dissolve 15 g of agar in 1 liter of
distilled water by steaming, add all the above ingredients,
and adjust pH to 6.2–6.4. Sterilize at 121°C for 15 min.

APT Medium for Isolating and Propagating 
Lactobacilli (Evans and Niven, 1951)

Tryptone  10.00 g
Yeast extract  5.00 g
K2HPO4 5.00 g
Na citrate  5.00 g
NaCl  5.00 g
Glucose  10.00 g
Tween 80  1.00 ml
MgSO4 · 7H 2O 0.80 g
MnCl2 · 4H 2O 0.14 g
FeSO4 · 7H 2O 0.04 g

For 1 liter of medium, dissolve 15 g of agar in 1 liter of
distilled water by steaming, add all the above ingredients,
and adjust pH to 6.7–7.0. Sterilize at 121°C for 15 min.

Modified Homohiochii Medium for Isolating and 
Propagating Obligately Heterofermentative 
Lactobacilli (Kleynmans et al., 1989)

Tryptone  10.00 g
Yeast extract  7.00 g
Meat extract  2.00 g
Glucose  5.00 g
Fructose  5.00 g
Maltose  2.00 g
Na gluconate  2.00 g
Diammonium citrate  2.00 g
Na acetate  5.00 g
Tween 80  1.00 ml
MgSO4 · 7H 2O 0.20 g
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MnSO4 · 4H2O  0.05 g
FeSO4 · 7H2O  0.01 g
Mevalonic acid lactone  0.03 g
Cysteine hydrochloride  0.50 g

For 1 liter of medium, dissolve 15 g of agar in 960 ml of
distilled water by steaming, add the above ingredients,
and adjust pH to 5.4. Sterilize at 121°C for 15 min and
add 40 ml of ethanol per liter.

When lactobacilli occur only as part of a complex pop-
ulation, selective media are required. The most widely
used of these in the past is the acetate (SL) medium of
Rogosa et al. (1953). In this and other similar media, the
selective action is based on a low pH of 5.4, a high
concentration of acetate ions (inhibitory to many other
organisms), and the presence of the growth stimulatory
substance Tween 80. These media are further described
and discussed by Sharpe (1960). Care has to be taken in
preparing SL medium, particularly with regard to final
pH since, if this is higher than 5.4, streptococci may not
be inhibited. Dehydrated preparations can be purchased
commercially, but the final pH should be checked.

Selective SL Medium for Isolating Lactobacilli 
(Rogosa et al., 1953)

Trypticase  10.00 g
Yeast extract  5.00 g
KH2PO4 6.00 g
Diammonium citrate  2.00 g
MgSO4 · 7H 2O 0.58 g
MnSO4 · 4H 2O 0.15 g
FeSO4 · 7H 2O 0.03 g
Glucose  20.00 g
Tween 80  1.00 ml
Na acetate · 3H 2O 25.00 g
Agar  15.00 g

Dissolve the agar in 500 ml of water by boiling. Dissolve
all other ingredients in another 500 ml of water, adjust
pH to 5.4 using glacial acetic acid, and mix with the
melted agar. Boil for a further 5 min and pour plates or
distribute the hot medium in convenient amounts in ster-
ile screw-capped bottles; no further sterilization is given.
Avoid repeated melting and cooling.

This SL medium is recommended for isolation
of a wide range of lactobacilli. However, the
common meat-spoiling species L. viridescens and
other species adapted to very acidic environ-
ments will not grow. Streptococci, carnobacteria,
and other organisms are inhibited, but most
pediococci and leuconostocs (from dairy and fer-
mented vegetable sources), some enterococci
and bifidobacteria (from intestinal sources), and
yeasts may grow. As these pediococci and leu-
conostocs have metabolic characteristics in com-
mon with lactobacilli and many cause similar
changes in a product, their detection may be use-
ful (Sharpe, 1962). Growth of yeasts may be
eliminated by addition of cycloheximide at a con-
centration of 10 mg/liter.

Oral Cavity, Intestine and Vagina SL medium
was designated initially for selective isolation

of lactobacilli from oral and intestinal sources
(Rogosa et al., 1951) and has remained the
medium of choice. Some bifidobacteria and occa-
sional enterococci may also grow, and colonies
may have to be further identified. Dashkevicz
and Feighner (1989) suggested a medium for the
detection of bile-salt hydrolase active lactobacilli
based on SL or MRS medium supplemented
with taurocholic or taurochenodeoxycholic
acid. Care should be taken to ensure anaerobic
growth conditions. Best results are obtained by
application of the Hungate technique.

Milk and Dairy Products SL medium is used for
isolation of lactobacilli from milk, cheese, and
fermented milks. Cheese starter lactococci
are completely suppressed when enumerating
cheese samples. Leuconostocs and pediococci,
often found in milk and cheese, are not inhibited
and colonies may have to be further identified.
SL may not be optimum for some thermophilic
lactobacilli from dairy sources. Therefore, SL
supplemented with 0.5% meat extract is recom-
mended. For selective isolation of L. delbrueckii
subsp. bulgaricus from yogurt, M16 agar
(Terzaghi and Sandine, 1975) with pH adjusted
to 5.6 with 1.0M acetic acid, has been used suc-
cessfully (Davies et al., 1977). The isolation and
cultivation of L. kefiranofaciens from kefir
requires the use of KPL medium (Toba et al.,
1986).

KPL Medium for Isolating L. kefiranofaciens (Toba et 
al., 1986)

Lactic acid whey  930.0 ml
White table wine  70.0 ml
Glucose  10.0 g
Galactose  10.0 g
Tween 80  1.0 ml
Agar  15.0 g

Mix all ingredients except the wine, adjust pH to 5.5, and
boil to dissolve the agar. Sterilize at 121°C for 15 min. To
prepare the lactic acid whey, adjust 10% skim milk to pH
5.5 using lactic acid, and boil for 30 min. Remove precip-
itate by filtration. The table wine (preferentially SO2-free)
is filter-sterilized and added to the autoclaved medium.

For broth medium, use deproteinized lactic acid whey
prepared as follows: Adjust 10% skim milk to pH 5.5
using lactic acid and boil for 30 min. Remove precipitate
by filtration. Adjust filtrate to pH 7.0 with 2N NaOH and
boil for 30 min. Remove precipitate by filtration and read-
just pH to 5.5 using 2N HCl.

Meat and Meat Products The use of APT rather
than MRS for isolation of L. viridescens and
other lactobacilli from meat is probably tradi-
tional rather than necessary, as these organisms
also grow profusely on MRS. Kitchell and Shaw
(1975), discussing media for isolation from
meats, suggest MRS in addition to APT, incorpo-
rating 0.1% thallous acetate with the pH
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adjusted to 5.5, or SL adjusted to pH 5.8. A sor-
bic acid medium was recommended by Reuter
(1968) for the selective enumeration of lactoba-
cilli from meat and meat products. Enterococci,
leuconostocs, and pediococci may be observed as
small (pin-point) colonies and thus can be distin-
guished from the more prolifically growing
lactobacilli.

Selective Sorbic Acid Medium for Isolation of 
Lactobacilli from Meat and Meat Products (Reuter, 
1968)

Trypticase  10.00 g
Meat extract  10.00 g
Yeast extract  5.00 g
Glucose  20.00 g
Tween 80  1.00 ml
Na acetate  5.00 g
Na citrate  3.00 g
MgSO4 · 7H 2O 0.20 g
MnSO4 · 4H 2O 0.05 g
Agar  20.00 g

To prepare 1 liter of medium, add 0.4 g of sorbic acid as
a slightly alkaline solution in water to 1 liter of distilled
water. After dissolving the ingredients at 100°C, the pH
is adjusted to 5.0 at 50°C. The medium is heated to 100°C,
filtered through cotton wool, and boiled again for 30 min.

A modification of the sorbic acid medium, using 0.2%
potassium sorbate and a higher pH of 5.7, was found to
be especially favorable for the recovery of large numbers
of lactobacilli from meat products (Holzapfel and
Gerber, 1986). This medium is based on MRS. The
commercially available product can be used, to which the
0.2% potassium sorbate is added after boiling and adjust-
ing the pH. Autoclaving is optional since boiling for
30 min is sufficient.

Fermented Vegetables and Silage For silage iso-
lates, SL medium is used. For the low-pH, fer-
mented vegetable processes (using cucumber,
sauerkraut, olives, etc.), SL medium and the
modified Homohiochii medium are suggested.

Fruit Juices For spoilage organisms from orange
juice, Juven (1976) recommends APT medium.
Murdock et al. (1952), for the same purpose, rec-
ommend a medium containing orange serum.

Orange-Serum Medium for Isolation of Spoilage 
Organisms from Fruit Juices (Murdock et al., 1952)

Trypticase  10.0 g
Yeast extract  3.0 g
Orange extract  5.0 g
Glucose  4.0 g
K2HPO4 3.0 g
Agar  17.0 g

For 1 liter of medium, dissolve ingredients in 1 liter of
distilled water, adjust pH to 5.5, and sterilize at 115°C for
15 min, avoiding overheating.

Fermented Beverages Isolations from wine,
beer, and fermented grain mashes, where lacto-
bacilli have adapted to extremely specialized

environments, require quite different types of
media. It may be necessary to include some of
the natural substrate to provide any unknown
growth factors essential for strains which have
become particularly adapted to their environ-
ments. Often, tomato juice can replace these
specific growth factors. It may be necessary to
suppress such aciduric organisms as yeasts,
molds and acetobacters (early work cited by
Sharpe, 1960) with inhibitory agents.

Wine For isolation of the slow-growing lactoba-
cilli from wines—both those taking part in the
malolactic fermentation and spoilage strains—
tomato juice and yeast extract are highly stimu-
latory and should be included in the medium.
The pH should not exceed 5.0. An addition of 4–
5% ethanol to all media is also highly recom-
mended. Yoshizumi (1975) suggests the follow-
ing medium:

Tomato Juice Medium for Isolating Lactobacilli from 
Wine (Yoshizumi, 1975)

Glucose  10.00 g
Yeast extract  5.00 g
Polypeptone  5.00 g
KH2PO4 0.50 g
KCl  0.12 g
CaCl2 · 2H 2O 0.12 g
NaCl  0.12 g
MgSO4 · 7H 2O 0.12 g
MnSO4 · 4H 2O 0.03 g
Bromcresol green  0.03 g
Agar  15.00 g
Canned tomato juice  150.00 ml

Steam the agar in 850 ml of distilled water to dissolve it
first. Add the other ingredients and adjust the final pH to
5.0. Sterilize at 121°C for 15 min. A fungistat should be
added to inhibit the growth of yeasts. The author suggests
adding Eurocidin or Kabicidin (100 mg/liter). If these
cannot be obtained, cycloheximide (100 mg/liter) or sor-
bic acid (1.2 g/liter) has also been used (Chalfan et al.,
1977). It is essential to cultivate under anaerobic condi-
tions for isolation from a later stage of fermentation
(Yoshizumi, 1975).

For the isolation of lactobacilli from some
wines, it is necessary to use a grape-based
medium with added yeast extract and a pH of
3.2–4.5, depending on the wine being examined
(Castino et al., 1975; Chalfan et al., 1977). The
modified Homohiochii medium has been found
to support excellent growth of practically all typ-
ical lactobacilli associated with wine.

Cider An apple juice-based medium is recom-
mended (Carr and Davies, 1970) consisting of
apple juice plus 1% yeast extract, with the spe-
cific gravity adjusted to 1.040, and the pH value
to 4.8 with NaOH. The addition of 3% agar is
necessary to ensure a firm gel.



348 W.P. Hammes and C. Hertel CHAPTER 1.2.10

Beer For isolation of spoilage-causing brewery
lactobacilli, many selective media have been
used (Hsu and Taparowsky, 1977). Boatwright
and Kirsop (1976) described a sucrose medium
and confirmed the usefulness of cycloheximide,
polymyxin B, and phenyl ethanol in suppressing
yeasts and Gram-negative bacteria. This sucrose
agar compared favorably with other brewery
media and could be used to cultivate a wide
range of lactobacilli, but pediococci and leu-
conostocs also grew.

Sucrose Agar for Brewery Isolates (Boatwright and 
Kirsop, 1976)

Sucrose  50.0 g
Oxoid peptone  10.0 g
Yeast extract  5.0 g
NaCl  5.0 g
MnSO4 · 4H 2O 0.5 g
MgSO4 · 7H 2O 0.5 g
Tween 80  0.1 g
CaCO3 3.0 g
Bromcresol green  20.0 mg
Agar  20.0 g

Steam the agar first to dissolve it in 1 liter of distilled
water. Add the remaining ingredients. Final pH is
adjusted to 6.2. Sterilize at 121°C for 15 min after distrib-
uting in convenient amounts. Microbial inhibitors are
added to the molten agar just before pouring plates (i.e.,
cycloheximide as a filter-sterilized solution to give a final
concentration of 10 mg/ml, and 2-phenyl ethanol without
dilution or sterilization to give a final concentration of
0.3%).

A double-concentrated MRS medium
adjusted with beer to normal concentration
before autoclaving can also be used for cultiva-
tion of typical beer lactobacilli. Excellent results
for recovery of typical beer LAB are obtained
with NBB medium (Back, 1980). The prepara-
tion is rather complicated and tedious. A
commercial ready-to-use product, however, is
available.

Grain Mashes MRS agar was found to be unsat-
isfactory for isolations from grain mash, and a
medium based on a mixture of filter-sterilized
malt extract and yeast autolysate has been devel-
oped (Bryan-Jones, 1975). Further improvement
can be achieved by the addition of wheat flour
or bran. For the isolation and propagation of
lactobacilli from mageu, a traditional sour maize
beverage of southern Africa, the following spe-
cial medium is recommended (Holzapfel, 1989).

Medium for Isolation of Typical Lactobacilli from 
Mageu (Holzapfel, 1989)

Filtrate of 5% maize meal porridge  1.00 liter
Tween 80  4.00 ml
Whey powder  20.00 g
Wheat flour  10.00 g
MgSO4 · 7H 2O 0.10 g
MnSO4 · 4H 2O 0.05 g

Triammonium citrate  4.00 g
Sucrose  20.00 g
Cysteine hydrochloride  1.00 g
Agar  15.00 g

Adjust pH before sterilization to 6.0. Sterilize at 121°C
for 15 min. Incubate at 50°C for 3–5 days under reduced
atmosphere. Inclusion of triphenyl tetrazolium chloride
facilitates the enumeration of single colonies against the
white medium.

Sake For isolation of spoilage lactobacilli from
rice wines, the modified Homohiochii medium
can be recommended.

Sourdough Highest recovery of LAB from sour-
dough was obtained with modified Homohiochii
medium, which included the following supple-
ments per liter (W. P. Hammes, unpublished
observations): 21 g of bakers’ yeast presus-
pended in 100 ml of deionized water and 50 g of
wheat bran.

After sterilizing in centrifuge beakers, the
medium is centrifuged (15,000 × γ for 15 min)
and the supernatant (slightly turbid medium) is
aseptically distributed into appropriate contain-
ers. For preparing agar plates, mix double-
concentrated broth with equal amounts of
sterile, hot 3% water agar.

Gaseous Environment Most lactobacilli grow
better either anaerobically or in the presence of
increased CO2 tension, particularly on first isola-
tion. Agar plates should be incubated in an atmo-
sphere of 90% N2 and 10% CO2. Surface plating
is recommended so that different colonial types
can be observed if present, often indicating the
presence of more than one species or biotype.
For isolation of oxygen-sensitive intestinal lacto-
bacilli, poured, dried plates must be prereduced
by overnight incubation, preferably in an
anaerobic jar equipped with catalyst and gas-
generating kit. Good anaerobic conditions for
isolations should generally also be applied where
thermophilic lactobacilli can be expected (i.e.,
raw milk and dairy products, and fermentations
at elevated temperatures). When selective media
are used, particularly the SL medium, care must
be taken not to dry the plates too long or the
concentrated acetate at the agar surface may
inhibit growth. Isolates from humans, animals,
and some dairy products are incubated at 37°C;
from other habitats, at 30°C; and from low-
temperature sources, at 22°C.

Culture Maintenance Once isolated, unless
there are special growth requirements, most spe-
cies of lactobacilli can be cultured in MRS broth
(de Man et al., 1960) or maintained for short
periods in MRS agar stabs. For anaerobic lacto-
bacilli, 0.05% cysteine hydrochloride or 0.1%
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ascorbic acid should be added, the broth steamed
just before use, and organisms cultured under
90% N2 and 10% CO2. For some strains or spe-
cies of lactobacilli, particularly heterofermenta-
tive ones, a carbohydrate other than glucose,
such as maltose, fructose, or a pentose, gives bet-
ter growth. For fastidious strains, supplements
applied for their isolation are required for their
culturing, e.g., freshly prepared yeast autolysate
and wheat bran for L. sanfrancisco. For several
other species, the modified Homohiochii
medium (Kleynmans et al., 1989) has given sat-
isfactory results.

Conservation of Cultures For preservation
for 3–6 months, strains can be stored in yeast
glucose litmus milk (YGLM) + calcium carbon-
ate (Sharpe and Fryer, 1965; Bryan-Jones, 1975). 

To reconstituted skim milk powder or fresh
skim milk, add litmus at a final concentration of
0.01%; yeast extract, 0.2%; glucose, 1%; liver
extract, 0.25%; and calcium carbonate, 5%.
Divide into 10-ml amounts, sterilize at 121°C for
10 min. Before use, tubes should be incubated
for 1 week to check sterility. 

This medium is not suitable for the acidophilic
heterofermentative isolates from wines and
cider. Stab cultures in tomato juice agar at pH
5.0 are preferred. Optimum conditions for
medium-term conservation (at least one year)
are obtained by mixing a well-grown culture with
an equal volume of sterile glycerol and storing at
–20°C. Loops of inoculum can thus be taken
without exposing the cells to the killing effect of
the freezing/thawing procedure.

For long-term preservation, lyophilization is
an excellent method for maintaining lactobacilli.
Using the method described by Phillips et al.
(1975), centrifuged packed cells from a vigor-
ously growing broth culture are resuspended in
sterile horse serum containing 7.5% glucose and
freeze-dried using the standard technique of
Lapage et al. (1970). Similar results are obtained
by suspending the cells in 10% skim milk.
Ampoules are sealed under vacuum and stored
at 5–8°C. Both methods generally result in good
recovery of cultures even after 20 years (N.
Weiss, unpublished observations).

Highest numbers of survivors after conserva-
tion are required for the preparation of freeze-
dried starter cultures. The general principles
rely on the use of cryoprotectants and the pre-
vention of access of oxygen and moisture dur-
ing preparation and storage. Cryoprotectants
have been reviewed by Bousfield and MacKen-
zie (1976). The composition of the growth
medium and the time of harvest of the culture
exert profound effects on the competence of
cells for freezing. There are no methods that
can be generally applied to all strains, so opti-

mum conditions have to be determined for each
strain.

Most optimum results are generally obtained
by preservation in liquid nitrogen. The cryopro-
tectants, 5% DMSO or 10% glycerol, are rou-
tinely added before freezing. This method is
applied especially for maintaining patent strains.

Phylogeny

Analysis of 16S and 23S rRNA sequences (par-
tial or complete) is widely used for studying phy-
logenetic relationships of bacteria (Ludwig et al.,
1998). On the basis of comparative analysis of
16S rRNA sequences, the phylogeny of LAB has
extensively been studied in the past (Yang and
Woese, 1989; Collins et al, 1991; Schleifer and
Ludwig, 1995a; Schleifer and Ludwig, 1995b).
Only little correlation between the traditional
classification and the phylogentic relatedness of
LAB could be observed, and the genus Lactoba-
cillus was subdivided into three major phyloge-
netic groups: the Lactobacillus delbrueckii
group, the Lactobacillus casei-Pediococcus
group, and the Leuconostoc group (Collins et al.,
1991; Schleifer and Ludwig, 1995a). All former
lactobacilli of the Leuconostoc group are now
reclassified as species of the genera Leuconostoc
or Weissella. Thus, the Lactobacillus species
listed in Table 1 are actually members of the
former L. delbrueckii and L. casei-Pediococcus
groups. In an attempt to overcome the poor cor-
relation between traditional classification and
phylogeny, Hammes and Vogel (1995) grouped
the lactobacilli by combining the groups based
on the phylogenetic relatedness with those based
on classical group definitions of Kandler and
Weiss (1986a). However, the heterogeneity of
lactobacilli, especially those of the L. casei-
Pediococcus group, is still great with regard to
fermentation patterns as well as peptidoglycan
types and does not permit the definition of
homogenous groups. In a review about the phy-
logeny of the genus Lactobacillus and related
genera, Schleifer and Ludwig (1995b) provided
evidence that the L. casei-Pediococcus group is
not uniform and should be split into the L. sali-
varius group, L. reuteri group, L. buchneri group
and L. plantarum group. 

Following these initial studies, the phyloge-
netic relatedness of lactobacilli was investigated
by using the 16S rRNA sequences of all species
validly described up to now (C. Hertel, unpub-
lished results). Various data sets differing with
respect to the selection of sequences, and
sequence positions were used for phylogenetic
analyses applying the distance matrix, maxi-
mum parsimony, and maximum likelihood
methods. As depicted in Fig. 2, the analyses
revealed distinct groups and thus confirmed the
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inconsistency of the L. casei-Pediococcus group.
This study permitted allotment of the lactoba-
cilli to the following groups: L. buchneri group
(bu), L. casei group (ca), L. delbrueckii group
(de), L. plantarum group (pl), L. reuteri
group (re), L. sakei group (sa) and L. salivarius
group (sl). As the relationship between the
groups could not always be resolved unambigu-
ously, the branching is indicated by multifurca-
tions starting from one ancestor. On the other
hand, L. brevis and L. perolens as well as the
related species L. bifermentans and L. coryne-
formis are uniquely positioned among the lac-
tobacilli. Owing to the extensive research on

lactobacilli, it can be assumed that in the near
future related species will be described permit-
ting inclusion of these unique lactobacilli into
groups. 

In Figs. 3–9, the phylogenetic relatedness
within the various Lactobacillus groups is
depicted. In general, the G+C content of the spe-
cies within most of the subgroups is rather wide-
spread. This fact may be explained by changes in
the codon usages stemming from the degeneracy
of the genetic code (Schleifer and Ludwig,
1995b). Furthermore, the peptidoglycan type of
the species differed within all groups, except for
the L. delbrueckii group. In this group, all species

Fig. 2. Phylogenetic tree depicting groups of the family Lactobacillaceae. The consensus tree is based on maximum parsimony
analyses of all available, at least 90% complete 16S rRNA sequences of the depicted genera and/or species. The topology
was evaluated and corrected according to the results of distance matrix and maximum likelihood analyses with various data
sets. Alignment positions that share identical residues in at least 50% of all sequences of the depicted genera were considered.
Multifurcations indicate that a common branching order could not be significantly determined or was not supported, when
performing different alternative treeing approaches. The bar indicates 10% estimated sequence divergence.
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Fig. 3. Maximum likelihood tree
reflecting the relationship among the
members of the L. buchneri group. The
tree is based on analyses of all avail-
able at least 90% complete 16S rRNA
sequences of Lactobacillaceae. Align-
ment positions that share identical res-
idues in at least 50% of all sequences
of Lactobacillaceae were considered.
The positioning of L. parabuchneri is
based on partial sequence data and
may be subject to changes. The bars
indicate 5% estimated sequence
divergence.
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Fig. 4. Maximum likelihood tree reflecting the relationship
among the members of the L. casei group. Sequences and
sequence positions were selected as described for Fig. 3. The bars
indicate 5% estimated sequence divergence. L. sakei
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are of the Lys-D-Asp peptidoglycan type
(Schleifer and Kandler, 1972). In all other
groups, at least one species exhibits the meso-
diaminopimelic acid (mDpm)-direct type.
Remarkably, a homogenous group with regard to
fermentation type is seen only in the L. buchneri
group, L. reuteri group and L. sakei group.

The L. buchneri group (Fig. 3) contains only
obligately heterofermentative lactobacilli,
except for L. homohiochii, which has been
described to be facultatively heterofermentative
(Kitahara et al., 1957). Remarkably, the splitting
in two evolutionary lines containing as promi-
nent species L. buchneri and L. sanfranciscensis,
respectively, was evident in most of the phyloge-
netic analyses.

The L. casei group (Fig. 4) consists of both
obligately homofermentative and facultatively
heterofermentative bacteria. The latter are allot-

ted to the highly related species L. casei, L. para-
casei, L. zeae and L. rhamnosus. Their taxonomic
status is currently a controversial subject. 

The L. delbrueckii group (Fig. 5) is consistent
with the former Lactobacillus delbrueckii group
(Collins et al., 1991; Schleifer and Ludwig,
1995a), which was designated “L. acidophilus
group” by Schleifer and Ludwig (1995b). It con-
tains mainly obligate homofermenters, and the
G+C content of most of the species is <40 mol%.
Lactobacillus delbrueckii contains three sub-
species that cannot be differentiated by rRNA
sequence analysis. 

The L. plantarum group (Fig. 6) consists of 12
Lactobacillus species and all three types of
carbohydrate fermentation are represented.
Remarkably, within this group many species
show very high 16S rRNA sequence similarity,
namely L. plantarum, L. pentosus and L.

Fig. 5. Maximum likelihood tree reflecting the relationship among the members of the L. delbrueckii group. Sequences and
sequence positions were selected as described for Fig. 3. The bars indicate 5% estimated sequence divergence.
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Fig. 6. Maximum likelihood tree reflecting the relation-
ship among the members of the L. plantarum group.
Sequences and sequence positions were selected as
described for Fig. 3. The bars indicate 5% estimated
sequence divergence.
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L. malefermentans

L. kimchii,
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L. mindensis,
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Fig. 7. Maximum likelihood tree reflecting the relationship
among the members of the L. reuteri group. Sequences and
sequence positions were selected as described for Fig. 3.
The bars indicate 5% estimated sequence divergence. L. sakei 
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Fig. 8. Maximum likelihood tree reflecting the relationship
among the members of the L. sakei group. Sequences and
sequence positions were selected as described for Fig. 3. The
positioning of L. fuchuensis is based on partial sequence
data and may be subject to changes. The bars indicate 5%
estimated sequence divergence.
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L. fuchuensis
L. graminis

L. curvatus

L. sakei

5%

Fig. 9. Maximum likelihood tree
reflecting the relationship among the
members of the L. salivarius group.
Sequences and sequence positions
were selected as described for Fig. 3.
The positioning of L. acidipiscis and
L. nagelii is based on partial sequence
data and may be subject to changes.
The bars indicate 5% estimated
sequence divergence.L. sakei
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paraplantarum (99.7–99.9%), L. kimchii and L.
paralimentarius (99.9%), as well as L. mindensis
and L. farciminis (99.9%), and in addition, their
G + C content is rather similar. 

The L. reuteri group (Fig. 7) contains exclu-
sively obligate heterofermenters, and its mem-
bers show extraordinary, great differences with
regard to their DNA composition (36–54 mol%).
The species L. durianis and L. vaccinostercus
exhibit a very high 16S rRNA sequence similar-
ity (99.7%) but were shown to differ significantly
in their G+C content (36 and 43 mol%, respec-
tively). Compared to the other highly related
species of the genus Lactobacillus, this differ-
ence in the G+C content is unique. 

The L. sakei group (Fig. 8) is the smallest sub-
group and consists only of facultatively hetero-
fermentative lactobacilli. This subgroup
constitutes the deepest branch among the lacto-
bacilli as confirmed by nearly all phylogenetic
analyses. Both L. curvatus and L. sakei contain
two subspecies that can only be distinguished by
molecular typing methods (Torriani et al., 1996)
whose interlaboratory reliability is not given.
Thus, the subspecies status is questionable. 

The L. salivarius group (Fig. 9) contains obli-
gate homofermenters and facultative heterofer-
menters. Again L. animalis and L. murinus
(99.7%) as well as L. cypricasei and L. acidipiscis

(99.7%) show 16S rRNA sequence similarities
usually found among different species of the
genus Lactobacillus. Lactobacillus salivarius con-
tains two subspecies that cannot be differenti-
ated by rRNA sequence analysis.

Identification

Starting from pure phenotypic methods, geno-
typic methods are increasingly applied for
identification of lactobacilli, and a polyphasic
approach is considered to provide the most reli-
able identification results. Use of this approach
allows species that are phenotypically very simi-
lar but genotypically quite different to be differ-
entiated, e.g., the former L. acidophilus group. 

Morphology Bacteria sharing habitats with lac-
tobacilli and often growing on the same selective
media are Weissella spp., leuconostocs, pedio-
cocci, bifidobacteria, and occasionally carnobac-
teria (see below), lactococci, streptococci,
enterococci and tetragenococci. These groups
can to some extent be morphologically distin-
guished from lactobacilli. The latter usually
occur as rods that may differ in length between
the various species (for examples, see Figs. 10A
and B, 11A). Some species grow as coccobacilli

Fig. 10. Electron micrograph of A) L.
casei and B) L. acidophilus (7000 ×;
courtesy of Vittorio Bottazzi).

A B

Fig. 11. Electron micrograph of L.
delbrueckii subsp. bulgaricus. A) cells
grown in MRS broth; and B) cells in
spiral from MRS colonies (7000 ×;
courtesy of Vittorio Bottazzi).

A B
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or appear curved or coryneform. Especially
some heterofermentative lactobacilli may
appear coccoid and can be confused with leu-
conostocs. Some homofermentative anaerobic
lactobacilli from intestinal sources may resemble
morphologically certain bifidobacteria. They can
be differentiated by their fermentation end
products formed from glucose. Whereas the
homofermentative lactobacilli produce mainly
lactic acid, bifidobacteria are heterofermentative
and form acetic acid and lactic acid in a ratio of
about 2 : 1. Morphological variations may occur
within some Lactobacillus species. For example,
cells of some freshly isolated strains of L. sakei
from meat form very short rods and only
partially return to bacillary growth after subcul-
turing. Furthermore, as shown by Bottazzi
(1988), L. delbrueckii subsp. bulgaricus can form
long spirals (Fig. 11B). Similarly, spiral shapes
were also found for L. curvatus, which typically
forms curved cells.

Determination of Special Phenotypic
Characteristics Identification of species of lac-
tobacilli requires, in many cases, the determina-
tion of numerous physiological and biochemical
characteristics. Key properties for differentiation
of the species belonging to the different fermen-
tation types are compiled in Tables 5, 6 and 7.
Carbohydrate fermentation patterns may be
determined either by the conventional test tube
method or by commercially available miniatur-
ized rapid systems. Results may not always be
identical and sometimes vary from laboratory to
laboratory. In addition, some species exhibit a
large strain-to-strain variability in these tests,
which may partly be explained by the encoding
of specific properties on plasmids. In our experi-
ence, a reliable identification requires the
determination of additional and less variable
characteristics. Some tests are described in more
detail by Kandler and Weiss (1986a) and are
summarized as follows: the determination of the
isomers of lactic acid produced from glucose can
easily be achieved enzymatically with commer-
cial test kits. The presence or absence of meso-
diaminopimelic acid (mDpm) in the cell wall can
also be checked with a minimum of effort for a
large number of strains. The determination of the
peptidoglycan type is very helpful for the identi-
fication of some obligately heterofermentative
species (see Tables 7 and 9). 

Reliable results are also obtained by determi-
nation of the electrophoretic mobility of lactate
dehydrogenases (LDH) in starch gels (Gasser,
1970a) or polyacrylamide gels (Hensel et al.,
1977). Relative migration distances of various
species have been compiled by Kandler and
Weiss (1986a) and Fujisawa et al. (1992). This

method is especially useful in the separation of
the otherwise phenotypically very similar species
of the former L. acidophilus group. Recently, the
use of electrophoretic patterns of peptidoglycan
hydrolases with activity against Micrococcus
luteus was proposed by Lortal et al. (1997) as a
new tool for bacterial species identification.
Analysis of the hydrolases of 94 lactobacilli
belonging to 10 different species revealed
patterns highly similar within a species but spe-
cific for each species, even for closely related
species, e.g., L. sakei and L. curvatus. The appli-
cability of the method to colonies was success-
fully demonstrated.

Comparison of whole-cell protein patterns
obtained by highly standardized sodium dodecyl-
sulfate polyacrylamide electrophoresis (SDS-
PAGE; Pot et al., 1994) has proven to be a
reliable tool for the differentiation of species and
subspecies especially when they can hardly be
differentiated by any other method, e.g., the het-
erofermentative species L. brevis, L. reuteri and
L. kefiri (Dicks and van Vuuren, 1987), the
former L. acidophilus group (Pot et al., 1993;
Klein et al., 1998), the former L. casei group
(Hertel et al., 1993; Klein et al., 1998), and the
subspecies of L. delbrueckii (Hertel et al., 1993;
Gomez-Zavaglia et al., 1999). In addition, the
method was found to be useful for grouping large
numbers of strains (Tsakalidou et al., 1994). The
use of SDS-PAGE for identification of LAB is
however hampered by the fact that it provides
only discriminative information at or below the
species level, requiring a certain degree of pre-
identification (Vandamme et al., 1996). Although
comprehensive databases of protein patterns  of
numerous strains of all species are used, prob-
lems in identification of new isolates still exist.
For example, Gancheva et al. (1999) used SDS-
PAGE of whole-cell proteins to analyze 98
strains belonging to phenotypically highly simi-
lar species of the L. delbrueckii group (Fig. 5).
The majority of the species could be differenti-
ated, but poor discrimination was observed
between L. gasseri and L. johnsonii strains as
well as some strains of L. amylovorus and L.
gallinarum. A similar method presented by Gatti
et al. (1997) may be useful for identification
of Lactobacillus species. The authors used
SDS-PAGE fingerprinting of cell-wall proteins
to characterize thermophilic lactobacilli and
observed that different species exhibited varying
and typical profiles and, in addition, species-
specific proteins were identified for L. helveticus
and L. delbrueckii.

Studies on antigenic determinants have not
contributed to an improved identification system
for lactobacilli within the last two decades. For
the older literature, surveys are presented by
Sharpe (1981) and Kandler and Weiss (1986a). 
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Table 8. Key for the presumptive identification of obligately homofermentative and facultatively heterofermentative species
of the genus Lactobacillus.

1. meso-Diaminopimelic acid present in cell hydrolysates
1.1. Ribose fermented
1.1.1. Growth at 15°C and 45°C ................................................................................................................. L. arizonensis
1.1.2. Growth at 45°C, not at 15°C ...................................................................................................................... L. agilis
1.1.3. Growth at 15°C, not at 45°C
1.1.3.1. Gluconate fermented
1.1.3.1.1. Glycerol fermented................................................................................................................................ L. pentosus
1.1.3.1.2. Glycerol not fermented
1.1.3.1.2.1. α-methyl-d-mannoside fermented .................................................................................................... L. plantarum
1.1.3.1.2.2. α-methyl-d-mannoside not fermented ......................................................................................L. paraplantarum
1.1.3.2. Gluconate not fermented......................................................................................................................... L. algidus
1.2. Ribose not fermented
1.2.1. Growth at 15°C and 45°C
1.2.1.1. Melibiose fermented.......................................................................................................................... L. arizonensis
1.2.1.2. Melibiose not fermented............................................................................................................................ L. nageli
1.2.2. Growth at 15°C, not at 45°C
1.2.2.1. Lactose fermented
1.2.2.1.1. Lactic acid isomer l produced ............................................................................................................. L. sharpeae
1.2.2.1.2. Lactic acid isomer d produced............................................................................................................ L. pantheris
1.2.2.2. Lactose not fermented ..................................................................................................................................L. mali
1.2.3. Growth not at 15°C ................................................................................................................................. L. ruminis

2. meso-Diaminopimelic acid not present in cell hydrolysates
2.1. Ribose fermented
2.1.1. Growth at 15°C and 45°C
2.1.1.1. Mannitol fermented
2.1.1.1.1. Lactic acid isomers l(d) produced .......................................................................................... L. zeae (L. casei)*
2.1.1.1.2. Lactic acid isomer l produced
2.1.1.1.2.1. Rhamnose fermented ........................................................................................................................ L. rhamnosus
2.1.1.1.2.2. Rhamnose not fermented ........................................................................................... L. paracasei ssp. paracasei
2.1.1.2. Mannitol not fermented
2.1.1.2.1. Sucrose fermented ..................................................................................................................... L. paralimentarius
2.1.1.2.2. Sucrose not fermented ....................................................................................................................... L. fuchuensis
2.1.2. Growth not at 15°C, not at 45°C
2.1.2.1. Esculin hydrolysed
2.1.2.1.1. Melezitose fermented ........................................................................................................................... L. fornicalis
2.1.2.1.2. Melezitose not fermented
2.1.2.1.2.1. Sorbitol fermented ..................................................................................................................................L. hamsteri
2.1.2.1.2.2. Sorbitol not fermented
2.1.2.1.2.2.1. Galactose fermented ........................................................................................................................... L. cypricasei
2.1.2.1.2.2.2. Galactose not fermented................................................................................................................L. acetotolerans
2.1.2.2. Esculin not hydrolysed ........................................................................................................................L. acidipiscis
2.1.3. Growth at 45°C, not at 15°C
2.1.3.1. Esculin hydrolysed
2.1.3.1.1. Gluconate fermented..............................................................................................................................L. hamsteri
2.1.3.1.2. Gluconate not fermented....................................................................................................................... L. murinus
2.1.3.2. Esculin not hydrolysed ....................................................................................................................... L. intestinalis
2.1.3.3. Lactic acid isomer D produced .............................................................................................................. L. jensenii
2.1.4. Growth at 15°C, not at 45°C
2.1.4.1. Mannitol fermented
2.1.4.1.1. Melezitose fermented .................................................................................................. L. paracasei ssp. paracasei
2.1.4.1.2. Melezitose not fermented .............................................................................................................. L. bifermentans
2.1.4.2. Mannitol not fermented
2.1.4.2.1. Xylose fermented ..................................................................................................................................... L. kimchii
2.1.4.2.2. Xylose not fermented
2.1.4.2.2.1. Melibiose fermented
2.1.4.2.2.1.1. NH3 from arginine ........................................................................................................................................L. sakei
2.1.4.2.2.1.2. No NH3 from arginine............................................................................................................................L. curvatus
2.1.4.2.2.2. Melibiose not fermented
2.1.4.2.2.2.1. Sucrose fermented ........................................................................................................................... L. alimentarius
2.1.4.2.2.2.2. Sucrose not fermented ....................................................................................................................... L. fuchuensis
2.2. Ribose not fermented
2.2.1. Growth at 15°C and 45°C
2.2.1.1. Melibiose fermented
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Traditional Phenotypic Species Identifica-
tion For the presumptive identification of a
Lactobacillus strain, dichotomous keys are pre-
sented in Tables 8 and 9. The obligately
homofermentative and facultatively heterofer-

mentative lactobacilli were combined in one key
(Table 8). Therein, the differentiation between
the species L. manihotivorans and L. johnsonii
is hampered by the fact that ca. 50% of the
strains of L. johnsonii ferment trehalose as do

aLactobacillus zeae and L. casei are indistinguishable by phenotypic characteristics.
According to Table 5, 11–89% of strains are positive.

2.2.1.1.1. Trehalose fermented...................................................................................................................L. manihotivorans
2.2.1.1.2. Trehalose fermented (d) ...................................................................................................................... L. johnsonii
2.2.1.2. Melibiose not fermented.......................................................................................................................... L. psittaci
2.2.2. No growth at 15°C and 45°C
2.2.2.1. Galactose fermented
2.2.2.1.1. Cellobiose fermented ...........................................................................................................................L. cypricasei
2.2.2.1.2. Cellobiose not fermented .......................................................................................................... L. kefiranofaciens
2.2.2.2. Galactose not fermented ............................................................................................................... L. acetotolerans
2.2.3. No growth at 15°C, growth at 45°C
2.2.3.1. No growth on acetate containing media ................................................................................................... L. iners
2.2.3.2. Lactic acid isomer D produced
2.2.3.2.1. Mannose fermented
2.2.3.2.1.1. Amygdalin fermented ...................................................................................................... L. delbrueckii ssp. lactis
2.2.3.2.1.2. Amygdalin not fermented .....................................................................................L. delbrueckii ssp. delbrueckii
2.2.3.2.2. Mannose not fermented..........................................................................................L. delbrueckii ssp. bulgaricus
2.2.3.3. Lactic acid isomer L produced
2.2.3.3.1. Mannitol fermented
2.2.3.3.1.1. Salicin fermented ..........................................................................................................L. salivarius ssp. salicinius
2.2.3.3.1.2. Salicin not fermented .................................................................................................. L. salivarius ssp. salivarius
2.2.3.3.2. Mannitol not fermented......................................................................................................................... L. animalis
2.2.3.4. Lactic acid isomers DL produced
2.2.3.4.1. Cellobiose fermented
2.2.3.4.1.1. Galactose fermented
2.2.3.4.1.1.1. Esculin hydrolysed
2.2.3.4.1.1.1.1. Salicin fermented
2.2.3.4.1.1.1.1.1. Lactose fermented ..................................................................................................................................... L. gasseri
2.2.3.4.1.1.1.1.2. Lactose not fermented ......................................................................................................L. aviarius ssp. aviarius
2.2.3.4.1.1.1.2. Salicin not fermented ....................................................................................................................... L. amylovorus
2.2.3.4.1.1.2 Esculin not hydrolysed....................................................................................................................... L. intestinalis
2.2.3.4.1.2. Galactose not fermented
2.2.3.4.1.2.1. Dextrin fermented ................................................................................................................................. L. crispatus
2.2.3.4.1.2.2. Dextrin not fermented ......................................................................................................................L. acidophilus
2.2.3.4.2. Cellobiose not fermented
2.2.3.4.2.1. Mannitol fermented....................................................................................................................................... L. equi
2.2.3.4.2.2. Mannitol not fermented.
2.2.3.4.2.2.1. Lactose fermented ................................................................................................................................L. helveticus
2.2.3.4.2.2.2. Lactose not fermented .................................................................................................................... L. amylolyticus
2.2.3.5. Lactic acid isomers L(D) produced .......................................................................... L. aviarius ssp. araffinosus
2.2.4. Growth at 15°C, no growth at 45°C
2.2.4.1. Lactic acid isomer L produced
2.2.4.1.1. Amygdalin fermented ............................................................................................................................ L. perolens
2.2.4.1.2. Amygdalin not fermented
2.2.4.1.2.1. Lactose fermented .......................................................................................................... L. paracasei ssp. tolerans
2.2.4.1.2.2. Lactose not fermented .................................................................................................................... L. amylophilus
2.2.4.2. Lactic acid isomer D produced.............................................................................. L. coryniformis ssp. torquens
2.2.4.3. Lactic acid isomers D(L) produced
2.2.4.3.1. Mannitol fermented..........................................................................................L. coryniformis ssp. coryniformis
2.2.4.3.2. Mannitol not fermented.................................................................................................................. L. kefirgranum
2.2.4.4. Lactic acid isomers L(D) produced .................................................................................................. L. farciminis
2.2.4.5. Lactic acid isomers DL produced
2.2.4.5.1. Amygdalin fermented ............................................................................................................................L. graminis
2.2.4.5.2. Amygdalin not fermented ..............................................................................................................L. homohiochii

Table 8. Continued
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most strains of L. manihotivorans. As with any
simplified system, a correct species allocation
may not be achieved in all cases, and therefore
the results should be confirmed by comparison
with the characteristics compiled in Tables 5, 6
and 7. 

Genotypic Identification Classical genotypic
methods include the determination of DNA base
composition (mol% G+C) and DNA-DNA sim-
ilarity studies. The G+C content is known for
nearly all Lactobacillus species (see Tables 5, 6
and 7) and ranges between 32 and 55 mol%. This

Table 9. Key for the presumptive identification of obligately heterofermentative species of the genus Lactobacillus.

1. meso-Diaminopimelic acid present in cell hydrolysates
1.1. Arabinose fermented
1.1.1. Growth at pH 3.3 and 12% ethanol .....................................................................................................L. suebicus
1.1.2. No growth at pH 3.3 and 12% ethanol......................................................................................L. vaccinostercus
1.2. Arabinose not fermented.............................................................................................................. L. coleohominis

2. meso-Diaminopimelic acid not present in cell hydrolysates
2.1. Peptidoglycan of the Lys-DAsp type
2.1.1. Ribose fermented
2.1.1.1. Growth at 15°C and 45°C
2.1.1.1.1. Raffinose fermented ...................................................................................................................... L. parabuchneri
2.1.1.1.2. Raffinose not fermented ......................................................................................................................L. parakefiri
2.1.1.2. Growth at 15°C, not at 45°C
2.1.1.2.1. Mannose fermented
2.1.1.2.1.1. Esculin hydrolysed ......................................................................................................................... L. ferintoshensis
2.1.1.2.1.2. Esculin not hydrolysed .................................................................................................................. L. parabuchneri
2.1.1.2.2. Mannose not fermented
2.1.1.2.2.1. Melezitose fermented
2.1.1.2.2.1.1. Xylose fermented
2.1.1.2.2.1.1.1. Sucrose fermented ................................................................................................................................. L. buchneri
2.1.1.2.2.1.1.2. Sucrose not fermented .......................................................................................................................L. collinoides
2.1.1.2.2.1.2. Xylose not fermented .................................................................................................................... L. parabuchneri
2.1.1.2.2.2. Melezitose not fermented
2.1.1.2.2.2.1. Melibiose fermented
2.1.1.2.2.2.1.1. Galactose fermented
2.1.1.2.2.2.1.1.1. Gluconate fermented......................................................................................................................... L. diolivorans
2.1.1.2.2.2.1.1.2. Gluconate not fermented........................................................................................................................... L. brevis
2.1.1.2.2.2.1.2. Galactose not fermented............................................................................................................................. L. kefiri
2.1.1.2.2.2.2. Melibiose not fermented
2.1.1.2.2.2.2.1. Xylose fermented
2.1.1.2.2.2.2.1.1. NH3 from arginine ..................................................................................................................................L. hilgardii
2.1.1.2.2.2.2.1.2. No NH3 from arginine............................................................................................................................ L. durianis
2.1.1.2.2.2.2.2. Xylose not fermented
2.1.1.2.2.2.2.2.1. Fructose fermented ...........................................................................................................................L. fructivorans
2.1.1.2.2.2.2.2.2. Fructose not fermented ............................................................................................................. L. malefermentans
2.1.1.3. No growth at 15°C, growth at 45°C
2.1.1.3.1. NH3 from arginine
2.1.1.3.1.1. Trehalose fermented ...............................................................................................................................L. frumenti
2.1.1.3.1.2. Trehalose not fermented
2.1.1.3.1.2.1. Xylose fermented ................................................................................................................................... L. mucosae
2.1.1.3.1.2.2. Xylose not fermented ................................................................................................................................ L. reuteri
2.1.1.3.2. No NH3 from arginine
2.1.1.3.2.1. Ribitol fermented......................................................................................................................................... L. panis
2.1.1.3.2.2. Ribitol not fermented.....................................................................................................................................L. oris
2.1.1.4. No growth at 15°C and 45°C.........................................................................................................................L. oris
2.1.2. Pentoses not fermented
2.1.2.1. Sucrose fermented ...................................................................................................................................L. kunkeei
2.1.2.2. Sucrose not fermented ............................................................................................................................ L. lindneri
2.2. Peptidoglycan of the Orn-DAsp type
2.2.1. Growth at 15°C and 45°C ..........................................................................................................................L. pontis
2.2.2. No growth at 15°C, growth at 45°C
2.2.2.1. Gluconate fermented..........................................................................................................................L. fermentum
2.2.2.2. Gluconate not fermented...................................................................................................................... L. vaginalis
2.3. Peptidoglycan of the Lys-Ala type .......................................................................................... L. sanfranciscensis
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broad range indicates a high genetic heterogene-
ity within the genus Lactobacillus, and com-
monly, species that differ by more than 10 mol%
do not belong to the same genus (Rosselló-Mora
and Amann, 2001). Remarkably, this heteroge-
neity is even found within the various phyloge-
netic groups of lactobacilli (Fig. 2), e.g., within
the L. reuteri group containing the species L.
vaccinostercus (36 mol%) and L. pontis  (53–
55 mol%). The determination of the whole
genome DNA-DNA similarity is still an impor-
tant approach in the current species concept
(Rosselló-Mora and Amann, 2001). Such similar-
ity studies have been performed for nearly all
species of the genus Lactobacillus. An overview
of the use of this technique for delineation of
Lactobacillus species is presented by Vandamme
et al. (1996). The DNA-DNA similarity studies
were mostly performed to determine new species
or to clarify relationships among species but play
only a minor role in the rapid identification of
unknown isolates.

Owing to the availability of a comprehensive
data set of 16S and 23S rRNA sequences, the
application of rRNA technology for bacterial
identification has become of great importance.
For all Lactobacillus species, the complete or at
least a partial 16S rRNA sequences are available
(see Table 1). Comparative analysis of preferably
complete or at least sufficiently informative parts
of the sequences can therefore be used for the
reliable identification of a strain. On the other
hand, the 16S rRNA may be too well-conserved
to reliably identify closely related species (Fox et
al., 1992). Within the genus Lactobacillus, several
species show very high 16S rRNA sequence
similarity, e.g., L. plantarum, L. pentosus and
L. paraplantarum (99.7–99.9%), L. kimchii and
L. paralimentarius (99.9%), L. mindensis and L.
farciminis (99.9%), L. animalis and L. murinus
(99.7%), and L. durianis and L. vaccinostercus
(99.7%). Taking these remarks into account, to
our experience the comparative analysis of par-
tial 16S rRNA sequences (approximately the
first 900 bases) is a fast tool to gain insight into
the taxonomic position of an unknown Lactoba-
cillus isolate.

Comparative analysis of 16S and 23S rRNA
sequences reveals evolutionarily less conserved
regions that are diagnostic for species, genus,
or groups of phylogenetically related organisms
(Schleifer et al., 1993; Amann et al., 1995).
Regions containing taxonomically relevant sig-
nature positions provide useful target sites for
specific probes and primers, which can be used
in combination with a variety of hybridization
and PCR techniques. The advantages of the use
of rRNA targeted probes and their limitations
are discussed by Amann and Ludwig (2000).
Probes have already been developed for the reli-

able identification of Lactobacillus species, and
publications describing their successful applica-
tion can be extracted from the literature. Probes
can also be used in the in situ colony hybridiza-
tion (Ludwig et al., 1995) to identify species in
mixed cultures, as it was shown for the detection
of lactococci and enterococci species in mixed
cultures as well as in fecal samples (Betzl et al.
1990; Hertel et al., 1992; Brockmann et al., 1996).
Ehrmann et al. (1994) used reverse dot blot
hybridization for simultaneous identification of
LAB, and especially lactobacilli in fermented
foods. Various species specific 16S or 23S rRNA
targeted oligonucleotides were bound to filter
membranes and used as capture probes to iden-
tify rRNA amplification products generated
with universal primers and DNA isolated from
cheese, yogurt, sausages, sauerkraut and sour-
dough. Specific rRNA targeted probes were
already used in fluorescent in situ hybridization
(FISH) in which the specific rRNA sequences
are detected within morphologically intact cells.
(To obtain optimal probe permeability for
fixed cells, special pretreatment procedures are
required for Gram-positive bacteria; Beimfohr
et al., 1993.) For example, Lick et al. (2000) con-
structed two 16S rRNA targeted probes for sub-
species differentiation of L. delbrueckii by one
base-pair difference, which however required the
additional identification of the species with a 23S
rRNA targeted probe. Matte-Tailliez (2001) con-
structed 16S rRNA targeted peptide nucleic acid
probes for the specific detection of thermophilic
lactobacilli cells in milk or starter cultures by
FISH. In combination with filtration techniques
applied to the samples, the limit of detection
ranged between 104 and 106 cells/ml. Plasmid
DNA and (randomly) cloned DNA probes have
been developed for strain- and species-specific
detection of lactobacilli (Pot et al., 1994). These
types of probes may be helpful for the identifica-
tion of closely related Lactobacillus species with
nearly identical 16S rRNA sequences. For exam-
ple, probes targeted against a randomly ampli-
fied chromosomal DNA fragment or definite
genes (pyrDEF) were used for identification of
the closely related species L. pentosus, L. plan-
tarum and L. paraplantarum (Bringel et al., 1996;
Quere et al., 1997).

The diagnostic regions within 16S and 23S
rDNA are also used for the construction of PCR
primers. Numerous diagnostic PCR systems for
the identification of food-associated and intesti-
nal lactobacilli have been described in the liter-
ature. The use of target sites which have already
been validated for the application of specific
DNA probes facilitate the development of
species- or group-specific PCR systems. For
example, Bunte et al. (2000) detected L. para-
casei in fermented sausages and fecal samples by
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using a PCR system in which a specific DNA
probe was combined with a universal primer.
Ward and Timmins (1999) used a combination of
specific and universal primers to allot 63 cheese
isolates, preliminarily identified as L. casei, to the
closely related species L. casei, L. paracasei and
L. rhamnosus. Other target sequences are helpful
to differentiate closely related species or subspe-
cies. For example, Torriani et al. (1999) demon-
strated that PCR with primers targeted against
the proline iminopeptidase gene (pepIP) permit
amplification of genomic fragments specific for
L. delbrueckii ssp. bulgaricus or L. delbrueckii
ssp. lactis. In addition, multiplex PCR with sev-
eral primers was applied for the reliable and
rapid identification of lactobacilli. Müller et al.
(2000b) developed multiplex PCRs for detection
of L. pontis and L. panis in sourdough fermen-
tations, permitting the combination of species
identification with a test of DNA accessibility for
amplification. As shown by Yost and Nattress
(2000), the combination of various specific prim-
ers speeds up the identification. The authors used
a multiplex and multistep PCR approach to
detect Carnobacterium sp., L. curvatus, L. sakei
and Leuconostoc sp. in the microbiota of spoiled
meat. In addition, Song et al. (2000) developed
a two-step multiplex PCR assay for the identifi-
cation 11 human intestinal Lactobacillus species.
In the first step, a multiplex PCR was used for
grouping of the lactobacilli (4 groups) followed
by one multiplex PCR for each group. Thus, up
to 4 specific PCRs with 8 different primers were
handled in a single reaction. 

DNA spacer sequences between the rRNA
genes of lactobacilli are highly variable but suf-
ficiently conserved for the derivation of specific
PCR primers that may be helpful to identify
Lactobacillus species (tilsalatimisjärvi and
Alatossava, 1997; Berthier and Ehrlich, 1998;
Chen et al., 2000). Tannock et al. (1999c) used
the 16S–23S rRNA gene intergenic spacer
region sequence comparison to identify 40 Lac-
tobacillus isolates from the gastrointestinal tract
(28), silage (2) and probiotic yogurts (10). Con-
firmation of the identity by sequences of the V2-
V3 region of the 16S rRNA gene was obtained
in all instances. It was shown that this method
can also be used for identification of the closely
related species L. curvatus, L. sakei and L.
graminis as well as L. paraplantarum, L. plan-
tarum and L. pentosus (Berthier and Ehrlich,
1998). Chen et al. (2000) demonstrated length
and sequence polymorphisms in the spacer
sequences between the 23S and 5S rRNA genes
among the closely related species of the former
L. casei group indicating the usefulness in
identification. 

Amplified ribosomal DNA restriction analysis
(ARDRA) is based on the restriction length

polymorphism of mostly 16S rRNA gene frag-
ments amplified by PCR. The choice of the
restriction endonuclease and the length of ampli-
fied fragments define the discriminatory power
of the method. Isolates obtained from dairy
products (yogurt and cheese) were allotted to
the species of the thermophilic lactobacilli L. del-
brueckii and L. helveticus by applying ARDRA
(Moschetti et al., 1997; Andrighetto et al. 1998;
Giraffa et al., 1998; Roy et al., 2001; Bouton et
al., 2002). Strains of L. delbrueckii were differ-
entiated down to the subspecies level L. del-
brueckii ssp. bulgaricus or L. delbrueckii subsp.
lactis/delbrueckii. On the other hand, some
strains of L. helveticus could not be identified
indicating a potential limitation of the method,
especially when applied to such heterogeneous
species. The 16S rRNA sequence comparison
revealed sequences nearly identical with that of
L. helveticus, except for one base difference
located in the recognition site of the restriction
enzyme used for ARDRA, which finally lead
to a failure in the identification (Giraffa et al.,
2000). Ventura et al. (2000) showed that
ARDRA can differentiate between Lactobacil-
lus species by using a set of four restriction
enzymes and applied the method to identify var-
ious Lactobacillus isolates from human feces and
vagina. Numerical analysis of the ARDRA pat-
terns obtained by using four different restriction
enzymes revealed that the method is also an effi-
cient tool for identification of the species of the
former L. casei group and L. acidophilus group
(Roy et al., 2001).

Numerous methods were developed for the
genotypic typing of bacteria down to the strain
level, e.g., ribotyping, random amplified
polymorphic DNA (RAPD), pulse field gel
electrophoresis, and amplified fragment length
polymorphism (AFLP) techniques. With regard
to their application to lactobacilli, the reader is
referred to the literature. Identification systems
were developed which are based on the
detection of strain-specific DNA sequences by
hybridization or PCR techniques. The unique
sequences can be derived, for example, from
RAPD fragments (Tilsala-Timisjärvi and
Alatossava, 1998) or may be obtained by use of
subtraction hybridization. The applicability of
the latter method to develop strain-specific PCR-
based detection systems for food fermenting
LAB has been demonstrated (Wassill et al., 1998;
Zwirglmaier et al., 2001). Bunte et al. (2000)
used this type of PCR system to monitor the fate
of strain L. paracasei LTH 2579 in fermenting
sausages as well as human feces.

Detection in Complex Microbiota Molecular
biological methods have been developed for the
culture-independent analysis of the diversity



CHAPTER 1.2.10 The Genera Lactobacillus and Carnobacterium 365

of complex microbial communities. Denaturing
gradient gel electrophoresis (DGGE) of 16S
rDNA amplicons (Muyzer and Smalla, 1998) has
been demonstrated to be a suitable tool for the
characterization of microbiota containing lacto-
bacilli. Total bacterial DNA from the habitat of
interest is extracted and a variable region of the
16S rDNA is amplified by PCR. The resulting
mixture of 16S rDNA fragments is subjected to
polyacrylamide gel electrophoresis using a dena-
turating gradient established with urea and for-
mamide to separate the fragments and generate
a genetic fingerprint of the community. The
method was applied to monitor the diversity and
dynamics of the microbiota during fermentation
of maize dough pozol (ben Omar and Ampe,
2000), sour cassava starch (Ampe et al., 2001),
sourdough (Meroth et al., 2003), malt whisky
(van Beek and Priest, 2002), Italian sausages
(Cocolin et al., 2001), water-buffalo Mozzarella
cheese (Ercolini et al., 2001), artisanal Sicilian
cheese (Randazzo et al., 2002), etc. In these fer-
menting substrates various Lactobacillus species
were identified and shown to dominate during
the whole fermentation process or in a certain
period within the succession of the bacterial pop-
ulation. Use of universal primers permitted the
predominant bacteria to be monitored in the fer-
mentation process only, as this method detects
90–99% of the most numerous species in the
community. With regard to microbiota in which
the lactobacilli represent only a minor part of
the population, e.g., the intestinal microbiota,
DGGE has to be combined with a Lactobacillus
group-specific PCR, as demonstrated for exam-
ple by Walter et al. (2001) and Heilig et al.
(2002). For details about the use of molecular
biological methods to study the composition and
functionality of the intestinal microbiota, the
reader is referred to recent reviews, e.g.,
O’Sullivan (1999), Konstantinov et al. (2002),
and McCartney (2002). Recently, the PCR-
DGGE was used to investigate the vaginal bac-
terial microbiota (Burton et al., 2003). The study
not only revealed that lactobacilli belong to the
dominant group of bacteria but also allowed L.
iners to be identified as the most common Lac-
tobacillus species. This species was hitherto not
detected in this microbiota because it could not
grow on the major selective media used for iso-
lation of lactobacilli including MRS and Rogosa-
Sharp medium (Falsen et al., 1999).

Physiology

The metabolism of lactobacilli appears simple
because of their complex nutritional require-
ments and their fermentative nature. There are,
however, certain traits which are characteristic
for special groups, species, or even strains that

contribute in a unique manner not only to their
adaptation to but also their effect on a substrate.
Thus, using the various substrates, quite distinct
species may be revealed which affect the sensory
quality of foods during both the desired fermen-
tation process and the detrimental spoilage
process.

Carbohydrate metabolism leads to the produc-
tion of lactic acid or of lactic acid, CO2, and
acetate and/or ethanol. The homolactic species
utilize hexoses by the glycolytic pathway, and
the heterofermentative species, by the 6-
phosphogluconate pathway (Kandler, 1983a).
The latter pathway requires phosphoketolase, an
enzyme absent in the obligate homofermenters
but present in facultative heterofermentative
species. Unusual pathways for carbohydrate
metabolism appear to be present in certain
groups of lactobacilli. For example, Barre (1978)
isolated thermophilic lactobacilli from ferment-
ing grape must that utilized pentoses and per-
formed a homolactic fermentation. The same
was observed for isolates related to L. salivarius
from the intestine of rats (Raibaud et al., 1973)
and for an unknown thermophilic species (Fukui
et al., 1957). In the latter case, a new fermenta-
tive pathway was suggested because sedoheptu-
lose was transported but not fermented by these
organisms, which should be the case when the
pentoses were degraded via the pentose-
phosphate pathway. The fermentable carbohy-
drates and the products formed both depend on
the environment. Thus, glucose represses the
activity of ketolases in the facultative heterofer-
menters, and the pH also exerts effects on the
type of fermentable carbohydrates used (Carr,
1987).

The nature of the end products of carbohy-
drate metabolism is strongly affected by the
presence of oxidants (Condon, 1983; Condon,
1987). In the presence of oxygen, lactobacilli
transfer electrons to this molecule, leading to
the formation of superoxide (O2

–), H2O2, or
H2O. Known enzymatic activities involved are
NADH:H2O2 oxidase, NADH:H2O oxidase,
pyruvate oxidase, α-glycerophosphate oxidase,
and NADH peroxidase. Superoxide dismutase
activity has not been found in lactobacilli,
although the dismutation of superoxide is cata-
lyzed by internally accumulated manganese
(Götz et al., 1980; Archibald and Fridovich,
1981). Hydrogen peroxide can be removed
either by NADH peroxidases or by catalases.
Catalase activity in lactobacilli depends either on
the presence of hematin (Whittenbury, 1964;
Wolf and Hammes, 1988) or on a manganese-
containing pseudocatalase. True catalase activity
has been found in L. plantarum, L. pentosus, L.
delbrueckii, L. sakei, L. brevis, L. buchneri,
L. fermentum (Whittenbury, 1964; Wolf and
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Hammes, 1988), and pseudocatalase in L. plan-
tarum, P. pentosaceus, E. faecalis, a Leuconostoc
species (Johnston and Delwiche, 1962), and L.
mali (W. P. Hammes, unpublished observations).
Another group of oxidants affecting the metab-
olism of LAB are nitrate and nitrite (Dodds and
Collins-Thompson, 1985; Wolf and Hammes,
1988; Wolf et al., 1990). Nitrate reductases have
been found in L. plantarum, L. pentosus, L. fer-
mentum and L. casei (Costilow and Humphreys,
1955; Langston and Bouma, 1960b; Langston
and Bouma, 1960a) and nitrite reductase in L.
lactis, L. leichmannii, L. buchneri, L. plantarum,
L. acidophilus, L. viridescens, L. sakei, L. far-
ciminis, L. pentosus, L. brevis and L. suebicus
(Fournaud et al., 1964; Collins-Thompson and
Lopez, 1981; Wolf et al., 1990). Two types of
nitrite reductases are known, those depending
on the presence of hematin (L. plantarum and L.
pentosus; Wolf and Hammes, 1988; Wolf et al.,
1990) and heme-independent enzymes (L. del-
brueckii subsp. lactis, L. sakei, L. farciminis, L.
brevis, L. buchneri and L. suebicus; Dodds and
Collins-Thompson, 1985; Wolf et al., 1990). In
the former type of reaction, ammonia is pro-
duced, whereas in the latter type, NO and N2O
are the products of nitrite reduction.

The presence of an oxidant leads to the forma-
tion of end products of carbohydrate metabolism
which are more oxidized than lactic acid, such as
CO2 plus acetate, acetoin, or diacetyl (Condon,
1987). A most instructive example of the effect
of oxygen on carbohydrate metabolism was pro-
vided by Dirar and Collins (1973), who observed
that at low galactose concentration (1–6 mmol/
liter), the carbohydrate was degraded by L. plan-
tarum to almost exclusively acetic acid (93%) in
addition to carbon dioxide. The formation of ace-
tate catalyzed by acetate kinase increases the
energy yield in this organism. The same mecha-
nism is active in heterofermenters where
acetylphosphate is derived from the reaction cat-
alyzed by phosphoketolase. In the presence of
oxygen, the formation of ethanol is reduced in
favor of acetate (Kandler, 1983a). In organisms
devoid of phosphate acetyltransferase and alco-
hol dehydrogenase (e.g., L. brevis, L. buchneri;
Condon, 1987), fructose is used as oxidant and is
reduced to mannitol. Alternatively, quinic acid is
reduced to dihydroshikimic acid by a L. colli-
noides strain isolated from cider, and a similar
mechanism was also detected in L. plantarum
(Whiting and Coggins, 1974). Increased carbohy-
drate utilization and acetate formation was also
observed for L. brevis and L. buchneri with glyc-
erol and glucose as substrates. Glycerol was
reduced to propanediol-1-3 via 3-hydroxypropa-
nal as an intermediate (Schütz and Radler, 1984).

The synthesis of carbohydrate polymers by
certain lactobacilli strongly affects the physical

properties and visual appearance of a substrate.
Thus, slime formation during sugar processing
(see above), on surfaces of meat and meat prod-
ucts, in beer (Lawrence, 1988), wine, cider, and
soft drinks is a detrimental property of lactoba-
cilli (Williamson, 1959; Dunican and Seeley,
1965; Carr and Davies, 1970). On the other hand,
in film jölk (Sharpe, 1979) and yogurt (Davis,
1975), slime formation by LAB is a desired prop-
erty. The composition of the slimes has been only
poorly investigated. The major product is dex-
tran (Sharpe et al., 1972), but heteropolymers
are also formed, as, for example, kefiran (La Riv-
ière, 1967).

The metabolism of carbohydrates is the main
source of energy and involves substrate-level
phosphorylation. In addition to the ATP synthe-
sized during glycolysis, ATP can be derived from
acetylphosphate, which is formed in reactions
catalyzed by pyruvate oxidase or pyruvate
decarboxylase. A further ATP-generating step
involves the breakdown of arginine via the argi-
nine deiminase (dihydrolase) pathway, whereby
carbamate kinase synthesizes ATP from carbam-
oylphosphate with the formation of ammonia
and CO2. This mechanism is present in hetero-
fermentative lactobacilli and was studied in L.
buchneri (Manca de Nadra et al., 1988). A final
energy-generating mechanism was proposed by
Michels et al. (1979). Their “energy recycling
model” postulates that cells can excrete end
products together with protons, resulting in gen-
eration of a proton motive force that can be used
for the production of metabolic energy. The func-
tioning of such a mechanism in Lactococcus cre-
moris, as shown by ten Brink and Konings (1982)
and Renault et al. (1988), provided evidence that
the performance of the malolactic fermentation
serves additionally as a mechanism for building
up a proton motive force.

The transport of sugar and its regulation in
LAB, in particular in the homofermentative spe-
cies, have recently attracted interest because
of their special advantages as models for study-
ing these metabolic traits (Thompson, 1988a).
Unfortunately, the majority of investigations
have been performed with lactococci, and only a
few lactobacilli were thoroughly studied. Glu-
cose and other saccharides are transported with
the aid of permease and are phosphorylated in
the cytoplasm. The homofermentative lactoba-
cilli L. casei and L. plantarum additionally con-
tain a phosphoenol pyruvate (PEP): glucose
phosphotransferase system that is missing in het-
erofermentative species (Romano et al., 1979).
The presence of the specific PEP-dependent
sugar: phosphotransferase system (PTS) in L.
casei was detected for ribitol and xylitol (London
and Hausman, 1982) as well as lactose (Chassy
and Thompson, 1983). In lactose-fermenting lac-
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tobacilli, both permease and the PTS appear to
be present (Premi et al., 1972), except for L.
casei, since in five strains of this species, no β-
galactosidase but only β-D-phosphogalactosi-
dase could be detected. A plasmid-encoded
β-galactosidase was, however, detected in Lacto-
bacillus casei ATCC 393 (Chassy, 1987a).

The utilization of proteins and peptides by
lactobacilli again is better known for lactococci
(Streptococcus lactis) than for lactobacilli. The
main interest in these metabolic characteristics is
derived from the role of LAB in milk and dairy
products. Since milk is low in its content of amino
acids and peptides, these bacteria have to hydro-
lyze milk proteins and to transport the resulting
peptides. In addition, proteolysis is important
in cheese ripening as it affects the texture and
flavor in a desired (but sometimes faulty) way
(reviewed by Thomas and Pritchard, 1987). Pro-
teinases and peptidases of lactobacilli are not
released into the medium but are bound to the
cell wall. They may also act on substrates after
lysis of the cells and release of cytoplasmic activ-
ities. The specificities of proteinases are usually
determined on the basis of the site of their action
on the various milk protein fractions. For exam-
ple, the cell wall-associated proteinase of L. hel-
veticus hydrolyzed both κ-casein and β-casein
(Ezzat et al., 1985), and the enzyme from L.
bulgaricus was active on all types of casein
(Chandan et al., 1982). For further degradation,
peptidases of various types are active: dipepti-
dase, tripeptidases, aminopeptidases, carbox-
ypeptidase and arylamidases. The degradation
products of proteins are transported into the cell
by peptide transport systems, peptidase-coupled
transport, and amino acid transport. Extracellu-
lar peptidase and transport systems of lactoba-
cilli have been poorly characterized. Finally,
intracellular peptidases degrade the peptides to
amino acids. Generally, the proteinase and pep-
tidase activities of thermophilic starter lactoba-
cilli are higher than those of S. thermophilus
(Shankar and Davies, 1978; Hemme et al., 1981).
For the production of Emmenthal cheese, how-
ever, strains with low proteinase activity are
required and are selected accordingly for use in
starter cultures (Steffen, 1976; Steffen, 1979).

Antimicrobial Activities

Antagonistic activity of Lactobacillus cultures is
a widely observed and frequently reported phe-
nomenon. Early reports suggested the produc-
tion of antibiotic-like substances by different
lactobacilli (Wheater et al., 1951), L. acidophilus
(Vincent et al., 1959; Sabine, 1963; Tramer, 1966;
Fernandes et al., 1987), L. helveticus (Wheater
et al., 1951; Vincent et al., 1959), and L. lactis
(Wheater et al., 1952; Reiter et al., 1980). In part,

the antimicrobial effect could be related to the
production of lactic acid (mainly responsible for
pH reduction and the preservative effect in lactic
fermented foods; Wood, 1985a) and of hydrogen
peroxide, produced by L. acidophilus (Collins
and Aramaki, 1980), L. bulgaricus and L. lactis
(Dahiya and Speck, 1968), and shown to inhibit
Staphylococcus aureus (Wheater et al., 1952;
Dahiya and Speck, 1968) and Pseudomonas spp.
(Price and Lee, 1970).

In vivo growth inhibition of Escherichia coli in
the GI tract was attributed to the H2O2-induced
activation of the lactoperoxidase antibacterial
system of L. lactis (Reiter et al., 1980). This sys-
tem has been reviewed by Reiter and Härnulv
(1984). Although lactobacillin (an antibiotic-like
substance of L. lactis) was shown to actually be
H2O2 (Wheater et al., 1952), substances with typ-
ical antibiotic properties were indeed found to
contribute to specific antimicrobial activities of
lactobacilli. The role and relevance of natural
antibiotics have only been studied in a few Lac-
tobacillus strains, thus far. The bacteriocins have
received special attention in recent years and
have been reviewed by Daeschel (1989), Geis
(1989), and Klaenhammer (1988). The present
knowledge of bacteriocins of lactobacilli is
summarized in Table 10. They can be clearly
distinguished from other nonproteinaceous and
broad-spectrum antibiotics of lactobacilli, and
are defined as proteinaceous macromolecules
that exert bactericidal activity against a limited
range of organisms relatively closely related to
the producer (Tagg et al., 1976). Factors such as
specific bacteriocin receptors of sensitive cells
and plasmids bearing genetic determinants for
bacteriocin production and immunity are also
involved (Daeschel, 1989). According to these
criteria, only some of the previously mentioned
natural antibiotics can be classified as bacterio-
cins. As a typical example, lactacin B from L.
acidophilus inhibits a narrow spectrum of closely
related organisms, such as L. bulgaricus, L. hel-
veticus, L. lactis and L. leichmannii (Barefoot
and Klaenhammer, 1984). Isolated as a thermo-
stable macromolecular protein lipopolysaccha-
ride complex of ca. 100 kDa (Barefoot and
Klaenhammer, 1983), lactacin B was purified and
an active protein component (6–6.500 kDa) that
showed sensitivity to proteinase K was identified
(Barefoot and Klaenhammer, 1984). The fre-
quency of bacteriocin-producing strains appears
to be high for some species, including L. acido-
philus, which according to Barefoot and Klaen-
hammer (1983) is 63%, but these show inhibition
only of closely related organisms. Mehta et al.
(1983) reported a 5.4-kDa inhibitory protein
from L. acidophilus ACl that showed a broad
activity spectrum in vitro against various patho-
genic organisms, including Salmonella typhi,
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Shigella flexnerii, Pseudomonas aeruginosa and
Staphylococcus aureus. The bacteriocinic nature
of this substance has not been finally established.
It appears that for typical bacteriocins from
lactobacilli, antimicrobial activities have been
reported only for closely related Gram-positive
bacteria (Klaenhammer, 1988).

Several broad-spectrum antibiotic-like sub-
stances, such as acidophilin and lactocidin (from
L. acidophilus) and bulgarican (from L. bulgari-
cus) are presumably not bacteriocins in nature
(Vincent et al., 1959; Shahani et al., 1977; Reddy
et al., 1984) but have not been chemically char-
acterized. Showing broad-spectrum inhibition of
nonrelated bacteria, and especially of Gram-
negative intestinal pathogens, these antibiotics
and their producer strains have been suggested
to influence the microecology of the GI tract
favorably (Shahani et al., 1977; Reddy et al.,
1984; Fernandes et al., 1987; Whitt and Savage,
1987). Following an early suggestion by Winkel-
stein (cited by Vincent et al., 1959), the implan-
tation of L. acidophilus and other intestinal
lactobacilli in the digestive tract has received
increased attention in recent years (Gilliland,
1979; Sandine, 1979; Shahani and Ayebo, 1980;
Klaenhammer, 1982; Nahaishi, 1986). The sug-
gested probiotic effects of certain lactobacilli in
the GI tract may be brought about by a combi-
nation of different factors (including bacterio-
cins) referred to in this section.

In spite of increased research interest in bac-
teriocins and antibiotics of lactobacilli, relatively
little is known about their in vivo activities in hab-
itats such as the GI tract. Such information is
important in view of the use of Lactobacillus
preparations as dietary and therapeutic supple-
ments and as protective cultures for food preser-
vation. (Probiotics are discussed elsewhere in this
section.) In vitro studies have shown that several
factors influence the production and activity of
bacteriocins. The bacteriocin-producing ability of
some L. acidophilus strains was found to be
related to the type of growth medium and was
inhibited by bile salts (Shahani et al., 1976;
Fernandes et al., 1988). Bactericidal activity of
lactacin B from L. acidophilus (Barefoot and
Klaenhammer, 1983) and plantacin B from L.
plantarum (West and Warner, 1988) could only be
demonstrated on solid media and not in liquid
cultures. Optimal production of helveticin J
(Joerger and Klaenhammer, 1986), plantaricin A
(Daeschel et al., 1987), and sakacin A (Schillinger
and Lücke, 1989) was observed during the mid- to
late log phase of growth. For lactacin B (Barefoot
and Klaenhammer, 1983) and lactocin 27 (Upreti
and Hinsdill, 1975), however, maximal concen-
trations were detected during the early stationary
phase. Bacteriocin production and its stability are
likewise influenced by the initial pH of the growth

medium, and Muriana and Klaenhammer (1987)
reported maximum yield of lactacin F when the
pH of MRS broth was maintained at 7.0 during
cultivation of L. acidophilus 88. Joerger and
Klaenhammer (1986), however, observed the
highest accumulation of helveticin J when L. hel-
veticus was cultivated at pH 5.5. Lactobacillus
bacteriocins generally show a bactericidal mode
of action specifically against closely related or-
ganisms, excluding all Gram-negative bacteria
(Klaenhammer, 1988; Daeschel, 1989). In con-
trast to the lactococci, the involvement of plasmid
DNA could not be demonstrated for the majority
of bacteriocins produced by lactobacilli, the
exceptions being lactacin F (for L. acidophilus;
Muriana and Klaenhammer, 1987) and sakacin A
(for L. sakei; Schillinger and Lücke, 1989). Using
electroporation and conjugation techniques, var-
ious plasmids have been transferred to L. acido-
philus strain ADH, while transduction of plasmid
DNA mediated by temperate bacteriophage (φ
adh) could also be demonstrated (Luchansky et
al., 1989). Reuterin, a potent, broad-spectrum
antibiotic active against several Gram-positive
and Gram-negative bacteria, fungi, yeasts and
protozoa, is produced by L. reuteri when glycerol
is present in the medium (Talarico et al., 1988).
The antimicrobial agent was identified as an
equilibrium mixture of “monomeric, hydrated
monomeric, and cyclic dimeric forms of β-
hydroxypropionaldehyde” (Talarico and Do-
brogosz, 1989). The production of these and
related substances does not appear to be
restricted to L. reuteri but was also reported for
Streptococcus lactis var. maltigenes by Morgan et
al. (1966), and for L. buchneri and L. brevis by
Schütz and Radler (1984). Being nonproteina-
ceous and showing extremely broad-spectrum
antimicrobial activity, it cannot be classified as a
bacteriocin. Results obtained from in vitro stud-
ies suggest that reuterin is effectively produced
under pH, temperature, and relative anaerobic
conditions resembling those in GI tract regions
inhabited by L. reuteri (Chung et al., 1989; Do-
brogosz et al., 1989). The presence of a variety of
different microorganisms was shown to stimulate
the heterologous production of reuterin (Chung
et al., 1989), while several strains of lactobacilli in-
habiting the GI tract were found insensitive to
reuterin (Dobrogosz et al., 1989). These proper-
ties have been discussed with reference to a high
potential of L. reuteri for use as a dietary adjunct,
or even of purified reuterin for food preservation
(Chung et al., 1989; Daeschel, 1989; Dobrogosz
et al., 1989).

Genetics

Only limited data are available on the genetics
of lactobacilli. With regard to their multiple
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nutritional requirements, Morishita et al. (Mor-
ishita et al., 1974; Morishita et al., 1981) could
show that the genes coding for the synthesis of
most amino acids and vitamins are not absent but
exist as silent genes. With L. casei, L. plantarum,
L. helveticus and L. acidophilus at a frequency
of 10–4 to 10–8 per survivor, mutants could be
obtained which had reverted to prototrophy for
an amino acid or vitamin. For L. casei, quintuple
mutants were created which had lost the require-
ment for serine, aspartic acid, leucine, isoleucine,
and tyrosine. Thus, the requirement for specific
nutrients in lactobacilli may originate from some
minor defects in a specific structural gene, the
promotor, or a regulatory element. The number
of the eliminated pathways and the degree of
mutation leading to this effect depends on the
environment to which a species is adapted
(Morishita et al., 1981).

Lactobacilli contain plasmids, as was first
shown by Chassy et al. (1976). Most are cryptic
but the following metabolic functions have been
found to be encoded by plasmids: lactose metab-
olism (Shimizu-Kadota, 1988; Chassy and Alpert,
1989), drug resistance (Gibson et al., 1979; Ishiwa
and Iwata, 1980; Vescovo et al., 1982; Lin and
Savage, 1986; Axelsson et al., 1988), maltose uti-
lization (Liu et al., 1988), protein hydrolysis
(Morelli et al., 1986), cysteine metabolism (Shay
et al., 1988), fermentation of N-acetyl-D-
glucosamine (Smiley and Fryder, 1978), and
bacteriocin production and immunity (Muriana
and Klaenhammer, 1987; Schillinger and Lücke,
1989).

Conjugation (Gibson et al., 1979; Vescovo et
al., 1983; Shrago et al., 1986; Thompson and
Collins, 1988b; Langella and Chopin, 1989) and
transduction (Raya et al., 1989) have been shown
to function as mechanisms of recombination in
lactobacilli. Transfer of a nonconjugative vector
by means of conjugative mobilization has been
performed with L. plantarum (Shrago and
Dobrogosz, 1988). No evidence for transforma-
tion or natural competence is available. On the
other hand, in vitro transformation has been per-
formed with protoplasts. This method yields
low transfer rates only (Lin and Savage, 1986;
Morelli et al., 1987). Higher transfer rates were
obtained by electroporation (Chassy and Flick-
inger, 1987b). In addition, intrageneric (Iwata et
al., 1986) and intergeneric (Cocconcelli et al.,
1986) protoplast fusion and transfection
(Shimizu-Kadota and Kudo, 1984a; Boizet et al.,
1988; Cosby et al., 1988) have been successfully
applied.

For genetic engineering experiments, E. coli-
Lactobacillus shuttle vectors were constructed
from endogenous plasmids of lactobacilli (Leer
et al., 1987; Josson et al., 1989). Vectors derived
from replicons of other Gram-positive organ-

isms, mostly lactococci, have been constructed
and successfully transferred into lactobacilli
(Kok et al., 1984; de Vos, 1987). For stable
maintenance of new properties, DNA can be
integrated into the Lactobacillus chromosome
(Scheirlinck et al., 1989). Transposons have also
been introduced into lactobacilli (Aukrust and
Nes, 1988; Knauf et al., 1989). Heterologous
genes have been expressed in lactobacilli coding
for α-amylase, endoglucanase (Bates et al., 1989;
Scheirlinck et al., 1989), and antibiotic resistance.

Bacteriophages

Lactobacillus phages, which can be isolated
from the common habitats of lactobacilli, were
reviewed by Sechaud et al. (1988) and were also
treated in the greater context of LAB by Joseph-
sen and Neve (1998) and Brüssow (2001). The
importance of these phages becomes obvious in
food fermentations where they interfere with the
process in a way that may result in downgrading
of the product, in a time delay, or even complete
breakdown of the fermentation process. As the
use of starter cultures is most developed in the
dairy field, the effect of phages is best known for
lactococci. Phages of thermophilic lactobacilli
have been found responsible for difficulties in
acidification encountered in the preparation of
cheese and yogurt (Peake and Stanley, 1978;
Accolas and Spillmann, 1979). Virulent phages
specific for L. delbrueckii subsp. lactis and subsp.
bulgaricus and L. helveticus, respectively, used
for the production of Swiss cheese or yogurt have
been reported (Kiuru and Tybeck, 1955; Sozzi
and Maret, 1975; Peake and Stanley, 1978;
Alatossava and Pythilä, 1980; Trautwetter et al.,
1986). In addition, L. acidophilus phages were
detected in acidophilus milk (Kilic et al., 1996),
and Watanabe et al. (1970) and Shimizu-Kadota
and Sakurai (1982) described virulent phages
specific for L. casei. The phages were isolated
from yakult, which is a fermented milk used as a
probiotic. 

Despite the fact that the field of application is
much broader than that of lactococci, no reports
of phage problems in products such as fermented
sausages, fermented vegetables, sourdough or
silage are known. This can be explained by the
fact that the fermentation of these products
depends less on starters and takes place in a
nearly solid matrix. In addition, it appears likely
that in cases where the fermentation process was
partially inhibited, phages might have been the
causative agent but not looked for. There are
few reports of studies of the interrelationship
between phage and lactobacilli in meat products
(Biewald, 1968; Trevors et al., 1983; Trevors et
al., 1984; Nes and Sorheim, 1984; Heidel and
Hammes, 1990; Leuschner et al., 1993). From
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these studies it was concluded that phages are
present in meat products or even in starter cul-
ture preparations, but they cause only a time
delay in fermentations performed with model
substrates. The same may apply to fermented
cereals such as corn silage and sour dough, as
phages have been isolated from these substrates
specific for strains of L. plantarum, L. fermentum
and L. brevis, respectively (Caso et al., 1995;
Foschino et al., 1995; Ottogalli et al., 1996). Bac-
teriophages were also isolated from fermented
vegetables, which were specific for strains of
Leuconostoc mesenteroides and L. plantarum
(Yoon et al., 2002). The authors observed that
when low salt fermentation procedures were
developed to reduce waste chloride production,
starter cultures are needed for sauerkraut fer-
mentation. It was argued that under these condi-
tions phages may cause problems.

Reports of phage-carrying bacteria involved in
the malolactic fermentation suggest a potential
threat of bacteriophage to the wine industry. Lee
(1978) demonstrated the existence of temperate
phages in L. casei and L. hilgardii strains isolated
from wine. Virulent phages from abnormal malo-
lactic fermentations were also isolated, which
were however active against Oenococus oeni
(Sozzi et al., 1982; Henick-Kling et al., 1986;
Arendt and Hammes, 1992). 

At the end of the lytic cycle, the newly synthe-
sized phages are released from the host cell. Cell
lysis depends on the activity of a lysin, which
degrades the cell wall, and a holin, which forms
lesions in the cell membrane. The bacteriophage
PL1 lysin, purified from lysates of L. casei is a N-
acetylmuramidase with a rather specific activity
against the host (Watanabe et al., 1984a;
Hayashida et al., 1987). The holin of L. gasseri
phage adh lacks sequence homology with other
known holins but shares the high hydrophobicity
and a pair of potential transmembrane domains
with other holins described (Henrich et al.,
1995).

Lysogeny in lactobacilli was first demonstrated
by Coetzee and de Klerk (1962) in two strains of
L. fermentum. Several studies have shown that
lysogeny is widespread among lactobacilli (Saku-
rai et al., 1970; Tohyama et al., 1972; Yokokura
et al., 1974; Stetter, 1977; Shimizu-Kadota and
Sakurai, 1982; McArthur and Barefoot, 1986;
Mata et al., 1986; Cluzel et al., 1987; Raya et al.,
1989; Kilic et al., 2001). Evidence for lysogeny
was generally limited to detection of cell lysis
following induction with mitomycin C or ultravi-
olet radiation and visualization of phage-like
particles under the electron microscope. Plaque
formation or lytic activity was detected only in a
few cases in which indicator strains were
available (Yokokura et al., 1974; Cluzel et al.,
1987).

Although the most virulent phages are not
genetically related to lysogenic phages (Klaen-
hammer and Fitzgerald, 1994), some temperate
phages are a potential source of virulent phages,
as it was shown by the example of L. casei phage
(FSW). This temperate phage converts into a vir-
ulent phage (FSV) either by point mutation or
by transposition of a mobile genetic element in
the phage genome arising from the bacterial
chromosome (Shimizu-Kadota et al., 1983;
Shimizu-Kadota and Tsuchida, 1984a; Shimizu-
Kadota et al., 1985). This mobile genetic ele-
ment, called “ISL1,” is the first transposable ele-
ment described in lactobacilli. 

Thus, the presence of temperate phages in a
population may be a constant source of virulent
phages and leads to problems in fermentation
processes or, in a wider sense, to phage:
fermenter associated problems. The latter was
discussed by Kilic et al. (2001), who isolated tem-
perate phages from vaginal strains of L. crispa-
tus, L. gasseri and L. jensenii. The phages
exhibited a broad host range and the authors
concluded that phages may eliminate or repress
vaginal lactobacilli, thereby contributing to vag-
inal bacteriosis. Temperate phages were also
obtained from the human intestinal isolate L.
gasseri adh, originally described as L. acidophi-
lus (Raya et al., 1989).

Studies of Sozzi et al. (1976) suggest that MRS
is the optimal medium for the formation of
plaques by bacteriophages of thermophilic lacto-
bacilli. The addition of calcium chloride some-
times favors the formation of plaques and is
therefore recommended. LAB and their phages
were found to have the same incubation temper-
ature optima. Thus, temperature regulation can-
not be used to prevent phage attacks in industrial
fermentations (Sozzi et al., 1978). In fact, ther-
mal resistance of the phages may exceed that of
the hosts. Quiberoni et al. (1999) investigated the
thermal resistance of L. helveticus phages and
determined that 8.5–33 min at 63°C in MRS
broth was needed for 99% inactivation. Bacte-
riophage-inactivation effects of basic amino
acids (Murata et al., 1974), thiol reducing agents
(Murata et al., 1972), and ascorbic acid (Murata
et al., 1971) have been reported suggesting that
the target attacked was not protein but DNA. Of
the various chemical agents commonly used as
biocides in industries and laboratories, sodium
hypochlorite (100 ppm free chlorine residual)
and peracetic acid (0.15 %) were found to be
very effective. Quiberoni et al. (1999) showed
that complete inactivation of all phages studied
was achieved after a 5–10 min exposure.

All Lactobacillus phages investigated have
double-stranded linear DNA. The replicated
genomes are packaged by different mechanisms.
The L. delbrueckii phages LL-H, mv4, L. plan-
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tarum phage -g1e and L. johnsonii prophage Lj
965 have been found to contain sequences con-
sistent with pac-site phages, while L. gasseri
phage adh and L. casei phage A2 have sequences
consistent with cos-site phages (Brüssow, 2001).
The genome size ranges from 40 kbp found for
the phage PL-1 of L. casei to 133 kbp found for
the phage fri of L. plantarum (Nes et al., 1988;
Caso et al., 1995). There may be a correlation
between the large genome size of phage B2 and
its small burst size of only 12–14 phages per cell.
Phage PL-1 has a burst size of 200–600 phages
per cell. Phage IL-1 of L. casei has also a genome
size of 40 kbp and a burst size of 200 phages per
cell.

Electron microscopic examination showed
the tail-first orientation of phage adsorption
(Watanabe et al., 1984b). Studies of receptor
sites have shown that carbohydrate components
in the cell wall of e.g., L. casei are used as initial
phage receptors. Rhamnose seems to be essen-
tial, but additional carbohydrate moieties in the
vicinity of the adsorption sites are also involved
(e.g., galactose, glucose or their acetylated forms;
Josephsen and Neve, 1998). Addition of rham-
nose and galactose inactivated the phage, and a
phage-resistant mutant lacked galactosamine in
its surface component (Yokokura, 1977a). This
effect is interesting, as this species of Lactobacil-
lus has no teichoic acid in its cell wall, indicating
that wall teichoic acid is not involved here in
adsorption as it is in some other Gram-positive
bacteria such as staphylococci. 

Morphology of Lactobacillus phages was, in
the absence of further information, the classifi-
cation criterion used in accordance with the
system of Bradley (1967). The phages are differ-
entiated into three main classes based on tail
morphology (i.e., morphotypes A [contractile
tails], B [long noncontractile tails], and C [short
noncontractile tails]) and further differentiated
on the basis of head morphology (i.e., morpho-
type 1 [isometric], 2 [small prolate], and 3 [large
prolate]). In modern phage taxonomy, the
groups A–C are known as phage families Myo-
viridae, Siphoviridae and Podoviridae, respec-
tively (Ackermann and DuBow, 1987). The
Lactobacillus phages belong to the families Myo-
viridae and Siphoviridae (Josephsen and Neve,
1998). 

The most valid criterion in studies of phage
taxonomy is DNA homology, demonstrated by
DNA-DNA hybridization. A close relatedness
between virulent and temperate phages of lacto-
bacilli has also been demonstrated by DNA sim-
ilarity studies. Mata and Ritzenthaler (1988) and
Lahbib-Mansais et al. (1988) compared 18 viru-
lent and 4 temperate phages of L. delbueckii
subsp. bulgaricus and subsp. lactis by DNA-DNA
hybridization. All temperate and 15 virulent

phages could be alloted to similarity group a, and
group b contained the remaining three virulent
phages. Five virulent phages of L. helveticus were
also investigated and were shown to be related
to one another but unrelated to the phages of
groups a and b. Cluzel et al. (1987) investigated
10 temperate and 16 virulent L. delbrueckii
subsp. bulgaricus and subsp. lactis phages and
could assign 7 temperate and 12 lytic phages to
the previously described group a. Phages differ-
ing completely from those of groups a and b were
assigned to two new unrelated groups called “c”
and “d.” The phages of groups a, c, and d share
the same host range. Deeper insight in phage
taxonomy became possible by the availability of
sequencing data. These data exist for phages from
five Lactobacillus species: L. delbrueckii, L. gas-
seri, L. plantarum, L. casei and L. johnsoni (Brüs-
sow, 2001). No significant nucleotide sequence
similarity was detected between Lactobacillus
phages infecting distinct species (Desiere et al.,
2000; Desiere et al., 2002). The overall genomic
organization of pac-site phages was similar in L.
plantarum phage phi-g1e, L. delbrueckii phage
LL-H and L. johnsonii prophage Lj965. Vasala
et al. (1993) demonstrated close relationships
between the virulent and temperate pac-site L.
delbrueckii phages LL-H and mv4, respectively. 

The bacteriophage attack on LAB starter
organisms is a permanent threat to industries
relying on fermentation processes, and therefore
much research has been devoted to phage resis-
tance of starter cultures. The focus of the interest
was on the characterization of different phage-
resistance mechanisms in lactococci (reviewed
by Coffey and Ross, 2002). However, little is
known about natural mechanisms in lactobacilli
(Moscoso and Suarez, 2000). Eguchi et al. (2000)
described the abortive infection of L. plantarum
as a plasmid-encoded mechanism of phage resis-
tance. Alvarez et al. (1999) and Martin et al.
(2000) introduced phage resistance into L. casei
ATCC 393. The authors developed a transforma-
tion system and used it to integrate the phage
repressor gene (cI) into the genome of the host.
The modified strain fermented in the presence
and absence of phages as well as adsorbed phage
particles.

The Genus Carnobacterium

Certain atypical lactobacilli that were repeatedly
isolated from refrigerated vacuum-packaged
beef (Von Holy, 1983) were thought to be hetero-
fermentative (Holzapfel and Gerber, 1983) and
clearly differed from the atypical streptobacteria
of meat and meat products described by Reuter
(Reuter, 1970; Reuter, 1975). Because of the dif-
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ferences from all other taxonomic groups and
species of lactobacilli described to that stage,
these bacteria were incorporated in a new spe-
cies, Lactobacillus divergens (Holzapfel and
Gerber, 1983). Properties such as CO2 and L(+)-
lactic acid production from glucose, and their
relative inability to grow on acetate agar (Holz-
apfel and Gerber, 1983; Shaw and Harding, 1984;
Shaw and Harding, 1985) indicated a relationship
to atypical lactobacilli isolated from chicken
meat (Thornley, 1957; Thornley and Sharpe,
1959; Barnes, 1976) and vacuum-packaged meat
(Hitchener et al., 1982; Shaw and Harding, 1984).
From the latter, another new species, Lactobacil-
lus carnis, was isolated (Shaw and Harding,
1985), which however was found to be homolo-
gous to representatives of a salmonid fish patho-
gen (Cone, 1982), Lactobacillus piscicola (Hiu et
al., 1984), with which L. carnis was reduced to
synonymy (Collins et al., 1987). In an attempt to
clarify their taxonomic position, Collins et al.
(1987) applied physiological and biochemical cri-
teria to classify these lactobacillus-like organisms
into a new genus, Carnobacterium. The majority
of the poultry strains were allocated to Carno-
bacterium divergens and Carnobacterium pisci-
cola, while the remainder were incorporated into
two new species, Carnobacterium gallinarum and
Carnobacterium mobile. Fish was identified as a
natural habitat of C. divergens and C. piscicola
(Ringø and Gatesoupe, 1998a) as well as of a new
species, Carnobacterium inhibens (Jöborn et al.,
1999). Finally, Carnobacterium alterfunditum and
Carnobacterium funditum (Franzmann et al.,
1991) were isolated from an Antarctic anaerobic
lake, showing that carnobacteria species inhabit
also non-animal or non-food associated environ-
ments. The analysis of 16S rRNA relatedness
(Collins et al., 1987) as well as phenetic studies
(Lai and Manchester, 2000) revealed that Lacto-
bacillus maltaromicus (Miller et al., 1974) is
closely related to Carnobacterium piscicola (Col-
lins et al., 1991), and therefore this organism will
be treated herein as a Carnobacterium. In Fig. 12,
the relatedness of the Carnobacterium species is
depicted. The relatively far distance from the
larger taxonomic unit containing lactobacilli is
evident.

Habitats

Although distant from lactobacilli on the basis of
16S rRNA similarity, carnobacteria have a close
phenotypic resemblance to atypical lactobacilli
and comparable nutritional requirements, sug-
gesting that carnobacteria and lactobacilli may
share common habitats. This ecological relation-
ship may also explain why carnobacteria,
although isolated and studied before, were rec-
ognized as a separate taxon only recently.

Meat and Poultry The report of Thornley
(1957) who isolated atypical lactobacilli from
irradiated chicken meat, in which numbers of 108

cfu/g were reached during storage in a nitrogen
atmosphere at 5°C, was probably the first on
strains corresponding to carnobacteria. Mention
was made of the failure of these strains to grow
on acetate-containing media (Thornley, 1957). In
a more detailed study of isolates from chicken
and minced beef, Thornley and Sharpe (1959)
identified three groups of atypical lactobacilli, all
having diaminopimelic acid in their cell walls.
Feresu and Jones (1988) included these strains in
a comprehensive numerical taxonomic study and
showed that group 2 of Thornley and Sharpe
(1959) forms three clusters. Two of the clusters
resembled Lactobacillus carnis (C. piscicola;
phenon 9) and L. divergens (phenon 11), respec-
tively. Collins et al. (1987) assigned the majority
of the strains, originally isolated from chicken
(Thornley, 1957; Thornley and Sharpe, 1959), to

Fig. 12. Phylogenetic tree reflecting the relationships of Car-
nobacterium species. The tree was reconstructed applying the
maximum parsimony analysis of all available at least 90%
complete 16S rRNA sequences of Lactobacillaceae and car-
nobacteria. Alignment positions which share identical resi-
dues in at least 50% of all sequences of the depicted genera
were considered. The positioning of C. mobile is based on
partial sequence data and may be subject to changes. The bar
indicates 5% estimated sequence divergence.
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these two species and to Brochothrix thermo-
sphacta, while the remainder was assigned to two
new species, C. gallinarum and C. mobile. One
strain (NCDO 1230) identified as C. piscicola
was isolated from human plasma (Collins et al.,
1987). 

The association of atypical lactobacilli (proba-
bly resembling carnobacteria) with meat and
meat products has been mentioned by several
workers. Among 140 strains of streptobacteria
isolated from bacon, 11 failed to grow on acetate
agar at pH 5.8 (Kitchell and Shaw, 1975). Refer-
ence to atypical streptobacteria as one of the
major groups found in vacuum-packaged bacon
was made by Tonge et al. (1964), Kitchell (1964),
and Kitchell and Shaw (1975). This and other
groups of lactobacilli reach numbers of 108 cfu/g
in vacuum-packaged Wiltshire bacon, both under
refrigeration and at room temperature. “Sour
spoilage” resulting from their metabolic activi-
ties is not considered a less adverse defect than
that caused by proteolytic bacteria. The real
identity of these atypical streptobacteria remains
undetermined. The majority of these strains iso-
lated from bacon probably resembles Lactobacil-
lus curvatus and Lactobacillus sakei and can be
clearly distinguished from carnobacteria, which
share some common phenetic properties not
found among the lactobacilli (see Table 2).

Blickstad and Molin (1983) reported the isola-
tion of unidentified lactobacilli from smoked
pork loin and frankfurter sausages, and Borch
and Molin (1988) identified C. divergens as one
of the dominating psychrotolerant bacterial
groups on cured, CO2-packed pork and sliced,
vacuum-packed ham. Carnobacterium piscicola
was also isolated from fermented sausages
(Schillinger and Lücke, 1987), which contrasts
with its usual nonaciduric habitat (Shaw and
Harding, 1984; Shaw and Harding, 1985).

The foremost and hitherto recognized man-
made habitat of C. divergens and C. piscicola
appears to be unprocessed, refrigerated red
meat. Vacuum packaging of the specific nutrient-
rich substrate and refrigeration seem to create a
favorable ecosystem in which these carnobacte-
ria may dominate. Thus far, these two Carnobac-
terium species have been isolated from minced
meat (Holzapfel and Gerber, 1983; Shaw and
Harding, 1984; Shaw and Harding, 1985), refrig-
erated vacuum-packaged unprocessed beef, pork
and lamb (Hitchener et al., 1982; Shaw and Har-
ding, 1984; Shaw and Harding, 1985; Schillinger
and Lücke, 1986; Schillinger and Lücke, 1987;
Borch and Molin, 1988), and CO2-packed pork
(Borch and Molin, 1988). In more recent micro-
biological studies of vacuum-packed beef, Lacto-
bacillus algidus (Kato et al., 2000) and L.
fuchuensis (Sakala et al., 2002) were detected
and described as species. Mention was made that

these had been associated, among others, with
Carnobacterium divergens and C. piscicola.

Fish Carnobacterum piscicola was first detected
as a fish pathogen and isolated from diseased
rainbow trout (Salmo gairdneri), cut throat trout
(Salmo clarki), and chinook salmon (Oncorhyn-
chus tshawytscha; Cone, 1982; Hiu et al., 1984).
These bacteria have been isolated over several
years from hatcheries in the State of Oregon and
were most frequently associated with infected
fish of one year and older, especially under con-
ditions of stress associated with handling and
spawning (Evelyn and McDermott, 1961; Ross
and Toth, 1974; Hiu et al., 1984). The infections
caused pathological lesions and blisters on and
under the skin, and different signs in the internal
organs. Thus far, C. piscicola exclusively has been
found to cause septicemia (lactobacillosis) in
salmonid and other fish species and to be associ-
ated with clinical and subclinical peritonitis in
Australian salmonids (Humphrey et al., 1987). 

At a later stage, it was observed that Carno-
bacteria piscicola is commonly associated with
healthy fish. By contrast, this species was isolated
from diseased, farmed fish such as rainbow trout
(see above; Toranzo et al., 1993) as well as
striped bass and catfish (Baya et al., 1991), sug-
gesting that virulent strains may exist. There are,
however, no virulence factors known and the
strains did not exhibit hemolytic or phospholi-
polytic activity. Upon peritoneal infection with
C. piscicola, an LD50 of 1–2 × 106 was determined
for rainbow trout, whereas striped bass survived
doses of >108. These values were found to be high
in comparison to the infectivity of Vibrio anquil-
larum and Aeromonas hydrophila exhibiting
LD50-values in trout of 4.5 × 103 and 3.2 × 104,
respectively. Remarkably, the isolated carnobac-
teria proved to be resistant to the chemothera-
peutic agents widely used in aquaculture. Among
18 compounds, erythromycin was the most effec-
tive inhibitory compound.

A thorough investigation of the intestinal
microflora of rainbow trout was performed by
Spanggard et al. (2000). The studies included
comparison of microscopic counts with plate
counts, and a high percentage (>50%) of bacteria
were found to be culturable. This recovery rate
is remarkable, as the fish skin was found to con-
tain <0.01% culturable bacteria only (Bernard-
sky and Rosenberg, 1992). The counts of the
intestinal flora varied by 3–5 log units, and the
ratio of Gram-negative/Gram-positive bacteria
(mainly carnobacteria) varied greatly with the
fish farm source. Out of a total of 120 isolates
from trout of one farm, 43 were identified as
carnobacteria, whereas no carnobacteria were
found in fish from another farm. In a study of
LAB associated with Atlantic salmon (Ringø et
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al., 2000b), it was observed that among 752 iso-
lates obtained from food, water and the digestive
tract, 201 were identified as carnobacteria and
199 of these were isolated from the intestines.

In a review, LAB in fish were treated broadly
by Ringø and Gatesoupe (1998a). The authors
concluded that carnobacteria (in addition to
streptococci, leuconostocs and lactobacilli)
belong to but do not dominate the normal gas-
trointestinal flora of healthy fish. Their numbers
are affected by nutritional and environmental
factors such as dietary polyunsaturated fats
(Ringø et al., 1998b) and stress (Ringø et al.,
1997; Ringø et al., 2000b). The Carnobacterium
species detected in the intestines were C. diver-
gens in Arctic charr (Salvelinus alpinus; Ringø et
al., 1997), Atlantic cod (Gadus morhua), Atlantic
salmon (Salmo salar), saithe (Pollachius virens;
Strøm, 1988), wolffish ( Anarhichas lupus; see
Ringø and Gatesoupe, 1998a), and carp ( Cypri-
nus carpio; Bausewein, 1988), C. piscicola in Arc-
tic charr (Ringø et al., 1997), Atlantic salmon
(see Ringø and Gatesoupe, 1998a), and rainbow
trout (Starliper et al., 1992), and C. inhibens in
Atlantic salmon (Jöborn et al., 1999). 

Ringø and Holzapfel (2000a) showed that car-
nobacteria also inhabit the gills. Their numbers
in Atlantic charr were approximately 3 × 104 cfu/
g. Of the 100 isolates from the gills, 26 were
attributed to carnobacteria and described as C.
piscicola-like. Nine out of ten of these carnobac-
teria strains exhibited strong in-vitro growth
inhibitory activity against the fish pathogens Aer-
omonas salmonicida, Vibrio anguillarum and V.
salmonicida.

Carnobacterium piscicola and C. divergens
belong also to the LAB population associated
with seafood. Mauguin and Novel (1994) iso-
lated 86 LAB from fresh Pollock, brine shrimp,
gravad fish, vacuum packed seafood (surimi,
smoked tuna, and salted cod), and fish stored
under 100% CO2 at 5°C (smoked tuna, fresh and
salted cod, and salmon) and identified 16 strains
as carnobacteria. DNA-DNA hybridization
showed that 9 were C. divergens and 3 C. pisci-
cola. Forty-five isolates were allotted to Lacto-
coccus lactis subsp. lactis, 4 to Lactobacillus
plantarum, and 8 to Leuconostoc.

The study of the microbial ecology of cold
smoked salmon (Leroi et al., 1998) revealed that
upon storage at 8°C in vacuum packages, Gram-
negative bacteria prevailed for two weeks. The
dominant LAB was C. piscicola (101 out of 155
LAB isolates). Between 2 and 5 weeks, lactoba-
cilli were the prevailing LAB. These were found
not to contribute to off odor, whereas the carno-
bacteria exhibited a weak potential to do so. 

Cheese Cheese was identified as a habitat of
carnobacteria. A source was soft cheese made

from nonpasteurized milk (Millière et al., 1994).
It is assumed that these carnobacteria originate
from the nonpasteurized milk upon contamina-
tion from the environment. Some isolates
from Brie cheese of 5 dairy plants achieved
108–109 cfu/g, indicating a substantial potential to
affect the property of the cheese. However, the
effect of the carnobacteria on the sensory prop-
erties of cheese has not been studied. The pH of
the cheese was 6.8–7.6 and thus quite favorable
for carnobacteria to grow.

Carnobacteria were also detected in the curd
obtained during Mozzarella cheese production.
In that process, whey from the previous lot of
cheese serves as inoculum. In the curd, LAB
numbers of ca. 107 cfu/g have been detected. Ten
LAB strains were differentiated, two of which
were C. divergens and C. piscicola representing
ca. 70% of the LAB population.

Sea water Carnobacterium funditum and C.
alterfunditum have been isolated from Ace Lake,
Antarctica, at a depth of 24 m (Franzmann et al.,
1991). It is a meromictic lake whose salinity
increases from 0.6% at the surface to 4.3% at the
bottom depth of 24 m. The ratio of the major
cations to chloride ions in the lake suggests it is
of seawater origin. The lake is usually covered
with ice for nine months and the temperature
varies little (i.e., between 1 and 2°C). The total
organic carbon at a 22-m depth was about 60 mg/
liter. The carnobacteria isolates are adapted to
that ecosystem but grow optimally at 22–23°C
(not above 30°C) in 1.7% (C. funditum) or 0.6%
(C. alterfunditum) sodium chloride of a mineral
salts medium containing yeast extract and fruc-
tose (141 YF-medium). It is assumed that the
carnobacteria play a role in the initial creation of
a reduced environment and in providing electron
donors for exploitation by sulfate-reducing
bacteria.

A second habitat of carnobacteria was found
in Lake Vanda, Antarctica (Bratina et al., 1998).
On the basis of 16S rRNA analysis, the isolates
were identified by the authors as carnobacteria.
Their sequence similarity was determined by C.
Hertel and W. P. Hammes (unpublished results),
and 98.7 and 99.3% homology to Desemzia
incerta (strain LV66) and Carnobacterium inhib-
ens (LV62:W1), respectively, was calculated.
These bacteria were found at a depth of 61 m,
within 5 m of the water column above the oxic-
anoxic interface. In that oxic zone, a submaxi-
mum peak in the concentration of Mn(II) had
been determined. The organisms reduced MnO2,
and strain LV62:W1 exhibited this property even
in an oxic incubation with and without added
sodium azide. It was suggested that the reduction
is mediated by a diffusible compound and that
the release of adsorbed trace metals accompany-
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ing the solubilization of manganese oxides might
provide the carnobacteria with a source of nutri-
ents adsorbed to their surface in an extremely
oligotrophic environment.

Physiological Properties

The metabolism of carbohydrate corresponds
basically to that of facultatively heterofermenta-
tive lactobacilli. Inasmuch as they use hexoses
and pentoses, the organisms should possess the
activities of aldolase and ketolase. Generally, hex-
oses are metabolized to L(+) lactate, but CO2,
acetate and ethanol are also formed and, depend-
ing on the access of oxygen, formic acid and ace-
toin are produced in varying amounts. Formate
formation requires anaerobic conditions (Borch
and Molin, 1989). In C. funditum and C. alterfun-
ditum, glycerol is fermented to mainly ethanol,
acetic acid, and formic acid (Franzmann et al.,
1991). With the exception of the latter species,
the carnobacteria produce ammonia and citrul-
line from arginine (Montel et al., 1991).

The formation of biogenic amines is of con-
cern in food-associated microorganisms. Studies
performed by Leisner et al. (1994) and Jørgensen
et al. (2000) showed that strains of C. piscicola
as well as C. divergens have the potential to form
tyramine but not histamine or phenylethylamine
under refrigeration conditions (5°C).

Numerous principles contribute to the antag-
onistic potential of LAB (Hammes and Ticha-
czek, 1994; Holzapfel et al., 1995). Among these,
bacteriocins from Groups I and II LAB (Klaen-
hammer, 1993; Nes et al., 1996) are commonly
found and have been well studied. Also bacteri-
ocinogenic carnobacteria are well known. An
example of a class I compound (lantibiotics) is
carnocin UI 49, which is formed by a C. piscicola
strain isolated from fish (Stoffels et al., 1992a;
Stoffels et al., 1992b), and examples of class II
bacteriocins produced by carnobacteria isolated
from fish, meat and cheese are numerous. The
potential of carnobacteria to act antagonistically
on competitors is comparably high and a major
part of the active principles can be attributed to
bacteriocins. For example, isolates identified as
being C. piscicola-like, associated with the diges-
tive tract of Atlantic salmon (Salmo salar L.),
were screened for the ability to produce growth
inhibitory compounds active against the fish
pathogen Aeromonas salmonicida. It was
observed that within 199 C. piscicola-like isolates
139 inhibited growth of the pathogen (Ringø et
al., 2000b). Furthermore, among 33 isolates from
French Brie cheese, 16 produced antimicrobial
substances, which were most likely bacteriocins.
One of these (Carnocin CP5) formed by C. pis-
cicola CP5 was characterized in more detail
(Herbin et al., 1997). The literature on bacterio-

cins produced by carnobacteria has been
reviewed by Stiles (1994) and is also included in
a general overview on class II bacteriocins
(Ennahar et al., 2000). It can be concluded that
the characteristics, genetics, membrane trans-
port, and regulation of these compounds are
similar to the general pattern of bacteriocins
produced by LAB. From the perspective of food
hygiene, it is of interest that carnobacteria share
their man-made habitats (meat, fish products
and cheese) with listeria. The occurrence therein
of L. monocytogenes has been demonstrated and
is of great concern (Farber and Peterkin, 1991).
It is likely that the presence of carnobacteria in
a “spoilage population” may have contributed
traditionally to food safety, as the bacteriocins
are especially effective against listeria. Several
studies have been performed to apply carnobac-
teria as well as other LAB in protective cultures
or as producers of biopreservatives (Stiles, 1996).
Bacteriocins as the active principle may be used
as preparations or formed in situ. Up to now, no
commercial practical application of carnobacte-
ria in either principle is known.

Isolation

Apart from their nonaciduric nature, carnobac-
teria associated with food of animal origin
(including fish) possess the relatively complex
nutritional requirements of the lactobacilli. Hiu
et al. (1984) have found that C. piscicola isolates
from diseased fish require folic acid, riboflavin,
pantothenate, and niacin for growth, but not vita-
min B12, biotin, thiamine, or pyridoxal. Carno-
bacterum divergens and C. piscicola isolates from
meat also do not require thiamine (De Bruyn,
1987a). A neutral to high pH of 6.8–9.0 favors
growth, and pH 8.0–9.0 may serve to selectively
inhibit lactobacilli that are often found in associ-
ation with carnobacteria. The omission of acetate
from conventional Lactobacillus media such as
MRS (de Man et al., 1960) also favors the growth
of carnobacteria. Less fastidious in their nutrition
requirements are C. alterfunditum and C. fundi-
tum (Franzmann et al., 1991). These species grow
on mineral salts, a carbohydrate source, and yeast
extract, which cannot be substituted for by vita-
min supplementation.

Nonselective and Semiselective Isolation
When the microbial population is dominated by
carnobacteria (which may be the case for vac-
uum packaged, refrigerated meat, and poultry,
and for diseased fresh water fish), isolation is
possible by direct streaking or plating onto some
nonselective “universal” media. Carnobacterium
piscicola was also found in vacuum-packaged
cold-smoked salmon during storage at 8°C
(Leroi et al., 1998).
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From diseased fish, direct streakings were
made onto brain heart infusion agar or tryptic
soy agar (Hiu et al., 1984) that are commercially
available. For the nonselective recovery of car-
nobacteria from refrigerated, vacuum-packaged
meat, Standard-I-Agar (pH 7.2–7.5; Merck) has
been found to be useful (Von Holy, 1983); aero-
bic incubation was either at 25°C for 3 days or at
7°C for 10 days. Alternatively, CASO-medium
(Merck) or tryptic soy agar (Difco) with 0.3%
added yeast extract may be used for this purpose. 

In comparative studies with all carnobacteria
species, it was shown that all grow in the follow-
ing complex media: BHI (Lai and Manchester,
2000), tryptic soy medium supplemented with
2% NaCl (TSAS; Jöborn et al., 1999), and tryptic
soy medium with added 5% glucose (Ringø et
al., 2000b).

After adjusting the pH to 8.0 and substituting
sucrose for glucose, Standard-I-Agar may be
applied for the semiselective enumeration of car-
nobacteria in the presence of a dominating Lac-
tobacillus population. The identity of typical
catalase-negative colonies, however, should be
verified by microscopy and use of some of the
criteria in Table 2. It should be clear that no
heme source is included in the media, as it was
reported by Ringø et al. (2002) that all type
strains supplied with heme exhibit catalase activ-
ity, probably by production of the heme free
apoenzyme which becomes an active enzyme
upon integration of the heme component.

Borch and Molin (1988) used tryptone glucose
extract agar (TGE, Oxoid; pH 7.0) for determin-
ing the total bacterial count of refrigerated, pre-
packed meat and meat products and recovered
C. piscicola and C. divergens after incubation at
28°C for 3 days.

In their studies on LAB in seafood, Mauguin
and Novel (1994) used a fish extract medium
(FEG) to isolate and to grow carnobacteria,
which contains the following (g/liter): fish
extract, 20; NaCl, 1; and glucose, 0.2. The fish
extract was prepared from minced Pollock fillets
mixed with distilled water (ratio 1:5). The mix-
ture was centrifuged (10 min, 11,000 × γ) and the
supernatant subjected to ultrafiltration (polysul-
fone filter membrane; Minitan system, Millipore;
limit MW 10,000). The extract was lyophilized
and stored at 5°C.

Prior to their recognition as a separate group,
the carnobacteria were probably most frequently
isolated on MRS and APT agar as part of the Lac-
tobacillus population of meat and poultry (Thorn-
ley and Sharpe, 1959; Hitchener et al., 1982; Shaw
and Harding, 1984; Schillinger and Lücke, 1986;
Schillinger and Lücke, 1987). Since MRS agar was
found to inhibit the growth of some L. divergens-
isolates, it was modified (as “D-MRS”) by
increasing the pH to 8.5, omitting acetate, and by

substituting sucrose for glucose (Hammes et al.,
1992). The substitution by sucrose was necessary
to reduce Maillard reactions during autoclaving.
However, the studies of Lai and Manchester
(2000) have shown that within Cluster B which
comprises C. divergens, there are strains that do
not ferment sucrose, and Franzmann et al. (1991)
reported that C. funditum and C. alterfunditum do
not grow on MRS without acetate. 

D-MRS for Cultivation and Semiselective 
Enumeration of Carnobacteria

Universal peptone  10 g
Yeast extract  5 g
Beef extract  5 g
Sucrose  20 g
Tween 80  1 g
K2HPO4 2 g
Triammonium citrate  2 g
MgSO4 · 7H 2O 0.1 g
MnSO4 · 4H 2O 0.05 g

Dissolve ingredients in 1 liter of distilled water. For prep-
aration of the solid medium, use 1.5% agar. Adjust pH to
8.5 using NaOH, before sterilizing at 121°C for 10–15
min. Increasing the MnSO4 · 4H 2O concentration to 0.4%
may stimulate colony growth of C. divergens and C. pis-
cicola strains (Bosch and W. H. Holzapfel, unpublished
observations). Incubate at 25°C for 3 days, either aerobi-
cally or using a reduced gas atmosphere (e.g., Anaerocult,
Merck).

Selective Isolation Medium There is only one
selective medium known that can be used to iso-
late and enumerate C. divergens and C. piscicola.

Selective Cresol Red Thallium Acetate Sucrose 
(CTAS) agar (WPCM, 1989)

Peptone from casein  10.0 g
Yeast extract  10.0 g
Sucrose  20.0 g
Tween 80  1.0 g
Sodium citrate  15.0 g
MnSO4 · 4H 2O 4.0 g
K2HPO4 2.0 g
Thallium acetate  1.0 g
Nalidixic acid  0.04 g
Cresol red  0.004 g
Triphenyl tetrazolium chloride  0.01 g
Agar  15.0 g
Water  1 liter

Dissolve ingredients in distilled water. Substitute 2% inu-
lin for sucrose to distinguish C. piscicola colonies from
enterococci. The latter may grow on CTAS medium but
do not ferment inulin. In general, C. divergens shows
sparser growth than C. piscicola and may appear as pin-
point sized colonies, often without changing the red color
of the medium to yellow and showing a metallic-bronze
shine.

Typical colony morphology, being convex,
shiny, and ranging from yellowish to pinkish, can
be best observed on CTAS agar when triphenyl
tetrazolium chloride is omitted. When sucrose is
substituted by inosine, C. piscicola strains espe-
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cially show dry, umbonate colony growth compa-
rable to “β-colonies” (Mitsuoka, 1969) often
observed for Lactobacillus acidophilus.

The colonies of C. inhibens appear as semi-
translucent when grown under anaerobic condi-
tions and whitish when grown aerobically.

Cultivation, Maintenance, and Conservation

Cultivation Although MRS (broth or agar) can
be used for the cultivation of axenic cultures,
growth is often poor, while some strains are
unable to sustain growth on subcultivation on
this medium. APT medium (Evans and Niven,
1951) at pH 7.0, CASO-medium (Merck) with
0.3% yeast extract, or even Standard-I-Medium
(Merck) at pH 7.2 provide better growth for
practically all Carnobacterium strains. For gen-
eral cultivation purposes, and especially for
fastidious strains, D-MRS (pH 8.0–8.5) is recom-
mended. Incubation is at 25°C for 24–48 h, either
in air or a slightly reduced atmosphere.

Maintenance General maintenance of cultures
is as for lactobacilli, taking into account the non-
aciduric nature of the carnobacteria and select-
ing APT, CASO, or D-MRS media in the pH
range 7.0–8.5. Stab cultures in D-MRS agar (pH
8.0–8.5) should be kept at 1–4°C and transferred
every 2–3 weeks. Addition of 5% calcium car-
bonate to cultivation broth (e.g., APT) may serve
to protect vitality of stock cultures over several
weeks at 1–4°C.

Conservation Lyophilization as used for lacto-
bacilli gives satisfactory results, provided cryo-
protective agents (milk solids, lactose, or horse
serum) are added to the cell suspension, and
ampoules are sealed under high vacuum and
stored at 8–12°C. Superior results are obtained
by cryopreservation at –80°C using glycerol-
peptone protective broth for suspending late log-
arithmic cells, harvested by centrifugation or by
rinsing surface growth from agar media. Borch
and Molin (1988) recommended the storage of
strains as dense cultures in APT broth at –20°C.

Identification

The general description of the carnobacteria cor-
responds to that of the lactobacilli, insofar as
the former are Gram-positive, catalase-negative,
nonsporeforming rods, do not reduce nitrate,
and have a fermentative metabolism. Three spe-
cies are motile (Collins et al., 1987; Schillinger
and Holzapfel, 1995). More precisely, the carno-
bacteria may be described as short to medium
length, straight, slender rods with rounded ends,
occurring singly, in pairs, or sometimes in short
chains. Initially described as atypical heterofer-

menters (Holzapfel and Gerber, 1983), meta-
bolic studies on L. divergens (syn. C. divergens
DSM 20623) have shown that this organism fer-
ments glucose via the glycolytic pathway (De
Bruyn et al., 1987b; De Bruyn et al., 1988). Only
some secondary decarboxylation/dissimilation of
pyruvate/lactate to acetate, formate, and CO2

was observed, explaining the slow and often min-
imal production of CO2 in glucose broth media.
Using D-[U-14C] glucose, De Bruyn et al. (1988)
showed that about 75% of the lactate and less
than 10% of each of the formate and acetate
were produced from glucose. It was postulated
that the remainder of these products may be
derived from endogenous non-glucose sources.
Lactate and small amounts of ethanol and ace-
tate are produced from ribose (Holzapfel and
Gerber, 1983). Other properties that are shared
with most lactobacilli include the inability to pro-
duce gelatinase, urease, indole or H2S. The pep-
tidoglycan is of the meso-diaminopimelic acid-
direct type (described by Schleifer and Kandler,
1972). More than 95% of the lactic acid is pro-
duced as the L(+) isomer. Most strains grow at
0–2°C, especially in typical meat vacuum-
packaged meats. No growth occurs at 45°C, in
presence of 8% NaCl, or at pH 3.9 (Ho1zapfel
and Gerber, 1983; Collins et al., 1987).

Using D-MRS broth (W. H. Holzapfel and
Long, unpublished observations), optimum
growth of C. divergens was observed within a pH
of 8.0–9.5. Addition of 1.5% acetate raised the
minimum pH for growth from about 4.8 to 6.0.

As shown by Collins et al. (1987) and recently
confirmed by Ringø et al. (2002), oleic acid
(∆9,10) is present in the cellular fatty acids of all
carnobacteria species. A group- or even species-
specific pattern of the composition of fatty acids
can be recognized. Oleic acid is the predominant
compound in C. piscicola (L. maltaromicus), C.
gallinarum, C. mobilis and C. divergens. The lat-
ter species contains also dihydrosterculic acid
(9,10-methylenoctadecanoate). This cyclopro-
pane derivative is biosynthetically related to
oleic acid, and when counted together with that
fatty acid, the above-mentioned species contain
ca. 40–50% C18:1 compounds. They also contain
substantial amounts of C16:1 fatty acids (ca. 13–
23%). On the other hand, in the species C. fun-
ditum, C. alterfunditum and C. inhibens, C16-fatty
acids are predominant (ca. 50%). In C. funditum
and C. alterfunditum, characteristically C16:1

(∆7,8), but no (∆9,10) is detected, whereas in C.
inhibens the reverse is true. In the former two
species, a characteristic cyclopropane derivative
(cyclo 20:1, 0.6 and 1.6 %, respectively) has been
identified. The composition of the unsaturated
fatty acids is consistent with the 16S rRNA data
that indicates a closer relationship between the
latter three species. Carnobacterium mobilis is
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included in that branch but is high in C18:1 and
intermediary in the C 16:1 content.

The major properties for differentiating the
carnobacteria from the lactobacilli are shown in
Table 2. During isolation and identification pro-
cedures, the acetate sensitivity, as can be demon-
strated by failure to grow on acetate agar
(Rogosa et al., 1951), and the ability to grow at
pH 8.5–9.0, may serve as routine tests for the
recognition of carnobacteria among the rod-
shaped LAB. 

Differentiation of Species

Seven species are presently recognized to com-
prise the genus Carnobacterium: C. divergens, C.
gallinarum, C. mobile, C. piscicola (Collins et al.,
1987), C. funditum, C. alterfunditum (Franz-
mann. et al., 1991), and C. inhibens (Jöborn et
al., 1999). Although these species represent
seven separate DNA-DNA similarity groups,
they have been found to belong to the same ribo-
somal RNA homology cluster (Collins et al.,
1987; Champomier et al., 1989; Franzmann et al.,
1991; Jöborn et al., 1999). Genomic data resting
on sequence analysis of 16S rRNA permit a reli-
able differentiation of all Carnobacterium

species and may even be, together with other
genotypic methods, the best way to differentiate
phenotypically very similar species such as C.
piscicola and C. divergens. The availability of the
16S rRNA sequences permits also the identifica-
tion of diagnostic regions that can be used to
construct species-specific probes or primers.
These have been first employed by Brooks et al.
(1992) to amplify 16S rRNA followed by oligo-
nucleotide probes to identify C. divergens, C.
mobile and C. piscicola/C. gallinarum at species
level. The technique was applicable with purified
DNA extracts, crude cell lysates, and food sam-
ples. Ringø et al. (2002) employed the amplified
fragment polymorphism technique (AFLP(tm))
to characterize a C. divergens strain isolated from
Arctic charr. The high resolving power of this
technique showed that this isolate can be identi-
fied on the strain level and groups in AFLP clus-
ter rather distantly from the type strain of the
species.

Except for using the composition of the cellu-
lar fatty acids (see above), classical biochemical
and physiological tools are only of limited value.
In Table 11, the key physiological criteria for
their differentiation are given. Simple physiolog-
ical tests may be relied on for species differenti-

Table 11. Selected physiological characteristics of species of Carnobacterium.

Symbols: +, present; −, absent; w, weak; ND, no data.
aAll species produce acid from cellobiose, fructose, glucose, maltose, mannose, ribose, salicin and sucrose, but not from
adonitol, dulcitol, arabinose, glycogen, inositol, raffinose, rhamnose, and sorbitol.
bAccording to Franzmann et al. (1991), sucrose fermentation by C. funditum and C. alterfunditum is + and weak, respectively,
whereas Lai and Manchester (2000) report − for both species.
cAccording to Lai and Manchester (2000). See text.

Characteristic
C. 

alterfunditum
C. 

divergens
C. 

funditum
C. 

gallinarum
C. 

inhibens
C. 

mobile
C. 

piscicola

Growth at (°C)
0 + + + + + + +

30 − + − ND + + +
40 −(+b) + −(+b) ND − ND +

Motility + − + − + + −
Voges-Proskauer test ND + ND + ND − +
Acid produced from

Glycerol w ND w ND − +/− +
Xylose − − − + − − −
Galactose w − w + + + +
Mannitol − − + − + − +
Methyl D-glucoside −c − −c + − − +
Amygdalin + + − + + − +
Lactose − − − + w − −
Melibiose − − − − − − +
Trehalose − + + + + + +
Inulin − − − − w + +
Melezitose − +/− − + − − +/−
Gluconate −c + −c + − − +
d-Tagatose ND − ND + − −/+ −
d-Turanose −c − −c + − − +/−

Hydrolysis of Esculin − ND − + + + +
G+C content (mol%) 33–34 33.0–36.4 32–34 34.3–36.4 ND 35.5–37.2 33.7–36.4
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ation and are described by Borch and Molin
(1988), Collins et al. (1987), Holzapfel and Ger-
ber (1983), Shaw and Harding (1985), Montel et
al. (1991), and Ringø et al. (2002). Sugar fermen-
tation patterns (see Table 11) can especially be
used for routine differentiation of Carnobacte-
rium species. The key fermentable substrates for
this purpose are amygdalin, arabinose, galactose,
gluconate, inulin, lactose, mannitol, melezitose,
melibiose, α-methyl-D-glucoside, ribose, taga-
tose, trehalose, D-turanose and D-xylose as well
as glycerol. The API 10E and API 50 CH systems
(Biomerieux), as applied by Collins et al. (1987),
or the Minitek System (BBL; Borch and Molin,
1988), simplify the working procedure. These
commercialized rapid test systems seem to pro-
duce similar results to conventional sugar fer-
mentation tests in the broth used by Holzapfel
and Gerber (1983) or on the agar as used by
Shaw and Harding (1985). Shaw and Harding
(1985) added 0.5% of a filter-sterilized sugar
solution to the following basal agar medium after
sterilization: yeast extract (Difco), 0.6%; trypti-
case (BBL), 1.5%; cysteine HCl, 0.02%; Tween
80, 0.1%; chlorophenol red, 0.004%; MgSO4 ·
7H2O, 0.02%; MnSO4 · 4H 2O, 0.005%; and agar,
1.2%; pH 6.4. Lai and Manchester (2000) used
in their investigation of acid production from
carbohydrates the following basal medium
(SBM): peptone, 1% (w/v); NaCl, 0.5% (w/v);
yeast extract, 0.1% (w/v); agar, 1.5% (w/v); and
bromocresol purple, 15 ml liter–1 of 0.2% (w/v).
This medium was supplemented with 0.5% (w/v)
sterilized carbon source. The results were read
upon incubation for 5 days at 25°C. 

Taking into account the nonaciduric nature of
the carnobacteria, adjustment of the pH of basal
media to neutral and even higher may be advis-
able. Care should be taken that a suitable indi-
cator of the adjusted pH value (e.g., bromocresol
purple or cresol red) is chosen. Most tests used
for lactobacilli (described elsewhere in this chap-
ter) may be applied to the carnobacteria, pro-
vided a higher pH is used. For motility testing,
stab inoculation into YGPB medium, modified
to contain 0.1% glucose, 0.1% lactose, and
0.2% agar (Oxoid no. 3; Collins et al., 1987) is
recommended.

All Carnobacterium strains seem to share the
following common properties (Collins et al.,
1987; Borch and Molin, 1988): acid production
from cellobiose, D-fructose, D-glucose, maltose,
D-mannose, salicin and sucrose (see comment in
Table 11); no acid production from arabitol, dul-
citol, erythritol, fucose, glycogen, inositol, raffi-
nose, L-rhamnose, L-sorbose and xylitol. All
strains investigated by Collins et al. (1987) pro-
duced arginine deiminase, and Lai and Manches-
ter (2000) observed that all strains cleaved
4MU-β-D-glucopyranoside, grew in the presence

of potassium tellurite (0.1%, w/v) and colistin
sulfate (10 κg/ml) and at pH 7.0. None of the
strains grew in the presence of 10% (w/v) sodium
chloride or produced acid from sodium pyruvate
(0.1%, w/v).

Carnobacteria appear to be facultative anaer-
obes, as are most lactobacilli. Although cultiva-
tion in air does not seem to reduce colony growth
of most strains on agar plate surfaces signifi-
cantly, C. divergens strains especially show more
prolific growth in a reducing environment. The
recovery of inoculated cells of C. funditum and
C. alterfunditum on agar is poor under aerobic
conditions (Franzmann et al., 1991). Under
anaerobic conditions C. inhibens cultures grow
to higher cell density than in aerated cultures
(Jöborn et al., 1999). Their relatively high resis-
tance to thallium acetate and sodium azide
enables most carnobacteria to grow well on
media selective for Enterococcus, such as Barnes
agar (Barnes, 1959) and CATC agar (Burkwall
and Hartman, 1964; Reuter, 1968). Carnobacte-
rium piscicola grows slightly better on these
media than C. divergens, but their colonies
appear relatively similar to those of typical
enterococci. Investigations into the construction
of selective media for carnobacteria revealed
their resistance to heavy metals is more or less
similar to that of strains of Enterococcus faecium
and E. faecalis (Bosch and W. H. Holzapfel,
unpublished observations).
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