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Abstract

:

In agro-industrial processes, microorganisms that are not pathogenic and that generate molecules are generally recognized as safe (GRAS). The Aspergillus niger fungus has different industrial applications, being used to produce citric acid and 166 other secondary metabolites. The objective of this research was to optimize a culture medium to induce the production of kojic acid (KA) by the Aspergillus niger M4 strain in a liquid fermentation process. Four fermentative kinetics were developed in flasks, using different levels of yeast extract in (1) 0.05 g/L, (2) 0.10 g/L, (3) 2.5 g/L, and (4) 2.5 g/L + Zinc sulfate. The culture medium conditions influenced the formation and speed of biomass and the synthesis and yield of KA. The optimum production points were from 72 h and 96 h with 0.552 g/L and 0.510 g/L of KA using 2.5 g/L of yeast extract and with a pH of 5.5. The Aspergillus niger M4 strain had the ability to produce kojic acid, which was induced by the concentration of the nitrogen source.
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1. Introduction


Aspergillus is a genus of ascomycete fungi of the Aspergillaceae family that contains a large number of species and is widely distributed in natural environments [1]. Aspergillus niger is a fungus of great industrial economic importance due to its enhanced adaptive metabolic capacity for carbohydrate hydrolysis and the production of organic acids and proteins; thus, it is used commercially to produce citric acid [2,3]. Approximately 166 secondary metabolites derived from A. niger have been detected, which can be grouped into five different types: pyranone (α-pyrones, γ-pyrones, and naphtho-γ-pyrones), alkaloid, cyclopentapeptide, polyketide, and sterol [4,5]. Within the γ-pyrones, there is kojic acid (KA), a metabolite of great industrial importance due to its weak-acid characteristics, which allow it to have several industrial applications, such in the fields of cosmetics, food, chemicals, pharmaceuticals, agriculture, and medicine [6]. Some uses of KA in the food industry include antifungals, antioxidants, preservatives, and food additives to prevent the enzymatic discoloration of vegetables, crabs, and shrimps [7,8]. In cosmetics, it has been used as a skin-lightening agent [9,10] as it is a copper chelator and inhibits the activity of tyrosine containing copper ions at the active site, forming a KA-Cu-Tyrosine complex, which reduces enzyme activity in human cells by reducing melanin content [6,8]. KA (5-hydroxy−2-hydroxymethyl-γ-pyrone) is a secondary metabolite produced by a wide range of fungi of the genus Aspergillus, such as A. terreus [11], A. parasiticus, and A. flavus [12]; fungi of the genus Penicillium; and certain bacteria [13]. A prominent strain is Aspergillus oryzae [14], called ‘koji-kin’ in Japanese, which is the origin of the common name of this organic acid [15]. A mutant of A. niger (FGSC A1279) has also been detected as a producer of KA [16]. The industrial importance of the A. niger strain lies in its adaptability to different carbon sources and culture medium conditions, allowing biomass waste substrates to be used for low-cost bioprocesses. The metabolism of this micro-organism can be modified by changing the composition of the medium and the mode of fermentation [5], which improves the production of secondary metabolites by optimizing fermentation processes [11]. Different methods can be used, such as experimental designs, mathematical methods, and kinetic models, for the optimization of fermentative processes [17]. Some of the conditions of the culture medium are pH, temperature, carbon, and nitrogen source, as well as incubation periods. For the production of KA, different sources of carbon (glucose, xylose, sucrose, starch, maltose, lactose, or fructose) and nitrogen (NH4Cl, (NH4)2S2O8, (NH4)2NO3, yeast extract, or peptone) have been used with the Aspergillus flavus strain [17]. Alternatively, when using inorganic sources of nitrogen, nitrate ions can inhibit enzymes that are involved in KA biosynthesis by reducing their production [18]. Yeast extract (YE) as an organic source at concentrations between 1% and 5% significantly increases the synthesis and production of KA by using A. terreus and A. sojae [11,19]. High concentrations of the carbon source and low availability of the nitrogen source are key features to enhance KA production [20]. The unused carbon source that remains in the culture medium can be converted into KA by the enzymatic activity that is found attached to the outer membrane of non-growing mycelial cells [20,21]. This has given place to the favorable use of YE as an organic nitrogen source compared to as an inorganic source. On the other hand, Badar et al. [22] evaluated the impact of pH variation on KA production using two Aspergillus species: A. flavus with a pH of 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 producing 8, 10, 6, 4, and 3 g/L KA, respectively, with the best performance being at a pH of 4.5 for 20 days, and A. oryzae with a pH of 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5 producing 5, 3, 2, 1.6, 1.1, and 0.5 g/L KA, respectively, with the best performance being at a pH of 3.5 for 20 days. Promsang et al. [23] argued that to produce KA with a different strain of A. oryzae, a pH between 3.0 and 5.5 is required. Other studies reported that during fermentation with A. flavus after 7 days of incubation at 30 °C, a maximum production of KA was reached at a pH of 4.0 [24]. For the isolation of A. flavus and A. oryzae for KA production, the culture medium composition consisted of glucose, YE, KH2PO4, and MgSO4·7H2O, with an initial pH of 3.0 and heat stress above 40 °C [25]. Some authors have added ZnSO4·7H2O into fermentative processes [23,26] to act as a modulator of cellular amino acid metabolism and redox balance, exerting an antioxidant effect and inhibiting the presence of acetic acid [27]. Although some authors have previously proposed the use of ZnCl2, for the production of KA with the A. parasiticus strain, Zn2+ concentrations (10 µM) did not affect KA production [28]. Although culture media with the use of ZnSO4·7H2O have already been made for the production of KA, the authors did not evaluate the influence of the nutrients; they only focused on the different sources of nitrogen. From the above information, one can hypothesize that the conditions of the culture medium during the liquid fermentation of the fungus Aspergillus niger M4 may be modified to generate an induction in the synthesis of KA. In the present investigation, the A. niger M4 strain was subjected to liquid fermentation, using diverse levels of yeast extract as a nitrogen source, the addition of zinc sulfate as a nutrient, and pH adjustments of the medium at different times for kojic acid obtention.




2. Materials and Methods


2.1. Microorganism


In the present study, the Aspergillus niger M4 (code KY825168.1) strain was used (Property of the Fermentations and Biomolecules Laboratory of the Food Science and Technology Department at the Antonio Narro Autonomous Agrarian University). The strain was preserved at −20 °C in a medium containing skim milk (10% w/v) and glycerol (5% w/v). The reactivation of the fungus was conducted in Petri dishes that contained potato dextrose agar (PDA, Bioxon México) and that were incubated for 7 days at 30 °C. For the preparation of the inoculum, the spores were collected using a sterilized solution of Tween 80 (Hycel, Mexico) at 1%, and the spores were counted in a Neubauer chamber.




2.2. Fermentation Conditions


For the fermentation kinetics, a basic medium composed of 100 g/L of glucose as a carbon source, 1 g/L of KH2PO4, and 0.5 g/L of MgSO4·7H2O was used. Diverse levels of yeast extract (YE) were used as a nitrogen source, which were 0.05 g/L, 0.10 g/L, and 2.5 g/L, and an additional medium containing 2.5 g/L of YE + 0.1 g/L of ZnSO4·7H2O (YE + Zn). The pH of the initial medium was 5.5 for each media with YE variations. The fermentations were conducted in Erlenmeyer flasks, and 20 mL of medium was added with inoculation of 1 × 106 spores per mL of A. niger M4. The flasks were incubated at 30 °C and continuously shaken at 125 RPM (INNOVA 44 Orbital Incubator), taking samples at various times for the analytical determinations. For each YE level, a completely randomized design was developed, where each flask was considered as an experimental sample reactor, and intervals of 24 h were considered as the experimental time, which was conducted in triplicate for a total of 78 reactors at times of up to 552 h. The complementary pH test for 3.5 and 5.5 pH values was carried out in the same manner described above, placing 36 reactors at a time of 120 h, monitoring them every 24 h. A pH evaluation was conducted as it has been reported that the pH of a medium determines the growth rate and fermentation processes of KA-producing microorganisms [24]. For subsequent analyses, the liquid content of the flasks after filtration was used, considering it as raw fermentation extract (RFE).




2.3. Analytical Determinations


To obtain the biomass, each reactor was taken at its respective fermentation time, obtaining the RFE by double filtration (Whatman N°42) using a Kitasato flask and a vacuum pump. The mycelium obtained in the first filter was dried in an oven and kept for 24 h at 80 °C to determine the biomass by weight difference. The filtered RFE was stored at −20 °C for further analysis. All samples were analyzed in triplicate and the averages obtained were reported.



The glucose content was quantified by the Miller method [29], placing 1 mL of RFE and 1 mL of DNS reagent into glass tubes. The tubes were boiled in a water bath for 5 min; then, the reaction was stopped with an ice bath for 5 min. A total of 5 mL of distilled water was added, shaken, and left to stand for 5 min at room temperature, then read using a UV-Vis spectrophotometer (Thermo Fisher Scientific, model G10S, Waltham, MA, USA). A calibration curve was made with dextrose (Jalmek) at 1000 mg/L.



KA quantification was performed using both the spectrophotometric technique and HPLC (high-performance liquid chromatography). For spectrophotometer quantification, the method described by Bentley [30] was used, which involved adding 1 mL of previously filtered RFE and 2 mL of 1% FeCl3 prepared with HCl (0.1 N) and diluting the mixture with 5 mL of distilled water. Readings were taken at 505 nm using a UV-Vis spectrophotometer (Thermo Fisher Scientific, model G10S, Waltham, MA, USA). The calibration curve was prepared using standard-grade kojic acid (Sigma-Aldrich) at 1000 mg/L. The data analyzed were expressed in grams of KA per liter of fermentation (g/L).



To determine the KA content by HPLC, the method described by Promsang et al. [23] was used, with some modifications. The RFE obtained was filtered again through 13 mm nylon membranes with a 0.45 µm pore. The filtered samples were degassed before being injected into the high-performance liquid chromatography (HPLC) equipment. To analyze the kojic acid, a Luna C18(2) separation column (5 µm; 150 × 4.6 mm) and UV Detector at 270 nm were used. Mobile phase (A) consisted of 94.9% HPLC grade water, 5% acetonitrile, and 0.1% formic acid; mobile phase (B) consisted of 94.9% acetonitrile, 5% HPLC grade water, and 0.1% formic acid. The proportion of solvents A:B was 40:60, with a flow rate of 1 mL/min and a temperature of 22 °C. The injection volume was 100 µL, with a retention time of 12 min per sample. The calibration curve was performed with HPLC-grade KA at 75 mg/mL.



To measure the antioxidant capacity in the fermentations with a different pH, two radical scavenging methods, DPPH and ABTS, were used. The first method was that described by Brand-Williams et al. [31], with some modifications. A 0.1 mM mixture of radical DPPH (2,2-Diphenyl−1-(2,4,6-trinitrophenyl)hydrazin−1-yl) was prepared, diluting it with 80% methanol. The absorbance of the solution was adjusted to 0.700 ± 0.02 at 520 nm using a fully automatic microplate reader (BIOBASE-EL 10A, Jinan, SHG, China). For microplate quantification, 6 µL of RFE and 234 µL of DPPH (0.1 mM) were added to each well, allowed to settle for 30 min, and then reading was performed at 520 nm.



The second method (ABTS) was the spectrophotometric method of Re et al. [32], with some modifications. The ABTS (2,2′-Azino-bis(3-ethylbenzothiazoline−6-sulfonic acid)) radical was prepared at 7 mM, with 2.45 mM of potassium persulfate at a concentration of 1:1 v/v. The mixture was settled for 16 h at 30 °C. The absorbance of the solution was adjusted with 20% ethanol to 0.700 ± 0.02 at 750 nm using a fully automatic microplate reader (BIOBASE-EL 10A, Jinan, SHG, China). For quantification, 5 µL of RFE and 240 µL of ABTS were added to microplate wells, with a stabilization time of 6 min, before being read at 750 nm. Both radical capture methods were expressed as percentage inhibition, using the following formula:


   Inhibition   [ % ] =   [  1 −    A  s a m p l e      A  c o n t r o l      ]  × 100  



(1)




where Asample is the absorbance of the sample and Acontrol is the blank absorbance for the ABTS with 20% ethanol.




2.4. Calculations of Parameters Associated with the Fermentative Process


The Verhulst logistic growth, Pirt, and Luedeking-Piret models were used to estimate the theoretical values of the biomass, substrate, and product coefficients, respectively, as described by Robledo et al. [33].



The growth rate of the microorganism was measured by estimating the number of cells (X) over time (t), considering the carrying capacity of the system (Xmax) and the maximum rate of cell growth (µmax):


    d X   d t   =  μ  m a x   · X  (     X  m a x   − X    X  m a x      )   



(2)




with the solved form


   X   ( t )    =    X  m a x    X 0     (   X  m a x   −  X 0   )   e  −  μ  m a x   t   +  X 0     



(3)




where X0 are the cells present in the medium when t = 0. For values of µmax > 0, the resulting growth curve has a sigmoidal shape and is asymptotic to the carrying capacity (Xmax). The higher µmax is, the faster the curve reaches the load capacity (Xmax).



For the production of biomass, it is required to consume substrate (S) for the synthesis of new cells (SG) and to maintain existing cells (SM). Substrate consumption will always be related to time and the biomass in the culture medium, and can be represented by the following expression:


  −   d S   d t   =  1   Y  X / S     ·   d X   d t   + m · X  



(4)




where m is the cell maintenance coefficient and YX/S is the maximum growth yield coefficient when ΔSM = 0.


   Y  X / S   =    X 2  −  X 1      (  S 1  −  S 2  )  G  +   (  S 1  −  S 2  )  M     



(5)






   Y  X / S   =    X 2  −  X 1      (  S 1  −  S 2  )  G     



(6)




where X1 is the biomass initial condition and X2 is the biomass maximum value; S1 is the substrate initial condition and S2 is the substrate concentration maximum value. The solution of Equation (4) can be obtained as a function of X as follows:


   S   ( t )    =  S 0  −   X −  X 0     Y  X / S     −   m ·  X  m a x      μ  m a x     · ln  [     X  m a x   −  X 0     X  m a x   − X    ]   



(7)




where S0 is the initial condition for substrate level S.



The kinetics of product (P) formation was modeled using the equation as follows:


    d P   d t   =  Y  P / X   ·   d X   d t   + k · X  



(8)




where YP/X is the product yield in terms of biomass (units of product per unit of biomass) and k is the secondary coefficient of product formation or destruction.


   Y  P / X   =    P 2  −  P 1     X 1  −  X 2     



(9)




where P1 is the product initial concentration and P2 is the maximum product concentration; X1 is the biomass initial condition and X2 is the biomass concentration at the product maximum value. It is possible to solve Equation (8) as a function of biomass.


   P   ( t )    =  P 0  +  Y  P / X   ·  (  X −  X 0   )  +   k ·  X  m a x      μ  m a x     · ln  [     X  m a x   −  X 0     X  m a x   − X    ]   



(10)







Substrate consumption (qS) and product formation (qP) rates are linked to transformation yields and growth rates, respectively.


   q P  =  μ  m a x   ·  Y  P / X    



(11)






   q S  =    μ  m a x      Y  X / S     + m  



(12)








2.5. Statistical Analysis


The results were represented as the mean of the data ± standard deviation and performed for three replicates per sample. The data were processed with the statistical software Minitab (version 17.1.0). All data presented a normal distribution and an analysis of variance (ANOVA), and a Tukey comparison test of means (p < 0.05) was performed. For all the adjustments of the experimental data to the models, the Excel Solver tool was used, seeking to minimize the squared errors between the experimental values and the model. As confidence indicators of the models, the mean square error (MSE) and R2 values were used.





3. Results


The adaptability of A. niger for the production of industrial metabolites is based on its growth environment. The components present in the fermentative medium that go from the concentration into the source of nitrogen, carbon, and minerals have an influence on the production of KA [24]. Four different media were evaluated in the production of KA; the response to the formation of biomass, reduction of sugars, and production of KA were also evaluated. The biomass formation of the different levels of kojic acid production is shown in Figure 1. The concentrations of 0.05 g/L and 0.10 g/L of YE presented an exponential phase between the first and third days, increasing from 1.44 g X/g glucose to 2.11 g X/g glucose for 0.05 g/L of YE; for 0.10 g/L of YE, the values on the first and third days were 1.47 g X/g glucose and 2.12 g X/g glucose. With an addition of 2.5 g/L of YE, they increased from 2.18 g X/g glucose to 6.04 g X/g glucose between the first and fourth days. For conditions with 2.5 g/L of YE + Zn, the increase was from 1.26 g X/g glucose to 5.13 g X/g glucose in the same lapse of 4 days. After the fourth day of fermentation for the four conditions evaluated, the growth process reached a stationary phase. The maximum growth occurred after 12 days of fermentation under the conditions of 2.5 g/L of YE, increasing the biomass by 6.4 times compared to zero time.



Sugars, such as glucose, are essential for the production of secondary metabolites [34]. The glucose content is shown in Figure 2. During the fermentation of 0.05 g/L and 0.10 g/L of YE, in the first few hours, glucose was reduced by 66% and 60%, respectively, while for 2.5 g/L of YE and 2.5 g/L of YE + Zn, glucose was reduced by 19% and 12%, respectively, for the same period of time. The highest glucose consumption of 89.4% was reached with 2.5 g/L of YE + Zn on the 12th day of fermentation.



The production of the Aspergillus niger M4 fungus to synthesize kojic acid is shown in Figure 3. KA production started from the third day of fermentation for all YE concentrations evaluated. For the concentration of 0.05 g/L of YE, a maximum yield of 0.150 g KA/L was obtained after 15 days. On the other hand, the concentration of 0.1 g/L of YE had a maximum yield of 0.071 g KA/L after 6 days of fermentation. For the concentrations of 2.5 g/L of YE and 2.5 g/L of YE + Zn, maximum yields of 0.523 g KA/L and 0.240 g KA/L were obtained, respectively, both at 4 days of fermentation.



Table 1 was generated with the kinetic parameters from the evaluations with all concentrations of yeast extracts. The highest parameters of maximum growth velocity (µmax), biomass-substrate yield (YX/S), product-to-biomass yield (YP/X), substrate consumption rate (qS), and product formation rate (qP) were reached for the concentration of 2.5 g/L YE. The values of YP/X and qP for 0.05 g/L YE and of qP for 0.10 g/L YE presented insignificant values in the range of 10−7–10−9. For all of the YE concentrations, maintenance coefficient values (m) and product formation (k) are shown.



For the standardization of the induction of KA, a kinetic of 120 h was submitted with the use of 2.5 g/L of YE as a nitrogen source (Figure 4). The optimal points of production were at 72 h and 96 h, with 0.522 g/L and 0.510 g/L of KA produced, respectively. The results of this study showed that, in terms of general production, fermentation with 2.5 g/L of yeast extract in the culture medium was favorable for KA production and that fermentation times were shorter, indicating that the metabolite was best obtained under the aforementioned conditions.



3.1. Effect of pH on Kinetic Parameters


To investigate the variability of KA production when using the conditioned culture medium, the effect of the pH of the growth medium was evaluated, being at pH 3.5 and pH 5.5 at a time of 120 h. The biomass growth kinetics process for 120 h is shown in Figure 5. For the time 72 h with a pH of 3.5, there was an increase in biomass of 1.067 g/L, while with a pH of 5.5 at times of 72 h and 96 h, the increase was 1.500 g/L and 1.622 g/L, respectively. The experimental data were adjusted for Equation (3). A pH of 5.5 was more favorable during the biomass growth phase; therefore, the addition of acid to adjust the pH to 3.5 of the culture medium was not effective for the fungal activity, affecting the production of KA.




3.2. Substrate


The consumption of glucose thereby reducing sugar can be observed in Figure 6. In conditions of a pH of 3.5, the decrease occurred after 48 h, while at a pH of 5.5, the decrease occurred after 72 h. The maximum glucose consumption was 68.2% at a pH of 3.5 and 32.3% at a pH of 5.5, both at 120 h of the fermentation process. The glucose present in the culture medium was mostly accumulated under conditions of a pH of 5.5, while a pH of 3.5 influenced the reduction of sugars; however, the pH adjustment interfered with the production of KA (Figure 6).




3.3. Product


Regarding product formation (Figure 7), at a pH of 3.5, the presence of KA was obtained at 48 h, producing 0.252 g/L, and this value remained stable until near the end of the process. On the other hand, with a pH of 5.5, the product was generated at 48 h with a production of 0.265 g/L, with an increasing tendency until the end of the process, reaching a maximum value of 0.436 g/L.



The RFE measured by HPLC can be observed in Figure 8. With a pH of 3.5, 0.396 g/L of KA was produced at 72 h; however, KA production decreased during the remaining fermentation time at 96 h and 120 h. With a pH of 5.5, after 96 h, 0.491 g/L of KA was produced, which was above the highest value obtained with a pH of 3.5; the highest value obtained with a pH of 5.5 was 0.931 g/L of KA at 120 h. To create optimal conditions to produce KA by means of Aspergillus niger, the pH of the initial medium should be pH 5.5 since adjusting the pH to 3.5 may make the medium too acidic for the fungus.



All modeled parameters are summarized in Table 2, where it can be observed that medium conditions with a pH of 5.5 favored biomass production and yielded better KA production. Outstanding results were obtained concerning growth speed (µmax), whereby conditions with a pH of 5.5 were the fastest in terms of fungal growth and biomass product yield (YP/X), presenting the highest number of grams of KA per gram of glucose.




3.4. Antioxidant Capacity by DPPH and ABTS


Assays based on electron transfer measure the ability of an antioxidant to reduce an oxidant, which is represented by the color change that occurs when it is reduced and correlates to the antioxidant concentration in the sample (ABTS or DPPH). Although the reducing capacity of a sample is not directly related to its radical scavenging capacity, it is still an important parameter of antioxidants [35]. On the other hand, the inhibition percentage of both assays (ABTS and DPPH) is expressed using effective concentration values (EC50), which are reported as the number of antioxidants necessary to reduce the initial concentration of sequestering radicals by 50% [36]. When measuring the antioxidant capacity of DPPH and ABTS, all values were below the EC50 (Table 3). However, the highest values were reached when the KA accumulation was highest. From the perspective of analysis, the purification of the KA metabolite could be carried out to avoid interferences in the analysis of the antioxidant capacity.





4. Discussion


Endophytic fungi are recognized as a source of bioactive secondary metabolites with various potential applications in medicine, agriculture, and the pharmaceutical industry [37]. Fermentative processes use fungi to convert substrates into different products [38]. Kojic acid is an important biomolecule that is produced by fermentative biological processes [39]. Some organic nitrogen sources, such as peptone and yeast extract [40], and some inorganic sources [11,41], act as precursors in the production of kojic acid. The growth medium and conditions for the production of metabolites influence the formation of biomass, carbon source consumption, and KA synthesis. Kojic acid is commonly produced mainly by species such as A. oryzae and A. flavus [30]; however, studies of these species are currently mainly based on molecular modulation [42]. Other Aspergillus species, such as A. tamarii, A. parasiticus, A. terrus, and A. sojae, and some of the Penicillium genus [6], have secondary metabolites with multiple applications, initially in cosmetics, and later in food, medicine, pharmaceutical products, and agriculture [34]. KA is produced under different fermentative processes, with some physical parameters regarding, for example, agitation and aeration, static, incubation period, optimal temperatures, and adequate pH. The culture conditions are characteristic for each producing microorganism; in addition, the culture medium must contain a source of nitrogen, carbon, and mineral nutrients suitable for KA synthesis [19,31,32,33,43].



In the present investigation, seven fermentative processes using an Aspergillus niger strain were developed, with different levels of yeast extract as an organic nitrogen source, and two pH levels. KA could be produced by modifying the culture conditions, such as the carbon and nitrogen sources, incubation temperature, and pH of the medium [44]. When using 0.05 g/L of yeast extract, the formation of biomass started at 72 h, increasing gradually until 360 h; on the other hand, the reducing sugars followed an inverse trend, decreasing over time. Some investigations report that the fungal growth of Aspergillus sojae started after 24 h and at a maximum at 96 h, with a dry weight of 3.67 g/L, and that kojic acid production was achieved 24 h after the cell growth reached the stationary phase [19]. In another study, the production of KA and the fungal biomass of Aspergillus oryzae increased as fermentation progressed, reaching a maximum biomass value at day 12 and reducing glucose up to 42% coincidentally with KA production [41]. Saraphanchotiwitthaya and Sripalakit [45] observed a consumption of more than 90% glucose on day 12 by the Aspergillus oryzae strain, and KA production began to increase from day 6.



Regarding our study, the use of 0.10 g/L of YE followed the same formation of biomass and sugar consumption as observed by Saraphanchotiwitthaya and Sripalakit [45]; however, KA production showed a peak on day 6 (144 h) and, subsequently, there was a decrease in the metabolite. When there were high concentrations of YE, more than 90% of the glucose was consumed for cell development during the growth phase, leaving less than 10% for the conversion of KA during the production phase [17]. This is a possible reason for the lower KA production. The decrease in KA after day 6 may have been due to an accumulation of other organic acids or unknown substances that inhibited the production of KA [17]. According to other investigations, decreases in the KA value can be generated by different factors, such as nitrogen source concentrations, carbon concentrations, temperature, pH, and incubation period, among others [43]. Each one of these factors will be different for each producer microorganism, even with the A. oryzae producer strain itself, where production times can be extended up to 20 days with temperatures of 40 °C, generating amounts of KA of 0.2 g/L [22], although, KA production of up to 42 g/L has been reported [46]. Other authors have reported favorable production in ranges of 25 °C to 30 °C [47]. For example, Rasmey and Abdel-Kareem [43] reported that with temperature peaks above 30 °C, there was a decrease in KA from 68 g/L to 0.5 g/L of KA with A. oryzae, and above temperatures of 45 °C, production reached 0 g/L.



The fermentation process with 2.5 g/L of YE showed the best yields for biomass production and KA synthesis, with optimum values being observed at 96 h. The same behavior concerning KA values was observed with the fermentation process with 2.5 g/L of YE + Zn, but in smaller amounts compared to the process with 2.5 g/L of YE. This effect may have been because the ZnSO4·7H2O did not act as a modulator of cellular amino acid metabolism and redox balance, reducing the antioxidant effect and promoting the presence of acetic acid [27]. Modifying the YE and glucose levels could maximize KA production; in addition, there was an interaction between YE, glucose, and KH2PO4 [11] that may have represented a significant effect on KA production. It has been reported that concentrations of phosphorus (KH2PO4) in a culture medium for the production of KA could generate variability in productivity. By increasing concentrations of phosphorus (KH2PO4 to 1.5 g/L) in a medium with glucose, the production of KA was affected [43], while other authors found that, with 10.3 mM of KH2PO4, a considerable interaction was observed between glucose and phosphate, with an optimal level of yeast extract [11]. This comparison was made in order to understand that with the addition of ZnSO4, there was productivity, but it was lower, and that the use of KH2PO4 did not interfere with the use of 2.5 g/L of YE. There are several ways to add zinc to a culture medium, but adding Zn2+ (10 µM) during fermentation did not affect KA synthesis; however, when salts such as NaCl were added to the culture medium, it inhibited KA production [28]. This may indicate that the salts provided by ZnSO4 decreased production but did not inhibit it. In studies performed by Ariff et al. [48] with the Aspergillus flavus strain, the maximum concentration of KA achieved was at the end of the fermentation process at 564 h, with a yield of 0.325 g KA/g glucose and a total production of 0.0576 g KA/L·h. The production of KA was improved with the use of 2.5 g/L of YE, at a smaller scale in the fermentative time. With other producing strains, such as A. terrus, as observed by Shakibaie et al. [11], the use of 1 g/L of yeast extract produced a maximum value of KA (2.21 g/L), and concentrations of 5 g/L also induced the production of KA with the A. flavus strain, with a production of 25.8 g/L [49], although this was not comparable to the production of KA by A. niger, where the conditioning of the source of nitrogen was appropriated to achieve production.



As the KA production times in YE screening fermentation were below 144 h, the standardized conditions were implemented until 120 h, with 2.5 g/L of YE yielding the best result. In the first 24 h, the biomass increased until 120 h, while the greatest sugar consumption occurred between 72 h and 96 h, the same as the optimal times for KA production. With this standardization, fermentation times were shortened, optimizing production. El-Kady et al. [50] optimized the nutritional conditions for the Aspergillus flavus strain to maximize the production of KA using 100 g/L of glucose, 5 g/L of YE, and 1.5 g/L of KH2PO4, as sources of carbon, nitrogen, and phosphorus, respectively. The production of KA varied from 7 to 10 days depending on the type of producing strain, such as A. fumigatus (0.37 g KA/L), A. ustus (0.29 g KA/L), A. flavus (0.28 g/L), and A. terreus (2.21 g/L) [11]. Synthesis by Aspergillus spp. depended on the growth medium and incubation conditions, which both had a strong influence on the production of KA [24]. Among the above-mentioned compounds, the principal compound that affected the induction or repression of KA production was the YE. In fermentations with 5 g/L of YE, an increase in the concentration of KA can be obtained; however, at concentrations of 10 g/L of YE, KA production is lower [17].



Regarding the equations mentioned above, all YE levels that were evaluated revealed important kinetic parameters that facilitate the optimal KA production process. Both 2.5 g/L of YE and 2.5 g/L of YE + Zn treatments were the best conditions to obtain a maximum growth rate, which was likely due to the YE concentration (which was higher than that for the other two treatments), which thereby permits the usage of nitrogen molecular forms to perform cell formation during the fermentation process. The best product biomass yield was also achieved with 2.5 g/L of YE and 2.5 g/L of YE + Zn treatments, showing that biomass production and growth rate are linked to KA synthesis, and the concentration of YE induces metabolite production. The use of ZnCl2 did not affect micellar growth for the A. parasiticus strain, presenting a maximum value of KA production at 72 h (10.5 mmol KA/g dry weight), demonstrating that there were no negative effects with the use of ZnCl2. However, under the presence of salts such as NaCl, there was an inhibition of the production of KA [28].



The biomass did not present any variation with the addition of zinc; however, KA production was lower when adding a zinc source. The presence of this molecule in its sulfated form may have generated an inhibitive effect, decreasing the synthesis yield.



The biomass product yield was considered to determine whether Aspergillus niger M4 is a strain that can be used for the synthesis and production of KA. The medium used was adjusted to a pH of 3.5 and 5.5 following the optimal conditions observed in previous experiments (120 h using 2.5 g/L of YE). To describe the fermentation behavior of KA production by Aspergillus spp. at various pH levels, the proposed models based on logistic and Luedeking-Piret equations were considered adequate [49]. In this research, the biomass (fungal growth), substrate (reducing sugars), and product (kojic acid production) parameters were considered for the simulation of KA production during fermentation processes. Ariff et al. [48], suggested that the proposed models based on logistic equations are sufficient to describe fungal growth, glucose consumption, and kojic acid production. With respect to the fermentation process with a pH of 3.5 or of 5.5, it was found that a pH of 3.5 had a negative impact on production, with 72 h being the optimal point of KA production, thereby affecting the concentration of KA. It should be emphasized that A. niger is a producer of other organic acids, which could generate interference by having a moderately acidic pH. In a study by Rosfarizan et al. [12], as the pH decreased, in addition to glucose reduction, KA was accumulated, but this was accompanied by other organic acids such as oxalic, succinic, lactic, and citric acids.



When the culture medium had an initial pH of 5.5, there was an increase in KA production after 72 h, which remained constant until 120 h. Chib et al. [19] found that during their fermentative process to produce KA, the pH of the medium increased from 5 to 6.2 at 96 h, and did not interfere with the production of KA when using A. sojae, resulting in a production of 12.2 g of KA/L at 28 °C and 120 h. Badar et al. [22] reported that the yield of KA by the A. oryzae strain was affected when high agitation and pH conditions were applied, obtaining on day 20 concentrations of 5.0, 3.0, 2.0, 1.6, 1.1, and 0.5 g of KA/L with a pH of 3.5, 4.5, 5.5, 6.5, 7.5, and 8.5, respectively. On the other hand, Bala et al. [51] revealed that in 28 days at 29 °C under the culture medium optimized, a pH of 6.0 was required to produce a maximum yield of 60 g of KA/L with the A. flavus strain. Even A. niger required an initial pH of 6.5 to produce other compounds such as citric acid, which reduced the pH to 1.5, facilitating the formation of other compounds [52]. Therefore, most fungi show extensive growth and sporulation in a weakly acidic to neutral environment, giving them the opportunity to produce a greater number of organic acids [24]. KA production was slightly affected by a pH of 3.5, producing half of the KA. According to reports, the pH of a fermentative media is essential and favors the production of KA. For example, production levels improved with a pH of 5.0 [24,53], while other authors found that a pH of 6.0 was favorable for the production of KA [51]. In other cases, a pH of 5.0, which increased to 6.2 during fermentation, did not influence the production of KA [19]. However, for A. niger, it is essential to start a fermentative stage with a weakly acidic to neutral pH to achieve the synthesis of KA. Thus, it is required that the initial pH of the culture media must be optimized so that it can be adapted to the microorganism, substrate, and production method [54]. From what has thus far been reported, there are some species that produce KA, among which A. oryzae and A. flavus stand out, followed by A. parasiticus, A. sojae, A. terrus, and A. fumigatus. Some authors have chosen to use different means to improve productivity, replacing some carbon sources with cheap substrates, such as corn, straw, or grape waste, to improve the efficiency of KA production. In addition, KA production has been studied via mutagenesis and other technologies that allow for the detection of groups of genes that stimulate KA synthesis. On the other hand, A. niger is a fungus, which is widely used in the food industry as a producer of organic acids and is commonly used commercially for the production of citric acid, for which approaches have been supported only with the aforementioned producer strains. In this experiment, we decided to use a medium similar to those reported with different concentrations of the nitrogen source to induce the synthesis of KA; however, the productivity was lower compared to that achieved with other strains. Chang et al. [42] identified a group of genes of A. flavus that modulate the synthesis of KA; within their research was A. niger, which contains a single group of KA genes, being a kojR homolog (AN09g05060), which encodes a 63% amino acid sequence identity for the A. oryzae KojR proteins [55]. It was also observed that the kojR gene of A. flavus was involved in the production of KA [42]. Thus, the induction of kojic acid by A. niger likely requires the interference of other physical or chemical methods. These could be different temperatures, exposure to UV radiation, agitation, or the use of other sources of carbon and nitrogen that potentiate production and reduce costs.



The use of a quantification method previously described by HPLC helped to verify that KA was produced using the A. niger M4 strain. With a pH of 3.5, 0.3963 g of KA/L was obtained at 72 h, while with a pH of 5.5, 0.9310 g of KA/L was obtained at 120 h. The variation in terms of KA quantification between the spectrophotometric method and HPLC may lie in interferences. When measuring coloration, only the KA that had reacted with FeCl3 could be measured, while in HPLC, the molecule was detected in the retention times of the standard, giving a greater certainty of the presence of KA in the samples, according to the area and retention times. Nevertheless, the colorimetric method could be used as a quick and reliable technique for KA measurement. The data presented by Promsang et al. [23] using HPLC achieved KA production of 1.5 g of KA/L in a retention time of 4.24 min using A. oryzae. The A. niger fungus is distinguished for being a good producer of organic acids and different enzymes such as amylases, invertase, pectinases, phytases, and proteinases [56]. Although, A. niger has not been reported as a strain that produces KA. Recently, in a study conducted by Li et al. [16], who constructed seven histone deacetylase-deficient strains of A. niger to investigate the metabolic profiles of secondary metabolic pathways according to metabolomic analysis, KA production increased in the HosA mutant, suggesting that HosA histone deacetylases play an important role in the biosynthesis of secondary metabolites in A. niger FGSC A1279.



Although the production of kojic acid in this investigation was quantitatively low, future investigations could be conducted where the fungus is subjected to stress due to temperature, UV radiation, agitation, and immobilization, in addition to using other kinds of carbon sources, such as industrial waste or other sources of nitrogen, in order to potentiate production and lower costs.




5. Conclusions


The Aspergillus niger M4 strain was able to grow in a liquid medium with different yeast extract levels. The maximum growth rate in the fermentation conditions was related to the yeast extract concentration. The addition of zinc sulfate during the fermentation process did not increase the growth rate or the product biomass yield.



Kojic acid synthesis can be induced by the A. niger M4 strain, varying the yeast extract concentration up to 2.5 g/L. The pH of the culture medium slightly affected kojic acid production, but pH values close to neutral could increase the metabolite synthesis and fungal growth speed.



Further investigations could be conducted to seek cheaper carbon sources, such as agroindustrial or agricultural wastes, in the form of vegetal biomass.







Author Contributions


Conceptualization, A.R.-O.; methodology, A.R.-O. and S.G.-M.; software, A.R.-O.; validation, A.B.-M., F.F.-L., J.M.-M. and J.A.G.-F.; formal analysis, A.R.-O. and S.G.-M.; investigation, T.Q.-G.; resources, A.R.-O. and S.G.-M.; data curation, J.M.-M.; writing—original draft preparation, T.Q.-G.; writing—review and editing, A.R.-O.; visualization, A.R.-O.; supervision, A.R.-O.; project administration, A.R.-O.; funding acquisition, A.R.-O. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Universidad Autónoma Agraria Antonio Narro, grant number 30-38111-425204001-2408.




Data Availability Statement


Not applicable.




Acknowledgments


Student Tomasa Quiterio Gutiérrez acknowledges CONACYT for the grant during her doctorate studies.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; the collection, analysis, or interpretation of data; the writing of the manuscript; or the decision to publish the results.




References


	



Hu, H.C.; Li, C.Y.; Tsai, Y.H.; Yang, D.Y.; Wu, Y.C.; Hwang, T.L.; Chen, S.L.; Fülöp, F.; Hunyadi, A.; Yen, C.H.; et al. Secondary metabolites and bioactivities of Aspergillus ochraceopetaliformis isolated from Anthurium brownii. ACS Omega 2020, 5, 20991–20999. [Google Scholar] [CrossRef]

	



Xie, H.; Ma, Q.; Wei, D.Z.; Wang, F.Q. Transcriptomic analysis of Aspergillus niger strains reveals the mechanism underlying high citric acid productivity. Bioresour. Bioprocess. 2018, 5, 21. [Google Scholar] [CrossRef]

	



Lu, Y.; Zheng, X.; Wang, Y.; Zhang, L.; Wang, L.; Lei, Y.; Zhang, T.; Zheng, P.; Sun, J. Evaluation of Aspergillus niger Six Constitutive Strong Promoters by Fluorescent-Auxotrophic Selection Coupled with Flow Cytometry: A Case for Citric Acid Production. J. Fungi 2022, 8, 568. [Google Scholar] [CrossRef]

	



Happi, G.M.; Kouam, S.F.; Talontsi, F.M.; Nkenfou, C.N.; Longo, F.; Zühlke, S.; Douanla-Meli, C.; Spiteller, M. A new dimeric naphtho-γ-pyrone from an endophytic fungus Aspergillus niger AKRN associated with the roots of Entandrophragma congoense collected in Cameroon. Z. Nat.-Sect. B J. Chem. Sci. 2015, 70, 625–630. [Google Scholar] [CrossRef]

	



Yu, R.; Liu, J.; Wang, Y.; Wang, H.; Zhang, H. Aspergillus niger as a Secondary Metabolite Factory. Front. Chem. 2021, 9, 701022. [Google Scholar] [CrossRef]

	



Saeedi, M.; Eslamifar, M.; Khezri, K. Kojic acid applications in cosmetic and pharmaceutical preparations. Biomed. Pharmacother. 2019, 110, 582–593. [Google Scholar] [CrossRef]

	



Kim, J.H.; Chan, K.L. Augmenting the Antifungal Activity of an Oxidizing Agent with Kojic Acid: Control of Penicillium Strains Infecting Crops. Molecules 2014, 19, 18448–18464. [Google Scholar] [CrossRef]

	



Zhu, G.Y.; Shi, X.C.; Wang, S.Y.; Wang, B.; Laborda, P. Antifungal Mechanism and Efficacy of Kojic Acid for the Control of Sclerotinia sclerotiorum in Soybean. Front. Plant Sci. 2022, 13, 845698. [Google Scholar] [CrossRef]

	



Chen, Y.H.; Lu, P.J.; Hulme, C.; Shaw, A.Y. Synthesis of kojic acid-derived copper-chelating apoptosis inducing agents. Med. Chem. Res. 2013, 22, 995–1003. [Google Scholar] [CrossRef]

	



Shah, H.M.S.; Khan, A.S.; Ali, S. Pre-storage kojic acid application delays pericarp browning and maintains antioxidant activities of litchi fruit. Postharvest Biol. Technol. 2017, 132, 154–161. [Google Scholar] [CrossRef]

	



Shakibaie, M.; Ameri, A.; Ghazanfarian, R.; Adeli-Sardou, M.; Amirpour-Rostami, S.; Torkzadeh-Mahani, M.; Imani, M.; Forootanfar, H. Statistical optimization of kojic acid production by a UV-induced mutant strain of Aspergillus terreus. Braz. J. Microbiol. 2018, 49, 865–871. [Google Scholar] [CrossRef] [PubMed]

	



Rosfarizan, M.; Ariff, A.; Hassan, A.; Karim, M. Influence of pH on Kojic Acid Fermentation by Aspergillus flavus. Pak. J. Biol. Sci. 2000, 3, 977–982. [Google Scholar] [CrossRef]

	



Karkeszová, K.; Mastihubová, M.; Mastihuba, V. Regioselective enzymatic synthesis of kojic acid monoesters. Catalysts 2021, 11, 1430. [Google Scholar] [CrossRef]

	



Liu, J.M.; Yu, T.C.; Lin, S.P.; Hsu, R.J.; Hsu, K.D.; Cheng, K.C. Evaluation of kojic acid production in a repeated-batch PCS biofilm reactor. J. Biotechnol. 2016, 218, 41–48. [Google Scholar] [CrossRef] [PubMed]

	



Sauer, M.; Mattanovich, D.; Marx, H. 12 - Microbial production of organic acids for use in food. In Microbial Production of Food Ingredients, Enzymes and Nutraceuticals; McNeil, B., Archer, D., Giavasis, I., Harvey, L., Eds.; Woodhead Publishing: Cambridge, UK, 2013; pp. 288–320. [Google Scholar] [CrossRef]

	



Li, X.; Pan, L.; Wang, B.; Pan, L. The histone deacetylases HosA and HdaA affect the phenotype and transcriptomic and metabolic profiles of Aspergillus niger. Toxins 2019, 11, 520. [Google Scholar] [CrossRef] [PubMed]

	



Rosfarizan, M.; Ariff, A.B. Kinetics of kojic acid fermentation by Aspergillus flavus using different types and concentrations of carbon and nitrogen sources. J. Ind. Microbiol. Biotechnol. 2000, 25, 20–24. [Google Scholar] [CrossRef]

	



Terabayashi, Y.; Sano, M.; Yamane, N.; Marui, J.; Tamano, K.; Sagara, J.; Dohmoto, M.; Oda, K.; Ohshima, E.; Tachibana, K. Identification and characterization of genes responsible for biosynthesis of kojic acid, an industrially important compound from Aspergillus oryzae. Fungal Genet. Biol. 2010, 47, 953–961. [Google Scholar] [CrossRef]

	



Chib, S.; Dogra, A.; Nandi, U.; Saran, S. Consistent production of kojic acid from Aspergillus sojae SSC-3 isolated from rice husk. Mol. Biol. Rep. 2019, 46, 5995–6002. [Google Scholar] [CrossRef] [PubMed]

	



Ariff, A.B.; Salleh, M.S.; Ghani, B.; Hassan, M.A.; Rusul, G.; Karim, M.I.A. Aeration and yeast extract requirements for kojic acid production by Aspergillus flavus link. Enzym. Microb. Technol. 1996, 19, 545–550. [Google Scholar] [CrossRef]

	



Rosfarizan, M.; Ariff, A.; Hassan, M.; Karim, M. Kojic acid production by Aspergillus flavus using gelatinized and hydrolyzed sago starch as carbon sources. Folia Microbiol. 1998, 43, 459–464. [Google Scholar] [CrossRef] [PubMed]

	



Badar, R.; Yaqoob, S.; Ahmed, A.; Shaoor, Q. Screening and optimization of submerged fermentation of Aspergillus species for kojic acid production. Res. Sq. 2021; PREPRINT. [Google Scholar] [CrossRef]

	



Promsang, A.; Rungsardthong, V.; Thumthanaruk, B.; Puttanlek, C.; Uttapap, D.; Foophow, T.; Phalathanaporn, V.; Vatanyoopaisarn, S. Effect of culture conditions and medium compositions on kojic acid production by Aspergillus oryzae ATCC 10124. In Proceedings of the IOP Conference Series: Earth and Environmental Science, Macau, China, 21–24 July 2019; p. 012047. [Google Scholar]

	



Ammar, H.A.M.; Ezzat, S.M.; Houseny, A.M. Improved production of kojic acid by mutagenesis of Aspergillus flavus HAk1 and Aspergillus oryzae HAk2 and their potential antioxidant activity. 3 Biotech 2017, 7, 276. [Google Scholar] [CrossRef] [PubMed]

	



Mahmoud, G.A.E.; Zohri, A.N.A. Amendment stable kojic acid produced by non-toxicogenic Aspergillus oryzae using five levels central composite design of response surface methodology: Stable kojic acid production. J. Microbiol. Biotechnol. Food Sci. 2021, 10, e2683. [Google Scholar] [CrossRef]

	



Kwak, M.Y.; Rhee, J.S. Cultivation characteristics of immobilized Aspergillus oryzae for kojic acid production. Biotechnol. Bioeng. 1992, 39, 903–906. [Google Scholar] [CrossRef] [PubMed]

	



Wan, C.; Zhang, M.; Fang, Q.; Xiong, L.; Zhao, X.; Hasunuma, T.; Bai, F.; Kondo, A. The impact of zinc sulfate addition on the dynamic metabolic profiling of Saccharomyces cerevisiae subjected to long term acetic acid stress treatment and identification of key metabolites involved in the antioxidant effect of zinc. Metallomics 2015, 7, 322–332. [Google Scholar] [CrossRef] [PubMed]

	



Coupland, K.; Niehaus, W.G., Jr. Effect of nitrogen supply, Zn2+, and salt concentration on kojic acid and versicolorin biosynthesis byAspergillus parasiticus. Exp. Mycol. 1987, 11, 206–213. [Google Scholar] [CrossRef]

	



Miller, G.L. Use of Dinitrosalicylic Acid Reagent for Determination of Reducing Sugar. Anal. Chem. 1959, 31, 426–428. [Google Scholar] [CrossRef]

	



Bentley, R. Preparation and analysis of Kojic acid. In Methods in Enzymology; Academic Press: Cambridge, MA, USA, 1957; Volume 3, pp. 238–241. [Google Scholar]

	



Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity. LWT-Food Sci. Technol. 1995, 28, 25–30. [Google Scholar] [CrossRef]

	



Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231–1237. [Google Scholar] [CrossRef]

	



Robledo, A.; Aguilera-Carbo, A.F.; Prado-Barragan, A.; Sepulveda-Torre, L.; Rodríguez-Herrera, R.; Contreras-Esquivel, J.C.; Aguilar, C.N. Kinetics of Ellagic Acid Accumulation By Solid-State Fermentation. In Theoretical Models and Experimental Approaches in Physical Chemistry; Apple Academic Press: Boca Raton, FL, USA, 2019; pp. 267–280. [Google Scholar]

	



De Caldas Felipe, M.T.; do Nascimento Barbosa, R.; Bezerra, J.D.P.; de Souza-Motta, C.M. Production of kojic acid by Aspergillus species: Trends and applications. Fungal Biol. Rev. 2023, 45, 100313. [Google Scholar] [CrossRef]

	



Apak, R.; Güçlü, K.; Demirata, B.; Özyürek, M.; Çelik, S.E.; Bektaşoğlu, B.; Berker, K.I.; Özyurt, D. Comparative evaluation of various total antioxidant capacity assays applied to phenolic compounds with the CUPRAC assay. Molecules 2007, 12, 1496–1547. [Google Scholar] [CrossRef]

	



Sridhar, K.; Charles, A.L. In vitro antioxidant activity of Kyoho grape extracts in DPPH and ABTS assays: Estimation methods for EC50 using advanced statistical programs. Food Chem. 2019, 275, 41–49. [Google Scholar] [CrossRef] [PubMed]

	



Ola, A.R.B.; Metboki, G.; Lay, C.S.; Sugi, Y.; De Rozari, P.; Darmakusuma, D.; Hakim, E.H. Single Production of Kojic Acid by Aspergillus flavus and the Revision of Flufuran. Molecules 2019, 24, 4200. [Google Scholar] [CrossRef]

	



Copetti, M.V. Fungi as industrial producers of food ingredients. Curr. Opin. Food Sci. 2019, 25, 52–56. [Google Scholar] [CrossRef]

	



Lassfolk, R.; Suonpaä, A.; Birikh, K.; Leino, R. Chemo-enzymatic three-step conversion of glucose to kojic acid. Chem. Commun. 2019, 55, 14737–14740. [Google Scholar] [CrossRef] [PubMed]

	



Mohamad, R.; Mohamed, M.S.; Suhaili, N.; Salleh, M.M.; Ariff, A.B. Kojic acid: Applications and development of fermentation process for production. Biotechnol. Mol. Biol. Rev. 2010, 5, 24–37. [Google Scholar]

	



Hassan, H.; Saad, A.; Hazzaa, M.; Ibrahim, E. Optimization study for the production of kojic acid crystals by Aspergillus oryzae var. effusus NRC 14 isolate. Int. J. Curr. Microbiol. Appl. Sci. 2014, 3, 133–142. [Google Scholar]

	



Chang, P.-K.; Scharfenstein, L.L.; Mahoney, N.; Kong, Q. Kojic Acid Gene Clusters and the Transcriptional Activation Mechanism of Aspergillus flavus KojR on Expression of Clustered Genes. J. Fungi 2023, 9, 259. [Google Scholar] [CrossRef]

	



Rasmey, A.-H.M.; Abdel-Kareem, M. Optimization of culture conditions for Kojic acid production in surface fermentation by Aspergillus oryzae isolated from wheat grains. Bull. Pharm. Sci. Assiut 2021, 44, 201–211. [Google Scholar] [CrossRef]

	



Sanjotha, G.; Shivasharana, C.T.; Manawadi, S.I. An in vitro approach for evaluating antimicrobial activity and production of kojic acid by Aspergillus flavus isolated from Karwar region. J. Pure Appl. Microbiol. 2019, 13, 2261–2272. [Google Scholar] [CrossRef]

	



Saraphanchotiwitthaya, A.; Sripalakit, P. Kojic acid production from rice by Amylomyces rouxii TISTR 3182 and Aspergillus oryzae TISTR 3259 and its cosmeceutical potential. ScienceAsia 2019, 45, 525–531. [Google Scholar] [CrossRef]

	



Hazzaa, M.; Saad, A.; Hassan, H.; Ibrahim, E. High production of kojic acid crystals by isolated Aspergillus oryzae var. effusus NRC14. J. Appl. Sci. Res. 2013, 9, 1714–1723. [Google Scholar]

	



Futamura, T.; Okabe, M.; Tamura, T.; Toda, K.; Matsunobu, T.; Park, Y.S. Improvement of production of kojic acid by a mutant strain Aspergillus oryzae, MK107-39. J. Biosci. Bioeng. 2001, 91, 272–276. [Google Scholar] [CrossRef]

	



Ariff, A.; Rosfarizan, M.; Herng, L.; Madihah, S.; Karim, M. Kinetics and modelling of kojic acid production by Aspergillus flavus Link in batch fermentation and resuspended mycelial system. World J. Microbiol. Biotechnol. 1997, 13, 195–201. [Google Scholar] [CrossRef]

	



Rosfarizan, M.; Ariff, A.B. Kinetic of kojic acid fermentation by Aspergillus flavus Link S44-1 using sucrose as a carbon source under different pH conditions. Biotechnol. Bioprocess Eng. 2006, 11, 72–79. [Google Scholar] [CrossRef]

	



El-Kady, I.A.; Zohri, A.N.A.; Hamed, S.R. Kojic Acid Production from Agro-Industrial By-Products Using Fungi. Biotechnol. Res. Int. 2014, 2014, 642385. [Google Scholar] [CrossRef]

	



Bala, K.; Devi, D.; Vijayalakshmi, P.; Shilpa, V.; Prasad, V.; Veerendra Kumar, B. Response Surface Methodology for the Optimization of Kojic Acid Production by Aspergillus Flavus using Muntingia Calabura Fruits as a Carbon Source. Indian J. Sci. Technol. 2015, 8, 556–561. [Google Scholar] [CrossRef]

	



Ramesh, T.; Kalaiselvam, M. An Experimental Study on Citric Acid Production by Aspergillus niger Using Gelidiella acerosa as a Substrate. Indian J. Microbiol. 2011, 51, 289–293. [Google Scholar] [CrossRef]

	



Katagiri, H.; Kitahara, K. The formation of kojic acid by aspergillus oryzae part i. the formation of kojic acid from pentoses, sugar alcohols and gluconic acid. Bull. Agric. Chem. Soc. Jpn. 1929, 5, 38–47. [Google Scholar]

	



Show, P.L.; Oladele, K.O.; Siew, Q.Y.; Aziz Zakry, F.A.; Lan, J.C.W.; Ling, T.C. Overview of citric acid production from Aspergillus niger. Front. Life Sci. 2015, 8, 271–283. [Google Scholar] [CrossRef]

	



Marui, J.; Yamane, N.; Ohashi-Kunihiro, S.; Ando, T.; Terabayashi, Y.; Sano, M.; Ohashi, S.; Ohshima, E.; Tachibana, K.; Higa, Y. Kojic acid biosynthesis in Aspergillus oryzae is regulated by a Zn (II) 2Cys6 transcriptional activator and induced by kojic acid at the transcriptional level. J. Biosci. Bioeng. 2011, 112, 40–43. [Google Scholar] [CrossRef]

	



Ellena, V.; Steiger, M.G. The importance of complete and high-quality genome sequences in Aspergillus niger research. Front. Fungal Biol. 2022, 3, 935993. [Google Scholar] [CrossRef]








[image: Processes 11 01724 g001 550] 





Figure 1. Biomass formation of Aspergillus niger M4 using different concentrations of yeast extract as the sole nitrogen source. The dotted lines represent a polynomial trend line of the 3rd order. Different uppercase letters indicate statistically significant differences between the same concentrations of yeast extract (Tukey p < 0.05). 
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Figure 2. Glucose consumption by Aspergillus niger M4 using different concentrations of yeast extract as the sole nitrogen source. The dotted lines represent a polynomial trend line of the 3rd order. Different uppercase letters indicate statistically significant differences between the same concentrations of yeast extract (Tukey p < 0.05). 
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Figure 3. Kojic acid production in liquid medium by Aspergillus niger M4 using different concentrations of yeast extract as the sole nitrogen source. The dotted lines represent a polynomial trend line of the 3rd order. Different uppercase letters indicate statistically significant differences between the same concentrations of yeast extract (Tukey p < 0.05). 
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Figure 4. Production of kojic acid by Aspergillus niger M4 in liquid medium fermentation at 120 h using 2.5 g/L of YE as the sole nitrogen source. The solid line represents the values calculated using Equation (10) [R2 = 0.9473; MSE = 0.0083]. Different uppercase letters indicate statistically significant differences (Tukey p < 0.05). 
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Figure 5. Biomass formation at 120 h using 2.5 g/L of yeast extract as the sole nitrogen source. The dotted line represents the values calculated using Equation (3) [pH 3.5: R2 = 0.9391; MSE = 0.0168; pH 5.5: R2 = 0.9694; MSE = 0.0138]. Different uppercase letters indicate statistically significant differences (Tukey p < 0.05). 
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Figure 6. Substrate at 120 h using 2.5 g/L of yeast extract as the sole nitrogen source. The dotted line represents the values calculated using Equation (7) [pH 3.5: R2 = 0.9188; MSE = 11.1924; pH 5.5: R2 = 0.9758; MSE = 1.9768]. Different uppercase letters indicate statistically significant differences (Tukey p < 0.05). 
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Figure 7. Production of KA over 120 h using 2.5 g/L of yeast extract as the sole nitrogen source. The dotted line represents the values calculated using Equation (10) [pH 3.5: R2 = 0.8787; MSE = 0.0022; pH 5.5: R2 = 0.9366; MSE = 0.0025]. Different uppercase letters indicate statistically significant differences (Tukey p < 0.05). 
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Figure 8. Kojic acid measurement by HPLC over 120 h of fermentation using 2.5 g/L of yeast extract as the sole nitrogen source. Dotted lines are the 3rd order polynomic tendency line [pH 3.5: y = 2 × 10−6x3 − 0.0002x2 + 0.011x + 0.10733; pH 5.5: y = 2 × 10−6x3 − 0.0002x2 + 0.011x + 0.1071]. Different uppercase letters indicate statistically significant differences (Tukey p < 0.05). 
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Table 1. Kinetic parameters of fermentation using different concentrations of yeast extract as the sole nitrogen source. The values were calculated from the respective models mentioned above.
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	Parameter
	0.05 g/L YE
	0.10 g/L YE
	2.5 g/L YE
	2.5 g/L YE + Zn





	µmax (h−1)
	0.006 ± 0.001 c
	0.004 ± 0.001 c
	0.035 ± 0.001 a
	0.024 ± 0.002 b



	YX/S (g X/g S)
	0.019 ± 0.001 c
	0.020 ± 0.003 c
	0.082 ± 0.001 a
	0.052 ± 0.004 b



	m (g X/g S h)
	0.000 ± 0 b
	0.000 ± 0 b
	0.000 ± 0 a
	0.000 ± 0 b



	YP/X (g KA/g X)
	0.000 ± 0 b
	0.007 ± 0.006 b
	0.032 ± 0.004 a
	0.029 ± 0.001 a



	k (g KA/g X h)
	0.000 ± 0 a
	0.000 ± 0 a
	0.000 ± 0 a
	0.000 ± 0 a



	qS (g glu/g X h)
	0.296 ± 0.062 ab
	0.199 ± 0.051 b
	0.430 ± 0.001 ab
	0.460 ± 0.084 a



	qP (g KA/g X h)
	0.0000 ± 0 c
	0.0000 ± 0 c
	0.0011 ± 0.0001 a
	0.0007 ± 0.0001 b







Values are presented as mean (± standard deviation, n = 3). Different lowercase letters in the same row indicate statistically significant differences (p < 0.05).
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Table 2. Kinetic parameters of fermentation using two values of pH in the culture medium and only 2.5 g/L of yeast extract as the sole nitrogen source. The values were calculated from the respective models mentioned above.
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	Parameters (Units)
	pH 3.5
	pH 5.5





	µmax (h−1)
	0.049 ± 0.001
	0.065 ± 0.004



	YX/S (g X/g S)
	0.345 ± 0.010
	0.173 ± 0.068



	m (g X/g S h)
	0.135 ± 0.015 *
	0.108 ± 0.016 *



	YP/X (g KA/g X)
	0.231 ± 0.005
	0.246 ± 0.005



	k (g KA/g X h)
	0
	0



	qS (g glucose/g X h−1)
	0.276 ± 0.017
	0.347 ± 0.005



	qP (g KA/g X h−1)
	0.015 ± 0.003 *
	0.016 ± 0.001 *







Values are presented as mean (±standard deviation, n = 3). Asterisks in the same row indicate NO statistically significant differences (p < 0.05).
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Table 3. Percentage inhibition of DPPH and ABTS in two fermentation processes at pH 3.5 and pH 5.5.
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Time (h)

	
pH 3.5

	
pH 5.5




	
DPPH

(% Inhibition)

	
ABTS

(% Inhibition)

	
DPPH

(% Inhibition)

	
ABTS

(% Inhibition)






	
0

	
1.89 ± 1.32 b

	
0.062 ± 0.91 b

	
8.42 ± 1.07 c

	
12.88 ± 1.25 b




	
24

	
15.64 ± 095 a

	
9.92 ± 1.03 a

	
nd

	
nd




	
48

	
17.25 ± 1.38 a

	
14.36 ± 3.99 a

	
14.37 ± 0.82 b

	
18.04 ± 2.54 a




	
72

	
16.37 ± 2.64 a

	
13.71 ± 1.84 a

	
17.12 ± 7.41 ab

	
15.45 ± 1.18 ab




	
96

	
18.44 ± 0.27 a

	
11.68 ± 3.96 a

	
16.59 ± 6.11 ab

	
16.18 ± 0.99 a




	
120

	
18.41 ± 0.51 a

	
14.48 ± 2.28 a

	
18.73 ± 4.93 a

	
17.56 ± 1.53 a




	
CV

	
8.76

	
23.98

	
12.64

	
9.96








Values are presented as mean (± standard deviation, n = 3). Different lowercase letters in the same column indicate statistically significant differences (p < 0.05).
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