
Chapter 2
Biodiversity of Lactic Acid Bacteria

Wenjun Liu, Huili Pang, Heping Zhang and Yimin Cai

Abstract Lactic acid bacteria (LAB) are regarded the most important bacteria
concerning food fermentation, pharmaceutical and special dietary applications.
The most commonly used strains of different LAB species in food including the
genera of Aerococcus, Carnobacterium, Enterococcus, Lactobacillus, Lactococ-
cus, Leuconostoc, Pediococcus, Streptococcus and Bifidobacterium are updated
and described on taxonomy and description based on physiological and bio-
chemical characteristics. Diversity of LAB in different traditional fermented foods
(especially dairy products, fermented vegetable food and meat-based food) is
reviewed in this chapter. The LAB variable component and predominated species
in different foods and the same food products in different places is introduced
briefly. Specifically, the biodiversity of lactic acid bacteria in silage is reviewed at
the end of this chapter.
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2.1 Introduction

2.1.1 General Background

The concept of lactic acid bacteria (LAB) as a group of organisms developed at the
beginning of the 1900s. The first pure culture (‘Bacterium lactis, now known as
Lactococcus lactis’) was isolated in 1873 by Lister (Fennema et al. 2004). LAB are
historically defined as a ubiquitous and heterogeneous family of microbes that can
ferment a variety of nutrients into, primarily, lactic acid although recent molecular
evidence has challenged this definition (Brooijmans et al. 2009). They are found in
environments rich in available carbohydrate substrates, such as food and feed, but
also in human and animal cavities, and in sewage and plant material. Indeed,
strains have been isolated from all these environments (Kandler and Weiss 1986).
Besides lactic acid, other side products include acetate, ethanol, CO2, formate and
succinate (Hammes and Vogel 1995; Hammes and Hertel 2009).

The general characteristics of LAB are that they are gram-positive, catalase
negative (although some strains can produce pseudocatalase), anaerobic or
microaerophilic, acid-tolerant and non-sporulating rods and cocci (Orla-Jensen
1919). Traditionally, LAB were called ‘milk–souring organisms’, and often neg-
atively associated with loss of food and feed due to fermentation. However, LAB
are increasingly considered as beneficial microorganisms; some strains are even
thought to be health promoting (probiotic). Of all the bacteria exploited for
domestic use, the LAB are the most widely studied and are exploited in numerous
industrial applications ranging from starter cultures in the dairy industry to pro-
biotics in dietary (Konigs et al. 2000) supplements and bio-conversion agents
(Adams 1999).

LAB are found in two distinct phyla, namely Firmicutes and Actinobacteria.
Within the Firmicutes, LAB belong to the order Lactobacillales and include the
following genera: Aerococcus, Alloiococcus, Carnobacterium, Enterococcus,
Lactobacillus, Lactococcus, Leuconostoc, Oenococcus, Pediococcus, Streptococ-
cus, Symbiobacterium, Tetragenococcus, Vagococcus and Weissella, which are all
low guanine–cytosine content organisms (31–49 %) (Horvath et al. 2009). LAB in
Actinobacteria phylum only includes species of Bifidobacterium genus.

LAB obtain their energy by substrate-level phosphorylation because they do not
posses a functional respiratory system. Two basic hexose fermentative pathways
are used. The homofermentative pathway is based on the Embden–Meyerhof–
Parnas pathway and produces virtually only lactic acid as the end product. The
heterofermentative or heterolactic pathway (also known as the pentose phospho-
ketolase pathway, the hexose monophosphate shunt, or the 6-phosphogluconate
pathway) produces not only lactic acid as the end product, but also significant
amounts of CO2 and ethanol or acetate (Kandler 1983; Lahtinen et al. 2011).
Historically, the mode of fermentation in combination with physiological char-
acteristics such as temperature ranges for growth and sugar utilisation patterns
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were used as classification criteria to allocate LAB to genera and species. With the
application of modern taxonomic tools (especially molecular methods) to LAB
identification and classification some flaws in taxonomy based on physiology have
been identified although these attributes still remain very important for the clas-
sification and ultimate exploitation of LAB.

2.1.2 Sources of LAB

LAB are found in diverse habitats wherever carbohydrate substrates are available.
These include food and feed (dairy products, grain products, meat and fish prod-
ucts, beer, wine, fruits and fruit juices, pickled vegetables, mash, sauerkraut, silage
and sourdough), water, soil, sewage and the oral (mucous membranes), respiratory,
gastrointestinal and genital tracts of humans and animals (Horvath et al. 2009;
Klaenhammer et al. 2002, 2005; Kleerebezem and Hugenholtz 2003).

The largest genus, Lactobacillus, includes over 100 species that are ubiquitous
wherever substances rich in carbohydrates are available. They are closely asso-
ciated with terrestrial and marine animals, their environment (plants, materials of
plant origin, manure) and their food (cheese, yogurt) and most commonly found in
the body cavities of humans and animals (Ring and Gatesoupe 1998; Tailliez
2001). In humans they are present in the oral cavity (1 9 103 to 1 9 107 colony
forming units (CFU)/g, the ileum (1 9 103 to 1 9 107 CFU/g) and the colon
(1 9 104 to 1 9 108 CFU/g) and are the dominant microorganism in the vagina
(Hill et al. 1984; Forsum et al. 2005; Merk et al. 2005). Lactobacillus spp. have
been found in the gastrointestinal tract of humans, pigs, chickens, cattle, dogs,
mice, rats and hamsters (Hammes and Hertel 2009).

To date, 154 species from the genus Lactobacillus have been validly published
isolated from different sources (http://www.bacterio.net/lactobacillus.html). Here
we classify these sources into 11 major types (Fig. 2.1). The majority of species
(almost a third of those described) were isolated from human and animal intestinal
tracts and faeces (shown in Fig. 2.1). Vegetables and their associated fermentation
products (including pickle and kimchi, sourdough etc.) provided the second largest
number of Lactobacillus species isolated.

Species from other genera such as Enterococcus and Bifidobacterium were also
mainly isolated from the intestinal tracts, faeces and skin of animals or humans (Felis
and Dellaglio 2007). Species from the genus Leuconostoc were mainly isolated from
chill-stored meats or clinical sources, although they were also found in association
with plant material, fermented dairy products and wines (Thunell 1995). Species
from the genus Pediococcus have long been associated with spoilage of beer as they
produce diacetyl during fermentation and are most often isolated from spoiled beer,
distilled material, or from cellars used for fermenting (Stiles and Holzapfel 1997).
Other Pediococcus species, particularly Pediococcus pentosaceus, have also
been isolated from dairy products (Tzanetakis and Litopoulou-Tzanetaki 1989).
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Species from the genus Lactococcus have been isolated from plant material (Cai et al.
2011; Chen et al. 2012), but are most commonly associated with dairy products
(Teuber 1995).

2.2 Diversity in LAB

Early in the twentieth century, the term ‘Lactic acid bacteria’, or LAB, was first
coined in the monograph of Orla-Jensen (1919) and this still forms the basis of our
current classification system. The criteria for description of bacteria used by Orla-
Jensen (1919) include cellular morphology, mode of glucose fermentation, tem-
perature ranges for growth and sugar utilisation patterns (Table 2.1). According to
the current taxonomic classification LAB belong to the phylum Firmicutes, class
Bacilli and order Lactobacillales (Lahtinen et al. 2011); the different families
include Aerococcaceae, Carnobacteriacea, Enterococcaceae, Lactobacillaceae,
Leuconostocaceae and Streptococcaceae (http://www.uniprot.org/taxonomy/
186826). The genera of LAB that are associated with food are Aerococcus, Car-
nobacterium, Enterococcus, Tetragenococcus, Vagococcus, Pediococcus, Lacto-
bacillus, Leuconostoc, Oenococcus, Weissella, Lactococcus and Streptococcus.
Phylogenetically, all the above-mentioned genera form a clade belonging to the
clostridial branch of Gram-positive bacteria with low guanine–cystine content
(\50 %). This property distanced these ‘traditional’ LABs from the bifidobacteria
which have greater than 55 % guanine–cystine content and belong to the ‘Acti-
nomyces’ branch of bacteria (Schleifer and Ludwig 1995a, b). Nevertheless, the
genus Bifidobacterium is still regarded as a LAB by some researchers, because of
its similar physiological and biochemical properties and because it shares some
common ecological niches such as the gastrointestinal tract (Klein et al. 1998).
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Fig. 2.1 Original source of the type specimens of Lactobacillus species that have been isolated
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2.2.1 Description and Taxonomy of LAB Genera

2.2.1.1 The Genus Aerococcus

The genus Aerococcus was created by Williams et al. (1953) to accommodate
some species that were Gram-positive, microaerophilic and catalase negative
(although some display weak nonheme pseudocatalase activity); these coccoid
organisms differed from Streptococcus species primarily by their characteristic
tetrad cellular arrangement. Aerococcus species have been found from a wide
range of environments including air, dust, vegetation, meat-curing brines, soil,
human respiratory tracts and marine sources. For a long time, the genus contained
only a single species, Aerococcus viridans and historically, this species was
thought to resemble Pediococcus species more than Streptococcus species on
account of the cellular morphology. However, more recently, six other Aerococcus
species have been described from human sources: Aerococcus christensenii,
Aerococcus sanguinicola, Aerococcus suis, Aerococcus urinae, Aerococcus uri-
naehominis and Aerococcus viridans (Garvie 1988; Aguirre and Collins 1992;
Collins et al. 1999; Lawson et al. 2001a, b; Felis et al. 1934). Comparative 16S
rRNA gene sequences studies showed that this expanded Aerococcus genus
formed a robust group among the catalase negative, Gram-positive cocci (Collins
et al. 1999; Lawson et al. 2001a, b). Phylogenetically, Aerococcus is distinct from
other genera such as Streptococcus and Pediococcus. A phylogenetic tree
depicting the interrelationships between Aerococcus spp. and their close relatives
can be found in Bergey’s Manual of Systematic Bacteriology (Hammes and Hertel
2009).

Although the genus Aerococcus is phylogenetically distinct, using phenotypic
traits, it is difficult to distinguish it from related genera that have a coccoid shape.
In contrast, the species within the genus Aerococcus are very easily distinguished
from each other using conventional and miniaturised API test systems (Hammes
and Hertel 2009) (Table 2.2).

2.2.1.2 The Genus Carnobacterium

The genus Carnobacterium was first proposed by Collins et al. (1987) to
accommodate the group of ‘atypical lactobacilli’ strains isolated from vacuum-
packed meat that are also unable to grow on acetate agar (Collins et al. 1987). This
description included two group strains that were rod shaped, Gram-positive, cat-
alase negative and non-spore forming that had been isolated from poultry meat
stored at low temperatures (Thornley 1957) and vacuum packed, chilled stored
meat (Shaw and Harding 1984). The strains in these groups had previously
been referred to as ‘non-aciduric Lactobacillus’. Previously, two groups of
non-aciduric Lactobacillus had also been described and proposed as being new
species, specifically Lb. divergens (Holzapfel and Gerber 1983) and Lb. carnis
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(Shaw and Harding 1985). However, comparative 16S rRNA gene sequence
analysis of these species and the genus Carnobacterium (Wallbanks et al. 1990)
confirmed their similarity with Carnobacterium species and their distinction from
all other LAB. Although Carnobacterium species were originally isolated with
Lactobacillus species, phylogenetically, the genus is more closely related to the
genera Enterococcus and Vagococcus. Carnobacterium piscicola [previously Lb.
piscicolu, (Hiu 1984)] showed 100 % rRNA sequence homology with Lb. mul-
furomicus (Miller et al. 1974), hence Collins et al. (1991) proposed that the correct
name for both these organisms should be amended to C. armltarornicus. Currently,
the genus Carnobacterium comprises 11 species with a variety of distinguishing
physiological characteristics (Table 2.3).

Application in Food. Within the genera of LAB, Carnobacterium species are
one of the most frequently isolated from natural environments and food and play a
major role in biopreservation of food products. Carnobacterium maltaromaticum
strains are widely found in foods including dairy products (Afzal et al. 2010) and
have the potential to be applied as a protective culture in foods. Most research has
focused on the production of bacteriocins by C. maltaromaticum and their roles in
inhibition of Listeria monocytogenes and regulation of metabolic pathways of
sensory importance (Leisner et al. 2007).

2.2.1.3 The Genus Enterococcus

Although species in the genus Enterococcus have been recognised since Thiercelin
(1899) who described them as ‘entérocoque’ to emphasise their intestinal origin
(Thiercelin 1899), the genus was not formally established until it was distin-
guished from the genus Streptococcus based on DNA–DNA and DNA–rDNA
hybridisation studies (Collins et al. 1984). The first Enterococcus-type organism
was described by Andrewes and Horder (1906) as Streptococcus faecalis, which
was isolated from a patient with endocarditis (Andrewes and Horder 1906).
Because there are no phenotypic characteristics to separate the genus from other
genera of Gram-positive, catalase negative cocci, the taxonomy of this group of
bacteria was vague until molecular tools became available. Application of
molecular techniques for differentiation has resolved many of the uncertainties
about these bacteria. However, the physical and chemical characteristics of growth
at different temperatures, carbohydrate fermentation type and cell wall peptido-
glycan type remain effective for distinguishing between Enterococcus species
(Table 2.4).

Application in Food. Strains of Enterococcus species are mainly used in pig
and poultry nutrition. However, there are pharmaceutical products that contain
Enterococcus species as a probiotic. The genus Enterococcus contains 46 species
(Table 2.4), but only E. faecalis and E. faecium are used as probiotics for animals
and humans, of which E. faecalis is primarily used as a human probiotic.
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če

k
et

al
.

(2
01

3)

C
he

n et
al

.
(2

01
3)

K
us

ud
a

et
al

.
(1

99
1)

M
ar

ti
ne

z-
M

ur
ci

a
an

d
C

ol
li

ns
(1

99
1b

)

Š
ve

c et
al

.
(2

00
6)

T
an

as
up

aw
at

et
al

.
(2

00
8)

S
ed

lá
če
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2.2.1.4 The Genus Lactobacillus

The genus Lactobacillus is most closely related to the genera Paralactobacillus
and Pediococcus, being grouped within the same family (Release 5.0, Garrity
et. al. 2004). The genus was first described by Beijerinck (1901). Then Orla-Jensen
(1919) divided it into three subgenera, Thermobacterium, Streptobacterium and
Betabacterium according to their optimal growth temperatures and hexose fer-
mentation pathways. In the 2nd edition of Bergey’s Manual of Systematic Bac-
teriology (Kandler and Weiss 1986), numerous Lactobacillus species were listed,
and the nomenclature reorganised into three groups: group I (obligate homofer-
mentative species), group II (facultative heterofermentative species) and group III
(obligate heterofermentative species). This division suited the interests of food
microbiologists; several species in groups I and II, and also some species in group
III are used in fermented foods, although group III species are actually most
commonly associated with food spoilage. Based on 16S rRNA the principal
groupings are: (1) Lb. delbrueckii group including primarily the homofermentative
species; (2) the Lb. case-Pediococcus group, comprised of obligate homofer-
mentive species as well as facultative and obligate heterofermentive species;
(3) the Leuconostoc group that includes some obligate heterofermentative species
and has subsequently been subdivided into three genera: Leuconostoc, Oenococcus
and Weissella (Collins et al. 1991). More recently the smaller groups have been
split again according to their metabolic characteristics, phylogenetic groupings,
guanine–cytosine content and the type of peptidoglycan present in the cell wall
(Hammes and Hertel 2003). These detailed grouping of species was again updated
by Felis and Dellaglio (2007) resulting in 106 validly described species separated
into 15 groups some of which contained only single species (Felis and Dellaglio
2007). These species groups are Lb. delbrueckii group (delb), Lb. salivarius group
(sal), Lb. reuteri group (reu), Lb. buchneri group (buch), Lb. alimentarius–Lb.
farciminis group (al-far), Lb. casei group (casei), Lb. sakei group (sakei), Lb.
fructivorans group (fru), Lb. coryniformis group (cor), Lb. plantarum group (plan),
Lb. perolens group (per), Lb. brevis group (bre), Pediococcus dextrinicus group
(Pdex) (Felis and Dellaglio 2007). In 2012, the taxonomy of the genus Lactoba-
cillus was further updated and species within the genus were further clustered from
a taxonomic point of view (Elisa et al. 2012). This updated phylogenetic analysis,
also based on 16S rRNA gene sequencing, revealed 152 validly described species
divided into 15 groups that contained three or more species, 4 groups that con-
tained only two species and 10 single lines of descent (Elisa et al. 2012)
(Table 2.5).

2.2.1.5 The Genus Lactococcus

The phylogenetic position of the genus Lactococcus within the Firmicutes was
established by comparison of 16S rRNA gene sequences (Schleifer and Ludwig
1995a, b) and in the second edition of Bergey’s Manual of Systematic Bacteriology
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(Hammes and Hertel 2009) Lactococcus was described as a member of the family
Streptococcaceae, along with Streptococcus and Lactovum, in the order Lactoba-
cillales. However, Lactococcus species are clearly separated from Streptococcus
spp. which are pathogenic (Stackebrandt and Teuber 1988). To date, the genus
Lactococcus comprises 12 species, amongst which, Lactococcus lacits including 3
subspecies. The species can be differentiated based on physiological characteristics
(Table 2.6).

Application in Food. Lactococcus lactis subsp. lactis and cremoris are the
species traditionally used in dairy applications. The main differences between the
subspecies are their salt tolerance and ability to hydrolyse arginine. Both these are
typical for subsp. lactis but absent in cremoris. The diacetyl-producing variants of
Lc. lactis subsp. lactis are often referred to as biovar diacetylactis (Batt 2000).

2.2.1.6 The Genus Leuconostoc

Leuconostoc is the most economically important genus of LAB, and Leuc. mes-
enteroides subsp. mesenteroides is the principle species isolated from plants
(Mundt 1970). The Leuconostoc genus was considered close to the genus Strep-
tococcus based on morphological classification criteria. Phenotypically, species
from the Leuconostoc, Lactobacillus and Pediococcus genera share many char-
acteristics and are often isolated from the same habitat (Garvie 1976; Sharpe
1972). Physiological properties can be used for identification and differentiation
between species in Leuconostoc (Table 2.7). Phylogenetically, the genus Leuco-
nostoc is closely related to the genera Fructobacillus, Oenococcus and Weissella,
and together they are commonly known as the ‘Leuconostoc group’ of LAB.
Originally, the LAB included in the ‘Leuconostoc group’ were all classified as
Leuconostoc species. However, in the early 1990s, molecular phylogenetic anal-
yses led to a subdivision of the group into three distinct lineages: the genus
Leuconostoc sensu stricto, the Leuconostoc paramesenteroides group, and the
Leuconostoc oenos group (Martinez-Murcia and Collins 1990; Martinez-Murcia
et al. 1993). In the past 10 years some Leuconostoc species have been reclassified
as Oenococcus oeni (Dicks et al. 1995) or moved to the genera Weissella (Collins
et al. 1993) or Fructobacillus (Endo and Okada 2008) based on a combination of
genetic and phenotypic characteristics. To date there are 16 validly described
species (Table 2.6) with Leuc. mesenteroides being the type species (Euzeby
2009).

Application in Food. The role of Leuconostoc species in fermented food can be
both positive and negative. The positive effects on dairy products were recognised
early in the twentieth century when researchers found that during the fermentation
process Leuconostoc species were responsible for a buttery aroma, which was a
desirable characteristic for many dairy products (Thunell 1995; Dessart and
Steenson 1995; Vedamuthu 1994). Currently, Leuconostoc species are used as
starter cultures in the manufacture of fermented dairy, vegetable and cereal foods
in conjunction with the acid-producing species Lc. lactis. The negative effects of
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some Leuconostoc species is food spoilage. In 1878, a French natural scientist,
Philippe van Tieghem studied slime-forming bacteria and described them as
Leuconostoc mesenteroides (Euzeby 2009) and to date, Leuconostoc species are
still implicated in the spoilage of packaged, refrigerated foods, particularly meat
and meat products.

2.2.1.7 The Genus Pediococcus

Species in the genus Pediococcus were among the first bacteria to be studied by
Louis Pasteur in relation to their role in the spoilage of beer. Their spherical shape
and tetrad formation served as key characteristics in their early recognition. Ini-
tially, they were the only LAB that were divided in two planes to produce tetrads
or pairs. However, more recent taxonomic changes have increased the number of
tetrad forming genera to three. In Bergey’s Manual of Systematic Bacteriology
(Kandler and Weiss 1986) only 8 species were recognised in this genus but now
there are 11 species that can be distinguished from each other based on physio-
logical characteristics (Table 2.8). The species commonly referred to as P. cere-
visiae was very variable and on subsequent study has been lost and the strains
within it redistributed amongst the species P. damnosus, P. acidilactici and P.
pentosaceus.

Application in Food. Most of the strains originally designated as P. cerevisiae
that were used as meat starters have been reclassified as P. acidiluctici. Among the
known Pediococcus species, P. acidilactici, P. pentosaceus and P. halophilus are
most commonly associated with food fermentation.

2.2.1.8 The Genus Streptococcus

Species in the genus Streptococcus were amongst the earliest bacteria to be
recognised by microbiologists because of their involvement in a large number of
human and animal diseases. The generic name Streptococcus was first used by
Rosenbach (1884) to describe the chain-forming, coccus-shaped bacteria associ-
ated with wound infections (Rosenbach 1884). The genus Streptococcus was
originally described based on morphological, serological, physiological and bio-
chemical characteristics and it comprised a wide range of organisms including the
highly pathogenic bacteria S. pneumoniae, S. pyogenes and S. agalactiae; the
intestinal group D Streptococci S. faecalis and S. faecium; and the economically
important group N starter bacteria S. cremoris and S. lactis (these latter two species
were subsequently placed in the genus of Lactococcus). There are more than 50
species in the Streptococcus genus and most are associated with human and animal
disease, and therefore not of relevance to this chapter. Jones (1978) reviewed the
composition and differentiation of the genus Streptococcus and proposed seven
groups, including the strict anaerobes and pneumococci, based on pathogenicity,
habitat and oxygen tolerance criteria (Jones 1978). However, based on molecular
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studies, the genus has subsequently undergone major revisions. Similarities in 16S
rRNA sequences from the Clostridium branch of gram-positive bacteria indicated
that it was appropriate to separate the genus into three genetically distinct groups
that were each genera in their own right: Streptococcus sensu stricto, Enterococcus
and Lactococcus (Stackebrandt and Teuber 1988; Schleifer and Kilpper-BL lr
1984, 1987). The species remaining in the genus Streptococcus include all the
pathogenic and the oral (Sherman’s Viridans group) species. Streptococcus ther-
mopile is an exception in this genus because it is the only one that is not a pathogen
and is an important starter organism for yogurt and cheese manufacture.

Application in Food. Streptococcus thermophilus is widely used in combina-
tion with Lb. delbrueckii subsp. bulgaricus, Lb. lactis and/or Lb. helveticus, as a
starter culture for yogurt and related fermented milk products as well as Swiss and
Italian-type cheeses (Smit et al. 2005). It has an optimum incubation temperature
above 40 �C. There is a special relationship between S. thermophilus and Lb.
delbrueckii subsp. bulguricus in which S. thermophilus produces formic acid that
promotes the growth of the other species which, in turn, provides flavour com-
pounds (acetaldehyde) and the proteolytic activity to ensure that the S. thermo-
philus can grow in milk.

2.2.1.9 The Genus Bifidobacterium

According to the Taxonomic Outline of the Prokaryotes (Garrity et al. 2004), the
genus Bifidobacterium belongs to the phylum Actinobacteria, class Actinobacte-
ria, subclass Actinobacteridae, order Bifidobacteriales, family Bifidobacteriaceae.
The other genera in this family are: Aeriscardovia, Falcivibrio, Gardnerella,
Parascardovia and Scardovia. Although, the genus Bifidobacterium is only poorly
phylogenetically related to LAB and its species exploit a different metabolic
pathway for the degradation of hexoses to the ‘genuine’ LAB, it has been listed
amongst LAB in much of the traditional literature. In addition, species in the genus
Bifidobacterium are as important as species in the genus Lactobacillus for food
microbiology and human nutrition due to their role in food and feed production
and preservation. Many species also exhibit probiotic properties. For these reasons,
we include the genus Bifidobacterium in this chapter. The genus Bifidobacterium is
comprised of 44 species and 9 subspecies (Table 2.9). Using a number of different
methods and models for phylogenetic analyses, Felis and Dellaglio (2007) affirmed
that, within the genus Bifidobacterium, there were distinct groups, each containing
several associated species (Felis and Dellaglio 2007). These groups are: B.
adolescentis group, B. pullorum group, B. boum group and B. pseudolongum
group.
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2.2.2 Species of Lactic Acid Bacteria

Although more than 50 genera of LAB have been validly published till now, a
considerable number of species have been described and increased sharply. The
most important genera are described above, among which (alphabetically)
Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, Pediococcus and Strep-
tococcus are regarded as the most important food microorganisms. Thus, the most
important species in these genera are described in more detail in this section.

Species of Enterococcus. Bacteria from the genus Enterococcus were first
observed by Thiercelin (1899) and Andrews and Horder (1906) used the name S.
faecalis for the Enterococcus-type organism that they isolated from a patient with
endocarditis. In 1937, Sherman first described those organisms from physiological
and biochemical and serological characteristics (Devriese et al. 1993; Seegers
2002). To date, there were 45 validly described species in the genus Enterococcus
from a range of different sources (Table 2.10).

Species of Lactobacillus. Lactobacillus is the largest group of LAB and
includes some of the most important species involved in food microbiology and
human nutrition; several Lactobacillus species are essential in fermented food
production and are used as starter cultures or food preservatives. Moreover, certain
species of human origin are being exploited as probiotics or vaccine carriers
(Seegers 2002). This genus includes a large number of GRAS species (Generally
Recognised As Safe). The number of species described has increased sharply in
recent years (Fig 2.2). There were 74 new species of Lactobacillus described
between the year of 2001 and 2010. This is the same number of new Lactobacillus
species described in the whole of the twentieth century. This amazing increase in
the number of Lactobacillus species identified has a strong relationship with
advances in the development of innovative molecular techniques and their appli-
cation to microbial taxonomy and identification. This was particularly evident in
the 1980s when a large number of new species were identified using 16S rRNA
gene sequence analysis and then again in the last 10 years due to the advent of
polyphasic taxonomic methods.

Species of Lactococcus On the basis of exhaustive reinvestigations, N strep-
tococci (Lancefield 1933) were separated from the oral streptococci, enterococci
and hemolytic streptococci, and placed in a new genus, Lactococcus, by Schleifer
et al. (1985, Lancefield (1933). In recent years, molecules have allowed detection
and differentiation of a number of new species. However, the genus remains
relatively compact and comprises only 12 species (Table 2.5). Of these, Lacto-
coccus lactis is the most important in industrial fermentation and especially for the
manufacture of dairy products. There are four subspecies of Lc. lactis: Lc. lactis
subsp. lactis, Lc. lactis subsp. cremoris, Lc. lactis subsp. hordniae, Lc. lactis
subsp. tructae. Subsp. lactis is the most important commercially used LAB.

Species of Pediococcus This genus was one of the first LAB to be studied
intensively by food microbiologists because of their association with beer spoilage.
Species in Pediococcus can be confused with micrococci and aerococci because of
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morphological similarities, pseudocatalase production and salt tolerance (Garvie
1986). In Bergey’s Manual of Systematic Bacteriology (Garvie 1986) eight species
were recognised but the number of species has now increased to nine (Hammes
and Hertel 2009). To date, there were 15 validly described species in the genus
(http://www.bacterio.net/p/pediococcus.html).

Species of Leuconostoc Leuconostoc is the predominant genus among the LAB
on plants, with Leuc. mesenteroides subsp. mesenteroides as the principal species
(Mundt 1970). Leuconostocs are traditionally found in association with plant
matter, fermented dairy products and wines. The first species was isolated in 1878
by Cienkowski. There were four species listed in the Bergey’s Manual of Sys-
tematic Bacteriology (Garvie 1986) but, at the time of writing, there are now 12
species in the genus (Table 2.7).

Species of Streptococcus The genus Streptococcus is large, containing
numerous clinically significant species that are responsible for a wide variety of
infections in man and in animals. To date there are 82 approved listed species
(http://www.bacterio.net/s/streptococcus.html).

2.3 Genetic Diversity of Lactic Acid Bacteria

2.3.1 Biodiversity of Lactic Acid Bacteria as Identified
by Culture-Dependent Approaches

LAB have often been isolated and identified from traditionally fermented dairy
products in the last 20 years. These fermented dairy products include busa
(Turkestan), cieddu (Italy), dadhi (India), kefir (Balkans), kumiss (Steppes), kurut
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(Himalayan regions), laban zabadi (Egypt), mazun (Armenia), taette (N. Europe),
skyr (Iceland), masl (Iran), crowdies (Scotland), kuban and yogurt (Miyazaki and
Matsuzaki 2008). Studies of the different types of raw milk used (including cow,
goat, ewe, mare, camel, buffalo and yak) show a great diversity of LAB at the
genus and species level. For example, 12 different species of LAB were isolated
and identified during the manufacture and storage of Anevato cheese, a traditional
spreadable Greek cheese made from raw goat’s or ewe’s milk: three species were
from the genus Lactococcus (Lc. lactis, Lc. garviae, Lc. raffinolactis), three species
were from the genus Leuconostoc (Leuc. mesenteroides, including the subspecies
mesenteroides and dextranicum, Ln. paramesenteroides and Leuc. lactis) and six
species were from the genus Lactobacillus (Lb. plantarum, Lb. coryneformis, Lb.
paracasei, Lb. brevis, Lb. bifermentans and Lb. viridens).

2.3.1.1 LAB in Koumiss

Koumiss (also known as koumiss, kumiss, kumys, kumyz, kimiz or coomys) is a
very popular drink consumed in countries from the Cancasus region of
Kazakhstan, Azerbaijan, Turkey (kumye) and in China and Mongolia (Tooner
1994). In the seventh century, koumiss became an everyday drink of the
Mongolian tribes where, today, the product is known as airag, arrag, irag, chige or
chigo (in the Mongolian language) (Zhang and Zhang 2012). Traditional koumiss
is produced from mare’s milk and in Mongolia it is also produced from camel’s
milk. In Europe and North America, a koumiss-like product is made from full or
skimmed cow’s milk (Mann 1989; Di Cagno et al. 2004).

The microflora isolated from koumiss has not been well defined, but consist
mainly of LAB and yeast. Indeed, Saccharomyces unisporus was identified as the
principal microorganism from traditional koumiss in Kazakhstan (Montanari and
Grazia 1997; Park et al. 2006). Sometimes, acetic acid bacteria have also been
found (Zhang and Zhang 2012; Park et al. 2006). In recent years, numerous studies
have been published clarifying the diversity of LAB isolated and grown in pure
culture from traditional koumiss in China and Mongolia (Table 2.11).

2.3.1.2 LAB in Traditional Fermented Camel’s Milk and Related
Products

Camels (Camelidae) mainly inhabit desert and semi-desert regions, with major
populations distributed within Sudan and other African countries, Arab countries,
India, Mongolia and the northwest region of China (Jiri et al. 2009). Raw camel
milk products, fresh unpasteurised milk or spontaneously fermented milk (such as
suusac) are also an important component of the daily diet of pastoralists in East
African countries such as Kenya and Somalia (Farah et al. 2007). In Sudan, fresh
unpasteurised camel’s milk and fermented camel’s milk (gariss) are widely con-
sumed by pastoralist communities living in the arid and semi-arid regions of the

2 Biodiversity of Lactic Acid Bacteria 139



T
ab

le
2.

11
C

om
po

si
ti

on
an

d
di

st
ri

bu
ti

on
of

la
ct

ic
ac

id
ba

ct
er

ia
in

ko
um

is
s

of
di

ff
er

en
t

re
gi

on
s

of
M

on
go

li
a

C
ou

nt
dr

y/
R

eg
io

ns
N

um
be

r
of

sa
m

pl
es

N
um

be
r

of
is

ol
at

es
S

pe
ci

es
of

L
A

B
T

ot
al

P
re

do
m

in
an

t
sp

ec
ie

s
R

ef
er

en
ce

s

M
on

go
li

a
3

–
L

b.
he

lv
et

ic
us

–
L

b.
he

lv
et

ic
us

U
ch

id
a

et
al

.
(2

00
7)

L
b.

ke
fir

i
L

b.
pa

ra
ca

se
i

L
b.

pl
an

ta
ru

m
L

b.
fa

rc
im

in
is

L
b.

cu
rv

at
us

22
36

7
L

b.
he

lv
et

ic
us

93
L

b.
he

lv
et

ic
us

W
at

an
ab

e
et

al
.

(2
00

8)
L

b.
ke

fir
an

of
ac

ie
ns

35
L

b.
ke

fir
an

of
ac

ie
ns

L
b.

ca
se

i
13

L
b.

di
ol

iv
or

an
s

1
L

b.
fa

rc
im

in
is

1
L

b.
hi

ga
rd

ii
1

L
b.

ke
fir

i
4

L
b.

pa
ra

fa
rr

an
gi

ni
s

1
L

b.
pl

an
ta

ru
m

8
L

c.
la

ct
is

su
bs

p.
la

ct
is

7
L

eu
c.

m
es

en
te

ro
id

es
13

L
eu

c.
ps

eu
do

m
es

en
te

ro
id

es
2

L
b.

fe
rm

en
tu

m
1

L
ac

to
co

cc
us

2
S.

th
er

m
op

hi
lu

s
1

E
.

fa
ec

iu
m

1
5

30
L

b.
ac

id
op

hi
lu

s
gr

ou
p

20
L

b.
ac

id
op

hi
lu

s
gr

ou
p

M
en

gh
eb

il
ig

e
et

al
.(

20
04

)

L
b.

ca
se

i
1

(c
on

ti
nu

ed
)

140 W. Liu et al.



T
ab

le
2.

11
(c

on
ti

nu
ed

)

C
ou

nt
dr

y/
R

eg
io

ns
N

um
be

r
of

sa
m

pl
es

N
um

be
r

of
is

ol
at

es
S

pe
ci

es
of

L
A

B
T

ot
al

P
re

do
m

in
an

t
sp

ec
ie

s
R

ef
er

en
ce

s

L
b.

pl
an

ta
ru

m
9

L
b.

pa
ra

ca
se

su
bs

p.
pa

ra
ca

se
–

B
ur

en
te

gu
si

et
al

.
(2

00
2)

L
b.

co
ry

ni
fo

rm
is

su
bs

p.
co

ry
ni

fo
rm

is
–

L
b.

cu
rv

at
us

L
b.

ke
fir

an
of

ac
ie

ns

2 Biodiversity of Lactic Acid Bacteria 141



country (Ashmaig et al. 2009). Traditionally, fermented camel’s milk and are also
popular in China (shubat in the Hazakh language) (and Mongolia (hogormag in the
Mongolian language) (Shuangquan and Miyamoto 2004). Early reports indicated
that the bacterial component of the microflora of traditional fermented camel milk
products was dominated by LAB species belonging to several different genera. In
recent years, in order to improve the spontaneous traditional fermentation and
develop suitable starter cultures for safer production of traditional food, many
species of LAB have been isolated and identified from camel’s milk by different
research institutes and in different countries and regions (Table 2.12).

2.3.1.3 LAB in Traditional Fermented Cow’s Milk and Related
Products

Historically, fermented dairy products were developed by nomadic tribes people to
preserve the valuable nutrients from fresh raw milk. With the advancement of
human civilization and changes in life style, the role of these foods as the sole
source of nutrition for nomadic people has ceased. However, the process of
making these traditional fermented dairy products continues to be developed and
handed down through the generations in the minority ethnic populations of China.
Nowadays, many different fermented dairy products are consumed by minority
ethnic people living in Mongolia, Xinjiang, Tibet and other provinces of China.
However, as cows are currently the main domestic livestock variety in China,
cow’s milk is the major raw material for making a variety of these dairy products,
including dairy fan, yogurt, Eedsen Su Aarchi and wurum. The Key Laboratory of
Dairy Biotechnology and Engineering, Ministry of Education P.R.China have long
been engaged in isolating and identifying LAB from products traditionally fer-
mented from cow’s milk in China. From 2001 to the present, a wide variety have
been isolated and identified in a selection of different ethnic minority areas of
China, Mongolia and Tibet (http://www.bio149.cn/html/labcc.html) (Table 2.13).

2.3.1.4 LAB in Kurut and Other Fermented Yak’s Milk Products

Yaks are one of the most ancient bovine species in China and mainly distributed in
the Qing–Tibetan plateau at an average altitude of 4,000 m. China has approxi-
mately 13 million yaks which is the largest number for any country in the world
(Zhang et al. 2008). China has both the largest number of yak herds and the highest
associated milk production in the world (Zhu and Zhang 2005). Many varieties of
dairy products including kurut, qula, butter and cheese are prepared from yak’s
milk and consumed by Tibetan people in the Qing–Tibetian plateau regions of
China. Kurut is one of the most important fermented products and is made using
traditional production methods as reported by Chen et al. (2009). The high altitude
and special climate of the Tibetan plateau represents a distinct ecological with a
wide biodiversity. Such diversity of species, including a diversity of LAB, results
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Table 2.13 The species and number of isolations of LAB from traditionally fermented cow’s
milk products in different regions

Species of LAB Inner
Mongolia

Tibet Yunnan
Province,
China

Tibetan regions of
Gansu and Sichuan
Provinces, China

Mongolia

E. durans 10 7 1 9 3
E. faecalis 6 2 – – 1
E. faecium 5 1
E. italicus 1
Lb. acetotolerans 1
Lb. brevis 4 4 3
Lb. casei 106 31 16
Lb. crispatus 1
Lb. crustorum 1
Lb. curvatus 1
Lb. delbrueckii subsp.

bulgaricus
4 11 129

Lb. diolivorans 68 1 15
Lb. fermentum 5 1 10 10 42
Lb. helveticus 153 2 56 88 169
Lb. hilgardii 4 1 1
Lb. kefiranofaciens subsp.

kefiranofaciens
3

Lb. kefiranofaciens subsp.
kefirgranum

9 5

Lb. kefirgranum 10 8
Lb. kefiri 27 1 7
Lb. parabuchneri 15
Lb. plantarum 68 8 1 4 7
Lb. pontis 5
Lb. reuteri 11
Lb. rhamnosus 4
Lc. garvieae 1 2
Lc. lactis subsp. cremoris 6 3 6
Lc. lactis subsp. lactis 132 9 4 6
Lc. raffinolactis 3 13
Leuc. lactis 2 1 1 22
Leuc. mesenteroides 6 38
Leuc. mesenteroides

subsp. mesenteroides
97 3 49 16

Leuc.
pseudomesenteroides

5

S. thermophilus 18 38 182

2 Biodiversity of Lactic Acid Bacteria 145



in a very specific microflora associated with yak’s milk and its products (Li et al.
2002; Luo et al. 2005). These differences in biodiversity of bacteria are very
important in forming the typical features of traditional fermented dairy products in
different regions. Several studies have reported the species composition and bio-
diversity of LAB in yak’s milk products from different regions of China including
Tibet (Zhang et al. 2008; Airidengcaicike et al. 2010; Duan et al. 2008) and the
provinces of Qihai (Sun et al. 2010), Gansun (Bao et al. 2012a) and Sichuan (Bao
et al. 2012b). It was described in Table 2.14. A predominance of L. helveticus was
recorded in qula and whey products from Gansu and Sichuan provinces, respec-
tively. It also predominated in kurut from Gansu province. However, the pre-
dominated species in kurut from Sichuan, Qinghai and Tibet were Lb. helveticus,
S. thermophilus and Lb. fermentum, respectively. Other species from the genera
Lactobacillus, Enterococcus, Lactococcus, and Leuconostoc were also isolated at a
low frequency. The number of identified species ranged from one to over 20
depending on the product. The overall distribution pattern showed that the pre-
dominant species and biodiversity of LAB in yak’s milk products from the four
geographically distant regions varied substantially.

2.3.2 Biodiversity of Lactic Acid Bacteria as Determined
by Culture-Independent Approaches

Before 1990, isolation and growth of microorganisms in pure culture was the only
method for their identification and characterisation. For this reason, early species
composition studies and biodiversity analyses were mainly achieved based on
culture-dependent methods. However, it is well known that less than 1 % of
microorganisms can be cultivated in the laboratory (Ward et al. 1990; Engelen
et al. 1998). Furthermore, the in vitro growth step can lead to underestimates in
biodiversity analysis because slow-growing species or species present in low
numbers may be out-competed by faster growing or more prevalent species
(Hugenholtz et al. 1998). The emergence of cultivation-independent approaches
has overcome these issues and provides unique opportunities to reveal the diversity
of previously unculturable prokaryotic species by analysis of the ribosomal RNA
(rRNA) genes of mixed microbial populations from environmental samples
(Hugenholtz et al. 1998). This is far more representative of the real spectrum of
microorganisms and their genes that are active in the habitat of choice. To com-
prehensively assess the microbial composition of dairy products and other fer-
mented food, studies on the microbial composition of LAB have been clarified
using culture-independent approaches.
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2.3.2.1 Microbial Diversity in Traditionally Fermented Dairy Products
as Determined by Metagenomic Sequence Analysis

Culture-independent approaches have been used increasingly to determine the
composition of complex microbial communities. These procedures have enabled
the simultaneous characterisation of whole ecosystems and the identification of
many species from these sources (Quigley et al. 2011). There is a vast amount of
information held within the genomes of microorganisms that cannot be cultured in
conventional ways and metagenomics techniques are one of the key technologies
now used to access and investigate this potential. These techniques have detected
all of the commonly cultured species, as well as some previously undetected
microorganisms. In recent years, pyrosequencing has been used increasingly to
study the diversity and dynamics of the bacterial populations of an Irish kefir grain
and its corresponding fermented products (Dobson et al. 2011) and other fer-
mented food (Humblot and Guyot 2009; Roh et al. 2010; Jung et al. 2011).
Biodiversity of LAB in traditionally fermented dairy products (including fer-
mented cow’s milk, koumiss and kurut) in China, Mongolia and Russia are also
currently being investigated using pyrosequencing technology in the Key Labo-
ratory of Dairy Biotechnology and Engineering, Ministry of Education, China
(Inner Mongolia Agricultural University) to complement our previous extensive
culture-dependent studies (Bao et al. 2012a, b). Although these data are not
published a summary will be provided in the following sections.

Microbial Diversity in Traditionally Fermented Cow’s Milk

Samples of fermented cow’s milk were collected from the Xinjiang Uygur
Autonomous Region, China (n = 10 from Zhaosu County and 12 from Tekesi
County) and subjected to microbial diversity studies using 454 pyrosequencing
(unpublished data). This resulted in a total of 245,423 high quality 16S rRNA
sequences with each sample producing an average of 13,062 sequences
(range = 7913–16476, SD = 3096). After PyNAST alignment and 100 %
sequence identity clustering analysis, 11,790 representative sequences were
obtained. RDP combined with the BLAST homology sequence alignment cluster
method were then used to identify the sequences to phylum and genus level. The
sequences were distributed amongst seven phyla (Fig. 2.3), four of which were the
bacterial phyla Firmicutes, Proteobacteria, Bacteroides and Actinobacteria which
together accounted for 99 % of the sequences. A further two of the phyla were also
bacteria, TM7 and Verrucomicrobia, but they were represented by only 0.01 and
0.007 % of the total sequences, respectively.

All the sequences were also identified to genus level (Fig. 2.4). There were 11
genera represented in these samples (at a level of at least 0.03 % of sequences/
sample), of which XX were LAB and, of those, Lactobacillus was regarded as the
most abundant. In some five samples 99 % of sequences could be attributed to
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Lactobacillus. The next most abundant genus was Streptococcus which, at its
maximum in sample one sample represented 55 % of sequences. The highest
proportion of sequences attributable to Lactococcus was 26.85 and 24.77 % in two
samples, respectively.

Fig. 2.3 The proportion of 16S rRNA sequences from samples of traditionally fermented cow’s
milk attributable to phyla of microorganisms

Fig. 2.4 The proportion of 16S rRNA sequences from samples of traditionally fermented bovine
milk attributable to genera of microorganisms
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Microbial Diversity of Traditional Kumiss

Microbial diversity in traditional koumiss were also studied by using the pyrose-
quencing technology (these data has not been published). For example, six koumiss
samples (three samples from Xinjiang of China, three samples from Russia) collected
from the Xinjiang Uygur Autonomous Region and Kalmuckia region of Russia. All
the sequences were identified to genus level shown in Fig. 2.5, which represented the
relative content of the bacteria on the genus level (greater than 0.3 %) in these
samples. There were 9 genus presented these samples, of which Lactobacillus was
regarded as the most abundant bacteria. Its content got to more than 98 %, especially
in four of samples. Followed by the Streptococcus genus, the maximum content of
these bacteria got to 81 % in one sample. Moreover, the highest content of Lacto-
coccus was 14.83 % in one of samples. The other genus resented these samples were
less than 10 %. All the sequences were identified to 11 phyla, Firmicuters are the
predominated microflora in most samples (Fig 2.6).

Microbial Diversity in Traditional Kurut

Samples of kurut (traditionally fermented yak’s milk) were collected from the
Tibet Autonomous Region, China (n = 8 samples from Geda County, and 8 from
Ningzhong County) and subjected to microbial diversity studies using 454 py-
rosequencing analysis (unpublished data). The samples for sequencing were
allocated to the different regions of two County. This resulted in 112,173 high

0%

20%

40%

60%

80%

100%

D2 D4 D6 F5 F7 F8

Lactobacillus Streptococcus Lactococcus Acetobacter
Leuconostoc Enterococcus Kluyvera Macrococcus
Acinetobacter other

Fig. 2.5 Bacterial relative content (16S rRNA sequence proportion) in traditional koumiss based
on the level of genera
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quality 16S rRNA sequences with each sample producing an average of 13062
sequences (range = 6274–7765, SD = 482). Following PyNAST alignment and
100 % sequence identity clustering analysis, 6530 representative sequences were
obtained. RDP combined with the BLAST homology sequence alignment cluster
method were then used to identify the sequences to phylum and genus level. The
sequences were distributed amongst 11 phyla (Fig. 2.7) of which four were the
bacterial phyla Firmicutes, Proteobacteria, Bacteroides and Actinobacteria which
together accounted for 99 % of the sequences. The remaining seven phyla were
also bacteria (Acidobacteria, Chloroflexi, Tenericutes, TM7, Deinococcus-Ther-
mus, Spirochaetes and SR1) each accounting for between 0.013 and 0.015 % of the
sequences.

Fig. 2.7 The proportion of 16S rRNA sequences from samples of kurut attributable to genera of
microorganisms

Fig. 2.6 The proportion of 16S rRNA sequences from samples of kurut attributable to phyla of
microorganisms
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The sequences were also identified to genus level (Fig. 2.8). There were 13
genera identified in these samples (each at a level of at least 0.01 % of the
sequences present), of which XX were LAB and, of those, Lactobacillus was
regarded as the most abundant, representing 99 % or more of the sequences in a
number of the samples. The second most abundant was Streptococcus genus,
which was at its highest levels (33.89 % of sequences) in sample B4. In sample A4
Lactococcus reached its highest levels (80.20 % of sequences).

Microbial Diversity in Traditional Dairy Products in Different Places

The bacterial community diversity in fermented dairy products from Mongolia,
Gansu Province, China; Sichuan Province, China and Inner Mongolia Autonomous
Region, China were also examined using a metagenomic approach involving high-
throughput 454 pyrosequencing (unpublished data) (Fig. 2.8). The sequences were
distributed among four bacterial phyla, namely Firmicutes, Proteobacteria, Bac-
teroidetes and Actinobacteria. Of the four bacterial phyla, Firmicutes dominated in
all samples from all locations. The second most dominant bacterial phyla was
Proteobacteria, representing on average 17 % (±9 %) of the sequences. Bacter-
oidetes (0.53 % ± 0.59 %), Actinobacteria (0.11 % ± 0.05 %) and unclassified
bacteria (0.11 % ± 0.07 %) were at low levels in all samples. At the genus level, a
total of 95 bacterial genera were identified from the four phyla, of which Lacto-
bacillus was the most abundant. At the depth of analysis carried out, 14 genera
were found to be common in all the naturally fermented dairy product samples

Fig. 2.8 Relative abundances (percentage of sequences) of the bacteria in naturally fermented
dairy products in different regions
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from the four different sampling locations (Mongolia, Gansu Province, Sichuan
Province and Inner Mongolia Autonomous Region). In addition to Lactobacillus
(67.22, 52.51, 49.91 and 43.70 % for each region respectively) these were
Streptococcus (12.07, 33.55, 29.51 and 0.71 %), Lactococcus (3.66, 0.17, 2.26 and
21.86 %), Leuconostoc (1.92, 0.02, 1.60 and 0.16 %) species of LAB.

Simultaneously, Acinetobacter (1.13, 0.75, 3.09 and 1.31 %), Enhydrobacter
(0.15, 0.16, 0.42 and 0.37 %), Cloacibacterium (0.15, 0.09, 0.18 and 1.09 %),
Acetobacter (0.10, 12.09, 3.57 and 20.06 %), Macrococcus (0.05, 0.17, 1.52 and
0.02 %), Chryseobacterium (0.05, 0.03, 0.02 and 0.12 %), Delftia (0.03, 0.01, 0.03
and 0.12 %), Escherichia (0.02, 0.05, 0.06 and 0.04 %), Rhizobium (0.02, 0.01,
0.16 and 0.09 %) and Roseomonas (0.02, 0.01, 0.03 and 0.06 %) were identified.

2.3.2.2 LAB Diversity in Traditionally Fermented Dairy Products
as Determined by Other Molecular Techniques, Particularly
Denaturing Gradient Gel Electrophoresis

In addition to metagenomic sequence analysis, there are other molecular tech-
niques that allow culture-independent identification and monitoring of microbial
diversity. Most of these techniques are based on polymerase chain reaction (PCR)
amplification and detection of the predominant nucleic acids present in a sample
(Yang et al. 2001). Compared to conventional methods these molecular methods
are generally faster, more specific, more sensitive and more accurate, allowing a
precise study of microbial populations and their diversity in given ecosystems.
These have been useful to monitor changes in microbial communities.

Culture-independent studies based on molecular fingerprinting techniques such
as denaturing gradient gel electrophoresis (DGGE) (Ercolini et al. 2004; Lafarge
et al. 2004), temporal temperature gradient electrophoresis (TTGE) (Lafarge et al.
2004; Ogier et al. 2002), single strand conformation polymorphism (SSCP) (Duthoit
et al. 2003) have been used to characterise bacterial diversity in raw milk and other
dairy products and fermented food (Table 2.14). These culture-independent meth-
ods can not only fully characterise the primary LAB from milk such as Lactoba-
cillus, Streptococcus, Enterococcus, Lactococcus, Leuconostoc, Weissella and
Pediococcus, but can also detect the large spectrum of other microbes that occur less
frequently or cannot be detected by culture-dependent methods (Table 2.15).

2.4 Review of Biodiversity of Lactic Acid Bacteria
in Fermented Foods

2.4.1 Summary

Globally, in the past century, many microorganisms have been isolated and
characterised from traditionally fermented food. LAB have received considerable
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attention from the pharmaceutical and /or food fermentation industries because of
their biotechnology potential. LAB have an essential role in the dairy industry
because of the high levels of human consumption of several important fermented
food products, mainly cheese and fermented milks. The most important LAB
belong to the nonpathogenic genera Lactococcus, Lactobacillus, Leuconostoc,
Oenococcus and Streptococcus which have been used traditionally in the food
industry. Numerous stains of these genera have been isolated and identified from
dairy products, grain products, meat and fish products, beer, wine, fruit and fruit
juices, pickled vegetables, mash, sauerkraut, silage, sourdough, etc. from various
regions including Europe, Asia, Africa and Latin America. In this section, we
review and list the predominant species of LAB from different fermented food.

2.4.2 History of LAB in Fermented Food

The definition of ‘fermentation’ is ‘a process in which chemical changes are
brought about in an organic substrate through the action of enzymes produced by
microorganisms’ (Prescott and Dunn 1957; Psoni et al. 2003). Although it is
extremely difficult to pinpoint the precise beginnings of human awareness of the
presence and role of microorganisms in foods, the available evidence indicates that
this knowledge preceded the establishment of bacteriology or microbiology as
fields within science. The exploitation of fermentation in human society has a long
history. The first evidence of beer manufacture has been traced to 7000 BC in
ancient Babylon (Pederson 1971). At around 3000 BC, the Sumerians are believed
to have been the first great livestock breeders and dairymen and were among the
first to make butter (Tamime 2002). Milk, butter and cheese were also used by the
Egyptians as early as 3000 BC (Jay et al. 1996). In China, koumiss has a long
history of use as a popular drink among traditional nomadic people. The earliest
records of koumiss appeared during the Han dynasty (202 BC–202 AD) and it
attained widespread popularity during the Yuan dynasty (1271 AD–1368 AD).

Kircher (1659) first demonstrated the occurrence of bacteria in milk and this
was confirmed by Bondeau (1846) two centuries later. Leeuwenhoek (1680) was
the first to observed yeast cells in milk but it was Pasteur (1857) who was the first
scientist to show that souring of milk was caused by the growth of microorganisms
within it. By the turn of the twentieth century, the term lactic acid bacterium or
LAB was used to mean ‘milk-souring organisms’. Significantly, the first pure
culture of a bacterium was Bacterium lactis (likely to be what we now call Lc.
lactis) (Lister 1873) and Metchnikoff et al. (1907) isolated and named a bacterium
from, Lb. delbrueckii subsp. bulgaricus.
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2.4.3 LAB in Dairy Products

Milk is one of the most important components of human diet from infancy to old
age (Elmagli and El-Zubeir 2006) and it can be fermented by LAB and yeast to
produce other products that vary in their taste, constituents and shapes. It is likely
that the origin of dairy products was the Middle East and the Balkans (Tamime
2002). Today, various types of fermented dairy products have been developed in
all parts of the world including the Middle East, South Africa, Asia and Western
Europe. There were approximately 400 generic names applied to traditional and
industrialised products varying only in the kind of milk fermented (Kurmann et al.
1992). In recent years, with the advancement of study on dairy products, more and
more species of LAB have been isolated and characterised from previously
unknown natural fermented dairy products in remote rural areas. The most
important varieties of dairy products worldwide, and the LAB within them are,
alphabetically, as follows:

Amasi is a well-known sour cow milk drunk traditionally by the Zulu people of
South Africa. It is produced in clay pots and gourds which are used repeatedly to
ensure that spontaneous fermentation of the raw milk introduced to them occurs
naturally at ambient temperature of ±5 �C (Keller and Jordan 1990; Gadaga et al.
2001). Traditional preparation of amasi is similar in other countries where raw
milk is poured into calabashes made from gourds or into stone jars. It is then left to
ferment for several days. Amasi is now available in commercial outlets in South
Africa. There were seven species of LAB isolated from Amasi by different
researchers (Table 2.16). In a subsequent study by Feresu and Muzondo (1990),
the predominant LAB isolated from amasi were identified as Lb. helveticus, Lb.
plantarum, Lb. delbrueckii subsp. lactis, Lb. paracasei subsp. paracasei and Lb.
paracasei subsp. pseudoplantarum (Feresu and Muzondo 1990).

Biruni is a cheese-like product made from XX’s milk that is limited to the
Nuba Mountains area of Sudan although it has recently spread into more areas
inhabited by pastoralists who have named it laban-gadim (aged milk). It is similar
to mish which is also produced in Sudan. Biruni has probably one of the longest
shelf lives of any fermented milk product as it can be stored for at least 1 year and
maybe as long as 10 years (Salih et al. 2011). Information on the product is scanty,
however, because it comes from the region of the Nuba Mountains which is in the
vicinity of the war-torn township of Dialing (Abdelgadira et al. 1998).

Branza dulce, telemea and urda are common names for Romanian artisan
dairy products (Zamfir et al. 2006). The cows’ or goats’ or buffalos’ milk is left
overnight to ferment in a warm place (for instance, next to the oven in the farm
house). In some cases the milk is first boiled for several minutes. On the second
day, the upper layer is collected as fermented sour cream and the rest is used as
fermented milk (sour milk) or for cheese production. For the latter, the sour milk is
warmed up and rennet is added. Alternatively, rennet can be added to the milk
before fermentation. The whey is then removed from the sour milk and the cheese
curd is collected in a special cloth, pressed and drained. This so-called branza
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dulce (sweet cheese) can be consumed immediately. Alternatively, a salted cheese
called telemea can be manufactured. This can be kept for several months in a
mixture of water, whey and salt. Also, a soft whey cheese, called urda, can be
prepared by warming up the whey to 80–90 �C, collecting the floating particles
and drying them. LAB composition in these products was described by Zamfir
et al. (2006) and included 15 species. The most frequent LAB found in Romanian
raw milk and fermented dairy products (fermented milks, sour cream, cheese) was
Lc. lactis.

Chhurpi is a cottage cheese-like fermented cows’ or yaks’ milk product from
the Indian state of Sikkim and Nepal. It has a rubbery texture with a slightly sour
taste. This traditional fermented dairy product is lesser known as dahi mohi,
somar, philu and shyow because they are mainly restricted to the unorganised
sector as well as individual households. During production, milk is boiled for
about 15 minutes until a soft, white mass is formed which is sieved out and placed
in a muslin cloth and allowed to drain thereby removing the remaining whey. This
produces the soft variety of chhurpi which is eaten in curry or as a soup (Dewan
and Tamang 2007). When chhurpi (Sherpas call it sherkam) is kept in a closed
vessel for about 15 days or more, the fermented product is called somar which is a
strong-flavoured, bitter but soft paste that is consumed as soup alongside cooked
rice or finger millet by the Sherpas of Sikkim and Nepal. 128 isolates were
identified to Lb. bifermentans, Lb. paracasei subsp. pseudoplantarum, Lb. kefir,
Lb. hilgardii, Lb. alimentarius, Lb. paracasei subsp. paracasei, Lb. plantarum, Lc.
lactis subsp. lactis, Lc. lactis subsp. cremoris and E. faecium from these dairy
product collected from different places of India, Nepal and Bhutan (Dewan and
Tamang 2007).

Dairy fan is also called ‘rusan’ or ‘ruxian’ in the Chinese language because of
its unique fan shape. It is a cheese-like product made from cows’ milk and con-
sumed by the Bais people, an ethnic minority from Yunnan Province and South-
west China. The chemical composition and nutritional compositon was evaluated
by Liu et al. (2011). Dairy fan is produced by adding an ‘acid juice’ to the milk and
heating it up (Zhang 2008). Liu et al. (2009) isolated 91 strains of LAB from 20
samples of dairy fan. These isolates could be attributed to 12 species or subspecies
based on their physiological and biochemical characteristics, and 16S rRNA gene
sequence analysis. Lactobacillus helveticus and Lb. fermentum were the pre-
dominant species in dairy fan from Yunnan.

Dahi is local Nepalese name for curd prepared from cow’s milk and prepared in
most rural households for direct consumption or for subsequent processing into
other ethnic milk products like gheu, mohi and chhurpi (Dewan and Tamang
2007). For traditional dahi preparation, fresh cow’s milk is first boiled in a vessel.
After boiling, the milk is cooled to room temperature and a small quantity of
previously prepared dahi is added and is left for 1–2 days in summer or for
2–4 days in winter at ambient room temperature for natural fermentation to occur.
Dahi is also traditionally eaten with boiled rice or ‘chewra’ (beaten-rice) by
Nepalese people.
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Gariss is a unique Sudanese traditionally fermented camel’s milk product. It is
made in a semi-continuous fermentation process. The word Gariss means
‘pinching’ or ‘stinging’, denoting a high degree of sourness. Fermentation is done
in two leather bags of tanned goat skin embedded in green or wet grass carried on
the backs of camels. In this way, the milk is subjected to continuous shaking by the
movement of the camels. Whenever part of the product is withdrawn for con-
sumption, fresh camel’s milk is added to make up the volume. This production
process described by Salih et al. (2011) is similar to the procedure used for the
traditional production of koumiss by the original nomadic Mongolian people in
China. The LAB composition of Gariss includes more than 10 species isolated
from the dairy products (Table 2.16). The most dominant species from the genus
Lactobacillus were Lb. paracasei group, Lb. fermentum, Lb. plantarum and Lb.
raffinolactis. The dominant coccoid species were Lc. lactis, Enterococcus spp. and
Leuconostoc spp. (Sulieman et al. 2006; Abdel Moneim et al. 2006; Hassan et al.
2008; Ashmaig et al. 2009).

Gibna (cheese) production from different raw milk (including cow’s buffalo’s
milk) in Sudan began in the early eighteenth century by Greek families who had
migrated to Sudan. Gibna making is the major preservation method for surplus
milk in rural areas. The major types of cheese made are Gibna Bayda and Gibna
Mudaffara (El-Sheikh 1997; Hamid and El-Owni 2007) and they are vary in
composition, texture, colour, taste and flavour, type of packaging and microbial
activity during ripening (Salih 2011). Gibna bayda is unique in containing high
concentrations of salt that are added to the milk before processing to prevent rapid
deterioration before ripening can occur (Taormian 2010). The production process
has been reviewed by Salih et al. (2011) mainly including some steps such as
salting, coagulum fermentation, fitting, curd and so on. The LAB and other bac-
teria naturally present in the raw milk carry out the fermentation process and no
starter is required (Abdel Gadir et al. 1998; El-Owniand Hanmid 2008). Lb. del-
brueckii subsp. bulgaricus, Lb. casei and S. mutans was the most common
microflora of the products (Ahmed 1997). Gibna Mudaffara is similar to Gibna
bayda except even more salt is added to the milk. Rennet or a rennet extraction is
also added to achieve firm coagulation into curds within 4–6 h. Ripening takes
place while the curds are submerged in the whey. The curds are then transferred to
wooden moulds lined with cheese cloth or muslin and the whey is allowed to drain
out overnight. The drained whey is collected into a clean pan and boiled for 15
mins prior to removal of any fats and coagulated whey proteins. Then starter from
previously fermented milk is added and left overnight to ferment. The next day the
cheese is removed from the moulds and cut into 10 cm cubes that are then
immersed in the whey. Giban Mudaffara remains preserved for a long time
because it is immersed in the whey (Salih et al. 2011).

Gouda is a yellowish cheese named after the city of Gouda in the Netherlands,
and is one of the primary Dutch-type cheese varieties produced worldwide
(Walstra et al. 1993). It is a semi-hard cheese manufactured from cow’s milk,
although sheep and goat’s milk can also be used (Van den Berg 2000). This type of
cheese ripens for 1–20 months during which time the flavour changes from mild to

2 Biodiversity of Lactic Acid Bacteria 169



strong and it can be consumed at any stage of maturity depending on the product
characteristics required, the flavour preferences of consumers and economic fac-
tors (Walstra et al. 1993). There were ten species of LAB were isolated and
identified from this product (Table 2.16).

Kefir is an alcohol containing milk from Caucasian countries such as Russia,
Armenia, etc., fermented by yeasts and LAB. The colour of these products is white
or yellowish and the texture is rather thick, but not gluey, with an elastic con-
sistency (Tamime 2006). According to Polish Standards, the microscopic com-
position should be 80 % Lactobacillus spp., 12 % yeasts and 8 % Lactococcus
spp.. The LAB composition reported includes over 30 species or subsp. species of
LAB and 24 species of yeasts (Tamime 2006). Pseudomonas spp. and E. coli have
also been detected in kefir by DGGE (Chen et al. 2008).

Koumiss is produced from mare’s milk that has been naturally fermented by
LAB and yeasts and is made in the south of Russia, Mongolia and the northwestern
regions of China. There have been 62 species or subspecies of LAB recorded from
koumiss (Table 2.10) and in other sections of Chap. 7. Isolates of LAB reported
include four species of Enterococcus, 45 species or subspecies of Lactobacillus,
four species of Lactococcus, four species of Leuconostoc, two species of Strep-
tococcus and three species of Weissella (Burentegusi 2002; Uchida et al. 2007;
Watanabe et al. 2008).

Kule naoto is traditionally fermented milk produced by the Maasai tribes-
people of Kenya. It is spontaneously fermented from raw cow’s milk in tradi-
tionally prepared calabashes. The calabashes are first treated with burnt smoky
twigs from a traditional plant. The milk is further pre-treated by adding fresh
cow’s blood, before initiating the fermentation process (Mathara et al. 2004,
2008). Seven species of LAB have been isolated from the fermented products
(Table 2.4). Further studies have shown that the LAB composition of Kule naoto
was 55 % from the genus Lactobacillus, 14 % from Lactococcus, 25 % from
Enterococcus and 6 % from Leuconostoc. Lactobacillus plantarum was the pre-
dominant species and constituted 60 % of the Lactobacillus species present
(Mathara et al. 2004).

Kurut is a traditional naturally fermented yak’s milk product is one of the
staple foods of the nomadic people from the Tibet Autonomous region of China. It
is also consumed by people from Qinghai, Gansu and Sichuan Provinces of China.
There have been 19 species of LAB isolated from kurut (Table 2.16) and the
predominant species were S. thermophilus, Lb. helveticus, Lb. fermentarum and S.
thermophilus in the Sichuan Province, Gansu Province, Tibet Autonomous Region
and Qinghai Province of China, respectively (Sun et al. 2010; Bao et al. 2010,
2011; Liu et al. 2009).

Mish is a fermented cow’s milk product from both the state of Darfur in
western Sudan and from Egypt. Although most associated with Sudan mish is
thought to have been introduced from Egypt (Abdelgadira et al. 1998). The
preparation method of mish from Darfur is more similar to that of the product from
Egypt than another Sudanese dairy product, biruni. Mish is produced by boiling
the milk then cooling it and inoculating with a small quantity of material from a
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previous batch as a starter. After souring, seeds of black cumin (Nigella sativa) and
fenugreek (Trigonella foenum graecum) are added. Sometimes, a few pods of
green or red pepper are also added. The product is fermented for a further two or
more days before consumption (Dirar 1993).

Milk cake is a traditional fermented cheese-like product made from goat’s milk
and consumed by ethnic minority communities in the Yunnan province of China.
The nutritional value of goat’s milk is very high and includes vitamins and a
diversity of trace elements (Chen et al. 2009). LAB (from 8.32 9 1010 CFU/g to
10.16 9 1010 CUF/g) and yeast (from 1.06 9 1010 CUF/g to 6.15 9 1010 CUF/g)
were the predominant microorganisms in milk cake (Bao et al. 2011). Totally, 76
strains of LAB were isolated from 13 samples of milk cake and attributed to 9
species based on conventional and 16S rRNA gene sequence analysis methods
(Bao et al. 2011). Lactococcus lactis subsp. lactis and Lc. garvieae were the most
abundant species of LAB in Yunnan milk cake.

Nunu is yogurt-like product prepared and consumed by the Fulani people in
Ghana. Nunu is processed from fresh cow’s milk in calabashes or rubber buckets
by spontaneous fermentation. The production method of this products was
described in literature by Akabanda et al. (2010) The predominant LAB present
included different species of Lactobacillus, Leuconostoc, Enterococcus and
Streptococcus.

Philu is an indigenous cream-like milk product produced from cow’s or yaks
milk, and is typically cooked and eaten as a delicacy with boiled rice in Bhutan
and the Indian state of Sikkim. During philu preparation, fresh milk is collected in
cylindrical bamboo or wooden vessels and slowly swirled around the walls of the
vessels for 5–10 min. During this time, a creamy mass begins to stick to the walls
of the vessels. The remaining liquid is poured off and the vessels upturned to drain
out the remaining liquid. This process is repeated daily for 6–7 days until a thick,
white creamy layer is formed on the inside walls of the vessels. This soft mass is
the philu and it is scraped off and stored in a dry place for consumption. Philu
produced from cow’s milk is white in colour with a butter-like texture and slightly
bland taste, while philu produced from yak’s milk has a more creamy-white colour
and an inconsistent semi-solid texture. Philu is a high-priced traditional milk
product sold in local markets of Sikkim and Bhutan. Chhu or sheden is a strong-
flavoured indigenous cheese-like product prepared in a similar way from cow’s
milk or yak’s milk in Sikkim, the Darjeeling hills, Arunachal Pradesh and Ladakh
in India, Nepal, Bhutan and the Tibet Autonomous region of China (Dewan and
Tamang 2007).

Qula is a grainy, hard, yellow or white cheese made from yak’s milk in the
Tibetan plateau of China. The process of making Qula cheese by traditional
Tibetan methods has been described by Duan et al. (2008). LAB were the most
important group of microorganisms in Qula (Table 2.16) and, of the 15 species or
subspecies of LAB identified, Lb. helveticus was the predominant species.

Rob, also known as roub or robe, is produced in rural households of Sudan by
fermentation of cow’s milk or sheep and goat’s milk. Surplus milk is collected in a
container, inoculated with a starter culture from the previous day and left to
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ferment overnight. The fermentation process usually starts in the evening when the
animals return from grazing and the resulting sour product is churned in the
morning when the herd leaves for grazing. Freshly produced rob has a pleasant
taste with a pH of about 4.5. The early literature by Saeed (1981) and El Mardi
(1988) revealed that S. thermophilus, Lb. bulgaricus, Lb. helveticus, Lb. fermentum
and Lc. lactis were the most common LAB in rob. Hamza et al. (2009) also
identified Lb. delbreuckii subsp. bulgaricus, Lb. rhamnosus, Lb. plantarum, Lb.
casei and Lb. pentosus using API 50CHL and A. viridians, E. faecium, E. galli-
narum, Lc lactis sub sp. lactis, Leuconostoc sp., S. acidominimus and S. bovis by
API 20 STREP. The results were confirmed by Random Amplified Polymorphic
DNA (RAPD).

2.4.4 LAB in Fermented Vegetables and Beverages

2.4.4.1 LAB in Sourdough

Sourdough is an important modern fermentation method for cereal flours and water
based upon an earlier spontaneous process (Vogel et al. 1999). The sourdough
starter is used in the manufacture of a variety of products such as breads, cakes,
Chinese steamed buns (mantou) and Chinese steamed stuffed buns (bao zi). Many
sourdough wheat breads and cakes originate in Mediterranean countries, the San
Francisco bay area of the United States and Southern America, whereas numerous
sourdough products made with rye, wheat, barley or mixed flours originate in
Germany, Central and Eastern Europe and Scandinavia (Stephan and Neumann
1999a, b). In Italy, wheat sourdough is used in more than 30 % of bakery products
(Ottogalli et al. 1996). Baked (cake) and steamed products using wheat sourdough
are staple foods in northern China. Due to their artisan and region-dependent
preparation methods, sourdoughs have a very high diversity of LAB and yeast
species and strains (Table 2.17). Recent studies suggest that more than 50 species
of LAB, particularly species from the genus Lactobacillus, and more than 20
species of yeast, particularly from the genera Saccharomyces and Candida, can be
in sourdough cultures used for making traditional/typical leavened baked goods
worldwide (Corsetti et al. 2001; Minervini et al. 2012; Palomba et al. 2011;
Venturi et al. 2012; Lattanzi et al. 2013).

2.4.4.2 LAB in Pickled Vegetables

Fermented vegetables play an important role in Asian family diet as a popular dish
or as seasoning for food. Fermented vegetables have different names associated with
the different materials and processes used to make them and the different countries
and regions in which they are made. These include ‘kimchi’ (Korea and Japan),
‘suan cai’ or ‘suan-tsai’ (China or Tanwan) and ‘sauerkraut’ or ‘kraut’ (Germany).
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Kimchi is a traditional fermented vegetable from Korea. Most kimchi is
characterised by its hot taste because of the fairly high quantities of chilli pepper
used. Lactic acid bacteria (LAB), including Lb. plantarum, Lb. brevis, Lb. aci-
dophilus, Lb. homohiochii, Leuconostoc species and Lc. lactis have all been iso-
lated from Korean kimchi (Lee et al. 1999; Park et al. 2010). The most abundant
LAB is the hetero-fermentative species Leuc. mesenteroides, particularly at the
initial to the middle stages of fermentation. However, the total number of this
species decreases sharply as fermentation proceeds and the pH drops below 4.0. At
the final fermentation stages the homofermentative species Lb. plantarum pre-
dominates (Mheen and Kwon 1984). In the last 10 years, ten further species have
been recorded from kimchi: Lb. kimchii (Yoon et al. 2000), Lb. xiangfangensis (Gu
et al. 2013), Lb. futsaii (Chao et al. 2012), Lb. plantarum subsp. plantarum
(Bringel et al. 2005), Lb. kimchicus (Liang et al. 2011), Lb. koreensi (Bui et al.
2011), Lc. kimchii (Kim et al. 2002), Lc. inhae (Kim et al. 2003), W. kimchii (Choi
et al. 2002) and W. koreensis (Lee et al. 2002).

Suan cai (pickled vegetable), also known as fu tsai, pao cai or suan-tsai, is a
very popular food in western and northeastern China and Taiwan. There are more
than 11 different types of fermented vegetables or pickled vegetables in China (Hui
et al. 2012). In recent years, the diversity of LAB has been determined using the
16S rRNA genes sequence and housekeeping gene sequence (dnaA, pheS and
rpoA) analysis (Chen et al. 2006a; Chao et al. 2009). Eighteen species of LAB
from five genera have been reported from suan cai from Taiwan, including
Enterococcus (1 species), Lactobacillus (11 species), Leuconostoc (3 species),
Pediococcus (1 species) (Chao et al. 2009).

2.4.4.3 LAB in Traditional Sausage and Fermented Meat-Based Food

Meat plays an important role in people’s diet but it requires special storage
measures since it is highly sensitive to microbial spoilage. Traditional methods for
preservation of meat are drying, salting and fermentation. Worldwide, there is a
vast variety of fermented food based on meat and fish. For example, 330 different
types of sausages are produced in Germany alone (Lerche 1975). Fermented
sausages are common products throughout world, and they are made using a
diversity of production methods resulting in characteristics unique to the different
countries or regions of the same country from which they originate (Table 2.18). It
is well known that in the traditional fermentation process bacteria, yeast and fungi
work in combination and affect the final quality of the fermented sausage. LAB are
regarded as having an important contribution to the ripening process (Hammes
et al. 1990) and they vary in species composition between different products
(Table 2.17). Their essential role in this process was recognised first in the U.S.A.
where patents for the application of Lactobacillus plantarum, Lb. brevis and Lb.
fermenti, were obtained by Jensen and Paddock (1940). A thorough investigation
of LAB in both commercial products and in ripening sausages showed that the
dominant LAB were psychrophilic atypical streptobacteria (Reuter 1967).
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Hammes (1985) analysed 37 samples from 12 suppliers to the German market and
identified LAB including P. acidilactici, P. penteosaceus, Lb. plantarum, Lb. sake
and Lb. survatus (Hammes 1985). Cocolin et al. (2004) studied the ecology of
fresh sausages and characterised populations of LAB using a polyphasic approach
after different storage times at 4 �C. The results showed that Brochothrix ther-
mosphacta and Lb sakei were the most abundant species present. In particular, B.
thermosphacta was present throughout the process, as determined by both DNA
and RNA analysis. Other bacterial species, mainly Staphylococcus xylosus, Leuc.
mesenteroides and Lb. curvatus, were detected by DGGE. Moreover, after dif-
ferent storage times, different LAB species were identified, including Lc. lactis
subsp. lactis, Lb. casei, E. casseliflavus, Leuc. mesenteroides and Lb. sakei.

2.4.5 LAB in Other Fermented Food

There are numerous plant-based fermented food products that are not pickled leaf
vegetables as described above. These products are fermented from beans and other
seeds, such as rice, maize and millet or root vegetables. LAB was involved in all of
these processes, influencing the characteristics of flavour and texture, and also the
probiotic qualities of the final product (Table 2.18). There are many kinds of
beverage produced from fermented cereals. Dolo and pito are two similar West
African traditional fermented beverages produced from sorghum grains that are
popular drinks. They have contributed to the diet of people in West Africa together
with other fermented foods for centuries (Odunfa 1985). Pito is common in Ghana,
Togo and Nigeria, whereas dolo and other similar products (e.g. tchapalo and
tchoukoutou), are common in Burkina Faso, Ivory Cost, Mali and Benin (Yao et al.
1995; Konlani et al. 1996; Kayode et al. 2004). Tarhana and tarhana-like products
are traditional Turkish fermented cereal-based food products, which are well
known under different names in the other countries, e.g. kishk in Syria, Palestine,
Jordan, Lebanon and Egypt; talkuna in Finland; kushuk in Iraq and Iran; thanu in
Hungary and trahanas in Greece (Siyamoğlu 1961; _Ibanoğlu and _Ibanoğlu 1999;
Blandino et al. 2003). While their preparation techniques vary depending on region
they are similar; after mixing all the ingredients dough is formed that is allowed
fermenting for 1–7 days at room temperatures (25–30 �C). The fermentation is
followed by drying and grinding. Yeast and LAB are the predominant microor-
ganisms but the species composition and abundance varies between products
(Table 2.19).

2.4.6 Prospects and Challenges

Throughout history traditional fermented foods have been regarded as the main
source of nutrition for many rural communities and nomadic people. They
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currently play an important role in improving the economy, finance and business
of local societies. However, with accelerating urbanisation and a reduction in the
nomadic life style, there are fewer and fewer traditional fermented foods routinely
prepared traditionally at home. In addition, in order to meet the demand for tra-
ditional products by urban populations, and to improve food quality, safety and
efficiency of production, these household fermentation technologies have been
advanced to an industrial scale. However, this transition from small-scale house-
hold production to industrial manufacturing has been a challenge for food mi-
crobiologists. Advances have been made in our understanding of the species
richness, diversity and behaviour of the microbial species present in fermented
food. However, more work should be done to identify more LAB, to increase our
knowledge of the mechanisms of fermentation, to understand the roles of each
LAB species and to characterise probiotic bacteria.

2.5 Review of Biodiversity of Lactic Acid Bacteria in Silage

Silage is currently the most commonly preserved cattle feed in many countries
(Cai 1999). Lactic acid bacteria (LAB), including rod and cocci (Fig. 2.9), play an
important role in silage fermentation. LAB, which are microorganisms that nat-
urally exist on forage crops, are responsible for silage fermentation and the
occurrence of dry matter (DM) loss and proteolysis during storage. LAB com-
monly grow with other plant-associated microorganisms during silage fermenta-
tion, and they generally define the fermentation characteristics of silage. Moist
dairy farm silage is based on natural lactic acid fermentation. The epiphytic LAB
transform the water-soluble carbohydrates into organic acids during the ensiling
process. As a result, the pH is reduced, and the forage is preserved. The fer-
mentation quality may be influenced by the diversity, quantity and activity of the
epiphytic LAB (Lin et al. 1992). Some research workers realised that most of the
epiphytic LAB was caused by heterofermentation, which may not have positive
organisms for lactic acid-dominating fermentation in the silo (Cai 1999).

As shown in Table 2.1, the natural fermentation processes in silages of corn,
sorghum, forage paddy rice and alfalfa are dominated by species of Weissella (W),
Leuconostoc (Le.), Lactococcus (La.) and Lactobacillus (L.). Some isolates from
forage crops and grasses have been identified as species of lactobacilli, entero-
cocci, pediococci, weissella, lactococci and leuconostocs. Cai (1999), Lin et al.
(1992) and Pang et al. (2011) examined a large number of LAB isolated from
forage crops and grasses (Fig. 2.10, Table 2.20) and found that the predominant
LAB were lactic acid-producing cocci and that the least numerous LAB were
lactobacilli (mostly homofermentative). Ennahar et al. (2003) also found that
although all LAB groups were present in paddy rice silage, homofermentative
lactobacilli and lactococci and heterofermentative leuconostocs were present in
greater numbers.
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The lactobacilli play a more important role in the fermentation processes and
effectively promote lactic acid fermentation for a longer period of time than lactic
acid-producing cocci, e.g. enterococci, streptococci, leuconostocs, weissella and
pediococci. Generally, when the lactobacilli reach a level of at least 105 colony
forming units (cfu)/g fresh matter (FM), silage can be well preserved. L. casei and
L. plantarum are usually found living in association with forage crops and silage.
Many studies have been conducted on lactobacilli as the dominant microbial
population on forage crops and farm silage (Cai 1999). The predominance of L.
plantarum has been reported elsewhere (identification based on only 16S rDNA
sequences and carbohydrate utilisation) (Cai 1999). Further, precise differentiation
among these species was not conducted in silage samples. In addition, little is
known about the prevalent subspecies of L. plantarum, which play a major role in
silage fermentation. The most frequently presented microorganism, L. corynifor-
mis, has often been found on plant material and in various silages. The presence of
L. curvatus in sorghum silages has previously been reported, and its inoculation is
highly effective in preserving silages of Italian ryegrass. The identification of L.
acidipiscis and L. sakei subsp. carnosus from forage crops was reported as useful
for understanding their range of ecological niches.

The cocci, such as leuconostocs, pediococci and weissella strains, have been
isolated at low frequencies in forage crops and their silages (Cai 1999; Lin et al.
1992). Certain Weissella (W.) isolates from silages have been identified as W.
paramesenteroides (Cai 1999). The isolation of W. hellenica by Tohno et al. (2012)
provides the first evidence that the natural habitats of this species are not only meat
and meat products (Collins et al. 1993) but also vegetative forage crops with mixed
pastures of timothy and orchardgrass. W. cibaria, was also found as epiphytic on
corn stover by Pang et al. (2011, 2012). LAB strains, such as Leuconostoc and
Pediococcus, have been isolated at low frequencies in forage crops and their silages
(Cai 1999; Lin et al. 1992). They are also widely used as starter cultures or control
barriers for food pathogens in vegetables. Pediococci are often found living in
association with plant material, dairy products and foods produced by LAB (Cai

Fig. 2.9 Electronic-microscope of Lactobacillus plantarum (a, rod) and Lactococcus lactis (b,
cocci) isolated from silage.
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Fig. 2.10 Phylogenetic tree showing the relative positions of silage strains with Weissella,
Leuconostoc and Lactococcus species, as inferred by the neighbour-joining method with 16S
rRNA gene sequences. B. subtilis is used as an outgroup. Bootstrap values for a total of 1,000
replicates are shown at the nodes of the tree. The bar indicates 1 % sequence divergence. Knuc,
nucleotide substitution rates. W., Weissella; Ln., Leuconostocs; L., Lactococcus
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1999; Lin et al. 1992), and several papers have reported pediococci as the dominant
microbial population on forage crops and silage. Some isolates from forage crops
and silage have been identified as P. acidilactici and P. pentosaceus (Lin et al.
1992). The presence of Enterococcus (E.) faecalis suggests a faecal origin for some
PRS microorganisms. The natural habitat of lactococci is milk, but La. lactis subsp.
lactis has been isolated previously from plants, vegetables and cereals. Native LAB
populations on plants are not the same from crop to crop. Native LAB levels are
generally lower in alfalfa (Medicago sativa L.), perennial grasses (105 cfu/g FM
and greater) or (106 cfu/g FM), corn (Zea mays L., 107 cfu/g FM) and sorghum
(Sorghum bicolor L. Moench, 107 cfu/g FM) (Pahlow et al. 2003). Environmental
conditions also have an effect on native LAB levels. In alfalfa, native LAB was
higher in warmer temperatures, after a longer wilting time and when rainfall
occurred during wilting (Muck 1989). Moreover, native LAB is low in the standing
crop and increases exponentially after chopping in both corn and alfalfa (Lin et al.
1992).

The populations of epiphytic LAB in farm silage are not always large enough or
do not have a composition suitable for promoting efficient homo-lactic fermen-
tation. The effectiveness of silage inoculants depends upon the quality (growth rate
and environmental adaptability) and quantity of the microorganisms used, among
other things. In general, favourable improvements in the rate of pH decline and
increased lactic acid levels have been noted with legumes, grasses and cereal
silages. In previous investigations of Cai et al. (1999), the inoculation of various
forages with homofermentative Lactobacillus spp. (predominantly L. plantarum)
in combination with Pediococcus, Enterococcus or Lactococcus spp. had benefi-
cial effects (Fig. 2.11).

The genetic interrelationships of the silage strains and related LAB have been
studied extensively by using Ribotyping, 16S rDNA sequence analysis and DNA–
DNA hybridisation experiments, and some new species, such as Lactococcus fu-
jiensis from Chinese cabbage silage and Lactobacillus nasuensis from sudangrass
silage, have been added by Cai et al. (2011, 2012). As shown in Fig. 2.3, the
ribotyping patterns revealed that strains NJ 317, NJ 414 and NJ 415 were well
separated from the reference Lactococcus species.

Pearson correlation [0.0%-100.0%]

10
0

80604020

L. lactis subsp. hordniae JCM 1180T

L. lactis subsp. lactis JCM 5805T

L. lactis subsp. cremoris JCM 16167 T

NJ317T

NJ414

NJ415

L. garviae JCM 10343T

Fig. 2.11 A dendrogram illustrating the relatedness of the ribotyping patterns of NJ 317T among
closely related species of the genus Lactococcus. The dendrogram was analysed by Pearson
similarity coefficient analysis and UPGMA algorithm

2 Biodiversity of Lactic Acid Bacteria 185



T
ab

le
2.

21
C

ha
ra

ct
er

is
ti

cs
an

d
di

ve
rs

it
y

of
la

ct
ic

ac
id

ba
ct

er
ia

st
ra

in
s

is
ol

at
ed

fr
om

si
la

ge

C
ha

ra
ct

er
G

ro
up

A
G

ro
up

B
G

ro
up

C
G

ro
up

D
G

ro
up

E
G

ro
up

F
G

ro
up

G
G

ro
up

H
C

A
G

1
C

A
G

11
C

A
G

3
C

A
G

6
C

A
G

16
a

C
A

G
18

a
C

A
G

20
C

A
G

18
b

S
ha

pe
C

oc
ci

C
oc

ci
C

oc
ci

C
oc

ci
C

oc
ci

C
oc

ci
R

od
R

od
G

ra
m

st
ai

n
+

+
+

+
+

+
+

+
C

at
al

as
e

–
–

–
–

–
–

–
–

G
as

fr
om

gl
uc

os
e

+
+

+
+

+
–

–
–

O
pt

ic
al

fo
rm

of
la

ct
at

e
D

(-
)

D
(-

)
D

(-
)

D
(-

)
D

(-
)

L
(+

)
D

L
D

L
F

er
m

en
ta

ti
on

ty
pe

H
et

er
o

H
et

er
o

H
et

er
o

H
et

er
o

H
et

er
o

H
om

o
H

om
o

H
om

o
G

ro
w

th
at

te
m

pe
ra

tu
re

(�
C

):
10

–
–

+
+

+
–

+
+

15
+

+
+

+
+

+
+

+
40

+
+

+
+

+
+

+
+

45
–

–
–

–
–

–
–

–
G

ro
w

th
in

N
aC

l:
3.

0
%

+
+

+
+

+
+

+
+

6.
5

%
–

–
–

–
–

–
w

–
G

ro
w

th
at

pH
:

3.
0

–
–

–
–

–
–

w
–

3.
5

–
–

–
–

–
–

+
w

4.
0

+
+

+
+

+
+

+
+

8.
0

+
+

+
+

+
+

+
+

+
,

90
%

or
m

or
e

of
th

e
st

ra
in

s
po

si
ti

ve
;

-
,

90
%

or
m

or
e

of
th

e
st

ra
in

s
ne

ga
ti

ve
;

w
w

ea
kl

y
po

si
ti

ve
;

H
om

o
ho

m
of

er
m

en
ta

ti
ve

;
H

et
er

o
he

te
ro

fe
rm

en
ta

ti
ve

a
G

ro
up

F
st

ra
in

w
as

ab
le

to
pr

od
uc

e
y-

am
in

ob
ut

yr
ic

(G
A

B
A

)
fr

om
L
-m

on
os

od
iu

m
gl

ut
am

at
e,

an
d

gr
ow

in
0.

1
%

bi
le

sa
lt

186 W. Liu et al.



These strains shared similar phenotypic characteristics and exhibited intragroup
DNA homology values of over 96.6 %, which indicates that they are a single
species. The G+C contents of the DNA for the strains were 42.1–42.5 mol%.
DNA–DNA hybridisation indicated that these strains had low levels (\20.2 %) of
DNA relatedness with Lactococcus lactis, Lactococcus garvieae and other type
strains of previously described species, which shows that they were different
species (Table 2. 21). Therefore, these strains, which are isolated from the silage,
are placed in the genus Lactococcus as a new species, Lactococcus fujiensis
(Table 2.22).
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