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Providing life-support materials to crewed space exploration missions is pivotal for mission success. However, as missions become more distant and extensive, obtaining these materials from in situ resource utilization is paramount. The combination of microorganisms with electrochemical technologies offers a platform for the production of critical chemicals and materials from CO2 and H2O, two compounds accessible on a target destination like Mars. One such potential commodity is poly(3-hydroxybutyrate) (PHB), a common biopolyester targeted for additive manufacturing of durable goods. Here, we present an integrated two-module process for the production of PHB from CO2. An autotrophic Sporomusa ovata (S. ovata) process converts CO2 to acetate which is then directly used as the primary carbon source for aerobic PHB production by Cupriavidus basilensis (C. basilensis). The S. ovata uses H2 as a reducing equivalent to be generated through electrocatalytic solar-driven H2O reduction. Conserving and recycling media components is critical, therefore we have designed and optimized our process to require no purification or filtering of the cell culture media between microbial production steps which could result in up to 98% weight savings. By inspecting cell population dynamics during culturing we determined that C. basilensis suitably proliferates in the presence of inactive S. ovata. During the bioprocess 10.4 mmol acetate L –1 day–1 were generated from CO2 by S. ovata in the optimized media. Subsequently, 12.54 mg PHB L–1 hour–1 were produced by C. basilensis in the unprocessed media with an overall carbon yield of 11.06% from acetate. In order to illustrate a pathway to increase overall productivity and enable scaling of our bench-top process, we developed a model indicating key process parameters to optimize.
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INTRODUCTION

Space exploration remains a key aspect of technical and scientific programs of multiple nations (ISECG, 2018). For instance, the National Aeronautics and Space Administration (NASA) has received increased federal funding in the United States as strategic investments call for expansion of crewed space exploration capabilities (National Research Council, 2012, 2014). These efforts are highlighted by the newly established Artemis Program which aims to land women and men on the Moon and Mars, as well as various directorates to fund research into systems enabling human-led deep space exploration (Northon, 2017; NASA, 2018, 2019).

However, the exorbitant costs to transport goods into space represent a major roadblock for space exploration (Wertz and Larson, 1996; Linck et al., 2019). Notably, as human-based mission lengths increase so does the demand for consumables (Moore, 2010). Additionally, tenuous re-supply lines to faraway locations like Mars could be easily disrupted (Tanner et al., 2006). Therefore, it is pivotal to transition from missions that solely rely on re-supplied or pre-deployed stores of single-use consumables to those that sustainably produce and recycle consumables.

In situ resource utilization (ISRU) is the practice to generate products in space from local materials and chemicals. The purpose of ISRU is mainly to support astronauts on long expeditions and could provide products and materials for life support, construction, propellants, and energy harvesting (Linne et al., 2017). This would also allow for the transport of more goods that would be prohibitively difficult to generate in space (e.g., photovoltaics and experimental equipment) and allow for production flexibility given a change of mission demand. Successful implementation of ISRU will require the harmonious integration of new technological platforms interfacing biotechnology, systems engineering, solar energy harvesting, agriculture, remediation, and manufacturing (Berliner et al., 2020).

There has been heightened interest and research into microorganisms as the core platform to generate consumables and life-support materials in space (Menezes, 2018; Nangle et al., 2020). Autotrophic and diazotrophic microorganisms fix CO2 and N2, both of which are present in the Martian atmosphere (Owen et al., 1977; Ragsdale and Pierce, 2008). Single-celled organisms replicate and self-repair; thus, only dried inocula would need to be transported. Bacteria have been reported to produce value-added products including bioplastics, biofuels and pharmaceuticals from CO2, fix N2 to fertilizer and aid in waste remediation (Kobayashi and Kobayashi, 2006; Liu et al., 2015, 2016, 2017; Soundararajan et al., 2019; Su et al., 2020). Many strains may be powered directly by solar-generated electricity or by electrochemically produced reducing equivalents such as H2 (Sakimoto et al., 2018; Cestellos-Blanco et al., 2020). Here, we present a bacteria-based bioprocess to renewably produce a biopolymer poly(3-hydroxybutyrate) (PHB) from CO2 while optimizing for ISRU specific requirements.

Poly(3-hydroxybutyrate) is a type of polyhydroxyalkanoate (PHA) belonging to a class of bio-polyesters (Sudesh et al., 2000). It accumulates in different bacterial cells and archaea intracellularly triggered by physiological stress when lacking certain nutrients (Koller, 2019; Müller-Santos et al., 2020). Bacteria employ the biopolymer resulting from carbon assimilation of glucose, starch and organic acids as a form of carbon and energy storage as well as a protectant against stressors (Sheu et al., 2009; Obruca et al., 2018; Dalsasso et al., 2019). PHB is synthesized by the reduction of two condensed acetyl-CoA molecules to produce the hydroxybutyryl-CoA monomer. PHB is biodegradable and has material properties resembling those of polyethylene (McAdam et al., 2020; Meereboer et al., 2020). Additive manufacturing techniques such as 3D-printing can employ PHB that has been extracted from cells and pelletized (Alarfaj et al., 2015; Vigil Fuentes et al., 2020; Kovalcik, 2021). Altogether, PHB represents a viable pathway for biomanufacturing of material products in space.

Acetogenic bacteria fix CO2 to acetate and biomass through anaerobic respiration. The Wood–Ljungdhal pathway in acetogens undertakes the reduction of CO2 to acetyl-CoA which is then used in biosynthesis or converted to acetate gaining ATP. Other minor products of the pathway may include ethanol, 2,3-butanediol, and hexanoic acid depending on growth conditions (Fernández-Naveira et al., 2017). Acetogens obtain electrons directly from the reduction of minerals, or through the oxidation of electron shuttles or reducing equivalents. Certain acetogens like Sporomusa ovata (S. ovata) have been found to directly obtain electrons from a poised cathode or from electrochemically generated reducing equivalents like H2 (Nevin et al., 2011; Rodrigues et al., 2019). This enables CO2 bioelectrosynthesis to acetate with high selectivity and long-term stability.

We have employed S. ovata as a self-replicating and self-regenerating biocatalyst to fix CO2 to acetate. We then selected Cupriavidus basilensis (C. basilensis) for its ability to consume acetate as a primary carbon feedstock (Figure 1; Wierckx et al., 2010; Friman et al., 2013). In addition, C. basilensis produces PHB with high carbon efficiency, and as a significant proportion of biomass. Few accounts have been reported of PHB/PHA production starting from CO2 as a carbon source (Liu et al., 2015; Pepè Sciarria et al., 2018). And several components of these accounts do not translate well to ISRU-based space production including the low rate of CO2 fixation and the requirement to purify and concentrate the intermediate carbon molecules before their use in PHA bioproduction. S. ovata can directly take up electrons from a cathode for CO2 to acetate conversion but this approach is limited by the alkaline pH change at the cathode and the bacteria/electrode interface (Lovley and Nevin, 2013). Therefore, we employ H2 generated efficiently in a separate module to circumvent these challenges. Direct CO2 bioelectrosynthesis to PHB has also been reported (Liu et al., 2016). However, the segmented approach (CO2 to acetate, acetate to PHB) prevents incompatibilities that arise from combining electrochemistry and biological catalysts such as the requirement to maintain neutral pH. Additionally, a segmented process flow allows for individual unit optimization and overall biomanufacturing modularity (Fast and Papoutsakis, 2012; Kiefer et al., 2021). For these reasons, we have designed our bioprocess to include a base medium used for both bioreactions–acetate and PHB generation. The ability to directly recycle media circumvents the need for acetate purification and concentration steps which require significant non-ISRU resources (Supplementary Table 4). Altogether, we demonstrate peak acetate production from CO2 of 10.4 mmol acetate L –1 day–1 which translates to a titer of acetate of 25 mM in 2.5 days. This is sufficient for the generation of 12.54 mg PHB L–1 hour–1. Through modeling this process, we have determined that we can reduce the time to generate 25 mM of acetate by 75%. This can be accomplished by increasing the gas to liquid mass transfer of H2 through improvements in bioreactor design.
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FIGURE 1. Process diagram for two-stage bioprocess with media recycle. Sporomusa ovata oxidizes H2 to fix CO2 into acetate. C. basilensis grown in the unprocessed spent medium converts acetate to Poly(3-hydroxybutyrate) (PHB). Modules to be tested for end-to-end biomanufacturing including H2O reduction and PHB extraction to 3D printing in gray.




MATERIALS AND METHODS


Cultivation of Sporomusa ovata

Sporomusa ovata was obtained from the American Type Culture Collection (ATCC 35899) and rehydrated as indicated. It was then grown in DSMZ 311 medium and aliquoted with DMSO as a cryoprotectant at −80°C. Frozen cells were inoculated in DSMZ 311 medium and cultured for two cycles before inoculating in yeast medium (DSMZ 311 medium, casitone, betaine, and resazurin omitted). S. ovata from yeast medium were inoculated at 5% (v/v) in autotrophic S. ovata medium (DSMZ 311 medium, casitone, betaine, resazurin, and yeast omitted) with H2/CO2 80/20% headspace at 30 PSI. S. ovata was consistently incubated at 35 °C in starting pH 7.2 and an orbital shaker was employed for autotrophic growths. Acetate concentration was monitored by 1H-qNMR spectroscopy with sodium 3- (trimethylsilyl)-2,2′,3,3′-tetradeuteropropionate as the internal standard. S. ovata from yeast cultures were also inoculated in deoxygenated DM9 (Supplementary Table 1) at 10% (v/v) with H2/CO2 80/20% headspace at 30 PSI. Balch-type anaerobic culture tubes with butyl stoppers were employed to maintain anaerobicity throughout.



Cultivation of Cupriavidus basilensis 4G11

Cupriavidus basilensis 4G11 was retrieved from a previously isolated culture from the Oak Ridge Field Research Center Site by Ray et al. (2015). To recover the strain from frozen glycerol stocks, it was initially plated on R2A medium agar plates and incubated overnight until colonies formed. A single colony was used to inoculate a starter culture (5 mL) of DM9 (Supplementary Table 1) medium containing 25 mM sodium acetate at pH 7.2 incubated at 30 °C. After overnight incubation, this culture was centrifuged and washed twice with sterile water to remove residual media before a final resuspension in PBS. Washed cells were used to inoculate experimental conditions at 1% v/v. Optical density of C. basilensis cultures was measured at a wavelength of 600 nm using a spectrophotometer (Genesys 30 visible spectrophotometer, thermo fisher scientific part number 76308-728).



PHB Cell Biomass Preparation and HPLC Analysis

Bacterial culture samples were centrifuged and dried before digestion in 99.99% sulfuric acid (Sigma) for 30 min at 90°C; vortexing briefly at 10 min intervals, according to the protocol of Tyo et al. with variations mentioned herein (Tyo et al., 2006). The acid-digested samples were then allowed to cool to room temperature for 30 min prior to filtering the samples through a 0.2 μm PVDF syringe filter (Pall part number 4406). PHB standards were prepared by quantitatively dissolving PHB powder (Sigma–Aldrich part number 363502-10G) in chloroform and aliquoting requisite amounts, after which the chloroform was allowed to evaporate overnight. The dried PHB standards were then processed alongside the dried cell biomass samples and analyzed as described below.

Poly(3-hydroxybutyrate) content was measured in processed samples using a Shimadzu Prominence HPLC system equipped with a Reactive Index Detector. Processed samples were eluted and separated using an Aminex HPX-87H column (BioRad part number 1250140) equipped with a micro-guard cation H guard column (BioRad part number 1250129) heated to 40°C and using 5 mM H2SO4 as the mobile phase flowing at 0.6 mL/min. PHB was enumerated as crotonic acid monomers (products of the concentrated acid digestion protocol mentioned above) at 206 nm. Pure crotonic acid (Sigma Aldrich part number 113018), diluted in 5 mM H2SO4, was also analyzed to verify accurate crotonic acid retention time.



Dilution and Aeration of Media

The spent and acetate-containing S. ovata medium was depressurized and exposed to air prior to C. basilensis inoculation. The bottle was loosely covered with a sterile cap and shaken gently for 12 h to aerate. If necessary, the medium was diluted with sterile water to a final acetate concentration of 25 mM. Cultures of the aerated medium (400 mL) were inoculated at 1% v/v with washed C. basilensis culture.



Calculation of Carbon Yield and PHB Productivity

Poly(3-hydroxybutyrate) productivity was calculated by considering the peak rate of PHB synthesis during the 32-h growth period. The net mass of PHB was divided by the window of time within which it was produced to give units of g PHB L–1 hr–1. Carbon yield from acetate to PHB was derived from the ratio of acetate-carbon consumed to PHB-carbon produced within the window of peak PHB production rate. The units for this metric are reported as % and reflect the fraction of carbon atoms from acetate that were used for PHB synthesis.



SEM Imaging

Culture aliquots were taken from the S. ovata/C. basilensis mixed culture at specific time points. These aliquots were supplemented with glutaraldehyde at 2.5% (v/v) and kept at room temperature overnight. The samples were washed and consecutively dehydrated with 10, 25, 50, 75, 90, and 100% ethanol each for 10 min. 50 μL of dehydrated samples were dropcasted on a 1 × 1 cm silicon substrate, allowed to dry and imaged with a Quanta 3D field-emission gun scanning electron microscopy (SEM) (FEI) operated at 10 kV accelerating voltage after gold sputtering.



Modeling of S. ovata Growth and Acetate Production With Periodic Replenishment of H2/CO2


Liquid Phase Mass/Mole Balances

Growth of cells can be modeled according to the standard design equation for a well-mixed batch bioreactor (Harvey and Blanch, 1997).
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where, cX is the concentration of cells, VL is the liquid volume of the reactor, and μ is the specific growth rate (hr–1). We assume that acetate is a purely growth-associated product, resulting in:
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where, α is the molar ratio of growth-associated product formed to cells produced. Solubilized (in the liquid phase) H2 and CO2 are consumed during the production of biomass and acetate, and mass transfer from the gas phase occurs simultaneously. For H2 in the liquid phase, the resulting balance is:
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where, [image: image] is the molar biomass yield on H2, [image: image] is the acetate yield on H2, kLa is the gas-liquid mass transfer rate (hr–1) and csat,H2 is the saturation concentration of H2. The saturation concentration is given, to a reasonable approximation, by:
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where, HH2 is Henry’s constant for H2 in water and pH2 is the partial pressure of H2 in the gas phase.

Equations (3, 4) are also valid for CO2:
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Gas Phase Mole Balances

In the gas phase, H2 and CO2 are consumed by mass transfer into the liquid phase according to:
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and
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Note that these equations assume the gas follows ideal behavior.



Equation Coupling and Monod Growth Kinetics

We assume that the specific growth rate follows Monod kinetics. In this case, μ can be written as:
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Because both VL and VG are constant, the liquid phase mass/mole balances are:
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Mole balances in the gas phase result in:
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and
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Periodic Gas Phase Replenishment

To describe the periodic (24-h) replacement of the gas phase, we generalize the initial conditions for H2 and CO2 pressure as:
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where, n ∈ ℕ and t has units of hrs.




Modeling of C. basiliensis Growth and PHB Accumulation Fed by S. ovata Spent Medium


Liquid Phase Mole Balances

We again use the standard bioreactor design equation:

[image: image]

To describe the accumulation of C. basiliensis cells in the liquid volume. Following Mozumder et al. (2014) the accumulation of PHB is given as:
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Acetate is consumed both by biomass and PHB accumulation, resulting in:
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Nitrogen is also consumed by biomass accumulation, described as:
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As above, the liquid volume is approximately constant throughout the duration of the experiment.



Growth and PHB Accumulation Kinetics

We use acetate and nitrogen inhibition-modified Monod (Andrews–Haldane) kinetics to describe the kinetics of cell growth:

[image: image]

where, KI,i are inhibition constants. We modify Mozumder et al. (2014) to describe PHB accumulation:
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where, fPHB,max is the maximum PHB-to-biomass ratio. In this model we neglect O2 because O2 was fully saturated throughout the duration of the experiment. We also neglect the potential PHB consumption due to cell growth once the acetate source is exhausted because PHB is the intended product, so careful process design, e.g., whereby cells are harvested before PHB consumption occurs, can avoid this parasitic impact on PHB accumulation. All model parameters are compiled in Supplementary Tables 2, 3.





RESULTS


Optimization of Base Medium for Bioprocess

We firstly cultured S. ovata autotrophically in balch-type 25 mL culture tubes with an 80/20% H2/CO2 headspace. In these conditions acetate generation rate amounts to 10.4 mmol L–1day–, a rate modestly higher than previous reports (Blanchet et al., 2015). We selected 25 mM acetate as the feedstock concentration for C. basilensis. This titer of acetate was achieved within the first 48–72 h of the autotrophic S. ovata culture. However, the S. ovata culture could reach a concentration of 50–60 mM acetate in 5–7 days without adjusting for pH which decreases due to acetate accumulation. The S. ovata cultures were stopped at 25 mM acetate and aerated which rendered the S. ovata inactive. C. basilensis was then inoculated in the spent S. ovata cultures (Figure 2A). The increase in biomass as detected by OD600 was used to monitor the ability of C. basilensis to grow and use the CO2-derived acetate. The baseline OD resulting from the presence of S. ovata biomass in the spent medium was deducted. As compared to C. basilensis grown in fresh DM9, which is the recommended C. basilensis culture medium, with synthetic acetate the biomass yield in the spent S. ovata medium was only 50% within the timeframe of the experiment. We employed a second control with cultured C. basilensis in fresh S. ovata medium (no prior S. ovata) with synthetic acetate. This culture achieved the same biomass yield as the one in the spent S. ovata medium indicating that acetate is not incompatible with C. basilensis but rather that a component in the S. ovata medium inhibits C. basilensis growth. In a second medium optimization experiment, we again cultured S. ovata autotrophically until the acetate concentration reached 25 mM. The spent S. ovata medium was diluted twofold with fresh DM9 containing synthetic acetate at 35, 25, and 0 mM. Thus the mixed media which were inoculated with C. basilensis contained total acetate concentrations of 30, 25, and 12.5 mM, respectively (Figure 2B). The biomass yield in the 25 mM culture equaled that of C. basilensis in fresh DM9 in the prior experiments. The biomass yields in the 30 and 12.5 mM were congruent with the available acetate. While adding fresh DM9 clearly enhanced C. basilensis growth, the cultures containing spent S. ovata medium had a 20 h longer lag phase. The peak optical densities were only reached in twice the length of time. Furthermore, it is burdensome to formulate two sets of media. Therefore, we attempted to grow S. ovata directly in deoxygenated DM9. We found that a 10% (v/v) inoculum is necessary when culturing S. ovata in DM9 whereas normally only a 5% (v/v) would be required. Next, we employed culturing controls in which we added the recommended S. ovata medium components to a DM9 base including reducing reagent, vitamins and carbonate (Figures 2C,D). Favorably S. ovata not only grows well in DM9 but also generates a similar amount of acetate as in the recommended S. ovata medium. Significant decreases in growth and acetate generation are only detected in the carbonate containing DM9 which could be a result of the increased osmotic pressure of the saline medium (Wood, 2015).
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FIGURE 2. Optimization of media compatibility (A) Biomass yield of Cupriavidus basilensis in DM9, and in spent and fresh Sporomusa ovata medium. (B) Biomass yield of C. basilensis in spent S. ovata medium diluted with fresh DM9 to a range of acetate concentrations. (C) Biomass and (D) acetate yield of S. ovata in DM9 with additional components (RR, reducing reagent; VIT, vitamins; CO3, sodium bicarbonate) compared to those in S. ovata medium.




Process Integration for PHB Production

Based on the results from the previous experiments we concluded to use DM9 as the base medium for our bioprocess. Before inoculating with S. ovata, we deoxygenated the DM9 medium. To gauge PHB productivity, we scaled up our process from 25 mL tubes to 1L balch-type bottles each with 270 mL of culture medium (Figure 3A). There was a significant scale-up associated loss in acetate productivity with the cultures reaching 25 mM only after 8 days. The S. ovata cultures were grown for 14 days and the acetate concentration reached 42 mM. We proceeded to culture C. basilensis in the aerated spent DM9 which was diluted to 25 mM (Figure 3B). As expected, the acetate concentration decreases as biomass accumulates. The biomass yield achieved in this experiment was decidedly greater than that obtained in fresh DM9 in Figure 2A. Additionally, there is no protracted lag phase with the use of 100% DM9 as the base medium. Next, we determined that PHB correlates well with biomass production and we calculated a PHB generation rate of 12.6 mg L–1 hour–1 with an overall 11.06% carbon yield from acetate. After 24 h there is a decrease in the PHB concentration which correlates with the complete consumption of acetate. This could be due to the cells depleting PHB reserves to acquire carbon and energy.
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FIGURE 3. Full bioprocess integration. (A) Cell growth and acetate generation by S. ovata in DM9 (B) Biomass yield, acetate consumption, and PHB accumulation by C. basilensis acetate rich spent DM9.




Qualitative Cell Population Analysis

Scanning electron microscopy has been established as a standard method to elucidate bacterial cell morphology. S. ovata is rod-shaped circa 4 μm long and 1 μm wide whereas C. basilensis is spherical to oval shaped and circa 2 μm in diameter. These differences in morphology allowed us to qualitatively determine the changing cell populations and establish that C. basilensis can grow in spent medium containing inactive S. ovata. We fixed culture samples at the 0 h time point just after inoculating the spent DM9 with C. basilensis. As S. ovata had achieved approximately 0.12 OD545, we expected to mostly detect S. ovata. On the SEM micrographs rod-shaped S. ovata is abundantly visible with very few C. basilensis cells (Figures 4A,B). Additionally, we fixed culture samples at the 24 h time point after the exponential growth of C. basilensis. At this stage, C. basilensis cells clearly dominate the landscape (Figures 4C,D). C. basilensis closely co-exist with inactive S. ovata cells, evidently pointing to the fact that S. ovata cells are at least innocuous to C. basilensis and underscoring the ability to use spent S. ovata medium directly with minimal processing.


[image: image]

FIGURE 4. Scanning electron micrographs of bioprocess. (A,B) 0 h time point post Cupriavidus basilensis inoculation in S. ovata containing spent DM9. (D,C) 24 h time point after C. basilensis exponential growth.




Bioprocess Modeling

To determine process parameters that limit the production rate of PHB, we developed simple models of each step in the bioprocess: H2-driven acetate production with S. ovata and acetate-driven PHB production with C. basiliensis. Experimental data of acetogenesis with S. ovata was fit well by adjusting the ratio of carbon diverted to acetate or biomass (α) and the gas-liquid mass transfer coefficient (kLa) (Figures 5A,B). Because CO2 solubility (∼33 mM/bar) is much greater than H2 solubility (∼0.78 mM/bar), this indicates that H2 transfer from the gas phase to the liquid phase limits the acetate production rate. Modeled partial pressures in the gas phase (Figure 5C) and concentrations in the liquid phase (Figure 5D) support this conclusion: daily replenishment of the headspace maintains partial pressures of both substrate gasses at > 85% of their initial value. Liquid-phase CO2 is similarly maintained at > ∼80% of its initial value. However, H2 is nearly completely consumed in the liquid phase within ∼24 h and the concentration does not recover as the gas headspace is replenished, indicating that microbial growth and acetate production consumes H2 nearly immediately as it is transferred into the liquid phase.
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FIGURE 5. Acetogenesis model. Comparison of experimental data and modeling results for (A) acetate and (B) biomass accumulation. (C) Calculated normalized H2 and CO2 partial pressures in the headspace of the bioreactor. (D) Calculated normalized dissolved concentrations of H2 and CO2 in the liquid phase of the acetogenesis bioreactor.


Experimental PHB production is similarly fit well to a simple Monod-like model of biomass growth and PHB accumulation (Figures 6A–C). Because specific biomass and PHB accumulation rates are determinant of the PHB production and acetate consumption rates, and acetate consumption is complete within ∼24 h, this portion of the integrated bioprocess does not limit overall productivity. Hence, H2 gas-liquid mass transfer is the central bottleneck in the full process.
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FIGURE 6. Cupriavidus basilensis bioreactor model. Comparison of experimental and model results for (A) biomass yield, (B) acetate consumption, and (C) PHB accumulation.





DISCUSSION

Previous works have described the production of acetate from CO2 by S. ovata and the production of PHB by closely related Cupriavidus strains from acetate (Kedia et al., 2014; Aryal et al., 2017). The traditional manufacturing approach to linking two such processes would be to purify the acetate intermediate between synthesis steps. This process is costly in the terrestrial industry and that cost would be prohibitively magnified in the context of space travel. Here, we have demonstrated the viability of serial biocatalyst culturing in a single media batch without processing of intermediate compounds.

Toward this goal, we sought to formulate a minimal medium that would support growth of both bacterial strains. It was determined that DM9 medium was suited for this task as it was already the preferred medium for C. basilensis growth and we observed only a minimal reduction of productivity for S. ovata when grown in DM9 compared to the traditional media for this strain. DM9 is an excellent media for space applications due to its extremely simple composition. The media as used here is primarily composed of phosphate buffer which serves to maintain a stable pH throughout bacterial growth. While pH regulation through buffering is common practice for bench-scale, batch reactors, it is highly uncommon and inefficient for large scale industrial settings. The alternative is continuous pH monitoring of the reaction and automated adjustment as needed with concentrated acids and/or bases (Jeevarajan et al., 2002). Therefore, our process in an industrial or space setting would require even fewer components.

Another component of the DM9 medium is the ammonium salt used as a nitrogen source for both strains. Fixed nitrogen could potentially be sourced from the Martian atmosphere as a nitrogen source is likely still required for S. ovata growth (Liu et al., 2017). However, it could also likely be favorable to reduce the nitrogen available to C. basilensis. It has been shown elsewhere that nutrient starvation, and especially nitrogen, is key to triggering the PHB accumulation mechanisms in C. basilensis strains (Mozumder et al., 2014). Therefore, sequestering a high density of active, PHB-poor cells into a nitrogen limited environment might improve the productivity and carbon-flux from acetate to PHB substantially.

We produced bio-acetate to a final concentration of ∼42 mM over the course of 14 days. By modeling this process, we can predict that the rate limiting step of acetogenesis is the gas to liquid transfer rate of H2. As this experiment was only performed in shaken balch-type cell cultures bottles with pressurized headspace, there is significant opportunity for operational optimization to increase the gas-to-liquid transfer of H2 from the headspace and thus the kLa value representing this process. Such improvements may include agitation of the gas-liquid interface by stirring or bubbling. If the kLa was increased even modestly to a value of 10, the time required to produce the equivalent mass of acetate would decrease by 75% (Supplementary Material section “Discussion”). Productivity in this stage of the process could be at least doubled in a flow-through, chemostat reactor setting, as opposed to batch, in which bio-acetate laden media is removed continually as it is diluted with fresh media. This approach increases efficiency by keeping the active cell number high and decreasing the need for a time-consuming lag phase in cell growth (Supplementary Material section “Discussion”).

Next, the spent medium containing 42 mM acetate was diluted down to a final concentration of 25 mM acetate. The aeration of the medium at this step was done as a precaution against oxygen limiting conditions but optimization at this phase could prove this unnecessary, especially with the nearly two-fold dilution of the medium in presumably oxygenated fresh liquid. This minimal processing is the key operational cost reduction uncovered by this study.

It was demonstrated clearly that acetate is consumed proportionally to the PHB produced as it is presumed to be the only available carbon source for C. basilensis. This assumption is further enforced by the degradation of PHB which occurs after the acetate has been exhausted. In a biomanufacturing setting, acetate levels would need to be monitored so that the PHB could be harvested before it was repurposed as a fuel for biomass accumulation.

The productivity of C. basilensis in this study of 12.54 mg PHB L–1 hr–1 falls below demand of 1.55 g PHB L–1 hr–1 required for 3D printing an extraterrestrial habitat structure of 12 m3 within a reasonable time frame (Menezes et al., 2015). In this demonstration experiment, optimization was not undertaken to improve this metric. The maximal PHB production rate of Cupriavidus species when grown in optimized conditions has been reported as high as 1.85 g L–1 hr–1 (Atlić et al., 2011). We hypothesize that, with additional strain and process optimization, productivity values for our media recycling approach should far exceed its present performance (Kedia et al., 2014; Li et al., 2019; Li and Wilkins, 2020).

Removal of the intermediate purification step between acetate production and PHB production offers both decreased system mass requirements and increased operational simplicity. Purification of acetate from aqueous solution is a delicate and energy intensive task most often performed either by expensive column separation or liquid-liquid extraction followed by distillation. These conventional industrial approaches would prove inefficient and inflexible for continued operation in the context of space travel and may increase the system mass of biological PHB production above the threshold mass of simply bringing pre-made PHB. The method presented here allows for nearly “straight-pipe” integration of the bioprocesses and considerably decreases the complexity of this system.

Even with an increased productivity to 0.04 g PHB L–1 hr–1, the mass of media components required for generation of 1 kg of PHB would exceed that of simply bringing 1 kg of PHB from Earth. It was estimated that with our current media formulation, 12 kg of media components (primarily phosphate buffer) would be required to produce 1 kg PHB in 1 day (Supplementary Table 1). However, without the straight spent media utilization as presented, the process would require either a distillation column or nearly one ton of ethyl acetate for liquid extraction, assuming 1:1 solvent to media extraction. Altogether, our process affords nearly 98% weight savings as compared to a process involving liquid extraction of acetate. An attractive and thematically aligned approach would be subsequent reuse of media batches for further rounds of acetate and PHB production. While this method was not tested here, studies which determine the rate of nutrient depletion of the media so that it may be supplemented or assigned a maximum life cycle could decrease mass requirements for media significantly. An additional benefit of ISRU as it pertains to producing biopolymer for additive manufacturing is that astronauts would be able to alter the material on demand. A PHA with different material properties could be produced instead of relying on further deployments of goods to fulfill a pressing need.

In all, we have presented an approach for serial biomanufacturing with limited intermediate purification and processing steps. This streamlined approach reduces the need for costly materials that would need to be transported into space in order to support a biomanufacturing facility. Further optimizations of each biocatalyst step should be undertaken to maximize the cost-savings benefit of this process for production of PHB from CO2. Lastly, there are additional considerations for microbial production of chemicals and materials in space that are currently under investigation including the effect of cosmic radiation on single-cell organisms, the effect of low gravity environments on CO2 conversion and in situ resource utilization of Martian water for electrochemical processes.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

SC-B, SF, APA, and PY designed the experiments. SC-B and JMK carried out S. ovata cell work. SF and KBS performed C. basilensis culturing. AJA designed the models with experimental inputs. SC-B and SF co-wrote the manuscript with inputs from AJA and KBS. All authors discussed the results and revised the manuscript.



FUNDING

This work was supported by NASA, Center for the Utilization of Biological Engineering in Space, under award NNX17AJ31G. SC-B acknowledges a personal fellowship from the Philomathia Foundation. AJA was supported by an NSF Graduate Research Fellowship under grant number DGE 1752814. JMK was supported by the Kwanjeong Educational Foundation. Instruments in the CoC-NMR were supported in part by NIH S10OD024998.



ACKNOWLEDGMENTS

We acknowledge and thank Adam Deutschbauer for providing the C. basilensis 4G11 strain used in this work. We also acknowledge Wesley Chuang for assistance with S. ovata cultures, and thank the staff at UC Berkeley’s NMR facility in the College of Chemistry (CoC-NMR) for spectroscopic assistance. Figure 1 was generated with BioRender.com.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.700010/full#supplementary-material



REFERENCES

Alarfaj, A. A., Arshad, M., Sholkamy, E. N., and Munusamy, M. A. (2015). Extraction and characterization of polyhydroxybutyrates (PHB) from Bacillus thuringiensis KSADL127 isolated from mangrove environments of Saudi Arabia. Braz. Arch. Biol. Technol. 58, 781–788. doi: 10.1590/s1516-891320150500003

Aryal, N., Tremblay, P. L., Lizak, D. M., and Zhang, T. (2017). Performance of different Sporomusa species for the microbial electrosynthesis of acetate from carbon dioxide. Bioresour. Technol. 233, 184–190. doi: 10.1016/j.biortech.2017.02.128

Atlić, A., Koller, M., Scherzer, D., Kutschera, C., Grillo-Fernandes, E., Horvat, P., et al. (2011). Continuous production of poly([R]-3-hydroxybutyrate) by Cupriavidus necator in a multistage bioreactor cascade. Appl. Microbiol. Biotechnol. 91, 295–304. doi: 10.1007/s00253-011-3260-0

Berliner, A. J., Hilzinger, J. M., Abel, A. J., McNulty, M., Makrygiorgos, G., Averesch, N. J., et al. (2020). Towards a biomanufactory on mars. bioRxiv [Preprint]. doi: 10.20944/preprints202012.0714.v1

Blanchet, E., Duquenne, F., Rafrafi, Y., Etcheverry, L., Erable, B., Bergel, A., et al. (2015). Importance of the hydrogen route in up-scaling electrosynthesis for microbial CO2 reduction. Energy Environ. Sci. 8, 3731–3744. doi: 10.1039/c5ee03088a

Cestellos-Blanco, S., Zhang, H., Kim, J. M., Shen, Y., and Xiao, Y. P. (2020). Photosynthetic semiconductor biohybrids for solar-driven biocatalysis. Nat. Cataly. 3, 245–255. doi: 10.1038/s41929-020-0428-y

Dalsasso, R. R., Pavan, F. A., Bordignon, S. E., Aragão, G. M. F., and de Poletto, P. (2019). Polyhydroxybutyrate (PHB) production by Cupriavidus necator from sugarcane vinasse and molasses as mixed substrate. Process Biochem. 85, 12–18. doi: 10.1016/j.procbio.2019.07.007

Fast, A. G., and Papoutsakis, E. T. (2012). Stoichiometric and energetic analyses of non-photosynthetic CO 2-fixation pathways to support synthetic biology strategies for production of fuels and chemicals. Curr. Opin. Chem. Eng. 1, 380–395. doi: 10.1016/j.coche.2012.07.005

Fernández-Naveira, Á, Abubackar, H. N., Veiga, M. C., and Kennes, C. (2017). Production of chemicals from C1 gases (CO, CO2) by Clostridium carboxidivorans. World J. Microbiol. Biotechnol. 33:43.

Friman, H., Schechter, A., Ioffe, Y., Nitzan, Y., and Cahan, R. (2013). Current production in a microbial fuel cell using a pure culture of Cupriavidus basilensis growing in acetate or phenol as a carbon source. Microb. Biotechnol. 6, 425–434. doi: 10.1111/1751-7915.12026

Harvey, W., and Blanch, D. S. C. (1997). Biochemical Engineering, 2 Edn. CRC Press, 280–282. Available online at: https://books.google.ca/books?id=ST_p2AOApZsC&printsec=frontcover&redir_esc=y#v=onepage&q&f=false (accessed April 13, 2021).

ISECG (2018). The Global Exploration Roadmap January 2018. Rome: ISECG.

Jeevarajan, A. S., Vani, S., Taylor, T. D., and Anderson, M. M. (2002). Continuous pH monitoring in a perfused bioreactor system using an optical pH sensor. Biotechnol. Bioeng. 78, 467–472. doi: 10.1002/bit.10212

Kedia, G., Passanha, P., Dinsdale, R. M., Guwy, A. J., and Esteves, S. R. (2014). Evaluation of feeding regimes to enhance PHA production using acetic and butyric acids by a pure culture of Cupriavidus necator. Biotechnol. Bioprocess Eng. 19, 989–995. doi: 10.1007/s12257-014-0144-z

Kiefer, D., Merkel, M., Lilge, L., Henkel, M., and Hausmann, R. (2021). From acetate to bio-based products: underexploited potential for industrial biotechnology. Trends Biotechnol. 39, 397–411. doi: 10.1016/j.tibtech.2020.09.004

Kobayashi, M., and Kobayashi, M. (2006). “Waste remediation and treatment using anoxygenic phototrophic bacteria,” in Anoxygenic Photosynthetic Bacteria, eds R. E. Blankenship, M. T. Madigan, and C. E. Bauer (Berlin: Kluwer Academic Publishers), 1269–1282. doi: 10.1007/0-306-47954-0_62

Koller, M. (2019). Polyhydroxyalkanoate biosynthesis at the edge of water activitiy-haloarchaea as biopolyester factories. Bioengineering 6:2589.

Kovalcik, A. (2021). Recent advances in 3D printing of polyhydroxyalkanoates: a review. Euro. Biotech. J. 5, 48–55. doi: 10.2478/ebtj-2021-0008

Li, M., and Wilkins, M. (2020). Fed-batch cultivation and adding supplements to increase yields of polyhydroxybutyrate production by Cupriavidus necator from corn stover alkaline pretreatment liquor. Bioresour. Technol. 299:122676. doi: 10.1016/j.biortech.2019.122676

Li, M., Eskridge, K., Liu, E., and Wilkins, M. (2019). Enhancement of polyhydroxybutyrate (PHB) production by 10-fold from alkaline pretreatment liquor with an oxidative enzyme-mediator-surfactant system under Plackett-Burman and central composite designs. Bioresour. Technol. 281, 99–106. doi: 10.1016/j.biortech.2019.02.045

Linck, E., Crane, K. W., Zuckerman, B. L., Corbin, B. A., Myers, R. M., Williams, S. R., et al. (2019). Evaluation of a Human Mission to Mars by 2033. Washington, DC: IDA.

Linne, D. L., Sanders, D. L., Starr, G. B., Eisenman, S. O., Suzuki, D. J., Anderson, S. N., et al. (2017). “Overview of NASA technology development for in-situ resource utilization (ISRU),” in Proceedings of the 68 th International Astronautical Congress (IAC), Adelaide, SA.

Liu, C., Colón, B. C., Ziesack, M., Silver, P. A., and Nocera, D. G. (2016). Water splitting–biosynthetic system with CO2 reduction efficiencies exceeding photosynthesis. Science 352, 1210–1213. doi: 10.1126/science.aaf5039

Liu, C., Gallagher, J. J., Sakimoto, K. K., Nichols, E. M., Chang, C. J., Chang, M. C., et al. (2015). Nanowire-bacteria hybrids for unassisted solar carbon dioxide fixation to value-added chemicals. Nano Lett. 15, 3634–3639. doi: 10.1021/acs.nanolett.5b01254

Liu, C., Sakimoto, K. K., Colón, B. C., Silver, P. A., and Nocera, D. G. (2017). Ambient nitrogen reduction cycle using a hybrid inorganic–biological system. Proc. Natl. Acad. Sci. U.S.A. 114, 6450–6455. doi: 10.1073/pnas.1706371114

Lovley, D. R., and Nevin, K. P. (2013). Electrobiocommodities: powering microbial production of fuels and commodity chemicals from carbon dioxide with electricity. Curr. Opin. Biotechnol. 24, 385–390. doi: 10.1016/j.copbio.2013.02.012

McAdam, B., Fournet, M. B., McDonald, P., and Mojicevic, M. (2020). Production of polyhydroxybutyrate (PHB) and factors impacting its chemical and mechanical characteristics. Polymers 12, 1–20.

Meereboer, K. W., Misra, M., and Mohanty, A. K. (2020). Review of recent advances in the biodegradability of polyhydroxyalkanoate (PHA) bioplastics and their composites. Green Chem. 22, 5519–5558. doi: 10.1039/d0gc01647k

Menezes, A. A. (2018). Realizing a self-reproducing space factory with engineered and programmed biology. LPICo 2018:3145.

Menezes, A. A., Cumbers, J., Hogan, J. A., and Arkin, A. P. (2015). Towards synthetic biological approaches to resource utilization on space missions. J. R. Soc. Interface 12:1851.

Moore, C. L. (2010). Technology development for human exploration of mars. Acta Astronaut. 67, 1170–1175. doi: 10.1016/j.actaastro.2010.06.031

Mozumder, M. S. I., De Wever, H., Volcke, E. I. P., and Garcia-Gonzalez, L. (2014). A robust fed-batch feeding strategy independent of the carbon source for optimal polyhydroxybutyrate production. Process Biochem. 49, 365–373. doi: 10.1016/j.procbio.2013.12.004

Müller-Santos, M., Koskimäki, J. J., Alves, L. P. S., de Souza, E. M., Jendrossek, D., and Pirttilä, A. M. (2020). The protective role of PHB and its degradation products against stress situations in bacteria. FEMS Microbiol. Rev. 58, 1–13.

Nangle, S. N., Wolfson, M. Y., Hartsough, L., Ma, N. J., Mason, C. E., Merighi, M., et al. (2020). The case for biotech on mars. Nat. Biotechnol. 38, 401–407.

NASA (2018). NASA 2018 Strategic Plan. Washington, DC: NASA.

NASA (2019). 2021 Volume of Integrated Performance. Washington, DC: NASA.

National Research Council (2012). Recapturing a Future for Space Exploration: Life and Physical Sciences Research for a New Era. Washington, DC: National Academies Press. doi: 10.17226/13048

National Research Council (2014). Pathways to Exploration: Rationales and Approaches for a U.S. Program of Human Space Exploration. Pathways to Exploration: Rationales and Approaches for a U.S. Program of Human Space Exploration. Washington, DC: National Academies Press. doi: 10.17226/18801

Nevin, K. P., Hensley, S. A., Franks, A. E., Summers, Z. M., Ou, J., Woodard, T. L., et al. (2011). Electrosynthesis of organic compounds from carbon dioxide is catalyzed by a diversity of acetogenic microorganisms. Appl. Environ. Microbiol. 77, 2882–2886. doi: 10.1128/aem.02642-10

Northon, K. (2017). NASA Selects Proposals for First Space Technology Research Institutes. Available online at: https://www.nasa.gov/press-release/nasa-selects-proposals-for-first-ever-space-technology-research-institutes (accessed April 13, 2021).

Obruca, S., Sedlacek, P., Koller, M., Kucera, D., and Pernicova, I. (2018). Involvement of polyhydroxyalkanoates in stress resistance of microbial cells: biotechnological consequences and applications. Biotechnol. Adv. 36, 856–870. doi: 10.1016/j.biotechadv.2017.12.006

Owen, T., Biemann, D. R., Rushneck, J., Biller, E., Howarth, D. W., and Lafleur, A. L. (1977). The composition of the atmosphere at the surface of Mars. J. Geophys. Res. 82, 4635–4639.

Pepè Sciarria, T., Batlle-Vilanova, P., Scaglia, B. C. B., Colprim, B. J., Puig, S., Adani, F., et al. (2018). Bio-electrorecycling of carbon dioxide into bioplastics. Green Chem. 20, 4058–4066. doi: 10.1039/c8gc01771a

Ragsdale, S. W., and Pierce, E. (2008). Acetogenesis and the Wood-Ljungdahl pathway of CO(2) fixation. Biochim. Biophys. Acta 1784, 1873–1898. doi: 10.1016/j.bbapap.2008.08.012

Ray, J., Waters, R. J., Skerker, J. M., Kuehl, J. V., Price, M. N., Huang, J., et al. (2015). Complete genome sequence of Cupriavidus basilensis 4G11, isolated from the oak ridge field research center site. Genome Announc. 3, 322–337.

Rodrigues, R. M., Guan, X., Iñiguez, J. A., Estabrook, D. A., Chapman, J. O., Huang, S., et al. (2019). Perfluorocarbon nanoemulsion promotes the delivery of reducing equivalents for electricity-driven microbial CO 2 reduction. Nat. Catal. 2, 407–414. doi: 10.1038/s41929-019-0264-0

Sakimoto, K. K., Kornienko, N., Cestellos-Blanco, S., Lim, J., Liu, C., and Yang, P. (2018). Physical biology of the materials-microorganism interface. J. Am. Chem. Soc. 140, 1978–1985. doi: 10.1021/jacs.7b11135

Sheu, D. S., Chen, W. M., Yang, J. Y., and Chang, R. C. (2009). Thermophilic bacterium Caldimonas taiwanensis produces poly(3-hydroxybutyrate-co-3-hydroxyvalerate) from starch and valerate as carbon sources. Enzyme Microb. Technol. 44, 289–294. doi: 10.1016/j.enzmictec.2009.01.004

Soundararajan, M., Ledbetter, R., Kusuma, P., Zhen, S., Ludden, P., Bugbee, B., et al. (2019). Phototrophic N2 and CO2 fixation using a Rhodopseudomonas palustris-H2 mediated electrochemical system with infrared photons. Front. Microbiol. 10:1817.

Su, Y., Cestellos-Blanco, S., Kim, J. M., Shen, Y.-X., Kong, Q., Lu, D., et al. (2020). Close-packed nanowire-bacteria hybrids for efficient solar-driven CO2 fixation. Joule 4, 800–811. doi: 10.1016/j.joule.2020.03.001

Sudesh, K., Abe, H., and Doi, Y. (2000). Synthesis, structure and properties of polyhydroxyalkanoates: biological polyesters. Progr. Poly. Sci. (Oxf.) 25, 1503–1555. doi: 10.1016/s0079-6700(00)00035-6

Tanner, C., Young, J., Thompson, R., and Wilhite, A. (2006). On-Orbit Propellant Resupply Options for Mars Exploration Architectures. Atlanta, GA: Georgia Institute of Technology.

Tyo, K. E., Zhou, H., and Stephanopoulos, G. N. (2006). High-throughput screen for poly-3-hydroxybutyrate in Escherichia coli and synechocystis sp. strain PCC6803. Appl. Environ. Microbiol. 72, 3412–3417. doi: 10.1128/aem.72.5.3412-3417.2006

Vigil Fuentes, M. A., Suman, T., Feng, W., Manjusri, M., Stefano, G., and Mohanty, A. K. (2020). Study on the 3D printability of poly(3-hydroxybutyrate-co-3-hydroxyvalerate)/poly(lactic acid) blends with chain extender using fused filament fabrication. Sci. Rep. 10:11804.

Wertz, J. R., and Larson, W. (1996). Reducing Space Mission Cost. Torrance, CA: Microcrosm Press.

Wierckx, N., Koopman, F., Bandounas, L., De Winde, J. H., and Ruijssenaars, H. J. (2010). Isolation and characterization of Cupriavidus basilensis HMF14 for biological removal of inhibitors from lignocellulosic hydrolysatembt. Microb. Biotechnol. 3, 336–343. doi: 10.1111/j.1751-7915.2009.00158.x

Wood, J. M. (2015). Bacterial responses to osmotic challenges. J. Gen. Physiol. 145, 381–388. doi: 10.1085/jgp.201411296


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Cestellos-Blanco, Friedline, Sander, Abel, Kim, Clark, Arkin and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-700010-i000.jpg
Y'x,
JH.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Production of PHB From CO2-Derived Acetate With Minimal Processing Assessed for Space Biomanufacturing



		INTRODUCTION



		MATERIALS AND METHODS



		Cultivation of Sporomusa ovata



		Cultivation of Cupriavidus basilensis 4G11



		PHB Cell Biomass Preparation and HPLC Analysis



		Dilution and Aeration of Media



		Calculation of Carbon Yield and PHB Productivity



		SEM Imaging



		Modeling of S. ovata Growth and Acetate Production With Periodic Replenishment of H2/CO2



		Liquid Phase Mass/Mole Balances



		Gas Phase Mole Balances



		Equation Coupling and Monod Growth Kinetics



		Periodic Gas Phase Replenishment







		Modeling of C. basiliensis Growth and PHB Accumulation Fed by S. ovata Spent Medium



		Liquid Phase Mole Balances



		Growth and PHB Accumulation Kinetics











		RESULTS



		Optimization of Base Medium for Bioprocess



		Process Integration for PHB Production



		Qualitative Cell Population Analysis



		Bioprocess Modeling







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fmicb-12-700010-i001.jpg
Y s/,





OPS/images/fmicb-12-700010-g001.jpg
[ CO, and Hz Acetate

[ Poly(3-hydroxybutyrate)

T

(Sporomusa ovata) (Cupriavidus basilensis )

( (
Electrolysis ‘ Extraction

& Fa
AN

Solar Energy ’

and Water

Additive Manufacturing

J \ J






OPS/images/fmicb-12-700010-e020.jpg
d(cacV1) il 1
dct =g wxViex — ¥ weugViex  (19)
X/Ac PHB/Ac





OPS/images/fmicb-12-700010-e021.jpg
d(enVi) _
—a =" @0






OPS/images/fmicb-12-700010-e013.jpg
ex — apex
Yx/co, Yac/co, ) 13)

+kra(csar,co, — cco,)





OPS/images/cover.jpg
, frontiers
in Microbiology






OPS/images/fmicb-12-700010-e014.jpg
B Vol oty — aep)RT a9
dt Ve





OPS/images/fmicb-12-700010-e011.jpg






OPS/images/fmicb-12-700010-e012.jpg
dey, 1

—2 = —— - ki , — CHy

T YX/qucx YA(”HZautx + kLa(car s, — cxy)
(12)






OPS/images/fmicb-12-700010-e017.jpg
Pco, (t = 24n) = pco,,0 (16)






OPS/images/fmicb-12-700010-e018.jpg
d(exV1)

= Vi 17,
& nxViex a7y






OPS/images/fmicb-12-700010-e015.jpg
dpco, Vi
- _VGkL”(fml,Coz — €co,)RT (15)





OPS/images/fmicb-12-700010-e016.jpg
pu, (t=24n) = pu, 0





OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-700010-e019.jpg
d (cpupV1)

= Vie 18,
Z tprs Viex (18)





OPS/images/cross.jpg
3,

i





OPS/images/fmicb-12-700010-e010.jpg
dex
dt

2% =

CHy

H, +CH,

)

€Co;

Ks,co, + cco,

) (10)





OPS/images/fmicb-12-700010-g005.jpg
Experimental result

Eiiiiii

= Model result
&
s 9

0.1

[11]

T
0
e

0.10+4

o

[¥"%qo] ssewoig

<

0

0

0
10

[Www] sjejeoy

Day

o

(&)

— co,

UOIJBIJUIIUOD PAZI[eULION

ainssaid pazijewloN

Day

Day





OPS/images/fmicb-12-700010-e002.jpg
dleacVr) _

apViex

@)





OPS/images/fmicb-12-700010-g004.jpg





OPS/images/fmicb-12-700010-e003.jpg
i

d(em, Vi) _
at

1 1
1
T Yxm Y ac/u,

+Vikia(csat 1, — €H,)

~





OPS/images/fmicb-12-700010-g003.jpg
Acetate [MM]

| <
v

[ $**qo] ssewoig

Day

—0.15

PHB [g/L]

n

—~0.10

S
=)
L — il

—~0.00

30

Acetate [mM]

o o
N =
| 1 1 1

—0

m

1 ! I !
= )
- o

[°°go] ssewoig

T
<
<)

Hours





OPS/images/fmicb-12-700010-e022.jpg
CAc N

MX = Wmax,X 7
2

cact Ksac + K"‘ o+ Ksn+ gy

(21)





OPS/images/fmicb-12-700010-g002.jpg
>

Biomass [ODg,]

Biomass [ODg,;]

@

*  Fresh DM9 (25mM)

" e 50/50 Spent Medium / Fresh DM9 (25mM)
06| EpentS.cvataMedlum (25niM) J.  50/50 Spent Medium / Fresh DM9 (30mM)
. 4 Fresh S. ovata Medium M 4+ 50/50 Spent Medium / Fresh DM9 (12.5m| =
0.6

i ¥
| 3 os P
o, )
8 0.4
: /
2 ]
@ 02
T T T T T T e r T T T T T
o 10 20 30 0 20 40 60
Hours Hours
D
60+ -e- S. ovata Medium
0.15-] ] ol
1 s —+— DM9+RR
= 404
0.10-] E ~¥- DM9+CO3
2 ~+ DMO+VIT
1 8 20 - DM9+RR+CO3
0.05-] < B DM9+RR+VIT
| 1 -A- DM9+CO3+VIT
o_
1 e —— e —————————1 -¥- DM9+RR+VIT+CO3
0 2 4 6 8 0 2 4 6 8





OPS/images/fmicb-12-700010-e001.jpg
d(exVi) _
P

rViex

@





OPS/images/fmicb-12-700010-e023.jpg
B
CA pHE
HPHB = Hmax, PHB < ) |:1 ~(-L ) ]

e K e K,\( fPHB, max

( Ksn )
oN+ KsN

(22)





OPS/images/fmicb-12-700010-e006.jpg
Cat,co, = Hco,pco,

©)





OPS/images/fmicb-12-700010-e007.jpg
d (pu, Va)

i = —Vikra(csar,n, — ey RT @)





OPS/images/fmicb-12-700010-e004.jpg
Csat,Hy = Hu,pH,

“)





OPS/images/fmicb-12-700010-g006.jpg
o .
O
™
0
@4 N
O
N
.-5
[ ~—
O
=
[ ]
- L0
| — 1 — L 0
n o [To] o
- - Q Q
o o o o
O [7/6] gHd
[ ]
O
™
0
¢ N
O
N
L | 0
i
O
e
° A
— LD
—._.- — L] — L Io
o o o o
™ N -
[Inw] syejeoy
m
= 3
_ O
™M
0
o ke
O
m N
/)] »
o
8 = -0
c -
o 0 I
£ 9
= — -}
e e -
g 3 q
w =2
- LD
°® I
L] — L] — L] 0
0 o 0 o
-~ - o o
< ["%®Qqo] ssewoig

Hour

Hour

Hour





OPS/images/fmicb-12-700010-e005.jpg
1
- ex — apex
Y'x/co, Y'ac/c0 ) (5)

+Vikia(csayco, — cco,)

d(cco,Vi) _
a






OPS/images/fmicb-12-700010-e008.jpg
d(pco,Va)

a = —Vikpa(car,co, — €co,)RT ®)





OPS/images/fmicb-12-700010-e009.jpg
CHy ) ( €COy ) (9)
5+ oy ) \Ks,co, + cco,





