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Considerable advances have been made in the genetics and
molecular biology of lactic acid bacteria, including Lactococcus,
Lactobacillus, Leuconostoc, Pediococcus and Streptococcus
spp. These have resulted in the construction of constitutive gene
expression cassettes, inducible gene expression systems, and
specific protein targeting systems for these bacteria. These
developments are important in the food industry where lactic
acid bacteria can be exploited as food-grade cell factories.
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Introduction
Lactic acid bacteria (LAB) constitute a phylogenetically
related group of anaerobic Gram-positive bacteria, includ-
ing Lactococcus, Lactobacillus, Leuconostoc, Pediococcus, and
Streptococcus spp. (Figure 1), that share the capacity to fer-
ment sugars primarily into lactic acid. Many of these LAB
are associated with the traditional and industrial production
of fermented foods, beverages and animal feed. Engaging
examples include the manufacture of cheese, yogurt, and
sausage from animal produce, or sauerkraut, soy sauce, and
silage from vegetable origin. Moreover, some LAB are
exploited as producers of flavoring enzymes, peptides with
antimicrobial activity, or metabolites that contribute to the
flavor, conservation or texture of foods. Finally, several
LAB, notably Lactobacillus spp., are presently marketed as
probiotic cultures with health-promoting capacity. 

This decade has seen significant advances in the genetic
study of LAB resulting in the development of a great num-
ber of genetic techniques, transformation protocols, and
sophisticated vector, integration and amplification systems
that have been reviewed elsewhere [1–5]. In addition, sever-
al sophisticated, sustainable and safe selection systems have
been generated that can be applied in the food industry and,
hence, are termed food-grade [6]. Moreover, hundreds of
genes and operons of LAB have been characterized in con-
siderable detail for their sequence, function and expression.
Finally, genomics has been advanced in LAB and the

genome of Lactococcus lactis has recently reported to be com-
pletely sequenced, while genome sequencing of several
other starter and probiotic strains has been initiated [7].

Essential for the further scientific and industrial develop-
ment of LAB is the modulated expression of novel,
existing or new combinations of genes, and the appropriate
delivery of their gene products. For this purpose a variety
of constitutive or inducible gene expression as well as pro-
tein targeting systems have been developed that in many
cases are also operating in various LAB. In this review the
essential features of these expression systems, their devel-
opment, and their present or potential applications are
discussed with specific attention to L. lactis, which has
become the paradigm for LAB.

Constitutive expression systems 
Because of its important role in the efficiency and control of
gene expression, the process of transcription initiation has
received considerable attention in various LAB, specifical-
ly Lactococcus and Lactobacillus spp. [1–3]. Only in L. lactis,
however, has the rpoD gene encoding the major sigma (σ)
factor, been characterized. rpoD was found to encode a
39 kD protein with high similarity to the vegetative Bacillus
subtilis σ43 and the carboxy-terminal part of the Escherichia
coli σ70 [8]. The specific contacts of the L. lactis σ43 with the
lactococcal promoter region have not been determined. On
the basis of analysis of a large number of promoters, how-
ever, a consensus lactococcal promoter can be deduced that
includes the conserved –35 and –10 hexamers found in
E. coli and B. subtilis; shows a strict separation between
these canonical hexamers of 17 nucleotides; contains a TG
dinucleotide at position –15; and includes a region immedi-
ately upstream from the –35 sequence that is AT rich [2,5].
By examining similarities between aligned promoters,
including that of rRNA and tRNA operons, it has been pro-
posed that the latter upstream sequence has a specific
consensus of AGTTATTC, and a conserved sequence at
+1, GTACTGG, which includes the transcription initiation
site, was also identified [9,10••].

Three different strategies have been followed to isolate
promoters from L. lactis and other LAB. The first strategy is
based on screening vectors, both plasmids and transposons,
carrying promoterless reporter genes such as those encod-
ing chloramphenicol resistance (cat-86) or β-galactosidase
(lacZ) or β-glucuronidase (gusA) [1–3]. New and useful lac-
tococcal promoters are still being discovered as illustrated
in a screening study exploiting the promoterless lux gene
that yielded a new set of more than 10 promoters with
greatly different efficiency [11]. The second strategy capi-
talizes on the great number of genes that now have been
studied and has led to the identification of various promot-
ers, notably those from house-keeping genes, that are
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strong and constitutive [1–3]. In addition, several controlled
promoters have been discovered in this way and some of
the most promising ones are discussed below. A third and
exciting novel approach has been reported recently, and
comprises the construction and screening of synthetic pro-
moters obtained from the consensus L. lactis promoter
(Figure 2) in which the sequences of the separating spacer
regions were randomized [10••]. A set of 38 promoters that
differed in strength by 3–4 logs of activity, including sever-
al very strong promoters, was analyzed and found to be
constitutive. Both of these properties render this set of pro-
moters specifically suitable for metabolic engineering
studies in which gene expression should be modulated in a
constitutive way. Some of these promoters were not only
functional in L. lactis but also in E. coli, in which some of the
weak L. lactis promoters were still highly active. This may
reflect the fact that L. lactis and other LAB set more strin-
gent requirements on promoters than E. coli, which is a
relatively promiscuous host. A high selectivity of LAB has

also been described for the Lactobacillus promoters [1]. This
phenomenon may be due to the fact that the GC content of
LAB is lower than that of E. coli and, hence, there may be
a bias in LAB against the high fraction of AT-rich sequences
found in the consensus promoter (see above). It will be of
interest to see how this strategy using synthetic promoters
could be applied to other LAB in order to obtain species-
specific promoters and increase the understanding of
initiation of gene expression.

Controlled expression systems
The structural and functional analysis of specific genes and
operons has allowed for a detailed insight in the regulation
of transcription initiation in LAB [12–14]. Some of these
promoters, however, are less useful than others in the
development of controlled expression systems. Therefore,
regulated promoters with low transcriptional efficiency,
promoters that are only controlled to a limited extent, or
promoters that have limited application potential are not
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Table 1

Sugar-inducible expression systems for LAB.

LAB Sugar Promoter Regulator Expressed genes Induction factor References

Lactococcus lactis Lactose lacA LacR cat-86, luxAB, Lysin gene ~ 10 [64–66]
Lactococcus lactis Lactose lacR LacR luxAB ~ 10 [65]
Lactococcus lactis Lactose lacA/T7 LacR TTFC gene, IL2 gene ~ 20 [27,67]
Lactobacillus pentosus Xylose xylA xylR cat-86 ~ 60 [28,68]
Streptococcus thermophilus Lactose lacS GalR cat-86 ~ 10 [25]

Figure 1

Escherichia coli subsp K-12 Streptococcus thermophilus

Lactobacillus spp.3

Lactobacillus spp.2

Lactobacillus spp.1

Pediococcus spp.

Bacillus subtilis

Leuconostoc spp.

Lactococcus spp.
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Unrooted phylogenetic tree based on 16S rRNA sequences showing
the relative positions of Lactococcus, Lactobacillus (three main groups,
designated 1, 2 and 3), Leuconostoc, Pediococcus sp. and

Streptococcus thermophilus. The positions of Bacillus subtilis and
Escherichia coli are shown for comparisons.



further discussed here. Specific cases that are not further
discussed here, but may be useful in some applications, are
globally controlled promoters identified in LAB; for exam-
ple, heat-shock promoters controlled by the negative
regulator HcrA and CIRCE operators [15,16], cold-shock
promoters [17,18], other stress-controlled promoters affect-
ed by CtsR or other factors [19•,20], promoters repressed or
activated by catabolite repression mediated by Hpr/CcpA
acting on cre elements [21,22], and promoters under control
of FNR- or possibly OxyR-like proteins [23•,24].

Sugar-inducible expression systems
Sugar utilization has been extensively studied in LAB
because of its important role in the industrial fermentations.
Most genes involved in sugar transport and catabolism are
organized into operons that are strongly expressed and con-
trolled at the level of transcription initiation. Most systems
are subject to CcpA-dependent catabolite repression, but
many are also specifically control by a dedicated regulator,
which in most cases has been identified. Several of the lat-
ter control circuits have been used to develop
sugar-dependent gene expression systems that have been
tested with a number of reporter and other relevant genes.
These sugar-inducible expression systems vary in efficiency,
gene location, and inducing sugar (Table 1). Although most
promoters are subject to repression, it appears that the
Streptococcus thermophilus lac promoter is under control of a
transcriptional activator (Vaughan EE, Catzeddu P, van den
Boogert P, de Vos WM, unpublished data). This system is of
specific interest since, in contrast to the other systems, it is

not located on high copy number plasmids but provides
induction of single copy genes inserted by gene replace-
ment in the chromosomal lac region [25].

The best characterized lactococcal promoter is that of the
L. lactis lac operon. This strong lacA promoter, which is
virtually not subject to catabolite repression, is controlled
by the autoregulated LacR repressor. Induction by lac-
tose is effected by the intermediate tagatose-6-phosphate
that inactivates the LacR repressor. The critical residues
of the LacR repressor involved in this process have been
identified [26]. By cloning the E. coli T7 RNA poly-
merase gene under control of the lacA promoter, a
sophisticated system has been developed for L. lactis that
exploits the efficiency of the dedicated T7 promoter,
which indirectly is stimulated by growth of the cells on
lactose [27]. This system has been reported to have the
highest efficiency of all the sugar-inducible expression
systems, but its induction is surpassed by that of the
Lactobacillus pentosus xylA promoter, which is strongly sen-
sitive to catabolite repression [27,28].

Other gene expression systems developed for LAB
Although the sugar-controlled systems are useful, mainly
because of their high efficiency, there is a need for efficient
expression systems that are better and easier to control.
Four completely different systems that allow gene expres-
sion to be induced between 100–1000-fold have recently
been developed on the basis of molecular analysis of
genetic regulatory circuits (Figure 2). 
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Figure 2

General outline of the molecular architecture of
the inducible gene expression systems
developed for L. lactis and other LAB. (a) The
explosive expression system. The expression of
the tac gene is induced by bacteriophage φ31
infection resulting in the synthesis of the Tac
transcriptional activator. The  middle promoter
of φ31, p8625, is also induced by bacteriophage
infection as well as the Tac transcriptional
activator. Expression from P8625 results in
protein over-production and lysis of the
expression host. (b) The NICE system. The
PnisA promoter is regulated by the two-
component regulatory system, consisting of the
sensor kinase NisK and the response regulator
NisR, which responds to extracellular nisin.
Addition of nisin to the extracellular media
results in induction of gene expression from
PnisA. (c) A temperature-inducible system. The
thermolabile Rro12 repressor of P2 is inactive
at 40°C, resulting in induction of gene
expression controlled by P2. (d) A pH-inducible
system. The induction of the Pgad by chloride or
acid is mediated by GadR by an unknown
mechanism. Arrowheads indicate location and
orientation of promoters (white, not controlled;
black, controlled). Black arrows indicate genes
of interest that can be expressed by the
inducible systems.
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φ31-induced explosive expression system
An elegant system has been developed on the basis of the
middle promoter of the lactococcal bacteriophage φ31, which
is induced by infection by φ31 (Figure 2a). This molecular
switch is turned on by bacteriophage infection and, hence,
results in lysis of the production strain. An additional boost to
the expression was provided by using an expression plasmid
containing the replication origin of φ31 (ori31) that is also
induced upon bacteriophage infection and results in runaway
replication. Because of the lysis that is ultimately realized,
this system was termed explosive expression [29].

Recent analysis of this regulatory circuit, which is also
functional in E. coli, provided evidence for the involve-
ment of a φ31-encoded trans-acting transcriptional
activator (Tac), which is encoded by the tac gene preceding
the inducible φ31-middle promoter (Figure 2a). Analysis of
the 322 bp minimal promoter fragment revealed that a
mutation in an inverted repeat upregulates the promoter
while maintaining an induction factor of >1000-fold after
two hours of infection [30••]. Because of its high inducibil-
ity coupled to lysis and release of the product of interest,
the explosive expression system is highly attractive. A
drawback is the phage-dependent induction which may be
difficult to realize on an industrial scale, because it is lim-
ited to specific host–phage interactions.

Nisin-controlled expression system
A highly versatile, strongly controlled, and food-grade
process for controlled over-production of proteins is based
on the nisin-controlled expression (NICE) system [31]
(Figure 2b). The NICE system has been derived from the
molecular characterization of the production of nisin, a
post-translationally modified antimicrobial peptide, pro-
duced by several strains of L. lactis that are widely used in
the food industry [32]. Nisin production is under control of
the nisA promoter that is subject to autoregulation by a
two-component regulatory system, consisting of the sensor
kinase NisK and the response regulator NisR, which
responds to extracellular nisin [33]. This regulatory system
belongs to the well-known peptide pheromone-dependent
quorum sensing systems that are widely distributed in
Gram-positive bacteria [34].

It was shown that nisA promoter, which could be trimmed
down to less than 50 bp, could be employed in a series of
transcriptional and translational fusion vectors. These
appeared to be extremely useful for the expression of a
variety of genes resulting in hyper-production of enzymes
such as the debittering aminopeptidase N to more than
50% of the total protein [35–37]. The induction could be
realized in a dynamic range to 10,000-fold by the addition
of subinhibitory amounts of the signaling molecule nisin,
mutants thereof, or simply by adding a supernatant of a
nisin-producing strain. In addition, density-dependent
expression of genes of interest was realized by using a
nisin-producing L. lactis strain as production host. Finally,
the NICE system could be successfully implemented in a

variety of LAB and other industrially relevant bacteria,
including Bacillus, Enterococcus, Lactococcus, Lactobacillus
and Streptococcus spp. [38,39••].

Thermoinduction systems
Determination of the complete nucleotide sequence of the
temperate L. lactis bacteriophage φr1t allowed the identifi-
cation of a control region involved in the lysogenic switch,
strongly resembling that of bacteriophage lambda [40]. It
consists of two divergent genes promoters, P1 and P2, con-
trolling expression of the rro gene, encoding a repressor,
and the tec gene (topological equivalent to cro), respective-
ly (Figure 2c). Experimental evidence was provided for
the repression of P2 expression by Rro, which could be
alleviated by the addition of mitomycin C [41].

An improvement of this system was realized by designing
a thermolabile variant of the Rro repressor, Rro12, that
upon shifting from a permissive growth temperature of
24°C to 42°C resulted in an approximately 500-fold
induction of gene expression controlled by P2 [42].
Although thermoinduction is not easy to apply on an
industrial scale and also leads to the induction of various
heat-shock genes, this system may have similar potential
as the highly similar E. coli PL promoter.

pH-dependent systems
Because acidification is one of the properties of LAB,
several screening approaches have uncovered pH-
dependent promoters that usually also responded to
other stress factors [43,44]. A specific case is the gad pro-
moter driving expression of the gadCB operon predicted
to encode a glutamate-γ-aminobutyrate antiporter and
glutamate decarboxylase, respectively, that operate in
glutamate-dependent acid stress resistance (Figure 2d).
The induction of the gad promoter by chloride, gluta-
mate or acid is mediated in an unknown way by the
GadR protein that is assumed to be a transcriptional acti-
vator [45••]. On the basis of this environmentally
regulated control circuit an inducible expression system
was developed that was induced more than 1000-fold by
growth in the presence of 0.5 M NaCl [46].

Protein targeting systems
Following the production of proteins or peptides by LAB
using the described expression systems, they should be
properly folded, targeted, and, if appropriate, recovered.
Protein secretion via the sec-dependent pathway has
been subject of recent studies resulting in optimization
of previously established secretion cassettes, such as
those based on the Usp45 signal sequence, with specific
prokaryotic but also various eukaryotic proteins in L. lac-
tis [47,48,49•] and Lactobacillus spp. [50,51,52•,53]. Also
new secretion signals in various LAB have been
screened and exploited for protein targeting systems
[53–55]. In addition, the use of dedicated, non-sec-
dependent secretion via ABC exporters is receiving
increasing attention and has led to the export of novel
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peptides, such as colicin V, mesentericin and pediocin,
by L. lactis [56–58].

In addition, a new emerging area is to specifically deliver
proteins to the cell envelope, in order to facilitate protein
recovery, immobilize cells, or present bioactive molecules,
such as antigens. Attempts to anchor proteins using L. lac-
tis signals, such as the PrtP carboxy-terminal domain, have
been described [50]. Recently, the carboxy-terminal cell
wall anchor of Staphylococcus aureus protein A was found to
be effective in specifically anchoring streptavidin to the
cell wall of L. lactis [59••]. Another approach has been
based on the newly identified carboxy-terminal anchor
sequence of the L. lactis autolysin AcmA that could be used
to anchor proteins to lactococcal cell walls even after they
had been produced in another bacterium [60].

Finally, specific lysis systems have been designed based
on the inducible expression signals (Figure 2) that were
coupled to lysin and/or holin genes from bacteriophages
or the lactococcal autolysin gene acmA [61–63]. In all
cases successful lysis was obtained in L. lactis resulting in
the release of intracellular enzymes, including those that
were simultaneously over-produced. Although resem-
bling the explosive expression triggered by phage
infection [29], these systems have superior control and
industrial potential, notably the food-grade NICE sys-
tem that was applied in model cheese production [61].

Conclusions
A variety of highly sophisticated expression systems
have now been developed for LAB. These will be instru-
mental in providing an improved understanding of gene
function and expression in LAB that is essential in the
post-genomic era. In addition, these tools may be imple-
mented in other Gram-positive and even Gram-negative
bacteria. Finally, these systems may be used to rational-
ly improve the existing food applications of LAB
resulting in superior traditional fermentations or novel
functional foods. Also LAB could be developed for the
production of new compounds (varying from enzymes or
peptides to metabolites and neutraceuticals), or to pro-
mote specifically the in situ production of desired
compounds, either in food products or in the gastro-
intestinal tract, following their consumption.
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