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Abstract 24 

During heterologous protein production with E. coli, the formation of inclusion bodies (IBs) is often a major 25 

drawback as these aggregated proteins are usually inactive. However, different strategies for the generation 26 

of IBs consisting of catalytically active proteins have recently been described. In this study, the archaeal 27 

tetrameric coiled-coil domain of the cell-surface protein tetrabrachion was fused to a target reporter protein 28 

to produce fluorescent IBs (FIBs). As the cultivation conditions severely influence IB formation, the entire 29 

cultivation process resulting in the production of FIBs were thoroughly studied. First, the cultivation 30 

process was scaled down based on the maximum oxygen transfer capacity, combining online monitoring 31 

technologies for shake flasks and microtiter plates with offline sampling. The evaluation of culture 32 

conditions in complex terrific broth autoinduction medium showed strong oxygen limitation and leaky 33 

expression. Furthermore, strong acetate formation and pH changes from 6.5 to 8.8 led to sub-optimal 34 

cultivation conditions. However, in minimal Wilms-MOPS autoinduction medium defined culture 35 

conditions and a tightly controlled expression was achieved. The production of FIBs is strongly influenced 36 

by the induction strength. With increasing induction strength lower total amounts of functional protein but 37 

higher amounts of FIBs are obtained. Furthermore, to prevent the formation of conventional inactive IBs, 38 

a temperature shift from 37°C to 15°C is crucial to generate FIBs. Finally, the gained insights were 39 

transferred to a stirred tank reactor batch fermentation. Hereby, 12 g/L FIBs were produced, making up 43 40 

% (w/w) of the total generated biomass. 41 

 42 

43 
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Introduction 44 

The application of enzymes in synthetic chemistry is a promising approach due to their high specificities 45 

and stereoselectivities that are often not achieved by chemical catalysts (1, 2). Nevertheless, enzymes often 46 

lack stability under harsh process conditions like extreme pH, high temperatures, or in non-conventional 47 

reaction media that are commonly applied to enable economically feasible processes (3). Immobilization 48 

represents a common strategy to increase enzyme stability and recyclability (4-8). However, due to 49 

chromatographic purification steps during enzyme isolation and subsequent immobilization protocols, 50 

enzyme immobilization is usually laborious and therefore costly (9). Hence, it is highly important to 51 

develop generic methods for the simple and cost-efficient production of stable enzyme immobilizates. 52 

 53 

Bacterial inclusion bodies (IBs) are protein aggregates that are often formed intracellularly during high-54 

level heterologous protein production (10). These IBs can easily be purified from the culture broth. 55 

However, their lack of activity hinders utilization in biocatalysis and synthetic chemistry (11). Recently, it 56 

was demonstrated that under certain conditions, IBs can retain catalytic activity (9, 12). Amongst other 57 

strategies, the fusion of aggregation-prone tags to enzymes can induce the formation of catalytically active 58 

inclusion bodies (CatIBs). Besides CatIBs, fluorescent IBs (FIBs) have often been produced by using a 59 

fluorescent reporter protein as a target protein. Garcia-Fruitos et al. (13) fused different aggregation-prone 60 

tags to a galactosidase and two fluorescent proteins and obtained active IBs with all fusion proteins. 61 

Similarly, Nahalka and Nidetzky (14) showed that the fusion of the cellulose-binding domain of 62 

Clostridium cellulovorans to a target enzyme leads to formation of CatIBs. In the fusion strategy described 63 

by Diener et al. (15), the small (53 amino acids), tetrameric coiled-coil domain of the cell-surface protein 64 

tetrabrachion (TDoT) of the deep-sea archaeon Staphylothermus marinus is fused to different proteins. 65 

Additionally, a short flexible linker peptide is fused between the coiled-coil domain and the target protein. 66 

The linker consists of a (GGGS)3 motif and a cleavage site for the protease factor Xa (hereafter referred to 67 

as L). Diener et al. (15) showed that at least 80 % of the overall measured activity was found in CatIBs for 68 

three enzymes of increasing structural complexity (monomeric lipase A of Bacillus subtilis, dimeric 69 

Arabidopsis thaliana hydroxy nitrile lyase and a dimeric thiamine diphosphate dependent synthase of E. 70 

coli).  71 

 72 
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Existing studies comprise the engineering of aggregation-prone tags, computational predictions of 73 

polypeptide aggregation and investigations about the morphology and structure of IBs (See reviews by 74 

Krauss et al. (9), Rinas et al. (12) and de Marco et al. (16)). In a few studies, the impact of different 75 

cultivation parameters on CatIB formation has been investigated (17-22). However, depending on the 76 

aggregation-prone tag and the fusion strategy, the impact of cultivation parameters can vary regarding the 77 

amount and activity of IBs. Furthermore, most studies focus on one specific cultivation parameter, which 78 

hampers the comparability.  79 

 80 

To compare active IBs as new immobilized biocatalysts with state-of-the-art biocatalysts, competitive 81 

production processes have to be developed for efficient active IB production. However, to enable the 82 

development of production processes, knowledge about the impact of different cultivation parameters is 83 

crucial, which is currently not available for the fusion strategy described by Diener et al. (15) and others 84 

(23-27). Therefore, we have characterized the cultivation process for FIBs production with E. coli and 85 

investigated the impact of important cultivation parameters (medium composition, oxygen availability, 86 

temperature, induction strength) for active IBs production. To enable online monitoring and a higher degree 87 

of parallelization, the cultivation protocol published by Diener et al. (15) was scaled down from 5 L shake 88 

flasks to 250 mL shake flasks and 48-deepwell microtiter plates (MTPs) (28). Thereby, for the first time, 89 

the production of FIBs was in-depth characterized using the Respiration Activity MOnitoring System 90 

(RAMOS) (29) and the BioLector technology (30) at defined cultivation conditions. As it has been shown 91 

before in multiple studies, data derived from these culture devices can directly be used for scale up to stirred 92 

tank reactors (31-33). After investigating the impact of the aforementioned cultivation parameters, FIBs 93 

were produced in a 2 L stirred tank reactor batch fermentation at increased carbon concentrations to 94 

determine process specific performance indicators like the final FIB titers and space-time-yield. 95 

 96 

MATERIALS AND METHODS 97 

Microorganisms and media         The gene fusions encoding the fusion protein TDoT-L-YFP and a soluble 98 

control construct lacking the TDoT coiled-coil domain (Fig. 1A, C) were produced in E. coli BL21(DE3) 99 

employing pET28a (Novagen, Darmstadt, Germany) as expression vector (27). The employed variant of 100 

the yellow fluorescent protein (YFP) is a monomeric version of enhanced YFP bearing the A206K mutation 101 
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(34, 35) but lacking the Q69K mutation, which renders mYFP less pH-sensitive in the neutral pH range 102 

(36). During oxygen depended YFP maturation, equimolar H2O2 is formed. The toxic effect of H2O2 should 103 

be taken into account for investigations focusing on redox-related mechanisms as this can influence the 104 

measured redox potential (37). As this study focuses on heterologous protein production, the additional 105 

H2O2 formation can be neglected (38). All cultivation media were supplemented with 0.05 g/L kanamycin 106 

for plasmid maintenance. For cultivations in complex media, lysogeny broth (LB) medium was applied as 107 

pre-culture (5 g/L yeast extract, 10 g/L tryptone, 10 g/L NaCl) and premixed terrific broth (TB) medium 108 

(12 g/L casein, 24 g/L yeast extract, 9.4 g/L K2HPO4, 2.2 g/L KH2PO4) supplemented with 5 g/L glycerol, 109 

2 g/L lactose and 0.5 g/L glucose was used as main culture (15, 39). Cultivations in minimal media were 110 

performed with modified Wilms-MOPS medium (40) according to Rahmen et al. (41) with a pH-value set 111 

to 7.5 with NaOH. Pre-cultures in modified Wilms-MOPS medium were supplemented with 5 g/L glucose. 112 

Main cultures were supplemented with 5 g/L glycerol, 2 g/L lactose and 0.5 g/L glucose if not stated 113 

otherwise. All medium solutions were sterilized separately by autoclaving or filtration before mixing. 114 

 115 

Cultivation with online monitoring and offline sampling         The pre-cultures in LB medium were 116 

inoculated from a cyro culture (OD600  0.02), which was stored at -80 °C and cultivated according to Diener 117 

et al. (15) (25 mL filling volume in 250 mL shake flask; 130 rpm, 50 mm shaking diameter, 37 °C 118 

cultivation temperature). The main culture in TB autoinduction medium was inoculated with OD600 0.05. 119 

Unless stated otherwise, the cultivations were performed in 250 mL shake flasks with 25 mL filling volume 120 

at 90 rpm and 50 mm shaking diameter or in 48-deepwell MTPs (m2plabs, Baesweiler, Germany) with 121 

2 mL filling volume at 600 rpm and 3 mm shaking diameter. Pre-cultures in minimal Wilms-MOPS 122 

medium were inoculated from a cyro culture (OD600  0.02) and incubated over-night. The pre-cultures were 123 

performed in 250 mL shake flasks with 10 mL filling volume at 350 rpm and 50 mm shaking diameter. 124 

Unless stated otherwise, the main cultivation in minimal Wilms-MOPS medium was performed in 48-125 

deepwell MTPs (m2plabs, Baesweiler, Germany) with 2 mL filling volume at 600 rpm and 3 mm shaking 126 

diameter. 127 

 128 

The oxygen transfer rate (OTR) in shake flasks was monitored by applying the Respiration Activity 129 

MOnitoring System (RAMOS) built in-house. Commercial versions of the device can be purchased from 130 
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Kuhner AG, Switzerland or HiTec Zang GmbH, Germany (29, 42). The oxygen transfer rate (OTR) in 48-131 

deepwell MTPs was monitored by applying the micro Respiration Activity MOnitoring System (µRAMOS) 132 

built in-house (43). Online fluorescence (λex/λem 515/530 nm) and scattered light (λex/λem 620/620 nm) 133 

measurements were performed using in-house built BioLector devices (44, 45). From all displayed online 134 

data (fluorescence and scattered light) the initial intensity is subtracted (I – I0). To reduce noise of raw 135 

online data from Fig. 2, a median filter with a window size of seven was applied. Similar to the experimental 136 

procedure by Wewetzer et al. (46) and Kreyenschulte et al. (47), a data set combining online monitoring 137 

and offline sampling during cultivation is derived from multiple individual cultivations in shake flasks and 138 

wells of a 48-deepwell microtiter plate. Wells subjected to offline sampling during cultivation are not used 139 

for online monitoring. Fig. S1 visualizes the experimental procedure. 140 

 141 

Offline analysis         For offline sampling, the complete culture broth from single wells was taken out at 142 

different time points as indicated. After sampling, the used wells were not subjected to further online 143 

analysis. 144 

 145 

The formation of inclusion bodies was detected using an inverted Nikon Eclipse Ti microscope (Nicon 146 

GmbH, Düsseldorf, Germany) equipped with an Apo TIRF 100X Oil DIC N objective (ALA OBJ-Heater, 147 

Ala Scientific Instruments, USA), and ANDOR Zyla CMOS camera (Andor Technology plc., Belfast, UK), 148 

an Intensilight (Nicon GmbH, Düsseldorf, Germany) light source for fluorescence excitation, and a 149 

fluorescence filter for YFP (excitation 520/60 nm, dichroic mirror: 510 nm, emission: 540/40 nm) (AHF 150 

Analysetechnik, Tübingen Germany). 151 

 152 

The optical density was determined with a spectrophotometer (Genesys 20, Thermo Fisher Scientific, USA) 153 

at a wavelength of 600 nm in 1 cm cuvettes. The sample was appropriately diluted to measure values below 154 

0.4 using 0.9% NaCl (mineral medium) or TB medium (complex medium). NaCl and TB medium were 155 

used as blanks. 156 

 157 
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The pH-value was determined with an InLab Easy pH electrode (Mettler Toledo, Germany) that was 158 

calibrated using the appropriate calibration buffers and a CyberScan pH 510 meter (Eutech Instruments, 159 

Thermo Scientific, Germany). 160 

 161 

In order to quantify the amount of FIBs formed during cultivation, the cells were lysed and the insoluble 162 

and soluble cell fractions were separated. Cell lysis was performed in 48-deepwell MTPs. First, the MTP 163 

was centrifuged for 3 minutes at 4000 rpm and 4 °C (Hettich Rotina 35R, Germany). The supernatant was 164 

discarded. The cell pellets were resuspended in 200 µL of a lysis mastermix (Bugbuster, Merck 165 

supplemented with 25 U Benzonase, Merck and 0.2 g/L lysozyme, Carl Roth) and incubated for 15 min at 166 

700 rpm and room temperature. Then, 600 µL lysis buffer (35.6 g/L Na2HPO4 · 2 H2O, 27.6 g/L NaH2PO4, 167 

5.8 g/L NaCl) were added to obtain the crude cell extract (CCE). Afterwards, the MTP was centrifuged for 168 

3 minutes at 4000 rpm and 4 °C (Hettich Rotina 35R, Germany). The supernatant (soluble fraction) was 169 

carefully transferred into a new 48-deepwell MTP to measure the fraction of soluble YFP. The insoluble 170 

pellet (insoluble fraction) was washed with lysis buffer and then used for further analysis (fluorescence 171 

measurements, SDS-PAGE). To allow a comparison of the online monitored and offline measured YFP 172 

fluorescence, the sample volume was adjusted to retain the same concentration as during cultivation. At 173 

high YFP concentration (e.g. at the end of cultivation), inner filter effects are measured (Fig. S2). Therefore, 174 

a non-linear relationship between the YFP fluorescence intensity and the amount of YFP may be present. 175 

The data in Fig. S2B, which depicts the YFP fluorescence of the soluble fraction of the reference strain (L-176 

YFP) at different concentrations, shows this non-linear relationship. Fig. S2D schematically illustrates the 177 

occurring inner filter effect. Since even in diluted samples YFP is highly concentrated inside the inclusion 178 

bodies, inner filters effects occur that prevent quantification of the proportion of active to inactive YFP in 179 

inclusion bodies (Fig. S2).  Therefore, only relative values are given throughout this study (48). Fig. S2C 180 

schematically illustrates the occurring inner filter effect for FIBs. Offline YFP fluorescence was measured 181 

by a BioLector prototype, which is controlled by a LabVIEW software developed by ZUMOLab, Wesseling 182 

Germany.  183 

 184 

Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed to determine the 185 

protein distribution in the soluble and insoluble cell fraction. The samples were appropriately diluted with 186 
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a defined sample/water ratio and mixed with four-fold concentrated NuPAGE® LDS Sample Buffer 187 

(Thermo Fisher Scientific, USA). The prepared samples were placed on a thermo shaker and incubated at 188 

600 rpm and a temperature of 95 °C for 5 min. For protein separation, 17-well or 12-well NuPAGE® 4-12% 189 

Bis-Tris gradient gels were used (Thermo Fisher Scientific, USA) and 10 or 20 µL sample were loaded per 190 

gel lane, respectively. Electrophoresis was carried out using XCell SureLock™ Mini-Cell electrophoresis 191 

system (Invitrogen, Germany) set to 200 V, 0.25 W for 35-45 min. Afterwards, the gels were stained over 192 

night at room temperature in Roti®-Blue staining solution (Roth, Germany) and destained using deionized 193 

water. The gels were scanned using an Epson perfection V700 photo scanner (Epson, Japan). The 194 

distribution of the target protein in the soluble and insoluble fraction was determined by the GelAnalyzer 195 

software version 19.1. 196 

 197 

The concentration of the different carbon sources and overflow metabolites (glycerol, lactose, glucose and 198 

acetate) was determined via ion-exclusion chromatography analysis. An organic acid resin column (250 x 199 

8 mm, CS Chromatographie Services, Germany) was used for separation at a temperature of 80 °C and a 200 

flow rate of 0.8 mL/min. As a mobile phase 75 mM H2SO4 was used. For the determination of lactose in 201 

complex TB medium, anion exchange chromatography according to Anders et al. (49) was performed.  202 

 203 

Down scale from 5 L shake flask         To enable online monitoring and a higher degree of parallelization 204 

a down scale from 5 L shake flask as used by Diener et al. (15) to 250 mL shake flask was performed. 205 

Therefore, the maximum oxygen transfer capacity was calculated according to equation (1) from Meier et 206 

al. (50) 207 

 

𝑂𝑇𝑅𝑚𝑎𝑥 = 3.72 ∙ 10−7 ∙ 𝑂𝑠𝑚𝑜𝑙0.05 ∙ 𝑛(1.18−
𝑂𝑠𝑚𝑜𝑙

10.1
) ∙ 𝑉L

−0.74 ∙ 𝑑0
0.33 ∙ 𝑑1.88 ∙ 𝑝R ∙ 𝑦O2

∗ 

 

(1) 

For the scale down, the osmolality of the medium (Osmol), the absolute pressure (pR) and the oxygen 208 

concentration of the gas phase (yO2
*) were constant for all scales. For the calculation of the maximum 209 

oxygen transfer capacity of the 5 L shake flask, the shaking frequency (n = 130 rpm), filling volume 210 

(VL = 500 mL), shaking diameter (d0 = 50 mm) and the diameter of the flask (d = 216.4 mm) were set to 211 

values as described by Diener et al. (15) For the scale down to 250 mL shake flask, the relative filling 212 
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volume was kept constant at 10 % and the shaking frequency was calculated to retain the same maximum 213 

oxygen transfer capacity as for the 5 L shake flask. 214 

 215 

Batch fermentation in stirred tank reactor         A Satorius BIOSTAT® Bplus fermenter (Sartorius, 216 

Göttingen Germany) with two six-blade Rushton turbines (5.3 cm diameter) were used. The working 217 

volume was 1.5 L. For aeration, a ring sparger with 0.5 vvm compressed air was used. The dissolved oxygen 218 

tension was controlled at 30 % air saturation by adjusting the stirring rate. The pH was controlled to pH 7 219 

using a 25 % (w/v) ammonia solution. As ammonia was added due to pH control, the initial ammonium 220 

concentration was reduced to 10 %. The MOPS buffer was completely omitted from the mineral Wilms-221 

MOPS medium. As the medium osmolality is thereby reduced, an additional amount of initial carbon was 222 

added to reach the same osmolality, compared to the cultivation in MTPs with the highest initial carbon 223 

concentration (Cx3 medium with 1.5 g/L glucose, 6 g/L lactose and 15 g/L glycerol shown in Fig. S3). 224 

Thus, the batch fermentation medium was prepared with 4.9 g/L glucose, 19.7 g/L lactose and 49.2 g/L 225 

glycerol. To determine cell dry weight, 1.9 mL culture broth was centrifuged for 3 min at 14,000 rpm (1-226 

15 Sigma Laborzentrifugen, Germany) in dried pre-weighed 2 mL tubes in duplicates. After the supernatant 227 

was discarded, cell pellets were dried overnight and weighed. FIBs were isolated as described above and 228 

centrifuged in dried pre-weighted tubes. The pelletized FIBs were then dried overnight and weighted to 229 

determine the FIB concentration. 230 

 231 

RESULTS AND DISCUSSION 232 

The expression of a fusion protein consisting of TDoT-L-YFP leads to the formation of fluorescent 233 

inclusion bodies (FIBs) that contain high amounts of functional yellow fluorescent proteins (YFP) (9, 27). 234 

The cultivation protocol with terrific broth (TB) auto-induction medium for the production of TDoT-L-235 

YFP FIBs can be divided into two phases. In the first phase, E. coli grows on glucose as the preferred 236 

carbon source at a cultivation temperature of 37 °C. In the second phase, TDoT-L-YFP expression is 237 

induced due to the parallel consumption of lactose and glycerol, and the temperature is reduced to 15 °C 238 

(15, 39). The produced FIBs are easily detectable by fluorescence microscopy and via the isolation of 239 

insoluble cell components after cell lysis. The YFP constructs, microscopy images of the respective strains 240 
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after production of the fusion protein, and the intracellular distribution of YFP fluorescence are shown in 241 

Figure 1.  242 

 243 

As a reference, a fusion protein consisting only of the linker peptide and YFP but lacking the TDoT coiled-244 

coil domain was expressed under equivalent cultivation conditions to exclusively investigate the impact of 245 

the TDoT domain on the protein aggregation (Fig. 1C). The expression of this reference construct (L-YFP) 246 

leads to the formation of soluble YFP resulting in equally distributed fluorescence within the cell (Fig. 1D) 247 

(27).  248 

 249 

Down scale from 5 L shake flask         The original cultivation process for the production of catalytically 250 

active inclusion bodies (CatIBs) published by Diener et al. (15) was performed in 5 L shake flasks. To 251 

characterize the cultivation process, a down-scaling from 5 L to 250 mL shake flasks and to 48-deepwell 252 

MTPs was conducted to enable online monitoring and a high degree of parallelization (29, 43, 44). As down 253 

scaling criterion, the maximum oxygen transfer capacity was chosen.  According to Meier et al. (50), the 254 

maximum oxygen transfer capacity in shake flasks can be calculated for known cultivation parameters. The 255 

osmolality of the medium is also an important parameter for the calculation of the maximum oxygen 256 

transfer capacity due to its strong effect on oxygen solubility and diffusivity in cultivation media (51, 52). 257 

At first, the maximum oxygen transfer capacity was calculated using the cultivation parameters reported 258 

by Diener et al. (15) for the 5 L shake flask according to equation 1. For the 250 mL shake flask, the relative 259 

filling volume was kept constant and the shaking frequency was calculated to retain the same maximum 260 

oxygen transfer capacity as for the 5 L shake flask. Since no correlation for MTPs is published that takes 261 

the osmolality of the medium into account, the µRAMOS technology was used to determine the downscaled 262 

cultivation parameters in MTPs (Fig. S4) (43). In summary, the shaking frequency for the 250 mL shake 263 

flask was set to 90 rpm with a filling volume of 25 mL and a shaking diameter of 50 mm. For 48-deepwell 264 

MTPs, the cultivation parameters were set to 600 rpm shaking frequency, 2 mL filling volume and 3 mm 265 

shaking diameter. 266 

 267 
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Characterization of the FIB production in complex TB autoinduction medium         Based on the 268 

downscaled cultivation parameters, the production of FIBs in complex TB autoinduction medium according 269 

to Diener et al. (15) was characterized with the RAMOS and BioLector technology (Fig. 2).  270 

 271 

In addition to the E. coli strain (A-E) harboring the TDoT-L-YFP construct (hereafter referred to as FIB 272 

strain), the reference E. coli strain (F-J) harboring the L-YFP construct (hereafter referred to as reference 273 

strain) is cultured. After 3 hours at a cultivation temperature of 37 °C, a temperature shift to 15 °C is 274 

conducted. The oxygen transfer rate (OTR) increases exponentially indicating exponential biomass growth 275 

within the first 3 hours (Fig. 2A). During that period, HPLC analysis confirms the typical course of initial 276 

carbon sources in autoinduction media. Hence, glucose is consumed as preferred carbon source while 277 

lactose and glycerol concentrations remain constant (Fig. 2D). Neither YFP fluorescence (Fig. 2C), nor a 278 

protein band in the SDS-PAGE analysis (Fig 2E) is detected after 3 h of cultivation, confirming non-279 

inducing conditions due to catabolite repression. After 3 hours, an OTR plateau (6 mmol/L/h) is reached 280 

indicating oxygen limited conditions (Fig. 2A) (29). The subsequent consumption of lactose and glycerol 281 

leads to the induction of YFP expression without interfering with the cultivation by the addition of an 282 

inducer (Fig. 2C, D, E). While lactose acts as the inducer of the lac operon, glycerol serves as an additional 283 

carbon and energy source (39, 41). Lactose is depleted much earlier (10 h) than glycerol (19 h) (Fig. 2D). 284 

A reference cultivation in complex TB medium without the addition of lactose as inducer shows strong 285 

YFP fluorescence, which indicates a leaky expression system (Fig. S5). In contrast, the cultivation in 286 

minimal Wilms-MOPS medium without addition of lactose shows no YFP fluorescence indicating a tightly 287 

regulated expression system. This difference between complex and minimal media has been reported before 288 

but is not fully understood yet (39, 53). Due to the oxygen limitation, inhibiting amounts of acetate (5.6 289 

g/L) are formed after 19 h of cultivation (Fig. 2A, D) (54). Consequently, the pH changes strongly due to 290 

the production and subsequent consumption of acetate, the uptake of ammonia and the consumption of 291 

complex media components (Fig. 2D) (55-57).  292 

 293 

 A prominent feature of YFP (and all other GFP variants) is the oxygen dependent maturation accompanied 294 

by an equimolar generation of hydrogen peroxide after protein synthesis that is required for fluorescence 295 

to be measured (58, 59). While this is commonly recognized as drawback of YFP as a reporter protein since 296 
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the YFP fluorescence may not directly correlate with YFP synthesis, it can also be used as a tool to identify 297 

oxygen limited conditions during cultivation (60, 61). Accordingly, during the oxygen limitation only a 298 

small increase of online YFP fluorescence is measured due to the oxygen dependent YFP maturation (Fig. 299 

2C). Upon appearance of oxygen unlimited conditions (48 h), the online YFP fluorescence increases 300 

abruptly as shown by Ladner et al. (45) and Kunze et al. (62). In comparison, the fluorescence intensity of 301 

the different fractions increases earlier indicating YFP maturation during sample preparation (Fig. 2C). 302 

Furthermore, the SDS-PAGE analysis confirms that the online fluorescence does not depict the actual YFP 303 

synthesis rate (Fig. 2E). Beside the protein band of TDoT-L-YFP, other protein bands appear on the SDS-304 

PAGE analysis of the insoluble fraction (Fig. 2E). As described by Kloß et al. (25), active IBs can contain 305 

membrane proteins with a size of around 40 kDa (OmpA, OmpF) and chaperones with a size of 15 kDa 306 

(IbpA, IbpB). The SDS-PAGE analysis of the insoluble fraction of the FIB strain also reveals protein bands 307 

with this protein size (Fig. 2E). Additionally, the SDS-PAGE analysis shows that more than 90% of TDoT-308 

L-YFP (33 kDa) is present within the insoluble fraction indicating the effective formation of inclusion 309 

bodies induced by the TDoT domain. This is in agreement with other studies showing the production of 310 

active IBs utilizing this tetrameric coiled-coil domain (23, 25). However, the high YFP fluorescence in the 311 

soluble fraction shows that TDoT-L-YFP is partly also present in a soluble form. Remarkably, the measured 312 

fluorescence intensity is equally high in the soluble and insoluble fraction over the course of the cultivation. 313 

This effect might be attributed to the dense packing of YFP within FIBs that leads to lower fluorescence 314 

intensities and to an underestimation of active protein due to optical inner filter effects (48). The inner filter 315 

effect is schematically illustrated in Fig. S2C. 316 

 317 

In contrast to the FIB strain (containing TDoT-L-YFP), the reference strain (containing L-YFP) shows no 318 

formation of FIBs indicated by the absence of fluorescence of the insoluble fraction (Fig. 2H) and the 319 

absence of a protein band (27.2 kDa) in the SDS-PAGE analysis in the insoluble fraction (Fig. 2J). As 320 

described in the materials and methods, an inner filter effect can also occur at high soluble YFP 321 

concentration (Fig. S2B+D). This filter effect is visible when comparing the amount of soluble YFP in the 322 

SDS-PAGE analysis (Fig. 2E+J) and the fluorescence intensity of the soluble fraction of the same sample 323 

(Fig. 2C+H). The absence of FIBs is also indicated by much lower scattered light intensities of the reference 324 

strain compared to the FIB strain (Fig. 2B, G). Similar as conventional inactive IBs, FIBs also scatter light, 325 
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and therefore, lead to increased scattered light intensities (63). SDS-PAGE analysis of the cell lysate 326 

obtained from the reference strain (Fig. 2H) revealed two bands with a size of approximately 27 kDa and 327 

26 kDa, respectively. This phenomenon was not further investigated but could originate from the cleavage 328 

of the linker (1 kDa) from soluble YFP. In the OTR, a strong decrease (24 h) is visible when glycerol and 329 

lactose are depleted. The metabolic switch to acetate as carbon source leads to a lower level of oxygen 330 

consumption (Fig. 2F, I). This is also visible in the scattered light and OD, which remain constant during 331 

that period (20 – 32 h) (Fig. 2G). At the end of oxygen limited conditions (24 h), the YFP online 332 

fluorescence intensity increases strongly due to oxygen dependent YFP maturation (Fig. 2F, H, J). The 333 

offline YFP fluorescence intensity increases earlier due to YFP maturation during sample preparation (Fig. 334 

2H). 335 

 336 

Despite strong oxygen limitation, high acetate formation and strong pH changes, high amounts of FIBs 337 

were produced by the FIB strain. However, these sub-optimal cultivation conditions and the leaky 338 

expression can be prevented by applying defined minimal media with increased buffer capacities. 339 

Furthermore, the carbon flux could be redirected from overflow metabolite formation to FIB production by 340 

increasing the maximum oxygen transfer capacity. 341 

 342 

Characterization of the FIB production on minimal Wilms-MOPS autoinduction medium         To 343 

investigate the impact of different cultivation parameters on FIB production, the complex TB medium was 344 

replaced by the minimal Wilms-MOPS medium. Thereby, the chemical medium composition is defined, 345 

and expression is more controlled (Fig. 3) (41, 53, 64). Also, high batch-to-batch variations that are 346 

observed for complex substrates even if they are purchased from the same supplier are avoided (56, 65). 347 

Due to the omission of these considerable amounts of complex substrates (12 g/L casein, 24 g/L yeast 348 

extract) in minimal Wilms-MOPS autoinduction medium, lower FIB production is expected.  349 

 350 

Fig. 3 shows the cultivation of the FIB strain and the reference strain on minimal Wilms-MOPS 351 

autoinduction medium. Again, in the first 3 h, an exponential growth on glucose occurs while lactose and 352 

glycerol concentrations remain constant (Fig. 3A, C). After 3 h, the temperature shift from 37 °C to 15 °C 353 

is conducted. From 3 – 20.5 h, lactose and glycerol are consumed in parallel and YFP expression is induced 354 
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(Fig. 3C, D). As shown in Fig. 2, YFP fluorescence increases very slowly during oxygen limiting 355 

conditions. Upon depletion of all initial carbon sources (20.5 h), oxygen dependent YFP maturation takes 356 

place (Fig. 3B, C). At that time, only small amounts of acetate (0.5 g/L) have been formed compared to the 357 

cultivation in complex medium (Fig. 3C). The production of FIBs is confirmed by YFP fluorescence within 358 

the insoluble fraction (Fig. 3B). Furthermore, the TDoT-L-YFP protein band (33 kDa) is mainly visible in 359 

the insoluble cell fraction (Fig. 3D). Remarkably, the YFP fluorescence distribution between the soluble 360 

and insoluble fractions remains constant after depletion of all carbon sources (32.5 – 59 h), even though 361 

the scattered light intensity increases (Fig. 3A, B). For the reference strain (L-YFP), no fluorescence is 362 

visible within the insoluble cell fraction (Fig. 3F). Additionally, no protein bands are detectable within the 363 

insoluble fraction by SDS-PAGE confirming the absence of IBs (Fig. 3H). The pH remains within a narrow 364 

range (7.1 – 7.2) over the course of cultivation for both strains (Fig. 3C, G). 365 

 366 

As expected, lower amounts of FIBs are produced in minimal Wilms-MOPS autoinduction medium 367 

compared to the cultivation in TB autoinduction medium. This is also visible in the scattered light, which 368 

is only slightly higher for the FIB strain compared to the reference strain. This deviation is caused by the 369 

omission of large amounts of complex substrates (36 g/L complex substrates) compared to 7.5 g/L of sugars 370 

(Fig. 2C, 3B). These complex substrates (12 g/L casein, 24 g/L yeast extract) contain a mixture of 371 

carbohydrates, amino acids, peptides and trace elements (64). The omission of these complex substrates 372 

leads to a lower overall carbon content, which decreases the amounts of produced FIBs. Additionally, the 373 

expression in TB autoinduction medium is amplified by leaky expression (Fig. S5). By increasing the 374 

amount of glucose, lactose and glycerol, the amount of FIBs can easily be increased in minimal Wilms-375 

MOPS autoinduction medium (Fig. S3). 376 

 377 

Cultivation at constant temperature         The strong effect of cultivation temperature on conventional 378 

IB formation has extensively been studied (66, 67). To prevent IB formation, the cultivation temperature is 379 

often lowered to facilitate protein folding and to prevent protein aggregation. In case of FIB production, 380 

correct protein folding and protein aggregation is intended at the same time. Therefore, the impact of the 381 

temperature shift introduced by Diener et al. (15) was investigated in comparison to cultivations of the FIB 382 

strain and the reference strain at a constant cultivation temperature of 37 °C (Fig. 4).   383 
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 384 

Additional to the standard filling volume of 2 mL, lower filling volumes (1.5, 1.0, 0.6, 0.4 mL) were 385 

cultured to obtain increasing maximum oxygen transfer capacities. Within the first 3 h, the oxygen transfer 386 

rate of the FIB and the reference strain increases (Fig. 4A, C), while no YFP fluorescence intensity is 387 

detectable (Fig. 4A, C). Subsequently, the OTR drops shortly, which indicates the depletion of glucose 388 

(41). Afterwards, the OTR increases while lactose and glycerol are consumed, indicated by the increasing 389 

YFP fluorescence intensity after 5 hours of cultivation of the reference strain (Fig. 4A, B, C). For lower 390 

filling volumes, higher OTRs are reached due to higher oxygen availabilities (Fig. 4A, C). At high filling 391 

volumes (2.0, 1.5 and 1.0 mL), OTR plateaus at different levels are reached indicating oxygen limiting 392 

conditions. For the reference strain and filling volumes of 1, 1.5 and 2 mL, YFP fluorescence increases 393 

abruptly upon oxygen unlimited conditions (16 h, 19 h, 24 h), which is indicated by the OTR drop at the of 394 

the OTR plateau. Cultures with 0.4 mL filling volume are not oxygen limited indicated by the absence of 395 

an OTR plateau and by the consistently increasing YFP fluorescence (Fig. 4C, D). Except for the cultures 396 

with high maximum oxygen transfer capacities (0.4 and 0.6 mL filling volume), lower maximum oxygen 397 

transfer capacities lead to lower final fluorescence intensities (Fig. 4C, D). While the reference strain shows 398 

high YFP fluorescence intensities, no fluorescence intensity is measured for the FIB strain (Fig. 4B). The 399 

SDS-PAGE analysis for the standard filling volume of 2 mL shows mainly soluble YFP for the reference 400 

strain and mainly insoluble YFP for the FIB strain at the end of cultivation. Furthermore, the SDS-PAGE 401 

analysis shows a similar YFP amount for both strains. For the FIB strain, this indicates the formation of 402 

conventional IBs containing misfolded, aggregated, non-fluorescent YFP. Most likely, the protein folding 403 

of the entire monomeric fusion protein (TDoT-L-YFP) has first to be completed to be then incorporated in 404 

IBs in an active form. It has often been reported that lower cultivation temperatures lead to IBs with higher 405 

activity (18-21, 68). However, in other studies, fusion proteins with aggregation-prone tags are produced 406 

that lead to the formation of active inclusion bodies even though the expression temperature is not lowered 407 

(13, 69-71). Presumably, a higher aggregation tendency of the fusion tag and culture conditions that lead 408 

to high local protein concentrations require lower cultivation temperatures to obtain high amounts of 409 

actively folded proteins in IBs. In an upcoming publication, the impact of the cultivation temperature is 410 

studied in-depth using a MTP-based temperature profiling system established by Kunze et al. (72). 411 

 412 
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Cultivation with varying maximum oxygen transfer capacities         After the necessity of the 413 

temperature shift was confirmed, a cultivation with the standard temperature shift at different maximum 414 

oxygen transfer capacities was conducted to investigate the effect of oxygen limitation on the FIB 415 

production (Fig. 5).  416 

 417 

The FIB strain is cultured in minimal Wilms-MOPS autoinduction medium with varying filling volumes 418 

(2.0, 1.6, 1.2, 0.6 mL). During the cultivation, a temperature shift after 3 h from 37 °C to 15 °C was 419 

conducted as previously described (Fig. 2, 3). Within the first 3 h of cultivation, the scattered light increases 420 

exponentially while no YFP fluorescence intensity is detected (Fig. 5A, B). Subsequently, the typical YFP 421 

fluorescence course is measured for the standard filling volume (2 mL). A slow linear increase is followed 422 

by an abrupt increase upon oxygen unlimited conditions (Fig. 5B) (45, 60, 61). For lower filling volumes, 423 

this abrupt increase becomes less prominent due to higher maximum oxygen transfer capacities. At a filling 424 

volume of 0.6 mL no oxygen limitation occurs and the YFP fluorescence increases with a steady slope, 425 

depicting the actual production rate of TDoT-L-YFP. Eventually, the final YFP fluorescence intensities are 426 

similar for different filling volumes (Fig. 5B). Fig. 5C shows the final fluorescence intensities at the end of 427 

cultivation of the different fractions. In Fig. S6, the results depicted in Fig. 5C were reproduced and show 428 

the same fluorescence distribution between the fractions for different filling volumes. Slightly higher YFP 429 

fluorescence intensities are measured in the soluble than in the insoluble fraction as already shown in Fig. 430 

3 (Fig. 5C). It is also obvious that the maximum oxygen transfer capacity has no impact on the final 431 

fluorescence intensity of FIBs. However, oxygen limiting conditions lead to several disadvantages like 432 

prolonged cultivation times and acidification of the culture broth due to acetate formation. Hence, oxygen 433 

limitation has to be avoided. 434 

 435 

Impact of induction method and strength on FIB production         The induction method and strength 436 

is an important cultivation parameter for the production of heterologous proteins as well as active IBs (16, 437 

73). Besides lactose, isopropyl β-D-1-thiogalactopyranoside (IPTG) at different concentrations is used to 438 

investigate the impact of induction strength on FIB production (Fig. 6, Fig. S7).  439 

 440 



Production of Active Inclusion Bodies 

 17 

As the cultivation temperature is a crucial cultivation parameter to produce FIBs (Fig. 4), IPTG was added 441 

in different concentrations at the same time (after 4.5 h) to induce all cultures at the same temperature 442 

(Fig. 6B, black arrow). Within the first 4.5 h of cultivation, scattered light increases similarly for all 443 

cultivations. Subsequently, the slopes of scattered light curves are lower at increasing IPTG concentrations 444 

(Fig. 6A). For autoinduced cultures, scattered light increases similarly as in cultures with IPTG 445 

concentrations of 0.1-0.15 mM. Online YFP fluorescence increases after 4.5 h for all induced cultures (Fig. 446 

6B). The final YFP fluorescence of autoinduced cultures is equal to cultures induced with 0.1 mM IPTG. 447 

The highest final YFP fluorescence is measured for cultures induced with 0.05 mM IPTG (Fig. 6B, C). For 448 

autoinduced cultures and cultures induced with IPTG concentrations of 0.15-1 mM, the final YFP 449 

fluorescence intensities of the crude cell extract and the insoluble fraction are similar. However, lower 450 

induction strengths (0.05 and 0.1 mM IPTG) lead to higher YFP fluorescence in the crude cell extract and 451 

soluble fraction, while lower YFP fluorescence in the insoluble fraction are measured (Fig. 6C, Fig. S7C). 452 

Thus, lower induction strengths shift the amount of YFP from FIBs to the soluble fraction (Fig. S7C). This 453 

was already observed in studies dealing with conventional, inactive IBs (22, 74). Higher induction strengths 454 

lead to higher expression rates that reduce the production of native soluble protein, but increase the amount 455 

of active proteins in IBs (22). Possibly, high local protein concentrations and misfolded proteins function 456 

as aggregation nucleus that capture additional native proteins. Thereby, the production of active IBs is 457 

increased even though the total amount (soluble and insoluble YFP) of active proteins is reduced. To 458 

produce active IBs, it is crucial to find the right balance between a high portion of active proteins and a 459 

high amount of proteins aggregated in IBs.  460 

 461 

Batch fermentation in stirred tank reactor for the production of FIBs         To determine process 462 

specific performance indicators like the final FIB titer and space-time-yield and to obtain larger sample 463 

volumes, a 2 L batch fermentation with increased amount of carbon sources was performed (Fig. 7). The 464 

scalability of the obtained insights on FIB production from the MTP-scale is proven. 465 

 466 

As the importance of the temperature shift was demonstrated above, the temperature was reduced from 37 467 

to 15 °C during cultivation (Fig. 7A). At 37 °C exponential growth on glucose takes place and no production 468 

of FIBs is observed (Fig. 7A, C, D). Due to the temperature shift and the depletion of glucose, the OTR 469 
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drops after around 8 h of cultivation. Subsequently, the OTR increases until the end of fermentation up to 470 

40 mmol/L/h, which is reflected in increasing glycerol and lactose consumption rates (Fig. 7A, D). 471 

Interestingly, the hydrolysis of lactose to galactose and glucose leads to the accumulation of up to 4 g/L 472 

glucose. Usually, glucose intracellularly produced by lactose hydrolysis is phosphorylated and not secreted 473 

into the culture broth (75). Potentially, the low cultivation temperature decelerated glucose 474 

phosphorylation, and thus, leads to glucose accumulation. The production of FIBs is confirmed by high 475 

YFP fluorescence in the insoluble fraction, which is approximately 10-fold increased compared to the 476 

standard cultivation in Wilms-MOPS medium (compare Fig. 7C and Fig. 3B). The production of IBs can 477 

also be indirectly inferred from the cell dry weight and optical density curves (Fig. 7B). During initial 478 

growth on glucose, the cell dry weight and optical density are similarly increasing. Subsequently, the optical 479 

density is increasing much stronger, compared to the cell dry weight, probably due to increased light 480 

scattering by the produced FIBs (Fig. 7B). After 53 h of cultivation, the final cell dry weight is 27.6 g/L 481 

and the FIB concentration is 11.9 g/L ± 0.15 g/L (Fig. 7E). Thus, a remarkably high biomass-specific FIB 482 

yield of 0.43 is achieved (Fig. 7F). The FIB yield per supplemented carbon source is 0.16. Overall, a space-483 

time-yield of 0.23 g/L/h FIBs is reached (Fig. 7F).  484 

 485 

To facilitate online monitoring and a higher degree of parallelization, a published cultivation protocol for 486 

the production of active IBs was scaled-down, based on the maximum oxygen transfer capacity. 487 

Subsequently, the production of fluorescent inclusion bodies (FIBs) in complex TB autoinduction medium 488 

was characterized and the impact of important cultivation parameters (cultivation medium, oxygen 489 

availability, cultivation temperature, and induction strength) on FIB production was systematically 490 

evaluated. The characterization of previously published cultivation protocol for FIB production in complex 491 

TB autoinduction medium showed strong oxygen limitation, high acetate formation, strong pH changes and 492 

leaky expression. By applying the defined mineral Wilms-MOPS autoinduction medium, tightly controlled 493 

expression was achieved, and strong acetate formation and pH shifts were avoided. It was shown that 494 

oxygen limiting conditions are not necessary and beneficial to produce FIBs. However, in order to prevent 495 

the production of conventional, inactive IBs, the temperature shift from 37 to 15 °C is crucial. Furthermore, 496 

a strong impact of the induction strength on FIB production was observed. Low induction strength lead to 497 

more active YFP, but lower amounts of active YFP in FIBs. For FIB production, it is therefore vital to find 498 
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the right balance between a high induction strength to effectively induce protein aggregation and a higher 499 

folding efficiency at lower induction strengths. These observations motivate further investigations 500 

regarding the structural differences between conventional inactive IBs and active IBs, as both kinds of IBs 501 

can be produced with the same target protein by simply altering the cultivation conditions. Finally, the 502 

general applicability and scalability of the gained insights were confirmed in a 2 L stirred tank reactor batch 503 

fermentation. Due to the increased amount of supplemented carbon sources, 11.9 g/L of highly active FIBs 504 

were produced that made up 43 % (w/w) of the total cell dry weight. Generally, different studies have been 505 

published that examine the impact of cultivation conditions on active IB production. However, this study 506 

focuses on the systematic investigation of various important cultivation parameters on active IB formation 507 

with comprehensive offline and online analyses. Additionally, the scale-up of the results from µL-scale to 508 

lab-scale stirred tank reactors was proven. This presented methodology can be extended to other fusion 509 

strategies to systematically investigate and compare different fusion strategies for active IB production. In 510 

future, the insights on the production of FIBs have to be transferred to catalytically active inclusion bodies 511 

(CatIBs).  512 
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 737 

 738 

Captions 739 

FIG. 1. Illustration of the fusion proteins and the resulting protein distribution within E. coli BL21(DE3). 740 

(A) Schematic illustration of the fusion of the coiled-coil domain (TDoT, domain of the cell surface protein 741 

tetrabrachion of Staphylothermus marinus, PDB-ID: 1FE6) to a linker peptide consisting of a (GGGS)3 742 

motif and a cleavage site for the protease factor Xa and the target protein YFP (monomeric yellow 743 

fluorescent protein of Aequorea victoria, PDB-ID: 1YFP). (B) Microscopic image of E. coli BL21(DE3) 744 

cells expressing TDoT-L-YFP show formation of fluorescent inclusion bodies. (C) Schematic illustration 745 

of the reference construct consisting of the linker peptide and the target protein (YFP). (D) Microscopic 746 

image of E. coli BL21(DE3) expressing L-YFP with fluorescence equally distributed within cells. 747 

 748 

 749 
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FIG. 2. Detailed characterization of the cultivation in complex TB autoinduction medium. Cultivation of 750 

E. coli BL21(DE3) TDoT-L-YFP (A-E) and L-YFP (F-J). (A+F) Oxygen transfer rate and temperature over 751 

time for E. coli BL21(DE3) expressing TDoT-L-YFP (insoluble) and L-YFP (soluble), respectively. For 752 

OTR, duplicates are displayed. Due to strong impact of the temperature shift on the oxygen sensor for OTR 753 

measurements, no OTR values are given in that period (dotted lines). (B+G) Scattered light intensity and 754 

offline OD600 as function of cultivation time. (C+H) Online YFP fluorescence and offline YFP fluorescence 755 

intensity of crude cell extract, soluble and washed insoluble fraction after cell disruption. For online 756 

fluorescence and scattered light, a median filter is applied and the mean of six wells with standard deviation 757 

is displayed. (D+I) Glucose, lactose, glycerol and acetate concentrations and pH. (E+J) SDS-PAGE 758 

analysis showing protein distribution per sample volume of soluble (S) and washed insoluble (I) fractions 759 

at 3, 10, 19, 29, 43, 56 and 72 h of cultivation. Arrows indicates size of target proteins (M = protein marker). 760 

Cultivation conditions (A+F): 250 mL RAMOS flask with 25 mL filling volume, 90 rpm shaking 761 

frequency, 50 mm shaking diameter. (B-E, G-J): 48-deepwell MTP with 2 mL filling volume, 600 rpm 762 

shaking frequency, 3 mm shaking diameter. 763 

 764 

FIG. 3. Detailed characterization of the cultivation in minimal Wilms-MOPS autoinduction medium. 765 

Cultivation of E. coli BL21(DE3) TDoT-L-YFP (insoluble) (A-D) and L-YFP (soluble) (E-H). (A+E) 766 

Scattered light intensity and cultivation temperature as function of cultivation time for E. coli BL21(DE3) 767 

expressing TDoT-L-YFP (insoluble) and L-YFP (soluble). (B+F) Online YFP fluorescence and offline YFP 768 

fluorescence intensity of crude cell extract, soluble and washed insoluble fraction after cell disruption. 769 

(C+G) Glucose, lactose, glycerol and acetate concentrations and pH. (D+H) SDS-PAGE analysis showing 770 

protein content per sample volume of soluble (S) and washed insoluble (I) fractions at 3, 10, 21.5, 27, 32.5, 771 

45.5 and 60 h of cultivation. Arrows indicates size of target proteins (M = protein marker). Cultivation 772 

conditions: 48-deepwell MTP with 2 mL filling volume, 600 rpm shaking frequency, 3 mm shaking 773 

diameter. 774 

 775 

FIG. 4. Production of FIBs at a constant cultivation temperature of 37 °C. Cultivation of E. coli BL21(DE3) 776 

TDoT-L-YFP (A+B) and L-YFP (C+D) in Wilms-MOPS autoinduction medium (0.5 g/L glucose, 2 g/L 777 

lactose, 5 g/L glycerol). (A+C) Oxygen transfer rate as function of cultivation time. (B+D) Online YFP 778 
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fluorescence. (B insert) SDS-PAGE analysis showing protein content per sample volume of soluble (S) and 779 

washed insoluble (I) fractions at the end of cultivation. Boxes indicate target protein (M = protein marker). 780 

Duplicates are displayed in dashed lines and open symbols. For clearer graphical representation, symbols 781 

are only displayed for every 3rd (A+C) and every 8th (B+D) data point, respectively. Cultivation conditions: 782 

48-deepwell MTP with 2–0.4 mL filling volume, 600 rpm shaking frequency, 3 mm shaking diameter, 37 783 

°C cultivation temperature. 784 

 785 

FIG. 5. Production of FIBs at increasing maximum oxygen transfer capacities. Cultivation of E. coli 786 

BL21(DE3) TDoT-L-YFP (A-C) in minimal Wilms-MOPS auto-induction medium (0.5 g/L glucose, 2 g/L 787 

lactose, 5 g/L glycerol) at different maximum oxygen transfer capacities, achieved by varying the filling 788 

volume (2.0 mL, 1.6 mL, 1.2 mL, 0.6 mL). (A) Scattered light intensity and cultivation temperature as 789 

function of cultivation time. (B) Online YFP fluorescence. (C) Final fluorescence intensity of crude cell 790 

extract, soluble and washed insoluble fraction at the end of cultivation. For clearer graphical representation, 791 

symbols are only displayed for every 8th (A) and every 5th (B) data point, respectively. Cultivation 792 

conditions: 48-deepwell MTP with 2–0.6 mL filling volume, 600 rpm shaking frequency, 3 mm shaking 793 

diameter. 794 

 795 

FIG. 6. Impact of autoinduction and different IPTG concentrations on FIB production. Cultivation of E. 796 

coli BL21(DE3) TDoT-L-YFP in minimal Wilms-MOPS medium. Cultures induced with IPTG were 797 

supplemented with 7.5 g/L glucose. IPTG (0 – 1 mM) was added after 4.5 h of cultivation (Arrow indicates 798 

time of IPTG addition.). Cultures with autoinduction medium contained the standard carbon concentrations 799 

(0.5 g/L glucose, 2 g/L lactose, 5 g/L glycerol). (A) Scattered light intensity and cultivation temperature as 800 

function of cultivation time. (B) Online YFP fluorescence. (C) Final YFP fluorescence intensity of crude 801 

cell extract and washed insoluble fraction after 46 h. Cultivation conditions: 48-deepwell MTP with 0.8 mL 802 

filling volume, 1000 rpm shaking frequency, 3 mm shaking diameter. Duplicates for all cultivation 803 

conditions are displayed. 804 

 805 

FIG. 7. Production of FIBs in 2 L stirred tank reactor batch fermentation. E. coli BL21(DE3) TDoT-L-YFP 806 

in minimal Wilms-MOPS autoinduction medium. Initial carbon source concentrations were 4.9 g/L 807 
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glucose, 19.7 g/L lactose and 49.2 g/L glycerol. (A) Oxygen transfer rate and cultivation temperature as 808 

function of cultivation time. (B) Optical density and cell dry weight. For cell dry weight, the mean of 809 

duplicates is displayed (C) Offline YFP fluorescence of crude cell extract, soluble and washed insoluble 810 

fraction. (D) Glycerol, lactose and glucose concentration. (E) Final cell dry weight (mean of duplicates), 811 

FIB concentration (mean and standard deviation of triplicates displayed), yield coefficient of FIB 812 

concentration per cell dry weight (YFIB/CDW), yield coefficient of FIB concentration per initial carbon source 813 

concentrations (YFIB/S) and space time yield (STY; FIB production per liter and hour). Cultivation 814 

conditions: 1.5 L working volume, 0.5 vvm aeration rate, DOT controlled at 30 % air saturation by 815 

adjusting the stirring rate, pH controlled at 7 using 25% (w/v) ammonia solution. 816 
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