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Abstract

:

Fungal holocellulases are interesting for their possible applications in the bioconversion of corn crop residues into molecules with technological significance. Holocellulase (xylanases and cellulases) production from Fusarium solani and Aspergillus sp. with corn stover as a carbon source was compared using a Box–Wilson design. The fungal holocellulase production was different in both fungi. For F. solani, the maximum endoxylanase and β-xylosidase activities were 14.15 U/mg and 0.75 U/mg at 84 h of fermentation on 350 g/L corn stover, while Aspergillus sp. was 5.90 U/mg and 0.03 U/mg, respectively, at 156 h and 1000 g/L corn stover. The production of holocellulases in both fungi was reduced with increasing carbon sources. The nitrogen source induced the holocellulases in Aspergillus sp., but not in F. solani. Interestingly, when verifying the optimal culture conditions, the production of endoxylanases by F. solani was higher when compared to the predicted value. With regard to the endoxylanase and β-xylosidase activities of Aspergillus sp., these were close to the predicted values. Based on the optimization model, F. solani and Aspergillus sp. produce an interesting holocellulolytic activity in a growth medium with corn stover as the only carbon source. The fermentation time and the amount of corn stover required to obtain maximum holocellulase production are possible advantages for Fusarium solani and Aspergillus sp., respectively.
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1. Introduction


Agricultural and agroindustrial activities give rise to a significant amount of solid waste that generates pollution. The amount of corn stubble and cob generated in Mexico is 17.5 million tons of corn stubble per year [1]. Both materials are mainly made up of lignocellulosic biomass, where cellulose (45%) and hemicellulose (35%) are present in greater quantities [2,3]. Holocellulose is the sum of the cellulose and hemicellulose fractions. Hemicellulose is mainly composed of xylan (28–35% dry basis), which can be used to obtain microbial xylanases on a large scale. Xylanases are produced by bacteria, fungi, and actinomycetes [4,5]. Filamentous fungi are especially interesting since they secrete these enzymes into the medium and their level of activity is notable compared to yeasts and bacteria [6]. Aspergillus and Trichoderma species are widely used for the commercial production of xylanases [7,8]. The enzyme preparations obtained from these fungal species are very specific for certain applications. Xylanases have various industrial uses, such as in livestock, food, paper and cellulose pulp, textiles, and the manufacturing of chemical products such as xylitol and ethanol [9], as well as in the exploitation of lignocellulosic materials from agricultural, agro-industrial, and municipal waste to obtain molecules with important technological value [10], such as in the production of biofuels [11].



The cost of enzymes accounts for 50% of the total cost of the hydrolysis processes of lignocellulosic materials, so research efforts have been directed to reducing the cost of the production of enzymes. The exploration of organisms with new enzymes, the genetic improvement of organisms used in industry and enzyme engineering, and the study of factors related to enzyme production are the strategies to achieve this objective [12,13].



Regarding the first strategy, a large number of fungal species still exist without being studied in the great microbial diversity of our planet. Fusarium solani is a candidate for the production of extracellular xylanases. There have been few reports on the efficient production of xylanases and exploratory studies about its xylanolytic activity [14] and optimization of enzyme production [15,16]. In a previous study, Fusarium solani was isolated from bean crops, identified, and selected from a group of one hundred and three fungal isolates for its notable ability to produce extracellular xylanases [17]. Based on the third strategy to reduce the cost of enzymes, corn stover is a potentially profitable source for the fermentative production of fungal xylanases. Several factors have been studied to determine their effect on the production of holocellulases in filamentous fungi, such as the type and concentration of carbon source and nitrogen source, pH, temperature, and time of incubation. In relation to the concentration of the carbon source, studies have been carried out using lignocellulosic residues with different moisture levels to evaluate the production of xylanases. Due to its high demonstrated xylanolytic activity, F. solani is a fungus with biotechnological potential for the production of these enzymes with wide industrial application. An organism considered as a standard in the production of industrial xylanases, as well as other metabolites, such as Aspergillus sp., for a comparative study of enzymatic production can be used as a reference to determine the potential of F. solani in the production of extracellular holocellulases; this species has not been exploited as extensively in the industrial sector as the species of the genus Aspergillus. The aim of this work was to compare the holocellulolytic activity of Aspergillus sp. and Fusarium solani in corn stover as a carbon source under different growing conditions.




2. Materials and Methods


2.1. Biological Material


Fusarium solani (accession number KP137441, GenBank (NCBI)) was isolated from horticultural field crops (22°35′00″ N, 102°15′00″ W) [17]. The Aspergillus sp. strain was isolated from a bean field crop (23°29′0″ N, 103°53′0″ W). It was previously selected for its ability to produce extracellular holocellulases and was identified using molecular tools in the Laboratory of Cellular Physiology at the Institute of Chemical Biological Research of the Universidad Michoacana de San Nicolás de Hidalgo. The fungi isolates were inoculated in a PDA medium for their maintenance and propagation.




2.2. Fungus Molecular Identification


Genomic DNA extraction was carried out using the modified method of Lin [18]. The oligonucleotide pair internal transcribed spacers (ITS5 and ITS4), which were specific to the selected fungal isolates, were used in the PCR assays. Forward primer (ITS5): GGAAGTAAAAGTCGTAACAAGG and reverse primer (ITS4): TCCTCCGCTTATTGATATGC. The reaction mixture was prepared in a total volume of 25 µL, with a final concentration of 2 mM MgCl2, 200 mM Tris-HCl, pH 8.4, 500 mM KCl, and 0.2 mM each dNTP. For each reaction, 0.04 U/µL Taq 5U polymerase (Invitrogen, Carlsbad, CA, USA), 0.2 µM each primer, and 1 µL fungal template DNA were used. The reaction was performed in a Techne C-512 PCR system thermal cycler (Barloworld Scientific, Staffordshire, UK) using the following PCR conditions: denaturation at 95 °C for 8 min; 35 cycles of denaturation at 95 °C for 15 s, annealing at 50 °C for 20 s, and extension at 72 °C for 1 min; final extension at 72 °C for 5 min; and cooling at 4 °C until recovery of the samples [19]. Amplification products were visualized on 1.0% agarose gel (w/v) stained with ethidium bromide in a Transiluminator 3UVTM model LMS-20E UVP and analyzed using the program Quantity One 4.2.1, see Supplementary Material (SM) (Bio-Rad, Hercules, CA, USA). After amplification, the products were directly sequenced using a sequencer 3730xI (Applied Biosystems, Foster City, CA, USA). All sequencing products were edited and analyzed using the software BioEdit 7.1.3.0. Then, the sequences were used as a query to search for similarities using the BLAST network services on the NCBI database.




2.3. Experimental Design


Different culture conditions were studied to optimize fungal xylanase production via fermentation. Five factors were studied: fermentation time, and concentrations of carbon source, yeast extract, ammonium sulfate, and urea. The concentrations of the carbon source were stablished in such a way that the moisture or water availability in the culture medium was different in each experiment. Solid, semi-solid, and liquid culture media were generated (Table 1). Washed, dried, and milled corn stover was used as a carbon source (CS). A Box–Wilson (BW) rotatable composite experimental design was used as a fractional factorial design 2k−1 with sixteen factorial experiments, ten axial experiments, and one central experiment. Twenty-seven different experiments were generated and replicated three times (Table 1). The BW design has the advantage of reducing runs compared with other experimental designs and can estimate the curvature effects of factors, i.e., when it is suspected that the effect of the factors on the dependent variable is nonlinear [20]. The experiments were randomized to avoid biased results in the application of the design. In Table 2, the decoded levels of each factor are shown. Response variables measured were the activities of endo-β-1,4-xylanase, exo-β-1,4-xylosidase, and endocellulase (collectively referred to as holocellulases or holocellulolytic activity).




2.4. Inoculum Preparation


Separately, spore suspensions of Aspergillus sp. and F. solani were obtained from PDA plates previously seeded with both fungi. After the addition of sterile deionized water, the surface of the solid culture media was gently scraped, and the spores were extracted using a micropipette. The spore suspension was deposited in glass test tubes. The spore suspension was centrifuged at 3500 rpm for 10 min. The supernatant was discarded, and the spores were resuspended in sterilized deionized water. This procedure was repeated four times. The spore concentration was quantified by account in a Neubauer chamber. Fermentation flasks from the experimental design were inoculated with 1 × 106 fungal spores/mL.




2.5. Xylanase Production by Fermentation


Based on the experiments listed in Table 1, the required amounts of CS and the three nitrogen sources were combined. A trace element and vitamin dissolution was added (100 µL per milliliter of culture medium) (MEM Vitamin solution 1000×, Sigma Cell Culture), composed per liter of deionized water as follows: 2.0 g KH2PO4, 0.3 g MgSO4·7H2O; 0.3 g CaCl2, 5.0 mg FeSO4·7H2O, 1.56 mg MnSO4·H2O, 2.0 mg CoCl2, 1.4 mg ZnSO4·7H2O. Culture media were autoclaved at 121 °C for 15 min. Twenty-seven different fermentation flasks, with their respective replicates (n = 3), were inoculated with 1 × 106 fungal spores/mL of F. solani. The above procedure was repeated with Aspergillus sp. The inoculated flasks were incubated for the stated time in the BW design at 150 rpm and at room temperature.




2.6. Extraction of Holocellulolytic Enzyme


The flasks were removed from incubation, and then 10 mL of 50 mM sodium citrate buffer at pH 5.0 was added to wash the solids. The supernatant was filtered from the solids through filter paper and centrifugated at 10,000 rpm for 4 min, and was used to quantify the holocellulolytic activity and extracellular protein.




2.7. Holocellulolytic Enzyme Assays


2.7.1. Endo-β-1,4-Xylanase, Endocellulase, and β-1,4-Xylosidase Activities Assays


Endo-β-1,4-xylanase, endocellulase, and β-1,4-xylosidase activities were measured using the modified methods of Bailey [21], Ghose [22], and Kristufek [23], respectively. The substrates were 1% (w/v) CMC, 1% (w/v) birchwood xylan, and 10 mM PNPX (Sigma Naucalpan Estado de México), respectively. The reducing sugars were quantified using the method of Miller by adding 1 mL of DNS reagent [24]. One unit (U) of enzyme activity is defined as the amount of enzyme that releases 1 μmol of reducing sugars per minute under assay conditions. Each assay was performed in duplicate.




2.7.2. Extracellular Protein Quantification


The extracellular protein was quantified using the method of Lowry [25] with BSA as standard. Each assay was performed in duplicate.





2.8. Optimization of Fermentation Conditions for Xylanase Production


A general second-order model was adjusted to the experimental results of the BW design to estimate the effects of the factors on the response variables. The main effects as well as the interactions and quadratic effects were included in the model used, which is shown by Equation (1).


   y n  =  β 0  +   ∑   i = 1  k   β i   x i  +   ∑   i = 1  k   β  i i    x i 2  +   ∑  j k    ∑   i = 1  k   β  i k    x i   x j  +  ε i   



(1)




where yn is any of the response variables, xi and xj are the k = 5 factors, and the β coefficients are the regression parameters.



The parameters of Equation (1) were obtained using multiple linear regression using the least squares method and the significance of the effects was evaluated at α = 0.5. To find the optimal conditions for holocellulase production, the desirability profile method was used as described by Derringer and Suich [26].



For each response, a desirability function was assigned a number between 0 and 1 to the possible response values, with 0 representing a completely undesirable value of response and 1 representing a completely desirable or ideal response value. Depending on whether a particular response is to be maximized, minimized, or assigned a target value, different desirability functions can be used. The 0 and 1 values of desirability were assigned to the minimum and maximum endoxylanase and β-xylosidase activities obtained from the BW design experiments, respectively. Conversely, for endocellulase activity, 0 and 1 values were assigned to maximum and minimum enzymatic activity, respectively. One of the objetives of this study was to achieve maximum endoxylanase and β-xylanase activities with minimal endocellulase activity.





3. Results


3.1. Holocellulolytic Activity of F. solani and Aspergillus sp. in BW Experiments


The endoxylanase activity from Aspergillus sp. was higher than that of F. solani (Figure 1a) in most experiments, but the maximum endoxylanase activity was observed in experiment 2 (350 g/L, 3.0 g/L, 1.0 g/L, and 95 g/L of CS, yeast extract, ammonium sulfate, and urea) with F. solani in contrast with Aspergillus sp., whose maximum activity was achieved in experiment 11 (1000 g/L, 3 g/L, 2 g/L, and 35 g/L, CS, ammonium sulfate, yeast extract, and urea, respectively) (Table 3). Regarding β-xylosidase activity, F. solani showed more activity than Aspergillus sp. in thirteen of twenty-seven experiments (Figure 1b). The maximum β-xylosidase activity was achieved with F. solani in experiment 2 (0.75 U/mg), which represented more than double the maximum activity achieved by Aspergillus sp. in experiment 22 (0.28 U/mg) (Table 3). F. solani showed slightly higher cellulolytic activity than Aspergillus sp. in most of the experiments performed (Figure 1c). Aspergillus sp. exhibited the maximum cellulase activity in experiment 20, whereas F. solani had the highest activity in experiment 2 (Table 3).




3.2. Predicted and Experimental Data


The holocellulolytic activity results were statistically analyzed to evaluate whether second-order polynomial models predict holocellulase production in both fungi. Based on the statistical analysis of the data, the residual plots were obtained (Figure 2). The ANOVA for the quadratic models is shown in Table 4 and Table 5. The R2 coefficient values indicated that the fit was acceptable for endoxylanases and endocellulases with F. solani, but not for β-xylosidases with F. solani (Table 4). As for Aspergillus sp., the adjustment was lower for the three enzymatic activities (Table 5). According to the F test, the models were predictive in all cases, since the calculated values of F were greater than the tabulated values. The small p-values also indicated the significance of the models, since these were less than the value of α = 0.05.




3.3. Effect of Factors on Holocellulase Production


The identification of the nutritional factors that affect the fungal production of the holocellulolytic activity was carried out using an ANOVA. Figure 3 shows that the individual nutritional factors, interactions, and quadratic values had an effect on the production of holocellulases by F. solani, while the holocellulolytic activity production in Aspergillus sp. was influenced by a smaller number of nutritional factors.



The production of holocellulases in F. solani decreased with increasing CS concentration because of the lower moisture content of the culture media. Aspergillus sp. behaved in a similar way, since the increase in CS concentration caused a lower production of β-xylosidases and endocellulases, but did not affect endoxylanase production.



The nitrogen source, yeast extract, and ammonium sulfate had no effect on holocellulase production by F. solani, but urea did. In Aspergillus sp., the increase in the concentration of yeast extract favored the production of holocellulases. In particular, the production of β-xylosidases depended on an adequate supply of the three nitrogen sources assayed, since it was affected positively by these. The fermentation time was not a factor that affected holocellulase production in Aspergillus sp., whereas in F. solani, an increase in the culture time caused lower holocellulolytic activity.




3.4. Optimization of Holocellulase Production


The goodness degree of the fermentation process for the production of holocellulolytic enzymes, which is represented by the desirability function, was investigated to optimize the fermentation conditions. The minimum and maximum values of the holocellulolytic activities were obtained from the results of the BW design. The minimum and maximum limits for optimization were set and transformed to encoded desirability values, 0 and 1, respectively, to explore the best holocellulase production conditions.



The optimization was carried out jointly based on the desirability values specified for the three enzymatic activities. For both fungi, the combination of the best conditions was obtained, which maximizes the endoxylanase and β-xylosidase activities while minimizing the endocellulase activity (Table 6). The maximum production of holocellulases by F. solani was achieved after 48 h of fermentation, with an initial concentration of 25 g/L, 1.0 g/L, 2.5 g/L, and 0.7 g/L of CS, yeast extract, ammonium sulfate, and urea, respectively. The optimal conditions were similar for Aspergillus sp., although its demand for a nitrogen source was greater, with yeast extract and urea values of 9.0 g/L and 1.3 g/L, respectively. Furthermore, the fermentation time was four times longer (192 h) and its holocellulase production lower than for F. solani.




3.5. Verification of Optimal Conditions to Produce of Holocellulases


Based on the optimal conditions found for the production of holocellulases by F. solani and Aspergillus sp., the activity values predicted by the model were verified through fermentation experiments based on the optimal combination of the nutritional factors studied. Table 7 shows the holocellulolytic activity predicted by the model and that obtained experimentally from the optimal values of the factors. The production of endoxylanases by F. solani was higher when compared to the predicted activity values. The β-xylosidase activity was close to the predicted value, while cellulolytic activity was not detected under these optimal conditions. Regarding Aspergillus sp., the endoxylanase and β-xylosidase activities were lower, but close to the predicted values, and the observed cellulolytic activity exceeded the predicted value.





4. Discussion


Filamentous fungi are suitable for developing bioconversion processes through solid-state fermentation (SSF) due to their ability to grow on low-water-content substrates [27]. Although filamentous fungi adapt easily to environments with reduced humidity, in this study, critical humidity levels restricted the production of holocellulases by both fungi, since the increase in the concentration of CS causes a reduction in the amount of water available. In the case of Aspergillus sp., the effect was smaller than in F. solani. It was observed that the levels of enzymatic activity was influenced by the culture conditions and the nature of the fungus [28,29,30,31]. The maximum holocellulolytic activity of F. solani was present in semi-solid culture, while for in Aspergillus sp., it was observed in solid culture.



Aspergillus sp. are distinguished by their significant xylanolytic activity. Various reports exist on the production of xylanases in liquid culture from A. awamori [32], A. oryzae NRRL 3485, A. phoenicis ATCC 13157, A. foetidus ATCC 14916 [33], A. niger [34], and Aspergillus sp. [35], although studies on Aspergillus sp. for xylanase production in solid culture are more numerous [36,37,38,39,40,41,42].



Aspergillus sp. is recognized as a filamentous fungus that produces large amounts of extracellular xylanases. However, in this work, the maximum holocellulolytic activity was achieved by F. solani. Interestingly, in all semi-solid culture media, the endoxylanase activity of F. solani was superior to that of Aspergillus sp.



F. solani is a phytopathogenic fungus that causes wilt diseases in a wide variety of plants such as pumpkin, pea, soybean, bean, potato, alfalfa, blueberry, peanut, and tomato crops [28,43]. F. solani was previously isolated from bean crops. The hemicellulose content of bean straw is 14.5% [44]. The great xylanolytic activity exhibited by this fungus could be related to its virulence and the significant hemicellulose content of this crop.



In contrast, in this work, the maximum endoxylanase activity was obtained in a semi-solid culture media (experiment 2). Martínez-Pacheco et al. [5] optimized the production of xylanases with low cellulases in Fusarium solani by means of a solid-state fermentation with beechwood xylan as a model carbon source. They found that the major production of endoxylases (12 U/mg) and β-xylosidases (0.53 U/mg) was observed in solid and liquid cultures, respectively. However, for larger-scale production, the use of this carbon source would not be economically profitable. In contrast, Moctezuma-Zárate et al. [45] obtained maximum xylanolytic activity (47.5 ng xylose/min·mg protein) from F. solani through a fermentation liquid medium supplemented with xylan (Sigma) as inductor.



Moisture content, which is inversely proportional to the carbon source concentration, was an important variable for the production of holocellulases by F. solani because it showed lower activity in culture media with low moisture (high concentration of carbon source). Bakri et al. [46] observed the same effect of moisture level: the xylanase production by F. solani on wheat bran was optimum (1593 U/g substrate) using an intermediate level of moisture (75%), with respect to the values explored, since a lower moisture ratio leads to the reduced solubility of the nutrients of the solid substrate, lower degree of swelling, and higher water tension.



In terms of the concentration and type of nitrogen source, yeast extract and ammonium sulfate had no effect on holocellulase production by F. solani, but urea did on xylanase production. Urea caused the maximum production of xylanase by F. solani in a fermentation liquid medium supplemented with xylan (Sigma).



In this work, the increase in the concentration of yeast extract favored the production of holocellulases by Aspergillus sp. In particular, the production of β-xylosidases depended on the adequate supply of the three nitrogen sources studied. This factor demonstrates that microorganisms, specifically filamentous fungi, have very specific nutrient requirements. In particular, the source of nitrogen required may be different from one fungus to another. Ellatif et al. [47] concluded that malt extract was the most suitable nitrogen source for producing xylanase by Trichoderma harzianum kj831197.1, as it offered the maximal enzyme activity. The optimal conditions for xylanase production by T. harzianum included the addition of ammonium sulphate [48].



F. solani produced more holocellulases in a short time, and as it increased, its holocellulolytic activity was reduced compared to Aspergillus sp., which required a long incubation time to increase its enzymatic activity. The production of primary metabolites by microorganisms, as enzymes, is highly influenced by their growth, which is determined by the availability of the nutrients in the substrates. Therefore, the time of fermentation could be affected by moisture content, which determines this availability. This means that there is a close relationship between the fermentation time and the moisture content of the culture medium. The optimal conditions for holocellulose production vary widely from one fungal isolate to another, especially the time of peak xylanase activity: F. solani on xylan (Sigma), 13 days [49]; Fusarium graminearum on wheat bran, 6.4 days [50]; Fusarium sp. XPF5 on xylan, 4 days [51]; Fusarium solani on beechwood xylan, 5 days [5]; T. harzianum on wheat bran, 6 days [48]; Aspergillus fumigatus SD5A (SmF), 7 days, and A. fumigatus L1. (SSF), 5 days, both grown on corn cob [52].



Aspergillus sp. exhibited a greater capacity to adapt to different culture conditions due to its significant level of holocellulolytic activity and its abundant growth in the different experiments. In addition to its great xylanolytic activity, Aspergillus sp. is recognized as a good producer of commercial cellulases [53], though, interestingly, F. solani showed the highest holocellulolytic activity in one part of the experiments carried out. Specifically, like Aspergillus sp., this indicates its adaptability to a wide variety of culture conditions, making this fungus a potential source of cellulases. F. solani showed greater sensitivity to various culture conditions since it was more demanding in its nutritional requirements compared to Aspergillus sp., and was able to grow on corn stover as the only carbon source and exhibit holocellulolytic activity. Some species of the genus Fusarium stand out for their great ability to adapt to extreme environmental conditions. This is the case for Fusarium sp. XPF-5, which is considered a thermo-alkaliphile, making it a potential candidate for large-scale xylanase production and use in biotechnological processes [50].



Various studies have shown that filamentous fungi grow better on solid substrates and the production of extracellular enzymes increases. However, fermentation in liquid culture has the advantage of providing homogeneous media, with fewer pH and temperature gradients and with greater availability of nutrients and oxygen. The best theoretical conditions for the production of holocellulases by both fungi were liquid cultures. The maximum predicted values for endoxylanase and β-xylosidase activities with F. solani were higher than those observed before optimization. As for Aspergillus sp., these predicted values were lower after optimization, since the objective was to reduce cellulolytic activity.



Interestingly, after experimentally verifying the optimal conditions, the endoxylanase activity of F. solani was higher than the values predicted by the model. The predicted values are the result of an idealization of the fermentation process for the production of holocellulases, based on the conditions explored, so the response is not always close or equal to the predicted value. On the other hand, although it was observed that cellulolytic activity was closely related to xylanolytic activity in both fungi, in the case of F. solani, it was possible to reduce it without affecting xylanolytic activity. SSF presents several advantages in comparison with submerged fermentation (SmF), such as fewer energy requirements and higher productivity, although several operational aspects must be considered, since there remains no effective technical solution (e.g., aeration and gradients of concentration), so only a few compounds are industrially implemented.




5. Conclusions


The present study reveals that F. solani is a fungal isolate with high potential for use in the industrial production of enzymes due its high holocellulolytic activity compared with Aspergillus sp. The maximum holocellulolytic activity of F. solani was obtained in semi-solid media, whereas with the wild strain of Aspergillus sp., this was achieved in a solid medium, which is related to their high adaptability in a wide variety of culture conditions. For years, Aspergillus sp. has been industrially exploited for enzyme production, but these findings make F. solani a potential source of holocellulases. Based on the optimization model, F. solani and Aspergillus sp. produce interesting holocellulolytic activity in a growth medium with corn stover as the only carbon source. This is a potential alternative means of valorizing agricultural waste such as corn stover through the fermentation and holocellulase production of Fusarium solani. The fermentation time and the amount of corn stover required to obtain maximum holocellulase is a possible advantage for Fusarium solani and Aspergillus sp., respectively.
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Figure 1. Holocellulolytic activity of F. solani (red) and Aspergillus sp. (green). (a) Endoxylanases; (b) β-xylosidases; (c) endocellulase. Values represent the   X ¯   ± standard error, n = 3. 
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Figure 2. Correlation between the values predicted by the Box–Wilson design (Y-axis) and the experimental values of enzyme activity (X-axis). (a) Endoxylanase, (b) β-xylosidase, (c) endocellulose. 
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Figure 3. Effect of factors on response variables: (a) endoxylanase; (b) β-xylosidase; (c) endocellulase. (L) Linear effect of the factor, (Q) quadratic effect of the factor, (   x i   Lby   x j   L) effect of interaction of linear factors    x i    and    x j   . The bars that cross the dotted red line correspond to the factors that have a significant effect on the production of holocellulases in their linear, quadratic forms or in interaction with other factors. 
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Table 1. Experiment generated from the rotatable composite Box–Wilson design (S: solid, Ss: semi-solid, L: liquid).
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Experiment Number

	
Coded Factors

	
State of Aggregation

(Type of Culture Medium)




	
x1

	
x2

	
x3

	
x4

	
x5






	
1

	
−1

	
−1

	
−1

	
−1

	
+1

	
Ss




	
2

	
−1

	
−1

	
−1

	
+1

	
−1

	
Ss




	
3

	
−1

	
−1

	
+1

	
−1

	
−1

	
Ss




	
4

	
−1

	
−1

	
+1

	
+1

	
+1

	
Ss




	
5

	
−1

	
+1

	
−1

	
−1

	
−1

	
Ss




	
6

	
−1

	
+1

	
−1

	
+1

	
+1

	
Ss




	
7

	
−1

	
+1

	
+1

	
−1

	
+1

	
Ss




	
8

	
−1

	
+1

	
+1

	
+1

	
−1

	
Ss




	
9

	
+1

	
−1

	
−1

	
−1

	
−1

	
S




	
10

	
+1

	
−1

	
−1

	
+1

	
+1

	
S




	
11

	
+1

	
−1

	
+1

	
−1

	
+1

	
S




	
12

	
+1

	
−1

	
+1

	
+1

	
−1

	
S




	
13

	
+1

	
+1

	
−1

	
−1

	
+1

	
S




	
14

	
+1

	
+1

	
−1

	
+1

	
−1

	
S




	
15

	
+1

	
+1

	
+1

	
−1

	
−1

	
S




	
16

	
+1

	
+1

	
+1

	
+1

	
+1

	
S




	
17

	
−2

	
0

	
0

	
0

	
0

	
L




	
18

	
+2

	
0

	
0

	
0

	
0

	
S




	
19

	
0

	
−2

	
0

	
0

	
0

	
S




	
20

	
0

	
+2

	
0

	
0

	
0

	
S




	
21

	
0

	
0

	
−2

	
0

	
0

	
S




	
22

	
0

	
0

	
+2

	
0

	
0

	
S




	
23

	
0

	
0

	
0

	
−2

	
0

	
S




	
24

	
0

	
0

	
0

	
+2

	
0

	
S




	
25

	
0

	
0

	
0

	
0

	
−2

	
S




	
26

	
0

	
0

	
0

	
0

	
+2

	
S




	
27

	
0

	
0

	
0

	
0

	
0

	
S











 





Table 2. Decoded factors and their corresponding values to the coded levels.
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Variable (g/L or h)

	
Decoded Factor




	
−2

	
−1

	
0

	
+1

	
+2






	
x1 Carbon source

	
25

	
350

	
675

	
1000

	
1325




	
x2 Yeast extract

	
1

	
3

	
5

	
7

	
9




	
x3 Ammonium sulfate

	
0.5

	
1

	
1.5

	
2

	
2.5




	
x4 Urea

	
5

	
35

	
65

	
95

	
125




	
x5 Time

	
48

	
84

	
120

	
156

	
192











 





Table 3. Comparison of the maximum experimental holocellulolytic activity of F. solani and Aspergillus sp.
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Fungal Isolate

	
Holocellulolytic Activity

	
Maximum Enzymatic Activity (U/mg)

	
Experiment Number/Type of Culture Medium






	
Apergillus sp.

	
Endoxylanase

	
5.90

	
11/S




	
β-xylosidase

	
0.28

	
22/S




	
Endocellulase

	
1.80

	
20/S




	
F. solani

	
Endoxylanase

	
14.15

	
2/Ss




	
β-xylosidase

	
0.75

	
2/Ss




	
Endocellulase

	
2.00

	
2/Ss











 





Table 4. ANOVA for the second-order polynomial model, F. solani (test of SS whole model vs. SS residual).
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Holocellulolytic

Activity

	
Multiple

R

	
Multiple

R2

	
Adjusted

R2

	
Residual

	
F

	
p




	
df

	
SS

	
MS






	
Endoxylanase

	
0.846260

	
0.716156

	
0.621541

	
60

	
228.9577

	
3.815961

	
7.569184

	
0.000000




	
β-xylosidase

	
0.789536

	
0.623367

	
0.497823

	
60

	
0.9051

	
0.015085

	
4.965312

	
0.000001




	
Endocellulase

	
0.875081

	
0.765767

	
0.687689

	
60

	
2.8643

	
0.047739

	
9.807753

	
0.000000











 





Table 5. ANOVA for the second-order polynomial model, Aspergillus sp. (test of SS whole model vs. SS residual).
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Holocellulolytic

Activity

	
Multiple

R

	
Multiple

R2

	
Adjusted

R2

	
Residual

	
F

	
p




	
df

	
SS

	
MS






	
Endoxylanase

	
0.736937

	
0.543076

	
0.390768

	
60

	
100.1864

	
1.669773

	
3.565639

	
0.000071




	
β-xylosidase

	
0.751477

	
0.564718

	
0.419624

	
60

	
0.2708

	
0.004513

	
3.892084

	
0.000023




	
Endocellulase

	
0.756309

	
0.572003

	
0.429337

	
60

	
8.0694

	
0.134490

	
4.009392

	
0.000015











 





Table 6. Comparison of the theoretical optimal conditions to produce holocellulases by F. solani and Aspergillus sp.
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Fungus

	
Fermentation Time

(h)

	
Optimal Nutritional Condition (g/L)

	
Holocellulolytic Activity (U/mg)




	
CS

	
Yeast Extract

	
(NH4)2SO4

	
Urea

	
Endoxy-Lanase

	
β-xylosidase

	
Endocellulase






	
F. solani

	
48

	
25

	
1.0

	
2.5

	
0.7

	
20.48

	
1.19

	
2.38




	
Aspergillus sp.

	
192

	
25

	
9.0

	
2.5

	
1.3

	
13.20

	
0.50

	
0.74











 





Table 7. Verification of optimal culture conditions to produce fungal holocellulases. Experimental values represent the   X ¯   ± standard error, n = 3.
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Holocellulolytic Activity (U/mg)

	
F. solani

	
Aspergillus sp.




	
Theoretical

	
Experimental

	
Theoretical

	
Experimental






	
Endoxylanase

	
20.48

	
25.0 ± 0.19

	
13.20

	
9.03 ± 0.64




	
β-xylosidase

	
1.19

	
1.01 ± 0.01

	
0.50

	
0.29 ± 0.01




	
Endocellulase

	
2.38

	
0

	
0.74

	
2.25 ± 0.06
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