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Abstract Biosynthesis of one of the most important antibiotics – penicillin - depends on various process parameters and morphological parameters. In several studies, a link between the specific growth rate (µ) and the specific penicillin production rate (qp) is described. Depending on the process, the link between µ and qp differs. Furthermore, penicillin producing bioprocesses exhibit highly dynamic qp’s. Thus, a simple link between µ and qp cannot be described. Therefore, an extended set of process parameters needs to be considered in order to gain predictive and robust bioprocess performance.  This thesis aims providing an analytical and process-technological toolbox, enabling detailed investigation of µ-qp-relations. Moreover, the control of process parameters to achieve optimal penicillin productivity in industrial fed-batch processes is in focus. Thereby, the complexity of filamentous bioprocesses ought to be considered: Fungal morphology varies in relation to process parameters like spore inoculum concentration and power input. Via broth viscosity and mass transfer the morphology affects process performance. Furthermore, biomass segregation occurs. Especially fungal pellets (dense hyphal aggregates) are concerned. Thus, viable biomass measurements in non-disperse growing cultures are important.  An analytical and process-technological toolbox for the investigation of morphology and biomass segregation, applicable in all process phases, was developed consisting of:  • At first, this toolbox allows the at-line determination of spore sub-populations and the measurement of the viable spore concentration via spore germination monitoring. Thereby, reproducible starting conditions of fed-batch cultures, which are based on comparable batch processes, should be achievable. • Secondly, one of the methodologies provided in the toolbox enables the online control of the specific growth rate based on viable biomass measurements. This tool is able to cope with physiological and morphological changes of filamentous fungi. Furthermore, the control strategy adapts to changing biomass yields, which is an important issue in the here presented bioprocess for penicillin production.  • The last tool at-line analyses fungal morphology to evaluate morphological parameters as a central variable in filamentous processes.  Using this toolbox, the µ-qp-relation for a penicillin V producing and pellet growing Penicillium chrysogenum process with highly dynamic qp-trajectories was described. Thereby, the consumed glucose 
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was found to be an important factor concerning the influence of µ on qp. This contribution highlights the importance and applicability of the presented analytical and process-technological toolbox for scientific investigations as well as for the conduction of robust and reproducible processes. A methodology for the analysis of µ-qp-interactions and other interfering mechanisms was hence created. Combining knowledge about µ-qp-relations with the presented tools provides the basis for the experimental design and the process control for the improvement of penicillin producing bioprocesses towards optimal qp-trajectories. Apart from process robustness via reproducible starting conditions and the control of the specific growth rate based on viable biomass measurements, at-line monitoring of fungal morphology provides an additional tool for process control.  
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Zusammenfassung Die Biosynthese von Penicillin, noch immer eines der wichtigsten Antibiotika, ist ein komplexer Prozess der von verschiedensten Mechanismen beeinflusst wird. Mehrere Studien zeigten den Einfluss der spezifischen Wachstumsrate (µ) auf die spezifische Produktionsrate (qp). Diese Studien beschreiben unterschiedliche µ-qp-Zusammenhänge. Außerdem ist qp im hier verwendeten Penicillin-Produktionsprozess trotz konstantem µ dynamisch und verändert sich im Laufe des Prozesses. Daher scheint die Herstellung eines simplen Links ohne die Einbeziehung zusätzlicher Variablen nicht möglich. Zusätzliche Prozessparameter müssen miteinbezogen werden, um eine vorhersagbare, robuste Prozessperformanz zu erhalten.  Das Ziel dieser Dissertation war es, eine analytische und prozesstechnologische Toolbox zu entwickeln, welche es ermöglicht, den Zusammenhang von µ und qp auch für dynamische qp-Trajektorien zu zeigen und weitere Einflussgrößen zu evaluieren. Dabei muss die Komplexität filamentöser Bioprozesse berücksichtigt werden: Die Morphologie der Pilze steht in engem Zusammenhang zu Prozessparametern wie Sporenkonzentration und Rührgeschwindigkeit. Über Viskosität und Massentransfer beeinflusst die Morphologie die Prozessleistung. Biomassensegregation tritt im Laufe der Kultivierung auf, wobei vor allem Pellets (dichte Hyphenaggregate) betroffen sind. Daher ist die Bestimmung der Lebendbiomasse speziell in nicht-dispers wachsende Kulturen wichtig. Eine analytische und prozesstechnologische Toolbox wurde entwickelt, welche die Messung von Biomassesegregation und Morphologie zu allen Prozesszeitpunkten ermöglicht. Diese besteht aus folgenden Methoden: • Die Toolbox ermöglicht die Unterscheidung von unterschiedlichen Subpopulationen der Sporen sowie die Konzentrationsmessung lebender Sporen durch die Erfassung der Sporenkeimung. Dadurch werden reproduzierbare Startbedingungen für Fed-Batch-Kulturen geschaffen, die auf vergleichbaren Batchprozessen basieren. • Weitere Methoden der Toolbox ermöglichen die Onlinekontrolle der spezifischen Wachstumsrate basierend auf der Messung lebender Biomasse. Dieses Tool ist unabhängig von physiologischen und morphologischen Veränderungen der Pilze und adaptiert die Kontrolle automatisch wenn Biomasseyields sich verändern.  • Der letzte durch die Toolbox abgedeckte Bereich, ist die Analyse der Pilzmorphologie, welche eine zentrale Variable im Bioprozess mit filamentösen Pilzen darstellt. 
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Die Verwendung der Toolbox ermöglichte die Beschreibung von µ-qp-Zusammenhängen in einem Penicillin-Produktionsprozess mit dynamischen qp-Trajektorien. Die von den Pilzen konsumierte Glucose wurde als wichtiger Faktor in der qp-Dynamik identifiziert. Diese Studie unterstreicht die Wichtigkeit und Anwendung der hier präsentierten analytischen und prozesstechnologischen Toolbox für wissenschaftliche Untersuchungen aber auch für robuste, reproduzierbare Bioprozesse für den Einsatz im industriellen Umfeld.  Die Kombination aus der inhaltlichen Studie zu µ-qp-Zusammenhängen und den Methoden der Toolbox legen die Basis für experimentelles Design und Prozesskontrolle, um Penicillin-Produktionsprozesse zu optimieren. Neben Prozessrobustheit durch reproduzierbare Startbedingungen und der Kontrolle der spezifischen Wachstumsrate, stellt die morphologische Analyse ein zusätzliches Tool zur Prozesskontrolle dar.  
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1 Introduction 1.1 Background 1.1.1 Penicillin: Historical introduction Penicillin and its antibacterial effect was accidentally discovered by Alexander Fleming back in 1928. While working with Staphyloccus, agar plates contaminated with mold. Bacteria growing near these mold colonies started to lyse. Fleming identified the mold as Penicillium rubrum [1]. Later-on the fungus was re-identified to be P. notatum, subsequently known as P. chrysogenum [2]. Although some primary investigations on penicillin were conducted in the early 1930s, the real break-through of penicillin started 1940 with a study by Chain and Florey curing mice from bacterial diseases [3]. Henceforth, penicillin was produced in large amounts. Initially the crude extract was applied. However, under the concern of human safety the production of purified penicillin was started as soon as in 1945 [4]. Actual industrial strains derive from P. chrysogenum NRRL 1951 which was isolated 1943. This initial strain yielded up to 150 µg/ml penicillin in submerged cultures. After several rounds of mutagenesis and strain improvement programs, todays industrial strains yield more than 50 mg/ml [5].  Already in the 1940s first resistances of bacteria against penicillin were observed [6]. Nowadays, resistances of pathogen bacteria occur to most natural penicillins but also semi-synthetic penicillins. This issue concerns most antibiotics on the market [7]. Still, penicillin is one of the most important antibiotics and its productivity raised significantly within the last decades to reach a market volume of 5 billion dollar in 2003 [8]. 1.1.2 Penicillin synthesis Penicillins are β-lactam antibiotics with a penam as basic structure [9]. In the penicillin group, natural penicillins (like penicillin G), biosynthetic penicillin V and semisyntethic penicillin (amoxicillin, ampicillin, cloxacillin and peracillin) are distinguished [8]. Penicillin G (benzylpenicillin) and penicillin V (phenoxy-methylpenicillin) differ in their sidechain, attached to 6-aminopenicillanic acid (6-APA) at the end of the synthesis pathway. Therefor precursors from the medium are needed – phenylacetic acid respective phenoxyacetic acid [10]. For the production of semisynthetic penicillins, the sidechain is removed via penicillin acylase [8].  The biosynthesis of penicillin in P. chrysogenum is strongly interlinked with metabolic pathways and is conducted in different compartments of fungal cells [11]. The basis for penicillin formation are the three 
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amino acids L-α-aminoadipic acid (L-α-AAA), L-cysteine and L-valine. The first mentioned originates from the aminoadipate pathway, being an intermediate in lysine formation. These three amino acids are condensed to the tripeptide δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine (ACV), performed by the enzyme δ-(L-α-aminoadipyl)-L-cysteinyl-D-valine synthetase. The linear ACV is in the next step transformed via oxidative ring closure into isopenicillin N, catalyzed by the enzyme isopenicillin N synthase. Isopenicillin N is the first bioactive intermediate in the process of penicillin biosynthesis. Besides, it forms the basis for another class of antibiotics, the cephalosporins. The last step of biosynthesis is the exchange of the L-α-AAA sidechain for another sidechain depending on the supplied precursor. This reaction is catalyzed by the acyl coenzyme A:isopenicillin N acyltransferase. This step involves 6-APA as intermediate [9].  Penicillin production is a highly complex mechanism depending on the process environment. Excess of glucose showed to repress penicillin production. Thus, the production phase is conducted under C-limited conditions. The C-source influences penicillin production via transcriptional and post-transcriptional regulation of biosynthesis genes. Further it was shown, that the flux from L-α-AAA to ACV was impacted. In addition to the availability of C-source, also the C-source itself is crucial. Higher product titers were achieved when applying lactose. Apart from C-source, other process conditions as for example the pH crucially influence penicillin production, whereby a higher pH is favored [9]. Comparing a Wisconsin 54-1255 strain to a high producing strain yielded insight into the diversity of regulation levels of penicillin biosynthesis. It starts with growth and metabolism concerning nutrients and precursors, the synthesis of penicillin from the precursors, number of peroxisomes (important cell location for penicillin biosynthesis), leads over penicillin secretion to cell differentiation and morphology [12].  1.1.3 Fungal morphology 1.1.3.1 From spores to pellets Filamentous bioprocesses like the penicillin production process using Penicillium chrysogenum start by inoculating spores into the bioreactor [13, 14]. These fungal spores are initially in a dormant state, hence showing low metabolic activity. In process environment with access to nutrients, the spores quit the dormant state by water uptake and hence swelling as well as starting to be metabolically active [15, 16]. In this step, spore size increases significantly [14, 16].  Further, a germ tube is built to start growth of hyphae (namely spore germination) [17]. A spore was defined to be germinated when the hyphae is at least as long as the diameter of the actual spore [18]. These hyphae elongate and eventually branch. Germination was reported to be influenced by a variety of parameters as the spore age [19], the medium composition [17, 19, 20], the spore concentration [17, 
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20], the temperature [17], the pH [17] and the storage conditions of the spore inoculum [16]. In addition, not all spores which swell, necessarily are able to germinate [21]. Hyphae can grow/build entanglements and aggregates leading to various morphological forms. The largest elements are the so-called pellets with a dense hyphal core. Latter is a central dark region in the center of the aggregate, which is typical for pellets. The core is surrounded by a brighter outer mycelial region, the “hairy” annular region. Pellets have the size of several hundred micrometer to more than one millimeter [21, 22]. Most common morphological classifications distinguish between freely dispersed mycelia and aggregates. Freely dispersed mycelia include hyphae, which are long and can have branches [22]. Simple clumps, also called small clumps or entanglements, are larger freely dispersed mycelia where the main hypha is not identifiable. These are often referred as “artificially overlapping hyphae” [21-23]. A further dispersed morphological class are clumps, also called large clumps [21-23]. These consist of aggregated or clumped hyphae [22]. Large clumps are distinguished from so-called pellets by the missing of a dense core [21, 22].  These steps in morphological development are interlinked. As already mentioned, the concentration of spores influences spore germination [17, 20]. Furthermore, initial spore concentration has an impact on later morphology [24-26]. Thus, initial spore concentrations ought to be the same to yield reproducible morphologies in later process phases. Studies of spore concentrations impacting later morphology revealed that at higher spore concentrations, pellet building takes longer. Hence, pellets were smaller in early process phases leading to longer stability of the pellets (vs. pellet breakage) [24].  1.1.3.2 Importance of the morphology An important parameter in filamentous bioreactor cultivations is the morphology of the fungi, because the morphology and the productivity are highly interlinked and depend on process conditions [27]. Filamentous fungi in submerged culture exhibit a large variety of morphological forms, as already described above. Depending on the aimed product, different characteristics of the morphology are favorable [27]. However, it is not just that the productivity is directly linked to the morphology, but also the process is affected. Several studies were conducted investigating the connection of morphology and viscosity. The latter is linked to mass transfer and energy input [28-30]. As a general trend, it can be stated that filamentous growth with high amounts of hyphae causes increased viscosity [31]. Furthermore, a high fraction of pellets results in better mass and heat transfer, and lower power input levels needed for mixing [32]. Various factors build a complex system of interactions. Operation 
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conditions influence growth, product formation and morphology. In addition, filamentous growth directly influences the morphology, which, consequently, further changes the viscosity and which in turn has an impact on the operation conditions [31]. Concerning the morphology in penicillin producing processes, different models/approaches have been published. Paul and Thomas (1998) distinguished four parts of hyphae based on the activities of these four compartments. Discriminated were the tips of hyphae, the so-called actively growing regions, non-growing cytoplasm, vacuolized hyphae and metabolically inactive/degenerated regions [33]. Growth takes place only in actively growing regions, while penicillin is produced by the non-growing cytoplasm. New actively growing (apical) regions emerge by the building of branches from the non-growing region. Via growth, actively growing regions become non-growing regions. The older a compartment is, the more vacuoles are built, hence a development towards vacuolized region takes place. High amounts of vacuoles in a compartment lead to autolysis or degeneration [33].  An equivalent approach is the distinction of apical, subapical and hyphal cells in hyphae. Due to this model, only subapical cells are able to produce penicillin [34].  Other approaches focus on larger morphological structures than single hyphae. Wittler et al. (1986) suggested the differentiation of four layers within one pellet. The outer layer is the active one, containing high quantities of cytoplasm. The second layer shows a decreased cytoplasm content. In the center of the pellet, the hyphal structure is already degenerated. In-between this inner layer and the second one, another layer ought to exist in hollow pellets. This third layer contains cytoplasm, as the outer layer does [35]. What all these models have in common is, that the youngest hyphal regions (in hyphae and pellets) are defined to be active and growing. The older hyphae are (the more the center of the pellet is approached), the more the hyphal structure and cytoplasm are lost and vacuolization and degeneration occurs. In large aggregates like pellets, degeneration and loss of hyphal structure ought further be linked to decreased oxygen and nutrient levels due to limitations in mass transfer within the pellet [36].  1.1.3.3 Analyzing morphology In recent decades, investigation of fungal morphology in submerged bioreactor cultures had been a central issue. Microscopy in combination with image analysis is the most common method [21-23, 37]. Automated image recording and automated analysis of images allows a high-throughput, statistically verified morphological analysis [23]. Furthermore, online methods for image analysis exist like quantification of morphology in flowthrough cells. These last mentioned online analyses focused only on 
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hyphal morphology. The flow cell with a height of 40 µm limits the tools to dispersed growing cultures [38, 39]. Although flow cytometry has often been applied for the morphological description of microorganisms as for example bacteria [40, 41], investigations of filamentous organisms apart from the spore stadium [42] are scarce. Main reason for that, is the size limitation of common flow cytometers. Hyphal aggregates risk to clog the tubing [43]. Only large-particle flow cytometers ought to cope with pellets of several hundred micrometers diameter. So far, investigations of filamentous fungi in pellet stadium focused on size, density and fluorescence measurement but did not go more into detail concerning morphology [44, 45]. 1.1.3.4 Biomass segregation and viability Typical segregation of biomass concerns the viability or fitness of cells. Previously, viability was defined to be the capability of performing all cell functions which are necessary for survival under current conditions. Elementary for viable cells is the intactness of the cytoplasmic membrane being the barrier between the cytoplasm and the extracellular environment. Furthermore, the generation of energy for the maintenance of the metabolism and the biosynthesis of building blocks and other elements is required. In addition, DNA transcription and RNA translation is of utter importance. As a last eventual point, growth and multiplication are mentioned [46]. For the assessment of viability, these requirements need to be approached [46].  One approach for viability assessment is the use of fluorogenic substrates, tailored to a specific enzyme class. Naturally, the substrate should be cheap and react with enzymes that are of broad abundance in the cell system to be investigated. A well-known example is fluorescein diacetate (FDA), which is often combined with propidium iodide (PI) for a control [47, 48]. FDA is converted to a fluorescent product via esterases and hence reflects the metabolic activity of cells [49]. PI fluorescence originates from the intercalation into the DNA in cells with compromised membrane integrity, and should thus act as a dead cell stain [47]. In this thesis biomass segregation and viability is distinguished in two different morphological phases: First, the viability of spores is investigated, and, secondly, biomass segregation in the main cultures containing hyphae and hyphal aggregates. During spore germination, fungal cell wall undergoes substantial changes in its chemical and structural configuration [50-52], hampering the development of a protocol that is universally applicable to different bioprocess setups and across different process phases. 
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The most widely applied method for investigating spore viability is colony forming unit (CFU) determination [24, 25]. This method, however, is often inaccurate, time intensive and not applicable in real-time. Spores are plated on agar at least one week prior to the start of the fermentation to serve as an input parameter for concentration adjustment of viable spores in the inoculum. Thus, the spore concentration in these cases is equal to so-called viable spores, respective spores germinating on agar plates. Hence, spores growing on agar plates are assumed to as well germinate in the liquid environment of a bioreactor. A common technology to assess cell viability in different biotechnological applications is the combination of flow cytometry and fluorescence-based viability stains. There have been studies using flow cytometry for biomass segregation in processes with bacteria [40, 53], mammalians [54], yeasts [55] and algae [56]. For fungal bioprocesses the combination of flow cytometry and viability staining has not yet been applied, although this combination has been used in other fields like disinfection studies [42].  Biomass segregation of hyphae and hyphal aggregates was reported to be investigated using the combination of viability staining and microscopy. The information content provided by different fluorescence stains is high [57], and in case image analysis is applied, quantitative data are achieved [22, 58]. The investigation of biomass segregation in pellets revealed dead biomass (detection of impaired cytoplasmatic membrane via PI) in the core of the bacterial pellet and viable biomass in the outer layer [59]. These findings go in line with fluorescence staining of fungal pellets: protein synthesis, localized via mRNA staining with Acridine Orange, was found to occur in young hyphae, subapical and branching zones. However, in pellet cores – especially of larger pellets – no protein synthesis could be found. The same effect was detected for replicating DNA visualized by the uptake of the thymidine analog bromo deoxyuridine [60]. A classical tool for the online evaluation of viable biomass concertation is dielectric spectroscopy. In filamentous fungi bioprocesses a growth phase and a decline phase (at the end of cultivation) is differentiated. For growth phase biomass prediction via dielectric spectroscopy is reported to be highly applicable. However, the biomass prediction in the decline phase still shows very error-prone results [61-63].   
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1.1.4 Influence of µ on penicillin production In penicillin production, several studies identified the specific growth rate µ as crucial variable influencing the specific production rate qp [64-69]. This was shown for chemostat [64, 67, 68] as well as fed-batch cultures [64, 69]. At low µ-values, a positive correlation between µ and qp was found [64, 65, 67-69]. Which level of specific growth rate revealed the maximal qp, depended on the investigation. Van Gulik et al. (2000) published a maximal qp of penicillin G at a specific growth rate of 0.03 h-1 for continuous cultures [68]. Contrary, the maximum qp in the fed-batch cultures described by Ryu and Hospodka (1980) were reached at a µ of 0.015 h-1 [67]. The maximum qp found in fed-batch cultures conducted by Wittler and Schügerl (1992) was at a specific growth rate of 0.018 h-1 [69]. The highest µ-value investigated in the last-mentioned study was the one with maximal qp (µ=0.018 h-1), and thus the maximal qp ought to be found at higher growth rates. Nonetheless, the value of µ = 0.018 h-1 as the optimal point for penicillin production fits well with the findings of another study investigating fed-batches. Douma et al. (2010) described the maximal qp in fed-batch cultures to be at approximately 0.02 h-1 [64, 69]. Concerning the trend of qp at specific growth rates higher than where the maximum qp was found, is divisive. While Douma et al. (2010) and van Gulik et al. (2000) found a negative correlation between µ and qp for chemostat and fed-batch cultures [64, 68], other investigations stated qp to be independent of µ [66, 67]. The two studies describing cultivations for penicillin V  production (versus penicillin G in the other studies) did not investigate growth rates exceeding 0.018 h-1 [69] respective 0.009 h-1 [65]. Data for the description of µ-qp-curves derived from different approaches: When continuous cultures were investigated, each steady state yielded one pair of µ and qp [66, 68]. Pirt and Righelato (1967) calculated the mean qp of each steady state [66]. Contrary, van Gulik et al. (2000) used the maximal qp in case the steady state was not stable [68]. Also, the results for fed-batch processes resulted from different approaches: either each cultivation revealed one µ-qp-pair [69] or several µ-qp-pairs [64].   1.2 Motivation and goal The description of the current knowledge about the penicillin production process via Penicillium chrysogenum reveals the complexity of the system. Various variables/parameters influence the biosynthesis of the secondary metabolite. One parameter repeatedly investigated in the last 50 years was the specific growth rate.  
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Process monitoring and control are crucial factors for the examination of interacting process parameters, especially in such a complex system, containing variables like fungal morphology. However, process monitoring and process control are not only a necessity in research but also in industrial environment, when knowledge concerning inter alia the specific growth rate is implemented. The link of µ and qp as well as the complexity of the penicillin production process described by previous contributions, and further, the dynamic qp-trajectories of the here applied Penicillium chrysogenum strain, are the basis for the following hypothesis which was chosen to be investigated within this thesis: The application of an analytical and process-technological toolbox enables the description of µ-qp-trajectories and thus provides the basis for robust bioprocesses with optimized penicillin production. Deriving from this hypothesis, the main goal can be defined as follows: Development of an analytical and process-technological toolbox and its application for the description of µ-qp-interlinks in processes with dynamic qp-trajectories to provide the basis for robust bioprocesses with optimized penicillin production. The toolbox ought to include methodologies meeting the following requirements:  1. A fast method for viable spore concentration measurement, enabling a common starting point for all cultivations by analogous initial spore concentrations in the bioreactor. So-called viable spores are defined as spores able to germinate in liquid process environment (Tools I&II). 2. A fast, at-line applicable method for the investigation of fungal morphology (Tools III&IV). 3. A tool for online µ-control based on viable biomass (Tool V). These tools ought to set the base for the description of µ-qp-trajectories and further variables influencing penicillin production as shown in Figure 1.1. Therefor common starting points of the cultivations should be provided, the specific growth rate controlled and morphology analyzed.  The knowledge about the exact µ-qp-interlinks and the interference of further variables can then be used in combination with the toolbox to design and conduct controlled processes achieving robust and optimized penicillin production (see Figure 1.1). 
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 Figure 1.1: The impact of the analytical and process-technological toolbox on the investigation of a new strain or bioprocess, and the application of the thereby yielding knowledge about µ-qp-trajectories. Last mentioned can be used in combination with the toolbox to design experiments and control the process towards optimized penicillin production processes.  For the achievement of the goal and clarification of the hypothesis, this thesis presents the development of five methodologies providing the analytical and process-technological toolbox. In a final study µ-qp-interlinks and further variables influencing the specific penicillin production rate for a process with dynamic qp-trajectories are described. This last contribution should underline the importance of the toolbox and provide the basis for experimental design towards improved penicillin production.  1.3 Summary and scientific contribution to the manuscripts This thesis contains six manuscripts, whereof five describe methods for process monitoring and process control, forming the analytical and process-technological toolbox. The final and sixth manuscript describes µ-qp-relations and investigates mechanisms behind qp-trajectories. Fed-batch processes described in this final study are paradigmatic cultivations where the toolbox could find its application.   
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1.3.1 Spore-tools (Tool I & tool II) 1.3.1.1 Spore quality: description of spore sub-populations (Tool I) Manuscript citation:  Ehgartner, D., Herwig, C., & Neutsch, L. (2016). At-line determination of spore inoculum quality in Penicillium chrysogenum bioprocesses. Applied microbiology and biotechnology, 100(12), 5363-5373. Summary: For the determination of spore inoculum quality, the first manuscript focuses on the development of a viability staining combination applicable for Penicillium chrysogenum spores in complex cultivation media. Challenges which had to be faced were the high medium background and similar staining targets found in complex medium particles and spores (DNA, sugars etc.). The combination of fluorescein diacetate, propidium iodide and scatter properties of the cells measured with the flow cytometer enabled not only the distinction of spores from media particles, but much more the classification of spores into four sub-populations: metabolically active (viable) spores, quiescent and dead spores, as well as so-called empty envelopes. Hence, it was not only possible to develop a faster at-line alternative to CFU, but to measure spore inoculum quality by investigating the spore sub-populations. My contribution: I planned and conducted all experiments including staining development, shake flask cultures, flow cytometric measurements and data treatment. Furthermore, I drafted and wrote the manuscript.  1.3.1.2 Viable spore concentration via spore germination (Tool II) Manuscript citation:  Ehgartner, D., Fricke, J., Schröder, A., & Herwig, C. (2016). At-line determining spore germination of Penicillium chrysogenum bioprocesses in complex media. Applied Microbiology and Biotechnology, 100(20), 8923-8930. Summary: The contribution representing tool II focused on the metabolically active (viable) spore population. In addition to physiological variables like metabolic activity, the morphology of spores was investigated. Tool II enabled the at-line monitoring of spore germination, based on scatter data from the flow cytometer. 
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An important finding in combination with spore germination was, that not all metabolically active spores germinate in the bioreactor. Thus, the metabolically active spore population is not equal to the viable spore population. As a good correlation between the viable spore concentration based on CFU and the metabolically active spore population was shown, it was concluded that the CFU is not representative for the concentration of germinating (hence viable) spores in the bioreactor, especially not for older spore inocula. In fresh spore inocula, the majority of metabolically active spores showed to germinate.  My contribution: I did experimental planning and gave hands-on in the lab. The practical work including bioreactor cultivations and flow cytometry measurements were conducted with the assistance of Andreas Schröder. My focus in this contribution was the development of the method for germination determination and data treatment of flow cytometric measurements. Further, I wrote the manuscript. The whole study was done under the supervision of Christoph Herwig and Jens Fricke. 1.3.2 Measuring morphology using a large particle flow cytometer (Tool III & tool IV) 1.3.2.1 Morphological investigation via image analysis (tool III) Manuscript citation:  Golabgir, A., Ehgartner, D., Neutsch, L., Posch, A. E., Sagmeister, P., & Herwig, C. (2014). Imaging Flow Cytometry and High-Throughput Microscopy. Genetic Transformation Systems in Fungi, 2, 201. Summary: Tool III uses the image in flow function of the flow cytometer, enabling picture taking of hyphae and hyphal aggregates in the flow cell. Those pictures are further processed using an image analysis method for microscopy developed by Posch et al. [23], resulting in the same morphological output variables as the equivalent microscopy method does.  My contribution: This book chapter describing tool III is based on the image analysis method for microscopy developed by Andreas Posch. The image analysis method was adapted by Aydin Golabgir in order to apply and verify the computational routines of the methodology on pictures taken in the flow cell of the flow cytometer. My contribution was planning and conductance of the experiments with the flow cytometer. Further, I drafted the part of the manuscript concerning the flow cytometry method.  
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1.3.2.2 Morphological investigation using scatter properties (tool IV) Manuscript citation:  Ehgartner, D., Herwig, C., & Fricke, J. Morphological analysis of filamentous fungi using flow cytometry – the fast alternative to microscopy and image analysis. Applied Microbiology and Biotechnology, submitted. Summary: Tool IV describes the morphology based on scatter properties of the hyphae and hyphal aggregates. The same established approach of morphological classification and investigated morphological variables, as for tool III and beforehand published microscopy methods, was chosen [21-23]. Within the scientific contribution, tool III was compared to microscopy. Both methods yielded in comparable distinction of morphological sub-populations and described their morphology more in detail. In addition to the appropriate quantification of size parameters and the description of the hyphal region around pellets, tool IV revealed a novel compactness parameter for fungal pellets which is not accessible via image analysis.  My contribution: My contribution to this manuscript was the experimental planning, conductance of the majority of the flow cytometric measurements, data treatment, method development and verification, as well as writing of the manuscript.  1.3.3 Online control of fungal growth (Tool V) Manuscript citation:  Ehgartner, D., Hartmann, T., Heinzl, S., Frank, M., Veiter, L., Kager, J., Herwig, C., & Fricke, J. Controlling the specific growth rate via biomass trend regulation in filamentous fungi bioprocesses. Chemical Engineering Science, submitted. Summary: In the study presented in this manuscript, we developed a control strategy for the specific growth rate based on online estimation of viable biomass via dielectric spectroscopy. The method was verified using an at-line staining method for viability measurement. The online viable biomass estimation is applicable in the growth and decline phase, coping with physiological and morphological changes of filamentous 
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fungi. Furthermore, the control strategy adapts to changing biomass yields which is a big issue in the here presented bioprocess for penicillin production.  Two application runs were conducted showing online viable biomass estimation and control of the specific growth rate at a constant level of 0.012 h-1. We achieved biomass prediction with an average error of 1.5 g/l over the whole fed-batch process. In the decline phase, the control of the specific growth rate was not possible due to physiological constrains. However, in the growth phase, a total specific growth rate of 0.013 h-1 was achieved, which met the pre-defined acceptance criterion for this method. The method is thus ready for viable biomass estimation in growth and decline phase of the penicillin production process. Furthermore, the method is applicable to control the specific growth rate during the growth phase. My contribution: My contribution to this scientific publication was the experimental planning, the method development, the process control and the writing of the manuscript. Furthermore, I participated in the conduction of bioreactor cultivations and data treatment, which were assisted by Thomas Hartmann, Sarah Heinzl, Manuela Frank and Lukas Veiter. The setup of process control was supported by Julian Kager. Jens Fricke and Christoph Herwig supervised the experiments and revised the manuscript. 1.3.4 Connecting the specific growth rate and the penicillin productivity Manuscript citation: Ehgartner, D., Hartmann, T., Heinzl, S., Herwig, C., & Fricke, J. Production rate dynamics at constant growth conditions in a penicillin production process. Engineering in Life Sciences, submitted. Summary: The relation of µ and qp for highly dynamic qp-trajectories at constant µ-levels in fed-batch cultures was investigated. First, qp started to increase until it reached a maximum, and decreased. Despite lacking constant qp-phases, a connection between µ and qp could be described which fits results published earlier. µ-qp-pairs for the description of this connection derived from maximal qp-levels as well as after a certain amount of glucose was consumed. In addition, mean values of µ and qp resulted in the same conclusions.  Furthermore, it was found that the maximal qp was reached after metabolizing a certain amount of glucose. Thus, the time needed to reach maximal qp and hence the point of qp decline, is a function of 
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2 Manuscripts This chapter contains the six manuscripts. In addition, a title page was added to each manuscript depicting title, authors, journal, status of the publication and the key figure of the contribution.  Roadmap: 1) Spore quality and spore germination  Manuscript 1 (Tool I): At-line determination of spore inoculum quality in Penicillium chrysogenum bioprocesses Manuscript 2 (Tool II): At-line determining spore germination of Penicillium chrysogenum bioprocesses in complex media  2) Measuring morphology by using a large particle flow cytometer  Manuscript 3 (Tool III): Imaging Flow Cytometry and High-Throughput Microscopy Manuscript 4 (Tool IV): Morphological analysis of filamentous fungi using flow cytometry – the fast alternative to microscopy and image analysis 3) Online control of fungal growth  Manuscript 5 (Tool V): Controlling the specific growth rate via biomass trend regulation in filamentous fungi bioprocesses 4) Connecting specific growth rate and penicillin productivity Manuscript 6: Production rate dynamics at constant growth conditions in a penicillin production process    
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 At-line determination of spore inoculum quality in Penicillium chrysogenum bioprocesses   Ehgartner, D., Herwig, C., & Neutsch, L., Applied microbiology and biotechnology, 100(12), 5363-5373 (2016)   
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Supplementary Material    At-line determination of spore inoculum quality in Penicillium chrysogenum bioprocesses   Daniela Ehgartner1,2 , Christoph Herwig1,2* and Lukas Neutsch2   *to whom the correspondence should be addressed to  1 CD Laboratory on Mechanistic and Physiological Methods for Improved Bioprocesses, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria 2 Research Area Biochemical Engineering, Institute of Chemical Engineering, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria   Corresponding author: christoph.herwig@tuwien.ac.at Tel (Office): +43 1 58801 166400 Fax: +43 1 58801 166980  
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Table S1: Overview over targets of investigated fluorescence stains and whether medium particles, viable and non-viable spores contain these targets  SPORES (viable) SPORES (non-viable) MEDIUM PARTICLES DNA 
 

 

 Glycans 
  Lipids 

   Enzymes 
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Table S2: Staining performance of investigated stains. (x does not stain at all, o partially staining according to viability, � staining, N.A. not investigated) 

  
 Figure S1: Spore stained with PI and DAPI. a) overlay image, b) red fluorescence, c) blue fluorescence   
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 Figure S2: Lectin staining: LCA (a, b), GNL (c, d), STL (e, f) and WGA (g, h). a, c, e and g are overlay pictures while b, d, f and h show green fluorescence  

 Figure S3: Spores stained with FM464. a) overlay image, b) red fluorescence  
 Figure S4: Pictures taken in the flow cell of the flow cytometer while measuring the 8h shake flask culture shown in Figure 3. While a-d were pictures from an untreated sample, e-f origin from a sample after microwave treatment: a) FDA positive spore, b) PI positive spore, c) spore FDA/PI negative, d) medium particle, e) PI positive spore, f) spore FDA/PI negative   
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 At-line determining spore germination of Penicillium chrysogenum bioprocesses in complex media   Ehgartner, D., Fricke, J., Schröder, A., & Herwig, C., Applied microbiology and biotechnology, 100(20), 8923-8930 (2016)   
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Supplementary material    At-line determination of spore germination of Penicillium chrysogenum bioprocesses in complex media   Daniela Ehgartner1,2, Jens Fricke1,2, Andreas Schröder1,2 and Christoph Herwig1,2*   *to whom the correspondence should be addressed to  1 CD Laboratory on Mechanistic and Physiological Methods for Improved Bioprocesses, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria 2 Research Area Biochemical Engineering, Institute of Chemical Engineering, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria   Corresponding author: christoph.herwig@tuwien.ac.at Tel (Office): +43 1 58801 166400 Fax: +43 1 58801 166980  
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 Figure S1: Pictures of spores taken in the flow cell of the CytoSense. a) non-germinated spore and a medium particle, b) a germinated spore going upright through the cell      
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 Imaging Flow Cytometry and High-Throughput Microscopy   Golabgir, A., Ehgartner, D., Neutsch, L., Posch, A. E., Sagmeister, P., & Herwig, C., Genetic Transformation Systems in Fungi, 2, 201 (2014)   
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 Morphological analysis of filamentous fungi using flow cytometry – the fast alternative to microscopy and image analysis   Ehgartner, D., Herwig, C., & Fricke, J., Applied Microbiology and Biotechnology, submitted   
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Morphological analysis of filamentous fungi using flow cytometry - the fast alternative to microscopy and image analysis Daniela Ehgartner1,2, Christoph Herwig1,2 and Jens Fricke*,1,2    *to whom the correspondence should be addressed to   1 CD Laboratory on Mechanistic and Physiological Methods for Improved Bioprocesses, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria  2 Research Area Biochemical Engineering, Institute for Chemical, Environmental and Biological Engineering, TU Wien, Gumpendorferstrasse 1a/166, 1060 Vienna, Austria   *Corresponding author: jens.fricke@tuwien.ac.at; Tel (Office): +43 1 58801 166462 Gumpendorferstrasse 1a / 166-4 1060 Wien, Austria   
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Abstract: An important parameter in filamentous bioreactor cultivations is the morphology of the fungi, due to its interlink to productivity and its dependency to process conditions. Filamentous fungi show a large variety of morphological forms in submerged cultures. These range from dispersed hyphae, to interwoven mycelial aggregates, to denser hyphal aggregates, the so-called pellets. Depending on the objective function of the bioprocess, different characteristics of morphology are favorable and need to be quantified accurately.  The most common method to quantitatively characterize morphology is image analysis based on microscopy. This method is work intensive and time consuming. Therefore, we developed a faster, at-line applicable alternative method based on flow cytometry. Within this contribution this novel method is compared to microscopy for a penicillin production process. Both methods yielded in comparable distinction of morphological sub-populations and described their morphology in more detail. In addition to the appropriate quantification of size parameters and the description of the hyphal region around pellets, the flow cytometry method even revealed a novel compactness parameter for fungal pellets which is not accessible via light microscopy.  Hence, the here presented flow cytometry method for morphological analysis is a fast and reliable alternative to common tools with some new insights in the pellet morphology, enabling at-line use in production environments.  Keywords:  Filamentous fungi, flow cytometry, morphology, pellets, microscopy, image analysis, hyphae       



Manuscripts 

59  

Introduction An important parameter in filamentous bioreactor cultivations is the morphology of the fungi, because morphology and productivity are highly interlinked and depend on process conditions. Filamentous fungi exhibit a large variety of morphological forms in submerged culture. These forms range from dispersed hyphae, to interwoven mycelial aggregates, to denser hyphal aggregates, the so-called pellets. Depending on the aimed product, different characteristics of morphology are favorable (Papagianni 2004). Dispersed growth was described to achieve better production performance of glucoamylase (Gibbs et al. 2000), while pellets were related to citric acid production (Papagianni 2004). However, it is not just that productivity is directly linked to morphology, but also the process is affected. Several studies were conducted investigating the connection of morphology and viscosity. The latter is linked to mass transfer and energy input (Chain et al. 1966; Petersen et al. 2008; Riley et al. 2000). As a general trend, it can be stated that filamentous growth with high amounts of hyphae causes increased viscosity (Quintanilla et al. 2015). Furthermore, high fraction of pellets result in better mass and heat transfer, and lower power input levels needed for mixing (Znidarsic and Pavko 2001). Various factors build a complex system of interactions. Operation conditions influence growth, product formation and morphology. In addition, filamentous growth directly influences morphology, which, consequently, further changes viscosity and which in turn has an impact on operation conditions (Quintanilla et al. 2015). In the recent decades, the investigation of fungal morphology in submerged bioreactor cultures is a central issue. Microscopy in combination with image analysis is the most common method (Cox et al. 1998; Paul and Thomas 1998; Posch et al. 2012; Vanhoutte et al. 1995). Automated image recording and automated analysis of images allows a high-throughput, statistically verified morphological analysis (Posch et al. 2012). Furthermore, online methods for image analysis exist like quantification of morphology in flowthrough cells. These last mentioned online analyses focused only on hyphal morphology. The flow cell with a high of 40 µm limits the tools to dispersed growing cultures (Christiansen et al. 1999; Spohr et al. 1998). Most common morphological classifications distinguish between freely dispersed mycelia and aggregates. Freely dispersed mycelia include hyphae, which are long and can have branches (Cox et al. 1998). Simple clumps, also called small clumps or entanglements, are larger freely dispersed mycelia where the main hypha is not identifiable. These are often referred as “artificially overlapping hyphae” (Cox et al. 1998; Paul and Thomas 1998; Posch et al. 2012). A further dispersed morphological class are clumps, also called large clumps (Cox et al. 1998; Paul and Thomas 1998; Posch et al. 2012). These 
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consist of aggregated or clumped hyphae (Cox et al. 1998). Large clumps are distinguished from so-called pellets by the missing of a dense core. Latter is a central dark region in the center of the aggregate, which is typical for pellets. The core is surrounded by a brighter outer mycelial region, the “hairy” annular region. Pellets have the size of several hundred micrometer to more than one millimeter (Cox et al. 1998; Paul and Thomas 1998). Cox et al. (1998) pointed out, that pellets are three-dimensional, which possibly cannot be sufficiently covered by image analysis based on microscopy. As a more appropriate investigation a chamber on the microscope stage to preserve the shape is proposed. Methods making pictures on microscope slides assume pellets to be nearly spherical (Cox et al. 1998). Various morphological parameters are evaluated concerning length/size/diameter of hyphae and hyphal aggregates. Morphological evaluation of pellets focusses apart from size evaluation, especially on the description of the annular area and the annular area compared to the core (Paul and Thomas 1998). Although flow cytometry has often been applied for the morphological description of microorganisms as bacteria (Ehgartner et al. 2015; Langemann et al. 2016), investigations of filamentous organisms apart from the spore stadium (Ehgartner et al. 2016a; Ehgartner et al. 2016b) are scarce. Main reason for that is the size limitation of common flow cytometers. Hyphal aggregates risk to clog the tubing (Dubelaar and Gerritzen 2000). Only large-particle flow cytometers ought to cope with pellets of several hundred micrometers diameter. So far, investigations of filamentous fungi in pellet stadium focused on size, density and fluorescence measurement but did not go more into detail concerning morphology (de Bekker et al. 2011; Delgado-Ramos et al. 2014). In addition, an application of image analysis for morphological investigation of pictures taken in the flow cell was recently published (Golabgir et al. 2015).  We aim to develop an at-line applicable high throughput morphology analysis method for filamentous fungi as a faster and easier applicable method to image analysis via microscopy. The method ought to be applicable for disperse morphology and pellet cultures. The detail of morphological classification and description should be comparable to image analysis via microscopy in terms of the range of measurement error. In this work, we present how morphological data was extracted, compare the results to the standard image analysis method developed by Posch et al. (2012) and show the application of morphological analysis in two fed-batch bioreactor cultivations.    
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Materials and methods Strain  Spore suspensions of the P-14 P. chrysogenum candidate strain for penicillin production descending from the P-2 P. chrysogenum candidate strain (American Type Culture Collection with the access number ATCC 48271) (Lein 1986) were kindly provided by Sandoz GmbH (Kundl, Austria) and used for all experiments. Bioreactor cultivations Cultivations were performed in two Techfors S bioreactors (Infors HT, Bottmingen, Switzerland) with 10 l and 20 l maximal working volume respectively. The batch was cultivated with an initial volume of 6.5 l in the first mentioned bioreactor and inoculated with 2∙108 spores/l. During batch phase pH was not controlled. The end of the batch was defined as an increase in pH of 0.5 by convention. After the batch, the broth was diluted with fed-batch medium (15% broth, 85% medium) and two fed-batches were started in parallel with an initial volume of 6.5 l and 13 l respectively. Batch and fed-batch media were similar as described elsewhere (Posch and Herwig 2014). During fed-batch phase, pH was kept constant at 6.5 ± 0.1 by addition of 20% (w/v) KOH or 15% (v/v) H2SO4, respectively. pH was measured using a pH probe (Hamilton, Bonaduz, Switzerland). After additional 12 h nitrogen and phenoxyacetate feed were started. Ammonium and phenoxyacetate were fed at constant rates. In the first 48 h of fed-batch, 500 g/l glucose solution was fed at a constant rate of 1.01 ml/(l∙h). Afterwards, the feed was continued at the same level (fed-batch (FB) 1) or an exponential ramp was started (FB2). Three additional fed-batches were carried out for method development varying in spore inoculum concentration (2∙109 spores/l), pO2 (<10% vs. <40%) and feeding strategy (constant feeding rate of constant rate of 1.01 ml/(l∙h) vs. constant feeding rate plus glucose pulse). The stirrer was equipped with three six bladed Rushton turbine impellers, of which two were submersed and one was installed above the maximum liquid level for foam destruction. Fermentation temperature was kept at 25 °C via a cooling/heating jacket. Aeration was controlled at 1 vvm in batch and initial fed-batch with mass flow controllers (Vögtlin, Aesch, Switzerland). Dissolved oxygen concentration was measured using a dissolved oxygen probe (Hamilton, Bonaduz, Switzerland) and controlled between 40% and 90% during batch and between 40% and 60% during fed-batch, via adjustment of stirrer speed. The initial conditions were 325 rpm stirring speed in batch and 500 rpm in fed-batch. CO2 and O2 concentration in the off gas were analyzed with an off-gas analyzer (M. Müller AG, Egg, Switzerland). 
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Light microscopy and image analysis Light microscopy imaging with subsequent automated image analysis was carried out based on the method developed by Posch et al. (2012). Cultivation samples were diluted, so that the final biomass dry weight was around 1 g/l. 50 µl of Loeffler’s methylene blue per ml sample were added. Following, 50 µl of the stained sample were pipetted onto a standard glass slide (25 x 75 mm) and then covered with an extra-large cover slide (24 x 60 mm). The slide was then automatically scanned using a Leitz wide field microscope (Leitz, Stuttgart, Germany) with 63-fold magnification and an automated x-y-z stage (Märzhäuser, Wetzlar, Germany). Images were recorded with a five megapixel microscopy CCD color camera (DP25, Olympus, Tokio, Japan) and the image recording software analysis5 (Olympus, Tokio, Japan). 450 images (1354.2 x 1015.65 µm) were recorded per slide, scanning two slides per sample. Images were then automatically evaluated. Hyphal elements were thereby classified into unbranched hyphae, branched hyphae, small clumps, large clumps and pellets. For all of these morphological classes, different size parameters were calculated. In addition, roughness and fullness (see Equation 1 and Equation 2) were determined for pellets. Further information including a list of evaluable morphological parameters, calculations and statistical background can be found elsewhere (Golabgir et al. 2015; Posch et al. 2012). roughness =  perimeter�4 ∙ Pi ∙ area Equation 1: Calculation of roughness due to Paul and Thomas (1998) fullness =  ����convex area Equation 2: Calculation of fullness due to Paul and Thomas (1998)  Flow cytometry Samples from fed-batch were diluted 1:10 into phosphate buffered saline (50 g/l of 2.65 g/l CaCl2 solution, 0.2 g/l KCl, 0.2 g/l KH2PO4, 0.1 g/l MgCl ∙ 6 H2O, 8 g/l NaCl and 0.764 g/l Na2HPO4 + 2 H2O) and stained with propidium iodide (Sigma Aldrich, St. Louis, Missouri/USA; 20 mM stock dissolved in DMSO, diluted to a final concentration of 20 µM). After incubating 10 min, the sample was further stained with 
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fluorescein diacetate (Sigma Aldrich, St. Louis, Missouri, USA; stock solution of 5 g/l dissolved in acetone) to a final concentration of 5 mg/l. After incubation of 1 min, the sample was further diluted (1:100 in the same buffer) for flow cytometric analysis.  A CytoSense flow-cytometer (CytoBuoy, Woerden, Netherlands) with two forward scatter (FWS), one sideward scatter (SWS) and three fluorescence channels (yellow, orange, red) was used for single cell analysis. The implemented laser had a wavelength of 488 nm. The configuration of the filter set was 515-562 ± 5 nm for the green/yellow fluorescence channel (used for fluorescein diacetate) and 605-720 ± 5 nm for the red fluorescence channel (used for propidium iodide). The device was equipped with a PixeLINK PL-B741 1.3MP monochrome camera for in flow image acquisition. For data treatment, the software CytoClus (CytoBuoy, Woerden, Netherlands) and a custom-programmed Matlab 2016b script (MathWorks, Nattick, Massachusetts, USA) were used. The CytoSense flow-cytometer provides multiple data points per channel per particle. This signal or so-called pulse shape is achieved for both scatter channels as well as green, orange and red fluorescence channels (Dubelaar and Gerritzen 2000). For exemplary pulse shapes see Ehgartner et al. (2016a). These pulse shapes are the basis for multiple curve parameters. Except for length parameters in µm, all parameters are in arbitrary units. The most relevant for the here presented study are the following: • Maximum: Maximum of signal curve • Total: Area beneath the curve • Length: Length of the signal • Sample length: Length of signal above trigger level • Fill factor: Similarity of the curve to a block (0-1; the more block-shaped, the higher) Furthermore, the image-in-flow feature enables picture taking of particles in the flow cell. These pictures are connected to measurement data of the respective particle, facilitating method development by the visual evaluation of the measured particle.    
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Results Differentiation of morphological classes via clustering To differentiate morphological classes like the ones described in the introduction section, visual and statistical clustering was applied based on curve properties of SWS and FWS signal. The investigation was based on FWS and SWS which represent size, shape and surface properties of measured elements (Dubelaar and Gerritzen 2000).  For the distinction of fungal elements from media background, only elements with a threshold of total green fluorescence higher than 30 representing fluorescein diacetate staining were evaluated. In a first step, scatter plots were created and gates were set to represent observed clusters. The image-in-flow feature supported the identification of the morphological classes, as it could be identified whether this class represented single hyphae or rather loose aggregates or pellets with a dense core. Table 1: Cluster analyses and morphological classes distinguished Cluster analysis Nr. Of clusters Clusters equivalent to visual clustering k-means  4 1 cluster represented all hyphal aggregates k-means 3 Pellets, large clumps Hierarchical average Euclidean 2 Small elements vs. large elements  For more exact setting of the gate boundaries defined by this visual clustering, cluster analyses were calculated in Matlab (MathWorks, Nattick, Massachusetts, USA). Only analyses resulting in up to five clusters were then further investigated. Some clusters found by cluster analysis were totally different than the clusters found via visual clustering. Differences between these clusters could not be enabled watching the pictures of the flow cell. But single clusters were equivalent to the clusters found by visual clustering. These were helpful for setting exact boundaries of the gates for morphological differentiation (see Table 1).   
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Definition of morphological classes The thereby extracted differentiation of morphological classes is shown in Figure 1. Summarizing the scatter plots in Figure 1, the following values are needed to distinguish the four sub-classes hyphae, small clumps, large clumps and pellets: • Small vs. large elements: sample length vs. SWS total (Figure 1a) • Further differentiation of small elements � Hyphae vs. small clumps: FWS length vs. SWS total (Figure 1b) • Further differentiation of large elements � Large clumps vs. pellets: SWS total/sample length vs. FWS maximal/FWS fill factor ((Figure 1c)  A further distinction of pellets from large clumps apart from the properties depicted in Figure 1c is that pellets are defined to have a dense core. This is reflected in a saturation in the FWS signal (FWS maximum = 104).  

 Figure 1: Distinction of morphological classes. A) Small elements including single hyphae and small clumps are represented as blue stars while large elements consisting of large clumps and pellets are in the red gate shown as red circles. These two populations are distinguished by sample length and SWS total. B) Further investigation of small elements: Distinguishing hyphae (turquoise crosses) and small clumps (green triangles). Latter must be placed in the green gate. Else, the small element was defined to be a hypha. C) Further investigation of large elements: One distinction criteria for pellets from large clumps was by SWS total/sample length and FWS maximum/FWS fill factor. A large element found in the pink square-like gate which in addition has a saturated FWS was defined to be a pellet (see pink dots). Large elements not meeting one or both criteria are large clumps which are represented by dark red squares    
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Comparing flow cytometry and microcopy method Definition of morphological classes In Table 2 the definitions of the morphological classes as described above are compared to the morphological classes of image analysis developed by Posch et al. (2012). While the distinction of hyphae and small clumps as well as of small and large elements is clearly based on size and shape, the definition of pellets except from the saturated FWS seems more complex. Both, FWS maximal/FWS fill factor and SWS total/sample length, give a more-dimensional representation of the measured element. FWS maximal/FWS fill factor combines size (maximum of signal curve) with three-dimensional shape properties given by the fill factor. Similar is the case for SWS total/sample length. Here, the ratio of three-dimensional size (area beneath the curve being influenced by the length of the element but also by height and surface) to the one-dimensional size (length of element) is presented.   
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Table 2: Definition of morphological classes for the flow cytometry method vs. image analysis   Microscopy Flow cytometry Hyphae • Area bigger than 100 µm2: 
� When a hyphal diameter of 3 µm is assumed, this means that the minimal length of hyphae is 33.3 µm. • Area smaller than 3500 µm2 • Skeletonized pictures do not form a loop (Paul and Thomas 1998) 

• Sample length between 10 µm and 150 µm • SWS total smaller than 4*104* • FWS length below 190 µm*  
Small clumps • Area in-between 1000 µm2 and 3500 µm2 • Skeletonized pictures forms a loop (Paul and Thomas 1998). • Sample length between 10 µm and 150 µm • SWS total in-between 1.8*104 and 9*104* • FWS length higher than 18 µm*  Large clumps • Area bigger than 3500 µm2 • Hyphal aggregate not classified as pellet • SWS total higher than 2*104 and sample length bigger than 100 µm • Is not a pellet Pellet • Area bigger than 7500 µm2 • Has a core • Core area bigger than 7000 µm2 • SWS total higher than 4*104 and sample length bigger than 120 µm • A core exists (saturated FWS) •  Ratio of FWS maximal:FWS fill factor bigger than 7.5*103  • SWS total:sample length bigger than 8*102 * For exact ratios see Figure 1 
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Element sizes and total size distribution Figure 2 shows average size and size distribution over process time determined by both methods (microscopy and flow cytometry) for small clumps (a), large clumps (b) and pellets (c). Although the sizes are overlapping, clumps tend to be smaller in flow cytometry, while pellets are in average slightly larger. These differences are caused by variations in the definition of morphological classes between the two methods. However, the average size of the morphological classes is for both methods in the same dimension. This is an important finding as the methodology for morphological description via flow cytometry differs from microscopy, but still, the definition of the morphological sub-classes ought to be equivalent. Hence, the flow cytometry method does not aim to invent new morphological sub-classes but stresses much more to yield well-known classification into hyphae, clumps and pellets and its statistically consistent quantification.  

 Figure 2: Average size of small clumps (a), large clumps (b) and pellets (c) over process time of FB1 determined by flow cytometry and the microscopy method. The error bars show the size distribution for each class Figure 3 shows that size distributions of hyphal aggregates and large elements resulting from both methods are in the same range. Microscopy reveals in average slightly bigger aggregates and large elements than flow cytometry. The size distributions are presented in relative values related to the total number of hyphal aggregates (Figure 3a) respective large elements (Figure 3a) measured with each of the two methods.  
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 Figure 3: Size distribution over process time determined via flow cytometry and the microscopy method for FB1. a) hyphal aggregates, b) large elements (large clumps and pellets)  Pellet morphology Signal properties can be used to describe single morphological classes more in detail, as for example pellets. Fullness and roughness are parameters resulting from light microscopy comparing pellet core and the less dense hyphal area in the outer layer. For more details of calculation see Equation 1 and Equation 2. The parameter “relative annular diameter” (RAD) (see Equation 3) was set up for the flow cytometry method, to reveal a parameter with similar information about pellet morphology. The value of RAD decreases when the layer of hyphae at the outside of the pellet is smaller (see Figure 4a-c, Figure S1 in the supplementary material). Plotting RAD over process time together with pellet fullness and roughness (see Figure 4f) shows the similarity of the information.  ��� =  ��� !�� "#�$�%��&��%#'!� !��(%ℎ  Equation 3: Relative annular diameter (RAD). The annular diameter is the length of the annular area (outside of pellet core – see Figure 4a-c). Particle length is the length of the FWS signal as shown in Figure 4a-c 
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 Figure 4: Fullness and roughness from the microscopy method and corresponding parameters deriving from the FWS signal of the flow cytometer. a-c) The FWS signals of three pellets are shown. The inner pellet core is indicated by two vertical lines. The horizontal line shows the saturation of the FWS signal. (a) Pellet with low relative annular diameter (0.26) and high compactness (1.0). b) Pellet with very low relative annular diameter (0.12) and low core compactness (0.49). c) Pellet with high relative annular diameter (0.46) and average core compactness (0.77) d-e) Pellet pictures from microscopy after conversion to binary image. The convex area for fullness calculation (d) and the perimeter for roughness calculation (e) are shown. The area for calculation of these to parameters is the sum of all white pixels of the pellet. f) Comparison of RAD determined via flow cytometry and pellet fullness and roughness measured with microscopy for FB2. In addition, core compactness is shown. Pictures of the pellets shown in Figure 4a-c can be found in Figure S1 in the supplementary material By considering the definitions of morphological classes for the flow cytometry and the image analysis, differences in the time courses of the pellet specific parameters are self-evident. While the roughness is based on changes of the real perimeter respective to the perimeter of a circle of the same area, RAD calculation is based on the ratio of the diameter of the annular region and the diameter of the whole pellet. The annular diameter is the length of FWS from the begin of the signal until the first saturation of the signal is reached, and this from both sides of the pulse shape. However, a FWS signal below saturation does not necessarily represent loose hyphal structure, but may as well represent degraded core regions as shown in Figure 4b. The FWS signal in the center of this pellet is not saturated. This region of the pellet would be supposed to be the “weak point” of the pellet, the region where it may break at high shear forces. After breakage of such a pellet, this region would be counted as annular area, as it is between the start of the FWS signal and its first saturation. Thus, such a broken pellet has a high RAD, while the roughness determined by microscopy would be proportionally low. Latter is the case 
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because this vacuolized/lysed region seems black/dark on the picture as a normally dense core does. Hence, it is not visible under the microscope (see Figure S1b in the supplementary material). As the RAD does not distinguish between young rough pellets and broken degraded ones, the compactness can be used as additional parameter for the discrimination of those. A pellet with high RAD and low compactness is more likely to be a degraded one than a young rough pellet, were the pellet core is still intact. Furthermore, RAD and compactness over passage of time give insight why a RAD value is high.  A weak point, which both methods for annular region description – roughness determination via microscopy and RAD via flow cytometry – have in common, is that these values represent a 2-dimensional measurement of a 3-dimensional phenomenon. In large pellets, the core may seem bigger than it really is, as hyphae from the annular region are pressed together and hence seem dark when put on the microcopy slide. Similar it may occur in flow cytometry. In larger pellets the light needs to pass through more hyphae in the annular region to reach the detector because of the higher pellet diameter. Therefore, the FWS signal may easier be saturated than in pellets with lower diameter.  Another parameter based on the pulse shape of FWS, is the pellet core compactness (short “compactness”). As Figure 4a-c and Equation 4 show, this parameter represents the density of the pellet core. Older hyphae are described to contain high numbers of vacuoles, which makes them weak and more possible to break (Paul et al. 1998). The here presented compactness value decreases with the age of the pellets (Equation 4f), possibly due to vacuolization and lysis.  *+$,�'%��-- =  .�% ��%�" /0. -#(��! #� ,�!!�% '+��*+�� "#�$�%��  Equation 4: Compactness of the pellet core. This parameter is calculated as the relative length of saturated FWS signal in the pellet core   Measurement error and robustness As stated in the introduction section, we aim to present an at-line applicable high throughput method for morphological analysis which is faster, but comparable to state-of-the-art image analysis via microscopy. To be a reasonable alternative, the robustness and validity of the method is of utter importance.  By taking 900 pictures per sample with the image analysis method, approximately a volume of 0.5 µl to 2.5 µl is analyzed. In detail, two microscopy slides with 50 µl of 1:10 to 1:50 diluted broth per slide are 
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investigated. The dilution depends on the biomass concentration, as the samples ought to be diluted to a final biomass concentration beneath 1 g/l to avoid overlapping of hyphal elements. Compared to the volume of 0.5 µl to 2.5 µl investigated via microscopy, approximately 5 µl of sample are investigated with the flow cytometry method. This is 2- to 10-fold more investigated sample. In flow cytometry, each sample is measured at least four times in a 1:1000 dilution. The in average measured volume of diluted sample per single measurement is 1200 µl.  Table 3: Measurement errors for the most common morphological parameters of microscopy and flow cytometry. The average measurement errors are given in % and in absolute units  Microscopy  Flow Cytometry   % Absolute % Absolute Diameter/SWS sample length small clumps 5 4 µm 1 1 µm Diameter/SWS sample length large clumps 4 7 µm 1 2 µm Diameter/SWS sample length pellets 6 11 µm 4 9 µm Roughness/Fullness  pellets 20/4 1.6/0.03 - Compactness pellets - 3 0.02 Relative annular diameter pellets - 8 0.03 Conc./ml hyphae - 7 58*104 hyphae/ml Conc./ml small clumps - 4 61000 small clumps/ml Conc./ml large clumps - 10 39000 large clumps/ml Conc./ml pellets - 24 7500 pellets/ml  The average errors of the two methods are shown in Table 3. Errors were evaluated using three samples, taken at different process times. The samples varied in various parameters as DCW (10-25 g/l), pellet fraction (13-23%), SWS length of pellets (182-237 µm). For microscopy, six slides were measured per sample to evaluate the error. In flow cytometry, a 4-fold measurement was applied for error calculation.  Only few parameters can be compared, as the microscopy method does not allow the evaluation of absolute concentrations. Image analysis based on microscopy is no method resulting in concentration measurements. All data received are relative values compared to the measured population. A big part of the microscope slide is scanned, but nevertheless there are regions not measured. In addition, excess 
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fluid at the border of microscope slides is discarded. Hence, an exact calculation of the measured concentration of hyphal aggregates is not possible.  Concerning the determination of the size of pellets, the error is comparable (6% vs. 4%). The error for diameter investigation of clumps is lower for the flow cytometry method (1%) compared to microscopy (4-5%). Errors of the microscopy method could be decreased by evaluating higher amounts of pictures (e.g. 4000 instead of 900) which was done when originally published (Posch et al. 2012). But taking four times more pictures than it was done for this study, would increase the workload for morphological investigation by far and is thus not applicable for using it as real-time method.  Concerning the description of pellet morphology, the most robust determination was the evaluation of fullness (4%). The pendant of the flow cytometry method – RAD – showed an average error of 8%. The high variation (20%) for roughness determination can be explained by the high dependency of perimeter calculation on the conversion of the original picture to a binary one. Dependent on the evenness of Köhler illumination and the contrast during microscopy, the quality of the microscopic pictures, especially of the hyphae, varies. For the conversion to a binary image a threshold level has to be set. The difficulty thereby is to adjust the threshold in that way, that all hyphae are fully recognized as part of the hyphal aggregate, but that shadows are not recognized as such. Hence, it is a factor of variation, especially when the pictures are taken on different days and hence, slightly different adjustments of the microscope. The average errors of parameters not accessible via image analysis but measurable with the flow cytometry method are compactness and the concentration of hyphae and hyphal aggregates as shown in Figure 4. For compactness, the average error was 3%, which is by far lower as for example the error on RAD (8%). Concerning the concentration of the morphological classes, the error increases with the decrease of prevalence of representations of each class. For illustration, in the sample at t = 80 h of FB1 3∙104 pellets/ml were measured. 20 times more large clumps were found. Numbers for hyphae and small clumps were above 106 per milliliter sample. Hence, the number of pellets in the 1:1000 diluted sample for flow cytometry is extremely low – especially when compared to hyphae and small clumps.    
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Application of flow cytometry method: Morphological description of two fed-batches Morphological classes In the following, two fed-batches are analyzed with the here presented flow cytometry method. The fed-batches derived from one batch and differed in their feeding profiles. While FB1 had a constant feed throughout the whole process, FB2 was fed with an exponential profile starting after 48 h.  

 Figure 5: Distribution of the hyphal elements in the different morphological classes for FB1 (a, b) and FB2 (c, d). a), c) represent absolute concentrations of hyphae and hyphal aggregates in the different morphological classes. b, d) represent SWS fractions of morphological classes The concentration of elements divided into morphological classes is shown in Figure 5a/c. An alternative representation of the morphological classes is the SWS fraction (see Equation 5/Figure 5b/d).  SWS fraction =  ∑ SWS total4567689: ;5<:: =∑ SWS total>554567689: ∗ 100 Equation 5: SWS fraction 
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The SWS fraction explains the ratio between the SWS total values of an elemental class to the total value. With this fraction the distribution of fungal biomass in morphological classes could be better shown than with the specific concentration of elements. This is explainable by the enormous differences in volume of one single hyphae compared to one single pellet. Therefor the SWS fraction ought to be more feasible to represent the distribution of biomass volume in the morphological classes. However, for direct comparison of fed-batches, the concentration of elements could be of advantage as a direct measurement is available. An alternative to SWS fraction could be FWS fraction, as FWS is better known to represent size. However, FWS is saturated when pellets are measured. Thus, the number of pellets would be underestimated. Comparing concentration of hyphae and hyphal aggregates for FB1 and FB2, as shown in Figure 5a and Figure 5c, results in the following insights: In the first 40 h nearly identical trends for the fed-batches were observable. Only the concentration of pellets in FB1 was slightly higher. Concentrations in all morphological sub-classes were raising for the first 40 h of fed-batch. As both fed-batches were inoculated from the same batch and had the same feeding profile during the first 48 h, the same trends and concentrations of morphological sub-classes were expected. Slight differences especially concerning the pellet concentration may result from sedimentation effects during the transfer of batch culture to the fed-batch medium.  After 48 h the feed in FB2 began to raise exponentially, while the feed in FB1 was constant. This difference in feeding profile is reflected in morphological differences. The pellet concentration in FB1 decreased sharply while the concentrations of clumps raised slowly. Further, the concentration of hyphae increased almost exponentially to reach a maximum at the end of cultivation. In FB2 the pellet concentration was constant until t=80 h. In addition, the concentration of large clumps increased until t=105 h and afterwards the concentration of small clumps followed the same trend. The concentration of hyphae increased throughout the fed-batch. Still, the final concentration was only approximatively the half of the more than 4*107 hyphae/ml in FB1.  The SWS fraction, shown in Figure 5b/d, described a partially different situation. In FB1, there is a tendency to more large elements. There were not only more pellets, but also the SWS fraction of large clumps was higher. As the concentrations of large clumps showed to be the same in Figure 5a/c, this could be explained by the size of the single elements. In FB1 with the constant low feed rate, aggregates 
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diminish in favor of free dispersed growth. Contrary, FB2 shows an increase in larger aggregates, especially until 80 h of process time. The largest contrast due to different feeding profiles was observed for large clumps. While the concentration constantly decreased in FB1, it strongly raised in FB2. At t=80 h, the SWS fraction of large clumps in FB1 was 2% compared to 23% in FB2. Size distribution Figure 6 compares the size distributions of FB1 and FB2. Concerning hyphal aggregates and large elements, the size distribution did not differ significantly between the two cultivations. As a trend, the size distribution of hyphal aggregates became wider to reach a maximum at approximately 100 h. Further on, the wideness of the distribution decreased. The trend for large elements was different. Size distribution became wider over the whole process time.  

 Figure 6: Comparing size distribution over process time for FB1 and FB2. Shown is the distribution of aggregates including small clumps, large clumps and pellets (a), large elements including large clumps and pellets (b) and pellets only (c)  Pellet morphology As already described above, RAD was introduced to describe the relative roughness/hairiness and the percentage annular area of the pellet. Figure 7 compares RAD for FB1 and FB2 over process time. Apart from the last sample, the time courses of RAD were comparable in both cultivations. The value decreased in the first 12 h of fed-batch, probably due to pellet formation and the growth to denser hyphal aggregate. After re-increasing until 40 h of fed-batch, it stayed constant for 80 h. In the last 30 h of fed-batch it decreased in both cultivations, but to a higher extend in FB1.  
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 Figure 7: Relative annular diameter and compactness of pellets in FB1 and FB2 Figure 7 compares the compactness for FB1 and FB2 over process time. In sum, the trend of compactness was opposed to the one of RAD. In FB1 the value decreased with ongoing process time. Opposed to that, it was constant in FB2 between 60 h and 120 h. Then, it further decreased at the end of cultivation. In the last hours of fed-batch, the compactness of FB2 was slightly lower than in FB1. This difference could probably be due to higher substrate limitation in the lower feeding regime of FB1.  The high increase of RAD at the end of FB1 could be connected to the decrease of pellet compactness and ongoing pellet breakage. This goes in line with the sharp decrease of pellet and large clump concentration at the end of FB1 as shown in Figure 5.  Discussion Comparability of the methods Within this contribution, a novel method for morphological analysis based on flow cytometry was presented. It aimed to be a faster alternative to image analysis via microscopy, and was thus compared to the image analysis method described by Posch et al. (2012). In general, the question should be answered: Are these two methods comparable? The morphological principle based on the flow 
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cytometry method as well as image analysis is the same. Both methodologies differentiate several classes of morphology depending on their size and grade of aggregation. Historically, this was the basis for several morphological analysis methods (Cox et al. 1998; Paul and Thomas 1998; Posch et al. 2012; Quintanilla et al. 2015). Both methods are applicable for filamentous cultures with a mixture of dispersed and pellet growth, but could also be applied for pure pellet cultures. The morphological parameters gained from the here presented method focus on size parameters for all morphological classes and the more detailed description of pellet morphology. Apart from the pellet compactness, which is not accessible as such by microscopy, all parameters fitted well between the two methods or showed the same trends in time courses. The occurrence of partially larger elements in size distribution for the image analysis method can be explained by differences in measurement principle. Hyphal aggregates ought to overlap on microscopy slides. Due to the branched morphology, hyphae and aggregates tend to intercalate, which makes differentiation on microscopic slides difficult. The sheath flow in the flow cytometer hampers overlapping of separate hyphae/hyphal aggregates. Not comparable is the information about hyphae and hyphal aggregate concentrations. Image analysis per se is not a fully quantitative method, but results in relative distributions within the measured population. Hence, no absolute concentrations can be evaluated. Of course, rough estimations about absolute concentrations can be done, but these ought to be quite error prone. Quantitative data about the distribution of biomass within the morphological subclasses in image analysis are gained by the so-called area fractions. This parameter results from summing the area of all hyphal elements and relating the summed area of each sub-class to the total area (for more details see (Golabgir et al. 2015)). Thereby, the relative area of the sub-classes can be compared. But this method is not directly comparable to a concentration measurement, as a pellet takes more area in relation to hyphae. A similar approach to area fraction is the here presented SWS fraction. But the principle behind the two methods – area vs. scatter signal curve – is too different to try comparisons.  Another issue of comparability is the method of elimination of background as for example media particles. In image analysis this is done via shape and fullness measurements (Paul and Thomas 1998). For the here presented flow cytometry method, a viability staining with fluorescein diacetate was conducted. All particles with green fluorescence were concluded to be hyphae and hyphal aggregates. Investigation of fluorescein diacetate staining with fluorescence microscopy had revealed that medium particles from our culture were not stained by this marker (Ehgartner et al. 2016b). Only some small hyphae were red fluorescent without showing green fluorescence. Although pellets showed to include 
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dead biomass in the core, sufficient green fluorescence was present to be above the threshold and hence being classified as viable hyphal element. Consequently, a comparability of the flow cytometry method with image analysis should not be hampered by the methodology of background separation. Advantages and disadvantages of flow cytometry method  The here developed flow cytometry method for morphological analysis is able to describe pellet morphology and in addition it produces information about size of other morphological subclasses. So far, these other morphological subclasses were not further described by the here developed method. Hence, detailed description of freely dispersed cultures concerning branching grade, hyphal growth unit and vacuolization grade as it was shown via image analysis methods is not (yet) possible (Cox et al. 1998; Paul and Thomas 1998; Posch et al. 2012; Vanhoutte et al. 1995). Description of hyphal tips as it is done via hyphal growth unit is possibly easier via microscopy, as hyphae are well represented on a two-dimensional space as a microscope slide. Approaching hyphal morphology via light scattering might be more abstract, but could be possible. The easy applicability of fluorescence dyes in flow cytometry promises to be a big advantage compared to image analysis. Via fluorescence staining, information about vacuolization and the evaluation of other physiological states as it was shown by Vanhoutte et al. (1995) is accessible. Evaluation of physiological states via fluorescence microscopy is possible, but automation of this microscopy method and development of an automated image analysis is even more difficult and time consuming than image analysis of light microscopy. In contrast, in flow cytometry fluorescence staining is easily combinable with morphological analysis. Although the fluorescence was not further investigated, a viability staining combination was applied in this study. So far, it was only used to distinguish hyphal elements from background. An example would be the staining and herewith the localization of vacuoles via flow cytometry in hyphae or substrate diffusion in pellets. A similar approach was presented for the red fluorescence of chlorophyll in phytoplankton (Dubelaar et al. 2004). Further advantages of the flow cytometer method are – as already mentioned – the measurement of hyphal elements in a liquid flow. Thereby, the overlap of hyphal elements is avoided.  The method is faster, even at-line applicable, and much higher throughput than in microscopy is possible. In the way, the method was conducted for this study, at-line application is even crucial. The reason for this is the application of viability staining for the distinction of hyphal elements from background. Hence, offline measurements at a later stage are limited.   
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The higher throughput makes an investigation of more sample volume possible, giving higher robustness to the method. This is shown by the comparison of average measurement error between image analysis and the flow cytometry method. Latter tended to have a lower error. Another advantage in respect to lower measurement errors is the influence of the operator. Preparation of microscopic slides (regular distribution of hyphal element on the slide), adjusting of illumination and contrast as well as threshold setting for binarization of images, is a matter of routine and partially operator dependent. These manual manipulations of the cultivation sample decrease the robustness of the microscopy method. Contrary to that, sample preparation for flow cytometry only consists of dilution steps and fluorescence staining. Data treatment is conducted with beforehand provided software files in CytoClus (CytoBuoy, Woerden, Netherlands) and Matlab scripts (MathWorks, Nattick, Massachusetts, USA), and thereby totally independent of the user. Finally, the already addressed quantitative information gained from the flow cytometry method is evaluated as a great advantage and can be used as an at-line tool in production environments. Applicability of the method The here presented flow cytometry method generates the same outputs regarding fungi morphology as image analysis methods do so far. As described in the introduction section, morphology is a central point in filamentous biocultures. It is linked to broth viscosity which influence substrate transport and power input (Paul et al. 1994; Petersen et al. 2008). Furthermore, productivity is linked to morphology, which could be important for industrial production as well as process development (Papagianni 2004). On the other hand, process conditions influence morphology (Quintanilla et al. 2015). This chain of effect is an important reason to monitor morphological parameters during process development and scale up. Apart from pharmaceutical bioprocesses, various fields of science are associated with filamentous fungi as for example environmental research on soil, water, air and food (Prigione and Filipello Marchisio 2004). To sum it up, the here developed flow cytometry method for morphological analysis is a fast and at-line applicable alternative to common morphology tools as image analysis. The application for a penicillin production process was presented, but applications in other bioprocesses and even other fields of investigation seem possible. The method distinguishes four morphological sub-populations and describes their morphology in more detail. Within this application, the focus was especially on pellets.   
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 Figure S1: Pictures of pellets taken in the flow cell of the flow cytometer. The FWS signals of these pellets are presented in Figure 4a-c in the same order     
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Abstract Increasing pressure on product quality and quantity pushes solutions of process control to be a central issue in pharmaceutical bioprocesses. Especially online biomass estimation, and further control of the specific growth rate are of central importance because they describe the catalyst of the reaction. For penicillin producing bioprocesses with filamentous microorganisms, this was underlined by recent findings describing the influence of the specific growth rate on the specific production rate. Hence, the specific growth rate needs to be controlled on a certain level to achieve high productivity. In this study, we developed a control strategy for the specific growth rate based on online estimation of viable biomass via dielectric spectroscopy. The method was verified using an at-line staining method for viability measurement. The online viable biomass estimation is applicable in the growth and decline phase, coping with physiological and morphological changes of filamentous fungi. Furthermore, the control strategy adapts to changing biomass yields, which is a big issue in the bioprocess for penicillin production applied in this study.  Two application runs were conducted, yielding in proper online viable biomass estimation and control of the specific growth rate at a constant level of 0.012 h-1. We achieved biomass predictions with an average error of 1.5 g/l over the whole fed-batch process. In the decline phase, the control of specific growth rates was not possible due to physiological constrains. However, in the growth phase, a total specific growth rate of 0.013 h-1 was achieved, which met the pre-defined acceptance criterion for this method. The method is thus ready for viable biomass estimation in the growth and in the decline phase of the penicillin production process. Furthermore, the method is applicable to control the specific growth rate during the growth phase.  Keywords:  penicillin, dielectric spectroscopy, bioprocess control, viability, online biomass estimation, filamentous fungi    
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1. Introduction Process control is of utmost importance in pharmaceutical bioprocesses to maximize productivity and to ensure product quality. The importance of the latter was underlined by the Quality by Design (QbD) initiative (FDA 2006). One parameter which is often the focus is biomass growth. Various methods of biomass estimation for different processes and organisms have been applied (Mou and Cooney 1983b; Riesenberg et al. 1991; Sagmeister et al. 2013; Jenzsch et al. 2006). Studies presenting the influence of the specific growth rate, µ, on penicillin production (Douma et al. 2010; Pirt and Righelato 1967; van Gulik et al. 2000) underline the importance of µ-control strategies in filamentous fungi bioprocesses.  The basis for the control of µ is the availability of real-time biomass measurements. Hereby, two different principles can be distinguished: hard type sensors and soft sensors. The former are in-situ measurements of the biomass concentration, while soft sensors estimate the biomass based on mathematical models (Olsson and Nielsen 1997). Commonly, soft sensors require high process knowledge and historical data for the development of mathematical models. Soft sensors were reportedly applied for biomass concentration and biomass growth estimation of filamentous organisms (Golabgir and Herwig 2016; Massimo et al. 1992; Thompson and Kramer 1994; Mou and Cooney 1983b). The online biomass estimation based on carbon balancing was already applied for the µ-control of penicillin processes (Mou and Cooney 1983a, b). In situ biomass measurements applied for filamentous organisms were fluorescence probes (Haack et al. 2007) and dielectric spectroscopy (Fehrenbach et al. 1992; Mishima et al. 1991; Neves et al. 2000; Sarra et al. 1996). Fluorescence probes were found to be not applicable for penicillin-producing cultures in complex media, as changes in the medium composition influence fluorescence. Furthermore, penicillin is a fluorescent product which interferes with the measurement of fluorescence (Nielsen et al. 1994).  The principle for biomass measurement via dielectric spectroscopy is based on the function of cells as capacitors. The measured signal is a function of the volume fraction of the cells. Only cells with an intact membrane potential are recorded with dielectric spectroscopy. Hence, the method is insensitive to dead cells and only measures viable biomass (Dabros et al. 2009). This fact is of high importance for filamentous organisms who grow pellets, as the inner parts of these hyphal aggregates tend to die due to substrate and oxygen limitation, leading to considerable amounts of dead biomass (Bizukojc and Ledakowicz 2010; Hille et al. 2005; Manteca et al. 2008). In contrast to this dead biomass, only viable biomass is responsible for biomass growth and productivity (Bizukojc and Ledakowicz 2010; Paul et al. 1998). 
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Most contributions, in which dielectric spectroscopy was applied on filamentous fungi for the estimation of biomass concentration, differentiate between a growth phase and a decline phase (at the end of cultivation). For the growth phase, biomass prediction via dielectric spectroscopy is reported to be highly applicable. However, biomass prediction in the decline phase still shows results that are very error-prone (Neves et al. 2000; Rønnest et al. 2011; Sarra et al. 1996).  Within this contribution, an online µ-control strategy in a penicillin production process based on viable biomass measurement via dielectric spectroscopy is established. So far, biomass estimation in the decline phase was reported to not work properly. We aim to predict the viable biomass concentration in the growth and the decline phase to further apply µ-control in both phases. The goal is to predict viable biomass in a similar error range as at-line and offline reference methods (6-12%). The control of the specific growth rate in filamentous cultures presents a special challenge as growth rate levels are rather low compared to other organisms as E. coli. These low specific growth rates make the control and the evaluation of the control strategy difficult as they have a lower signal-to-noise-ratio (Wechselberger et al. 2013). Furthermore, changing biomass yields during the penicillin production process appeared to be a main issue in µ-control. The developed control strategy aims to be applicable in the growth phase as well as in the decline phase and enables an automatic adaption to changing biomass yields. To avoid error propagation in the calculation of the specific growth rate, the control strategy focuses on biomass trends rather than the specific growth itself.  2. Materials & Methods 2.1. Strains and inoculum One strain of Penicillium chrysogenum (code BCB1_V2) was regenerated from an ancestor strain BCB1 and kindly donated by Sandoz GmbH (Kundl, Austria).  2.2. Bioreactor cultivation Cultivations were performed in either of two Techfors S bioreactors (Infors HT, Bottmingen, Switzerland) with a maximum working volume of 10 l and 20 l respectively. The initial batch and fed-batch volumes were 6.5 l for the 10-l-bioreactor and 13 l for the bigger one. The stirrer was equipped with three six-bladed Rushton turbine impellers, of which two were submersed and one was installed above the maximum liquid level for foam destruction.  
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The fermentation temperature was kept at 25°C via a double jacket. Aeration was controlled at 1 vvm in batch and initial fed-batch with mass flow controllers (Vögtlin, Aesch, Switzerland). The concentration of dissolved oxygen was measured using a probe of dissolved oxygen (Hamilton, Bonaduz, Switzerland). If not stated otherwise, the pO2 was controlled via an adjustment of the stirrer speed at a level higher than 40%. The pH was measured using a pH probe (Hamilton, Bonaduz, Switzerland). CO2 and O2 concentrations were analysed with an off-gas analyser (M. Müller AG, Egg, Switzerland). Dielectric spectroscopy was applied in dual frequency mode using a Biomass Monitor 220 (Aber Instruments, Aberstwyth, UK). Every minute the delta capacitance (∆Cap) was recorded for the following frequencies: 100/15650 kHz. For further application, the signal was smoothed using a Savitzky-Golay-filter (first order, window of 60 data points).  The batch was carried out on a complex bioreactor medium similar to the one described in Posch et al. (2013). The culture was inoculated with a spore inoculum concentration of 2*108 spores/l. During this phase, the pH was not controlled. The end of the batch was indicated by an increase in pH by 0.5.  After the batch, a fed-batch was performed on a defined medium (similar to Posch et al. (2013)). For this purpose, 10% of the batch broth were added to 90% of the initial fed-batch volume. The initial fed-batch volumes were 6.5 l and 13 l respectively. During the first 48 h, glucose was fed at a constant rate (1.01 ml/(l*h) of a 500 g/l glucose solution). During this phase, the pH was kept constant at 6.5 ± 0.1 by addition of 20% (w/v) KOH or 15% (v/v) H2SO4, respectively.  2.2.1. Fed-batch parameters To achieve different viable biomass concentrations and trends, 13 fed-batches were run by varying the following parameters: spore inoculum concentration (2*108 spores/l and 2*109 spores/l), feed profile starting after 48 h (constant, linearly increasing, exponentially increasing), feed rates at the start of the feeding profile (1.0 ml/(l*h), 3.0 ml/(l*h) of a 500 g/l glucose solution) and pO2 (>40% vs. <10%). These runs were used for the development of the online biomass estimation strategy. Additionally, two fed-batches were conducted to show the application of µ-control - fed-batch 1 and 2 (FB1&2). Apart from some minor changes described in the following, these two cultivations were conducted as stated in 2.2. An initial constant feed of 1.01 ml/(l*h) of 500 g/l glucose solution was applied for only 24 h, then µ-control was started. The first biomass sample of these two fed-batches was used to analyse the viable biomass concentration at-line. This was necessary to calculate the offset of ∆Cap, and thus to be able to apply the model for biomass prediction described in 3.3. All other steps of 
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biomass estimation and µ-control were conducted online. During the first 24 h, both fed-batches were controlled at a pO2 level higher than 40%. After 24 h, the pO2 of FB1 was decreased to 4% by mixing the air flow with nitrogen.  2.2.2. Calculations Calculations of yields, rates and specific rates like the specific growth rate were carried out as stated elsewhere (Sagmeister et al. 2012). This study focuses on the measurement of viable biomass. Thus, the viable biomass was used as a basis for all calculations.  2.3. Analytics 2.3.1. At-line viability measurement To investigate the viability via propidium iodide (PI) staining, 200 μl of the sample were diluted 1:5 with phosphate buffered saline (PBS, see Ehgartner et al. (2016)). In addition, 1 ml of the sample was diluted 1:5 with PBS and microwave-treated by leaving it in a M510 microwave oven (Philips, Amsterdam, Netherlands) for 30 s at 940 W. One millilitre of the microwave-treated sample was used for further investigation. In a next step, duplicates of all samples (including microwave-treated and untreated samples) were centrifuged for 15 min at 500 rpm. 800 μl of the supernatant were removed and 800 μl of PBS buffer were added. The pellet was resuspended and the washing step repeated. 100 μl of the resuspended sample was pipetted into a microtiter well and 1 μl of 200 μM PI solution (Sigma Aldrich, St. Louis, Missouri/USA) was added. The PI was prepared by diluting a 20 mM PI stock solution in DMSO, 1:100 in PBS. After an incubation time of 20 min at room temperature in darkness, the measurement was performed in a Tecan well-plate reader (Tecan, Männedorf, Switzerland; ex./em. 535/600 nm). Six aliquots of each sample were measured simultaneously using 96 well plates. 2.3.2. Total biomass concentration Two methods for the determination of the total biomass concentration were applied. For the at-line determination of viable biomass, the wet weight was measured. Due to a lower degree of measurement error (4% vs. 10%), the total biomass concentration for offline use was determined through the dry cell weight (DCW). One exception was the decline phase in FB2, where wet weight data was also used for offline investigations. This was due to an increased and highly fluctuating DCW measurement caused by the crystallisation of salts from the highly conductive broth in this phase. Measurements were carried out in quadruplicates by transferring 5 ml of fermentation broth into weighed glass eprouvettes and centrifuging them at 4800 rpm for 5 min at 4°C. The supernatant was 
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removed and stored at –20°C for further analysis. The pellets were then resuspended in 5 ml of deionized water and the eprouvettes were centrifuged again at the conditions mentioned above. The supernatant was discarded. For wet weight determination, the eprouvettes were weighed and the biomass concentration was calculated using a predefined regression to the DCW. After the wet weight determination, the eprouvettes were dried at 105°C for at least 72 h and weighed again, resulting in the DCW.  2.3.3. Confocal microscopy Microscopic images of pellets were taken using a confocal fluorescence microscope (TE2000-E, Nikon, Tokio, Japan). Hence, 100 µl of the bioreactor sample were diluted with 900 µl of PBS buffer and then centrifuged for 2 min at 500 rpm at room temperature. 800 µl of the supernatant were discarded and replaced with 800 µl of PBS buffer. Afterwards, 10 µl of the 200 µM PI reagent (prepared as described in 2.3.1) were added and the sample was incubated for at least 10 min in the dark. Furthermore, 20 µl of the sample were applied on a cover slide and 50 mg/l FDA reagent (Sigma Aldrich, St. Louis, Missouri/USA; from 5 g/l stock solution by diluting 1:100 with PBS) were added. The measurements were conducted using two different lasers and filters: ex./em. 543/580 nm for PI and ex./em. 488/507 nm for FDA. 2.3.4. Light microscopy A morphological analysis via scanning of microscopic images was conducted as described in Posch et al. (2012). To do so, 900 images per sample were recorded with a Leitz wide field microscope (Leitz, Stuttgart, Germany). It was equipped with a five megapixel microscopy CCD colour camera (DP25, Olympus, Tokio, Japan) and a fully automated x-y-z stage (Märzhäuser, Wetzlar, Germany). The software used for the image recording was analysis5 (Olympus, Tokio, Japan). 2.3.5. Sugar and metabolites Gluconic acid, glucose and mannitol were quantified through ion chromatography. The analysis was carried out using a Dionox column (Thermo Fisher Scientific, Waltham, Massachusetts, US) at a column temperature of 30°C. For detection, a Dionex PAD detector in quadrupole potential mode (Thermo Fisher Scientific, Waltham, Massachusetts, US) was used. A gradient profile was applied combining three different solvents (MQ water, 0.1 N NaOH and 1 N NaOH).  
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3. Results  3.1. Monitoring of the viable biomass concentration The application for the online determination of the viable biomass concentration was based on at-line viability measurements. This was a combination of total biomass determination via wet weight (or DCW for offline purposes) and viability determination. For this purpose, the viability stain PI, microwave treatment and the Tecan well-plate reader (Tecan, Männedorf, Switzerland) were used. As described in section 2.3.1, one aliquot of the sample was microwave-treated, another one was used in its native state. Both were stained with PI and the ratio of red fluorescence described the viability of the culture (see Equation 1). In addition to quantitative viability measurements, confocal fluorescence microscopy in combination with the viability stains FDA and PI was conducted to support the quantitative methodology. Confocal fluorescence microscopy pictures taken during the process reveal the decrease of viability as shown in Figure A.1 in the appendix.  Equation 2 shows how the viable biomass concentration (cx,viable) was calculated using viability measurements. If not stated otherwise, biomass concentration refers to the viable biomass as determined by Equation 2.  Equation 1: Viability of biomass c=,CD<E56 = c=,9F9<5 ∗ Viability Equation 2: Viable biomass concentration at-line. The viable biomass concentration (cx,viable) is calculated from the total biomass concentration (cx,total) and the viability. The total biomass concentration was either determined via wet weight (at-line application) or DCW (offline application). Cultivations with the goal to achieve different viable biomass concentrations and trends were conducted, where the viability was measured at-line. The total biomass concentration, viable biomass concentration and viability are shown exemplarily for two cultivations in Figure 1. In both cultivations, a significant decrease in the viability after around 100 h could be observed. The cultivation shown in Figure 1b depicts a strong decline of viability to a final value of 30%.  

Viability = 1 − Red Flourescence native sampleRed Flourescence microwaved sample 
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 Figure 1: Time courses of the viability, viable and total biomass concentration for two fed-batch cultivations. The cultivations differed in their feeding profile. While the fed-batch in a) had an exponential feeding profile (0.02 h-1) starting with 1.0 ml/(l*h) of a 500 g/l glucose solution, the fed-batch in b) was conducted with a feed starting with 3.0 ml/(l*h) of a 500 g/l glucose solution, which then constantly increased to a final rate of 9.0 ml/(l*h). 3.2. Distinction between the process phases: growth phase vs. decline phase In order to make a distinction between the different process phases, the aforementioned cultivations were examined. In most of the performed cultivations two different phases were observable: the growth phase and the decline phase. As it is shown exemplarily for one cultivation in Figure 2, two correlations between ∆Cap and viable biomass could be distinguished.    
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 Figure 2: ∆Cap and cx,viable in the two phases. A) Correlation of ∆Cap and cx,viable for growth and decline phase. B) Time courses of ∆Cap and cx,viable for growth phase (GP) and decline phase (DP).  The change from one phase (growth phase) to the second phase (decline phase) was indicated by the decrease of the ∆Cap signal. This indication for the switch from the first to the second phase cannot be applied when µ is controlled on a constant level, because the biomass ought to increase with the intended specific growth rate. Thus, another indicator for the change of phases needed to be found. Several permittivity probe parameters were investigated as indicators for the start of the decline phase. Certain trends were observed for typical capacitance measurement parameters like Fc and Cole Cole Alpha (Dabros et al. 2009). However, these trends were not specific for the observed phase change. Opposed to this, an increase of conductivity was found to be distinctive for the start of the decline phase. The conditions that must be met for the increase of the conductivity signal to indicate the start of the decline phase are shown in Figure 3.  
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 Figure 3: Decision scheme for the indication of the decline phase onset via conductivity (cond.) signal. The following points in the fed-batch are crucial: t0: start of fed-batch, t1: start increase of conductivity, t2: start decline phase. The conditions are 1.) a constant or decreasing conductivity for a defined period of time before the signal starts increasing [t1-20 h, t1)] and 2.) an increase of the conductivity (0.8 mS/cm). Exemplary trends of conductivity and the defined indication of phase change for two cultivations are shown in Figure 4. The increase of conductivity at the start of the fed-batch in Figure 4a was caused by the addition of higher amounts of acid and base for the control at a constant pH and was hence no indicator for the start of the decline phase. This occurrence underlines the importance of condition 1 as described in Figure 3, which must be met before condition 2 can be of significance. On the other hand, the decline phase of the fed-batch presented in Figure 4b and Figure 4c was successfully detected via conductivity measurement. 

 Figure 4: Conductivity of two fed-batch cultivations. a) The conductivity signal in the first 30 h of the fed-batch shown here, increases. Still, there is no decline phase as condition 1 is not met (20 h before the beginning of the increase in conductivity, the value of the signal needs to be higher than at the start of the increase. This is not possible as the increase starts directly with the beginning of the fed-batch.). In b-c) another fed-batch is shown. While in b) the conductivity throughout the whole fed-batch is 
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shown, c) presents the phases t1-20 h to t2 in more detail. At the start of the increase in conductivity at t1 = 58.4 h, condition 1 as presented in Figure 3 was accomplished: the value of the conductivity signal at t1-20 h was higher than it was at t1. Furthermore, the signal rose 0.8 mS/cm between t1 = 58.4 h and t2 = 68.6 h. Hence condition 2 was accomplished as well, indicating the start of the decline phase. The increase of the conductivity signal indicates a lysis of cells or the release of a metabolite into the surrounding medium at the onset of the decline phase. Furthermore, cell size and morphology were reported to influence the ∆Cap-biomass-correlation (Ehgartner et al. 2015). Hence, there ought to be a morphological change resulting in the difference of correlation of viable biomass and ∆Cap between these two phases. Thus, morphological parameters like the average size of morphological aggregates, the differentiation of morphological aggregates in fractions (e.g. pellets, smaller elements) and the parameters describing the pellet itself (e.g. fullness, roughness) were examined (data not shown). The morphological parameters are described elsewhere (Golabgir et al. 2015; Posch et al. 2012). However, no significant correlation between morphology and the phase change could be observed.  In summary, two different phases (growth and decline phase) were clearly distinguished based on the correlation ∆Cap and cx,viable. The onset of the decline phase as a second phase in the process was detectable via an increase in the conductivity signal.  3.3. Model for online viable biomass estimation The model for viable biomass estimation by using the capacitance signal is shown in Figure 5. Data to establish the model was taken from the 13 fed-batch cultivations as described in 2.2. The model contains a correlation between the growth phase (a) and the decline phase (b).  

 Figure 5: Correlation including a 95% confidence interval for ∆Cap and cx,viable for the growth phase (a) and the decline phase (b).  
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Based on these correlations, the viable biomass can be estimated (cx,est) with Equation 3 (growth phase, GP) and Equation 4 (decline phase, DP) respectively.  c =,6:9 = bO,PQ + bS,PQ ∗ ∆Cap Equation 3: Calculation of the estimated viable biomass concentration (cx,est) during the growth phase. It is based on the offset (b0,GP) from the correlation of cx,viable and ∆Cap during the growth phase and its slope (b1,GP). c=,6:9 = bO,VQ + bS,VQ ∗ ∆Cap Equation 4: Calculation of the estimated viable biomass concentration (cxest) during the decline phase. It is based on the offset (b0,GP) from the correlation of cx,viable and ∆Cap during the decline phase and its slope (b1,GP). The determined parameters for the linear correlation between cx,viable and ∆Cap are shown in Table 1. Table 1: Parameters for the linear correlation between cx,viable and ∆Cap  growth phase, GP decline phase, DP b0 1.96 17.36 b1 0.33 0.10  The application of the growth phase model (Figure A.2a in the supplementary material) shows a slight overestimation of cx,viable, as the correlation trend line does not cross the zero point (intercept of 0.8-3.3 g/l).  The plot in Figure A.2b in the appendix, showing the residuals, underlines what can already be seen in Figure 5: For lower biomass concentrations, the predictions made based on the model are more accurate than for higher biomass concentrations. Apart from this, no trend of the residuals is obvious. 3.4. Process control strategy The applied control strategy is described in Figure 6. The process control system (Lucullus PIMS, Securecell AG, Schlieren, Switzerland) records the process signals and sends these to Matlab (MathWorks, Natick, Massachusetts, US). Therefor the equations shown in Equation 3 and Equation 4 with the parameters from Table 1 are used. Apart from the current cx,est, the viable biomass concentration target (cx,tar) is determined. These values are sent back to the process control system, 
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where the current cx,est and cx,tar are fed into a PID controller. The output of the controller acts on the feed rate FS to adjust for changes in the substrate yield.  The feed flow calculation contains a constant value for the initial biomass yield (Yx/s(t0)). This value changes according to the cultivation. It is evaluated in advance, using an on former data based regression model predicting Yx/s dependent on the process time and µ. 

 Figure 6: An overview of the process control strategy. The applied process control system records process data and transfers them to Matlab. The current process phase is determined via the conductivity signal (Cond.). Then the viable biomass concentration (cx,est) based on the measured ∆Cap signal is estimated. To do so, Equations 3 and 4 with the parameters from Table 1 are used. In addition to the current cx,est, the viable biomass concentration target (cx,tar) is determined. For cx,tar, the specific growth rate target (µtar), ∆t and the reactor volume (VR) are required. The process data is sent back to the process control system, where the current viable biomass cx,est and the viable biomass target cx,tar are fed into a PID controller. The output of the controller (yPID) is added to the feed flow (Fs) to adjust for changes in the substrate yield (Yx/s(t0)). In addition, the glucose concentration in the feed (cs) and the density of the feed (ρs) are crucial for the calculation of the substrate feed rate. ∆t is the set control interval, e.g. 1 h.  3.5. Application of the method The application of the control strategy is exemplarily shown in Figure 7 and Figure 8 for FB1 and FB2, respectively. The specific growth rate µ in FB2 was controlled exactly as sketched in Figure 6. In the case of FB1, the control was conducted in a slightly different way. The inputs for the PID controller were not 
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cx,est and cx,tar, but µtar, and the current µ was calculated from cx,est. In comparison to the slightly altered control strategy for FB1, the control strategy presented in Figure 6, has the advantage that the influence of the error of cx,est is not multiplied by calculating µ. FB1 contained only a growth phase, lacking a decline phase, as the conductivity signal in Figure 7 depicts. Although there is an increase in the conductivity signal before the start of µ-control, it does not indicate the beginning of the decline phase as the first condition, which compares the signal at t1-20 h and t1, is not fulfilled. This first condition would only be met at about 60 h, but consecutively no increase of the conductivity was observed, thus lacking the achievement of condition 2.  The prediction of the biomass concentration in the first 40 h of this cultivation worked well. After 40 h, cx,viable was constantly underestimated and the offset increased with time. While the deviation was 2 g/l after 45 h, it increased to more than 3 g/l at the end of fed-batch at 94 h. The average error of prediction was 2.1 g/l. 

 Figure 7: FB1. a) Online signals and offline determined cx,viable b) µtar as well as µ based on at-line and offline measurements. In addition, the biomass yield is presented. The start of µ-control is indicated by the vertical line at t = 22 h. At t = 22 h the µ-control was started. While µ reached values of about 0.037 h-1 in the first 12 h, it decreased to an average of 0.013±0.002 h-1 at the onset of µ-control. The µ target of 0.012 h-1 was 
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missed by 0.002 h-1 on average. The total specific growth rate during µ-control (calculated between the first and last biomass sample of this period) was 0.013 h-1. 

  Figure 8: FB 2. a) online signals and measured cx,viable. Between t=109 h and t=115 h the connection between the process control system and Matlab was cut. Hence, neither cx,est nor cx,tar are shown for this period. b) µ-control: µtar as well as µ based on at-line and offline measurements are shown. The former is only shown for the period of µ-control. Yx/s in this figure represents glucose as the only substrate and ignores the initial consumption of gluconate. c) Sugars and metabolites measured in the medium. The vertical lines at t=23 h indicate the start of µ-control, the ones at t=111 h depict the onset of the decline phase.   FB2 consisted of a growth and a decline phase (see Figure 8). The decline phase – indicated by an increase of the conductivity signal – started at t=111 h. The values of the viable biomass prediction are in good match to the measured viable biomass concentrations for both phases. The average error of prediction was 1.5 g/l during the growth phase, 1.2 g/l during the decline phase and 1.4 g/l for the whole fed-batch phase. During the growth phase, the measured specific growth rate deviated 0.003 h-1 on 
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average from the µ target of 0.012 h-1. The average specific growth rate during the growth phase was 0.010±0.003 h-1. The total specific growth rate during µ-control (calculated between the first and the last biomass sample of the control period in the growth phase) was 0.010 h-1. Although viable biomass prediction worked well in the decline phase, it was not possible to maintain a constant µ level of 0.012 h-1. Glucose accumulated after 130 h, resulting in gluconate build up, and from the start of the decline phase, the mannitol concentration increased considerably in the medium (see Figure 8c). The accumulation of glucose and metabolites depicts that more glucose is fed than consumed. Hence, the maximum specific growth rate decreased significantly during the decline phase, falling below 0.012 h-1. Therefore, it was not possible to control the obtained µ during this phase. As already shown for FB1, the biomass yield from glucose also varied in FB2, with a tendency to decrease over process time. This is demonstrated in Figure 8. During µ-control, the maximal yield Yx/s was 0.27 g/g and the minimal one was 0.13 g/g.  4. Discussion 4.1. Challenges  4.1.1. Morphological and biological changes The biomass-∆Cap-correlation is the basis for a viable biomass prediction, distinguishing two process phases with different ∆Cap-biomass-correlations – the growth and the decline phase. As the application runs FB1 and FB2 show, there are slight changes in ∆Cap-biomass-correlation during the initial phase of fed-batch. Thus, the viable biomass is either overestimated in this initial phase or underestimated later in the growth phase. To find explanations for this occurrence, morphological parameters were investigated and compared to the biodensity, representing the ∆Cap-biomass-correlation, which is described in more detail elsewhere (Ehgartner et al. 2015). In the early growth phase, first pellets are detectable and cells start to produce penicillin. Different trends in cell fractions and other morphological phases were observed (see Figure A.3 in the appendix for morphological data of FB1). Yet, no clear relationship between one of these parameters and the changes in the ∆Cap-biomass-correlation could be detected. The morphological changes may be too complex to be easily deducible.  Possibly, a third phase – an initial growth phase – ought to be necessary to increase accuracy in viable biomass prediction. However, this would make the prediction and control strategy more complex. In 
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particular, an unambiguous indicator and clearly recognizable criteria for the change between these two phases would be needed.  Nevertheless, viable biomass prediction worked well with an average deviation of 1.4 g/l for more than 160 h in FB2 and an average deviation of 2.1 g/l (12%) error in FB1. Even for E. coli processes, where a lot of work has been done in the area of biomass prediction, errors rates of 11-13% occur for single methods (Reichelt et al. 2016). The at-line method for viable biomass measurement applied here has an error rate of 12%. 4.1.2. Control strategy The achieved specific growth rates tended to exceed the specific growth rate target of 0.012 h-1 at the start of µ-control and to remain below it at the end. This trend can be explained by the continuously decreasing biomass yield. The control strategy adapts to changing biomass yields, but the feed-back regulation could still be improved. Depending on the level of the growth rate target and the current biomass concentration, the control interval was set between 1 h and 4 h. Especially for low specific growth rates, the control interval is crucial. In fact, an interval of several hours is necessary to achieve significantly different biomass concentrations due to the high error rate of biomass estimation. To avoid an even higher impact of the error rate of the estimated biomass, the biomass concentration target cx,tar was invented as set-point for the PID controller in the final control strategy. Initially – as applied in FB1 – the set-point in the PID controller was µtar, which was compared to the current µest. This approach using µtar is significantly more affected by the error of biomass estimation than the approach using the biomass concentration target (Wechselberger et al. 2013). When larger control intervals are applied, the system becomes more inert. For instance, if the biomass growth in the last few hours was too low, a higher feed rate would be required at a certain point. This would be necessary to achieve the overall specific growth rate target of this control interval, as µ had been too low before. Although the average specific growth rate ought to be close to the µtar, the specific growth rate in-between would fluctuate highly, thus not meeting the aim of obtaining a constant µ. On average, the specific growth rate in FB1 slightly exceeded µtar, while the measured µ in FB2 was 0.002 h-1 beneath the set-point in total. The measured µ better matched the µtar in FB1. This was due to the overestimation of cx,viable during the final growth phase, which balanced the trend of a decreasing µ. The relatively low offline-determined µ is inter alia caused by neglecting dying biomass. This effect of neglecting dying biomass by using cx,viable for all calculations may be relevant when µ is calculated in a 12-
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h interval - contrary to the interval of approximately 1 h utilized for online calculation of the µ set-point. A considerable amount of biomass dies in this time span.  μ =  r=,CD<E56c=,CD<E56 ∗ VX Equation 5: Actual calculation of µ. rx,viable [g/h] is the biomass production rate calculated from viable biomass (cx,viable). VR represents the reactor volume [l]. μ =  r=,9F9<5c=,CD<E56 ∗ VX Equation 6: Alternative calculation of µ. rx,total [g/h] is the biomass production rate calculated from total biomass (cx,total) measured via DCW or wet weight. VR represents the reactor volume [l]. By calculating biomass rates for µ determination based on cx,viable, dead cells are not taken into account (see Equation 5). An alternative calculation of µ considering dying biomass is shown in Equation 6. However, the offline calculation of µ using Equation 6 is not equivalent to the applied online control strategy, which is fully based on cx,viable. Using dielectric spectroscopy, the evaluation of cx,total is not possible. Applying Equation 6 for calculating µ in the growth phase of FB2 results in an overall µ of 0.014 h-1. Hence, µtar was exceeded by 0.002 h-1 while it was lower by 0.002 h-1 when using only viable biomass concentrations (Equation 5) for µ calculation. 4.1.3. Error propagation The deviation of the offline-determined µ from the µtar is minimal, compared to the observed errors on the calculated specific growth rate. Using the combination of DCW and viability measurements as an offline method for viable biomass calculation results in an average error rate of 6% on cx,viable. Due to error propagation, the maximal error on µ determined for an interval of 12 h is 0.01h-1. Thus, the deviation of an average of 0.002 h-1 (FB1) and 0.003 h-1 (FB2), respectively, is negligible. Even for larger intervals like the whole growth phase of the fed-batches, the maximal error on µ is still 0.002 h-1 for the 75 h interval of µ-control in FB1 and 0.001 h-1 for the 88 h interval in FB2.  One might thus question the approach of a µ-control strategy for bioprocesses with such low specific growth rates. Opposed to that, investigations such as the one carried out by Douma et al. (2010), describing the influence of µ on the productivity, underline the importance of controlled constant specific growth rates. With the control strategy developed here, we aimed to find a compromise by regulating µ indirectly via the control of a biomass trend (cx,tar).  
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4.2. Benefits of the method 4.2.1. Advantages of dielectric spectroscopy: viable biomass  The proposed method is applicable for viable biomass estimation in the growth and the decline phase. Hence, it is adaptable to changes in physiology and morphology of cells due to the shift from hyphal elements to pellets and finally to cell degradation at the end of the bioprocess. The advantage of the dielectric spectroscopy only measuring the volume of viable biomass was exploited. By using viable biomass, e.g. for mechanistic model building, instead of taking total biomass measurements, the errors caused by taking a significant amount of dead, inactive biomass into account ought to be avoided.  4.2.2. Application in decline phase and high viscosities Despite deviations in the decline phase due to physiological changes, where substrate accumulation, metabolite production and a strong decrease of the maximum growth rate could be observed, the prediction of viable biomass concentration was successful with an average error of 1 g/l (7%). This accuracy is comparable to the offline determination of viable biomass based on DCW. Moreover, the error is only half as high as the one of the at-line estimation of viable biomass based on wet weight determination. Prior investigations of dielectric spectroscopy for biomass prediction in filamentous bioprocesses stated this decline phase as their weak point (Neves et al. 2000; Rønnest et al. 2011; Sarra et al. 1996).  Especially for this late process phase, where the combination of high biomass concentration and significant hyphal background leads to immense viscosities, a method applicable online is of great advantage. The combination of broth viscosity with the occurrence of partially large hyphal aggregates hinders representative sample taking/preparation and pipetting is prone to error. Thus, analytical results are inaccurate. For elucidation, a picture of the cultivation broth in the last hours of the process is shown in Figure A.4 in the appendix.   4.2.3. Robustness and flexibility Further benefits of dielectric spectroscopy are reflected in the method presented here. Little process knowledge is necessary for the control strategy based on permittivity measurements. The method is robust to process changes like pO2, spore inoculum concentrations or the feeding strategy and is thus easily transferable to other processes and process conditions. The development of this method for other strains/organisms, different processes and other probes/frequencies only requires some prior cultivations with different trends of viable biomass concentrations where ∆Cap is measured and cx,viable is determined.  
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Furthermore, the regulation of µ by biomass trend control showed to be feasible for processes with high fluctuations in the biomass yield, which can be seen as a great advantage to other µ-control strategies (Jenzsch et al. 2006; Mou and Cooney 1983b).  Thus, the proposed control strategy in combination with the knowledge about µ-profiles for optimal productivity ought to increase the product titer of penicillin processes and hence the rentability of the process. First investigations about optimal specific growth rates for increased specific penicillin production have been recently published (Douma et al. 2010; van Gulik et al. 2000).   5. Conclusion • A method to measure viable biomass online, by applying dielectric spectroscopy in dual frequency mode, was developed. The model underlying the method for online biomass estimation distinguishes two process phases - growth and decline phase – and is applicable in both. In the final run an average error of only 1.4 g/l (13%) viable biomass was achieved in almost 160 h of cultivation. • The online method was evaluated using an at-line procedure including viability measurements. To do so, the verification was done by measuring viable biomass. Hence, dead biomass was not neglected. • The online viable biomass estimation enabled µ-control during the growth phase with an average error of 0.002 h-1. This µ-control strategy copes with changing process conditions, even varying biomass yields. During the decline phase, the biomass growth showed to be impaired, which made µ-control challenging. • During the development process of this method, process parameters such as the spore inoculum concentration, the pO2-level and the feeding strategy were varied. The application runs differed in their pO2 set-points (4% vs. >40%). The functionality of the developed control approach within these process parameter ranges shows its flexibility. Moreover, the method is applicable for typical physiological and morphological changes of the filamentous organism during fermentation.   • The method is ready to be applied for µ-control in the growth phase of Penicillium chrysogenum bioprocesses and for an online biomass estimation throughout the growth and decline phase.  
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 Figure A.1. Representing viability of pellets using confocal microscopy: beginning of fed-batch (after 27 h), middle of fed-batch (53 h) and end of fed-batch (125 h).   
 Figure A.2: Quality of the growth phase model. a) cx,viable e vs cx,estimate for the growth phase model. b) Residuals of viable biomass estimation.   
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 Figure A.3: Morphological data for FB1. a) Morphological fractions representing pellets, large clumps and small disperse elements. b) Single morphological parameter as the mean size of large elements and pellet average fullness are compared to biodensity representing the ∆Cap-biomass-correlation.   

 Figure A.4: Cultivation broth at the end of fed-batch cultivation   
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Abstract Economically, viable processes in biotechnology need high productivity, operating at high specific production rates. A connection between the specific growth rate (µ) and the specific penicillin production rate (qp) has been described in various studies, especially for chemostat and fed-batch cultures with a constant qp. In this context, the question to be answered is: Are there similar influences of µ on qp in fed-batch cultures with dynamic qp-trajectories and what are the mechanisms behind those? In this contribution, the relation of µ and qp was investigated at constant µ levels in fed-batch cultures even during highly dynamic qp. Despite lacking constant qp-phases, a connection between µ and qp could be described, which fits formerly published results. First, qp started to increase parallel with µ until it reached an optimum and decreased subsequently at higher µ. Furthermore, it was found that whenever the maximal qp was reached, a nearly equal amount of glucose had been metabolized. Thus, the time needed to reach maximal qp and thus the starting point of qp-decline, is a function of the average µ of the fed-batch. The initially increasing qp was associated with an adaption effect to the actual specific growth rate. Decline of qp was proposed to be associated to NADPH supply from the mannitol cycle.  The here presented results enable predicting qp-trajectories and thus are of use for planning and operating of fed-batch cultivations for optimal penicillin production.   Keywords: filamentous fungi, mannitol, penicillin, specific growth rate µ, specific production rate qp  Abbreviations: DCW, dry cell weight; FB, fed-batch; PBS, phosphate buffered saline; PI, propidium iodide; qp, specific penicillin production rate; Yx/glucose, biomass yield from glucose; µ, specific growth rate;    
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1. Introduction Apart from good product quality, high product yields are favourable in biotechnological production of pharmaceuticals. A major step leading to high product titer is the adjustment of optimal process parameters for production in the upstream process. Concerning the production of penicillin with Penicillium chrysogenum, several studies identified the specific growth rate µ as crucial variable influencing the specific production rate qp [1-6]. This was shown for chemostat [1, 4, 5] as well as fed-batch cultures [1, 6]. At low µ-values a positive correlation between µ and qp was found [1, 2, 4-6]. Dependent on the investigation, the level of the optimal specific growth rate varied. Van Gulik et al. (2000) published a maximal qp of penicillin G at a specific growth rate of 0.03 h-1 for continuous cultures [5]. Contrary, the maximum qp in the fed-batch cultures described by Ryu and Hospodka (1980) was reached at a µ of 0.015 h-1 [4]. The maximum qp found in fed-batch cultures conducted by Wittler and Schügerl (1992) was at a specific growth rate of 0.018 h-1 [6]. The maximal µ investigated in the last-mentioned study was the one with maximal qp (µ=0.018 h-1) and thus the maximal qp ought to be found at higher growth rates. Therefore, the value of µ = 0.018 h-1 fits well with the findings of another study investigating fed-batches. Douma et al. (2010) described the maximal qp in fed-batch cultures to be at approximately 0.02 h-1 [1, 6]. The trend of qp at higher specific growth rate levels differs dependent on the contribution. While Douma et al. (2010) and van Gulik et al. (2000) found a negative correlation between µ and qp for chemostat and fed-batch cultures [1, 5], other investigations stated qp to be independent of µ [3, 4]. The two studies describing cultivations for penicillin V production (versus penicillin G in the other studies) did not investigate growth rates exceeding 0.018 h-1 [6] respective 0.009 h-1 [2]. However, different strain constructs lead to different maximum specific production rates and relationships of µ-qp. Data for the description of µ-qp-curves were derived from different approaches: When continuous cultures were investigated, each steady state yielded one pair of µ and qp [3, 5]. Pirt and Righelato (1967) calculated the mean qp of each steady state [3]. Contrary, van Gulik et al. (2000) used the maximal qp in case the steady state was not stable [5]. Also, the results for fed-batch processes yielded from different approaches: either one cultivation revealed one µ-qp-pair [6] or several µ-qp-pairs (e.g. one from each biomass sample) [1].  Apart from late process phases, few information about the constancy of qp concerning process time is found in the studies described above. An adaption time to C-limited conditions was mentioned [1]. Save for single, instable steady states [5], qp is expected to be stable in the investigation period of continuous cultures. Deducing from exemplary fed-batches presented in several studies, qp was constant over 80 h and more [4, 6].  
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A well-known phenomenon in penicillin production processes is the so called “strain degeneration” or “penicillin degradation”. Biomass was reported to (partially irreversibly) lose its ability to produce penicillin during C-limited cultivation. Thus, the qp starts to decrease [7, 8]. Various authors described this phenomenon [7-10]. Studies investigating µ-qp-relations were designed to avoid this decline in qp in later process phases by choosing a stable strain or restricting cultivation length [1, 3, 5]. A first explanation for penicillin degradation was the occurrence of mutations concerning the penicillin production pathway, followed by an overgrowth of producing genotype by non-producing genotype [7]. More recent investigations denied this theory, as the degeneration phenomenon was too reproducible. Thus, changes in gene regulation were proposed as cause. Here, Douma et al. described degradation to be partly reversible, which stands in contrast to former studies. In these continuous processes qp-trajectories were very dynamic. After the start of the C-limitation phase, qp increased to reach a maximum value within 40-80 h and further decreased due to degeneration [8].  The here presented study aims to describe µ-qp-relations for penicillin V producing fed-batch cultures even during highly dynamic qp-trajectories without intervals of constant qp. Thus, qp-dynamics at constant µ levels in fed-batch cultures were investigated and µ-qp-curves were characterized. In a further step, the background and possible explanations of arising qp-dynamics were examined in detail.  2. Materials and methods 2.1 Strains and inoculum Spore suspensions of the P-14 P. chrysogenum candidate strain for penicillin production descending from the P-2 P. chrysogenum candidate strain [11] were kindly provided by Sandoz GmbH (Kundl, Austria) and used for all experiments. 2.2 Bioreactor cultivation Eight cultivations were performed in either of two Techfors S bioreactors (Infors HT, Bottmingen, Switzerland) - 10 l and 20 l maximal working volume. Initial batch and fed-batch volumes were 6.5 l for the 10-l bioreactor and 13 l for the bigger one. The stirrer was equipped with three six bladed Rushton turbine impellers, of which two were submersed and one was installed above the maximum liquid level for foam destruction.  Fermentation temperature was kept at 25°C via double jacket. Aeration was controlled at 1 vvm in batch and initial fed-batch with mass flow controllers (Vögtlin, Aesch, Switzerland). Dissolved oxygen 
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concentration was measured using a dissolved oxygen probe (Hamilton, Bonaduz, Switzerland) and controlled at a level higher than 40%, via adjustment of stirrer speed. pH was measured using a pH probe (Hamilton, Bonaduz, Switzerland). CO2 and O2 concentration were analyzed with an off-gas analyzer (M. Müller AG, Egg, Switzerland). Dielectric spectroscopy was applied in dual frequency mode using a Biomass Monitor 220 (Aber Instruments, Aberstwyth, UK). Every minute the delta capacitance was recorded for the following frequencies: 100/15650 kHz. For further application, the signal was smoothed using a Savitzky-Golay-filter (first order, window of 60 data points).  The batch was carried out on complex bioreactor medium similar as described in Posch et al. (2013) [12]. The culture was inoculated with a spore inoculum concentration of 108 spores/l. During this phase pH was not controlled. The end of the batch was indicated by an increase in pH of 0.5.  After the batch, a fed-batch was performed on defined medium (similar as described elsewhere [12]). For this purpose, 10% of the batch broth were added to defined medium with 90% of the initial fed-batch volume. Initial fed-batch volumes were 6.5 l and 13 l, respectively. During fed-batch phase, pH was kept constant at 6.5 ± 0.1 by addition of 20% (w/v) KOH or 15% (v/v) H2SO4, respectively. An initial constant feed of 1.01 ml/(l*h) of 500 g/l glucose solution was only applied for 24 h, then µ-control was started. The 24 h of (low) constant feed were necessary as sugars and metabolites like gluconate were transferred from the batch culture, prohibiting C-limited conditions at fed-batch start. Thus, C-limitation always refers to the initialization of µ-control, 24 h after the start of fed-batch. The eight cultivations differed in their specific growth rate during µ-control phase. Table 1 depicts the fed-batches and their respective specific growth rate.        
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Table 1: The fed-batch cultivations and their specific growth rate  FB ID Average µ [h-1] FB1 0.009 FB2 0.013 FB3 0.015 FB4 0.018 FB5 0.020 FB6 0.032 FB7 0.040 FB8 0.049  For µ-control, viable biomass was determined at-line (see sections 2.4 and 2.5). Further, a regression was calculated for the viable biomass concentrations of the last 24 h and the corresponding delta capacitance values (see Equation 1). This allowed the online prediction of the actual viable biomass based on the delta capacitance signal. The regression was actualized every 12 h, when a new biomass sample was taken.  c =,CD<E56YtZ = bO + bS ∗ dCYtZ        (1) In addition, the biomass yield Yx/glucose was determined at-line for the last 12 h. This was necessary because of changing yields during the process. The biomass yield was crucial for the calculation of the feeding rate to achieve aimed levels of µ which is shown in Equation 2. F[5\;F:6YtZ =   c =,CD<E56YtZ ∗ VX ∗ μ<D7 ∗ S]^ _`abcdef ∗ g_`abcde;_`abcde    (2)  2.3 Calculations Calculations of yields, rates and specific rates like the specific growth rate were calculated as stated elsewhere [13]. The filamentous fungus used in this study forms pellets, which partially contain high amounts of dead biomass. Thus, viability of the biomass was investigated at-line (see section 2.4) and viable biomass used as basis for calculation.   
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2.4 At-line viability measurement To investigate viability via propidium iodide (PI) staining, 200 μl of sample were diluted 1:5 with phosphate buffered saline (PBS, see elsewhere [14]). In addition, 1 ml of sample was diluted 1:5 with PBS and microwave treated by leaving it for 30 s at 940 W in a M510 microwave oven (Philips, Amsterdam, Netherlands). One millilitre of the microwave treated sample was used for further investigation. In a next step, duplicates of all samples (including microwave treated and untreated samples) were centrifuged for 15 min at 500 rpm. 800 μl of supernatant were removed and 800 μl of PBS buffer were added. The pellet was resuspended and the washing step repeated. 100 μl of the resuspended sample was pipetted into a microtiter well and 1 μl of 200 μM PI solution (Sigma Aldrich, St. Louis, Missouri/USA) was added. The PI was prepared by diluting a 20 mM PI stock solution in DMSO, 1:100 in PBS. After an incubation time of 20 min at room temperature in darkness, the measurement was performed in a Tecan well-plate reader (Tecan, Männedorf, Switzerland; ex./em. 535/600 nm). Each duplicate of the microwave treated and untreated sample was measured three times simultaneously using 96 well plates. Viability was calculated using Equation 3. To determine viable biomass concentration, the viability value was multiplied by the total biomass concentration (see section 2.5). (3)  2.5 Total biomass concentration  Two methods to determine total biomass concentration were applied. For at-line determination of viable biomass, wet weight was measured. Due to lower measurement error (4% vs. 10%), total biomass for offline use was evaluated via dry cell weight (DCW) measurement. Measurements were carried out in quadruplicates by transferring 5 ml of fermentation broth into weighed glass eprouvettes and centrifuging them at 4800 rpm for 10 min at 4°C. The supernatant was removed and stored at –20°C for later analysis of sugars, metabolites and penicillin. The pellets were then resuspended in 5 ml of deionized water and the eprouvettes were centrifuged again at the conditions mentioned above. The supernatant was discarded. For wet weight determination, the eprouvettes were weighed and the biomass concentration calculated using a predefined regression to DCW. After wet weight determination, the eprouvettes were dried at 105°C for at least 72 h and weighed again, resulting in DCW.   

Viability = 1 − Average of red flourescence native sampleAverage of red flourescence microwaved sample 
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2.6  Light microscopy Morphological analysis via scanning of microscopic images was conducted as described elsewhere [12]. Therefore, 900 images per sample were recorded by a Leitz wide field microscope (Leitz, Stuttgart, Germany). It was equipped with a five-megapixel microscopy CCD colour camera (DP25, Olympus, Tokio, Japan) and a fully automated x-y-z stage (Märzhäuser, Wetzlar, Germany). The software for image recording was analysis5 (Olympus, Tokio, Japan). 2.7 Sugar and metabolites Gluconic acid, glucose and mannitol were quantified with ion chromatography. Analysis was carried out using a Dionex column (Thermo Fisher Scientific, Waltham, Massachusetts, US) at a column temperature of 30°C. For detection, a Dionex PAD detector in quadrupole potential mode (Thermo Fisher Scientific, Waltham, Massachusetts, US) was used. A gradient profile was applied combining three different solvents (MQ water, 0.1 N NaOH and 1 N NaOH). 2.8 Penicillin measurements High performance liquid chromatography (HPLC) using a Thermo Scientific UltiMate 3000 system (Thermo Fisher Scientific, Massachusetts, United States) together with Chromeleon 7 Chromatography Data System (Thermo Fisher Scientific, Massachusetts, USA) was used for quantifying penicillin concentrations with a Zorbax Eclipse AAA C18 column (Agilent Technologies, Santa Clara, USA) with a buffer as described elsewhere [15]. A flow rate of 1.0 ml/min was applied and the required temperature of the column oven was 30°C. The UV/VIS detector for determining penicillin peaks via absorption was set to 210 nm.    3. Results  3.1 qp-trajectory Similar as reported in a previous study [1], several µ-qp-pairs from each of the eight cultivations were plotted in Figure 1A to describe the link between µ and qp. Although only data pairs from the C-limited phase with increasing qp were used (see Figure 1B), no clear trend was observable.     



Manuscripts 

124  

A typical qp-trajectory at constant µ is shown in Figure 1B. Two phases were distinguishable in the qp-trajectory: • Phase 1: before qp-maximum • Phase 2: after qp-maximum These two phases were found in all fed-batches but FB1. In last mentioned, µ as well as qp were strongly fluctuating. Thus, a maximum of qp, signalling the start of phase 2, could not be clearly identified. However, two possible maxima were identified at t=114 h and at t=130 h. FB1 is shown in Figure 1C. 

 Figure 1: Specific growth rate and specific production rate. A) µ vs. qp for all samples in phase 1 of all cultivations. B-C) µ and qp over time since C-limitation for FB5 (B) and FB1 (C). The start of µ-control (respectively C-limitation) is indicated as time point 0.  3.2 qp depends on µ Figure 1 depicted dynamic qp-trajectories over process time and thus no clear trend of qp was detected when several µ-qp-pairs per cultivation were plotted. Hence, a different approach was investigated. Due to similar dynamics in qp in all cultivations and constant µ within each cultivation, it was deduced to choose one value for µ and qp, respectively. Therefor four different approaches as shown in Figure 2 are presented. First, average values of µ and qp during phase 1 were calculated for the eight cultivations. Figure 2A represents this investigation. Reproducibility was shown at an average µ-value of 0.019 h-1 where FB4 and FB5 overlap.    
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  Figure 2: µ-qp-relation. A) Average values for constant µ during phase 1. B) after 30-34 h of C-limitation C) After consumption of 40-60 g glucose per initial biomass concentration since fed-batch start. D) At maximum qp The dynamics of qp (Figure 1B) suggest a dependency of qp not only on µ but also on time. Thus, µ-qp-pairs for a constant time point since C-limitation are plotted in Figure 2B. A trend is observable although FB1 and FB6 do not fit into the trend curve. While the high qp-value of FB6 may be explained by the lower µ 12 h earlier (0.031 h-1 compared to 0.042 h-1 in FB7), the higher qp-value in FB1 cannot be explained. However, the influence of earlier µ-values in the cultivations on qp might be due to adaptation of the organism. Like it was already shown for µ-qp-relations based on average values (Figure 2A), FB4 and FB5 overlap quite well. The time point t=30-34 h after C-limitation was chosen in the way to allow the organism to adapt to C-limited conditions and µ-levels, but to set the time point before qp starts to decrease for most fed-batches.  
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As alternative to process time, a parameter possibly more closely representing adaption of the organism was chosen in another approach: the consumed glucose. The respective µ-qp-pairs are presented in Figure 2C. The value of 40-60 g consumed glucose per initial biomass concentration since fed-batch start was chosen with the same criteria as the 30-34 h mentioned before. The connection between µ and qp seems to be similar to the trend shown for average values in Figure 2A. Still, the absolute values are slightly different. Differences in FB6 and FB7 are the same as already mentioned when discussing Figure 2B. Finally, the qp-maxima of all cultivations were investigated concerning the dependency on µ. Figure 2D shows a similar trend as Figure 2A and Figure 2C although the maximum shifted to higher µ-values. The maximum qp of FB3 (1.55 mmol/(c-mol*h)) by far exceeds maxima of the other cultivations. Concerning FB1, two µ-qp-pairs are represented, as the real qp-maximum marking the start of qp-decline could not be identified. Both data points fit into the trend curve. 3.3 Background of qp-dynamics In section 3.2, time and consumed glucose, representing the period of adaption of the organism to constant process conditions, were analyzed. Consumed glucose was chosen as alternative to time as representor necessary to describe the adaption of the organism. This was applied as the start of phase 2, indicated by qp-maximum, was not comparable according to the passed time. The qp-maximum was reached within 20 h to 150 h after C-limitation (see Figure 3A). Contrary, the amount of consumed glucose as parameter representing the organisms’ metabolism, respective the adaption of the metabolism, seemed more appropriate: The start of qp-decrease for all cultivations was found within 40-60 g consumed glucose per initial biomass concentration (see Figure 3B). Only exception was again FB1. One of the defined possible qp-maxima of FB1 lay within the range of 40-60 g, the other was found at more than 80 g consumed glucose per initial biomass.  The finding to describe dynamics in qp with the metabolic workload of the organism was confirmed by the dependency of the start of qp-decrease on the average µ prior to this point (see Figure 3C): the lower the average µ, the longer it takes to consume the same amount of glucose than cultivations with higher µ. Interestingly, the glucose consumed seems to be the key parameter, independently of the usage of the metabolized substrate. Instead of a linear connection of average µ and time until start of phase 2, the trend follows a negative power function. The reason therefor can be found in the biomass yield shown in Figure 3D. At low specific growth rates (until ca. 0.015 h-1) the biomass yield in C-limited culture positively correlated with µ, as a regression analysis shows (p=0.006<0.05). In higher µ-ranges (above 0.015 h-1) the biomass yield was constantly high and hence did not correlate with µ (p=0.28>0.05).  
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 Figure 3: qp-maximum. A) Time since C-limitation vs. qp. B) Consumed glucose since start of fed-batch normalized by the initial biomass concentration. C) Time since C-limitation vs. average specific growth rate in C-limited phase. D) Biomass yield (Yx/glucose) for different µ-levels.  3.4 Phenomena accompanying the decline of qp The qp-maximum and the following decrease of qp is a crucial event for penicillin production. Thus, it was investigated in more detail in order to increase understanding. The C-source utilization would be expected to be redirected from penicillin biosynthesis to biomass production. But no significant trends in the Yx/glucose were observable.  
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 Figure 4: Increase of mannitol concentration and base consumption at start of phase 2. A-B) Boxplot for mannitol concentration (A) and normalized base consumption (per g biomass) (B) before and after maximal qp of all cultivations except FB8. C) Mannitol, gluconate concentration, base and acid consumption and qp during FB5. D) Mannitol, gluconate concentration, base and acid consumption and qp during FB7. However, two other phenomena were observed: First, around the start of phase 2 mannitol began to accumulate in the medium. A paired t-test comparing mannitol concentrations 18 h before and 18 h after the qp-maximum of all cultivations except FB8 (glucose accumulated during cultivation) revealed a significant increase of accumulated mannitol in the medium (p=0.047<0.05), which is shown in Figure 4A. Exemplary mannitol concentration trends for two cultivations are shown in Figure 4C and Figure 4D. To not use the same sampling points used for the calculation of qp-maximum, the samples before and after these were taken resulting in ±18 h.  A further physiological change was the increase of base consumption around the start of phase 2: The paired t-test for comparing normalized base consumption (g base/g biomass) before and after qp-maximum could be stated as significant (p=0.01<0.05; Figure 4B). Here, the base consumption was normalized to the actual total biomass to not wrongly misinterpret increasing base demand by raising 
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biomass concentrations. For illustration in Figure 4C and Figure 4D, base consumption was only normalized to the reactor volume but not to the biomass concentration, as biomass values are only accessible in 12-h-interval. Figure 4C and Figure 4D exemplarily illustrate pH regulation. In the first phase of fed-batch, acid needs to be added for the control of pH at a set-point of 6.5. During phase 1 the metabolism changes and base needs to be added to maintain a constant pH. Parallel to the increase of mannitol concentration in the medium, the base consumption partially increases abruptly.  Apart from physiological parameters, the morphology was investigated. No significant changes in morphology were observed. Nonetheless, large clumps and pellet roughness suddenly seemed to increase with the start of phase 2 (data not shown). However, the effect did not prove to be significant.  4 Discussion  Comparison to former investigations The penicillin V producing Penicillium chrysogenum strain in the here described fed-batch cultures showed highly dynamic qp-trajectories even though µ was set to a constant level. This is contrary to previous findings, where qp was assigned directly to the specific growth rate [1, 2, 4, 5]. Taking several µ-qp-pairs per cultivation, as it was done for other fed-batch cultivations describing the connection of µ and qp [1], resulted in a cloud of data points rather than a clear trend curve. Thus, other approaches similar to already published ones, like usage of the maximal qp or the average per cultivation/steady state, were applied [3, 5]. In addition, one µ-qp-pair per cultivation for one point in time and one metabolic variable were chosen. These approaches resulted in the same findings, which supports the most recent data on µ-qp-correlation reported for continuous cultures and fed-batches [1, 5]. At low specific growth rate levels, µ and qp are positively correlated. After reaching the optimal specific production rate, qp decreases with increasing µ-values. Douma et al. (2010) described this behavior by a rate-limiting enzyme, namely the isopenicillin-N synthase [1]. This enzyme is crucial for the building of penicillin V and penicillin G [1, 16]. The optimal specific growth rate for penicillin production differs between chemostat and fed-batch cultures due to the dynamic conditions in latter [1]. Thus, a comparison of the here described results to those from chemostat cultures is not favorable. Comparing the results to the most recent study conducted for fed-batches reveals a similar optimal µ. Dependent on the approach for data investigation, the optimum found in this study was between 0.012 h-1 and 0.02 h-1. Latter was the 
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optimum found by Douma at al. (2010) [1]. Differences could be explained by variation in penicillin (penicillin V vs. penicillin G), the strain or the cultivation strategy (media etc.). Moreover, the here conducted study applied viability measurements to neglect dead (non-producing and non-growing, hence metabolically inactive) biomass to not falsify µ-values and qp-values. The distinction of viable and dead biomass is crucial, especially for cultures growing hyphal pellets [2, 6]. However, the specific (viable) growth rate found in our study was lower compared to former contributions from e.g. Douma et al. (2010) [1]. This seems to be contradictive as the viable µ has to be higher due to referring to a lower amount of biomass. Deriving optimal specific growth rates The definition of an optimal specific growth rate seems to be difficult as it is strongly depending on the operators’ goal. From an industrial point of view, the optimal µ-level is the one, where product titer and cost are in best relation. This means consideration of a high time-space-yield without reaching too high biomass concentrations (via high specific growth rates). The latter leads to high viscosities and hence impaired mass transfer as well as higher power input for stirring [17-19]. Further, the average µ during fed-batch influences the percentage of pellets (counterpart to dispersed hyphae and aggregates) as it is shown in Figure S1 of the supporting information. Higher relative pellet concentrations promise a better mass and heat transfer as well as lower power input levels for stirring [20].  It has to be mentioned that the reason for different qp-optima at specific growth rates between 0.012 h-1 and 0.02 h-1, are slight fluctuations of the specific growth rate in the fed-batch with the highest qp (FB3, see Figure S2 in the supporting information and Figure 2 in the manuscript). The initial µ was almost 0.02 h-1, slowly decreased to 0.011 h-1 and again slowly increased to reach 0.02 h-1, before the decline of qp began. In average, the µ in this fed-batch was 0.015 h-1. These slight differences in specific growth rate around the optimal level for penicillin production might be an alternative to constant growth rates resulting in higher penicillin titers. Still, the level of µ seems of great importance, as also FB2 and FB6 show slight fluctuations in µ-levels over process time without resulting in elevated qp (see Figure 2A).  Herewith, a profile including different (controlled) µ-levels ought to be advantageous to a constant µ all over the fed-batch. A possible experimental design could be to start with a higher specific growth rate of 0.02 h-1 to quickly reach higher qp–phases of the cultivation (consumed glucose is the important factor in approaching qp-maximum – the more glucose is consumed, the closer the qp-maximum is). In a next step, µ should be decreased to 0.012 h-1 in order to achieve higher qp, elongate the period of production until 
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qp-declines and to avoid too high biomass concentrations. However, further investigations are necessary to better approach this attempt. Adaption: Increasing qp  Dynamic qp-trajectories have already been observed before. These were explained by the time the organism needs to adapt [8]. Enzymes of the penicillin production pathway are repressed during C-unlimited conditions in batch. After the beginning of C-limitation, time is needed for these enzymes to adapt and to reach maximal levels. Further, the rate-limiting enzyme (isopenicillin-N synthase) showed to be dependent on the specific growth rate. Enzyme levels need time scales from minutes to hours to adapt. Thus, qp is dynamic due to dynamic conditions in the fed-batch and always lacks behind, respective needs time for adaption [1]. Douma et al. (2010) raised the issue of dynamic conditions in the fed-batch (vs. steady state in continuous cultures), arguing with the inconstancy of µ in their fed-batches. As µ was found to be the trigger for changing enzyme levels in the penicillin pathway, the enzymes gradually needed to adapt [1].  Hereby the question arose: Are conditions in fed-batches with constant µ really that dynamic? In the fed-batches conducted within this contribution, many process variables were kept constant: dissolved oxygen tension pO2, air inflow, nitrogen and phenoxyacetate levels, µ and even the reactor volume, as glucose was added in a highly-concentrated form and sample was taken regularly. Process variables which were less constant in these fed-batch cultivations were trace element and metabolite concentration, penicillin concentration, biomass concentration, (and hence viscosity), viability and morphology. In case, the specific growth rate is supposed to be the only trigger for qp, the steadily increasing qp must be interpreted as a long adaption period taking decades of hours.  As neither enzymatic levels were measured nor flux analysis conducted, the here presented study cannot explain mechanisms behind the dynamics in qp and their dependence on µ in more detail. However, the adaption of the organism, independent of dynamic conditions (e.g. viscosity, metabolite concentration, changes in morphology), to a qp-maximum could be described in this contribution. This adaption under fed-batch conditions seems to be not directly influenced by time but rather by metabolic throughput represented by consumed glucose. This is an important finding as the penicillin production period ought to be elongated using this knowledge.    
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Decline of qp The phase of an increasing qp can be explained by adaption processes. How about the decline phase? Penicillin degeneration is a widely-known phenomenon and was reported to occur as early as after 40-80 h of C-limited cultivation [8]. It was found in cultures with penicillin V [7], penicillin G [8] and other antibiotics [21]. Already 30 years ago strain degeneration was reported for Panlab strains with decreasing yields after each slant-to-slant transfer [11]. Working with a penicillin V producing strain, originating from the Panlab strain line, makes the occurrence of penicillin degradation probable.  The start of this phase 2 can be presumed to be the maximal qp-point. This goes in line with previous investigations [8]. We observed accumulation of mannitol and increased base consumption, which seems to happen simultaneously with the start of qp-decline phase. A decline in qp at stable process parameters suggests some kind of change in the organism, possibly originating in the metabolism. Hence, the occurrence of mannitol in the medium could be connected to the event of starting qp-decrease. Mutations in the penicillin gene cluster, as previous investigations reasoned as cause for the qp-decrease [7], seem thereby to be unlikely, as the begin of qp-decline is a function of consumed glucose. Thus, a directed regulation of gene expression is more probable but needs to be investigated as no enzymatic assays were performed as mentioned earlier.  The accumulation of mannitol could be connected to the penicillin producing pathway by the need of cofactors for amino acid generation (e.g. NADPH) [5, 10]. NADPH was found to be the limiting factor for cysteine production, one of the three precursor amino acid for penicillin besides L-�-aminoadipic acid and valine [22]. The mannitol cycle supplies NADPH by the usage of NADH and ATP. Thus, for the delivery of NADPH, mannitol is simultaneously synthetized and again metabolized [23]. Therefore, the extracellular accumulation of mannitol could represent a reduced NADPH supply, as mannitol is produced but not metabolized, omitting the crucial step for NADPH generation. Whether the accumulation of mannitol happens due to decreased concentrations of mannitol dehydrogenase, the enzyme responsible for the conversation of mannitol to fructose [23], or the accumulation of the polyol is used as energy storage or done for other reasons [24], cannot be clearly answered. A last point concerns the morphology after start of qp-decline. Earlier, changes in colony morphology had been observed on agar plates [9]. However, the here applied morphology measurement via microscopy did not reveal significant changes. Still, morphological changes could be reasonable due to a switch away from penicillin production freeing resources of the organism.  
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Concluding remarks This contribution investigated the relation of µ and qp, even during highly dynamic qp-trajectories at constant µ-levels. Despite lacking constant qp-phases, a connection between µ and qp could be described which fits to results published earlier. Trends of qp-trajectories were described as follows: With the begin of a C-limited phase, qp started to increase until it reached a maximum and decreased. The increase of qp was associated with an adaption effect to the actual specific growth rate. Furthermore, it was found that the maximal qp was reached after metabolizing a certain amount of glucose. Thus, the time needed to reach maximal qp and hence the point of qp-decline, is a function of the average µ of the fed-batch. Decline of qp was proposed to stand in relation with NADPH supply from the mannitol cycle.  The here presented findings enable not only the prediction of the qp-maximum but even more allow to plan and operate the penicillin production process in the way to achieve maximal output. Different µ-profiles ought to be conducted, resulting in short adaption times of the filamentous organism. Further, a prolonged production at high qp-levels and avoidance of disturbing occurrences like high broth viscosities, leading to raised power input levels and decreased mass transfer, could be achieved.   
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 Figure S1: The average specific growth rate influencing morphology at the start of phase 2 – average µ vs. pellet fraction  

 Figure S2: qp and µ over time in FB3. Time point 0 reflects the start of µ-control.   
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3 Conclusions & future perspectives Penicillin production is a complex process with changing morphology, viability and physiology. One parameter shown to directly influence the specific penicillin production rate is the specific growth rate. Dependent on the contributed study, this link between µ and qp varied [1-6]. Thus, the knowledge about µ-qp-interlinks in combination with tools for process analytic and control could be the key for the optimization of the penicillin producing process.  The here presented thesis aimed to develop an analytical and process-technological toolbox and to apply these tools for the description of µ-qp-interlinks in processes with dynamic qp-trajectories, providing the basis for robust bioprocesses with optimized penicillin production. Five different tools were developed and assigned to three fields of function. In the following, the methodologies are shortly summarized and interlinks to their applicability given. In addition, their importance, concerning the description of µ-qp-interlinks and the provision of robust bioprocesses with optimized penicillin production, is underlined. 1) Spore-tools Two methods approaching the so-called spore quality were developed (tool I and tool II). In processes with either of scientific (investigation of interlinks of variables in fed-batch) or industrial (robust process with optimizing penicillin production) goals, a common starting point for the fed-batch phase is important. This issue is served with reproducible and robust cultivations, beginning with a common starting point of all batches.  The here presented tools showed to be faster and easier alternatives to the CFU determination. In the flow cell of the flow cytometer metabolically active cells are distinguished from other cell populations via fluorescence measurement. Furthermore, the morphology of the spore is detected, whereby round spores can be differentiated from germinated spores (see Figure 3.1).  
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 Figure 3.1: Scheme of tool I and tool II measuring metabolically active spore concentration and spore germination by combining viability staining and flow cytometry. I propose a combination of tool I (measurement of metabolically active spores) and tool II (measurement of spore germination) for the determination of viable spore concentration in combination with bioreactor cultivations. Three different approaches are possible, which is shown in Figure 3.2. One possibility would be a 30 h shake flask culture where spore germination of metabolically active spores is measured and thereby the viable spore concentration determined. The bioreactor is then inoculated with the volume of the spore inoculum needed due to the viable spore concentration measurements. 
 Figure 3.2: Proposed applications of tool I and tool II. In the cultivations presented in this thesis (manuscripts 4-6), the fed-batch was in focus. In such experiments, tool I and tool II are of minor yet important application. The potential of these is surely bigger and could further be exploited in investigations of the batch phase like the influence of changing media components, strain development et cetera.  2) Measuring morphology using a large particle flow cytometer  Tool III and tool IV, using flow cytometry, are faster alternatives to our former state-of-the-art method, the morphological analysis via image analysis based on microscopy [7]. While tool IV applies 
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the same image analysis as the microscopy method does, tool V aims to use the same concept of morphology but shows another approach for accessing morphological parameters. A comparable information content to the state-of-the-art method was gained and supplemental morphological parameters for the description of the pellet core were found. In addition, both flow cytometry methods are faster, at-line applicable and allow higher throughput than image analysis via microscopy. Transferability to other processes is given for all three morphological analysis methods. In the here presented studies (manuscripts 5-6), morphology was not applied as key factor. If anything, there where physiological variables in the focus of investigation like the specific growth rate and the penicillin productivity. Nevertheless, the morphology is an important variable with complex interactions to the filamentous bioprocess, and thus important to bear in mind. Therefore, morphology of all fed-batch samples in the here presented studies was analyzed. As manuscripts 5 and 6 show, morphological parameters are often in focus for the description of phenomena like the change of biomass-permittivity-correlation or the begin of declining qp. Concerning the interaction of µ and qp, morphology was investigated as well (data not shown) but without finding significant connections. A higher number of fed-batches than presented in manuscript 6 would be necessary to better investigate parameters as complex as morphological ones. In addition, µ-profiles instead of one constant µ per fed-batch could be interesting, and better exclude the effect of time on the morphology.  Although no significant link between morphology and qp was found, it could be an important factor in future applications. From an industrial point of view, the optimal process is the one, where product titer and cost are in best relation. This means consideration of a high time-space-yield without reaching too high biomass concentrations (e.g. via high specific growth rates). The latter leads to high viscosities and hence impaired mass transfer as well as higher power input for stirring [8-10]. Further, the average µ during fed-batch influences the percentage of pellets (counterpart to dispersed hyphae and aggregates) as it is shown in manuscript 6. Higher relative pellet concentrations promise a better mass and heat transfer as well as lower power input levels for stirring [11].  3) Online control of fungal growth Process control is of utter importance – in industry as well as in process development. The control of the specific growth rate was crucial for the study presented in manuscript 6, as the interlink of µ and qp was investigated. Tool V presented in manuscript 5 is a µ-control method based on online viable 
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biomass estimation via permittivity measurements, which in addition is capable of adapting to changing biomass-permittivity-relations and to varying biomass yield. It is a µ-control strategy fully running online without needing interference of the operator. Therefore, it is of great advantage to its prototype method applied for µ-control in the study shown in manuscript 6. The methods are based on the same approach, but the former application needed regular sampling and at-line analysis of viable biomass to adjust the biomass-permittivity-correlation and to adapt the biomass yield. An advantage of the at-line method applied in manuscript 6 is the direct transferability to new processes/strains. However, the online method (tool V) only needs few prior cultivations for model building before it is applicable on a new process/strain. Online µ-control is a crucial method when bioreactor cultivations aiming optimized penicillin productivity ought to be conducted. Based on the findings presented in manuscript 6, the specific growth rate is one of the key parameters in such processes. Hence, an online µ-control for the conductions of the optimal µ-profile in the fed-batch is of utter importance for a robust bioprocess with optimized productivity.  An overview of the toolbox´ application during the penicillin producing process is presented in Figure 3.3. Spore inoculum quality (tool I) and spore germination measurements (tool II) for the determination of viable spore concentration can be applied at the begin of the batch to adjust inoculated spore suspension volume. The inoculation of every single cultivation presented in this thesis was based on beforehand conducted spore viability measurements and the tools were already transferred for application in industrial environment, underlining the importance of these tools for reproducible and robust processes.  After the end of batch phase, the fed-batch starts with the inoculation of batch broth into the fed-batch medium and the begin of glucose feed. At this point of the process, hyphal aggregates are already found in the bioreactor. Development of these hyphal aggregates and the formation of pellets is one important link between spore inoculum concentration and the fed-batch [12-14], hence linking tools I-IV. Morphological investigation of the fungi and further analytics to investigate physiology were conducted for each biomass sample to investigate µ-qp-relations as well as physiological and morphological changes connected to the qp-trajectory.  For the experiments described in manuscript 6, viable biomass was online estimated and µ was controlled via adjustment of the feed (tool V). Tool V showed to be a robust method, independent of 
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changing process parameters and variables like spore inoculum concentration and fungal morphology (see manuscript 5).  

 Figure 3.3: Application of the tools in the bioprocess. Description of spore sub-populations and viable spore concentration determination are conducted at/before the start of the batch to adjust spore inoculum volume (tool I&II). Morphology is analyzed during fed-batch using two different methodologies (tool III&IV). The specific growth rate is controlled by adjusting the glucose feed based on online viable biomass measurements (tool V) to enable a constant µ at set levels. The application of the here presented tools (manuscripts 1-5) illustrated in Figure 3.3 in combination with the description of the µ-qp-relation, the qp-trajectories and further important variables like consumed glucose in manuscript 6, allowed the achievement of the goal of this thesis: Development of an analytical and process-technological toolbox and its application for the description of µ-qp-interlinks in processes with dynamic qp-trajectories to provide the basis for robust bioprocesses with optimized penicillin production. In combination with the achievement of the goal, the hypothesis was verified: The application of an analytical and process-technological toolbox enables the description of µ-qp-trajectories and thus provides the basis for robust bioprocesses with optimized penicillin production. 
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 Figure 3.4: Overview of the applications of the analytical and process-technological toolbox for the descriptions of µ-qp-trajectories. The green box highlights the contribution of the here presented thesis. It provides the basis for further usage of this knowledge in combination with the toolbox towards robust processes with optimized penicillin production. Goal achievement and verification of the hypothesis are illustrated in Figure 3.4. The green box highlights the frame of this thesis: For a Penicillium chrysogenum strain, µ-qp-relations were investigated and further variables influencing qp-trajectories identified. The application of viable spore concentration measurements, morphological investigations and µ-control in manuscript 6 underlined the importance of the newly developed analytical and process-technological toolbox. These findings in combination with the toolbox provide the basis for further studies towards robust bioprocesses with optimized penicillin production. Knowledge about optimal specific growth rate levels can be used to develop an experimental design including µ-profiles for optimal production (concerning titer and costs). Approaching different µ-levels ought to be advantageous to a constant µ all over the fed-batch. Like for example starting with a specific growth rate of 0.02 h-1 to faster reach a higher qp (consumed glucose is the important factor in approaching qp-maximum – the more glucose is consumed, the closer the qp-maximum is). In a next step, µ could be decreased to 0.012 h-1 in order to achieve higher qp, elongate the period of production until qp declines and to avoid too high biomass concentrations.  
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