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Abstract

Lactococcus lactis can be employed as a bacterial host for the production of recombinant 
membrane proteins. Typically, this is achieved by driving the expression of the 
heterologous gene via the nisA promoter, which is responsive to nisin. Like in Escherichia 
coli, membrane protein production in L. lactis does not always yield sufficient levels of 
protein to conduct follow-up experiments. One approach to pinpoint the responsible 
bottlenecks is to examine every step in the production process. The main goal of this thesis 
research was to examine impediments that occur during membrane protein production 
at the transcriptional and post-transcriptional phase at the single cell level. This requires 
a method to visualize mRNA molecules for their quantification and localization. In this 
chapter, we describe the development of, and evaluate various available techniques to 
study transcripts in Lactococcus lactis cells by virtue of fluorescence microscopy. 
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Introduction

Due to its industrial relevance, the response of Lactococcus lactis to a changing environment 
has been extensively studied using DNA microarrays, RNA sequencing, ribosome 
profiling, and proteomics and metabolomics technologies, in which pools of RNA, 
ribosomes, proteins or metabolites are extracted from cell cultures 47,48,51,63,223,253–260. This 
has led to a wealth of information on regulatory pathways involved in the physiological 
changes of L. lactis to a variety of stimuli. Like with most microorganisms, lactococcal cells 
are usually spatially scattered in both natural and industrial sub-milieus. In an industrial 
setting, cell-to-cell variations can arise shortly after spatial separation as a consequence of 
the coagulation of milk during the fermentation process. Even growth in batch cultures 
in rich media can lead to alternative intercellular decision-making processes during 
nutrient-limitation. The latter is exemplified by the recent observation that two stable 
subpopulations arise from one genetically identical L. lactis population while undergoing 
diauxic shifts 261. This study is one of many that underscore the importance of conducting 
single-cell studies to expose temporal diversifications in monoclonal subpopulations. 

In addition to uncovering physiological cell-to-cell variations, single-cell studies enable 
studying bacterial cell biology at a high spatiotemporal resolution. A range of molecular 
tools for the in vivo localization of DNA, RNA, lipids and proteins in individual cells have 
been developed 262–267. Of special importance are fluorescence microscopy techniques and 
the contemporary set of fluorescent proteins and fluorescence microscopy techniques, 
both of which have been expanding profoundly 267–270. For example, the development of 
super-resolution microscopy using photoconvertable fluorescent proteins now allows 
examining cellular processes beyond the diffraction limit of light 269,270. 

The functionality of many of the original fluorescent proteins greatly depends on pH, 
temperature and oxygen availability. As these parameters differ greatly between species, 
many of the early fluorescent proteins show weak or even no fluorescence in certain cell 
types. Improved fluorescent reporter proteins recently developed in our group for use in 
L. lactis have opened the way for single-cell studies in this economically highly relevant 
microorganism 271,272. 

Although its main importance lies in the dairy industry, L. lactis is also employed for 
the delivery of oral vaccines and as an expression host for proteins and antimicrobial 
peptides 41,54,273–275. L. lactis has gained attention as an alternative to Escherichia coli for 
the production of recombinant membrane proteins (MPs). Studies in our group have 
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previously focused on the genome-wide responses of L. lactis to the overexpression of 
certain MPs at both the transcriptome and proteome levels 62–65,240. Details herein may 
have been overlooked due to the lack in those days of dedicated molecular tools to study 
L. lactis biology at the single-cell level. The recent advances in molecular imaging allow 
re-examining MP overproduction at the level of the individual cell and, thus, deepening 
our understanding of mechanisms underlying, specifically, the aberrant expression of 
heterologous MPs. 

Our goal for the research presented in this thesis was to focus on bottlenecks that occur 
during the initial steps in the pathway of MP biogenesis in L. lactis, thus, to examine 
possible anomalies in the transcription process and the subsequent fate of MP transcripts. 
This requires a system to accurately visualize the abundance, dynamics and location of 
mRNA molecules of various MPs in living L. lactis cells. The current chapter reports on 
the evaluation of a subset of tools to visualize overexpressed mRNA molecules in single 
L. lactis cells. This has enabled conducting the experiments that are described in the 
succeeding chapters of this thesis. 

Many techniques have been developed for the visualization of mRNA molecules in single 
cells using fluorescence microscopy (reviewed in Chapter 3). Three mechanistically 
different techniques were chosen and evaluated for their use in L. lactis: RNA tagging 
based on (1) fluorescent in situ hybridization (FISH), (2) protein-aptamer interactions 
(the phage coat protein MS2-based system) and (3) fluorogen-binding aptamers (Spinach 
and the Malachite Green Aptamer; MGA) 99,276–281. In agreement with other studies, FISH 
proved to be most powerful. A clear drawback of FISH is that it requires the fixation 
of cells. Nonetheless, results obtained with FISH were used as controls to evaluate the 
MS2, Spinach- and MGA-based methods. MS2 and FISH have previously been used 
to study native, low-abundant transcripts, whereas Spinach and MGA have only been 
tested for the detection of highly abundant model RNAs or in vitro experiments. We 
employed the various tools to visualize transcripts produced by gene overexpression, 
leading to the accumulation of high levels of the same transcript. Although the MS2 
system has successfully been implemented for mRNA imaging in eukaryotic cells, its 
use in bacteria has met with less success 276,282,283. The fact that we study overproduction 
of MPs and thus expect to encounter high amounts of transcripts, justified also 
examining the MS2 system in L. lactis despite its disadvantages reported earlier. 
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Results

Validation of single-probe FISH for transcript visualization in L. lactis

To determine the localization and quantity upon overexpression of specific mRNA 
molecules in L. lactis, we first applied single-probe (sp) FISH 99,279,280. To avoid high costs in 
probe design and to make mRNA labeling compatible for both FISH and MS2 recognition, 
an array of twelve MS2 binding sequences (abbreviated to 12bs) was introduced between 
the stop codon and the transcriptional terminator of the transcripts under study. The 12bs-
array served as a target for multiple hybridizations to a 20-nts-oligonucleotide ms2 probe 
labeled at both the 5’ and 3’ ends with carboxytetramethylrhodamine (TAMRA). The 
distance of 20-nts should be enough to avoid quenching of the adjacent dyes 284. 3’-UTR 
mRNA tagging was employed for two reasons: It does not interfere with translation of the 
preceding gene-coding region on the mRNA and only fully transcribed mRNA molecules 
are visualized (Fig 1A). 

To investigate spFISH functionality in L. lactis, chimeric transcripts containing the L. 
lactis bcaP gene (mRNA#1) or the human PS1Δ9 gene (mRNA#2), each extended with 
a 12bs-array, were placed under the control of the nisin-inducible nisA promoter (PnisA) 
on plasmid pNZ8048 and introduced in L. lactis NZ9000 71. The resulting strains were 
grown in rich chemically defined medium (GCDM*), until they had reached a density 
corresponding to an OD600 of 0.4, at which point the cultures were split in two. Half of 
each culture was induced with 5 ng ml-1 nisin to start the expression of the transcripts, 
while the remaining, non-induced cultures served as negative controls. Following another 
hour of incubation, cells were collected and applied to the FISH protocol as set forth by 
Skinner and co-workers and using the ms2 probe 279,280. On average, a 60-fold increase in 
TAMRA-signal was obtained in induced cells compared to the negative control cells (Fig 
1B). Furthermore, distinct mRNA localization patterns were observed for mRNA#1 and 
mRNA#2 (Fig 1C). 

FISH probes targeting the protein-coding regions of mRNA#1 and mRNA#2 were designed 
to uncover possible adverse effects of the 12bs-extension on the studied mRNAs (Fig 1A). 
Three dual-labeled oligonucleotides for each mRNA sufficed to visualize the overexpressed 
transcripts (Fig 1D). The use of gene-specific probes yielded similar localization patterns 
for mRNA#1 or mRNA#2 with or without the 12bs-array (Fig 1D). Moreover, the observed 
patterns were similar to those in cells expressing mRNA#1 or mRNA#2 that were visualized 
using the ms2 probe. Hence, the localization patterns of each transcript appeared to be (1) 
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Fig 1. Validation of FISH using ms2 probes in combination with the 12bs-RNA appendix to visualize 
overexpressed transcripts in L. lactis. (A) Schematic representation of the combination of probes and 
annealing sites on the transcripts used to validate spFISH. Probes were designed to anneal to the 12bs-
array introduced at the 3’-end of the transcripts (1; red squares) or to gene-coding regions of mRNA#1 
or mRNA#2 ((2) and (3); black squares). The red dot indicates the stop codon. All probes carried 
carboxytetramethylrhodamine (TAMRA)-labeled 5’- and 3’-ends. (B) Total TAMRA fluorescence levels 
of cells expressing mRNA#1 or mRNA#2 each extended with the 12bs-array, as well as in control L. lactis 
NZ9000 cells. (C) Exemplary fluorescence micrographs of L. lactis cells expressing either bcaP12bs (left panel) 
or PS1Δ912bs (right panel) as visualized with spFISH. (D) Fluorescence micrographs of cells in which bcaP 
or PS1Δ9-specific probes were used to visualize overexpressed mRNA#1 or mRNA#112bs, or mRNA#2 or 
mRNA#212bs, respectively. PC = phase-contrast. White bar = 2 um. (E) Degradation rates of overexpressed 
mRNA#1 or mRNA#2 monitored with FISH probes that target different sites of the transcripts (as depicted 
in (A)). Gene-specific probes were used to follow the decay of mRNA#1 mRNA (left panel) or mRNA#2 
mRNA (centre panel) with or without a 3’-12bs-extension (green and red diamonds, respectively). The use 
of the ms2 probe for the quantification of mRNA degradation (black squares) yielded very comparable 
datasets. The degradation curves of mRNA#1 mRNA (black squares) and mRNA#2 mRNA (red squares) 
from the experiments with different probes were combined and mean degradation with standard deviations 
were obtained (right panel). 
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independent of the presence of 12bs-array at their 3’ ends and (2) similar to those obtained 
with the ms2 probe. 

MS2-tagging is known to impede degradation of transcripts due to the attachment of 
multiple RNA hairpin repeats to which MS2 proteins are bound. It is not clear, however, 
whether the RNA extension alone, without being occupied by MS2 proteins, has any 
significant effect on mRNA breakdown. Therefore, we examined the degradation rate of 
overexpressed mRNA#1 and mRNA#2 with or without 12bs-array after the addition of the 
transcription-inhibiting antibiotic rifampicin. The fate of both transcripts was monitored 
with FISH probes targeting either the gene-coding regions or their 12bs-array. The probe-
mRNA combinations are depicted in Fig 1A. Specific decay curves for each transcript 
were obtained using the gene-specific probes; these were independent of the presence of 
the 12bs-array (Fig 1E). In addition, the half-lives obtained with the ms2 and gene-specific 
probes for each type of mRNA are similar (Fig 1E). The degradation curves of mRNA#1 
or mRNA#2 acquired with the different probes were combined (Fig 1F). The results show 
that the variation in decay rates of the same transcript monitored with different probes 
was smaller than that between mRNA#1 and mRNA#2. Together, these data indicate that 
the 12bs-array alone does not influence the specific localization adopted by mRNA#1 and 
mRNA#2, nor does it significantly affect transcript degradation. The introduction of the 
12bs-array to mRNA molecules of interest and its subsequent use as a target sequence for 
spFISH, is a valuable method to achieve information on the abundance and localization of 
overexpressed mRNA molecules, albeit that the data is static.

To test if multiplexed fluorescence imaging of a transcript together with its translated 
product would be possible, the 12bs-array was transcriptionally fused, in the way described 
above, to the gene encoding a monomeric superfolder GFP (sfGFP; see Methods). L. lactis 
cells were grown to early exponential phase and induced with nisin to initiate expression. 
The left column in Fig 2B shows the level of TAMRA signal obtained within many 
hundreds of cells as a function of GFP intensity, using the FISH protocol as described by 
Skinner and colleagues 280. Clear signals from both fluorescent reporters were obtained, 
showing that multiplexing was easily achieved. However, there was no correlation between 
the gfp12bs mRNA and GFP protein levels (Fig 2B). It has previously been reported that 
the levels of low-abundant, native transcripts and their cognate proteins do not correlate 
in E. coli 285. Nonetheless, we questioned whether this was also the case in our studies 
since we achieved mRNA and protein production through controlled overexpression. 
We therefore examined the possibility that the thick cell wall of Gram-positive bacteria 
requires lysozyme treatment to increase entrance into the cells of the FISH probes. A 
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recent study showed that incubation of Staphylococcus aureus with lysozyme followed 
by permeabilization with ethanol elevated FISH signals 286. In agreement, we found 
that an incorporation of a 15-min lysozyme treatment of L. lactis cells at 30 °C, prior 
to ethanol permeabilization and probe hybridization, results in an increase in TAMRA 
levels compared to cells that were not treated with lysozyme (Fig 2A). More importantly, 
a correlation was now observed between gfp12bs mRNA and GFP protein levels in cells 
treated with lysozyme and ethanol (Fig 2B; right panel). These results clearly indicate that 
access of the probe to complementary target sequences is hampered by the presence of 
intact cell walls.  Imaging of mRNA via FISH and GFP-tagged protein at the same time is 
thus possible in L. lactis using the current protocol but lysozyme treatment is essential for 
obtaining reliable spFISH data.

FISH to detect single mRNA molecules in L. lactis 

The data presented above show that spFISH can be used to detect many copies of a specific 
transcript in nisin-induced cells. One to several defined fluorescent foci are often seen in 
the non-induced fraction of cells; these foci are absent in cells that do not express mRNA 
extended with the 12bs-array (exemplified for mRNA#1 in Fig 3A, but also observed for 
mRNA#2). Foci could have formed because (1), PnisA on the expression vector is leaky 
or (2), the rolling circle-type replication (RCR) of the pSH71 replicon on the expression 

Fig 2. The effect on intracellular TAMRA signals of treating L. lactis with lysozyme prior to FISH. (A) 
Scatter box plots depicting the average TAMRA levels (in arbitrary units, AU) of gfp12bs mRNA in GFP-
expressing cells of L. lactis NZ9000(pLG-GFP) treated or not with lysozyme prior to spFISH (****, t-test, p 
< 0.0001). Each grey dot represents one cell. Indicated are the mean value of the complete population and 
the corresponding standard deviations. (B) TAMRA levels (in AU) of probes hybridized to gfp12bs mRNA 
in single-cells (grey dots) of L. lactis NZ9000(pLG-GFP), plotted as a function of the corresponding GFP 
intensity (in AU) of each cell, with (right panel) or without lyszoyme treatment (left panel) prior to spFISH. 
GFP and TAMRA show an improved correlation (r2) in treated cells compared to untreated cell. Solid black 
line = linear regression.
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vector pNZ8048 creates single strand (ss) DNA that is complementary to the RNA FISH 
probes 287. To determine whether the observed foci contain mRNA molecules or replicating 
plasmids, non-induced cells were treated with RNase I, DNase I or rifampicin. Most foci 
disappeared after DNase I treatment, but not after treatment with RNase I or rifampicin, 
indicating that they represent ssDNA of replicating plasmids rather than mRNA molecules 
(Fig 3A). Hence, the use of the ms2 probes without treatment of DNase I does not inform 
on the location of transcripts when they are expressed from RCR plasmids. 

The ms2 probe was designed to bind the MS2 binding site: it hybridizes to the short 
hairpin in the RNA that interacts with MS2 (Fig 3B). The hairpin structure has a melting 
temperature of 36.8 ºC, but the addition of 40% formamide in the hybridization buffer 
used in the FISH protocol leads to a theoretical reduction to 28.8 ºC. This would lead to 
a loss of the stem-loop structure when probe hybridization is carried out at 30 ºC. The 
formamide-driven decrease in melting temperature should suffice to melt all RNA hairpin 
loops, while probe hybridization to the unfolded RNA structures is maintained. To ensure 
that all target RNA sequences are available for the probes, the cells were treated with DNase 
I to remove target DNA and heated to 70 ºC prior to probe hybridization. Moreover, a 568-
nm laser in combination with maximum laser power (150 mW) was employed to obtain 
bright signals, allowing capturing single foci that may correspond to single transcripts 
(Fig 3C). To address the question whether these foci are merely caused by non-specific 
binding or the consequence of genuine hybridization between the ms2 probe and its RNA 
target (the MS2 binding site), the average number of TAMRA fluorophores per focus was 
approximated. We assumed that fluorescent spots disappearing in a single step – that is, 
from one frame to the next - represent single TAMRA molecules that had entered a dark 
state by photobleaching. These spots were collected, after which the average brightness 
produced by a single TAMRA molecule in L. lactis was estimated (Fig 3D). This value 
(4000 AUs) was used to calculate the number of TAMRA molecules in the spots of DNase 
I-treated cells (Fig 3D, E). Under optimal conditions, the 12bs-array hybridizes to twelve 
ms2 probes, which, assuming that all probes are indeed conjugated to two TAMRA 
fluorophores, would lead to the presence of twenty-four TAMRA molecules per transcript. 
Since the ms2 probe is conjugated to two TAMRA molecules, fluorescent foci that carried 
less than three TAMRA molecules were regarded to be background noise due to non-
specific binding of one single probe. These foci were excluded from the data set (Fig 3E). 
After exclusion of spots containing less than three or more than twenty-four TAMRA 
molecules, 50% of the spots remained (Fig 3E). By doing so, on average seven TAMRA 
molecules were detectable after hybridization, which is far less than the maximum 
theoretical incorporation of twenty-four TAMRA molecules. We concluded that the low 
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Fig 3. Evaluation of spFISH for the detection of single mRNA molecules in single cells of L. lactis. 
(A) Exemplary micrographs showing the distribution of TAMRA fluorescence signals after spFISH in 
non-induced cells of L. lactis NZ9000(pLG-BcaP) (left panels). Merge: false-coloured overlays of TAMRA 
fluorescence (red) and phase-contrast (cyan) pictures. From bottom to top, cells were incubated with 
DNase I, rifampicin, RNase I or neither of the three. (-) = Non-induced cells. (B) Schematic representation 
of the ribonucleotide sequence and structure of the MS2-binding stem loop. The nucleotides to which 
the ms2 probe anneals are depicted in yellow. (C) DNase I and heat-treated (melt), non-induced L. lactis 
NZ9000(pLG-BcaP) cells visualized with phase contrast microscopy and 645-nm lasers to detect remaining 
TAMRA signals corresponding to putative single mRNA#1 molecules. Left panel: typical distribution of 
TAMRA fluorescence inside single L. lactis cells. Right panel: false-coloured overlay of putative mRNA 
molecules (red) and cell contour in phase-contrast (cyan). (-) = Non-induced cells. (D) Scatter dot plots 
showing the fluorescence brightness of spots corresponding to single TAMRA dyes or to fluorescent foci 
with signals from multiple TAMRA probes detected in non-induced L. lactis NZ9000(pLG-BcaP) cells 
treated with DNase I prior to spFISH. Indicated are the mean values of the complete population and the 
corresponding standard deviations. (E) Scatter dot plots of the estimated numbers of TAMRA dyes that 
were detected in each fluorescent spot present after cells were treated with DNase I. Horizontal bars indicate 
the mean values of the two populations. The obtained fluorescence brightness of each spot was divided by 
the mean brightness corresponding to one single TAMRA fluorophore (4000 AUs). The ‘All’ column shows 
the estimated TAMRA numbers of all spots represented in D, whereas the ‘≥3’ column depicts only those 
spots with signals above background (those that have incorporated three or more TAMRA fluorophores). 
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and heterogeneous hybridization efficiencies and/or quenching of the TAMRA-labeled 
probes complicated their distinction from background noise and thereby the possibility to 
quantify the number of transcripts per detected spot. 

Evaluation of the MS2 system for visualization of overproduced transcripts in living 
L. lactis cells

The MS2 phage coat protein (MS2) and its RNA binding sequence (see above) have 
been used to visualize transcripts in living cells of E. coli, Caulobacter crescentus and 
Bacillus subtilis 99,276,282,283,288. MS2 recognizes its target RNA sequence as a dimer 289. 
The construction of a single-chain tandem dimer of MS2 enhanced binding to reporter 
mRNA 290. As full-length MS2 is prone to aggregation above a certain concentration, 
an aggregation-deficient variant of MS2, MS2ΔA, was developed that lacks the domain 
required for self-assembly 283,291. However, aggregation-deficient MS2 showed reduced 
RNA binding capacities 276. To set up the MS2 system in L. lactis, we therefore first 
examined the expression and localization of various MS2 proteins in this organism. We 
fused the genes of various MS2 variants to that of a monomeric version of a superfolder 
GFP (sfGFPm; V206K substitution) that optimally performs in L. lactis (sfGFP(Bs)) 271. 
The two proteins in a chimera were connected via a flexible peptide linker. Besides the 
aggregation-prone full-length MS2 protein (MS2wt), its dimerized version (MS2dwt) and the 
assembly-deficient MS2 protein (MS2ΔA), we constructed a tandem dimer of aggregation-
deficient MS2 (MS2dΔA; Fig 4A). The latter combination combines the benefits of reduced 
aggregation and enhanced binding to its target RNA. The respective ms2-gfp genes were 
placed under control of PnisA on plasmid pNZ8048 and introduced in L. lactis NZ9000. 
To examine the basal expression levels of the chimeric proteins and corresponding self-
assembly propensities, each MS2-GFP protein (designated MG1 to MG4; Fig 4A) was 
overexpressed in L. lactis NZ9000 from plasmid pNZ8048 using the standard induction 
regime. Surprisingly, single cells expressing the tandem dimer of MS2 (MG2 and MG4) 
possessed enhanced fluorescence compared to those expressing monomeric MS2 variants 
(MG1 and MG3; Fig 4B, C). Fluorescence microscopy revealed that extended (>1 hr) and 
high (>5 ng ml-1 nisin) expression resulted in aggregation of full-length but not of the 
aggregation-deficient MS2 variants (Fig 4D), which led us to discard the use of MG1 and 
MG2. Although cells expressing MG3 show reduced fluorescence compared to MG4 (Fig 
4B, C), the number of monomeric MS2 variants that can bind to the 12bs-array is twice 
that of the dimeric versions leading to, in theory, an increased signal-to-noise ratio. As 
mentioned above, a tandem repeat of MS2 adopts its dimeric structure at higher rates and 
was therefore found to have a more stable and enhanced binding affinity 290. Hence, MG3 
and MG4 were selected for further realization of the MS2-system in L. lactis. 
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Fig 4. Evaluation of the performance of overexpressed MS2-GFP variants in single L. lactis cells. (A) 
Schematic representation of the MS2-GFP variants used in this study. Besides the aggregation-prone full-
length MS2 protein, MS2wt (MG1), its dimerized version, MS2dwt (MG2) and the assembly-deficient MS2 
protein MS2ΔA (MG3), a tandem dimer of the assembly-deficient MS2 variant was constructed, MS2dΔA 
(MG4). All of these MS2 proteins were fused, via a flexible linker, to a monomerized version of a superfolder 
GFP (sfGFPm; V206K substitution). The genes of each of these fusion proteins were placed under the 
nisin-controllable L. lactis promoter (PnisA) (right-bent arrow) and were followed by two consecutive 
transcriptional terminators (lollipops). Green rectangle, gfp gene; White rectangle, full-length ms2 gene; 
Hatched rectangle, aggregation-deficient ms2 gene. (B) Distributions of GFP fluorescence in single cells 
after 1-hr-overexpression of one of the four MG variants as measured with fluorescence microscopy. (C) 
Fluorescence micrographs of control cells and of cells expressing one of the four MG variants. Each MG 
protein was overexpressed for 1 hr in L. lactis NZ9000 from pNZ8048 by the addition of 5 ng ml-1 nisin 
to cells at mid-exponential phase to examine basal MS2-GFP expression levels and their self-assembly 
propensities. (D) Fluorescence micrographs of cells overexpressing aggregation-prone MG1 or MG2 and 
aggregation-resistant MG4 for 2 hrs with 10 ng ml-1 nisin. 
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Depending on the purpose of previous studies, between six and ninety-six MS2 binding 
sites were introduced either on the 5’- or 3’-end of transcripts 99,276,283. We chose to introduce 
arrays of six or twelve MS2 binding sequences (abbreviated to 6bs or 12bs) immediately 
downstream of the stop codon at the 3’-UTR of the transcripts in order to solely visualize 
fully transcribed mRNA molecules (Fig 5A). As we aim to examine a (membrane) protein 
overexpression system, we anticipated that one of these short arrays would suffice to 
obtain a good signal-to-noise ratio. The nisin-inducible PnisA was employed for expression 
of both MS2-GFP protein and the mRNA under study. The major pitfall of this approach 
is that expression of both elements cannot be modulated separately. On the other hand, 
we reasoned that the intracellular expression ratio between MS2-GFP and target RNA 
would be more or less constant when using the same inducible promoter (Fig 5B). This is 
illustrated by single-cell measurements of eYFP and mKate2 co-expression from pIL253 
or pNZ8048, respectively, of which the genes were both placed under the control of PnisA 

(Fig 5B). This is especially useful when the level of expression is heterogeneous, which 
is a characteristic of many inducible promoters, including PnisA 

44. Initially, both elements 
were cloned downstream of two separate promoters located on a pNZ8048-derived duet 
gene expression vector (P2nis; kindly provided by A. Steen, Fig 5C). Unfortunately, dual 
gene expression led to an imbalance of available MS2 binding sequences and MS2-GFP 
proteins after certain induction levels were reached. This resulted in aggregate formation 
as well as high background fluorescence caused by a surplus of unbound MS2-GFP 
molecules (Fig 5D). Therefore, the MG3 or MG4 DNA fragment (Fig 4A) including PnisA 
and a transcriptional terminator was introduced in single-copy in the pseudo10 locus on 
the chromosome of L. lactis NZ9000, creating strain LG009 and LG010, respectively (Fig 
5D) 292. The net fluorescence of these and previous strains were compared after standard 
induction. The chromosomal integration of the genes for the MS2-GFP variants led to 
an order of magnitude reduction in fluorescence per cell compared to expression from 
pNZ8048 (Fig 5D). A pNZ8048 vector containing the L. lactis codY gene (mRNA#3) 
extended with the 6bs or 12bs-array was introduced in L. lactis LG009 and LG010, after 
which fluorescence was examined upon similar induction conditions (Fig 5E and F). 
From these data we conclude that the highest signal-to-noise ratio was obtained using L. 
lactis LG010 in combination with a gene carrying a 12bs-array.

Localization patterns of mRNA#1 obtained with the MS2 system in L. lactis LG010 were 
certified with TAMRA-labeled FISH probes targeting the MS2-binding sites (the 12bs-array 
in mRNA#1). The TAMRA signals colocalized with MG4 (Fig 6A), although a correlation 
between GFP and TAMRA levels appeared to be absent. Binding of MG4 proteins to the 
hairpin loops in the 12bs-array could prevent proper hybridization of ms2 FISH probes, 
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Fig 5. Experimental set-up and optimization of MS2-based visualization of overexpressed mRA in 
single L. lactis cells. (A) Representation of the experimental set-up of MS2-based mRNA tagging in L. 
lactis. The MS2-GFP variant (MG3 or MG4) and the target RNA are both placed under control of PnisA (right 
turn arrow). An array of six (6bs) or twelve (12bs) MS2 binding sequences (lila box) was introduced behind 
the stop codon (red dot) at the 3’-UTR of the studied transcripts (gene X; white box). Each transcript was 
also extended with a 24-nt sequence coding for the StrepII-tag (WSHPQFEK; purple box). (B) The level of 
intracellular eYFP fluorescence as a function of the intracellular mKate2 fluorescence in L. lactis NZ9000. 
Both fluorescent proteins were placed under the control of the PnisA, but mKate2 was expressed from a pIL253 
vector, whereas eYFP was expressed from pNZ8048. (C) Left panel: Schematic representation of the pNZ-
derived duet gene expression vector initially employed to realize co-expression of MG4 and target RNA 
to establish an equivalent gene dosage of the two components. Right panels: Fluorescence micrographs in 
which cells are depicted that display aggregated MS2-GFP and high background fluorescence caused by a 
surplus of unbound MS2-GFP. 
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which would inherently mean that not all RNA binding sites are bound by MG4. This is in 
agreement with previous studies 290,293. Although the results validate the use of MS2-tagging 
in L. lactis to study the in vivo localization and dynamics of overexpressed transcripts, 
we realize that this method is quite invasive and, moreover, could increase transcript 
lifetime. To investigate the effect of MS2-GFP binding on the mRNA#1 degradation rate, 
cells expressing mRNA#1 in the presence or absence of MG4 were treated with rifampicin 
to halt transcription. mRNA#1 transcript degradation curves were obtained using FISH 
(Fig 6B). In both cases, a comparable half-life was measured. Colocalization of MG4 with 
TAMRA probes remained after extended rifampicin treatment, while fluorescent signals 
of MG4 did not diminish after addition of rifampicin, but increased due to additional GFP 
maturation (data not shown). 

Finally, the spatiotemporal behaviour of MG4-bound mRNA#1 was examined in L. lactis 
LG010. Expression of mRNA#1 and MG4 was induced by the addition of nisin to a final 
concentration of 5 ng ml-1 for 1 hr. Cells then were transferred to a microscope slide 
covered with 1.5% agarose in 1×PBS (pH 6.8) with 1% glucose but lacking nisin. Cells 
were kept at 30 °C and time-lapse movies were taken at a frame rate of 10 min to follow 
the localization over time of MS2-GFP in the absence of inducer. The disappearance of 
mRNA#1 was demonstrated by the loss of typical mRNA-bound MS2-GFP signal patterns, 
which was accompanied by a consequent homogeneous re-distribution of MG4 signal in 
the cell (Fig 6C). The homogenous distribution was either maintained or altered whenever 
mRNA#1 expression presumably became re-initiated. The latter, can, in theory, be caused 

Fig 5. Continued (D) Left panel: Schematic overview of the optimized MS2 system in which a MG3 
or MG4 DNA fragments is placed in single-copy in the pseudo10 locus on the chromosome of L. lactis 
NZ9000. Right panel: Fluorescence micrographs depicting L. lactis strains LG009 and LG010, co-expressing 
MG3 or MG4, respectively, with codY mRNA extended with either the 6bs- or 12bs-tail from the multi-
copy pNZ8048 plasmid. (E) Fluorescence intensities of L. lactis NZ9000 cells expressing MG3 or MG4 
from pNZ8048 (pNZ), L. lactis LG009 or LG010 cells expressing MG3 or MG4 from a chromosomal locus 
(pse10) or L. lactis LG009 or LG010 cells expressing MG3 or MG4 and at the same time overexpressing 
target mRNA from pNZ8048 (pse10+). (F) To discriminate which MS2-GFP protein showed the highest 
signal-to-noise ratios, several rims were drawn over fluorescent pictures of the cells as depicted in the left 
panel. The graph in the right panel shows the fold changes of fluorescence measured along the inner rim 
(1) compared to the fluorescence measured over the outer rims (3 and 4) for LG009 and LG010 strains 
expressing transcripts with either the 6bs- or 12bs-tail. Control cells (LG010 strain expressing only MG4) 
display a homogeneous distribution of free MS2-GFP in the cytoplasm, which yields relatively high levels 
of fluorescence along rim 1 compared to the outer rims, leading to rim ratios below 1. In case mRNA with 
MS2 stem loops are co-expressed, MS2-GFP was found to be excluded from the centre of the cells. The level 
of this effect is represented by the 1:4 and 1:3 ratios of the remaining strains, in which high ratios above 1 
are indicative of high signal-to-noise ratios. 
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by residual free nisin still present in the liquid medium during the transfer of cell culture 
to the agarose patch on the microscopy slide. 

Fluorogen-binding aptamers and the detection of overexpressed mRNA in L. lactis 

The advantage of FISH technologies is that they yield high signal-to-noise ratios. A 
drawback, however, is that cells require fixation. The use of protein-aptamer pairs is 
functional in living L. lactis (see above), but is instead limited by the high background noise 
and the relatively long maturation times of the fluorescent proteins. Alternative methods 
have recently emerged that employ fluorogen-binding aptamers. These RNA structures 
increase or activate the fluorescence of small organic fluorogens upon interaction with the 
latter. To examine whether mRNA labeling based on such systems could be used for our 
purposes, we explored two types of fluorogen-binding aptamers: the Spinach aptamer and 
the malachite green aptamer (MGA) 277,281. Because of its typical dense polar localization 
(see above), mainly mRNA#2 was used as model transcript to evaluate the feasibility of the 
two aptamers.  

Multiple repeats of the Spinach aptamer increase brightness

Spinach was the first aptamer-ligand system compatible with imaging of RNA in vivo 277. 
The original Spinach sequence is ~100 nts long and folds into a G-quadruplex structure 
(Fig 7A) 294,295. The fluorogen 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI) 
resembles the GFP fluorophore core (Ser65-Tyr66-Gly67). Binding of Spinach to DFHBI 
results in a conformational change of the latter, rendering the complex fluorescent. We 
initially appended transcripts with one Spinach aptamer sequence between the stop codon 

Fig 6. Effect of MS2-GFP binding on mRNA localization and degradation. (A) Fluorescence images 
depicting the localization patterns of mRNA#1 captured simultaneously in L. lactis LG010 with the MS2 
system spFISH. (B) Degradation curves of mRNA#1 with or without the presence of bound MS2-GFP 
(MG4) proteins. (C) Fluorescence snap-shots of the spatiotemporal behaviour of mRNA#1 bound by MS2-
GFP in L. lactis LG010. 
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of the coding region and the transcriptional terminator of mRNA#2 (Fig 7A). This set-
up did not yield clear DFHBI fluorescence even though the number of target transcripts 
should be abundant after nisin-controlled overexpression (Fig 7B). 

The original Spinach aptamer is rather unstable in a cellular environment and is dependent 
on high magnesium concentrations, a neutral pH and a tRNA scaffold to stabilize the 
fluorogen-interacting structural fold 296. Later on, the tRNA portion appeared to enhance 
degradation of the aptamer and was therefore omitted in our studies 297. Moreover, 
since L. lactis grows optimally at 30 °C, the aptamer is expected to have better folding 
kinetics and stability in L. lactis than in E. coli and eukaryotic cells, which are grown at 
37 °C. In an attempt to functionalize Spinach, two, four or eight tandem repeats of the 
aptamer were designed and constructed as follows. Using the Vienna RNAfold server, a 
spacer sequence was designed to promote optimal folding of the aptamer. The tRNA-less 
Spinach repeats, alternated by spacer sequences, were transcriptionally fused to mRNA#2. 
DFHBI fluorescence activation was captured using fluorescence microscopy of cells that 
were induced following a standard induction scheme. Indeed, greater levels of DFHBI 
fluorescence were observed when more Spinach repeats were present on the transcripts 
(Fig 7B).  To determine the optimal DFHBI concentration, cells expressing mRNA#2 with 
eight Spinach repeats were incubated with 5, 50 or 500 μM of DFHBI (Fig 7C). The fact 
that 500 μM DFHBI yielded the brightest signal seems to indicate that DFHBI could be 
limiting at lower concentrations. Changing the magnesium concentration or external 
pH did not further alter signal output (data not shown). Interestingly, fluorescence 
patterns similar to those observed with the MS2 and FISH methods were observed in 
cells expressing mRNA#1 and mRNA#2 with eight Spinach repeats incubated with 200 μM 
DFHBI (Fig 7D). Unfortunately, the method is rather unreliable as similar experiments 
performed on different days yielded varying outcomes. This is probably due to instability 
in the folding of Spinach, making the system as we employed it subordinate to the MS2 
and FISH methods described above. 

Malachite Green non-specifically interacts with bacterial DNA

Upon binding to the Malachite Green aptamer (MGA), the triarylmethane dye Malachite 
Green (MG) shows a 2000-fold increase in fluorescence 281. The 38-nts-long MGA is 
mainly used for in vitro assay for the detection of RNA while its use in living cells has 
gained limited attention 298–300. To examine if MGA can be employed to detect mRNA 
in L. lactis, the DNA sequence corresponding to one MGA was inserted in mRNA#1 
and mRNA#2, between the stop codons of the respective genes and their transcriptional 
terminators (see Methods). After standard induction to initiate transcription of MGA-
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Fig 7. Evaluation and optimization of the Spinach aptamer for mRNA detection in single cells of L. 
lactis. (A) Schematic representation of the detection of mRNA with Spinach aptamer(s) and 3,5-difluoro-
4-hydroxybenzylidene imidazolinone  (DFHBI). Spinach aptamer(s) (light blue) were transcriptionally 
fused downstream of gene X, within the region containing the stop codon (red dot) and the transcriptional 
terminators (lollypop structures). Gene X carries an additional C-terminal translational fusion to the 
StrepII-tag (purple). The expression module was placed on pNZ8048, under the control of the nisin-
inducible PnisA (right bend arrow). After initiation of transcription with nisin, DFHBI is added to the 
culture. DFHBI readily permeates the cell envelope and fluoresces (green diamond) upon interaction with 
the Spinach aptamer(s). (B) Micrographs of L. lactis NZ9000 cells expressing mRNA#2-S1x (1X), mRNA#2-
S2x (2X), mRNA#2-(4X) or mRNA#2-(8X), incubated with a final concentration of 200 μM DFHBI. Upper 
row: phase contrast (PC) images of the cells. Second row: FITC images adjusted to optimal fluorescence 
intensity of mRNA#2-S1x (1X) expressing cells (boxed in red). Third row: FITC images adjusted to optimal 
fluorescence intensity of mRNA#2-S4x (4X) expressing cells (boxed in red). (C) Micrographs of cells of 
L. lactis NZ9000 expressing mRNA#2-S8x (8X) incubated with 5, 50 or 500 μM DFHBI. First row: phase 
contrast (PC) images. Second row: FITC images adjusted to optimal fluorescence intensity of untreated 
cells. Third row: FITC images adjusted to optimal fluorescence intensity for cells incubated with 500 μM 
DFHBI. (D) Comparison of subcellular fluorescence patterns of mRNA#1 and mRNA#2, as visualized by 
the MS2 system, employing the 12bs-extended transcript and MG4 or using eight Spinach-repeats. 
Note that fluorescence intensities of the pictures are not comparable. Scale bars: 2 μm.
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tagged mRNA#1 or mRNA#2, transcripts were only detected if polar mRNA clusters were 
formed, suggesting that large quantities of transcripts with MGAs are required to obtain 
a distinguishable signal (Fig 8A). Unfortunately, MG appeared to stain DNA when added 
to high concentrations, staining chromosomal DNA (Fig 8A, B). In our studies, cells were 
treated with 1-2 uM MG 10 min prior to imaging. When cells were incubated with 200 nM 
MG instead, transcripts could not be clearly visualized. Shorter incubation time improved 
imaging results (Fig 8C). The formation of signals at the chromosomal area after prolonged 
incubation could be observed with MG concentrations as low as 200 nm data (data not 
shown). Taking snap-shots of cells after MG addition could be a feasible alternative, but 
would provide the same static information as FISH, which typically generates far better 
signal-to-noise ratios. 

Discussion

Research concerning the biology of L. lactis has primarily focused on the ensemble 
response of the microorganism. These studies have revealed important insights in 
response and population dynamics. Recently, methods have been developed that enable 
studying promoter activity in individual L. lactis cells 292, uncovering striking bistable 
features of bacterial decision-making 261. In order to add to the techniques that allow 
studying individual L. lactis cells, we have developed and thoroughly evaluated three 

Fig 8. Malachite green fluorescence is partially caused by non-specific activation by unknown cellular 
compounds localized in the nucleoid. (A) Fluorescence micrographs of L. lactis NZ9000 cells expressing 
mRNA#1 or mRNA#2 extended with MGA at their 3’-ends and incubated with 2 µM MG for 10 min prior 
to imaging. (B) Exemplary pictures of single cells of L. lactis NZ9000 expressing mRNA#1 or mRNA#2 
extended with a 12bs-appendix (no MG aptamer present) and incubated for 10 min with 2 µM MG. (C) 
Comparison of subcellular fluorescence patterns of mRNA#1 in L. lactis NZ9000 or LG010, as visualized 
with the MG aptamer in combination with 1 µM MG (< 10 min incubation) or with the MS2 system, 
respectively. PC = phase contrast images. Cy5 = malachite green. FITC = MS2-GFP. Scale bars: 2 μm.

MGA + 2 µM MG 12bs-tail + 2 µM MG
MGA-tail 
1 µM MG

12bs-tail
1 µM MG
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mechanistically different methods to quantify as well as to localize mRNA, namely RNA 
FISH, the protein-based MS2 system and the Spinach and Malachite Green aptamers. 
These different technologies were met with varying degrees of success. We did not employ 
methods that are based on protein complementation, since the long maturation time of 
split fluorescent proteins would obstruct directly analysing the fate of transcripts inside 
single cells.

I. Fluorescent in situ hybridization (FISH) 

The major advantage of FISH above other mRNA visualization techniques is the possibility 
to study native transcripts in single cells without the need to genetically insert tags that may 
influence dynamics, degradation or localization of the transcripts under study. Moreover, 
correct probe design and hybridization procedures allow for mRNA quantification and 
the detection of single mRNA molecules. The group of Golding recently published an 
elaborate protocol for smFISH in E. coli, which is based on the method initially developed 
by Raj and Van Oudenaarden 279,280. A drawback of any FISH method is the fact that 
bacterial cells need to be permeabilised and chemically fixed to allow probe penetration 
and hybridization, which precludes live cell imaging. Therefore, information about 
intracellular mRNA movement is lost. Methods such as microinjection, transfection and 
pore formation can be employed to deliver non-permeable FISH probes in eukaryotic 
cells. Delivery of fluorescent tags to E. coli cells is feasible 301–303, but this has not yet been 
combined with the introduction of modified FISH probes into living bacterial cells. 

In our evaluation of spFISH, we used one dual-labeled FISH probe targeting the ms2-
array, instead of thirty to forty gene-specific probes, for two main reasons. First, only 
one probe has to be synthesized, which is more economic, especially when studying 
multiple transcripts. Equally important, labeling and hybridization kinetics to various 
transcripts can be kept constant due to the use of the same batch of probes. Second, it 
allows examining identical transcripts with both FISH and the MS2 system. We could thus 
compare the results obtained by two methods and obtain information about transcript 
quantity by FISH and their dynamics in living cells via MS2-labeling. A similar strategy 
has been employed previously by Nevo-Dinur and colleagues as a control for the MS2-
based tagging 99. In addition, high-throughput RNA labeling was achieved by fusing the 
yfp gene to each gene under study 285. The yfp gene then served as a target for FISH probes 
to quantify all encoded proteins and corresponding transcripts in single E. coli cells.

We achieved high signal-to-noise labeling with spFISH after overexpression of transcripts 
containing 3’-UTR 12bs-appendices. Importantly, the localization patterns and 
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degradation rates of two different transcripts appeared to be independent of the probes 
that were used or the presence of the ~1000-nts-long 12bs-tail. This indicates that the 
genetic attachment of a long extension at the 3’-UTR of the transcripts does not severely 
influence the endogenous parameters of the studied transcripts. Because the orange-
fluorescent TAMRA dye was chosen for detection, mRNA can be visualized together 
with 4’,6-diamidino-2-phenylindole (DAPI) staining and GFP-tagged proteins. As proof-
of-principle, GFP proteins were covisualized with their corresponding 12bs-extended 
transcripts. It should be emphasized that the cell wall of Gram-positive bacteria influences 
the accessibility of probes into the cell. Therefore, lysozyme treatment prior to standard 
ethanol permeabilization in the FISH protocol is a prerequisite to obtain an accurate 
correlation between mRNA and protein overexpression levels. Such correlations are not 
obtained when low transcript numbers are present in single cells due to a higher impact 
of stochastic events 285. Introducing a lysozyme treatment is probably a requirement for 
successful FISH in all Gram-positive bacteria that have a relatively thick cell wall. 

Since the L. lactis NICE system for induced overexpression was found to be slightly leaky 
304, we attempted to visualize single mRNA molecules in non-induced L. lactis cells with 
the same strategy as was used to detect overexpressed transcripts. In theory, optimal 
hybridization of the dual-labeled ms2 probe to the 12bs-array would yield a 24:1 signal-to-
background ratio and twelve-fold-amplification of the fluorescence signal compared to non-
specific interaction of a single probe. This optimum will hardly ever be reached, however, 
as a consequence of inefficient probe labeling and hybridization 268. Unfortunately, the foci 
observed with conventional fluorescence microscopy appeared to correspond to probes 
that had annealed to ssDNA created during rolling circle replication of the gene expression 
vector pNZ8048. After rigorous DNase I treatment and upon maximal excitation of the 
cells with a 547-nm laser, TAMRA fluorescence could still be detected. Several of these 
foci remained after correcting for non-specific signals and were found to contain multiple 
hybridized probes. The number of hybridized probes per transcript greatly varied. 
Therefore, it was impossible to determine the exact signal intensity corresponding to one 
molecule and to acquire the number of transcripts per focus. We found that on average 
seven TAMRA dyes were present per foci (or transcript), which is far below the theoretical 
twenty-four. It is likely that probe annealing or delivery has been insufficient. Moreover, 
the TAMRA fluorogens of the dual-labeled probes as well as of probes themselves are in 
close proximity (20-nts apart). This could lead to partial quenching of TAMRA signals. 
Further optimization is clearly required to reliably detect single mRNA molecules using 
spFISH. For instance, transcripts can be expressed from the chromosome instead of RCR 
plasmids to reduce probe hybridization to DNA. Alternatively, careful control experiments 
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and DNase I treatment are required to discriminate between fluorescent spots resulting 
from non-specific binding or corresponding to single mRNA molecule. Finally, singly 
labeled probes may be more suitable for the detection of single mRNA molecules, as they 
would not suffer from possible intra- and/or intermolecular dye quenching. This strategy 
would probably require the introduction of an alternative or longer hybridization scaffold 
to achieve constructive signal-to-noise ratios. 

II. The MS2 system

Depending on the purpose of the study, different levels of success were obtained when 
the MS2 strategy was implemented to detect transcripts in bacteria 99,276,283,288. The most 
important factor appeared to be the number of the examined transcript per cell. It was 
estimated that native transcripts are typically reach in 0.1 and 1 copies per E. coli cell 
285. This number can increase up to >3000 when genes are placed under the strong T7 
promoter to achieve protein overexpression 305. Generally, single-molecule imaging of 
low abundant transcripts is more complicated due to high background fluorescence of 
unbound MS2-GFP proteins, which preclude capturing genuine signals corresponding 
to single mRNA molecules. Targeting of residual MS2-GFP proteins to the nucleus 
circumvents the high background signal arising from unbound MS2-GFP proteins in 
eukaryotic cells, but no such compartmentalization is present in the small prokaryotic 
cells. Hence, one has to find a balance between available MS2 binding sites, the affinity 
of MS2 to RNA and the number of MS2 proteins expressed per cell, which makes the 
technology dramatically more complex. The introduction, for instance, of a large array 
of MS2 binding sites to a transcript alleviates target fluorescence above the background 
signal, but the binding of many MS2-GFP proteins results in mRNA degradation rates 
that greatly deviate from the natural situation 276,282,283. Alternatively, the number of MS2-
GFP molecules has to correspond to the number of MS2 binding sites on the RNA. This 
requires a priori estimation of the number of produced transcripts, careful fine-tuning 
of MS2-GFP expression and taking into account the binding kinetics of the MS2 variant 
employed 290.

Wild type MS2 proteins only assemble into dimers at concentrations below 1 μm in which 
state they bind RNA stem-loops with high specificity 306. At higher concentrations, MS2 self-
assembles into the icosahedral virus particle and induces the formation of polar artefacts 
in bacteria (This study, 276,282,283). Assembly-deficient MS2 is therefore often employed for 
RNA labeling, also in bacteria 283,307. The dimerization association constant of wild type 
MS2 is rather weak (± 400 nM) in a cellular environment 290. At lower concentrations, MS2 
displays heterogeneous and low binding site occupancy 290. This was partially relieved by 
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the construction of a tandem MS2 dimer, which is readily available for interaction with 
cognate RNA 276,290. 

Because different versions of MS2 have been used in previous studies, we decided to first 
select the optimal MS2 variant for mRNA localization in L. lactis. In addition to three 
MS2 variants available from literature (wild type monomeric, dimeric and aggregation-
deficient), we constructed a tandem dimer of the aggregation-deficient MS2 protein. 
As expected, the latter combines the advantages of diminished aggregation at high 
concentrations with increased dimer availability and, thus, performed best in L. lactis. 
Additional adjustments had to be made to functionalize the MS2 method for detection of 
abundant transcripts in L. lactis. A monomeric sfGFP was employed that shows increased 
brightness in the oxygen-limited L. lactis cell and has a reduced chance to engage in 
GFP-GFP interactions 271,308. The ratio between target RNA and available MS2-GFP was 
kept constant by placing the expression of their respective genes under the control of the 
same nisin-inducible promoter PnisA. Furthermore, by placing the PnisA:ms2-gfp expression 
cassette on the chromosome of L. lactis, the amount of MS2-GFP was reduced by a log-
fold, which was required to fine-tune the balance between the fusion protein and the 
number of MS2 binding sites on the target transcripts. Together, these modifications 
allowed visualizing overexpressed transcripts tagged with twelve MS2 binding sites at 
different nisin concentrations and induction times. Interestingly, we were also able to 
follow the disappearance of transcripts after gene expression had terminated, which, to 
our knowledge, is the first time that this phenomenon has been visualized in bacteria by 
live-cell MS2 imaging. It should be emphasized, however, that the system developed here 
can only be used for the visualization of highly abundant mRNAs and to obtain a rough 
approximation of the corresponding dynamics as signal-to-noise ratios remained too low 
to detect single transcripts.

To date, the MS2 system is the most widely employed technique for RNA visualization in 
living cells. This has been one of the main drivers to explore its feasibility in bacterial cells. 
As the system still has its drawbacks, especially in bacteria, alternative analogous systems 
have been explored, such as the PP7 coat protein (PCP), the eIF4A protein, the λ22 protein 
and their cognate RNA stem-loop structure 290,309,310. The use of PCP seems very suitable 
for live-cell RNA tagging because the protein displays higher protein dimerization rates 
and protein-RNA association rates 290. Therefore, less PCP has to be expressed to reach full 
occupancy of its cognate RNA binding sites. The better binding kinetics of PCP will likely 
increase signal-to-background ratios above those that are maximally achievable with the 
MS2 system 290. 
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III. Fluorogen-binding Spinach and Malachite Green aptamers

The last decade has seen a rapid upsurge in the use of aptamers for fluorescent imaging of 
mRNA or to detect metabolites 277,296,305,311–318.  Reliable aptamer-fluorophore-based RNA-
tagging systems require small-molecule fluorogenic dyes that display low background 
fluorescence and only marginally interact with other molecules in the cell. Ideally, such 
fluorogens only fluoresce upon target binding. Currently, the discovery of fluorophores 
with such properties constitutes the main rate-limiting factor for the development of new 
RNA-fluorophore complexes. 

At the initiation of the current study, Spinach was the only aptamer-fluorophore-based 
method proven to be functional in living HEK293T and E. coli cells 277. The DFHBI-Spinach 
complex showed very promising in vitro fluorescence properties but its use in visualizing 
RNA species in living cells was still very much in its infancy. Optimized versions of the 
DFHBI-binding aptamer as well as variants of DFHBI are now available. As discussed, 
the Spinach structure itself suffers from folding instability and is highly dependent on 
specific magnesium concentrations and adjacent stabilizing structures to accomplish 
DFHBI fluorescence 296,313. This explains our limited success with RNA labeling using a 
single a Spinach repeat. We therefore examined whether an increase in the number of 
Spinach repeats could enhance in vivo DFHBI signal brightness. In agreement with our 
data, a recent study determined that a tandem array consisting of multiple Spinach-repeats 
allowed for enhanced DFHBI fluorescence. Each duplication of the Spinach sequence led 
to an approximately 1.6-fold increase in fluorescence signal 302. Low numbers of transcripts 
in single E. coli cells were clearly observed when they contained thirty-two repeats and 
excitation settings were changed to pulsed illumination, as DFHBI quickly disassociates 
from Spinach upon high laser excitation power and continuous wave illumination 319. We 
did not perform pulsed illumination microscopy, but such an approach might elevate the 
Spinach signal in L. lactis cells. 

More stable DFHBI-binding RNA structures such as Spinach2 and Broccoli have been 
developed recently 296,311–313,320. These improved structures are less dependent on specific 
environmental factors for binding to and activating the fluorophore. In an attempt to 
develop an aptamer with optimal in vivo folding kinetics, the Broccoli aptamer was selected 
due to its capability to form a fluorescing complex with DFHBI specifically in a cellular 
background 296,297,311.  Fluorogenic DFHBI has excitation and emission maxima of 469 nm 
and 501 nm, respectively, which are slightly blue-shifted compared to the spectra of GFP. 
Standard FITC/GFP filter settings are thus not sufficient for optimal DFHBI excitation. 
A slightly red-shifted and brighter version, DFHBI-1T, binds to the same set of aptamers 
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and is a promising substitute for DFHBI as DFHBI-1T is more compatible with standard 
filter sets 313. 

Due to the limited success met with Spinach, we explored the feasibility of the relatively 
short 34-nts MG aptamer.  Due to the propensity of MG to non-specifically bind to DNA 
after prolonged induction times, we concluded that MGA is not suitable as a tool for single-
cell monitoring of subcellular mRNA localization. The same conclusion was reached for 
MGA-based tagging inmammalian CHO cells in which 4×MGA-RNA could only be 
traced up to 10 min after the addition of MG (at 10 μM) as the background fluorescence 
quickly became too high 321. A closer look shows that this background fluorescence only 
occurred in the nucleus, another indication that MG has undesirable affinity for DNA 321. 
Possibly, alternative derivatives of MG could be developed with reduced in vivo DNA-
binding affinity. 
 

Conclusion

Four methods based on three mechanistically different techniques were examined for 
the visualization of mRNA molecules in single L. lactis cells. Importantly, our goal was 
to monitor transcripts that are produced as a result from overexpression. The fact that, 
consequently, many copies of the same transcript were available for labeling resulted in 
the successful implemention of MS2-tagging for live-cell imaging of RNA. Furthermore, 
spFISH was found to be a powerful method to quantify mRNA. The combination of 
spFISH and MS2-labeling therefore allows following the fate of abundant mRNAs in single 
L. lactis cells. Nevertheless, visualizing single mRNA molecules using spFISH appeared 
to be more cumbersome than initially expected and careful control experiments are 
required to validate spFISH results. Lastly, both the Spinach and the MG aptamer-based 
systems were used to visualize mRNA in living L. lactis cells. Although signals indicative 
of mRNA were observed, the several major drawbacks discussed above made us prefer the 
MS2 system in combination with spFISH for the experiments presented in the following 
chapters. Recently, several similar and alternative techniques have been developed for the 
visualization of cellular RNA that may entail improvements of the techniques explored 
here. An overview of these techniques and their applicability in bacteria is given in 
Chapter 3 of this thesis.
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Methods

Bacterial strains, media and culture conditions

All bacterial strains as well as cloning and expression vectors used in this study are listed in 
Table S1.  In general, standing cultures of Lactococcus lactis NZ9000 and derivative strains 
were grown at 30 °C in Difco™ M17 medium (BD, Franklin Lakes, NJ, USA) containing 
0.5% (w/v) glucose (GM17). Chloramphenicol and/or erythromycin were added to 
GM17 at a final concentration of 5 µg ml-1 or 3 µg ml-1, respectively, when required. For 
fluorescence analyses, L. lactis strains were typically grown in chemically defined medium 
with 0.5% glucose lacking riboflavin (GCDM*) 322. The generation of knock-ins in the L. 
lactis NZ9000 chromosome was performed essentially as described 323. SA medium with 
0.5% (w/v) glucose supplemented with 20 µg ml-1 5-fluoro-orotic acid (5-FOA; Sigma-
Aldrich, St. Louis, MO, USA) as a sole pyrimidine source was used for counter-selection 
of colonies carrying the required knock-in construct. For cloning purposes, Escherichia 
coli DH5α (Life Technologies, Gaithersburg, MD, USA) was grown aerobically at 37 °C in 
LB medium. When required, erythromycin or ampicillin at a final concentration of 150 
or 100 µg ml-1, respectively, was added to the medium. All antibiotics were obtained from 
Sigma-Aldrich (St. Louis, MO, USA). 

Recombinant DNA techniques and oligonucleotides

Oligonucleotides employed in this study are listed in Table S2 and were purchased from 
Biolegio BV (Nijmegen, The Netherlands). Nucleotide sequencing was performed at 
Macrogen Europe (Amsterdam, the Netherlands). Standard molecular cloning techniques 
were accomplished as described 324. Genomic L. lactis MG1363 DNA was isolated using 
the Wizard® Genomic DNA Purification Kit (Promega Life Sciences, Madison, WI, 
USA). Plasmids were isolated and purified using the High Pure Plasmid Isolation kit 
(Roche Applied Science, Mannheim, Germany). PCR products were purified with the 
PCR Purification kit (Roche Applied Science) or the NucleoSpin® Gel and PCR Clean-
up kit (Macherey-Nagel, Düren, Germany). Restriction enzymes were purchased from 
Fermentas (Thermo Fisher Scientific Inc, Waltham, MA, USA). PCR reactions were 
performed with Phusion (Fermentas) or DreamTaq (Fermentas) polymerase according 
to the manufacturer’s protocol. Homemade PfuX7 polymerase (kindly provided by 
Morten HH Nørholm, DTU, Denmark) was used to prepare DNA fragments for uracil-
excision DNA-based engineering. In this case, PCR fragments were mixed and treated 
with the USERtm enzyme mixture (New England Biolabs, Ipswich, MA, USA)). The 
USER-treated DNA mixtures were directly transformed into competent L. lactis or E. coli 
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cells. Competent E. coli cells were transformed using heat-shock. Electrocompetent L. 
lactis cells were transformed using electroporation with a Bio-Rad Gene Pulser (Bio-Rad 
Laboratories, Richmond, CA). 

Construction of L. lactis NZ9000 strains expressing MS2-GFP variants. The gene 
encoding a superfolder GFP optimally performing in L. lactis 271 was amplified from 
pSEUDO::Pusp45-sfgfp(Bs) using primers pTE186 and pTE187, thereby extending 
the encoded protein at its N-terminal end with a flexible polylinker sequence 
(AGSGGEAEA). The amplified fragment and the plasmid pNZ8048 were cleaved with 
PstI and SpeI and ligated, yielding pLG-01. The gfp gene on pLG-01 was subjected to 
site-directed mutagenesis in order to obtain a monomeric version of GFP using primer 
set pLVG042A/pLVG043A. The amplified fragment was treated with USERtm and used 
to transform competent L. lactis NZ9000, yielding pLG-01m. Various MS2-GFP versions 
were constructed as follows: Full-length (MS2wt) and aggregation-deficient (MS2ΔA) MS2 
variants were amplified from pZA25GFP 99, a kind gift of Orna Amster-Choder, or pMS2-
GFP 293, a kind gift from Robert Singer (Addgene plasmid #27121), respectively, using the 
primer set pMS2_FB_NcoI and pMS2_RB_PstI. A tandem dimer of full-length (MS2dwt) 
or aggregation deficient (MS2dΔA) MS2 variants was obtained by amplification, using 
primer sets pMS2_FB_NcoI/MS2D_R_NheI and pMS2D_F_NheI/pMS2_RB_PstI, from 
pZA25GFP and pMS2-GFP, respectively, yielding MS2fl_up, MS2fl_down, MS2dA_up 
and MS2dA_down. These fragments were digested with NheI, after which MS2fl_up and 
MS2dA_up were ligated to MS2fl_down and MS2dA_down, respectively. The monomeric 
and dimeric ms2 genes were subsequently cleaved with NcoI and PstI and ligated into 
pLG_01m digested with the same enzymes, yielding the following plasmids: pLG-
MG1, pLG-MG2, pLG-MG3 and pLG-MG4. See Fig 4A for an overview. PnisA followed 
by the genes of the two variants of aggregation-deficient ms2-gfp and the transcription 
terminator from pNZ8048, were concomitantly amplified from pLG-MG3 and pLG-MG4 
using the primer pair pBvdZ001 and pBvdZ002. The DNA fragments were cleaved with 
AvaI and BamHI, ligated in properly digested pSEUDO10 292 and introduced in E. coli 
DH5α, yielding pSEUDO10:mg3 and pSEUDO10:mg4. pSEUDO10:mg3 or pSEUDO:mg4 
were introduced in the silent pseudo10 locus of L. lactis NZ9000 by electroporation as 
previously described 292,323. A second recombination step removed all plasmid sequences, 
leading to a clean, single-copy knock-in of PnisA-mg3 or PnisA-mg4 in the chromosome of 
L. lactis NZ9000. The resulting strains, LG009 and LG010, produce, upon the addition 
of nisin, an aggregation-deficient MS2 protein or a dimerized and aggregation-deficient 
MS2 protein C-terminally fused to a monomeric superfolder GFP variant. The dimerized 
aggregation deficient MS2-GFP fusion was selected for further use and is referred to as 
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MS2-GFP in the following chapters of this thesis. 

Construction of p2NIS for the dual expression of MS2-GFP variants and transcripts 
extended with 6 MS2 binding sites. A DNA fragment containing 6 tandem repeats of 
the MS2 binding site was amplified using primers pLVG015b and pLVG016 from pSL-
MS2-6x, a gift from Robert Singer (Addgene plasmid #27118), restricted with SacI and 
XhoI and inserted downstream of the second PnisA on pRE2NIS (a kind gift from A. Steen) 
digested with the same restriction enzymes. The bcaP gene (llmg_0118; ctrA) was amplified 
from L. lactis MG1363 chromosomal DNA with primers pLVG017 (EcoRI site overlapping 
the bcaP start codon) and pLVG018 (SacI site and a STREPII-tag coding sequence). The 
fragment was digested and inserted upstream of the 6xbs on pRE2NIS via EcoRI/SacI 
digestion. A fragment containing the PS1Δ9 gene was amplified from pNZ-PS1Δ9 using 
primers pLVG019 and pLVG020 and inserted in a similar fashion as described for bcaP in 
pRE2nis-6x. Subsequently, the mg3 or mg4 gene, containing MS2ΔA-GFP or MS2dΔA-GFP, 
respectively, was released from pLG-MG3 or pLG-MG4 via NcoI and XhoI digestion, and 
inserted downstream of the first PnisA of the pRE2nis-derived vectors, yielding pRE-mg3-
bcaP(6x), pRE-mg3-PS1(6x), pRE-mg4-bcaP(6x) and pRE-mg4-PS1(6x). pRE-derived 
vectors only replicate in E. coli and not in L. lactis. Therefore, vector backbone exchange 
was applied with the pERL plasmid as essentially described 55, yielding p2NIS-mg3-
bcaP(6x), p2NIS-mg3-PS1(6x), p2NIS-mg4-bcaP(6x) and p2NIS-mg4-PS1(6x) in L. lactis 
NZ9000.

Nisin-inducible genes containing MS2 binding sites. We used identical 5’ and 3’ 
sequences across all transcripts in our study, which allowed us to specifically study the 
role of the coding regions. The bcaP gene (llmg_0118; ctrA) was amplified from L. lactis 
MG1363 chromosomal DNA with primers pLVG017b (NcoI site overlapping the bcaP start 
codon) and pLVG018b (BamHI site and a STREPII-tag coding sequence). The amplified 
fragment was restricted with NcoI and BamHI and inserted into pSL-MS2-12x, a gift from 
Robert Singer (Addgene plasmid #27119), immediately upstream of the 12 MS2 binding 
sites in this plasmid. The resulting vector was restricted with NcoI and SpeI, after which 
the DNA fragment containing the bcaP gene fused to the 12 MS2 binding sites was ligated 
into pNZ8048, resulting in pLG-BcaP. pLG-BcaP was used to create pLG-PS1Δ9 and pLG-
CodY as follows: A DNA fragments carrying codY (llmg_0172) was amplified from L. 
lactis MG1363 chromosomal DNA using primer pair pLVG028b/pLVG029b, respectively.
The human PS1Δ9 gene was amplified from pNZ-PS1Δ9 using primers pLVG019b and 
pLVG020b. All fragments and pLG-BcaP were restricted with NcoI and BamHI. Ligation of 
the fragments with NcoI/BamHI treated pLG-BcaP and transformation in LG010 yielded 
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the plasmids pLG-PS1Δ9 and pLG-CodY. The 12 MS2 binding sites on pLG-CodY were 
subsequently replaced by a DNA array containing 6 MS2 binding sites located on pSL-
MS2-6x (A kind gift of R. Singer; Addgene plasmid #27118). Both plasmids were restricted 
with BamHI and SpeI, after which the DNA fragment carrying the 6 MS2 binding sites 
was ligated into pLG-CodY, yielding pLG-codY6bs. pLG-GFP was constructed by uracil 
excision-based cloning. The backbone of pLG-BcaP without the bcaP gene was amplified 
using pLVG071 and pLVG121. The gfp gene was amplified from pSEUDO::Pusp45-
sfgfp(Bs), using primer set pLVG120/pLVG122. The fragments were treated with USERtm 
as described previously and introduced into competent L. lactis NZ9000. 

Construction of pNZ and pIL253 for the expression of mKate2 and eYFP. pNZ-mK2 
and pNZ-eYFP were constructed by amplification of the mKate2 gene from pUC57-
mKate2 (A gift from K. Beilharz) and of the eYFP gene from pUC57-YFP (A gift from 
R. Detert Oude Weme), using primer pairs pLVG04b/pLVG05b and pLVG006/pLVG007, 
respectively. The PCR fragments as well as pNZ8048 were restricted with NcoI and XbaI 
after which each gene fragments was separately ligated into PNZ8048 and introduced in 
L. lactis NZ9000. pNZ-mK2, pNZ-eYFP and pIL253 were then restricted with BglII and 
XhoI and ligated to generate pIL-mK2 and pIL-eYFP. These vectors contain the complete 
PnisA expression cassette.

Construction of pNZ for the expression of transcripts extended with the Spinach 
aptamer(s). The multiple cloning site (MCS) on pUC18 was replaced with a MCS 
that is compatible with the BglII-BioBrick cloning approach 325, yielding pUC-
MCS. The primers pSZ003 and pSZ004, containing the sequence for Spinach as 
well as spacer sequences that were based on the spacer sequences between the 
MS2 binding site repeats, were hybridized, resulting in the following sequence 
of the leading strand: 5’-AACCCGCGAAGGGAGACGCAACTGAATGAA 
AAATGGTGAAGGACGGGTCCAGGTGTGGCTGCTTCGGCAGTGCAGCTTG 
TTGAGTAGAGTGTGAGCTCCGTAACTAGTCGCGTCACCATTAGATCC-3’.The 
hybridized product was introduced in pUC-MCS, creating pUC-S1x. To create pUC-
S2x, pUC-S1x was digested with BamHI and XhoI to obtain the vector backbone or with 
BglII and XhoI to obtain a single Spinach insert and these two fragments were ligated. 
To create pUC-S4x and pUC-S8x, the procedure was repeated using pUC-S2x or pUC-
S4x as template vectors, respectively. The various Spinach repeats were subsequently 
amplified with primers pSZ009 and pSZ010 and introduced in pLG-BcaP or pLG-PS1Δ9 
via backbone amplification with pSZ011 and pSZ012 and the USER method. In this way, 
the original MS2 binding sites were replaced with the single or tandem Spinach aptamer 
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repeats in the new vectors. 

Construction of pNZ for the expression of transcripts extended with 
the MG aptamer. The MS2 binding sites on pLG-BcaP and pLG-PS1Δ9 
were replaced by a sequence corresponding to one single MG aptamer 
(5’-GGGATCCCGACTGGCGAGAGCCAGGTAACGAATGGATC-3’) as follows: 
Plasmids backbones were amplified with primer pair pNZ-3MG-forward and pNZ-3MG-
reverse, treated with USER and introduced in L. lactis NZ9000, resulting in pLG-BcaP-
3MG and pLG-PS1Δ9-3MG, respectively. 

Preparation of L. lactis cells for fluorescence in vivo imaging of mRNA molecules

L. lactis cultures grown to stationary phase in GM17 with appropriate antibiotics were 
washed in sterile phosphate-buffered saline (1×PBS, pH 6.8) and inoculated 1:100 in 
GCDM* provided with chloramphenicol when required. Cultures were grown to an 
OD600 of ~0.4 at which point they were induced with nisin A (Sigma-Aldrich). The final 
concentrations of nisin are provided in the text. Expression was typically maintained for 
1 hr before cells were transferred to microscopy slides. To visualize transcripts tagged 
with the Spinach aptamer(s), induction was maintained for 30 min, after which the cells 
were incubated in the presence of 5, 50, 200 or 500 μM 3,5-difluoro-4-hydroxybenzylidene 
imidazolinone (DFHBI; Lucerna, New York, NY, USA) for another 30 min. For transcripts 
extended with the MG aptamer, Malachite Green oxalate salt (Sigma-Aldrich) was added 
to cells 50 min post-induction at a final concentration of 200 nM or 1 uM. After 10 min of 
incubation, cells were collected at low speed and washed with 1×PBS (pH 6.8) to remove 
residual Malachite Green prior to imaging. For in vivo fluorescence microscopy imaging, 
0.4 µl of a culture was transferred onto a microscopy slide that was prepared as follows: 
Multitest-slides (MP Biomedical, Santa Ana, CA) were cleaned using 5M KOH and 
MilliQ, after which they were coated with 1.5% agarose (Sigma-Aldrich) dissolved in fresh 
GCDM* (pH 6.8).

Preparation of cells for RNA FISH

For RNA FISH, performed essentially as described 279 and adapted for E. coli cells 280, 37% 
formaldehyde solution was directly added to the cell cultures to a final concentration 
of 3.7%, after which cells were incubated for 30 min at RT and washed twice with 
dyethylpyrocarbonate (DEPC)-treated 1×PBS (pH 6.8). If stated, cells were resuspended 
in 1×PBS (pH 6.8) containing 10 mg ml-1 lysozyme (Sigma-Aldrich), incubated for 30 
min at 37 °C, washed twice with 1×PBS (pH 6.8) and permeabilised in 70% ethanol for 



69

60 min at RT. In addition, RNase I (50 ug ml-1; Roche Applied Science) or 5 uL DNase I 
(RNase free; Fermentas) was added during the lysozyme step if stated. In case cells were 
not treated with lysozyme, cells were directly permeabilised in ethanol. Permeabilised cells 
were washed twice with RNA FISH wash buffer (40% formaline and 2×SSC (150 mM 
NaCl, 15 mM sodium citrate, pH 7.0) in DEPC-treated MilliQ), resuspended in RNA FISH 
hybridization buffer (10% (w/v) PEG6000 (Sigma-Aldrich), 2 mM vanadyl ribonucleoside 
complex (VRC, 200 mM; New England Biolabs), 1 mg ml-1 yeast RNA, 40% formaline 
and 2×SSC in DEPC-treated MilliQ) containing 1 mM of each FISH probe and incubated 
for 16 hrs in a water bath at 30 °C. Prior to imaging, excess probe was removed by two 
washings with 200 μl RNA FISH wash buffer. Finally, the cells were resuspended in 2×SSC 
and transferred to a microscopy slide coated with 1.5% agarose dissolved in 1×PBS. The 
oligonucleotide probes used are summarized in Table S3. All probes were purchased from 
Biolegio BV and were covalently linked at both ends to carboxytetramethylrhodamine 
(TAMRA) dyes. The ms2 probe was designed to specifically hybridize to each of the 12 
MS2 binding sites fused to the 3’-ends of overexpressed transcripts, leading to a theoretical 
24-fold amplification of the signal. The three bcaP-FISH or PS1Δ9-FISH probes were 
designed to anneal next to each other, targeting the middle of the protein-coding region 
of the respective transcripts.

Determination of mRNA degradation rates 

To determine the degradation rate of overexpressed transcripts, the mRNAs were 
produced for 1 hr in the presence nisin at a concentration of 5 ng ml-1. Rifampicin (200 µg 
ml-1; Sigma-Aldrich) was then added to completely inhibit transcription. Cells were fixed 
at increasing time points after rifampicin addition (0, 1, 2, 4, 8, 16, 32 and 64 min) and 
prepared essentially as described in the previous section. 

Fluorescence microscopy

All micrographs were obtained with a Personal Deltavision or DeltaVision Elite inverted 
Olympus IX71 epifluorescence microscope (Applied Precision, GE Healthcare, Issaquah, 
WA, USA). Both microscopes are equipped with a stage holder, a climate chamber and a 
seven-colour InsightSSI Solid-State Illumination module. The Personal Deltavision was 
equipped with a CoolSNAP HQ2 camera (Photometrix, Tucson, AZ, USA), while the 
DeltaVision Elite was equipped with an sCMOS camera (PCO AG, Kelheim, Germany), as 
well as 405 nm (100 mW), 488 nm (100 mW), 568 nm (150 mW) and 640 nm (100 mW) 
laser modules. A 100×-phase-contrast objective (NA 1.4, oil-immersion, DV) was used 
for image capturing, in combination with SoftWorX 3.6.0 software (Applied Precision) 
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to control the microscope setup and to perform single-time-point or time-lapse imaging 
of cells. The following standard fluorescence filter sets were used to visualize GFP and 
Spinach-DFHBI, excitation at 475/28 nm and emission at 525/48 nm; TAMRA/TRITC, 
excitation at 542/27 nm and emission at 597/45 nm and Malachite Green, excitation at 
575/25 nm, emission at 679/34 nm, all using a polychroic beam splitter suitable for DAPI, 
FITC, TRITC, Cy5. To capture eYFP (excitation at 438/24 nm and emission at 548/48 nm) 
and for mKate2 (excitation at 573.5/33 nm and emission at 607.5/19 nm) fluorescence, 
a polychroic beam splitter suitable for CFP/eYFP/mCherry was used. TAMRA signals 
were captured with an exposure time of 1 or 5 sec, whereas MS2-GFP fluorescence was 
imaged with 0.5 to 1 sec exposure times. DFHBI fluorescence was captured with exposure 
times ranging between 0.1 to 0.5 sec, while Malachite Green fluorescence was captured 
with 1 sec exposure time. Maximum transmission of the light source was maintained for 
all exposure settings. If stated in the Figure legends, deconvolution was performed using 
SoftWorX 3.6.0 software.

Fluorescence measurements using a plate reader

L. lactis cells grown to stationary phase in GM17 with appropriate antibiotics were washed 
in sterile 1×PBS (pH 6.8) and inoculated 1:100 in GCDM* with chloramphenicol. The 
diluted cultures were then divided in 200-µL quintuples over a transparent 96-wells 
plate. The cultures were grown at 30 °C to mid-exponential phase (equivalent to an OD600 
of ~0.4) and induced with nisin at a final concentration of 5 ng ml-1. Fluorescence was 
followed with an Infinite F200 plate reader (Tecan Group Ltd., Männedorf, Switzerland) 
equipped with a GFP filter set (excitation: 485 nm; emission: 535 nm) using I-control 
1.10.4.0 software (Tecan Group Ltd.). GFP signals were collected as top readings with a 
gain setting of 60. OD600 top readings were used to correct for GFP fluorescence. 

Data analysis

Data plotting and statistical analyses were performed in GraphPad Prism. MATLAB-based 
(Mathworks, Natick, MA, USA) MicrobeTracker software was used to automatically track 
cell contours 326 (www.microbretracker.org). ImageJ (http://imageJ.net) was used to detect 
and measure the intensity of fluorescent spots and together with MicrobeTracker, used to 
measure fluorescence inside single cells. Spot detection was performed using the ImageJ 
plug-in ISBatch 327. In short, each spot inside a cell mesh was fitted to 2D-gaussian function. 
The obtained parameters from the ISBatch plug-in were used to calculate the intensity (I) of 
fluorescent spots using I = πw²h. w = Full-width at half-maximum (FWHM); h = height or 
maximum of Gaussian fit parameter. To obtain mRNA degradation curves, total TAMRA 
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signals per cell minus background were extracted using MicrobeTracker. Bootstrapping 
(5 × 500 randomly picked cells per population) was performed to examine the accuracy 
of the sampling distribution. Single exponential decay curves described by N(t) = N0e

-

λt were fitted to the averages of normalized median values obtained from independent 
experiments. Transcript half-lives were calculated from the decay coefficients (λ) using t½ 

= ln(2)/λ.
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Supplementary data

Table S1. Strains and plasmids used and contructed in this chapter. Abr = Antibiotic 
resistance marker. Cm = Chloramphenicol, Ery = Erythromycin, Amp = Ampicillin. References 
to research papers introducing employed strains and plasmids are given as PMID numbers 

Strain Species Genetic marker(s) Abr Reference
NZ9000 L. lactis MG1363 pepN::nisRK - PMID: 8837421

LG009 L. lactis NZ9000 pseudo10::PnisA-MS2ΔA-sfgfpm - This chapter

LG010 L. lactis NZ9000 pseudo10::PnisA-MS2dΔA-sfgfpm - This chapter

DH5α E. coli fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96 recA1 relA1 
endA1 thi-1 hsdR17

- PMID: 8479929

Plasmid Host Description Abr Reference
pNZ8048 L. lactis NICE (nisin-controlled expression) system Cm PMID: 8837421

pERL L. lactis Vector backbone exchange with pRE-constructs Ery PMID: 17643108

pRE2NIS E. coli pRE-vector containing two nisA promoters Amp A. Steen

pUC18 E. coli Amp PMID: 6323249

pUC-MCS E. coli pUC18 with a BlgII-brick compatible multiple cloning site Amp This chapter

pSEUDO E. coli L. lactis integration vector Ery PMID: 21764949

pSEUDO::Pusp45-sfgfp(Bs) E. coli L. lactis integration vector Ery PMID: 23956387

pSEUDO10:mg3 E. coli L. lactis integration vector; NICE of MS2ΔA-sfGFPm Ery This chapter

pSEUDO10:mg4 E. coli L. lactis integration vector; NICE of MS2dΔA-sfGFPm Ery This chapter

pRE-mg3-bcaP(6x) E. coli pNisAI: MS2ΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Amp This chapter

pRE-mg3-PS1(6x) E. coli pNisAI: MS2ΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Amp This chapter

pRE-mg4-bcaP(6x) E. coli pNisAI: MS2dΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Amp This chapter

pRE-mg4-PS1(6x) E. coli pNisAI: MS2dΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Amp This chapter

p2NIS-mg3-bcaP(6x) L. lactis pNisAI: MS2ΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Cm This chapter

p2NIS-mg3-PS1(6x) L. lactis pNisAI: MS2ΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Cm This chapter

p2NIS-mg4-bcaP(6x) L. lactis pNisAI: MS2dΔA-sfGFPm, pNisAII: bcaP(strepII)6bs Cm This chapter

p2NIS-mg4-PS1(6x) L. lactis pNisAI: MS2dΔA-sfGFPm, pNisAII: PS1Δ9(strepII)6bs Cm This chapter

pLG-BcaP L. lactis NICE of bcaP(strepII)12bs Cm This chapter

pNZ-BcaP-H6 L. lactis NICE of BcaP-H6 Cm PMID: 21818275

pLG-PS1Δ9 L. lactis NICE of PS1Δ9 (strepII)12bs Cm This chapter

pNZ-PS1Δ9 L. lactis NICE of H10-PS1Δ9 of H. sapiens Cm PMID: 21904605

pLG-GFP L. lactis NICE of gfp12bs Cm This chapter

pLG-01 L. lactis NICE of sfgfp(Bs) with N-terminal with a polylinker Cm This chapter

pLG-01m L. lactis pLG-01 with monomeric sfgfp(Bs) Cm This chapter

pLG-CodY L. lactis NICE of codY(strepII)12bs Cm This chapter

pLG-codY6bs L. lactis NICE of codY(strepII)6bs Cm This chapter

pLG-MG1 L. lactis NICE of MS2wt-sfGFPm Cm This chapter

pLG-MG2 L. lactis NICE of MS2dwt-sfGFPm Cm This chapter

pLG-MG3 L. lactis NICE of MS2ΔA-sfGFPm Cm This chapter
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Plasmid Host Description Abr Reference
pLG-MG4 L. lactis NICE of MS2dΔA-sfGFPm Cm This chapter

pZA25GFP E. coli contains gene for full-length MS2 protein, MS2wt Amp PMID: 21350180

pMS2-GFP E. coli contains gene for aggregation-deficient MS2 protein, MS2ΔA Amp PMID: 12546792

pSL-MS2-6x E. coli contains sequence with 6 MS2 binding sites Amp PMID: 9809065

pSL-MS2-12x E. coli contains sequence with 12 MS2 binding sites Amp PMID: 9809065

pSL-bcaP-MS2-12x E. coli pSL-MS2-12x with bcaP upstream of 12 MS2 binding sites Amp This chapter

pSL-PS1-MS2-12x E. coli pSL-MS2-12x with PS1Δ9 inserted of 12 MS2 binding sites Amp This chapter

pNZ-mKate2 L. lactis NICE of mKate2 Cm This chapter

pIL-mKate2 L. lactis NICE of mKate2 from pIL253 Ery This chapter

pNZ-eYFP L. lactis NICE of eYFP Cm This chapter

pIL-eYFP L. lactis NICE of eYFP from pIL253 Ery This chapter

pUC-S1x E. coli pUC-MCS with one Spinach repeat Amp This chapter

pUC-S2x E. coli pUC-MCS with two Spinach repeats Amp This chapter

pUC-S4x E. coli pUC-MCS with four Spinach repeats Amp This chapter

pUC-S8x E. coli pUC-MCS with eight Spinach repeats Amp This chapter

pNZ-BcaP-S1x L. lactis NICE of bcaP(strepII)1xSpinach Cm This chapter

pNZ-BcaP-S2x L. lactis NICE of bcaP(strepII)2xSpinach Cm This chapter

pNZ-BcaP-S4x L. lactis NICE of bcaP(strepII)4xSpinach Cm This chapter

pNZ-BcaP-S8x L. lactis NICE of bcaP(strepII)8xSpinach Cm This chapter

pNZ-PS1Δ9-S1x L. lactis NICE of PS1Δ9 (strepII)1xSpinach Cm This chapter

pNZ-PS1Δ9-S2x L. lactis NICE of PS1Δ9 (strepII)2xSpinach Cm This chapter

pNZ-PS1Δ9-S4x L. lactis NICE of PS1Δ9 (strepII)4xSpinach Cm This chapter

pNZ-PS1Δ9-S8x L. lactis NICE of PS1Δ9 (strepII)8xSpinach Cm This chapter

pLG-BcaP-3MG L. lactis NICE of bcaP(strepII)MGA Cm This chapter

pLG-PS1Δ9-3MG L. lactis NICE of PS1Δ9 (strepII)MGA Cm This chapter
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Table S2. Oligonucleotides. Underlined nucleotides are restriction sites (RS) of given enzymes.

NameRS Sequence (5' → 3')
MS2-FB NcoI GCGCCATGGCTTCTAACTTTACTCAG 

MS2-RB PstI CGCTGCAGGTAGATGCCGGAGTTTGCTGCGA

MS2D-F NheI CTGCTAGCATGGCTTCTAACTTTACTCAGTTCG

MS2D-R NheI GCGCTAGCGTAGATGCCGGAGTTTGCTGC

pBvdZ001 XmaI CGCCCCGGGCCCCGTTAGTTGAAGAAGG

pBvdZ002 BamHI GCGGGATCCGTCCTTTAATTGGTGGACAAATTTA

pLVG004B NcoI GCCCATGGCAGAACTTATCAAGGAAAATATGC

pLVG005B XbaI CGTCTAGACCTTATTATTAACGGTGTCCC

pLVG006 NcoI GCCCATGGTGAGCAAGGGCGAGGAGCTGTTCACC

pLVG007 XbaI GCTCTAGATCATTATTACTTGTACAGCTCG

pLVG017 EcoRI CGGAATTCATGGGATTTATGAGAAAAGCCG

pLVG017b NcoI CGCCATGGGATTTATGAGAAAAGCCG

pLVG018 SacI, SphI CGGAGCTCTTATCATTTTTCAAATTGAGGATGTGACCAAGCAGCATGCTTCTTTTTGCGACGATTTCC

pLVG018b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGCAGAATTCTTCTTTTTGCGACGATTTCC

pLVG019 EcoRI CGGAATTCATGGGTGGTGGATTTGC

pLVG019b NcoI CGCCATGGGTGGTGGATTTGCTACAG

pLVG020 SacI, SphI CGGAGCTCTTATCATTTTTCAAATTGAGGATGTGACCAAGCATGCCCTTGGAAGTATAAATTTTCG

pLVG020b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGAATTCCCTTGGAAGTATAAATTTTCG

pLVG028b NcoI CGCCATGGCTACATTACTTGAAAAAAC

pLVG029b BamHI, EcoRI CGGGATCCTTATCATTTTTCAAATTGAGGATGTGACCAAGAATTCAAATTACGTCCAGCAAG

pLVG042A CAACTCAAAGCAAATTATCAAAAGACCCAAATGAAAAGCG

pLVG043A GGGTCTTTTGATAATTTGCTTTGAGTTGATAAATAATGG

pLVG120 ATGTGACCACTTUTAAAGCTCATCCATGCC

pLVG121 TAAGTGGTCACAUCCTCAATTTGAAAAATG

pLVG122 AGGCACTCACCAUGGCAAAAGGAGAAGAGCTG

pNZ-3MG-forward ATTCGTTACCUGGCTCTCGCCAGTCGGGATCCCTGGGCCCGGAGCTCTTATC

pNZ-3MG-reverse AGGTAACGAAUGGATCTTGAAACGTTCAATTGAAATGGC

pSZ003 ATTCAGTTGCGUCTCCCTTCGCGGGTTTGGAGATCTGAATTCGTAATCAT

pSZ004 AACTAGTCGCGUCACCATTAGATCCGCAGGATCCGATATCCCGGGCTC

pSZ005 ATGGGCCCGGAGCUCTTATCAT 

pSZ006 AGCATGCGCGGCUTGAAACGTTCAATTGAAATGGC

pSZ007 AGCTCCGGGCCCAUGATTACGAATTCAGATCTC

pSZ008 AGCCGCGCATGCUCGAGCCCG

pTE186 PstI GGCCGCTGCAGGCGGGATCTGGTGGAGAAGCTGAAGCTAAAGGATTGAAAGGAGAAGAGCTGTTCA
CAGG

pTE187 SpeI CGACCTTGACTAGTGCTCATTATTACTTATAAAGCTCATCCATGC
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Table S3. Sequences of FISH probes.

Probe name Sequence (5' → 3')
ms2 probe TAMRA-5'-CTGCAGACATGGGTGATCCTC-3'-TAMRA

bcaP_probe4 TAMRA-5'-GCCAACAAAGGCAACAGCAA-3'-TAMRA

bcaP_probe5 TAMRA-5'-CACCATCTGTACCAAAAGGG-3'-TAMRA

bcaP_probe6 TAMRA-5'-GCCGAGAGCAAAATGACCAA-3'-TAMRA

PS1_probe4 TAMRA-5'-GTCGTCCATTAGATAATGGC-3'-TAMRA

PS1_probe5 TAMRA-5'-TATTTCAATGTCAGCTCCTC-3'-TAMRA

PS1_probe6 TAMRA-5'-TGACTTAATGGTAGCCACGA-3'-TAMRA
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