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SUMMARY

Lactococcus lactis is a mesophilic fermentative Gram-positive microorganism. It is
used in large scale fermentations in the dairy industry and is, therefore, of
considerable economic importance. L. lactis can encounter a variety of adverse
conditions during its use in large scale industrial fermentations. These include,
among others, starvation for an important nutrient or extremes in physical
conditions such as high or low temperature, high osmotic pressure or low pH. Like
other organisms, L. lactis has mechanisms to survive such stress conditions and in
many cases these involve the induction of expression of a specific set of the so-
called stress response genes.

L. lactis is regarded as a safe microorganism because of its long history of
use in human consumption. It has potential for wider use in food production, but
current application is limited by the traits of the presently known strains. Genetic
modification provides the possibility to introduce new properties that could widen
the field of application of L. lactis. Techniques for the expression of genes in L.
lactis that are completely based on lactococcal DNA have been developed.
However, the currently available systems, with a few exceptions, allow only
constitutive gene expression, whereas in many industrial and laboratory situations
inducible gene expression is a prerequisite, for example for the expression of toxic
gene products. To be able to use inducible gene expression systems in food
production, the inducing signal should be either a safe food additive or a change in
a physical parameter that can be easily applied in an industrial process. In other
words, expression signals of stress-inducible genes of L. lactis are of great interest
for use in heterologous gene expression in this organism. This thesis describes the
identification and characterisation of several environmentally controlled genes and
the use of some of the identified gene expression signals for the successful
production of deleterious gene products.

Stress-induced expression of unknown genes can be identified either by the
overexpression of a protein during a stress condition or by looking for increased
transcriptional activity by insertion of a reporter gene in a stress-induced gene.
Using the first approach a differentially expressed protein was detected, which on
the basis of its N-terminal amino acid sequence was identified as the lactococcal
superoxide dismutase (SodA). SodA is involved in the scavenging of superoxide, a
reactive oxygen intermediate that elevates the cytoplasmic free iron pool. This

favours the Fenton reaction (H2O2 + Fe2+ + H+→°OH + H2O + Fe3+), leading to the
production of hydroxyl radical, another very reactive oxygen species that damages
macromolecules. sodA was cloned by complementation of an Escherichia coli sodA
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sodB strain. The sodA promoter was mapped and resembles vegetative
lactococcal promoters. The -35 hexanucleotide of this promoter is surrounded by
an 8-bp inverted repeat which may play a role in regulation. Expression of sodA
was induced twofold upon aeration. A DNA fragment of 360 bp upstream of the
promoter was needed for the induction by aeration. A sodA insertion mutant lacked
detectable superoxide dismutase activity and showed a reduced growth rate in
aerated cultures, whereas the growth rate did not differ from the wild-type in
standing cultures. This points to an important role for sodA in prevention of
oxidative damage in this aerotolerant fermentative organism. On the other hand,
sodA is not essential, suggesting that alternative mechanisms are present that
allow L. lactis to cope with oxidative stress.

Reporter genes are frequently used for the identification of gene expression
signals. Most of the known systems are plasmid based and, thus, involve multiple
copies of a promoter - reporter gene fusion. This can be of disadvantage in the
study of regulated promoters, as trans-acting (regulating) factors may be titrated by
the number of copies of their target sequence. To circumvent this complication a
single copy promoter screening system was developed on the basis of a pORI
integration vector. pORI plasmids lack the gene encoding the replication protein
RepA and can only be propagated in RepA+ helper strains. Plasmid pORI13 carries
a promoterless variant of E. coli lacZ preceded by lactococcal translation signals as
a reporter gene. Fragments of the L. lactis chromosome were cloned in this
integration vector by using a RepA+ E. coli host strain. The resulting pool of
plasmids was used to transform an L. lactis strain specifying a temperature
sensitive RepA protein. Campbell-type integration of the pORI13 derivatives was
achieved by a temperature upshift that prevents plasmid replication. In this way, a
set of clones was obtained, each of which carried lacZ at a different, unknown,
position in the genome. To minimise the probability that targeted genes are
inactivated by integration of pORI13 derivatives, relatively large chromosomal DNA

fragments (1-10 kb) were used for integration. The clones were analysed for β-
galactosidase activity in the presence of NaCl. Most clones that showed some level
of blue staining in the presence of NaCl and X-gal had the same phenotype in the
absence of NaCl. One clone (NS110) showed a lower level of lacZ expression at
high osmolarity or at low temperature. Another clone (NS3) only expressed lacZ in

the presence of NaCl. β-galactosidase activity in NS3 was proportional to the
concentration of chloride ions in the medium and was independent from the
osmolarity of the medium. These two clones were selected for analysis at the
genetic level. DNA sequences upstream of the lacZ insertion site were rescued by
reversion of the Campbell-type integration by reintroducing RepA. The plasmids
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obtained in this way showed the same phenotype, indicating that the regulatable
promoters involved had been cloned.
Deletion analysis was used to locate the promoters and the precise transcription
start points were mapped by primer extension. In NS110, lacZ had inserted in a
homologue of Bacillus subtilis prsA, a gene encoding phosphoribosyl
pyrophosphate synthetase. This enzyme is involved in the biosynthesis and
salvage of purine and pyrimidine nucleotides and in the biosynthesis of the amino
acids histidine and tryptophan.

NS3 contains a chromosomal lacZ fusion with a gene homologous to gadC of

Shigella flexneri. This gene encodes a putative glutamate - γ-aminobutyrate (GABA)
antiporter involved in glutamate-dependent acid stress-resistance. In addition, it is
homologous to a number of other amino acid antiporters. GadC contains twelve
stretches of hydrophobic amino acid residues, suggesting that it is an integral
membrane protein. The chloride-dependent promoter Pgad of L. lactis directs the
expression of gadC and gadB, two genes that form an operon. On the basis of
homology studies GadB is a glutamate decarboxylase. The coupling of
precursor/product antiport with the intracellular decarboxylation of the imported
organic (amino-) acid is a universal mechanism in bacteria. These systems could
provide cells with an extra source of energy, as precursor/decarboxylation product-
antiport can result in the formation of a membrane potential. In addition, in some
cases such systems have been implicated in survival of bacteria in low pH
environments. In a model for S. flexneri GadBC, postulated on the basis of its
homology with the E.coli CadBA acid resistance mechanism, GadC is proposed to be
involved in the antiport of glutamate and GABA, while the glutamate decarboxylase
GadB converts internalised glutamate to GABA with the simultaneous consumption
of a proton and production of one molecule of CO2. The net result of the combined
action of GadBC would be the removal of a proton from the cytosol and, thus, an
increase of the internal pH. In addition, extracellular glutamate is exchanged for the
more alkaline GABA. In this thesis it is shown that also in L. lactis a glutamate-
dependent acid resistance mechanism operates. When grown in the absence of
NaCl, cells are acid-sensitive while mutants unable to express GadB or both GadB
and GadC were acid-sensitive in the presence of glutamate and NaCl. These results
indicate that L. lactis gadCB functions in acid resistance.

Expression of gadCB in L. lactis in the presence of chloride was increased when
the culture pH was allowed to decrease to low levels by omitting buffer from the
medium. Glutamate also stimulated gadCB expression. These genes, thus, encode a
glutamate-dependent acid resistance mechanism of L. lactis that is optimally active
under conditions where it is needed to maintain viability. The gene gadR, immediately
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upstream of gadC, encodes a positive regulator. GadR is homologous to the
Streptococcus gordonii regulator Rgg. gadR is expressed at a low level independent
from the chloride concentration of the medium. Disruption of gadR revealed that it is
indispensable for chloride-induced transcription of a 3-kb mRNA, encompassing, most
likely, both gadC and gadB. The start of the 3-kb transcript is located between gadR
and gadC and is preceded by a consensus -10 hexanucleotide. However, around
position -35 a 21-bp inverted repeat (IR) is present instead of the canonical -35
hexanucleotide. This IR functions as a transcriptional terminator for gadR but may
also play a role in chloride dependent gadCB expression.

The chloride inducible promoter Pgad is of interest for the controlled
(over)expression of heterologous genes in L. lactis. An expression cassette was
designed which contained gadR, Pgad and the translation signals of gadC. By

insertion of this cassette upstream of lacZ a more than thousandfold higher β-
galactosidase activity could be obtained in cultures containing 0.5 M NaCl as

compared to cultures to which no NaCl was added. In the absence of NaCl, β-
galactosidase activity was hardly detectable. The potential applicability of Pgad for the
expression in L. lactis of deleterious gene products was examined by using the
genes of two cell wall degrading enzymes. Cells containing fusions of Pgad with either
lytPR, specifying the holin and endolysin of the lactococcal bacteriophage r1t, or
acmA, encoding the major autolysin of L. lactis, grew at a rate similar to that of the
wild-type in the absence of NaCl. This observation implies that the background level
of expression from Pgad is very low. Growth of the strains was halted upon addition of
0.5 M NaCl to exponentially growing cultures, whereas a control strain expressing
lacZ continued to grow like the plasmid-free wild-type cells. Accordingly, induction of
LytR or AcmA activity could be detected in a zymographic analysis of cell wall
hydrolase activity. Induced expression of both enzymes resulted in cell lysis, as was
evidenced by release of the cytoplasmic marker enzyme PepX into the culture
supernatants. Maximal extracellular PepX levels were found at one 1 day after lytPR
induction with 0.1 M NaCl.

Extra PepX activity could be released from induced cells when they were
given a hypoosmotic shock. This result indicates that a fraction of the cells had no
or a weakened cell wall because of LytR or AcmA activity, but was still intact due to
the presence of the inducer NaCl, which is also an osmostabiliser. Strains of L.
lactis that autolyse upon induction can, thus, be constructed by recombining
lactococcal DNA fragments. Such strains could possibly be applied for acceleration
of cheese ripening, as the release of cytoplasmic enzymes is generally seen as a
rate limiting step in this process. The extent of lysis can be controlled by the
amount of NaCl added for induction. Moreover, autolytic strains could be used for
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the production of cell lysates. The low background level of expression, the high
induction level and the use of NaCl, which is a cheap and widely used safe food
additive, as inducing agent holds promise for Pgad to be used for the development of
new L. lactis strains for both traditional and new food products.
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