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Current strategies for improving food bacteria
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Abstract- Novel concepts and methodologies are emerging that hold great promise for the directed
improvement of food-related bacteria, spedfically lactic acid bacteria. Also, the battIe against food spoilage
and pathogenic bacteria can now be fought more effectively. Here we describe recent advances in microbial
physiology and genomic research of these organisms, that enable novel strategies for obtaining safe, healthy,
and good-tasting fermented food products. @ 2000 Editions scientifiques et médicales Elsevier SAS
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1. Introduction will also enable the identification of novel induc-
ible promoters and of new target genes contrib-
uting to specific food characteristics such as
flavor and to functional properties related to
health.

The main microorganisms used for the pro-
duction of fermented food products are lactic
acid bacteria, yeast and fungi. In contrast, the
occurrence of spoilage and pathogenic bacteria
or moulds should be avoided in food products.
We win focus on novel developments in bacte-
rial research that winlead to effective method-
ologies and approaches to specificany improve
relevant properties of food related bacteria and
to fight undesirable bacteria in food. Several
state-of-the-art biotechnological tools win be
discussed here, including inducible gene expres-
sion systems, protein anchoring systems, anti-
microbial strategies and metabolic engineering
tools. These provide attractive possibilities for
further optimization of industrial strains. More-
over, recent advances in functional genomics
are discussed that open up the way for assess-
ing side effects of directed mutations and create
chances for the development of concrete risk-
assessment procedures for geneticany modified
organisms (GMOs) in food. Genomics studies

2. Stress-induced gene expression

The lactic acid bacterium Lactococcus lactis has
several specific and general systems for survival
under different environmental stress conditions
[28]. An increase in the growth temperature
results in induced expression of heat shock
proteins, which have been shown to function as
chaperones involved in the folding and matu-
ration of denatured proteins. Also, induction of
expression of proteins involved in the degrada-
tion of misfolded proteins, the C lp proteins,
occurs. Recently, the key regulator for the acti-
vation of this system has been identified [32].
The transcription regulator protein CtsR nega-
tively regulates expression of the C lp proteins.
Deletion of ctsR, including its DNA binding
motif, resulted in 3-8-fold-increased expression
of the components of the C lp protease complex.
Controlover both mechanisms win result in
improved production of the desired proteins
and can prevent degradation of intracenular

*corre~aence-and repnn ts .
E-mail address: o.p.kuipers(abiol.rug.nl (O.P. Kuipers)



816 O.P. Kuipers et al Res. Microbiol. 151 (2000) 815-822

this lipoprotease is induced at high tempera-
tures. Degradation of several secreted proteins
and of cell surface-associated fusion proteins
consisting of the nuclease of Staphylococcus
aureus and lactococcal export signals, as nor-
mally observed in an L. lactis wild-type strain,
was completely abolished in the htrA mutant.
The HtrA protein is also responsible for the
cleavage of the C-terminal repeats of the cell
surface-located lactococcal autolysin AcmA.
Whether this is a manner to release the cell wall
hydrolase from the cell and thereby protect it
from lysis remains to be answered. HtrA of
L. lactis is a unique housekeeping surface pro-
teinase, which degrades fusion proteins and cell
surface-located or secreted misfolded proteins.
An htrA mutant has the potential capacity to
improve the production of secreted proteins or
{bioactive) peptides from L. lactis without being
degraded. Such a mutant is also expected to lyse
more easily at higher temperature when the cell
wall is more unstable and degradation of the
autolysin does not occur, enabling novel meth-
ods for controlled lysis.

Although the occurrence of various stress
inducible systems is clear, further characteriza-
tion of the links between the regulatory net-
works is necessary to be able to fully exploit
them. The use of proteomics and DNA arrays
wil1 provide a more accurate global view of
gene regulation under different environmental
or industrial stresses. These studies likely will
result in the development of new expression
systems activated under industrial conditions
and will allow the construction of bacterial
strains resistant to multiple stresses, while pro-
ducing the desired proteins.

3. Metabolic engineering

Metabolic engineering, the deliberate and
directed modification of cellular properties and
intracellular metabolism is enjoying a high pro-
file due to a number of recent developments.
Most notabIe is the rapid elucidation of the
complete nucleotide sequences of (microbial)
genomes and the possibility of examining gene
expression patterns on a whole genome scale by

(heterologous) proteins, e.g. those that are less
tightly folded.

The main characteristic of lactic acid bacteria,
the production of lactic acid, results in acidifi-
cation of their environment. Therefore, they are
expected to possess efficient acid stress resis-
tance mechanisms. A number of systems have
been identified, among which is the control of
the internal pH via the induction of H+-ATPase
activity to expel protons into the environment.
pH homeostasis is also achieved by production
of ammonia via the arginine deaminase path-
way. Production of a glutamate-y-aminobutyrate
antiporter and a glutamate decarboxylase has
been suggested to result in the import of
glutamate and the export of the more basic
y-aminobutyrate and removal of a proton from
the cytoplasm. Such alkalization of the growth
medium also occurs when the citrate-lactate
antiporter CitP is induced. Recent selection for
acid resistance af ter random transposon
mutagenesis, although performed at 37 ac,
resulted in the identification of 18 new loci [23].
According to this study the intracellular concen-
trations of phosphate and guanine nucleotides
serve as signals for regulation of acid stress
tolerance. Mutants affected in purine metabo-
lism were also found to be resistant to other
stresses. These results show that stress adapta-
tions overlap and result in cross-protection.
From different studies it becomes apparent that
there is a direct link between the physiological
state of the cell and the stress response. Although
several components responsible for protection
against stress have been identified, 2D-PAGE
analysis of cellular proteins showed that many
more proteins are induced upon applying a
stress. Thus, other players remain to be identi-
fied, in particular, the central regulators have to
be characterized to be able to control these

systems.
Hardly anything is known about induced

expression of secreted lactococcal proteins under
stress conditions. Recently, a strain of L. lactis
IL1403 mutated for the extracellular lactococcal
proteinase HtrA was found to be growth-
thermosensitive at 37 ac [22]. Studies performed
con other bacteria also showed that expression of
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no overlap exists between energy and biosyn-
thesis metabolism, L. lactis is ideally suited for
metabolic engineering studies and a number of
recent publications lead the way (figure 1 ). A
recent comprehensive review of this topic is
available [14]. A nearly complete redirection of
the metabolic flux was realised by removing
lactate dehydrogenase in L. lactis by genetic
disroption of the chromosomal gene (L11dh). The
mutant performed a mixed acid fermentation
(forming acetate, formate, acetoin and ethanol
under anaerobiosis), while under aerobic condi-
tions it produced almost entirely acetoin.
Diacetyl ('butter aroma') production of up to
50% of available sugar was realized by overex-
pressing Streptococcus mutans NADH oxidase in
L. lactis (leading to less lactate and enhanced
acetoin production) in combination with a
genetic disruption of aldB, the gene for
a-acetolactate decarboxylase. aldB mutants had
previously been shown to accumulate
a-acetolactate, an intermediate in the acetoin
production pathway, which can be chemically

DNA microarrays and by serial analysis of gene
expression (SAGE) [11]. One of the real chal-
lenges is to devise a bioinformatics framework
for data management and data analysis aimed
at extracting as much information from the
overwhelming quantity of raw data as possible.
Mathematical models aimed at describing over-
all cellular functions or individual processes
complement statistical and cluster analyses.
Recent important advances have been made in
the field of kinetic and steady state stoichiomet-
ric models [10]. To reconstruct metabolic path-
ways from genome data is a formidable task
when no or only little biochemical information
is available. The elementary flux mode (the
minimal sequence of metabolic steps that can, in
principle, operate independently from any oth-
ers) is a mathematical tool that can be used to
define and describe an metabolic routes that are
stoichiometricany and thermodynamicany fea-
sible for a group of enzymes. It can be used to
optimize yields in biotechnological applications,
for identifying drug targets, to identify func-
tions for orphan genes, and to convert a list of
putative enzymes derived from the annotation
of a complete genome sequence into a set of
metabolic pathways [29]. Automated computa-
tional analysis techniques are being developed
for predicting the metabolic pathways of a
(micro)organism from its genome sequence and
for producing integrated pathway-genome data-
bases that model the resulting predictions. Novel
software tools allow superimposing protein and
gene expression data (e.g. from DNA microar-
rays) on the predicted in silico metabolic net-
work of a given organism [15]. An of the tools
and techniques described above will have a
major impact on and win determine to a great
extent the success of future metabolic engineer-

ing strategies.
Lactic acid bacteria used in milk fermentation

have successfully adapted to the lactose-rich
substra te by employing a relatively simple
breakdown pathway of milk sugar (lactose) to
lactic acid. Onder normal conditions the main
product of metabolism is lactate, but flavorful
byproducts, such as acetic acid, diacetyl, acetal-
dehyde and ethanol are also formed. As almost

Figure I. Metabolic engineering of carbon metabolism in L lac-
t;S. Air, alanine racemase; Ald, L-alanine dehydrogenase; Nox.
NADH oxidase; Ldh, lactate dehydrogenase; Pdh. pyruvate dehy-
drogenase; Als. a-acetolactate synthase; Pfl. pyruvate formate
Iyase; Odc. oxidative carboxylation; AldB. a-acetolactate decar-
boxylase; A/Dr. acetoin and diacetyl reductase.
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converted to diacetyl in the presence of oxygen.
By overexpressing alanine dehydrogenase from
Bacillus sphaericus in L. lactis (L1 ldh), more than
99% of sugar was converted into alanine (both a
taste enhancer and a sweetener) provided that
enough ammonium was present. Disroption of
the gene for alanine racemase finally led to
homofermentative L-alanine production, show-
ing the effectiveness of combined approaches in
metabolic engineering [13].

autolysin [19]. Additian of an adjunct culture
producing the narraw spectrum lactococcins A,
B, and M ar the twa-component broad range
bacteriocin lactacoccin 3147 led to increased
lysis of the starter strain, resulting in an increase
in the extracellular amino acid pool and in a
reduction of bitterne ss [26].

5. Bacleriocins and food preservalion

4. Controlled lysis
and flavor development

An attractive method for preservation of fer-
mented products is to use strains that produce
natural antimicrobial substances, such as bacte-
riocins, in combination with other hurdles and
hygienic processing. One of the problems that
can occur when bacteriocins are intensively
employed is that the undesired target strains,
which can be either pathogenic or cause spoil-
age of the product, become resistant to certain
doses of the antimicrobial substances. In the
case of nisin, one of the best characterized
bacteriocins, it recently became clear that it
employs a double strategy for antimicrobial
activity: it displays an efficient pore-forming
activity, which is greatly enhanced by the pres-
ence of the cell wall precursor lipid R that
serves as a docking molecule [4]. Interestingly,
lipid II is also the target for vancomycin, a
widely used antibiotic. By modification of the
structure of lipid II vancomycin resistance can
occur, an ever-increasing problem. The finding
of lipid II involvement in bacteriocin sensitivity
also suggests a possible mechanism for resis-
tance development against antimicrobial pep-
tides such as nisin, which is currently under
investigation. Other targets than the phospho-
lipid membrane or lipid II have also been shown
to be used by bacteriocins, e.g. in the case of
lactococcin 972, which inhibits septurn forma-
tion in lactococci [18]. A better understanding of
this phenomenon at the molecular level could
enable more potent synergistic activities while
counteracting resistance development.

First reports on mechanisms of bacteriocin
resistance development employed by the noto-
rious food pathogen Listeria monocytogenes indi-
cated the involvement of sugar transport sYs-
tems. In one case a pediocin-resistant mutant

Lactococci have very little biosynthetic capac-
ity, e.g. for the production of amino acids. They
acquire essential amino acids from milk pro-
teins through the concerted action of protein-
ases, peptidases and peptide uptake systems.
The products of proteolysis are important cheese
flavor components themselves or are converted
into flavors through chemicalor enzymatic
modification. As all peptidases and a number of
other flavor-generating enzymes {e.g. amino
acid convertases) of L. lactis are located intrac-
ellularly, it has been attempted to enhance starter
cell lysis under in dustrial fermentation condi-
tions. The lactococcal autolysin AcmA [5] pro-
vokes cell lysis during stationary phase and
manipulating its activity, or expressing bacte-
riophage lysin genes in L. lactis in a controllable
way, holds great promise for improving/
influencing cheese flavor development. One of
the important issues to be addressed is whether
to effect rapid and complete lysis or to aim for a
gradual, time-dependent starter lysis [27]. Por
noncheese applications it might be preferabIe to
inhibit cell lysis, to prevent extensive flavor
formation, thus preserving product freshness.
The detailed knowledge of the factors involved
in starter celllysis, as well as of the components
of the proteolytic system, will lead to develop-
ing strains for improved and tightly controlled
flavor formation in the near future.

Bacteriocin-induced lysis of L. lactis was
recently shown to be caused by AcmA: loss of
viability due to the bacteriocin is followed by
lysis as a consequence of the action of the
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antigen, are two of them. Cell-wan-bound pre-
sentation of an antigen has the advantage that
even upon lysis the antigen will still be bound
to the large carrier molecule, i.e. the bacterial
cen wan. Covalent binding of the peptide anti.:.
gen to the cens can be obtained by its attach-
ment to the peptidoglycan using the cen wan
sorting signal. Upon secretion this signal is
recognized by a transpeptidase named sortase,
which binds the protein via its C-terminus to
the interpeptide bridge of the peptidoglycan
[20] .In order to bind proteins to the cen wan in
a noncovalent manner the cen wan binding
domain of the autolysin AcmA of L. lactis was
used [5]. The C-terminus of this protein contains
repeated sequences responsible for binding to
the peptidoglycan. This binding domain is
present in more than 100 proteins from different
bacterial species, indicating that it is a general
manner of binding. The noncovalent binding
makes it possible to produce and secrete an
antigen fused to the cen wall binding domain
by a proper producer bacterium, after which it
can be isolated and bound to the target heter-
ologous (probiotic) bacterium (figure 2). The use
of such a method has the advantage that the
application of geneticany modified organisms
in food and oral immunization can be pre-
vented. Policy makers, influenced by consumer
opinion, are hesitant to anow the use of GMOs
in food because of their unwanted spread in
nature and unpredictability of side effects.
Recently, we succeeded in loading several non-
genetically modified Lactobacillus strains with
an antigen using the AcmA cen wan binding
domain. Fusion of this domain to different

was found to overproduce a putative
f3-glucoside-specific enzyme II of the

phosphoenolpyruvate-dependent phospho-
transferase system (PTS) [12]. In another case a
leucocin A-resistant Listeria strain was shown to
lack a putative mannose-specific PTS enzyme
IlAB [24]. The latter result was recently sup-
ported by the finding that by knocking out the
a-factor encoded by rpoN, which also controls
PTS genes, Listeriae, Bacilli and Enterococci
became resistant to subclass Ila bacteriocins [7].
It is still an open question as to how PTSs are
involved in resistance mechanisms, but studies
are in progress to elucidate this intriguing phe-
nomenon, hopefully yielding promising targets
for circumventing resistance development.

6. Probiotics

The beneficial effect of ingested lactic acid
bacteria, especially Lactobacillus sp. and Bifido-
bacterium sp., on the treatment and prevention
of specific pathological conditions is known as
the probiotic effect. Intestinal health can be
enhanced by probiotic bacteria via competition
for limiting nu trient inhibition of epithelial and
mucosal adherence and production of antimi-
crobial substances [25]. Lactic acid, which pos-
ses5es antimicrobial properties due to the low-
ering of the pH, has recently al5o been shown to
permeabilize the outer membrane of Gram-
negative bacteria by 1iberation of its lipopo1y5ac-
charides, 1eading to 1O5S of viability [1]. It might
weIl be that the action of lactic acid facilitate5
the action of other antimicrobia1 factors. Thus,
increased production of and resistance to lactic
acid might re5u1t in improved probiotic5.

Attachlng proteln
-"'

.-,;

-3
7. Anchoring systems for protein delivery
into food products or hosts o;:v;,

Q
Producer cel!

Delivery of immunocompetent antigens into
mammals by bacteria as a means of oral vacci-
nation can be obtained by different means.
Intracellular production of antigens followed by
either lysis of the producing bacteria, resulting
in the release of the antigen, or secretion of the

Receptor cel! O

Figure 2. Attachment of hybrid proteins to nonrecombinant
cells. The dark zig-zag area in the attaching protein represents the
anchor domain repeats. .
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safety assessment of GMOs in food [16]. Even
when only a ' gapped' genome sequence is avail-

able {e.g. 3.2 times coverage by random sequenc-
ing), specific methods for analysis can still give
a good overview of the central metabolism,
similar to that obtained from a complete genome
sequence [30]. Also, computational methods to
make optimal use of available sequences, com-
bined with expression data, are being devel-
oped that can predict functional interactions
between proteins and can help to assign previ-
ously unknown functions to proteins [9]. In
view of the relatively small genome sizes of
bacteria and their good amenability to genetic
manipulations they make excellent model sys-
tems for transcriptome and proteome analysis,
and for comparative genomics, addressing
important questions on, e.g., side effects of
genetic modifications, mechanisms of antimi-
crobial resistance development, industrial stress
responses, improved cell factories, metabolic
pathway engineering, probiotic functions and
host-microbe interactions. Bioinformatics tools
to study the properties of metabolic networks
are being developed, for comparative functional
analysis of microbial genomes [21], which will
be extremely useful for comparing traits of
industrial microorganisms. Recent develop-
ments in transcriptome analysis by DNA
microarray technology make it possible to use
general subsets of primers for selective labeling
of bacterial transcripts, in this way alleviating
the need for complete sets of primers and
providing additional sensitive and specific meth-
odology for transcript profi}ing [31]. Proteome
ana}ysis is an indispensable part of a functiona}
genomics effort, although it is still not possib}e
to view the total protein complement of a cell in
one experiment due to technica} difficulties, e.g.
to obtain spots for }ow abundant proteins or to
obtain spots of all membrane proteins. Interest-
ingly, secreted and membrane-bound proteins
can a}so be identified (but not quantified) by use
of DNA microarrays, making use of cell frac-
tionation techniques to obtain membrane-bound
polysoma} mRNA and cytop}asmic mRNA, fol-
}owed by hybridization of the }abe}ed cDNA to
genomic arrays. The transcripts encoding

heterologous proteins did not lead to complete
loss of activityf indicating the possibility of
binding active proteins to the surface of non-
GMO bacteriaf making them suitable for food

applications.
Challenging goals for the future will be the

construction of strains that overproduce these
proteins without their binding to the cen wans
and protection of the fusion protein against
proteolysis. Recentlyf a homologous cen wan
binding module present in the Escherichia coli
cen wan hydrolase mltD was shown to have a
/3aa/3 secondary structure [2]. This opens up the
possibility of investigating the binding on a
molecular scale and deterrnining the peptidogly-
can component to which the binding domain is
bound. Other protein domains for noncovalent
cen wan binding to Gram-positive bacteria have
been shown to recognize lipoteichoic acidsf
polysaccharidesf and peptidoglycan [20]. Use of
different cen wan binding domains that direct
proteins and peptides to different sites on the
cen surface win generate a set of tools by which
different bacteria can be charged with various
proteins. Alsof interactions between bacteria or
the interaction of bacteria with mucosal cens
might be enhanced or forced using such
domains.

8. Functional genomics

Stimulated by the rapidly increasing number
of completed genome sequences of food-related
bacteria ( e.g. starters, probiotic strains, patho-
gens and spoilage bacteria), and those expected
to be finished soon, functional genomics
approaches are being developed for employing
these data to the benefit of the food industry.
Projects involving L. lactis [3], Lactobacillus plan-
tarum, Lactobacillus acidophilus, Lactobaci1lus bul-
garicus, Bifidobacterium bifidum, Listeria monocy-
togenes, Bacillus cereus and Streptococcus
thennophilus are under way or are currently
nearing completion. Functional genomics
approaches are extremely weIl suited to gaining
a better understanding of cell functioning and
physiology in a product or host environment,
and will help to develop concrete tools for
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membrane-bound or secreted proteins wil1 be
enriched in the cel1 envelope fraction and the
encoded proteins can thus be identified [8]. The
elucidation of complete regulatory networks
wil1 al1ow for novel strategies in metabolic
engineering and for making use of or counter-
acting industrial stress responses.

10. Concluding remarks

A number of advances in the development of
functional genomics approaches and bioinfor-
matics tools, essential for dealing with the flood
of sequence and experimental genomic infor-
mation, will soon lead to a better understanding
of cenular physiology and the metabolism of
bacteria and other organisms. Combined with
existing knowledge and tools, this should lead
to improvement in industrial fermentations,
agriculture, and human health by means of
(metabolic) engineering of the food bacteria,
and win provide better systems for inducible
gene expression under industriany relevant con-
ditions, as wen as improved preservation sys-
tems. Moreover, novel safety assessment proce-
dures for GMOs can be envisaged, based on
comparative transcriptome knowledge between
industrial strains and that of the GMO under
investigation, providing windows of natural
gene expression levels, through which the devi-
ating levels of gene expression in GMOs can be
specificany identified and judged as to their
possible risk. The integration of tools in the
fields of physiology, genetic engineering, func-
tional genomics and bioinformatics will forever
change food biotechnology and win enable the
attainment of industrial applications much faster
and more effectively than was previously pos-
sible.

9. Genetically modified organisms
and bottlenecks in their food application

Although various strains of food bacteria
have been improved by genetic engineering
there is still very limited application of these
GMO strains. Main problems are the lack of
robust procedures for risk assessment, the lack
of knowledge on horizontal gene transfer and
on undesired side effects of genetic modifica-
tions, and on the unpredictability of the effect of
spreading the modified bacteria in nature, e.g.,
after passage through a human being. Many
efforts have been made in the field of develop-
ing tools for self cloning, to ensure that no
heterologous DNA is present in the GMO to be
applied to food fermentation or as a probiotic. A
general method for obtaining a desired modifi-
cation by temporal use of a plasmid used to
enable selection of the desired spontaneous
mutant (in this case for improved diacetyl for-
mation), and subsequent curing of the recombi-
nant plasmid, was recently reported [6]. Con-
sent for food application of such strains still
depends on the exact regulation of GMOs in the
various countries. Novel methods are also being
developed for generation of food-grade geneti-
cally modified bacteria by site-specific recombi-
nation, including site-specific DNA resolution
of nonfood-grade DNA used during the con-
struction [17]. Use of genomic tools such as
DNA microarrays can contribute to devising
robust risk assessment procedures, which are
needed by food manufacturers and consumers
(see below). These and other developments win
facilitate food applications of GMOs with
improved industrial properties, but even more
importantlv, with clear consumer benefits.
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