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Abstract

Over the last years, important advances have been made in the study of the production of exopolysaccharides (EPS)
by several lactic acid bacteria, includingLactococcus lactis. From different EPS-producing lactococcal strains the
specificepsgene clusters have been characterised. They containepsgenes, which are involved in EPS repeating
unit synthesis, export, polymerisation, and chain length determination. The function of the glycosyltransferase
genes has been established and the availability of these genes opened the way to EPS engineering. In addition to
the epsgenes, biosynthesis of EPS requires a number of housekeeping genes that are involved in the metabolic
pathways leading to the EPS-building blocks, the nucleotide sugars. The identification and characterisation of
several of these housekeeping genes (galE, galU, rfbABCD) allows the design of metabolic engineering strategies
that should lead to increased EPS production levels byL. lactis. Finally, model development has been initiated in
order to predict the physicochemical consequences of the addition of a EPS to a product.

Microbial exopolysaccharides

Polysaccharides are a highly diverse group of poly-
mers, of which the functional features are determ-
ined by their structural characteristics that may differ
in molecular weight, saccharide-linkage type, de-
gree of branching and chemical composition. This
diversity has led to very broad application possib-
ilities in industry, ranging from paper manufactury
to oil recovery and food production. High molecular
weight polysaccharides are indispensable ingredients
in a large variety of food products, where they are used
as thickeners, stabilisers, emulsifiers, fat-replacers or
gelling agents. Currently, most of the polysaccharides
used in food-industry are derived from plants (e.g.
starch, pectin, cellulose) and seaweeds (e.g. alginate,
carrageenan). Alternative sources of biothickeners are
found among the microbial extracellular polysacchar-
ides (Sutherland 1998), which can either be present
as capsular polysaccharide (CPS) associated with the
cell surface or secreted as extracellular polysacchar-
ide (EPS) in the environment of the cell. Four classes
of microbial polysaccharides can be distinguished on

the basis of their composition and mechanism of bio-
synthesis (Sutherland 1993). In this review we will
only discuss the heteropolysaccharides that consist of
repetitive, regular repeating units. In terms of applic-
ation in food products, one of the most important
examples of this class of bacterial polysaccharides is
xanthan, which is produced by the phytopathogenic
bacteriumXanthomonas campestris. Despite the fact
that X. campestrisis not an acceptable bacterium in
food products (food-grade), the rheological proper-
ties of xanthan have led to its wide application as
food-additive. Preferentially, bacterial polysacchar-
ides to be used as additives in food products should
be produced by non pathogenic, ‘safe’ bacteria. Lactic
acid bacteria (LAB) in general have a ‘food-grade’
status and EPSs produced by these bacteria can be
considered as ‘food-grade’ additives. Therefore, EPS
production by LAB has received considerable atten-
tion since they appear to be relevant for dairy-product
properties like texture and mouthfeel. Moreover, it
has been suggested that they are active as prebiotic
(Gibson & Robertfroid 1995), cholesterol lowering
neutraceutical (Nakajima et al. 1992a) or immun-
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Figure 1. Genetic organisation of theL. lactis NIZO B40 (A), B891 (B) and B35 (B)epsgene cluster. In Figure 2B, PCR-product based
gene annotations are indicated as thin arrows while sequences and annotations derived from cloned regions are indicated as bold arrows (van
Kranenburg et al. 1999b).

omodulant (Kitazawa et al. 1993; Hosono et al. 1997).
Over the last years, the chemical structure, and the
molecular biology and genetics of the biosynthesis,
of various repetitive heteropolysaccharide EPSs pro-
duced by LAB have been studied (Stingele et al. 1996;
Stingele 1998; van Kranenburg et al. 1997, 1999a,b;
Lamothe et al. 1998). Here, we review research on
EPS production by the mesophilic LABLactococ-
cus lactis. Both EPS-specific genetics and the general
metabolism that is required for EPS precursor bio-
synthesis will be discussed. Finally, we will give an
impression of recent advances of model-forming re-
search considering the physicochemical properties of
EPS in watery solution and its physical interactions
with milk components.

EPS genetics in Lactococcus lactis

The biosynthesis of EPSs that consist of repetitive,
regular repeating units appears to follow a common
mechanism. The repeating units are assembled at the
membrane by the sequential addition of sugars to
the growing repeating unit that is anchored on the
lipid carrier. After completion of an EPS repeating
unit, it is supposed to be exported and polymerised
to form the cell-surface polysaccharides (Sutherland
1993). The production of EPS byL. lactis is associ-
ated with strains that are isolated from highly viscous
Scandinavian fermented milk products. The EPS spe-
cific epsgenes are encoded on large plasmids (>20
kb) that can be transferred from one lactococcal strain
to the next by conjugation, which concomitantly res-
ults in transfer of EPS production (Vedamuthu and
Neville 1986; von Wright and Tynkkynen 1987; van
Kranenburg et al. 1997, 1998, 1999a,b). The best

characterised EPS producingL. lactis strain is NIZO
B40 that produces a phosphopolysaccharide that is
structurally identical to that produced byL. lactis
strain SBT 0495, with a repeating unit consisting
of →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→ (Fig-
ure 2) (Nakajima et al. 1990, 1992b; van Kranenburg
et al. 1997, 1999a). A 12 kb gene cluster that is
specific for NIZO B40 EPS production contains 14 co-
ordinately expressed genes,epsRXABCDEFGHIJKL
(Figure 1A), and is localised on a 40 kb plasmid des-
ignated pNZ4000 (van Kranenburg et al. 1997). Based
on homology to gene products encoded by other poly-
saccharide biosynthetic gene clusters, putative func-
tions in polysaccharide export, polymerisation, chain
length determination and subunit biosynthesis (glyc-
osyltransferase; GTF) could be assigned to several
gene products encoded within the B40 gene cluster
(Figure 1A; van Kranenburg et al. 1997). An in-
teresting (see also below) feature like chain length
determination putatively depends on the activity of
EpsA and EpsB, which share overall homology and
specific consensus motifs with the family of ExoP-
like proteins. ExoP is supposed to be involved in chain
length determination of succinoglycan produced byR.
meliloti (Becker et al. 1995). The homologous coun-
terparts of the EpsK and EpsI play a role inSalmonella
or Shigella O-antigen production as a lipid-linked
repeating unit flippase-exporter and polymerase, re-
spectively (Morona et al. 1994; MacPherson et al.
1995; Liu et al. 1996). The function of the B40-GTF
encoding genes was determinedin vitro using hetero-
logous (E. coli) and homologous (non-EPS producing
L. lactis) inducible expression of these genes. Induced
cells were permeabilized and incubated with UDP-
[14C]-glucose or UDP-[14C]-galactose, followed by
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Figure 2. Schematic representation of pathways involved in NIZO B40 EPS biosynthesis. Both the general metabolism focussed on nucle-
otide-sugar biosynthesis from glucose or fructose as an external carbon source (lower left) and theepsgenecluster encoded steps of repeating
unit synthesis, export and polymerisation (upper part) are indicated. Enzymes involved in conversions in the general metabolism are indicated.
The role of specificepsgene products has either been experimentally determined (black boxes) or is predicted by homologies (grey boxes).
Glc, glucose; Gal, galactose; Rha, rhamnose. UDP-Glc, UDP-Gal and dTDP-Rha are nucleotide sugars.

identification of lipid-linked [14C]-saccharides by thin
layer chromatography and autoradiography. These ex-
periments have shown that the biosynthesis of B40-
polysaccharide backbone is initiated by the linkage of
a glucose from UDP-glucose to the lipid carrier by
priming-glucosyltransferase EpsD (van Kranenburg et
al. 1997, 1999a). Subsequently, the addition of a
second glucose from UDP-glucose to the lipid-linked
glucose involves the combined activity of EpsE and
EpsF, and finally, the addition of the third backbone-
sugar moiety, galactose, from UDP-galactose to this
carrier bound cellobiose involves the activity of EpsG
(van Kranenburg et al. 1999a; Figure 1A, 2). The
fourth step in repeating unit biosynthesis is expected
to be the linkage of rhamnose from dTDP-rhamnose
or galactosyl-phosphate from UDP-galactose to the
galactose moiety of the lipid linked trisaccharide. The
high unstability of dTDP-rhamnose prevents its use as

substrate in thein vitro GTF assay, which could ex-
plain the lack of direct experimental data to support the
suggested involvement of EpsH and EpsJ as rhamno-
syltransferase and phosphogalactosyltransferase, re-
spectively, in these later steps of B40 repeating unit
biosynthesis (van Kranenburg et al. 1999a; Figure 2).

The diversity of EPSs produced by differentL. lac-
tis strains is illustrated by the variation of the chemical
(sugar-) composition of the EPS produced and by the
genetic organisation of the specific gene clusters in-
volved (van Kranenburg et al. 1999b). Partial DNA
sequence data of theepsgene clusters fromL. lactis
strains NIZO B891 and NIZO B35 revealed that both
genetic organisation and sequence of the first genes,
epsRXABC, are highly conserved (van Kranenburg et
al. 1997, 1999b; Figure 1B). The organisation of the
other known B891-epsgenes (epsDEF) appears to be
conserved relative to NIZO B40. The B35epscluster,
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however, appears to be interrupted by an IS982 ele-
ment, which possibly indicates IS-element mediated
rearrangement or horizontal gene transfer of parts of
polysaccharide gene clusters. Thein vitro functional
analysis of the B891 and B35 priming GTF encoding
genes (epsD-homologues) revealed that they encode
a glucosyl- and galactosyl-priming transferase, re-
spectively (van Kranenburg et al. 1999b; Figure 1B).
Moreover, functional analysis of the B891epsDEF
genes (Figure 2B) led to a carrier-linked lactose, in-
dicating that B891 EpsEF are involved in coupling
of a galactose moiety from UDP-galactose to the
carrier-bound glucose (van Kranenburg et al. 1999b).

A first and essential step towards EPS engineering
was accomplished by creating a non-polar disruption
mutation in the NIZO B40epsD gene, which res-
ulted in loss of EPS production. Interestingly, the
epsD mutation could subsequently be complemen-
ted by introduction of a second plasmid encoding
either the homologous NIZO B40epsDgene, or the
NIZO B891 epsD gene, both encoding a lactococ-
cal priming glucosyltransferase (van Kranenburg et
al. 1999b). Moreover, heterologous complementation
of the epsD mutation was achieved by expression
of the S. pneumoniaeserotype 14 priming glucosyl-
transferase encoded by thecps14Egene, which is
normally involved in CPS biosynthesis (Kolkman et
al. 1996, 1997). These results are the first demonstra-
tion of functional complementation of a GTF mutation
in a Gram-positive host byin trans expression of a
gene encoding a similar activity. Moreover, they show
that although transcriptional coupling of the genes in-
volved is disturbed, the functional coupling of the
enzymes encoded can apparently still occur. In con-
trast, expression of a priming galactosyltransferase
derived from eitherL. lactisNIZO B35 (epsD) or from
S. thermophilusSfi6 (epsE; Stingele et al. 1996, 1998)
did not result in complementation of EPS production
(van Kranenburg et al. 1999b), suggesting an exclus-
ive specificity for its natural substrate of one or more
components of the B40-EPS biosynthesis machinery.

Recently, other examples that hint at the possib-
ilities for production of heterologous or new EPS
structures inL. lactis have been reported. Expression
of the genes responsible for type 3 CPS production
in S. pneumoniaeresulted in high level production
of the type 3 polysaccharide byL. lactis (see below;
Gilbert et al. 1998).L. lactis cells in which the en-
tire S. thermophilusSfi6 epsgene cluster is expressed
appeared to produce low but significant amounts of
EPS, of which the structure differed from the EPS pro-

duced by the originalS. thermophilusstrain both in
backbone composition (Gal instead of GalNAC) and
sidechain substitution (lactococcal polymer lacks Gal
sidechain). In contrast to the B40-epsD complementa-
tion studies (see above), this latter example illustrates
that GTFs do not necessarily exhibit exclusive spe-
cificity for donor and acceptor sugar moieties and
that the polymerase and export machinery in its turn
might not be exclusively specific for one repeating unit
(Stingele 1998).

These findings offer good perspective for future
EPS engineering, although several bottlenecks caused
by substrate specificity of the biosynthesis machinery
will have to be overcome. Increasing knowledge on
EPS and CPS structures, combined with the avail-
ability of individual biosynthetic components from
eps and cps gene clusters will allow evaluation of
the possibilities and limitations of genetic engineering
strategies directed towards production of ‘tailor made’
EPS molecules inL. lactis or other LAB. Moreover,
the role of specificepsgene products in repeating unit
export, polymerisation and determination of polymer
chain-length should be studied in more detail in order
to manipulate these features. Especially chain-length
engineering could generate EPSs of higher molecular
weight, leading to better rheological properties (see
below) or on the other hand could lead to the produc-
tion of tailor made short-chain oligosaccharides.

Metabolic pathway engineering of EPS production

The industrial application of EPS produced by LAB is
strongly hampered by the low production level, which
is highly variable but ranges from 50 to 500 mg per
liter. In the above section we have discussed the fi-
nal steps of EPS biosynthesis that are mediated by
the proteins encoded by theepsgene cluster. Besides
these specificepsgenes, EPS production also requires
a number of so-called housekeeping genes that are in-
volved in the biosynthesis of the EPS building blocks,
the nucleotide sugars. Therefore, the physiology of
nucleotide sugar biosynthesis in relation to EPS pro-
duction levels should be evaluated to eventually use
metabolic engineering as a means to increase EPS
production by LAB. This approach should be suppor-
ted by a kinetic model that describes the contribu-
tion of the individual enzymes to level of a complex
end-product like EPS.

A possible key-step in nucleotide-sugar biosyn-
thesis is the interconversion of glucose-6-phosphate,
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an intermediate in sugar breakdown, and glucose-
1-phosphate, the central precursor in nucleotide-
sugar biosynthesis (Sjöberg & Hahn-Hägerdahl 1989),
which is performed by the phosphoglucomutase PGM
(Figure 2). L. lactis contains two distinct forms of
PGM, one specific forβ-glucose-1P (i.e.β-PGM) and
the other apparently specific forα-glucose-1P (i.e.
α-PGM) (Qian et al. 1994). Since the phosphoro-
lysis of glucose, lactose and other carbon sources
usually yieldsα-glucose-1P,α-PGM could be a key-
enzyme in sugar-nucleotide biosynthesis. However, to
our knowledge, only the gene encodingβ-PGM has
been cloned fromL. lactis (Qian et al. 1997).

The central intermediate, glucose-1P, in its turn
has to be converted to UDP-glucose, UDP-galactose
and dTDP-rhamnose in order to fulfil the precursor-
requirements for EPS biosynthesis byL. lactis NIZO
B40 (Figure 2). Presently, all the genes that encode
the enzymes that are putatively involved in the bio-
synthesis of these sugar-nucleotides from glucose-1P
(galU, galE, andrfbACBD; Figure 2) have been cloned
from L. lactisstrain MG1363 (Grossiord et al. 1998a;
Boels et al. 1998; Boels et al., unpublished results),
thereby generating the tools to target specific endogen-
ous enzymatic activities that could be bottlenecks in
EPS biosynthesis, and thereby evaluate the potential
of metabolic engineering strategies to improve EPS
production levels.

The role of the Leloir enzyme galactose epimerase
(GalE; Figure 2) was evaluated by analysis of NIZO
B40 EPS biosynthesis in agalE mutant strain. EPS
biosynthesis was abolished ingalEmutant cells grown
on media with glucose as a sole carbon source, but
could be recovered by addition of galactose to the me-
dium. These results indicate a crucial role forgalE in
the synthesis of UDP-galactose from glucose and thus
in EPS biosynthesis byL. lactis (Boels et al. 1998).
Moreover, thegalE strain was also affected in cell
division when grown on glucose alone, which prob-
ably reflects the critical role of UDP-galactose as a
precursor in cell-wall biosynthesis (Grossiord et al.
1998b).

Gilbert et al. (1998) described the expression of
thecps3Dandcps3Sgenes fromS. pneumoniaetype
3 in L. lactis, leading to low heterologous production
of type 3 polysaccharide. Interestingly, its production
level could be strongly increased (to 15µg per 108

cells) by co-expression of thecps3Ugene that encodes
a glucose-1-phosphate uridylyltransferase (GalU; Fig-
ure 2) analogue, indicating that the level of available
UDP-glucose in lactococcal cells is limited by the

endogenous GalU enzyme level. Functional overex-
pression of the lactococcalgalU gene resulted in
strongly increased levels of UDP-glucose and UDP-
galactose inL. lactis(GalE maintains an almost stable
ratio between the two nucleotide sugars; Figure 2),
which confirms the hypothesis that the GalU enzyme
activity level determines the intracellular levels of
UDP-glucose and –galactose in wild-type cells (Boels
et al., unpublished results). The effects of increased
GalU levels on EPS production are currently being
evaluated.

Rhamnose is an important residue in the O-antigen
of lipopolysaccharides in many Gram-negative bac-
teria and the role ofrfb-like genes in biosynthesis
of the precursor dTDP-rhamnose is well established
(Reeves 1993). Also in Gram-positive bacteriarfb-
homologues appear to play an essential role in the
production of rhamnose containing polysaccharides.
Thecps19fL-Ogenes are part of thecpsgene cluster of
S. pneumoniaetype 19F and exhibit very strong homo-
logy with theShigella flexneri rfbA-Dgenes and func-
tionally complement a mutation deleting the respective
S. flexnerihomologues (Morona et al. 1997). An
S. pneumoniae cps19fLmutant exhibited a so-called
rough phenotype and had lost the capacity to produce
CPS, confirming an essential role of therfb-like genes
in CPS-19F production (Morona et al. 1997). InS.
mutans, the genes encoding the homologues of the
S. flexneriRfbA, RfbB and RfbD proteins have been
identified (designatedrmlA, rmlB and rmlC, respect-
ively) and functionally characterised. The gene encod-
ing the RfbC homologue ofS. mutanshas not been
identified sofar, but apparently does not map close to
the rml locus (containingrmlA-C) on theS. mutans
chromosomal map. InS. mutans, rml mutations led to
a changed cell-wall composition (lacking rhamnose)
and did no longer produce the serotype-specific poly-
saccharide antigen (Tsukioka et al. 1997). Functional
analysis of the lactococcalrfb gene cluster (Boels et al.
1998) is especially interesting in terms of evaluation
of EPS-engineering possibilities inL. lactis. Rham-
nose is not a ‘backbone-sugar’ in NIZO B40 EPS,
which is in contrast with theS. pneumoniaeand S.
mutanspolysaccharides described above. Therefore,
introduction of a plasmid carrying the NIZO B40-eps
gene cluster in arfb mutant strain might allow eval-
uation of side-chain specificity of the repeating-unit
biosynthesis, export and polymerisation machinery.
That this approach could be successful in creating
a novel EPS with an altered structure, is supported
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by the experiments described by Stingele (1998; see
above).

Important indications of blockage points or rate
limiting steps for EPS production by LAB could be ob-
tained from studying the physiological conditions that
influence the EPS production level in LAB. Evaluation
of NIZO B40 EPS production levels under various
physiological conditions showed that fructose grown
cells produced much less EPS compared to glucose
(or several other carbon sources) grown cells. This
observation was also described for the level of EPS
production byLactobacillus delbrueckiisubsp.bul-
garicus(Grobben et al. 1996). This fructose specific
effect is possibly explained by the low activity level
of fructose 1,6-bisphosphatase (Fbp; Figure 2) inL.
lactis (Looijesteijn et al. unpublished results). This
enzyme is required for conversion of fructose 1,6-dP
to fructose-6-P, an essential step in generation of the
central sugar nucleotide precursor glucose-1-P from
glucose (via Pgi and Pgm; Figure 2). Preliminary res-
ults indicate that EPS production levels in fructose
grown cells can be increased by functional overex-
pression of the heterologousfbpgene fromB. subtilis,
which confirms the assumed limitation of Fbp inL.
lactis. Interestingly, also the growth rate ofL. lactison
media containing fructose as sole carbon source was
significantly increased by Fbp overexpression (Loo-
ijesteijn et al., unpublished results), suggesting that the
sugar nucleotide requirements for efficient growth are
also limited by the low Fbp activity in this organism.
In analogy, the observed reduced growth rate ofL.
lactis galEmutant cells in media containing glucose
as a sole carbon source, could be explained by limiting
UDP-galactose levels (see also above).

Alternatively, the maximal EPS production level
could in some cases be determined by the activity level
of the factors encoded by theepsgene cluster, rather
than by the level of sugar nucleotides. This possibility
is supported by the finding that NIZO B40 EPS pro-
duction can be increased by overexpression ofepsD
(van Kranenburg et al. 1999b). However, this hypo-
thesis might not hold true for the biosynthesis of EPSs
other than NIZO B40 EPS. The latter is supported by
the findings that the level ofS. pneumoniaetype 3 CPS
production inL. lactis can be dramatically increased
by the expression of a pneumococcal GalU analogue
(Gilbert et al. 1998).

Physical properties of EPS in watery solutions and
products

A crucial factor in design of EPSs that would be de-
sirable for a certain application is knowledge of the
physical properties of different EPSs in solution and
its interactions with other components of the product.
Since in most cases, the desired contribution of EPS
to the properties of a product is their thickening ef-
fect, it is important to understand the parameters that
determine the viscosity of EPS solutions. Most EPSs
can be described as random coil polymers that do
not have a fixed shape but a randomly fluctuating
tertiary structure. The relative viscosityηr (with re-
spect to the solvent) of EPS solutions is a function
only of the intrinsic viscosity ([η]; a specific volume
of the dispersed spherical particles in m3/kg) and the
concentration (c; g/l).

Recently, the following equation was derived, de-
scribing the master curve for random coil polysacchar-
ide solutions (Tuinier et al. 1999a):

ηr = 1 + [η]c + 1/25{[η]c}3.5
The differences between polysaccharides can thus be
explained by differences in the intrinsic viscosity [η].
This quantity is proportional to the specific volume of
the polysaccharide in solution and can be expressed
as a function of the molar mass (M) and radius of
gyration (Rg; a measure for the size of a polymer
in solution). For random coil polysaccharides Rg de-
pends on M (Rg ∼M0.5−0.6) and for more expanded
polysaccharides Rg is larger at a given M. These
observations mean that, in order to obtain a higher (in-
trinsic) viscosity, either the molar mass (chain length)
or the polysaccharide stiffness should be increased.
Although the relation between polysaccharide chem-
istry and chain stiffness have not yet been established
completely, some trends have been described (Rees
1977); (i)β(1→4) linkage of monosaccharides leads
to a higher chain stiffness compared toβ(1→2) or
β(1→3) linkages (Lapasin & Pricl 1995), (ii)α link-
ages usually lead to more flexible chains thanβ link-
ages as is the case for (1→4) linkages (Lapasin & Pricl
1995) and (iii) branches and side groups influence the
chain stiffness.

Static light scattering measurements of size-
fractionatedL. lactisNIZO-B40 EPS in aqueous solu-
tion at an ionic strength of 0.1 M generated a number-
averaged molar mass of 1.47∗106 g/mol and radius
of gyration of 86± 2 nm. Moreover, the relation
of Rg and M for B40 EPS (Rg ∼M0.57) is in good
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Figure 3. Schematic representation of the main trends in the behavior of protein/polysaccharide mixtures.

agreement with a random coil structure of this poly-
saccharide in solution (Tuinier et al. 1999b). Similar
measurements withL. lactisNIZO B891 EPS showed
that although the molar mass of this polysaccharide
(2.38∗106 g/mol) is larger than that measured for B40
EPS, the radius of gyration of B891 EPS is only
slightly larger (B891: Rg = 91± 2; Rg ∼M0.51)
(Tuinier 1999c). These observations suggest higher
stiffness of the B40 EPS ‘backbone’ compared to
B891 EPS. Theβ-(1-4) sugar linkages in the B40
EPS backbone support a relatively high stiffness of
this polymer, which is also reflected in its radius of
gyration and good rheological properties. However,
since the primary structure of B891 EPS has not yet
been fully determined one can only speculate about
the reasons for the apparent higher flexibility of this
polymer.

The developments described above, will in time
allow a good prediction of the viscosity of a certain
EPS molecule in solution. However, the contribu-
tion of EPSs to the properties of food products not
only depends on the properties of the EPS itself but
also on the interactions of the EPS with the various
components in food products (e.g. proteins). When
protein and polysaccharide solutions are mixed, the
behaviour of the mixture depends on whether the two
biopolymers are segregative (the biopolymers repel,
are incompatible) or associative (the biopolymers at-
tract, are compatible) (Tolstoguzov 1991). The main
trends of mixing polysaccharides and proteins are
(highly) schematically illustrated in Figure 3. For very
dilute solutions the system is stable and proteins and
polysaccharides are co-soluble. Upon increasing the
concentration of the biopolymers the system may be-

come unstable, depending on the type of interaction.
As a rule proteins and polysaccharides tend to se-
gregate (Tolstoguzov 1991), leading to a reduction
of the polysaccharide concentration near the protein
particle. This phenomenon is called depletion (Fleer et
al. 1993) and exceeding a certain polymer concentra-
tion leads to a phase separation into protein-enriched
and polysaccharide-enriched phases (Figure 3). These
observations are illustrated by mixtures of B40 EPS
with casein micelles, where a segregative interac-
tion between the biopolymers takes place that leads
to phase separation (Tuinier et al. 1999d). However,
when the polysaccharides are very small compared
to the protein particles and the volume fraction of
particles is sufficiently high, aggregation of particles
can lead to a space filling network, in a process called
gelation (Syrbe et al. 1998).

A mixture of polysaccharides and proteins can also
induce aggregation when associative interactions are
operational (Syrbe et al. 1998) and the polysacchar-
ides tend to adsorb onto the protein surfaces. If the
amount of polymer is not sufficient to cover the protein
surfaces, a polysaccharide may adsorb onto more than
one protein surface, leading to (bridging) flocculation.
In contrast, when the proteins are fully covered the
polysaccharide-coated proteins are stabilised, which
could be important if the proteins are initially unstable
and the polysaccharide can thus act as stabiliser.

In fermented products EPS is produced during the
growth phase of the EPS-producing LAB. In a product
like yoghurt, EPSs play a significant role in the rhe-
ology of stirred yoghurt (van Marle 1998). Usually
about 100 mg/l EPS is formed during yoghurt ferment-
ation and the viscosity of stirred yoghurt depends very
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strongly on the type of EPS produced. Also here, Rg
and M appear to be the most important characteristics
in determination of viscosity (Faber et al. 1998; Zoon
et al., unpublished results).

Concluding remarks

Overall, one can conclude that the knowledge of EPS
production in Lactococcus lactis(and other LAB)
has developed impressively over the last years. The
specific genetics and molecular biology involved in
EPS production (epsgenes) have been (partially) re-
solved for several EPS producing lactococci, and
have reached a very exciting stage, where evaluation
of possibilities and limitations of true genetic EPS-
engineering can be envisaged. Moreover, the studies
aiming for EPS production improvement have led to
the identification and characterisation of interesting
housekeeping genes. The encoded enzymes will be es-
sential for design of metabolic engineering strategies
to increase the EPS production level by LAB. How-
ever, until now, this approach has been hampered by
the lack of predictive kinetic metabolic models that
allow the identification and manipulation of the rate
limiting steps of EPS biosynthesis by these organ-
isms. The development of such models will add a clear
rational to the metabolic engineering approaches.

Finally, the models developed to predict the beha-
viour and, consequently the effect of EPS addition to
(food) products have already led to the identification
of several important molecular properties (e.g. molar
mass or chain length, polymer stiffness or monomer
linkage-type in the EPS backbone) that determine their
effects on a product property like viscosity. These
models require further validation and fine-tuning to
predict the exact properties of a specific EPS with
for example a modification of the chemical com-
position or sugar-linkage-type in its repeating unit.
Such predictive models will in the future allow the
design of virtual EPSs that provide the desired product
properties. A major challenge in the future for EPS-
and metabolic-engineering will be the construction
of modified lactococcal strains (or other LAB) that
produce these ‘designer’ EPSs at a sufficiently high
level.
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