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Abstract

:

The basidiomycete brown rot fungus Neolentinus lepideus is capable of assimilating and fermenting lactose to ethanol with a conversion yield comparable to those of lactose-fermenting yeasts. The ability of the fungus to ferment lactose is not influenced by the addition of glucose or calcium. Therefore, N. lepideus may be useful in ethanol production from materials composed mainly of lactose, such as cheese whey or expired cow’s milk. Whey is a by-product of cheese manufacturing, and approximately 50% of the total worldwide production of whey is normally disposed of without being utilized. We found that N. lepideus produced ethanol directly from cheese whey with a yield of 0.35 g of ethanol per gram of lactose consumed, and it also fermented expired milk containing lactose, protein, and fat with a similar yield. Our findings revealed that the naturally occurring basidiomycete fungus possesses a unique ability to produce ethanol from cheese whey and expired milk. Thus, N. lepideus may be useful in facilitating ethanol production from dairy wastes in a cost-effective and environmentally friendly manner.
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1. Introduction


The reduction of atmospheric carbon dioxide (CO2), which is a cause of global warming, involves the reduction of fossil fuel usage, being one of the main contributors for CO2, and is one of the most important global issues. From the viewpoint of reducing global greenhouse gas emissions, bioethanol has attracted attention in recent years as an alternative to fossil fuels. Plants, such as sugar cane and corn, which are raw materials for bioethanol, absorb CO2 from the atmosphere and grow, thus off-setting the CO2 released upon their burning. As it is a so-called carbon neutral fuel, the use of bioethanol is not counted in carbon dioxide emissions. Moreover, it can be used as a car fuel by mixing it with gasoline, and thus, it is now produced in many countries. Currently, there is a need to shift to ethanol production from lignocellulosic biomass, agricultural residues, and food waste as these renewable raw materials do not compete with food and do not affect the ecosystem [1,2].



Whey is the main by-product of cheese manufacturing. Generally, the production of 1 kg of cheese generates approximately 9 L of whey [3]. Whey is composed of lactose, proteins, minerals, vitamins, and fat. The worldwide production of whey was reported to be over 160 million tons per year with a 1–2% annual growth rate [4,5,6]. Whey, discarded as liquid waste, has a high biochemical oxygen demand and chemical oxygen demand due to the high volumes produced and its high content of organic matter, and it is a serious environmental problem. There are three types of whey that can be used as raw materials. First, plain cheese whey (a supernatant liquid generated in cheese production), whey permeate (protein in cheese whey is removed using an ultrafiltration membrane), and whey powder (cheese whey is dried and concentrated. Many studies have been performed on the conversion of whey to useful value-added chemicals, including ethanol and citric acid [7,8,9,10].



The main ingredient of whey, lactose, is a sugar derived from milk; it is a disaccharide consisting of galactose and glucose. Both β-galactosidase and lactose permease are indispensable for microorganisms to ferment lactose. Lactic acid bacteria, such as Lactobacillus, Lactococcus, and Leuconostoc, are the representative lactose-consuming microorganisms. They are able to convert lactose to lactic acid, but not to ethanol. However, a strain of the homo-lactic fermentative bacterium, Lactococcus lactis, has been genetically engineered to be able to efficiently produce ethanol from whey [11]. Similarly, Escherichia coli can assimilate lactose, but not ferment it, and some recombinant E. coli capable of fermenting whey have been constructed [12,13,14].



Some yeasts that have β-galactosidase and lactose permease are capable of directly metabolizing lactose. Among them, only a few yeasts, such as Kluyveromyces fragilis, Kluyveromyces marxianus, and Candida pseudotropicalis, can ferment lactose directly [15]. The representative yeast, Saccharomyces cerevisiae, is able to ferment glucose and galactose, but the wild strain cannot ferment lactose, because it lacks β-galactosidase activity [16], and pretreatment with acid or enzymatic hydrolysis is required for it to ferment lactose. Recombinant strains of S. cerevisiae with lactose-metabolizing genes have been constructed; these strains can consume and ferment lactose [17,18,19,20]. In addition, there have been various studies on ethanol production from various kinds of whey by Kluyveromyces spp., C. pseudotropicalis, and recombinant S. cerevisiae [6,21,22,23,24,25,26].



Most filamentous fungi have a low assimilative capacity for lactose. In fungi, there are two principal pathways for the catabolism of lactose. One pathway is observed in Hypocrea jecorina (Trichoderma reesei) and Aspergillus niger; they secrete β-galactosidase, which hydrolyzes lactose in the extracellular medium, and the resulting glucose and galactose monomers are transported into the cells by glucose and galactose permeases. The other pathway is observed in Aspergillus nidulans, Neurospora crassa, and Fusarium graminearum, in which lactose is transported into the cells by lactose permease, and is hydrolyzed intracellularly by β-galactosidase [27]. However, there have been no reports on fungi capable of fermenting lactose.



In our previous study, we isolated some basidiomycete fungi capable of producing ethanol from sugars, lignocellulosic biomass, and kitchen wastes [28,29,30,31,32,33]. The brown rot fungus Neolentinus lepideus could produce ethanol not only from xylose, but also from hexoses, including glucose, galactose, and lactose. In particular, among the ethanol-fermenting basidiomycete fungi, N. lepideus showed a superior ability to ferment lactose [31]. Therefore, we decided to examine the applicability of this fungus for ethanol production from cheese whey or expired cow’s milk. The aim of the present study was to characterize the ability of N. lepideus to ferment lactose, and to evaluate the potential of this fungus to efficiently produce bioethanol from dairy wastes.




2. Materials and Methods


2.1. Fungal Strain and Culture Conditions


The N. lepideus strain RS1911 used in this study has been reported before [31]. The fungus was initially grown on an MYG agar plate (10 g/L malt extract, 4 g/L yeast extract, 4 g/L glucose, and 15 g/L agar powder) at 28 °C for 7 days. Three 0.5 cm2 pieces of the mycelial mat were used to inoculate 50 mL of MYG liquid medium in 500 mL Erlenmeyer flasks and capped with silico plugs (Shin-Etsu Polymer Co., Ltd., Tokyo, Japan) for mycelial growth; the flasks were incubated for 7 days at 28 °C without shaking. The cultivated cells were inoculated into a 500-mL Erlenmeyer flask containing 50 mL of T medium (20 g/L lactose, 1 g/L yeast extract, 10 g/L KH2PO4, 2 g/L (NH4)2SO4, and 0.5 g/L MgSO4·7H2O) sealed with a silicon rubber plug (As One Co., Ltd., Osaka, Japan), and purged with nitrogen to confer an anaerobic condition for fermentation. The cultures were incubated at 28 °C without shaking. To investigate the fermentative characteristics of the fungus with dairy materials, whey or milk without any nutrient supplementation was used instead of the T medium.




2.2. Analytical Methods


At periodic intervals during fermentation, 1 mL samples were collected, centrifuged for 10 min at 15,000× g in an Eppendorf benchtop centrifuge, and then filtered through a 0.22 μm membrane filter (Millex-GP; Millipore Corp., Billerica, MA, USA). The ethanol and lactose concentrations in the culture filtrates were determined using a high-performance liquid chromatography system (Shimadzu Co., Ltd., Kyoto, Japan) equipped with a refractive index detector, RID-10A, and a Shodex KS-801 column (8.0 mm × 300 mm; Showa Denko Co., Ltd., Tokyo, Japan), and operated at 80 °C with a distilled water mobile phase at a flow rate of 0.6 mL/min. The theoretical yield of ethanol was defined as 0.538 g of ethanol per gram of glucose (4 mol of ethanol per mole of lactose).





3. Results and Discussion


3.1. Effect of the Lactose Concentration on Fermentation


The effect of lactose concentration on fermentation by N. lepideus was investigated. As shown in Figure 1, 20, 60, and 100 g/L of lactose, as the sole carbon source, were consumed completely after 2, 4, and 6 days of incubation, respectively. No remarkable accumulation of galactose or glucose was detected in the culture filtrate at this point. Since no lactic acid was detected during cultivation, the pH of the culture filtrate did not change much. From 20, 60, and 100 g/L of lactose, the observed maximum ethanol concentrations were 7.6, 20.7, and 31.5 g/L, respectively, resulting in ethanol yields of 0.38, 0.35, and 0.32 g per gram of sugar utilized, respectively. The ethanol yield of this naturally occurring basidiomycete fungus was equivalent to those of K. fragilis (0.35 g/g), recombinant S. cerevisiae (0.33 g/g), and recombinant E. coli (0.38 g/g) [14,15,18]. This indicated that among naturally occurring microorganisms, strain RS1911 had a relatively high ability to ferment lactose. Although lactase (β-galactosidase) from ascomycete fungi, such as the genus Aspergillus or Penicillium, are well known [15,34,35,36,37], little information is available for basidiomycete fungi. Lactose does not exist in regular mushroom habitats in the first place, so it is presumed that lactase is not particularly necessary for growth. Fermentation of the lactose medium here suggested the presence of the same enzyme. Transcriptome analysis of the fermentation process showed increased transcription of the putative β-galactosidase gene (data not shown).




3.2. Effect of Glucose on Lactose Fermentation


Kluyveromyces yeasts are able to ferment lactose, but catabolite repression indicated that glucose is the preferred carbon source when available in the culture medium [38]. We investigated the effect of glucose on the fermentation by N. lepideus RS1911 by adding 20, 40, and 60 g/L of glucose to T medium containing 60 g/L lactose. We found that in the media with 20, 40, and 60 g/L of glucose, N. lepideus RS1911 consumed all of the lactose in 6, 6, and 9 days, respectively, yielding maximum ethanol concentrations of 27.5, 33.6, and 39.4 g/L, respectively. This corresponded to yields of 0.34, 0.33, and 0.33 g of ethanol per gram of consumed sugar, respectively (Figure 2). No significant catabolite repression was observed as N. lepideus simultaneously fermented both lactose and glucose in the media, although the consumption of lactose decreased when the concentration of glucose increased.




3.3. Effect of Calcium on Lactose Fermentation


In general, 100 mL of milk contains approximately 110 mg of calcium. The effect of calcium on the fermentative ability of N. lepideus was investigated. As shown in Figure 3, the addition of 500, 750, and 1000 mg of CaCl2 (final concentration) to T medium containing 60 g/L of lactose had no influence on lactose consumption or fermentation as compared to the levels in calcium-free medium (Figure 1b). Regardless of the concentration of added calcium, the maximum ethanol concentration was approximately 21 g/L, resulting in an ethanol yield of 0.35 g per gram of lactose. Thus, it turned out that basidiomycete fungi’s fermentation ability is not affected by the presence of calcium. In general, 0.1% or more of calcium is present in trees [39], so it is considered that, for the fungi growing there, fermentation may not be particularly affected under the same calcium concentration. Therefore, this indicates that strain RS1911 has an ability to ferment materials containing calcium, such as whey and milk.




3.4. Direct Ethanol Production from Cheese Whey


The cheese whey from cow’s milk used in this study comprised 5.4% lactose, 0.9% protein, and 0.3% fat. There have been no reports of cultivating basidiomycete fungi with cheese whey. The direct production of ethanol by N. lepideus RS1911 from whey, whey diluted 2-fold, and whey condensed 2-fold, was investigated. N. lepideus RS1911 consumed all of the lactose in whey, whey diluted 2-fold, and whey condensed 2-fold in 4, 2, and 8 days, respectively, yielding maximum ethanol concentrations of 16.9, 8.7, and 32.6 g/L, respectively, which corresponded to yields of 0.35, 0.38, and 0.32 g of ethanol per gram of lactose, respectively (Figure 4). A small amount of galactose and glucose liberated from lactose was found and were completely consumed in each whey sample. As a result, the ethanol yield per gram of lactose in each whey sample was similar to that in T medium containing lactose (Figure 1). This showed that regardless of the concentration of the whey, the fungus was capable of converting the lactose in the whey to ethanol with a similar yield. Although it has been shown that deproteinized whey is more likely to be suitable for fermentation than raw whey in performing the bioconversion of cheese whey to ethanol [6,7,8,9], it has been suggested that N. lepideus RS1911 has different properties from these. Previous studies have reported that the ethanol yields from whey without any additional nutrient supplements were 0.44, 0.37, and 0.32 g per gram of lactose with recombinant bacterium E. coli, recombinant yeast S. cerevisiae, and wild yeast K. marxianus, respectively [12,16,24]. No accumulation of lactic acid was detected during fermentation. Therefore, the decrease in pH is considered to be due to the generation of CO2 associated with ethanol production. The present experiment showed that the basidiomycete fungus N. lepideus can ferment whey similar to the lactose-fermenting yeasts. However, as shown in Table 1, ethanol productivity from whey by this fungus is lower than K. marxianus with similar ethanol yields. In order to improve the ethanol productivity using this strain, it will be necessary to further investigate optimizing fermentation conditions such as pH value, temperature, rate of aeration, inoculum size, and supplementation of nitrogen source.




3.5. Direct Ethanol Production from Whole Milk, High-Fat Milk, and Low-Fat Milk


Most investigations on ethanol production from cheese whey, such as whey permeate or whey powder, by recombinant S. cerevisiae or recombinant bacteria have reported relatively high ethanol yields. However, to our knowledge, there has been no report on direct ethanol production from milk containing protein and fat, which can affect fermentation. To further explore the fermentative properties of N. lepideus RS1911, we investigated the direct fermentation of expired whole milk, high-fat milk, and low-fat milk, all of which contain more fat and protein than whey. N. lepideus RS1911 consumed all the lactose in whole milk, low-fat milk, and high-fat milk after 6 days of incubation, yielding maximum ethanol concentrations of 16.2, 16.9, and 18.3 g/L, respectively, which corresponded to yields of 0.34, 0.34, and 0.34 g of ethanol per gram of lactose, respectively (Figure 5). Small amounts of liberated glucose and galactose were detected in the culture medium; this was attributed to the rapid uptake and conversion of the milk. The pH did not change because no significant amount of lactic acid was detected during fermentation. We estimated that N. lepideus RS1911 was able to directly convert milk to ethanol with a theoretical yield of approximately 63%. Whole cow milk comprises 4.8% lactose, 3.3% protein, and 3.8% fat. Low-fat milk comprises 5.0% lactose, 3.3% protein, and 2.1% fat. High-fat milk comprises 5.5% lactose, 3.9% protein, and 4.6% fat. The amounts of ethanol produced depended on the original lactose concentration, and not on the fat concentration. The ethanol yield per gram of lactose was equivalent to that in the T medium containing 6% lactose (Figure 1b) or in whey (Figure 4a). The fat and protein levels in the milk did not appear to affect the ethanol conversion by the fungus. Until now, studies on bioethanol production from dairy waste have used whey as their raw material [6,11,26], and there is no example of using milk as the main ingredient. There is an example of ethanol production using skim milk, but it was not the main raw material and instead it was used as a supplement on cane molasses fermentation [40]. Results here showed that N. lepideus was capable of converting lactose in milk containing fat and protein to ethanol with a relatively good yield. As the fermentation progressed, it was observed that the culture fluid gradually clarified. This is believed to be due to the decomposition of the milk protein by N. lepideus during the fermentation. As described above, when whey was used as a raw material, ethanol productivity was lower than other microorganisms, but the ability of this basidiomycete fungus to convert milk directly to ethanol without pretreatment is considered to be very interesting. To our knowledge, little evidence exists for direct ethanol production from milk by naturally occurring microorganisms. The present study is the first to report that a basidiomycete fungus, which has no relation to dairy products in nature, can ferment dairy wastes, such as whey and expired milk, without the need for any pre-treatment steps, such as deproteinization or defatting. Thus, our present findings indicate that N. lepideus RS1911 is a microbe that can potentially act as a biocatalyst in the fermentation of dairy wastes or unutilized resources to ethanol.





4. Conclusion


This is the first study to report the ability of the brown rot fungus N. lepideus to efficiently ferment whey and milk. The fungi are not only capable of assimilating carbon sources in woods, but also have the beneficial ability to ferment dairy products, despite them having no relation to the living environment of basidiomycete fungi. Thus, N. lepideus appears to be a promising microorganism for the production of bioethanol from various biomass materials. Further studies are required to optimize the bioethanol yield and productivity of this microorganism. The direct conversion of ethanol from these materials by the naturally occurring basidiomycete fungus would be advantageous for bioethanol production by consolidated bioprocessing because it would cost less, have a lower environmental footprint, and not require the use of hazardous chemicals.
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Figure 1. Ethanol production from lactose by N. lepideus RS1911. Cells were cultured statically in T medium supplemented with 20 g/L (a), 60 g/L (b), or 100 g/L (c) of lactose. Symbols represent lactose (filled diamonds), liberated glucose (filled triangles), liberated galactose (asterisks), ethanol (open circles), and pH (open triangles). Error bars indicate the standard deviation of the mean from three independent experiments. 
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Figure 2. Ethanol production from a mixture of lactose and glucose by N. lepideus RS1911. Cells were cultured statically in T medium supplemented with 20 g/L (a), 40 g/L (b), or 60 g/L (c) of glucose. Symbols represent lactose (filled diamonds), glucose (filled triangles), liberated galactose (asterisks), ethanol (open circles), and pH (open triangles). Error bars indicate the standard deviation of the mean from three independent experiments. 
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Figure 3. Ethanol production from lactose supplemented with calcium by N. lepideus RS1911. Cells were cultured statically in T medium containing 60 g/L of lactose supplemented with 500 mg/L (a), 750 mg/L (b), or 1000 mg/L (c) of CaCl2. Symbols represent lactose (filled diamonds), glucose (filled triangles), liberated galactose (asterisks), ethanol (open circles), and pH (open triangles). Error bars indicate the standard deviation of the mean from three independent experiments. 
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Figure 4. Ethanol production from whey by N. lepideus RS1911. Cells were cultured statically in whey (a), whey diluted 2-fold (b), or whey condensed 2-fold (c). Symbols represent lactose (filled diamonds), liberated glucose (filled triangles), liberated galactose (asterisks), ethanol (open circles), and pH (open triangles). Error bars indicate the standard deviation of the mean from three independent experiments. 
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Figure 5. Ethanol production from expired milk by N. lepideus RS1911. Cells were cultured statically in whole milk (a), low-fat milk (b), or high-fat milk (c). Symbols represent lactose (filled diamonds), liberated glucose (filled triangles), liberated galactose (asterisks), ethanol (open circles), and pH (open triangles). Error bars indicate the standard deviation of the mean from three independent experiments. 
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Table 1. Comparison of ethanol production by microorganisms from cheese whey.
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	Strain
	Maximum Ethanol

Concentration (g/L)
	Fermentation

Time (h)
	Ethanol Yield

(g/g)
	Initial Lactose

(g/L)
	Ethanol Productivity

(g/L/h)
	Reference





	N. lepideus RS1911
	9
	48
	0.38
	27
	0.19
	This study



	
	17
	96
	0.35
	54
	0.18
	



	
	33
	192
	0.32
	108
	0.17
	



	Recombinant E. coli
	26
	144
	0.44
	60
	0.18
	Guimaraes et al. [12]



	Recombinant S. cerevisiae
	55
	120
	0.37
	150
	0.46
	Guimarães et al. [20]



	K. marxianus
	30
	96
	0.32
	100
	0.31
	Guo et al. [24]











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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