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Zusammenfassung 

Die Optimierung von Kultivierungsparametern ist entscheidend für effiziente mikrobielle 

Prozesse. Hierbei ist der Einsatz von geschüttelten Hochdurchsatz-Kultivierungssystemen 

in Kombination mit Online-Messtechniken während der initialen Bioprozessentwicklung 

von großer Bedeutung. In dieser Arbeit wurde das Potential von Online-Messtechniken zur 

Bewertung des Wachstums und der Sporulation in Kultivierungen sporulierender Bakterien 

untersucht.  

Ein Schlüsselparameter für hohe Zelldichten ist ein an die Nährstoffanforderungen eines 

Mikroorganismus angepasstes Kultivierungsmedium. Am Beispiel eines industriellen 

Paenibacillus polymyxa Stammes wurde ein chemisch definiertes Medium im Mikrotiter-

plattenmaßstab entwickelt. Dafür wurde eine Methode, die eine systematische 

Vorgehensweise mit der Online-Überwachung der Atmungsaktivität kombiniert, erweitert, 

um Nährstofflimitierungen zu identifizieren. Nach der Verbesserung des Wachstums wurde 

das Medium auf die wachstumsrelevanten Komponenten reduziert. Die Kultivierung mit der 

finalen Medienzusammensetzung wurde in den Labor-Fermentermaßstab transferiert. 

Neben hohen Zelldichten ist die Charakterisierung der Sporulation relevant, um hohe 

Sporenkonzentrationen in Bioprozessen mit sporulierenden Bakterien zu erreichen. Jedoch 

sind konventionelle Methoden zur Bestimmung der Sporenkonzentration aufwendig. Daher 

wurden in dieser Arbeit spektroskopische Techniken zur Online-Überwachung der 

Sporulation von Bacillus subtilis im Komplexmedium im Mikrotiterplattenmaßstab 

angewendet. Eine spezifische Fluoreszenzwellenlänge wurde identifiziert, deren Intensität 

mit der Freilassung der Sporen aus den Mutterzellen korrelierte. Es gibt deutliche Hinweise 

darauf, dass Siderophore diese charakteristische Fluoreszenz verursachen. Die Anwend-

barkeit der Fluoreszenzmessung zur Sporendetektion wurde mit weiteren Bacillus Spezies 

validiert. Die Methode wurde zur Untersuchung des Einflusses der CaCl2-Konzentration und 

der Sauerstoffverfügbarkeit auf die Sporulation von B. subtilis genutzt. Abschließend wurde 

die Übertragbarkeit der Methode auf ein chemisch definiertes Medium gezeigt. 

Die Ergebnisse dieser Arbeit liefern die Grundlage zur effizienten und zuverlässigen 

Optimierung von Bioprozessen mit sporulierenden Bakterien unter Einsatz von Online-

Hochdurchsatz-Messtechniken. 
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Abstract 

The optimization of cultivation parameters is crucial for efficient microbial processes. 

Therefore, shaken high-throughput cultivation systems combined with online monitoring 

techniques are required in early bioprocess development. In this thesis, the potential of online 

monitoring techniques to evaluate growth and sporulation in cultivations of spore-forming 

bacteria was investigated.  

A key parameter for achieving high cell densities is a tailor-made cultivation medium that 

complies with the specific nutrient requirements of the respective microorganism. A 

chemically defined medium was developed, exemplarily, for an industrial 

Paenibacillus polymyxa strain in microtiter plate scale. For this purpose, a method, 

combining a systematic experimental procedure with online monitoring of the respiration 

activity, was used. The method was extended to identify nutrient limitations. After improving 

the growth, the medium components were reduced to the growth-relevant ones. The 

cultivation with the final medium was transferred from the microtiter plate to the laboratory 

fermenter scale. 

In addition to high cell densities, the characterization of sporulation is relevant to achieve 

high spore concentrations in bioprocesses with spore-forming bacteria. However, 

conventional spore determination methods are laborious. Therefore, spectroscopic 

techniques were applied in this thesis for online monitoring of Bacillus subtilis sporulation 

in microtiter plate cultivations with complex medium. A specific fluorescence wavelength 

was identified. The intensity of this fluorescence wavelength correlated with the release of 

spores from the mother cells. Strong indications demonstrated that siderophores cause this 

characteristic fluorescence. The universality of the fluorescence measurement for spore 

detection was validated with other Bacillus species. In addition, the method was used to 

investigate the influence of the CaCl2 concentration and oxygen availability on the 

sporulation of B. subtilis. Finally, the applicability of the online spore detection method for 

a chemically defined medium was shown. 

The results presented in this work provide the basis for the future usage of high-throughput 

online measurement techniques to optimize cultivations of spore-forming bacteria in a 

reliable and time-efficient manner. 
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1 Introduction 

1.1 Bacillus spores and their characteristics 

Sporulation is a complex biological process triggered under starving conditions in certain 

bacteria [1, 2]. During sporulation, vegetative cells develop dormant endospores [1, 2], in 

the following referred to as spores. Known spore-forming bacteria belong, for example, to 

the genus Bacillus and Clostridium [3]. Bacillus spp. are aerobic or facultative anaerobic, 

gram-positive bacteria with rod-shaped cells and cylindrical, ellipsoidal, or spherical spores 

[4, 5]. The discovery of bacterial spores can be traced back to the 19th century. In 1876, the 

first characterization of Bacillus spores was documented by Ferdinand Cohn [6] and Robert 

Koch [7]. About a century later, the morphological stages of Bacillus sporulation were 

revealed by applying electron microscopy [8]. Over the decades, research on sporulation was 

mainly performed using the model organism Bacillus subtilis [2], as it is well-studied 

regarding its physiology and genetics [9]. The morphological stages of Bacillus sporulation 

are summarized in review articles [2, 10]. The most crucial stages are the following. Under 

starving conditions, vegetative cells start sporulation with an asymmetric cell division. A 

septum is formed, dividing the cell into a larger mother cell and a smaller forespore. The 

next step is the engulfment, a phagocytosis-like process, of the forespore by the mother cell. 

The forespore is then located in the cytosol of the mother cell. Cortex formation and coat 

assembly take place during the development of the mature spore. Subsequently, the mother 

cell lyses, and the mature spore is released into the environment [2, 10]. As soon as 

environmental conditions improve, spores can germinate into vegetative cells [11, 12]. The 

regulation and control of the sporulation process by numerous genes and transcription factors  

is summarized, for example, by Errington [13]. 
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A major characteristic of spores is their resistance to harsh environmental influences such as 

heat, radiation, and exposure to various chemicals [14-16]. This resistance arises from the 

spore’s structure and chemical composition [14-16]. The structure of Bacillus spores from 

the outside to the inside consists of an exosporium (not all Bacillus species), a coat, an outer 

membrane, a cortex, a germ cell wall, an inner membrane, and a spore core [17-19]. For 

example, the spore’s inner membrane is a permeability barrier for chemicals, like 

methylamine [20]. A spore-specific component is dipicolinic acid (pyridine-2,6-dicarboxylic 

acid, DPA), accounting for up to 5-15 % dry weight of the spore [21]. The acid is represented 

in the spore core in a chelate, typically, with calcium (calcium-DPA) in a ratio of about 1:1 

[21-23]. However, DPA can also form complexes with other divalent cations, like copper, 

manganese, and iron [24]. DPA is a major factor that is responsible for the spore’s resistance 

to desiccation [25]. The accumulation of calcium-DPA correlates with a low water content 

in the spore core, which is 28-57 % of the wet weight of the spore core [26, 27]. The high 

wet heat resistance of the spores is mainly attributable to this low water content [27, 28]. 

Further components in the spore core are α/β-type small acid-soluble spore proteins (SASP) 

[29]. Those proteins contribute to the spore’s resistance to heat, desiccation, chemicals, and 

UV radiation by binding on the DNA [30]. Another characteristic of Bacillus spores is that 

they contain almost no high-energy compounds like adenosine triphosphate (ATP) and 

nicotinamide adenine dinucleotide (triphosphate) (NAD(P)H) [31, 32]. This metabolic 

inactivity of the spores, together with their resistance to harsh environmental conditions, 

enable spores to survive long periods in starvation [33, 34].  

There are several fields for biotechnological applications of Bacillus spores [35]. A well-

known application of Bacillus spores are probiotics for human and animal health [36]. A 

further relevant field of application of Bacillus spores is their use as biopesticides in 

agriculture [37, 38]. Biopesticides offer a safer plant protection strategy than chemical 

pesticides, which harbor risks for humans and the environment [37, 38]. After treatment of 

the plant with spore-based biopesticides, the plant is protected from pathogens by various 

modes of action of the germinated Bacillus strains [39]. Those modes of action include, for 

instance, inducing defense mechanisms in the plant [40] and the production of lipopeptides 

[41] and lytic enzymes [42]. Another interesting application of Bacillus spores is self-healing 

of concrete in civil engineering by calcium carbonate precipitation [43]. The usage of spores 
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for self-healing of concrete is advantageous as spores can survive the harsh conditions in the 

cement, like alkaline pH values [43]. Utilizing Bacillus spores as a platform for expressing 

industrial enzymes via spore surface display has become increasingly important [44, 45]. 

Spore surface display is a technology presenting exogenous proteins on the spore surface by 

anchoring them with a spore surface protein [46]. This technology enables simple separation 

of the enzymes from their substrates and improved stability and reusability due to the spore’s 

resistance [45]. Examples of industrial relevant enzymes expressed by Bacillus spores with 

a high stability are the lipase TM1350 from Thermotoga maritima [47] and the D-psicose 3-

epimerase from Clostridium scindens [48]. The spore surface display can also be used in 

vaccine preparation [35]. For example, the expression of the antigen of Salmonella serovar 

Pullorum, OmpC, on the spore surface of B. subtilis as a potential vaccine against Salmonella 

infections was shown by Dai et al. [49]. The broad field of applications shows that nowadays, 

bioprocesses with spore formers are gaining relevance. 

1.2 Paenibacillus polymyxa 

Paenibacillus polymyxa (only remotely related to B. subtilis) is a facultative anaerobic, 

gram-positive spore-forming bacterium with rod-shaped cells and ellipsoidal spores [50]. 

Paenibacillus species formerly belonged to the genus Bacillus, but based on latest sequence 

analysis, a phylogenetically distinct group was created [50]. P. polymyxa is typically found 

in soils and in the rhizosphere of crop plants [51, 52]. The bacterium has several capabilities 

that make the organism a plant growth-promoting rhizobacterium (PGPR) [53-55]. Those 

capabilities include, for instance, the production of siderophores to facilitate iron uptake of 

the plant [56] and the production of the cytokinin isopentenyl adenine for growth stimulation 

of the plant [57].  

P. polymyxa and its products can be used for numerous biotechnological applications [53-

55]. One of those applications is the pathogen control in agriculture [55]. The bacterium 

protects the plant from pathogens through several modes of action [55]. For example, 

P. polymyxa can produce cell-wall degrading enzymes, like proteases [58] and chitinases 

[59]. Further modes of action are the production of antifungal compounds, like fusaricidins 
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[60] and volatile organic compounds (VOCs) [58]. Applications in the pharmaceutical and 

food industry arise from exopolysaccharides with antioxidant and antitumor activities, 

produced by P. polymyxa [61]. Exopolysaccharides of P. polymyxa are also described for 

applications in wastewater treatment by removing metal ions from wastewater [62]. In 

addition, P. polymyxa can produce valuable chemical compounds, like 2,3-butanediol [63, 

64], for applications in the chemical, cosmetic and pharmaceutical industries [65].  

1.3 Small-scale online monitoring techniques 

In-depth process knowledge is substantial for targeted scale-up from laboratory into 

industrial scales. Gaining this process knowledge requires an intensive preliminary small-

scale process characterization and optimization regarding growth and product formation. 

Small-scale online monitoring techniques in shaken cultures are a valuable tool in research 

and development [66]. High-ranking clones [67] and favorable cultivation conditions, like 

medium compositions [68, 69], can be efficiently screened using those techniques. 

Several devices were developed for online monitoring of different cultivation parameters in 

shake flask and microtiter plate (MTP) scale [70-78]. One important parameter is the 

respiration activity. By monitoring the respiration activity, information on the metabolic state 

of the culture, such as on oxygen limitations [79], substrate limitations [80], product 

inhibitions [81], and diauxic growth [82], is obtained. A frequently applied parameter for the 

determination of the respiration activity of aerobic microorganisms is the oxygen transfer 

rate (OTR) [68, 82]. In shake flask scale, the Respiration Activity MOnitoring System 

(RAMOS) is a well-established device for non-invasive monitoring of the OTR [70, 71]. The 

oxygen partial pressure in the head space of each customized shake flask is measured with 

an electrochemical oxygen sensor. The OTR is calculated based on the decrease of the 

oxygen partial pressure due to the respiration of the microorganisms in the measuring phase. 

In addition to the OTR, the carbon dioxide transfer rate (CTR) and respiratory quotient (RQ) 

can be monitored in the RAMOS device in shake flasks [70, 71]. Commercial versions of 

the system are available from Adolf Kühner AG (Birsfelden, Switzerland) or HiTec Zang 

GmbH (Herzogenrath, Germany). For high-throughput, non-invasive OTR determination 



 

 

 

1 Introduction 

 

 

5 

 

 

was implemented for 48-well MTPs (µRAMOS) [73]. Due to the miniaturized dimensions, 

the wells of the MTP cannot be equipped with electrochemical oxygen sensors. Instead, the 

µRAMOS device measures the oxygen partial pressure in the head space of each well via 

fluorescence quenching by applying fluorescence sensor spots in for each well. Optical fibers 

for each well transmit the signal from the well to the oxygen measuring device via an optical 

multiplexer [73]. To further increase the throughput, the micro(µ)-scale Transfer rate Online 

Measurement device (µTOM) was developed, which allows the non-invasive determination 

of the OTR in 96-well plates [74]. 

Apart from the OTR measurement, other relevant parameters such as the dissolved oxygen 

tension (DOT), pH, scattered light, and fluorescence can be measured to monitor a 

cultivation. Applying devices based on optical measurement techniques allow for the non-

invasive detection of these parameters without interrupting the cultivation [72, 75, 76, 78]. 

For example, the Cell Growth Quantifier (Aquila Biolabs, Baesweiler, Germany) monitors 

biomass formation in shake flasks, based on backscattered light measurement through the 

shake flask bottom using a sensor plate [78]. The application of fluorescence dyes as sensor 

spots in shake flasks allows for monitoring of the pH and DOT of microorganisms (Sensor 

Flask and SFR vario, PreSens, Regensburg, Germany). In addition, sensor spots for pH and 

DOT measurement can be integrated in MTPs [83, 84]. As a high-throughput system, the 

BioLector (commercialized by m2p labs, now part of Beckmann Coulter GmbH, Krefeld, 

Germany, for example BioLector I) detects non-invasively the scattered light and 

fluorescence through the transparent bottom in each well of a continuously shaken MTP [72, 

75]. Further, pH and DOT can be monitored in the BioLector using MTPs with fluorescence 

sensor spots (m2p labs, part of Beckmann Coulter GmbH, Krefeld, Germany). In the 

BioLector, an optical fiber bundle transmits the excitation and emission light between the 

well of the MTP and a fluorescence reader [72, 75]. During the cultivation, a x-y-positioning 

device moves the optical fiber bundle under the MTP from well to well [72, 75]. The 

commercial versions use an optical filter module system. To allow for individual selection 

of the wavelength combinations, a BioLector variant using a spectrometer with 

monochromators instead of a filter module system was developed [76]. Suitable wavelength 

combinations can be determined beforehand using 2D fluorescence spectroscopy [85, 86]. 

With the fluorescence measurement in the BioLector, a wide variety of fluorophores can be 
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monitored, such as the intracellular fluorescence of NADH [72, 75]. In addition, for 

example, prodigiosin production of Pseudomonas putida [85] and pigment formation of 

Streptomyces coelicolor [87] were successfully detected via fluorescence in the BioLector. 

Scattered light is a commonly used parameter for monitoring biomass formation [75]. In 

addition, scattered light measurement can uncover morphological changes [88, 89]. To 

increase the information obtained from cultivations, the BioLector technology and the 

µRAMOS technology can be combined for measuring the OTR, scattered light and 

fluorescence within one device (µRAMOS/BioLector combination) [77].  

1.4 Objectives and overview 

For efficient processes with spore-forming bacteria, intensive preliminary process 

optimization is necessary to gain in-depth knowledge about the cultivation behavior and the 

dedicated nutritional requirements of a production strain. To keep the process optimization 

as fast and simple as possible, online monitoring techniques in high-throughput screenings 

are promising. Thus, this thesis tests the applicability of different small-scale online 

monitoring techniques in cultivations of spore-forming bacteria to assess growth and 

sporulation. 

The composition of the cultivation medium is a crucial parameter for optimal growth and 

product formation of microorganisms [90-92]. Most cultivation protocols of the spore-

forming bacterium P. polymyxa are based on complex media, yet [63, 93-95]. However, 

complex media have the disadvantage of an inconsistent fermentation performance, mainly 

due to the varying composition of undefined components such as soy flour or yeast extract 

[96-99]. Therefore, chemically defined media are favored, but they often result in lower 

growth rates, cell densities, and product yields [100-102], making use of these media in 

industry often not economically viable. Also, the development of chemically defined media 

is often much more time-intensive compared to the application of nutrient-rich complex 

media. The objective of chapter 2 was to identify nutrient limitations for growth in a 

chemically defined medium by extending a medium optimization method, which is based on 

a systematic procedure combined with online monitoring of the respiration activity in MTPs 
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[68]. The medium development was performed, exemplarily, for an industrially relevant 

P. polymyxa strain. After determining nutrient limitations, the medium components were 

reduced to the growth-relevant ones to diminish the costs and effort of medium preparation. 

The offline parameters optical density (OD), pH, carbon source consumption, and metabolite 

production were measured to verify the results of the respiration activity online monitoring. 

The final medium was transferred to a laboratory fermenter to show the applicability of the 

medium composition at larger scales.  

In addition to achieving high cell densities, the characterization of sporulation is an 

important aspect in optimizing bioprocesses with spore-forming bacteria. Industrial 

processes that aim to produce spores, require high spore concentrations and sporulation 

efficiencies. Spore concentrations are typically determined with laborious methods, like 

agar-plating [103, 104] or microscopy in combination with a counting chamber [105, 106]. 

In chapter 3, a method for online monitoring of Bacillus species sporulation in a complex 

medium was developed by applying spectroscopic techniques to reduce the effort for 

assessing spore concentrations and accelerate process optimization. Therefore, conspicuous 

wavelength combinations were screened in the culture broth of the model organism 

B. subtilis. Then, online fluorescence and scattered light measurement by the BioLector 

technology was performed in B. subtilis cultivations. Samples were taken and microscopic 

images were recorded to evaluate the sporulation state and to establish correlations with 

online signals.  

In chapter 4, the online spore detection method of chapter 3 was used to assess influence 

parameters on the sporulation of B. subtilis. As calcium is relevant for the heat resistance of 

B. subtilis spores [107] and known to affect spore concentrations [108-110], the effect of 

additional CaCl2 in the complex medium on B. subtilis sporulation was tested. In the past, 

several studies investigating the influence of oxygen availability on the sporulation of 

Bacillus species were performed in fermenter scale [111-114]. Hence, the experimental 

throughput is limited. Therefore, the aim of chapter 4 was to assess the influence of the 

oxygen availability on B. subtilis sporulation in-depth in small-scale to allow multiple 

parallel conditions. Finally, the applicability of the online spore detection method for a 

chemically defined medium was studied in chapter 5.
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2 Development of a chemically defined medium for 

Paenibacillus polymyxa by parallel online monitoring 

of the respiration activity in microtiter plates 

2.1 Introduction 

Finding suitable process parameters for growth of microorganisms and product formation in 

microbial cultivations is essential to achieve high product yields. One crucial parameter is 

the composition of the cultivation medium [90-92]. Often, media containing complex 

nutrient sources such as yeast extract, meat extract, peptone, and soy flour are applied [117] 

due to several reasons: It is well known that adding complex components to cultivations 

leads to high productivities [93]. Furthermore, media recipes are easy-to-use, due to the 

nutrient-rich composition of complex components. For example, yeast extract contains many 

nutrients such as carbohydrates, amino acids, peptides, vitamins, growth factors, and trace 

elements [117]. In contrast to those advantages, the varying composition of complex 

components often results in an inconsistent fermentation performance [96-98]. Klotz et al. 

showed the impact of different compositions of yeast extract and peptone from various 

manufacturers on lactic acid concentrations and productivity of Sporolactobacillus inulinus 

[97]. Furthermore, the composition of soy flour and soy meal is influenced by the soybeans’ 

origin, climate and soil [118] and by their processing methods [119, 120]. Additionally, 

varying compositions of soy flour were shown over eight years in a single manufacturing 

plant [99]. 

To overcome these disadvantages of complex media, the application of chemically defined 

media is favorable. Chemically defined media are already used in various investigations, 
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such as in studies of recombinant protein production [121], cell morphology [122], and 

metabolic engineering [123]. The advantages of chemically defined media were summarized 

by Zhang and Greasham [124]. As an example, these media can ensure a more reproducible 

fermentation performance explicitly due to the chemically defined composition. 

Furthermore, the media components usually are less sensitive to sterilization conditions, in 

contrast to complex components. Additionally, downstream processing is often simplified, 

as those media typically do not contain insoluble components, proteins or other cellular 

compounds [124]. However, cell densities and product yields are often lower in chemically 

defined media than in complex media [100, 101]. In addition, growth rates are often reduced, 

compared to complex media [101, 102]. Microorganisms need to synthesize various cellular 

building blocks on their own, when they are not supplied in the medium [124]. Growth in a 

chemically defined medium is not possible at all, if microorganisms exhibit auxotrophies 

and the required nutrient is not added to the medium [68]. In contrast to complex media, 

which can balance nutritional limitations, a significant challenge of applying a chemically 

defined medium is to identify the nutrients that the organisms need for high growth rates and 

product formation [124]. Nutrient requirements and necessary concentrations of nutrients 

need to be determined to achieve comparable or higher growth rates, cell densities and 

product yields than in complex media [100, 101, 125]. Additionally, adding unnecessary 

medium components or components in excess increases costs. As the specific demand for 

nutrients of microorganisms or strains varies, time-intensive medium optimization is 

necessary. 

To identify and optimize suitable cultivation media, various techniques are established and 

were summarized by Singh et al. [126]. One classical method is the one-factor-at-a-time 

(OFAT) method. The technique is known to be easy to use, as only one factor is modified, 

while all other factors are not changed. Moreover, for analysis, no statistical programs are 

needed [126]. The method was applied by various groups for medium development [127-

129]. 

Due to laborious experiments and lack of information about correlations between 

experiments or changed parameters, many other methods were established to optimize 

fermentations [126, 130]. Statistical methods are applied for medium development [100, 
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131, 132] and optimization of other crucial parameters, such as pH, temperature, and 

agitation rate [100, 131, 133]. By varying more than one component at a time and planning 

experiments strategically, process development is performed more efficiently than with 

classical methods, because the number of experiments can be reduced [126]. However, 

drawbacks of those methods are limitations due to a rigidly defined space for parameters to 

be investigated and local optima [134]. 

Müller et al. presented a method, which was used to identify auxotrophies for a Bacillus 

pumilus strain in a chemically defined medium [68]. A systematic experimental procedure 

combined with online monitoring of the OTR as indicator for metabolic behavior was 

applied. A nutrient-rich chemically defined medium, called complete modified Poolman 

medium, was used as starting point. The complete modified Poolman medium was based on 

a medium developed for Lactobacillus bacteria [135] and the V3 mineral medium, typically 

used for Bacillus species [136]. Auxotrophies were identified and medium components were 

reduced to essential ones by grouping the nutrients. Due to the combination with online 

techniques to monitor the respiration activity, no labor-intensive offline analysis of samples 

was necessary. However, the applicability of the method to identify growth limitations was 

not considered as nutrient concentrations were not investigated [68]. Lapierre et al. 

investigated the nutrient requirements for Sporosarcina pasteurii [69], using the systematic 

method developed by Müller et al. [68]. Essential nutrients and growth limitations were 

identified by systematically omitting or increasing nutrient groups [69]. As an alternative, 

online monitoring based on scattered light was performed instead of online monitoring of 

the OTR [69]. Biomass online monitoring via scattered light measurement can be influenced 

by cell morphology [137]. Therefore, changes in cell geometry due to sporulation of spore-

forming microorganisms might affect the scattered light measurement. 

Nutrient requirements of the spore-forming bacterium P. polymyxa are not well known as 

most cultivations are performed in complex media [63, 93-95]. To our knowledge, only few 

mineral media, which were initially developed for other microbial strains, were used in the 

past for the cultivation of P. polymyxa. For example, Adlakha et al. cultivated P. polymyxa 

in a minimal medium adapted from Schepers et al. with 5 g/L glucose [138, 139]. Alvarez et 

al. used a chemically defined medium described in von der Weid et al. to investigate 
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extracellular proteolytic enzyme production [140, 141]. However, none of those studies 

describes, which nutrients are essential for growth or enhance growth. 

This study’s objective was to extend the systematic medium optimization method in 

combination with the µRAMOS technique [68] to identify growth limitations in chemically 

defined media, exemplarily for an industrial P. polymyxa strain. This strain was generated 

by random-mutagenesis of a wild-type isolate and designated as P. polymyxa JG1. In 

addition, the efficiency of the method of Müller et al. to reduce medium components [68] 

was confirmed. To best of our knowledge, this study is the first-time report of developing a 

defined medium for the industrially relevant P. polymyxa strain by using this medium 

optimization method. A screening procedure for P. polymyxa was established in MTPs and a 

reproduction of the cultivation in a laboratory fermenter was performed. The respiration 

activity of P. polymyxa showed good comparability in the µRAMOS and fermenter. 

2.2 Materials and Methods 

2.2.1 Microbial strain 

The cultivations were performed with a P. polymyxa strain, which was obtained from BASF 

SE (Ludwigshafen am Rhein, Germany). This strain was generated by random-mutagenesis 

of a wild-type isolate, in order to abolish the production of the human last-line antibiotic 

polymyxin, without affecting growth and sporulation. The strain was designated as 

P. polymyxa JG1. Further information is available from BASF SE (Ludwigshafen am Rhein, 

Germany) on request. 

2.2.2 Cultivation media 

A complex medium was used for pre-cultures. The composition of the medium is listed in 

Table 2-1. 
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Table 2-1: Composition of pre-culture and main-culture complex medium. 

The pre-culture complex medium contains 60 g/L maltose, and no buffer was used. The main-

culture complex medium, called Paenibacillus polymyxa (Pbp) complex medium, contains 

120 g/L maltose syrup instead of 60 g/L maltose, and additionally 0.1 M MES buffer. The letters 

in brackets indicate which components were prepared together in a stock solution. 3.21 g/L citric 

acid was added to the medium by the stock solution marked with (a) and 0.4 g/L was added by the 

stock solution marked with (c) to the final medium. 

Ingredients  Concentration in 

the medium              

[g/L] 

Main components   

Maltose (Maltose syrup)  60 (120) 

Citric acid ‧ H2O (a, c) 3.61 

K2HPO4 (a) 1 

(NH4)2SO4 (a) 1.07 

MgSO4 ‧ 7 H2O (a) 1.62 

Yeast extract (a) 5 

Soy flour (a) 10 

Antifoam (a) 0.2 

Ca(NO3)2 ‧ 4 H2O  0.342 

Vitamins   

Thiamin HCl (b) 0.005 

Nicotinic acid (b) 0.005 

Riboflavin (b) 0.0002 

Biotin (b) 0.00005 

Calcium pantothenate (b) 0.001 

Pyridoxine HCl (b) 0.005 

Vitamin B12 (b) 0.00005 

Lipoic acid (b) 0.00005 

Trace elements   

MnSO4 ‧ H2O (c) 0.013 

CuSO4 ‧ 5 H2O (c) 0.0046 

Na2MoO4 ‧ 2 H2O (c) 0.0028 

Fe2(SO4)3 ‧ H2O (c) 0.015 

The trace element, vitamin, and Ca(NO3)2 stock solutions were sterilized by filtration 

(0.2 µm). The maltose stock solution was autoclaved at 121 °C for 60 min. The pH of the 

stock solution containing citric acid, K2HPO4, (NH4)2SO4, MgSO4, yeast extract (Bio 

Springer, Maisons-Alfort, France), and soy flour (Sofarine Bic Protein, BiC, BC’s-
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Hertogenbosch, The Netherlands) was checked to be lower than 6.0. Then antifoam (Struktol 

J673, Schill+Silacher “Struktol” GmbH, Hamburg, Germany) was added and the solution 

was autoclaved at 121 °C for 60 min. Immediately before starting the cultivation, all stock 

solutions were combined, and the pH of the medium was adjusted to 6.5 using 25 % (w/w) 

NH3 • aq and 40 % (w/w) H3PO4 solutions. 

Main-cultures were performed in complex or in chemically defined medium. The complex 

medium was the same as for pre-cultures with some modifications and was here called 

Paenibacillus polymyxa (Pbp) complex medium (Table 2-1). This Pbp complex medium 

contained 120 g/L glucose syrup (C✩SweetTM M, Cargill Deutschland GmbH, Krefeld, 

Germany) instead of 60 g/L maltose and additionally 0.1 M 2-(N-morpholino)ethanesulfonic 

acid (MES) buffer. In the study presented herein, the glucose syrup is called maltose syrup. 

It contains around 50 % (w/w) dimeric maltose molecules, 21 % (w/w) maltose oligomers, 

and 2 % (w/w) glucose, resulting in an initial dimeric maltose concentration of around 60 g/L 

in the Pbp complex medium. The pH of the MES buffer stock solution was adjusted to 6.5 

with 50 % (w/v) NaOH. Maltose syrup stock solution was autoclaved, and MES buffer was 

sterile filtered (0.2 µm). Preparation of the medium was performed as described for the pre-

culture complex medium. 

The chemically defined medium for main-cultures of P. polymyxa is called Moppa medium. 

This medium is based on a chemically defined medium after Müller et al. [68] and was 

modified. The composition of the Moppa medium and its variations are listed in Table 2-2. 

The maltose syrup, citric acid/ (NH4)2SO4, and antifoam stock solutions were autoclaved at 

121 °C for 60 min. All other stock solutions were sterile filtered. The MES buffer was 

prepared as for the complex medium, and the K2HPO4 solution was adjusted to a pH of 6.5 

with a 40 % (w/w) H3PO4 solution. The pH of individual amino acid, vitamin and 

nucleobases/-sides stock solutions was changed with KOH or HCl solutions if they were not 

water soluble in the required concentration. The iron stock solution was frozen in aliquots 

at -20 °C after sterile filtration. Immediately before starting the cultivation, all medium stock 

solutions were combined except K2HPO4, and the pH was adjusted to 6.5 with a 25 % (w/w) 

NH3 • aq solution and a 40 % (w/w) H3PO4 solution. After that, the K2HPO4 solution was 

added. The medium composition was adjusted for each experiment shown in the respective 
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figures, and the preparation of stock solutions was adapted for the investigated components. 

For the fermentation, the reduced Moppa medium, specified in Table 2-2, was prepared with 

0.4 g/L D/L-methionine instead of 0.2 g/L L-methionine. 

 

Table 2-2: Composition of chemically defined medium for Paenibacillus polymyxa (Moppa medium) for 

main-cultures and its variations. 

The letters in brackets indicate which components were prepared together in a stock solution. In 

experiments with varying concentrations of medium components, the preparation of stock 

solutions was adapted according to the varying components. 

Ingredients  Concentration in 

Moppa medium              

[g/L] 

Concentration in 

supplemented Moppa 

medium 

[g/L] 

Concentration in 

reduced Moppa 

medium                 

[g/L] 

Main components     

Maltose syrup  120 120 120 

Citric acid ‧ H2O (a) 3.61 3.61 3.61 

K2HPO4  1 3 3 

(NH4)2SO4 (a) 1.07 3.21 3.21 

MgSO4 ‧ 7 H2O  1.62 1.62 1.62 

MES buffer  19.5 39.0 39.0 

Antifoam  0.2 0.2 0.2 

Ca(NO3)2 ‧ 4 H2O  0.342 0.342 0.342 

Vitamins     

Ascorbic acid  0.5 0.5  

Biotin  0.00006 0.00006 0.00006 

Nicotinic acid (b) 0.0011 0.013 0.013 

Calcium pantothenate (b) 0.001 0.001  

p-Aminobenzoic acid (b) 0.01 0.01  

Pyridoxamine 2 HCl (b) 0.006 0.006  

Pyridoxine HCl (b) 0.002 0.002  

Vitamin B12 (b) 0.001 0.001  

Thiamin HCl (b) 0.001 0.001  

Riboflavin  0.001 0.001  

Orotic acid  0.005 0.005  

Folic acid  0.001 0.001  

Inositol  0.0002 0.0002  

Amino acids     

L-Alanine  0.24 0.24  

L-Arginine  0.125 0.125 0.125 



 

 

 

16 

 

2 Development of a chemically defined medium for Paenibacillus polymyxa by 

parallel online monitoring of the respiration activity in microtiter plates 

 

 

Ingredients  Concentration in 

Moppa medium              

[g/L] 

Concentration in 

supplemented Moppa 

medium 

[g/L] 

Concentration in 

reduced Moppa 

medium                 

[g/L] 

L-Aspartic acid  0.42 0.42  

L-Cysteine  0.13 0.13  

(S)-(+)-Glutamic acid  0.5 0.5 0.5 

L-Glycine  0.175 0.175  

L-Histidine  0.15 0.15 0.15 

L-Isoleucine  0.21 0.21  

L-Leucine  0.475 0.475  

L-Lysine  0.44 0.44  

L-Methionine  0.2 0.2 0.2 

L-Phenylalanine  0.275 0.275  

L-Proline  0.675 0.675 0.675 

L-Serine  0.34 0.34  

L-Threonine  0.225 0.225  

L-Tryptophane  0.05 0.05  

L-Tyrosine  0.25 0.25  

L-Valine  0.325 0.325  

Nucleobases/ -sides     

Adenine  0.01 0.01  

Guanine  0.01 0.01  

Inosine  0.005 0.005  

Xanthine  0.01 0.01  

Thymidine  0.005 0.005  

Uracil  0.01 0.01  

Trace elements     

ZnSO4 ‧ 7 H2O (c) 0.009 0.009 0.009 

CoSO4 ‧ 7 H2O (c) 0.004 0.004 0.004 

CuSO4 ‧ 5 H2O (c) 0.004 0.004 0.004 

(NH4)6Mo7O24 ‧ 4 H2O (c) 0.003 0.003 0.003 

CaCl2 ‧ 2 H2O (c) 0.066 0.066 0.066 

MnCl2  (c) 0.016 0.016 0.016 

FeCl2 (c) 0.005 0.005 0.005 

FeCl3 ‧ 6 H2O (c) 0.005 0.005 0.005 
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2.2.3 Cultivation conditions 

For pre-cultures, 30 mL medium was inoculated with 180 µL of cryo-culture in a baffled 

250 mL shake flask closed with a plug (Silicosen®, Hirschmann Laborgeräte GmbH & Co. 

KG, Eberstadt, Germany). Cultivations were performed at 33 °C with a shaking diameter of 

25 mm, and a shaking frequency of 150 rpm for 24-26 h. 

Main-cultures were inoculated with 2.0 % (v/v) from pre-culture for the MTPs and fermenter 

cultivations. The main-cultures in MTPs were conducted in 48-round well MTPs without 

optodes (MTP-R48-B, Beckman Coulter GmbH, Krefeld, Germany) at 33 °C with a shaking 

diameter of 3 mm, a shaking frequency of 1000 rpm, and a filling volume of 0.8 mL in 

complex Pbp medium or chemically defined Moppa medium. MTPs were closed with a gas-

permeable sealing foil (900371-T, HJ-Bioanalytik GmbH, Erkelenz, Germany). The in-

house developed µRAMOS device was used for online monitoring of the OTR [73]. 

The fermentation was performed in a stirred tank reactor (1.8 L Benchtop fermentation 

system, DasGip, Eppendorf, Hamburg, Germany). The cultivation was conducted in batch 

mode with a liquid volume of 1 L at 33 °C. The DOT was controlled at 30 % with a stirrer-

gas flow cascade (400 to 1400 rpm for a DOT of 0 to 40 % and 18-180 sL/h for a DOT of 

40 to 100 %). The pH was controlled at 6.5 using 25 % NH3 • aq and 40 % H3PO4 solutions. 

BlueSens sensors (Herten, Germany) were used for exhaust gas analytics. Antifoam addition 

(Struktol J673, Schill+Seilacher “Struktol” GmbH, Hamburg, Germany) was performed on 

demand by using an antifoam probe. 

2.2.4 Offline analysis 

For offline analysis, samples of at least three replicates of the wells from the MTP were 

pooled at the end of the experiments to increase sample volume to at least 2.0 mL. The OD 

was measured at a wavelength of 600 nm with a Genesys 20 photometer (Thermo Scientific, 

Darmstadt, Germany) or a Lambda photometer Bio+ (PerkinElmer, Rodgau, Germany). 

Samples were diluted with 0.9 % (w/v) NaCl to stay in the linear range of 0.1 to 0.3. The pH 
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of the culture broth was measured using a HI221 Basic pH meter (Hanna Instruments 

Deutschland GmbH, Vöhringen, Germany) or a pH-Meter 766 Calimatic (Knick, Berlin, 

Germany). For osmolality and high-performance liquid chromatography (HPLC) of sugars 

and metabolites, samples were centrifuged for 5 min at 13000g, and the supernatant was 

filtrated (0.2 µm). The osmolality of filtrated supernatant was determined with a freezing 

point Osmomat 3000 basic (Gonotec GmbH, Berlin, Germany) or an Advanced OsmoPro 

(Advanced Instruments, Norwood, MA, USA). For HPLC, samples were diluted with 

deionized water. Sample analysis for MTP experiments was performed with a Dionex 

UltiMate 3000 HPLC system (Thermo Scientific, Darmstadt, Germany). Measurements 

were conducted at 80 °C with 5 mM sulfuric acid as solvent with a flow of 0.8 mL/min and 

two connected organic acid-resin columns (300*7.8 mm, Phenomenex, Aschaffenburg, 

Germany). Refractive index (RI) measurement was performed for all components with a RI 

detector (RefractoMax 520, Shodex, Munich, Germany). Citrate was determined via UV 

signal with a Dionex UltiMate 3000 Diode Array Detector (Thermo Scientific, Darmstadt, 

Germany) or RI detector. HPLC analyses of fermentation samples were conducted with an 

Agilent HPLC system (Agilent, Santa Clara, CA, USA) at 30 °C using 5 mM sulfuric acid 

as solvent with a flow of 0.5 mL/min and an Aminex HPX-87 H column (300*7.8 mm, Bio-

Rad Laboratories, Hercules, CA, USA). All components were detected via RI detector 

(G1362A from Agilent, Santa Clara, CA, USA). A comparative measurement of the two 

described methods above was performed, and the values in the fermenter were converted 

with a correlation (data not shown). Samples from the beginning of each experiment were 

analyzed by HPLC. The concentration ranges of those initial samples are specified in the 

corresponding figure captions. For cultivations in MTPs, evaporation was considered for OD 

and HPLC measurement by weighing the MTP filled with culture broth at the beginning and 

end of the cultivation. 

2.2.5 Determination of lag-phase 

The lag-phase was determined based on a method after Palmen et al. [142], with some 

modifications. The logarithm of the difference between the OTR and initial OTR was 

calculated and plotted over time. The initial OTR was determined as a mean value of OTR 
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values of a cultivation time between 1.6 to 3.0 h. This procedure was used to average low 

fluctuations of the initial measurement points. To specify the lag-phase, the intersection point 

of the regression line of the linear range was determined. 

2.2.6 Depiction of experimental results of microtiter plate experiments 

In MTP cultivations three to six replicates were performed, depending on the experiment. 

Mean values of the OTR are shown in the corresponding figures. Due to the very high density 

of the data of the OTR, not every measurement point over time could be represented as a 

symbol. Therefore, to clearly display the data, the OTR is only shown for a portion of the 

measured values as a symbol. The number of shown measuring points depends on the 

cultivation time of the experiment and is indicated in the respective figure caption. The 

standard deviation of the OTR data in MTP experiments is displayed as shadows. The total 

oxygen consumption (TOC) was determined based on the OTR of the replicates. The TOC 

is depicted as mean values of the replicates with error bars in bar charts. For offline analysis, 

samples (wells) of the replicates of the MTP cultivations were pooled at the end of the 

experiments. The results of measurements of pooled OD, pH, and sugar and metabolite 

concentrations of MTP experiments are displayed in bar charts. The OD of the pooled sample 

was measured in triplicate, represented as mean value with standard deviation as error bar. 

The pH and HPLC measurement of the pooled sample were performed in single 

determination and the single values are shown in bar charts. 

2.2.7 Statistical analysis 

Statistical analysis was performed using R (version 4.2.2, R Core Team, 2022, R Foundation 

for Statistical Computing, Vienna, Austria) with RStudio (version 2022.12.0, Posit team, 

2022, Posit Software, PBC, Boston, MA, USA) as integrated development environment. To 

investigate statistical significance of differences of OTR peaks, a t-test (equal variances, 

two-sided) was conducted, when two samples were compared. An ANOVA followed by a 

Bonferroni post-hoc test was used, when more than two samples were investigated. A p-value 

of lower than 0.05 was determined to show significance in all statistical tests. 
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2.3 Results and Discussion 

2.3.1 Comparison of cultivation in complex and chemically defined 

media 

To assess the performance of the applied chemically defined medium for growth of 

P. polymyxa, the strain was initially cultivated in the Pbp complex medium. The composition 

is specified in Table 2-1. The chemically defined medium for P. polymyxa is called Moppa 

medium and is based on the complete modified Poolman medium after Müller et al. [68]. 

The composition of the Moppa medium is specified in Table 2-2. However, while using the 

medium of Müller et al. [68] as a starting point, the carbon-, nitrogen-, phosphate source, 

and buffer, and their concentrations were adapted to the concentrations of main components 

present in the Pbp complex medium, listed in Table 2-1. Nutrient concentrations added by 

soy flour and yeast extract were not considered in this adaption. Additionally, the methionine 

concentration was increased to 200 mg/L (originally 125 mg/L) based on internal data (not 

published) that methionine is growth-relevant for the applied Paenibacillus strain. The biotin 

concentration was reduced from 3 mg/L to 0.06 mg/L, due to observations that another 

P. polymyxa strain showed sensibility to high biotin concentrations (internal data, not 

published). Furthermore, inositol was added to the Moppa medium, to test its relevance for 

growth of P. polymyxa. 

To compare the growth performance in the Pbp complex medium and the Moppa medium, 

the respiration activity, OD, pH, carbon source consumption, and overflow metabolite 

production of P. polymyxa were evaluated and are shown in Figure 2-1. The cultivations 

were performed at least in quadruplicates in the µRAMOS, and mean values with standard 

deviation as shadows are shown for the OTR (Figure 2-1A). The low standard deviations (on 

average <8.5 %) showed the good reproducibility of the measuring device and the metabolic 

activity of P. polymyxa in a single experiment. The offline values were determined after 

combining the content of at least four wells of the MTP. 
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Figure 2-1: Cultivation of Paenibacillus polymyxa in complex medium and chemically defined Moppa 

medium in microtiter plate. 

Pbp complex medium (specified in Table 2-1) or chemically defined Moppa medium (specified in 

Table 2-2). Initial concentrations were: 56.2-56.8 g/L maltose, 3.5-3.7 g/L glucose, 3.1-3.4 g/L 

citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) and pH, C: Final maltose, 

glucose and citrate concentration, D: Final acetoin, 2,3-butanediol and lactate concentration. A: 

For clarity, only every 10th measuring point over time is marked as a symbol. Mean values for 

OTR of at least four replicates with standard deviations as shadows are shown. Standard deviations 

are not well recognizable, because they are small. B-D: For offline analysis, samples (wells) of 

the replicates of the OTR measurement were pooled at the end of the experiments. OD 

measurement of pooled samples was performed in triplicate and mean values with standard 
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deviations depicted as error bars are shown. pH and concentrations of sugars and metabolites were 

determined in a single measurement of pooled samples. C, D: d.l. means that concentrations of 

components were lower than the detection limit. Parameters in B-D were determined after 63 h. 

B: OD of complex medium prior to inoculation (3.6) is not subtracted from the final measured 

optical density. Initial osmolality in Pbp complex medium is 0.63 osmol/kg and osmolality after 

63 h is 0.57 osmol/kg. Initial osmolality in Moppa medium is 0.69 osmol/kg and osmolality after 

63 h is 0.73 osmol/kg. Cultivation conditions: temperature 33 °C, 48-round well plate, filling 

volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, 0.1 M MES, initial pH 6.5. 

During cultivations of P. polymyxa in complex medium, the course of the OTR showed three 

distinct peaks at 21 mmol/L/h after 9 h, at 27 mmol/L/h after 12 h, and at 24 mmol/L/h after 

37 h (Figure 2-1A). An OD of 19.7 after 63 h of cultivation was achieved (Figure 2-1B). 

However, it must be considered that the complex medium itself had an initial OD of 3.6 prior 

to inoculation, as soy flour is not completely soluble. Citrate, as well as the carbon sources 

maltose and free glucose of the maltose syrup, were completely consumed after 63 h 

(Figure 2-1C). The maltose syrup mainly contains dimeric maltose molecules, maltose 

oligomers and free glucose. Maltose and maltose oligomers were reported to be metabolized 

intracellularly by B. subtilis [143]. Maltose is cleaved by a phospho-α-glucosidase after 

phosphorylation [144]. Maltose oligomers are hydrolyzed by a maltose phosphorylase, α-

glucosidase, and neopullulanase [143]. Additionally, Hidaka et al. found a maltose 

phosphorylase in a Paenibacillus strain [145]. At 63 h, maltose oligomers may have 

remained in the complex medium. However, in this study, they were not quantified via 

HPLC. 

The pH of the medium decreased to 5.9 after 63 h of cultivation, which was lower than the 

initial pH of 6.5 (Figure 2-1B). As found in Bacillus species [146], the decrease in pH is 

expected to be a result from the consumption of ammonium, which is supposed to be the 

major nitrogen source of the cultivation medium. Further influencing factors on the 

decreasing pH are acetate and lactate production, known for P. polymyxa [63, 147]. Acetate 

was not quantified via HPLC, due to overlapping peaks with the MES buffer in the medium. 

Lactate was not detected after 63 h (Figure 2-1D). Furthermore, Paenibacillus is well known 

to produce acetoin and 2,3-butanediol [63, 147]. An acetoin and 2,3-butanediol 

concentration of 6.8 g/L and 7.3 g/L, respectively, were measured (Figure 2-1D). 
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The fluctuating course of the OTR profile (Figure 2-1A) represents the metabolic activity of 

P. polymyxa during growth on various carbon sources of the Pbp complex medium, such as 

sugars and proteins from soy flour and yeast extract, but also from maltose syrup, and citrate. 

Additionally, in the later phase of the cultivation, consumption of produced overflow 

metabolites is possible. However, the undefined composition of the medium complicates the 

interpretation of the OTR peaks, indicating the necessity of applying a chemically defined 

medium. 

In Figure 2-1, the growth of P. polymyxa in Pbp complex medium is compared to the 

chemically defined Moppa medium. The OTR peak reached in the chemically defined 

medium was 11 mmol/L/h after 18 h (Figure 2-1A); no additional peaks were observed. This 

peak value was 2.5-fold lower than in the complex medium. A statistically significant 

difference of the peak values in chemically defined medium after 18 h and in complex 

medium after 12 h was shown (Appendix Table A1). The growth rate, determined based on 

the slope of the logarithm of the OTR in Moppa medium, was 0.12 1/h compared to 0.29 1/h 

in Pbp complex medium (Appendix Figure A1). 

The low respiration activity in Moppa medium is confirmed by the offline data. The OD 

reached only 2.8 in Moppa medium compared to 19.7 in Pbp complex medium after 63 h 

(Figure 2-1B). In contrast to the cultivation in complex medium, residual maltose, glucose, 

and citrate remained in Moppa medium after 63 h (Figure 2-1C). A lower amount of carbon 

source is consumed, due to obvious nutritional limitations in this medium. This resulted in 

lower concentrations of produced acetoin and 2,3-butanediol (Figure 2-1D). Only the final 

pH values were comparable (Figure 2-1B). In conclusion, the results in Figure 2-1 clearly 

indicate a limited growth of P. polymyxa in the chemically defined Moppa medium compared 

to the Pbp complex medium. Therefore, one or more nutrient limitations and growth 

inhibitions in the Moppa medium can be assumed. The nutritional limitations and growth 

inhibitions in the medium were systematically identified in the next step. 
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2.3.2 Identification of growth limitations and inhibitions in the 

chemically defined Moppa medium 

A schematic overview of the experiments to identify growth limitations and inhibitions can 

be found in Appendix Figure A2. First, the nutrient groups were defined: amino acids, 

nucleobases/-sides, vitamins, and trace elements (Appendix Figure A2). Nutrients added in 

similar concentrations to both, the Moppa medium and Pbp complex medium, were not 

considered potentially limiting. These nutrients were: maltose syrup, citrate, K2HPO4, 

(NH4)2SO4, MgSO4, and Ca(NO3)2. The amino acids used in the Moppa medium were 

divided into six groups, as specified in Appendix Table A2. The division was adapted from 

the work of Müller et al. [68], based on the amino acid metabolism of Escherichia coli and 

B. subtilis [148], according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

database. The grouping was based on intermediates or their precursors from glycolysis, citric 

acid cycle, or pentose phosphate pathway. Methionine was assigned to a separate group, 

based on internal data (not published) that it is growth-relevant for the applied Paenibacillus 

strain in this study. The vitamin grouping was also performed after Müller et al. [68], with 

some modifications. It is specified in Appendix Table A3. Biotin was assigned to a separate 

group, due to the observations that another P. polymyxa strain showed sensibility to high 

biotin concentrations (internal data, not published). Inositol was added to vitamin group 3. 

To identify the limiting nutrient group(s), the concentration of each nutrient group was 

increased (Appendix Figure A3). Biotin was not increased, as the suggested sensitivity could 

mask growth-enhancing effects of the other vitamins (Appendix Figure A3A). Due to 

practical issues and the high number of amino acids, they were increased in single groups 

(Appendix Figure A3B). Only the increase of the vitamins resulted in a higher OTR peak 

(Appendix Figure A3A). Therefore, the next step was to identify the limiting vitamin(s). 

In parallel cultivations, the concentrations of each single vitamin group were increased, to 

identify the possible limitation(s) (Appendix Figure A4). In these experiments, the 

concentration of biotin (vitamin group 4) was also increased. The cultivation with the three-

fold higher concentration of vitamin group 1 resulted in a higher OTR peak of 19 mmol/L/h 

compared to 11 mmol/L/h in the cultivation with the one-fold concentration of all vitamins 
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(Appendix Figure A4A). The cultivations with increased concentrations of all other vitamin 

groups resulted in OTR courses similar to the cultivation with the one-fold concentration of 

all vitamins. There was no sensitivity observed at increased biotin concentrations for the 

strain of this study, as no growth inhibition was detected. The results of online monitoring 

of the OTR are in agreement with offline data (Appendix Figure A4B, C, and D). In the 

cultivation with the three-fold concentration of vitamin group 1, the OD and maltose 

consumption after 63 h was 2.1-fold and 1.1-fold, respectively, higher than in the cultivation 

with the one-fold concentration of all vitamins (Appendix Figure A4B and C). The 2,3-

butanediol production was 1.2-fold lower and the lactate concentration was below the 

detection limit (Appendix Figure A4D). It can be concluded that at least one vitamin of 

group 1 is limiting in the Moppa medium.  

Since the growth limitation was narrowed down to vitamin group 1, the next step was to 

increase the concentration of every single vitamin of this group in parallel cultivations 

(Appendix Figure A5). Only the increase of the nicotinic acid concentration resulted in a 

higher respiration activity (Appendix Figure A5A) and OD value after 66 h of cultivation 

(Appendix Figure A5B). 

The influence of different nicotinic acid concentrations on growth is shown in more detail in 

Figure 2-2. The cultivations with the one-fold concentration of all medium components, in 

the legend referred to as Moppa medium, the three-fold concentration of vitamin group 1, 

and the three-fold concentration of nicotinic acid are shown in Figure 2-2A, B, C, and D. 

Similar courses of the OTR over time and TOC, OD values, maltose, and citrate consumption 

after 66 h were observed for the cultivations with the three-fold nicotinic acid concentration 

and the three-fold concentration of vitamin group 1 (Figure 2-2A, B, and C). The OTR peak 

of the cultivation with the three-fold nicotinic acid concentration was slightly higher than 

the OTR peak of the cultivation with the three-fold concentration of vitamin group 1. A 

statistically significant difference of the OTR peaks was shown (Appendix Table A4). The 

OTR peak was about two-fold higher for both cultivations than for the cultivation with the 

one-fold concentration of all components. This difference of the OTR peaks was statistically 

significant (Appendix Table A4). Hence, nicotinic acid is identified as the growth limiting 

vitamin of group 1. 
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Figure 2-2: Cultivation of Paenibacillus polymyxa with increased concentrations of nicotinic acid in 

microtiter plate. 

Moppa medium (specified in Table 2-2) without or with increased concentrations of all vitamins 

of group 1 or of nicotinic acid. Vitamin group (gr.) 1 is specified in Appendix Table A3. nic.: 

nicotinic. Initial concentrations were: 54.2-56.3 g/L (A-D) and 51.8-53.1 g/L (E-H) maltose, 4.2-

4.5 g/L (A-D) and 4.1-4.3 g/L (E-H) glucose, 3.3-3.4 g/L (A-D) and 3.2-3.6 g/L (E-H) citrate. A, 

E: Oxygen transfer rate (OTR), B, F: Final optical density (OD), total oxygen consumption (TOC) 
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and pH, C, G: Final maltose, glucose and citrate concentration, D, H: Final acetoin, 2,3-butanediol 

and lactate concentration. A, B: For clarity, only every 10th measuring point over time is marked 

as a symbol. Mean values for OTR of at least three replicates with standard deviations as shadows 

are shown. B, F: TOC was determined based on OTR data of the replicates. Mean values for TOC 

of the replicates with standard deviations depicted as error bars are shown. B-H: For offline 

analysis, samples (wells) of the replicates of the OTR measurement were pooled at the end of the 

experiments. OD measurement of pooled samples was performed in triplicate and mean values 

with standard deviations depicted as error bars are shown. OD of pooled sample of the cultivation 

w/o nicotinic acid was measured in duplicate and the mean value without standard deviation is 

shown. pH and concentrations of sugars and metabolites were determined in a single measurement 

of pooled samples. C-H: d.l. means that concentrations of components were lower than the 

detection limit. Parameters in C-H were determined after 61 – 66 h. Cultivation conditions: 

temperature 33 °C, 48-round well plate, filling volume 0.8 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm, 0.1 M MES, initial pH 6.5. 

Nicotinic acid is the precursor for nicotinamide adenine dinucleotide (NAD+), and various 

genes are involved in the synthesis of NAD+ [149, 150]. NAD+ is the cofactor for various 

cellular redox reactions, for example, in the citric acid cycle [151]. Therefore, it significantly 

impacts bacterial biomass formation. Another relevant metabolic pathway for Paenibacillus 

and Bacillus species is the production of acetoin and 2,3-butanediol as overflow metabolites 

[152]. Acetoin and 2,3-butanediol production are influenced by the NADH/NAD+ 

availability and ratio [153]. Since pyruvate acidifies the medium, the conversion of excess 

pyruvate from glycolysis to acetoin and 2,3-butanediol is a mechanism to prevent strong 

acidification of the medium [152, 154]. In the cultivations with the one-fold concentration 

of all medium components, the three-fold concentration of vitamin group 1, and the three-

fold concentration of nicotinic acid, a pH drop of around 0.5 pH units was observed 

(Figure 2-2B). 

In all cultivations, acetoin was produced in final concentrations lower than 1.0 g/L 

(Figure 2-2D). 2,3-butanediol concentrations were at similar levels of around 4.0 g/L in all 

cultivations despite the increased nicotinic acid concentration (Figure 2-2D). Hence, the 

increased concentration of nicotinic acid to three-fold resulted in higher activity of metabolic 

pathways for biomass formation, but not in the production of higher concentrations of 

overflow metabolites. Lactate was only detected in the cultivation with the one-fold 

concentration of all components (Figure 2-2D). Possibly, the Paenibacillus strain consumed 

the produced lactate in the other cultivations. 
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When nicotinic acid was left out of the medium, no growth of P. polymyxa was possible 

(Figure 2-2A, B, C, and D). Maltose, glucose, and citrate concentrations were on comparable 

levels at the beginning and at the end of the cultivation (Figure 2-2C). As no growth was 

observed in the cultivation without nicotinic acid, this vitamin is absolutely essential for the 

applied P. polymyxa strain, and an auxotrophy for this vitamin is proven. For example, in 

E. coli, nicotinic acid biosynthesis has been reported to occur via a 4-carbon dicarboxylic 

acid and a 3-carbon compound like glycerol [155]. The optimization of the applied 

Paenibacillus strain for industrial applications possibly led to a deletion of the relevant genes 

for nicotinic acid biosynthesis. 

In Figure 2-2A, the OTR peak at 20 mmol/L/h of the cultivation in Moppa medium with the 

three-fold nicotinic acid concentration is still significantly lower than the OTR peak at 

27 mmol/L/h in the cultivation using complex medium (Figure 2-1) (t-test, p-value < 0.001). 

Therefore, the nicotinic acid concentration was increased six-fold and twelve-fold 

(Figure 2-2E, F, G, and H). 

The cultivations with the six-fold and twelve-fold nicotinic acid concentration showed an 

OTR peak after 22 h. Those peaks were on a comparable level as the peak of the cultivation 

with the three-fold nicotinic acid concentration after 17 h. There was no statistically 

significant difference of the OTR peaks (ANOVA, p-value = 0.484). Hence, the six-fold 

concentration of nicotinic acid did not increase the OTR peak, compared to the cultivation 

with the three-fold concentration (Figure 2-2E). Instead, after the first peak at 22 h, a plateau 

in the OTR course was observed. For the cultivation with the twelve-fold nicotinic acid 

concentration, a low increase of the OTR was visible after the OTR peak at 22 h. This 

indicates a limitation by a secondary substrate or a growth inhibition in the medium. 

The TOC increased from 484 mmol/L in the cultivation with the three-fold nicotinic acid 

concentration to 901 mmol/L for the six-fold and 1031 mmol/L for the twelve-fold 

concentration of nicotinic acid (Figure 2-2F). Additionally, the OD after 63 h was 2.6-fold 

higher for both cultivations with increased nicotinic acid concentration than for the 

cultivation with the three-fold nicotinic acid concentration (Figure 2-2F). 
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P. polymyxa was metabolically active for a longer cultivation time when the nicotinic acid 

concentration was increased from three-fold to six- and twelve-fold. Additionally, the 

increase of the nicotinic acid concentration from three-fold to six-fold resulted in a higher 

biomass formation, represented in the OD (Figure 2-2F), and in the production of higher 

concentrations of acetoin and 2,3-butanediol (Figure 2-2H). The increase of the nicotinic 

acid concentration from six-fold to twelve-fold did not result in a higher OD and 2,3-

butanediol concentration (Figure 2-2F and H). Only a higher acetoin production was 

observed (Figure 2-2H). Hence, at the highest investigated nicotinic acid concentration, a 

higher biomass formation, compared to the six-fold nicotinic acid concentration, was not 

possible, due to the suggested growth limitation or inhibition. Instead, excess pyruvate was 

used for overflow metabolite production. Lactate as a potential metabolic side product was 

not detected via HPLC in any sample taken after 63 h. 

After 63 h of cultivation, the concentration of citrate was 2.4-fold and 2.1-fold lower for the 

cultivations with the six- and twelve-fold nicotinic acid concentration, respectively, than in 

the cultivation with the three-fold nicotinic acid concentration (Figure 2-2G). This higher 

consumption rate of citrate (Figure 2-2G) might be explained by an increased activity of the 

citric acid cycle due to elevated glycolysis. 

Increasing the nicotinic acid concentration from one- to three-fold resulted in a similar pH 

value after 66 h (Figure 2-2B). Hence, the buffer capacity for the applied cultivation 

conditions was sufficient. A further increase of the nicotinic acid concentration resulted in a 

more substantial decrease of pH values (Figure 2-2F). In the cultivations with the six- and 

twelve-fold nicotinic acid concentration, a pH of 5.7 and 5.5 was measured after 63 h, 

respectively (Figure 2-2F). pH optima for P. polymyxa strains were reported to be 6.0 or 

higher [94, 95]. For example, Liu. et al. showed a pH optimum for growth of 6.0 for 

P. polymyxa EJS-3 [95]. Rafigh et al. reported a pH of 7.0 optimal for biomass formation of 

P. polymyxa ATCC 21830 [94]. In contrast to the cultivations with the one- and three-fold 

nicotinic acid concentrations, an insufficient buffer capacity is assumed for the six- and 

twelve-fold nicotinic acid concentrations. This might result in a subsequent growth 

inhibition in the cultivation. 
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To verify this hypothesis, the buffer capacity in the MTP cultivations was increased 

(Figure 2-3). The Moppa medium with the twelve-fold nicotinic acid concentration was 

used. The pKa value of MES buffer is 6.0 at a cultivation temperature of 33 °C [156]. 

Therefore, the initial pH was increased, to better exploit the buffer capacity. Additionally, 

the buffer concentration was increased from 0.1 to 0.2 M MES. 

The OTR peak was increased from 21 mmol/L/h in the cultivation with 0.1 M MES and an 

initial pH of 6.5 to a value of 33 mmol/L/h in the cultivation with 0.2 M MES and an initial 

pH of 7.0 (Figure 2-3A). A statistically significant difference of the OTR peaks was observed 

(Appendix Table A5). Additionally, a higher OD was achieved (Figure 2-3B), which is also 

represented in a higher consumption of maltose and citrate (Figure 2-3C). The acetoin 

concentration increased to 8.3 g/L in the cultivation with 0.2 M MES with an initial pH of 

6.5 compared to 3.9 g/L in the cultivation with the lowest buffer capacity. A further increase 

of the buffer capacity (0.2 M MES, initial pH 7.0) resulted in a decreased acetoin 

concentration (Figure 2-3D). 2,3-butanediol concentrations decreased from 9.2 g/L in the 

cultivation with 0.1 M MES and an initial pH of 6.5 to a concentration of around 5.2 g/L in 

both cultivations with higher buffer capacity (Figure 2-3D). The decreased concentrations 

of overflow metabolites in the cultivation with the highest buffer capacity can be explained 

by a lower activity of overflow metabolism, since pyruvate is metabolized for biomass 

formation in the citric acid cycle and respiratory chain, represented in the higher OD. 

The lag-phase using 0.2 M MES buffer and an initial pH of 7.0 increased by 4.7 h (Appendix 

Figure A6) compared to the cultivation with 0.1 M MES and an initial pH of 6.5. The longer 

lag-phase can be explained by an increase of the initial osmolality from 0.68 osmol/kg, 

which is similar to the osmolality in complex medium, to 0.94 osmol/kg using 0.2 M MES 

with an initial pH of 7.0 (Appendix Figure A6). It is well known that osmotic stress 

influences the growth of microorganisms [157, 158] and can prolong the lag-phase [92]. 
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Figure 2-3: Cultivation of Paenibacillus polymyxa with increased pH - buffer capacity in microtiter plate. 

Moppa medium (specified in Table 2-2) with 12x nicotinic acid or Moppa medium with 12x 

nicotinic acid and with increased buffer concentration or with increased buffer concentration and 

initial pH. nic.: nicotinic, pH0: initial pH. Initial concentrations were: 62.1-63.4 g/L maltose, 1.9-

2.1 g/L glucose, 3.7-3.8 g/L citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) 

and pH, C: Final maltose, glucose and citrate concentration, D: Final acetoin and 2,3-butanediol 

concentration. A: For clarity, only every 12th measuring point over time is marked as a symbol. 

Mean values for OTR of at least four replicates with standard deviations as shadows are shown. 

B-D: For offline analysis, samples (wells) of the replicates of the OTR measurement were pooled 

at the end of the experiments. OD measurement of pooled samples was performed in triplicate and 
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mean values with standard deviations depicted as error bars are shown. pH and concentrations of 

sugars and metabolites were determined in a single measurement of pooled samples. C: d.l. means 

that concentrations of components were lower than the detection limit. Final lactate concentrations 

were lower than the detection limit. Parameters in C-D were determined after 86 h. Osmolalities 

are shown in Appendix Figure A6. Cultivation conditions: temperature 33 °C, 48-round well plate, 

filling volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm. 

The salt solutions (K2HPO4, (NH4)2SO4, MgSO4, Ca(NO3)2) and their concentrations in the 

chemically defined Moppa medium (Table 2-2), were similar to those added in the Pbp 

complex medium (Table 2-1). Therefore, only amino acids, nucleobases/-sides, vitamins, 

and trace elements were considered in the previous experiments. However, salts are added 

to the Pbp medium by the salt solutions itself, soy flour and yeast extract. To exclude that 

any salts, like the nitrogen and phosphate source are limiting in the Moppa medium, the 

composition of the elements of salts was calculated (Appendix Figure A7A). The nitrogen 

(N), magnesium (Mg), phosphorous (P), sulfur (S), and potassium (K) concentrations in the 

Moppa medium with the twelve-fold nicotinic acid concentration were calculated per 

amount of carbon source (C) in mol/mol (Appendix Figure A7A). Those elemental 

compositions were compared to other proven media known from literature for Paenibacillus 

and Bacillus species [68, 136, 138], E. coli [159], and lactic acid bacteria [135]. Compared 

to the other media, all elements (N, P, S, K), except Mg, were available in significantly lower 

amounts per amount of carbon in the Moppa medium (Appendix Figure A7A). Additionally, 

the elemental composition of trace elements was considered (Appendix Figure A7B). The 

comparison of the elemental composition of trace elements in Moppa medium compared to 

the other literature known media showed that those elements are available in sufficient 

amounts in Moppa medium (Appendix Figure A7B). Due to the low amount per carbon of 

N, P, S, and K in Moppa medium compared to the other media, cultivations with increased 

concentrations of (NH4)2SO4 and K2HPO4 were performed (Appendix Figure A8). For this 

purpose, Moppa medium with the twelve-fold nicotinic acid concentration, 0.2 M MES 

buffer, and an initial pH of 7.0 was used. Respiration activities, ODs, final pH values, and 

2,3-butanediol concentrations were comparable for all cultivations (Appendix Figure A8A, 

B, and D). Maltose and citrate were consumed entirely (Appendix Figure A8C). Only slight 

deviations in glucose and acetoin concentrations were observed (Appendix Figure A8C and 

D). 
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To avoid any limitations in fermenter experiments and to avoid a nitrogen limitation by 

reducing the amino acids to the growth-relevant ones, the Moppa medium with additional 

(NH4)2SO4 and K2HPO4 was used for further experiments. From here on, the Moppa medium 

with the twelve-fold nicotinic acid concentration, 0.2 M MES, an initial pH of 7.0, and the 

three-fold (NH4)2SO4 and K2HPO4 concentration is called supplemented Moppa medium. 

2.3.3 Reduction of medium components to growth-relevant ones 

Comparing the OTR peak of 35 mmol/L/h in the cultivation with supplemented Moppa 

medium (Appendix Figure A8A) with the OTR peak of 27 mmol/L/h in the cultivation with 

Pbp complex medium (Figure 2-1A), the OTR peak in the cultivation with supplemented 

Moppa medium was higher. However, the supplemented Moppa medium contains 53 

components compared to 22 components in the complex medium. A high number of medium 

components leads to laborious medium preparation and high medium costs. Therefore, the 

medium components were reduced to the essential and growth-relevant ones. A schematic 

overview of the experiments performed in order to reduce the medium components is shown 

in Appendix Figure A9. A systematic approach by grouping the nutrients was chosen. 

Preliminary experiments were performed to reduce the vitamins in Moppa medium with the 

three-fold nicotinic acid concentration, 0.1 M MES, an initial pH of 6.5, and the one-fold 

concentration of (NH4)2SO4 and K2HPO4. An OTR peak of 15 mmol/L/h was achieved after 

55 h in the cultivation without biotin compared to 19 mmol/L/h after 17 h in the cultivation 

with biotin (Appendix Figure A10). Leaving the other vitamins, listed in Appendix Table A3 

(except nicotinic acid), out from the medium did not influence the respiration activity (data 

not shown). The results show that the P. polymyxa strain can grow without biotin in the 

medium, but the OTR peak is reached with a substantial time delay. Therefore, biotin 

enhances growth of P. polymyxa, but is not absolutely essential for the strain. 

Based on these results, a cultivation in supplemented Moppa medium was performed, adding 

only nicotinic acid and biotin as vitamins. All other vitamins listed in Appendix Table A3 

were left out of the medium (Figure 2-4).  
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Figure 2-4: Cultivation of Paenibacillus polymyxa only with growth relevant vitamins in microtiter plate. 

Supplemented Moppa medium (specified in Table 2-2) with or without vitamins (only with 

nicotinic acid and biotin). nic.: nicotinic. Initial concentrations were: 56.6-57.0 g/L maltose, 3.2-

3.3 g/L glucose, 3.0 g/L citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) and 

pH, C: Final maltose and glucose concentration, D: Final acetoin and 2,3-butanediol 
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concentration. A: For clarity, only every 18th measuring point over time is marked as a symbol. 

Mean values for OTR of four replicates with standard deviations as shadows are shown. Standard 

deviations are not well recognizable, because they are small. B-D: For offline analysis, samples 

(wells) of the replicates of the OTR measurement were pooled at the end of the experiments. OD 

measurement of pooled samples was performed in triplicate and mean values with standard 

deviations depicted as error bars are shown. pH and concentrations of sugars and metabolites were 

determined in a single measurement of pooled samples. C: d.l. means that concentrations of 

components were lower than the detection limit. Final citrate and lactate concentrations were 

lower than the detection limit. Parameters in B-D were determined after 133 h. Cultivation 

conditions: temperature 33 °C, 48-round well plate, filling volume 0.8 mL, shaking frequency 

1000 rpm, shaking diameter 3 mm. 

All measured parameters, the OTR course over time, the OD, the pH, and the sugar and 

metabolite concentrations after 133 h were similar to the cultivation with the addition of all 

vitamins. There was no statistically significant difference of the OTR peaks (Appendix 

Table A6). The results show that only nicotinic acid and biotin are growth-relevant vitamins. 

In the next step, the amino acids were investigated. Therefore, only nicotinic acid and biotin 

were added as vitamins to the supplemented Moppa medium. The amino acids were divided 

into six groups, specified in Appendix Table A2. All amino acids were left out from the 

medium, while every single group was added (Figure 2-5). The P. polymyxa strain could not 

grow in a medium without any supplemented amino acid. By adding amino acid group 1, 

which contained only methionine, growth was possible, and an OTR peak at 22 mmol/L/h 

was observed (Figure 2-5A). Hence, methionine is an essential amino acid for the 

P. polymyxa strain, resulting in an auxotrophy for this amino acid. 

In the cultivation supplemented with amino acid group 1, the OTR peak (Figure 2-5A) and 

the growth rate (Appendix Figure A11) were 1.6-fold and 1.8-fold lower, respectively, than 

in the cultivation with supplementation of all amino acids. The difference of the OTR peaks 

was statistically significant (Appendix Table A7). Nevertheless, the TOC was at comparable 

levels. In the cultivation supplemented with amino acid group 1, 1773 mmol/L oxygen was 

consumed, and in the cultivation supplemented with all amino acids, 1832 mmol/L was 

consumed (Figure 2-5B). In contrast, the OD in the cultivation with amino acid group 1 was 

1.5-fold higher than that in the cultivation with all amino acids (Figure 2-5B). The reason 

for the higher OD is not yet clear. One possible explanation is an optical interference due to 

morphological changes. Those morphological changes might be caused by cell lysis due to 
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sporulation of P. polymyxa. It is known that amino acids influence the sporulation of Bacillus 

species [160]. 

 

Figure 2-5: Cultivation of Paenibacillus polymyxa with varying amino acid composition in microtiter 

plate. 
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Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with nicotinic acid 

and biotin) and with or without amino acid groups. nic.: nicotinic. Amino acid groups (gr.) are 

specified in Appendix Table A2. Initial concentrations were: 54.1-56.3 g/L (A-D) and 54.1-

56.1 g/L (E-H) maltose, 2.9-3.2 g/L (A-D) and 2.9-3.1 g/L (E-H) glucose, 3.0-3.1 g/L (A-D) and 

3.0-3.1 g/L (E-H) citrate. A, E: Oxygen transfer rate (OTR), B, F: Final optical density (OD), 

total oxygen consumption (TOC) and pH, C, G: Final maltose, glucose and citrate concentration, 

D, H: Final acetoin and 2,3-butanediol concentration. A, B: For clarity, only every 20th measuring 

point over time is marked as a symbol. Mean values for OTR of at least three replicates with 

standard deviations as shadows are shown. B, F: TOC was determined based on OTR data of the 

replicates. Mean values for TOC of the replicates with standard deviations depicted as error bars 

are shown. B-H: For offline analysis, samples (wells) of the replicates of the OTR measurement 

were pooled at the end of the experiments. OD measurement of pooled samples was performed in 

triplicate and mean values with standard deviations depicted as error bars are shown. OD of pooled 

sample of the cultivation w/o amino acids was measured in duplicate and the mean value without 

standard deviation is shown. pH and concentrations of sugars and metabolites were determined in 

a single measurement of pooled samples. C, D, G: d.l. means that concentrations of components 

were lower than the detection limit. Final lactate concentrations were lower than the detection 

limit. Parameters in B-D and F-H were determined after 159 h. Cultivation conditions: 

temperature 33 °C, 48-round well plate, filling volume 0.8 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm. 

Maltose and citrate were entirely consumed in both cultivations (only amino acid group 1 

and all amino acids), and around 2-3 g/L glucose was measured at the end of the cultivations 

(Figure 2-5C). 2,3-butanediol concentrations were on comparable levels after 159 h, and the 

acetoin concentration was 1.4-fold higher in the cultivation with only amino acid group 1 

than in the cultivation with all amino acids (Figure 2-5D). The pH after 159 h was lower in 

the cultivation with only amino acid group 1 than in the cultivation containing all amino acid 

groups (Figure 2-5B). Possibly a higher amount of produced acetate, which was not 

measured in this study, led to the lower final pH in the cultivation containing only amino 

acid group 1. 

The OTR course of the cultivation containing only amino acid group 1 is not entirely 

comparable to the OTR course of the cultivation containing all amino acids (Figure 2-5A). 

Hence, it is supposed that at least one amino acid was missing. To identify the limiting amino 

acid group, an individual supplementation of each group to the medium already containing 

amino acid group 1 was performed. 

The addition of amino acid groups 1 and 2 resulted in a comparable OTR peak as in the 

cultivation containing all amino acid groups (Figure 2-5A). There was no statistically 
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significant difference of the OTR peaks (Appendix Table A7). However, the peak was 

measured 9 h later than in the cultivation with all amino acids. This delay was reflected in a 

slightly lower growth rate, which was 0.14 1/h in the cultivation with all amino acids and 

0.10 1/h in the cultivation with only amino acid groups 1 and 2 (Appendix Figure A11). 

Adding only amino acid groups 1 and 2 to the cultivation medium, the observed OTR peak 

increased 1.5-fold compared to the cultivation with only amino acid group 1 (Figure 2-5A). 

A statistically significant difference of the OTR peaks was observed (Appendix Table A7). 

Offline data were similar (Figure 2-5B, C, and D). 

The addition of amino acid group 3, 5, or 6 together with amino acid group 1 did not 

significantly increase the respiration activity compared to the cultivation with only amino 

acid group 1 (Figure 2-5E, Appendix Table A7). The addition of amino acid group 4 together 

with amino acid group 1 resulted in a slightly higher OTR peak, compared to the addition of 

only amino acid group 1. A statistically significant difference of these two OTR peaks was 

shown (Appendix Table A7). However, the TOC was on comparable levels. The results were 

also reflected in the offline data (Figure 2-5F, G, and H). 

In the next step, each single amino acid of group 2 was investigated. The results are shown 

in Appendix Figure A12, Appendix Figure A13, and Appendix Figure A14. The OTR peak, 

growth rate, and lag-phases were evaluated as a criterion. Only the addition of histidine in 

combination with amino acid group 1 resulted in a similar peak of respiration activity as 

observed in the cultivation with amino acid groups 1 and 2 (Appendix Figure A12A). 

Growth rates were similar (Appendix Figure A13A). However, the lag phase was prolonged 

by 7.0 h compared to the cultivation with amino acid groups 1 and 2 (Appendix 

Figure A14A). The separate addition of proline and arginine resulted in a lower OTR peak 

value (Appendix Figure A12A), but a similar lag-phase as the cultivation supplemented with 

amino acid groups 1 and 2 (Appendix Figure A14A). Therefore, those two amino acids were 

each added to amino acid group 1 and histidine in parallel cultivations (Appendix 

Figure A12B). However, this did not result in entirely similar respiration activities to the 

cultivation with amino acid group 1 and 2 (Appendix Figure A12B, Appendix Figure A13B 

and Appendix Figure A14B). Additionally, a combination of amino acid group 1, histidine, 

proline, and arginine did not result in entirely comparable OTR courses (Appendix 
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Figure A12C, Appendix Figure A13C and Appendix Figure A14C). Therefore, all amino 

acids of group 2 were used in addition to amino acid group 1 in the supplemented Moppa 

medium. 

The studies on amino acid supplementation resulted in a better understanding of the OTR 

peaks. Since the small peak after around 35 h is only present when arginine has been added 

to the medium, the peak can be attributed to arginine consumption as a carbon source 

(Appendix Figure A12A). Appendix Figure A15 shows the good reproducibility of growth 

of P. polymyxa in three experiments performed independently of one another. 

The nucleobases/-sides were reduced after reducing the amino acids to the growth-relevant 

ones (Appendix Figure A16). As the strain was expected to produce the nucleobases/-sides 

by itself, they were not divided into groups. Therefore, P. polymyxa was cultivated in 

supplemented Moppa medium containing only nicotinic acid, biotin, amino acid groups 1 

and 2, with and without nucleobases/-sides. The respiration activities and offline parameters 

were similar for both cultivations (Appendix Figure A16). Hence, P. polymyxa was able to 

synthesize the nucleobases/-sides by itself. 

The number of components in the supplemented Moppa medium was reduced from 53 to 23, 

similar to the number of components in the complex medium. The Moppa medium only 

supplemented with nicotinic acid, biotin, methionine, the amino acids of group 2 and without 

nucleobases/-sides is called reduced Moppa medium from now on. 

2.3.4 Comparability of cultivation in reduced Moppa medium in 

microtiter plate and laboratory fermenter scale 

After screening optimized cultivation conditions in MTPs, the next step in bioprocess 

development may be the transfer to a laboratory fermenter scale, before the final scale-up to 

the production scale can be performed. To validate the results of this study obtained in MTPs, 

a cultivation in a laboratory fermenter was performed. The respiration activities and the 

measured offline parameters in the MTP and the fermenter are compared in Figure 2-6. 
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Figure 2-6: Cultivation of Paenibacillus polymyxa in reduced Moppa medium in microtiter plate and 

fermenter scale. 

Reduced Moppa medium (specified in Table 2-2). Initial concentrations were: 55.7-58.2 g/L 

maltose, 2.7-3.3 g/L glucose, 3.1-3.8 g/L citrate. A: Oxygen transfer rate (OTR) in microtiter plate 

or fermenter, B: Final optical density (OD) and pH, C: Final maltose, glucose and citrate 

concentration. C: d.l. means that concentrations of components were lower than the detection 

limit. Final lactate concentrations were lower than the detection limit. Parameters in B and C were 

determined after 133 h in microtiter plate (corresponds to 121 h cultivation time after shift) and 

after 119 h in fermenter. Initial osmolality in reduced Moppa medium in microtiter plate is 

0.95 osmol/kg and in fermenter is 0.48 osmol/kg. Cultivation conditions: microtiter plate: 

temperature 33 °C, 48-round well plate, filling volume 0.8 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm, 0.2 M MES, initial pH 7.0. For clarity, only every 18th measuring point 

over time is marked as a symbol. Mean values for OTR of four replicates with standard deviations 

as shadows are shown for microtiter plate. Standard deviations are not well recognizable, because 

they are small. B-C: For offline analysis, samples (wells) of the replicates of the OTR 

measurement were pooled at the end of the microtiter plate experiment. OD measurement of 

pooled sample was performed in triplicate and the mean value with standard deviation depicted as 

error bar is shown. pH and concentrations of sugars were determined in a single measurement of 

pooled sample. Fermenter: temperature 33 °C, filling volume 1 L, pH control at pH 6.5 with 
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NH3 • aq and H3PO4 solutions, without MES buffer. For clarity, only every 720th measuring point 

is marked as a symbol. The cultivation in reduced Moppa medium in microtiter plate is also shown 

in Appendix Figure A16. 

The OTR courses at both scales were comparable (Figure 2-6A). The OTR of the MTP was 

shifted by 12 h, as growth was delayed compared to the fermenter. The larger lag-phase 

might be driven by the two-fold higher initial osmolality in the cultivation in the MTP 

(0.95 osmol/kg in MTP and 0.48 osmol/kg in fermenter). Based on internal data (not 

published), increasing osmotic pressures (higher than 0.80 osmol/kg) were found to 

incrementally reduce growth of the P. polymyxa strain. The higher osmolality results from 

the used buffer in the MTP cultivation. In contrast, the pH in the fermenter was controlled 

by titration. 

A higher OD was observed in the fermenter. This is likely the influence of the different pH 

control strategies. In the fermenter, pH was controlled to a value of 6.5 by titration with 

25 % (w/w) NH3 • aq and 40 % (w/w) H3PO4 solutions. In the MTP, the pH decreased to a 

value of 6.0 (Figure 2-6B). At the end of cultivation after 119 h, maltose was entirely 

consumed by the microorganisms in both, the fermenter and the MTP (Figure 2-6C). 

To further characterize the fermentation of P. polymyxa, samples were sequentially taken 

every 6 h over the cultivation time (Figure 2-7). The OD increased throughout the whole 

cultivation time (Figure 2-7B). When the OTR peak was reached, maltose was still available 

at a concentration of at least 21.3 g/L (Figure 2-7C). After 119 h, maltose was completely 

consumed. A glucose concentration of 0.5 g/L was measured after 119 h (Figure 2-7C). The 

citrate concentration decreased to values lower than 0.5 g/L, when the OTR peak was 

reached. Lactate was produced in low concentrations and then consumed in the further 

course of the cultivation (Figure 2-7D). Lactate consumption started after the OTR peak was 

reached (Figure 2-7D). Thereby, the assumption that lactate was consumed in cultivations 

with increased nicotinic acid concentrations (Figure 2-2D) is confirmed here. 

The DOT dropped to 30 % after 19 h and was kept constant by controlling the agitation 

speed in the fermenter (Appendix Figure A17). Therefore, the course of the agitation speed 

follows the course of the OTR curve. 
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Figure 2-7: Characterization of the cultivation of Paenibacillus polymyxa in reduced Moppa medium in 

a fermenter. 

Reduced Moppa medium (specified in Table 2-2). A: Oxygen transfer rate (OTR), B: Optical 

density (OD) and pH, C: Maltose, glucose and citrate concentration, D: Lactate concentration. 

Measuring points in brackets are considered outliers. For clarity, only every 720th measuring point 

is marked as a symbol for OTR. Cultivation conditions: temperature 33 °C, filling volume 1 L, 

pH control at pH 6.5 with NH3 • aq and H3PO4 solutions, without MES buffer. The cultivation in 

the fermenter is also shown in Figure 2-6. 
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2.4 Conclusions 

In this study, a chemically defined medium for a P. polymyxa strain was developed by 

combining a systematic experimental procedure and the small-scale high-throughput online 

cultivation system µRAMOS. In comparison to the Pbp complex medium, the respiration 

activity and OD in the chemically defined Moppa medium were low. Hence, the 

concentrations of the supplemented nutrient groups were systematically increased in the 

Moppa medium. Nicotinic acid was identified as a growth-limiting component. Furthermore, 

the use of the online monitoring technique revealed a pH-inhibition in the small-scale 

cultivations, which was traced back to an insufficient buffer capacity. By increasing the 

nicotinic acid concentration, the initial pH, and the buffer concentration in the Moppa 

medium, similar respiration activities to the Pbp medium were achieved. The next step was 

to reduce the medium components to the essential and growth-relevant ones. Auxotrophies 

for nicotinic acid and methionine were shown for the applied P. polymyxa strain. Biotin and 

the combination of histidine, arginine, proline, and glutamate showed growth-enhancing 

effects. Nucleobases /-sides do not have to be added to the medium. After reduction of the 

medium components to the essential and growth-relevant ones, a comparable number (23) 

of media components as in the Pbp complex medium (22) was achieved. The information 

obtained from the online monitored respiration activities in the MTP experiments could be 

verified by offline measured parameters (OD, pH, carbon source consumption, and 

metabolite production). 

Finally, the cultivation of P. polymyxa in the chemically defined medium was successfully 

reproduced in a laboratory fermenter. The results showed a good transferability of the 

developed medium, based on online monitoring, although the method of pH-control was 

different. The reasons for the differences in OD have to be investigated in further studies. 

This study shows that online monitoring of the respiration activity in high-throughput MTP 

cultivations in combination with a systematic experimental procedure is a valuable tool to 

optimize cultivation media. Compared to conventional methods, like OFAT, the number of 

experiments was reduced. A screening procedure was established for P. polymyxa in MTPs. 
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Finally, the good transferability of the MTP results to a laboratory fermenter highlights the 

importance of online monitoring the respiration activity in small-scale cultivation systems.
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3 Application of online spectroscopic techniques for 

detection of Bacillus spores in cultivations with 

complex medium 

3.1 Introduction 

High spore concentrations and sporulation efficiencies are needed for efficient industrial 

processes with spore formers. To increase spore concentrations and sporulation efficiencies 

of Bacillus species, parameters that influence sporulation need to be identified. For screening 

those parameters, spore detection methods are required. Counting spore numbers using the 

agar-plating method [103, 104] or microscopy in combination with a counting chamber [105, 

106] are the most commonly applied conventional spore detection methods. However, these 

methods are time-consuming and laborious [161, 162]. Further disadvantages of spore 

quantification using the plating technique are miscounting, due colony clumping and 

susceptibility to high standard deviations [161, 162]. In addition, incubation of the agar 

plates for several days is necessary to enable reliable colony counting [162]. Several methods 

have been developed to measure the concentration of the spore-specific component DPA of 

the spore core, as an alternative to methods that determine spore concentrations directly. 

DPA concentration determination is, for example, performed by applying HPLC [163]. In 

addition, terbium dipicolinate photoluminescence assays were developed and optimized 

[164-166]. Furthermore, DPA was described to be detected and quantified by surface-

enhanced Raman spectroscopy [167, 168]. The methods quantifying DPA require intensive 

sample preparation, for example, DPA extraction [163, 164, 167]. Only end-point 

measurements are possible for all spore detection methods mentioned above, or samples 

need to be taken during the cultivation. In addition, measurement results are only available 
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with a delay after sampling. In contrast, online detection methods allow monitoring of the 

progress and rate of sporulation over the whole cultivation time. For example, online 

monitoring of dielectric permittivity in combination with online measured OD was shown 

to represent the different cultivation states, like the sporulation phase of Bacillus 

thuringiensis in a bioreactor cultivation [169]. In another study, an electronic nose was used 

to monitor the sporulation of B. subtilis over the cultivation time in a bioreactor [170]. 

However, high-throughput methods are necessary for screening parameters that influence 

sporulation. Spectroscopic techniques might be a valuable tool for monitoring sporulation in 

MTPs. The scattered light of spores and the spectroscopic characteristics of DPA might be 

promising detection parameters. 

Various studies have investigated the fluorescence characteristics of DPA. For DPA alone, 

no fluorescence emission has been observed in aqueous solution [171, 172]. In contrast, 

fluorescence emission at about 400 nm was reported for calcium-DPA at an excitation 

wavelength of about 300 nm in an aqueous solution [171], as well as for wet and dried 

calcium-DPA [172]. Fluorescence of DPA in Bacillus spores at an excitation wavelength of 

345 nm and an emission wavelength of 410 nm was observed by Alimova et al. [173]. 

This study aimed to monitor Bacillus sporulation during cultivation using spectroscopic 

techniques. For demonstrating the method, the model organism B. subtilis was used. Two 

B. subtilis strains were cultivated, one spore-forming and one with a genetic knockout in 

sporulation. An increase in fluorescence during cultivation in the BioLector was qualitatively 

correlated to the course of sporulation. To highlight the broad applicability of this spore 

detection method, experiments with other spore-forming Bacillus species, namely Bacillus 

licheniformis and Bacillus velezensis, were performed. 

 



 

 

3 Application of online spectroscopic techniques for detection of Bacillus spores in 

cultivations with complex medium 

 

 

49 

 

 

3.2 Materials and Methods 

3.2.1 Microbial strains 

The experiments in this work were performed with various Bacillus strains. The B. subtilis 

strain PY79 [174-176] and B. subtilis strain KO7-S were both obtained from the Bacillus 

Genetic Stock Center (BGSC) by BASF SE (Ludwigshafen am Rhein, Germany) and kindly 

provided by BASF SE. In the study presented herein, the B. subtilis strain PY79 (BGSC ID: 

1A747) is called spore former, and the B. subtilis strain KO7-S (BGSC ID: 1S145) is named 

knockout strain. The knockouts of the B. subtilis KO7-S strain are in a sporulation gene 

(ΔsigF) and seven protease genes (ΔnprE, ΔaprE, Δepr, Δmpr, ΔnprB, Δvpr, Δbpr). The 

industrially relevant B. velezensis strain (MBI600) was received from BASF SE. In addition, 

the B. licheniformis DSM8785 strain from Leibniz Institute DSMZ (German Collection of 

Microorganisms and Cell Cultures) was used. All cryo-cultures were stored at -80 °C with 

125 g/L glycerin and 25 g/L saccharose. 

3.2.2 Cultivation media 

Lysogeny broth (LB) medium [177] was used for pre-cultures. It contained 5 g/L yeast 

extract (Karl Roth GmbH, Karlsruhe, Germany), 10 g/L tryptone (Karl Roth GmbH, 

Karlsruhe, Germany), and 5 g/L NaCl. After preparation, the pH of the medium was checked 

to be at 7.0 with a HI221 Basic pH meter (Hanna Instruments Deutschland GmbH, 

Vöhringen, Germany). The medium was autoclaved for 60 min at 121 °C. 

Main-cultures were conducted in Bacillus complex (Bc) medium containing 10 g/L glucose, 

5 g/L yeast extract (Bio Springer, Maisons-Alfort, France), 10 g/L soy flour (Sofarine Bic 

Protein, BiC, BC’s-Hertogenbosch), and 10 g/L corn starch (Roquette Frères, Lestrem, 

France). A separate glucose stock solution and a main stock solution containing yeast extract, 

soy flour, and corn starch, were prepared for this medium. The pH of the main stock solution 

was adjusted to 7.0 with 25 % (w/w) NH3 • aq and 40 % (w/w) H3PO4 solutions. The main 
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stock solution was autoclaved for 60 min at 121 °C. The glucose stock solution was sterilized 

by filtration (0.2 µm). Immediately before starting the experiment, the main stock solution 

was supplemented with glucose and deionized water to achieve the desired concentrations. 

The pH of the combined solution was adjusted to 7.0 with 25 % (w/w) NH3 • aq and 

40 % (w/w) H3PO4 solutions. 

3.2.3 Cultivation conditions 

Appendix Figure A18 shows an overview of the cultivation protocol. For all experiments, 

pre-cultures were performed in 250 mL shake flasks with a filling volume of 10 mL, a 

shaking frequency of 350 rpm, and a shaking diameter of 50 mm. Pre-cultures were stopped 

in the late exponential phase or beginning of the stationary phase (OTR of 10-20 mmol/L/h). 

Main-cultures were inoculated with pre-culture to an OD of 0.1. The OD of the pre-culture 

was measured with a Genesys 20 photometer (Thermo Scientific, Darmstadt, Germany) in a 

standard 1 cm cuvette at a wavelength of 600 nm. The samples were diluted with 0.9 % (w/v) 

NaCl to an OD of 0.1 to 0.3 as this is the linear range of the photometer. The blank was 

measured with 0.9 % (w/v) NaCl. Cultivations were performed in 250 mL shake flasks, 

when a high sample volume was required for analysis at the end of the cultivation. 

Cultivations were conducted in 48-round well MTPs, when online spectroscopic 

measurement techniques were used, or a high-throughput was necessary. Shake flask 

cultivations were performed with a filling volume of 10 mL, a shaking frequency of 350 rpm, 

and a shaking diameter of 50 mm. In MTP experiments, a filling volume of 0.7 mL, a shaking 

frequency of 1000 rpm, and a shaking diameter of 3 mm were used. 

3.2.4 Online monitoring techniques 

An in-house developed RAMOS device [70, 71] was used to determine the OTR of pre- and 

main-cultures in shake flasks. The RAMOS device is commercially available from Adolf 

Kühner AG (Birsfeld, Switzerland) and HiTec Zhang GmbH (Herzogenrath, Germany). 

MTP cultivations were performed in a commercial BioLector I device (Beckman Coulter 
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GmbH, Krefeld, Germany) to monitor the DOT over cultivation time. MTPs with optodes 

(MTP-R48-BOH1, Beckman Coulter GmbH, Krefeld, Germany) were used. As measured 

DOT values exhibited an offset in the BioLector, the DOT was corrected as described in 

Appendix Section A1. The correction of DOT is shown exemplarily for four wells of the 

B. subtilis strains in Appendix Figure A19. In addition, the calculation of the OTR based on 

the DOT in MTP is described in Appendix Section A2. Fluorescence and scattered light 

monitoring in MTPs were performed in an in-house built BioLector [72, 75] coupled to a 

Fluoromax-4-spectrometer (HORIBA Jobin-Yvon GmbH, Bernsheim, Germany). The 

desired wavelengths can be selected using monochromators. The detailed measuring setup 

is described in Wandrey et al. [76]. The cultivations in the in-house BioLector were 

conducted in MTPs without optodes (MTP-R48-B, Beckman Coulter GmbH, Krefeld, 

Germany). The scattered light at 620 nm and the fluorescence at an excitation wavelength 

of 390 nm and an emission wavelength of 460 nm were recorded. The scattered light was 

measured with a slit width of 2 nm, and the fluorescence with a slit width of 4 nm. The 

integration time was 600 ms for both. Fluorescence and scattered light data over cultivation 

time in the in-house built BioLector were recorded using LabVIEW software developed by 

ZUMOLab GmbH (Wesseling, Germany). In all experiments, the MTPs were closed with a 

gas-permeable sealing foil with an evaporation-reducing layer (F-GPR48-10, Beckman 

Coulter GmbH, Krefeld, Germany). 

3.2.5 Recording of 2D fluorescence spectra 

2D fluorescence spectra of pure cultivation medium, inoculated cultivation medium, and 

culture broth at the end of the cultivation were recorded using the setup of the in-house built 

BioLector [72, 75, 76] coupled to a Fluoromax-4-spectrometer (HORIBA Jobin-Yvon 

GmbH, Bernsheim, Germany). When necessary, the culture broth of replicates of the shake 

flask cultivations or of replicates cultivated in different wells in a MTP was pooled at the 

end of the corresponding cultivation to increase sample volume. In addition, 2D fluorescence 

spectra of supernatant and pellet of B. subtilis were recorded. The supernatant was obtained 

after two centrifugation steps of the culture broth for 15 min at 18000 g. The pellet was 

resuspended in 0.9 % (w/v) NaCl. 2D spectra were recorded in a 48-round well MTP with a 
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filling volume of 700 µL using the software FluorEssence V3.5 (FluorEssenceTM for 

Windows, HORIBA Jobin-Yvon GmbH, Bernsheim, Germany). The positioning of the 

corresponding well of the MTP was performed utilizing LabVIEW software developed by 

ZUMOLab GmbH. Recording of the 2D spectra was performed at a temperature of 37 °C, a 

shaking frequency of 1000 rpm, and a shaking diameter of 3 mm. The increment of recorded 

wavelengths was set to 10 nm with a slit width of 2 nm and an integration time of 0.12 s. 

The difference in the 2D fluorescence spectra was calculated by subtracting the intensities 

of the 2D fluorescence scans at the beginning of the cultivation from the intensities of the 

2D fluorescence scans at the end of the cultivation. Before measuring the samples, the 

spectrometer was calibrated with a quartz glass cuvette filled with deionized water. When a 

new calibration of the spectrometer was necessary, due to switching off the spectrometer 

between the beginning and end of the cultivation, the intensities at the end of the cultivation 

were corrected by a correction factor. The procedure is described in Appendix Section A3 

and Appendix Figure A20. 

3.2.6 Addition of iron to Bacillus subtilis supernatant 

2D fluorescence spectra of the supernatant of B. subtilis culture broth at the end of the 

cultivation were recorded before and after the addition of iron. A schematic overview is 

shown in Appendix Figure A21. 2D fluorescence spectra of 700 µL supernatant for each well 

were obtained using the setup of the in-house built BioLector [72, 75, 76] coupled to a 

Fluoroxmax-4-spectrometer (HORIBA Jobin-Yvon GmbH, Bernsheim, Germany) with the 

settings described in chapter 3.2.5. Then, 100 µL supernatant was removed from the well of 

the MTP, and 100 µL of a 21 mM FeCl2 ‧ 4 H2O solution was added. A 2D fluorescence 

spectrum was recorded again. The same experiment was performed by adding 100 µL 

deionized water instead of the iron solution to the supernatant. The difference in the 2D 

fluorescence spectra was calculated by subtracting the intensities of the 2D fluorescence 

scans after adding iron from the intensities of the 2D fluorescence scans before adding iron. 

In a further experiment, iron was added in different concentrations to the supernatant of 

B. subtilis culture broth. A schematic overview is shown in Appendix Figure A22. In this 
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case, the fluorescence intensity of the supernatant at the end of the cultivation was measured 

in a 48-round well MTP with a filling volume of 700 µL, a temperature of 37 °C, a shaking 

frequency of 1000 rpm, and a shaking diameter of 3 mm. The measurement was performed 

with the in-house built BioLector [72, 75, 76] coupled to a Fluoromax-4-spectrometer 

(HORIBA Jobin-Yvon GmbH, Bernsheim, Germany) and LabVIEW software developed by 

ZUMOLab GmbH. An excitation wavelength of 390 nm and an emission wavelength of 

460 nm was used with a slit width of 4 nm and an integration time of 600 ms. After 4.2 h, 

100 µL of the supernatant were removed from the well, and 100 µL of FeCl2 ‧ 4 H2O and 

FeCl3 ‧ 6 H2O solutions in different concentrations (0.7, 7, 21, 42, 63, 105, 350 mM) were 

added to the supernatant. For analysis, the fluorescence intensity before adding iron was 

determined by calculating a mean value of intensities before adding iron. The fluorescence 

intensity after adding iron was determined by calculating a mean value of intensities after 

adding iron. A period of 1.0 h was chosen for the mean value calculation. The mean 

fluorescence intensity before adding iron was subtracted from the mean fluorescence 

intensity after adding iron. For all experiments, fresh iron solutions were prepared. 

3.2.7 Microscopic images 

Phase contrast microscopy was performed with an Eclipse E600 (Nikon, Tokyo, Japan) with 

a 1000x magnification. 

3.3 Results and Discussion 

3.3.1 Comparison of Bacillus subtilis cultivations at different scales in 

complex medium 

To develop the spore detection method, the B. subtilis spore former and knockout strain were 

cultivated in complex Bc medium in shake flask and MTP scale. A parallel cultivation was 

conducted in shake flasks and a MTP (Figure 3-1) to compare the growth of the strains at 
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these two scales. Figure 3-1A shows the OTR of duplicate cultivations of the B. subtilis spore 

former and knockout strain in Bc medium at shake flask scale. 

 

Figure 3-1: Cultivation of Bacillus subtilis PY79 spore former and KO7-S knockout strain in shake flask 

and microtiter plate scale. 

(A) Oxygen transfer rate (OTR) in shake flasks, (B) dissolved oxygen tension (DOT) and OTR in 

a microtiter plate. (A), (B) For clarity, only every 10th measuring point over time is marked by a 

symbol. (A) Duplicates are shown for cultivations in shake flasks. (B) Mean values of 16 replicates 

with standard deviations as shadows are shown for cultivations in microtiter plate. The DOT was 

corrected as described in Appendix Section A1. Correction is shown for four wells of each strain 

as an example in Appendix Figure A19. The correction was performed for all 16 wells and the 

mean value of the corrected DOT of all 16 wells was calculated for each strain. The OTR in 

microtiter plate was calculated from the corrected DOT as described in Appendix Section A2 with 

a volumetric oxygen transfer coefficient (kLa) value of 194 1/h. Cultivation conditions in a 

RAMOS device [70, 71]: temperature 37 °C, 250 mL RAMOS shake flask, filling volume 10 mL, 

shaking frequency 350 rpm, shaking diameter 50 mm, Bc medium with 10 g/L glucose. 

Cultivation conditions in a commercial BioLector I device (Beckman Coulter GmbH): 

temperature 37 °C, 48-round well plate (MTP-R48-BOH 1), filling volume 0.7 mL, shaking 

frequency 1000 rpm, shaking diameter 3 mm, Bc medium with 10 g/L glucose. 



 

 

3 Application of online spectroscopic techniques for detection of Bacillus spores in 

cultivations with complex medium 

 

 

55 

 

 

The OTR of the spore former showed three distinct peaks at about 20 mmol/L/h after 2 h, at 

about 48 mmol/L/h after 4 h, and at about 49 mmol/L/h after 8 h (Figure 3-1A). The OTR of 

the knockout strain exhibited a similar course (Figure 3-1A). A difference in the OTR was 

observed in the last OTR peak. This peak, with a value of 32 mmol/L/h after around 7 h, was 

1.5-fold lower than the OTR peak of the spore former after 8 h. 

The OTR peaks of both strains represent the metabolization of the various carbon sources in 

the Bc medium, which are glucose, corn starch, and carbon sources contained in soy flour 

and yeast extract. The slight differences in the OTR profile between the spore former and 

knockout strain might be attributed to differences in protein cleavage. This difference in 

protein cleavage might be traced back to the protease knockouts of the knockout strain. The 

cultivation in shake flasks (Figure 3-1A) exhibited no oxygen limitation, which agrees with 

the calculated maximum oxygen transfer capacity (OTRmax) after Meier et al. [178]. The 

calculated OTRmax in shake flasks under the given cultivation conditions and with an 

osmolality of 0.12 osmol/kg in the Bc medium is 83 mmol/L/h. This is higher than the 

measured highest OTR peak of 49 mmol/L/h. 

The results of the parallel cultivation in MTP for both strains are shown in Figure 3-1B. In 

addition, the OTR calculated based on the DOT in the MTP is presented. For this purpose, 

the volumetric oxygen transfer coefficient (kLa) in the MTP was determined in a separate 

cultivation to be 194 1/h (mean value of four replicates) under the given cultivation 

conditions. The kLa determination is presented, exemplarily for one replicate (well), in 

Appendix Figure A23. 

The DOT of the spore former decreased to nearly zero after 3 h for around 2 h, then increased 

and again decreased to almost zero after 7 h until 11 h. Then the DOT increased until the end 

of the cultivation. The DOT of the knockout strain had a similar course until 8 h of 

cultivation. Afterward, it increased 3 h earlier than the DOT of the spore former. The OTR 

of both strains showed a mirrored course of the DOT. The range, in which the DOT for the 

first time was nearly zero, was observed as a plateau in the OTR at around 42 mmol/L/h, 

between 3 h and 5 h. When the DOT was nearly zero for the second time, the OTR exhibited 

another plateau at about 42 mmol/L/h. 
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The OTR of the cultivation in shake flasks (Figure 3-1A) and the DOT as well as the OTR 

of the cultivation in the MTP (Figure 3-1B), exhibit very similar profiles. In the MTP, the 

DOT decreased to nearly zero. Meanwhile the OTR in the MTP reached a plateau, which 

increased the total cultivation time compared to the shake flask experiment. This plateau 

indicates a short oxygen limitation during the cultivation in the MTP [70, 77], which was 

not observed during the cultivation in shake flasks. However, as this study aimed to develop 

a qualitative spore detection method, both cultivation scales were used, even though 

differences in oxygen supply were noticed. 

An overview of all performed shake flask and MTP experiments for both B. subtilis strains 

is shown in Appendix Figure A24. The comparable courses of the OTR curves within an 

experiment and across experiments showed good reproducibility of the results from the 

RAMOS device (Appendix Figure A24A and B). This reproducibility could also be inferred 

from Appendix Figure A24C and D for the DOT courses in the MTP, which was represented 

in low standard deviations (on average 10 % for all shown experiments). The reproducibility 

of the corresponding pre-cultures of the experiments is depicted in Appendix Figure A25. 

3.3.2 Screening for potential spore detection parameters 

To monitor the sporulation of Bacillus species based on spectroscopic techniques, suitable 

wavelength combinations for online measurement need to be identified. Therefore, 2D 

fluorescence spectra (absolute values) of the B. subtilis spore former and knockout strain 

were recorded at the beginning and end of a shake flask cultivation. To compare the spectra 

of the Bacillus spore former and knockout strain, the difference in the fluorescence spectra 

was calculated for each strain (Figure 3-2). Calculating difference spectra in this experiment 

and the following experiments reduces variations between cultivations, and only changes in 

fluorescence intensities are investigated. Previous studies also applied this procedure [179, 

180]. 
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Figure 3-2: Difference of 2D fluorescence spectra of culture broth of Bacillus subtilis PY79 spore former 

and KO7-S knockout strain between the beginning and end of the cultivation. 

(A) Spore former, (B) knockout strain. The wavelength combinations of fluorescence of 

fluorophore molecules (λex/λem) are marked with symbols: Dipicolinic acid (λex/λem=340/410 nm) 

[173] as pink diamond, NADH (λex/λem=366/462 nm) [181] as grey circle, riboflavin 

(λex/λem=270/525 nm (not marked), 370/525 nm and 450/525 nm) [182] as white pentagons, 

fluorescence maximum (λex/λem=390/460 nm) as dark purple star. 2D fluorescence scans with 

excitation wavelengths from 300-700 nm and emission wavelengths from 300-700 nm were 

recorded at the beginning of the cultivation and after 67 h of cultivation using the setup of an in-

house built BioLector device [72, 75, 76]. Intensities of 2D spectra after 67 h of cultivation were 

corrected with the correction factor as described in Appendix Section A3. Intensities of the 2D 

fluorescence scan from the beginning of the cultivation were subtracted from corrected intensities 

of the 2D fluorescence scan after 67 h of cultivation (I-I0). The cultivations in shake flasks are 

shown in Appendix Figure A24. 

The 2D fluorescence difference spectrum of the spore former culture broth exhibited a 

distinct fluorescence maximum at an excitation wavelength (λex) of 390 nm and an emission 

wavelength (λem) of 460 nm (Figure 3-2A). This maximum was 5.3-fold lower in the 2D 

difference fluorescence spectrum of the knockout strain culture broth (Figure 3-2B). No 

other conspicuous fluorescence maxima were visible for either strain. A 2D difference 

fluorescence spectrum of pure Bc medium, which was not inoculated, did not show the 

fluorescence maximum (Appendix Figure A26). Microscopic images of the spore former 

exhibited free spores and some vegetative cells after 67 h (data not shown). Spores were not 

observed for the knockout strain (data not shown). As the fluorescence maximum at 

λex/λem = 390/460 nm was much higher in the 2D fluorescence difference spectrum of the 

spore former, a correlation of the fluorescence maximum to sporulation is assumed. 
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To classify the type of molecule causing the fluorescence, the wavelength combination of 

the fluorescence maximum was compared to the combinations of known fluorophore 

molecules. Neither the excitation and emission wavelengths of NADH (λex/λem = 

366/462 nm) [181] nor riboflavin (λex/λem = 270/525 nm, λex/λem = 370/525 nm and 

450/525 nm) [182] fit to the measured fluorescence maximum. This is not surprising, as it is 

known from literature that spores contain almost no high-energy compounds like NADH 

[31, 32]. Only the oxidized form NAD+ is found in dormant spores [31, 32]. In addition to 

NADH and riboflavin, the wavelength combination was compared to the spore-specific 

component DPA. Alimova et al. reported that DPA, which was assumed to be chelated with 

calcium, exhibited an excitation wavelength of 340 nm and an emission wavelength of 

410 nm in fluorescence spectra of B. subtilis spores [173]. This wavelength combination is 

not comparable to the observed fluorescence maximum in this study. 

To verify the hypothesis that the fluorescence maximum (λex=390 nm, λem=460 nm) in the 

2D fluorescence difference spectrum of the spore former is linked to sporulation, the 

wavelength combination was measured over time in an in-house built BioLector device 

(Figure 3-3A). The B. subtilis spore former and knockout strain were cultivated. In parallel, 

samples were taken, and microscopic images of those samples were recorded, to track the 

formation of spores (Figure 3-3B and C). Additionally, it was suspected that spores influence 

the scattered light signal. Hence, the scattered light signal at 620 nm was measured over 

cultivation time (Figure 3-3A). 

The scattered light intensity of the spore former and knockout strain showed a comparable 

increase until 4.5 h of cultivation (Figure 3-3A). Then, the scattered light intensity of the 

knockout strain reached a more or less constant level, after a short drop at around 6 h of 

cultivation. In contrast, the scattered light intensity of the spore former increased after a 

decline. The scattered light intensity of the knockout strain started to decrease after around 

26 h of cultivation, and the scattered light intensity of the spore former decreased after 21 h 

until a plateau after about 50 h was reached. 
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Figure 3-3: Online scattered light and fluorescence measurement of Bacillus subtilis PY79 spore former 

and KO7-S knockout strain with microscopic images. 
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(A) Scattered light intensity at 620 nm and fluorescence intensity with an excitation wavelength 

of 390 nm and an emission wavelength of 460 nm. Mean values of three replicates with standard 

deviations as shadows are shown. If the standard deviations are small, they are not well 

recognizable. For clarity, only every 4th measuring point over time is marked by a symbol. The 

initial intensity was subtracted from the measured intensities over time (I-I0) for each strain. Grey 

arrows mark the time point of samples. Microscopic images of (B) spore former and (C) knockout 

strain at different time points with 1000x magnification. (B), (C) The color and symbol of the 

frame of the microscopic images correspond to the symbols and colors in (A). Red arrows pointing 

downwards show spores inside the mother cells. Green arrows pointing upwards show free spores. 

Blue arrows pointing to the right show cells with round shape. Cultivation conditions in an in-

house built BioLector device [72, 75, 76]: temperature 37 °C, 48-round well plate (MTP-R48-B), 

filling volume 0.7 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, Bc medium with 

10 g/L glucose. 

The microscopic images of the spore former (Figure 3-3B) and knockout strain 

(Figure 3-3C) showed rod-shaped vegetative cells at the beginning of the cultivation. In the 

microscopic image of the sample taken after 24 h, for the spore former, spores inside the 

mother cells were observed together with vegetative cells, not containing spores. The 

microscopic image at 30 h of cultivation exhibited first released spores in an ellipsoidal form, 

which increased in number during the rest of the cultivation. The knockout strain did not 

show any spores. In contrast, cells with round shape were observed in the microscopic 

images taken after 53 h and 72 h of cultivation. 

The increase in the scattered light intensity at the beginning of the cultivation of both strains 

represents the growth of the vegetative cells on the carbon sources in complex medium. 

Scattered light depends on various influencing factors, such as cell morphology [88] and the 

detection angle [183]. Therefore, it was hypothesized that the formation of spores can be 

followed by the scattered light signal. However, the inconclusive course of the scattered light 

intensity of both strains between 6 h of cultivation until the end of the cultivation did not 

show any correlation between scattered light and sporulation (Figure 3-3A). Additionally, 

the development of free spores in the microscopic images (Figure 3-3B), which started at 

around 30 h, did not show a distinct correlation to the scattered light intensity. Therefore, the 

above hypothesis was not confirmed in this study. As expected, the knockout strain did not 

exhibit any spores (Figure 3-3C). However, the microscopic images at the end of the 

cultivation showed that the knockout strain formed cells with round shape, and cell lysis was 

visible. These might influence the scattered light of this strain. The round cells of the 

knockout strain in Figure 3-3C are proposed to be the effect of an incomplete sporulation 
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process. The knockout strain might start the sporulation process under appropriate conditions 

as the spore former. After asymmetric septum formation [184], sporulation stops, as no sigma 

F factor (σF) is active due to the knockout in the gene sigF. This termination of sporulation 

could lead to pinch off the cells with round shape. Magill and Setlow showed the release of 

ellipsoid to coccoid forespores, called sporlets, of a B. subtilis spoIIAC (sigF) mutant in 

electron micrographs [185]. Due to the mutation, an additional septum was formed on the 

opposite side to the typical septum in the cells. Further incubation of the B. subtilis spoIIAC 

strain resulted in the lysis of the mother cells and release of the sporlets [185]. In addition, 

Defeu Soufo observed that round cells, called “dwarf cells”, were formed by B. subtilis 

PY79, when incomplete sporulation took place in a minimal medium [186]. In their study, 

sporulation seemed to stop after the asymmetric septum was formed [186]. 

The fluorescence intensity (λex=390 nm, λem=460 nm) of the spore former was almost 

constant until 24 to 26 h (Figure 3-3A). Afterwards, the fluorescence intensity of the spore 

former strongly increased, until a plateau was reached at around 50 h. The fluorescence 

intensity of the knockout strain was nearly constant during the whole cultivation. 

Strong differences in fluorescence intensity were observed for the two strains. Therefore, the 

fluorescence is a more promising detection signal than the scattered light. The detection of 

some free spores in the microscopic image of the spore former after 30 h of cultivation 

(Figure 3-3B) corresponded well with the beginning of the increase in fluorescence intensity 

between 24 h and 30 h (Figure 3-3A). When the fluorescence intensity reached its plateau 

from around 50 h on, only free spores with a low portion of vegetative cells were visible in 

the microscopic image. Spores inside the mother cells were not observed anymore, in 

contrast to the time point of the beginning of the fluorescence increase. The fluorescence 

intensity of the knockout strain was nearly constant over the whole cultivation time 

(Figure 3-3A), and no spores were detected in microscopic images (Figure 3-3C). A slight 

increase in fluorescence after around 54 h was in parallel to the observation of the round 

cells in microscopic images. Concluding from the observations in this experiment, the 

hypothesis that the increase in fluorescence intensity at λex/λem =390/460 nm correlates with 

the sporulation process is emphasized. It is suggested that the increase in fluorescence 
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intensity is linked to the release of the spores from the mother cells and related cell lysis, as 

the fluorescence increase was observed during the development of the free spores. 

Two different materials as the origin of the observed fluorescence are conceivable. The 

fluorescence could be caused by (a) the spores themselves (for example a spore-specific 

substance inside the spores) or (b) a substance produced during cultivation and released into 

the medium during lysis of the mother cells. Cell lysis did also take place for the knockout 

strain. Therefore, an intracellular substance produced by both strains is unlikely to cause the 

fluorescence, because it would also have been released into the medium for the knockout 

strain. 

3.3.3 Identification of fluorescing chemical substance  

To investigate, which chemical substance causes the fluorescence, the fluorescence source 

needs to be localized. Therefore, B. subtilis cells and spores were separated from the 

cultivation medium by centrifugation. 2D spectra of the pellet of the B. subtilis spore former 

diluted in NaCl and of the supernatant of the spore former were recorded at the beginning 

and end of the cultivation in shake flasks. 2D fluorescence difference spectra are shown in 

Figure 3-4. 

The 2D fluorescence difference spectrum of the pellet of the B. subtilis spore former did not 

exhibit any fluorescence maximum (Figure 3-4B). Only the 2D difference spectrum of the 

supernatant (Figure 3-4A) showed the fluorescence maximum at the same wavelength 

combination (λex/λem =390/460 nm) as the culture broth of the spore former in Figure 3-2A. 

Due to the centrifugation steps, the supernatant is expected to contain no spores anymore. 

From this experiment, it can be concluded that a substance in the Bacillus spores, hence the 

spores themselves (a), does not cause the fluorescence. The assumption of chapter 3.3.2 that 

the fluorescence is not caused by the spore-specific substance DPA is underlined. The 

fluorescence is presumably caused by a substance produced during cultivation and released 

into the medium during lysis of the mother cells (b). 
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Figure 3-4: Difference of 2D spectra of supernatant and pellet of Bacillus subtilis PY79 spore former 

between the beginning and end of the cultivation. 

(A) Supernatant, (B) pellet after resuspension in 9 g/L NaCl. The fluorescence maximum 

(λex/λem=390/460 nm) is marked with a symbol as dark purple star. 2D fluorescence scans with 

excitation wavelengths from 300-700 nm and emission wavelengths from 300-700 nm were 

recorded at the beginning of the cultivation and after 67 h of cultivation using the setup of an in-

house built BioLector device [72, 75, 76]. Intensities of the 2D spectra after 67 h of cultivation 

were corrected with the correction factor as described in Appendix Section A3. Intensities of the 

2D fluorescence scan from the beginning of cultivation were subtracted from the corrected 

intensities of the 2D fluorescence scan after 67 h of cultivation (I-I0). The cultivation in shake 

flasks is shown in Appendix Figure A24. 

To further narrow down, which chemical substance causes the fluorescence, a literature 

review was carried out. In previous reports, the fluorescence of the siderophore pyoverdine 

was measured at a similar wavelength combination (λex = 398-405 nm, λem = 452-470 nm) 

[187-190] as found in this study. Siderophores are low-molecular-weight iron-chelating 

molecules secreted into the medium, to facilitate iron uptake by the cells [191]. Several 

organisms produce siderophores under iron-limiting conditions [192-195]. Pseudomonas 

species produce, for example, pyoverdines [192], and E. coli produces, for example, 

enterobactin [195]. Also, Bacillus species are known to produce siderophores, like 

bacillibactin [193] and petrobactin [194]. Due to the similar wavelength combination for 

fluorescence of pyoverdines and the sought substance in this study, it is assumed that a 

siderophore causes the fluorescence. 

The fluorescence of pyoverdines is known to be quenched after adding Fe2+ and Fe3+ [190]. 

To investigate the hypothesis of siderophore production by B. subtilis, ferrous iron (Fe2+ as 
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FeCl2 solution) was added to the twice centrifuged supernatant of the spore former and 

knockout strain. A concentration of 3 mM Fe2+ was added to the supernatant. 2D 

fluorescence spectra were recorded before and after addition of FeCl2 (Appendix 

Figure A27). The intensities of the 2D spectra (absolute values) before adding FeCl2 were 

subtracted from the intensities of the 2D spectra after adding FeCl2. The resulting 2D 

fluorescence difference spectra represent the fluorescence intensity change due to FeCl2 

addition (Figure 3-5). 

 

Figure 3-5: Difference of 2D fluorescence spectra of supernatant of Bacillus subtilis PY79 spore former 

and KO7-S knockout strain before and after adding FeCl2. 

(A) Spore former, (B) knockout strain. The fluorescence maximum (λex/λem=390/460 nm) is 

marked with a symbol as a dark purple star. 2D fluorescence scans with excitation wavelengths 

from 300-700 nm and emission wavelengths from 300-700 nm were recorded of the supernatant 

after 66 h of cultivation before and after adding 3 mM FeCl2 using the setup of an in-house built 

BioLector device [72, 75, 76]. Intensities of the 2D fluorescence scan before adding FeCl2 were 

subtracted from the intensities of the 2D fluorescence scan after adding FeCl2 (Iafter-Ibefore). The 

scale of intensities shows negative values. Absolute spectra are shown in Appendix Figure A27. 

The cultivations in shake flasks are shown in Appendix Figure A24. Samples of cultivation were 

taken after 66 h and centrifuged for recording of 2D spectra of supernatant. A schematic overview 

for this experiment is shown in Appendix Figure A21. 

Both strains exhibited a difference in the fluorescence intensity after addition of FeCl2 

compared to before addition of FeCl2 (Figure 3-5). However, the difference of the 

fluorescence intensity of the spore former (Figure 3-5A) was four-fold stronger than the 

difference of the fluorescence intensity of the knockout strain (Figure 3-5B). A difference in 

the fluorescence intensity due to the dilution of the supernatant could be neglected for both 
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strains as difference spectra after addition of deionized water showed no difference in the 

fluorescence intensity (Appendix Figure A28). 

As the fluorescence intensity was reduced after adding ferrous iron, the hypothesis that the 

B. subtilis spore former produces a siderophore is underlined. The slight fluorescence 

intensity difference for the knockout strain showed that it might produce the siderophore in 

very low quantities as well. In the study of Alimova et al., a similar fluorescence maximum 

at an excitation wavelength of 400 nm and an emission wavelength of 460 nm was reported 

in the fluorescence spectra of a B. subtilis strain [173]. The fluorescence was also quenched 

after adding FeCl2 to the supernatant and the authors assumed a siderophore in their study to 

cause the fluorescence [173]. 

To investigate the fluorescence quenching in more detail, FeCl2 was added in different 

concentrations to the supernatant of both Bacillus strains. Siderophores are known to chelate 

ferric iron with a higher affinity than ferrous iron [196, 197]. Therefore, the experiment was 

also performed with various concentrations of ferric iron in a FeCl3 solution. The 

fluorescence intensity of the supernatant was measured at an excitation wavelength of 

390 nm and an emission wavelength of 460 nm (absolute values) before and after the 

addition of iron instead of recording 2D spectra (Appendix Figure A29). The fluorescence 

difference was calculated as described in chapter 3.2.6. The results are presented in 

Figure 3-6. 

The fluorescence intensity decreased to a comparable level for both types of iron species for 

the respective iron concentration. With increasing iron concentration, the difference in the 

fluorescence was stronger. For example, for a concentration of 9 mM FeCl3, a 1.9-fold 

stronger decrease of the fluorescence signal was observed than for 3 mM FeCl3 for the spore-

forming strain. A saturation was observed for both strains for high iron concentrations 

(higher than 15 mM for the spore former and 9 mM for the knockout strain). The 

fluorescence decrease of the spore former was stronger for all ferrous and ferric iron 

concentrations investigated than the one of the knockout strain. 
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Figure 3-6: Difference of fluorescence intensity before and after adding different iron solutions and 

concentrations to the supernatant of Bacillus subtilis PY79 spore former and KO7-S 

knockout strain. 

The fluorescence intensity of the supernatant was measured at an excitation wavelength of 390 nm 

and an emission wavelength of 460 nm, before and after adding FeCl2 or FeCl3 in an in-house 

built BioLector device [72, 75, 76]. The fluorescence intensity before adding FeCl2 or FeCl3 was 

subtracted from the fluorescence intensity after adding FeCl2 or FeCl3 (Iafter-Ibefore). Absolute 

fluorescence intensities are shown in Appendix Figure A29. The cultivations in shake flasks are 

shown in Appendix Figure A24. Samples of the cultivation were taken after 66 h and centrifuged 

for measuring of the fluorescence intensity of the supernatant. FeCl2 and FeCl3 were added to the 

supernatant in different concentrations. Deionized water was added instead of iron so that no 

additional iron was added to the supernatant (0 mM). A schematic overview for this experiment is 

shown in Appendix Figure A22. 

This experiment further underlines the assumption that a siderophore is the cause of the 

observed fluorescence. For the tested iron concentrations, no differences in the amount of 

fluorescence decrease were observed between FeCl2 and FeCl3. As the fluorescence 

difference for high iron concentrations increased only slightly, no more free siderophores 

were probably available to bind the higher amount of iron. 

In this study, strong indications for B. subtilis producing a fluorescing siderophore, like 

pyoverdine, are found. The structure of pyoverdines is based on a fluorescing chromophore, 

a peptide ligand, and a carboxylic acid or carboxylic amid side chain [198]. B. subtilis strains 

are well known to produce the catecholic siderophore bacillibactin [193]. However, as 

reported by Alimova et al. [173] and to the best of our knowledge, reports about B. subtilis 

producing pyoverdine are not known. Only Oudega et al. showed that B. subtilis contains a 

gene similar to the pyoverdine synthetase from Pseudomonas aeruginosa [199]. Hence, 

further investigations are needed to determine the siderophore identified in this study. 
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The fluorescence measurement and the microscopic images in Figure 3-3 showed a 

correlation between the appearance of the fluorescence and the release of spores from the 

mother cells. Whether there is a causal relationship between sporulation and siderophore 

production or not, cannot yet be stated. Contradictory findings on the correlation of 

sporulation and siderophore production of Bacillus species can be found in literature. Santos 

et al. observed for Bacillus megaterium an increase in the concentration of the siderophore 

schizokinen before sporulation started [200]. The authors concluded that no correlation 

exists between sporulation and siderophore production in B. megaterium [200]. In contrast, 

Grandchamp et al. reported that the availability of the siderophore enterobactin, which 

E. coli produced in a co-culture with B. subtilis, promoted the sporulation of B. subtilis 

[201]. The authors traced this back to an increased iron availability due to siderophore 

production [201]. A further study investigated the association of siderophore production and 

sporulation with B. anthracis [202]. The authors reported that B. anthracis needs the 

siderophore petrobactin for sporulation. Production of petrobactin was started before 

sporulation, and the authors suggested that the siderophore was imported into the spore 

[202]. However, for B. anthracis it was also stated that petrobactin is produced during 

germination of spores [203]. 

3.3.4 Use of spore detection method with other Bacillus species 

The spore detection method was demonstrated for the model organism B. subtilis. In the next 

step, the applicability of the fluorescence signal to monitor sporulation was investigated for 

other Bacillus species. The spore former B. velezensis MBI600 (reclassified, formerly 

Bacillus amyloliquefaciens [204]) was chosen as an industrially relevant example strain. Its 

spores are commercially applied, for instance, in biological plant protection [40]. There are 

also bioprocesses with spore-forming bacteria, in which spores are not desirable [205, 206]. 

For example, deleting sporulation genes can increase the yield of industrially relevant 

products [206]. Therefore, monitoring of sporulation during strain development is of great 

interest. As B. licheniformis is a workhorse for industrially relevant compounds, like 

proteases [206] and 2,3-butanediol [207], this species was also chosen in this study, to show 

the applicability of the spore detection method. B. velezensis MBI600 and B. licheniformis 
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DSM8785 were cultivated in parallel with the B. subtilis spore former and knockout strain. 

For high-throughput, this was performed in a MTP (Appendix Figure A30). 2D fluorescence 

spectra of the culture broth of all strains were recorded at the beginning and end of the 

cultivation. The 2D fluorescence difference spectra are shown in Figure 3-7A-D. 

Additionally, microscopy was performed at the end of the cultivation to assess the 

sporulation of the strains (Figure 3-7E-H). 

Supporting the previous findings, the 2D fluorescence difference spectrum of the spore 

former showed the same fluorescence maximum as before. The knockout strain showed a 

6.7-fold lower fluorescence intensity. In comparison, B. velezensis and B. licheniformis 

exhibited a fluorescence maximum with a 1.3-fold and 2.1-fold lower intensity, respectively, 

as the spore former strain. Free spores were found by microscopy for the B. subtilis spore 

former strain, but not for the knockout strain. Free spores were also observed for 

B. velezensis and B. licheniformis. However, based on the microscopic images, the spore 

concentration of B. licheniformis appears to be lower than that of B. velezensis, which in turn 

is lower than that of B. subtilis spore former. 

The results underline the hypothesis that the fluorescence intensity at an excitation 

wavelength of 360 nm and an emission wavelength of 460 nm correlates with sporulation. 

The microscopic images indicated the highest spore concentration for the B. subtilis spore 

former strain, corresponding to the highest fluorescence intensity. Comparing B. subtilis, 

B. licheniformis, and B. velezensis, the microscopic image of the B. licheniformis strain 

suggests the lowest spore concentration (without consideration of the knockout strain), 

which corresponds to the lowest fluorescence intensity. This means that the newly developed 

method shows potential for quantitative detection of spores. 

In previous reports, B. licheniformis and B. velezensis strains were shown to produce 

siderophores [208, 209]. In addition, in B. velezensis, the gene cluster for synthesis of 

bacillibactin was found [210]. However, to our knowledge, no reports exist that outline those 

two strains to produce pyoverdine. Finally, the fluorescence signal and sporulation 

correlation is confirmed for B. velezensis and B. licheniformis. Hence, the spore detection 

method was transferred to other Bacillus strains. 
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Figure 3-7: Transfer of spore detection method to other Bacillus strains. 
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Difference of 2D fluorescence spectra of culture broth between the beginning and end of the 

cultivation of (A) Bacillus subtilis PY79 (spore former), (B) Bacilllus subtilis KO7-S (knockout 

strain), (C) Bacillus velezensis (MBI600), (D) Bacillus licheniformis DSM8785. 2D fluorescence 

scans with excitation wavelengths from 300-700 nm and emission wavelengths from 300-700 nm 

were recorded at the beginning of the cultivation and after 66 h of cultivation using the setup of 

an in-house built BioLector device [72, 75, 76]. Intensities of the 2D fluorescence scan from the 

beginning of the cultivation were subtracted from intensities of the 2D fluorescence scan after 

66 h of cultivation (I-I0). (A-D) The fluorescence maximum (λex/λem=390/460 nm) is marked with 

a dark purple star. Microscopic images of (E) B. subtilis spore former, (F) B. subtilis knockout 

strain, (G) B. velezensis, (H) B. licheniformis of samples after 66 h of cultivation with 1000x 

magnification. Green arrows pointing upwards show free spores. Blue arrows pointing to the right 

show cells with round shape. Cultivations in microtiter plate are shown in Appendix Figure A30. 

The color and symbol of the frame of the microscope images correspond to the symbols and colors 

in Appendix Figure A30. 

3.4 Conclusion  

In this study, spectroscopic techniques were applied to monitor sporulation of Bacillus 

species in a MTP. A spore-forming B. subtilis strain and a B. subtilis strain with a genetic 

knockout in sporulation were used to develop the method. 

Recording of 2D fluorescence spectra showed that the B. subtilis spore former strain 

exhibited a distinct fluorescence maximum at an excitation wavelength of 390 nm and an 

emission wavelength of 460 nm, which was not observed for the B. subtilis knockout strain. 

This led to the assumption that the fluorescence is correlated to sporulation. Online 

monitoring of the fluorescence signal and microscopic images highlighted that the increase 

in fluorescence intensity correlates with the development of free spores and lysis of the 

mother cells. 

2D fluorescence spectra of the pellet of the spore former, containing vegetative cells and 

spores, and of the supernatant revealed that the fluorescence was located in the supernatant. 

The 2D fluorescence spectra of the pellet did not show a notable fluorescence maximum. 

Hence, the fluorescence was not caused by the spores themselves (a spore-specific 

substance). The origin must rather be a chemical substance produced during cultivation and 

released into the medium during the lysis of the mother cells. Experiments, in which ferrous 

and ferric iron were added to the supernatant of the spore former, showed a significant 
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decrease in fluorescence after adding iron. Hence, most likely, a siderophore causes the 

observed fluorescence. Finally, the same wavelength combination correlated with 

sporulation in other Bacillus species and, therefore, applicability of the spore detection 

method to other Bacillus species was shown. 

Through online fluorescence measurement, sporulation of Bacillus species can be detected 

in high-throughput screening experiments and qualitatively determined. The method is easy 

to use and less laborious than conventional spore detection methods. Thus, the established 

method is a valuable tool for monitoring sporulation. In addition to the use of the method for 

screening experiments in a MTP, the fluorescence could be measured with a novel probe for 

online monitoring of sporulation in industrial fermentations. Further investigations are 

required to identify the molecular mechanism of the identified correlation between the 

fluorescence and sporulation.
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4 Investigation of influence parameters on sporulation 

of Bacillus subtilis in complex medium applying the 

online spore detection method 

4.1 Introduction 

Sporulation is a complex process that is influenced by a multitude of different environmental 

factors. One of those crucial factors is the medium composition [104, 106, 110, 211]. In the 

past, various studies were performed to investigate and optimize medium compositions for 

the sporulation of different Bacillus strains [104, 106, 110, 211]. For example, Tian et al. 

investigated the influence of carbon and nitrogen sources on spore concentrations of 

B. subtilis BSNK-5 [104]. They reported that carbon and nitrogen sources, which are more 

difficult to metabolize (soluble starch in comparison to glucose and soybean in comparison 

to (NH4)2SO4), enhance spore concentrations of B. subtilis BSNK-5 [104]. Sporulation takes 

place under starving conditions [114]. An excess of glucose represses the transcription of the 

spo0A gene [212]. As the Spo0A protein is a key regulator in the initiation of sporulation 

[213], the repression of transcription results in the inhibition of sporulation [212]. In addition 

to the choice of the carbon and nitrogen source, it was reported that the ratio of the carbon 

and nitrogen source (C/N) affects spore concentrations of Bacillus strains [106, 110].  

Other media components with a relevant influence on sporulation are divalent cations as they 

are found in spores [214]. The most prominent cations are manganese and calcium. 

Manganese is essential for sporulation of various Bacillus species [215]. It is a cofactor for 

the enzyme phosphoglycerate phosphomutase, which is required for sporulation [216, 217]. 

Furthermore, manganese availability in the sporulation medium affects cortex biosynthesis 



 

 

 

74 

 

4 Investigation of influence parameters on sporulation of Bacillus subtilis in complex 

medium applying the online spore detection method 

 

 

[218]. In most cases, calcium is associated with an increased heat resistance of Bacillus 

spores [107, 214]. This is mainly attributed to a reduction in the water content of the spores 

through mineralization [27, 219]. For B. subtilis, it was shown that the addition of calcium 

is required to achieve high spore concentrations in chemically defined media [109, 110]. 

Sinnelä et al. investigated the single and combined addition of calcium and manganese to 

nutrient broth medium for different Bacillus species [108]. In their study, the highest spore 

concentrations for B. licheniformis and Bacillus cereus were achieved in a nutrient broth 

medium supplemented with calcium. In contrast, the authors detected the highest spore 

concentrations for B. subtilis and Bacillus coagulans in a nutrient broth medium without 

supplementation of manganese and calcium [108]. 

Besides the medium composition, medium osmolality, pH, temperature, and oxygen 

availability are relevant fermentation parameters, which can influence the sporulation 

process [112-114, 220, 221]. It was shown for B. subtilis that a pH value in a range of 6.0-

9.0 during batch cultivation in a fermenter with controlled pH increased sporulation 

efficiencies compared to an non-controlled pH [114]. In addition, pH values lower than 5.0 

reduced sporulation efficiencies [114].  

The oxygen supply in the cultivation of Bacillus species does not only affect the biomass, 

enzyme, and metabolite production [79, 222], but also the sporulation process [223]. 

Different cultivation strategies affect spore concentrations differently. Avignone-Rossa et al. 

presented that spore concentrations of B. thuringiensis were lower under oxygen-limited 

conditions compared to unlimited conditions during batch cultivations in a fermenter [111]. 

Sarrafzadeh and Navarro investigated the influence of oxygen on sporulation efficiencies for 

B. thuringiensis in a fermenter by varying the oxygen supply following the stop of substrate 

feeding after a fed-batch phase [112]. They showed that sporulation efficiencies (100 %) 

were higher during the absence of oxygen after the fed-batch phase compared to limited 

(93 %) and unlimited (84 %) oxygen conditions after the fed-batch phase [112]. In contrast, 

Boniolo et al. observed that spore concentrations of B. thuringiensis were reduced when the 

oxygen supply was interrupted during the sporulation and cell lysis phase in a batch 

fermentation [113]. They assumed that the remaining oxygen in the stationary phase did not 

provide enough energy for the sporulation process. Additionally, the investigation of 
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different constant DOT levels (5 %, 20 %, 50 %) throughout the fermentation, revealed an 

enhancement of spore concentrations for B. thuringiensis at higher DOT levels [113]. For 

B. subtilis, a controlled DOT level of 30 % resulted in slightly higher spore concentrations 

than DOT levels of 10 % and 50 % in a batch cultivation in a fermenter [114].  

High spore concentrations and sporulation efficiencies are needed to run economic industrial 

processes. Therefore, a systematic screening of influence parameters on sporulation for a 

specific strain is indispensable. To reduce the laboratory effort, online detection methods in 

small-scale cultivations of spore formers are beneficial. In this study, the applicability of the 

spore detection method with fluorescence measurement at an excitation wavelength of 

390 nm and an emission wavelength of 460 nm in MTPs, presented in chapter 3, was shown 

for investigating influence parameters on sporulation of the model organism B. subtilis. As 

calcium is a relevant element in sporulation and composition of Bacillus spores [107, 214], 

the influence of different calcium concentrations on spore concentrations of B. subtilis in 

complex Bc medium was tested. The other chosen parameter was oxygen, as it was shown 

in fermenter scale that it affects sporulation of different Bacillus strains [111-114]. However, 

in fermenter scale, experimental throughput is limited. Therefore, the aim was to investigate 

the influence of oxygen supply in-depth on a small-scale to allow multiple parallel 

conditions.  

4.2 Materials and Methods 

4.2.1 Microbial strains 

For cultivations, B. subtilis PY79 (spore former) and B. subtilis KO7-S (knockout strain), 

mentioned in chapter 3.2.1, were used. 
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4.2.2 Cultivation media 

The LB medium for pre-cultures and Bc medium for main-cultures described in chapter 3.2.2 

were utilized.  

For experiments with addition of different CaCl2 concentrations, a 100 g/L CaCl2 stock 

solution was prepared and sterile filtered (0.2 µm). The solution was added to the main stock 

solution of Bc medium together with glucose immediately before starting the experiments.  

4.2.3 Cultivation conditions 

The cultivation protocol used for this study is described in chapter 3.2.3. The figure captions 

indicate when the shaking frequency and the filling volume were varied. 

4.2.4 Online monitoring techniques 

Cultivations in shake flasks were conducted in a RAMOS device as described in 

chapter 3.2.4. Cultivations in MTPs were performed in a commercial BioLector I device 

(Beckman Coulter GmbH, Krefeld, Germany), in an in-house built BioLector device [72, 

75, 76] or in an in-house built µRAMOS device combined with an in-house built BioLector 

(µRAMOS/BioLector combination) [77]. The commercial BioLector I measures the DOT 

over cultivation time in 48-round well MTPs with optodes (MTP-R-48-BOH1, Beckman 

Coulter GmbH, Krefeld, Germany). Due to an offset in the DOT in the BioLector, the DOT 

was corrected as described in Appendix Section A1. Cultivations in the in-house built 

BioLector [72, 75, 76] coupled to a Fluoromax-4-spectrometer (HORIBA Jobin-Yvon 

GmbH, Bernsheim, Germany) were performed to monitor the fluorescence intensity at an 

excitation wavelength of 390 nm and an emission wavelength of 460 nm in 48-round well 

MTPs without optodes (MTP-R48-B, Beckman Coulter GmbH, Krefeld, Germany). The slit 

width for fluorescence measurement was 2 nm, and the integration time was 600 ms. 

LabView software developed by ZUMOLab GmbH (Wesseling, Germany) was used for 

recording fluorescence data over cultivation time. For both BioLectors, MTPs were closed 
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with a gas-permeable sealing foil with an evaporation-reducing layer (F-GPR48-10, 

Beckman coulter GmbH, Krefeld, Germany). When OTR and fluorescence were monitored 

within one device, the µRAMOS/BioLector combination was used [77]. A gas-permeable 

sealing foil (900371-T, HJ-Bioanalytik GmbH, Erkelenz, Germany) was utilized to close the 

48-round well MTP without optodes (MTP-R48-B, Beckman Coulter GmbH, Krefeld, 

Germany). Fluorescence measurement was conducted at the same excitation and emission 

wavelength with a slit width of 4 nm and an integration time of 600 ms. 

4.2.5 Determination of (spore) colony forming units 

The total cell concentration (vegetative cells and spores) and the spore concentration were 

determined at the end of the cultivations using the agar-plating technique. A salt-peptone 

stock solution containing 1.2 g/L K2HPO4, 0.34 g/L KH2PO4, 1 g/L Bacto peptone (GibcoTM 

BactoTM Pepton, BD DIFCOTM, Franklin Lakes, NJ, USA) and 0.1 g/L Tween 80 was 

prepared and sterile filtered (0.2 µm). Serial dilutions of the culture broth in the salt-peptone 

solution were prepared in quadruplicates. 100 µL of the dilution were pipetted onto ISP 

Medium 2 (BD DIFCOTM, Franklin Lakes, NJ, USA) agar plates and smeared with a 

Drigalski spatula to determine the total cell concentration. Then, the diluted samples were 

heated at 60 °C for 30 min and 1000 rpm in a thermocycler to kill viable cells. After heating, 

100 µL of the samples were pipetted onto the agar plate and smeared with a Drigalski spatula 

to determine the spore concentration. After plating, the plates were incubated at 37 °C for 

around 12 h, and colonies were counted. The total cell concentration was expressed as colony 

forming units per milliliter (CFU/mL) and the spore concentration was expressed as spore 

colony forming units per milliliter (SCFU/mL). The sporulation efficiency was calculated as 

the percentage of the spore concentration about the total cell concentration. Mass loss due to 

evaporation during shake flask and MTP cultivations was determined gravimetrically and 

considered in the data shown in the respective figures. 
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4.2.6 Determination of the start of the decrease in oxygen transfer rate 

and of the increase in fluorescence intensity 

In chapter 4.3.3, the start of the decrease in the OTR and the increase in the fluorescence 

intensity of MTP cultivations was determined for different tested filling volumes. The 

procedure is shown exemplarily for one replicate for a filling volume of 0.7 mL for the 

decrease in the OTR in Appendix Figure A31A and for the increase in the fluorescence 

intensity in Appendix Figure A31B. A linear regression was performed on the almost 

constant values of the OTR plateau and on the values of the dropping flank of the OTR after 

the plateau. The start of the decrease in the OTR was the intersection point of those two 

regression lines. For the start of the increase in the fluorescence intensity, a linear regression 

was performed on the almost constant values of the fluorescence intensity before the increase 

and on the values of the linear increase in the fluorescence intensity. The start of the increase 

in the fluorescence intensity was the intersection point of those two regression lines. This 

procedure was performed for every replicate (well) of each tested filling volume. Mean 

values of points of intersection were calculated for each filling volume together with 

standard deviations to determine the start of the decrease in the OTR and the increase in the 

fluorescence intensity.  

4.3 Results and Discussion 

4.3.1 Influence of calcium concentration on sporulation of B. subtilis in 

microtiter plate scale 

Microscopic images in Figure 3-3 of chapter 3.3.2 revealed that not all viable cells of 

B. subtilis PY79 sporulated in the applied Bc medium. As calcium is known to influence 

spore concentrations of B. subtilis strains [108-110], it was investigated if the addition of 

calcium results in higher spore concentrations in the Bc medium. Furthermore, the 

applicability of the online spore detection method for testing the influence of the CaCl2 

concentration was studied. Therefore, parallel cultivations were performed in a commercial 
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BioLector I device and in an in-house built BioLector device to allow measurement of DOT 

and fluorescence intensity in MTPs for B. subtilis PY79 spore former and B. subtilis KO7-S 

strain with a genetic knockout in sporulation. The cultivations were performed in four 

replicates without the addition of CaCl2, with the addition of 0.2 g/L CaCl2 and with the 

addition of 1.0 g/L CaCl2. The total cell concentration and spore concentration were 

determined for the cultivation of the B. subtilis spore former in the in-house built BioLector. 

The DOT, fluorescence intensity, total cell concentration, spore concentration, and 

sporulation efficiency are presented in Figure 4-1. 

Both B. subtilis strains exhibited similar DOT profiles with all tested CaCl2 concentrations 

(without the addition of CaCl2, with the addition of 0.2 g/L CaCl2, and with the addition of 

1.0 g/L CaCl2) (Figure 4-1A). A rapid decrease of the DOT was observed from the beginning 

of the cultivations until about 2 h of cultivation, resulting in a DOT minimum of 

approximately 0 % for around 1.5 h. A second minimum was observed in the further course 

of the cultivations, which differed in the level for the two strains. The DOT of the spore 

former reached a second minimum of approximately 0 % after 7.5 h, whereas the DOT of 

the knockout strain had a minimum of about 25 % after 7 h. As expected, the fluorescence 

signal of the knockout strain did not show an increase in intensity for all CaCl2 

concentrations (Figure 4-1B). In contrast, in the cultivation without addition of CaCl2, the 

fluorescence intensity of the spore former increased rapidly from about 30 h onwards until 

a plateau was reached after approximately 55 h. In the cultivations with 0.2 g/L and 1.0 g/L 

CaCl2, a 3.5- to 4.0-fold lower fluorescence intensity was observed for both experiments, 

after 71 h of cultivation, than for the cultivation without the addition of CaCl2. It was 

astonishing that the addition of 0.2 g/L and 1.0 g/L CaCl2 reduced the total cell concentration 

of the spore former 4.6- and 3.2-fold, respectively, compared to the cultivation without the 

addition of CaCl2 (Figure 4-1C), even though the DOT was comparable. The addition of 

CaCl2 did not increase the spore concentration and sporulation efficiency. In contrast, the 

spore concentration was 12- and 17-fold lower in the cultivations with the addition of 0.2 g/L 

and 1.0 g/L CaCl2, respectively, than in the cultivation without the addition of CaCl2. The 

sporulation efficiency was only approximately 5 % in the cultivations with the addition of 

0.2 g/L and 1.0 g/L CaCl2 compared to about 17 % in the cultivation without the addition of 

CaCl2. 
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Figure 4-1: Cultivation of Bacillus subtilis PY79 spore former and KO7-S knockout strain in Bc medium 

with various calcium concentrations. 

(A) Dissolved oxygen tension (DOT) measured in a commercial BioLector I device (Beckman 

Coulter GmbH), (B) fluorescence intensity with an excitation wavelength of 390 nm and an 

emission wavelength of 460 nm measured in an in-house built BioLector device [72, 75, 76], (C) 

total cell concentration, spore concentration, and sporulation efficiency. (A), (B) For clarity, only 

every 10th and 5th measuring point over time is marked by a symbol for DOT and fluorescence 

intensity, respectively. Mean values for DOT and fluorescence intensity of four replicates with 

standard deviations as shadows are shown. (A) The DOT was corrected as described in Appendix 
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Section A1. The DOT of the cultivation without addition of calcium for both strains is also shown 

in Appendix Figure A24. (B) The initial intensity was subtracted from the measured intensities 

over time (I-I0) for each experiment. (C) Total cell concentration, spore concentration, and 

sporulation efficiency of one replicate (well) of the spore former for each CaCl2 concentration 

after 71 h of cultivation in the in-house built BioLector were determined in quadruplicates. Mean 

values with standard deviations depicted as error bars are shown. CFU: colony forming unit, 

SCFU: spore colony forming unit. Cultivation conditions: temperature 37 °C, 48-round well plate 

(MTP-R48-BOH 1 in commercial BioLector I, MTP-R48-B in in-house built BioLector), filling 

volume 0.7 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, Bc medium with 10 g/L 

glucose w/o addition of CaCl2 or with addition of 0.2 g/L CaCl2 (≙ 0.07 g/L Ca2+) or 1.0 g/L CaCl2 

(≙ 0.36 g/L Ca2+).    

The DOT and fluorescence intensity in the cultivations of the B. subtilis spore former and 

knockout strain in Bc medium without the addition of CaCl2 were comparable to the 

cultivations shown in Figure 3-1 and Figure 3-3 of chapter 3.3.1 and chapter 3.3.2. As 

suspected from the microscopic images in Figure 3-3B of chapter 3.3.2, the sporulation 

efficiency of the spore former after 71 h of cultivation in Bc medium was low (17 %) 

(Figure 4-1C) compared to sporulation efficiencies achieved in other complex media 

described in the literature [104, 221]. Widderich et al. observed a sporulation efficiency of 

about 90 % for B. subtilis JH642 in Difco Sporulation Medium (DSM) [221]. Tian et al. 

reported sporulation efficiencies of more than 80 % for B. subtilis BSNK-5 in optimized 

complex media formulations starting from LB medium [104]. 

For the B. subtilis spore former, a decrease in the total cell concentration while increasing 

the CaCl2 concentration was detected (Figure 4-1C). Such an observation was also made for 

B. coagulans by Cho et al. [224]. It is noticeable that the DOT of the B. subtilis spore former 

was comparable despite the different total cell concentrations at varying CaCl2 

concentrations (Figure 4-1A and C). The cells were probably not viable anymore at higher 

CaCl2 concentrations, and therefore, fewer colonies grew on the agar plates. The addition of 

CaCl2 (addition of 0.07 g/L calcium and 0.36 g/L calcium) did not result in higher spore 

concentrations and sporulation efficiencies (Figure 4-1C). Monteiro et al. showed that up to 

a concentration of 0.6 g/L calcium within a tested range of 0.4 g/L to 1.2 g/L in a chemically 

defined medium, spore concentrations of a B. subtilis strain were increased [110]. Between 

0.6 and 1.2 g/L calcium, they observed similar spore concentrations [110]. The total calcium 

concentration in the complex Bc medium was not determined in the work presented herein. 

However, as additional calcium did not increase the spore concentration, it is assumed that 
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there are already enough calcium ions in the complex medium. Furthermore, precipitation 

can occur at high calcium concentrations, which was observed in the study of Monteiro et 

al. [110]. Due to the turbidity of the Bc medium, precipitation was not detectable here. The 

decrease of the spore concentrations and sporulation efficiencies for the B. subtilis spore 

former in cultivations with additional CaCl2 (addition of 0.07 g/L calcium and 0.36 g/L 

calcium) coincides with the results obtained by Sinnela et al. [108]. In their study, the 

addition of CaCl2 to a nutrient broth medium resulted in lower spore concentrations for 

B. subtilis KCTC 3135 [108]. A conceivable influencing parameter on decreasing spore 

concentrations of the B. subtilis spore former could be chloride, negatively affecting the 

sporulation process. However, no studies investigating this in detail were found in literature. 

Another parameter potentially affecting sporulation of the B. subtilis spore former by the 

addition of CaCl2 is the osmotic pressure. In the past, it was reported that an increase in 

osmolality results in lower sporulation efficiencies of B. subtilis strains [221, 225]. These 

hypotheses should be investigated in further studies with offline analysis (osmolality) and 

testing the addition of calcium with other counterions, like CaSO4. 

Looking at the fluorescence signal, a correlation is observed between spore concentrations 

and fluorescence intensity. Increasing the CaCl2 concentration resulted in lower spore 

concentrations and lower sporulation efficiencies, and thus, in a lower level of fluorescence 

intensity for the spore former. Even though the spore concentrations could not be increased 

by increasing the calcium concentration, the applicability of the online sporulation detection 

method for screening of influence parameters on sporulation is emphasized here. 

4.3.2 Influence of oxygen availability on sporulation of B. subtilis in 

shake flaske scale 

The influence of the oxygen availability on sporulation was investigated for B. subtilis PY79 

spore former in shake flasks. A two-stage cultivation protocol, developed by Heyman et al. 

[79], was applied. Cultivations were performed with different filling volumes (10 mL, 

15 mL, 20 mL) in shake flasks under oxygen-unlimited conditions to gain biomass under 

comparable cultivation conditions. During exponential growth, the shaking frequency was 
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reduced from 350 to 150 rpm to induce oxygen limitations of different levels for the different 

filling volumes. Based on the calculation of the theoretical OTRmax according to Meier et al. 

[178] for cultivations in shake flasks with an osmolality of 0.12 osmol/kg in Bc medium, 

oxygen-limited conditions were expected for the filling volumes of 10 mL, 15 mL, and 

20 mL at a shaking frequency of 150 rpm. For each experiment, the total cell and spore 

concentration were determined at the end of the cultivation. The results are shown in 

Figure 4-2. For reference, a cultivation with a shaking frequency of 350 rpm over the whole 

cultivation time is depicted. 

The reference cultivation under oxygen-unlimited conditions (Figure 4-2A) had a similar 

course of the OTR as the cultivation presented in Figure 3-1A of chapter 3.3.1. The steep 

increase of the OTR was similar for all cultivations (filling volume of 10 mL, 15 mL, 20 mL) 

until 3.5 h (Figure 4-2A). When the shaking frequency was reduced to 150 rpm after 3.5 h 

in all cultivations, except in the reference cultivation (shaking frequency not reduced), a 

decrease in the OTR was followed by a plateau with a lower level for a higher filling volume 

(Figure 4-2A). This plateau ranged from 31 mmol/L/h for the cultivation with a filling 

volume of 10 mL to 19 mmol/L/h for the cultivation with a filling volume of 20 mL. The 

plateau indicates an oxygen limitation [70]. The measured OTRmax (average of measured 

OTR values of the plateau) for the different filling volumes coincided with the theoretical 

OTRmax, calculated after Meier et al. [178]. After the plateau, the OTR rapidly decreased, 

followed by a slowly gradual decrease until the end of the cultivation. The higher the filling 

volume was, the later the decrease of the OTR started. 
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Figure 4-2: Cultivation of Bacillus subtilis PY79 spore former under different levels of oxygen limitation 

in shake flask scale.  

(A) Oxygen transfer rate (OTR), (B) total cell concentration, spore concentration, and sporulation 

efficiency. (A) For clarity, only every 4th measuring point over time is marked by a symbol for 

OTR. Duplicates ((1) and (2)) are shown. The theoretical maximum oxygen transfer capacity 

(OTRmax) (horizontal dashed lines) was calculated for the applied cultivation conditions with an 

osmolality of 0.12 osmol/kg according to Meier et al. [178]. (B) For total cell concentration, spore 

concentration, and sporulation efficiency, mean values of quadruplicates for each shake flask with 

standard deviations depicted as error bars are shown. The total cell concentration and spore 

concentration were determined when the OTR was lower than 2 mmol/L/h for 19 to 23 h (time 

points marked by errors). The standard deviation for the sporulation efficiency of the cultivation 

with a filling volume of 20 mL (2) is not shown due to large fluctuations of the replicates. CFU: 

colony forming unit, SCFU: spore colony forming unit. Cultivation conditions in a RAMOS 

device [70, 71]: temperature 37 °C, 250 mL RAMOS shake flask, filling volume 10 mL, 15 mL, 

or 20 mL, shaking frequency 350 rpm/ 150 rpm after 3.5 h (marked with arrow), shaking diameter 

50 mm, Bc medium with 10 g/L glucose. For comparison, a cultivation in duplicates with a 

shaking frequency of 350 rpm over the whole cultivation with a filling volume of 10 mL is shown 

(reference cultivation). This cultivation was conducted in parallel in a second RAMOS device. 

The OTR of the reference cultivation is also shown in Appendix Figure A24. 



 

 

4 Investigation of influence parameters on sporulation of Bacillus subtilis in complex 

medium applying the online spore detection method 

 

 

85 

 

 

The total cell concentration, spore concentration, and sporulation efficiency were determined 

19 to 23 h after the OTR was less than 2 mmol/L/h (Figure 4-2B). By this, comparability for 

the total cell concentration and spore concentration between the different filling volumes 

was achieved. The results showed large differences in the duplicates for the total cell 

concentration, spore concentration, and sporulation efficiency. In addition, large error bars 

were observed. Spore concentrations between 0.9 ‧ 107 SCFU/mL and 3.2 ‧ 107 SCFU/mL 

were achieved and sporulation efficiencies ranged between 4.8 % and 68.3 %. 

No clear conclusions can be made about the influence of the level of oxygen limitation on 

the spore concentration and sporulation efficiency. This is due to the high variations within 

the duplicates and high standard deviations for the total cell concentrations and spore 

concentrations. Therefore, the experiment was repeated in MTP scale using the online spore 

detection method, presented in chapter 3.  

4.3.3 Influence of oxygen availability on sporulation of B. subtilis in 

microtiter plate scale 

In the following experiment, the influence of the oxygen availability on the sporulation of 

B. subtilis PY79 spore former was evaluated in MTP scale using the online spore detection 

method introduced in chapter 3. A cultivation in the MTP was conducted with different 

filling volumes (0.5 mL to 1.3 mL) with parallel measurement of the OTR and fluorescence 

intensity with an excitation wavelength of 390 nm and an emission wavelength of 460 nm 

in a µRAMOS/BioLector combination device. The cultivation was started at 1000 rpm, and 

the shaking frequency was reduced to 700 rpm at the end of the exponential growth phase. 

Based on the theoretical OTRmax calculation for cultivations in MTPs according to 

Lattermann et al. [226], oxygen limitations were expected for the different filling volumes 

at a shaking frequency of 700 rpm. The OTR and fluorescence signal are displayed in 

Figure 4-3. In addition, the OTR of a reference cultivation with a filling volume of 0.7 mL 

and a shaking frequency of 1000 rpm over the whole cultivation time is depicted. 
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Figure 4-3: Cultivation of Bacillus subtilis PY79 spore former under different levels of oxygen limitation 

in microtiter plate scale by parallel monitoring of the fluorescence intensity. 

(A) Oxygen transfer rate (OTR), (B) fluorescence intensity with an excitation wavelength of 

390 nm and an emission wavelength of 460 nm. (A), (B) For clarity, only every 10th measuring 

point over time is marked by a symbol. Mean values of at least three replicates with standard 

deviations as shadows are shown. For the cultivation with a filling volume of 1.2 mL, no standard 

deviations are shown, as a mean value of a duplicate was calculated. (B) The initial intensity was 

subtracted from the measured intensities over time (I-I0) for each filling volume. Cultivation 

conditions in a µRAMOS/BioLector combination device [77]: temperature 37 °C, 48-round well 

plate (MTP-R48-B), filling volume 0.5-1.3 mL, shaking frequency 1000 rpm/ 700 rpm after 2.1 h 

(marked with arrow), shaking diameter 3 mm, Bc medium with 10 g/L glucose. For comparison, 

a cultivation with a shaking frequency of 1000 rpm over the whole cultivation with a filling 

volume of 0.7 mL is shown (reference cultivation). This cultivation was conducted in another 

experiment with another pre-culture in the µRAMOS/BioLector combination device.  
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The cultivation of the spore former in the MTP with a filling volume of 0.7 mL and a shaking 

frequency of 1000 rpm (reference cultivation) over the whole cultivation time in the 

µRAMOS/BioLector combination device (Figure 4-3A, peaks are depicted more clearly in 

Appendix Figure A32B) showed three OTR peaks at about 26 mmol/L/h after 1.5 h, at about 

46 mmol/L/h after 3.5 h and at about 49 mmol/L/h after 6.5 h. This OTR profile is 

comparable to the OTR profile of the cultivation in shake flasks with a filling volume of 

10 mL and a shaking frequency of 350 rpm over the whole cultivation time in the RAMOS 

device (Appendix Figure A32A). In the cultivation with a filling volume of 0.7 mL and a 

shaking frequency of 1000 rpm over the whole cultivation time in the commercial 

BioLector I, a plateau for the calculated OTR from the DOT was observed (Appendix 

Figure A32B), which indicated a short oxygen limitation [70, 77], as described in chapter 

3.3.1. This oxygen limitation was not observed in the cultivation in the µRAMOS/BioLector 

combination device (Appendix Figure A32B). 

The OTR of the cultivations with the different filling volumes increased until the shaking 

frequency was reduced after 2.1 h (Figure 4-3A). After reducing the shaking frequency to 

700 rpm, a higher filling volume resulted in a lower OTR plateau, ranging from 32 mmol/L/h 

for a filling volume of 0.5 mL to 17 mmol/L/h for a filling volume of 1.3 mL. Those OTR 

plateaus indicate oxygen limitations [70, 77]. The measured OTRmax (average of measured 

OTR values of the plateau) for the respective filling volume was on average 23 % higher 

than the theoretical OTRmax, calculated according to Lattermann et al. [226] (Appendix 

Figure A33). One parameter influencing the OTRmax is the osmolality of the medium [178], 

which is not taken into account in the calculation of the OTRmax according to Lattermann et 

al. [226]. This, most likely, explains the deviation of the measured OTRmax values from the 

theoretical values. The length of the plateau was greater, the lower the level of the plateau 

was. The OTR decreased slightly during the plateau in the cultivation with a filling volume 

of 0.5 mL. 

The fluorescence intensity was almost constant during the first hours of the cultivation for 

all filling volumes (Figure 4-3B). Then, the fluorescence intensity increased. The time point 

of the start of the increase differed for the different filling volumes. An earlier increase in 

the fluorescence intensity was observed for the cultivations with lower filling volumes. The 



 

 

 

88 

 

4 Investigation of influence parameters on sporulation of Bacillus subtilis in complex 

medium applying the online spore detection method 

 

 

increase in the fluorescence intensity always started after the OTR started to decrease at the 

end of the plateau (Figure 4-3A). Exemplarily, in the cultivation with a filling volume of 

0.7 mL, the OTR started to decrease at approximately 18 h and the fluorescence intensity 

started to increase at approximately 33 h (Appendix Figure A31 shows an example of one 

replicate of the cultivation with a filling volume of 0.7 mL for determination of the time 

points). The decrease in the OTR can be attributed to the depletion of the available carbon 

sources [68, 227]. After the increase in the fluorescence intensity, an almost constant level 

of the fluorescence maximum was achieved. In general, it can be noted that the cultivations 

with lower filling volumes had a higher maximum fluorescence intensity than the 

cultivations with higher filling volumes. For example, the cultivation with a filling volume 

of 1.3 mL had a 1.1-fold lower fluorescence plateau than that of 0.6 mL. Figure 4-3B shows 

that the slope of the fluorescence increase varies for the different filling volumes. Therefore, 

the slope was determined (Appendix Figure A34) and plotted against the filling volume 

(Appendix Figure A35). However, there is no clear correlation between the slope of the 

fluorescence increase and the filling volume visible. 

As described in chapter 3, the increase in the fluorescence signal is correlated to the release 

of spores from the mother cells and related cell lysis. Further, the fluorescence is most 

probably traced back to siderophore production. In Figure 4-3B, the maximum fluorescence 

intensity was, in general, lower for higher filling volumes, thus for a higher level of oxygen 

limitation. This effect indicates a lower spore concentration for higher levels of oxygen 

limitation. In addition, it is assumed that a lower siderophore production took place. 

However, it cannot be completely excluded that different biomass concentrations at the time 

point of the reduction of the shaking frequency caused the different fluorescence levels. At 

this time point, the level of the OTR curves differed for the different filling volumes (see the 

beginning of the cultivation in Appendix Figure A36). To verify the results, a further 

experiment with higher shaking frequencies at the beginning of the cultivation and an earlier 

reduction of the shaking frequency is proposed. This could allow comparable OTR levels at 

the time point of reducing the shaking frequency. In previous reports, the influence of oxygen 

on sporulation in fermenter scale was evaluated for Bacillus strains [111-114]. The authors 

applied different cultivation strategies [111-114]. The results of those reports and the MTP 

experiment with the B. subtilis PY79 spore former in this study show that the influence of 
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oxygen availability on sporulation is a complex issue. Depending on the Bacillus species 

and siderophore, different correlations have been published for siderophore production and 

oxygen supply. For B. anthracis, it was reported that more petrobactin was produced in an 

iron-depleted medium with a high oxygen supply compared to a low oxygen supply [228]. 

For bacillibactin of B. anthracis, a higher production was observed in an iron-depleted 

medium with a low oxygen supply than with a high oxygen supply [228]. An enhancement 

of siderophore production by B. megaterium under agitated conditions in shake flasks 

compared to static conditions was reported by Santos et al. [200]. B. megaterium is known 

to produce schizokinen [229]. Overall, the applicability of the fluorescence measurement to 

investigate the influence of oxygen availability on the sporulation of B. subtilis was shown 

in this study. 

Based on the different time points of the start of the increase in the fluorescence intensity 

(Figure 4-3), it is concluded that the time point of the release of spores varied. The higher 

the filling volume was, the later the release of spores started. This can be traced back to a 

prolonged cultivation time due to the higher level of oxygen limitation. The increase in the 

fluorescence intensity was observed after the OTR started to decrease behind the end of the 

plateau. Therefore, it was investigated whether there was a correlation between the time 

points of the decrease in the OTR and the increase in the fluorescence intensity. The time 

point of the start of the increase in the fluorescence intensity was plotted against the time 

point of the start of the decrease in the OTR in Figure 4-4. 

The cultivation with a filling volume of 0.5 mL was excluded from the regression since the 

plateau was not completely constant (Figure 4-3). The results show a linear correlation 

between the start of the decrease in the OTR and the increase in the fluorescence intensity 

(Figure 4-4). Therefore, it is possible to predict the time point of the release of spores from 

the mother cells based on the decrease in the OTR under oxygen-limited conditions. To 

support this approach, further experiments with different cultivation conditions should be 

conducted to investigate the correlations between the start of the decrease in the OTR and 

the increase in the fluorescence intensity. 
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Figure 4-4: Correlation of start of the increase in fluorescence intensity and start of the decrease in 

oxygen transfer rate in oxygen-limited cultivations of Bacillus subtilis PY79 spore former in 

microtiter plate scale. 

The start of the decrease in the oxygen transfer rate (OTR) and the increase in the fluorescence 

intensity was determined based on the cultivations shown in Figure 4-3. The time points were 

determined for each replicate (wells) for all filling volumes and mean values were calculated for 

each filling volume. The standard deviations are presented as error bars. For the cultivation with 

a filling volume of 1.2 mL, no standard deviations are shown, as a mean value of a duplicate was 

calculated. A linear regression was conducted for all time points excluding the cultivation with a 

filling volume of 0.5 mL. The determination of the time points of the start of the decrease in the 

OTR and the increase in the fluorescence intensity is shown in Appendix Figure A31, exemplarily 

for one well of the cultivation with a filling volume of 0.7 mL. 

4.4 Conclusion 

In this chapter, influence parameters on the sporulation of B. subtilis PY79 were 

investigated. Therefore, the plating technique and the measurement of the fluorescence 

intensity at an excitation wavelength of 390 nm and an emission wavelength of 460 nm were 
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applied. The medium component calcium and the oxygen supply were chosen as model 

parameters.  

The increase of the CaCl2 concentration in complex Bc medium did not increase the spore 

concentration and sporulation efficiency of the B. subtilis spore former. This demonstrated 

that the CaCl2 concentration in the Bc medium was already sufficient for sporulation. 

Interestingly, spore concentrations and sporulation efficiencies decreased with higher CaCl2 

concentrations. A negative influence of chloride, the counter ion of the salt added, or an 

increased osmotic pressure was suspected.  

The second parameter was the oxygen availability. A preliminary experiment in shake flasks 

did not allow any conclusions to be drawn due to the high standard deviations for spore 

concentrations. Therefore, in MTP scale, different levels of oxygen limitations were set 

based on different filling volumes in a two-stage cultivation protocol. Higher levels of 

oxygen limitation indicated a lower plateau of fluorescence intensity and thus, likely, a lower 

spore concentration. 

The spore detection method using fluorescence measurement was applied for both tested 

parameters. The lower spore concentrations, determined based on the plating technique, with 

higher CaCl2 concentrations coincided with a lower fluorescence intensity. In addition, 

conclusions were drawn on the influence of oxygen availability on the sporulation, based on 

the measured fluorescence intensity. Thus, the application of the online spore detection 

method for investigating influence parameters on sporulation in the complex medium was 

shown. The measurement of the fluorescence intensity is a promising tool for screening 

experiments in small-scale to better understand parameters influencing the sporulation and 

to optimize industrial processes. 

A linear correlation of the start of the decrease in the OTR and the increase in the 

fluorescence intensity was observed in oxygen-limited cultivations. This correlation is a 

promosing step, which can be used in future experiments to derive the time point of spore 

release based on OTR measurement.
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5 Application of online spectroscopic techniques for 

detection of Bacillus spores in cultivations with a 

chemically defined medium 

5.1 Introduction 

Various complex media have been applied and optimized, for efficient spore production 

processes with Bacillus species in the past [104, 106, 114, 211, 230]. However, as described 

in chapter 2.1, a disadvantage of complex media worth highlighting is the fluctuating 

composition of complex components, leading to an inconsistent fermentation performance 

[96-98]. In contrast, chemically defined media can ensure a reproducible sporulation process 

and a reproducible sporulation onset. For example, de Vries et al. achieved synchronous 

sporulation of B. cereus in an airlift fermenter system using a chemically defined medium 

[231]. In addition, by adding nutrients in the desired and known concentrations, a higher 

control on the sporulation process can be achieved. By applying chemically defined media, 

parameters influencing sporulation can be investigated precisely. On the downside, applying 

chemically defined media often results in low spore concentrations and sporulation 

efficiencies [110, 232]. Therefore, optimization of those media is necessary. For example, 

Monteiro et al. observed 3.5- to 10-fold lower spore concentrations in different chemically 

defined media compared to the complex DSM [110]. The authors then optimized the best-

performing chemically defined medium by investigating the carbon and nitrogen source and 

nutrients like calcium and vitamins. They reported a higher spore concentration in the 

optimized chemically defined medium compared to the DSM [110]. 
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For studies investigating the influence of medium components on sporulation, spore 

concentrations are usually determined using laborious and time-intensive conventional 

methods, like agar-plating [110, 232]. These methods require sampling and only provide 

end-point measurements. To ensure a fast and reliable method to optimize chemically 

defined media regarding sporulation, online detection methods are of high interest. In this 

chapter, the application of the online spore detection method, presented in chapter 3, was 

investigated in cultivations of B. subtilis in a chemically defined medium. This online 

detection method uses fluorescence measurement with an excitation wavelength of 390 nm 

and an emission wavelength of 460 nm in MTP scale. In addition, in this chapter, it was 

evaluated whether a correlation between scattered light intensity and sporulation in 

chemically defined medium can be observed. 

5.2 Materials and Methods 

5.2.1 Microbial strains 

Cultivations were conducted with B. subtilis PY79 (spore former) and B. subtilis KO7-S 

(knockout strain). Further information about the strains can be found in chapter 3.2.1. 

5.2.2 Cultivation media 

For pre-cultures, the LB medium listed in chapter 3.2.2 was applied. Main-cultures were 

conducted in the chemically defined complete modified Poolman medium after Müller et al. 

[68]. The composition is listed in Table 5-1. 
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Table 5-1: Composition of the chemically defined complete modified Poolman medium for main-

cultures. 

The letters in brackets (a-d) indicate which components were prepared together in a stock solution.  

Ingredients  Concentration in 

complete modified 

Poolman medium              

[g/L] 

Ingredients  Concentration in 

complete modified 

Poolman medium              

[g/L] 

Main components   L-Isoleucine  0.21 

Glucose  10 L-Leucine  0.475 

Sodium acetate  1 L-Lysine  0.44 

(NH4)2SO4  7.49 L-Methionine  0.125 

MgCl2 ‧ 6 H2O  0.427 L-Phenylalanine  0.275 

K2HPO4  1.7 L-Proline  0.675 

MOPS buffer  20.93 L-Serine  0.34 

Vitamins   L-Threonine  0.225 

Ascorbic acid  0.5 L-Tryptophane  0.05 

Biotin  0.002 L-Tyrosine  0.25 

Nicotinic acid (a) 0.0011 L-Valine  0.325 

Calcium D-(+)-pantothenate (a) 0.001 Nucleobases/ -sides   

p-Aminobenzoic acid (a) 0.01    Adenine  0.01 

Pyridoxamine 2HCl (a) 0.006 Guanine  0.01 

Pyridoxine HCl (a) 0.002 Inosine  0.005 

Vitamin B12 (a) 0.001 Xanthine  0.01 

Thiamin HCl (a) 0.001 Thymidine  0.005 

Riboflavin  0.001  Uracil  0.01 

Orotic acid  0.005 Trace elements   

Folic acid  0.001    ZnSO4 ‧ 7 H2O (b) 0.009 

Amino acids   CoSO4 ‧ 7 H2O (b) 0.004 

L-Alanine  0.24 CuSO4 ‧ 5 H2O (b) 0.004 

L-Arginine  0.125 (NH4)6Mo7O24 ‧ 4 H2O (b) 0.003 

L-Aspartic acid  0.42 CaCl2 ‧ 2 H2O (c) 0.066 

L-Cysteine  0.13 MnCl2 (c) 0.016 

(S)-(+)-Glutamic acid  0.5 FeCl2 (d) 0.005 

L-Glycine  0.175  FeCl3 ‧ 6 H2O (d) 0.005 

L-Histidine  0.15      

The (NH4)2SO4, MgCl2, and K2HPO4 stock solutions were autoclaved for 60 min at 121 °C. 

All other solutions were sterilized by filtration (0.2 µm). Before filtration, the pH of the 

3-(N-morpholino)propanesulfonic acid (MOPS) buffer was adjusted to 8.1 with a 5 M NaOH 

solution. Since not all individual amino acids, vitamins, and nucleobases /-sides were soluble 



 

 

 

96 

 

5 Application of online spectroscopic techniques for detection of Bacillus spores in 

cultivations with a chemically defined medium 

 

 

in water, the pH of those components was adjusted with KOH or HCl. Aliquots of the iron 

stock solution were frozen at -20°C. The final complete modified Poolman medium was 

prepared immediately before the experiment. All stock solutions except the K2HPO4 stock 

solution were combined, and the pH was adjusted to 8.1 with 5 M NaOH and 40 % (w/w) 

H3PO4 solutions. After that, the K2HPO4 stock solution was added. 

5.2.3 Cultivation conditions 

The cultivation protocol used in this study for pre-cultures in shake flasks and main-cultures 

in MTPs is described in chapter 3.2.3. 

5.2.4 Online monitoring techniques 

Pre-cultures were conducted in shake flasks in a RAMOS device [70, 71] as described in 

chapter 3.2.4. For main-cultures in MTPs, the DOT was measured in a commercial 

BioLector I device (Beckman Coulter GmbH, Krefeld, Germany). Correction of the DOT 

was conducted as described in Appendix Section A1. In addition, scattered light intensity at 

a wavelength of 620 nm (gain = 20) was monitored in this device. MTPs with optodes (MTP-

R48-BOH1, Beckman Coulter GmbH, Krefeld, Germany) were applied. The fluorescence 

intensity was detected at an excitation wavelength of 390 nm and an emission wavelength 

of 460 nm in an in-house built BioLector device [72, 75, 76] coupled to a Fluoromax-4-

spectrometer (HORIBA Jobin-Yvon GmbH, Bernsheim, Germany) in MTPs without optodes 

(MTP-R48-B, Beckman Coulter GmbH, Krefeld, Germany). The fluorescence intensity was 

measured with a split width of 8 nm and an integration time of 600 ms. LabView software 

developed by ZUMOLab GmbH (Wesseling, Germany) was used for recording fluorescence 

data over cultivation time. An in-house built µRAMOS device [73] was used to measure the 

OTR in each well of a 48-round well MTP without optodes (MTP-R-48-B, Beckman Coulter 

GmbH, Krefeld, Germany), sealed with a gas-permeable sealing foil (900371-T, HJ-

Bioanalytik GmbH, Erkelenz, Germany). 



 

 

5 Application of online spectroscopic techniques for detection of Bacillus spores in 

cultivations with a chemically defined medium 

 

 

97 

 

 

5.2.5 Recording of 2D fluorescence spectra 

2D fluorescence spectra of pure cultivation medium, inoculated cultivation medium, and 

culture broth at the end of the cultivation were recorded using set up of the in-house built 

BioLector [72, 75, 76] coupled to a Fluoromax-4-spectrometer (HORIBA Jobin-Yvon 

GmbH, Bernsheim, Germany) as described in chapter 3.2.5. 

5.2.6 Microscopic images 

Microscopy was conducted as described in chapter 3.2.7. 

5.2.7 Calculation of oxygen transfer rate from dissolved oxygen tension 

The OTR was calculated from the DOT, measured in the commercial BioLector (after 

correction as described in Appendix Section A1), as described in Appendix Section A2. 

Therefore, equation 5 was applied. The oxygen solubility LO2 was calculated based on 

literature [233-235]. The medium components of the complete modified Poolman medium, 

for which the ion-specific parameters and parameters for organic components are listed in 

Weisenberger and Schumpe [234] and Rischbieter et al. [235], were considered for the 

calculation of LO2 calculation. The kLa was determined in a cultivation with complex Bc 

medium (Appendix Figure A23) (194 1/h) and was used for OTR calculations in the 

chemically defined medium. Thus, the calculated OTR is considered as an approximation. 

5.3 Results and Discussion 

5.3.1 Cultivation of Bacillus subtilis in a chemically defined medium 

To transfer the online monitoring method for spore detection, presented in chapter 3, to a 

chemically defined medium, the complete modified Poolman medium after Müller et al. [68] 
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was used. The B. subtilis PY79 spore former and B. subtilis KO7-S strain with a genetic 

knockout in sporulation were cultivated in this medium in a MTP. First, the cultivation 

behavior in the medium was characterized. Therefore, the DOT was monitored over 

cultivation time in a commercial BioLector I device. The OTR was determined over 

cultivation time in a µRAMOS device in a separate cultivation with a separate pre-culture. 

The results are presented in Figure 5-1. 

The DOT of both B. subtilis strains (Figure 5-1A) decreased from the beginning of the 

cultivation. A minimum of 14 % for the spore former and 25 % for the knockout strain was 

achieved after 2.5 h. After a short increase in the DOT, it reached almost zero between 3 h 

and 5 h for both strains, followed by an abrupt DOT increase to 88 % at 5 h cultivation time. 

The DOT started to decrease for both strains after 6 h. In the cultivation with the spore 

former, a local minimum of 23 % after 10 h was achieved, and in the cultivation with the 

knockout strain, a local minimum of 25 % after 9.5 h was reached. The subsequent slow 

DOT increase was interrupted by two local minima of 34 % after 14 h and 50 % after 18 h 

for the spore former. The DOT increase of the knockout strain was interrupted by two local 

minima of 37 % after 11.5 h and 59 % after 15 h. 

The OTR calculated from the DOT (Figure 5-1A) mirrored the course to the DOT. The DOT 

minima were represented as OTR maxima. Between 3 and 5 h, a plateau of 41 mmol/L/h 

was achieved for both strains. For the spore former, a local maximum of 35 mmol/L/h after 

2.5 h, of 32 mmol/L/h after 10 h, of 27 mmol/L/h after 14 h and of 21 mmol/L/h after 18 h 

was observed. The knockout strain reached a local maximum of 31 mmol/L/h after 2.5 h, of 

31 mmol/L/h after 9.5 h, of 26 mmol/L/h after 11.5 h and of 17 mmol/L/h after 15 h. 
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Figure 5-1: Cultivation of Bacillus subtilis PY79 spore former and KO7-S knockout strain in chemically 

defined complete modified Poolman medium in microtiter plate scale.  

(A) Dissolved oxygen tension (DOT) and oxygen transfer rate (OTR) in a commercial BioLector I 

device (Beckman Coulter GmbH), (B) OTR in an in-house built µRAMOS device [73]. For clarity, 

only every 4th (A) and 3rd (B) measuring point over time is marked by a symbol. Mean values of 

eight (A) and three (B) replicates with standard deviations as shadows are shown. The DOT in (A) 

was corrected as described in Appendix Section A1. The OTR in (A) was calculated from the 

corrected DOT as described in chapter 5.2.7 with a volumetric oxygen transfer coefficient (kLa) 

value of 194 1/h (value was determined based on a cultivation in complex Bc medium). 

Cultivation conditions: temperature 37 °C, 48-round well plate (MTP-R48-BOH 1 in commercial 

BioLector I, MTP-R48-B in µRAMOS), filling volume 0.7 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm, complete modified Poolman medium with 10 g/L glucose. The 

cultivations in (A) and (B) were conducted with separate pre-cultures. 

The OTR of the spore former and knockout strain, determined in the µRAMOS 

(Figure 5-1B), increased rapidly to 40 mmol/L/h until a cultivation time of 3 h. The fast OTR 

increase was interrupted by a peak of approximately 36 mmol/L/h after 2 h. Between 3 h and 

4 h, a slight increase to a maximum of 45 mmoL/L/h was observed. A sharp OTR decrease 

to 6 mmol/L/h between 4 h and 6 h was observed for both strains. The following course of 
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the OTR showed three local OTR maxima. The first was similar for both strains with an 

OTR of 23 mmol/L/h after 10.5 h. The following two local maxima differed for the two 

strains. The spore former reached a maximum of 21 mmol/L/h after 13.5 h and of 

16 mmol/L/h after 19 h. The knockout strain exhibited a maximum of 15 mmol//L/h after 

13 h and of 13 mmol/L/h after 17 h. After the maxima were reached, the OTR decreased 

slowly for both strains until the end of the cultivation. 

The OTR calculated from the DOT measured in the commercial BioLector (Figure 5-1A) 

and the OTR determined in the µRAMOS (Figure 5-1B) showed comparable profiles. Only 

slight deviations in the height of the maxima between 9 h and the end of the cultivation were 

observed. The slow OTR increase before reaching the maximum of 45 mmol/L/h could 

indicate a slight short oxygen limitation between 3 h and 4 h in the cultivation in the 

µRAMOS. In the cultivation in the BioLector, a more pronounced oxygen limitation, 

indicated by an OTR plateau [70, 77], between 3 h and 5 h was observed.   

The DOT minima and OTR maxima represent the growth of the B. subtilis strains on the 

carbon sources in the complete modified Poolman medium. The highest OTR maximum and 

lowest DOT minimum at almost zero indicate the consumption of the main carbon source 

glucose. Consumption of glucose was proven with offline HPLC analysis in the cultivation 

of B. pumilus DSM18097 in complete modified Poolman medium by Müller et al. [68]. The 

other local OTR maxima and DOT minima between 9 h and 20 h can be connected to the 

consumption of previously produced overflow metabolites as carbon sources. Müller et al. 

demonstrated the production of acetoin and acetate by B. pumilus in complete modified 

Poolman medium, which was consumed in the following course of the cultivation [68]. 

B. subtilis strains also produce overflow metabolites [4, 236]. Dauner et al. showed the 

production of acetate and acetoin in a minimal medium by B. subtilis RB50::pRF69 under 

aerobic carbon-excess conditions [236]. In addition, Nakano et al. reported that under 

anaerobic conditions, B. subtilis JH642 produced acetate, ethanol, lactate, succinate, acetoin, 

and 2,3-butanediol in a defined medium [4]. Literature describes the consumption of acetoin 

in a complex medium by B. subtilis GD5 in the stationary phase when the preferred carbon 

source is depleted [237]. Besides the consumption of overflow metabolites, usage of the 

amino acids present in the complete modified Poolman medium is possible [238, 239].  
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Finally, the cultivation behavior of the B. subtilis spore former and knockout strain were 

characterized in cultivations with complete modified Poolman medium in MTPs based on 

DOT and OTR measurement while considering literature. This is the basis for exploring the 

possibilities of online spore detection in the chemically defined medium using spectroscopic 

techniques. 

5.3.2 Online monitoring of Bacillus subtilis sporulation in a chemically 

defined medium 

In chapter 3.3.2, a fluorescence maximum at an excitation wavelength of 390 nm and an 

emission wavelength of 460 nm was observed in 2D fluorescence difference spectra of the 

culture broth of the B. subtilis spore former after cultivation in complex Bc medium. 

Therefore, it was investigated whether this fluorescence maximum is also visible after 

cultivations in the chemically defined complete modified Poolman medium. 2D absolute 

fluorescence spectra of the culture broth of the B. subtilis spore former and knockout strain 

at the beginning and end of a MTP cultivation were recorded. The difference in fluorescence 

spectra was calculated (Figure 5-2). 

Both, the 2D fluorescence difference spectrum of the spore former (Figure 5-2A) and of the 

knockout strain (Figure 5-2B) showed a distinct fluorescence maximum at an excitation 

wavelength of 390 nm and an emission wavelength of 460 nm. The fluorescence intensity 

of the maximum was 1.3-fold higher for the spore former than for the knockout strain. A 2D 

fluorescence difference spectrum of the complete modified Poolman medium that was not 

inoculated did not exhibit a fluorescence maximum at this wavelength combination 

(Appendix Figure A37). 
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Figure 5-2: Difference of 2D fluorescence spectra of culture broth of Bacillus subtilis PY79 spore former 

and KO7-S knockout strain between the beginning and end of cultivation in complete 

modified Poolman medium.  

(A) Spore former, (B) knockout strain. The wavelength combination of the fluorescence maximum 

(λex/λem) is marked as dark purple star. 2D fluorescence scans with excitation wavelengths from 

300-700 nm and emission wavelengths from 300-700 nm were recorded at the beginning of the 

cultivation and after 40 h of cultivation using the setup of an in-house built BioLector device [72, 

75, 76]. Intensities of the 2D fluorescence scan from the beginning of cultivation were subtracted 

from intensities of the 2D fluorescence scan after 40 h of cultivation (I-I0). Cultivation conditions 

in the in-house built BioLector device: temperature 37 °C, 48-round well plate (MTP-R48-B), 

filling volume 0.7 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, complete modified 

Poolman medium with 10 g/L glucose.   

As discussed in chapter 3.3.3, the fluorescence at an excitation wavelength of 390 nm and 

an emission wavelength of 460 nm is probably caused by a siderophore. Hence, the 

fluorescence maximum of the B. subtilis spore former and knockout strain at this wavelength 

combination in complete modified Poolman medium indicates that both strains produce 

siderophores in this medium. In contrast, in Bc medium, the distinct fluorescence maximum 

was only observed for the B. subtilis spore former (5.3-fold lower intensity for the knockout 

strain than for the spore former) (Figure 3-2 of chapter 3.3.2). Siderophore production is 

coupled to iron-limiting conditions for several microorganisms [188, 228, 240]. The iron 

conditions in the complete modified Poolman medium possibly lead to siderophore 

production for the B. subtilis knockout strain as well. The complete modified Poolman 

medium contains 0.005 g/L FeCl2 (39 µM Fe2+) and 0.005 g/L FeCl3 ‧ 6 H2O (18 µM Fe3+). 

This corresponds to 0.0001 mol iron/ mol carbon in the complete modified Poolman 

medium. In contrast, in a previous study, at 0.0001 mol iron/ mol carbon (corresponded to 
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100 µM Fe3+ in the medium) and higher iron concentrations in modified sugar-aspartic acid 

medium, almost no siderophore production (hydroxamate type siderophore) by 

B. subtilis PZ-1 was observed [241]. The authors suggested that the threshold of the iron 

concentration at which siderophore production does not take place, is specific for the 

bacterium and the whole nutrient availability for the bacterium [241]. Further studies are 

needed to investigate the effect of different iron concentrations in complete modified 

Poolman medium on the fluorescence intensity of the B. subtilis spore former and knockout 

strain. 

In chapter 3.3.2, a correlation between the increase in the fluorescence intensity and the 

release of spores and lysis of the mother cells was observed in the complex Bc medium. 

Such correlations were studied for the complete modified Poolman medium by taking 

microscopic images and monitoring of the fluorescence signal at an excitation wavelength 

of 390 nm and an emission wavelength of 460 nm in a MTP cultivation of the B. subtilis 

spore former and knockout strain. In addition, the scattered light at 620 nm as a potential 

spore detection parameter in a chemically defined medium was measured. The online 

parameters and the microscopic images are presented in Figure 5-3. 

The scattered light intensity of the spore former and knockout strain (Figure 5-3A) increased 

to a maximum until a cultivation time of 5 h. Then, the scattered light intensity decreased 

until about 7.5 h. At this time point, the scattered light intensity of the spore former was 

slightly lower than the scattered light intensity of the knockout strain. The scattered light 

intensity of the knockout strain was characterized by slight increases and decreases until the 

end of the cultivation. The scattered light of the spore former stayed at almost the same value 

from 7.5 h cultivation time until the end of the cultivation. 
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Figure 5-3: Online scattered light and fluorescence measurement of Bacillus subtilis PY79 spore former 

and KO7-S knockout strain in complete modified Poolman medium with microscopic 

images. 
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(A) Scattered light intensity at 620 nm in a commercial BioLector I device (Beckman Coulter 

GmbH) and fluorescence intensity with an excitation wavelength of 390 nm and an emission 

wavelength of 460 nm in an in-house built BioLector device [72, 75, 76]. For clarity, only every 

4th measuring point over time is marked as a symbol. Mean values of eight (scattered light) and 

four (fluorescence) replicates with standard deviations as shadows are shown. Shaking of the 

cultivation in the in-house built BioLector was conducted around 2 h before online measurement 

was started. Therefore, no data points for the first 2 h are available and therefore, no initial 

intensity (I0) for fluorescence. For scattered light in the commercial BioLector, initial intensities 

were subtracted from the measured intensities over time (I-I0). Grey arrows mark the time point 

of samples. Microscopic images of (B) spore former and (C) knockout strain over cultivation time 

with 1000x magnification. (B), (C) The color and symbol of the frame of the microscopic images 

correspond to the symbols and colors in (A). Red arrows pointing downwards show spores inside 

the mother cells. Green arrows pointing upwards show free spores. Cultivation conditions: 

temperature 37 °C, 48-round well plate (MTP-R48-BOH 1 in commercial BioLector I, MTP-R48-

B in-house built BioLector), filling volume 0.7 mL, shaking frequency 1000 rpm, shaking 

diameter 3 mm, complete modified Poolman medium with 10 g/L glucose.  

The fluorescence intensity (Figure 5-3A) increased over the whole cultivation time for both 

strains. Until about 12 h of cultivation, only a slight increase (1.6-fold between 2 h and 12 h) 

was observed. The course of the fluorescence intensity was almost comparable for the spore 

former and knockout strain until about 24 h. At 24 h, a 3.2-fold higher fluorescence intensity 

compared to a cultivation time of 2 h was reached for both strains. Then, a stronger increase 

in fluorescence intensity was observed for the spore former, reaching a plateau at 37 h. The 

fluorescence intensity of the knockout strain continued to increase almost constantly until 

the cultivation was stopped. At the end of the cultivation, a 1.2-fold higher fluorescence 

intensity was achieved for the spore former than for the knockout strain. 

The microscopic images were taken at different time points by sampling (Figure 5-3B and 

C). At the beginning of the cultivation, some rod-shaped vegetative cells were observed for 

both strains. More rod-shaped cells were shown in microscopic images of both strains at 

16 h and 19 h of cultivation. After 22 h of cultivation, the first spores inside the mother cells 

were seen in the microscopic image together with vegetative cells for the spore former 

(Figure 5-3B). At the end of the cultivation, the spore former exhibited mainly free spores 

and vegetative cells. Also some cells with spores inside the mother cells were visible. The 

knockout strain did not show spores inside mother cells or free spores (Figure 5-3C). In 

addition, round-shaped cells were not observed in the complete modified Poolman medium, 

contrary to the complex medium in chapter 3.3.2. 
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For a better overview, the DOT, OTR, scattered light intensity and fluorescence intensity are 

shown in one figure in Appendix Figure A38. The increase of the scattered light intensity to 

a maximum at 5 h cultivation time (Figure 5-3/ Appendix Figure A38), correlated well with 

the observed DOT level of 0 % and OTR plateau observed between 3 h and 5 h in Figure 5-1/ 

Appendix Figure A38. Hence, the scattered light measurement shows the growth on the 

carbon source glucose. However, like in the complex medium, the scattered light did not 

exhibit a significant difference in intensity for the spore former compared to the knockout 

strain during the sporulation process of the spore former. Thus, the presented results do not 

allow conclusions on a correlation between sporulation and scattered light intensity.  

Based on the microscopic images, the release of spores from the mother cells took place 

between 22 h and 42 h in the cultivation of the B. subtilis spore former in complete modified 

Poolman medium. Additional samples are needed to determine a more accurate time frame 

for the release of spores from the mother cells. For the spore former, a strong increase in the 

fluorescence intensity was already observed from 12 h on; hence before the release of spores 

from the mother cells started. This contrasts with the observations in complex medium 

(chapter 3.3.2). In cultivations of the B. subtilis spore former in the complex Bc medium, the 

increase in the fluorescence intensity, probably caused by siderophores, started parallel to 

the release of spores from the mother cells and lysis of the mother cells. One hypothesis 

could be that the increase in the fluorescence intensity in complete modified Poolman 

medium, from 12 h on, took place during cannibalistic behavior of the B. subtilis spore 

former. B. subtilis is known to react with cannibalism to starving conditions to delay 

sporulation [242, 243]. Cannibalism means that sporulation is arrested by the production of 

extracellular killing factors, resulting in cell lysis of nonsporulating siblings to obtain 

nutrients [242, 243]. The distinct increase in the fluorescence intensity in the complete 

modified Poolman medium started about 7 h after the DOT level was 0 % and the end of the 

OTR plateau at 5 h was reached (Appendix Figure A38). Hence, the main carbon source 

glucose is expected to be already consumed during the increase in the fluorescence intensity. 

The fluorescence increase was parallel to the DOT minima and OTR maxima observed 

between 9 h and 20 h (Appendix Figure A38). Probably only overflow metabolites and 

amino acids are available during this time for catabolism. This indicates that starving 

conditions causing cannibalism were given. Possibly, the increase in the fluorescence 
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intensity, from 12 h on, of the knockout strain also took place during cannibalistic behavior 

and related cell lysis of this strain. Cannibalism is conducted by cells that can still resume 

growth before commitment to sporulation (“point of no return”) [242]. Commitment to 

sporulation is reached after the asymmetric septum formation [244]. The genetic knockout 

of the knockout strain is in the gene sigF. The transcription factor σF is formed before septum 

formation, but becomes active after septum formation [245]. Therefore, the knockout strain 

might start the sporulation process as the spore former in complete modified Poolman 

medium, resulting in cannibalistic behavior, before sporulation is stopped due to the 

knockout in the gene sigF.  

From 24 h on, a stronger increase in the fluorescence intensity was observed for the spore 

former than for the knockout strain. This correlates with the release of spores from the 

mother cells, as between 22 h and 42 h free spores developed for the spore former strain in 

the complete modified Poolman medium. Further studies are needed to investigate the 

correlations of cannibalistic behavior, sporulation, and the increase in fluorescence intensity 

in more detail. More samples should be taken over cultivation time and spore concentrations 

should be determined for a better overview on the sporulation process. In addition, cell lysis 

via protein analyses in the supernatant should be investigated. Moreover, the medium 

composition could be varied to study the effect of different spore concentrations on the 

increase in the fluorescence intensity (first trial see Appendix Figure A39). 

5.4 Conclusion 

In this chapter, online detection of B. subtilis spores was investigated in a chemically defined 

medium, termed complete modified Poolman medium. This was conducted with the same 

B. subtilis PY79 spore former and KO7-S knockout strain, which were used for the 

development of a spore detection method in complex medium in chapter 3.  

Online scattered light measurement at 620 nm did not reveal correlations to sporulation. 

Recording of 2D fluorescence spectra suggested that the spore former and knockout strain 

produce siderophores in the complete modified Poolman medium, as a maximum at an 
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excitation wavelength of 390 nm and an emission wavelength of 460 nm was observed for 

both strains. In contrast to the Bc medium, iron conditions in the complete modified Poolman 

medium were assumed to be favorable for siderophore production by both strains. Online 

measurement of the fluorescence intensity of the spore former pointed out that the increase 

in the fluorescence intensity already started before spores were released from the mother 

cells. This needs to be investigated in further studies. During the sporulation process, a 

stronger increase in the fluorescence intensity was detected for the spore former than for the 

knockout strain. Hence, a correlation between the stronger increase in the fluorescence 

intensity and the development of free spores and lysis of the mother cells was proposed in 

the chemically defined medium.  

In conclusion, promising results were shown for transferring the spore detection method 

used for a complex medium to a chemically defined medium. This is the basis for optimizing 

chemically defined media regarding sporulation in bioprocesses with spore formers. In the 

future, the correlation of sporulation and the increase in the fluorescence intensity should be 

investigated in more detail, for example by taking additional microscopic images and 

determining spore concentrations.
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6 Summary and Outlook 

Initial bioprocess development of microbial processes requires small-scale shaken 

cultivation systems for high-throughput screenings. For processes using spore-forming 

bacteria, a profound understanding of growth performance and sporulation behavior is 

indispensable. Online monitoring techniques in MTPs are of great interest to achieve this 

process insight as they allow fast and simple process optimization. Hence, the aim of this 

thesis was to assess the potential of online monitoring techniques in small-scale cultivations 

of spore-forming bacteria.  

P. polymyxa has been mainly cultivated in complex media up to now [63, 93-95]. However, 

those media are associated with an inconsistent fermentation performance [96-98]. 

Chemically defined media, on the other hand, frequently lead to lower growth rates, cell 

densities and product yields [100-102]. Therefore, medium optimization of chemically 

defined media is necessary, yet laborious. In chapter 2, a previously reported systematic 

method involving online monitoring of the OTR [68] was applied and extended to develop 

a chemically defined medium for an industrially relevant P. polymyxa strain. As growth in 

the chemically defined Moppa medium was low compared to the previously used complex 

Pbp complex medium, nutrient limitations were identified by systematically increasing the 

concentration of nutrient groups with parallel monitoring of the respiration activity in the 

µRAMOS device. MTP experiments showed that nicotinic acid limits the growth of 

P. polymyxa in the Moppa medium. Thus, the concentration was increased to the twelve-fold 

concentration. In addition, an insufficient buffer capacity was detected. This issue was 

remedied by increasing the initial pH value from 6.5 to 7.0 to better exploit the MES buffer 

capacity and by doubling the MES concentration from 0.1 M to 0.2 M. Once the respiration 

activity in the supplemented Moppa medium was comparable to Pbp complex medium, the 

Moppa medium components were reduced from 53 to 23 components, resulting in a 
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comparable number of components as in Pbp complex medium (22). For vitamins, only 

nicotinic acid and biotin were added to the final medium, and for amino acids, only 

methionine, histidine, proline, arginine, and glutamate. The addition of nucleobases/-sides 

was not required for growth. Verification of the online monitoring results was based on 

offline parameters, like OD, pH, carbon source consumption, and metabolite production. The 

finally developed medium for P. polymyxa was successfully transferred from MTP to 

laboratory fermenter scale based on respiration activities. During the transfer to the 

laboratory fermenter, a higher OD was noticed in the fermenter than in the MTP. Differences 

in pH-control were assumed to be the reason. To verify this assumption, a fermentation 

without pH-control and with adding MES buffer could be performed as a future experiment. 

Alternatively, polymer beads, releasing the pH-active agent sodium carbonate, in RAMOS 

shake flasks  [246, 247] could be used to mimic the pH-controlled fermentation conditions. 

The presented medium development method allows time-efficient optimization of 

chemically defined media. Through its use in the initial bioprocess development, nutrient 

limitations, oxygen limitations, and pH-inhibitions can be prevented during scale-up. To 

investigate the applicability of the developed medium for industrial processes, the next step 

would be a scale-up to higher fermentation scales.  

Spores are often the target product in fermentations with spore-forming bacteria. High cell 

densities are not the only important factor in such bioprocesses. The characterization of 

sporulation to achieve high spore concentrations and sporulation efficiencies is also a central 

aspect. Spore concentrations must be determined when investigating influence parameters 

on sporulation. Conventional spore counting methods, like agar-plating or microscopy in 

combination with a counting chamber, are associated with a highly laborious effort [161, 

162]. Therefore, online monitoring techniques are of great interest for tracking spore 

formation over cultivation time. In chapter 3, B. subtilis sporulation was monitored with 

spectroscopic techniques in a complex Bc medium. Contrary to expectations, scattered light 

measurement using the BioLector showed no conspicuous differences between the 

B. subtilis PY79 spore former and B. subtilis KO7-S strain with a genetic knockout in 

sporulation. Based on 2D fluorescence spectroscopy, a fluorescence maximum at an 

excitation wavelength of 390 nm and an emission wavelength of 460 nm was identified in 

the culture broth of the spore-forming B. subtilis strain. In contrast, the B. subtilis strain with 
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the knockout in sporulation did not exhibit such a pronounced fluorescence maximum. 

Online measurement of this fluorescence wavelength combination in a BioLector and 

sampling for microscopic images revealed a correlation between the increase in the 

fluorescence intensity and the development of free spores and lysis of the mother cells. The 

fluorescence maximum was also observed for other spore-forming Bacillus species, showing 

the broad applicability of the spore detection method. The results highlight the potential of 

spectroscopic online monitoring methods to track sporulation during cultivations non-

invasively. The approach in chapter 3 was based on qualitative correlations of fluorescence 

intensity and spore release. Further studies could focus on quantitatively correlating the 

fluorescence signal with sporulation. In addition, to demonstrate the applicability of the 

method on an industrial scale, a novel online-fluorescence probe should be transferred into 

a fermenter. 

Comparing 2D fluorescence difference spectra of the B. subtilis spore former pellet and 

supernatant, the fluorescence was only located in the supernatant. By adding iron to the 

supernatant of B. subtilis spore former culture broth, a decrease in the fluorescence intensity 

was observed in the 2D fluorescence spectra. This was a strong indication that a siderophore 

causes the fluorescence. Analytical measurements for structure elucidation, like HPLC/mass 

spectrometry, are proposed to prove this conclusion. Further, assays quantifying siderophore 

production should be used to investigate siderophore production during cultivation. By this, 

potential connections between siderophore production and sporulation could be investigated.  

The online spore detection method was applied in chapter 4 for investigating influence 

parameters on sporulation. Calcium is a relevant element for the heat resistance of Bacillus 

spores [107, 214] and impacts spore concentrations [108-110]. In chapter 4, the influence of 

the CaCl2 concentration was tested for B. subtilis in complex Bc medium in MTPs. 

Additional CaCl2 in Bc medium in cultivations of the B. subtilis spore former did not 

influence the DOT, but the total cell concentration, spore concentration, and sporulation 

efficiency were strongly reduced. The reduction of the spore concentration was reflected in 

a reduced fluorescence intensity level during the BioLector cultivation. To verify whether 

the reduced spore concentration is due to an increase of osmolality or a negative influence 

of the chloride, further experiments with offline analysis and the addition of calcium with 



 

 

 

112 

 

 

6 Summary and Outlook 

 

 

other counterions, like CaSO4, are recommended. The other tested influence parameter on 

sporulation was the oxygen availability. Different levels of oxygen limitation were set at a 

defined time point by reducing the shaking frequency in MTP cultivations with different 

filling volumes. The experiment implied that a higher level of oxygen limitation decreased 

the level of the fluorescence intensity, which suggests a lower spore concentration. To prove 

this, the spore concentration should be determined via conventional methods. Based on the 

results of chapter 4, it can be summarized that the method for online detection of sporulation 

is suited to investigate the parameters influencing sporulation in a time-efficient and reliable 

manner. In the future, further parameters, like the concentration of the complex components, 

the pH, and temperature, should be tested using this method to increase spore concentrations 

and sporulation efficiencies of B. subtilis in complex Bc medium. 

A linear correlation between the start of the OTR decrease after the plateau and the start of 

the increase in the fluorescence intensity was observed in oxygen-limited cultures in the 

µRAMOS/BioLector combination device. This allows conclusions regarding the start of the 

spore release from the mother cells and related lysis of the mother cells to be drawn from 

the start of the OTR decrease.  

In the last step, the online spore detection method was tested in the chemically defined 

modified Poolman medium with B. subtilis in chapter 5. Both B. subtilis strains, the spore 

former and the knockout strain, exhibited an increase in the fluorescence intensity at an 

excitation wavelength of 390 nm and an emission wavelength of 460 nm in a MTP 

cultivation. This indicated that both strains produce siderophores in the complete modified 

Poolman medium. The increase in the fluorescence intensity for the spore former was 

observed before spore release took place. However, the spore former exhibited a stronger 

increase in fluorescence intensity during the sporulation process compared to the knockout 

strain supporting the hypothesis that the release of spores from the mother cells can be 

correlated to the stronger increase in the fluorescence intensity. In further steps, more in-

depth investigations of the chemically defined medium are needed using the online spore 

detection method. This means that, for example, spore concentrations should be determined 

quantitatively via conventional spore detection methods and correlated to the increase in the 
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fluorescence intensity. Furthermore, the medium composition should be varied to investigate 

the effect on spore concentrations and online determined fluorescence intensity.  

In summary, methods were presented to optimize the growth of spore-forming bacteria by 

online monitoring of the respiration activity, and sporulation based on online monitoring of 

the fluorescence intensity. In the future, both methods can be combined for an easy and fast 

optimization of bioprocesses with spore formers like Paenibacillus and Bacillus species. 

This will provide a sound understanding of the processes, simplifying scale-up to industrial 

cultivation scale.
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Appendix Table A1: Statistically significance analysis of OTR peaks of cultivation in complex and 

chemically defined medium. 

The statistical results correspond to the cultivation shown in Figure 2-1. A t-test (equal 

variances, two-sided) was performed. A p-value <0.05 was determined to show 

statistical significance. 

 Pbp complex medium Moppa medium 

p-value <0.001 

 

 

Appendix Figure A1: Determination of growth rate in complex and chemically defined Moppa 

medium. 

Pbp complex medium (specified in Table 2-1) or chemically defined Moppa medium 

(specified in Table 2-2). Growth rates of Paenibacillus polymyxa were calculated 

based on regression of the linear range of logarithm of oxygen transfer rate (OTR). 

OTRs and cultivation conditions are shown in Figure 2-1. 
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Appendix Figure A2: Schematic overview for systematic identification of growth limitations in Moppa 

medium for Paenibacillus polymyxa. 

Compositions of Moppa medium and supplemented Moppa medium are specified in 

Table 2-2. Amino acid and vitamin groups are specified in Appendix Table A2 and 

Appendix Table A3, respectively. nic.: nicotinic, pH0: initial pH, salts: (NH4)2SO4, 

K2HPO4. Green boxes with double lined edging: growth and metabolic activity 

(Optical density and oxygen transfer rate peak or total oxygen consumed) are higher 

than in the reference cultivation. Grey boxes with single line edging: growth and 

metabolic activity are comparable to the reference cultivation. Bar at the end of the 

arrow marks the used medium reference, until a new arrow with bar is shown. 
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Appendix Table A2: Groups of amino acids in Moppa medium. 

Group # 1 2 3 4 5 6 

Amino acids Methionine  Histidine Aspartate Cysteine Phenylalanine Alanine 

  Proline Isoleucine Serine Tyrosine Leucine 

  Glutamate Threonine Glycine Tryptophane Lysine 

  Arginine    Valine 

 

 

Appendix Table A3: Groups of vitamins in Moppa medium. 

Group # 1 2 3 4 

Vitamins Nicotinic acid Folic acid Riboflavin Biotin 

 Pantothenic acid Ascorbic acid Orotic acid  

 p-Aminobenzoic acid  Inositol  

 Pyridoxamine    

 Pyridoxine    

 Thiamine    

 Vitamin B12    
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Appendix Figure A3: Cultivation of Paenibacillus polymyxa with increased concentrations of nutrient 

groups in microtiter plate. 

Moppa medium (specified in Table 2-2) or Moppa medium with 1.5-fold 

concentration of vitamin group 1, 2 or 3 specified in Appendix Table A3, 

nucleobases/-sides or trace elements or Moppa medium with 2-fold concentration of 

amino acid groups specified in Appendix Table A2. A, B: Oxygen transfer rate (OTR). 

For clarity, only every 10th measuring point over time is marked as a symbol. Mean 

values for OTR of at least four replicates with standard deviations as shadows are 

shown. Cultivation conditions: Temperature 33 °C, 48-round well plate, filling 

volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, 0.1 M MES, 

initial pH 6.5 
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Appendix Figure A4: Cultivation of Paenibacillus polymyxa with increased concentrations of vitamin 

groups in microtiter plate. 

Moppa medium (specified in Table 2-2) or Moppa medium with increased 

concentrations of vitamin groups. Vitamin groups (gr.) are specified in Appendix 

Table A3. Initial concentrations were: 55.0-56.7 g/L maltose, 3.5 g/L glucose, 3.0-

3.1 g/L citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) and pH, 

C: Final maltose, glucose and citrate concentration, D: Final 2,3-butanediol and 

lactate concentration. A: For clarity, only every 10th measuring point over time is 

marked as a symbol. Mean values for OTR of at least four replicates with standard 

deviations as shadows are shown. B-D: For offline analysis, samples (wells) of the 
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replicates of the OTR measurement were pooled at the end of the experiments. OD 

measurement of pooled samples was performed in triplicate and mean values with 

standard deviations depicted as error bars are shown. pH and concentrations of sugars 

and metabolites were determined in a single measurement of pooled samples. D: d.l. 

means that concentrations of components were lower than the detection limit. Final 

acetoin concentrations were lower than the detection limit. Parameters in B-D were 

determined after 63 h. Cultivation conditions: temperature 33 °C, 48-round well plate, 

filling volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, 0.1 M 

MES, initial pH 6.5. 
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Appendix Figure A5: Cultivation of Paenibacillus polymyxa with increased concentrations of vitamins 

of group 1 in microtiter plate. 

Moppa medium (specified in Table 2-2) or Moppa medium with increased 

concentrations of vitamins of group 1 specified in Appendix Table A3. Pantoth.: 

pantothenic, p-benz.: p-aminobenzoic, nic.: nicotinic. A: Oxygen transfer rate (OTR), 

B: Final optical density (OD) and pH. A: For clarity, only every 10th measuring point 

over time is marked as a symbol. Mean values for OTR of at least three replicates with 

standard deviations as shadows are shown. B: For offline analysis, samples (wells) of 

the replicates of the OTR measurement were pooled at the end of the experiments. 

OD measurement of pooled samples was performed in triplicate and mean values with 

standard deviations depicted as error bars are shown. pH was determined in a single 

measurement of pooled samples. Optical density and pH in B were determined after 

66 h. The cultivation with the three-fold nicotinic acid concentration is shown in more 

detail in Figure 2-2A-D. Cultivation conditions: temperature 33 °C, 48-round well 

plate, filling volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, 

0.1 M MES, initial pH 6.5. 
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Appendix Table A4: Statistically significance analysis of OTR peaks of cultivation with increased 

concentration of nicotinic acid. 

gr.: group, nic.: nicotinic. The statistical results correspond to the cultivations shown 

in Figure 2-2A. An ANOVA followed by a Bonferroni post-hoc test was performed. A 

p-value <0.05 was determined to show statistical significance. The p-value of ANOVA 

was <0.001.  

 
Moppa medium 

Moppa medium 

 w/ 3x vitamin gr.1 w/ 3x nic. acid 

Moppa medium - - - 

w/ 3x vitamin gr. 1 p-value <0.001 - - 

w/ 3x nic. acid p-value <0.001 p-value = 0.012 - 

 

 

Appendix Table A5: Statistically significance analysis of OTR peaks of cultivations with increased 

pH-buffer capacity. 

nic.: nicotinic. The statistical results correspond to the cultivation shown in 

Figure 2-3. An ANOVA followed by a Bonferroni post-hoc test was performed. A p-

value <0.05 was determined to show statistical significance. The p-value of ANOVA 

was <0.001. 

 Moppa medium w/ 12x nic. acid 

 0.1 M MES, pH0=6.5 0.2 M MES, pH0=6.5 0.2 M MES, pH0=7.0 

0.1 M MES, pH0=6.5 - - - 

0.2 M MES, pH0=6.5 p-value = 0.009 - - 

0.2 M MES, pH0=7.0 p-value <0.001 p-value < 0.001 - 
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Appendix Figure A6: Determination of lag-phase for Paenibacillus polymyxa with increased pH - 

buffer capacity. 

Moppa medium (specified in Table 2-2) with 12x nicotinic acid or Moppa medium 

with 12x nicotinic acid and with increased buffer concentration or with increased 

buffer concentration and initial pH. nic.: nicotinic, pH0: initial pH. The logarithm of 

the difference of the oxygen transfer rate (OTR) and initial OTR was plotted over 

time. The initial OTR was determined based on the mean value of OTR values 

between 1.6 and 3.0 h. The lag-phases were calculated based on the intersection point 

of the regression line of the linear range. OTRs and cultivation conditions are shown 

in Figure 2-3. Osmolality after 86 h in Moppa medium with 12x nicotinic acid, 0.1 M 

MES and initial pH 6.5 is 0.64 osmol/kg. Osmolality after 86 h in Moppa medium 

with 0.2 M MES and initial pH 6.5 is 0.71 osmol/kg. Osmolality after 86 h in Moppa 

medium with 0.2 M MES and initial pH 7.0 is 0.73 osmol/kg. 



 

 

 

148 

 

 

8 Appendix 

 

 

 

Appendix Figure A7: Elemental composition of Moppa medium, compared to established chemically 

defined media. 

Moppa medium (specified in Table 2-2) with 12x nicotinic acid and literature known 

media for various bacteria [68, 135, 136, 138, 159]. A: Amounts were calculated in 

amount of nitrogen (N), magnesium (Mg), phosphor (P), sulfur (S), and potassium 

(K) per amount of carbon. B: Amounts were calculated in amount of calcium (Ca), 

manganese (Mn), iron (Fe), cobalt (Co), copper (Cu), and zinc (Zn) per amount of 

carbon. For calculation of the amount of carbon (C) in Moppa medium with 12x 

nicotinic acid, 60 g/L maltose, 2.6 g/L glucose, 3.6 g/L citrate, and carbon of amino 

acids, vitamins and nucleobases/-sides were considered. In all other media containing 

amino acids, vitamins and nucleobases/-sides, the carbon of those nutrients was also 
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considered. For calculation of the amount of N, Mg, P, S, K, Ca, Mn, Fe, Co, Cu, Zn, 

not only the amount of those elements in the salts and trace elements was considered, 

but also the amount of those elements in other medium components, like vitamins, 

amino acids and nucleobases/-sides. Y-axis: logarithmic scale. 
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Appendix Figure A8: Cultivation of Paenibacillus polymyxa with increased concentration of salts in 

microtiter plate. 
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Moppa medium (specified in Table 2-2) with 12x nicotinic acid, 0.2 M MES, initial 

pH 7.0 or Moppa medium with 12x nicotinic acid, 0.2 M MES, initial pH 7.0 and with 

increased concentration of K2HPO4 and/ or (NH4)2SO4. nic.: nicotinic, pH0: initial pH. 

Initial concentrations were: 57.0-57.4 g/L maltose, 3.1-3.4 g/L glucose, 3.0-3.2 g/L 

citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) and pH, C: Final 

glucose concentration, D: Final acetoin and 2,3-butanediol concentration. A: For 

clarity, only every 18th measuring point over time is marked as a symbol. Mean values 

for OTR of at least four replicates with standard deviations as shadows are shown. B-

D: For offline analysis, samples (wells) of the replicates of the OTR measurement 

were pooled at the end of the experiments. OD measurement of pooled samples was 

performed in triplicate and mean values with standard deviations depicted as error 

bars are shown. pH and concentrations of sugars and metabolites were determined in 

a single measurement of pooled samples. Final maltose, citrate and lactate 

concentrations were lower than the detection limit. Parameters in C-D were 

determined after 133 h. Cultivation conditions: temperature 33 °C, 48-round well 

plate, filling volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm. 

The medium with 3x K2HPO4 und 3x (NH4)2SO4 is called supplemented Moppa 

medium. 
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Appendix Figure A9: Schematic overview for systematic reduction of medium ingredients in 

supplemented Moppa medium for Paenibacillus polymyxa. 

Compositions of Moppa medium, supplemented Moppa medium and reduced Moppa 

medium are specified in Table 2-2. Amino acid and vitamin groups are specified in 

Appendix Table A2 and Appendix Table A3, respectively. nic. acid: nicotinic acid. 

Grey boxes with solid single line edging: growth and metabolic activity (optical 

density and oxygen transfer rate peak or total oxygen consumed) is comparable to the 

reference cultivation. Light brown boxes with dashed line edging: Growth and 

metabolic activity is lower than in the reference cultivation. Blue ellipse with dotted 

line edging: No growth is observed. Bar at the end of the arrow marks the used 

medium reference until a new arrow with bar is shown. 
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Appendix Figure A10: Cultivation of Paenibacillus polymyxa without biotin in microtiter plate. 

Moppa medium (specified in Table 2-2) with 3x nicotinic acid with and without biotin. 

nic.: nicotinic. Initial concentrations were: 53.0-53.1 g/L maltose, 4.2-4.4 g/L glucose, 

3.2-3.6 g/L citrate. A: Oxygen transfer rate (OTR), B: Final optical density (OD) and 

pH, C: Final maltose, glucose and citrate concentration, D: Final acetoin and 2,3-

butanediol concentration. A: For clarity, only every 10th measuring point over time is 

marked as a symbol. Mean values for OTR of four replicates with standard deviations 

as shadows are shown. B-D: For offline analysis, samples (wells) of the replicates of 

the OTR measurement were pooled at the end of the experiments. OD measurement 

of pooled samples was performed in triplicate and mean values with standard 

deviations depicted as error bars are shown. pH and concentrations of sugars and 
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metabolites were determined in a single measurement of pooled samples. C, D: d.l. 

means that concentrations of components were lower than the detection limit. Final 

lactate concentration was lower than the detection limit. Parameters in B-D were 

determined after 63 h. Cultivation conditions: temperature 33 °C, 48-round well plate, 

filling volume 0.8 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, 0.1 M 

MES, initial pH 6.5. 
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Appendix Table A6: Statistically significance analysis of OTR peaks of cultivation only with growth 

relevant vitamins. 

nic.: nicotinic. The statistical results correspond to the cultivations shown in 

Figure 2-4. A t-test (equal variances, two-sided) was performed. A p-value <0.05 was 

determined to show statistical significance. 

 Supplemented Moppa medium 

w/ vitamins w/o vitamins, only w/ 12x nic. acid, 1x biotin 

p-value 0.137 

 

 

 

Appendix Figure A11: Determination of growth rate for Paenibacillus polymyxa cultivation with 

varying amino acid composition. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and with or without amino acid groups, specified in 

Appendix Table A2. Growth rates were calculated based on regression of the linear 

range of logarithm of oxygen transfer rate (OTR). OTRs and cultivation conditions 

are shown in Figure 2-5A. 
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Appendix Table A7: Statistically significance analysis of OTR peaks of cultivation with varying amino 

acid composition.  

gr.: group, nic.: nicotinic. The statistical results correspond to the cultivations shown 

in Figure 2-5. An ANOVA followed by a Bonferroni post-hoc test was performed. A 

p-value <0.05 was determined to show statistical significance. The p-value of ANOVA 

was <0.001. 

 Supplemented Moppa medium, w/o vitamins, only w/ 12x nic. acid, 1x biotin 

w/ all 

amino 

acids 

w/ amino 

acid     

gr. 1 

w/ amino 

acid gr. 

1,2 

w/ amino 

acid gr. 

1,3 

w/ amino 

acid gr. 

1,4 

w/ amino 

acid gr. 

1,5 

w/ amino 

acid gr. 

1,6 

w/ all 

amino 

acids 

- - - - - - - 

w/ amino 

acid gr. 1 

<0.001 - - - - - - 

w/ amino 

acid gr. 1,2 

1.000 <0.001 - - - - - 

w/ amino 

acid gr. 1,3 

<0.001 1.000 <0.001 - - - - 

w/ amino 

acid gr. 1,4 

<0.001 0.003 <0.001 <0.001 - - - 

w/ amino 

acid gr. 1,5 

<0.001 1.000 <0.001 1.000 0.002 - - 

w/ amino 

acid gr. 1,6 

<0.001 1.000 <0.001 0.750 0.007 1.000 - 
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Appendix Figure A12: Cultivation of Paenibacillus polymyxa with single amino acids of group 2 in 

microtiter plate. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and without amino acids (only with amino acid group 1) and 

with or without amino acids of group 2 specified in Appendix Table A2. A, B, C: 

Oxygen transfer rate (OTR). For clarity, only every 20th measuring point over time is 

marked as a symbol. Mean values for OTR of at least four replicates with standard 

deviations as shadows are shown. Cultivation conditions: temperature 33 °C, 48-
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round well plate, filling volume 0.8 mL, shaking frequency 1000 rpm, shaking 

diameter 3 mm. 
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Appendix Figure A13: Determination of growth rate for Paenibacillus polymyxa cultivation with single 

amino acids of group 2. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and without amino acids (only with amino acid group 1) and 

with or without amino acids of group 2 specified in Appendix Table A2. A, B, C: 

Growth rates were calculated based on regression of the linear range of logarithm of 

oxygen transfer rate (OTR). OTRs and cultivation conditions are shown in Appendix 

Figure A12. 
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Appendix Figure A14: Determination of lag-phase for Paenibacillus polymyxa cultivation with single 

amino acids of group 2. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and without amino acids (only with amino acid group 1) and 

with or without amino acids of group 2 specified in Appendix Table A2. A, B, C: The 

logarithm of the difference of the oxygen transfer rate (OTR) and initial OTR was 

plotted over time. The initial OTR was determined based on the mean value of OTR 

values between 1.6 and 3.0 h. The lag-phases were calculated based on the intersection 

point of the regression line of the linear range. OTRs and cultivation conditions are 

shown in Appendix Figure A12. 
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Appendix Figure A15: Reproducibility of respiration activity of Paenibacillus polymyxa in chemically 

defined medium in microtiter plate. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and without amino acids (only with amino acid group 1 and 

2 specified in Appendix Table A2). Oxygen transfer rate (OTR). For clarity, only 

every 20th measuring point over time is marked as a symbol. Mean values for OTR of 

four replicates with standard deviations as shadows are shown. OTRs are also shown 

in Appendix Figure A12. Cultivation conditions are shown in Appendix Figure A12. 
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Appendix Figure A16: Cultivation of Paenibacillus polymyxa without nucleobases/ -sides in microtiter 

plate. 

Supplemented Moppa medium (specified in Table 2-2) without vitamins (only with 

nicotinic acid and biotin) and without amino acids (only with amino acid group 1 and 

2) and with or without nucleobases/-sides. nic.: nicotinic. Amino acids groups (gr.) 
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are specified in Appendix Table A2. Initial concentrations were: 57.4-58.2 g/L 

maltose, 3.3 g/L glucose, 3.1 g/L citrate. A: Oxygen transfer rate (OTR), B: Final 

optical density (OD) and pH, C: Final glucose concentration, D: Final acetoin and 

2,3-butanediol concentration. A: For clarity, only every 18th measuring point over 

time is marked as a symbol. Mean values for OTR of at least four replicates with 

standard deviations as shadows are shown. Standard deviations are not well 

recognizable, because they are small. B-D: For offline analysis, samples (wells) of the 

replicates of the OTR measurement were pooled at the end of the experiments. OD 

measurement of pooled samples was performed in triplicate and mean values with 

standard deviation depicted as error bars are shown. pH and concentrations of sugars 

and metabolites were determined in a single measurement of pooled samples. Final 

maltose, citrate and lactate concentrations were lower than the detection limit. 

Parameters in B-D were determined after 133 h. Cultivation conditions: temperature 

33 °C, 48-round well plate, filling volume 0.8 mL, shaking frequency 1000 rpm, 

shaking diameter 3 mm. 
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Appendix Figure A17: Dissolved oxygen tension and agitation speed in the cultivation of Paenibacillus 

polymyxa in fermenter. 

The fermentation is shown in Figure 2-7. Reduced Moppa medium (specified in 

Table 2-2). A: Oxygen transfer rate (OTR) and dissolved oxygen tension (DOT), B: 

Agitation rate. For clarity, only every 720th measuring point is marked as a symbol for 

OTR, DOT and agitation rate. Cultivation conditions: temperature 33 °C, filling 

volume 1 L, pH control at pH 6.5, without MES buffer.  

 

 



 

 

 

8 Appendix 

 

 

165 

  

 

 

Appendix Figure A18: Cultivation protocol of Bacillus subtilis spore former and knockout strain, 

Bacillus velezensis and Bacillus licheniformis. 

T = temperature, n = shaking frequency, VL = filling volume, d0 = shaking diameter, 

VK = nominal volume of shake flask, VW = volume of well of microtiter plate. Pre-

cultures were inoculated from cryo-cultures and conducted in a RAMOS device [70, 

71]. All recorded pre-cultures of experiments are shown in Appendix Figure A25. 

Main-cultures were inoculated from pre-culture and conducted in a RAMOS device 

or BioLector device (commercial BioLector I of Beckman Coulter GmbH or in-house 

built version [72, 75, 76]). All recorded main-cultures of experiments, in which 

oxygen transfer rate or dissolved oxygen tension was measured, are shown in 

Appendix Figure A24.  
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Appendix Section A1: Correction of DOT measured in commercial BioLector. 

As the measured DOT values exhibited an offset in the commercial BioLector, the measured 

DOT was corrected as follows: A DOT maximum (DOTmax) and DOT minimum (DOTmin) 

were determined based on the measured DOT curves. Parallel to the cultivation of the 

Bacillus strains, non-inoculated pure medium was incubated in the same MTP. The non-

inoculated medium was defined as DOTmax, as there was no respiration activity expected. 

1. The DOTmax (green dashed horizontal line in Appendix Figure A19A and B) was 

calculated as the mean value of DOT values of all time points and replicates (wells) 

of non-inoculated medium. 

2. The DOTmin (blue, turquoise, pink, and grey dotted horizontal lines in Appendix 

Figure A19A and B) was separately determined for each strain and each replicate 

(well). This minimum was determined as a mean value of the measured DOT 

between 3.5 and 4.5 h for B. subtilis (black dashed vertical lines in Appendix 

Figure A19A and B), between 4.5 and 5.3 h for B. velezensis and between 10.0 and 

11.0 h for B. licheniformis for each replicate (well). The periods correspond to a 

plateau observed in the cultivations. 

3. The DOTmax was regarded as 100 % and the DOTmin was regarded as 0 %. This led 

to equations (1) and (2) with a as the slope and b as the y-axis intercept. 

 100 % = 𝑎 ‧ 𝐷𝑂𝑇𝑚𝑎𝑥 + 𝑏 (1) 

 0 % = 𝑎 ‧ 𝐷𝑂𝑇𝑚𝑖𝑛 + 𝑏 (2) 

4. The equations were solved for a and b for each replicate (well) in each experiment. 

5. The corrected DOT (Appendix Figure A19C and D) was calculated for each replicate 

(well) of the corresponding experiment. The following equation (3) was used as a 

basis for DOT correction. 

 𝑦 = 𝑎 ‧ 𝑥 + 𝑏 (3) 
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with y as the corrected DOT, a as 
100 %

DOTmax − DOTmin
, x as the measured DOT (Appendix 

Figure A19A and B) and b as 
100 %

DOTmax
DOTmin

 − 1
. 

6. This led to the following equation (4) for DOT correction. 

 
𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷𝑂𝑇 =  

100 %

𝐷𝑂𝑇𝑚𝑎𝑥 −  𝐷𝑂𝑇𝑚𝑖𝑛
 ‧ 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐷𝑂𝑇 + 

100 %

𝐷𝑂𝑇𝑚𝑎𝑥
𝐷𝑂𝑇𝑚𝑖𝑛

− 1
 

(4) 

7. After performing the correction of DOT for each replicate (well), the mean value of 

the DOT of the replicates and standard deviation were calculated. 
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Appendix Figure A19: Determination of DOT minimum and correction of DOT values for cultivation 

of Bacillus subtilis PY79 spore former and KO7-S knockout strain. 
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(A) Uncorrected dissolved oxygen tension (DOT) of spore former, (B) uncorrected 

DOT of knockout strain, (C) corrected DOT of spore former, (D) corrected DOT of 

knockout strain. Exemplarily four replicates (wells) in microtiter plate are shown of 

the experiment depicted in Figure 3-1B. The DOT minimum was determined as a 

mean value of DOT values between 3.5 and 4.5 h (black vertical dashed lines). The 

horizontal dotted lines (blue, turquoise, pink, and grey) show the DOT minimum for 

each replicate. The green horizontal dashed line represents the DOT maximum, which 

is the mean value of non-inoculated pure medium of all time points and replicates 

(wells). For clarity, only every 10th measuring point is marked by a symbol and only 

the first 48 h of cultivation are shown. The measured DOT was corrected as described 

in Appendix Section A1. Cultivation conditions in a commercial BioLector I device 

(Beckman Coulter GmbH): temperature 37 °C, 48-round well plate (MTP-R48-BOH 

1), filling volume 0.7 mL, shaking frequency 1000 rpm, shaking diameter 3 mm, Bc 

medium with 10 g/L glucose. 
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Appendix Section A2: Calculation of OTR from DOT of commercial BioLector 

The DOT measured in the commercial BioLector (after correction as described in Appendix 

Section A1) was used to calculate the OTR in the MTP. The calculation was performed based 

on equation (5): 

 
𝑂𝑇𝑅 =  𝑘𝐿𝑎 ‧ 𝐿𝑂2

 ‧ (𝑝𝑂2
𝑔𝑎𝑠 −  

𝐷𝑂𝑇

100
 ‧ 𝑝𝑂2

𝑐𝑎𝑙)  
(5) 

with kLa as the volumetric oxygen transfer coefficient (1/h), LO2 as the oxygen solubility 

[mol/L/bar], pO2
cal as the head space oxygen partial pressure during calibration (simplified 

assumption: 0.21 bar), pO2
gas as the oxygen partial pressure in the head space of each well 

(simplified assumption: 0.21 bar). The oxygen solubility LO2 was calculated based on 

literature [233-235]. The medium component soy flour was neglected. 

The kLa was calculated based on a parallel cultivation in the in-house built µRAMOS [73], 

in which the OTR was determined, and in the commercial BioLector I, in which the DOT 

was measured. The cultivation in the BioLector was performed as described in chapter 3.2.3 

and 3.2.4. The cultivation in the µRAMOS was conducted using the same cultivation 

parameters. A gas-permeable sealing foil (900371-T, HJ-Bioanalytik GmbH, Erkelenz, 

Germany) was used for the MTP in the µRAMOS. 

As measuring intervals were different for DOT and OTR, a spline interpolation (MATLAB 

function: interp1, spline, default settings) of the DOT was conducted to get value pairs for 

DOT and OTR using the software MATLAB (version R2021b 9.11.0.1769968, The Math 

Works, Inc., Natik, USA). This was performed for each replicate (well). 

The kLa was calculated based on equation (6) for each value pair of DOT and OTR of the 

replicates. 

 

𝑘𝐿𝑎 =  
𝐿𝑂2

 ‧ (𝑝𝑂2
𝑔𝑎𝑠 − 

𝐷𝑂𝑇
100  ‧ 𝑝𝑂2

𝑐𝑎𝑙)

𝑂𝑇𝑅
  

(6) 
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As pO2
gas is measured in the µRAMOS device, the measured pO2

gas was used for calculating 

the kLa instead of the assumption of 0.21 bar. pO2
gas values were determined as mean values 

of pO2
gas measured in the µRAMOS in the aeration phase, before the corresponding OTR 

was determined in the following stop phase. After calculation of kLa values for each 

measuring point (value pair of DOT and OTR), a mean value based on kLa values over time 

was calculated for each replicate. Only kLa values for OTR values higher than 5 mmol/L/h 

were considered. The kLa used to calculate the OTR based on equation (5) was averaged for 

the replicates. 

 

Appendix Section A3: Correction of intensities of 2D fluorescence spectra. 

When a new calibration of the spectrometer was performed, a correction factor was 

determined for correction of the 2D fluorescence spectra at the end of the cultivation. 

Therefore, a bead suspension (1000 NTU) was prepared in triplicates (solution a, b, and c) 

by diluting the stock solution (4000 NTU calibration standard polymer bead, Sigma Aldrich 

Chemie GmbH, Taufkirchen, Germany) with deionized water. 2D spectra of those bead 

suspensions were recorded at the beginning and end of the cultivation under the same 

conditions as the cultivation samples (Appendix Figure A20). During cultivation, the bead 

suspensions were stored at 4 °C. The scattered light intensity for each measured scattered 

light wavelength of the 2D scan from the beginning of the cultivation was divided by the 

scattered light intensity for each measured scattered light wavelength of the 2D scan from 

the end of the cultivation (scattered light ratios for different wavelengths). The mean of those 

scattered light ratios for the different wavelengths for each bead suspension was calculated. 

Then, the mean value of the three bead suspensions (a, b, and c) was determined, which is 

called correction factor (Appendix Figure A20). This correction factor was used to multiply 

the intensities of the 2D fluorescence spectra of cultivation samples at the end of the 

cultivation. 
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Appendix Figure A20: 2D absolute spectra of scattered light of a standard bead suspension. 

2D absolute fluorescence spectrum of (A) bead suspension a, (B) bead suspension b 

and (C) bead suspension c measured at the beginning of the cultivation. 2D absolute 

fluorescence spectrum of (D) bead suspension a, (E) bead suspension b and (F) bead 

suspension c measured after 67 h of cultivation. During Bacillus subtilis cultivation 

the suspensions were stored at 4 °C. 2D fluorescence scans with excitation 

wavelengths from 300-700 nm and emission wavelengths from 300-700 nm were 

recorded using the setup of an in-house built BioLector device [72, 75, 76]. For 

calculation of the scattered light ratio in (G), scattered light intensities of each 

suspension at the beginning of the cultivation (t0 h) were divided by scattered light 

intensities after 67 h of cultivation (t67 h). The mean value of these ratios was 
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calculated to obtain the correction factor. The correction factor is needed for 

correction of absolute 2D fluorescence spectra at the end of the cultivation of 

Figure 3-2 and Figure 3-4. Correction is necessary, because the spectrometer was 

switched off between the recordings of 2D spectra at the beginning and end of the 

cultivation of Figure 3-2 and Figure 3-4 and, thus, separate calibrations of 

spectrometer were performed for recording 2D spectra at the beginning and end of the 

cultivation. 
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Appendix Figure A21: Schematic overview of recording of 2D fluorescence spectra with addition of 

FeCl2. 

This schematic overview is related to the experiment of Figure 3-5 and Appendix 

Figure A28. 700 µL supernatant of Bacillus subtilis PY79 spore former and KO7-S 

knockout strain were filled in a well of a 48-round well microtiter plate and a 2D 

fluorescence spectrum was recorded. Then, 100 µL of supernatant were removed from 

the well and 100 µL of a FeCl2 solution or 100 µL deionized water were added to the 

well. When adding FeCl2 to the supernatant a change in fluorescence could be caused 

by iron itself or by dilution of the sample by adding the solution. Therefore, the same 

volume of deionized water was added in another well. 2D fluorescence scans with 

excitation wavelengths from 300-700 nm and emission wavelengths from 300-

700 nm were recorded using the setup of an in-house built BioLector device [72, 75, 

76]. Intensities of the 2D fluorescence scan before adding FeCl2 and deionized water 

were subtracted from intensities of the 2D fluorescence scan after adding FeCl2 and 

deionized water. 3 mM FeCl2 was added to the supernatant, which corresponds to 

3 mM Fe. 
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Appendix Figure A22: Schematic overview of recording of fluorescence intensities with different 

concentrations of FeCl2 and FeCl3. 

This schematic overview is related to the experiment in Figure 3-6. 700 µL 

supernatant of Bacillus subtilis PY79 spore former and KO7-S knockout strain were 

filled in a well of a 48-round well microtiter plate and the fluorescence intensity at an 

excitation wavelength of 390 nm and an emission wavelength of 460 nm was 

measured in an in-house built BioLector device [72, 75, 76]. After 4.2 h, 100 µL of 

supernatant were removed from the well and 100 µL of a FeCl2 or FeCl3 solution in 

different concentrations (0.1, 1, 3, 6, 9, 15, and 50 mM FeCl2 and FeCl3, which 

corresponds to 0.1, 1, 3, 6, 9, 15, and 50 mM Fe) or 100 µL deionized water were 

added to the well. The fluorescence intensity before addition was determined by 

calculating a mean value of intensities measured before addition. A measurement 

period of 1.0 h was chosen for the mean value calculation. Fluorescence intensity after 

addition was determined by calculating a mean value of intensities after addition. A 

measurement period of 1.0 h was chosen for the mean value calculation. Mean 

fluorescence intensity before adding FeCl2, FeCl3 or deionized water was subtracted 

from mean fluorescence intensity after adding FeCl2, FeCl3 or deionized water.  
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Appendix Figure A23: Cultivation of Bacillus subtilis PY79 spore former, to determine the volumetric 

oxygen transfer coefficient (kLa) value. 

(A) Oxygen transfer rate (OTR) in a µRAMOS device [73] and corrected dissolved 

oxygen tension (DOT) in a commercial BioLector I device (Beckman Coulter GmbH), 

(B) oxygen partial pressure (pO2
gas) measured in the µRAMOS device and calculated 

kLa. (A), (B) Exemplarily, one replicate (well) is shown. For clarity, only the first 36 h 

of cultivation are shown. Due to different measuring intervals of DOT and OTR, the 

DOT was interpolated as described in Appendix Section A2. The pO2
gas values are 

shown as mean values of pO2
gas measured in the aeration phase before the 

corresponding OTR was determined in the following stop phase in the µRAMOS 

device. The kLa was calculated as described in Appendix Section A2. The mean value 

of kLa over cultivation time for one replicate (green horizontal dotted line) was 

determined for all OTR values higher than 5 mmol/L/h. This was performed for all 

four replicates and a mean value was determined for kLa. The mean kLa value 

(194 1/h) of all replicates was used to calculate the OTR from DOT in Figure 3-1. 

Cultivation conditions in the commercial BioLector I device (Beckman Coulter 

GmbH) and µRAMOS device: temperature 37 °C, 48-round well plate (MTP-R48-

BOH 1 for BioLector, MTP-R48-B for µRAMOS), filling volume 0.7 mL, shaking 

frequency 1000 rpm, shaking diameter 3 mm, Bc medium with 10 g/L glucose. 
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Appendix Figure A24: Reproducibility of all main-cultures of Bacillus subtilis PY79 spore former and 

KO7-S knockout strain performed in this study under the same cultivation 

conditions in shake flask and microtiter plate scale. 

(A) Oxygen transfer rate (OTR) in shake flasks of the spore former (B) OTR in shake 

flasks of the knockout strain. (C) Dissolved oxygen tension (DOT) in microtiter plates 

of the spore former. (D) DOT in microtiter plates of the knockout strain. Cultivations 

of various experiments (exp) are shown. The figure numbers, to which the OTR or 

DOT data belong, are marked in the figure legends. (A), (B) One replicate is shown 

and N marks the available number of replicates with OTR curves in the experiment. 

(C), (D) Mean values of at least four replicates with standard deviations as shadows 

are shown. The DOT was corrected as described in Appendix Section A1. Cultivation 

conditions in a RAMOS device [70, 71]: temperature 37 °C, 250 mL RAMOS shake 

flask, filling volume 10 mL, shaking frequency 350 rpm, shaking diameter 50 mm, 

Bc medium with 10 g/L glucose. Cultivation conditions in a commercial BioLector I 

device (Beckman Coulter GmbH): temperature 37 °C, 48-round well plate (MTP-

R48-BOH 1), filling volume 0.7 mL, shaking frequency 1000 rpm, shaking diameter 

3 mm, Bc medium with 10 g/L glucose. 
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Appendix Figure A25: Reproducibility of all pre-cultures of Bacillus subtilis PY79 spore former and 

KO7-S knockout strain performed in this study under the same cultivation 

conditions. 

(A) Oxygen transfer rate (OTR) in shake flasks of the spore former. (B) OTR in shake 

flasks of the knockout strain. exp: experiments. Pre-cultures of main-cultures in 

Appendix Figure A24 are shown. The figure numbers, to which the OTR data belong, 

are marked in the figure legend. Cultivation conditions in a RAMOS device [70, 71]: 

temperature 37 °C, 250 mL RAMOS shake flask, filling volume 10 mL, shaking 

frequency 350 rpm, shaking diameter 50 mm, LB medium. 
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Appendix Figure A26: Difference of 2D fluorescence spectrum of pure Bc medium between the 

beginning and end of the experiment. 

Bc medium was not inoculated. 2D fluorescence scan with excitation wavelengths 

from 300-700 nm and emission wavelengths from 300-700 nm was recorded at the 

beginning of the experiment and after 67 h of the experiment using the setup of an in-

house built BioLector device [72, 75, 76]. Intensities of the 2D spectra after 67 h of 

the experiment were corrected with the correction factor as described in Appendix 

Section A3. Intensities of the 2D fluorescence scan from the beginning of the 

experiment were subtracted from corrected intensities of the 2D fluorescence scan 

after 67 h (I-I0). Conditions of the experiment in a RAMOS device [70, 71]: 

temperature 37 °C, 250 mL RAMOS shake flask, filling volume 10 mL, shaking 

frequency 350 rpm, shaking diameter 50 mm, Bc medium with 10 g/L glucose 

without inoculation. The diagonal with high intensities in the lower right corner 

represents the 2nd order light scattering. 
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Appendix Figure A27: 2D absolute fluorescence spectra of supernatant of Bacillus subtilis spore former 

and knockout strain before and after adding FeCl2. 

2D absolute fluorescence spectra of Figure 3-5 are shown. (A) 2D absolute 

fluorescence spectrum of supernatant of (A) spore former before adding FeCl2, (B) 

knockout strain before adding FeCl2, (C) spore former after adding FeCl2, (D) 

knockout strain after adding FeCl2. 2D fluorescence scans with excitation 

wavelengths from 300-700 nm and emission wavelengths from 300-700 nm were 

recorded using the setup of an in-house built BioLector device [72, 75, 76]. Samples 

of the cultivation were taken after 66 h and centrifuged for recording of the 2D spectra 

of the supernatant. 3 mM FeCl2 was added to the supernatant, which corresponds to 

3 mM Fe. 
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Appendix Figure A28: Difference of 2D fluorescence spectra of supernatant of Bacillus subtilis PY79 

spore former and KO7-S knockout strain before and after addition of deionized 

water. 

(A) Spore former, (B) knockout strain. 2D fluorescence scans with excitation 

wavelengths from 300-700 nm and emission wavelengths from 300-700 nm were 

recorded of the supernatant after 66 h of cultivation before and after adding deionized 

water using the setup of an in-house built BioLector device [72, 75, 76]. Intensities of 

the 2D fluorescence scan before adding deionized water were subtracted from the 

intensities of the 2D fluorescence scan after adding deionized water (Iafter-Ibefore). The 

scale of intensities shows negative values. The cultivations in shake flask are shown 

in Appendix Figure A24. Samples of the cultivation were taken after 66 h and 

centrifuged for recording of the 2D spectra of the supernatant. Schematic overview 

for this experiment is shown in Appendix Figure A21. 
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Appendix Figure A29: Absolute fluorescence intensities (390/460 nm) before and after adding different 

iron solutions and concentrations to the supernatant of Bacillus subtilis PY79 

spore former and KO7-S knockout strain. 

Absolute fluorescence intensities of Figure 3-6 are shown. Fluorescence intensity of 

supernatant of (A) spore former before and after adding FeCl2, (B) knockout strain 

before and after adding FeCl2, (C) spore former before and after adding FeCl3, (D) 

knockout strain before and after adding FeCl3. Fluorescence intensity was measured 

at an excitation wavelength of 390 nm and an emission wavelength of 460 nm in an 

in-house built BioLector device [72, 75, 76]. For clarity, only every 4th measuring 

point is marked by a symbol. FeCl2 or FeCl3 were added to the supernatant in different 

concentrations. Arrows mark the time point of adding FeCl2 or FeCl3, which was after 

4.2 h of incubation of the supernatant in the microtiter plate. Fluorescence intensity 

before addition was determined by calculating a mean value of intensities in the period 

(0.4 – 1.4 h before addition of iron), marked with black dashed vertical lines. 

Fluorescence intensity after addition was determined by calculating a mean value of 

intensities in the period (0.4 – 1.4 h after addition of iron), marked with grey dotted 

vertical lines. Timing before addition is shown with negative time scale and timing 

after addition with positive time scale. Deionized water was added instead of iron so 

that no additional iron was added to the supernatant (0 mM). Samples of the 

cultivation were taken after 66 h and centrifuged for measuring the fluorescence 

intensity of the supernatant. 
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Appendix Figure A30: Cultivation of different Bacillus strains in microtiter plate scale. 

Dissolved oxygen tension (DOT) of Bacillus subtilis PY79 spore former, Bacillus 

subtilis KO7-S knockout strain, Bacillus velezensis (MBI600), Bacillus licheniformis 

DSM8785. For clarity, only every 10th measuring point over time is marked by a 

symbol. Mean values of four replicates with standard deviations as shadow are shown. 

The DOT was corrected as described in Appendix Section A1. Cultivation conditions 

in a commercial BioLector I device (Beckman Coulter GmbH): temperature 37°C, 48-

round well plate (MTP-R48-BOH 1), filling volume 0.7 mL, shaking frequency 

1000 rpm, shaking diameter 3 mm, Bc medium with 10 g/L glucose. 
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Appendix Figure A31: Determination of time point of start of decrease in OTR, and time point of start 

of increase in fluorescence intensity. 

(A) Oxygen transfer rate (OTR) of one replicate (well) of the cultivation of B. subtilis 

PY79 spore former with a filling volume of 0.7 mL. For clarity, only every 3rd 

measuring point over time is marked as a symbol. A linear regression was performed 

on the almost constant values of the OTR plateau and on the values of the dropping 

flank of the OTR after the plateau. The start of the decrease in the OTR was the point 

of the intersection of those two regression lines. (B) Fluorescence intensity at an 

excitation wavelength of 390 nm and an emission wavelength of 460 nm of one 

replicate (well) of the cultivation of B. subtilis PY79 spore former with a filling 

volume of 0.7 mL. For clarity, only every 6th measuring point over time is marked as 

a symbol. The initial intensity was subtracted from the measured intensities over time 

(I-I0). A linear regression was performed on the almost constant values of the 

fluorescence intensity before the increase and on the values of the linear increase in 

the fluorescence intensity. The start of the increase in the fluorescence was the point 

of intersection of those two regression lines. Cultivation conditions in a 

µRAMOS/BioLector combination: temperature 37 °C, 48 round well plate (MTP-
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R48-B), filling volume 0.5-1.3 mL, shaking frequency 1000 rpm/ 700 rpm at 2.1 h, 

shaking diameter 3 mm, Bc medium with 10 g/L glucose. The replicate belongs to the 

cultivations shown in Figure 4-3. 
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Appendix Figure A32: Cultivation of Bacillus subtilis PY79 spore former in shake flask (RAMOS) and 

microtiter plate (µRAMOS and commercial BioLector) scale. 

(A) Oxygen transfer rate (OTR) in shake flasks measured in a RAMOS device [70, 

71], (B) OTR in a microtiter plate measured in a µRAMOS/BioLector combination 

device [77] and OTR calculated from DOT in a microtiter plate measured in a 

commercial BioLector I device (Beckman Coulter GmbH). (A), (B) For a better 

overview, only the first 30 h of cultivations are shown. The cultivation in the RAMOS 

device and in the commercial BioLector I device were performed with the same pre-

culture. The cultivation in the µRAMOS/BioLector combination device was 

performed in a separate experiment with a separate pre-culture. (A) Duplicates are 

shown for cultivations in shake flasks. (B) Mean values of four replicates (µRAMOS) 

and 16 replicates (commercial BioLector I) with standard deviations as shadows are 

shown for cultivations in microtiter plates. For clarity, only every 4th measuring point 

over time is marked by a symbol for the OTR calculated from the DOT (commercial 

BioLector I). The cultivation in the RAMOS device in (A) and the cultivation in the 

commercial BioLector I in (B) is also shown in Figure 3-1. The cultivation in the 
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µRAMOS/ BioLector combination device in (B) is also shown in Figure 4-3. 

Cultivation conditions are mentioned in the corresponding figure captions. 

 

Appendix Figure A33: Cultivation of Bacillus subtilis PY79 spore former under different levels of 

oxygen limitation in microtiter plate scale with theoretical maximum oxygen 

transfer capacity. 

(A), (B) Oxygen transfer rate (OTR). The OTR of the cultivations of Figure 4-3 is 

shown, except of the reference cultivation. For better overview, the cultivations of the 

filling volumes 0.5 mL, 0.7 mL, 0.9 mL, 1.1 mL and 1.3 mL are shown in (A), and 

the cultivations of the filling volumes 0.6 mL, 0.8 mL, 1.0 mL and 1.2 mL are shown 

in (B). (A), (B) For clarity, only every 4th measuring point of the OTR over time is 

marked by a symbol. Mean values of at least three replicates with standard deviations 

as shadows are shown. For the cultivation with a filling volume of 1.2 mL, no standard 

deviations are shown, as a mean value of two replicates was calculated. The 

theoretical maximum oxygen transfer capacity (OTRmax) (horizontal dashed lines) 
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was calculated for the applied cultivation conditions after Lattermann et al. [226]. The 

cultivation conditions are mentioned in Figure 4-3. 

 

Appendix Figure A34: Determination of the slope of the increase in fluorescence intensity of the 

cultivation of Bacillus subtilis PY79 spore former under different levels of oxygen 

limitation in microtiter plate scale. 

Fluorescence intensity with an excitation wavelength of 390 nm and an emission 

wavelength of 460 nm for a filling volume of (A) 0.5 mL, 0.6 mL, 1.0 mL, 1.1 mL, 

1.2 mL, 1.3 mL and (B) 0.7 mL, 0.8 mL, 0.9 mL. For clarity, only every 5th measuring 

point over time is marked by a symbol. Mean values of at least three replicates with 

standard deviations as shadows are shown. For the cultivation with a filling volume 

of 1.2 mL, no standard deviations are shown, as a mean value of a duplicate was 

calculated. The slope of the increase in the fluorescence intensity was calculated based 

on regression of the linear range of the fluorescence intensity (black lines). The 

fluorescence intensity over the whole cultivation time is shown in Figure 4-3. The 

cultivation conditions are mentioned in Figure 4-3. 
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Appendix Figure A35: Slope of the increase in fluorescence intensity of the cultivation of Bacillus subtilis 

PY79 spore former under different levels of oxygen limitation in microtiter plate 

scale. 

The slope of the increase in the fluorescence intensity of the cultivation shown in 

Figure 4-3 was determined for each filling volume as described in Appendix 

Figure A34. 
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Appendix Figure A36: Higher resolution of the beginning of the cultivation of Bacillus subtilis PY79 

spore former under different levels of oxygen limitation in microtiter plate scale. 

The beginning (0 h -18 h) of the cultivations of Figure 4-3 is shown. For clarity, only 

every 4th measuring point of the oxygen transfer rate (OTR) over time is marked by a 

symbol. Mean values of at least three replicates with standard deviations as shadows 

are shown. For the cultivation with a filling volume of 1.2 mL, no standard deviations 

are shown, as a mean value of two replicates was calculated. The cultivation 

conditions are mentioned in Figure 4-3. 
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Appendix Figure A37: Difference of 2D fluorescence spectrum of pure complete modified Poolman 

medium between the beginning and end of the experiment. 

Complete modified Poolman medium was not inoculated. 2D fluorescence scan with 

excitation wavelengths from 300-700 nm and emission wavelengths from 300-

700 nm was recorded at the beginning of the experiment and after 40 h of the 

experiment using the setup of an in-house built BioLector device [72, 75, 76]. 

Intensities of the 2D fluorescence scan from the beginning of the experiment were 

subtracted from corrected intensities of the 2D fluorescence scan after 40 h (I-I0). 

Conditions of the experiment in an in-house built BioLector device: temperature 

37 °C, 48-round well plate (MTP-R48-B), filling volume 0.7 mL, shaking frequency 

1000 rpm, shaking diameter 3 mm, complete modified Poolman medium with 10 g/L 

glucose. 
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Appendix Figure A38: Dissolved oxygen tension, oxygen transfer rate, scattered light, and fluorescence 

measurement of Bacillus subtilis PY79 spore former and KO7-S knockout strain 

in complete modified Poolman medium. 

(A) Dissolved oxygen tension (DOT) and oxygen transfer rate (OTR) in a commercial 

BioLector I device (Beckman Coulter GmbH), (B) OTR in an in-house built 

µRAMOS device [73], (C) scattered light intensity at 620 nm in the commercial 

BioLector I device and fluorescence intensity with an excitation wavelength of 

390 nm and an emission wavelength of 460 nm in an in-house built BioLector device 

[72, 75, 76]. For clarity, only every 4th (A, C) and 3rd (B) measuring point over time 



 

 

 

8 Appendix 

 

 

193 

  

 

is marked by a symbol. Mean values of eight (A, scattered light in C), three (B) and 

four (fluorescence in C) replicates with standard deviations as shadows are shown. 

Shaking of the cultivation in the in-house built BioLector was conducted around 2 h 

before online measurement was started. Therefore, no data points for the first 2 h are 

available. The DOT in (A) was corrected as described in Appendix Section A1. The 

OTR in (A) was calculated from the corrected DOT as described in chapter 5.2.7 with 

a volumetric oxygen transfer coefficient (kLa) of 194 1/h (value was determined based 

on a cultivation in complex Bc medium). For scattered light (C), the initial intensity 

was subtracted from the measured intensities over time (I-I0) for each strain. The 

cultivations and the cultivation conditions in (A) and (B) are shown in Figure 5-1.The 

cultivations and the cultivation conditions in (C) are shown in Figure 5-3. The 

cultivations in the commercial BioLector I and in-house built BioLector were 

conducted in parallel, inoculated from the same pre-culture. The cultivation in the 

µRAMOS was conducted in a separate experiment with a separate pre-culture. 
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Appendix Figure A39: Cultivation of Bacillus subtilis PY79 and KO7-S knockout strain in complete 

modified Poolman medium with different trace element solutions. 

(A) Oxygen transfer rate (OTR), (B) fluorescence intensity with an excitation 

wavelength of 390 nm and an emission wavelength of 460 nm, (C) total cell 

concentration, spore concentration, and sporulation efficiency. (A), (B) For clarity, 

only every 5th (A) and 6th (B) measuring point over time is marked by a symbol. Mean 

values for at least three replicates with standard deviations as shadows are shown. (B) 

The initial intensities were subtracted from the measured intensities over time (I-I0) 
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for each experiment. The OTR and fluorescence measurement was performed in a 

µRAMOS/BioLector combination device [77]. Fluorescence measurement at an 

excitation wavelength of 390 nm and an emission wavelength of 490 nm in the 

BioLector was conducted with a slid width of 4 nm and an integration time of 600 ms. 

The OTR of the µRAMOS in (A) of the cultivation with trace elements of complete 

modified Poolman medium is also shown in Figure 5-1. (C) Total cell concentration, 

spore concentration, and sporulation efficiency of one replicate (well) of each 

experiment after 48 h of cultivation were determined in quadruplicates as described 

in chapter 4.2.5. Mean values with standard deviations depicted as error bars are 

shown. CFU: cell colony forming unit, SCFU: spore colony forming unit. Cultivation 

conditions in the in-house built µRAMOS/BioLector combination device: 

temperature 37 °C, 48-round well plate (MTP-R48-B), filling volume 0.7 mL, 

shaking frequency 1000 rpm, shaking diameter 3 mm, complete modified Poolman 

medium with 10 g/L glucose. Trace elements of complete modified Poolman medium 

(0.009 g/L ZnSO4‧7 H2O, 0.004 g/L CoSO4‧7 H2O, 0.004 g/L CuSO4‧5 H2O, 

0.003 g/L (NH4)6Mo7O24‧4 H2O, 0.066 g/L CaCl2‧2 H2O, 0.016 g/L MnCl2, 0.005 g/L 

FeCl2, 0.005 g/L FeCl3‧6 H2O) or trace elements of Pbp medium (0.013 g/L 

MnSO4‧H2O, 0.0046 g/L CuSO4‧5 H2O, 0.0028 g/L Na2MoO4‧2 H2O, 0.015 g/L 

Fe2(SO4)3‧H2O) were used. Results: In those cultivations, effects of different trace 

element solutions on the total cell concentration, spore concentration, sporulation 

efficiency, and fluorescence intensity were observed. The OTR curves were similar 

despite the different trace element solutions. In the cultivations, various trace elements 

were exchanged in parallel at the same time. The experiment should be repeated with 

the exchange of one trace element per experiment. 
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