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Abstract


The efficient production of microbial oils from agricultural residues and acetic acid has recently been shown with Cutaneotrichosporon oleaginosus. However, around 50% of the carbon is released as CO2 during aerobic yeast oil production. Anaerobic fermentation of CO2 and H2 with A. woodii enables the carbon-efficient production of acetate. The semi-continuous autotrophic production of acetate with A. woodii was studied in a stirred-tank bioreactor with continuous gassing, where the time of the repeated batch processes was adjusted to the batch process time for microbial oil production (6–7 days). Eight repeated batch processes with 80% medium exchange were performed with A. woodii within 48 days. After adaptation of the A. woodii cells, 48.29 ± 0.35 g L−1 acetate was achieved in the last four repeated batch processes with 70% H2 and 30% CO2 gassing. Acetic acid was extracted from the clarified and acidified fermentation broth with ethyl acetate, yielding 94.3% (w/w). Based on our process performance data with A. woodii and previously published data with C. oleaginosus, it was shown that, for providing enough acetic acid for microbial oil production, a 3.08 times higher bioreactor capacity is needed for the gas fermentation compared to the aerobic yeast fermentation. The lack of CO2 produced by C. oleaginosus may be compensated for by increasing the sugar supply (hydrolysate) during yeast oil production, or by the additional use of other biogenic CO2 sources. Thus, CO2-neutral production of microbial oils from sugars or hydrolysates of agricultural residues is possible by reusing the CO2 produced in the aerobic yeast oil production for the autotrophic production of acetic acid, which is fully recycled as an additional carbon source for yeast oil production.
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1. Introduction


The valorization of CO2 as a renewable carbon feedstock represents a cornerstone in the transition towards climate-neutral bioprocesses. Although CO2 emissions from industrial biotechnology are classified as unavoidable byproducts, they constitute a concentrated, readily exploitable carbon source in the off-gas stream. Particularly in aerobic microbial production, respiratory metabolism generates substantial CO2 fluxes [1,2]. Recoupling this CO2 with the synthesis of value-added chemicals offers a direct trajectory to enhance the carbon economy and mitigate the net greenhouse gas footprint of biotechnological value chains. Techniques for the capture, concentration, and purification of CO2 from off-gas streams from many industrial processes, such as, for example, in the chemical industry or from combustion processes (power plants or waste incineration), are readily available and well investigated, e.g., chemical absorption with amines or membrane separation [3,4]. They can easily be transferred to CO2-scrubbing from fermentation processes. So-called biogenic CO2 from anaerobic fermentations, e.g., ethanol production plants, is widely used in the food industry for the production of beverages and sparkling water [5].



Gas fermentation using acetogenic bacteria provides a biologically efficient route for CO2 conversion. Acetogens utilize the Wood–Ljungdahl pathway (WLP) for the fixation of CO2 as acetyl-CoA, which is subsequently converted into acetate as the primary metabolic product [6]. This pathway enables near-stoichiometric carbon fixation with minimal byproduct formation and operates close to thermodynamic limits. As a result, acetogenic gas fermentation has gained increasing attention as a platform technology for carbon capture and utilization [7,8]. Acetogens, such as Clostridium autoethanogenum, Moorella thermoacetica, and Clostridium carboxidivorans, are extensively studied and examined in detail, mostly for their ability to use syngas (CO2, H2, and CO) [9,10].



Acetobacterium woodii is one of the most comprehensively studied and technically robust homoacetogens, which was originally isolated from anaerobic sediment [11]. It is capable of converting CO2 and H2 into acetate with high selectivity and stable performance [12]. Its strict homoacetogenic metabolism, metabolic robustness, and tolerance towards fluctuating gas compositions make A. woodii a particularly attractive microorganism for CO2-based acetate production [13]. In addition, its physiology and energy conservation mechanisms have been investigated in detail, providing a solid foundation for process development and scale-up [14,15]. Furthermore, it has been shown that A. woodii is capable of producing and withstanding high acetate concentrations of up to 60 g L−1 in batch processes with continuous gassing while maintaining metabolic activity [16].



As acetate is a bulk chemical with low added value, achieving high volumetric productivity (space-time yield) with high product concentrations is necessary. As continuous syngas fermentation processes are particularly suitable for this purpose, many approaches have already been studied. The continuous operation of a gassed stirred tank bioreactor utilizing a submerged microfiltration membrane for full cell retention enabled a maximum acetate concentration of approximately 25 g L−1 with A. woodii, but at the same time requires a subtly balanced process operation towards the feed and filtration regime [17,18]. However, product concentration was reduced compared to batch processes (25 g L−1 instead of 60 g L−1). Unfortunately, during continuous operation of stirred-tank bioreactors, cells are exposed to high product concentrations most of the time. To avoid product inhibition during continuous operation, repeated-batch processes offer an alternative, as the acetogens are exposed solely to high product concentrations at the end of each batch before harvest.



Repeated-batch processes are posing a cost-effective alternative with a simple operation regime [19]. Harvest is incomplete for the direct inoculation of the next batch, which starts after refilling the bioreactor with fresh fermentation medium. A seed train is not necessary as long as the repeated-batch process is stable. In addition, self-optimization may occur by adapting the production strain to higher product concentrations and higher growth rates driven by selection pressure from consecutive batch processes (adaptive evolution). Repeated-batch processes are also frequently used on a laboratory scale to improve growth-related properties of production strains, called adaptive laboratory evolution (ALE) [20,21].



Only one study has been reported so far on repeated autotrophic batch processes with A. woodii [22]. However, acetate concentrations before each medium exchange were low (<1.0 g L−1) and decreased after each of the two medium exchanges (total process time of 78 h).



Acetate produced by acetogenic gas fermentation may also serve as a biogenic carbon source in industrial biotechnology. One example is the production of microbial oils with oleaginous yeasts such as Cutaneotrichosporon oleaginosus [23,24,25]. Different yeast species have been investigated, highlighting the future prospects for the implementation of biorefinery concepts into the sustainable utilization of waste streams, such as lignocellulosic residuals, and the production of plant oil and fat substitutes used in the food industry [26,27]. Furthermore, metabolic engineering strategies have been implemented to enhance the lipid accumulation capacity of oleaginous yeasts and their usability in food-related applications [28].



It has been demonstrated that the conversion of a synthetic lignocellulosic hydrolysate into yeast oil with Cutaneotrichosporon oleaginosus is possible without cost-intensive nitrogen or phosphorus limitation by additional pH-controlled feeding of acetic acid [23,25]. This finding is of great importance if microbial oils are produced from hydrolyzed lignocellulosic residues, e.g., wheat straw, corn stover, extracted sugar beet press pulp, or others. As plant materials, hydrolyzed agricultural residues contain nitrogen and phosphorus compounds in varying proportions, depending on plant species, agricultural cultivation (fertilizer use and climate), and their treatment to release the lignocellulosic sugars [29]. Without additional pretreatment, e.g., repeated phosphate precipitation [30], hydrolyzed agricultural residues cannot be used for the production of microbial oils in a nutrient-limited production process.



Very recently, it was shown that more than 50% of the carbon fed as synthetic straw hydrolysate and acetic acid during the microbial oil production with C. oleaginosus was released as CO2 [25], clearly demonstrating the benefits of reusing CO2, e.g., for acetate production, to reduce the loss of carbon in biotechnological production processes. Combining both anaerobic acetate production by A. woodii from H2 and biogenic CO2, and aerobic yeast oil production by C. oleaginosus from biogenic acetate and lignocellulosic hydrolysate in an integrated process, is a promising approach for producing long-chain hydrocarbons with improved carbon use (Figure 1).



As a first proof of concept, this study investigates repeated autotrophic batch fermentations with A. woodii in a controlled 1 L stirred tank bioreactor with continuous gassing with H2 and CO2. Repeated-batch process times are adjusted to the typical batch process times for yeast oil production with C. oleaginosus of 6–7 days [25]. The primary objectives were to evaluate process stability, acetate productivity, and robustness of A. woodii in the repeated-batch process. Finally, the possibilities of integrating gas fermentation and microbial oil production, e.g., relative reactor volumes, were estimated based on total CO2 consumption and acetate production determined in this study, and on recently published microbial oil production data [25].




2. Materials and Methods


2.1. Microorganism and Cultivation Media


Acetobacterium woodii (DSM 1030) was obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ) (Braunschweig, Germany) as a living culture. To maintain long-term strain stability, the living culture was transferred into anaerobic serum bottles with 100 mL of a complex medium as described before [31], grown heterotrophically with fructose at 30 °C in a shaking incubator (WIS-20, Witeg Labortechnik GmbH, Wertheim, Germany) at 110 rpm until the beginning of the exponential growth phase, mixed with 10% (v/v) of dimethyl sulfoxide, and subsequently stored at −80 °C as cryostocks, each with a volume of 5 mL.



For the preparation of anaerobic media in serum bottles, all media components except the vitamins and trace elements were dissolved in deionized water, and pH 7.0 was adjusted with 6 M KOH (medium composition, see Table S1 in the Supplementary Material). Afterwards, the medium was degassed by boiling for 20 min using a heating mantle (WiseTherm WHM 230V, Witeg Labortechnik GmbH, Wertheim, Germany), followed by cooling on ice for 20 min with simultaneous gassing with N2 to strip any traces of O2 out of the liquid phase. Afterwards, the medium was anaerobically transferred to serum bottles which were sealed with gas-tight butyl plugs, autoclaved at 121 °C for 20 min, and stored at room temperature. The vitamin and trace element solutions were added just before inoculation using a syringe equipped with a sterile filter (0.2 µm) through the gas-tight butyl plugs. All chemicals were obtained in analysis quality by Carl Roth GmbH & Co. KG (Karlsruhe, Germany) and Merck KGaA (Darmstadt, Germany).



The same medium was used for the two-step preculture preparations: 5 mL of the cryo-stock was suspended in 100 mL medium in anaerobic serum bottles and incubated at 30 °C and 110 rpm for 3 days. 5 mL of the incubated cells was transferred into serum bottles with 100 mL of fresh medium and incubated at 30 °C and 110 rpm for 24 h to obtain exponentially growing cells.



For the preparation of the autotrophic reactor medium, no fructose was added, and the concentrations of K2HPO4 and KH2PO4 were reduced to 0.45 g L−1 and 0.33 g L−1, respectively.




2.2. Repeated-Batch Operation of the Stirred-Tank Bioreactor


The repeated-batch processes were carried out in an autoclavable stirred-tank reactor (STR) with a total volume of 2 L (Labfors 2, Infors HT, Bottmingen, Switzerland) in a walk-in fume hood equipped with H2-sensors. The reactor’s working volume was set to 1 L. All process variables were controlled by the reactor’s control software (Iris 6.0, Infors HT, Bottmingen, Switzerland). The stirrer speed was set to 1200 rpm, corresponding to a power input of 11.9 W L−1 [17]. At this stirrer speed, the H2 transfer rate is much higher than the maximum measured H2 consumption rate in autotrophic batch processes with A. woodii, indicating no H2 limitation, as it was observed at lower power inputs. The stirrer axis was equipped with two 6-bladed Rushton turbines, spaced approximately 6 cm apart. The gas flow rate was set to 5 L h−1, which corresponds to a gassing rate of 0.083 vvm. The gas mixture consisted of H2 and CO2 (70:30), controlled by a gas-mixing unit (WMR, Westphal Mess- und Regelungstechnik, Ottobrunn, Germany). The STR was equipped with autoclavable probes: one for online pH measurement (405-DPAS-SC-K8S/120, Mettler Toledo GmbH, Gießen, Germany) and the other for online redox potential measurement (Pt4805-DPAS-SC-K8S/120, Mettler Toledo GmbH, Germany). An amount of 6 M KOH or 2 M H2SO4 was used for the automated control of pH 7.0 in the fermentation broth. To suppress foam formation, 150 µL L−1 of sterile polypropylene glycol (PPG400, Carl Roth GmbH, Karlsruhe, Germany) was added at the beginning of each (repeated) batch process. Afterwards, polypropylene glycol was added manually any time foam formation was observed, with a maximum of up to 300 µL L−1 for each (repeated) batch process. For sterilization, the reactor was filled with the autotrophic production medium, heated to 121 °C for 20 min, and cooled down to 30 °C. The trace element and vitamin solution was sterilized by microfiltration (0.2 µm) and was added aseptically via septum after heat sterilization of the bioreactor. Afterwards, the sterile STR was gassed with H2/CO2 for at least 12 h to ensure full anaerobic conditions before inoculation of the first batch process with A. woodii cells.



For the initial inoculation, the cells grown with fructose during precultivation in serum bottles were washed twice: first, the second preculture was anaerobically transferred into 50 mL centrifugation tubes (CELLSTAR, Greiner Bio-One GmbH, Frickenhausen, Germany) and subsequently centrifuged at 2500 rpm for 20 min (Rotixa 50 RS, Andreas Hettich GmbH, Tuttlingen, Germany). The supernatant was discarded, and the cell pellets were suspended in 10 mL of anaerobic phosphate-buffered saline (8.0 g L−1 NaCl, 0.2 g L−1 KCl, 1.44 g L−1 Na2HPO4, 0.24 g L−1 KH2PO4). The cell suspensions were subsequently centrifuged at 2500 rpm for 20 min, and the supernatant was also discarded. Afterwards, the cell pellets were suspended in 10 mL of anaerobic phosphate-buffered saline and transferred to a single-use syringe, which was used to inoculate the STR via cannulas through a septum on the lid, achieving an initial biomass concentration of 0.15 g L−1 CDW.



Each of the repeated-batch processes was harvested after the redox potential in the STR was identified as increasing, indicating a reduction in the metabolic activity of the A. woodii cells. First, stirring and pH control were interrupted manually. Afterwards, 800 mL of culture broth was pumped from the STR using a peristaltic pump (MSC-WM5, Chemap AG, Zürich, Switzerland) into a sterile 1 L harvest bottle via a dip tube attached to the reactor lid, ensuring a residual broth volume of 200 mL. The harvest bottle (Rotilabo SIMAX 1000 mL, Carl Roth GmbH, Karlsruhe, Germany) was connected via sterile filter to the fume hood for pressure equalization. The continuous gassing with CO2/H2 was not interrupted to ensure a fully anaerobic gas phase in the STR. Immediately afterwards, 800 mL of an autoclaved anaerobic medium without vitamins and trace elements was pumped into the STR using a peristaltic pump (MSC-WM5, Chemap AG, Switzerland) after connecting the gas-tight tubing (Marprene process tubing, Watson-Marlow GmbH, Rommerskirchen, Germany) from the anaerobic medium bottle to a sterile coupling device attached to a port on the reactor lid. The serum bottle with the autoclaved medium was equipped with a gas bag (PLASTIGAS, Linde GmbH, Pullach, Germany) filled with N2 for pressure compensation. After refilling the STR with the fresh medium, the vitamin and trace element solutions were added with single-use syringes and cannulas via a septum at the lid. Hereafter, the stirrer and pH control were switched on again, and the next batch process was started. The anaerobic medium exchanges lasted in total between 20 and 25 min.




2.3. Cell Dry Weight and Optical Density


For the determination of the cell dry weight (CDW), samples with a volume of 3 mL were collected with a syringe and a cannula through a silicon septum in the reactor lid. CDW was determined gravimetrically by centrifugation of samples at 14,500 rcf for 15 min (Espresso Personal Microcentrifuge, Thermo Fisher Scientific, Waltham, MA, USA) in pre-dried and pre-weighted tubes (Eppendorf Safe-Lock 2 mL, Eppendorf SE, Hamburg, Germany). The supernatant was discarded, and the cell pellet was dried to constant weight at 80 °C for at least 48 h before final weighing.



The optical density of samples was determined in triplicate by measuring the optical density at a wavelength of 600 nm (OD600) using single-use cuvettes (ROTILABO PMMA semi-micro, Carl Roth GmbH, Karlsruhe, Germany) with a UV-Vis spectrometer (Genesys 10S UV-Vis, Thermo Fisher Scientific Inc., Waltham, MA, USA). If necessary, the samples were diluted with phosphate-buffered saline solution (PBS) (8 g L−1 NaCl, 0.2 g L−1 KCl, 1.44 g L−1 Na2HPO4, 0.24 g L−1 KH2PO4) to keep the optical density within the linear correlation range of the UV-Vis spectrometer. The CDW concentration was estimated based on the measured OD600 by linear correlation (0.51 g L−1 OD600−1).




2.4. Substrate Analysis


High Performance Liquid Chromatography (Agilent 1100 LC, Agilent Technologies Inc., Santa Clara, CA, USA) was applied to measure the concentrations of the monosaccharides and acetic acid using an ion exchange column (Aminex HPX-87H, 300 mm × 7.8 mm, Bio-Rad Laboratories Inc., Hercules, CA, USA) with a refractive index (RI) detector (Agilent 1200 G1362A RID, Agilent Technologies Inc., Santa Clara, CA, USA). 5 mM sulfuric acid was used as the mobile phase with a flow rate of 0.5 mL min−1, and the RI detector was operated at 65 °C.



The measured acetate concentrations of each repeated batch process were interpolated with a sigmoidal function (see Supplementary Material and Table S2) for the estimation of the maximum volumetric production rate (QAcetate,max).




2.5. Online Analysis of Exhaust Gas and Determination of Gas Uptake Rates and Uptake Yields


The exhaust gas was analyzed online using a mass flow meter (EL-FLOW, Bronkhorst HIGH-TECH, Ruurlo, The Netherlands) and a micro gas chromatograph (µ-GC) equipped with a thermal conductivity detector (490 Micro GC Dual, Agilent Technologies, Santa Clara, CA, USA). After passing the mass flow meter, a gas sample was automatically collected by the µ-GC every ten minutes. For the accurate determination of the gas components, hydrogen and carbon dioxide, two columns were employed. A Mol Sieve 5 Å column (10 m) for hydrogen detection operated at a column temperature of 45 °C, and a PoraPLOT PPQ column (10 m) for carbon dioxide detection operated at 60 °C. Nitrogen was used as the carrier gas for both columns at a flow rate of 10 mL min−1.



The gas uptake rates     U R   i     (Equation (S1)) and the uptake yield Yieldi (Equation (S2)) of CO2 and H2 were determined from the volumetric proportion of each gas component xi determined via the online gas analysis, a mixed gas conversion factor     f   i     determined during calibration of the µ-GC (    f   i   = 0.945  ), and the gas flow rate       V  ˙    G a s , t o t a l     measured in the off-gas. The Equations (S1) and (S2) were used with the gas flow rate       V  ˙    i , i n     of the gas component i that was fed to the stirred tank bioreactor and     V   m   = 22.414   L mol−1.




2.6. Extraction of Acetate


At the end of each repeated-batch process, the harvested culture broth was first autoclaved (121°, 20 min) to ensure complete cell inactivation and to prevent further metabolic activity. The autoclaved broth was then clarified by vacuum filtration using diatomaceous earth (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and a filter paper (0.45 µm) to remove the solids (A. woodii). The filtrate was subsequently acidified by H2SO4 to pH 1.2 to gain the undissociated acetic acid for extraction. Liquid–liquid extraction was performed by mixing the acidified aqueous phase with saturated NaCl solution and the non-water miscible organic solvent ethyl acetate at a 1:1:2 (v/v) ratio, followed by phase separation using a separatory funnel. To maximize the extraction yield, the aqueous phase was extracted two more times with fresh ethyl acetate under identical conditions. The combined organic phases were collected, and the solvent was removed and condensed for recycling using a rotary evaporator (Hei-VAP Expert, Heidolph Scientific Products GmbH, Schwabach, Germany) operated at 42 °C and 150 mbar, yielding purified acetic acid as the residual product. The mass of the recovered acetic acid was determined, and samples of 500 µL were subsequently diluted with deionized water for analysis by high-performance liquid chromatography (HPLC).




2.7. Carbon Balance and Electron Balance


For the determination of the carbon balance, mass balances of the carbon that was added to the reactor (MC,in) through CO2, yeast extract, and the vitamins, and the carbon that was recovered from formed biomass and acetate via analysis (MC,out). To determine carbon recovery, Equation (S3) was used, where RC is the carbon recovery in percent.



The electron balance (Re−) of the repeated batch cultivations was determined by comparing the electrons supplied via hydrogen with the electrons recovered from biomass and acetate. The input of electrons was determined from the consumed hydrogen, using a degree of reduction of 2 mol e− equivalents per mol H2. The recovery of electrons was calculated from the formation of biomass and acetate, through the degree of reduction. The degree of reduction was derived from the elemental composition according to γ = 4C + H − 2O − 3N. Based on this approach, acetate has a degree of reduction of γAcetate = 4.0 on a C-mol basis. For biomass, an elemental composition of CH1.8O0.5N0.2 was assumed. From this, the degree of reduction was determined to be γX = 4.2 on a C-mol basis. Thus, the final electron balance was expressed as the electron input from hydrogen and the electron recovery in formed biomass and acetate as presented in Equation (S4).





3. Results and Discussion


3.1. Biomass Formation and Acetate Production


The biomass concentrations of A. woodii during the semi-continuous repeated-batch operation are depicted in Figure 2a as a function of the process time. Each start of a new batch process is indicated by a blue line, corresponding to 80% partial medium exchange.



Within 48 days, eight repeated autotrophic batch processes were performed in the controlled STR with continuous gassing. After each medium exchange, only a short lag phase was observed. Except for the fourth batch process, where an unintended interruption (technical failure) of the gas supply for a few hours occurred shortly after the medium exchange (marked with gray in Figure 2). The process times of the repeated-batch processes (excluding the first) varied between 5.8 and 7.0 days (Table 1). These deviations may be caused, in part, by the manually initiated medium exchange after the online-measured redox potential was identified as increasing (Figure 2c). The first batch process, inoculated with cells of the preculture, was significantly shorter (3.0 days).



The initial CDW concentration after each medium exchange was 0.230 ± 0.055 g L−1. After reaching the maximum CDW concentration in the repeated-batch processes, a decline in the A. woodii cells was observed (except in the last batch process), most probably due to the exhaustion of one or more growth factors provided with the medium, e.g., components of the yeast extract or vitamins. The maximum CDW concentrations varied considerably between 1.08 and 1.51 g L−1, with more stable results at a higher level in the last four batch processes (1.39–1.51 g L−1), indicating adaptation of the A. woodii cells during repeated-batch operation.



Compared to published autotrophic batch process data, the general growth profiles of the repeated-batch processes are similar to those described, e.g., in [31]. Even under increased absolute pressure (10 bar), a modified A. woodii strain showed autotrophic batch growth patterns similar to ours [32].



The acetate concentrations in the repeated-batch processes increased after each medium exchange, once the cells had passed through the initial adaptation phase (Figure 2b). The final maximum acetate concentrations were always measured at the time the medium exchanges were initiated. Acetate concentrations were increasing progressively from 37.4 g L−1 in the first batch process to a maximum of 47.8–48.8 g L−1 in the last four repeated-batch processes. These final acetate concentrations at harvest are comparable to those described before in autotrophic batch processes with A. woodii [16].



The maximum volumetric acetate production rates varied in the last four batch processes between 9.90 and 13.63 g L−1 d−1 (see Table 1). This leads to a mean maximum volumetric production rate of 11.6 (±1.7) g L−1 d−1. Our production rates are in the same order of magnitude compared to literature data with 9.4–18.1 g L−1 d−1 [16]. Summarizing it can be noted that the consistent recovery of acetate synthesis following each dilution step demonstrates sustained homoacetogenic activity of A. woodii. Remarkably, even as CDW concentrations decreased during the repeated-batch processes, acetate production slowed but continued.



A similar behavior of acetate production was observed in previous autotrophic batch studies with A. woodii, with final acetate concentrations up to 50 g L−1 and CDW formation up to 1.9 g L−1 [33]. The ability of A. woodii to further produce acetate in autotrophic batch processes, even under declining CDW concentrations, has been described in [16] as well. Other acetogens, such as Clostridium autoethanogenum, cease acetate production once some cells begin to lyse in autotrophic batch processes, as shown previously [34]. On the other hand, repeated-batch processes with Moorella thermoacetica at 60 °C showed acetate production even as the CDW concentration decreased, but with significantly lower final maximum acetate concentrations of 25 g L−1 [35].



The redox potential of the medium at the beginning of each batch process after medium exchange was around −300 mV and decreased with increasing CDW concentrations. As far as the redox potential fell below −400 mV, acetate formation began to increase rapidly due to the redox-dependent bifurcating hydrogenase of A. woodii. This enzymatic complex is supposed to provide sufficient reduced ferredoxin for acetate formation as long as a redox potential of −414 mV is achieved inside the cells [15,36]. The minimum redox potential of around –510 mV in the first three batch processes shifted to a minimum ranging between −425 mV and −475 mV afterwards. Because the same medium was used in the repeated-batch processes during medium exchange, the redox electrode might shift during long-term operation [37], e.g., caused by biofouling on or within the ceramic diaphragm of the redox probe. Additionally, it has to be mentioned that biofouling on or within the ceramic diaphragm of the redox probe might influence the measurement accuracy, as it has been shown in other studies [38,39]. However, there is no possibility to recalibrate the redox electrode during the running autotrophic process.



The cumulative working time of the base pump (6 M KOH) required for pH control is shown in Figure 2d. Base additions followed, as expected, the dynamics of acetate formation in the repeated-batch processes (Figure 2b). Cumulative base additions may thus serve as an online signal for estimating acetate formation, as already shown with Moorella thermoacetica [35].




3.2. Gas Uptake Rates of CO2 and H2


The CO2 and H2 uptake rates of the repeated-batch processes increased until the maximum biomass concentrations were achieved (Figure 3). Afterwards, both uptake rates decreased, approaching zero mM h−1 before medium exchange. Data from the fourth batch process are missing (technical failure of the gas supply). Between day 26 and day 27, the off-gas flow rates are missing due to a communication problem between the mass flow meter and the control software of the stirred tank bioreactor, which was resolved after the problem was recognized and the mass flow meter was restarted. The maxima of the CO2 and H2 uptake rates of the repeated-batch processes were determined as a 2 h average due to the noisy signals. The average maxima of the CO2 uptake rates were between 17.6 and 28.6 mM CO2 h−1, except for the first batch process (47.5 mM CO2 h−1). The maximum H2 uptake rates were 41.0–64.1 mM H2 h−1 and 102.6 mM H2 h−1 in the first batch process, respectively. These maximum gas uptake rates are of the same order of magnitude as previously reported for autotrophic batch processes with A. woodii, e.g., [31]. The measured ratio of the consumed gases H2 versus CO2 is thus 2.16–2.42 in the maximum (Table 1), meaning that in the repeated batch processes, more H2 is consumed by the cells compared to the stoichiometric ratio of 2.0 for pure autotrophic acetate production without biomass formation [40]. This has already been observed in other autotrophic studies with A. woodii, showing molar H2 versus CO2 ratios of 2.15–2.24, e.g., [31].



The gas flow rate dynamics of the off-gas were inversely proportional to the gas uptake rates (Figure 3c): the minimum off-gas flow rates were measured at the maximum gas uptake rates of the A. woodii cells. These minimum values ranged between 2.93 and 3.69 NL h−1 for the repeated-batch processes (Table 1). It should be noted that the incoming gas mixture with 70% H2 and 30% CO2 was composed in a superstoichiometric ratio for acetate production to ensure a sufficient supply of reduction equivalents (H2: CO2 = 2.33 > 2.0). As a consequence, no significant change between the incoming and the off-gas partial pressures of H2 and CO2 was observed within the estimation error, as already described in the literature [17].



The maximum CO2 yields of the repeated-batch processes in the lab-scale stirred tank bioreactors with continuous gassing were low, ranging from 11.8 to 15.1%, except for the first batch, showing a maximum CO2 yield of 36%. The same trend was observed with the maximum H2 yields (14.0–17.5%) in the repeated batch processes and 34.5% in the first batch process (Table 1). This is typical for lab-scale studies that aim to ensure high gas–liquid mass transfer rates by applying high volumetric power inputs at high gassing rates to avoid mass transfer limitations. On an industrial scale, with liquid heights of 20–30 m above the sparger, much higher CO2- and H2-yields are the standard due to the long travel time of the gas bubbles in the liquid phase and the improved gas–liquid mass transfer caused by the increased hydrostatic pressure. Gaseous carbon utilization of 70–75% has already been demonstrated in syngas fermentation on a pilot scale [41]. Currently, almost complete utilization of the limiting syngas components is achieved in gas fermentation on an industrial scale [42].



Carbon and electron balances of the repeated batch processes are closed within typical estimation errors of +/− 10%, showing carbon recoveries of 91.5–98.7%, and electron recoveries of 92.5–110%, respectively (Table 1). Deviations from complete closure of the balances are most likely caused by cumulative uncertainties in gas flow and off-gas analysis, and the assumed biomass composition. However, the carbon recovery in the first batch process was only 84.5%, and this may be due to more cell lysis than in the other batches. Overall, our carbon and electron balances in the later batches were closed within the same order of magnitude as reported previously (96–115%) [43,44], indicating that the process performance data from our repeated batch processes are reliable within the estimation error.




3.3. Extraction of Acetic Acid from the Clarified Fermentation Broth


At pH 7.0, acetate is predominant in the fermentation broth. To get concentrated acetic acid as a carbon source for microbial oil production with C. oleaginosus, the clarified fermentation broth was first titrated to pH 1.2 with H2SO4. After adding a saturated NaCl solution with a ratio of 1:1, the resulting aqueous solution was extracted with the non-water miscible organic solvent ethyl acetate at a 1:1 (v/v) ratio, as suggested in [45]. Acetic acid was extracted exemplarily from the clarified fermentation broth of the last repeated batch process with a simple mixer-settler approach, repeated two times, with total recycling of the organic phase. Concentrated acetic acid with a purity of 90% (951.25 g L−1) was produced with an extraction yield of 94.3% (w/w). This is in accordance with literature data, where extraction yields of 88–96% have been reported [46,47]. More sustainable separation methods, avoiding pH titration and salt addition, are the direct extraction of organic acids like acetate via reactive extraction or the application of electrodialysis with bipolar membranes [48,49]. However, both approaches are technically more complex and are not part of standard laboratory equipment.




3.4. Feasibility of Process Integration of Microbial Oil Production and Gas Fermentation


The feasibility of an integrated production of yeast oil from lignocellulosic hydrolysate by combining aerobic yeast oil production with C. oleaginosus and anaerobic gas fermentation with A. woodii is evaluated based on the following assumptions:




	(i)

	
The mean of the gas fermentation performance data of the last four repeated batch processes (Table 1) was used as reference, resulting in a mean repeated batch process time of 6.5 days. The mean final acetate concentration was 48.3 g L−1 (805 mM). 80% of the fermentation broth will be harvested during medium exchange. Assuming an acetic acid extraction yield of 95% will result in the delivery of   805 · 0.8 · 0.95 = 611.8   mmol acetic acid per L of gas fermentation volume. The mean CO2 uptake rate was 8.59 mmol L−1 h−1. Within 6.5 days,   8.59 · 24 · 6.5 = 1.34   M   CO2 is consumed by the A. woodii cells for acetate and biomass formation.




	(ii)

	
The batch process performance data for the aerobic microbial oil production with C. oleaginosus have been published before [25]. The microbial oil production process operated at an absolute pressure of 1.5 bar was used as a reference. Within a batch process time of 6 days, 45 g L−1 sugars (synthetic straw hydrolysate) and 112.9 g L−1 (1882 mM) acetic acid were consumed by C. oleaginosus for the production of 33 g L−1 microbial oils, 6.8 g L−1 lipid-free cell mass, and 3.27 M CO2. It is assumed that CO2 scrubbing from the off-gas of the aerobic fermentation can be achieved with a 100% yield.




	(iii)

	
Both fermentation processes are operated in parallel with the aerobic microbial oil production by C. oleaginosus, producing the CO2 for the acetic acid production with A. woodii as one of the carbon sources for the yeast oil. The ratio of acetic acid needed for the aerobic yeast oil production and the acetic acid produced by A. woodii is 1882 mM/611.8 mM = 3.08. This means that the bioreactors for the gas fermentation need a 3.08 times higher working volume compared to the bioreactors for yeast oil production, as the (repeated) batch process times of both processes are nearly identical (6.5 days for the gas fermentation, and 6 days plus setup time for the aerobic yeast oil production).









However, the amount of CO2 needed for the production of acetic acid by A. woodii, with a 3.08 times higher working volume, is   3.08 · 1.34 = 4.13   M CO2, resulting in a deficit of 4.13 − 3.27 = 0.86 M CO2. Three options will be available for replacing the missing CO2. All three scenarios ensure CO2-free production of microbial oils from straw hydrolysate in the fermentation plant, provided renewable energy is used for plant operation, and H2 is produced via water electrolysis (green hydrogen).



First, the concentration of sugars can be increased during aerobic microbial oil fermentation. Assuming complete oxidation of the additionally supplied sugars in the synthetic hydrolysate, both glucose and xylose yield 33.3 mmol CO2 per gram of sugar. With a sugar ratio of 2:1 in the synthetic hydrolysate, the addition of 17.2 g L−1 glucose and 8.6 g L−1 xylose will result in the release of   ( 17.2 + 8.6 ) · 0.0333 = 0.86   M CO2, compensating for the deficit needed for the production of acetic acid with A. woodii. Increasing the sugar concentration to 45 + 17.2 + 8.6 = 70.8 g L−1 sugars at the minimum should be possible, because straw hydrolysates with sugar concentrations of up to 123 g L−1 have been reported in the literature, e.g., [50]. This approach is illustrated in Figure 4 based on an aerobic fermentation volume for yeast oil production of 1 m3.



However, the first of both fermentation processes requires the supply of initial carbon sources. The first anaerobic acetate production batch can be operated with biogenic CO2 (commercially available from ethanol fermentation plants) or with CO2 obtained from power plants or waste incineration. The first yeast oil production process, operated in parallel, needs biogenic acetic acid from the classical oxidation of ethanol with aerobic acetic acid bacteria or fossil acetic acid.



A second option to replace the missing CO2 is to use other sources of biogenic CO2, e.g., the off-gas from wastewater treatment, which is necessary to treat the liquid wastes from the fermentation processes (consumed fermentation media, biomass, cell debris, and cleansing water).



Third, the gas fermentation capacity is adapted to the available CO2 from the yeast oil production, and missing acetic acid is replaced by other (biogenic) sources. With this scenario, the working volume of the gas fermentation is reduced: 3.27 M CO2 is produced by C. oleaginosus in the reference process, and 1.34 M CO2 is consumed by A. woodii in the repeated batch process, resulting in a working volume ratio of     3.27  /  1.34   = 2.44  .



Other studies on the combination of gas fermentation for acetate production followed by microbial oil production with yeasts attempted to use the filtered effluent from gas fermentation directly for microbial oil production. An example is the combination of a gas fermentation with Clostridium aceticum and the microbial oil production with Yarrowia lipolytica [51]. However, the microbial oil content of the yeast cells was low (<22.9% (w/w)) at low final CDW concentrations of 5.5 g L−1. Nearly the same results were reported after autotrophic acetate production with Moorella thermoacetica and converting the filtered gas fermentation broth with Y. lipolytica [52]. Here, a rather low lipid content of 36% (w/w) was measured, yielding a final lipid concentration of solely 18 g L−1. Both acetogens, C. aceticum and M. thermoacetica, produced significantly lower acetate concentrations (7–30 g L−1) compared to A. woodii.





4. Conclusions


CO2-neutral production of microbial oils from sugars or hydrolysates of agricultural residues is possible by reusing the CO2 produced in the aerobic yeast oil production for the autotrophic production of acetic acid, which is recycled as an additional carbon source for yeast oil production. Repeated batch processes with A. woodii enable the stable and semi-continuous production of acetate from CO2 and H2 within 6.5 days. Acetic acid can be extracted from the fermentation broth with high yields. The batch process time (6 days plus setup time) of the aerobic microbial oil production from a synthetic straw hydrolysate and acetic acid with C. oleaginosus fits well, as shown before [25]. For providing enough acetic acid for microbial oil production, a 3.08 times higher bioreactor capacity is needed for the gas fermentation compared to the aerobic yeast fermentation. The lack of CO2 produced by C. oleaginosus may be compensated for by increasing the sugar supply (hydrolysate) during yeast oil production, or by the additional use of other biogenic CO2 sources. However, additional research and development work is necessary for scale-up and further adaptation of both fermentation processes.
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Abbreviations


The following abbreviations are used in this manuscript:



	DSMZ
	Deutsche Sammlung für Mikroorganismen und Zellkulturen Braunschweig



	YPD
	Yeast–Peptone–Dextrose



	STR
	Stirred Tank Reactor



	vvm
	Vessel Volumes per Minute



	KOH
	Potassium Hydroxide



	HCl
	Hydrogenchloride



	CDW
	Cell Dry Weight



	PBS
	Phosphate-Buffered Saline Solution



	HPLC
	High-Performance Liquid Chromatography



	pabs
	Absolute Pressure



	pH2
	Partial Pressure H2



	pCO2
	Partial Pressure of CO2



	n.d.
	Not Determined



	v/v
	Volume per Volume



	OD600
	Optical Density Determined at 600 nm Wavelength



	rpm
	Revolutions per Minute



	rcf
	Relative Centrifugal Force



	RI
	Refractive Index



	MC,in
	Mass of Carbon Introduced



	MC,out
	Mass of Carbon Recovered



	MAc
	Mass of Acetic Acid/Acetate



	xC,Ac
	Fraction of Carbon in Acetic Acid/Acetate



	MYE
	Mass of Yeast Extract



	xC,YE
	Fraction of Carbon of Yeast Extract



	MX
	Mass of Biomass



	xC,X
	Fraction of Carbon in Biomass



	MCO2
	Mass of Carbon Dioxide



	xC,CO2
	Fraction of Carbon in CO2



	MVit
	Mass of Vitamins



	XC,Vit
	Fraction of Carbon of Vitamins



	RC
	Carbon Recovery Rate



	Ein
	Electrons Brought into the System



	Eout
	Electrons Found in the System



	nH2
	Molar Amount of Hydrogen Consumed



	γX
	Degree of Reduction for the Formation of Biomass



	γAc
	Degree of Reduction for the Formation of Acetate



	γH2
	Degree of Reduction from the Reduction of Hydrogen



	nX
	Molar Amount of Biomass Produced



	nAc
	Molar Amount of Acetate Produced



	Re
	Electron Balance/Recovery



	ALE
	Adaptive Laboratory Evolution



	LC
	Liquid Chromatography



	µ-GC
	Micro Gas Chromatography



	NL h−1
	Normal Liters per Hour



	RID
	Refractive Index Detector



	URi
	Uptake Rate of Gas Component i



	URmax,i
	Maximum Uptake Rate of Gas Component i



	WLP
	Wood–Ljungdahl Pathway



	PPG
	Polypropylene Glycol



	      V  ˙    i , i n    
	Gas Flow Rate of Gas Component i at the Reactor Entrance



	xi
	Proportion of the Gas Component i



	fi
	Mixed Gas Conversion Factor



	QAcetate,max
	Maximum Volumetric Production Rate of Acetate



	      V  ˙    G a s , t o t a l    
	Total Gas Flow Rate of the Off-Gas Stream



	    V   m    
	Molar Gas Volume (22.414 L mol−1)



	    V   R    
	Working Volume of the Reactor



	Yieldi
	Yield of the Gas Uptake



	    γ   X    
	Degree of Biomass Reduction



	    n   X    
	Molar Amount of Biomass Produced



	    γ   A c    
	Degree of Acetate Reduction



	    n   A c    
	Molar Amount of Acetate
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Figure 1. Concept for an integrated production of yeast oil from lignocellulosic hydrolysate by combining aerobic yeast oil production with C. oleaginosus and anaerobic gas fermentation with A. woodii, interconnected by CO2 released from the aerobic yeast oil production, and acetic acid produced in the anaerobic gas fermentation. The separation of acetic acid from the anaerobic fermentation broth and CO2 from the aerobic gas phase is indicated. 
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Figure 2. Repeated-batch process with A. woodii in a STR with continuous gassing with 700 mbar H2 and 300 mbar CO2: (a) cell dry weight concentration, (b) acetate concentration (gray lines represent interpolated acetate concentrations estimated with a sigmoidal function), (c) redox potential, and (d) recorded process time of the base pump to achieve the set-point of pH 7.0 for each repeated-batch process (incoming gas flow rate of 5 L h−1, T = 30 °C, P = 1 bar, V = 1 L). The blue lines represent the time points at which 80% of the cultivation broth was harvested, and the STR was refilled with 800 mL of fresh medium. The red line indicates a redox potential of −400 mV. The fourth batch process is indicated in gray due to the interruption (technical failure) of the gas supply shortly after medium exchange. 
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Figure 3. Repeated-batch process with A. woodii in a STR with continuous gassing with 700 mbar H2 and 300 mbar CO2: (a) CO2 uptake rate, (b) H2 uptake rate, and (c) flow rate of the exhaust gas (incoming gas flow rate of 5 L h−1, T = 30 °C, P = 1 bar, V = 1 L). The blue lines represent the time points at which 80% of the cultivation broth was harvested, and the STR was refilled with 800 mL of fresh medium. The green line indicates the incoming gas flow rate of 5.0 L h−1. The fourth batch process is indicated in gray due to the interruption (technical failure) of the gas supply shortly after medium exchange. 
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Figure 4. Mass flows for 6.5 days operation of an integrated production of yeast oil from lignocellulosic hydrolysate by combining aerobic yeast oil production with C. oleaginosus on a 1 m3-scale (batch process with pH-controlled acetic acid feeding) and anaerobic gas fermentation with A. woodii (repeated batch processes), with a 3.08 higher working volume, interconnected by CO2 released from the aerobic yeast oil production, and acetic acid produced in the anaerobic gas fermentation. The separation of acetic acid from the anaerobic fermentation broth and CO2 from the aerobic gas phase is indicated. Full consumption of H2/CO2 is assumed in the anaerobic fermentation process (for more details, see text). 
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Table 1. Process performance data of the repeated batches performed with A. woodii in a STR with continuous gassing. The fourth batch process was not evaluated due to a technical failure of the gas supply shortly after medium exchange. Some process performance indicators of the fifth repeated batch process are not available due to temporarily missing off-gas flow rate data. The maximum gas uptake rates are given as the mean rates integrated over a time period of 2 h. The first process is diplayed in gray because it is not used for the determination of average values as it is the initiating process.
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	Process
	1
	2
	3
	4
	5
	6
	7
	8
	Mean 5–8





	Process time, d
	2.97
	6.17
	5.82
	-
	5.76
	6.21
	6.96
	6.99
	6.5 ± 0.5



	CDWinitial, g L−1
	0.21
	0.24
	0.25
	-
	0.26
	0.20
	0.32
	0.12
	0.23 ± 0.07



	CDWmax, g L−1
	1.37
	1.08
	1.11
	-
	1.50
	1.42
	1.39
	1.51
	1.46 ± 0.05



	CDWfinal, g L−1
	0.88
	0.91
	0.92
	-
	1.39
	1.25
	1.34
	1.46
	1.36 ± 0.08



	CDWproduced, g L−1
	0.67
	0.67
	0.67
	-
	1.13
	1.05
	1.02
	1.34
	1.14 ± 0.13



	cAcetate,initial, g L−1
	0.00
	8.61
	9.82
	-
	6.17
	12.64
	11.89
	7.63
	9.6 ± 2.7



	cAcetate,final, g L−1
	37.36
	38.32
	43.65
	-
	47.88
	48.84
	48.19
	48.23
	48.3 ± 0.4



	cAcetate,produced, g L−1
	37.36
	29.71
	33.83
	-
	41.71
	36.20
	36.30
	40.60
	38.7 ± 2.5



	QAcetate,max, g L−1 d−1
	23.54
	8.57
	8.12
	-
	13.63
	9.90
	9.95
	12.80
	11.6 ± 1.7



	Base pump, s
	726.9
	646.5
	667.7
	-
	875.5
	728.5
	690.5
	827.5
	780.5 ± 74.2



	Base pump/cAcetate,produced, s L g−1
	19.46
	21.76
	19.74
	-
	20.99
	20.12
	19.02
	20.38
	20.1 ± 0.7



	CO2 URmax, mmol L−1 h−1
	47.5
	17.6
	18.4
	-
	28.6
	19.5
	18.0
	23.8
	22.5 ± 4.1



	H2 URmax, mmol L−1 h−1
	102.6
	41.0
	42.7
	-
	64.1
	45.5
	43.5
	57.1
	52.6 ± 8.4



	H2 URmax/CO2 URmax, -
	2.16
	2.33
	2.32
	-
	2.24
	2.33
	2.42
	2.40
	2.4 ± 0.1



	Gas flow rate min, NL h−1
	1.63
	3.69
	3.63
	-
	2.93
	3.55
	3.62
	3.19
	3.3 ± 0.3



	Gas consumption max, NL h−1
	3.37
	1.31
	1.37
	-
	2.07
	1.45
	1.38
	1.81
	1.7 ± 0.3



	YieldCO2,max, % (n/n)
	36.0
	13.3
	15.0
	-
	-
	15.1
	11.8
	14.3
	13.7 ± 1.4



	YieldH2,max, % (n/n)
	34.5
	15.2
	16.7
	-
	-
	16.6
	14.0
	17.5
	16.0 ± 1.5



	Carbon recovery, %
	84.5
	95.5
	94.9
	-
	-
	98.7
	97.5
	91.5
	95.9 ± 3.2



	Electron recovery, %
	104.8
	92.5
	98.1
	-
	-
	109.1
	110.0
	107.9
	109.0 ± 0.9
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