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Summary 
 

The microbial cell is, in contrast to multicellular organisms, directly exposed to 

environmental stimuli and stresses. This means on one hand that dissolved nutrients can 

directly and quickly be taken up. On the other hand, this also implies that microbes are 

directly exposed to unfavourable conditions such as low nutrient concentrations, low or high 

pH and temperature, or UV light. In order to survive, the cells have to be able to adapt to 

these conditions. Unfavourable conditions, as well as all environmental changes that require 

physiological adaptations of the cell, i.e., in gene expression and cellular composition, can be 

regarded as a stress for the microbial cell. In Escherichia coli a wide range of responses to 

these stresses is governed by the alternative sigma factor σS. These responses include the 

expression of catalases that detoxify reactive oxygen species, proteins (dpS) that protect the 

DNA from oxygen radicals, and the production of intracellular trehalose as osmoprotectant. 

Initially, protein levels of σS were found to rise upon entry into stationary phase and 

exposure to stresses. Later, it was found that σS levels inversely correlate with growth rate in 

chemostat cultures meaning that the slower the cells grow, the higher σS levels are. 

Surprisingly, it is still not clear, if different stresses all enhance σS, or if different stresses in 

general reduce the specific growth rate, which then in turn upregulates σS and thereby 

triggers the general stress response. Thus, specific growth rate might be the signal integrator 

for the cell and not σS itself. Besides this stress response sigma factor, Escherichia coli has six 

further sigma factors, among them σD, which is the housekeeping sigma factor and 

responsible for most vegetative functions and essential genes. Surprisingly, σS and σD exhibit 

similar promoter recognition sequences, even though they control genes of very different 

nature. Therefore, analysing promoter sequences does not allow to elucidate whether a 

gene is σS-, or σD-dependent.  

The first part of this thesis was dedicated to determine the direct σS regulon, i.e., which 

promoters are directly bound by the σS protein in vivo. Therefore, we established a 

chromatin immunoprecipitation (ChIP) protocol that allows specific purification of promoter 

fragments bound to the σS protein. Since the only commercially available σS antibody is not 

suitable for ChIP assays, we constructed a mutant that carried the rpoS gene fused to a His-
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tag coding sequence. We proved that this genetic alteration neither affected general 

physiological parameters such as specific growth rate nor did it change σS levels and σS-

dependent stress response induction such as katE. Hence, the mutant strain behaves very 

similar to the wild type and allows sound experiments. Using formaldehyde fixation a 

“snapshot” of σS distribution on the genome can be obtained. After the ChIP procedure, the 

fragments obtained were directly sequenced (ChIP-seq) and 79 σS binding sites were 

identified. Among these binding sites some 40 % corresponded to promoters of genes that 

were already known to be σS-dependent, be it directly or indirectly. This result is very 

important as it is a proof that the technique yields reliable results. Semi-quantitative PCR 

was then used to test expression of some candidate genes found by ChIP-seq. This 

experiment revealed two new directly σS-dependent genes, ydbK and ybiI. However, the 

majority of the genes analysed by qPCR did not show different expression levels. It is 

possible that induction of these genes does not lead to transcript levels that are high enough 

for validation by qPCR. Moreover, some σS binding sites were identified within genes and 

their role is still to be elucidated. One reason could be that these are promoters for 

unannoted genes, or it might represent a way of negative regulation of the respective genes 

by blocking the proceeding of the polymerase.  

Furthermore, we investigated how steady-state cultures react to sudden dilution rate 

changes under carbon-, phosphorus- or nitrogen-limitation. In the environment, sudden and 

short-term availability of nutrients followed by another phase of famine might represent a 

common condition the microbial cell has to quickly adapt to in order to benefit from 

increased nutrient availability. Thus, we grew cells under the mentioned limitations in 

steady-state cultures at a low dilution rate, and imposed a sudden dilution rate increase, 

followed by switching back to the original dilution rate. Throughout the experiments, 

physiological parameters and sigma factor levels were quantified and it was found that 

different limitations exhibit very different adaptation patterns to an increase in specific 

growth rate.  

The last part of the thesis consisted of combining an rpoS promoter GFP fusion mutant with 

a microfluidic device also referred to as “mother machine”, which allows to follow rpoS 

promoter activity at a single cell level. The constructed mutant exhibited a GFP signal when 

the rpoS promoter was activated. The cells were grown at different growth rates, which led 
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to the induction of the rpoS promoter. Specific growth rates and promoter activities for a 

single cell, which was retained at the bottom of a channel, were recorded and analysed. This 

technique provides the possibility to study not only rpoS promoter activity, but also, 

combined with downstream reporter genes, the impact of the σS protein on target genes. 

Concluding, this thesis provides new insight into the σS regulon, σS dynamics during transient 

growth conditions in continuous culture and the possibility of studying rpoS transcription 

dynamics at a single cell level following the fate of individual cells.
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Zusammenfassung 
Im Gegensatz zu multizellulären Organismen ist die mikrobielle Zelle Umwelteinflüssen und 

Stress direkt ausgesetzt. Einerseits heisst dies, dass gelöste Nährstoffe schnell direkt 

aufgenommen werden können, bedingt andererseits aber auch, dass Mikroorganismen 

ungünstigen Bedingungen wie niedrigen Nährstoffkonzentrationen, extremen pH-Werten 

und Temperaturen oder UV-Strahlung unmittelbar ausgesetzt sind. Um derartige 

Bedingungen zu überleben, müssen die Zellen in der Lage sein sich diesen anzupassen. Dabei 

müssen nicht nur ungünstige Umweltbedingungen als Stress für Mikroorganismen 

angesehen werden, sondern generell jede Veränderung der Umgebung, die eine 

physiologische Anpassung auf Ebene der Genexpression oder Zellzusammensetzung 

erfordert. In Escherichia coli wird eine Reihe von Antworten auf Umweltstress über den 

alternativen Sigma-Faktor σS gesteuert. Diese Antworten umfassen die Expression von 

Katalasen, die reaktive Sauerstoffspezies abbauen, Proteine wie dpS, welche die DNA vor 

Sauerstoffradikalen schützen und die Produktion von intrazellulärer Trehalose, die als Schutz 

vor osmotischem Stress dienen kann. Zunächst wurde entdeckt, dass σS-Niveaus bei Eintritt 

in die stationäre Phase und bei Stress ansteigen. Später wurde herausgefunden, dass sich σS-

Mengen in Chemostat Kulturen antiproportional zur spezifischen Wachstumsrate verhalten. 

D.h. je langsamer die Zellen wachsen, desto mehr σS kann in diesen detektiert werden. 

Erstaunlicherweise ist nicht klar, ob verschiedene Stresse σS induzieren oder ob 

verschiedene Stresse im Allgemeinen die spezifische Wachstumsrate, µ, verringern, was 

wiederum zur Folge hat, dass σS-Proteinmengen ansteigen, was die allgemeine 

Stressantwort auslöst. Daher könnte die spezifische Wachstumsrate, und nicht σS selbst, als 

Signalintegrator wirken. Neben dem Sigma-Faktor der generellen Stressantwort, σS, verfügt 

Escherichia coli noch über sechs weitere Sigma-Faktoren, unter ihnen σD, welcher der 

Haushalts-Sigma-Faktor ist und die meisten vegetativen und essentiellen Gene steuert. 

Überraschenderweise erkennen σS und σD ähnliche Promotorsequenzen, auch wenn sie 

Gene sehr verschiedener Funktion kontrollieren. Folglich reicht die Analyse von 

Promotorsequenzen in diesem Fall nicht aus, um herauszufinden, ob ein Gen σS- oder σD-

abhängig ist. 

Der erste Teil dieser Doktorarbeit befasst sich mit der Identifikation des direkten σS-

Regulons, d.h. der Promotoren, die direkt von σS in vivo gebunden werden. Hierfür haben wir 
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ein Chromatin-Immunopräzipitations (ChIP) etabliert, welches die spezifische Aufreinigung 

von Promotorfragmenten ermöglicht, die von σS gebunden sind. Da der einzige kommerziell 

verfügbare σS-Antikörper nicht für ChIP-Experimente geeignet ist, haben wir eine Mutante 

konstruiert, die eine His-tag kodierende Sequenz am σS Gen trägt und spezifische 

Aufreinigung durch einen ChIP-kompatiblen Antikörper erlaubt. Wir konnten zeigen, dass 

diese genetische Veränderung weder physiologische Parameter wie die spezifische 

Wachstumsrate, noch σS-Niveaus und σS-abhängige Stressantworten, wie z.B. Induktion von 

katE, verändert hat. Demzufolge verhält sich der konstruierte Stamm ähnlich wie der 

Wildtyp und macht gründliche Experimente möglich. Um eine Momentaufnahme der 

Verteilung der σS-Proteine im Genom zu erhalten, wurden die Zellen vor der Chromatin-

Immunopräzipitation durch Formaldehyd fixiert. Die durch ChIP erhaltenen DNA-Fragmente 

wurden sequenziert, was zur Identifizierung von 79 σS-Bindungsstellen führte. Unter diesen 

gehören etwa 40 % zu schon bekannten σS-abhängigen Genen. Dieses Ergebnis ist sehr 

wichtig, da es zeigt, dass die genannte Technik zu verlässlichen Resultaten führt. Um den 

Einfluss von σS auf die Expression von einigen Kandidatengenen zu überprüfen, die zuvor 

durch die Sequenzierung identifiziert worden waren, wurde semi-quantitative PCR 

angewendet. Auf diese Weise wurden zwei bisher unbekannte σS-abhängige Gene entdeckt: 

ydbK und ybiI. Allerdings zeigte die Mehrheit der getesteten Gene keine klare σS-

Abhängigkeit. Eine Erklärung dafür könnte sein, dass die σS-abhängige Induktion nicht zu 

ausreichenden Transkript-Mengen führt, um per qPCR erkannt zu werden. Des Weiteren 

wurden einige Bindungsstellen innerhalb von Gensequenzen gefunden. Dies könnte darin 

begründet liegen, dass die Bindungsstellen entweder zu unbekannten Genen gehören, die 

noch nicht annotiert sind oder einen Mechanismus negativer Regulation durch Verhinderung 

der Vorwärtsbewegung der Polymerase darstellen. 

Ferner haben wir untersucht wie Chemostat-Kulturen im Gleichgewicht auf plötzliche 

Verdünnungsratenwechsel unter Kohlenstoff-, Phosphor- und Stickstoff-Limitation 

reagieren. In der Umwelt stellen plötzliche und kurzzeitige Verfügbarkeit von Nährstoffen, 

gefolgt von Hungerperioden verbreitete Wachstumsbedingungen dar, auf die 

Mikroorganismen schnell reagieren müssen, um aus der erhöhten Nährstoffverfügbarkeit 

Nutzen ziehen zu können. Daher haben wir Zellen unter den genannten Limitationen in 

Gleichgewichtskulturen bei niedriger Verdünnungsrate wachsen lassen, haben diese dann 

erhöht, um sie später wieder auf die ursprüngliche Verdünnungsrate zurückzuregeln. 
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Während des gesamten Experimentes wurden physiologische Parameter und die Niveaus 

der Sigma-Faktoren gemessen, was zu der Erkenntnis führte, dass verschiedenen 

Limitationen sehr verschiedene Anpassungsprofile an die erhöhte spezifische 

Wachstumsrate zur Folge haben. 

Der letzte Teil dieser Arbeit besteht aus der Kombination eines rpoS-Promotor-GFP 

Konstrukts mit einem Mikrofluidiksystem, auch „mother machine“ genannt, welches es 

ermöglicht, die Aktivität des rpoS-Promotors auf Einzelzellebene zu verfolgen. Die 

konstruierte Mutante zeigt ein GFP Signal, wenn der rpoS-Promotor aktiviert wird. Die Zellen 

wurden bei verschiedenen Wachstumsraten kultiviert, wobei eine spezifische 

Wachstumsrate von 1-1.4/h zur Induktion des rpoS-Promotors führte. Diese Technik 

ermöglicht nicht nur die Aktivität des rpoS-Promotors, sondern, kombiniert mit σS-

abhängigen Reportergenen, auch den Einfluss von σS auf seine Zielgene zu untersuchen.  

Zusammenfassend geben die gewonnenen Resultate dieser Arbeit neue Einblicke in das σS-

Regulon, in die σS-Dynamik während Störversuchen in kontinuierlicher Kultur und 

ermöglichen es, die rpoS-Transkriptionsdynamik auf Einzelzellebene zu untersuchen. 
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Abbreviations 
 

µ  Specific Growth Rate 

µmax  Maximum Specific Growth Rate 

AU  Arbitrary Units 

Bp  Base Pair 

C  Carbon 

cDNA  Complementary DNA 

ChIP  Chromatin Immunoprecipitation 

ChIP-seq ChIP-Sequencing 

Ct  Cycle Threshold 

D  Dilution Rate 

DNA  Deoxyribonucleic Acid 

E. coli  Escherichia coli 

GFP  Green Fluorescent Protein 

H2O2   Hydrogen Peroxide 

Ks  Substrate Affinity Constant 

LB  Lysogeny Broth 

mRNA  Messenger RNA 

N  Nitrogen 

OD  Optical Density 

P  Phosphorus 

PCR  Polymerase Chain Reaction 

Q  Consumption Rate 

qPCR  Quantitative PCR 

RNA  Ribonucleic Acid 

RNAP  RNA Polymerase 

rpoS  RNA Polymerase SigmaS Factor 
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RT  Room Temperature 

sRNA  Small RNA 

UP  Upstream 

UTR  Untranslated Region 

UVC  Ultraviolet C 

Y  Growth Yield 
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Chapter I General Introduction 
Parts of the general introduction were published in “sigmaS, a major player in the response 

to environmental stresses in Escherichia coli: role, regulation and mechanisms of promoter 

recognition”, Environmental Microbiology Reports, 6: 1-13 by Landini P., Egli T., Wolf J. and 

Lacour S. 

1 Procaryotes, their environments, and Escherichia coli as a 

model organism 

Microorganisms are ubiquitous and can be found in virtually every environment of this 

planet either free-living or attached to particles, be it in air, water and soil or as co-habitants 

in and on plants, animals and humans. These habitats include extreme conditions like hot 

springs and deep-sea hydrothermal vents (hyperthermophiles, 90°C-113°C), acidic hot 

springs (acidophiles, pH 0-4), polar seas (psychrophiles, 0°C-12°C), salterns and saline lakes 

(halophiles, 15-32 % NaCl; alkaliphiles, pH 8.5-12), deep ocean sediments (barophiles, 500-

1000 atm) as well as pristine and exogenously influenced surface and groundwaters, which 

are typically very low nutrient (oligotrophic) environments. 

Life in all of these different environments requires specific adaptation with respect to 

physiology. For instance, genetic adaptations are reflected by different ecotypes that are 

able to utilize various energy and carbon sources, i.e., chemoheterotrophs (carbon from 

organic compounds, organic and inorganic energy sources), chemoautotroph (carbon from 

CO2, inorganic energy sources), photoheterotrophs (carbon from organic compounds, light 

as energy source) and photoautotrophs (carbon from CO2, light as energy source). Further 

genetic adaptations may consist of extremely heat stable enzymes (e.g., DNA polymerase of 

Thermus aquaticus) or sophisticated DNA repair mechanisms in radiation resistant bacteria 

(e.g., Deinococcus radiodurans).  

Thus, every niche and its particular conditions select for genetically adapted microorganisms 

that have the genes allowing expression of proteins and enzymes (“tools”) to survive and 

grow at conditions that appear to be extreme to us. However, once conditions change it is 

very likely that microbial cells experience this change as a stress, and, in case that they 

cannot respond appropriately, might not survive the change in the environment (Madigan, 
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Martinko, et al. 2012). Therefore, microbial cells must also feature mechanisms that allow 

physiological adaptation, i.e., differential expression of genes, such as repair mechanisms 

that can be employed when needed to maintain functionality and integrity of DNA, proteins, 

the cell wall and other cell components.  

The Gram-negative rod-shaped bacterium Escherichia coli lives in the gut of warm blooded 

animals (primary habitat) where it is exposed to anoxic and rather rich conditions, which 

allow slow but steady growth. In humans, E. coli cell densities are usually stable at 106 cells 

per gram of colon content and growth rates are estimated to be about 0.017/h (Savageau 

1983). Opposed to this primary habitat E. coli must be able to cope also with completely 

different conditions when it faces its secondary habitat, i.e., soil, rivers and lakes, which 

mostly represent conditions of low nutrient availability. This is probably the most common 

stress microorganisms have to face in the environment (Morita 1990). Low nutrient 

availability and also low temperature lead to net negative rates of growth and a half-life of 

about two days. Interestingly, the residence time in the two habitats is estimated to be equal 

(Savageau 1983).  

2 Stress response and adaptation to changing environments 

In most habitats microbial cells are always exposed to fluctuations in environmental 

conditions, such as differences in temperature, pH, osmolarity, or availability of nutrients. All 

the changes that provoke and require adaptive responses of a cell, and usually also impose a 

slow-down of or even halt of growth, can be regarded as a stress. In contrast to the common 

view, also fast growth in the presence of abundant nutrients must be considered as a stress 

for the cell, as the cell wall is never as tightly cross-linked during fast growth as, for example, 

in the stationary phase or during very slow growth; in Gram-positives, parts of the cell wall 

are even sloughed off and can be found in the cultivation medium (Wanner and Egli 1990). 

One of the most common stresses microbial cells are exposed to is limited availability of 

nutrients, which leads to slow or even the cessation of cell proliferation. To cope with these 

changes and challenges, bacteria have developed molecular mechanisms to escape from or 

attenuate the consequences of stresses, which include increase in overall resistance and 

adjustment of cell morphology and physiology (Siegele and Kolter 1992). As a rule, slow-

growing and stationary phase cells exhibit a smaller size, thicker cell walls, rather coccoid 

than rod-shaped appearance, increasing levels of the general stress response regulator σS 
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and an overall rearranged cellular composition. Further, all cellular constituents are exposed 

to higher doses of reactive oxygen species (ROS) and experience oxidation (Nystrom 2004). 

The above-named physiological changes should not be compared to genetic adaptations, as 

physiological adaptations are usually of inducible and transient nature. Thus, we advocate a 

clear difference between adaptations that provide “tools” to survive and proliferate under 

(anthropocentrically considered) extreme conditions, and induced physiological and 

molecular changes that can be turned on and off. These responses comprise not only 

resistance mechanisms, but also repair mechanisms that assure a balanced state of 

functional DNA, proteins and other cell components, and, if not present, would result in an 

accumulation of damaged cellular constituents up to harmful or even lethal levels. As a 

consequence, cells that are still growing have a higher potential of repairing damaged cell 

components than stationary, non-growing cells, in particular for proteins, as the whole 

protein synthesis machinery is running (approximately) proportionally to the specific growth 

rate. As a result, cells growing slowly might find themselves in a situation, in which they 

cannot react properly to an imposed stress anymore, as induction of stress response systems 

requires protein synthesis, i.e., building blocks and energy. This might be the reason, why 

UVC-irradiated cells that grow fast can recover more quickly than cells with an intermediate 

growth rate. Bacteria that grow very slowly or are in stationary phase do again show 

increased resistance to UVC irradiation, because of the overall enhanced stress resistance. 

Thus, either cells are fast growing and are able to repair damages in a quick and efficient 

manner, or they do not grow at all, or very slowly, but are resistant (Bucheli-Witschel, 

Bassin, et al. 2010).  

These observations suggest conceptually that due to lower responsiveness and reaction 

potential in stationary phase, the cell already runs up its defence mechanisms when sensing 

decelerating growth and, in this way, is prepared for any harmful conditions to come. 

Though, even if overall activity is dramatically reduced in stationary phase cells, it does not 

mean that cells cannot react at all anymore. Bacteria can apply directed degradation of 

cellular components (autophagy) to a certain degree to keep up synthesis of essential 

proteins and thus increase survival upon starvation (Reeve, Amy, et al. 1984, Reeve, 

Bockman, et al. 1984). 
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2.1 Transcription  

One way of adaptation to environmental changes is the modulation of gene expression, 

which depends to a large extent on RNA polymerase (RNAP) and sigma factors. While RNA 

polymerase is responsible for synthesis of RNA, the sigma factor recognizes and binds to the 

promoter of a gene and fosters binding and correct positioning of the RNA polymerase on 

the DNA (Maciag, Peano, et al. 2011). After transcription initiation the sigma factor 

dissociates and RNA polymerase moves along the DNA and synthesizes the corresponding 

mRNA strand (Figure I-1). 

 

 
 
Figure I-1: Bacterial transcription. The sigma factor (dark blue) recognizes the promoter region (-10, -
35). RNAP (red) also binds and produces a growing mRNA strand (grey). The sigma factor releases 
after transcription initiation. 
  
Usually most of the genes, in particular essential and constitutively expressed genes are 

governed by the housekeeping sigma factor σD, whereas alternative sigma factors are 

responsible for the transcription of smaller subsets of genes that are important for the 

response and subsequent adjustment of cellular composition to changing conditions and 

environmental impacts.  
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Besides the “housekeeper” σD, E. coli has six alternative sigma factors, namely σN, σS, σH, σF, 

σE, σFecI. Each of them is more or less specific and is responsible for the transcription of genes 

relevant to nitrogen deprivation (σN), starvation, slow growth and general stress (σS), heat 

shock (σH) and envelope stress (σE). Furthermore, two sigma factors are responsible for 

flagella synthesis (σF), and for iron transport (σFecI) (Gourse, Ross, et al. 2006).  

Each of these sigma factors recognizes a specific and unique DNA sequence, which enables 

the cell to distinguish between the different responses und thus to fine-tune and divert the 

transcription machinery corresponding to the actual needs and requirements. Surprisingly, 

the general stress response sigma factor (σS) and the housekeeping sigma factor (σD) exhibit 

very similar promoter consensus sequences (Gaal, Ross, et al. 2001, Maciag, Peano, et al. 

2011, Typas, Becker, et al. 2007), and some promoters are recognised by both, σD and σS, in 

vitro (Tanaka, Takayanagi, et al. 1993). Moreover, some promoters are σD-dependent during 

fast, and σS-dependent during slow growth (Janaszak, Nadratowska-Wesolowska, et al. 

2009). 

3 General stress response and physiological role of σS 

The general stress response is governed by the alternative sigma factor σS, which is 

considered as the master regulator of the stress response (Hengge-Aronis 1996) and, hence, 

σS-dependent gene expression is central for the cell’s survival during starvation, at low or 

high pH and temperature, and oxidative stress. 

During a batch growth cycle, intracellular σS levels exhibit a typical pattern: Once nutrient 

availability becomes restricted (this happens slowly and in a “diffuse way” in complex 

medium, e.g., lysogeny broth, so-called LB, or abruptly in a synthetic carbon-limited minimal 

medium) the resulting transition from maximum specific growth rate to stationary phase is 

accompanied by rising σS levels (Tanaka, Takayanagi, et al. 1993), which trigger the general 

stress response. Using chemostats, it was found that σS levels are specific growth rate-

dependent (Ihssen and Egli 2004) and do not depend on the growth-related increase in cell 

density as it occurs in closed culture systems. Furthermore, this study showed that limitation 

by different nutrients, such as carbon (C), nitrogen (N) and iron (Fe) leads to the same σS 

levels at the same specific growth rate. 
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Strikingly, bacteria like E. coli are not only capable of adapting to different stresses and 

changes that occur in their environment, but even exhibit cross-protection, meaning that 

osmotic stress, for example, can render the cells more resistant against other stresses, such 

as high temperature, or hydrogen peroxide, which the cells were not exposed to before 

(Hengge-Aronis, Lange, et al. 1993). This might be reasonable in the sense that changes in 

the environment often include not only one but several stimuli at the same time. On the 

other hand, one could also interpret this effect as a consequence of the negative effect of 

most stresses on specific growth rate, which induces σS and, hence, might in this way trigger 

the general stress response. The latter argument becomes ecologically particularly 

interesting when one considers the physiological situation of a cell when growing slowly or 

not at all. In this situation the cell lacks the ability of fast adaptation by de novo synthesis of 

enzymes and proteins that have become damaged from the stress, or are needed for 

defence, as overall transcription decreases. Thus, being unable to react  appropriately during 

slow growth, it might be ecologically more favourable for the cell to be prepared for several 

stresses, having the necessary enzymes and defence systems already set up.  

In E. coli, the expression of up to 500 genes is considered to be dependent on σS (Lacour and 

Landini 2004, Weber, Polen, et al. 2005), which represents about 10 % of its genome. These 

genes were identified under a myriad of different conditions, all leading to elevated σS levels. 

However, a comparison is difficult as, even though all the conditions resulted in elevated σS 

levels, different sets of genes were found under different conditions, sharing a core regulon 

of about 140 genes. This leads to the conclusion that elevated σS levels are required, but not 

sufficient to induce σS-specific transcription, and that additional factors are needed. 

Members of the σS regulon are not only stress response genes, but also genes involved in 

biofilm formation, metabolism, protein processing, regulation and membrane function. For 

instance, the otsBA operon encodes enzymes that produce trehalose that can act as an 

osmoprotectant upon osmotic stress. Or, katE encodes a catalase that degrades hydrogen 

peroxide into water and oxygen and, therefore, confers partial resistance to oxidative stress. 

Another gene protecting against oxidative stress is dpS, which encodes a DNA-binding 

protein, also able to bind iron, and, therefore, might prevent Fenton reactions directly at the 

DNA, which usually result in the formation of hydroxyl radicals (Grant, Filman, et al. 1998). 

Furthermore, rpoS mutants showed a lower variability of assimilable amino acids when 

grown in LB medium (Ihssen 2005). Interestingly, there are some stresses, the cell can 
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handle by employing different stress response mechanisms, which are redundant but 

mutually exclusive. This is at least true for acidic, oxidative and alkylation stress, i.e., a single 

stress, which is not very harsh, might still leave the possibility of a specific stress response, 

whereas one or more harsh stresses that dramatically reduce specific growth rate might 

trigger the general stress response. 

Given the important role of σS it is surprising that rpoS mutants arise under specific growth 

conditions as for example in carbon-limited chemostat cultures, which represent a common 

growth condition in the environment (King, Seeto, et al. 2006). Thus, bacteria in glucose-

limited chemostat cultures are selected towards the loss of the key protein of the stress 

response and, therefore, the decrease of their fitness when encountering stress, which 

might be a big risk. Hence, loss or attenuation of rpoS must have a major advantage for 

nutrient scavenging. It had been shown that the fitness benefit consists of improved affinity 

(Ks) for glucose in strains lacking rpoS (Wick, Weilenmann, et al. 2002). This is due to the 

missing competition of σS for the core polymerase, rendering more core available for σD and 

thus increasing glucose uptake.  

4 Regulation of σS 

4.1 Remark on the importance of sound growth conditions 

The following sections illustrate an overview of different factors and features that influence 

either regulation or impact of rpoS/σS. This will include the different possible ways of tuning 

the general stress response and does not imply that all of these factors are always involved 

or required for regulating σS-mediated stress responses. Moreover, to illustrate our point of 

view with attestable information, some problematic or potentially misleading literature data 

will be exemplarily reanalysed.  

Many of the studies that led to the identification of molecular mechanisms and involved 

molecules were performed under very diverse growth conditions, including different media, 

different stresses, and, most importantly, different specific growth rates. The first problem 

encountered when published data are assessed is that the authors often neglect to report 

specific growth rates at which experiments were performed. At the most, optical densities 

are reported, but time points are omitted, which prevents reassessment and comparison of 

growth curves and rates (Merrikh, Ferrazzoli, et al. 2009a). This circumstance entails a 
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serious problem for reproducibility and sound comparison. Providing these data is especially 

important for batch experiments, in which mutants are compared with wild type strains, 

where the mutant might exhibit a different, usually lower, specific growth rate and thus 

already at first might have different σS levels.  

This is in fact the case for, e.g., ∆ cya mutants that exhibit significantly lower specific growth 

rates than the wild type strain, as observed by Ihssen (Ihssen 2005). To illustrate only one 

example, for the case of the publication of Lange (Lange and Hengge-Aronis 1994) we 

calculated specific growth rates of about 0.49/h for the ∆cya mutant and 0.86/h for the 

MC 4100 wild type. The latter study also reported that addition of cAMP to the ∆ cya mutant 

led to decreasing σS levels, which suggests a repressive effect of cAMP on σS. However, upon 

cAMP addition, the cells also achieved increased specific growth rates, close to that 

exhibited by the MC 4100 wild type, which might also be a reason for the decreased σS levels 

observed.  

A problem inherent to many experimental studies is that stresses applied during the 

experiment often result in a reduction of specific growth rate; this does not allow sound 

separation of the two important parameters, i.e., specific growth rate and effect of the 

respective stress. A good example for this is the work published by Hengge-Aronis (Hengge-

Aronis, Lange, et al. 1993) where the expression of a rpoS::lacZ fusion was monitored upon 

osmotic shift, which led to increased β-galactosidase activity, but at the same time, growth 

rate was reduced by half. Such problems can be overcome by using chemostat cultures, as 

this cultivation technique allows to disentangle different effects and parameters. 

4.2 Transcription of rpoS 

The major promoter of the rpoS gene is located within the upstream gene nlpD and is 565 

nucleotides away from the start codon of rpoS; this results in a long 5’ untranslated region 

(UTR) (Lange, Fischer, et al. 1995). Transcription is positively regulated by a two component 

system, namely BarA/UvrY (Hengge 2008, Mukhopadhyay, Audia, et al. 2000), and ppGpp 

(Lange, Fischer and Hengge-Aronis 1995). Both rise in concentration upon starvation and 

trigger a number of different effects, among them, the stringent response. However, the 

exact mechanisms are still unknown.  
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Figure I-2: Overview of σS transcription (a), translation (b), sigma factor competition (c) and σS 
stability (d). Figure from Battesti and co-workers (Battesti, Majdalani, et al. 2011). 
 
Also, cAMP-CRP was shown to enhance rpoS transcription (McCann, Fraley, et al. 1993), and 

this is in line with cAMP-CRP activator sites at the rpoS promoter. However, it was reported 

that cAMP-CRP represses rpoS transcription during exponential growth in minimal medium 

containing 0.2 % glucose (Lange and Hengge-Aronis 1994). Another regulator reported to act 

negatively is ArcA; it binds to a promoter region overlapping the cAMP-CRP binding site and 

therefore, in addition to its role as a repressor, might counteract a possible activator role of 

cAMP-CRP (Mika and Hengge 2005). 

4.3 Translation of rpoS 

Once transcribed into mRNA, the 5’ UTR forms a stem-loop, which hides its ribosome binding 

site, and, consequently, only minimal rpoS translation occurs. In order to untangle this 

secondary structure and allow rpoS translation sRNAs play a crucial role (Arluison, Hohng, et 

al. 2007). In concert with the RNA chaperone Hfq (Muffler, Fischer, et al. 1996, Muffler, 

Traulsen, et al. 1997) sRNAs can bind to the 5’ UTR and prevent formation of the secondary 

structure, thus releasing the ribosome binding site and enabling translation (Soper, Mandin, 
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et al. 2010). These sRNAs are the low temperature-induced DsrA (Majdalani, Cunning, et al. 

1998, Sledjeski, Gupta, et al. 1996), the hyperosmotically and stationary phase-induced RprA 

(Majdalani, Chen, et al. 2001, Majdalani, Hernandez, et al. 2002), and ArcZ (Mandin and 

Gottesman 2010). 

OxyS, also a sRNA, negatively regulates rpoS translation, without direct base pairing with the 

rpoS mRNA by an unknown mechanism, possibly altering Hfq chaperone activity (Zhang, 

Altuvia, et al. 1998). OxyS is stimulated by the OxyR protein, the latter is a response element 

to hydrogen peroxide (H2O2). This result is in opposition to the important role of σS in 

response to oxidative stress where it leads to the induction of both, katE and dpS. There is a 

number of different possible explanations why these two mechanisms exist in parallel. First, 

maintaining σS levels by turning down both, mRNA production and protein degradation, 

might be a way to save resources. Second, depending on the condition, either OxyR or σS 

alone could be responsible for the response to oxidative stress. However, all these 

explanations are still not entirely convincing and further research is needed.  

Additional factors that play a role in rpoS translation are the histone-like proteins HU and H-

NS. HU is able to bind rpoS mRNA and, thereby, has a positive impact on rpoS translation 

(Balandina, Claret, et al. 2001), whereas H-NS appears to have a negative effect on 

translation (Yamashino, Ueguchi, et al. 1995). 

4.4 Stability and degradation of σS 

Following translation, σS is either rapidly degraded by the ClpXP protease (Schweder, Lee, et 

al. 1996) when the cell faces favourable growth conditions, or is stabilized when it 

encounters “stress” conditions (Lange and Hengge-Aronis 1994). Under favourable 

conditions and in the absence of stressors, the phosphorylated anti-adaptor RssB binds to σS 

and designates it for degradation (Zhou, Gottesman, et al. 2001). Under “stress” conditions, 

anti-adaptors such as IraP, IraM and IraD (Ira = inhibitor of RssB activity) are expressed and 

inhibit RssB activity and thus prevent σS degradation. These anti-adaptors are induced either 

by enhanced ppGpp levels (IraP and IraD), phosphorus starvation (IraP), or DNA damage 

(IraD) (Bougdour, Cunning, et al. 2008, Bougdour and Gottesman 2007, Bougdour, Wickner, 

et al. 2006, Merrikh, Ferrazzoli, et al. 2009a, Merrikh, Ferrazzoli, et al. 2009b).  
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4.5 Competition for RNA polymerase 

The cell can only provide a certain amount of RNA polymerase molecules, which will be 

available for assembly of the RNAP-σ complex. Thus, σ-specific induction of gene expression 

is not only dependent on σ factor levels but also on the potential to recruit RNAP and form 

the RNAP-σ holoenzyme. When competing for this limited amount of RNA polymerase, σS 

faces two apparent major disadvantages. First, σD has higher affinity for the core polymerase 

in vitro (Maeda, Fujita, et al. 2000) and second, σS occurs in much lower quantities than σD 

(80 fmol/µg total protein for σD compared to 30 fmol/µg total protein for σS in stationary 

phase) (Jishage and Ishihama 1995). Hence, the cell must provide mechanisms that influence 

competition in favour of σS to allow it to divert part of the transcription machinery to the σS 

regulon and thereby to fulfil the role of the master regulator of the stress response. 

Consequently, transcription of some σD-dependent genes can be reduced at conditions with 

high levels of competitive alternative sigma factors, as less RNAP is available for transcription 

of σD-dependent genes. Therefore, genes responsible for, e.g., glucose affinity are less 

efficiently transcribed in the presence of high σS levels, as it is the case at low dilution rates 

in chemostats, where rpoS mutants show an improved Ks compared to wild type cultures 

(Farewell, Kvint, et al. 1998, King, Seeto and Ferenci 2006, Wick, Weilenmann and Egli 2002). 

A number of effectors can help to adjust competition for RNAP in favour of σS. Crl is one 

important positive effector of σS. It binds and promotes σS holoenzyme formation (Gaal, 

Mandel, et al. 2006). The alarmone ppGpp positively affects sigma factor competition in 

favour of σS in several ways. First of all, it decreases rRNA synthesis and allows that more 

free RNA polymerase becomes available (Barker, Gaal, et al. 2001). Secondly, it directly helps 

alternative sigma factors to compete with σD (Jishage, Kvint, et al. 2002). Adjacent to 

enhancing formation and stability of the σS-RNAP complex, “poisoning” of the competitor 

complex is again another mechanism of shifting the balance towards σS. A third effect of 

ppGpp consists of inducing expression of Rsd (Durfee, Hansen, et al. 2008), an anti-sigma 

factor that binds σD and in this manner impedes interaction of σD and RNAP (Jishage and 

Ishihama 1998). Similarly, 6S RNA can compete for the DNA binding site of the σD 

holoenzyme and freezes it in an inactive form (Wassarman 2007). Although this will not yield 

increased numbers of freely available RNAP core units it will decrease the number of free 

competitive σD molecules (Battesti, Majdalani and Gottesman 2011). 
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4.6 Ambiguous role of different regulators 

Interestingly, numerous factors are involved at different levels and can be cross-connected 

to different regulatory elements. For instance, ArcA can phosphorylate ArcB and, therefore, 

may repress rpoS transcription. Moreover, phosphorylated ArcB can phosphorylate RssB and 

hence enable σS degradation (Mika and Hengge 2005). Furthermore, under anaerobic 

conditions, ArcB can inhibit the small RNA ArcZ and subsequently reduce mRNA stability 

(Mandin and Gottesman 2010). ArcA can thus, depending on the condition, have an 

influence on the transcriptional, translational and the stability level. Furthermore, ppGpp 

does not only increase rpoS transcription (Lange, Fischer and Hengge-Aronis 1995), but also 

plays a role in inducing anti-adaptors (Bougdour, Cunning, et al. 2008, Durfee, Hansen,et al. 

2008) and helps σS competing for RNA polymerase (Jishage, Kvint, et al. 2002). 

5 Mechanisms of promoter recognition by σS 

5.1 Promoter elements important for recognition by σS 

 

 
Figure I-3: Consensus promoter -10 sequences identified by in vitro transcription with either σS or σD. 
Upper case letters indicate strong conservation. Figure from Maciag and co-workers (Maciag, Peano, 
et al. 2011). 
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The two sigma factors σS and σD recognise very similar consensus sequences as shown in 

Figure I-3 (Gaal, Ross, et al. 2001, Typas, Becker and Hengge 2007). However, some 

promoter features are known to favour either transcription by σD or σS. For instance, a very 

important and common characteristic of σS-dependent promoters is the presence of a 

cytosin at the -13 position (Becker and Hengge-Aronis 2001). Upon binding, a lysine residue 

at position 173 of σS binds to this cytosin and enhances recognition of the promoter. In 

contrast, σD exhibits a glutamate at the corresponding position, which interacts best with a 

guanin. Furthermore, σS is more tolerant for small degenerations in the -10 element. This 

tolerance is even higher for the -35 and the UP-element where σS accepts a far less 

conserved sequence (-35) or requires no really conserved sequence (UP) and can recognise 

promoters without the latter elements, whereas σD cannot induce transcription from these 

promoters. A further promoter feature, which favours recognition by σS rather than σD, is the 

spacer between the -10 and the -35 element. Different spacer lengths (17 +/- 2) are more 

acceptable for σS than for σD (Lacour and Landini 2004, Maciag, Peano, et al. 2011, Typas, 

Becker and Hengge 2007, Weber, Polen, et al. 2005). 

Another interesting difference between σS- and σD-dependent promoters consists of a 

discriminator region downstream of the -10 element often rich in A/T. However, the 

corresponding region for σD-depending promoters consists of G/C. Thermodynamically, it 

takes less energy to open the bonds between A/T compared to G/C. Therefore, this 

difference represents a possible mechanism of differentiation, as σS, depending on the 

specific case, might be less efficient in opening σD-dependent promoters (Maciag, Peano, et 

al. 2011). 

However, despite the mentioned different characteristics of σS-dependent promoters, some 

genes are regulated by either of the two, depending on, e.g., growth phase exemplified by 

the P1 promoter of the rpoH gene that was shown to be σD-dependent during fast growth 

and σS-dependent during slow growth (Janaszak, Nadratowska-Wesolowska, et al. 2009, 

Raffaelle, Kanin, et al. 2005, Tanaka, Takayanagi, et al. 1993).  

5.2 Transcription factors determining σS specificity 

The Crl protein does not only foster σS holoenzyme formation but can also act as an activator 

of σS-dependent expression at certain promoters (England, Westblade, et al. 2008). Nearly 

half of the identified σS-dependent genes exhibit cAMP-CRP binding sites, which suggests a 



Chapter I General Introduction 

 
28 

general transcriptional role to cAMP-CRP (Weber, Polen, et al. 2005). Further proteins that 

favour σS-induced transcription are Lrp, Crp and IHF; all of them block σD but not σS at the 

osmY promoter (Colland, Barth, et al. 2000). Another example is the dpS promoter where H-

NS represses σD-dependent expression but does not interfere with σS. Fis, however, 

represses σS-dependent transcription by trapping the σD holoenzyme at the promoter 

complex during exponential phase; this repression is overcome when cells enter stationary 

phase and Fis levels drop and allow σS-dependent dpS transcription (Grainger, Goldberg, et 

al. 2008). Still, dpS can be transcribed by the σD holoenzyme in the OxyR-regulated response 

to oxidative stress during exponential growth (Altuvia, Almiron, et al. 1994). Contrary to the 

above mentioned examples of positive roles in σS-dependent expression, Lrp (Weber, Polen, 

et al. 2005) and H-NS (Yamashino, Ueguchi and Mizuno 1995) can also act as negative 

regulators. Yet another example is the aidB promoter, which is transcribed by σD only if Ada, 

a regulator in response to DNA alkylation damage, is present; in contrast, σS is responsible 

for aidB expression without Ada during stationary phase (Lacour, Kolb, et al. 2002). 

Notably, all these examples suggest that σS specificity as well as the mode of specificity differ 

from case to case, e.g., H-NS and Lrp can act as positive or negative regulators of σS-

dependent transcription. Thus, one cannot draw a general conclusion yet on how 

transcription factors help recognising the correct promoter, and, which transcription factors 

will be involved. The same holds true for the recognised promoter sequences where 

different promoter elements can be of different importance, depending on the promoter 

and its context. This leads to the conclusion that specificity is achieved by integration of 

different sensitivities to the different transcription factors combined with more or less 

favoured promoter elements. 

6 Objectives of this thesis 

The above mentioned features and mechanisms provide a very detailed insight into 

promoter specificity and recognition by σS; however, a systematic study aiming at the 

identification of the direct σS regulon is still missing (Battesti, Majdalani and Gottesman 

2011). Most of the work that led to the identification of σS-specific promoter elements 

consists of microarray studies (Lacour and Landini 2004, Weber, Polen, et al. 2005). Such 

experiments compare the transcriptome of wild type E. coli to that of mutants deficient for 

the production of σS. The major drawback of this technique is that it cannot be distinguished 
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between direct and indirect effects. A different approach was that taken by Maciag and 

colleagues (Maciag, Peano, et al. 2011), who compared in vitro transcription of RNAP 

together with either σD or σS and identified in a systematic way genes that are preferentially 

transcribed by σS. As a complementation to the latter approach, we identified the direct σS 

regulon during entry in stationary phase in LB medium. 

Moreover, we investigated how E. coli reacts to abrupt changes in specific growth rate. 

During rapid adaptation from slow growth to fast growth enabled by sudden availability of 

nutrients it is very important for the cell to be able to use a maximum of the available 

resources for proliferation and to deprive competitors of these nutrients. For these 

experiments, we cultivated E. coli in either glucose-, phosphorus-, or nitrogen-limited 

continuous cultures and followed parameters such as biomass, nutrient concentrations, 

specific growth rate and sigma factor levels during transients, from slow to fast growth, and 

back again.  

Furthermore, we established a technique, which allows to follow rpoS promoter activity at a 

single cell level. In the past, the method of choice to investigate transcriptional activity of the 

rpoS gene was to use lacZ fusions. Much information was gathered using this technique, for 

example, it was found where the main promoters of the rpoS gene are located (Lange, 

Fischer and Hengge-Aronis 1995). However, these findings rely on the analysis of bulk 

parameters that do not allow to draw any conclusion on activities of promoters in single 

cells. Thus, we constructed an rpoS promoter-GFP fusion in order to analyse and follow 

promoter activation at a single cell level. Experiments were carried out in a microfluidic 

device that allows following the fate of one cell, which is located at the bottom of a dead-

end channel and consecutively pushes out the newly formed cells. To induce promoter 

activity, we changed the growth medium during the experiment. First, cells were grown with 

rich MOPS medium containing amino acids and glucose, followed by a linear decrease in 

glucose concentrations reaching 0 % after 10 hours. Growth on amino acids without glucose 

resulted in reduced growth rates, which are known to cause rising σS protein levels (Ihssen 

and Egli 2004) and led to clear promoter activation in our experiments.  
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Chapter II Cloning and characterization of a K-12 MG 

1655 wild type strain expressing a His-tagged σS protein  

1 Introduction 

In every environment bacteria are directly exposed to fluctuating and changing conditions, 

which they have to sense, adapt and response to in order to survive. These conditions 

represent either a stimulus or a stress to the cells, and  can induce changes of physiological 

characteristics at all levels such as cell shape, cell and membrane composition, 

transcriptome and proteome as well as in case of stresses mostly a negative influence on 

growth parameters such as specific growth rate. Hence, every condition that induces and 

requires the above mentioned changes, especially if they reduce growth, qualifies as a stress 

to the bacterial cell. This is in line with definitions in the literature, e.g., “Bacteria constantly 

face changes in their environment, from nutrient starvation to variations in temperature, 

osmolarity, or pH. To adapt to or resist these changing conditions, they have developed 

various responses.” (Battesti, Majdalani and Gottesman 2011) and “In their natural 

environments, bacteria usually have to cope with rather stressful conditions. These include 

the limitation of diverse nutrients; intense competition for nutrients; a variety of abiotic 

stresses such as nonoptimal temperature, pH, or osmolarity; oxygen-derived radicals, toxic 

metal ions, and radiation; as well as infection by bacteriophages, or predation by other 

bacteria and protozoa.” (Storz and Hengge 2011). The cellular defence and preparation 

systems to many of these stresses is governed by alternative sigma factors that control the 

expression of genes of the stress response. Among these sigma factors, σS is considered the 

master regulator of the stress response and, hence, σS-dependent gene expression is 

fundamental for the cell’s survival. The σS regulon is presently considered to consist of about 

500 genes, which represents some 10 % of all E. coli genes (Lacour and Landini 2004, Weber, 

Polen, et al. 2005) and includes not only genes responsible for adaption to various stresses 

but also genes involved in biofilm formation, metabolism, regulation, transport and protein 

processing. All these results and definitions of the σS regulon include both, directly and 

indirectly σS-controlled genes and it is only partially known, which of these genes constitute 

the direct core σS regulon (Battesti, Majdalani and Gottesman 2011). To dissect in a 

systematic way, which promoters are recognized and bound by the σS protein in vivo under 
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different stress conditions, we carried out Chromatin immunoprecipitation (ChIP) 

experiments. Briefly, σS was cross-linked to DNA with formaldehyde, which resulted in a 

snap-shot of the distribution of σS proteins in the genome at the moment of fixation. 

Following, cells were lysed and the DNA was fragmentized. This lysate was then incubated 

with the antibody targeting the σS protein. Subsequently, agarose beads were added, which 

specifically bind the antibody and allowed gravimetric separation and thus purification of the 

σS-promoter complex. Once the complex was purified, the cross-link was reversed and 

proteins were digested, which resulted in free promoter DNA fragments and finally allowed 

identification of the bound promoter sequences by direct sequencing (Figure II-1). The 

limiting step of ChIP experiments is the quality of the antibody (Carey, Peterson, et al. 2009). 

As there is no commercially available ChIP-compatible σS antibody, we engineered an E. coli 

K-12 MG 1655 strain to carry a chromosomal His-tag at the C-terminal end of σS. We 

demonstrate here that this strain exhibits similar growth behaviour (e.g., specific growth 

rate on LB and mineral medium), similar σS levels, and, consequently, a similar stress 

resistance pattern as the parent strain. Using this strain, we were able to establish a 

chromatin immunoprecipitation protocol targeting the His-tagged σS in vivo, which allowed 

successful enrichment of σS-bound promoters. 

 

 
 
Figure II-1: Chromatin immunoprecipitation (ChIP) procedure 
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2 Material and Methods 

2.1 E. coli strains 

E. coli K-12 MG 1655 wild type (F- λ- rph1) was employed for cloning of a His-tag to the rpoS 

gene. The resulting strain E. coli K-12 MG 1655 C5 was used for chromatin 

immunoprecipitation (ChIP). E. coli K-12 MG 1655 rpoS13::Tn10, which carries a rpoS-

knockout and E. coli K-12 M15, which expresses an exogenous His-tagged σS protein, were 

used for comparison. E. coli DY330 (W3110 DlacU169 gal490 lcI857 D (cro-bioA)) was used 

for λ red recombination. 

2.2 Cloning 

The strain was constructed following the procedure described by Datsenko (Datsenko and 

Wanner 2000) and Yu (Yu, Ellis, et al. 2000). Linear DNA fragments containing a kanamycin 

resistance gene and the ccdB gene under the control of a rhamnose inducible promoter 

were amplified under standard polymerase chain reaction (PCR) conditions (Expand High 

FidelityPLUS PCR System, Roche Applied Science, Penzberg, Germany) from pKD45 (from Barry 

Wanner, unpublished). The primers had 3’ homologies to the plasmid and 45-nucleotide (nt) 

5’ homologies to the DNA regions flanking the rpoS gene up- and downstream (Table II-1), 

which resulted in a linear DNA fragment of the cassette being flanked by the target 

homologies. The knockout cassette was purified and used for electroporation of DY330 (Yu, 

Ellis, Lee, Jenkins, Copeland and Court 2000). Following selection on kanamycin (step 1), the 

rpoS knockout was P1-transduced into K-12 MG 1655 (step 2) and again selected on 

kanamycin. In parallel, DY330 cells (from step 1), carrying the rpoS knockout were rendered 

competent again and transformed (electroporation) with a linear DNA fragment encoding 

for the wild type rpoS gene and a His-tag at the 3’ end (step 3). The primers carried the same 

45-nt homologous regions as for the first step. Selection was performed on M9 minimal 

medium agar plates containing 0.2 % rhamnose and 0.01 % biotin. Only the cells having 

replaced the knockout with the altered rpoS sequence are able to grow on this medium. The 

trait was subsequently P1-transduced into a fresh K-12 MG 1655 background carrying the 

rpoS knockout (from step 2). Selection was again performed by plating on M9 minimal 

medium agar plates containing 0.2 % rhamnose and 0.01 % biotin. 
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Purpose Primer 

knockout  Forward 

  TTTGCTTGAATG TTCCGTCAAGGGATCACGGGTAGGAGCCACCTTTCAGAAGAACTCGTCAAGAAGG 

  Reverse 

  AAAGGCCAGCCTCGCTTGAGACTGGCCTTTCTGACAGATGCTTACCGTCATCGCCATTAATTCACTG 

knockin  Forward 

  TTTGCTTGAATGTTCCGTCAAGGGATCACGGGTAGGAGCCACCTTATGAGTCAGAATACGCTGAAAG 

  Reverse 

  AAAGGCCAGCCTCGCTTGAGACTGGCCTTTCTGACAGATGCTTACTTAGTGATGGTGATGGTGATGCT 
CGCGGAACAGCGCTTCG 

rpoS  Forward 

  AACCAGTTCAACACGCTTGC 

  Reverse 

  GTGTTAACGACCATTCTCGG 

Table II-1: Primers used for cloning and verification of the rpoS locus. 

2.3 PCR and sequencing 

PCR was carried out under standard conditions (Promega Corporation, Madison, USA) to 

amplify the locus of the rpoS gene for subsequent fragment length analysis or sequencing 

using the rpoS primers listed in Table II-1. The PCR product was then either loaded onto a 

1 % agarose gel to determine fragment length and/or sequenced (Microsynth, Balgach, 

Switzerland). 

2.4 Restriction digest 

In order to quickly determine successful cloning of the C-terminal His-tag, the rpoS fragment 

was amplified and Dde I digested (Fermentas fast digest, Thermo Fisher Scientific, Waltham, 

USA). Digested fragments were separated on a 2 % agarose gel. Wild type amplicons should 

exhibit 3 bands at 1000 base pairs (bp), 233 bp and 88 bp, the engineered strain 4 bands at 

836 bp, 233 bp, 160 bp and 88 bp. 

2.5 Batch growth – LB medium 

Cultures were inoculated from a single colony in 5 mL of LB medium (Sigma-Aldrich, St. 

Louis, USA). Between OD600 0.1-0.2 cultures were diluted to an OD600 of 0.01 in 5 mL of LB 

medium. When an OD600 of 0.1-0.2 was reached, the cultures were inoculated into a 500 mL 

flask containing 75 mL of LB medium to an OD600 of 0.005 and 2 mL samples were taken at 

the indicated times in the individual experiments. 
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2.6 Batch growth - M9 minimal medium with 300 mM NaCl 

Cultures were inoculated from a single colony into 5 mL of M9 minimal medium (Sigma-

Aldrich, St. Louis, USA, 0.2 % Glucose, 300 mM NaCl), grown to an OD600 of 0.1 and diluted to 

an OD600 of 0.002 into 1 mL in a 24-well plate. Growth was recorded with a plate reader 

(SynergyMx, BioTek,Winooski, USA). 

2.7 Catalase assay 

Catalase assays were carried out according to Visick and Clarke (Visick and Clarke 1997). 

Overnight (ON) cultures were harvested (2 mL) and chloramphenicol was added to a final 

concentration of 25 µg/mL. Cells were spun down at 13000 rpm with a table top centrifuge. 

The resulting pellet was resuspended in 200 µL of phosphate buffered saline (PBS, 8 g NaCl, 

0.2 g KCl, 2.68 g Na2HPO4–7H2O and 0.24 g KH2PO4 per litre, pH 7.4). The cells were then 

disrupted by sonication (HD 2200 Bandelin Sonopuls, MS 72 sonotrode, cycle 5, power 10 %, 

3 x 5 seconds on ice). Insoluble cell debris was then spun down at 13000 rpm with a table 

top centrifuge and the supernatant was incubated at 55°C for 15 minutes in order to 

inactivate HP I. Protein concentration of the supernatant was determined with the Bradford 

test (Bio-Rad Protein Assay, Bio-Rad, Hercules, USA). Catalase activity was determined 

incubating 1.95 mL of prewarmed PBS (pH 7.0, 37°C), 50 µL of crude protein extract and 

4.23 µL H2O2 (35 %, Sigma-Aldrich, St. Louis, USA) and following decrease in absorbance over 

2 minutes at 240 nm, which as proportional to H2O2 decay. 

2.8 Western Blot 

Samples (2 mL) were withdrawn from the respective batch cultures at different times, 

transferred to 2 mL test tubes on ice and cells were spun down with a table top centrifuge at 

13000 rpm and 4°C. The supernatant was discarded and the resulting cell pellets were frozen 

and stored at -20°C. The amount of sample buffer (0.15 M Tris pH 6.8, 1.2 % SDS, 30 % 

glycerol, 15 % β -mercaptoethanol, 1.8 % bromophenolblue) to be added was adjusted to 

the respective OD600. Samples were heated up to 100°C for 10 minutes, centrifuged at 

13000 rpm for 1 minute in a table top centrifuge and the same amount of supernatant was 

loaded onto a 10 % polyacrylamide gel. The proteins were separated by SDS-PAGE 

(polyacrylamide gel electrophoresis) for 90 minutes at 120 V. Subsequently, the gel was pre-

incubated in transfer buffer (Ihssen and Egli 2004) for 20 minutes, then placed on a 
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nitrocellulose membrane (Bio-Rad, Hercules, USA) and transferred over night at 25 V and 4°C 

(Trans-Blot, Bio-Rad, Hercules, USA). Then, the membrane was incubated for 1 hour with 

Tris-buffered saline containing 0.05 % Tween 20 and 5 % skimmed milk (TBSTM) (Ihssen and 

Egli 2004) to block the membrane and prevent unspecific binding, incubated for 2 hours with 

the primary antibody, which was either a σS or a His-tag antibody (σS antibody from 

Neoclone, Madison, USA; His-tag antibody from Merck (Novagen), Darmstadt, Germany), 

washed twice 10 minutes with TBSTM, incubated during 1 hour with the secondary antibody 

1:5000 (ECL Mouse IgG, HRP-linked, GE Healthcare, Little Chalfont, UK) and finally washed 

4 times 10 minutes with TBSTM. Then, the membrane was incubated for 5 minutes with the 

freshly prepared substrate solution (Immunstar Western C, Bio-Rad, Hercules, USA). 

Visualization was carried out with the ChemiDoc XRS system (Bio-Rad, Hercules, USA).  

2.9 Chromatin Immunoprecipitation (ChIP) 

A batch culture of the His-tag carrying strain (C5) was grown in LB medium to an OD600 of 3.0 

at 37°C and agitation. Then, 45 mL of the culture were incubated with Rifampicin for 

20 minutes at room temperature (RT) at a final concentration of 1.4 mg/mL to trap the RNAP 

and the sigma factor at the promoter (Herring, Raffaelle, et al. 2005). Then, the cells were 

cross-linked by addition of formaldehyde at a final concentration of 1 % and incubated for 

5 minutes at RT. Afterwards, the formaldehyde was quenched with 0.25 M glycine for 20 

minutes at 4°C and gentle shaking. The cells were spun down, the supernatant carefully 

discarded and the pellet washed 3 times with 5 mL of ice cold PBS. Thereafter, the pellet was 

resuspended in 5 mL of lysis buffer (10 mM Tris pH 8, 50 mM NaCl, 10 mM EDTA, 20 % 

sucrose, 10 mg/mL lysozyme and 1/50 protease inhibitor cocktail, #8849, Sigma-Aldrich, St. 

Louis, USA) and incubated for 30 minutes at 37°C. After lysis, 5 mL of immunoprecipitation 

buffer (IPB, 200 mM Tris pH 8, 150 mM NaCl, 4 % Triton X-100, 1 % NaDoc, protease 

inhibitor) was added and the sample was immediately cooled down to 4°C. Following, 5 mL 

of the sample were sonicated 80 x 15 seconds (MS 73 sonotrode, cycle 9, power 40 %, HD 

2200 Bandelin Sonopuls, BANDELIN, Berlin, Germany) to obtain DNA fragments of 100-

400 bp. RNA was digested by adding RNAse at a final concentration of 100 µg/mL and 

incubating for 15 minutes at 37°C. Cell debris was removed by centrifugation and the 

supernatant (termed “input sample” for the following) was used for ChIP experiments. A 

250 µL fraction of the input sample was de-crosslinked (100 µg/mL Proteinase K and 5 mM 

CaCl2 for two hours at 42°C, following incubation at 65°C over night) and used for phenol-
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chloroform extraction. The purified DNA fragments were analysed on a 2 % agarose gel to 

assure fragment length after sonication between 100-400 bp. A fraction of 200 µL sample 

was retained as input control and 1 mL of the input sample was then incubated with 40 µL of 

washed (2 x 500 µL IPB, from here on as before but only 2 % Triton X-100 and no NaDoc) 

protein A/G agarose slurry (#20423, Pierce, Thermo Fisher Scientific, Waltham, USA) for 2 h 

at 4°C on a rotating wheel to preclear the sample and reduce unspecific binding. 

Subsequently, the agarose beads were separated from the lysate by centrifugation at 

4000 rpm in a table top centrifuge. The cleared lysate was then incubated with 5 µL of 

antibody (rabbit polyclonal to 6X His tag, ChIP grade, #9108, Abcam, Cambridge, UK) on a 

rotating wheel over night at 4°C. The next morning, 40 µL of protein A/G agarose slurry 

(#20423, Pierce, Thermo Fisher Scientific, Waltham, USA) was pre-washed with 2 x 500 µL of 

IPB, blocked 1 x 10 minutes with 500 µL IPB (1 mg/mL BSA) and washed 1 x 5 minutes with 

500 µL IPB on a rotating wheel. Then, the sample was added to the blocked and pre-washed 

agarose beads and incubated for 2 h at RT on a rotating wheel to allow binding of the 

agarose beads to the His-tag antibody. The sample was briefly centrifuged at 4000 rpm to 

separate the beads from the input sample and washed each time 5 minutes with 500 µL on a 

fast rotating wheel at RT with 2 x IPB, 2 x high salt buffer (HSB: 500 mM NaCl, 100 mM Tris, 

2 % Triton X-100, 1 mM EDTA), 2 x lithium chloride buffer (LiClB: 250 mM LiCl, 100 mM Tris, 

2 % Triton X-100, 1 mM EDTA) and 1 x IPB. Elution of the protein-DNA complex from the 

beads was performed with 200 µL elution buffer (EB, 50 mM Tris pH 8.0, 1 mM EDTA, 1 % 

SDS) for 30 minutes at slow shaking (strength 4) on a vortex (vortex genie 2, Scientific 

Industries, New York, USA) at 65°C. Proteins were digested by incubation with 100 µg/mL 

Proteinase K and 5 mM CaCl2 for 2 h at 42°C and the cross-links were reversed by 

subsequent incubation at 65°C over night. In the following, five samples were pooled on the 

same DNA purification column (minElute, QIAGEN, Hilden, Germany) to increase the final 

DNA concentration. DNA was eluted with 20 µL of QIAGEN elution buffer (minElute, QIAGEN, 

Hilden, Germany). The obtained DNA was quantified using a fluorometer (Qubit, dsDNA HS 

Assay, Invitrogen, Carlsbad, USA). The protocol was adapted from Mooney et al. (Mooney, 

Davis, et al. 2009). 

2.10 Quantitative PCR (qPCR) 

Semi-quantitative PCR was carried out to assess the enrichment of the immunoprecipitated 

samples. The primers were designed using the Primer3 software and target the dpS and katE 
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promoter regions as positive controls, and, as negative controls, regions in rpoB and yeeJ 

situated between 1500 base pairs and 4000 bp away from up- or downstream promoter 

regions (see table II-2 for primer sequences). qPCR was performed with GoTaq qPCR Master 

Mix (Promega Corporation, Madison, USA). The amplified sequence in the rpoB gene was 

cloned into pGEM T Easy (Promega Corporation, Madison, USA) and used as positive control.  

Gene Forward Reverse 
katE CACCGTTTCCAGAATAGTCTCC TGCGACATTGAACTCGTCTC 
dpS GCCAGAATAGCGGAACACAT GCGGGTATAAAGCAGATTGG 
rpoB GCGATGGCGTAGAAAAAGAC CTACCAGCACAGCACGGATA 
yeeJ GACGAACGAACAGGGTAAGG TTGATGTGCTAAGCGTGGAG 
Table II-2: Primers used for qPCR based analysis of ChIP experiments. 

3 Results 

3.1 Selection of clones with wild type growth behaviour 

The cloning and selection process finally yielded seven clones, all containing the correct 

insertion of the His-tag sequence. For fast identification of correct clones, restriction digest 

of the rpoS amplicon by DdeI was used (see II.2.4) and led to four fragments for the cloned 

strain and three for the wild type (Figure II-2), which proved that identification of His-tag 

carrying genotypes by restriction digest is possible. 

 
Figure II-2: DdeI digest of PCR products of the rpoS locus. Appearance of four fragments proves the 
presence of a His-tag-coding sequence (C ter), three fragments correspond to the wild type (wt). 
 

To assess whether or not genetic manipulation had either altered growth and physiological 

parameters, or introduced artefacts into the produced mutants, we first selected for clones 

with growth parameters similar to the wild type. Different growth curves of obtained clones 

are shown in Figure II-3 and demonstrate that two clones, namely C3 and C5, show identical 
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growth curves compared to the wild type. The µmax was 2.193 ± 0.003/h (wild type), 

2.16 ± 0.018/h (C3) and 2.004 ± 0/h (C5).  

 
Figure II-3: Growth curves of different clones grown in LB medium to determine growth parameters. 
 

3.2 Seamless addition of a His-tag to the chromosomal rpoS 

gene 

It was possible to seamlessly add 18 nucleotides at the 3’ end of the rpoS gene, which code 

for a 6 x His-tag at the C-terminal end of the σS protein. The gene was sequenced and the 

results confirmed a seamless insertion into the genome, without any antibiotic resistance 

gene. The Western Blot in Figure II-4 shows that the His-tag was expressed. The σS band 

shows a slight upshift due to the added amino acids, which result in a higher molecular 

weight. 

  
Figure II-4: Plasmid-based σS-expressing strain (M15), wild type and C5 were grown over night to 
stationary phase in LB medium and analysed with anti σS (left) and anti His (right) antibody. The 
Western Blot on the left shows a band for each of the three strains, indicating that the σS protein is 
present. The Western Blot on the right shows only a band for the recombinant σS proteins of the 
strains M15 and C5, which is in line with the absence of the His-tag in the wild type strain. 
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3.3 Specific growth rate and σS levels are not affected by 

addition of a His-tag 

As σS levels depend on the specific growth rate, we checked if the engineered strain C5 

exhibits the same specific growth rates as the wild type control. It is clearly demonstrated in 

Figure II-5 that both strains have the same growth pattern in LB medium.  

  
Figure II-5: Growth of wild type (solid diamonds) and C5 (empty diamonds) in batch culture with LB 
medium to determine growth behaviour and µmax in early exponential phase. (A) OD600 and (B) 
ln(OD600). 
 

For both, the wild type and the engineered strain, µmax was about 2.1/h (td = 20 minutes). 

Moreover, Western Blot analysis (Figure II-6) illustrates that modification of the σS protein by 

adding six histidine residues did not alter σS levels and led to the same σS protein increase 

during deceleration of growth and entry into stationary phase. 

  
Figure II-6: Growth of wild type strain (empty diamonds) and the constructed C5 strain (solid 
squares) in batch culture with LB medium to determine σS levels (left lane wild type, right lane C5 for 
each of the three sample points) for determination of σS levels. (A) OD600 and (B) ln(OD600).  
 

3.4 Physiological effect of the addition of a His-tag 

3.4.1 His-σS does not change growth pattern during osmotic stress 

In section 3.3 we demonstrated that σS quantities were not affected by the addition of the 

His-tag. In order to also make sure that the cloning did not influence direct σS function and 
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downstream targets, we chose to compare wild type, rpoS-deficient mutant and the 

engineered strain C5 for growth under osmotic stress conditions. For this, 0.3 M NaCl was 

added to M9 minimal medium. As shown in Figure II-7, wild type and His-tag carrying strain 

exhibit a similar growth pattern. In contrast, for the rpoS-deficient mutant addition of NaCl 

resulted in a reduction of the specific growth rate. 

 
Figure II-7: Growth of wild type (empty diamonds), C5 (solid diamonds) and rpoS-deficient mutant 
(grey circles) in M9 minimal medium (0.2 % Glucose, 0.3 M NaCl) to assess resistance to salt stress. 
 

3.4.2 His-σS does not change HPII induction 

A further reporter function tested was catalase activity of the entirely σS-dependant HPII 

(katE). It is indicated in Figure II-8 that the wild type and the engineered strain exhibited the 

same HPII activity, whereas the rpoS mutant showed very low activity. Thus, it is proven that 

the engineered σS is functional and acts indistinguishable from the wild type σS.  
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Figure II-8: Catalase assay, comparing HPII activity of wild type, C5 and ∆rpoS mutant grown in LB 
medium over night to stationary phase. 
 

3.5 ChIP yields successful enrichment of σS-dependent 

promoter regions 

The goal of the project was to establish a chromatin immunoprecipitation protocol using the 

engineered C5 strain. In order to assess feasibility and efficiency of such an experiment, 

semi-quantitative PCR was applied to test enrichment of promoter regions to which the σS 

protein was bound at the moment of formaldehyde fixation. In Table II-2 and Figure II-9 it is 

convincingly demonstrated that a clear enrichment of a promoter region known to be 

recognized and bound by σS (dpS) in stationary phase, compared to two regions far away 

from any promoters within the structural part of the rpoB and yeeJ gene, was achieved. 

These two genes were chosen, because their size allowed to target an intragenic region a 

couple of thousands of base pairs away from any promoter element. The enrichment factor 

in the indicated experiment was about 9 for dpS, whereas katE did not show any detectable 

enrichment. 
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Table II-2: ChIP results, positive (+, dpS and katE) and negative (-, rpoB and yeeJ) controls were 
compared for the non-immunoprecipitated and the immunoprecipited sample. The upper panel of 
the table shows Ct (cycle threshold) values, the lower panel lists the average Ct values of the 
negative controls, the difference between the negative average and the respective gene Ct values 
and the enrichments calculated by 2^Ct difference. 
 

  
Figure II-9: Graphic representation of the results shown in Table II-2. Left, Input sample with all four 
controls appearing with the same Ct value. Right, ChIP sample showing clear enrichment of the dpS 
promoter (red line). 
 

4 Discussion 

Genetic manipulation can have several undesirable consequences. In general, application of 

recombination mechanisms could lead to unwanted recombination events in the genome. 

Further, the intended alteration itself could have an influence on transcription, translation, 

stability and interaction with other proteins or DNA. Moreover, if a mutant was produced by 

transduction of a target gene-expressing plasmid, there will be an additional burden on the 

cell for replicating the additional DNA molecule, as well and more importantly for (over-) 

expression of the desired protein from that plasmid, which might alter growth physiology. 

Usually, these imprecisions are accepted for the sake of ease and experiments are carried 

out unconscious of possible secondary effects. One good example emphasizing the problem 

of genetic manipulation is the effect of a GFP reporter gene on growth kinetics with 2,4-D in 

Gene Input Ct (non ChIP) Eluate Ct (ChIP) 
dpS (+) 24.08 22.58 
katE (+) 23.66 25.14 
rpoB (-) 24.35 25.96 
yeeJ (-) 23.73 25.52 
   
Average Ct(-) 24.04 25.74 

dCt negative/dpS -0.04 3.16 
dCt negative/katE 0.38 0.59 

enrichment dpS 0.97 8.94 
enrichment katE 1.30 1.51 
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Ralstonia eutropha (Fuchslin, Ruegg, et al. 2003). In this study, it was shown that the GFP 

carrying strain exhibited the same specific growth rate as the wild type, however, substrate 

affinity was decreased for the GFP strain and led to decreased competitiveness compared to 

the wild type. These imprecisions could be acceptable for some cases and proteins, 

especially if there is no experimental alternative and if this fact is taken into consideration 

during the discussion of the results. However, in the case of σS, circumstances are rather 

delicate and require exceptional care. As depicted in the general introduction, σS protein 

levels and σS-mediated induction of gene expression are subject to manifold ways of 

regulation and control. First, genetic alteration of the rpoS gene could lead to differential 

stability of the rpoS mRNA and, therefore, different protein levels, even though the 5’UTR is 

more important for mRNA stability and efficient translation than the 3’ end (see General 

Introduction). Furthermore, σS protein levels themselves could be affected by changing 

ClpXP cleavage and therefore rendering the engineered protein more or less stable. 

Recognition by RssB is unlikely to be affected, as the turn-over element recognised by RssB is 

located in the middle of the protein (Becker, Klauck, et al. 1999). Finally, the σS protein has 

to interact with the RNA polymerase, the DNA and possibly other transcription factors and, 

therefore, alteration of the C-terminal might modify these interactions. 

In general, it is not easily feasible to test a new strain for all traits and physiological 

parameters. One way would be to carry out microarray experiments for both, the wild type 

and the constructed strain, in order to pinpoint differences in gene expression a genetic 

manipulation might cause. To adequately and reasonably test if the constructed mutant 

behaved similarly to and showed the same traits as the wild type strain, we selected some 

characteristics and physiological responses that should be sufficient to address the question 

whether or not the engineered strain can be used for sound experiments. 

We successfully constructed a strain, which expresses a modified σS protein carrying a His-

tag at the C-terminal end and which exhibits the same growth behaviour (lag phase, specific 

growth rate, yield) as the parent wild type strain. This is very important to prevent any 

artefacts due to altered specific growth rates in the mutant, which would result in different 

σS levels. The same holds true for σS levels themselves, which are not affected by the genetic 

alteration and thus allow comparison to the wild type strain. Furthermore, the most 

important characteristic to prove was σS functionality. This could be assured by proving HPII 



Chapter II Cloning and characterization of a K-12 MG 1655 wild type strain expressing a His-tagged σS protein 

 
49 

induction by the engineered σS, which is an indispensable characteristic for further use of 

this strain. Additionally, the engineered strain exhibited the same growth behaviour as the 

wild type upon osmotic stress. These two physiological traits were thus proven to be not 

affected by the cloning. Based on these results the C5 strain was used to establish a 

chromatin immunoprecipitation protocol targeting the His-tagged σS protein in vivo and 

proved significant enrichment of σS-dependant promoters. Interestingly, one could already 

see different enrichments for different genes, which might indicate quantitative differences 

in promoter occupation by σS for dpS and katE. Using the established ChIP protocol and 

subsequent direct sequencing, identification of sets of genes, whose promoters are directly 

bound by σS under different growth conditions, such as the onset of stationary phase in 

batch or during slow growth in carbon-limited chemostat cultures, is possible. 

Interestingly, we also cloned a N-terminal fusion and obtained well-growing and expressing 

clones with the correct DNA sequence (data not shown), however, they did not yield 

enrichment during the ChIP procedure. This could be a hint that the N-terminal is somehow 

covered by either the DNA or the RNA polymerase and is thus not accessible for the 

antibody. 
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In Chapter II we demonstrated that addition of a His-tag to σS did not affect growth 

behaviour, σS protein levels and function, and that a successful chromatin 

immunoprecipitation protocol was established. In this chapter, we employed the established 

approach to identify promoters that are directly bound by the σS protein in vivo. 

1 Material and Methods 

1.1 ChIP and qPCR 

ChIP was performed twice using the same input sample, following the protocol described in 

Chapter II. qPCR for verification of enrichment was also carried out as described in 

Chapter II.  

1.2 Qualitative DNA measurements 

Input (non ChIP) and ChIP DNA were analysed with an Agilent High Sensitivity DNA kit 

(Agilent Technologies, Santa Clara, USA) to assure the correct fragment length distribution 

between 100-400 bp and to determine DNA concentration. 

1.3 Library preparation and sequencing 

Library preparation was carried out by Dr. Clelia Peano and Johannes Wolf. Sequencing was 

carried out by Dr. Clelia Peano.  

DNA fragments derived from genomic DNA sonication, prepared from the K-12 MG 1655 C5 

strain were used for preparation of the sequencing library. Illumina libraries were prepared 

from 10 ng of chromatin immunoprecipitated DNA (ChIP) and control DNA (Input) following 

the Illumina TruSeq ChIP-seq DNA sample preparation kit (Illumina, San Diego, USA). To 

obtain 10 ng of DNA two chromatin immunoprecipitation experiments were pooled. Briefly, 

ChIP and control DNA were modified to carry blunt ends with subsequent tailing of a 3’-dA. 

This overhang allowed the addition of adaptor sequences, which later allowed hybridisation 

to the flow cell where sequencing took place. After addition of the adaptors, the library was 

run on an agarose gel to purify and size-select fragments of 200 ± 25 bp length. Thereafter, 
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the adapter modified and size-selected DNA fragments were enriched by PCR, checked by 

capillary electrophoresis with the High sensitivity DNA assay on a Bioanalyzer 2100 (Agilent, 

Santa Clara, USA) and quantified with the Quant-iT PicoGreen dsDNA Kit (Invitrogen, 

Carlsbad, USA) using a Qubit Fluorometer (Invitrogen, Carlsbad, USA). Consecutively, the 

fragments were immobilized in a flow cell via the adaptor sequences. Solid-phase bridge 

amplification then led to up to 1000 identical copies of each fragment within one µM (or 

less) proximity, resulting in several million dense clusters of double-stranded DNA. Finally, 

the four different fluorescently labelled nucleotides were added in repeated cycles and, 

when complementary, incorporated into the growing DNA strand. After laser excitation, the 

emitted fluorescence from each cluster was recorded, which led to the identification of the 

corresponding base. Then, the fluorescent dye was enzymatically cleaved to allow 

incorporation of the next base. Each library was sequenced in a quarter of lane of a single 

strand 51 bp Illumina run. 

1.4 Statistical and bioinformatic data analysis 

Statistical and bioinformatic data analysis was carried out by Dr. Clelia Peano. 

Raw reads were mapped against the Escherichia coli genome using Bowtie (Langmead, 

Trapnell, et al. 2009) allowing up to two mismatches. Reads from each sample were mapped 

in three consecutive steps taking into account from zero to a maximum of two mismatches. 

After each mapping step the unmapped reads were filtered out and remapped by increasing 

the number of mismatches by one, up to a maximum of three. The results of each mapping 

step were then pooled into a single BAM file. Each sample resulted in a merged BAM file that 

was then processed by using SAMtools (Li, Handsaker, et al. 2009) and converted into a bed 

file using BEDTools (Quinlan and Hall 2010). The quality of each sequenced sample was then 

checked using cross-correlation analysis implemented in spp R package (Kharchenko, 

Tolstorukov, et al. 2008). ChIP-seq peak calling was performed using two different softwares: 

CisGenome (Ji, Jiang, et al. 2008) and spp R (Kharchenko, Tolstorukov and Park 2008). Each 

Input data (control DNA) was used to model the background noise. The list of the 

significantly (p-val<0.01) enriched sites obtained with the first software was matched with 

the list obtained with the second one in order to get a stringent set of highly significantly 

enriched regions. 
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1.5 Relative quantification of gene expression  

To test if promoter regions identified by ChIP-sequencing also had a physiological function, 

i.e., binding of σS led to increased transcription of the respective gene, we performed 

relative quantitative PCR. Cultures were grown to an OD600 of 3.0 in the same way as 

described for the ChIP experiment (see Chapter II.2.9) and RNA was stabilized (RNAprotect 

bacteria reagent, Qiagen, Hilden, Germany) and extracted (miRNeasy mini kit, Qiagen, 

Hilden, Germany). Then, RNA was reverse transcribed (GoScript reverse transcription system 

and random primers, Promega Corporation, Madison, USA) and the resulting cDNA was used 

for qPCR (iQ SYBR Green Supermix, Bio-Rad, Hercules, USA). Primers for qPCR verification of 

possible σS-dependent genes were designed using the Primer3 software and are shown in 

Table III-1.  

Gene Forward Reverse 
16S TGTCGTCAGCTCGTGTCGTGA ATCCCCACCTTCCTCCGGT 
dpS GGATGGCTTCCGCACCG CTTGAGTGGTCCCCAGAG 
rssA CCGCCCGATATTCTGATTC TCCATTTTCCTTTCCACTGC 
ansP TGGATGGCAACACCACTG ATGGAGGCAAAAGCAAACAC 
ycgB TCCGAACCACAAGAAAACCT GGCTCACCTTACGCACAATAC 
ydbK AAAGTTGGCGTGCTGAAAGT GGGTTCTTTGGTTCTGTCCA 
uxaB ATTCAGGGACCGAAATCCTT ATTGCCACTTTGCGTTCTTT 
Lpp AGCTGAGCAACGACGTGAAC GTAGCCATGTTGTCCAGACG 
lpxC GGCTATTGATTCCAGCAACC GCACAAACCACGGGACTG 
ybiI CCGTCAACGAACAGATCAAC CCGCACTCTTCACATTCATC 
ychH GCCCCAGTATTTCGCACAT CAGTAACGGTCGCACACCT 
yfgG TAACAGTCGCATGACCCGTA TTTTTGCTCTGATGGTGCTG 
raiA TCTCGCCAAACTGGAAAAAT CGCCGTTAGGTGTATTGATTG 
ygjR CTGTTTACCTCGCTGGAAGC CGGTTTCTCGCAAATCACAT 
ssrA ATCAAGAGAGGTCAAACCCAAA GGACGGACACGCCACTAAC 
omrA TGGTGAGATTATTCGGTACGC CAGGTTGGTGCAAGAGACAG 
istR-1+2 ACAGTGTGCTTTGCGGTTAC GGAGCGAGGTTTCGTCAGT 
istR-2 GCGGAACACGTATACTTTCAGTG GGAGCGAGGTTTCGTCAGT 

 

Table III-1: Primers used for relative quantification of gene expression of genes, identified by ChIP-
sequencing. 16S cDNA was used as a reference, dpS, rssA, ansP and ycgB cDNA were used as positive 
controls. 
 

The 16S cDNA was used as reference to calculate ∆∆Ct values. dpS, rssA, ansP and ycgB 

cDNA were used as positive controls for σS-dependent genes among the identified binding 

sites. The other genes, previously not known to be σS-dependent, were identified by 

sequencing. 
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2 Results 

2.1 Successful enrichment of control promoters 

The same input sample was used to perform two ChIP experiments. Both ChIP experiments 

(Table III-2) yielded comparable enrichment factors for dpS (8.94 and 7.60, respectively). 

DNA concentrations in the two ChIP eluates were 0.53 ng/µL (about 7 ng total) and 0.2 ng/µL 

(about 3 ng total). 

Gene Input 1 ChIP 1 Input 2 ChIP 2 
dpS (+) 24.08 22.58 22.76 22.69 
katE (+) 23.66 25.14 22.14 25.14 
rpoB(-) 24.35 25.96 22.54 25.77 
yeeJ (-) 23.73 25.52 22.32 25.46 
     
Ct average (rpoB, yeeJ) 24.04 25.74 22.43 25.62 
∆Ct negative/dpS -0.04 3.16 -0.33 2.93 
∆Ct negative/katE 0.38 0.59 0.29 0.48 
Enrichment dpS 0.97 8.94 0.80 7.60 
Enrichment katE 1.30 1.51 1.22 1.39 

 

Table III-2: Different Ct values of the respective genes for two input and two ChIP samples are 
shown. dpS and katE were positive and rpoB and yeeJ were negative controls. The Ct values of the 
negative controls were averaged (line “Ct average (rpoB, yeeJ)”) and the Ct difference to the two 
positive controls (dpS, katE) was calculated separately (line “∆Ct negative/ dpS”). The enrichment is 
the log2 value of the Ct differences. 
 

2.2 DNA profile of the ChIP samples 

Analysis on Agilent High Sensitivity DNA chips showed a size distribution between 50-400 bp 

(Figure III-1), similar to the fragment length before ChIP. The input sample (A) exhibited a 

peak of high intensity (which is proportional to the amount of DNA), whereas the ChIP 

sample (B) gave a peak of very low intensity for this fragment length. A similar pattern was 

found for the two other samples (data not shown). DNA concentration of the fragments that 

exhibited the correct length was determined to be 0.19 ng/µL (2.85 ng total) and 0.12 ng/µL 

(1.8 ng total) for the two ChIP samples. The input samples contained DNA at concentrations 

of 185.46 ng/µL (2781.9 ng total) and 447.15 ng/µL (6707.25 ng total), respectively. 
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Figure III-1: DNA profiles of one of the input (A) and one of the ChIP (B) samples analysed on an 
Agilent High Sensitivity DNA chip.  

2.3 Successful library preparation 

The libraries were prepared using 10 ng of one input and 4.65 ng of two pooled ChIP 

samples. Analysis on the Agilent chip (Figure III-2) demonstrated that library preparation was 

successful and resulted in DNA concentrations of 4.1 ng/µL for the input sample (A) and 

4.9 ng/µL for the pooled ChIP (B) sample. Furthermore, the procedure led to the correct 

library size of about 200 bp, as a piece of this size was cut out of the agarose gel for library 

amplification (see III.1.3 for details). 

  
Figure III-2: DNA profiles of the input (A) and the ChIP (B) library analysed on an Agilent High 
Sensitivity DNA chip. 

2.4 Sequencing led to the identification of 79 binding sites  

Using Illumina sequencing 79 binding sites of the σS protein in the E. coli genome were 

identified (Table III-3). To determine putative σS-regulated genes, the binding sites were 

checked for the presence of downstream genes. As promoter elements are located 

upstream of a gene, candidate genes that were upstream of the binding site on the 

respective strand, were disregarded. Only genes, whose orientation was such that the 

binding site would be situated upstream of the respective gene, and genes that were more 

than 300 bp away were taken into consideration. Thus, these 79 binding sites gave rise to 

109 putative σS-regulated genes. 
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Table III-3: 79 binding sites identified by ChIP-sequencing 
# peak start (bp) peak end (bp) reverse forward function 

 1 63350 63549 hepA 
 

putative helicase 
 2 106400 106649 

 
lpxC UDP-3-O-acyl-N-acetylglucosamine deacetylase 

 3 130200 130349 yacH* 
 

predicted membrane protein 
 4 262000 262249 thrW 

 
threonine tRNAs 

 5 390600 390799 yaiT* 
 

putative outer membrane porin (OPR) 
 6 392250 392349 insE 2 

 
IS3 element protein 

 
    

yaiU predicted protein 
 7 406100 406199 

 
predicted protein  yaiA 

 8 437300 437499 
 

yajO putative oxidoreductase, NAD(P) dependent 
 9 479900 480249 tomB 

 
toxin overexpression modulator in biofilms, modulates Hha toxicity 

10 574850 575099 insH-2 
 

DLP12 prophage; IS5 transposase and trans-activator 
 11 579200 579449 

    12 783100 783299 zitB* 
 

Zn2+ / Cd2+ / Ni2+ / Cu2+ efflux transporter 
 13 837550 837849 ybiI 

 
conserved protein of unknown function 

 14 848050 848349 
 

dpS stress response DNA-binding protein with ferritin-like domain 
 15 951250 951349 pflB* 

 
pyruvate formate-lyase 

 16 985100 985249 aspC 
 

aspartate aminotransferase 
 17 1215900 1216399 

 
ymgC protein involved in biofilm formation 

 
    

ycgG unknown function, copurifies with the degradosome  
 18 1219400 1219949 

 
ycgH-1 hypothetical protein, putative member of the autotransporter family 

19 1236400 1236549 
 

ycgB conserved protein 
 

    
dadA D-amino acid dehydrogenase 

 20 1257750 1258199 pth 
 

peptidyl-tRNA hydrolase 
 

    
ychH stress induced protein, involved in response to hydrogen peroxide 

21 1260350 1260499 prs* 
 

ribose-phosphate diphosphokinase 
 22 1288250 1288399 ychJ 

 
conserved protein of unknown function 

 
    

putative transmembrane protein rssA  
 23 1341250 1341549 

 
osmB lipoprotein, osmotically inducible 

 24 1430250 1430549 
 

tfaR Rac prophage; predicted tail fiber assembly protein 
 25 1438800 1439049 ydbK 

 
predicted pyruvate flavodoxin oxidoreductase and pyruvate synthase 

    
ydbJ predicted protein with unknown function 

 26 1488650 1488949 
 

gapC_1 glyceraldehyde 3 phosphate dehydrogenase C 
 

    
cybB cytochrome b561 

 27 1509500 1509699 
 

periplasmic binding protein of a predicted spermidine/putrescine ABC transporter ydcS 
28 1524000 1524199 

 
ansP L-Asparagine permease 

 
    

putative glutathione S-transferase  yncG 
 29 1608700 1608949 uxaB 

 
altronate oxidoreductase 

 30 1687700 1687949 
 

conserved protein ydgA 
 31 1755350 1755499 

 
lpp major outer membrane lipoprotein 

 32 1756750 1756899 
 

ynhG L,D-transpeptidase 
 33 1820250 1820349 

 
osmE osmotically inducible protein 

 
    

nadE NAD synthetase, NH3-dependent 
 34 1894550 1894999 

 
sdaA L-serine deaminase I 

 35 1905450 1905999 cspC 
 

stress protein (CspA family), predicted DNA-binding transcriptional regulator 

    
yobF small protein involved in stress response  

 36 1919700 1920249 
 

yebV predicted protein 
 

    
yebW predicted protein 

 37 1921150 1921299 ryeB 
 

small RNA 
 

    
ryeA* small RNA 

 38 2022850 2023149 
 

dsrB hypothetical protein 
 

    
protein ivolved in the response to hydrogen peroxide and acid stress yodD 

39 2026350 2026499 
 

yodC predicted protein 
 40 2061200 2061549 

 
erfK L,D-transpeptidase 

 41 2103850 2104199 wbbI 
 

β-1,6-galactofuranosyltransferase 
 42 2104550 2105599 wbbH 

 
predicted O-antigen polymerase 

 43 2190700 2190799 
 

yehE* predicted protein 
 44 2190800 2190949 yehE 

 
predicted protein 

 45 2225250 2225399 
 

yohF predicted oxidoreductase with NAD(P)-binding Rossmann-fold domain 

46 2468600 2468949 
 

tfaS 
CPS-53 (KpLE1) prophage; tail fiber assembly protein 
fragment 

 47 2480950 2481249 
 

emrK* putative multidrug efflux transporter 
 48 2493450 2493549 yfdY 

 
predicted inner membrane protein 

 
    

lpxP palmitoleoyl acyltransferase 
 49 2627100 2627399 yfgF 

 
cyclic di-GMP phosphodiesterase, stationary phase 

 
    

yfgG predicted protein 
 50 2663300 2663599 

 
stationary phase inducible protein csiE 

 51 2734900 2735149 
 

raiA stationary phase translation inhibitor and ribosome stability factor 
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# peak start (bp) peak end (bp) reverse forward function  
52 2753450 2753749 

 
ssrA tmRNA 

 53 2758300 2758999 
 

yfjJ CP4-57 prophage; predicted protein 
 54 2797100 2797249 

 
alaE L-alanine exporter 

 55 2817150 2817449 
 

csrA carbon storage regulator 
 56 2903350 2903649 queE 

 
conserved protein, queuosin synthesis 

 
    

yqcG small protein involved in the cell envelope stress response 
 57 2924200 2924399 

 
ygdH conserved protein 

 58 2974150 2974299 omrA 
 

small regulatory RNA 
 59 2987500 2990649 

 
yqeL, yqeK,  stationary phase induced protein, predicted protein,  

 
    

ygeF/G/H predicted protein, predicted chaperone, predicted transcriptional regulator 
60 2991100 2992299 

 
ygeI,pbL predicted protein, predicted peptidoglycan-binding enzyme 

 61 2992550 2992699 ygeK* 
 

predicted DNA-binding transcriptional regulator 
 62 3054750 3054999 

 
ibsC, sibC  toxic peptide, small RNA 

 63 3058600 3058749 
 

scpA methylmalonyl-CoA mutase 
 64 3066050 3066149 

 
yggE conserved protein 

 65 3235250 3235399 
 

ygjR predicted NAD(P)-binding dehydrogenase 
 66 3362550 3362699 yhcD* 

 
predicted outer membrane protein 

 67 3471300 3471399 fusA* 
 

elongation factor G 
 68 3472750 3472899 rpsL 

 
30S ribosomal subunit protein S12 

 
    

tusB* sulfur transfer protein complex 
 69 3598950 3599099 

 
rpoH heat shock sigma factor 

 70 3637750 3637949 
 

uspB predicted universal stress (ethanol tolerance) protein B 
 

    
uspA universal stress global stress response regulator 

 71 3706750 3706999 proK 
 

proline tRNA 
 

72 3851100 3851399 
ivbL, 
istR-1, 

 
ilvB operon leader peptide, tisB regulators 

 
   

istR-2 
   

    
tisB toxic peptide 

 73 4124850 4125049 priA 
 

primosome factor N' 
 

    
rpmE 50S ribosomal subunit protein L31 

 74 4361300 4361449 
 

yjdC predicted transcriptional regulator 
 75 4366000 4366199 

 
aspA* aspartate ammonia-lyase 

 76 4414650 4414899 
 

bsmA conserved protein 
 

    
yjfP esterase 

 77 4434400 4434749 cpdB 
 

2',3'-cyclic AMP 3'-nucleohydrolase 
 

    
cysQ adenosine-3'(2'),5'-bisphosphate nucleotidase 

 78 4437000 4437349 ytfJ 
 

conserved protein involved in extracytoplasmic function 
 

    
conserved protein ytfK 

 79 4533950 4534049 yjhR* 
 

KpLE2 phage-like element; predicted frameshift suppressor 
  

Table III-3: 79 binding sites identified by ChIP-sequencing. The start and end point of the binding sites 
are indicated by the base pair of the circular chromosome. The column “reverse” indicates genes that 
are downstream of the binding site on the (-) strand, the column “forward” contains genes that are 
found downstream of the binding site on the (+) strand. Both add up to a total of 109 genes. Genes 
underlined were known to be σS-dependent (31), asterisks indicate intragenic sites (11). Gene 
function from Ecosyc. 
 

From these 109 genes, 67 were not known to be σS-dependent; they include genes involved 

in metabolism (wbbI, yfgF), stress response (ychH, cspC, yobF, yqcG, uspA), DNA synthesis 

(priA), translation (rpmE), biofilm formation (tomb) and predicted and/or uncharacterized 

genes. About 40 % of the identified binding sites (31; 28 in promoter regions, 3 intragenic) 

can be linked to genes that were previously known to be σS-dependent, such as dpS, osmB, 

osmE and csrA; another 11 binding sites were found to be intragenic in genes that have no 

annotation with σS (i.e., 14 intragenic sites in total). 
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Figure III-3: Distribution of binding sites over the circular genome. See Table III-3 for peak numbers 
and the corresponding genes. 
 
The distribution of the binding sites in the genome is indicated in Figure III-3. No obvious 

clustering of σS-binding sites can be recognized, except for a higher number of binding sites 

present in the second and the third quarter of the genome. Moreover, at 1 Mb, 2.3 Mb, 

3.2 Mb and between 3.7 and 4.3 Mb, extended regions did not contain any σS-binding sites. 

2.5 qPCR of selected targets revealed two new σS-dependent 

genes 

Genes suspected to be σS-dependent based on the binding sites identified by ChIP-

sequencing were further verified by qPCR to elucidate the functional role of σS-binding. The 

results of the relative qPCR verification are visualized in Figure III-4. Only two (dpS and ycgB) 

out of the four tested σS-dependent genes (4/32) had increased mRNA levels in the wild type 

compared to the rpoS mutant. Two additional genes, ydbK and ybiI, exhibited σS-dependent 

expression, whereas for all other genes no clear and reproducible σS-dependent up or down 

regulation was observed. 
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Figure III-4: Ct difference between mRNA levels of wild type and ∆rpoS at the onset of stationary 
phase for a subset of genes that was identified by ChIP-sequencing. dpS, rssA, ansP and ycgB were 
known to be σS-dependent genes at the onset of stationary phase in LB medium and served as 
positive controls. The other genes were not known to be σS-dependent.  
 

3 Discussion 

Two new σS-dependent genes were identified. The product of the ydbK gene is predicted to 

function as a pyruvate flavodoxin oxidoreductase/pyruvate synthase and plays a role in 

superoxide resistance (Fabrega, Rosner, et al. 2012). The gene ybiI encodes for a small 

protein of unknown function, which exhibits a Zinc finger domain (Ecosyc) and was predicted 

to have a σS-dependent promoter (Huerta and Collado-Vides 2003). These two genes are not 

only σS-dependent, but are also part of the direct σS regulon, which possibly comprises 

further 31 σS-dependent genes identified in this study (Dong and Schellhorn 2009, Janaszak, 

Nadratowska-Wesolowska, et al. 2009, Lacour and Landini 2004, Maciag, Peano, etal. 2011, 

Marschall and Hengge-Aronis 1995, Olvera, Mendoza-Vargas, et al. 2009, Patten, Kirchhof, et 

al. 2004, Sledjeski, Gupta and Gottesman 1996, Weber, Polen, et al. 2005). From the 31 

previously known genes, four were tested in qPCR but only two of them (dpS and ycgB) 

exhibited σS-dependence, even though cells were fixed and collected under inducing 

conditions (Lacour and Landini 2004, Weber, Polen, et al. 2005). The promoter regions of 78 

further genes, previously not known to be σS-dependent, were found to be bound by σS and 

thus would represent putative members of the direct σS regulon. Interestingly, we tested 13 

genes for gene expression and only two resulted in σS-induced gene expression. This 

suggests that many promoters are occupied by σS without triggering transcription.  

Upon binding of the σS protein to a promoter region, there are four possible scenarios:  

(1) σS binds to a σS-specific promoter and enables transcription  
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(2) σS binds to a “usually” σD-specific promoter and enables transcription 

(3) σS binds to a σD-specific promoter, does not induce transcription and blocks σD-

dependent transcription 

(4) σS binds to a σS-specific promoter without inducing transcription.  

For qPCR verification, one would then expect for above scenarios:  

(1) higher expression in the wild type, 

(2) no difference in expression,  

(3) down-regulation in the wild type,  

(4) no difference in expression. 

(1) was observed for dpS, ycgB, ydbK and ybiI, (3) was not observed; (2) and/or (4) were 

observed, but the cause cannot be identified. To elucidate whether of nor the respective 

promoters can be efficiently transcribed by either of the two sigma factors, in vitro 

transcription assays have to be carried out. The physiological purpose  for case (4) might be 

that the cell is in a “ready-to-go” state, in which σS already occupies the promoter, waiting 

for another distinct signal to “kick-off” transcription. Further, binding of a transcription 

factor without any obvious physiological function seems to be a common observation in 

ChIP-sequencing studies (Carey, Peterson and Smale 2009) and could simply represent a 

storage mechanism for DNA binding proteins, as they might be more stable when bound to 

DNA. 

Considering the numerous studies already published it is not surprising that only few genes, 

whose expression is enhanced by σS, were clearly identified in our study until now. Hence, 

one would expect that new σS-dependent genes deriving from this study, would only exhibit 

low induction, as it is the case for ydbK. In the future, one should expand the qPCR 

experiments on all the other genes, in order to determine expression levels and, therefore, 

influence of σS-binding to these promoters. Furthermore, it is necessary to elucidate 

promoter consensus sequences of the found promoters. 

Some of the binding sites were found inside of genes (14). Out of these 14, three were 

genes, whose close up- or downstream regions yielded σS-dependent in vitro transcripts 
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(yehE, emrK) as well as an antisense transcript (aspA) in a previous study (Maciag, Peano, et 

al. 2011). The case of yehE is especially interesting, as the found transcript maps 

downstream of the σS-binding peak of this study, exactly between yehD and yehE, and might, 

therefore, represent an unknown genetic element. For emrK, however, this is not the case, 

as the σS-binding peak is situated downstream of the transcript. Out of the other ten 

intragenic sites, pflB and fusA were previously reported to be σS-dependent in minimal 

medium (Dong and Schellhorn 2009), however, the position of the binding sites does not 

suggest any direct regulation under our conditions. The appearance of intragenic binding 

sites might be a hint for either antisense constructs or, as for binding sites to which no gene 

could be attributed, the existence of unknown or unannotated genes, as described for yehE. 

One could also imagine that binding of the sigma factor could impair proceeding of the 

polymerase complex and therefore stop transcription and result in truncated transcripts. 
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Chapter IV Influence of transient conditions and nutrient 

limitations on sigma factor levels in continuous culture 
Manuscript in preparation 

1 Introduction 

Microbial cells rarely live in habitats where they experience constant conditions. Rather, 

they are exposed to gradual or abrupt changes in physiological and chemical parameters. 

This is particularly true for enteric bacteria when shed from the colon to the outside. In this 

case, usually drastic changes in nutrient availability take place, which results in different 

specific growth rates. This requires appropriate physiological adaptation, which affects the 

cellular composition at many different levels, ranging from transcriptome and proteome, to 

corresponding changes in morphology and resistance to stressors.  

At slower specific growth rates, cells are smaller, have thicker cell walls and are rather 

coccoid than rod-shaped (Wanner and Egli 1990). Also, in response to carbon and energy 

limitation, bacteria are able to utilize a wide variety of different nutrient sources, a 

phenomenon known as catabolic derepression. This leads to the expression of catabolic 

enzymes and high-affinity binding proteins and transporters, whereas the opposite, 

catabolite repression, often occurs when cells face an excess of a specific nutrient, such as 

glucose (Ihssen and Egli 2005).  

Many so-called alarmones such as ppGpp and σS, correlate inversely with specific growth 

rate (Ihssen and Egli 2004), i.e., their concentration in the cytoplasm is enhanced during slow 

growth. This triggers stress response mechanisms that will be shut down once the bacterial 

cell resumes fast growth. Hence, changes in specific growth rate and required adjustment of 

cellular composition represent a challenge for microbial cells, especially, when these 

changes happen very quickly.  

In most natural environments heterotrophic microbial cells have to cope with low 

concentrations of carbon and energy sources in order to survive hunger periods; however it 

is evenly important and a basic requirement for a cell to be able to quickly react to enhanced 

availability of resources, particularly to the availability of growth-limiting nutrients. It is easy 

to imagine that it is preferable for a cell to be able to utilize essential growth-limiting 
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nutrients immediately and use them for proliferation. It is self-evident that the more 

nutrients a bacterium can utilize in its environment, the less these nutrients will be available 

for competitors, which are thus deprived of important energy and growth resources.  

As mentioned above, σS levels strongly correlate with specific growth rate and in our 

research group carbon-, nitrogen- and iron-limiting growth of E. coli at identical dilution 

rates (D) in chemostat cultures all led to similar σS levels (Ihssen and Egli 2004). However, 

other studies reported differences in σS levels between different limitations (Mandel and 

Silhavy 2005), underlining the importance of thorough and reproducible growth conditions 

for molecular studies. In contrast to σS, σD levels were reported to remain stable at different 

specific growth rates (Jishage, Iwata, et al. 1996). 

In the present study we elucidated the influence of sudden up- and downshifts in dilution 

rate under either distinct carbon-, nitrogen- and phosphorus-limitation, on general behavior, 

culture dynamics (biomass, substrate concentration, cell number) and protein levels of 

different sigma factors. 

2 Material and Methods 

2.1 Bacterial strain and media 

E. coli K-12 MG 1655 wild type was used for cultivation in differently limited mineral media. 

All media had the same final trace element and vitamin concentrations, namely 20 mg 

CaCO3, 19.35 mg FeCI3*6H2O, 2.875 mg MnCl2*4H2O, 0.365 mg CuSO4*5H2O, 0.325 mg 

CoCl2*6H2O, 1 mg ZnO, 0.31 mg H3BO3, 198 mg EDTA∙Na4*2H2O, 33.5 mg MgCl2*6H2O, 2.6 

mg Na2MoO4*2H2O, 5 µg biotin, 500 µg nicotinic acid and 250 µg thiamine-hydrochloride per 

liter. The trace element solution was autoclaved (Ihssen and Egli 2004), the vitamin solution 

was filtered using sterile commercially available filters and both solutions were added to the 

autoclaved mineral medium thereafter. For carbon limitation, the composition was 2.72 g 

KH2PO4, 2.3 g NH4Cl, 1.68 g (NH4)2SO4 and 1 g glucose per liter. For nitrogen limitation, the 

composition was 2.72 g KH2PO4, 0.19 g NH4Cl, 0.1 g MgSO4*7H2O and 10 g glucose per liter. 

For phosphorus limitation, the composition was 0.053 g KH2PO4, 1.46 g KCl, 2.3 g NH4Cl, 

1.68 g (NH4)2SO4, 5.23 g MOPS (3-(N-morpholino) propanesulfonic acid) buffer and 10 g 

glucose per liter. pH was adjusted to 6.8 before sterilization and, if necessary, silicon based 

anti-foam agent was added. 
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2.2 Growth conditions 

For each of the limited (i.e., C, N, P) media chemostat cultivation was performed in triplicate. 

Three precultures were prepared by inoculating 5 mL of the respective mineral medium with 

an individual wild type colony grown on LB agar plates at 37°C over night. After about 8 h of 

incubation at 37°C and shaking at 220 rpm, the precultures were used to inoculate 3 x 20 mL 

of the same mineral medium to a starting OD600 of 0.01-0.005 in 500 mL Erlenmeyer flasks. 

After further 8-12 h of growth the three precultures were used to inoculate three reactors of 

the Sixfors system (Infors HT, Bottmingen, Switzerland), which were run with a working 

volume of 400 mL. The initial OD600 right after inoculation was 0.01-0.002 and the reactors 

were aerated with sterile air and stirred at 500 rpm. Temperature and pH were constantly 

monitored and maintained at 37°C and 7.0 ± 0.5 by discontinuous addition of 

0.5 M NaOH/0.5 M KOH. The batch cultures were allowed to grow for 8 h before addition of 

fresh medium was started using a peristaltic medium pump (ISMATEC IP, IDEX corporation, 

Lake Forest, USA) at an initial flow rate of 40 mL/h, corresponding to a dilution rate of 0.1/h. 

Once in steady state, which was assured by measuring the same optical density over 1-

2 hours, chemostat growth was maintained for 2-3 volume changes. Then, the transient was 

started by increasing the pump speed to 200 mL/h corresponding to a hydraulic dilution rate 

of 0.5/h and maintained for 4-5 volume changes. Thereafter, the dilution rate was set back 

to 0.1/h and cultivation was continued for another 12 h. 

Throughout the transient, samples for OD600 and Western Blot were collected, first every 

hour, then following the dilution rate upshift after 15 min, 30 min, 60 min and every hour 

until the dilution rate downshift was performed and the sample scheme was repeated as for 

the upshift. Samples for the determination of residual concentrations of glucose, phosphate 

and ammonium were withdrawn every hour. Total sample volume was usually maximum 

20 mL, which did not significantly change the hydraulic dilution rate. For the nitrogen-limited 

cultures during growth at 0.5/h the influence was a bit more important, as low amounts of 

biomass necessitated the removal of higher sample volumes up to 40 mL, which resulted in 

derivations of D of about 10 % for a short period of time. 

2.3  Determination of cell number 

Cell number was determined by flow cytometry. Culture suspension was diluted  

102-104 times into 500 µL of sterile filtered Evian water. Then 5 µL SYBR green I (Invitrogen, 
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Carlsbad, USA), 5 µL 0.5 M EDTA were added, the sample was incubated at 37°C for exactly 

10 minutes in the dark and then cell number was determined using a flow cytometer (Accuri 

C6, BD Biosciences, Franklin Lakes, USA). 

2.4 Calculation of growth rates during transient experiments 

Growth rates were calculated based on the following equation, which correlates initial 

biomass (X0), biomass at time t (Xt), specific growth rate (µ) and dilution rate (D)): 

    Xt = X0 ∙ e(µ-D) ∙ t 

The equation was solved for µ between two consecutive time points.  

2.5 Determination of nutrient concentrations and dry weight 

Samples were harvested and cooled down on ice, immediately filtered (0.22 µm) and frozen. 

Glucose, phosphate, and ammonium concentrations were measured by ion chromatography 

(Dionex Ion chromatograph DX 500, Thermo Fisher Scientific, Waltham, USA). Samples were 

diluted to be within the range of the calibration curve, which was between 0 and 50 mg/L 

(Ammonium), 1 g/L (Glucose) and 25 mM (Phosphate). Ion chromatography was carried out 

by Thomas Fleischmann. 

Dry weight of the cells was determined by filtration of 20 mL of the culture liquid through a 

preweighed 0.22 µm filter, followed by washing with 20 mL of nanopure water. Filters were 

then dried at 105°C to constant weight, cooled down in a desiccator for one hour and 

weighed to obtain the dry mass of the cells. 

2.6 Western Blot 

For protein analysis different volumes of sample, depending on the optical density, had to be 

withdrawn from batch cultures at different times. Samples were transferred into 2 mL, 

15 mL or 50 mL pre-cooled test tubes on ice and cells were collected by centrifugation at 

13000 rpm and 4°C. The supernatant was discarded and the resulting cell pellets were frozen 

and stored at -20°C.  

The amount of sample buffer (0.15 M Tris pH 6.8, 1.2 % SDS, 30 % glycerol, 15 % β -

mercaptoethanol, 1.8 % bromophenolblue) to be added was adjusted to the respective 

OD600. Samples were transferred into a 2 mL test tube and heated up to 100°C for 
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10 minutes in a heating block. Subsequently, the samples were centrifuged at 13000 rpm for 

1 minute in a table top centrifuge to separate genomic DNA from the lysate. For each sample 

the same amount of supernatant was loaded onto a 10 % polyacrylamide gel. The proteins 

were separated by SDS-PAGE (polyacrylamide gel electrophoresis) for 90 minutes at 120 V. 

Subsequently, the gel was pre-incubated in transfer buffer (Ihssen and Egli 2004) for 20 

minutes, then placed on a nitrocellulose membrane (Bio-Rad, Hercules, USA) and the 

proteins were transferred from the gel to the membrane over night at 25 V and 4°C (Trans-

Blot, Bio-Rad, Hercules, USA). Then, the membrane was incubated for one hour with Tris-

buffered saline containing 0.05 % Tween 20 and 5 % skimmed milk (TBSTM) (Ihssen and Egli 

2004) to block the membrane and prevent unspecific binding. The blocked membrane was 

incubated for 2 hours with a primary antibody diluted 1:1000, which was either targeting σD, 

σS, σN, σH, σF, σE, or σFecI (sigma factor antibodies from Neoclone, Madison, USA), washed 

twice 10 minutes with TBSTM, incubated during 1 hour with the secondary antibody diluted 

1:5000 (ECL Mouse IgG, HRP-linked, GE Healthcare, Little Chalfont, UK), and was finally 

washed (immersed during each washing cycle for 10 minutes) 4 times for 10 minutes with 

TBSTM. Then, the membrane was incubated for 5 minutes with the freshly prepared 

substrate solution (Immunstar Western C, Bio-Rad, Hercules, USA). Visualization was carried 

out with the ChemiDoc XRS system (Bio-Rad, Hercules, USA). Results were analysed with the 

ImageJ software and quantified relative to the intensities of σD bands. 

3 Results 

3.1 Biomass patterns 

Chemostat cultures grown in differently limited media were grown at 0.1/h, then D was 

shifted up to 0.5/h and after reaching steady state conditions, dilution rate was again shifted 

back to 0.1/h. For each limitation regime the observed pattern for biomass, nutrient 

concentrations and sigma factor levels was very reproducible for the transients performed. 

Carbon-limited cultures partly washed out (Figure IV-1) after switching the dilution rate from 

0.1/h to 0.5/h. However, they recovered quickly, which is indicated by the difference of the 

theoretical wash-out curve and the actual data points. The cultures reached the same steady 

state optical density as before the switch 380 minutes after the upshift (Figure IV-1).  
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Figure IV-1: Transient patterns of optical density obtained from three carbon-limited chemostat 
cultures. Dilution rate shifts from 0.1/ to 0.5/h (1) and back to 0.1/h (2) are indicated by the two 
arrows. The dashed line indicates the theoretical wash-out considering non-growing cells. 
 

Phosphorus-limited chemostat cultures also started washing-out but then stabilized some 

4 hours (235 minutes) after the upshift at an OD600 of 1.4-1.5 (Figure IV-2), which 

corresponds to about 80 % of the initial optical density at the dilution rate of 0.1/h. When 

switching back to the initial dilution rate, optical density changed again, overshot and 

stabilized at the initial value of ≈ 1.8-1.9.  

 
Figure IV-2: Transient patterns of optical density obtained from three phosphorus-limited chemostat 
cultures. Dilution rate shifts from 0.1/ to 0.5/h (1) and back to 0.1/h (2) are marked by the two 
arrows. The dashed line indicates theoretical wash-out considering non-growing cells. 
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The nitrogen-limited culture exhibited the most extreme wash-out pattern with optical 

densities diminishing to about 0.1 at a dilution rate of 0.5/h (Figure IV-3), which represented 

only 12 % of the initial steady-state cell mass at D = 0.1/h. After switching back to the initial 

dilution rate of 0.1/h, the culture grew up to the previous OD600 of 0.8-0.9. 

 
Figure IV-3: Transient patterns of optical density obtained from two nitrogen-limited chemostat 
cultures. Dilution rate shifts from 0.1/ to 0.5/h and back to 0.1/h are indicated by the two arrows. 
The dashed line indicates theoretical wash-out considering non-growing cells. 
 

3.2 Specific growth rates 

From the OD pattern the specific growth rates during the transients were calculated (see 

Material and Methods). 

 
Figure IV-4: Specific growth rates after dilution rate shift (t = 0) from 0.1/h to 0.5/h for C-limited 
(grey circles), P-limited (dark grey squares) and N-limited (black triangles) cultures. 
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The specific growth rates during the upshift calculated from OD patterns are shown in Figure 

IV-4. For the carbon-limited cultures growth rates increased rapidly after the D-upshift and 

were around 0.3/h after 15 minutes. Then, µ steadily increased, reached 0.6/h and then 

stabilized at 0.5/h. In contrast, specific growth rates of the phosphorus-limited cultures 

decreased to almost 0/h after 15 minutes after shifting up the dilution rate. After 

30 minutes, growth rates continuously increased and reached a maximum of 0.56 ± 0.04/h 

before finally reaching 0.5/h. Specific growth rates in nitrogen-limited cultures remained 

low, then increased to 0.2/h, followed by a decrease to 0.1/h. After 4 h, the culture 

recovered from the growth rate dip and growth rate steadily increased, reaching the steady 

state growth rate of 0.5/h after 480 minutes.  

When reducing the dilution rate from 0.5/h to 0.1/h, specific growth rates of the C-limited 

cultures first dropped and reached 0.1/h already 55 minutes after the shift (Figure IV-5). 

Both, phosphorus- and nitrogen-limited transient cultures exhibited higher growth rates 

until the initial optical density was reached.  

 
Figure IV-5: Specific growth rates after dilution rate shift (t = 0) from 0.5/h to 0.1/h for C-limited 
(grey circles), P-limited (dark grey squares) and N-limited (black triangles) cultures. 
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3.3 Dry weight, nutrient concentrations and growth yields 

Media were designed to obtain dry weights of 400 mg/L. The following table (Table IV-1) 

indicates the found dry biomass for the respective limitations and dilution rates.  

 

Limitation µ = 0.1/h µ = 0.5/h 
Carbon 307 ± 11 397 ± 8 
Phosphorus 449 ± 22 529 ± 13 
Nitrogen 337 ± 13 63 ± 18 

 

Table IV-1: Dry weight for carbon-, phosphorus- and nitrogen-limited cultures at dilution rates of 
0.1/h and 0.5/h in mg/L. 
 

Nutrient concentrations in the medium are shown in Figure IV-6. As expected, 

concentrations of limiting nutrients were close to 0, whereas the other nutrients are present 

in excess. Nitrogen concentrations in Figure IV-6 A were found to be very low at the 

beginning of the experiment, which is most likely due to degradation or precipitation of the 

measured ammonium. One would have expected nitrogen levels to be as high as after 

500 minutes. For all excess nutrients, the results indicate rather stable concentrations 

throughout the experiment. 
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Figure IV-6: Concentrations of glucose (dark triangles), phosphorus (grey squares) and nitrogen (dark 
grey circles) for the carbon- (A), phosphorus- (B) and nitrogen- (C) limited chemostat cultures. Arrows 
indicate up- (1) and downshift (2). 
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In Figure IV-7 only the limiting nutrients are depicted. One can clearly see the increase of the 

limiting nutrients upon start of the transient, followed by a decrease once biomass has 

recovered to the previous level (carbon limitation) or when D was shifted down again 

(phosphorus- and nitrogen-limitation). 

 

 
Figure IV-7: Concentrations of limiting nutrients, i.e., glucose (dark triangles), phosphorus (grey 
squares), and nitrogen (dark grey circles). The small graph represents a zoom to better illustrate the 
pattern of nitrogen concentrations. 
 

The growth yields for carbon, nitrogen and phosphorus limitation regimes are listed in Table 

IV-2. YX/C in the carbon-limited cultures was always around 0.90 g/g carbon and did not vary 

much as a function of specific growth rate. YX/C for nitrogen- and phosphorus-limited 

cultures was different, depending on µ. For phosphorus limitation, the yield increased at a 

higher growth rate (from 0.26 g/g to 0.40 g/g carbon), whereas the nitrogen-limited culture 

exhibited a decrease in YX/C (0.42 g/g to 0.13 g/g carbon) when D was shifted up. 
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µ = 0.1/h YX/C YX/P YX/N 
C-limited 0.87 ± 0.01 - 0.46 ± 0.01 
P-limited 0.26 ± 0.03 46.21 ± 3.78 2.01 ± 0.27 
N-limited 0.42 ± 0.16 - 7.48 ± 0.44 

    µ = 0.5/h YX/C YX/P YX/N 
C-limited 0.85 ± 0.02 3.36 ± 0.74 3.3 ± 0.3 
P-limited 0.40 ± 0.08 96.55 ± 13.85 1.39 ± 0.17 
N-limited 0.13 ± 0.06 - 21.30 ± 14.01 

    µ = 0.1/h YX/C YX/P YX/N 
C-limited 0.86 ± 0.03 6.65 ± 1.43 14.09 ± 6.16 
P-limited 0.27 ± 0.03 61.11 ± 4.94 1.19 ± 0.08 
N-limited 0.43 ± 0.11 - 8.15 ± 0.26 

 

Table IV-2: Growth yields for carbon (YX/C), phosphorus (YX/P) and nitrogen (YX/N) shown for the 
differently limited media and the different dilution rates of 0.1/h and 0.5/h. 
 

In phosphorus-limited cultures YX/P was strongly µ-dependent, yet being in the same range 

for 0.1/h before upshift (46.21 g/g phosphorus) and after downshift (61.11 g/g phosphorus) 

of the dilution rate. YX/P of the carbon-limited chemostats was twice as high at the lower 

growth rate of 0.1/h (6.65 g/g phosphorus) compared to the faster growth rate of 0.5/h 

(3.36 g/g phosphorus). The yield for phosphorus in nitrogen-limited cultures could not be 

determined due to technical issues. 

Nitrogen-limited cultures, again, showed µ-dependent differences of YX/N, which were similar 

at 0.1/h (7.48 g/g nitrogen before the increase to 0.5/h and 8.15 g/g nitrogen after the 

downshift), whereas the yield for 0.5/h was higher (21.30 ± 14.01). For the carbon-limited 

cultures YX/N increased during the whole experiment and the one for the phosphorus-limited 

culture decreased over time. 

Consumption rates (q) were calculated for the steady-states and are shown in Table IV-3.  
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µ = 0.1/h qc qP qN 

C limited 0.12 ± 0.00 - 0.22 ± 0.01 
P limited 0.39 ± 0.04 0.0022 ± 0.0002 0.05 ± 0.01 
N limited 0.29 ± 0.13 - 0.01 ± 0.00 

    
µ = 0.5/h qc qP qN 

C limited 0.59 ± 0.01 0.16 ± 0.04 0.15 ± 0.01 
P limited 1.32 ± 0.29 0.01 ± 0.00 0.36 ± 0.05 
N limited 4.79 ± 2.11 - 0.02 ± 0.03 

    
µ = 0.1/h qc qP qN 

C limited 0.12 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 
P limited 0.37 ± 0.04 0.0016 ± 0.0001 0.08 ± 0.01 
N limited 0.26 ± 0.09 - 0.01 ± 0.00 

 

Table IV-3: Consumption rates for carbon, phosphorus and nitrogen for the differently limited media 
and the different dilution rates of 0.1/h and 0.5/h. 
 

3.4 Cell number 

Cell numbers were 1*109 (carbon-limited), 1.41*109 (phosphorus-limited) and 1.2*108 

(nitrogen-limited) per milliliter at the dilution rate of 0.5/h. At the dilution growth rate of 

0.1/h the respective cultures showed higher cell numbers for the carbon- and the nitrogen-

limited cultures (1.64*109 cells/mL and 8.3*108 cells/mL respectively). In contrast, 

phosphorus-limited cultures exhibited a reduced cell number of 7.5*108 cells/mL. Thus, the 

cell number ratios between fast and slow growth were 0.61 for the carbon-, 1.88 for the 

phosphorus-, and 0.14 for the nitrogen-limited culture.  

3.5  Levels of σS and σFecI change in response to shifts in µ 

Patterns for σS levels were similar for all limitations but to a different extent. In general, we 

observed a complete disappearance of σS below the detection limit when shifting D up to 

0.5/h. Shortly after, σS levels of the carbon-limited cultures raised again and stabilized at 

about 50 % of the steady state level observed for cells growing at 0.1/h (Figure IV-8 A). For 

phosphorus-limited cultures, σS levels overshot reaching twice the initial concentration and 

reached the initial σS concentration found during slow growth (Figure IV-8 C). The same 

pattern was observed for nitrogen-limited cultures, except that the overshooting reached 

nearly 3 times the σS concentration of the 0.1/h steady state levels and stabilized at about 

10 % of the previous σS concentration (Figure IV-8 E).  
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After the dilution rate downshift, carbon and phosphorus-limited cultures exhibited a 

sudden short peak of σS but reached protein levels of the first growth phase of 0.1/h soon 

(Figure IV-8 B, D). For nitrogen-limited cultures a continuous increase of σS levels was 

recorded until previous 0.1/h protein amounts were reached. 

 

  

  

  
Figure IV-8: Protein levels of σS (A, C, E) and σFecI (B, D, F) in carbon (A, B), phosphorus (C, D) and 
nitrogen (E, F) limited cultures. Values were calculated relative to σD. First arrow indicates the D-shift 
from 0.1/h to 0.5/h and the second arrow indicates the D-shift from 0.5/h to 0.1/h. 
After increasing the dilution rate from 0.1/h to 0.5/h, σFecI protein levels shot up rapidly by a 

factor of 3-7 and came back to their initial level when the dilution rate was switched back to 

0.1/h. This pattern was observed for all three types of limitations and did not depend on the 

nutrient that was growth-limiting (Figure IV-8 B, D, F). 
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3.6 Levels of other sigma factors during shifts in µ 

The cellular levels of the remaining four sigma factors σN, σH, σF and σE did not show clear 

differences throughout the D up- and downshift. The absolute quantities did not differ much 

comparing the differently limited media (Figure IV-9).  
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Figure IV-9: Protein levels σN(54), σH(32), σF(28) and σE(24) relative to σD for carbon- (A), phosphorus- (B) 
and nitrogen-limited (C) chemostat cultures. First arrow indicates the D-shift from 0.1/h to 0.5/h and 
the second arrow indicates the D-shift from 0.5/h to 0.1/h. 
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4 Discussion 

Although all media were calculated to obtain the same biomass (0.4 g/L dry weight) the 

biomass obtained differed, especially for the phosphorus-limited culture, which exhibited 

higher optical densities (Figure IV-2) and dry weight (Table IV-1). Initial cell numbers were 

very similar, which indicates that cells are bigger in phosphorus-limited cultures at the lower 

growth rate, most likely due to incorporation of reserve compounds. This is a well-known 

behavior in response to excess of carbon, which provides the cell with the possibility to 

prepare for future famine conditions (Peoples and Sinskey 1989). The N-limited culture did 

not show the same phenomenon, which might probably be due to an unfavorable ratio of 

C/N (Wang, Hua, et al. 2007).  

Interestingly, the response to dilution rate shifts was different for each of the limitations 

tested. The C-limited culture recovered the same OD600 than before the shift, the P-limited 

culture leveled out at a slightly lower OD600 (about 80 %), whereas the N-limited culture 

washed out to a very low OD600 of about 0.1, corresponding to a loss of nearly 90 % of the 

biomass. This pattern might be explained by the crucial role of nitrogen for protein 

synthesis, which increases with faster growth of the cells (Panikov 1995, Wanner and Egli 

1990). Moreover, the higher the specific growth rate, the more RNA has to be produced, 

which also requires the availability of nitrogen. For all these compounds, carbon is equally 

important, but might be less difficult to acquire, as the cell possess several high affinity 

uptake systems for glucose. Phosphorus is rather important for nucleic acids, out of which 

especially RNA amounts rise up during accelerated growth. Also, phosphorus is a 

considerable membrane constituent (Tempest and Neijssel 1978, Egli 2009). The importance 

and role of nitrogen and phosphorus might, therefore, explain why steady state biomass at 

the fast specific growth rate (0.5/h) decreases when these two nutrients restrict growth. This 

means that the limited availability of these nutrients does not allow fast growth for the same 

quantity of bacteria as during slow growth (0.1/h) and only provides growth for a minor 

fraction, whose growth can be maintained. However, nitrogen levels in the medium 

increased and were present in excess during growth at the dilution rate of 0.5/h (Figure 

IV-7), which might be an indication that steady-state was not yet reached in this experiment. 

When the dilution rate was switched from 0.1/h to 0.5/h, σS levels first dropped below the 

detection limit for all of the media. This is most likely due to two effects. First and most 
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importantly, increasing specific growth rates, which are negatively correlated with σS levels 

(Ihssen and Egli 2004). Second, but probably only of minor importance, out dilution of σS 

proteins due to cell divisions.  

After 2-3 h of growth at 0.5/h, σS was again detectable and, depending on the limitation, 

raised up to about 50 % preshift concentrations (carbon-limited), overshot to nearly twice 

the preshift concentrations and reached the initial concentrations (phosphorus-limited) or 

overshot to nearly 3 times the preshift concentrations and stabilized at about 10 % 

(nitrogen-limited). This result can be nicely explained by the specific growth rates during 

adaptation to the new dilution rate. The N-limited culture, which showed a σS peak during 

wash-out, also showed for the very same sample points a decreased µ, which is the reason 

for rising σS levels. The C-limited culture did not show neither a σS peak, nor a decrease in µ. 

Specific growth rate only increased and accordingly, σS levels were very low. The P-limited 

culture, however, did not show any decrease in specific growth rate, which could explain the 

sharp rise in σS levels during adaptation to the new dilution rate of 0.5/h. 

After downshift of the dilution rate from 0.5/h to 0.1/h the specific growth rate of the 

carbon-limited culture first decreased before reaching the steady state µ of 0.1/h. 

Consequently, σS levels show a peak at the low µ during adaptation to the slow dilution rate. 

The same holds true for the nitrogen-limited culture, but the other way around. Specific 

growth rates increased and reached up to 1/h and slowly decreased to 0.1/h. Respectively, 

σS levels did not show any peak, but slowly increased to reach steady state levels the next 

day. The phosphorus-limited culture, as for the upshift, did again show an σS peak upon 

downshift, but no sudden specific growth rate reduction, which could have explained the σS 

levels. 

σFecI levels increased upon switch to faster growth and decreased again after switching back 

to slow growth, independent of the type of limitation (carbon, phosphorus or nitrogen). This 

rise could be a response to an increasing demand of iron, which serves as an important 

cofactor for the increasing amount of protein, e.g., respiratory chain proteins such as 

cytochromes (Jakubovics and Jenkinson 2001) that are produced during faster growth, 

compared to slower growth. 

One could apply the same logic to the other sigma factor responsible for nutrient uptake: σN. 

Nitrogen even plays a much more crucial role, especially regarding quantities, as it can be 
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found in all proteins and nucleic acids. Therefore, nitrogen uptake is a permanent 

requirement and the responsible proteins are constitutively expressed, which in turn also 

means that the responsible sigma factor, σN, is constitutively expressed, as already shown 

during batch growth by Jishage and colleagues (Jishage, Iwata, Ueda and Ishihama 1996). 

This crucial importance is also indicated by the result that the biomass of the nitrogen-

limited culture diminished dramatically during the shift to a dilution rate of 0.5/h. 

The other sigma factors, σH, σF and σE, showed steady protein levels, which is in accordance 

to their physiological role, which was not triggered during the performed experiments, e.g., 

heat shock. Affirmatively, e.g., σF was shown to be stable during nearly the whole batch 

growth curve (Jishage, Iwata, et al. 1996). 

The carbon-limited cultures did not show any change in carbon yield during the whole 

experiment. Interestingly, the phosphorus-limited culture exhibited an increased YX/C at the 

higher dilution rate, whereas it was the opposite for the nitrogen-limited culture. This might 

be an indication that the nitrogen-limited culture was not yet adapted to the new dilution 

rate and thus not in steady-state, even though 4-5 volume changes are sufficient for 

reaching the new steady-state. In general, the yields for the limiting nutrients were close to 

the expected values (carbon 1 g/g, phosphorus 33 g/g and nitrogen 8 g/g). Surprisingly, some 

of the yields decreased during faster growth, others increased. Furthermore, the yields for 

nitrogen, except of the nitrogen-limited culture, did not show reliable results, as they 

exhibited two different values for the same growth rate before upshift and after downshift 

of the dilution rate. 

Concluding, all of the observed patterns, either for biomass, cellular composition or σS and 

σFecI levels, can be explained by considering the specific growth rate, µ, and the variability of 

cellular composition as a function of µ as reported earlier. 
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Chapter V Single-cell monitoring of rpoS promoter 

activation in a microfluidic device 
The following work was carried out by Markus Arnoldini and Johannes Wolf 

1 Introduction 

Fusions of lacZ are a tool used widely to quantify expression of a specific gene. For this the 

lacZ gene is fused to the promoter or gene of interest and the gene product, β-galactosidase, 

should be found in the cell at proportional amounts to the mRNA or the protein of interest. 

Subsequent incubation with a chromogenic substrate for β-galactosidase, e.g., o-

nitrophenyl-β-D-galactopyranoside (ONPG), enables quantification. This technique was used 

by many groups and allowed to study rpoS transcription and translation. It led to the 

identification of promoter elements important for rpoS transcription. The main promoter of 

the rpoS gene is located within the nlpD gene, 565 nucleotides upstream of the rpoS start 

codon (Lange, Fischer and Hengge-Aronis 1995). The rpoS promoter is activated in response 

to rising ppGpp and BarA levels upon decelerating specific growth rates (Lange, Fischer and 

Hengge-Aronis 1995, Mukhopadhyay, Audia, et al. 2000). These findings were based on bulk 

parameter analyses, which means that an average β-galactosidase activity of billions of 

bacteria was obtained. In contrast, GFP-fusions enable real-time analysis of promoter 

activity at a single cell level (Ito, May, et al. 2009). In order to analyse and track promoter 

activation at a single cell level during changes of growth conditions we constructed a plasmid 

based rpoS promoter-GFP fusion. Experiments were carried out in a microfluidic device 

(Figure V-1), that allows to follow the fate of one cell, referred to as the “mother” cell that is 

retained in one of some 4000 dead-ended channels of the microfluidic device, whereas 

“daughter” cells are successively pushed out of the channel during growth (Wang, Robert, et 

al. 2010).  
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Figure V-1: Sketch of the microfluidic device (“mother machine”) and cells growing in the single 
channels. Length of a channel is about 12 µm and the diameter approximately 1.4 µm. 
 

This device exhibits several advantages, one of which is that the spent medium is constantly 

replaced by fresh medium at the speed of the pump that is applied by the experimenter. The 

cells are exposed to very stable conditions and changes of the medium brought about by the 

cells, i.e., secretion of metabolites, have little or no influence on the experiment due to the 

extremely high hydraulic dilution rate (in the range of 109) and small number of cells (about 

20000) that the medium is exposed to. Experiments were carried out in either rich MOPS 

medium containing amino acids and 0.2 % glucose, or MOPS medium containing amino acids 

but no glucose. The two media were mixed in a ratio starting from 0.2 % glucose and linearly 

decreasing to 0 % glucose over 10 hours. After one, respectively three hours glucose 

deprivation at 0 % glucose, the ramp was run the opposite way, increasing to 0.2 % glucose. 

Relative fluorescence and cell divisions were recorded and analysed throughout the whole 

experiment. 

2 Material and Methods 

2.1 Cloning 

The main promoters of rpoS were amplified and inserted into pUA 66 (Zaslaver, Bren, et al. 

2006) using CCGCTCGAGGAGGCGAATTTATTATCGATAC as the forward primer and 

CGGGATCCGGCCTTTTCGTCAAAAACC as the reverse primer. Cloning was carried out using 
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XhoI (forward) and BamHI (reverse). The resulting plasmid was then transduced into K-12 

MG 1655 by electroporation. 

2.2 Growth conditions 

Cultures were grown in rich MOPS medium with the following composition: 40 mM MOPS 

(3-(N-morpholino)propanesulfonic acid), 4 mM Tricine (N-(Tri(hydroxylmethyl)methyl)-

glycine), 0.01 mM FeSO4, 9.5 mM NH4Cl, 0.276 mM K2SO4, 5x10-4 mM CaCl2, 0.525 mM 

MgCl2, 50 mM NaCl, 3*10-9 M (NH4)2MoO4, 4x10-7 M H3BO3, 3x10-8 M CoCl2, 10-8 M CuSO4, 

8x10-8 M MnCl2, 10-8 M ZnSO4, 1.32 mM K2HPO4, 1.5 mM KOH, 0.2 mM Adenine, 0.2 mM 

Cytosine, 0.2 mM Uracil, 0.2 mM Guanine, 0.8 mM L-Alanine, 5.2 mM L-Arginine, 0.4 mM L-

Asparigine, 0.4 mM L-Aspartic Acid Potassium Salt, 0.66 mM L-Glutamic Acid Potassium Salt, 

0.6 mM L-Glutamine, 0.8 mM L-Glycine, 0.2 mM L-Histidine HCl H2O, 0.4 mM L-Isoleucine, 

0.4 mM L-Proline, 10 mM L-Serine, 0.4 mM L-Threonine, 0.1 mM L-Tryptophan, 0.6 mM L-

Valine, 0.8 mM L-Leucine, 0.4 mM L-Lysine, 0.2 mM L-Methionine, 0.4 mM L-Phenylalinine, 

0.1 mM L-Cysteine HCl, 0.2 mM L-Tyrosine, 0.01 mM Thiamine, 0.01 mM Calcium 

Pantothenate, 0.01 mM para-Amino Benzoic Acid, 0.01 mM para-Hydroxy benzoic Acid, 

0.01 mM di Hydroxy Benzoic Acid (Teknova, Hollister, USA).  

The strain K-12 MG 1655 pUA66 “rpoS promoter GFP” was streaked out on LB agar plates 

containing 50 µg/µL Kanamycin. A single colony was used to inoculate 5 mL of MOPS 

medium containing 0.2 % glucose. The culture was grown at 37°C over night to stationary 

phase and used for 1:100 inoculation of a new 5 mL culture, which was grown for 3 h. At late 

exponential phase the microfluidic device was loaded with the cell suspension and incubated 

for about 15 minutes to allow the cells to enter the channels. Once charge of the channels 

had been visually confirmed, the pump with a syringe containing rich MOPS + 0.2 % glucose 

was started and cells were grown at 1.73/h for 10 h. At 3 h and 2 h, respectively, the 

gradient was started. One of the pumps contained a syringe filled with MOPS medium and 

0.2 % glucose and the other medium no glucose at all. The pump containing the glucose 

medium decreased the pumping speed linearly over 10 hours to 0 mL/h and the other pump 

increased the pumping speed linearly over the same time reaching 2 mL/h. Thus, the final 

medium exhibited a gradient from 0.2 % glucose to 0 % glucose over 10 h while having the 

same concentration of amino acids throughout the whole experiment. Glucose 

concentration was maintained at 0 % for 1 h and 3 h for the respective experiments. Then, 
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the same transient was carried out in the opposite direction, linearly increasing glucose 

concentrations from 0 % to 0.2 % over 10 h. 

2.3 Preparation of the microfluidic device 

The protocol for preparation of the microfluidic device was adapted from Wang and co-

workers (Wang, Robert, et al. 2010). Silicon wafers were prepared by two-step 

photolithography (masks from ML&C GmbH, Jena, Germany). PDMS (Sylgard 184 Silicone 

Elastomer Kit, Dow Corning) was mixed in a ratio 10:1. Subsequently, the PDMS was poured 

on the dust-free wafer and degassed in a desiccator. Then, it was cured over night at 80°C. 

1.5 cm x 3.5 cm pieces of the PDMS chips were cut out and holes for outlet and medium 

supply were pricked into the chip using a flattened 18G needle (1.2 mm x 40 mm). PDMS 

chips and glass cover slips (24 mm x 40 mm, Menzel-Gläser, Braunschweig, Germany) were 

chemically activated by incubation for 6 minutes in a UV-Ozone cleaner (Novascan PSD-UV). 

Activated sides of glass cover slides and PDMS chips were then put together and incubated 

on a heating plate for at least 1 h at 90°C to allow binding of the two parts. The medium 

used contained 150 µg/mL BSA (Sigma-Aldrich, St. Louis, USA) and 50 µg/mL salmon sperm 

(Sigma, St. Louis, USA) to prevent the cells from sticking to the device. Media were pumped 

using syringe pumps (NE-300, NewEra Pump Systems, New York, USA) with 60 mL syringes 

(IMI, Montegrotto Terme, Italy). Tubings (Microbore Tygon S54HL, ID 0.76 mm, OD 2.29 mm, 

Fisher Scientific, Waltham, USA) were connected to the syringes using 20G needles (0.9 mm 

x 70 mm). Smaller tubings (Teflon, ID 0.3 mm, OD 0.76 mm, Fisher Scientific, Waltham, USA) 

were then inserted into the bigger tubings, and directly connected to the entrance of the 

microfluidic chip.  

2.4 Microscopy 

An Olympus IX81 inverted microscope system with automated stage, shutters, and laser 

based autofocus system (Olympus, Tokyo, Japan) was used for microscopy. Phase contrast 

and fluorescence images of different locations were recorded in parallel every 5 or 10 

minutes, depending on the experiment. Image acquisition was performed using an 

UPLFLN100xO2PH/1.3 phase contrast oil immersion objective (Olympus, Tokyo, Japan), a 

cooled CCD camera (Olympus XM10) and the CellM software package (Olympus, Tokyo, 

Japan). For acquisition of fluorescent images a 120 W mercury short arc lamp (Xcite 120PC 

Q) and the U-N41001 GFP filter set (450-490nm ex/500-550 em/495 dichroic mirror, 
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Chroma) were used. To provide stable temperatures of 37°C, the whole set up was placed 

into an incubator (Life Imaging Services, Reinach, Switzerland). 

2.5 Data analysis 

Images were analysed using the imageJ software and the MMJ plug-in 

(http://projects.exeter.ac.uk/ein/mmj/doku.php). This software allows to follow the fate of 

the bottom cell, i.e., analysis of fluorescence and cell length during the whole experiment. 

Cell length served as parameter indicating division events. The obtained data were visualized 

in plots generated using the statistical analysis software R (http://www.r-project.org/). 

3 Results 

3.1 Induction of the rpoS promoter  

For the following experiment (Figure V-2) pictures were taken every 10 minutes and glucose 

deprivation time, i.e., glucose concentration was 0 % and the cells grew only on amino acids, 

was 1 hour. Fluorescence started to increase at a calculated glucose concentration of around 

0.01 % and started to decrease again when reaching the same glucose concentration in the 

reverse direction. For both experiments, fluorescence intensities increased from about 45 to 

70 arbitrary units (AU), representing an increase of more than 50 %. After 1 hour (Figure V-2) 

of growth at a glucose concentration of 0 %, glucose concentration was linearly increased 

again, accompanied by a direct decrease of GFP intensity. The slope of the decreasing GFP 

signal intensity resembled that of the increase and GFP intensities reached the same level as 

at the beginning of the experiment. 
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Figure V-2: GFP intensities (arbitrary units) of E. coli grown in rich MOPS medium with 0.2 % glucose, 
followed by a linear decrease of glucose concentration to 0 % and linearly back to 0.2 %. Beginning 
and end of glucose deprivation (0 % for 1 h) are indicated by the two arrows. Black line indicates 
average values, blue lines the corresponding standard deviations. 
 
The above described experiment was repeated with higher resolution (1 frame/5 minutes) 

and a longer glucose deprivation phase (3 hours). When glucose concentrations reached 

around 0.01 % glucose GFP intensity started to increase sharply, increasing from about 45 to 

70 AU (Figure V-3), which was similar to the first experiment. At a glucose concentration of 

0.06 % GFP intensities dropped with the same slope as for the increase and reached the 

previous GFP intensity levels. GFP intensities remained on the plateau of about 70 for 

5 hours. 
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Figure V-3: GFP intensities (arbitrary units) of E. coli grown in rich MOPS medium with 0.2 % glucose, 
followed by a linear decrease of glucose concentration to 0 % and linearly back to 0.2 %. Beginning 
and end of glucose deprivation (0 % for 3 h) are indicated by the two arrows. Black line indicates 
average values, blue lines the corresponding standard deviations. 
 

In both experiments cells divided with approximately 2.5 divisions per hour during growth 

with 0.2 % of glucose, which corresponds to a doubling time of 24 minutes and thus a 

specific growth rate of 1.73/h. After reaching the calculated glucose deprivation at 15 hours, 

a clear specific growth rate reduction took place in the first experiment, and at 12.5-17.5 

hours in the second experiment. Growth rates decreased to 1.5 divisions per hour in the first 

experiment (Figure V-4, doubling time of 40 minutes, µ = 1.04/h). The second experiment 

exhibited a decrease in specific growth rate to 2 divisions per hour (Figure V-5, doubling time 

of 30 minutes, µ = 1.39). After increasing glucose concentrations, specific growth rates 

resumed to previous levels. 
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Figure V-4: Cell divisions per hour of E. coli grown in rich MOPS medium with 0.2 % glucose, followed 
by a linear decrease of glucose concentration to 0 % and linearly back to 0.2 %. Glucose deprivation 
between 13.5 and 14.5 hours. 

 
Figure V-5: Cell divisions per hour of E. coli grown in rich MOPS medium with 0.2 % glucose, followed 
by a linaer decrease of glcuose concentration to 0 % and linearly back to 0.2 %. Glucose deprivation 
between 12.5 and 15.5 hours. 
 

4 Discussion 

We were able to construct a mutant that exhibited a fluorescent signal when the main rpoS 

promoter was active. This allowed real-time monitoring of rpoS promoter activity at the 

single cell level. Specific growth rates were around 1.7/h in MOPS rich medium 
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supplemented with 0.2 % glucose, which is very close to the maximum specific growth rate 

of about 2.1/h for E. coli. We could show that the rpoS promoter was activated at specific 

growth rates of about 1-1.4/h, which were caused by decreasing glucose concentrations 

below 0.01 %. Interestingly, when comparing to σS levels in LB batch cultures (Chapter II), 

one notes that at the corresponding specific growth rate of 1.3/h no elevated σS levels were 

observed, whereas in this experiment at comparable specific growth rates the rpoS 

promoter is activated, as indicated by the reproducible increase of the GFP signal. This is in 

line with previous studies that showed that σS is regulated on several levels such as 

transcription initiation, σS stability and activity and, therefore, an active rpoS promoter does 

not always yield detectable σS protein levels (Lange and Hengge-Aronis 1994). The 

mentioned study showed an induction at a growth rate in the same range as for our 

experiments (µ = 1.15/h). Thus, activity of the promoter, i.e., mRNA production does not 

necessarily lead to elevated protein levels. However, transcription is still the first step to 

obtain a functional protein and, therefore, promoter activation is crucial for the general 

stress response. 

Interestingly, when cells were exposed to a longer phase of deprivation of glucose, growth 

rates stayed lower and the rpoS promoter was shown to be active for about 5.5 hours. In 

theory, as for the first experiment, one would have expected a maximum time of 3 hours, 

which is the time glucose concentrations were at 0 %. Adding the time the glucose 

concentration was below 0.01 %, which was shown to be the inducing concentration in the 

first experiment, it sums up to a total of only 4 hours, whereas the GFP signal indicated 

promoter activity for 5.5 hours. Whether this is an actual result or an artefact can only be 

determined by repeating the experiment. 

Nevertheless, we can conclude that under the conditions tested there is no differential 

induction of rpoS transcription (Figure V-2, Figure V-3), i.e., the majority of the cells induce 

the promoter to the same degree, not showing any quantitative or temporal difference in 

promoter induction. 

For the future it would be interesting to combine this kind of study with another strain, 

carrying similar constructs for downstream reporter genes or translational rpoS fusions. This 

would allow to combine rpoS transcription initiation with actual σS protein levels and its 

activities. It would even be possible, to combine several reporter constructs with different 
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fluorescence in one cell. Moreover, it would be good to check, if glucose concentrations vary 

before and after passage through the microfluidic device, even if this is unlikely due to the 

low number of cells and the high dilution rate.   
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Chapter VI Conclusion 

1 Chromatin Immunoprecipitation of σS 

For the first time a systematic approach to identify the direct σS regulon was successfully 

carried out using chromatin immunoprecipitation (ChIP). We developed a protocol to 

immunoprecipitate specifically the σS protein and its associated DNA in vivo. It was 

demonstrated that the genetic alteration of the added His-tag had no influence on 

physiological parameters and thus allowed sound and reproducible experiments. The first 

results obtained with this technique indicate that two new σS-dependent genes, ydbK and 

ybiI, exist. Furthermore, we were able to define a subset of known σS-regulated genes as 

being directly σS-dependent, i.e., their promoters are directly bound by the σS protein. 

Moreover, it was found that σS does not only bind in promoter regions, but also within 

genes. A possible and simple explanation is that these DNA regions are promoter elements 

for possibly unannotated genes. This is most certainly true for the example of a σS binding 

site within yehE, which is upstream of an unannotated region between two genes. This 

unannotated stretch of DNA yielded a σS-dependent in vitro transcript in a previous study 

(Maciag, Peano, et al. 2011). Yet, it still has to be determined, whether or not every binding 

event necessarily triggers either a physiological response, or if binding of the σS protein 

might have different reasons that still have to be revealed. One reason might be that σS 

binds and waits for another signal to “kick off” transcription. Another reason could be that 

the σS protein is more stable when bound to DNA and is thus better protected against 

reactive oxygen species and degradation by proteases. Furthermore, σS-dependent induction 

could simply lead to very low transcript levels, which are difficult to detect by quantitative 

PCR. One way to further elucidate whether or not binding of the promoter, as found in this 

study has a physiological meaning is to perform in vitro transcription assays. As a next step it 

is necessary to compare the promoter sequences of the genes that comprise the direct σS 

regulon in order to elucidate the consensus sequence. Moreover, one should apply this 

technique to study promoter occupation, also of σS and σD at the same promoters, during 

different growth rates in batch cultures, and even better on cells cultivated at specific 

dilution rates in chemostat culture under different nutrient limitations and stress situations. 
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2 Influence of D-shifts and different limitations on the physiology 

in continuous cultures  

Continuous cultures were used to explore how physiological parameters, such as biomass, 

nutrient concentrations and sigma factor levels, change and adapt to rapid alterations in 

specific growth rates. Adaptation to feast and back to famine conditions is a common 

scenario in nature and it is very important for the microbial cell to quickly react to such 

conditions. Chemostat cultures were grown under glucose-, phosphorus- or nitrogen-

limitation. Initially, the dilution rate was 0.1/h followed by a sudden D-upshift to 0.5/h. The 

culture was grown for 4-5 volume changes and results for this transient were obtained. 

Then, the dilution rate was shifted down again and physiological parameters were collected.  

It is known that σS levels inversely correlate with specific growth rate (Ihssen and Egli 2004). 

When a dilution rate change was imposed upon the cultures, σS levels inversely followed the 

specific growth rate (µ) pattern during the transient growth conditions, both in phosphorus- 

and in nitrogen-limited cultures. It was striking that specific growth rates did not steadily 

increase during an upshift of the dilution rate from 0.1/h to 0.5/h. Instead, some cultures 

showed first an increase, then a decrease followed by another increase. The same was true 

for the carbon-limited cultures during downshift of the dilution rate, where growth rate first 

dropped below the new dilution rate, to then reach the dilution rate of 0.1/h. 

Another very interesting finding of this chapter was that σFecI, a sigma factor governing genes 

involved in iron citrate uptake, exhibited higher protein levels at the faster growth rate. 

Thus, we concluded that σFecI is another growth rate-dependent sigma factor, whose 

increased protein levels are most probably explained by the increasing demand of iron, 

which serves as an important cofactor for the increasing amount of protein that is expressed 

at higher growth rates, e.g., respiratory chain proteins such as cytochromes (Jakubovics and 

Jenkinson 2001). Interestingly, up to now σFecI was only known to be induced by ferric citrate 

in the medium (Miethke and Marahiel 2007), which can be excluded as a main reason in our 

experiments, as iron levels were kept constant in our continuous cultivation experiments. 

In contrast to cultures limited by carbon or phosphorus, nitrogen-limited chemostat cultures 

were unable to adapt quickly to the upshift of the dilution rate from 0.1/h to 0.5/h. Biomass 

was reduced to only 10 % of the initial optical density before the shift. One explanation 
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could be the crucial role nitrogen plays for protein synthesis of the cell and especially faster 

growing cells that produce more proteins and nucleic acids than slow growing cells (Wanner 

and Egli 1990).  

3 Single cell monitoring of rpoS promoter activation in a 

microfluidic device 

We constructed a reporter mutant that showed a fluorescent signal when the main rpoS 

promoter was active. This allows real-time monitoring of rpoS promoter activity in a 

microfluidic device at a single-cell level. Specific growth rate was maintained at high levels 

using a defined rich medium (MOPS supplemented with amino acids and 0.2 % glucose). We 

showed that already a small decrease in specific growth rate caused significant promoter 

activity. A comparable condition in a LB batch did not yield detectable σS levels, which 

underlines the importance of different levels of σS regulation, such as transcription, 

translation and protein stability, which was already demonstrated in a previous study (Lange 

and Hengge-Aronis 1994). We could further show that there is no difference in rpoS 

promoter activation, neither temporal nor quantitatively, which means that all the cells turn 

on the rpoS promoter at the same moment and to the same degree. The use of the 

microfluidic device is promising, however, it would be interesting to check, if glucose 

concentrations vary before and after passage through the microfluidic device, even if this is 

unlikely due to the low number of cells and the high dilution rate. 

The next step for elucidating dynamics of rpoS and its activity would be to combine this 

study with similar studies using downstream reporter gene GFP constructs and translational 

fusions of rpoS. In this way, one could directly and indirectly monitor increasing σS levels and 

their impact on cellular targets. It would even be possible, to combine several reporter 

constructs with different fluorescence in one cell. 
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