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General Introduction 

1.1. Bacillus subtilis, a spore-forming bacterium of relevance to the food industry 
 Ingredients of many food products are contaminated with spore-forming bacteria. The 
food industry is often confronted with this problem, especially in the manufacturing of soups, 
sauces, and similar savoury products, as well as of dairy products (see e.g. Oomes et al., 
2007, Scheldeman et al., 2006). The ability of bacteria to form highly-resistant endospores 
that can withstand extreme temperatures makes them difficult to control. One extreme, but 
relevant example are the spores from Bacillus sporothermodurans strain IC4 that are able to 
survive 3 min of 131°C of wet-heat (Kort et al., 2005). In fact, complete inactivation of 
bacterial spores is often impossible without altering the quality of the food. In addition, food-
processing techniques may even give spore-formers an advantage over other 
microorganisms, since sub-lethal heat-treatments may promote (activate) germination whilst 
competing species will have been killed during the thermal preservation step (Klijn et al., 
1997). 
 Bacterial spores identified in food products originate from species of the genus 
Clostridium and Bacillus. Clostridia are obligate anaerobes that can cause severe food 
poisoning. For example, vegetative cells of Clostridium botulinum can produce the neurotoxin 
botulinum, the most toxic protein known (Montecucco & Molgo, 2005, Peck, 2006). Another 
well known species of this genus is Clostridium perfringens that can cause food-borne 
gastrointestinal diseases in humans and animals (Miki et al., 2008, Rahmati & Labbe, 2008). 
Compared to Clostridia, the spores of Bacilli are equally, or even significantly more, heat 
resistant (Oomes et al., 2007, van Asselt & Zwietering, 2006). Bacillus anthracis is the most 
notorious species of this genus. Although not commonly found in food, B. anthracis is 
responsible for the production of exotoxins, which cause anthrax in humans and animals 
(Dixon et al., 1999). Bacillus cereus, often found in dairy products can cause both food 
spoilage and more importantly, food poisoning (Huis in 't Veld, 1996). For example, between 
1993 and 1998 B. cereus accounted for 12% of the food-borne disease outbreaks in the 
Netherlands (Stenfors Arnesen et al., 2008). Although Bacillus subtilis rarely causes food 
poisoning, it is a recurrent source of food spoilage and therefore responsible for economical 
losses. For instance, B. subtilis is accountable for rope formation on spoiled bread  (Pepe et 
al., 2003). 
 B. subtilis is commonly found in soil and was first discovered by Christian Gottfried 
Ehrenberg in 1835 who named it Vibrio subtilis (Ehrenberg, 1835). Almost thirty years later, 
Ferdinand Cohn gave it its present name, which means thin rod (Cohn, 1872). As discussed 
above, this Gram-positive bacterium is able to form highly-resistant endospores (Fig. 1.1). 
When B. subtilis strain 168 was generated and identified to be highly competent for natural 
transformation more than fifty years ago, it became significantly easier to genetically 
manipulate this organism (Sonenshein et al., 2002). Consequently, B. subtilis is now by far 
the most studied and best characterized Gram-positive bacterium and became its 
representative as a model organism. The publishing of its complete genome sequence in 
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1997 opened the door for genome-wide studies, using e.g. microarray technology or 
proteomics (Kunst et al., 1997). 
 
1.2. Transcriptional programs and adaptation mechanisms of B. subtilis in response to 
stress and starvation 
 Microorganisms need to sense and adapt to changes (stress) in the environment in order 
to survive. Basically, any change from ideal conditions can be considered as stress. However, 
it is not always easy to define what exactly a ‘stressful’ or ‘ideal’ environment is. For example, 
salt-stressed B. subtilis cells grow slower than non-stressed control cells. Conversely, the 
cells adapted to the salt stress are far more resistant to a future heat-shock than cells that 
were not challenged by the first stress-factor salt (Volker et al., 1999). Here we define stress 
as a factor causing a reduction in the growth rate and/or a decrease in the viability of the 
organism in comparison to a non-stressed control within the time-frame of the experiment. 
Thus, this definition also applies to (nutrient) starvation, yet, for clarity we use both terms. The 
former condition is in literature often referred to as ‘environmental stress’, whereas the latter 
is in many papers referred to as a prime example of ‘energy stress’. 
 When nutrients are depleted or conditions are far from optimal, B. subtilis has highly 
developed adaptation mechanisms that can be switched on in order to survive (Table 1.1). 
The most generic response to various kinds of stresses is called the general stress response. 
The cells induce this SigB-mediated response not only to directly cope with the stress, but 
also to provide cross-protection (discussed in more detail below). Under nutrient limiting and 
high cell density conditions B. subtilis is able to form highly resistant endospores. This 
process, called sporulation, is controlled by master regulator Spo0A (discussed in more detail 
below). The spores will germinate and grow out to vegetative cells when conditions are not 
limiting anymore. 
 
 
 

 

 

 

 

 

 

 

 

 
Fig. 1.1. Phase-contrast microscope picture of B. subtilis cells forming endospores (bright spot inside the 
cell). A released (mature) spore is shown on the right. 
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Table 1.1. Overview of relevant (generic) responses of B. subtilis induced by stress and/or limitations. 
(Generic) response Key regulator Induced by Reviewed in e.g. 

General stress 
response SigB 

energy stress (e.g. glucose-, oxygen-, 
phosphate- starvation, CCCP, azide) 

sudden environmental stress (e.g. NaCl, 
EtOH, low pH, heat, blue light) 

growth at low temp. 

Hecker et al. 
(2007) 

Sporulation Spo0A nutrient starvation & high cell densities Piggot and Hilbert 
(2004) 

Competence ComK nutrient starvation & high cell densities Hamoen et al. 
(2003) 

Stringent response RelA nutrient starvation (e.g. amino acid-, 
glucose-, oxygen- starvation) Ochi (2007) 

Biofilm formation SinR nutrient starvation Lemon et al. 
(2008) 

 
 B. subtilis can develop competence for genetic transformation (reviewed in e.g. Hamoen 
et al., 2003). Competent cells are able to take up exogenous DNA and can incorporate this 
into their own genome. The development of competence is induced by nutrient starvation and 
high cell densities. The induction of competence starts with sensing the excreted pheromones 
ComX and competence-stimulating factor (CSF). Via a complex regulatory network the main 
regulator ComK is then activated and switches on the genes necessary for the development 
of competence (Hamoen et al., 2003). 
 The stringent response is induced under non-growing (nutrient limiting) conditions in order 
to prevent the waste of nutrients by switching off the synthesis of ribosomes and other growth 
related processes, and inducing adaptive responses to nutrient starvation (Ochi, 2007). Most 
studies on the stringent response have been performed with auxotrophic strains that highly 
induce this response under amino acid limiting conditions. The stringent response is mediated 
by RelA, which synthesizes the alarmone (p)ppGpp in response to the binding of uncharged 
tRNA to the ribosome. As a consequence, GTP levels drop, influencing transcription, 
replication and translation. 
 Dense multicellular communities, called biofilms can be formed under nutrient limiting 
conditions (Lemon et al., 2008). In biofilms the cells are held together by a matrix of polymers 
and may appear at the liquid-air interface or on solid surfaces. Cells and spores inside the 
biofilm are better shielded from the environment and therefore show more resistant 
properties. The initiation of biofilms is regulated by SinR, the key repressor of genes essential 
for biofilm formation (Kearns et al., 2005). Activated SinI, through low levels of 
phosphorylated Spo0A, inhibits the repressing function of SinR. 
 Besides the responses shortly discussed, B. subtilis also has other generic responses and 
numerous specific responses induced by specific stresses. These responses will be 
discussed throughout this thesis when appropriate. Here we will discuss in more detail the 
two most relevant responses of B. subtilis towards changes in the environment: the general 
stress response and sporulation. 
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1.2.1. The SigB-mediated general stress response 
 B. subtilis cells respond to a variety of stress and starvation conditions by a strong 
induction of the general stress response (GSR), which is controlled by the transcription factor 
SigB (Hecker et al., 2007, Hecker & Volker, 2001). One of the largest known regulons, the 
regulon of master regulator SigB, is composed of more than 150 genes coding for general 
stress proteins (GSPs) (Petersohn et al., 2001, Price et al., 2001). The majority of SigB-
dependent GSPs have as yet unknown function. The main role of SigB-controlled GSPs is to 
equip the stressed or starved B. subtilis cells with nonspecific, multiple and cross-protective 
stress resistance (Hecker et al., 2007, Hecker & Volker, 2001). For instance, it has been 
shown that starved wild-type B. subtilis cells develop increased resistance to salt stress 
(Volker et al., 1999). 
 The expression of SigB-mediated GSR is tightly controlled. The GSR is inactive in 
exponentially growing cells, while its activation is fast and powerful upon exposure to various 
environmental and nutritional changes (e.g. both high and low temperature, glucose, oxygen 
and phosphate starvation) and different chemical stresses (exposure to salt, ethanol, or 
antibiotics causing cell wall stress such as bacitracin or vancomycin; to mention a few) 
(Hecker et al., 2007). 
 The regulation of the GSR is achieved by controlling the activity of its master regulator 
SigB (Fig. 1.2). SigB is tightly controlled by an intricate signalling cascade, where interactions 
among SigB, the antisigma factor RsbW (Regulator of sigma-b W) and the antagonist RsbV 
occur via reversible phosphorylations (Price, 2002). In exponentially growing cells RsbW 
plays a crucial role in silencing of the SigB-regulon by forming a stable complex with SigB, 
which in turn prohibits SigB from binding to the core enzyme of RNA polymerase (Benson & 
Haldenwang, 1993). Upon exposure to stress, the release of SigB from the RsbW-SigB 
complex is caused by the nonphosphorylated antagonist RsbV. Interestingly, the antisigma 
factor RsbW is also responsible for phosphorylation of the antagonist RsbV, thus ensuring the 
stability of the inactive complex in growing cells (Dufour & Haldenwang, 1994). The 
dephosphorylation of RsbV in stressed cells is accomplished by activation of two 
phosphatases, RsbU and RsbP (discussed below). Dephosphorylated RsbV binds RsbW, 
which then releases SigB. 
 Three signalling pathways lead to activation of SigB (Fig. 1.2). These pathways are 
triggered via three different inputs: energy stress, environmental stress or growth at low 
temperature (Brigulla et al., 2003, Voelker et al., 1995). Here, we discuss the pathways 
activated by energy and environmental stress. The pathway leading to activation of SigB 
regulon caused by growth at low temperature is, until now, very poorly understood. 
 In B. subtillis, energy stress or energy depletion is caused by glucose, phosphate or 
oxygen starvation as well as exposure to azide, nitric oxide (NO), carbonyl cyanide-m-
chlorophenyl hydrazone (CCCP), decoyinine or mycophenolic acid (Hecker et al., 2007).  
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Fig. 1.2. Signal transduction network leading to the activation of the SigB-mediated general stress 
response. (A) Model of the three signalling pathways leading to activation of SigB are induced by: energy 
stress, environmental stress or growth at low temperature. (B) The stressosome of the environmental 
stress pathway. See text for details. Abbreviations: P: phosphate group; L11: ribosomal protein L11; T: 
RsbT; S: RsbS; R: RsbR paralogous proteins RsbRA, RsbRB, RsbRC, RsbRD, and/or YtvA. Picture 
adapted from Hecker et al. (2007). 
 
These energy stress conditions lead to a decrease in the available ATP pool.  ATP depletion 
is thought to be sensed by proteins RsbQ and RsbP (Zhang & Haldenwang, 2005). The 
protein RsbQ is suggested to activate the phosphatase RsbP by providing its essential 
cofactor (Kaneko et al., 2005). RsbP in its active form dephosphorylates RsbV, which leads to 
release of SigB from the inactive RsbW-SigB complex and subsequent induction of SigB-
regulon (Vijay et al., 2000). Additionally, the decreased availability of ATP may block or 
decrease the phosphorylating activity of RsbW that might result in accumulation of 
nonphosphorylated RsbV (Alper et al., 1996, Voelker et al., 1995).  The second proposed 
mechanism via RsbW appears to play only a small part in induction of SigB-regulon as the 
rsbP mutant does not show any activation upon energy stress (Hecker et al., 2007). 
Interestingly, a relA mutant, involved in the stringent response (discussed below) is also 
unable to activate the energy stress pathway (Zhang & Haldenwang, 2003). 
 The known environmental stress stimuli of the B. subtilis SigB-regulon comprise exposure 
to heat or blue light, and treatment with salt, ethanol or acid (low pH) (Hecker et al., 2007). 
The signalling of environmental stresses is relayed to phosphatase RsbU via a complicated 
yet flexible multicomponent protein complex named the stressosome (Delumeau et al., 2006) 
(Fig. 1.2). Recently the molecular architecture of stressosome has been resolved (Marles-
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Wright et al., 2008). In exponentially growing cells the stressosome consists of the antagonist 
RsbS and its paralogs (RsbRA-RsbRD), which shield the protein kinase RsbT, thus 
preventing it from activating the RsbU phosphatase (Kim et al., 2004, Reeves & Haldenwang, 
2007). Upon exposure to environmental stress, RsbT becomes highly active and 
phosphorylates its antagonist RsbS, which in turn is inactivated and leads to release of RsbT 
from the stressosome. The released RsbT activates the RsbU phosphatase, which results in 
induction of SigB, as discussed above. Blue light is sensed by YtvA, another RsbR paralog 
and associated with the stressosome (Avila-Perez et al., 2006, Gaidenko et al., 2006). 
Additionally, the involvement of the ribosome in sensing environmental stress was shown 
(Scott & Haldenwang, 1999, Zhang et al., 2001). Strains unable to produce ribosomal protein 
L11 or GTP-binding protein Obg are unable to activate the GSR by environmental stress. 
Finally, the environmental stress signalling pathway is switched off by the RsbX phosphatase 
which counteracts the kinase activity of RsbT and consequently deactivates the stressosome 
(Price, 2002, Yang et al., 1996). 
 
1.2.2. Sporulation 
 B. subtilis has the ability to form endospores, which are tough, dormant cells able to 
survive starvation or exposure to harsh environmental conditions such as heat, hydrolytic 
enzymes, chemical solvents, detergents, mechanical disruption or even UV- and gamma-
radiation (Nicholson et al., 2000, Setlow, 2006). The formation of endospores occurs via the 
process called sporulation. 
 The process of sporulation commences with a crucial event: the asymmetric division of 
the mother cell (Fig. 1.3). This step leads to formation of the small prespore compartment 
separated from the rest of the cell by the asymmetric septum. The following steps of 
sporulation comprise the engulfment of the prespore by the mother cell, formation of the 
spore core, cortex and coat, and finally the release of the newly formed spore from the mother 
cell (Errington, 2003). Endospore structure is very different from that of a vegetative cell. The 
spore core is equipped with machinery essential for germination and conversion into a 
vegetative cell under conditions where nutrients are no longer limiting. The core is highly 
dehydrated and mineralized due to presence of large quantities of dipicolinic acid and divalent 
cations (mainly Ca2+). The inner membrane surrounding the core has low permeability for a 
number of chemicals. The cell wall and cortex form a tight peptidoglycan-based layer, 
surrounded by an outer membrane, which is in turn enveloped in a multilayered protein coat. 
These characteristic features provide the endospore with its exceptional resistance properties 
(Nicholson et al., 2000, Setlow, 2006). 
 Sporulation is controlled by an extremely complicated signalling network with its most 
important constituent - the key transcriptional regulator Spo0A (Errington, 2003, Piggot & 
Hilbert, 2004). More than 10% of all Bacillus subtilis genes are controlled (directly or  
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Fig. 1.3. The life cycle of B. subtilis, including vegetative growth, sporulation and germination. See text for 
details. Picture adapted from Errington (2003). 
 
indirectly) by Spo0A (Fawcett et al., 2000). The functional activity of Spo0A is controlled by 
phosphorylation. Spo0A is activated upon nutrient limitation and in high cell densities through 
a complex phosphorelay system comprising a number of kinases (KinA, KinB, KinC, KinD and 
KinE) sensing various stimuli, like energy potential, redox state, and impaired DNA replication 
or DNA damage (Piggot & Hilbert, 2004) (Fig. 1.4). The transfer of phosphate from the 
kinases to Spo0A occurs via two mediator proteins, Spo0F and Spo0B (Burbulys et al., 1991). 
When the phosphorylated form of Spo0A is present in high concentrations, reached within a 
certain predetermined time frame, it switches on the process of sporulation. This is 
accomplished by the induction of the transcription of several important sporulation genes, in 
particular the early sporulation genes spoIIA, spoIIE and spoIIG. The gene spoIIE together 
with a bacterial homologue of tubulin, FtsZ, participate in the initial sporulation event of 
septum formation and asymmetric cell division into the small prespore and the large mother 
cell (Ben-Yehuda & Losick, 2002). The segregation of the chromosome into the prespore 
requires the activity of SpoIIIE (Wu & Errington, 1994). The transcriptional program activated 
in the prespore is governed by the crucial sigma factor SigF. The prespore-restricted activity 
of SigF is ensured by two specific mechanisms. The first mechanism is based on interplay of  
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Fig. 1.4. Simplified scheme of the regulatory pathways leading to the initiation of sporulation and the links 
to competence development and biofilm formation. See text for details. 
 
SpoIIAB, which binds to SigF, thereby blocking its interaction with RNA polymerase and 
SpoIIAA, which in non-phosphorylated form frees the SigF from the complex with SpoIIAB. 
The dephosphorylation of SpoIIAA, required for its activation and subsequent release of SigF, 
is accomplished by the specific phosphatase activity of SpoIIE (King et al., 1999, Wu et al., 
1998). The dynamics of this process are not yet fully understood, however one suggestion is 
that SpoIIE is delivered into prespore and there successfully competes with kinase activity of 
SpoIIAB. The second proposed mechanism is related to the instability of SpoIIAB and its 
chromosomal position – almost opposite the oriC region (Lewis et al., 1996, Pan et al., 2001). 
Both mechanisms contribute to proper regulation of SigF activity. 
 The activation of SigF is followed by immediate activation of mother cell-specific sigma 
factor SigE. The activation of SigE possibly occurs via its proteolytic processing by the 
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membrane-bound SpoIIGA protease (LaBell et al., 1987). The SigF and SigE-regulated gene 
expression ensures the proper differentiation of the two cell types.  
 In the next stage of sporulation, the prespore is engulfed in the mother cell in a 
phagocytosis-like process. In the first step of engulfment, most likely catalyzed by SpoIIB 
(Margolis et al., 1993), the cell-wall material in the septum is degraded. Next step involves 
migration of the septal membranes, and is controlled by SigE-dependent proteins SpoIID, 
SpoIIM and SpoIIP (Abanes-De Mello et al., 2002). Final step of engulfment, the fusion of 
septal membranes at the cell apex and formation of a free protoplast-like spore within the 
mother-cell cytoplasm, requires the protein SpoIIIE. 
 Following engulfment, the sigma factor SigG becomes active inside the spore and directs 
the final events of spore development. The final mother cell-restricted sigma factor active 
during the last phase of sporulation is SigK. Both SigG and SigK are subjected to complex 
transcriptional and post-transcriptional regulation mechanisms that are discussed elsewhere 
(Errington, 2003). 
 Another important positive regulator of sporulation is the sigma factor SigH, which induces 
the transcription of more than 80 genes by interacting with core RNA polymerase (Britton et 
al., 2002). The interplay of both Spo0A and SigH-mediated signalling pathways ensures the 
correct progress of sporulation (Fig. 1.4). There are three main transcriptional regulators that 
repress the initiation of sporulation: CodY, whose repressor function is activated by 
intracellular GTP levels; AbrB, a negative regulator of many repressors; and Soj, an inhibitor 
of sporulation associated with replication status. The discussion of the complex regulatory 
network involving the aforementioned signalling proteins is beyond the scope of this 
introduction. 
 
1.2.3. The issue of heterogeneity in the responses of B. subtilis 
 As discussed above (Table 1.1), various responses (e.g. sporulation, competence, biofilm 
formation) are induced under the same nutrient limiting conditions. However, neither all cells 
within one isogenic culture of B. subtilis switch on all these responses at the same time, nor 
all cells induce only one type of response. In general, these responses seem mutually 
exclusive, i.e. a part of the populations switches on one type of response, while another part 
induces a different response (Lopez et al., 2009). The heterogeneous responses in 
sporulation, competence and biofilm formation have been extensively studied and reviewed 
over the recent years (Veening et al., 2008b, Dubnau & Losick, 2006, Lopez et al., 2009, 
Smits et al., 2006). In conclusion, as a consequence of (intrinsic and extrinsic) noise in gene 
expression and the ‘design’ of the regulatory networks, the key regulators involved (Spo0A 
and ComK) can exist in two stable states (i.e. a bistable system). The different states of the 
regulator (low or high phosphorylation-state for Spo0A and low or high expression of comK) 
will lead to different responses. 
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 As a consequence of heterogeneity, cells within one population will have different 
resistant properties, making it more difficult for the food industry to predict and control 
spoilage of microorganisms. 
 
1.3. Weak organic acids 
1.3.1. Weak organic acids as preservatives 
 In the food industry, weak organic acids are the most commonly used chemical 
preservatives (see e.g. Russell & Gould, 2003). The acid, or its anionic salt is utilized in a 
variety of foods and beverages and displays a broad range of antimicrobial activities against 
spoilage bacteria, yeasts, and moulds (Beales, 2004, Brul & Coote, 1999, Davidson, 2001, 
Piper et al., 2001). The most active among them are: propionic, acetic, sorbic, benzoic, and 
lactic acid (Table 1.2). Weak organic acids occur naturally in many fruits and vegetables or  
 
Table 1.2. Overview of commonly used weak organic acids and their properties. 

Weak 
organic 

acid 
Chemical structure pKa 

Log 
Kow

a 
E-

numberb Used in e.g. 

Propionic 
acid 

O

OH
4.88 0.33 E270 

bakery products, meat 
and meat products, 

pizza, cheese 

Acetic 
acid 

O

OH
4.76 -0.17 E260 

pickles, chutneys, 
sauces, butter, 

margarine, processed 
cheese, oils 

Sorbic 
acid 

O

OH
4.76 1.33 E200 

dairy products, cheese, 
cakes and bakery 

products, shellfish, wine, 
soups 

Benzoic 
acid 

O

OH 4.21 1.87 E210 

alcoholic beverages, 
baked goods, cheeses, 
gum, frozen dairy, soft 

sweets, cordials 

Lactic acid 

O

OH

OH

3.85 -0.72 E280 

fresh and cooked meat 
products, sour milk 

products, dressings, soft 
drinks, fresh fruit and 

vegetables 
 

a Experimentally determined octanol-water partition coefficient (log Kow) values were taken from the 
KowWin-Demo-Database (http://www.srcinc.com/what-we-do/databaseforms.aspx?id=385). 
b European Union approved food additives. The numbering scheme follows that of the International 
Numbering System as determined by the Codex Alimentarius committee. 
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are the product of biological fermentation processes. Sorbic acid (trans-trans-2,4-hexadienoic 
acid) was first isolated from unripe berries of Rowan (Sorbus aucuparia) by August Wilhelm 
von Hoffman in 1859. Benzoic acid naturally occurs in e.g. cranberries, plums, prunes and 
cinnamon. The fermentation of foods (carbohydrates) by bacteria of the genus Acetobacter, 
Lactobacillus and Propionibacterium is the main source of naturally produced acetic, lactic 
and propionic acid, respectively. 
 
1.3.2. Presumed modes of action 
 Weak organic acids are most effective at lower pH. Besides the concentration of the weak 
organic acid present, its antimicrobial activity depends mainly on three factors: the pH of the 
environment, the pKa and the log Kow values of the preservative (Table 1.2). In solution, a 
weak organic acid exists in equilibrium between the dissociated state (A-) and undissociated 
state (HA) (Fig. 1.5). The distribution of the two forms of the acid is determined by its pKa 
value and the pH of the environment. Consequently, in more acidic environments the 
equilibrium is shifted to the undissociated form. Charged molecules, like protons and the 
anion, are unable to pass the lipid membrane. However, the neutral HA is relatively 
membrane permeable and able to diffuse over the membrane. Inside the cell a new 
equilibrium is formed between HA and A- (Fig. 1.5). Since, most microorganisms exhibit an 
intracellular pH near neutrality the equilibrium is shifted to the dissociated state of the acid. 
Consequently, protons are released into the cytosol, lowering the proton gradient. Part of the 
energy used to build up the proton gradient (for e.g. ATP synthesis) is thereby instantly lost. 
Depending on the buffering capacity of the cell, the entry of protons can acidify the cytosol. 
Changes in intracellular pH will affect virtually all biochemical processes, including the redox 
state, DNA transcription, protein synthesis and folding, enzyme activities, and transport over 
the membrane (Beck & Jahns, 1996, Cotter & Hill, 2003, Foster, 2004, Veine et al., 1998). 
The uncoupling effect and the possible resulting acidification of the cytosol is thought to be 
one of the main modes of action of weak organic acids (Beales, 2004, Brul & Coote, 1999, 
Davidson, 2001, Piper et al., 2001). 
 Since the entry of HA into the cell is driven by diffusion, this process continues until the 
concentrations of HA on the inner and outer membrane leaflets are equal. The higher the 
initial pH difference between the environment (lower pH) and the inside of the cell (higher pH), 
the higher the intracellular anion concentration can get (Russell & Diez-Gonzalez, 1998). For 
instance, it has been reported that Escherichia coli cells treated with 8 mM acetic acid at an 
extracellular pH of 6.0 can accumulate more than 240 mM acetate, which can lead to an 
osmotic stress (Roe et al., 1998). Furthermore, depending on the preservative used, A- may 
also affect cytosolic enzymes directly, perturbing metabolic pathways (Russell, 1992). It has 
been suggested that sorbic acid inhibits the enolase enzyme of glycolysis in Saccharomyces 
cerevisiae (Azukas et al., 1961). In addition, it was reported that sorbic acid can react with  
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Fig. 1.5. Overview of generic modes of action of weak organic acids (top part) and possible adaptive 
responses (bottom part). See text for details. 
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cysteine, forming a thiol adduct and thereby inactivating enzymes, like fumerase and 
aspartase (York & Vaughn, 1964). Benzoic acid was shown to inhibit a-ketoglutarate, 
succinate dehydrogenase and trimethylamine-N-oxide reductase in E. coli (Bosund, 1962, 
Kruk & Lee, 1982). Although not clear how, studies of Eklund showed that, the anions of 
sorbic, benzoic and propionic acid present in the extracellular medium also contribute, but to 
a lesser extend than HA, to the growth-inhibitory effect in bacteria (Eklund, 1983, Eklund, 
1985). In summary, the antimicrobial activity of weak organic acids is not solely due to 
undissociated acid, but also caused by the A- through accumulation inside the cell and, 
depending on the weak organic acid, inhibition of specific cellular enzymes (Fig. 1.5). 
 When comparing weak organic acids, the growth-inhibitory effect seems to correlate with 
their membrane solubility, as reflected by the octanol-water partition coefficient (log Kow) 
(Table 1.2). To obtain similar reductions in growth rate, usually lower concentrations of more 
hydrophobic weak organic acids are needed than of more hydrophilic ones. For instance, this 
was shown for benzoic, sorbic, acetic and propionic acid in S. cerevisiae (Abbott et al., 2007, 
Piper et al., 1998). In addition, the transcriptional responses of S. cerevisiae, grown 
anaerobically in chemostats showed more similarities between similarly lipophilic compounds 
(Abbott et al., 2007). The more lipophilic benzoic and sorbic acids induced responses more 
related to the cell wall, while the responses induced by less lipophilic acetic and propionic 
acid focused on membrane-associated transport (Abbott et al., 2007). This observed 
correlation will likely be the consequence of the faster/easier entry of the less hydrophobic 
weak organic acid into the cell. However, more lipophilic compounds, like sorbic and benzoic 
acid, may also reside in the membrane. There they may act more as a ‘classical’ uncoupler 
(by moving up and down the membrane, transporting protons) and interfere with the 
membrane and consequently, influence the transport of nutrients (Hirshfield et al., 2003, Sheu 
& Freese, 1972, Stratford & Anslow, 1998). 
 In conclusion, no single mechanism appears to explain the antimicrobial activity of weak 
organic acids. Their modes of action are related to: dissipation of the proton gradient 
(uncoupling), acidification of the cytosol, membrane disruption, osmotic stress by anion 
accumulation, and metabolic perturbation by inactivating specific enzymes (Fig. 1.5). 
 
1.3.3. Adaptive responses to weak organic acid stress 
 Depending on the preservative used and the challenged organism, various resistance 
mechanisms have been described to cope with weak organic acids. In general, it is thought 
that membrane residing H+-ATPases are able to pump out excess protons at the cost of ATP 
to restore pH homeostasis (Beales, 2004, Brul & Coote, 1999, Davidson, 2001, Piper et al., 
2001) (Fig. 1.5). Studies in S. cerevisiae showed that the duration of the lag phase induced by 
weak organic acids correlated to the drop in intracellular pH and the activity of the H+-
ATPases (Holyoak et al., 1996, Lambert & Stratford, 1999). To prevent the accumulation and 
toxic effects of the sorbate anion, S. cerevisiae induces a dedicated ATP binding cassette 
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(ABC) transporter, Pdr12p, to extrude the anion at the cost of ATP (Holyoak et al., 1999) (Fig. 
1.5). The actions of both the H+-ATPases and Pdr12p, however, may reduce energy 
resources significantly and even cause an energy stress (Bracey et al., 1998, Holyoak et al., 
1999, Holyoak et al., 1996). In addition, the expulsion of the proton and the anion may create 
a futile cycle (Brul & Coote, 1999).  
 The membrane is one of the first barriers a weak organic acid has to pass. Changing the 
properties of the membrane might decrease the entry of the acid into the cell. The adaptation 
of the membrane upon stress by more lipophilic weak organic acids has been reported. For 
instance, Golden et al. (1994) showed changes in fatty acid composition in sorbate-stressed 
Zygosaccharomyces rouxii cells. Furthermore, benzoate-adapted S. cerevisiae and 
Zygosaccharomyces bailii cells reduced their permeabilities to benzoic acid, implying a 
possible resistance mechanism (Henriques et al., 1997, Warth, 1989). S. cerevisiae 
possesses an aquaglyceroporin (Fps1) that normally transports water and small molecules. 
However, it also facilitates the (unwanted) diffusion of undissociated acetic acid into the cell 
(Mollapour & Piper, 2007). Remarkably, upon acetic acid stress, Fps1 is degraded, thereby 
increasing the tolerance to the weak organic acid. 
 Another resistance mechanism observed in certain microorganisms is the ability to 
degrade the acid in order to minimize the effects of the anion (Fig. 1.5). Interestingly, Z. bailii 
is able to degrade benzoate and sorbate (Mollapour & Piper, 2001), and species of 
Penicillium can decarboxylate sorbate to 1,3-pentadiene (Kinderlerer & Hatton, 1990). 
Recently, it was also shown that spoilage yeasts of the Saccharomyces genus and the mold 
Aspergillus niger are able to decarboxylate sorbate (Plumridge et al., 2008, Stratford et al., 
2007). Besides the fact that acetic, propionic, and lactic acid are used as food preservatives, 
these acids are also fermentation products of certain microorganisms. When the preferred 
carbon source is depleted many of these microorganisms can change their metabolism to the 
utilization of the earlier produced fermentation products. Likely, these conditions will increase 
the tolerance to the weak organic acids. 
 Compared to yeasts, the weak acid resistance mechanisms in bacteria are largely 
unknown. Although E. coli challenged with acetic or propionic acid induced the RpoS-
mediated GSR, it was not tested whether this response was important for weak organic acid 
tolerance (Polen et al., 2003). In bacteria low pH stress, caused by e.g. hydrochloric acid and 
is therefore different than weak organic stress, can induce several systems to counteract a 
drop in the internal pH. The GSR and the SigM regulon are both induced in B. subtilis upon 
low pH stress (Hecker & Volker, 2001, Thackray & Moir, 2003). Furthermore, the induction of 
proton pumps, chaperones, and the production of basic compounds by urease, 
decarboxylases, and deiminase are known factors contributing to acid tolerance (Bearson et 
al., 1997, Cotter & Hill, 2003). Although the importance of low pH stress response systems in 
weak-acid resistance development remains unclear, it has been shown that the acid tolerance 

 22



General Introduction 

responses of Salmonella typhimurium and E. coli increased the resistance to weak organic 
acids (Baik et al., 1996). 
 Although B. subtilis is a relevant food spoiler, until now the responses and resistance 
mechanism of this Gram-positive bacterium upon weak organic acid stress are largely 
unknown. No data is available whether the phospholipid membrane of B. subtilis is involved in 
the adaptation to weak organic acid stress. 
 
1.4. The plasma membrane of Bacillus subtilis 
 The plasma membrane is the ultimate barrier between the outside world and the inside of 
any living organism known on this planet. It prevents the cellular contents from leaking out of 
the cell and serves as protection against many harmful compounds. The plasma membrane 
of B. subtilis mainly consists out of proteins embedded in a phospholipid bilayer. 
Phospholipids are composed of fatty acids linked through an ester bond to sn-glycerol-3-
phosphate (G3P). Different fatty acids, varying in length, saturation and branching, can be 
used as precursor. In addition, the phosphate headgroups of the lipids are modified in various 
ways leading to complex constituents with varying properties. Not surprisingly, many enzymes 
involved in the biosynthesis of the plasma membrane are essential. In the following sections, 
the composition and synthesis of the plasma membrane are discussed. In addition, we 
discuss the regulation of the membrane composition when cells are exposed to stressful 
culture conditions. 
 
1.4.1. Fatty acid composition and biosynthesis 
 In B. subtilis many different types of acyl-lipid chains are found in membranes (de 
Mendoza et al., 2002, Zhang & Rock, 2008a). Their occurrence highly depends on the 
specific strain of B. subtilis and the conditions it experiences. The majority of fatty acids 
present in the membrane of B. subtilis are branched (either iso or anteiso) and consist of 
pentadecanoic acids anteiso-C15:0 and iso-C15:0 (Fig. 1.6). Other fatty acids commonly found 
in the membrane are anteiso-C17:0 and n-C16:0. 
 B. subtilis uses a type II fatty acid synthase system to synthesize fatty acids. This means 
that distinct monofunctional enzymes are utilized sequentially to generate the necessary fatty 
acids. The biosynthesis of fatty acids can be divided into two parts: the initiation and the 
elongation cycle. The first step in the initiation of fatty acid biosynthesis in B. subtilis is the 
conversion of acetyl-CoA to malonyl-CoA by essential acetyl-CoA carboxylase (ACC) (Fig. 
1.7A). The essential genes accA, accBC and accD code for this four-subunit-containing 
complex that requires biotin as a cofactor (Kunst et al., 1997, Marini et al., 1995). Next, the 
malonyl-CoA is transferred to the holo form of acyl carrier protein (ACP) via essential malonyl 
transacylase FapD (Morbidoni et al., 1996). The apo form of ACP is encoded by the essential 
acpA gene. Apo-ACP and Coenzyme A (CoA) are converted to the holo form and 3,5-ADP by  
 

 23 



Chapter 1 

 

straight-chain:

(n-C14:0 or -C16:0 acid)

H3C OH

O

CH2

CH2

6 or 7

branched-chain:

(anteiso-C15:0 or -C17:0 acid)

(iso-C15:0 or –C17:0 acid)

(iso-C14:0 or -C16:0 acid)

CH OH

O

CH2

CH2

5 or 6

CH3

H3C

CH2 OH

O

CH2

CH2

5 or 6

CH

H3C

CH3

OH

O

CH2

CH2

5 or 6

CH

CH3

CH2

H3C

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.6. Commonly found saturated fatty acids in B. subtilis. See text for details. 
 
holo-ACP synthase AcsS, another essential enzyme (Mootz et al., 2001). Holo-ACP binds all 
further intermediates of the fatty acid biosynthesis. The initiation of both straight- and 
branched-chain fatty acid biosynthesis is performed by the two isoforms of β-ketoacyl-ACP 
synthase, FabHA and FabHB (Choi et al., 2000). Although, the fabHA and fabHB genes are 
non-essential (Kobayashi et al., 2003), the double mutant is nonviable (Thomaides et al., 
2007). In this condensation reaction, malyonyl-ACP is attached to the new acyl chain from 
various acyl-CoA substrates. The use of acetyl-CoA finally leads to a straight-chain fatty acid. 
Branched-chain fatty acids are formed when isovaleryl-, isobutyryl-, or 2-methylbutyryl-CoA 
substrates are used (Kaneda, 1977). These three acyl-CoA forms are produced when  
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Fig. 1.7. The type II fatty acid synthase system of B. subtilis. The biosynthesis of fatty acids can be 
divided in (A) the initiation and (B) the elongation cycle. Essential enzymes are underlined. See the text 
for details. Abbreviations: ACC: acetyl-CoA carboxylase; CoA: coenzyme A; ACP: acyl carrier protein.  
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respectively, leucine, valine, or isoleucine are degraded. The bkd operon, regulated by BkdR, 
encodes the enzymes responsible for the degradation of these branched-chain amino acids 
(Debarbouille et al., 1999). The various β-ketoacyl-ACP intermediates produced by FabHA or 
FabHB are then further converted in the elongation cycle, via essential β-ketoacyl-ACP 
reductase (FabG), β-hydroxyacyl-ACP dehydrase (YwpB?), and enoyl reductases (FabI or 
FabL) to an acyl-CoA that is two carbon atoms longer than the original acyl-ACP (de 
Mendoza et al., 2002, Heath et al., 2000) (Fig. 1.7B). Again, individual inactivation of fabI or 
fabL is compatible with life, however a double mutation is lethal (Thomaides et al., 2007). 
Subsequent rounds of elongation are initiated by the essential elongation condensing enzyme 
FabF using additional malonyl-ACP substrates (Schujman et al., 2001). In summary, using 
the type II fatty acid synthase system B. subtilis can synthesise straight- or long-chain, 
saturated fatty acids of different lengths that serve as precursors for phospholipids. 
 
1.4.2. Lipid composition and biosynthesis 
 The phospholipids in the membrane of exponentially growing B. subtilis 168 consist 
mainly of anionic phosphatidylglycerol (PG), around 40%, and zwitterionic 
phophatidylethanolamine (PE), around 25% (Kawai et al., 2004). Other components found are 
positively charged lysylphosphatidylglycerol (LPG) and anionic cardiolipin (CL). These two 
latter compounds comprise 15.6 and 1.4% of the membrane, respectively. Phosphatidylserine 
(PS), another phospholipid, is minimally found in exponentially growing cells. The rest ~20% 
of the plasma membrane is comprised of different forms of neutral glycolipids (GL) and other 
lipids (Kawai et al., 2004). During sporulation the relative levels of LPG drop in favour of CL 
and PG. 
 The biosynthesis of lipid in B. subtilis starts with the coupling of G3P to the generated acyl 
chains. G3P is on its turn synthesized from di-hydroxy-acetone-phophate (DHAP) via the 
essential gene product of gpsA, glycerol-3-phosphate dehydrogenase (Fig. 1.8). Before the 
synthesized fatty acid can be linked to G3P the acyl-ACP needs to be activated to acyl-PO4 
by acyltransferase PlsX (Paoletti et al., 2007). Then, membrane-bound acyltransferase PlsY, 
the product of the essential gene yneS, acylates the 1 position of G3P. Subsequently, PlsC 
(YhdO) converts the formed acyl-G3P into phosphatidic acid (PA), the central intermediate for 
all lipids (Lu et al., 2007, Paoletti et al., 2007, Zhang & Rock, 2008a). Neutral GL are formed 
by dephosphorylation of PA to diacylglycerol (DAG), which is then glycosylated with one or 
two glucose molecules from UDP-glucose (UDP-glc) by UDP-glucose diacylglycerol 
glucosyltransferase UgtP (Jorasch et al., 1998). The only essential phospholipid PG is 
produced in three steps from PA (de Mendoza et al., 2002). First, PA is activated to CDP-
diacylglycerol (CDP-DAG) by essential synthase CdsA. Then, CDP-DAG is converted by 
PgsA into phosphatidylglycerol-phosphate (PG-Pi) through a condensation with G3P. Finally, 
anionic PG is formed by the removal of a phosphate group (Pi). Negatively charged CL (-2), is  
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Fig. 1.8. Phospholipid biosynthesis in B. subtilis. Essential enzymes are underlined. Gene names are 
shown in brackets when they differ from the enzyme name. End-products (phospho- and glycolipids) are 
shown in boxes. The central intermediate for all lipids phosphatidic acid (PA) is encircled. See the text for 
details. Abbreviations: DHAP: di-hydroxy-acetone-phophate; G3P: sn-glycerol-3-phosphate; ACP: acyl 
carrier protein; PA: phosphatidic acid; DAG: diacylglycerol; GL: glycolipids; PS: phosphatidylserine; PE: 
phophatidylethanolamine; PG: phosphatidylglycerol; CL: cardiolipin; LPG: lysylphosphatidylglycerol. 
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formed by the condensation of two PG molecules. This reaction is mediated by cardiolipin 
synthase ClsA (YwnE), which is expressed during vegetative growth, or YwjE, involved in 
sporulation (Kawai et al., 2004). Cationic LPG on the other hand is synthesized from PG and 
a lysyl group, transferred form lysyl-tRNA by MprF (Multiple peptide resistant Factor) using 
lysyl-tRNA (Staubitz & Peschel, 2002). MprF is encoded by one gene, but its sequence was 
assigned yfiW and yfiX to due to a sequencing error (Kunst et al., 1997, Staubitz & Peschel, 
2002). PS is obtained by PssA through the condensation with serine (de Mendoza et al., 
2002). Finally, the most abundant lipid, PE, is synthesized via the decarboxylation of PS by 
Psd (Matsumoto et al., 1998). 
 The produced lipids in the discussed pathway all contain saturated acyl chains. Mono-
unsaturated acyl chains can be generated from the previously synthesized lipids by oxygen-
dependent desaturation. In B. subtilis this reaction is carried out by the gene product of des, 
the sole membrane-bound acyl-lipid desaturase (Aguilar et al., 1998). Des introduces a cis 
double bond at the 5-position of the acyl chains, thereby increasing the fluidity of the 
membrane (further discussed below). 
 
1.4.3. Regulation of lipid biosynthesis and composition 
 The membrane of B. subtilis consists of complex lipids. As discussed above, they vary in 
length, degree of saturation, branching and net charge. Consequently, altering one or more 
components may lead to completely different properties (fluidity and net charge) of the 
membrane, affecting the permeability of hydrophobic molecules, active transport and protein 
interactions (Zhang & Rock, 2008b). Therefore, tight regulation is vital to maintain lipid 
homeostasis and to adapt to changing environmental (stress) conditions (Zhang & Rock, 
2008a). 
 In B. subtilis FapR (fatty acid and phospholipid biosynthesis regulator) is the repressor of 
most genes of the type II fatty acid synthase system, itself (ylpC), and plsX and plsC (yhdO) 
of the first steps of phospholipid biosynthesis (Schujman et al., 2003). It was demonstrated 
that FapR is inhibited by one of the first intermediates of fatty acid biosynthesis malonlyl-CoA 
(Schujman et al., 2003). Increasing concentrations of malonyl-CoA will cause derepression of 
the FapR-regulated genes. Therefore, malonyl-CoA serves as the regulator of the system. 
Cerulenin and triclosan, inhibitors of respectively FabF and FabI, did cause induction of the 
FapR regulon (Schujman et al., 2003). Additionally, a fapR (ylpC) mutant produced longer 
acyl chain than the wild-type strain, suggesting that FapR controls also the length and thereby 
the fluidity of the membrane. The regulation of ACC, the complex that catalyses the synthesis 
of malonyl-CoA (the first step of fatty acid biosynthesis generation), is not known. It was 
shown in E. coli that ACC expression is regulated by the growth rate and that AccB 
autoregulates accBC transcription (James & Cronan, 2004, Li & Cronan, 1993). 
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 As discussed above, branched-chain amino acids are degraded by enzymes of the bkd 
operon, regulated by BkdR, to generate branched-chain acyl-CoA primers. The operon is also 
negatively regulated by early-stationary-phase regulator CodY, global nitrogen regulator TnrA, 
and contains a promoter for SigL, involved in alternative carbon and nitrogen metabolism 
(Debarbouille et al., 1999). Furthermore, expression of sigL is under carbon catabolite control 
of CcpA (Choi & Saier, 2005). Therefore, it is likely that the growth phase and nutrient 
availability regulate the fatty acid biosynthesis and the degree of branching. 
 Unsaturated acyl chains are generated by desaturase Des (Aguilar et al., 1998). The 
expression of des is regulated by two-component system DesK/DesR and induced by a 
decrease in growth temperature (Mansilla & de Mendoza, 2005). Desaturation of the acyl-
lipids will increase the membrane fluidity, which is needed for growth at lower temperatures. 
Since unsaturated fatty acids inhibit des transcription at 37°C, it is thought that DesK is able 
to sense the membrane fluidity (Cybulski et al., 2002). 
 Besides the regulation of plsX and plsC (yhdO) by FapR, the regulation of the 
phospholipid biosynthesis is not properly understood. Transcription of the pssA-ybfM-psd 
operon is known to be mediated by SigA and SigX (Cao & Helmann, 2004). Induction of the 
SigX regulon will therefore increase the amount of neutral PE in the membrane and reduce 
the overall negative charge. In addition, extracytoplasmic function sigma factor SigX also 
regulates the dltABCDE-ywaA operon, involved in the D-alanylation of cell wall components 
lipiteichoic and wall teichoic acids (Perego et al., 1995). As a consequence, induction of the 
SigX regulon will result in a less negatively charged cell envelope. Since a sigX mutant is 
more sensitive to cationic antimicrobial peptides, SigX is thought to be involved in the 
regulation of overall cell surface charge modification as a defence against cationic 
antimicrobial peptides (Cao & Helmann, 2004). 
 
1.5. Outline of this thesis 
 The main goal of the work presented here is to reveal and understand the responses of B. 
subtilis to weak organic acid stress and the resistance mechanisms involved. At the dawn of 
this research there was no data available on how this Gram-positive model-organism 
transcriptionally responds to this extensively used class of food preservatives. In addition, no 
clear information was at hand on the possible resistance mechanisms of this spore-forming 
organism. Thus, basically we tried to answer to following question: “What does B. subtilis do 
to battle against stress caused by weak organic acids?” 
 Chapter 1 presents the main player of this research: B. subtilis. We shortly introduce its 
relevance to the food industry and discuss the relevant (generic) responses of this bacterium 
to different types of stress and starvation. Furthermore, the established knowledge on the 
modes of action of weak organic acids is explored and the available data on weak organic 
acid stress in other microorganisms are reviewed. 
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 In Chapter 2 we set out to elucidate the time-resolved transcriptional responses of B. 
subtilis to the food preservative sorbic acid. The expression patterns are analyzed with the 
statistical tool T-profiler, recently developed in our lab (Boorsma et al., 2005) and several 
mutants are tested on their susceptibility to sorbic acid stress. 
 An independent approach is used in Chapter 3 to identify genes important in sorbic acid 
stress adaptation. A mutant library is created using transposon mutagenesis and screened for 
strains encompassing an altered sensitivity or resistance to sorbic acid stress. The discovered 
mutants are further characterized by testing their susceptibilities to other related stresses. 
 A comparative physiological and transcriptional analysis of weak organic acid stress in B. 
subtilis is performed in Chapter 4. The minimal generic response to this type of stress is 
elucidated, as well as the specific and distinct responses involved.  
 In Chapter 5 a strain is constructed that is able to measure in vivo the intracellular pH of 
B. subtilis. The effect of weak organic acids and hyperosmotic shock is tested on the pH of 
the cytosol. 
 The aspects of heterogeneity in isogenic populations of Bacillus and its significance on the 
resistance of spores are discussed in Chapter 6. Shown are examples on how differences in 
sporulating conditions can affect the resistant properties of the spores and their capabilities to 
germinate and grow out. 
 Finally, Chapter 7 puts all newly acquired knowledge in perspective. The data is 
discussed, conclusions are made and suggestions are given on future experiments. 
 The data presented in this thesis can be used to search more specifically for targets in 
combating this common food spoiler. Hopefully this information can help with the discovery of 
new (natural) antimicrobial agents, as well as with more mild, however still safe, preservation 
techniques. 
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2.1. Abstract 
 The weak organic acid sorbic acid is a commonly used food preservative, as it inhibits the 
growth of bacteria, yeasts, and moulds. We have used genome-wide transcriptional profiling 
of Bacillus subtilis cells during mild sorbic acid stress to reveal the growth-inhibitory activity of 
this preservative and to identify potential resistance mechanisms. Our analysis demonstrated 
that sorbic acid-stressed cells induce responses normally seen upon nutrient limitation. This is 
indicated by the strong derepression of the CcpA, CodY, and Fur regulon and the induction of 
tricarboxylic acid cycle genes, SigL- and SigH-mediated genes, and the stringent response. 
Intriguingly, these conditions did not lead to the activation of sporulation, competence, or the 
general stress response. The fatty acid biosynthesis (fab) genes and BkdR-regulated genes 
are upregulated, which may indicate plasma membrane remodelling. This was further 
supported by the reduced sensitivity toward the fab inhibitor cerulenin upon sorbic acid stress. 
We are the first to present a comprehensive analysis of the transcriptional response of B. 
subtilis to sorbic acid stress. 
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2.2. Introduction 
 The food industry commonly utilizes sorbic acid and other weak organic acids as 
preservatives. Sorbic acid (trans, trans-2,4-hexadienoic acid) is a six-carbon unsaturated fatty 
acid with a pKa of 4.76 and was first isolated from unripe berries of Rowan (Sorbus 
aucuparia). The acid, or its anionic salt, is used in a variety of food products and has a broad 
range of antimicrobial activities against spoilage bacteria, yeasts and moulds (Beales, 2004, 
Davidson, 2001, Piper et al., 2001). However, the exact mechanism by which sorbate inhibits 
microbial growth is not entirely understood. No single mechanism appears to explain its 
toxicity to various spoilage organisms. 
 Depending on the pKa of the acid and the pH of the environment, in solution sorbate exists 
in equilibrium between the dissociated (S-) and undissociated (HS) state. The neutral HS is 
lipid permeable and able to diffuse into the cell, reaching an equilibrium when the inside and 
outside concentrations of HS are equal. Inside, a new equilibrium is formed between S- and 
HS, releasing protons into the cytosol. This may acidify the cytosol, causing inhibition of many 
metabolic functions (Brown & Booth, 1991, Salmond et al., 1984). Furthermore, the lipophilic 
tail of the sorbate molecule has been shown to disrupt the membrane and interfere with 
membrane proteins (Stratford & Anslow, 1998). This, together with the entry of protons could 
result in a loss of the proton motive force, disrupting oxidative phosphorylation and affecting 
transport of nutrients (Freese et al., 1973, Ronning & Frank, 1987, Bauer et al., 2003). Also, 
accumulation of S- in the cell could cause a rise in osmolarity and affect cytosolic enzymes 
(Azukas et al., 1961, York & Vaughn, 1964). 
 In order to counteract the effects of sorbic acid, microorganisms use various resistance 
mechanisms. Saccharomyces cerevisiae uses H+-ATPases to pump out the excess protons 
at the cost of ATP to maintain pH homeostasis (Holyoak et al., 1996, Lambert & Stratford, 
1999) and induces a dedicated ATP binding cassette (ABC) transporter, Pdr12, to prevent the 
accumulation of the anion S- (Holyoak et al., 1999). These processes however, may reduce 
energy resources significantly (Bracey et al., 1998, Holyoak et al., 1996, Holyoak et al., 1999). 
Studies with benzoic acid showed that adapted S. cerevisiae and Zygosaccharomyces bailii 
cells reduce their permeability to benzoate (Warth, 1989, Henriques et al., 1997). Changes in 
fatty acid composition have been reported for sorbate stressed Z. rouxii cells (Golden et al., 
1994). Z. bailii is able to degrade benzoate and sorbate (Mollapour & Piper, 2001) and 
species of Penicillium can decarboxylate sorbate to 1,3-pentadiene (Kinderlerer & Hatton, 
1990). 
 Compared to yeasts, very little is known about specific weak acid resistance mechanisms 
in bacteria. Depending on the species, bacteria can induce several systems to counteract a 
drop in the internal pH when encountering low pH stress. Among others, these include proton 
pumps, several decarboxylases (lysine, glutamate, arginine), production of urease, arginine 
deiminase, chaperones (e.g. DnaK, GroELS)  and sigma factor (SigB, SigM, RpoS) mediated 
responses (Beales, 2004, Bearson et al., 1997, Cotter & Hill, 2003, Hecker & Volker, 2001, 
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Thackray & Moir, 2003). However, the importance of low pH stress response systems in weak 
acid resistance development remains unclear. 
 The Gram-positive bacterium Bacillus subtilis is one of the organisms that causes food 
spoilage and its growth is inhibited by sorbic acid (Eklund, 1983). This rod-shaped bacterium 
commonly lives in the upper layers of soil and is therefore found on crops and in food 
products. Thus, we investigated the time-resolved genome-wide response of B. subtilis, sub-
lethally stressed with potassium sorbate (KS) using DNA microarray technology. We used the 
complementary methods of hierarchical clustering and T-profiler, adapted for B. subtilis, to 
analyze the data. Our results indicate that sorbic acid induces responses normally seen upon 
nutrient limitation. However, mild sorbic acid stress does not lead to the induction of the 
general stress response (GSR), sporulation or competence. B. subtilis likely remodels its 
plasma membrane, possibly to reduce the entry of sorbic acid into the cell. 
 
2.3. Materials and Methods 
2.3.1. Bacterial strains and growth conditions 
 All Bacillus subtilis strains used in this study are derivatives of the laboratory wild-type 
(WT) strain PB2 (trp2C). PB2, PB153 (trpC2, sigBΔ2::cat) and PB198 (amyE::Pctc-lacZ) were 
kindly provided by C.W. Price. Mutant strains ATB002 (ureC), ATB008 (sigL) and ATB003 
(padC) were obtained by transformation of strain PB2 with chromosomal DNA of strains 
SF168U (trpC2, ureC::spc) (Cruz-Ramos et al., 1997), QB5505 (trpC2, sigL::aphA3) 
(Debarbouille et al., 1991) and BS783 (trpC2, padC::cat) (Duy et al., 2007), respectively. To 
obtain mutant strains ATB001 (fabHB), ATB004 (ycsF), ATB005 (yhcA), ATB006 (yhcB) and 
ATB007 (yxkJ), the WT strain PB2 was transformed with chromosomal DNA of strains YHFBd 
(trpC2, fabHB::pMUTIN), YCSFd (trpC2, ycsF::pMUTIN), YHCAd (trpC2, yhcA::pMUTIN), 
YHCBd (trpC2, yhcB::pMUTIN) and YXKJd (trpC2, yxkJ::pMUTIN), respectively, which were 
all received from the Japanese Consortium for Functional Analysis of the B. subtilis Genome 
(JAFAN, http://bacillus.genome.ad.jp/). Transformants were selected on LB (Luria-Bertani) 
agar plates containing appropriate antibiotics, after overnight incubation at 37°C. Depending 
on the strain, the used antibiotics were chloramphenicol (6 μg/ml), erythromycin (0.5 μg/ml), 
spectinomycin (100 μg/ml) or kanamycin (10 μg/ml). Isolation of chromosomal DNA was 
performed according to Ward and Zahler (1973) and transformations were carried out as 
described by Kunst and Rapoport (1995). 
 B. subtilis strains were cultivated in a defined minimal medium as described by Neidhardt 
et al. (1974) as modified by Hu et al. (1999). The medium was buffered with 80 mM 3-[N-
morpholino]propanesulfonic acid (MOPS) and the pH was set to 5.9, 6.4, 7.4 or 7.8 with KOH. 
As carbon- and nitrogen-sources 5 mM glucose, 10 mM glutamate and 10 mM NH4Cl were 
used. A 5-fold (25 mM) increase of glucose, a 10-fold (100 μM) or a 25-fold (250 μM) increase 
of iron was used where indicated. All strains were grown exponentially, transferred to a 
SpectroMax Plus microtitre plate reader (Molecular Devices Corp.) at an optical density at 

 34

http://bacillus.genome.ad.jp/


B. subtilis Sorbic Acid Stress Response 

600 nm (OD600) of 0.08 (which corresponds to an OD600 of 0.2 in a 1 cm path length 
spectrophotometer) and stressed with various concentrations of potassium sorbate (KS) 
ranging from 1.25 – 125 mM or 5 μg/ml cerulenin were indicated. Cells were further cultivated 
in the microtitre plate reader under rigorous shaking at 37 ˚C for 180 min. All conditions were 
tested in the microtitre plate reader at least in duplicate and biologically independent 
experiments were performed at least twice. 
 
2.3.2. Assay of β-galactosidase activity 
 PB198 (amyE::Pctc-lacZ) was grown exponentially in shake flasks in defined medium at pH 
6.4 to an optical density at 600 nm (OD600) of 0.2 and stressed with 3, 7, and 20 mM KS or 
0.3 M NaCl. To determine the β-galactosidase activity, 1 ml samples were collected every 15 
min for 1 h, frozen in liquid nitrogen and stored at -20 ºC until further processing. The β-
galactosidase assay was performed as described previously (Kenney & Moran, 1987). Cells 
were permeabilized using 0.002% SDS and 4% chloroform (final concentrations). LacZ 
activities were calculated as Miller units (Miller, 1972). 
 
2.3.3. Preparation of total RNA for transcriptome analysis and real-time reverse transcriptase 
(RT) PCR 
 An exponentially growing culture of B. subtilis WT strain PB2 was split in two and 
inoculated in well-controlled batch-fermentors (500 ml working volume) to an OD600 of 0.05. 
The cultures were grown at 37°C in defined medium at pH 6.4 with an aeration rate of 0.5 
liters/min and vigorous stirring (200 rpm). At an OD600 of 0.2, one culture was stressed with 3 
mM KS. Samples of 20 ml were withdrawn from both the treated and control cultures at 0, 10, 
20, 30, 40, and 50 min after addition of KS. Glucose levels and oxygen consumptions were 
obtained as described elsewhere (Alexeeva et al., 2003). The cells were collected using a 
vacuum-filtering set-up, immediately quenched in liquid nitrogen and stored at -80 ˚C prior to 
RNA extraction. The whole procedure took no longer than 50 s. Two biologically independent 
experiments were performed. Total RNA was isolated as described previously (Keijser et al., 
2007). 
 
2.3.4. Synthesis of labelled cDNA, hybridization, and scanning of the DNA microarrays. 
 Superscript II reverse transcriptase (Invitrogen) was used to synthesize labelled cDNA 
from total RNA samples by direct incorporation of Cy3- or Cy5-labelled dUTP into cDNA. The 
reaction mixture performed in First-Strand buffer contained 12 μg of total RNA, 0.5 μg of 
random hexamers (GE Healthcare), 400 Units of Superscript II reverse transcriptase, 10 mM 
dithiothreitol, 0.5 mM dATP, dCTP, dGTP and 0.2 mM dTTP (GE Healthcare), and 0.07 mM 
Cy3- or Cy5-dUTP (GE Healthcare). Control and sorbate treated samples were incorporated 
with Cy3- and Cy5-labelled dUTP, respectively. After cDNA synthesis, the RNA was 
hydrolyzed using 1.5 μl of 1 M NaOH for 10 min at 70°C. The pH was neutralized with 1.5 μl 
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of 1 M HCl and the labelled cDNA was purified by using QIAquick PCR purification spin 
columns (Qiagen). The efficiency of labelling was monitored spectrometrically on a Nanodrop 
(Isogen Life Science). The B. subtilis DNA microarrays were constructed as described by 
Keijser et al. (Keijser et al., 2007). Each constructed array contains spots in duplicate with 
4,100 gene specific 65-mer oligonucleotides, representing 4,100 of the 4,106 protein-coding 
genes in B. subtilis (as reported for the B. subtilis genome at 
http://genolist.pasteur.fr/SubtiList/). Hybridization and scanning was performed as described 
earlier (Keijser et al., 2007). 
 
2.3.5. Microarray data extraction and processing 
 Quantification of the hybridization signals from both Cy3- and Cy-5 channels and 
background subtractions was carried out with ArrayVision 6.1 software (Imaging Research 
Inc.). First, the pixels with density values that exceeded four median absolute deviations 
above the median were removed and the average of all pixels remaining in the spot was 
computed for each channel (the artifact-removed (ARM) density values). Second, the local 
background was calculated for each spot and subtracted from its ARM density value 
(resulting in the subtracted artifact-removed (sARM) density value). Spots with a signal-to-
noise ratio (sARM divided by the standard deviation of the local background) smaller than 2.0 
in both channels were excluded from further analysis. The remaining data was normalized in 
J-Express Pro 2.6 software (MolMine AS) using a global LOWESS (locally weighted 
scatterspot smoothing) algorithm (Yang et al., 2002b). To avoid extreme intensity ratios, low 
intensity fluorescence data was floored at a value corresponding to a signal-to-noise ratio of 
2.0. The data was averaged, log2 transformed and missing values were replaced by the 
average of the closest values. Genes with more than two missing values in the time-series 
were omitted. Since the variation in differential expression measurements depends on the 
fluorescent signal intensity (smaller variation at higher- and larger variation at lower 
fluorescence intensity levels), we applied an intensity-dependent method to identify 
differentially expressed genes (Yang et al., 2002a). A sliding window of 50 genes was 
selected to calculate a Z-score from the local mean and standard deviation using the data in 
the R-I plot (log10(Cy5×Cy3) vs. log10(Cy5/Cy3). Genes more than 1.96 standard deviations 
away from the local average (IZI > 1.96) were considered differentially expressed. This 
corresponds to a confidence level of 95%. Genes that showed significant expression at t = 0 
min were excluded from further analysis, unless the gene showed opposite significant 
expression in at least one of the other time-points. After the processing of the microarray data 
3,909 genes remained for each time-point, of which 459 were found to be significantly 
expressed. The degree of enrichment or depletion for a specific gene group in the given 
significantly up- or downregulated genes was quantitatively assessed using hypergeometric 
distribution analysis (Motulsky, 1995). Gene groups were considered enriched or depleted 
when the calculated P value was below 0.01. 
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2.3.6. Microarray data analysis 
 Hierarchical clustering (Eisen et al., 1998) of the significantly regulated genes was used to 
identify groups of genes with similar transcription profiles. In J-Express Pro 2.6 (MolMine AS) 
all 459 genes showing significant expression during KS treatment were hierarchically 
clustered using the average linkage (WPGMA) clustering method and Euclidian distance 
metric. 
 To assess the contribution of the expression of genes from specific gene classes to the 
total gene expression of all 3,909 genes, we used T-profiler (Boorsma et al., 2005). T-profiler 
was adapted for the use of B. subtilis transcriptome data by implementing pre-defined gene 
groups from the following sources: the database of transcriptional regulation in Bacillus 
subtilis  (DBTBS), release May 2006 (Makita et al., 2004), the Kyoto Encyclopedia of Genes 
and Genomes database (KEGG), release May 2006 (Kanehisa et al., 2006), the SubtiList 
database (Moszer et al., 2002) and the stringently controlled genes (Eymann et al., 2002). 
Gene groups regulated positively or negatively by a specific transcription factor where named 
accordingly. For transcription factors acting both as an activator and repressor, separate gene 
groups were made. The composition of the individual gene groups can be found in the 
aforementioned sources. 
 
2.3.7. Relative quantification of gene expression using real-time reverse transcriptase PCR 
(RT-PCR) 
 For the real-time RT-PCR, RNA isolated for the DNA microarray was used to make cDNA. 
RT reactions were performed using Superscript II reverse transcriptase (Invitrogen) according 
to the manufacturer’s instructions. Equal amounts of total RNA (5 μg) and 150 ng of random 
hexamers (GE Healthcare) were used in RT reactions. The amplification and detection of 
PCR product were performed with the 7300 real-time PCR system (Applied Biosystems). 
Primer Express 3.0 software (Applied Biosystems) was used to design specific primers 
(purchased from Isogen Life Science) for real-time PCR (see Table S1 in Appendix A). 
Reactions were carried out in 20 μl, consisting of 3-9 μM specific primers, 2 μl of 200-fold 
diluted cDNA template, and SYBR green PCR master mix (Applied Biosystems). The cycling 
conditions were: 1 cycle at 50 ˚C for 2 min, 1 cycle at 95 ˚C for 10 min, 40 cycles at 95 ˚C for 
15 s and at 60 ˚C for 1 min. Melting curves were used to monitor specificity of the reaction. 
RNA of all time-points and independent experiments used in the microarray analysis were 
analyzed with real-time PCR in duplicate. Because the amplification of the target and 
reference genes was tested and found to be approximately equal (not shown), the ΔΔCT 
method could be used to calculate relative gene expressions (Livak & Schmittgen, 2001). The 
expression levels of the investigated genes were determined relative to the untreated 
reference group. The ratios (2-ΔΔCT) were calculated and log2 transformed. The accA gene 
was used as the internal control, since expression of this gene was constant in both control 
and stress conditions in both microarray and real-time PCR experiments. 
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2.3.8. Microarray accession number 
 Microarray data are deposited in the GEO database (http://www.ncbi.nlm.nih.gov/geo/) 
under accession number GSE9823. 
 
2.4. Results 
2.4.1. Growth inhibition by sorbic acid can be mainly attributed to the undissociated form of 
the acid 
 Weak acids in solution are in equilibrium between their undissociated and dissociated 
form. To investigate whether undissociated (HS) or dissociated (S-) sorbic acid is responsible 
for growth inhibition of B. subtilis, the pH dependence of sorbate action was tested on 
exponentially growing cells in a defined minimal medium. By using a defined and buffered 
medium, the pH remains stable and the unwanted presence of weak organic acids in 
undefined rich media, such as LB, is avoided. B. subtilis WT strain PB2 was grown 
exponentially in the presence of KS (0-40 mM) at pH 5.9, 6.4, 7.4 and 7.8 (Fig. 2.1A). Clearly, 
the reduction in growth rate is KS concentration dependent. Note that the drop in OD600 
observed at the end of exponential phase coincides with depletion of glucose (confirmed by 
HPLC, our unpublished data), which may be due to a diffusion limitation of oxygen in the 
microtitre plate experiments. Cells grown into stationary phase in the presence of excess 
glucose did not show this phenomenon (our unpublished data). Similar qualitative trends of 
the growth curves were observed for all tested pH values. However, at higher pH, higher 
concentrations of KS were needed to similarly affect growth (our unpublished data). We 
plotted the percentage of growth inhibition (GI %) against the concentrations of S- and HS, 
respectively, and observed that the curves for HS had a clear overlap, in contrast to those for 
S- (Fig. 2.1B and C). This demonstrates that HS is largely responsible for the growth inhibition 
and its effect is pH independent. However, a closer look at the lower concentration range of 
HS (inset of Fig. 2.1C) reveals a pH dependence, suggesting that S- also contributes to the 
growth inhibition, although to a much lesser extent. These findings are in general agreement 
with previous observations (Davidson, 2001, Eklund, 1983). 
 Noteworthy, sorbic acid stress lowers the maximally obtained OD600 (Fig. 2.1A), which 
suggests a lower yield. In order to investigate this in more detail we grew cells in well aerated 
batch-fermentors, stressed them with 3 mM potassium sorbate at pH 6.4, and measured the 
oxygen consumption and glucose levels. This treatment resulted in a 29% reduction of the 
growth rate. The calculated yield values on oxygen decreased 20% and on glucose 16% 
during 50 min of sorbic acid treatment. This suggests that sorbate lowers the energetic 
efficiency of respiration, which may be a consequence of a decreased proton gradient and/or 
cellular reprogramming. Compared to the untreated control, the glucose flux per cell 
calculated over this time-interval decreased with 10%, which indicates the uptake of glucose 
and/or its further metabolism is hampered or adjusted by the cell. 
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Fig. 2.1. Growth inhibition of 
exponentially growing B. subtilis by 
KS at various pH values. (A) The 
growth of WT PB2 in defined 
minimal medium at pH 6.4 was 
monitored in a microtitre plate 
reader. The closed circles indicate 
the growth of the control 
experiment (no addition of KS). 
Stress conditions are indicated as 
follows: 2.5 mM (open circles), 5 
mM (closed triangles), 10 mM 
(open triangles), 20 mM (closed 
squares), and 40 mM (open 
squares) KS. The optical density 
(OD600) was followed during 180 
min. The values represent the 
mean of four measurements 
including the standard error. The 
percentage of growth inhibition, as 
compared to the control (no 
addition of KS), as a function of the 
calculated concentration of (B) 
dissociated (S-) and (C) 
undissociated sorbic acid (HS) 
molecules. The percentages of 
growth inhibition were calculated 
from the increase in optical density 
between 56 and 108 min after 
sorbate stress. The inset shows a 
detailed part of the lower range of 
the calculated HS concentration. 
Experiments were performed at pH 
5.9 (closed circles), 6.4 (open 
circles), 7.4 (closed triangles), and 
pH 7.8 (open triangles). The 
values represent the mean of four 
measurements including the 
standard error. 
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2.4.2. Time-resolved transcriptome analysis of sorbic acid treated B. subtilis 
 To obtain a better understanding of the response of B. subtilis enduring sorbic acid stress, 
DNA microarray analysis was performed. We studied the changes in gene expression in cells 
exponentially grown in batch-fermentors. Samples were taken at 10, 20, 30, 40 and 50 min 
after exposure to 3 mM KS at pH 6.4 (GI % = 29), and compared to an untreated control. 
Using a fluorescent signal intensity-dependent method (see Materials and Methods) we 
identified a total of 459 genes (11.2% of the genome) that were differentially expressed in at 
least one time-point in comparison with the untreated samples (see Table S2 in Appendix A). 
We used real-time RT-PCR to validate the results of the microarray and selected seven 
transcripts representative of various temporal expression patterns observed (see Table S3 in 
Appendix A). 
 
2.4.3. Microarray interpretation using hierarchical clustering and T-profiler 
 To analyze the data obtained from the microarray experiments we used two 
complementary methods: hierarchical clustering (Eisen et al., 1998) to identify groups of 
genes (clusters) with similar transcription profiles, and T-profiler (Boorsma et al., 2005) to 
determine significantly regulated gene groups. All 459 genes that showed significant changes 
were hierarchically clustered and divided into four main clusters using an arbitrary distance 
cut-off, indicated by the dashed blue line in the hierarchical tree (Fig. 2.2). Subdivisions of 
these clusters are indicated by coloured bars and letters next to each cluster. The complete 
hierarchical clustering, together with all gene names, their descriptions and functional 
categories, is available in Appendix A (Fig. S1). 
 T-profiler (http://www.science.uva.nl/~boorsma/t-profiler-bacillusnew/), developed 
originally for the analysis of S. cerevisiae (Zakrzewska et al., 2005) and Candida albicans 
transcriptome data, was adapted for the analysis of genome-wide expression data of B. 
subtilis (see Material and Methods). T-profiler optimally uses all data, in contrast to 
hierarchical clustering where a cut-off for significance is applied. Importantly, T-profiler 
transforms transcriptional data of single genes into the behaviour of gene groups, reflecting 
biological processes in cells. All gene groups with significant T values in any time-point are 
presented in Appendix A (Tables S4 – S8). 
 
2.4.4. Global adaptive responses to sorbic acid stress in B. subtilis 
 B. subtilis has different global adaptive responses that can be induced when it encounters 
stress or starvation. The GSR, regulated by sigma factor SigB, is induced by many different 
types of stress (e.g. glucose starvation, heat, low external pH, salt, ethanol) and provides the 
cell with a non-specific, multiple and preventive stress resistance (Hecker & Volker, 2001). 
Rather unexpectedly, we found no evidence for the induction of the GSR in our microarray 
analysis. Group-wise analysis using T-profiler yielded no significant values for the SigB  
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Fig. 2.2. Hierarchal clustering of significantly 
regulated genes. All 459 genes showing 
significant expression during potassium 
sorbate (KS) treatment were hierarchically 
clustered using the average linkage 
(WPGMA) clustering method and Euclidian 
distance metric (J-Express PRO 2.6, MolMine 
AS). Genes with similar expression are 
grouped in clusters. Times refer to minutes 
after addition of KS to exponentially growing 
cells. Log2 ratios are displayed 
colourimetrically ranging from +4.23 to -4.23. 
Red indicates higher transcript levels in 
stressed cells than in control cells; green 
indicates a reduction in mRNA content. Four 
main clusters (using an arbitrary distance cut-
off) are indicated by the dashed blue line in 
the hierarchical tree. Subdivisions of clusters 
are indicated by coloured bars and letters 
next to each cluster. The used log2 ratios of 
each gene are the average of two 

dependent experiments. 
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regulated gene group (see Fig. S2A in Appendix A), and SigB regulated genes were not 
overrepresented amongst the 256 upregulated genes (2 out of 95 SigB regulated genes, P = 
0.080). In addition, the reporter strain PB198 (amyE::Pctc-lacZ) used to monitor the induction 
state of the GSR, showed no induction (see Fig. S2B in Appendix A). Only very strong 
inhibition of growth (71%) caused by 20 mM KS resulted in increased LacZ activity. A sigB 
mutant strain showed susceptibility to KS similar to WT strain for all concentrations tested in 
liquid medium (Table 2.1). Additionally, long-term stress survival, as tested by spotting 10-fold 
dilution series of exponentially growing WT and sigB mutant cells on plates containing KS, 
revealed no difference, even at high KS concentrations (our unpublished data). We conclude 
that the GSR is not the key response of cells encountering sorbic acid stress. 
 When nutrients become limiting at the end of exponential growth and cells enter the 
stationary phase, the genes of the SigH regulon and the genes repressed by transition state 
regulator AbrB and early-stationary-phase regulator CodY are activated to adapt to the 
limiting conditions (Sonenshein, 2005, Strauch & Hoch, 1993). T-profiler showed a clear 
induction of transition-state and early-stationary-phase genes (Fig. 2.3A). Indeed, 6 out of 29 
(P = 0.0021) genes of the SigH regulon were significantly induced (Fig. 2.2, clusters 2A, 2E 
and 4). Also, repression of CodY and AbrB regulated genes was relieved immediately after 
treatment with sorbic acid (Fig. 2.3A). This observation is further supported by the significant 
induction of 18 out of 42 (P < 0.0001) genes negatively regulated by CodY, and the induction 
of 15 out of 59 (P < 0.0001) genes repressed by AbrB, as well as the downregulation of 6 out 
of 20 (P < 0.0001) genes positively regulated by AbrB. These data indicated that the activity  
 
Table 2.1. Susceptibility of selected mutant strains to sorbic acid stress. a 

Strain Relevant genotype μ (h-1) at KS of 
0 mM 

GI % (SD) KS (mM) of:

3 6 15 30 

PB2 - 0.93 (0.03) 28.7 (3.0) 43.4 (1.5) 63.4 (1.8) 73.3 (1.4) 
       

ATB001 fabHB 0.87 (0.04) 29.6 (5.2) 41.8 (2.7) 63.8 (1.1) 73.6 (0.3) 
ATB002 ureC 0.97 (0.02) 31.5 (2.6) 45.1 (0.9) 61.4 (1.3) 71.9 (1.3) 
ATB003 padC 0.97 (0.01) 19.4 (0.4) 35.2 (0.9) 63.0 (0.7) 75.3 (1.3) 
ATB004 ycsF 0.87 (0.03) 29.5 (0.5) 41.6 (1.0) 62.5 (0.5) 72.2 (0.5) 
ATB005 yhcA 0.99 (0.02) 17.1 (2.4) 28.0 (1.4) 63.2 (3.1) 73.7 (3.9) 
ATB006 yhcB 0.88 (0.02) 28.0 (0.5) 40.2 (2.4) 61.8 (1.4) 70.7 (4.2) 
ATB007 yxkJ 0.91 (0.04) 30.2 (1.9) 44.4 (1.9) 67.2 (3.7) 75.6 (2.9) 

       
PB153 sigB 0.91 (0.01) 27.5 (1.7) 43.3 (0.6) 63.2 (0.5) 74.3 (0.4) 

ATB008 sigL 0.89 (0.07) 31.0 (5.3) 41.1 (4.5) 65.7 (1.0) 75.3 (4.7) 
a KS was added to exponentially growing cultures of an OD600 of 0.2 at pH 6.4. Specific growth rates (μ) 
were calculated from the increase in optical density between 56 and 108 min after sorbate stress. Growth 
inhibition percentages (GI %) were calculated from the obtained growth rates and are relative to the 
specific growth rate in the control condition (no addition of KS). All conditions were tested least in 
duplicate and biologically independent experiments were performed at least twice. The standard deviation 
is shown in parentheses. 
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of AbrB decreased transiently in the first 20 min after sorbate stress. To corroborate the 
derepression of genes negatively regulated by CodY we analyzed and confirmed by real-time 
RT-PCR the induction of gene ybgE (see Table S3 in Appendix A). This gene is known to be 
only regulated by CodY (Molle et al., 2003). The induction of transition state and early-
stationary-phase genes suggests that sorbic acid stressed cells respond as if they experience 
a nutrient limitation. 

 
 
 
 
 
 
 
 
 
Fig. 2.3. Global adaptive responses to sorbic 
acid stress in B. subtilis as revealed by T-
profiler. (A) Induction of transition state and 
early-stationary-phase gene groups. The T 
values of gene groups regulated negatively 
(closed circles) and positively (open circles) 
by AbrB, negatively by CodY (closed 
triangles) and by SigH (open triangles) are 
shown. (B) Induction of the stringent 
response. The T values of gene groups 
negatively (closed circles) and positively 
(open circles) controlled by RelA, involved in 
translation (closed triangles) and proteins 
synthesis (open triangles) are shown. (C) No 
induction of competence or sporulation. The 
T values of gene groups regulated positively 
by ComK (closed circles), negatively by KipR 
(open circles) and negatively (closed 
triangles) and positively (open triangles) by 
Spo0A are shown. A distinction is made 
between groups of genes that are positively 
or negatively regulated by the transcription 
factor mentioned (indicated by Pos. or Neg.). 
The number of ORFs within each group 
present in the microarray experiments is 
shown in parentheses. The T values 
presented are calculated on the basis of two 
biologically independent experiments. Shown 
are gene groups that have at least one 
significant T value (E < 0.05) in the time-
course analyzed. The gene groups regulated 
negatively by ComK and positively by Spo0A 
(dashed lines) did not show significant T 
values in the time-course analyzed. 
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 In amino acid-, glucose- or oxygen- limited cells, the (RelA mediated) stringent response 
helps to prevent the waste of scarce nutrients (Braeken et al., 2006, Eymann et al., 2002). 
Hierarchical clustering revealed only 8 out of 55 (P = 0.017) RelA-dependent positive 
stringent control genes significantly induced and 4 out of 86 (P = 0.79) RelA-dependent 
negative stringent control genes significantly repressed. However, upon considering all 
genes, as is done in T-profiler, significant T values for both (RelA-dependent) positive and 
negative stringent control gene groups were found (Fig. 2.3B). The significant downregulation 
of gene groups involved in translation and protein synthesis (Fig. 2.3B), as well as purine and 
pyrimidine synthesis (Tables S4, S6 and S7 in Appendix A), further reflects the induction of 
the stringent response and the observed reduction in growth. 
 Nutrient limitation can trigger the onset of sporulation and the development of competence 
(Dubnau, 1991, Sonenshein, 2000). However, we found no concerted induction of genes 
controlled by the competence key regulator ComK (Fig. 2.3C), of other known regulators 
involved in competence, or of the functional category transformation/competence (our 
unpublished data). Sporulation was also not induced by sorbic acid. We found a clear 
downregulation of the KipR regulated genes (Fig. 2.3C and cluster 3E in Fig. 2.2), which may 
indicate the release of the ‘brake’ on the sporulation regulatory cascade. KipR is the negative 
regulator of the ycsFGI-kipIAR-ycsK operon (Wang et al., 1997). Inactivation of ycsF, the first 
gene of this operon, did not lead to an altered susceptibility towards sorbic acid (Table 2.1). 
KipI is an inhibitor of KinA, the primary kinase in the phosphorelay necessary for the 
phosphorylation of the key transcription factor Spo0A that regulates the initiation of 
sporulation (Sonenshein, 2000). However, no induction of genes positively regulated by the 
sporulation master regulator Spo0A was observed (Fig. 2.3C). There is a brief downregulation 
of genes repressed by Spo0A (8 out of 17, P < 0.0001), but this can be fully explained by the 
downregulation of the arginine biosynthesis genes controlled by AbrB and arginine 
metabolism regulator AhrC (Fig. 2.2, cluster 3D and Table S4 in Appendix A). Furthermore, 
we did not observe induction of other sporulation gene groups regulated by SpoIIID, SpoVT, 
or belonging to the SigE, F, G and K regulon (our unpublished data). Compared to the 
untreated control, no increased spore counts were detected in sorbic acid stressed cultures 
(our unpublished data). Concluding, we see no signs of the development of competence or 
induction of sporulation. 
 
2.4.5. Responses to counteract intracellular acidification 
 One of the most prominent effects of weak acids on the microbial cell may be the cytosolic 
acidification. We discovered a brief but significant induction of the genes coding for class I 
heat-shock proteins GroES and GroEL (Fig. 2.2, clusters 1A and 2A). Chaperones are known 
to play a role in the maintenance of protein folding at lowered pH, and the induction of groEL 
upon acid stress has been described in Lactobacilli, Streptococcus mutans, Clostridium 
perfringens, and Listeria monocytogenes (Cotter & Hill, 2003). 
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 We investigated cellular functions, which may counteract the putative pH drop and 
maintain pH homeostasis. We found no significant induction of ATPases and components of 
the respiratory chain. However, the capacity of the cell’s ATPases and respiratory chain may 
well be sufficient to maintain pH homeostasis without regulation on the transcription level. We 
did observe altered expression of 3 out of 6 genes (P < 0.0001) belonging to the Gene 
Ontology group involved in the regulation of pH (GO:0006885). The following genes were 
significantly downregulated: nhaC (Na+/H+ antiporter), yjbQ (similar to Na+/H+ antiporter), and 
yuiF (similar to hypothetical proteins). A highly upregulated gene coding for a proton 
symporter that transports both citrate and malate was yxkJ (Krom et al., 2001). The over 12-
fold induction of this gene (Fig. 2.2, cluster 4) might indicate its involvement in sorbic acid 
tolerance. A strain mutated for yxkJ was however not more sensitive to sorbic acid than the 
WT (Table 2.1). Long-term stress survival on plates containing KS did not reveal sensitivity 
either (our unpublished data). 
 Interestingly, we found all three genes of the ureABC operon, which code for the structural 
components of urease (Cruz-Ramos et al., 1997), in cluster 4 with the most upregulated 
genes (Fig. 2.2). Regulation of this operon is complex, as it is regulated by PucR, TnrA, 
CodY, and GlnR and expression is dependent on SigA and SigH (Brandenburg et al., 2002, 
Wray et al., 1997). In addition, induction of ureA is also RelA dependent (Eymann et al., 
2002). Thus, the induction of the ureABC operon may be explained by the derepression of 
CodY regulated genes and induction of the stringent response (Fig. 2.3A and B). The 
upregulation of this operon might be involved in counteracting the possible acidification of the 
cytosol through the production of basic ammonia, as in some bacterial pathogens, ureases 
are known to facilitate survival in acidic environments (Collins & D'Orazio, 1993, Mobley et al., 
1995). However, a urease mutant was not KS sensitive in liquid (Table 2.1) or solid cultures 
(our unpublished data). 
 Although sorbic acid is not a phenolic acid, we surprisingly found strong upregulation of 
the phenolic acid decarboxylase, padC (Cavin et al., 1998) in cluster 4 (Fig. 2.2). The genes 
with unknown function yveF and yveG, which lie upstream of padC in the genome, were also 
strongly induced and present in this cluster, which may indicate the co-regulation of these 
three genes. The inactivation of padC did not lead to KS sensitivity. Surprisingly, the mutant 
strain showed a clear resistant phenotype at low KS concentrations both in liquid cultures 
(Table 2.1) and on solid cultures (our unpublished data). 
 
2.4.6. Responses to cope with a decreased proton gradient 
 The proposed influx of protons mediated by the diffusion of the weak acid over the cell 
membrane may lead to a decreased proton motive force. Also, the expulsion of protons to 
maintain pH homeostasis by ATPases and/or the respiratory chain could lead to a higher 
demand on energy resources, which should have a negative effect on the yield. The latter 
was indeed measured as reported above. 
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 Interestingly, we observed major changes in genes involved in carbon metabolism upon 
sorbic acid stress (Fig. 2.4A). Besides the induction of carbohydrate metabolism, as well as 
fructose and mannose metabolism gene groups, we found a strong upregulation of genes 
negatively regulated by the carbon catabolite control protein CcpA after 20 min of sorbic acid 
exposure. Carbon catabolite derepression normally occurs when the preferred carbon source 
(glucose, fructose, and mannose) is depleted (Deutscher et al., 2002). However, glucose was 
still present in the medium and consumed by the cells during sorbic acid treatment (confirmed 
by HPLC, our unpublished data), although the glucose flux per cell decreased by 10%. 
Noticeably, a fivefold (25 mM) increase in the glucose concentration in the medium did not 
alter the growth-inhibitory effect of sorbic acid (Table 2.2). 
 The expression of genes dependent on SigL (involved in alternative carbon and nitrogen 
metabolism) also produced significant T values after 20 min of sorbic acid exposure (Fig. 
2.4A). The induction of the SigL-dependent levD gene was confirmed by real-time RT-PCR 
(see Table S3 in Appendix A). However, the inactivation of the sigL gene did not change the 
susceptibility to sorbic acid compared to the WT (Table 2.1).  
 Genes of the tricarboxylic acid (TCA) cycle were also induced gradually during sorbic acid 
stress (Fig. 2.4A). The TCA cycle can be fed by additional acetyl-CoA produced from the 
breakdown of the catabolic products acetate and acetoin. Indeed, we found a significant  
 

Fig. 2.4. T-profiler analysis of the transcriptional response to sorbic acid stress reveals induction of 
possible specific adaptation mechanisms. (A) Responses indicating adaptation mechanisms against 
uncoupling of the proton gradient, energy and nutrient limitation. The T values of gene groups regulated 
negatively by CcpA (closed circles) and Fur (open circles), SigL (closed triangles), Carbohydrate 
metabolism (open triangles), Citrate cycle (TCA cycle) (closed squares), and Fructose and mannose 
metabolism (open squares) are shown. (B) Responses indicating remodelling of the cell envelope. T 
values of gene groups regulated positively by BkdR (closed circles), SigW (open circles), SigX (closed 
triangles), positively by YvrH (open triangles), and involved in the metabolism of lipids (closed squares) 
are shown. A distinction is made between groups of genes that are positively or negatively regulated by 
the transcription factor mentioned (indicated by Pos. or Neg.). The number of ORFs within each group 
present in the microarray experiments is shown in parentheses. The T values presented are calculated 
on the basis of two biologically independent experiments. Shown are gene groups that have at least one 
significant T value (E < 0.05) in the time-course analyzed. 
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induction of the acetyl-CoA synthetase acsA, which is responsible for the degradation of 
acetate (Grundy et al., 1993) and acuABC, which is involved in the activation of AcsA 
(Gardner et al., 2006). Also the genes acoA and acoR, involved in the breakdown of acetoin 
(Ali et al., 2001, Huang et al., 1999), were significantly upregulated. 
 In addition to these carbon metabolism-related gene functions, we observed a short 
downregulation followed by a strong upregulation of the gene group regulated by the central 
iron regulatory protein Fur (ferric uptake repressor) (Fig. 2.4A). This transient profile was also 
clearly seen in clusters 1D and 2C of the hierarchical clustering, containing many Fur-
regulated genes (Fig. 2.2). In total, we found 15 out of 36 (P < 0.0001) Fur-regulated genes 
significantly expressed in our analysis with similar transient expression profiles. The Fur 
regulon is normally derepressed under iron-limiting or anaerobic conditions (Moore & 
Helmann, 2005, Ye et al., 2000). We tested whether increased iron concentrations in the 
medium would result in an increase in the stress tolerance against sorbic acid. A 10-fold (100 
μM) or 25-fold (250 μM) increase of iron in the medium could not decrease the growth 
inhibition by sorbic acid (Table 2.2). These combined observations suggest that although 
nutrients in the cell’s environment are not limiting, the cells respond as if nutrients are scarce. 
 
2.4.7. Sorbic acid influences the biogenesis of the cell envelope 
 Since HS can dissolve in the cell membrane and is thought to affect membrane integrity, 
we expected to see a membrane-remodelling response or an adaptation of the cell envelope 
to limit HS entry. Functions associated with the cell surface or transport are controlled by 
extracytoplasmic function sigma factors, like SigM, SigW and SigX (Helmann, 2002). Indeed, 
the gene groups regulated by extracytoplasmic function sigma factors SigW and SigX showed 
altered expression upon sorbic acid treatment (Fig. 2.4B). We also detected a similar 
repression pattern for genes regulated by YvrH (Fig. 2.4B). YvrH is involved in the 
maintenance of the cell surface state through transcriptional regulation and controls genes 
containing a promoter site for SigX, and sigX itself (Serizawa et al., 2005). The repression of 
SigW- and SigX-regulated genes upon sorbic acid stress suggests their expression under 
control conditions. This finding was corroborated by the absolute fluorescence levels.  
 
Table 2.2. Growth medium supplemented with either additional glucose or iron does not increase 
tolerance towards sorbic acid stress.a 

Glucose addition in medium (5 mM) FeSO4 addition in medium (10 μM) GI %b 

1x 1x 28.7 (3.0) 
5x 1x 30.0 (0.2) 
1x 10x 31.2 (0.4) 
1x 25x 32.7 (2.3) 

a See Materials and Methods for the standard composition of the medium. 
b 3 mM potassium sorbate (KS) was added to exponentially growing cultures of an OD600 of 0.2 at pH 6.4. 
Growth inhibition percentages (GI %) were calculated from the obtained growth rates between 56 and 
108 min after addition of KS and are relative to the specific growth rate in the control condition (no 
addition of KS). All conditions were tested at least in duplicate and biologically independent experiments 
were performed at least twice. The standard deviation is shown in parentheses. 
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Although SigW and SigX are activated upon cell wall- and membrane-perturbing stresses we 
did not have any indication that our control cells suffered stress. This was supported by a µmax 

of 0.93, no induction of the GSR, and no formation of heat resistant spores in the control 
culture (our unpublished results). 
 T-profiler analysis showed a strong induction of genes involved in the metabolism of lipids 
directly after sorbic acid exposure (Fig. 2.4B). Most fatty acid biosynthesis (fab) genes, 
negatively regulated by FapR (YlpC) (Schujman et al., 2003), were significantly upregulated. 
The fab initiation genes fabHB and fabD and elongation genes fabF, fabG and fabI (Fig. 2.2, 
clusters 2A, 2E, and 4) showed significant induction with similar expression profiles. The 
strong upregulation (19-fold) of fabHB was confirmed using RT-PCR (Table S3 in Appendix 
A). In addition, we observed the significant induction of genes regulated by BkdR in both T-
profiler analysis (Fig. 2.4B) and hierarchical clustering (Fig. 2.2, clusters 2D and E). BkdR is 
the activator of the bkd operon, consisting of seven genes involved in the synthesis of 
precursor molecules for branched-chain fatty acids (Debarbouille et al., 1999). The induction 
of both the fab genes and the bkd operon in sorbic acid-treated cells will likely increase the 
number of long-chain and branched-chain fatty acids in the membrane (de Mendoza et al., 
2002, Schujman et al., 2003). 
 We investigated the role of fatty acid synthesis in the resistance to sorbic acid stress by 
growing a β-ketoacyl-acyl carrier protein (ACP) synthase III mutant in the presence of sorbic 
acid. Strain ATB001 (fabHB) did not reveal a sensitive phenotype (Table 2.1). The antibiotic 
cerulenin inhibits the β-ketoacyl-ACP synthases (FabHA, FabHB and FabF) of the fatty acid 
chain elongation step (D'Agnolo et al., 1973). In addition, cerulenin induces the FapR regulon 
(Schujman et al., 2001). Remarkably, the simultaneous addition of sorbic acid and cerulenin 
to exponentially growing WT cells significantly decreased the inhibitory effect of the antibiotic 
compared to cultures treated with cerulenin alone (Fig. 2.5). This result indicates that the 
addition of KS may lead to a membrane adaptation that alters the cell’s sensitivity to 
cerulenin. 
 
2.4.8. Possible extrusion of the anion 
 S. cerevisiae uses the pump Pdr12 to extrude the sorbate anion to prevent accumulation 
(Holyoak et al., 1999). Interestingly, we found the gene yhcA to be highly upregulated in the 
presence of KS (Fig. 2.2, cluster 4). YhcA is a multidrug resistance transporter homologue of 
the major facilitator superfamily. To investigate the role of this gene in sorbate stress 
tolerance, we tested mutant strain ATB005 (yhcA) for sorbic acid sensitivity. Surprisingly, the 
yhcA mutant strain showed clear sorbate resistance, especially at low KS concentrations in 
liquid medium (Table 2.1) and on solid cultures (our unpublished data). yhcB (similar to the trp 
repressor binding protein) is located downstream of yhcA in the genome. This gene also 
showed strong upregulation (Fig. 2.2, cluster 4) and was tested for sorbate stress tolerance.  
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Fig. 2.5. Sorbic acid stress may lead to a membrane adaptation which renders the cells resistance to 
cerulenin. Exponentially growing WT PB2 cells were grown without (closed circles) or with the addition of 
3 mM potassium sorbate (KS) (open circles), 5 μg/ml cerulenin (CL) (closed triangles), and 3 mM KS + 5 
μg/ml CL (open triangles). The optical density (OD600) was followed during 180 min. The values represent 
the mean of four measurements, including the standard deviation. 
 
Mutant strain ATB006 (yhcB) showed no altered sorbic acid susceptibility (Table 2.1). These 
data illustrate that the resistance of the yhcA mutant strain is caused by the inactivation of 
yhcA itself and not by affected downstream genes. 
 
2.5. Discussion 
 Our study shows that mainly the undissociated form of sorbic acid (HS) is responsible for 
the inhibition of growth of B. subtilis (Fig. 2.1). These data support the model that suggests 
that the neutral form of the acid enters the cell, where it dissociates, possibly acidifying the 
cytosol and likely contributing to its inhibitory effect (Beales, 2004, Davidson, 2001). 
Maintaining the internal pH is of crucial importance for the proper functioning of the cell. We 
observed several responses that may counteract the possible intracellular acidification 
caused by the dissociation of HS (e.g. the induction of the urease operon and the phenolic 
acid decarboxylase padC). However, thus far, we have no indication that these responses are 
functional in HS tolerance. Besides possible acidification of the cytosol, the entry of protons 
will lower the proton gradient. Consequently, this will reduce the cell’s efficiency to produce 
ATP, which is supported by the observed lower yields on glucose and oxygen upon sorbic 
acid stress. 
 The transcriptome analysis clearly revealed that cells stressed with sorbic acid respond as 
if they encounter nutrient limitation. We observed a clear induction of transition-state and 
early-stationary-phase genes regulated by AbrB, SigH, and CodY as well as an induction of 
the stringent response, mediated by RelA (Fig. 2.3). The derepression of the carbon 
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catabolite control genes, regulated by CcpA, major changes in carbon metabolism and the 
induction of the Fur regulon further suggest that, even though glucose is still abundant in the 
medium, the cells experience nutrient limitation(s) (Fig. 2.4A). This may be caused by effects 
of the acid on glucose uptake systems, but may also be the result of an altered intracellular 
environment and effects on enzymes involved in the subsequent glucose-phosphate 
catabolism. This possibility is supported by the decreased glucose flux seen in sorbic acid-
treated cells. Future studies should aim at (short-term) measurements of intracellular 
metabolites and oxygen consumption in the absence and presence of sorbic acid. The 
addition of excess glucose or iron to the medium did not change sorbate susceptibility (Table 
2.2), which seems to point out that limitations in the medium are not the cause of the nutrient 
limitation responses of the cell. 
 Sorbic acid did not induce sporulation, competence (Fig. 2.3C) or the GSR (see Fig. S2 in 
Appendix A). We conclude that the limiting conditions caused by 3 mM sorbic acid are not 
severe enough to switch on sporulation, competence or the GSR, or that other factors inhibit 
these adaptation pathways. Zhang and Haldenwang (2005) recently showed that the 
induction of the GSR by nutritional stress is preceded by a drop in ATP levels. The absence 
of a GSR induction upon (mild) sorbic acid stress might indicate that ATP levels are not 
severely affected. 
 The observed active state of the SigW and SigX regulon in control B. subtilis cells grown 
in defined (MOPS based) medium is somehow surprising. Note that we opted for the use of 
an established Bacillus medium (see e.g. Hu et al., 1999, Wray & Fisher, 2007)) and noted no 
signs of stress (see Results). The observed downregulation of SigW and SigX regulated 
genes upon sorbic acid stress may lead to a blockage of cell envelope remodelling and, 
consequently altered cell envelope composition. 
 Immediately after sorbic acid exposure a clear activation of genes involved in the 
metabolism of lipids was observed (Fig. 2.4B). The induction of both the fab genes and the 
bkd operon will likely increase the number of long-chain- and branched-chain- fatty acids in 
the membrane (de Mendoza et al., 2002, Schujman et al., 2003). An elongation of fatty acids 
in the membrane might lower the diffusion rate of sorbic acid into the cell. The simultaneous 
addition of more branched-chain fatty acids into the membrane through the action of the bkd 
operon will likely preserve fluidity. The inactivation of fabHB did not result in a sensitive 
phenotype for sorbic acid (Table 2.1). Noticeably, since fabHA codes for a β-ketoacyl-ACP 
synthase III as well, this gene is likely to take over the function of fabHB in the mutant strain 
tested. Recently, Thomaides et al. (Thomaides et al., 2007) illustrated that the fabHA fabHB 
double mutant is nonviable. The combined treatment of cultures with both KS and cerulenin, 
the inhibitor of the β-ketoacyl-ACP synthases, significantly lowered the inhibitory effect of 
cerulenin alone (Fig. 2.5), supporting the inferred remodelling of the membrane in response to 
sorbic acid. Alteration of the plasma membrane composition upon sorbic acid stress in Z. 
rouxii was descried previously (Golden et al., 1994). In addition, S. cerevisiae and Z. bailii 
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cells adapted to benzoic acid have a reduced permeability to benzoate (Warth, 1989, 
Henriques et al., 1997). We suggest that in B. subtilis the observed induction of the fab genes 
and bkd operon is a direct response to sorbic acid that will likely alter the membrane 
composition such that the diffusion rate of the organic molecule over the membrane is 
lowered.  
 Accumulation of the anion may also cause harm to the cell (Davidson, 2001, Hirshfield et 
al., 2003). The strong upregulation of yhcA, encoding a major facilitator superfamily multidrug 
resistance transporter homologue, suggested a potential anion extrusion mechanism. The 
inactivation of yhcA however, revealed a clear resistant phenotype upon stress with low 
concentrations of KS in defined minimal liquid medium (Table 2.1) and on solid cultures (our 
unpublished data) under our test conditions. In theory, the extrusion of S- by YhcA may create 
a futile cycle and deplete cellular energy pools, since the anion can reassociate in the 
extracellular environment with a proton and diffuse back into the cell, thereby reducing the 
proton gradient further. If such futile cycling indeed occurs, it may significantly contribute to 
the observed resistance of the yhcA mutant strain when tested in defined minimal medium. 
Alternative explanations, in which the YhcA protein would be the site at which sorbic acid 
enters the cells inadvertently and its deletion would thus lower the sorbic acid sensitivity of the 
cells, are also possible. Such events would be analogous to the recently reported acetic acid 
stress resistance mechanisms in yeast involving the Fps1 aquaglyceroporin protein 
(Mollapour & Piper, 2007). Interestingly, we have preliminary data showing that in rich 
medium the yhcA mutant strain is more sensitive to KS on solid cultures (our unpublished 
data). Future studies should address the function of YhcA and its relationship to the 
differences observed when minimal or rich medium is used. 
 In conclusion, sorbic acid induces responses normally seen upon nutrient limitation. 
Therefore, we suggest that the entry of the protonated acid and the subsequent lowering of 
the proton gradient increase the demand for energy. The cells do not (and likely cannot) 
increase the uptake rate of glucose and consequently experience nutrient limitation. The 
upregulation of the TCA-cycle and the utilization of acetate and acetoin may provide sufficient 
energy to maintain growth but at a lower rate. Finally, the plasma membrane is remodelled, 
likely in an attempt to reduce the entry of sorbic acid into the cell. Whether the observed 
responses in B. subtilis upon sorbic acid stress are representative of weak acids in general, 
remains to be elucidated. 
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3.1. Abstract 
 We used transposon mutagenesis to identify mutants with an altered susceptibility for the 
preservative sorbic acid. Random mutant libraries were created in Bacillus subtilis wild-type 
strain PB2 and were screened for sorbic acid sensitivity and resistance. We identified four 
different transposon mutants showing an increased susceptibility and three different mutants 
for which an increased tolerance was observed. These seven mutants were further 
characterized by testing their susceptibility for the following stresses: acetic acid, the 
uncoupler carbonyl cyanide-m-chlorophenyl hydrazone (CCCP), low pH and NaCl. 
Interestingly, disruption of the unknown gene ymfI led to sensitivity for all tested stresses. 
YmfI shows high similarity to the essential 3-ketoacyl-(acyl-carrier-protein) reductase, FabG, 
committed to the elongation of fatty acids. Remarkably, interruption of the unknown gene 
ymfM, coding for a possible transcriptional regulator, led to hypersensitivity for the weak 
organic acids: sorbic- and acetic- acid. This mutant was also sensitive to low pH and NaCl 
stress. Surprisingly, no increased sensitivity was observed for CCCP. Controlled reduction in 
the transcription of the downstream gene pgsA, using a Pspac-pgsA strain, led to a similar 
phenotype as for that of the ymfM transposon mutant. Essential gene pgsA codes for 
phosphatidylglycerophosphate synthase and is committed to the biosynthesis of the anionic 
phospholipids: phosphatidylglycerol and cardiolipin. We therefore hypothesize that YmfM is a 
possible regulator of pgsA. No genes were identified that solely affected sorbic acid 
sensitivity. This study highlights the importance of the plasma membrane in modulating the 
effects of weak organic stress and identified novel weak organic acid-susceptible genes. 
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3.2. Introduction 
 Weak organic acids (e.g. sorbic-, acetic- and benzoic- acid) are commonly used 
preservatives in the food industry, since they inhibit the growth of spoilage bacteria, yeasts, 
and molds (Beales, 2004, Davidson, 2001, Piper et al., 2001). These acids, or their anionic 
salts, are most effective at pH conditions close to or below their pKa value. The undissociated 
form of the molecule is thought to diffuse freely over the membrane lipid bilayer and inside the 
cell it releases protons due to the higher existing internal pH. Consequently, the proton 
gradient dissipates and acidification of the cytosol may take place. It has been reported that 
this affects oxidative phosphorylation, the transport of nutrients and many other metabolic 
functions (Bauer et al., 2003, Brown & Booth, 1991, Ronning & Frank, 1987, Salmond et al., 
1984, Sheu et al., 1975). Depending on the hydrophobicity of the tail of the acid, the molecule 
can disrupt the plasma membrane and interfere with membrane proteins (Sheu & Freese, 
1972, Stratford & Anslow, 1998). Finally, it has been shown that the accumulation of the anion 
in the cell can cause a rise in osmolarity and affect cytosolic enzymes (Azukas et al., 1961, 
York & Vaughn, 1964). 
 Bacillus subtilis is one of the organisms that causes food spoilage and its growth is 
inhibited by weak organic acids (Eklund, 1983). Adaptation in the fatty acid composition in 
sorbic acid-stressed B. subtilis has recently been proposed by us, since its sensitivity towards 
the fatty acid biosynthesis inhibitor cerulenin stress was reduced (Ter Beek et al., 2008). B. 
subtilis likely remodels its plasma membrane upon sorbic acid stress, possibly to reduce the 
entry of sorbic acid into the cell. The plasma membrane is the ultimate barrier between the 
cell and its surroundings and weakening of this vital component will have a drastic impact on 
the viability of the organism. This is further reflected by the occurrence of many essential 
genes committed to fatty acid- and lipid- biosynthesis in B. subtilis (Kobayashi et al., 2003).  
Although the mode of action of weak organic acids in general is established (see above), the 
bacterial responses involved and their significance are less understood. Recently, we 
preformed time-resolved transcriptome analysis of B. subtilis sub-lethally stressed with 
potassium sorbate (KS) to elucidate the responses of this organism (Ter Beek et al., 2008). 
The results indicated that sorbic acid induces responses normally seen upon nutrient 
limitation. However, specific mutants of genes strongly responsive in the microarray study did 
not lead to clear (sensitive) phenotypes (Ter Beek et al., 2008). Thus, in this study we 
decided to use a different approach to identify genes important in the sorbic acid stress 
adaptation. A mutant library was utilized to screen for sorbic acid-susceptible genes. We 
chose transposon mutagenesis to construct this mutant library, since this technique is, 
although laborious, an effective way to identify genes involved in stress tolerance. 
 Interestingly, among the sensitive clones we identified the uncharacterized genes ymfM 
and ymfI, potentially involved in membrane biosynthesis. The conditional mutant pgsA 
committed to the synthesis of the anionic phospholipids: phosphatidylglycerol (PG) and 
cardiolipin (CL) and downstream in the genome of the potential transcriptional regulator 
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ymfM, showed a similar sensitive phenotype. We therefore hypothesize YmfM is a possible 
regulator of pgsA. These results indicate that proper functioning of the plasma membrane is 
crucial in combating weak organic acids stress, and stress in general. 
 
3.3. Materials and Methods 
3.3.1. Strains, growth conditions and genetic manipulation 
 All bacterial strains and plasmids used in this study are listed in Table 3.1. All B. subtilis 
strains used in this study are derivatives of the laboratory 168 wild-type (WT) strains PB2 
(trp2C) or 1A700 (trp2C). Escherichia coli strain XL1-Blue harboring the plasmid pIC333 was 
grown in Luria-Bertani (LB) broth at 37°C. Bacillus subtilis strains were grown in LB medium 
pH 7.4 or 6.4, buffered with 80 mM 3-(N-morpholino)propanesulfonic acid (MOPS). When 
required for selection, the following antibiotics were added to the medium at given 
concentrations:  1 μg/ml erythromycin, 100 μg/ml spectinomycin, 6 μg/ml chloramphenicol. 
Standard molecular genetics techniques were used as described by Sambrook et al. (1989). 
Plasmids were isolated from E. coli XL1-Blue using a QIAprep Spin Miniprep Kit (Qiagen).  
 
Table 3.1. Strains and plasmids used in this study. 

Strain or plasmid Genotype or descriptiona Source or reference 
B. subtilis strains   

PB2 trpC2; 168 wild-type C.W. Price 
PB344 trpC2 sigBΔ2::spc; SpR Boylan et al. (1993) 

ATB011 – ATB014 trpC2 ymfM::mini-Tn10; SpR This work 
ATB015 trpC2 ymfI::mini-Tn10; SpR This work 
ATB016 trpC2 ksgA::mini-Tn10; SpR This work 
ATB017 trpC2 yclK::mini-Tn10; SpR This work 
ATB018 trpC2 ytrA::mini-Tn10; SpR This work 
ATB019 trpC2 yybS::mini-Tn10; SpR This work 

ATB020 – ATB023 trpC2 treR::mini-Tn10; SpR This work 
1A700 trpC2; 168 wild-type BGSCb 

BFS2808 trpC2 ymfM::pMUTIN; EmR MICADOc 
YMFId trpC2 ymfI::pMUTIN; EmR JAFANd 
KSGAd trpC2 ksgA::pMUTIN; EmR JAFAN 
YCLKd trpC2 yclK::pMUTIN; EmR JAFAN 
BFS53 trpC2 ytrA::pMUTIN; EmR MICADO 
YYBSd trpC2 yybS::pMUTIN; EmR JAFAN 

treR::cat trpC2 treR::cat; CmR Gift from Kazuo Kobayashi 
MHB001 trpC2 Pspac-pgsA; EmR Gift from Kouji Matsumoto 

   
E. coli strain   

XL1-Blue Cloning host Stratagene 
   

plasmid   
pIC333 mini-Tn10 tnpA; EmR, SpR Steinmetz and Richter (1994) 

a SpR, spectinomycin resistance; EmR, erythromycin resistance; CmR, chloramphenicol resistance. 
b Bacillus Genetic Stock Center (http://www.bgsc.org/) 
c Microbial Advanced Database Organization (http://genome.jouy.inra.fr/cgi-bin/micado/index.cgi) 
d Japan Functional Analysis Network for Bacillus subtilis (http://bacillus.genome.ad.jp/) 
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Competent B. subtillis cells were obtained and their transformations were performed as 
described previously (Kunst & Rapoport, 1995). 
 
3.3.2. Transposon mutagenesis 
 The transposon mutagenesis system used here is a mini-Tn10 transposon in the delivery 
vector plasmid pIC333 (Steinmetz & Richter, 1994). The plasmid contains an erythromycin 
resistance gene, a temperature sensitive origin of replication and the transposase gene tnpA. 
The mini-Tn10 transposon is a 2.2 kb DNA-sequence containing an E. coli origin of 
replication, pUC, and a spectinomycin resistance gene. This transposon system was used to 
generate random B. subtillis mutants as previously published (Steinmetz & Richter, 1994). In 
short, B. subtillis 168 WT strain PB2 was transformed with plasmid pIC333 carrying the 
transposon. Next, the transformants, which were selected on both erythromycin and 
spectinomycin, were grown initially at 28°C. The temperature was shifted from 28°C to 37°C 
at the onset of exponential phase and growth was continued for an additional 4 h. Then, cells 
were collected and stored at -80°C in 20% glycerol. Two independent mutant libraries were 
created. 
 
3.3.3. Validation of mutant libraries 
 To examine the statistical properties of the mutant libraries, several tests were performed 
according to Maguin et al. (1992) and Petit et al. (1990). First, the transposition efficiency was 
tested by growing cells on 80 mM MOPS-buffered LB plates of pH 7.4, with and without 
addition of 100 μg/ml spectinomycin. CFUs (Colony Forming Units) were counted after one 
day of growth at 37°C. The efficiency of transposition was calculated based on the following 
formula: (CFUs grown on 100 µg/ml spectinomycin / CFUs grown without spectinomycin) × 
100%. Expected values were between 0.1 – 1%. Next, to check the proportion of mutants still 
carrying the plasmid pIC333, spectinomycin resistant colonies were replicated using sterile 
velvets on 80 mM MOPS-buffered LB plates of pH 7.4, containing 1 μg/ml erythromycin. The 
CFUs were counted after overnight incubation at 37°C and the percentage of mutants that 
had not lost the plasmid was calculated as follows, with the expected value of ~10%: 
(spectinomycin resistant CFUs grown on 1 µg/ml erythromycin / CFUs grown on 100 µg/ml 
spectinomycin) × 100%. Finally, to test the randomness of transposition the amount of 
auxotrophic mutants was determined by replicating the spectinomycin resistant colonies on 
defined minimal (MOPS based) medium plates of pH 7.4, supplemented with 5 mM glucose, 
10 mM NH4Cl and 10 mM glutamate as carbon and nitrogen sources (Ter Beek et al., 2008). 
After one day of growth at 37°C the CFUs were counted and the percentage of auxotrophic 
mutants was determined as follows: (spectinomycin resistant CFUs not grown on defined 
minimal medium plates / CFUs grown on 100 µg/ml spectinomycin) 100%. The expected 
value was ~0.5%. 
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3.3.4. Screening mutant libraries for sorbic acid-susceptible genes 
 The two transposon mutant libraries were subjected to a screen to identify mutants with 
altered sensitivity for sorbic acid. The mutant libraries were diluted to an average of 50 to 100 
CFUs per plate and plated on 80 mM MOPS-buffered LB of pH 7.4, containing 100 µg/ml 
spectinomycin. Following overnight incubation at 37°C, cells were transferred by replica 
plating using sterile velvets to 80 mM MOPS-buffered LB of pH 6.4, containing 30 mM 
potassium sorbate (KS) and 100  µg/ml spectinomycin. Next, the same sterile velvets were 
used to replicate cells on LB plates without KS to verify the successful transfer of cells. The 
mutants that grew less or not at all on KS containing plates compared to the plates without 
sorbate were further tested for sensitivity to erythromycin and stored at -80°C until further 
analysis. To screen for sorbic acid-resistant mutants one mutant library was plated on 80 mM 
MOPS-buffered LB of pH 6.4, containing 40 mM KS and 100  µg/ml spectinomycin. After 
overnight incubation at 37°C colonies that showed a relative increased diameter were further 
tested for sensitivity to erythromycin and stored at -80°C until further analysis. 
 
3.3.5. Validation of transposon mutants with altered susceptibility to sorbic acid 
 To confirm the sorbic acid-sensitive or -resistant phenotype of the transposon mutants, 
the strains were grown both on solid (plating assay) and in liquid medium containing different 
concentrations of KS. For the plating assay, the mutants and the WT strain PB2 were grown 
exponentially in 80mM MOPS-buffered liquid LB medium of pH 6.4, containing 100 μg/ml 
spectinomycin (for mutants only) at 37°C. At an OD600 of 0.2, 10-fold serial dilutions of the 
cultures were spotted on 80mM MOPS-buffered LB plates of pH 6.4, containing 0, 15, 30 or 
40 mM KS. After 24h of incubation at 37°C pictures of the plates were taken. Biologically 
independent replicates were performed at least five times. To monitor the growth of mutants 
in liquid media, exponentially growing cultures were grown to an OD600 of 0.4. Then, the cells 
were 2-fold diluted in a 96-well micro titer plate containing different concentrations of KS (0 
mM, 15 mM, 30 mM or 40 mM). Cells were further cultivated in a SpectroMax Plus microtiter 
plate reader (Molecular Devices Corp.) under rigorous shaking at 37°C for 300 min. All 
conditions were tested in the microtiter plate reader at least in duplicate, and biologically 
independent experiments were performed at least four times. 
 
3.3.6. Identification of transposon insertions 
 Chromosomal DNA from the verified mutants was isolated using the DNeasy Blood & 
Tissue Kit (Qiagen). The purified DNA was digested with HindIII. DNA from the restriction 
reaction was self-ligated using a Ready-To-Go DNA T4 Ligase (Amersham Bioscience). Next, 
ligated DNA was used directly for transformation of highly competent E. coli XL1-BLUE cells 
(Stratagene) and selected for spectinomycin resistance. Isolated plasmid DNA was used as a 
template for sequencing with primers pIC333-left: 5'-GGCCGATTCATTAATGCAGGG-3' and 
pIC333-right: 5'-CGATATTCACGGTTTACCCAC-3', specific to either end of the transposon 

 58



Identification of Novel Weak Organic Acid-Susceptible Genes 

and enabling sequencing of the cloned chromosomal DNA. The primers were purchased from 
Isogen Life Science and the sequencing was performed by BaseClear. The sequencing 
results were aligned to the genome of B. subtilis 168 using BLAST at the SubtiList database 
(Moszer et al., 2002) (http://genolist.pasteur.fr/SubtiList/) in order to identify the affected gene. 
 
3.3.7. Characterization of stress sensitivity of identified mutants 
 To examine the growth phenotypes of mutants with altered sorbate sensitivity in response 
to other stress conditions, the mutant strains were grown both on solid (plating assay) and in 
liquid medium. The experiments were performed as described above for the validation of the 
transposon mutants, but instead of KS, potassium acetate (KAc), the uncoupler carbonyl 
cyanide-m-chlorophenyl hydrazone (CCCP), NaCl, or low pH stress was used. For testing 
growth on solid media, 2% agar plates were used, with the exception of plates with different 
pH, where 2% agarose was used instead. For the plating assays, the following concentrations 
of chemicals were used: KAc (80, 125 or 200 mM), CCCP (2.5, 3.0 or 3.5 µM), sufficient HCl 
to adjust the medium pH to 5.0 or 4.5, and NaCl (0.7 or 1.4 M). Biologically independent 
experiments were performed at least three times. To monitor the growth of mutants in liquid 
media, the same concentrations of chemicals were used as in the plating assays, with the 
exceptions for KAc, of which 40 or 125 mM was used and for CCCP, of which 1.0, 2.5 or 3.0 
µM was used. All conditions were tested in the microtiter plate reader at least in duplicate, 
and biologically independent experiments were performed at least three times. 
 
3.3.8. Validation of sorbic acid-susceptible genes by testing independently constructed 
mutants 
 To verify the identified sorbic acid-susceptible genes, independently constructed mutants 
were similarly tested for their sorbic acid susceptibility as described above. Also the 
characterization of these mutants to obtain their stress profiles was performed as described 
earlier. The conditional pgsA mutant strain was cultured in the presence of 1 mM isopropyl-β-
D-1-thiogalactopyranoside (IPTG) both on solid and in liquid media. Biologically independent 
experiments were performed at least twice. 
 
3.3.9. Inferring functional characteristics of novel sorbic acid-susceptible genes using BLAST 
and operon prediction 
 The Basic Local Alignment Search Tool (BLAST) program (Altschul et al., 1990) was used 
to perform a protein BLAST and a conserved domain search (Marchler-Bauer et al., 2007) 
through the public interface at http://blast.ncbi.nlm.nih.gov/Blast.cgi using default settings 
(version 2.2.17). Only representative results with the highest scores in the protein BLAST that 
could give an indication about the possible function of the gene product were used (arbitrarily 
picked). Predicted operons were accessed through the MicrobesOnline database (Alm et al., 
2005) (http://www.microbesonline.org). 
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3.4. Results 
3.4.1. Construction of random transposon mutant libraries 
 Two independent transposon mutant libraries in B. subtilis WT strain PB2 were created 
using the mini-Tn10 delivery vector pIC333 (Steinmetz & Richter, 1994) as described in the 
Materials & Methods. The resulting libraries were tested for transposition efficiency (0.40 and 
0.56%), randomness of transposition by testing for auxotropic mutants (0.58 and 0.41%), and 
contents of pIC333 (5.2 and 7.2%). Both constructed mutant libraries have the expected 
statistical properties according to Maguin et al. (1992) and Petit et al. (1990). Next, the mutant 
libraries were screened for sorbic acid-sensitive and -resistant clones on plates containing 30 
mM and 40 mM KS, respectively. 
 
3.4.2. Identification & validation of mutants with altered sorbic acid susceptibility 
 Around 10.000 clones were screened for sensitivity on plates containing 30 mM KS and 
approximately 15.000 clones were screened on plates containing 40 mM KS to discover 
sorbic acid-resistant mutants (Fig. 3.1). The screens resulted in 132 candidates having a  
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types of stress

screen on 30 (left) or 40 (right) 
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3 different affected genes: 
ytrA, yybS, treR (4x)
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constructed mutants
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4 different affected genes: 
ymfM (4x), ymfI, yclK, ksgA

Identification & Characterization of Sorbic Acid-Susceptible Genes

stress profiles of identified mutants

Sensitivity Screen Resistance Screen 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.1. Experimental approach for the identification and characterization of sorbic acid-susceptible 
genes. See text for details. 
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sensitive phenotype and 29 clones were picked up with a relative increased colony diameter 
as compared to the rest of the clones. After thorough investigation of these mutants both on 
solid and in liquid medium, we ended up with eight verified sensitive clones and six verified 
resistant mutants. Among the sensitive clones, the following four genes, interrupted by the 
transposon, were identified: ymfM (4x), ymfI, yclK and ksgA. We were not able to identify one 
sensitive clone. The mutants containing an interrupted ymfM gene originated from the two 
independently constructed mutant libraries. Three different affected genes were identified 
among the resistant clones: ytrA, yybS and treR (4x). The affected genes of the identified 
mutants, their gene product descriptions and predicted operons in which they are arranged 
are shown in Table 3.2. 
 

WT

sigB

+ 30 mM KS

control

WT

sigB

control

+ 30 mM KS

WT

ymfI

WT

ymfI

CA

 

+ 30 mM KS

control

WT

ymfM

WT

ymfM

B  

 
Fig. 3.2. Identified sorbic acid-sensitive mutant 
strains ymfM  and ymfI. WT (PB2), sigB (A), 
ymfM (B), and ymfI (C) mutant strains were 
grown exponentially to an OD600 of 0.2 when 10-
fold dilutions were spotted onto LB plates of pH 
6.4 containing no (upper panel) or 30 mM KS 
(lower panel). Plates were photographed after 24 
h of growth at 37°C. The black bars indicate 5 
mm. Shown are results of representative 
experiments. Biologically independent 
experiments were performed at least five times. 
See the Materials & Methods for further details. 
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 The possible contribution of the general stress response in sorbic acid stress tolerance 
was examined as well by testing a sigB mutant strain in the presence of KS. The sigB mutant 
strain did not show a different phenotype than WT on plates (Fig. 3.2A) or in liquid medium 
(our unpublished results). Fig. 3.2 clearly shows hypersensitivity of the ymfM mutant strain 
(Fig. 3.2B) and sensitivity of the ymfI mutant strain (Fig. 3.2C) on solid plates containing 30 
mM KS. In liquid medium the growth of these mutants was also evidently more affected by the 
addition of KS than that of the WT strain (Fig. 3.3). The ymfM mutant strain showed a 
hypersensitive phenotype in a later stage of growth after around 150 min (Fig. 3.3A). 
Inactivation of ymfI, however, reveals a clear sensitive phenotype in the first exponential 
phase of growth (Fig. 3.3B). Although inactivation of either gene led to an increased 
sensitivity for sorbic acid and the genes are relatively close to each other positioned in the 
genome, operon prediction did not show these two genes belong to the same operon (Table 
3.2). The ymfM gene encodes for an unknown protein. However, results of a protein BLAST 
and a conserved domain search showed several significant hits with transcriptional regulators  
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Fig. 3.3. Sorbic acid susceptibility of identified sensitive mutant strains ymfM and ymfI in liquid medium. 
The growth of WT (PB2) and mutant strains in LB medium of pH 6.4 was monitored in a micro titer plate 
reader. Exponentially growing cells were incubated without (upper panels) or with the addition of 15 mM 
KS (lower panels). The optical density (OD600) was followed during 300 min. Shown are results of 
representative experiments. The values represent the mean of two technical replicates. Error bars 
indicate the standard deviation. Biologically independent experiments were performed at least four times. 
See the Materials & Methods for further details. (A) Growth curves of WT (closed diamonds) mutant 
strains sigB (open squares) and ymfM (closed triangles). (B) Growth curves of WT (closed diamonds) and 
mutant strain ymfI (open squares). 
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and an Xre-like helix-turn-helix domain (Table 3.3). Downstream in the genome of ymfM lies 
essential gene pgsA, which codes for the phosphatidylglycerophosphate synthase and is 
committed to the biosynthesis of the anionic phospholipids: phosphatidylglycerol (PG) and 
cardiolipin (CL) (de Mendoza et al., 2002, Nishibori et al., 2005). YmfI shows high similarity to 
the essential 3-ketoacyl-(acyl-carrier-protein) reductase, FabG, committed to the elongation of 
fatty acids (Table 3.3). 
 The ksgA and yclK mutant strains did not show a phenotype on plates (our unpublished 
results). However, these ‘false’ positives from the sensitivity screen did show a sensitive 
phenotype in the exponential phase in liquid medium containing KS (Fig. 3.4) and were 
therefore kept for further investigation. ksgA encodes a dimethyladenosine transferase and is 
involved in translation. It was reported previously that inactivation of this genes leads to 
kasugamycin resistance (Tominaga & Kobayashi, 1978). Unknown gene ylcK codes for a 
possible two-component sensor histidine kinase. Upstream in the genome of yclK is yclJ 
located, the possible response regulator of this two-component system. 
 Noticeably, inactivation of ytrA led to a higher viability (~100-fold) upon sorbic acid stress 
on plates (Fig. 3.5A). Also the insertion of the transposon in the genes yybS and treR 
revealed a resistant phenotype on solid plates (Fig. 3.5B and C). Although the resistance of 
the three mutant strains on plates is clear (Fig. 3.5), no apparent phenotype was observed for  
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Fig. 3.4. Sorbic acid susceptibility of mutant strains kgsA and yclK in liquid medium. Exponentially 
growing cells were incubated without (upper panels) or with the addition of 40 mM KS (lower panels). (A) 
Growth curves of WT (closed diamonds) mutant strain ksgA (open squares). (B) Growth curves of WT 
(closed diamonds) and mutant strain yclK (open squares). See the legend of Fig. 3.3 for further details. 
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Fig. 3.5. Identified sorbic acid-resistant mutant 
strains ytrA, yybS and treR. Ten-fold dilutions 
of exponentially grown WT (PB2), ytrA (A), 
yybS (B), and treR (C) mutant strains were 
spotted onto LB plates of pH 6.4 containing no 
(upper panel) or 40 mM KS (lower panel). See 
the legend of Fig. 3.2 for further details. 

 
 

the ytrA, yybS and treR mutant strains during 300 min of growth in liquid medium (our 
unpublished data). This ytrA gene possibly encodes for the respressor of the ytrABCDEF 
operon, which is involved in acetoin utilization (Yoshida et al., 2000). yybS encodes for an 
unknown gene, but a conserved domain search and results of a protein BLAST showed the 
gene product might be a membrane protein (Table 3.3). The treR gene codes for the 
repressor of the trePAR operon for the utilization of trehalose (Schock & Dahl, 1996). 
 
3.4.3. Stress profiles of transposon mutants & verification by testing independently 
constructed mutants. 
 We decided to further characterize the identified sorbic acid-sensitive and -resistant 
mutant by testing their susceptibility to other stresses. Hereby we wanted to identify whether 
the genes are involved specifically in sorbic acid stress, in weak organic acid stress in 
general, or (more) generally in stress tolerance. Therefore, we chose, next to sorbic acid, 
another weak organic acid: acetic acid. Although the side chains of these carboxylic acids 
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differ significantly, both acids have a similar pKa of 4.76. Another weak acid that was tested 
was the uncoupler CCCP. This protonophore (pKa = 5.95) is a known powerful uncoupling 
agent that very efficiently destroys the proton gradient. Additionally we tested low pH stress 
using HCl. Low pH is different from weak acid stress, because weak acids are potential 
proton carriers, while the protons present at low pH from HCl are not able to freely diffuse  
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Fig. 3.6. Stress characterization of the ymfM 
mutant strain (ATB012). (A) Ten-fold dilutions 
of exponentially grown WT (PB2) and ymfM 
mutant strains were spotted onto LB plates of 
pH 6.4 containing no, 125 mM KAc, or 1.4 M 
NaCl, or on plates of pH 4.5. Biologically 
independent experiments were performed at 
least three times. (B) Growth curves of WT 
(closed diamonds) and mutant strain ymfM 
(open squares) grown in liquid LB medium of 
pH 6.4 containing no, 125 mM KAc, or 0.7 M 
NaCl, or in medium of pH 5.0. Biologically 
independent experiments were performed at 
least three times. See the legends of Fig. 3.2 
and 3.3 for further details. 

 67 



Chapter 3 

 

 

control

0

0.2

0.4

0.6

0.8

1

1.2

0 50 100 150 200 250 300

time (min)

O
D
60

0

WT ymfI

+ 125 mM KAc

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 50 100 150 200 250 300

time (min)

O
D
60

0

WT ymfI

+ 1 μM CCCP

0
0.1
0.2

0.3
0.4
0.5
0.6
0.7

0.8
0.9
1

0 50 100 150 200 250 300

time (min)

O
D
60

0

WT ymfI

B

pH 4.5

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 50 100 150 200 250 300

time (min)

O
D
60

0

WT ymfI

WT

WT

ymfI

control

+ 125 mM KAc

ymfI

+ 2.5 μM CCCP

WT

ymfI

pH 5.0

WT

ymfI

+ 1.4 M NaCl

WT

ymfI

A

 
Fig. 3.7. Stress characterization of the ymfI mutant strain (ATB015). (A) Ten-fold dilutions of 
exponentially grown WT (PB2) and ymfI mutant strains were spotted onto LB plates of pH 6.4 containing 
no, 125 mM KAc, 2.5 µM CCCP or 1.4 M NaCl, or on plates of pH 5.0. (B) Growth curves of WT (closed 
diamonds) and mutant strain ymfI (open squares) grown in liquid LB medium of pH 6.4 containing no, 125 
mM KAc, or 1.0 µM CCCP, or in medium of pH 4.5. See the legend of Fig. 3.6 for further details. 
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over the membrane (unless the gradient gets too large and can overcome the free energy 
barrier), but may damage the cell from the outside. However, low pH can neutralize 
compounds present in LB medium that can act as weak acids. Finally we tested hyperosmotic 
stress by the addition of NaCl, which is chemically unrelated to weak organic acids. 
 The sorbic acid-hypersensitive ymfM mutant was tested for different stresses in both liquid 
and on solid plates. Interestingly, the results clearly showed also hypersensitivity for acetic 
acid stress (Fig. 3.6). No colonies, besides possible suppressor mutants, were formed on 
plates containing 125 mM KAc (Fig. 3.6A). In liquid, the ymfM mutant strain showed a 
hypersensitive phenotype in a later stage of growth after around 200 min (Fig. 3.6B). 
Additionally, sensitivity was observed when this strain was grown at pH 5.0 or 4.5, or in the 
presence of 1.4 M NaCl. Surprisingly, no phenotype was detected when the strain was 
cultured in the presence of CCCP, both in liquid and on solid medium as compared to the WT 
(our unpublished data). 
 Next, we tested the ymfI mutant strain, sensitive to sorbic acid stress. Interestingly, this 
mutant strain, lacking the fabG paralogue, was sensitive in both liquid and on solid medium 
for all stresses tested (Fig. 3.7). The strongest phenotypes were observed when grown in 
liquid media for CCCP and low pH. Verification of the results was performed by testing the 
ymfI mutant strain in the 1A700 background (constructed using the pMUTIN plasmid). A 
similar stress profile was obtained for the independently constructed ymfI mutant (Table 3.4). 
 
Table 3.4. Stress profiles of the transposon mutants in PB2 background and independently constructed 
mutants in 1A700 background when grown on solid and in liquid media. 

Mutant 
(background) 

Susceptibilitya

KS KAc CCCP Low pH NaCl 
Solid Liquid Solid Liquid Solid Liquid Solid Liquid Solid Liquid 

ymfM (PB2) S++ S+ S++ S+ - - S S S+ S+ 
Pspac-pgsA (1A700) 

+ 1 mM IPTG S++ - S++ - - S S S S+ - 

ymfI (PB2) S S S S S S+ S S+ S S± 
ymfI (1A700) Sb S Sb S Sb S+ Sb S+ S+ S+ 
ksgA (PB2) - S Rc S R+ - - - - S+ 

ksgA (1A700) - S± Rc S± R± S+ - S++ - S+ 
yclK (PB2) - S - - - - - - - S 

yclK (1A700) - S± - - - S+ - S++ R± S 
ytrA (PB2) R+ - - - - S - - R+ - 

ytrA (1A700) - - - - - S S± S± R+ - 
yybS (PB2) R S± - S± - S± - S± - - 

yybS (1A700) R - Sb S - S+ - S+ - - 
treR (PB2) R R± - S± - S± R S± R± - 

treR (1A700) - - - - - S R S R± - 
a “S++” = hypersensitive, S+ = sensitive, S = slightly more sensitive than WT, “S±” = both sensitive and 
non-sensitive phenotypes observed; “R+” = resistant, “R” = slightly more resistant than WT, “R±” = both 
resistant and non-resistant phenotypes observed; “-“ = WT phenotype; phenotype adjudication on solid 
medium based on viability, otherwise noted (see text for details). 
b Smaller colonies as compared to WT. 
c Bigger colonies as compared to WT. 
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 The transposon mutant strains that showed only a sensitive phenotype for sorbic acid in 
liquid cultures (inactivation of ksgA and yclK) were as well further characterized. In liquid 
cultures, the inactivation of ksgA led to sensitivity for KAc and NaCl (Fig 3.8B). Steil et al. 
(2003) reported the induction of this gene when B. subtilis was stressed with NaCl. 
Remarkably, this mutant showed on plates relatively bigger colonies when stressed with 80 or 
125 mM KAc (Fig. 3.8A). Also for CCCP a clear resistant phenotype was observed on plates 
supplemented with 3 µM CCCP (Fig. 3.8A). Verification of the results obtained for the ksgA 
transposon mutant with the independently constructed mutant, led to an almost identical 
stress profile (Table 3.4). Only CCCP stress revealed in liquid cultures a sensitivity and low 
pH even a hypersensitivity for this strain (Fig. S1 in Appendix B). Characterization of the yclK 
mutant showed, additionally to the sorbic acid phenotype, only sensitivity for NaCl (Fig. 3.9). 
The yclK mutant constructed using the pMUTIN plasmid demonstrated a similar phenotype, 
except that for CCCP a clear sensitivity was observed and for low pH even a hypersensitivity 
was detected (Table 3.4 and Fig. S2 in Appendix B). 
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Fig. 3.8. Stress characterization of the ksgA 
mutant strain (ATB016). (A) Ten-fold dilutions 
of exponentially grown WT (PB2) and ksgA 
mutant strains were spotted onto LB plates of 
pH 6.4 containing no, 125 mM KAc, or 3.5 µM 
CCCP. (B) Growth curves of WT (closed 
diamonds) and mutant strain ksgA (open 
squares) grown in liquid LB medium of pH 6.4 
containing no, 125 mM KAc, or 0.7 M NaCl. 
See the legend of Fig. 3.6 for further details. 
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Fig. 3.9. Stress characterization of the yclK 
mutant strain (ATB016) showed sensitivity to 
salt stress in liquid cultures. Growth curves of 
WT (closed diamonds) and mutant strain yclK 
(open squares) grown in liquid LB medium of 
pH 6.4 containing no, or 1.4 M NaCl. 
Biologically independent experiments were 
performed at least three times. See the legend 
of Fig. 3.3 for further details. 
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 The sorbic acid-resistant transposon mutants were tested under different stress conditions 
as well. The ytrA mutant strain (possible negative regulator of the acetoin utilization operon) 
displayed a clear resistant phenotype when stressed on plates containing NaCl (Fig. 3.10A). 
Also, a slight sensitivity was measured in liquid medium containing CCCP (Fig. 3.10B). The 
verification strain revealed an almost similar profile. The same clear salt resistance was 
shown on solid medium (Table 3.4). Importantly, we could, however, not discover a 
phenotype for sorbic acid in the 1A700 ytrA mutant strain BFS53. Interestingly, resistant 
mutant yybS did not reveal any other resistant phenotypes for the stresses tested (Table 3.4). 
In liquid cultures both sensitive and non-sensitive phenotypes were observed for acetic acid, 
CCCP and low pH. On the other hand, the verification strain did show significant sensitive 
phenotypes for CCCP and low pH in liquid medium (Table 3.4). Additionally, smaller colonies 
were observed when this strain was grown on plates containing KAc (Fig. S3 in Appendix B). 
 Finally, we further investigated the sorbic acid-resistant phenotype seen in the treR 
inactivated mutant. Only the data obtained for cells cultured on plates of pH 4.5 indicated a 
KS resistance of this strain compared to the WT (Fig. 3.11). Table 3.4 shows that an 
independently constructed treR mutant strain has, in general, a similar stress profile, although 
remarkably, no phenotype was observed for this strain when stressed with sorbic acid. 
 

3.4.4. YmfM, a possible transcriptional regulator of pgsA? 
 Donwstream in the genome of ymfM, the gene pgsA coding for 
phosphatidylglycerophosphate synthase is located. Results of a BLAST indicated that ymfM 
may encode a transcriptional regulator and is likely located in the same operon together with 
pgsA (Table 3.2 and 3.3). Regulators are often located in an operon together with genes they 
regulate (e.g. YtrA and TreR; see Table 3.2). Therefore, we set out to determine the 
behaviour of a pgsA mutant upon exposure to weak organic acid stress. Since the pgsA gene 
is essential, we tested the inducible pgsA mutant (Pspac-pgsA), kindly provided by Kouji 
Matsumoto. This conditional mutant (MHB001) needs the addition of IPTG to be viable and is  
 

 

WT

WT

treR

control

treR

pH 4.5

 
 
 
 
Fig. 3.11. Stress characterization of the treR mutant 
strain (ATB021) showed resistance to low pH on 
solid plates. Ten-fold dilutions of exponentially grown 
WT (PB2) and treR mutant strains were spotted onto 
LB plates of pH 6.4 or pH 4.5. Biologically 
independent experiments were performed at least 
three times. See the legend of Fig. 3.2 for further 
details. 
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Fig. 3.12. Stress characterization of the conditional Pspac-pgsA mutant strain (MHB001). (A) WT (1A700) 
and the Pspac-pgsA mutant strain were grown exponentially in LB of pH 6.4 containing 1 mM IPTG to an 
OD600 of 0.2 when 10-fold dilutions were spotted onto LB plates of pH 6.4 supplemented with 1 mM IPTG 
containing no, 40 mM KS, 200 mM KAc, or 1.4 M NaCl, or on plates of pH 4.5. Biologically independent 
experiments were performed at least twice. (B) Growth curves of WT (closed diamonds) and Pspac-pgsA 
mutant strain (open squares) grown in liquid LB medium of pH 6.4 supplemented with 1 mM IPTG 
containing no, 3 uM CCCP, or in medium of pH 4.5. Biologically independent experiments were 
performed at least twice. See the legends of Fig. 3.2 and 3.3 for further details. 
 
a derivative of the earlier published SDB110 mutant strain (Nishibori et al., 2005). MHB001 
compared to SDB110 lacks the ClaI-SacI region in the lacZ gene of the pMUTIN. The 
presence of 1 mM IPTG during cultivation in control conditions did not lead to a different 
viability on solid plates or growth rate in liquid cultures when compared to the WT (Fig. 3.12). 
Interestingly, when grown on solid plates representing the various stress conditions and 
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supplemented with 1 mM IPTG, the pgsA mutant strain showed a similar stress profile as that 
of the ymfM mutant (Fig. 3.12A and Table 3.4). The same hypersensitive phenotypes were 
observed for both KS and KAc. Also a clear sensitivity was observed on plates containing 1.4 
M NaCl as was published previously (Lopez et al., 2006). In liquid cultures however, 
containing sorbic-, acetic- acid, or NaCl, and additionally 1 mM IPTG, no phenotype was 
observed (our unpublished data). In addition, a sensitive phenotype was observed for 3 µM 
CCCP (Fig. 3.12B). The strong overlap in the phenotypes of both the ymfM mutant and the 
conditional pgsA mutant suggests that the genes are positioned in the same operon and the 
inactivation of ymfM may give rise to polar effects. Since YmfM is a possible regulator, it is 
also tempting to speculate that pgsA is regulated by YmfM. 
 
3.5. Discussion 
 We chose transposon mutagenesis to create random mutant libraries. The constructed 
libraries had the statistical properties as expected (see Results). We then screened the 
libraries on LB plates of pH 6.4 containing 30 or 40 mM KS. In total, 10- and 15-thousand 
clones were screened. Kobayashi et al. (2003) concluded there are 271 essential genes in B. 
subtilis and consequently, maximally ~3800 possible viable mutants. We chose to screen for 
sorbic acid-susceptible genes after growing the library first on LB plates for 24 h. We decided 
to use rich LB medium in our experiments, so that as many as possible mutants are able to 
grow with relatively normal rate prior to the screen. Longer incubations revealed many more 
small colonies emerging on the plates. These slow growers were not used in the screen 
because they already have severe problems growing in control conditions. We were, 
however, interested to find genes that are specifically important for sorbic acid tolerance. 
Therefore, in our view, by excluding the slow growing mutants, the 10- and 15-thousand 
clones screened were sufficient to identify the most significant genes susceptible to sorbic 
acid. However, it might well be that under different conditions (e.g. use of a different medium) 
other genes become important. The screen initially resulted in many false positives (see Fig. 
3.1), because sterile velvets were used for replica plating. Hereby, different amounts of cells 
are transferred and misinterpretations are quickly made. Therefore, a thorough verification 
was needed and performed. 
 In our screen we identified four different genes displaying a sensitive phenotype for sorbic 
acid, and three genes having a resistant phenotype upon inactivation. The most sensitive, 
and therefore interesting, mutants (ymfM and ymfI) are possibly involved in membrane 
biosynthesis. YmfI is highly similar to FabG, the essential 3-ketoacyl-(acyl-carrier-protein) 
reductase committed to the elongation of fatty acids (Table 3.3). It has been shown that fabG 
is an essential gene (Kobayashi et al., 2003) and therefore YmfI is not able to overcome a 
loss in FabG under normal conditions. However, it might well be that ymfI is required in 
(specific) stress conditions. The ymfI mutant showed sensitivity to all stresses tested (Table 
3.4), which further indicates the importance of this gene in stress tolerance and possible 
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proper membrane functioning. Recently, we analyzed the temporal gene expression during B. 
subtilis spore germination and outgrowth (Keijser et al., 2007). Clustering of the significantly 
expressed genes revealed that ymfI and ymfM grouped together with other genes involved in 
the metabolism of lipids, which points out the possible involvement of these genes in 
membrane functioning. The ymfI gene was also identified in a screen for impaired swarming 
motility (Kearns et al., 2004). The ymfI gene is required for proper coordination among cells of 
the swarming population, but its role is unclear. Another study showed that YmfI is involved in 
direct or indirect de novo synthesis of precursor(s) for the antibiotic neotrehalosadiamine 
(Inaoka & Ochi, 2007). 
 The ymfM mutant revealed a hypersensitive phenotype for both sorbic- and acetic- acid, 
but remarkably, not for CCCP (Table 3.4). The ymfM gene encodes a possible transcriptional 
regulator (Table 3.3) and is predicted to be in the same operon as pgsA (Table 3.2). 
Preliminary results using reverse transcriptase PCR show that ymfM and pgsA belong to one 
and the same operon in B. subtilis (our unpublished results). Interestingly, in many other 
Gram-positive bacteria (e.g. Bacilli, Streptococci and Stapylococci) ymfM and pgsA are also 
predicted to be part of the same operon (Alm et al., 2005, Ermolaeva et al., 2001). 
Noteworthy, according to several prediction tools, YmfM has one transmembrane domain 
(amino acids 89 – 113) (Cserzo et al., 1997, Hirokawa et al., 1998). Membrane-bound 
proteins that also act as a transcription factor are rare, but do exist. For instance, in B. subtilis 
LytR is a membrane-bound attenuator for lytABC and lytR expression (Lazarevic et al., 1992). 
In Gram-negative bacteria Escherichia coli and Salmonella enterica, CadC, the transcriptional 
activator of the operon coding for lysine uptake and decarboxylation, consists of a 
cytoplasmic N-terminal domain, a single transmembrane domain and a periplasmic C-terminal 
domain (Dell et al., 1994, Lee et al., 2008). 
 The conditional Pspac-pgsA mutant showed on plates containing 1 mM IPTG the same 
hypersensitivity as the ymfM mutant for sorbic- and acetic- acid. Although 1 mM IPTG was 
sufficient for normal growth in control conditions, the susceptibility of the pgsA mutant strain 
clearly depended on the form (solid or liquid) of the medium (Table 3.4). In stirred liquid 
cultures the cells experience a constant concentration of IPTG, which might be more than 
sufficient. On solid plates cells in colonies are touching the surface and/or each other, which 
might require a different composition of the plasma membrane. Therefore, higher functional 
PgsA levels (i.e. higher IPTG levels) are required in stress conditions on plates. A titration of 
IPTG will be required in liquid cultures to assess whether there are concentrations of IPTG 
that do not cause growth defects in the control conditions of the pgsA mutant strain, but do 
show a sensitive phenotype upon exposure to stress conditions. Preliminary data does 
indicate altered CL and PG contents and composition in the ymfM mutant when compared to 
the WT (our unpublished results). Lowering the anionic PG and CL content in the plasma 
membrane of the pgsA mutant (Lopez et al., 2006) and presumably of the ymfM mutant, will 
consequently lower the overall negative charge of the surface of the membrane. Such 
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membranes may therefore repel anionic compounds (like the sorbate- and acetate- anion) 
less, which may partly explain the hypersensitive phenotypes observed for sorbate and 
acetate in the pgsA and ymfM mutant strains. Taking all data together, we propose that YmfM 
is a possible regulator of pgsA and suggest renaming YmfM into PgsR 
(phosphatidylglycerophosphate synthase regulator). Chromatin immunoprecipitation, 
electrophoretic mobility shift assays and/or DNase I footprinting experiments are needed to 
confirm this hypothesis. The recently initiated crystallographic analysis of YmfM from 
Staphylococcus aureus will be most relevant in this respect (Xu et al., 2008). 
 A strain incapable of inducing the general stress response (sigB mutant) did not show an 
altered phenotype for KS when compared to WT on solid rich LB medium (Fig. 3.2A). In 
addition, the viability of the sigB mutant strain on solid minimal medium was not affected (our 
unpublished data). Therefore, we conclude that the general stress response is not involved in 
sorbic acid stress tolerance. Another important stress response is mediated through SigM. 
Extracytoplasmic function sigma factor SigM is involved in maintaining membrane and cell 
wall integrity in response to several different stresses in the exponential growth phase 
(Thackray & Moir, 2003). Although a sigM mutant was not discovered in the transposon 
mutagenesis screen, preliminary results do indicate that a sigM mutant is sensitive for KS in 
liquid cultures in the exponential phase, but not on solid medium after 24 h incubation (our 
unpublished data). 
 Although in general the mutant strains used to verify the transposon mutants showed 
similar stress profiles, also differences were observed (Table 3.4). Several reasons can 
explain these findings. First of all, the independently constructed mutants are all in the 1A700 
background and the transposon mutants are in the PB2 background. Second, and likely more 
important, the transcription of downstream genes located in the genome in the transposon 
mutants may be very different from that in the independently constructed mutants. The 
pMUTIN mutants are designed in such a way that transcription of downstream genes is 
blocked by the presence of terminators unless IPTG is added (Vagner et al., 1998). The latter 
was not done since the stress profiles were in general similar. How transcription exactly in the 
transposon mutants is affected is unclear. 
 When a phenotype was observed on solid plates, this did not automatically mean the 
same phenotype was seen in liquid medium or vice versa (Table 3.4). Also opposite 
phenotype were occasionally found (e.g. KAc resistance on plate and sensitivity in liquid 
medium for the ksgA mutant; see Table 3.4). Besides the different physical properties of the 
two types of media, a possible explanation might be that a mutant can have a higher viability, 
but slower growth rate. The liquid cultures were monitored for 5 h, which examined the 
exponential growth rate and initial stationary phase, while the solid plates were incubated for 
24 h, which studied viability and stationary-phase effects. 
 None of the genes discovered in this study were identified as responsive in the previously 
reported microarray study (Ter Beek et al., 2008). Also some specific mutants of genes 
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responsive from the transcriptome analysis did not show a clear phenotype. It has been 
reported before that inactivation of responsive genes often does not lead to a phenotype (see 
e.g. Giaever et al., 2002). Besides the fact that the mRNA levels do not necessarily represent 
the amount of proteins synthesized, a mutant is already adapted prior to the stress applied 
and might therefore show different responses. Additionally, the microarray study was 
performed with cells grown in a defined minimal liquid medium. In this research the screen 
was performed on rich medium plates for reasons earlier described. 
 Weak organic acids are thought to dissipate the proton gradient by releasing protons and 
possibly acidifying the cytosol. It would be very interesting to measure in vivo such pH 
changes upon weak organic acid stress both in WT and the newly identified mutants. This is 
possible by making use of a derivative of the green fluorescent protein, called pHluorin 
(Miesenbock et al., 1998). Currently, by using pHluorin we showed that sorbic acid lowers the 
internal pH in Saccharomyces cerevisiae (Orij et al., 2009) and we are now able to use this in 
vivo ‘pH-meter’ also in B. subtilis (see Chapter 5). 
 In conclusion, we identified four genes showing sensitivity to the preservative sorbic acid 
upon inactivation: ymfM, ymfI, ksgA and yclK. We also discovered three sorbic acid resistant 
mutants on solid medium (ytrA, yybS and treR). No mutants were identified that only showed 
altered susceptibility to sorbic acid, or weak organic acids alone. The novel weak organic 
susceptible-genes ymfM (encoding a possible regulator of pgsA) and ymfI (similar to FabG) 
clearly demonstrate the likely involvement of the plasma membrane in weak organic acid 
tolerance. Currently, we are investigating the regulatory role of ymfM and ymfI in membrane 
functioning further. 
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Chapter 4 

4.1. Abstract 
We performed a comparative physiological and transcriptional analysis of stress responses 
caused by the commonly used food preservatives sorbic- and acetic acid, as well as the 
uncoupler carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) in exponentially grown 
Bacillus subtilis. The concentration of each acid needed to cause a similar reduction of the 
growth rate negatively correlated with their membrane solubility and positively correlated with 
the concentration of undissociated acid present. The contribution of the undissociated form of 
sorbic acid to the growth inhibition was the highest out of the three stresses. The anions also 
contributed to growth inhibition, although to a lesser extent than the undissociated form. The 
effect seemed most pronounced for the anion of CCCP. Time-resolved microarray analysis of 
sub-lethally stressed B. subtilis revealed that weak organic acids activate transcriptional 
programs normally seen upon nutrient limitation, indicated by the derepression of CcpA-
regulated genes and the induction of the stringent response. Moreover, all three stresses 
induced diverse responses that indicate an adaptation of the cell envelope. Potassium 
sorbate (KS) specifically activated the FapR and BkdR regulons. On the other hand, 
potassium acetate (KAc) repressed the genes regulated by FapR. Interestingly, both CCCP 
and KAc repressed the des gene, encoding the sole membrane-bound acyl-lipid desaturase. 
The stress-specific repression of the YvrH, SigW, and SigX regulons, involved in the cell 
envelope, was also observed. The general stress response was induced by KAc and CCCP, 
but not by KS. Solely CCCP activated the expression of genes regulated by SigM and sodA, 
encoding superoxide dismutase. Finally, a clear metabolic shift to acetate utilization was seen 
in KAc-stressed cells: the strong induction of the alsSD genes, involved in the production of 
acetoin, and acetyl-CoA synthetase acsA, and correspondingly, a clear repression of the 
pdhABCD genes, encoding pyruvate dehydrogenase complex. In general, the responses 
seen in weak organic acid-stressed cells indicate changes in the composition of the cell 
envelope and adaptation mechanisms against uncoupling of the proton gradient. 
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4.2. Introduction 
 Weak organic acids are well established antimicrobial agents utilized by the food industry. 
The acid, or its anionic salt, is used in a variety of foods and beverages and inhibits the 
growth of spoilage bacteria, yeasts, and moulds (Beales, 2004, Brul & Coote, 1999, 
Davidson, 2001, Piper et al., 2001). The most active among them are: acetic, lactic, propionic, 
sorbic, and benzoic acid. The antimicrobial activity of this class of food preservatives depends 
on the pKa value of the acid and the pH of the environment. In solution, the compound exists 
in equilibrium between the dissociated and the undissociated state. The latter form is more 
lipid permeable than the anion, and is therefore able to diffuse into the cell. After entry into the 
cell, a new equilibrium is formed between both forms. The resulting release of protons lowers 
the proton gradient and may cause lowering of the intracellular pH. The latter will affect 
virtually all biochemical processes, including the redox state, DNA transcription, protein 
synthesis and folding, enzyme activities, and transport over the membrane (Beck & Jahns, 
1996, Cotter & Hill, 2003, Foster, 2004, Veine et al., 1998). The uncoupling effect and the 
possible acidification of the cytosol are thought to be the main modes of action of weak 
organic acids (Beales, 2004, Brul & Coote, 1999, Davidson, 2001, Piper et al., 2001). 
Furthermore, the released anion is considered to be responsible for a rise in osmolarity and, 
depending on the specific preservative used, to affect cytosolic enzymes (Azukas et al., 1961, 
Russell, 1992, York & Vaughn, 1964). In addition, organic acids are thought to interfere with 
the cell wall, the cytosolic membrane and membrane proteins, and consequently, influence 
the transport of nutrients (Hirshfield et al., 2003, Krebs et al., 1983, Sheu & Freese, 1972, 
Stratford & Anslow, 1998). The hydrophobicity of the weak acid likely relates to its membrane 
disrupting effect. Although the general modes of action are established, differences between 
the effectiveness of weak organic acids are observed. For instance, the pKa values of sorbic 
and acetic acid are similar (Table 4.1), however in general more acetic acid is needed to 
obtain similar growth-inhibitory effects (e.g. Abbott et al., 2007, Piper et al., 1998). This can 
be partly explained by the obvious diversity in the chemical properties of these two 
preservatives (Table 4.1), and the differences in the ability of the organism to metabolize the 
acid. 
 Depending on the challenged organism and the weak acid used, various resistance 
mechanisms have been described. In general, ATPases in the membrane are thought to 
pump out excess protons at the cost of ATP to restore pH homeostasis (Beales, 2004, Brul & 
Coote, 1999, Davidson, 2001, Piper et al., 2001). To prevent the accumulation and toxic 
effects of the anion, Saccharomyces cerevisiae induces the Pdr12p pump to extrude the 
sorbate anion at the cost of ATP (Holyoak et al., 1999). Remarkably, it has been reported 
recently that this pump also recognizes the uncoupler carbonyl cyanide-m-chlorophenyl 
hydrazone (CCCP) as a substrate (Hendrych et al., 2008). In addition, some organisms 
metabolize the acid in order to minimize the effects of the anion. For instance,  
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Table 4.1. Properties of the weak organic acids compared in this study. 

Weak organic acid Chemical structure pKa Log Kow
a 

Sorbic acid 
O

OH  

4.76 1.33 

Acetic acid 
O

OH  

4.76 -0.17 

CCCP Cl
H
N

N

N

N
 

5.95 3.38 

a Experimentally determined octanol-water partition coefficient (log Kow) values were taken from the 
KowWin-Demo-Database (http://www.srcinc.com/what-we-do/databaseforms.aspx?id=385). 
 
Zygosaccharomyces bailii is able to degrade benzoate and sorbate (Mollapour & Piper, 
2001), and species of Penicillium can decarboxylate sorbate to 1,3-pentadiene (Kinderlerer & 
Hatton, 1990). Several studies report on the changes in membrane composition upon weak 
organic acid stress, implying a possible resistance mechanism. Changes in fatty acid 
composition in sorbate-stressed Z. rouxii cells have been observed (Golden et al., 1994) and 
suggested in Bacillus subtilis by us (Ter Beek et al., 2008; see Chapter 2). Benzoate-adapted 
S. cerevisiae and Z. Bailii cells reduced their permeabilities to benzoic acid (Henriques et al., 
1997, Warth, 1989). Recently, it was shown that S. cerevisiae possesses an 
aquaglyceroporin (Fps1) that also facilitates the diffusion of undissociated acetic acid into the 
cell. Upon stress, Fps1 is degraded, thereby increasing the tolerance to acetic acid stress 
(Mollapour & Piper, 2007). 
 Weak acid resistance mechanisms in bacteria are largely unknown. Depending on the 
species however, bacteria can induce several systems to counteract a drop in the internal pH 
when encountering (extreme) low pH stress. The general stress response (GSR) (SigB and 
RpoS-mediated) is induced upon low pH stress (Bearson et al., 1997, Hecker & Volker, 
2001). The SigM regulon, involved in maintaining membrane and cell wall integrity, is also 
induced in B. subtilis at low pH (Thackray & Moir, 2003). Furthermore, the induction of proton 
pumps, chaperones, and the production of basic compounds by urease, decarboxylases, and 
deiminase are known factors contributing to acid tolerance (Bearson et al., 1997, Cotter & Hill, 
2003). Although the importance of low pH stress response systems in weak-acid resistance 
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development remains unclear, it has been shown that the acid tolerance responses of 
Salmonella typhimurium and Escherichia coli increased the resistance to weak organic acids 
(Baik et al., 1996). 
 To reveal the generic and specific responses of weak organic acids, microarray 

mon food spoilers. They can form highly-resistant endospores able to 

.3. Materials & Methods 
ditions 

ltivated in a defined minimal medium as 

technology is a powerful tool. Comparative microarray studies of S. cerevisiae, grown 
anaerobically in chemostats, have shown that compounds with similar hydrophobicities 
activate overlapping responses (Abbott et al., 2007). The more lipophilic compounds 
benzoate and sorbate induced responses more related to the cell wall, while the responses 
induced by the less lipophilic compounds acetate and propionate focused on membrane-
associated transport processes (Abbott et al., 2007). Gram-negative bacterium E. coli was 
subjected to acetate, propionate, and also CCCP (Polen et al., 2003). Short-term exposure to 
these three stresses all induced the RpoS-mediated GSR. Interestingly, a proteome study on 
E. coli also revealed the induction of the GSR by acetate; however, formate (pKa value of 
3.75) repressed the RpoS-mediated genes (Kirkpatrick et al., 2001). Recently, we have 
shown that B. subtilis mildly stressed with potassium sorbate did not induce the SigB-
mediated GSR (Ter Beek et al., 2008). Only severe inhibition of growth (71%) induced the 
GSR. Since neither the viability nor the growth rate in a sigB mutant was affected, it was 
concluded that the GSR is not the key response of cells encountering sorbic acid stress (Ter 
Beek et al., 2008). 
 Bacilli are com
survive the food processing steps. In particular, the germination and outgrowth of these 
spores pose a threat. Here we report the time-resolved transcriptional responses of model 
organism B. subtilis subjected to potassium acetate (KAc) and also CCCP, a powerful 
uncoupler and weak organic acid. We performed a thorough comparison of the transcriptional 
responses caused by KAc, CCCP and the recently published data on sorbic acid stress (Ter 
Beek et al., 2008). We determined the minimal generic transcriptional response to weak 
organic acids, as well as the specific and opposite responses involved. We show that all three 
weak organic acids induced responses normally seen upon nutrient limitation, indicating 
adaptation mechanisms against uncoupling of the proton gradient. Interestingly, all three 
acids clearly induced (distinct) responses that point towards a change in the composition of 
the cell envelope. 
 
4
4.3.1. Bacterial strain, growth and stress con
 168 wild-type (WT) B. subtilis strain PB2 was cu
described previously (Ter Beek et al., 2008). The medium was buffered with 80 mM 3-[N-
morpholino]propanesulfonic acid and the pH was set to 5.9, 6.4, 7.4 or 7.8 with KOH. As 
carbon- and nitrogen-sources 5 mM glucose, 10 mM glutamate and 10 mM NH4Cl were used. 
Strain PB2 was grown exponentially, transferred to a SpectroMax Plus microtitre plate reader 
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(Molecular Devices Corp.) at an optical density at 600 nm (OD600) of 0.08 (which corresponds 
to an OD600 of 0.2 in a 1 cm path length spectrophotometer) and stressed with various 
concentrations of KAc (5 – 250 mM) or CCCP (0.25 – 10 µM). Additional stress experiments 
were performed to test for synergy in antimicrobial action by using different combinations of 3 
mM KS, 25 mM KAc, 0.85 µM CCCP, 0.5 M NaCl, and 5 μg/ml cerulenin. Cells were further 
cultivated in the microtitre plate reader under rigorous shaking at 37°C for 180 min. The 
percentages of growth inhibition (GI %) were calculated from the increase in the optical 
density between 50 and 110 min of the control (no addition of stress) and the stressed 
culture. All conditions were tested in the microtitre plate reader at least in triplicate and 
biologically independent experiments were performed at least twice. The concentration of 
each weak acid required to cause a growth inhibition of 50% (IC50) was determined and the 
relative IC50 was calculated from the IC50 value obtained at pH 6.4 (IC50 at tested pH value / 
IC50 at pH 6.4). 
 
4.3.2. Time-resolved transcriptome analysis using DNA microarrays 

lit in two and cultured 
 

on, scanning of the DNA microarrays, as well 
s 

yzed using two complementary methods. Hierarchical 

 An exponentially growing culture of B. subtilis WT strain PB2 was sp
in well-controlled batch-fermentors as described previously (Ter Beek et al., 2008). At an 
OD600 of 0.2, one culture was stressed with 25 mM KAc or 0.85 µM CCCP. Samples of 20 ml 
were withdrawn from both the treated and control cultures at 0, 10, 20, 30, 40, and 50 min 
after addition of KAc or CCCP. The cells were collected as described by Ter Beek et al. 
(2008). Total RNA was isolated as described previously (Keijser et al., 2007). Two biologically 
independent experiments were performed. 
 The synthesis of labeled cDNA, hybridizati
a the microarray data extraction and processing were carried out as described by Ter Beek 
et al. (2008). The data was normalized using J-Express Pro 2.7 software (MolMine AS). 
Genes with more than one missing value in the time-series were omitted. After the processing 
of the microarray data 3,746 and 3,685 genes remained for each time-point, of which 503 and 
582 were found to be significantly expressed in the KAc and CCCP treatments, respectively. 
The degree of enrichment or depletion for a specific gene group in the given significantly up- 
or downregulated genes was quantitatively assessed using a hypergeometric distribution 
analysis (Motulsky, 1995). Gene groups were considered to be enriched or depleted when the 
calculated P value was below 0.01. 
 The microarray data was anal
clustering (Eisen et al., 1998) of specific sub-sets of significantly regulated genes was used to 
identify groups of genes with similar transcription profiles. This was performed in J-Express 
Pro 2.7 (MolMine AS) using the average linkage (WPGMA) clustering method and Euclidian 
distance metric. T-profiler (Boorsma et al., 2005) was used to assess the contribution of the 
expression of genes from specific gene classes to the total gene expression of all genes via 
http://www.science.uva.nl/~boorsma/t-profiler-bacillusnew/ as described by Ter Beek et al. 
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(2008). Generally, absolute T values around 4.1 and higher (depending on the group size) are 
significant. 
 
4.4. Results & Discussion 

wth inhibitions caused by weak organic acids reveals differences 

f weak organic acids. Besides the commonly used 

 be mainly 

id needed to cause a growth inhibition 

 

4.4.1. Comparison of the gro
in the contribution of the form of each acid 
 In this study, we compared the effects o
food preservatives sorbic- and acetic- acid, we also investigated the powerful uncoupler 
CCCP. Although the side chains of sorbic- and acetic- acid differ significantly, they have a 
similar pKa of 4.76 (Table 4.1). CCCP, which is also a weak organic acid, has a pKa value of 
5.95. Comparing the octanol-water partition coefficient (log Kow) values shows that CCCP is 
the most lipophilic compound and acetic acid the least. Consequently, the solubility into the 
membrane is expected to be the highest for CCCP and the lowest for acetic acid. 
 We have shown previously that the growth inhibition by sorbic acid can
attributed to the undissociated form of sorbic acid (HS) (Ter Beek et al., 2008). The sorbate 
anion (S-) also contributed to the growth inhibition although to a much lesser extent. Using the 
same approach, we determined the pH dependence of the action of acetic acid and the 
uncoupler CCCP on exponentially growing B. subtilis cells in a defined minimal medium. 
Increasing concentrations of either potassium acetate (KAc) or CCCP resulted in a 
decreasing growth rate when grown at pH 6.4 (Fig. 4.1A and B). Note that much lower 
concentrations of CCCP (µM range) are needed to obtain a similar inhibition of growth than 
for KAc (mM range). Similar qualitative trends of the growth curves were observed for all pH 
values tested, although higher concentrations were needed at higher pH to obtain similar 
reductions in OD600 (our unpublished data). We plotted the percentages of growth inhibition 
(GI %) against the concentrations of the anion (Ac- and CCCP-) and the undissociated (HAc 
and HCCCP) form of the acids (Fig. 4.1C, D, E and F). In contrast to the growth inhibition 
curves obtained for HS (Ter Beek et al., 2008), no overlap of the curves was observed for 
HAc and CCCP. This clearly demonstrates that Ac- and CCCP- also contribute to the growth 
inhibition. Interestingly, low concentrations of KAc (5 and 10 mM) at pH 7.8 revealed a small 
but significant increase in the growth rate (Fig. 4.1C). 
 We determined the concentration of each weak ac
of 50% (IC50) for each pH from the obtained growth inhibition curves (Table 4.2). It can be 
clearly seen that with increasing pH higher concentrations of total acid (KS, KAc, or CCCP) 
were required to obtain similar IC50 values. This supports the notion that the effect of weak 
organic acids is mainly caused by the undissociated form. On the other hand, the calculated 
amount of undissociated acid present in the medium decreased with increasing extracellular 
pH, indicating that growth inhibition is not solely caused by the undissociated form of the acid. 
Nevertheless, the total concentration needed to achieve a similar reduction in the growth rate  
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A 

nd B) The growth of PB2 in defined minimal medium at pH 6.4 was monitored in a microtiter plate 
Fig. 4.1. Growth inhibition of exponentially growing B. subtilis by KAc and CCCP at various pH values. (
a
reader. The closed diamonds indicate the growth of the control experiment (no addition of KAc or CCCP). 
(A) Stress conditions were 10 mM (open diamonds), 20 mM (closed triangles), 40 mM (open triangles), 
80 mM (closed squares), 125 mM (open squares), and 250 mM (crosses) KAc. (B) Stress conditions 
were 0.25 µM (open diamonds), 0.5 µM (closed triangles), 1 µM (open triangles), 1.5 µM (closed 
squares), 2.25 µM (open squares), and 3 µM (crosses) CCCP. The OD600 was monitored during 180 min. 
The values represent the means of four measurements, including the standard errors. (C, D, E and F) 
Percentage of growth inhibition compared to the control (no addition of stress) as a function of the 
calculated concentration of Ac- (C) or CCCP- (D) and HAc (E) or HCCCP (F) molecules. Experiments 
were performed at pH 5.9 (closed diamonds), pH 6.4 (open diamonds), pH 7.4 (closed triangles), and pH 
7.8 (open triangles). The values represent the means of minimally two biologically independent 
experiments each consisting of four technical replicates, including the standard errors. 
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Table 4.2. IC50 calculated for the total-, undissociated acid-, and anion- concentration of each weak 
organic acid at different pH values.a 

IC  50

pH 
total undissociated acid anion 

KS (mM) KAc CCC
(mM) 

P 
(µM) 

HS 
(mM) 

HAc 
M) 

HCCCP 
(µM) S- (mM) Ac- (mM) CCCP- 

(µM) (m

5.9 3.2 ± 0.1 27.6 ± 1.14 ± 0.216
0  

03 ± 3.0 ± 0.1 0.54 ± 
1.7 0.02 

 ± 1.86 ± 0.6
.007 0.12 0.001 

25.7 ± 
1.6 0.01 

6.4 8.1 ± 0.2 0.181 ± 0.342 ± 7.9 ± 0.2

7.4 231.1 ± 4.13 ± 0.53 ± 230.6 ± 3.99 ± 

7.8 356.4 ± 5.23 ± 0.32 ± 356.1 ± 5.16 ± 

53.8 ± 
3.8 

1.31 ± 
0.08 0.004 

0.166 ± 

1.20 ± 
0.08 0.002 

0.142 ± 

52.6 ± 
3.7 

0.97 ± 
0.08 

72.7 ± 
3.4 

112.9 ± 
15.6 0.67 0.008 

0.103 ± 
0.04 0.002 

0.073 ± 

72.5 ± 
3.4 

112.8 ± 
15.6 0.66 

5.1 19.6 0.33 0.005 0.02 0.001 5.1 19.6 0.33 
a ons g 50 w tion re on th ta presented in F 1 
a .2 .  2 e , n d nd  
concentrations were calculated from the total concen  usin end -Has h eq . 

dicating that their solubility into the membrane has a prominent effect on the growth 

ses of B. subtilis sub-lethally stressed with weak organic 
cids 

on of the growth rate and that these concentrations negatively correlated with the 

The concentrati causin % of gro th inhibi  (IC50) a based e da ig. 4.
nd 4  and Fig 2.1 from Chapter  (Ter Be k et al.

tration
2008). U

g the H
dissociate

erson
 acid- a
selbalc

 anion-
uation

Values shown represent the means of minimally four biologically independent experiments each 
consisting of four technical replicates, including the standard errors. 
 
negatively correlated with the log Kow values of each weak organic acid (Table 4.1 and 4.2), 
in
inhibition or is the rate-limiting step. To be able to better compare the effects of the weak 
acids we calculated the IC50 relative to the value at pH 6.4 (Fig. 4.2). In theory, when the 
inhibitory effect is caused by only one form of the acid (dissociated or undissociated), the 
relative IC50 value remains 1 at every pH value. Therefore, comparing the three tested 
compounds, HS contributed the most (smallest deviation from 1) to the observed GI % and 
consequently S- the least (largest deviation from 1). The contribution of the anion to the GI % 
seemed to be most prominent for CCCP- and slightly less for Ac- (Fig. 4.2C). The negative 
charge of the CCCP anion is delocalized over the entire molecule and therefore, it may be 
assumed that the anion (besides the neutral molecule) is able to diffuse into the membrane 
more easily than e.g. S-. Finally, considering the size of acetate, Ac- might be able to enter the 
cell through a membrane channel. 
 
4.4.2. Overall transcriptional respon
a
 We showed that different amounts of weak acids were needed to obtain a similar 
reducti
solubility into the membrane (represented by the log Kow values in Table 4.1). However, the 
contributions of the different forms of the acid seemed to differ depending on the weak 
organic acid used (Fig. 4.2). We set out not only to elucidate the minimal generic 
transcriptional response to weak organic acids, but also to identify specific responses. Using 
time-resolved microarray technology we analyzed the transcriptional responses of B. subtilis  
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Fig. 4.2. Relative IC50 values reveal differences 

on of the form of the weak 
50 was 

50 value obtained at pH 6.4 

d
a and treated with 25 mM KAc 

r 0.85 µM CCCP, resulting in a growth reduction of 33% and 28%, respectively. Samples 

 (E < 

in the contributi
organic acid molecule. The relative IC
calculated from the IC
for (A) the total concentration, (B) the 
undissociated-, and (C) the dissociated form of 
the acid (IC50 at tested pH value / IC50 at pH 6.4). 
Note the differences in the scale of the y-axis. 
The error bars indicate the standard errors. 
 

s. B. subtilis cells were grown to early 
tch fermentors 

sub-lethally stressed with weak organic aci
exponential-phase at pH 6.4 in well-controlled b
o
were taken at 10, 20, 30, 40, and 50 min after exposure to stress and compared to an 
untreated control. Since the experimental set-up of the previously published transcriptional 
response of B. subtilis upon KS stress was similar and the growth rate was reduced by 29% 
(Ter Beek et al., 2008), we could directly compare the obtained data with each other. 
 All expression data were analyzed and compared using T-profiler, which transforms the 
transcriptional data of single genes into the behaviour of gene groups that reflect biological 
processes in the cells (Boorsma et al., 2005). All gene groups with significant T values
0.05) in any time point caused by at least one stress are presented in Appendix C (see Tables 
S1 – S4 for a full quantitative overview of the gene-regulation profiles upon stress 
application). The treatment of B. subtilis cells with KAc or CCCP resulted in the significantly 
different expression of 503 and 582 genes, respectively, in comparison with the control. The 
significantly regulated genes, including the 459 differentially expressed genes in the KS 
treatment (Ter Beek et al., 2008) were divided into 7 categories and analyzed with 
hierarchical clustering (Eisen et al., 1998). These categories consisted of genes uniquely 
regulated by (1) KS, (2) KAc, (3) CCCP, (4) KS and KAc, (5) KAc and CCCP, (6) CCCP and 
KS, or by (7) KS, KAc and CCCP (Fig. 4.3, 4.4, and S1 – S6 in Appendix C). In total, 1,107  
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KSA

KAcCCCP

UP 125 
(48.8%)

33 
(5.0%)

31 
(5.8%)

35 
(6.8%)

63 
(14.5%)

146 
(53.5%)

224 
(69.3%)

KSB

KAcCCCP

DOWN 106 
(51.2%)

48 
(9.2%)

46 
(11.1%)

19 
(4.7%)

34 
(9.2%)

115 
(47.3%)

154 
(57.7%)

 
Fig. 4.3. Venn diagrams showing the number of significantly regulated genes unique for each type and 
combination of weak organic acid stress. Shown are significantly upregulated (A) or downregulated (B) 
genes in at least one time-point during 50 min of stress. The percentages of the number of uniquely 
regulated genes are shown in brackets. For clarity: the 125 genes uniquely upregulated by KS is 48.8%

 Of these 1,107 regulated genes, 657 were induced and 522 repressed upon weak 
rganic acid stress. Consequently, 72 genes showed both up- and downregulation during the 

ced or 
pressed by all three acids. Out of these 96 genes 33 (5.0% of all 657 induced genes) were 

acids 
ig

bolite control protein CcpA were found significantly 

 
of all genes upregulated by KS (125+63+33+35=256 genes). The 35 genes uniquely upregulated by only 
KS and CCCP is 6.8% of all genes upgerulated by KS and CCCP (125+63+33+35+31+224=511 genes), 
etc. 
 
genes were differentially expressed in at least one time point by at least one weak organic 
acid.
o
time-course analyzed. The numbers of up- and downregulated genes for each time-point, 
specific for each stress or combination of stress, are given in Appendix C (Table S5). 
 
4.4.3. Identification of a minimal generic transcriptional response to weak organic acids 
 Ninety-six out of the 1,107 differentially expressed genes were uniquely indu
re
upregulated and 48 (9.2% of all 522 repressed genes) were downregulated by all three 
(F . 4.3 and 4.4). Accordingly, 12 genes showed opposite expression within the expression 
patterns of the three weak organic acids. 
 Interestingly, major changes in genes involved in carbon metabolism were observed (Fig. 
4.4). Gene groups involved in carbohydrate metabolism and TCA cycle were induced. Many 
genes negatively regulated by carbon cata
upregulated by weak organic acid stress. Among them were acsA, encoding acetyl-CoA 
synthetase responsible for the degradation of acetate (Grundy et al., 1993), and the acuABC 
genes, involved in the activation of AcsA (Gardner et al., 2006). The utilization of acetate can 
provide a source of energy and might relieve the cell from anion accumulation, especially in 
the case of KAc stress. T-profiler analysis also revealed the significant derepression of CcpA-
regulated genes (Fig. 4.5A), which normally occurs when the preferred carbon source  
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Fig. 4 ganic 
were 

es) 
fer to 

inutes after the addition of stress to exponentially growing cells. Log2 ratios are displayed 

.4. Hierarchical clustering of genes significantly and uniquely regulated by all three weak or
acids. All 96 genes showing significant expression during KS, KAc and CCCP treatment 
hierarchically clustered using the average linkage (weighted-pair group method using average linkag
clustering method and a Euclidian distance metric (J-Express PRO 2.7; MolMine AS). Times re
m
colourimetrically, ranging from -5.8 to +5.8. Yellow indicates higher transcript levels in stressed cells than 
in control cells; blue indicates a reduction in mRNA content. The gene names are depicted next to the 
cluster. The log2 ratios of each gene used are the averages of two biological independent experiments. 
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(glucose, fructose, and mannose) is depleted (Deutscher et al., 2002). The significant 
downregulation of gene groups involved in nucleotide metabolism and the RelA-dependent 
stringent control (Fig. 4.5D and E), as well as protein synthesis and translation (Tables S3 
and S4 in Appendix C) also indicated a possible energy and/or nutrient limitation experienced 
by the cell and correlated with the observed (~30%) reduction in growth. 
 Notable is the induction of the ureABC operon, which codes for urease (Cruz-Ramos et 
al., 1997) (Fig. 4.4). However, as demonstrated before, a urease mutant did not show an 
altered phenotype upon KS stress when compared to the WT (Ter Beek et al., 2008). Most of 
the arginine biosynthesis and transport genes were significantly downregulated by all three 
stresses (Fig. 4.4). KS and KAc stress did reveal a significant repression of genes controlled 
by AhrC, the arginine metabolism regulator (North et al., 1989) (Fig. 4.5F). In addition, KAc 
also induced a short (at t = 10 min), but significant derepression of AhrC-regulated genes. No 
T values could be calculated for CCCP-stressed cells, since filtering of the CCCP microarray 
data resulted in an AhrC-regulated gene group with less than seven genes. T-profiler requires 
at least 7 genes in a group in order to calculate reliable T values (E < 0.05) (Boorsma et al., 
2005). Most genes of the KipR regulon (Wang et al., 1997) were also found to be repressed 
by weak organic acid stress (Fig. 4.4 and 4.5F). No T values could be calculated for KipR-
regulated genes upon CCCP stress, as there were fewer than 7 expressed genes in that 
group. However, hypergeometric distribution analysis of the response to CCCP revealed an 
enrichment of the genes negatively regulated by AhrC (P < 0.0001) and KipR (P < 0.0001). In 
our previous study, inactivation of ycsF, the first gene of the KipR regulon, did not lead to 
altered susceptibility for KS stress (Ter Beek et al., 2008). The derepression of the KipR 
regulon may indicate the release of the “brake” on the sporulation-regulatory cascade. We 
have shown previously that the transcriptome of KS-treated cells did not reveal an induction 
of sporulation and no increase in spore counts were detected (Ter Beek et al., 2008). On the 
contrary, preliminary results show that KS stress during exponential growth delayed 
sporulation induced in the stationary phase (Hornstra et al., 2009, in press; see Chapter 6). 
As in KS-treated cells, T-profiler did reveal a significant downregulation of genes repressed by 
sporulation master regulator Spo0A in a KAc-treated culture (Table S1 in Appendix C). 
However, the downregulation of the arginine biosynthesis genes negatively controlled by 
AhrC and positively controlled by transition-state regulator AbrB may explain the observed 
response. Although some genes involved in sporulation were significantly regulated by all 
three weak organic acids, T-profiler did not reveal any further significant regulation of gene 
groups involved in sporulation (our unpublished data). Most of the early sporulation genes 
significantly induced by the stresses can be explained by their SigH-mediated regulation. In 
untreated cells the SigH regulon becomes active at the end of exponential growth preceding 
competence and sporulation (Haldenwang, 1995). Although the trends of the T values are 
similar, only KS induced a short significant induction of the genes regulated by SigH (Table 
S2 in Appendix C). 
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ontrol (RelA-dependent), and (F) negatively regulated by KipR and AhrC. Groups of genes that are 

 Weak organic acids induce adaptation mechanisms against uncoupling of the proton grad
T values of the following gene groups are shown: (A) negatively regulated by CcpA, (B) ca

metabolism, (C) citrate cycle (TCA) cycle, (D) nucleotide metabolism, (E) positive and negative stringent
c
negatively regulated by the transcription factor mentioned are indicated by the minus symbol. The T 
values presented were calculated on the basis of two biologically independent experiments. Shown are 
gene groups that have at least one significant T value (E < 0.05) in the time course analyzed caused by 
KS (diamonds), KAc (triangles) and CCCP (squares). The gene group of the positive stringent control in 
CCCP-stressed cells (dashed lines) did not show significant T values in the time course analyzed. 
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 Remarkably, most of the unknown genes yxiF-yxzC-yxiGH-yxzG-yxiIJKL that lay 

adjacently to each other in the genome were significantly downregulated by all three weak 

n of adaptation mechanisms 

ga

er 
re unique to KS alone or 

organic acids (Fig. 4.4). Interestingly also salicylic acid, another weak organic acid with pKa of 

3, repressed most of these unknown genes (Duy et al., 2007). The function of these genes in 

response to weak organic acid stress remains to be elucidated. 

 In summary, all three weak organic acids induced responses that are generally observed 

when nutrients become limiting. This may indicate the inductio

a inst a possible energy/nutrient limitation, which can result from uncoupling of the proton 

gradient. However, no induction of sporulation was observed. No apparent similar responses 

involved in the maintenance of pH homeostasis were identified (further discussed below). 
 
4.4.4. Specific-, opposite- and co-responses to KS, KAc, and CCCP 

Although the transcriptional response to sorbic acid has been extensively described (T 
Beek et al., 2008), it is also relevant to discuss the responses that a
similar to one of the other compounds. The majority of genes regulated by each of the three 
weak organic acids were unique for each stress, ranging between 48.8 and 69.3% for the 
upregulated genes and 47.3 and 57.7% for the downregulated genes (Fig. 4.3). This indicates 
that the way the cell experiences these stresses is more specific than similar, although all 
three chemicals are weak organic acids. However, hypergeometric distribution analysis 
showed that the overlap of genes by each possible combination of stress was highly enriched 
(for all: P < 0.0001), which indicates the three stresses induced responses that have a lot in 
common. Compared to each other, CCCP induced (69.3%) and repressed (57.7%) more 
genes uniquely, than KS or KAc did. There largest overlap of induced genes was seen in KS 
and KAc stressed cultures (14.5%). However, the downregulated genes showed more overlap 
between the CCCP- and KAc- (11.1%), and the KAc- and KS-treated cells (9.2%), than 
between the KS- and CCCP-stressed cultures (4.7%). 
 
4.4.5. Weak organic acids induce (distinct) adaptations that further indicate changes in carbon 

etabolism m
 Among the 56 genes uniquely regulated by CCCP and KS, 11 genes were derepressed 
by CcpA, including the levanase operon levDEFG-sacC, involved in fructose and levanan 
metabolism (Fig. S3 in Appendix C). This operon is regulated by the levanase regulator LevR 
and SigL, involved in alternative carbon and nitrogen metabolism (Debarbouille et al., 1991, 
Martin-Verstraete et al., 1995). CcpA has been shown to regulate the expression of SigL 
(Choi & Saier, 2005). Significant T values for the SigL-mediated gene group were found in 
KS- and CCCP-stressed cells (Fig. 4.6A). Although KAc caused a significant derepression of 
CcpA, the levanase operon and the SigL regulon were not induced (Fig. 4.5A). Only CCCP  
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Fig. 4.6. Weak organic acids induce (distinct) repsonses that further indicate changes in carbon
metabolism. The T values of the following gene groups are shown: (A) SigL, (B) negatively regulated b

 
y 

le S1 in Appendix C). The strong 
erepression of the genes negatively regulated by CcpA in CCCP-treated cells may explain 

IolR, (C) AbrB, and (D) negatively regulated by CodY. Depicted are the profiles caused by KS 
(diamonds), KAc (triangles) and CCCP (squares). A distinction is made between groups of genes that are 
positively or negatively regulated by the transcription factor mentioned (indicated by the plus and minus 
symbol, respectively). See the legend of Fig. 4.5 for further details. 
 
repressed the gene group positively regulated by CcpA (Tab
d
this observation (Fig. 4.5A) and suggests differences in the promoter-strength between the 
positively- and negatively-CcpA regulated genes. The same explanation may be valid for the 
observed induction of the whole iol operon, responsible for myo-inositol catabolism and 
regulated by the IolR repressor and negatively by CcpA (Yoshida et al., 2008), only in a 
CCCP-stressed culture (Fig. 4.6B and Fig. S6 in Appendix C). Surprisingly, KAc also induced 
the gene group positively regulated by CcpA (Table S1 in Appendix C). However, the strong 
induction of the alsSD genes seen only in KAc-treated cells may explain the observed 
induction. The alsSD genes are known to be induced by acetate as well as in the post-
exponential phase (Renna et al., 1993). These genes code for enzymes that convert pyruvate 
via acetolactate to acetoin and are regulated by, besides CcpA, AlsR (Renna et al., 1993). 

IolR-

8

-2

-1

0

1

2

3

4

5

6

7

0 10 20 30 40 50

time (min)

T-
va

lu
e

CCCP

SigL7

-2

-1

0

1

2

3

4

5

6

0 10 20 30 40 50

time (min)

T-
va

lu
e

A B
KS

CCCP

CodY-

-6

-4

-2

0

2

4

6

8

10

0 10 20 30 40 50

time (min)

T-
va

lu
e

KS

KAc

CCCP

AbrB

-8

-6

-4

-2

0

2

4

6

8

0 10 20 30 40 50

time (min)

T-
va

lu
e

KS (AbrB-)

KAc (AbrB-)

KS (AbrB+)

KAc (AbrB+)

C D

 94



Comparative Analysis of Weak Organic Acid Stress 

Simultaneously with the strong induction of the alsSD genes we observed solely in KAc-
stressed cells the significant repression of the pdhABCD genes, encoding the pyruvate 
dehydrogenase complex (Fig. S5 in Appendix C). In CCCP- and KAc-treated cell we also 
discovered the significant downregulation of ldh (lctE), coding for lactate dehydrogenase (Fig. 
S2 in Appendix C). As a consequence, the conversion of pyruvate to acetyl-CoA and lactate 
is minimized and shifted to non acidic acetoin production. Noteworthy, an alsS mutant 
acidifies the medium more rapidly than the WT (Kinsinger et al., 2005). This together with the 
earlier discussed significant induction of acsA (degradation of acetate) and the acuABC 
genes (activation of AcsA) may reflect a metabolic switch to alleviate the cell from high 
internal concentrations of acetate and provide acetyl-CoA for the TCA-cycle via an alternative 
route. 
 KS and KAc uniquely induced 14.5% of all upregulated genes (Fig. 4.3). This was the 
largest overlap seen among the three stresses. Hierarchical clustering of the genes 

e (distinct & opposite) responses that all indicate changes in 
e cell envelope 

spholipid regulator FapR (Schujman et al., 2003) (Fig. 4.7A). The gene 

significantly regulated solely by KS and KAc revealed many genes derepressed by transition-
state regulator AbrB and early-stationary-phase regulator CodY (Sonenshein, 2005, Strauch 
& Hoch, 1993) (Fig. S1 in Appendix C). These responses may indicate that nutrients have 
become limiting. After a short induction of the gene group positively regulated by AbrB caused 
by solely KAc, a clear repression of this gene group was observed in both KS- and KAc-
stressed cells (Fig. 4.6C). Noteworthy, the AbrB-mediated response was slower in KAc-
treated cells and was not induced by CCCP. On the other hand, compared to KS and KAc, 
CCCP induced a short opposite CodY-mediated response (Fig. 4.6D). 
 In conclusion, the generic trait of weak organic acid-stressed cells points towards major 
changes in carbon metabolism. 
 
4.4.6. Weak organic acids induc
th
 Sorbic acid caused a clear induction of the fatty acid biosynthesis genes regulated by the 
fatty acid and pho
group regulated by BkdR, involved in the synthesis of precursor molecules for branched-chain 
fatty acids (Debarbouille et al., 1999), was also uniquely induced by KS stress (Table S1 in 
Appendix C). The induction of both the FapR and BkdR-regulated genes may increase the 
number of long-chain and branched-chain fatty acids in the membrane (de Mendoza et al., 
2002, Schujman et al., 2003). The indication of plasma membrane remodelling in B. subtilis 
by KS was supported by the reduced sensitivity toward the fatty acid biosynthesis inhibitor 
cerulenin (CL) upon sorbic acid stress (Ter Beek et al., 2008). Cells respond to the addition of 
CL with the induction of the FapR regulon (Schujman et al., 2003). Remarkably, KAc caused 
a significant repression of the fatty acid biosynthesis genes, which could in theory result in 
shorter acyl-lipids in the membrane (Fig. 4.7A). CCCP induced only two genes (fabHB and  
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Fig. 4.7. Weak organic acids induce (distinct) adaptations of the cell envelope. Log2 ratios of (A) the 
significantly expressed genes of the FapR regulon, and (B) the significantly expressed yhbIJ-yhcAB 

nificantly, but also repressed the gene fabF. Opposite regulation 
f the transcription factor gene groups in KS- and KAc-treated cells was only seen for the 

genes. Expression caused by KS, KAc and CCCP is shown in blue, red and green, respectively. See the 
legends for details on the individual genes. The T values of the following gene groups are shown: (C) 
SigM and SigW, and (D) SigX and negatively regulated by YvrH. Depicted are the profiles caused by KS 
(diamonds), KAc (triangles) and CCCP (squares). Groups of genes that are negatively regulated by the 
transcription factor mentioned are indicated by the minus symbol. See the legend of Fig. 4.5 for further 
details. T values for the gene groups that are negatively regulated by FapR (YlpC) (Schujman et al., 
2003) and SigM (Jervis et al., 2007) were manually calculated, since the current version of T-profiler does 
not contain these gene groups. 
 
yhfC) of the FapR regulon sig
o
FapR regulon (Table S1 in Appendix C). Intriguingly, the unknown genes yhbIJ-ychAB also 
illustrated the same reverse pattern in gene expression upon KS and KAc stress (Fig. 4.7B 
and S1 in Appendix C). In addition, CCCP only induced significantly yhbJ. The yhbI gene 
encodes a possible regulator of the MarR family, and yhcB a trp repressor binding protein. 
Interestingly, yhcA codes for a possible multidrug resistance protein. It was shown before that 
the inactivation of yhcA led to a sorbic acid resistant phenotype (Ter Beek et al., 2008). 
Because of the similar expression patterns we speculate whether these unknown genes are 
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somehow linked to the FapR regulon. Noteworthy, a recent transcriptome study on acid and 
base stress revealed that the yhbIJ-yhcABC genes were among the strongest induced genes 
when fully adapted B. subtilis cultures grown at lower pH (6 or 7) were compared to cultures 
grown at higher pH (7 or 9) (Wilks et al., 2009). It should be noted however, that these 
experiments were performed in rich medium, which contains various organic acids that can 
cause additional effects. 
 Significant regulation of another gene further illustrated the possible change in membrane 

 

 adapt their cell envelope. Although 

composition upon weak organic acid stress. Namely, both KAc and CCCP caused the 
significant downregulation of the des gene, encoding the sole membrane-bound acyl-lipid 
desaturase, which is regulated by two-component system DesK/DesR and induced by cold-
shock (Mansilla & de Mendoza, 2005) (Fig. S2 in Appendix C). DesK is thought to sense the 
membrane fluidity (Cybulski et al., 2002). The downregulation of des might result in lower 
amounts of unsaturated fatty acids in the membrane, leading to a decrease in membrane 
fluidity. Sorbic acid did not alter the expression of this gene. The question whether a des 
mutant shows increased tolerance to weak organic acid stress still remains to be answered.  
 Interestingly, we discovered altered expression of gene groups involved in the adaptation
of the cell envelope. The SigM regulon in B. subtilis is involved in maintaining membrane and 
cell wall integrity and is induced by heat, ethanol, cell wall antibiotics, superoxide stress and 
low pH (Thackray & Moir, 2003). The extracytoplasmic function sigma factor SigX and SigW 
are also involved in the regulation of cell envelope homeostasis (Helmann, 2002). CCCP 
clearly induced genes regulated by SigM (Fig. 4.7C). However, KS and KAc both did not 
induce this regulon. The induction of SigM by CCCP can be the result of cell envelope stress 
and/or acidification of the cytosol (further discussed below). A downregulation of SigW-
mediated genes was seen in KS and CCCP-stressed cells and not in an acetate-treated 
culture (Fig. 4.7C). A SigX-mediated repression of genes was clearly observed in KS and 
KAc-treated cells, but not in a CCCP-stressed culture during the time-course analyzed (Fig. 
4.7D). Extracytoplasmic function sigma factor SigX is involved in the regulation of cell surface 
modification as a defence against cationic antimicrobial peptides (Cao & Helmann, 2004). The 
observed downregulation of SigX-regulated genes may therefore lead to an altered 
(presumably more negatively-charged) cell envelope composition. This will likely repel the 
anion more strongly. YvrH is another regulator involved in the homeostasis of the cell surface 
(Serizawa et al., 2005). Although there is overlap between the SigX regulon and that of YvrH, 
only KS repressed this regulon significantly (Fig. 4.7D). 
 Our results suggest that organic acid-treated cells
there is overlap between the observed cell envelope-related responses, each acid seems to 
induce a unique profile. Noteworthy, several (multiple) phospholipid biosynthesis mutants also 
caused induction of genes regulated by SigM and repression of the YvrH and FapR regulon 
(Salzberg & Helmann, 2008). Whether the observed transcriptional responses actually lead to  
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changes in the membrane and cell wall needs to be verified. However, initial experiments do 

.4.7. Induction of the general stress response by CCCP and KAc indicate possible ATP 

ificant induction of the SigB-mediated GSR by KAc and 

 response, induced the 

show changes in the lipid composition of B. subtilis when stressed with sorbic acid (our 
unpublished results). 
 
4
depletion or intracellular acidification 
 T-profiler analysis showed the sign
CCCP only (Fig. 4.8A). The SigB regulon is induced by many different types of stress (e.g., 
glucose starvation, heat, low external pH, salt, and ethanol) and provides the cell with non-
specific, multiple, and preventive stress resistance (Hecker et al., 2007). In addition, it was 
shown that the induction of the GSR by nutritional stress is preceded by a drop in ATP levels 
(Zhang & Haldenwang, 2005). This might indicate that the observed induction of the GSR in 
CCCP- and KAc-treated cells is the consequence of a (severe) drop in ATP or the intracellular 
pH. Polen et al. (2003) also reported the induction of the RpoS-mediated GSR in E. coli upon 
acetate, propionate and CCCP stress. On the contrary, formate did not induce the GSR in E. 
coli (Kirkpatrick et al., 2001). In addition, mild KS stress did not induce the SigB-mediated 
GSR in B. subtilis (Ter Beek et al., 2008). The absence of the GSR in (mild) sorbic acid-
stressed cells might indicate that ATP or intracellular pH levels were not severely affected. 
Since in our studies similar growth inhibiting concentrations (~30%) were used, this clearly 
shows the different modes of action of weak organic acids. The SigM regulon can also be 
induced by low pH (Thackray & Moir, 2003). As discussed above, CCCP induced the genes 
regulated by SigM (Fig. 4.7C). This is a further indication that in weak acid (CCCP) treated 
cells acidification takes place. Whether the concentrations of weak acids tested here actually 
cause an intracellular acidification and whether this correlates to the observed induction of the 
GSR and/or SigM-regulon remains to be elucidated (see Chapter 5). 
 Interestingly, CCCP stress, showing the strongest SigB-mediated
gene sodA, encoding superoxide dismutase (Fig. S6 in Appendix C). This gene is thought to 
be regulated by SigB (Petersohn et al., 2001). Piper (1999) showed that weak organic acid 
enhanced the production of reactive oxygen species in S. cerevisiae. Yeast grown 
anaerobically in chemostats and stressed with weak organic acids induced SOD2, which 
encodes the Mn-containing mitochondrial superoxide dismutase (Abbott et al., 2007). 
Whether a sodA mutant increases the sensitivity towards weak organic acids in B. subtilis 
remains to be elucidated. Additionaly, the unknown yvkAB genes were only induced by CCCP 
(Fig. S6 in Appendix C). The yvkA gene encodes a possible multidrug-efflux transporter and 
yvkB codes for a possible transcriptional regulator. Interestingly, these genes show homology 
with pqrAB, responsible for the resistance to paraquat (a reactive oxygen species generator) 
in Streptomyces coelicolor (Cho et al., 2003). 
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Fig. 4.8. Responses caused by KAc and CCCP that may indicate an ATP depletion, acidification, and 

.4.8. Indications for a rise in osmolarity? 
onsidered to be one of the reasons for the growth 

hi

adaptations to changes in osmolarity. The T values of the following gene groups are shown: (A) SigB and 
(D) SigD. Depicted are the profiles caused by KS (diamonds), KAc (triangles) and CCCP (squares). See 
the legend of Fig. 4.5 for further details. Log2 ratios of (B) the significantly expressed ktrAB genes and (C) 
the significantly expressed opuCA-CD genes. Expression caused by KAc and CCCP is shown in red and 
green, respectively. See the legends for details on the individual genes. 
 
4
 Anion accumulation inside the cell is c
in bition caused by weak organic acids (Azukas et al., 1961, Russell, 1992, York & Vaughn, 
1964). Interestingly, KAc downregulated, and CCCP upregulated the yuaA-yubG (ktrAB) 
operon (Fig. 4.8B). The ktrAB genes encode a high affinity K+ uptake system and are required 
to sustain growth when under osmotic up-shock conditions (Holtmann et al., 2003). However, 
osmotic shock or the addition of K+ in the medium did not seem to change the expression of 
ktrAB. Cells challenged with an increase in (extracellular) osmolarity initially respond by the 
rapid accumulation of K+, followed by the uptake and synthesis of compatible solutes 
(Bremer, 2002). The genes opuCA-CD, encoding a high affinity system for the uptake of 
compatible solutes, surprisingly also showed opposite transcriptional profiles (Fig. 4.8C). KAc 
upregulated and CCCP repressed these genes. Whether anion (Ac-) accumulation would 
cause an opposite response normally seen upon an extracellular osmotic up-shock is unclear. 
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The addition of 25 mM KAc in itself is not considered to cause osmotic stress. However, the 
addition of 25 mM K+ may have caused a change in the potassium homeostasis. Noteworthy, 
a study done with E. coli K-12 showed that the intracellular K+ concentrations increased upon 
sodium acetate stress and decreased in CCCP-treated cells (Diez-Gonzalez & Russell, 
1997). Although the observed transcriptional responses involved in the adaptations to 
changing osmolarity are apparent, until now, it is unclear why these responses occurred or 
whether they are a consequence of increased anion concentrations. 
 
4.4.9. The transcriptional response to CCCP and KAc indicate changes in motility 

involved in 

.4.10. Other responses 
short downregulation of genes negatively regulated by the ferric 

 unique for CCCP stress (Fig. 4.9B). BirA represses 
en

 
 

 SigD is an alternative sigma factor that regulates the expression of genes 
flagellar assembly, motility, chemotaxis and autolysis (Helmann & Moran, 2002). T-profiler 
revealed significant repression of SigD-regulated genes upon KAc and CCCP stress (Fig. 
4.8D). However, CCCP seemed to induce the cell’s motility again 30 min after addition of the 
compound. Interestingly, hyperosmotic shock caused by NaCl also repressed the cell’s 
motility and induced the earlier discussed GSR (Steil et al., 2003). In addition, the repression 
and induction of the SigD- and SigB-regulon, respectively, was also observed in several 
(multiple) phospholipid biosynthesis mutants (Salzberg & Helmann, 2008). 
 
4
 Interestingly, after a 
uptake repressor Fur (Moore & Helmann, 2005), a clear induction was observed in KS- and 
KAc-stressed cells (Fig. 4.9A). Remarkably, CCCP stress caused an almost opposite Fur 
response. Genes regulated by Fur are not known to be regulated by any other transcription 
factors and mostly contain an identified SigA promoter. Therefore, the distinct profiles seen 
for the Fur-regulated gene group caused by CCCP on one hand and by KS and KAc on the 
other hand, seem to be the result of actual changes in Fur activity itself. Although the 
derepression indicated a possible iron-limitation, it was shown recently that increased 
concentrations of iron in the medium did not alter the susceptibility for sorbic acid stress (Ter 
Beek et al., 2008). On the other hand, cells grown at high osmolarity do experience an iron 
limitation and therefore induce the Fur regulon (Hoffmann et al., 2002, Steil et al., 2003). It 
remains to be elucidated whether increased iron concentrations or a fur mutation change the 
sensitivity of the cells to KAc or CCCP. 
 Repression of the BirA regulon was
g es involved in the synthesis of biotin, a cofactor required for numerous carboxylases, like 
acetyl-CoA carboxylase, needed in the initiation of fatty acid biosynthesis, and pyruvate 
carboxylase (pycA). Normally, biotin limiting conditions derepress the biotin operon and vice 
versa (Perkins & Pero, 2002). We speculate whether the specific downregulation of BirA-
regulated genes might modulate the biosynthesis of fatty acids or block pyruvate from 
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Fig. 4.9. Other responses distinctively induced or repressed by weak organic acids. The T values of the 
following gene groups are shown: (A) negatively regulated by Fur, and (B) negatively regulated by  
Depicted are the profiles caused by KS (diamonds), KAc (triangles) and CCCP (squares). See the legend 

 inactivating PycA, shifting metabolism to acetate utilization even 
rther. 

 by their octanol-water partition coefficient (Table 4.1), 31 and 46 genes were 

g combinations of stress may reveal the significance of the involved 
anscriptional responses 

 growth phenotype. These results may give an insight on the 

 BirA.

of Fig. 4.5 for further details. 
 
entering the TCA cycle by
fu
 Although CCCP and acetic acid comprise complete different membrane affinities as 
reflected
respectively up- and downregulated, by both stresses and not by KS (Fig. 4.3). A striking 
observation is that many genes with unknown function are both up- and downregulated 
uniquely by KAc and CCCP (Fig. S2 in Appendix C). T-profiler also revealed the significant 
induction of the SubtiList gene groups ‘5.1 from B. subtilis’ and ‘6 no similarity’ (Table S4 in 
Appendix C). 
 
4.4.11. Testin
tr
 We tested different combinations of stresses to see whether certain interactions will cause 
an increased or reduced
significance of certain transcriptional responses. The combined effects of two compounds can 
be synergistic, antagonistic, or additive. The exact definitions and the design of experiments 
that can reveal such interactions are not entirely clear and debatable (Greco et al., 1995, 
Odds, 2003). However, differences or similarities observed in the transcriptional profiles of 
stresses may explain why the combination of these stresses cause an increased or reduced 
sensitivity. For example, when a stress induces a response that is essential for survival and 
another stress represses the same response also being essential, the combination of 
stresses will likely result in a synergistic effect. Next, when two compounds induce similar vital 
responses at a similar time, the combined effects will likely be additive. (Comparable to the 
addition of twice the amount of the same stress.) Stresses that induce unrelated and/or non-
essential overlapping responses may lead to an additive combined effect. Finally, when 
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similar responses are induced by two different stresses at a different time after stress 
administration, the combined effects may be antagonistic. (Stress A already induced the 
response that is required for the tolerance to stress B.) Many other examples can be given 
that may lead to synergistic, antagonistic, or additive effects. 
 Previously we have shown that KS renders the cells resistant to cerulenin (CL) (Ter Beek 
et al., 2008). Here we also tested the simultaneous addition of CL and KAc or CCCP (Table 

 This may indicate that the distinct responses 

ock 
d

Stress 2 

4.3). Interestingly, the simultaneous addition of CL and KAc also resulted in an antagonistic 
effect, although less pronounced than the combination of CL and KS (Fig S7A in Appendix C). 
The combination of CCCP and CL seem to result in an additive effect. The latter can be 
explained by the absence of a FapR response in CCCP-treated cells. The other data is more 
difficult to interpret, also since the details of the transcriptional response to CL (besides the 
clear induction of the FapR regulon after 45 min) are not provided (Schujman et al., 2003). 
The less pronounced antagonistic effect of KAc and CL, as compared to KS and CL, may be 
due to the downregulation of gene expression of fabHA, fabHB and fabF, the genes encoding 
targets of CL. Consequently, the induction of the FapR regulon normally seen in cells treated 
with CL is less or absent. The fast induction (maximally at 10 min) of the FapR regulon in KS-
treated cells may be sufficient to overcome the effects of CL. Although no simple explanation 
can be given on the basis of these results, they do further corroborate the involvement of the 
FapR regulon in KS- and KAc-treated cells. However, the possible interactions of potassium 
(or the anions) with CL should not be ruled out. 
 We also tested different combinations of weak organic acids (Table 4.3). All different 
combinations seemed to give an additive effect.
seen in these stresses are likely not essential and/or the essential responses do overlap. 
 Finally, we tested the effect of salt stress in combination with the weak organic acids or 
CL. Hyperosmotic shock caused by NaCl was used for several reasons. Osmotic sh
in uces specific responses (e.g. the opu genes, discussed above), the GSR, the Fur regulon, 
and is reported to cause changes in the lipid and cell wall composition (Beales, 2004, Hecker 
et al., 2007, Lopez et al., 2006, Lopez et al., 1998, Wood et al., 2001). Additionaly, 
hyperosmotic shock is suggested to increase the membrane permeability for protons 
(Vindelov & Arneborg, 2002). Salt combined with either CL, KS or KAc seemed to result in  
 
Table 4.3. Combinations of stresses reveal possible antagonistic, additive and synergistic effects.a 

GI % none KS KAc CCCP CL 

Stress 1 

KS 28.5 (1.2)     
KAc 35.6 (2.3) 40.3 (2.4) 

CCCP 27.9 (1.1) 43.4 (0.6) 50.4 (1.2) 
61.9 (1.7) 66.8 (0.8) 77.4 (1.9) 

113.4 (4.3) 82.0 (0.4) 

  
 

 
 

CL 71.0 (1.9)  
NaCl 22.2 (2.9) 45.4 (1.8) 42.6 (0.4) 

a T ng en ntratio s we mM  KA g/ml 
CL, and/or 0.5 M NaCl. The values represent  of t cally nt e
each consisting of minimally thre  rep  sta tion bra

he followi d-conce ns of stres re used: 3  KS, 25 mM c; 0.  µM CCCP, 5 µ
 independe

85
the average wo biologi xperiments, 

ckets. e technical licates. The ndard devia  is shown in 
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additive effects. Strikingly, the combined addition of CCCP and NaCl showed a clear 
synergistic effect. The opposite regulation of the Fur response upon CCCP and NaCl stress 
may provide one explanation for the observed growth effect. Cells stressed with NaCl do 
actually experience an iron limitation (Hoffmann et al., 2002). Therefore, the downregulation 
of the Fur regulon in CCCP-treated cells may interfere with this. The induction of the Fur 
response seen in KS and KAc treated cells may be non-essential and therefore no synergy is 
seen in the combination of CCCP and KS or KAc. Furthermore it has been shown that the 
desaturation of fatty acids in the membrane by des in cyanobacterium Synechocystis sp. PCC 
6803 increases the tolerance of photosynthetic machinery to salt stress (Sakamoto & Murata, 
2002). The stronger downregulation of des by CCCP than by KAc might increase the 
sensitivity to salt stress. A study performed by Lambert and Bidlas (2007) with Aeromonas 
hydrophila illustrated that combinations of NaCl, low pH, acetate, sorbate, propionate and 
benzoate, did not give synergistic effects. CCCP was unfortunately not tested. An extended 
matrix of specific stresses with known targets and responses should be tested to elicit the 
significant responses caused by weak organic acids. 
 
4.4.12. Concluding Remarks 
 The growth inhibition curves determined at different pH values revealed the similarities 

h-inhibitory effects caused by the three tested weak organic 

tilis stressed with weak organic 

and differences of the growt
acids. As expected, the undissociated form of the acids dominated the inhibitory effect (Fig. 
4.1). The effectiveness of the acids correlated to their solubility in the membrane. The anions 
also contributed to the reduction in growth. The relative contribution to the growth inhibition of 
CCCP- was slightly more than that of Ac- and far more than that of S- (Fig. 4.2). The 
delocalization of the negative charge over the anion likely lowers the energy-barrier to enter 
the membrane. Conversely, HS contributed most to the growth inhibition compared to the 
undissociated forms of the other two acids used in this study. 
 We analyzed the transcriptional responses of B. subtilis upon mild weak organic acid 
stress. An overview of the transcriptional responses of B. sub
acids is depicted in Fig. 4.10. The three tested compounds KS, KAc, and CCCP all induced 
responses normally observed upon energy/nutrient limitation, such as the relief of the carbon 
catabolite repression and the induction of the stringent response. However, the timeframe of 
the conducted experiment did not reveal an induction of sporulation. These responses 
indicate that the cell may experience an actual nutrient limitation. However, nutrients 
(glucose) in the medium were in excess. Weak organic acid stress may lead to a hampering 
of the uptake of nutrients, likely caused by the decrease in the proton gradient by the influx of 
protons. In addition, weak organic acids may interfere directly with the nutrient uptake 
machinery or enzymes further downstream the metabolic pathway. Interestingly, weak 
organic acids induced distinct responses that all indicate adaptations of the cell envelope. The  
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Fig. 4.10. Venn-diagram showing the transcriptional responses seen in weak organic acid-stressed 
cultures. Indicated are the responses of significantly (A) induced or (B) repressed individual genes and
gene groups regulated by the depicted transcription- and sigma- factor. The plus and minus symbo

n of desaturase des in CCCP- and KAc-treated cells indicates a possible 
ecrease in the fluidity of the membrane. In cells stressed with KS a clear induction of the 

e interference with the cell 
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indicates whether the gene group is regulated positively or negatively by the depicted regulator. See the 
text for details. 
 
downregulatio
d
FapR and BkdR regulons were observed, which might lead to longer and more branched 
acyl-lipid chains. Remarkably, acetic acid stress reduced the expression of fatty acid 
biosynthesis genes. Further responses indicating adaptations in the cell envelope were the 
downregulation of genes mediated by SigX (by KS and KAc), SigW (by KS and CCC), and 
YvrH (only by KS). Indications of an acidification of the cytosol were observed in cultures 
stressed with CCCP or KAc. Both induced the GSR and only CCCP caused the activation of 
the SigM regulon. Although some responses involved in the adaptation to changes in 
osmolarity were observed (changed expression of ktrAB and opuCA-CD in KAc and CCCP-
treated cells), there are no clear clues whether the internal anion concentrations led to a 
significant rise in osmolarity. Interestingly, we found the opposite response of Fur-mediated 
genes seen in weak organic acid-stressed cultures. KS and KAc both derepressed the Fur 
regulon; however, CCCP caused a clear downregulation of the genes negatively regulated by 
Fur. Acetate-stressed cells clearly seem to shift their metabolism to the utilization of acetate 
by the upregulation of alsSD and acsA, and the downregulation of pdhABCD.  In this manner, 
the cell may diminish both the possible toxic effects caused by acetate accumulation and the 
acidification of the cytosol by an increased production of acetoin. 
 In conclusion, based on the transcriptional responses observed, the main effects of weak 
organic acids are uncoupling of the proton gradient and possibl
envelope. The absence of the general stress and SigM-mediated response in sorbic acid-
treated cells indicate that acidification of the cytosol contributes less to growth inhibition than 
is the case of CCCP- or KAC-stressed cells. Since the growth inhibition caused by the 
compounds was similar (~30%), sorbic acid stress seems to be more focused on the cell 
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membrane. The synergistic effects seen between salt and CCCP and not between salt and 
KS or KAc, also exemplified the differences between the modes of action of these 
compounds. Additional functional experiments (e.g. testing specific mutants) should be 
performed to elicit the responses significant in the tolerance to weak organic acids. This could 
be done by testing specific mutants, or increasing the matrix of stress combinations with 
specific compounds that interfere with known cellular targets and responses. 
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Chapter 5 

5.1. Abstract 
 We constructed a plasmid (pDG148-pHluorin) to measure in vivo the intracellular pH (pHi) 
of Bacillus subtilis. With this inducible ‘pH meter’ we tested the effect of weak organic acids 
and hyperosmotic shock on the pHi of B. subtilis. The commonly used food preservatives 
potassium -sorbate (KS), -acetate (KAc), and -benzoate (KB), all three lowered the pHi of B. 
subtilis. The uncoupler carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) and 
hyperosmotic shock induced by NaCl conferred a decline in pHi as well. The main drop in pHi 
occurred for all stresses within the first six minutes and no recovery to the control value of pH 
7.3 ± 0.1 was observed during 2 h of stress. The growth inhibition percentage caused by all 
stresses related to the drop in pHi. However, no linear correlation was found, likely due to the 
buffering capacity of the cell. Comparison of the stresses (when taking into account the 
growth inhibition caused by each stress) revealed that CCCP gave the highest, and 
hyperosmotic shock the lowest pHi drop. The preservatives KS, KAc and KB showed 
intermediate values. A clear threshold value of the growth inhibition caused by NaCl was 
needed before inducing a drop in pHi. These results indicate that the growth-inhibitory effect 
of NaCl is not initially and solely acidification of the pHi, yet this is more the case for the tested 
weak organic acids, and primarily for CCCP. 
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5.2. Introduction 
 The intracellular pH (pHi) affects many cellular processes such as DNA transcription, 
protein synthesis and folding, enzyme activities, redox state and transport over the membrane 
(Beck & Jahns, 1996, Cotter & Hill, 2003, Foster, 2004, Veine et al., 1998). Reliable and fast 
pHi measurements in living cells are therefore crucial to the understanding of stress response 
and adaptation. Current techniques used to measure the pHi are 31P NMR (Ogino et al., 
1983), probing with pH-sensitive fluorescent dyes (Breeuwer et al., 1995, Fang et al., 2004), 
and deploying radioactively labelled membrane-permeable weak acids or bases (Siegumfeldt 
et al., 2000, ten Brink & Konings, 1982). However, the disadvantages of these techniques are 
the limited time resolution and extensive manipulation of cells, which itself can affect pHi 
(Karagiannis & Young, 2001). A promising method for pHi measurements is based on in situ 
expression of the pH-sensitive GFP ratiometric pHluorin, which adjusts its excitation spectrum 
according to the pH of the surrounding environment (Miesenbock et al., 1998). Using this 
protein researchers were able to determine the pHi of Escherichia coli, Lactococcus lactis, 
and Mycobacterium tuberculosis (Olsen et al., 2002, Schuster et al., 2005, Vandal et al., 
2008). Recently, we introduced ratiometric pHluorin into Saccharomyces cerevisiae and 
measured the cytosolic and mitochondrial pH (Orij et al., 2009). 
 One class of compounds that is thought to lower the pHi are weak organic acids (Beales, 
2004, Davidson, 2001). These acids are most effective at external pH (pHex) conditions close 
to or below their pKa value. The undissociated form of the molecule is thought to diffuse freely 
over the membrane. Inside the cell the acid dissociates due to the higher existing pHi and 
releases protons into the cytosol. Consequently, the proton gradient dissipates and, 
depending on the buffering capacity of the cell, acidification of the cytosol may take place. It 
has been reported that this affects oxidative phosphorylation, the transport of nutrients and 
many other metabolic functions (Bauer et al., 2003, Brown & Booth, 1991, Ronning & Frank, 
1987, Salmond et al., 1984, Sheu et al., 1975). 
 The food industry commonly utilizes weak organic acids, and their anionic salts, like 
potassium -sorbate (KS), -acetate (KAc), and -benzoate (KB), as they inhibit the growth of 
spoilage bacteria, yeasts, and moulds (Beales, 2004, Davidson, 2001, Piper et al., 2001). 
Bacillus subtilis is one of the organisms that causes food spoilage and its growth is inhibited 
by weak organic acids (Eklund, 1983, Ter Beek et al., 2008). Thus, we set out to construct a 
plasmid to measure the pHi of B. subtilis upon weak organic acid stress. In this study we 
expressed ratiometric pHluorin in B. subtilis and demonstrated that this allows direct and time-
resolved monitoring of pHi in B. subtilis cells. We show that weak organic acids, as well as the 
uncoupler CCCP, and NaCl cause a drop in pHi. Our results further illustrate that CCCP more 
efficiently decreases the pHi than the tested food preservatives and that acidification of the 
cytosol is not the initial effect of hyperosmotic stress caused by NaCl. 
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5.3. Materials and Methods 
5.3.1. Strains, plasmids, and culture media 
 Bacterial strains and plasmids used in this study are listed in Table 5.1. Escherichia coli 
strains were grown in Luria-Bertani (LB) medium at 37°C. When appropriate, ampicillin (100 
µg/ml) or kanamycin (50 µg/ml) was used as antibiotic. B. subtilis strains were grown in LB or 
a defined minimal medium (Ter Beek et al., 2008) and supplemented with 10 or 5 µg/ml 
kanamycin when required. The defined minimal medium contained 25 mM glucose, 10 mM 
NH4Cl and 10 mM glutamate (final concentrations) as carbon and nitrogen sources. Where 
indicated, the LB and defined minimal medium were buffered with 80 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), the pH was set to 6.4 with KOH, and isopropyl-β-
D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 1 mM. 
 
Table 5.1. Strains and plasmids used in this study. 

Strain or plasmid Relevant genotype or descriptiona Source or reference 
E. coli strains   

XL1-Blue General cloning host Stratagene 
TOP10 General cloning host Invitrogen 

MC1061 F- araD139Δ(ara-leu)7696 Δ(lac)X74 
galU galK hsdR2 mcrA mcrB1 rspL Casadaban and Cohen (1980) 

   
B. subtilis strains   

1A700 trpC2; 168 wild-type BGSCb 
ATB031 trpC2 pDG148; KmR pDG148 → 1A700; this study 
ATB032 trpC2 pDG148-pHluorin; KmR pDG148-pHluorin →1A700; this study 

   
Plasmids   

pCR-Blunt II-TOPO PCR cloning vector; KmR Invitrogen 
pDG148 Pspac; ApR, KmR Stragier et al. (1988) 

pDG148-pHluorin Ratiometric pHluorin gene cloned into 
pDG148 this study 

a KmR, kanamycin resistance; ApR, ampicilin resistance. 
b Bacillus Genetic Stock Center (http://www.bgsc.org/). 
c Arrow indicates transformation of donor plasmid into recipient. 
 
5.3.2. Construction of pDG148-pHluorin and transformation to B. subtilis 
 Standard molecular genetics techniques were used as described by Sambrook et al. 
(1989). Restriction enzymes, Pfu DNA polymerase and T4 DNA ligase were obtained from 
Fermentas. Plasmids were isolated from E. coli using a QIAprep Spin Miniprep Kit (Qiagen) 
and DNA fragments were isolated from agarose gels with a QIAEX II Gel Extraction Kit 
(Qiagen). 
 The ratiometric pHluorin gene (GenBank accession no. AF058694) was PCR amplified 
using primers pHBsF (5’-AAG CTT AAG GAG GAA GCA GGT ATG AGT AAA GGA GAA 
GAA C-3’) and pHBsR (5’-C GTC GAC TTA TTT GTA TAG TTC ATC CAT GCC ATG TG-3’) 
(Isogen Life Science) on pYES2-PACT1-pHluorin (Orij et al., 2009) introducing HindIII and SalI 
restriction sites as well as a ribosome binding site. The pYES2-PACT1-pHluorin plasmid 
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contains the gene coding for a functional ratiometric pHluorin without the L220F mutation 
described in Miesenböck et al. (1998), as well as a start and stop codon (Orij et al., 2009). 
The resulting 745-bp PCR product was cloned into the pCR-Blunt II-TOPO vector and 
transformed to competent E. coli TOP10 cells using the Zero Blunt TOPO PCR Cloning Kit 
(Invitrogen). DNA sequence analysis (BaseClear) confirmed the correct DNA sequence (data 
not shown). Next, the TOPO vector was digested with HindIII and SalI and the fragment 
containing ratiometric pHluorin gene was inserted into the HindIII and SalI-digested pDG148. 
The resulting plasmid pDG148-pHluorin was transformed to E. coli XL1-Blue and 
subsequently to MC1061 cells. Finally, we isolated the plasmid from E. coli MC1061 and 
transformed it to competent 1A700 B. subtilis cells as described previously (Kunst & 
Rapoport, 1995). 
 
5.3.3. Validation of ratiometric pHluorin expression using fluorescence microscopy 
 1A700 B. subtilis cells harbouring the pDG148-pHluorin (ATB032) or the empty pDG148 
plasmid (ATB031) were grown exponentially in shake-flasks in LB medium of pH 6.4, 
containing 10 µg/ml kanamycin at 37°C. Upon reaching an optical density measured at 600 
nm (OD600) of 0.2, the production of ratiometric pHluorin was induced by the addition of 1 mM 
IPTG. The cells were maintained in the exponential phase by diluting the cultures in fresh 
medium containing 1 mM IPTG when necessary, such that an OD600 of 1 was not exceeded. 
After 2.5 h of exponential growth the cells were harvested for microscopic analysis. Cells 
were immobilized on agarose slides as described by Van Helvoort et al. (1998) and 
photographed with a PowerShot A640 digital camera (Canon) attached to an Axiovert 40 CFL 
fluorescence microscope (Zeiss). In all experiments, the cells were photographed first in the 
phase-contrast mode and then using filter set 38 (excitation: 450 – 490 nm; emission: 500 – 
550 nm) (Zeiss). 
 
5.3.4. Calibration of pHi 
 B. subtilis strains ATB031 and ATB032 (1A700 containing empty pDG148 or pDG148-
pHluorin, respectively) were grown exponentially in shake-flasks in defined minimal medium 
of pH 6.4 containing 5 µg/ml kanamycin. At an OD600 of 0.2 the production of ratiometric 
pHluorin was induced for 2.5 h by the addition of 1 mM IPTG. The cells were maintained in 
the exponential phase by diluting the cultures in fresh medium containing 1 mM IPTG when 
necessary, such that an OD600 of 1 was not exceeded. At an OD600 of 0.4 the cells were 
centrifuged and resuspended in buffers with pH values ranging from 5.6 to 8.2 prepared from 
0.1 M citric acid and 0.2 M KH2PO4. The pHex and pHi were equilibrated by the addition of 1 
µM valinomycin and 1 µM nigericin (Breeuwer et al., 1995). The fluorescence was measured 
in a SpectraMax Gemini XS microtiter plate spectrofluorometer (Molecular Devices Corp.) and 
the ratio of emission intensity at 512 nm resulting from emission at 390 and 470 nm was 
calculated as described previously (Orij et al., 2009). The strain containing the empty pDG148 
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plasmid was used for background fluorescence. The calibration curve was determined by 
fitting the data of three independent biological replicates, each consisting of three technical 
replicates, with a polynomial curve of the fifth order. 
 
5.3.5. Stress experiments and pHi measurements 
 Cells containing empty pDG148 and pDG148-pHluorin were grown exponentially and 
ratiometric pHluorin expression was induced with 1 mM IPTG for at least 2.5 h as described 
above for the calibration of pHi. At an OD600 of 0.35 cells were transferred into two microtiter 
plate readers, measuring the fluorescence and optical density (SpectraMax Plus, Molecular 
Devices Corp.). At an OD600 of 0.16 in the microtiter plate readers (which corresponds to an 
OD600 of 0.4 in a 1-cm-path-length spectrophotometer), the cells were stressed with the 
following chemicals: KS (0.5, 1, 3, or 10 mM), KAc (5, 25, or 80 mM), KB (2 or 6 mM), CCCP 
(0.25, 0.5, 0.85, or 2 μM) and NaCl (0.1, 0.25, 0.5, 0.6, 0.75, or 1 M). Cells were cultivated in 
the microtiter plate readers under rigorous shaking at 37°C for 120 min.  The percentages of 
growth inhibition (GI %) were calculated in the exponential phase from the increase in the 
optical density between 58 and 120 min of the control (no addition of stress) and the stressed 
culture. All conditions were tested in the plate readers four times, and biologically 
independent experiments were performed at least in duplicate. 
 
5.4. Results 
5.4.1. Construction of pDG148-pHluorin and expression in B. subtilis 
 Since the pHi is an important indicator for the fitness of a microorganism, we wanted to 
measure in vivo the pHi of B. subtilis cells under varying environmental conditions. 
Miesenböck et al. (1998) constructed a pH-sensitive version of GFP (ratiometric pHluorin), 
which allows for in situ expression and in vivo pH measurements. Therefore, we set out to 
clone the gene coding for ratiometric pHluorin into the pDG148 expression vector for B. 
subtilis (Stragier et al., 1988). This commonly used vector, utilized to overexpress 
promotorless genes in B. subtilis, contains an IPTG inducible spac promoter, the replicon 
from pUB110 for multiplication in B. subtilis, and a ble and a kan gene for selection by 
phleomycin and/or kanamycin. It also possesses the replicon of pBR322 and a bla gene for 
the replication and ampicillin selection in E. coli. After PCR amplification the ratiometric 
pHluorin gene including a start and stop codon, as well as a ribosome binding site was cloned 
into pDG148. The resulting plasmid pDG148-pHluorin was transformed to competent 1A700 
wild-type B. subtilis cells. 
 We checked the expression of ratiometric pHluorin in the transformed B. subtilis strain 
using fluorescence microscopy. An exponentially growing culture of WT strain 1A700 
harbouring pDG148-pHluorin (ATB032) was induced with 1 mM IPTG. After 2.5 h of induction 
and exponential growth the cells were harvested for inspection by fluorescent microscopy  
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A B

 
Fig. 5.1. Validation of ratiometric pHluorin expression using fluorescent microscopy. Exponentially 
growing 1A700 cells harbouring pDG148-pHluorin (A) and pDG148 (B) were monitored by phase-
contrast microscopy (top panel) and fluorescence microscopy (bottom panel). Production of ratiometric 
pHluorin was visualized with fluorescence microscopy, as described in the Materials and Methods. 
 
using a GFP filter. As a negative control we used the WT strain containing the pDG148 
plasmid without the pHluorin insert (ATB031). A clear GFP signal was observed in the 
pDG148-pHluorin containing strain and not in the strain harbouring the empty vector (Fig. 
5.1). Additionally, no GFP fluorescence could be observed for the strain containing pDG148-
pHluorin that was not induced with IPTG (our unpublished data). 
 
5.4.2. Calibration of pHi 

 To measure the actual pHi using ratiometric pHluorin, the measured fluorescence signal 
needs to be calibrated with known pH values. Therefore, strains ATB031 and ATB032 were 
grown exponentially and induced with 1 mM IPTG to start production of ratiometric pHluorin. 
At an OD600 of 0.4, cells were resuspended in buffers of known pH in the range of 5.6 – 8.2, 
permeabilized with a combination of valinomycin and nigericin, and their fluorescence was 
measured. A combination of the ionophores valinomycin (K+ uniporter) and nigericin 
(electroneutral K+/H+ antiporter) is commonly used to fully de-energize (dissipate both the  
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upon excitation at 390 and at 470 nm 
(R390/470) were plotted against pH after 
subtracting the background fluorescence 
of strain ATB031. A calibration curve 
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standard deviation of three independent 
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membrane potential and proton gradient) the cells, so that the pHex and pHi are fully 
equilibrated (Breeuwer et al., 1995, Siegumfeldt et al., 2000). The ratios of pHluorin emission 
at 512 nm by 390 and 470 nm excitation (R390/470) were calculated and plotted against pH 
after background subtraction (Fig. 5.2). This plot was used to calibrate our in vivo 
measurements. 

membrane potential and proton gradient) the cells, so that the pHex and pHi are fully 
equilibrated (Breeuwer et al., 1995, Siegumfeldt et al., 2000). The ratios of pHluorin emission 
at 512 nm by 390 and 470 nm excitation (R390/470) were calculated and plotted against pH 
after background subtraction (Fig. 5.2). This plot was used to calibrate our in vivo 
measurements. 
  
5.4.3. Weak organic acid stress and hyperosmotic shock lower the pHi 5.4.3. Weak organic acid stress and hyperosmotic shock lower the pHi 

 Weak organic acids are thought to lower the pHi (Beales, 2004, Davidson, 2001). We 
recently showed using pHluorin that sorbic acid lowers both the cytosolic and mitochondrial 
pH in S. cerevisiae (Orij et al., 2009). Olsen et al. (2002) also observed  a pHi drop upon 
organic acid stress in L. lactis using pHluorin. Now that we were able to determine the pHi of 
B. subtilis cells in vivo we set out to measure, in a time resolved manner, the pHi of B. subtilis 
cells stressed with different levels of weak organic acid. In unstressed cells we measured a 
pHi of 7.3 ± 0.1 at a pHex of 6.4. We chose to test the anionic salt of the following weak 
organic acids commonly used as food preservatives: sorbic-, acetic- and benzoic- acid. 
Although the side chains of these carboxylic acids differ significantly, sorbic- and acetic- acid 
have a similar pKa of 4.76, and benzoic acid, containing an aromatic side chain, has a pKa 
value of 4.20. All three preservatives clearly lowered the pHi in a concentration dependent 
manner (Fig. 5.3ABC). Adding higher concentrations of the potassium-salt of the weak 
organic acid led to a lower pHi. The maximal pHi drop seemed to occur already within the first 
ten minutes of stress and did not recover to control levels (further discussed below). The 
stresses applied did not lead to a loss in OD600 and the cells continued growing albeit at a 
reduced rate. Depending on the concentration of weak organic acid used (mM range) the 
growth rate was reduced between 30 and 60% (further discussed below). During incubation, 
control cells (no addition of stress) showed a very small drop in pHi (Fig. 5.3). 

 Weak organic acids are thought to lower the pHi (Beales, 2004, Davidson, 2001). We 
recently showed using pHluorin that sorbic acid lowers both the cytosolic and mitochondrial 
pH in S. cerevisiae (Orij et al., 2009). Olsen et al. (2002) also observed  a pHi drop upon 
organic acid stress in L. lactis using pHluorin. Now that we were able to determine the pHi of 
B. subtilis cells in vivo we set out to measure, in a time resolved manner, the pHi of B. subtilis 
cells stressed with different levels of weak organic acid. In unstressed cells we measured a 
pHi of 7.3 ± 0.1 at a pHex of 6.4. We chose to test the anionic salt of the following weak 
organic acids commonly used as food preservatives: sorbic-, acetic- and benzoic- acid. 
Although the side chains of these carboxylic acids differ significantly, sorbic- and acetic- acid 
have a similar pKa of 4.76, and benzoic acid, containing an aromatic side chain, has a pKa 
value of 4.20. All three preservatives clearly lowered the pHi in a concentration dependent 
manner (Fig. 5.3ABC). Adding higher concentrations of the potassium-salt of the weak 
organic acid led to a lower pHi. The maximal pHi drop seemed to occur already within the first 
ten minutes of stress and did not recover to control levels (further discussed below). The 
stresses applied did not lead to a loss in OD600 and the cells continued growing albeit at a 
reduced rate. Depending on the concentration of weak organic acid used (mM range) the 
growth rate was reduced between 30 and 60% (further discussed below). During incubation, 
control cells (no addition of stress) showed a very small drop in pHi (Fig. 5.3). 
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Fig. 5.3. Effect of weak organic acids, CCCP and 

NaCl on the intracellular pH. The pHi profiles of 
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(green triangles) concentration of added chemical 

are shown. Cells were stressed (t = 0) with 3 or 
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e pHi (Fig. 5.3D). Stress caused by 0.85 and 2 μM CCCP resulted in a lowering of 
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6.5

6.6

6.7

6.8

6.9

7

7.1

7.2

7.3

7.4

7.5

‐10 ‐5 0 5 10 15 20 25 30

pH
i

time (min)

control

0.75 M NaCl

1 M NaCl

E

standard error. 

 
 We also tested the uncoupler CCCP, which is actually in itself a weak organic acid. Th
protonophore (pKa = 5.95) is a known powerful uncoupling agent that very efficiently destro
the proton gradient. As expected, very low concentrations of CCCP (µM range) clearl
lowered th
th
stress by the addition of NaCl, probably the oldest known food preservative. Salt inhibited the 
growth rate by 48 and 79% when 0.75 or 1 M NaCl was applied, respectively. Although NaCl 
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when applied in relative high concentrations (molar range) (Fig 5.3E). It was recently reported 
by using 5,6-carboxyfluorescein succinimidyl ester (cFSE) that hyperosmotic stress caused 
by either NaCl or sorbitol causes a drop the pHi of Listeria monocytogenes (Fang et al., 
2004). As also seen for the pHi in weak organic acid stressed cells, the maximal pHi drop 
seemed to occur already within the first ten minutes of stress and the pHi did not recover 
during the timeframe of the experiments (further discussed below). 
 

5.4.4. Comparison of ΔpHi and GI % values reveal differences between various weak organic 
acids, CCCP and NaCl 
 Since the pHi of the control cells showed a slight decrease during incubation (Fig. 5.3) we 
calculated the difference between the pHi for each stress and the pHi of the control cells. 
Small variations in pHi before the addition of stress were eliminated by subtracting the ΔpHi 
ata from an average value of the ΔpHi prior to stress (t = 0). It can be clearly seen that the 

ndicates that the effect of the tested compounds is relatively fast (Fig. 

 
) 

 

d
main drop in pHi (large ΔpHi value) is already reached after the first 6 min of stress for all 
stresses applied, which i
5.4). Only the ΔpHi addition of 1 M NaCl seemed to increase slowly over time. Since the ΔpHi 
at 2 min is smaller for all stresses than after 6 min of stress, the time resolution of the  
 

Fig. 5.4. The drop in pHi caused by weak organic acids, CCCP or NaCl occurs mainly within the first 6
min. Cells were stressed with the indicated concentrations of chemical. The ΔpHi (pHi,control – pHi,stress

profiles (subtracted from ΔpHi at t = 0) for are shown. Note that at the addition of stress (t = 0) the values 
are zero by definition. Values represent the average of four technical replicates and error bars indicate
the standard error. 
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conducted experiments seemed sufficient. Remarkably, longer incubations (2 h) did not 
reveal a recovery from the drop in pHi values obtained in the first 30 min after stress (our 
unpublished results). Instead, small increases in ΔpHi were observed for KS, KB and salt 
stress, but not for KAc or CCCP independent of the concentration used (our unpublished 
data). 
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 From Fig. 5.3 and 5.4 it is clear that all the different stresses applied cause a drop in pHi. 
oH wever, different concentration ranges (from µM for CCCP to molar for NaCl) are needed to 

achieve lowering of the pHi. To be able to compare the different stresses applied we 
normalized the data to the GI % that each stress caused. We chose this parameter to 
normalize the data, because it represents a common denominator for the effectiveness of the 
stress factor. Molecule numbers for instance are not suitable for normalization, since different 
forms of the molecule (e.g. undissociated or dissociated) may have different modes of action 
and therefore, effectiveness. For instance, it has been shown before that weak organic acids 
are most effective in their undissociated form, be it that the (dissociated) anion also 
significantly contributes to growth inhibition (Davidson, 2001, Eklund, 1983, Ter Beek et al., 
2008). The average ΔpHi for the first 30 min of stress was calculated and divided by the GI % 
that each stress caused (Fig. 5.5 and Table 5.2). The data showed for 0.85 µM of CCCP an 
average drop in pHi of 0.14 ± 0.01 in the first 30 min, while 0.75 M of NaCl lowered the pHi by 
only 0.08 ± 0.03 (Fig. 5.5A). The growth rates were reduced by the stresses by 25 ± 7% and 
48 ± 6%, respectively (Fig. 5.5B). Therefore, 0.85 µM CCCP clearly resulted in a larger ΔpHi / 
GI % value than 0.75 M NaCl did (0.53 ± 0.10 and 0.16 ± 0.04, respectively) (Fig. 5.5C). It 
can be clearly seen that CCCP gave the largest pHi drop and salt the lowest when normalized 
by the GI %. The three weak organic acids (KS, KAc and KB) showed intermediate values. 
 Since a difference is observed between the pHi drop caused by CCCP, NaCl and the 
three weak organic acids, we wondered whether threshold levels of GI % are actually needed 
before a drop in pHi can be observed and, if so, do these threshold levels differ between the 
various stresses? Therefore, we tested concentrations of stress causing a relative small  
 
Table 5.2. Comparison of GI % and ΔpHi caused by weak organic acids, CCCP and NaCl. 

Stress pKa GI %a ΔpHi
b ΔpHi / GI % Concentration (mM) GI % 

thresholdc total undissociated 

KS 4.76 3 0.067 
10 0.224 

34 ± 6d 
59 ± 3 

0.07 ± 0.02 
0.19 ± 0.02 

0.22 ± 0.07 
0.32 ± 0.05 ≥ 13 ± 2 

KAc 4.76 25 
80 

0.560 
1.792 

31 ± 2 
47 ± 3 

0  
0  
.086 ± 0.006
.176 ± 0.002

0.28 ± 0.04 
0.37 ± 0.03 < 9 ± 3 

KB 4.20 2 
6 

0.013 
0.0376 

40 ± 2 
61 ± 7 

0.093 ± 0.009 
0.22 ± 0.01 

0.27 ± 0.06 
0.36 ± 0.04 NDe 

CCCP 5.95 0.00085 
0.002 

0.000223 
0  < 8 ± 4 .000524

25 ± 7 
49 ± 5 

0.138 ± 0.006 
0.30 ± 0.03 

0.5 ± 0.1 
0.60 ± 0.02 

NaCl - 750 
1000 

- 
- 

48 ± 6 
79 ± 11 

0.08 ± 0.03 
0.17 ± 0.04 

0  .17 ± 0.08
0.22 ± 0.02 ≥ 21 ± 3 

a ercen es of th inhibition were calc rom  in th sity  
58 and 120 min of the control (no add n of stre e s re (o Fig. 5.5

 zero (obtained from Fig. 5.6). 

 The p tag  grow ulated f  the increase e optical den  between
). itio ss) and th tressed cultu btained from 

b The ΔpHi (pHi,control – pHi,stress) value is the calculated average between 2 and 30 min after stress 
(obtained from Fig. 5.5). 
c GI % threshold value corresponds to the value of GI % needed to measure a ΔpHi value that is 
significantly different from
d Values including their standard deviation are shown. 
e ND, Not determined. 
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inhibition of the growth rate and measured the pH  (Fig. 5.6 and Table 5.2). Clearly, it can be i

seen that for salt a threshold level of the GI % was needed to cause lowering of the pHi. Even 
21 ± 3% of growth inhibition caused by 0.5 M NaCl did not result in a measurable drop in pHi. 
The errors in the negative ΔpHi values at small GI % for salt are too large too make a 
statement about a possible alkalization and remains to be further investigated. Interestingly, 
an alkalization of the pHi of E. coli was reported within the first 10 min after 0.5 M NaCl stress 
(Dinnbier et al., 1988). Unfortunately, higher concentrations of salt were not tested in this 
study. A smaller threshold level could be derived from the data for KS (Fig. 5.6 and Table 
5.2). For CCCP and KAc likely an even lower threshold level or no threshold level at all is 
needed. However, to elucidate this, lower GI % caused by CCCP and KAc need to be tested. 
Concentrations of KB causing small inhibitions of the growth rate were not tested. These 
results further imply that the initial inhibitory effects caused by hyperosmotic shock and sorbic 
acid are not primarily caused by acidification of the cytosol. 
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Fig. 5.6. Threshold levels of GI % are required before a drop in pH  caused by osmotic shock and sorbic i

acid is observed. The ΔpHi was plotted as a function of calculated GI % caused by 0.5, 1, or 3 mM KS 
(blue diamonds), 5, 25, or 80 mM KAc (red squares), 0.25, 0.5, or 0.85 μM CCCP (green triangles), and 
0.1, 0.25, 0.5, 0.6, or 0.75 M NaCl (purple crosses). Values represent the average of minimally two 
biological independent experiments, each based on minimally two technical replicates. The error bars 
indicate the standard deviation. 
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5.5. Discussion 

lly constructed a plasmid for the overexpression of ratiometric pHluorin to 

easure the pHi upon 
e

ntly in itself no potential carrier of protons over the 

ition, which likely 

 We successfu
measure the pHi in B. subtilis. Due to limitations of the fluorescent protein the pH values can 
be measured reliably between 5.8 and 8.2 (Fig. 5.2). A pHi of 7.3 ± 0.1 was measured in 
exponentially growing cells when cultured in a defined minimal medium of pH 6.4. This value 
is slightly lower than the pHi range (7.5 – 8.0) reported for neutrophiles using other methods 
(Booth, 1985). Using cFSE Breeuwer et al. (1995) even reported for B. subtilis a pHi of 
around 7.6 at a pHex of 6 and a pHi of around 8 at a pHex of 7 when grown in peptone broth. 
The differences between reported values may be due to the different growth conditions (e.g. 
rich vs. defined minimal medium) and/or the different techniques used (e.g. shake flask vs. 
microtiter plate). Olsen et al. (2002) reported for L. lactis grown at a pHex of 6.5, a pHi of 
around 7.4 using pHluorin and a pHi of around 7.7 using cFSE. They refer to the fact that both 
methods rely on standard curves and may therefore introduce variation. 
 We used the B. subtilis strain harbouring the constructed plasmid to m
w ak organic acid stress and hyperosmotic shock induced by NaCl. Also the protonophore 
CCCP was tested. Clearly, the tested food preservatives KS, KAc, KB, as well as CCCP and 
NaCl lowered the pHi in a concentration dependent manner (Fig. 5.3). Addition of the tested 
compounds to the medium, as well as the growth of the control cells in itself did not affect the 
pHex of 6.4 during the time course of the experiment (our unpublished data). During 
incubation of the control cells (no addition of stress) a minimal drop of the pHi was observed 
(Fig. 5.3). This may be due to different growth conditions of the pre-cultures, which were 
grown either in a microtiter plate reader or in shake-flasks. Since the drop was minimal 
(around 0.1 pH unit) and ΔpHi (pHi,control – pHi,stress) values were calculated, we believe the 
set-up of the experiments was adequate. 
 Salt is not a weak acid and conseque
membrane. Therefore, the lowering of pHi upon hyperosmotic shock was rather surprising. 
However, hyperosmotic shock studies in L. monocytogenes with NaCl and in S. cerevisiae 
and Zygosaccharomyces mellis with sorbitol and sucrose also revealed an acidification of the 
pHi (Fang et al., 2004, Vindelov & Arneborg, 2002). To the contrary, one study performed in 
E. coli reported an alkalization upon 0.5 M NaCl stress (Dinnbier et al., 1988). Our data 
showed there is no drop in pHi observed at NaCl concentrations of 0.5 M and lower (Fig. 5.6). 
Although no firm statement can be made at this point, the data also tend to a possible 
alkalization caused by the addition of low concentrations of NaCl (Fig. 5.6). 
 NaCl initially causes cell shrinkage and induces changes in lipid compos
alters the membrane permeability (Beales, 2004, Lopez et al., 2006, Wood, 1999). Recently, 
we also observed changes in the lipid composition of B. subtilis when stressed with sorbic 
acid (our unpublished results). Expression of the fatty acid biosynthesis genes were clearly 
induced upon sorbic acid stress (Ter Beek et al., 2008). Interestingly, while transcriptome 
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data of NaCl and sorbic acid stressed cells clearly differ from another (Steil et al., 2003, Ter 
Beek et al., 2008), a proteomics study on salt stressed cells showed increased concentrations 
of the fatty acid biosynthesis enzymes FabF and FabHB (Hoper et al., 2006). Hyperosmotic 
shock is also suggested to increase the membrane permeability for protons (Vindelov & 
Arneborg, 2002). Since the cells were grown at a pHex of 6.4, which is lower than the 
measured pHi of 7.3, protons may leak more easily into the cell and cause the observed 
acidification upon NaCl stress. In the studies showing an acidification of the pHi upon 
hyperosmotic shock (Fang et al., 2004, Vindelov & Arneborg, 2002), including ours, the pHi 
never dropped below the pHex, which supports the assumption that acidification is caused by 
leakage instead of transport of the protons into the cell by a carrier. The addition of 200 mM 
KAc, 30 mM KB, or 4 uM CCCP, causing around 90% growth inhibition, did lower the pHi 
below the pHex of 6.4 (our unpublished data). 
 Interestingly, the main pHi drop induced by all tested chemicals is already established 

th

ed data against the growth inhibition caused by the applied 

wi in 6 min after addition of the chemicals (Fig. 5.4). Transport of protons over the 
membrane by molecules is expected to be relatively fast (depending on diffusion rates and 
solubility of the carrier in the membrane). Remarkably, no clear recovery of the pHi was 
observed even after 120 min for all concentrations of the stresses tested (Fig. 5.3, 5.4 and our 
unpublished results). Fang et al. (2004) also reported no pHi recovery back to control values 
during 120 min of salt stress.  
 By normalizing the obtain
stress, we could make a distinction between the effects of CCCP, the food preservatives and 
hyperosmotic shock on the pHi (Fig. 5.5). The percentages of growth inhibition were all 
calculated from the increase in the optical density between 56 and 120 min, since reliable 
growth rates could not be calculated from earlier time-points due to resolution of the OD600 
measurements. However, the outcome did not change significantly in later time-frames (our 
unpublished data). As expected, CCCP induced the highest drop in pHi (Fig. 5.5). CCCP is a 
weak acid that is able to destroy the proton gradient very efficiently. The negative charge of 
the anion is delocalized over the entire molecule and therefore it may be assumed that, 
besides the neutral molecule, also the anion is, able to diffuse into the membrane more easily 
than e.g. the acetate anion. Lower ΔpHi / GI % values were observed for the food 
preservatives KS, KAc, and KB and the lowest for NaCl (Fig. 5.5). Together with the finding 
that a clear threshold in GI % caused by salt is needed to induce a lowering of the pHi (Fig. 
5.6), this indicates the growth-inhibitory effect of NaCl is not initially and solely acidification of 
the pHi. This is more the case for the tested weak organic acids, and mostly for CCCP (Fig. 
5.6). While no significant distinction can be observed between the food preservatives on the 
basis of the calculated ΔpHi / GI % values, the different GI % threshold levels required for 
lowering the pHi reveal a difference in the effects of KS and KAc (Fig. 5.3C, 5.6 and Table 
5.2). 
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 Although a relationship was found (higher GI % induced larger ΔpHi), no linear correlation 
between GI % and the drop in pHi was observed (Fig. 5.5 and 5.6). Likely, the buffering 
capacity of the cell (also illustrated by the observed threshold levels derived from Fig. 5.6) is 
different for each type of stress and may change upon increased concentrations of stress. 
The latter may be the consequence of (high) energy requiring processes being induced only 
upon exceeding a certain threshold level of stress. For instance, in B. subtilis only severe 
sorbic acid stress leads to the induction of the SigB mediated general stress response (Ter 
Beek et al., 2008). Interestingly, a recent study by Marles-Wright et al. (2008) showed that a 
threshold level of ~0.3 M NaCl is needed before activating the general stress response. 
However, no threshold level of azide was needed to activate SigB. Azide is both a respiratory 
inhibitor and an uncoupler, and is reported to lower the pHi (Lohmeier-Vogel et al., 1989, 
Thevelein et al., 1987). These observations also support our findings that a threshold level of 
salt was needed before reducing the pHi and this was not the case when the uncoupler CCCP 
was added. 
 In this study we measured the average fluorescence signal of whole cell populations 
grown in microtiter plates. As can be seen from Fig. 5.1, the expression of ratiometric 
pHluorin is heterogeneous. Cells expressing more pHluorin will therefore contribute more to 
the average fluorescence signal measured than low pHluorin expressing cells. The origin of 
this heterogeneity in pHluorin expression is not known. At this point it is unclear whether cells 
differentially expressing pHluorin also exhibit different stress resistant properties. Single-cell 
analysis is required to further investigate this phenomenon. 
 The pHi is an important parameter for the fitness of a cell. Using pHluorin, the changes in 
pHi in B. subtilis can now be measured accurately (<0.1 pH unit), fast (minutes, even within 
seconds possible), at low cell densities (OD600 = 0.4) and in vivo. Therefore, the strain 
constructed can be used as a tool to screen for new antimicrobials. 
 
5.6. Acknowledgements 
 Dr Gero Miesenbock is thanked for providing the original ratiometric pHluorin gene, used 
to construct pYES2-PACT1-pHluorin, which formed the template for cloning the pHluorin gene 
into pDG148. Marian de Jong is acknowledged for her technical assistance with cloning of the 
pHluorin gene. 
 



 

 
Chapter 6 

 
 
 

On the Origin of Heterogeneity in (Preservation) Resistance of 
Bacillus spores: Input for a ‘Systems’ Analysis Approach of 

Bacterial Spore Outgrowth 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Accepted for publication in International Journal of Food Microbiology (2009). 
Luc M. Hornstra*, Alex Ter Beek*, Jan P. Smelt, Wouter W. Kallemeijn, and Stanley Brul  

* These authors contributed equally to the manuscript 



Chapter 6 

 

 124 



Heterogeneity in Resistance of Bacillus spores 

6.1. Abstract 
 Bacterial spores are the ultimate (stress) ‘survival capsules’. They allow strains from the 
Bacillus and Clostridium species to survive harsh environmental conditions. In addition to the 
decision to enter sporulation the decision to do the reverse (germinate) is also a decisive 
event after which there is no return. Generally it is observed that the behaviour of spores 
towards the environment is not homogeneous. In fact in many cases it is even quite 
heterogeneous, certainly upon subjecting the spores to a thermal stress treatment. Genome 
information coupled to high resolution single-cell analysis techniques allow us currently to 
analyse signalling events of individual cells. In the area of food preservation the next 
challenge is to couple the newly acquired mechanistic data to the physiologically observed 
heterogeneity in spore behaviour.  
 The current paper will introduce the background of physiological heterogeneity while 
discussing the molecular processes that likely contribute to the observed heterogeneity in 
outgrowth. The discussion is set in the framework of contemporary and future needs for 
single-cell data integration in order to enhance the mechanistic basis of food preservation and 
spoilage models targeting bacterial spores. 
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6.2. On bacterial spores and heterogeneity 
 Bacterial sporeformers are agents of prime concern to human health for a number of 
reasons. Some are highly pathogenic such as Bacillus anthracis and Clostridium botulinum. 
While the former aerobic spore former is not common in most foods but rather notorious as 
bioterrorism agent, the latter anaerobic spore former is THE oldest concern to the food 
industry due to its ubiquitous occurrence in foods, thermal stress resistance and extreme 
danger of the toxin produced by its vegetative cells (Esty & Meyer, 1922, Peck, 2006, Stringer 
et al., 2005). Other Clostridia of importance include C. perfringens C. tyrobutyricum and C. 
sporogenes. Clostridium perfringens is an important anaerobic pathogen causing food-borne 
gastrointestinal diseases in humans and animals (Rahmati & Labbe, 2008). The food 
poisoning C. perfringens isolates typically carry the enterotoxin gene (cpe) on a plasmid or in 
their chromosome (Miki et al., 2008). C. sporogenes and C. tyrobutyricum are organisms 
commonly associated with the spoilage of cheese during its manufacturing. In a near to 
anaerobic environment the cells may grow and cause ‘blowing’ of the cheese due to an 
excessive production of gas (Le Bourhis et al., 2007). Noticeably, in the second half of the 
previous century attention focussed more and more on the aerobic Bacilli. A prime reason for 
this shift in attention was that these organisms form extremely heat resistant spores.  
Examples of such heat resistant Bacilli include wild-type isolates of Bacillus subtilis and 
strains from Bacillus sporothermodurans (Oomes et al., 2007, Scheldeman et al., 2006). In 
order to fulfil the quest of contemporary producers to meet consumer demands for nutritious 
products that are subjected to a milder thermal processing, but are still microbiologically 
stable, a thorough understanding of the often significant heterogeneity in behaviour of 
individual cells and spores with respect to the survival efficiency of (thermal) preservation 
stress of such Bacilli is paramount. Thus, chances of outgrowth and product spoilage can be 
predicted more precisely herewith preventing unnecessary over processing with consequent 
loss of product quality. As processing temperatures come down, the data also become of 
value and interest to those studying the behaviour of the less heat tolerant spores from 
toxigenic Bacilli (e.g. B. cereus) and the previously discussed Clostridia. A detailed account of 
heterogeneity in the various phases of germination of non-proteolytic Clostridium botulinum 
has been described by Stringer et al. (2005). Typical assays include those where wild-type 
thermally treated spores are sorted individually in a 96 wells plate and tested for growth under 
various product relevant conditions for periods up to several weeks (Smelt & Brul, 2007). In 
addition to assessing growth, individual spores may also be followed mechanistically through 
an analysis of the behaviour of reporter proteins specific for cellular signalling pathways that 
regulate their response to the environment. An integration of the physiological and molecular 
data at the single-cell level will be instrumental in predicting, with the necessary level of 
confidence, the behaviour of the spores even outside the direct boundaries of the tested 
conditions. Such approaches will facilitate the choice of the appropriate preservation strategy  
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Fig. 6.1. Theoretical impact of bi- or multi-modal (heterogeneous) and monomodal (homogeneous) 
responses on spore characteristics. A genetic response within an isogenic population may show variable 
expression patterns: the response of a population may be monomodal (homogeneous) – showing a 
normal distribution (red or green) – or bi- or multi-modal (heterogeneous) – giving rise to two (green) or 
more (not shown) different sub-populations. The dashed line indicates an arbitrary cut-off: cells that 
induce a response with intensity above the cut-off will form spores with altered resistant properties and/or 
germination rates. AU, arbitrary units. 
 
by food technologists (Brul & Westerhoff, 2007, McMeekin et al., 2008). The molecular basis 
of most of the processes governing heterogeneous behaviour of bacterial spores is, however, 
still enigmatic and topic of discussion. Even the convention on what to call heterogeneity is 
not fully unambiguous. Many biological responses follow a normal distribution and are thus 
often called homogeneous. Still, differential biological behaviour at the edges of the normal 
distribution (noise) might be relevant (Elowitz et al., 2002, discussed in Veening et al., 2008b). 
For us this is especially relevant when the specific response of the cell determines or 
influences the heat resistance of an emerging endo-spore and/or its germination rates. In this 
paper we describe spore heterogeneity as simply the different resistance characteristics 
and/or germination rates of spores observed within a spore crop. We do not define here 
whether the spore crop consists of either distinct (bi- or multi-stable) populations or just one 
single (broad) homogeneous population. In theory, the observed heterogeneity in spores 
might be caused by monomodal (homogeneous) and/or bi- or multi-modal (heterogeneous)  
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Fig. 6.2. A schematic overview of factors influencing spore properties during sporulation, the subsequent 
dormant state and germination. Upon nutrient limitation, some cells decide to initiate sporulation, while 
others do not. It is speculated that some of these return to the decision point (dashed line; Veening et al., 
2008c). Both the decision to sporulate and the sporulation process may be influenced by environmental 
conditions or applied preservatives.  
 
responses. Fig. 6.1 gives a conceptual representation of the above. ‘Extremes’ in a 
homogeneous response (i.e. cells that respond with an intensity far outside the standard 
deviation of the normal distribution) may have a significant effect on the properties of the 
mature spore. This can be caused by changed external conditions which may lead to a shift 
and possible ‘broadening’ of the response (from red to green in Fig. 6.1). For the spore 
physiology this may have as consequence an increase in heterogeneity in resistant properties 
and/or germination rates. 
 An example of ‘intrinsic’ noise leading to heterogeneity in spore thermal behaviour may be 
the expression of germination receptors. If the set of germination receptors genes (up to 
seven different ones in the genomes of Bacilli) is expressed at various levels, this might lead 
to a great numerical variance of receptor proteins per spore. This is more so as the actual 
number of Ger receptors in a spore is likely to be low (estimated at up to 20 per type of Ger 
receptor per spore) (Paidhungat & Setlow, 2001). The outcome of such events would in all 
likelihood be a measurable difference in the germination response of individual spores in a 
population. 
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 Furthermore we will discuss extrinsic factors contributing to heterogeneity in spore 
behaviour whilst using B. subtilis as a model bacterial spore former. We will consider 
heterogeneity in spore (preservation) stress resistance due to a non-homogeneous (bistable) 
initiation of spore development as well as heterogeneity in spore behaviour due to conditions 
during spore formation and maturation. The sporulation phases and conditions that may occur 
during these stages are indicated schematically in Fig. 6.2. Intrinsic and extrinsic noise in the 
decision to sporulate and the sporulation process may influence the variability in spore 
resistance characteristics. Upon release of the endospore from the mother cell into the 
environment, its properties are further influenced by maturation, ageing and accumulated 
damage. These factors in combination with the germination conditions will determine the level 
of outgrowth heterogeneity of the spore population. 
 Below we will discuss the state of the art information on these parameters in relation to 
the resulting spore physiology. The data will be instrumental in generating mechanistic 
models for bacterial spore outgrowth, a basis for a ‘systems’ approach in food preservation 
(Brul & Westerhoff, 2007, Marthi et al., 2004; the ETP Food for Life at http://etp.ciaa.be). 
 
6.3. Factors influencing a cell’s decision to sporulate and spore stress resistance 
 It has been shown previously using liquid cultures that the decision to sporulate upon 
nutrient limitation within a population is a heterogeneous, so called bistable, process (Veening 
et al., 2005). This reflects the notion that within one isogenic culture some cells reach a 
certain threshold level of phosphorylated Spo0A (Spo0A~P), the key sporulation regulator, 
and activate the sporulation program, while other cells do not reach the high levels of 
Spo0A~P and consequently, do not switch on sporulation (Fujita & Losick, 2005). The positive 
feedback of Spo0A~P on spo0A transcription plays an important (but not critical) role in the 
emergence of distinct sub-populations (Veening et al., 2008c). The faith of the non-
sporulating cells is not entirely clear but the data of Veening et al. (2008c) suggest that some 
may return to the decision point and sporulate later. Recently, Tracy et al. (2008) 
corroborated this notion by showing that Clostridia cultures may undergo multiple rounds of 
sporulation. Interestingly, recently Veening et al. (2008a) have shown, using buoyant density 
centrifugation to separate endospore containing cells from vegetative cells, that vegetative 
cells produce extracellular proteases also in a bistable fashion. This expression is indirectly 
under control of Spo0A~P and induced by the DegS-DegU two-component system.  
Heterogeneity in the induction of spore formation is evidently observed in multicellular 
communities such as biofilms and biofilm-like structures. Spores of B. subtilis are 
predominantly formed in elevated structures within the biofilm (Branda et al., 2001, Veening et 
al., 2006). Spo0A~P is also the master regulator involved in activating (a small fraction of) the 
cells in a B. subtilis biofilm to produce extracellular matrix compounds (Chai et al., 2008, 
Vlamakis et al., 2008). Activated spo0A gene-expression, in combination with low levels of  
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Fig. 6.3. In B. subtilis induction of 
sporulation and the GSR upon 
glucose depletion show a 
heterogeneous response. A strain 
harbouring fluorescent reporters for 
the initiation of early sporulation and 
the GSR (amyE::PspoIIA-cfp Pctc-yfp) 
was grown in an Erlenmeyer shake-
flask in defined minimal (MOPS 
based) medium. Cells were collected 
for analysis by fluorescence 
microscopy approximately 3 h in the 
stationary phase initiated by the 
depletion of glucose. (A) Phase-
contract microscopy picture of B. 
subtilis cells. (B) Overlay of the 
fluorescent signals from YFP and CFP 
production collected in the red and 
green channel, respectively. The red 
signal indicates cells that induced the 
GSR and the green signal indicates 
cells that initiated sporula
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Spo0A~P, seems to be needed for the expression of the genes responsible for the 
extracellular matrix. Veening et al. (2008c) have also shown recently using image analysis on 
growing single layer cell colonies that the actual decision to sporulate is made several 
generations before the sporulation cascades commences. The inheritance of the decision 
seems to be via epigenetic mechanisms of which the molecular basis is still enigmatic. 
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The general stress response (GSR), mediated by SigB is another important pathway Bacillus 
cells can induce upon nutrient (glucose) depletion (see for a review on SigB e.g. Hecker et al., 
2007). Whether sporulating cells also induce the GSR is until now unclear. Our recent data 
show that under glucose deprived conditions B. subtilis induces initially both the GSR and 
sporulation, but in distinct cells (Fig. 6.3). A strain harbouring fluorescent reporters for both 
sporulation as well as the GSR (amyE::PspoIIA-cfp Pctc-yfp) was grown into the stationary 
phase initiated by the depletion of glucose. Clearly, some cells induced sporulation (green 
cells) while other cells induced the GSR (red cells). Yet other cells did not show a distinct red 
or green fluorescence indicating that they did not respond or induced another response under 
these conditions. Hardly any ‘yellow’ cells were observed, meaning that the GSR and the 
sporulation signalling cascade were, for the majority of the population, not induced in the  
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Fig. 6.4. Organization of the sigB operon containing a positive feedback loop, which may cause a bistable 
response. The eight-gene operon contains a SigA (σA) promoter upstream of the first gene. There is an 
internal SigB (σB) promoter just before the last four genes, including sigB (bold), of the operon. 
 
same cells at the same time. It seems that both responses are under these conditions 
mutually exclusive. Although the fluorescent signals have not yet been quantified by 
flowcytometry, this observation suggests also a possible bistable switch with the GSR 
mediated by SigB being somehow dependent on the onset of the sporulation cascade or vice 
versa. The organization of the operon containing the sigB gene, encoding SigB provides 
some clues in support of this hypothesis (Fig. 6.4). The last four genes including sigB of the 
eight-gene operon are preceded by an internal SigB promoter (Kalman et al., 1990, Wise & 
Price, 1995). Consequently, SigB increases its own transcription and thereby this positive 
feedback loop may induce bistability. It remains to be elucidated whether the cells that induce 
the GSR in the stationary phase are still able to sporulate and if these cells subsequently form 
spores with altered resistant and germination properties thus contributing to the observed 
heterogeneous behaviour in spore-crops. 
 Finally, we have recently shown that a mild treatment of vegetative B. subtilis cells with 
the commonly used food preservative sorbic acid causes a unique stress response and does 
not induce sporulation (Ter Beek et al., 2008). Our more recent data show that the formation 
of spores upon glucose depletion in these sorbic acid stressed cells is postponed when 
compared to an untreated culture (Fig. 6.5). The culture treated with potassium sorbate in the 
exponential phase (at OD600 = 0.2) entered the stationary phase, caused by glucose 
depletion, approximately half an hour later than the untreated control culture. The emergence 
of spores in the preservative treated culture was around 3 h later than in the control culture. 
This is significantly later (~2.5 h) than the initial 30 min delay upon entry into the stationary 
phase. After 24h both cultures contained predominately heat resistant spores (> 80%) (our 
unpublished observations). We now have preliminary indications that spore crops formed 
under sorbic acid stress conditions show increased germination rates in the presence of the 
originally added concentration of the preservative compound when compared to a control 
spore crop (Van Beilen et al., unpublished observations).  
 In summary, many environmental stress conditions, including some relevant to food 
manufacturing, can influence a cell’s timing to sporulate and thus the conditions under which 
the spores are formed. The data is currently extended to include mechanistic studies and 
single spore germination conditions to be able to analyse possible effects on spore crop 
heterogeneity. 
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Fig. 6.5. Sorbic acid stress in the exponential phase delays the formation of spores induced by glucose 
depletion in the stationary phase. B. subtilis was grown exponentially in a defined minimal (MOPS based) 
medium of pH 6.4 (Ter Beek et al., 2008) in Erlenmeyer shake-flasks. The optical density at 600 nm 
(OD600) was followed in time for 11 h (diamonds). At an OD600 of 0.2 (t = 0 h) one culture was stressed 
with 3 mM potassium sorbate (KS) (open diamonds). The closed diamonds indicate the growth of the 
control culture (no addition of KS). The percentage of heat resistant spores was calculated in the control 
(closed triangles) and the stressed culture (open diamonds) by determining the colony forming units 
before and after a 20 min 80°C heat treatment. 
 
6.4. Sporulation conditions have major impact on spore properties 
6.4.1. Temperature 
 Numerous reports have shown that sporulation conditions have a major impact on the 
final properties of the spore, mostly reported by variance in heat resistance or germination 
capacities. One of these conditions is sporulation temperature which, under laboratory 
conditions, can be kept constant. Generally, an increase in sporulation temperature results in 
increased heat resistance of the spores, likely due to a lower core water content (Gerhardt & 
Marquis, 1989, Melly et al., 2002). The effects of temperature variation during sporulation on 
germination properties however, are less studied. For Bacillus cereus spores, an increase in 
sporulation temperature results in a decrease in germination rate, while a similar but less 
pronounced response was described for B. subtilis when germinated with L-alanine (Cortezzo 
& Setlow, 2005, Gounina-Allouane et al., 2008). Some of our own recent data (Fig. 6.6) 
showed, in contrast, a significantly increased germination rate of spores produced at higher 
temperatures. These spores were, however, formed on defined minimal (MOPS based)  
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Fig. 6.6. Germination properties of B. subtilis spores sporulated in defined minimal (MOPS based) 
medium at 21oC (dashed bars), 30oC (dotted bars) and 37oC (white bars). The spores were germinated in 
MOPS based medium (left) and TSB medium (right) and both media were supplemented with a mixture of 
10 mM L-alanine and AGFK. The % OD fall of the spore suspension was measured after 30 min. A fall in 
OD of 55% represents a fully germinated spore population. 
 
Medium (details on the sporulation conditions described in Oomes et al., 2007) and 
germinated in the same medium or TSB, both supplemented with a mixture of L-asparagine, 
glucose, fructose and potassium, (AGFK). The measurement used, (decrease in the optical 
density), does not allow us to discriminate between a homogeneous enhanced germination 
rate of all 37ºC formed spores or a heterogeneous response in which some spores 
germinated much faster than others. 
 
6.4.2. Other physicochemical factors  
 Well known parameters significantly affecting spore properties include pH, nutrient and/or 
mineral composition of the sporulation medium (Hornstra et al., 2006, Lee et al., 2003, 
Oomes et al., 2007). Contrary to temperature, these parameters are, however, not constant 
during sporulation as nutrients and metals are being consumed and the culture pH increases 
upon progression of sporulation (de Vries et al., 2005). They may thus contribute strongly to 
observed heterogeneity in germination rates and thermal resistance of the resulting spores.  
 The presence of certain mineral ions during sporulation, specifically potassium and 
manganese (probably indirectly by stimulating the uptake of potassium), has a clear effect on 
the spore’s heat resistance properties (Cazemier et al., 2001, Eisenstadt, 1972, Oomes et al., 
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2007). Our own experiments, in which we have sporulated B. subtilis 168 cells in minimal 
defined (MOPS based) medium with an increasing amount of Ca2+, and subsequently 
determined the heat resistance of these spores, are in agreement with previous data (Fig. 
6.7). However, the mechanism behind this observation remains to be elucidated, and current 
experiments in our lab aim to illuminate the genes involved during sporulation under 
increased Ca2+ concentration conditions. Oomes & Brul (2004) showed in initial experiments 
that genes coding for the two small acid soluble proteins (SASPs A and B) were induced 
earlier during sporulation in media that contained higher mineral concentrations and produced 
more thermal-resistant spores. The temporal resolution of these studies was however low and 
there were only morphological means of assessing sporulation stages. The latter precluded a 
detailed analysis of sporulation progression. Recently, a study at a much higher time 
resolution showed that specific genes involved in the synthesis of the spore coat 
polysaccharides (sps) are all significantly induced in cells undergoing sporulation under high 
calcium conditions (Oomes et al., submitted). Confirmatory experiments in which functional 
heat resistance tests on sps knock-outs are currently being planned. 
 Beside ion concentration, nutrients present in the sporulation medium influence final 
properties of the spore. Sporulation in different media can influence the expression of the 
germination operons, and by this deliver spores with a unique composition of receptors. 
These spores differ in their germination responses to nutrients (Hornstra et al., 2006). Finally,  
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Fig. 6.7. The effect of the Ca2+ concentration present in the sporulation medium on the heat resistance of 
B. subtilis spores. Spores were prepared in defined minimal (MOPS based) medium containing 0.014 mM 
Ca2+ (dashed bars), 0.14 mM Ca2+ (dotted bars) and 1.4 mM Ca2+ (white bars), while 0.14 mM Ca2+ is the 
normal Ca2+ concentration in the medium used. Sporulation proceeded normally in all three media up to 
more than 99%. Spores were heated at 90oC for 0 min, 10 min and 20min in which the spores of the 0 
min sample where heated until 90oC and immediately transferred to ice after reaching this temperature. 
100% survivors is represented by germination and outgrowth of the non-heated (although heat-activated) 
spores. 
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it has been reported that spores formed on solid media have increased resistance properties 
when compared to spores prepared on the same liquid medium (Rose et al., 2007). 
Obviously, cells within colonies will individually face different ‘local’ nutrient environments, 
likely contributing to the different physiological characteristics of the resulting spore 
population.  
 For now, the molecular basis of most discussed environmental effects remains to be 
discovered. It may be that fluctuations in the intracellular pH, a crucial physiological indicator, 
play an important role. To address this issue, the cytosolic expression of pHluorin (a pH 
sensitive GFP variant originally constructed by Miesenbock et al. (1998) and recently 
expressed in our lab in Saccharomyces cerevisiae (Orij et al., 2009) has been adapted for 
use in B. subtilis cells (Ter Beek et al., manuscript in preparation). This will allow for an 
assessment of the intracellular pH in individual sporulating (and stressed) cells.  
 
6.5. Processes affecting spore properties after spore release.  
 Upon completion of sporulation, the spores are released from the mother cell late. Spores 
just released from the mother cell undergo what is called a maturation process that may last 
from days up to weeks (Atrih et al., 1996). It is often seen that in this period their heat 
resistance still gradually increases (Oomes & Brul, unpublished observations). Although it is 
assumed that the maturation process involves adaptations of the cortex, the exact 
mechanism is not yet known. It may be envisaged that local (micro)heterogeneity in the 
physicochemical conditions during maturation can lead to further heterogeneity in spore 
properties. 
 
6.5.1. Spore damage and heterogeneity 
 Although spores are well-known for their formidable resistance capacities, stressful 
environmental conditions may damage the spore. In the environment this may be due to 
exposure to solar radiation (Nicholson et al., 2000, Setlow, 2006). As spores may remain in 
their dormant state in nature for an incredible period of time, they may gradually collect 
radiation that will damage the DNA. DNA repair mechanisms, however, are capable of 
repairing DNA damage in one of the first stages of germination (Keijser et al., 2007, Moeller et 
al., 2008). It has not been quantitatively investigated yet whether the quantity of collected 
DNA damage and subsequent repair influences the outgrowth time of the damaged spore. 
 Although heat is still to date the most used food preservation method, the effect of wet 
heat and the damage it inflicts upon the spore is less well understood (Setlow, 2006). A slight 
rise in temperature results in activation of the spore population, while further increasing 
temperature eventually starts damaging spores and perturbing their germination efficiency. 
Ultimately, spores will be unable to germinate at all upon exposure to very high temperatures.  
 Generally, significant heterogeneity is seen in the germination and outgrowth behaviour of 
individual spores after their exposure to the conditions indicated above. This makes, as was 
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already indicated earlier, knowledge of the behaviour of heat damaged spores very relevant 
to the food industry. Common industrial heat treatments are known to not only increase the 
(average) length of the lag, but also its variance. Outgrowth analysis of single heat damaged 
spores, measured by sorting them in single wells and subsequent incubation in TSB at 30oC 
showed spores with enormous variance in outgrowth (Smelt et al., 2008, Smelt & Brul, 2007). 
In fact, spores might be capable of growing out months after application of the heat treatment. 
Processes occurring in these spores are largely unknown, but the heat treatment may have 
damaged a number of essential proteins or enzymes (Coleman et al., 2007). A normal 
distribution of such damage may already lead to large variation in outgrowth efficiency (see 
also the discussion pertaining to Fig. 6.1 of the current paper and Mallidis & Drizou, 1991, 
Webb et al., 2007). Additionally, possible repair processes may contribute to (heterogeneity 
in) spore recovery. Once all hurdles have been overcome, the germinating spore will proceed 
quickly to normal cell metabolism and division. 
 
6.5.2. Towards the molecular basis of repair of thermal damage 
 A mild thermal treatment likely results in three types of spores; non-damaged spores, 
damaged spores and dead spores. In a proper preservation treatment the first population is 
absent while the second and third will be present at unknown levels. The enormous variance 
in cell types in subsequent stages of development precludes population based “omics” 
techniques including micro-arrays to study the response of heat damaged spores. A similar 
observation has been described by Morohashi and coworkers, where they advice careful 
interpretation of data obtained from cells yielding population heterogeneity (Morohashi et al., 
2007). New, single cell-based, approaches are needed to shed light on processes occurring 
in individual germinating and outgrowing spores. 
 Germination and outgrowth are both (tightly) regulated cascades of molecular processes 
ultimately leading to a vegetative growing cell. A few parameters are indicative for the 
progression of the spore through the early phases of germination such as the change from 
phase bright to phase dark, or the moment of DPA release (Chen et al., 2006). Outgrowth is 
difficult to detect as this involves many processes without any morphological changes of the 
germinating spores. In order to identify the different developmental stages of outgrowing 
spores a current approach is to use fluorescent reporter proteins specific for the various 
outgrowth phases. Such reporters are based on the data by Keijser et al. (2007) on a 
genome-wide expression analysis of B. subtilis spore germination under optimal conditions. 
Our laboratory has recently constructed a range of strains containing outgrowth-phase 
specific GFP reporter genes (Fig. 6.8). The system will allow one to determine the time from 
germination to the GFP signal for individual heat treated spores. Herewith it will be possible to 
look in more detail at which part of the cascade of processes during germination, the inflicted 
heat damage is causing a significant delay and thus the molecular targets of heat damage are  
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Fig. 6.8. Expression profile of 4 genes during germination and outgrowth. T=0 represents the initiation of 
germination by addition of the indicated germinants (see text). Fusion of the promoter region of these 
genes in front of GFP results in a GFP emission about 20 min after the expression of the gene (our 
unpublished data). 
 
to be sought. Furthermore, these germination “clock” markers can be used to determine the 
amount of heterogeneity in a population by determining the time between initiation of 
germination (time after addition of the germinants) and the detection of GFP in individual 
spores germinating in micro-well systems. In order to be able to see these processes in the 
germinating spores, systems such as those developed by Ingham et al. (2007) combined with 
sophisticated fluorescence analysis tools (Hoebe et al., 2007) that should allow for single 
spore GFP detection will have to be developed. 
 
6.6. Outlook 
 From the above it may easily be inferred that noise levels in gene-expression and related 
phenomena contribute significantly to spore formation and spore preservation stress 
responses, mostly heat resistance. It is interesting to speculate about a regulation of noise 
levels in cells under different environmental conditions, giving a cell population the possibility 
to regulate the level of heterogeneity in a spore population depending on environmental 
conditions (Webb et al., 2007). Veening et al. (2008b) already discussed the advantage of 
having (physiological) heterogeneity in bacterial populations as it allows for more flexibility in 
dealing with (rapidly) changing environmental conditions. They touched upon spores in this 
context as an alternative to vegetative stress responses. Indeed, our data on the 
heterogeneity with respect to cells inducing the SigB dependent stress response and 
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sporulation, within one population of B. subtilis cells reaching stationary phase, corroborate 
their notion.  
 Heterogeneity of the spore characteristics themselves in terms of survival of preservation 
stress conditions as discussed throughout this paper seems to represent a next layer of 
diversification of the cellular responses to adverse environmental conditions. Heterogeneity in 
thermal resistance and outgrowth efficiency is obviously relevant to the food industry (Cronin 
& Wilkinson, 2008, Oomes et al., 2007). Whether or not there is an intentional diversification 
of spore characteristics through the use of noise in gene-expression or whether it remains a 
more fortuitous process remains to be discovered. 
 In closing, the study of heterogeneous populations urgently needs integrated molecular 
and physiological analyses. Such ‘systems approaches’ to biological problems are getting 
more and more common in (micro)biology and may soon find application in the area of food 
microbiology (discussed in Brul et al., 2008). The experiments should be set-up and analysed 
with in mind the ultimate goal of transforming mechanistic insight into the basis for models 
ultimately predicting the likelihood and efficiency of spore outgrowth in foods. 
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7.1. Effects of weak organic acid stress in Bacillus subtilis 
 The main goal of this thesis was to reveal and understand the responses of Bacillus 
subtilis to weak organic acid stress and the possible resistance mechanisms involved. At the 
end of the General Introduction (Chapter 1) the following basis question was raised: “What 
does B. subtilis do to battle against stress caused by weak organic acids?”. We are now able 
to answer this question to a significant extent. Although the weak organic acids tested in this 
research exhibited a generic transcriptional response, each compound also clearly induced 
distinct reactions.  
 
7.1.1. Uncoupling, energy stress, and acidification 
 The uncoupling effect caused by the entry of protons into the cytosol and the possible 
resulting acidification is thought to be one of the main modes of action of weak organic acids 
(Beales, 2004, Brul & Coote, 1999, Davidson, 2001, Piper et al., 2001). It is generally agreed 
that the efficiency of energy conservation is affected by the above events (see e.g. Holyoak et 
al., 1999). Transcriptome analysis of vegetative B. subtilis cells stressed with sorbic acid, 
acetic acid and carbonyl cyanide-m-chlorophenyl hydrazone (CCCP) revealed responses that 
are normally seen upon nutrient limitation (Ter Beek et al., 2008; Chapters 2 and 4). This 
nutrient limitation response was exemplified by the derepression of the carbon catabolite 
control (CcpA-mediated) observed in weak organic acid-stressed cells and the induction of 
the RelA-mediated stringent response (Fig. 7.1). Thus, the generic transcriptional response is 
in agreement with the inferred reduction in the proton gradient and associated cellular 
physiological events. 
 By using a pH-sensitive GFP derivative (pHluorin) we are now able to monitor the 
intracellular pH (pHi) of B. subtilis cells in vivo (Chapter 5). Potassium sorbate (KS), 
potassium acetate (KAc), potassium benzoate (KB), and CCCP all lowered the pHi of B. 
subtilis (Fig. 7.1). However, when the growth inhibition was taken into account, CCCP was 
clearly most efficient in lowering the pHi. Responses that are known to be induced upon low 
pH stress in B. subtilis are the SigB-mediated general stress response (GSR) and the SigM-
mediated response (Hecker & Volker, 2001, Thackray & Moir, 2003). The GSR is also 
induced by energy stress and is preceded by a drop in ATP (Zhang & Haldenwang, 2005). 
Both responses were clearly induced in CCCP-treated cells. Although ~ 30% of growth 
inhibition caused by KS, KAc, and CCCP accompanied a drop in pHi (Chapter 5), the SigM 
response was not observed in cultures stressed with KS or KAc (Chapter 4). In addition, the 
GSR was not induced in cells challenged with sorbic acid (Ter Beek et al., 2008; Chapter 2). 
This might indicate that both sigma factor-mediated responses need a threshold drop in pH to 
be switched on, or acidification is not a direct signal for the induction of the SigB and SigM 
responses. A titration with weak organic acids, while monitoring the drop in pHi, the energy-
status of the cell (ATP/ADP ratio), and the induction of both responses in the wild-type and 
sigB and sigM mutant strains, will give further clues on the significance and inducing signals 
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of the GSR and SigM responses. In addition, anchoring pHluorin to the membrane by 
coupling it to a membrane protein will allow for the more direct monitoring of the (local) proton 
gradient behaviour as opposed to the behaviour of the ions present in the bulk of the cytosol 
measured with the current approach. 
 
 

HA

IN

OUT

near neutral pH

acidic pH

H+ A-

H+ A-HA

+

+

osmotic 
stress

HA

HA A-

A-

H+

H+

reduced proton 
gradient, uncoupling, 

energy stress, 
acidification

membrane 
disruption

FapR (S,A) SigX (S,A)
BdkR (S) SigW (S,C)
des (A,C) YvrH (S)

YmfM = RodZ (S,A)
PgsA (S,A)
YmfI (S,A,C)

ktrAB (A,C)
opuCA-CD (A,C)

SigB (A,C)
SigM (C)

CcpA (S,A,C)   AbrB (S,A)
RelA (S,A,C)    SigL (S,C)
CodY (S,A,C)   SigH (S)

pHluorin:
pHi ↓ (S,A,C,B) 

 
Fig. 7.1. Overview of the effects of weak organic acids observed in B. subtilis. Transcriptional responses 
are shown by blue arrows. The red arrow indicates gene products important in weak organic acid 
tolerance. Acidification of the intracellular pH (pHi) was observed using a pH-sensitive GFP derivative 
(pHluorin) (green arrow). The letters S, A, C, and B indicate the effect was observed in cells stressed with 
sorbic acid, acetic acid, CCCP, and benzoic acid, respectively. See text for details. 
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7.1.2. Anion accumulation? 
 Although the anion can accumulate to very high concentrations in the cell, we did not 
discover clear responses that indicate an increase in intracellular osmolarity. Surprisingly, 
KAc induced the opuCA-CD genes and repressed ktrAB, while CCCP-stressed cells showed 
the opposite profiles. KtrAB is a high affinity K+ uptake system and OpuCA-CD a high affinity 
ptake system for compatible solutes (Fig. 7.1 and discussed in Chapter 4). 

ected and therefore, an alteration in one of 

u
 
7.1.3. Membrane disruption and adaptation 
 Depending on their hydrophobicity, weak organic acids are thought to disrupt the 
membrane (Hirshfield et al., 2003, Stratford & Anslow, 1998). More lipophilic acids (higher log 
Kow values) will have a higher preference for the cellular membrane compared to more 
hydrophilic ones. We obtained various results from which we inferred that the integrity of the 
membrane may be affected by the preservative, upon which the cell then responds with 
reactions to maintain (membrane) homeostasis (Fig. 7.1). The transcriptional studies clearly 
revealed changes in the expression profiles of genes encoding proteins involved in 
membrane biosynthesis and adaptation (Ter Beek et al., 2008; Chapters 2 and 4). 
Remarkably, such responses were weak organic acid specific. For instance, the FapR 
regulon was induced in KS-stressed cells. However, KAc-treated cells repressed these 
biosynthesis genes and CCCP did not alter the expression of the regulon. The gene encoding 
desaturase (des) was repressed in KAc and CCCP-challenged cells. Breakdown of branched 
amino acids used for the synthesis of branched lipids was observed only in KS-stressed 
cultures. Repression of regulons involved in the maintenance of the cell envelope and cell 
wall (SigX, SigW, and YvrH) was detected using the weak acid compounds (Fig. 7.1). The 
plasma membrane and cell wall are tightly conn
the two will likely affect the other component. 
 Interestingly, a screen for sorbic acid-susceptible genes with a transposon mutagenesis 
library identified two genes possibly involved in membrane biosynthesis (Chapter 3). 
Inactivation of a gene encoding a FabG homologue, ymfI, showed a sensitive phenotype for 
weak organic acid stress. Remarkably, a mutant strain with a transposon inserted in the 
unknown ymfM gene revealed hypersensitivity towards KS and KAc stress, but not to CCCP 
stress. A conditional mutant of the downstream gene in the genome, pgsA, showed a similar 
phenotype as the ymfM transposon mutant on solid plates. The pgsA gene codes for the 
essential phosphatidylglycerol synthase involved in lipid biosynthesis. Since the sequence of 
YmfM shows a possible DNA binding domain, we speculated that YmfM might be a 
transcriptional regulator of pgsA. However, very recent studies in Escherichia coli and 
Caulobacter crescentus, identified a new player in bacterial (rod-shape) cell morphogenesis: 
RodZ, a YmfM homologue (Alyahya et al., 2009, Bendezu et al., 2009, Shiomi et al., 2008). 
Although a B. subtilis knock-out mutant of ymfM could not be created, Alyahya et al. (2009) 
generated a YmfM overproducing strain showing similar cell shape defects as the C. 
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crescentus RodZ overexpressor strain. The helix-turn-helix motif in RodZ is suggested to 
interact with the actin homologue MreB (Bendezu et al., 2009). MreB, essential for the 
elongation phase between each cell division, forms helical structures that are thought to direct 
helical insertion of new peptidoclycan cell wall along the cell circumference (Jones et al., 

0

tants should also be tested, as well as the resistance 
roperties of their derived spores. 

.2

 able to grow with relatively normal rate prior to the screen 

20 1, Kruse et al., 2003).  
 Whether YmfM (RodZ) interacts with DNA or MreB and whether the protein is more 
involved in plasma membrane than in cell shape (cell wall) homeostasis remains to be 
elucidated. Our preliminary results show that ymfM resides in the same operon as pgsA and 
the ymfM transposon mutant displays modifications in membrane composition (data not 
shown). However, as mentioned above, the plasma membrane and cell wall are closely linked 
and therefore, an adjustment in one of the two will likely affect the other cell component. 
Future studies at our laboratory will focus on YmfM as a possible regulator, as well as cell and 
colony morphology of the ymfM transposon mutant and YmfM overexpressor strain when 
grown under environmental and energy stress conditions. We will assess the localization of 
YmfM by testing a GFP-YmfM fusion, and verify whether overexpression of YmfM, PgsA, and 
YmfI reduces the susceptibility to weak organic acid stress. Although ymfM and ymfI are 
expressed during spore germination and outgrowth, their roles in these processes remain 
unclear (Keijser et al., 2007; discussed in Chapter 3) Therefore, the germination and 
outgrowth efficiency of these mu
p
 
7 . Use of the growth medium: rich & undefined vs. minimal & defined 
 In this thesis two types of media were used to culture the cells: a defined minimal medium 
and undefined rich media. Most experiments were performed in the defined medium, which 
was heavily buffered with MOPS and contained glucose, glutamate and ammonia as the 
carbon and nitrogen sources (see Chapters 2, 4, 5 and 6). By using this established Bacillus 
medium (see e.g. Hu et al., 1999, Wray & Fisher, 2007) the unwanted presence of weak 
organic acids, as is often the case in undefined rich media such as LB broth, was avoided. 
However, for the identification of novel weak organic acid-susceptible genes using the 
transposon mutagenesis library (Chapter 3), we did culture and stress the B. subtilis cells in 
LB. Transposon mutagenesis was used to create a random mutant library that was 
subsequently screened for sorbic acid susceptible mutants. A rich medium was used so that 
as many as possible mutants were
(see Chapter 3 for further details). 
 We are now well aware that that under different conditions (change from rich to minimal 
medium) other genes might become important for weak-acid adaptation and survival. For 
instance, B. subtilis cells grown in defined medium induced the yhcA gene when stressed with 
KS (Ter Beek et al., 2008; Chapter 2). Inactivation of yhcA revealed a resistant phenotype. In 
rich medium however, the yhcA mutant showed a sensitive phenotype (our unpublished 
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results). The genes inactivated in the mutants showing an altered weak organic acid 
susceptibility (Chapter 3), did not show changed expression upon KS, KAc or CCCP stress 
(Chapters 2 and 4). Although other reasons may explain this observation (further discussed 
el

ia is time consuming, however it may 
veal additional genes important in stress tolerance. 

lation of genes and phenotype of mutants: 

enes will lead to a sensitive phenotype and that the 

b ow) the different use of the growth medium may be one of them. 
 From the examples mentioned above it is clear that the growth medium partly determines 
(steers) the outcome of the experiments. This aspect is often neglected in current studies. 
Therefore, in future research it is important to define the growth conditions carefully. 
Comparison of the effect of the use of different med
re
 
7.3. Low correlation between regu
transcriptional responses vs. fitness 
 In chapter 2 we analysed the transcriptional response of sorbic acid-stressed B. subtilis 
cells. A number of (strongly) induced and repressed genes with an interesting possible 
function were selected to investigate further by testing specific mutants for their susceptibility 
to KS stress. Remarkably, the inactivation of the selected genes did not reveal sensitive 
phenotypes (Ter Beek et al., 2008; Chapter 2). For instance, although the ureA gene was 
strongly induced by KS, a urease mutant showed a similar phenotype to the WT when 
stressed with KS. In addition, no sensitive phenotypes were discovered when the KS induced 
genes yhcA, padC, yxkJ and fabHB were inactivated and stressed with KS. It seems there is 
a low correlation between the regulation of genes and the phenotype of mutants. Previous 
studies in S. cerevisiae reported that inactivation of responsive genes often does not lead to a 
phenotype (see e.g. Giaever et al., 2002). A mutant is already adapted prior to the stress 
applied and might therefore show different responses upon stress. In addition, the mRNA 
levels do not necessarily represent the amount of proteins synthesized. However, since KS-
treated cells induced 256 genes significantly (Ter Beek et al., 2008; Chapter 2), it might very 
well be that inactivation of some of these g
‘key’ regulated genes were not yet found. 
 By performing comparative transcriptomics a generic transcriptional response was 
discovered (Chapter 4). Inactivation of genes representing these generic responses might 
reveal essential resistance mechanisms. On the other hand, the specific responses observed 
in cells stressed with KS, KAc and CCCP can give clues on compound-specific resistance 
mechanisms. In our view, interesting candidates of genes to further investigate are: KAc and 
CCCP-regulated des (desaturase), and CCCP-regulated sodA (superoxide dismutase). 
Additionally, the importance of CcpA, Fur, and the RelA-mediated stringent response 
(regulated by all three compounds) should be investigated using mutants of ccpA, fur and 
relA, respectively. Finally, the effects of the inability to elicit a given sigma-factor response 
should be studied in more detail. In particular, these concern: SigB (induced by KAc and 
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CCCP), SigM (induced by CCCP), SigW (repressed by KS and CCCP), and SigX (repressed 
by KS and KAc). 
 Remarkably, none of the sorbic acid-susceptible genes found in the transposon 
mutagenesis screen were differentially expressed in KS-treated cells. Only the ytrA gene, 
which was downregulated by solely CCCP, was identified in the transposon mutagenesis 
screen as a sorbic acid-susceptible gene. However, the transposon mutant showed a 
resistant phenotype on plate for KS stress and was sensitive in liquid medium to CCCP 
stress. It will also be of importance to verify effects of mutations in strains on their physiology 
pon culturing the cells in either well defined minimal growth media or undefined rich media 

us response may 

cence assisted 
ell sorting (FACS), and determining the resistance properties of subsequently formed spores 

es on the origin of variability in stress resistance of spores. 
 

u
(see the discussion above). 
 
7.4. Impact of heterogeneity: population vs. single-cell studies 
 Most research in this dissertation was done with whole populations (Chapters 2 – 5). 
However, research has shown that B. subtilis responds heterogeneously to stress conditions 
(reviewed in Dubnau & Losick, 2006, Lopez et al., 2009, Smits et al., 2006, Veening et al., 
2008b). We also showed in Chapter 6 that the general stress response and sporulation are 
not induced in the same cells at the same time when encountering glucose depletion 
(Hornstra et al., 2009, in press; see Chapter 6). Also the expression of pHluorin showed a 
heterogeneous response (Chapter 5). The responses observed in weak organic acid-stressed 
B. subtilis cells might also have a heterogeneous character. The transcriptional responses 
analysed in Chapters 2 and 4 resemble the average responses of billions of individual cells. 
When sub-populations in a culture stressed with weak organic acids respond differently the 
strength of the responses are levelled out and even may found not to be significant anymore 
after microarray data analysis. As discussed in Chapter 6, a heterogeneo
have significant impact on the survival rate of the stressed cells by for instance influencing 
spore resistance properties (Hornstra et al., 2009, in press; see Chapter 6). 
 Therefore, future studies on weak organic acid stress should not only focus on whole 
population studies. Single-cell experiments are needed to reveal to which extent of 
heterogeneity the responses to weak organic acids are. This type of research is especially 
important for the food industry, since small amounts of surviving cells or spores may 
significantly influence the chances of food spoilage or toxin occurrence in products. An 
important viability parameter such as the pHi is in this context ideally studied on the single-cell 
level. For this, the behaviour of the pH-sensitive GFP derivative, pHluorin (Chapter 5) is 
investigated with fluorescence microscopy and flowcytometry. In addition, monitoring the 
induction of specific stress responses, like the GSR and sporulation, with fluorescent 
reporters (Hornstra et al., 2009, in press; see Chapter 6), performing fluores
c
will give further clu
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7.5. A final word 
 In conclusion, it is clear that the study of the molecular basis of weak organic acid-stress 
response is after nearly forty years at a crossroad. The molecular tools have developed such 
that crucial details of cellular building blocks involved in weak organic acid-stress response 
have been identified in B. subtilis. The challenge is now to link the gained insight in molecular 
details to the physiological observations. The in situ measurement tools for pHi, as well as the 
reporter proteins for the GSR, and specific stress responses are first examples of 
evelopments that bring this goal nearer. 
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Table S1. Primers used in real-time RT-PCR analysis. 
Target gene Forward primer (5'-3') Reverse primer (5'-3') 

accA GGGACGATGAAGCCATTGTC CTGATGCCCGATTACCGTTAC 
argB CGATGCGTCCATGGTGAAC TTGCAGTCGCTTGTCATAGACA 

fabHB AACGCTTGATGATGTCGATATGA CCGTACTCGGAAAGGCGTAA 
levD TTGCTGAGGATCAAAGAATGGA CCAGATGTTCTCTCAGGCTTAATACC 
ureB GCCGTGAGATACGGGAGGTA GAAAATGCGAACCGACTTGAA 
ybgE GGAGGAGTCGGGTTTGCAA AGCCCAGTTCATTCGCTTTC 
ycsG GTTCTAGGCGTTGTATCGAAAGG AGCAGCCAGCTTGAAGACAGA 
yhcA AAATATGGTGGAGCCGCAAA GGCGAATCCGACAATCGA 

 
Table S2. Differentially expressed genes during sorbic acid stress. 

Time (min) Upregulated Downregulated Differentially expressed 
10 115 (2.8a) 66 (1.6) 181 (4.4) 
20 95 (2.3) 79 (1.9) 174 (4.2) 
30 90 (2.2) 88 (2.1) 178 (4.3) 
40 121 (2.9) 80 (1.9) 201 (4.9) 
50 126 (3.1) 84 (2.0) 210 (5.1) 

All time-pointsb 256 (6.2) 207 (5.0) 459 (11.2) 
a Percentage of the 4106 protein-coding genes (as reported for the B. subtilis genome at 
http://genolist.pasteur.fr/SubtiList/) with significant expression (see Materials and Methods). 
b Genes up- or downregulated in at least one time-point of the whole time-series. 
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Table S4. Transcription factor regulated gene groups with significant T values.  
Transcription factor (DBTBS) regulated gene group 
(no. of ORFs)a 

T value at time (min)b 
10 20 30 40 50 

Induced      
AbrB_Negative (59) 5.35 2.13 0.41 -0.35 -0.31 
BkdR_Positive (7) 5.80 5.76 5.97 5.66 5.99 
CcpA_Negative (108) 0.16 3.68 9.13 10.28 8.25 
CodY_Negative (42) 9.48 8.99 9.36 8.92 8.80 
Repressed      
AbrB_Positive (20) 0.67 -7.20 -2.61 2.53 1.58 
AhrC_Negative (7) 1.04 -12.03 -7.06 0.53 0.21 
KipR_Negative (7) -10.16 -10.09 -11.08 -10.88 -10.14 
PurR_Negative (31) -8.22 -9.04 -7.75 -4.69 -3.54 
PyrR_Negative (9) -6.14 -2.56 -2.35 -0.53 -0.75 
Spo0A_Negative (17) 1.06 -7.54 -3.58 2.26 1.41 
YvrH_Positive (17) -3.43 -4.51 -5.59 -6.55 -6.53 
Both induced and repressed      
Fur_Negative (36) -5.49 -1.92 3.19 7.52 9.99 
a Transcription factor regulated gene groups are taken from the database of transcriptional regulation in 
Bacillus subtilis (DBTBS) (http://dbtbs.hgc.jp/). A distinction is made between groups of genes that are 
positively or negatively regulated by the mentioned transcription factor (indicated by Positive or Negative). 
Number of ORFs within each group present in the microarray experiments is shown in parentheses. 
b The T values presented are calculated on the basis of two biologically independent experiments. Shown 
are the transcription factor regulated gene groups that have at least one significant T value (E < 0.05) in 
the analyzed time-course. Significant T values are shown in bold. 
 
Table S5. Sigma factor dependent gene groups with significant T values. 
Sigma factor (DBTBS) dependent gene group 
(no. of ORFs)a 

T value at time (min)b 
10 20 30 40 50 

Induced      
SigH (29) 7.37 6.29 4.56 3.79 3.51 
SigL (23) 2.76 2.84 4.77 6.02 6.74 
Repressed      
SigW (60) -1.33 -4.84 -7.12 -7.66 -7.05 
SigX (20) -2.38 -3.93 -5.4 -5.77 -6.09 
a Sigma factor dependent gene groups are taken from the database of transcriptional regulation in 
Bacillus subtilis (DBTBS) (http://dbtbs.hgc.jp/). Number of ORFs within each group present in the 
microarray experiments is shown in parentheses. 
b The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the sigma factor dependent gene groups that have at least one significant T value (E < 0.05) 
in the analyzed time-course. Significant T values are shown in bold. 
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Table S6. Significant pathways induced or repressed during sorbic acid stress. 

KEGG Pathway (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

Induced      
Carbohydrate metabolism (230) 0.14 2.36 5.81 5.79 5.82 
Citrate cycle (TCA cycle) (18) 2.47 3.55 5.21 5.90 6.60 
Fructose and mannose metabolism (28) -0.56 0.84 2.97 3.99 4.20 
Reductive carboxylate cycle (CO2 fixation) (13) 1.68 3.06 4.60 5.37 5.46 
Thiamine metabolism (9) 0.33 1.86 3.35 4.33 4.61 
Repressed      
ABC transporters (183) -3.70 -4.24 -2.46 -1.56 -0.28 
Environmental information processing (437) -5.15 -4.96 -2.19 -0.68 0.46 
Membrane transport (333) -5.98 -5.81 -2.82 -0.94 0.20 
Nucleotide metabolism (101) -5.00 -6.09 -4.56 -2.81 -1.68 
Purine metabolism (71) -2.66 -4.21 -3.02 -2.41 -1.01 
Pyrimidine metabolism (53) -4.96 -4.45 -3.49 -1.88 -1.43 
Translation (111) -3.93 -4.40 -4.39 -4.22 -4.12 
Urea cycle and metabolism of amino groups (20) 2.49 -5.44 -2.32 2.09 2.04 
a Pathways are taken from the Kyoto Encyclopedia of Genes and Genomes database (KEGG) 
(http://www.genome.jp/). Number of ORFs within each group present in the microarray experiments is 
shown in parentheses. 
b The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the KEGG Orthologies that have at least one significant T value (E < 0.05) in the analyzed 
time-course. Significant T values are shown in bold. 
 
Table S7. Significant functional categories induced or repressed during sorbic acid stress. 

SubtiList functional category (no. of ORFs)a T value at time (min)b 

10 20 30 40 50 
Induced      
2 Intermediary metabolism (744) 0.64 -0.79 3.63 4.59 5.20 
2.1 Metabolism of carbohydrates and related molecules (256) 0.92 3.11 5.80 5.26 4.61 
2.1.3 TCA cycle (17) 2.46 3.48 5.09 5.78 6.55 
2.4 Metabolism of lipids (85) 4.50 4.26 4.50 3.50 3.49 
2.5 Metabolism of coenzymes and prosthetic groups (100) -0.47 1.00 3.28 3.63 4.29 
3.5.2 Regulation (220) 2.99 4.22 3.63 2.38 1.73 
Repressed      
1 Cell envelope and cellular processes (872) -6.76 -5.9 -4.09 -2.74 -1.89 
1.2 Transport/binding proteins and lipoproteins (370) -5.19 -5.44 -2.73 -0.88 0.33 
2.3 Metabolism of nucleotides and nucleic acids (89) -7.79 -7.27 -6.20 -4.67 -3.73 
3.7 Protein synthesis (89) -3.73 -4.36 -4.23 -3.98 -3.87 
a. Functional categories are taken from the SubtiList database (http://genolist.pasteur.fr/SubtiList/). 
Number of ORFs within each group present in the microarray experiments is shown in parentheses. 
b. The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the functional categories that have at least one significant T value (E < 0.05) in the analyzed 
time-course. Significant T values are shown in bold. 
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Table S8. Induction of the stringent response during sorbic acid stress. 
Stringent Response (RelA-dependent gene groups) 
(no. of ORFs)a 

T value at time (min)b 
10 20 30 40 50 

Induced      
Positive Stringent Control (55) 5.36 5.46 4.27 3.83 3.47 
Repressed      
Negative Stringent Control (86) -5.30 -6.09 -5.27 -5.19 -5.00 
a. RelA dependent gene groups are taken from Eymann et al. (2002). Number of ORFs within each group 
present in the microarray experiments is shown in parentheses. The T values presented here are 
calculated on the basis of two biologically independent experiments. 
b. Shown are the functional categories that have at least one significant T value (E < 0.05) in the 
analyzed time-course. Significant T values are shown in bold. 
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FIG. S1. Hierarchical clustering of significantly regulated genes with their descriptions and functional 
categories. The clustering was performed as described in the legend of Figure 2.2. The descriptions and 
functional categories are taken from the SubtiList database (http://genolist.pasteur.fr/SubtiList/). 
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 yomX
 yoqL
 yozQ
 yonD
 yqcK
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 xkdK
 yheJ
 yoqC
 yrzA
 groEL
 ydgI
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 ytkC
 yorS
 exuT
 yotC
 ydjC
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 yrdD
 yfiE
 ywrD
 yybJ
 yybK
 ydeE
 yhcF
 yrkK
 yorZ
 ywoD
 yobH
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 ywbO
 ykoT
 ptsG
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 transcriptional regulator of transition state genes (AbrB-like)
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 """unknown; similar to NADH dehydrogenase"""
 unknown
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 spore coat protein
 """unknown; similar to autolytic amidase"""
 unknown
 hexuronate transporter
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to gamma-glutamyltransferase"""
 """unknown; similar to ABC transporter (ATP-binding protein)"""
 unknown
 """unknown; similar to transcriptional regulator (AraC/XylS family)"""
 """unknown; similar to transcriptional regulator (GntR family)"""
 unknown
 unknown
 """unknown; similar to transporter"""
 """unknown; similar to Uvr repair protein"""
 """unknown; similar to phage-related protein"""
 nitrate transporter
 putative PTS mannose-specific enzyme IIBCA component
 """unknown; similar to transcriptional regulator (MarR family)"""
 """unknown; similar to unknown proteins"""
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 """unknown; similar to dolichol phosphate mannose synthase"""
 PTS glucose-specific enzyme IICBA component
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 involved in 2,3-dihydroxybenzoate biosynthesis
 isochorismate synthase
 2,3-dihydroxybenzoate-AMP ligase (enterobactin synthetase component E)
 """unknown; similar to aluminum resistance protein"""
 """unknown; similar to unknown proteins"""
 iron-uptake system (binding protein)
 PTS fructose-specific enzyme IIA component
 iron-uptake system (integral membrane protein)
 glutamine ABC transporter (glutamine-binding protein)
 2-keto-3-deoxygluconate permease
 """unknown; similar to transcriptional regulator (AraC/XylS family)"""
 """unknown; similar to ferrichrome ABC transporter (binding protein)"""
 ferrichrome ABC transporter (ferrichrome-binding protein)
 PTS fructose-specific enzyme IIB component
 PTS fructose-specific enzyme IIC component
 PTS fructose-specific enzyme IID component
 levanase
 """unknown; similar to flavodoxin"""
 """unknown; similar to ABC transporter (binding protein)"""

 RNA synthesis - Regulation3.5.2
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 From other organisms5.2
 Germination1.9
 Phage-related functions4.4
 No similarity6
 No similarity6
 From B. subtilis5.1
 Protein folding3.9
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 No similarity6
 DNA restriction/modification and repair3.2
 Sporulation1.8
 Cell wall1.1
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 No similarity6
 From B. subtilis5.1
 No similarity6
 From B. subtilis5.1
 Metabolism of amino acids and related molecules2.2
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 RNA synthesis - Regulation3.5.2
 RNA synthesis - Regulation3.5.2
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 Phage-related functions4.4
 Transport/binding proteins and lipoproteins1.2
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 Specific pathways2.1.1
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 Specific pathways2.1.1
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 Metabolism of coenzymes and prosthetic groups2.5
 Metabolism of coenzymes and prosthetic groups2.5
 Detoxification4.2
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 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
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Fig. S1 – Continued.  
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 acoB
 yqbL
 ykkB
 pgk
 ywaF
 sacV
 xtrA
 ybbE
 yobU
 xtmB
 yjcE
 yndB
 yjbX
 yobT
 ykkA
 yomS
 yjzB
 yomQ
 yqxH
 dppC
 hit
 pepT
 yflS
 yhfD
 xlyB
 ynzB
 ykoP
 uvrX
 yqcD
 yopL
 yqbQ
 yqbP
 sigG
 yomR
 fabD
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 yobS
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 fabF
 ybaK
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 yxaM
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 ywaE
 yurL
 yurO
 sigF
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 ybfM
 yxiA
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 ykfC
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 ytzB
 ypiF
 yuxI
 ybfA
 ycgF
 ycgG
 ywoG
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 yojF
 yxbB
 yurP
 yxnB
 yxbA
 yycE
 ykfA

 acetoin dehydrogenase E1 component (TPP-dependent beta subunit)
 """unknown; similar to phage-related protein"""
 """unknown; similar to N-acetyltransferase"""
 phosphoglycerate kinase
 unknown
 transcriptional regulator of the levansucrase gene
 PBSX prophage
 """unknown; similar to beta-lactamase"""
 """unknown; similar to unknown proteins"""
 PBSX terminase (large subunit)
 unknown
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to phage-related lytic exoenzyme"""
 unknown
 unknown
 """unknown; similar to holin"""
 dipeptide ABC transporter (permease) (sporulation)
 Hit-like protein involved in cell-cycle regulation
 peptidase T
 """unknown; similar to 2-oxoglutarate/malate translocator"""
 unknown
 N-acetylmuramoyl-L-alanine amidase (PBSX prophage-mediated lysis)
 unknown
 unknown
 UV-damage repair protein
 """unknown; similar to phage-related protein"""
 unknown
 """unknown; similar to phage-related protein"""
 """unknown; similar to phage-related protein"""
 RNA polymerase sporulation forespore-specific (late) sigma factor
 """unknown; similar to phage-related protein"""
 malonyl CoA-acyl carrier protein transacylase
 beta-ketoacyl-acyl carrier protein reductase
 """unknown; similar to unknown proteins"""
 required for spore cortex synthesis
 beta-ketoacyl-acyl carrier protein synthase II
 """unknown; similar to unknown proteins"""
 asparagine synthetase
 """unknown; similar to antibiotic resistance protein"""
 class I heat-shock protein (chaperonin)
 """unknown; similar to transcriptional regulator (MarR family)"""
 """unknown; similar to ribokinase"""
 """unknown; similar to multiple sugar-binding protein"""
 RNA polymerase sporulation forespore-specific (early) sigma factor
 """unknown; similar to unknown proteins"""
 """unknown; similar to alkaline phosphatase"""
 """unknown; similar to arabinan endo-1,5-alpha-L-arabinosidase"""
 """unknown; similar to unknown proteins"""
 dipeptide ABC transporter (ATP-binding protein) (sporulation)
 """unknown; similar to chloromuconate cycloisomerase"""
 """unknown; similar to polysugar degrading enzyme"""
 gamma-aminobutyrate permease
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to antibiotic resistance protein"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to glutamine-fructose-6-phosphate transaminase"""
 unknown
 unknown
 unknown
 """unknown; similar to immunity to bacteriotoxins"""

 Specific pathways2.1.1
 Phage-related functions4.4
 Detoxification4.2
 Main glycolytic pathways2.1.2
 No similarity6
 RNA synthesis - Regulation3.5.2
 Phage-related functions4.4
 Detoxification4.2
 From B. subtilis5.1
 Phage-related functions4.4
 No similarity6
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 No similarity6
 From other organisms5.2
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 No similarity6
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 DNA restriction/modification and repair3.2
 Phage-related functions4.4
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 RNA synthesis - Initiation3.5.1
 Phage-related functions4.4
 Metabolism of lipids2.4
 Metabolism of lipids2.4
 From B. subtilis5.1
 Sporulation1.8
 Metabolism of lipids2.4
 From B. subtilis5.1
 Metabolism of amino acids and related molecules2.2
 Transport/binding proteins and lipoproteins1.2
 Protein folding3.9
 RNA synthesis - Regulation3.5.2
 Metabolism of amino acids and related molecules2.2
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Initiation3.5.1
 From other organisms5.2
 Metabolism of phosphate2.6
 Specific pathways2.1.1
 From B. subtilis5.1
 Transport/binding proteins and lipoproteins1.2
 Specific pathways2.1.1
 Specific pathways2.1.1
 Transport/binding proteins and lipoproteins1.2
 From B. subtilis5.1
 From B. subtilis5.1
 No similarity6
 No similarity6
 From B. subtilis5.1
 From B. subtilis5.1
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 No similarity6
 From other organisms5.2
 Metabolism of amino acids and related molecules2.2
 No similarity6
 No similarity6
 No similarity6
 Detoxification4.2

Distance metrics: Euclidean
Cluster method: Average Linkage (WPGMA) 0.0-4.23 4.23
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 acoR
 comEC
 xsa
 ygaJ
 yhaR
 ytaP
 yvfO
 comGC
 comGD
 yteP
 yteQ
 pstC
 yhfH
 ykuN
 acpA
 sigL
 yxiE
 yozA
 yqzF
 araD
 sdhB
 ysmA
 yrhD
 ywkB
 yfiR
 yuiD
 yoaJ
 yqgE
 yfmB
 yqeF
 yhjN
 yoaP
 yulE
 yvbV
 yjcL
 yyaT
 glpD
 xtmA
 yttA
 goxB
 thiF
 yjbV
 malA
 punA
 tnrA
 mtlA
 licC
 yhaX
 ysfE
 yflP
 yraN
 yozC
 acuB
 sucD
 ygaK
 yuiI
 bglH
 glpK
 cstA
 yclN
 yclP
 yetG
 ykoC
 ykoF
 licA
 licH
 rbsD

 transcriptional activator of the acetoin dehydrogenase operon
 late competence operon required for DNA binding and uptake
 beta-xylosidase / alpha-L-arabinosidase
 """unknown; similar to unknown proteins"""
 """unknown; similar to enoyl CoA hydratase"""
 unknown
 """unknown; similar to arabinogalactan endo-1,4-beta-galactosidase"""
 exogenous DNA-binding
 DNA transport machinery
 """unknown; similar to transmembrane lipoprotein"""
 """unknown; similar to transmembrane lipoprotein"""
 phosphate ABC transporter (permease)
 unknown
 """unknown; similar to flavodoxin"""
 acyl carrier protein
 RNA polymerase sigma factor
 """unknown; similar to unknown proteins"""
 """unknown; similar to transcriptional regulator (ArsR family)"""
 """unknown; similar to unknown proteins"""
 L-ribulose-5-phosphate 4-epimerase
 succinate dehydrogenase (iron-sulfur protein)
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to transcriptional regulator (TetR/AcrR family)"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to extracellular endoglucanase precursor"""
 """unknown; similar to unknown proteins"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to L-rhamnose isomerase"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 glycerol-3-phosphate dehydrogenase
 PBSX terminase (small subunit)
 unknown
 glycine oxidase
 hydroxyethylthiazole phosphate biosynthesis
 """unknown; similar to phosphomethylpyrimidine kinase"""
 6-phospho-alpha-glucosidase
 purine nucleoside phosphorylase
 transcriptional pleiotropic regulator invoved in global nitrogen regulation
 PTS mannitol-specific enzyme IICBA component
 PTS lichenan-specific enzyme IIC component
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to transcriptional regulator (LysR family)"""
 """unknown; similar to unknown proteins"""
 acetoin dehydrogenase
 succinyl-CoA synthetase (alpha subunit)
 """unknown; similar to reticuline oxidase"""
 """unknown; similar to unknown proteins"""
 beta-glucosidase
 glycerol kinase
 carbon starvation-induced protein
 """unknown; similar to ferrichrome ABC transporter (permease)"""
 """unknown; similar to ferrichrome ABC transporter (ATP-binding protein)"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 unknown
 PTS lichenan-specific enzyme IIA component
 6-phospho-beta-glucosidase
 ribose ABC transporter (membrane protein)

 RNA synthesis - Regulation3.5.2
 Transformation/competence1.10
 Specific pathways2.1.1
 From B. subtilis5.1
 Metabolism of lipids2.4
 No similarity6
 Specific pathways2.1.1
 Transformation/competence1.10
 Transformation/competence1.10
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 Metabolism of lipids2.4
 RNA synthesis - Initiation3.5.1
 From other organisms5.2
 RNA synthesis - Regulation3.5.2
 From B. subtilis5.1
 Specific pathways2.1.1
 TCA cycle2.1.3
 From B. subtilis5.1
 From B. subtilis5.1
 From other organisms5.2
 RNA synthesis - Regulation3.5.2
 From other organisms5.2
 Specific pathways2.1.1
 From other organisms5.2
 No similarity6
 No similarity6
 From B. subtilis5.1
 No similarity6
 Specific pathways2.1.1
 From other organisms5.2
 From B. subtilis5.1
 From other organisms5.2
 Specific pathways2.1.1
 Phage-related functions4.4
 No similarity6
 Metabolism of amino acids and related molecules2.2
 Metabolism of coenzymes and prosthetic groups2.5
 Metabolism of coenzymes and prosthetic groups2.5
 Specific pathways2.1.1
 Metabolism of nucleotides and nucleic acids2.3
 RNA synthesis - Regulation3.5.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 From other organisms5.2
 No similarity6
 From B. subtilis5.1
 RNA synthesis - Regulation3.5.2
 From B. subtilis5.1
 Specific pathways2.1.1
 TCA cycle2.1.3
 Specific pathways2.1.1
 From B. subtilis5.1
 Specific pathways2.1.1
 Specific pathways2.1.1
 Adaptation to atypical conditions4.1
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 From B. subtilis5.1
 From B. subtilis5.1
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Specific pathways2.1.1
 Transport/binding proteins and lipoproteins1.2

Distance metrics: Euclidean
Cluster method: Average Linkage (WPGMA) 0.0-4.23 4.23
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 acsA
 acuA
 citZ
 acuC
 ald
 mtlD
 ndk
 dctP
 tenA
 ylbP
 yneN
 tenI
 thiS
 aroA
 odhA
 pheS
 ylmB
 citB
 ylmA
 yuiE
 yrhG
 buk
 yobR
 yqhQ
 yqjM
 yoaK
 gcvT
 yojK
 kapB
 paiB
 yfnC
 yugN
 yisT
 yhcC
 ylaF
 yrhF
 yqhH
 ykoM
 glpF
 gntP
 gntR
 amhX
 yxaC
 paiA
 ydhB
 bcd
 bkdAB
 ykwB
 bkdB
 bkdR
 ptb
 lpdV
 dppB
 dppE
 kinB
 veg
 dppA
 yuiC
 ynfC
 ytxM
 gcvPA
 yugM
 ycgA
 yrhE
 fabI
 yxbD
 yceK
 ycgE
 ybgE
 yezE
 ydaB
 yvgW
 yfmO
 yfmP
 yvyD
 yurM
 yhfC
 yoeB
 yojE
 ywoH
 yxbC
 thiC

 acetyl-CoA synthetase
 acetoin dehydrogenase
 citrate synthase II (major)
 acetoin dehydrogenase
 L-alanine dehydrogenase
 mannitol-1-phosphate dehydrogenase
 nucleoside diphosphate kinase
 C4-dicarboxylate transport protein
 transcriptional regulator of extracellular enzyme genes
 """unknown; similar to unknown proteins"""
 """unknown; similar to thiol:disulfide interchange protein"""
 transcriptional activator of extracellular enzyme genes
 hydroxyethylthiazole phosphate biosynthesis
 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase / chorismate mutase-isozyme 3
 2-oxoglutarate dehydrogenase (E1 subunit)
 phenylalanyl-tRNA synthetase (alpha subunit)
 """unknown; similar to acetylornithine deacetylase"""
 aconitate hydratase
 """unknown; similar to ABC transporter (ATP-binding protein)"""
 """unknown; similar to leucyl aminopeptidase"""
 """unknown; similar to formate transporter"""
 probable branched-chain fatty-acid kinase (butyrate kinase)
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to NADH-dependent flavin oxidoreductase"""
 unknown
 probable aminomethyltransferase
 """unknown; similar to macrolide glycosyltransferase"""
 activator of KinB in the initiation of sporulation
 transcriptional repressor of sporulation and degradative enzyme genes
 """unknown; similar to fosmidmycin resistance protein"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to nuclease inhibitor"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to SNF2 helicase"""
 """unknown; similar to transcriptional regulator (MarR family)"""
 glycerol uptake facilitator
 gluconate permease
 transcriptional repressor of the gluconate operon
 amidohydrolase
 """unknown; similar to unknown proteins"""
 transcriptional repressor of sporulation, septation and degradative enzyme genes
 """unknown; similar to unknown proteins"""
 leucine dehydrogenase
 branched-chain alpha-keto acid dehydrogenase E1 subunit (2-oxoisovalerate dehydrogenase beta subunit)
 """unknown; similar to unknown proteins from B. subtilis"""
 branched-chain alpha-keto acid dehydrogenase E2 subunit (lipoamide acyltransferase)
 transcriptional activator involved in the control of isoleucine and valine utilization as sole nitrogen sources
 probable phosphate butyryltransferase
 probable branched-chain alpha-keto acid dehydrogenase E3 subunit (dihydrolipoamide dehydrogenase)
 dipeptide ABC transporter (permease) (sporulation)
 dipeptide ABC transporter (dipeptide-binding protein) (sporulation)
 two-component sensor histidine kinase involved in the initiation of sporulation
 function unknown
 D-alanyl-aminopeptidase
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to prolyl aminopeptidase"""
 probable glycine decarboxylase (subunit 1)
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to formate dehydrogenase"""
 enoyl-acyl carrier protein reductase
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to transcriptional regulator (ArsR family)"""
 """unknown; similar to transcriptional regulator"""
 """unknown; similar to branched-chain amino acid aminotransferase"""
 """unknown; similar to transcriptional regulator (TetR family)"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to heavy metal-transporting ATPase"""
 """unknown; similar to multidrug-efflux transporter"""
 """unknown; similar to transcriptional regulator (MerR family)"""
 """unknown; similar to sigma-54 modulating factor of gram-negative bacteria"""
 """unknown; similar to sugar permease"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 """unknown; similar to transcriptional regulator (MarR family)"""
 """unknown; similar to unknown proteins"""
 biosynthesis of the pyrimidine moiety of thiamin

 Specific pathways2.1.1
 Specific pathways2.1.1
 TCA cycle2.1.3
 Specific pathways2.1.1
 Metabolism of amino acids and related molecules2.2
 Specific pathways2.1.1
 Metabolism of nucleotides and nucleic acids2.3
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 From B. subtilis5.1
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 RNA synthesis - Regulation3.5.2
 Metabolism of coenzymes and prosthetic groups2.5
 Metabolism of amino acids and related molecules2.2
 TCA cycle2.1.3
 Protein synthesis - Aminoacyl-tRNA synthetases3.7.2
 Metabolism of amino acids and related molecules2.2
 TCA cycle2.1.3
 Transport/binding proteins and lipoproteins1.2
 Protein modification3.8
 Transport/binding proteins and lipoproteins1.2
 Metabolism of lipids2.4
 From B. subtilis5.1
 From B. subtilis5.1
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 No similarity6
 Metabolism of amino acids and related molecules2.2
 Detoxification4.2
 Sporulation1.8
 RNA synthesis - Regulation3.5.2
 Detoxification4.2
 From B. subtilis5.1
 DNA restriction/modification and repair3.2
 No similarity6
 No similarity6
 From B. subtilis5.1
 DNA recombination3.3
 RNA synthesis - Regulation3.5.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 Protein modification3.8
 From other organisms5.2
 RNA synthesis - Regulation3.5.2
 From other organisms5.2
 Metabolism of lipids2.4
 Metabolism of lipids2.4
 From B. subtilis5.1
 Metabolism of lipids2.4
 RNA synthesis - Regulation3.5.2
 Metabolism of lipids2.4
 Metabolism of lipids2.4
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Sensors (signal transduction)1.3
 Miscellaneous4.6
 Protein modification3.8
 From other organisms5.2
 No similarity6
 Protein modification3.8
 Metabolism of amino acids and related molecules2.2
 No similarity6
 From other organisms5.2
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 Metabolism of lipids2.4
 From B. subtilis5.1
 RNA synthesis - Regulation3.5.2
 RNA synthesis - Regulation3.5.2
 Metabolism of amino acids and related molecules2.2
 RNA synthesis - Regulation3.5.2
 From other organisms5.2
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 RNA synthesis - Initiation3.5.1
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 No similarity6
 From other organisms5.2
 RNA synthesis - Regulation3.5.2
 From B. subtilis5.1
 Metabolism of coenzymes and prosthetic groups2.5

Distance metrics: Euclidean
Cluster method: Average Linkage (WPGMA) 0.0-4.23 4.23
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 alsT
 rsiX
 yrhM
 csbB
 ycnC
 yokF
 yfjN
 katA
 bmr
 murB
 rnpA
 truB
 ylxL
 tuaD
 ykoL
 ywnC
 gerPF
 yocL
 yxiT
 ykvT
 ydjI
 yqfB
 ywoA
 yxeN
 ycdF
 yflA
 ycdG
 ydaS
 yfhL
 yfhO
 ydaH
 ydjP
 yrrD
 ywmE
 yjgD
 yvgT
 yqhA
 yknY
 yvaX
 yebC
 yxxG
 yxzC
 lip
 yxiF
 metE
 wapA
 yitJ
 yydG
 braB
 speE
 yvgQ
 dltA
 dltE
 dltD
 ykrY
 ykrX
 yusB
 pbpX
 yxjH
 yusA
 yvsH
 dltB
 yxzG
 yxiG
 yxiH
 yxiJ
 yxiI
 yxiL
 yxiK
 dltC
 yusC
 ssuA
 yusO
 ykrV
 yusP
 ywbH
 ykrS
 ykrT
 ykrW
 purD
 purN
 purM
 nhaC
 ycdA
 yheH

 amino acid carrier protein
 negative regulator of sigma-X activity
 """unknown; similar to anti-sigma factor"""
 stress response protein
 """unknown; similar to transcriptional regulator (TetR/AcrR family)"""
 """unknown; similar to micrococcal nuclease"""
 """unknown; similar to unknown proteins"""
 vegetative catalase 1
 multidrug-efflux transporter
 UDP-N-acetylenolpyruvoylglucosamine reductase
 protein component of ribonuclease P (RNase P)
 tRNA pseudouridine 5S synthase
 """unknown; similar to unknown proteins"""
 biosynthesis of teichuronic acid (UDP-glucose 6-dehydrogenase)
 unknown
 """unknown; similar to unknown proteins from B. subtilis"""
 probable spore germination protein
 unknown
 unknown
 """unknown; similar to spore cortex-lytic enzyme"""
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to bacteriocin transport permease"""
 """unknown; similar to amino acid ABC transporter (permease)"""
 """unknown; similar to glucose 1-dehydrogenase"""
 """unknown; similar to aminoacid carrier protein"""
 """unknown; similar to oligo-1,6-glucosidase"""
 unknown
 unknown
 unknown
 unknown
 """unknown; similar to chloroperoxydase"""
 """unknown; similar to unknown proteins"""
 unknown
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to positive regulator of sigma-B activity"""
 """unknown; similar to ABC transporter (ATP-binding protein)"""
 """unknown; similar to unknown proteins"""
 unknown
 unknown
 unknown
 extracellular lipase
 unknown
 cobalamin-independent methionine synthase
 cell wall-associated protein precursor
 """unknown; similar to unknown proteins"""
 unknown
 branched-chain amino acid transporter
 spermidine synthase
 """unknown; similar to sulfite reductase"""
 D-alanyl-D-alanine carrier protein ligase
 involved in lipoteichoic acid biosynthesis
 D-alanine transfer from undecaprenol-phosphate to the poly(glycerophosphate) chain
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 penicillin-binding protein
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to ABC transporter (amino acid permease)"""
 D-alanine transfer from Dcp to undecaprenol-phosphate
 unknown
 unknown
 unknown
 unknown
 unknown
 unknown
 unknown
 D-alanine carrier protein
 """unknown; similar to ABC transporter (ATP-binding protein)"""
 aliphatic sulfonate ABC transporter (binding lipoprotein)
 """unknown; similar to transcriptional regulator (MarR family)"""
 """unknown; similar to aspartate aminotransferase"""
 """unknown; similar to multidrug-efflux transporter"""
 unknown
 """unknown; similar to initiation factor eIF-2B (alpha subunit)"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to ribulose-bisphosphate carboxylase"""
 phosphoribosylglycinamide synthetase
 phosphoribosylglycinamide formyltransferase
 phosphoribosylaminoimidazole synthetase
 Na+/H+ antiporter
 unknown
 """unknown; similar to ABC transporter (ATP-binding protein)"""

 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 RNA synthesis - Regulation3.5.2
 Adaptation to atypical conditions4.1
 RNA synthesis - Regulation3.5.2
 Metabolism of nucleotides and nucleic acids2.3
 From other organisms5.2
 Detoxification4.2
 Transport/binding proteins and lipoproteins1.2
 Cell wall1.1
 RNA modification3.6
 RNA modification3.6
 From B. subtilis5.1
 Cell wall1.1
 No similarity6
 From B. subtilis5.1
 Germination1.9
 No similarity6
 No similarity6
 Germination1.9
 From B. subtilis5.1
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Specific pathways2.1.1
 Transport/binding proteins and lipoproteins1.2
 Specific pathways2.1.1
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 Detoxification4.2
 From B. subtilis5.1
 No similarity6
 From B. subtilis5.1
 From other organisms5.2
 Adaptation to atypical conditions4.1
 Transport/binding proteins and lipoproteins1.2
 From B. subtilis5.1
 No similarity6
 No similarity6
 No similarity6
 Metabolism of lipids2.4
 No similarity6
 Metabolism of amino acids and related molecules2.2
 Cell wall1.1
 From other organisms5.2
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of sulfur2.7
 Cell wall1.1
 Cell wall1.1
 Cell wall1.1
 From other organisms5.2
 From other organisms5.2
 From other organisms5.2
 Cell wall1.1
 From B. subtilis5.1
 From other organisms5.2
 Transport/binding proteins and lipoproteins1.2
 Cell wall1.1
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 No similarity6
 Cell wall1.1
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 RNA synthesis - Regulation3.5.2
 Metabolism of amino acids and related molecules2.2
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 Protein synthesis - Initiation3.7.3
 From B. subtilis5.1
 Specific pathways2.1.1
 Metabolism of nucleotides and nucleic acids2.3
 Metabolism of nucleotides and nucleic acids2.3
 Metabolism of nucleotides and nucleic acids2.3
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 Transport/binding proteins and lipoproteins1.2

Distance metrics: Euclidean
Cluster method: Average Linkage (WPGMA) 0.0-4.23 4.23
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 expZ
 gid
 yhaJ
 sacB
 yjbQ
 spoIIGA
 yczC
 yukC
 yueC
 pucB
 rpsE
 yrhC
 rplJ
 ytiP
 glmS
 yitT
 ydfA
 speA
 speB
 yukA
 yvgR
 ygaE
 secY
 lmrA
 ypvA
 yrdB
 yhgD
 yheI
 yhgE
 pucL
 ycdH
 ytmQ
 yotJ
 spoIIE
 ydeT
 yojI
 yhaK
 udk
 ydfM
 yoaH
 yptA
 yddI
 yphC
 hisG
 yuiF
 ywjC
 ldh
 ygxB
 glnP
 argB
 argJ
 argH
 argG
 argC
 nasD
 hisF
 yqiX
 ytzD
 yqiY
 yqiZ
 argD
 carA
 carB
 argF
 kipA
 ycsK
 ycsF
 kipI
 ycsG
 ycsI
 lysC
 fabHB
 padC
 ureC
 ureA
 yveG
 yhzC
 yuiA
 ureB
 yveF
 yhcB
 yuiB
 yhbI
 yhbJ
 yhcA
 yxkJ

 ATP-binding transport protein
 glucose-inhibited division protein
 unknown
 levansucrase
 """unknown; similar to Na+/H+ antiporter"""
 protease (processing of pro-sigma-E to active sigma-E)
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 unknown
 xanthine dehydrogenase
 ribosomal protein S5
 unknown
 ribosomal protein L10 (BL5)
 """unknown; similar to unknown proteins"""
 L-glutamine-D-fructose-6-phosphate amidotransferase
 """unknown; similar to unknown proteins"""
 """unknown; similar to arsenical pump membrane protein"""
 arginine decarboxylase
 agmatinase
 """unknown; similar to unknown proteins"""
 """unknown; similar to sulfite reductase"""
 """unknown; similar to unknown proteins"""
 preprotein translocase subunit
 transcriptional repressor of the lincomycin operon
 """unknown; similar to ATP-dependent helicase"""
 unknown
 """unknown; similar to transcriptional regulator (TetR/AcrR family)"""
 """unknown; similar to ABC transporter (ATP-binding protein)"""
 """unknown; similar to phage infection protein"""
 uricase
 """unknown; similar to ABC transporter (binding protein)"""
 """unknown; similar to unknown proteins"""
 unknown
 serine phosphatase (sigma-F activation) / asymmetric septum formation
 """unknown; similar to transcriptional regulator (ArsR family)"""
 """unknown; similar to unknown proteins"""
 """unknown; similar to unknown proteins"""
 uridine kinase
 """unknown; similar to cation efflux system"""
 """unknown; similar to methyl-accepting chemotaxis protein"""
 unknown
 unknown
 """unknown; similar to unknown proteins"""
 ATP phosphoribosyltransferase
 """unknown; similar to unknown proteins"""
 unknown
 L-lactate dehydrogenase
 unknown
 glutamine ABC transporter (membrane protein)
 N-acetylglutamate 5-phosphotransferase
 ornithine acetyltransferase / amino-acid acetyltransferase
 argininosuccinate lyase
 argininosuccinate synthase
 N-acetylglutamate gamma-semialdehyde dehydrogenase
 assimilatory nitrite reductase (subunit)
 HisF cyclase-like protein
 """unknown; similar to amino acid ABC transporter (binding protein)"""
 unknown
 """unknown; similar to amino acid ABC transporter (permease)"""
 """unknown; similar to amino acid ABC transporter (ATP-binding protein)"""
 N-acetylornithine aminotransferase
 carbamoyl-phosphate transferase-arginine (subunit A)
 carbamoyl-phosphate transferase-arginine (subunit B)
 ornithine carbamoyltransferase
 antagonist of KipI
 """unknown; similar to unknown proteins"""
 """unknown; similar to lactam utilization protein"""
 inhibitor of KinA
 """unknown; similar to branched chain amino acids transporter"""
 """unknown; similar to unknown proteins"""
 aspartokinase II (alpha and beta subunits)
 beta-ketoacyl-acyl carrier protein synthase III
 phenolic acid decarboxylase
 urease (alpha subunit)
 urease (gamma subunit)
 unknown
 unknown
 """unknown; similar to unknown proteins from B. subtilis"""
 urease (beta subunit)
 unknown
 """unknown; similar to trp repressor binding protein"""
 """unknown; similar to unknown proteins from B. subtilis"""
 """unknown; similar to transcriptional regulator (MarR family)"""
 unknown
 """unknown; similar to multidrug resistance protein"""
 """unknown; similar to metabolite-sodium symport"""

 Transport/binding proteins and lipoproteins1.2
 Cell division1.7
 No similarity6
 Specific pathways2.1.1
 Transport/binding proteins and lipoproteins1.2
 Sporulation1.8
 From other organisms5.2
 From B. subtilis5.1
 No similarity6
 Metabolism of nucleotides and nucleic acids2.3
 Protein synthesis - Ribosomal proteins3.7.1
 No similarity6
 Protein synthesis - Ribosomal proteins3.7.1
 From other organisms5.2
 Metabolism of amino acids and related molecules2.2
 From other organisms5.2
 Transport/binding proteins and lipoproteins1.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 From other organisms5.2
 Metabolism of sulfur2.7
 From B. subtilis5.1
 Protein secretion1.6
 RNA synthesis - Regulation3.5.2
 DNA restriction/modification and repair3.2
 No similarity6
 RNA synthesis - Regulation3.5.2
 Transport/binding proteins and lipoproteins1.2
 Phage-related functions4.4
 Metabolism of nucleotides and nucleic acids2.3
 Transport/binding proteins and lipoproteins1.2
 From other organisms5.2
 No similarity6
 Sporulation1.8
 RNA synthesis - Regulation3.5.2
 From other organisms5.2
 From B. subtilis5.1
 Metabolism of nucleotides and nucleic acids2.3
 Transport/binding proteins and lipoproteins1.2
 Mobility and chemotaxis1.5
 No similarity6
 No similarity6
 From other organisms5.2
 Metabolism of amino acids and related molecules2.2
 From other organisms5.2
 No similarity6
 Membrane bioenergetics (electron transport chain and ATP synthase)1.4
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Transport/binding proteins and lipoproteins1.2
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 Sporulation1.8
 From other organisms5.2
 Detoxification4.2
 Sporulation1.8
 Transport/binding proteins and lipoproteins1.2
 From other organisms5.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of lipids2.4
 Detoxification4.2
 Metabolism of amino acids and related molecules2.2
 Metabolism of amino acids and related molecules2.2
 No similarity6
 No similarity6
 From B. subtilis5.1
 Metabolism of amino acids and related molecules2.2
 No similarity6
 RNA synthesis - Regulation3.5.2
 From B. subtilis5.1
 RNA synthesis - Regulation3.5.2
 No similarity6
 Transport/binding proteins and lipoproteins1.2
 Transport/binding proteins and lipoproteins1.2

Distance metrics: Euclidean
Cluster method: Average Linkage (WPGMA) 0.0-4.23 4.23
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Fig. S2. The general stress response is not involved in mild sorbic acid stress resistance. (A) T values of 
the gene group controlled by SigB during 3 mM potassium sorbate (KS) exposure. The number of ORFs 
within the SigB group present in the microarray experiments is shown in parentheses. The T values 
presented are calculated on the basis of two biologically independent experiments. The genes controlled 
by SigB did not show significant T values (E < 0.05) in the time-course analyzed. (B) Induction of the 
general stress response by sorbic acid stress. Expression of the SigB dependent ctc promoter fused to 
the lacZ gene of strain PB198 was measured in defined medium at pH 6.4. At an OD600 of 0.2, 
exponentially growing cells were stressed with or without (control) the indicated concentrations of KS or 
NaCl (positive control). Cells were harvested after 30 min and β-galactosidase activity was measured. 
The average of at least two independent experiments is given. Error bars indicate the standard deviation. 
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Fig. S1. Stress characterization of the ksgA 
mutant strain (KSGAd) showed sensitivity to 
CCCP and hypersensitivity at low pH in liquid 
cultures. Growth curves of WT (1A700) (closed 
diamonds) and mutant strain yclK (open squares) 
grown in liquid LB medium of pH 6.4 containing 
no, or 3.0 mM CCCP, or in medium of pH 4.5. 
Biologically independent experiments were 
performed at least twice. See the legend of Fig. 
3.3 for further details. 
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Fig. S2. Stress characterization of the yclK mutant 
strain (YCLKd) showed sensitivity to CCCP and 
hypersensitivity at low pH in liquid cultures. 
Growth curves of WT (1A700) (closed diamonds) 
and mutant strain yclK (open squares) grown in 
liquid LB medium of pH 6.4 containing no, or 3.0 
mM CCCP, or in medium of pH 4.5. Biologically 
independent experiments were performed at lea
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Fig. S3. Stress characterization of the yybS mutant strain (YYBSd) showed sensitivity to acetic acid on 
solid plates. Ten-fold dilutions of exponentially grown WT (1A700) and yybS mutant strains were spotted 
onto LB plates of pH 6.4 containing no, or 125 mM KAc. Biologically independent experiments were 
performed at least twice. See the legend of Fig. 3.2 for further details. 
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Table S1. Transcription factor regulated gene groups with significant T values. 

Transcription factor regulated gene group (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

AbrB_Negative (59) Sb 5.35 2.13 0.41 -0.35 -0.31 
AbrB_Negative (57) Ac 2.47 1.96 5.20 3.55 1.66 
AbrB_Negative (58) CCCP -1.02 -0.62 -2.00 -2.35 -1.27 
AbrB_Positive (20) Sb 0.67 -7.20 -2.61 2.53 1.58 
AbrB_Positive (21) Ac 4.83 -0.93 -4.20 -4.88 -7.50 
AbrB_Positive (19) CCCP 1.88 -1.55 0.29 1.36 -0.08 
AhrC_Negative (7) Sb 1.04 -12.03 -7.06 0.53 0.21 
AhrC_Negative (7) Ac 6.81 -5.32 -6.91 -9.36 -14.61 
AhrC_Negative (NA) CCCP NA NA NA NA NA 
BirA_Negative (NA) Sb NA NA NA NA NA 
BirA_Negative (7) Ac -0.66 1.03 1.28 0.78 0.42 
BirA_Negative (7) CCCP 0.26 -1.16 -2.05 -3.57 -5.15 
BkdR_Positive (7) Sb 5.80 5.76 5.97 5.66 5.99 
BkdR_Positive (7) Ac 2.49 3.20 3.69 2.94 2.28 
BkdR_Positive (7) CCCP -2.91 -1.59 1.16 -0.37 1.05 
CcpA_Negative (108) Sb 0.16 3.68 9.13 10.28 8.25 
CcpA_Negative (110) Ac 2.02 6.54 -0.36 0.96 4.05 
CcpA_Negative (112) CCCP 17.86 12.64 10.02 5.56 7.17 
CcpA_Positive (10) Sb 1.03 1.07 1.25 0.35 0.02 
CcpA_Positive (9) Ac 4.15 2.67 4.59 2.64 1.67 
CcpA_Positive (10) CCCP -1.21 -2.22 -3.17 -3.75 -4.29 
CodY_Negative (42) Sb 9.48 8.99 9.36 8.92 8.80 
CodY_Negative (42) Ac 4.77 4.57 6.40 4.99 3.28 
CodY_Negative (44) CCCP -0.81 0.41 -0.24 -5.16 -1.33 
FapR_Negative (10) Sb 6.98 5.63 4.05 2.12 0.91 
FapR_Negative (11) Ac -5.09 -6.25 -6.21 -6.81 -6.16 
FapR_Negative (8) CCCP -2.11 1.66 2.23 0.35 -2.33 
Fur_Negative (36) Sb -5.49 -1.92 3.19 7.52 9.99 
Fur_Negative (34) Ac -3.64 -0.38 5.51 8.46 5.56 
Fur_Negative (34) CCCP 1.94 0.98 -5.37 -7.32 -9.71 
IolR_Negative (11) Sb -1.69 -0.54 1.82 1.85 1.00 
IolR_Negative (13) Ac -0.54 0.33 -1.14 -0.82 -0.33 
IolR_Negative (13) CCCP 7.00 5.23 3.03 1.14 0.29 
KipR_Negative (7) Sb -10.16 -10.09 -11.08 -10.88 -10.14 
KipR_Negative (7) Ac -4.02 -7.28 -4.32 -4.89 -6.30 
KipR_Negative (NA) CCCP NA NA NA NA NA 
PurR_Negative (31) Sb -8.22 -9.04 -7.75 -4.69 -3.54 
PurR_Negative (32) Ac -11.52 2.10 1.97 2.85 3.01 
PurR_Negative (32) CCCP -9.93 -8.91 -0.94 1.57 2.95 
PyrR_Negative (9) Sb -6.14 -2.56 -2.35 -0.53 -0.75 
PyrR_Negative (9) Ac -6.80 1.81 2.62 2.50 2.81 
PyrR_Negative (9) CCCP -3.62 -2.18 2.19 2.05 1.40 
RelA_Negative (86) Sb -5.30 -6.09 -5.27 -5.19 -5.00 
RelA_Negative (88) Ac -16.66 -10.82 -3.19 -4.75 -7.75 
RelA_Negative (88) CCCP -12.58 -8.23 -4.98 -3.49 -3.95 
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Table S1 – Continued. 

Transcription factor regulated gene group (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

RelA_Positive (55) Sb 5.36 5.46 4.27 3.83 3.47 
RelA_Positive (52) Ac 8.31 4.70 2.08 1.89 2.66 
RelA_Positive (51) CCCP 2.13 1.53 -0.55 0.33 1.12 
Spo0A_Negative (17) Sb 1.06 -7.54 -3.58 2.26 1.41 
Spo0A_Negative (20) Ac 3.26 -3.14 -5.96 -7.16 -9.49 
Spo0A_Negative (18) CCCP 1.20 -3.14 -0.18 1.83 -1.08 
YvrH_Positive (17) Sb -3.43 -4.51 -5.59 -6.55 -6.53 
YvrH_Positive (15) Ac -3.11 -3.54 -2.66 -2.90 -2.29 
YvrH_Positive (12) CCCP -2.43 -2.02 -2.96 -0.56 -3.84 
a Transcription factor regulated gene groups are taken from the database of transcriptional regulation in 
Bacillus subtilis (DBTBS) (http://dbtbs.hgc.jp/) and for FapR from Schujman et al. (2003) and for the 
stringent response (RelA-dependent) from Eymann et al. (2002). A distinction is made between groups of 
genes that are positively or negatively regulated by the mentioned transcription factor (indicated by 
Positive or Negative). Number of ORFs within each group present in the microarray experiments is shown 
in parentheses. NA: not available. 
b The T values presented are calculated on the basis of two biologically independent experiments. Shown 
are the transcription factor regulated gene groups that have at least one significant T value (E < 0.05) for 
at least one stress in the analyzed time-course. Significant T values are shown in bold. NA: not available. 
 
Table S2. Sigma factor dependent gene groups with significant T values. 

Sigma factor dependent gene group (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

SigB (95) Sb 0.36 -1.70 -3.90 -3.27 -2.71 
SigB (93) Ac 10.59 5.81 0.08 -1.84 -0.02 
SigB (96) CCCP 5.22 2.81 0.03 2.05 2.89 
SigD (74) Sb -3.83 -3.44 -3.89 -3.72 -3.55 
SigD (72) Ac -3.83 -8.01 0.05 -3.69 -5.47 
SigD (68) CCCP -7.52 -6.17 -2.48 4.74 2.37 
SigH (29) Sb 7.37 6.29 4.56 3.79 3.51 
SigH (28) Ac 4.02 3.30 2.89 1.56 2.31 
SigH (30) CCCP 3.31 3.29 3.55 1.31 1.95 
SigL (23) Sb 2.76 2.84 4.77 6.02 6.74 
SigL (23) Ac 2.63 3.21 1.07 1.35 1.84 
SigL (23) CCCP 2.25 3.27 4.65 2.70 5.41 
SigM (14) Sb -1.19 -2.57 -3.46 -3.18 -3.32 
SigM (15) Ac -0.09 -1.69 -1.53 -1.33 -0.89 
SigM (15) CCCP 7.40 7.51 5.82 3.00 -2.23 
SigW (60) Sb -1.33 -4.84 -7.12 -7.66 -7.05 
SigW (59) Ac 2.26 -0.53 0.59 -0.6 -1.72 
SigW (60) CCCP -0.37 -0.04 -3.82 -2.08 -5.92 
SigX (20) Sb -2.38 -3.93 -5.4 -5.77 -6.09 
SigX (20) Ac -1.74 -3.30 -4.71 -4.14 -2.84 
SigX (18) CCCP 0.57 0.67 -1.05 -0.02 -3.92 
a Sigma factor dependent gene groups are taken from the database of transcriptional regulation in 
Bacillus subtilis (DBTBS) (http://dbtbs.hgc.jp/) and for SigM from Jervis et al. (2007). Number of ORFs 
within each group present in the microarray experiments is shown in parentheses. 
b The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the sigma factor dependent gene groups that have at least one significant T value (E < 0.05) 
for at least one stress in the analyzed time-course. Significant T values are shown in bold. 

 178 

http://dbtbs.hgc.jp/
http://dbtbs.hgc.jp/


Appendix C 

 
Table S3. Pathways with significant T values. 

KEGG Pathway (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

ABC transporters (183) Sb -3.70 -4.24 -2.46 -1.56 -0.28 
ABC transporters (185) Ac -4.06 -1.23 0.05 1.04 0.56 
ABC transporters (184) CCCP -2.89 -3.17 -8.45 -11.17 -7.77 
Amino Acid Metabolism (231) Sb 1.66 -3.56 -1.08 0.48 1.63 
Amino Acid Metabolism (232) Ac 4.28 -1.98 -2.53 -6.84 -9.15 
Amino Acid Metabolism (222) CCCP -4.7 -7.58 -4.07 -5.70 -1.18 
Arginine and proline metabolism (28) Sb -0.56 -3.28 -2.46 -1.14 -1.26 
Arginine and proline metabolism (28) Ac 0.89 -1.40 -2.46 -3.38 -4.39 
Arginine and proline metabolism (27) CCCP -0.68 -0.73 -0.26 -1.31 -0.67 
ATP synthesis (9) Sb -4.11 -3.08 -1.99 -2.02 -2.15 
ATP synthesis (7) CCCP 0.20 -0.25 -0.26 -0.81 -1.35 
ATP synthesis (8) Ac -5.31 -1.77 -2.05 -1.80 -1.73 
Bacterial chemotaxis (22) Sb -2.43 -2.08 -1.94 -1.66 -1.67 
Bacterial chemotaxis (22) Ac -2.73 -4.38 -0.17 -2.52 -3.01 
Bacterial chemotaxis (21) CCCP -3.74 -3.46 -1.27 1.65 1.25 
Bacterial motility proteins (52) Sb -2.96 -2.39 -2.08 -1.88 -1.50 
Bacterial motility proteins (51) Ac -3.09 -6.07 1.59 -2.46 -3.78 
Bacterial motility proteins (47) CCCP -6.64 -5.47 -1.68 4.69 2.36 
Biosynthesis of Polyketides and Nonribosomal Peptides (13) Sb -2.19 -1.18 0.45 2.30 3.71 
Biosynthesis of Polyketides and Nonribosomal Peptides (13) Ac -1.97 -0.52 3.32 4.77 2.02 
Biosynthesis of Polyketides and Nonribosomal Peptides (13) CCCP 2.56 2.92 0.01 -3.71 -2.65 
Butanoate metabolism (38) Sb 1.92 2.44 3.54 2.70 2.79 
Butanoate metabolism (38) Ac 4.71 3.84 1.98 2.58 1.77 
Butanoate metabolism (36) CCCP 2.32 2.16 2.73 0.62 1.88 
Carbohydrate Metabolism (230) Sb 0.14 2.36 5.81 5.79 5.82 
Carbohydrate Metabolism (237) Ac 3.69 5.24 2.77 1.90 2.10 
Carbohydrate Metabolism (230) CCCP 12.53 10.75 10.88 4.60 7.53 
Cell Motility (53) Sb -3.10 -2.53 -2.19 -1.98 -1.60 
Cell Motility (52) Ac -3.25 -6.25 1.56 -2.50 -3.94 
Cell Motility (48) CCCP -6.75 -5.59 -1.73 4.56 2.35 
Citrate cycle (TCA cycle) (18) Sb 2.47 3.55 5.21 5.9 6.60 
Citrate cycle (TCA cycle) (20) Ac 1.81 3.57 5.43 4.58 3.38 
Citrate cycle (TCA cycle) (19) CCCP 2.17 2.70 4.27 1.86 1.65 
Environmental Information Processing (437) Sb -5.15 -4.96 -2.19 -0.68 0.46 
Environmental Information Processing (438) Ac -4.40 -1.64 -3.81 -1.26 -0.70 
Environmental Information Processing (432) CCCP -0.71 -1.33 -5.52 -9.65 -5.92 
Fatty acid biosynthesis (18) CCCP -0.86 1.15 1.90 0.64 -2.3 
Fatty acid biosynthesis (20) Ac -3.90 -4.44 -4.07 -5.28 -4.62 
Fatty acid biosynthesis (21) Sb 3.97 3.44 2.81 1.09 0.34 
Flagellar assembly (37) Sb -2.48 -2.04 -1.67 -1.63 -1.23 
Flagellar assembly (36) Ac -2.77 -4.72 2.03 -1.64 -2.87 
Flagellar assembly (33) CCCP -6.04 -4.72 -1.43 4.20 1.80 
Fructose and mannose metabolism (28) Sb -0.56 0.84 2.97 3.99 4.20 
Fructose and mannose metabolism (26) Ac 2.99 3.61 0.77 0.65 2.07 
Fructose and mannose metabolism (29) CCCP 7.12 6.93 6.49 2.83 4.38 
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Table S3 – Continued. 

KEGG Pathway (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

Genetic Information Processing (382) Sb -2.02 -2.32 -2.89 -3.54 -3.91 
Genetic Information Processing (387) Ac -9.38 -6.80 0.74 -2.90 -5.77 
Genetic Information Processing (377) CCCP -7.43 -5.22 -1.46 -1.25 -2.6 
Glycolysis / Gluconeogenesis (43) Sb 0.52 1.62 2.80 2.19 1.63 
Glycolysis / Gluconeogenesis (43) Ac 0.89 0.20 -1.84 -1.59 -1.20 
Glycolysis / Gluconeogenesis (42) CCCP 5.83 5.3 5.36 1.77 2.87 
Glyoxylate and dicarboxylate metabolism (15) Sb 1.41 1.58 2.27 2.48 2.75 
Glyoxylate and dicarboxylate metabolism (18) Ac 1.53 2.37 3.39 2.93 2.48 
Glyoxylate and dicarboxylate metabolism (16) CCCP 1.75 2.45 4.69 2.99 4.72 
Histidine metabolism (25) Sb -0.68 -3.76 -2.33 -1.10 -0.52 
Histidine metabolism (25) Ac 5.39 1.25 -3.71 -6.03 -6.08 
Histidine metabolism (25) CCCP -2.29 -6.01 -4.43 -2.93 0.93 
Inositol metabolism (10) Sb -0.71 0.27 2.33 2.07 1.07 
Inositol metabolism (11) Ac -0.09 1.05 -0.27 -0.08 0.23 
Inositol metabolism (11) CCCP 6.96 5.39 3.69 1.35 0.83 
Membrane Transport (333) Sb -5.98 -5.81 -2.82 -0.94 0.20 
Membrane Transport (336) Ac -4.95 -1.34 -5.26 -1.27 -0.33 
Membrane Transport (334) CCCP -0.31 -0.97 -6.74 -10.52 -7.33 
Metabolism (726) Sb -1.90 -3.39 1.33 2.59 3.69 
Metabolism (727) Ac -1.35 0.07 -0.34 -3.88 -6.17 
Metabolism (708) CCCP 2.25 0.11 3.02 -4.39 1.16 
Metabolism of Cofactors and Vitamins (109) Sb 0.84 1.87 3.51 3.11 3.39 
Metabolism of Cofactors and Vitamins (111) Ac 0.20 2.48 3.20 2.39 1.31 
Metabolism of Cofactors and Vitamins (109) CCCP -1.31 -2.26 -2.70 -5.43 -2.19 
Nucleotide Metabolism (101) Sb -5.00 -6.09 -4.56 -2.81 -1.68 
Nucleotide Metabolism (100) Ac -6.94 -1.07 1.11 -0.08 -1.07 
Nucleotide Metabolism (99) CCCP -6.11 -5.93 -0.45 -0.58 0.62 
Other ion-coupled transporters (87) Sb -2.92 -3.12 -2.36 -1.53 -1.34 
Other ion-coupled transporters (87) Ac -2.68 -2.16 -7.09 -3.15 -2.20 
Other ion-coupled transporters (88) CCCP -1.79 -2.59 -3.89 -5.47 -5.67 
Pentose phosphate pathway (20) Sb 0.02 0.68 1.58 1.66 1.32 
Pentose phosphate pathway (24) Ac 0.82 2.49 1.77 1.46 0.64 
Pentose phosphate pathway (24) CCCP 4.39 2.63 2.55 1.33 0.95 
Phenylalanine, tyrosine and tryptophan biosynthesis (27) Sb 2.63 2.62 3.44 2.97 3.31 
Phenylalanine, tyrosine and tryptophan biosynthesis (28) Ac 0.48 -1.46 -0.69 -1.99 -3.35 
Phenylalanine, tyrosine and tryptophan biosynthesis (27) CCCP -3.51 -4.05 -3.75 -4.45 -2.34 
Phosphotransferase system (PTS) (25) Sb -2.19 -0.45 2.61 4.07 3.49 
Phosphotransferase system (PTS) (26) Ac -0.2 2.00 -2.13 -0.84 1.76 
Phosphotransferase system (PTS) (27) CCCP 9.05 8.06 5.82 2.35 4.65 
Purine metabolism (71) Sb -2.66 -4.21 -3.02 -2.41 -1.01 
Purine metabolism (70) Ac -5.08 -0.56 1.07 0.20 -0.39 
Purine metabolism (70) CCCP -4.8 -4.99 -0.45 -0.76 1.71 
Pyrimidine metabolism (53) Sb -4.96 -4.45 -3.49 -1.88 -1.43 
Pyrimidine metabolism (53) Ac -5.00 -2.16 0.83 -0.31 -2.16 
Pyrimidine metabolism (52) CCCP -4.06 -3.74 -0.46 -0.61 -1.00 
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Table S3 – Continued. 

KEGG Pathway (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

Reductive carboxylate cycle (CO2 fixation) (13) Sb 1.68 3.06 4.6 5.37 5.46 
Reductive carboxylate cycle (CO2 fixation) (14) Ac 1.65 3.60 3.52 3.71 3.37 
Reductive carboxylate cycle (CO2 fixation) (14) CCCP 4.02 3.33 3.99 1.84 1.44 
Replication and Repair (90) Sb -1.00 -1.06 -1.45 -1.85 -1.76 
Replication and Repair (90) Ac -1.79 0.04 4.22 1.56 -0.50 
Replication and Repair (84) CCCP -2.06 -1.13 0.90 -0.23 1.35 
Ribosome (47) Sb -3.03 -3.71 -3.72 -3.11 -3.11 
Ribosome (56) Ac -12.12 -9.04 -3.42 -4.14 -6.38 
Ribosome (55) CCCP -10.08 -7.05 -4.77 -2.43 -3.18 
Starch and sucrose metabolism (34) Sb -1.91 -0.75 0.62 0.98 0.59 
Starch and sucrose metabolism (36) Ac 0.85 1.90 -0.01 0.18 1.08 
Starch and sucrose metabolism (36) CCCP 5.96 5.56 4.57 2.46 3.86 
Thiamine metabolism (9) Sb 0.33 1.86 3.35 4.33 4.61 
Thiamine metabolism (9) Ac -0.77 0.53 -1.72 0.26 0.16 
Thiamine metabolism (7) CCCP 0.58 1.26 -0.03 -1.66 -0.75 
Translation (111) Sb -3.93 -4.40 -4.39 -4.22 -4.12 
Translation (120) Ac -12.12 -9.28 -2.24 -4.51 -7.62 
Translation (117) CCCP -10.62 -8.10 -5.27 -4.61 -3.66 
Urea cycle and metabolism of amino groups (20) Sb 2.49 -5.44 -2.32 2.09 2.04 
Urea cycle and metabolism of amino groups (19) Ac 5.89 -3.26 -3.92 -5.31 -9.05 
Urea cycle and metabolism of amino groups (18) CCCP -3.83 -4.93 0.01 0.53 -0.43 
Valine, leucine and isoleucine biosynthesis (19) Sb 1.50 1.68 2.04 0.83 0.82 
Valine, leucine and isoleucine biosynthesis (18) Ac 1.82 -0.85 0.16 -0.79 -1.54 
Valine, leucine and isoleucine biosynthesis (19) CCCP -1.38 -1.89 -2.78 -4.62 -3.08 
a Pathways are taken from the Kyoto Encyclopedia of Genes and Genomes database (KEGG) 
(http://www.genome.jp/). Number of ORFs within each group present in the microarray experiments is 
shown in parentheses. 
b The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the KEGG Orthologies that have at least one significant T value (E < 0.05) for at least one 
stress in the analyzed time-course. Significant T values are shown in red (positive) or green (negative). 
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Table S4. Functional categories with significant T values. 

SubtiList functional category (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

1 Cell envelope and cellular processes (872) Sb -6.76 -5.9 -4.09 -2.74 -1.89 
1 Cell envelope and cellular processes (833) Ac -6.08 -4.97 -5.25 -3.5 -2.71 
1 Cell envelope and cellular processes (819) CCCP -1.59 -1.04 -4.2 -6.52 -4.03 
1.1 Cell wall (110) Sb -3.53 -3.37 -3.84 -3.71 -3.48 
1.1 Cell wall (102) Ac -5.19 -3.36 -0.72 -1.90 -1.83 
1.1 Cell wall (98) CCCP -3.31 -1.02 -0.06 0.67 -0.11 
1.2 Transport/binding proteins and lipoproteins (370) Sb -5.19 -5.44 -2.73 -0.88 0.33 
1.2 Transport/binding proteins and lipoproteins (372) Ac -4.83 -2.61 -7.19 -2.59 -1.37 
1.2 Transport/binding proteins and lipoproteins (372) CCCP -0.16 -1.74 -7.77 -12.23 -7.54 
1.4 Membrane bioenergetics (electron transport chain and 
ATP synthase) (74) Sb -1.48 -0.72 0.33 0.83 0.81 

1.4 Membrane bioenergetics (electron transport chain and 
ATP synthase) (74) Ac -1.07 0.97 -0.78 0.47 0.07 

1.4 Membrane bioenergetics (electron transport cha (72) 
CCCP 4.60 5.08 3.29 0.55 -0.02 

1.5 Mobility and chemotaxis (54) Sb -3.36 -2.50 -2.16 -2.00 -1.55 
1.5 Mobility and chemotaxis (53) Ac -2.94 -6.22 1.55 -2.7 -3.96 
1.5 Mobility and chemotaxis (48) CCCP -6.64 -5.51 -1.62 4.66 2.89 
2 Intermediary metabolism (744) Sb 0.64 -0.79 3.63 4.59 5.20 
2 Intermediary metabolism (751) Ac 3.20 3.14 1.74 -1.62 -3.19 
2 Intermediary metabolism (734) CCCP 3.16 0.46 2.93 -3.46 0.87 
2.1 Metabolism of carbohydrates and related molecules 
(256) Sb 0.92 3.11 5.80 5.26 4.61 

2.1 Metabolism of carbohydrates and related molecules 
(260) Ac 6.00 6.56 3.59 3.00 3.39 

2.1 Metabolism of carbohydrates and related molecules 
(256) CCCP 12.43 10.07 9.57 3.62 6.48 

2.1.1 Specific pathways (214) Sb -0.08 1.69 3.88 3.30 2.48 
2.1.1 Specific pathways (215) Ac 6.12 6.77 2.92 2.99 3.81 
2.1.1 Specific pathways (213) CCCP 11.17 8.76 7.72 3.10 5.98 
2.1.3 TCA cycle (17) Sb 2.46 3.48 5.09 5.78 6.55 
2.1.3 TCA cycle (19) Ac 1.49 3.68 5.48 4.72 3.49 
2.1.3 TCA cycle (17) CCCP 2.93 2.97 3.89 1.56 1.54 
2.2 Metabolism of amino acids and related molecules (196) 
Sb 2.54 -3.58 -1.07 0.73 1.33 

2.2 Metabolism of amino acids and related molecules (194) 
Ac 6.50 -1.97 -2.89 -7.32 -9.60 

2.2 Metabolism of amino acids and related molecules (189) 
CCCP -3.80 -6.74 -5.07 -6.95 -3.39 

2.3 Metabolism of nucleotides and nucleic acids (89) Sb -7.79 -7.27 -6.20 -4.67 -3.73 
2.3 Metabolism of nucleotides and nucleic acids (91) Ac -8.10 -0.77 0.66 -0.13 0.01 
2.3 Metabolism of nucleotides and nucleic acids (91) CCCP -6.62 -6.76 -1.12 0.78 0.74 
2.4 Metabolism of lipids (85) Sb 4.5 4.26 4.50 3.5 3.49 
2.4 Metabolism of lipids (87) Ac -1.82 -1.01 -1.38 -1.52 -1.35 
2.4 Metabolism of lipids (82) CCCP -0.28 1.9 1.82 0.09 -1.20 
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Table S4 – Continued. 

SubtiList functional category (no. of ORFs)a T value at time (min)b 
10 20 30 40 50 

2.5 Metabolism of coenzymes and prosthetic 
groups (100) Sb -0.47 1.00 3.28 3.63 4.29 
2.5 Metabolism of coenzymes and prosthetic 
groups (102) Ac -0.94 2.06 3.39 3.07 1.52 

2.5 Metabolism of coenzymes and prosthetic 
groups (99) CCCP 0.51 -0.59 -1.21 -4.87 -2.58 

3 Information pathways (504) Sb 0.25 0.43 -0.49 -1.63 -2.09 
3 Information pathways (503) Ac -7.57 -4.87 0.42 -1.75 -2.95 
3 Information pathways (493) CCCP -6.03 -3.90 -2.42 -0.79 -0.96 
3.5.2 Regulation (212) CCCP 1.33 1.26 -0.19 2.25 1.16 
3.5.2 Regulation (215) Ac 1.17 0.74 -1.37 -0.51 2.01 
3.5.2 Regulation (220) Sb 2.99 4.22 3.63 2.38 1.73 
3.6 RNA modification (24) Ac -5.29 -2.80 -0.28 -0.51 -2.64 
3.6 RNA modification (26) CCCP -3.38 -3.11 -2.45 -2.62 -1.47 
3.6 RNA modification (27) Sb -2.71 -2.64 -2.61 -2.67 -3.02 
3.7 Protein synthesis (89) Sb -3.73 -4.36 -4.23 -3.98 -3.87 
3.7 Protein synthesis (94) CCCP -10.92 -8.07 -4.85 -3.93 -3.07 
3.7 Protein synthesis (98) Ac -12.45 -9.70 -2.32 -4.62 -7.19 
3.7.1 Ribosomal proteins (47) Sb -3.32 -3.85 -3.81 -3.20 -3.27 
3.7.1 Ribosomal proteins (55) CCCP -10.63 -7.27 -4.62 -2.26 -3.02 
3.7.1 Ribosomal proteins (56) Ac -12.77 -9.41 -3.33 -4.01 -6.24 
4 Other functions (295) CCCP 2.52 3.49 3.82 2.83 3.09 
4 Other functions (300) Ac 4.36 4.12 4.71 2.87 2.37 
4 Other functions (321) Sb 4.32 3.48 1.63 0.46 0.33 
4.3 Antibiotic production (33) CCCP 0.9 2.8 3.85 0.19 6.47 
4.3 Antibiotic production (33) Sb 3.00 3.10 3.17 2.06 1.97 
4.3 Antibiotic production (34) Ac 1.34 3.02 3.18 3.10 2.33 
4.4 Phage-related functions (67) CCCP 0.35 0.89 1.48 1.42 1.48 
4.4 Phage-related functions (71) Ac 1.43 1.99 3.19 2.69 2.05 
4.4 Phage-related functions (86) Sb 3.42 4.14 2.61 2.65 1.94 
5.1 From B. subtilis (492) CCCP 2.55 4.20 2.35 4.27 1.58 
5.1 From B. subtilis (499) Ac 4.26 3.32 3.1 4.13 3.99 
5.1 From B. subtilis (519) Sb 2.50 3.67 2.46 2.27 1.73 
6 No similarity (486) CCCP -0.66 -2.84 -1.05 7.09 1.49 
6 No similarity (499) Ac 4.09 0.79 -3.12 0.42 4.23 
6 No similarity (584) Sb 0.39 0.81 -2.37 -2.68 -3.63 
a Functional categories are taken from the SubtiList database (http://genolist.pasteur.fr/SubtiList/). 
Number of ORFs within each group present in the microarray experiments is shown in parentheses. 
b The T values presented here are calculated on the basis of two biologically independent experiments. 
Shown are the functional categories that have at least one significant T value (E < 0.05) for at least one 
stress in the analyzed time-course. Significant T values are shown in red (positive) or green (negative). 
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Table S5. Number of induced or repressed genes unique for each type and combination of weak organic 
acid stress. 
No. (& percentagea) of regulated 
genes unique for: 

time (min)
10 20 30 40 50 

Induced      
KS 90 (78.3%) 67 (70.5%) 59 (65.6%) 86 (71.1%) 93 (73.8%) 
KAc 71 (69.6%) 63 (64.3%) 76 (78.4%) 61 (70.9%) 58 (67.4%) 

CCCP 122 
(89.7%) 97 (77.0%) 83 (78.3%) 73 (76.8%) 67 (75.3%) 

KS & KAc 19 (9.8%) 15 (8.6%) 14 (8.1%) 18 (9.6%) 18 (9.4%) 
KAc & CCCP 8 (3.5%) 16 (7.8%) 6 (3.1%) 5 (2.9%) 7 (4.2%) 
CCCP & KS 2 (0.8%) 9 (4.3%) 16 (8.9%) 15 (7.5%) 12 (6.0%) 
KS & KAc & CCCP 4 (1.3%) 4 (1.5%) 1 (0.4%) 2 (0.8%) 3 (1.2%) 
Repressed      
KS 49 (74.2%) 36 (45.6%) 52 (59.1%) 47 (58.8%) 54 (64.3%) 
KAc 54 (65.9%) 52 (53.6%) 50 (56.8%) 69 (71.9%) 67 (70.5%) 
CCCP 49 (70.0%) 52 (57.8%) 64 (64.0%) 61 (74.4%) 78 (72.9%) 
KS & KAc 9 (6.8%) 16 (11.3%) 14 (9.2%) 15 (9.9%) 9 (5.7%) 
KAc & CCCP 13 (9.8%) 11 (7.0%) 14 (8.5%) 3 (1.8%) 8 (4.4%) 
CCCP & KS 2 (1.6%) 9 (6.3%) 12 (7.2%) 9 (6.3%) 10 (5.9%) 
KS & KAc & CCCP 6 (3.3%) 18 (9.3%) 10 (4.6%) 9 (4.2%) 11 (4.6%) 
a For clarity: the 90 genes uniquely upregulated by KS at 10 min is 78.3% of all genes upregulated by KS 
at 10 min (90+19+2+4=115 genes). The 2 genes uniquely upregulated by only KS and CCCP at 10 min is 
0.8 % of all genes upgerulated by KS and CCCP (90+122+19+8+2+4=245 genes), etc. 
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Fig. S1. Hierarchical clustering of genes significantly and uniquely regulated by KS and KAc. All 104 
genes showing significant expression only during KS and KAc treatment were hierarchically clustered. 
Log2 ratios are displayed colourimetrically, ranging from -4.7 to +4.7. See the legend of Fig. 4.4 for 
details. 
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Fig. S2. Hierarchical clustering of genes significantly and uniquely regulated by KAc and CCCP. All 85 
genes showing significant expression only during KAc and CCCP treatment were hierarchically clustered. 
Log2 ratios are displayed colourimetrically, ranging from -3.6 to +3.6. See the legend of Fig. 4.4 for 
details. 
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Fig. S3. Hierarchical clustering of genes significantly and uniquely regulated by CCCP and KS. All 56 
genes showing significant expression only during CCCP and KS treatment were hierarchically clustered. 
Log2 ratios are displayed colourimetrically, ranging from -5.4 to +5.4. See the legend of Fig. 4.4 for 
details. 
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KS
10   20   30   40   50

Gene Gene Gene 
1 acpA 81 yojF 161 csbB
2 sigL 82 yobS 162 ycnC
3 yozA 83 ybaK 163 yokF
4 ylmA 84 yqxH 164 rsiX
5 punA 85 ydgI 165 glmS
6 tnrA 86 ydiM 166 yitT
7 yhaX 87 yheJ 167 ydfA
8 yflP 88 yoqC 168 speA
9 yfiR 89 yqcK 169 speB

10 yuiD 90 yrzA 170 yukA
11 yoaP 91 bcd 171 yusO
12 yulE 92 bkdB 172 yheI
13 ywkB 93 ptb 173 yhgE
14 goxB 94 veg 174 yhgD
15 thiF 95 bkdAB 175 yrdB
16 yjbV 96 ytxM 176 pucB
17 ndk 97 gcvPA 177 yueC
18 pheS 98 gcvT 178 spoIIGA
19 ylmB 99 yojK 179 yczC
20 tenI 100 yobR 180 yukC
21 tenA 101 yqhQ 181 yrhC
22 thiS 102 yfnC 182 ycdF
23 yrhG 103 ylaF 183 ycdG
24 comEC 104 yrhF 184 ydaS
25 xsa 105 yqhH 185 yfhO
26 ygaJ 106 ydhB 186 yqhA
27 yvfO 107 yxaC 187 ygxB
28 comGC 108 yojE 188 ykoT
29 comGD 109 ywoH 189 dltC
30 yteP 110 thiC 190 dltD
31 yteQ 111 adaA 191 pbpX
32 pstC 112 cotG 192 dltE
33 yomQ 113 ytkC 193 ykrT
34 yozC 114 yorS 194 ycdA
35 yhfH 115 yomX 195 yheH
36 ykuN 116 yoqL 196 glnP
37 glnH 117 ywrD 197 ptsG
38 yfmC 118 gerPE 198 pyrE
39 ykvJ 119 exuT 199 ywbL
40 yetG 120 gerPF 200 ytcA
41 fabI 121 yocL 201 padC
42 yceK 122 yxiT 202 yhzC
43 ycgE 123 ydjP 203 yxkJ
44 ycgF 124 yotC
45 ycgG 125 ydjC
46 ywoG 126 yezD
47 yurP 127 yrdD
48 kapB 128 yfiE
49 kinB 129 ydeT
50 yezE 130 yojI
51 ydaB 131 yhaK
52 yfmO 132 ykvE
53 yomR 133 yxkH
54 gabP 134 yobH
55 ytzB 135 yqcA
56 pepT 136 ydeE
57 yhfD 137 yhcF
58 xlyB 138 yrkK
59 ynzB 139 ydjI
60 yyaT 140 yqfB
61 yqbP 141 ywoA
62 pgk 142 yknY
63 ywaF 143 yvaX
64 yndB 144 yorZ
65 yobU 145 ywoD
66 sacV 146 nasA
67 xtrA 147 bmr
68 ybbE 148 tuaD
69 xtmB 149 ykoL
70 yjbX 150 yjgD
71 yobT 151 yvgT
72 yomS 152 yrrD
73 ybfM 153 rnpA
74 ykkB 154 truB
75 yqbL 155 expZ
76 yycE 156 gid
77 groES 157 sacB
78 ywaE 158 yhaJ
79 spoVG 159 ycdH
80 yesE 160 yotJ

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S4. Hierarchical clustering of genes significantly and uniquely regulated by KS. All 203 genes 
showing significant expression only during KS treatment were hierarchically clustered. Log2 ratios are 
displayed colourimetrically, ranging from -3.61 to +3.61. See the legend of Fig. 4.4 for details. The gene 
names are depicted next to the cluster. Significantly induced and repressed genes are shown in yellow 
and blue, respectively. 
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KAc
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Gene Gene Gene 
1 abrB 81 sda 161 msrA
2 ycbK 82 pyrAA 162 ywfC
3 yfmM 83 pyrK 163 yvoA
4 yheA 84 ylxR 164 yhfW
5 yncC 85 ybcC 165 sspF
6 yddR 86 ybcD 166 yitF
7 ydfH 87 ybcF 167 ydaF
8 yoaF 88 ybcI 168 yxaB
9 acpS 89 ybcH 169 ypbQ

10 yktD 90 addA 170 spoIIAA
11 yvhJ 91 rsbR 171 yfjP
12 ywmB 92 ybfO 172 yojB
13 yabP 93 mobA 173 ylaE
14 aroD 94 ykqA 174 yqxI
15 cmk 95 xhlB 175 yshB
16 fliY 96 mutS 176 aldX
17 flhA 97 yqbE 177 yfkS
18 rpmJ 98 melA 178 gpr
19 yqeL 99 sspJ 179 yugS
20 cgeE 100 ppsE 180 yuzA
21 rpsK 101 ybbA 181 yvgL
22 ebrB 102 ycgT 182 yxnA
23 rpmB 103 yhcZ 183 nhaX
24 yhgB 104 yisB 184 yfhM
25 epr 105 yitB 185 ppsA
26 ybdD 106 sigE 186 radA
27 yurH 107 yozK 187 ydaG
28 mcpB 108 yddA 188 ydaP
29 spsI 109 rnr 189 ydaT
30 tlpB 110 yisU 190 yoxC
31 yyaE 111 xkdB 191 yfmA
32 gerPC 112 yxeK 192 yuxL
33 ydhP 113 guaC 193 narK
34 yomN 114 ybxH 194 yclD
35 yoqI 115 yhaY 195 csbD
36 lytR 116 ytlI 196 csgA
37 yhjR 117 yopV 197 gspA
38 sfp 118 yorB 198 ybyB
39 mscL 119 yosV 199 yflT
40 yfjT 120 aprX 200 yeeK
41 yhdY 121 ybaC 201 nagP
42 slp 122 ytmJ 202 ycgB
43 apt 123 odhB 203 yopN
44 ypsC 124 yvbF 204 yneE
45 trmU 125 opuCB 205 yflD
46 ykvK 126 ycnL 206 yopM
47 yjcD 127 ppsD 207 yclC
48 ykaA 128 yngF 208 yesT
49 pyrG 129 bcsA 209 ykzD
50 rpsD 130 splB 210 ysbA
51 yojH 131 ynxB 211 fabHA
52 ykvL 132 splA 212 gabT
53 yqeV 133 yvcT 213 pdhA
54 yrrO 134 yddJ 214 pdhB
55 yocC 135 kdgK 215 pdhC
56 atpH 136 yjbB 216 alsD
57 birA 137 ylaL 217 alsS
58 hemN 138 yitW 218 ykoJ
59 yflE 139 yutH
60 ywqB 140 yomP
61 ytqB 141 yclB
62 ffh 142 yvfW
63 ylxM 143 yflB
64 rpsG 144 ymaH
65 rpsN 145 yndL
66 yqeT 146 yojM
67 lmrB 147 kduD
68 rpsP 148 ykwC
69 rplL 149 sdhA
70 ylbN 150 tdh
71 ylpC 151 cotP
72 nrdF 152 yecA
73 yhdO 153 yraO
74 yybF 154 upp
75 yhfR 155 ypzC
76 yqeC 156 ytmK
77 yjcI 157 yhcN
78 yjcJ 158 moaB
79 yoaD 159 yceG
80 fhuB 160 ydbC

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S5. Hierarchical clustering of genes significantly and uniquely regulated by KAc. All 218 genes 
showing significant expression only during KAc treatment were hierarchically clustered. Log2 ratios are 
displayed colourimetrically, ranging from -6.48 to +6.48. See the legend of Fig. 4.4 for details. The gene 
names are depicted next to the cluster. Significantly induced and repressed genes are shown in yellow 
and blue, respectively. 
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CCCP
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Gene Gene Gene Gene Gene 
1 abfA 81 ypqE 161 yonU 241 yfnA 321 yfiZ
2 malL 82 yqgY 162 ypfB 242 opuBA 322 fhuG
3 yvfM 83 sigV 163 mta 243 ribA 323 hutP
4 pmi 84 sodA 164 yycD 244 ribH 324 yusV
5 yvdK 85 yjbC 165 yoaN 245 ggaA 325 ykzH
6 yfhD 86 ykvS 166 ybdN 246 yxjG 326 ylmC
7 yycO 87 ypuD 167 ykyA 247 ybgF 327 yxeQ
8 yycP 88 glpQ 168 yvnA 248 wprA 328 yxeO
9 pksJ 89 ybcL 169 pksD 249 ylqB 329 ydcM

10 yfiF 90 yfmQ 170 yezA 250 yuaG 330 lytC
11 ypeB 91 yisI 171 yorE 251 ask 331 ylxQ
12 ycgI 92 prsA 172 yxiC 252 pspA 332 yabE
13 yisQ 93 yjdB 173 yjdH 253 recO 333 yozJ
14 yqbJ 94 ykoB 174 yonR 254 yqfU 334 yrdK
15 ysnF 95 ynfE 175 yrzI 255 bioF 335 yqfS
16 yqaQ 96 yneT 176 yqxM 256 bioW 336 ytrA
17 ytmN 97 yomL 177 yxiB 257 yugK 337 purB
18 pdp 98 yukE 178 yoaQ 258 yhfQ 338 purC
19 rbsK 99 yvrL 179 ydcN 259 yoaG 339 purK
20 uxaC 100 fbaB 180 yuaB 260 ilvC 340 purQ
21 abnA 101 yrbE 181 ywqI 261 ycgH 341 ytrB
22 yesM 102 ybaL 182 pksM 262 yufN 342 ribE
23 yngA 103 sigM 183 yosG 263 ywjA 343 sacA
24 acoC 104 ywnF 184 yorF 264 ywrA 344 ydaO
25 yheD 105 ylaC 185 yorM 265 yitP 345 yvkC
26 pgcM 106 yukJ 186 yosX 266 yoqS
27 yrhK 107 malP 187 bhlA 267 yvdC
28 yqaB 108 treA 188 yoaW 268 fruR
29 yqjN 109 yacA 189 ctpA 269 xkdJ
30 ybeF 110 yfiH 190 tasA 270 ywcJ
31 ycsA 111 yfhJ 191 yppF 271 yngH
32 yteT 112 yoxD 192 yjhA 272 ydiP
33 ywrK 113 ymaD 193 yoqM 273 yomU
34 csn 114 gabD 194 ydjN 274 yqbO
35 pelB 115 maf 195 yvcE 275 spoVAA
36 xynD 116 yacK 196 flgB 276 yfiL
37 pksF 117 yvgN 197 fliE 277 lysA
38 ytdP 118 yhfK 198 ydcH 278 yclM
39 pksG 119 iolD 199 lytF 279 yxkC
40 ywcI 120 yceB 200 ybdO 280 yktA
41 ctaE 121 iolI 201 yopS 281 yopX
42 yurK 122 qcrB 202 yubF 282 yteJ
43 rapG 123 yfiB 203 yqdA 283 ylbO
44 yllB 124 yfmJ 204 pyrC 284 yopP
45 ytnP 125 yxlD 205 yokA 285 nadA
46 spoIIAB 126 manA 206 yvcA 286 yybO
47 srfAC 127 yjiB 207 yvcB 287 proJ
48 ykpC 128 yfiI 208 ywqJ 288 ykkC
49 yocA 129 yhdL 209 ydcG 289 yopJ
50 yraK 130 ywjE 210 ydcF 290 yopF
51 ytmI 131 yrhI 211 yocH 291 ndhF
52 ywnJ 132 yrhJ 212 appB 292 yfhI
53 comS 133 bglP 213 yjbA 293 yqjD
54 srfAB 134 ypbG 214 appC 294 yosU
55 phrC 135 yqiG 215 cwlD 295 ytlA
56 yxeP 136 yqjL 216 ilvA 296 cspB
57 yjbL 137 yrhH 217 ythQ 297 yybL
58 bglA 138 ypuA 218 gltA 298 ydiN
59 licB 139 yxeI 219 yyaK 299 yxkD
60 msmX 140 rbsA 220 trpB 300 yddE
61 iolB 141 rbsB 221 yhjO 301 yopU
62 iolE 142 rbsC 222 yknX 302 yurT
63 iolH 143 idh 223 leuA 303 ycnB
64 iolC 144 ysfC 224 yocS 304 infB
65 yvfH 145 oxdC 225 leuB 305 yflL
66 iolF 146 yvkA 226 yclO 306 ytrC
67 yyzE 147 yvkB 227 nasB 307 ypaA
68 sboX 148 yjoA 228 yufO 308 yjfA
69 dhaS 149 yrkJ 229 ilvD 309 yvqC
70 yfiC 150 yrpD 230 yufP 310 yefC
71 qcrA 151 ysfD 231 yhdG 311 yydI
72 murG 152 ytzE 232 yufQ 312 bioA
73 yuxN 153 bdbB 233 yusU 313 yusQ
74 yhfI 154 ynaB 234 yhjB 314 mntC
75 yhfJ 155 yqbC 235 yddM 315 panD
76 yrzG 156 ctsR 236 aroB 316 nasC
77 yrzF 157 mcsA 237 thrB 317 yckA
78 ywdA 158 yhdX 238 ypuE 318 yrvI
79 nap 159 yjdF 239 coxA 319 bioB
80 yqjG 160 yobF 240 tyrA 320 bioD

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. S6. Hierarchical clustering of genes significantly and uniquely regulated by CCCP. All 345 genes 
showing significant expression only during CCCP treatment were hierarchically clustered. Log2 ratios are 
displayed colourimetrically, ranging from -4.59 to +4.59. See the legend of Fig. 4.4 for details. The gene 
names are depicted next to the cluster. Significantly induced and repressed genes are shown in yellow 
and blue, respectively. Genes that were both induced and repressed during the time-course of the 
experiment are given in green. 
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Fig. S7. Specific combinations of weak organic acids with cerulenin and salt show antagonistic and 
synergistic effects, respectively. The growth of PB2 in defined minimal medium at pH 6.4 was monitored 
in a microtiter plate reader. The closed diamonds indicate the growth of the control experiment (no 
addition of stress). (A) Stress conditions were 25 mM KAc (open diamonds), 5 µg/ml cerulenin (CL) 
(closed triangles), and 25 mM KAc plus 5 µg/ml CL (open triangles). (B) Stress conditions were 0.5 M 
NaCl (open diamonds), 0.85 µM CCCP (closed triangles), and 0.5 M NaCl plus 0.85 µM CCCP (open 
triangles). The OD600 was monitored during 180 min. The values represent the means of three 
measurements, including the standard errors. 
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 Weak organic acids are commonly used food preservatives that protect food products 
from bacterial contamination. A variety of spore-forming bacterial species pose a serious 
problem to the food industry by causing extensive food spoilage or even food poisoning. 
Understanding the mechanisms of bacterial stress response and resistance to food 
preservatives is crucial for combating their growth. The spore-former Bacillus subtilis is one of 
the notorious food spoilers. As a result of over fifty years of research it is also the best 
characterized Gram-positive bacterium, which makes it an excellent model organism. The 
main goal of this study was to gain insight into B. subtilis response and resistance to weak 
organic acids by means of growth measurements, transcriptomics, mutagenesis and 
fluorescent-based intracellular pH measurements. 
 Chapter 1 introduces B. subtilis as a spore-forming bacterium as well as its threat to the 
food industry. The common stress responses of B. subtilis are indicated, including the SigB-
mediated general stress response (GSR), sporulation, stringent response, biofilm formation 
and competence development for genetic transformation. Next, the GSR and sporulation are 
discussed in greater detail. Furthermore, background on weak organic acids is provided 
including the description of their presumed modes of action based on available studies from 
other organisms such as Saccharomyces cerevisiae and Escherichia coli. The antimicrobial 
activity of weak organic acids is related to their ability to uncouple the proton gradient, acidify 
the cytosol, cause osmotic stress by anion accumulation, induce metabolic perturbation by 
inactivation of specific enzymes and, last but not least, disrupt the plasma membrane. Thus, 
the structure and function of the plasma membrane of B. subtilis is introduced with a focus on 
composition and biosynthesis of its lipid and fatty acid components. Finally, the regulation of 
membrane lipid biosynthesis is discussed. 
 In Chapter 2 sorbic acid was shown to cause growth inhibition of exponentially growing B. 
subtilis at various pH values. The growth inhibition appeared to depend mostly, but not solely, 
on the undissociated form of the acid. Moreover, the time-resolved transcriptional response of 
B. subtilis to mild sorbic acid stress was elucidated. Hierarchical clustering and T-profiler 
analysis of the transcriptome data revealed that sorbic acid-stressed cells induce responses 
normally observed in cells that experience a nutrient limitation. This was indicated by the 
strong derepression of the CcpA, CodY, and Fur regulon, the induction of tricarboxylic acid 
cycle genes, SigL- and SigH-mediated genes, and the stringent response. Interestingly, 
competence, sporulation or the GSR was not induced upon sorbic acid stress. However, the 
transcriptional response to this weak organic acid indicated plasma membrane remodelling 
based on upregulation of fatty acid biosynthesis genes and the BkdR regulon. Finally, this 
result was further supported by the increased resistance of B. subtilis to fatty acid 
biosynthesis inhibitor cerulenin upon sorbic acid stress. 
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 In Chapter 3 transposon mutagenesis was utilized to identify mutants with altered 
susceptibility to sorbic acid. Random mutant libraries created in B. subtilis wild-type strain 
PB2 were screened for sorbic acid sensitivity and resistance. Four sensitive and three 
resistant transposon mutants were identified in the screen. All seven mutants were 
subsequently tested for their susceptibility to four different stresses: acetic acid, carbonyl 
cyanide-m-chlorophenyl hydrazone (CCCP), low pH and NaCl. The transposon mutant of 
unknown gene ymfI was shown to be sensitive to all tested stresses. Interestingly, YmfI 
shows high similarity to the essential 3-ketoacyl-(acyl-carrier-protein) reductase, FabG, 
committed to the elongation of fatty acids. The disruption of the unknown gene ymfM, coding 
for a possible transcriptional regulator, led to hypersensitivity for the weak organic acids: 
sorbic- and acetic- acid. This mutant was also found sensitive to low pH and NaCl stress, yet 
not to CCCP. Controlled reduction in the transcription of the downstream gene pgsA, using a 
Pspac-pgsA strain, demonstrated a similar phenotype as for that of the ymfM transposon 
mutant. Essential gene pgsA codes for phosphatidylglycerophosphate synthase and is 
committed to the biosynthesis of the anionic phospholipids: phosphatidylglycerol and 
cardiolipin. Finally, none of the genes identified in this screen were affected exclusively in 
sensitivity to sorbic acid. 
 The comparative physiological and transcriptional analysis of weak organic stresses 
(CCCP, sorbic acid and acetic acid) in B. subtilis was performed in Chapter 4. The 
concentration of each acid that was required to cause a similar growth reduction was shown 
to correlate negatively with their membrane solubility and positively with the concentration of 
the undissociated acid present. The contribution of the anion to growth inhibition was found to 
be most pronounced for CCCP out of all three stresses. The time-resolved microarray 
analysis of B. subtilis treated with sub-lethal concentrations of these weak organic acids 
revealed that all three acids activated transcriptional programs common for experiencing 
nutrient limitation, as demonstrated by derepression of CcpA-regulated genes and the 
induction of the stringent response. Additionally, all three stresses activated diverse 
responses that all indicated an adaptation of the cell envelope. As stated in Chapter 2 sorbic 
acid activated specifically the FapR and BkdR regulons. Conversely, acetic acid was found to 
repress genes regulated by FapR. The stress-specific repression of the YvrH, SigW, and SigX 
regulons was also observed. Interestingly, in contrast to the action of sorbic acid, both CCCP 
and acetic acid were found to induce the GSR. Only CCCP activated the expression of genes 
regulated by SigM and sodA, coding for superoxide dismutase. Finally, acetic acid-stressed 
cells showed a clear metabolic shift to acetate utilization as shown by the strong induction of 
the alsSD genes, acetyl-CoA synthetase acsA, and strong repression of the pdhABCD genes, 
encoding pyruvate dehydrogenase complex. 
 Chapter 5 presents the inducible ‘pH meter’, which was utilized to measure in vivo the 
intracellular pH (pHi) of B. subtilis. The constructed plasmid (pDG148-pHluorin) was utilized to 
test the effect of weak organic acids and hyperosmotic shock on the pHi of B. subtilis. 
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Lowering of the pHi of B. subtilis by the commonly used food preservatives potassium -
sorbate, -acetate, and -benzoate was demonstrated. The uncoupler CCCP and hyperosmotic 
shock induced by NaCl were also shown to confer a decline in pHi. The main drop in pHi 
occurred for all stresses within the first six minutes and no recovery to the control pH value 
was observed during 2 h of stress. The growth inhibition percentage caused by all stresses 
related to the drop in pHi. However, no linear correlation was found, likely due to the buffering 
capacity of the cell. Comparison of the stresses revealed that CCCP gave the highest, and 
hyperosmotic shock the lowest pHi drop. Finally, we determined that a clear threshold value 
of the growth inhibition caused by NaCl was required before inducing a drop in pHi. 
 In Chapter 6 the phenomenon of physiological heterogeneity is introduced in the context 
of outgrowth of bacterial spores. The molecular mechanisms that likely contribute to observed 
heterogeneous behaviour of B. subtilis cells and spores towards the environment are 
discussed. Additionally, factors that influence a cell’s decision to sporulate and those that 
account for spore stress resistance are presented. In general, this work conveys the need for 
single-cell studies for enhancing the mechanistic basis of food preservation and spoilage 
models targeting bacterial spores. 
 Finally, Chapter 7 discusses the results obtained in this thesis and places them in the 
context of the established knowledge on weak organic acids and the recently published data 
on RodZ, a YmfM homologue and essential for maintaining bacterial cell shape. In 
conclusion, weak organic acids acidify the cytosolic pH and induce a generic transcriptional 
response that supports the uncoupling effect by the acids. Furthermore, the plasma 
membrane is an important component in the tolerance to weak organic acid stress. 
Depending on the food preservative used, the membrane is likely disrupted and consequently 
adapted. Finally, suggestions are given for future research. The data presented in this thesis 
can be used to search more specifically for targets in combating B. subtilis and consequently, 
to gain leads for a more general fight against (Gram-positive) bacterial food spoilers.  
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 Zwak organische zuren zijn veelgebruikte conserveringsmiddelen die voedsel 
beschermen tegen bacteriële besmetting. Een verscheidenheid aan soorten van 
sporenvormende bacteriën vormen een groot probleem voor de voedselindustrie, omdat ze 
bederf of zelfs voedselvergiftiging kunnen veroorzaken. Om bacteriegroei te bestrijden is het 
cruciaal om de mechanismen te begrijpen waarmee bacteriën reageren op stress en 
waarmee ze resistentie tegen conserveringsmiddelen ontwikkelen. De sporenvormer Bacillus 
subtilis is een beruchte voedselbederver. Als gevolg van meer dan vijftig jaar onderzoek is 
deze bacterie ook één van de best gekarakterisserde Gram-positieve bacteriën, waardoor het 
een uitstekend modelsysteem is. Het hoofddoel van het in dit proeschrift beschreven 
onderzoek is om meer inzicht te krijgen in hoe B. subtilis reageert op zwak organische zuren 
en hoe het resistentie ontwikkelt, door middel van groeimetingen, ‘transcriptomics’, 
mutagenese en intracellulaire pH metingen op basis van fluorescentie.  
 Hoofdstuk 1 introduceert B. subtilis als een sporenvormende bacterie die een bedreiging 
vormt voor de voedselindustrie. De gebruikelijke reacties van B. subtilis op stress worden 
beschreven, zoals de SigB-gereguleerde algemene stress respons, (ASR), sporulatie, de 
‘stringent’ respons, biofilm vorming en ontwikkeling van competentie voor genetische 
transformatie. Daarna worden de ASR en sporulatie uitgebreider besproken. Vervolgens 
wordt de achtergrond van zwak organische zuren beschreven, evenals hun veronderstelde 
werking, gebaseerd op beschikbare studies van andere organismen zoals Saccharomyces 
cerevisiae en Escherichia coli. De antimicrobiële activiteit van zwak organische zuren is 
gerelateerd aan hun eigenschap om de protongradient te ontkoppelen, het cytosol te 
verzuren, osmotische druk te veroorzaken door accumulatie van anionen, tot metabole 
verstoring te leiden door de inactivatie van specifieke enzymen, en heel belangrijk, het 
plasmamembraan te verstoren. Vervolgens wordt het plasmamembraan van B. subtilis 
besproken met een focus op samenstelling en biosynthese van de lipiden en vetzuren. 
Tenslotte wordt de regulatie van de synthese van membraanlipiden besproken. 
 Hoofdstuk 2 laat zien dat sorbinezuur exponentieel groeiende B. subtilis cellen remt bij 
verschillende pH-waarden. De groeiremming lijkt vooral, maar niet alleen, af te hangen van 
de ongedissocieerde toestand van het zuur. Vervolgens wordt de tijdsopgeloste 
transcriptionele respons van B. subtilis op milde stress met sorbinezuur opgehelderd. 
Hiërarchische clustering en T-profiler analyse van de transcriptoom data lieten zien dat cellen 
onder stress van sorbinezuur reageren alsof ze een beperking in voedingstoffen ervaren. Dit 
werd duidelijk door de sterke derepressie van de CcpA, CodY en Fur regulonen, de inductie 
van tricarboxylzuurcyclusgenen, SigL- en SigH-gereguleerde genen en de ‘stringent’ respons. 
Het is interessant dat competentie, sporulatie en de ASR niet geactiveerd werden door 
sorbinezuur stress. Toch wijst de transcriptionele reactie op dit zwak organische zuur in de 
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richting van het hermodeleren van het plasmamembraan, gebaseerd op het induceren van 
vetzuur biosynthese genen en het BkdR regulon. Tenslotte werd dit resultaat verder 
ondersteund door de toegenomen resistentie van B. subtilis tegen de vetzuur biosynthese 
remmer cerulenine na blootstelling aan sorbinezuur stress. 
 In Hoofdstuk 3 werd transposon mutagenese gebruikt om mutanten met veranderde 
gevoeligheid voor sorbinezuur te identificeren. In de screening werden vier gevoelige en drie 
resistente transposon mutanten geïdentificeerd. Alle zeven mutanten werden vervolgens 
getest op hun goevoelighed voor vier verschillende soorten stress: azijnzuur, carbonyl 
cyanide-m-chlorophenyl hydrazon (CCCP), lage pH en NaCl. De transposon mutant van het 
onbekende gen ymfl bleek gevoelig voor alle geteste soorten stress te zijn. Het is opvallend 
dat Ymfl erg lijkt op het essentiële eiwit 3-ketoacyl-(acyl-carrier-protein) reductase, FabG, dat 
vetzuren verlengt. De verstoring van het onbekende gen ymfM, dat codeert voor een 
mogelijke transcriptionele regulator, leidde tot overgevoeligheid voor de zwakke organische 
zuren azijnzuur en sorbinezuur. Deze mutant bleek ook gevoelig voor stress door lage pH en 
NaCl, maar was niet gevoelig voor CCCP. Gecontroleerde afname van de transcriptie van het 
‘downstream’ gen pgsA, in een Pspac-pgsA stam, liet een vergelijkbaar fenotype zien als dat 
van de ymfM transposon mutant. Het essentiële gen pgsA codeert voor 
fosfatidylglycerofosfaat synthase dat betrokken is bij de biosynthese van de negatief geladen 
fosfolipiden fosfatidylglycerol en cardiolipine. Tenslotte heeft deze screening geen enkel gen 
geïdentificeerd dat alleen gevoelig is voor sorbinezuur. 
 Een vergelijkende fysiologische en transcriptionele analyse van de stress die CCCP, 
sorbinezuur en azijnzuur in B. subtilis veroorzaakt, is uitgevoerd in Hoofdstuk 4. De 
concentratie van elk zuur welke resulteerde in een vergelijkbare afname in groei bleek 
negatief te correleren met de oplosbaarheid van het zuur in het membraan, en positief te 
correleren met de concentratie van het ongedissocieerde zuur. De bijdrage van het anion aan 
de groeiremming was het meest uitgesproken voor CCCP van alledrie de soorten stress. De 
tijdsopgeloste microarray analyse van B. subtilis, behandeld met sublethale concentraties van 
deze zwak organische zuren, liet zien dat alledrie de zuren transcriptionele programma’s 
activeren die gebruikelijk zijn wanneer de hoeveelheid voedingsstoffen gelimiteerd is. Dit is te 
zien aan de derepressie van CcpA-gereguleerde genen en de inductie van de ‘stringent’ 
respons. Bovendien, alle drie de soorten stress activeerden diverse reacties die allen wijzen 
op aanpassing van de celenvelop. Zoals gesteld in Hoofdstuk 2 is het sorbinezuur dat 
specifiek de FapR en BkdR regulonen activeert. Daarentegen bleek azijnzuur genen te 
onderdrukken die gereguleerd worden door FapR. Een stress-specifieke repressie van de 
YvrH, SigW en SigX regulonen werd ook waargenomen. Het is interessant dat zowel CCCP 
als azijnzuur de ASR induceerden, in tegenstelling tot sorbinezuur. Alleen CCCP activeerde 
de expressie van SigM gereguleerde genen en sodA, een gen dat codeert voor superoxide 
dismutase. Tenslotte, cellen die gestresst werden met azijnzuur lieten een duidelijke 
metabole verschuiving zien naar het gebruiken van acetaat. Dit proces was vooral te zien aan 
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de sterke inductie van de alsSD genen, acetyl-CoA synthetase acsA, en de sterke repressie 
van de pdhABCD genen, coderend voor het pyruvaat dehydrogenase complex. 
 Hoofdstuk 5 presenteert de induceerbare ‘pH meter’, die gebruikt werd om de 
intracellulaire pH (pHi) van B. subtilis in vivo te meten. Het geconstrueerde plasmide 
(pDG148-pHluorin) werd gebruikt om de effecten op de pHi van B. subtilis van zwak 
organische zuren en een hyperosmotische schok te testen. Verlaging van de pHi van B. 
subtilis door de algemeen gebruikte conserveringsmiddelen kaliumsorbaat, kaliumacetaat en 
kaliumbenzoaat (KB) werd gedemonstreerd. De ontkoppelaar CCCP en de hyperosmotische 
schok geïnduceerd door NaCl bleken ook een afname in pHi te veroorzaken. De belangrijkste 
afname in pHi gebeurde binnen zes minuten na blootstelling aan alle soorten stress. De 
controlewaarde van de pH werd niet meer bereikt tijdens twee uur van stress. Het percentage 
groeiremming veroorzaakt door alle soorten stress relateerde aan de grote afname in pHi. 
Toch is er geen lineaire correlatie gevonden, waarschijnlijk vanwege de buffercapaciteiten 
van de cel. Vergelijking van de soorten stress liet zien dat CCCP voor de hoogste en een 
hyperosmotische schok voor de laagste afname in pHi zorgde. Tenslotte is er aangetoond dat 
er een drempelwaarde nodig is in de groeiremming veroorzaakt door NaCl voordat er een 
afname in pHi plaatsvindt. 
 In Hoofdstuk 6 wordt het fenomeen van fysiologische heterogeniteit geïntroduceerd in de 
context van uitgroei van bacteriële sporen. De moleculaire mechanismen die waarschijnlijk 
bijdragen aan het waargenomen heterogene gedrag van B. subtilis cellen en sporen als 
reactie op de omgeving worden besproken. Eveneens worden factoren gepresenteerd die de 
beslissing van een cel om te sporuleren en die de stressresistentie van sporen beïnvloeden. 
Dit werk laat zien dat er een algemene behoefte is voor ‘single-cell’ studies, om de 
mechanistische basis van voedselconservering en bederfmodellen gericht op bacteriële 
sporen te verbeteren.  
 Tenslotte bespreekt Hoofdstuk 7 de in dit proefschrift verkregen resultaten en plaatst ze 
in de context van de huidige kennis over zwakke organische zuren en de recentelijk 
gepubliceerde data over RodZ, een YmfM homoloog en essentieel om de vorm van de 
bacteriële cel te behouden. Geconcludeerd kan worden dat zwakke organische zuren de 
cytosolische pH verlagen en een generieke transcriptionele respons induceren. Deze respons 
is in overeenstemming met een ontkoppelingseffect van de zuren op het cellulair 
energiemetabolisme. Bovendien is het plasmamembraan een belangrijke component in de 
tolerantie voor zwak organisch zuurstress. Afhankelijk van het gebruikte conserveringsmiddel 
wordt het membraan waarschijnlijk verstoord en vervolgens aangepast. Tenslotte worden 
suggesties voor toekomstig onderzoek gegeven. De in dit proefschrift gepresenteerde data 
kunnen gebruikt worden om specifieker naar doelen te zoeken in de bestrijding van B. subtilis  
en daarmee leads te verkrijgen voor een meer algemene bestrijding van (Gram-positieve) 
bacteriële voedselbedervers. 
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Vasco, Nicole, thank you for being these great everlasting friends everybody needs!  
Dear Ania, my Love! If anything good came out of my PhD, it is you! Thank you so much for 
putting up with me! You must really love me a lot, since I have made our lives very difficult 
these last months. (Or should I say years...?) Most of the times you would hear things from 
me like: ‘It’s all pointless, anyway!’, ‘We’re all going to hell, anyway!’, or ‘I hate everyone!’. 
Although I meant it all, when putting all this BS aside: You’re the best that has ever happened 
to me! 
The last years have been a real struggle. However, I would do it all over again without any 
hesitation. Science is just too great! On the other hand, Ania and Kai, you made me realize 
what is really important in life... 
 
Finally, I am getting my Permanent head Damage! 
 
En nou is het genoeg geweest...... 
Meer dan genoeg! 
 
                 Alex 
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