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Chapter 15
Bioconversion of Biomass to Biofuel Using 
Fungal Consortium

Pavana Jyothi Cherukuri and Rajani Chowdary Akkina

15.1  �Introduction

The global economy is highly influenced by fuel energy. Global pollution and 
energy consumption expanded tremendously during the last two decades which 
led to exhaustion of fossil fuels, resulting in emerging of energy crisis. 
Therefore, there is a need to search for alternative new energy sources and 
technologies which have increased logistically in recent years. The entire globe 
depends on petroleum as a sole energy source. The high usage of petroleum has 
led to adverse impact on environmental issues such as catastrophic emission of 
greenhouse gases (Hill et al. 2006). In India, the required petroleum is imported 
from Middle East; these high imports of petroleum significantly influence the 
Indian economy. Many attempts are being done to search for alternative fuel 
sources in transportation sector, such as diesel, gasoline and natural gas 
(Tabassum Ansari and Choube 2012). But no fuel exhibits unique feature like 
petroleum such as high energy density, compatibility with vehicles, and being 
in liquid state. Developed countries like the United States, Europe, Brazil, and 
China invented new technologies such as solar, hydro, and wind energy usage 
as an alternative to petroleum or alternative liquid fuels such as butanol, etha-
nol, methane, and CNG. Among all the liquid fuels, ethanol occupies the first 
place by its unique properties.
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15.2  �Ethanol Production

Ethanol exhibits almost similar properties with petroleum. It can mix with gasoline 
and reduce emission of smog by unburned hydrocarbons and CO (carbon monox-
ide) from vehicles. Ethanol blending with gasoline enhances octane number and 
oxygen content of fuel (Limayem and Ricke 2012). The specific properties of etha-
nol like high octane number, water free, low flame temperature, high gas volume 
change, high heat of vaporization, and total combustibility make it convenient to use 
as automotive fuel (Balan et al. 2013). Ethanol is a transparent liquid, with mild 
odor boiling temperature at 78 °C and freezing temperature at −112 °C. Energy 
Policy Act of 2005 in the United States, demands the blending of 7.5 billion gallons 
of alternative fuels by 2012. Global rapid depletion of fossil fuels has increased the 
demand for alternate fuels. The usage and production of ethanol have to be increased 
markedly (Haghighi et al. 2013).

The production of ethanol is not sufficient to meet today’s demand. Industrial 
ethanol production is obtained from coarse grains (56%), cane (32%), molasses 
(4%), wheat (3%), nonagricultural substrates (3%), and sugar beet (2%) (Tabassum 
Ansari and Choube 2012). Economically feasible ethanol production from cellu-
losic wastes is one of the best ways (Rastegari et al. 2019). Nowadays, integrated 
biomass system is being used for production of biofuel through biotechnological 
process. Lignocellulosic biomass provides competitive renewable resource for gen-
eration of ethanol in an eco-friendly manner. This technology ensures increased 
energy security and economic progress and eliminates problems of solid waste 
management (Das and Singh 2004). According to the studies by Sanchez and 
Cardona (2008), 73.9 Tg of dry crop waste and 1 × 1010 MT weed biomass is pro-
duced annually.

Numerous edible crops like cane, corn, beet, and sorghum are used in ethanol com-
mercial production. In this technology, the raw material cost is very expensive. This 
leads to food insecurity and very high cost of food products. Therefore, plant biomass 
(lignocelluloses waste) has become an inexpensive carbon source for the production 
of ethanol. The lignocellulosic wastes such as agricultural residues like corn stover, 
corncobs, rice straw, wheat straw, sugarcane bagasse, rice husk, wheat husk, and weed 
biomass like Lantana camara, Prosopis juliflora, Saccharum spontaneum, Eichhornia 
crassipes, etc. are promising substrates for the production of ethanol.

15.2.1  �Demand for Ethanol Production

It was estimated that there was 90% increase from the existing levels on the India’s 
dependency on oil imports by 2020 AD. In order to reduce the oil imports, India 
proposed an EBP (ethanol blending program report 2014–2015) during the year 
2002 with 5% blending of ethanol in petrol which is mandatory in nine major sugar-
producing states (Tamil Nadu, Gujarat, Andhra Pradesh, Karnataka, Uttar Pradesh, 
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Maharashtra, and Union Territories). In the year 2008, Indian Government intro-
duced a “National Biofuel Policy” for blending of petrol with 20% ethanol 
(Tabassum Ansari and Choube 2012). To fulfill the supply of bioethanol, it is highly 
essential to search for new cost-effective raw materials like agricultural residues and 
weeds. Global ethanol production is around 30 billion liters per year. Global ethnaol 
production is around 30 billion litters per year, in this, the United States occupies a 
major share (53%), followed by Brazil (21%), Europe (6%), China (7%) and India 
(3%). In India, the main source of ethanol production is by molasses (80%) and 
grains (20%). The production of bioethanol in India is around 2.4 billion liters 
per annum.

The industrial production of bioethanol by biotechnological process using micro-
organisms and gross productivity ranges from 75% to 90%, and the remaining small 
fraction of production is from chemical technology by ethylene hydration reactions 
(Mc. Millan 1997). Currently, ethanol production is by sugarcane and corn in devel-
oped countries like the United States and Brazil (Limayem and Ricke 2012). The 
first-generation biofuels are the results of bioconversion of edible food crops (sug-
arcane, corn), the second-generation biofuels are from nonedible sources like agri-
cultural and nonagricultural residues, and third-generation biofuels are from algal 
biomass (Bacovsky et al. 2010; Yewale et al. 2016; Kim and Dale 2004; Chen et al. 
2010).

15.3  �Biomass for Biofuels

Hard wood angiosperms such as a poplar, eucalyptus, and beech wood are rich in 
cellulose, hemicellulose, and lignin. Efficient conversion of ethanol production 
from hard wood spent sulfite liquor (HSSL) using Pichia stipitis, Candida shehatae, 
and Pachysolen tannophilus was reported (Jeffries et al. 2007). HSSL contains high 
amount of microbial inhibitors. Biofuel production from renewable plant sources is 
an attractive and alternative process in many countries. Mainly, three substrates like 
sugars, starches, and cellulose are used for ethanol production in a cost-effective 
manner. Among these, cellulose materials are renewable and plenty. The agro-
residues such as sugarcane bagasse, corncobs, corn fiber, corn stover, wheat straw, 
rice straw, forestry, paper pulp, weed plants, sawdust, sorghum straw, cotton seeds, 
sunflower seed coats, kitchen waste, and fruit and vegetable waste are collectively 
known as organic biomass (Lin and Tanaka 2006). The plant biomass is an attractive 
feedstock for ethanol production consisting of rich carbohydrate composition in 
various polymeric complex forms (lignin, cellulose, and hemicellulose). 
Pretreatment process is necessary to use available carbohydrates in biomass. The 
current technologies are not cost-effective process for commercialization of bio-
ethanol. Elaborate investigations have been done from the past two decades by 
many researchers for value addition of lignocellulosic biomass (Zhang et al. 2014; 
Yewale et al. 2016). Weed, starch, and by-products of paper industry were used for 
ethanol production which includes spent sulfite (Pereira et al. 2013).
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15.4  �Composition of Biomass

In the present chapter, focus is on biofuel production from lignocellulosic biomass. 
According to the plant taxonomy, lignocelluloses are classified into soft wood 
(belongs to gymnosperms), hard wood (belongs to woody angiosperms), and annual 
plants (herbaceous angiosperms, crops). Biomass of lignocelluloses is a heteroge-
nous mixture consisting of hemicellulose, cellulose, and lignin, and these composi-
tions vary from plant to plant (Yadav et al. 2019a, b). Generally, cellulosic fractions 
of biomass comprise 40–60% by weight, and long-chain polymers of glucose are 
bonded together which appear as fiber bundles. Hemicellulose comprises 20–40% 
by weight and contains short-chain polymers of heterogenous sugars (glucose, 
galactose, mannose, arabinose, and xylose) and co-jointly binds the cellulose fibers 
(Bobleter 1994). Lignin consists of 10–30% by weight and contains three-
dimensional propyl-phenol polymers and contributes rigidity to the entire structure. 
Lignin is derived from the dehydrogenated products of lignin monomers (p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol). These main aromatic phenol rings 
of monomer residues of p-hydroxy phenyl, guaiacyl, and syringyl and their compo-
sition vary from plant to plant (Campbell and Laherrere 1998).

Lignocellulosic biomass shows resistance toward degradation and hydrolysis 
because of structural firmness. The presence of cross-linkages exists between the 
cellulose, hemicellulose, and lignin components in biomass. Hemicellulose and lig-
nin are compactly packed cellulosic fraction. For hydrolysis of cellulose, initially 
digest the hemicellulose and lignin fractions. Cellulosic fraction is protected and 
occupies the central position in the three-dimensional structure of lignin and hemi-
cellulosic fraction (Balan et al. 2013). For exposure of cellulose by hydrolysis, it is 
essential to remove the lignin seal. The degradation of cellulosic and hemicellulosic 
fractions of plant biomass are carried by acid hydrolysis or enzymatic hydrolysis or 
enzyme producing microrganisms. From these methods, acid hydrolysis requires 
high temperatures and energy, and this process releases various non-eco-friendly 
inhibitors (furfurals, hydroxyl furfurals, acids) during the hydrolysis process 
(Sreenivas et al. 2006). Secondly, enzymes used for the hydrolysis of biomass are 
eco-friendly and expensive. Among these, bioconversion of biomass using fungal 
consortium is cost-effective and eco-friendly process (Dirk et al. 2003).

The bioconversion of biomass to ethanol requires more processing steps, i.e., 
pretreatment of lignocellulosic biomass, hydrolysis, and conversion (fermentation/
transformation) of sugars into (biofuel) ethanol. An extensive work has been carried 
out by utilization of microorganisms (yeast, bacteria, and fungi) for ethanol produc-
tion. Commercial production of ethanol by fermentation process is highly influ-
enced by fungal and yeast strains. In pretreatment process, initially digest the 
hemicellulose and lignin crystalline structure and then expose it to cellulose. In the 
pretreatment process of lignocellulosic matrix, major sugar released from hemicel-
lulosic fraction is xylose, and small amounts of arabinose, galactose, and glucose 
are also released by the laccase and xylanase enzymes using fungal consortium. 
Then, cellulose is broken down to monomeric sugars by cellulase-producing fungal 
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strains and release of hexose (glucose) sugars. These sugars are converted to ethanol 
by fermentation process using yeast strains such as Saccharomyces and Candida sp. 
The yeast Saccharomyces cerevisiae is used for ethanol production from glucose as 
carbon source. This strain is unable to utilize xylose as carbon source. The Candida 
and Pichia sp. of yeast are used to convert pentose sugars to ethanol by biotechno-
logical process (Steven and Lee 1990).

15.5  �Pretreatment of Lignocellulose Materials

The lignocellulosic biomass derived from plant biomass is initially treated by chem-
ical or enzymatic or by both methods. By this degradation, polymeric forms of 
biomass such as lignin, cellulose, and hemicelluloses are digested to release mono-
meric sugars. These monomeric sugars are further fermented by microorganisms to 
produce bioethanol (Claudio et al. 2011).

The pretreatment methods are classified into three types:

	1.	 Physical process: Physical process such as steam explosion or auto-hydrolysis, 
carbon dioxide explosion, ammonium fiber/freeze explosion, and liquid hot 
water.

	2.	 Chemical process: Chemical process consists of wet oxidation ozonolysis, acid 
pretreatment, alkaline pretreatment, and organosolv.

	3.	 Biological process employed by microorganism or their enzymes (Buruiana et al. 
2013).

The pretreatment of starch substrates includes digestion by gasification of ligno-
cellulosic materials by acid or enzymatic hydrolysis for solubilization of cellulose. 
Novel pretreatment methods such as ultra-sonication, nano-technological methods, 
and microwave digestion processes are used for pretreatment of lignocellulosic bio-
mass in order to improve the bioethanol production and reduce inhibitors. After this 
treatment process, the obtained slurry contains two different types of fractions: one 
is liquid fraction consisting xylose and small amounts of glucose, galactose, and 
arabinose, and another is solid fraction containing lignin and cellulose material. The 
potential utilization of these two (hemicellulosic and cellulosic) fractions of bio-
mass is one of the cost-effective method for ethanol production (Agbogbo and 
Wenger 2007).

15.5.1  �Parameters Affecting Pretreatment of Biomass

Optimization by screening the efficient strains and maintaining the culture condi-
tions can make this process more effective and reduce the treatment time. The gov-
erning process parameters include biomass type, nature, and composition, and 
physical parameters include incubation temperatures, pH, incubation time, moisture 
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content, and aeration rate. Biological parameters such as type of microorganism, 
culture conditions, growth characteristics, optimum conditions for growth, and 
enzyme production are the key factors for this process.

Lignocellulosic biomass is available abundantly and consists of various propor-
tions of lignin, cellulose, and hemicelluloses. The selection of microorganism for 
biological treatment is based on the nature and composition of the biomass. The 
optimum temperature varies with fungal strain such as ascomycetes with optimum 
temperature at 39 °C while basidiomycetes at 25–30 °C. Incubation time also varies 
depending on strain and nature of biomass. Long incubation time is required for 
pretreatment and delignification process. Moisture content plays a key role in solid-
state fermentations and is essential for growth establishment of microorganisms. 
White-rot fungi or brown-rot fungi are used for efficient enzymatic saccharification. 
Pretreatment with fungal strains could enhance enzymatic hydrolysis of lignin. 
Several studies have revealed that fungal consortium has faster degradation ability 
of lignocellulosic biomass when compared with single strain. Lignin degradation is 
an oxidative process, and aeration is a critical factor for production of lignolytic 
enzymes such as lignin peroxidase and manganese peroxidase (Millati et al. 2011). 
pH is another important factor for microbial growth; majority of fungal strains grow 
tremendously in acidic pH range between 4.0 and 5.0. Inoculum level and cell bio-
mass are also critical factors and influence the treatment time of biomass. In SSF 
(solid-state fermentation), particle size plays a crucial role in biological treatment. 
Penetration limitations are large with particle size, when compared to small particle 
size (Kuijk et al. 2015).

15.6  �Limitations by Chemical Pretreatment

Inhibitors were produced during the digestion of hemicellulosic fraction. These 
inhibitors are classified into three types: (a) organic acids (acetic acid, formic acid, 
levulinic acid, ferulic acid, and p-coumaric acid), (b) furan derivatives (furfural and 
5-hydroxy furfural), and (c) phenolic compounds (4-hydroxybenzoic acid and feru-
lic acid) (Jonsson and Martin 2016). All these inhibitors influence the growth and 
ethanol production efficiency of microorganism (Cragg et  al. 2015). Advanced 
treatment methods (ultrasonication, microwave digestion) are used to reduce the 
inhibitor formation and increase the fermentation efficiency of organism. Therefore, 
detoxification steps are required for removal of inhibitory compounds from hydro-
lysate before the fermentation process. Detoxification strategies include active char-
coal treatment, ion exchange resins, alkali treatment, overliming using calcium 
hydroxide, change in the fermentation methodologies, and treatment with soft-rot 
fungi Trichoderma reesei to degrade inhibitors (Yu et al. 2011).

The need for efficient pretreatment or hydrolysis process for the recovery of 
maximum amount of fermentable sugars with minimum toxic chemicals is a major 
challenge. WRF (white-rot fungi) is one of the promising organisms to convert bio-
mass to bioethanol production with eco-friendly and cost-effective manner. This 
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process has ample advantages over chemical process such as simpler technique, less 
energy utilization, less wastage, and absence of inhibitors. In this process, various 
strains of WRF that include Pleurotus ostreatus, Cyathus stercoreus, Ceriporiopsis 
subvermispora, Trametes versicolor, and Phanerochaete chrysosporium are used 
for conversion of biomass to ethanol production (Nigam and Pandey 2009).

15.7  �Fugal Consortium Used for Biofuel Production 
from Plant Biomass

Several studies have proved that co-culture studies are promising processing meth-
ods for production of ethanol from lignocellulosic biomass. Development of fungal 
consortium has played a significant role for the conversion of polymeric fractions of 
lignin, cellulose, and hemicellulose into sugars. This consortium includes lignin-, 
cellulose-, hemicellulose-degrading white-rot fungi and ethanol producing efficient 
strains. Examples including P. chrysosporium, Pleurotus ostreatus, Pycnoporus cin-
nabarinus and Cyathus stercoreus are able to produce lignin-degrading enzymes. 
Laccases are involved in degradation of lignin and show activity with lignin peroxi-
dase and manganese peroxidase (Binod et al. 2010). Cellulose-degrading enzymes 
endoglucanases, cellobiohydrolase, and β-glucosidease are produced by a number 
of fungal species. Hemicellulose-degrading enzymes are xylanases and β-xylosidases 
and produced by Aspergillus niger, Trichoderma reesei fungal strains (Zhang et al. 
2012; Kour et al. 2019; Rana et al. 2019a, b).

Currently, genetic engineering techniques are widely used for bioconversion of 
value-added products from lignocelluloses biomass. Transfer of genes encodes 
xylose reductase and xylitol dehydrogenase from Pichia stipitis to S. cerevisiae 
(wild strain) for utilization of xylose for enhanced production of ethanol (Agbogbo 
and Wenger 2007). In industrial scale, it is expensive to maintain the biochemical 
and fermentative characters of recombinant strains. Due to this disadvantage, a co-
culture process (both glucose- and xylose-utilizing strains) is cost-effective method 
for ethanol production along with enzyme-producing white-rot fungi (Cheng et al. 
2010). Various factors influencing the production efficiency of the strain include 
oxygen, aeration, agitation, pH, temperature, concentration of carbon source, inhib-
itor presence in hydrolysate, and medium components (Sreenivas Rao et al. 2006).

15.8  �Enzymes Produced by White-Rot Fungi

White-rot fungi produce various extracellular oxidases such as laccase, Mn peroxi-
dase, and lignin peroxidase (LiP) including lignin-modifying enzymes (LME). 
These enzymes effectively degrade the lignin content in lignocellulosic biomass. 
Lignin degradation is a key process for biofuel production from lignocellulosic bio-
mass. White-rot fungi (WRF) Phanerochaete chrysosporium produce multiple 
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isoenzymes (LiP, MnP) but not laccase. Other WRF were able to produce laccases. 
Based on the enzyme production, WRF are categorized into three main groups: (1) 
lignin-manganese peroxidase (P. chrysosporium, Phlebia radiata), (2) manganese 
peroxidase (Dichomitus squalens, Rigidoporus lignosus), and (3) lignin peroxidase 
(Phlebia ochraceofulva and Junghuhnia separabilima). These enzymes are able to 
degrade various types of plant polymers (Heinzkill 1998; Yadav et  al. 2016) 
(Table 15.1).

Table 15.1  Enzymes released by WRF

Biomass Microorganism Enzyme Reference

Corn stover Gloeophyllum 
trabeum KU-41

Cellulase Gao et al. (2012)

Cotton stalks Phanerochaete 
chrysosporium

Cellulase Jian et al. (2008)

Milled tree leaves, 
banana peel, apple 
peel, mandarin peel

Pleurotus spp., 
Lentinus edodes

Laccase Songulashvili et al. 
(2005)

Sugarcane trash Aspergillus 
terreus

Cellulases Singh et al. (2008)

Sorghum husk Phanerochaete 
chrysosporium

Lignin peroxidase and 
manganese peroxidase

Pankajkumar et al. 
(2018)

Young plant leaves 
(from Aster genus), 
lamella from oats 
and maize plants

Fusarium 
oxysporum

Endopolygalacturonases 
galactosidase

Mikan and Castellanos 
(2004)

Sugarcane bagasse Aspergillus 
niger

Xylanases, cellulases Park et al. (2002)

Clavel leaves, young 
plant leaves (from 
Aster genus), 
lamella from oats 
and maize plants

Fusarium 
merismoides

Endo-xylanase, cellulases, 
arabinofuranosidase, 
acetylesterase

Fernández-Martín et al. 
(2007)

Sugi wood Strobilurus 
ohshimae

Lignin peroxidase and 
manganese peroxidase

Homma et al. (2007)

Bagasse of cane 
maize straw

Pleurotus 
ostreatus

Xylanases, cellulases, 
laccase, manganese 
peroxidase

Márquez et al. (2007), 
Okamoto et al. (2002)

Grape seeds, barley 
bran, and wood 
shavings

Phanerochaete 
chrysosporium

Lignin peroxidase and 
manganese peroxidase

Rodríguez et al. (1997), 
Srinivasan et al. (1995), 
Kersten and Cullen 
(2007), Quintero et al. 
(2006)

Clavel leaves, young 
plant leaves (from 
Aster genus), 
lamella from oats 
and maize plants

Clonostachys 
rosea

Endopolygalacturonases 
galactosidase endo-xylanase, 
cellulases, 
arabinofuranosidase, acetyl

Mikan and Castellanos 
(2004), Rezácová et al. 
(2006)

(continued)
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15.9  �Ligninolytic Enzymes from White-Rot Fungi

Ligninolytic enzymes from WRF are used in industrial biotechnological process. 
Free enzyme applications were limited in industrial scale due to instability and lack 
of reusability. Immobilization techniques were used to improve stability and can be 
reusable. Voberkova et al. (2018) have reported that immobilization methods are 
desirable, operational stability and cost-effective process.

The delignification is a key task for proper utilization of lignocelluloses bio-
mass. The first demonstration of commercial plant for the ethanol production 
from lignocellulosic biomass is in operation in Canada since 2004 (Tampier 
et al. 2004). White-rot fungi is a filamentous fungi, which can produce ligni-
nase, cellulase enzymes for degradation of lignocellulosic plant material. 
Pleurotus cystidiosus, P. ostreatus, Phlebia, Ganoderma lucidum, and 
Flammulina velutipes are able to produce ethanol from biomass. Various WRF 
are used for production of enzymes, which degrade the lignocellulosic material. 
Integrated production of ethanol by WRF is influenced by factors like moisture 
content, temperature, pH, and chemical nature. Various reports of biological 
pretreatment of lignin are presented in Table 15.2.

Table 15.1  (continued)

Biomass Microorganism Enzyme Reference

Coffee pulp, used 
nappy, grass 
residues, cleaned 
coffee (substrates 
analyzed separately 
and in mixture), 
wheat straw, 
industrial cotton 
fiber

P. ostreatus, P. 
pulmonarius

Endoglucanase, 
cellobiohydrolase, laccases, 
manganese peroxidase

Marnyye et al. (2002), 
Delfin and Duran de 
bazúa (2003), Okamoto 
et al. (2002)

Clavel leaves, young 
plant leaves (from 
Aster genus), 
lamella from oats 
and maize plants

Streptomyces Cellulases, xylanases, 
arabinofuranosidase 
xylosidase, acetylesterase

Mikan and Castellanos 
(2004), Benimelia et al. 
(2007)

Wood shaving, 
carozo maize, and 
compost of 
gardening wheat 
straw

Trametes 
versicolor

Laccases Moredo et al. (2003), 
Márquez et al. (2007), 
Dumonceaux et al. 
(2001), Villagran and 
Renan (1991), Cabuk 
et al. (2006), Tong et al. 
(2007)

Oat husk Cerrena 
unicolor

Laccases, manganese 
peroxidase

Moilanel et al. (2015)

Saw dust Coriolopsis 
gallica

Laccases Daassi et al. (2016)
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15.10  �Biochemical Pathway of Ethanol by Fungi

The yeast cells have the sense to identify the sugar-rich environment. This intensity 
by the yeast can affect the enzyme activity during biochemical processes, change of 
translation by mRNA, stability of protein degradation, and concentration of metab-
olites (Yadav et  al. 2017, 2018). After glucose uptake then enters the glycolytic 
pathway and is converted to pyruvate and produces ATP and then coupled to inter-
mediate products and reducing power through NADH for biosynthetic pathway. 
Pyruvate in glycolysis enters TCA cycle or fermentative pathway. In alcoholic fer-
mentation, decarboxylation of the pyruvate gives acetaldehyde by pyruvate decar-
boxylase enzyme. This enzyme converts acetaldehyde to ethanol by reduction of 
NADH to NAD+, from one molecule of glucose to two CO2 molecules and ethanol 
is formed.

The second abundant sugar, from hemicellulosic fraction of biomass, is xylose. 
Xylose is a five-carbon sugar molecule, utilized through pentose phosphate pathway 
in fungi. The xylose transportation in fungi is followed by two different mecha-
nisms. Pichia stipitis and Candida spp. follow proton symport (PS) mechanism, 
whereas Saccharomyces cerevisiae follows facilitated diffusion system (FDS) for 
transport of xylose. The PS transport is for pentose sugars and FDS transport for 
both hexose and pentose sugars. The medium consisting of low quantities of hex-

Table 15.2  Lignin degradation by fungal strains

Microorganism Biomass Effect Reference

Merulius tremellosus Aspen wood 0.26–0.37 mg/ml as compared to 
0.15–0.16 mg/ml of control

Bradley et al. 
(1989)

Phanerochaete 
chrysosporium

Cotton stalks 0.027 g/g Jian et al. (2008)

Trichoderma viride Rice straw 56% of lignin reduction Ghorbani et al. 
(2015)

Trichoderma reesei Wheat straw Sugar Yield -270 Reduction (mg/g 
dry substrate)

Barakat and 
Rouau (2014)

Ceriporiopsis 
subvermispora

Corn stove 2- to 3-fold increase in reducing 
sugar yield

Wan and Li 
(2011)

Irpex lacteus Corn stalks 82% of hydrolysis yield Du et al. (2011)
Phanerochaete
chrysosporium

Corn stover 
silage

Improved degradation
of substrate cell wall components 
39% lignin removal of initial
substrate

Liu et al. (2014)

Pleurotus ostreatus Wheat straw 35% of lignin reduction   (1983)
Pleurotus ostreatus Rice straw 33% lignin removal Mustafa et al. 

(2016)
Ceriporiopsis
subvermispora

Corn stover 31.59% lignin loss Wan and Li 
(2010)

Fusarium spp. Paddy straw 17.1% decrease in lignin content,
10.8% decrease in silica content
compared with controls

Phutela and Sahni 
(2012)
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oses will inhibit xylose transport by FDS mechanism. In fungi xylose metabolism, 
xylose is converted to xylulose through xylitol by xylitol dehydrogenase, and then 
xylulose is phosphorylated and enters to pentose phosphate cycle. Conversion of 
xylose to xylitol in the presence of xylose reductase utilizes NADH or NADPH as a 
cofactor. In anaerobic or microaerophilic conditions, yeast utilizes NADH for con-
version. High expression of xylose reductase and xylitol dehydrogenase will tend to 
enhance the ethanol production. Co-current isomerization of xylose and co-fermen-
tation of xylose and glucose increase the production of ethanol (Fig. 15.1).

15.11  �Conclusion and Future Prospects

Overcoming the challenges of fossil fuels through the biotechnological route by 
fungal consortium is one of the promising approaches to reach global demand. The 
lignocellulosic biomass is a significant substrate for bioethanol production using 
fungal consortium for commercial production of ethanol throughout the year in a 
cost-effective process. This biotechnological approach of ethanol production is an 
eco-friendly process through enhancing the yield and reduction of the greenhouse 
gas emission. Saccharifications of lignocellulosic biomass by white-rot fungi have 
overcome the challenges with chemical digestive methods such as gasification and 
acidification. The chemical process using high temperatures, acids, and high-energy 

Lignocellulosic
biomass

Pretreatment

Cellulose

Cellobiose

Cellobiose

Cellodextrin
transporter

β-glucosidase

Glycolysis Ethanol

ADH

ACS

Acetate

Acetate

Ethanol

Xylulose

Xylose
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input lead to release of inhibitors and pollutants. The development of fungal consor-
tium consists of lignin-, cellulose-, and hemicellulose-degrading strains in combi-
nation with ethanol-producing strains (from hexoses and pentoses) which can 
achieve the global demand for ethanol production. The enzymes like laccases, cel-
lulases, and xylanases play a significant role for the digestion of lignocellulosic 
plant biomass by eco-friendly manner. Several advantages were reported by fungal 
consortia which include high adaptability, productivity, and efficiency of the pro-
duction. This process is also considered as inexpensive and eco-friendly. The future 
prospect for ethanol production using fungal consortium is a need to development 
of unique fungal consortia with noncompetitive synergistic fungal strains for pro-
duction of lignocellulosic digestive enzymes along with efficient ethanol-producing 
strains. Standardization of co-culture studies for optimization of digestive enzymes 
and ethanol production, optimized conditions for microbial growth, and metabolite 
production (enzymes) were varying from one strain to another. In co-culture studies 
(development of fungal consortium), physical factors (temperature, pH, agitation, 
moisture levels, surface area, and SSF) and chemical factors such as carbon source, 
nitrogen sources, minerals, salts, and their concentrations need to standardize for 
commercial production of ethanol. Simultaneous saccharification and fermentation 
have enhanced the yield.
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