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ABSTRACT 

 

 The utilization of lignocellulosic residues to produce renewable energy is an interesting 

alternative to meet the increasing demand of fuels while at the same time reducing greenhouse 

gas emissions and climate change. Sweet sorghum bagasse is a lignocellulosic residue composed 

mainly of cellulose, hemicellulose, and lignin; and it is a promising substrate for ethanol 

production because its complex carbohydrates may be hydrolyzed and converted into simple 

sugars, and then fermented into ethanol.  However, the utilization of lignocellulosic residues is 

difficult and inefficient. Lignocellulose is a very stable and compact complex structure, which is 

linked by β-1,4 and β-1,3 glycosidic bonds. Furthermore, the crystalline and amorphous features 

of cellulose fibers and the presence of hemicellulose and lignin make the conversion of 

lignocellulose into fermentable sugars currently impractical at commercial scale.  

 

 The bioconversion of lignocellulose in nature is performed by microorganisms such as 

fungi and bacteria, which produce enzymes that are able to degrade lignocellulose. The present 

study evaluated the bioconversion of lignocellulosic residues of sweet sorghum into simple 

sugars using filamentous fungi directly in the hydrolysis of the substrate, without prior isolation 

of the enzymes. The fungus Neurospora crassa and some wild fungi (that grew naturally on 

sweet sorghum bagasse) were used in this investigation. The effect of the fungi on substrate 

degradation and the sugars released after hydrolysis were evaluated, and then compared with 

standard hydrolysis performed by commercial enzymes (isolated cellulases). In addition, 

different combinations of fungi and enzymes were used to determine the best approach. The 
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main goal was to verify if the fungi were able to attack and break down the lignocellulose 

structure directly and at a reasonable rate, rather than by the current method utilizing isolated 

enzymes. 

 

 The main finding of this study was that the fungi (N. crassa and wild fungi) were able to 

degrade sweet sorghum bagasse directly; however, in all of the cases, the hydrolysis process was 

not efficient because the hydrolysis rate was much lower than the enzymatic hydrolysis rate. 

Hydrolysis using a combination of fungus and commercial enzymes was a good approach, but 

still not efficient enough for practical use. The best results of combined hydrolysis were obtained 

when the substrate was under the fungus attack for three days and then, commercial enzymes 

with low enzymatic activity (7 FPU/g and 25 CBU/g) were added to the solution. These enzymes 

represent 10 % of the current enzymatic activity recommended per gram of substrate. This 

process reached reasonable levels of sugars (close to 85% of sugars yield obtained by enzymatic 

hydrolysis); however, the conversion rate was still slower, making the process impractical and 

more expensive since it took twice the amount of time as commercial enzymes. Furthermore, the 

wild fungi able to degrade cellulose were isolated, screened, and identified. Two of them belong 

to the genus Aspergillus, one to the genus Acremonium, and one to the genus Rhizopus.  Small 

concentration of spores-0.5mL- (see Table 4, CHAPTER III- for specific number of spores per 

mL) did not show any sugar released during hydrolysis of sweet sorghum bagasse. However, 

when the concentration of spores was increased (to 5mL and 10mL of solution), citric acid 

production was detected. This finding indicates that those wild fungi were able to degrade 

lignocellulose, even though no simple sugars were measured, citric acid production is an 
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indicator of fungi growing and utilization of lignocellulose as nutrient. It is assumed that the 

fungi consume the sugars at the same time they are released, thus they are not detected. The 

maximum concentration of citric acid (~14.50 mg/mL) was achieved between days 8-11 of 

hydrolysis. 

 

 On the other hand, before using lignocellulose, the substrate needed to be pretreated in 

order to facilitate its decomposition and subsequent hydrolysis. Sweet sorghum bagasse was 

washed three times to remove any soluble sugars remaining after the juice was extracted from 

the stalks. Then, another finding of this study was that the first wash solution could be used for 

ethanol production since the amount of sugars present in it was close to 13°Brix. The ethanol 

yield after 48 hours of fermentation was in average 6.82mg/mL, which is close to the theoretical 

ethanol yield. The other two washes were too dilute for commercial ethanol production. In terms 

of pretreatments, the best one to break down sweet sorghum bagasse was 2% (w/v) NaOH. This 

pretreatment shows the highest amounts of glucose and xylose released after hydrolysis. 

Unwashed and untreated bagasse (raw bagasse) did not show any sugar released. In terms of 

ethanol, 74.50 % of the theoretical yield was reached by enzymatic hydrolysis, while 1.10% was 

reached by hydrolysis using the fungus N. crassa. 

 

 Finally, it is important to remark that further investigation is needed to improve the direct 

conversion of lignocellulose into fermentable sugars by fungal enzymes. This approach is a 

promising technology that needs to be developed and improved to make it efficient and feasible 

at commercial scale. 
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INTRODUCTION 

      

Problem Definition 

 

 Ethanol fuel produced from cellulosic residues could contribute to meet the increasing 

energy demands in the United States, while at the same time reducing the world wide greenhouse 

emissions and dependency on foreign countries. However, this process is not feasible and 

competitive with the current available feedstocks for ethanol production, such as corn or sugar 

cane. Lignocellulosic materials require extensive and expensive pretreatments before their 

utilization in order to make the process viable at commercial scale. After pretreatments (that 

breakdown the lignocellulose structure and make it more accessible to enzymes), the hydrolysis 

of cellulose is performed by commercial enzymes, which are also expensive. These enzymes are 

obtained from different microorganisms such as fungi and bacteria that produce lignocellulolytic 

enzymes separately or in complex systems. Some examples of cellulase producer 

microorganisms are Trichoderma reesei and Aspergillus niger -from aerobic fungi, and 

Cellulomonas sp. and Thermobifida sp. -from aerobic bacteria (Gusakov, 2011). In addition, 

Orpinomyces sp. and Piromyces sp.- from anaerobic fungi, and Clostridium and Ruminococcus 

species- from anaerobic bacteria (Gusakov, 2011). The enzymes originated by anaerobic 

microorganisms are complexes enzyme systems called cellulosomes.  

 

 Even though bacteria and fungi have the ability to produce lignocellulolytic enzymes, 

their utilization still presents some challenges. For instance, according to Gusakov (2011), in 



21 

 

biotechnology and engineered organisms, bacteria cannot compete with mutant fungal strains 

because the level of protein expression is lower in bacteria compared with fungi. This feature 

makes difficult to use bacteria as enzyme producers in second generation biofuels (fuels from 

lignocellulosic biomass). On the other hand, the direct utilization of fungi on bioconversion of 

lignocellulosic materials, still presents challenges because the rate of conversion is slow and not 

viable at commercial scale (Aita and Kim, 2010). 

 

 Thus, the main goal of this research is to improve the efficiency and feasibility of the 

direct bioconversion of lignocellulose by filamentous fungi into fermentable sugars that are then 

easily fermented into ethanol. 

 

Dissertation Format 

 

 This dissertation consists of one manuscript and two papers for publication. Chapter I is a 

review article manuscript that also serves as the literature review for this dissertation, and discusses 

the overall aspects of utilization of lignocellulose. It includes topics such as the necessity of 

renewable sources of energy, biofuels, the current scenario of ethanol in the US, lignocellulose 

definition, and steps required before its utilization, among others.  

 

 Chapter II explores the utilization of the filamentous fungus Neurospora crassa to convert 

the lignocellulose components of sweet sorghum bagasse into fermentable sugars. Different 

aspects of the process are discussed, such as pretreatments that break down the bagasse, analysis 
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of sugars released, addition of nitrogen as a source of nutrients, and the use of the fungus alone 

and in combination with commercial enzymes to improve the efficiency of hydrolysis.  

 

 Chapter III examines the hydrolysis of sweet sorghum bagasse utilizing “wild fungi” that 

grow naturally in the substrate, as well as the isolation, culture, and identification of them to 

evaluate if their performance in sweet sorghum hydrolysis was efficient and competitive compared 

with hydrolysis performed by commercial enzymes. 
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PRESENT STUDY 

 

 The methods, results and conclusions of this study are presented in three manuscripts 

appended to this dissertation. The following is a summary of the most important findings in this 

document. 

 

 Chapter I is an overview of the current scenario and tendencies in biofuels from 

lignocellulosic feedstocks. It includes several aspects such as definition of biofuels, ethanol, 

lignocellulose, and so on; as well as the ethanol production in the U.S. and the main processes 

involved in the utilization of lignocellulosic residues to produce renewable energy. 

 

 Chapter II discusses the direct bioconversion of lignocellulosic residues of sweet sorghum 

into fermentable sugars using the fungus Neurospora crassa alone and in combination with 

commercial cellulolytic enzymes. The highest concentration of glucose released, ~14mg/mL, was 

by enzymatic hydrolysis after 3-4 days. On the other hand, hydrolysis by the fungus alone was not 

efficient. The total amount of sugars released by the fungus was less than 3% of that of commercial 

enzymes. Combination of the fungus and 10% of enzymes normally used improved the amount of 

sugars released. The amounts of sugars measured were close to 85% of the maximum amount 

reached by enzymatic hydrolysis; however the process took more than twice the time. Since the 

hydrolysis by the fungus was always slower than commercial enzymes, it was concluded that 

ethanol production using this approach is not feasible at commercial scale.  
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 Chapter III discusses lignocellulosic degradation of sweet sorghum by wild fungi alone 

and in combination with commercial enzymes. The wild fungi that grew naturally in the sweet 

sorghum bagasse were isolated, and then screened using carboxymethyl cellulose (CMC) assay. 

Only six of them were able to degrade cellulose. Two of them identified as members of the genus 

Aspergillus, one from the genus Acremonium and one of the genus Rhizopus.  The hydrolysis of 

sweet sorghum bagasse was tested using different doses of these wild fungi and Neurospora crassa 

as control.  Small concentrations of wild fungi spores (see Table 4, CHAPTER III for number of 

spores per milliliter) did not show evidence of sugars released after 10 days of hydrolysis. The 

control released a maximum of 0.22 mg/mL of glucose after 4 days of hydrolysis (agreeing with 

previous results-CHAPTER II). When 0.5 mL of wild fungal spores was combined with 10% of 

commercial enzymes (added after the third day of hydrolysis), release of glucose and xylose was 

observed. The maximum glucose concentration (~10.75mg/mL) was achieved after days 6-7 of 

hydrolysis, whereas the maximum xylose concentration was in average 6.38mg/mL, reached 

between days 7-8. After increasing the concentration of spores of the wild fungi, by increasing the 

volume of solution of spores to 5mL and 10 mL, soluble sugars were still not detected. However, 

citric acid production was measured with a maximum concentration of ~14.50 mg/mL between 

days 8-11 days of hydrolysis. This indicates the wild fungi were able to degrade lignocellulose but 

the microorganisms used the soluble sugars (mainly glucose) at the same time that it was released. 

As a result, this approach is not efficient and impractical at commercial scale.  
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CHAPTER I 

 

LITERATURE REVIEW 

 

Biofuels 

 

 Biofuels are liquid, solid, or gas fuels produced from renewable biomass (Nigam and 

Singh, 2011; Demirbas, 2011), and obtained from resources such as residues and organic wastes 

(Liao et al., 2012), animals, plants, and microorganisms (Nigam and Singh, 2011). These 

organisms convert energy from the sun into chemical energy, constituting important renewable 

resources.  

 

Biofuels can be classified as either primary or secondary (Nigam and Singh, 2011). 

Primary biofuels are burned in an unprocessed form to produce heat or electricity. Examples are 

wood, chips, pellets, animal wastes, and agricultural residues. Secondary biofuels are processed 

sources of energy such as ethanol and biodiesel, which have industrial applications and also can 

be substituted for gasoline. They are further classified into first, second and third-generation, 

depending on the substrate and technology used in their production (Nigam and Singh, 2011). 

First-generation biofuels use simple oils and sugars obtained from plants and animals as their 

substrates. For example, ethanol and biodiesel are derived from the fermentation of sugars and 

transesterification of oils, respectively. Second-generation biofuels use lignocellulosic biomass 

to produce ethanol or butanol (by enzymatic hydrolysis); methanol, Fischer-Tropch diesel, 
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biodiesel, and mixed alcohol (by thermo chemical processes); and biomethane (by anaerobic 

digestion). Finally, third-generation biofuels use algae and seaweed to produce biodiesel, 

bioethanol, or hydrogen. According to Liao et al., 2012, a fourth-generation of biofuels can be 

produced from vegetable oil or biodiesel to create biogasoline. 

 

Advantages and challenges of biofuels 

 

The renewability of biofuels makes these energy sources attractive; in addition, they can 

use waste, and organic residues, which can promote recycling. Due to the worldwide availability 

of plant- and animal-derived fuels, the cost of biofuels is expected to be less than gasoline (US-

DOE, 2012). Furthermore, biofuels produce significantly fewer carbon emissions. By burning 

these fuels, the carbon released to the atmosphere is the same than the carbon captured by the 

plants or microorganism from where biofuels come from. This in turn helps to decrease climate 

change, providing a safer alternative to preserving the atmosphere. Moreover, biofuels reduce 

dependency on foreign oil (Daniel, 2011) because they can be produced locally and promote 

economic development in rural areas.  

 

One of the disadvantages of biofuels production is the lower energy content compared 

with fossil fuels. In this context, a larger quantity of biofuels is required to reach the same level 

of energy production that is achieved by burning of fossil fuels. In addition, to produce 

competitive amounts of biofuel energy, it is necessary to invest widely in technologies and 

agricultural management. 
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Another challenge is the potential competition for food. Producing biofuels from food 

crops may decrease food supplies and increase food prices, land prices, water demand, and use of 

fertilizers. Examples of food crops raised for first generation of biofuels production are corn, 

sugar cane, and oil crops. The use of these food sources has generated serious controversy. For 

instance, in the U.S., corn, which is widely used as a food source, is also the main substrate for 

ethanol, triggering concern about energy production and competition with food production, lands 

and water (Pimentel and Patzek, 2005). 

 

Ethanol 

 

 Ethanol is considered an alternative to reduce the dependence of fossil fuels and prices of 

fuels, enhance the value of agriculture products, increase the agricultural industry, and create 

new jobs (RFA, 2014). Ethanol has high octane number (Eyidogan et al., 2010), is transportable, 

and produces few greenhouse gases than current fossil fuels, helping to decrease global warming 

and climate change. It may be produced from several biomass materials such as starch-based 

feedstock (corn, wheat, potatoes, and barley), sugar-based feedstock (sweet sorghum, sugar cane, 

sugar beets), cellulosic feedstock (wood, stalks and leaves), and human wastes. Currently, the 

most common feedstock of ethanol is corn. In 2013, the U.S. produced 13.30 billion gallons of 

ethanol and 98% of the production was from this biomass (RFA, 2014). Table 1 shows the 

historic ethanol production of United States.  
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 The ethanol industry has been increasing in the U.S. over the last 30 years. Renewable 

Fuels Association (2014) reported the U.S. has more than 200 plants of corn ethanol across the 

country, the ethanol production from 2013 was equivalent to 10% of the gasoline supply of the 

country, and 96% of gasoline is blended with ethanol today. 

 
Table 1: Historical Ethanol Production 

Year Billions of gallons 

2013 13.30* 

2012 13.22 

2011 13.93 

2010 13.30 

2009 10.94 

2008 9.31 

2007 6.52 

2006 4.88 

2005 3.90 

2004 3.40 
* Estimated 

Source: RFA, 2014 
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Lignocellulose 

 

 Lignocellulose is an organic polysaccharide complex composed principally by 40-60% 

cellulose, 20-40% hemicellulose, and 10-25% lignin, based on dry weight (Mathew et al., 2009). 

In addition, it contains small amounts of materials such as ash, proteins, and pectin. Cellulose is 

the most abundant biomass in the world and the principal component of plants (Tengerdy and 

Szakacs, 2003; Cardona et al., 2007; Dashtban et al., 2009; Mathew et al., 2009). It is a chain of 

monomeric glucose binding by β-1,4 glycosidic bonds and is insoluble, crystalline, and 

amorphous.  Hemicellulose is heterogeneous and composed basically of hexoses (mannose, 

glucose, or galactose) and pentoses (xylose and arabinose). Lignin is a complex and 

heterogeneous polymer of aromatic alcohols. Its main components are carbon, hydrogen, and 

oxygen. Lignin is the most recalcitrant molecule to degrade and acts like a barrier against 

lignocellulolytic enzymes (Dashtban et al., 2009). 

 

Lignocellulose is a feedstock with a low production cost (Tong et al., 2013). Different 

industries generate waste containing lignocellulose every year, providing potential sources of 

biofuel. These industries include agriculture, forestry, paper manufacturing, and municipal solid 

waste (MSW) disposal facilities. Table 2 lists residual wastes from these industries and their 

potential applications in ethanol production. 

 

Table 2: Production of Lignocellulosic Wastes 

Lignocellulosic Wastes Annual production 
Potential contribution to ethanol production 

(billion liter/year) 

World Agricultural Wastes1 Trillion grams/year (Tg/y)  

Corn stover 203.62 58.6 

Barley straw 58.45 18.1 

Oat straw 10.62 2.78 
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Rice straw 731.34 204.6 

Wheat straw 354.35 103.8 

Sorghum straw 10.32 2.79 

Bagasse 180.73 51.3 

Subtotal 1549.42 442.0 

   

Municipal Solid Waste (MSW) Million metric tons (million MT)  

USA (2001) 208 13.72 

China (1998) 127 8.33 

Canada (2002) 30.5 24 

Animal Wastes   

In Canada (2001) 177.5  

In USA (1995) 160  
Source: Dashtban et al., 2009 

 

 

 Lignocellulose has to be hydrolyzed before it can be converted to ethanol. The fibers of 

cellulose are crystalline, limiting the access of hydrolytic enzymes to the cell wall. In addition, 

the presence of lignin and hemicellulose, and the natural resistance of cell walls to be attacked by 

enzymes prevent efficient hydrolysis (Dashtban et al., 2009; Alvira et al., 2010; Dashtban et al., 

2010). The hydrolysis of lignocellulosic produces monomeric hexoses (glucose, mannose and 

galactose) and pentoses (xylose and arabinose) that may to be fermented into ethanol. The most 

frequent microorganism used in this process is Saccharomyces cerevisiae because of its high 

fermentation rate and tolerance to ethanol (Dashtban et al., 2009). However, S. cerevisiae is not 

able to metabolize xylose as easily as it hydrolyzes glucose. Thus, one challenge is to find a 

microorganism or a combination of microorganisms able to hydrolyze both and to overcome the 

inhibitors formed during fermentation (Dashtban et al., 2009). As a result, to increase ethanol 

yield, a mechanism is needed which promotes the total degradation of lignocellulose materials 

while also enhancing the fermentation of monomeric sugars. 
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Pretreatments 

 

Pretreatments make the lignocellulose more accessible to enzymes (Yang and Wyman, 

2008; Hosseini and Shah, 2009). They break down the lignocellulose into simple sugars, which 

are then easily fermentable by microorganisms. Due to the complexity of lignocellulose 

degradation, physical, chemical, and thermal methods have been used as pretreatments (Yang 

and Wyman, 2008; Aita and Kim, 2010; Alvira et al., 2010). These methods are quite expensive 

because of their high energy requirements (temperature and pressure). Furthermore, they produce 

a complex mixture of byproducts and generate toxic compounds (Cardona and Sanchez, 2007; 

Yang and Wyman, 2008). On the other hand, biological pretreatments may be a potential 

alternative for cellulose hydrolysis. These methods present some advantages since they have few 

energy requirements (which reduce their cost), do not need the addition of chemicals, and are 

environmentally friendly. However, the hydrolysis process is slower than current thermo-

chemical methods and the production of byproducts is lower than current thermo-chemical 

pretreatments (Singh et al., 1992; Yang and Wyman, 2008). Since the effectiveness of 

pretreatments also depends on the nature of the biomass feedstock (Alvira et al., 2010), an 

effective pretreatment should combine two or more pretreatment methods, including at least one 

chemical addition (Yang and Wyman, 2008).  

 

According to Hosseini and Shah (2009), an ideal pretreatment should have the following 

characteristics: produce reactive fiber and non-degraded form pentoses, avoid releasing 

fermentation inhibitors, need minimum size reduction of the substrate, and reduce energy 
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demands and costs. Since pretreatments are energy-cost intensive (around of 18% of the direct 

costs of cellulose bioconversion, according to Yang and Wyman (2008), some features that 

pretreatments should have to achieve a low-cost process are: 

 

 Reduce the amount and cost of chemicals used in pretreatment and neutralization. 

 Limit size reduction of the feedstock because it is high energy demanding. 

 Achieve high yields of fermentable sugars (close to 100%). 

 When pretreatment and enzymatic hydrolysis are combined, produce more than 10% of 

sugars yield to assure an adequate fermentation and ethanol production. 

 Small bioreactors and pressure used to reduce costs. 

 Avoid waste disposals produced. 

 Use enzymes with low enzymatic activity to hydrolyze cellulose (less than 10 FPU/gram 

cellulose of cellulases per load), and achieve more than 90% of cellulose yield in less 

than 3-5 days. One unit of filter paper (FPU) activity is defined as the amount of enzyme 

releasing 1 µmole of reducing sugar from filter paper per mL per min. 

 Recover and convert/utilize lignin and other byproducts. 

 Choose appropriate microorganisms to also ferment the pentoses (xylose and arabinose) 

from hemicellulose hydrolysis. 

 Reduce the use of heat and power to decrease the cost. 

 

 Examples of pretreatments are: steam explosion, lime pretreatment, ammonia Fiber 

Explosion (AFEX), and organic solvent (Hosseini and Shah, 2009); dilute or concentrated acid 
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pretreatment using H2SO4, or H3PO4, alkaline hydrolysis using Ca(OH)2, steam explosion alone 

and in combination with dilute acid (Cardona and Sanchez, 2007); autoclaving, alkaline 

hydrolysis using dilute or concentrated NaOH, and alkaline peroxide pretreatment (Cao et al., 

2012); or microwave irradiation (Marx et al., 2013). 

 

Enzymes 

 

The bioconversion of lignocellulosic structure is performed by microorganisms such as 

fungi and bacteria (Aita and Kim, 2010; Dashtban et al., 2009; Gibson et al., 2011), which 

synthesize enzymes able to break down lignocellulolytic bonds. In general, these enzymes are 

cellulases, hemicellulases and ligninases. The hydrolytic enzymes that perform the degradation 

of cellulose are called cellulases. These enzymes hydrolyze the β-1,4 bonds of the cellulose. 

They apply two catalytic mechanisms to performing degradation: retaining and inverting 

(Dashtban et al., 2009) and can be classified according to their places of action as 

endoglucanases (EG, endocellulase, or endo-acting enzymes), cellobiohydrolases (CBG, 

exocellulase, or exo-acting enzymes), and β-glucosidases (BLG) (Cardona and Sanchez, 2007; 

Dashtban et al., 2009; Mathew et al., 2008; Dashtban et al., 2010).  

 

The endoglucanases hydrolyze the internal bonds of cellulose chains; they attack the 

amorphous regions of cellulose providing free chains that are more accessible to CBH enzymes. 

The cellobiohydrolases act on the ends of the chains attacking the crystalline regions of 

cellulose- mainly the β-1,4-glycosidic bonds- releasing cellobiose as a final product. The 
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products of the hydrolysis reaction are cellobiose (disaccharide) and cello-oligosaccharides, 

which will be further hydrolyzed by the enzymes called β-glucosidases. They break down 

cellobiose and cellodextrins to glucose, which then inhibits the enzymes (Mathew et al., 2008; 

Dashtban et al., 2009). BLG can act internally, externally, and in the cell wall. Figure 1 shows a 

simple scheme of cellulases action.  

 

 
Figure 1: Cellulases action scheme (Mathew et al., 2008) 

 

 

 

 Hemicellulases are mixtures of enzymes. To hydrolyze hemicellulose, which is mostly 

xylan, (70%), one needs to break down the β-1,4 linkages between xylose and more than one 

enzyme is required. Β-xylosidases produce xylose during the hydrolysis process, and other 

enzymes break down mannoses and arabinoses (Dashtban et al., 2009).  

 

 Ligninases can be classified in two groups: phenol oxidases (such as laccase) and 

peroxidases (such as lignin peroxidase and manganese peroxidase). Lignin is the most 

recalcitrant molecule in bagasse or wood; therefore, its degradation process may not be efficient 
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since ligninases cannot penetrate cell walls because of their large size (Dashtban et al., 2009). 

According to these authors, there is another group of oxidative non-lignocellulolytic enzymes 

that generate non-enzymatic reactions through free radicals of hydroxyl (-OH), which break 

down sugars and cell walls, making them more accessible to enzymes.  

 

 Another type of lignocellulolytic enzyme belongs to the cellulosome system. The 

cellulosome is a complex enzymatic system in which anaerobic fungi and bacteria produce 

cellulases and hemicellulases in the gastro-intestinal tracts of ruminants. The main byproducts of 

hydrolysis by fungal cellulosome and bacterial cellulosome are glucose and cellobiose, 

respectively (Dashtban et al., 2009).  

 

Cellulases and hemicellulases generally belong to a group of enzymes called glycoside 

hydrolases (GH) (Dashtban et al., 2009). Glycoside hydrolases catalyze the hydrolysis of the 

glycosidic linkage to release smaller sugars. GH’s are common enzymes that participate in the 

degradation of biomass such as cellulose and hemicellulose, in anti-bacterial defense strategies, 

in pathogenesis mechanisms, and in normal cellular function (Gibson et al., 2011). 

 

Bacterial Enzymes 

 

 Aerobic and anaerobic bacteria may produce lignocellulolytic enzymes (Gibson et al., 

2011; Gusakov, 2011). Aerobic bacteria usually produce noncomplexed cellulase systems, such 

as species from the genera Cellulomonas and Thermobifida. On the other hand, anaerobic 

bacteria from Clostridium and Ruminococcus species produce complex cellulase systems called 
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cellulosomes (Gusakov, 2011). In addition, plant pathogens have cell-wall degrading enzymes 

(CWDE) that allow them to invade their hosts and obtain the nutrients they require (Gibson et 

al., 2011). Table 3 shows the numbers of CWDE expressed in different numbers of glycosyl 

hydrolases families (Total GH). As it is shown, the genus Xanthomonas contains a total of 20 

GH families that degrade cellulose, while the genus Clavibacter contains 15 GH families that 

hydrolyze hemicellulose.  

 

Table 3: Numbers of GH families in different bacteria genera. 

Cellulose Degrading Enzymes Hemicellulose Degrading Enzymes 

Phylum Class Species of 
Total 

GH 
Phylum Class Species of 

Total 

GH 

Proteobacteria 

Alphaproteobacteria Agrobacterium 4 

Proteobacteria 

Alphaproteobacteria Agrobacterium 6 

Betaproteobacteria 

Ralstonia 5 

Betaproteobacteria 

Ralstonia 1 

Erwinia 5 Erwinia 3 

Pectobacterium 15 Pectobacterium 3 

Gammaproteobacteria 

Pseudomonas 9 

Gammaproteobacteria 

Pseudomonas 2 

Xanthomonas 20 Xanthomonas 12 

Xylella 4 Xylella 0 

Actinobacteria Actinobacteria Clavibacter 9 Actinobacteria Actinobacteria Clavibacter 15 

Source: Gibson et al., 2011 

 

 

Fungal Enzymes 

 

 Several reports indicate a wide range of fungi able to produce lignocellulolytic enzymes, 

such as phytopathogenic members of the phyla Ascomycota and Basidiomycota (Gibson et al., 

2011; Gusakov, 2011). One genus in particular, Magnaporthe, contains a high number of 

enzymes that hydrolyze cellulose and hemicelluloses (Gibson et al., 2011). Table 4 shows the 

number of GH families of enzymes of some phytopathogen fungi.  

 



37 

 

 On the other hand, anaerobic fungi from the phylum Neocallimastigomycota are able 

todigest cellulose in different substrates (Gibson et al., 2011; Gusakov, 2011). See APPENDIX 

I-B for more details. According to Baldrian and Valaskova (2008), species from the 

Basidiomycota are able to live in lignocellulosic habitats because they produce a huge number of 

enzymes that degrade lignocellulose. This feature, as well as their litter-decomposing and 

mycorrhizal interactions makes them promising cellulase producers. APPENDIX I-C lists the 

principal types of cellulases isolated in different studies (EG, CBH and BLG) from different 

fungal species of basiodiomycetes. 

 

Table 4: Numbers of GH families in different fungi genera. 

Cellulose Degrading Enzymes Hemicellulose Degrading Enzymes 

Phylum Class Species of 
Total 

GH 
Phylum Class Species of 

Total 

GH 

Ascomycota 

Leotiomycetes 

Blumeria 2 

Ascomycota 

Leotiomycetes 

Blumeria 4 

Botrytis 41 Botrytis 27 

Sclerotinia 35 Sclerotinia 23 

Fusarium 43 Fusarium 38 

Sordariomycetes 
Magnaporthe 60 

Sordariomycetes 
Magnaporthe 43 

Trichoderma 22 Trichoderma 26 

Basidiomycota 
Pucciniomycetes Puccinia 23 

Basidiomycota 
Pucciniomycetes Puccinia 10 

Ustilaginomycetes Ustilago 6 Ustilaginomycetes Ustilago 10 

Source: Gibson et al., 2011 

 

 

  

Ethanol from fungi 

 

 As stated before, several fungi have the ability to breakdown and digest the lignocellulose 

structure through their enzymatic system. As a result, they may be useful in cellulosic ethanol 

production. Singh et al., (1992) mentioned three members of the phylum Ascomycota as 

microorganisms able to convert cellulose directly to ethanol. These species belong to the genera 
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Fusarium, Monilia, and Neurospora. Table 5 shows the ethanol yield obtained by bioconversion 

of diverse cellulosic substrates by those fungi. As shown, the ethanol yield obtained is lower than 

when fermentation is performed by yeast. Xiros and Christakopoulos (2008) agreed. They 

studied solid-state fermentation using Fusarium oxysporum. Their results indicated that the 

ethanol produced by the fungus only reached close to 60% of its theoretical yield. 

 

Table 5: Yields obtained through direct conversion of substrate by fungi from Ascomycota. 

Ethanol producing fungal species 

Organism Feature 
Ethanol yield (g/L) in 50g 

of substrate 

Fusarium oxysporum F3 Direct conversion of cellulose to ethanol 14.5 (cellulose) 

Monilia sp. Direct conversion of cellulose to ethanol 
12 (avicel) 

16 (solka floc) 

Neurospora crassa 
Direct conversion of cellulose/hemicellulose to 

ethanol 

11 (bagasse) 

9.9 (avicel) 

9.9 (ATCP) 
Source: Singh et al., 1992. 

ATCP: Alkali treated cellulose powder 

 

Another approach to produce ethanol with fungi is to use a combination of fungi to 

hydrolyze and ferment the substrate in different processes. For example, while filamentous fungi 

hydrolyze lignocellulose, S. cerevisiae ferments the monomeric sugars generated by that process. 

Nevertheless, this approach needs to be further investigated because when a mixture of fungi is 

used, competition for nutrients could be generated, and batch conditions need to be adapted 

because filamentous fungi grow aerobically, while fermentation is performed anaerobically. 

 

 A third approach is to use a combination of fungi and/or purified enzymes to enhance 

ethanol yield. Filamentous fungi are the principal source of commercial cellulases in the 

industry, mainly the genus Trichoderma, specifically, T. reesei (Gusakov, 2011). Different 

strains, such as RUT C30, have been developed to enhance cellulase production. Some mutant 
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strains of T. reesei are considered the best cellulase producers among fungi. However, some 

genera such as Penicillium, Acremonium and Chrysosporium may be used for the same purpose 

since they are competitive with T. reesei (Gusakov 2011) in terms of level of protein production 

and cellulase hydrolytic performance per unit of activity or milligram of protein. According to 

Gibson et al., (2011), even though the saprobe T. reesei is an efficient producer of cellulases, the 

ratios of endo and exo-glucanase and β-glucosidase are not optimal to optimize the hydrolysis of 

lignocellulose. Actually, T. reesei was compared with seven different fungi pathogens, and the 

results showed that even though T. reesei genome has few genes for cellulolytic enzymes, some 

of them secrete important amounts of enzymes (Gusakov et al., 2011). These authors also 

reported that the fungus produces low secretion of β-glucosidase, resulting in a small enzymatic 

activity. As a result, T. reesei has difficulty in converting cellobiose to glucose, making the 

enzymatic system inadequate for the complete hydrolysis of lignocellulose. For this reason, T. 

reesei cellulase preparations have been supplemented with the addition of β-glucosidase from 

other microorganisms such as Aspergillus sp. (Gusakov et al., 2011). Furthermore, the authors 

state that several other fungi have the capacity to secrete cellulolytic enzymes and become 

potential alternatives to T. reesei. Some examples are listed below: 

 Aspergillus niger: this specie generates several endoglucanases and cellobiohydrolases 

able to degrade hemicelluloses. However, it has poor cellulase production.  

 Humicola insolens: this is an industrial cellulase producer; however, they are utilized in 

other applications such as textile or pulp and not for ethanol production. 

 Penicillium sp, P. verruculosum, P. funiculosum, P. echinulatum, P. pinophilum: 

These species and other strains from the genus Penicillium presents several advantages 
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over T. reesei. First of all, they secrete big amounts of β-glucosidase; secondly, the 

enzymes present superior activity in the family of cellobiohydrolases; and finally, the 

enzymes have less affinity with lignin, thus they are less susceptible to the effect of 

inhibitors derived from lignin. 

 Acremonium cellulolyticus: this specie secretes cellulases that produce higher glucose 

yields compared with T. reesei in the hydrolysis of wastepaper and waste woodchips, 

Eucalyptus, Douglasn fir wood chips, rice straw, and Avicel. The enzymes are also less 

sensitive to inhibitors.  

 Acremonium thermophilum, Chaetomium thermophilum and Thermoascus 

aurantiacus: these species have been identified as cellulase producers with higher 

thermo stability than T. reesei. 

 

For more information about other cellulase producer species, please refer to APPENDIX I-B and 

APPENDIX I-C.  
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Abstract 

 

 Direct bioconversion of lignocellulosic materials of sweet sorghum into fermentable 

sugars using different combinations of the fungus Neurospora crassa and commercial enzymes 

has been studied. Raw bagasse (with no pretreatment) and pretreated bagasse were used as 

substrates. Raw bagasse did not show promising results, while the best pretreatment was dilute 

NaOH. The highest concentration of glucose released, ~14mg/mL, was by enzymatic hydrolysis 

after 3-4 days. Hydrolysis by the fungus alone was not efficient. The highest concentration 

measured was 0.2mg/mL. The total amount of sugars released by the fungus was less than 3% of 

that of commercial enzymes. Combination of the fungus and 10% of enzymes normally used 

improved the amount of sugars released, however the process was slower, thus it was not 

feasible for commercial production.  

 

1. Introduction 

 

 The almost exclusive utilization of fossil fuels for energy has impacted the environment, 

producing depletion of those non-renewable resources, and pollution of air, soils, and ground 

water. In addition, it has increased the concentration of CO2 in the atmosphere, which is an 

important contributor to global climate change. All of these trigger a necessity for the generation 

of renewable and sustainable fuels that will reduce the greenhouse effects while meeting energy 

demands. In addition, the utilization of corn as feedstock for the production of ethanol has 

generated controversy with respect to energy production efficiency as well as social and 
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environmental impacts. This is an important food source in the world; thus, its utilization to 

produce ethanol for fuel causes competition with food production and increases in the prices of 

food, land, and water.  

 

 Sweet sorghum (Sorghum bicolor L. Moench), as an alternative feedstock for ethanol 

production, presents several advantages (Coble et al., 1984; Lezinou et al., 1994; Mamma et al., 

1996; Yu et al., 2008, Molaverdi et al., 2013). The crop has high tolerance to stresses such as 

salt, drought, and temperature; can be established in different climates, including arid and 

semiarid zones; requires low planting inputs such as water and fertilizers; has a relative short 

growing period of approximately four months; and has high content of sugars and biomass yield. 

The soluble sugars present in sweet sorghum stalks are glucose, fructose, and sucrose, and their 

quantity may vary between 43-52% by weight (Billa et al., 1997; Dolciotti et al., 1998; 

Amaducci et al., 2004; Zhao et al., 2009; Antonopoulou et al., 2010). These sugars can be 

extracted and fermented directly into ethanol by yeast (Balat et al., 2008; Wu et al., 2010). The 

insoluble carbohydrates of sweet sorghum stalks are cellulose and hemicellulose, which may 

vary between 20-50% by weight (Dolciotti et al., 1998; Rattunde et al., 2001; Zhao et al., 2009; 

Antonopoulou et al., 2010); and may also be used for ethanol production (Liu et al., 2008; Cao et 

al., 2012). Cellulose is a polymer of glucose, which is regenerated by hydrolysis.  

 

 Sweet sorghum bagasse (the remaining insoluble residue after the juice has been expressed 

from the stalk) is a lignocellulosic material composed of cellulose, hemicellulose and lignin (Sipos 

et al., 2009, Thanapimmetha et al., 2011; Molaverdi et al., 2013).  Before lignocellulose is 
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converted into other products, it is necessary to break down its structure. The fibers of cellulose 

are crystalline, limiting the access of the hydrolytic enzymes to the cell wall. In addition, the 

presence of lignin and hemicellulose, and the natural resistance of the cell wall to attack by 

enzymes, prevents efficient hydrolysis of cellulose (Dashtban et al., 2010). To facilitate the 

conversion of lignocellulose into fermentable sugars, different pretreatment methods have been 

used. Pretreatments make the cellulose and hemicellulose more accessible to enzymes (Yang and 

Wyman, 2008), which then are metabolized to simple sugars, which are easily fermentable by 

microorganisms. Physical, chemical, and thermal methods have been used as pretreatments (Yang 

and Wyman, 2008; Aita and Kim 2010; Alvira et al., 2010). These methods are quite expensive 

because of their high energy requirements (temperature and pressure). Furthermore, they produce 

a complex mixture of byproducts and generate toxic compounds (Singh et al., 1992; Cardona and 

Sanchez, 2007; Yang and Wyman, 2008). Examples are furan derivatives (furfural and 5-

hydromethylfurfural (HMF)), organic acids (acetic acid, formic acid, and ferulic acid), and lignin 

derivatives (vanillin, 4-hydroxybenzaldehyde, guaiacol, and phenol) (Palmqvist and Hahn-

Hagerdal, 2000; Klinke et al., 2004; cited by Zhang et al., 2010). On the other hand, biological 

pretreatments may be a potential alternative for cellulose hydrolysis. These methods present some 

advantages since they have low cost and energy requirements, need few additional chemicals, and 

are environmentally friendly. However, the hydrolysis process is slower than current thermo-

chemical methods and the production of the desired products is small (Singh et al., 1992; Cardona 

and Sanchez, 2007; Yang and Wyman, 2008). Since the effectiveness of pretreatments also 

depends on the nature of the biomass feedstock (Bernal et al., 1996; Alvira et al., 2010), a 
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promising and efficient pretreatment should combine two or more methods and include at least 

one chemical to facilitate the lignin remove (Yang and Wyman, 2008). 

 

 The bioconversion of the lignocellulosic structure in nature is performed by 

microorganisms such as fungi and bacteria (Dashtban et al., 2010, Gibson et al., 2011) that 

synthesize enzymes able to breakdown lignocellulolytic bonds. These enzymes are classified 

according to their place of action in endoglucanases, which break down the cellulose at interior 

(endo) bonds, cellobiohydrolases which break down the cellulose at chain ends (exo); and β-

glucosidases that break down β-1,4 glycosidic linkages (Mathew et al., 2009; Cardona and 

Sanchez, 2007; Dashtban et al., 2009, Dashtban et al., 2010). A wide range of aerobic fungi are 

able to produce lignocellulolytic enzymes, such as phytopathogenic members of the phyla 

Ascomycota and Basidiomycota (Dashtban et al., 2009, Gibson et al., 2011). On the other hand, 

anaerobic fungi from the phylum Neocallimastigomycota (anaerobic rumen fungi) are able to 

produce cellulose-degrading enzymes in different substrates (Dashtban et al., 2009). According 

to Baldrian and Valaskova (2008), basidiomycete species are the most potent destroyer of 

lignocelluloses because they capability to produce the enzymes that break down wood and their 

derivatives.  

 

 Neurospora crassa has been identified as a fungus that  degrades lignocellulose (Tian et 

al., 2009; Phillips et al., 2011a; Phillips et al., 2011b; ; Kittl et al., 2012; Znameroski et al., 

2012). The fungus produces large amounts of enzymes able to degrade cellulose (Yazdi et al., 

1986; Deshpande et al., 1986; Dogaris et al., 2009a) and is able to convert cellulose directly to 
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ethanol (Rao et al., 1985; Singh et al., 1992; Dogaris et al., 2013). Recent studies reported that 

the N. crassa genome contains genes that encode twice as much cellulases as Hypocrea jecorina 

(Martinez et al., 2008; Xiros and Christakopoulos, 2009). Hypocrea is the sexual stage of 

Trichoderma reesei (the most common fungus studied and used as a cellulolytic enzymes 

source). 

 

 N. crassa have been tested on the following cellulosic substrates: Avicel®, alkali-treated 

cellulose powder(ATCP), Solka Floc® (Deshpande et al., 1985), wood, wheat straw, and 

bagasse (Rao et al.,1985), agricultural residues such as spent grain from brewing and wheat 

straw (Xiros et al., 2008), and several others. Dorgaris et al., (2009) used the enzymes produced 

by the fungus on sweet sorghum bagasse. They isolated the enzymes produced by N. crassa in 

wheat straw, and then added those enzymes to untreated sweet sorghum bagasse. They had 

promising results; however their approach was similar to commercial enzyme production. Such 

processes generally are expensive due to the cost of the enzymes. 

 

 The present work evaluated the direct bioconversion of sweet sorghum bagasse into 

fermentable sugars utilizing N. crassa. The effect of the fungus on the substrate and the sugars 

released were evaluated, and then compared with standard enzymatic hydrolysis as well as 

different combinations of fungus and enzymes. The main goal was to verify if the fungus is able 

to attack cellulose directly, at a reasonable rate, rather than by means of isolated enzymes. 
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2. Materials and Methods 

 

 The methods used in this research were based on those of Molaverdi et al., 2013; Cao et 

al. 2012; Dogaris et al., 2012; Wu et al., 2011; Goshadrou et al., 2011; Xu et al., 2010; Dogaris 

et al., 2009a; and Saha and Cotta, 2006. They described different pretreatments, hydrolysis and 

fermentation techniques.   

 

2.1. Substrate (Sweet sorghum bagasse) 

 

 Sweet sorghum was harvested at the Campus Agricultural Center of The University of 

Arizona. The stalks were squeezed by a three-roller mill to separate the sugary liquid from the 

bagasse. The bagasse was used in two forms: raw and pretreated. Raw bagasse was just dried in 

air and ground using a blender. Pretreated bagasse was dried and ground like the raw bagasse, 

and then washed three times; using boiling water to remove the soluble sugars (sucrose, glucose, 

and fructose) that remained. The ratio of bagasse to water was 1:10 on a weight basis. Finally, 

the bagasse was dried at 60 °C and stored at room temperature to evaluate the hydrolysis of 

lignocellulose by enzymatic/biological means. 

 

 The water used from the three washes was analyzed to estimate the amount of soluble 

sugars removed and fermented to evaluate the ethanol yield. 
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2.2. Pretreatment processes 

 

 Five pretreatment methods (Table 1) were studied by Cao et al., 2012. Those 

pretreatments were replicated by following their methodology step by step. Bagasse that had not 

been washed and not treated otherwise was used as control in the pretreatment experiments, 

which were performed in triplicate and the results averaged. 

 
Table 1: Pretreatments performed by Cao et al., 2012 

Pretreatments 

A Dilute NaOH solution autoclaving pretreatment 

B High concentration NaOH solution immersion pretreatment 

C Dilute NaOH solution autoclaving and H2O2 immersion pretreatment 

D Alkaline peroxide pretreatment 

E Autoclaving pretreatment 

Control Untreated bagasse 

 

 

 Then, the pretreatment protocol was modified by changing the amount of bagasse and the 

method of adjusting pH, as described below using as example pretreatment A (dilute NaOH and 

autoclaving).  

 

Dilute NaOH solution autoclaving pretreatment, neutralization and buffer solution 

 One gram of dry, washed, and ground sweet sorghum bagasse was mixed with 10 mL 2% 

(w/v) sodium hydroxide solution (0.5M) for 5 min in a 250 mL stapled Erlenmeyer flask. The 

mixture was autoclaved for 60 minutes at 121 °C. Then, the bagasse was cooled to room 

temperature, neutralized, and acidified to a pH 5.0 using 2mL of 1M citric acid. 30mL of sodium 

citrate buffer solution pH 5.0 was added as pH stabilizer before starting the hydrolysis process. 
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2.3. Hydrolysis 

 

2.3.1. Enzymatic Hydrolysis 

 The enzymes used for lignocellulosic treatment were NS50013 (cellulase), NS50010 (β-

glucosidase) and NS50030 (xylanase). They were donated by Novozymes Inc. (Davis, CA). 

Table 2 shows the specifications for each enzyme.  

Table 2: Enzymes specifications 

Enzyme activity, pH and temperature, and recommended dosage 

Enzyme Activities Density g/mL pH Temperature °C Dose %w/w(Ts) 

NS50013 Cellulase complex 700 EGU/G (~70 FPU/g) 1.2 4.5-6.5 45-50 2-6% 

NS50010 β-Glucosidase 250 CBU/g 1.2 2.5-6.5 45-70 0.2-0.6% 

NS50030 Xylanase 500 FXU/g 1.1 4.5-6.0 35-55 0.1-0.5% 

Source: Pookhao, 2009 

 

 

 The amounts of cellulases were 250µL, β-glucosidase 25µL, and xylanase 23 µL; and 

also 1/10 of those dosages (because the enzyme preparations come as liquids). The hydrolysis 

was conducted in an incubator at 50 °C with a rotator shaker at 200 rpm. Samples (1 mL) were 

withdrawn every 24h from 0 to 11 days and centrifuged at 3,850 rpm for 10 minutes, and the 

supernatants were preserved at -20 °C until they were used for sugar analysis. 

 

2.3.2. Fungal Hydrolysis 

 Instead of enzymes, spores of the filamentous fungi Neurospora crassa were added to the 

pretreated bagasse. 0.5 mL of spores (6.65*107 spores) were added into 1g of bagasse in 30mL of 

buffer solution for each experiment. The hydrolysis was conducted in an incubator at 30 °C with 

a rotator shaker at 200 rpm. Samples (1 mL) were withdrawn every 24h from 0 to 11 days and 
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centrifuged at 3,850 rpm for 10 min, and the supernatants were preserved at -20 °C until they 

were used for sugar analysis. 

 

2.3.2.1.Fungal Strain 

N. crassa (FGSC strain 987) was obtained from a Bank Collection of Plant Pathology & Microbiology 

College of Agriculture and Life Sciences, The University of Arizona, Tucson, AZ. 

 

2.3.2.2.Medium 

In this study Vogels medium was utilized. It was prepared with 20mL of 50X Vogels Salt, 

15g of sucrose and 15g of agar in 1 L of nano-pure water (Davis and deSerres, 1970). 50X Vogels 

Salt was prepared with 750mL of water and the following list of chemicals (Table 3). 

 
Table 3: 50X Vogels Salt Composition 

Chemical Dose  Chemical Dose 

Na3Citrate·5H2O 150g  Fe(NH4)2(SO4)2·6H2O 1g 

KH2PO4 250g  CuSO4·5H2O 0.25g 

NH4NO3 100g  MnSO4·H20 0.05g 

MgSO4·7H2O 10g  H3BO3 0.05g 

CaCl2·2H2O 5g  Na2MoO4·2H20 0.05g 

Citric acid·7H2O 5g  Biotin solution 5mL 

ZnSO4·7H2O 5g  EtOH 50mL 
Source: Davis and deSerres, 1970 

 

2.3.2.3.Culture 

 25mL of Vogels medium was placed into 250mL flasks, inoculated with 0.25µL of N. 

crassa spores, and then incubated 48h at 30°C. After that, the flasks were placed at room 

temperature for 5 days to allow production of conidia. The spores were collected and counted 

using a hemocytometer device. The concentration of N. crassa was 1.33*108 spores/mL.  
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2.4 Fermentation 

 

 After hydrolysis, the hydrolysate was sterilized in the autoclave for 20 minutes at 120 °C. 

Then, it was inoculated with dry yeast and set in an incubator at 30 °C with rotator shaker at 200 

rpm and fermented by the yeast Saccharomyce cerevisiae, Ethanol Red® Dry alcohol yeast, 

provided by Pinal Energy LLC (Maricopa, AZ). The recommended addition of yeast is 50mg of 

dry yeast/500mL of solution. Samples were taken at 0, 24, and 48 hours during the fermentation 

process.  All samples were stored in -20°C freezer for later analysis. 

 

2.5 Analytical Methods 

 

 The sugars in the hydrolyzate, expected to be glucose, xylose, arabinose, galactose and 

mannose, were measured using a Shimadzu Prominence UFLC HPLC instrument that includes 

SIL-20A auto sampler, CTO-20A column oven, LC-20AT liquid chromatography, RID-10A 

refractive index detector, CBM-20A communications bus module and a Rezex ROA-Organic 

Acid H+ (8%) column. The temperature of the oven was set to 32°C. The sample injection 

volume was 30 µL, the retention time was 30 minutes, the isocratic flow rate was 0.5 

mL/minutes and the mobile phase was 2.5 *10-3 N sulfuric acid solution. 
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2.6 Statistical Analysis  

 

 A multivariate analysis of variance (MANOVA) was used to analyze the data with a p-

value threshold of 0.05. The general model used was a factorial design with 3 replications. The 

model is represented by the following equation. 

 

𝑦𝑖𝑗𝑘 = 𝜇 + 𝜏𝑖 + 𝛽𝑗 + 𝜖𝑖𝑗𝑘  
            i=1,2,…,A            A=a 

 j=1,2,…,B            B=b 

 k=1,2,…,N           N=3 

 

Where: 

𝑦 = 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 (𝑠𝑢𝑔𝑎𝑟 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑) 

𝜇 = 𝑔𝑟𝑎𝑛𝑑 𝑚𝑒𝑎𝑛 

𝜏𝑖 = 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑓𝑎𝑐𝑡𝑜𝑟 

𝛽𝑗 = 𝑒𝑓𝑓𝑒𝑐𝑡 𝑜𝑓 𝑡𝑖𝑚𝑒 𝑓𝑎𝑐𝑡𝑜𝑟  

𝜖𝑖𝑗𝑘 = 𝑒𝑟𝑟𝑜𝑟 𝑒𝑓𝑓𝑒𝑐𝑡 ~𝑁(0, 𝜎2) 
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3. Results and Discussion 

 

3.1. Sugars released by washed bagasse, and ethanol production 

 

 Squeezed bagasse was washed three times (Li et al., 2010, Cao et al., 2012) with boiled 

water to remove any remaining soluble sugars. 45g of dry bagasse were washed with 450mL of 

boiled water. The amount of water recovered after the first two washes was less than the amount 

of water used because the dry bagasse absorbed water. The amounts of solution recovered after 

the washes were 220, 390 and 450mL for the first, second, and third wash, respectively. The total 

amount of sugars released in each wash was analyzed, and then the solutions were fermented 

individually by S. cerevisiae to determine ethanol production. This procedure was performed 

with three replications. Table 4 shows the averages of the results. 

 
Table 4: Sugars released and ethanol yield from bagasse wash water 

Washes 
Sugar released (mg/mL) Sugar released in total volume (g) Total sugar 

released (g) Sucrose Glucose Fructose Sucrose Glucose Fructose 

1st wash 12.87± 0.22 0.90± 0.35 0.86± 0.24 2.83 0.20 0.19 3.22 

2nd wash 3.55± 0.09 0.23± 0.31 0.22± 0.32 1.38 0.09 0.09 1.56 

3rd wash 1.69± 0.35 0.10± 0.19 0.09± 0.23 0.76 0.05 0.04 0.85 

        

Washes 
EtOH (mg/mL) EtOH (g) EtOH yield (%) 

at 48h 24h 48h 72h 24h 48h 72h 

1st wash 5.03± 0.04 6.82± 0.17 6.11± 0.29 1.11 1.50 1.34 46.62 

2nd wash 1.85± 0.21 2.00± 0.28 1.93± 0.36 0.72 0.78 0.75 49.96 

3rd wash 0.81± 0.52 0.91± 0.25 0.90± 0.32 0.36 0.41 0.41 48.38 

 

 

 The total amount of sugars released after the three washes was in average 5.63g or 20.51 

mg/mL (~12.5 % of the total dry weight of the bagasse before washing). It was observed that the 
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first wash could be used as a source of ethanol because the content of sugars was high (~13° 

Brix). However, the other two washes are too dilute for commercial ethanol production. 

 

 Fermentation of the recovered solution gave a maximum yield at 48h, with a total of 

2.69g. As is shown in Table 4, the ethanol yield obtained was close to the theoretical yield, 

which is ~0.51g of ethanol/g of glucose (Ballesteros et al., 2004). 

 

3.2. Pretreatment effect and enzymatic hydrolysis 

 

 Five pretreatments (Table 1) were tested following the methodology suggested by Cao et 

al., (2012). Then, 250 µL of cellulase and 25µL of β-glucosidase were added to evaluate the 

effect of the pretreatments in the enzymatic hydrolysis of sweet sorghum bagasse. 

 

 Three soluble sugars were found after hydrolysis of sweet sorghum bagasse: glucose, 

xylose and arabinose. Previous reports indicated that the main sugars after enzymatic hydrolysis 

of sweet sorghum bagasse are: glucose, xylose and arabinose (Cao et al., 2012); or those three 

sugars plus mannose and galactose (Goshadrou et al., 2011); others found the same first three 

plus galactose and xylobiose (Dogaris et al., 2009a). The types and amounts of soluble sugars 

released after hydrolysis depends on the pretreatment and enzymes used in the hydrolysis 

process (Wyman et al., 2005). However, the higher amount of sugars detected after 

lignocellulose degradation are glucose and xylose (Wyman et al., 2005; Cao et al., 2012).  The 
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following scheme (Figure 1) presented by Young and Akhtar (1998), shows the main simple 

products released from wood polysaccharides by fungal enzymes action.  

 
Figure 1: Action of fungal enzymes in wood materials (Young and Akhtar, 1998) 

 

 

 The average amount of glucose and xylose released after each pretreatment are shown in 

Figure2. Arabinose was not reported because of the small amount released (<1mg/mL). See 

APPENDIX II-A for the average measured values. Overall, hydrolysis reached a peak within 

24h, and then the amount of sugars released stayed almost constant over time, showing small 

fluctuations. 

 

  
Figure 2: Glucose and Xylose released using different pretreatments 
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 The results indicated that the best pretreatments for the two major sugars found, glucose 

and xylose, were A and C (agreeing with the results reported by Cao et al., 2012). While glucose 

levels are quite similar, the amount of xylose is higher than the amount reported by them. The 

differences in yield may be due to the source genotype of the substrate (Bernal et al., 1996). 

Sweet sorghum bagasse seems to differ in its composition from sample to sample. Table 5 shows 

the main components of sweet sorghum bagasse reported by different sources. 

 

 The maximum concentrations of glucose measured were 13.90 and 14.49mg/mL at 96h 

for A and C respectively, whereas the amount of xylose was 8.59 and 8.56mg/mL at 96 and 72h 

for A and C respectively. B and D pretreatments showed statistical significantly smaller 

concentrations of both sugars compared to A and C. The maximum glucose concentrations were 

found at 72h with values of 11.93 and 9.96mg/mL for B and D, respectively. The maximum 

amounts of xylose released by B and D, respectively, were 5.26 and 6.94mg/mL at 72h. See 

APPENDIX II-A. 

 
Table 5: Sweet sorghum bagasse composition 

Composition of sweet sorghum bagasse (% dry weight) 

Cellulose Hemicellulose Lignin Ash Source 

42.60 25.20 13.40 4.10 Saini et al., 2013 

36.60 22.96 5.90* 3.07 Marx et al., 2013 

47.80 16.80 15.80 1.20 Molaverdi et al., 2013 

41.33 17.96 18.25 NR Goshadrou et al., 2011 

58.23 25.42 14.95 1.40 Thanapimmetha et al., 2011 

45.30 26.30 15.20 NR Zhang et al., 2011 

38.70 22.60 15.40 2.20 Wu at al., 2011 

38.30 18.20 19.70 NR Li et al., 2010 

34.40 32.20 25.10 NR Bernal et al., 1996 

*Acid Determined Lignin 

NR: Not reported 
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 The control, or raw bagasse (unwashed and untreated) plus enzymes released small 

amount of sugars compared with the other pretreatments. In terms of glucose, the maximum 

concentration was 2.84mg/mL at 72h, and 0.63mg/mL xylose at the same time. E behaves 

similar to the control, with a small amount of glucose and xylose released over time (3.15mg/mL 

and 0.93mg/mL at 72h, respectively), indicating that autoclaving pretreatment alone, which 

exposes the substrate to high temperature and pressure, is not enough to breakdown the 

lignocellulose.  

 

 The results showed good hydrolysis performance in terms of glucose and xylose released. 

This is possibly due to the composition of sweet sorghum bagasse in terms of ashes (minerals) 

content. According to Bin and Hongzhang (2010), ash content lower than 4.1% allows the 

substrate to be easily hydrolyzed by cellulolytic enzymes; whereas higher ash contents inhibit the 

action of enzymes.  

 

 3.2.1  Determination of best pretreatment and enzymes for hydrolysis 

 Based on the previous results, two experiments were conducted with three replications to 

identify the better pretreatment between A and C. The first experiment used cellulase and β-

glucosidase enzymes to hydrolyze the bagasse (Figure 3). The second experiment used those 

enzymes plus xylanase (Figure 4) to determine if hydrolysis yield could be improved. The results 

showed that there were no statistical differences in the amounts of sugars released in both 

experiments, indicating that xylanase addition does not improve the release of sugars.  As there 
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were no statistical differences between A and C, we choose to use pretreatment A (2% NaOH) 

for the following experiments, since the addition of hydrogen peroxide shows no effect. 

 

 These results agreed with Bjerre et al., (1996), who stated that dilute NaOH is an 

effective pretreatment for lignocellulosic residues with lignin content between 10-18%. In 

addition, Thanapimmetha et al., (2011) suggested that after NaOH pretreatment on sweet 

sorghum bagasse, up to 91.10 % of cellulose may be available for conversion to sugars. Thus, 

this material is a promising source to produce ethanol without interfering with food production. 

 

  
Figure 3: Glucose and Xylose released after hydrolysis with cellulase and β-glucosidase 

 

  
Figure 4: Glucose and Xylose released after hydrolysis with cellulase, β-glucosidase and xylanase. 
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3.3 Hydrolysis  

 

3.3.1 N. crassa versus enzymes for untreated (raw) and treated bagasse 

 

 In order to test the direct conversion of lignocellulose into fermentable sugars by the 

fungus N. crassa, two experiments were carried out. The first one (Table 6), was a comparison of 

hydrolysis by N. crassa using two substrates: raw (untreated and unwashed bagasse, just 

chopped after harvesting) and pretreated bagasse (washed and treated with dilute NaOH). The 

second experiment compared enzymatic hydrolysis processes using the same two substrates 

(Table 7). 

Table 6: Hydrolysis by fungus N. crassa using pretreated and raw bagasse 

Time (h) 
Pretreated Bagasse Untreated Bagasse 

Sucrose Glucose Fructose Sucrose Glucose Fructose 

0 0 0 0 5.35 0.21 0.20 

24 0 0.16 0.15 4.67 0.77 0.98 

48 0 0.18 0.15 2.99 0 0 

72 0 0.20 0.17 0 0 0 

96 0 0.18 0.17 0 0 0 

 

 As shown in Table 6, when pretreated bagasse is hydrolyzed by the fungus, small 

concentrations of glucose and fructose are detected (<0.21mg/mL in both cases). These 

concentrations remained constant over time and are the product of the bagasse hydrolysis 

because after the substrate was pretreated, no soluble sugars were present in the system. On the 

other hand, when bagasse is not pretreated or washed, there are some remaining sugars from the 

juice (sucrose, glucose, and fructose) that were detected at time 0. After 24h, an increase in the 

amount of glucose and fructose is observed that could be a product of the degradation of some of 
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the sucrose into those simple sugars or a product of the hydrolysis of cellulosic materials by the 

fungus. Sucrose continued to decrease at 48h, while no glucose or fructose could be detected, 

probably because the fungus is using those sugars as a source of nutrition. In addition, sucrose 

disappeared at 72h, indicating that the fungus consumed this sugar as it is, or consumed the 

glucose and fructose produced by the sucrose hydrolysis. It is difficult to estimate if the fungus 

degrades cellulose since there is no evidence of glucose produced; however, this could be 

because the fungus consumes the glucose at the same time that produces it. 

 

Table 7: Hydrolysis with commercial enzymes using pretreated and untreated bagasse. 

Time (h) 
Pretreated Bagasse Untreated Bagasse 

Sucrose Glucose Fructose Sucrose Glucose Fructose 

0 0 0 0 5.79 0.21 0.20 

24 0 12.07 0 0 1.93 0 

48 0 12.73 0 0 2.54 0 

72 0 13.49 4 0 2.80 0 

96 0 13.70 5 0 2.83 0 

 

 

 During the enzymatic hydrolysis of untreated bagasse, sucrose and fructose were 

observed at the start because of the remaining soluble sugars present in the bagasse. They 

disappeared from the system after the addition of the enzymes. The initial level of glucose was 

0.21mg/mL and increased over time up to 2.83 mg/mL at 96h, indicating that isolated enzymes 

work better in the raw substrate. On the other hand, when pretreated bagasse is hydrolyzed using 

isolated enzymes the amount of glucose released is considerably higher (almost 5 times more) 

compared with untreated bagasse.  
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 Comparing these results with the fungal hydrolysis, we can conclude that N. crassa is 

able to break down lignocellulose through its enzymatic system; however the rate of hydrolysis 

is quite slow resulting in small amounts of glucose released (~0.18mg/mL). In addition, it was 

observed that the fungus was also able to release fructose in about equal quantities 

(~0.16mg/mL). Previous reports do not indicate the presence of fructose after hydrolysis of 

sweet sorghum bagasse.  

 

 When pretreated bagasse was hydrolyzed by the enzymes, xylose and arabinose (from 

hemicellulose) were also detected, while they were not present when untreated bagasse was used 

as substrate. All these results confirm the importance of pretreatment for the efficient hydrolysis 

of lignocellulosic residues (Taherzadeh and Karimi, 2008; Goshadrou et al., 2011; Cao et al., 

2012), not just in the amount, but also the type of sugar released. Furthermore, we can suggest 

that the direct conversion of lignocellulose into fermentable sugars by N. crassa is not practical 

because of the slow conversion rate during hydrolysis and the small glucose yield compared with 

enzymatic hydrolysis (Figure 5). 

 

  
Figure 5: Glucose released after fungal and enzymatic hydrolysis using untreated and pretreated bagasse as substrate. 
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3.3.2. Comparison among various combinations of fungi and enzymes 

 

 We also tested the effect of hydrolysis using the fungus N. crassa alone, with addition of 

a nitrogen source, and in combination with two doses of commercial enzymes in pretreated 

bagasse, again in triplicate. 

 

 Nitrogen is an essential nutrient involved in growth and fungi metabolism (Sigh et al., 

1992). Furthermore, the addition of nitrogen sources to the growing media has been reported to 

increase enzymatic activities (Dogaris et al., 2009a). Organic and inorganic nitrogen sources 

have been utilized in bioconversion of residues using fungi. Some examples include ammonium 

nitrate, potassium nitrate, peptone, sodium nitrate, urea, and yeast extract (Sigh et al., 1992).  

 

 Dogaris et al., (2012) suggested that combination of the fungus N. crassa and cellulase 

and β-glucosidase at low enzymatic activity (6.0 FPU/g SB) improves ethanol production. 

Molaverdi et al., (2013) also used low enzymatic (15 FPU/g) activities in their experiments, 

proposing that a combination of enzymes and fungus may reduce the cost of commercial ethanol 

production. The enzymatic activity of the enzymes we have been using is 70 FPU/g, so we 

decreased the recommended dose by 90% to reach 7 FPU/g. In other words, we worked with 

100% or 10% of the total amount of enzymes recommended plus the addition of the fungus to 

compare the effect of those factors in the hydrolysis of sweet sorghum bagasse. 
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3.3.3. The Effect of Added Nitrogen 

 

 Several authors disagreed about which source of nitrogen works better for N. crassa. For 

instance Rao et al., (1985) stated that the organic form peptone produces better yields of ethanol; 

while Dogaris et al., (2009a) obtained best results using the inorganic source ammonium sulfate. 

Furthermore, Yazdi et al., (1990) found that yeast extract improves enzymatic activity in N. 

crassa cellulase system. We tried ammonium sulfate as nitrogen source. The amount added was 

0.04g of (NH4)2SO4/g of bagasse (Dogaris et al., 2009a). Table 8 shows the experiments we 

performed.  

Table 8: Nitrogen source experiments 

NA N. crassa alone 

NN N. crassa + nitrogen source 

NNE N. crassa +nitrogen source + enzymes 

NET N. crassa + enzymes 

ET Total amount of enzymes 

 

 The results showed that enzymatic hydrolysis produces the higher amount of glucose in 

less time (~3 days), as is shown in Figure 6, the higher glucose released was performed by ET 

(~14 mg/mL). It is also observed that after day 3 the amount of glucose released reached a 

plateau, remaining almost constant, with small increments over time. Furthermore, if just the 

fungus is used to hydrolyze the bagasse, the glucose level released is significantly small 

(~0.20mg/mL) compared with enzymatic hydrolysis (as previous results stated). When we 

analyze NN, we observed that the addition of nitrogen did not improve the glucose release during 

the first days. On the contrary, the concentration of glucose was ~0.11mg/mL up to day 3 of 

hydrolysis, which is about of 50% of the glucose released by N. crassa alone. After that, a small 
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increment of glucose was detected, reaching 0.39mg/mL at day 9, however, the concentration of 

sugar is still very small, indicating that even if the nitrogen source improved the hydrolysis 

performance, the rate of glucose production was still slower than the consumption by the fungus. 

 

 We also tested the interaction between fungus and enzymes (NET) and the same 

combination plus the nitrogen source (NNE). In both cases, ammonium sulfate showed no effect. 

On the contrary, glucose released was lower in the treatments where ammonium sulfate was 

added. This disagrees with Dogaris et al., (2009a); Sigh et al., (1992); and Rao et al., (1985); 

who found that addition of nitrogen helps to improve hydrolysis process. In this set of 

experiments the best results in terms of glucose and xylose released was performed by enzymatic 

hydrolysis reaching a maximum close to 14 and 7mg/mL respectively. Furthermore, the fungus 

alone is not able to release xylose with or without nitrogen. NET and NNE showed smaller 

concentration of xylose than E, suggesting that nitrogen may inhibit in some way the hydrolysis 

of hemicellulose. In addition, those experiments showed that xylose remained constant over 

time, thus, there is no evidence of reduction or consumption of this sugar, suggesting that it is not 

used by the fungus. 
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Figure 6: Glucose and xylose released after fungal and enzymatic hydrolysis using pretreated bagasse and nitrogen source. 

 

 

3.3.4 Fungus and enzymes combinations 

 

 Molaverdi et al., (2013) and Dogaris et al., (2012), stated that low concentration of 

enzymes in combination with the fungi Mucor hiemalis and N. crassa (respectively) have a 

positive effect in hydrolysis of sweet sorghum bagasse and ethanol production. 

 

 We decided to test if this behavior was extended by direct bioconversion of sweet 

sorghum bagasse by N. crassa. To reduce the enzymatic activity level, we diluted the enzymes 

by 10 fold, in other words, we used 10% of the recommended dosage of commercial enzymes.  

 

 By reducing the enzymes by 90%, the ingredient cost of ethanol production from 

lignocellulosic residues will decrease considerably. In fact, one of the main barriers to the 

production of the second generation of biofuels is the high cost of the enzymes involves in the 

hydrolysis of the residues (Phillips et al., 2011b). The experiments we performed to verify these 

effects are listed on Table 9. 
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Table 9: Fungi and enzyme combination experiments. 

NEF (0d) N. crassa + 1/10 of enzymes, both added at day 0 

NEF (3d) N. crassa alone during 3 days, addition of 1/10 of enzymes at day 3 

NEF (6d) N. crassa alone during 6 days, addition of 1/10 of enzymes at day 6  

EF 1/10 of enzymes 

 

  
Figure 7: Glucose and xylose released after hydrolysis with different combinations of fungus and enzymes using pretreated bagasse. 

 

 EF showed a similar tendency as the enzymatic hydrolysis (reported previously) 

performed with the 10 times the amount of enzymes, however, the amount of glucose released by 

EF is smaller (~12mg/mL). The concentration of glucose increased up to day 3, after which it 

remained constant up to day 8, and then increased slightly from day 9 to 11. 

 

 When the fungus and 10% of the enzymes (NEF(0d)) are added to pretreated bagasse at 

day 0, the amount of glucose released during the hydrolysis is much smaller than with EF alone, 

reaching a maximum concentration of 8.77 mg/mL at day 3, after that, the concentration 

decreased dramatically and disappeared from the system probably because of consumption by 

the fungus. 
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 In experiment NEF(6d), around 0.24mg/mL of glucose was released during the first days, 

then at day 3 the glucose decreased to 0.06mg/mL and by day 4 it totally disappeared. Then, 

when 1/10 of the enzymes were added at day 6, the amount of glucose released increases 

dramatically, reaching 8.95mg/mL at day 7 and a maximum of 9.44mg/mL at day 8. This 

indicates that the rate of glucose production by enzymes is much faster than the rate performed 

by fungus, because even though the amount of glucose decreased from day 9 to day 11, where a 

concentration of 7.49mg/mL was detected, the amount of glucose present in the system is still 

significant when compared with hydrolysis by fungus alone. 

 

 The experiment NEF(3d) showed similar behavior, during the first 3 days a small amount 

of glucose was released in the system (~0.24mg/mL), however, when 1/10 of the enzymes were 

added at day 3, the concentration of glucose released increased more drastically than it did in 

NEF(6d). At day 4, 9.05mg/mL of glucose was detected reaching a maximum yield of 

13.95mg/mL at day 8. This concentration is almost the same that the one obtained by ET (which 

was the best treatment), indicating that with 10% of the enzymes plus the fungus we can get 

similar results as when using 100% of the enzymes, however, in the double amount of time. We 

assumed that maybe the fungus improved the effect of enzymes since it started the hydrolysis 

first, releasing small amounts of glucose that promotes the enzymatic activity (Xu et al., 2013), 

and also, it makes the lignocellulose more accessible for the enzymes (Carlile et al., 2001). 
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 3.3.5. Second comparison of fungus and enzymes combinations 

 

 Based on the previous results, we concluded that after 3 days of N. crassa incubation on 

the substrate, then the addition of 1/10 of commercial enzymes, the hydrolysis was enhanced. 

Thus, we decided to compare this behavior when the total amount of recommended enzymes was 

added to the system. 

 

  
Figure 8: Glucose and xylose released after fungal and enzymatic hydrolysis. 

 

 

 The best performance was given by ET (total amount of enzymes), with a maximum 

concentration of glucose around 14mg/mL. The same pattern was observed by EF, with a level 

of glucose close to 12mg/mL. NET(3d) reached similar glucose amounts than ET but in the 

double amount of time. NEF(3d) showed the same behavior reported before, and similar to 

NET(3d). Both treatments produced small amounts of glucose during the first 3 days 

(~0.20mg/mL) due to the enzymatic system of the fungus N. crassa. Then, when the commercial 

enzymes are added to the system, the amount of glucose increased dramatically, reaching almost 

the same level of glucose as the hydrolysis by the total amount of isolated enzymes. 
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 Thus, after the comparison of those treatments it can be stated that the use of fungus in 

combination with 10% of commercial enzymes increased the glucose released by 10-13% over 

the enzyme alone; however the process takes double the amount of time. In general, it can be 

stated that this technique delays the hydrolysis performance and it is not feasible because it needs 

double the amount of energy and time to reach similar levels of glucose released compare with 

enzymatic hydrolysis, making the whole process more expensive at the end. 

 

3.4.  Fructose Analysis 

 

 During the analysis of the hydrolyzate it was noticed that in all the treatments that used 

the fungus N. crassa alone during hydrolysis generating small amounts of fructose 

(<0.33mg/mL) were released over time (Table 10). This behavior has not been reported before 

for sweet sorghum bagasse hydrolysis. Previous research reported presence of fructose after 

hydrolysis of potato starch (Nagamori and Funazukuri, 2004) or after hydrolysis of sugar cane 

(Saska and Ozer, 1995). In addition, it was observed that fructose is not released in presence of 

enzymes, even if the fungus is present in the system. In the experiments that combine fungus and 

enzymes, the fungus by itself released fructose when the enzymes were added; the fructose 

disappears. 
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Table 10: Fructose released after different hydrolysis treatments 

Fructose (mg/mL) 

Days NA NN NNE NET NEF(0d) NEF(3d) NEF(6d) NET(3d) ET EF 

0 0 0 0 0 0 0.00 0.00 0 0 0 

1 0.15±0.006 0.10±0.016 0 0 0 0.16±0.011 0.11±0.010 0.18±0.013 0 0 

2 0.16±0.012 0.10±0.007 0 0 0 0.19±0.015 0.13±0.015 0.17±0.018 0 0 

3 0.16±0.017 0.16±0.010 0 0 0 0.19±0.007 0.15±0.008 0.18±0.006 0 0 

4 0.17±0.008 0.13±0.014 0 0 0 0 0.15±0.012 0 0 0 

5 0.25±0.021 0 0 0 0 0 0.19±0.006 0 0 0 

6 0.33±0.014 0 0 0 0 0 0.23±0.009 0 0 0 

7 0.28±0.009 0 0 0 0 0 0 0 0 0 

8 0.26±0.015 0 0 0 0 0 0 0 0 0 

 

 

3.5. Ethanol Production 

 

 Molaverdi et al., 2013 calculated the ethanol yield based in the theoretical yield using the 

following equation: 

 

𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 =
𝑃𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝐸𝑡𝑂𝐻 𝑔 𝐿⁄  𝑥 100

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑏𝑎𝑔𝑎𝑠𝑠𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑔 𝐿⁄  (𝐹) (1.111)( 0.51)
 

 

 F is the glucan fraction of the bagasse. F was estimated using the average of glucan 

content on sweet sorghum bagasse. This value was obtained from previous reports (Table 5). For 

this case, F=42.58%. 

 

 Based on previous results, we fermented the hydrolyzate from enzymatic hydrolysis after 

NaOH dilute pretreatment of sweet sorghum bagasse. 5.99mg/mL of ethanol was produced. 
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 The initial bagasse concentration was 1g of bagasse/30mL of solution =33.33 g/L 

 

 Replacing all the values in the formula above: 

 

𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 =
5.99 𝑥 100

33.33 (0.4258) (1.111)( 0.51)
 

 

𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 = 74.50% 

 

 According to the same authors, NaOH pretreatment improves the ethanol yield to about 

80%. We obtained a 74.48%, which is promising for lignocellulosic residues of sweet sorghum 

bagasse.  

 

 If we compared this result with the fermentation of the hydrolyzate produced by 

pretreated bagasse and hydrolysis by N. crassa, we can conclude that the direct conversion of the 

substrate by the fungus is not efficient since the ethanol yield was about 1% of theoretical. 

 

𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 =
0.086 𝑥 100

33.33 (0.4258) (1.111)( 0.51)
 

 

𝐸𝑡𝑂𝐻 𝑦𝑖𝑒𝑙𝑑 = 1.10% 
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5. Conclusions 

 

 Sweet sorghum bagasse needs to be washed and pretreated before its utilization. Raw 

bagasse (unwashed and untreated) did not show any sugar released after hydrolysis. The water 

from the 1st wash may be used for ethanol production because the amount of sugars present was 

close to 13°Brix and the ethanol yield after 48 hours was 6.82mg/mL. The other two washes 

were too diluted. In addition, the best pretreatment to break down sweet sorghum bagasse was 

dilute NaOH treatment, in terms of glucose and xylose released after hydrolysis. On the other 

hand, the addition of nitrogen source did not improve the hydrolysis performance.  

 

 The fungus N. crassa was able to produce cellulolytic enzymes and release some simple 

sugars; however; the hydrolysis by the fungus was not efficient because the hydrolysis rate was 

much lower than enzymatic hydrolysis. Less than 3% of the sugars released by enzymatic 
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hydrolysis were measured when N. crassa alone performed the hydrolysis of the substrate.  

These results were reflected in terms of ethanol production, since 74.50 % of the theoretical yield 

was reached by enzymatic hydrolysis, while only 1.10% was reached by fungal hydrolysis. 

 

 Hydrolysis using a combination of the fungus and 10% of commercial enzymes reached 

reasonable levels of sugars; however, the slow conversion rate makes the still process impractical 

and more expensive because it takes twice the amount of time as commercial enzymes. In 

addition, the commercial amount of enzymes recommended is probably higher than the 

necessary amount because just 10% of the enzymes in combination with the fungus showed 

almost the same yield as the total amount recommended. 

 

 Finally, further investigation is needed to improve the direct conversion of lignocellulose 

into fermentable sugars by the fungus N. crassa. The fungus is able to synthesize the enzymes 

that break down sweet sorghum bagasse but the rate of bioconversion is still slower, making the 

process inefficient and not feasible at commercial scale. 
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Abstract 

 

 Lignocellulosic degradation of sweet sorghum bagasse using the wild fungi that grow 

naturally in the substrate and commercial enzymes has been studied.  Several types of wild fungi 

grew on sweet sorghum bagasse; those were isolated and screened for cellulose degradation 

using carboxymethyl cellulose (CMC) assay. Only six of them were able to degrade cellulose. 

Two of them were identified as members of the genus Aspergillus, one as part of the genus 

Acremonium and one of the genus Rhizopus.  Hydrolysis of sweet sorghum bagasse was 

performed using different doses of the wild fungi spores alone and in combination with 

commercial enzymes. Spores of the fungus Neurospora crassa were used as control.  When 

0.5mL of wild fungi spores was used, there was no evidence of sugars release after 10 days of 

hydrolysis. The control released a maximum of 0.22 mg/mL of glucose after 4 days of 

hydrolysis. On the other hand, when 0.5 mL of fungal spores + 10% of commercial enzymes 

(added after the third day of hydrolysis) were used, production of glucose and xylose was 

observed. The maximum glucose concentration was achieved days 6-7, reaching in average a 

concentration close to 10.75mg/mL. The maximum xylose concentration was in average 

6.38mg/mL, reached between days 7-8.  When the amount of wild fungi spores was increased to 

5mL and 10 mL, soluble sugars were not detected, but citric acid production was measured, 

indicating the wild fungi were able to degrade lignocellulose but the microorganisms used the 

soluble sugars (mainly glucose) at the same time that it was released. The maximum 

concentration of citric acid (~14.50 mg/mL) was achieved between days 8-11 days of hydrolysis. 
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There were no statistical significant differences between the citric acid concentrations produced 

by 5 and 10mL of spores. 

 

1. Introduction 

 

 Sweet sorghum (Sorghum bicolor L. Moench)-a C4 crop- is a promising alternative 

source of ethanol. This biofuel provides energy, while prevents global warming and decreases 

fossil fuels use. The crop has several advantages such as high content of sugars, biomass yield, 

and low cost production; it can grow in different climates; and it is resistant to drought, salinity, 

and other marginal conditions (Molaverdi et al., 2013; Dogaris et al., 2012; Thanapimmetha et 

al., 2011; Goshadrou et al., 2011). Sweet sorghum contains soluble sugars and polysaccharides 

that may be fermented into ethanol (Lui et al., 2008; Mamma et al., 1995). The soluble sugars 

are sucrose, fructose, and glucose, whereas the polysaccharides are cellulose, hemicellulose, and 

pectin. The soluble sugars present in sweet sorghum are easily extracted from the stalks and 

converted into ethanol (Thanapimmetha et al., 2011); while the polysaccharides, present in the 

solid residue, called bagasse, need to be hydrolyzed into soluble sugars before being fermented 

into ethanol (Goshadrou et al., 2011). 

 

 Sweet sorghum bagasse is a lignocellulosic residue composed mainly by cellulose, 

hemicellulose and lignin (Sipos et al., 2009, Thanapimmetha et al., 2011; Molaverdi et al., 

2013). Lignocellulose is a very stable and compact structure linked by β-1,4 and β-1,3 glycosidic 

bonds (Thanapimmetha et al., 2011). In addition to these chemical linkages, the crystallinity of 
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the cellulose fibers, the recalcitrant resistance of the cell wall, and the presence of hemicellulose 

and lignin make lignocellulose utilization difficult and inefficient (Sun and Cheng, 2002). 

Several methods have been used as pretreatments to facilitate lignocellulosic breakdown into 

fermentable sugars. The objective of pretreatments is to make lignocellulose more accessible to 

enzymes (Hendriks and Zeeman, 2009; Alvira et al., 2010) by reducing the cellulose cristanillity, 

removing lignin and hemicellulose, and increasing the porosity of the substrates (Sun and Cheng, 

2002). Pretreatments can be chemical, physical, or biological (Taherzadeh and Karimi, 2008; 

Yang and Wyman, 2008; Aita and Kim 2010; Alvira et al., 2010; Thanapimmetha et al., 2011), 

and represent one of the most important and challenges steps in bioconversion of lignocellulose 

(Sanchez and Cardona, 2008; Alvira et al., 2010). If lignocellulose is not pretreated, the yield of 

cellulose hydrolysis less than 20% of the theoretical yield (Zhang and Lynd, 2004; Sanchez and 

Cardona, 2008), whereas the yield of pretreated lignocellulose is bigger than 90% of the 

theoretical (Lynd, 1996). Enzymatic hydrolysis of lignocellulose is performed by a variety of 

enzymes able to breakdown the lignocellulolytic bonds. They basically degrade cellulose, 

hemicellulose, lignin, and pectin into monomers (Van Dyk and Pletschke, 2012). Commercial 

enzymes are widely used in to hydrolyze lignocellulose components (Dogaris et al., 2009b). 

These enzymes are fast and efficient agents of hydrolysis; however, their use is not suitable for 

ethanol production (Sanchez and Cardona, 2008).  

 

 Diverse variety of fungi and bacteria produce lignocellulolytic enzymes (Bhat and Bhat, 

1997; Sun and Cheng, 2002; Thanapimmetha et al., 2011). These may be produced separately or 

in complex systems (Bhat and Bhat, 1997; Van Dyk and Pletschke, 2012). The individual 



93 

 

enzyme systems come from different aerobic fungi and bacteria, while the complex systems 

usually come from anaerobic bacteria and are called cellulosomes (Van Dyk and Pletschke, 

2012). Some examples of cellulase producer microorganisms are Trichoderma reesei and 

Aspergillus niger -from aerobic fungi (Zhang and Lynd, 2004), and Cellulomonas sp. and 

Thermobifida sp. -from aerobic bacteria (Gibson et al., 2011).  Anaerobic bacteria from 

Clostridium and Ruminococcus species also produce cellulosomes (Gibson et al., 2011).  

 

 Other fungi able to break down lignocellulose structure belong to the phyla 

Basidiomycota and Ascomycota (Gibson et al., 2011); for instance, white, brown and soft rot 

fungi (Aita and Kim 2010), and filamentous fungi from the genera Fusarium, Neurospora, 

Monilia (Sigh et al., 1992), respectively. In addition, Mucor hiemalis (Goshadrou et al., 2011) 

and Mucor indicus (Molaverdi et al., 2013), from Zygomycota, have been used to break down 

and ferment sweet sorghum bagasse. Several reports mention different fungi able to degrade 

lignocellulose; however the main challenge is to overcome the slow bioconversion rate of the 

process (Sigh et al., 1992). 

 

  According to National Renewable Energy Laboratory (NREL), reported by Sanchez and 

Cardona (2008), ethanol production is feasible when enzymes produced in situ are used for 

cellulose degradation. For instance, the authors stated that a submerged culture produces the 

cellulase at costs of US$0.38/100,000 FPU (20% of ethanol cost), while cellulases produced by 

solid stated fermentation cost about US$0.15/100,000 FPU (8% of ethanol cost). In contrast, 
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commercial cellulase costs are about US$16/100,000 FPU, which it is beyond any reasonable 

cost. 

 

 During previous experiments with sweet sorghum bagasse, we noticed some fungal 

strains grew naturally on the substrate. This indicates the bagasse was being degraded by those 

microorganisms that we called wild fungi. Thus, the aim of this work was to isolate and identify 

the wild fungi that grow naturally in sweet sorghum bagasse and verify if they were able to 

hydrolyze the lignocellulosic components of the substrate to soluble carbohydrates at a 

reasonable rate compared with commercial enzymes.  

 

2. Materials and Methods 

 

2.1. Substrate (Sweet sorghum bagasse)  

 

 Bagasse is the lignocellulosic residue remaining after sweet sorghum crop is harvested 

and the juice is squeezed from the stalks. Sweet sorghum was grown and harvested at the 

Campus Agricultural Center of The University of Arizona. The bagasse was used in raw and 

pretreated form. Raw bagasse is the untreated residue after the juices were extracted from the 

stalks; just dried using air, and chopped using a blender. Raw bagasse was used as substrate to 

grow wild fungi. Pretreated bagasse was used as substrate to perform the hydrolysis process to 

evaluate and compare the sugars released by wild fungal enzymes versus commercial enzymes. 
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Pretreated bagasse was raw bagasse washed, and followed by alkali treatment and high 

pressure/temperature, as described below in 2.2. 

 

 

2.2. Pretreatment process 

 

 Bagasse was pretreated as described in Rojas et al., (2014); which has slight 

modifications from the methods presented by Cao et al., (2012). After harvesting and extracting 

the juice, sweet sorghum bagasse was chopped and dried. Then it was washed with boiled water 

(using a ratio bagasse/water of 1:10 on weight basis) three times to remove any soluble sugars 

that remained, and dried in the oven at 60ᵒC. After that, the bagasse was treated with NaOH 2% 

(w/v) and autoclaved at 121ᵒC for 60 minutes. For 10 g of bagasse, 100 mL of NaOH 2% was 

added (Cao et al., 2012). Then, the bagasse was neutralized and acidified with 1M citric acid 

(2mL/g of bagasse) and sodium citrate buffer solution was added to keep the pH stable over time 

(Rojas et al., 2014). 

 

 

2.3. Enzymatic Hydrolysis 

 

 The enzymes used for enzymatic hydrolysis were Cellulase (NS50013) and β-glucosidase 

(NS50010). The enzymes were donated by Novozymes Inc. (Davis, CA) and Table 1 shows the 

specifications for them. 



96 

 

Table 1: Enzymes specification 

Enzyme activity, pH and temperature, and recommended dosage 

Enzyme Activities Density g/mL pH Temperature °C Dose %w/w(Ts) 

NS50013 Cellulase complex 700 EGU/G (~70 FPU/g) 1.2 4.5-6.5 45-50 2-6% 

NS50010 β-Glucosidase 250 CBU/g 1.2 2.5-6.5 45-70 0.2-0.6% 

Source: Pookhao, 2009. 

 

 One gram of pretreated bagasse was placed in an Erlenmeyer flask with 30mL of sodium 

citrate buffer solution. The amount of enzymes added were 25µL and 2.3µL of cellulase and β-

glucosidase, respectively. The hydrolysis was conducted for 10 days in an incubator at 50 °C 

using a rotator shaker at 200 rpm. 1 mL samples were withdrawn every 24h, then they were 

centrifuged at 3,850 rpm for 8 minutes, and preserved at -20 °C until they were used for sugar 

analysis. 

 

2.4. Fungal Hydrolysis  

 

 Raw bagasse was allowed to sit at room temperature for several weeks to observe any 

microorganism growing naturally in the substrate. After some weeks, we observed different 

types of wild fungi growing in the bagasse (Figure 1).   

 

 
Figure 1: Wild fungi growing on sweet sorghum bagasse 
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 After that, the wild fungi were isolated, screened for cellulose degradation, and identified 

as described in the following paragraphs. The hydrolysis process using the wild fungi spores is 

also described below. 

 

2.4.1. Wild Fungus Isolation 

 Wild fungi were collected from the bagasse and transferred to Petri dishes that contained 

agar medium. After 3- 4 days of observing the colonies growing, we separated the ones that 

showed different morphology and inoculated them aseptically in Petri dishes with Potato 

Dextrose Agar (PDA) medium. The separated cultures were placed in an incubator at 30ᵒC 

during 48 hours and then set for 3 days at room temperature. After that, if a uniform fungus 

colony grew, we transferred it to another Petri dish with PDA medium using the streak plate 

technique. We kept this procedure until a single colony was obtained from each sample. Then, 

the singles colonies of each isolated fungus were inoculated in agar plates and set in an incubator 

and room temperature (as stated above) until the fungus growth was reached. The spores were 

collected and stored for further utilization. 

  

2.4.2. Wild Fungus screen 

 The wild fungi previously isolated were screened using the cellulolytic enzyme assay 

described by Pointing (1999). This assay helped us to identify which strains of wild fungi were 

able to degrade cellulose. The technique uses carboxymethyl cellulose (CMC) as cellulolytic 

source in the grown medium for the wild fungi, and Congo red as dye for staining, as well as 

cellulose degradation indicator. The grown medium was composed by cellulolysis basal medium 
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(CBM); which was prepared as shown in Table 2; 2% w/v of CMC low viscosity; and 1.6% w/v 

of agar. The mixture medium was autoclaved for 20 minutes at 120ᵒC and transferred aseptically 

to Petri dishes. Then, 0.25 µL of spores of each isolated wild fungus were inoculated in the 

grown medium. The cultures were incubated at 25ᵒC during 2-5 days until the diameter of the 

colonies reached a diameter close to 30 mm. After that, the plates were stained. Each agar plate 

was flooded for 15 minutes, using 2% w/v solution of Congo red, then the dye solution was 

decanted and the plates were washed using distilled water. After that, the plates were flooded 

with NaOH 1M for 15 minutes to remove the stain from the agar. The distain was poured off and 

the agar plates washed with distilled water (Pointing, 1999). The degradation of CMC appeared 

as a yellow-opaque color around the colony against the stained red agar which does not show any 

degradation. 

 

Table 2: Cellulolysis basal medium (CBM) in 1L of distilled water 

Chemical Dose (g/L) 

C4H12N206 5 

KH2PO4 1 

MgSO4·7H2O 0.5 

Yeast Extract 0.1 

CaCl2·2H2O 0.001 

Source: Pointing, 1999 

 

2.4.3. Wild Fungal species identification 

 After selecting the wild fungi able to degrade CMC, they were identified using the 

following technique described by Ministry of Health of Brazil (2004), cited by Costa et al., 

(2012). A scheme of the assay is shown in Figure 2. An agar cube of PDA was placed in a 

sterilized microscope slide, and then set in the middle of a sterilized Petri dish. Each side of the 
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PDA cube was inoculated aseptically with a small amount of wild fungus spores. The agar cube 

was covered with a sterilized cover slip. A piece of sterilized wet cotton was placed inside the 

Petri dish to provide a humid environment. The Petri dishes were closed and kept at room 

temperature for 7–10 days, until fungi growth was observed. After that, 1mL of formaldehyde 

was added to the cotton and the Petri dish was sealed using adhesive tape (the Petri dishes were 

kept closed for 24 hours to stop fungi sporulation and fix the fungi structures). Then, the cover 

slip with wild fungi growth was taken off, using tweezers, and put on another microscope slide 

that contains 2 drops of methylene blue 1% to dye the fungi structures. After 15 minutes the dye 

was washed using distilled water and the cover slip was observed with an optic microscope using 

the lens of 40X. Pictures were taken to analyze morphological features of wild fungi and identify 

them. 

 

 
Figure 2: Scheme of fungi growth before identification under microscope. 
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2.4.4. Wild Fungi Hydrolysis 

 Instead of enzymes, spores of the wild fungi able to degrade CMC were added to the 

bagasse.  For each experiment different amounts of spores were added to the mixture of 1g of 

pretreated bagasse and 30mL of buffer solution. The spores were collected and counted using a 

hemocytometer device to determine the concentration of spores added by each wild fungus. The 

doses of spores were 0.5, 5 and 10mL to verify the effect of the quantity of fungi on hydrolysis 

process. The hydrolysis was conducted in an incubator at 30 °C with a rotator shaker at 200 rpm. 

Samples (1 mL) were withdrawn every 24h from 0 to 26 days and centrifuged at 3,850 rpm for 8 

minutes , and the supernatants were preserved at -20 °C until they were used for sugar analysis. 

 

2.5. Analytical Methods 

 

 The sugars in the hydrolyzate were expected to be glucose, xylose, and arabinose. They 

were measured using a Shimadzu Prominence UFLC HPLC instrument that includes SIL-20A 

auto sampler, CTO-20A column oven, LC-20AT liquid chromatography, RID-10A refractive 

index detector, CBM-20A communications bus module and a Rezex ROA-Organic Acid H+ 

(8%) column. The temperature of the oven was set to 32°C. The sample injection volume was 30 

µL, the retention time was 30 minutes, the isocratic flow rate was 0.5 mL/minutes and the mobile 

phase was 2.5 *10 N sulfuric acid solution. 
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2.6. Statistical Analysis  

 

 A multivariate analysis of variance (MANOVA) was used to analyze the data with a p-

value threshold of 0.05. The general model used was a factorial design with 3 replications.  

 

3. Results and Discussion 

 

3.1.Fungi Screen 

 

 After to isolate the wild fungi that grew naturally on the sweet sorghum bagasse, as it is 

described in section 2.4.1, the wild strains were screened to verify which one was able to degrade 

cellulose. The screening was made using carboxymethyl cellulose (CMC) degradation test. CMC 

has low viscosity and it is used to detect endo-acting cellulases activity (Ximenes at al., 2011).  

CMC was mixed with a cellulolysis basal medium (CBM) and agar to prepare the medium to 

grow the fungi cultures. The CMC degradation assay showed that 6 strains of the wild fungi 

were capable to break down cellulose through their enzyme complex systems. As shown on 

Figure 3, the proof of cellulose degradation was observed as a change of color from red to yellow 

in the area around the fungus growth. These 6 wild strains were named according to the color of 

their macroscopic morphology as: 1W, 2W, 3BL, 5BD, 6Y, 7LY. W= white, BL=brown light, 

BD= brown dark, Y= yellow, LY= light yellow. These strains were identified as it is described 

below. 
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Figure 3: Carboxymethyl cellulose degradation by wild fungi. 

 

3.2.Fungal Identification 

 

 Of the six wild fungi able to degrade CMC, just four were identified. The identification 

was made through observation of macroscopic and microscopic characteristics of the strains. We 

identified two of them as part of the genus Aspergillus, one as member of genus Acremonium 

and one as part of genus Rhizopus (Table 3). Figures 4, 5, and 6 show some of the pictures of 

those wild fungi, respectively. 

 

Table 3: Genera of wild fungi 

Wild fungus Genus 

2W Acremomium sp. 

3BL Aspergillus sp. 

6Y Aspergillus sp. 

5BD Rhizopus sp. 
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3BL 

 

3BL 

 

 

6Y 

 

6Y 

 
Figure 4: Microscopic and macroscopic pictures of wild fungi identified as Aspergillus sp.  

 

 

2W 

 

2W 

 

 
Figure 5: Microscopic and macroscopic pictures of wild fungus identified as Acremonium sp.  

 

5DB 

 

5DB 

 

 
Figure 6: Microscopic and macroscopic pictures of wild fungi identified as Rhizopus sp.  
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1W 

 

7LY 

 

 
Figure 7: Macroscopic pictures of wild fungi not identified. 

 

3.3. Hydrolysis of sweet sorghum bagasse 

 

3.3.1. Hydrolysis with 0.5mL of wild fungi spores alone and in combination with commercial 

enzymes 

 Hydrolysis was performed with 0.5 mL of spores of the 6 wild fungi that degraded CMC 

in the previous experiment. The concentration of spores of each strain is shown in Table 4. 

The 6 wild fungi were tested alone (fungal hydrolysis) and also, after 3 days of fungal 

hydrolysis, in combination with addition 1/10 of the usual quantity of commercial enzymes (as 

described in Rojas et al., 2014). Each treatment was triplicate, giving a total of 36 samples (18 

with fungi alone and 18 with fungi plus 1/10 of enzymes). The fungus N. crassa alone was used 

as control (triplicate also).  

 

Table 4: Concentration of wild fungal spores 

Wild fungus 
Concentration 

(spores/mL) 

1W 1.48*108 

2W 1.35*108 
3BL 2.79*107 
5BD 1.05*109 
6Y 1.26*108 

7LY 1.63*107 
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 The treatments with fungi alone did not release any soluble sugar after 10 days of 

hydrolysis. The only component detected during the 10 days of hydrolysis (since day 0), was 

citric acid, in a constant concentration close to 3.5mg/mL (Figure 8).  

 

 This citric acid comes from the sodium citrate buffer solution added to the experiments to 

stabilize the pH. Analysis of sodium citrate buffer solution indicated that the concentration of 

citric acid was in average 3.51mg/mL (the same amount detected during hydrolysis). Thus, 

fungal spores of those 6 wild fungi did not degrade any lignocellulosic component of sweet 

sorghum bagasse; in fact no new compounds were detected after 10 days of hydrolysis. Since 

this fact contradicts the previous findings where the wild fungi were able to degrade CMC, we 

decided to increase the amount of spores added for hydrolysis to verify if the fungi will release 

any soluble sugars. 

 

 
Figure 8: Citric acid concentration measured over hydrolysis time.  

 

  

 On the other hand, the treatments in which the enzymes were applied after 3 days of 

fungal hydrolysis showed that the maximum glucose release was reached after 5-7 days of 

hydrolysis for all wild fungi, with concentrations varying between 9.36-12.66 mg/mL. The 
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higher glucose concentrations were detected when combinations of 1W, 2W, and 6Y fungi plus 

enzymes were used (~12mg/mL); while 5BD, 3BL, and 7LY fungi in combination with 

enzymes, showed the smaller amounts of glucose released. It was also observed that after 8 days 

of hydrolysis, glucose concentration decreased in all cases, likely indicating that the sugar was 

being consumed by the same wild microorganisms (Figure 9). 

 

 In terms of xylose released the maximum concentrations were reached between days 7-9 

of hydrolysis. The maximum xylose concentration was detected by 3BL and 7LY, with an 

average of 7.36mg/mL. The smallest peak amount of xylose released was 4.80mg/mL by 2W. 

The other wild fungi (1W, 5BD, and 6Y) reached a maximum average of 6.58mg/mL. In all 

cases, the concentration of xylose remained constant after the maximum was reached. This 

indicates that the wild fungi do not utilize xylose as source of nutrient or metabolism activity. 

These results showed the same pattern reported previously by Rojas et al., (2014), where the 

fungus N. crassa and 10% of the commercial dosage of enzymes were used, but the amounts of 

sugars released is smaller when wild fungi are used rather than N. crassa. In addition, the 

previous experiments showed smaller amounts of arabinose released (<0.5mg/mL) when 

combination of N.crassa and 1/10 of commercial enzymes were used; whereas hydrolysis by 

wild fungi alone and with enzymes did not show any amount of arabinose released. Figure 5 

shows the glucose and xylose released over time. APPENDIX III-A shows the average citric acid 

concentration, and APPENDIX III-B shows the glucose and xylose concentrations over the 

hydrolysis process. 
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Figure 9: Glucose and Xylose released by 0.5mL of wild fungi spores and 10% of recommended enzymes. 

 

 

3.3.2. Hydrolysis with 5 and 10mL of wild fungi spores 

 Considering the previous results, where the 6 wild fungi selected were capable to degrade 

cellulose (CMC screen assay), it seemed contradictory that the hydrolysis experiments (using 

0.5mL of wild fungi spores) did not show evidence of sweet sorghum bagasse degradation. Thus, 

we decided to increase the amount of spores under the hypothesis that this increment will 

increase the amount of enzymes available to break down the lignocellulose structure. For this 

reason we tested 5 and 10mL of wild fungi spores. The fungus N. crassa was used as control in 

both experiments.  

 

 We observed that the increment in fungal spores did not show any effect in the release of 

glucose or xylose. However, we discovered an increase in the amount of citric acid. At day 0, the 

concentration of citric acid was ~3.60mg/mL and came from the sodium citrate buffer solution. 

After 1 day of hydrolysis we observed the amount of citric acid was higher (almost twice than at 

day 0), and it keeps increasing over time. In general, citric acid reaches a peak around day 8 of 

hydrolysis where the maximum averages where 14.89 and 16.35mg/mL for 5 and 10mL of 
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spores, and 7LY and 5BD, respectively (Figure 10). In general, for all the wild fungi the 

maximum average was close to 14.5 mg/mL, after the peak was reached, the concentration of 

citric acid decreased by smaller amounts over time, maintaining almost constant levels after 26 

days of hydrolysis. It was also observed that the amount of citric acid released by the wild fungi 

was almost the same when 5 or 10mL of wild spores were used, since there was no statically 

significance difference between the average concentrations. 

 

  
Figure 10: Citric acid concentration after hydrolysis by 5 and 10mL of wild fungal spores. 

 

 The fact that citric acid production was observed during hydrolysis by the wild fungi is a 

good indicator that they are degrading the sweet sorghum bagasse. Citric acid is metabolic 

product of some fungal species, and it is a result of the fermentation of simple sugars (Tsao et 

al., 1999). Some species of filamentous fungi can produce citric acid; however, the most 

common specie used as citric acid producer is Aspergillus niger (Papagianni, 2007; Tsao et al., 

1999). Figure 11 shows how glucose is converted into citric acid by A. niger.  

 

 The amount of citric acid produced may vary depending on specific factors, such as 

carbon source, trace elements in the medium, pH, and temperature, levels of oxygen, nitrogen, 
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and phosphate, and morphology of the mycelia (Papagianni, 2007; Ambati and Ayyanna, 2001; 

Tsao et al., 1999; Yigitoglu, 1992). In terms of type and quantity of carbon source, Hossain et 

al., (1984) reported that the best sugar used by A. nigger is sucrose, followed by glucose, 

fructose and lactose; whereas the ideal concentration in the medium varies between 14 – 22% 

(Yigitoglu, 1992). Trace elements also affect citric acid yield. Elements as zinc, iron, copper, 

and, manganese may limit the concentration of citric acid produced if they are in excess. On the 

other hand, magnesium has an important role in the citric acid production. Magnesium is a 

cofactor to many enzymes that participate in citric acid production (Yigitoglu, 1992). In average, 

the optimal pH and temperature in citric acid production varies between 2-2.5 and 28-30ᵒC, 

respectively. In addition, the oxygenation level is crucial in the fermentation of citric acid 

because it occurs in an aerobic environment (Tsao et al., 1999).  

 

 
Figure 11: Simplified scheme of citric acid production by A. niger (Tsao et al., 1999) 
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 Since the main simple carbohydrate derived from cellulose degradation is glucose, and 

previous experiments showed that glucose was the main sugar released from sweet sorghum 

bagasse degradation, we assumed the citric acid detected during the hydrolysis comes from 

glucose. According to Tsao et al., (1999), there is an inverse relationship between citric acid and 

glucose concentrations (Figure 12), where the citric acid yield reaches almost the same level than 

the initial glucose concentration. As a result, considering that the average citric acid 

concentration measured from wild fungi hydrolysis was ~14.5 mg/mL, we could assume that the 

glucose released by the fungi was the same ~14.5 mg/mL. This amount of glucose makes totally 

sense because previous results reported by (Rojas et al., 2014), indicated very similar glucose 

concentrations after performing hydrolysis of sweet sorghum bagasse with commercial enzymes 

 

 
Figure 12: Kinetics of citric acid from glucose by A. niger (Tsao et al., 1999) 
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5. Conclusions 

 

 Bioconversion of sweet sorghum bagasse using the wild fungi that grow naturally in the 

substrate is not efficient; even though the wild fungi were able to degrade cellulose (CMC 

assay), and some of them are members of genera known for degrading cellulose, the hydrolysis 

of the substrate did not release any soluble sugar. Four of the wild fungi were identified; two 

belong to the genus Aspergillus, one to the genus Acremonium, and one to the genus Rhizopus.  

 

 When small amounts of spores of wild fungi (0.5mL) were used for hydrolysis of the 

bagasse, no sugar or new metabolic component was detected after 10 days of hydrolysis; 

however, when the amount of wild fungi spores was increased to 5mL and 10 mL, citric acid 

production was measured. This fact indicates that the wild fungi were able to degrade 

lignocellulose during hydrolysis. Citric acid is indicator of fungal activity because it is metabolic 

product of some fungi species and it originates from soluble sugars, such as glucose. We believe 
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the wild fungi used the glucose to produce citric acid at the same time they released the sugar 

from the bagasse. The maximum concentration of citric acid was close to 14.5 mg/mL after 8 -11 

days of hydrolysis. This citric acid concentration is quite similar to the amount of glucose 

released by enzymatic hydrolysis of sweet sorghum bagasse. 

 

 When 0.5 mL of fungal spores was mixed with 10% of commercial enzymes, production 

of glucose, xylose, and arabinose was observed. The maximum concentrations were reached 

between 6-8 days of hydrolysis (10.75mg/mL and 6.38mg/mL of glucose and xylose, 

respectively). The concentration of arabinose was marginal, thus it was not included in this 

paper.  

 

 The hydrolysis performed by the fungus N. crassa (control) released a maximum of 0.22 

mg/mL of glucose with 0.5mL of spores after 4 days of hydrolysis, while the wild fungi did not 

release any glucose with this dose of spores. This indicates that N. crassa is more efficient than 

the wild fungi in terms of glucose released from sweet sorghum bagasse because small amounts 

of spores still released some glucose; however, the bioconversion process is still inefficient 

compared with isolated enzymes. 

 

 Finally, the findings of this paper indicated that further investigation is needed to make 

feasible and efficient the direct conversion of sweet sorghum bagasse into fermentable sugars by 

the wild fungi that grow in the bagasse. This approach seems feasible because the current 

commercial enzymes available in the market are super expensive making the bioconversion of 
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lignocellulose impractical at commercial scale. Improving the conversion of the substrate using 

the fungi directly could contribute to the utilization of lignocellulosic residues. We could suggest 

the utilization of wild fungi creating a system that inhibits the glucose consumption by the 

microorganisms, such as collection or separation of the glucose released by the fungi as fast as it 

is formed. 
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APPENDIX I-A 

  

 

SIMPLE SCHEME OF FUNGAL ENZYMATIC HYDROLYSIS 

 

 
Source: Gusakov, 2011. 

Figure I-A. Scheme of enzymatic hydrolysis of cellulose by fungal cellulase system. 

 

(a) Initial cellulose consisting of crystalline and amorphous regions. (b) Partially hydrolyzed cellulose. (c) Outer 

solution containing cellobiose (disaccharide) as a major intermediate product, together with minor amounts of 

higher oligosaccharides and glucose. (d) Final glucose syrup. The open circles represent anhydroglucose residues 

in cellulose and oligosaccharides; the solid circles represent reducing ends of cellulose and oligosaccharides or 

glucose. Family 6 cellobiohydrolases (CBH II) and family 7 cellobiohydrolases (CBH I) attack cellulose 

processively from the nonreducing and reducing ends, respectively, releasing cellobiose. Endoglucanases attack 

preferentially the amorphous regions of cellulose, releasing oligosaccharides and forming new reducing and 

nonreducing ends for the synergistic action of cellobiohydrolases. b-Glucosidases (BG) hydrolyze cellobiose and 

higher oligosaccharides, releasing glucose from their nonreducing end (From Gusakov, 2011). 

 



121 

 

APPENDIX I-B 

 

 

LIGNOCELLULOLYTIC ENZYMES PRODUCED BY DIFFERENT AEROBIC AND 

ANAEROBIC FUNGAL STRAINS UNDER DIFFERENT SUBSTRATES 

 

 
Table: I-B: Lignocellulolytic enzymes produced by different fungal strains  

 Phylum Fungal strain Enzymes Substrate 

Aerobic fungi 

(Extracellular 

lignocellulolytic 

enzymes) 

 

Ascomycota 

T. reesei 
Cellulases (CMCase, CBH, BGL), 

Hemicellulase (xylanase) 
Wheat straw 

T. harzianum 
Cellulases (CMCase, CBH), β-1,3-

glucanases 
Wheat bran, wheat straw 

A. niger 
Cellulases (CMCase, CBH), β-1,3-

glucanases 
Sugar cane bagasse 

Pestalotiopsis sp. Cellulases (CMCase, CBH), Laccase 
Forest litter of Quercus 

variabilis 

Basidiomycota 
P. chrysosporium 

Cellulases (CMCase, CBH, BGL), CDH, 

LiP, MnP, Hemicellulase (xylanases) 

Red oak, grape seeds, 

barley bran, woodchips 

F. palustris Cellulases (CMCase, CBH, BGL) Microcrystalline cellulose 

Anaerobic rumen 

fungi 

(Chytridiomycetes) 

(Cell-wall associated 

lignocellulolytic 

enzymes, 

“cellulosome”) 

Neocallimastigomycota 

Anaeromyces 

mucronatus 543 

Cellulase (CMCase), Hemicellulase 

(xylanase) 
Orchard grass hay 

Caecomyces communis 
Cellulases, Hemicellulases (xylanase, β-

D-xylosidase) 
Grass silage 

Cyllamyces aberensis Cellulases, Xylanases Maize stem 

Neocallimastix 
frontalis 

Cellulases, Hemicellulase (xylanase, β-

galactosidase) 
Cotton fiber, wheat straw 

Orpinomyces sp. 

Cellulase (CMCase, CBH, β-

glucosidase), Hemicellulases (xylanase, 
mannanases) 

Wheat straw 

Piromyces sp. 

Cellulase (CMCase, CBH, β-

glucosidase), Hemicellulases (xylanase, 
mannanases) 

Maize stem 

CMCase: Carboxymethylcellulases (endoglucanase), CBH: Cellobiohydrolases, BGL: β-glucosidases, CDH: Cellobiose 

dehydrogenase, MnP:Manganese peroxidises, LiP: Lignin peroxidises. 
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APPENDIX I-C 

 

 

CELLULOLYTIC ENZYMES PRODUCED BY DIFFERENT GROUPS OF 

BASIDIOMYCETES 

 

 
Table: 7: Cellulases produced by different groups of basidiomycetes. 

Fungal Endoegluconasas  Fungal β-glucosidases  

Fungus Group  Fungus Group 

Coniophora cerebella A   BR  Ceriporiopsis subvermispora  WR 

Coniophora puteana   BR  Gloeophyllum trabeum  BR 

Gloeophyllum sepiarium    BR  Phanerochaete chrysosporium  WR 

Gloeophyllum trabeum   BR  Piptoporus betulinus  M 

Fomitopsis palustris   BR  Pisolithus tinctorius  M 

Irpex lacteus  WR  Pleurotus ostreatus  WR 

Phanerochaete chrysosporium  WR  Poria vailantii  BR 

Piptoporus betulinus  BR  Rhodotorula minuta Y 

Polyporus arcularius  WR  Schizophyllum commune  WR 

Polyporus schweinitzii WR  Sclerotium rolfsii  P 

Postia placenta  BR  Sporobolomyces singularis  Y 

Rhodotorula glutinis  Y  Termitomyces sp.  S 

Schizophyllum commune  WR  Termitomyces clypeatus  S 

Sclerotium rolfsii  P  Trametes gibbosa  WR 

Serpula incrassata  BR  Trametes versicolor  WR 

Termitomyces sp.  S  Tricholoma matsutake  LD 

Trametes versicolor LD  Volvariella volvacea  LD 

     

Fungal cellobiohydrolases   Fungal cellobiose dehydrogenases 

Fungus Group  Fungus Group 

Coniophora puteana  BR  Coniophora puteana  BR 

Dichomitus squalens WR  Irpex lacteus WR 

Fomitopsis palustris BR  Phanerochaete chrysosorium  WR 

Irpex lacteus  WR  Pycnoporus cinnabarinus  WR 

Phanerochaete chrysosporium  WR  Schizophyllum commune  WR 

Schizophyllum commune  WR  Sclerotium rolfsii  P 

Sclerotium rolfsii  P  Trametes hirsuta  WR 

Termitomyces sp. S  Trametes pubescens  WR 

   Trametes versicolor  WR 

   Trametes villosa  WR 

Source: Baldrian and Valaskova, 2008. 

BR, brown rot; LD, litter decomposer; M, mycorrhizal; P, phytopathogen; S, symbiotic; WR, white rot; Y, yeast 
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APPENDIX II-A 

 

 

SUGAR RELEASED AFTER 5 PRETREATMENTS OF SWEET SORGHUM BAGASSE 

AND HYDROLYSIS BY ISOLATED ENZYMES  

 
Table II-A: Average of glucose, xylose and arabinose released after 5 pretreatments of bagasse and enzymatic hydrolysis. 

Glucose (mg/mL) 

Time (h) A B C D E Control 

0 0 0 0 0 0 0.21 

24 12.78 10.48 14.03 8.95 2.85 1.66 

48 13.76 11.80 14.19 9.08 2.95 2.67 

72 13.51 11.93 14.39 9.96 3.15 2.84 

96 13.90 11.34 14.49 8.97 3.12 2.90 

       

Xylose (mg/mL) 

Time (h) A B C D E Control 

0 0 0 0 0 0 0 

24 6.67 4.07 8.04 6.52 0.70 0.28 

48 7.71 4.65 8.22 6.93 0.77 0.59 

72 8.51 5.26 8.56 6.94 0.93 0.63 

96 8.59 5.25 8.33 6.65 0.88 0.62 

       

Arabinose (mg/mL) 

Time (h) A B C D E Control 

0 0 0 0 0 0 0 

24 0.48 0.45 0.75 0.61 0.21 0.00 

48 0.67 0.51 0.84 0.65 0.22 0.12 

72 0.75 0.59 0.88 0.64 0.25 0.14 

96 0.82 0.63 0.93 0.65 0.23 0.13 

 

 
Figure II-A: Average of Arabinose released after enzymatic hydrolysis of bagasse and different pretreatments. 
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APPENDIX II-B 

 

 

COMPARISON OF PRETREATMENTS A AND C WHEN ISOLATED ENZYMES ARE 

USED FOR HYDROLYSIS 

 

 
Table II-B: Average of glucose, xylose and arabinose released by enzymatic hydrolysis of pretreatments A and C. 

Time (h) 
Glucose (mg/mL) Xylose (mg/mL) Arabinose (mg/mL) 

A C A C A C 

0 0.20 0.38 0.03 0.60 0 0 

24 13.31 14.15 5.42 6.03 0.57 0.60 

48 13.88 16.21 6.35 7.24 0.77 0.82 

72 12.77 10.44 6.05 4.92 0.81 0.85 

96 13.00 8.02 5.18 3.87 0.86 0.90 

 

 
Figure II-B: Average of Arabinose released by enzymatic hydrolysis in A and C pretreatments. 

 

 

 

Table II-Bi: Average of glucose, xylose and arabinose released by enzymatic hydrolysis of pretreatments A and C with the addition of 

xylanasa (AX and CX) 

Time (h) 
Glucose (mg/mL) Xylose (mg/mL) Arabinose (mg/mL) 

AX CX AX CX AX CX 

0 0.00 0.00 0.00 0.00 0.00 0.00 

24 13.87 13.50 7.24 5.93 0.85 0.79 

48 14.10 13.66 7.29 6.68 1.04 0.91 

72 14.03 13.17 7.16 6.39 1.06 0.97 

96 14.19 13.83 7.39 7.10 1.11 1.01 
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Figure II-Bi: Average of arabinose released by enzymatic hydrolysis in A and C pretreatments when xylanase is added. 
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APPENDIX II-C 

 

 

NITROGEN EFFECT IN SUGARS RELEASE 
 

 

Table II-C: Average of glucose and xylose released after nitrogen addition 

Time 

(days) 

Glucose (mg/mL)  Xylose (mg/mL) 

NA NN NNE NE E  NA NN NNE NE E 

0 0 0 0 0 0  0 0 0.00 0.00 0.00 

1 0.21 0.11 5.47 5.47 12.50  0 0 1.62 1.99 3.88 

2 0.23 0.09 7.53 8.87 12.71  0 0 2.75 3.71 6.25 

3 0.22 0.12 9.76 10.74 13.58  0 0 3.90 4.61 6.74 

4 0.18 0.14 10.74 11.53 13.45  0 0 4.40 5.00 6.74 

5 0.16 0.18 10.95 12.24 13.92  0 0 4.45 5.33 6.98 

6 0.16 0.21 11.53 12.26 13.84  0 0 4.74 5.37 6.99 

7 0.18 0.26 11.97 12.76 13.97  0 0 4.93 5.60 7.10 

8 0.18 0.34 12.34 12.92 13.95  0 0 5.10 5.67 6.97 

9 0.16 0.39 12.58 12.74 13.92  0 0 5.51 5.53 7.01 

10 0.16 0.39 12.71 12.82 14.00  0 0 5.64 5.71 7.12 

11 0.18 0.39 12.92 12.87 14.03  0 0 5.62 5.78 7.09 
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APPENDIX II-D 

 

  

HYDROLYSIS USING COMBINATIONS OF FUNGUS AND ISOLATED ENZYMES 

 

 
Table II-D: Average of glucose and xylose released after hydrolysis with combinations of fungus N. crassa and isolated enzymes 

Time 

(days) 

Glucose (mg/mL)  Xylose (mg/mL) 

NEF 

(0d) 

NEF 

(3d) 

NEF 

(6d) 
EF  

NEF 

(0d) 

NEF 

(3d) 

NEF 

(6d) 
EF 

0 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 

1 5.02 0.23 0.26 7.42  2.05 0.00 0.00 2.62 

2 6.84 0.25 0.22 9.12  2.34 0.00 0.00 3.84 

3 8.77 0.39 0.06 10.60  3.13 0.00 0.00 4.86 

4 5.95 9.05 0.00 11.07  4.15 3.78 0.00 5.79 

5 1.77 11.33 0.00 11.45  4.47 4.95 0.00 5.89 

6 1.56 11.81 0.00 11.44  4.73 5.90 0.00 6.00 

7 0.26 13.12 8.95 11.49  4.66 6.88 4.76 6.04 

8 0.12 13.95 9.44 11.53  4.65 7.26 5.24 6.32 

9 0.00 13.65 9.07 11.84  4.64 7.32 5.35 6.32 

10 0.00 11.74 8.26 12.40  4.70 7.41 5.47 6.33 

11 0.00 9.51 7.49 12.36  4.69 7.44 5.68 6.30 
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APPENDIX II-E 

 

 

SECOND COMPARISON OF SUGARS RLEASED USING COMBINATIONS OF 

ISOLATED ENZYMES AND FUNGUS N. CRASSA 

 

 
Table II-E: Average of glucose and xylose released after 11 days of hydrolysis using different combinations of fungus N. crassa and 

commercial enzymes. 

Time 

(days) 

Glucose mg/Ml  Xylose mg/Ml 

NEF(3d) EF NET(3d) ET  NEF(3d) EF NET(3d) ET 

0 0 0 0 0  0 0 0 0 

1 0.16 7.98 0.18 12.50  0 4.51 0 5.00 

2 0.21 9.85 0.22 12.75  0 6.12 0 6.51 

3 0.25 10.90 0.24 13.55  0 6.26 0 7.51 

4 8.65 11.50 10.23 13.63  2.56 6.39 5.12 7.65 

5 11.03 12.18 13.00 13.65  4.81 6.40 6.28 7.53 

6 12.12 12.23 13.43 13.68  5.86 6.49 6.65 7.68 

7 12.83 12.40 13.38 13.70  5.93 6.50 6.68 7.79 

8 13.25 12.43 13.48 14.18  6.28 6.70 7.05 7.72 

9 11.72 12.30 11.98 14.12  6.33 6.57 6.86 7.87 

10 10.55 12.25 11.38 14.18  6.35 6.58 6.81 7.99 

11 10.56 12.22 11.03 14.22  6.34 6.55 6.85 8.02 
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APPENDIX III-A 

 

 

CITRIC ACID CONCENTRATION DURING FUNGAL HYDROLYSIS USING 0.5ML 

OF WILD SPORES  

 

 
 

Table III-A: Average of citric acid released after 10 days of hydrolysis by wild fungi  

Citric Acid (mg/mL) 

Day 1W 2W 5BD 3BL 6Y 7LY Control 

0 3.27 3.18 3.30 3.25 3.14 3.22 3.13 

1 3.37 3.15 3.37 3.54 3.26 3.22 3.46 

2 3.47 3.42 3.55 3.59 3.54 3.33 3.44 

3 3.68 3.53 3.52 3.91 4.01 3.83 3.47 

4 3.75 3.44 3.42 3.55 3.91 3.65 3.45 

5 3.80 3.64 3.49 3.68 3.81 3.71 3.46 

6 3.64 3.56 3.47 3.42 3.76 3.54 3.42 

7 3.53 3.49 3.35 3.33 3.89 3.69 3.44 

8 3.62 3.54 3.40 3.31 3.78 3.59 3.46 

9 3.56 3.48 3.45 3.35 3.71 3.53 3.43 

10 3.59 3.55 3.47 3.34 3.66 3.56 3.45 
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APPENDIX III-B 

 

 

GLUCOSE AND XYLOSE RELEASED BY COMBINATION OF WILD FUNGI AND 

ENZYMES 

 

 
Table III-B: Average of Glucose and Xylose released after combined hydrolysis with wild fungi and commercial enzymes 

Glucose (mg/mL) 

Day 1W-E 2W-E 5BD-E 3BL-E 6Y-E 7LY-E Control 

0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0.09 

2 0 0 0 0 0 0 0.15 

3 0 0 0 0 0 0 0.19 

4 8.18 7.48 6.50 7.04 8.56 7.92 0.22 

5 11.06 10.16 9.36 10.16 12.68 10.40 0.13 

6 11.48 11.10 8.74 10.44 12.66 10.42 0.08 

7 11.84 11.90 7.96 9.40 12.72 10.30 0 

8 11.46 6.14 7.18 9.00 10.02 4.02 0 

9 11.28 1.68 6.72 8.42 9.10 1.30 0 

10 6.42 0.70 5.72 6.88 7.30 0.24 0 

        

Xylose (mg/mL) 

Day 1W-E 2W-E 5BD-E 3BL-E 6Y-E 7LY-E Control 

0 0 0 0 0 0 0 0 

1 0 0 0 0 0 0 0 

2 0 0 0 0 0 0 0 

3 0 0 0 0 0 0 0 

4 3.98 4.02 4.26 4.70 4.32 4.48 0 

5 4.02 4.10 4.64 6.32 4.92 5.30 0 

6 4.66 4.50 5.70 6.44 6.18 6.42 0 

7 4.86 4.72 6.74 6.76 6.64 7.34 0 

8 6.28 4.76 6.22 7.04 6.50 7.26 0 

9 6.36 4.80 6.12 7.38 6.44 7.18 0 

10 6.34 4.78 6.24 7.40 6.58 7.24 0 
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APPENDIX III-C 

 

 

CITRIC ACID RELEASED BY 5 AND 10ML OF WILD FUNGI SPORES 

 

 
Table III-C: Average of Citric acid released by 5 and 10 mL of spores of wild fungi  

Citric acid (mg/mL) released by 10mL of wild spores 

Day 1W 2W 5BD 3BL 6Y 7LY Control 

0 3.60 3.21 3.70 3.60 3.16 3.58 3.17 

1 6.60 6.41 7.20 6.90 6.86 7.13 3.30 

3 9.59 8.54 8.84 8.64 9.41 10.09 3.28 

4 12.14 11.74 12.19 10.50 11.70 11.48 3.47 

5 11.59 11.28 11.99 11.02 10.97 11.22 3.32 

7 12.85 12.37 11.84 12.26 13.48 11.13 3.38 

8 14.56 15.81 16.35 13.50 13.97 14.15 3.35 

11 16.01 15.45 15.54 14.85 14.45 13.32 3.44 

13 11.40 11.64 11.57 11.11 11.24 10.63 3.63 

18 11.68 11.41 11.68 10.79 10.18 10.87 3.24 

20 11.99 12.48 12.37 12.00 11.67 11.63 3.74 

26 13.33 12.28 11.86 12.38 11.82 12.90 3.64 

        

Citric acid (mg/mL) released by 10mL of wild spores 

Day 1W 2W 5BD 3BL 6Y 7LY Control 

0 3.63 3.50 3.72 3.61 3.51 3.77 3.23 

1 6.63 6.70 7.22 6.91 7.21 7.32 3.30 

3 9.98 7.84 9.02 9.82 8.28 9.82 3.36 

4 11.79 12.25 12.26 11.93 11.91 11.14 3.34 

5 11.81 13.35 11.95 11.60 10.80 11.87 3.25 

7 11.63 13.93 11.69 14.81 11.94 11.98 3.37 

8 13.97 14.20 14.27 14.38 14.40 14.89 3.44 

11 12.40 11.90 14.58 11.73 14.74 14.58 3.41 

13 11.26 12.52 11.51 11.10 10.98 10.49 3.50 

18 11.65 12.17 12.03 12.02 10.07 10.49 3.61 

20 12.15 12.88 12.15 12.71 10.76 12.13 3.48 

26 11.39 12.27 11.06 12.65 11.34 12.57 3.66 
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