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1. SUMMARY lus reuteri reuterin system may be used for this

Many factors contribute to a successful natural
fermentation of carbohydrate-rich food and feed
products. Metabolic activities of lactic acid
bacteria (LAB) play a leading role. Their ability to
rapidly prod copious of acidic end
products with a concomitant pH reduction is the
major factor in these fermentations. Although their
specific effects are difficult to quantitate, other
LAB metabolic products such as hydrogen per-
oxide and diacetyl can also contribute to the over-
all antibiosis and preservative potential of these
products. The contribution of bacteriocins is also
difficult to evaluate. It is suggested that they may
play a role in selecting the microflora which ini-
tiates the fermentation. Bacteriocins are believed
to be important in the ability of LAB to compete
in non-fermentative ecosystems such as the gastro-
intestinal tract. During the past few decades inter-
est has arisen in the use of the varied antagonistic
activies of LAB to extend the shelf-life of protein-
rich products such as meats and fish. Recent find-
ings indicate that the newly discovered Lactobacil-

purpose.

2. INTRODUCTION

Lactic acid bacteria (LAB) have been used
traditionally to improve the aroma and texture
and to prevent a rapid spoilage of dairy and meat
products as well as vegetables and silages [1,2]
Losses in nutritional value during the fermenta-
tion process are regarded as minimal [3}, product
shelf-life is extended, Fnd acid foods are less likely

to harbour pathog microorgani {4). In ad-
dition, propemes such as antlmmour and antl-
bol )1 activity, chemical

with reduction of nitrite, nmprovcmems in nm-
munological status, and d
disorders have been attributed to tl\e consumption
of fermented dairy products [5,6].

Historically, these food fermentations have been
based on empirical processes involving the activi-
ties of the natural flora prmnt on the raw material
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tained using different methods such as salt and
sugar marination of the raw material or back
slopping, a process wherein a former ful

Strep L Pedi L
toc and Lactobacillus, the latter represented by the

fermentation is used as inoculum for a subsequent
fermentation [8]. In some fermentations the raw
material is enriched by adding substrates like
cereals, which are also rich sources of LAB [9].

The complex nutritional requirements of LAB
and the lack of suitable nutrients in the raw
material used for some fermentations has called
for the addition of stimulants such as carbohy-
drates, amino acids, fatty acids, nucleic acid de-
rivates, vegetable extracts, minerals and vitamins
[2,10). Malt enzymes were recognized early as a
means to increase production of fermentable
sugars in fish and crop silages enriched with cereals
[11]. Fungal cellulases and amylases today are
included as additives for silage fermentation
112,13},

The introduction of inoculants into dairy prod-
ucts early in this century was an important step in
the industrialization of lactic acid fermentations
[14], and inoculants are used today for silages [15],
meat products [16,17], dairy products [18,19], and
vegetables [9,20}. The desired characteristics for
these starter culture organisms include: aroma
production, carbohydrate, protein and peptide
utilization, homo- or heterofermentation, suitable
growth rate at desired temperatures, phage resis-
tance and antagonistic properties. These criteria
have been used in the past as selection parameters,
and are being used today in the construction of
genetically designed organisms [21].

3. FERMENTATION END PRODUCTS

Betab. ium, Streptobacterium and
Thermobactermm [25,26]. Based on biochemical
and molecular characteristics the lactic strepto-
cocci (i.e. type N streptococci) are nc longer mem-
bers of the genus Streptococcus. They have been
reclassified into a new genus designated Lactococ-
cus [27].

Hexose fermentations carried out by LAB in
excess of sugar have been characterized as involv-
ing either the homofermentative production of
lactic acid or the heterofermentative production of
equimolar amounts of lactate; acetate/ethanol and
carbon dioxide [28]. The homofermentation in-
volves splitting of a hexose moiety into trioses as
catalysed by the classic aldolase reaction. The
heterofermentation is characterized by hexose de-
carboxylation and subsequent splitting of the
pentose moiety by phosphoketolase into glyceral-
dehyde-3-phosphate and acetyl-phosphate. De-
pending on hydrogen acceptors available, the
acetyl-phosphate is either metabolized to acetic
acid with concomitant ATP generation, or it is
reduced to ethanol. The glyceraldehyde-3-phos-
phate is further metabolized and excreted as lactic
acid [22]. It is well known that a distinction be-
tween homo- and heterofermentative LAB cannot
be made solely on the basis of end products
formed. For example, some homofermenters {i..
facultative homofermenters) exhibit a hetero-
fermentative end product pattern when grown in
the presence of limited amounts of carbohydrates
129},

Pentoses are fermented through the phos-
phoketolase pathway by most heterofermentative
LAB yielding lactate and acetate as the major end

LAB fer ion prod are ch ized by

prod Some homof ve ies of

the accumulation of organic acids, primarily lactic
and acetic acid, and the accompanying reduction
in pH. Levels and proportions of fermentation
end products which accumulate depend on the

r

lactococci, pediococci, and streptobacteria encode
an inducible phosphoketolase and thus are able to
ferment pentoses. These latter species are referred
to as facultative heterofermentative LAB [25,26).

Facultative and strictly heterofermentative LAB
can use an assortment of alternative electron
acceptors. The most well-known reaction in this

pecies of the organism(s) involved, the chemical F
it of the cul environment [22,23],

and thc 1 diti d during

the fer ion p [24]. The i

associated with these LAB fermentations include
species found primairly in the following genera:

regard is the heterofermenmuve reduction of
fructose to 1 ied by 1
tion of acetate rather than ethanol [30). Citrate




and glycerol can also be used as alternate hydro-
gen acceptors [31,32). Most species posessing het-
erofermentative activity also contain flavoprotein
oxidases which catalyse reduction of oxygen re-
sulting in accumulation of hydrogen peroxide [24).
This use of oxygen as an alternate hydrogen
acceptor also promotes conversion of acetvl-phos-
phate into acetic acid and ATP rather than into
ethanol [22,24].

It is well-known that these acidic end products
(and hydrogen peroxide when produced) of both
homo- and heterofermentations tend to inhibit the
growth and metabolic activities of other micro-
organisms which may also be present in the cui-
ture environment. Other end products can accu-
mulate, particularly during heterofermentatiors,
and these products also exhibit antagonistic activ-
ity. Formic acid, acetoin, 2,3-butanediol, and di-
acetyl are active in this connection.

The antagonistic activities associated with other
organic acids present (e.g., malic and citric acid)
can vary inasmuch as these acids can be further
metabolized under certain circumstances. For ex-
ample, malic acid can be decaiboxylated to lactate
and CO, [33), citric acid can be utilized as an
electron acceptor in similar processes [31]. Also
lactic acid can be degradated anaerobically to
either formic acid and acetic acid in the presence
of citrate [34], or to acetic acid, CO,, and H, [35].

4. ANTIMICROBIAL ACTIVITY
4.1 Fermema;ion end products

As mentioned above, accumulation of acid end
products increases the antimicrobial activity in
fermented products {36). The acid production and
the accompanying pH decrease extend the lag
phase of sensitive organisms [37]. Ingram et al.
{38) have defined the following three factors to be
important for the preservative action of acid sub-
stances: (i) the effect of solely pH, (ii) the extent
of the dissociation of the acid and (iii) a specific
effect of the molecule itself. The antimicrobial
activity of organic acids having more than four
carbons generally increases at constant pH with
the chain length [39,40]). However, due to their low
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solubility in water, acids with chain lengths greater
than C,, or C,, are not particularly efficient in
this regard, and those with chain lengths greater
than C; are usually ineffective against Gram-
negative bacteria [36]. Lipophilic acids such as
acetic and lactic acid in their undissociated form
can penetrate the microbial cell and interfere with

tabolic functi such as substrate
translocations and oxidative phosphorylation, and
reduce the intracellular pH [36,37]. The concentra-
tion of the undissociated acid in to the
dissociated acid is related to the pK, value. The
minimal inhibitory concentration of an undissoci-
ated acid (MIC,,,...) for a spoilage organism is
usually constant within the pH interval existing in
a fermented product, whereas the inhibitory con-
centration of the total acid is rapidly increasing
(See Fig. 1). Acetic acid is reported to be more
inhibitory than lactic acid, especially against yeasts
and molds [36). This can be explained by the
extent of dissociation since acetic acid has be-
tween two and four times more of the acid in the
undissociated state at a pH interval between 4.0
and 4.6 compared to lactic acid.

Information on the relationship between inhibi-
tion of microbial growth and relative concentra-
tions of the dissociated vs. the urdissociated acid
has been available for at least 60 years [41]). Des-
pite this information many view the inhibitory
effect of acids in silages as related solely to pH
effects [23). A pH below 4.6 (acid foods) is re-
garded as safe in pasteurized foods with respect to

UNDISS. ACID mM TOTAL ACID mM
15 r 300
10 200
5 100
o 0
4,0 4,5 5.0 5.5
pH
Fig. 1. Mini jons (MIC) of total

lactic acid (e); and undlsmcmted lactic acid (W): over a pH

range between 4.2 and 5.4. A silage strain of Enterobacter sp.

was used as an indicator organism (L. Ostling and S.E. Lin-
dgren, unpublished results).
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Fig, 2. Minimum inhibi ion (MIC) of

ated lactic acid over a pH range against silage bacteria; ¢,

Clostridit 2 b sp.; &, Propioni-

bacterium shermanii (L Ostlmg, A. Jonsson and S.E. Lindgren,
unpublished results).

growth of spore-forming food pathogens [42]. In
other reports, inhibitory acid ations are
given without reporting the pH value of the sys-
tem [43]. Information concerning the inhibitory
activity of acid combinations is not readily availa-
ble. Some reports indicate, however, that acetic
and lactic acid function synergistically in inhibit-
ing growth of Salmonella [44,45] and yeasts [46].
This synergism is due most likely to an increase in
undissociated acetic acid which is a consequence
of the strong acidic effect of lactic acid. Yeasts,
molds and acid-producing bacteria are tolerant to
acids and a low pH [37]. Some strains in fact are
able to utilize these acids (under aerobic condi-
tions) in an energy-yielding metabolism [36].
Others employ an inducible proton-lactate sym-
port system which releases acids from the cells
which have entered by simple diffusion [47,48].

Sensitivity to these acids varies among spoilage
and pathogenic bacteria [36). In Fig. 2 the
MIC, .4, are expressed for various silage micro-
organisms. The data indicate that this MIC value
is constant in a pH range between 4.5 and 5.2.
Below this range the proton concentration will
interfere and reduce the MIC value. Above this
range the total acid concentration has a similar
effect.

4.2. Carbon dioxide

CO, (HCOy") accumulation in fermenied plant
products is the result of an endogenous respiration

of the plant cells combined with microbial activi-
ties [23]. The influence of CO, on product pre-
servatxon is two-fold. First, it plays a role in

g an bic envirg by repi g
e:ustem molecular oxygen in the product Sec-
ondly, CO, per se has antimicrobial activity [49].
The protective role of CO, is especially important
in the fermentation of silages and vegetables to
prevent growth of molds.

Low concentrations of CO, can stimulate
growth of some organisms, while high concentra-
tions prevent growth of others. Sensitivity can
vary considerably with some organisms totally in-
sensitive to CO, at any level [49]. Storage in CO,
tends to select for various Lactobacillus spp. [50].
Common fruit rotting organisms such as Borrytis,
Rhizopus and Penicillum are not inhibited by 10%
CO, but concentrations between 20 and 50% have
strong antifungal activity [49]). The mechanism of
action in this regard is unknown, but two explana-
tions have been offered, one implicating inhibition
of enzymatic decarboxylations [S1], the other
pointing to an accumulation of CO, in the mem-
brane lipid bilayer resulting in dysfunction in per-
meability [52,53).

4.3. Hydrogen peroxide

Hydrogen peroxide (H,0,) can be generated by
LAB in the presence of oxygen through the action
of flavoprotein oxidases or NADH peroxidases
[24]. The use of oxygen as an electron acceptor
obviously is favoured by many microbial species
inasmuch as additional energy can be generated
with growth rates and cell yields increasing
accordingly. End product patterns are altered,
acetate is usually the major end product found
under these conditions [24], and the content of
hydrogen peroxide can increase to effective anti-
microbial levels because the LAB generally lack
catalase activity [26).

The production of H,0, by LAB is dependent
not only on availability of oxygen, but also on
particular strains present in the system [54]. Dahiya
and Speck [55] and Price and Lee [56] demon-
strated the inhibitory effect of H,0, produced by
LAB towards both Staphylococcus aureus and
Pseudomonas spp. The inhibition of food-borne



pathogens by LAB has been ascribed at least in
part to the activity of H,0, [57]. Wheater et al.
[58] showed that the H,0, MIC value for
Lactobacillus lactis was 125 pg ml~! but Staphy-
lococcus aureus was inhibited by as little as 5 pg
ml~!. The bactericidal effect of H,0, has been
attributed to its strong oxidizing effect on the
bacterial cell {59] and to the destruction of basic

lecular str of cell proteins [60].

In milk, H,O, activates the potent antibacterial
lactoperoxidase system (LPS) [61]. This actwauon
can be caused by LAB under bi
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arginine-binding protein of Gram-negative bac-
teria.

4.5. Bacteriocins and bacteriocin-like substances

Prod of ic sub other
than metabolic end products by LAB has been
known for some time. The first report along these
lines was made by Rogers [67] who showed anta-
gonistic activity for L. lactis against Lb. bulgari-
cus. The substance was determined to be a poly-

[62]). The effect of the LPS system is quite varia-
ble. Gram-positive bacteria including LAB are
minimally affected by the LPS. Gram-negative
bacteria such as Escherichia coli, Sal lla and
pseudomonads, on the other hand, are more sensi-
tive [61]. The antibacterial mechanism of LPS is
complex and has not yet been classified in detail.
The major effect has, however, been referred to
the oxidation of SH-groups in vital metabolic en-
zymes like hexokinase, aldolase and glyceralde-
hyde-3 phosphate dehydrogenase {61].

4.4. Diacetyl

Diacetyl (2,3-butandione) is the characteristic
aroma product associated with butter. It is pro-
duced by strains within all genera of LAB [63].
Formation of diacetyl tends to be repressed during
the metabolism of hexoses, but significant amounts
can be produced under other conditions, e.g. in
the presence of organic acids like citrate which is
converted via pyruvate into diacetyl. The inhibi-
tory activity of diacetyl against a large number of
microorganisms including pathogens such as
Mycobacterium tuberculosis has been reported from
the carly 1930s [64]. Spillinan et al. [65] showed an
inhibition of E. coli with as little as a few ppm
diacetyl and that this bioactivity increased with
decreasing pH of the system. Jay [63] also has
shown the synergistic effect of pH on diacetyl’s
bioactivity. He also reported that yeasts and
Gram-negative bacteria were more sensitive than
the non-LAB, Gram-positive bacteria. LAB and
clostridia scemed to be insensitive to its inhibitory
activity. According to Jay [66] diacetyl interferes
with arginine utilization by reacting with the

peptide and subsequently termed nisin [68]. Its

anubactena.l spectrum included inhibition of
phyl i, Bacillus spp., clostrid-

ia and lactobamllx among others [69]. Nisin today

is " asafood “-, pecially b

of its inhibitory d growth of

spores [70]. Another mhxbltory subsumce, di-
plococcin, was described for L. lactis ssp. cremoris.
This substance was observed to have a narrow
activity spectrum and to be effective only against
other strains of L. lactis ssp. cremoris and lactis
[71).

These two observations heralded an interest in
the production of antimicrobial p by the
LAB. These proteins are now classified as
bacteriocins and are characterized by their narrow
range of activity affecting primarily closely related
bacteria [72). Early investigations on bacteriocin
production by lactobacilli were reported by de
Klerk and Coetzee [73] for strains of Lb. acidophi-
Ius and Lb. fermentum. The bacteriocin produced
by Lb. fermentum was later characterized by de
Klerk and Smit [74). Descriptions of bacteriocins
are now available for lactobacilli, pediococci,
leuconostoc, lactococci and Streptecoccus thermo-
Dhilus. Biochemical and genetic information on
these bacteriocins was extensively summarized re-
cently by Klaenhammer {75). In this report two
types of bacteriocins are distinguished; one with a
narrow activity spectrum against related bacteria,
the other with a broader range of activity against
Gram-positive bacteria. Pathogens like Clostridium
botulinum and Listeria monocytogenes are among
the targets in the latter group [70]. Mehta et al.
{76} reported a broad spectrum antimicrobial pro-
tein (5.4 kDa), produced by Lb. acidophilus and
inhibitory to strains also within Gram-negative
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genera such as Salmonella, Shigella and Pseudo-
monas. :

Though extensive reports exist on bacteriocino-
genic activities of LAB, only a few substances
have been well characterized and the target for
their activity defined.

The most well-known and best characterized
bacteriocin is nisin, with a M,, of 3500 Da. The
active substance contains no aromatic amico acids
but L-amino acids and unusual S-amino acids like
lanthionine and B-methyllanthionine. The mode
of activity is not fully known, but the likely site is
the bacterial membrane, and it behaves as a
surface-active cationic detergeni [69].

A similar activity was shown by De Klerk and
co-authors [73,74,77] for the protein attached to a
Ilpocarbohydrate componem produced by Lb.

The inhibitory agent was bacteriocin-
hke and active against closely related orgamsms
Barefoot and Klaenh 78] d 52

strains of Lb. acidophilus for production of
bacteriocins. A majority produced bacteriocin-like
compounds inhibitory to different Jactobacilli.
Characterization of the bacteriocin produced by
one of the strains indicated a large protein aggre-
gate termed “lactacin B”. Further purification of
the substance indicated the presence of a 6000-
6500-Da protein.

Honso et al. [79] have shown the presence of an
inhibitory peptide having a M, of 3500. This
bacteriocin is produced by Lb. acidophilus and has
been shown to inhibit DNA synthesis in E. coli. A
bacteriocin produced by Lb. helveticus LP27, de-
signed lactocm 27, had a narrow acting spectrum
and termi hesis [80). DNA and
RNA synﬂlesns were not affected. The active sub-
stance was found to be a glycoprotein with a M,,
of 12400.

Proteins inhibitory to eukaryotic cells have also
been reporwd L. lactis ssp. lactis var. diacetylac-

tis and S. thermophilus, for ple, were re-
ported to prod b effective
molds such as Aspergillus fumi; A.p

ble from the acids and H,0,. Acidolin, a hygro-
scopic and thermostable substance from Lb.
acidophilus, was reported to have a M,, of approx.
200 and to be effective against enteropathogens
and spore-formers but not against closely related
organisms [82). S. thermophilus produces a low
molecular substance (M, =700 Da) effective
against pseudomonads, Salmonella, Shigella, E.
coli and streptococci [83]. Silva et al. [84] have
recently identified a low molecular substance (M,,
> 1000) from a Lactobacillus sp. strain GG. The
activity was focused against anaerobic bacteria
such as clostridia, Bacterioides spp. and Bifido-
bacteria and members of Enterobacteriaceae,
Pseud Staphy and Strep USs.

5. ANTIBIOSIS IN FOOD AND FEED PROD-
UCTS

J.1. Silages

Silage is produced by the controlled fermenta-
tion of crops and animal waste products [23,85].
The primary goal is to minimize loss of nutrients
during extended periods of storage, thereby main-
taining the food value of the product. However, a
comprehensive assessment of silage quality must
address potential health risks and other problems
associated with the product (e.g., the spreading of
clostridia spores) as well as storage stablhty

Slow or i p fer ons  favour
growth of t ia (i.e., bers of the
family Enterobacteriaceae) and clostridia {86]. The
enterobacteria compete with LAB for available
carbohydrates during the initial fermentation
stages resulting in decreased production of lactic
acid. If d, the t ia will even-
tually deplete carbohydrate reserves, initiate am-
monia production through varied deamination re-
actions, and seriously compromise the nutritional
quallty of the product [15). Both saccharolytic and

and Rhizopus [81].
Some reports exist about antibacterial activity
of non-identified sub These sub

lytic groups of clostridia are also present in
sllages [86), not as members of the epiphytic flora
but as contaminants derived from soil particles.

usually have a low molecular welght they are
non-proteinaceous and the activity is distingui

A lation of harolytic spores like C.
tyrobutyricum in silages is regarded as a major
c ination for the spoilage of hard cheeses




[87), and proteolytic clostridia such as C. sporo-
genes are the major producers of ammonia in
spoiled silages [23].

Yeasts and molds are not adversely affected by
the acidic condition generated in a sucessful fer-
mentation, and the involvement of yeasts esne-
cially in aerobic silage deterioration has been con-
firmed [86). They initiate spoilage by consuming
accumulated organic acids and generating heat
thereby reducing the preservative potential of the
product [88). The accumulation of clostridia spores
has recently been found to occur just beneath the
zone for aerobic deterioration [89]. At a later stage
when the temperature exceeds 45°C a shift in flora
is observed and the heat is generated by the activ-
ity of thermophilic Baciflus spp. in the surface
zone [88).

Health hazards associated with silages can be
attributed to bad conditions for silage fermenta-
tions. Kalac and Woolford [90] have reviewed the
potential health problems caused by mycotoxins,
listeriosis and botulism.

The major antagonistic activity in silage fer-
mentations is attainment of a rapid decrease in
pH and anacrobic conditions [23]. A reduction in
water activity (a,,) has an additional synergistic
effect on the antibiosis [15). A rapid decline in pH
has a strong initial inhibitory effect on the number
of enterobacteria [91], and a pH below 4.2 is

ded for ge of silages under
anaerobic conditions [23]. At this low pH clostridia
are inhibited. However, this value (i.e., pH 4.2)
seems to be based on the effect of inorganic acids.
It is known that inhibition occurs at higher pH
when organic acids are present {92]. Therefore, a
more reliable indicator for diti which limit
growth of clostridia is the MIC, 4 -acid value.
Jonsson [93] showed that MIC,, 4 -acid values for
C. tyrobutyricum strains were 4.6-9.6 mM of lactic
acid. This level of acidity is reached rapidly in the
initial phase of the silage process, which indicates
that a complete inhibition of clostridial activity
should be easy to achieve. In reality, however,
clostridia are commonly encountered in farm-scale
silages, indicating that conditions such as uniform
distribution of organic acids and anaerobiosis are
diffcult to insure during fullscale silage-making.
The ion of the undi d acid which
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inhibits growth of C. b and C. sporog

is at least 2 and 4 times lower, respectively, com-
pared to the concentration which inhibits C.
tyrobutyricum [93}.

Yeasts and molds in silages can grow at pH
levels as low as 3.5 [79]. Under aerobic conditions
yeasts isolated from silage are able to consume
organic compounds such as lactic, acetic, citric,
malic and succinic acids [94-96]. This me::bolic
activity initiates the deterioration and points to
the importance of anaerobicity in the silo.

Homofermentative LAB starter cultures can be
added to the silage in order to compensate for the
low number of these bacteria present on the crops
[15]. Most inoculants used in early work consisted
of dairy starters which yielded variable and incon-
sistant results [97). Today LAB are selected
specifically for their activity in silage crops. It is
important that strains selected for such use are
genetically stable, able to carry-out a rapid homo-
fermentation of hexoses at ambient temperatures,
and exhibit no proteolytic activity [15]. Woolford
and Sawczyc [98] reported that a starter culture
must rapidly establish a low pH and subsequently
dominate over the epiphytic microflora to be of
value in this regard. Evaluation of different mix-
tures of inoculants has shown that a mixture of
Pediococcus acidilactici and Lb. plantarum is most
favourable for silage fermentation [15]. The
pediococci rapidly initiate the fermentation and
Lb. plantarum reduces the pH to the desired low
level [99]. The composition of the inoculum and
the amount applied affect the subsequent rate of
acid production and ammonia release during the
fermentation [15].

The antibiosis of LAB against yeasts and molds
is weak and the effect of starter cultures on stor-
age stability in terms of yeast and mold growth is
inconsistent at best [15].

The fer ble sugar of many inoc-
ulated silages is too low to initiate production of
stabilizing levels of lactic acid. This can be solved
by addition of carbohyd such as mol or
by enhancing their production through usc of malt

ymes [11]. The benefits of combining enzy
with inoculants have been evaluated in recent
years [13]. The potential value of such a combina-
tion is based on the fact that silage crops often




156

contain low levels of fermentable sugars, while
also containing high levels of polymers such as
pectins, cellulose, hemicellulose, starch and fruc-
tans. A genetically engineered strain of Lb.
Dplantarum was recently constructed for use as a
silage starter culture capable of circumventing the
expensive addition of an enzyme. The organism
was transformed by electroporation: an a-amylase
gene and an endoglucanase gene were incorpo-
rated into its chromosome [100].

Lactic acid fermentation of fish and slaugh-
terhouse waste products is a low-cost method for
preserving these materials [101]. Two major prob-
lems are associated with the production of fish
silages. One involves the high level of proteolytic
activity present in the material which creates a
demand for additional acid generation during
storage in order to keep the pH at a constant low
level. The other problem involves the growth of
moulds on uncovered surfaces [85]. A pH below
4.5 is regarded as safe with respect to C, botulinum
[102). The importance of a rapid fermentation
aided by addition of a LAB inoculant and a sugar
source on the inhibition of pathogens has been
shown by Cooke et al. [9].

Reports on antibacterial activities of organisms
isolated from silages are rare. Lindgren and
Clevstrdm {103] reported such activities in LAB
preparations isolated from fermented fish and for-
age silages. The activities were heat-sensitive, had
an apparent M, >10000, and were effective
against B. cereus, S. aureus, C. perfringens and L.
lactis var. cremoris.

5.2. Vegetables

11 R

Fer ion of veg such as g
olives and cucumbers yield products highly appre-
ciated owmg to t.heu' aroma and palatability. Fresh

high bers of an epiphytic

£l isting of p bacter-

ia and only small numbers of LAB. The fermenta-
tion is controlled by the addition of sodium chlo-
ride and performed under anaerobic conditions.

Fleming and co-workers believe that the vegeta-
ble fermentation occurs in four stages involving
also a secondary fermentation caused by yeasts
and a postfermentation caused by aerobic surface
growth of oxidative yeasts, molds and bacteria. A
rapid pH decrease is important for the reduction
of the activity of pectinolytic enzymes of micro-
bial and vegetable origin [20]. Storage stability is
enhanced by strong acidity and a reduction in the
level of available sugar [104]. The primary inhibi-
tor against yeasts in soy sauce, for example, was
identified as acetic acid [105].

Evaluation of inoculants to be used for fer-
mented vegetables indicates the need for culture
diversity and the importance of heterofermenta-
tions. However, evaluation of pure cultures of
different homo- and heterofermenters indicates
that epiphytic Lb. plantarum always completes the
fermentation [106).

The importance of bacteriocin production in
fermented vegetables has been addressed by Flem-
ing et al. [107). They suggest that production of
bacteriocins by P. cerevisiae might explain ap-
pearance of pediococci during the initial stages of
fermentation. A bactericcin, pediocin A, was found
to be active against C. bortulinum, C. sporogenes,
S. aureus, Lb. brevis and L. monocytogens
[108,109]. Also plantaricin A has been observed
for a Lb. plantarum strain isolated from for-
mented cucumber [110]. The proteinaccous sub-
stance has a narrow activity and antagonizes
closely related competitors in fermenting vegeta-
bles.

5.3. Meat and fish

Meat and fish are rich in an assortment of
nutrients and are therefore an excellent environ-
ment for microbial growth. Spoilage of chilled
fresh meat and fish products is caused by growth
of a psyct Gra gative flora ist-
mg of orga.msms within the Pseudomonas/

" / Alealig group. Pathog mi-
cro-organisms contaminating raw meats generally

All four genera of LAB are g lly involved in
the fer {20]. Probl iated with
fermentation of cucumbers include gas formation
by yeasts, coliform bacteria and LAB [104)].

aureus, Sal
Clostridium botulmum and Listeria monocytogenes
and for fish, Vibrio parahaemolyticus [111]. The
possible occurrence of these organisms as con-

tude: Staphvl, lla spp.



taminants creates a need for strict handling and
processing of food products.

Temperature reduction is the major method
used to retard microbial profileration in these
products. Vacuum packing and controlling the
atmosphere are two additional methods used to
improve the shelf-life of meats. Both methods
cause an ecological change in the microflora which
is dominated primarily by LAB [112]. The pres-
ence of LAB is generally beneficial for storage due
to their production of natural antagonistic. sub-
stances. However, production of odours, off-
flavours and slime can be negative factors associ-
ated with LAB growth. Some heterofermentive
LAB in particular have been associated with these
latter traits [113],

Antagonisms resulting from LAB have been
evaluated as a means to prolonged shelf-life and
to inhibit the number of pathogens found in non-
fermented meat and fish products. Selected LAB
cultures have been added to ground beef [114),
deboned poultry [115), vacuum packed beef steaks
{116} and shrimp [117}. The active principle in licu
of acid production is usually obscure, and the
inhibition is generally thought to be the result of
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of the product, and addition of sugars is im-
portant in order to provide an optimal nutrition
for these bacteria [120]. The content of nitrite, for
example, can be lowered without a reduction in
protection against C. botulinum when bacon was
inoculated with Lb. plantarum and sucrose added
[131].

Antimicrobial products such as H,0,, bacterio-
cins and related substances are believed to be
involved in the antibiosis of fermented meat prod-
ucts, but their precise role in this regard has yet to
be determined. Schillinger and Liicke [122]
screened 221 strains of lactobacilli isolated from
meat products to evaluate the antagonistic activity
of ikcee bacteria. The intention was to find anta-
gonistic strains which could be used in low-acid
foods. Six strains of Lb. sake exhibited an activity
which was caused by a proteinaceous substance
effective against various LAB and Listeria mono-
cytogenes.

Bacteriocin production by inoculants can cause
problems. Houle et al. [123] showed that mixtures
of rapidly growing strains of inoculants for meat
fermentation could retard each other’s growth
through antibiosis caused by bacteriocins.

H.C, production and/cr specific ib ial

substances such as bacteriocins [16].
Fer d meat prod mainly ges, are
ppreciated by the b of their
and fl s. Imp in stability

and hygiene of such products can be ascribed to
the conversion of sugars to lactic acid [118).

Traditionally, prod of these ges re-
lied on a “ 1 fer ion” p d by
LAB naturally occurring in the raw material. This
flora was favoured by addition of salt, sugar and
nitrite and processes such as drying and smoking
[16]. The ful use of inc for dairy
products raised an interest in using LAB for meat
fermentauons [16], and orgamsms within the
LAB genera to-
gether with the genus Micrococcus have been
evaluated for this purpose [119].

Improvement in shelf-life and hygiene of fer-
mented products can be attributed to the com-
bined effects of salt, pH, nitrite and water activity
[16). The major influence of starter cultures seems
to reside in their ability to rapidly reduce the pH

Fer ion of fish-cereal vegetable mixtures
is widely used in the orient [124]. The products are
ho de and ion can cause health
problems [125). Condnmm for a proper produc-
tion are usually lacking, and use of inoculants can
have a beneficial influence on the hygiene of these
products.

Involvment of LAB in aroma production and
spoilage of marinated fish products has been re-
viewed by Blood [126], but no information was
given concerning their contribution to antibiosis
during storage.

Information about LAB naturally occurring on
raw fish is scarce. Two reports show the existence
of lactobacilli on herring [127]. One reports
lactobacilli on fish caught in the artic region [128].
This Lactobacillus resembled Lb. plantarum and it

duced an ib ial sub with a M,
between 700 and 1500.

5.4. Dairy products

Starter cultures were mtroduced early this cen-
tury in the dairy industry, mainly to a
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uniform product quality in butter, cheese and
cultured milk products. Traditionally milk fermen-
tation and chme making have been valuable

to i stability of an im-
portant nutrient easily subjected to a rapid spoi-
lage. However, fresh milk can also transport
organisms pathogenic to man (e.g., Mycobacterium
tuberculosis) and mastitis bacteria including: S.
aureus, S. agalactiae, E. coli and Klebsiella pneu-
moniae. And pasteurization of milk does not re-
duce the number of spores of Clostridium tyrobu-
tyricum. This organism is transmitted from bad
silages via the intestine, polluted udders and milk
to the cheese curd. The spoilage is characterized
by a blowing caused by hydrogen. The effect of
LAB antagonism in the control of spoilage bacteria
and pathogens in raw milk, fermented milk and
cheese products has been extensively summarized
[8,18,129), and the antagonistic properties have
been attributed mainly to acids, bacteriocins and
related products produced by common dairy inoc-
ulants.

Modification of dairy starter cultures by gene
technology is being explored today as a means of
designing strains with more pronounced antimi-
crobial and acid generating activities. Another
major interest in this regard is the postulated
beneficial role of the normal microflora in gastro-
intestinal health and disease. LAB are thought to
confer beneficial effects in this ecosystem. Lb.
acidophilus, Lb. bulgaricus, L. lactis and Bifidobac-
terium bifidum [14,130,131] are cited most often in
this connection. Indicated therapeutic values of
these and other LAB include anticholesteremic
properties, tumour suppression, an control over
growth and colonization of potentially pathogenic

Metok

ikoff”

s pts concern-
ing the influence of LAB on healthy conditions in
the intestine continues to provoke an interest in
the probiotic concept. A probiotic is defined as
orgamsms and substances which contribute to
sarobial hal » [1321 1 h
nisms have been suggested for the protective effect
by LAB and enterococci including: (a) lowering of
intestinal pH, (b) adh&slon to the intestinal wall
and thereby p & colonization by pathog

(c) competition for nulncms, (d) production of

antibacterial substances, and (e¢) production of
and enh d i ity [6].

Hydrogen peroxide production by L. lactis was
reported to activate the LPS system in abomasum
of calves, and thereby improving its antimicrobial
activity [133].

Fuller [134] and Sissons [6] report the incon-
sistency in results describing the beneficial effects
of probiotic applications. Some of the negative
results are thought to be the consequence of non-
adherence of the LAB to gastric and gut epithelial
tissues, their inability to grow in the gut environ-
ment, and/or lack of host specificity with regard
to LAB strain used.

6. LACTOBACILLUS REUTERI REUTERIN
SYSTEM OF ANTIMICROBIAL ACTIVITY

As discussed above, acidic and other metabolic
end products such as hydrogen peroxide and di-
acetyl as well as a variety of bacterocins are clearly
recognized as agents of antimicrobial activity pro-
duced and excreted by LAB. Reports on existence
of other low molecular weight antimicrobial sub-
stances produced by these bacteria are numerous
[5], but to date these substances have neither been
identified nor their existence confirmed by other
investigations. A notable exception in this regard
is the recent discovery of reuterin production by
Lb. reuteri first reported by Axelsson et al. [135].

Lb. reuteri was first isolated by Lerche and
Reuter [136] but classified at the time as Lb.
fermentum Type IL It is now a recognized species
of heterofermentative Lactobacillus inhabiting the
gastrointestinal (GI) tract of humans and animals;
it can be lsolated also from meat products [28] It
is perhaps the domi ve
in the GI tract [137,138). Recent studies showed
the presence of Lb. reuteri in all regions of the
proximal GI tract (i.e. stomach to ileum) in nursed
piglets within 1 to 2 days after birth [139).

Lb. reuteri appears to be unique among
lactobacilli, and among bacteria in general for that
matter, in its ability to produce and excrete re-
uterin during anaerobic metabolism of glycerol
[140]. Reuterin is a potent, broad spectrum anti-




microbial substance effective against Gram-nega-
tive and Gram-positive bacteria, yeast, fungi and
protozoa. Reuterin has been isolated, purified and
identified as an equilibrium mixture of mono-
meric, hydrated monomeric, and cyclic dimeric
forms of 3-hydroxypropionaldehyde (3-HPA)
[140-142]. It is the first low molecular weight
antimicrobial substance produced by a Lactobacil-
lus to be chemically identified, other than the
classic end products described above. A coenzyme
B,,-dependent glyceroi dehydratase catalyses con-
version of glycerol into reuterin, and an NAD*-
dependent oxidoreductase catalyses reduction of
reuterin to 1,3-propanediol. Both enzymes have
been purified and characterized [141,143.144].
These enzymes constitute a pathway for use of
glycerol as an alternate hydrogen acceptor by Lb.
reuteri during carbohydrate heterofermentations.
Growth rates and cell yields are increased signifi-
cantly when glycerol is available for this purpose
[144). A few other bacterial species, e.g., Kleb-
siella, are able to use glycerol in a similar manner.
However, these species produce 3-HPA only as a
transient metabolic intermediate which is im-
mediately reduced to 1,3-propanediol [145]. Lb.
reuteri appears to be unique in its ability (i) to
produce more 3-HPA than is reduced, and (ii) to
excrete the excess 3-HPA, thereby imparting anti-
microbial activity to the surrounding environment.

LOGCFUG
10
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Fig. 3. Levels of ‘Gram-negative bacteria in herring fillets
stored in 100% N; at 5°C: a, Non-treated control; ¢, Treat-
ment with Lb. reuteri 1068 (non-reuterin producer) and
glycerol; B, Treatmen® with Lb. reuteri 1063 (reuterin pro-
ducer) and glycerol (5 replicates). Treated samples were dipped
in a solution containing 10° bacteria m!™' and 250 mM
glycerol (M. Berglund and S.E. Lindgren, unpublished results).
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Fig. 4. Amount of total velatile basic nitrogen (TVB-N) in
herring fillets stored in 100% N at 5°C (M. Berglund and S.E.
Lindgren, unpublished results). For legends see Fig. 3.

It can be seen from data shown in Figs. 3 and 4
that surface treatment of herring with a mixture of
Lb. reuteri and glycerol can sngmficantly 1mprove
the shelf-life of the product by g growth of
spoilage bacteria and by reducing the accumula-
tion of total volatile basic nitrogen (TVB-N) dur-
ing ge in a lled atmosphere at 2°C. The
effect is compared to treatment with a reuterin-
negative strain of Lb. reuteri and a non-treated
control. Reuterin added to ground beef inhibits
growth of E. coli and other microorganisms con-
taminating this product [70).
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