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Abstract

Lactic acid bacteria display a relatively simple and well-described metabolism where the sugar source is converted
mainly to lactic acid. Here we will shortly describe metabolic engineering strategies on the level of sugar meta-
bolism, that lead to either the efficient re-routing of the lactococcal sugar metabolism to nutritional end-products
other than lactic acid such as L-alanine, several low-calorie sugars and oligosaccharides or to enhancement of sugar
metabolism for complete removal of (undesirable) sugars from food materials. Moreover, we will review current
metabolic engineering approaches that aim at increasing the flux through complex biosynthetic pathways, leading
to the production of the B-vitamins folate and riboflavin. An overview of these metabolic engineering activities can
be found on the website of the Nutra Cells 5th Framework EU-project (www.nutracells.com). Finally, the impact
of the developments in the area of genomics and corresponding high-throughput technologies on nutraceutical
production will be discussed.

Lactic acid bacteria as cell-factories

Lactic acid bacteria (LAB) are industrially import-
ant microbes that are used all over the world in a
large variety of industrial food fermentations. Their
contribution in these fermentation processes primarily
consists of the formation of lactic acid from the avail-
able carbon source resulting in a rapid acidification of
the food raw-material, which is a critical parameter in
the preservation of these products. However, besides
their lactic acid forming capacity, LAB also have the
ability to contribute to other product characteristics
like flavour, texture and nutrition. Next to their most
important application, which is undoubtedly in the
dairy industry, LAB are also applied at an industrial
scale in the fermentation of other food-raw materials
like meat and vegetables.

Lactococcus lactis is by far the most extensively
studied lactic acid bacterium, and over the last dec-
ades elegant and efficient genetic tools have been
developed. These tools are of critical importance in
metabolic engineering strategies that aim at inactiv-
ation of undesired genes and/or (controlled) overex-
pression of existing or novel ones. Especially, the
nisin controlled expression (NICE) system for con-
trolled heterologous and homologous gene expression
in Gram-positive bacteria (de Ruyter et al. 1996;
Kleerebezem et al. 1997; Kuipers et al. 1998) was
proven to be very valuable and has been employed in
most of the metabolic engineering strategies discussed
here (Hols et al. 1999; Hugenholtz et al. 2000; Boels
et al. 2001; Sybesma et al. 2002).

Initial metabolic engineering of Lactococcus lac-
tis has focussed on rerouting of pyruvate metabol-
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Figure 1. Schematic representation of pyruvate metabolism in Lactococcus lactis. NADH consuming (bold arrows) and producing (dotted
arrows) and redox-neutral (normal arrows) conversions are indicated. The genes encoding the enzymes involved in individual conversions
are indicated using abbreviations based on established genetic nomenclature. The heterologously introduced alanine dehydrogenase catalysed
conversion (see text for further explanation) is added (top-left) and the conversion of acetolactate to diacetyl does not require an enzyme, but
involves a chemical conversion (oxidative decarboxylation; ODC). Moreover, the reaction catalysed by the water-forming NADH-oxidase (see
text for further explanation) is indicated. The metabolites that have been the target of metabolic engineering strategies (for more detail see
text) are boxed, while the names of the genes that were targeted by genetic manipulations during these metabolic engineering procedures are
underlined (for more detail see the text).

ism (Figure 1). Sugar metabolism was diverted away
from lactate production towards production of α-
acetolactate, the precursor of diacetyl, by either dis-
ruption of lactate dehydrogenase or overproduction of
NADH oxidase. By combining this strategy with dis-
ruption of the aldB gene encoding for α-acetolactate
decarboxylase, very effective diacetyl production from
glucose and lactose was achieved. This example shows
how a minor pathway in Lactococcus lactis could be

boosted to become the major metabolic pathway, and
how powerfull metabolic engineering can be in these,
relatively simple, lactic acid bacteria. The extremely
efficient production of L-alanine from sugar, was a
subsequent achievement in metabolic engineering on
the level of pyruvate metabolism. The (heterologous)
Bacillus sphaericus alaD gene, encoding for alanine
dehydrogenase enzyme, was cloned in L. lactis, using
the NICE system (Hols et al. 1999). The alanine de-
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hydrogenase enzyme converts pyruvate to L-alanine in
the presence of ammonium (Figure 1). Upon introduc-
tion of this system in lactate dehydrogenase deficient
lactococcal cells, a complete conversion of the pyr-
uvate pool to alanine was obtained when cells were
incubated under the appropriate, high ammonium,
conditions (Hols et al. 1999). The alanine produced
by these cells consisted of a mixture of both stereo-
isomers (D- and L-alanine) as a consequence of the
endogenous alanine racemase activity of L. lactis (en-
coded by the alr gene). To obtain a stereo-specific
L-alanine producing bioreactor, the alr gene was func-
tionally disrupted in the lactate dehydrogenase de-
ficient lactococcal strain. High level expression of
alanine dehydrogenase in the resulting cells indeed
led to stereo-specific L-alanine production as the only
end-product of fermentation (Hols et al. 1999).

These two examples illustrate how the, basically
simple, homofermentative metabolism of Lactococ-
cus lactis, centred around lactate as sole fermentation
product, can be redirected into efficient production of
other, industrially important, (food) ingredients. In the
remainder of this overview, we will present a number
of examples where metabolic engineering of homofer-
mentative lactic acid bacteria have led or will lead to
efficient production of food ingredients (nutraceutic-
als) or food products with a beneficial effect for the
consumer.

Nutraceuticals

The term ‘Nutraceuticals’, launched by Stephen De-
Felici in the 1980s, defines a wide range of foods and
food components with a claimed medical or health be-
nefit (Pszczola 1992). An increasing number of food
components are being labelled as such, often without
proper scientific basis. In this overview, we will dis-
cuss the (increased) production of a range of metabol-
ites produced by lactic acid bacteria, most of them
definitely adding to the health status of (fermented)
foods. Clear examples are the B-vitamins, riboflavin
(B2), folate (B11) and cobalamin (B12). There is no
doubt that these vitamins are essential in the human
diet. The only discussion, especially for folate and
cobalamin, centres on the protective role against a
series of diseases, of increased dosage of these vit-
amins. Other examples of true nutraceuticals that can
be produced by lactic acid bacteria are the low-calorie
sweeteners. Production of alanine, a component with
comparable sweetness as glucose and fructose was

already discussed above. Production of sugars such
as mannitol, sorbitol, and tagatose, as a result of
metabolic engineering of lactic acid bacteria, will be
described below. These sugars have similar sweet-
ening power as sucrose and glucose, are all poorly
degraded by the human body and, as such, can be
considered low-calorie sugars. Oligosaccharides have
a slightly weaker basis as true nutraceuticals. It is well
established that some of these polysugars can actually
stimulate growth of specific intestinal microorgan-
isms, such as bifidobacteria, but a direct beneficial
effect on the human health in more difficult to show.
This holds even more true for food components such
as antioxidants. Lactic acid bacteria are able to pro-
duce components such as glutathione and thioredoxin
and overproduction is certainly feasible using meta-
bolic engineering. However, the beneficial effect of
increased intake of anti-oxidants on the human health
is rather doubtful. In the final part of this overview,
bacterial activities will be discussed that definitely
contribute to the health benefit of food materials, but,
as such, cannot really be considered nutraceuticals.
We describe the use of the lactic acid bacteria to re-
move undesirable sugars present in the foods. Milk
is a healthy and nutritious component of the human
diet for only that part of the human population that
is tolerant to the milk sugar, lactose. By removal of
lactose (and galactose) from milk and liquid fermen-
ted dairy products, these food products would become
suitable for the lactose-intolerant people. Strategies
and actual examples will be shown where lactic acid
bacteria are successfully used to achieve this goal.
Similar solutions are considered for the raffinose and
stachyose containing food materials, such as soybeans.
Both these sugars are poorly metabolised by humans,
and cause rapid growth of, often undesirable micro-
organisms, in the human intestine (Khane et al. 1994).
Removal of these sugars from soy products would
avoid intestinal problems after consumption.

Engineering of B-vitamin production

Folate

Folates are essential components in the human diet.
They are involved, as cofactor, in many metabolic re-
actions, including the biosynthesis of nucleotides, the
building blocks of DNA and RNA. The daily recom-
mended intake for an adult is 200 µg. For pregnant
women a double dose is recommended, since folates



220

are known to prevent neural-tube defect in newly borns
(Wald et al. 1991). Moreover, folates are reported to
protect against some forms of cancer (Ames 1999).
In contrast, a low folate level in the diet is asso-
ciated with high homocysteine levels in the blood
and, consequently, with coronary diseases (Boushey
et al. 1996; Brattstrom 1996). Folates are produced
in different (green) plants (folium (latin)=leaf) and
by some micro-organisms. Therefore, vegetables and
dairy products are the main source of folates for
humans. Milk is a well-known source of folate. It
contains between 20 and 50 µg/L folate and thus con-
tributes significantly to the daily requirement of the
average human. Fermented milk products, especially
yoghurt, are reported to contain even higher amounts
of folate (Alm 1980).

The term ‘folate’ is a non-specific term referring
to any folate compound with vitamin activity. In the
general metabolism, folates act as acceptors or donors
of C1-residues. Folate is isolated from natural sources
in many different forms, in which the basic struc-
ture consists of a pteridine moiety, a p-aminobenzoic
acid residue and one or more γ -linked L-glutamic acid
residues. However, variation of the C1-residues (in-
cluding methyl-, methenyl-, methylene-, formimino-
or formyl-) substitutions at either the N-5 or N-10 po-
sition, combined with the variable lengths of the poly-
γ -L-glutamate ‘tail’ (ranging from a single glutamyl
residue to more than 10 residues) results in a large
variety of chemical variants that are all clustered under
the term ‘folate’ (Hamm-Alvarez et al. 1989). Finally,
the pyrazine rings can be reduced to the so-called
dihydro- and tetrahydro-form of folate. The poly-
glutamyl ‘tail’ is required for the intracellular reten-
tion of folate derivatives and plays a role in the binding
efficiency of folate and substrates to enzymes involved
in one-carbon transfer or inter-conversion of folic
acid derivatives (McBurney & Whitmore 1974). Most
mammals are not able to synthesise folates. Plants and
more particular leafy vegetables and fruits and fermen-
ted dairy products are the main source of folates, but
animal products like meat and milk also contain folate.
Folates are taken up by mammals, including humans,
in the small intestines. Only monoglutamyl-folate
derivatives can directly be absorbed in the human
gut. Polyglutamyl-folate derivatives with two or more
glutamate residues have to be processed in the intest-
ines by a mammalian enzyme deconjugase to release
monoglutamyl-folate. The activity of the deconjugase
enzymes is susceptible to inhibition by various con-
stituents found in some foods (Rosenberg & Goldwin

1971; Bhandari & Gregory 1990; Seyoum & Selhub
1998). The level of monoglutamyl folates (MGF), and
hence the bio-availability of folate, varies consider-
ably between food products, i.e. egg yolk (72% MGF),
cow liver (56% MGF), orange juice (21% MGF), cab-
bage (6% MGF), lima beans (5% MGF), and lettuce
(less than 1% MGF, Seyoum & Selhub 1998).

Compared to vegetable sources, dairy and other
fermented products have the advantage that at least
part of the folate is stored intracellularly in (lactic acid)
bacteria. As a result, the intracellularly stored folate –
up to mM concentrations in the cytoplasm (Sybesma,
personal communication) – may be better protected
against the acid-peptic environment of the stomach,
leading to a higher effective folate consumption.

Many fermented dairy products contain higher
folate levels compared to raw milk. The explanation
for this is that some of the starter bacteria used in dairy
fermentation execute de novo biosynthesis of folates
and secrete a surplus of these compounds into the
growth medium. Examples are the yoghurt bacterium
Streptococcus thermophilus and the cheese and but-
ter(milk) bacterium Lactococcus lactis. This property
of LAB offers the possibility to fortify fermented dairy
products with folate by natural means, i.e. without the
addition of food supplements. The natural diversity
amongst dairy starter culture with respect to their ca-
pacity to produce folate can be exploited to design
new complex starter cultures, which yield fermented
dairy products with elevated folate levels. Using this
strategy, production of experimental yoghurt contain-
ing up to 150 µg/L folate has been reported (Smid et
al. 2001). Besides selecting vitamin-producing lactic
acid bacteria for inclusion in starter cultures, these
lactic acid bacteria can also be supplied as probiotics
or health-promoting additives in food or pharmaceut-
ical products. These new applications of lactic acid
bacteria will be boosted even more if folate production
can be improved through optimisation of fermentation
conditions or if LAB-variants (resulting from clas-
sical mutagenesis) with improved folate production
capacities can be selected.

Total folate production in L. lactis strain MG1363
is approximately 100 ng/ml. Most of the folate (90%)
is accumulated intracellularly, probably due to poly-
glutamylation of these intracellular folates. Only a
small amount (10%) is released into the environ-
ment (Sybesma et al. 2002). Folate biosynthesis
involves a multi-enzyme pathway, which is schem-
atically presented in Figure 2. The genes involved
in folate biosynthesis in L. lactis MG1363 have re-
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Figure 2. Biosynthetic pathway for folate (Vitamin B11) and for riboflavin (vitamin B2) (see text for more detail).
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Figure 3. Extracellular, intracellular and total folate production by wild-type Lactococcus lactis overexpressing folE (gch) and L. lactis
overexpressing both folE and folC. L. lactis was cultivated in chemically defined medium without folate.

cently been analysed. The availability of the folate
biosynthesis genes allows efficient genetic engineer-
ing aiming at increasing the folate biosynthesis level
in L. lactis. Several of the folate biosynthetic genes
have been overexpressed individually, or in combina-
tion, in L. lactis strain NZ9000 using the NICE system.
In Figure 3, a typical result is presented where the
first enzyme in folate biosynthesis, GTP cyclohydro-
lase, is overproduced leading to a 3-fold increased
production of folate. In addition, it results in altered ra-
tios of monoglutamyl-folate over polyglutamyl-folate,
resulting in higher release of the folate into the envir-
onment. The latter modulation of spatial distribution
and glutamylation level of the folate produced by L.
lactis would lead to improved uptake of this micro-
bially produced vitamin in the human small intestine
(see above), thereby generating improved folate bio-
availability in fermented products produced with such
strains. To further expand these bio-availability stud-
ies, L. lactis strains were constructed that express the
γ -glutamyl hydrolase enzyme derived from rat or hu-
man origin (Yao et al. 1996). cDNA clones encoding
these enzymes were cloned in the NICE system and
introduced in L. lactis and it could be shown that both
the human and rat enzymes could be expressed func-
tionally in this organism. The γ -glutamyl hydrolase

expression in growing L. lactis cultures, resulted in
an inversion of folate spatial distribution, i.e. from
mainly intracellular (ca. 90%) to extracellular accu-
mulation (Sybesma et al. 2002). In the beginning of
the stationary phase, the level of extracellularly pro-
duced folate is six times higher in the strain expressing
γ -glutamyl hydrolase relative to the wild-type. These
results demonstrate that the expression of human γ -
glutamyl hydrolase in the folate producer L. lactis
leads to intracellular deconjugation of polyglutamyl-
folate to monoglutamyl-folate resulting in decreased
retention of folate in the cell and, consequently, in-
creased excretion of folate to the environment. It
can be concluded that expression of heterologous γ -
glutamyl hydrolase in L. lactis increases the extra-
cellular monoglutamyl folate level, i.e. the level of
bio-avalaible folate, thereby relieving the requirement
for the intestinal hydrolase activity (Sybesma et al.
2002).

An important tool in the study of the (increased)
bioavailability of folate, is a good methodology
to separate and quantify the different folate mo-
lecules. HPLC-methods are now available to dis-
tinguish folates with different bound C1-moieties
and with varying lengths of the polyglutamate-tail
(Figure 4). Formyl-tetrahydrofolate and methylene-
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Figure 4. HPLC-analysis of intracellular folates produced by wild-type cells and cells producing increasing amounts of γ -glutamyl hydrolase.
Analysis at 280 nm shows formyl-tetrahydrofolates with different polyglutamyl-tails and at 360 nm shows methenyl-tetrahydrofolates.

tetrahydrofolate represent the two major groups of
folate in Lactococcus lactis. Preliminary results indic-
ate that the major bound C1-moieties is not the same
in all lactic acid bacteria, but that also the methyl-
tetrahydrofolate form can be the major component as
also found in many plant materials. The effect of the
cloning strategies described above on the length of
the polyglutamate-tail can be directly visualised via
HPLC in for instance a clear change from predom-
inantly tetra- and pentaglutamate folates into mostly
monoglutamate-folates (Figure 4).

This work represents an important first step in the
development of novel, functional foods with increased
levels of bio-available folate. The identification of γ -
glutamyl hydrolases from (food grade) bacterial origin
may enhance the market introduction of a food grade
micro-organism that has improved bio-available-folate
production capacities. Moreover, metabolic engineer-
ing of the lactococcal folate biosynthesis pathway
itself by changing expression levels of the relevant bio-
synthetic enzymes is expected to result in significant
increases in folate production. These approaches could
eventually be combined to generate starter bacteria
that can be used for the production of novel fermented
dairy products providing 100% instead of the current
15–20% of the human daily requirement for folate
intake.

Other B-vitamins

Recent population studies performed all over the
world have revealed that malnutrition is a frequently
occurring phenomenon, also in the well-developed
Western world. This is sometimes a direct result of
medical treatment, but often also a result of social
deprivation especially for the young and old. Mal-
nutrition is specifically observed in deficiencies in
B-vitamin content of the diet and/or the human blood.
Besides deficiencies in folate, deficiencies in ribo-
flavin (vitamin B2) and in cobalamin (vitamin B12)
are most commonly observed. Riboflavin-deficiency
can lead to various physiological effects such as liver-
(Ross & Klein 1990) and skin-disorders (Lakshimi
1998), disturbed metabolism of the red blood cells
(Hassan & Thurnham 1977) and, in general, reduced
performance during physical exercise (Belko et al.
1983; Bates 1987). Some lactic acid bacteria, such
as Lactococcus lactis, are able to produce and excrete
small amounts of riboflavin into the surrounding me-
dium. Based on this idea, fermented products could
serve as valuable source of this vitamin for the human
diet. The riboflavin is synthesised from the precursor
(GTP) as is the case for folate (Figure 2), and the
initial step in its biosynthesis involves a similar en-
zyme (GTP cyclohydrolase II) as present in the folate
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biosynthetic pathway (see above). In Bacillus sub-
tilis, this first reaction in riboflavin biosynthesis has
been demonstrated to be rate limiting (Humbelin et
al. 1999). The gene coding for this enzyme, ribA, has
been brought to overexpression in L. lactis using the
NICE-system. Similar as described for folate produc-
tion, this metabolic engineering strategy resulted in a
3-fold overproduction of riboflavin. Further studies in
this respect are focussed on obtaining natural mutants
showing increased riboflavin-production by selecting
for strains or variants that are resistant to analogues of
purine and riboflavin, or their biosynthetic precursors,
such as 8-azaguanine and decoyinine.

Another B-vitamin that is conspicuously low in
many diets and repeatedly leads to deficiencies in
humans, is vitamin B12 or cobalamin. This vitamin
is produced by only a limited number of micro-
organisms and, related to food fermentations, only
very few food-grade micro-organisms are known to
produce this vitamin. Up to now, no lactic acid bac-
teria have been described producing this essential
co-factor in metabolism. In recent studies on Lacto-
bacillus reuteri, some interesting observations were
made on the production of a cobalamin-like sub-
stance, especially in the presence of glycerol which
is converted in this organisms to propanediol (and to
hydroxypropionaldehyde, reuterin) through a cobal-
amin dependent enzymatic step. Culture supernatant,
containing this substance, was shown to complement
vitamin B12-deficiency in auxotrophic Lactobacil-
lus delbrueckii ATCC7830 and Escherichia coli 113
(metE-negative), indicating that we are dealing with
a cobalamin or a related component. Molecular ana-
lysis of Lactobacillus reuteri has revealed the presence
of at least five genes involved in the biosynthesis of
vitamin B12. This is the first report of production of
vitamin B12 by a lactic acid bacterium. Currently,
studies are on the way to analyse the exact nature of
the chromophore and to investigate the potential to
produce more via metabolic engineering. The poten-
tial to produce a corrin-containing component such
as cobalamin, should also open the way to produce
other corrin-containing (bio)molecules such as cyto-
chromes. Earlier studies have indicated that addition
of heme, the precursor for cytochromes, to Lacto-
coccus lactis cells leads to more efficient growth,
presumably via the introduction of, normally lacking,
an aerobic electron transport chain. Inducing produc-
tion of cytochromes in lactic acid bacteria could be
a whole new strategy to improve growth rates and

growth yields of these important starter and probiotic
bacteria.

Production of low-calorie sugars

Body-weight control is a major concern in our West-
ern countries and obesity has been estimated to cost
between 2 and 5% of the total health-care expenses
of various developed countries. New food products
containing low-calorie sugars and/or fat-replacers are
in constant progression on the market in response to
the consumer’s request. We will discuss here the pro-
duction by lactic acid bacteria of mannitol, sorbitol,
tagatose and possibly some other low-calorie sugars
through metabolic engineering.

Production of mannitol and sorbitol

Polyols, such as mannitol and sorbitol, are low-calorie
sugars that could replace sucrose, lactose, glucose
or fructose in food products as they display equiva-
lent sweetness and taste (Dwivedi 1978; Debord et
al. 1987). Mannitol can also serve as anti-oxidant
in biological cells (Shen et al. 1997) as shown by
increased survival of cells during freezing and/or dry-
ing in the presence of mannitol (Efiuvwevwere et al.
1999). Heterofermentative lactic acid bacteria such as
Leuconostoc mesenteroides are known for their ability
to produce mannitol in the fermentation of fructose
(Soetaert et al. 1995). These bacteria convert part of
the fructose for energy generation via the usual hetero-
fermentative pathway while the other part of fructose
is reduced directly to mannitol. In this way, high
yield of mannitol is found, especially when fructose
is supplied with f.i. glucose. Mannitol production, at
low levels, has also been reported for homoferment-
ative lactic acid bacteria under unusual conditions.
In both Lactobacillus plantarum (Ferain et al. 1996)
and Lactococus lactis (Neves et al. 2000), disruption
of lactate dehydrogenase (LDH) resulted in produc-
tion of a whole new range of metabolites, including
mannitol. The mannitol is, most probably, produced
by reduction of fructose-6-P to mannitol-1-P, which
is subsequently dephosphorylated to yield mannitol
(Figure 5). With this in mind, metabolic engineering
strategies can be designed to induce significant man-
nitol production in these lactic acid bacteria. Overpro-
duction of the mannitol-P dehydrogenase (MPDH) in
a LDH-deficient L. lactis strain has already resulted in
strong increase in, mostly, intracellular mannitol pro-
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Figure 6. Pathway for lactose metabolism in Lactococcus lactis showing the tagatose-6-phosphate pathway encoded by the lacABCD genes
(see text for more detail).

duction. Similar results were obtained when MPDH
was overproduced in a strain with decreased phospho-
fructokinase (PFK) activity. Even higher production
of mannitol by Lactococcus lactis can be expected if
excretion of this polyol is facilitated, by introducing
the mannitol-transporter present in Leuconostoc mes-
enteroides. Production of sorbitol can be induced in
these bacteria in a similar way. By overexpression of
the gene coding for sorbitol dehydrogenase, in com-
bination with disruption of the MPDH and the LDH
(Figure 5), considerable sorbitol production has been
observed in Lactobacillus plantarum strains. Also in

this case, even higher production of sorbitol is ex-
pected when the dephosphorylation and the transport
(export) of sorbitol is enhanced.

Tagatose production

Tagatose is another carbohydrate that is considered as
a potential sucrose replacement. It has almost equal
sweetening power as sucrose – higher than similar
components such as mannitol, sorbitol and erythritol
– but much lower caloric value since it is poorly
degraded by the human body (Zehner 1988). It has
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recently been launched on the food market as low-
calorie sugar, as prebiotic, and as anti-plaque agent
by MD-foods (www.tagatose.dk). Their is no biolo-
gical source available for extraction of tagatose so
the current production process is by enzymatic con-
version using arabinose as a substrate (Kim et al.
2001). For many practical reasons, a fermentation
process involving intact microbial cells, is almost
always the preferred process over an enzymatic con-
version. A biotransformation process, from galac-
titol to tagatose, has recently been described using
acetic acid bacteria (Manzoni et al. 2001). However,
economy-wise this does not seem to be applicable
since galactitol, although much more abundant and
cheaper than tagatose, is still a relatively expens-
ive substrate. The use of lactic acid bacteria could,
very well, be an attractive alternative. There is only
one metabolic pathway that features tagatose and that
is in the degradation of lactose as found in lactic
acid bacteria and a few other micro-organisms. The
so-called tagatose-6-P pathway (van Rooijen et al.
1991) is responsible for breakdown of the galactose
moiety during lactose metabolism by bacteria such
as Lactococcus lactis. After hydrolysis of lactose-
P, through the action of phospho-β-galactosidase,
the glucose is degraded through glycolysis. The
galactose-P moiety is converted into tagatose-6-P cata-
lysed by galactose-P isomerase, then phosphorylated
forming tagatose-diphosphate catalysed by tagatose-
phosphate kinase and finally hydrolysed, by tagatose-
diphosphate aldolase, to form the glycolytic interme-
diates dihydroxyaceton-P and glyceraldehyde-P (Fig-
ure 6). The genes encoding for this tagatose pathway
– lacABCD – in Lactococcus lactis can be found
on the lactose operon (Figure 6). Using L. lactis
as micro-organism with its relatively simple carbon
metabolism, its broad arsenal of genetic tools, in-
cluding an efficient gene integration system and its
very efficient system (NICE) for overproduction of
enzymes, this lactic acid bacterium was chosen as po-
tential cell factory for the production of tagatose. To
induce accumulation of tagatose-derivatives in lacto-
coccal cells, the initial chosen strategy was to disrupt
the lacC and/or lacD genes resulting in production of
either tagatose-6-P or tagatose-1,6-diphosphate. Dis-
ruption of lacD was accomplished via a two step
recombination process, involving integration of an
erythromycin-resistance plasmid containing only the
lacC and lacF genes via single crossing-over, followed
by removal of lacD (or reversion to the wild-type) in
a second, spontaneous, recombination event (‘double

cross-over’). The double crossing-over seemed to oc-
cur in almost the expected 50% of the cases, so the
desired mutant was obtained relatively easy. Growth
rates of the lacD-negative mutant on glucose were
identical to the wild-type, but growth on lactose
was severely compromised in the engineered strain.
This was already a good indication that an unusual
physiological response was occurring in the construct.
HPLC-analysis focussing on phosphorylated meta-
bolic intermediates, revealed the accumulation of a
unique metabolite in the constructed strain, in compar-
ison with the wild-type where basically the glucose-
and fructose-phosphates were visible. Spiking the
samples with specially for this purpose synthesised
tagatose-phosphate and tagatose-biphosphate, gave
strong indication that the unique metabolite was in-
deed tagatose-1,6-diphosphate. So, L. lactis was suc-
cessfully transformed in a tagatose (phosphate) pro-
ducing cell-factory. However, for the use in practical
(food) situations, strategies will have to developed to
dephosphorylate the tagatose-diphosphate and excrete
the final product, tagatose.

Production of polysaccharides

Exopolysaccharides (EPS)

The exopolysaccharide (EPS) molecules produced by
different lactic acid bacteria display a wide variety of
chemical and biophysical properties, including vari-
ations in sugar composition, sugar linkage, polymer
length and polymer branching. These polymers have
an important role in the rheology and texture proper-
ties of fermented food products, and thus are of in-
terest for food applications as in situ produced, natural
bio-thickeners. Moreover, they could also be applied
as natural, food-grade additives, replacing presently
applied stabilisers and thickeners that are produced
by non food-grade bacteria (Sutherland 1998; Becker
et al. 1998). Interestingly, it has been suggested that
some polysaccharides produced by lactic acid bac-
teria have prebiotic (Gibson & Roberfroid 1995), im-
munostimulatory (Hosono et al. 1997), antitumoral
(Kitazawa et al. 1991) or cholesterol-lowering activ-
ity (Nakajima et al. 1992a). Over the last decade,
the production of exopolysaccharides (EPS) by lactic
acid bacteria has been extensively studied (for re-
cent review see de Vuyst & Degeest 1999), gener-
ating important advances in our knowledge of EPS-
genetics, biological diversity and distribution, bio-



228

synthetic pathways, metabolic models, and physics.
This knowledge can now be applied to rationally
design metabolic engineering studies to modify EPS
production and composition.

The production of EPS by L. lactis is associated
with strains that are isolated from highly viscous fer-
mented milk products. The specific eps genes are
encoded on large plasmids that can be conjugally
transferred from one lactococcal strain to the next,
thereby introducing the EPS-producing capacity in
the recipient strain (Vedamuthu & Neville 1986; von
Wright & Tynkkynen 1987; van Kranenburg et al.
1997). One of the eps gene clusters of L. lactis that
is characterised in most detail, is that of strain NIZO
B40 (for a review see Kleerebezem et al. 1999). This
strain produces a polymer with a regular repeating
unit, →4)[α-L-Rhap-(1→2)][α-D-Galp-1-PO4-3]-β-
D-Galp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→, that
is structurally identical to that produced by strain
SBT 0495 (Nakajima 1992b; van Kranenburg et al.
1997). The NIZO B40 strain harbours a 42,180 bp
EPS-plasmid pNZ4000 (van Kranenburg et al., 2000),
containing the 12 kb NIZO B40 eps gene cluster
with 14 co-ordinately expressed genes, epsRXAB-
CDEFGHIJKL (Figure 7). Based on sequence com-
parisons putative functions could be assigned to sev-
eral eps genes, predicting their involvement in bio-
synthesis of the repeating unit oligosaccharides by the
sequential addition of sugars to a membrane-anchored
lipid carrier, and subsequent export and polymerisa-
tion of these lipid-linked oligosaccharides. Functional
analysis of the epsDEFG genes, encoding glycosyl-
transferases, generated a model for the biosynthesis
of the B40-EPS repeating unit (van Kranenburg et al.
1999a).

Oligosaccharides

Current studies on L. lactis NIZO B40 eps genet-
ics focus on the elucidation of the individual role of
the genes that are predicted to be involved in ex-
port (epsK), polymerisation (epsI) and chain length
determination (epsA, epsB) (van Kranenburg et al.
1997) (Figure 7). These studies might eventually al-
low directed manipulation of these functions, which
should result in the production of polysaccharides that
have shorter (oligosaccharides) or longer chain lengths
compared to the native B40-polymer. Moreover, the
strong increase in the available eps gene cluster se-
quences from various organisms, including several
lactic acid bacteria, has generated a wealth in ge-

netic information including a large number of glyc-
osyltransferase encoding genes. The genetic informa-
tion combined with biochemical information regard-
ing donor- and acceptor-specificity of individual glyc-
osyltransferase enzymes, could be exploited in a
glycosyltransferase combinatorial approach aiming at
construction of the biosynthetic machinery for the pro-
duction of oligo- and/or polysaccharides in L. lactis
that have a predetermined and novel structure. The
oligosaccharide structure and composition will ulti-
mately determine its functionality as a nutraceutical.
For instance, fructose-containing oligosaccharides are
claimed to, specifically, stimulate the growth of Bi-
fidobacteria in the human intestine (Gibson & Wang
1994), while phosphorylated oligosaccharides display
the best fiber-like properties in the protection of intest-
inal mucosa against oxidative damage (Kawaguchi et
al. 1999). The latter approach requires that the export
and polymerisation machinery do not display a unique
specificity for its corresponding, native polysacchar-
ide. Interestingly in this respect is the observation that
heterologous expression of the Streptococcus thermo-
philus Sfi6 eps-gene cluster in L. lactis resulted in the
production of a polysaccharide containing an altered
repeating unit compared to the polymer produced in
its original host (Stingele et al. 1999). These results
show that neither the glycosyltransferases, nor the ex-
port and polymerisation machinery encoded by this
eps gene clusters exhibit absolute specificity for their
native substrate and product, suggesting that the ap-
proach above could be successful. Moreover, a first
example of such an approach is the possibility to func-
tionally exchange glycosyltransferases with identical
substrate specificity originating from different gen-
era in Gram-positive bacteria (van Kranenburg et al.
1999b). Current and future eps engineering strategies
should clarify the possibilities of these approaches
towards the production of ‘designer’-polysaccharides.

Improving sugar conversion

Lactose/galactose removal

Lactose is present in amounts of 4–4.5% (w/v) in
cow milk. In liquid fermented dairy products, such as
yoghurt or buttermilk, usually less than half of this is
fermented to lactic acid. This makes all these liquid
dairy products unsuitable for the lactose-intolerant
population and deprives them of all the nutritious
components that are present in milk such as pro-
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Figure 8. Structure of the (oligo)saccharides stachyose, raffinose and sucrose.

tein, minerals (calcium) and essential vitamins. A
way to circumvent this problem is by developing
processes to free these dairy products from lactose.
This can be achieved by enzymatic treatment of milk
with β-galactosidase or, more elegantly, by ferment-
ation of milk with starter cultures having elevated
β-galactosidase activities.

Another potential problem associated with the
presence of lactose in milk, is the fact that, quite
often, galactose is formed, and excreted in to the
milk, during fermentation of lactose. This occurs read-
ily in yoghurt where lactose is rapidly converted by
both yoghurt bacteria, Streptococcus thermophilus and
Lactobacillus bulgaricus, but only the glucose moi-
ety appears to be metabolised. Galactose is excreted
in almost stoichiometric amounts by the lactic acid
bacteria (Veenhoff & Poolman 1999) resulting in ac-
cumulation of galactose upto concentrations of 1%
and even higher. Besides being a poor sugar source
for the human body, galactose presents another prob-
lem that too high consumption can lead to reduction

of galactose to galactitol, especially when consumed
together with alcohol. When galactitol accumulates in
tissue it can lead to all kinds of physiological disorders
such as cataract in the eye lens (Hirasuka et al. 1992).

For most lactic acid bacteria, galactose is a poor
substrate. Growth is often retarded and galactose con-
version often leads to production of other metabol-
ites than lactic acid (Grossiord et al. 1998). Many
yoghurt bacteria, especially the fast acidifying strains
used as yoghurt starters, do not seem to utilise the
galactose-moiety at all during yoghurt fermentation.
Free galactose is accumulated intracellularly as a res-
ult of the absence of galactokinase activity in these
strains. The strains use the excretion of galactose as
actual driving force for the rapid uptake of lactose,
in a one-to-one exchange reaction, allowing extremely
fast growth of these bacteria on this sugar with doub-
ling times that are even lower than 10 min. Molecular
analysis of the galactose (and lactose) gene cluster
in these strains of Streptococcus thermophilus, has
shown that the gene for galactokinase is completely
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intact, but that one or more point mutations have
taken place leading to a ‘silent’ phenotype (Vaughan et
al. 2001). These mutations can, sometimes, spontan-
eously revert, especially when the bacteria are cultured
for prolonged times on galactose. The use of these
revertants in yoghurt production could be a way to
produce galactose-free yoghurt, although it does lead
to reduced growth rate, and more serious for practical
purposes, reduced acidifcation rates.

Removal of raffinose

Not all oligosaccharides are beneficial in the human
and animal diet. Soy- and pulse-derived food products
contain high levels of α-galactosides such as stachyose
and raffinose (Figure 8).

Humans and other monogastric animals do not
produce intestinal α-galactosidase, the enzyme re-
sponsible for the degradation of these oligosacchar-
ides. Thus, α-galactosides pass into the lower gut
where they are fermented by gas-producing bacteria.
Consequently, consumption of soy and pulses induces
intestinal disturbance such as flatulence in all mono-
gastric animals (Khane et al. 1994). Removal of the α-
galactosides, through enzymatic treatment of the soy
milk, has already been described successfully (Maity
& Paul 1991), but does not seem to be an economically
feasible process. The use of lactic acid bacteria, for
prefermentation or as probiotic, could well present the
perfect solution for removing undesirable sugars from
soy.

The ability to hydrolyse α-galactosides has already
been identified in a number of lactic acid bacteria
(Ahrne & Molin 1991; Garro et al. 1996). By ap-
plying metabolic engineering strategies, lactic acid
bacteria will be constructed with high α-galactosidase
activities as starters for removal of α-galactosides dur-
ing soy fermentation and as possible probiotics to
deliver α-galactosidase activity in the gut for preven-
tion of flatulence. The first step in this strategy has
been the cloning of the relevant gene (melA) cod-
ing for α-galactosidase from Lactobacillus plantarum
(Silvestroni et al. 2002). The gene encodes a 738-
amino acid protein (theoretical MW=84 kDa) and
is associated with genes involved in raffinose and
galactose metabolism (rafP for a putative raffinose
permease, galM for galactose epimerase and lacLM
for β-galactosidase). The melA gene could com-
plement an α-Gal deficient Escherichia coli strain
strongly suggesting that the melA gene is functional
in Lb. plantarum. Additional evidence for function-

ality is provided by regulation studies showing that
melA is actually induced 4-fold in the presence of
the α-galactoside melibiose as growth substrate in
comparison to glucose as growth substrate. For con-
struction of starter and probiotic bacteria with high
α-galactosidase activity, the melA is being cloned
in Lactococcus lactis in three different constructions
resulting in: (1) expression of the enzyme in the cyto-
plasm for maximum protection of enzyme activity, (2)
expression as a secreted enzyme for maximum ex-
posure to the sugar substrate, or (3) expression on
the surface but anchored to the surface of the cell.
The first construct would provide a suitable starter for
α-galactoside-removal during soy fermentation, the
second construct would serve best as cell-factory for
α-galactosidase production to be used as means for
(bio)chemical removal of stachyose and raffinose from
soy- and pulse-material, while the third construct will
be applied as probiotic to supply high α-galactosidase
activity in the gut for assistance in α-galactoside
degradation.

Impact of genomics and related technologies

We have presented a number of examples where activ-
ity of lactic acid bacteria have lead or can lead to
healthier fermented food products or to the produc-
tion of food ingredients with a clear health benefit.
This has been achieved through altered expression
of relevant homologous or heterologous genes. With
the rise of (functional) genomics research, we can
expect a tremendous boost in this type of develop-
ment. The current list of publicly available complete
genome sequences already exceeds 60 microbes as
indicated on the Comprehensive Microbial Resource
homepage of the TIGR-Website (www.tigr.org) and
is exponentially growing. Currently, only one LAB
genome – Lactococcus lactis – has been published
(Bolotin et al. 2001), but several others are expec-
ted shortly (see other reports LAB 7). The genome
is the ‘blueprint’ of an organism and tells us dir-
ectly what is the potential of the organism to produce
certain metabolites and presents us with the relevant
genes that could be targeted for overexpression or dis-
ruption in order to reach increased functionality. In
addition, by comparative genomics it has become rel-
atively easy to determine why certain bacteria cannot
produce specific nutraceuticals and how production
of these specific components can be introduced. For
control or improvement of production levels, however,
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more is needed than only the genome sequence. In-
formation is needed on how the flux through a specific
pathway is controlled and how the activity of an in-
dividual pathway relates to other pathways. Kinetic,
metabolic models have become available describing
the dynamics of (pyruvate) metabolism in homofer-
mentative lactic acid bacteria (Garrigues et al. 1997;
Hoefnagel et al. 2002). However, these models seem,
so far, only to be suitable for relatively simple meta-
bolic pathways and are basically able to calculate,
and simulate, the flux through the major metabolic
pathways, but are much less accurate in describing
pathways with much lower metabolic fluxes. The
latter situation holds true, especially, for most bio-
synthetic pathways. The metabolic flux through these
pathways is in most cases many orders of magnitude
lower compared with the flux through catabolic path-
ways. Moreover, the enzymes involved generally have
much lower activities and the metabolic intermediates
and end-products are produced at much lower levels.
In some cases this general problem can be solved
by dissection of complicated (biosynthetic) pathways
into several, simplified units and modelling each unit
separately. However, in many cases this is just not pos-
sible. Even simple flux analysis can be an impossible
task in metabolic networks involving loops and cycles.
To analyse these networks, more advanced measure-
ment techniques have been used successfully, such as
the application of 13C-NMR with metabolic substrates
labelled at a specific position. Variation in the level
of label-scrambling resulting from either enantiomer-
specific or enantiomer-unspecific enzymes, will gen-
erate insight in control and distribution of different
fluxes within a metabolic network (Rollin et al. 1995;
Klapa et al. 1999; Park et al. 1999; Schmidt et al.
1999; de Graaf et al. 2000). However, it cannot
provide insight in metabolic regulation, nor can it be
used to predict fluxes under conditions that have not
been tested. The optimistic vision that the knowledge
of a (microbial) genome will automatically provide
us with a comprehensive model of overall metabol-
ism seems quite unrealistic for the reasons discussed
above. Extensive experimentation on the physiology,
enzymology and molecular biology of the organism is
required before any practical modelling can be per-
formed. The rapid development of genomics based
high-throughput technologies, including transcriptom-
ics, proteomics and especially metabolomics, might
allow the effective analysis of the differential, global
responses in micro-organisms upon the changing of

environmental conditions or upon the engineering of
specific enzyme activities.

With the genome sequence in hand of many in-
dustrial micro-organisms, traditional mutagenesis and
natural selection of mutants has become a more dir-
ected and controlled activity and can now progress
in parallel with the metabolic engineering approaches
as described in this overview. It now seems possible
to induce and select mutants that show f.i increased
B-vitamin production, in a directed way without the
use of recombinant DNA-techniques. The rise of high-
throughput-screening facilities that, automatically and
simultaneously, can sample and analyse thousands of
samples is a powerful tool in this type of development.
Many improved starter bacteria and cell factories for
high nutraceutical production will be discovered by
these natural selection strategies and have the huge
advantage over engineered lactic acid bacteria that
they can be implemented promptly in actual indus-
trial fermentation. In addition, the molecular analysis
of the selected mutants will provide very relevant in-
formation on how to effectively improve production
of the desired nutraceutical. Many high-throughput
molecular methods have been developed over the
last few years to specifically pinpoint single nucle-
otide polymorphism (SNP) in these (natural) mutants,
through direct Southern-blotting (Sokinenko 2001),
through the use of whole-genome (Cutler et al. 2001)
or pathway-specific DNA microarrays (Huber et al.
2002), or by specific mass-labelling techniques such
as the Masscode System (Qiagen, Inc) that identify,
by mass spectrometry, polymorphism directly in PCR-
products (Kokoris et al. 2000).

Most examples of effective metabolic engineering
in lactic acid bacteria discussed above deal with re-
routing the major metabolic flux in these bacteria, i.e.
the conversion of sugar into lactic acid. The results ob-
tained include high production of metabolites that oth-
erwise are not produced or produced in low amounts.
For reasons discussed above, the engineering of more
complex (biosynthetic) pathways and the analysis of
the results of these engineering strategies is a much
more complicated affair. Nevertheless, some prom-
ising results are already available for Lactococcus
lactis in the case of folate and riboflavin biosynthesis.
Future analyses of this and other complex pathways
will provide us with valuable knowledge concerning
the potential of LAB as cell factories for biologically
active compounds like vitamins, low-calorie sugars or
other nutraceuticals.
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