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SUMMARY

During industrial fermentations bacteria can survive environmental stress
conditions, like heat, cold, low pH and high NaCl concentrations by the specific
induction of appropriate protection mechanisms. An integration vector, pORI13,
was developed to screen for expression signals in Lactococcus lactis induced by

changes in the environment and to assay transcriptional activity of genes in single
copy. The vector lacks the gene encoding the plasmid replication protein RepA and

is propagated in a RepA+ helper strain. The plasmid carries a promoterless
Escherichia coli lacZ gene preceded by a lactococcal ribosome binding site and

start codon, and a multiple cloning site. Chromosomal Sau3A fragments of L. lactis

MG1363 were cloned in pORI13 using a RepA+ E. coli as host. The resulting bank
of plasmids was used for Campbell integration in the chromosome of L. lactis 

MG1363 with the help of pVE6007, which encodes a temperature sensitive
derivative of RepA. As a result multiple lacZ transcriptional fusions in the
lactococcal chromosome were obtained. The relatively large size of the

chromosomal fragments used for integration reduces the probability that a targeted
gene is inactivated by integration of pORI13. Screening in the presence of 0.3 M

NaCl resulted in the isolation of a clone (NS3) in which expression of lacZ

depended on the presence of chloride ions. A linear correlation was observed
between the level of lacZ expression and the concentration of NaCl in the medium.
In another clone (NS110) lacZ expression was down regulated at high osmolarity

or at low temperature. NS110 contains a chromosomal lacZ fusion with a gene
homologous to prsA of Bacillus subtilis, encoding phosphoribosyl pyrophosphate

synthetase. pORI13 is helpfull to search for environmentally regulated genes of L.

lactis and can, in principle, be used for promoter screening and monitoring of
transcriptional activity in single copy in other bacterial species.

INTRODUCTION

Lactococcus lactis is widely used in food industry, mainly for the conversion of milk
into products less sensitive to spoilage. During industrial fermentations L. lactis is
subject to a number of changes in environmental conditions that affect cellular
processes, such as rapid acidification of their environment (to pH 4), higher

temperatures (37-40°C) for cooking of cheeses, low temperatures (5-15°C) during
storage and an increase in osmolarity because of the addition of NaCl to cheeses.
Bacterial cells are known to survive such adverse conditions by the induction of
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several stress resistance mechanisms. L. lactis has been shown to acquire
resistance to heat, acid, H2O2, ethanol and osmotic stress in the stationary growth
phase (8). Pretreatment of L. lactis at mild acid conditions improves their survival
from lethal acid challenge (24). Several stress-induced lactococcal genes have
been described, including those of the well known heat shock chaperones DnaJ,
DnaK, GroESL, GrpE (3) and the aeration-induced SodA (Chapter 2). The
observation that these stress conditions induce gene expression in L. lactis, and
the fact that these conditions are commonly found in food systems has potential for
the development of foodgrade inducible gene expression systems. For the 
expression of deleterious gene products regulating elements are required that
allow tight control: no, or at least very limited, expression during cellular
development and high expression after induction.

A number of promoter screening systems for L. lactis has been described, in
which different reporter genes were used: Escherichia coli lacZ (13), E. coli gusA

(23), L. lactis lacG (26) and different chloramphenicol acetyltransferase genes (4,
19, 31). In most cases, these systems are plasmid-based. Multiple copies of a
regulated promoter on a plasmid may interfere with the regulation mechanism by
titration of regulatory proteins. In addition, plasmid copy numbers may vary.
Therefore, to asses the expression of a regulated gene accurately, its
transcriptional fusion to a single copy of a reporter gene in the chromosome is
preferable. Recently, a Tn917-based promoter screening system using lacZ as a
reporter has been used to identify lactococcal promoters expressed during low
temperature and low pH conditions (13, 14). Transposon insertion, however,
results in many cases in gene disruption.

A new promoter screening system was developed, in which the Campbell-
type integration vector pORI13 was used to search for environmentally regulated
promoters. pORI13 is a member of the pORI family of integration vectors that can
only replicate in helper strains that provide the RepA plasmid replication protein
from the broad host range lactococcal plasmid pWV01 in trans. The pORI vectors
can integrate in strains by recombination if homology is provided. pORI vectors
have been used for the generation of random insertion mutants and the
construction of targeted chromosomal deletions by replacement recombination (15,
18). Here another variant, suitable for single copy promoter screening and analysis
is presented. This host vector system offers the advantage of rapid isolation of the
chromosomal DNA located upstream of the inserted lacZ by reversion of the
Campbell integration (15). The analysis of two loci from a collection of integrants is
described, one of which is tightly regulated by chloride ions, whereas the other is
repressed by high osmolarity and low temperature.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. L. lactis was grown at 30°C in ½M17

broth, with a final concentration of 1.9% β-glycerophosphate and 0.5% glucose. Solidified
M17 contained 1.5% agar. Erythromycin (Em) and chloramphenicol were used at final

concentrations of 5 µg/ml. When selecting for plasmid integration, 2 µg/ml Em was used.

5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) was used in a final
concentration of 0.008%. E. coli was grown in TY broth at 37°C with vigorous agitation or

on TY agar plates. Em was used at a final concentration of 100 µg/ml.

General DNA and RNA techniques. DNA work was performed essentially as
described by Sambrook et al. (25). DNA was introduced by electrotransformation in
E. coli (37) and in L. lactis (11). The Pharmacia T7 sequencing kit (Pharmacia LKB
Biotechnology AB, Uppsala, Sweden) was used for DNA sequencing. Oligonucleotides
were synthesized with an Applied Biosystems 392A DNA synthesizer (Applied Biosystems
Inc., Foster city, CA). DNA sequences were analysed with the PC/Gene sequence
analysis program (IntelliGenetics Inc., Geneva, Switzerland). Protein homology searches
against the Genbank were carried out using the BLAST program (1). Protein sequence
alignments were carried out with the PALIGN program of PC/Gene using the structure
genetic matrix.
RNA was isolated from exponentially growing L. lactis cultures (optical density at 600 nm
of 0.5) as previously described (28). Synthetic oligonucleotides NS3-11 (5’-
CAGTCAAAACCATTGAAGCGGTTAATGCGAAAAAACCG) and NS110-6 (5’-
CCTAGAGGAACTCCTGTAAATTGGC) were used for primer extension. Twentyfive

nanograms of primer were added to 5 µg of RNA in a 5.5 µl reaction mixture containing

0.25 mM dCTP, 0.25 mM dGTP, 0.25 mM dTTP and 2 µM α-35S-dATP and cDNA was
synthesised using AMV reverse transcriptase (Boehringer Mannheim GmbH,
Mannheim,Germany). After 10 min of incubation at 42°C an excess of cold dATP was
added and incubation was prolonged for another 10 min at 42°C. The primer extension
product was analysed on a sequencing gel next to the products of a sequence reaction
using the same primer.

ß-Galactosidase assays. Cell extracts were prepared by vigorous shaking of cells
in the presence of glass beads (29). ß-Galactosidase activity was determined as
described by Miller (21). Protein concentrations were determined by the method of Brad-
ford (5) with bovine serum albumin as the standard.

Construction of a genome bank in pORI13 and its integration in the L. lactis
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genome. Total chromosomal DNA of L. lactis MG1363 was partially digested with Sau3A to
obtain a majority of fragments ranging in size from 1 to 10 kb. These were ligated into the
BamHI restriction enzyme site of pORI13, which had been treated with alkaline
phosphatase prior to ligation. This ligation mixture was used to transform E. coli EC1000
(RepA+).
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TABLE 1. Bacterial strains and plasmids.
Strain or plasmid Relevant characteristics Reference or source

Strains
L. lactis

MG1363 Plasmid-free derivative of NCDO712 7

LL108 Cmr, MG1363 derivative, carrying multiple repA copies in the
chromosome

16

LL302 MG1363 derivative, carrying a single repA copy in pepXP 16

NS3 Emr, lacZ fused to the lactococcal gadC homologue This study

NS110 Emr, lacZ fused to the lactococcal prsA homologue This study

MG141 Emr, ORF32::lacZ 16

E. coli
EC1000 Kmr , MC1000 derivative, carrying a single copy of pWV01 repA

in glgB.
18

Plasmids
pMG60 Emr, fusion of promoter 32 with lacZ 30

pORI28 Emr, Ori+,RepA- derivative of pWV01 18

pORI13 Emr, promoterless lacZ, Ori+ ,Rep- derivative of pWV01 This study

pVE6007 Cmr, pWV01 derivative encoding a temperature sensitive RepA
protein

20

pNS3 Emr, pORI13 carrying a 10-kb Sau3A chromosomal DNA
fragment, lacZ fused to the lactococcal gadC homologue

This study

pNS3d Emr, NS3::lacZ, pORI13 carrying a 2.4-kb PstI-Sau3A
chromosomal DNA fragment, deletion derivative of pNS3

This study

pNS3e Emr, NS3::lacZ, pORI13 carrying a 550-bp EcoRI-Sau3A
chromosomal DNA fragment, deletion derivative of pNS3

This study

pNS3f Emr, NS3::lacZ, pORI13 carrying a 450-bp XbaI-Sau3A
chromosomal DNA fragment, deletion derivative of pNS3

This study

pNS3III Apr, pUC18 with a 470 bp XbaI fragment of pNS3,
encoding the 5’-end of gadC

This study

pNS110 Emr, pORI13 carrying a 1.43-kb Sau3A chromosomal DNA
fragment, lacZ fused to the lactococcal prsA homologue

This study

pNS110b Emr, pORI13 carrying a 1.25-kb Sau3A-HindIII chromosomal
DNA fragment, deletion derivative of pNS110

This study

pNS110c Emr, pORI13 carrying a 1.03-kb Sau3A-DraI chromosomal DNA
fragment, deletion derivative of pNS110

This study

Transformants were collected from agar plates by flooding each plate with 2 ml of TY broth,
and their plasmid DNAs were isolated. The plasmid mixture was used to transform L. lactis

MG1363(pVE6007). Integration of the pORI13 derivatives was established by incubation of

the transformants at 37°C as described by Law et al. (15). Transformants were plated onto
sucrose (0.5 M) GM17 agar containing X-gal, erythromycin and 0.3 M NaCl. Putative NaCl-
inducible promoters were identified by transferring blue colonies to GM17 agar plates
containing X-Gal but lacking additional NaCl. Recovery of pORI13 derivatives from the
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chromosome of selected integrants was done as described before (15).
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RESULTS

pORI13, a promoter screening vector suitable for integration. In pMG60,
lacZ of E. coli is fused to lactococcal translation signals of ORF32 (32). This lacZ

cassette was inserted in the integration vector pORI28 via a number of steps using
the lactococcal RepA+ helper strain LL108. The resulting plasmid was designated
pORI13 (Fig. 1). It contains translational stop codons in all three reading frames
upstream or overlapping the start codon of lacZ to prevent translational fusions.

Plasmid pORI13 did not produce detectable β-galactosidase activity when
replicating in L. lactis strains LL108 and LL302.

Identification of a clone expressing lacZ in a NaCl-dependent way. A
bank of pORI13 derivatives containing Sau3A MG1363 chromosomal fragments
obtained by partial restriction, was established in the RepA+ E. coli helper strain
EC1000. Chromosomal DNA inserts were present in 73% of the transformants,
while the average insert size was approximately 3.3 kb (data not shown). The
restriction enzyme digestion patterns were different for 32 randomly picked clones
analysed. Plasmid DNA from approximately 2.4 x 106 pooled transformants was
isolated and used to transform L. lactis MG1363(pVE6007). Plasmid pVE6007
carries a temperature sensitive RepA protein and, thus, supports replication of the

pORI13 derivatives only at the permissive temperature of 30°C. After temperature-

upshift (37°C), to prevent plasmid replication and induce loss of pVE6007,
integration of the pORI13 derivatives occurred. In this way, nine thousand Emr

colonies were obtained after plating onto GM17 plates containing 0.5 M sucrose,
0.3 M NaCl and X-gal. Southern hybridisation analysis of 13 clones showed that
pORI13 had integrated at 13 different positions in the chromosome of these clones
(data not shown). One hundred and ninety five colonies showed various levels of
blue staining in the presence of NaCl and X-gal after prolonged incubation at 30°C,
also indicative of lacZ insertion in different transcribed regions. These colonies
were transferred to GM17-X-gal agar plates with or without 0.5 M NaCl. One clone
selected, designated L. lactis NS3, produced blue colonies on plates with NaCl but
was white on the NaCl-free plates, whereas another clone, designated L. lactis

NS110, gave light blue colonies on NaCl-free plates and white ones in the
presence of NaCl. All other clones showed some degree of blue colouring in both
types of plates.

Deletion analysis of the genomic region upstream of the lacZ fusion
point in NS3. The integrated pORI13 derivative of NS3 (pNS3) was rescued as
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described before (15) and showed the same NaCl-dependent phenotype when

FIG. 1. Schematic representation of plasmid pORI13. ori+, plus origin of replication of
pWV01; Emr, erythromycin resistance gene; T, terminator of prtP; lacZ, promoterless E.coli ß-
galactosidase gene fused to the ribosome binding site and translational start codon of lactococcal
ORF32. Stop codons are indicated by asterisks.

present in replicating form in L. lactis LL108. Restriction enzyme analysis of pNS3
revealed that about 10 kb of chromosomal DNA was present upstream of lacZ. PstI,
EcoRI and XbaI restriction enzyme sites were used to map the NaCl-dependent
promoter (Fig. 2A). Deletions of NS3 were analysed on a plasmid in L. lactis LL108,
with an intact copy of NS3 on the chromosome. A PstI deletion showed that NaCl-
dependent lacZ expression is linked to a 2.4-kb fragment immediately upstream of
the original fusion point (pNS3d, Fig. 2A). A larger deletion, leaving 550 bp
upstream of the original fusion point (pNS3e) showed the same NaCl-dependent
phenotype, although the level of lacZ expression was lower. However, NaCl-
dependent lacZ expression was absent from a 450 bp fragment (pNS3f). These
results indicate that the DNA region involved in NaCl-dependent gene expression
is located between 540 and 440 bp upstream of the fusion point. The nucleotide
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sequence of this region was determined and is presented in Fig. 3A.

FIG 2. Schematic representation of the chromosomal DNA fragments cloned in pNS3 (A) and

pNS110 (B). NaCl-dependent transcriptional activity, as monitored by β-galactosidase activity in
exponentially growing L. lactis LL108, is shown at the right. Deletion derivatives of pNS3 and
pNS110 are schematically drawn and their lacZ expression in the absence or presence of NaCl are
indicated. Values are means of at least three independent experiments, standard deviations are

given between brackets. The background level of pORI13 is about 0.20 U/mg. In panel B β-
galactosidase activity is only expressed in terms of blue or white staining, + or -, respectively, for
clones carrying pNS110b and pNS110c. The grey arrows indicate the position of the lacZ reporter
gene in each plasmid. Black arrow, open reading frame; P, promoter. Only those restriction enzyme

sites used for subcloning experiments are indicated.

Two open reading frames (ORF) were identified, separated by a 143 bp non-
coding region. No known proteins homologous to the deduced amino acid
sequence of the 5’-ORF were found. This ORF was directly followed by a 21-bp
inverted repeat that may form a hairpin structure, functioning as a rho-independent

terminator, with a calculated ∆G[25°C] of -35.0 kcal/mol (27). The 3’ truncated
ORFX, to which lacZ had been fused at codon 119, is preceded by a possible
ribosome binding site and its deduced amino acid sequence is highly homologous
(69% of 119 residues is identical) to the N-terminus of the putative amino acid
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antiporter GadC, from Shigella flexneri (34).
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A                           EcoRI

   1                   GAA TTCTATCAGA ATAAAATGGA AAAGTATTTG AAAAGGTCAA
                        E   F  Y  Q   N  K  M   E  K  Y  L   K  R  S

  44 TTTAGTCTCT TTTGAGCTGT TGCTTTAAAG CAACAGCTCA AAAGAGATTT TCTTTATTCT
     I ***----------------------><----------------------

    XbaI     -10           ↓
 104 AGAGCATATA CTAGAGGGTG aAGATAGGTT GTCTGAAGCA TTATAACTTG TCTTTTAAAA

                                   start gadC
 164 AATTCAATCA TAAATATaag gaggtATGAT GAATCAAAAA AAATTATCAT TATTCGGTTT
   1                      rbs       M   N  Q  K   K  L  S   L  F  G  F
      Primer NS3-11
 224 TTTCGCATTA ACCGCTTCAA TGGTTTTGAC TGTCTATGAG TATCCGACTT TTGCCACGTC
  12   F  A  L   T  A  S   M  V  L  T   V  Y  E   Y  P  T   F  A  T  S

 284 AAAATTACAT TTGGTGTTCT TTTTACTTCT CGGAGGACTA CTATGGTTTT TGCCTGTAGC
  32   K  L  H   L  V  F  F   L  L  L   G  G  L   L  W  F   L  P  V  A

 344 GCTCTGCGCA GCAGAAATGG CGACGGTTGA AGGCTGGAAA AATGGTGGAA TCTTTAGTTG
  52   L  C  A   A  E  M   A  T  V  E   G  W  K   N  G  G   I  F  S  W

 404 GGTCAGTCAA ACTTTAGGTG AGCGCTTTGG TTTTGCAGCC ATATTTTTTC AGTGGTTCCA
  72   V  S  Q   T  L  G   E  R  F  G   F  A  A   I  F  F   Q  W  F  Q
                               Sau3A
 464 AATTACAGTA GGTTTTGTCA CTATGATCTA TTTCATTTTA GGGGCCCTCT CTTATGTGTT
  92   I  T  V   G  F  V   T  M  I   Y  F  I  L   G  A  L   S  Y  V  L
                             Sau3A
 524 AAATTTTCAG GCGCTCAATA CAGATC   pORI13
 112   N  F  Q   A  L  N   T  D      lacZ

B                   DraI          DraI
  1           T TTAAAGCGCT TTTTTAAATT ATTAGAATTT TAAGTTTGTG AATTTATTTT

 52  TCACTTATAA AATTTTTTCT AAATACTCTT AACTTTTATT TTCATATTAA TTCACAAAGA

            ClaI          -35                     -10         ↓
112  TATTTATCGA TATAGACTAT GAAAATCATC ATATTTTTGC TAAAATAGAA CTaTATTATT

                                start prsA                 HindIII
172  TCATAAAAGA AaaTggagAG AAATCGTGGT TTACTCTGAT TCACACTTAA AGCTTTTTGC
                    rbs           V   V  Y  S  D   S  H  L   K  L  F
                                                primer NS110-6
232  CTTAAACTCA AACCCTGGTC TTGCTGAGAA AATTAGCCAA TTTACAGGAG TTCCTCTAGG
     A  L  N  S   N  P  G   L  A  E   K  I  S  Q   F  T  G   V  P  L

292  AAAACTTTCT TCAAAACAGT TTTCTGACGG TGAAATTATG ATTAACATGG AAGAAAGTGT
     G  K  L  S   S  K  Q   F  S  D   G  E  I  M   I  N  M   E  E  S
                                                          Sau3A
352  CCGTAGTCAA GACATTTTCA TCGTTCAATC AACCAGCTGC CCTGTTAATG ATC  pORI13
     V  R  S  Q   D  I  F   I  V  Q   S  T  S  C   P  V  N   D   lacZ

FIG. 3. Nucleotide sequence of the NS3 (A) and NS110 (B) promoter regions. The vertical arrows point to the
transcription start sites shown in lower case. The -10 hexanucleotide in A and the -35 and -10 hexanucleotides
in B are shown in bold face and are underlined. The location of the primers used for primer extension is
underlined. The large horizontal facing arrows in A show an inverted repeat that immediately follows the stop
codon at position 47-49 (asterisks). Ribosome binding sites (RBS) are given in lower case and the deduced
amino acid sequences of a number of truncated ORFs are indicated. Nucleotides in the NS110 sequence that
are identical to the leuB-leuC intergenic region (2) are indicated with a dotted line. Relevant restriction enzyme
sites are shown in italics. The Sau3A site at the end of each sequence is the fusion point with lacZ in pORI13.
The genbank accession numbers are AF005098 for NS3 and AF005097 for NS110.
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FIG. 4. Determination of the transcriptional start points of the NaCl-inducible transcript in NS3 (A)
and of the prsA transcript in NS110 (B). Primer extension products were synthesised by using RNA
isolated from L. lactis LL108(pNS3d), grown with (+) or without (-) 0.5 M NaCl as a template and

primer NS3-11(A) or by using RNA from MG1363 grown at 30°C or 20°C and primer NS110-6 (B).
The sequence ladders were obtained by using the same primers as for primer extension in a
sequence reaction on pNS3III (A) or pNS110 (B) template DNA. The sequences of the transcribed
and the sequenced strands are indicated. The -10 region of the promoters and the transcription start
points are indicated in boldface.

Identification of an NaCl-inducible promoter structure in NS3. On the
basis of the deletion studies and the nucleotide sequence, an NaCl-dependent
start point of transcription was expected in the 100-bp region between the inverted
repeat and the start of gadC. Primer extension was carried out using RNA isolated
from LL108(pNS3d) grown in the absence or presence of 0.5 M NaCl (Fig 4A).
Transcription was found to start at an A residue 68 bp upstream of the AUG start
codon of the L. lactis gadC homologue (position 141 in Fig. 3A). No primer
extension product was obtained with RNA from cells grown in the absence of NaCl.
The same NaCl-dependent start point was found when using RNA isolated from L.

lactis MG1363 (not shown). Nine bp upstream of the transcription start site a -10
hexanucleotide was identified that differs in only one nucleotide from the
consensus sequence (30). Further upstream, no - 35-like hexanucleotide could be
discerned. Instead, a 21-bp inverted repeat is located 17 bp upstream of the -10
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hexanucleotide, suggesting that this structure may have a role in gene expression.
lacZ expression in strain NS3 is Cl--dependent. A number of compounds

was tested for their ability to induce lacZ expression in L. lactis NS3 (Table 2).
Since high levels of sucrose or glycerol in the growth medium resulted in low levels

of enzyme activity, osmolarity did not induce β-galactosidase expression. High
levels of lacZ expression were obtained in the presence of chloride ions, while little
or no lacZ expression was detectable in the presence of other ions. ß-
galactosidase activity increased with increasing NaCl concentrations in the medium
(Fig. 5). No induction of ß-galactosidase activity was observed by increasing or
decreasing the growth temperature (results not shown).

TABLE 2. lacZ expression in L. lactis LL108(pNS3d) in the presence of
various compoundsa.

Compound concentration (M) ß-galactosidase
activity(U/mg) b

none -     1.1   (0.58)

NaCl 0.3 151        (28)

sucrose 0.5     5.1     (3.8)

glycerol 0.5     1.2    (0.45)

MgSO4 0.3     3.3     (2.3)

KNO3 0.3     7.7     (2.6)

Na2SO4 0.3     2.1    (0.69)

KCl 0.3 110         (36)

NH4Cl 0.3   72         (33)

MgCl2 0.15 133         (35)

NaI 0.3     4.3      (2.5)

KI 0.3     1.3     (0.89)
a Cultures of LL108(pNS3d) were grown to an A600 of 0.5 in GM17 containing

the indicated final concentration of a compound.
b Values are means of at least 3 independent experiments, standard deviations

are given between brackets.

lacZ expression in L. lactis NS110 is repressed by NaCl and low
temperature. As described above, lower levels of lacZ expression occurred in L.

lactis NS110 in the presence of 0.5 M NaCl compared to NaCl-free conditions.
NS110 also showed reduced lacZ expression at growth temperatures below 30°C
(Table 3) and in the presence of 0.5 M of sucrose. Expression of lacZ in NS110
was not affected by the addition of 0.1 M NaCl. To establish the significance of the
lower lacZ expression levels, NS110 was compared with a strain carrying a single
copy fusion of lacZ with promoter P32 (MG141). Down regulation of lacZ
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expression at low temperatures, by NaCl or by sucrose was significantly more
pronounced in NS110 than in MG141 (Table 3).

NaCl concentration (mM)
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FIG. 5. ß-galactosidase activity of L. lactis NS3 as a function of the NaCl concentration in the
culture medium. Samples were taken 7 hours after addition of NaCl to 100-fold diluted cultures.
Standard deviations are indicated as error bars.

TABLE 3. lacZ expression of L. lactis strains NS110 and MG141
under various growth conditionsa.

Growth condition    NS110      MG141

30°C 21.6   (4.9) 4.2 * 103   (1.7 * 103)

25°C   9.4   (2.5) 3.6 * 103   (0.6 * 103)

20°C   5.9   (1.8) 3.2 * 103   (0.4 * 103)

30°C + 0.5 M sucrose   6.6   (0.5) 3.9 * 103   (1.1 * 103)

30°C + 0.5 M NaCl 12.3   (1.8) 4.4 * 103   (0.8 * 103)
a Cultures were grown to an A600 of 0.5 in GM17 containing the indicated final

concentration of a compound under the given conditions. β-galactosidase activities
(expressed in U/mg) are the means of 4 independent experiments, standard deviations
are given between brackets.

Identification of a promoter structure in NS110. Plasmid pNS110 was
recovered from the chromosome of NS110 by reversion of the Campbell-type
integration as described before (15). The plasmid contained a 1.4-kb chromosomal
Sau3A fragment. Strain LL108(pNS110) showed the same phenotype as NS110. A
HindIII restriction enzyme site (Fig. 2B) was used to remove 180 bp of DNA
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immediately upstream of lacZ (pNS110b). A strain carrying this plasmid still
exhibited reduced expression of lacZ in the presence of NaCl. A 400 bp deletion

immediately upstream of lacZ using DraI (pNS110c) resulted in loss of β-
galactosidase activity. Therefore, transcription regulation signals were to be
expected between 180 and 400 bp upstream of the fusion point of lacZ in the
chromosome of NS110. Nucleotide sequence analysis revealed the presence of an
ORF starting 214 bp upstream of the Sau3A site to which lacZ had been fused in

NS110 (Fig. 3B). The start of transcription of this ORF at 30°C and 20°C, in the
absence of NaCl, was mapped by primer extension to an A residue 33 bp upstream
of the start codon (Fig. 4B). Transcription initiated at the same point in cells grown
with NaCl (not shown). Upstream of the transcription start point a -10 hexanu-
cleotide is present (TAAAAT) that differs by one bp from the consensus -10
sequence. At the -16 position a T and G were present that are conserved in strong
promoters (33). The -35 hexanucleotide diverged by 2 bp from the consensus for
lactococcal promoters and was positioned 16 bp upstream of the -10 region. The
ORF was preceded by a ribosome binding site and, most probably, starts with a
GUG codon (Fig. 3B). The deduced amino acid sequence of the 5'-end of this ORF
is homologous (57% of 69 residues is identical) to phosphoribosyl pyrophosphate
synthetase (PRPP synthetase, PrsA) of Bacillus subtilis and various other
organisms (Fig. 6). A number of bases in the untranslated mRNA leader are
identical to a motif in the leuB-leuC intergenic region of L. lactis which is also
present in the pyrKDbF operon of L. lactis (Fig 3B, 2).

L.lactis    VV--YSDSHLKLFALNSNPGLAEKISQFTGVPLGKLSSKQFSDGEIMINM  48
            .   * *  **.*.***** **  *.   ** *** *   *****. **.
B.subtilis  MSNQYGDKNLKIFSLNSNPELAKEIADIVGVQLGKCSVTRFSDGEVQINI  50

L.lactis    EESVRSQDIFIVQSTSCPVND                               69
            ***.*  * .*.**** ***.                            
B.subtilis  EESIRGCDCYIIQSTSDPVNEHIMELLIMVDALKRASAKTINIVIPYYGY 
100

FIG. 6. Alignment of the deduced amino acid sequences of the N-terminal end of PrsA of L. lactis
(amino acids 1-69) and the corresponding part of B. subtilis PrsA (22). Asterisks, identical amino
acids; periods, similar amino acids.

DISCUSSION

A reporter integration strategy was developed to identify stress-dependent gene
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expression signals in the chromosome of L. lactis. This strategy has the advantage
that also transcription regulatory elements upstream of the fragment required for
Campbell integration can be traced. After integration via the 3’-end of an operon,
lacZ will be positioned under control of a promoter upstream of the fragment used
for recombination. An additional advantage is that the expression signals can be
monitored in a single copy situation. A limited study was done to demonstrate the
applicability of the promoter probe integration vector pORI13 in L.lactis. Fragments
from a partial Sau3A digest of the lactococcal chromosome ranging in size from 1-
10 kb were inserted in pORI13. The relatively large size of the chromosomal
fragments increases the probability that, upon integration of pORI13, in addition to
the disrupted copy, a wild-type gene continues to be present in the transformed
strain. The use of E. coli as an intermediate cloning host could result in the loss of
those genes that can not be cloned in E. coli. E. coli was favoured because of its
high efficiency of transformation. Alternatively, L. lactis or B. subtilis RepA+ strains
can be used as cloning hosts (16, 17). About 2% of the clones obtained after
integration of the plasmid pool stained blue on GM17 medium containing X-gal and
NaCl. Although this percentage is in accordance with the percentage of blue
colonies found by Platteeuw et al. (23) for a library of Sau3A fragments of L. Lactis

MG1363 in a promoter probe vector using gusA as a reporter, we suspect that our
library was incomplete since only two clones showed a clear NaCl-dependent
phenotype. On the basis of the number of B. subtilis proteins specifically
synthesised at high NaCl concentrations (10) perhaps more NaCl-dependent
transcription units might have been expected in the present analysis. However,
construction of a complete library of integrants was not pursued in this study, but
for plasmid integration systems the completeness of a bank depends, among
others, on the randomness of chromosomal DNA fragments generated. This can be
improved by using either combinations of partial digests of different enzymes,
DNAseI treatment or by mechanical shearing. In spite of the incompleteness of the
presently used bank of integrants, the 2 clones selected, showing temperature or
NaCl-dependent lacZ expression, illustrate sufficiently the feasibility of the pORI13-
system for the screening of regulated promoters in a single copy context.

The NaCl-inducible expression from the NS3 promoter is conferred by Cl- and
is independent from medium osmolarity, ionic strength or sodium ions. The level of
expression depends on the concentration of Cl-. To our knowledge, this is the first
observation of gene regulation controlled by Cl-. Induction of transcription by other
ions like Na+ has been described (6). The mechanism by which Cl- induces
transcription from this promoter is not known. The lower level of NaCl-dependent
lacZ expression from pNS3e compared to pNS3d (results not shown) suggests the
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presence of cis-acting elements upstream of the promoter. On the basis of
homology, the gene transcribed from the NaCl-dependent promoter is probably
gadC. In Shigella flexneri gadC is involved in glutamate-dependent acid resistance
(34). The regulation of Cl- dependent transcription and a putative relation with acid
stress resistance are subject of current research.

On the basis of amino acid sequence homologies lacZ was in L. lactis NS110
apparently fused to the lactococcal homologue of the B. subtilis prsA, which
encodes PRPP synthetase, a key enzyme in the biosynthesis and salvage of
purine and pyrimidine nucleotides and in the biosynthesis of the amino acids
histidine and tryptophan. E. coli prsA mutants are auxotrophic for these compounds
and are only viable in the presence of a number of other mutations (12). In NS110
both a lacZ::prsA fusion and an intact copy of prsA under control of its own
promoter are present on the chromosome. As prsA is probably an essential gene,
its targeting via single copy reporter insertion by other means, such as transposon
mutagenesis, in which no wild-type gene copy remains present, would probably
have failed. Studies on the regulation of prsA expression focus on regulation by
intermediates or end products of the biochemical routes that use phosphoribosyl
pyrophosphate (9, 35, 36). Expression of the putative prsA gene in L. lactis is
probably regulated to a limited extent, as in other bacteria, but the mechanism of
regulation remains unsolved. Here it is shown that expression of the putative prsA

in L. lactis is reduced two- to threefold in the presence of NaCl or sucrose and at a
reduced growth temperature. The expression of lacZ under transcriptional control
of P32 was only slightly affected by the change in environmental conditions,
indicating that the observed repression is specific for prsA. Both stress conditions
limit the rate of growth of lactococcal cells. However, no linear relationship
between growth rate and prsA expression was observed (data not shown). In
addition, PrsA activity in S. typhimurium  was independent from the growth rate
(36). The exact reason for the reduced expression remains unclear. A copy of the
first half of the repetitive element found in intergenic regions of amino acid- and
pyrimidine biosynthesis genes in L. lactis is present in the region upstream of the
putative prsA (2), suggesting that all these genes are under global regulatory
control. The isolation of NS110 indicates that pORI13 can be used to detect even
small differences in the levels of gene expression. The presently described
host/vector system is suitable both for single copy screening of regulated
promoters and the construction of targeted transcriptional fusions without gene
disruption (Chapter 2), most likely, in many different bacterial species.
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