Macroparticle-enhanced cultivation of Lentzea aerocolonigenes: Variation of mechanical stress and combination with lecithin supplementation for a significantly increased rebeccamycin production
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Abstract
The actinomycete Lentzea aerocolonigenes produces the antitumor antibiotic rebeccamycin. In previous studies the rebeccamycin production was significantly increased by the addition of glass beads during cultivation in different diameters between 0.5 – 2 mm and the induced mechanical stress by the glass beads was proposed to be responsible for the increased production. Thus, this study was conducted to be a systematic investigation of different parameters for macroparticle addition, such as bead diameter, concentration and density (glass and ceramic) as well as shaking frequency, for a better understanding of the particle induced stress on L. aerocolonigenes. The induced stress for optimal rebeccamycin production can be estimated by a combination of stress energy and stress frequency.
In addition, the macroparticle-enhanced cultivation of L. aerocolonigenes was combined with soy lecithin addition to further increase the rebeccamycin concentration. With 100 g L‑1 glass beads in a diameter of 969 µm and 5 g L‑1 soy lecithin a concentration of 388 mg L‑1 rebeccamycin was reached after 10 days of cultivation, which corresponds to the highest rebeccamycin concentrations achieved in shake flask cultivations of L. aerocolonigenes stated in literature so far.
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Introduction
[bookmark: _GoBack]Filamentous actinomycetes are often a source of bioactive natural products valuable for pharmaceutical industry and medical application (Genilloud, 2017). Therefore, their cultivation is considered quite worthwhile although certain challenges arise in the process. The filamentous actinomycete Lentzea aerocolonigenes for instance, produces the antitumor antibiotic rebeccamycin. Rebeccamycin is a topoisomerase inhibitor and thereby interferes with DNA replication. Despite this activity rebeccamycin itself is not suitable for use in the human body due to the low water-solubility (Bush et al., 1987; Nettleton, Jr.et al., 1985). To overcome this issue different analogues with increased water-solubility were developed that can easily be derived from rebeccamycin by chemical transformation. The analogue becatecarin has already been successfully tested in clinical phase I and II studies for the treatment of refractory breast cancer, metastatic colorectal cancer and small cell lung cancer (Burstein et al., 2007; Goel et al., 2003; Schwandt et al., 2012). In the study of Schwandt et al. (2012) 4200 mg m-2 becatecarin were used for the treatment of small cell lung cancer. For a person of 1.8 m and 85 kg this would correspond to a total of 8.7 g of substance. Regarding rebeccamycin titers in literature mostly concentrations of under 100 mg L-1 are achieved in small scales of around 100 mL (Pommerehne et al., 2019). Hence, cultivations of L. aerocolonigenes in the bioreactor scale with high productivities are desired. However, the complex cellular morphology of filamentous microorganisms, ranging from freely dispersed mycelium to dense pellets, provides challenges during the cultivation process. Each cell morphological form has certain advantages and disadvantages. The appropriate cell morphology for high productivities strongly depends on the microorganism and the desired product (Walisko et al., 2015; Whitaker, 1992; Wucherpfennig et al., 2010).
Walisko et al. (2017) added glass beads with a diameter between 0.25 – 2.1 mm to cultivations of L. aerocolonigenes and thereby increased the rebeccamycin production. The addition of a glass particle concentration of 80 g L‑1 with a size range of 0.25 – 0.5 mm caused a rebeccamycin concentration of 116 mg L‑1 which was the highest rebeccamycin concentration achieved in this cultivation approach and a 19-fold increase compared to an unsupplemented control which produced only 6 mg L‑1 rebeccamycin. Supplementation of coarser glass particles led to smaller pellets of L. aerocolonigenes and lower rebeccamycin concentrations. The mechanical stress induced by the glass beads was considered to be responsible for this effect, with the proper dose of mechanical stress being an important factor (Walisko et al., 2017). The addition of glass macroparticles to cultivations of L. aerocolonigenes proved to be beneficial in regard to rebeccamycin formation in further studies. Schrader et al. (2019) investigated the influence of different particle diameters ranging from 0.2 to 2.1 mm on the final rebeccamycin concentration, causing differences in mechanical stress. In this case, the addition of glass beads with a mean diameter of 969 µm led to a higher rebeccamycin concentration of approximately 70 mg L‑1 than the addition of smaller glass beads with a mean diameter of 540 µm (similar to the beads in Walisko et al. (2017)) with only 57 mg L‑1 rebeccamycin. The different effects of glass bead diameters in these two studies arise from different shake flask geometries. In Schrinner et al. (2020) the differences between glass bead supplemented and unsupplemented cultivations over time were considered and additionally cellular morphological changes were investigated.
Macroparticle addition has already been used with other filamentous microorganisms (e.g., Dobson et al. (2008), Lee et al. (2010)). Ochi (1986) used 3 mm glass beads for the homogenization of spores and biomass of Streptomyces sp. Sohoni et al. (2012) added glass beads of different diameters between 0.75 and 4 mm to cultivations of Streptomyces coelicolor in microtiter plates. In that study, the cell morphology of the microorganism varied with glass bead size. Until a glass bead diameter of 2 mm pelleted growth was observed, whereas larger glass particles induced mycelial growth. Cultivation of S. coelicolor with glass beads of 3 and 4 mm led to the most reproducible cellular morphology which was accompanied by an enhanced product concentration of actinorhodin and undecylprodigiosin (Sohoni et al., 2012). In the study of Dobson et al. (2008) even larger glass beads with a diameter of 5 mm were added to the main culture of Streptomyces hygroscopicus var. geldanus producing geldanamycin. With increasing glass bead number pellet size decreased and the geldanamycin concentration increased (Dobson et al., 2008). Holtmann et al. (2017) used glass beads with a size range of 250 – 500 µm in cultivations of Streptomyces avidinii for the production of streptavidin. The glass bead addition did not increase the final streptavidin concentration, but the production was accelerated. After 72 h of cultivation a 2.2 - 3.2-fold higher streptavidin concentration in the supplemented approaches compared to an unsupplemented cultivation was achieved, whereas after 120 h of cultivation the streptavidin concentration was similar for all approaches (Holtmann et al., 2017). Hotop et al. (1993) supplemented 4 mm glass beads in pre-cultures of Penicillium chrysogenum producing penicillin V to decrease the pellet size, causing an increased product titer. In another study, 3 mm glass beads were added to cultivations of Acremonium chrysogenum to enhance cephalosporin C production (Lee et al., 2010). Different numbers of glass beads between 2 and 6 beads were added to the shaking flasks and a 30 % increase in cephalosporin C production compared to an approach without glass beads was observed.  
Since the mechanical stress induced by the glass beads in cultivations of L. aerocolonigenes was proposed to be responsible for the described enhanced rebeccamycin production in different cultivations, Walisko et al. (2017) made a rough estimation of the mechanical stress induced by glass beads based on a stress model for grinding in a ball mill (Kwade, 2003). In this model two characteristic values were determined, the stress energy (SE) (eq. (1)) and the stress frequency (SF) (eq. (2)), describing the comminution in stirred media mills. SE quantifies the maximum amount of energy transferred which is provided for stressing within a single stress event.
	
	[bookmark: _Ref37170886][bookmark: _Ref37170958](1)


where dgm is the diameter of the grinding medium, ut is the stirrer tip speed and ρgm is the density of the grinding medium. The stress frequency SF describes the number of stress events (SN) per time.
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Varying either SE or SF in a reasonable range, the mechanical stress induced by particles over time can be influenced, especially how many stress events take place to transfer a certain overall energy to a certain product mass. However, both process parameters can be varied to balance each other. An increase in SE by an increased bead density, for example, can be compensated by a decrease in SF caused by a reduced number of beads.
As stated above, this approach can only be used for a rough estimation since the conditions in ball mills and especially stirred media mills essentially differ from those in a macroparticle-enhanced cultivation in a shake flask. For example, the degree of filling with beads as grinding media differs. In the case of the stirred media mill the filling degree is usually 70 ‑ 85 % of the grinding chamber (Kwade & Schwedes, 1997), corresponding to a volume concentration of 42 - 51 %, whereas in the shaking flask cultivations of this study volume concentrations of beads between 0.1 and 15 % were used.
In this study, the stress energy of beads inside a shaking flask SEb,sh  (eq. (3)) was defined with the fluid shaking velocity (Palacios-Morales et al., 2016) as a measure for the maximum bead velocity. The shaking velocity ush is calculated from the shaker frequency fsh and the shaking flask diameter dsf. 
	
	(3)


Furthermore, it is assumed in eq. (4) that SFb,sh is proportional to the number of beads nb and fsh. However, for a more accurate estimation of the macroparticle-induced mechanical stress in shaking flask cultivations, CFD-DEM (Computational Fluid Dynamics - Discrete Element Method)-simulations must be applied.
	
	(4)


Previous studies of macroparticle addition to L. aerocolonigenes mostly investigated the effects of particle diameter variations (Schrader et al., 2019; Walisko et al., 2017). However, the mechanical stress induced by the macroparticles, i.e. beads, cannot only be varied by their diameter. Further parameters, such as macroparticle concentration, macroparticle density and shaking frequency of a shake flask cultivation, as implemented in eqs. (1) – (4), also determine the magnitude of SEb,sh and SFb,sh.
Hence, the aim of the present investigations was the systematic variation of various process parameters such as the bead diameter, concentration and density, as well as the shaking frequency to examine effects of a variation in SEb,sh and SFb,sh. Moreover, the combination of macroparticle-enhanced cultivation with lecithin supplementation was investigated.

Materials and Methods 
Strain and cultivation conditions
Filamentous Lentzea aerocolonigenes DSM 44217 was purchased from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and was cultivated in GYM medium (4 g L-1 glucose, 4 g L-1 yeast extract and 10 g L-1 malt extract). The pH was adjusted to 7.2 using 2 M KOH. Glucose was sterilized separately and subsequently added. 50 mL of GYM medium were filled in 250 mL shaking flasks with four baffles and a maximum inner diameter (dsf) of 81.3 mm. A pre-culture was prepared by thawing 1 mL of frozen biomass (in 30 % (v/v) glycerol) followed by inoculation with the same. The shaking flask was incubated in an orbital shaker (Certomat BS-1, Sartorius, Göttingen, Germany) with a shaking frequency of 120 min-1 (if not stated otherwise) and an amplitude of 50 mm at 28 °C in darkness for two days. For the inoculation of the main culture 300 µL of the pre-culture were transferred to another 250 mL baffled shaking flask with 50 mL GYM medium. The main culture was incubated under the same conditions for ten days. All experiments were conducted in triplicates.

Determination of dissolved oxygen tension
In some cultivation approaches the dissolved oxygen tension (DOT) in the cultivation broth was determined. For acquisition of these data a shake flask reader (PreSens Precision Sensing GmbH, Regensburg, Germany) was utilized. The shaking flasks were equipped with oxygen sensor spots and the DOT data were collected by the shake flask reader software V2.0.0 (PreSens Precision Sensing GmbH, Regensburg, Deutschland) via Bluetooth.

Rebeccamycin and cell dry weight quantification
20 mL of cultivation broth were used for rebeccamycin extraction by adding 5 mL ethyl acetate followed by incubation in an overhead shaker (Intelli-Mixer RM-2 M, LTF Labortechnik, Wasserburg, Germany) for 60 min. The sample was then centrifuged at 4000 min-1 for 10 min (Heraeus Varifuge 3.0R, Thermo Fisher Scientific, Waltham, USA) and the ethyl acetate phase removed and used for analytic HPLC measurements as described in a previous study (Schrinner et al., 2020). The cell dry weight concentration (CDW) was determined gravimetrically by filtration through filter papers. Since the beads used in this study sedimented quickly, it was possible to take samples of the culture broth without transferring any beads. The method has been described in more detail previously (Schrinner et al., 2020). For a better overview of the data in the graphs the averaged yield coefficient was calculated by dividing the rebeccamycin concentration by the cell dry weight concentration after ten days of cultivation.

Macroparticles
Glass (type S and micro glass beads, soda-lime glass) and ceramic (type Z, zirconium silicate) beads as macroparticles were purchased from Sigmund Lindner GmbH (Warmensteinach, Germany). Details on the bead size and density are given in Table 1. For simplicity, the macroparticles will be referred to by the given mean particle size in the following. Beads were either supplemented in certain weight concentrations, which are indicated with the corresponding results, or at a defined bead number calculated from the bead density and size (Table1).

Lecithin supplementation
Soy lecithin was purchased from MP Biomedicals (Eschwege, Germany). A stock solution of 50 g L-1 lecithin was prepared and diluted with water to set the desired concentration in the shaking flask. 40 mL of a concentrated GYM medium with 20 % less water were then added to result in a total filling volume of 50 mL. Inoculation and incubation were performed as described above.

Results and Discussion
Variation of stress energy and stress frequency
[bookmark: _Hlk64889913][bookmark: _Hlk64890060]In this study, shaker frequency, bead size, bead number and bead density were varied to systematically investigate the influence of different SEb,sh and SFb,sh on the production of rebeccamycin. An overview of all experimental parameter combinations together with the calculated values of SEb,sh (eq. (3)) and SFb,sh (eq. (4)) is given in Table 2a and Table2b. For example, SEb,sh and SFb,sh were calculated for different glass bead diameters in a concentration of 100 g L-1 at different shaking frequencies of 100 and 160 min-1 (Table 2a). With increasing glass bead diameter SEb,sh increases while SFb,sh decreases. These parameters were furthermore calculated for a constant glass bead number (Table 2a) as well as different concentrations of glass and ceramic beads (Table 2b). The parameters from this table will be discussed in more detail with the results of the experimental approaches below. The number of particles required for the calculation of SFb,sh was derived from the mass concentration of the beads, the liquid volume and the mean bead size x̅3.2.
These characteristic numbers can currently only provide a first qualitative comparison between different cultivations, since the exact dependencies of the characteristic numbers from experimental parameters are not known yet. It should be noted that the modelled SEb,sh are a measure for the maximal value of SE as it was also shown to be very useful in comminution processes (Beinert et al., 2015; Kwade, 2003). In reality, SEb,sh is determined by the distribution of the relative velocities between two colliding beads or a bead and the shaking flask wall. Therefore, the distribution of SE as well as the associated mean values will be determined by using CFD-DEM simulations in the future.

Variation of particle number
[bookmark: _Hlk64890314]For the variation of SFb,sh, with at the same time constant SEb,sh, the concentration (or number) of particles in a cultivation of L. aerocolonigenes can be varied. Thus, a mean glass bead diameter of 969 µm was chosen to be used in different mass concentrations between 25 and 150 g L-1 corresponding to volume concentrations between 10 - 60 mL L‑1, respectively (see Table 2b), since this glass bead diameter generally led to a high rebeccamycin concentration in earlier studies under the same conditions (Schrader et al., 2019; Schrinner et al., 2020). The resulting rebeccamycin and CDW concentrations are presented in Figure 1. An unsupplemented control cultivation (glass bead concentration of 0 g L‑1) was added for comparison. During the addition of glass beads, the CDW increased. A maximal CDW of 4.3 g L‑1 at a 50 g L‑1 glass bead concentration was achieved. Hereinafter the CDW was rather constant and decreasing at a glass bead concentration of 150 g L‑1. The rebeccamycin concentration increased until a glass particle concentration of 100 g L‑1 with approximately 121 mg L‑1 rebeccamycin and decreased for 125 and 150 g L‑1 glass bead concentrations. A similar course can be observed for the averaged yield coefficient. Without glass bead supplementation a rebeccamycin titer of only 45 mg L‑1 was achieved. By variation of the glass bead concentration, SFb,sh was increased with increasing glass bead concentration. At first the rebeccamycin concentration was increasing correspondingly. After a certain point, in this case beyond a particle concentration of 100 g L-1, SFb,sh was probably too high causing more stress events in shorter intervals. This either deteriorated growth or metabolic processes in L. aerocolonigenes, which in turn caused a decrease of the rebeccamycin concentration. The lower CDW at a glass bead concentration of 150 g L‑1, at which the rebeccamycin concentration was already decreased, suggests the occurrence of cell destruction or growth inhibition.
Different amounts of glass beads were already supplemented in cultivations of Streptomyces hygroscopicus var. geldanus for geldanamycin production (Dobson et al., 2008). In this case the highest number of 55 glass beads with a diameter of 5 mm led to the highest geldanamycin concentration. The course was similar to the results in the present study, with increasing particle concentration or number, the product concentration increases. Only after a certain point, which in this case was a concentration of 125 g L-1, the product concentration was decreasing. However, larger amounts than 55 glass beads to examine for further production increases were not tested by Dobson et al. (2008).

Variation of macroparticle diameter
As mentioned above, Schrader et al. (2019) already investigated the effects of different glass bead diameters. However, in that case not only the glass bead diameter was varied but also the glass bead number since the same weight concentration was used for each size. Hence, both SEb,sh and SFb,sh were varied. In order to investigate the influence of the glass bead diameter without changing SFb,sh, the same number of particles for each diameter needs to be supplemented. Figure 2 shows the CDW and rebeccamycin concentrations with 4200 glass beads added per shaking flask for different diameters up to a mean diameter of 1513 µm. No coarser glass beads were added since particles already took up a very large volume of 152.3 mL L-1 at this point (compare Table 1). An unsupplemented control cultivation (mean glass bead diameter of 0 µm) was added for comparison. The CDW did not show a distinct trend and mostly fluctuated around 3.5 g L‑1. However, the rebeccamycin concentration increased up to a mean glass bead diameter of 969 µm and decreased afterwards. This can also be observed for the averaged yield coefficient. A similar course as observed in Schrader et al. (2019). In the present study the differences between the rebeccamycin concentrations using different glass bead diameters were much more pronounced due to the constant bead numbers. This was likely caused by a lower SFb,sh for smaller glass beads due to lower glass bead numbers compared to the approach by Schrader et al. (2019). In that study, the decreasing SEb,sh with decreasing glass bead diameter was surely partially compensated by an increasing SFb,sh.
[bookmark: _Hlk64890963]SEb,sh increases with increasing glass bead diameter as can be seen in Table 2a. Since the glass bead number was equal in all approaches, the differences were mainly caused by changes in SEb,sh. In eq. (3) the glass bead diameter affects SEb,sh to the power of three, meaning that the glass bead diameter is a significant influencing factor. The addition of glass beads with a mean diameter of 282 µm resulted in about 24 mg L‑1 rebeccamycin while the same number of 969 µm glass beads led to around 98 mg L‑1 rebeccamycin. Hence, the alteration of SEb,sh by different diameters with a constant particle number greatly affects rebeccamycin titers.

Variation of macroparticle density
In a further approach the particle density was changed by adding ceramic beads (ρ = 3800 kg m-3) with an approximately 1,5-fold higher density (Table 1) than that of glass beads (ρ = 2500 kg m-3) to the cultivation. Ceramic beads with a mean diameter of 918 µm were used in different concentrations between 25 and 100 g L‑1 (6.6 - 26.3 mL L‑1, see Table 2b) (Figure 1). This particle size was chosen due to the similar size of the glass beads with a mean diameter of 969 µm used in Figure 3. An unsupplemented control cultivation (ceramic bead concentration of 0 µm) was added for comparison. The CDW of L. aerocolonigenes was decreasing with increasing ceramic bead concentration. The rebeccamycin concentration was increasing until a ceramic bead concentration of 50 g L‑1 with 56 mg L‑1 rebeccamycin and was decreasing for higher ceramic bead concentrations. For the addition of similarly sized glass beads, a concentration of 100 g L‑1 indicated to be most beneficial in regard to rebeccamycin titer. For ceramic beads the optimal mass concentration of particles with a similar size was only half the value. Considering volume concentrations, the differences are even larger with 40.0 mL L-1 for glass beads and only 13.2 mL L-1 for ceramic beads (Table 2b). Therefore, if the particle density is changed and the mass concentration is constant, the particle number also differs. This means both SEb,sh and SFb,sh are influenced. For the same particle number of ceramic beads which are included in 100 g L‑1 glass beads, a concentration of approximately 130 g L‑1 would be required (due to the slightly smaller mean diameter of the ceramic beads it is not the 1.5-fold mass concentration). Hence, increased SEb,sh by an increased particle density can be partly compensated by the reduction of another parameter, for example the particle number, for maximizing rebeccamycin titers at this SEb,sh. However, the difference between SEb,sh (Table 2b) for glass beads with 0.594 µJ and for ceramic beads with 0.767 µJ seems not high enough to create this kind of compensation. In this case the use of a rather simple approach of the comparison of SEb,sh is not sufficient to describe the differences of glass and ceramic beads in cultivation as probably the motion behavior of the beads depends on their density. Here, CFD-DEM simulations could shed light on the underlying differences during cultivation, as these take into account the increased centrifugal forces at higher particle densities.

Variation of shaking frequency
Another possibility for SEb,sh variation is the cultivation at different shaking frequencies. In cultivations of L. aerocolonigenes in shake flasks presented above, a shaking frequency of 120 min‑1 was used. To investigate the influence of the shaking frequency with glass bead addition on the rebeccamycin production, cultivations with different shaking frequencies of 100 and 160 min‑1 were performed. The CDW and rebeccamycin concentrations of these approaches are displayed in Figure 4. At both frequencies different glass bead diameters at a concentration of 100 g L‑1 were added. The shaking frequencies of 100 and 160 min‑1 were chosen for cultivation to investigate the effects of lower and higher frequencies in comparison to usual cultivation of L. aerocolonigenes with a shaking frequency of 120 min‑1. With a shaking frequency of 100 min‑1 (Figure 4a) the induced SEb,sh and in parallel also the active SFb,sh are lower compared to an equivalent cultivation at 120 min‑1 (Table 2a). With different glass bead diameters supplemented, a shift of the highest rebeccamycin titer to a larger glass bead size was expected since this might compensate for the reduced shaking frequency. If the mean glass bead diameter of 969 µm is considered to lead to maximal rebeccamycin titers at a bead concentration of 100 g L‑1 and a shaking frequency of 120 min‑1 (Schrader et al., 2019), the expected shift can be observed in this approach (Figure 4a). At 100 min‑1 the addition of 969 µm glass beads resulted in a rebeccamycin concentration of 63 mg L‑1, whereas the addition of 1183 µm glass beads led to 72 mg L‑1 rebeccamycin. When looking at the calculated averaged yield coefficient, this shift is also visible. Significant differences in the CDWs for the different particle diameters were not observed.
With a shaking frequency of 160 min‑1 (Figure 4b), SEb,sh and SFb,sh is increased compared to conventional cultivations at 120 min-1 (Table 2a). Concluding from the cultivation at 100 min‑1, a shift to a smaller bead diameter than 969 µm would be expected. However, due to large standard deviations at smaller mean diameters of 658 and 540 µm this shift can neither be clearly confirmed nor disproved. At a mean glass bead diameter of 969 µm 140 mg L‑1 rebeccamycin were produced. The total values of rebeccamycin titers differ significantly from the results in Figure 4a. However, they are not directly comparable since the cultivations are two different biological approaches from two different pre-cultures. However, what can be clearly observed in this approach are very low CDWs and rebeccamycin concentrations with addition of the largest mean glass bead diameters of 1746 and 1932 µm (13 and 4 mg L‑1 rebeccamycin, respectively). In cultivations with lower shaking frequencies described above these coarse glass beads did not result in such low rebeccamycin titers compared to the maximum and especially the CDWs were not as low with only 1.9 or 0.7 g L‑1. These results indicate that SEb,sh for these glass bead sizes is too high. SEb,sh at 120 min‑1 of 1932 µm glass beads is 4.704 µJ while for the same glass beads at 160 min-1 SEb,sh is almost doubled with 8.363 µJ (Table 2a). This could result in cell destruction or even growth inhibition, which in turn reduces production. Since additionally to the application of large glass beads the shaking frequency was increased, both SEb,sh and SFb,sh were increased and, thus, were higher compared to a regular cultivation at 120 min‑1.
The dissolved oxygen tension (DOT) during cultivation differed for the different shaking frequencies (Figure 4c). The DOT for 100, 120 and 160 min-1 is displayed over a cultivation time of 10 days. The minimal DOT was 75 % for 160 min-1, 55 % for 120 min-1 and 43 % for 100 min-1. No oxygen limitations were observed suggesting that the mechanical stress induced by different shaking frequencies is a main reason for the differences in the cultivations described above.
Overall, the CDW for small and medium bead size measurements is rather similar for different SEb,sh and SFb,sh. However, for the three coarser bead sizes and, thus, highest SEb,sh and an increased SFb,sh compared to a lower shaking frequency of 100 min‑1 a decreased CDW was observed. Cell destruction or growth inhibition could be a reason for this effect. The mostly similar CDW in the approaches supports the idea that the effects of glass beads are not biomass-related, as already indicated by Schrinner et al. (2020). Further aspects such as changes in micro-morphology or the inner pellet structure could be of interest in this case (Schrinner et al., 2020). Furthermore, in different Streptomyces spp. a first mycelium is observed, then programmed cell death takes place followed by the differentiation to another secondary metabolite producing mycelium (Manteca et al., 2019; Manteca & Yagüe, 2018). This differentiation could also apply for L. aerocolonigenes and since it is initiated by programmed cell death, the addition of macroparticles would benefit this process.

Macroparticle-enhanced cultivation combined with soy lecithin supplementation
Soy lecithin supplementation with L. aerocolonigenes
The addition of lecithin to cultivations of different actinomycetes isolated from soil was beneficial in previous studies regarding product formation (Adelson et al., 1957; Brock, 1956; Choi & Cho, 2004; Schatz et al., 1956). Due to the positive effects for similar microorganisms as L. aerocolonigenes lecithin supplemented cultivations were performed.
The addition of soy lecithin to the cultivation of L. aerocolonigenes was first conducted in different concentrations between 0 and 10 g L‑1 (Figure 5). This provides an overview of whether lecithin is beneficial and how much lecithin needs to be reasonably added for further cultivations that are described below.
The CDW increased with increasing lecithin concentration. The addition of 2.5 g L‑1 lecithin nearly doubled the biomass compared to an unsupplemented control, 10 g L‑1 lecithin even resulted in an almost 3-fold CDW. The rebeccamycin titer, however, increased until 7.5 g L‑1 lecithin (with about 103 mg L‑1 rebeccamycin) and is significantly lower for 10 g L‑1 lecithin. The rebeccamycin concentration of 18 mg L‑1 for the approach with addition of 10 g L‑1 lecithin was similar to the rebeccamycin concentration in the unsupplemented control with 15 mg L‑1 rebeccamycin. This course can also be observed for the averaged yield coefficient. The increasing CDW indicates the metabolization of lecithin as an additional carbon source leading to enhanced growth. Higher CDWs can produce higher amounts of rebeccamycin, explaining the increasing rebeccamycin titer with increasing lecithin concentration. The decreased rebeccamycin titer for 10 g L‑1 lecithin might be explained with a prolonged exponential growth due to larger amounts of substrate. Since rebeccamycin is a secondary metabolite and is only produced after substrate deprivation, this could lead to a delayed start of rebeccamycin production. To further investigate this hypothesis, the growth kinetics of a cultivation without and with 5 g L-1 soy lecithin were compared (Figure 6). Additionally, 100 g L-1 of 969 µm glass beads were supplemented in both apporaches.
Both approaches showed a similar course of CDW, but the lecithin supplementation resulted in higher overall concentrations (Figure 6a). The glucose consumption was slower for the lecithin supplemented approach. The glucose was fully depleted after 3 days, whereas without lecithin the glucose was nearly completely depleted after 2 days (Figure 6b). This influenced the start of the rebeccamycin formation. Without lecithin addition the first amounts of rebeccamycin were measured on day 4 of cultivation while the addition of lecithin led to a delayed rebeccamycin formation starting on day 5 (Figure 6b). Although this delay in glucose depletion and rebeccamycin formation is proposed to be caused by lecithin acting as an additional substrate, further effects, such as a feedback inhibition, cannot be excluded with the presented results. However, in the lecithin supplemented approach the rebeccamycin concentration then increased faster and to significantly higher concentrations (259 mg L‑1 vs. 79 mg L‑1 on day 10). The increased biomass growth with lecithin was in accordance with a greater decrease in the dissolved oxygen tension (DOT) (Figure 6c). The minimal DOT value without lecithin was approximately 65 % whereas more biomass due to lecithin addition resulted in a minimal value of about 45 %. Furthermore, the increase of the DOT at the end of the exponential growth phase between day 2 and 3 was slower for the lecithin addition. These results support the hypothesis of a prolonged exponential growth of L. aerocolonigenes with lecithin addition. Since more oxygen is consumed by the microorganism in the exponential growth phase the DOT significantly decreases in this time period. The DOT increases after this phase since the growth is slowed down. Hence, a faster increase of the DOT can indicate a rather abrupt growth slowdown. The specific rebeccamycin productivity qP (Figure 6c) was additionally calculated. Without lecithin addition the maximum specific productivity was reached on day 5 with around 6.1 mg g-1 d-1. With lecithin addition the specific productivity was highest on day 6 with around 10.5 mg g-1 d-1. Here again a delay in the rebeccamycin production with lecithin addition compared to an unsupplemented approach was observed, but also a higher maximum specific productivity.
Brock (1956) investigated the influence of different oils and fatty acids on the filipin production in Streptomyces filipinensis. Among others, the effect of addition of a vegetable and an animal-based lecithin was investigated. Both supplementations led to an increased product concentration during cultivation compared to the cultivation approach with glucose added as carbon source. The vegetable lecithin even led to a two-fold higher filipin concentration than the animal lecithin. The lecithin, which was chosen in the current study to increase rebeccamycin production was derived from soybean and might therefore potentially lead to higher product titers than animal lecithin. Lam et al. (1989) investigated different carbon sources for L. aerocolonigenes and found starch, which is also a plant-based compound, to be most beneficial in regard to rebeccamycin production. Choi and Cho (2004) added lecithin to cultivations of Streptomyces lincolnensis and thereby increased lincomycin production. Adelson et al. (1957) used lecithin in cultivations of a soil actinomycete as it provided fast and abundant growth accompanied by an increased oxygen uptake, as also observed for L. aerocolonigenes in this study.

Combination of soy lecithin supplementation with macroparticle addition
In Figure 5 the addition of  5 and 7.5 g L-1 of lecithin led to around 100 mg L-1 of rebeccamycin, which is a rather high product titer compared to literature data with mostly 10 – 50 mg/L (see Pommerehne et al. (2019)Fehler! Verweisquelle konnte nicht gefunden werden.). Since lecithin acts as a suitable additional carbon source, the combination of lecithin supplementation and mechanical stress caused by glass beads could lead to even higher rebeccamycin titers as both methods employ different mode of actions for an increased rebeccamycin production. Glass beads with a diameter of 969 µm were already added in the cultivation approach for which the results are shown in Figure 6. In that case, the final rebeccamycin concentration with 5 g L-1 lecithin and glass bead supplementation was even higher with 259 mg L‑1. However, since both experiments are different biological approaches started from different pre-cultures, a direct comparison is not entirely reasonable. Therefore, a direct comparison with and without glass beads and different concentrations of lecithin starting from the same pre-culture was conducted for reliable results (Figure 7). The CDW increased with increasing lecithin concentration. For the addition of 5 g L-1 of lecithin, the CDW of the cultivation with glass beads is lower than of the cultivation without glass beads, whereas for 10 g L-1 lecithin a similar level was observed. The rebeccamycin concentration for the cultivation with 5 g L-1 lecithin and no glass beads was around 220 mg L-1 and was therefore significantly higher than the cultivation without lecithin and no glass beads with only 59 mg L‑1 rebeccamycin. However, a combination of 5 g L-1 lecithin and 100 g L-1 glass beads ( = 969 µm) further increased the rebeccamycin concentration up to a very high value of 388 mg L-1. For 10 g L-1 lecithin addition the rebeccamycin concentration was clearly lower for both approaches. Furthermore, the averaged  yield coefficient is higher for both approaches with the combination of lecithin and glass beads compared to approaches in which only lecithin was supplemented. This was likely the effect of a delayed start of the rebeccamycin production due to larger amounts of substrate, as it was suggested by the results shown in Figure 6. However, further effects can not be completely excluded by the presented results at this point.
In this approach the favorable substrate soy lecithin was combined with glass macroparticle addition and resulted in an extremely high rebeccamycin concentration. The highest rebeccamycin titer in shaking flasks achieved in literature was 183 mg L‑1 (Nettleton, Jr.et al., 1985; Pommerehne et al., 2019). The given 388 mg L-1 rebeccamycin by addition of lecithin and glass particles is more than a two-fold increase compared to this literature value.
Looking at the microscopic images of L. aerocolonigenes pellets in Figure 8 some differences between the above described approaches become apparent. Without glass bead addition, pellets from the unsupplemented cultivation and the cultivation with 5 g L‑1 lecithin (Figure 8a and Figure 8b) looked similar. However, the combination of 100 g L-1 glass beads and 5 g L‑1 soy lecithin resulted in pellets that, in some cases, appeared less dense. This can be observed by a lighter color in the microscopic images (Figure 8c). At a higher magnification (Figure 8d) a dense core and a less dense peripheral area of these pellets were visible. These pellets suggest changes in the micro-morphology or the inner pellet structure that might be connected to the significantly increased rebeccamycin formation.

Conclusions and future perspectives
The addition of macroparticles (e.g., glass beads) to cultivations of the filamentous growing actinomycete L. aerocolonigenes can significantly enhance the rebeccamycin concentration. Walisko et al. (2017) proposed the mechanical stress induced on the microorganism by the beads to be responsible for the increased product concentration. Hence, this study was performed to be a systematic investigation of different parameters for macroparticle addition, such as bead diameter, concentration and density as well as shaking frequency, for a better understanding of the particle induced stress on L. aerocolonigenes. The proper level of particle induced stress for optimal rebeccamycin production can be estimated by a combination of stress energy and stress frequency. Different combinations of these parameters are possible to achieve high a rebeccamycin concentration during cultivation. Regarding different concentrations of 969 µm glass beads being added in a cultivation approach, only the stress frequency of beads inside a shaking flask (SFb,sh) is varied. If it was reduced or increased compared to the optimum, the resulting rebeccamycin concentration decreased. In case of a reduction of the shaking frequency from 120 to 100 min-1 SFb,sh was reduced but the highest rebeccamycin concentration was achieved at a larger glass bead size (1135 instead of 969 µm), which is an increase of stress energy of beads inside a shaking flask (SEb,sh). Here, a decrease of one and increase of the other parameter are still result in a high rebeccamycin concentration.
This study represents the basis for additional studies to quantify and model SEb,sh and SFb,sh in dependence of the cultivation parameters by the CFD-DEM-simulation method developed by Schrader et al. (2019). In future, these simulation results will allow a direct link of SEb,sh and SFb,sh with the new cultivation results. Based on this, model relationships between mechanical stress and the influence on the cultivation of filamentous microorganisms will be derived.
The combination of a macroparticle-enhanced cultivation (100 g L-1 glass beads with  = 969 µm) and an additional soy lecithin supplementation of 5 g L-1 showed to further increase the rebeccamycin titer, resulting in the highest rebeccamycin concentration of 388 mg L-1 reported in literature in the shake flask scale (Pommerehne et al., 2019). Both approaches influence the cultivation in different ways and do not affect each other negatively.
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Nomenclature
	CDW
	Cell dry weight concentration (g L-1)

	DOT
	Dissolved oxygen tension (%)

	dgm
	Grinding medium diameter (m)

	dsf
	Shaking flask diameter (m)

	Espec
	Specific energy (J)

	fsh
	Shaker frequency (s‑1)

	nb
	Number of beads (-)

	qP
	Specific rebeccamycin productivity (mg g-1 d-1)

	SE
	Stress energy (J)

	SEgm
	Stress energy of the grinding medium (J)

	SEb,sh
	[bookmark: _Hlk64889129]Stress energy of beads inside a shaking flask (J)

	SF
	Stress frequency (s-1)

	SFb,sh
	Stress frequency of beads inside a shaking flask (-)

	SN
	Stress number (-)

	t
	Time (s)

	ush
	Shaking velocity (m s‑1)

	ut
	Stirrer tip speed (m s‑1)

	x̅3,2
	Mean bead diameter (m)

	ρgm
	Grinding medium density (kg m‑3)



References
[bookmark: _CTVL0014d397df60e7d441086679ec5c95fde17]Adelson, L. M., Schatz, A., & Trelawny, G. S. (1957). Metabolism of lipids and lipid derivatives by a soil actinomycete. J Bacteriol, 73(2), 148–153.
[bookmark: _CTVL00178930c2ffa52486c9e905ec7255ec970]Beinert, S., Fragnière, G., Schilde, C., & Kwade, A. (2015). Analysis and modelling of bead contacts in wet-operating stirred media and planetary ball mills with CFD–DEM simulations. Chem Eng Sci, 134(5), 648–662. https://doi.org/10.1016/j.ces.2015.05.063
[bookmark: _CTVL0017178f85557f9450aacc7d8ef3383ba11]Brock, T. D. (1956). The effect of oils and fatty acids on the production of filipin. Appl Microbiol, 4(3), 131–133.
[bookmark: _CTVL00169c68437c90747acbb19cf362323511f]Burstein, H. J., Overmoyer, B., Gelman, R., Silverman, P., Savoie, J., Clarke, K., Dumadag, L., Younger, J., Ivy, P., & Winer, E. P. (2007). Rebeccamycin analog for refractory breast cancer: A randomized phase II trial of dosing schedules. Invest New Drug, 25(2), 161–164. https://doi.org/10.1007/s10637-006-9007-6
[bookmark: _CTVL0011d56ab51cc0a4572a68d766a9eef4192]Bush, J. A., Long, B. H., Catino, J. J., & Bradner, W. T. (1987). Production and biological activity of rebeccamycin, a novel antitumor agent. J Antibiot, 40(5), 668–678. https://doi.org/10.7164/antibiotics.40.668
[bookmark: _CTVL001d1ac4c3d4ceb45dea7dd8d1022d2065d]Choi, D. B., & Cho, K. (2004). Effect of carbon source consumption rate on lincomycin production from Streptomyces lincolnensis. J Microbiol Biotechnol, 14(3), 532–539.
[bookmark: _CTVL0013880979f45af41bcb3cfecb0149f492b]Dobson, L. F., O’Cleirigh, C. C., & O’Shea, D. G. (2008). The influence of morphology on geldanamycin production in submerged fermentations of Streptomyces hygroscopicus var. Geldanus. Appl Microbiol Biot, 79(5), 859–866. https://doi.org/10.1007/s00253-008-1493-3
[bookmark: _CTVL0010241b7c06460472b8c807c03b3207e64]Genilloud, O. (2017). Actinomycetes: Still a source of novel antibiotics. Nat Prod Rep, 34(10), 1203–1232. https://doi.org/10.1039/c7np00026j
[bookmark: _CTVL0018d68b0ed4b444e3e86ad24dea3d9b36c]Goel, S., Wadler, S., Hoffman, A., Volterra, F., Baker, C., Nazario, E., Ivy, P., Silverman, A., & Mani, S. (2003). A phase II study of rebeccamycin analog NSC 655649 in patients with metastatic colorectal cancer. Invest New Drug, 21(1), 103–107. https://doi.org/10.1023/A:1022980613420
[bookmark: _CTVL001a4f90316712b44278729131456936570]Holtmann, D., Vernen, F., Müller, J. M., Kaden, D., Risse, J. M., Friehs, K., Dähne, L., Stratmann, A., & Schrader, J. (2017). Effects of particle addition to Streptomyces cultivations to optimize the production of actinorhodin and streptavidin. Sustain Chem Pharm, 5, 67–71. https://doi.org/10.1016/j.scp.2016.09.001
[bookmark: _CTVL0011ce23b8620f84b98ae78ad200fedd2bf]Hotop, S., Möller, J., Niehoff, J., & Schügerl, K. (1993). Influence of the preculture conditions on the pellet size distribution of Penicillium chrysogenum cultivations. Process Biochem, 28(2), 99–104. https://doi.org/10.1016/0032-9592(93)80013-7
[bookmark: _CTVL0014d9fbca9ee624949b431aef05a1dca01]Kwade, A. (2003). A stressing model for the description and optimization of grinding processes. Chem Eng Technol, 26(2), 199–205. https://doi.org/10.1002/ceat.200390029
[bookmark: _CTVL001a267412f50724069a524b36e12c2c26d]Kwade, A., & Schwedes, J. (1997). Wet comminution in stirred media mills. KONA, 15(0), 91–102. https://doi.org/10.14356/kona.1997013
[bookmark: _CTVL001a146884361ca4ef09bd553cbb8014e26]Lam, K. S., Mattei, J., & Forenza, S. (1989). Carbon catabolite regulation of rebeccamycin production in Saccharothrix aerocolonigenes. J Ind Microbiol, 4(2), 105–108. https://doi.org/10.1007/BF01569794
[bookmark: _CTVL00153f312ae61a64b9cbda8c591fe40e4ee]Lee, H. H., Song, Y. S., & Kim, S. W. (2010). Improvement of cephalosporin C production by Acremonium chrysogenum M35 in submerged culture with glass beads or silicone rubber. Korean J Chem Eng, 27(2), 570–575. https://doi.org/10.1007/s11814-010-0108-8
[bookmark: _CTVL0018cbb130717264b3fabf41e3ad7dee684]Manteca, A., Rioseras, B., González-Quiñónez, N., Fernández-García, G., & Yagüe, P. (2019). Mycelium differentiation and development of Streptomyces in liquid nonsporulating cultures: Programmed cell death, differentiation, and lysis condition secondary metabolite production. In M. Mishra (Ed.), Growing and Handling of Bacterial Cultures. IntechOpen. https://doi.org/10.5772/intechopen.84182
[bookmark: _CTVL0012b898a9bd4c24b099633ca1a8efd3e0b]Manteca, Á., & Yagüe, P. (2018). Streptomyces differentiation in liquid cultures as a trigger of secondary metabolism. Antibiotics (Basel, Switzerland), 7(2). https://doi.org/10.3390/antibiotics7020041
[bookmark: _CTVL001ac90e877afc043ca81d4f63eb6e80fbd]Nettleton, D. E., Jr., Bush, J. A., Bradner, W. T., & Doyle, T. W. (1985) US 4552842 A. USA.
[bookmark: _CTVL001fb80ea8b80ae4363b41981437e10eee2]Ochi, K. (1986). Occurrence of the stringent response in Streptomyces sp. and its significance for the initiation of morphological and physiological differentiation. J Gen Microbiol, 132(9), 2621–2631. https://doi.org/10.1099/00221287-132-9-2621
[bookmark: _CTVL001e643baac86704f559dacb4ed98113f86]Palacios-Morales, C., Aguayo-Vallejo, J. P., Trujillo-Roldán, M. A., Zenit, R., Ascanio, G., & Córdova-Aguilar, M. S. (2016). The flow inside shaking flasks and its implication for mycelial cultures. Chem Eng Sci, 152, 163–171. https://doi.org/10.1016/j.ces.2016.06.016
[bookmark: _CTVL001431e69e939e4444d803f3e73f578a602]Pommerehne, K., Walisko, J., Ebersbach, A., & Krull, R. (2019). The antitumor antibiotic rebeccamycin-challenges and advanced approaches in production processes. Appl Microbiol Biot, 103(9), 3627–3636. https://doi.org/10.1007/s00253-019-09741-y
[bookmark: _CTVL001e8bf07939cb044b2a1eb9a146091e360]Schatz, A., Adelson, L. M., & Trelawny, G. S. (1956). Phospholipids and related substances as growth substrates for soil microorganisms. Appl Microbiol, 4(5), 223–228.
[bookmark: _CTVL001acebe932a14e42658399e306521deef6]Schrader, M., Pommerehne, K., Wolf, S., Finke, B., Schilde, C., Kampen, I., Lichtenegger, T., Krull, R., & Kwade, A. (2019). Design of a CFD-DEM-based method for mechanical stress calculation and its application to glass bead-enhanced cultivations of filamentous Lentzea aerocolonigenes. Biochem Eng J, 148, 116–130. https://doi.org/10.1016/j.bej.2019.04.014
[bookmark: _CTVL0012a7ddd098de9441082f74273f9af704b]Schrinner, K., Veiter, L., Schmideder, S., Doppler, P., Schrader, M., Münch, N., Althof, K., Kwade, A., Briesen, H., Herwig, C., & Krull, R. (2020). Morphological and physiological characterization of filamentous Lentzea aerocolonigenes: Comparison of biopellets by microscopy and flow cytometry. PloS One, 15(6), e0234125. https://doi.org/10.1371/journal.pone.0234125
[bookmark: _CTVL001f97567d29be44f9d9995f22536c8e1d6]Schwandt, A., Mekhail, T., Halmos, B., O’Brien, T., Ma, P. C., Fu, P., Ivy, P., & Dowlati, A. (2012). Phase-II trial of rebeccamycin analog, a dual topoisomerase-I and -II inhibitor, in relapsed “sensitive” small cell lung cancer. J Thorac Oncol, 7(4), 751–754. https://doi.org/10.1097/JTO.0b013e31824abca2
[bookmark: _CTVL001d3ee98365ac54f6c98cacafc00741799]Sohoni, S. V., Bapat, P. M., & Lantz, A. E. (2012). Robust, small-scale cultivation platform for Streptomyces coelicolor. Microb Cell Fact, 11, 9. https://doi.org/10.1186/1475-2859-11-9
[bookmark: _CTVL001a1366d534df849a187761cf980edf6b6]Walisko, J., Vernen, F., Pommerehne, K., Richter, G., Terfehr, J., Kaden, D., Dähne, L., Holtmann, D., & Krull, R. (2017). Particle-based production of antibiotic rebeccamycin with Lechevalieria aerocolonigenes. Process Biochem, 53, 1–9. https://doi.org/10.1016/j.procbio.2016.11.017
[bookmark: _CTVL0013ce2676ff3d748a4a4d72b7c01ce0371]Walisko, R., Moench-Tegeder, J., Blotenberg, J., Wucherpfennig, T., & Krull, R. (2015). The taming of the shrew - Controlling the morphology of filamentous eukaryotic and prokaryotic microorganisms. Adv Biochem Eng Biotechnol, 149, 1–27. https://doi.org/10.1007/10_2015_322
[bookmark: _CTVL0019e1f866ead404a2a9ab0081ef7a67ecd]Whitaker, A. (1992). Actinomycetes in submerged culture. Appl Biochem Biotechnol, 32, 23–35. https://doi.org/10.1007/BF02922146
[bookmark: _CTVL001a48f20999e044aa2bade202760ec6db3]Wucherpfennig, T., Kiep, K. A., Driouch, H., Wittmann, C., & Krull, R. (2010). Morphology and rheology in filamentous cultivations. In A. I. Laskin, S. Sariaslani, & G. M. Gadd (Eds.), Advances in Applied Microbiology. Advances in Applied Microbiology (Vol. 72, pp. 89–136). Elsevier. https://doi.org/10.1016/S0065-2164(10)72004-9

Table 1: Particle size range as given by manufacturer and mean particle size x̅3,2 (calculation see Schrader et al. (2019)) of supplemented glass and ceramic beads as well as the calculated mass and volume concentration for 4200 beads.
	Particle size range
[µm]
	Mean particle size x̅3,2 [µm]
	Mass concentration
[g L‑1]
	Volume concentration [mL L‑1]

	[bookmark: _Hlk73361041]Glass beads (ρ = 2500 kg m-3)

	200 –   300
	282
	 2.5
	1.0

	400 –   600
	540
	17.3
	6.9

	500 –   750
	658
	31.3
	12.5

	 750 – 1000
	969
	100.0
	40.0

	1000 – 1300
	1183
	182.0
	72.8

	1250 – 1650
	1513
	380.8
	152.3

	1550 – 1850
	1746
	585.3
	234.1

	1700 – 2100
	1932
	792.9
	317.2

	Ceramic beads (ρ = 3800 kg m-3)

	800 - 1000
	918
	25 – 100*
	6.6 – 26.3*


*): see Table 2b


Table 2a: Overview about characteristic numbers SEb,sh and SFb,sh for different shaking frequencies and glass bead diameters.
	Shaking frequency [min-1]
	100
	120
	160

	Bead concentration  [g L-1]  
	100 
	Varying (see Tab. 1)
	100

	Glass bead size x̅3,2
	SEb,sh
	SFb,sh
	SEb,sh
	SFb,sh (const.)
	SEb,sh
	SFb,sh

	[µm]
	[µJ]
	[s-1]
	[µJ]
	[s-1]
	[µJ]
	[s-1]

	  282
	0.010
	283879
	0.015
	8400
	0.026
	454206

	  540
	0.071
	40430
	0.103
	
	0.183
	64687

	  658
	0.129
	22346
	0.186
	
	0.330
	35754

	  969
	0.412
	6997
	0.594
	
	1.055
	11195

	1183
	0.750
	3845
	1.080
	
	1.920
	6152

	1513
	1.569
	1838
	2.259
	
	4.017
	2941

	1746
	2.411
	1196
	3.472
	
	6.173
	1914

	1932
	3.267
	883
	4.704
	
	8.363
	1412



Table 2b: Overview about characteristic numbers SEb,sh and SFb,sh for glass and ceramics beads at different bead concentrations and a constant shaking frequency of 120 min-1.
	Shaking frequency 120 [min-1]

	Glass beads (969 µm)
	Ceramic beads (918 µm)

	Bead concentration
	SEb,sh (const.)
	SFb,sh
	Bead concentration
	SEb,sh (const.)  
	SFb,sh

	[g L-1]
	[mL L-1]
	[µJ]
	
	[g L-1]
	[mL L-1]
	[µJ]
	[s-1]

	25.0
	10.0
	0.594
	2099
	25.0
	6.6
	0.767
	1624

	50.0
	20.0
	
	4198
	50.0
	13.2
	
	3248

	75.0
	30.0
	
	6297
	75.0
	19.7
	
	4872

	100.0
	40.0
	
	8396
	100.0
	26.3
	
	6497

	125.0
	50.0
	
	10495
	125.0
	-
	-
	-

	150.0
	60.0
	
	12595
	150.0
	-
	-
	-





Figures
[bookmark: _Hlk73360344]Figure 1: Cell dry weight concentration, rebeccamycin concentration and averaged yield coefficient of a 10-day L. aerocolonigenes cultivation with different concentrations of 969 µm glass beads.

Figure 2: Cell dry weight concentration, rebeccamycin concentration and averaged yield coefficient of a 10-day cultivation with addition of different glass bead sizes with the same glass bead number of 4200.

Figure 3: Cell dry weight concentration, rebeccamycin concentration and averaged yield coefficient of a 10-day cultivation with addition of different concentrations of 918 µm ceramic beads.

Figure 4: Cell dry weight concentration, rebeccamycin concentration and averaged yield coefficient of a 10-day cultivation with addition of different glass bead diameters with a concentration of 100 g L‑1 at different shaking frequencies of (a) 100 min‑1 and (b) 160 min‑1. For the frequencies 100, 120 and 160 min-1 (c) the DOT during cultivation is displayed.

Figure 5: Cell dry weight concentration, rebeccamycin concentration and averaged yield coefficient of a 10-day cultivation with soy lecithin supplementation in different concentrations.

Figure 6: (a) Cell dry weight concentration, (b) glucose and rebeccamycin concentrations as well as (c) dissolved oxygen tension and specific rebeccamycin productivity of a 10-day cultivation without and with 5 g L-1 soy lecithin. 100 g L-1 glass beads with a mean diameter of 969 µm were added in both approaches.

Figure 7: (a) Cell dry weight concentration, (b) rebeccamycin concentration and averaged yield coefficient of a 10-day cultivation with supplementation of soy lecithin in different concentrations up to 10 g L‑1 and 100 g L-1 glass beads with a mean diameter of 969 µm.

Figure 8: Microscopic images of L. aerocolonigenes pellets cultivated (a) without lecithin and no glass beads, (b) with 5 g L-1 lecithin and no glass beads and (c, d) with 5 g L-1 lecithin and 100 g L-1 glass beads (Ø = 969 µm) at different magnifications.
