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abstract

Plasmid- and genome-based inducible CRISPRi systems were developed for Lactococcus 

lactis. The nisin-inducible promoter PnisA was used to drive the expression of dCas9 from 

Streptococcus pyogenes, while the strong constitutive L. lactis promoter Pusp45 was used 

to express single-guide RNA (sgRNA). In addition, a superfolder fluorescence protein 

(sfGFP) was fused to the C-terminal of dCas9 in order to visualize the induction level 

of the fusion protein. Both systems successfully inhibited the expression of the major 

autolysin AcmA of L. lactis, and the known morphological change (formation of long 

chains of unseparated cells) was observed. However, the plasmid-based systems were 

leaky and mutation phenotypes were already observed without adding the inducer 

nisin. A functional CRISPRi system was obtained by lowering the copy number of the 

dcas9 gene variants by inserting them in the L. lactis chromosome. 



CRISPRi for L. lactis

105

4

IntroductIon

Lactococcus lactis, one of the most important lactic acid bacteria (LAB), is widely used in 

the in dairy industry (1) . Besides as a starter culture for dairy fermentation processes, L. 

lactis is also used as a microbial cell factory producing chemicals such as lactic acid or 

mannitol (2); as a host for recombinant protein expression (3); or as a vehicle to deliver 

antigens and therapeutic proteins for human health (4). All of the latter applications have 

been made possible through the development of a well-stocked genetic engineering 

toolkit (5). Techniques for controlling gene expression and genome editing in L. lactis have 

been developed over the past decades. Among these, the NIsin-Controlled Expression 

(NICE) system is probably the most common tool for inducible gene expression in L. 

lactis (6). NICE is based on the quorum sensor two-component system composed by 

the proteins NisR and NisK. The system responds to the presence of the inducer nisin, 

an antimicrobial peptide produced by certain strains of L. lactis (7). Gene editing, 

e.g. knocking genes in or out, can be accomplished in L. lactis by double crossover 

recombination using the non-replicative pORI integration vector (8) or plasmid pCS1966 

(9). The protocols for gene knockout or gene insertion usually consume about 3 weeks to 

generate one mutant. Hence, there is a need for advanced, less time-consuming genetic 

engineering techniques in order to more quickly adapt L. lactis as cell factory or delivery 

vehicle in the future. 

CRISPR-Cas, the clustered regularly interspaced short palindromic repeats (CRISPR)-CRIS-

PR-associated proteins (Cas) system is an RNA-mediated adaptive immune system found 

in bacteria and archaea. It protects host cells from invasive genetic elements such as 

bacteriophages and plasmids (10). Streptococcus pyogenes Cas9 is a DNA endonuclease 

which is natively guided by a RNA duplex that specifically hybridizes to its homologous 

target sequence in DNA and induces a double-strand DNA break (DSB). The RNA duplex 

consists of a CRISPR RNA (crRNA), which requires RNase III cleavage for its formation, and 

a trans-acting antisense RNA (tracrRNA). For convenience, a single-guide RNA chimera 

(sgRNA) was designed to mimick the function of crRNA and tracrRNA and bypass RNase 

III (11). CRISPR interference (CRISPRi) is based on expression of a nuclease-inactive 

Cas9 enzyme (dCas9) that still is targeted to specific place in the genome through 

its interaction with sgRNA. Instead of cutting the DNA at that position, dCas9 blocks 

transcription by preventing access of RNA polymerase to its promoter (occluding 

transcription initiation) or by precluding transcript elongation (12). The CRISPR-Cas9 
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system has been applied in various bacterial genera, such as Bacillus, Escherichia, 

Clostridium, and Streptococcus (13–16). As for LAB, Cas9-induced DSB was applied in a 

CRISPR/Cas9-assisted ssDNA recombineering system in Lactobacillus reuteri (17). Berlec 

et al. constructed a single-plasmid system for inducible CRISPRi gene regulation in L. 

lactis (18).

In this study, we constructed plasmid- and a genome-based inducible CRISPRi system in 

L. lactis. The tool can be applied in the future research in L. lactis for e.g., characterizing 

essential genes that cannot be deleted (Chapter 5) or for silencing of multiple genes 

at the same time to achieve a certain purpose, such as producing multi-peptidase 

knockdown strains of L. lactis with novel intracellular peptidomes possessing better 

bioactive potential (Chapter 2). 

results

C R I S PR i  e n a b l e s  t u n a b l e r e p r e s s i o n o f  g e n e t ra n s c ri p t i o n i n  L. 

lactis

In addition to employing dCas9 we designed a variant of this protein by fusing it to GFP 

in order to be able to follow its expression. To this end, the gene encoding a superfolder 

green fluorescence protein (sfGFP) was fused at the 3’-end of dcas9. In the fusion protein, 

dCas9 and sfGFP are linked via the flexible polylinker AGSGGEAEA (19, 20). To develop 

the inducible CRISPRi systems for L. lactis, we chose the commonly used NICE system 

for dcas9 or dcas9-sfgfp induction (7). Both genes were cloned under control of the 

nisin-inducible promoter PnisA in a pNZ8048-based plasmid (21). The sgRNA gene cassette 

was expressed from the constitutive L. lactis promoter Pusp45 and cloned into a pTLR-based 

vector (Fig 1A and 1B) (19, 22). L. lactis NZ9000 was used as the inducible host strain in this  

study (7). To confirm the reliability of nisin induction, the fluorescence signals of L. lactis 

NZ9000 (pNZ-PnisA-dcas9-sfgfp) were examined. A clear increase of fluorescence signal is 

seen when nisin concentrations are increased from 0 to 20 ng/ml (Fig 1C). In other words, 

dCas9-sfGFP expression levels can be modulated by adding different concentrations 

of nisin. Subsequently, we constructed the reporter strain NZ9000 pseudo10::Pusp45-luc, 

which carries the firefly luciferase gene luc in its pseudo10 locus. This reporter strain was 

used to testdCas9-sfGFP CRISPRi by introducing two vectors: plasmid pNZ-PnisA-dcas9-sf-

gfp for expression of the dCas9-sfGFP fusion protein and plasmid pTLR-Pusp45-sgRNAluc 

to deliver the sgRNA targeting the luc gene. Induction of dCas9-sfGFP with 5 ng/ml nisin 
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resulted in a large decrease of luciferase activity, showing that the dCas9 protein is active 

with the fused sfGFP tail (Fig 1D). A 74% reduction of luciferase activity was obtained 

when cell cultures reached the end of the exponential growth phase without substantial 

impact on the growth of the bacteria.

L e a k y e x p r e s s i o n a n d a  h i g h p l a s m i d co py n u m b e r l e a d t o g e n e 
r e p r e s s i o n i n  t h e a b s e n ce o f  n i s i n

To further demonstrate the efficiency of the system, we analyzed the effects of 

CRISPRi-based repression on cell growth and morphology. Three genes in L. lactis 

NZ9000 were targeted. i) acmA, the major autolysin gene encoding a peptidoglycan 

hydrolase that is responsible for cell separation and autolysis; deletion of acmA causes 

the formation of extremely long chains of cells in L. lactis MG1363 (23). ii) ftsZ, coding for a 

tubulin homologue that plays a key role in cell division in virtually all bacteria; depletion 

of FtsZ leads to long un-septated filamentous cells in Bacillus subtilis (24) and is postulated 

to lead to chain formation in L. lactis (25). iii) pbp2b, specifying the penicillin-binding 

protein 2b; this enzyme plays a direct role in peripheral growth and in filamentation. 

Deletion of pbp2b in L. lactis MG1363 leads to a bloated cell morphology (26). 

Addition of nisin to the two strains that only expressed dCas9 or dCas9-sfGFP had 

little effect on their growth rates (Fig 2B and 2D, growth curves), while a more obvious 

decrease of growth rate and final OD can be observed if one of the sgRNA-expressing 

plasmid is also present in these strains (Fig 2C, 2E, and 2F, growth curves). Microscopy 

analysis of the knockdown strains showed that a good correlation exists between the 

Figure 1. Nisin-inducible CRISPRi systems in L. lactis. A) Two versions of dCas9 expressing cassettes: 
dcas9 gene driven by the nisin-inducible promoter PnisA or dcas9 fused with sfgfp, controlled by PnisA. The 
sgRNA targeting the gene of interest (sgRNAgoi) is driven by the constitutive L. lactis promoter Pusp45. 
B)  In the absence of nisin, sgRNA is expressed but dCas9-sfGFP is not, resulting in transcription of the 
target gene; in the presence of nisin, both sgRNA and dCas9-sfGFP are expressed, so dCas9-sfGFP is 
guided by sgRNA to the target site. The dCas9-sfGFP-sgRNA complex binds to its target gene, blocking 
transcriptional elongation. C) Different levels of dCas9-sfGFP were induced in L. lactis NZ9000 (pNZ-Pni-

sA-dcas9-sfgfp) by adding nisin to different end concentrations. Cell density and fluorescence signal 
were measured every 10 min. The values represent means of triplicates. D) The CRISPRi system was 
tested in the L. lactis luc reporter strain NZ9000 pseudo10::Pusp45-luc. Expression of dCas9-sfGFP was 
induced by addition of nisin to 5 ng/ml. Cell optical density at 600 nm (OD600) and luciferase activity 
of the bacterial culture were measured every 10 min. The relative luciferase activity is the luciferase 
activity divided by the OD600 value. The highest relative luciferase activity (in all cases at the end of 
the exponential growth phases of the cell cultures, marked by orange bar in the growth curve in the 
inset) of each treatment was used for the bar chart; the values represent means of triplicates.
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Figure 2 Growth profiles and morphological changes of CRISPRi strains in the presence or 
absence of gene-targeting sgRNAs. Growth of L. lactis strains in chemically defined medium (CDM) 
(28) with (green) or without (red) 10 ng/ml nisin. Cell densities were measured every 10 min. The 
values represent the average of triplicates. Morphological changes were examined by fluorescence 
microscopy; representative micrographs are shown. Scale bar = 10 μm. L. lactis NZ9000 (A); L. lactis 
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reported phenotype (mentioned above) and the observed phenotype, i.e. long chains 

of cells when knocking down acmA and bloated cell shapes when pbp2b was knocked 

down. The phenotype registered here for the ftsZ knockdown confirms the indirect 

evidence for the involvement of the encoded protein in L. lactis cell morphology (25) 

(Fig 2A-2F, right micrographs). In the absence of nisin, there is no detectable GFP signal 

from the dCas9-sfGFP fusion protein. However, even without a detectable level of 

dCas9-sfGFP, when the cells were not induced with nisin, the same phenotypes (long 

chains or bloated cell shape) are observed (Fig 2E, and 2F, left micrographs). This is also 

the case for the uninduced culture containing the dcas9 gene (Fig 2C, left micrograph). 

This implies that the amount of dCas9 or dCas9-sfGFP produced by the apparent 

leakage of the PnisA promoter combined with the high copy number (around 40) of the 

vector carrying the genetic construct (27) does not affect growth rate or final OD, but it 

is enough to block gene transcription and cause the corresponding mutant phenotypes.

Ch r o m o s o m a l  i n s e r t i o n o f  Pusp45- d c a s 9 - s f g f p  l e a d s t o a  t i g ht  L. 

lactis C R I S PR i  s ys t e m

To avoid the background level activity of uninduced dCas9-sfGFP, we decided to lower 

the copy number of the dCas9-sfGFP cassette by placing it in the chromosome. The 

PnisA-dcas9-sfgfp construct was integrated into the transcriptionally silent pseudo29 

locus of L. lactis NZ9000, while sgRNA was expressed constitutively by Pusp45 on the pTLR 

plasmid. We first compared the dCas9-sfGFP expression levels of the genome- and 

plasmid-based systems. Nisin (10 ng/ml) was added to the cell cultures and the relative 

fluorescence expression was measured after 3 h of further incubation. As shown in Fig 

3B, the dCas9-sfGFP expression level is 20 times lower when the protein is expressed 

from the chromosome than when it is produced from the plasmid. When using an 

sgRNA targeting acmA in cells with a genomic copy of the dCas9-sfGFP cassette, strain 

NZ9000 pseudo29::PnisA-dcas9-sfgfp (pTLR-Pusp45-sgRNAacmA), the cells maintained 

normal morphology in the absence of the inducer nisin. This was not the case using the 

plasmid-based system (compare Fig 3C with Fig 2E).

NZ9000 with plasmid pNZ-PnisA-dcas9 (B); L. lactis NZ9000 with plasmid pNZ-PnisA-dcas9 and plasmid 
pTLR-Pusp45-sgRNAftsZ (C); L. lactis NZ9000 with plasmid pNZ-PnisA-dcas9-sfgfp (D); L. lactis NZ9000 with 
plasmid pNZ-PnisA-dcas9-sfgfp and plasmid pTLR-Pusp45-sgRNAacmA (E); L. lactis NZ9000 with plasmid 
pNZ-PnisA-dcas9-sfgfp and plasmid pTLR-Pusp45-sgRNApbp2b; white arrows point to bloated cells (F).
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Figure 3. Genome-based CRISPRi system is tighter than the plasmid-based system. A) The 
PnisA-dcas9-sfgfp cassette was inserted into the pseudo29 locus in L. lactis NZ9000. B) The L. lactis 
strains carrying either the genome-based or the plasmid-based dCas9-sfGFP expression cassette were 
incubated for 3 h with or without 10 ng/ml nisin, after which culture densities (OD600) and relative 
fluorescence signals were measured. The relative fluorescence activity is the fluorescence activity 
divided by the OD600 value. Each value is the mean of triplicates. C) Morphological changes were 
examined by fluorescence microscopy; representative micrographs are shown. Scale bars = 2 μm.
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dIscussIon

The CRISPRi system is a precise tool for gene silencing (12). A functional CRISPRi system 

requires 2 elements: (i) an sgRNA that binds to the host genome, whose binding 

specificity is determined by sgRNA-DNA base pairing (approximately 20 base pairs (bp)) 

and the protospacer adjacent motif (PAM) sequence (in S. pyogenes this is NGG); (ii) a 

dCas9 protein that forms a dCas9-sgRNA complex that is guided by the sgRNA to its 

target on the genome to block transcription initiation or elongation (depending on the 

exact location of the sgRNA-DNA interaction) .

The 20-bp sequence should be adapted each time a different gene needs to be targeted. 

Placing the dcas9 gene and the sgRNA gene in different (small) plasmids is technically 

easier than placing them in the same plasmid as the latter would be more than 10 

kilobases (kb) in size, with the PnisA-dcas9-sfgfp cassette alone already accounting for 5 

kb. Frequently replacing the 20-bp sgRNA sequence would also introduce the risk of 

backbone mutations. Avoiding placing the dcas9 and sgRNA genes in the same backbone 

will help reducing the risk of acquiring mutation(s) in the dCas9 protein. To quickly 

change the 20-bp sgRNA sequence, a highly efficient cloning method is required. The 

quick-fusion cloning and golden-gate assembly methods are better choices than the 

round PCR-ligation method (29, 30). The two former methods can use the same linearized 

sgRNA backbone and directly anneal commercial primers and use the product as the 

insert for further cloning (Fig 4). 

As for any induction experiment, it is important to confirm proper expression of the 

protein of interest. Thus, we fused a fluorescent protein to the dCas9 protein to allow 

visualizing its expression level. The issue with the plasmid-based version of the CRISPRi 

system is that without adding the inducer nisin, a phenotype was observed even in 

the absence of a measurable fluorescence signal. This might be caused the high copy 

number (around 40) of vector pNZ8048 used to induce the expression of dcas9 or 

dcas9-sfgfp; by placing the PnisA-dcas9-sfgfp expression cassette in the genome of L. lactis 

we have solved this problem. 

The chromosomal CRISPRi system developed here is a valuable addition to the genetic 

tool box for L. lactis and, after adjustments possibly also for other LAB as, among others, 

it will allow rapidly characterizing e.g., essential genes or editing biological pathways for 

improved production valuable proteins, peptides or chemicals. 
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materIals and methods

B a c t e ri a l  s t ra i n s ,  m e d i a ,  a n d c u l t u r e co n d i t i o n s 

Bacterial strains used in this study are listed in Table 1. L. lactis NZ9000 and its derivatives 

were grown at 30 °C in Difco M17 medium (BD, Franklin Lakes, NJ, US) containing 0.5% 

(wt/vol) glucose (GM17). For fluorescence and luminescence analyses, L. lactis strains 

were grown in a chemically defined medium (CDM) (28). When required, erythromycin 

or chloramphenicol was added at a final concentration of 5 μg/ml. Chemically defined 

SA medium with 0.5% (wt/vol) glucose and 20 μg/ml of 5-fluoroorotic acid (5-FOA; 

Sigma-Aldrich, St. Louis, MO, US) as a sole pyrimidine source was used for the generation 

of chromosomal insertions (9). Escherichia coli DH5α was used as a cloning host; it was 

grown aerobically at 37 °C in LB medium (Formedium, Norfolk, UK) with, when required, 

erythromycin at a final concentration of 200 μg/ml. All chemicals were obtained from 

Sigma-Aldrich.

Table 1

Strains  used in this study

Strain Reference or source

E. coli strain

DH5α (37)

L .lactis strains

NZ9000 (7)

NZ9000 (pNZ-PnisA-dcas9) This study

NZ9000 (pNZ-PnisA-dcas9 & pTLR-Pusp45-sgRNAftsZ) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAluc) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAacmA) This study

NZ9000 (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNApbp2b) This study

NZ9000 pseudo10::Pusp45-luc This study

NZ9000 pseudo10::Pusp45-luc (pNZ-PnisA-dcas9-sfgfp & pTLR-Pusp45-sgRNAluc) This study

NZ9000 pseudo29::PnisA-dcas9-sfgfp This study

NZ9000 pseudo29::PnisA-dcas9-sfgfp (pTLR-Pusp45-sgRNAacmA) This study
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R e co m b i n a nt  D NA t e c h n i q u e s a n d o l i g o n u c l e o t i d e s

Standard molecular cloning techniques were performed essentially as described 

previously (31). Chromosomal DNA from L. lactis was isolated using the GenElute 

genomic DNA kit (Sigma-Aldrich). Plasmids and PCR products were isolated and purified 

using the High Pure plasmid isolation and PCR purification kit (Roche Applied Science, 

Mannheim, Germany) and the NucleoSpin gel and PCR cleanup kit (Macherey-Nagel, 

Düren, Germany) according to the manufacturers’ instructions. PCRs were performed 

with Phusion or DreamTaq polymerase (both from Fermentas, St. Leon Roth, Germany) 

according to the manufacturer’s protocol. The obtained PCR fragments were mixed and 

treated with the Quick-Fusion enzyme mixture (BIO-Connect Services BV, Huissen, the 

Netherlands), yielding 15-nucleotide overhangs annealing to complementary overhangs. 

No ligation was required; Quick-Fusion-treated mixtures were directly used to transform 

Table 2

Plasmids used in this study

Plasmid Host Source or Reference

pJWV102 E. coli (29)

pNZ8048 L. lactis (21)

pLG-MG1 L. lactis (19)

pNZ-PnisA-dcas9 L. lactis This study

pNZ-PnisA-dcas9-sfgfp L. lactis This study

pPEPX-P3-sgRNAluc E. coli (29)

pGHost E. coli

pGHost-Pusp45-sgRNAluc. E. coli This study

pTLR E. coli (22)

pTLR-Pusp45-sgRNAluc E. coli This study

pTLR-Pusp45-sgRNAacmA E. coli This study

pTLR-Pusp45-sgRNAftsZ E. coli This study

pTLR-Pusp45-sgRNApbp2b E. coli This study

pSEUDO::Pusp45-sfgfp(Bs) E. coli (19)

pPEP23 E. coli (36)

pSEUDO10-Pusp45-luc E. coli This study

pSEUDO29 E. coli This study

pSEUDO29-PnisA-dcas9-sfgfp E. coli This study
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E. coli. Oligonucleotides employed in this study are listed in Table 2 and were purchased 

from Biolegio BV (Nijmegen, the Netherlands). Competent E. coli cells were transformed 

using heat shock (32), while electrocompetent L. lactis cells were transformed using 

electroporation (33) with a Bio-Rad gene pulser (Bio-Rad Laboratories, Richmond, CA, 

US). All nucleotide sequencing was performed at Macrogen Europe (Amsterdam, the 

Netherlands). 

Table 3

 Sequences of oligonucleotides used for plasmid and strain construction

Primer name Sequence (5’ – 3’)

0032-USER_Pnis_dCas9_F ATGGATAAGAAAUACTCAATAGGCTTAG

0220-dCas9-USER_R ACTTATAAAGCUCTCGAGGTCGACTTAGTCAC

0217-pNZ8048_USER_F AGCTTTATAAGUAATTACAGCACGTGTTGCTTTGATTG

0221-Pnis_pNZ8048_R AGTATAATATGTTTAGCTGGTTTATAAAAAGCGAGGTTTAAGAGCTATGC

0218-dCas9_USER_R AGTCACCTCCUAGCTGACTCA

0215-sfGFP_USER_F AGGAGGTGACUAATGTCAAAAGGAGAAGAGCTGTTC

0219-linker_sfGFP_USER_R AGGAGGTGACUTGCAGGCGGGATCTGGTG

0149-sgRNA_F AGAGGATAGAAUGGCGCCGT

0150-sgRNA_R AGACTTATTTACUGTTACTGGAGGGATCCATGAG

0147-Pusp45_F AATATGAACATGAUTATATTTACTAATCGCTGGACA

0148-Pusp45_R ATTCTATCCTCUTAAACATATTATACTATTCCTACCCCA

0145-pGHost_F ATCATGTTCATATUTATCAGAGCTC

0146-pGHost_R AGTAAATAAGTCUAGTGTGTTAGAC

0189_luc_F ATAAGGAGGACAAACATGAGATCCGCCAAAAACATAAAGAAAG

0190-luc_R ACTAGTGCTCATTATTTATTATTACAATTTGGGCTTTCCGC

0221_sgRNA(acmA)_F AGTATAATATGTTTAGCTGGTTTATAAAAAGCGAGGTTTAAGAGCTATGC

0222_sgRNA(acmA)_R GCATAGCTCTTAAACCTCGCTTTTTATAAACCAGCTAAACATATTATACT

0235-sgRNA(ftsZ) AGTATAATATGTTTATTCTTCAATCATACGGTTGAGTTTAAGAGCTATGC

0236-sgRNA(ftsZ) GCATAGCTCTTAAACTCAACCGTATGATTGAAGAATAAACATATTATACT

0237-sgRNA(pbp2B) AGTATAATATGTTTAGATAATCTGAACATCGCCACGTTTAAGAGCTATGC

0238-sgRNA(pbp2B) GCATAGCTCTTAAACGTGGCGATGTTCAGATTATCTAAACATATTATACT

0187-pseudo10_R GTTTGTCCTCCTTATTAGTTAATCAGTA

0188-pseudo10_F ATAATGAGCACTAGTCAAGGTCGG

0247-pseudo29_UP_F CGCTCACAATTCCACAGCAGAAATGTATGTGGTCAGC
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Co n s t r u c t i o n o f  p l a s m i d - b a s e d C R I S PR i  s ys t e m s

Pertinent regions of all plasmids constructed in this study were sequenced to 

Table 3

 Sequences of oligonucleotides used for plasmid and strain construction

Primer name Sequence (5’ – 3’)

0248-pseudo29_UP_R TCTTATTCGCGCAAATTAGTCACATTAGCCGAGTGACACCTT

0249-pseudo29_DOWN_F GTGTCACTCGGCTAATGTGACTAATTTGCGCGAATAAGATGA

0250-pseudo29_DOWN_R TCACTCATTAGGCACTCAGATAAACGCATTTTCGCTCT

pCS1966_1FW GTGCCTAATGAGTGAGCTAACTC

pCS1966_1RV GTGGAATTGTGAGCGGATAAC

03-dcas9-pseudo29-F GGTTAAAGGTGTCACTCGGCCTAATGTCACTAACCTGCCCCGTT

04-dcas9-pseudo29-R TCAGCCTCATCTTATTCGCGCGCTTTGATTGTTCTATCGAAAGCG

01-pseudo29_F GCGCGAATAAGATGAGGCTGA

02-pseudo29-R GCCGAGTGACACCTTTAACC

0121-Pusp45_seq_F AGAGAGGAAGAAGAAGCATAGGA

0123-GFP_seq_R GCTATTGTTTCTGGAGCCAATTG

0158-pGHost_seq_F GCTGCAAGGCGATTAAGTTG

0159-pGHost_seq_R GACAACATCTTCGCTGCAAAG

0168-pTLR_seq_F CTATATCGTTAGGTACAGCTTCC

0170-pTLR_seq_R_2 CGTGGCCAATATGGACAACTT

0182-dCas_Seq_6 TCGTCTTGATTTACTCAATCGTGC

0227-Seq_luc_1 TATCGGAGTTGCAGTTGCGC

0228-Seq_luc_2 GATGATAAACCGGGCGCGGT

0263-pNZ_seq_FW ACAGTCGGTTTTCTAATGTCACT

0264-pNZ_seq_RV CAGCAATATCAGTAATTGCTTTATC

0332-pseudo10-seq_F CTGGAGCCAATTGGCATTGGA

0333-pseudo10-seq_R GAGGACAAAAGTAATCATTTGACTATTG

0020_dCas9 _seq_R GCTTCTTGTCTTCTTCCACCA

0021_dCas9 _seq_F_1 GGTAGATTCTACTGATAAAGCGGAT

0022_dCas9 _seq_F_2 GCAAGCAACGGACCTTTGACA

0023_dCas9 _seq_F_3 GCTGATCCATGATGATAGTTTGA

0024_dCas9 _seq_F_4 GTCGTTGGAACTGCTTTGATTA

0025_dCas9 _seq_F_5 GGAGCAGCATAAGCATTATTTAG
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confirm their proper nucleotide sequences. Streptococcus pyogenes dcas9 (dcas9) 

was obtained from plasmid pJWV102 (29) using primers 0032-USER_Pnis_dCas9_F 

and 0220-dCas9-USER_R while the linearized pNZ8048 vector was obtained using 

primers 0217-pNZ8048_USER_F/0221-Pnis_pNZ8048_R. The fragments were then 

fused employing the USER cloning kit (New England Biolabs, Ipswich, MA) according 

to the manufacturer’s instructions, with the exception of using only one-half of the 

recommended volume per reaction. Each reaction mixture was directly used to 

transform competent L. lactis NZ9000. The resulting vector was labeled pNZ-PnisA-dcas9. 

Plasmid pNZ-PnisA-dcas9-sfgfp, expressing a Cas9 variant coupled C-terminally with sfGFP 

via the flexible linker sequence AGSGGEAEA, was made as follows: dcas9 was amplified 

from pJWV102 using primers 0032-USER_Pnis_dCas9_F/0218-dCas9_USER_R. The 

sfgfp with the polylinker at its 5’-end was amplified from plasmid pLG-MG1 (20) using 

primers 0215-sfGFP_USER_F/0219-linker_sfGFP_USER_R. The fragments were then fused 

through USER cloning and the mixture was used to transform competent L. lactis NZ9000 

to obtain the proper construct. 

The DNA fragment encoding the single-guide RNA targeting the luciferase gene 

(sgRNAluc) was amplified from plasmid pPEPX-P3-sgRNAluc (29) by primers 

0149-sgRNA_F/0150-sgRNA_R. The constitutive L. lactis promoter Pusp45 was amplified 

from plasmid pSEUDO::Pusp45-sfgfp(Bs) (19) with primers 0147-Pusp45_F/0148-Pus-

p45_R, and linearized pGHost vector was obtained after amplification using primers 

0145-pGHost_F/0146-pGHost_R. The three fragments were then fused with the USER 

cloning kit and the reaction mixture was used to transform competent E. coli DH5α, 

resulting in plasmid pGHost-Pusp45-sgRNAluc. The Pusp45-sgRNAluc cassette obtained by 

double digestion of the latter plasmid, using restriction enzymes NcoI and XhoI, was 

ligated into pTLR (22) digested with the same enzymes. The ligation mixture was used to 

transform competent E. coli DH5α, yielding plasmid pTLR-Pusp45-sgRNAluc. The sgRNAluc 

sequence is transcribed directly after the +1 of the Pusp45 promoter and contains 20 

nucleotides (nt) in the base-pairing region, which targets the luciferase gene, and is 

followed by an optimized single-guide RNA (34). Plasmid pTLR-Pusp45-sgRNAluc was used 

as the template for generation of other sgRNA expression plasmids by Quick-fusion 

cloning (see next section).

Q u i c k- f u s i o n c l o n i n g o f  s g R NA g e n e s

The 20-nt guide sequences of sgRNAs targeting different genes were selected with 
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CRISPR Primer Designer (35). Briefly, a search was done within the coding sequence of 

each gene for a 14-nt specificity region consisting of the 12-nt “seed” region of the sgRNA 

and GG of the 3-nt PAM (GGN). sgRNAs with more than one binding site within the L. 

lactis genome, as determined by a BLAST search, were discarded. The guide sequence 

was chosen as close as possible to the 5’-end of the coding sequence of the targeted 

gene (12). 

Cloning of sgRNA sequences was done by quick-fusion cloning (Fig 4). Primer pair 

0153-sgRNA_backbone_FW/0154-sgRNA_backbone_RV was designed for linear 

amplification of plasmid pTLR-Pusp45-sgRNAluc. The primers bind directly upstream and 

downstream, respectively, of the 20-bp guide sequence for luc to enable easy sgRNA 

sequence swapping. To fuse the 20-nt new guide sequence into the linearized vector, two 

50-nt complementary primers were designed for each target gene. Each primer contains 

15 nt at one end, overlapping with the sequence on the 5’-end of the linearized vector, 

followed by the 20-nt gene-specific guide sequence and then 15 nt overlapping with the 

sequence on the 3’-end of the linearized vector (Fig 4). The two 50-nt complementary 

primers were annealed in TEN buffer (10 mM Tris, 1 mM EDTA, 100 mM NaCl, pH 8) by 

Figure 4 Scheme of the quick-fusion method used for sgRNA cloning. Two target gene-specific 
primers are designed for each gene to be knocked down. Primers 1 and 2 are complementary: they 
contain 15-bp stretches of homology to sequences of the regions flanking the 20-bp base-paring 
region of the sgRNA encoding sequence. Linearized pTLR-vector is obtained by PCR amplification 
using primers 3 and 4. Once the linearized vector DNA is obtained, it can be used for subsequent 20-bp 
replacements. Replicons p15A and pCT1138 are for replication in E. coli and L. lactis, respectively. eryR, 
erythromycin resistance gene.
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heating at 95°C for 5 min and cooling down to room temperature. The annealed product 

was fused with the linearized vector using the Quick-Fusion Cloning kit (BIO-Connect 

Services BV) according to the manufacturer with the exception of using only one half 

of the recommended volume per reaction. Each reaction mixture was directly used to 

transform competent E. coli DH5α and the designated plasmid was then introduced into 

L. lactis dCas9 or dCas9-sfGFP strains.

Co n s t r u c t i o n o f  l u c  r e p o r t e r  s t ra i n

The luc gene was amplified from plasmid pPEP23 (36) using primers 0189_luc_F/ 

0190-luc_R while the vector pSEUDO::Pusp45-sfgfp(Bs) (19) was linearized by amplification 

using primers 0187-pseudo10_R/0188-pseudo10_F. The fragments were fused by 

employing the Quick-Fusion Cloning kit according to the manufacturer with the exception 

of using only one half of the recommended volume per reaction. The reaction mixture 

was directly used to transform competent E. coli DH5α to pick up plasmid pSEUDO10-

Pusp45-luc. This plasmid, which cannot replicate in L. lactis, was introduced into L. lactis 

NZ9000 via electroporation. Cells in which the plasmid had integrated in the genomic 

locus pseudo10 were obtained by selection on erythromycin. Cells in which resolution 

of the chromosomal structure, leading to the proper integrant strain NZ9000::pseu-

do10::Pusp45-luc, had occurred were subsequently selected by growing on selective SA 

medium plates containing 20 μg/ml of 5-FOA (9). The chromosomal structure of the luc 

insertion was confirmed by PCR analysis and sequencing.

Co n s t r u c t i o n o f  g e n o m e - b a s e d C R I S PR i  s ys t e m

The flanking regions of pseudo29 were amplified using 0247-pseudo29_

UP_F/0248-pseudo29_UP_R and 0249-pseudo29_DOWN_F/0250-pseudo29_DOWN_R, 

while linearized vector pCS1966 was obtained by PCR amplification using the primer 

pair pCS1966_1FW/pCS1966_1RV. The fragments were then fused with the Quick-Fusion 

cloning kit as detailed above. The reaction was directly used to transform competent E. coli 

DH5α. The resulting vector was designated pSEUDO29. The PnisA-dcas9-sfgfp cassette was 

amplified using primers 03-dcas9-pseudo29-F/04-dcas9-pseudo29-R while linearized 

pSEUDO29 was obtained by amplification employing primers 01-pseudo29_F/02-pseu-

do29-R. The fragments were fused using the Quick-Fusion Cloning kit. The reaction 

mixture was directly used to transform competent E. coli DH5α and a transformant 

carrying pSEUDO29-PnisA-dcas9-sfgfp was selected. The resulting vector, which does not 

replicate in L. lactis, was introduced in L. lactis NZ9000 via electroporation; cells in which 
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the two-step homologous recombination event had occurred were selected on selective 

SA medium plates with 20 μg/ml of 5-FOA (9). The obtained strain was labeled NZ9000 

pseudo29::PnisA-dcas9-sfgfp. The chromosomal structure of the insertion was confirmed 

by PCR analysis and sequencing.

O p t i c a l  d e n s i t y,  f l u o r e s ce n ce ,  a n d l u m i n e s ce n ce m e a s u r e m e nt s

L. lactis cells were grown overnight in CDM at 30 °C and then diluted to an optical density 

at 600 nm (OD600) of 0.1 in fresh CDM. Incubation was continued until the mid-log 

phase (OD600 = 0.5) was reached, after which the cells were diluted again to a starting 

OD600 of 0.05 in fresh CDM with different concentrations of nisin. Then, each culture 

was divided in triplicates in a 96-well microtiter plate (Polystyrol, transparent, flat, and 

clear bottom; Corning, New York, US). OD600 and fluorescence signal (GFP: excitation 

485 nm/emission 535 nm) were measured every 10 min at 30 °C in an Infinite 200 Pro 

plate reader (Tecan Group Ltd., Männedorf, Switzerland) with I-control 1.10.4.0 software 

(Tecan Group Ltd.). For luminescence measurements, the cells were grown under the 

same procedures as above, with the exception that, when cell were diluted to the starting 

OD600 = 0.05 in fresh CDM with or without nisin, D-Luciferin sodium salt (SYNCHEM 

OHG, Altenburg, Germany) was added to a final concentration of 2.5 mg/ml. Each culture 

was subsequently divided in triplicates in 96-well polystyrol microtiter plates (white, flat, 

and clear bottom; Corning). OD600 and luminescence signal were measured every 10 

min at 30°C in an Infinite 200 Pro plate reader with I-control 1.10.4.0 software.

M i c r o s co py 

All micrographs were obtained with a DeltaVision Elite inverted epifluorescence 

microscope (Applied Precision, GE Healthcare, Issaquah, WA, US) equipped with a stage 

holder, a climate chamber, a seven-color combined set InsightSSI solid-state illumination 

module, and a scientific complementary metal oxide semiconductor (sCMOS) camera 

(PCO AG, Kelheim, Germany). A 100× phase-contrast objective (numerical aperture 

1.4, oil immersion, DV) was used for image capturing, in combination with SoftWorX 

3.6.0 software (Applied Precision, GE Healthcare) to control the microscope setup. A 

fluorescence filter set which excitation at 475/28 nm and emission at 525/48 nm was 

used to visualize GFP. Fluorescence was imaged with 0.5 to 1 sec exposure times while 

the maximum transmission of the light source was maintained for all exposure settings. 

A standard microscope slide was prepared with a layer of solidified agarose (1.5%, wt/

vol in phosphate-buffered saline), and 1 μl of a bacterial cell culture was spotted onto 
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the agar. The sample was covered with a standard microscope coverslip for microscopic 

observations.
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