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Chapter 1 

Introduction and Scope 



Bacillus subtilis as a Model for Bacterial Cell 
Differentiation 

Bacillus subtilis is a Gram-positive soil-dwelling bacterium 
that can be found in both the plant rhizosphere and in bulk 
soil. It is a popular organism to study, as it shows 
interesting developmental programs, can be cultured in 
many environments including large-scale fermenters, 
secretes industrially relevant enzymes in large quantities, 
and can be genetically altered with great ease. These 
attributes are related to the survival techniques that B. 
subtilis uses to withstand hostile environments and gain 
advantage over its competitors. 

Competence and sporulation are the best-studied 
developmental programs of the B. subtilis cell. B. subtilis 
becomes naturally competent for genetic transformation 
when it is exposed to nutrient limitation. This involves the 
development of a highly specialized subpopulation of cells 
that are capable of binding, uptake and incorporation of 
external DNA [1]. While the ingested DNA may simply 
serve as a nutrient, the uptake and propagation of external 
DNA may also increase the fitness of a B. subtilis 
population, for instance when certain bactericidal toxin 
(bacteriocin) genes or resistance genes are acquired. An 
even more sophisticated developmental strategy is the 
formation of endospores, which consist of a thick 
peptidoglycan capsule with a protein coat that protects its 
contents from heat, UV light, shear stress, and chemicals. 
The development of spores is activated when nutrients 
become limited and, like competence, sporulation is 
displayed only by a subpopulation of cells. Motility is 
another phenotype that is heterogeneously regulated in 
different cells of a B. subtilis population [2]. It should also 
be regarded as a survival strategy, because it allows the cells 
to migrate to a friendlier environment when nutrients 
become limiting or toxic compounds are present. When 
faced with fierce competition from other microbes, B. 
subtilis is able to kill these competitors with a deadly cocktail 
of antimicrobial compounds. 

To liberate nutrients from dead organic matter, B. subtilis 
naturally produces a wide range of secreted enzymes. These 
enzymes include ex-amylases, lipases and proteases, which 
are of great interest for consumer and industrial 
applications [3,36,37]. B. subtilis has a Generally Regarded 
As Safe (GRAS) status which, along with its easy 
manipulability and excellent fermentation properties, has 
made this organism a widely used 'cell factory' in the 
biotechnological industry. Several native enzymes produced 
by B. subtilis are relevant for industry and this bacterium has 
also been genetically modified to produce a wide range of 
heterologous enzymes. One of the greatest advantages of 
using B. subtilis for producing such industrially relevant 
enzymes resides in the fact that it lacks an outer membrane 
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as is present in Gram-negative bacteria, such as Escherichia 
coli. Firstly, this means that B. subtilis does not produce 
endotoxin (i.e. lipopolysaccharide) and, secondly, the 
absence of an outer membrane allows the direct secretion 
of exported enzymes into the extracellular milieu. This 
clearly facilitates the downstream processing of such 
secreted enzymes. 

The mechanisms used by B. subtilis to survive 
environmental stresses and insults involve many complex 
regulatory pathways. One theme that many of these 
pathways have in common is that they are often activated 
in only a part of the bacterial cell population. This 
phenomenon of culture or colony heterogeneity is known 
for a long time, and it is not specific for B. subtilis. For 
example, early studies revealed that it represents a problem 
in infections by pathogenic bacteria where so-called 
persister cells can emerge. The first example for such 
persister cells was documented in 1944, when J .W. Bigger 
reported that cultures of Stapf.tylococcus aureus treated with 
penicillin always yielded the same small number of 
survivors. These persister cells were shown to be dormant 
vegetative cells that can survive the presence of penicillin 
due to their extremely slow metabolism [4,5]. Thus, the 
persisters simply outlive the antibiotics that are effective 
only against multiplying cells. 

Gene Expression Heterogeneity in B. subtilis 
The B. subtilis cell employs a highly dynamic regulatory 
network that is able to respond rapidly and appropriately to 
abrupt changes in the environment. It not only allows a B. 
subtilis cell to react to severe threats, such as desiccation or 
extreme acidity, but also to seemingly simple shifts in the 
availability of nutrients by quickly altering the production 
and activity of many different enzymes [6,38]. Notably, 
interactions in the B. subtilis regulatory network that are 
needed to respond to environmental changes occur at many 
different levels, including the transcriptome, proteome and 
metabolome. 

The most fundamental level for genotypes to give rise to a 
phenotype is gene expression. Gene expression is the 
process where genetic information is utilized for the 
formation of functional gene products. These products may 
either be messenger RNA molecules, regulatory RNA 
molecules, catalytic RNA molecules, or proteins with a very 
diverse range of activities. Both types of products - RNA 
and proteins - can be used as readouts for the expression 
of particular genes. The direct analysis of RNA molecules, 
for example by N orthem blotting or transcript profiling 
with DNA arrays, gives very precise information on 
absolute and relative amounts of the RNA molecules 
produced. Furthermore, gene expression can be monitored 
by fusing the promoter of a gene of interest to the gene for 
a reporter protein that can be readily assayed. Accordingly, 



enzymes such as �-galactosidase, have been used as 
reporters for gene expression. However, both the direct 
analysis of RNA levels and the indirect analysis of 
promoter activity with reporter enzymes are laborious and 
do not allow real-time measurements. Therefore, light
emitting and especially fluorescent reporter proteins are 
becoming increasingly popular as they do not require 
laborious sample preparations and are suitable for real-time 
measurements. Nevertheless, despite the versatile 
applicability of fluorescent proteins, one should bear in 
mind that newly synthesized proteins need some time to 
fold, may be subject to post-translational modification, can 
aggregate, and may be turned over by proteases [7]. 
Therefore, when investigating gene expression with 
reporter genes that encode readily assayable proteins, it is 
important to keep in mind that one is actually measuring 
the end result of transcription, translation, folding and 
aggregation or degradation of the respective proteins. Any 
of these processes may have contributed to the observed 
effect. 

A complex network of interactions between many 
transcription factors controls gene expression in B. subtili.r. 
The backbone of this network is formed by sigma factors, 
which are subunits of RNA polymerase that facilitate the 
binding to specific promoter regions on the DNA. B. 
subtilis is known to have 19 sigma factors, which are 
involved in different, but sometimes overlapping functions 
as is underpinned by the extracytoplasmic function (ECF) 
sigma factors [8,9]. An updated list of the sigma factors that 
have been identified in B. subtili.r is available on the 
SubtzWtlci community resource ilitttr //www subtiwiki uru
g.oettin,gen de /wiki /index.php /Sigma factors) [10, 11, 12]. 
aA is the housekeeping sigma factor that is responsible for a 
continuous level of activity of promoters for genes 
involved in a wide range of different functions. For aA 

there are no anti-sigma factors known to suppress its 
activity. This is different for other sigma factors, like aB, 
which controls the general stress response and does have 
an anti-sigma factor that suppresses its function by binding 
to it. The regulation of aB is quite complex as it is 
controlled via two coupled partner-switching modules [13]. 
Both modules are located next to each other on the B. 
subtili.r genome and combined consist of 7 rsb (regulator of 
sigma-B) genes. The promoter for the upstream module is 
dependent on aA and the downstream module is 
autoregulated via aB. In the downstream module, RsbW is 
the protein that inactivates aB by binding to it. Non
phosphorylated RsbV also binds RsbW and de-represses 
aB. This ultimately functions as a sensor for the energy 
status of the cell. When ATP levels decrease, RsbW binds 
more RsbV and as a result aB is activated [13]. 
Dephosphorylation of Rsb V can be enhanced by RsbP, 
which is an rsb gene located outside of the two modules and 
is activated by energy stress [14]. Another well-studied 

sigma factor is a0, which binds promoter regions of genes 
involved in motility and chemotaxis. aE, aF, aG and aK are 
involved in sporulation, and aH is responsible for 
controlling genes that are active in the transition state upon 
nutrient depletion [13]. aL mutants are found to be sensitive 
to cold and unable to use arginine as a single carbon source 
[15]. 

A separate group of sigma factors are the afore-mentioned 
ECF sigma factors aM,aV,aW,aX,aY and az. These sigma 
factors all react to cellular stimuli outside of the cytoplasm 
and in several cases are involved in antibiotic resistance. 
The regulons controlled by these sigma factors comprise 
many genes involved in cell wall and membrane synthesis, 
and production of antimicrobial compounds [39]. aM, aw 

and aX are the most well characterized ECF sigma factors 
of B. subtili.r. aM regulates operons that are related to cell 
wall synthesis but, together with ax, it also plays a role in 
the production of the S-linked glucopeptide sublancin, 
which is a highly potent and stable bacteriocin encoded by 
the sunA gene [16,17,18]. 

Notably, not only sigma factors, but also other regulators 
have a profound influence on gene expression in B. subtilis, 
and they add substantially to the complexity of the 
regulatory processes that take place within the cell at any 
given moment in time. For the sunA gene, this is 
underscored by the fact that aM and ax are only indirectly 
responsible for sunA expression [16, 19]. The role of both a 
factors in this regulation is presently not fully understood, 
but it is clear that the presence of either aM or ax is 
necessary for production of active sublancin [16]. The main 
direct regulators of the sunA promoter (P sunA) are the 
transcriptional repressors AbrB and Rok [20,21]. aM and ax 

indirectly regulate sunA expression via the abh gene which, 
in turn, mediates the inhibitory action of AbrB on sunA [16, 
19]. Importantly, the roles of AbrB and Rok are not limited 
to sunA expression. For example, these transcription 
factors are also involved in the development of genetic 
competence and sporulation, both of which are 
heterogeneously regulated processes as mentioned above. 
The respective decision network and the roles that AbrB 
and Rok play have been analysed in detail by Schultz et al. 
[22]. The decision making process is set in motion when 
the bacterial colony grows to a certain density. The cell 
receives this information via quorum sensing peptides from 
neighbouring cells. Other stress responses, such as nutrient 
limitation, will also aid to the induction of the decision 
making network. In this regulatory network, AbrB and Rok 
function to allow some cells to enter competence, but only 
when the levels of yet another regulator, namely 
phosphorylated Spo0A (Spo0A-P), are within a certain 
window. Notably, within this regulatory frame, repression 
of the main competence transcription factor ComK is 
lifted, and the cell is allowed into competence [22]. When 
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SpoOA is phosphorylated, AbrB is repressed, which causes 
a fast drop in its concentration due to the unstable nature 
of AbrB. The transcriptional repression on the promoter of 
the comK gene is then lifted, together with the repression on 
the rok promoter. This causes a delicate interplay, where the 
comK promoter repression is oscillating due to high 
variability in the levels of Rok. Furthermore, increases in 
the levels of particular quorum sensing factors will increase 
levels of the ComA regulator, which triggers the rescue of 
the ComK protein from the degradative MecA-ClpP-ClpC 
complex via induced synthesis of the ComS peptide. This 
additional input, in combination with the oscillation of 
AbrB will tip the balance to competence development 
when a threshold is reached. ComK will continue to induce 
transcription of its own gene and the respective cell will 
fully commit to competence. Clearly, this is just one 
example of the different highly complex regulatory 
networks that lead to expression heterogeneity in B. s11btilis 
[23,24,25]. 

It should be noted that phenotypic heterogeneity in 
isogenic bacterial cell populations does not only exist 
during planktonic growth, but also when the bacteria are 
growing on solid surfaces. Here, it has been shown that the 
spatial alignment within B. s11btiiis biofilms is a determining 
factor for cell differentiation [26,27,28,40,41]. In particular, 
B. s11btilis colonies were shown to be capable of forming 
aerial structures that contain specific layers of specialized 
cell types. Sporulating cells were present predominantly at 
the top of the aerial structures. This spatial alignment of 
differentiated cells tempts the observer to compare these 
biofilms to tissues present in multicellular eukaryotes. 

Studying Gene Expression Heterogeneity 
The molecular basis of most bacterial differentiation 
phenomena resides in heterogeneity in gene expression, 
which can be studied by several different techniques. Every 
method is a compromise between time resolution, 
histogram resolution and ease of use. A popular technique 
to study heterogeneity is flow cytometry. This method can 
distinguish large numbers of cells in a very short period of 
time, and instruments may even provide the option for 
sorting the different populations. In some instruments it is 
possible to use a high-throughput format. However, the 
downside is that cells have to be in a liquid format, and that 
a sample needs to be prepared for each time point to be 
analysed. The time that elapses between sampling the 
culture and analysing the cells in a flow cytometer, as well 
as the sample preparation itself, may influence the 
metabolic state of the sample. Another option to study 
expression heterogeneity is the use of a live cell microscopy 
setup that makes and analyses a time-lapse movie of 
growing cells. A live cell microscopy setup does not count 
as many cells as flow cytometry, but once established, it can 
run without further attention. The resolution in time is a 
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large advantage over flow cytometry, as a time-lapse 
microscopy setup is able to record a series of images as 
long as the inspected cells are not damaged by 
phototoxicity. Generally, a temporal resolution of 5 
minutes is readily attainable. For these reasons, the 
heterogeneity experiments conducted for the PhD research 
described in this thesis have been carried out using time
lapse microscopy which, altogether, saved time and 
provided the best temporal resolution. 

Gene expression in B. s11btilis can be easily monitored by 
creating promoter fusions to a reporter, such as the Green 
Fluorescent Protein (GFP). When the bacterium switches 
on the particular promoter that is linked to the reporter, the 
level of the reporter can be monitored by fluorescence 
readings. Using GFP is particularly suitable as no cell 
breakage and downstream processing of the samples is 
required as is the case with other more classical assays 
based on reporter enzymes, such as �-galactosidase. 
Accordingly, GFP promoter fusions allow the analysis of 
gene expression using several non-disruptive approaches, 
specifically flow cytometry, plate reader assays and, last but 
not least, fluorescence microscopy. Fluorescence 
microscopy instruments are available at several levels of 
technical sophistication, ranging from bright-field 
fluorescence to confocal laser scanning microscopy and 
total internal reflection microscopy. Notably, to monitor 
heterogeneity of gene expression in growing B. subtilis 
microcolonies, an epifluorescence microscope provides 
sufficient resolution [29]. In order to monitor the 
progression of live cells, a time-lapse microscopy setup that 
is able to take both phase contrast and fluorescence images 
at specific time intervals is required. Here, the advantage of 
recording phase contrast images is that it allows the user to 
additionally visualize the non-fluorescent cells very clearly 
without the need of additional cell colouring steps. As 
pointed out above, the intervals between recording 
subsequent images have to be carefully chosen to avoid 
phototoxicity. Notably, not only the light needed to record 
phase contrast images, but also the light needed to excite 
GFP fluorescence should be set at a non-phototoxic level. 
As a general rule, a longer exposure of lower intensity is 
better for cell viability, than a short burst of high intensity. 
Lastly, to increase the throughput of sample analyses, a 
high-precision motorized stage is required in the 
microscopy setup. 

B. s11btiiis is a motile bacterium and, therefore, it is 
important to fix the bacteria, while still supplying them with 
adequate amounts of nutrients and oxygen. A very efficient 
method has been described by V eening et al. [23] where 
1.5% agarose is added to the growth medium, which upon 
melting, is poured into a frame and allowed to solidify. 
After the agarose has solidified, two large slabs are cut out 
to leave a small strip of agarose approximately 1-1.5 mm in 



the middle. A bacterial culture is spotted on the agarose 
strip and covered with a coverslip. The compartments at 
either side provide oxygen, while the agarose slab provides 
nutrients and immobilizes the bacteria. This setup provides 
enough oxygen and nutrients for a 17 h experiment in 
which both growth and cellular fluorescence can be 
measured. 

Image Analysis 
A key factor in live cell microscopy is the image analysis 
once the actual experiment is completed. Image analysis 
software is available in both closed, and open source forms. 
Closed source provides the potential advantages of ease of 
use and support from the supplier. However, it can be very 
expensive, may not always be as easy to use as claimed, and 
in some cases it may not even be allowed to modify the 
software to fit a specific purpose. Therefore, for more 
advanced non-standard research purposes, open source is 
often more preferred, as it is possible to modify the 
software according to needs, and it is often free for use. 
Because the software is open source, it means that one is 
able to verify whether the software processes the recorded 
images correctly. On top of this, open source programs 
often have an online user community that can provide 
invaluable support to solve particular experimental 
challenges. 

The use of open source software is described in Chapter 3 
of this thesis, in which the Image] software is used to 
measure cell growth and cellular fluorescence in B. s11btilis. 
Image] is an open source program, developed at the 
National Institute of Health (NIH) by Wayne Rasband [31]. 
It is based on the Java programming language, which allows 
for use of Image] on any operating system that has the Java 
runtime installed [30]. The Image J program is used for a 
wide variety of applications ranging from medical imaging 
to material sciences, and biological light microscopy. Not 
only images of cells, but also other images, such as 
electrophoretic gels may be analysed using Image]. One of 
the reasons for ImageJ's pleiotropic applicability is the 
support of many file formats from many different 
manufacturers. Another reason is that a large number of 
plugins have been developed for specific analysis purposes, 
which has been facilitated by the openness of the Java 
platform. The standard package, however, already provides 
a significant number of useful features for cleaning up 
images and subsequent analyses. The use of macros can 
save the user time and has the advantage that processing 
will be identical for all analysed images. However, for the 
applications described in this thesis, no additional plugins 
were required. 

Scope of this Thesis 
The research described in this thesis was primarily aimed at 
developing and applying quantitative fluorescence 

microscopy tools and time-lapse microscopy for studies on 
gene expression in B. s11btilis from the molecular to the 
systems level. As briefly outlined in the introductory 
Chapter 1, B. s11btilis is an ideal model organism to study 
gene expression heterogeneity due to the presence of 
various developmental programs, its high genetic 
amenability and its ease of cultivation under many different 
conditions. 

The studies described in Chapter 2 were aimed at the 
development of a high-throughput reporter system for gene 
expression analyses in growing B. s11btilis cells from the level 
of individual genes up to the systems level. This yielded the 
pBaSysBioII plasmid, which was subsequently used in 
many of the studies described in this thesis. The plasmid 
contains a ligation-independent cloning site for insertion of 
promoter regions in front of the GFPmut3 gene. 
Subsequently, the resulting plasmid can be integrated into 
the B. s11btilis genome via a Campbell-type single cross-over 
event, leading to a situation where one copy of the 
promoter region of interest directs the transcription of 
GFPmut3 while the other promoter copy directs the 
transcription of the gene to which it belongs. The results 
show that the pBaSysBioII plasmid can be applied 
successfully for so-called Llve Cell Array (LCA) and time
lapse fluorescence microscopy experiments to study gene 
expression in real time in growing cells. Notably, the LCA 
experiments are based on an array of growing B. s11btilis cells 
expressing different promoter-GFP fusions. Such 
experiments, carried out in an appropriate microtiter plate 
reader, give detailed time-resolved information on 
promoter activities at the cell population level [6,29,32]. 
However, the LCA analyses provide no insights into 
expression heterogeneity between individual cells of the 
population, as can be recorded by time-lapse microscopy. 

Time-lapse fluorescence microscopy was the method of 
choice to analyse gene expression heterogeneity in the 
present PhD research. However, when this research was 
initiated, no tools to quantify gene expression heterogeneity 
were available. Therefore, an open-source pipeline - TLM
Quant - was developed for the quantitative analysis and 
visualization of time-lapse fluorescence microscopy data. 
The TLM-Quant pipeline is described in Chapter 3 of this 
thesis. Specifically, TLM-Quant allows the rapid analysis of 
time-lapse fluorescence microscopy images with a high 
temporal resolution. In Chapter 3 this is illustrated on the 
basis of different expression heterogeneity scenarios as 
encountered in B. s11btilis cells carrying different promoter
GFP fusions created with pBaSysBioII. 

Chapter 4 presents the results of a large systems biological 
analysis of the global network reorganization in B. s11btilis 
during dynamic metabolic adaptations. Importantly, this 
analysis was a consortium effort where multiple layers of 
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cell organization were assessed experimentally and 
combined with statistical and model-based data analysis. 
The results show that when two favoured carbon sources 
of B. subtilis are shifted, namely glucose and malate, the 
bacterium adapts in different ways depending on the 
carbon source. Adaptation to malate is much faster than 
adaptation to glucose, because malate adaptation is 
controlled mostly post-transcriptionally. Adaptation to 
glucose on the other hand is regulated via changes in gene 
transcription. Importantly, this study relied strongly on data 
produced from a central fed-batch experiment where 
samples were taken for simultaneous tiling array analyses of 
genome-wide transcnptton, proteome profiling, 
metabolome profiling and metabolic flux analyses. This 
setup did, however, not allow for single-cell analyses. Yet, 
there was a need for such analyses as modelling efforts 
were based on a homogeneity assumption for the 
expression of genes involved in central carbon metabolism 
(CCM). To test this, promoter-GFP reporter constructs 
were created for a set of crucial CCM genes, and time-lapse 
fluorescence microscopy was performed. Next, using the 
TLM-Quant pipeline it was shown that the respective CCM 
genes were indeed homogeneously expressed in 
exponentially growing cells, confirming the homogeneity 
assumption for modeling. 

Chapter 5 reports on studies in which quantitative time
lapse fluorescence microscopy was used to investigate the 
mechanisms underlying the expression heterogeneity of the 
sunA gene of B. subtilis. As outlined above, B. subtilis 
produces a range of antimicrobial compounds that give this 
bacterium a competitive advantage in its natural habitats, 
the soil and plant rhizosphere. The bacteriocin sublancin 
168, encoded by the sunA gene, is one of these 
antimicrobial compounds. Sublancin was initially thought 
to be a !antibiotic, but subsequent studies have shown that 
it is in fact an S-linked glucopeptide [33]. Sublancin has two 
main features that make it an interesting subject for further 
study: it is extremely stable, and it is active against a broad 
spectrum of Gram-positive bacteria, including important 
pathogens, such as Bacillus cereus and Staphylococcus aureus. 
The sunA operon consisting of sunA, sunT, bdbA, sunS and 
bdbB contains all genes necessary for production of active 
sublancin. Pre-sublancin is produced by transcription and 
translation of sunA, which is then processed and secreted 
via the ABC-type transporter SunT [17,34]. During export 
from the cytoplasm, sublancin is glucosylated by SunS and 
two disulphide bonds are introduced through the action of 
the thiol-disulphide oxidoreductase (TDOR) BdbB. The 
only gene in the sunA operon that is dispensable for 
sublancin formation is bdbA, which specifies a TDOR with 
a cytoplasmic localization. Immunity to sublancin is 
established through the Sunl protein. The sun! gene is 
located upstream of the sunA operon and has its own 
promoter [35]. The production of sublancin is regulated via 
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a complex mechanism that i s  intertwined with the decision
making network for competence development and 
sporulation [16]. Interestingly, previous research had shown 
that sunA is heterogeneously expressed in the stationary 
growth phase [23]. The studies presented in Chapter 5 
build on this initial observation and time-lapse fluorescence 
microscopy was employed to pinpoint SpoOA-P, AbrB and 
Rok as the key determinants for sunA expression 
heterogeneity. Intriguingly, the data suggest that not all cells 
in a B. subtilis population need to participate in the 
production of sublancin 168 to build up sufficient levels of 
this bacteriocin for a competitive advantage over sublancin
sensitive cells. On the other hand, the sublancin immunity 
gene sun! is shown to be homogeneously expressed, which 
implies a strong selection for invariant production of the 
immunity protein in all cells of a B. subtilis population where 
individual cells produce widely differing amounts of 
sublancin 168. 

Importantly, GFP gene fusion technology is not only useful 
for gene expression analyses, but also for studies on the 
subcellular localization of particular proteins. In the latter 
case, translational GFP fusions are used, where GFP is 
fused either to the N-terminus or the C-terminus of the 
protein of interest. The localization of the resulting fusion 
proteins is subsequently assessed by fluorescence 
microscopy. Chapter 6 documents the subcellular 
localization of GFP to signal peptides that direct the export 
of folded proteins via the so-called Tat pathway of B. 
subtilis. Notably, previous research has shown that Tat
dependent protein secretion in B. subtilis is a highly selective 
process, and that heterologous proteins such as GFP, are 
poor Tat substrates in this organism. Nevertheless, when 
expressed in Escherichia coli, both B. subtilis Tat translocases 
facilitated exclusively Tat-dependent export of folded GFP 
when the twin-arginine (RR) signal peptides of the E. coli 
AmiA, DmsA or MdoD proteins were attached. Therefore, 
the studies described in Chapter 6 were aimed at 
determining whether the same RR-signal peptide-GFP 
precursors would also be exported Tat-dependently in B. 
subtilis. In addition, the secretion of GFP fused to the full
length YwbN protein, a strict Tat substrate in B. subtilis, was 
investigated. Several of the studied GFP fusion proteins 
were indeed secreted in B. subtilis, but this secretion was 
shown to be largely Tat-independent under all tested 
conditions. The data suggest that as yet unidentified control 
mechanisms reject the investigated GFP fusion proteins for 
translocation by the B. subtilis Tat machinery. 

Clearly, time-lapse phase contrast microscopy and 
fluorescence microscopy do not necessarily have to be 
combined to be extremely useful tools for microbiological 
analyses. This is illustrated in Chapter 7, which reports on 
the behaviour of B. subtilis under conditions of severely 
limited availability of water, the major prerequisite for life. 



The studies presented in Chapter 7 show that B. subtilis is 
able to withstand dry environments by an array of 
physiological and morphological adaptations. In 
increasingly dry environments, the cell morphology was 
found to change gradually from the typical rod-shape to a 
coccoid shape. As shown by time-lapse phase contrast 
microscopy, this change is fully reversible, though the 
coccoid cell wall is shed when the cell is rehydrated. The 
proteomic signatures of water-limited B. subtilis cells 
indicated a significant a8-dependent stress response, which 
was subsequently confirmed by promoter-GFP fusions and 
fluorescence microscopy. Importantly, this a8 response was 
shown to be essential for the survival of B. subtilis cells 
under conditions of limited water availability since deletion 
mutants lacking the .rigB gene were unable to adapt well to 
conditions of limited water availability. 

As exemplified in Chapter 8, time-lapse phase contrast 
microscopy can be very useful tool in investigations on the 
antimicrobial activity of particular compounds. Here, the 
antimicrobial properties of rhodomyrtone [6,8-dihydroxy-
2,2,4, 4-tetramethyl-7-(3-methyl-1-oxobutyl)-9-(2-
methylpropyl)-4,9-dihydro-1H-xanthene-1,3(2H)-di-done] 
as produced by the plant Rhodo"!JrlllS tomentosa were 
investigated. While rhodomyrtone had clear bactericidal 
activity, time-lapse phase contrast microscopy clearly 
showed that rhodomyrtone is not bacteriolytic. 

Lastly, Chapter 9 discusses the main results and 
conclusions from the PhD research presented in this thesis. 
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ABSTRACT 

Plasmid pBaSysBioll was constructed for high-throughput analysis of gene expression in Bacillus 
subtilis. It is an integrative plasmid with a ligation-independent cloning site (LIC), a l lowing the 
generation of transcriptional gfpmut3 fusions with desired promoters. Integration is by a Campbell
type event and is non-mutagenic, placing the fusion at the homologous chromosomal locus. Using 
phoA, murAA, gapB, ptsG and cggR promoters that are responsive to phosphate availabil ity, growth 
rate and carbon source respectively, we show that detai led profiles of gene expression can be 
established with responses to changing conditions being measurable within 1 minute of the 
stimulus. This makes pBaSysBiol l a highly versatile tool for real-time gene expression ana lysis in 
growing cells of 8. subtilis. 
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INTRODUCTION 
The live cell array (LCA) technology has proven to be 
an accurate and versatile method of determining gene 
expression in bacteria in a high-throughput format. 
This technology involves generating transcriptional 
fusions with fast-folding fluorescent proteins, such as 
the Green Fluorescent Protein (GFP), and monitoring 
their accumulation under the appropriate conditions. 
The promoter activity profile of up to 96 individual .!!IP 
fusions in cells grown in microtiter plates can be 
obtained at very high resolution by determining the 
difference in fluorescence levels at successive time 
points. This approach has many advantages over the 
complementary transcriptomic approach: sample 
preparation is not required prior to measurement; 
measurements can be made at intervals as short as 1 
minute over an extended period; data acquisition and 
analysis are greatly simplified; and the cost is 
significantly less. Critically, the high resolution with 
which the kinetics of gene expression can be 
established in response to particular stimuli allows a 
detailed understanding of the underlying regulatory 
mechanisms. 

In bacteria, the live cell array approach 
allows expression of all genes involved in particular 
cellular processes to be monitored simultaneously 
under specified conditions. In E. coli for example, live 
cell array technology has been used to establish the 
kinetic profiles of flagellar protein synthesis (Kalir et al, 
2001) and the SOS response (Ronen et al, 2002). An 
impressive example of the use of live cell arrays is the 
determination at high resolution of the expression of 
2,000 E. coli promoters in a glucose-lactose diauxic shift 
experiment (Zaslaver et al, 2006). 

The European Bacillus community within 
EU-funded consortia has a record of generating new 
tools for genetic analysis in bacteria. The E. coli strain 
TP61 1 was constructed during the Bacillus sequencing 
project as a host to stably clone large fragments of B. 
subtilis chromosomal DNA (Glaser et al, 1993). The 
pMUTIN series of plasmids was developed during the 
subsequent functional analysis program to generate lacZ 
transcriptional fusions and to generate strains 
containing genes under IPTG inducible control 
(Vagner et al, 1998). Here we report the development 
of plasmid pBaSysBioII, constructed during the EU
funded BaSysBio systems biology program, 
(http://www.basysbio.eu/) for use in live cell array 
analysis of gene expression in Bacillus. It can be used to 
generate transcriptional fusions of Bacillus promoters 
with .!!IP in a high-throughput manner using ligation
independent cloning and integration of each fusion into 
the chromosome in a non-mutagenic manner. 
pBaSysBioII was characterised using five strains 
carrying transcriptional fusions with promoters 
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responsive either to  growth rate, phosphate availability 
or carbon source. Our analyses yielded high-resolution 
definitions of the kinetics of gene expression in 
response to each stimulus that are consistent with those 
previously established at much lower resolution with 
conventional approaches. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 

E. coli TG 1 has been used for plasmid constructions 
and transformation using standard techniques 
(Sambrook et al, 1989). A tryptophan prototrophic B. 
subtilis 168 strain (provided by E. Dervyn and P. 
Noirot) was transformed using standard procedures 
(Anagnostopoulos & Spizizen, 1961). Luria Bertani 
(LB) broth was used to grow E. coli and B. subtilis. For 
live cell array experiments, B. subtilis was grown in low 
phosphate defined medium (LPDM), high phosphate 
defined medium (HPDM) (Muller et al, 1997), or in a 
modified M9 medium supplemented with 0.4% malate 
as a sole carbon source (Harwood & Cutting, 1990). 
Media were supplemented with antibiotics at the 
following concentrations as required: ampicillin 1 00 µg 
ml·1 or spectinomycin 100 µg ml-1 • 

Plasmid constructions 

Plasmid pBaSysBioII contains a ligation-independent 
cloning site (LIC) generated synthetically and the 
lfPmutJ gene derived from plasmid pJBA27 (Cormac et 
al, 1996; Anderson et al, 1998). The g/pmut3 gene was 
amplified from plasmid pJBA27 using oligonucleotides 
that introduced an optimized ribosome binding 
(AAGGAGGAACTACTATG) site for B. subtilis and 
subcloned into a precursor cloning vector. The LIC
g/pmut3 cassette was amplified using oligonucleotides 
OBP235A (containing the LIC site upstream of the 
ribosome binding site) and OBP238, digested with 
EcoR1 and cloned (as a blunt end / EcoR1 fragment) 
into pDG 1727 digested with Nae1 and EcoR1. The 
resulting plasmid pBaSysBioll was established in E. coli 
with selection for spectinomycin and was completely 
sequenced. A schematic diagram of the plasmid is 
shown (Fig. 1a) and the complete sequence is available 
under accession number: Submission Number: 
1278437. Promoter regions (400 bp) of phaA, muv4A, 
cggR, ptsG and gapB were generated by PCR from 
genomic DNA using the appropriate primers listed in 
Table 1 ,  and purified using the GFX purification kit 
(GE Healthcare). For ligation-independent cloning 
(Fig. lb), 0.2 pmol of each fragment was incubated 
with 2.5 mM dTTP and T4 DNA polymerase. The 
pBaSysBioII plasmid was linearized using Smal, gel 
purified and treated with T4 DNA polymerase and 2.5 
mM dATP. A mix of 5 ng of prepared vector and 15 ng 



Table 1. Oligonucleotides used in this study 

Name Sequence (S' to 3') 

phoAF CCGCGGGCTTTCCCAGCA TTTTCCTCCCCAAA TGTT A 

phoAR GTTCCTCCTTCCCACCCCGTTTATCATGTTAGGGAA 

murAAF CCGCGGGCTTTCCCAGCCGACTGATATGCAGTCACAA 

murAAR GTTCCTCCTTCCCACCTTTATGCATTTAAGTCAGAA 

gap BF CCGCGGGCTTTCCCAGCGAGCTGGAAGCGGACGGTG 

gapBR GTTCCTCCTTCCCACCAATTATGCCATCCTAATTTG 

cggRF CCGCGGGCTTTCCCAGCCGCCTATACATTTTGGATC 

cggRR GTTCCTCCTTCCCACCCTTTTTTGCTGGACATTATATG 

ptsGF CCGCGGGCTTTCCCAGCAAAAAAGAAGAACCGACTAAAGAACCAG 

ptsGR 

OBP23SA 

GTTCCTCCTTCCCACCTTTTACTAGTCTGACCTTACAGCTAAAAATC 

ATG 

ACGCGTCGACTTTTACCGCGGGCTTTCCCGGGAAGGAGGAACTACT 

ATGCGTAAAG 

OBP238 CCGGAATTCGGTTCTGTAGTCGACTTCTCACC 

* sequences required for ligation free cloning are underlined 

of inserts was used to transform E. coli (Fogg & 
Wilkinson, 2008; Aslanidis & de Jong, 1990; Bonsor et 
al., 2006). The resulting plasmids were extracted from 
E. coli and used to transform B. subtilis. Three 
independent clones from each transformation were 
selected and used for LCA experiments to verify 
biological reproducibility. 

Culture of B. subtilis in a live cell array 
For the phosphate limitation experiments, B. subtilis 
strains were grown overnight in HPDM at 37°C in a 96 
well plate and then diluted to an OD600 of 0.05 in 100 
µl of LPDM in a 96 well black plate with optical 
bottom (Nunc). To convert LPDM to HPDM during 
the experiment, 5 µl of a 73 mM phosphate solution 
were injected to all wells giving a final phosphate 
concentration of 3.65 mM. For carbon source shift 
experiments, cultures of B. subtilis strains growing 
exponentially in 100 µl LB in 96 well plates were 

inoculated into M9 medium with 0.4% malate at a 
range of dilutions and incubated overnight. The 
dilution that yielded exponentially growing cultures 
next morning was used to inoculate 100 µl of the same 
medium (M9 malate) to an OD600 of 0.05 in a 96 well 
cell culture plate (CELI.STAR®, Greiner bio-one). The 
carbon source shift was carried out by injection of a 
glucose solution to a final concentration of 0.3% when 
cells reached an OD600 of 0.4. All plates (with lids to 
avoid evaporation) were incubated at 37°C with 
constant shaking (slow) in a SynergyTM 2 multimode 
microplate reader (BioTek) for 10 hours. The OD6oo 
and fluorescence (excitation 485/20 nm, emission 
528/20 nm) were measured at the designated intervals 
(1 minute for carbon shift and 10 minutes for 
phosphate limitation). The OD9oo and OD977 were 
measured at the beginning of the experiment in order 
to correct the lightpath length of samples to 1 cm using 
the following equation: (0Dm-OD900)/0.18. 
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B Slut (2252) Xhol (22•6) 

I pBaSysBioll preparation I I Promoter ONA preparation I 
Sma1 site GFP &tan cooon 

l l 
��gggg�g��g*�g��g .! �!* 

f 
I RBS I 

sma1 restr1cu0n Promoter PCR ampltncatkln • 
ACTTTTACCGCGGGCTTTCCCIGGGMGGAGGJ\ACTACTATGCGTAAA 
TGAJ\AATGGCGCCCGAAAGGG CCCTTCCTCCTTGATGATACC:CATTT 

I 

CCGCGGGCTTTCCCAGC 
GGCGCCCGAAAGGGTCG 

.. 
I 

T4 DNA polymnrnse • dATP T4 ONA polymerase + dTTP ' 
ACTTTTA GGGAAGGAGGAACTACTATGCl.TAAA CCGCGGGCTTTCCCAGC 
TGAAAATGGCGCCCGAAAGGG ____ ATGATI\CGCAt"-r ____ TCG 

I 

LJCt.all 
GGTGGGAAGGAGGMC 
CCACCCTTCCTCCTTG 

GGT 
CCACCCTTCCTCCTTG 

ACTTTTACCGCGGGCTTTCCCAGC 
TGAAAATGGCGCCCGAAAGGGTCG 

GGTGGGAAGGAGGAACTACTATGCGTMA 
CCACCCTTCCTCCTTGATGATACGCAT'l'T 

Fig. 1. Schematic diagram of pBaSysBioll and the ligation independent cloning (UC) system. (a) pBaSysBioll plasmid -
open reading frames are indicated by thick boxes with the direction of transcription indicated by arrows. The 
identity of each open reading frame is indicated within each box followed by its plasmid coordinates. Relevant 
restriction sites are also indicated. (b) _bigation-!ndependent !:;_loning (UC) - cleavage of pBaSysBioll with Smal and 
treatment with T4 DNA polymerase in the presence of dATP, generates linearised vector DNA with 14 and 13 base 
S'overhangs as shown (red). Promoter fragments suitable for high throughput cloning are generated by amplification 
of chromosomal DNA using forward and reverse primers with a UC tail (blue) containing sequences complementary 
the UC sequences of the pBaSysBioll plasmid. Treatment of the PCR-amplified promoter fragments with T4 DNA 
polymerase in the presence of dTTP generates 5' single-stranded DNA overhangs that are perfectly complementary 
to those of the vector. Annealing of the treated vector and PCR fragments at room temperature produces a circular 
duplex species with staggered nicks on the two strands. The duplex is sufficiently stable for direct introduction into 
competent E. coli strains. 



Promoter activity was calculated as follows: 
background fluorescence of wild-type B. subtilis (the 
average from 6 cultures) was determined and 
subtracted from the raw fluorescence values of reporter 
strains at the same OD600; promoter activities were 
calculated taking the derivative of the fluorescence 
divided by the OD600 (dGFP/dt/OD6oo) at each time 
point (Ronen et al, 2002; Zaslaver et al, 2006). Curves 
were smoothed by averaging expression values from 
three time points (P1+P2+P3)/3. For the 1 minute 
kinetics, polynomial and exponential functions were 
used to fit the experimental GFP dataset; promoter 
activities (dGFP/dt/OD600) were consequently 
calculated using these functions. 

Single cell microscopy 
Fluorescence microscopy was performed with a Leica 
DMSS00 B microscope equipped with a motorized 
stage and a temperature-controlled incubation chamber 
set at 37"C. Time-lapse movies were recorded by taking 
pictures every 5 minutes. The fluorescence images were 
acquired using a Leica EL6000 lamp and LS filter cube. 
To minimize photo-toxicity, the intensity of the lamp 
was set to 10%. The exposure time was 1000 ms. M9 
agarose medium with glucose or malate was pipetted 
into a 65 µl Frame-Seal Slide Chamber (SLF-0601, Bio
Rad). Two large sections of the solidified M9 agarose 
were removed using a scalpel to yield a strip of -1.5 
mm in the centre of the frame. This allowed sample 
aeration, with evaporation being prevented by the seal 
between frame, slide and coverslip (Veening et al, 
2008). A preculture in M9 medium containing 4 g/L 
malate as the single carbon source was made from an 
overnight culture in LB medium (Difeo) containing 10 
µg/mL spectinomycin. After reaching an OD600 of 0.2, 

a 

o., 

0,01 
I lOO JOO ,_, ....... , 

cells were applied to the M9 agarose slide containing 3 
g/L glucose as the carbon source. Phase contrast 
images were false-coloured red and fluorescence 
pictures were false-coloured green for visualization 
using the Image] software package 
(http://rsbweb.nih.gov/ij/). Time-lapse images were 
processed with Image], and statistical analysis of the 
data was done in Microsoft Excel. 

b 

200 JOO ,_, ........ , 
Fig. 2. Growth and promoter activity profiles of strains carrying (a) the PphoAgfp and (b) the PmurAAgfp transcriptional fusions. 
Both strains were grown in LPDM and phosphate limitation conditions were continued for 180 minutes (180-360 minutes). 
Phosphate was injected into phosphate-limited cultures at 360 minutes, indicated by a vertical dotted line. G rowth is indicated 
by circles (•) and promoter activity by triangles (.&). 

21  



RESULTS AND DISCUSSION 

Features of the integrating pBaSysBioll 
plasmid 
The pBaSysBioil plasmid (Fig. l a) was designed for 
high-throughput generation of transcriptional fusions 
with the gjpmut3 reporter gene and monitoring of gene 
expression using live cell arrays of B. subtilis. Generating 
transcriptional fusions by a Campbell-type single 
crossover event was chosen because plasmid 
construction is amenable to high-throughput semi
automated DNA manipulation technology, and 
integration into the chromosome is non-mutagenic, 
resulting in positioning of the fusion at its homologous 
site. Promoter-containing fragments were >400 bp in 
length, i.e. 400 bp fragments were used when the 
intergenic region was less than or equal to this size, 
while the full intergenic region was used when it 
exceeded this size. The 3' end of all promoter
containing fragments was positioned 1 8  nucleotides 
upstream of the start codon of the first cistron of each 
operon Q.e. it excluded the endogenous ribosome
binding site) to ensure generation of a transcriptional 
gfp fusion. An UC tail sequence (Fig. lb) was designed 
into the oligonucleotides used to amplify each 
promoter fragment. A similar LIC tail sequence is 
positioned immediately upstream of the gfp 
ribosomebinding site in pBaSysBioil (Fig. 1 b). Thus, 
after linearization of pBaSysBioil with Smal, treatment 
of the vector (in the presence of dATP) and promoter
containing fragment (in the presence of dTTP) with T4 
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DNA polymerase generates DNA molecules with 
complementary singlestranded ends. Transformation of 
E. coli is performed after mixing and annealing the 
vector and insert (without DNA ligase addition) at 
room temperature (Fig. lb) .  Advantages of this 
approach include amenability to high-throughput semi
automated technologies, high transformation frequency 
with little or no background, and directional cloning of 
the promoter-containing fragment, thereby generating 
transcriptional gfp fusions. Gfp expression was 
measured in at least three independent transformants 
with each transcriptional fusion, since instances were 
observed where the Gfp level in a particular 
transformant was exactly twofold higher than that of 
their co-transformants. This is most likely due to 
integration of a dimeric plasmid into the chromosome 
or to amplification of the integrated plasmid. 

The GFPmut3 variant is reported to be 
extraordinarily stable in E. coli, with a conservatively 
estimated half-life of more than one day (Andersen et 
al., 1998). To estimate the GFPmut3 half-life in 
exponentially growing B. subtilir cells under conditions 
as close to physiological as possible Q.e. without 
addition of translation-inhibiting antibiotics), we 
utilized the fact that transcription of the PtuaAgfpmut3 
and PphoAgfpmut3 fusions ceases within 30 min of 
phosphate addition to phosphate-limited cells (Fig. 2a). 
Assuming a similar decrease of gfp transcript level 
during this time period, then translation of GFP should 
cease within 30 min of phosphate addition. Therefore, 
the persistence of GFPmut3 in this exponentially 
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Fig. 3. Growth and promoter activity profiles of strains carrying (a) the PprsGgfp and (b) the Pgapsgfp transcriptional fusions. Both strains were grown in M9 medium containing malate as carbon source. Glucose was added at the time indicated by 
the vertical dotted line. To smooth the technical variability related to very short 0D500 and GFP measurements exponential 
fittings were used for the biomass and polynomial fittings were used for the GFP. Growth is indicated by circles (•) and GFP by squares (•). The promoter activity is indicated by a full line (-). 
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growing culture (Fig. 2a, between t36o and 1:.4so) reflects 
the half-life of the protein in cells under these 
conditions. The estimated half-life of GFPmut3, using 
data from both these transcriptional fusions that have 
different expression levels, was approximately 10 h. 
This level of stability makes it an ideal reporter for 
promoter activity determination in B. s11btilis, as detailed 
below . .  

Monitoring promoter activity in a live cell 
array during phosphate limitation and in 
response to changes in carbon source 
To test the performance of pBaSysBioII in monitoring 

gene expression and, in particular, to evaluate its 
sensitivity in detecting alterations in gene expression 
patterns, we chose four promoters of differing 
strengths whose activity changes significantly in 
response to altered nutritional conditions. PhoA is an 
alkaline phosphatase that is induced upon phosphate 
limitation; MurAA is a UDP-N-acetylglucosamine 1-
carboxyvinyltransferase, the first enzyme of the 
peptidoglycan biosynthetic pathway; GapB is the 
gluconeogenic glyceraldehyde-3-phosphate 
dehydrogenase and PtsG is the glucose-specific enzyme 
II of the PTS. The activity of the phoA and m11� 
promoters increases and decreases respectively in 
response to phosphate limitation with the reverse 
profile occurring upon phosphate injection into a 
culture of phosphate-limited cells. Llkewise, the activity 
of the gapB and ptsG promoters decreases and increases 
respectively when glucose is added to a culture growing 
on malate as sole carbon source (Fillinger et al., 2000). 
The growth profiles and promoter activities of strains 
carrying the promoter fusions under the relevant 
conditions are shown in Fig. 2 (phosphate limitation) 
and in Fig. 3 (change of carbon source). Strains 
carrying PpbaA/f/P (Fig. 2a) or P,.,,,.AAlfP (Fig. 2b) 
transcriptional fusions grow exponentially in LPDM 
for 180 minutes until an OD60o of -0.5, at which point 
the growth rate decreases significantly due to 
phosphate limitation (180-360 minutes). When 
phosphate was injected into these phosphate limited 
cultures at t360, the growth rate increases dramatically 
within 10 minutes of phosphate addition. The two 
promoters of interest (PphoA and P,_.AA) behave 
differently during this growth regime. The phoA 
promoter is not expressed during exponential growth 

but is activated by the PhoPR two-component system 
in response to phosphate limitation (at t180), increasing 
to - 5,000 units (Figure 2a). Two aspects of the phoA 
promoter activity profile are of particular note: (i) the 
point of increased expression coincided with the onset 
of phosphate limitation indicated by decreased growth 
rate, and (11) promoter activity increases during the 
initial -2 h of phosphate limitation, at which point the 
maximum is achieved. Promoter activity then continues 
at this maximal level during the remaining phosphate 
limitation period. This expression profile is consistent 
with that observed using Northern analysis (Howell et 
al, 2006, Howell and Devine, unpublished results). 
When phosphate was added by injection to the 
phosphate-depleted culture at t360 (dotted line), the rate 
of phoA expression decreased precipitously within 10 
minutes of phosphate addition and returned to basal 
levels within 30-40 minutes after injection (Fig. 2a). 
MurAA is involved in peptidoglycan biosynthesis - thus 
its expression is expected to be maximal during 
exponential growth. There is a burst of Pm'"AA!/P 
expression when cells enter the exponential period of 
growth that reaches a plateau of 500 units and remains 
at approximately this level (400--500 units) throughout 
exponential growth (Fig. 2b). The rate of expression 
then decreases somewhat, although the cells are still 
growing exponentially. Upon entry into phosphate 
limitation, the point at which growth rate slows, there is 
a small increase in m11� expression followed by a 
precipitous decrease to approximately one tenth of its 
peak level. This rapid decrease in expression upon 
decreased growth rate is consistent with Northern 
analysis of murAA expression under similar conditions 
(Kock et al., 2003). However, murAA promoter activity 
during phosphate limitation is not shut off, but 
increases gradually, consistent with the very low growth 
rate that occurs during this period. The promoter 
activity of mu� increases dramatically within 10 
minutes of phosphate addition (t360), coincident with 
the increased growth rate observed at this time. Thus, 
altered promoter activity can be detected within 10-20 
minutes of the applied stimuli (phosphate limitation 
and addition) showing that the transcriptional fusions 

generated with pBaSysBioII can be used to monitor the 
kinetics of gene expression during these short time 
intervals. 
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Fig. 4. Time-lapse fluorescence microscopy of cells expressing the PgapBgfp (a, c) and PcggRgfp (b, d) transcriptional 
fusions. Cells were precultured in liquid M9 medium containing malate and subsequently transferred to microscope 
slides with M9 medium containing glucose. (a) gfp expression driven by the PgapB promoter; (b) gfp expression driven by 
the PcggR promoter. The time points of image recording after transfer of the cells to the microscope slide are indicated in 
the upper-left corner of each individual image (h : min). (c) GFP fluorescence and growth of the strain with PgapBgfp; (d) 
GFP fluorescence and growth of the strain with PcggRgfp. The background-corrected fluorescence of GFP is plotted in 
grey scale units (green line with error bars). Background fluorescence is shown as an orange line. Growth was measured 
by calculating the cumulative Feret's diameter of the cells (blue line). The Feret's diameter of a B. subtilis cell is defined 
as its length from pole to pole. 

The activity of the PµsG/J/P and PgapB!fP fusions when 
glucose is added to cultures growing in M9 medium 
with malate as sole carbon source, was also determined 
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(Fig. 3). This situation is distinguished from phosphate 
limitation in that glucose addition to malate-grown cells 
does not lead to a major change in growth rate. 



Expression of Ppt,cg/p is very low while Pzap1J/!IP 
promoter activity is high during growth on malate as 
sole carbon source (t.10 - to, Fig. 3a, b respectively). 
When glucose is added to these cultures (vertical dotted 
line) at OD6oo -0.4, the activity of PptsGgjp sharply 
increases while P zapngjp rapidly decreases. These profiles 
are consistent with results previously obtained using 
lacZ transcriptional fusions (Stiilke et al., 1997, Fillinger 
et al., 2000) and transcriptomic arrays (Blencke et al., 
2003). However pBaSysBioII is amenable to 
establishing a very detailed profile of promoter activity, 
here shown in the response of these fusions to glucose 
addition, monitoring growth and expression (OD600 

and GFP) at 1 min intervals from 10 min prior to 
injection to 50 minutes after injection. These detailed 
measurements show that changes in ptsG and gapB 
expression can be detected as soon as 1 to 3 minutes 
after glucose addition (Fig. 3). Furthermore, the kinetic 
profiles show that the gapB promoter is fully turned off 
within 35 ± 3 min after glucose addition (Fig. 3b). In 
contrast, ptsG expression increases within the first 
minute after glucose addition, but a plateau is still not 
reached almost one hour after the shift (Fig. 3a). These 
results show that the GFPmut3 protein can be used in 
B. subtilis to monitor changes in gene expression over a 
wide range of activities in a live cell array format and 
that changes in expression can be detected over very 
short time periods. 

Monitoring promoter activity by microscopy 
We examined expression of the Plf'PB/!IP and P'l:R/!JP 
fusions at the single cell level, during a carbon source 
shift from malate to glucose, to ascertain how 
GFPmut3 accumulated intracellularly and to establish 
whether there was any heterogeneity of expression 
within growing microcolonies. The t,!!gR gene encodes 
the repressor of the hexacistronic gapA operon, which 
includes the t,!!gR, gapA, pgk, tpi, pgm and eno genes. As 
documented by Doan & Aymerich (2003), binding of 
the CggR repressor to its single DNA target sequence 
is modulated by fructose 1 ,6-bisphosphate. 
Importantly, the t,!!gR and ptsG expression profiles are 
known to be very similar (Doan & Aymerich, 2003). If 
heterogeneity existed, i.e. if only a proportion of cells 
expressed Gfp, then the promoter activities determined 
by LCA would not be a true reflection of the 
expression levels in all cells of the culture. For 
fluorescence microscopy, cells precultured in M9 
medium with malate were transferred to a micro 
chamber containing M9 agarose medium with glucose, 
conditions comparable to the LCA. Individual cells 
were monitored by time-lapse microscopy (Fig. 4). 
Crucially, all cells grown on malate expressed gapB (Fig. 
4a, c), but did not detectably express t,!!gR under these 
conditions (Fig. 4b, d). Upon spotting the malate 

preculture onto the glucose-containing agarose slide, 
expression of gapB was turned off in all cells (Fig. 4a, c), 
while t,!!gR expression was turned on in all cells (Fig. 4b, 
d). Thus, there is no heterogeneity of promoter activity 
in cells growing on malate plus glucose, and gene 
expression can be monitored in real-time in individual 
cells. While the trends of Gfp expression observed by 
time-lapse fluorescence microscopy and plate reader 
assays are similar, the kinetics appear to differ. This 
may be due to differences in the physiology of cells 
growing on an agar surface or in liquid media, to 
differences in data acquisition by the Biotek plate
reader and microscope, or to other as-yet unidentified 
factors. 

CONCLUDING REMARKS 
The pBaSysBioII plasmid has been developed for high
throughput analysis of gene expression in B. subtilis. It 
contains a ligation-independent cloning (LIC) sequence 
for high-throughput cloning of B. subtilis promoter 
sequences. Transcriptional fusions are generated using 
the gjpmut3 gene as reporter. The produced GFP is 
stable in B. subtilis, with a half-life of approximately 1 0  
h ,  allowing promoter activity to b e  determined in a live 
cell array format in microtiter plates. Changes in 
promoter activity can be detected within short time 
intervals (1 to 10 minutes) of the stimulus, allowing the 
kinetics of gene expression to be accurately established. 
Here we show that the transcriptional response to 
phosphate limitation and altered carbon source occurs 
very rapidly, being detected within 10 and 1-3 minutes 
of the applied response respectively. These data are 
consistent with previously published expression 
profiles, but significantly refine the kinetics of the 
responses. Furthermore, expression heterogeneity 
within each culture can be monitored by single-cell 
microscopy studies. Thus, the pBaSysBioII plasmid is a 
new tool to study expression of genes in B. subtilis using 
high throughput and single-cell methods. Our ongoing 
efforts are aimed towards the construction of a 
pBaSysBioII-based live cell array covering all 
transcriptionally active regions of the B. subtilis 
chromosome as recently identified through transcript 
profiling with high-density arrays (Rasmussen et al., 
2009). 
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Chapter 3 

TLM-Quant: an open-source pipeline for visualization and 
quantification of gene expression heterogeneity in growing 

microbial cells 

Sjouke Piersma, Emma L. Denham, Samuel Drulhe, Rudi H .J .  Tonk, 
Benno Schwikowski and Jan Maarten van Dij l  

Abstract 

Gene expression heterogeneity is a key driver for microbial adaptation to fluctuating environmental 
conditions, cel l  differentiation and the evolution of species. This phenomenon has therefore 
enormous implications, not only for life in general, but also for biotechnological applications where 
unwanted subpopu lations of non-producing cel ls can emerge in large-scale fermentations. Only 
time-lapse fluorescence microscopy allows real-time measurements of gene expression 
heterogeneity. A major l imitation in the analysis of time-lapse microscopy data is the lack of fast, 
cost-effective, open, simple and adaptable protocols. Here we describe TLM-Quant, a semi
automatic pipeline for the analysis of time-lapse fluorescence microscopy data that enables the user 
to visualize and quantify gene expression heterogeneity. Importantly, our pipeline builds on the 
open-source packages lmageJ and R. To validate TLM-Quant, we selected three possib le scenarios, 
namely homogeneous expression, highly 'noisy' heterogeneous expression, and bistable 
heterogeneous expression in the Gram-positive bacterium Bacillus subtilis. This bacterium is both a 
paradigm for systems-level studies on gene expression and a highly appreciated biotechnological 
'cell factory'. We conclude that the temporal resolution of such analyses with TLM-Quant is only 
l imited by the numbers of recorded images. 
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INTRODUCTION 

Microorganisms need to adapt to environmental changes by 
appropriately adjusting their gene expression [1 ]. They can 
achieve this through carefully controlled signal transduction 
pathways that modulate the transcription of individual 
genes. In recent years it has become increasingly clear that 
the expression of particular genes is often not uniform in 
the individual cells of a microbial population, even when 
these cells are grown under carefully controlled conditions. 
Firstly, there can be considerable noise or heterogeneity in 
the expression levels of individual genes, and secondly, 
there can even be situations of bistability where particular 
genes are only transcribed in a sub-population of the 

A 

analysed cells. A paradigm for studies on gene expression 
heterogeneity is the bacterium Bacillus subtilis. Individual B. 
subtilis cells within a population can, for example, 
differentiate into a motile state for migration to more 
favourable environments, a competent state to take up 
DNA from the environment, or a dormant state in the 
form of spores [2,3]. Microbial gene expression 
heterogeneity also has important biotechnological 
implications since, for obtaining the highest product yields, 
all microbes used in industrial-scale fermentations should 
express the gene(s) of interest at the highest possible level; 
poorly producing cells are unwanted [4]. 

run ("Subtract Background . . .  ", "rol l ing=SO l ight stack"); 

run ("Convolve .. . ", "textl=[-1 -1 -1 -1 -l\n-1 -1 -1 -1 -1\n-1 -1 26 -1 -1\n-1 -1 -1 -l -1\n-1 -1 -1 -1 -1\n] 

normal ize stack"); 

setAuto Threshold() ;  

//run("Threshold . . .  ") ;  

setThreshold(O, 152); 

run ("Convert to Mask", " black"); 

run("Despeckle", "stack") ;  

B 

Orig ina l phase 
contrast image 

Set thresho ld g rey 
intensity 

Resu lting image 
mask 

Figure 1 .  Processing phase contrast images t o  create segmented cells. (A) lmageJ commands for t h e  processing of phase contrast 
images to create segmented cells. (B) Visualization of the image processing from the original phase contrast image, through 
background subtraction, convolution, setting of a threshold grey intensity, conversion of values within threshold to mask and de
speckling. Red objects in the processed image are above the threshold and counted as cells. Notably, non-separated pairs of cells 
as marked with the white arrow pointing at the site of their attachment will be counted as one cell. 
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#install ' fields ' package : 
library ( fields ) 
#location of colors . csv file : 
setwd ( " /directory/ csv" ) 
#HEATMAP 
#image colors in file colors . csv 
imagecols <- read . csv ( fi le=" colors . csv" , header=F ) 
imagecolsmat <- as . matrix ( imagecol s )  
#read and proces s the file 
#location of . CSV files : 
setwd ( " /directory/csv" ) 
for ( i  in list . files (pattern=" . csv" ) ) 
{ tt <- read . csv ( file=i , header=T, sep= " , " ,  dee=" . " , stringsAsFactors=F ) 
names ( tt )  <- c ( ' time ' ,  ' fluo ' ) 
dat <- with (tt,  table ( t ime , fluo ) ) 
image ( dat , col=imagecolsmat ) 
#use ' fields ' package to create scalebar 
library ( fields ) 
image . plot ( dat , col=imagecolsmat ) 
#use dimensions of dat for creating the scale bars : 
d<-as . matrix ( dim ( dat ) )  
image . plot ( ( l : d [ l ] ) /d [ 1 ] * 1 7 , 1 : d [ 2 ] , dat , col=imagecolsmat , xlab= " Time 
( h ) " , ylab="Fluorescence (AU ) " , legend . lab="number of cells " , legend . mar=4 . 3 )  
#save the file 
#Change to output directory : 
setwd ( " /directory/pdf " )  
pdf ( file=sub ( " . csv" , " . pdf " , i ) )  
image . plot ( ( l : d [ l ] ) /d [ 1 ] * 1 7 , 1 : d [ 2 ] , dat , col=imagecolsmat , xlab= " Time 
( h ) " , ylab="Fluorescence (AU ) " , legend . lab=" number of 
cells " , legend . mar=4 . 3 , ylim=c ( 0 , 1 8 0 ) ) 
dev . off ( )  
#switch back to input directory : 
setwd ( " /directory/CSV" ) 
} 

Figure 2. Script used in the R software package to generate heatmap plots from lmageJ output data. Note that the indicated 
directories are arbitrary examples. The colors.csv file used in this script can be altered for implementing other color schemes. 

The theoretical and practical ramifications of gene 

expression heterogeneity have led to a strong interest in 

effective tools to monitor and quantify this phenomenon. 

Most strategies involve the fusion of the promoter 

sequence of a gene of interest to a promoter-less copy of 

the gene encoding the Green Fluorescent Protein (GFP). 

Overall promoter activity and expression of the gene of 

interest can then be determined by fluorescence readings of 

culture samples. This is achieved in real time using suitable 

plate reader assays [5-7]. To investigate gene expression 

heterogeneity in different cells of growing populations, 

alternative approaches are needed, such as flow cytometry 

and time-lapse microscopy. Only time-lapse microscopy 

allows real-time measurements, and this technique is 

substantially less laborious than flow cytometry. Different 

time-lapse microscopy set-ups have been described in the 

recent literature [8-10]. Though very effective, a significant 

drawback of these approaches is that the downstream data 

analysis usually requires expensive, highly sophisticated, 

and/or custom-made software [9-12]. Since we needed a 

simple and readily adaptable tool for the quantitative 

analysis of large amounts of time-lapse microscopy data, we 

established the 11.M-Quant pipeline for data processing 

and analyses based on open-source software. This pipeline 

was validated using a custom-built fluorescence microscopy 

set-up and B. subtilis strains producing GFP from 

promoters that direct either homogenous, heterogeneous, 

or bistable gene expression, as described by Botella et al [6]. 
Importantly, the 11.M-Quant pipeline was then effectively 

implemented in a large-scale systems biological analysis on 

the global network reorganization during dynamic 

adaptations of B. subtilis metabolism to nutritional shifts 

between the preferred carbon sources glucose and malate 

[7]. In the latter study, 11.M-Quant allowed us to verify the 

absence of heterogeneity in the expression of genes 

involved in central carbon metabolism. The respective 

datasets can be queried at 

https://basysbio.ethz.ch/openbis/index.html?viewMode=SI 
MPLE#action=DOWNLOAD ATTACHMENT&file=population+ 
homogeneity.pdf&&entity=PROJECT&code=BASYSBIO BIG& 
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space=BASYSBIO PUBLIC or 
http://tinyurl.com/basysbiodata. A detailed description of 
TLM-Quant as presented here and in the Supplementary 
Tutorial Sl was however not published thus far. 

ANALYSIS 
For image analysis by TLM-Quant, we will assume that, for 
each time point, a phase-contrast image and an overlapping 
fluorescent image are available, both encoded in 8-bits 
(intensity from O to 255). Downstream processing can be 
generalized to multiple channels (colours). To visualise and 
quantify gene expression heterogeneity, the fluorescence 
information in the recorded images is extracted using 
Image] software (available via http://rsbweb.nih.gov/ij/) 
[12]. To obtain correct cellular fluorescence measurements, 
cells are segmented in phase contrast images by using the 
commands 'Subtract background' and 'Convolve'. The 
kernel used in the 'Convolve' command is specified in 
Figure 1A and should be adjusted depending on cell type 
and exposure time. A copy of the obtained image is 
converted to a binary mask (intensity O or 255) using the 
'apply' command in the threshold dialogue. Figure 1 shows 
the Image] macro commands for this process and illustrates 
its performance starting from an original phase contrast 
image. The pixel intensities from the fluorescence image are 
then subtracted from the mask. This yields cells with 
inverted intensities that are analysed by setting a threshold 
for all grey values but the minimal grey value, and by 
subsequently executing the 'analyse particles' command. 
The original intensities are then recovered by subtracting 
the negative intensities from 255. To measure background 
fluorescence, the fluorescence images are first added to the 
mask, and only values below 255 are collected. In this way 
the entire area in the image, except the cell areas, is 
analysed using the Image] 'analyse particles' command and 
the returned value represents the average background 
fluorescence. 

For statistical analyses and data processing in R [13,14,15], 
the data from Image] are saved in CSV format The derived 
normalised fluorescence intensities are obtained using the 
formula: 

255 - measured value - background 

RESULTS AND DISCUSSION 
The code in Figure 2 is used to create plots as shown in 
Figure 3 (A-C). Importantly, the R script allows processing 
of data from many experiments in a short time period. The 
output is a high-resolution PDF file visualizing the levels of 
expression heterogeneity. Figure 3 illustrates three possible 
heterogeneity scenarios, namely homogeneous expression 
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(A), 'highly noisy' heterogeneous expression, (B) and 
bistable heterogeneous expression (C). 

We recommend inclusion of controls for homogenous 
expression, as in Figure 3A, in all analyses to measure 
background levels of expression noise. For studies in B. 
subtilis, we have implemented an a"D'E::P.pac-GFPmut2 
strain in which homogeneous GFP expression can be set at 
different levels by growing the cells in the presence of 
different IPTG concentrations. This is due to the fact that, 
in this particular strain, the transcription of gfp is driven by 
the IPTG-dependent P.pac promoter. Specifically, we added 
IPTG to the growth medium at concentrations of 0.05 
mM, 0.1 mM, 0.5 mM, or 1 mM and performed time-lapse 
fluorescence microscopy. As expected, this resulted in 
homogenous expression of GFP in exponentially growing 
cells, but at different levels depending on the IPTG 
concentration in the growth medium. Next, the standard 
deviation in cellular fluorescence in one time-lapse image 
was plotted as a function of the mean cellular fluorescence 
intensity in that particular time-lapse image (Figure 4A). 
Importantly, the standard deviation in the cellular 
fluorescence, which essentially represents the background 
noise when GFP is homogeneously expressed, showed a 
linear correlation with the mean fluorescence intensity. 
Accordingly, the corresponding regression line equation 
can be used for background noise correction in other 
analyses. This is illustrated in Figure 4B, where the 
correction is applied to the P.pac-GFP strain grown in the 
presence of 0.05 mM IPTG. 

As exemplified in Figure 3D, large numbers of 
heterogeneous gene expression measurements at different 
time points and for different promoter-GFP fusions can be 
readily compared using bar charts generated in spread sheet 
editors, like LibreOffice Cale or Microsoft Excel [7]. In this 
case, averages and standard deviations are calculated from 
the combined fluorescence values. However, the bar charts 
do not discriminate between highly heterogeneous and 
bistable gene expression. Notably, Microsoft Excel is not 
'open source', but since the vast majority of potential users 
of TLM-Quant have easy access to Excel, we should 
mention this option. 

In conclusion, time-lapse microscopy is currently the only 
method that allows real-time measurements of promoter 
activity, reflected by GFP expression, at the single cell level. 
Here we document the TLM-Quant pipeline, which allows 
the user to readily visualise and quantify gene expression 
heterogeneity using freely available open-source tools. 
Importantly, this pipeline is simple and robust - there are 
almost no thresholds and parameters to fine-tune. Since 
TLM-Quant is based on free open-source tools that almost 



every one can master, it is easy to adapt to a wide range of 
different - and potentially new - types of images. Thus, 
while we describe the use of TIM-Quant for the soil 
bacterium B. subtili.r 168, the established scripts can be 
applied to studies on gene expression heterogeneity in all 
other microorganisms that can be grown in a time-lapse 
microscopy system. 
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Abstract 

The adaptation of cells to environmental changes requires dynamic interactions between metabolic 
and regulatory networks, but studies typically address only one or a few layers of regu lation. For 
nutritional shifts between two preferred carbon sources of Bacillus subtilis, we combined statistical 
and model-based data analyses of dynamic transcript, protein, and metabolite abundances and 
promoter activities. Adaptation to malate was rapid and primari ly post-transcriptionally controlled 
compared to the slow, predominantly transcriptionally controlled adaptation to glucose that 
entailed nearly half of the known transcription regulation network. Interactions across multiple 
levels of regulation were involved in adaptive changes that could be achieved by control l ing single 
genes. Our analysis suggests that global trade-offs or evolutionary constraints provide incentives to 
favor substantially more complex control programs. 

Publ ished in Science. 2012 Mar 2;335(6072) :1099-103 
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A major challenge in biology is to understand the 
organization and interactions of the various functional and 
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regulatory networks in cells. The underlying complexity 
arises from the intertwined nonlinear and dynamic 



interactions among a large number of cellular components. 
To better understand these interacting molecular networks, 
the acquisition of appropriate, preferably time-resolved 
quantitative data is a prerequisite (1)(2, 3). Because the 
acquisition of such data is technically demanding, few 
studies have reported transcript, protein and metabolite 
abundances, and most studies have been restricted to 
steady-state conditions (4-8). Consequently, only subsets of 
components have been monitored dynamically for very 
short- (9, 10) or long-term responses (11, 12) to 
environmental perturbations. These studies typically 
revealed coordinated abundance changes (11, 12), major 
transcriptional reconfigurations upon environmental 
change (9, 11), and an unanticipated complexity of 
unicellular organisms (1). Data interpretation, however, has 
generally been restricted to multivariate statistical analysis 
methods that indicate general but not mechanistic 
relationships between different molecular entities. Focusing 
on single data types with sophisticated computational 
analyses has been informative (3), but increases the risk of 
missing the functionally relevant multi-level control 
mechanisms (2), limiting the description of the underlying 
molecular mechanisms and hence the depth of biological 
insight. 

To elucidate the dynamic interplay between metabolic and 
regulatory networks systematically, we investigated dynamic 
shifts in availability of the preferred carbon sources, 
glucose and malate, of the bacterium Bacillus subtilis (13). 
Because these nutrients repress the use of other substrates 
but are themselves used together, they represent a tractable 
model for analyzing dynamic decision-making by cells 
when faced with compounds of similar nutritional value. 
We induced dynamic shifts by adding glucose or malate to 
cultures of B. subtilis growing exponentially on the other 
substrate. To elucidate the cellular adaptation mechanisms, 
we determined transcript, protein, absolute metabolite 
abundances, and promoter activities (14) (Fig. 1, Table S1), 
providing dynamic data with up to 24 time points for two 
shift experiments that cover short-term metabolic to 
longer-term protein-level adaptation (15). 

To enable data integration we developed problem-driven, 
yet generic solutions in three areas (fable S1). To generate 
consistent data, we minimized biological variability (Fig. 1) 

by withdrawing samples from the same bioreactor culture 
in triplicate experiments (Fig. S 1) and in few cases from 
standardized small-scale cultivations (Fig. S2). We used 
naming and formatting conventions with unique identifiers 
for all considered constituents to permit the efficient 
exchange of data and knowledge. We also combined 
overlapping dynamic data acquired from different analytical 
platforms and on different time-scales to maximize 
consistency and coverage for subsequent data analysis and 
modeling (Fig. 1). Data from the different transcript array 
platforms did not require further consolidation (Figs. S3 
and S4), but we generated consensus proteomics data by 
calculating confidence-weighted averages of protein 
abundances obtained from two-dimensional gels and liquid 
chromatography mass spectrometry (SOM 1). Replicate 
time series of transcript and protein data were then 
smoothed and interpolated by Bayesian multicurve 
regression analysis (SOM 1). Because metabolite data 
showed changes on various time-scales, we developed a 
special algorithm that aligns time courses on the basis of 
Kalman smoothing (16) (Fig. 2A and SOM 1). 

We exploited the profusion of data (fable S1) to extend the 
genome annotation of B. subtilis by statistical data analysis 
and integration with prior knowledge (fable S2). Analysis 
of the mRNA abundances identified 4393 transcriptionally
active genomic regions, 109 of which were not previously 
described, including 21 putative protein-coding sequences 
and 23 anti.sense RNAs (fable S3). 2422 genomic regions 
were differentially transcribed after a shift of nutrients 
(fable S1). Clustering of mRNA profiles and functional 
classification of differentially transcribed genes enabled 
detailed functional annotation of 46 genes (fable S4), and 
probable function assignment of 853 previously not 
annotated genes (fable S1). For the metabolically 
important transcription factors CcpA, CcpC, CcpN, and 
CggR (17-19), DNA binding sites were identified by ChIP
on-chip analysis in malate plus glucose (fable S1). We 
found 184 CcpA binding sites, most of which were located 
near to promoters of genes differentially expressed 
immediately after glucose addition (Fig. S5). By filtering this 
group for high-scoring, previously undetected CcpA sites, 
we generated an improved regulatory network topology 
(SOM 2) for subsequent analyses of regulatory events. 
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Figure 2: (A) Processing of time series data from parallel experiments. The example is fructose 1,6-bisphosphate during the malate 
to glucose plus malate shift. Measurements from 3 independent cultures (black dots) yield an averaged and smooth time course 
(blue line). (B & C) Initial dynamic uptake rates of malate (green) and glucose (red) after their addition to B. subtilis wild-type 
growing on the respective other substrate were obtained by fitting of splines. Black lines and shadings represent the specific 
growth rate and 95% confidence intervals, respectively (SOM 3). (D) The global importance of transcriptional regulation after 
glucose addition is confirmed by an increasing correlation (red) between flux sensitivity (measuring the impact of a change in 
environmental conditions on a metabolic flux) and protein abundance over time. This increase does not occur after malate addition 
(blue); white areas denote statistically significant correlation values with respect to an approximate 95% confidence interval; gray 
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Metabolomics data revealed instantaneous malate uptake 
into cells grown on glucose but substantially delayed uptake 
of glucose into cells grown on malate (Fig. 2B and C). 
Sensitivity analysis of steady state fluxes in the 
stoichiometric network model in combination with 
proteomic data predicted transcriptional regulation to be 
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more important for the dynamics induced by glucose (Fig. 
2D). Network component analysis (20) quantified the 
strengths of all 2900 transcription factor interactions with 
target genes, and 1488 of the interactions were implicated 
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Figure 3: (A) Activity of main transcriptional regulators controlling central metabolism during the shifts of glucose (GM) or malate 
(MG) to glucose plus malate. Blue curves represent log2 expression profiles of target genes and purple curves the inferred 
transcription factor activities. Straight lines in the middle indicate the relative contribution (proportional to color intensity) of 
different transcription factors to target gene expression changes (blue: activation; red: repression). (B & C) Averaged time profiles 
of transcripts (light blue), proteins (dark blue), metabolic fluxes (green), and metabolites (red) during the dynamic shift 
experiments of glucose (B) or malate (C) to ma late plus glucose. 

in at least one shift (689 for malate addition, 1244 for 
glucose addition; SOM 2). Furthermore, we identified 1 13 
post-transcriptional regulation events in protein synthesis 
(78 and 21 after malate and glucose addition, respectively) 
through a dynamic model that correlates time profiles of 

promoter acttvity, mRNA abundance, and protein 
abundance for 300 genes for which all three data types were 
available (Tables S5-S7). Hence, our integrated analysis 
suggests that fundamentally different control mechanisms 
mediate apparently similar adaptation processes, namely a 
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predominantly post-transcriptional regulation after malate 
addition and a greater reliance on transcriptional regulation 
after glucose addition. 

Next we inferred the dynamic activity profiles of 154 
transcription factors by network component analysis (20) 
from the transcript abundances of their 1754 known target 
genes (Fig. 3A, SOM 2). 127 transcription factors changed 
their activity profile significantly in at least one shift (61 for 
malate addition and 91 for glucose addition) . A rapid 
change of activity (<5 min), most prominent for the 
transporter regulators MalR (malate) and GlcT (glucose), 
and the deviations between the inferred transcription factor 
activities and the measured transcription factor mRNA 
abundance provided evidence for post-translational 
regulation (SOM 2) . Indeed, network component analysis 
predicted that the activity of 51 transcription factors was 
modulated post-transcriptionally, 39 of which are regulated 
by yet unknown effectors (e.g. Nac!R, KipR, CcpN, FruR) . 
Overall, both nutrient shifts induced substantial, global 
network reconfiguration at all levels of regulation. 

To identify the relevant primary changes in central 
metabolism, where essentially all genes were differentially 
expressed during one or both shifts, we correlated time 
courses of metabolic fluxes with those of the abundances 
of the corresponding enzymes.. We estimated dynamic 
extracellular rates by interpolation (SOM 3) and network
wide pseudo-dynamic metabolic fluxes with a 
stoichiometric network model and the intracellular 
metabolite concentrations (SOM 4) (Fig. 3B and q. 
Positive correlations between fluxes and enzyme 
abundances indicated genetic, rather than metabolic 
regulation of the reaction rates (21). Upon the addition of 
malate, the abundances of only the NADP-dependent malic 
enzyme (YtsJ) and the two acetate production enzymes Pta 
and AckA correlated with their respective reaction rates (R 
> 0.8) and thus putatively control flux (Fig. 4A) . After the 
addition of glucose, enzymes for eleven central reactions 
putatively controlled flux, and in six cases increasing 
enzyme abundance potentially alleviated limited glucose 
uptake. The corresponding genes are organized in two 
operons: ptsGHI for glucose transport and phosphorylation 
and cggR-gapA-pgk-tpiA-pgm-eno for lower glycolysis. Hence, 
this focused analysis of multiple 'omics datasets suggested 
primary control targets for adaptation. The half maximal 
responses of the pts and cggR operon-encoded proteins 
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within 30 to 60 min of glucose addition could account for 
the -60 min delay in glucose uptake (Fig. 2 B and q.  
Therefore, we  evaluated the relative contributions of  both 
operons to the delay with a cggR deletion mutant and a 
mutant with constitutive ptsG expression (Fig. 4B and 
SOM 5). When grown on malate, both mutants used 
glucose immediately without the delay of the wild-type 
strain. As the cggR operon and in particular ptsG expression 
alone is sufficient to facilitate immediate glucose uptake, it 
is not evident why B. subtilis does not express the genes 
constitutively. 

B. subtilis needs to optlmlse its use of two qualitatively 
distinct substrates: glucose results in high growth yields at 
low metabolic rates, whereas malate results in low growth 
yields at high metabolic rates (13). Similar trade-offs exist 
between respiratory and fermentative strategies in ATP 
generation, both of which can confer condition-specific 
evolutionary advantages (22) . To investigate optimal 
control strategies for substrate usage in Bacillus, we 
developed a simplified dynamic model that describes the 
substrate and biomass dynamics of the shift experiments 
quantitatively (SOM 6). The maintenance cost for enzyme 
expression (e) is a key parameter in the model; the 
estimated value of e0 :::::0.06 implies that full expression of a 
metabolic (substrate) system would reduce the maximal 
specific growth rate by :::::5%. In silica competition of 
strains that either constitutively express the metabolic 
systems, or induce their expression only upon substrate 
availability, allowed us to quantify the dynamic control 
effects. In simulations of a dynamically changing 
environment we varied the substrate probabilities, and the 
maintenance cost e because of the uncertainties in the 
estimated e0 (Fig. 4q. Surprisingly, nearly always there 
existed a unique, evolutionarily dominating control strategy. 
The winning strategy depended on quantitative parameters. 
Hence, active regulation or constitutive subsystem 
expression are not advantageous per se. Even with the 
uncertainties in e0, the experimentally observed strategy of 
constitutive malate usage capacity (Fig. 2B), but induced 
(and delayed) glucose-specific metabolism, confers an 
evolutionary advantage if B. subtilis predominantly 
encounters malate (Fig. 4C). This is biologically plausible 
given the organism's habitat in the vicinity of plant root 
systems that often secrete carboxylic acids such as malate 
(13, 23) . 



Our systems approach helps reveal how previously known 
regulatory mechanisms are combined to effect nutritional 
transitions. Despite more than half the B. subtilis gene 
complement being involved in the adaptive response to 
glucose, our methodology could discern the key regulatory 
events. The overall control strategy of B. subtilis can be 
rationalized in terms of its evolutionary advantages. 

A 

However, these advantages, and therefore the overall 
control design, depend on quantitative system 
characteristics - regulation is not beneficial per se. The 
dynamic data presented here may be used for further 
computational analyses such as multivariate statistics, and 
large-scale structural or kinetic network models (24). We 
hope that our publicly available tools for mathematical 
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Transcription factors (middle) were identified by network component analysis to be responsible for changes in enzyme expression 
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culture growing exponentially on malate in mutants with constitutive ptsG expression (green), cggR deletion (blue), and the 
respective parent strains (solid red, vertical shading and dashed red, horizontal shading). Shaded areas denote 95% point-wise 
confidence intervals.(() Predicted growth effects of different control strategies using a simplified dynamic model. In silica 
competition experiments were carried out between two strains that differ in how they control malate and glucose uptake; both 
systems can be expressed constitutively or only upon substrate availability (SOM 6). Co-cultures in a chemostat setting were 
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cost for B. subtilis (pO, the 95% confidence region for the estimate indicated by the vertical dashed line) constituted a free 
simulation parameter. Control strategies with higher growth rates were considered advantageous and the best control strategies 
are identified by color-coding. 
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analyses and modeling will facilitate future large-scale and 

dynamic systems biology studies in B. subtilis and other 

species. 
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Supplementary Materials - Verification of 
population homogeneity assumption with GFP 
reporter strains 

Sjouke Piersma, Emma L. Denham, Jan Maarten 
van Dijl 

Since individual cells in a bacterial culture can be 

heterogeneous with respect to the expression of particular 

genes, we investigated whether the key genes in central 

carbon metabolism (CC:M) are heterogeneously or 

homogeneously expressed under the standardized 

experimental growth conditions used in the present studies. 

For this purpose, we employed a high-throughput 

fluorescence microscopy pipeline. This allowed the 

quantification of growth and GFP fluorescence of 

individual B. subtilis cells in microcolonies at 5 min intervals 

over a period of 1 7  h. As a first step for these analyses, we 

compared the growth rates of cells cultivated in shake 

flasks and on the glass slides that were used for time-lapse 

fluorescence microscopy. Growth in shake flasks was 

measured by OD600, and growth on microscope slides was 

measured by calculating the cumulative Feret's diameter of 

the cells. The Feret's diameter of a B. subtilis cell is defined 

as its length from pole to pole and is measured in pixels in 

this thesis. 

Fluorescence microscopy was performed with a Leica 

DMSS00 B microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a motorized stage and a 

temperature controlled incubation chamber set at 37 °C 

(Prior Scientific, Fulbourn, United Kingdom). Time-lapse 

movies were recorded by taking pictures every 5 min. The 

fluorescence images were acquired using a Leica EL6000 

lamp (Leica Microsystems, Wetzlar, Germany). To 



minimize photo-toxicity, both the intensity of the lamp and 
the microscope were set to 10%. The exposure time was 
1000 ms. M9 agarose medium containing either glucose (3 
g/L) or malate (4 g/L) as carbon source was applied to a 65 
µL Frame-Seal Slide Chamber (SLF-0601, Bio-Rad. 
Hercules CA, United States of America). Two large 
sections of the solidified M9 agarose were removed using a 
scalpel to yield a strip of -1.5 mm in the center of the 
frame (26). Precultures in M9 medium containing either 
glucose (3 g/L) or malate (4 g/L) were inoculated from 
overnight cultures in LB medium (Difeo) containing 
10 µg/ mL spectinomycin. After reaching an 0D600 of 0.2, 
cells from the M9 preculture were applied to the M9 
agarose slide (26). Time-lapse images were processed using 
the image] software package and statistical analysis of the 
data was done in Microsoft Excel. Transcriptional 
promoter-GFP fusions were obtained from the Live Cell 
Array collection, with the exception of the B. s11btili.r 
amyE::Pspac-GFPmut2 strain. 

Importantly, the results for growth on M9 medium with 
glucose revealed that the maximum growth rates on 
microscope slides (0.61 ± 0.09) approached the maximum 
growth rate in shake flasks (0.70 ± 0.07). Since standards 
for gene expression heterogeneity in bacterial cells were 
lacking, we defined such standards for our experimental 
setup. As a positive standard for expression heterogeneity, 
we used a strain containing a transcriptional hag-GFP 

fusion (Figure S1), because previous studies have shown 
that hag is heterogeneously expressed in growing cells of B. 

s11btili.r (25). As a negative standard for heterogeneity, we 
used a B. s11btilis a"D'E::P.ipac-GFPmut2 strain in which GFP 

expression can be set at different levels by growing the cells 
in the presence of different IPTG concentrations. We then 
added IPTG to the growth medium at a concentration of 
0.02 µM, which resulted in GFP expression at the level 
observed for hag-GFP and performed time-lapse 
fluorescence microscopy. As expected, this resulted in 
homogenous expression of GFP in exponentially growing 
cells (26). 

We investigated the heterogeneity in the expression of 
genes involved in central metabolic branch points (ackA, 

i;ggR, citB, citZ, jbaA, fbp, gapB, pckA, pfkA, ptsG, pycA, tkt, 
JlJ!JH, ywkA,Z!if) by studying the expression of the 
respective promoter-GFP fusions in our time-lapse 
fluorescence microscopy setup. The standard deviations in 
cellular fluorescence were determined as a measure for 
expression heterogeneity. Subsequently, the average values 
of the standard deviation values that were recorded during 
2 hours of exponential growth were representend in a bar 
diagram. These averaged values were compared to the 
standard deviations in GFP expression obtained for cells 
with the hag-GFP or P.ipac-GFP fusions (Figure S1). 

The following references are only used in the 

supplementary material: 

25. D. B. Keams and R. Losick, Genes Dev. 19, 3083-3094 
(2005). 

26. S. Piersma, E.L. Denham, S. DruJhe, R.H. Tonk, B. 
Schwikowski, J.M. van Dijl, PLoS One. 8(7):e68696. 
(2013). 
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Figure Sl: No heterogeneity was found in the expression of marker genes for the Central Carbon Metabolism during steady 
state growth or dynamic shifts as measured by time-lapse fluorescence microscopy. Expression of each marker gene was 
monitored using a transcriptional GFP fusion. The bar diagram shows the average standard deviation in grey values of the 
population of cells as recorded in images taken at 5 min intervals during 2 hours of exponential growth on a microscope slide. 
The cumulative Feret's diameter of the cells was used as a measure for growth. As a positive control for expression 
heterogeneity, a hag-GFP transcriptional fusion was used (Phag) (25). As a negative control, we used an inducible 8. subti/is 
amyf::Pspac-GFPmut2 strain of which the GFP expression level was set with IPTG at a level closely matching the GFP 
expression level in the hag-GFP strain. Heterogeneity in the expression of CCM marker genes was comparable to, or lower 
than the heterogeneity in expression observed for Pspac-GFP. 
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Differential expression of a bacteriocin and its immunity 
protein in a bacterial population 
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Abstract 

Sublancin 168 is a potent bacteriocin produced by Bacillus subtilis, and active against several Gram
positive bacteria including Staphylococcus aureus. B. subtilis is able to protect itself against 
sublancin by producing the cognate immunity protein Sunl .  The gene encoding sublancin, sunA, is 
under control of several transcriptional regulators. Here we show that sunA is heterogeneously 
expressed within a population, while the sun/ gene encoding the immunity protein is 
homogeneously expressed. The key determinants in heterogeneous sunA expression are the 
transcriptional regulators SpoOA, AbrB and Rok. Interestingly, these regulators have only a minor 
influence on sun/ expression, if any, and they have no effect on the homogeneous expression of sun/ 
within a population of growing cells. Altogether, our findings imply that the homogeneous 
expression of sun/ allows even cells that are not producing sublancin to protect themselves at a l l  
times from the active sublancin produced by their isogenic neighbours. 
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Figure 1. The regulatory network governing expression of the bacteriocin sublancin 
The regulatory network determining the expression of the sunA gene for sublancin as adapted from Luo and Heimann (14). Arrows 
represent interactions that stimulate sunA expression and blunt-ended lines represent inhibitory interactions. The part of the 
network that determines sunA expression heterogeneity as determined in the present studies is indicated by grey shading. 

Introduction 

The fitness of bacterial cells and populations belonging to a 
particular species is critically dependent on their ability to 
compete with other organisms. A highly successful 
competitor is the Gram-positive bacterium Bacillus subtilis, 
which thrives in the soil and plant rhizosphere. As shown 
through recent systems biological analyses, B. subtilis has an 
intricate regulatory architecture that allows it to rapidly and 
effectively adapt to changing conditions (1, 2). This 
organism has also mastered the art of adapting to a wide 
range of environmental stresses and insults (3) and, on top 
of that, B. subtilis secretes a cocktail of antimicrobial 
compounds into its environment that is deadly for a wide 
range of other microbes (4, 5). These traits ensure that B. 
subtilis can optimally benefit from any nutrients that 
become available in its environment (1, 2). 

A very potent and stable antimicrobial agent 
produced by B. subtilis is sublancin 168 (in short sublancin). 
Studies have shown that sublancin is an S-linked 
glucopeptide with two disulfide bonds (6-8). This 
glucopeptide displays bactericidal activity against other 
Gram-positive organisms, including the pathogen 
S tapl!Jlococcus aureus and various bacilli. The genes encoding 
for the production of sublancin are not native to the 168 
strain, but they have been introduced into the genome by 
the SP� phage (9-1 1). The precursor to sublancin is 
encoded by sunA, which is the first gene of an operon that 
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includes four other genes named sunT, bdbA, sunS and bdbB 
(9-11). SunT is responsible for proteolytic removal of the 
leader peptide from pre-sublancin and transport of mature 
sublancin to the extracellular milieu (8). Additionally, the 
thiol-disulfide oxidoreductase BdbB is involved in 
sublancin maturation by formation of the two disulfide 
bonds (8, 12). SunS was shown to be responsible for 
addition of an S-linked UDP-glucose to Cys22 of sublancin 
(6). BdbA is a thiol-disulfide oxidoreductase but, unlike 
BdbB, BdbA is dispensable for production of active 
sublancin (8). The final gene involved in the production of 
sublancin is sun!, which encodes the immunity protein that 
must be expressed to protect B. subtilis from the toxic effect 
of sublancin. Therefore, strains of B. subtilis are sensitive to 
sublancin if they do not produce SunI (11, 13). 

Sublancin production is influenced by many 
regulatory factors as schematically represented in Figure 1. 
The two extracellular sigma factors aM and ax positively 
effect sublancin expression through the transcription factor 
Abh (14). The pair to Abh is the transcription factor AbrB 
that negatively regulates sunA expression (15). A further 
negative regulator of sublancin is Rak (16), which is known 
to bind to regions of foreign DNA that have higher levels 
of A+T than the native DNA (17). As well as being 
regulated by many of the standard transcriptional 
regulators, the sunA gene has also been shown, on a 
number of occasions to be regulated in a condition 



dependent manner. The two-component regulatory system 
YvrGHb has been described as positively affecting the 
expression of the sun operon, although this may be through 
its regulation of sigX (18). sunA is negatively regulated by 
Spx during disulfide stress (19, 20). The regulator 
responsible for carbon catabolite repression CcpA 
negatively regulates sunA in the presence of glucose (21), 
and sunA also appears to be under the influence of ComA 
(22). Lastly, it has been reported that sunA is expressed 
heterogeneously (23). This complex control of sunA 
transcription is only partly understood, and a challenge lies 
in understanding this gene's expression pattern (14). 

The present studies were aimed at identifying 
factors responsible for the heterogeneous expression of 
sunA. In addition, we assessed whether the heterogeneity in 
the expression of sunA is also reflected in the expression of 
the immunity gene sunI. For this purpose, we analysed the 
expression of sunA-GFP or sunl-GFP promoter fusions in 
several mutant backgrounds. This allowed us to delineate 
the different factors regulating sunA. Here we show that 
while multiple regulators affect the levels of sunA 
expression, the heterogeneity of the sunA promoter 
(P sunA) activity is controlled by only three of them, namely 
Spo0A, AbrB and Rok. Conversely, through analysis of the 
sunl-GFP promoter fusion we found that the immunity 
gene sun! is homogeneously expressed in all cells of the 
investigated population, which will protect them from the 
toxic effects of sublancin. 

Table 1. Strains, primers and plasmids 

A Strains 
Strain Relevant properties 

Materials and methods 
Strains, primers and plasmids. The bacterial strains, 
primers and plasmids used in this study are listed in Table 
1. Escherichia coli strains were grown in Lysogeny broth (LB) 
at 37°C with vigorous shaking or on LB agar plates. For 
standard laboratory practices B. subtilis was grown in either 
LB broth at 37°C with vigorous shaking or on LB agar 
plates. B. subtilis was transformed using a standard 
transformation procedure with plasmid or chromosomal 
DNA Qsolated using the method described by Bron and 
Venema (24)) using Paris Medium consisting of 10.7 
mg/ml K2HPO4, 6 mg/ml KH2PO4, 1 mg/ml trisodium 
citrate, 0.02 mg/ml MgSO4, 1% glucose, 0.1% casamino 
acids (Difeo), 20 µg/ ml L-tryptophan, 2.2 µg/ ml ferric 
ammonium citrate and 20 mM potassium glutamate (26). 
Growth media were supplemented with antibiotics where 
appropriate; Ampicillin (Ap) 100 µg/ ml, Chloramphenicol 
(Cm) 5 µg/ml, Erythromycin (Em) 1 µg/ml, Kanamycin 
(Km) 20 µg/ ml, Phleomycin (Phleo) 4 µg/ ml, 
Spectinomycin (Sp) 100 µg/ml. 0.5 mM IPTG was added 
to induce expression of the sad67 allele. Deletion mutants 
created in this study were constructed as described by 
Tanaka et al., 2012  and introduced into the genome of the 
168 strain (27). The Psunl-GFP promoter fusion was 
constructed as described by Botella et al. (28). 

Reference 
8. subtilis168 8. subtilis sublancin-producing prototype strain, trpC2 (38) 
6SPl3 8. subtilis 168, lacks SPl3 prophage, sublancin (8) 

sensitive, trpC2 
E. co/iTGl K-12 supE thi-1 !J(/ac-proA8) !J(mcr8-hsdSM}5, (rK-mK-J 
PsunA-GFP Strain 168 carrying sunA promoter GFP fusion, Sp' (29) 
Psun/-GFP Strain 168 carrying sun/ promoter GFP fusion, Sp' This work 
sad67 IPTG-inducible SpoOA-P production, Cm' (32) 
sad67 PsunA-GFP IPTG-inducible SpoOA-P production, carries sunA This work 

promoter GFP fusion, Cm', Sp' 
sad67 Psun/-GFP IPTG IPTG-inducible SpoOA-P production, Cm', Sp' This work 
rupoOA Km' (39) 
rupoOA PsunA-GFP Km', Sp' This work 
6c/pX Cm' (40) 
6c/pX PsunA-GFP Cm' Sp' This Work 
6abbA aphA3 (Km') (41) 
6abbA PsunA-GFP aphA3 (Km'), Sp' This work 
BFA2867 6yjbH, Em' (42) 
BFA2867 PsunA-GFP 6yjbH, Em', Sp' This work 
HB10103 ruigX, Km' (14) 
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HB10103 PsunA-GFP llsigX, Km', Sp' This work 
HB10016 llsigM, Tc' (14) 
HB10016 PsunA-GFP llsigM, Tc', Sp' This work 
GP302 b.ccpA, Em' (43) 
GP302 PsunA-GFP b.ccpA, Em', Sp' This work 
TR2 llspx, Cm' (20) 
TR2 PsunA-GFP llspx, Cm', Sp' This work 
TMB082 b.abrB, Tc' (44) 
TMB082 PsunA-GFP b.abrB, Sp' This work 

TMB082 Psun/-GFP b.abrB, Sp' This work 
b.abh Phleo' This work 
b.abh PsunA-GFP Phleo', Sp' This work 
Mok Phleo' This work 
Mok PsunA-GFP Phleo', Sp' This work 
Mok abrB PsunA-GFP Phleo', Tc', Sp' This work 
Mok sad67 PsunA-GFP Phleo', Cm', Sp' This work 
Mok Psun/-GFP Phleo', Sp' This work 
b.camA Cm' (45) 
b.comA PsunA-GFP Cm', Sp' This work 
b.yvrGH Km' (18) 
b.yvrGH PsunA-GFP Km', Sp' This work 

B. Primers 
Psunl-GFP Fwd CCGCGGGCTTTCCCAGCcgtacacataataaagttgg 
Psunl-GFP Rev GTTCCTCCTTCCCACCgtttttatataattttaccatg 
Rak Pl Gttttgaaatggaagcagtc 
Rak P2 CGACCTGCAGGCA TGCAAGCTtcctcaatgtaccccctatc 

Rok P3 CGAGCTCGAATTCACTGGCCGTCGatataaagaaaaactgcttgg 

Rok P4 cttctcagaaagctgatcgt 

Abhl GAAGCAAGAAATTTGCCGCGT 
Abh 2 CGACCTGCAGGCATGCAAGCTAACATTTAAAGGAAGAAGGGTTTTT 
Abh 3 CGAGCTCGAA TTCACTGGCCGTCGaaagaaacatttaaaggaagaagggtttttAA TTATGCT AAAA 

AAGGCGGAGT 
Abh 4 CTCAAACAAATGGGAAGTCC 

C. Plasmids 
Plasmid name Genotype Reference 
BaSysBioll UC cloning vector for creating GFP promoter fusions. (28) 
PsunA-GFP sunA promoter region cloned into BaSysBio I I  (29) 
Psun/-GFP sun/ promoter region cloned into BaSysBio I I  This work 

Sublancin susceptibility assays were carried out as 
previously described with minor modifications (8, 29). A 
1/100 dilution of an overnight culture of B. subtilis 168 
ASP� was plated either on regular (full-strength) LB agar 
medium or, for comparison with microscopy-derived 
results, on four-fold diluted LB medium containing 1 % 

NaCl and 1.5% agarose (quarter-strength LB medium) in a 
Petri dish. This created a lawn of sublancin-susceptible cells 
onto which 1 µI of an overnight culture of a sublancin
producing strain was spotted. After overnight incubation at 
37°C, the Petri dish was photographed and halo- and 
colony diameters in the images were quantified using 
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Image]. Since sublancin is distributed over a surface, the 
diameters of colony and halo were used to calculate the 
halo surface area. Halo surface sizes of mutant producer 
strains were normalized against the wild-type strain to 
enable comparisons to promoter activity assays. 

Microtiter plate experiments. Strains containing the 
PsunA-GFP fusion were grown overnight in LB. The next 
day the strains were diluted 1 :200 in the same medium and 
grown for 2.5 hours. The strains were then diluted 1:20 in 
triplicate in a Greiner microtiter plate (model 655161). 
OD600 and GFP fluorescence (485/20 excitation, 528/20 
emission) were measured every 10 minutes in a Biotek 
Synergy 2 plate reader. ODm and OD900 of the samples 
and a reference with a path length of 1 cm were measured 
for path length correction using this formula: 

d = (OD977 - OD900) sample / (OD977 - OD900) ICfcmla: X 1 cm. 
OD6oo values of each sample were divided by the path 
length. 

To compare data from microscopy experiments with data 
from microtiter plate experiments, the LB was diluted to 
quarter strength and the NaCl corrected to the standard 
1%. 

Time-lapse microscopy. Agarose slides were prepared as 
described by Botella et al., using quarter-strength LB with 
1.5 % agarose (Merck) (28) . To prepare bacteria for time
lapse microscopy, strains were grown overnight in LB 
medium containing the appropriate antibiotics. After a 
1:200 dilution in quarter-strength LB medium, the strains 
were grown for 2.5 h. Next, the strains were spotted onto a 
1 to 1.5 mm wide strip of agarose on the prepared slide. A 
time-lapse movie of the growing bacteria was recorded 
using a Leica DM 5500 B microscope. Phase contrast and 
fluorescence images were recorded every 5 to 7 minutes, 
depending on the number of samples. Fluorescence 
pictures were recorded using a Leica EL6000 lamp with an 
LS filter cube. Both the lamp intensity and the attenuator 
inside the microscope were set to 10%, to minimize 
phototoxicity. 

Image analysis. Data was extracted from recorded images 
using FIJI, an ImageJ-based software package 
(http· //pacific.mpi-cbg de /wiki /index.php /Fiju (30) 
which is freely available. Cellular fluorescence and GFP 
expression heterogeneity were measured with the TLM
Quant pipeline as described previously (31). Briefly, the 
following properties were extracted from the images that 
were obtained in the microscopy analysis. Cell outlines were 
derived from phase contrast images and used to distinguish 
cells in the fluorescent channel. From individual cells, 
fluorescence values were obtained, which were then 
corrected for background fluorescence. All cells combined 
were considered a population, from which a mean value 
and a standard deviation (sd) were calculated. The sd was 
used as a measure for heterogeneity, and was corrected for 
the sd of fluorescence caused by external factors. An 
inducible P.pac-GFP fusion strain was used as a control for 
homogeneous promoter activity that allowed a correction 
of the sd in fluorescence. To this end, the strain was 
induced with four different concentrations of Isopropyl �
D-1 -thiogalactopyranoside (IPTG) and the obtained sd 
values of all data points were combined in one figure, 
where the average fluorescence was plotted on the X-axis 
and the sd on the Y-axis. A trend-line was drawn through 
these points, showing that a linear correlation exists 
between fluorescence intensity and inherent heterogeneity. 
The equation of this line was subtracted from the calculated 
heterogeneity values, to correct for heterogeneity that is 
inherent to the microscopy setup and the detected GFP 
transcription. After correction, the coefficient of variation 
was calculated as the ratio between the standard deviation 
in fluorescence intensity and the mean fluorescence. In this 
assay, a high heterogeneity value is an indicator that can 
reflect two different situations, namely: i. a higher standard 
deviation in cellular fluorescence, which originates from a 
higher number of fluorescent cells, or ii, an increased 
intensity of existing fluorescent cells. 

Results and Discussion 

Expression of sunA and production of active 

sublancin are critically determined by the 

transcriptional regulators Abh, AbrB, Rok, 

SpoOA, aM and rr 
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Active sublancin has previously shown to be produced at 
the end of the exponential growth phase and throughout 
stationary phase (29). To calibrate our experimental set-up, 
we analysed the promoter activity of sunA using a GFP 
promoter fusion and time-lapse microscopy with cells 
growing on LB agar. Notably, LB was selected for these 
analyses, because little if any active sublancin is produced 
when cells are grown on minimal media (Emma L. 
Denham, unpublished observations). When the cells were 
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grown on LB, a low level of GFP expression was observed 
during the exponential phase of growth before the 
promoter became highly active during stationary phase 
(Figure 2). As shown by the size of the error bars in the 
recorded fluorescence in Figure 2B, there was a substantial 
heterogeneity in GFP fluorescence. This expression 
behavior is comparable to a previous expression analysis of 
the sunA promoter (23) and we therefore concluded that 
our set-up was suitable for a dissection of factors involved 
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Figure 2. Expression of sunA as determined by time-lapse fluorescence microscopy 
A. Montage of time-lapse fluorescence microscopy images of B. subtilis 168 containing a PsunA promoter-GFP fusion and grown on 
LB. B. Growth curve and fluorescence of B. subti/is 168 PsunA-GFP as derived from the complete analysis for which selected images 
are shown in panel A. The cumulative Feret's diameter represented by the black line was used as a measure for growth (black line). 
The mean fluorescence at each time point is represented by a grey line and the error bars represent the level of fluorescence 
heterogeneity. The arrows indicate sample points for quantification of the fluorescence heterogeneity as shown in Figure 3. 
Fluorescence recordings in the grey zone were used to determine the maximum promoter activity as shown in Figure 3. 
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in the heterogeneous expression of sunA. 
Several transcriptional regulators have been 

shown to influence the expression of sunA. From a 
literature-based search, we deduced which genes and 
regulators have been associated with changes in the 
expression level of s11nA and deleted these genes from the 
genome of the strain expressing the sunA-GFP promoter 

fusion. Next, we carried out expression analyses by 
monitoring the levels of GFP produced in these strains 
growing on LB. Under the tested conditions, no significant 
effects on the activity of PsunA-GFP were observed when 
the ccpA, comA, spx, or yvrGHb genes were deleted ( data not 
shown). This relates, most likely, to differences in the 
growth conditions applied here and in previous studies that 

A 

B 

Figure 3. Correlation of sunA promoter activity with the production of active sublancin 
A. Comparison of the maximum sunA promoter activity (black bars) to the production of active sublancin (grey bars). The 
maximum sunA promoter activity values for each investigated mutant strain were determined by time-lapse fluorescence 
microscopy as in Figure 2, and normalized against the maximum promoter activity determined for the parental strain 168 (WT). 
The production of active sublancin by each investigated mutant strain was determined by measuring the surface of sublancin
induced growth inhibition zones on a lawn of sublancin-susceptible cells of the 8. subti/is ASP� strain as shown in panel B. The 
sublancin production by each strain was then normalized against that of the parental strain 168. B. Representative images for 
growth inhibition as caused by sublancin-producing cells that were spotted on a lawn of 8. subtilis ASP�. Mutations in the 
genome of sublancin-producing cells are marked in each image. WT, 8. subtilis 168. 
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had implicated the respective regulators in sunA expression. 
On the other hand, clear effects on the activity of P sunA
GFP and the production of active sublancin were observed 
in strains with mutations in the abh, abrB, sigX, sigM, .rpoOA 
or rok genes (Figure 3). 

Previous investigation of the regulation of sunA 
expression showed that regulators of the entry into 
stationary phase play a role in the production of sublancin 
(14). Indeed, deletion of .rpoOA resulted in a complete 
elimination of sunA transcription and sublancin production 
(Supplementary Figure S1). Conversely, induction of the 
sad67 allele of .rpoOA, which leads to the Spo0A pathway 
being permanently activated (32), resulted in very high GFP 
expression from the P sunA-GFP promoter fusion and 
strongly enhanced production of active sublancin (Figure 
3). One of the main transcriptional rearrangements that 
activation of the Spo0A pathway causes is blocking the 
transcription of AbrB. Deletion of abrB from the B. subtilis 
genome resulted in enhanced levels of transcription from 
the sunA promoter and, accordingly, enhanced production 
of active sublancin (Figure 3). Abh is a homologue of AbrB 
that functions by binding to many of the same transcription 
factor binding sites as AbrB. Notably, Abh was previously 
shown to activate transcription of sunA (33) and, indeed, 
the deletion of abh caused a severe down-regulation of the 
transcription from the sunA promoter as well as sublancin 
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Figure 4. Quantification of sunA expression heterogeneity 

production (Figure 3). Expression of abh is regulated by 
two ECF sigma factors, crM and crX. While individual 
deletions of the sigM or sigX genes had less dramatic effects 
on PsunA activity and sublancin production than the abh 
deletion, combining the sigM and sigX deletions in one 
strain resulted in a severe reduction in the activity of P sunA 
and the production of sublancin to similar levels as 
observed for the abh mutant strain (Figure 3). These 
observations were in good agreement with the previous 
findings of Luo and Helmann (14) as represented in Figure 
1. Notably, AbrB is also post-translationally controlled by 
AbbA (34), and deletion of the abbA gene resulted in a 
reduction in transcription from the sunA promoter (not 
shown). Lastly, during exponential growth the 
transcriptional repressor Rok is under the control of AbrB 
(35). Rok has been shown to bind to the promoter region 
of sunA (16, 17) and we therefore also assessed the 
influence of a rok deletion on PsunA-GFP activity and 
sublancin expression. Indeed, the rok deletion did increase 
the sunA promoter activity and sublancin expression. In 
fact, this deletion resulted in the highest levels of PsunA
GFP and sublancin activity observed in the present studies 
(Figure 3). Furthermore, the effect of the rok deletion was 
dominant over the effects of induction of the sad67 allele of 
.rpoOA or the deletion of abrB (Figure 3). Together, these 
findings show that Abh, AbrB, Rok, Spo0A, crM and crX are 

Peak • Dip • End 

Heterogeneity in the expression of the sunA promoter-GFP fusion in growing cells of various mutant strains and the parental strain 
168 (WT) was assessed by time-lapse fluorescence microscopy. GFP expression heterogeneity was assessed at different time 
points along the growth curve as marked by arrows in Figure 2.Heterogeneity values were then calculated as the mean variance in 
cellular GFP fluorescence (indicated in arbitrary units, AU). 
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the key determinants for sunA expression and production 
of active sublancin in B. sublilis cells growing on LB. 

AbrB, Rok and SpoOA determine sunA 
expression heterogeneity 
To identify the origin of the observed sunA expression 
heterogeneity, we quantified this heterogeneity in abh, abrB, 
rok, spoOA-sad67, sigM or sigX mutant strains with the 
PsunA-GFP fusion using the previously developed 11.M
Quant pipeline (31) .  Specifically, the heterogeneity in sunA 
expression was measured at four different time points 
across the growth curve, namely at mid-exponential 
growth, transition stage, and two late stages when large 

microcolonies had been established (Figures 2 and 4). As 
shown in Figure 4, the sunA expression heterogeneity was 
neither influenced by individual deletion of the abh, sigX or 
sigM genes, nor the deletion of both sigX and sigM. On the 
other hand, the sunA expression heterogeneity was strongly 
reduced by deletion of abrB or rok and the induced 
expression of the sad67 allele of spoOA. In the first place, 
these findings show that AbrB, Rok and Spo0A are the key 
determinants for sunA expression heterogeneity. A second 
important conclusion is that sunA expression heterogeneity 
is not determined by the level of P sunA promoter activity. 
While PsunA promoter activity in the abh or sigX and sigM 
mutants was very low, the sunA expression heterogeneity in 
these mutant strains was very similar to that observed in the 
parental strain 168. Conversely, while the PsunA promoter 
activity was at the highest level in strains lacking abrB 
and/ or rok, these strains showed the lowest levels of sunA 
expression heterogeneity (Figure 4). 

The induced expression of the sad67 allele of 
Spo0A resulted in a large and significant increase in the 
sunA promoter activity and production of active sublancin 
while, at the same time it caused a large reduction in sunA 
expression heterogeneity. Spo0A-Sad67 is a constitutively 
active mutant form of Spo0A that is constitutively active 
and mimics the behaviour of Spo0A-P (32). Spo0A is well 
studied for its role in the bistable process of sporulation. In 
this complex regulatory cascade, the sporulation 
phosphorelay switching mechanism transfers a phosphate 

group to Spo0A to form the regulatory active Spo0A-P (36, 
37). Expression of Spo0A is under the influence of several 
positive feedback loops and these auto-inducing loops 
cause the bistable phosphorylation of Spo0A. This 
mechanism ensures on-off switching of the sporulation 
phenomenon. Notably, in our present studies with cells 
growing on LB, we did not observe a bistable expression of 
the sunA-GFP fusion by distinct sub-populations of the 
cultured cells with the sunA promoter either on or off, not 
even when Spo0A-Sad67 was induced. This absence of 
bistable sunA expression must therefore be attributed to the 
indirect role of Spo0A in sunA transcription especially 
when cells are growing in the relatively rich LB medium 
(Figure 1). Nevertheless, Spo0A remains required for sunA 
expression under these conditions as the deletion of spoOA 
completely blocked Ps11nA promoter activity (Figure S1) . 

AbrB and Rok are under the direct influence of 
Spo0A, and our experiments show that they are key factors 
not only controlling the sunA expression level and 
consequently production of active sublancin, but also the 
heterogeneity of expression of PsunA-GFP. The 
heterogeneity in the abrB and rok mutants was drastically 
reduced and combining these two mutants reduced this 
even further (Figure 4). Interestingly, although deletion of 
rok or abrB resulted in similar levels of heterogeneity, there 
were substantial differences in the PsunA promoter activity 
in the respective mutants and also in their production of 
active sublancin (Figures 3 and 4). The Abh protein is 
known to compete with AbrB for binding to the promoter 
region of sunA to induce its expression (15). Consistent 
with this AbrB-antagonizing effect of Abh, the deletion of 
abh from the genome resulted in a large reduction in sunA 
expression, whereas the level of heterogeneity was not 
altered. Similarly, the levels of promoter activity and 
sublancin production were reduced in the sigma factor 
mutants but, in this case, the sunA expression heterogeneity 
was maintained. A sigX sigM double mutant behaved very 
similarly to an abh mutant in all respects, which is 
consistent with the requirement of crX and aM for abh 
expression (Figures 1, 3 and 4). 
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Taken together, these results suggest that the 
interplay between the levels of SpoOA-P, AbrB and Rok are 
the most important factors for generating heterogeneity in 
P sunA expression. We note that the inhibitory effects of the 
sunA repressors AbrB and Rok is not equal in all cells and 
that the majority of sunA expression heterogeneity is 
removed upon deletion of their genes. The deletion of rok 
had the strongest effect on the sunA promoter, but since 
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AbrB is also known to repress the expression of rok, 
increased levels of Rok are probably present in the abrB 
mutant cells, which is likely to account for the differences 
in the levels of active sublancin produced by the abrB and 
rok mutant strains. It seems therefore that the generation of 
sunA expression heterogeneity is due to a balance in the 
level of phosphorylation of SpoOA, which upon 
phosphorylation acts to repress the expression of abrB and 
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Figure 5. Expression of sun/ in growing cells as determined by time-lapse fluorescence microscopy 
A. Montage of time-lapse fluorescence microscopy images of 8. subti/is 168 containing a Psunl promoter-GFP fusion and grown on 
LB. B. Growth curve and fluorescence of B. subtilis 168 Psun/-GFP as derived from the complete analysis for which selected images 
are shown in panel A. The cumulative Feret's diameter represented by the black line was used as a measure for growth (black line). 
The mean fluorescence at each time point is represented by a grey line and the error bars represent the level of fluorescence 
heterogeneity. The arrows indicate sample points for quantification of the fluorescence heterogeneity as shown in Figure 6. 
Fluorescence recordings in the grey zone were used to determine the maximum promoter activity as shown in Figure 6. 
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rok. This potential balance between the regulation of the 
transcnptton factors generating sunA expression 
heterogeneity is confirmed by the dramatically reduced 
heterogeneity in sunA expression in the abrB rok double 
mutant. 

sun/ expression is homogenous throughout the 
cell population 
The sun! gene encodes the immunity protein for sublancin, 
and all cells producing active sublancin must express this 
gene to be immune to the effects of this bacteriocin. 
However, it was not known to date whether sun! expression 
would be heterogeneous, following the heterogenic 
expression of sunA, or whether sun! expression would be 
homogeneous throughout the population. We therefore 
assessed the expression of sun! in cells growing on LB and 
expressing a PsunI promoter GFP fusion. As evidenced by 
time-lapse fluorescence microscopy (Figure 5), sun! 
expression remained highly homogeneous over all stages of 
the growth curve. Notably, the activity of the sun! promoter 
was only slightly lower than that of the sunA promoter and 
it was only very mildly affected by deletions of abrB or rok 
(Figure 6A). Induced expression of the sad67 allele of spoOA 
had no effect at all on sun! promoter activity. Importantly, 
none of the mutations that had major effects on the 
heterogeneous expression of sunA had a significant effect 
on the very low level of heterogeneity in the expression of 
sun!. In fact the expression heterogeneity of sun! in the 
parental strain 168 was within the same range as that 
determined for sunA in mutants lacking the abrB or rok 
genes. It can thus be concluded that sun! is very 
homogeneously expressed in cells growing on LB. 

Altogether, the present findings show that the expression 
of sunA and sun! is very differently regulated. This is 
consistent with recent studies by Nicolas et al (2) , where 
the overall expression level of sunA was shown to be highly 
variable depending on the growth condition studied. In 
contrast, the variability in expression level of sun! was 
relatively small across the 104 conditions tested, which 
seems to suggest that sun! is less susceptible to 
transcriptional regulation than sunA. The strong 
involvement of Rok in sunA regulation is noteworthy in 
this context, since Rok is a negative regulator of genes 
involved in horizontal gene transfer. Rok inhibits uptake of 
foreign DNA by inhibiting the main transcription factor of 
competence, ComK (35), and it also represses the 
transcription of genes in A+T rich regions of the B. subtilis 
chromosome, which are the result of horizontal gene 

transfer (17). The SP� prophage and thus sunA and sun! are 
A+T rich and have been acquired by B. subtilis through 
horizontal gene transfer. It is therefore not completely 
surprising that both sunA and sun! are targets for Rok 
regulation. However, the relatively low influence of Rok on 
sun! would suggest that the regulation of this gene by Rok 
was minimized to ensure optimal sublancin immunity of 
the cells that contain the SPj3 prophage. 

Conclusions 

We have studied the differential regulation of genes 
encoding for the bacteriocin sublancin and its cognate 
immunity protein. Only part of the B. subtilis population 
expresses sunA at maximum level. However, the whole 
population can benefit from this high-level expression by 
creating an environment in which B. subtilis is able to kill 
competitors, leaving more nutrients for itself. On the other 
hand, for the whole isogenic population to survive, the 
immunity protein must be expressed continuously by all 
cells. This therefore placed a strong selective pressure on 
the promoter of sun! to remain consistently stable within 
the population, but has allowed the sunA promoter to 
evolve to become growth phase-dependently and 
heterogeneously expressed. Heterogenous production of 
sublancin could be beneficial for the population since only 
a small number of producers are required to provide 
bactericidal activity. Other members of the bacterial colony 
will then have more resources available for other processes. 
The activity of the product of the sunA gene, sublancin, is 
likely most beneficial during late exponential phase and 
stationary phase when nutrients become limited. Its 
production would give the producing cells a competitive 
advantage over other species in the vicinity and also release 
additional nutrients due to cell death. In exponential phase 
the B. subtilis cells put the majority of their energy into 
producing proteins that are necessary for fast growth. Here 
it is noteworthy that the sunA gene is amongst the most 
highly expressed genes of B. subtilis. Producing sublancin is 
therefore likely to be expensive to the cell, and could 
potentially cause a reduction in growth during exponential 
phase as six individual proteins have to be produced. Lastly, 
constitutive sun! expression will not only provide a 
competitive advantage to cells in the sublancin-producing 
population, but also to the SPj3 prophage, which ensures in 
this way that it is stably maintained in the B. subtilis genome. 
Clearly, cells that would lose the SPj3 prophage would 
become susceptible to sublancin and therefore die. 
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Figure 6. Comparison of the expression heterogeneity of sunA and sun/ in growing cells 
A. Comparison of the maximum sun/ promoter activity in various mutant strains to the maximum promoter activity of sunA in cells of 
the parental strain 8. subtilis 168 (WT). The maximum sun/ promoter activity values for each investigated mutant strain were 
determined by time-lapse fluorescence microscopy as in Figure 5, and normalized against the maximum promoter activity 
determined for the parental strain 168 (WT). B. Comparison of the expression heterogeneity of various strains expressing a sun/ 
promoter-GFP fusion to the expression heterogeneity determined for the sunA promoter-GFP fusion in the parental strain 168 (WT). 
GFP expression heterogeneity was assessed at different time points along the growth curve as marked by arrows in Figure 5 .  
Heterogeneity values were then calculated as the mean variance in cellular GFP fluorescence (indicated in arbitrary units, AU). 
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Supple'!l_entary Fi�re 1. The expression of sunA is influenced by various regulators 
�- subttl1s cells with a �u�A promoter GFP fusion were grown in microtiter plates and GFP fluorescence was recorded at 10 min 
1�tervals. Promoter actIv1ty was calculated and plotted for the parental strain 168 (blue l ine) and particular mutant strains. The 
different tested mutations are indicated in the legend below each panel. 
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Chapter 6 

High salinity growth conditions promote Tat-independent 
secretion of Tat substrates in Bacillus subtilis 

Rene van der P loeg#, Carmine G .  Monteferrante#, Sjouke Piersma, James P. Barnett, 
Th ijs R .H .M.  Kouwen, Colin Robinson and Jan Maarten van Dij l  

ffthese authors contributed equal ly to this work 

Abstract 
The Gram-positive bacterium Bacillus subtilis contains two Tat translocases, which can facilitate 
transport of folded proteins across the plasma membrane. Previous research has shown that Tat
dependent protein secretion in 8. subtilis is a highly selective process, and that heterologous 
proteins, such as the green fluorescent protein (GFP) are poor Tat substrates in this organism. 
Nevertheless, when expressed in Escherichia coli, both 8. subtilis Tat translocases facilitated 
exclusively Tat-dependent export of folded GFP when the twin-arginine (RR) signal peptides of the £. 
coli AmiA, DmsA or MdoD proteins were attached. Therefore, the present studies were aimed at 
determining whether the same RR-signal peptide-GFP precursors would also be exported Tat
dependently in 8. subtilis. In addition, we investigated the secretion of GFP fused to the full-length 
YwbN protein, a strict Tat substrate in 8. subti/is. Several investigated GFP fusion proteins were 
indeed secreted in 8. subtilis, but this secretion was shown to be completely Tat-independent. At 
high sal inity growth conditions, the Tat-independent secretion of GFP as directed by the RR-signal 
peptides from the £. coli AmiA, DmsA or MdoD proteins was significantly enhanced, and this effect 
was strongest in strains lacking the TatAy-TatCy translocase. This implies that high environmental 
salinity has a negative influence on the avoidance of Tat-independent secretion of AmiA-GFP, DmsA
GFP and MdoD-GFP. We conclude that as yet unidentified control mechanisms reject the 
investigated GFP fusion proteins for translocation by the 8. subtilis Tat machinery and, at the same 
time, set limits to  their Tat-independent secretion presumably via the Sec pathway. 
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Introduction 

Protein secretion is an important feature for the survival 
and competitive success of bacterial cells in their natural 
habitats. The ability to secrete proteins is particularly well 
developed in the Gram-positive bacterium Bacillus subtilis, 
which is of interest both from applied and fundamental 
scientific points of view [3, 47, 48, 51]. Combined genetic, 
proteornic and bioinformatic analyses have revealed that 
the vast majority of proteins secreted by B. subtilis leave the 
cytoplasm in an unfolded state via the general secretion 
(Sec) pathway [47]. Upon translocation these proteins fold 
into their active and protease-resistant conformation [19]. 
A limited number of proteins are secreted via the so-called 
twin-arginine (Tat) pathway which, in contrast to the Sec 
pathway, can facilitate the transport of fully folded proteins 
[16, 35, 37, 38, 42, 45, 53]. 

The proteins destined for export via the Sec or 
Tat pathways are synthesized with N-terrninal signal 
peptides. These have a characteristic tripartite structure 
consisting of a positively charged N-terrninal region, a 
hydrophobic H-region and a C-terrninal region [37, 48]. 
The C-region contains a signal peptidase cleavage site for 
signal peptide removal during or shortly after membrane 
translocation of the attached protein [10, 52]. Although the 
signal peptides of Sec and Tat substrates are similar in 
structure, particular signal peptide features promote the 
specific targeting of proteins to the Tat pathway. These 
include a twin-arginine (RR) recognition motif in the N
region with the consensus sequence K/R-R-x-#-#, where 
# marks hydrophobic residues and x can be any residue [6, 
12, 14, 33, 46]. This RR-motif is specifically recognized by 
the Tat translocase [1, 8, 13]. Additionally, RR-signal 
peptides are "unattractive" for the Sec machinery, because 
their H-region has a relatively low hydrophobicity, and 
because the C-region often (but not always) contains a 
positively charged residue that strongly promotes "Sec 
avoidance" [7, 1 4, 49]. Importantly, the Sec incompatibility 
of Tat substrates is not only achieved through RR-signal 
peptide features, but also through their rapid or controlled 

folding in the cytoplasm prior to translocation [15, 39]. In 
fact, some Tat-dependently exported proteins are subject to 
dedicated chaperone-mediated proofreading in the 
cytoplasm in order to prevent the initiation of their 
transport before folding or co-factor assembly have been 
completed [30, 38, 40, 43]. 

B. subtilis contains two independently working 
Tat translocases named TatAyCy and TatAdCd, which are 
of the TatAC type that is commonly found in Gram
positive bacteria [21, 22, 23]. Unlike the TatABC type 
translocases that are present in Gram-negative bacteria, 
these "minimal" TatAC translocases lack a TatB subunit [4, 
5, 24]. In B. subtilis, the TatAyCy and TatAdCd translocases 
have distinct specificities for the Dyp-type peroxidase 
YwbN and the phosphodiesterase PhoD respectively, at 
least when the cells are grown in a standard LB medium 
[21, 22, 23]. Also, a hybrid precursor of the subtilisin AprE 
fused to the YwbN signal peptide was secreted in a 
TatAyCy-specific manner, suggesting a preferential 
interaction between the YwbN signal peptide and the 
TatAyCy translocase [25]. Nevertheless, the specificities of 
TatAyCy and TatAdCd overlap at least to some extent as 
was recently shown by the heterologous expression of 
TatAdCd or TatAyCy in Escherichia coli strains lacking their 
own TatABC translocase [4, 5]. The latter studies revealed 
that both B. subtilis Tat translocases are able to translocate 
the green fluorescent protein (GFP) fused to the RR-signal 
peptides of the E. coli AmiA, DmsA or MdoD proteins 
(Fig. 1). A specificity difference was, however, observed as 
the TMAO reductase (forA) and a TorA-GFP fusion were 
transported by TatAdCd but not by TatAyCy [4, 5]. 

An interesting conclusion from the heterologous 
Tat expression studies in E. coli was that both B. subtilis 
TatAC translocases were able to translocate active GFP 
when expressed in E. coli. By contrast, earlier experiments 
had indicated that this was not possible in B. subtilis [25, 32]. 
Therefore, the aim of the present studies was to assess 
whether the same RR-signal peptide-GFP hybrid 
precursors that were Tat-dependently translocated in E. coli 

Am iA MSTFKPLKTLTSRRQVJ,KAGLAAL TLSGMSQAIAKDELLKTSNGHS 

DmsA MKTKIPDAVLAAEV.s.BRGLVKTTAIGGLAMASSALTLPFSRIAHAV 

MdoD MDRRREIKGSMAMAAVCGTSGJASLFSQAAFAADSDIADGQTQRFD 

YwbN MSDEQKKPEQIHRRDIJ,,KWGAMAGAA VAIGASGLGGLAPLVQTAAK 

PhoD MAYDSRFDEWVQKLKEESFQNNTFDRRKFIQGAGKJAGLSLGLTIAQSVGAFE 

Fig. 1. Signal peptide sequences. The amino acid sequences of the RR-signal peptides of AmiA, DmsA and MdoD of E. coli, and 
YwbN_ and PhoD of B. subtilis are shown. Twin-arginine motifs are underlined, hydrophobic H-regions are printed in italics, and the 
C-regrons are marked in bold with residues flanking the signal peptidase cleavage sites underlined. 
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would also lead to Tat-dependent GFP secretion in B. 
s11btilis. In addition we investigated whether a fusion of 
GFP to the full-size YwbN protein might facilitate GFP 
export. Briefly, the results show that none of the GFP 
fusion constructs were Tat-dependently secreted. Instead, 
Tat-independent GFP secretion was observed, which was 
most pronounced when the cells were grown in LB 

medium of high salinity. Taken together, our findings show 
that the GFP fusion proteins are rejected for translocation 
by the B. s11btilis Tat machinery. Furthermore, the avoidance 
of Tat-independent secretion of all three hybrid GFP 
precursors, presumably via the Sec pathway, seems to be 
suppressed when cells are grown in medium with 6% salt. 

Table 1. Strains and Plasmids used in this study. 

Plasmids 

pHB201 

pHB-AmiA-GFP 

pHB-DmsA-GFP 

pHB-MdoD-GFP 

pSG1554 

pNZ8910 

pSG1554-SpYwbN 

pSG1554-YwbN 

pSURE-SpYwbN

GFP 

pSURE-YwbN-GFP 

pGFP 

E. coli 

DHSa 

L.Lactis 

MG1363 

B. subtilis 

168 

ATCC6633 

tatAyCy 

tatAdCd 

tatAdCd 

total-tat2 

ywbN 

ywbN spaRK 

tatAyCy ywbN 

spaRK 

Relevant properties 

8. subtilis-E.coli expression vector; ori-pBR322; ori-pTA1060; 

cat86::/acZa; CmR; EmR 

pHB201 vector carrying the amiA-gfp hybrid gene; CmR; EmR 

pHB201 vector carrying the dmsA-gfp hybrid gene; CmR; EmR 

pHB201 vector carrying the mdoD-gfp hybrid gene; CmR; EmR 

bla amyE3' spc Pxyl-'gfpmutl amyE5' 

SURE expression vector, PspaS, EmR 

pSG1154 vector carrying the signal sequence of ywbN fused to 

gfpmutl; ApR; SpR 

pSG1154 vector carrying ywbN fused to gfpmutl; ApR; SpR 

pNZ8910 vector carrying the ywbN signal sequence-g/p gene fusion; 

EmR 

pNZ8910 vector carrying the ywbN-gfp gene fusion; EmR 

Originally known as pNZ8907; Pspas translationally fused to gfp; only 

the full-size GFP is produced; EmR 

supE44; hsdR17; recAl; gyrA96; thi-1; re/Al 

Plasmid-free derivative of NCDO 712 

trpC2 

Subtilin producer 

trpC2; tatAy-tatCy::Sp; SpR 

trpC2; tatAd-tatCd::Km; KmR; 

trpC2; tatAd-tatCd: :Cm; CmR; 

trpC2; tatAd-tatCd: :Km; KmR; tatAy-tatCy::Sp; SpR; tatAc::Em; EmR 

trpC2; ywbN::Phleo; PhleoR 

trpC2; ywbN:: Phleo; PhleoR;amyE:: spaRK, KmR 

trpC2; ywbN:: Phleo; PhleoR;amyE:: spaRK, KmR; tatAy-tatCy::Sp; SpR 

Reference 

[10) 

This study 

This study 

This study 

[29) 

[9] 
This study 

This study 

This study 

This study 

[9] 

[44) 

[18) 

[2] 
[9] 
[21) 

[22) 

[21) 

[22) 

This study 

This study 

This study 
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tatAdCd ywbN 

spaRK 

ywbN pGFP 

ywbN pSURE

SpYwbN-GFP 

ywbN pSU RE

YwbN-GFP 

AyCy ywbN pSURE

YwbN-GFP 

AdCd ywbN pSURE

YwbN-GFP 

168 XywbN 

tatAyCy XywbN 

tatAdCd XywbN 

total-tat2 XywbN 

168 pHB201 

168 

pHB-AmiA-GFP 

tatAyCy 

pHB-AmiA-GFP 

tatAdCd 

pHB-AmiA-GFP 

total-tat2 

pHB-AmiA-GFP 

168 

pHB-DmsA-GFP 

tatAyCy 

pH B-DmsA-G FP 

tatAdCd 

pH B-DmsA-G FP 

total-tat2 

pHB-DmsA-GFP 

168 

pHB-MdoD-GFP 

tatAyCy 

pHB-MdoD-GFP 

tatAdCd 

pHB-MdoD-GFP 

total-tat2 

pHB-MdoD-GFP 

trpC2; ywbN: : Phleo; PhleoR;amyf:: spaRK, KmR; tatAd-tatCd::Cm; CmR 

trpC2; ywbN:: Phleo; PhleoR;amyf:: spaRK, KmR; pNZ8907 

trpC2; ywbN:: Phleo; PhleoR;amyf:: spaRK, KmR; pSURE-SpYwbN-GFP 

EmR 

trpC2; ywbN:: Phleo; PhleoR;amyf:: spaRK, KmR; pSURE-YwbN-GFP EmR 

trpC2; ywbN:: Phleo; PhleoR;amyf:: spaRK, KmR; pSURE-SpYwbN-GFP 

EmR; tatAy-tatCy::Sp; SpR; 

trpC2; ywbN: : Phleo; PhleoR;amyf:: spaRK, KmR; pSURE-SpYwbN-GFP 

EmR; tatAd-tatCd::Cm; CmR; 

trpC2; amyE: :xy/A-ywbN-myc; CmR 

trpC2; tatAy-tatCy::Sp; SpR; amyE: :xy/A-ywbN-myc; CmR 

trpC2; tatAd-tatCd: :Km; KmR; amyE::xy/A-ywbN-myc; CmR 

trpC2; tatAd-tatCd: :Km; KmR; tatAy-tatCy::Sp; SpR; tatAc::Em; EmR; 

amyE::xy/A-ywbN-myc; CmR 

trpC2; pHB201; EmR; CmR 

trpC2; pHB-AmiA-GFP; EmR; CmR 

trpC2; tatAy-tatCy::Sp; pHB-AmiA-GFP; SpR; EmR; CmR 

trpC2; tatAd-tatCd::Km; pHB-AmiA-GFP; KmR; EmR; CmR 

trpC2; tatAd-tatCd::Km; tatAy-tatCy::Sp; tatAc::Em; pHB-AmiA-GFP 

KmR; SpR; EmR; CmR 

trpC2; pHB-DmsA-GFP; EmR; CmR 

trpC2; tatAy-tatCy::Sp; pHB-DmsA-GFP; SpR; EmR; CmR 

trpC2; tatAd-tatCd: :Km; pHB-DmsA-GFP; KmR; EmR; CmR 

trpC2; tatAd-tatCd::Km; tatAy-tatCy::Sp; tatAc::Em; pHB-DmsA-GFP 
KmR; SpR; EmR; CmR 

trpC2; pHB-MdoD-GFP; EmR; CmR 

trpC2; tatAy-tatCy: :Sp; pHB-MdoD-GFP; SpR; EmR; CmR 

trpC2; tatAd-tatCd: :Km; pHB-MdoD-GFP; KmR; EmR; CmR 

trpC2; tatAd-tatCd::Km; tatAy-tatCy::Sp; tatAc::Em; pHB-MdoD-GFP 

KmR; SpR; EmR; CmR 
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Materials and Methods The plasmids and bacterial strains used in this study are 
listed in Table 1 .  Strains were grown with agitation at 37°C 

Plasmids, bacterial strains, media and growth in either Lysogeny Broth (LB), or Paris minimal (PM) 

conditions medium. LB medium consisted of 1 % tryptone and 0.5% 
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yeast extract with or without NaCl (1% or 6%), pH 7.4. 
Notably, LB with 1 % NaCl is the standard LB medium that 
has been used in all our previous studies. PM consisted of 
10.7 mg ml-1 K2HPO4, 6 mg ml-1 KHPO, 1 mg ml-1 

trisodium citrate, 0.02 mg ml-1 MgSO4, 1 % glucose, 0.1 % 
casamino acids (Difeo), 20 mg ml-1 L-tryptophan, 2.2 mg 
ml-1 ferric ammonium citrate and 20 mM potassium 
glutamate. To activate a phosphate starvation response and, 
accordingly, induce the expression of the TatAdCd 
translocase, the strains were grown overnight in HPDM 
(high phosphate defined medium), which is rich in 
phosphate. The next morning, cells were transferred to 
LPDM (low phosphate defined medium). Both media were 

Table 2: Primers used in this study 

Primer Sequence 

prepared according to Miiller et al (1997) [34]. Lactococcus 
lactis was grown at 30°C in Ml 7 broth supplemented with 
0.5% glucose. When required, media for E. coli were 
supplemented with erythromycin (Em; 1 00 µg ml-1), 

kanamycin (Km; 20 µg ml-1), chloramphenicol (Cm; 5 µg 
ml-1), or spectinomycin (Sp; 100 µg ml-1); media for B. 
subtilis were supplemented with Em (1 µg ml-1), Km (20 µg 
ml-1),  Cm (5 µg ml-1), Phleomycin (Phleo; 4 µg ml-I) or Sp 
(100 µg ml-1); media for L lactis were supplemented with 
Em (2 µg ml-I). 

Remarks 

RBS-MntA-AmiA-F GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
ATGAGCACTTITAAACCACTA start amiA 

RBS-MntA-DmsA-F GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
ATGAAAACGAAAA TCCCTGAT start dmsA 

Spel-MntA-MdoD-F GGGGGACTAGTAAGAGGAGGAGAAAT Spel, RBS mntA 
ATGGATCGTAGACGA TTTA TT start mdoD 

GFP-Rev-BamH I  CCCCCGGATCCTTATTTGTATAGTTCATCCATGC BamHI, end gfp 
YwbN_LW-F GGCGGTACCATGAGCGATGAACAGAAAAAGCCAGAA Kpnl 

CAA 

SPywbN_LW-R GGGGAATTCAACAAGCGGAGCGAGACCGCC fcoRI 

YwbN_LW-R GGGGGAATTCTGATTCCAGCAAACGCTG fcoRI 

F-YwbN-SURE GGGGGTCATGAGCGATGAACAGAAAAAGCCAGAACA Real 
AATTC 

GFP-Rev-H ind l l l  GCCCAAGCTTATTATTTGTAGAGCTCATCCATGCCATG Hindi/I, end 

TG 

DNA techniques 
Procedures for DNA purification, restriction, ligation, 
agarose gel electrophoresis, and transformation of 
competent E. coli cells were carried out as previously 
described [44]. B. subtilis was transformed as described by 
Kunst and Rapoport [28]. PCR was carried out with the 
Pwo DNA polymerase. PCR products were purified using 
the PCR purification kit from Roche. Restriction enzymes 
were obtained from New England Biolabs. Plasmid DNA 
from E. coli was isolated using the alkaline lysis method 
[44], or the Invisorb®Plasmid Isolation Kit (Invitek). All 
constructs were checked by sequencing (service:XS, Leiden 
the Netherlands). 

To construct the plasmids pHB-AmiA-GFP, 
pHB-DmsA-GFP and pHB-MdoD-GFP, the amiA-.efp, 
dmsA-.efp and mdoD-gjp hybrid genes were PCR-amplified 

gfpmutl 

from the respective pBAD24-based plasmids carrying these 
genes [5] (fable 1). The 5' primers used for PCR contained 
the mntA ribosome-binding site and start codon, as well as 
a Spel restriction site, and the 3' primer contained a BamHI 
restriction site (fable 2). The resulting PCR products were 
cleaved with Spel and BamHI, and ligated to SpeI-BamHI
cleaved pHB201. ligation mixtures were used to transform 
E. coli, resulting in the identification of plasmids pHB
AmiA-GFP, pHB-DmsA-GFP and pHB-MdoD-GFP. 
Next, these plasmids were used to transform the B. subtilis 
strains 168, tatAyy,, tatAdCd and total-ta'2. To construct 
the plasmids pSURE-SpYwbN-GFP and pSURE-YwbN
GFP, the ywbN signal sequence and the full-length ywbN 
gene were PCR-amplified from chromosomal DNA of B. 
subtilis 168. The 5' primer used for PCR contained a KpnI 
restriction site, and the 3' primer contained a HindIII 
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restriction site (fable 2). The resulting PCR products were 
cleaved with Kpnl and HindIII, and ligated to KpnI-HindIII
cleaved pSG 1154 [29], which contains the gjpmut1 gene. 
The fusion products Sp(Ywbn)-GFP and YwbN-GFP 
where then amplified from these vectors using a 5' primer 
containing a B.pHI restriction site and a 3' primer 
containing a HindIII restriction site, and they were cloned 
into the NcoI-HindIII-cleaved pNZ8910 plasmid. Llgation 
mixtures were used to transform L lactis, resulting in the 
isolation of plasmids pSURE-SpYwbN-GFP and pSURE
YwbN-GFP. The plasmids were then used to transform the 
B. subtilis ywbN, tatAy(y ywbN or tatAdCd ywbN strains. 

SDS-PAGE and Western blotting 
Cellular or secreted proteins were separated by PAGE 

1% Salt Cell 

using pre-cast Bis-Tris NuPAGE gels (Invitrogen). The 
presence of GFP, YwbN or LlpA in cellular or growth 
medium fractions was detected by Western blotting. For 
this purpose, proteins separated by PAGE were semi-dry 
blotted (JS min at 1 mA/cm") onto a nitrocellulose 
membrane (Protran®, Schleicher & Schuell). Subsequently, 
GFP was detected with monoclonal antibodies (Clontech), 
YwbN-Myc was detected with monoclonal antibodies 
against the Myc-tag attached to this protein (Gentaur), 
YwbN, LlpA, TrxA, PhoD and PhoB were detected with 
specific polyclonal antibodies raised in rabbits. Visualisation 
of bound antibodies was performed with fluorescent IgG 
secondary antibodies (IRDye 800 CW goat anti-rabbit or 
goat anti-mouse from LlCor Biosciences) in combination 
with the Odyssey Infrared Imaging System (LlCor 

Medium 

�c, �c, qc, 

0� �c, -A
x
00

"' 
!)," 

�c, qc, qc, 

e� <Pc.,�
x
00

"' 
IJ'" 

A 

AmiA-GFP 

DmsA-GFP 

MdoD-GFP 

B 

YwbN-Myc 

X ,,, �G �  �,(Ji 
.._rl/' ..,ro� ,ro\,#' ,# ,<fi 

TG 
'l7 

_,__ - preGFP -- - GFP 
25 

TG 
37 • w-,, - preGFP 

- GFP 
25 

�G 
37 

•=•• ::: �;�FP 

25 

-f\ -f\ -f\ +� 04- r}> � 
rJ, 'l, �.;t-

'6 
�

",J 

>,;; .... �,.[/I ..._,,, .... � 

"G 50 _ , _ - preYwbN · - YwbN 
37 

X JC ._i:, � �"' 

.._rl/' ._</? .._ro� �-'S' ,# ,o,<p 

TG 
'l7 

_ ..., ._ - GFP 
25 

�[J 
37 

25 

TD 
37 

- - - - GFP 
25 

-f\ -f\ -f\ 
-f'k� od\/" 

{o� .._f'o��-'S' ,Jr,�"' 

"D 50 . la • - YwbN 
37 

Figure 2: Secretion of AmiA-GFP, OmsA-GFP or MdoO-GFP by cells grown in standard LB medium with 1% NaCl. A. Cell and growth 
medium fractions of 8. subti/is strains producing AmiA-GFP, OmsA-GFP or MdoO-GFP were separated by centrifugation and used for 
SOS-PAGE and Western blotting with specific antibodies. For this purpose, the cells of tatAyCy, tatAdCd or total-tat mutant strains or 
the parental strain  168 were grown for 7 hours in LB medium, supplemented with 1% NaCl. Protein loading was corrected for 00600. 
"pG", cells harbouring pHB-AmiA-GFP, pHB-OmsA-GFP or pHB-MdoO-GFP; "ev'', cells harbouring the empty vector pHB201. B. Cell 
and growth medium fractions of 8. subtilis strains producing YwbN-Myc were prepared for SOS-PAGE and Western blotting with 
specific antibodies as indicated for panel A. For this purpose, the cells of tatAyCy, tatAdCd or total-tat mutant strains or the parental 
strain 168 contained the XywbN cassette in amyE. "Xy'', cells containing the XywbN cassette. 

66 



Biosciences). Fluorescence was recorded at 800 nm. 

Fluorescence microscopy 
Cells carrying plasmids pHB-AmiA-GFP, pHB-DmsA
GFP and pHB-MdoD-GFP were grown in LB 
supplemented with 1 or 6% NaCl. After 7 hours of growth 
the optical density at 600 nm (ODroo) was measured. The 
strains containing pGFP, pSURE-SpYwbN-GFP or 
pSURE-YwbN-GFP were grown till an OD600 of 1 .0, 
induced with 1.0% (v/v) supernatant of B. s11btilis ATCC 
6633. In this respect it is noteworthy that the subtilin 
produced by B. s11btilis ATCC6633 is secreted into its 
growth medium. Addition of this spent medium in a 1 00-
fold dilution to B. s11btilis cells containing pGFP, pSURE
Sp YwbN-GFP or pSURE-YwbN-GFPl induces the spaS 
promoter on these plasmids thereby driving the high-level 
transcription of the downstream GFP genes. Upon growth 
for 2 additional hours, cells were spotted on M9 agarose 
slides containing the appropriate salt concentrations. These 
slides were prepared by transfer of M9 agarose medium 
into a 65 µl Frame-Seal Slide Chamber (SLF-0601 ,  Bio
Rad). Fluorescence microscopy was performed with a Leica 
DM5500 B microscope. Fluorescence images were 
recorded using a Leica EL6000 lamp with the intensity set 
to 55%. The exposure time was 256 ms. Quantification of 
GFP fluorescence was done using the Image] software 
package (http://rsbweb.nih.gov/ij/). Cellular fluorescence 
values were measured in grey scale values. Background 
fluorescence was calculated by averaging the grey scale 
values of the area outside the cells. Finally the background 
fluorescence was subtracted from the cellular fluorescence. 

Results 
The AmiA and MdoD RR-signal peptides mediate 
Tat-independent GFP secretion in B. subtilis. 
When heterologously expressed in E. coli, the TatAdCd and 
TatAyCy translocases can transport the AmiA-GFP, 
DmsA-GFP and MdoD-GFP precursors across the inner 
membrane, leading to an accumulation of active GFP in the 
periplasm [4, 5]. To assess whether the very same RR-signal 
peptide-GFP precursors would also be exported Tat
dependently in B. s11btilis, we expressed them in B. s11btilis 

168 and corresponding tat mutant strains. For this purpose, 

the respective hybrid genes were provided with the 
ribosome-binding site pl11S start codon of the B. s11btilis mntA 
gene, that are well suited for heterologous protein 
expression in B. s11btilis [26]. The resulting constructs were 
then constitutively expressed at relatively low levels from 
the E. coli - B. s11btilis shuttle vector pHB201. Cells 
containing these constructs were subsequently grown in 
standard LB medium (1% NaCl). It should be noted that 
under these conditions, the cells produce mainly the 
TatAyCy translocase and the TatAdCd translocase is 
expressed at barely detectable levels [23, 36]. As shown in 
Figure 2A (left panels), all three precursors were 
synthesized in B. s11btilis cells when grown overnight in this 
medium. However, only in the case of ArniA-GFP and 
MdoD-GFP was processing to the mature form and release 
of this mature form into the growth medium observed (Fig. 
2A, left and right panels). The strains producing AmiA
GFP secreted relatively higher amounts of mature GFP 
into the medium than strains producing MdoD-GFP. 
Notably, the secretion of mature-sized GFP by strains 
producing AmiA-GFP was not influenced by the absence 
of tatAyy,, tatAdCd or even all tat genes, and the same was 
true for strains producing MdoD-GFP, although in this 
case the GFP was secreted at lower levels (Fig. 2A). No 
secretion of GFP was detectable for wild-type or tat mutant 
strains producing the DmsA-GFP precursor (Fig. 2A). 
Consistent with this observation, barely any mature-sized 
GFP was detectable in cells producing DmsA-GFP. This 
suggests that the DmsA-GFP precursor is neither an 
acceptable substrate for the two TatAC translocases nor the 
Sec translocase when produced in B. s11btilis cells grown in 
standard LB medium (1 % NaCl). By contrast, under these 
conditions the control protein YwbN-Myc was secreted in 
a strictly TatAyCy-dependent manner, as evidenced by the 
fact that it was secreted only by the parental strain 168 and 
the tatAdCd mutant, but not by the tatAyy, or total-tat2 
mutants (Fig. 2B). These findings show that under the 
tested conditions, the precursors of AmiA-GFP, DmsA
GFP and MdoD-GFP are rejected by the Tat system of B. 
subtilis. 

Rejection of the chimeric YwbN-GFP protein by Tat 
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Figure 3: Secretion of a chimeric YwbN-GFP fusion protein 
Cell and growth medium fractions of B. subtilis stra ins producing GFP, GFP fused to the signal peptide of YwbN (SpGFP) or the 
fusion protein YwbN-GFP were separated by centrifugation and used for SOS-PAGE and Western blotting with specific monoclonal 
antibodies directed against GFP and polyclonal antibodies against YwbN. Notably, the full-size YwbN-GFP fusion protein was only 
efficiently detected with antibodies against YwbN. Specifically, the cells of parental strain 168, as well as the mutant strains ywbN 
(mutant lacking ywbN gene), ywbN pGFP (producing 'unfused' GFP), ywbN pSpGFP (producing SpGFP), ywbN pYwbNGFP 
(producing YwbN-GFP), ywbN AyCy pYwbNGFP (lacking TatAyCy and producing YwbN-GFP) or ywbN AdCd pYwbNGFP (lacking 
TatAdCd and producing YwbN-GFP) were grown for 7 hours in LB medium, supplemented with 1% NaCl . Protein loading was 
corrected for 0D60'.J. The positions of GFP, SpGFP, YwbNGFP, the secreted control protein LipA, and the cytoplasmic lysis marker 
TrxA are indicated with arrows. Positions of Mw markers are indicated on the left. 

Our previous studies have shown that the RR-signal 
peptide of the Tat substrate YwbN can redirect the 
normally Sec-dependent protein AprE into the B. subtilis 

Tat pathway, leading to TatAyCy-dependent secretion of 
this protein [25]. We decided therefore to challenge the Tat 
system with a chimeric protein consisting of GFP fused to 
the C-terminus of full-length YwbN (YwbN-GFP). As 
controls we used strains producing GFP with or without 
the RR-signal peptide (denoted SpGFP and GFP 
respectively). Subsequently, the YwbN-GFP, SpGFP or 
GFP proteins were produced using the subtilin- induced 
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SURE system [9]. The possible secretion of YwbN-GFP or 
GFP was assessed by Western blotting using specific 
antibodies for GFP and YwbN. As shown in Figure 3, 
neither GFP nor SpGFP was secreted into the growth 
medium. In contrast, small amounts of the YwbN-GFP 
fusion protein were secreted, but this was independent of 
the TatAyCy or TatAdCd translocases. These findings 

show that GFP produced in B. subtilis is rejected by the Tat 
system, irrespective of its fusion to a full-size Tat substrate 
or an RR-signal peptide only. 



To test whether the GFP protein produced with 
the different signal peptide fusions was active, we analysed 
the producing cells by fluorescence microscopy. As can be 
observed in Figure 4, the production of the authentic GFP 
protein with the control plasmid pGFP resulted in a very 
bright fluorescent signal throughout the B. subtilis cells. 
Fusion of the YwbN signal peptide to GFP largely 
abolished the fluorescent signal and the remaining signal 
was most clearly detectable at the cell poles. Notably, 
production of the YwbN-GFP fusion protein resulted in a 
spotted pattern of GFP fluorescence that was not altered in 
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the absence of the tatAyy, or tatAdCd genes. Together with 
the Western blotting data, these findings suggest that fusion 
of YwbN or the YwbN signal peptide to GFP may 
interfere with its folding into an active and stable 
conformation and/ or to an altered sub-cellular localization, 
possibly in an aggregated state. Alternatively, the GFP 
might correctly fold and then aggregate. 

Phosphate starvation conditions result in Tat
independent GFP secretion 

Fluorescence 

!% Salt 

Fig. 4. Fluorescence microscopic analysis of GFP, SpGFP and YwbNGFP production. Cells of B. subtilis 168 producing GFP, GFP fused 
to the signal peptide of YwbN (SpGFP) or the YwbN-GFP fusion protein were grown in LB medium with 1% NaCl till an 0D500 of 1.0. 
The strains were then induced with subtilin by the addition of spent medium from 8. subtilis ATCC6633 (1% v/v) and grown for 2 
additional hours. After this time period cells were spotted onto M9 agarose slides with 1% NaCl and analyzed by phase contrast 
and fluorescence microscopy. 
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Studies on the B. subtilis Tat translocases (following 
expression in both B. subtilis and E. colt) have shown that 
the TatAdCd translocase is the most permissive of the two 
translocases present in B. subtilis [4, 17]. However, 
production of the TatAdCd complex of B. subtilis is fully 
induced only under phosphate starvation conditions [23, 

36]. We thus investigated whether this translocase can 
facilitate the secretion of AmiA-GFP, DmsA-GFP or 
MdoD-GFP under conditions of phosphate starvation. As 
shown in Figure 5, all three precursors were produced by 
cells grown in LPDM medium with the cells also containing 
mature GFP in varying amounts. Furthermore, secretion of 
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Figure 5: Secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP by cells grown in Phosphate starvation conditions. 
Cell and growth medium fractions of B. subti/is strains producing AmiA-GFP, DmsA-GFP or MdoD-GFP (A), PhoD (B), or PhoB (C) 
were separated by centrifugation and used for SOS-PAGE and Western blotting with specific antibodies. For this purpose, the cells 
of tatAyCy, tatAdCd or total-tat mutant strains or the parental strain 168 were grown for 7 hours in LPDM medium. Protein 
loading was corrected for 00600. Lanes are labelled as in Figure 2, and the positions of precursor and mature forms of PhoD and 
PhoB are marked with arrows. Positions of Mw markers are indicated on the left. Note that PhoD and PhoB are produced through 
expression of the authentic genes from their own promoters. 
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mature-sized GFP was observed in the AmiA-GFP- and 
DmsA-GFP-producing strains (Figure SA, right panel). The 
secretion of GFP was however, mostly Tat-independent, 
since bands corresponding to mature-size GFP were 
detected in the medium of mutant strains lacking the 
tatAyCy, tatAdCd, or all tat genes. In contrast, no GFP 
secretion was observed for cells producing MdoD-GFP. In 
control experiments the secretion of PhoD was found to be 
dependent upon the production of the TatAdCd complex, 
as shown by the lack of PhoD secreted by the tatAdCd and 
total-tat mutant strains, in addition to the PhoD secretion 
observed in the strain lacking the tatAyCy genes. 

6% Salt 

A 

AmiA-GFP 

DmsA-GFP 

Cell 

Furthermore, secretion of the Sec-dependent protein PhoB 
was not affected by any of the tested tat mutations. These 
findings show that induction of the TatAdCd translocase 
does not preclude the rejection of GFP by the B. subtilis 
Tat system. 

High salinity growth conditions result in elevated 
levels of Tat-independent GFP secretion 
We have previously shown that the specificity of Tat
dependent protein transport in B. subtilis is influenced by 
the salinity of the growth medium (50). This was most 
clearly evidenced by the finding that some YwbN was 

Medium 

37 ••-- . ._ preGFP 
50

G 

1111' 4-- GFP 

MdoD-GFP 

B 

YwbN-Myc 

2

5 

50 �  

37 
g aS :I  :: ���FP 

25 
50

G 

37 

• •  +- GFP 

25 

Figure 6: Secretion of AmiA-GFP, DmsA-GFP or MdoD-GFP by cells grown in LB medium with 6% Nad. Cell and growth medium 
fractions of B. subti/is strains producing AmiA-GFP, DmsA-GFP or MdoD-GFP (A), or YwbN-Myc (B) were separated by 
centrifugation and used for 5D5-PAGE and Western blotting with specific antibodies. For this purpose, the cells of tatAyCy, 
tatAdCd or total-tot mutant strains or the parental strain 168 were grown for 7 hours in LB medium, supplemented with 6% NaCl. 
Protein loading was corrected for 0D600. Lanes are labelled as in Figure 2, and the positions of precursor and mature forms of GFP 
and YwbN-Myc are marked with arrows. Positions of Mw markers are indicated on the left. 
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secreted completely Tat-independently when LB medium 
was supplemented with 6% NaCl (instead of the standard 
1 % NaCl). To investigate whether the secretion of AmiA
GFP, DmsA-GFP, MdoD-GFP, SpYwbN-GFP or YwbN
GFP might be influenced by a growth medium with high 
salinity, cells producing these hybrid precursors were grown 
in LB medium with 6% NaCl. As shown by Western 
blotting of cellular and growth medium samples, the 
increased salt concentration in the medium resulted in a 
drastically improved secretion of DmsA-GFP, with mature
sized GFP now clearly detectable in both the cellular and 
growth medium fractions (Fig. 6A). The highest levels of 
secreted GFP were observed for the tatAyCy and total-tat 
mutant strains, suggesting that the TatAyCy translocase 
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interferes with the Tat-independent translocation of 
DmsA-GFP during growth in LB medium with 6% salt. 
Consistent with these findings, the high salinity growth 
conditions clearly had a stimulating effect on the secretion 
of mature GFP by cells producing AmiA-GFP or MdoD
GFP. Again the highest levels of mature GFP were secreted 
by the tatAyCy and total-tat mutant strains. The high salt 
concentration had no effect on secretion of SpYwbN-GFP 
or YwbN-GFP (not shown). Under the same conditions, 
Tat-independent secretion of YwbN was observed (Figure 
6B) as previously reported (50). These observations show 
that the Tat-independent secretion of GFP and YwbN is 
strongly stimulated when cells are grown in LB medium 
with 6% NaCl. As the Tat-independent secretion most 

6% Salt 
Fluorescence 

Figure 7: Fluorescence microscopic analysis of AmiA-GFP, DmsA-GFP or MdoD-GFP production by cells grown in LB medium with 6% 
Nad. Cells of 8. subtilis 168 producing AmiA-GFP (AmiA), DmsA-GFP (DmsA), MdoD-GFP (MdoD) or no GFP (strain containing the 
empty vector pHB201) were grown in LB medium with 6% NaCl for 7 h. Cells were spotted onto M9 agarose slides with 6% NaCl 
and analyzed by phase contrast and fluorescence m icroscopy. The cellular fluorescence values indicated in the fluorescence 
panels were determined as arbitrary grey scale units of the cells and have been corrected for average background fluorescence. 
Please note that the production levels of AmiA-GFP, DmsA-GFP, and MdoD-GFP are much lower than the production levels of the 
subtilin-induced GFP constructs shown in Figure 4. 
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likely takes place via the Sec pathway [25, 50], these 
findings imply that the high salinity growth conditions 
result (at least partially) in a suppressed "Sec avoidance" of 
the respective precursor proteins. Since both Tat
dependent protein translocation and Sec avoidance are not 
only determined by features of the signal peptide, but also 
by the folding state of the respective precursor protein, we 
used fluorescence microscopy to determine whether folded 
and active GFP is detectable in cells producing AmiA-GFP, 
DmsA-GFP or MdoD-GFP. Indeed Figure 7 shows that at 
least some of the GFP within cells producing AmiA-GFP, 
DmsA-GFP or MdoD-GFP is active when cells were 
grown in LB with 6% NaCl. Nevertheless, little if any GFP 
seems to be secreted by the Tat translocases of the 
respective cells. It should be noted here that the cellular 
GFP expression levels and fluorescence were not 
substantially different when cells were grown in LB with 
1 % or with 6% NaCl, suggesting that salt does not directly 
affect the folding state of cytoplasmic GFP (data not 
shown). This view is supported by the finding that cells 
producing the authentic GFP (without signal peptide) did 
not show significant differences in fluorescence upon 
growth in LB with 1 % or 6% NaCl (Figure 8). 

Discussion 

The present studies were aimed at investigating the possible 
Tat-dependent secretion in B. s11btilis of hybrid GFP 
precursor proteins that contain the RR-signal peptides of 
the E. coli AmiA, DmsA or MdoD proteins. While these 
precursors were previously shown to be transported to the 
periplasm of E. coli by the heterologously expressed 
TatAdCd or TatAyCy translocases of B. s11btilis [4, 5], we 
now show that these precursors are not accepted by the B. 
s11btilis TatAC translocases when expressed in B. s11btilis. 
Instead, Tat-independent secretion of GFP was observed in 
strains producing the AmiA-GFP or MdoD-GFP 
precursors under standard growth conditions (i.e. LB 
medium with 1 % NaCl), and this Tat-independent 
secretion was significantly enhanced when the strains were 
grown in LB medium with 6% NaCl. While cells expressing 
the DmsA-GFP precursor under standard growth 
conditions did not secrete GFP, these cells did secrete GFP 
Tat-independently when grown in LB with 6% NaCL 
Under these high salinity growth conditions, we also 
observed Tat-independent secretion of the known B. s11btilis 
Tat substrate YwbN. These findings imply that the Sec 
avoidance of B. s11btilis RR-precursor proteins under 
standard growth conditions is suppressed under high 
salinity growth conditions. 

To investigate whether a full-size Tat-dependent protein 
might serve as a carrier for Tat-dependent translocation of 
GFP in B. s11btilis, the possible secretion of a YwbN-GFP 
fusion protein was investigated. However, the results 
showed unambiguously that this fusion protein was not 
exported Tat-dependently, as was the case when only the 
YwbN signal peptide was fused to GFP. While YwbN
GFP was effectively produced, degradation within the B. 
s11btilis cells was observed, and small amounts were found to 
be secreted Tat-independently. The finding that the YwbN 
signal peptide can direct Tat-independent secretion is in 
agreement with previous studies indicating that this RR
signal peptide is able to direct either Tat- or Sec-dependent 
secretion of particular proteins to which it was fused [25]. 
This was even true for the authentic E. coli Tat substrate 
Sufl, which was secreted Tat-independently in B. s11blilis 
when fused to the YwbN signal peptide [25]. In contrast to 
the AmiA-GFP, DmsA-GFP or MdoD-GFP, no difference 
in GFP secretion was observed when the strains producing 
YwbN-GFP or SpYwbN-GFP were grown in LB with 6% 
NaCl (data not shown). This suggests that the altered 
behaviour of AmiA-GFP, DmsA-GFP or MdoD-GFP 
under high salinity growth conditions may relate to specific 
properties of the respective signal peptides. 

Previous studies have indicated that the Tat 
pathway in B. s11blilis is able to facilitate the secretion of 
GFP, albeit in an inactive state [32]. It is therefore not clear 
why the B. s11btilis TatAC translocases do not facilitate the 
secretion of mature GFP when the AmiA-GFP, DmsA
GFP, MdoD-GFP, SpYwbN-GFP or YwbN-GF 
precursors are produced in B. s11btilis. At least three possible 
reasons for this finding are conceivable. Firstly, the 
respective RR-signal peptides may not be presented to the 
TatAC translocases in the right way. This would then 
expose these signal peptides to the Sec machinery of B. 
s11btilis, resulting in Tat-independent GFP secretion via the 
Sec pathway. Consistent with this idea, the RR-motifs in 
the AmiA, DmsA and MdoD signal peptides do not show a 
perfect match with the consensus RR-motif S/T-R-R-x-F
L-K (Fig. 1). Nevertheless, at least under high salinity 
growth conditions, the RR-signal peptides of AmiA, DmsA 
and MdoD seem to be recognized somehow by TatAyCy as 
was evidenced by the observation that Tat-independent 
GFP secretion was enhanced in B. s11btilis strains lacking 
tatAyy,. Secondly, the GFP attached to the AmiA, DmsA 
or MdoD signal peptides may not fold rapidly enough in B. 
s11btilis to allow Tat-dependent translocation of the fusion 
proteins. This seems to be the case for the SpYwbN-GFP 
fusion, the production of which resulted in substantially 
lower levels of cell fluorescence than the production of 
GFP without an attached signal peptide. This was despite 
the protein production levels of GFP with or without the 
YwbN signal peptide being very similar (Figure 3). 
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Furthermore, foci of fluorescence were observed in cells 
producing SpYwbN-GFP or YwbN-GFP suggesting that 
aggregation of GFP might occur thereby precluding its 
efficient export via Tat. On the other hand, the 
identification of GFP foci at the cell poles is in agreement 
with previous reports, which showed a polar and septal 
localization of Tat-machinery components in B. subtilis [31, 
41] .  However, mutations in the tatAyy, or tatAdCd genes 
did not seem to influence the appearance of GFP foci 
suggesting that this phenomenon is not directly related to 
interactions with the Tat machinery. Thirdly, B. subtilis may 
be missing some chaperones that are needed to coordinate 
the export of the investigated GFP fusion proteins. This 
might apply to the fusions containing E. coli RR-signal 
peptides, like the DmsA signal peptide, which is known to 
be recognized by the DmsD chaperone [38, 43]. On the 
other hand, if the absence of an appropriate chaperone 
were the main problem, we would expect that fusing GFP 
to a native Tat substrate of B. subtilis, such as YwbN, would 
result in productive Tat-dependent GFP export provided 
that the fused GFP is folded. 
Analyses of cells producing AmiA-GFP, DmsA-GFP or 
MdoD-GFP by fluorescence microscopy showed that these 
cells contained little or no active GFP. Furthermore, 
Western blotting revealed that some of the produced GFP 
is secreted Tat-independently, possibly via the Sec pathway. 
Such secretion via Sec would suggest slow folding of GFP 
since the Sec pathway is known to translocate only proteins 
in an unfolded state. Notably, Tullman-Ercek et aL [49] 
reported that the signal peptides of AmiA, DmsA and 
MdoD can direct attached proteins, such as GFP, the 
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alkaline phosphatase PhoA and the maltose-binding protein 
MBP to both the Sec and Tat pathways of E. coli. The Tat
specificity of the AmiA and MdoD signal peptides was 
found to be especially low when fused to the alkaline 
phosphatase PhoA, which is a regular Sec substrate [49] . 
However, the Tat-independent export of GFP fused to the 
AmiA and MdoD signal peptides was also substantial 
(about 25-30%), which is consistent with our present 
finding that these hybrid precursors are Tat-independently 
exported in B. subtilis. Furthermore, the export of DmsA
GFP in E. coli, as reported by Tullman-Ercek et aL was only 
to less than 10% Tat-independent, which is in line with our 
present observations that the synthesis of this precursor 
does not lead to detectable levels of Tat-independent 
secretion of GFP. The observed strong Sec avoidance of 
DmsA-GFP is consistent with the presence of two 
positively charged residues in the C-region of the DmsA 
signal peptide (i.e. Arg and His; Fig. 1). Such positively 
charged residues with a possible role in Sec avoidance are 
absent from the AmiA and MdoD signal peptides. 
Interestingly, an increased salinity of the growth medium 
seems to result in a suppression of Sec avoidance, not only 
by the AmiA-GFP, DmsA-GFP and MdoD-GFP 
precursors, but also by authentic Tat-dependently secreted 
proteins such as YwbN. It is at present not clear why this 
happens, but the finding suggests that electrostatic 
interactions and/ or a salt-sensitive factor are involved in 
Sec avoidance. A possible involvement of electrostatic 
interactions in Sec avoidance would be in line with the 
finding that positively charged residues in the C-region of 
the signal peptide facilitate Sec avoidance. However, high 

6% NaCL 

Figure 8: Fluorescence microscopic analysis of GFP production by cells grown in LB medium with 1% or 6% NaCl. Cells of 8. subtilis 
168 (pGFP) producing 'unfused' GFP were grown in LB medium with 1% or 6% NaCl till an 0D600 of 1.0. The strains were then 
induced with subtilin by the addition of spent medium from 8. subtilis ATCC6633 (1% v/v) and grown for 2 additional hours. After 
this time period cells were spotted onto M9 agarose slides with 1% or 6% NaCl and analyzed by fluorescence microscopy. 

74 



salinity of the growth medium might also slow down the 
folding of precursor proteins, for example through changes 
in the cytoplasmic concentrations of compatible solutes, 
which would then make these proteins more attractive for 
the Sec translocase [11 ,  20, 50],. One additional Sec
avoidance determinant seems to be the TatAyCy 
translocase itself, since the absence of this translocase 
resulted in increased levels of GFP secretion under high 
salinity growth conditions. It thus seems that TatAyCy can 
be directly involved in Sec avoidance, possibly by targeting 
unfolded GFP precursors for degradation, or by redirecting 
them into the cytoplasm where they fold into a Sec 
incompatible state. Notably, in B. s11btilis an increased 
TatAdCd-dependent secretion in the absence of TatAyCy 
has previously been shown for the phosphodiestase PhoD 
[23]. This supports the view that interactions of certain 
precursor proteins with TatAyCy may lead to the rejection 
of these precursors for translocation via Tat in B. s11btilis. 

In conclusion, the present results indicate that as 
yet unidentified control mechanisms reject the AmiA-GFP, 
DmsA-GFP and MdoD-GFP fusion proteins for 
translocation by the B. s11btilis Tat machinery and, at the 
same time, set limits to their Sec-dependent secretion. At 
least the Sec avoidance of all three hybrid GFP precursors 
seems to be overruled when cells are grown in LB medium 
with 6% NaCl. Further studies to characterize this 
phenomenon should involve the systematic mutagenesis of 
the C-regions of the AmiA, DmsA MdoD and YwbN 
signal peptides. In addition, at least under these high 
salinity growth conditions, the TatAyCy translocase seems 
to be a determinant in Sec avoidance, probably due to 
preferential signal peptide recognition. Most likely, the 
identification and subsequent elimination or modulation of 
the control systems that limit GFP secretion will be key to 
unlocking the B. s11btilis Tat pathway for the production of 
heterologous proteins. 
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Chapter 7 

Adaptation of Bacillus subtilis to low humidity requires a 
Sigma 8-dependent general stress response 

Xiao-Mei Yang1,2t, Marcus C. de Goffau1t, Emma L. Denham1,3, Sjouke Piersma1, 
Haike Antelmann4, Michael Hecker4, Hermie J .  M .  Harmsen1 and Jan Maarten van 
Dij l1* 

trhese authors contributed equal ly to this work 

Abstract 
The Gram-positive soil bacterium Bacillus subtilis displays massive morphological changes in 
response to reduced water availabil ity as it becomes filamentous, shorter, curved and eventual ly 
almost coccoid at decreasing relative humidity (RH) values. In the present studies it was shown that 
these changes are completely reversible in the presence of water as rod-like cells grew out of 
coccoid cells in a germination-like process. Alterations in the cell wal l  were subsequently confirmed 
using transmission electron microscopy. To obtain a better understanding of underlying adaptive 
mechanisms, a proteomics analysis was performed. Intriguingly, cells grown at 100% RH contained 
many fragments of large proteins, which were absent from water-l imited cells. This suggests that 
proteolytic cleavage of these proteins is reduced in the latter cel ls. Furthermore, the proteomic 
signatures of water-limited cells indicated a strong Sigma B (a8)-dependent general  stress response. 
This response is essential for the survival of 8. subtilis cells under conditions of l imited water 
availabil ity since deletion mutants lacking the sigB gene, or the a8-regulated gene encoding the 
catalase KatE were unable to adapt to low RH values. Taken together, our findings suggest that B. 
subtilis needs to protect itself against oxidative stress under water-l imited growth conditions. 

Abbreviations: aw, water activity; RH, relative humidity; a8
, sigma factor B; Sp, spectinomycin 



Introduction 
Desiccation is one of the most critical environmental 
hazards that organisms need to deal with in terrestrial 
environments and, as such, it has played a major role in the 
evolution of prokaryotes [1]. The Gram-positive bacterium 
Bacillus subtilis is often found in the upper soil layer, where 
the organism is exposed to a wide variety of environmental 
insults, including at times a severely limited water 
availability. To describe the relationship between the 
available water content and bacterial growth, W J. Scott 
first established the term water activity (a,.,) in 1953 [2]. 
Since then, this term has been widely applied, especially in 
the food industry in relation to the prevention of spoilage 

by microorganisms. The effects of water limitation on 
bacterial growth have traditionally been investigated by 
adding variable amounts of solute to either nutrient broths 
or agar plates. Apart from causing a reduction in growth 
rate, water limitation is also known to influence colony 
color and/ or texture. On a microscopic scale, we have 
recently reported various morphological changes of bacteria 
in response to reduced water availability in a relative 
humidity gradient system [3]. Using a selection of eight 
saturated salt solutions, a relative humidity (RH) gradient 
can be created beneath the agar-coated lid of a 96-well 
plate. This translates into an a,., gradient within the agar
coated lid since the a,., of the agar will be equal to RH/100 
under equilibrium conditions. With decreasing a,., values, it 
was observed that B. subtilis becomes filamentous at first, 
but then also shorter, curved, and thicker, eventually 
transforming into an almost coccoid state before finally 
starting to sporulate at high frequency [3]. This RH gradient 
system is comparable to traditional aqueous systems with 
the additional advantage of not having any direct solute
specific effects on the growth of bacteria, because the 
bacteria remain physically separated from the salt solutions 
used to establish the RH gradient [3,4]. Moreover, this 
system allows monitoring the growth and survival of 
bacteria at surface-air interfaces under varying conditions of 
water availability, which is highly relevant from both 
ecological and health care perspectives [5,6]. 

The changes in cell morphology of B. subtilis 
grown at low a,., values have been interpreted as 

Table 1. Bacterial strains 

Strain 

B. subtilis 

168 

BSM 29 

80 

Relevant genotype 

trpC2 

trpC2, sig8A2: :Sp, SpR 

physiological adaptations that protect this bacterium against 
the stress of low water availability. It is known that B. 
subtilis has several sophisticated mechanisms to sense and 
adapt to environmental changes and insults, using highly 
integrated regulatory networks [7,8]. Thus, the expression 
of many genes of this organism is dependent on the 
recognition of their promoters by alternative sigma factor 
subunits of the RNA polymerase [9]. The alternative sigma 
factor a8 is activated when B. subtilis enters the stationary 
growth phase upon starvation for glucose, phosphate or 
oxygen via the energy stress pathway [10]. However, 
environmental insults, such as heat, salt, acid and ethanol 
stress can also induce a8-dependent gene expression [8, 11-
17]. This would suggest that a8 might also have a role in 
modulating cellular responses for growth and survival at 
low a,., values, but this had so far not been investigated. 

The first goal of the present studies was to 
determine whether the morphological transition of B. 
subtilis cells from the rod to the coccoid state is completely 
reversible, or whether this transition results in a non
culturable state. Secondly, a proteomics analysis was 
performed to elucidate the poorly understood molecular 
mechanisms of cellular adaptation to water deprivation. 
Altogether, our findings show that the observed changes in 
the B. subtilis cells upon water deprivation are fully 
reversible and that this organism needs the a8-dependent 
stress response to survive on the edge of desiccation. 

Materials and Methods 

Bacterial strains, media, and chemicals 
All bacterial strains used in this study are listed in Table 1. 
Bacteria were grown overnight in Lysogeny Broth (LB, 
Oxoid, England) at 37°C before being used as an inoculant. 
24- and 96-wells plates from Corning Incorporated were 
used for creating a,., gradients in LB agar as previously 
described [3], sometimes in combination with 76 mm x 26 
mm microscope slides from Menzel Glazer. All salts used 
to create the a,., gradients were of laboratory grade 
(Supplementary Table S1). 

Reference 

[37] 

[12] 



MAYl 

MAY2 

gsiB-gfp 

ydaP-gfp 

trpC2, katA::Sp, SpR 

trpC2, katE::Sp, SpR 

trpC2, PgsiB-gfp, SpR 

trpC2, PydaP-gfp, SpR 

Analysis of bacterial growth on aw gradients 
A., gradients were created in LB agar that had been poured 
into the lid of 24- or 96-wells plates. To this end, the LB 
agar-coated lid was placed on top of saturated salt solutions 
in such a way that the salt solutions remained physically 
separated from the agar medium by air [3]. Once the a., 
gradient in the LB agar was established, 2 ml of overnight 
grown bacteria were used for inoculation with the help of 
an aerosol pump. The a., gradients were subsequently 
incubated for 5 days at 29°C or 32°C. After 5 days of 
incubation the lid of the 24- or 96-wells plate was removed 
again and, if applicable, the microscope slides inside the lid 
were cut out of the LB agar. These microscope slides were 
then directly inspected using fluorescence or phase contrast 
microscopy. Images were recorded using a digital camera 
(SPOT Diagnostic Instruments, Puchheim, Germany) 
coupled to an Olympus-BH2 fluorescence microscope 
(Zoeterwoude, the Netherlands). LB agar-coated lids 
without glass slides were photographed using a G:box 
(Syngene, Leusden, the Netherlands). 

Time-lapse microscopy 
Time-lapse microscopy was performed essentially as 
described by Botella et al. [18]. Briefly, B. s11btilis cells grown 
on LB agar at a., 0.926 RH were used to inoculate a gene 
frame with LB agar. Growth of cells at 37 °C was 
monitored for 17 h and phase contrast images were 
recorded every 10 min. 

Electron microscopy 
B. s11btilis 168 was grown as described in 2.2. For the 
transmission electron microscopy (IEM) experiments, glass 
slides were excised from the LB agar after the incubation 
period, and the cells on these slides were fixed with 2% 
glutaraldehyde in a 0.1 M Cacodylate buffer (pH 7.4). After 
fixation, the glass slides were removed leaving just the LB 
agar layer for further treatment. Post-fixation of the 
samples was performed with 1 % osmium tetroxide and 
1.5% potassium ferrocyanide in a 0.1 M Sodium Cacodylate 
buffer (pH 7.4). The resulting samples were washed 4 times 
in Milli-Q and then dehydrated using an ascending series of 
ethyl-ethanol. After dehydration, sub-samples 
corresponding to various positions within the a., gradient 
were cut out of the LB agar layer. These sub-samples were 

This study 

This study 

This study 

This study 

then routinely embedded in Epon 812. Ultrathin sections 
were cut on a microtome and placed on copper grids. 
Images recorded with a Philips CM100 (FEI, Eindhoven, 
the Netherlands) electron microscope operated at 80 kV 
were digitized. For the scanning electron microscopy 
(SEM) experiments, glass slides were cut out after the 
incubation period and the cells on these slides were fixed 
with glutaraldehyde followed by osmium tetroxide, 
dehydrated in a graded series of acetone, and critical-point 
dried with liquid CO2• The cells were coated and examined 
in a Cambridge model 240 SEM operating at 15 kV. 

Proteomics analyses and mass spectrometry 
B. s11btilis 168 cells were cultured at a., 1 or 0.926 on top of 
an LB agar-coated lid on which a dialysis membrane had 
been deposited. Importantly, the dialysis membrane does 
not interfere with the uptake of nutrients from the LB agar 
by the B. s11btilis cells and it facilitates the collection of cells 
at the end of the experiment as it would be difficult 
otherwise to separate the cells from the agar. Also in this 
setting the cells remained physically separated from the 
saturated salt solution that was used to set the a.,at 0.926 or 
from the water that was used to set the a., at 1. Samples 
were collected after an incubation period of 1 day for the a., 
1 samples and 5 days for a., 0.926 samples after which the 
cell densities on the plates were comparable. Cells were 
collected by pipetting killing buffer (10 mM Tris, 1 mM 
EDTA, 1 mM PMSF, 2 mM NaN3) on top of the dialysis 
membrane and subsequently scraping them off the 
membrane. Bacteria were then disrupted by sonication and, 
after the removal of cell debris by centrifugation (20000 g 
for 30 min at 4°C), the protein concentration of the crude 
protein extracts was determined according to the method 
of Bradford. Two-dimensional poly-acrylamide gel 
electrophoresis (2-D PAGE) and quantitative image 
analysis using the Decodon Delta-2D software were 
performed as described previously [19]. The results of spot 
volume quantifications and subsequent calculation of up
or down-regulation of particular proteins are summarized 
in Supplementary Table S2. Spot cutting, tryptic digestion 
of the proteins and spotting of the resulting peptides onto 
the MALDI-targets (Voyager DE-STR, PerSeptive 
Biosystems) were performed using the Ettan Spot Handling 
Workstation (Amersham-Biosciences, Uppsala, Sweden). 
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The MALDI-TOF-TOF measurement of spotted peptide 
solutions was carried out on a Proteome-Analyzer 4800 
(Applied Biosystems, Foster City, CA, USA) as described 
previously [20]. Detailed MS data for the identified proteins 
using the Mascot search software are provided in 
Supplementary Table S3 including the number of identified 
peptides, peptide coverages and protein scores. Each 
experiment was performed at least three times. 

Construction of promoter-GFP fusions in B. subtilis 
The promoter regions of ydaP (primers ydaP Fwd 5'-
CCGCGGGCTITCCCAGCgtgatcgtattgaacgaaagtc and 
ydaP Rev S'-
GTICCTCCTTCCCACCccttttttcaataccacaggag) and g.riB 
(primers gsiB Fwd S'
CCGCGGGCTITCCCAGCctgatgttgtcggcaaaagatcgattttg 
and gsiB Rev S'
GTICCTCCTTCCCACCattggtgttggttgttttcccgctc) were 
amplified by PCR Bases in capital letters define regions for 

ligation-independent cloning (LIC). PCR products were 
purified and cloned by LIC into the BaSysBioII plasmid as 
described by Botella et al [18] to create the PydaP-GFP and 
Pg.riB-GFP fusions. B. subtilis cells were transformed with 
the resulting plasmids, and transformants were selected 
with spectinomycin (Sp). 

Construction of catalase mutants 
To delete the katA gene of B. subtilis, DNA fragments of 
-1 kb corresponding to the upstream region of katA 
(positions -1000 to -1 relative to the katA start codon) and 
the downstream region of katA (positions +1443 to 2451) 
were PCR-amplified with the primer pairs katA-D1 and 
katA-D2 (5'-CATTICCTAAATAAACAGATTCAT and 
S'-CGAAAATCGCCATIC 
GCCAGACCTCTIGGAATTIATAAGAACAT, 
respectively), and katA-D3 and katA-D4 (5'
AACCCTIGCATAGGGGGATCGATTAAAAAAGATT 
CTTAATGGAG and 5'-

Figure 1. Time-lapse microscopy of 8. subtilis 168. Cells were initially grown at aw 0.926 Dw and then transferred to an Dw > 0.99 
environment under the microscope. The images shown were recorded at 30 min intervals. 

82 



ATITGAACAGCTGACTGTAATC, respectively). A Sp 
resistance gene was PCR-amplified with primers spl- (5'
CT GGCGAATGGCGATTITCG) and sp2 (5'
GATCCCCCTATGCAAGG GTI) from pGDL1726, 
using the high-fidelity Pwo polymerase (Roche). Equal 
amounts of PCR products of the up- and down-stream 
regions of katA and the Sp resistance gene were used for a 
fusion PCR, which generated a 2689 bp DNA fragment. 
Transformation of B. subtilis 168 with this fragment resulted 
in the deletion of the katA gene through homologous 
recombination. A katE mutant was constructed by the 
same procedure using the primer pairs katE-D1 and katE
D2 (5'- CATITGGATAGTTAACCATCAA and 5'
CGAAAATCGCCATTCGCCAGGTCTGCTCCCCCTIT 
TTAAAA), and katE-D3 and katE-D4 (5'
AACCCTTGCATAGGGGGATCTGATCGGCTCCTGT 
ATCTTTAAG and 
AACAGCACATCGTGTTTTTTGA1). 

5'-

Fig. 2. Transmission electron micrographs of B. subtilis strain 168 grown at aw 1 (left) or aw 0.926 (right). The white bar indicates 
O.Sµm. 
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Figure 3. The proteomes of 8. subtilis cells grown at aw 1 or aw 0.93. Proteins of 8. subti/is cells grown at aw 1 or aw 0.93 were 
separated on 2-D gels by using immobilized pH gradient strips with a linear pH range of 3-10. Separated proteins were stained with 
Sypro Ruby. The presented picture was obtained by dual channel imaging of two representative warped images. The names of 
proteins identified by MALDI-TOF mass spectrometry are indicated. Green protein spots are predominantly present in the image 
of proteins of B. subtilis 168 cells grown at aw 1; red protein spots are predominantly present in the image of proteins of 8. subtilis 
168 grown at aw 0.93; and yellow protein spots are present at similar amounts in both images. 

Results and Discussion 

Real-time phase contrast microscopy shows that 
morphological changes due to growth at low aw are 
fully reversible 
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To investigate whether the morphological transformation 
from a rod- into a coccoid shape is fully reversible, B. 
subtilis cells were grown in a 96-wells plate a., gradient as 
previously described (Fig. S1; [3]). Coccoid cells were 
harvested from a gradient position with a a., value of 0.926, 



and these cells were subsequently used to inoculate a 
microscope slide with LB (a., > 0.99) for time-lapse 
microscopy. After a short lag phase, rod-shaped cells 
emerged from the coccoid cells (Fig. 1), which were 
morphologically indistinguishable from cells growing at 
high a., levels (Fig. S1). Interestingly, the transition from the 
coccoid- to the rod-like shape involved a process that is 
reminiscent of spore germination, as the rod-like cells grew 
out of the coccoid cells, apparently leaving the 'old' cell wall 
behind (Fig. 1, supplementary movie S1). Careful analysis 
of the time-lapse microscopy data suggests that the old 
walls of cells grown at low a., were shed as new cell walls 
were formed, which apparently have a more suitable 
composition for growing at high a., values. The real-time 
microscopy data thus show that the changes in 
morphology, which occur when B. subtilis is grown at sub
optimal a., values, are fully reversible and that they have no 
bearing on cell culturability. The phenotypic changes are 
thus the result of adaptations that will most likely 
contribute to the growth and survival of B. subtili.r in water
limited environments. Transmission EM experiments 
performed with B. subtilis cells grown in a a., gradient 
further indicated that the cell walls are changed when cells 
are grown at low a.,, Specifically, cells grown at a., 0.93 
displayed thickened cell walls and irregularly formed septa 
(Fig. 2), which could reflect an altered cell wall 
composition. 

Proteomics analysis of B. subtilis cells grown at low a.,. 
To obtain insights into the physiological adaptations of B. 

subtilis in response to reduced water availability, a 
proteomics analysis was performed on B. subtili.r cells that 
were grown either at a., 1 or at a., 0.93. Total soluble protein 
extracts of these cells were used for 2-D PAGE. A false
color overlay of two representative 2-D gels is shown in 
Figure 3, and detailed information on the proteins that 
were found to be present in significantly different amounts 
is presented in Table S2. Interestingly, more than one third 
of all proteins that are induced in the proteome in response 
to low RH values are represented by cr8-dependent general 
stress proteins including proteins that maintain the 
intracellular osmotic value and proteins that protect cells 
non-specifically against oxidative stress (e.g. the catalase 
KatE, the non-specific DNA protecting protein Dps, and 
the hydroperoxide resistance protein OhrB). In addition to 

OhrB, the expression of the paralogous OhrA 
peroxiredoxin that is controlled by the one-Cys-type redox
sensing MarR/OhrR-family repressor [21] is upregulated 
upon water stress. OhrA and OhrB are involved in the 
reduction of organic hydroperoxides that can be generated 
as a consequence of lipid peroxidation provoked by 
reactive oxygen species (ROS). This clearly indicates that 
the cells grown at a., 0.93 were subject to an oxidative stress 
to which they responded. Nevertheless, we did not detect a 
clear induction of the PerR-dependent oxidative stress 
response as the levels of KatA, AhpCF and MrgA were 
largely comparable in cells grown at a., 1 or at a., 0.93 (Fig. 
3; data not shown). 
Interestingly, we noted that the proteome of cells grown at 
a., 1 includes many protein fragments of large proteins that 
are proteolytically degraded. This involved mostly abundant 
vegetative proteins, such as AcoC, AtpA, AtpD, CitB, CitZ, 
DhaS, FtsH, GlnA, GlyA, led, InfB, Mdh, OdhA, OdhB, 
OppA, OppD, RocA, RpoB, RpoC, RpsB, SucC, SucD, 
YcgN, YjlD, and YwjH (Fig. 3; proteins marked with F in 
Tables 2 and S2). Consistent with their observed 
proteolysis in cells grown at a., 1, the respective full-size 
proteins are present at relatively higher levels in the cells 
grown at a., 0.93. Together, these findings suggest that 
proteolysis takes place at a reduced level in environments 
where water is limiting, which would make sense in view of 
the fact that water is required in the hydrolysis of peptide 
bonds. 
The crB-dependent catalase KatE is required for growth at 
low aw 
The expression of many proteins present at different 
amounts in cells grown at low a., was apparently controlled 
by the general stress response sigma factor cr8 (Tables 2 and 
S2). Therefore, the importance of cr8 in the cellular 
response to low water availability was also tested directly. 
To this end, a sigB deletion mutant (BSM29) was grown in 
various a., gradients. The results showed that the sigB 
mutant was unable to grow and survive at low a., values. 
Specifically, this mutant was barely capable of growth 
above a saturated salt solution of KH2PO4 at 29°C (a., 
0.94), but it did not grow at all under these conditions 
when the temperature was raised to 32°C (a., 0.933). In 
contrast, the parental strain 168 was capable of growing at 
a., values slightly below 0.92 (Fig. 4A). 
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To verify the conclusion derived from the proteomics data 
that B. subtilis near its a., growth limit is subject to oxidative 
stress, we constructed mutant strains lacking the paralogous 
katA and katE catalase genes and assessed their growth at 
low a.,. The results show that the katE mutant was severely 
affected in its ability to grow at a., values below 0.93, while 
the ability of the katA mutant to grow at low a., was 
comparable to that of the parental strain 168 (Fig. 4B). This 
observation is consistent with the proteomics data as the 
cr8-regulated enzyme KatE was very strongly (12.4-fold) 
upregulated near the a., growth limit of B. subtilis, while 
KatA was only slightly upregulated (1.6-fold). KatE was 
previously shown to protect cells against stationary phase
induced oxidative stress [13]. Thus, our present findings 

imply that B. subtilis suffers from non-specific oxidative 
stress under conditions of water limitation and that the cr8-

dependent catalase KatE confers protection against ROS 
produced under these conditions. 
Interpretation of the proteomics data related to 

oxidative stress 

Previous research has shown that oxidative stress induces a 
metabolic adaptation that favors increased NADPH 
synthesis and decreased NADH synthesis [22]. This seems 
to have two advantages. First, the produced NADPH will 
serve in maintaining a reducing environment that enables 
cells to eliminate the ROS generated as a consequence of 
oxidative phosphorylation. Secondly, decreased levels of 
NADH might facilitate the shift from complex I to 

RH (%)  

9 1 .7 

1 68 �sigB 1 68 

complex II in the electron transport chain, thereby 
minimizing the generation of ROS [23,24]. Many cr8-

controlled proteins that are involved in the synthesis of 
NADPH or NADH were indeed found to be up- or 
downregulated, respectively (Table 2, group 3c). Proteins 
from the pentose phosphate pathway, which is known for 
its importance in the synthesis of NADPH, are also 
represented in this group. Examples include Zwf, YcdF, 
YhdF, YxbG and YvcT (4.4-, 6.6-, 8.2-, 3.5- and 3.0-fold 
upregulated, respectively). Transcription of the cr8-

dependent putative oxidoreductase Y daP, a flavoprotein 
which catalyzes the conversion of pyruvate, inorganic 
phosphate and oxygen into acetyl-phosphate, CO2 and 
hydrogen peroxide, [25] was strongly upregulated when 
cells were growing at decreasing a., values as was shown 
with a ydaP promoter gjp fusion (Fig. 5). This finding is 
consistent with the 1 1-fold increase of YdaP in cells grown 
at a., 0.93 (Table 2). Although one of the products of Y daP 
is hydrogen peroxide, it is known that pyruvate oxidase 
actually decreases oxidative stress in non-growing E. coli as 
it functions as a shunt to divert the metabolic flux from 
pyruvate dehydrogenase in order to decrease the 
production of NADH and, accordingly, the generation of 
ROS by the respiratory chain [25]. This metabolic change is 
possibly reflected by the very low growth rate of B. subtilis 
at a., 0.93. 

J.katE �katA �ydaP 

Figure 4. Aw growth l imits of B. subtilis cells. (A) B. subtilis 168 and llsigB cells were inoculated on a 6-well Ow gradient using KH2P04 
and KNQ3 to set the aw gradient. An image of the inoculated gradient was recorded after incubation for 5 days at 32oC. (B) B. subtilis 
168 and MotE, t:,,kotA or {j,ydoP mutant cells were inoculated on a 24-well RH-gradient using K2S04, KH2P04, KNQ3 and KNaTartrate to 
set the Ow gradient. An image of the inoculated gradient was recorded after incubation for 5 days at 32°C. Only the KH2P04 and the 
KNQ3 wells are shown. 
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Table 2. Differences in the levels of proteins involved in determining cell wal l  composition, 
regulating intracel lular osmotic values, and responses to oxidative stress in cells grown at aw 0.93 or 
aw 1 

Gene 

DapA 

GtaB8 

Pgm 

RocAF 

AspB 

GsiB8 

YtxH8 

GtaB8 

Pgm 

OhrB8• F 

KatE8 

YdbD8 

YkcA 

OhrAF 

KatA 

YusJ 

SdhA 

YjlDF 

YcdF8 

YhdF8 

YdaD 

Zwf 

Yxbg 

Ratio aw 0.93/ aw 1 

Group 1 

4.7 

2.7 

4.3 

Group 2 

20.1 

4.2 

5.0 

1.9 

2.7 

4.3 

Group 3a 

17.8 

12.4 

6.2 

3.5 

3.3 

1.6 

Group 3b 

55.8 

2.6 

10.7 

Group 3c 

6.6 

8.2 

6.4 

4.4 

3.8 

Function/similarity 

Cell wall composition1 

Dihydrodipicolinate synthase 

UDP-glucose pyrophosphorylase 

Phosphoglucomutase 

Compatible solutes & plant dessication protein2 homologs3 

1-pyrroli ne-5-ca rboxylate dehyd rogenase 

Aspartate aminotransferase 

Homologue of a late embryogeneis abundant (LEA) protein 

Homologue of a late embryogeneis abundant (LEA) protein 

UDP-glucose pyrophosphorylase 

Phosphogl u com utase 

Catalases & hydroperoxide resistance proteins3 

Hydroperoxide-resistance protein; conversion of 
hydroperoxides into alcohols and water 

Catalase 2, conversion of hydrogenperoxide to water 

Unknown, similar to manganese-containing catalase 

hydroquinone-specific dioxygenase 

Hydroperoxide-resistance protein; conversion of 
hydroperoxides into alcohols and water 
Cata lase 1, conversion of hydrogenperoxide to water and 
molecular oxygen 

Upregulation FADH2 production3 

Acyl-CoA dehydrogenase 

Succinate dehydrogenase 

NADH dehydrogenase, respiration (Menaquinone) 

Up/Down regulation of NADPH/NADH3 

Glucose 1-dehydrogenase 

Short chain dehydrogenase, with similarities to YcdF 

Short chain dehydrogenase, similar to alcohol dehydrogenase 

Glucose-6-phosphate 1-dehydrogenase 

YcdF paralogue (glucose-1-dehydrogenase) 
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YoxD 4.2 

YvcT 3.0 

YqkF 3.0 

PycA 9.4 

YwkA 7.1 

Fabl -18.2 

YdW -10.4 

DhaSF -6.4 

Group 3d 

Dps8 3.3 

Hutl -5. 1  

Hutu -3.6 

HutG -2.8 

M iscel laneous 

YdaP8 11.0 

AcsA 6.9 

PfkA 10.6 

GsaB 9.8 

1 Cel l  wal l  composition 
2 Compatible solutes 
3 Oxidative stress response 
8 cr8-regulated genes 

Putative oxidoreductase 

Putative 2-ketogluconate reductase 

Aldo/keto reductase 

Pyruvate carboxlyase 

Malate dehydrogenase 

Enoyl-Acyl carrier protein reductase I l l  

Acetoin reductase/2,3-butanediol dehydrogenase 

Aldehyde dehydrogenase 

Indirect inhibition of Fenton-like reactions3 

General stress protein 20M, strong iron chelator 

lmidazolonepropionase 

Urocanate hydratase 

Formimidoylglutamase 

Other interesting proteins 

Pyruvate oxidase 

Acetyl-coenzyme A synthase 

Phosphofructokinase 

Glutamate-1-semialdehyde aminotransferase 

Other cr8-controlled stress proteins that may serve to 
minimize oxidative stress upon growth at low a., are 
involved in the indirect inhibition of Fenton-like reactions 
(Table 2, group 3d). Frederickson et al. [26] reported 
previously that desiccation resistant bacteria contained 
higher intracellular levels of manganese and lower iron 
concentrations than less desiccation resistant bacteria. This 
observation would serve to minimize Fenton reactions. As 
the manganese-containing catalase Y dbD was upregulated 
at low a., it is conceivable that B. subtilis might have an 
increased intracellular manganese level when growing at 
low a., values. Furthermore, several proteins in the histidine 
utilization pathway (HutG, HutU and Hutl) are 
downregulated at low a.,. Histidine is a well-known chelator 
of iron and copper, which are both renowned catalysts of 
Fenton reactions. Increased intracellular concentrations of 
histidine might lead to lower intracellular concentrations of 
free iron, which would in turn minimize the occurrence of 

Fenton reactions [27]. The upregulation of the DNA 
protecting protein Dps (3.3-fold upregulated) also affects 
the amount of free iron as catalyst for the Fenton reaction, 
as Dps is a strong chelator of iron which is sequestered in 
large Dps complexes [28]. 

Overall, the high level of oxidative stress at low 
a., can probably be attributed also to an imbalance between 
anabolism and catabolism. The amounts of damaged 
(oxidized) proteins and lipid peroxidation products as 
indicated by the expression of the OhrA and OhrB 
peroxidases will increase during growth at low a., due to the 
fact that the anabolic rate of slowly growing cells is much 
reduced, while their catabolic rate and especially their 
respiratory activity does not seem to drop under these 
conditions. Thus, the ability to dilute oxidized cellular 
components by sufficient levels of their de no110 synthesis 
and by cell division is severely hampered by the slow 
growth at low a.,. A possible reason why the respiratory 
activity does not seem to drop under these conditions, 
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while it is a common strategy in e.g. non-growing cells to 
switch from an aerobic to a fermentative metabolism (29], 
is that when bacteria are grown near their a., growth limit 
they need to metabolically generate their own water via 
respiration as they can no longer obtain it from their 
environment [5]. 
Notably, the increased levels of oxidative stress might also 
relate to an increased cellular concentration of organic 
compounds that can be oxidized, which is due to the fact 
that the cells will increase their internal a., values by taking 
up compatible solutes or by generating them metabolically 
(fable 2, group 2). While this will allow the cells to grow in 
low a., environments, it will also make them more 
vulnerable to self-inflicted oxidative damage. 

Interpretation of proteomics data related to cell wall 
composition 
From the group of proteins involved with changes in 
morphology or an altered cell wall composition (fable 2, 
group 1), the dihydrodipicolinate synthase DapA was 4.7-
fold upregulated in cells grown at a., 0.93, This protein is 

1 00% RH 

97% RH 

94% RH 

Phase contrast image 

involved in the biosynthesis of diarninopimelate. Escherichia 
coli mutants of dapA fail to make cell walls and lyse readily 
(30]. The ionic form of diarninopimelate, diaminopimelic 
acid, is a component of the peptidoglycan of bacterial cell 
walls. Furthermore, the UDP-glucose pyrophosphorylase 
GtaB (2.7-fold upregulated) and the phosphoglucomutase 
Pgm (4.3-fold upregulated) may have a role in the altered 
morphology of cells grown at low a.,. GtaB is essential for 
the production of glucosylated glycerol teichoic acid, 
galactosarnine-containing teichoic acid and teichuronic acid. 
Importantly, B. .r11bJili.r mutants lacking intact gtaB or pgm 
genes have a coccoid shape (31 ], similar to the shape that 
was observed for wild-type B. .r11bJili.r cells growing near 
their a., growth limit. 

Interpretation of the proteomics data related to the 
accumulation of compatible solutes 
B. .r11bJili.r responds to reduced water availability by 
increasing its internal osmotic potential. The a8-regulated 
UDP-glucose pyrophosphorylase GtaB was 2.7-fold 
upregulated upon low a., values. GtaB might have a 

Fluorescent image 

Rgure 5 .  Activity o f  the ydaP promoter in B .  subti/is 168 cells growing on an aw gradient using a ydaP promoter-GFP fusion. Phase 
contrast and fluorescent ima11:es of cells 11:rown at aw 1.0. 0.97 or 0.94 are shown. 
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possible function in facilitating growth at low a., levels, 
since its product D-glucose 6-phosphate is the direct 
precursor for trehalose, an important compatible solute. 
Trehalose is thought to protect biological membranes 
against desiccation, and the dry weight of organisms 
capable of surviving complete desiccation consists for as 
much as 20% of trehalose [32]. Furthermore, the aB
dependent general stress proteins GsiB (5.0-fold 
upregulated) and Yt:xH (1.9-fold upregulated) have strong 
similarities with Late Embryogenesis Abundant (LEA) 
proteins [33,34], which are thought to protect cellular 
components against desiccation-induced damage in plant 
seeds. LEA proteins are very hydrophilic proteins with 
multiple extremely hydrophilic motifs of 20 amino acids. 
Increased concentrations of GsiB and Yt:xH are thus likely 
to serve for increasing the internal osmotic potential of 
cells growing at low a.,. The GsiB protein is also known to 
be involved in adaptive responses to glucose starvation, 
heat shock, salt stress and oxidative stress [17]. Using a 
reporter strain with a gsiB promoter !!IP fusion, we 
confirmed that the gsiB promoter activity was upregulated 
when cells were growing at reduced a., levels, which is 
consistent with the proteomics data (Fig. S2). 

Concluding remarks 

B. subtilis shows a whole array of morphological and 
physiological adaptations to survive and thrive within 
habitats where it experiences transient desiccation. These 
adaptations are so extreme that, when comparing the 
morphology and proteome of B. subtilis cells grown near 
their a., growth limit with the morphology and proteome of 
cells grown at an a., value close to 1, one might almost get 
the impression of comparing two completely different 
bacterial species. Yet, these adaptations can be rapidly 
reversed when sufficient amounts of water become 
available. These observations make the elucidation of the 
responses of B. subtilis to growth near its a., growth limit a 
very interesting scientific challenge. Knowledge about the 
altered metabolic pathways in cells growing at low a., values 
could potentially be utilized in novel biotechnological 
applications of B. subtilis. Streptomyces coelicolor was for 
example found to produce up to six times more antibiotics 
when its production of NADPH was increased [35]. Studies 
on the adaptive responses of B. subtilis to limited water 
availability can also be used to increase our understanding 
of similar responses in pathogenic bacteria that thrive and 
survive in water-limited environments, such as the human 
skin. This view is underscored by studies with the 
opportunistic human pathogen Stapf?ylococcus aureus, in 
which it was shown that the catalase KatA is very 
important for desiccation resistance (data not shown). Like 
the B. subtilis katE gene, the S. aureus katA gene is known to 
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be aB-regulated, which suggests that an adequate aB
dependent stress response is also important for desiccation 
resistance of S. aureus [36]. Taken together, our present 
studies have revealed a critical need for the aB regulon to 
combat oxidative stress in B. subtilis cells growing at the 
edge of desiccation. 
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Figure S1. Scanning electron micrographs of B. subti/is 168 grown in an ow gradient. The pictures show a gradual change in 
morphology as 8. subti/is approaches its aw growth limit (A-D). The Ow gradient used in this experiment is depicted at the bottom 
of the figure. The black arrows indicate the position in the ow gradient where each picture was taken (A-D). The white bars indicate 
10 µm in A and B, and 1 µm in C and D. 
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Figure 52. Activity of the gsiB promoter in 8. subtilis 168 cells growing on an aw gradient using a gsiB promoter-GFP fusion. Phase 
contrast and fluorescent images of cells grown at aw 1.0, 0.97 or 0.94 are shown. Fluorescence intensities are relatively faint but a 
gradual increase is observed as the aw decreases. 

Suppl ementarv a e T bl S1 S aturate d al s t so utlons an d th '  eir correspon 1g v ues din RI-I al 

Saturated salt solutions Relative humiditv at 29 °C Relative humiditv at 32 °C Reference 
H20 100 % 100 % 
K2S04 97.1 % ± 0.5% 96.9 % ± 0.5% f381 
KH2P04 94.0 % ± 1.0% 93.3 % ± 1 .0% f391 
NH�2P03 92.9 % ± 0.5% - f401 
KN03 92.6 % ± 0.5% 91.7 % ± 0.5% f381 
KNaTartrate 87.0 % ± 1 .0% 86.6 % ± 1 .0% f391 
KCl 84.1 % ± 0.5% 83.3 % ± 0.5% f381 
NH�2S04 80.7 % ± 0.5% 80.5 % ± 0.5% f381 
NaCl 75.1 % ± 0.5% 75.0 % ± 0.5% f381 
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Supplementary Table S2. Differences in protein levels from cells grown at aw 0.93 or aw 1 
All proteins with altered relative abundance in cells grown at a,., 0.93 or a,., 1 are listed in alphabetical order. 
Several proteins were found to be degraded at a,., 1, where smaller fragments of these proteins were detectable. 
These fragments are marked with '-F' and since they are low-abundant or absent in cells grown at a., 0.93 their 
relative abundance in these cells appears to be reduced. Conversely, the respective intact proteins appear to be 
induced in cells grown at grown at a., 0.93. a Proteins induced at a., 0.93 due to a possible 08-dependent stress 
response. b Dehydrogenase, c Proteins associated with the protection against oxidative stress. 

Protein 

AcoC-F 
AcsA 
AspB 
AtoA-F 
AtoD-F 
AtoG 

CcpA 

CitB 
CitB-F 
CitG 
CitZ 
CitZ-Fl 
CitZ-F2 
ClpC a 

CtC a 

DapA 

DhaS-Fl 
DhaS-F2 
Ops a• C 

Fahl 
FtsH-F 
GbsA 

GcvT 

GlnA-F 
GlyA 
GlvA-F 
GlvA-F2 
GlyS 
GsaB 

GsiB a 

GtaB a 

GuaB b 

GudB b 

Hom 

HutG 

Fold difference 
aw 0.93 / aw 1.0 

0.10 
6.90 
4.20 
0.1 5  
0.20 
0.51 

4.15  

1 .28 
0.16  
2.73 
4.92 
0.1 5  
0.08 
3.10 

4.62 

4.74 

0.05 
0.16  
3.26 
0.06 
0.04 
0.48 

3.00 

0.09 
1 .75 
0.01 
0.09 
3.36 
9.76 

5.02 

2.71 

3.35 

2.04 

0.38 

0.36 

Function / similarity 

Dihydrolipoyllysine-residue acetyltransferase 
Acetvl-coenzvme A (CoA) synthetase 
Aspartate transaminase 
ATP synthase subunit ex 
ATP synthase subunit 6 
ATP synthase subunit y 
Transcriptional regulator (Lael family), mediates carbon catabolite 
repression (CCR) 

TCA cycle: Step 2/3: aconitate hydratase: citrate - isocitrate 

Fumarate hydratase class II, (S)-malate - fumarate + H2O. 

TCA cycle: Step 1: acetyl-CoA + H2O + oxaloacetate - citrate + CoA 

A TPase subunit of the ClpC-ClpP protease 

General stress protein, similar to ribosomal protein L25 

Dihydrodipicolinate synthase, involved in cell wall peptidoglycan 
production and amino acid synthesis 

Aldehyde dehydrogenase 

Mini-ferritin, iron storage, DNA protection during oxidative stress 
Enoyl-ACP reductase III 
ATP-dependent metalloprotease, cell-division protein 
Betaine aldehyde dehydrogenase 
Aminomethyltransferase, The glycine cleavage system catalyzes the 
degradation of glycine 
L-glutamine synthetase 

Serine hydroxymethyltransferase 

Glycyl-tRNA svnthetase beta subunit 
(S)-4-amino-5-oxopentanoate - 5-aminolevulinate 
Part of the ABC transporter complex gsiABCD involved in glutathione 
import 
UDP-glucose pyrophosphorvlase 
Inosine 5'-phosphate + NAD+ + H2O - xanthosine 5'-phosphate + 
NADH 
L-glutamate + H2O + NAD+ - 2-oxoglutarate + NH3 + NADH 
Homoserine dehydrogenase (NADPH), biosynthesis of methionine and 
threonine 
Formiminoglutamate hydrolase 
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Hutl 
HutU 
Icd-F 
Icd-F2 
InfB-F 
Ipi 
KatA 
KatE a' C 

Mdh-F 

MetS 

MntA 
NadE • 
Ndk 

NhaX • 

OdhA 
OdhA-Fl 
OdhA-F2 
OdhA-F3 
OdhA-F4 
OdhB 
OdhB-Fl 
OdhB-F2 
OdhB-F3 
OhrA c 

OhrB a• c 

OppA-F 
OppD 
OppD-Fl 
PdhA 
PdhC 
PdhC-Fl 
PdhC-F2 
PfkA 
Pgk-F 
Pe:m 
PlsX 
PpiB 

ProS 

PycA 

PyrG 

RbsA 

RecA 

RibH-F 
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0.20 Imidazolone-5-propionate hvdrolase 
0.27 Urocanase 
0.16  

Jsocitrate dehydrogenase, TCA cycle 
0.13  
0.59 Initiation factor IF-2 
3.47 Intracellular proteinase inhibitor, important during sporulation 
1 .64 Vegetative catalase 
12.39 Catalase 2, detoxification of hydrogen peroxide 
0.42 TCA cycle: Step 10: malate + NAD+ -+ oxaloacetate + NADH + H+ 

3.98 
ATP + L-methionine + tRNA(Met) -+ AMP + diphosphate + L-
methionyl-tRNA(Met) 

0.09 Part of an ATP-driven ABC transport system for maniranese 
1 .57 NH3-dependent NAD+ synthetase 
1 .57 Nucleoside diphosphate kinase 

3.13 
Induction by phosphate starvation, via the alternative sigma factor 
sigma-B 

6.69 
0.16  
0.22 2-Oxoglutarate Dehydrogenase 
0.39 
0.04 
5.04 
0.1 1 

Dihydrolipoamide Transsuccinylase 
0.34 
0.55 
3.25 Oriranic peroxide-resistance protein 
17.81 Oriranic peroxide-resistance protein 
0.21 Oligopeptide ABC transporter (binding protein) 
2.91 

Isocitrate dehydrogenase 
0.17  
1 .51 Pvruvate dehydrogenase (El alpha subunit) 
8.03 
0.04 Part of pyruvate dehydrogenase multienzymecomplex 
0.06 
10.61 6-phosphofructokinase, glucose starvation induced 
0.18 Phosphoglycerate kinase 
4.3 Phosphoglucomutase 

4.17  Acvl-acvl carrier protein (ACP):phosphate acyltransferase 
0.78 Peptidyl-prolyl isomerase 

2.67 
ATP + L-proline + tRNA(Pro) -+ AMP + diphosphate + L-prolyl-
tRNA(Pro) 

9.44 
Pyruvate carboxylase, ATP + pyruvate + HCO3--+ ADP + phosphate + 
oxaloacetate 

9.58 
CTP synthetase, the final step of the pyrimidine nucleotide biosynthetic 
pathway 

0.65 Ribose ABC transporter (ATP-binding protein) 

0.23 
Multifunctional protein involved in homologous 
recombination and DNA repair 

0.47 Riboflavin synthase beta chain 



RocA 

RocA-F 
RocA-F1 
RocA-F2 
RocF 
RooB 
RooB-F 
RpoC-F 
RosB 
RpsB-F1 
RosB-F2 
RosB-F3 
RpsB-F4 
RsbW a 
SdhA b 
SecA 
SerA b 
Ssh 
SucC-F 
SucD-F1 
SucD-F2 
SucD-F3 
TasA 
ThrS 

YbaL 

YcdF a· b 
Yce:N-F1 
Yce:N-F2 
YdaD a• b 

YdaE a 

YdaG a 
YdaP •· b 
YdbD •. C 

YdiL-F 
YfkM • 
Yfl.T a 
ygap C 

YhdF a• b 
YhfK a c 
YibG-F 
YilD b 
YilD-F 
YkcA 
YkrS 
YkrZ-F 
YocB a 
YocK a 

20.12 

0.19  
0.05 
0.47 
0.49 
6.92 
0.05 
0.08 
5.24 
0.27 
0.14 
0.13 
0.12 
5.43 
2.64 
2.52 
3.02 
0.53 
0.55 
O.Q7 
0.06 
0.30 
0.42 
12.43 

7.01 

6.63 
0.10  
0.28 
6.39 

4.86 

5.15 
10.99 
6.24 
0.10 
12.51 
17.06 
0.67 
8.24 
1 .93 
0.1 1  
10.74 
0.18  
3.53 
0.27 
0.12 
2.55 
4.66 

1-pyrroline-5-carboxylate dehydrogenase 

Anrinase 

RNA polymerase B subunit gene 

DNA-directed RNA polvmerase subunit beta 

Ribosomal protein S2 

Simna B inhibitor 
Succinate + acceptor --+ fumarate + reduced acceptor 
Part of the Sec protein translocase complex 
D-3-phosphoglycerate dehydrogenase 
Single-strand DNA-binding protein 
Succinvl-CoA svnthetase (beta subunit) 

TCA cycle: Step 7: ATP + succinate + CoA --+ ADP + phosphate + 
succinyl-CoA 

Major component of biofilm matrix, biofilm formation 
Threonvl-tRNA svnthetase (major) 
Also called SalA, mrp, rec233, ybxI. Upregulated by salt, Negatively 
regulates AprE (subtilisin), which is needed for sporulation 
Similar to glucose 1-dehydrogenase (salt and cold stress) 

1-pyrroline-5-carboxylate dehydrogenase 

Short chain dehvdrogenase, similar to alcohol dehydrogenase 
Unknown, has homology with (lyxA) encoding D-lyxose (L-ribose) 
isomerase 
ABC-tvoe multi.drug transporter 
Pvruvate oxidase (H202 production) 
Unknown; similar to manE!Wese-containing catalase 
Acetoine/ butanediol dehydrogenase, fermentation (BdhA) 
General stress protein 1 8M (salt and ethanol stress) 
General stress protein 17M (ethanol stress) 
Unknown 
Belongs to the short-chain dehydrogenases/reductases (SDR) familv 
Unknown 
Olirooeptidase, protein degradation (pej)F) 

NADH dehydrogenase, respiration (Menaquinone 7, no proton) 

Hydroquinone-specific dioxve:enase 
Methylthioribose-1-phosphate isomerase 
Acireductone dioxve:enase 
General stress protein 
General Stress protein 1 6M (zinc finger) (ethanol stress) 
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YoxD b 4.18  Unknown, similar to  3-oxoacyl-acyl carrier protein reductase 
YqkC 3.05 Unknown 
YqkF 3.05 Aldo/keto reductase 
YraA a 2.08 Cvsteine proteinase, degradation of damaged thiol-containing proteins 
YsnA a 2.75 Unspecific diphosphate phosphohydrolase 

YsnF • 2.12 
General stress protein. Induced by phosphate starvation, via the 
alternative sil!lila factor sil!lila-B 

Ytdl 0.10 ppnK inowanic polyphosphate/ ATP-NAD kinase 
YtkL 1 .70 Unknown 
YtxH a 1 .88 Unknown 
Yugl 0.13 Glucose-6-phosphate isomerase 
YurP 0.13 Fructosamine 6-phosphate glycosidase 
YusJ b 55.78 Acvl-CoA dehvdrogenases (fadEl 

YvbY 0.33 Lactate catabolic enzvme (Lu/CJ 
YvcT b 3.03 D-gluconate + NADP+ - 2-dehydro-D-gluconate + NADPH + H+ 

YvdF 3.96 Glucan 1 ,4-alpha-maltohydrolase 
YvfW 0.43 Lactate oxidase (LutB) 
YvlB 1 .41 Unknown 
YvrE a 6.76 Unknown, perhaps similar to RNA polvmerase (salt stress) 

YvyD •  6.85 
Induced by sigma B, upregulation causes a downregulation of the sigma 
L rel!Ulon Oow temperature stress) 

YwjH 2.95 Transaldolase 
YwiH-F 0.24 Transaldolase 

YwkA 7.14 
Upregulated by Malate, NAD-dependent malic enzymes, makes pyruvate 
from malate 

YxbG a' b 3.77 Y cdF paralog (glucose-1-dehydrogenase) 
Zwf b 4.38 Glucose-6-phosphate 1-dehvdrogenase 

Supplementary Table S3. Detailed MS data for the identified proteins, provided on DVD. 
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Chapter 8 

Rhodomyrtone: A new candidate as natural antibacterial drug 
from Rhodomyrtus tomentosa 

Surasak Limsuwan, Erik N .Trip, Th ijs R.H .M .  Kouwen, Sjouke Piersma, Asadhawut 
H iranrat, Wilawan Mahabusarakam, Supayang P. Voravuth ikunchai, Jan Maarten 
van Dij l, Ol iver Kayser 

Abstract 
Rhodomyrtone [ 6,8-d ihydroxy-2,2,4,4-tetra methyl-7-( 3-methyl-1-oxobutyl )-9-(2-methyl propyl )-4,9-
dihydro-1H-xanthene-1,3 (2H)-d i-one] from Rhodomyrtus tomentosa (Aiton) Hassk. displayed 
significant antibacterial activities against Gram-positive bacteria including Bacillus cereus, Bacillus 
subtilis, Enterococcus faecalis, Staphylococcus aureus, methici l l in-resistant 5. aureus (MRSA), 
Staphylococcus epidermidis, Streptococcus gordonii, Streptococcus mutans, Streptococcus 
pneumoniae, Streptococcus pyogenes, and Streptococcus salivarius. Especially noteworthy was the 
activity against MRSA with a minimum inhibitory concentration (MIC) of 0.39 µg/ml, and a 
minimum bactericidal concentration (MBC) of 0. 78 µg/ml. As shown for 5. pyogenes, no surviving 
cel ls were detected within 5 and 6 h after treatment with the compound at 8MBC and 4MBC 
concentrations, respectively. Rhodomyrtone displays no bacteriolytic activity, as determined by 
measurement of the optical density at 620 nm. A rhodomyrtone kill ing test with 5. mutans using 
phase contrast microscopy showed thatthis compound caused a few morphological changes as the 
treated cells were slightly changed in color and bigger than the control when they were ki l l ed. Taken 
together, the results support the view that rhodomyrtone has a strong bactericidal activity on Gram
positive bacteria, including major pathogens. 

Keywords: Rhodomyrtone; Rhodomyrtus tomentosa; medicinal plant; antibacterial activity; 
methici l l in-resistant Staphylococcus aureus; antibiotic-resistant bacteria 
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Introduction 
Medicinal plants are interesting as a source of 
pharmacologically active compounds. Many plants have 
been used by the world population for their basic health 
care needs including the treatment of infections. It has 
been recognized by WHO that they are the main medicinal 
source used to treat infectious diseases in most developing 
countries and also become more important in a number of 
developed countries (WHO, 2002a). It is of interest that 
scientific and clinical studies for alternative treatment of 
infections with medicinal plants as a source of antibacterial 
compounds has increased worldwide (Chusri and 
Voravuthikunchai, 2008; Mativandlela et al., 2008; 
Nazemiyeh et al., 2008; Pesewu et al., 2008). 

There is an increasing concern that bacteria are 
becoming resistant to clinically used drugs and there is a 
high demand to discover new antibiotics to fight of the 
resistant bacterial species (WHO, 20026). Many studies try 
to find alternative ways to reduce and prevent the problem 
of antibiotic resistance in bacteria. A number of plants may 
have a strong activity and valuable medical potential to be 
developed into an effective drug. Such plants may 
substitute antibiotic consumption or decrease antibiotic 
resistant bacteria. Downy rose myrtle, Rhodofl(Jrllls tomentosa 
(Aiton) Hassk., is an evergreen shrub native to Southeast 
Asia (Latiff, 1992), and has been reported as serious invader 
of native plant communities in Florida (Winotai et al., 
2005). This plant is one of the components in traditional 
medicines used to treat urinary tract infections (Wei, 
20066). Our preliminary screening test demonstrated that 
the leaf extract from R tomentosa possessed significant 
antibacterial activity against Gram-positive bacteria 
(Voravuthikunchai et al., 2007). Therefore, the aim of this 
study was to further investigate the antibacterial activities of 
rhodomyrtone, a potent bioactive compound from this 
plant species. 

Materials and Methods 

Plant extraction 
A voucher specimen of R tomentosa was deposited at the 
Herbarium of Faculty of Pharmaceutical Sciences, Prince of 
Songkla University, Thailand. Dried leaves were extracted 
with 95% ethanol. The extract was completely dried and 
dissolved in dimethylsulfoxide (DMSO, Merck, Germany) 
before use. The fractions were made and further purified 
by MPLC; bioactive compounds were isolated using 
antibacterial bioguided fractionation. Penicillin G and 
vancomycin (Sigma, France) were used as reference 
antibiotics. HPLC-grade solvents were purchased from 
Merck (Germany). 
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Bacterial strains and culture conditions 
Clinical bacterial isolates were taken from the collection of 
the Laboratory of Molecular Bacteriology, Department of 
Medical Microbiology, University Medical Center 
Groningen (UMCG), The Netherlands. Staphylococcus 
epidermidis ATCC 12228, S. epidermidis ATCC 35984, and 
Staphylococcus aureus ATCC 25923 were used as a reference 
strains. S. aureus SH1000 was described by Horsburgh et al. 
(2002), and S. pneumonia D39 by Lanie et al. (2007). All 
strains were cultured on blood agar (BA, Difeo, France) 
plates incubated at 37°C for 24 h. 

Antibacterial activities 
A broth microdilution method was carried out according to 
Clinical and Laboratory Standards Institute Guidelines 
(CLSI, 2006). The minimum inhibitory concentration 
(MIC) was recorded as the lowest concentration that 
produced a complete suppression of visible growth. 
Aliquots from the broth with no growth were plated onto 
BA plates by using a sterile loop and incubated at 37°C for 
24 h. The minimum bactericidal concentration (MBC) was 
defined as the lowest concentration of the extracts 
completely preventing bacterial growth. 

Time-kill assay 
The bactericidal activity of rhodomyrtone on Streptococcus 
pyogenes was studied using a time-kill assay. The bacterial 
culture (5X105 cfu/ml) was added to brain heart infusion 
broth (BHI, Difeo, France) containing rhodomyrtone at 
2MBC, 4MBC and 81\IBC and cultures were incubated with 
5% CO2 at 37°C. The samples were collected at hourly 
intervals for 7 h and at 24 h. A control incubation was 
performed with 1 % DMSO. Surviving bacteria were 
cultured on BA 

Bacteriolysis 
A modified method from Carson et al. (2002) was used in 
this experiment. Suspensions of S. pyogenes (5X105 cfu/ml) 
in 0.85% normal saline solution were prepared from the 
culture on BHI agar. The suspensions were supplemented 
with rhodomyrtone at concentrations equivalent to 2MBC, 
41\IBC, and 8MBC. The suspensions were mixed with a 
vortex mixer, and the Optical Density at 620 nm (OD620) 
was measured for 0, 2, 4, 6, 8, 10, 12, and 24 h to detect cell 
lysis as indicated by a decrease in OD. Corresponding 
dilutions of test agents were used as blanks. 1 % DMSO was 
used as a control. The results were expressed as a ratio of 
the OD620 at each time interval versus the OD620 at 0 
min (in percent). 



Time-lapse microscopy 
Time-lapse phase contrast microscopy to monitor bacterial 
killing by rhodomyrtone was performed as follows. Melted 
BHI agar supplemented with rhodomyrtone at a 
concentration of 8MBC was applied to the surface of a 
sterile glass slide and covered with a cover slip. After 10  
minutes, the cover slip was removed, leaving a very thin 
film of solidified agar coated on the slide. A small drop of 
an overnight culture of StreptococC11s mutans was placed onto 

the agar film and covered with a new cover slip. 
Observations were made under phase contrast microscopy 
at 37 °C using a Leica DMSS00 B bright field microscope. 
Images at a magnification of 630-fold were taken every 5 
min for 20 h. 

Figure 1: Structure of rhodomyrtone. 

Table 1. Minimal I nhibitory Concentration (M IC) and Minimal Bactericida l  Concentration (MBC) of 
ethanolic extract from Rhodomyrtus tomentosa on some pathogenic bacteria. 

Bacterial strains MIC M BC 

mg/ml 
Bacillus subtilis 0.06 0.06 
Enterococcus faecalis 0.25 1.00 
Staphylococcus aureus MRSAl Methici l l in-resistant clinical isolate 0.03 0.03 

Staphylococcus aureus MRSA2 Methicil l in-resistant clinical isolate 0.25 1.00 

Staphylococcus aureus MRSA3 Methicil l in-resistant clin ica l isolate 0.06 a.so 

Staphylococcus aureus MRSA4 Methicil l in-resistant clin ica l  isolate 0.06 0.25 

Staphylococcus aureus MRSA27 Methicil l in-resistant clin ical isolate 0.06 0.25 
Staphylococcus aureus MRSA28 Methici l l in-resistant clinical isolate 0.06 0 .12 

Staphylococcus aureus SH1000 0.06 0.12 
Staphylococcus epidermidis biofilm negative (ATCC 12228) 0.25 1.00 
Staphylococcus epidermidis biofilm positive (ATCC 35984) 0.12 a.so 

Streptococcus gordonii 0.06 0.12 

Streptococcus mutans 0.06 0.06 
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Streptococcus pneumoniae capsule negative (D39) 0.03 0.03 

Streptococcus pneumoniae capsule positive (D39�cps) 0.03 0.03 
Streptococcus pyogenes 0.06 0.12 
Streptococcus salivarius 0.25 0.50 

Table 2. Minimal I nhibitory Concentration (M IC) and Minimum Bactericidal Concentration (MBC) of 
the fractions from Rhodomyrtus tomentosa extract on Streptoccocus spp. 

Bacterial strains MIC/MBC {µg/ml) 

Crude Hexane Chloroform Ethanol Ethyl Aqueous Penicillin G 

extract fraction fraction fraction acetate fraction 

fraction 

Streptococcus 62.5/62.5 7.8/62.5 >1000/>1000 >1000/>1000 3.9/62.5 >1000/>1000 0.031/0.031 

mutans 

Streptococcus 250/500 15.6/31.2 >1000/>1000 > 1000/> 1000 62.5/62.5 >1000/>1000 0.062/0.062 

sa/ivarius 

Streptococcus 62.5/125 62.5/62.5 >1000/>1000 > 1000/> 1000 15.6/31.2 >1000/>1000 0.031/0.031 

gordonii 

Table 3. Minimal Inhibitory Concentration (M IC) and Minimum Bactericidal Concentration (MBC) of 
the fractions from MPLC and Rhodomyrtone on Streptococcus mutans. 

MPLC fractions MIC/MBC (µg/ml) 

n-hexane phase 
Fraction A 50/>100 
Fraction B 12.5/>100 
Fraction C 12.5/>100 
Fraction D 1 .56/12.5 
Fraction E 1 .56/25 
Fraction F 6.25/25 
Fraction G 6.25/6.25 
Ethyl acetate phase 
Fraction H 25/>100 
Fraction I 25/>100 
Fraction J 100/>100 
Fraction K 25/>100 
Fraction L 50/>100 
Fraction M 3.12/25 
Fraction N 1 .56/25 
Fraction 0 3 . 12/100 
Rhodomyrtone 0. 19/1 .56 
Penicillin G 0.03 1/0.031 
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Table 4. Minimal Inhibitory Concentration (MIC) and Minimal Bactericida l  Concentration (MBC) of 
rhodomyrtone from Rhodomyrtus tomentosa against some pathogenic bacteria 

MIC/MBC (µg/ml) 
Bacterial strains Rhodomyrtone Antibiotics 

Bacillus cereus 0.39 I 0.39 0.062/0.062 (penicillin G) 

Bacillus subtilis 0.39 / 0.78 0.062/0.062 (penicillin G) 

Enterococcus faecalis 1 .56 I 12.50 ND 

Methicillin-resistant Staphylococcus 0.39-0. 78 / 0.39-0. 78 1 .25/125 (vacomycin) 
aureus (n=4) 
Staphylococcus aureus ATCC 25923 0.39 I 0.39 0.62/1.25 (vacomycin) 
Staphylococcus epidermidis 0.39 I 25 0.78/1 .56 (vancomycin) 
ATCC 35984 (biofilm positive) 
Streptococcus gordonii 0. 19 I 1 .56 0.03 1/0.03 1 (penicillin G) 
Streptococcus mutans 0. 19 I 1 .56 0.03 1/0.031 (penicillin G) 
Streptococcus pneumoniae 0.39 I 1 .56 0.015/0.062 (penicillin G) 
capsule positive 
Streptococcus pyogenes (n=2) 0.39-0.78 I 1 .56 0.015/0.015 (penicillin G) 
Streptococcus salivarius 0.39 I 1 .56 0.062/0.062 (penicillin G) 
ND=not done 

Results and Discussion 
The crude ethanolic extract from R /omenlosa showed good 
antibacterial activities against all tested Gram-positive 
bacteria (Table 1). Interestingly, the tests on :MRSA strains 
yielded MIC values equal to the MIC value measured for 
the laboratory strain S. a11re11s SH1000. Different fractions 
were prepared and tested for antibacterial activity. We 
found that only hexane and ethyl acetate fractions had 
significant antibacterial activity (Table 2). Both active 
fractions were further fractionated by :MPLC to identify an 
active compound at the retention time of 40.26 min (data 
not shown). The isolated peak was structure elucidated by 
H NMR and the peak in both fractions was confirmed with 
reference material as rhodomyrtone (data not shown). The 
antibacterial activities of the :MPLC fractions and 
rhodomyrtone itself are shown in Table 3. Seven fractions 
from the hexane phase (A-G), especially fractions D, E, F, 
and G, displayed good antibacterial activities (MIC < 12.5 
µg/ml) and eight fractions from the ethyl acetate phase (H
O), especially fractions M and N, also revealed good 
activity. All active fractions from :MPLC displayed lower 

activities than rhodomyrtone, because these fractions still 
contained some impurities. 
The fractions were made and further purified by :MPLC; 
bioactive compounds were isolated using antibacterial 
bioguided fractionation. Rhodomyrtone (Fig. 1) [6,8-
dihydroxy-2,2,4,4-tetramethyl-7-(3-methyl-1 -oxobutyl)-9-(2-
methylpropyl)-4,9-dihydro-1H-xanthene-1,3(2H)-di-one] 
was isolated and the elucidated structure was in accordance 
with the previously published data (Salni et al., 2002). It 
exhibited significant antibacterial effects, expressed as very 
low MIC (MIC = 0.19-1.56 µg/ml) and MBC (MBC = 
0.39-25 µg/ ml) values against all Gram-positive bacteria 
(Table 4). This compound possessed remarkable activity 
against :MRSA with MIC and MBC values ranging from 
0.39 to 0.78 µg/ml. Notably, rhodomyrtone provided 
stronger antibacterial activity than the reference antibiotic 
vancomycin, which showed 2-3 times higher MIC values 
and 1 60-320 times higher MBC values than rhodomyrtone. 
In addition, rhodomyrtone also displayed good activity 
against biofilm-forming and capsulated bacteria, including 
S. epidermidir ATCC 35984 (biofilm positive) and S. 
pneumoniae (capsule positive). 

103 



12 .. 
11 

10 
9 
8 

s 7 
6 � '! "' '11"" I 

�(> 5 
4 
3 I 
2 I 

I 

0 

. 
a; 

� - �- !a'i:i; 

9 

-
3: 

� 

-

I 

0 1%0:l\ISO 
• 21\IBC 
0 41\IBC 
0 81\IBC 

0 2 J 4 

Times(h) 

5 6 7 24 

Figure 2: Time-kill determination of Streptococcus pyogenes after treatment with rhodomyrtone at Minimal Bactericidal 
Concentration (MBC). 2MBC (•), 4MBC (•), 8MBC (•), and 1% DMSO (o). Each bar indicates the mean ±SD for at least duplicates. 
The lowest detection threshold was 102 cfu/ml. 

The killing activity of rhodomyrtone was determined 
against S. pyogenes (Fig. 2). Time-kill assays were performed 
by determining the number of colony forming units (cfu) 
which yielded a Lilog10 cfu/ml of -1 (90% killing), -2 (99% 
killing), and -3 (99.9% killing) at each time point tested as 
compared to cfu counts at time zero when rhodomyrtone 
was added (Pankuch et al., 1996). Bactericidal activity was 
defined as a decrease of 2:3 log units in cfu/ ml. From the 
results, 90% killing was observed within 4, 4, and 3 h at 
2MBC, 4MBC, and 8MBC, respectively. Meanwhile, 99% 
killing was noticed within 7, 5, and 4 h when treated with 
2MBC, 4MBC, and 8MBC, respectively. Rhodomyrtone 
exerted the most significant bactericidal activity (2:99.9% 
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killing) within 24, 6 ,  and 5 h a t  2MBC, 4MBC, and 8MBC, 
respectively. 

The lack of bacteriolytic activity of 
rhodomyrtone is demonstrated in Fig 3. Treatment with 
rhodomyrtone at the 2MBC, 4MBC, and 8MBC had no 
effect (OD620 range, 82 to 99% of the original) on the cell 
lysis within 24 h. Some natural compounds that induce cell 
lysis have been reported previously, such as essential oils 
from oregano, rosewood, and thyme (Home et al., 2001). 
Carson et al. (2002) reported the delayed lysis effect of tea 
tree oil on S. aureus, and this may be associated with the 
treatment-induced release of membrane-bound cell wall 
autolytic enzymes when the cell suspensions were 
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Fig. 3. Lack of bacteriolytic activity of rhodomyrtone against 5. pyogenes at 2MBC (•), 4MBC (A ), 8MBC (•), and 1% DMSO (o). 
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reexamined after several hours. Our results did not reveal 
delayed lysis, and thus the antibacterial activity of 
rhodomyrtone may not relate to the activation of cell wall 
autolytic enzymes. The killing test against S. mutans under 
phase contrast microscopy is shown in Fig. 4. In this 
experiment, we would expect to see swelling or exploding 
cells if killing activity would involve cell wall autolytic 
enzymes. However, after treatment with rhodomyrtone at 
8.MBC for 5 h the morphology of cells was only slightly 
changed. Killed cells were grey and and bigger than the 
control cells at 20h (Figs. 4B-4q. Meanwhile, the cells in 
the control were growing (Figs. 4E-4F). The effects of tea 
tree oil and its components on the cell wall and cell 
membrane of S. a11re11s have been studied previously 
(Carson et al., 2002). The predisposition to lysis, the loss of 
260-nm-absorbing material, the loss of tolerance to NaCl, 
and the altered morphology seen by electron microscopy all 
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suggest that tea tree oil and its components compromise 
the cytoplasmic membrane of S. a11re11s. In addition, 
Oonmetta-aree et al (2006) reported that ga1angal extract 
caused membrane damage, and cytoplasm coagulation in S. 
aureus. The failure of rhodomyrtone to lyse S. pyogenes cells 
suggests that the primary mechanism of action is not gross 
cell envelope damage. 

Rhodo�rtus tomentosa has been used in the traditional 
medicine for a long time. The ripe fruits are eaten raw to 
treat diarrhea (Ong and Nordiana, 1999). The liquid that is 
present in this plant can be used to treat gynaecopathy 
including morbid leucorrhoea, menoxenia, dysmenorrhoea, 
endometritis, appendagitis, and pelvic inflammation (Wei, 
2006a). Recent studies demonstrated that the ethanolic 
extract showed good activity against some Gram-positive 
bacteria, but not Gram-negative bacteria (V oravuthikunchai 
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E 

Figure 4: The killing test of Streptococcus mutons with rhodomyrtone at Minimal Bactericidal Concentration (MBC) as monitored 
by time-lapse phase contrast microscopy at 37 ·c on BHI agar. (A) 8MBC 10 min. (B) 8MBC 5 h. (C) 8MBC 20 h. (D) 1% DMSO 10 
min. (E) 1% DMSO 5 h .  (F) 1% DMSO 20h. Magnification 630x. 
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et al., 2007). The present studies show that the extract has 
strong activity against all Gram-positive bacteria tested 
(Table 1). Saini et al. (2002) isolated this compound from 
the same plant and suggested the trivial name 
rhodomyrtone which had significant antibacterial activity 
against Escherichia coli and S. aureus. Saini et al. (2002) did 
not mention the concentrations of this compound in the 
bioassay and the method used for antibacterial assay. 
Therefore, we could not compare the published data with 
our results. Moreover, in this communication we do not 
only report antibacterial activities of rhodomyrtone, but 
also expanded the studies to investigate whether this 
compound would cause cell wall damage. 
In conclusion, the present studies show that rhodomyrtone 
has powerful in vitro activity against a broad range of Gram
positive bacteria, including antibiotic resistant strains. This 
compound therefore has potential to be used as therapeutic 
control agent against bacterial infections. Unanswered 
questions concern the mechanism of action, the in vivo 
efficacy, and toxicity of rhodomyrtone. Future research 
towards these objectives should resolve these issues. 
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General discussion 

The common theme of the studies presented in this thesis 
is the application of light microscopy to study different 
processes in bacteria, ranging from the regulation of gene 
expression and the bacterial responses to stresses or novel 
antibiotics to protein transport. As such, these studies build 
on recent advances in a field that dates back to around 
1667 when Antoni van Leeuwenhoek created very small 
glass spheres that acted as lenses in his first microscopes. 
He probably did this by stretching glass in a hot flame to a 
thin whisker, and inserting the end of it again into the 
flame, which then resulted in the formation of a sphere [1]. 
The smaller the sphere, the higher the magnification that 
was achieved with the respective microscope. Van 
Leeuwenhoek's microscopes, which were supposedly 
capable of magnifications of up to 500x, were recovered 
from the archives of the Royal Society in 1981 by Brian J. 
Ford, who noted them to be of remarkably high optical 
quality (see: http://www.brianjford.com/wav-mics.htm). In 
the following centuries, microscopes were optimized and 
spherical aberration was reduced, but the next big step was 
not made until 1932 when Frits Zernike invented the so
called phase contrast microscopy. This technique for which 
he received the Nobel prize in 1953, allows the microscopic 
study of colorless and transparent objects. Phase contrast 
microscopy represented a major breakthrough in the study 
of bacteria, many of which previously required staining to 
be visualized. Importantly, Zernike's phase contrast 
technique allowed researchers to view living bacteria in real 
time, instead of stained bacteria that are often dead. It is 
this important development combined with an automated 
microscopy set-up that has now allowed the real-time 
analysis of growing vegetative Bacillus subtilis cells as 
described in Chapter 7 of this thesis, or the effects that 
certain novel antibiotics can have on bacterial cells as 
described in Chapter 8. 

In the last decades of the 20th century, fluorescence was 
used increasingly for the staining of different cellular 
structures prior to microscopic analyses. A milestone In 
this development was the discovery of the Green 
Fluorescent Protein (GFP) by Osamu Shimomura [2]. The 
real breakthrough for GFP came in 1992 when the cloning 
and nucleotide sequencing of wild-type GFP was reported 
[3], which was subsequently used to express recombinant 
GFP [4]. Later the GFP was optimized for gene expression 
and protein localization experiments by Roger Tsien's team 
[5,6]. Today, there are many different fluorescent proteins 
available, such as the mFruits, which have widely varying 
characteristics and display fluorescence in a wide range of 
colors. The importance of the discovery and development 
of GFP was acknowledged through a shared Nobel Prize in 
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Chemistry for Osamu Shimomura, Martin Chalfie and 
Roger Tsien in 2008. The research described in Chapters 2 
to 7 builds on this important development by applying 
GFP for real-time gene expression analyses in growing 
bacteria (Chapters 2 to 5 and 7), or for studies on bacterial 
protein secretion (Chapter 6). 

The last step-change in light microscopy that was relevant 
to the studies described in this thesis was the development 
of automated time-lapse microscopy combined with 
pipelines for automated quantitative image analysis. 
Following the global digital revolution, today's microscopes 
have become equipped with increasingly powerful digital 
cameras, which has paved the way towards continuous 
photography as is needed in time-lapse microscopy. In 
time-lapse microscopy an object of interest is 
photographed at regular intervals for many hours or even 
days. The recorded images can then be assembled into a 
movie in which slow processes can be visualized at an 
increased speed. The time-lapse images can nowadays be 
quantified quite readily, which yields very detailed data. 
Open source software packages such as Image] and forked 
versions of it allow researchers to quantify almost any 
parameter. This is underscored by the studies documented 
in Chapter 3 of this thesis where the TLM-Quant pipeline 
is described that allows the quantification of gene 
expression in growing cells by making use of transcriptional 
GFP fusions, time-lapse phase contrast and fluorescence 
microcopy, and semi-automated image quantification. 

Real-time phase contrast microscopy 
Phase contrast microscopy is a very useful tool to study 
growth or morphological changes of bacteria in real-time. 
Monitoring bacteria with a phase contrast microscope does 
not influence them in any way, with the exception of 
illumination in the visible light spectrum that may have so
called photo-toxic effects when the intensity is too high. 
Chapter 7 of this thesis describes the massive 
morphological changes that the Gram-positive soil 
bacterium Bacillus subtilis displays in response to reduced 
water availability. In drying environments B. subtilis 
becomes filamentous, shorter, curved and eventually almost 
coccoid. As shown by real-time phase contrast microscopy, 
these morphological changes are completely reversible in 
the presence of water as rod-like cells were shown to grow 
out of coccoid cells in a germination-like process. These 
microscopic analyses laid the foundation for further 
proteomics analyses to understand the adaptive 
mechanisms of cells undergoing desiccation. Interestingly, 
these studies revealed a strong Sigma B (aB)-dependent 
general stress response, which turned out to be crucial for 
survival of the B. subtilis cell under conditions of limited 



water availability. The nature of this response was 
subsequently analyzed by fluorescence microscopy using 
cells with particular a8-responsive promoter-GFP fusions. 
This showed clearly that when water becomes limiting, cells 
within the population express these promoter-GFP fusions 
at increasing levels. Altogether, the results described in 
Chapter 7 have revealed that B. subtilis employs the a8-

dependent general stress response to protect itself against 
self-inflicted oxidative stress under water-limited growth 
conditions. 

In the studies described in Chapter 8, phase contrast 
microscopy was combined with time-lapse techniques to 
study the effect of Rhodomyrtone, an antibacterial 
compound from the Southeast Asian plant Rhodo"!Jrlus 
tomentosa. Rhodomyrtone was successfully isolated, purified 
and shown to have bactericidal activity against a range of 
Gram-positive bacteria, including methicillin-resistant 
Staphylococcus aureus (MRSA). Specifically, time-lapse phase 
contrast microscopy was used to follow the fate of 
Streptococcus mutans cells treated with Rhodomyrtone. The 
results revealed that, though bactericidal, Rhodomyrtone 
has no lyric activity. Instead, it was shown that cells swell a 
little and decrease in opacity upon treatment with 
Rhodomyrtone. 

Phase contrast and fluorescence microscopy 
GFP has become a frequently used tool in protein 
localization studies and, in the present PhD research, this 
protein was used to explore the possible transport of 
proteins via the Tat pathway for folded protein secretion in 
B. subtilis (Chapter 6). The two Tat translocases of B. subtilis 
had previously been shown to facilitate transport of folded 
GFP across the plasma membrane of Escherichia coli when 
they were recombinantly expressed in this bacterium. 
Specifically, this concerned GFP fused to the Tat-specific 
signal peptides of the E. coli AmiA, DmsA or MdoD 
proteins [7]. Since other studies had reported that GFP was 
not effectively transported via the Tat pathway of B. subtilis 
[8], the possible secretion of the AmiA-, DmsA- or MdoD
signal peptide-GFP fusion proteins via the Tat pathway in 
B. subtilis was assessed. Additionally, the secretion of GFP 
fused to the full-length YwbN protein, a strict Tat substrate 
of B. subtilis, was investigated. Several of these GFP fusion 
proteins were actively expressed as shown by Western 
blotting and fluorescence microscopy. However, their 
secretion was inefficient and completely Tat-independent. 
Intriguingly, the results showed that at high salinity growth 
conditions, the Tat-independent secretion of GFP as 
directed by the signal peptides from the E. coli AmiA, 
DmsA or MdoD proteins was significantly enhanced, and 
this effect was strongest in strains lacking the TatAy-TatCy 

translocase. Although it was not directly shown, these 
findings suggest that high environmental salinity suppresses 
the avoidance of the major pathway for protein secretion 
(i.e. the Sec pathway) by proteins that are meant to be 
targeted towards the Tat pathway. The importance of 
fluorescence microscopy in these studies was that this 
technique allowed an unambiguous assessment of the 
production of active GFP under the tested conditions. 

Combining phase contrast, fluorescence and 
time-lapse microscopy 
One of the most powerful configurations in microscopy is 
the combination of time-lapse, fluorescence and phase 
contrast microscopy. Such a combined set-up allows 
measurements of growth and gene expression with a GFP 
reporter construct at the single cell level and in real-time. In 
addition, changes in cell morphology can be monitored and 
even quantified. For the studies described in this thesis, 
heterogeneity in gene expression was one of the key 
parameters that were measured. The best tools to study 
gene expression heterogeneity are promoter-GFP fusions. 
In collaboration with partners in the EC-funded BaSysBio 
project (LSHG-CT-2006-037469), a promoter-GFP fusion 
library was created, which spans the majority of promoters 
of B. subtilis 168 that were known at the time when the 
BaSysBio project was started. Notably, these promoter
GFP fusions can be used both for over-all gene expression 
measurements in plate readers - the so-called Live Cell 
Array (I.CA) approach - and for studies on gene expression 
heterogeneity between individual cells within a growing 
population by time-lapse microscopy measurements. This 
concept is illustrated in Chapter 2, which also describes the 
construction of the pBaSysBioII plasmid that allows high
throughput cloning of promoter-GFP fusions. The plasmid 
carries the gjpmut3 reporter gene preceded by a ligation
independent cloning (LIC) site. When promoter regions 
are amplified with the correct LIC tails, they can be 
integrated in the plasmid by mixing the prepared 
pBaSysBioII DNA with the product of the PCR-amplified 
promoter segment. Upon annealing at room temperature, 
the recombinant plasmid is used to transform E. coli after 
which it can be purified and used to transform competent 
B. subtilis cells. Since pBaSysBioII does not replicate in B. 
subtilis, the plasmid will integrate into the genome of B. 
subtilis in such a way that the respective cloned promoter 
sequence is duplicated; one copy will drive expression of 
the respective native gene while the other copy drives the 
expression of GFPmut3. Importantly, GFPmut3 is a stable 
version of GFP with a half-life of -10 hours, which makes 
it possible to quantitate promoter activity in growing cells. 
The performance of pBaSysBioII was validated in 
microtiter plate LCA experiments and time-lapse 
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microscopy experiments, which revealed that the outcomes 
of both experimental approaches complement each other 
very well. Thus, the pBaSysBioII plasmid in combination 
with the LCA and time-lapse microscopy approaches 
provides a complete solution to monitor promoter activity 
in a high-throughput manner and to assess gene expression 
heterogeneity in parallel measurements (Chapter 2). 

For time-lapse microscopy, the BaSysBio project built on 
existing microscopy techniques, in particular an automated 
set-up that had previously been developed for high
throughput analyses of fluorescent in situ hybridization 
(FISH) experiments [9]. What was still lacking, was a readily 
applicable tool to quickly quantify the level of GFP 
expression heterogeneity at any time point in a microcolony 
of growing cells. Accordingly, the TIM-Quant pipeline was 
developed, which is described in Chapter 3 of this thesis. 
The results showed that the pipeline allowed a facile 
quantification of GFP expression heterogeneity, which was 
subsequently exploited to (D verify whether genes for the 
major players in the central carbon metabolism of B. subtilis 
are homogeneously or heterogeneously expressed during 
exponential growth (Chapter 4), and (ii) to dissect the 
regulators responsible for the expression heterogeneity of 
the sunA gene encoding the bacteriocin sublancin 168 
(Chapter 5). Notably, compared to FACS analyses, time
lapse microscopy provides a superior time resolution, 
which means that promoter heterogeneity present at any 
growth stage can be visualized. The open source program 
Image] was employed to extract data from phase contrast 
and fluorescence images. The macro's that were 
implemented in the TIM-Quant pipeline require no 
additional Image] plugins, and are in fact a sequence of 
basic Image] commands. This means that this tool is highly 
accessible, and that only little experience is required to 
follow the data processing path. The applicability of the 
TIM-Quant pipeline was demonstrated for B. subtilis, but it 
can also be applied to studies on other prokaryotes as long 
as they can be grown on a microscope slide. To visualize 
the data, TIM-Quant makes use of the open source 
program R In doing so, expression heterogeneity can be 
visualized with a three-dimensional histogram, where the 
third dimension is displayed as a heat map. The heat map 
provides a quick overview of the entire growth curve with 
great time resolution. This resolution is only limited by the 
number of recorded time-lapse images, which in turn 
depends on experimental parameters and the physical and 
biological limitations of microscopy. Importantly, the 
usefulness of TIM-Quant to assess gene expression 
heterogeneity is demonstrated with several examples, in 
particular the sunA gene for sublancin 168 (Chapters 3 and 
5). As discussed in Chapter 5, sunA expression is regulated 
by many different factors, depending on the growth 
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conditions employed. When B. subtilis is grown on 
Lysogeny Broth (LB), the key regulators of sunA expression 
are Abh, AbrB, Rok, SpoOA, aM and ax. However, of these 
six regulators, only AbrB, Rok and SpoOA impact on the 
sunA expression heterogeneity. None of these regulators 
have a strong influence on the expression of the sun! gene, 
which encodes the sublancin immunity gene. Even more 
interestingly, as shown with TIM-Quant, sun! is 
homogeneously expressed within a population of growing 
cells. These findings have interesting evolutionary 
implications since they suggest that the homogeneous 
expression of sun! allows even the B. subtilis cells that are 
not producing sublancin to protect themselves at all times 
from the active sublancin produced by their isogenic 
neighbours. 

The culmination of the LCA and time-lapse microscopy 
approaches within the BaSysBio project is represented by 
Chapter 4. The studies documented in this chapter were 
aimed at gaining a systems-level understanding of the 
organization and re-arrangements of various regulatory and 
metabolic networks in a B. subtilis cell upon changing 
environmental conditions. To gain insights into the 
dynamic interplay between metabolic and regulatory 
networks, dynamic shift experiments were performed with 
glucose and malate, which are the preferred carbon sources 
of B. subtilis. The main contribution of the present PhD 
research to this ambitious project was to assess the 
correctness of the hypothesis that the major central carbon 
metabolism genes are homogeneously expressed, not only 
during growth on either glucose or malate, but also during 
dynamic shifts from glucose to malate or vice versa. This 
hypothesis turned out to be correct as was documented in 
the supplemental online materials to the respective 
publication in Science. In fact, this concerned the first 
application of the TIM-Quant pipeline as described in 
Chapter 3. Altogether, the approach followed for the 
studies documented in Chapter 4 was unique in the sense 
that it combined contributions of researchers with widely 
varying expertise, including biochemistry, genetics, 
physiology, proteomics, metabolomics, microscopy, 
structural biology, mathematics, engineering and 
computational systems biology. As such these studies form 
a blueprint of how important biological questions can be 
answered through a systems biological approach that goes 
far beyond the expertise of individual researchers. Clearly, 
quantitative fluorescence microscopy turned out to be an 
important element in these studies, and it can be anticipated 
that this technology will find a plethora of applications in 
future systems-level analyses addressing the behavior of 
microbes in their ever-changing environments. 
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Nederlandse Discussie 

De rode draad in dit proefschrift is het gebruik van 
lichtmicroscopie om verschillende processen te bestuderen 
in bacterien, varierend van regulatie van gen-expressie en 
reactie van de bacterien op stress tot eiwittransport. 
Zodoende bouwt dit proefschrift voort op recente 
onwtikkelingen in een onderzoeksveld dat teruggaat tot 
1667, toen Anthonie van Leeuwenhoek de eerste 
microscopen maakte van zeer kleine glaskogeltjes. 
Waarschijnlijk deed hij dit door glas in een hete vlam uit te 
trekken tot een dunne haar. Het uiteinde daarvan werd 
vervolgens weer in de vlam gestoken, wat resulteerde in een 
perfecte ho! [1]. Hoe kleiner deze ho! was, hoe grater de 
vergroting van de microscoop waarin hij gebruikt werd. De 
microscopen van van Leeuwenhoek waren waarschijnlijk in 
staat om tot 500x te vergroten. Sommige van deze 
microscopen zijn in 1981 door Brian ] Ford teruggevonden 
in de archieven van de Royal Society en op zijn website 
maakt hij specifiek melding van hun hoge kwaliteit (zie 
htt;p://www.brianjford.com/wav-mics.htm). In de eeuwen 
na het pionierswerk van van Leeuwenhoek werden 
microscopen geoptimaliseerd, waarna de grootste stap pas 
weer in 1932 werd gemaakt door Frits Zernike. Hij is de 
uitvinder van de fasecontrastmicroscoop en kreeg daarvoor 
de Nobelprijs in 1953. Deze techniek zorgde ervoor dat 
kleurloze en transparante onderwerpen zichtbaar gemaakt 
konden warden. Belangrijk hierbij is dat bacterien niet meer 
gekleurd hoefden te warden, wat het mogelijk maakt om de 
bacterien 'live' te volgen. V oorheen kon dat niet, omdat de 
cellen het kleuringsproces niet overleefden. Het is deze 
ontdekking in combinatie met de zogenaamde 'time-lapse' 
microscopie die de 'real-time' analyse van vegetatief 
groeiende Bacillus subtilis cellen mogelijk maakte zoals 
beschreven in hoofdstuk 7 van dit proefschrift. Ook het 
effect van nieuwe antibiotica op groeiende cellen kon 
hiermee zichtbaar gemaakt warden wat beschreven wordt 
in hoofdstuk 8. 

Tegen het eind van de 20•tc eeuw werd fluorescentie meer 
en meer gebruikt om cellulaire structuren zichtbaar te 
maken in microscopische analyses. Ben belangrijke mijlpaal 
in deze ontwikkeling was de ontdekking van het 'Green 
Fluorescent Protein' (GFP) door Opsamu Shimomura [2]. 
De echte doorbraak voor GFP kwam in 1992, toen GFP 
gekloneerd en gesequenced werd [3]. Hiema kon het 
gebruikt warden om recombinant GFP te produceren. 
Roger Tsien en zijn team hebben GFP verder 
geoptimaliseerd voor gen-expressie- en eiwitlokalisatie
experimenten [5,6]. Hierdoor zijn er nu veel verschillende 
GFP varianten beschikbaar, zoals de mFruits, die 
verschillende karakteristieken hebben en beschikbaar zijn in 
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een breed palet aan verschillende kleuren. Het belang van 
de ontdekking en doorontwikkeling van GFP werd 
bevestigd door een Nobelprijs voor de Chemie voor 
Osamu Shimomura, Martin Chalfie en Roger Tsien in 2008. 
Het onderzoek beschreven in de hoofdstukken 2 tot en 
met 7 bouwt voort op deze belangrijke ontwikkeling. In 
deze hoofdstukken wordt GFP gebruikt voor real-time gen
expressieanalyses in groeiende bacterien (hoofdstukken 2 
tot 5 en 7) en onderzoek naar eiwitsecretie (hoofdstuk 6). 

De laatste belangrijke stap in de lichtmicroscopie die 
relevant is voor het onderzoek beschreven in dit 
proefschrift, is de ontwikkeling van geautomatiseerde time
lapse microscopie gecombineerd met kwantitatieve 
beeldanalyse. Dit is een direct gevolg van de wereldwijde 
digitale revolutie, die er voor gezorgd heeft dat 
microscopen kunnen warden uitgerust met krachtige 

digitale camera's. Dit creeerde de mogelijkheid voor 
continue fotografie die nodig is voor time-lapse 
microscopie. In deze vorm van microscopie wordt een 
onderwerp gedurende langere tijd gefotografeerd in vaste 
intervallen. De verzamelde foto's kunnen clan als een film 
versneld warden afgespeeld om langzame processen, zoals 
de groei van een bacteriekolonie, te visualiseren. De 
verkregen foto's kunnen ook gemakkelijk gebruikt warden 
voor kwantificatie van verschillende processen, wat erg 
gedetailleerde data oplevert. 'Open source' software
pakketten zoals Image] en gevorkte versies daarvan stellen 
onderzoekers in staat om bijna elke parameter te 
kwantificeren. Dit wordt bevestigd in hoofdstuk 3 van dit 
proefschrift, waarin de TLM-Quant pijplijn wordt 
beschreven. Deze bestaat uit de kwantificering van gen
expressie in groeiende cellen en maakt gebruik van GFP
promoterfusies en time-lapse fasecontrastrnicroscopie 
gecombineerd met fluorescentie en semi-geautomatiseerde 
beeldanalyse. 

Real-time fasecontrastrnicroscopie 
Fasecontrastrnicroscopie is een goede methode om groei en 
morfologische veranderingen in bacterien te bestuderen. 
Deze methode heeft, behalve een geting fototoxisch effect 
dat kan optreden wanneer belicht wordt met een hoge 
intensiteit, geen invloed op de bacterien. Hoofdstuk 7 van 
dit proefschrift beschrijft de grate morfologische 
veranderingen die Bacillus subtilis ondergaat wanneer vocht 
wordt onttrokken aan deze bacterie. In droge omgevingen 
warden de cellen filamenteus, gebogen en uiteindelijk zelfs 
coccoid van vorm. De time-lapse fasecontrastrnicroscopie
experimenten laten zien, dat deze veranderingen volledig 
reversibel zijn en dat de cellen in aanwezigheid van water 



een ontkiemings-achtig proces doorlopen en weer de 
karakteristieke staafvorm krijgen. Deze microscopische 
analyse legde het fundament voor verdere proteomics 
analyse om de adaptieve mechanismen in de cellen op te 
helderen die in werking zijn tijdens uitdroging. Deze studie 
liet een sterke sigmafaktor B (aB)-afhankelijke algemene 
stress-respons zien, welke cruciaal bleek voor het overleven 
van B. subtilir bij uitdroging. De aard van deze respons werd 
vervolgens geanalyseerd met fluorescentiemicroscopie met 
specifieke aB-afhankelijke promoter-GFP fusies. Deze 
experimenten lieten duidelijk zien, dat de GFP-fusies in 
toenemende mate geactiveerd worden wanneer er minder 
water beschikbaar is. Alle resultaten uit hoofdstuk 7 
tezamen tonen aan, dat de aB-afhankelijke algemene stress
response B. subtilis beschermt tegen zelf toegebrachte 
oxidatieve stress tijdens beperkte beschikbaarheid van 
water. 

In hoofdstuk 8 is fasecontrast time-lapse microscopie 

gebruikt om het effect van Rhodomyrtone te bestuderen, 
een anti-bacteriele stof uit de Zuidoost-Aziatische plant 
R/Jodolf!YrlHs tomentosa. Deze stof werd succesvol geisoleerd, 

gezuiverd en getest op antibacteriele activiteit tegen een 
aantal Gram-positieve bacterien, waaronder meticilline
resistente Staphylococcus a11re11S (MRSA). Time-lapse 
fasecontrastmicroscopie was specifiek gebruikt om het lot 
van S treptococCHs mutans cellen te volgen in de aanwezigheid 
van Rhodomyrtone. Het resultaat was dat de stof weliswaar 
bactericide is, maar dat Rhodomyrtone geen cel-lysis 
veroorzaakt. In plaats daarvan zwollen de cellen licht op en 
werden ze enigszins doorzichtig. 

Fasecontrast- en tluorescentiemicroscopie 
GFP is tegenwoordig een veelgebruikt hulpmiddel in 
eiwitlokalisatiestudies en in dit promotie-onderzoek is het 
toegepast om mogelijk GFP-transport via de Tat-route 
voor de secretie van gevouwen eiwitten in B. subtilir te 
bestuderen (hoofdstuk 6). Eerder onderzoek heeft 
aangetoond, dat de twee Tat translocases van B. subtilis 
transport faciliteren van gevouwen GFP over de 
plasmamembraan van Escherichia coli wanneer deze eiwitten 
recombinant tot expressie komen in deze bacterie. Dit 
onderzoek betrof GFP gefuseerd aan Tat-specifieke 
signaalpeptides van E. coli eiwitten, te weten AmiA, DmsA 
en MdoD [7]. Omdat eerdere studies hebben laten zien, dat 
GFP niet effectief getransporteerd wordt via de Tat-route 
in B. subtilir, werd de mogelijke secretie van de AmiA-, 
DmsA- en MdoD-signaalpeptide-GFP fusies via de Tat
route onderzocht. Ook werd de secretie via de Tat-route 
van het volledige YwbN-eiwit, een specifiek Tat-substraat, 

gefuseerd aan GFP onderzocht. Western blotting en 
fluorescentiemicroscopie lieten zien, dat deze eiwitten actief 
tot expressie kwamen. Hun secretie daarentegen was 

inefficient en volledig Tat-onafhankelijk. Hierbij werd 
opgemerkt dat, bij groei in medium met een hoog 
zoutgehalte, de Tat-onafhankelijke secretie van GFP 
toenam en dat dit effect het sterkst was in stammen zonder 
de TatAy-TatCy translocase. Hoewel niet rechtstreeks 
aangetoond, laten deze waamemingen zien dat condities 
met hoge zoutconcentraties het ontwijken van de 
hoofdweg van eiwitsecretie (de Sec-route) verminderen. 
Fluorescentiemicroscopie heeft in dit onderzoek een 
cruciale rol gespeeld, omdat hierbij de productie van actief 
GFP in de cellen kon worden aangetoond onder de geteste 
condities. 

Combinatie van fasecontrast-, tluorescentie- en time
lapse microscopie 
Gecombineerde fasecontrast-, fluorescentie- en time-lapse 
microscopie is een van de meest krachtige configuraties in 
de microscopie. Met een dergelijke setup kan zowel groei 
als genexpressie gemeten worden door middel van een 
GFP-reporter construct in afzonderlijke cellen en te volgen 
in de tijd. Ook kunnen morfologische veranderingen 
worden gevolgd en zelfs gekwantificeerd. De belangrijkste 
parameter is misschien wel die waar in dit proefschrift de 
focus op ligt: het bestuderen van heterogeniteit in 

genexpressie. Het beste gereedschap hiervoor zijn 
promoter-GFP-fusies. In samenwerking met partners in het 
Europese BaSysBio project (LSHG-CT-2006-037469) werd 
een bibliotheek van promoter-GFP-fusies gemaakt van alle 
promoters van B. subtilis 168 die bekend waren op het 
moment dat dit project werd gestart. Belangrijk is dat deze 
promoter-GFP fusies zowel gebruikt kunnen worden voor 
gen-expressie experimenten in microplate readers - de Live 
Cell Array (LCA) aanpak - als voor de bestudering van gen
expressie-heterogeniteit in een groeiende microkolonie in 
time-lapse microscopie-experimenten. Dit wordt 
geillustreerd in hoofdstuk 2 waarin ook de constructie van 
het pBaSysBioII plasmide wordt beschreven, dat is gebruikt 
voor high-throughput klonering van de promoter-GFP 
fusies. Dit plasmide bevat het gjpmut3 reporter-gen, dat 
voorafgegaan wordt door een site voor ligatie
onafhankelijke klonering (LIC). Wanneer 
promotergebieden geamplificeerd worden met de correcte 
LIC-staart, kunnen ze geintegreerd worden in het plasmide 
door gelineariseerd pBaSysBioII DNA te incuberen met het 
via PCR geamplificeerde promoter fragment. Na annealing 
bij kamertemperatuur, kan het recombinante plasmide 

gebruikt worden om E. coli te transformeren. Na 
opzuivering kan het plasmide vervolgens gebruikt worden 
om B. subtilir te transformeren. In deze bacterie kan het 
pBaSysBioII-plasmide niet vrij repliceren, maar het kan wel 
in het chromosoom integreren via homologe recombinatie 
in het gekloneerde promoter-gebied. Hierdoor wordt een 
werkend duplicaat van de promoter gecreeerd. De originele 
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promoter zorgt voor de expressie van het bijbehorende 
gen, terwijl de kopie van deze promoter de expressie van 
GFPmut3 verzorgt. Deze GFP-variant is een stabiele versie 
van GFP met een halfwaardetijd van ongeveer 10 uur, wat 
het mogelijk maakt om promoter-activiteit in groeiende 
cellen te kwantificeren. De prestaties van pBaSysBioII zijn 
gevalideerd in LCA-experimenten en in time-lapse 
microscopie, wat tot de conclusie heeft geleid dat beide 
invalshoeken complementair zijn. Het pBaSysBioII 
plasmide in combinatie met de LCA en time-lapse 
microscopie-methoden vertegenwoordigen hiermee een 
complete oplossing om (i) promoter-activiteit te 
onderzoeken met een hoge doorloopsnelheid en (ii) in 
parallelle experimenten gen-expressieheterogeniteit vast te 
stellen (hoofdstuk 2). 

Voor time-lapse micropie heeft het BaSysBio project 
gebruik gemaakt van reeds bestaande microscopische 
technieken, met in het bijzonder een geautomatiseerd 
microscopieplatform dat ontwikkeld is voor high
throughput fluorescente in-situ hybridisatie (FISH) analyses 
[9]. Wat nag ontbrak was een eenvoudig toepasbare 
methode om GFP-expressieheterogeniteit te kwantificeren 
in een groeiende microkolonie. Hiertoe is de TLM-Quant 
pijplijn ontwikkeld, welke is bechreven in hoofdstuk 3 van 
dit proefschrift. Met behulp van deze pijplijn kan GFP
expressieheterogeniteit eenvoudig gekwantificeerd warden. 
TLM-Quant is daarom vervolgens gebruikt om te verifieren 
of belangrijke genen van het centrale koolstofmetabolisme 
van B. subtilis homogeen of heterogeen tot expressie komen 
tijdens exponentiele groei (hoofdstuk 4). Oak is TLM
Quant toegepast om de regulatoren te achterhalen die 
verantwoordelijk zijn voor de heterogene expressie van het 
sunA gen, dat codeert voor het bactericide eiwit sublancin 
168 (hoofdstuk 5). Vergeleken met flow-cytometrie heeft 
time-lapse microscopie een superieure tijdresolutie, wat 
betekent dat promoterheterogeniteit in elk gewenst 
groeistadium gemeten kan warden. Het open source 
programma Image] is gebruikt om data te vergaren uit 
fasecontrast- en fluorescente afbeeldingen. Voor de 
macro's die geimplementeerd zijn in de TLM-Quant pijplijn 
zijn geen extra Image] plugins nodig en in feite wordt een 
aaneenschakeling van standaard Image] commando's 
toegepast. Dit betekent dat TLM-Quant zeer toegankelijk is 
voor gebruikers en dat slechts weinig ervaring nodig is voor 
de juist verwerking van data. Hoewel de TLM-Quant 
pijplijn primair is opgezet voor onderzoek aan B. subtilis kan 
hij oak ingezet warden voor onderzoek aan andere micro
organismen zo lang deze gekweekt kunnen warden op een 
objectglaasje. Om de verkregen data te visualiseren, maakt 
TLM-Quant gebruik van R, een open source programma. 
Hiermee kan gen-expressieheterogeniteit warden 
gevisualiseerd in een drie-dimensionaal histogram, waarbij 
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de derde dimensie is geprojecteerd als een heat-map. Deze 
vorm van visualisatie geeft in een oogopslag een overzicht 
van de gen-expressieheterogeniteit gedurende alle 
groeistadia. Daarbij valt op dat de tijdsresolutie slechts 
gelimiteerd is door de experimentele parameters en 
biologische limitaties in de microscopie. Belangrijk is dat 
het nut van TLM-Quant voor de analyse van gen
expressieheterogeniteit is aangetoond in hoofdstukken 3 
en 5. 

Zoals beschreven is in hoofdstuk 5, wordt sunA gen
expressieheterogeniteit gereguleerd door vele factoren, 
afhankelijk van de gebruikte groeicondities. Wanneer B. 
subtilis wordt gekweekt op Lysogeny Broth (LB) zijn Abh, 
AbrB, Rok, Spo0A, aM en aX de belangrijkste regulatoren. 
Van deze 6 gen-regulatoren hebben alleen AbrB, Rak en 
Spo0A invloed op de gen-expressieheterogeniteit. Geen van 
deze regulatoren heeft een sterke invloed op de expressie 
van het sun! gen, dat codeert voor sublancin-immuniteit. 
Wat nag interssanter is, is dat expressie van sun! homogeen 
is in een groeiende cel-populatie. Deze bevindingen hebben 
interessante evolutionaire implicaties, omdat dit betekent 
dat cellen die geen sublancin produceren toch te alien tijde 
beschermd zijn tegen het actieve sublancin, dat door hun 
isogene buren wordt geproduceerd. 

Het hoogtepunt van de LCA en time-lapse microscopie
aanpak binnen het BaSysBio project wordt gepresenteerd in 
hoofdstuk 4. De studies die zijn samengebracht in dit 
hoofdstuk zijn gericht op het verkrijgen van kennis over de 
organisatie en herschikking van de regulatoire en metabole 
netwerken in de B. subtilis eel op systeem-niveau bij 
verandering van omgevingscondities. Om meer inzicht te 
krijgen in de dynamische interactie tussen metabole en 
regulatoire netwerken, is geexperimenteerd met dynamische 
veranderingen van de geprefereerde koolstofbronnen van 
B. subtili.r. glucose en malaat. De hoofdbijdrage van het 
onderhavige promotieonderzoek aan dit ambitieuze project 
was de toetsing van de correctheid van de hypothese, dat 
gen-expressie van de belangrijkste genen in het 
koolstofmetabolisme homogeen is, niet alleen tijdens groei 
op glucose en malaat, maar ook gedurende dynamische 
overgangen in het gebruik van glucose en malaat. Deze 
hypothese is correct gebleken, zoals gedocumenteerd is in 
de 'supplemental online materials' van de respectievelijke 
publicatie in het wetenschappelijke tijdschrift Science. Dit is 
de eerste toepassing geweest van de TLM-Quant pijplijn 
zoals die beschreven is in hoofdstuk 3. De aanpak voor de 
studies die beschreven warden in hoofdstuk 4 is zeer 
bijzonder, omdat cl.it onderzoek de bijdrage van een groat 
aantal onderzoekers met zeer uiteenlopende expertises 
noodzakelijk maakte, waaronder biochemie, genetica, 
fysiologie, proteomics, metabolomics, microscopie, 



structurele biologie, wislrunde, werktuigbouwlrunde en 
computationele systeembiologie. Op die manier vormt dit 
onderzoek een blauwdruk voor de beantwoording van 
belangrijke biologische vragen met behulp van een 
systeembiologische methodiek die veel verder sttekt clan de 
expertise van individuele onderzoekers. Kwantitatieve 
fluorescentiemicroscopie is een belangrijk element gebleken 
in deze studies. Het ligt daarom in de lijn der verwachting, 
dat deze technologie een groat aantal toepassingen zal 
vinden in toekomstige systeembiologische analyses van het 
gedrag van microben in bun continu veranderende leef
mileu. 
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