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Abstract

:

Cellulase and xylanase have been widely studied for bioconversion processes and applied in various industries. The high cost of these enzymes remains to be the major bottleneck for large-scale commercial application of lignocellulosic biorefinery. The use of agroindustrial residues and weeds as fermentation substrates is an important strategy to increase cellulolytic enzymes production and reduce costs. Penicillium crustosum was newly isolated and selected to study its enzyme production during solid-state fermentation (SSF). Natural and pretreated water hyacinth (WH) biomass was used as support, substrate and inducer of cellulases and xylanases. Thermochemical pretreatments of WH biomass at 121 °C and sulfuric acid at three concentrations (0.2, 0.6 and 1 M) were assayed. The pretreatments of WH biomass released mono- and oligo-saccharides that favored fungal growth and enzymes production on SSF. WH is a cost-effective substrate-support and inducer, which to be used as a solid medium, was impregnated with a saline solution, containing only (NH4)2SO4, KH2PO4 y MgCl2. Maximum cellulases (carboxymethylcellulase (CMCase)) and xylanases productions of P. crustosum cultured on SSF were reached using the WH pretreated biomass with H2SO4 0.6 M and 121 °C. The simultaneous CMCase and xylanases production reached (647.51 and 4257.35 U/g dry WH, respectively) are among the highest values ever reported.
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1. Introduction


Water hyacinth (Eichhornia crassipes), an indigenous plant of the Amazon region, has spread to many other tropical and subtropical regions, invading water bodies [1,2]. Water hyacinth (WH) is considered one of the most invasive free-floating aquatic plants in the world. WH can cover an entire body of water in a densely packed mat in only two or so weeks [2,3,4,5]. The growth of other aquatic organisms is hampered and native species are wiped out by this dense mat, which prevents sunlight and oxygen from penetrating below the water surface [4,6,7].



Mechanical removal remains the most effective method for controlling WH populations, although it is expensive and labor-intensive [8,9]. If the WH biomass is not properly managed after harvesting, it can result in ecological issues wherever it is discarded. In this context, numerous studies have been conducted on the conversion and potential use of WH biomass to develop value-added products [10,11,12,13,14]. The challenge of solid waste management could be turned into an opportunity to make mechanical removal a profitable and economically viable approach to controlling these populations [4,15].



On a dry weight basis, water hyacinth consists of cellulose (18.2 to 19%), hemicellulose (48.7 to 50%), lignin (3.5 to 3.8%), and crude protein (13 to 13.5%) [16]. WH biomass is regarded as a desirable feedstock due to its environmentally friendly conversion into liquid fuels and chemical products, accomplished through biorefinery processes [10,11,12,13,14]. Additionally, as an aquatic plant, it does not compete with agricultural crops for land.



In lignocellulosic materials, the cellulose forms highly crystalline microfibrils embedded in a hemicellulose and lignin matrix. Due to the recalcitrant nature of lignocellulosic biomass, a pretreatment is required in order to open up the fibers and decrease the crystallinity of cellulose [17,18], thereby increasing its accessibility to enzyme attack [19,20,21]. Acid-thermal pretreatment is one of the most widely used methods due to its simplicity and efficient performance; it removes the lignin portion, hydrolyzes the hemicellulose at relatively moderate temperatures with high sugar yields and low formation of degradation products, and enhances the access of lignocellulosic enzymes to the inner space of the pretreated biomass [22,23,24,25,26,27,28].



The enzymatic hydrolysis of cellulosic and hemicellulosic materials requires the synergic actions of three types of cellulases (endo-1,4-β glucanase, exo-1,4-β glucanase, and β-glucosidases; two types of xylanases (endo-1,4-β xylanases and β-xylosidases); and other accessory enzymes (α-glucuronidase, acetylxylan esterase, α-L-arabinofuranosidases, p-coumaric esterase, and ferulic acid esterase) [29,30].



Cellulases and xylanases share several industrial applications, such as the production of paper and pulp, textiles, juice clarification and extraction, food additives, beer manufacturing, animal feed production, and bioethanol production [29,31,32,33,34]. For industrial applications, cellulases and xylanases are essential in large quantities [29,34,35]. Although cellulases in particular play a crucial role in the hydrolysis of lignocellulosic materials, the cost of these enzymes remains the main obstacle to the development of large-scale lignocellulosic biorefineries for commercial purposes [31]. To reduce the costs of enzymes, the following aspects should be considered: (i) selection of a potent producer microorganism; (ii) improvement in the production and productivity by optimizing culture conditions (including media components) [29]; (iii) use of cheaper feedstocks (including agricultural residues and weeds) as the main carbon sources and inducers for microbial culture [36]; and (iv) the use of solid-state fermentation (SSF) as a cost-effective fermentation process that can achieve higher cellulase production compared to submerged fermentations [30,37]. Remarkably, Penicillium species have been extensively used for the simultaneous production of cellulases and xylanases by SSF; e.g., P. roqueforti, P. citrinum, P. oxalicum, and P. echinulatum, with a wide variety of lignocellulosic materials as carbon sources, like sugar cane bagasse, agave bagasse, rice husks, and elephant grass, among others [38,39,40,41]. Cellulases and xylanases have been widely applied in saccharification processes [42,43,44,45]. In this regard, the aim of this work was the isolation of a filamentous fungus producing high levels of cellulases and xylanases (Penicillium crustosum); the study of some cultural conditions which could improve enzyme production; the use of a weed (water hyacinth) as a support source of carbon and energy for fungal growth as well as an inducer of the synthesis of cellulases and xylanases; and, finally, the implementation of SSF as a cultural technique that is particularly advantageous for the production of fungal lignocellulolytic enzymes and enables the direct use of lignocellulosic materials as solid substrates.




2. Materials and Methods


2.1. Sampling and Treatment of Water Hyacinth


Water hyacinth plants were collected from the Santiago River in Ocotlán Jalisco, Mexico (20°20′39.4″ N 102°46′29.6″ W). Plants were rinsed with tap water to eliminate dirt and then fractioned into three parts: roots, leaves, and stems. The wet plants were cut into smaller pieces and dried at 70 °C for 72 h in a hot air oven (Terlab, Zapopan, Mexico). For use as a support, carbon source, and inducer for inoculum preparation and solid-state fermentation (SSF), water hyacinth dry stems were milled in a blade mill (Vayco, Mexico) and sieved to provide two particle size ranges: medium (between 0.841 and 2.00 mm) and fine (between 0.420 and 0.841 mm).




2.2. Isolation of Cellulases and Xylanases Producing Fungi


The culture medium for the isolation of filamentous fungi had the following composition (g/L): fresh water hyacinth (stems and leaves) 100, glucose 5, NaNO3 6.07, (NH4)2SO4 4.73, KH2PO4 1.98, MgSO4∙7H2O 0.51, CaCl2 0.39, NaCl 0.13, FeSO4 0.05, trace element solution 4 mL, agar 15, and chloramphenicol 100 ppm. The water hyacinth, together with all the components of the culture medium (except the agar), was ground in a blender, and the pH was adjusted to 6.5. Subsequently, the medium was heated and the agar added, sterilized at 121 °C for 15 min, and distributed into Petri dishes.



The trace element solution consisted of (g/L): MnCl2∙4H2O 1.98, CoCl2∙6H2O 2.378, CuSO4∙5H2O 0.25, ZnSO4∙7H2O 0.29, EDTA 10.



Fifteen decaying water hyacinth plants were collected from the shores of Lake Chapala, Jalisco, Mexico (20°17′24.6″N 103°11′44.1″W). In addition, 30 fresh water hyacinth (WH) plants were collected in the water of Lake Chapala, placed inside of a plastic bag, and incubated at room temperature for one week. Seven moldy plants were selected from this bag to isolate fungi.



Fragments (approximately 1 cm) of each moldy plant were aseptically placed in the center of four Petri dishes containing the isolation culture medium. The Petri dishes (in duplicate) were incubated at 30 °C and 45 °C for 48 h. Subsequently, colonies with different morphologies were subcultured for further purification using the streaking method. To obtain axenic cultures, seven successive propagations were carried out using new Petri dishes containing the aforementioned medium and incubated at 30 °C or 45 °C for 48 h. The isolated fungal strains were preserved at 4 °C.




2.3. Inoculum Preparation


The culture medium for inoculum preparation had the same composition as the culture medium used for the isolation of the fungi, except that no chloramphenicol was added and the WH was not fresh, but dried and ground into a fine particle size (between 0.420 and 0.841 mm), adding 10 g/L. The pH was adjusted to 6.5, and 50 mL samples of the culture medium were placed into 250 mL Erlenmeyer flasks and sterilized at 121 °C for 15 min. The medium surface was inoculated using a spore suspension of the fungal strain preserved at 4 °C. Flasks were incubated at 30 °C for five days. The spores were then harvested by adding 50 mL of a Tween 80 solution (0.01% w/v) with magnetic stirring for 30 min. Spores were counted with a Neubauer chamber using the microscope (40-X).




2.4. Screening of Fungal Strains Producing Cellulases and Xylanases


Enzyme production was tested by culturing the recently isolated fungal strains on solid-state fermentations (SSF), using water hyacinth as the support, with a particle size ranging from 0.841 to 2 mm. The culture medium utilized was the aforementioned isolation medium, omitting WH, agar, and chloramphenicol. A blue-green fungal strain (with a velvety to powdery surface texture) was selected on the basis of CMCase and xylanases production. The isolated fungus was preserved on slants at 4° C and sub-cultured every three months. The culture medium for preservation was that mentioned above (isolation medium).




2.5. Molecular Identification of the Isolated Fungal Strain


For identification, the selected fungal strain (labeled as ABQ1) was grown in 250 mL Erlenmeyer flasks containing 50 mL of potato dextrose broth at 30 °C and 170 rpm for 48 h. Subsequently, mycelium in the form of pellets was vacuum-filtered through a Buchner funnel containing No. 1 Whatman filter paper, washed with sterile distilled water, and stored at −20 °C. Genomic DNA was extracted from the pellets using a commercial DNA extraction kit (GenElute, Sigma-Aldrich). Molecular identification was performed by PCR amplification of the ITS1-5.8S-ITS2 rDNA region. The amplified products of ITS1 and ITS4 were compared with other sequences deposited in the National Center for Biotechnology Information (NCBI) database using the basic local alignment tool (BLAST, http://www.ncbi.nlm.nih.gov, accessed on 29 May 2023).




2.6. Radial Growth Rate Determination of P. crustosum ABQ1


P. crustosum ABQ1 was inoculated on potato dextrose agar plates at the central location of the plate using a toothpick containing fungal spores, which was pierced into the PDA medium. The radial growth rate (expressed in µm/h) was determined by measuring the diameter of the fungal colony as a function of time at different incubation temperatures (5, 10, 15, 20, 25, 30, 33, and 35 °C). The experiments were performed in triplicate.




2.7. Solid-State Fermentation for Cellulase and Xylanase Production Using Penicillium crustosum ABQ1 and a Non-Pretreated Support


The culture medium for solid-state fermentation (SSF), using non-pretreated water hyacinth biomass as a support (dried, ground, and sieved through a 20 mesh) had the following compositions (g/L): (A) glucose or xylose, 5; (NH4)2SO4, 4.73; KH2PO4, 1.98; MgSO4, 0.25; CaCl2, 0.39; NaCl, 0.13; and FeSO4∙7H2O, 0.091. (B) Glucose or xylose, 30; (NH4)2SO4, 9.46; KH2PO4, 3.96; MgSO4, 0.50; CaCl2, 0.78; NaCl, 0.26; and FeSO4∙7H2O, 0.182.



Two grams of dried water hyacinth (DWH), ranging in size from 0.420 to 0.841 mm, were placed into 250 mL Erlenmeyer flasks and sterilized at 121 °C for 15 min. Then, 150 mL of the sterilized culture medium was inoculated with Penicillium crustosum ABQ1 spores to reach 7.5 × 106 spores per milliliter (for a final concentration of 3 × 107 spores per gram of DWH) and distributed at a rate of 8 mL per flask. This mixture was thoroughly homogenized using a spatula. SSF was performed at 80% w/w of humidity and 30 °C. Two flasks were taken every 24 h. The fermented solids were placed into plastic bags and stored at −20 °C for further analysis.




2.8. Solid-State Fermentation for Cellulase and Xylanase Production Using Penicillium crustosum ABQ1 and a Pretreated Support


The concentrated culture medium for SSF, using pretreated support (DWH), had the following composition (g/L): (NH4)2SO4 30.96, KH2PO4, 12.92; and MgCl2, 1.23.



The dried water hyacinth (DWH) was thermochemically pretreated as follows: 40 g of DWH (with a particle sizes ranging from 0.420 to 0.841 mm) was placed into a plastic bag and 80 mL of H2SO4 0.6 M (w/v) was added and homogenized, applying manual pressure to fully incorporate the acid solution into the DWH. The mixture was placed into a beaker and autoclaved at 121 °C (15 psi) for 20 min following a sudden decompression. After cooling, 40 mL of 2.4 M NaOH solution was added, mixing thoroughly to neutralize the pH. This mixture was referred to as the pretreated support. To investigate the effect of the H2SO4 concentration in the DWH pretreatment on CMCase and xylanase production by SSF, DWH was pretreated using different H2SO4 concentrations (0.2, 0.6, and 1 M) and different NaOH concentrations (0.4, 2.4, and 4 M), respectively, to neutralize them.



For a final concentration of 7.5 × 106 spores per gram of DWH, 40 mL of sterilized concentrated culture medium was inoculated with 3 × 108 spores and added to the pretreated support (160 g). After manual homogenization of the solid mixture, 10 g samples were distributed in 250 mL Erlenmeyer flasks and incubated at 30 °C. Two flasks were removed every 24 h. The fermented solids were placed into plastic bags and stored at −20 °C for further analysis.



Considering the pretreatment that resulted in maximum production of CMCase and xylanase, the effect of the DWH particle size (ranging from 0.841 to 2 mm) and the inoculum size (3 × 107 spores/g DWH) on the CMCase and xylanase production were also studied.




2.9. Assay Techniques


The humidity and dry matter were determined by drying 5 g of fermented solid matter at 100 °C to a constant weight (24 h).



pH was measured by adding 1 g of fermented solid and 10 mL of distilled water into a 50 mL centrifuge tube. The mixture was vigorously stirred for 10 min, and then the pH was measured with a potentiometer (LAQUA, HORIBA Scientific, Kyoto, Japan).



The protein concentration in the enzyme extracts was determined using the Bradford method [46].




2.10. Analysis of Sugars by HPLC


Monosaccharides released by acid-thermal pretreatment of the water hyacinth (after NaOH neutralization) were identified and quantified by high-performance liquid chromatography (HPLC, Waters®, Milford, MA, USA) (Waters 600 system) with refractive index detector model 2414. An Aminex HPX-87P column (BioRad, Dubai, United Arab Emirates) was operated at 80 °C and 0.6 mL/min flux, with HPLC water as the mobile phase. The injection volume was 20 µL. Samples were diluted 1:10 and filtered through a 0.22 µm membrane before being injected. Glucose, xylose, arabinose, galactose, and mannose standards were prepared at 1 g/L.




2.11. CMCase and Xylanases Assays


For the enzymatic assays, a crude extract was prepared as follows: 1 mL of citrate buffer (0.1 M, pH 5.3) was added to 0.3 g of the fermented solid in 2 mL microtubes. The microtubes were shaken vigorously in a vortex for 1 h and then centrifuged at 4500 rpm for 10 min. The supernatants were recovered (enzymatic extracts).



CMCase and xylanase activities were determined by measuring the release of reducing sugars (RS) from carboxymethyl cellulose (CMC) and xylan using the 3,5-dinitrosalicylic acid (DNS) method [47], with glucose and xylose, respectively, as standards. Enzyme activity was determined by mixing 20 μL of appropriately diluted enzymatic extract and 180 μL of a substrate solution (1% w/v CMC or 1% w/v beechwood xylan, dissolved in citrate buffer 0.1 M, pH 5.3) into a glass tube and incubating at 50 °C for 10 min. The reactions were stopped by placing tubes in an ice water bath, adding 50 μL of NaOH 1.6 N and 250 μL of the DNS reagent, and mixing with a vortex after each addition. The tubes were then heated in a boiling water bath for 5 min and cooled down to room temperature; then, 2 mL of distilled water were added to each tube and mixed with a vortex. Optical density was measured at 540 nm using a spectrophotometer (DR/2010, HACH, Loveland, COLO, USA). Controls were prepared with distilled water instead of the enzyme extract. Each reaction was performed in triplicate. One unit (U) of cellulase (CMCase) or xylanase activity was defined as the amount of enzyme that released 1 μmol of RS, corresponding to glucose or xylose, respectively, per minute under the assay conditions.




2.12. Effect of Temperature and pH on the Activity and Stability of CMCase and Xylanases from the Crude Enzymatic Extract of Penicillium crustosum


The activity and stability of CMCase and xylanase as a function of temperature and pH were studied using crude enzymatic extracts obtained from the SSF of Penicillium crustosum ABQ1, with pretreated water hyacinth biomass as the carbon source, support, and inducer. PMSF 1 mM and chloramphenicol 100 ppm were added to each extract. The CMCase and xylanase activities were evaluated at different temperatures (from 5 to 90 °C, with intervals of 5 °C) and pH values (from 3 to 9, with intervals of 0.5). For pH assays, citrate buffer (from 3 to 7) and Tris-HCl (from 7.5 to 9) were prepared at 0.1 mM. Thermostability was tested at 10, 30, 40, 50, 60, and 70 °C, keeping a constant pH at 5.3. The crude enzymatic extract was incubated at the target temperature, taking samples at certain time intervals and assaying residual enzymatic activities (at 50 °C and pH 5.3 for 10 min). Deactivation energies were calculated using the Arrhenius equation, where the slope of the approximately linear part of each curve was considered as the value of k, which represented the rate constant. All assays were performed in triplicate.





3. Results and Discussion


3.1. Isolation and Identification of a Fungal Strain Producing Cellulases and Xylanases


Nine mesophilic fungal strains (at 30 °C) and five thermophilic fungal strains (at 45 °C) were isolated from samples of decaying water hyacinth. Of these, one strain was selected based on its CMCase and xylanase production by solid-state fermentation (results not shown).



Taxonomic identification of Penicillium crustosum ABQ1, isolated from water hyacinth collected from the shore of Lake Chapala, was performed by sequencing the amplified products of ITS1, ITS2, and 5.8S rDNA. A sequence of 610 bp from the ribosomal ITS region of P. crustosum ABQ1 was closely related to other P. crustosum strains (99.8% of similarity), according to the NCBI database. This sequence was deposited in GenBank under the accession number NR_077153.1. In addition, a neighbor-joining phylogenetic tree was created based on the alignment of sequences from the ribosomal genes of several Penicillium species obtained from the GenBank NCBI database, with the assistance of the MEGA v. 6.0 software (Figure 1) [44].




3.2. Characterization of the Radial Growth Rate of P. crustosum ABQ1


P. crustosum ABQ1 was grown on Petri dishes containing potato dextrose agar at different incubation temperatures to characterize its growth rate as a function of temperature. In Figure 2, it can be noted that P. crustosum ABQ1 was able to grow at low temperatures. Measurements of hyphal extension rates (radial growth rate) indicated that this fungal strain can be considered as psychrotolerant, since it is capable of growing at 5 °C [48]. The radial growth rate, measured at 5 °C (62 μm/h), corresponded to 35% of the maximum radial growth rate reached at 25 °C (177 μm/h). Additionally, the activation and deactivation energies of 535.63 J/mol and 4887.63 J/mol, respectively, were calculated using the Arrhenius equation.




3.3. Cellulase and Xylanase Production of P. crustosum ABQ1 by Solid-State Fermentation (SSF), Using Glucose and Xylose as Starters for Fungal Growth


To promote initial fungal growth, P. crustosum ABQ1 was cultured on SSF, using glucose and xylose as carbon sources at two impregnating culture medium concentrations (5 and 30 g/L). It is worth noting that (i) natural water hyacinth biomass (non-pretreated) was used as the main carbon source, support for SSF, and inducer for cellulase and xylanase synthesis; and (ii) the culture medium with a high monosaccharide concentration (30 g/L) contained twice the concentrations of the other components of the culture medium with respect to the culture medium with a low monosaccharide concentration (5 g/L).



Cellulases (CMCase) and xylanases were simultaneously produced by P. crustosum ABQ1 cultured on SSF. Using glucose or xylose as the starter for fungal growth, the maximum level of enzyme production was achieved between 24 and 48 h of culture (Figure 3). Glucose was a suitable carbon source with which to initiate fungal growth and then to promote the synthesis of CMCase and xylanase. Both glucose concentrations were equally convenient to promote enzyme synthesis. On the other hand, xylose at a concentration of 30 g/L more effectively stimulated CMCase and xylanase production, while with xylose at 5 g/L, xylanases were barely produced and CMCase was not produced. After 72 h, xylanase activity decreased gradually over the culture time, while CMCase activity declined more rapidly.



For SSF, when xylose at 5 and 30 g/L and glucose at 5 g/L were used, reducing sugars were gradually consumed and, by the end of the cultures, the sugars were almost depleted. On the other hand, with glucose at 30 g/L, the reducing sugars were partially consumed, which revealed that the rate of consumption of sugars by P. crustosum ABQ1 was lower than the rate of release of sugars due to hydrolysis of the water hyacinth biomass by the action of cellulolytic and xylanolytic enzymes synthesized by the fungus during SSF (Figure 3c).



The maximum activity levels of CMCase produced by P. crustosum ABQ1 were 28.43 and 30.93 U/g dry water hyacinth (DWH), obtained at 5 and 30 g/L of glucose, respectively; while the maximum activity levels of xylanases were 86.35 and 113.46 U/g DWH, obtained at 5 and 30 g/L of glucose, respectively. Both enzyme productions were comparable to values reported by other researchers using SSF [49,50,51,52,53].




3.4. Cellulase and Xylanase Production of P. crustosum ABQ1 by Solid-State Fermentation (SSF) Using Chemically Pretreated Water Hyacinth Biomass as the Support, Carbon Source, and Inducer


Pretreatment of lignocellulosic biomass is a strategy to reduce its recalcitrant nature and to make cellulose an inducible feedstock for cellulase synthesis. This pretreatment promotes lignin separation and hemicellulose hydrolysis, and reduces cellulose crystallinity, to expose the maximum cellulose content to microorganisms [54]. In order to make the acid pretreatment more efficient [31], the water hyacinth biomass was ground to reach fine particle sizes (from 0.420 to 0.841 mm).



Three acid-thermal pretreatments were applied to water hyacinth biomass at the following H2SO4 concentrations: 0.2, 0.6, and 1 M. These pretreatments were performed at 121 °C for 20 min. Once the reactions were completed, NaOH was added to the pretreated biomasses at quantities sufficient to raise the pH to 6.5.



P. crustosum ABQ1 was cultured by SSF using an inoculum size of 7.5 × 106 spores/g DWH and a chemically pretreated water hyacinth biomass as the support, carbon source, and inducer for cellulase and xylanase synthesis. For SSF, the culture medium was modified as follows: monosaccharides, trace elements, CaCl2, NaCl, and FeSO4 were eliminated. Thus, the components of the impregnating culture medium were reduced to only three inexpensive chemical compounds: (NH4)2SO4, KH2PO4, and MgCl2.



As shown in Figure 4a,b, the maximum production of cellulases (CMCase) and xylanases (142.89 and 574.86 U/g DWH, respectively) increased with SSF using water hyacinth biomass pretreated at 0.2 M H2SO4 when compared to the enzyme productions obtained for the best SSF performed with non-pretreated water hyacinth biomass (natural WH). Nevertheless, the enzyme production levels were astoundingly augmented in SSF when water hyacinth biomass was pretreated with 0.6 M H2SO4. In fact, CMCase and xylanase production increased to reach maximum values of 647.51 and 4257.35 U/g DWH, respectively, after 96 h of culture. These spectacular values of enzymatic activities are among the highest values reported to date [31,32,55]. Our enzymatic production levels compared to other works using Penicillium species cultured on SSF are even more outstanding. For instance, a mutant strain of P. oxalicum achieved 70 and 850 U/gds of CMCase and xylanase activity, respectively, with alkali-peroxide-pretreated sugarcane bagasse. P. purpurogenum produced 1097 U/gds of xylanase activity with alkali-pretreated corn cobs. P. echinolatum produced 282.36 and 10 U/gds of cellulase and xylanase activity, respectively, with a mixture of pretreated sugar cane bagasse and wheat bran. P. citrinum NCIM 768, when co-cultured with Trichoderma reesei NCIM 1186, produced 6.71 FPU/gds with steam-pretreated wheat bran [40,56,57,58].



Remarkably, for longer culture times, the enzymes production remained relatively constant, without any apparent loss of enzyme activities. These massive enzyme productions could be related to the availability of monosaccharides (as carbon sources) released during the acid hydrolysis of the water hyacinth biomass, but they could also be related mostly to the release of oligosaccharides, which function as the true inducers of the cellulase and xylanase synthesis [59,60]. On the other hand, for the SSF, using water hyacinth biomass pretreated at 1 M H2SO4, the maximal production of CMCase and xylanase decreased (68.36 and 379.34 U/g DWH, respectively).



Even though high monosaccharide concentrations were released during the acid pretreatment with H2SO4 1 M, the concentration of oligosaccharides was reduced compared to that reached with the 0.6 M concentration (Table 1), which could be the reason for the decreased synthesis of enzymes. Another reason that cannot be ignored is that various microbial growth inhibitors (mainly weak acids, furan derivatives, and phenolic compounds) could be generated, as the acid pretreatment was more severe. Indeed, regarding water hyacinth biomass pretreatment at 1 M H2SO4, less abundant fungal growth was perceived during SSF compared to the fungal growth achieved with 0.6 M H2SO4 pretreatment (results not shown).



As the sulfuric acid concentration increased in the pretreatment to which the water hyacinth biomass was subjected, the hemicellulose was increasingly hydrolyzed. Indeed, the released reducing sugar (Figure 4d, at the beginning of fungal culture), monosaccharide (arabinose, xylose, and galactose), and oligosaccharide concentrations increased. Table 1 shows the percentage of each liberated sugar, as determined by HPLC, related to each H2SO4 concentration used in the pretreatment. The monosaccharides and oligosaccharides released from the WH biomass allowed for an easy assimilation of fungal growth during SSF and a notoriously improved enzyme production level.



In Figure 4d, it can be appreciated, at the beginning of the fungal culture, that, the thermochemical pretreatment applied to WH biomass released more reducing sugars (RS) as the H2SO4 concentration was increased. The RS released after pretreatments at 0.2, 0.6, and 1 M H2SO4 were 37.37, 95.46, and 252.42 mg RS/g DWH, respectively. Since the RS concentrations remained relatively constant during the SSF using the three pretreated biomasses, it could be assumed that the enzymatic hydrolysis rates of polysaccharides (cellulose and hemicellulose) from the WH-pretreated biomass were higher than the fungal consumption rates of RS.



On the other hand, protein production during SSF seemed to be related to enzyme production (Figure 4c). Therefore, it could be considered a good indicator of CMCase and xylanases production during the SSF of P. crustosum ABQ1. It is worth noting that the pH remained relatively constant (7 ± 0.5), suggesting that high concentrations of organic acids were not produced during the SSF (Figure 4e).




3.5. Effects of the Particle Size of Water Hyacinth-Pretreated Biomass and the Inoculum Size on Cellulase and Xylanase Production


Taking into consideration, the best result obtained regarding the enzyme production (pretreatment of water hyacinth biomass with H2SO4 0.6 M and 121 °C for 20 min, a particle size range of WH biomass of 0.42 to 0.841 mm, and an inoculum size of 7.5 × 106 spores/g DWH), the effects of a WH biomass particle size range of 0.841 to 2.00 mm and an inoculum size of 3 × 107 spores/g DWH on cellulose and xylanase production were explored (Figure 5). For the study of the inoculum size, a WH biomass particle size range of 0.420 to 0.841 mm was selected, while for the particle size study, an inoculum size of 7.5 × 106 spores/g DWH was chosen.



As can be observed in Figure 5, the maximum productions of cellulases (CMCase) and xylanases (at 96 h) decreased for a WH biomass particle size of 0.841 to 2.00 mm (75.69 and 1568.48 U/g DWH, respectively) and for an inoculum size of 3 × 107 spores/g DWH (170.79 and 1515.34 U/g DWH, respectively) when compared to those values obtained for the SSF performed at 7.5 × 106 spores/g DWH and 0.420 to 0.841 mm (Figure 4, WH-pretreated biomass with H2SO4 0.6 M). These results reveal the importance of using a fine particle size to improve heat transport in the WH biomass during pretreatment and, thus, to facilitate the hydrolysis of the lignocellulosic matrix. Additionally, smaller particle sizes provide a larger surface and better support for fungal growth on SSF, as well as superior gas and heat exchange [61].



Furthermore, the reduction in enzyme production, which was obtained at high spore concentration of P. crustosum ABQ1 (3 × 107 spores/g DWH) and used to inoculate the SSF, might be attributed to poor germination due to high spore density. As was previously reported by Gillot et al. [62], the spore germination of P. camemberti is self-regulated by quorum sensing, with 1-octanol as the main volatile compound produced at a high spore density. These researchers found that an inoculum size of 1 × 106 spores/mL led to a germination percentage of around 100%, while at 1 × 108 spores/mL, germination was almost negligible. The inoculum sizes used in this work were 7.5 × 106 and 3 × 107 spores/g DWH, which correspond to 1.87 × 106 and 7.50 × 106 spores/mL of culture medium impregnated in the dry water hyacinth, respectively.




3.6. Effects of Temperature and pH on Cellulase and Xylanase Activity and Stability Using the Crude Enzymatic Extract of P. crustosum ABQ1


The effects of incubation temperature and pH on the activity and thermostability of CMCase and xylanase were studied using the crude enzymatic extract of P. crustosum ABQ1, which was obtained by SSF with chemically pretreated water hyacinth biomass as the support, carbon source, and inducer. Figure 6a shows optimum temperatures of 55 and 50 °C for CMCase and xylanase activities, respectively, while Figure 6b shows a plateau of optimum pH around 5 ± 0.5 for both types of enzyme activities. The calculated values of activation and deactivation energies were 344.82 and 1285.47 J/mol and 533.47 and 1512.06 J/mol for CMCase and xylanase activities, respectively.



The thermostability of P. crustosum ABQ1 enzyme extract, obtained during SSF with water hyacinth-pretreated biomass, is shown in Figure 7. At 10 and 30 °C, the xylanase activity was largely stable, while CMCase lost 8 and 62% of its activity after 200 h, respectively. Regarding the thermostabilities at 40, 50, 60, and 70 °C, CMCase and xylanase showed the following half-lives: 23.52, 12.61, 0.71, and 0.04 h; and 6.45, 2.37, 0.27, and 0.02 h, respectively. The deactivation energy values for CMCase and xylanase were 2008.66 and 2736.44 J/mol, respectively (Figure 7).



It is worth noting that the crude enzymatic extract is active and thermostable at low temperatures, which coincides with the low incubation temperatures that favor the growth of P. crustosum ABQ1 (Figure 2). Work is ongoing to use the P. crustosum ABQ1 enzyme extract in the simultaneous saccharification of lignocellulosic residues (mostly WH) and alcoholic fermentation with mesophilic yeasts.





4. Conclusions


Penicillium crustosum ABQ1 was newly isolated from Chapala Lake in Jalisco, Mexico, showing to be a promising and efficient CMCase and xylanase producer under solid-state fermentation.



Water hyacinth (WH) is a cost-effective substrate which can also be used as a support for solid-state fermentation, as well as an inducer for cellulase and xylanase synthesis.



The thermochemical pretreatment of the water hyacinth biomass promoted hemicellulose hydrolysis and provided mono- and oligo-saccharides to encourage fungal growth and enzyme production, as well as an enhanced accessible surface area for solid-state fermentation (SSF).



A low-cost solid culture medium was formulated based on WH-pretreated biomass impregnated with a saline solution containing only (NH4)2SO4, KH2PO4, and MgCl2.



The maximum CMCase and xylanase production levels of P. crustosum cultured on SSF were obtained using the WH-pretreated biomass with H2SO4 0.6 M and 121 °C for 20 min. The simultaneous CMCase and xylanase production levels reached in this work after 96 h of culture (647.51 and 4257.35 U/g DWH, respectively) are among the highest values ever reported.



Lower levels of inoculum concentration (7.5 × 106 spores/g DWH) and smaller particle sizes of WH-pretreated biomass (0.42 to 0.841 mm) favored CMCase and xylanase production.



CMCase and xylanase showed maximum activity levels at 55 and 50 °C, respectively, and maximum activity levels at pH values around 5 ± 0.5 for both types of enzyme activities. In regard to the thermostability levels at 40, 50, 60, and 70 °C, CMCase and xylanase showed the following half-lives, respectively: 23.52, 12.61, 0.71, and 0.04 h; and 6.45, 2.37, 0.27, and 0.02 h.



Thus, the results indicated that Penicillium crustosum ABQ1 is an outstanding producer of cellulase and xylanase under SSF conditions when a very cheap and highly available substrate, support, and inducer is employed, i.e., the water hyacinth, which is considered to be a weed that is harmful to the environment.
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Figure 1. Phylogenetic tree constructed from sequences of regions ITS1-5.8S-ITS2 of Penicillium crustosum ABQ1, compared to sequences of other fungal strains from the GenBank NCBI database. The Aspergillus niger strain was used as the outgroup. The names of fungal species are supplemented with the GenBank accession number. The scale represents 0.01 substitutions per nucleotide position, and bootstrap values are based on 500 replicates. 
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Figure 2. Effect of incubation temperature on the radial growth rate of Penicillium crustosum ABQ1. The error bars represent the standard deviation (n = 3), but are not shown when they are smaller than the symbols. 
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Figure 3. Kinetics of cellulase (CMCase) (a) and xylanase (b) production, as well as reducing sugars consumption (c) of P. crustosum ABQ1, on solid-state fermentation using culture media containing glucose 5 ([image: Fermentation 09 00660 i001]) and 30 ([image: Fermentation 09 00660 i002]) g/L, or xylose 5 ([image: Fermentation 09 00660 i003]) and 30 ([image: Fermentation 09 00660 i004]) g/L. Data represent the mean and the standard deviation of three assays. 
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Figure 4. Kinetics of cellulases (CMCase) (a) and xylanases (b), protein production (c), sugar consumption (d), and pH (e) of P. crustosum ABQ1 cultured on SSF. Water hyacinth biomass was subjected to three acid-thermal pretreatments using H2SO4 solutions at 0.2 M ([image: Fermentation 09 00660 i001]), 0.6 M ([image: Fermentation 09 00660 i004]), and 1 M ([image: Fermentation 09 00660 i005]), and heated at 121 °C for 20 min. The dry water hyacinth (DWH)-pretreated biomass was used as the carbon source, support, and inducer for the synthesis of the enzymes. Data represent the means and the standard deviations of three assays. 
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Figure 5. Kinetics of cellulase (CMCase, [image: Fermentation 09 00660 i001]) and xylanase ([image: Fermentation 09 00660 i004]) production of P. crustosum ABQ1 cultured on SSF, using a WH biomass particle size range of 0.841 and 2.00 mm (a) and an inoculum size of 3 × 107 spores/g DWH (b). WH biomass was pretreated (at H2SO4 0.6 M and 121 °C for 20 min) and used as the carbon source, support, and inducer for the synthesis of the enzymes. Data represent the means and the standard deviations of three assays. 
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Figure 6. Effects of temperature (a) and pH (b) on the hydrolytic activity of P. crustosum enzymatic extract, obtained from SSF with WH-pretreated biomass. Cellulase (CMCase, [image: Fermentation 09 00660 i001]) and xylanase ([image: Fermentation 09 00660 i004]) activities were measured at different temperatures (from 5 to 90 °C) and pH values (from 3 to 9). Data represent the means and the standard deviations of three assays. 
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Figure 7. Thermostability of cellulase (CMCase, (a,b)) and xylanase (c,d) of P. crustosum ABQ1 enzyme extract, obtained during SSF with WH-pretreated biomass. The evaluated incubation temperatures were 10 ([image: Fermentation 09 00660 i001]), 30 ([image: Fermentation 09 00660 i004]), 40 ([image: Fermentation 09 00660 i005]), 50 ([image: Fermentation 09 00660 i006]), 60 ([image: Fermentation 09 00660 i007]), and 70 ([image: Fermentation 09 00660 i008]) °C. The pH was set at 5.3. The residual enzyme activity was assayed at pH 5.3 and 50 °C. The error bars represent the standard deviation (n = 3), but are not shown when they are smaller than the symbols. 
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Table 1. Percentages of released sugars assayed by HPLC after subjecting the water hyacinth biomass to acid-thermal pretreatments at three concentrations of sulfuric acid (0.2, 0.6, and 1 M).
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H2SO4 Concentration




	
Sugars

	
0.2 M

	
0.6 M

	
1 M






	
Oligosaccharides

	
92.87 ± 1.84

	
97.22 ± 3.09

	
88.24 ± 0.28




	
Glucose

	
ND

	
0.13 ± 0.01

	
0.18 ± 0.01




	
Xylose

	
0.17 ± 0.15

	
0.29 ± 0.08

	
2.12 ± 0.02




	
Galactose

	
0.95 ± 0.15

	
0.57 ± 0.04

	
1.62 ± 0.03




	
Arabinose

	
6.01 ± 2.15

	
7.90 ± 3.05

	
7.84 ± 0.25








ND: Not detected. The thermal pretreatment consisted of a heating temperature of 121 °C for 20 min. Data represent the mean and the standard deviation of three assays.
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