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SURE meets NICE: cross-reactivity between two 
autoregulated gene expression systems in Lactococcus 

lactis 

Lactococcus lactis has been successfully used as a host organism for the 
(over)production of many (heterologous) proteins. The availability of the nisin-
controlled gene expression system (NICE) has provided a convenient and effective tool 
for such purposes. A similar system, based on subtilin-regulated gene expression 
(SURE), has recently been described for Bacillus subtilis. In this study we set out to 
develop a double-induction system in L. lactis based on a combination of these two 
expression systems. For this purpose, the spaRK genes of Bacillus subtilis ATCC 6633 
were integrated into the chromosome of Lactococcus lactis MG1363 or its nisRK+ 
derivative, NZ9000. A SpaS promoter-gfp fusion was used to measure the activity of 
SpaK and SpaR after induction with subtilin or nisin. Unexpectedly, subtilin 
induction resulted in a fluorescence signal that barely exceeded the background 
fluorescence level. Surprisingly, nisin induction of NZ9000 generated a significant 
transcriptional response of the spaS promoter. In contrast, exchange of PspaS with the 
two other Spa promoters of B. subtilis, PspaB and PspaI, did not yield any GFP signal 
after induction with nisin. Based on these results we conclude that NisR is able to 
activate the PspaS promoter. This finding illustrates the ability to study protein 
overproduction in both Bacillus subtilis NZ8900 and Lactococcus lactis NZ9000 using 
the same PspaS-containing vector. The fact that the PspaB  and PspaI promoters of B. 
subtilis cannot be activated by NisR, indicates a specificity displayed by NisR in the 
recognition of the different spa-boxes, possibly determined by differences in their 
DNA sequence and their location in the three Spa promoters. 
 
 

Introduction 

Inducible gene expression systems have proven to be very beneficial tools for achieving 
protein overproduction. Nisin Controlled gene Expression (NICE) (de Ruyter et al., 1996b) 
and Subtilin Regulated gene Expression (SURE) (Bongers et al., 2005) are two examples of 
these. The induction mechanism of these systems is very similar. They both rely on 
autoregulation of the inducer via a two-component system composed of a membrane-bound 
sensor histidine kinase (NisK or SpaK, respectively) and a response regulator (NisR or 
SpaR, respectively). Activation of these two-component systems relies on the presence of a 
specific signal in the form of a lantibiotic. For Lactococcus lactis this lantibiotic is nisin, a 
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posttranslationally modified pentacyclic peptide with antimicrobial properties (Breukink et 
al., 1999). Nisin is encoded by the structural gene nisA in the nisin gene cluster, which in 
total comprises 11 genes (nisABTCIPRKFEG) involved in the immunity to and production, 
modification and transport of nisin. The gene cluster also includes three promoters, of 
which PnisA and PnisF depend on the presence of nisin for their activity, and PnisR is 
independent on the presence of nisin (de Ruyter et al., 1996a;Kuipers et al., 1995).  
The production of nisin is autoregulated by the NisRK two-component system, which is 
activated by the presence of extracellular modified nisin (Kuipers et al., 1995). 
Phosphotransfer of autophosphorylated NisK to NisR results in transcription of the nisin 
operon by binding of NisR to the promoter region of PnisA (Kuipers et al., 1995). The NICE 
system makes use of this regulation by allowing heterologous gene expression in nisRK-
expressing production hosts and a variety of expression vectors containing the PnisA 
promoter (de Ruyter et al., 1996b).      
Recently, a similar gene expression system was described for the Gram-positive model 
organism Bacillus subtilis, based on subtilin induction via the SpaRK two-component 
system (Bongers et al., 2005). Subtilin, which is encoded by the spaS gene in B. subtilis 
ATCC 6633, shows high homology to nisin in primary sequence as well as secondary and 
tertiary structural features. Moreover, the mechanism of production and the regulation 
mechanism are very similar (for a review, see Kleerebezem, 2004).   
 
The quorum sensing control of nisin and subtilin regulation has been studied extensively, 
leading to the discovery of specific pentanucleotide direct repeats (PDR) in the subtilin- or 
nisin-dependent promoters. These were renamed into nis- and spa-boxes and were shown to 
be essential for lantibiotic-regulated promoter activation (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003). The positioning of the nis-boxes relative to the 
transcription start site seems to be consistent for both nisin-dependent promoters PnisF and 
PnisA (centered at -26 and -37). The positioning of the spa-boxes in the three subtilin-
dependent promoters is organised in a similar manner (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003), although some controversies are present in 
literature concerning the location of the transcription start site (Stein et al., 2003).  
 
Despite the opposing observations, the significance of the spa-box for subtilin-regulated 
gene expression was confirmed repeatedly, as it functions as a binding site for SpaR. 
Mutagenesis experiments involving nucleotide substitutions in the spa-box of the PspaI 
promoter resulted in a decrease of this promoter activity in vivo (Stein et al., 2003). 
Interestingly, replacement of the nis-box in the PnisA promoter by the PDR sequences found 
in the spa-box resulted in activity of this mutated PnisA promoter in Bacillus subtilis after 
induction with subtilin, leading the authors to conclude that the only requirements needed 
for subtilin induced gene expression are the SpaRK proteins and a spa-box (Kleerebezem et 
al., 2004). Using nisin as an inducer instead of subtilin did not result in any promoter 
activity (Kleerebezem et al., 2004), which can be attributed to the absence of NisRK, 
required for sensing nisin as the inducer. Working forward on these observations, this study 
deals with cross-reactivity between the NICE and the SURE systems.  
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The Twin-arginine translocation (Tat) system of B. subtilis is a protein secretion machinery 
able to translocate folded proteins across the membrane. In B. subtilis two paralogous Tat 
systems operate in parallel and have been shown to display a clear substrate specificity 
(Jongbloed et al., 2004): the phosphodiesterase PhoD is secreted via the TatAdCd 
translocase, whereas the iron-dependent peroxidase YwbN depends on the TatAyCy 
complex for its secretion. The substrate specificity of the two B. subtilis Tat complexes and 
the underlying mechanisms form our main research interest. Initially intended for the 
construction of a double-induction system using both subtilin and nisin, to study the Tat 
components and Tat substrates in a Tat-deficient background, the spaRK genes of Bacillus 
subtilis ATCC 6633 were introduced in either Lactococcus lactis MG1363 (nisRK minus) 
or its nisRK+ derivative NZ9000. By making use of a PspaS-gfp fusion (Bongers et al., 
2005), the expression of Green Fluorescent Protein (GFP) after induction with either 
subtilin or nisin was monitored using flow cytometry and fluorescence microscopy. 
Surprisingly, induction with subtilin resulted in extremely low levels of GFP production, 
while nisin was able to induce the production of substantial amounts of GFP, even in the 
absence of SpaRK. In contrast, experiments involving gfp fused to two additional Spa 
promoters of B. subtilis, PspaB and PspaI, did not result in GFP production after induction 
with nisin and therefore revealed a significant difference between the spa-boxes of the three 
subtilin-induced promoters.             
 
 

Results 

Subtilin is unable to induce gfp expression in spaRK-containing L. lactis  

To construct a double–induction system in Lactococcus lactis, the spaRK genes from 
Bacillus subtilis ATCC 6633 were integrated into the mtlA locus of L. lactis strains 
MG1363 and NZ9000. This generated L. lactis MGspaRK, harbouring the spaRK genes, 
and L. lactis NZspaRK, harbouring both the nisRK and spaRK genes.  
To measure the effect of subtilin on the expression of gfp in the absence of nisRK, L. lactis 
strain MGspaRK harbouring pSpaS-gfp was grown in GM17 and 1) remained uninduced 
(MGspa -), 2) was induced with subtilin (MGspa S) or 3) was induced with nisin (MGspa 
N). Prior to induction, a sample was taken (T = 0) to measure the background fluorescence 
that reached a value of approximately 5 for all cells. The fluorescence intensity two hours 
after induction (T = 4) was plotted against the relative cell count (Figure 1A). In addition, 
the average fluorescence (bars, primary Y-axis) was plotted against the time points (X-axis) 
and the growth curve in optical density (lines, secondary Y-axis) in Figure 1B. As can be 
seen in Figure 1, the fluorescence intensity is not increased dramatically after induction 
with 1% subtilin compared to background fluorescence levels: a small increase in GFP 
fluorescence was observed that did not reach higher than an average fluorescence value of 
10. However, when the cell wall is (partly) removed by lysozyme (Prot), subtilin induction 
can produce a 2-fold increase of GFP fluorescence. As a control, B. subtilis NZ8900 
harbouring pSpaS-gfp was included, which reached average fluorescence values of 
approximately 75 after induction with subtilin. Induction with nisin did not result in GFP 
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fluorescence in MGspaRK (MGspa N), which was expected due to the absence of the 
nisRK genes in this strain. 
 
NisR is able to activate the PspaS promoter 

The main requirement for a double-induction system, is that the two systems do not cross-
react with each other. In order to test cross-reactivity between NisRK and SpaRK in L. 
lactis, the spaRK genes were expressed simultaneously with the nisRK genes in L. lactis 
NZspaRK harbouring pSpaS-gfp. The activity of the PspaS promoter was measured in a 
similar manner as described above. Figure 1A shows the mean fluorescence at T = 4 plotted 
against the amount of cells counted. Figure 1B shows the mean fluorescence plotted against 
the time as well as the measured OD600. Consistent with what was seen previously for 
MGspaRK, induction with subtilin did not generate a significant GFP signal. Different 
dilutions of subtilin were tested, which yielded similar GFP fluorescence values (data not 

Figure 1  Activation of PspaS in 
Lactococcus lactis after 
induction with subtilin or 
nisin. L. lactis MGSpaRK and 
NZSpaRK harbouring pSpaS-
gfp were grown as described 
in the  Materials and methods
section and induced with 
subtilin (S) or nisin (N) or 
remained uninduced (-). To 
(partly) remove the cell wall, 
MGSpaRK cells harbouring 
pSpaS-gfp were incubated 
with 2 mg/ml lysozyme 30 
minutes prior to induction 
(Prot). In addition, Bacillus 
subtilis NZ8900 harbouring 
PSpaS-gfp was also included 
and induced with 0.05% 
subtilin (Bsu). The production
of GFP was monitored using 
flow cytometry as described in 
the Materials and methods 
section. The fluorescence 
intensity (in arbitrary units) of 
20,000 cells was determined 
using WinMDI 2.8 and plotted 
against A] the relative cell 
count at T = 4 or B] the optical 
density (OD600) measured
every 30 minutes (Time). 
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shown). Interestingly, induction with nisin yielded a higher GFP signal, with average values 
up to 33.5 (Figures 1A and B, NZspa N). Although significantly increased compared to 
induction with subtilin, this GFP production is less than half of what was produced by B. 
subtilis NZ8900 harbouring pSpaS-gfp after induction with 0.05% subtilin (Figures 1A and 
1B, Bsu). The production of GFP was verified via Western blot analysis using specific α-
GFP antibodies (data not shown).  
To investigate whether the observed induction with nisin is due to the binding of 
phosphorylated NisR to the PspaS promoter or due to the event of phosphotransfer from 
NisK to SpaR, the experiment was repeated in the nisRK+ spaRK- L. lactis strain NZ9000 
(Figure 2). As a control, an empty PspaS -containing plasmid was introduced in L. lactis 
NZ9000 (pNZ8902) to determine the background fluorescence after induction with nisin, 
which reached values up to 5.3. As expected, induction of the SpaS promoter with 1% 
subtilin did not increase the GFP signal (Figure 2, PspaS S). In contrast, induction with nisin 
resulted in average GFP fluorescence values of 36.3 (Figure 2, PspaS N).    

     
NisR shows specificity towards the spa-boxes of the three Spa promoters 

Previous studies have described the discovery of specific pentanucleotide direct repeats 
(PDR) in the subtilin- or nisin-dependent promoters, now known as nis- and spa-boxes. 
These repeats are essential for lantibiotic-regulated promoter activation, because they 
function as the binding site for NisR and SpaR respectively (Kleerebezem et al., 
2004;Kleerebezem, 2004;Stein et al., 2003). The induction of gfp gene expression 
controlled by the PspaS promoter after induction with nisin in L. lactis NZ9000 implies that 
NisR is able to recognise and bind the spa-box in PspaS. To investigate whether NisR is able 
to recognise all spa-boxes, the PspaS DNA fragment in pSpaS-gfp was replaced by the PSpaB 
or PspaI DNA fragments as described in the Materials and methods section, to generate 
pSpaB-gfp and pSpaI-gfp. These plasmids were transformed into B. subtilis NZ8900 and L. 
lactis NZ9000. The activity of the Spa promoters was tested by inducing the cells with  

Figure 2  NisR can activate the B. subtilis
PspaS promoter in L. lactis. L. lactis
NZ9000 harbouring pSpaS-gfp was 
grown and induced with subtilin (PspaS

S) or nisin (PspaS N) as described in 
the Materials and methods section. 
The background fluorescence was 
determined using L. lactis NZ9000 
cells harbouring the empty plasmid 
pNZ8902 induced with nisin 
(pNZ8902). The fluorescence intensity 
was determined using WinMDI 2.8 
and plotted against the relative cell 
count at T= 4. 
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Figure 3  NisR displays a specificity towards the spa-boxes of the three subtilin-induced promoters 
of B. subtilis. Cultures of L. lactis NZ9000 harbouring pSpaB-gfp, pSpaI-gfp or pSpaS-gfp were 
grown and induced with nisin (pSpaB+, pSpaI+ and pSpaS+) as described in the Materials and 
methods section, or remained uninduced (pSpaB-, pSpaI- and pSpaS-). Additionally, wild type 
NZ9000 cells were included to determine the background fluorescence of the cells (NZ9000).
O/N cultures of B. subtilis NZ8900 containing pSpaS-gfp, pSpaB-gfp or pSpaI-gfp were grown 
and induced with subtilin (SpaS+, SpaB+ and SpaI+) as described in the Materials and methods
section, or remained uninduced (SpaB- and SpaI-). A] The production of GFP in L. lactis was 
monitored using flow cytometry as described above. The fluorescent intensity of GFP was plotted 
against the relative cell count at T = 4. B] SDS PAGE samples were prepared as described in the
Materials and methods section and analysed using SDS PAGE and Western Blotting using 
specific α-GFP antibodies. The samples for L. lactis (top panel) and B. subtilis (lower panel) are 
indicated. Nisin-induced, wild type L. lactis NZ9000 cells are indicated in the first lane of the top 
panel with the - symbol. The production of GFP is indicated. C] Samples of nisin-induced L. lactis
strains (top three panels) or subtilin-induced B. subtilis strains (lower three panels) were analysed 
using fluorescent microscopy at T = 4 as described in the Materials and methods section.  
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0.05% subtilin-containing supernatant in B. subtilis NZ8900. The production of GFP was 
determined using SDS PAGE and Western Blotting as well as Fluorescent Microscopy. As 
can be seen in Figures 3B and 3C (lower panels), the SpaI promoter is active in B. subtilis 
after induction with subtilin, albeit to a lesser extend than the SpaS and the SpaB 
promoters.     
 
To study the activity of the three Spa promoters in L. lactis NZ9000, cells containing 
pSpaS-gfp, pSpaB-gfp or pSpaI-gfp were grown in GM17 and induced with nisin. 
Uninduced cultures, as well as induced wild type cells of L. lactis NZ9000, were included 
to serve as negative controls. Samples were prepared and analysed using flow cytometry as 
described in the Materials and methods section. The data was analysed as described above. 
The fluorescence intensity values were plotted against the relative cell count (Figure 3A). 
Additionally, the production of GFP was detected with specific antibodies against GFP 
(Figure 3B, top panel) as well as Fluorescence Microscopy (Figure 3C, top panels). All 
three methods show that only the PspaS promoter can be activated after induction with nisin 
in L. lactis NZ9000 (Figures 3A, PspaS+, 3B, top panel lane SpaS+ and 3C, pSpaS-gfp) and 
induction of PspaB-gfp and PspaI-gfp with nisin does not result in the production of GFP.  
 
 

Discussion 

Lactococcus lactis is a very suitable host organism for the overexpression of heterologous 
proteins, including (eukaryotic) membrane proteins (Kunji et al., 2005;Kunji et al., 2003). 
The low amount of proteolytic activity in this organism provides a high advantage over the 
Gram-positive model organism Bacillus subtilis, which has relatively high proteolytic 
activity. Moreover, the availability of a controlled gene expression system based on the 
autoregulation of nisin production (de Ruyter et al., 1996b) has provided a convenient tool 
for heterologous gene expression in L. lactis.  
In this study, we set out to generate a strain in which the NICE system and the B. subtilis 
variant SURE system are combined. By tightly regulating the expression of two 
(heterologous) genes through induction of varying amounts of nisin and subtilin both the 
quantitative effect as well as the qualitative effect of such gene expression can be 
monitored extensively. The main conclusion from this study is that a double-induction 
system based on NICE and SURE cannot be utilised in L. lactis. Firstly, this is due to the 
inability of subtilin to penetrate the L. lactis cell wall. Only in the presence of lysozyme, 
which partly degrades the cell wall, is subtilin able to generate a weak GFP fluorescence 
signal in MGspaRK (Figure 1). Secondly, due to cross-reactivity between the nisin 
response regulator (NisR) and the PspaS promoter, the use of both subtilin and nisin to 
activate their specific promoters PspaS and PnisA, respectively, is unfeasible. Induction with 
nisin will generate gene expression controlled by the PspaS  promoter in a NisRK+ strain, 
even in the absence of SpaRK (Figure 2).  
The detailed mechanism behind the ability of NisR to bind to the PspaS promoter remains to 
be elucidated. It was previously shown that the pentanucleotide direct repeats (PDR) in the 
subtilin- or nisin-dependent promoters provide a specific binding site for the response 
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regulators SpaR and NisR, respectively (Kleerebezem et al., 2004;Stein et al., 2003) 
(Figure 4). Our results indicate that NisR is in fact able to recognise the spa-box of the PspaS 
promoter. Interestingly, additional experiments involving nisin-induced expression of gfp 
controlled by the PspaB and PspaI promoters in L. lactis did not yield a GFP signal (Figure 3). 
This implies that NisR displays specificity towards the spa-boxes of the different subtilin-
induced promoters of B. subtilis. Possibly the PDR sequence or the PDR position in relation 
to the transcription start site of PspaS compared to those of PspaI and PspaB play a role in this 
specific cross-reactivity. For instance, the spacing between the -10 sequence and the 
experimentally determined transcription start site is consistently six basepairs in the nisin-
inducible nisA, nisF and spaS promoter regions. In contrast, this spacing consists of seven 
basepairs in the spaI promoter region and eight basepairs in the spaB promoter region 
(Figure 4). Furthermore, these -10 sequences in the nisin-inducible nisA, nisF and spaS 
promoter regions all contain one cytosine, whereas the spa-boxes in the spaB and spaI 
promoter regions do not (Figure 4). 
Whether SpaR is also able to recognise the nis-box in the Pnis promoters is not indicated by 
our studies. Earlier experiments in B. subtilis showed that nisin induction has no effect on 
gene expression controlled by the PnisA promoter in which the nis-box had been replaced by 
the spa-box (Kleerebezem et al., 2004). These experiments, however, were performed in B. 
subtilis, where there is no NisRK present. To verify our hypothesis, such experiments 
would have to be repeated in L. lactis NZ9000.    
 
By attempting to develop a double-induction system utilising both nisin and subtilin in 
Lactococcus lactis, we have observed cross-reactivity between the nisin response regulator 
NisR and the PspaS promoter. The system described here conveniently enables protein 
overproduction in both B. subtilis and L. lactis using the same PspaS promoter-containing 
vector.    
 
 
 

GTGGATCTTGATATTTTTTTGATTTTTAGAATGTATAGTAAAAATAGAGTATTGTA spaB 
 

GAAAAAAATGATAAAATCTTGATATTTGTCTGTTACTATTTAGGTATTGAAAGGAG spaS 
 

TGTTTTTTTGATTAAATTTTGATAAAAGTATTCTAGAATGGTCTGCATCCGGAAAA spaI 
 

AAACGGCTCTGATTAAATTCTGAAGTTTGTTAGATACAATGATTTCGTTCGAAGGA nisA 
 

TTTTGTTTCTGAATAGATTCTGAAAATTGTTTTATATACTTTTTTTAACATAAAAT nisF 
 
 
Figure 4  Sequence alignment of B. subtilis spaB, spaS and spaI promoter fragments in comparison 

to L. lactis nisA and nisF promoter fragments. Previously determined transcription start 
positions are indicated by an arrow. The -10 regions (bold-italic) and the PDR sequences (bold-
underlined) are indicated. The figure was adapted from Kleerebezem et al. (2004).   
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Materials and methods 

Bacterial strains, plasmids and media 
All strains and plasmids used in this study are listed in Table 1. Lactococcus lactis cultures were 
grown at 30 ˚C (unless indicated otherwise) in M17 broth (Terzaghi and Sandine, 1975) 
supplemented with 0.5% glucose (GM17) or on GM17 solidified with 1.5% agar. When appropriate, 
200 μg ml-1 spectinomycin (Sp), 5 μg ml-1 chloramphenicol (Cm) and/or 4 μg ml-1 erythromycin (Em) 
(all from Sigma Chemical Co., St. Louis, MO) was added to the medium. Bacillus subtilis cultures 
were grown in TY (trypton/yeast extract) medium, consisting of Bactotryptone (1%; w/v), Bacto 
yeast extract (0.5%; w/v) and NaCl (1%; w/v). When appropriate, media were supplemented with Em 
(5 µg/ml) and/or kanamycin (Km; 10 µg/ml). Induction of the cells was achieved with 0.05% to 1% 
subtilin-containing supernatant of B. subtilis ATCC 6633 (Bongers et al., 2005) or 5 ng/ml nisin 
(Sigma, diluted in 0.05% acetic acid according to manufacturer’s instructions). For the production of 
L. lactis protoplasts 2 mg/ml lysozyme was added to the growth culture. Alternatively, cells were 
grown in a chemically defined medium (CDM), prepared as described previously (Mierau et al., 
1994) supplemented with 0.5% glucose or 0.5% mannitol where indicated.  

Table 1  Plasmids and strains 

DNA manipulation, molecular cloning, and transformation.  
Routine DNA manipulations were performed as described previously (Sambrook et al., 1989). Total 
chromosomal DNA from L. lactis was extracted as described previously (Leenhouts et al., 1990). 
Restriction enzymes and T4 DNA ligase were purchased from Roche Molecular Biochemicals or 
Fermentas Life Sciences. PCR amplifications were carried out using Phusion DNA polymerase 
(Finnzyme, New England Biolabs, Ipswitch, MA). PCR products were purified with the High Pure 
PCR product purification kit (Roche Molecular Biochemicals). Electrotransformation of L. lactis was 

Plasmids Relevant properties Reference 
   
pORI38 pWV01 derivative lacking the repA gene; Spr (Leenhouts et al., 

1996) 
pMspa pORI380 derivative, carrying ‘mtla-spaRK fusion; Spr This study 
pSpaS-gfp PspaS translationally fused to gfp, Emr, (previously published as pNZ8907) (Bongers et al., 

2005) 
pSpaB-gfp PspaB translationally fused to gfp, Emr This study 
pSpaI-gfp PspaI translationally fused to gfp, Emr This study 
   

Strains Relevant properties Reference 

B. subtilis   
NZ8900 168 derivative, amyE::spaRK (Bongers et al., 

2005) 
L. lactis   
MG1363 Lac– Prt–; plasmid-free derivative of NCDO712 (Gasson, 1983) 
NZ9000 MG1363 derivative, pepN::nisRK (Kuipers et al., 1998) 
LL108 MG1363 carrying multiple copies of the pWV01 repA gene  in the 

random chromosomal fragment A; Cmr   
(Leenhouts et al., 
1996) 

MGspaRK MG1363 derivative, mtlA::spaRK; Spr This study 
NZspaRK NZ9000 derivative, pepN::nisRK, mtlA::spaRK;  Spr This study 
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performed using a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, CA) as described 
previously (Holo and Nes, 1995). 

Construction of Lactococcus lactis MGspaRK and NZspaRK 
The spaRK genes from Bacillus subtilis ATCC 6633 were introduced into Lactococcus lactis by 
integration into the mtlA locus (required for growth on mannitol) of strains MG1363 and NZ9000. For 
this purpose, primers ‘mtlA-F (5’-CAT GCC ATG GCA ACC ACA TAT TAA AGC GGG-3’) (NcoI 
restriction site underlined) and mtlA’-R (5’-CGC AGG ATC CCG CAG AAA AAT CGA CAT GGT 
C-3’) (BamHI restriction site underlined) were used to amplify an 816 bp fragment of mtlA through a 
standard PCR reaction from L. lactis MG1363 chromosomal DNA. This fragment was fused to 
spaRK, which was amplified using primers spaRbamHI-F (5’-CGC AGG ATC CGC ATG AAA TAA 
ATT CAG GGG-3’)(BamHI restriction site underlined) and spaKhindIII-R (5’-GCC CAA GCT 
TGA GAA GAT GGA TCA GTT CAC-3’)(HindIII restriction site underlined) from B. subtilis 
NZ8900 (Bongers et al., 2005), using an introduced BamHI restriction site. This mtlA-spaRK fusion 
fragment was ligated into the NcoI/HindIII restriction sites of pORI38 (Leenhouts et al., 1996) to 
create pMSpa, which was subsequently transformed into L. lactis LL108 (Leenhouts et al., 1996) 
through electroporation as described above. The constructs were verified by restriction analysis. 
Then, pMSpa was transformed into thermosensitive pVE6007-containing L. lactis MG1363 and 
NZ9000. The repA gene located on pVE6007 (Cmr) ensures replication of pMSpa when grown at 
30˚C (Maguin et al., 1992). During a shift in temperature to 37˚C pVE6007 becomes unstable and 
ceases to replicate, leading to an absence of repA. Without RepA, pMSpa is unable to replicate and is 
forced to integrate into the mtlA locus on the chromosome. An overnight (O/N) culture of MG1363 
and NZ9000 harbouring pMSpa was diluted 1000-fold into fresh GM17 and grown for 24h at 37˚C. 
The culture was plated on GM17 agar supplemented with 200 μg.ml-1 Sp or 200 μg. ml-1 Sp + 5 μg. 
ml-1 Cm. SpecRCmS colonies were grown O/N in a chemically defined medium (CDM) (prepared as 
described previously (Mierau et al., 1994)) supplemented with either 0.5 % glucose or 0.5% mannitol 
as a carbon source. Colonies growing on glucose but not on mannitol were checked for correct 
integration of spaRK in the mtlA locus by standard PCR using primers ‘mtlA-F and spaKhindIII-R. 
Strains harbouring the spaRK genes in the correct locus were renamed MGspaRK and NZspaRK and 
chosen for further analysis.  

Construction of pSpaB-gfp and pSpaI-gfp 
For the construction of pSpaB-gfp and pSpaI-gfp the promoter fragments of PspaB and PspaI were 
amplified with primers PSpaB-F (5’-GCC AAG ATC TAG TCC TTT TTT TAT GGT ATT TAC 
TG-3’) and PSpaB-R (5’-CGG GTC ACC CTC CTA AAA ACA ATT CTA CAT CCC TCT GC-3’) 
for PspaB and PSpaI-F (5’-GCC AAG ATC TAA ATG CTT AAA GTT TCC AGT TGG AA-3’) and 
PSpaI-R (5’-CGG GTC ACC CTC CTC CAT GAA TCC ATG TGA AGA ATC C-3’) for PspaI. The 
obtained PCR fragments were subsequently cleaved with BglII and BstEII and ligated into the 
corresponding sites of pNZ8907 (Bongers et al., 2005), resulting in pSpaB-gfp and pSpaI-gfp, 
respectively. The activity of the promoters was tested in Bacillus subtilis NZ8900 after induction with 
0.05% subtilin.   

Flow cytometry 
Overnight (O/N) cultures of cells were diluted 100x in fresh medium. At an OD600 value of 0.7 – 0.8, 
cells were induced with 1% subtilin-containing supernatant from an O/N culture of B. subtilis ATCC 
6633 (prepared as described previously (Bongers et al., 2005)) or 5 ng/ml nisin (Sigma). Prior to 
sample preparation, L. lactis cells were shaken at 200 rpm for 10 minutes to activate the GFP and 
treated with a Mini-Bead-Beater-8 (Biospec Products) without glass beads for 1 minute at maximal 
speed to separate cell chains into individual cells. Of this suspension, 100 μl was used for measuring 
the GFP fluorescence using a Coulter Epics XL-MCL flow cytometer (Beckman Coulter, Mijdrecht, 
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NL) as previously described (Veening et al., 2005). Obtained data was further analysed using 
WinMDI 2.8 software (http://facs.scripps.edu/software.html). 

Western blot and immunodetection 
For the detection of GFP, 2-ml samples of the grown cultures were taken 2 hours after induction (T = 
4) and spun at 14,000 rpm for 1 minute. Cell samples were prepared and analysed as described 
previously (Jongbloed et al., 2000). After separation by SDS-PAGE electrophoresis, proteins were 
transferred to a polyvinylidene-difluoride (PVDF) membrane (Molecular Probes Inc.) as described 
(Towbin et al., 1979). The blots were incubated with a 1:5,000 dilution of specific polyclonal anti-
GFP antibodies (Molecular Probes) and a 1:10,000 dilution of horse radish peroxidase-conjugated 
donkey anti-rabbit antibodies (Amersham Biosciences) according to the manufacturer's instructions. 
Subsequently, GFP was detected after incubation with ECL solution (Amersham Biosciences) 
according to the manufacturer's instructions.  

Microscopy 
For the detection of produced GFP, O/N cultures of cells were diluted 100x and induced with 0.05% 
subtilin or 5 ng/ml nisin when they reached an OD600 value of 0.7 – 0.8. Two hours after induction (T 
= 4), 6 μl of culture was applied directly to a microscope slide and examined using a 100x oil 
immersion objective on an Axionphot microscope equipped with an AxioVision camera (Zeiss, 
Oberkochen, D). The fluorescent filter set used to detect the green fluorescent proteins was obtained 
from Zeiss. Fluorescent signals of GFP were detected using excitation: 450 to 490 nm and emission: 
>520 nm. AxioVs20 software (Zeiss) was used for image capturing and figures were prepared using 
CorelDRAW Graphics Suite 12 (Corel Corporation).  
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