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Abstract

:

Fumaric acid is used in various areas of the chemical industry due to its functional groups. For example, it is used in the polymer industry to produce unsaturated polyester resins, which are nowadays mostly produced from fossil raw materials. With regard to sustainable biotechnological fumaric acid production, the main challenge is to develop a cost-effective and robust fermentation process with industrially relevant final titers, productivities and yields. For biotechnological fumaric acid production, mainly fungi of the genus Rhizopus are used, which require very complex and challenging morphology control. The aim of this work is the development of an effective biotechnological fumaric acid production process with R. arrhizus NRRL 1526. Significant insights into the morphology control of the fungus and optimization of production characteristics were obtained, and a final titer of 86.3 g/L fumaric acid was achieved in a batch cultivation, with a yield of 0.67 g/g and a productivity of 0.60 g/(L∙h). In addition, a fed-batch process was developed, in which the production phase was extended, and a maximum final titer of 195.4 g/L fumaric acid was achieved. According to current knowledge, this value is the highest final concentration of fumaric acid produced using biotechnology.
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1. Introduction


Fumaric acid (FA) is a naturally occurring unsaturated dicarboxylic acid with diverse fields of application. Due to its double bond and two carboxylic groups, FA is used as comonomer for polymerization and esterification reactions, resulting in unsaturated polyester resins and alkyd resins. In the pulp industry, FA is applied as acidic tackifier for the production of rosin paper [1,2,3]. Additionally, FA is used as acidulant and nutritional additive in the food and feed sector [1,4,5]. More recently, derivatives of FA like fumaric acid esters have been identified to have potential biomedical applications, such as multiple sclerosis and psoriasis treatment [6,7,8]. All these different fields of application lead to a growing demand for FA, which is currently fulfilled exclusively through the chemical synthesis of petroleum-derived maleic acid anhydride. However, as petroleum prices are rising and the emphasis on low carbon footprint production strategies is increasing, there is a renewed interest in the biotechnological production of FA, which was operational during the 1940s by Pfizer, but was discontinued due to the more economical method of petrochemical-based synthesis [4].



For the microbial production of FA, multiple fungal strains have been identified as natural overproducers, including Rhizopus species (e.g., arrhizus and oryzae) as the most promising productions strains [9,10,11,12]. In fungal metabolism, the substrate glucose, after conversion into pyruvate, is converted into fumaric acid via two different metabolic pathways: (1) in the tricarboxylic acid (TCA) cycle, which is present in all eukaryotic organisms and occurs in the mitochondria and (2) in the reductive TCA cycle, which occurs in the cytosol. The reductive TCA cycle is responsible for the overproduction of fumaric acid in filamentous fungi, and requires CO2 fixation [1,13].



Depending on the metabolic pathway, different theoretical yields are calculated. (1) The formation of fumaric acid via the TCA cycle allows a theoretical yield of a maximum of 1 mol of fumaric acid/mol of glucose consumed, or 0.64 gFA/gglucose. (2) Reductive carboxylation allows a maximum yield of 2 moles of fumaric acid/mole of glucose consumed, or 1.29 gFA/gglucose. In practice, however, a lower yield is expected, since an exclusive course of reductive carboxylation would lead to an energy deficit due to ATP consumption during CO2 fixation. Therefore, in the fermentative production of fumaric acid, the oxidative citric acid cycle is also active to maintain the energy balance [14,15,16].



To reach high product titer, productivity and product yield via submerged fermentations, the control of fungal morphology is one of the most challenging tasks within the bioprocess. In general, the formation of fungal biomass can be distinguished as clumps, disperse filaments or pellets [1,17]. Taking the specific production potential into account, clump and filamentous morphologies show a high tendency to grow on cultivation equipment like bioreactor internals and walls [18,19,20]. This growth behavior causes a poor oxygen supply and leads to the unintentional production of ethanol [13]. In contrast, the formation of small spherical pellets promotes oxygen mass transfer due to a lower overall medium viscosity [13,15,21]. In recent decades, a wide variety of scientific research has been published in the field of morphological control, focusing on the influence of different cultivation parameters. Identified factors affecting the growth behavior and the production performance include physical and chemical parameters like the cultivation system itself, inoculum size, working volume, agitation, aeration, pH and temperature. The second group of factors are medium-related parameters such as nutrient supply, the use of complex medium components and the concentration of metal ions [18]. The concentration of provided nitrogen in particular affects the relationship between additional biomass growth and the accumulation of FA during the production phase [3]. All the previously mentioned parameters influence the final type of morphology and necessitate a targeted optimization of each process stage during the development of a promising strategy for biotechnological FA production.



Comparing the numerous published approaches, Ling and Ng (1989) described in a patent of Du Pont a fermentation procedure with a regulated oxygen concentration of 80% during the production phase [12]. This strategy allowed the production of 135.3 g/L FA with a productivity of 1.77 g/(L∙h) and a yield of 1.04 g/g. To date, this fermentation represents the best biotechnological production of FA with the highest final titer. Furthermore, later published studies stayed remarkably far behind these results [1,13,17,22], making the fermentative procedure of Ling and Ng (1989) [12] a highly interesting template for further investigations [23].



To control the morphology and, therefore, achieve reproducible and comparable cultivations, the effect of the carbon to nitrogen (C/N) ratio was investigated. Based on this batch fermentation, a specific feeding strategy of glucose and ammonium was developed to extend the production phase and reach industrially relevant final titers of FA.




2. Materials and Methods


2.1. Microorganism and Inoculum Preparation


Rhizopus arrhizus NRRL 1526 was obtained from the Agricultural Research Service Culture Collection (Peoria, IL, USA). For experimental usage, the strain was stored in the form of spores in 50% glycerol at −80 °C (stock culture). For inoculum preparation, a stock culture was spread on agar plates (medium A) at 32 °C, containing 4 g/L glucose, 10 mL/L glycerol, 6 g/L lactose, 0.6 g/L urea, 0.4 g/L KH2PO4, 1 mL/L corn steep liquid, 1.6 g/L tryptone/peptone, 0.3 g/L MgSO4 × 7 H2O, 0.088 g/L ZnSO4 × 7 H2O, 0.25 g/L FeSO4 × 7 H2O, 0.038 g/L MnSO4 × H2O, 0.00782 g/L CuSO4 × 5 H2O, 40 g/L NaCl, 0.4 g/L KCl and 30 g/L agar-agar. After six days of sporulation, the spores were suspended by adding 0.9 % (w/w) NaCl solution. The resulting spore solution was stored at 4 °C until inoculation. The spore concentration was determined using a counting chamber (Thoma) and a Zeiss microscope (Axioplan, Carl Zeiss AG, Oberkochen, Germany). Chemicals were either purchased from Merck KGaA (Darmstadt, Germany), Carl Roth GmbH and Co. KG (Karlsruhe, Germany) or from Sigma Aldrich (St. Louis, MO, USA) in an appropriate purity for biochemistry.




2.2. Pre-Culture Conditions


For pre-culture, 500 mL shaking flasks (unbaffled) with 50 g/L CaCO3 (precipitated, ≥99%, VWR) were sterilized (20 min at 121 °C) then 100 mL of sterile fermentation medium B was added. The composition of medium B was 130 g/L glucose, 1.2 g/L (NH4)2SO4, 0.3 g/L KH2PO4, 0.4 g/L MgSO4 × 7 H2O, 0.044 g/L ZnSO4 × 7 H2O and 0.0075 g/L FeCl3 × 6 H2O. All components of medium B were prepared separately in stock solutions and heat-sterilized; the iron solution was sterile-filtered. For inoculation, spore suspension was added to ensure an initial concentration of 1 × 105 spores/mL. Pre-cultures were carried out at 34 °C and 200 rpm in a rotary shaking flask incubator for 24 h.




2.3. Batch Fermentations


Batch cultivations were studied in 500 mL shaking flasks (unbaffled), each containing 50 g/L CaCO3 and 90 mL medium B at 34 °C, in a rotary incubator at 200 rpm. Then, 10 mL of the 24 h seed culture was transferred into the fermentation medium for inoculation. The solubility of FA at room temperature is very low, 5–7 g/L [22]. CaCO3 is used as neutralizing agent, so calcium fumarate precipitates due to low solubility [17]. Next, 2 mL well-mixed samples were taken periodically, diluted with a 5% (w/w) HCl solution and heated to 80 °C to remove excessive CaCO3 and resolve precipitated calcium fumarate. After 2 d of fermentation, 20 g/L CaCO3 was added under sterile conditions to maintain a pH value of approximately 6.0. Within all shaking flask cultivations, the weight loss due to evaporation was balanced by the addition of deionized water. All cultivations were performed in duplicate.




2.4. Fed-Batch Fermentations


To prolong the phase of FA production, batch fermentations in shaking flasks were extended by the addition of 40 g/L or 80 g/L glucose (solid) before reaching a glucose concentration of less than 30 g/L. In addition, whenever the cultivation showed decreasing FA productivity, 0.6 g/L or 1.2 g/L (NH4)2SO4 (200 g/L stock solution) was transferred into the broth. Depending on the over production of organic acids, portions of 20 g/L CaCO3 were added periodically for pH control. Within all shaking flask cultivations, the weight loss due to evaporation was balanced by the addition of deionized water. All cultivations were performed in duplicate.




2.5. Analytical Methods


Glucose, FA, other organic acids (malic acid and succinic acid) and ethanol were quantified through high-performance liquid chromatography (HPLC) with an HPX-87H ion-exclusion column (300 × 7.8 mm) (Bio-Rad, Hercules, CA, USA), a refraction index (RI) detector (Shodex RI-101, Shōwa Denkō, Tokyo, Japan) and ultraviolet (UV) detector (LaChrom Elite L-2400, Hitachi, Tokyo, Japan) at 250 nm. The column was tempered at 40 °C and eluted with a 5 mM H2SO4 solution at a flow rate of 0.6 mL/min.



The concentration of the cation ammonium and the anion phosphate were determined through ion chromatography (IC) (Dionex ICS-100 IC, Thermo Fisher Scientific Inc., Sunnyvale, CA, USA). Cations were quantified with an IonPac CS16 column (cation-IC, 5 × 250 mm) and a suppressor CSRS-500 (4 mm) at 88 mA and a temperature of 40 °C, and eluted with 30 mM methlysulfonic acid at a flow rate of 1 mL/min. Anions were quantified with an IonPac AG11-HC (cation-IC, 4 × 250) and a suppressor ASRS-300 (4 mm) at 68 mA and a temperature of 40 °C, and eluted with 25 mM sodium hydroxide at a flow rate of 1 mL/min. For measurement, samples were diluted with ultrapure water, filtered using a nylon syringe filter (pore size 0.22 μm), and a sample volume of 2 mL was transferred to a Dionex Polyvial with a filter cap (Thermo Fisher Scientific Inc., Sunnyvale, CA, USA). External cation and anion multi-element standards (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) were measured for each series of measurements to calibrate the IC system.



The morphology of R. arrhizus NRRL 1526 was documented with a phase-contrast microscope (Axioplan, Carl Zeiss AG, Oberkochen, Germany) and processed with the software Analysis (Analysis 5.0, Soft Imaging System GmbH).



The yield is calculated from the product concentration of fumaric acid relative to the concentration of substrate consumed up to that cultivation time and is described by the product yield coefficient (Equation (1)).


YP/S = cFAt/(cs0 − cSt),



(1)




where:




	
YP/S—product yield coefficient (g/g);



	
cFAt—fumaric acid concentration at time t (g/L);



	
cS0—initial concentration of the substrate (g/L);



	
cSt—substrate concentration at time t (g/L).








Productivity is calculated from the quotient of the concentration of fumaric acid formed and the cultivation period required for this (Equation (2)). Here, the maximum productivity is defined as the productivity that assumes the highest value between two sampling points.


P = (cFat − cFA0)/Δt,



(2)




where:




	
P—productivity (g/(L∙h));



	
cFAt—fumaric acid concentration at time t (g/L);



	
cFA0—initial concentration of fumaric acid (g/L);



	
Δt—cultivation period (h).










3. Results and Discussion


Based on the procedure of Ling and Ng (1989) as a benchmark, an effective manufacturing process for the biotechnological production of fumaric acid was investigated in the present study [12].



Cultivation with the process strategy of Ling and Ng (1989) allowed the production of 29.5 g/L fumaric acid within 6 d in shake flasks. Under complete glucose consumption, this corresponds to a yield of 0.26 g/g, with a productivity of 0.21 g/(L∙h). As by-products, malic and succinic acid with, in sum, a maximum of 5.7 g/L after 5 d were detected. The main by-product produced within the first two days of cultivation time was ethanol, formed at a concentration of 18.1 g/L. The accumulation of ethanol here indicates oxygen-limiting conditions within the cultivation system. The biomass of R. arrhizus NRRL 1526 was predominantly present as dense pellets with a diameter of >1 mm in the main culture. This form of compact biomass creates potentially anaerobic conditions inside the pellets that favor ethanol formation while negatively affecting fumaric acid production [24]. Comparable to the findings in the literature, a direct transfer of Ling and Ng’s (1989) cultivation strategy and their published results of 135.3 g/L FA with a productivity of 1.77 g/(L∙h) and a yield of 1.04 g/g was not possible.



Therefore, the influence of different cultivation parameters on morphology, reproducibility, productivity and yield was investigated in the following experiments. Subsequently, a process strategy was developed on the basis of the findings obtained.



3.1. Optimizing Cultivation Parameters


	
Influence of process steps






According to Ling and Ng (1989), three individual process steps (spore production, pre-culture and main culture) and glucose as the carbon source were used for FA production [12]. To date, no cultivation conditions have been observed to induce and favor submerged spore production of R. arrhizus NRRL 1526. Therefore, spores were produced via the surface method using agar plates.



Within the overall process, during the pre-culture, the germination of spores and building up biomass take place. Various cultivation parameters, such as the size of shake flasks, the shaking speed, the cultivation temperature or the composition of the medium, have a major influence on the morphology of the pre-culture and, thus, also on the cultivation result of the main culture [17,21,25,26]. The morphology of Rhizopus sp. can be divided into three different growth forms: clumps, pellets and mycelium. The production behavior of FA differs significantly depending on the corresponding growth form of the fungus [1]. Which form of morphology is formed within the cultivation system depends largely on the process parameters described above. However, these influencing factors cannot be considered alone. Rather, the morphology results from a complex interaction of all cultivation parameters. This fact not only limits the comparability of different research studies with each other, but also makes it difficult to identify generally valid regularities in the targeted control of morphology [3,25].



Regarding the potential to accumulate fumaric acid, various publications exist that achieved more effective production of FA with either mycelium or pellet morphology. For example, Rhodes et al. (1962) and Papadaki et al. (2017) realized better FA production using mycelium morphology than pellets [26,27]. Opposing results were obtained in studies by Liao et al. (2007) and Zhou et al. (2011) [21,28]. The contradictory results of these publications thus indicate that a generally valid preference of a certain growth form is not possible. Rather, when developing an effective cultivation system for the production of FA, it makes sense to identify specifically occurring problems and optimization potentials in the context of morphology and, if necessary, to counteract them specifically by controlling the morphology.



In order to perform an optimization of the actual fermentation (main culture) despite this complex interplay of different influencing factors, the main culture was directly inoculated with the spore suspension. By omitting the pre-culture, the influence of process changes on the production of fumaric acid could be directly investigated. The direct spore inoculation of the main culture also allowed an increase in the general reproducibility of cultivations.



	
Influence of spore concentration






To investigate the influence of spore concentration, cultivations were inoculated with different amounts of spores (1 × 104, 1 × 105, 1 × 106 spores/mL). Cultivations with concentrations < 1 × 105 spores/mL were found to cause clump morphology and, thus, were not suitable for fumaric acid production. Above a concentration of 1 × 105 spores/mL, R. arrhizus NRRL 1526 grew as loose mycelium, and the production of approximately 50 g/L of fumaric acid was observed after a duration of 7 d, with yields of 0.44 and 0.43 g/g, respectively. A comparison of this result with the literature data shows that the use of higher spore concentrations is quite common in cultivations for the production of fumaric acid. For example, Riscaldati et al. (2000), Zhou et al. (2011) and Das et al. (2015) used a spore concentration of 1 × 106 spores/mL to inoculate the pre-culture [21,29,30]. At 1 × 107 spores/mL, Fu et al. (2010), Ding et al. (2011) and Gu et al. (2014) used the highest spore concentration reported in the literature for inoculating cultivations [31,32,33]. A further increase in spore concentration during cultivation inoculation did not improve fumaric acid production in this work. Thus, a spore concentration of 1 × 105 spores/mL was used for subsequent cultivations with direct spore inoculation.



	
Influence of corn steep liquor






According to Ling and Ng (1989), different amounts of corn steep liquor were used for preparing the different culture media (sporulation: 1 mL/L; germination: 0.5 mL/L; production: 0.5 mL/L) for FA production [12]. Corn steep liquor is a complex medium component that can differ significantly in composition depending on the batch and manufacturer. It contains different concentrations of peptides, amino acids, vitamins, nucleotides and various trace elements [34]. Thus, by using two different batches of corn steep liquor and different concentrations in the range of 0.1 to 1 mL/L, corn steep liquor resulted in different morphologies and, thus, a different production of fumaric acid could also be observed. Alternatively, different concentrations of yeast extract (0.1 until 1 g/L) were used in cultivations. However, all cultivations using corn steep liquor or yeast extract yielded lower concentrations of fumaric acid compared to cultivations without the addition of a complex medium component. The morphology obtained exhibited almost exclusively mycelial morphology. In the literature, several publications have already described biomass and fumaric acid production using minimal media [35,36,37]. For example, in Wang et al. (2013), using pre-culture and main culture without complex medium components, cultivation was able to produce 56.5 g/L of fumaric acid, with yields of 0.71 g/g and productivities of 0.67 g/(L∙h) [36].



Therefore, in the adapted cultivation strategy, the addition of complex medium components was completely omitted and, thus, a precisely defined minimal medium was used.



	
Influence of tartaric acid






Tartaric acid is a saturated dicarboxylic acid. In the cultivation medium of Ling and Ng (1989), 0.0075 g/L tartaric acid was used [12]. To investigate the principle necessity of tartaric acid for the production of fumaric acid, cultivation with 0.0075 g/L (2S,3R)-tartaric acid and cultivation without the addition of tartaric acid were performed. Cultivation with R. arrhizus NRRL 1526 with and without the addition of tartaric acid demonstrated that a concentration of 0.0084 g/L (2S,3R)-tartaric acid × H2O had no effect on the fermentation process. An identical concentration of fumaric acid of approximately 50.5 g/L, with a yield of 0.41 g/g and productivity of 0.31 g/(L∙h), was obtained in both preparations after 7 d. Thus, the addition of tartaric acid was omitted in subsequent studies.



	
Influence of calcium carbonate






To regulate the pH value, 50 g/L calcium carbonate was added to the system in previous cultivations. Due to the optimizations made and the resulting increase in the production of fumaric acid, the calcium carbonate is completely consumed during cultivation. This was recognizable by a drop in the pH value as the production of fumaric acid progressed. To counteract a drop in pH occurring too early on, which negatively influences the formation of fumaric acid, a threefold feed of 10 g/L calcium carbonate was performed after 3, 4 and 5 d. This successfully stabilized the pH at a value of 6, thus realizing an improvement in fumaric acid production. In addition, the calcium carbonate particle size and shape have been shown to be very important parameters for the building of a proper morphology and, therefore, have direct effects on the FA production, productivity and yield [16]. Depending on the particle size of CaCO3, different morphologies of R. arrhizus NRRL 1526 occurred. Using CaCO3 (precipitated, ≥99%, VWR), which has the smallest particle size, the best production of fumaric acid was obtained for loose mycelial morphology [38].



	
Influence of ammonium and phosphate






For biomass formation, 1.8 g/L (NH4)2SO4 is used as the nitrogen source in the main culture medium, according to Ling and Ng (1989) [12]. To optimize the amount of growth-relevant ammonium, different initial concentrations of 0.3–3.6 g/L (NH4)2SO4 were used. Using 0.3 g/L (NH4)2SO4, only a low growth of R. arrhizus NRRL 1526 could be detected, which only allowed a very slow production of fumaric acid. In contrast, at concentrations of 3.6 g/L, excessive biomass formation was documented, leading to clump formation. At initial concentrations between 0.6 g/L and 1.8 g/L ammonium sulfate, an increasing production of by-products (e.g., ethanol) could be shown under mycelial morphology. This resulted in a decrease in the yield of fumaric acid with increasing concentrations of ammonium sulfate. With regard to the effective production of fumaric acid, an initial concentration of 1.2 g/L (NH4)2SO4 showed an ideal compromise in terms of productivity and yield. Therefore, for further cultivations, 1.2 g/L (NH4)2SO4 was used in the fermentation medium.



Besides ammonium, phosphate is another component of the main culture medium that significantly influences the biomass growth of R. arrhizus NRRL 1526. Cultivations with 0.05–0.60 g/L KH2PO4 were performed to identify the ideal initial concentration. This series of experiments showed that the best cultivation result in terms of final titer, yield and productivity was achieved with 0.30 g/L KH2PO4. Thus, the concentration of KH2PO4 determined according to Ling and Ng (1989) was not changed.



	
Influence of initial glucose concentration






So far, an initial glucose concentration of 130 g/L has been used, according to Ling and Ng (1989) [12]. However, a comparison with the literature shows that the use of lower concentrations such as 80 g/L glucose is quite common [39,40]. In addition to being a carbon and energy source and being used for the production of fumaric acid, glucose is also used for the production of biomass. With regard to an optimal ratio of built-up biomass and the potential to produce fumaric acid, the C/N ratio thus plays a decisive role in cultivation [32,41].



Therefore, cultivations with different initial concentrations of glucose (40–200 g/L) were carried out. In all cultivations, a drop in the pH value was prevented by adding additional calcium carbonate. Furthermore, the medium contained a concentration of 1.20 g/L (NH4)2SO4. The resulting different C/N ratios are shown comparatively in Table 1. In addition, this table contains an overview of the morphology achieved and the corresponding cultivation time until complete conversion of the glucose.



In relation to the morphology obtained, the growth of R. arrhizus NRRL 1526 in the form of loose mycelial flakes was observed in a concentration range of 60–200 g/L initial glucose. In contrast, in the cultivation approach with the lowest glucose concentration of 40 g/L, clumps formed, which are unsuitable for the production of fumaric acid. Taking into account the C/N ratio of 63 gC/gN used in this approach, a critical minimum of approximately 60–90 gC/gN can thus be identified, which should not be fallen short of in order to form the preferred mycelial morphology. In the cultivations described in the subsection “Influence of ammonium and phosphate”, the formation of mycelium was observed at a glucose concentration of 130 g/L and 1.80 g/L (NH4)2SO4 (C/N ratio of 136 gC/gN). In contrast, the cultivation batch with 130 g/L glucose and 3.60 g/L (NH4)2SO4 (C/N ratio of 68 gC/gN) showed compact clumps. Thus, based on these results, the influence of the C/N ratio on the growth form could be confirmed and, thus, a targeted control of the morphology in the cultivation system used here could be made possible.



In order to investigate the influence of the initial glucose concentration on the pro-duction of fumaric acid, the results of the individual cultivation approaches were shown in Figure 1 after complete consumption of glucose.



With increasing initial glucose concentration, more product is formed, and with 200 g/L glucose, the highest final concentration of 108.1 g/L FA was achieved in this set of experiments (Figure 1). However, this tendency could not be confirmed in terms of yield and productivity. Rather, with regard to these two process parameters, an optimum range of 80–130 g/L initial glucose was identified. Thus, the cultivation approach with 100 g/L glucose showed the highest yield (0.57 g/g). At initial glucose concentrations higher than 100 g/L, however, only a minimally lower yield of 0.55 g/g was detected. With regard to the achieved productivities, the highest productivities were detected in the range of 80–130 g/L glucose, with 0.43 and 0.42 g/(L∙h), respectively. A further increase in the initial glucose concentration leads to lower productivities. This showed that FA concentrations above 100 g/L are possible, but that a fed-batch strategy should be investigated.




3.2. Direct Spore Inoculation Compared to Pre-Culture Inoculation with Optimized Parameters


Based on the previously described optimizations (Section 3.1), the cultivation process shown in Figure 2 was developed.



In the optimized cultivation with direct spore inoculation, a lag phase caused by spore germination of 1 day without fumaric acid production was observed. A final titer of 73.5 g/L fumaric acid was achieved after the present concentration of glucose was used up after approximately 7 d. This corresponds to a yield of 0.55 g/g and a total productivity of 0.42 g/(L∙h). A positive aspect is the reduced accumulation of ethanol, which can be attributed to the improved oxygen supply of the biomass.



With regard to the most efficient cultivation process possible for the production of fumaric acid, the cultivation strategy described above with direct spore inoculation still has potential for optimization. For example, due to the initial germination of the spores, no production of fumaric acid takes place within the first 24 h of the main culture. In order to recognize the effects and influences during optimization, the production strategy using spores as an inoculum of the main cultivation has advantages. For an optimized process, on the other hand, the use of a pre-culture has its advantages, e.g., with regard to the key parameters of productivity and yield. Therefore, the use of the previously omitted pre-culture as a process step was reconsidered and further developed. This involves growing biomass (pre-culture) within 1 d, using (10% (vpre-culture/vmain-culture)) as the inoculum. For this purpose, the optimized medium B was used in the pre-culture as well as in the subsequent main culture (Figure 3).



Due to the outsourced cultivation of the biomass (pre-culture), a direct production of fumaric acid could be detected in this cultivation. With an almost linear increase in fumaric acid, a final titer of 86.3 g/L fumaric acid was reached after 6 d at almost complete conversion of glucose. This corresponds to a yield of 0.67 g/g, with a total productivity of 0.60 g/(L∙h). Thus, compared to cultivation with direct spore inoculation, the lag phase occurring there was successfully transferred to the pre-culture. Since only 10 % (v/v, based on the main culture volume) is required for this, the efficiency of fumaric acid production was successfully improved. In addition, the final titer of fumaric acid as well as the yield and productivity show significantly increased values, which confirm the success of this cultivation strategy. With regard to the yield, it should be noted that a yield higher than 0.64 g/g can no longer be explained exclusively by the oxidative synthesis pathway. Thus, the yield of 0.67 g/g identified here indicates at least partial production of fumaric acid by means of reductive carboxylation [13,16].



Since the production of fumaric acid in this cultivation was completely stopped by the consumption of the supplied amount of glucose, no conclusion can be made about a possible final titer of fumaric acid at this point. However, a comparison of this final titer and especially of the yield with the literature shows that the optimized process conditions and achieved morphology are very well suited for efficient biotechnological production of fumaric acid using R. arrhizus NRRL 1526 (Table 2).




3.3. Fed-Batch Cultivation


In order to further increase the final titer of FA, the addition of glucose during the cultivation process was investigated. For this purpose, different process strategies involving an additional dosage of a N-source and CaCO3 were applied, which are described in more detail in the following subsections.



3.3.1. Glucose Feed


The absolute amount of glucose to be converted into FA was increased during cultivation by adding glucose several times. Glucose was added in the form of solids and in an amount leading to an additional 40 g/L in the cultivation medium (Figure 4). The regular addition of calcium carbonate also prevented a drop in pH throughout the cultivation process.



Under continuous consumption of glucose within 14 d, the total added amount of glucose was not completely metabolized. During the cultivation time, the glucose consumption rate decreased, and a glucose concentration of 55.0 g/L was still detected at the end of cultivation. With respect to the production of fumaric acid, a final titer of 103.2 g/L was achieved after 14 d with the formation of mycelial morphology. This corresponds to a yield of 0.52 g/g, with a productivity of 0.31 g/(L∙h). During the cultivation time, the FA production rate decreased and this prevented effective production of fumaric acid.



Overall, it was demonstrated that glucose can be metabolized even if it is added subsequently during cultivation. However, without further optimization, this process strategy is not suitable for effective FA production, constant glucose consumption rates and constant FA production or FA concentrations higher than 100 g/L.




3.3.2. Glucose and Ammonium Feed


Neither the addition of glucose nor the use of a high initial concentration of glucose provided an effective cultivation system. In particular, the decrease in productivity with advancing cultivation time proved to be problematic. A possible cause for this observation was identified as aging or damage to the biomass formed with increasing cultivation time. In this context, it was hypothesized that the formation of new biomass in an advanced cultivation period could potentially improve productivity. Thus, a process strategy combining the addition of glucose, the usage of a high initial concentration of glucose and the addition of ammonium during cultivation, which, in principle, enables a further growth phase, was investigated (Figure 5).



During the first 7 days, the usage of a high initial glucose concentration (200 g/L initial glucose) allowed a constant production of 107.0 g/L fumaric acid without any intervention in the cultivation system. At this point, at which approximately 30 g/L glucose remained, glucose and (NH4)2SO4 were added in the form of solids and in amounts leading to an additional 80 g/L glucose and 1.2 g/L (NH4)2SO4 in the cultivation medium. In the following two days, only a small amount of FA was formed under increasing substrate consumption rate. However, ethanol was formed during this period, and its concentration reached a maximum of 14.1 g/L after 8 d. Therefore, the addition of ammonium was omitted during the second addition of 80 g/L glucose (after 9 days). As a result of this adjustment, only low glucose consumption and low FA production were detected between the ninth and tenth day of cultivation. To counteract this trend, a concentration of 0.6 g/L (NH4)2SO4 was added to the cultivation system after 10 d, 12 d and 14 d. Through this process strategy, a complete consumption of the total amount of glucose was documented after 16 d under increased glucose consumption. In relation to the production of FA, a maximum titer of 195.4 g/L could be identified after a cultivation time of 15 d. This corresponds to a yield of 0.54 g/g, with a total productivity of 0.54 g/(L∙h). It was shown that very high productivities are possible at late cultivation times and that effective production of fumaric acid was still possible even at concentrations of >150 g/L fumaric acid. For example, maximum productivities of 0.72 g/(L∙h) (13–14 d) and 0.74 g/(L∙h) (14–15 d) were detected at the end of cultivation.



Related to the obtained morphology of R. arrhizus NRRL 1526, the formation of mycelium was also documented during this cultivation. With increasing cultivation time, the aggregation of individual mycelial flakes into larger agglomerates was observed.



Fumaric acid is currently produced petrochemically. It has a high potential to be produced using biotechnological processes and it has been designated by the US Department of Energy (DOE) as one of the top 12 valuable chemicals to be produced from biomass [43].



This requires the development of a fermentation process that allows specific morphology control of the production strain used and, at the same time, enables effective production of fumaric acid. Biotechnologically produced fumaric acid, in a multi-feedstock biorefinery, could contribute to the development of the circular economy and the bioeconomy [44,45].



The results of this work successfully demonstrated that effective biotechnological fumaric acid production with a high final titer of FA is possible using the provided process strategy. The combined addition of glucose and ammonium provides a promising possibility to build up new biomass during cultivation and, thus, to produce FA constantly over long cultivation periods. As shown, this resulted in very high final titers of 195.4 g/L FA. To our knowledge, this is the highest biotechnologically produced concentration of FA (Table 2). Furthermore, the only slight decrease in yield and productivity compared to the reference cultivation (without the addition of glucose and ammonium, Figure 3) illustrates the high potential of this cultivation approach.






4. Conclusions


In this work, different fermentation strategies were developed on the basis of the substrate glucose and with the production strain Rhizopus arrhizus NRRL 1526, and the respective production behavior was characterized. The patented cultivation procedure of Ling and Ng (1989) served as a template. Based on this, an initial cultivation strategy could be developed on a shake flask-scale, consisting of direct spore inoculation of the main culture. By omitting a pre-culture, a significantly simplified process could be investigated, which allowed systematic medium and process optimization. Significant insights regarding morphology control could be gained. For example, the use of calcium carbonate with a smaller particle size, which was used to regulate pH, allowed the formation of individual mycelial flakes, instead of the unsuitable clump morphology or growth in the form of large and compact pellets. In addition, by varying the C/N ratio used, medium optimization identified a critical minimum of about 90 gC/gN, which should not be fallen below to avoid lumps. Deviating from the starting point, the optimized fermentation medium did not contain any complex medium constituents such as corn steep liquor or yeast extract, the use of tartaric acid was also omitted and a reduced concentration of growth-relevant ammonium sulfate was used. Based on these optimizing cultivation parameters, a different cultivation strategy could be developed on a shake flask-scale.



In another cultivation strategy, the germination of the spores and, thus, the first cultivation of biomass were carried out in a pre-culture. In contrast to cultivation with direct spore inoculation, the occurrence of a lag phase could thus be successfully outsourced to the pre-culture. This had a positive effect on the overall balance of the production process and resulted in a final titer of 86.3 g/L fumaric acid, with a yield of 0.67 g/g and an overall productivity of 0.60 g/(L∙h).



Furthermore, the maximum possible final titer of fumaric acid was determined on the shake flask-scale. For this purpose, the cultivation strategy was modified and extended by adding additional glucose and ammonium during the main culture. Depending on the absolute amount of substrate used, the production phase could be successfully extended to a duration of 15 d. This allowed a final concentration of fumaric acid to be determined. As a result, a final titer of fumaric acid of 195.4 g/L could be achieved. These values are by far the highest final titers of fumaric acid achieved through fermentation that have been published, according to the best of our knowledge.
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Figure 1. Cultivations with different initial concentrations of glucose (40–200 g/L) using R. arrhizus NRRL 1526 with direct spore inoculation (1 × 105 spores/mL) and optimized medium (100 mL of medium B) in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 10 g/L CaCO3 after 3, 4 and 5 d. 
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Figure 2. (a) Cultivation of R. arrhizus NRRL 1526 with direct spore inoculation (1 × 105 spores/mL) and optimized medium (100 mL of medium B) in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 10 g/L CaCO3 after 3, 4 and 5 d (left). (b) Morphology of R. arrhizus NRRL 1526 cultured with direct spore inoculation after 3 d (right). 
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Figure 3. (a) Cultivation of R. arrhizus NRRL 1526 with 10 % (v/v) pre-culture and optimized medium B in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 20 g/L CaCO3 after 2 d (left). (b) Morphology of R. arrhizus NRRL 1526 using pre-culture after 3 d (right). 
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Figure 4. Fed-batch cultivation of R. arrhizus NRRL 1526 with 10% (v/v) pre-culture and optimized medium B (130 g/L initial glucose) in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 40 g/L glucose after 2, 5 and 9 d and addition of 20 g/L CaCO3 after 2, 4, 6, 8, 10 and 13 d. 
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Figure 5. Fed-batch cultivation of R. arrhizus NRRL 1526 with 10% (v/v) pre-culture and optimized medium B (200 g/L initial glucose) in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 80 g/L glucose after 7 and 9 d, addition of 1.2 g/L (NH4)2SO4 after 7 d, addition of 0.6 g/L (NH4)2SO4 after 10, 12 and 14 d and addition of 20 g/L CaCO3 after 2, 4, 6, 7, 9, 11, 13 and 15 d. 
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Table 1. Cultivations with different initial concentrations of glucose (40–200 g/L) using R. arrhizus NRRL 1526 with direct spore inoculation (1 × 105 spores/mL) and optimized medium (100 mL of medium B) in 500 mL shake flasks without baffles at 34 °C and 200 rpm, and 50 g/L CaCO3 with addition of 10 g/L CaCO3 after 3, 4 and 5 d.
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	Experiment
	
	1
	2
	3
	4
	5
	6
	7





	Initial glucose
	(g/L)
	40
	60
	80
	100
	130
	160
	200



	C/N-ratio
	(gC/gN)
	63
	94
	126
	157
	204
	252
	314



	Morphology
	-
	clumps
	mycelium
	mycelium
	mycelium
	mycelium
	mycelium
	mycelium



	Duration
	(d)
	2
	3
	4
	6
	7
	11
	15
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Table 2. Overview of FA production and yield based on glucose as substrate in batch cultivations using Rhizopus spp.; STR—stirred tank reactor, SF—shaking flask.
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	Year
	Strain
	System
	FA (g/L)
	Yield (g/g)
	Source





	1962
	R. arrhizus NRRL 2582
	STR
	90
	0.7
	[27]



	1989
	R. arrhizus NRRL 1526
	STR
	130
	1.0
	[12]



	2000
	R. arrhizus NRRL 1526
	STR
	38
	0.3
	[29]



	2002
	R. oryzae
	STR
	37
	0.5
	[42]



	2010
	R. oryzae
	STR
	56
	0.7
	[39]



	2022
	R. arrhizus NRRL 1526
	SF
	65
	0.46
	[16]



	2023
	R. arrhizus NRRL 1526
	SF
	86
	0.67
	Present study
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