
5.1 INTRODUCTION

In the manufacture of most cheeses, carefully
selected strains of different species of lactic acid
bacteria (LAB) are added to the milk shortly be-
fore renneting. Their major function is to pro-
duce lactic acid and, in some cases, flavor com-
pounds, particularly acetic acid, acetaldehyde,
and diacetyl. Acid production, in turn, has three
functions: it promotes rennet activity; aids the
expulsion of whey from the curd, thus reducing
the moisture content of the cheese; and helps to
prevent the growth of undesirable bacteria in the
cheese. These cultures are called starters be-
cause they initiate (start) the production of acid.
They are also called lactic cultures because they
produce lactic acid. If raw milk is incubated at a
temperature in the range 20-4O0C, it will coagu-
late within 10-24 hr. This physical transforma-
tion is due to the growth of and acid production
by adventitious LAB present in the raw milk. In
the past, such coagulated milks were used as
starter cultures for cheese manufacture and are
probably the source of many starter strains in use
today. Starter cultures are not used for many
cheeses made in Mediterranean countries (e.g.,
La Serena and artisanal production of Manchego
cheese); instead, the cheesemaker relies on the
adventitious LAB present in the milk to grow
during cheesemaking and produce the necessary
acid.

5.2 TYPES OF CULTURES

Starter cultures are commonly divided into
mesophilic cultures (with an optimum tempera-
ture of about 3O0C) and thermophilic cultures
(with an optimum temperature of about 420C).
Each group of starters can be further subdivided
into defined- and mixed-strain cultures. De-
fined-strain cultures are pure cultures, the physi-
ological characteristics of which are known and
identifiable. Such cultures are used commer-
cially in most large cheesemaking plants in Aus-
tralia, New Zealand, the United States, the
United Kingdom, and Ireland. They have been
isolated mainly from mixed-strain cultures (see
below) but also from fermented products made
by indigenous LAB and plants. Before being
used commercially, the strains are screened for
important technological properties, such as their
salt tolerance and their ability to grow and pro-
duce lactic acid in milk, resist attack by bacte-
riophage, utilize citrate, and produce good-qual-
ity cheese.

Mixed-strain cultures contain unknown num-
bers of strains of the same species. In addition,
many of them also often contain bacteria from
different genera of LAB, including Lactococcus
and Leuconostoc spp. in the case of mesophilic,
mixed-strain cultures and Sc. thermophilus and
Lb. delbrueckii subsp. bulgaricus, Lb. del-
brueckii subsp. lactis, and Lb. helveticus in the
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case of thermophilic, mixed-strain cultures.
Many mixed cultures in use today are subcul-
tures of coagulated milks that produced good-
quality cheese at the turn of the century when
cheese was beginning to be produced on a large
scale. A further complication is that defined cul-
tures are used rarely as pure cultures or single
strains but as mixtures of 2 to 6 strains, which
means that they can also, with some degree of
justification, be called (defined) mixed cultures.
Mixed-strain cultures generally contain phage
(see later) and are generally used by small-scale
producers, while defined cultures are usually
used by large-scale producers. Some of the im-
portant distinguishing characteristics of the bac-
teria found in defined and mixed cultures are
summarized in Table 5-1.

The main species of Lactococcus in mixed-
strain mesophilic cultures is Lc. lactis subsp.
cremoris, although Lc. lactis subsp. lactis is also
found. These two subspecies are differentiated
from each other by their growth response at
4O0C and the ability to produce NH3, ornithine,
and citrulline from arginine (Table 5-1). In addi-
tion, Lc. lactis subsp. lactis contains glutamate
decarboxylase, which produces y-aminobutyric
acid from glutamate, while Lc. lactis subsp.
cremoris does not (Nomura, Kimoto, Someya,
& Suzuki, 1999). The exact species of Leu-
conostoc found in starter cultures is not clear,
but it is likely that both Ln. mesenteroides subsp.
cremoris and Ln. lactis are present. The function
of the Leuconostoc spp. is to metabolize citrate
to CO2, diacetyl, and acetate. CO2 is responsible
for eye formation in Edam and Gouda cheeses,
while diacetyl and acetate are important flavor
components of Quarg, Fromage frais, and Cot-
tage cheese. For this reason, the citrate utilizers
are often called aroma producers. Some of the
Lactococcus strains found in mixed cultures are
able to utilize citrate (Cit+), and some are not
(Qt-). CiIr lactococci dominate these cultures
and generally make up about 90% of the organ-
isms present, whereas the Cit+ lactococci and
leuconostoc make up the rest. Depending on the
aroma producers present in the culture, meso-
philic, mixed-strain starters containing only Qt+

leuconostoc are called L cultures (L, the first let-
ter of Leuconostoc), and those containing only
Cit+ lactococci are called D cultures (D, from
Streptococcus diacetilactis, the old name for
Cit+ lactococcus). Cultures containing both Qt+

lactococci and leuconostoc are called DL cul-
tures, and those containing no aroma producer
(i.e., only CiIr lactococci are present) are called
O cultures.

How do we know that mixed cultures contain
different strains? This question is not easy to an-
swer. Isolates from mixed cultures produce acid
at widely different rates, e.g., pH values within
the range 5-6.5 in milk after 6 hr of incubation
are common (this may be related to lack of pro-
teinase activity), have different phage-host pat-
terns, and show several different plasmid pro-
files. Recently, a detailed analysis of 113 isolates
from a mixed-strain DL culture (Flora Danica)
was reported (Lodics & Steenson, 1990). This is
a well-known commercial starter, commonly
used in the manufacture of soft cheeses. Seventy
isolates were identified as Lc. lactis subsp.
cremoris, 2 as CiIrLc. lactis subsp. lactis, 21 as
Cit+ Lc. lactis subsp. lactis, 18 as Ln. mesen-
teroides subsp. cremoris, and 1 isolate could not
be classified. Twenty different plasmid profiles
were found, examples of 17 of which are shown
in Figure 5-1. Most of the Lc. lactis subsp.
cremoris isolates (58) fell into 12 groups (lanes A
to L inclusive), while the 25 isolates of Cit+ Lc.
lactis subsp. lactis fell into 3 groups (lanes M, N,
and O), and all of the Ln. mesenteroides subsp.
cremoris isolates (18) belonged to the same plas-
mid group (lane Q). Twenty strains coagulated
reconstituted skim milk (11% solids) in less than
8 hr at 210C, 2 strains in 18 to 24 hr, and the
remainder in more than 24 hr. Seven phages were
isolated from the starter, and 51 isolates were in-
sensitive to these phages. The remaining isolates
showed various sensitivities to the 7 phages iso-
lated from the culture itself and to 10 relatively
well-known phages. These data support the view
that genuinely different strains are present in
mixed cultures.

Thermophilic cultures almost always consist
of two organisms, Streptococcus thermophilus



Table 5-1 Some Distinguishing Characteristics of the Lactic Acid Bacteria Found in Commercial and Natural or Artisanal Starter Cultures
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Lactobacillus fermentum
Enterococcus faecalis
Enterococcus faecium



Fermentation ofd

MtIRafManRhmLacGaIGIu
Allosteric Lactate
Dehydrogenase0

lsomer of
Lactate

Fermentation
of SugarName

+
+

+
+

+
±

±

+

+

+

+
+

+

±

+
+

+
+

+
+

+

+

+
+

+

+
+
+
+

+
+

+

+
+
±
+
+
+

+
+

+
+
+
±

+
+

+

+
+
+
+
+
+

+ -
+
+

+

+
+
+
+

+
+

+

+
+
+
+
+
+

+
+

+
+

+

+

+

L
DL
D

D

L
L
D
D

L
L

L

L
DL
DL
DL
L
L

Homo
Homo
Homo

Homo

Homo
Homo
Hetero
Hetero

Homo
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Homo
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Commercial
Streptococcus thermophilus
Lactobacillus helveticus
Lactobacillus delbrueckii subsp.

bulgaricus
Lactobaccilus delbrueckii subsp.

lactis
Lactococcus lactis subsp. cremoris
Lactococcus lactis subsp. lactis
Leuconostoc lactis
Leuconostoc mesenteroides subsp.

cremoris

Natural or artisanal, above plus
Lactobacillus easel subsp. easel
Lactobacillus paracasei subsp.

paracasei
Lactobacillus paracasei subsp.

tolerans?
Lactobacillus rhamnosus
Lactobacillus plantarum
Lactobacillus curvatus
Lactobacillus fermentum
Enterococcus faecalis
Enterococcus faecium

3 T = thermophilic; M = mesophilic.
b Approximate values; individual strains vary.
c Activated by fructose-1 ,6-phosphate and in lactobacilli also by Mn2+.
d GIu = glucose; GaI = galactose; Lac = lactose; Rhm = rhamnose; Man = mannose; Raf = raffinose; MtI = manitol.
6 Survives heating at 720C for 40 s.



and either Lactobacillus helveticus, Lb. del-
brueckii subsp. lactis, or Lb. delbrueckii subsp.
bulgaricus. These are often referred to as the
coccus and rod, respectively. Bulk starters of the
rod and coccus are generally grown individually
for cheese manufacture, but they are grown to-
gether for yogurt production. In the latter case,
they are genuinely mixed cultures, but defmed-
strain thermophilic cultures are also used. Like
mesophilic mixed cultures, thermophilic mixed
cultures may contain several strains of each spe-
cies. For some products (e.g., Mozzarella
cheese), the rod:coccus ratio is important, and it
is much easier to control this ratio by growing
the cultures separately.

The rod and coccus produce much more acid
when they are grown together than when they
are grown separately (Figure 5-2). Acid produc-
tion is an excellent indicator of the growth of
LAB (see Section 5.10). The improved growth is

due to the production of amino acids, particu-
larly leucine, isoleucine, and valine, from casein
in the milk by the proteolytic system of the Lac-
tobacillus, which stimulates the growth of Sc.
thermophilus. The Streptococcus, in turn, pro-
duces small amounts of CO2 and formic acid
from lactose, which stimulate the growth of the
Lactobacillus. Thus, the relationship is genu-
inely symbiotic. The CO2 produced is not suffi-
cient to be apparent in the milk. However, the
growth of the rod and coccus are more difficult
to control when they are grown together.

Whether symbiosis occurs between the Leu-
conostoc and the Lactococcus in mesophilic cul-
tures is not clear; there is some evidence in the
old literature that a certain amount of symbiosis
occurs but the exact nature of the interaction has
not been determined. A certain amount of sym-
biosis must occur, since many lactococci in
mixed cultures do not have a proteinase system

Figure 5-1 Plasmid profiles of representatives of different plasmid groups (lanes A to Q) isolated from a Flora
Danica culture. Lane S, plasmid standard containing Salmonella typhimurium LT2 (60 MDa), Escherichia coll
V517 (32, 5.2, 3.5, 3.0, 2.2, 1.7, 1.5. 1.2 MDa), pSA (23 MDa), and pSA3 (6.8 MDa) DNA.
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Time, h

Figure 5-2 Acid production by Lactobacillus hel-
veticus 243, Streptococcus thermophilus 302, or their
combination in milk at 420C,

(Prtr) and depend on the Prt+ strains to produce
the amino acids they require for growth (dis-
cussed later). Examples of the cultures used in
the production of different cheeses are shown in
Table 5-2.

5.2.1 Artisanal (Natural) Cultures

In many countries, especially Italy, France,
Switzerland, and Greece, other types of mixed
cultures, called artisanal cultures, are used.
These are derived mainly from the practice of
"back-slopping," where some of the previous
batch of cheese is used as the inoculum for the
new batch. An example of this is the Greek
cheese Kopanisti. More commonly, whey and
milk from today's cheesemaking are incubated
at a high temperature (45-520C) for an extended
period (4.5-18 hr), depending on the culture, for
use in tomorrow's cheesemaking. The cheeses in
which these cultures are used are made from raw
milk. Such cultures depend on the presence of
LAB in the raw milk, and the cultures are called
whey cultures or natural milk cultures. The tem-

perature of incubation and the pH exert selective
pressure on the types of bacteria that grow under
these conditions. The composition of these cul-
tures is extremely complex and very variable
and can include Lb. delbrueckii subsp. lactis, Lb.
delbrueckii subsp. bulgaricus, Lb. helveticus,
Lb. plantarum, Lb. casei, Lb. paracasei, Lc.
lactis, Sc. thermophilus, Enterococcus faecalis,
Ec. faecium, and Leuconostoc spp. (see Table
5-1). These cultures have many of the attributes
of mixtures of both mesophilic and thermophilic
cultures, and many of the bacteria in them are
lysogenic (see Section 5.7.2) and, as such, are a
potential source of phage in factories; however,
they can be very inconsistent in performance.

5.2.2 Adjunct Cultures

Much hard cheese made commercially today
is thought to lack flavor. The probable reasons
for this are very low bacterial numbers in the
raw milk and, more importantly, vastly im-
proved hygiene in cheese factories. Because of
this, various methods for improving flavor have
been developed. Traditionally, only mesophilic
cultures were used in the production of Ched-
dar and other low-cooked cheeses. However, in
recent years, thermophilic starters, particularly
Sc. thermophilus and Lb. helveticus, have been
included in the starter and are thought to im-
prove the flavor of the cheese. These organisms
are very resistant to the cook temperature
(~38°C) used for those cheeses. However, their
growth in such cheeses is limited to tempera-
tures above 250C. At temperatures below this,
little growth and consequently little acid pro-
duction occurs.

Carefully selected strains of mesophilic lacto-
bacilli, particularly Lb. paracasei and Lb. casei,
are also used to improve the flavor of some
cheeses, especially Cheddar. The basis for their
use is the fact that large numbers of these bacte-
ria (108 cfu/g) are found in ripened cheese, and it
is assumed they must have some role. However,
despite extensive research over several decades,
the role of these bacteria in cheese flavor devel-
opment is still unclear (see Chapter 10).
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Cheese

Emmental cheese

Mozzarella and other
Italian cheese

Cheddar cheese

Edam and Gouda
cheese

Camembert and Brie
cheese

Tilset, Limburger, and
Munster cheese

Yogurt

Fromage frais and
Quarg

Starter Cultures

Sc. thermophilus and Lb.
helveticus', galactose-
positive Lb. delbrueckii
subsp. lactis may also
be used

Sc. thermophilus and Lb.
helveticus or a mixed-
strain thermophilic
culture

Defined strains of Lc.
lactis subsp. lactis or O,
L, or DL mesophilic
mixed cultures;
sometimes thermophilic
cultures are included

Mainly DL mesophilic
mixed cultures

O, L, or DL mesophilic
mixed cultures

O, L, or DL mesophilic
mixed cultures

Mainly thermophilic mixed
cultures; defined strains
of Sc. thermophilus, Lb.
delbrueckii subsp.
bulgaricus, and Lb.
delbrueckii subsp. lactis
may also be used

O, L, or DL mesophilic
mixed cultures

Other Cultures

Propionibacterium
freudenreichii

Penicillium camemberti,
Geotrichum candidum,
Candida utilis

Brevibacterium linens,
Geotrichum candidum,
Candida utilis

Important Products
Other Than Lactic

Acid

CO2, propionate, and
acetate

CO2 and acetate

Sulphur compounds
(e.g., methional)

Acetaldehyde

Diacetyl and acetate

5.2.3 Effect of Temperature on the Growth
of Cultures

Temperature has a major effect on the growth
of starter bacteria. In Figure 5-3, two different

measurements, the generation time and the de-
crease in pH after 5.5 hr, are used as indicators of
growth. The latter is quite acceptable, as the de-
crease in pH is a measure of the amount of acid
produced by the culture, and acid production is

Table 5-2 Starter Cultures Used in the Manufacture of Different Cheeses
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? cheese, whereas the growth of most strains of

Lc. lactis subsp. cremoris is markedly inhibited
at this temperature. A common cooking tem-
perature for Swiss-type cheese is 540C, and
strains of Sc. thermophilus and ZZ?. helveticus
produce little acid at this temperature (Figure
5-3). However, they can withstand this tempera-
ture and begin to grow again when the tempera-
ture decreases to 470C and below.

Figure 5-3 Effect of temperature on the growth of (A) two strains of Sc. thermophilus, (B) two strains of Lb.
helveticus in milk, (C) Lc. lactis subsp. lactis 10 and Lc. lactis subsp. cremoris 3 and 9, and (D) three strains of Ln.
mesenteroides subsp. cremoris in complex medium. Note differences in j; axes.
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5.3 TAXONOMY

There are 12 genera of lactic acid bacteria:
Aerococcus, Alloiococcus, Carnobacterium,
Enterococcus, Lactobacillus, Lactococcus, Leu-
conostoc, Pediococcus Streptococcus, Tetra-
genococcus, Vagococcus, and Weissella. Only
five genera, however, contain organisms used as
cheese starter cultures: Lactococcus, Enterococ-
cus, Leuconostoc, Streptococcus, and Lactoba-
cillus. All the lactic acid bacteria used in starter
cultures are Gram-positive, catalase-negative,
nonmotile, non-spore-forming bacteria.

The taxonomy of lactic acid bacteria, includ-
ing those used in starter cultures, has gone
through several major revisions during the past
30 years as a result of more detailed and sophis-
ticated analyses. These include DNA:DNA and
DNA:RNA hybridizations, comparative oligo-
nucleotide cataloging and sequencing of the!6S
rDNA gene, and serological studies with super-
oxide dismutase. The current names are used in
Table 5-1. The lactococci have probably gone
through the greatest number of changes; their
taxonomy is reviewed by Schleifer and Kilpper-
BaIz (1987).

5.3.1 Lactococcus

Lc. lactis was isolated from soured milk in
1873 by Lister and named Bacterium lactis
(Latin for bacterium of milk). It was the first
bacterium isolated in pure culture. In 1909, it
was renamed Streptococcus lactis by Lohnis and
placed in the genus Streptococcus. In the 189Os,
Storch isolated a very similar organism from
cream, which OrIa-Jensen called Sc. cremoris
(of cream). In 1937, Sherman divided the genus
Streptococcus into four groups—pyogenic, lac-
tic, faecal and viridans—and placed Sc. lactis
and Sc. cremoris in the lactic group. The groups
were relatively easily distinguished from each
other on the basis of growth under different con-
ditions (Table 5-3). Serology (Lancefield
grouping), based on the presence of different
carbohydrates in the cell wall, was also used at
that time to separate the streptococci into differ-

ent groups; for example, the lactic group reacted
only with Group N antiserum and the faecal
group only with Group D antisera. However,
later studies showed that serology was not espe-
cially useful, since many streptococci isolated
subsequently did not possess group-specific an-
tigens, and the group D antigen was also present
in organisms from the viridans group (e.g., Sc.
bovis).

Homology studies of the DNA of Sc. lactis
and Sc. cremoris have shown that these two or-
ganisms are closely related to each other, and in
1982 they were reclassified as subspecies of Sc.
lactis and named Sc. lactis subsp. lactis and Sc.
lactis subsp. cremoris, respectively (Garvie &
Farrow, 1982). In 1985, it was realized that these
organisms were only distantly related to the ge-
nus Streptococcus, and therefore they were
transferred to a new genus, Lactococcus, as Lc.
lactis subsp. lactis and Lc. lactis subsp.
cremoris, respectively (Schleifer et al., 1985).
The genus also includes four new species, Lc.
raffinolactis, Lc. garvieae, Lc. plantarum, and
Lc. piscium, which were isolated from spontane-
ously soured raw milk, a cow suffering from
mastitis, frozen peas, and fish, respectively, and
a subspecies, Lc. lactis subsp. hordniae, isolated
from the leaf hopper insect. None of the new
species grows well in milk and hence they are of
little value as starter cultures.

In 1936, an organism similar to Sc. lactis was
isolated from fermenting potatoes and named Sc.
diacetilactis. The latter organism was later
renamed Sc. lactis subsp. diacetylactis. Diaceti-
lactis was the spelling used when the organism
was considered to be a species, but the spelling
changed to diacetylactis when the organism was
given subspecies status. It differed from Sc.
lactis only in its ability to metabolize citrate, and
since the transport of citrate is plasmid encoded,
it was renamed Lc. lactis subsp. lactis biovar.
diacetylactis. Since biovar is not an accepted
taxonomic epithet, this organism is now called
citrate-utilizing (Qt+) Lc. lactis subsp. lactis or
Qt+ Lactococcus to distinguish it from the vast
majority of lactococci unable to metabolize cit-
rate (Cit).



Lc. lactis subsp. lactis and Lc. lactis subsp.
cremoris are the main species isolated from me-
sophilic starters and raw milk soured at 18-
3O0C, and it is generally believed that Lc. lactis
subsp. cremoris gives a better flavored cheese
than Lc. lactis subsp. lactis. Lc. lactis subsp.
lactis is able to grow at 4O0C and, in the presence
of 4% NaCl, produce NH3 from arginine and fer-
ment maltose, whereas Lc. lactis subsp.
cremoris cannot (see Table 5-1). However, the
latter organism can grow in the presence of 2%
NaCl. The concentration of salt in cheese varies
from 4% to 6% in the moisture of the cheese and
is therefore inhibitory to most strains of lacto-
cocci. Lc. lactis subsp. hordniae is similar to Lc.
lactis subsp. cremoris, except that it does not
ferment lactose, galactose, maltose, or ribose.
Lc. rqffinolactis is also like Lc. lactis subsp.
lactis but ferments melibiose and raffinose and
does not grow at 4O0C or produce NH3 from
arginine. Lactococci ferment sugars by the gly-
colytic pathway to L lactate.

Lactococci are spherical or ovoid cells that
occur singly, in pairs, or in chains elongated in
the direction of the chain, which can sometimes
cause them to be misidentified as Leuconostoc
spp. They grow at 1O0C but not at 450C or in the
presence of 6.5% NaCl. They are nonmotile.
Motile strains of Lc. lactis that have the Group N
antigen have recently been transferred to the ge-
nus Vagococcus.

5.3.2 Enterococcus

There is considerable debate as to whether en-
terococci should be considered as starter cul-

tures, since the main source of many of them is
fecal material. Because of this, they are often
used as indicators of fecal pollution. Occasion-
ally, they cause endocarditis and urinary tract
infections. Some of them, especially Ec.
faecalis, are promiscuous and can easily pick up
antibiotic resistance genes, especially for vanco-
mycin, from plasmids or transposons. They are
included here because they are common in arti-
sanal cultures and are considered to impart desir-
able flavors to cheeses made with these cultures.
Enterococci occur in pairs or chains and are salt
and heat tolerant and generally grow in the pres-
ence of 6.5% NaCl and at 450C. These proper-
ties make them ideal starters for cheesemaking,
but their use has been questioned because they
are used as indicators of fecal contamination of
food. Unlike lactococci, enterococci are not
killed by pasteurization to any great extent and
can be found in large numbers in many cheeses.

In 1984, DNA hybridization studies showed
that Sc. faecalis and Sc. faecium, which were
then classified in the faecal group of Streptococ-
cus, were only distantly related to the strepto-
cocci, and they were transferred to the new ge-
nus, Enterococcus, as Ec. faecalis and Ec.
faecium, respectively (for a review, see Schleifer
& Kilpper-Balz, 1987). Since then, 17 species
have been added, and these are divided into indi-
vidual species and 3 "species" groups, based on
the sequences of the 16S rRNA. Group 1 con-
tains Ec. durans, Ec. faecium, Ec. mundtii, and
Ec. hirae (98.7-99.7% similarity); group 2 con-
tains Ec. avium, Ec. raffinosus, Ec. malodoratus,
and Ec. pseudoavium (99.3-99.7% similarity);
and group 3 contains Ec. gallinarum and Ec.

Table 5-3 Some Distinguishing Characteristics of the Different Groups of Streptococci

Growth at or in the Presence of

Group

Pyogenic
Viridans
Lactic
Faecal

1O0C

+
+

45 0C

+

+

pH9.6

+

6. 5% NaCl

+

0.1%MethyleneBlue

+
+



casseliflavus (99.8% similarity). Ec. dispar, Ec.
saccharolyticus, Ec. sulfureus, Ec. columbae,
Ec. cecorum, and Ec. faecalis form individual
lines of descent. Not all enterococci are of fecal
origin. For example, Ec. mundtii, Ec. sulfureus,
and Ec. casseliflavus have been isolated from
plants; Ec. malodoratus from Gouda cheese (in
which it caused off-flavor development); Ec.
durans from milk and meat; Ec. pseudoavium
from a cow with mastitis but not from bovine fe-
ces; and Ec. raffinosus from a clinical source (its
habitat is not known). Therefore, their useful-
ness as indicators of fecal pollution is question-
able.

Unfortunately, there are no simple biochemi-
cal or physiological tests that will categorically
separate Lactococcus from Enterococcus. This
can be done only by sophisticated techniques,
such as protein profiling of extracts from whole
cells by SDS-PAGE or genus-specific DNA
probes. Ec. faecalis and Ec faecium are com-
monly found in the feces of humans and animals.
These two species are easily separated from
Lactococcus by their ability to grow at pH 9.6, at
1O0C and at 450C, and in the presence of 6.5%
NaCl. The more recently recognized Enterococ-
cus species do not give positive results with
some of these tests. For example, Ec. dispar and
Ec. sulfureus do not grow at 450C, and Ec.
cecorum and Ec. columbae do not grow at 1O0C
or in the presence of 6.5% salt and therefore may
be confused with Lactococcus spp. In addition, a
few, mainly from humans, isolates of Lacto-
coccus grow at 450C and in the presence of 6.5%
NaCl. However, the likelihood of isolating these
species from starters and cheese is small. En-
terococci ferment sugars by the glycolytic path-
way to L lactate.

In the 193Os, Lancefield introduced a method,
based on the antigenic structure of the cell wall,
to help in identifying what were then Streptococ-
cus spp. Prior to the division of Streptococcus
into Lactococcus, Enterococcus, and Strepto-
coccus, the terms fecal streptococci, Group D
streptococci, and enterococci were used inter-
changeably. Group D species are found in both
Enterococcus (e.g., Ec. faecalis, Ec. faecium,

Ec. durans) and Streptococcus (e.g., Sc. bovis
and Sc. equinus), and therefore the Group D de-
scriptor is illogical and the term fecal strepto-
cocci is now defunct. Lactococcus spp. reacts
with Group N antiserum. The newer species of
Enterococcus, e.g., Ec. dispar, Ec. cecorum, and
Ec. columbae, do not have a Lancefield antigen.
Based on these findings, Lancefield groupings
are probably of little relevance today.

5.3.3 Streptococcus

These are also spherical to ovoid cells, ar-
ranged in pairs or chains. Currently, 39 species
of Streptococcus are recognized but only one of
them, Sc. thermophilus, is used as a starter cul-
ture. It grows at 450C but not at 1O0C and in the
presence of 2.5% but not 4% NaCl, and it was
included in the viridans group by Sherman
(1937). It is closely related to Sc. salivarius, an
inhabitant of the mouth. A few years ago, it was
renamed Sc. salivarius subsp. thermophilus, but
it has recently been restored to full species sta-
tus. It ferments sugars by the glycolytic pathway
to L lactate and does not have a Lancefield anti-
gen.

5.3.4 Leuconostoc

These are spherical or lenticular cells that oc-
cur in pairs and chains and are commonly found
in mesophilic cultures. Therefore, they can be
confused with lactococci and (heteroferment-
ative) lactobacilli. They differ from lactococci in
three fundamental respects:

1. They ferment sugars heterofermenta-
tively rather than homofermentatively,
producing equimolar amounts of lactate,
ethanol, and CO2. Small amounts of ac-
etate may also be produced.

2. They produce the D rather than the L iso-
mer of lactate.

3. With the exception of Ln. lactis, they
show no visual evidence of growth in lit-
mus milk, unless yeast extract (0.3g/100
ml) is added.



Currently, the following species of Leu-
conostoc are recognized: Ln. lactis, Ln.
citreum, Ln. pseudomes enter oides, Ln. argen-
tinum, Ln. fallax, Ln. amelibiosum, Ln.
gelidum, Ln. carnosum, Ln. mesenteroides
subsp. mesenteroides, Ln. mesenteroides subsp.
dextranicum, and Ln. mesenteroides subsp.
cremoris. Despite the fact that leuconostocs
were first identified in mixed-strain starter cul-
tures in 1919, the exact species found in starters
is still not clear. In the interim, different species
have been implicated, but they have never been
identified taxonomically, as researchers were
more interested in how they behaved in milk
fermentations than in their taxonomy. Ln.
mesenteroides subsp. cremoris is certainly in-
volved, since starter cultures are the only
known source of this microorganism. It is also
likely that Ln. lactis is involved. Ln. mesen-
teroides subsp. cremoris is unusual in that it
ferments only lactose and its component mono-
saccharides, glucose, and galactose. Leuconos-
toc spp. do not hydrolyze arginine (Table 5-1).

5.3.5 Lactobacillus

These are rod-shaped cells that may be long
and slender or short and sometimes bent, and
they often occur in chains. Currently, about 64
different species of Lactobacillus are recog-
nized. The genus is divided into three groups:
obligately homofermentative, facultatively het-
erofermentative, and obligately heteroferment-
ative, depending on whether they contain
aldolase and phosphoketolase. The obligate
heterofermenters can be coccobacillary in
shape and may be confused with Leuconostoc.

The obligate homofermenters (Group 1) con-
tain aldolase but not phosphoketolase and
hence cannot ferment pentoses or gluconate;
they ferment hexoses exclusively by the glyco-
lytic (homofermentative) pathway to DL, L,
and/or D lactate. This group includes all the
thermophilic lactobacilli found in starter cul-
tures (Lb. helveticus, Lb. delbrueckii subsp.
bulgaricus, and Lb. delbrueckii subsp. lactis).
In addition, all strains of Lb. delbrueckii subsp.

bulgaricus and most strains of Lb. delbrueckii
subsp. lactis excrete galactose in proportion to
the amount of lactose taken up by the cell (see
Section 5.4.3). Lb. helveticus produces DL lac-
tate while Lb. delbrueckii produces only the D
isomer.

The facultative heterofermenters (Group 2)
contain both aldolase and phosphoketolase, and
therefore they ferment hexoses homofermenta-
tively to lactate and pentoses and gluconate
heterofermentatively to lactate and acetate.
Growth on glucose represses the formation of
phosphoketolase. This group includes several
of the lactobacilli found in artisanal cultures
and mature cheeses (e.g., Lb. easel, Lb.
paracasei, Lb. plantarum, and Lb. curvatus).
These are generally referred to as the non-
starter lactic acid bacteria and are also called
mesophilic lactobacilli. Nonstarter LAB counts
of 107 to 109 cfu/g can be found in Cheddar
cheese within 2 months of ripening (see Chap-
ters 10 and 11).

The obligate heterofermenters (Group 3)
possess phosphoketolase but not aldolase, and
hence, like Leuconostoc, they ferment sugars
heterofermentatively to equimolar concentra-
tions of lactate, ethanol, and CO2. Small
amounts of acetate may be produced also. Al-
most invariably, members of this group pro-
duce NH3 from arginine. The only Group 3 lac-
tobacilli reported in cheese are Lb. brevis and
Lb. fermentum, and these are also considered to
be nonstarter bacteria.

Generally, Group 1 lactobacilli do not grow
at 150C but do grow at 450C, while those in
Groups 2 and 3 grow at 150C but not at 450C.
This is not an absolute rule but generally ap-
plies to most of the lactobacilli found in starters
and cheese. Lb. fermentum is an exception, as it
is the only Group 3 Lactobacillus that grows at
450C. The lactobacilli found in starter cultures
are often called thermophilic because their opti-
mum growth temperature is around 420C. They
are not true thermophiles, as they do not grow
at 550C. They are, however, able to withstand
the cooking temperature (540C) used in Swiss
cheese manufacture.



5.3.6 Differentiation of Lactic Acid Bacteria
in Starters

A relatively simple scheme involving only a
few criteria including Gram reaction, catalase,
shape, growth at different temperatures and in
the presence of different concentrations of NaCl,
and the pathway by which sugar is fermented
can be used to identify the LAB found in starters
(Table 5-^). The scheme is not definitive but
provides good practical guidance.

During the past 20 years, several new tech-
niques for identifying LAB have been devel-
oped, including methods for analyzing the
amino acid and menaquione content of the cell
wall, PAGE of the whole cell proteins, 16S
rDNA sequencing, and randomly amplified
polymorphic DNA (RAPD) techniques. All
these techniques are very sophisticated and are
either too slow or require standardized condi-
tions or elaborate equipment for routine use.
Species-specific probes based on 16S rDNA se-
quences and amplification by polymerase chain
reaction (PCR) have been or are being devel-
oped for all LAB. These methods are relatively
simple to use and will probably become routine
tools for identification within a few years.

Recently, Taillez, Tremblay, Ehrlich, and
Chopin (1998) used a RAPD technique with
three different primers to study the relationships
between 113 strains of lactococci from a culture
collection. The strains could be divided into two
groups, Gl and G2 plus G3, based on the ge-
nomic analysis, and they showed excellent
agreement with the phenotypic analysis. Groups
Gl and G3 contained only the lactis subspecies,
whereas group G2 contained almost exclusively
dairy strains of the cremoris subspecies. It was
suggested that Group G2 evolved from the G3
strains through the loss of specific characteris-
tics in the dairy environment.

Scanning electron micrographs of some spe-
cies of LAB found in starter cultures are shown
in Figure 5—4. The considerable variation that
occurs in the shape of these bacteria is evident.
A microcolony of Lb. helveticus in Grana cheese
is also included.

5.3.7 Phylogeny

There is sound scientific evidence that all liv-
ing organisms, including animals, plants, and
microorganisms, evolved from a common an-
cestor. The study of the evolutionary history of
bacteria is called phylogeny and it has received
much attention during the past 20 years in at-
tempts to understand the relationships between
different microorganisms. To study phylogeny,
one selects and compares the sequence of a mac-
romolecule that is present and has the same
function in all cells. Such molecules have been
called evolutionary chronometers. The 16S
rDNA gene is probably most widely used for
this purpose, because it is a relatively large mol-
ecule (~ 15,000 nucleotides) and some se-
quences are highly conserved while others are
variable. A comparison of the sequences has al-
lowed scientists to construct the universal tree of
life. Bacteria form one of the 3 major domains
(Archea and Eucarya are the others), and within
the bacterial domain there are at least 12 distinct
phylogenetic lineages, of which the Gram-posi-
tive bacteria are one. Gram-negative bacteria do
not form a single group. The Gram-positive bac-
teria are divided into two branches, the clos-
tridial branch, with a % mol guanine + cytosine
(GC) content of less than 50 and the actino-
mycete branch, with a % mol GC greater than
55. All starter bacteria and the bacteria found in
ripening cheese are Gram-positive. Sc. ther-
mophilus and the species of starter LAB found in
the genera Lactococcus, Lactobacillus, Enter o-
coccus, and Leuconosoc belong to the clostridial
subdivision, whereas other bacteria commonly
found in ripening cheese (Micrococcus, Coryne-
bacterium, Brevibacterium, and Arthrobacter)
belong to the actinomycete branch of the Gram-
positive bacteria (see Chapter 10).

Computer analysis of the 16S rRNA mol-
ecules has revealed short oligonucleotide se-
quences, called signature sequences, that are
unique to each bacterial species and that enable
the construction of species-specific nucleic acid
probes usable for identifying microorganisms.
These complement the biochemical and physi-



Table 5-4 Criteria for Discriminating between the Different Groups of Lactic Acid Bacteria Found in Cultures
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Figure 5-4 Scanning electron micrographs of some bacteria found in starter cultures. (A) Lactoba-
cillus helveticus (13,00Ox); (B) Streptococcus thermophilus (9,00Ox), (C) Lactococcus lactis
(13,00Ox); (D) a microcolony of Lactobacillus helveticus in Grana cheese (20,00Ox); (E) a mixed
culture of Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus, used in yo-
gurt manufacture (3,75Ox). The degree of magnification is shown in parenthesis.
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ological tests normally used to identify bac-
teria.

The phylogenetic relationships of starter and
some other LAB are outlined in Figure 5-5.
Such analyses show interesting relationships.
Both Ec.faecalis and Str. bovis are found in bo-
vine feces and both react with Group D antigen,
yet it is clear that Enterococcus is only distantly
related to Streptococcus and Lactococcus. Al-
though not shown, Pediococcus spp. are found
in the Lb. casei/Lb. parcacasei group even
though pediococci (tetrads) are morphologically
quite distinct from lactobacilli (rods). In addi-
tion, the heterofermentative thermophile, Lb.
fermentum, is relatively closely related to the
facultatively heterofermentative mesophile, Lb.
casei, and not to the other thermophilic lactoba-
cilli. Recently, several heterofermentative lacto-
bacilli, Lb. viridescens, Lb. confusus, and Lb.
halotolerans, which are coccobacillary in shape,
and the heterofermentative Leuc. parames-
enteroides have been transferred to a new genus
called Weisella. These considerations suggest
that neither shape, nor type of fermentation, nor
growth at 1O0C, 150C, or 450C give absolute in-
formation on the relationship of LAB with each
other.

The 16S rDNA sequences have also shown
that Enterococci are more closely related to
Carnobacterium and Vagococcus than to Lac-
tococcus and Streptococcus.

5.4 METABOLISM OF STARTERS

5.4.1 Proteolysis

All LAB are auxotrophic and require several
amino acids and vitamins for growth. Specific
strains of LAB are still used to assay foods for
vitamins (e.g., Lb. delbruckii ATCC 7830 for vi-
tamin B12 and Ec.faecalis ATCC 8043 for folic
acid). The requirements for amino acids are
strain specific and vary from as few as 4 to per-
haps 12 or more. Glutamic acid, methionine, va-
line, leucine, isoleucine, and histidine are re-
quired by most lactococci, and many strains
have additional requirements for phenylalanine,

tyrosine, lysine, and alanine. The amino acid re-
quirements of Sc. thermophilus andLeuconostoc
spp. are similar to those of the lactococci. Only
one strain of Lb. helveticus has been studied; it
required all the amino acids except glycine, ala-
nine, serine, and cysteine. Lactococci possess
many of the genes of the amino acid biosynthetic
pathways in their chromosomes, and the amino
acid requirements are probably the result of mi-
nor deletions in the nucleotide sequences. This is
probably also true for the other starter LAB, but
the question has not been studied.

Fully grown milk cultures of starter bacteria
contain around 109cfu/ml. The concentrations of
amino acids and peptides in milk are low and
sufficient to sustain only about 25% of the maxi-
mum number of starter cells present in a fully
grown starter culture. Therefore, starter bacteria
must have a proteolytic system to hydrolyze the
milk proteins to the amino acids required for
good growth in milk. The proteolytic system of
Lactococcus involves a cell wall-associated
proteinase, amino acid and peptide transport
systems, and peptidases (for a review see Kunji,
Mierau, Hagting, Poolman, & Konings, 1996).
The generally accepted view of the system is
shown in Figure 5-6.

The lactococcal proteinase (PrtP) is one of the
most intensively studied enzymes of starter bac-
teria, but it is likely that other starter bacteria
have similar systems. It is a serine proteinase
that is synthesized in the cell as a pre-pro-pro-
teinase and that is transformed into the mature,
active proteinase by a process not yet completely
understood. It is not a truly extracellular enzyme
but is anchored to the cell membrane by its ex-
tremely hydrophobic C-terminal region. The
mature proteinase, called PrtP, contains about
1,800 amino acid residues, has a molecular mass
of about 185 kDa, and has an optimum pH of
about 6. The gene encoding the proteinase (prtP)
in several strains of lactococci has been cloned
and sequenced. The nucleotide sequences are
very similar (98% identical), implying that there
is only one proteinase, but the amino acid se-
quences are sufficiently different to result in dif-
ferent activities on the various caseins. Two dif-
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