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Abstract — Propionibacteria are able to produce a wide variety of food components that are
benificial to the human health. First of all, because of its uniquemetabolism,Propionibacteriumcon-
tains a wide variety of co-factors, mainly involved in transfer and rearrangement of C1-compounds.
This microorganism has been known for decades as an efficient vitamin B12 (deoxy adenosyl
cobalamin) producer. In this contribution, a new fermentation strategy is described leading to fermen-
tation broths with high levels of this vitamin. In addition, some strains within thePropionibacterium
genus can produce large amounts of folic acid. Other potential beneficial or nutritional ingredients
produced by these bacteria are anti-microbial compounds such as propionic acid and bacteriocins.
Propionic acid is reported to have potent growth-inhibiting effects on fungi and as such the
Propionibacteriumfermentation has great potential in food preservation. In addition, several
bacteriocins have been found to be produced by these bacteria such as propionicin PLG-1 and
jenseniin G, acting against a variety of Gram(+) bacteria. Finally, the production of high
(intracellular) levels of the low-calorie sugar trehalose is reported. This sugar, presumably, functions
as compatible solute in this bacterium and certain strains accumulate huge amounts under selected
conditions. The possibility for application of this metabolism are discussed.
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Résumé—Production de nutraceutiques par les bactéries propioniques.Les bactéries propioni-
ques sont capables de produire une grande variété de composés alimentaires bénéfiques pour la santé
humaine. En premier lieu, en raison de son métabolisme unique, Propionibacteriumcontient une
grande variété de co-facteurs, principalement impliqués dans le transfert et le réarrangement de com-
posésC1. Cemicroorganisme a été reconnu depuis des décennies commeproducteur efficace de vita-
mine B12 (deoxy adenosyl cobalamine). Dans cet article, une nouvelle stratégie de fermentation est
décrite conduisant à des bouillons de fermentation avec des niveaux élevés de cette vitamine.De plus,
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certaines souches dans le genrePropionibacteriumpeuvent produire de grandes quantités d’acide fo-
lique. D’autres ingrédients potentiellement bénéfiques ou nutritionnels produits par ces bactéries
sont des composés anti-microbiens comme l’acide propionique et les bactériocines. L’acide propio-
nique est décrit pour avoir des effets puissants d’inhibition de la croissance fongique, et de ce fait, la
fermentation dePropionibacteriuma de grandes potentialités en conservation des aliments. De plus,
plusieurs bactériocines sont produites par ces bactéries telles que la propionicine PLG-1 et la jense-
niine G, actives contre plusieurs bactéries Gram(+). Enfin, la production de niveaux élevés (intracel-
lulaires) de tréhalose, sucre peu calorique, a été décrite. Ce sucre, probablement, fonctionne comme
soluté compatible dans cette bactérie, et certaines souches accumulent de quantités très élevées sous
certaines conditions. La possibilité d’application de ce métabolisme est discutée.

Propionibacterium/ folate / vitamine B12 / tréhalose / composé antimicrobien / bactériocine

1. INTRODUCTION

The term “Nutraceuticals”, launched by
Stephen DeFelice in the 1980’s, defines a
wide range of foods and food components
with a claimed medical or health benefit.
An increasing number of food components
are being labeled “nutraceuticals”, often
without proper scientific basis. In this over-
view, the term nutraceutical is used in its
original meaning and the focus is only on
food components produced by or foods fer-
mented by propionibacteria with clearly
proven health benefits.

The health-promoting foods or food
components targeted in this overview can
be categorised into three groups:

1. B-vitamins such as folic acid (vitamin
B11) and vitamin B12.

2. Antimicrobial compounds such as
propionic acid and bacteriocins.

3. No- or low-calorie sugars such as
trehalose.

The levels of these three groups of food
components can be enhanced in food and
feed through fermentation using propioni-
bacteria. Alternatively, the propionibacteria
can be used as cell-factory for the produc-
tion of these nutraceuticals as food ingredi-
ents. Several examples of in situ production
of nutraceuticals and the use of these bacte-
ria as nutraceutical cell-factory will be dis-
cussed in this overview.

2. VITAMIN PRODUCTION

Propionibacteria are known for there
unique, anaerobic, metabolism involving
several carbon rearrangement reactions. To
catalyse these reactions, the propionibacteria
contain awide variety of enzymeswith spe-
cific cofactors involved in these rearrange-
ments, such as coenzymeB12 (deoxyadeno-
sylcobalamin), folic acid and biotin.
Propionibacteria have long been known for
their high production of vitamin B12 and
this has led to the development of commer-
cially interesting production processes. In
this overview we also discuss the possibil-
ity of using propionibacteria for the pro-
duction of another B-vitamin, folic acid.

2.1. Vitamin B12

VitaminB12 is an essential vitamin in the
human diet. The daily requirement of this
vitamin for an average adult is about 3 µg
per day [34, 37]. Malnutrition on the level
of vitamin B12-intake can lead to several
physiological disorders, most notably ane-
mia. Only two B12-dependent reactions
have been identified in humans,methionine
synthetase and methyl malonyl CoA
mutase, involved in lipid turnover [37]. In
many bacteria, B12 serves as cofactor in
many different carbon rearrangement
reactions as occur during breakdown of
amino acids or metabolism of small carbon

104 J. Hugenholtz et al.



molecules such as glycerol, ethanolamine
and propionic acid.

There are, currently, only three micro-
organisms used for commercial production
of vitamin B12, namely Pseudomonas
denitrificans, Bacillus megateriumand
Propionibacterium[21, 23, 37]. The dairy
type ofPropionibacteriumhas the huge ad-
vantage that they are food-grade and vita-
min B12 can be produced in the food, or
added to the food,without the need for elab-
orate processing. Microorganisms produce
coenzyme B12 or deoxyadenosylcobalamin
(Fig. 1) via a complicated pathway involv-
ing at least 25 conversion steps from the
starting precursors uroporphyrinogen III –
precursor for heme, F430 and cobalamin –
dimethylbenzimidazole and a adenosyl-
moiety. The biosynthesis of the precursor
uropophyrinogen III, itself, involves a
multistep pathway from the amino acid
aminolevulenic acid via porphobilinogen
to uroporphyrinogen III. The synthesis of
dimethylbenzimidazole has not been com-

pletely elucidated. It is derived from ribo-
flavin and involves five reactions, one of
which, interestingly enough, seems to re-
quire oxygen.

Propionibacteria have already been
known, for quite a long time, as sources of
vitamin B12 [20]. Many fermentative pro-
cesses have been described, usually fo-
cussed on growing the bacteria to high cell
densities. Varying the nutrient composition
of the growth medium, in f.i. amino acid
composition or mineral composition in-
cluding cobalt-ions, usually, only affected
B12-production when the growth yield of
the Propionibacteriumwas affected. Two
experimental findings lead to major im-
provements in the production yields of vita-
min B12: (1) addition of the precursor
dimethylbenzimidazole increased B12-pro-
duction, and (2) aerobic incubation in the
latter phase of fermentation resulted in in-
creased B12-production [37]. The exact ex-
planation for the aerobic stimulation ofB12-
production is currently not known. It could
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Figure 1.Structure of co-enzymeB12 showing the three differentmoieties – dimethylbenzimidazole,
cobamide and deoxyadenosyl.



be that the addition of the adenosyl-moiety
is an oxygen-dependent process. Another
possibility is the stimulation of dimethyl-
benzimidazole-synthesis by oxygen. Using
either or both of these strategies, produc-
tion levels of 10 to 35 mg.L–1 could be
reached during fermentation of Propioni-
bacterium in f.i. cheese whey as cheap
growth medium [6].

A semi-continuous, large-scale, produc-
tion process was recently described for
Propionibacteriumbased on this knowl-
edge [23]. It involves, first, an anaerobic
growth phase in which most of the (dense)
growth occurs and precursors such a
precorrins and corbyrinic acid are synthe-
sised. Then, in a second phase, the culture is
lightly aerated and dimethylbenzimidazole
is added. For efficiency, cells are trans-
ferred to a new vessel for the second phase,
leaving the first vessel (partly) empty for
filling with fresh growth medium and start
of a new first phase, anaerobic fermenta-
tion. By removing 40% of the (anaerobic)
culture in the first vessel and replacing it
with fresh medium every 12 h, a semi-con-
tinuous process was created, with a (al-
most) constant production during nine
repeated fill-and-draw fermentations [23].
This process resulted in at least threefold
more vitaminB12 production in comparison
to the original, two-phase, batch cultiva-
tion.

2.2. Folic acid

Folic acid is an essential component in
the human diet. It is involved, as cofactor, in
many metabolic reactions, including the
biosynthesis of the building blocks of DNA
and RNA, the nucleotides. The daily rec-
ommended intake for an adult is 200µg. For
pregnant women a double dose is recom-
mended, since folic acid is known to pre-
vent neural-tube defect in newly borns [42].
Low folic acid in the diet is associated with
high homocysteine levels in the blood and,
subsequently, with coronary diseases [8, 9,

30]. It is even reported to protect against
some forms of cancer [2]. Folic acid is pro-
duced by different (green) plants (folium
(latin) = leaf) and by somemicroorganisms.
Vegetables and dairy products are the main
source of folic acid for humans.

“Folate” is a non-specific term referring
to any folate compound with vitamin activ-
ity. The term folic acid is used for the chem-
ically synthesised vitamin.

Folate is isolated from natural sources in
many different forms. The basic structure
of the molecule consists of a pteridine moi-
ety, a p-aminobenzoic acid residue and one
or more γ -linked L-glutamic acid residues.
In the general metabolism, folates act as an
acceptor and donor of C1-residues. This
main biochemical function of folate is me-
diated by the N-5 and N-10 positions
(Fig. 2) which carry methyl-, methynyl-,
methylene-, formimino- or formyl resi-
dues. The pyrazine rings can be reduced to
the so-called dihydro- and tetrahydro-form
of the folate molecule. Finally, the poly-γ -
L-glutamate tail can vary in length between
1 and 10. Folate is conspicuously absent in
many food products and is considered an
essential additive to the general diet. Folate
is an essential cofactor in bacterial metabo-
lism and, as such, will be present in most, if
not all, bacteria. Folate is produced inmany
forms in nature: methylated, hydrated and
containing various sizes of polyglutamate
tails. Uptake of folate by auxotrophic bac-
teria and possibly also by human cells,
however, is claimed to be restricted to spe-
cific folate molecules with polyglutamate
tails of threemoieties or less.Manybacteria
are able to synthesize this cofactor by them-
selves from simple precursors, such as
GTP, p-aminobenzoic acid and glutamate
(Fig. 3), but some auxotrophic bacteria, in-
cluding many lactic acid bacteria, have a
strict growth requirement for folic acid.

Milk is a well-known source of folate. It
contains between 20 and 50 µg.L–1 folate
and thus contributes significantly to the
daily requirement of the average human.
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Fermented milk products, especially yo-
ghurt, are reported to, sometimes, contain,
even higher amounts of folate [1]. Up to
150 µg.L–1 folate has been found in yo-
ghurt. This high level is a direct result of the
production of additional folate by the lactic
acid bacteria in the yoghurt. Of the two lac-
tic acid bacterial species in yoghurt,
Lactobacillus bulgaricusand Streptococ-
cus thermophilus, only the latter is reported
to produce folate [34]. Recently, also some
other food-grade bacteria were observed to
produce folate during milk fermentation

[25]. Here we report on the folate produc-
tion by different propionibacteria. Large
differences can be found between different
strains and different species. Interestingly,
the levels produced are equally high or even
higher than the well-known folate pro-
ducer, Streptococcus thermophilus([40],
Tab. 1). Another striking observation is the
difference in ability to excrete folate by the
different propionibacteria. Some strains,
clearly, retain all the folate intracellularly
while in other strains almost complete ex-
cretion or leakage of the folate is observed.
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This, presumably, is a result of the different
forms of folate that are produced by these
propionibacteria. Analysis of themolecular
structure, such as the nature of the bound
C1-moiety and the presence and length of
the polyglutamate-tail, will definitely shed
more light on this matter.

3. ANTIMICROBIAL COMPOUNDS

Fermentation of biological material by
propionibacteria, generally, leads to in-
crease in shelf life of the resulting food
products. In some investigated cases, the
protective effect has been attributed to the
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Table I. Screening for folate production in strains of differentPropionibacteriumspecies. Folate was
analysed by the method of Horne and Patterson [22]. Negative values indicate folate utilisation from
the medium.

Species

Strain
NIZO

Net folate production
(µg.L–1)

Intracellular Extracellular Total

Propionibacterium thoenii B361 28 8 36

Propionibacterium acidipropionici B362 58 –22 36

Propionibacterium jensenii B364 51 –11 40

Propionibacterium freudenreichiissp. shermanii B360 25 18 43

Propionibacterium freudenreichiissp. shermanii B363 82 –20 61

Propionibacterium freudenreichiissp. shermanii B365 0 41 41

Propionibacterium freudenreichiissp. shermanii B367 73 – 3 70

Propionibacterium freudenreichiissp. shermanii B369 78 – 7 72

Propionibacterium freudenreichiissp. shermanii B370 24 – 6 17

Propionibacterium freudenreichiissp. shermanii B371 73 – 6 67

Propionibacterium freudenreichiissp. shermanii B372 79 –14 64

Propionibacterium freudenreichiissp. shermanii B373 93 –16 78

Propionibacteriumsp. B359 31 –22 9

Propionibacteriumsp. B366 13 16 29



formation of organic acids [3, 10, 13, 31,
39] and specifically propionic acid and ace-
tic acid, or to the formation of bacteriocins
[14, 16, 27, 29, 35, see also Holo et al. in
this issue]. Many other reports have not
specified the mechanism of protection
but only show the importance of the
propionibacteria being present. At the pre-
vious, 2nd, SymposiumonPropionibacterium,
Babuchowski and coworkers [3] reported
increased shelf life of fermented vegetables
via the action of propionibacteria,
Suomalainen and Mayra-Makinen de-
scribed the same effect in (fermented) dairy
products and bakery products [41] and
Merry and Davies presented improvement
in silage production and stability by the ad-
dition of propionibacteria [28]. Figure 4
shows a typical example of experimental
results that are obtained as a result of ran-
dom screening for antifungal activity. In
this case, of the 11 Propionibacterium
strains tested from the culture collection at
NIZO food research, all strains caused

inhibition of the Aspergillussp., while half
of the strains also inhibited growth of
4 Penicillium strains tested. Of all other
bacteria tested, yeasts, lactic acid bacteria
and other food-grade bacteria, only a few
Pediococcusstrains showed similar anti-
fungal activity. Some examples of specific
protective effects by propionic acid fer-
mentation are described below.

3.1. Propionic acid

Propionic acid is a commodity chemical
with uses, amongst others, for grain preser-
vation, as antifungal agent and as herbicide
[18, 26]. In the food industry, propionic
acid and its salts are accepted as preserva-
tives for industrial use in bread manufac-
ture [41]. In these food products, especially
fungi andBacillussp., are the targets for in-
hibition by this weak organic acid. The
concentrations that are required for
inhibition are between 0.1% and 5%.
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freudenreichiissp. shermaniiNIZO strain B369.



Propionibacterium spp. themselves are
also very sensitive to propionic acid, and
particularly to the undissociated form of
this weak acid [17, 24]. Calculations based
on reported propionic acid production lev-
els under different growth conditions and
external pH values of the medium, indicate
that growth of the propionibacteria is al-
ready severely hampered by concentrations
of undissociated propionic acid above
5 mmol.L–1 and growth stops completely at
10 mmol.L–1 [23, 24].

The potential of propionibacteria for
food preservation has been recognised
commercially and alreadymore than10years
ago a new biopreservative, MicrogardTM,
was launched on themarket [10]. Its inhibi-
tory action was based on a combination of
inhibitory effects reported for propioni-
bacteria, most notably propionic acid and
bacteriocins.

4. TREHALOSE

Body-weight control is ofmajor concern
in our Western countries and obesity has
been estimated to cost between 2 and 5% of
total health-care expenses of various coun-
tries. New food products containing low-
calory sugars and/or fat replacers are in
constant progression on the market in re-
sponse to the consumer’s request.

Trehalose is awell-known non-reducing
disaccharide synthesized by a wide variety
of organisms. It is only partially digested in
humans, and therefore it is considered a di-
etetic sugar. It is also poorlymetabolised by
many other organisms, including lactic acid
bacteria. The oral bacteria, Streptococcus
mutansand Streptococcus salivarius, for
instance, are not able to perform acidifica-
tion with trehalose as only carbohydrate
[32]. In comparative studies with human
volunteers, mouth rinses with trehalose so-
lutions led to significantly reduced acidifi-
cation in plagues compared with rinsing
with sucrose solutions. By feeding ratswith

trehalose-containing diets, instead of
sucrose, almost complete suppression of
dental decay (caries) was observed [32].

Other (biological) activities than can be
attributed to trehalose are protection of pro-
teins and whole cells against denaturation
under different stress conditions such as
heating, drying and freezing. The preserv-
ing and stabilising properties of trehalose
on different biological systems have been
widely demonstrated with different en-
zymes [4, 15], membranes [15], human
cells [19], tissues [44] and organs [5]. In
experimental biology, it has been observed
that biological material is maintained in
original, “fresh”, state over extended peri-
ods of time in the presence of trehalose
[12], which is especially relevant in the
context of prolonged preservation of differ-
ent kinds of food.More recently, it has been
shown that trehalose has important stabilis-
ing effects on human proteins, preventing
protein aggregation as well as formation of
pathological conformational forms, and its
application against illnesses, such as the
Creutzfeld-Jakob disease has been dis-
closed [38]. Given the beneficial properties
of trehalose, the development of food prod-
ucts in which trehalose is produced in situ
at the expense of other sugars, such as lac-
tose, fructoseor glucose, is highlydesirable.

As with many other microorganisms [7,
43], in Propionibacteriumtrehalose accu-
mulation has been shown to occur as a re-
sult of different stress conditions, such as
low temperature, high osmolarity and other
adverse growth conditions [36]. Trehalose
is formed from the glycolytic intermediate
glucose 6-phosphate via glucose 1-phos-
phate,UDP-glucose, trehalose 6-phosphate
to trehalose [11]. The enzymes that are spe-
cific for trehalose production are trehalose-
6-phosphate synthase and trehalose 6-
phosphate phosphatase. The intracellular
concentrations that are reached vary enor-
mously between different strains and are
also strongly dependent on the growth
conditions applied. In some fermentations
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using propionibacteria, high amounts of
trehalose were found (F. Cardoso, P. Gaspar,
A. Ramos, H. Santos, unpublished results).
This demonstrates the actual potential of
the use of propionibacteria for production
of the low-calorie sugar trehalose in (fer-
mented) foods.

5. CONCLUSIONS

Propionibacteria have been mentioned
before in the scientific literature in relation
to beneficial effects upon consumption by
humans [33]. These so-called probiotic
properties, however, are sometimes more
suggestive than rock-solid, mostly due to
uncertainty over the actual mechanism that
is involved in providing the health-benefit.
In this overview we have shown that
propionibacteria can produce several com-
ponents that actually contribute to the
health-status of (fermented) foods. These
components – vitamin B12 and folate as es-
sential nutrients, propionic acid and
bacteriocins as food preservatives and
trehalose as low-calorie sugar and protein-
stabiliser – can be formed through fermen-
tation with selected propionibacteria, and,
as such, can improve the nutritional value
of fermented foods.
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