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High-yield citric acid production by the filamentous Ascomycete fungus Aspergillus niger requires a combination of extreme nutritional conditions, of which maintaining a low manganese (II) ion concentration (<5 μg L−1) is a key feature. Technical-scale production of citric acid predominantly uses stainless-steel tank fermenters, but glass bioreactors used for strain improvement and manufacturing process development also contain stainless steel components, in which manganese is an essential alloying element. We show here that during citric acid fermentations manganese (II) ions were leaching from the bioreactor into the growth media, resulting in altered fungal physiology and morphology, and significant reduction of citric acid yields. The leaching of manganese (II) ions was dependent on the fermentation time, the acidity of the culture broth and the sterilization protocol applied. Manganese (II) ion leaching was partially mitigated by electrochemical polishing of stainless steel components of the bioreactor. High concentrations of manganese (II) ions during early cultivation led to a reduction in citric acid yield. However, the effect of manganese (II) ions on the reduction of citric acid yield diminished towards the second half of the fermentation. Since maintaining low concentrations of manganese (II) ions is costly, the results of this study can potentially be used to modify protocols to reduce the cost of citric acid production.
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1 INTRODUCTION
Citric acid (2-hydroxy-propane-1,2,3-tricarboxylic acid) is a major commodity product of industrial biotechnology. It is extensively used in the food, chemical and pharmaceutical industries as pH-regulator, antioxidant, preservative, disinfectant and a flavoring agent. The bulk of the annual 2.3 million tons of citric acid production uses the filamentous Ascomycete fungus Aspergillus niger as the manufacturing host (for recent reviews, see Tong et al., 2019; Behera, 2020; Mores et al., 2021). Technical-scale citric acid production predominantly proceeds by submerged, aerobic fermentations in huge (>200 m3), agitated, stainless-steel tank reactors. High-yield citric acid production requires a combination of unusual culture conditions—high concentrations of a carbon source (>10%, w/v) with rapid uptake and catabolism, growth medium pH < 2, dissolved oxygen (DO) levels >30%, low concentrations of phosphate and several cations—which synergistically influence the yield (Shu and Johnson, 1948a; Röhr et al., 1996). These conditions result in a fungal morphology typified by short, swollen mycelia aggregated into small (<0.5 mm diameter) pellet-like clumps (Cox and Thomas, 1992). High molar yields (Yproduct/substrate> 80%) of citric acid occur only when cultures overwhelmingly comprise such morphological forms (Cox et al., 1998; Papagianni and Mattey, 2006). The deficiency of manganese (II) ions (Mn2+) in the growth medium is particularly critical: concentrations >5 μg L−1 (= parts per billion, ppb) reduces final citric acid yield by some 25% (Kisser et al., 1980). It is therefore crucial to establish at the onset of a citric acid fermentation a Mn2+-limited environment in the bioreactor. However, the cultivation environment should not be Mn2+-free as it is used as a co-factor by a wide range of enzymes (oxidoreductases, transferases, hydrolases, lyases, isomerases, ligases) required for fungal growth (Smith et al., 2017; Antsotegi-Uskola et al., 2020).
The above-mentioned threshold concentration of Mn2+ is in such low amounts that they may be present in the water used for fungal cultivation in industrial production (Karaffa et al., 2015). Furthermore, the surface of the carbon sources (typically D-glucose or sucrose) efficiently adsorbs divalent cations which are dissolved into the growth media during preparation. A variety of methods have been used to remove or counteract the excess Mn2+ from the culture broth, the most widespread being the cation exchange of growth media (Röhr et al., 1996). Manganese can also be removed by precipitation with ferrocyanide (hexacyanoferrate) or chelation by phytic acid (Yuichi and Marvin, 1961; Clark et al., 1965; Lönnerdal, 2002). Excess Mn2+ can be counteracted by increasing the copper (II) ion concentration in the growth media, likely through interference with cellular Mn2+ uptake and homeostasis (Hockertz et al., 1987; Netik et al., 1997). Efforts to manipulate Mn2+ transport in A. niger has recently led to the identification of a manganese transporter-encoding gene dmtA, the deletion of which resulted in Mn2+-insensitive production of citric acid (Fejes et al., 2020).
Stainless steel is a family of iron-based alloys containing >10.5% chromium which—in conjunction with low carbon content—imparts resistance to corrosion and heat. As well, stainless steel contains 8–18% nickel and up to 2% manganese (Shackelford and William, 2001). Corrosion resistance is the basic feature of stainless steel, but it can still corrode when exposed to acids, saline, grease, moisture, organic solvents such as acetonitrile and methanol or prolonged exposure to heat (Ko et al., 2021). Corrosion is typically an oxidation process driven by the tendency of refined metals to transfer into their chemically more stable state—e.g., iron converts to iron-oxide (rust)—and requires the simultaneous presence of moisture and oxygen. Since the chromium in the steel reacts with oxygen to form a thin, stable oxide layer on the surface that acts as a protective barrier, oxygen and water cannot access the underlying parts under mild environmental conditions. However, chemicals and high temperature can make exposed stainless steel lose their protective chromium-oxide layer. Since all the metal components of bioreactors used to produce citric acid are built of stainless steel, corrosion of the surface may lead to metal ion, including Mn2+, leaching in the course of the fermentation.
Electrochemical polishing can prevent or significantly reduce the leaching of metal ions. In this process, the corroded metal workpieces are immersed in a mixture of sulfuric and phosphoric acids, and connected as the positively-charged anode. A direct current passes from the anode to the negatively charged cathode where a reduction reaction produces hydrogen. Simultaneously, metals on the surface of the workpieces are oxidised and dissolved in the electrolyte, improving surface smoothness (Łyczkowska-Widłak et al., 2020). An alternative to electropolishing is the non-electrolytic method of steel passivation, which increases the corrosion resistance by removing free iron and foreign matter from the surface by nitric- or citric acid (Dai et al., 2021).
In this study, we quantified Mn2+ ion leaching from the stainless steel components of 6-L-scale glass bioreactors into the growth media during optimized A. niger citric acid fermentations, and identified heat sterilization and acidic culture pH as two of the underlying causes. Furthermore, we provide evidence to show that the adverse effect of Mn2+ on citric acid yield occurs during early stages of fermentation and diminishes as cultivation progresses.
2 MATERIALS AND METHODS
2.1 Aspergillus niger strains, media and cultivation conditions
Aspergillus niger NRRL2270 (A60; ATCC 11414), a hyper-producing strain frequently used for citric acid accumulation research (Perlman et al., 1946), was maintained at 4°C as conidiospores on agar plates containing minimal medium (pH 6): 10 g D-glucose L−1, 6 g NaNO3 L−1, 1.5 g KH2PO4 L−1, 0.5 g MgSO4*7 H2O L−1, and 0.5 g KCl L−1, supplemented with 20 µl trace element solution (containing, per litre: 10 g EDTA, 4.4 g ZnSO4 * 7 H2O, 1.01 g MnCl2 * 4 H2O, 0.32 g CoCl2 * 6 H2O, 0.315 g CuSO4 * 5 H2O, 0.22 g (NH4)6Mo7O24 * 4 H2O, 1.47 g CaCl2 * 7 H2O, 1.1 g FeSO4 * 7H2O).
Seed cultures were inoculated with 5 × 106 A. niger conidia per mL of growth medium from a freshly prepared, high-density spore suspension in a 0.01% Tween 20 solution. Seed cultures were grown for 24 h in 500-ml Erlenmeyer (conical) flasks (VWR International Kft., Debrecen, Hungary) containing 100 ml of media in a rotary shaker (Infors AG, Basel, Switzerland) operating at 250 rpm at 30°C. Seed culture medium contained D-glucose as a sole carbon source at an initial level of 10 g L−1, and additionally contained 2.50 g (NH4)2SO4; 0.15 g KH2PO4; 0.15 g NaCl; 2.25 g MgSO4*7H2O; 1.50 mg Zn2+; 0.10 mg Fe2+ and 0.06 mg Cu2+ per litre. The initial medium pH was set at 3.0 with 3 M HCl, and was not controlled during the shake-flask cultivations.
Production cultures were grown in a chemically defined medium identical to the seed culture medium except that the initial D-glucose concentration was set at 140 g L−1 (Fejes et al., 2020). To control the concentration of Mn2+ in the growth medium, D-glucose was dissolved in distilled water and passed through a column (440 × 45 mm) of Dowex 50 W-X8 (100/200) cation exchange resin. All components were added to this d-glucose solution from sterile stock solutions. The final Mn2+ concentration was adjusted with MnCl2 * 4 H2O. The growth media thus prepared were membrane-filtered under aseptic conditions into the heat-sterilized and cooled shake-flasks or fermenters, containing the necessary volume of ion-exchanged and subsequently double-distilled water (henceforth referred to as Mn2+-free water). All chemicals used were analytical grade and purchased from Sigma-Aldrich Ltd (Budapest, Hungary).
Citric acid fermentations were carried out in batch mode either in 500 ml Erlenmeyer shake-flasks under conditions identical to those set up for the seed cultures (see above) or in two 6-L-scale autoclavable glass fermenters (Sartorius Biostat B, Göttingen, Germany, and Inel Ltd., Budapest, Hungary), henceforth referred to as Bioreactor A (Sartorius) and Bioreactor B (Inel). The two bioreactors share the same vessel geometry and working volume (4.5 L), their metal components are all made of AISI1 316L (≤2% Mn2+ content)—the most commonly used grade of stainless steel in biotechnological applications (Zhou et al., 2011)—and both are equipped with a pair of six-blade Rushton-type disc turbine impellers of 65 mm diameter. However, Bioreactor A was newly purchased just before this study, while Bioreactor B was purchased some 10 years ago, and have been extensively used ever since, resulting with surface-type corrosion of the stainless steel parts (Supplementary Figure S1). During this study, all stainless steel components (headplate, sensor housings, agitator shaft, sampling tube, impellers) of Bioreactor B were subjected to electrochemical polishing (carried out by Zolend Ltd., Debrecen, Hungary) to examine its effect on leaching.
Standard bioreactor sterilization is defined here as autoclaving the vessels containing the necessary amount of Mn2+-free water up to an internal overpressure of 1.1 bar for a period of 30 min followed by the addition of ion-exchanged D-glucose and other sterilized medium components. In empty-vessel sterilization, the vessels contained a minimal amount of Mn2+-free water to cover the tips of the pH- and DO sensors. Following cooling, water was forced out by overpressure and the vessels were filled to the required levels with sterilized growth medium under aseptic conditions.
Both bioreactors were run using the same DO and temperature setpoints. Operating conditions were 30°C and 0.75 vessel volume per minute (vvm) of aeration. The initial pH of the growth medium was adjusted to 3.0 with 3M HCl before inoculation. The pH was measured and—depending on the experiment—was either controlled at set values as indicated, or was not controlled during fermentations. Dissolved oxygen levels were maintained at 30% saturation by adjusting the impeller(s) tip speed. Temperature, DO and impeller tip speed were controlled automatically by the controller units of the bioreactors. To minimize medium loss, the waste gas from the headspace was cooled in a reflux condenser connected to an external cooling bath (4°C) before exiting the system. Fermentations were inoculated under aseptic conditions with harvested and washed biomass from 500 ml of seed culture, and were run until the initial D-glucose of 140 g L−1 was depleted.
2.2 Analytical methods
Mycelial dry cell weight (DCW) was determined from 5 ml culture aliquots as described (Kozma and Karaffa, 1996). The biomass was harvested on a pre-weighed glass wool filter, washed with cold tap water, and dried at 80 °C until constant weight was obtained.
The concentrations of D-glucose and citric acid in the growth media were determined by high-pressure/performance liquid chromatography (HPLC; Agilent Technologies 1,260 Infinity II, United States) with a H+ exchange column (Bio-Rad Aminex HPX-87H+) at T = 55°C, using isocratic elution with 10 mM H2SO4 and refractive index detection (Karaffa et al., 1997; Fejes et al., 2020).
Mn2+ concentrations in the culture broth were determined by inductively coupled plasma quadrupole mass spectrometry (ICP-QMS; Thermo Fisher Scientific, Bremen, Germany) equipped with Hexapole Collision Cell Technology (Karaffa et al., 2015). Manganese (II) ion leaching rates were defined as the increase in Mn2+ concentration (ng L−1) per hour.
Biomass yield coefficients (Yx/s) were determined by dividing the maximal concentration of biomass (g L−1) achieved during fermentation by the initial carbon source (D-glucose) concentration (g L−1). Biomass production rates (g L−1 h−1) were calculated from the increase in DCW over the time elapsed between two consecutive samplings (i.e., sampling time points); the highest value obtained was taken to calculate the maximal specific growth rate of the culture (μ; h−1; (Pirt, 1975)). Likewise, D-glucose utilization rates (g L−1 h−1) were calculated from the steepest decrease in residual concentrations (g L−1) between two consecutive samplings. Specific molar citric acid yields (Yp/s) are the ratio between the moles of citric acid produced and the moles of D-glucose consumed after the complete depletion of the D-glucose. A high-yield citric acid fermentation (shake-flask or bioreactor alike) was defined as a culture reaching a Yp/s of >0.8 (Karaffa et al., 2021).
Three aspects of mycelial morphology were monitored by microscopy: 1) swollen, yeast-like hyphae; 2) filamentous hyphae; and 3) pellet-like mycelial clumps (aggregates) (Bartoshevich et al., 1990; Paul and Thomasn, 1998; Sándor et al., 2021). To improve image contrast, lactophenol cotton blue (Fluka Chemie, Buch, Switzerland) at a final concentration of 10% (v/v) was added to the samples. Images were captured with a Zeiss Axio Imager phase-contrast microscope equipped with an AxioCam MRc 5 camera, and analysed with an AxioVision AC quantitative image analyser system. Average hyphal and pellet diameters (also referred to as micro- and macro-morphology, respectively) were assessed by processing >50 hyphae or >10 pellets per sample.
2.3 Reproducibility
All presented data involving fungal cultivations are the means of three independent experiments (biological replicates: starting with liquid cultures using different spore inocula), and each primary data is the mean of two parallel measurements within the same experiment (technical replicates). Data were analyzed and visualized with Sigmaplot software (Jandel Scientific, San Jose, CA, United States). The variability of the data was characterized by standard deviations for each procedure. Quantitative data (n ≥ 3) were compared using ANOVA (Analysis of Variance) with Holm-Sidak Test for pairwise comparisons. While probability (p) values were often <0.001, the criterion for significance was p < 0.05 in all cases.
3 RESULTS
3.1 Characterization of the citric acid fermentations performed in bioreactors A and B
Following standard sterilization, we performed parallel citric acid fermentations in the two Bioreactors (A, B) under identical cultivation conditions. The sole carbon source was D-glucose, with initial concentrations set at 140 g L−1.
Despite of the identical starting conditions, the fermentations in the two bioreactors differed significantly in the four standard parameters (pH, biomass-, carbon substrate- and product concentrations) that were monitored (Figures 1, 3, Table 1). Residual D-glucose levels in Bioreactor B decreased more rapidly than in Bioreactor A, depleting the initial carbon substrate pool in 300 h as compared to 360 h. Final fungal biomass concentration in Bioreactor B was twice as high as Bioreactor A (33.9 vs. 15.9 g L−1), reflecting a higher overall specific growth rate for that culture (μ = 0.019 h−1 vs. 0.014 h−1). Particularly in the first 24 h, biomass in Bioreactor B grew significantly more rapidly, reaching a 19-fold higher concentration of the value measured right after inoculation, corresponding to a specific growth rate of μ = 0.12 h−1. In contrast, biomass concentration in Bioreactor A grew only five-fold higher over the same interval (μ = 0.067 h−1).
[image: Figure 1]FIGURE 1 | Kinetics of d-glucose utilization (A); ■, □), citric acid production (B); ●, O) and biomass formation (C); ▲, △) in Bioreactor A (□, O, △) and in Bioreactor B (■, ●, ▲). Fermentations were carried out in triplicate. Standard deviations are indicated with vertical bars for each determined value. Note that the bar is sometimes smaller than the symbol that marks the mean concentration. See Materials and Methods for further details.
TABLE 1 | D-glucose utilization rate, biomass (DCW) and citric acid (CA) production as well as derived kinetic parameters of Aspergillus niger NRRL 2270 cultivations in Bioreactors A and B (see Materials and Methods section for details). Mycelia grew under submerged conditions in an optimized CA-producing medium initially containing 140 g L−1 D-glucose as the sole carbon source.
[image: Table 1]Volumetric and molar yields of citric acid were, however, significantly higher in Bioreactor A than in B (Table 1). Our definition of high molar yield is Yp/s> 0.8 (Karaffa and Kubicek, 2003). Cultures grown in Bioreactor B were not considered high-yield fermentations (Yp/s = 0.66 ± 0.04), while those grown in Bioreactor A produced outstanding molar citric acid yields (Yp/s = 0.91 ± 0.02). As well, pH profiles were dissimilar, culminating in significant endpoint differences, pH 1.3 for the high-yield culture in Bioreactor A and pH 1.6 in Bioreactor B (Figure 3).
Morphology of the fungal cultures in the two bioreactors also differed (Figure 2): the early stages (up until 168 h) in Bioreactor A were characterized by the dominance of small, pellet-like clumps (aggregates) and mycelia with short hyphae—typical for a high-yield citric acid producing cultures—as opposed to elongated hyphae in Bioreactor B, which is associated with low-yield citric acid producing cultures. In the later stages, cultures from the two bioreactors became more similar to each other with a generally pellet-like morphology (Figure 2). The high-producing forms have increased hyphal diameters (= micro-morphology) and reduced pellet diameters (= macro-morphology). These two quantitative parameters were assessed for variation during the fermentations (Table 2). In Bioreactor A, the average hyphal diameter in the 24 h old cultures was 5.98 ± 1.63 μm, which increased to 8.67 ± 1.66 μm at 360 h. In Bioreactor B, the respective maximal average hyphal diameters were significantly lower than in Bioreactor A, while diameters from early time-point samples were significantly smaller than the later ones. Average aggregate sizes significantly grew in the course of the fermentations in both bioreactors, and at each time-point they were significantly larger in Bioreactor B than in Bioreactor A.
[image: Figure 2]FIGURE 2 | Microscopic images of submerged cultures of Aspergillus niger NRRL 2270. Images were taken at 24, 72, 192, and 228 h from each bioreactor.
TABLE 2 | Average cell diameter and average aggregate size of A. niger NRRL2270 mycelia as a function of the sampling time (hours) in Bioreactor A and Bioreactor B during citric acid fermentations. All results are given in micrometer (μm).
[image: Table 2]In summary, cultures in the newly purchased Bioreactor A were excellent citric acid producers and displayed all the characteristic attributes of overflow metabolism, while those growing in the old Bioreactor B channelled a much higher part of the available carbon pool into biomass, significantly reducing molar citric acid yield.
3.2 Manganese ion concentrations in culture broths following sterilization and during fermentation
The difference in citric acid production yields and morphology between Bioreactors A and B led us to suspect that the concentrations of extracellular Mn2+ were different in the two bioreactors. The culture media were prepared in the same way with a final concentration of 2 μg L−1 Mn2+. Table 3 shows the Mn2+ concentrations for both bioreactors before and after heat sterilization. As expected, the concentrations of Mn2+ of the culture media before sterilization for both bioreactors were ∼2 μg L−1. Following 30 min of heat sterilization, the concentration of Mn2+ in Bioreactor A increased by ∼41% whereas that of Bioreactor B jumped by 10-fold. After 60 min of heat sterilization, the concentration of Mn2+ in Bioreactor A was 44% higher than before sterilization whereas in Bioreactor B the concentration was 13 times higher than before sterilization. These results suggest that heat sterilization caused a release of Mn2+ from the bioreactors and that the leaching was substantially more severe for the old bioreactor (B) than the new bioreactor (A).
TABLE 3 | Manganese (II) ion concentrations (μg L−1) in Bioreactors A and B before and after 30 and 60 min of sterilizations in steam autoclave and the difference of the mean concentrations.
[image: Table 3]Figure 3 shows the extracellular Mn2+ concentrations throughout the fermentations in Bioreactors A and B. In general, Mn2+ levels increased with time, and their kinetic profiles displayed a biphasic character. In the first phase that—at least in Bioreactor B—covered roughly the first half of the fermentations, leaching rates were lower and fairly constant. In the second phase, leaching rates steeply accelerated (Table 4). This pattern was less pronounced in Bioreactor A than in Bioreactor B. Importantly, Mn2+ concentrations in Bioreactor A remained below or around 5 μg L−1 for the entire first half of the fermentation, while in Bioreactor B—mostly due to the sharp increase after autoclaving the vessels—they were well above this threshold level throughout the fermentation.
[image: Figure 3]FIGURE 3 | Kinetics of extracellular manganese(II) ion concentration (A) and extracellular pH (B) for Bioreactor A (□, O) and Bioreactor B (■, ●). The data were obtained for the fermentations shown in Figure 1.
TABLE 4 | Mn2+ leaching rates (ng L−1 h−1) in Bioreactors A and B at culture broth pH > 2 and culture broth pH < 2 during citric acid fermentations by A. niger NRRL 2270.
[image: Table 4]3.3 pH-dependence of manganese (II) ion leaching
By comparing the kinetic profiles of the culture pH with that of the extracellular Mn2+ concentrations (Figure 3) we noticed that in both bioreactors Mn2+ accumulation significantly increased when the pH of the culture broth fell below ∼2.0. To investigate the relationship between pH and Mn2+ leaching, we filled Bioreactor A with either 10 mM or 100 mM phosphate-buffered Mn2+-free water. We ran the fermentation cycle using the same stirring speed and temperature as the fermentation cycle described in Figure 1, except that we controlled the pH with hydrochloric acid starting at pH 3.5 and dropping at 12-h intervals to pHs 3.0, 2.5, 2.0, 1.8, 1.6, and 1.4 (Figure 4). The results confirmed that the accumulation of Mn2+ is pH-dependent: negligible between 3.0 and 2.2, started to increase at 2.0, and steeply accelerated below pH 2.0, thereby showing a similarly two-phase nature as observed during the citric acid fermentations (Table 5). The Mn2+ leaching rates were similar to those measured during the fungal fermentations and were not statistically different at the two different concentrations of phosphate ions.
[image: Figure 4]FIGURE 4 | A and BRepresentations of the relationship between external pH and manganese (II) ion leaching in Bioreactor A. The growth medium was replaced by 10 mM phosphate-buffer solution. Temperature and dissolved oxygen levels were identical to those during the A. niger citric acid fermentations. The pH was adjusted by HCl at 12-h intervals from the initial pH 3.5 to pHs 3.0, 2.5, 2.0, 1.8, 1.6, and 1.4.
TABLE 5 | Mn2+ leaching rates (ng L−1 h−1) at different pH levels in Bioreactor A. Measurements were performed in either 10 mM or 100 mM phosphate buffer solution prepared with double-destilled and ion-exchanged water. Temperature, dissolved oxygen levels and mechanical stirring rates were identical to those of a citric acid fermentation. pH was set by 1M hydrochloric acid.
[image: Table 5]3.4 Prevention of manganese (II) ion leaching during citric acid fermentations
One of the means that was undertaken to mitigate Mn2+ leaching is an autoclaving method called empty vessel sterilization. In this process the minimal amount of water that harbours the leachable metal ions after the completion of the autoclave cycle is replaced with Mn2+-free sterile water. By this way, the early jump in the Mn2+ levels could be almost completely eradicated, although leaching rates after the inoculation remained similar (Figures 5 vs. Figure 3).
[image: Figure 5]FIGURE 5 | Kinetics of extracellular manganese (II) ion concentration (A) and citric acid concentration (B) in Bioreactor B after using empty vessel sterilization instead of standard autoclaving (O), after applying electrochemical polishing prior fermentation (△) and combining the two methods (■).
Another method to minimize metal ion leaching was the electrochemical polishing of the stainless steel components, as demonstrated for Bioreactor B. While the kinetic profiles of Mn2+ leaching still indicated considerable release both during autoclaving and the subsequent fermentation, the threshold value of 5 μg L−1 was exceeded only 48 h after inoculation. Consequently, citric acid molar yields were only ∼10% (though statistically still significantly) less than those attained in Bioreactor A, reaching a Yp/s = 0.80 ± 0.03. Finally, combining these two latter methods restored citric acid molar yields to Yp/s = 0.88 ± 0.04 even in (electrochemically polished) Bioreactor B (Figure 5). These value are statistically identical to those obtained in Bioreactor A.
3.5 The “manganese effect” on citric acid yield is dependent on the fermentation stage
Previous reports indicate that extracellular Mn2+ concentrations higher than 5 μg L−1 influence fungal physiology and morphology, and consequently citric acid yield. Figure 3 shows that the Mn2+ concentrations in Bioreactor A exceeded 5 μg L−1 after 168 h of fermentation and reached ∼30 μg L−1 by the end of the fermentations. The high Mn2+ concentrations at the later stages of fermentation did not reduce citric acid production (Figures 1, 3), suggesting that the adverse effects of Mn2+ on citric acid production occurs during the early stages of the fermentations. To test whether the adverse effect of Mn2+ on citric acid yield is indeed dependent on the cultivation stage, a set of shake-flask cultures were supplemented with 5, 30, and 100 μg L−1 Mn2+, respectively, at different time-points (Table 6). 30 μg L−1 Mn2+ is the concentration in Bioreactor A towards the end of the fermentations, while 100 μg L−1 already saturates the Mn2+ uptake system of A. niger NRRL2270 (Fejes et al., 2020). Results confirmed that exposure to higher concentrations of Mn2+ during early cultivation resulted in the reduction of citric acid yields and the simultaneous increase of fungal biomass. Both effects were dependent on the concentration of the supplemented Mn2+, and both gradually diminished towards the second half of the fermentation.
TABLE 6 | Effect on manganese (II) ion supplementation on citric acid molar yield (Yp/s) and biomass formation yield (Yx/s) as a function of time during citric acid fermentation with A. niger NRRL2270. Control cultures contained an initial concentration of 2 μg L−1 manganese (II) ions. Product and biomass yields for the control cultures: Yp/s (%) = 90.1 ± 2.5 and Yx/s (%) = 18.5 ± 1.8.
[image: Table 6]4 DISCUSSION
Mn2+ concentrations of <5 μg L−1 in the A. niger culture medium is a key condition for achieving a high-yield during citric acid fermentation (Kisser et al., 1980). The task is challenging since even tap water may contain up to 3 μg L−1 Mn2+, a 1% (w/v) D-glucose solution contains the double concentration of the threshold, while the Mn2+ levels in a 15% (w/v) D-glucose solution exceeds it by 30-fold (Karaffa et al., 2015). In this paper we tested and confirmed the hypothesis that in addition to contamination in the growth medium, the bioreactor itself can also be the source of Mn2+ to such an extent that the corrosion-driven leaching could surpass the critical levels, reducing molar citric acid yield by ∼30%. We provided evidence that leaching of Mn2+ from the alloy of the stainless steel components is predominantly associated with standard autoclaving and the strongly acidic (pH < 2) culture broth characteristic for this fermentation technology. In addition, we also demonstrated that the application of anti-corrosion treatments and/or using a modified sterilization protocol fully restored high citric acid yield.
Although single-use bioreactors have gained acceptance in biotechnology for over two decades, their application is still limited to mammalian, insect and plant cell cultivations (Langer and Rader, 2018). Microbial bioprocesses have not been converted to disposables made of plastics/elastomers because of scale limitations mainly due to the relatively low oxygen transfer rates (Rader, 2014). Stainless steel bioreactors on the other hand can be customized up to several hundred cubic meters and still possessing higher mixing capacity than what single-use bioreactors are able to offer. Indeed, an estimated 97% of the world’s bioprocessing capacity is made of stainless steel (Langer and Rader, 2018). Glass bioreactors used for strain improvement and manufacturing process development contain several stainless steel components (agitation-aeration system, sampling tube, sensor/electrode housings, and baffles). Corrosion-driven metal ion leaching must therefore be a widespread phenomenon that nonetheless appears rarely considered for bioprocesses, at least in the public domain. Manganese leaching was reported to influence terminal galactosylation in monoclonal antibodies produced by CHO-K1SV cells, grown in 2-L scale glass bioreactors (Williamson et al., 2018).
The amount of metal ions leaching into the environment was described to be subject to multiple variables such as external pH, temperature, contact materials, exposed surface area and contact duration/cultivation time (Zhou et al., 2011; Williamson et al., 2018). Due to the experimental setup employed in this study, most variables (contact materials, contact area, cultivation time, temperature) can be considered as constants. The only meaningful difference between the newly purchased Bioreactor A and the old, used Bioreactor B was the advanced state of surface corrosion of the latter that, however, we did not attempt to characterize—either qualitatively or quantitatively—beyond what could be seen by naked eye (Supplementary Figure 1). Ultimately, the corrosion caused by many years of exposure to harsh physical conditions rendered Bioreactor B unsuitable for high-yield citric acid fermentations, as standard autoclaving (T = 121°C, t = 30 min) already raised Mn2+ levels above the threshold. However, electrochemical polishing, empty vessel sterilization, and the two methods together restored usability of Bioreactor B for high-yield citric acid production. These results clearly identify leaching from corroded stainless steel components as the root cause of the “manganese effect”. Likewise, zinc, chromium, and manganese leaching were all reported to be exacerbated in 2-L scale bioreactors when the glass vessel complete with all stainless steel components was autoclaved, while only zinc was detected after the vessel was autoclaved with a headplate only (Williamson et al., 2018).
Another factor that contributes to Mn2+ leaching is the low pH of the contact liquid. The release of metal ions from 316L stainless steel in dilute hydrochloric acid serves evidence for the degradation of these alloys (Atapour et al., 2020). Mn2+ leaching has not been investigated before, however, acidic conditions and possible complex formation reactions between Mn2+ and citric acid may enhance the dissolution process (Bastug et al., 2007; Wyrzykowski and Chmurzyński, 2010). A similar interpretation was proposed for the deteriorating effect of Pseudomonas aeruginosa on alpha-brass and 316L stainless steel (Farooq et al., 2021). However, the low pH (pH ≤ 2) during citric acid fermentation is critical to avoid production of unwanted byproducts such as oxalic acid (Ruijter et al., 1999). Externally controlling the culture pH at or above 2 is therefore not a viable option.
Mn2+ concentrations started to rise sharply when the culture broth pH dropped below about pH 2.0., and continued to increase as pH dropped to 1.4 (this value was never achieved in Bioreactor B, underlining the importance of very low pH in high-yield citric acid accumulation; (Kubicek et al., 1988). This relationship was qualitatively and quantitatively essentially identical in the culture broth and the phosphate buffer solution, indicating that the A. niger strain NRRL 2270 did not contribute to Mn2+ leaching. Proteins, complexing agents such as EDTA and buffer agents such as phosphate can nonetheless accelerate metal leaching from stainless steel (Allain and Wang, 2007). We therefore cannot exclude the possibility that phosphate ions did play some part in Mn2+ leaching. Yet the extent of this contribution was likely minor, as increasing phosphate concentration from 10 to 100 mM did not increase the Mn2+ leaching rate.
We did not monitor the leaching of other metals than Mn2+ in this study, hence the question arises whether other metal ions that are present in the 316L stainless steel can—at least partially—be responsible for the altered fungal metabolism and reduced citric acid production. While evidence-based answer cannot be given, several factors argue against this possibility. Iron has been discussed as an element reducing citric acid yield (Shu and Johnson, 1947; Shu and Johnson, 1948a). However, while iron—the most abundant metal in stainless steel—was supplemented here to the growth medium in 0.1 mg L−1 concentration, other citric acid production formulas advocate using up to 1.3 mg L−1 Fe2+ ions (Shu and Johnson, 1948b). Secondly, it is plausible—though not yet confirmed experimentally—that the inhibitory effect of iron in concentrations higher than above on the citric acid yield is actually related to the manganese effect, as even analytical grade iron salts may contain up to 0.5% (w/w) Mn2+ as impurities (Karaffa et al., 2021). Such Fe/Mn interactions obviously do not exist in our experimental setup. Thirdly, chromium—the second most abundant metal in 316L-grade stainless steel—was described to even stimulate citric acid production in concentrations up to 50 mg L−1 (Angumeenal et al., 2002; Angumeenal et al., 2003). While this favourable effect of chromium ions may be strain-specific, no reports to the contrary are available in the literature. Finally, Mn2+ deficiency transforms the filamentous hyphal morphology of A. niger to one dominated by “yeast-like cells” (branches of short, swollen forms) on the micro-morphology-, and small (<0.5 mm diameter) compact pellets on the macro-morphology level (Detroy and Ciegler, 1971; Gyamerah, 1995). Progression of this transformation is always accompanied by increased cell (hyphae) diameter and reduced pellet size (Paul et al., 1994; El-Sabbagh et al., 2008). These phenotypes are exactly what we have observed upon utilizing the corroded (B) and the non-corroded (A) bioreactors.
We demonstrated that under high-yield citric acid producing conditions even a brand-new bioreactor releases more Mn2+ into the culture broth than the treshold level, but this leaching does not limit citric acid accumulation as long as it occurs in the late stages of the fermentation. A more detailed investigation revealed that—at least under the conditions used in the experiments—manganese deficiency in the first 48 h of the cultivation appear critical for citric acid overflow. This time-span may turn out to be strain- and technology dependent, but the results indicate that the “manganese effect” diminishes as fermentation progresses, mitigating the problem of Mn2+ leaching from metal surfaces. The results also imply that once A. niger citric acid overflow commences due to the special cultivation conditions, it continues irrespective of the changing environment in the bioreactor. Indeed, the high initial concentration of d-glucose—considered one of the most critical elements of high-yield citric acid production—also gradually decreases as the fermentation progresses, but that does not seem to influence the sugar/acid conversion rate either. We thus hypothetize that the genes involved in the response to Mn2+ deficiency are expressed at a very early stage of the cultivation. We are currently testing this hypothesis.
5 CONCLUSION
During citric acid fermentations by A. niger, the stainless steel components of the bioreactor can be the source of manganese (II) ions to such an extent that the corrosion-driven leaching could surpass the critical levels, resulting in altered fungal physiology and morphology, and reduction of product yields by ∼30%. The leaching of manganese is dependent on the fermentation time, the acidity of the culture broth and the sterilization protocol applied. The effect of manganese (II) ions on the reduction of citric acid yield diminishes towards the second half of the fermentation. Since maintaining low concentrations of manganese (II) ions in the culture broth is costly, these results can potentially be used to modify protocols to reduce the cost of citric acid production.
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