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Abstract: To meet the growing global demand for gluconic acid as a cement and concrete retarder, inexpensive and abundant lignocellulosic materials are regarded as the most suitable alternatives to starchy materials. However, their enzymatic hydrolysate contains not only glucose but also xylose, which negatively affects the performance of gluconic acid as a retarder. Notably, glucose is preferentially bio-oxidized into gluconic acid by Gluconobacter oxydans, but gluconic acid cannot be metabolized by Candida tropicalis. Given this, an artificially designed biological cascade process, respectively employing Gluconobacter oxydans and Candida tropicalis, was established to successfully carried out glucose conversion into gluconic acid, and xylose into single-cell protein using enzymatic hydrolysate of corncob as feedstock. This sequential fermentation process produced 95.8 g/L gluconic acid and 9.0 g/L single-cell protein from 1 L of enzymatic hydrolysate that initially contained 98.1 g/L glucose and 25.4 g/L xylose. The mass balance calculation showed that approximately 280 g gluconic acid and 27 g single-cell protein could be harvested from 1,000 g corncob feedstock. The results suggest that the above-mentioned two-step bioconversion method is efficient enough in utilizing glucose and xylose from lignocellulosic hydrolysates.
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1. Introduction

With the growing economy, worsening environmental pollution, and the scarcity of fossil resources, scientists are in search of green alternative energy sources worldwide [1]. Lignocellulosic biomass, a plentiful and potentially renewable biological resource, can be harvested from various sources, such as agricultural and forest residues [2]. Lignocellulose is composed mainly of lignin and two polysaccharides: cellulose and hemicellulose. It can be hydrolyzed into sugars and transformed into several value-added fuels and chemicals, such as biofuels and organic acids, by fermentation [3-5]. Before fermentation, lignocellulosic biomass requires pretreatment and enzymatic hydrolysis [6]. The high cost of pretreatment and enzymatic hydrolysis during lignocellulose degradation is still a problem that needs to be solved. The enzymatic hydrolysate mainly consists of glucose and xylose that are derived from hemicellulose and cellulose. Some cellulolytic bacteria have been identified and used to break down lignocellulosic biomass. However, the mechanisms involved and the processes used for large-scale production are yet to be explored [7,8]. Thus, the environmentally friendly utilization and conversion of cellulose and hemicellulose polysaccharide components from lignocellulosic biomass is an economically feasible biorefinery process [9].
Studies have reported that lignocellulosic glucose can be used to produce a range of products, such as bioethanol [10], lactic acid [11], citric acid [12], and gluconic acid (GA) [13]. Among them, GA is preferable due to its advantages of high yield, high availability, and extensive utilization in the chemical, food, and pharmaceutical industries [14]. Luo et al. reported that sodium gluconate as a concrete or cement retarder can increase the setting time and fluidity, and also enhances the mechanical performance and durability by improving the pore structure and their heterogeneity [15]. In addition, the high purity of GA or its derivatives (such as sodium/calcium gluconate) is nonessential as a cement or concrete additive [16,17]. Therefore, GA produced from enzymatic hydrolysate can be directly used as a cement or concrete additive without any purification, which potentially reduces the production cost. The current production process of GA is relatively mature, and the commonly used bacteria is Aspergillus niger. However, in the presence of inhibitors, the conversion ability of Aspergillus niger will be inhibited and the fermentation time will be extended [18]. Gluconobacter oxydans (G. oxydans), an aerobic gram-negative bacterium belonging to the Acetobacter species, can rapidly perform incomplete oxidation of a range of sugars and polyols into corresponding acids or ketones using membrane-bound dehydrogenases. In addition, given its remarkable tolerance against lignocellulosic inhibitors, G. oxydans is regarded as the most preferable microorganism for the industrial production of GA from cellulosic glucose [19]. Zhang et al. reported that G. oxydans can be used for glucose conversion into GA from corn stover hydrolysate, meanwhile, G. oxydans showed good tolerance against various inhibitors generated from the degradation of lignocellulose [20].
In addition to glucose, the enzymatic hydrolysis of lignocellulosic biomass simultaneously releases about 25% xylose, which is the second largest sugar after glucose [21]. Xylose can be microbially transformed into various products, including ethanol [22], butanol [23], xylitol [24], and xylonic acid (XA) [25]. However, G. oxydans cannot simultaneously convert glucose and xylose into GA and XA, respectively. The remaining xylose in hydrolysate can cause excessive retardation of cement/concrete and therefore must be removed [26]. Compared with other xylose fermentation products, single-cell protein (SCP) is a good choice because it can be easily separated from the fermentation broth and [27]can be used as a high-grade protein supplement in human food and animal feed [27]. Various SCP-producing microorganisms, including yeast, fungi, bacteria, and algae, have been reported. Yeast is the most widely used microorganism for its ability to grow on a variety of substrates, low risk of contamination, high protein content, and high B-complex vitamin content. Candida tropicalis (C. tropicalis) belonging to the genus Candida can utilize xylose and have a high tolerance against the inhibitors such as furfural and phenols produced during the degradation of lignocellulosic biomass [28-30]. C. tropicalis may also convert xylose to ethanol, which can affect the purity of gluconic acid in the fermentation broth; therefore, C. tropicalis is introduced to simultaneously remove xylose and obtain SCP as value-added product by controlling the conditions.
The goal of this study was to maximize the economic benefits of enzymatic hydrolysate from the abundant and inexpensive lignocellulosic biomass. We hope to use two strains to convert fermentable sugars (glucose and xylose) from lignocellulosic hydrolysate into chemicals. Accordingly, GA and SCP were produced continuously in a two-step process using corncobs as raw material. First, G. oxydans was employed for the bio-oxidation of glucose into GA and then the remaining xylose was metabolized into SCP by C. tropicalis. This study provides a reference for the integrated use of glucose and xylose from the lignocellulosic hydrolysate.
2. Materials and Methods

2.1. Strain maintenance

G. oxydans strain from Nanjing Forestry University, China was genetically modified in the strain ATCC 621, and was stored at 4 ℃ on the sorbitol-agar medium containing 50 g/L sorbitol, 5 g/L yeast extract, and 15 g/L agar [31]. 
C. tropicalis was also from Nanjing Forestry University, China, and stored on the glucose-agar medium containing 10 g/L glucose, 5 g/L peptone, 5 g/L yeast extract, and 15 g/L agar at 4 ℃.
2.2. Preparation of enzymatic hydrolysis of pretreated corncob solids

The corncobs used as lignocellulosic feedstocks in this study contained 34.2% cellulose, 32.8% hemicellulose, and 19.2% lignin. Corncobs were pretreated in 1% H2SO4 at 150 ℃ for 30 min, with a solid/liquid ratio of 1:10. A 10 L reaction volume was autoclaved, and the mixture was centrifuged to separate solid residue before enzymatic hydrolysis. The pretreated corncob was washed in water to obtain a neutral substrate pH and then air-dried for 24 h for enzymatic hydrolysis. The fed-batch operation with a solid loading of 15, 20, and 25% was respectively employed for enzymatic hydrolysis in a 3 L bioreactor with 1 L working volume for 96 h at 50 ℃ and 170 rpm metal axis stirring. The pH was maintained at 4.8 using citrate buffer and the amount of used enzyme was 20 FPIU/g-glucan cellulase for enzymatic hydrolysis (CellicCTec2, Sigma Co., China).
2.3. Inoculum preparation and fermentations

G. oxydans fermentation: G. oxydans NL71 was first pre-activated in 50 mL medium (50 g/L sorbitol and 5 g/L yeast extract) in a 250 mL Erlenmeyer shaker flask and the culture was performed at 30 ℃ and 220 rpm for 24 h. Then, the strain was moved to 500 mL medium (100 g/L sorbitol and 10 g/L yeast extract) in a 2 L Erlenmeyer shaker flask and cultivated at 30 oC and 220 rpm for 24 h. The 50 mL fermentation medium consisted of carbon source (100 g/L glucose and 25 g/L xylose, or enzymatic hydrolysates from corncobs), 5 g/L yeast extract, 0.5 g/L MgSO4, 1 g/L K2HPO4, 2 g/L KH2PO4 and 5 g/L (NH4)2SO4 in a 250 mL Erlenmeyer shaker flask. The medium pH was maintained with 20 g/L calcium carbonate. The initial inoculum of G. oxydans was 2 OD600 units and the fermentation was performed at 30 ℃ and 220 rpm for 24 h.
C. tropicalis fermentation: C. tropicalis was grown in 50 mL medium (20 g/L glucose, 20 g/L peptone, and 10 g/L yeast extract) in a 250 mL Erlenmeyer shaker flask and cultivated at 30 ℃ and 220 rpm for 24 h. The 50 mL fermentation medium consisted of 98.7 g/L GA, 25 g/L xylose, 5 g/L yeast extract, 0.5 g/L MgSO4, 1 g/L K2HPO4, 2 g/L KH2PO4 and 5 g/L (NH4)2SO4 in 250 mL Erlenmeyer shaker flasks, and the pH was adjusted to neutral with NaOH. The initial inoculum of C. tropicalis was 2 OD600 units, and the fermentation was performed at 30 ℃ and 220 rpm.
Co-fermentation by G. oxydans and C. tropicalis: The co-fermentation medium and condition were the same as of G. oxydans fermentation. The medium pH was maintained with 20 g/L calcium carbonate and the initial inoculum of G. oxydans and C. tropicalis were both 2 OD600 units, each.
Sequential fermentation: The sequential fermentation medium contained 50 mL medium containing enzymatic hydrolysate, 5 g/L yeast extract, 0.5 g/L MgSO4, 1 g/L K2HPO4, 2 g/L KH2PO4, and 5 g/L (NH4)2SO4; the medium pH for the first and second steps was adjusted by CaCO3 and NaOH, respectively. First, GA fermentation was performed at 30 ℃ and 220 rpm with an initial inoculum of 2 OD600 units G. oxydans; when glucose was utilized, the G. oxydans cells were removed by centrifugation at 8,000 rpm for 5 min. Second, SCP was produced at 30 ℃ and 220 rpm with an initial inoculum of 2 OD600 units C. tropicalis. Both reaction steps were carried out in 250 mL Erlenmeyer shaker flasks.
2.4. Analytical methods

Optical density (OD) was measured by Amersham Biosciences UV/Visible spectrophotometer (Spectrumlab 752 s) at 600 nm. In the process of bacterial dry weight measurement, 6 equal volume bacterial culture medium were first taken, of which 3 samples were measured turbidity by ultraviolet spectrophotometer at the wavelength of 600 nm, and the other 3 were measured for bacterial dry weight using an infrared moisture analyzer, and the average value was taken respectively. Then, linear fitting was performed according to the turbidities and dry weights, and the standard curve was drawn. One OD unit corresponded to 0.68 g/L dry weight of G. oxydans cells and 0.96 g/L dry weight of C. tropicalis cells, respectively.
The concentration of ethanol was analyzed by high-performance liquid chromatography (HPLC) (Agilent 1260) equipped with an Aminex Bio-Rad HPX-87H column. The mobile phase was 5 mmol/L H2SO4 and the flow rate was 0.6 mL/min. The concentrations of glucose, xylose, GA, 2-ketogluconic acid (2-KGA), and XA were analyzed by high-performance anion-exchange chromatography (Dionex ICS-3000) linked to a CarboPacTM PA 10 column. The mobile phases were 100 mmol/L NaOH and 500 mmol/L sodium acetate, and the flow rate was 0.3 mL/min. At each interval, 1 mL of fermentation broth samples were taken for the detection of fermentation products. All fermentation broth samples were centrifuged (10,000 rpm for 5 min) and the supernatant was diluted and used for analysis by HPLC and Dionex ICS-3000.
The yields of GA, 2-KGA, XA, and ethanol were calculated as follows:
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3. Results and Discussion

3.1. Enzymatic hydrolysis of pretreated corncob solids

It is well known that lignocellulosic materials can be enzymatically hydrolyzed into fermentable sugar after effective pretreatment [32]. Moreover, a relatively higher content of fermentable sugars in enzymatic hydrolysate is preferable to make full use of the equipment and reduce production costs. For instance, in bioethanol production, the total fermentable sugar concentration must be over 80 g/L for economic considerations so that the final bioethanol concentration can theoretically reach 4% (w/v); therefore, a solid loading of over 15% is essential for enzymatic hydrolysis [33]. Corncobs are abundant and cheap lignocellulosic materials that can be pretreated and enzymatically hydrolyzed to obtain hydrolysate rich in fermentable sugars, which can then be biorefined into various high-value products [34,35]. 
In this study, the acid-pretreated corncob solids, containing 51.9% glucan, were enzymatically hydrolyzed with cellulases (15 FPIU/g glucan). From the industrial application, it is important to obtain high-concentration products from the fermentation of high-concentration glucose medium to decrease energy consumption and increase product quality. Batch mode with high solid loading is the most effective way to increase the content of reducing sugars in enzymatic hydrolysate, but the method has disadvantages of high viscosity, uneven mixing, poor heat transfer, and in turn inhibition of product formation [36]. We found that the fed-batch operation can overcome these disadvantages and performed fed-batch enzymatic hydrolysis (5% solid loading every 12 h) to obtain a relatively high concentration of fermentable sugars. In addition, to evaluate the effect of total solid loading, we separately performed enzymatic hydrolysis with 15, 20, and 25% solid loading in round-bottom flasks at 50 ℃ for 96 h.
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Figure 1. Accumulation of glucose and xylose during the enzymatic hydrolysis of corn cob hydrolysate under different enzyme dosage with fed-batch operation (5% solids loading every 12 h).
The time course analysis of enzymatic hydrolysis is shown in Figure 1, indicating that glucose content increased to almost maximum within 48 h in all three solid loadings. Also, the final glucose content linearly ascended with the increase in total solid loading. Finally, 76.8, 98.1, and 114.6 g/L glucose content with yields of 87.6, 83.9, and 78.4% were achieved for 15, 20, and 25% solid loading, respectively. Notably, solid loading of over 20% decreased the enzymatic hydrolysis yield to lower than 80%. The high solid loading (25%) resulted in high viscosity of the slurry, which decreased enzyme diffusion into the interiors of the substrate, in turn lowering the enzymatic hydrolysis efficiency [37]. 
Although a higher enzymatic hydrolysis yield could be achieved with 15% solid loading, the final total glucose content was lower than that of the 20% solid loading [38]. Therefore, 20% solid loading was found most suitable for enzymatic hydrolysis of corncobs after dilute acid pretreatment. In addition, during the enzymatic hydrolysis, a certain amount of xylose was simultaneously released into the enzymatic solution [39]. Since corncob naturally contains glucan and xylan, and commercial cellulase normally contains hemicellulase, in the case of 20% solid loading, 98.1 g/L glucose and 25.4 g/L xylose were co-produced after enzymatic hydrolysis for 96 h. In lignocellulosic hydrolysates, xylose is the second most abundant sugar and therefore should be efficiently utilized for cost-effectiveness. Accordingly, here, the potential utilization of mixed sugar (glucose and xylose) was investigated for preparing value-added products.
3.2. The kinetics of G. oxydans for the mixture medium of glucose and xylose

Based on the above-mentioned results, the enzymatic hydrolysate from corncobs pretreated with 20% solid loading, which contained 98.1 g/L glucose and 25.4 g/L xylose, was used in the subsequent experiments. To understand the metabolic kinetics of G. oxydans, we first used the simulation medium containing 100 g/L glucose and 25 g/L xylose, and the results are shown in Figure 2a.
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Figure 2. Simultaneous fermentation of glucose and xylose by G. oxydans of (a) simulation solution and (b) enzymatic hydrolysate.
The results of the simulation solution showed that G. oxydans effectively converted glucose into GA within 9 h, producing 88.6 g/L GA with a yield of 81.4%. Importantly, though xylose can be utilized by G. oxydans, xylose utilization was repressed until the glucose was used up. Eventually, 25 g/L xylose was converted to 24.9 g/L XA, and a portion of GA was simultaneously converted to 2-KGA. As shown in Figure 2a, xylose was completely consumed at 18 h. Meanwhile, partial GA continued to be oxidized requiring longer fermentation time, producing 38.9 g/L 2-KGA at 24 h, with only 14.4 g/L GA as a remnant.
The kinetics of G. oxydans in the enzymatic hydrolysate medium are shown in Figure 2b. Glucose was completely consumed at 12 h, producing 98.7 g/L GA with a yield of 92.4%. Like earlier, xylose was not metabolized until glucose was depleted. Finally, 25.4 g/L XA was produced at 24 h with a yield of 90.4%. Meanwhile, GA was partially further oxidized to the by-product 2-KGA, with a corresponding content of 19.8 g/L at 24 h. In comparison, the fermentation performance of the simulation medium was better than that of the enzymatic hydrolysate, suggesting that the enzymatic hydrolysate contained some inhibitors. However, in general, the fermentation process profile of G. oxydans was very similar in both mediums. Also, the glucose conversion followed the same pattern: the fermentation was divided into two stages, including the conversion of glucose to GA and further metabolism of xylose and GA, where xylose was bio-oxidized into XA and GA was partly converted to 2-KGA [40]. This phenomenon suggested that it is feasible to manually stop the reaction when the glucose is consumed by G. oxydans, thus retaining GA and xylose in the fermentation broth. Meanwhile, xylose can be removed by downstream organisms by converting it into other products such as ethanol or SCP.
3.3. The effects of G. oxydans and GA on C. tropicalis
GA can be further oxidized to 2-KGA, which complicates the co-production of GA and XA [41]. A higher yield of GA can be achieved by preventing the further oxidation or metabolism of GA and xylose. Therefore, to reduce by-product production and improve the purity of GA in the fermentation broth, C. tropicalis was introduced into the synthetic medium for the production of SCP or ethanol for indirectly removing xylose.
Firstly, we evaluated the effect on the fermentability of glucose and xylose when G. oxydans and C. tropicalis were present simultaneously. G. oxydans and C. tropicalis were added to the simulation medium (100 g/L glucose and 25 g/L xylose) at 2 OD600 units as initial inoculum, and the results are shown in Figure 3a. 

G. oxydans and C. tropicalis preferentially utilized glucose in the medium over xylose; glucose was found to be rapidly and completely consumed within 6-12 h. Meanwhile, xylose was also utilized within 24 h. It could be seen that 66.1 g/L GA, 5.1 g/L 2-KGA, 4.4 g/L ethanol, and 8.7 g/L XA were accumulated at 12 h. As the catalytic conversion continued, xylose was largely consumed, and the GA content decreased significantly, eventually producing 35.8 g/L GA, 14.1 g/L 2-KGA, 5.7 g/L ethanol, and 13.1 g/L XA with the yields of 32.9, 13.1, 8.9, and 47.3%, respectively. 
Notably, both G. oxydans and C. tropicalis grew normally in the co-fermentation broth, and their total biomass increased from 4 OD600 to 12.4 OD600 after 24 h. Obviously, in the case of the same initial inoculum, there was some competition between G. oxydans and C. tropicalis, where G. oxydans dominated the synthetic medium, converting most of the glucose and xylose to GA and XA. Moreover, co-fermentation produced significantly lower GA content compared to single G. oxydans fermentation. In addition, the complex composition of the fermentation broth caused difficulties in separation and purification, which suggested that the co-fermentation with G. oxydans and C. tropicalis is not suitable for producing chemicals from glucose and xylose.
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Figure 3. (a) Co-fermentation of simulation medium with G. oxydans and C. tropicalis and (b) the effect of GA on xylose fermentation of C. tropicalis.
As shown in Figure 2b, G. oxydans in the simulation medium produced approximately 98.7 g/L of GA and 25 g/L of xylose in the fermentation broth. Therefore, we used a medium containing 98.7 g/L GA and 25 g/L xylose to mimic the effect of G. oxydans on C. tropicalis fermentation for the production of SCP. The medium initial pH was adjusted to neutral with NaOH. As shown in Figure 3b, the GA content was relatively constant throughout the fermentation process, meanwhile, 25 g/L xylose was completely used up at 24 h. This suggested that GA was not metabolized by C. tropicalis, and therefore the strain was suitable for removing xylose. In addition, the maximum ethanol production was only 1.1 g/L, indicating that most of the xylose was used for the proliferation of C. tropicalis. Eventually, its OD600 increased from 2.3 to 9.7. Although the presence of GA could have some inhibitory effect on the performance of C. tropicalis in catabolically metabolizing xylose, the xylose was still completely metabolized into ethanol and SCP, which can be easily separated from the fermentation broth by centrifugation or spray drying. Overall, it was found to be more economical to use C. tropicalis to remove xylose and extract SCP.
As shown in Figure 3a, during the co-fermentation with G. oxydans and C. tropicalis, the presence of G. oxydans reduced the xylose conversion rate. Therefore, we used a two-step fermentation method to utilize glucose and xylose from the lignocellulosic hydrolysate. Notably, G. oxydans can further oxidize GA to 2-KGA, and therefore, for a high yield of GA, the reaction must be stopped in time when glucose was consumed to avoid a reduction in GA production. Accordingly, first, GA fermentation was performed using G. oxydans, and subsequently, the cells were removed by centrifugation from the medium, thus retaining only GA and xylose. Second, the medium pH was adjusted to neutral, and SCP was prepared using C. tropicalis. This fermentation broth contained relatively pure GA, which can be obtained by centrifugation. The large amount of SCP obtained at the end of fermentation could be added to feed to improve the utilization of lignocellulosic hydrolysate.
3.4. Sequential bioprocess for converting enzymatic hydrolysates into GA and single-cell protein

Based on our previous findings showing that G. oxydans can effectively bio-oxidize glucose to GA and C. tropicalis can transform 90% xylose into biomass, a two-step fermentation was designed with enzymatic hydrolysate from corncob as feedstock using G. oxydans and C. tropicalis. The enzymatic hydrolysate contained 98.1 g/L glucose and 25.4 g/L xylose, and the results are shown in Figure 4.
Glucose was converted into 96.7 g/L GA by G. oxydans with a yield of 90.5% in 12 h. The OD600 increased from 2 to 3.7, i.e., approximately 2.5 g/L G. oxydans cells were obtained. Notably, the glucose utilization rate was slightly lower than that of the synthetic medium, which can be attributed to inhibitors in the enzymatic digest. After 12 h of fermentation, G. oxydans cells in the hydrolysate broth were separated by centrifugation to avoid its effect on the fermentation of C. tropicalis (section 3.3). Subsequently, 96.7 g/L GA and 25 g/L xylose were left for SCP production by C. tropicalis. 
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Figure 4. The two-step fermentation of enzymatic hydrolysate containing glucose and xylose by G. oxydans and C. tropicalis for the production of GA and SCP.
Finally, the fermentation process was terminated after 36 h, when xylose was completely consumed with almost no ethanol. Although there was a slight down-regulation compared to that in the GA medium, the OD600 of C. tropicalis still increased from 2.1 to 9.4. After C. tropicalis fermentation, 95.8 g/L GA and 9.0 g/L SCP were collected from 1 L of enzymatic hydrolysate that initially contained 98.1 g/L glucose and 25.4 g/L xylose, highlighting that fermentable sugars, both glucose and xylose, were fully utilized from the lignocellulosic feedstock. Furthermore, the material balance, calculated to get the relevant products derived from 1,000 g corncobs, is depicted in Figure 5. In total, approximately 280 g GA and 27 g SCP were harvested from 1,000 g corncob feedstock, which contained 34.2% cellulose and 32.8% hemicellulose. In addition, the acid-pretreated hemicellulosic hydrolysate that contained a large amount of xylose was converted into XA by G. oxydans, meanwhile, G. oxydans cells were removed after GA fermentation to improve the utilization of corncob. Taken together, the two-step fermentation method provides a relatively simple and efficient method for obtaining high-concentration GA as concrete additive from corncob enzymatic hydrolysate with additional access to SCP, thus opening up broad prospects for industrial lignocellulosic biorefinery.
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Figure 5. The main steps in the combined process of pretreatment, enzymatic hydrolysis, and fermentation, as well as the mass balance of GA and SCP.
4. Conclusions

A two-step sequential fermentation method for converting glucose and xylose from corncob hydrolysate into GA and SCP was successfully established. The glucose in enzymatic hydrolysate can be preferentially and rapidly bio-oxidized into GA within 12 h by G. oxydans. Subsequently, the remained xylose could be selectively converted into SCP using C. tropicalis. This strategy offers an alternative for utilizing lignocellulosic hydrolysates to produce value-added products, which can help the development of the lignocellulosic biorefinery industry. The started sugar concentration is still lower and cannot satisfy the request of industrialization, therefore, in the future, high concentration enzymatic hydrolysate fermentation also need to continue to study for reducing energy consumption and improving the utilization rate of equipment.
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