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Abstract

:

During our search for ethanol-producing basidiomycete fungi for a wide range of substrates, we isolated Phlebia acerina, which is a white rot basidiomycete fungus. It favorably converted starch into ethanol with approximately 70% yield. Although the yield decreased as the starch concentration increased, growth and fermentation were observed even at 200 g/L of starch. P. acerina produced ethanol from glucose, galactose, mannose, xylose, cellobiose, and maltose with 93%, 91%, 86%, 72%, 92%, and 68% yields, respectively. Additionally, P. acerina, which secreted xylanase and xylosidase, was capable of assimilating xylan and directly converting it to ethanol with a yield of 63%. Furthermore, P. acerina produced ethanol directly from acorns, which are plant fruits containing starch and tannins, with a yield of 70%. Tannin delayed mycelia growth, thus prolonging ethanol production; however, this did not particularly affect the yield. These results were similar to those of fermentation in a medium with the same amounts of starch and tannin as the target crop acorn, thus suggesting that P. acerina could successfully produce environmentally friendly ethanol from starch-containing lignocellulosic biomass, unlike previously reported ethanol-producing basidiomycete fungi.
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1. Introduction


The Earth’s atmosphere contains traces of greenhouse gases (GHGs), such as carbon dioxide, methane, nitrous oxide, and chlorofluorocarbons, all of which absorb and re-emit infrared radiation. Infrared radiation emitted from the surface of the earth is trapped in the atmosphere as heat and is returned to the surface of the earth, thereby warming the atmosphere near the surface of the earth and maintaining an environment conducive for living for various organisms. However, increase in the atmospheric GHG concentration increases the surface temperature of the earth excessively. This is a major cause of global warming. Since the Industrial Revolution of the 18th century, use of fossil fuels, such as coal, oil, and natural gas, has increased exponentially to support global economic growth, thereby rapidly increasing GHG emissions [1]. Fossil fuels are common energy sources for daily consumption, but recently, efforts have been made worldwide to reduce GHGs to reduce the rate of global warming. The International Council on Clean Transportation has suggested that fossil fuels should be replaced with low-carbon alternative energy sources, such as solar, wind, and biofuels.



Carbon dioxide released during bioethanol burning is absorbed by plants that serve as raw materials for bioethanol, and is an energy source for plants during photosynthesis. Bioethanol is a carbon-neutral renewable fuel that does not emit toxic substances such as those emitted during fossil fuel burning, and can continuously generate energy. Bioethanol production from crops, such as corn and sugarcane, has been practically applied; however, concerns regarding potential food shortages due to the exponentially growing population have shifted the focus to ethanol production from inedible plant materials such as grass, trees, and used paper.



To ensure environmental conservation, food production and economic growth are balanced through bioethanol production using recombinant microorganisms that are designed to ferment different sugars produced from hydrolysis of inedible starchy or lignocellulosic materials [2,3,4,5].



Hemicelluloses are a heterogeneous class of polymers representing 15–35% of lignocellulosic biomass, and contain pentoses (β-D-xylose and α-L-arabinose), hexoses (β-D-mannose, β-D-glucose, and α-D-galactose), and/or uronic acids (α-D-glucuronic, α-D-4-O-methylgalacturonic, and α-D-galacturonic acids) [6,7,8]. Xylan, a heteropolymer consisting of β-1,4 bonds of xylose that partially contains uronic acid and arabinose, is the main component of hemicelluloses. The use of xylan, which consists of C5 sugars, is also important when considering ethanol production from lignocellulosic resources. Two main enzymes are involved in xylan degradation: endo-1,4-β-xylanase (EC 3.2.1.8), which randomly cleaves the main chain of xylan to produce xylooligosaccharides, and β-xylosidase (EC 3.2.1.37), which directly hydrolyzes non-reducing ends of xylan and xylooligosaccharides to xylose [9]. Acquiring and fermenting xylose by hydrolysis and fermenting xylan with a recombinant microorganism having exogenous endoxylanase and β-xylosidase genes are major methods of ethanol production from xylan [10,11,12].



Acorns, fruits belonging to the Fagaceae family, grow naturally in mountainous regions, and comprise starch, phenolic compounds, fatty acids, protein (gluten free), fiber, and ash. They are edible and exhibit a bitter taste because of tannins, which are plant poly phenolic compounds. Recently, acorns have been gaining attention as a cost-effective and sustainable food resource [13,14,15]. Lithocarpus edulis is a fast-growing and durable tree that does not require heavy maintenance and is resistant to sea breezes, diseases, and desiccation. It is a common roadside tree planted in urban areas. However, the acorns falling from L. edulis are collected as waste and incinerated. Tannins, which are structurally similar to catechins, exhibit strong antibacterial properties [16]. Several studies on butanol, ethanol, and citric acid production from acorn starch have been reported, but these studies focus on methods to remove tannins, which inhibit fermentation through pretreatment [17,18,19,20,21].



Basidiomycete fungi are forest decomposers exhibiting lignocellulosic decomposing ability, while some, such as yeast, exhibit fermentability and can produce ethanol from lignocellulosic biomass [22,23,24,25,26]. Furthermore, several studies have focused on the fermentability of wild basidiomycete fungi and revealed that ethanol can be produced from unused resources, such as rice straw, wheat bran, kitchen waste, whey, and expired milk [27,28,29,30,31,32,33]. Since these bioethanol production methods do not use recombinant microorganisms, they are environmentally friendly and can be used for regional on-site production.



Our investigation on the ethanol fermentability of wild basidiomycete fungi has resulted in the isolation of a new strain belonging to the genus Phlebia that exhibits interesting fermentation properties compared with previously reported ethanol-producing basidiomycete fungi. Therefore, in this study, we aimed to conduct a detailed examination on the fermentability of the recently isolated mushroom strain, Phlebia acerina, on various raw materials, such as xylan and acorns.




2. Materials and Methods


2.1. Microorganisms and Culture Conditions


Phlebia acerina SF23754, isolated in the Tottori Prefecture, Japan, was grown on 1.5% agar plates consisting of malt extract–yeast extract–glucose (MYG) medium (10 g/L malt extract, 4 g/L yeast extract, and 4 g/L glucose). The strain was identified using standard morphological and biochemical analyses, at TechnoSuruga Laboratory Co., Ltd. (Shizuoka, Japan), and by sequencing the 28S rDNA D1/D2 domain and the internal transcribed spacer (ITS) region within 5.8S rDNA. According to the morphological, biochemical, and phylogenetic analyses, SF23754 was identified as P. acerina. Other basidiomycete fungi used in this study were preserved strains acquired from the Fungus/Mushroom Resource and Research Centre of Tottori University (Tottori, Japan), except for Trametes versicolor KT9427 [31] and Peniophora sp. YM5314 [32].



The strains were grown on MYG agar plates for 5–14 d; subsequently, three 0.5 cm2 pieces of the mycelia were inoculated into a 500 mL Erlenmeyer flask containing 100 mL of medium (10 g/L yeast extract and 20 g/L of the test carbon source, without pH adjustment). The cultures were incubated at 30 °C on a rotary shaker (BR-23FP·MR, Taitec Corp., Saitama, Japan) at 120 rpm. Each experiment was performed in triplicate.



Soluble starch (Nacalai Tesque, Inc., Kyoto, Japan) was used only when investigating changes in concentration, whereas corn starch (Nacalai Tesque, Inc., Kyoto, Japan) was used in the other experiments. To investigate the effect of starch concentration on ethanol production, a medium was prepared by adding 50–200 g/L soluble starch to 10 g/L yeast extract, autoclaved, inoculated with mycelia, and cultured with shaking at 30 °C. Xylan derived from corn core (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan), which is cheaper and more readily available than that derived from trees, was used as the fermentation substrate. To investigate the effect of ethanol production on xylan concentration, a medium was prepared by adding 20–100 g/L starch to 10 g/L yeast extract, autoclaved, inoculated with mycelia, and cultured with shaking at 30 °C. The acorns used in this study were collected from L. edulis, which possess acorns with low tannin levels. Acorn shells were removed, and acorn kernels were crushed and finely ground in a mortar. The acquired acorn powder, which contained approximately 60% starch, approximately 1% tannins, and other trace proteins, fats, etc., was prepared for experimentation. The culture medium used for investigating ethanol production from acorn comprised 10 g acorn powder and 90 mL water in a 500 mL Erlenmeyer flask, without pH adjustment. The prepared media were sterilized in an autoclave at 121 °C for 15 min prior to use.




2.2. Enzyme Activity Assays


Endo-1,4-β-xylanase and β-xylosidase activities were measured using Ramazol Brilliant Blue R-D-Xylan and 4-Nitrophenyl β-D-xylopyranoside (Sigma-Aldrich, St. Louis, MO, USA), respectively [34]. Furthermore, the activities of α-amylase, α-glucosidase, and glucoamylase in culture filtrates during fermentation of starch and acorn were assayed using commercial kits from Kikkoman Corp. (Chiba, Japan).




2.3. Analytical Methods


Ethanol and residual sugar concentrations in culture filtrates were determined using the Prominence high-performance liquid chromatography (HPLC) system (Shimadzu Corp., Kyoto, Japan) equipped with an RID-10A refractive index detector (Shimadzu) and a Shodex KS-801 column (8.0 mm × 300 mm; Showa Denko Co., Ltd., Tokyo, Japan) operating at 80 °C with a mobile phase of distilled water at a flow rate of 0.6 mL/min. The theoretical ethanol yield was 0.51 g ethanol/g monosaccharide and 0.54 g ethanol/g disaccharide, whereas it was 0.57 g ethanol/g polysaccharide when xylan or starch was used as the only carbon source. Total phenolic content was measured by the Folin–Ciocalteu method [35].





3. Results and Discussion


3.1. Selection of Starch-Fermenting Strain


Using T. versicolor KT9427 and Peniophora sp. YM5314, which showed excellent starch fermentability in our previous studies [31,32], as indicators, the fermentability of 15 strains that showed relatively good growth in a medium containing 20 g/L of starch was compared. The ethanol-producing yield of P. acerina SF23754 strain was the highest among the studied strains after 144 h of cultivation (Figure 1). Therefore, it represented an excellent starch-fermenting basidiomycete fungus and thus, was used for further investigation.




3.2. Effect of Starch Concentration on Mycelial Growth and Ethanol Production


The effect of increasing starch concentrations on mycelial growth and ethanol production was investigated, during which saccharification treatment, such as enzyme addition, was not performed. Consequently, growth was observed up to 200 g/L of starch, and ethanol concentrations acquired in 50, 100, 150, and 200 g/L starch were 21, 39, 46, and 47 g/L, respectively, whereas the ethanol yields per added gram of starch were 74%, 68%, 54%, and 41%, respectively (Figure 2a–d). However, the ethanol conversion rate per sugar consumed was almost the same, and the ethanol yield per sugar tested decreased as the starch concentration increased, which in turn was influenced by the tolerance to ethanol concentration. High glucose amounts were detected during fermentation according to the tested starch concentrations. Furthermore, when the starch concentration was 100 g/L or more, the ethanol yield decreased as the concentration increased. Nonetheless, mycelial growth and ethanol production were observed up to 200 g/L, which was the concentration range in which the test was conducted. Therefore, the naturally occurring basidiomycete fungus, P. acerina SF23754, exhibited relatively strong sugar resistance and excellent ethanol production ability from starch, which was comparable with the yield acquired by recombinant Saccharomyces cerevisiae integrated with α-amylase and glucoamylase genes [36].




3.3. Fermentability of Phlebia acerina SF23754 in Different Sugars


The fermentability performance of P. acerina SF23754 was investigated in a culture medium supplemented with monosaccharide glucose, galactose, mannose, and xylose as the only carbon sources. Subsequently, each sugar except xylose was almost consumed within 72 h (Figure 3a–d), after which the maximum ethanol concentrations of 9.5, 9.3, 8.8, and 7.3 g/L, which corresponded to ethanol yields of 0.48, 0.47, 0.44, and 0.40 g ethanol per g sugar consumed for glucose, galactose, mannose, and xylose, respectively, were observed. However, the fungus did not grow well on arabinose, which is a C5 sugar the same as xylose, and thus, ethanol was not produced (data not shown). Thus, P. acerina SF23754 effectively fermented monosaccharides and produced ethanol not only from hexose sugar but also from pentose sugar. When the strain SF23754 was cultured on a medium containing disaccharides cellobiose and maltose, the carbon sources were gradually decomposed, with maximum ethanol concentrations of 9.9 and 7.3 g/L, respectively, acquired after complete consumption of the sugars at 144 h and 192 h, respectively (Figure 4a,b). The observed ethanol yields of 0.50 g and 0.37 g ethanol per g sugar consumed for cellobiose and maltose, respectively, demonstrated that P. acerina SF23754 effectively converted both the sugars to ethanol.



In contrast, P. acerina SF23754 fermented starch in the abovementioned fermentation tests but its fermentability for maltose was unexpectedly low. To further confirm this observation, fermentability for maltose was investigated at different concentrations; however, compared with cellobiose, the mycelia growth and ethanol yield was low (0.26 and 0.43 g/g at 10 and 30 g/L, respectively). The sensitivity to maltose may be high only during the early stage of mycelial growth, as fermentability is not affected by maltose once the mycelia have reached a certain growth stage. This result slightly differs from observations in previously isolated fermentable basidiomycete fungi [31,32].




3.4. Direct Ethanol Production from Xylan


As described above, P. acerina SF23754 efficiently converted xylose to ethanol. Therefore, we investigated the mycelia growth and xylan fermentability. When cultured in a medium containing 20, 50, and 100 g/L of xylan, sufficient growth was observed similar to the observations in the medium containing xylose (Figure 5a–c). Significant amounts of xylobiose, xylotriose, and xylooligosaccharides were released during fermentation, and they increased depending on the xylan concentration. Subsequently, the released compounds were consumed as the culture progressed. Conversely, xylose was almost undetected irrespective of the concentration of xylan, which was probably consumed rapidly by the cells. The ethanol concentrations in 20, 50, and 100 g/L of the xylan medium were 7.2, 17, and 21 g/L, respectively, and the yields per added amount of xylan were 63%, 60%, and 37%, respectively. The values represent the yields for the xylan amounts added, and not the xylan amount consumed. This conversion rate from xylan to ethanol was higher than various genetically modified microorganisms, such as recombinant Klebsiella oxytoca and recombinant xylan-fermenting S. cerevisiae strains [10,11,12]. Recombinant microorganisms reportedly showed a maximum ethanol yield of 54% per sugar consumption, but only a part of the added xylan was converted to ethanol, while most remained unutilized. This could possibly be because catabolite repression of the produced xylose suppresses the decomposition of xylan, xylooligosaccharide, and xylobiose, and a rate-determining factor exists for xylose uptake. P. acerina SF23754 converted xylan almost completely to ethanol at 20–50 g/L of xylan. At 100 g/L of xylan, approximately 30 g/L of xylobiose accumulated with almost no consumption, along with xylotriose. Ethanol fermentation of xylan by members of the genus Phlebia was recently reported by Kamei et al. [37]; the highest ethanol yield (47%) was observed in a static culture of P. ludoviciana HHB9640 strain grown in 20 mL of a medium containing 20 g/L of xylan. Therefore, based on the medium volume and ethanol yield, P. acerina SF23754 produced ethanol more efficiently than P. ludoviciana HHB9640, although there were some differences in the culture methods.



Changes in the endo-1,4-β-xylanase and β-xylosidase activities during fermentation are shown in Figure 5d–f. Almost no difference was observed in the endo-1,4-β-xylanase activity with varying medium concentrations, and high activity was observed at the initial stage of culture. Contrastingly, the β-xylosidase activity increased over time at all medium concentrations, but decreased as the xylan concentration increased. P. acerina SF23754 consumed xylose in the medium completely up to 50 g/L (data not shown), indicating its relative resistance to xylose. Accordingly, the decrease in ethanol production and yield by this fungus could be related to the decrease in β-xylosidase secretion associated with xylan concentration, which was affected by xylobiose generation when xylan decomposition increased in the medium at a specific concentration.



The above results indicated that a balanced production of these enzymes in P. acerina SF23754 resulted in good growth and relatively high ethanol yield at approximately 50 g/L of xylan. Thus, the abovementioned fermentation profiles indicated that P. acerina SF23754 could directly produce ethanol from xylan by simultaneous saccharification and fermentation without any pretreatment or additional enzymes.




3.5. Direct Ethanol Production from Acorn


In the above tests, P. acerina SF23754 exhibited high fermentability for starch. Therefore, we studied acorns as a representative of plant biomass. Acorn powder added to water at a concentration of 10% (w/w) served as a medium without a nitrogen source. The powder dissolved poorly in the medium after autoclaving. This medium was compared with a medium containing the same concentration of starch (60 g/L), and a double medium containing the same concentration of starch (60 g/L) and the same concentration of tannic acid (1 g/L), in which 10 g/L yeast extract was added as a nitrogen source.



In the medium containing 1 g/L of tannic acid, ethanol production was initiated late by approximately 6 d as compared with the control medium without tannic acid, but the concentrations of the ethanol produced in both the mediums were 24 g/L, and the yields per added starch were 70%, thus indicating no differences (Figure 6a,b). This implied that the increase of mycelia in the early stage of growth was suppressed by tannic acid and caused a lag, but no significant effect was observed after the mycelia had grown to some extent, that is, 1 g/L of tannic acid had no significant effects on the conversion of starch to ethanol in P. acerina SF23754, except for growth retardation. The residual tannic acid in the medium was lower than in the initial stage, suggesting partial decomposition of tannin by P. acerina SF23754. A delay in growth and fermentation was reported following the addition of 1 g/L of tannin to the glucose medium in S. cerevisiae; however, the ethanol yield remained unaffected [20].



In contrast, the early stage of mycelial growth in P. acerina SF23754 was affected and showed prolonged ethanol production in a medium containing 10 g/L acorn powder. The medium, which was initially gelatinous, gradually turned into a liquid, and its turbidity gradually cleared as fermentation progressed. Subsequently, the amount of tannin in the medium was lower than before fungal inoculation. Additionally, the antioxidant activity measured by the DPPH radical assay in the culture filtrate gradually decreased over time, and tannin was assumed to have decomposed during P. acerina SF23754 fermentation (data not shown). The fungus produced a maximum of 24 g/L of ethanol from acorn powder and directly converted approximately 70% of the theoretical yield per added acorn powder (Figure 6c). Ethanol production in the medium containing 10 g/L of acorn powder was almost the same as that in the medium containing 60 g/L of starch and 1 g/L of tannic acid. Ethanol production by S. cerevisiae was reported, in which fermentation was conducted using acorn flour saccharified with α-amylase and glucose amylase with supplements added; subsequently, an ethanol yield of 69% was acquired. Furthermore, when tannin was removed, the maximum ethanol yield was 88% [18]. In P. acerina SF23754, the ethanol yield was 70% only from raw acorn powder without saccharification treatment, supplementation with yeast extract, and tannin removal treatment. However, when corn steep liquor was added to the acorn powder as a nitrogen source, the ethanol yield increased by more than 10% (data not shown). Thus, P. acerina SF23754 exhibited a relatively high conversion ability from raw materials, such as acorn, which contained starch and polyphenols.



The amylolytic enzyme activities are shown in Figure 6d–f. The presence of tannin inhibited α-amylase and glucoamylase activities by more than 50%, thereby affecting saccharification from starch, which in turn delayed the mycelia growth and ethanol production. The activity differed marginally in the medium containing 10 g/L of acorn powder from that of the medium containing 60 g/L starch and 1 g/L tannic acid, which had relatively high α-glucosidase levels. This difference could be majorly due to the difference in the morphology of starch and tannin despite similar composition of the mediums containing acorn or the influence of other components.



Based on the above results, P. acerina SF23754 could directly convert ethanol with a relatively good yield even in the presence of tannin in the acorn.





4. Conclusions


The white rot basidiomycete fungus, Phlebia acerina SF23754, used in this study can assimilate a broad spectrum of carbon sources and ferment ethanol from xylan and starch. Our findings demonstrate the possibility of using acorn as a raw material for ethanol fermentation using this starch-degrading fungus for low-cost ethanol production, which may contribute to effective recycling and reduction of unused biomass. To the best of our knowledge, the isolated basidiomycete fungus strain, P. acerina SF23754, has not yet been reported for direct ethanol production from acorn. This strain proved to be a promising alternative for bioethanol production from renewable resources from the viewpoint of the abovementioned applications of raw materials; however, further studies should be conducted with a focus to improve the ethanol yield and productivity of this fungus. The study presents the proposal that direct ethanol production from renewable resources by a naturally occurring basidiomycete fungus can promote sustainable bioethanol production by consolidated bioprocessing since it can reduce the overall costs and the environmental footprint associated with conventional ethanol production methods.
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Figure 1. Screening of basidiomycete fungus capable of directly fermenting starch. Gray bars represent ethanol. Standard deviations were derived from ten independent experiments and are indicated by error bars. 
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Figure 2. Timeline of ethanol production by P. acerina SF23754 using (a) 50 g/L, (b) 100 g/L, (c) 150 g/L, and (d) 200 g/L of starch, and 10 g/L of yeast extract. Closed diamonds and triangles represent maltose and glucose, respectively, whereas open circles and triangles represent ethanol and pH, respectively. Standard deviations were derived from three independent experiments and are indicated by error bars. 
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Figure 3. Timeline of ethanol production by P. acerina SF23754 using 20 g/L of (a) glucose, (b) galactose, (c) mannose, and (d) xylose as the only carbon sources, and 10 g/L of yeast extract. Closed triangles, open circles, and open triangles represent monosaccharides, ethanol, and pH, respectively. Standard deviations were derived from three independent experiments and are indicated by error bars. 
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Figure 4. Timeline of ethanol production by P. acerina SF23754 using 20 g/L of (a) cellobiose and (b) maltose as the only carbon sources, and 10 g/L of yeast extract. Closed diamonds and triangles represent disaccharides and glucose, respectively, whereas open circles and triangles represent ethanol and pH, respectively. Standard deviations were derived from three independent experiments and are indicated by error bars. 
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Figure 5. (a) Timeline of ethanol production by P. acerina SF23754 using 20 g/L of xylan as the only carbon source and 10 g/L of yeast extract. (b) Timeline of ethanol production by P. acerina SF23754 using 50 g/L of xylan as the only carbon source and 10 g/L of yeast extract. (c) Timeline of ethanol production by P. acerina SF23754 using 100 g/L of xylan as the only carbon source and 10 g/L of yeast extract. (d) Xylan-degrading enzyme activities in the medium containing 20/L and 10 g/L of yeast extract during fermentation by P. acerina SF23754. (e) Xylan-degrading enzyme activities in the medium containing 50 g/L of xylan and 10 g/L of yeast extract during fermentation by P. acerina SF23754. (f) Xylan-degrading enzyme activities in the medium containing 100 g/L of xylan and 10 g/L of yeast extract during fermentation by P. acerina SF23754. Closed diamonds and squares represent xylobiose and xylose, respectively, while open circles and triangles represent ethanol and pH, respectively. Open squares and closed circles represent endo-1,4-β-xylanase and β-xylosidase, respectively. Standard deviations were derived from three independent experiments and are indicated by error bars. 
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Figure 6. (a) Timeline of ethanol production by P. acerina SF23754 using 60 g/L of starch. (b) Timeline of ethanol production by P. acerina SF23754 using 60 g/L of starch and 1 g/L of tannic acid. (c) Timeline of ethanol production by P. acerina SF23754 using 10 g/L of acorn powder. (d) Amylolytic enzyme activities in the medium containing 60 g/L of starch during fermentation by P. acerina SF23754. (e) Amylolytic enzyme activities in the medium containing 60 g/L of starch and 1 g/L of tannic acid during fermentation by P. acerina SF23754. (f) Amylolytic enzyme activities in the medium containing 10 g/L of acorn powder during fermentation by P. acerina SF23754. Closed diamonds and triangles represent maltose and glucose, respectively, while open circles and triangles represent ethanol and pH. Open squares, closed circles, and open diamonds represent α-amylase, α-glucosidase, and glucoamylase. Gray bars represent tannic acid. Standard deviations were derived from ten independent experiments and are indicated by error bars. 
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