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In this thesis different aspects of the bacterial model system Bacillus subtilis have been 

investigated, including the identification of protein production bottlenecks, the application of 

genome-wide transposon sequencing, the use as persister model system, and bimodal 

differentiation. These four topics are introduced below. 

1.1 Protein production by Bacillus subtilis 

B. subtilis is one of the key model organisms in microbiology. It is a rod-shaped Gram-

positive bacterium belonging to the Firmicute family (Figure 1.1A), and is often found in soil 

but also the gastrointestinal tract of many animals and even humans 1. B. subtilis grows 

aerobically in both liquid and on solid medium, and can divide symmetrically into two daughter 

cells or asymmetrically during the development of endospores (Figure 1.1B) 2. It can become 

motile by synthesizing flagella (Figure 1.1C), and it can secrete multiple extracellular 

degradative enzymes as well as produce antibiotics 3. B. subtilis is nonpathogenic and 

generally recognized as safe (GRAS) by the American FDA 4. In addition, B. subtilis is naturally 

competent under starvation conditions and therefore it is much more genetically accessible 

compared to other organisms 5,6. Because of these characteristics, B. subtilis is now widely 

used as a micro-cell factory for the industrial-scale production of enzymes for detergents, food, 

beverages, paper and pharmaceutical industries, and a popular model system for antibiotic 

mode of action studies as well as cell division and cell differentiation studies. 

To date, about 60 % (in weight) of the commercially available enzymes are produced 

by Bacillus species 7. However, the range of proteins that is efficiently secreted by Bacilli is 

limited. Despite many years of research it is still not clear why some enzymes are secreted 

much better than others. This question is not limited to Bacilli but is a general problem in 

commercial protein production. The main reasons for this lack of progress are: (i) many 

secretion bottlenecks are still not well understood; and (ii) in-depth comparison of secretion 

conditions is difficult due to a lack of standardized analysis methods. Generally, attempts to 

improve secretion do not go much further than testing different secretion signal sequences and 

adjusting fermentation conditions. What exactly happens in the production organism itself is 

often ignored, which is one of the focuses of this thesis.  
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Figure 1.1. General information of B. subtilis. (A) Taxonomy of B. subtilis based on Bergey’s manual of 
systematic bacteriology: volume 3 8. (B) Phase-contrast microscopic image of B. subtilis cells including 
non-dividing single cells (phase-dark, arrow 1), dividing long-chain cells (phase-dark, arrow 2) and 
endospores (phase-bright, arrow 3). (C) Transmission Electron Microscope (TEM) micrograph of a B. 
subtilis cell with flagella (black arrows) adapted from Omardien et al., 2018 with author’s permission.  
 

1.1.1. Secretion pathways in B. subtilis  

So far, four distinct protein secretion pathways have been distinguished in B. subtilis 

(Figure 1.2A): (i) The general protein secretory (Sec) pathway; (ii) the twin-arginine 

translocation (Tat) pathway; (iii) ATP-binding cassette (ABC) transporters responsible for the 

secretion of ribosomally synthesized lantibiotics, toxins or pheromones 10; and (iv) a 

pseudopilin export pathway (Com) for competence development 11. After ribosomal synthesis, 

the presecretory proteins are recognized by soluble factors and then targeted to the 

corresponding translocation apparatus based on a specific N-terminal hydrophobic stretch of 

amino acids, the signal peptide (SP) 12. The presecretory proteins targeted to the Sec-pathway 

must be in an unfolded state since post-translational folding and modification occur after 

translocation. However, the presecretory proteins targeting to the other three pathways can be 

folded and modified either fully or partially inside the cytoplasm before translocation. 

Bioinformatic and proteomic studies have shown that over 90 % of B. subtilis extracellular 

proteins are exported via the Sec-dependent pathway 13–15, and Tat, Com and ABC 

transporters, are regarded as "special-purpose" pathways. Almost all commercial proteins are 

produced by B. subtilis using the efficient Sec-dependent secretion pathway.  
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Sec-dependent protein secretion 

Here we focus on the major Sec-dependent protein secretion process, which can be 

broken down into four stages, (i) targeting of secretory substrates to the membrane translocase; 

(ii) translocation across the cytoplasmic membrane; (iii) protein folding; and (iv) passage 

through the cell wall 16,17. Figure 1.2B shows a schematic overview of these stages with the 

main proteins involved. 

(i) Translocase targeting: the central translocation apparatus (translocon) of the Sec 

pathway consists of SecY, SecE and SecG, and the (non-essential) accessory SecDF complex. 

Sec-dependent proteins can be targeted to the translocon in a post-translational way or a co-

translational way. In the post-translational way, the nascent presecretory proteins have to be 

fully translated and detached from the ribosomes, then recognized by the ATPase motor SecA 

and delivered to the SecYEG translocon 18. In the co-translational way, as soon as the signal 

peptide sequence has been synthesized it is bound to the Signal Recognition Particle (SRP), 

which also halts translation until the complex docs with the Sec translocon 19. The SRP is a 

conserved ribonucleoprotein complex that binds to a subset of nascent presecretory and 

membrane proteins in all kingdoms of life (Cross et al., 2009). The B. subtilis SRP consists of 

a small cytoplasmic RNA, scr (scRNA, 4.5S RNA), and a signal recognition particle protein Ffh. 

During co-translational translocation, the scr serves as the backbone for Ffh binding the signal 

peptide sequence of the ribosome–nascent peptide complex and it also triggers elongation 

slowdown by RNA-RNA interaction with the 23S rRNA 20. In addition, there are several 

intracellular generic chaperones such as Trigger factor (TF), GroEL/ES and DnaK/J/GrpE that 

maintain proteins in the unfolded translocation-competent state 21. Most of the information on 

the secretion pathways is inferred based on studies in E. coli and relatively little is known about 

the route that presecretory proteins use in B. subtilis 22. A direct homolog of the dedicated E. 

coli secretion chaperone SecB is lacking in B. subtilis, although the poorly characterized 

protein CsaA has been suggested to function similarly in post-translational membrane 

targeting in B. subtilis 23. 

(ii) Membrane translocation: proteins that follow the post-translational secretion route 

will use the motor enzyme SecA to be pushed through the gated SecYEG channel. On the 

other hand, proteins that follow the co-translational SRP-dependent secretion pathway will be 

recruited to the SRP receptor FtsY, a membrane-bound docking protein that delivers the 

nascent peptide chains to SecYEG translocons 24,25. Binding to the translocon leads to 

conformational transitions as well as GTP hydrolysis, ultimately resulting in disassembly of the 

SRP-FtsY complex and release of the signal peptides by the SRP 26,27. Subsequent 

continuation of translation is assumed to provide the force to push the protein through the Sec 

pore. After translocation, the signal peptide is cleaved off by type I signal peptide peptidases 



Chapter 1 

13 
 

on the outer side of the cell membrane. In contrast to E. coli, B. subtilis contains five 

chromosomally encoded type I signal peptide peptidases (SPPs), namely SipS, SipT, SipU, 

SipV and SipW. The first four SPPs process various secretory proteins whereas SipW mainly 

process biofilm components 28,29. 

(iii) Protein folding: After signal peptide cleavage, the protein has to fold rapidly into 

its native conformation at the membrane-cell wall interface. Several factors have been 

implicated in the folding efficiency, e.g. folding chaperones and metal cations 30,31. One of the 

most important folding chaperones is PrsA, an abundant protein with peptidyl-prolyl isomerase 

activity 32–34. Overexpression of PrsA resulted in increased secretion of different heterologous 

proteins 35,36. In addition, B. subtilis contains several membrane-located thiol-disulfide 

oxidoreductases (BdbA/B/C/D) that are involved in the oxidative folding of translocated 

proteins 37,38. However, increased expression of Bdbs did not stimulate secretion of proteins 

with disulfide bonds 39. Apart from chaperones, some proteins, e.g. levansucrase (SacB), 

require metal cations like Fe3+ and Ca2+ to facilitate folding and maintain their stability 40,41. In 

a similar way, the post-translocation protein folding efficiency is also influenced by the net 

charge in the membrane-cell wall interface, which might alter cation homeostasis. The electric 

properties of membrane-cell wall interface are conferred by the molecular composition of both 

the cell membrane and the cell wall, which is further illustrated below. 

(iv) Cell envelope proteases and extracellular proteolysis: Under secretory and 

physiological (e.g. heat) stress situations, protein misfolding can hamper protein production. 

Misfolded proteins are the substrate for the so-called “quality control” proteases 23. In B. subtilis, 

there are two membrane-bound and one wall-bound quality control proteases, HtrA, HtrB and 

WprA, respectively. The HtrAB proteases are under the regulation of CssRS, a two-component 

response regulator that registers protein secretion stress 42. In E. coli, HtrA shows proteolytic 

activity at high temperatures, whereas the chaperone function is primarily manifested under 

low temperatures 43. In B. subtilis, similar chaperone activities of HtrAB were proposed 44,45. 

The protease WprA degrades and processes various proteins retained in the cell wall, but the 

inactivation of WprA has been shown to increase heterologous protein production 46. In addition, 

B. subtilis secretes 7 extracellular proteases into the medium during the stationary phase of 

growth, namely NprE, AprE, NprB, Epr, Bpr, Mpr, and Vpr. It is assumed that these proteases 

break down proteinaceous material, thus providing amino acids and peptides that can be taken 

up by the cell. Removal of these so-called ‘feeding proteases’ generally improves the overall 

production of secreted enzymes 47. 
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Figure 1.2. (A) Schematic presentation of four distinct protein secretion pathways in B. subtilis, including 
the Sec pathway (Sec), the Tat pathway (Tat), the ABC transporter pathway (ABC) and the Com 
pathway (Com). Protein coding genes expressed from the chromosome or plasmids are translated into 
precursor peptides. Protein precursors are targeting to the corresponding translocation apparatus, by 
means of a signal peptide (SP), either in an unfolded or folded states. (B) Detailed schematic 
presentation of the Sec-dependent protein secretion process. For the post-translational translocation, 
completely translated protein precursors are targeted to the SecYEG translocon by chaperon SecA and 
CsaA; whereas for the co-translational translocation, the translating ribosome–nascent peptide 
complexes are targeted to the SecYEG translocon by the Signal Recognition Particle (SRP). After 
translocation, there are 4 signal peptide pepdidases (SPP’s) that can cleave the signal sequence and 
allow the protein to fold with the help of membrane chaperons PrsA and BdbB/C/D. The secreted 
proteins are subjected to quality control proteases HtrA/B and WprA in the cell envelope. B. subtilis also 
secretes several so called feeding proteases that break down proteins in the medium.  
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1.1.2. Cell envelop 

The cell envelop of most Gram-negative bacteria such as E. coli consists of 3 layers: 

the cytoplasmic membrane, the cell wall composed of 1 to 3 peptidoglycan layers, and the 

outer membrane harboring lipopolysaccharides 48. In contrast, Gram-positive bacteria, like B. 

subtilis, contain no outer membrane but a thick cell wall built up of multiple (10-30) 

peptidoglycan layers (Figure 1.3) 49,50.  

(i) Cell membrane: the B. subtilis cytoplasmic membrane is composed of the anionic 

phospholipids phosphatidylglycerol (PG) and cardiolipin (CL), the zwitterionic 

phosphatidylethanolamine (PE), electropositive lysylphosphatidylglycerol (LPG), and neutral 

glycolipids (GL), including diglucosyl-diglyceride, monoglucosyl-diglyceride and 1,2-

diglyceride 51,52. The composition of these lipid molecules varies, accommodating different 

physiological processes 53,54. The acidic phospholipids PG and CL facilitate the adaptation to 

high salinity stress 55. The decrease of PG and increase of PE have been shown to provide 

resistance to membrane-targeting antimicrobials 56,57. LPG, which takes up less than 2% of the 

membrane lipid, plays an important role in the horizontal DNA transfer by the conjugative 

transposon ICEBs1 58,59. 

In E. coli, both the anionic lipid PG and the zwitterionic lipid PE display chaperon-like 

function, facilitating the translocation of certain proteins 60,61. PG but not PE has been 

implicated in the stimulation of the leader peptidase activity and enhancing the Sec-dependent 

translocation 60. Reduction of the PG fraction in B. subtilis membranes leads to delocalization 

of the preprotein translocase subunit SecA 62. A recent study revealed that artificially reducing 

PE and CL, by deleting the responsible synthetase genes pssA and clsA, respectively, boosts 

the PG proportion, resulting in lower cell surface charge, which has been shown to accelerate 

protein secretion, especially of proteins with a low isoelectric point 63. Interestingly, a B. subtilis 

mutant lacking PE, GL, CL, and LPG, with a membrane comprised predominantly of PG, 

showed similar growth rates as the wildtype 51.  

(ii) Cell wall: the B. subtilis cell wall is composed of multiple polymers that confer a 

variety of surface properties, such as (i) cation homeostasis; (ii) trafficking of ions, nutrients, 

proteins, and antibiotics; (iii) regulation of autolysins; and (iv) presentation of envelope proteins 
64 The peptidoglycan is the main structural polymer in the bacterial cell wall and formed from 

glycan strands of repeating disaccharide residues cross-linked with peptide side chains via an 

amide bond to the carboxyl carbon 65,66. Peptidoglycan not only serves as a barrier and keeps 

the cell in shape, but it also functions as a scaffold for covalently attached cell wall proteins 

(CAPs), such as the cell wall-bound quality control protease WprA 67,68, a cell wall-associated 

toxin, WapA, which is involved in intercellular competition 69,70, and several autolysins that 

mediate cell wall growth and division 71,72. In addition to peptidoglycan, the other main cell wall 
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polymers are the anionic glycopolymeric teichoic acids. Teichoic acids are fairly short linear 

polymers of 30-40 repeating units linked via phosphodiesters bonds. Therefore, the teichoic 

acids contain up to 30-40% of the total cell phosphorus fraction (most of the rest is locked in 

nucleic acids). The anionic nature of the phosphate groups makes teichoic acids responsible 

for the net negative surface charge 73. Teichoic acids also serve as a reserve phosphate source 

during starvation and will be replaced with teichuronic acid, an alternative anionic polymer 

devoid of phosphate under low phosphate conditions 74–76. These teichoic acids fall into two 

categories; wall teichoic acids (WTAs) that are covalently bound to peptidoglycan, and 

lipoteichoic acids (LTAs) that are anchored to the cell membrane via a glycolipid 49,77. Cryo-

transmission electron microscopy studies showed that the actual thickness of the B. subtilis 

cell wall is approximately 55 nm and comprises a 22 nm low-density periplasm-like inner wall 

zone filled with LTAs, membrane enzymes and secreted proteins, and a 33 nm electron-dense 

outer wall zone composed primarily of peptidoglycan, CAPs and WTAs 78,79. The periplasm 

provides B. subtilis with a confined and likely advantageous space for secretory protein to 

translocate and (re)fold without too much steric hindrance 78. 

The Cell wall components peptidoglycan and WTAs and LTAs share the same 

precursor, the UDPN-acetyl-D-glucosamine (UDP-GlcNAc, blue hexagon in Figure 1.3) 80. 

UDP-GlcNAc biosynthesis starts from glucose 6-phosphate (G6P), which is being converted 

into fructose-6-phosphate (F6P) and then glucosamine 6-phosphate (GlcN6P). The 

phosphoglucosamine mutase GlmM subsequently converts GLcN6P into α-D-glucosamine 1-

phosphate (GlcN1P), and the UDP moiety is attached by N-acetylglucosamine-1-phosphate 

uridyltransferase GcaD resulting in UDP-GlcNAc. UDP-GlcNAc polymerization form the glycan 

backbone of peptidoglycan polymers. UDP-GlcNAc can also be converted into N-acetyl-D-

mannosamine (ManNAc) via UDP-N-acetylglucosamine 2-epimerase MnaA. The linkage of 

UDP-GlcNAc and ManNAc by the TagOABCDF complex results in teichoic acid polymers. 

TagGH is the ABC transporter for teichoic acid translocation. On the other hand, G6P can also 

be catalyzed into α-glucose 1-phosphate (G1P) by the α-phosphoglucomutase PgcA and then 

converted into UDP-glucose (green hexagon in Figure 1.3) by the UTP-glucose-1-phosphate 

uridylyltransferase GtaB. UDP-glucose can be either transformed into glucolipids for 

lipoteichoic acids by diacylglycerol glucosyltransferase (UgtP), or glycosylated into wall 

teichoic acid polymers by glucosyltransferase TagE and GgaAB. Finally, there is DltABCDE 

mediating the D-alanylation of teichoic acid, thus reducing the negative charge of teichoic acids 
81. This has been shown to increase the resistance to cationic antimicrobial peptides but also 

plays an important role in protein secretion 82,83. Inhibition of teichoic acid D-alanylation has 

been shown to reduce the expression of the quality control proteases HtrAB in B. subtilis 84, 

and in B. licheniformis it has been reported that the inhibition of teichoic acid D-alanylation is 

beneficial for the secretion of proteins with relatively lower pI, regardless of the protein size 85.  
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Figure 1.3. Schematic representation of the B. subtilis cell envelope together with teichoic acid 
biosynthesis in B. subtilis, adopted from 49,77,86. CAP = covalently attached protein; OWZ = outer well 
zone; IWZ = inner wall zone. Teichoic acids include both lipoteichoic acids, which are anchored to the 
bacterial membrane via a glycolipid, and wall teichoic acids, which are covalently attached to 
peptidoglycan. 
 

1.1.3. Research strategy 

To reach the high-yield secretion levels required for commercial enzyme production, 

generally the following strategies are explored: (i) removal of proteases and/or overexpression 

of Sec-dependent secretion elements; (ii) construction of strong expression (transcription) 

systems; (iii) trial-and-error exchange of signal sequences; and (iv) tweaking of fermentation 

conditions 47,87. For many heterologous enzymes, these adjustments are insufficient to obtain 

commercially relevant production levels, and the responsible secretion bottlenecks remain 

unclear in most cases.  

In our research, we tried to distinguish generic from specific secretion bottlenecks by 

comparing different enzymes under the same expression conditions with transcriptome 

profiling using RNA-seq. To this end, we selected two unrelated industrial enzymes that show 

different secretion kinetics in B. subtilis, and that are commercially relevant: the autologous 

xylanase XynA, and the heterologous amylase AmyM from Geobacillus stearothermophilus. 

The results are described in Chapters 2 and 3 of this thesis.  
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1.2 Transposon sequencing and antimicrobials produced by B. subtilis 

1.2.1. Transposon sequencing  

Transposon sequencing (Tn-seq) is a "negative selection" technique that can assess 

the essentiality and/or fitness contribution of genetic features under specific conditions at a 

genome-wide scale 88. For B. subtilis the bacterial Tn5 or mariner Himar transposons are often 

used 89,90, whereby transposon insertion is efficiently performed in vitro and introduced in B. 

subtilis cells by transformation, creating the necessary transposon mutagenesis library (Tn-

library). After growth selection, the position of transposons is determined by next-generation 

sequencing. While we were setting up the Tn-seq technique for B. subtilis we found that the 

fitness of certain cell wall mutants was strongly affected, but only in mixed cultures. This effect 

is likely related to an increased sensitivity for antimicrobials produced by B. subtilis itself, as 

described in Chapter 4. 

1.2.2. Antimicrobials produced by B. subtilis 

Approximately 4 to 5 % of the B. subtilis genome is devoted to the production of 

antimicrobial compounds to fight off competitors 91. These include ribosomally synthesized 

peptides such as the bacteriocins subtilin and sublancin, non-ribosomally synthesized 

lipopeptides such as bacilysin, plipastatin and surfactin, polyketides (PKs) such as bacillaene, 

volatiles like nitric oxide, antimicrobial enzymes/toxins such as the RNase WapA and the toxin 

TxpA, and quorum quenching AHL-lactonases (Figure 1.4) 92. Several of these native 

antimicrobial compounds are used as food preservatives and biopesticides, as well as an 

alternative to classic antibiotics (e.g. subtilomycin) in the fight against infectious disease and 

multidrug-resistant pathogens 93,94. 

To protect itself from the effect of these antimicrobials, B. subtilis employs three 

strategies; (i) expression of specific immunity proteins as antagonists, e.g. SunI located on the 

cell membrane that neutralizes the toxicity of the secreted sublancin SunA 95, and WapI that 

interacts with the secreted toxin WapA 70; (ii) expression of certain ABC transporters that pump 

out antibacterial peptides and prevent toxic accumulation, e.g. the BceAB pump that inhibits 

the binding of cell wall-active antibiotics like bacitracin 96,97; and (iii) modulation of the cell 

envelop charge by D-alanylation of teichoic acids to reduce binding of cationic antimicrobial 

peptides 64,82,98. 

The expression of antibiotics and toxins can differ between cells in a culture. An 

example is the E. coli mazEF toxin-antitoxin system that autoregulates its own post-

transcriptional expression level, and this positive feedback mechanism results in phenotypic 

heterogeneity with some cells expressing more toxin than others 99. Another example is the 

synthesis of sublancin 168 (SunA) in B. subtilis, a highly potent and stable native antimicrobial 
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peptide 100. These findings suggest that, apart from favoring interspecies competition, 

antimicrobial compounds also mediate intraspecies competition 70,100,101, which can affect the 

outcome of Tn-seq experiments (see Chapter 4).  

 

 
Figure 1.4. Antimicrobial compound classes from the B. subtilis group. The subdivision between the 
classes is based on the biosynthetic pathway (i.e. ribosomal peptides, polyketides, hybrids, non-
ribosomal peptides, and volatile compounds) 92. 
 

1.3 Antibiotic tolerant persister cells 

Despite the fact that millions lives have been saved by the application of antibiotics, the 

misuse of antibiotics over recent decades has driven the evolution of bacteria to overcome the 

killing efficiencies of many antibiotics 102. Generally, the use of antibiotics will not eradicate the 

whole bacterial population directly. As schematically shown in Figure 1.5, when treated with a 

bactericidal antibiotic, a bacterial population might react in four different manners: (i) the 

susceptible majority (black) will die, leading to a fast drop in viability numbers; (ii) tolerant cells 

(grey) that can express detoxification enzymes such as superoxide dismutase (SOD) 103, could 

linger a bit longer but will be killed eventually; (iii) some cells could become antibiotic-resistant 

(blue) by spontaneous mutations or horizontal gene transfer and continue to grow; and (iv) 

some cells could become antibiotic persistent by entering a physiologically dormant state that 

prevents antibiotics from acting. These cells are called persister cells or persisters 104,105. It is 

assumed that persister cells are one of the main reasons for the recurrence of infections. 

Persister cells were first reported in the 1940s when one per million Staphylococcal 
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pyogenes cells were found to survive penicillin because they were dormant (non-dividing) and 

had stopped cell wall synthesis 106. These dormant cells were believed to be the reason for 

recurrent infections and the failure to cure staphylococcal infections completely by penicillin. 

Most antibiotics kill bacteria by targeting essential cell division processes like DNA replication, 

RNA synthesis, cell wall synthesis and protein synthesis. However, when cells are not growing, 

like persisters, these antibiotics are generally ineffective. Persister cells survive lethal doses 

of antibiotics but are able to resume growth when the antibiotic treatment ceases.  

Generally, even during ideal growth conditions a small fraction of a bacterial population 

will be in a dormant state because of different reasons 105. Factors that contribute to the 

generation of persister cells include toxin-antitoxin systems 105,107, the stringent response 108, 

SOS response 109,110 and ATP depletion 111. Therapeutic strategies for eradicating persister 

cells are still limited as most antibiotics require metabolically active targets, which are normally 

present at very low levels in persister cells. So far, only a few non-metabolically targeting novel 

antimicrobial peptides have been proven to kill persisters, e.g. acyldepsipeptide ADEP4 

against Gram-Positive persisters, which activates the ClpP protease and leads to deregulated 

protein degradation 112,113, chemical compound NH125 which kills Staphylococcus aureus 

persisters by lipid bilayer disruption 114,115, and xanthone-based antimicrobial compound AM-

0016 which also targets the cell membrane and have been shown to collapse the membrane 

potential in mycobacterial persisters 116. Moreover, the dissipation of the membrane potential 

through ionophores such as valinomycin has been shown to be effective against both actively 

growing and dormant M. tuberculosis cell types 117. We have developed a simple B. subtilis 

model system to study the effect of antimicrobial compounds on persister cells, and examined 

the effect of membrane depolarization. Surprisingly, we found that this leads to the production 

of reactive oxygen radicals (ROS) that are key to the killing of persister, as described in 

Chapter 5. 

 
Figure 1.5. Schematic representation of antibiotic killing kinetics of susceptible, tolerant, 
resistant and persister cell cultures. Upon the treatment of a bactericidal antibiotic (red arrow), 
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bacterial cells could react in four different manners: presenting antibiotic-susceptible and show 
a rapid drop of CFU/ml (black “broken” cells), presenting antibiotic-tolerant and show a relative-
slow drop of CFU/ml (grey “sick” cells), presenting antibiotic-resistant and maintain growth 
(blue cells), and presenting antibiotic-persistent (Persisters, orange cells) and shown by a 
biphasic kill curve with a first quick drop followed by a very-slow decrease in viable counts. 
 

1.4 Bistable differentiation  

Isogeneic bacterial populations generally display substantial phenotypic diversity due 

to stochastic fluctuations of intracellular factors. But phenotypic variation can also be 

specifically regulated resulting in two distinct sub-populations, and this phenomenon is referred 

to as bistability, bistable switching or bimodal differentiation 118. Examples in B. subtilis are the 

development of motility, natural genetic competence and sporulation. Many of these bimodal 

differentiations are related to responses to environmental stresses, and the reason for this 

variation of phenotypes within a population is to ensure that at least one sub-population can 

adapt to a sudden environmental change better than the other, thus maximizing the survival of 

the population 119. Hence, bimodal differentiation of bacterial population is also called a bet-

hedging strategy 120  

The regulatory principle of bimodal differentiation is the presence of positive feedback 

regulation that will activate and sustain the process in cells. Whether cells will trigger the 

positive feedback response is a matter of stochastic fluctuations of the components involved. 

Four major positive feedback mechanisms have been shown to mediate bacterial bistability; 

autostimulation, two-component systems, multistep phosphorelays and interlinked sigma-

factors 121,122. Transcription, translation and mRNA stability are major sources of intrinsic 

stochastic fluctuations contributing to bistable regulation 123,124. When stochastic fluctuations in 

a cell cause the accumulation of an activator above a certain threshold level the positive 

feedback loops will be activated. A classic example of the bistable expression is the B. subtilis 

competence transcription factor ComK, which positively activates its own promoter and 

represses the promoters of its suppressor Rok 122. A two-component system normally contains 

a sensor histidine kinase (SHK) and a cognate response regulator (RR), which is often a 

transcription factor. The SHK typically responds to extracellular biochemical changes like 

osmotic stress and modulates the phosphorylation of RR. The phosphorylated RR 

subsequently dimerizes but only when the dimerized RR exceeds a certain threshold level can 

it become transcriptional active due to the cooperative binding to DNA. For example, the DegU 

(RR) of B. subtilis’ two-component system DegS-DegU is phosphorylated by its sensor DegS 

and activates the expression of its own gene as well as the extracellular protease genes aprE 

and bpr. As a result, cells differentiate into low-DegU and high-DegU subpopulations, and only 

cells with high-DegU expression produce these extracellular proteases 125. The multistep 

phosphorelay controls B. subtilis sporulation and is composed of multiple kinases that 
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ultimately activate the master regulator Spo0A. Spo0A activation by the phosphorelay is 

subject to three positive feedback loops: (i) phosphorylated Spo0A activates its own gene; (ii) 

phosphorylated Spo0A stimulates the expression of Spo0F, which phosphorylates Spo0B and 

Spo0B can, in turn, phosphorylates Spo0A, and finally (iii) phosphorylated Spo0A de-repress 

the Sigma-factor H (σH) regulon which subsequently stimulates the transcription of spo0A, 

spo0F 126. In B. subtilis, the sigma factor σD, encoded by sigD, is expressed during vegetative 

growth and activates transcription of genes involved in flagella biosynthesis, motility, 

chemotaxis and cell separation 127. The sigD expression works in a self-reinforcing manner 

since the sigD is located in a chemotaxis operon under σD regulation 128. While the bimodal 

expression of competence, proteases and sporulation arise under nutrient starvation 

conditions, the bimodal expression of motility occurs during exponential growth 129. How 

exactly the bimodal induction of sigD is regulated in actively growing cell is the subject of 

research described in Chapter 6. 

1.5 Thesis outline 

In Chapter 2, we set out to investigate the secretion stress in B. subtilis cells 

overexpressing the commercial relevant xylanase XynA using RNA-seq. For the assessment 

of the RNA-seq data, we developed a new Excel-based macro that facilitates the analysis by 

making use of established regulon information. Rather unexpectedly, we found a reduced 

expression of several genes involved in protein folding and degradation when XynA is 

overexpressed. Preventing this downregulation by knocking out the transcriptional repressor 

involved resulted in increased XynA production. 

In Chapter 3: we extended the protein secretion stress study by analyzing the 

overexpression of the commercial important amylase AmyM from Geobacillus 

stearothermophilus, and compared the data to that of XynA. While XynA is primarily secreted 

during logarithmic growth and the early stationary phase, AmyM is only secreted during the 

stationary phase of growth. The reason for this difference is not known. By comparing the 

transcriptome profiles of XynA and AmyM overexpression in both the logarithmic growth and 

stationary phase, we found generic and enzyme-specific secretion stresses, and we managed 

to increase both XynA and AmyM production using a LonA protease mutant background. 

In Chapter 4, we set up and tested Tn-seq for B. subtilis. Since we wanted to analyze 

single timepoint samples it was necessary to develop a new analysis method. Surprisingly, we 

found that transposon insertions in certain cell wall genes strongly reduce cell fitness when the 

transposon mutant pool was grown in liquid medium. Very likely, the reason for this is that 

these cell wall modifications are necessary to resist certain antimicrobials produced by B. 

subtilis itself.  
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In Chapter 5 we used non-growing antibiotic-tolerant B. subtilis cells as a simple model 

system for persisters, to study the effect of membrane depolarization on dormant bacterial 

cells. This project was a collaboration with the former PhD student Dr Declan Gray. We found 

that membrane depolarization by the antibiotic valinomycin leads to efficient killing of dormant 

B. subtilis. Interestingly, this was primarily caused by the generation of reactive oxygen species 

(ROS). By using extensive genetic and cell biology analyses, we provide evidence that the 

Rieske protein, a crucial component of the electron transport chain (ETC), is a major source 

of this ROS. The preprint of this study is available on the Research Square repository (DOI: 

10.21203/rs.3.rs-806248/v1). 

In Chapter 6 we studied the biological basis of the bimodal induction of motility in B. 

subtilis cells by comparing the transcriptomes of motile and non-motile cells. This project was 

a collaboration with former PhD student Dr Simon Syvertsson. We separated motile from non-

motile cells using FACS and compared their transcriptome profiles. We discovered an 

interesting reciprocal relationship between the SigD regulon responsible for motility and the 

expression of ribosomal genes, suggesting a different resource allocation between motile and 

non-motile cells. This study was published in the Journal of Bacteriology in 2021 (DOI: 

10.1128/JB.00037-21). 
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