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Abbreviations 

2-DE Two Dimensional Electrophoresis 

3-PGA 3-phosphoglyceric acid 

ACN Acetonitrile 

ATCC American Type Culture Collection 

AGFK L-asparagine, D-glucose, D-fructose and potassium 

AmBiC Ammonium Bicarbonate 

BONCAT BioOrthogonal Non-Canonical Amino acid Tagging 

BCA Bicinchoninic acid 

CDGS medium Chemically Defined Growth and Sporulation medium 

CD Conserved Domains 

DPA Dipicolinic Acid 

DTT Dithiothreitol 

DUF Domain of Unknown Function 

ESI Electrospray Ionization 

FT-ICR Fourier Transform Ion Cyclotron Resonance 

GFP Green Fluorescent Protein 

GRAVY Grand Average of  Hydropathy 

GR Germination Receptor 

HIC Hydrophobic Interaction Chromatography 

HPLC High Performance Liquid Chromatography 

IM Inner Membrane 

IAA Iodoacetamide 

kDa kiloDalton 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LC-MS Liquid Chromatography Mass Spectrometry 

m/z Mass (m) to Charge (z) ratio 

MAL Muramic Acid Lactam 

MOPS 3-(N-Morpholino) Propanesulfonic acid 

MS Mass Spectrometry 
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MS/MS Tandem Mass Spectrometry 

MUDPIT Multidimensional Protein Identification Technology 

MDRO Mascot Data Reduction Object 

NAG N-Acetyl Glucosamine 

NAM N-Acetyl Muramic acid 

NCBI National Center for Biotechnology Information 

pI Isoelectric point 

POPI Prediction of Peptide Immunogenicity 

SASPs Small Acid Soluble Proteins 

SCLEs Spore Cortex Lytic Enzymes 

SDS-PAGE Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis 

SILAC Stable Isotope Labeling with Amino acids in Cell culture 

TFA Tri-Fluoroacetic Acid 

TIC Total Ion Chromatogram 

TMHMM Trans-membrane Hidden Markov Model 

TMHs Trans-membrane Helices 

TSB medium Tryptic Soy Broth medium 

UPLC Ultra high Pressure Liquid Chromatography 

ZIC-HILIC Zwitterionic Hydrophilic Interaction Liquid Chromatography 
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Bacillus subtilis is a gram-positive, rod shaped, soil dwelling organism. In natural ecosystems, 

it constantly experiences fluctuating conditions1. The fluctuating conditions, referred to as 

‘stress’, may restrict its growth. As a result, it has developed various survival mechanisms. 

These regulatory mechanisms govern the expression of the effector molecules to maintain in, 

as much is possible, intracellular equilibrium under fluctuating extracellular environmental 

conditions. The ‘stress response’ systems of Bacillus subtilis can administer a variety of 

alternative responses. This includes the activation of flagellar motility by chemotaxis, 

production of antibiotics to compete with other microbes, the secretion of hydrolytic enzymes 

to scavenge extracellular proteins and polysaccharides, the induction of ‘competence’ for 

uptake of exogenous DNA or seek protection via biofilm formation2,3. When these alternative 

responses turn out inadequate, the bacterium launches a final stress response option, i.e. it 

generates long term survival structures known to as endospores (or also commonly referred to 

as spores)3. Spores are the most stress tolerant cellular forms known on our planet. They are 

metabolically dormant, highly resistant to heat, radiation, desiccation and different chemical 

agents. Spores can survive for decades until favourable growth conditions are restored wherein 

they can germinate and grow out into vegetative cells. 

Bacillus subtilis is widely used as a model organism to study various processes including 

challenges in prokaryote developmental biology. Since Ehrenberg first discovered the presence 

of refractile bodies inside the vegetative cells in 1838, the sporulation and germination of this 

bacterium have been extensively studied. These studies are of importance, both scientifically 

and technologically, because next to being a model for developmental biology, spore-forming 

bacteria are also causal agents of food spoilage and food-borne diseases. In addition to food 

spoilage, spores of specific Bacillus and Clostridium species are responsible for a number of 

serious human diseases. Sporulation and germination studies can therefore provide the data for 

the development of good predictive models of the mechanisms operative during these 

processes.  

1.1 Sporulation 

The sporulation process ensures the perpetuation of life. The master regulator responsible for 

the decision to differentiate from a starving vegetative cell into a dormant spore is Spo0A4. 

Through a cascade of kinases, the cell’s advanced stress response system coordinates a 

phosphorelay, which ends with the accumulation of Spo0A~P (phosphorylated Spo0A) 

(Figure 1.1)5,6.  
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Figure 1.1 Phosphorelay regulatory network during sporulation of Bacillus subtilis. Adapted from 

de Jong et al.7. 

Sporulation can be divided into different stages as shown in Figure 1.2. The vegetative cell is 

considered to be at stage 0 where asymmetric cell division starts by formation of a septum. At 

this stage, cells harbour two chromosomes, one for the forespore, which develops into a spore 

and one for the mother cell, which is necessary to ‘nurture’ spore formation. The condensation 

of the chromosomes to form a single axial filament that stretches from one pole of the cell to 

the other is defined as stage I. Completion of a septum, formed by membrane invagination and 

segregation of nuclear material into two compartments take place in stage II. Soon after the 

division, under the control of sporulation specific RNA polymerase σ factors, specific proteins 

are synthesized in each compartment. At this step gene expression in the forespore is controlled 

by σF while σE has this role in the mother cell, enabling the sporulating bacterium to proceed to 

stage III. After asymmetric division, a protoplast is formed and the forespore is engulfed by 

the mother cell. At the end of stage III, there is another transition in transcription where σG is 

activated in the forespore and σK in the mother cell. Cortex formation and deposition of the 

primordial germ cell wall occurs in stage IV and the spore coat proteins are synthesized 

followed by coat assembly in stage V. Stage VI is characterized by spore maturation, 

modification of cortical peptidoglycan, uptake of dipicolinic acid and calcium, and 

development of stress resistance. During stage VII, the endospore is liberated from mother 

cell. Thus, the sporulation process is guided by a tightly regulated signal transduction network 

with numerous checkpoints. After the release, the spore undergoes further maturation and 

resistance acquisition8,9. 
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Figure 1.2 Sporulation process in Bacillus subtilis. Distinct stages of sporulation cycle are depicted here. 

See the text for details. 

1.2 Endospore structure and properties 

Bacterial spores are composed of multiple biomolecular layers. These layers provide protection 

to the cellular DNA against different environmental hazards (Figure 1.3). The core is the 

innermost part of a spore. It contains DNA, ribosomes, RNA and most of the metabolic 

enzymes. The spore core is characterized by a group of α/β-type small, acid-soluble spore 

proteins or SASPs (5-10% of the total core proteins). They protect its DNA against damage 

due to wet and dry heat and many toxic chemicals by binding to it and keeping it tightly 

wound10,11. In addition, the spore core has a significant amount (∼10% of total spore dry 

weight) of the spore-specific pyridine-2, 6-dicarboxylic acid (dipicolinic acid [DPA]) as a 1:1 

chelate with divalent cations, predominantly with Ca2+ (CaDPA). This accumulation of DPA 

results in a low water content in the core (25 to 50% of wet weight), thereby conferring wet 

heat resistance12-14. The spore’s low core water content is also one of the major reasons for its 
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minimal metabolic activity. The inner membrane (IM) surrounds the core. It is an important 

permeability barrier restricting entry of small molecules into the spore core. It contains proteins 

important for spore germination such as germinant receptors (GRs) and SpoVA channel 

proteins. Upon germination, the IM becomes the plasma membrane of the new vegetative cell. 

The cortex layer is composed of specifically modified peptidoglycan where 50% of the 

muramic acid residues are present as muramic acid-δ-lactam (MAL) and 23% as muramic acid-

alanine15,16. The cortex is of central importance for maintaining the spore core dehydrated and 

thereby resistance and dormancy of spores. The cortex and underlying germ cell wall, next to 

the IM, are essential to maintain the integrity of the spore’s inner membrane. The germ cell 

wall is also composed of peptidoglycan whose structure is similar to that of the peptidoglycan 

found in growing cells. This is a prerequisite for it to be able to serve as the cell wall of the 

outgrowing spore. Around the cortex lies the outer membrane17,18 which is essential during 

spore formation19. It is a relatively poorly studied layer but reported to be a functional barrier 

for the diffusion of large ions in B. subtilis. The spore coat is a very complex, proteinaceous 

structure composed of cross-linked peptides20. It is composed of at least 80 different proteins 

providing a high level of resistance to eukaryotic predator microbes21, reactive chemicals22,  

Figure 1.3 Bacillus subtilis spore structure. Cartoon model representing different layers of a spore and its 

components. See the text for details. 

environmental UV radiation22,23 and less significantly to wet heat24,25. Some coat proteins such 

as lipases26 and a few lytic enzymes are involved in spore germination27,28. 
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1.3 Spore physiology prior to germination 

1.3.1 Metabolic dormancy of spores  

The term ‘dormancy’ normally refers to a lack of metabolism or developmental processes. In 

dormant spores, no detectable RNA, protein or energy metabolism is observed. The pH in 

dormant spores is around 6, which is unfavourable for the activation of enzymes needed for 

energy metabolism29-31. As a result, the spores contain very low ATP levels, if any, and 

germination is required to augment these levels. The majority of common high-energy 

compounds such as ADP, AMP, coenzyme A, and NAD are found in their lower-energy 

states32. Dormant spores have AMP levels similar to vegetative cells and ATP levels less than 

1% of the total free adenines in growing cells33. In fact, the dormant spores incubated at 

physiological temperatures accumulate no ATP34. The lower core pH causes 3-

phosphoglyceric acid (3PGA) accumulation during sporulation by losing the phosphoglycerate 

mutase activity. This interrupts the further catalytic reactions during glycolysis34. Since spores 

have no membrane potential35, only the metabolism of stored 3 PGA can result in ATP 

generation, providing energy during first stages of outgrowth. Recent data, however, suggests 

that a significant amount of malate (~ 30 μmol of L-malate/g dry wt) can be utilized by malic 

enzyme(s) to energize spore revival36.  In contrast, another study investigating the presence of 

malate in dormant spores detected only ≤1 μmol/g dry wt37. 

1.3.2 Protein and lipid mobility 

The core water was previously hypothesized to be in a glassy state38,39. Consequently, the spore 

proteins are also said to be immobile in the dormant state38 and mobility is restored after 

germination when core rehydration completes. In fact, immobilized proteins cannot sustain 

enzyme activity, even if the substrate is available, as such activity requires core water to be in 

a mobile state. Noticeably, though recent studies have found that the core water is only 30 fold 

less mobile than bulk water40,41, this core water is suggested to be unequally distributed in the 

core40. Still, it is plausible that most of the core water hydrates non-protein molecules such as 

DPA, 3PGA, Ca2+ and possibly other cations. This leaves its association with core proteins 

insufficient to reach their active conformation resulting in impaired protein (enzyme) 

functionality42,43. Furthermore, the proteins, fatty acid and lipid components 

(phosphatidylglycerol (PG), phosphatidylethanolamine (PE), lysyl phosphatidylglycerol (l‐
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PG), cardiolipin (CL) and glycolipids) of the IM, and the forces acting on this membrane (due 

to the core composition or cortex structure) play important roles in determining the membrane’s 

properties as a barrier restricting the passage of harmful chemicals44,45. A large fraction of all 

the lipids in the IM is relatively immobile. The IM is highly viscous compared to that of 

vegetative cells and lipid molecules are in a gel like state. However, upon completion of spore 

germination, the volume of the IM expands ∼1.5-fold, and the amount of the immobile lipid 

fraction decreases to ∼25%, similar to the value in vegetative cells40,46,47. Interestingly, recent 

data by Laue et al.48 shows that this membrane expansion might involve the insertion of sub-

cortex membrane membranes into the plasma membrane of the germinating spore. 

1.4 Spore germination 

The process by which the spores return to life, giving rise to vegetative cells, is known as 

‘germination’. Spore germination may be induced by incubation with nutrient germinants such 

as a mixtures of amino acids, sugars and cations or by non-nutrient germinants such as CaDPA, 

cationic surfactants, muropeptides fragments of the cell wall49 or by high environmental 

pressures50. Only after germination, spores become metabolically active and are able to grow 

out to vegetative cells. This is the state in which many spore forming organisms are able to 

cause food spoilage and pathogenic ones can produce harmful toxins51. Therefore, it is essential 

to understand the process of germination in order to uncover better ways to inactivate spores, 

thus preventing food spoilage and disease. Germination is a multistage process (Figure 1.3) 

and the events during nutrient germination are explained below in detail.  

1.4.1 Events prior to germination 

When the spores are exposed to nutrients, one of the first events is ‘commitment’, after which 

the removal of germinants or blocking germinant binding to GRs does not influence 

germination anymore. The spores that are committed to germination continue to germinate 

releasing CaDPA, whilst spores that are not committed do not progress to germination. The 

binding of germinants to their cognate GRs generates a signal activating downstream 

components of the germination machinery that steer germination of the committed spores. How 

this signal transduction pathway leads to commitment is however not yet clear52. In the 

laboratory, prior to exposure to nutrients, the spores are subjected to a short heat shock at sub 

lethal temperatures, often termed heat ‘activation’, to increase the efficiency of germination. 

Under natural conditions, though, this activation step is more likely to occur at lower 

temperatures requiring longer exposure times. In any case, the treatment helps to initiate the 
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germination of >90% of all spores in a population53. The exact mechanism of heat activation 

is still unclear, but it leads to more faster and more synchronous germination in some species54. 

Heat activation may cause some structural modifications in GRs53. Heat activation is effective 

only to increase the efficiency of GR dependent germination55,56 and it can be reversed if the 

spores are stored for a few days. Despite heat activation, there is heterogeneity in germination 

within populations where some spores, termed super-dormant spores, are highly thermal 

resistant or germinate very slowly57.  

1.4.2 Events during germination 

Stage I: Spores constantly sense the external environment in order to grow out. In Bacillus 

subtilis, spore germination is initiated when germinants bind to the different GRs on the inner 

membrane. The GerA receptor protein responds to L-alanine or L-valine while GerB and GerK 

respond to a combination of L-asparagine, D-glucose, D-fructose and potassium (AGFK). 

These germinants pass through coat layers to reach their targets with the assistance of protein 

GerP (discussed below). After germinant binding, the permeability of the inner membrane 

changes, allowing the release of monovalent cations (H+, Na+, K+). The release of H+ from the 

core results in an increase of core pH, required for activation of phosphoglycerate mutase 

resulting in the generation of ATP by metabolism of 3PGA58. Later in stage I, the large depot 

of CaDPA in the spore core is released and is replaced by water. The release of most CaDPA 

takes only a few minutes for individual spores59 and is most likely via channels composed of 

SpoVA proteins60. Free amino acids (glutamate and arginine) and other small molecules are 

also released from the core together with CaDPA but adenine nucleotides and 3PGA are 

retained indicating selective excretion processes for the former molecules61. Release of CaDPA 

and uptake of water results in partial core hydration and this completes stage I of germination 

preparing the spore to enter stage II. After these events in stage I, the extreme heat resistant 

property of the spore is lost62, but protein mobility in the core and bulk lipid mobility in the IM 

is not yet restored63.  

Stage II: At this stage, cortex lytic enzymes (CLEs) get activated and degrade the cortex 

peptidoglycan containing muramic δ-lactam helping in further hydration of the spore core. B. 

subtilis spores have two partially redundant cortex lytic enzymes, CwlJ and SleB64,65, located 

in the spore coat and the region between the cortex and coat respectively27. Cortex hydrolysis 

leads to expansion of the germ cell wall along with the IM resulting in loss of heat resistance 

and dormancy. As a result, the core water content increases to 80% (equal to that in vegetative 

cells). With rehydration and expansion of the spore core, proteins and lipids in the IM become 
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mobile again. This marks the end of dormancy and results in the increase of the spore’s 

sensitivity to wet heat. At this stage, SASPs are degraded due to activation of a sequence-

specific endoprotease, termed GPR (germination protease), freeing the DNA for transcription 

and providing free amino acids for the biosynthesis of macromolecules. Such germination 

proceeds in an ‘inside-out’ direction66. 

Outgrowth: Restoration of metabolism and de novo synthesis of macromolecules results in 

outgrowth of the germinated spores into vegetative cells. The germinating spore starts utilizing 

extracellular molecules to synthesize macromolecules in order to resume nutrient uptake, 

activate biochemical pathways and genome replication processes. A number of proteins are 

needed throughout this germination process. These proteins are not present in vegetative cells 

but are synthesized only during sporulation. All these proteins are part of the germination 

machinery directing the different events of germination and outgrowth. These proteins, such as 

germinant receptors, GerD, GerP, lipoproteins, and SpoVA membrane proteins are discussed 

below. 

Figure 1.4 Schematic representation of Bacillus subtilis germination process with nutrient 

germinant. In panel I, phase bright spore harbouring germinosome (see below) with GRs. In panel II, DPA (in 

grey) is released out of the spore taking up water (in blue) there by turning phase dark. In panel III, germinated 

spore outgrown to form vegetative cell. 
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1.4.4 Proteins involved in germination 

Germinant receptors or GRs are a set of unique proteins in B. subtilis spores, continuously 

sensing the extracellular environment scanning it for favourable growth conditions. Three types 

of functional GRs (GerA, GerB, and GerK) have been identified in B. subtilis, each of which 

is encoded by one of the homologous tricistronic operons. As a result the GRs are composed 

of three different subunits termed A, B and C (e.g. GerAA, GerAB and GerAC). Amino acid 

analysis and other experimental studies have predicted that the A and B subunits are integral 

membrane proteins while the C subunit is a peripheral lipid-anchored membrane protein67. The 

levels of GRs are said to vary significantly depending on the sporulation medium; in fact in B. 

cereus higher GR levels are seen in spores prepared in a rich medium compared to those 

prepared in a minimal medium68. GerD is a lipoprotein located in the IM and responsible for 

normal functioning of GRs. It does not resemble any GR protein, nor does it share homology 

with any known protein69. It forms a single cluster along with the GRs termed the 

‘germinosome’70 and orchestrates their co-localization56,71. It is also hypothesized to transfer 

the signal from GRs to downstream molecules during germination69. The SpoVA proteins play 

an important role in early stages of germination. The spoVA operon encodes seven membrane 

proteins: spoVAA, spoVAB, spoVAC, spoVAD, spoVAEa, spoVAEb and spoVAF, most of which 

are integral membrane proteins. It is essential in Ca2+ and DPA uptake and its release during 

sporulation and germination respectively. It facilitates release of CaDPA not only in nutrient-

triggered germination but also in the presence of other germinants72,73. In a dormant spore, 

CLEs are present in an inactive state. The CwlJ enzyme is produced in the mother cell during 

sporulation, while the GerQ protein is required for its proper localization28 in the cortex-coat 

junction. Activation of CwlJ is initiated by release of the spore’s core DPA12. The sleB gene, 

located on a bicistronic operon, is co-transcribed with ypeB in the forespore26. The YpeB 

protein may function to maintain SleB inactive during spore dormancy. Destabilization of this 

complex due to proteolysis during germination results in dissociation of YpeB activating SleB, 

although the exact mechanism is not known65,74. GerP is a group of small proteins expressed 

specifically during sporulation and located in the spore coat. This protein bridges movement 

of small germinant molecules across the outer layers of the spore. Mutation in gerP genes 

results in decreased nutrient dependent germination due to inaccessibility of nutrients to the 

GRs. Mutants in this gene are also defective in CaDPA mediated germination75,76. 

Lipoproteins YlaJ and YhcN in Bacillus subtilis are likely to contribute, directly or indirectly 



Chapter 1 

17 
 

in spore germination. The precise role of these proteins is still unclear but they are involved in 

SleB functioning during cortex hydrolysis77. 

1.5 Non-nutrient germinants 

In addition to the nutrient germinants, some chemicals as well as physical processes can also 

trigger germination. These include low or high pressure, external DPA, lysozymes and 

surfactants78. Exogenous CaDPA activates CwlJ thereby releasing CaDPA from the spore 

core79. Cationic surfactants like sodium dodecylamine do not need activation of CwlJ/SleB. 

Instead, they directly trigger the opening of the SpoVA channel80. Lysozyme acts on decoated 

spores, penetrating the spore cortex and does not require nutrient receptors or cortex lytic 

enzymes. It indirectly triggers the activation / opening of the SpoVA channel by degrading the 

cortex from the outside80. Spores can also be germinated by applying high hydrostatic pressure 

(100–600 mega-Pascals [MPa])54,81. At pressures of 100–200 MPa, germinant receptors can 

get activated thereby triggering the germination cascade. In addition, spores lacking GRs  also 

normally germinate upon exposure to high pressure by directly opening CaDPA channels82. 

Finally, muropeptides generated from the peptidoglycan fragments from growing B. subtilis 

cells in the vicinity can trigger germination. It is reported that a membrane associated 

serine/threonine kinase (PrkC) phosphorylates downstream signal molecules to trigger spore 

germination in response to muropeptides. However, the exact molecular details of this novel 

germination pathway are still not clear49. 

1.6 Heterogeneity 

The time between nutrient-GR binding and actual start of phase darkening (germination) differs 

likely for every spore in a single population. This lag causes a large heterogeneity in a 

germinating spore population (Figure 1.5). The time to germination also varies considerably 

depending on the sporulation conditions83, temperature, maturation state, core water content, 

and  number of GRs per spore52.  
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Figure 1.5 Spore germination heterogeneity. Phase bright to phase dark transition of spores. Each graph 

corresponds to a single spore. SporeTracker is designed to measure the time to start of germination and duration 

of germination (time to turn a phase bright spore to phase dark), the program generates corresponding plots and 

numerical output from any number of movies84. 

1.7 Expression of genes and protein synthesis during germination 

Deconvoluting the genetic mechanisms behind germination and outgrowth of Bacillus spores 

has been one of the persistent challenges in spore biology. The resting spore of B. subtilis has 

an RNA content of approximately 4% on a dry weight basis85 but its mRNA composition is 

clearly dissimilar from that of the vegetative cells and differences have also been found in its 

rRNA species86. In fact, the rRNA degradation also seems to be related to the dormant state to 

minimize normal physiological activity before entering dormancy87. The resulting small rRNA 

fragments may be responsible for the growth arrest or they could also be present as reserve 

molecules ready to restart the vegetative cycle. Additionally, in ageing B. subtilis spores the 

number of mRNAs is said to be inversely related to the spore’s age87 and the RNA degradation 

is said to be accelerated in spores held at high temperatures. Varying number of mRNAs 

transcripts have been found in spores of different bacilli and clostridia86-89. These mRNAs 

mostly code for the genes belonging to DNA metabolism, transcription, translation and other 

metabolic pathways (sporulation, cell wall metabolism, energy production). Also, many σG 

dependent forespore-specific transcripts are carried through in dormant spores86. A detailed 

transcriptome analysis of B. subtilis spores during germination and outgrowth demonstrated a 

clear pattern of gene expression. Appearance of transporter transcripts has been demonstrated 

as early as 5 min after onset of germination86. Transcripts encoding DNA helicases and DNA 

repair proteins are also synthesized early. Important housekeeping genes, encoding proteins 

such as translation initiation factors, ribosomal proteins, and elongation factors, are also found 

to be transcribed early during germination. At the onset of germination, transcription could 

restart within the spore and rRNA resynthesized maintaining the same high level also during 
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vegetative life. In proteomic studies of dormant spores, it has been observed that spore specific 

proteins like SASPs, structural protein such as coat proteins, proteins essential for growth such 

as ribosomal proteins, metabolic pathway proteins and transporter proteins reside in it90. 

Germination is believed to occur without any prior need of protein synthesis and only during 

germination and the early phases of outgrowth, the synthesis of macromolecules is believed to 

start. This macromolecule biogenesis starts with RNA synthesis, followed by protein and then 

by DNA synthesis91,92. However, in a recent study36 it is reported that protein synthesis takes 

place before the onset of  the phase darkening (i.e. actual germination) and is essential for its 

execution. This study has observed newly synthesized proteins during spore revival using a 

novel BioOrthogonal Non-Canonical Amino acid Tagging (BONCAT) approach. These 

authors demonstrate the need of protein synthesis during germination by deletion of two genes 

encoding translational factors, tig and rpmE. They also observed protein synthesis in phase 

bright spores by making use of a GFP reporter malic enzyme (MalS). This is a very remarkable 

finding showing the synthesis of MalS-GFP within 5 minutes of germination. In contrast, Korza 

et al37 have addressed and negated the need of protein synthesis during germination by a 

different approach whereby depleting rRNA from spores has caused no influence on the rate 

of germination suggesting that protein synthesis before completion of germination is not 

required. Finding answers to this dilemma is challenging due to the complexity of the 

germination process and the different methodologies and strains used in different studies.  

1.8 Outline of the thesis 

The studies described in this thesis aim to unravel the underlying molecular mechanism and 

the strategy behind Bacillus subtilis endospore revival. In Chapter 1, the basic knowledge 

about sporulation, spore structure, spore dormancy, spore germination and importance of 

studying spore germination is described. Different steps involved in germination such as 

activation, macromolecular synthesis, are discussed briefly. The discussions shows that there 

is a need for dynamic monitoring of gene expressions and protein synthesis throughout the 

germination and outgrowth process. Furthermore, single spore analyses are important as 

heterogeneity in spore behaviour is generally seen. In order to do a proteome wide analysis of 

protein dynamics during germination and outgrowth Chapter 2 first of all describes the 

establishment of a comprehensive proteomics method to analyse spore and vegetative cell 

proteins. The ‘One- pot’ spore processing method with ZIC-HILIC peptide pre-fractionation 

and reverse phase LC-MS/MS is an effective tool for the analysis of complex protein structures 

of spores of bacilli and clostridia. As described in Chapter 3, the comparison of the spore and 
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vegetative cell proteome has allowed us to determine resemblance and diversity of proteins 

present in both the morphotypes to determine a putative minimal set of proteins necessarily 

present in spores to sustain life. Chapter 4 focuses on the correlation of the transcriptomics 

and proteomics data to understand the planning and execution of the developmental steps 

crucial to and characteristic for spore awakening. The time-resolved transcriptomics and 

proteomics data provide new insight in the cellular control over novel protein synthesis during 

the awakening of spores. In Chapter 5, we have tried to understand if there is a linkage between 

spore maturation and protein expression during spore germination using biochemical and 

single cell live-imaging approaches. Finally, in Chapter 6, different approaches employed to 

study the dynamic changes in proteome, further discussion on minimal protein set in spore and 

fate of intermediates of central metabolic pathway as well as free amino acids available or 

made available during germination are discussed. 
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Abstract 

Bacterial endospores, the transmissible forms of pathogenic bacilli and clostridia, are 

heterogeneous multilayered structures composed of proteins. These proteins protect the spores 

against variety of stresses, thus helping spore survival, and assist in germination, by interacting 

with the environment to form vegetative cells. Owing to the complexity, insolubility, and 

dynamic nature of spore proteins, it has been difficult to obtain their comprehensive protein 

profiles. The intact spores of Bacillus subtilis, Bacillus cereus, and Peptoclostridium difficile 

and their vegetative counterparts were disrupted by bead beating in 6M urea under reductive 

conditions. The heterogeneous mixture was then double-digested with LysC and trypsin. Next, 

the peptide mixture was pre-fractionated with Zwitterionic hydrophilic interaction liquid 

chromatography (ZIC-HILIC) followed by reverse phase LC-FT-MS analysis of the fractions. 

‘One-pot’ method is a simple, robust method that yields identification of >1000 proteins with 

high confidence, across all spore layers from Bacillus subtilis, Bacillus cereus, and 

Peptoclostridium difficile. This method can be employed for proteome-wide analysis of non-

spore-forming as well as spore-forming pathogens. Analysis of spore protein profile will help 

to understand the sporulation and germination processes and to distinguish immunogenic 

protein markers. 
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2.1 Introduction 

Proteomics techniques are widely used in clinical microbiology to analyze proteomes of 

complex pathogenic life forms, to investigate molecular mechanisms of pathogenesis, to 

identify biological markers, and to aid efficient clinical analysis. Gram-positive spore formers 

such as Bacillus anthracis and Clostridium tetani are known to cause clinical infections. Spores 

of some Bacillus spp. are the causative agents of food spoilage and other food-borne diseases1 

whereas spores of Peptoclostridium difficile2 (also known as Clostridioides difficile3) play a 

critical role in Clostridium difficile infection (CDI), pseudomembranous colitis, and diarrhea. 

This imposes a high burden on the health care systems4. Endospores formed by these pathogens 

are dormant, multilayered entities resistant to many physical stresses and chemicals. Their 

control is thus a challenge for food processing5 and healthcare industries6. Spores can 

constantly sense the environment and in favorable conditions, they ‘return to life’ rapidly by 

the process of ‘germination’ and grow out. Once spore germination is triggered, it activates the 

downstream signaling pathways causing spore revival7-9. Though spores themselves are not 

harmful, the vegetative cells that emerge from them can produce toxins and therefore, quick 

detection and removal of spores is important.  

Spore structure is largely composed of proteins that are important for maintaining spore 

resistance. Furthermore, in sporulation, germination and pathogenesis, proteins play important 

structural and functional roles. Therefore, a complete knowledge of the spore proteome is of 

utmost importance to gain insights into the missing links in both these processes. 

Unfortunately, the overall structure of the outer spore layers, i.e., spore coat and/or exosporium, 

and the presence of an insoluble protein fraction therein (approximately 30%) makes a 

thorough spore protein analysis challenging. These unique proteinaceous and glyco-

proteinaceous structures protect the spores from different external stresses and also provide a 

mechanism to adhere to surfaces10. A high throughput analysis, generally desired in clinical 

applications, is difficult owing to variation in sample quality, quantity, and biological 

heterogeneity among samples within a batch. Although different gel-based and gel-free 

methods coupled to mass spectrometry (MS) have been developed for identification and 

quantification of spore proteomes11-13, most of these use detergents for spore disruption and 

protein solubilization. These detergents are mostly incompatible with MS analyses and 

therefore need to be removed before MS either by filtration, precipitation, or by gel-based 

approaches. This extensive sample handling bears an increased risk of significant sample loss. 
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Moreover, these methods are laborious and time consuming14,15. Therefore, to understand the 

mechanism of dormancy and that of exit from dormancy, there is a need for a method which 

will simultaneously identify proteins from all spore layers, including the insoluble protein 

fraction of spore surface layers. Moreover, the same method should be useful to uncover the 

proteome of the vegetative cell that emerges once the spores germinate.  

Generally, complex peptide mixtures necessitate pre-fractionation by multidimensional 

approaches prior to MS analysis16. Zwitterionic hydrophilic interaction liquid chromatography 

(ZIC-HILIC)-based fractionation coupled with reverse-phase LC-FTICR-MS has been 

developed as a powerful tool for such proteomic analyses17,18. In our ‘one-pot’ sample 

processing method proteins from whole spores are solubilized with the help of bead-beating in 

the presence of urea and DTT, alkylated, and finally digested with LysC and trypsin in a single 

tube. We used B. subtilis as a model organism to check the efficiency and robustness of the 

method. We also focused on two clinically relevant bacterial spore formers - B. cereus and P. 

difficile. In this study, we successfully identified over 1000 proteins from the whole spores of 

these organisms. We have also extended the method to explore the vegetative cell proteome of 

these spore-forming bacteria to evaluate how wide the scope of this method is, for other spore-

forming and non-spore-forming pathogens.  

2.2 Materials and Methods 

2.2.1 Media, strains, and spore preparation 

The strains used in this study were Bacillus subtilis PY79, Bacillus cereus ATCC 14579, and 

Peptoclostridium difficile 630. The growth, sporulation, and spore harvesting for B. subtilis 

and B. cereus were carried out as described previously19. P. difficile 630 was acquired from the 

Leibniz Institute of Microorganisms and Cell Cultures. Growth of P. difficile 630 cells and 

spore preparations were done in an anaerobic chamber (Whitley DG250) aerated with a gas 

mixture (10% hydrogen, 10% carbon dioxide and 80% nitrogen), with the temperature 

controlled at 37°C. P. difficile cells were harvested from a culture in Schaedler Anaerobe Broth 

(Oxoid) at mid log phase (OD600 = ~0.7) and spores were obtained in CloSpore medium, 

harvested and purified, as described previously20. More than 95% phase bright spores, as 

observed with phase contrast microscopy, were obtained for all the three organisms. Three 

biological replicates for B. subtilis PY79 spores and two each for B. cereus ATCC 14579 and 

P. difficile 630 spores were analyzed. One replicate each of B. subtilis PY79 and P. difficile 

630 vegetative cells was also analyzed. 
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2.2.2 ‘One-pot’ sample processing method 

Phase bright spores of both the bacilli and the Peptoclostridium sp. were suspended in lysis 

buffer containing 6 M urea, 5 mM DTT in 50 mM ammonium bicarbonate (AmBiC) buffer 

(pH = 8.0) and disrupted with 0.1 mm zirconium-silica beads (BioSpec Products, Bartlesville, 

OK) using a Precellys 24 homogenizer (Bertin Technologies, Aix en Provence, France). B. 

subtilis spore sample without urea was also used as a control to check effect of urea on protein 

extraction. Spores were disintegrated for seven rounds (each round of 20s, 60 s pause between 

each round). Samples were placed on ice for 10 min after every 3 rounds to avoid protein 

degradation by overheating. To check the effect of bead-beating on proteins, a protein kit 

containing bovine serum albumin (BSA), myoglobin, β-casein and horse cytochrome C was 

used as bead-beating control. The total amount of protein material extracted from spore was 

estimated using the reducing agent-compatible version of bicinchoninic acid (BCA) Protein 

Assay Kit (ThermoFisher Scientific, Waltham, MA USA). The reduction was carried out at 

56°C for 1 h followed by alkylation by 15mM iodoacetamide (IAA) for 45 min at room 

temperature in dark. The reaction was quenched with 20 mM thiourea21. Samples were then 

digested with LysC (1:200 w/w protease/protein) for 3 hrs at 37oC. Samples were diluted with 

50 mM AmBiC and 20% ACN followed by digestion with trypsin (1:100 w/w protease/protein 

ratio) at 37oC for 18 hrs. The digestion reaction was quenched with the addition of TFA (pH < 

4). All these steps were carried in a single tube (Figure 2.1) and post digestion cell/spore debris 

was removed by centrifuging for 15 min at 13000 rpm. The supernatant containing peptides 

was transferred to a new tube and freeze dried. This tryptic digest was re-dissolved in 0.1% 

TFA, cleaned up using C18 reversed phase TT2 TopTips (Glygen), according to the 

manufacturer's instructions and peptides were eluted with 0.1% TFA in 50% ACN and freeze 

dried. 

2.2.3 ZIC-HILIC based peptide fractionation 

The freeze dried peptides were diluted with Buffer A for subsequent ZIC-HILIC separation. 

The Buffer A contained 85% ACN, 5 mM ammonium acetate, and 0.4% acetic acid (pH 5.8) 

and Buffer B contained 30% ACN, 5 mM ammonium acetate, and 0.5% acetic acid (pH 3.8). 

Isocratic flow for 10 min with 100% Buffer A and elution was achieved with gradient of 0-

30% of Buffer B in 1st phase and then 30-100% in 2nd phase with the flow rate of 400 µL/min. 

Eluted peptides were collected in 10 fractions, which were freeze-dried prior to MS/MS 
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analysis. The total amount of peptide material extracted from spore was estimated using the 

BCA Protein Assay Kit (ThermoFisher Scientific, Waltham, MA USA). 

2.2.4 LC−FT-ICR MS/MS analysis 

HILIC fractions were dissolved in 0.1% TFA and peptide concentration was determined at 205 

nm22 with a Nanodrop ND1000 spectrophotometer (Isogen Life Sciences, De Meern, The 

Netherlands). LC-MS/MS data were acquired with a Bruker Apex Ultra FT-ICR mass 

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 7 T magnet and a Nano 

electrospray Apollo II Dual SourceTM coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, 

USA) UPLC system. Samples containing up to 300 ng of the tryptic peptide mixtures were 

injected as a 40 μL 0.1% TFA, 3% ACN aqueous solution with 1 μL of 50 fM [Glu1]-

Fibrinopeptide B, as an internal standard, and loaded onto a PepMap100 C18 (5 μm particle 

size, 100-Å pore size, 300 μm inner diameter × 5 mm length) precolumn. Following injection, 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of ‘one-pot’ sample processing method. Steps 1 to 5 are 

performed in a single tube. 
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the peptides were eluted at 30°C via an Acclaim PepMap 100 C18 (5- μm particle size, 100-Å 

pore size, 75 μm inner diameter × 500 mm length) analytical column (ThermoFisher Scientific, 

Etten-Leur, the Netherlands) to the nano-electrospray source. Gradient profiles of up to 140 

min were used from 0.1% formic acid/3% ACN/97% H2O to 0.1% formic acid/50% ACN/50% 

H2O at a flow rate of 300 nL/min. Data dependent Q-selected peptide ions were fragmented in 

the hexapole collision cell at an argon pressure of 6 × 10−6 mbar (measured at the ion gauge) 

and the fragment ions were detected in the ICR cell at a resolution of up to 60000. In the 

MS/MS duty cycle, four different precursor peptide ions were selected from each survey MS. 

The MS/MS duty cycle time for one survey MS and three MS/MS acquisitions was about 2 s. 

Each MSMS dataset was mass calibrated internally on the [Glu1]-Fibrinopeptide B peptide 

fragment ion masses better than 1.5 ppm over a m/z range of 250 to 1400. 

2.2.5 Data analysis 

Raw FT-MS/MS mass calibrated data of the HILIC fractions was processed as multi-file 

(MudPIT) with the MASCOT DISTILLER program, version 2.4.3.1 (64 bits), MDRO 2.4.3.0 

(MATRIX science, London, UK). Peak-picking for both MS and MS/MS spectra were 

optimized for the mass resolution of up to 60000 (m/Δm). Peaks were fitted to a simulated 

isotope distribution with a correlation threshold of 0.7, and with a minimum signal-to-noise 

ratio of 2. The processed data, combined from the 10 HILIC peptide fractions, were searched 

in a MudPIT approach with the MASCOT server program 2.3.02 (MATRIX science, London, 

U.K.) against a complete B. subtilis 168,  B. cereus ATCC 14579, and P. difficile 630 ORF 

translation database (Uniprot 2017-02-13 update, downloaded from 

http://www.uniprot.org/uniprot) with redundancies removed using the DBToolkit-4.2.5 tool  

http://bioinformatics.oxfordjournals.org/cgi/reprint/bti588?ijkey=1d1b7RussnjgEkC&keytyp

e=ref) and supplemented with the corresponding decoy database to determine FDR. Trypsin 

was used as the enzyme and two missed cleavages were allowed. Carbamidomethylation of 

cysteine was used as a fixed modification and oxidation of methionine and deamination of 

asparagine and glutamine as variable modifications. The peptide mass tolerance and peptide 

fragment mass tolerance were set to 50 ppm. The search was repeated with the same parameters 

but with semi-trypsin as the enzyme to identify possible semi-tryptic peptides due to 

mechanical shearing and possible endogenous degradation of proteins. The MASCOT MudPIT 

peptide identification score was set to a cut-off of 20 with a false discovery rate of 

approximately 2% at the peptide level based on decoy database matches. The identification 

data are listed in Supplementary Table 2.1. The raw proteomics data has been deposited to 
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the Proteome change Consortium 23 via the PRIDE partner repository with the dataset identifier 

PXD004473. 

2.2.6 Bioinformatics analyses 

Being clinically relevant species, efforts were put in the bioinformatics analyses of the 

identified proteins from spores of B. cereus and P. difficile. We analyzed the immunogenic 

potential of the identified peptides using the automated algorithm at the POPI v.2.0 server24. 

Functional annotation clustering of identified proteins from all the three spore-formers was 

carried out with the help of tools available at DAVID bioinformatics resources25,26. Domain 

predictions were done using the Batch CD-search tool developed by the National Center for 

Biotechnology Information (NCBI)27. The molecular mass (kDa), pI, and GRAVY indices of 

proteins were established using the ProtParam tool28. 

2.3 Results and Discussion 

2.3.1 ‘One-pot’ sample processing validation  

The one pot sample processing is initiated by physical disruption of the spores and bacterial 

cells by a number of bead-beating cycles until no intact spores and cells are microscopically 

spotted. This bead beat disruption event is prone to cause thermal degradation of the proteins28. 

This degradation results in the formation of semitryptic peptides during tryptic digestion. For 

a protein kit with BSA, myoglobin, cytochrome-C and β-Casein the one pot processing yields 

an insignificant contribution of semitryptic peptides if the bead-beating event is omitted both 

in presence and in absence of urea. With bead-beating this contribution is raised to about 10% 

in the presence of urea for the mixture containing B. subtilis spores and the protein kit, and 

further to over 20% when the urea is omitted. This is true for both spore proteins as well as the 

protein kit peptides. Although the abundances of the semitryptic peptides are low relative to 

the tryptic peptides, it is clear that the bead-beating causes some degradation and necessitates 

proper cooling of the samples between bead-beating cycles. Though this degradation has no 

effect on protein identification, it undesirably increases the complexity of the digest mixture. 

Thus under these protein denaturing conditions, the proteolytic degradation and enzymatic 

activities of spore proteins are quenched. Consequently it increases the average peptide 

sequence coverage of the proteins identified in B. subtilis spores from 19 to 27%. For a one pot 

processing it is also critical to quench the excess DTT and the cysteine alkylating 

iodoacetamide before digestion to prevent over alkylation and alkylation of peptide N-termini. 
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The applied quenching with thiourea is efficient and yields quenching product which do not 

affect the protein digestion21. To allow peptide extraction from the disrupted spores under 6M 

urea protein denaturing conditions, digestion is initiated through cleavage of the lysine residues 

by LysC. Thereafter, dilution of the digest buffer to 1M urea enables the remaining lysine and 

arginine residues to be cleaved by trypsin to bring the peptide masses within the mass window 

of the mass spectrometric analysis. Quenching the tryptic digestion with TFA brings down the 

pH to below 4. Under these acidic conditions most of the fatty acids, lipids, and peptidoglycans 

precipitate and are removed by centrifugation together with the remaining cell debris before 

freeze drying. The low pH activates the hydrolysis of the phosphodiester backbone of DNA 

and RNA resulting in oligonucleotides. Clean-up of the freeze dried supernatant with a C18 

TopTips remove such remaining digest buffer components and reactants. Finally, the residual 

non-peptide material is not retained and washed off the ZIC-HILIC column resulting in ZIC-

HILIC HPLC peptide fractions ready for reverse phase LC-MS/MS analysis. The one-pot 

processing is efficient because the loss of protein material is minimal. As estimated by BCA 

assay, about 630 μg of protein material is extracted from 1 mg of B. subtilis spores and about 

60 μg is recovered as peptides after ZIC-HILIC pre-fractionation, before mass spectrometric 

analysis. 

2.3.2 The vegetative cell & spore proteome coverage 

From the intact-spore extracts of B. subtilis, B. cereus, and P. difficile, 1428, 1782, and 1078 

proteins have been identified  respectively (Supplementary Table 2.1), with average peptide 

sequence coverage over all replicates being 26.6%, 20.3% and 15.2%, respectively 

(Supplementary Figure 2.1). From the B. subtilis and P. difficile vegetative cells, 1258 and 

962 proteins have been identified, respectively. It appears that the relatively low LC-MS/MS 

rate of the used mass spectrometer is limiting the number of identified proteins. The LC-MS 

survey analyses show complex peptide mixtures of which only a limited number can be MS/MS 

analyzed.  This together with the wide molecular mass distribution for identified proteins 

(Supplementary Figure 2.2) demonstrates the potential of the present one pot sample 

processing method for comprehensive proteome wide analysis of pathogens using high MS/MS 

rate mass spectrometers. A functional annotation clustering of the identified spore proteins 

relevant for the spores and spore germination is shown in Table 2.1. 
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Table 2.1.  Functional annotation clustering of identified proteins from whole spores of B. subtilis, 

B. cereus, and P. difficile as classified using the UP_Keyword tool available at DAVID 

bioinformatics server.  

 

Functional Annotation Cluster B. subtilis PY79 B. cereus ATCC14579 P. difficile 630 

Membrane 236 251 103 

Cytoplasm 256 211 155 

Sporulation 119 20 47 

Hydrolase 213 229 122 

Oxidoreductase 154 177 81 

Transferase 191 261 172 

ATP binding 171 174 126 

Protein synthesis 34 41 38 

Protease 50 44 20 

The numbers represent the identified proteins in the category. 

2.3.3 Comparison with prevailing gel-free sample preparation methods 

The gel-free methods of spore proteomics previously developed in our lab were confined to 

identification of proteins from specific layers14,29. We compared the results of the ‘one-pot’ 

sample processing method (Figure 2.2) with the previous data obtained from spores of B. 

subtilis14, B. cereus and P. difficile19 and also with the inner membrane protein data for B. 

subtilis29 and P. difficile (unpublished data). Although the methods described by Kuwana et 

al.30, Mao et al.31 focus on the whole spore proteomes, they cannot be directly compared to 

‘one- pot’ method owing to the differences regarding the use of gels, sample processing, MS 

instruments, and data analysis. Similarly, Lawley and coworkers32 identified proteins from 

whole spores of P. difficile. However, a major hurdle of their method is that it involves multiple 

steps which make the entire procedure rather cumbersome and prone to sample loss. While we 

are positive of our current results, some membrane proteins could not be identified by this 

method. Of these unidentified proteins from B. subtilis and P. difficile, most showed peptide 

scores less than 20 and therefore, are not discussed here. This outcome can be improved by 

employing enrichment methods such as subcellular fractionations33. 
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Figure 2.2. Comparison of protein identification by ‘one-pot’ method and conventional gel-free 

methods For comparison the datasets obtained by gel-free protein identification of insoluble coat fractions14,19 

and spore inner membrane proteomics using membrane enrichment approach29 are used.  

2.3.4 Physico-chemical properties of identified spore proteins 

Interestingly, most of the identified spore proteins from the three species are hydrophilic and 

<100 kDa in size with some exceptions (Supplementary Figure 2.3). The mean GRAVY 

index is -0.297 for B. subtilis, -0.236 for B. cereus, and -0.237 for P. difficile. The surface 

layers of spores are said to be hydrophobic but the spore proteins identified in this study are 

hydrophilic. Thus it is plausible that the spore surface proteins along with the other reported 

components such as lipids, phosphorous, sugar moieties34,35 impart hydrophobicity to the spore 

surfaces. To investigate the role of the identified proteins in pH-dependent adhesive properties, 

we determined their pI values. The hydrophilic proteins were spread over both acidic and basic 

pH ranges. The mean pI of the identified B. subtilis spore proteome is 6.33 whereas that of the 

B. cereus and P. difficile proteomes is 6.32 and 6.22, respectively. The pI values for all three 

organisms show unimodal distribution (see Supplementary Figure 2.3). 
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2.3.5 Identification of potential protein targets from spores  

We identified coat- and exosporium-associated and putative target proteins in B. cereus ATCC 

14579 and in P. difficile 630 spores (see Supplementary Table 2.1) that were also identified 

previously19. In addition, from P. difficile spores, we identified proteins GerG (CD0311), 

CD3298, CD0727 that were the focus of recent functional studies36-38. In a previous study, 

domain prediction approach identified proteins with domains predicted to be pathogenically 

critical and thus clinically relevant39. From P. difficile and B. cereus spores, we identified 

proteins, from different spore layers, carrying the pathogenically critical superfamily domains 

such as AAA superfamily, Actin, ChtBD3, CTD, FtsZ, HAMP, HisKA, HTH_MARR, OmpH, 

TPK_B1_binding, Tryp_SPc, Tubulin, and YARHG domain (see Supplementary Table 2.2). 

Specificities on the functions of these superfamily domains are reviewed by Patel39. Apart from 

these proteins, there were many proteins carrying domains of unknown function (DUFs). Based 

on a previous study40, we identified the domains that are essential (eDUFs) for bacteria and 

those that belong to the top 50 DUFs (see Supplementary Table 2.3), thus generating a list of 

potential candidate proteins.  

Protein CD2635 identified is a virion protein. This protein is downregulated in a σG mutant and 

suggested to be involved in spore germination41 making it a key candidate for P. difficile 

germination studies. In a recent proteomic study on spore assembly in C. perfringens, protein 

cyanophycin synthase encoded by cphA was identified as an important structural component 

of spore coat42. Its ortholog protein encoded by MurE (CD2664) in P. difficile was identified 

in our proteome set. The role of MurE in spore assembly remains unstudied. Protein CD3559 

(FtsH2) is a ortholog of SpoVK43, a protein involved in the engulfment process during spore 

formation in B. subtilis44. Proteins CD3306 and BC_4480 (Tig) are trigger factor proteins, 

which aid the initial folding steps during protein synthesis and, together with ribosomes, 

interact with almost all synthesized nascent chains45. Some t-RNA processing enzymes viz., 

CD3560 (TilS), CD3675, BC_5485 (MnmG), and CD3676 & BC_5486 (MnmE) were 

identified in spores. These belong to the synthetase and GTPase families, and are associated 

with modifying the wobble uridine base in tRNA anticodons46-48. Saujet and colleagues have 

previously provided guidelines about the sigma factors that regulate the expression of genes 

related with sporulation in P. difficile 63041. Compared to those guidelines, our study has 

identified 10 σF-regulated, 6 σG-regulated, 21 σE-regulated, and 11 σK-regulated proteins. Apart 

from these, six and four protein-encoding genes were found to be σEFK-regulated and σEFG-

regulated, respectively. 
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2.3.6 Immunogenicity predictions for the identified peptides 

In B. cereus and P. difficile, most of the identified peptides were predicted to have none or little 

immunogenic potential towards cytotoxic (MHC I) and helper (MHC II) T-cells; however, 

~0.5% of the identified unique peptides were predicted to be highly immunogenic (Figure 2.3). 

Interestingly, a single peptide -KTIEDAMVSDK- from GerD (BC_0169) was identified to be 

highly immunogenic (PD50 < 1 nm) towards both MHC molecules. Similarly, for P. difficile 

630, peptides -SLEEVESIK- and -LVDEDMAMK- from membrane proteins CD1788 and 

CD2056 respectively, -RFTEALDKK- from spore coat protein SipL, and -

LEELKESAPSLSAEELK- from putative sporulation protein CD2717 were all identified to 

possess high (PD50 < 1 nm) immunogenic potential against both the MHC classes.  

2.4 Concluding remarks 

With minimum sample loss and few processing steps, the ‘one-pot’ sample processing method 

is tailored for proteome-wide characterization of bacterial pathogens. The method enables 

identification and quantification of the proteins over all spore and vegetative cell layers and 

therefore can be readily applied to any time-series-based proteomic analysis including 

vegetative growth, sporulation, and spore germination. Although vegetative cells have not been 

the focus of the present study, the sample processing method facilitates high-throughput 

analyses of rapidly changing protein dynamics in actively growing vegetative cell cultures 

exposed to varying environmental conditions. It can be applied in industrial pharmaceutical 

studies as rapid and robust sample preparation for testing the potential of antimicrobial agents 

to control bacterial infections. Finally, the ‘one-pot’ sample processing method enables rapid 

and reliable identification of the bacterial pathogen as spores from food samples. 
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Figure 2.3. Prediction of immunogenic potential of identified peptides from Bacillus cereus ATCC 

14579 and Peptoclostridium difficile 630. The MHC responses are classified as None (PD50 > 10 mM), Little 

(PD50 = 10 mM – 100 nM), Moderate (PD50 = 100 nM - 1 nM) or High (PD50 < 1 nM). PD50: the dosage that 

protects 50% of the animals challenged. 

   

Supplementary Material 

The supplementary material can be accessed via Proteomics - Clinical Applications 12, 

1700169, https://doi.org/10.1002/prca.201700169  
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Abstract 

The method of 15N metabolic labelling of Bacillus subtilis enabled mass spectrometric 

quantification of relative protein levels in the vegetative cells and the spores of this model 

organism. A total of 1501 proteins have been identified from the combined spore and vegetative 

cell samples. From these 1086 proteins have been relatively and reproducibly quantified 

between spores and vegetative cells. Of the quantified proteins, 60% are common to the 

vegetative cells and spores, indicating that spores host a minimal set proteins sufficient for the 

resumption of metabolism upon completion of germination. The shared proteins represent, the 

most basic ‘survival kit’ for life on earth that is known thus far. 
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3.1 Introduction 

Endospore formation is characterized by a continues protein turnover and by various cellular 

rearrangements1,2. During protein turnover existing proteins are degraded and new proteins are 

formed. These processes are controlled by sporulation specific sigma factors and involve 

various cellular structural rearrangements such as asymmetric cell division and the extrusion 

of water from the developing endospore2. The reorganization involves a macromolecular 

machinery and results in the formation of multi-layered spores that are resistant to UV, 

radiation, heat and different chemical agents3. In addition to the development of stress 

resistance, spores also prepare to equip themselves with all necessary elements that are 

essential to return to life. These elements generally are comprised of proteins that steer 

germination and outgrowth to the point where cells resume their vegetative cell cycle. To jump 

start the germination, the macromolecules needed are pre-synthesized during sporulation4. 

Even though the spores are metabolically dormant5 researchers are still in pursuit of finding 

the exact molecular, biochemical and biophysical mechanisms behind the germination 

process6-8. Despite numerous indications from genetic studies, the existing hypotheses on the 

molecular basis of  spore revival remains, at the mechanistic level, unanswered8. Processes 

such as water uptake, dipicolinic acid (DPA) release, cortex hydrolysis and signal transduction 

therein are still not completely understood5-7. All these processes are mediated via a number of 

different proteins9. Many proteomics and transcriptomics studies10-13 have addressed the set of 

genes and their inferred proteinaceous counterparts in an effort to make a comprehensive 

inventory of the putative proteins mediating the described physiological processes. Yet, none 

of them has systematically focused on a comparative, quantitative, direct proteome analysis of 

dormant spores versus the vegetative cells into which they transform.  

In the present study, we have quantitatively characterized the B. subtilis spore proteome relative 

to that of vegetative cell. To achieve this, spores are mixed with 15N-metabolically labelled 

vegetative cells and the mixture is processed with our recently developed one-pot method14 for 

mass-spectrometric analyses. Here, the 14N/15N isotopic protein ratios represent the relative 

spore over vegetative cell protein abundances. The mass spectrometric relative quantification 

has led to the quantification of over 1000 proteins from combined spore and cell samples. We 

aim to deduce the differences in the two proteomes and classify a basic set of proteins 

harboured within a dormant spore that constitutes a minimal set of proteins sufficient for the 

life to survive severe environmental stresses and resume growth when conditions are again 

more favourable.  
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3.2 Materials and methods 

3.2.1 Bacterial strain, media, and culturing conditions 

B. subtilis wild-type strain PY79 was used for preparing 14N (Light) spores and 15N (Heavy)-

labelled reference vegetative cells. For sporulation, bacteria were pre-cultured and sporulated 

as described previously14,15. Defined minimal medium, buffered with 3-(N-morpholino) 

propane sulfonic acid (MOPS) to pH 7.4 was used for sporulation16. The spore cultures were 

grown and sporulated in the presence of 14NH4Cl while the reference vegetative cell cultures 

received 15NH4Cl as the sole nitrogen source. The final stock of reference vegetative cells 

consisted of cells harvested at exponential growth. The cells were analysed against three 

independent biological replicates of spore query cultures. 

3.2.2 Mixing of 14N spores and 15N-labeled cells, and one-pot sample processing 

The harvested 14N-spores were mixed in a 1:1 ratio (based on the cell count) with 15N-labelled 

vegetative cells. After mixing, the samples were further subjected to one-pot sample processing 

as described previously14. Typically, a mixture of spores and cells was suspended in lysis 

reduction buffer and disrupted in seven cycles with 0.1 mm zirconium-silica beads (BioSpec 

Products, Bartlesville, OK, USA) using a Precellys 24 homogenizer (Bertin Technologies, Aix 

en Provence, France). The tubes were incubated for 1 h at 56°C and alkylated using 15 mM 

iodoacetamide for 45 min at room temperature in the dark. The reaction was quenched with 20 

mM thiourea and the first digestion with Lys-C (at 1:200 protease/protein ratio) was carried 

out for 3 h at 37°C. Samples were diluted with 50 mM ammonium bicarbonate buffer and the 

second digestion with trypsin (at 1:100 protease/protein ratio) was carried out at 37°C for 18 

h. The tryptic digest was freeze-dried. Before use, the freeze-dried samples were re-dissolved 

in 0.1% Tri-fluoric acid (TFA) and cleaned up using C18 reversed phase TT2 TopTips 

(Glygen), according to the manufacturer's instructions. The peptides were eluted with 0.1% 

TFA in 50% acetonitrile (ACN) and freeze dried. 

3.2.3 Fractionation of peptides in one-pot digests 

A ZIC-HILIC chromatography was used to fractionate the freeze-dried peptide samples. Dried 

digests were dissolved in 200 µl of Buffer A (90% acetonitrile, 0.05% Formic acid, pH 3), 

centrifuged to remove any undissolved components, and injected into the chromatography 

system. An isocratic flow with 100% Buffer A for 10 min was followed by a gradient of 0-30% 

Buffer B (25% acetonitrile, 0.051% formic acid, pH 3) in the first phase and 30-100% of Buffer 
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B in the second phase (flow rate 400 µl/min). The peptides were eluted and collected in 10 

fractions, freeze-dried, and stored at -80°C until further use. 

3.2.4 LC-FT-ICR MS/MS analysis 

ZIC-HILIC fractions were re-dissolved in 0.1% TFA and peptide concentrations were 

determined by measuring the absorbance at wavelength of 215 nm with a NanoDrop. LC-

MS/MS data were acquired with an Apex Ultra Fourier transform ion cyclotron resonance mass 

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a 7 T magnet and a Nano 

electrospray Apollo II Dual Source coupled to an Ultimate 3000 (Dionex, Sunnyvale, CA, 

USA) HPLC system. Samples containing up to 300 ng of the tryptic peptide mixtures were 

injected as a 10μl 0.1% TFA, 3% ACN aqueous solution together with 25 fmol of [Glu1]-

Fibrinopeptide B human peptide and loaded onto a PepMap100 C18 (5 μm particle size, 100 

Å pore size, 300  μm inner diameter × 5 mm length) precolumn.  Following injection, the 

peptides were eluted through an Acclaim PepMap 100 C18 (3 μm particle size, 100 Å pore 

size, 75 μm inner diameter × 250 mm length) analytical column (Thermo Scientific, Etten-

Leur, the Netherlands) to the Nano electrospray source. Gradient profiles of up to 120 min were 

used from 0.1% formic acid-3% acetonitrile to 0.1% formic acid-50% acetonitrile (flow rate 

300 nl/min). Data-dependent Q-selected peptide ions were fragmented in the hexapole collision 

cell at an argon pressure of 6 × 10-6 mbar (measured at the ion gauge) and the fragment ions 

were detected in the ICR cell at a resolution of up to 60,000. In the MS/MS duty cycle, three 

different precursor peptide ions were selected from each survey MS. The MS/MS duty cycle 

time for one survey MS and three MS/MS acquisitions was approximately 2s. Instrument mass 

calibration was better than 1 ppm over m/z range of 250–1500. 

3.2.5 Data analysis and bioinformatics 

 Each raw FT-MS/MS data set was mass calibrated better than 1.5 ppm on the peptide 

fragments from the co-injected GluFib calibrant. The 10 ZIC-HILIC fractions were jointly 

processed as a multifile with the MASCOT DISTILLER program (version 2.4.3.1, 64 bits), 

MDRO 2.4.3.0 (MATRIX science, London, UK), including the Search toolbox and the 

Quantification toolbox Peak-picking for both MS and MS/MS spectra were optimized for the 

mass resolution of up to 60000. Peaks were fitted to a simulated isotope distribution with a 

correlation threshold of 0.7, with minimum signal to noise ratio of 2. The processed data were 

searched in a MudPIT approach with the MASCOT server program 2.3.02 (MATRIX science, 

London, UK) against the B. subtilis 168 ORF translation database. The MASCOT search 



Chapter 3 

50 
 

parameters were as follows: enzyme - trypsin, allowance of two missed cleavages, fixed 

modification - carboamidomethylation of cysteine, variable modifications - oxidation of 

methionine and deamidation of asparagine and glutamine, quantification method - metabolic 

15N labelling, peptide mass tolerance and peptide fragment mass tolerance - 50 ppm. MASCOT 

MudPIT peptide identification threshold score of 20 and FDR of 2% were set to export the 

reports. 

Using the quantification toolbox, the quantification of the light spore peptides relative to the 

corresponding heavy cell peptides was determined as 14N/15N ratio using Simpson's integration 

of the peptide MS chromatographic profiles for all detected charge states. The quantification 

parameters were: Correlation threshold for isotopic distribution fit - 0.98, 15N label content - 

99.6%, XIC threshold - 0.1, all charge states on, max XIC width -120 seconds, elution time 

shift for heavy and light peptides - 20 seconds. All Isotope ratios were manually validated by 

inspecting the MS spectral data. The protein isotopic ratios were then calculated as the average 

over the corresponding peptide ratios. For each of the three replicas the identification and 

quantification reports were imported into a custom-made program to facilitate data 

combination and statistical analysis. Protein identification was validated with identifications in 

at least two replicas. For these identified proteins the relative quantification was calculated as 

the geometric mean of at least two validated 14N/15N ratios. All identification and quantification 

protein data are listed in Supplementary Table 3.1 with the standard errors and geometric 

standard deviations. DAVID Bioinformatics Resources tool (version 6.8) was used17 to retrieve 

the data of UniProt key word and KEGG pathway classifications. Membrane proteins were 

predicted (Supplementary Table 3.2) using the following programs or databases: PSORTb 

3.0 (http://www.psort.org/psortb/), Phobius (http://phobius.sbc.su.se/), BOMP (http:// 

services.cbu.uib.no/tools/bomp), PRED-LIPO (http://bioinformatics.biol.uoa.gr/PRED-

LIPO/), LocateP (http:// www.cmbi.ru.nl/locatep-db/cgi-bin/locatepdb.py ), and InterProScan 

5 (http://www.ebi.ac.uk/interpro/). Identified proteins were categorized according to SubtiWiki 

(http://subtiwiki.uni-goettingen.de/ ). 

3.3 Results 

3.3.1 Identification and quantification of the vegetative cell and spore proteins 

A total of 1501 proteins are identified from the combined spore and vegetative cell (henceforth 

referred to as cell) samples, of which 1086 are relatively and reproducibly quantified. Based 

on the average protein signal/noise (S/N) ratio we operationally defined predominant spore and 
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predominant vegetative cell proteins. Thus, isotopic 14N/15N ratios of more than 20 

predominantly correspond to spore proteins and isotopic 14N/15N ratios of less than 0.05 

predominantly correspond to vegetative cell proteins. The isotopic ratios 20> 14N /15N >0.05 

correspond to the proteins shared between the spores and cells. Figure 3.1 represents a 

distribution of the quantified proteins, where the combined amounts of the spore and vegetative 

cell proteins indicated by the log10 values of their MASCOT scores are plotted against the 

corresponding relative protein levels indicated by the log2 values of the experimental 14N/15N  

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Distribution of proteins in Bacillus subtilis spores and vegetative cells. MASCOT scores 

indicate the combined spore and cell abundance of a protein versus its 14N/15N protein isotopic ratio, which 

represents the relative level of the protein in the spores over the vegetative cells. The blue circles indicate spore-

predominant proteins (14N/15N > 20), green circles indicate vegetative cell-predominant proteins (14N/15N < 0.05), 

and orange circles indicate proteins shared between spores and vegetative cells (20 > 14N/15N > 0.05). 

ratios. In this study, 130 proteins are found to be spore-predominant, while 299 proteins are 

considered to be cell-predominant. From the remaining 657 shared proteins, only 7% are 

enriched in spores, with 14N/15N ratios between 1 and 20, while 93% are enriched in cells, with 

14N/15N ratios between 1 and 0.05. 

3.3.2 Spore-predominant proteins 
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 Most of the proteins belonging to this category are germination and structural spore proteins. 

These include spore coat proteins, small acid soluble proteins (SASPs) being most abundant, 

and germination proteases. Interestingly, 24 hydrolases are detected, which include the protein 

YyxA with the highest levels in spores (Supplementary Table 3.1). It is noteworthy that of 

all the metabolic pathway enzymes, only MalS is present in abundant quantities in spores (see 

also chapter 5) (Supplementary Figure 3.1). The bioinformatic analysis has predicted 31 

spore predominant membrane proteins of which proteins CoxA, YhcN, YdcC, GerD, YlaJ, all 

associated with germination, are classified as lipid-anchored proteins.  

3.3.3 Cell-predominant proteins 

Cell surface proteins belonging to the surfactin family are found to be the most abundant 

(Supplementary Table 3.1) in this group. Next to it, proteins involved in purine and 

pyrimidine biosynthesis are exclusively found in cells. In addition, branched chain amino acid 

synthesis, leucine, threonine, thiamine and methionine biosynthesis proteins are predominant 

in cells (Table 3.1). Interestingly, most of the tricarboxylic acid (TCA) cycle enzymes are 

present in the cell-predominant category (Supplementary Figure 3.1). Membrane prediction 

analysis has classified 93 proteins as cell-predominant membrane proteins.  

3.3.4 Proteins shared between spores and cells 

The proteins shared between spores and cells are mostly ribosomal proteins, cell cycle-

regulating and/or associated proteins, and cytosolic proteins involved in the pathways required 

for anabolism and catabolism of proteins, carbohydrates, lipids and pathways of energy 

metabolism. These proteins are organized in 50 different categories by DAVID17,18 (Table 3.1). 

Many of the proteins encoded by essential genes are also observed to be shared. These include 

tRNA-synthetases, carboxylases involved in metabolism, DNA polymerases and RNA 

processing as well as degradation proteins. Only 20% of the proteins involved in amino acid 

biosynthesis are present in spores and a majority is enriched in cells (Table 3.1, Figure 3.2). 

Figure 3.2 represents the averaged levels of proteins belonging to latent metabolic pathways 

and related functional categories that are observed in spores. Many of the proteins from these 

pathways and functional categories are needed to start the germination. As exemplified in 

Supplementary Figure 3.1, these shared proteins indicate the metabolic options available to 

the spores when they initiate germination. In conclusion, this category of proteins substantially 

contributes to the basic set of proteins of a dormant spore. More than 130 proteins from this 

group are found to be membrane proteins.  
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Table 3.1. Uniprot keywords annotation enrichment of quantified Bacillus subtilis PY79 spore 

and vegetative cell proteins based on DAVID functional annotation analysis. 

 Number of proteins 

UniProt Keyworda Spore proteome Vegetative cell 
proteome 

Shared between 
cells and spores 

Sporulation 77   

Peroxidase 6   

Carboxypeptidase 5   

Ribosome biogenesis 7   

Cytoplasm 193 243 186 

Ribosomal protein 49 49 49 

Protein synthesis 36 36 36 

Nucleotide binding 134 189 131 

Oxidoreductase 96 112 85 

ATP synthesis 7 7 7 

Hydrolase 123 136 103 

Fatty acid biosynthesis 10 11 10 

Cell cycle 14 22 14 

Cell Division 14 22 14 

Amino acid biosynthesis 24 75 24 

NAD 38 45 37 

Zinc 52 56 47 

NADP 33 40 32 

Lipid biosynthesis 14 12 15 

rRNA processing 10 11 10 

Kinase 32 45 32 

Cell shape 17 16 15 

RNA-binding 59 60 59 

Stress response 33 41 33 

Transferase 101 158 101 

rRNA-binding 35 35 35 

Isomerase 28 34 27 

Lysine biosynthesis 8 10 8 

tRNA-binding 11 11 11 
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Topoisomerase 5 5 5 

Aminoacyl-tRNA synthetase 21 21 21 

Protein transport 14 

Nucleotide biosynthesis 25 

Threonine biosynthesis 4 

Methionine biosynthesis 16 

Histidine biosynthesis 9 

Arginine biosynthesis 9 

Leucine biosynthesis 4 

Threonine biosynthesis 4 

Branched chain amino acid  13 

biosynthesis 

Thiamine biosynthesis 11 

DNA replication 12 

Septation 10 

Flagellar rotation 5 

Chemotaxis 16 

Methylation 9 

Flavoprotein 29 

Multifunctional enzyme 20 

Iron-sulfur 20 

Allosteric enzyme 7 

aEASE score i.e. p-value threshold for the keyword annotation enrichment was set to 0.05 

3.4 Discussion 

Dormant spores of B. subtilis are metabolically inactive and their main function is to protect 

the genetic information throughout the period of unfavourable environmental conditions. 

Subsequently, a spore must be able to germinate and allow vegetative cells to proliferate and 

populate a new environmental niche. Here, we discuss the proteomes of the spores and the 

vegetative cells that are studied, to our knowledge, for the first time in a single experiment. We 

aim to understand the fundamental differences between these two forms of the spore forming 

organism Bacillus subtilis. Metabolic labelling using 15N isotope is an easy and highly accurate 

means of proteome quantification19. Combining the metabolic labelling approach with our one-

pot sample processing method14 has shown that only 40% of the quantified proteins make up 
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both the spore-predominant and cell-predominant categories. The majority of the proteins 

classified as spore-predominant, are structural proteins such as spore coat proteins, cortex lytic 

enzymes and SASPs. Whereas surfactin synthases, flagellar proteins (FliT, FlhP, FlgG), cell 

Figure 3.2. Latent metabolic pathways and related functional categories in the dormant spores.  

X-axis represents averaged 14N/15N ratios of proteins belonging to respective pathways indicating their levels in 

spores. The numbers in the parenthesis represent the numbers of the quantified shared category proteins / the total 

number of theoretical proteins belong to the pathways according to DAVID.  

division protein FtsZ, SepF, FtsA, DivIVA and the proteins involved in amino acid 

biosynthesis are found to be predominant in vegetative cells. The remaining 60% of the 

quantified proteins are shared between spores and cells. The presence of enzymes for 

macromolecular synthesis and energy metabolism in dormant spores is well studied20,21 and 

our data shows that the corresponding pathways are shared between cells and spores albeit that 

the relative quantities of the proteins vary in both. A discussion of quantified and functionally 

vital proteins of B. subtilis is presented below. This represents a basic set of proteins in a 

dormant spore that awaits germination cues and as such is a ‘survival kit’ of life on earth.  

3.4.1 The Phosphoenolpyruvate dependent phosphotransferase system (PTS)  



Chapter 3 

56 
 

PTS is the carbohydrate uptake system in B. subtilis22. We find that the components of glucose 

transport are present in dormant spores. Glucose is one of the germinants triggering 

germination and it is most likely transported into the spore by PtsG, a transmembrane protein, 

which is present in the spores. The uptake further likely involves the central proteins HPr 

(PtsH) and Enzyme I (PtsI). In addition, the transporters for fructose (FruA) and sucrose (SacP) 

are also identified in our spore samples. Although glucose is a preferred source of carbon over 

fructose, the levels of FruA are higher than those of PtsG in spores. In contrast to these PTS 

proteins, the putative glucosamine transporter (GamP) is abundantly present only in cells.  

3.4.2 Other transporters 

In our data almost 40 transporter proteins, have been quantified. These proteins belong to the 

ABC transporters family, including the protein and amino acid transporters, as well as families 

of ion transporters. Interestingly, in a recent transcriptome study, almost 80 transcripts 

encoding different transporters have been identified from spore mRNA isolates23. The ABC 

transporters, functioning in the import or export of amino acids, peptides and polysaccharides24 

might play key roles in both sporulation and germination processes. Protein AtcL (YloB), a 

calcium transporting ATPase found in high levels in spores, facilitates uptake of Ca2+ during 

sporulation25. During germination different germinants such as amino acids, sugars and cations 

are transported via different transporters through the coat and the cortex layers to various 

germinant receptors located in the spore inner membrane. GerPC, a spore predominant protein, 

is one such transporter known to facilitate the transport of germinants to their cognate GRs26. 

TcyA, a cysteine binding transporter, quantified as a shared protein, is functionally similar to 

YckB (identified only in one replicate) whereas YtnA, an amino acid permease, and ArtM 

transporting arginine are also shared between spores and cells. EcsA,a regulator of protein 

secretion27, is essential in sporulation24 and might play a role in germination due to its inherent 

protein transporting capacity. The uncharacterized proteins YvrC, YkpA, YdbJ, YfmR, YknZ, 

YhaQ, YfmM and YhfQ from ABC transporter family are also shared by spores and cells of 

which YhfQ is has been linked to siderophore uptake28. The B. cereus orthologs of YfmM and 

YdbJ (BC5433 and BC1359 respectively), as well as of YknZ (BC5253) are reported to be 

functional drug efflux pumps, more specifically for the latter is a macrolide exporter29. Also 

the orthologs of YhaQ, BerA in B. thuringiensis and BcrA in B. licheniformis are concerned 

with β-exotoxin30 and bacitracin31 resistance respectively. Proteins YkpA and YmfR, being 

paralogs of YfmM, thus could also be involved in drug efflux. These findings highlight the 

potential role of the ABC transporters with respect to B. subtilis spore resistance properties. In 
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the cell-predominant category, we have quantified MetN that imports methionine and YufP, 

YhdG, AlsT that function as amino acid permeases. YufP is an uncharacterized ABC 

transporter protein, predominantly quantified in cells that may act as a branched chain amino 

acid transporter protein. Out of the five osmoprotectant transporters (OpuA-E) only OpuA 

transporters (OpuAA, OpuAB, OpuAC) are quantified in spores; whereas, OpuB and OpuC 

transporters (OpuBA, OpuBC, OpuCA, OpuCC) are quantified predominantly in cells. The 

Opu family of transporters are known for the uptake of glycine betaine. 

3.4.3 Proteases and peptidases 

From the group of catalytic enzymes, the proteases and peptidases play a crucial part in spore 

formation, its resistance, germination as well as in stress survival of vegetative cells. In this 

study, 36 proteases and 16 peptidases are quantified. These, amongst others, include 

germination protease (Gpr), and DD-carboxypeptidase involved in spore wall maturation. In 

addition to that, the proteases involved in cellular regulatory processes include ATP dependant 

Clp proteases, metalloproteases, Lon proteases, and aminopeptidases. Protein YyxA, a 

predictive Htr-type serine protease is suggested to play important role in spore germination by 

interacting with SleB32-34 and sporulation specific protease YabG, is involved in coat protein 

modification and cross linking of coat proteins such as GerQ33,35. Both these proteins are 

observed to be spore predominant in current strudy. CwlC, CwlJ, SleB are spore-predominant 

cell wall hydrolases. CwlC functions similar to LytC (CwlB) in mother cell lysis during 

sporulation whereas the other two lytic enzymes play an important role in cortex hydrolysis 

during germination36,37. Among the cell-predominant group, the cell wall lytic enzymes LytF, 

LytE and LytC are observed in large quantities. Of these, LytF and LytE are endopeptidases 

having crucial roles in cell separation during cell division whereas LytC is an amidase that 

plays an important role in the hydrolysis of the N-acetylmuramoyl-l-alanine linkage in 

peptidoglycan38,39. The enzyme thus plays an important role in cell separation40 and mother 

cell wall lysis during spore formation41. Cell predominant extracellular protease, WprA, is a 

cell surface protease 42. This protein is expressed during exponential growth of B. subtilis 42 

and is needed for stabilization of lytic enzymes and septation39. 

3.4.5 Protein synthesis  

To survive in harsh environments, bacteria have a minimal set of essential genes. Bacillus 

subtilis has total of 261 essential genes43 in its genome. These genes are involved in information 

processing, synthesis of components necessary for maintaining the cell shape, synthesizing the 
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envelope and cell energetics44. The largest category belongs to the essential genes related to 

protein synthesis. In our data set, except the 30S ribosomal protein S18 (RpsR) and 50S 

ribosomal protein L19 (RplS) all the essential as well as non-essential ribosomal proteins are 

identified in both the vegetative cells and spore. However, individual levels of these ribosomal 

proteins in a spore have dropped to about 20% of their levels in a vegetative cell 

(Supplementary Table 3.1). Nevertheless, the levels of 50S ribosomal protein L31 type B 

(RpmE2) in spores are comparable to those in cells. It has been demonstrated that in B. cereus 

the spore ribosome are damaged and distinctively different from those of vegetative cells45. On 

the contrary, the spore ribosomes in B. megaterium are similar to those of the vegetative cells 

and the activity of these proteins is not altered during sporulation46,47. The high levels of 

ribosome maturation factors RimM and RimP in spores may help in efficient production of 

translationally competent ribosomes48 during germination. In addition to the ribosomal 

proteins, the aminoacyl tRNAs found in the spore proteome may provide a ‘ready to use kit’ 

for the amino acid biosynthesis and thereby protein synthesis during germination49.  

3.4.6 Amino acid metabolism 

Amino acid degradation plays an important role during germination as well as cell homeostasis 

of outgrowing cells. In dormant spores, the amino acids lysine, arginine and glutamate are 

relatively abundant and their levels are elevated immediately after germination as compared to 

those of other amino acids50. The presence of the enzymes arginase (high levels in dormant 

spores) and leucine dehydrogenase (levels comparable to those in vegetative cells) in spores 

corroborate the thesis that the respective amino acids may have a role in the progression of the 

spore germination process. Glutamate dehydrogenase (RocG), though found at very low levels 

in spores, may play a role in glutamate utilization51 along with the Gpr (germination protease) 

acting on SASPs. Moreover, arginine kinase in spores, phosphorylates arginine and thus marks 

proteins to be cleaved by Clp proteases52. Two enzymes 1-pyrroline-5-carboxylate 

dehydrogenase (RocA) and 1-pyrroline-5-carboxylate dehydrogenase 2 (PutC) are shared in 

spores and vegetative cells and are quantified with equal levels in both phenotypes. These are 

involved in the catabolism of proline and arginine to glutamate53,54. These enzymes are present 

in the mother cell during sporulation and thus may get entrapped in or are associated with the 

spore53. The components BfmBAB and BfmBB of the branched-chain 2-keto acid 

dehydrogenase complex (BDCH), are quantified in the shared category and are involved in 

valine and isoleucine utilization to form branched chain fatty acids55. The third component 

BfmBAA is identified only once and thus not quantified. Very few proteins involved in the 
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biosynthesis of amino acids such as methionine (MtnN, FolD, MetA, Asd), lysine (DapF, 

DapA, DapH, YkuR, LysA, PatA) and histidine (HisIE, HisA, HisD, HisB) are present in the 

spores. One single protein is quantified for the biosynthesis of aromatic amino acid, branched 

chain amino acid, proline and threonine. The remaining proteins involved in these processes 

are dominantly recovered in vegetative cells. 

3.4.7 Metabolic pathways and Energy production 

From the quantified data set, 290 proteins are classified to the category of metabolic pathways 

by DAVID functional annotation. These proteins belong to carbon metabolism pathways 

including glycolysis, pentose phosphate pathway and the TCA cycle as well as to pyruvate 

metabolism, amino acid biosynthesis, purine and pyrimidine metabolism, fatty acid 

biosynthesis, peptidoglycan biosynthesis. In our data, many glycolysis and pentose phosphate 

pathway proteins related to energy production are found to be present in spores. The fact that 

the enzyme glucose dehydrogenase (Gdh) is produced in the forespore during later stages of 

sporulation 56 may explain the observed high levels of this enzyme in the spores. It has been 

observed in the past, that this enzyme reacts with glucose in presence of NAD+ and NADP+56 

which are also already present in the spores in high amounts57. Thus during germination, 

glucose dehydrogenase together with the phosphogluconate dehydrogenase (GndA) may fuel 

the glucose (available as a germinant) into the pentose phosphate pathway58,59. Interestingly, 

only two enzymes of the TCA cycle, fumarase and isocitrate dehydrogenase appear to be shared 

between the spores and the cells whereas other enzymes of the pathway are exclusively found 

in cells. This is in agreement with the study in B. thuringiensis where the level of the TCA 

cycle proteins are significantly reduced during sporulation60. It has also been observed that the 

levels of α-ketoglutarate dehydrogenase, succinate dehydrogenase, and malate dehydrogenase 

are decreased at stationary phase whereas the levels of fumarase and malic enzymes remain 

high61 in B. subtilis. Interestingly, malic enzyme MalS is highly abundant in spores, as 

mentioned previously while the other malic enzymes YtsJ and YqkJ are present in both spores 

and cells.  A recent study suggested that L-malate stores in the spore are used as energy source 

during germination. In support of this MalS is found to be one of the early proteins synthesized 

in spore12. Since malate and glucose are preferred carbon sources for B.subtilis62, it is plausible 

that the abundant levels of MalS can be utilized by the spore during germination if malate is 

available in the environment. However, a recent study has observed that the levels of L-malate 

in spores are very low casting significant doubt on its proposed role in energy generation63. 

Instead the enzyme might be involved in maintaining redox balance in the initial phases of 
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spore outgrowth by synthesizing malate at the expense of reduction equivalents (NADH) thus 

potentially contributing to NAD regeneration for a sustained rapid catabolism of 3-

phosphoglyceric acid, a prime energy reserve stored in spores63. 

In dormant spores of B. subtilis, levels of ATP are less than 1% of those in the cells and the 

ATP generation is suggested to resume only after germination is complete64. In B. 

thuringiensis, the expression of F0F1-ATPase subunits is upregulated during sporulation in 

order to keep a constant energy supply to the sporulating cell60. Remarkably, we observe 

increased levels of seven F0F1-ATP synthase subunits in our data. All of these subunits are 

associated with either the protein module that synthesizes/hydrolysizes ATP or with the module 

involved in proton transport65. Adenylate kinase, a phosphotransferase enzyme, present in the 

shared group of proteins, plays an important role in maintaining levels of adenine nucleotides. 

It has been observed that the level of adenylate kinase in spores are only about 10% of the 

levels found in early stationary-phase cells66. Moreover, for the purine biosynthesis pathway, 

the proteins involved in the conversion of inosine monophosphate (IMP) to ATP (GuaB, GuaA, 

Ndk) and IMP to GTP (PurA, Adk) are shared between the spores and cells. In case of 

pyrimidine biosynthesis, proteins CTP synthase (PyrG), aspartate transcarbamylase (PyrB) and 

nucleotide diphosphokinase (Ndk) are quantified to be shared in spores and cells. 

3.4.8 Stress response 

Bacillus subtilis has to cope with different environmental stresses such as heat, desiccation, 

fluctuating pH and oxidative stress. All these conditions lead to protein folding stress followed 

by destabilization of the protein structure67. To survive through folding stress and protein 

aggregation bacteria have developed the chaperon machinery. Molecular chaperones DnaK and 

DnaJ protect by binding to the unfolded regions of a protein whereas GroEL and GroES provide 

a suitable environment for proper folding of the protein. Presence of a molecular chaperon 

machinery along with trigger factor (Tig) and Clp proteins (ClpC, ClpX) in spores may 

functionally be instrumental for spore resuscitation. For instance, Streptomyces spp., 

chaperones in the dormant spores help reactivation of the proteosynthetic apparatus and nascent 

proteins after core hydration68. Proteins YqiW and YphP are bacilliredoxins that protect against 

hypochlorite stress69. In addition, transporter proteins YknX, YknZ and membrane protein 

YknW produced in vegetative cells protect against SdpC (sporulation delaying protein)70. In B. 

anthracis petrobactin is also demonstrated to improve sporulation efficiency of cells71. Apart 

from this, the petrobactin binding and importing proteins YclP and YclQ can also help in iron 

acquisition and/or protect against oxidative stress72. In addition to these proteins, the previously 
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mentioned drug efflux pumps may also be important to optimize an environmental stress 

response. 

3.5 Concluding remarks 

The one-pot sample processing method along with 15N metabolic labelling has for the first time 

enabled a reproducible, combined cell and spore quantitative proteome analysis of B. subtilis. 

The analysis outlines a relatively modest proteomic adaptation of this bacterium, when as a 

survival strategy, it completes spore formation. The proteins shared between the cells and 

spores contribute to the basic set of proteins that are sufficient for life to survive in an otherwise 

metabolically inactive spore. These proteins include stress survival proteins, proteases, 

transporters, protein synthesis machinery, metabolic pathway enzymes including those with a 

key role in the assurance of sufficient energy generation for spore outgrowth and subsequent 

vegetative cell proliferation. 

Supplementary Material  

The supplementary material can be accessed via the preprint submission on bioRxiv 678979; 

doi: https://doi.org/10.1101/678979. 
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Abstract 

Bacillus subtilis forms highly resistant, metabolically inactive dormant spores upon nutrient 

limitation. These endospores pose challenges to the food and medical sectors. Spores 

reactivate their metabolism upon contact with germinants and develop into vegetative cells. 

The activation of the molecular machinery that triggers the progress of germination and spore 

outgrowth is still unsettled. To gain further insight in spore germination and outgrowth 

processes, the transcriptome and proteome changeover during spore germination and 

outgrowth to vegetative cells, was analysed. B. subtilis transcriptome analysis allow us to 

trace the different functional groups of genes expressed. For each time-point sample, the 

change in the spore proteome was quantitatively monitored relative to the reference proteome 

of 15N metabolically labelled vegetative cells. We observed until the phase transition, i.e. 

completion of germination, no significant change in the proteome. We have identified 36 

transcripts present abundantly in the dormant spores. This number is in close agreement with 

the previous findings. These transcripts mainly belong to the genes encoding small acid 

soluble proteins (sspE, sspO, sspI, sspK, sspF) and proteins with uncharacterized functions. 

We observed in total 3152 differentially expressed genes, but ‘only’ 323 differentially 

expressed proteins (total 451 proteins identified and quantified). Our data shows that 173 

proteins from dormant spores, both spore unique proteins and protein shared with vegetative 

cells, are lost during the phase transitioning period. This loss is in addition to the active 

protein degradation, undertaken by the spore proteases such as Gpr, as germination and 

outgrowth proceeds. Further analysis is required to functionally interpret the observed protein 

loss. The observed diverse timing of the synthesis of different protein sets reveals a putative 

core-strategy of the revival of ‘life’ starting from the B. subtilis spore.  
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4.1 Introduction 

Nutrient fluctuations in the environment, lead to a switch between the vegetative state and the 

dormant state in Bacillus subtilis. This ability to transform into a metabolically dormant, heat 

resistant endospore and revert from this latent state to proliferative vegetative cell is studied 

in bacilli and clostridia since few decades. The molecular mechanisms controlling these two 

processes are well studied, and its constituting proteins have been to a large extent identified 

through genetic analysis. Their actual biochemical structure and function are, however, in 

many ways only beginning to be appreciated1-4. Through the germinant sensing and calcium 

dipicolinic acid transport signal transduction system, B. subtilis channels information related 

to external stimuli to an internal response, enabling the above mentioned morphogenetic 

transformation. As described in the previous chapter (Chapter 3), the dormant spores 

harbour the transcriptional and translational machinery that we presume facilitates the early 

stages of outgrowth. The protein cargo that transfers from progenitor cell to the spore, the 

‘tool-kit for life’, is key to the spore’s memory5 which in turn modulates its germination 

response6. Thus, clearly an in-depth research on pre-existing transcripts and proteins in spore 

revival is important to understand long-term stress survival. Recently, a few glycolytic 

enzymes and alanine dehydrogenase present in dormant spores have been identified to make 

up the spore’s phenotypic memory in Bacillus anthracis6.  

After committing to germination, spores release monovalent cations and CaDPA followed by 

cortex hydrolysis by the cortex lytic enzymes. This leads to complete hydration of the spore 

core thus completing germination and leading to the reactivation of the molecular machinery 

for the emerging vegetative cell. Stores of 3PGA in the spore’s core are utilized to generate 

ATP2,7,8 initiating macromolecular synthesis. A study monitoring the temporal expression of 

mRNA during spore germination and outgrowth has demonstrated the systematic onset of 

transcription1,4 whereas a detailed analysis of reviving spores has provided information on 

newly synthesized proteins of Bacillus subtilis spores including a putative set of enzymes that 

are crucial for the onset of protein synthesis3,9. One particular aspect of spore revival, whether 

protein synthesis is required for germination to occur or not, is topic of much recent 

debate8,10,11. 

Here we report, in contrast to previous studies where ‘only’ newly synthesized proteins were 

revealed, on the proteome ‘turnover’ during spore germination and outgrowth to vegetative 

cells. The data is linked to the changing transcriptome to uncover the dynamic relationship 

between mRNA and protein levels in reviving B. subtilis spores. With 15N metabolic labelling 

and a SILAC approach for relative protein quantification, a unique detailed time-series 
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displaying the protein profiles at different stages of spore revival is linked to a microarray-

analysis derived transcriptome. Our data show that, protein synthesis does not occur in a 

phase bright spore. The phase transition seems to coincide with both transcription and 

translation following the initial degradation of spore protein repositories. Specific functional 

protein modules were inferred that might play crucial regulatory roles in progressing through 

the various phases of Bacillus subtilis spore germination and outgrowth.  

4.2 Material and methods 

4.2.1 Growth conditions, sporulation  

The B. subtilis strains PY79 and PB2 were used in this study. Growth conditions for 

sporulation were exactly the same as described in Chapter 3. Mature spores (96 hrs) were 

purified as described previously12. For 15N metabolic labelling, B. subtilis PY79 cells were 

grown as described in Chapter 3.  Briefly, NH4Cl supplied in MOPS medium was replaced 

with 15NH4Cl. Vegetative cells were harvested during the exponential growth phase and 

washed two times with phosphate buffer saline pH 7.5. 

4.2.2 Germination assay 

Purified spores were heat activated (HA) (70°C for 30 minutes) prior to germination. The 

spores were suspended in MOPS liquid minimal medium (pH 7.4) supplemented with a 

mixture of AGFK (10mM L-asparagine, 10mM D-glucose, 1mM D-fructose, 1mM KCl) and 

10mM L-alanine. Throughout the spore revival, samples were drawn at regular time intervals 

for further analysis (Figure 4.1). For statistical purposes, three replicates were taken for each 

time point for both transcriptional and proteomic analyses. Each replicate originated from a 

different batch of spores. 

4.2.3 Microscopy 

Light microscopy was used with a Zeiss Axiostar plus microscope (CP-achromat 100x/1,25 

oil  objective), in combination with a Lumenera INFINITY2-2 digital charge coupled device 

(CCD). 

4.2.4 Transcriptome analysis 
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For transcriptome analysis of B.subtilis PY79, dormant spores before HA (t = -30 min), 

during HA (t = -15 min) after HA (t = 0 min) were also analysed in addition to the 

germinating spores (t = 15, 30, 60, 150, 330 min). 

4.2.4.1 RNA isolation 

A variation of the protocol detailed in the RNeasy MinElute Cleanup kit from Qiagen was 

used for all extractions. Briefly, the spores sampled at given time points were centrifuged at 

10 000 rpm for 5 minutes at 0°C and the supernatant was discarded. RLT buffer (with 10 μl 

ß-Mercaptoethanol/ml of RLT buffer) was added to each pellet and the pellet was transferred 

to a 2 ml screw cap tube. Spore lysis was achieved with a Precellys24 homogenizer and 

Zirconium beads through 7 cycles at 6000 rpm for 20 seconds and the samples were kept on 

ice for 2 min in between each cycle. The lysate was centrifuged at 15 000 rpm for 2 min and 

the supernatant was transferred to a new tube. This last step was repeated in order to ensure 

the removal of all cell debris/spore material. An equal volume of ice-cold 70% ethanol was 

added and the contents were mixed by pipetting. Further purified RNA was recovered using 

RNeasy spin columns according to the manufacturer’s instructions. In the final step, RNA 

was eluted in 50 μl RNase-free water.  Subsequent to RNA isolation, DNA contamination 

was removed using the Turbo DNA-free kit (Ambion Inc., Applied Biosystems, USA) as per 

manufacturer’s guidelines. Purity and quantity of isolated RNA were checked 

spectrophotometrically on a NanoDrop spectrophotometer (ND-1000, Isogen Life Science, 

NL), while structural integrity of RNA was checked with gel electrophoresis on 1% agarose 

gels. 

4.2.4.2 Microarray analysis 

Per sample, 100 ng of total RNA was combined with Array Control RNA Spikes (Ambion) 

and labelled using the Low Input Quick Amp WT Labelling kit (Agilent) according to the 

manufacturer’s instructions. Each hybridization mixture was made up from 1.1 µg Test (Cy3) 

and 1.1 µg Reference (Cy5) sample (pool of all samples). The samples were dried and 1.98 µl 

water was added. The hybridization cocktail was made according to the manufacturer’s 

instructions (NimbleGen Arrays User’s Guide – Gene Expression Arrays Version 5.0, Roche 

NimbleGen). Then, 7.2 µl from this mix was added to each sample. The samples were 

incubated for 5 min at 65°C and 5 min at 42°C prior to loading. Hybridization samples were 

loaded onto a 12x135K microarray custom designed against Bacillus subtilis (Roche 

NimbleGen). Microarrays were hybridized for 20 hours at 42°C with the NimbleGen 
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Hybridization System (Roche NimbleGen). Afterwards, the slides were washed according to 

the NimbleGen Arrays User’s Guide – Gene Expression Arrays Version 6.0 and scanned with 

an Agilent DNA microarray scanner G2565CA (Agilent Technologies). Feature extraction 

was performed with NimbleScan v2.6 (Roche NimbleGen) by the MAD (University of 

Amsterdam, The Netherlands). 

4.2.4.3 Normalisation and statistical analysis 

The microarray data were analysed using the R statistical language (https://cran.r-

project.org/) with packages made available by the Bioconductor project 

(https://www.bioconductor.org/). All slides were subjected to a set of quality control checks, 

such as visual inspection of the scans, examining the consistency among the replicated 

samples by principal components analysis, testing for consistent performance of the labelling 

dyes, and visual inspection of pre- and post-normalized data with box plots and RI plots. 

After log2 transformation, the data was normalized using a loess smoothing procedure, based 

on the spikes. Log2 ratios were calculated for each feature and gene expression values were 

calculated using the median polish algorithm13.  The normalized data was statistically 

analysed for differential gene expression using a mixed linear model with coefficients for 

Batch (random), and Time (fixed)14,15. A contrast analysis was applied to compare the 

consecutive time points. The Fs test statistic16 was used for hypothesis testing and the 

resulting p-values were corrected for false discoveries according to17. 

4.2.5 Proteome Analyses 

4.2.5.1 Approach I: 15N-metabolic labelling for relative quantification 

Samples for dormant spores at t = - 30 minutes, for spores after heat activation and adding 

germinants at t= 0, and during germination at t =15, 30, 45, 60, 90, 150, 210 and 330 minutes. 

The harvested B. subtilis PY79 14N-spores were mixed in a 1:1 ratio (based on the cell count) 

with 15N-labelled B. subtilis PY79 vegetative cells. This approach was used for the 

experimental analysis of spore revival. 

4.2.5.2 Approach II: 13C6, 15N2-Lysine incorporation to assess amino acid transporter 

activity 

The B. subtilis PB2 14N-spores were germinated in MOPS minimal medium with L-Lysine-

13C6, 
15N2 hydrochloride (Sigma Aldrich, henceforth referred as SILACLysine) along with a 
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mixture of AGFK and L- alanine as described previously. Samples were taken at t = 15, 45, 

210 and 250 minutes.  

4.2.5.3 Approach III: Analysis amino acid recycling by spores  

B. subtilis PY79 spores were labelled with heavy isotope of nitrogen (15N) and allowed to 

germinate in MOPS minimal medium supplemented with 14NH4Cl and a mixture of AGFK 

and L- alanine as described earlier. Samples for the dormant spores at t = - 30 minutes, for the 

spores after heat activation t= 0 and during germination at t =15, 90, and 150 minutes were 

harvested.  

4.2.5.4 Peptide isolation and fractionation 

In Approach I, samples from were subjected to one pot isolation method and peptides were 

fractionated using ZIC- HILIC12. The procedure is described in Chapter 2 and 3. For 

approach II and III fractionation was omitted. Instead, the tryptic digest was freeze-dried 

before use and the freeze-dried samples were re-dissolved in 0.1% TFA and desalted using 

Omix μC18 pipette tips (80-μg capacity, Varian, Palo Alto, CA, USA) according to the 

manufacturer's instructions.  

4.2.5.5 FT-ICR MS/MS 

ZIC-HILIC fractions were analysed in the same manner as described in Chapter 3 by using 

LC-MS/MS with an Apex Ultra Fourier transform ion cyclotron resonance mass spectrometer 

(Bruker Daltonics, Bremen, Germany). 

4.2.5.6 Data analysis and bioinformatics 

Raw data was analysed in a similar way as described in Chapter 3 using mascot distiller. The 

consecutive time points were analysed by paired t-test to obtain p-value for each protein. 

Proteins with p-value < 0.05 were considered to be differentially expressed. The 14N/15N 

ratios obtained by Approach I were Z-transformed prior to K-mean clustering. DAVID 

Bioinformatics Resources tool (version 6.8) was used18,19 to retrieve the Uniprot key word 

enrichment and GO Term classifications. Identified proteins were categorized according to 

SubtiWiki (http://subtiwiki.uni-goettingen.de/)20. 
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Figure 4.1. Germination timeline.  A) Morphological changes during spore germination and outgrowth 

were investigated by microscopic analysis. Samples were harvested at different time points during spore revival. 

B) Changes in spore proteins were analysed relative to 15N-metabolically labelled vegetative cells. This 

approach was used to study spore germination timeline unless otherwise stated. C) Incorporation of 

15N2
13C6Lysine in protein, an indication of protein synthesis was monitored during early and later stages of 

outgrowth. D) Amino acid turnover throughout spore revival was monitored by germinating 15N- labelled spore 

in 14N-minimal medium. 

4. 3 Results  

4.3.1 Core set of transcripts and proteins in a dormant spore 

Extensive research in recent years has confirmed that the dormant spores retain transcripts 

throughout their dormancy1,21-24. We have identified 36 transcripts present abundantly in the 

dormant spores. This number is in close agreement with the previous findings1,23. These 

transcripts mainly belong to the genes encoding small acid soluble proteins (sspE, sspO, sspI, 

sspK, sspF) and proteins with uncharacterized functions.  

Using Approach I, 1086 proteins are quantified, in at least two independent biological 

replicates, from the dormant spores. The Uniprot terms enriched from this dormant spore 

proteome are depicted in Figure 4.2. According to the DAVID functional enrichment, the 

proteins belonging to the functional classes of ribosome biogenesis, carbon metabolism, RNA 

processing and protein synthesis are highly enriched in the dormant spores. These different 

functional proteins are discussed in detail in Chapter 3.  
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Figure 4.2. Uniprot categories enriched from the quantified proteins in the dormant spores by 

DAVID analysis. The fold enrichment is the fraction of quantified proteins belonging to a particular UniProt 

category as compared to the total number of proteins assigned to that category in the genome. 

4.3.2 Comparative analysis of transcriptome and proteome 

Integrated time-resolved analysis of mRNA gene-expression profiles and their resulting 

proteins may yield intriguing insights about the cellular level at which the molecular 

physiology of any organisms under study is mostly controlled. Our analyses show that during 

heat activation, there is no significant expression of transcripts but throughout the subsequent 

spore revival (outgrowth) phases, 3152 differentially expressed transcripts have been 

observed based on the analysis approach described in the Methods and Methods section using 

an adjusted p-value < 0.01. These transcripts are divided into 40 clusters by K-means 

clustering with transcripts of different functional categories showing similar expression 

profiles per cluster (Supplementary Figure 4.1, Supplementary Table 4.1). In case of 

proteome changeover analysis, 773 proteins have been quantified across the germination time 
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line in at least two replicates (Supplementary Table 4.2). Of these 451 proteins are present 

in all the replicates and at all the time points. These proteins are further considered for data 

analysis. It is evident that 323 of these proteins are differentially expressed (DEPs) while the 

levels of 128 proteins remain relatively stable. K-means clustering of DEPs led to 10 clusters 

(Figure 4.3). Cluster 1 consists of ABC transporters, aminoacyl tRNA synthetases along with 

chaperones. The relative levels of these proteins do not change significantly till 60 min after 

germination. On the contrary, the proteins involved in amino acid biosynthesis (cluster 4) 

show a steady increase immediately after germination. In cluster 5, significant change in 

relative protein expression is observed at later stages of outgrowth (t = 210). This group 

comprises of, ribosomal proteins, proteins involved in the TCA cycle as well as chemotaxis 

proteins. Interestingly in cluster 6, protein expression profiles show two stages. Here the first 

increase in relative levels of proteins is observed between 30 to 60 min of germination and 

the second increase is at the time of burst (t = 150). Purine biosynthetic proteins, protein 

involved in DNA replication, cell division and septation proteins show such clustered profile. 

In clusters 1, 3 and 10, proteins decrease in their relative levels initially during germination. 

These clusters involve proteins belonging to few aminoacyl tRNA synthetase and glycolysis. 

Proteins from clusters 2 show a scattered trend and these proteins are mainly spore specific 

uncharacterized proteins.  

Figure 4.3. Temporal clustering during spore germination and outgrowth. The differentially 

expressed proteins are organized into 10 clusters by K-means clustering. Clusters 7 and 8 are not included as 

they consist of less than four proteins. 

4.3.3 Differentially expressed genes (DEGs) and proteins (DEPs) 
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Figure 4.4 shows a heat map of differentially expressed genes belonging to five functional 

classes and the relative levels of the corresponding proteins at different time points. At the 

start of germination, (0 to 15 min) among others, 14 transcripts related to purine and 

pyrimidine biosynthesis, 9 transcripts associated with amino acid biosynthesis and 31 

transcripts belonging to the translational machinery are upregulated. Additionally, seven 

genes belonging to the central metabolic pathways are also slightly upregulated in this period. 

The levels of the analogous proteins encoded by all these transcripts increase post 30 minutes 

of germination (Supplementary Table 4.3 (A)).  

Transcription of genes contributing to the DNA replication, processing and repair, 

peptidoglycan and fatty acid biosynthesis, cell division and cell shape also initiates during 

phase transitioning (Figure 4.5, Supplementary Table 4.1). As seen, rather a minority of 

proteins from these categories are seen as differentially expressed. In contrast, for the 

functional groups, transporters and membrane proteins, large proportion of proteins are 

subjected to temporal variation. These include ATP synthesis and hydrolysis proteins (e.g 

AtpA, AtpD), protein transporters (e.g SecDF, OppA), proteins involved in glycolysis and 

TCA (e.g GapA, Eno, PdhABCD), iron transporters (e.g YfiY, YhfQ), amino acid 

transporters (e.g GltT, MetN) as well as some permeases and ion transporters (Figure 4.5, 

Supplementary Table 4.3 (A)). 

4.3.4 Non-Differentially expressed proteins (NDEPs) 

There are 128 proteins, quantified in all three replicates at all the time points 

(Supplementary Table 4.3(B)), which do not show any significant variation in their 

expression. Among these non-differentially expressed proteins, 12% belong to the category 

of proteins related to sporulation and spore structure. These include inner coat proteins such 

as SpoIVA, SafA, CotI, CotS, CotSA, outer coat protein CotB and glycolytic proteins Eno, 

Pgm that are conserved in spores. Proteins involved in ribosome biogenesis (CshA & ObgE) 

along with some ribosomal proteins like RpsJ, RplK and RpmE2 also seem to be unaffected 

during germination indicating the adequacy of their levels in the dormant spores. Amino acid 

transporter proteins TcyA, OpuCC, ArtP also seem to remain stable in their expression 

patterns. Ion transporters AtpC and the important germination related calcium transporter 

AtcL (YloB) also maintain stable expression levels. 
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Figure 4.4. Functional categories and expression patterns of the differentially expressed genes 

and proteins during germination and outgrowth of B. subtilis spores. The Z-score transformed 

profiles of the genes (rows in the heatmap) and corresponding proteins are shown. The columns represent the 

different time points from dormant to outgrowing spore. The light colours in the protein profiles correspond to 

Protein profiles mRNA profiles 
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the individual proteins whereas the dark colours indicate the median Z-score profiles. Functional categories are 

obtained from SubtiWiki20. 

Figure 4.5. Representation of the trends in mRNA expression and relative changes in protein 

expression in germinating spores of B. subtilis. The trends for the differentially expressed mRNA and 

proteins belonging to the functional categories peptidoglycan biosynthesis (n = 8), fatty acid synthesis (n = 8), 

cell division and cell shape (n = 7), DNA replication, processing and repair (n = 5), membrane proteins and 

transporters (n = 69, 21 respectively) are shown. The light colour represent the individual genes (red) and 

proteins (blue) whereas the dark colour indicates the median Z-scores for the set of genes and proteins across all 

the time points. The trends for proteins represent the changes in the protein levels relative to those in the 

vegetative cells. Functional categories are obtained from SubtiWiki20. Refer to Supplementary Table 4.3 for 

more details. 

The PTS fructose transporter FruA, present abundantly in the dormant spores, is maintained 

relatively stable until the outgrowth phase. Such behavior is also common with methyl 

accepting chemotaxis proteins McpC and TlpB. Thirteen proteins with unknown function 

show relatively stable expression throughout the spore revival (Supplementary Table 

4.3(B)). The spore-associated protein YodI falls in this group. 

4.3.5 Signs of protein synthesis 

In order to gain more insights in the protein synthesis during germination, two alternative 

experimental strategies have been explored in addition to Approach I. Firstly, protein 

synthesis during germination has been monitored by germinating the 15N-metabolically 

labelled PY79 spores in 14N minimal medium (Approach III). Individual LC-MS spectra from 

the samples have been scanned for 14N incorporation of tryptic peptides in newly synthesized 

proteins (Figure 4.6). Secondly, protein synthesis has also been monitored by germinating  
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Figure 4.6. The A and B panels correspond to the time profiles of the triply charged tryptic 

peptide from Glutamine synthetase and the triply charged tryptic peptide from 30S ribosomal 

protein S1, respectively. A1 and B1: The 14N peptide profiles relative to the corresponding 15N peptide from 

the reference 15N labelled vegetative cells. A2 and B2: Incorporation of 14N amino acids in the tryptic peptides 

during synthesis of the corresponding proteins in 15N labelled spores during germination in 14N germination 

medium. A3 and B3: Incorporation of SILAClysine in the tryptic peptides during synthesis of the corresponding 

proteins in 14N spores during germination in 14N germination medium with SILAClysine. For better visualization, 

MS spectrum is zoomed five (5X) and ten (10X) times. 
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14N PB2 spores in 14N minimal medium including SILACLysine (Approach II). Incorporation 

of SILACLysine introduces a mass shift of 8 Da for each of the respective 14N peptide. The 

newly synthesized proteins have thus been quantified by calculating the [SILACLysine] / 14N 

protein ratios. These ratios are included in the Supplementary Table 4.4. The incorporation 

of SILACLysine and recycling of 15N amino acids and (Approach II and III) are both visible in 

a number of proteins during and immediately after germination. In the first 15 minutes past 

germination, 20 proteins show this incorporation whereas this number increases to 119 in the 

next 30 minutes (Supplementary Table 4.4). Figure 4.6 shows two examples of such 

proteins. Panel A1 shows the germination profile (obtained by Approach I) of the triply 

charged SVDPAANPYLALSVLLAAGLDGIKNK tryptic peptide from glutamine synthetase 

relative to the corresponding 15N peptide of the reference vegetative cells. The synthesis of 

this peptide starts around 15 minutes after addition of germinants. After a gradual increase in 

the peptide levels for 90 minutes, the peptide synthesis appears to slow down until 200 

minutes. Later, it speeds up again to facilitate the spore’s outgrowth further and prepare it for 

progression to the first division. All quantified tryptic peptides from glutamine synthetase 

show the same time profile (Cluster 6).When 15N-labelled spores are germinated in 14N 

germination medium (Approach III), the LC-MS spectra of the same peptide show minimal 

amount of the protein in dormant spores (t= - 30) and there is no change until after heat 

activation (t = 0). Also in this analysis, the onset of protein synthesis is seen around 15 

minutes after germination initiation. Significant increase of the 15N peptide level at this point 

implies recycling of the 15N amino acids. In addition, incorporation of 14N amino acids after 

15 minutes results in a peptide with a mix of 14N and 15N amino acids. This indicates that 

synthesis of 14N amino acid co-occurs with the recycling of 15N amino acids. During the 

ripening outgrowth phase (90-150 minutes) the 15N recycling and 14N amino acid synthesis 

both progress steadily and after 150 minutes, the recycled 15N amino acids appear to run out 

while more and more 14N amino acids are incorporated. For evaluation, the simulated isotope 

pattern of the pure 14N tryptic peptide is shown (in blue, Figure 4.6. A2) in the MS spectrum. 

Incorporation of SILACLysine in the triply charged SVDPAANPYLALSVLLAAGLDGIKNK 

tryptic peptide is observed 15 minutes after germination (Approach II). After 45 minutes both 

14N and SILACLysine peptide levels have increased, implying that recycling of SILACLysine and 

incorporation of SILACLysine both occur. After 190 minutes only the SILACLysine peptide level 

has increased, implying that the spore runs out of 14N recycled lysine. After 250 minutes the 

SILACLysine peptide level has increased further (Figure 4.6. A3). For the 30S ribosomal 

protein S1 (YpfD), its relative levels in the dormant spores (t = -30 min) are about 20% 
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compared to those in the vegetative cells. Slight increase of the QSGIIPISELSSLHVEK 

tryptic peptide of this protein after about 90 minutes, indicates the onset of protein synthesis 

about 90 minutes after germination. As for the glutamine synthetase, the protein synthesis 

speeds up after about 200 minutes (Figure 4.6. B1). All quantified tryptic peptides from 

YpfD show exactly this time profile (Cluster 1). For the 15N labelled spores germinated in 14N 

medium, the LC-MS spectra show no significant increase in the levels of  30S ribosomal 

protein S1 until 15, 90 and 150 minutes. After 90 minutes peptides appear with a mix of 14N 

and 15N amino acids, showing that synthesis has started using both recycled 15N and newly 

synthesized 14N amino acids (Approach III). After 150 minutes, synthesis has hardly 

progressed, in agreement with the protein level profile in (Figure 4.6. B1). After 45 minutes 

incorporation of SILACLysine discreetly appears, while the 14N peptide level is unchanged. 

After 210 and 250 minutes, the SILACLysine peptide level has modestly increased (Figure 4.6. 

B3), in agreement with the protein level profile in Figure 4.6. B1 and the 14N amino acid 

incorporation in Figure 4.6. B2.  

4.4 Discussion 

For bacilli and clostridia, spore germination is a highly efficient and systematic means to 

revert from the metabolically dormant state, the spore, to which these bacteria adhere upon 

exposure to severe environmental stress conditions. However, a significant heterogeneity is 

observed in germination of spores within a single isogenic population. In the last decade, the 

rationale behind this heterogeneity has been studied extensively and some preliminary 

putative molecular mechanisms that may be at the basis of this observation have been 

identified25-27. Recently, the aspect of mRNA and protein synthesis in a germinating spore 

has been re-discussed after a gap of many years. To this extent, some studies have shown the 

mRNA as well as protein expression profiles of germinating B. subtilis spores and yet the 

dilemma about the necessity of protein synthesis for spore germination remained unsettled. In 

the present study, we aimed to analyze the mRNA and protein expression patterns genome 

wide in an integrated manner. Thus, for the first time, in Bacillus subtilis an integrated view 

of its transcriptome and quantitative proteome upon spore germination and outgrowth 

emerged. In order to perform such comparative analysis we have germinated the spores in a 

minimal medium supplied with germinants, which leads to a moderate speed of progression 

of the germination and outgrowth process28 enabling adequate sampling for the foreseen time 

resolved mRNA and protein studies. 
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It is well known that during the initial phases of spore germination, the water from the 

environment enters the dehydrated spore core thereby reactivating the latent processes within 

the spore. Characteristically, the mRNA and protein synthesis are the primary processes to be 

activated as was already demonstrated long time ago by Ginsberg and Keynan29. In 

agreement with this observation, our data confirms that the transcription machinery is highly 

active during and beyond the phase transition period with the expression of ~ 2400 mRNA 

transcripts being upregulated. This is necessary as for many transcripts <1 molecule is 

present in a dormant spore23. Therefore, along with transporters1, the genes related to the 

processes of transcription regulation, translation, DNA replication and repair, rRNA 

processing, ribosome as well as inosine and uridine monophosphate (IMP-UMP) 

biosynthesis, cell shape and cell division are evidently upregulated in this first phase of 

transcription initiation. At the same time, some spore transcripts as well as the transcripts of 

spore associated hypothetical protein genes are seen to be downregulated (broken down) 

which may serve as the source of nucleotides (for the de novo nucleotide synthesis) as 

suggested previously23. In the next phase of transcription, genes belonging to the amino acid 

biosynthesis, protein/peptide transport are upregulated, which may later facilitate the 

transport of newly synthesized proteins and peptides. As the ripening phase stabilizes, genes 

related to glycolysis, the TCA cycle, branched chain and aromatic amino acid biosynthesis 

are activated. Note that many of the proteins belonging to these basic metabolic pathways are 

actually resident spore proteins (see Chapter 3). Hence, they are part of the ‘survival kit’ for 

bacterial life, are not in need of early synthesis during germination or outgrowth and in fact 

can thus mediate the metabolic requirements at the onset as well as during spore revival. 

Further, in later stages of outgrowth, the outgrowing spore appears to prepare for the ‘burst’ 

as it synthesizes enzymes involved in the biosynthesis of  main cell envelope 

macromolecules30. In order to equip itself with sufficient nitrogen and sulphur stores, the 

expression of genes responsible for the urea cycle and hydrogen sulfide production is 

triggered. Ultimately, as the outgrowth is about to complete, the spore has its DNA 

duplicated, amino acids synthesized, transcription and translation active, metabolism 

restored, transporters activated and proteins available to carry out the cell elongation and 

division. Thus the highlight of the final phase of transcription are the genes responsible for 

the cell division and cell cycle proteins, chemotaxis and ion homeostasis proteins, stress 

response proteins as well as the flagellar assembly proteins. Remarkably, the purine and 

pyrimidine biosynthesis processes appear to progress in a two-step manner. The initial rise in 

the transcripts takes place in the first 15 minutes while the second increase in the transcript 
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levels is around the burst time. Such behaviour corroborates old observations made in B. 

cereus spores31. Still, the reason why this two-step increase is seen remains to be elucidated.  

Similar to the mRNA synthesis, the protein synthesis in spores also progresses as groups of 

(functionally) related proteins appearing simultaneously alluding to the occurrence of a 

germination protein synthesis program. The phase transition period is characterised by loss of 

about 30% of the spore dry weight32, during which many proteins and peptides are lost along 

with the CaDPA. Our data shows that 173 proteins from the dormant spores, some being 

from the shared category (Chapter 3), are downregulated during the phase transition period. 

This loss may partially be ascribed to the active protein degradation, undertaken by the spore 

proteases such as Gpr, as germination proceeds. Active degradation of SASP proteins by Gpr 

is well studied33. Our data clearly exemplifies this sequential break down for SspE 

(Supplementary figure 4.2). Such initial protein degradation leads to an additional pool of 

free amino acids which are recycled for the renewed protein synthesis9. Such early signs of 

protein synthesis are clearly visible in our data (Figure 4.6). It is remarkable that abundant 

SILACLysine incorporation or 15N amino acid recycling coincides with the fast degradation of 

small acid soluble proteins (SASPs). Amongst the early synthesized proteins, those involved 

in purine and pyrimidine biosynthesis are present. Although a total of 25 proteins belonging 

to these categories have been quantified at all the time points in our data, only 17 are seen to 

be differentially expressed throughout the germination and outgrowth time series 

(Supplementary Table 4.3). Surprisingly the pyrimidine biosynthesis proteins are 

significantly upregulated only at the end of the germination time line. These observations are 

in synchrony with the respective gene transcription events. At the same time the proteins 

required for isoleucine and valine biosynthesis, glutamine as well as homocysteine 

metabolism are triggered in order to initiate amino acid biosynthesis in the next phase of 

translation. After these initial preparations (> 30 min), the spore carries out translation of a 

number of proteins that are central to glycolysis, gluconeogenesis, amino acid biosynthesis, 

AMP synthesis and acetyl-CoA synthesis. The chromosomal replication initiator protein 

DnaA is seen to be synthesized in this period and its levels remain constant through 

outgrowth. Notably, the proteins belonging to the histidine biosynthesis pathway are also 

induced which correlates with the synthesis of histidine tRNA ligase 15 to 30 minutes into 

outgrowth. In the period of 60 - 90 minutes post-germination, the spore shows bulk synthesis 

of ribosomes, as well as GTP-GMP biosynthesis proteins. Interestingly, the next phase of 

translation, when the spore is near to its burst time, is marked by the synthesis of sulfur-

containing amino acids methionine and cysteine. The reactions involved are carried out by 
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MetI and MetC proteins that are synthesized in this period. In addition, peptidoglycan 

biosynthesis proteins and those related with flagellar assembly are also synthesized prior to 

burst. Thus the spore ripening stage seems to be of paramount importance in the translational 

schedule of a germinating spore where proteins with varied functional aspects are 

synthesized, likely the actual outgrowth gene-expression program chosen is to a significant 

extent dependent on the is to a significant extent dependent on the is to a significant extent 

dependent on the is to a significant extent dependent on the environmental conditions 

encountered. Ultimately, when the spore breaks its dormancy and grows to become a 

vegetative cell, it is equipped with the transcription and translation machinery, as well as its 

basic energy metabolism activated. Finally, the proteins for the TCA cycle, ATP synthesis, 

mRNA processing, fatty acid synthesis and cell division are synthesized in a second stage. 

The inferred mechanistic strategy of the germinating and outgrowing spore in its quest for a 

return to (microbial) life is summarized in Figure 4.7. Throughout the germination and 

outgrowth alanine dehydrogenase (Ald), cell wall associated protein YoeB and transition 

state regulatory protein AbrB show continued increase in their relative levels compared to the 

vegetative cells. Conversion of alanine (provided as a germinant and also available as a free 

amino acid) to pyruvate by Ald may be a key reaction to form acetate1,34, ethanol and 

acetaldehyde. Especially acetate formation is an energy producing step35 that is beneficial for 

germination and outgrowth. It has been observed that pyruvate formed via Ald may be 

converted to fructose-6-phosphate via gluconeogenesis thus fuelling cellular energy 

generation processes36. Protein YoeB (IseA), an autolysis activation modulator37,38, may 

serve as a controller restricting cell division ahead of time. Similarly, the master regulator 

AbrB that suppresses transcription of many sporulation specific genes during vegetative 

growth increases significantly at the time where the spore is preparing for the burst. Thus it is 

speculated that, prior to the emergence of the first cell, the spore attains an optimum energy 

level, restricts untimely cell division and premature sporulation through intricate networks of 

signalling molecules that steer stress surveillance and response mechanisms. 

In order to understand the spore’s putative germination plan, time resolved studies are highly 

effective. Especially to study the protein turnover during germination an accurate and 

sensitive method is a pre. Using 15N-metabolic labelling, we have successfully analysed the 

trend in overall protein dynamics at various time points during germination and outgrowth. 

However, these turnover profiles are always relative to the protein levels in the reference 

vegetative cells. Therefore, for spore specific and structural proteins, which are not present in 

the reference vegetative cells, the changes in their levels cannot be estimated accurately. We 
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circumvented this with an approach where we started with 15N 13C labelled lysine in a SILAC 

approach complemented by 15NH4Cl labelled spores. 

Figure 4.7: Summary of GO Terms enriched from the differentially expressed proteins at 

respective time points during B. subtilis spore revival in minimal medium. 

Some dormant spore proteins, such as those related to amino acid or purine/pyrimidine 

biosynthesis, are shared between the spores and cells. These proteins are present at levels 

<5% of those in the vegetative cells and minute changes in their levels are prominent and 

accurately quantified throughout germination. Yet, for some ribosomal protein (RpsB, RpsE), 

chaperons (GroL, DnaK) and glycolytic proteins (Eno, Gpm) and proteins that are present at 

levels of 10-30% (as compared to their levels in the cells) slight modifications cannot be 

estimated. The SILAC data therefore helps in such cases and clearly shows that synthesis of 

these proteins, indicated by lysine incorporation, starts earlier after phase transitioning is 

completed (15 - 45 minutes). For instance, trigger factor (Tig), crucial in the analyses of Sinai 

et al.3 and elongation factor (Tsf) show 7-8% incorporation of the SILACLysine in at least two 

quantified peptides (see Supplementary Table 4.4). In the 15N-metabolic labelling time 

series however, an escalation in their levels is only seen at later time points. Thus, the more 

sensitive SILAC approach indicates the onset of protein synthesis while the 15N-metabolic 

labelling approach indicates that irrespective of their synthesis the levels of those proteins 

remain relatively stable. Clearly, our data are in that sense way more comprehensive than the 

data by Sinai et al.3 who have not addressed the spore protein composition nor spore protein 

dynamics during germination and outgrowth. Moreover we show with our approaches that 

the claim of protein synthesis in phase bright spores cannot be reproduced (see also Chapter 
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5). Based on our results we speculate that a limited protein synthesis is applied upon 

germination (phase transition) by the spore until it reaches the burst time. In addition, it is 

noteworthy that in the initial heat activation a few proteins are downregulated 

(Supplementary Table 4.3). This observation is parallel to the general notion that protein 

denaturation and/or degradation may take place during the heat activation step39. 

Summarizing, in our experimental setup no protein synthesis occurs in a dormant spore (see 

also the analyses discussed in Chapter 5) and as soon as germination is triggered both 

transcription and translation processes are activated. There is a loss of proteins during the 

phase transitioning period but it is not clear whether this is a result of active protein 

degradation or an actual physical loss of these proteins (i.e. exudate). As opposed to a large 

number of DEGs, the number of DEPs is limited. This discrepancy demands further attention. 

Moreover, the molecular details about the role of heat activation and the dynamic interplay of 

mRNA and proteins during phase transitioning remain the topics for the future research. 

Supplementary Material 

The supplementary material can be accessed via the preprint submission on bioRxiv 682872; 

doi: https://doi.org/10.1101/682872. 
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Abstract 

Spore forming bacteria of the orders Bacillales and Clostridiales play a major role in food 

spoilage and food-borne diseases. The spores remain in a dormant state for extended periods 

due to their highly resistant features. When environmental conditions become favourable, they 

can germinate as the germinant receptors located on the spore’s inner membrane get activated 

via germinant binding. This leads to the formation of vegetative cells via germination and 

subsequent outgrowth. The present study focuses on the synthesis of protein MalS during B. 

subtilis spore germination by investigating the dynamics of the fluorescence level of a MalS-

GFP fusion protein using time-lapse fluorescence microscopy. Our results show an initial 

increase within the first 15 minutes of germination, followed by a drop and stabilization of the 

fluorescence throughout the spore ripening period. Western blot analyses, however, indicate 

no increase in the levels of the MalS-GFP fusion protein during the first 15 minutes after the 

addition of the germinants. Thus the instantaneous increase in fluorescence of MalS-GFP may 

likely due to a change in the physical environment as the spore germination is triggered. Our 

findings also show that the different sporulation conditions and the maturation time of spores 

affect the expression of MalS-GFP and the germination behaviour of the spores. 
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5.1 Introduction 

Sporulation and germination of genetically identical bacterial cells or spores have been 

extensively studied and shown to occur heterogeneously. This observation has challenged the 

food industries and the medical sector to extensively investigate both these processes to 

minimise microbiological risks by developing novel targeted strategies to eliminate spores. 

However, empirical studies on spores, fail to reveal the mechanistic basis of the spore’s 

resistance to the generally deployed bacterial elimination methods1-3. Therefore, gaining a 

detailed knowledge of sporulation and spore germination is of utmost importance. As discussed 

throughout this thesis, the resistance properties of spores are mainly caused by their layered 

structure and the chemical composition of those various layers2,4 and  the germination receptor 

proteins (GRs), located in the inner membrane (IM), facilitate spore germination5,6. In B. 

subtilis three GRs are well known - GerA, GerB and GerK. These proteins are each composed 

of three subunits and can be triggered by several types of germinants including specific amino 

acids4,7. It is inferred that amino acids, such as alanine or valine, initially bind to the B-subunit 

of these receptors, thereby causing their activation4,8. Once the GRs are activated, monovalent 

and divalent cations are released from the spores along with the dipicolinic acid (DPA), and 

the degradation of the peptidoglycan cortex is ensued7. The latter is a prerequisite for the 

subsequent spore outgrowth. The occurrence of all these phases leads to complete re-hydration 

of the spore and restores its macromolecular synthesis and endogenous enzyme activity6.  

During the outgrowth of spores, complex sugars, carbohydrates and organic acids can be used 

as carbon sources. In case of B. subtilis, glucose and malate are generally the preferred carbon 

sources9. In fact, any available malate is suggested to enter the TCA cycle where it can be 

oxidized by malic enzymes (MalS, MaeA, MleA or YtsJ) to pyruvate through oxidative 

decarboxylation9. Recently, Sinai et al.10 investigated the synthesis of a MalS-GFP reporter 

fusion protein over time, and predicted that MalS is one of the earliest proteins produced in the 

germinating B. subtilis spores. They observed a striking increase in the GFP intensity within 

the first 5 minutes of germination in spores. Remarkably, these spores remained phase-bright 

while the fluorescence intensity increased leading to their conclusion that protein synthesis is 

necessary during germination. On the contrary, a following study proved that protein synthesis 

is not essential for germination11. Parallel to these observations, in our proteomics studies 

(Chapters 3 and 4) the relative quantity of MalS in the dormant spores is considerably high 

and during germination, there is no apparent change in its levels. The above-mentioned studies 

however, differ with respect to the age of the spores used in each study and the medium used 
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for sporulation. Previously, it has been reported that the sporulation conditions and maturation 

time affect the spore characteristics and resistance properties12. Spores formed on solid rich 

media are generally more heat resistant and are characterised by a higher degree of coat proteins 

involved in cross-linking12. It has also been shown that higher spore coat protein cross-linking 

correlates with slight delayed germination times11. Therefore, with respect to MalS synthesis 

and MalS-GFP expression during germination the following research questions require 

attention: 1) Do the different sporulation conditions and spore maturation times affect MalS-

GFP expression in B. subtilis spores? 2) Is MalS synthesized in phase-bright spores?  

To answer these questions, we have compared the spores of B. subtilis strain PY79 and AR71 

(MalS-GFP) prepared in liquid minimal medium and on solid agar medium. The germination 

of young (day 2) and old or mature (day 4) spores is triggered with a mixture of L-

asparagine, D-glucose, D-fructose and KCl (AGFK), and with L-alanine. The time when 

germination starts and the actual germination time, which is the time required for the phase 

transition from phase-bright to phase-dark, have been analysed using time-lapse phase-contrast 

microscopy. The expression of MalS-GFP in young and matured spores, obtained from the 

liquid and solid media, is also monitored in a time dependent manner using fluorescence 

microscopy. In addition, the synthesis of MalS-GFP fusion protein, during the initial stages of 

germination, is followed by western blot analysis.  

5.2 Materials & Methods 

5.2.1 Bacterial strains and sporulation conditions  

The B. subtilis wild-type strain PY79 and the mutant strain AR71 (MalS-GFP, Spc+; obtained 

from Sinai et al.10) were used in this study. Similarly, to MalS, PdhD (pyruvate dehydrogenase 

subunit D) was reported to be newly synthesized at an early stage during spore outgrowth2. 

Therefore, as an independent control for the fluorescence measurements, we used a B. subtilis 

strain (Erm+) harbouring a PdhD-IpHluorin (PC) fusion protein prepared in our laboratory. The 

two different sporulation media used in this study were:  defined liquid medium buffered with 

80mM 3-(N-morpholino) propanesulfonic acid (MOPS) and 2x Schaeffer's medium with 

glucose (2x SG) agar solid medium as described previously11,13. Primarily, bacterial cells were 

cultured on a Tryptic Soy agar (TSA) plate and incubated overnight at 37°C. A single colony 

was inoculated in Tryptic Soy Broth (TSB) medium and incubated at 37°C at 200 rpm until the 

exponential growth phase was reached (OD600 ~ 0.3 to 0.4). A serial dilution was subsequently 

performed of the culture in MOPS liquid medium or 2x SG liquid medium and incubated 
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overnight at 37°C while shaking at 200 rpm. A single dilution containing exponentially 

growing cells was selected and the bacterial culture was further enriched in 20 ml MOPS liquid 

medium or 2xSG liquid medium. For sporulation, cells cultured in MOPS liquid medium were 

inoculated into 300 ml MOPS liquid medium and cultured at 37°C while shaking at 200 rpm. 

In contrast, cells cultured in 2x SG liquid medium were spread on 10 plates containing 2x SG 

agar and incubated at 37°C.  

5.2.2 Spore harvesting  

Spores cultured in MOPS liquid medium and on 2x SG solid medium were harvested after 48 

and 96 hrs12. Spore samples were extensively washed with pre-chilled milliQ-water at 4°C. 

Subsequently, Tween-20 (0.01% v/v) was added to the spores in milliQ-water to kill vegetative 

cells and to improve purification. The harvested spores were examined under the microscope 

using a haemocytometer and the spore yield was estimated. Remaining vegetative cells and/or 

germinated cells (phase dark) were removed using the Histodenz gradient centrifugation 

method describe by Abhyankar et al.12. The purified harvested spores contained more than 99% 

phase bright spores. Spores were stored at -80°C until further use. 

5.2.3 Germination and Fluorescence measurements 

For time-lapse germination experiments, spores were heat activated at 70°C for 30 minutes at 

100 rpm and placed on ice for 10 min. Immediately after incubation on ice, the spores were 

transferred to an agarose pad containing 2% w/v agarose mixed with a double concentration of 

MOPS medium and germinants (AGFK and L-alanine)  in a 1:1 ratio. The set-up of the 

microscope slide for time-lapse microscopy imaging has been described by Pandey et al.14. 

Time-lapse microscopy imaging was performed at 37°C in a time dependant manner for 2 hours 

using a temperature-controlled incubation system. A Nikon ECLIPSE Ti-E inverted widefield 

fluorescence time-lapse microscope equipped with an Apo TIRF 100x H/1.49 objective and a 

Hamamatsu ORCA-AG cooled charge-coupled device (CCD) camera with integrated Perfect 

Focus System was used. Phase contrast images were taken with an acquisition time of 100 ms. 

Fluorescence images were taken with a GFP filter and IpHluorin filter with an acquisition time 

of 250 ms and at 50% power. Phase-contrast and GFP-fluorescence time-lapse series were 

recorded at a sample frequency of 4 to 7 frames per 5 min, with the requirements of about 100 

recorded spores per measurement. One replicate for control PdhD-IpHluorin strain was 

performed. Spore germination times and fluorescence intensity were both analyzed using 
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SporeTrackerX15(https://sils.fnwi.uva.nl/bcb/objectj/examples/sporetrackerx/MD/sporetracke

rx.html), a plugin for ObjectJ (https://sils.fnwi.uva.nl/bcb/objectj/). The time required for 

initiating the phase bright to phase dark transition after addition of germinants (henceforth 

referred to as Start of Germination) and time required to complete the phase transition (referred 

to as Germination time) were analysed. For GFP measurements, the intensity of a wild-type 

strain, lacking the gfp gene, was subtracted from the net average fluorescence intensity. All 

statistical analysis was performed in SigmaPlot 13.0 (Systat Software Inc.). To analyse results 

of live-imaging data from two independent replicates student’s t- test was performed and p-

values determined. 

5.2.4 Western Blot analysis  

Spores of B. subtilis mutant strain AR71 (MalS-GFP), prepared on solid and liquid media, were 

heat activated at 70°C for 30 min. Germination was triggered using L-alanine and an AGFK 

mixture. Spores were harvested before (t = 0 min) and after the addition of the germinants (t = 

5, 15 min). To stop further protein synthesis during sample processing, chloramphenicol (100 

µg/ml) and  methanol (20% m/v) were added to the samples from each time point. The spores 

were mixed in phosphate buffered saline (PBS) containing protease inhibitor cocktail 

(cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, Roche) and lysed using a Precellys 

24 homogenizer (Bertin Technologies, Aix en Provence, France, 6.5, 40s, 7 cycles). The protein 

concentration of each protein sample was estimated using a Bradford assay kit (Bio-rad, 

Utrecht). For every time point, equal concentration of proteins were incubated at 100°C for 10 

min with Laemmli sample buffer. The proteins were separated on a 10% Bis-Tris SDS gel and 

electro blotted overnight onto a polyvinylidene difluoride (PVDF) transfer membrane. The 

PageRuler™ Prestained Protein Ladder, 10 to 180 kDa, was used as a reference ladder. For 

Immunoblot analysis of GFP fusion proteins, the membranes were blocked for 1 hr at room 

temperature with a mixture containing 0.05% Tween-20, 5% skim milk in 1X Tris buffered 

saline (TBS), pH 7.4. Blots were then incubated for 1 hr at room temperature with polyclonal 

rabbit anti-GFP antibodies (1:10,000 in 0.05% Tween-20, 5% skim milk in 1X TBS pH 7.4). 

Subsequently, the membranes were incubated for overnight at 4°C with peroxidase conjugated 

anti-rabbit secondary antibody (1:10,000 in 0.05% Tween-20, 5% skim milk in 1X TBS pH 

7.4). The SuperSignal™ West Femto Maximum Sensitivity Substrate kit was used for final 

detection of the protein on the blot. 
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5.3 Results 

5.3.1 Determining the effect of maturation and sporulation conditions on the germination 

behaviour of spores of B. subtilis strain AR71 (MalS-GFP) and the wild type strain PY79.  

All the young (day 2) spores of stain AR71 prepared in MOPS liquid medium differ 

significantly from their matured (day 4) partners with respect to the time required to start 

germination. At the population level, the relatively young spores are less prone to initiate 

germination in comparison to the older spores (45% young spores vs. 61% matured spores in 

10 min; Table 5.1(A)). However, these two spore populations do not differ significantly in 

their germination time (Figure 5.1, Table 5.1(A)). The time required to start germination and 

the germination time differ significantly in case of the young and mature spores of the wild 

type strain PY79 (Table 5.1 (B), Figure 5.1). Furthermore, the young wild-type spores initiate 

germination later than the matured spores (35% vs. 44% in 10 min, Table 5.1 (B)). In case of 

the sporulation on 2x SG solid medium, the younger AR71 spores are more prone to start 

germination than their matured counterparts (82% vs 71% in 10 min, Table 5.1(A)). On the 

contrary, the younger PY79 spores are less prone to start germination compared to the mature 

spores (67% vs. 94% in 10 min, Table 5.1 (B)). In general, with the exception of AR71 old 

spores, the wild type PY79 and mutant strain AR71 spores prepared on the solid medium start 

germination earlier than those prepared in a liquid medium. (Figure 5.2, Table 5.1). 

5.3.2 Determining the effect of the maturation time and sporulation conditions on MalS-

GFP fluorescence 

The single spore imaging results obtained for B. subtilis AR71 (MalS-GFP) spores during spore 

germination and outgrowth show an initial increase in MalS-GFP fluorescence signal for both 

the spore batches prepared in liquid and on solid media. After approximately 30 min the 

fluorescence signal decreases and stabilizes throughout the spore ripening period in spores 

produced in both culturing conditions. In contrast, the fluorescence intensity of PdhD-

IpHluorin decreases within the first 30 min of germination and stabilizes for the rest of the 

measurements (Supplementary figure 5.2). The collage of the individual representative 

spores, of differing the culture condition and maturation times, shown in Figure 5.3 depicts the 

changing localization and distribution of the GFP fluorescence over time. The young phase-

bright MalS-GFP spores, sporulated in both liquid and on solid medium, show a clustered GFP 

fluorescence. Upon completion of germination, the clustered GFP diffuses throughout the 



Chapter 5 

98 

 

spore. However, in some of the control (PdhD-IpHluorin) spores (day 2, MOPS) the GFP 

clusters are still present even after germination is completed (Supplementary figure 5.2).  

Figure 5.1. Effect of maturation time on germination behaviour. Frequency distribution curves of B. 

subtilis wild type strain PY79 and strain AR71 spores prepared in MOPS and 2x SG media. Germination time and 

start of germination are illustrated. Young spores (black line) are overlaid with mature spores (red line). The 

significance of the data is tested using the student’s t-test. The Histogram is normalized based on the total spore 

count. Observations of two biological replicates are grouped and analysed as one data set. 
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Table 5.1. Germination behaviour of young and mature spores of B. subtilis wild type strain PY79 

and mutant strain AR71 (MalS-GFP) prepared in liquid (MOPS) and solid (2x SG) media. 

 Day 2 Day 4 

Medium of 

sporulation 

Counts 

(n) 

GT* 

(min) 

Time after 

germinant 

addition 

(min) 

% of spores 

starting 

germination§ 

Counts 

(n) 

GT 

(min) 

Time after 

germinant 

addition 

(min) 

% of spores 

starting 

germination 

(A) B. subtilis AR71 (MalS-GFP) 

MOPS 

(liquid) 
131 

12.1+

0.64 

5 28 

421 
12.78

+ 0.7 

5 34 

10 45 10 61 

15 73 15 83 

2x SG 

(solid) 
141 

7.2+ 

0.28 

5 66 

237 
10.0+ 

0.53 

5 55 

10 82 10 71 

15 94 15 84 

(B) B. subtilis PY79 (WT) 

MOPS 

(liquid) 
199 

9.6+ 

0.3 

5 21 

361 
17.0+

1.0 

5 20 

10 35 10 44 

15 55 15 69 

2x SG 

(solid) 
294 

11.5+

0.63 

5 48 

278 
8.5+ 

0.46 

5 75 

10 67 10 94 

15 85 15 98 

*Germination time                                    

§Cumulative % of spores that start germination in respective times  
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Figure 5.2. Effect of the sporulation condition on the germination behaviour of young and 

matured spores of wild type strain PY79 (WT) and strain AR71 (MalS-GFP). The histogram is 

normalized based on the total spore count. Observations of two biological replicates are grouped and analysed as 

one data set. The significance of the data is determined using the student’s t-test. 
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Figure 5.3. Real-time expression of MalS-GFP during spore germination. (A) & (B) The changes 

in fluorescence intensity of MalS-GFP over time. The fluorescence intensity of spores from germinating 

day 2 and day 4 spores, cultured in MOPS liquid medium and in 2x SG solid medium, are measured over a period 

of 80 min. The fluorescence intensity values of the wild type spores PY79 are subtracted from the measured 

fluorescence values of MalS-GFP to eliminate the background fluorescence of the spore itself. (C) A collage of 

the images obtained of the B. subtilis AR71 (MalS-GFP) young and mature spores, prepared on 

solid and liquid media, while germinating. Images of each individual spore is captured every 5 min for a 

duration of 2 hrs to observe the phase transition (phase-bright to phase-dark) and the changes in fluorescence 

intensity of MalS-GFP. As representative for the data-set only two spores per strain are shown here.  
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5.3.4 Effect of sporulation conditions and maturation time on the levels of MalS-GFP fusion 

protein  

The western blot analyses show that in young and mature AR71 spores, prepared in liquid and 

on solid media, the levels of the MalS-GFP fusion protein do not increase significantly within 

15 minutes after the addition of the germinants. The microscopy images show that by this point 

all spores turn phase dark i.e. their germination is completed.  

 

Figure 5.4. Western blot analysis of MalS-GFP fusion protein. Dormant spores are induced to germinate 

by various germinants (see Materials and Methods). Protein is extracted from dormant spores harvested before 

(t = 0) and after germinant addition (t= 5, 15 min). For day 2 (young) spores prepared on 2x SG 15 µg of protein 

whereas for day 4 (old) spores 30 µg of protein was loaded for each time point. For day 2 (young) and day 4 (old) 

spores prepared in MOPS 30 µg protein for each time point loaded on the gel respectively. Spores from liquid 

medium are phase bright at t = 0 and 5 min and completed the germination at 15 min. Spores obtained from solid 

medium completed the germination at t = 5 min. Protein extraction is carried out as shown by Sinai et al.10 

5.4 Discussion 

Dormant spores of Bacillus subtilis return to life through germination in a sequential order of 

steps. During the first steps of revival, the dormant spores release cations, small molecules, and 

CaDPA from the core. This triggers cortex hydrolysis, further CaDPA release and full core 

hydration. Completion of germination results in a phase-dark spore which is ready to start 

macromolecular synthesis. The germination process itself is very heterogeneous and 

germination kinetics appears to be affected by different sporulation conditions16 and spore 

maturation11. Also, the recent evidence shows that the spore-coat characteristics differ in the 

spores prepared in the liquid and on solid media. Nevertheless, the precise effect of spore 

maturation and sporulation conditions on germination remains unclear. Evidences over decades 

of work on spore germination indicate that there is no significant metabolic activity and no 

protein synthesis in a spore until completion of germination4-6,17. Albeit, a recent report has 
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shown protein synthesis to be necessary during germination, and dormant spores to be 

metabolically active10. The discrepancy between the earlier studies and the work of Sinai and 

colleagues may stem from the differences in the sporulation conditions and age of spores used 

in the respective studies. Therefore, in the present work we attempt to observe the effect of 

sporulation conditions and spore maturation on behaviour of spore and protein synthesis during 

germination.  

With regards to the germination behaviour, we focus on two different aspects: the effect on (a) 

the time required start germination and (b) the actual germination time (total duration to achieve 

phase darkening). In general, the spores prepared on solid medium start germination earlier as 

compared to spores sporulated in the liquid medium. This is in accordance with a previous 

report16. Moreover, the young AR71 (MalS-GFP) spores, prepared in both liquid and solid 

media, complete germination faster than the matured spores. Interestingly, the young wild type 

spores prepared in liquid medium behave similarly by having a shorter germination time than 

that of the matured spores, but the spores prepared on the solid medium differ in this aspect. 

Thus, for the wild type spores prepared on solid medium the age or the maturation time of 

spores appears to affect the germination time as well. This could be due to the difference in (a) 

thickness of the spore-coat layers and the protein-crosslinking therein12 or (b) the number of 

germination related proteins in the spores, as suggested previously8.  

Next, we analyse the influence of maturation times and sporulation conditions on MalS-GFP 

expression over time. Interestingly, for the spores prepared on solid medium the MalS-GFP 

fluorescence is always higher than that for spores prepared in liquid medium. This distinction 

might be a variation in GFP maturation behaviour caused by the differing growth conditions, 

as suggested previously18. Furthermore, MalS-GFP in the spores appears to be clustered until 

germination is completed. Previously, it has been shown that a pH of 6.5 promotes aggregation 

of EGFP19. Since the pH in the spore core is between 6.0 and 6.420,21, the observed clustering 

of MalS-GFP could represent GFP aggregation. The observation that these clusters diffuse 

throughout the spores during the ripening stage can be attributed to the phase transition in the 

state of core water as a result of initial heat activation22. The decrease in MalS-GFP 

fluorescence after 30 min may also result from the changed state of core water, the water intake 

by a germinating spore or due to utilization of MalS by the reviving spore. However, our 

proteomics and transcriptomic data (Chapter 4) do not support the MalS utilization theory.  

The western blot analyses show no variation in the MalS-GFP levels between the germinated 

and dormant spores. Yet, the MalS-GFP fluorescence of both the young and matured spores, 



Chapter 5 

104 

 

prepared in solid and liquid medium, increases during the initial 15 min after the addition of 

the germinants and then stabilizes after a decline. On the contrary, for the control B. subtilis 

PdhD-IpHluorin spores, the GFP fluorescence gradually decreases within 15 min. At this stage 

the spores have transitioned from the phase-bright into the phase-dark state i.e. they have 

completed germination (Supplementary figure 5.1). The increase in MalS fluorescence 

intensity may be linked with proper folding of the GFP or its maturation. GFP maturation 

requires molecular oxygen23. Interestingly, in Bacillus megaterium spores previous 

experimental work has shown that heat activation increases the respiration rate and thereby 

likely promotes the occurrence of higher molecular oxygen levels in spores24. Similarly, in the 

heat activated AR71 spores, the molecular oxygen may become available during the initial 

germination stages and might dictate maturation of any pre-synthesized MalS-GFP 

accumulated during sporulation. Alternatively, a dehydrated intermediate of GFP has been 

identified25, which requires a single protonation and dehydration cycle to attain functional 

maturity. This process can be carried out when spores initiate the transfer of protons during 

germination as the spore core rehydrates. For further characterization and verification of the 

functionality of the GFP label in spores, it is recommended to produce and express the GFP in 

the spore core without having it fused onto any specific protein. Based on our results and given 

the fact that the maturation times for a variety of GFPs range between 4 to 28 min26, a de novo 

synthesis of MalS-GFP fusion followed by its folding within 5 min after the addition of the 

germinant, as suggested by Sinai et al10 appears to be conceptually challenging.  

In conclusion, our study shows that the sporulation conditions and maturation period of spores 

affect their germination behaviour and the fluorescence intensities whereas expression of 

MalS-GFP and thereby protein synthesis in germinating spore remain unaffected.  

Supplementary Material 

The supplementary material can be accessed via the preprint submission on bioRxiv 701854; 

doi: https://doi.org/10.1101/701854  
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Throughout this thesis, the proteome and its turnover in Bacillus subtilis spores during their 

metabolic dormancy and awakening are discussed. Beginning with the development of a one-

pot method (Chapter 2) to analyse both the soluble and insoluble spore protein fractions of B. 

subtilis, B. cereus, C. difficile, we extended the research to explore the quantitative differences 

and similarities between B. subtilis dormant spores and vegetative cells. Since the procedure is 

effective for all three bacteria, we foresee that the approaches discussed here for the model 

organism B. subtilis will also be applicable to B. cereus and C. difficile. As an outcome of this 

research, we present a putative minimal set of spore proteins that might suffice for spore 

survival and revival. To come to this set of ‘spore proteins’ in our model B. subtilis we used a 

15N-based metabolic labelling technique (Chapter 3). Furthermore, in order to assess in detail 

possible strategies that bacteria use for their spore revival, temporal genome wide mRNA 

profiles and protein profiles, were analysed. In our analyses, we used, respectively, microarray-

based expression analysis and metabolic labelling based quantitative proteomics (Chapter 4). 

Finally, to address the long-standing question whether phase bright spores can support protein 

synthesis, we used the MalS-GFP fusion protein and show (Chapter 5) that the likelihood of 

de novo protein synthesis in phase-bright spores, prior to actual spore germination defined as 

water uptake, is negligible. 

Though the comprehensiveness of our research has been shown throughout this thesis, with a 

perspective on further future analyses, we discuss in this concluding chapter our results as well 

as complementary approaches that are suitable for time-resolved proteome and transcriptome 

studies. Additionally, we focus our outlook on some of the characteristic proteomic features of 

a dormant spore that is ready to germinate and give rise to offspring.  

6.1 Techniques available for the proteomic and transcriptomic analyses  

6.1.1 Proteomics 

A ‘proteome’ is a complete set of proteins expressed by an organism at a given time. As 

proteins are the essential molecules involved in a plethora of activities during cell development, 

protein analysis is of major interest in cellular and molecular biology and involves protein 

identification, quantification, localization as well as a study of post-translational modifications. 

In any proteomics analysis optimal extraction and processing of proteins is a critical step. In 

Chapter 2, we have described a one-pot sample processing method, which is used for 

quantitative proteomics studies in Chapter 3 and Chapter 4. As discussed, the one-pot method 

described is not limited to the spore formers and can be applied to other pathogenic or non-
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pathogenic organisms. The method allows for extraction and protease digestion (LysC, trypsin) 

in a single tube, and facilitates both qualitative data acquisition of the spore proteome as well 

as proteome-wide quantitative mass spectrometry (MS). Moreover, the method can be coupled 

to different fractionation methods such as strong-cation exchange (SCX), hydrophilic 

interaction chromatography (HILIC) to reduce the complexity of sample. However, with the 

current MS-based proteomics methods, the requirement of a relatively large sample size to 

achieve broad proteome coverage is one of the limiting factors. Recent developments address 

this issue. One is the nanoPOTS (nanodroplet processing in one pot for trace samples) platform 

for small cell population proteomics analysis that has been developed for the analysis of 

mammalian cells 1. In addition, the application of ‘single- cell’ proteomics has been reported 

for proteomic profiling of blastomere cells from the Xenopus laevis embryo. Approximately 

20 ng tryptic peptides from single blastomeres allowed for the identification of 500 - 800 

proteins 2. We foresee that with further improvement in extraction efficiency of proteins from 

bacterial spores, ever lower amounts of samples will be sufficient to achieve a complete 

proteome analysis. This will allow researchers to start to address also at the proteome level 

phenotypic heterogeneity among genetically identical bacterial spores. A key hurdle to be 

overcome is the need for optimization of the dissolution of spore coat protein crosslinking. One 

approach is to identify (yet unknown) crosslinks biochemically and then find optimal reaction 

conditions that allow researchers to break them. A complementary strategy is to deploy existing 

enzymes and knowledge such as cleaving glutamyl-lysine (QK) crosslinks with enzymes such 

as / similar to PghL (previously known as YndL)3. 

To quantitatively monitor the proteins with respect to their synthesis, processing, intracellular 

transport, secretion, degradation and physico-chemical properties, a variety of approaches can 

be employed. These are primarily based on the introduction of stable isotopes into proteins or 

peptides e.g. metabolic labelling (13C, 15N, 18O), stable isotope labelling by amino acids 

(SILAC), pulse chase labelling with azidohomoalanine (azhal) in the context of biorthogonal 

non-canonical amino acid tagging (BONCAT) or, finally, using a label free approach4,5. The 

azhal labelling allows for the quantification of protein synthesis rate, protein levels and relative 

protein stability4. Recently, the use of azhal labelling in a BONCAT approach to examine 

protein synthesis during germination of B. subtilis spores, has been demonstrated6. Yet, use of 

azhal is limited to organisms that are auxotrophic to methionine, hence generally non wild-type 

organisms, and also it can have toxic effects on the growth of organisms if added for prolonged 

periods and/or at high concentrations4. In addition, only those cells that have incorporated azhal 

can be used for the analysis. Nevertheless, the incorporation of labelled amino acids is a 
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preferred method of choice to study protein synthesis, post translational modifications etc. The 

iTRAQ-based studies on Bacillus anthracis and Penicillium expansum spore germination, 

highlight the role of quantitative proteomics in studying protein expression profiles7,8. In our 

study in order to determine changes in the spore proteome during germination and outgrowth, 

we have used the in vivo metabolic labelling method using a stable isotope of nitrogen (15N). 

The dynamics of spore protein synthesis during spore germination and outgrowth were 

followed using a time resolved analysis of 14N isotope incorporation and monitoring this with 

respect to 15N isotope labelled vegetative cells. In this case the protein identification and 

quantification is carried out by analysing “heavy” i.e. 15N and “light” i.e. 14N peptides and 

comparing the intensities of the isotope clusters of the intact peptides. The main advantages 

using such a metabolic labelling approach are: 1) it is the most accurate quantitative MS based 

method to detect small changes in the protein amounts9; 2) it is an inexpensive, rapid and non-

radioactive method to measure protein turnover10 without introducing any perturbation in the 

genome / proteome of a bacterium and 3) estimation of the relative levels of spore proteins 

shared between a spore and a vegetative cell is possible. Alternatively, or complementary, 

labelled amino acids can be used in SILAC experiments. Our data reported in Chapter 4 gives 

examples of both. 

In general, the main advantages of the label based approaches are a high accuracy and 

reproducibility whereas label free approaches show a higher dynamic range and a higher 

quantitative proteome coverage on top of the fact that they evidently can be used for the 

proteomic analysis of any organism provided that a genome is known11. The label-free 

approaches are less accurate among the mass spectrometry-based quantification techniques 

when considering the overall experimental process because all the variations between 

experiments are reflected in the finally obtained data. Nevertheless, recently, a label-free 

method has been used to identify differential expression of proteins in Alicyclobacillus 

acidoterrestris during spore germination12. Thus, it is worthwhile to explore the methods in 

future research focussed on the elucidation of the molecular mechanisms governing the biology 

of spore forming bacteria. 

6.1.2 Transcriptomics 

Although gene expression has been studied in spores for decades, some aspects such as the 

absolute number and the function of the transcripts present as a reservoir in a dormant spore 

remain poorly understood. Research on the transcript structure, absolute abundance of RNA 

species in a dormant spore will provide valuable insights into gene function and regulation. 
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The mRNA fraction comprises 2-5% while rRNA constitutes ≥ 75%13 of the total RNA in a 

bacterial cell. Similarly, in bacterial spores, the ribosomal RNAs are the dominant species 

detected in the total extracted RNA14,15, so it is challenging to determine absolute amounts of 

mRNA present in total RNA preparations extracted from spores. Still, detection of mRNAs in 

extracts from spores of Bacilli and Clostridia is possible and being carried out using techniques 

such as microarray analysis and RNAseq. Though DNA microarrays are a cost-effective and 

robust technique to perform a transcriptome-wide analysis of differentially expressed (DE) 

genes of well-annotated organisms, microarrays are rapidly being replaced by sequencing 

technologies. In comparison to microarrays, RNA-sequencing enables analysis of differential 

expressions at a broader dynamic range with higher sensitivity for low abundant transcripts 16. 

Noticeably, with each of these methods there is a discrepancy associated with respect to the 

reported number of mRNA transcripts present in a dormant spore15,17-22. Both microarray and 

RNAseq are semi quantitative techniques. Microarray technology depends on hybridization, 

which is sequence specific where the transcripts with a high GC content show stronger 

hybridization than those with a lower GC content. RNAseq, on the other hand, depends on 

cDNA hybridization, which in turn relies on enzymes that work in a sequence dependant 

manner. In addition, both the techniques have detection limitations as the background signal in 

microarrays can mask the presence of transcript and a lapse in sequencing reaction may lead to 

failure of transcript detection during RNAseq.  

To confirm the differentially, up- or down-, regulated expression patterns of the transcripts, 

targeted RT-qPCR is a method of choice23. In spore germination studies, RT-qPCR has been 

used to validate key regulatory transcripts related to the progression of the spore germination 

process15,18,24,25. Such studies were always a follow-up of prior screening experiments using 

either microarray or RNAseq read-outs. Alternatively, to explore the comprehensiveness of the 

transcriptome directly in sequencing experiments, it is recommended to undertake a targeted 

removal of rRNAs and increase the number of mRNA reads by making use of ‘ultra-deep RNA’ 

sequencing approaches16,26. Spike-in RNAs have proven to be beneficial in estimating the 

absolute transcript numbers in a developing embryo27. In a similar manner, spike-in RNAs may 

improve the identification and dynamic analysis of gene expression patterns in germinating 

and outgrowing bacterial spores. 

6.2 The minimal set of proteins in a dormant spore 

The complex life cycle of Bacillus subtilis, with a certain emphasis on the processes of 

sporulation and spore maturation, offers many clues for understanding the readiness of spores 
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for successful germination. Spore development starts at the end of the exponential growth 

phase and it is characterized by different morphological changes and sequential molecular 

rearrangements28. The genetic interplay that occurs during this whole process is controlled by 

four special sigma factor regulators - σK, σE in the mother cell and σG, σF in the forespore. In 

addition, all the proteins needed for the germination necessarily have to be pre-synthesized 

before attaining dormancy28,29. This macromolecular machinery, in turn, helps the dormant 

spores to become resistant and prepares them for survival in harsh environments. It is generally 

accepted that spores deploy complete metabolic dormancy when they have matured and freely 

occur in the environment30. Only storing spores in spent sporulation medium in the laboratory 

seems to allow for some metabolism of endogenous compounds31. Notably, there is only one 

report till date, that aims at the identification of the minimal set of sporulation genes, i.e. the 

genes that are sufficient to produce dormant, resistant spores, in bacilli and clostridia32. In 

Chapter 3, we describe that, not only the spore specific proteins such as SASPs, coat proteins 

and cortex lytic enzymes, but also the ribosomal proteins, metabolic enzymes, cytoplasmic 

proteins and other housekeeping gene products shared between the spores and cells are likely 

to constitute the minimal set of spore proteins that are functionally linked to its survival. 

Evidently, some of the proteins that we have observed to be spore associated may also be 

fortuitously present in a spore as it is known that a GFP reporter protein that is expressed before 

asymmetric septation starts in B. subtilis, can end up in mature spores33. Mutant analyses will 

have to be performed to disentangle correlation from causal relationships.  

6.2.1 The transcriptional and translational apparatus in a dormant spore 

DNA and RNA polymerases, the main components required for transcription initiation are 

present in spores34,35. In our study, we find that, compared to their levels in the vegetative cells, 

the levels of the transcription associated proteins in the spores are in the following order: σD > 

RNA polymerase omega (RpoZ) > DNA polymerase I (PolA) > σA and RNA polymerase delta 

(RpoE) > RNA polymerase subunits (RpoA, B, C) (Supplementary Table 6.1, Chapter 3). 

For an outgrowing cell, chemotaxis and motility are both important aspects. Thus, it is fitting 

to find σD (unfortunately only one replicate) in such high levels along with sigma A, the 

household sigma factor. Conversely, the stress response regulator σB and σH required during 

stationary phase transition are present in negligible amounts, if any. As with other living 

species, the primary components of a spore’s translational machinery include mRNAs, tRNAs, 

aminoacyl tRNA-synthetases and ribosomes. The ribosomes and the nucleic acid components 

of the log-phase cells and spores are said to be similar in their physicochemical properties and 
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their 50s/30s composition36-38. In addition, ribosomal components isolated from spores of B. 

cereus have been proven to be active in vitro39. Furthermore, since the synthesis of ribosomes 

requires a vast amount of energy and since they are further involved in cell proliferation, the 

activity and/or intracellular levels of ribosomes are generally agreed to be tightly regulated at 

different stages of cell cycle38,40. In sporulating cells, the synthesis of mRNA, to which the 

ribosomes bind, and the synthesis of rRNA, are said to be continuous but to a lesser extent than 

during vegetative growth41 The mRNAs are reported to be synthesised throughout germination 

of B. subtilis spores42. Apart from a recent study, that proposed the absolute number of mRNA 

nucleotides, present in a spore to be approximately 106, defining an exact number of mRNAs 

in spores has been challenging even with the available state-of-the art technological platforms. 

Yet, the few studies focussing on the mRNA profiles of dormant and germinating B. subtilis 

spores have concluded that there are 2520, 36915 and 4621 mRNAs present in the dormant spores. 

In our study (Chapter 4), we find this number to be 37. With respect to the tRNAs in the 

dormant B. subtilis spores, their levels are said to be similar to those in vegetative cells43-45 and 

the expression of tRNA synthetases is reported to increase during forespore formation, likely 

to equip the spore with all tRNAs necessary for future germination. Active tRNAs genes and 

aminoacyl tRNA synthetase have also been obtained from B. subtilis spores46. Although some 

tRNA genes are correlated with their associating rRNA genes, the transcription status for 

individual tRNAs during sporulation remains  ill explored since the early nineteen nineties47. 

In the spore proteome of B. subtilis, we have successfully quantified chaperones such as trigger 

factor (Tig), DnaK, GroL, GroS, DnaJ and a few other copper chaperones that are required for 

efficient protein folding (Chapter 3). The role of  chaperones in protein folding and their 

association with ribosomes during protein synthesis has extensively been studied in E. coli48. 

Also, in Streptomyces granticolor germination, the dormant spore proteins are shown to be 

hydrated rapidly and folded to their active conformation by molecular chaperones49. In 

addition, phosphorylation of chaperones (e.g. DnaK50,51) is said to be stimulated during heat 

activation, which we hypothesize in Bacillus subtilis might improve the binding to proteins 

during for instance early stages of spore outgrowth. Actual experiments to test this hypothesis 

are yet to be performed. Summarizing, although we have not studied the ribosomal or any other 

enzyme activities in our research, our data are in agreement with previous reports on the spore’s 

transcriptional makeup.  We show that the proteins of the spore’s translational apparatus as 

well as those belonging to the classes of chaperones, rRNA and tRNA binding, rRNA 

processing and more, are the same proteins that are also used by the vegetative cells (Table 

3.2, Figure 3.2). 
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6.2.2 Peptidoglycan and fatty acid biosynthesis 

Similar to transcription and translation, peptidoglycan biosynthesis is also necessary for a 

germinating spore in order to synthesize cell wall material to sustain cell elongation. We have 

identified many proteins involved in peptidoglycan biosynthesis in the spore proteome. Except 

for MurAA, the first enzyme in peptidoglycan biosynthesis, successive enzymes involved in 

UDP-MurNAc-pentapeptide precursor formation are, according to our data, present in spores 

at levels of about 20% of those in the vegetative cells. This observation is corroborated by the 

fact that expression of murAA ceases and the protein MurAA is degraded (by ClpCP protease) 

after the cells enter the stationary phase52. It is plausible that cortex hydrolysis during 

germination may provide N-acetylglucosamine (NAG) fragments53 that are used as precursors 

for early peptidoglycan synthesis by the ‘Mur’ enzymes that are already present in the dormant 

spores. Clearly new cell envelope biogenesis also needs, next to new wall synthesis also new 

plasma membrane synthesis. Fatty acids are evidently essential components of the membrane 

required to maintain its proper function. Therefore it is not unexpected to identify in dormant 

spores proteins involved in the initiation of fatty acid synthesis (e.g. AccA,AccB, FabD and 

FabH), elongation cycle (e.g. FabF, FabG) and synthesis of branched chain fatty acids (e.g. 

Branched chain alpha ketoacid dehydrogenase complex (BCKAD)). These enzymes may play 

a role in initiating fatty acid synthesis during the initial stages of outgrowth as may be inferred 

from original data obtained nearly 45 years ago in B. thuringiensis54.  

6.2.3 Cell division 

Once, the spore germination is complete and the spore is progressing through outgrowth, the 

cell division apparatus or the ‘divisome’55 must be assembled. A previous study for Min protein 

localization during Bacillus subtilis germination has demonstrated the presence of MinD and 

DivIVA at a significant levels in a dormant spore and both MinD and DivIVA to localize to 

the cell poles immediately upon their appearance during spore outgrowth prior to cytokinesis56. 

In our data, among the cell division proteins, only MinD and FtsH are identified and quantified 

in the spore proteome. Although the levels of DivIVA in spores differ 10 times from the 

previous estimates56, it is remarkable that the levels of MinD in dormant spores obtained in our 

study are the same (~10%) as those estimated previously56.  

6.3 Metabolism of a germinating spore 
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Since the last few decades it has been shown that, the transcriptional machinery of the spore 

gets activated within a few minutes of germination57. In addition to that, the spore mRNA 

reserve is believed to be degraded in order to supply ribonucleotides for the new RNA synthesis 

during early outgrowth15,58. However, as discussed briefly in Chapter 5 the question regarding 

the initiation of protein synthesis in a germinating spore was until recently still unsettled. 

Transcription as well as translation are both energy-driven processes but, importantly, spores 

are reported to possess negligible amounts of ATP, if any31,59. Concurrently, the levels of NAD 

and NADP are high in dormant spores and NADH and NADPH are suggested to accumulate 

during germination60. These facts indicate that during spore awaking the enzymatic reactions 

that essentially consume NAD or NADP are employed along with the production of ATP. In 

other words, at least glycolysis seems essential for energy production.  

Our results (Chapter 3 & 4) show that the proteins involved in the glycolysis and pentose 

phosphate pathways and in the production of their precursor metabolites are already present in 

the dormant spores. Previous work has suggested a role of the pentose phosphate pathway in 

spore germination61,62 and the extreme high levels of glucose dehydrogenase (Gdh, Figure 6.1) 

in dormant spores as observed in our study, are in line with these propositions63. Conversely, 

only a few reactions from the TCA can be carried out as the spore germinates64 (Figure 6.1). 

Strikingly, the levels of malic enzyme MalS are very high in spores and other malic enzymes 

YtsJ, YqkJ are present at relatively low amounts. Malic enzymes function in the 

interconversion of malate to pyruvate. Notably, pyruvate can also be formed via glycolysis. 

Therefore, 3PGA (a metabolite from glycolysis present in spores59) and malate (a metabolite 

from the TCA cycle) both are suggested to function as the energy source during germination6,65. 

Although, the presence of malate in dormant spores is debatable6,66 our data suggests that the 

enzyme fumarase (FumC), involved in formation of malate from fumarate, is present in the 

spores. This suggests that the formation of malate during spore germination is feasible. Since 

no reports about the presence of fumarate in the spore are available, we speculate that the 

fumarate required for this reaction can be obtained from the catabolism of aspartate (Fig. 6.2) 

made available due to proteolysis, especially of SASPs, in the early phases of germination. The 

3PGA catabolism yields pyruvate which, however, cannot be metabolized further via the TCA 

cycle as spores are devoid of crucial TCA cycle enzymes. Hence, pyruvate will either be 

channelled into the production of malate (again by malic enzymes), acetoin, lactate or acetate 

as well as fatty acid synthesis via acetyl-CoA. However, the proteins AlsS & AlsD involved in 

acetoin synthesis are absent in spores (Figure 6.1) and in accordance research in the past 50 

years has never reported acetoin to be produced during germination64. Lactate levels are also 
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reported to be low in a germinating spore64,66. Interestingly, germinating spores secrete high 

levels of acetate20,64. Acetate production is a well-known feature of Bacillus subtilis and 

suggested to be profitable for the organism due to the substrate-level phosphorylation involved 

in the process67. In our data we find that the enzymes responsible for acetate production are 

present in spores (Figure 6.1).The pKa's of malate and acetate are ~3.5 and 5 while the 

intracellular pH of spore (pHi of the core) is ~668 therefore the production of both, malate and 

acetate, will lead to acidification of the intracellular environment. To generate a proton-motive 

force during germination, the pH of the spore must increase. Plausibly this can be achieved via 

hydration of the core or via ethanol formation by the enzyme alcohol dehydrogenase (AdhB) 

which is also present in high abundance in spores (Figure 6.1). Summarizing, we suggests that, 

upon triggering germination, a dormant spore may generate energy in the form of ATP and 

reduction equivalents NAD(P)H via glycolysis, the pentose phosphate pathway, pyruvate to 

malate interconversion and via acetate production (Figure 6.1). 

6.3.1 Metabolism of amino acids 

The presence of pools of glutamate, arginine and lysine in dormant spores has been shown 

previously 69. Given the sequence of SASPs, their degradation appears to be a smart choice for 

the spore. Catabolism of SASPs will liberate high amounts of asparagine, glutamine, alanine, 

aspartate and glutamate. Interestingly, alanine can be converted to pyruvate via a 

dehydrogenation reaction (Figure 6.2). In fact, our data show that the mRNA and protein levels 

of the alanine dehydrogenase (Ald) increase rapidly (Chapter 4) upon spore rehydration. 

Asparagine and aspartate can be interconverted by the enzyme asparagine synthetase (AsnO) 

and aspartate can be metabolised into fumarate by the aspartate ammonia-lyase (AnsB) present 

in spores. Aspartate can also potentially contribute to the formation of other amino acids 

(Figure 6.2) and play a role in peptidoglycan biosynthesis by producing meso-2,6-

diaminopimelate. Similarly, glutamate can either link to the TCA cycle through the formation 

of 2-oxoglutarate or can be involved in nitrogen metabolism. The glutamine made available 

from SASPs can either lead to the formation of D-glucosamine-6-phosphate thereby leading to 

amino sugar metabolism or it can branch out and lead to purine metabolism (Figure 6.2). Thus, 

the amino acids, either released upon SASP breakdown or present as a reservoir, can contribute 

to future protein synthesis as well as to other cellular processes. 

6.4 Outlook 
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Advances in transcriptomics, proteomics, and metabolomics can help to generate large amounts 

of data that can reveal critical components of dynamic biological system such as the 

germinating and outgrowing bacterial spores. In this thesis, we have approached various 

aspects of the dormant as well as the metabolically dynamic germinating and outgrowing spore 

and have tried to deduce the molecular mechanistic strategies that are deployed during these 

processes. Further analysis of the activity and the levels of the genes, proteins and metabolites 

generated via biochemical pathways that are latent in these tough cellular entities needs a more 

targeted investigation, especially at the point at which spore dormancy is broken70. There are 

still many genes and proteins with unknown functions, which may play critical role in spore 

physiology as well as germination. This data may serve as an input for the development of 

mathematical models of the germination and outgrowth processes, thereby providing ways to 

tackle spore heterogeneity. It will be interesting to check the activity of different pathway 

enzymes present in spores as compared to the vegetative cells. In addition, determination of 

the half-life of spore transcripts will give insights into the initiation of translation during early 

outgrowth. 
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Figure 6.1. Visualization of proteins from dormant spores of Bacillus subtilis mapped in a 

simplified metabolic network of carbon metabolism. Proteins in grey are identified only in one replica 

therefore not quantified. 
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Figure 6.2 Visualization of proteins from dormant spores of Bacillus subtilis mapped in a 

simplified amino acid metabolism pathways. Proteins in blue are shared proteins (between spores and 

cells), in orange are vegetative cell predominant, in black are identified only in one replica therefore not quantified 

and those in red are not identified. 
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Summary 

Bacterial spores, being one of the major contaminants encountered in the food industry, are of 

significant research interest for years. Spore forming bacteria are found among the bacilli and 

clostridia and include both harmless organisms that mainly cause spoilage as well as more or 

less severe pathogens. The spores are the ultimate survival structures enabling them to 

withstand extreme environmental conditions, with a possibility of revival within minutes upon 

germination causing food spoilage. Vegetative cells emerging from the spores of pathogenic 

species can additionally pose health risks and since germination itself is a highly heterogeneous 

process, it is challenging to attain microbial safety via the routine sterilization regimes of food 

and medical sectors. Therefore, the aspects of spore survival and revival are scientifically 

important in microbiology research.  

Chapter 1 gives a brief overview about sporulation, spore structure, spore dormancy and spore 

germination. Different steps involved in spore germination such as activation, commitment, 

uptake and release of small molecules, ions and macromolecular biosynthesis are described. 

The topic concludes with a discussion about the need to monitor dynamics in gene expression 

and protein synthesis during spore germination and outgrowth. Different proteinaceous layers 

of spore contribute to its resistance properties. Proteins are also the key players in sporulation, 

germination as well as in pathogenesis. Therefore, to understand the mechanisms behind these 

processes study of spore proteins is of utmost importance.  For comprehensive analysis of spore 

samples, Chapter 2 describes a simple, robust in-solution digestion method. This ‘One-pot’ 

sample processing method with ZIC-HILIC peptide pre-fractionation and reverse phase LC-

MS/MS is developed as an effective technique for the mass spectrometric analysis of complex 

protein assemblies in spores of bacilli and clostridia. The analyses have resulted in 

identifications of more than 1000 proteins in either Bacillus subtilis, Bacillus cereus and 

Clostridioides difficile (also known as Peptoclostridium difficile) with high confidence. Listed 

molecular masses, pI’s and GRAVY hydrophobicities contribute to the understanding of 

physico-chemical properties of spore proteins. Potential immunogenic peptides and putative 

targets for germination studies are discussed. The developed method can also be extended for 

proteome-wide analysis of non-spore forming bacteria.  

Completion of germination and outgrowth of a spore leads to formation of a vegetative cell. A 

proteome comparison of vegetative cells and spores described in Chapter 3 reveals 

information about the predecessor proteins that may have important function in this phenotypic 

transition. Using 15N-metabolic labelling, very accurate protein ratios between vegetative cells 

and spores are mass spectrometrically resolved.  The results lead to a putative minimal set of 

proteins present in spores. With about 60% proteome being conserved between the two 

morphotypes, the proteins involved in phosphotransferase system (PTS), amino acid 

biosynthesis, some transporters as well as certain proteases and peptidases show large 

differences in their levels between the two morphotypes. Interestingly, the enzymes involved 

in glycolysis and pentose phosphate pathway are present in the spores, whereas the enzymes 

from tricarboxylic acid (TCA) cycle are nearly absent with exception of the malic enzymes. 

Particularly, the enzyme MalS is highly abundant in the spores.  
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When spores germinates, the core set of proteins assists triggering of the transcriptional and 

translational apparatus. The processes that take place during this transition are not completely 

understood. An integrative analysis of the dynamics of the transcriptome and proteome of 

germinating spores is described in Chapter 4. The results contribute to the understanding of 

the planning and execution of these crucial developmental steps. During initial phase of 

germination, nucleotides and amino acids are required for the new synthesis of mRNA and 

proteins. In dormant spores, 36 transcripts are identified as potential source of these nucleotides 

and during germination 173 proteins appear to degrade and thereby provide recycled amino 

acids to the reviving spore. During initial phase of germination, 3152 differentially expressed 

genes and only 323 differentially expressed proteins are identified and quantified throughout 

germination and outgrowth. Importantly, no protein synthesis is detected in a dormant spore 

and SILACLysine incorporation into newly synthesized proteins show that the de novo protein 

synthesis begins after few minutes of phase transition. After the initial phase of germination, 

the next wave of protein synthesis is propelled during the outgrowth stage where proteins are 

synthesized for completing the transition to vegetative cells and to enable cell division. The 

molecular role of heat activation and dynamic interplay of mRNA and proteins during phase 

transitioning remain the topic of further research. 

In order to confirm the absence of protein synthesis in dormant spores and to determine a 

linkage between spore maturation and MalS expression during spore germination, the 

expression of MalS-GFP fusion protein (Bacillus subtilis strain AR71) during the early stages 

of germination is analysed using biochemical and single cell live-imaging approaches as 

described in Chapter 5. It appears that sporulation conditions and the spore maturation period 

does not affect the expression of MalS-GFP and thereby protein synthesis during spore 

germination. 

In Chapter 6, the experimental results described in the previous chapters together with 

complementary approaches that are suitable for time-resolved proteome and transcriptome 

analysis are evaluated. Characteristic proteomic features of a dormant spore that is ready to 

germinate and grow out as a vegetative cell are discussed. 

The studies of the dormant, germinating and outgrowing Bacillus subtilis spore described in 

this thesis have gained insight in the putative core set of proteins and mRNA transcripts in a 

dormant spore and in the changes in their expression patterns as the spore germinates. Yet a 

large number of involved proteins remain uncharacterized. Further insight in the molecular 

details of germination is obtained by monitoring of transcriptome and proteome under varying 

sporulation and germination conditions. Finally, the data compiled in this thesis may provide 

an input for mathematical models for spore germination and outgrowth.  

 



Samenvatting 

Bacteriesporen, als een van de belangrijkste besmettingen die worden aangetroffen in de 

voedingsindustrie, zijn al jarenlang van aanzienlijk onderzoeksbelang. De gram-positieve 

bacteriën zoals bacilli en clostridia vormen sporen als ultieme overlevingsstrategie waardoor 

ze kunnen overleven in extreme omgevingscondities, met de mogelijkheid van wederopleving 

binnen enkele minuten na ontkieming. Vegetatieve cellen die voortkomen uit de sporen, 

kunnen gezondheidsrisico's opleveren en aangezien kieming zelf een zeer heterogeen proces 

is, is het een uitdaging om microbiële veiligheid te verkrijgen via de routinematige 

sterilisatieregimes van de voedsel- en medische sector. Daarom zijn de eigenschappen van 

sporeoverleving en ontkieming wetenschappelijk van belang in microbiologisch onderzoek. 

Hoofdstuk 1 geeft een kort overzicht van sporulatie, sporenstructuur, sporensluimer en 

sporenontkieming. De verschillende stappen die betrokken zijn bij de kieming van sporen zoals 

activering, inzet, opname en afgifte van kleine moleculen, ionen en macromoleculaire 

biosynthese zijn beschreven. Het overzicht is besloten met een discussie over de noodzaak om 

de dynamiek in genexpressie en eiwitsynthese tijdens de kieming en uitgroei van sporen te 

volgen. Verschillende proteïneachtige lagen dragen bij aan de weerstandseigenschappen van 

de sporen. Eiwitten zijn ook de belangrijkste spelers in sporulatie, kieming en pathogenese. 

Om de mechanismen achter deze processen te begrijpen, is de studie van spore-eiwitten daarom 

van het allergrootste belang.  

Voor omvangrijke analyses van sporenmonsters beschrijft Hoofdstuk 2 een eenvoudige, 

robuuste in-oplossing digestiemethode. Een ‘Een-pots’ monsterverwerkingsmethode met ZIC-

HILIC peptide-voorfractionering en reverse phase LC-MS / MS is ontwikkeld als een effective 

techniek voor de massaspectrometrische analyse van complexe eiwitassemblages in sporen van 

bacilli en clostridia. De analyses hebben geresulteerd in identificaties van meer dan 1000 

eiwitten in zowel Bacillus subtilis, Bacillus cereus en Clostridioides difficile (ook bekend als 

Peptoclostridium difficile) met grote zekerheid. De vermelde moleculaire massa’s, pI’s en 

GRAVY hydrofobiciteiten dragen bij aan het inzicht  in de fysisch-chemische eigenschappen 

van sporeneiwitten. De potentiële immunogene peptiden en vermeende targets voor 

kiemingsstudies zijn bediscussieerd. De ontwikkelde methode kan ook worden uitgebreid voor 

proteoom-brede analyses van niet-sporenvormende bacteriën. 

Voltooiing van ontkieming en uitgroei van een spoor leidt tot de vorming van een vegetatieve 

cel. De proteoomvergelijking van vegetatieve cellen en sporen beschreven in Hoofdstuk 3 

geeft informatie over voorganger eiwitten die een belangrijke functie kunnen hebben in deze 

fenotypische overgang. Met behulp van 15N-metabole labeling zijn zeer nauwkeurige 

eiwitverhoudingen tussen vegetatieve cellen en sporen massaspectrometrisch bepaald. De 

resultaten leiden tot een vermeende minimale set eiwitten die aanwezig is in sporen. Met ca 

60% proteoom geconserveerd tussen de twee morfotypes, tonen die eiwitten die betrokken zijn 

bij fosfotransferase-systeem (PTS), aminozuur biosynthese, sommige transporters evenals 

bepaalde proteasen en peptidasen, grote verschillen in hun niveaus tussen de twee morfotypes. 

Interessant is dat de enzymen die betrokken zijn bij glycolyse en pentosefosfaatroute aanwezig 

zijn in de sporen, terwijl de enzymen uit tricarbonzuur (TCA) cyclus bijna afwezig zijn met 

uitzondering van de malic enzymen. Uitzonderlijk is het enzym MalS zeer abondant in de 

sporen. 
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Wanneer sporen ontkiemen, ondersteund de eiwit core-set het triggeren van de transcriptie en 

translatie machinerie. De processen die plaatsvinden tijdens deze overgang zijn niet volledig 

begrepen. Een geintegreerde analyse van de dynamiek van het transcriptoom en het proteoom 

van kiemende sporen is beschreven in Hoofdstuk 4. De resultaten dragen bij tot het begrip van 

de planning en uitvoering van deze cruciale ontwikkelingsstappen. Tijdens de eerste fase van 

kieming zijn nucleotiden en aminozuren vereist voor de nieuwe synthese van mRNA en 

eiwitten. In slapende sporen zijn 36 transcripten geïdentificeerd als potentiële bron van deze 

nucleotiden en tijdens ontkieming blijken 173 proteïnen te degraderen en bieden zo 

gerecycleerde aminozuren aan de ontkiemende spoor. Tijdens de initiële fase van kieming zijn 

3152 differentieel tot expressie gebrachte genen waargenomen.  Slechts 323 differentieel tot 

expressie gebrachte eiwitten zijn geïdentificeerd en gekwantificeerd gedurende kieming en 

uitgroei. Van belang  is dat geen eiwitsynthese is gedetecteerd in een slapende spore en dat 

incorporatie van SILACLysine in nieuw gesynthetiseerde eiwitten aantoont dat de de novo 

eiwitsynthese enkele minuten na de faseovergang begint. Na de eerste fase van ontkieming 

volgt de volgende golf van eiwitsynthese tijdens het uitgroeistadium waarbij eiwitten worden 

gesynthetiseerd voor het voltooien van de overgang naar vegetatieve cellen en om celdeling 

mogelijk te maken. De moleculaire rol van warmte-activering en dynamisch samenspel van 

mRNA en eiwitten tijdens de fase-overgang blijft een onderwerp van verder onderzoek. 

Om de afwezigheid van eiwitsynthese in slapende sporen te bevestigen en om te een verband 

aan te tonen tussen spore-maturatie en MalS-expressie tijdens sporeontkieming, is de expressie 

van MalS-GFP-fusie-eiwit (Bacillus subtilis-stam AR71) geanalyseerd tijdens de vroege stadia 

van kieming met behulp van biochemische en single cell live-imaging, zoals beschreven in 

Hoofdstuk 5. Het blijkt dat sporulatie-omstandigheden en spore-maturatie geen invloed 

hebben op de expressie van MalS-GFP, en dus op de eiwitsynthese tijdens sporeontkieming. 

In Hoofdstuk 6 zijn de experimentele resultaten beschreven in de voorgaande hoofdstukken, 

samen met complementaire benaderingen die geschikt zijn voor tijd-opgeloste proteoom- en 

transcriptoomanalyse, geëvalueerd. Proteoomkenmerken van een slapende sporen die op het 

punt staan te ontkiemen en uit te groeien als een vegetatieve cel zijn besproken. 

De beschreven studies in dit proefschrift over de slapende, ontkiemende en uitgroeiende 

Bacillus subtilis sporen hebben het inzicht verbeterd in de kernset van eiwitten en mRNA-

transcripten in slapende sporen en in de veranderingen in hun expressiepatronen wanneer de 

sporen ontkiemen. Er zijn nog steeds een groot aantal betrokken eiwitten niet 

gekarakteriseerd.Verder inzicht in de moleculaire details van kieming kan worden verkregen 

door het transcriptoom en het proteoom te monitoren onder variërende sporulatie- en 

ontkiemingsomstandigheden. Ten slotte kunnen de gegevens die in dit proefschrift zijn 

verzameld input zijn voor wiskundige modellen voor sporeontkieming en uitgroei. 



साराांश 

अत्यांत प्रततकूल वातावरणात जीतवत आणण अप्रभातवत राहणारे अांतर्बीजाणु हे खाद्य उत्पादनप्रतियाांसाठी एक प्रमुख 

अडसर असतात आणण म्हणूनच वर्ाानुवर्े त्याांच्यावर सां शोधन सुरु आहे. र्बीजाणू तयार करणाऱ्या णजवाणूपैकी रॅ्बणसलस 

आणण क्लॉणरितडयम हे जीवाणू अन्न खरार्ब करण्याच्या प्रतियेत सहभागी असतात आणण अश्या दतूर्त अन्नाद्वारे होणाऱ्या 

व्याधी ांसाठी कारणीभूत ठरतात. सुप्तावस्थेतील हे र्बीजाणू अनुकूल पररस्थस्थती मध्ये काही क्षणातच अांकुरतात आणण 

पुनरुज्जीवीत होऊन अन्न दतूर्त करण्याचे काम सुरु करतात. ह्या र्बीजाणूां पासून तयार होणाऱ्या रॅ्बके्टररयाच्या पेशी  

आरोग्यासाठी हातनकारक असतात. अांकुरण्याची प्रतिया तह अततशय तवर्म असल्यामुळे खाद्य आणण वैद्यकीय क्षेत्रात 

वापरण्यात येणाऱ्या तनजंतुकीकरणाच्या पद्धती अपुऱ्या पडतात आणण अशा घातक सूक्ष्मणजवाणूां पासून सां रक्षण तमळवणे 

त्यामुळे आव्हानात्मक ठरते. म्हणून, प्रततकूल पररस्थस्थतीत तग धरून णजवां त राहण्याच्या आणण अनुकूल पररस्थस्थतीमध्य े

पुनरुज्जीवीत होण्याच्या र्बीजाणूांच्या या क्षमतेला सूक्ष्मजीवशास्त्र सां शोधनात खूप महत्व आहे. 

प्रकरण १ मध्ये तर्बजाणूजनन, र्बीजाणूची रचना, र्बीजाणूांची सुप्तावस्था आणण तर्बजाणूचे अांकुरण अथवा पुनरुज्जीवन ह्या 

तवर्यी थोडक्यात मातहती तदली आहे. सतियण, प्रततर्बद्धता, लहान रेणू व आयन याांचे उद्ग्रहण तसेच मुक्तता आणण 

र्बृहत रेणूांचे जैव-सां शे्लर्ण अश्या र्बीजाणू पुनरुज्जीवन प्रतियेतील तवतवध टप्प्ाांची मातहती देखील या प्रकरणात तदली 

आहे. पुनरुज्जीवनाच्यावेळी होणारी जीन-अणभव्यक्ती आणण प्रणथन सां शे्लर्ण याांचा अभ्यास करण्यामागची तनकड इथे 

स्पष्ट करण्यात आली आहे. पूवासां शोधनातील तनष्कर्ांनुसार तर्बजाणूजनन, अांकुरण तसेच र्बीजाणूांच्या रचनेसाठी अनेक 

तवतवध प्रणथने महत्वाची असतात. त्यामुळे ह्या प्रतियाांचा सखोल अभ्यास करण्यासाठी र्बीजाणूां मधील प्रणथनाांचा अभ्यास 

करणे अत्यावश्यक आहे. र्बीजाणूांचा सवासमावेशक अभ्यास करण्यासाठी सो्ा व तनकोप असणाऱ्या द्रावण-पचन 

पद्धतीचे प्रकरण २ मध्ये वणान केले आहे. तद्वध्रवुीय आयन आणण जलापकतर्ा अन्योन्यतियेमुळे घडणाऱ्या पूवा-

खां डीभवनानांतर पेप्टाइडचे उलटप्रावस्था-द्रव्यवणालेखन आणण द्रव्यमान वणापटमापन करून रॅ्बणसलाय आणण क्लॉणरिडीया 

याांच्या र्बीजाणूां मधील प्रणथन सां कुलाांचा अभ्यास या 'एक-पात्री' पद्धतीमधून करता येतो. या प्रकरणातील तवशे्लर्णानुसार 

रॅ्बणसलस सस्थटटलीस, रॅ्बणसलस णसरीयस आणण क्लॉणरिडीऑय्डीस (अथवा पेप्टोक्लॉणरिडीयम) तडतिणसल याांच्या 

णजवाणूां मध्ये १००० हुन अणधक प्रणथने या अभ्यासात आढळून आली आहेत. रेण ूवस्तुमान, समतवद्युत तर्बांद ुआणण ग्राव्ही 

तनदेशाांकाांवरून या प्रणथनाांच्या भौततक आणण रासायतनक गुणधमांचे आकलन होण्यास मदत होते. पुनरुज्जीवनासाठी 

महत्वाची प्रणथने आणण सां भाव्य प्रततजनी पेप्टाइड देखील या प्रकरणात अधोरेणखत करण्यात आली आहेत. ह्या 'एक-

पात्री' पद्धतीचा वापर र्बीजाणू तयार न करणाऱ्या णजवाणूांच्या सां पूणा प्रणथन सां रचनेच्या अभ्यासासाठी देखील करता 

येईल. 

अांकुरण आणण उद्वधान प्रतियाांमध्ये र्बीजाणूपासून पेशी तयार होते. प्रकरण ३ मध्ये पेशी आणण र्बीजाणूां मधील प्रणथनाांच्या 

अभ्यासावरून या दृश्यप्ररुप सांिमणासाठी कारणीभूत ठरू शकणाऱ्या पूवावती प्रणथनाांचा र्बोध होतो. नायटिोजन-१५ चा 

वापर करून आणण द्रव्यमान वणापटमापनावरून र्बीजाणू व पेशी ांमधील प्रणथनाांचे अचूक गुणोत्तर या प्रकरणात तदले आहे. 

या अभ्यासावरून असे तनदशानास येते की तकमान ६०% प्रणथने ही र्बीजाणू व पेशी या दोन्ही पेशी प्रकाराांमध्ये सामातयक 

आहेत परांतु त्याांच्या पातळयाांमध्ये तिावत आढळते. याांमध्ये िॉस्फोटिान्सिरेज यां त्रणेमध्ये सिीय आणण अतमनोआम्ल 

सां शे्लर्णामध्ये कायारत असणारी प्रणथने, तसेच काही पररवाहक प्रणथने आणण काही तवणशष्ट प्रोतटएज व पेप्टीडेज तवकराांचा 

समावेश होतो. एक लक्षवेधी र्बार्ब म्हणजे ग्लायकोणलसीस आणण पेंटोज िॉसे्फट चिामध्ये आढळून येणारी तवकरे 
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र्बीजाणूां मध्ये असतात, परांतु मॅणलक तवकराांचा अपवाद वगळता इतर टिायकार्बोस्थिणलक ऍणसड चिासाठी उपयोगी 

तवकरे जवळ जवळ अनुपस्थस्थतच असतात. तवशेर्तः MalS हे तवकर र्बीजाणूां मध्ये तवपुल प्रमाणात आढळते. 

तर्बजाणूचे अांकुरण होताना, र्बीजाणूांच्या गाभ्यामध्ये असणारी प्रणथने जीन-प्रततलेखन आणण भार्ाांतरण यां त्रणा कायाान्वीत 

होण्यास प्रवताक ठरतात. ह्या पेशी-सां िमण तियेचे आकलन होण्यासाठी जीन-प्रततलेखन आणण भार्ाांतरण प्रतियेच े

एकात्मकारी तवशे्लर्ण प्रकरण ४ मध्ये केले आहे. या सां शोधनातील तनष्कर्ा हे पेशी-सां िमण तनयोजनाच्या आणण 

अांमलर्बजावणीच्या आकलनासाठी उपयोगी आहेत. र्बीजाणू पुनरुज्जीवनाच्या प्रारांणभक टप्प्ात, सां देशवाही-RNA 

आणण प्रणथनाांच्या सां शे्लर्णासाठी नू्यस्थक्लयोटाइड्स आणण अतमनो आम्लाांची गरज भासते. सुप्त अवस्थेतील र्बीजाणूां मध्ये 

३६ सां देशवाही-RNA टिान्सतिप्पस आणण पुनरुज्जीवन प्रतियेत नाहीशी होणारी अशी १७३ प्रणथने सापडली आहेत. 

अांकुरणाऱ्या र्बीजाणूसाठी, प्राथतमक टप्प्ात, ही टिान्सतिप्पस व प्रणथने अनुिमे नू्यस्थक्लयोटाइड्स आणण अतमनो आम्लाांचा 

सां भाव्य साठा ठरू शकतात. याव्यततररक्त सुमारे ३१२५ टिान्सतिप्पस आणण केवळ ३२३ प्रणथने पुनरुज्जीवनाच्या सां पूणा 

प्रतियेमध्ये तवभेतदतपणे व्यक्त होताना तदसतात. महत्वाचे म्हणजे सुप्तावस्थेतील र्बीजाणूां मध्ये प्रणथनाांचे सां शे्लर्ण होत 

नाही आणण नव्याने तयार होणाऱ्या प्रणथनाांमध्ये SILACलायणसन चा समावेश प्रावस्था सांिमणानांतर काही तमतनटातच 

होताना तदसतो. तसेच पेशीत रूपाांतर होण्याच्या या प्रतियेतील र्बहुताांश प्रणथनाांची तनतमाती ही उद्वधा अवस्थेमध्ये होताना 

तदसते. परांतु प्रयोगशाळेत केले जाणारे तर्बजाणूां चे औस्थिक सतियण तसेच तर्बजाणूां मधील सां देशवाही-RNA आणण 

प्रणथने याांच्यातील गततशील अन्योन्यतिया याांचा या प्रावस्था सां िमणामधील सहभागातवर्यी भतवष्यात सां शोधन होणे 

गरजेचे आहे.  

MalS-जीन अणभव्यक्ती आणण र्बीजाणू पक्वतेमधील परस्परसां र्बां धाांवर प्रकाश टाकण्यासाठी तसेच 'पुनरुज्जीवनासाठी 

प्रणथन सां शे्लर्ण आवश्यक नसते' ही र्बार्ब तपासण्यासाठी केलेल्या सां शोधनाचे तवशे्लर्ण प्रकरण ५ मध्ये तदले आहे. 

यासाठी Mals-GFP या एकसां ध प्रणथनाचा वापर केला आहे. ह्या प्रकरणातील तनष्कर्ाानुसार असे तदसून येते तक 

र्बीजाण ूपक्वतेचा MalS-जीन अणभव्यक्तीवर आणण पयाायाने प्रणथन सां शे्लर्णावर पररणाम होत नाही.  

प्रकरण ६ मध्ये आधीच्या प्रकारणाांमधील प्रायोतगक तनष्कर्ांर्बरोर्बरच RNA आणण प्रणथनाांचा अभ्यास करण्यासाठी  

उपलब्ध असणाऱ्या इतर पूरक पयाायाांचे मूल्यमापन केले आहे. या प्रर्बां धामध्ये केलेला रॅ्बणसलस सस्थटटलीस र्बीजाणूां चा 

अभ्यास गाभ्यात असणाऱ्या पूवावती प्रणथनाांवर आणण सां देशवाही-RNA टिान्सतिप्पसवर तसेच र्बीजाणू ते पेशी रूपाांतरण 

प्रतियेमध्ये होणाऱ्या र्बदलाांवर प्रकाश टाकतो. तरीदेखील र्बहुताांश प्रणथनाांची काये सां शोधकाांसाठी अजूनही अनणभज्ञ 

आहेत. या प्रर्बां धातून पुढे आलेली आकडेवारी व तनष्कर्ा यावरून र्बीजाणूजनन आणण अांकुरण ह्या प्रतियाांर्बद्दलचे 

गणणतीय प्रततमान तयार करण्यास मदत होऊ शकेल. 
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