
ABSTRACT 

SHI, JIAN. Microbial Pretreatment of Cotton Stalks by Phanerochaete chrysosporium for 
Bioethanol Production. (Under the direction of Dr. Ratna R. Sharma-Shivappa and Dr. 
Michael D. Boyette.) 

 Lignocellulosic biomass has been recognized as a widespread, potentially low cost 

renewable source of mixed sugars for fermentation to fuel ethanol. Pretreatment, as the first 

step towards conversion of lignocellulose to ethanol, remains one of the main barriers to 

technical and commercial success of the processing technology. Existing pretreatment 

methods have largely been developed on the basis of physiochemical technologies which are 

considered relatively expensive and usually involve adverse environmental impacts.  

 In this study, an environmentally benign alternative, microbial pretreatment using 

Phanerochaete chrysosporium, was explored to degrade lignin in cotton stalks and facilitate 

their conversion into ethanol. Two submerged liquid pretreatment techniques (SmC), shallow 

stationary and agitated cultivation, at three inorganic salt concentrations (no salts, modified 

salts without Mn2+, modified salts with Mn2+) were compared by evaluating their 

pretreatment efficiencies. Shallow stationary cultivation with no salt was superior to other 

pretreatment conditions and gave 20.7% lignin degradation along with 76.3% solids recovery 

and 29.0% carbohydrate availability over a 14 day period.  

 The influence of substrate moisture content (65%, 75% and 80% M.C. wet-basis), 

inorganic salt concentration (no salts, modified salts without Mn2+, modified salts with Mn2+) 

and culture time (0-14 days) on pretreatment effectiveness in solid state  (SSC) systems was 

also examined. It was shown that solid state cultivation at 75% M.C. without salts was the 



most preferable pretreatment resulting in 27.6% lignin degradation, 71.1% solids recovery 

and 41.6% carbohydrate availability over a period of 14 days.  

 A study on hydrolysis and fermentation of cotton stalks treated microbially using the 

most promising SmC (shallow stationary, no salts) and SSC (75% moisture content, no salts) 

methods resulted in no increase in cellulose conversion with direct enzyme application 

(10.98% and 3.04% for SmC and SSC pretreated samples, respectively) compared with 

untreated cotton stalk samples (17.93%). Washing of pretreated cotton stalks alone caused no 

significant increase in cellulose conversion. However, a heat treatment (autoclaving) 

followed by washing remarkably improved (P<0.05) cellulose conversion to 14.94% and 

17.81% for SmC and SSC pretreatment, respectively.  

 Mathematical models describing holocellulose consumption, lignin degradation, 

cellulase and ligninolytic enzyme production, and oxygen uptake associated with the growth 

of P. chrysosporium during 14 days fungal pretreatment were developed. For SmC 

pretreatment, model parameters were estimated by nonlinear regression and validated using 

an independent set of experimental data. Models yielded sufficiently accurate predictions for 

holocellulose consumption (R2=0.9772 and 0.9837, 1d and 3d oxygen flushing, respectively), 

lignin degradation (R2=0.9879 and 0.8682) and ligninolytic enzyme production (R2=0. 8135 

and 0.9693) under both 1 and 3 d oxygen flushing conditions. However, the prediction 

capabilities for fungal growth (1d and 3 d), cellulase production (3d) and oxygen uptake (3d) 

were limited.  

 For SSC, the models were established in three phases (I: day 0-4, II: day 4-7, III: day 

7-14). After validation it was shown that the developed models can yield sufficiently accurate 



predictions for fungal growth (R2 =0.9724), holocellulose consumption (R2 =0.9686), lignin 

degradation (R2=0.9309) and ligninolytic enzyme production (R2=0.9203); however 

predictions of cellulase production were fair (R2=0.6133). 

 Although significant delignification occurred during fungal pretreatment indicating 

the presence of ligninolytic enzymes, common spectrophotometric enzyme assays failed to 

detect lignin peroxidase (LiP) and manganese peroxidase (MnP) activities in fungal 

pretreatment cultures. Efforts were made to overcome the drawbacks of standardized assays 

by performing protein gel electrophoresis and crude enzyme delignification studies. Results 

from this research are expected to be beneficial in the development of pretreatment 

technologies that are environment friendly and utilize naturally occurring microorganisms. 
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CHAPTER 1 

Introduction 

In recent years, increasing gas prices and environmental concerns have become the 

driving force for developing alternative energy sources, especially fuel ethanol for 

automobiles (Moiser et al., 2005). Currently, corn is the primary raw material for ethanol 

production in the United States (NCGA, 2005). However, lignocellulosic biomass has the 

potential to provide a more economical feedstock as a result of its widespread availability, 

sustainable production and low starting value (ORNL, 2005). Cotton (Gossypium hirsutum), 

is one of the most abundant agricultural crops in the southern United States, and North 

Carolina in particular. High cotton production is accompanied by generation of about 2 

million tons of cotton stalk waste left in the field every year (Hadar et al, 1993). As 

lignocellulose rich feedstock, cotton stalks have the potential to be converted to bioethanol 

that can help utilize this waste and generate profit (Silverstein et al., 2006). 

Conversion of lignocelluloses to ethanol employs three major steps including 1) 

pretreatment to breakdown the lignin and open the crystalline structure of cellulose, 2) 

hydrolysis with a combination of enzymes to reduce the cellulose to glucose and 3) microbial 

fermentation of glucose to ethanol (Sun and Cheng, 2002).  Although challenges exist in the 

optimization of these steps, the pretreatment step remains to be one of the main barriers 

preventing commercial success and makes up one third of the total ethanol production costs 

(NREL, 2000). 

 Existing pretreatment methods have largely been developed on the basis of 

physicochemical technologies such as steam explosion, dilute acid, alkali, and oxidation or 

varied combinations (Moiser et al., 2005). However, typical physical and chemical 
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pretreatments require high-energy (steam or electricity) as well as corrosion-resistant, high-

pressure reactors, which increase the cost of pretreatment and need for specialty equipment. 

Furthermore, chemical pretreatments can be detrimental to subsequent enzymatic hydrolysis 

and microbial fermentation apart from producing acidic or alkaline waste water which needs 

pre-disposal treatment to ensure environmental safety (Keller et al., 2003). Microbial 

pretreatment employs microorganisms and their enzyme systems to breakdown lignin present 

in lignocellulosic biomass. This environment friendly approach has recently received 

increased attention (Hadar et al., 1993; Camarero et al., 1994; Sawada et al., 1995; Keller et 

al., 2003) and has potential advantages over the prevailing physicochemical pretreatment 

technologies due to reduced energy and material costs, simplified processes and equipment, 

and use of biologically based catalysts. 

Phanerochaete chrysosporium, is a white rot fungus that produces unique 

extracellular oxidative enzymes that degrade lignin (Jäger et al., 1985; Kirk and Farrell, 

1987). Its fast growth rate compared with many other basidiomycetes, exceptional oxidation 

potential, and efficacy in lignin biodegradation make this specie a suitable candidate for 

fungal pretreatment (Blanchette, 1991). The physiology of P. chrysosporium has been widely 

investigated for pure cultivations on chemically defined media (Kirk et al., 1978; Tien and 

Kirk, 1988; Barclay et al., 1993). A number of studies have been conducted to examine 

fungal delignification efficiencies on different lignocelluloses (Hatakka, 1983; Sawada et al., 

1995; Keller et al., 2003; Taniguchi et al., 2005). However, an understanding of its behavior 

and cultivation conditions on heterogenic lignocellulosic materials especially cotton stalks, 

still remains inconclusive and requires further investigation (Couto, et al., 1998). There is 

therefore a need to optimize pretreatment conditions for cotton stalks using P. chrysosporium 
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and their effects on hydrolysis and fermentation, especially to meet the need for generation of 

a sugar platform and ethanol production. 

In this study, several objectives were undertaken to explore the potentials of 

microbial pretreatment on cotton stalks by P. chrysosporium. First, the effects of submerged 

cultivation techniques (SmC) (shallow stationary and agitated), cultivation period (0-14 

days), and presence of inorganic salts (no salts, modified salts without Mn2+, modified salts 

with Mn2+) on lignin degradation, solids recovery and availability of carbohydrates were 

examined (Chapter 3). The effects of initial substrate moisture content (65%, 75% and 80% 

wet-basis), inorganic salt concentration (same as SmC) and culture time (0-14 days) were 

investigated to optimize process effectiveness during solid state cultivation (SSC) (Chapter 

4).  

The effectiveness of conditions identified as optimum during SmC and SSC 

pretreatments on hydrolysis and fermentation were investigated by measuring cellulose 

conversion and ethanol yields. In order to remove potentially inhibitory compounds 

generated during microbial pretreatment, the effects of washing and heat treatment prior to 

hydrolysis were also investigated. (Chapter 5) 

Ligninolytic enzymes play a major role in “enzymatic combustion” of lignin (Kirk 

and Farrell, 1987). Efforts were made to overcome the drawbacks of standardized assays by 

performing protein gel electrophoresis. Also, the effects of addition of crude ligninolytic 

enzymes extracted from SmC and SSC cultivation of P. chrysosporium fungi on cotton stalks 

were evaluated as another approached to confirm the ligninolytic enzyme activity as well as a 

potential pretreatment strategy (Chapter 6). Last, mathematical models were developed and 

validated for describing holocellulose consumption, lignin degradation, cellulase and 
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ligninolytic enzyme production, and oxygen uptake associated with the growth of P. 

chrysosporium during 14 days SmC and SSC fungal pretreatment (Chapter 7 and 8). 
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CHAPTER 2 

Literature Review 

2.1 General Background  

2.1.1 Fuel Ethanol 

As widely believed, the “fossil energies”, such as petroleum and natural gas will be 

exhausted in the near future (Wyman, 2001). The development of alternative fuel and energy 

sources has thus become a worldwide research priority in recent years. Among those, 

bioethanol produced by bioconversion of lignocellosic biomass is being seen as one of the 

most promising alternative biofuels. In addition to augmenting the fuel supply, bioethanol 

production can provide an attractive route to dispose of problematic lignocellosic waste such 

as stalks, stovers, leaves and seeds of agricultural crops. Another unique attribute is the low 

greenhouse gas emission during the production and use of bioethanol, particularly when 

compared with other liquid transportation fuels (Wooley, 1999; Zaldivar, 2001; Wyman, 

2003; Scott, 2004). 

The term "biomass" refers to any organic matter available on a renewable basis, 

including dedicated energy crops and trees, agricultural food and feed crops, agricultural crop 

wastes and residues, wood wastes and residues, aquatic plants, animal wastes, municipal 

wastes, and other waste materials. A number of fuels can be produced from biomass 

resources, including liquid fuels such as ethanol, methanol, biodiesel, Fischer-Tropsch diesel, 

and gaseous fuels such as hydrogen and methane (DOE, 2004).  

Although a variety of biomass can be used to make bioethanol, starch or sugar based 

materials such as corn and sugarcane are currently the main feedstocks to produce ethanol. 



 

6 

Brazil has developed a successful fuel ethanol program from its cheap and high yielding 

sugarcane (Wheals et al., 1999). Corn is the primary raw material for ethanol production in 

USA. In 2001, approximately 4 percent of corn produced (655 million bushels) was used for 

ethanol production, which accounted for 92% of the total feedstock in the ethanol industry 

(Francl, 2002).  

2.1.2 Ligninocellulosic Biomass  

In recent years, lignocellulosic biomass, especially agricultural crop residue, is being 

investigated for ethanol production because they are cheap, easily available, and require in-

time removal from the field. The main constituents of lignocellulosic biomass are cellulose, 

hemicellulose, and lignin and the minor components include ash and extractives such as 

waxes (Brown, 2003). Cellulose, existing in the form of micro fibrils which are 

paracrystalline assemblies of β-1, 4 glycosidic bonded D-glucose chains with hydrogen 

bonds connected to one another, can be hydrolyzed into glucose. Hemicellulose is a complex, 

highly branched network of monomers which are heterogeneous mixtures of hexoses 

(glucose, galactose, and mannose) and pentoses (arabinose and xylose) (Hopkins, 1999).  

Cellulose and hemicellulose structures are surrounded by a lignin sheath which is a three 

dimensional phenylpropane polymer with phenylpropane units held together by ether and 

carbon-carbon bonds. Lignin strengthens structures by stiffening and holding the fibers of 

polysaccharides together, therefore posing as an obstacle during hydrolysis of the 

lignocellulosic biomass (Fan et al., 1987). 

Based on the specific lignocellulosic structure, the common bioethanol process 

employs three steps including pretreatment, hydrolysis and sugars fermentation. Pretreatment 

reduces the size and breaks down the lignin and crystalline structure of lignocellosic biomass, 
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thus facilitating the subsequent hydrolysis of cellulose and hemicellulose. The hydrolysis 

step employs physiochemical (concentrated acid hydrolysis at low temperature and dilute 

acid hydrolysis at high temperature) or enzymatic (enzymatic hydrolysis) approaches to 

convert cellulose and hemicellulose into sugars. The sugars are finally fermented by yeasts or 

bacteria to ethanol.  

Examples of lignocellulosic crop residues being focused on include corn stover 

(stalks, leaves, husks and cobs), wheat straw, and rice straw (DOE, 2004). With 

approximately 80 million acres of corn planted annually, corn stover is expected to become a 

major biomass resource for bioenergy applications in the United States. However, this 

quantity is not sufficient to meet all the fuel and power needs thus alternative lignocellulosic 

feedstocks need to be explored. 

2.1.3 Cotton Stalks 

Cotton (Gossypium hirsutum), which is one of the most abundant crops in the 

southern United States, and North Carolina in particular, is an important source of 

lignocellulosic biomass.  Data for year 2006 shows that the total cotton planted was 0.87 

million acres and the cotton produced was about 1.3 million bales (624 million lbs) with a 

total value of 281 million dollars (NCDA & CS, 2006). High cotton production is 

accompanied by generation of about 2 million tons of cotton stalk waste left in the field every 

year (Hadar et al, 1993).  Such a large amount of cotton stalk waste brings about not only 

environmental problems due to disposal issues, but also cotton diseases and pests, besides 

difficulties in cultivation due to slow decomposition in the soil (Hadar et al, 1993).  

Therefore, studies are urgently required to solve the cotton stalk waste problems. Bioethanol 
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production technology is one of the approaches that can help utilize this waste and generate 

profit. 

As a lignocellosic biomass, composed of approximately 37.0% cellulose, 9.3% 

hemicelluloses, and 30.8% lignin (Silverstein, 2004), cotton stalk has the potential to be 

converted to bioethanol. Studies have been conducted to utilize cotton stalks but in-depth 

investigation to develop an environment friendly conversion process is needed. Over-limed, 

steam-exploded cotton gin waste was fermented to ethanol by Escherichia coli KO11 with 

yield ranging from 58 to 92.5% (Agblevor et al., 2003). Jeoh and Agblevor (2001) used 

steam-exploded cotton gin waste to produce ethanol and the highest ethanol yield obtained 

was 83% of theoretical yield. The major advantage of this feedstock over other 

lignocellulosic biomass is its high free cellulose content from cotton.  

2.1.4 Converting Steps and Economics  

Due to the surrounding lignin sheath, hydrolytic enzymes and acids are unable to 

access cellulosic regions. Additionally, the higher order crystalline structure of cellulose is an 

obstacle to hydrolysis (Eriksson, 1993). It is, therefore, essential to apply a pretreatment 

process to enhance the enzymatic digestibility of cellulose and hemicellulose. The goal of 

pretreatment is to breakdown the lignin and open the crystalline structure of cellulose (Sun, 

2002). 

2.2 Pretreatment 

2.2.1 Effectiveness of Pretreatment 

Pretreatment is the first step required to fractionate lignocellulosic materials into the 

major plant components of lignin, cellulose and hemicellulose.  The mechanisms by which 



 

9 

pretreatments improve the digestibility of lignocellulose are however not well understood 

(Brown, 2003).  An important goal of pretreatment is to increase the surface area of 

lignocellulosic material, making the polysaccharides more susceptible to hydrolysis.  Along 

with an increase in surface area, pretreatment effectiveness and hydrolysis improvement has 

been correlated with removal of hemicellulose and lignin and the reduction of cellulose 

cyrstallinity (McMillan, 1994).  A successful pretreatment must meet the following 

requirements: (1) improve formation of sugars or the ability to subsequently form sugars by 

hydrolysis; (2) avoid the degradation or loss of carbohydrate; (3) avoid the formation of 

byproducts inhibitory to the subsequent hydrolysis and fermentation processes; and (4) be 

cost effective (Sun, 2002).   

2.2.2 Physiochemical Pretreatment 

The large number of pretreatments used for lignocellulosic materials can be classified 

into groups as physical, physico-chemical/chemical, and biological processes. 

Physical pretreatments include milling and grinding, pyrolysis, and ionizing radiation. 

In recent years, some new physical approaches such as microwave and ultrasound have been 

developed to treat lignin (Gonçalves and Schuchardt, 2002). Gonçalves (2002) showed that, 

30 min microwave and ultrasound (irradiation at 490 W) pretreatments dramatically 

increased the lignin hydrogenolysis conversion to oil by 41.6-50.5% and 35.2-46.9%. 

Although physical pretreatments are usually reported to be ineffective by themselves, a size 

reduction step is required before most chemical and biological pretreatment processes. In 

addition, most chemical pretreatment methods are combined with high temperature and 

pressure (Varga et al, 2004). 
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Chemical (physico-chemical) pretreatments with acidic or basic catalysts, especially 

at high temperature (including steam explosion), are effective methods to break down the 

lignin structures. During these processes, hemicellulose and lignin are hydrolyzed to their 

monomeric constituents and lignin-cellulose-hemicellulose interactions are partially 

disrupted, thus increasing the enzymatic digestibility of cellulose. 

a. Steam (steam explosion) Pretreatment 

Steam pretreatment method has been investigated extensively and is especially used 

for treatment of wood, corn stover etc. Most of the steam pretreatment methods are combined 

with acid/ alkali or high pressure. Three most important pretreatment parameters, which 

affect the steam pretreatment, are amount of the impregnating agent, such as SO2 or H2SO4, 

temperature, and residence time. Although increase of temperature and residence time may 

improve the process, it is necessary to consider equipment cost and economical feasibility of 

the pretreatment process.  

b. Ammonia Fiber Explosion Pretreatment 

The ammonia fiber explosion (AFEX) process treats lignocellulosic biomass with 

liquid ammonia under pressure followed by explosive pressure release. Instantly releasing the 

pressure in the AFEX process disrupts the fibrous structure of biomass and increases the 

accessible surface area, which improves the digestibility of the biomass. AFEX treatment 

also increases the digestibility of the biomass by decrystallizing cellulose, prehydrolyzing 

hemicellulose, and reducing lignin content of the treated material (McMillan, 1994). 

c. Wet Oxidation Pretreatment 
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Wet oxidation, which was presented in the early 1980s to pretreat lignocellulose 

(wood) as an alternative to steam explosion pretreatment, is a reaction involving oxygen and 

water at elevated temperature and pressure. Research has shown that wet oxidation is an 

efficient process for breaking the strong association between lignin and polysaccharides in 

corn stover. However, wet oxidation appears to produce some byproducts which may inhibit 

microbial growth in the following fermentation procedure (Klinke, 2003). 

d. Acid Pretreatment 

Acid pretreatment is the most extensively studied method. Acids such as H2SO4 and 

H3PO4  have been reported for pretreatment. Schell et al. (2003) pretreated corn stover in a 

continuous reactor at 20% (w/w) solids concentration over a range of conditions 

encompassing residence times of 3-12 min, temperatures of 165- 195°C, and H2SO4 

concentrations of 0.5-1.4% (w/w). Um et al. (2003) carried out H2SO4 pretreatments in a 

batch reactor at 121°C. The treatment times were from 30 to 120 min with acid 

concentrations ranging from 0 to 2% (w/v) at a solid concentration of 5% (w/v). The results 

showed that performance of H2SO4 pretreatment (hemicellulose recovery and cellulose 

digestibility) was significantly better than that obtained with H3PO4. 

Acid pretreatment processes have also been performed in large scale reactors. Studies 

have also focused on reactor design and kinetics. Liu and Wyman (2004) studied the affects 

of fluid velocity and contact time on corn stover pretreatment in a flow through reactor. 

These studies provide useful information to understand the factors that influence 

pretreatment and hydrolysis, which is essential for reactor scale up and design.  

e. Alkaline Treatment 
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Alkaline solutions can be used to pretreat lignocellulosic materials, and the 

effectiveness of pretreatment is dependent upon the lignin content of the material (McMillan, 

1994).  The mechanism of alkali pretreatment is believed to be saponification of 

intermolecular ester bonds crosslinking xylan hemicelluloses and other components such as 

lignin and hemicellulose.  After alkali pretreatment, the porosity of the material is increased 

due to the extensive swelling facilitated by removal of the crosslinks (Tarkow and Feist, 

1969). 

2.2.3 Biological Pretreatment 

Chemical combined with physical pretreatment is currently the most economical 

method to effectively break down lignin structure and open the crystalline structure in 

cellulose. Acid pretreatment is the most extensively investigated and large scale reactors 

have been developed for potential industrial use. However, typical physical and chemical 

pretreatments require high-energy (steam and electricity) and corrosion-resistant, high-

pressure reactors, which increase the cost of pretreatment and demand for equipment. 

Additionally, chemical pretreatments employ potentially hazardous physical conditions and 

produce acid/ alkali waste water, detrimental to the environment. Alternative pretreatment 

strategies are therefore necessary for reducing impact on the environment while maintaining 

costs.  

In recent years, biological pretreatment has received emphasis because of advantages 

such as low cost and environmental compatibility. Biological pretreatment involves 

microorganisms such as brown-, white- and soft-rot fungi that are used to degrade lignin and 

solubilize hemicellulose.  White-rot fungi are the most effective basidiomycetes for 

biological pretreatment of lignocellulosic materials (Fan et al., 1987).  Lignin degradation by 
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white-rot fungi, specifically P. chrysosporium, Pleurotus ostreatus, and Trametes versicolor, 

is an oxidative process with lignin peroxidases (LiP), manganese peroxidases (MnP) and 

laccases acting as the key enzymes (Malherbe and Cloete, 2002).  

Fungal pretreatments employ less severe chemical and temperature conditions 

thereby reducing sugar degradation and lowering inhibitory chemical concentrations 

compared to conventional thermochemical pretreatments (Keller et al., 2003). Camarero et 

al. (1994) carried out experiments to degrade lignin in wheat straw by two white rot fungi 

Pleuotus eryngii and P. chrysosporium. Tatsuro et al. (1995) compared P. chrysosporium 

pretreatment and steam explosion pretreatment on wood meal. They found that the maximum 

saccharification of wood meal was obtained by consecutive treatment (fungal treatment for 

28 days and then steam explosion at a steam temperature of 215°C and a steaming time of 

6.5 min). Hadar et al. (1993) discussed the possibility of using Pleurotus ostreatus to degrade 

lignin in cotton stalk to upgrade the cotton stalk as animal feed. 

Recent research on microbial pretreatment by Keller et al (2003) at the National 

Renewable Energy Laboratory (NREL) shows a 3-4 fold improvement in enzymatic cellulose 

digestibility of corn stover after pretreatment with Cyathus stercoreus. Pretreatment with P. 

chrysosporium indicates a 10-100 fold reduction in shear force needed to obtain the same 

shear rate of 3.2-7 rev/s. It is also conclude that the low cost of microbial pretreatment would 

have a significant impact on the overall cost of ethanol production. 
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2.3 Microbial Pretreatment 

2.3.1 Microbial Strains 

Mushrooms, C. stercoreus (Keller et al, 2003) and Pleurotus species (Hadar et al, 

1993; Camarero et al, 1994; Kerem and Hadar, 1995; Böckle et al, 1999), have been studied 

to degrade lignin. Although extra profits can be generated by growing edible mushrooms in 

these species, Cyathus and Pleurotus species are not suitable for microbial pretreatment 

because of their low efficiency and slow growth rate.  

Some ruminal bacteria and fungi obtained directly from rumen digesta have been 

considered as potential lignin degrading strains but found to be less effective since the 

gaseous end-products make the ruminal bacteria and fungi unsuitable for pretreatment of 

biomass (Akin and Ronald, 1988; Susmel and Stefanon, 1993). 

P. chrysosporium (ATCC 24725; NRRL 6361), known as white rot fungi, produces 

unique extra cellular oxidative enzymes that degrade lignin, and is the most extensively 

studied lignin degrading microorganism (Jäger et al., 1985; Otjen and Blanchette, 1985; 

Lewis et al., 1987; Srebotnik et al., 1988; Orth et al., 1991; Linko, 1992; Kondo et al., 1994; 

Leštan et al., 1994; Keller et al., 2003). P. chrysosporium secretes an array of peroxidases 

and oxidases that act non-specifically via the generation of lignin free radicals, which then 

undergo spontaneous cleavage reactions. The non-specific nature and exceptional oxidation 

potential of the enzymes has attracted considerable interest for their application in 

bioprocesses such as organic pollutant degradation and fiber bleaching. Additionally, P. 

chrysosporium leaves the cellulose of the wood virtually untouched thus making it suitable 

for inoculation of lignocellulosic biomass for pretreatment.  
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2.3.2 Cultivation Conditions 

Researchers have studied the microbial pretreatment of biomass with fungal cultures 

using various methods for preparation of inoculums. Keller et al. (2003) used 5 ml of 1:1 

potato dextrose agar culture (with P. chrysosporium culture): buffer homogenate as inoculum 

and added to the total liquid volume. Nieto et al. (1997) inoculated the flasks with wood 

blocks as substrate using l cm (in diameter) plugs of P. chrysosporium stock cultures 

maintained on malt extract agar. Kirk et al. (1978)  used 1 ml 2.5×106 spore/ml suspension to 

inoculate a 9 ml medium and in a later study used 10% (v/v) homogenized mycelium as 

inoculum (Tien and Kirk, 1988). Camarero et al. (1994) incubated the Phanerochaete 

chrysosporium mycelia at 170 rpm for 2-3 days followed by washing the mycelia and 

suspending in 75 ml water to inoculate 25 g straw medium.  

Inoculation of substrate at a relatively high level results in a short lag phase. For lab 

scale (flask) experiments, researchers apply a higher inoculation ratio to ascertain that there 

is no affect on fungal growth. Although most researches have carried out inoculations 

without enumeration, an effort to quantify inoculating spores or mycelia concentration is 

likely to be critical for scale up because of its effect on pretreatment time.  

Most studies on the production of ligninase and degradation of lignin by P. 

chrysosporium have been conducted under liquid cultivation. Researches have optimized 

parameters such as media, nutrients, oxygen, pH, and temperature for pure cultures. Kirk and 

Tien, regarded highly for their research on lignin degradation, carried out a series of 

experiments on ligninase production and lignin degradation by P. chrysosporium (Kirk et al., 

1978; Kirk and Tien, 1984; Tien and Kirk, 1988). They used pure lignin as substrate and a 

combination of various salts including (KH2PO4, MgSO4, CaCl2, MnSO4, FeSO47H2O, 
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CoCl2, ZnSO4, CuSO4, AlK(SO4)2.12H2O, H3BO3, Na2MoO4, et al.) during their studies. 

They reported that the pH and temperature suitable for growing P. chrysosporium and 

producing ligninase was 4 - 4.5 and 38 – 40°C, respectively. In their studies, Kirk et al. 

(1978) concluded that oxygen and nitrogen concentration were critical for ligninase 

production and lignin degradation. Limited nitrogen (below 2.4mM) enhanced ligninase 

production and thus lignin breakdown, which was also proved by other researchers 

(Dosoretz, et al., 1993; Rothschild, et al., 1999). The source of nutrient nitrogen, however, 

had little influence on lignin degradation. They also pointed out that thiamine was the only 

vitamin required for fungal growth and lignin degradation.  

It has been shown that presence of manganese ion plays a vital role in regulating 

intracellular expression of manganese peroxidase (MnP) by Phanerochaete chrysosporium 

(Brown et al., 1990). Rothschild et al. (1999) studied the effects of Manganese on the 

ligninase activities of P. chrysosporium. They reported that adding Mn ions (900mg/L) can 

increase the performance greatly under oxygen flushing conditions. They also reported that 

in the absence of Mn, lignin peroxidase (LIP) was formed in both N-limited and N-excess 

cultures exposed to air. In the presence of 3 to 1,500 mg/liter Mn, LIP activity was 

comparable for oxygen-flushed, N-excess cultures. A deficiency of Mn in N-excess cultures 

resulted in lower biomass and a lower rate of glucose consumption than in the presence of 

Mn2+.  

Although most studies suggest that the addition of nutrients can enhance the 

performance of P. chrysosporium, modification of culture media by adding nutrients may be 

dispensed of during the use of lignocellulosic feedstocks, such as cotton stalks, which contain 

most nutrients required by microorganisms. Kerem et al., (1992) used shredded cotton stalk 
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samples at 65% moisture content with no additional salts as substrate for P. chrysosporium 

and observed a 55% degradation of the total initial organic matter. Nieto, et al. (1998) used 

wood blocks with no additional salts as substrate to study the ATP photometry accessing 

method of fungal biomass of P. chrysosporium and reported 167ug fungal biomass per gram 

dry wood. Addition of salts can affect the feasibility of the pretreatment process by 

increasing costs. Thus, it is necessary to conduct comparative studies on the use of biological 

materials, with minimal or no salt addition, as substrates for microbial pretreatment through 

liquid cultivation. 

2.3.3 Submerged (SmC) vs. Solid State (SSC) Cultivation 

Solid state cultivation, used as a traditional technique centuries ago in Asia, is defined 

as the growth of microorganisms on solid materials in the absence of free liquid (Pandey, 

1992). However, in the last decade there has been an unprecedented increase in interest in 

solid state cultivation (SSC) for the development of bioprocesses, such as bioremediation and 

biodegradation of hazardous compounds, biological detoxification of agro-industrial 

residues, biotransformation of crops and crop-residues for nutritional enrichment, biopulping, 

and production of value-added products (Pandey et al., 2000). Several researchers have tried 

to apply solid state cultivation to produce ligninase. Kerem et al. (1992) compared the 

performances of P. ostreatus and P. chrysosporium during solid state cultivation for 

lignocellulose degradation. Couto et al. (1998, 1999, 2003) carried out various solid (semi-

solid) state cultivation processes and designed a solid-state bioreactor (Couto et al., 2002) for 

lignin degradation and ligninolytic enzyme production. 

Although, solid state cultivation reduces environmental impact from waste water 

generated during submerged cultivation and provides the conditions under which white rot 



 

18 

fungi grow in nature, it is associated to problems with aeration, agitation, and handling of the 

biomass.  

2.4 Mechanisms of Delignification   

2.4.1 Ligninolytic Enzymes 

Ligninases, including lignin peroxidases (LiP, IUBMB, EC 1.11.1.14) and manganese 

peroxidases (MnP, IUBMB, EC 1.11.1.13), are extracellular fungal peroxidases belonging to 

class II of the plant heme-dependent peroxidase superfamily, which play a critical role in 

breaking down lignin, the main cell wall component of woody plants (Tien and Kirk, 1984; 

Glenn et al, 1986).  

Since the discovery of ligninases and their abilities to degrade lignin, a series of 

studies have been carried out on P.  chrysosporium and its enzyme systems. Applied studies 

have focused on lignin degradation (Kirk and Farrell, 1987; Gold and Alic, 1993) and 

aromatic pollutant degradation (Hammel 1992; Reddy et al., 2003). Many researches have 

paid considerable attention to improve the ligninase activities by liquid or solid state 

cultivation for commercial production (Kirk and Farrell 1987; Gold and Alic 1993; Li et al. 

2000). Others have tried to characterize a variety of biochemical and kinetic properties of 

MnP and LiP (Gold and Alic, 1993). The genes encoding various LiPs and MnPs from P. 

chrysosporium have been isolated and sequenced over the past 15 years (Smith et al., 1988; 

Schalch et al., 1989; Stewart et al., 1992; Stewart and Cullen, 1999). Generally, ligninases 

and P. chrysosporium have been studied and are on the way to be successfully utilized 

commercially. It can be expected that industrial scale application will emerge in the coming 

years. 



 

19 

2.4.2 Enzymes Determinations 

Determination of the ligninolytic enzymes would help to verify enzyme profiles and 

their correlations with delignification and reduction of cellulose components which are 

critical for the in depth understanding and further scaleup of fungal pretreatment technology. 

However, the detection of ligninolytic enzymes produced on highly heterogeneous 

lignocellulosic substrates still remains problematic. First, adsorption of the extracellular 

hydrolytic and oxidative enzymes on the substrate experimentally restricted the extraction 

and determination of these enzymes (Datta et al., 1991).  Second, the presence of soluble 

aromatic compounds and the characteristic yellow-to-brown color from the ligniocellulose 

extracts may also interfere with the spectrophotometric enzyme assays (Orth et al., 1993; 

Vares et al., 1995; Arora et al., 2002). The effectiveness of two widely adopted assays for 

LiP activity measurement developed by Kirk et al., (1978) and Archibald (1992) still remains 

controversial depending on variety of lignocelluloses and lignin-degrading fungal species 

(Couto et al., 2001 and 2003; Vares et al., 1995; Arora et al., 2002). It is required to examine 

the adaptability of existing assays for testing ligninolytic enzymes produced during the time 

course of fungal pretreatment on cotton stalks by P. chrysosporium.    

Another indirect way to prove the presence and action of ligninolytic enzymes is to 

apply the enzyme extract directly on lignocellulosic materials (cotton stalks) as a “crude 

enzyme treatment”.  Besides of determination of enzymes, crude enzyme treatment could 

serve as a pretreatment technology that has several potential advantages over fungal 

pretreatment such as reduced treatment time and improved preferential delignification power 

relative to fungal pretreatment (Hatakka, 1983; Call and Mücke, 1997). Several studies have 

been conducted that used purified ligninolytic enzymes on natural lignocellulosic materials to 
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enhance pulping and paper properties, such as, pulp tensile index, brightness or lignin 

removal (Kondo et al., 1993; Tompson et al. 1998; Ramos et al., 2004) or as an approach to 

generate sugars for ethanol fermentation (Palonen and Viikari; Tabka et al., 2006). However, 

considering the complexity and significant cost of enzyme preparation and purification, 

direct application of crude ligninolytic enzymes recycled from fungal pretreatment process 

on natural lignocelluloses will be more practical and hopefully effective due to synergy of 

identical enzyme systems (Galliano et al. 1991).  

2.5 Hydrolysis and Fermentation 

The naturally occurring Saccharomyces yeasts that are currently widely used by 

industry lack the ability to ferment xylose to ethanol. Successes in developing stable 

derivatives of xylose-fermenting recombinant yeast strain have been reported in recent years 

(Ho et al., 1998; Sedlak and Ho, 2004). It is expected alternative yeast or bacterial species 

that can co-ferment pentose can further enhance ethanol yield (Kim and Lee, 2005).  

Several compounds generated during pretreatment can inhibit cellulolytic enzymes 

and hamper enhancement of hydrolysis and fermentation (Berlin et al., 2006). Xylose and its 

polymer - xylans have also been reported to interfere with enzymatic hydrolysis of 

lignocellulosic substrates (Marsden et al. 1982; Mes-Hartree and Saddler 1983). However, 

both sugars were not identified as being inhibitory to β-glucosidase (Dekker, 1986) which 

could be excluded as the cause of cellobiose accumulation. Furfural, hydroxymethyl furfural 

(HMF), phenolics, and tannins may be present as major compounds inhibitory to cellulolytic 

enzymes (Hsu, 1996; Juntheikki and Julkunen-Tiitto, 2000). Furfural and HMF are generally 

formed at extremely high temperature and pressure conditions during steam explosion 

process, which was not a likely cause of inhibition under mild fungal pretreatment conditions 
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(Mes-Hartree M and Saddler, 1983). The high presence of phenolics and tannins, which are 

derived from lignin especially the bark of plant biomass, can be attributed to its high lignin 

content in cotton stalks (Kerem et al., 1992). Lignin derivatives could also be removed from 

the pretreated material by washing with water (Mes-Hartree and Saddler 1983), or could be 

inactivated by heating (Dekker, 1988). 

2.6 Models of P. chrysosporium Growth on Ligninocellulosic Substrates 

Limited effort has been made for modeling the growth kinetics of P. chrysosporium. 

Barclay et al. (1993) examined four mathematical equations on modeling fungal growth and 

substrate utilization of P. chrysosporium under static submerged cultivations. Michel et al. 

(1992) studied the respiration kinetics for P. chrysosporium mycelia pellets under agitated 

submerged conditions. However, these studies were conducted on pure P. chrysosporium 

cultures using chemically defined media, the fungus’ behavior and culture conditions on 

heterogenic media especially lignocellulosic materials still remains inconclusive and requires 

further investigation (Otjen and Blanchette, 1985; Couto, et al., 1998).  

Several kinetic equations with varying complexity, such as linear, exponential, 

logistic and Monod equation have been suggested by researchers to describe fungal biomass 

growth during cultivation involving solids (Sangsurasak et al. 1996; Viccini et al., 2001). 

Among these, the logistic equation is most commonly used due to its relatively simple form 

(Lenz et al., 2004). The model describes the growth in microbial population as a function of 

maximum biomass density, lag time, specific growth rate, and time (Pearl and Reed, 1920).  

max
max

(1 )dX XX
dt X

μ= ⋅ ⋅ −                                           eqn. 2.1 
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Monod equation, relating limiting nutrient concentration to biomass growth rate, is 

capable of representing both aspects. Hence, the generic Monod equation (Monod, 1949) was 

written as: 

max SdX X
dt Ks S

μ ⋅
= ⋅

+                                             eqn. 2.2 

In case of growth on mixed substrates, an extended Monod equation that contains 

parameters with multiple substrates (1 to k) has been proposed as shown in eqn 2.3 (Tsao and 

Hanson, 1975). 

max1 1 max 2 2 max

1 1 2 2

( )k k

k k

S S SdX X
dt Ks S Ks S Ks S

μ μ μ⋅ ⋅ ⋅
= + + ⋅⋅⋅ ⋅

+ + +                   eqn. 2.3 

The substrate is consumed to support the metabolisms of biomass growth, product 

synthesis, and maintenance of microbial cells (Pirt, 1965). A commonly used equation for 

change in substrate concentration over time can be written as (Pirt and Righelato, 1967): 

/ /

1 1

X S P S

dS dX dP m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅                            eqn. 2.4 

Luedeking and Piret (1959) proposed an equation describing the relationship of cell 

growth to product formation. Although it was first used on lactate production by bacteria, it 

has been successfully applied to predict the enzyme productions by filamentous fungi under 

either submerged or solid state cultivations (Aguilar et al., 2001; Tavares et al., 2005). 

Enzyme production associated with fungal growth can be described by the Luedeking-Piret 

model (Luedeking and Piret, 1959) as follows: 

dP dX X
dt dt

α β= ⋅ + ⋅                                           eqn. 2.5 
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Apart from substrate availability, aeration and oxygen concentration play a highly 

important role in lignin degradation by fungal strains, especially in liquid cultivation systems 

(Leisola et al., 1983; Miura et al., 2004).  

2

/

1
o

X O

dO dXOUR m X
dt Y dt

= = ⋅ + ⋅                                   eqn. 5.6 

Kinetic modeling of the fungal activities such as fungal growth, substrate 

consumption, and enzyme production will provide critical information for an in-depth 

understanding of fungal pretreatment and facilitate process optimization and scale up.  

2.7 Summary of Literature Review and Objectives 

Existing pretreatment methods have largely been developed on the basis of 

physiochemical technologies which are considered relatively expensive and usually involve 

adverse environmental impacts. Microbial pretreatment, employing microorganisms and their 

enzyme systems to breakdown lignin present in lignocellulosic biomass, has potential 

advantages over the prevailing physicochemical pretreatment technologies due to reduced 

energy and material costs, simplified processes and equipment, and use of biologically based 

catalysts. 

The goal of this study was to explore the potentials of microbial pretreatment on 

cotton stalks by P. chrysosporium. First, the effects of submerged cultivation techniques 

(shallow stationary and agitated), cultivation period (0-14 days), and presence of inorganic 

salts (no salts, modified salts without Mn2+, modified salts with Mn2+) on lignin degradation, 

solids recovery and availability of carbohydrates were examined (Chapter 3). Applying SSC 

technology to pretreat lignocellosic biomass may lead to better efficiency and further reduced 

pretreatment costs. Initial substrate moisture content (65%, 75% and 80% wet-basis), 
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inorganic salt concentration (same as SmC) and culture time (0-14 days) were investigated to 

evaluate and optimize process effectiveness (Chapter 4).  

By giving the two optimized cultivation conditions from SmC and SSC, next 

objective was to study the effects of fungal pretreatment of cotton stalks on saccharification 

effectiveness and ethanol production. The composition profile changes in lignin, cellulose, 

hemicellulose after pretreatment, the hydrolysis conversion and the ethanol yield from 

fermentation were measured to evaluate pretreatment effectiveness. Several compounds 

generated during microbial pretreatment can inhibit cellulolytic enzymes and hamper 

enhancement of hydrolysis and fermentation (Berlin et al., 2006).The effects of washing and 

heat treatment on removing potential inhibitory factors prior to hydrolysis were also 

investigated (Chapter 5). 

Ligninolytic enzymes take main roles in “enzymatic combustion” of lignin (Kirk and 

Farrell, 1987). Determination of the enzymes would help to verify enzymes produced by P. 

chrysosporium during the fungal pretreatment process and to identify their correlations with 

delignification and reduction of cellulose components. Moreover, a study on the ligninolytic 

enzyme systems will be critical for the in depth understanding and further scaleup of fungal 

pretreatment technology. Compounds extracted from lignocellulose may interfere with the 

spectrophotometric assays thus prevent the successful identification of enzymes (Orth et al., 

1993; Vares et al., 1995; Arora et al., 2002). This study will troubleshoot the existing enzyme 

assays and determine ligninolytic enzyme activities by electrophoresis during fugal 

pretreatment. Also, the effects of addition of crude ligninolytic enzymes extracted from 

submerged (SmC) and solid state (SSC) cultivation of P. chrysosporium fungi on cotton stalk 
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substrate were evaluated as another approached to confirm the ligninolytic enzyme activity as 

well as a potential pretreatment strategy (Chapter 6). 

Last, a set of mathematical models have been proposed for describing holocellulose 

consumption, lignin degradation, cellulase and ligninase production, and oxygen uptake 

associated with the growth of P. chrysosporium during 14 days fungal pretreatment process. 

Model parameters were estimated by Matlab 7.1 and validated using an independent set of 

experimental data (Chapter 7 & 8). This kinetics information would be valuable for further 

development and optimization of fungal pretreatment of cotton stalks by P. chrysosporium. 
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CHAPTER 3 

Microbial Pretreatment of Cotton Stalks by Submerged Cultivation of 

Phanerochaete chrysosporium 

Abstract 

 This study aimed at using a fungal microorganism, Phanerochaete chrysosporium, to 

pretreat cotton stalks with two microbial pretreatment methods, shallow stationary and 

agitated cultivation, at three supplemental salt concentrations. Pretreatment efficiencies were 

compared by evaluating lignin degradation, solids recovery and carbohydrate availability 

over a 14 day culture period.  Shallow stationary cultivation with no salts (ST) gave 20.7% 

lignin degradation along with 76.3% solids recovery and 29.0% carbohydrate availability. 

The highest lignin degradation of 33.9% at a corresponding solids recovery and carbohydrate 

availability of 67.8 and 18.4%, respectively, was obtained through agitated cultivation with 

Modified NREL salts (AGS). Cultivation beyond 10 days did not significantly increase lignin 

degradation during 14 days of pretreatment. Addition of Mn2+ during shallow stationary and 

agitated cultivation resulted in higher solid recoveries of over 80% but lower lignin 

degradation. Although agitated cultivation resulted in better delignification, the results 

indicate that pretreatment under submerged shallow stationary conditions provides a better 

balance between lignin degradation and carbohydrate availability. Investigation of 

pretreatment kinetics, feedstock hydrolysis, and effect of scale up can help in further 

developing this energy-saving and environmentally friendly alternative to chemical 

pretreatments for bioethanol production. 

Keywords: fungal pretreatment, biofuel, Phanerochaete chrysosporium, cotton residue 
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Introduction 

 The use of renewable forms of energy such as biofuels can lead to a stronger 

economy, cleaner environment, and greater energy independence for the United States by 

addressing growing environmental, economic and national security concerns (Mosier et al., 

2005). The development of alternative fuel and energy from biomass has therefore, 

resurfaced as a research priority in recent years. It is expected that demand for fuel ethanol 

will rise from current estimates of 4 billion to 80 billon gallons by 2030 (BTAC, 2002). Corn 

has been the primary raw material for ethanol production in the United States (NCGA, 2005). 

However, lignocellulosic feedstocks such as agricultural & forest residues are becoming 

more attractive because of their low cost and widespread availability, which makes them 

suitable for large scale and sustainable ethanol production (ORNL, 2005).  

 Cotton (Gossypium hirsutum), is one of the most abundant lignocellulose rich 

agricultural crops in the southern United States, and North Carolina in particular. Several 

studies have examined the use of cotton gin waste for generating value-added products such 

as livestock feed, gardening compost, fuel pellets and ethanol (Hadar et al., 1993; Jeoh and 

Agblevor, 2001; Holt et al., 2003; Agblevor et al., 2003). However, very limited effort has 

been reported on cotton stalks. Composed of approximately 46% holocellulose and 31% 

lignin, cotton stalk has the potential to be converted to bioethanol (Silverstein et al., 2006). 

 However, a major barrier in the commercialization of a lignocellulose based ethanol 

process is pretreatment, which constitutes one third of the total production costs (NREL, 

2000). Existing pretreatment methods have largely been developed on the basis of 

physiochemical technologies that typically use either steam, chemicals like acid, base, and 

oxidant or their combinations (Gonçalves and Schuchardt, 2002; Varga et al., 2004; Liu and 
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Wyman, 2004; Teymouri et al., 2004; Varga et al., 2003). However, most physical and 

chemical pretreatments are associated with high-energy input and costly equipment. 

Furthermore, special handling is usually needed to remove detrimental compounds as well as 

acidic or alkaline wastewaters generated during chemical pretreatments (Keller et al., 2003). 

 A potential alternative to chemical pretreatment is microbial pretreatment which 

employs lignin degrading microorganisms to soften the lignocellulosic structure of plant 

biomass, making it more amenable for subsequent enzymatic or acid hydrolysis. This 

approach has received considerable emphasis in recent years due to advantages such as 

reduced energy input, low cost, simplified processes and equipment, and environmental 

friendliness (Hadar et al., 1993; Camarero et al., 1994; Sawada et al., 1995; Keller et al., 

2003). Phanerochaete chrysosporium is a white rot fungus which produces unique extra-

cellular oxidative enzymes (lignin peroxidase, LiP and manganese peroxidase, MnP) that can 

degrade lignin (Jäger et al., 1985). The non-specific nature and exceptional oxidation 

potential of its enzyme system is of considerable interest for application in bioprocesses such 

as organic pollutant degradation and fiber bleaching. P. chrysosporium has also been 

reported to leave the cellulose of the wood virtually untouched (Otjen and Blanchette, 1985; 

Eriksson, 1993), thus making it ideal for microbial pretreatment of lignocellulosic biomass. 

 Although a substantial amount of information exists on P. chrysosporium 

performance in pure cultures (Kirk et al., 1978; Ulmer et al., 1983; Tien and Kirk, 1988; 

Brown et al., 1990; Kerem et al., 1992; Miura et al., 2004), an understanding of its behavior 

and culture condition requirements for degradation of complex, heterogeneous 

lignocellulosic materials still remains inconclusive and requires further investigation (Couto 

et al., 1998).  
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 This study, therefore, investigated the pretreatment of cotton stalks by submerged 

cultivation of P. chrysosporium to generate feedstocks with enhanced enzymatic digestibility. 

The effects of cultivation methods (shallow stationary and agitated), cultivation period, and 

presence of supplemental salts on lignin degradation, solids recovery and availability of 

carbohydrates were examined.  

Materials and Methods 

Strain and Inoculation 

 Phanerochaete chrysosporium (ATCC 24725) obtained from the Forest Products 

Laboratory of the US Department of Agriculture Forest Service (Madison, WI) was stored at 

-80°C in 30% glycerol and grown on Potato Dextrose Agar (PDA) for 2 days at 39°C before 

inoculation. Spore suspensions were prepared by washing the agar surface with 10 ml sodium 

acetate buffer (50 mM pH 4.5). Spore counts were determined with a hemacytometer 

(Hausser Scientific, Horsham, PA) and the final spore inoculum had a concentration of 5×106 

spores/ml.  

Feedstock Preparation 

 Cotton stalks harvested from Cunningham Research Station in Kinston, NC, were 

shredded and baled soon after the cotton was picked. The stalks were air dried and ground to 

1 mm particle size by a Cyclotec 1093 Sample Mill (FOSS Co., Denmark) for composition 

analysis. The feedstock for pretreatment was ground to 3 mm by a Model 4 Thomas Wiley 

Laboratory Mill (Thomas Scientific, Philadelphia, PA) and stored sealed at room temperature 

until use. 
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Experimental Design and Data Analysis 

 Two submerged cultivation methods, shallow stationary and agitated cultivation, each 

supplemented with three salt formulations (no salt, modified NREL salts, modified NREL 

salts + Mn2+) were examined for their pretreatment efficiencies during a 14 day period. Three 

response parameters (lignin degradation, solids recovery and availability of carbohydrates) 

were tested for optimization purposes. All treatments were conducted in triplicate. An 

analysis of variance (ANOVA) table was generated using PROC GLM in SAS 9.13 (SAS 

Inc., Cary NC) and main & interaction effects were determined. A 95% confidence level 

(P<0.05) was used for the statistical analyses and Tukey simultaneous tests were performed 

to assess statistical differences between treatments. 

Pretreatment 

 Pretreatments were carried out by adding one gram of cotton stalk to 19 ml salt/buffer 

solution (5% w/v) in 250 ml Erlenmeyer flasks capped by silicon stoppers with 0.2 μm filters 

(Acro® 37 TF, Pall Co. NY) attached to the inlet and exit lines. Acetate buffer (20mM, pH 

4.5) was used for stationary and agitated pretreatments with no salts. Modified NREL Salts 

(Keller et al., 2003) were prepared with 4 mg NaNO3, 10 mg KC1, 14 mg MgSO4·7H2O, 

0.14 mg FeSO4·7H2O, 40 mg KH2PO4, and 0.02 mg Thiamine (per gram dry cotton stalks) in 

acetate buffer (20 mM, pH 4.5). Modified NREL Salts were supplemented with 18 mg 

MnSO4·H2O to prepare the Modified NREL Salts + Mn2+ formulation (Brown et al., 1990). 

To stimulate ligninase production under agitated conditions, 10 μL of Tween 80 was added to 

all three salt formulations during agitated cultivation (Jäger et al., 1985). 
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 Culture flasks were autoclaved for 20 min (121°C, 124 kPa), cooled and inoculated 

with the spore suspension (5x106 spores/g cotton stalk). The shallow stationary and agitated 

culture pretreatments were carried out at 39°C for 14 days and the cultures were harvested at 

predetermined time intervals (0, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 14 days). The agitated 

cultures were placed in a shaking incubator at 150 rpm. Oxygen was flushed through all 

culture flasks at a flow rate of 125 ml/min for 10 min every 3 days from day 0. The tubes 

were clamped on both ends after flushing. Control flasks, without fungal inoculation, were 

also tested during pretreatment studies to determine the effects of substrate preparation, 

soaking or agitation.  

 After harvest, pretreated samples were filtered through pre-weighed and ignited 

fritted glass crucibles (Kimax 30M, Kimble Glass Inc, Vineland, NJ). The supernatants were 

stored at -80°C for future enzyme activity analysis. The solid fractions were dried in a 

convection oven at 105°C for 12 hours or until constant weight was achieved. The dry solids 

were weighed to calculate solids recovery and then analyzed for composition.  

Analysis Methods  

 The total solid, acid soluble lignin and acid insoluble lignin contents of untreated 

cotton stalks and the solid fraction remaining after pretreatment were determined by 

Laboratory Analytical Procedures (LAP 001, 003, 004) from the National Renewable Energy 

Laboratory (NREL) (Ehrman, 1994; Templeton and Ehrman, 1994; Ehrman, 1996). Lignin 

degradation (LD) was determined as the percentage of total lignin reduced after pretreatment. 

Ash, extractives, and holocellulose (combination of hemicellulose and cellulose) in untreated 

stalks were measured by gravimetric methods developed by Han and Rowell (1997). A Total 
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Kjeldahl Nitrogen (TKN) analysis was used to test the organic nitrogen in ground cotton 

stalk samples. 

 The carbohydrate content of the untreated cotton stalks and pretreated solids was 

determined by measuring the cellulose (glucose) and hemicellulose (xylose, galactose, and 

arabinose) sugars by High Performance Liquid Chromatography (HPLC) (Dionex Corp., 

Sunnyvale, CA) equipped with a CarboPac™ PA10 (4×250mm) anion exchange column, and 

a pulsed amperometric detector (Silverstein et al., 2006). 

 Solids recovery was calculated as a percentage of the total solids recovered after 

pretreatment based on initial sample (dry) weight. Carbohydrate availability in pretreated 

solids was estimated as a percentage of the total glucan and xylan in the solids recovered.  

Arabinan and galactan were not considered due to very low presence. 

 Cellulase activities (IU/ml) in supernatants were tested by a modified filter paper 

assay (Chinn et al., 2003). One international unit (IU) of cellulase activity was defined as the 

amount of enzyme that releases 1 μmol glucose per minute at pH 4.8 and 55 °C. 

Results 

 Analysis of the cotton stalks in this study indicated that lignin content, especially 

acid-insoluble lignin (28.9%), was higher than previously reported values of 15.5-27.0% 

(Agblevor et al., 2003). The more easily convertible components (glucan 37% and 7% xylans) 

in cotton stalk were in a range comparable to other commonly investigated lignocellulosic 

feedstocks including agricultural residues and softwoods (Table 3.1).  
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Shallow Stationary Cultivation 

 Lignin degradation during 14 days of pretreatment by shallow stationary cultivation 

with various salt formulas is presented in Figure 3.1a. Delignification levels ranged from 

1.2% to 2.4% on day 0. This initial delignification is expected to have resulted from 

autoclaving (121°C, 124 kPa) prior to inoculation. A lag period was observed from 0-3 days 

before significant (P<0.05) lignin degradation occurred. Most of the lignin degradation 

occurred during 4 to 10 days for all three salt formulations (Figure 3.1a). On average, 

shallow stationary pretreatment with no salt supplements (ST) degraded 15% of the lignin 

during this period. Similar degradation was observed during pretreatment with salt 

supplementation (STS). Lignin degradation during pretreatment with NREL salts plus Mn2+ 

(STM) peaked to 10% on the 6th day. There was no significant difference (P<0.05) in lignin 

degradation between day 10, 12 and 14 for all salt formulations, indicating that shorter 

pretreatment time may be sufficient to obtain similar lignin degradation levels. Cotton stalks, 

pretreated under stationary conditions for 14 days with no salt supplement (ST), showed the 

highest (P<0.05) lignin degradation of 20.7% followed by pretreatments with Modified 

NREL Salts (STS) and Modified NREL Salts + Mn2+ (STM) (Table 3.2). Attempts were 

made to measure lignin peroxidase (LiP) activity spectrophotometrically by measuring the 

oxidization of veratryl alcohol (VA) at 310 nm (Kirk et al., 1978), as well as by measuring 

oxidation of the dye azure B at 651 nm (Archibald, 1992). However, activities were not 

detectable likely due to low enzyme presence and interference by the yellow-to-brown 

background color transferred from cotton stalks or aromatic compounds formed during 

cultivation (Orth et al., 1993; Vares et al., 1995; Arora et al., 2002). 
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 Solid recovery represents the solids remaining in treated samples during 14 days of 

shallow stationary pretreatment (Figure 3.1b). A lag period (0-3 days) similar to that for 

delignification was observed before significant change (P<0.05) occurred in solid recovery. 

During 4 to 10 days, solid recovery decreased continuously for all three salt formulations. 

However, no significant drop in solids recovery was observed thereafter except in the STM 

pretreatment. Overall, on day 14, the STM pretreatment resulted in a significantly higher 

(P<0.05) solids recovery of 82% compared to STS and ST.  

 Carbohydrate (glucan and xylan) availability was highly variable during the 

pretreatment period, probably due to the heterogeneous nature of cotton stalks. The sampling 

size and analysis procedures may have also contributed to the significant fluctuations. 

Statistically, no significant difference (P< 0.05) was observed in glucan and xylan content 

between day 10 and 14 across all salt formulations (Table 3.3). STS pretreatment provided 

36.8% carbohydrates on day 14 but the values were not significantly different from the 

carbohydrates available after 14 days of ST pretreatment (Table 3.2). STM pretreatment gave 

a significantly lower (P<0.05) carbohydrate availability of 12.85% after 14 days. 

 Control samples pretreated under shallow stationary conditions, without fungal 

inoculation, showed no significant change in composition compared with untreated samples 

(data not shown). Based on the results in this study, among shallow stationary cultivations, 

pretreatment without salt supplements is recommended to maintain an overall balance 

between the response parameters, which resulted in significantly higher levels (P<0.05) of 

lignin degradation and availability of carbohydrates as well as moderate solid recovery after 

14 days (Table 3.2).  
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Agitated Submerged Cultivation 

 Figure 3.2a shows the affect of agitated cultures on lignin degradation. As with 

shallow stationary cultivation, there was a lag period before any significant lignin 

degradation occurred in the cotton stalks. However, the lag period was longer (6 days) than 

that observed in shallow stationary cultivation. Significant (P<0.05) lignin degradation 

occurred from day 6 to day 8. No significant differences in delignification (P<0.05) were 

observed between days 10, 12 and 14 across all salt formulations, except pretreatment with 

no salt supplements (AG), indicating that shorter pretreatment time may be applied to obtain 

similar levels of lignin degradation for treatments with salts. Pretreatment with Modified 

NREL salts (AGS) and no salt supplement (AG) broke down 33.9 and 25.2% of the total 

lignin, respectively, after 14 days (Table 3.2). Pretreatment with Modified NREL salts plus 

Mn2+ (AGM) resulted in significantly lower (P<0.05) lignin loss compared to AG and AGS 

after 14 days treatment.  

 Figure 3.2b shows the solids recovered from agitated cultivation pretreatment. 

Starting with 92.4% solids on day 0, solids recovery from AG pretreatment declined 20.1% 

after a 14 day period. Pretreatments with Modified NREL salts (AGS) resulted in a lower 

solids recovery of 67.8% compared to other treatments at the end of the 14 day pretreatment 

(Table 3.2). These trends represent a comprehensive effect of lignin degradation, and 

cellulose & hemicellulose consumption which are closely associated with fungal metabolic 

activities. Pretreatments with no salt supplementation (AG) and Modified NREL salts (AGS) 

showed decrease in both glucan and xylan availability during 14 days of cultivation (Table 

3.3). For AGM pretreatment, a maximum of 35.7% carbohydrates (glucan plus xylan) were 

obtained on day 6 and carbohydrate availability did not change statistically over time during 
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the pretreatment period (Table 3.3). In general, AGM pretreatment resulted in 20.5% 

carbohydrates on day 14, but the values were not statistically different from that of AG and 

AGS pretreatment (Table 3.2).  

Stationary vs. Agitated Submerged Cultivation 

 Based on analysis of variance (ANOVA), cultivation method, salt formulation and 

pretreatment time had a significant impact on the response variables – percent lignin 

degradation, solid recovery and carbohydrate availability (Table 3.4). However, the impact of 

two and three way interactions between the factors was greater (P<0.05) on carbohydrate 

availability. 

 Agitated culture pretreatment resulted in greater lignin degradation than shallow 

stationary cultivations with and without salt formulations (Table 3.2). As for solid recovery, 

cultivation method significantly impacted results but the interactive effect of cultivation 

method and salt formulations was not significant (Table 3.4). Solid recovery did not differ 

statistically with salt formulation level, except with Modified NREL salts (Table 3.2) where 

shallow stationary cultivation (STS) gave higher (P<0.05) recovery than agitated cultivation 

(AGS). More carbohydrates (glucan and xylan) were preserved in shallow stationary 

cultivation than agitated cultivation, with the exception of cultures with Modified NREL salts 

plus Mn2+.  

Cellulase Activities 

 Cellulase activities were measured during 14 days of stationary and agitated 

cultivation (Figure 3.3). All pretreatment cultures had cellulase activities below 0.1 IU/ml, 

which are much lower than those reported for high titer cellulase producing fungi such as 
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Trichoderma reesei (Chahal, 1985). Shallow stationary cultivation with Modified NREL salts 

plus Mn2+ (STM) showed much higher (P<0.05) cellulase activities than other treatments. 

Cellulase activity increased during the initial cultivation period, reaching a peak value of 

0.082 IU/ml on the 7th day of STM pretreatment. Agitated cultivation with Modified NREL 

salts plus Mn2+ (AGM) also showed higher (P<0.05) cellulase activities but the peak 

(0.041U/ml) occurred on the 12th day.  

Discussion 

 Lignocellulosic biomass is a very heterogeneous and chemically complex renewable 

resource. Cotton stalk varies in composition depending on the growing location, season, 

batch, harvesting methods as well as analysis procedures (Agblevor et al., 2003). Cotton stalk 

has the potential to be converted to bioethanol especially due to its high cellulose-rich cotton 

content. However, its total lignin content (30.8%), is much higher than other agricultural 

feedstocks such as corn stover, wheat straw, and switchgrass that are currently extensively 

studied by other research groups (Mosier et al., 2005). The lignin level of cotton stalks is 

similar to or even higher than softwood, making the degradation of its lignocellulosic 

structure a challenge (Silverstein et al., 2006). It is, therefore, essential to apply a 

pretreatment step to break down lignin to enhance enzymatic digestibility of the 46.4% 

holocellulose in cotton stalks and facilitate their conversion to ethanol. 

 The microbial pretreatment process depends highly on the growth and metabolism of 

the lignin degrading microbe P. chrysosporium. An important goal of pretreatment is lignin 

degradation through softening of the highly-ordered crystalline structure and improving 

accessibility of the cellulosic substrate to hydrolysis enzymes (Sun and Cheng, 2002). The 

percentage of lignin degraded directly reflects the performance of the pretreatment method 
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and is affected by many factors such as the cultivation method and growing conditions 

(Reddy and D'Souza, 1994).  

 In this study, delignification rates varied over the 14 day pretreatment period due to 

fungal metabolism. Although cotton stalks contain a considerable amount of pure cellulose, 

the absence of free sugars in the cotton stalk medium may be responsible for the initial lag 

phase (day 0-3) in lignin degradation. P. chrysosporium is expected to have been producing a 

series of ligninolytic enzymes for delignification and use of lignocellulose as a carbon source 

during this phase. The period of high lignin degradation (day 4-7) observed in this study 

corresponds with periods of high ligninase production reported in previous studies (Kirk et 

al., 1978; Jäger et al., 1985). Hence, lignin degradation can be linked to ligninolytic enzyme 

activity in this microbial pretreatment process. 

 Shallow stationary and agitated submerged cultivation are the two common methods 

employed for inducing ligninolytic enzyme production by P. chrysosporium. Shallow 

stationary cultivation involves spreading the liquid media as a thin layer in order to provide 

uniform growth conditions and support oxygen transfer through diffusion without direct 

mechanical or air agitation, which may cause harmful shearing of the fungus. This method 

has been extensively studied for the submerged cultivation of P. chrysosporium and proven 

to be efficient in lignin peroxidase (LiP) and manganese peroxidase (MnP) production (Tien 

and Kirk, 1988; Orth et al., 1991). Agitated cultivation provides better mixing and oxygen 

transfer and promotes fungal growth in the form of mycelial pellets but is less efficient than 

shallow stationary cultivation with respect to ligninase production (Kirk et al., 1978). 

However, addition of surfactants, especially Tween 80, to the growth medium has been 

reported to enhance ligninase production in agitated submerged cultures of P. chrysosporium 
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(Jäger et al., 1985). In this study, agitated cultivation resulted in better lignin degradation 

than stationary cultivation after 14 days of pretreatment. But, higher lignin degradation was 

accompanied by greater loss of solids and higher consumption of carbohydrates. This may be 

attributed to better mixing and substrate accessibility from agitation thus leading to enhanced 

biodegradability by the white rot fungus. Stationary cultivation, during which fungal growth 

is typically lower than agitated cultivation, gave a better balance between lignin degradation 

and availability of carbohydrates possibly due to enhanced ligninase activity promoted by 

enhanced oxygen availability to the non-pelletized culture (Ulmer et al., 1983; Jäger et al., 

1985). 

 Many factors such as nutrient supplementation and cultivation conditions affect the 

production of ligninolytic enzymes during submerged cultivation of pure P. chrysosporium. 

Kirk et al. (1978) and Brown et al. (1990) concluded that balanced addition of trace metals, 

such as Mg2+, Ca2+, and Mn2+ was critical for ligninase production. Several studies suggest 

that addition of nutrients, especially Mn2+ ions, can enhance the performance of P. 

chrysosporium in chemically defined media by stimulating lignin-degrading enzyme 

production (Kirk et al., 1978; Brown et al., 1990). It is widely reported that the presence of 

manganese ions plays a vital role in regulating expression of manganese peroxidase (MnP) 

by P. chrysosporium (Brown et al., 1990) and adding Mn2+ ions (900 mg/L) can increase 

MnP formation greatly under oxygen flushed conditions (Rothschild et al., 1999). However, 

in this study, salt supplementation did not necessarily improve lignin degradation on cotton 

stalks. It is speculated that excess nutrients, especially Mn2+, may have in fact been inhibiting 

fungal growth and delignification. Unlike chemically defined substrates, cotton stalks contain 

inorganic impurities that may be sufficient to meet the critical nutrient requirements of P. 
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chrysosporium (Kerem et al., 1992; Nieto-Fernandez et al., 1998). Previous studies have 

suggested that P. chrysosporium secretes ligninase under carbon or nitrogen limitations in 

pure artificial media (Kirk et al., 1978; Tien and Kirk, 1988). In this study, a Total Kjeldahl 

Nitrogen (TKN) analysis showed that cotton stalk submerged culture media contained 

approximately 30.7 mM nitrogen, which exceeds the lower N limitation of 2.4 mM (Tien and 

Kirk, 1988). This may be responsible for variations in the probable mechanism of ligninase 

production and delignification on lignocellulosic biomass. From a large scale processing 

perspective, it is ideal to limit nutrient supplementation for cost reduction. Cotton stalks 

naturally provide useful organic and inorganic nutrients to support fungal growth and lignin 

degradation and can thus enhance the economic feasibility of a microbial pretreatment 

process.  

 Besides lignin degradation, solids recovery and availability of carbohydrates are 

important criteria for evaluating pretreatment performance. Pretreatments which result in 

higher solids recovery are expected to provide more glucan & xylan during the hydrolysis 

step, thus providing higher amounts of carbohydrates for ethanol fermentation (Ballesteros et 

al., 2004). During growth of P. chrysosporium on cotton stalk, the fungus degrades not only 

lignin, but also consumes cellulose and hemicellulose as carbon sources (Eriksson, 1993). 

The removal of xylan enhances enzymatic susceptibility of cellulose to cellulolytic enzymes 

by increasing the porosity of biomass and minimizing limitations due to lack of binding sites 

(Lynd, 1996; Moiser, 2005). However, recent progress in development of genetically 

modified yeast or bacteria has enabled the fermentation of hemicellulose derived pentose-

sugars to ethanol (Ho et al., 1999; Jeffries and Jin, 2004). Thus in this study the preservation 

of both hemicellulose and cellulose was considered essential. As indicated previously, cotton 
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stalks contain a considerable amount of cotton fiber that provides easily-accessible cellulose, 

which is likely to be preferred by P. chrysosporium during the initial establishment stage. 

After depleting the easily-accessible compounds, the percentage of carbohydrates rebounded 

as a result of the fungus’ shift in metabolism and delignification.  

 The selectivity of fungal pretreatment is defined as the ratio of lignin degradation to 

cellulose degradation where higher selectivity offers increased delignification with 

preservation of cellulose (Camarero et al., 1994; Keller et al., 2003). It was anticipated that 

the efficiency and selectivity of lignin degradation could be stimulated by optimization of 

cultivation conditions especially salt supplementations (Dosoretz et al., 1993). However, in 

this study, the optimum pretreatment condition (AGM) that provided greater lignin 

degradation did not support higher selectivity for lignin degradation on cotton stalks. Future 

improvement could be expected from a more in-depth understanding of the growth and 

metabolism of P. chrysosporium on this lignocellulosic material through investigation of its 

pretreatment kinetics. Furthermore, an examination on enzymatic hydrolysis and ethanol 

production from pretreated cotton stalks will help to further evaluate the performance of 

microbial pretreatment in biomass conversion (Hatakka, 1983; Chapter 5). 

 It is interesting to note that although the initial purpose of supplementing with Mn2+ 

was to improve ligninase activities thus increasing lignin degradation, it resulted in higher 

cellulase activities and lower lignin degradation. In both shallow stationary and agitated 

cultivation, statistically higher (P<0.05) cellulase activities were observed on cotton stalks 

with Modified NREL salts plus Mn2+ (STM and AGM) compared with other pretreatments. 

This may be a reason for the significantly low carbohydrate availability after 14 days 

pretreatment, since the sugars may have been consumed by the fungus. However, the 
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mechanism of stimulated cellulase production due to addition of Mn2+ to the cotton stalks 

remains unclear.  

 Considering microbial pretreatment as a continuous biological process, time 

extensively affects the control and economics of process scale-up. Statistical analysis 

suggested that there was no significant difference in lignin degradation, solid recovery and 

carbohydrate availability between days 10, 12 and 14 across all salt formulations during 

stationary cultivation pretreatments. Hence, it may be possible to obtain the desired level of 

response variables with reduced pretreatment time. 

 In conclusion, microbial pretreatment with P. chrysosporium was able to degrade 

lignin in cotton stalks and has the potential to be an energy-saving, low cost, simple, and 

environment friendly approach which can reduce the severity of chemical pretreatments. 

Results from this work indicate that delignification does not necessarily rely on 

supplementation with salts and may be affected by parameters such as type of lignocellulose 

and culture conditions. A balance between lignin degradation and availability of 

carbohydrates indicates that shallow stationary submerged cultivation for 14 days or less is 

the most promising pretreatment. However, further investigation on pretreatment kinetics, 

hydrolysis of the pretreated materials and effect of scale up is needed to optimize the 

pretreatment process. 
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Figure 3.1 a) Lignin degradation and b) Solid recovery during shallow stationary cultivation 

of P. chrysosporium (■, ST, no salt; ●, STS, modified NREL salts; ▲, STM, modified 

NREL salts + Mn2+) 
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Figure 3.2 a) Lignin degradation and b) Solid recovery during agitated cultivation of P. 

chrysosporium (□, AG, no salt; ○, AGS, modified NREL salts; Δ, AGM, modified 

NREL salts + Mn2+) 
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Figure 3.3 Cellulase activities during submerged cultivation of P. chrysosporium (stationary 

cultivation: ■, ST, no salt; ●, STS, modified NREL salts; ▲, STM, modified NREL 

salts + Mn2+■, ST; ●, STS; ▲, STM; Agitated cultivation: □, AG, no salt; ○, AGS, 

modified NREL salts; Δ, AGM, modified NREL salts + Mn2+) 
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Table 3.1 Summative composition of untreated cotton stalks vs. typical lignocelluloses1 

Components Cotton Stalk Wheat straw2 Corn Stover2 Switchgrass2 Softwood2 

Holocellulose 46.4 55.27 56.82 55.36 62.2 
Glucan 37.0 32.64 34.61 30.97 41.7 
Xylan 7.0 19.22 18.32 20.42 5.9 
Arabinan 1.3 2.35 2.54 2.75 1.5 
Galactan 1.1 0.75 0.95 0.92 2.4 

Total lignin 30.8 16.85 17.69 17.56 25.9 
Acid-insoluble  28.9 N/A N/A N/A N/A 
Acid-soluble  1.9 N/A N/A N/A N/A 

Extractives 9.0 12.95 7.74 16.99 2.7 
Ash 6.0 10.22 10.24 5.76 0.3 
Other 7.8 N/A N/A N/A N/A 

1Component percentages are on dry-weight basis for all data 
2 Data obtained from Biomass Feedstock Composition and Property Database (NREL, 2006); 
Wheat Straw, #154; Corn Stover, #44; Switchgrass, #74;  Softwood, #153 
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Table 3.2 Statistical comparison for lignin degradation, solid recovery and carbohydrates 

availability (after 14 days) 1, 2  

Lignin Degradation Solid Recovery Availability of 
Carbohydrates 

Salts formulas 
Stationary Agitated Stationary Agitated Stationary Agitated 

No salts A20.7 B B25.2 A B76.3A B72.3A A29.0A A16.2B 
Modified NREL Salts B15.4 B A33.9 A B77.6A C67.8B A36.8A A18.4B 

Modified NREL Salts + Mn2+ C8.3 B C16.8 A A81.1A A80.9A B12.9B A20.5A 
 

1 Letters on the left of the data represent the levels of significance within 3 salt formulations (along 
columns); letters on the right of the data represent the levels of significance within two cultivation 
strategies (along rows); P-values generated by Tukey's Studentized Range (HSD) Test.  
2 Lignin degradation, solid recovery and availability of carbohydrates are expressed as %, w/w. 
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Table 3.3 Carbohydrate availabilities of microbial pretreated cotton stalks during 14 day 

shallow stationary cultivation and agitated cultivation 1 

 
 No salts Modified NREL Salts Modified NREL Salts + Mn2+ 
 Day Glucan Xylan Glucan Xylan Glucan Xylan 
Stationary 0 28.56±5.56 7.37±1.37 24.25±6.78 6.55±2.12 29.52±15.78 7.59±4.27 

4 32.22±1.78 9.13±0.32 16.50±0.64 5.52±0.20 32.41±4.51 8.90±0.84 
6 27.01±13.04 7.78±4.02 19.72±2.29 6.25±0.77 35.22±4.70 8.63±1.01 
8 17.67±2.53 5.11±0.71 16.77±9.62 5.77±3.02 24.74±2.85 6.33±0.56 
10 22.10±3.50 6.09±0.63 21.23±14.06 5.48±4.94 10.03±1.58 2.10±0.30 

 

14 23.45±8.20 5.55±2.39 28.49±6.69 8.35±1.78 10.12±0.50 2.72±0.24 
Agitated 0 27.79±4.59 6.79±1.80 22.68±0.65 5.18±0.75 22.61±3.13 6.48±1.10 

4 24.01±9.23 6.64±2.87 20.55±0.84 4.39±0.28 23.73±6.27 6.41±1.35 
6 25.12±11.18 7.02±3.91 16.31±1.08 4.21±0.61 25.91±2.36 7.47±0.50 
8 14.56±1.32 2.95±0.59 12.58±0.49 2.81±0.16 23.07±4.34 6.75±1.62 
10 16.22±3.29 3.09±0.41 11.65±2.17 2.65±0.40 19.80±1.14 6.01±0.78 

 

14 13.79±1.54 2.44±0.35 15.01±6.13 3.42±2.03 15.79±2.72 4.71±0.69 
1 mean and standard deviation based on 3 replicates 
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Table 3.4 ANOVA of main effects and interactions of cultivation methods (Cultivation), salt 

formulation (Salt) and time factors (Time) on lignin degradation (LD), solids recovery (SR) 

and carbohydrate availability (AOC) 1, 2 

  Lignin Degradation Solid Recovery Availability of 
Carbohydrates  

Source DF MSq P-value MSq P-value MSq P-value 
Cultivations 1 1177.4 0.0005 813.9 <.0001 2679.1 <.0001 

Salt 2 705.3 0.0005 716.9 <.0001 866.9 <.0001 
Salts*Cultivations 2 351.7 0.0251 83.9 0.1405 231.6 0.0066 

Time 11 627.0 <.0001 691.9 <.0001 296.5 <.0001 
Cultivations*Time 11 60.1 0.7871 51.8 0.2725 79.5 0.0617 

Salt*Time 22 82.6 0.6113 43.0 0.4447 145.7 <.0001 
Cultivations*Salt*Time 22 129.8 0.1261 77.8 0.0175 136.4 <.0001 

 

1 DF is degrees of freedom; MSq is mean square. 
2 Lignin degradation, solid recovery and availability of carbohydrates are expressed as %, w/w. 
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CHAPTER 4 

Microbial Pretreatment of Cotton Stalks by Solid State Cultivation of 

Phanerochaete chrysosporium 

Abstract 

 White rot fungi degrade lignin and have biotechnological applications in conversion 

of lignocellulose to valuable products. Pretreatment is an important processing step to 

increase the accessibility of cellulosic material in plant biomass, impacting efficiency of 

subsequent hydrolysis and fermentation. This study investigated microbial pretreatment of 

cotton stalks by solid state cultivation (SSC) using Phanerochaete chrysosporium to facilitate 

the conversion into ethanol. The effects of substrate moisture content (M.C.; 65%, 75% and 

80% wet-basis), inorganic salt concentration (no salts, modified salts without Mn2+, modified 

salts with Mn2+) and culture time (0-14 days) on lignin degradation (LD), solids recovery 

(SR) and availability of carbohydrates (AOC) were examined. Moisture content significantly 

affected lignin degradation, with 75% and 80% M.C. degrading approximately 6% more 

lignin than 65% M.C. after 14 days. Within the same moisture content, treatments 

supplemented with salts were not statistically different than those without salts for LD and 

AOC. Within the 14 day pretreatment, additional time resulted in greater lignin degradation, 

but indicated a decrease in SR and AOC. Considering cost, solid state cultivation at 75% 

M.C. without salts was the most preferable pretreatment resulting in 27.6% lignin 

degradation, 71.1% solids recovery and 41.6% availability of carbohydrates over a period of 

14 days. Microbial pretreatment by solid state cultivation has the potential to be a low cost, 

environmentally friendly alternative to chemical approaches. Moisture relationships will be 
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significant to the design of an effective microbial pretreatment process using SSC 

technology. 

Keywords: cotton stalk, pretreatment, Phanerochaete chrysosporium, solid state cultivation, 
ethanol, lignin 
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Introduction 

 Currently, corn is the primary raw material for ethanol production in the United States 

(NCGA, 2005). However, lignocellulosic biomass has the potential to provide a more 

economical feedstock as a result of its widespread availability, sustainable production and 

low starting value (ORNL, 2005). Conversion of lignocellulosics to ethanol employs three 

major steps including 1) pretreatment to breakdown the lignin and open the crystalline 

structure of cellulose, 2) hydrolysis with a combination of enzymes to reduce cellulose to 

glucose and 3) microbial fermentation of glucose to ethanol (Sun and Cheng, 2002).  

Although challenges exist in the optimization of all the steps, pretreatment remains to be one 

of the main barriers preventing commercial success and makes up one third of the total 

production costs during ethanol production (NREL, 2000). 

Existing pretreatment methods have largely been developed on the basis of 

physicochemical technologies such as microwave, ionizing radiation, steam explosion, dilute 

acid, alkali, and oxidation or varied combinations (Moiser et al., 2005). However, typical 

physical and chemical pretreatments require high-energy (steam or electricity) as well as 

corrosion-resistant, high-pressure reactors, which increase the need for specialty equipment 

and cost of pretreatment. Furthermore, chemical pretreatments can be detrimental to 

subsequent enzymatic hydrolysis and microbial fermentation apart from producing acidic or 

alkaline waste water which needs pre-disposal treatment to ensure environmental safety 

(Keller et al., 2003). 

Microbial pretreatment employs microorganisms and their enzyme systems to 

breakdown lignin present in lignocellulosic biomass. This environment friendly approach has 

recently received increased attention (Hadar et al., 1993; Camarero et al., 1994; Sawada et 
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al., 1995; Keller et al., 2003) and has potential advantages over the prevailing 

physicochemical pretreatment technologies due to reduced energy and material costs, 

simplified processes and equipment, and use of biologically based catalysts. Several 

basidiomycetes such as Phanerochaete chrysosporium, Ceriporiopsis subvermispora, 

Phlebia subserialis and Pleurotus ostreatus are capable of efficiently metabolizing lignin in a 

variety of lignocellulosic materials (Hatakka, 1983; Sawada et al., 1995; Keller et al., 2003; 

Taniguchi et al., 2005). P. chrysosporium, is a white rot fungus that produces unique 

extracellular oxidative enzymes that degrade lignin (Jäger et al., 1985).  The physiology of P. 

chrysosporium has been widely investigated because of its non-specific nature and 

exceptional oxidation potential for lignin degradation.  The degradation efficiency and 

minimal use of cellulosic polymers relative to other white rot fungi make P. chrysosporium a 

suitable candidate for pretreatment and lignin degradation (Blanchette, 1991).  However, the 

efficiency of biodegradation varies with cultivation methods and environmental conditions 

(Reddy and D'Souza, 1994).  

Solid state cultivation (SSC) is defined as the growth of microorganisms on solid 

materials in the absence of free liquid (Pandey, 1992) and the technology has been 

investigated for the development of bioprocesses, such as bioremediation and biodegradation 

of hazardous compounds, biological detoxification of agro-industrial residues, 

biotransformation of crops and crop-residues for nutritional enrichment, biopulping, and 

production of value-added products (Pandey et al., 2000). Compared to liquid cultivation, 

where microorganisms are submerged in free liquid, SSC possesses advantages such as 

simpler operation, lower raw material and input cost and reduced environmental impact from 

waste water. Moreover, solid state cultivation provides environmental conditions under 
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which white rot fungi grow in nature, thus making it ideal for P. chrysosporium growth 

(Datta et al., 1991). Considering these merits, applying SSC technology to pretreat 

lignocellosic biomass may lead to better efficiency and reduce pretreatment costs. 

Efforts have been made to apply solid state cultivation to produce ligninase or 

degrade lignocellosic biomass (Kerem et al., 1992; Tengerdy and Szakacs 2003; Couto and 

Sanroman, 2005; Ganesh et al., 2006). Pilot scale fungal pretreatment facilities have been 

developed and tested for biopulping of wood chips (Akhtar et al., 1998; Hatakka et al., 2003). 

However, very limited resources report the application of SSC of P. chrysosporium for 

pretreatment of lignocellulosic materials, especially to meet the need for generation of a 

sugar platform for ethanol production (Lee 1997). The feasibility of this environmentally 

benign pretreatment process is still questioned, mainly due to the extremely long treatment 

time as well as the difficulty in selectively degrading lignin (Hatakka, 1983). Research has 

shown that delignification ability of P. chrysosporium could be improved by optimizing 

nutrient supplements and cultivation methods to enhance ligninolytic enzyme production 

(Reddy and D'Souza, 1994). Moisture content, substrate characteristics, nutrient supplements, 

aeration and culture duration are important variables for performance of fungi in SSC, 

impacting growth and metabolite formation (Krishna 2005; Asgher et al., 2006).  However, 

these processing parameters have not been fully explored. Aeration and oxygen concentration 

are considered highly important for lignin degradation by fungal strains, especially in liquid 

cultivation systems (Leisola et al., 1983; Miura et al., 2004). Kerem et al., (1992) conducted 

a comparative study of P. chrysosporium and P. ostreatus on their lignin degrading 

capabilities in SSC of cotton stalks (65% moisture, up to 30 days), examining the influence 

of oxygen on performance. Although the partial pressure of oxygen was not a limiting factor 
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for their system, the effects of other key SSC parameters on degradation of lignocellulosic 

substrates remain undefined.  Identifying the most favorable cultivation conditions for 

microbial pretreatment in SSC will help establish the processing needs for effective 

application of this technology.   

This study examines the microbial pretreatment of cotton stalks by solid state 

cultivation using P. chrysosporium. The effects of initial substrate moisture content (65%, 

75% and 80% wet-basis), inorganic salt concentration (no salts, modified salts without Mn2+, 

modified salts with Mn2+) and culture time (0-14 days) on lignin degradation, solids recovery 

and availability of carbohydrates were investigated to evaluate process effectiveness. 

Materials and Methods 

Strain and Inoculation 

The fungal strain, Phanerochaete chrysosporium (ATCC 24725), was obtained from 

the Forest Products Laboratory of USDA Forest Service (Madison, WI) and maintained as a 

frozen culture (-80°C) in 30% glycerol.  Propagation of the organism for SSC was performed 

on Potato Dextrose Agar (PDA) plates for 2 days at 39°C.  Spore suspensions were prepared 

by washing the agar surface with 10 ml of sodium acetate buffer (50 mM, pH 4.5).  Spore 

counts were determined with a hemacytometer (Hausser Scientific, Horsham, PA) and the 

final spore inoculum had a concentration of 5×106 spores/ml. The SSC cultures contained 

5×106 spores/g air dry cotton stalk substrate.  

Biomass Preparation 

Cotton stalks (shredded and baled) were harvested in early October 2003 from 

Cunningham Research Station (Kinston, NC). The stalks with initial moisture content (M.C.) 
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of 7% were ground to 1 mm particle size for composition analysis. The feedstock for 

pretreatment was ground to 3 mm by a Thomas Wiley Laboratory Mill (Model No. 4, 

Thomas Scientific, Swedesboro, NJ) and stored in air tight containers at room temperature 

until use for pretreatment. 

Experimental Design and Statistical Analysis 

All treatment combinations were completed in triplicate. The main and interaction 

effects of moisture content, salt concentration and time factors (3×3×6 factorial design) on 

lignin degradation, solids recovery and carbohydrates were evaluated using PROC GLM in 

SAS 9.1 software (SAS®  Inc., Cary, NC) for analysis of variance and significance tests. A 

95% confidence level was used for statistical analysis and Tukey simultaneous tests were 

performed to assess statistical differences between treatments. 

Solid State Cultivation Pretreatment 

Three inorganic salt formulations (no salts (SD), modified NREL salts (SDS), 

modified NREL salts plus Mn2+ (SDM)) and three initial moisture contents (65, 75 and 80% 

wet-basis) were examined. Modified NREL Salts (Keller et al, 2003) included (per gram air 

dry cotton stalks) 4 mg NaNO3, 10 mg KC1, 14 mg MgSO4·7H2O, 0.14 mg FeSO4·7H2O, 40 

mg KH2PO4, and 0.02 mg Thiamine in acetate buffer (20 mM, pH 4.5). Modified NREL salts 

were supplemented with 18 mg MnSO4·H2O to prepare the Modified NREL salts + Mn2+ 

formulation (Brown et al., 1990). Treatments without salt addition were supplemented with 

20 mM acetate buffer (pH 4.5) to create the appropriate substrate moisture content factor 

level. Microbial control flasks, without fungal inoculation, were set up along with the 

pretreatment studies to quantify the effects of substrate preparation, soaking and agitation. 



 

61 

Pretreatment cultures were grown in 250 ml Erlenmeyer flasks capped by silicon 

stoppers with inlet and exit lines connected to 0.2 μm filters (Acro® 37 TF, Pall Co., NY). 

Flasks containing 3 g cotton stalk samples were autoclaved for 20 min (121°C, 124 kPa) then 

cooled prior to addition of salt formulations (autoclaved separately) and spore suspension 

(5x106 spores/g air dry cotton stalk).  Initial substrate moisture content was adjusted to the 

respective factor level through the addition of salt solutions and inoculum spore suspension.  

Pretreatments were carried out in an air convection incubator at 39°C and destructively 

sampled at predetermined time intervals (0, 4, 6, 8, 10, and 14 days). Flasks were flushed 

with oxygen (125 ml/min) for 10 min every 3 days starting from day 0. Between flushing 

events, the flasks were closed by clamping off inlet and exhaust tubing lines.   

Analysis Methods  

The total solids, acid soluble lignin, and acid insoluble lignin content of untreated 

cotton stalks were determined by NREL Laboratory Analytical Procedures, LAP 001, 003, 

004 (Ehrman 1994; Templeton and Ehrman 1994; Ehrman 1996). Ash content, extractives, 

and holocellulose (combination of hemicellulose and cellulose), were determined for the 

untreated stalks by the gravimetric methods developed by Han and Rowell (1997). 

At each time interval, harvested pretreatment cultures were soaked in sodium acetate 

buffer (30 ml, pH 4.5) and incubated at 39°C (30 min).  The pretreated substrate suspension 

was then filtered through pre-weighed and ignited crucibles (30M Kimax, Kimble Glass Inc, 

Vineland, NJ). Supernatants were stored at -80°C for analysis of free cellulase activities. 

Solid fractions were dried in a convection oven (105°C, 12 hours) and the dry solids were 

weighed and tested for lignin content according to LAP 003 and 004 used for untreated 

samples. The treatment filtrate from lignin analysis was used for quantification of xylose, 
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arabinose, glucose and galactose sugars by HPLC (Dionex Corp., Sunnyvale, CA) equipped 

with a CarboPac™ PA10 (4×250 mm) anion exchange column, and a pulsed amperometric 

detector (Silverstein et al., 2006). All samples were neutralized, centrifuged (5000×g, 10 

min) and filtered through 0.45 μm Milipore filters before analysis (Silverstein et al., 2006).. 

 Lignin degradation which is defined as the percentage of total lignin reduced after 

pretreatment was calculated using equation 1. 
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wLD                                              (1) 

Where: w is the dry weight of the treated sample (g); 

w0 is the initial dry weight of the untreated sample (g); 

α, β are the % of acid-soluble and acid-insoluble lignin of the treated sample; 

α0, β0 are the % of acid-soluble and acid-insoluble lignin of the untreated sample; 

Solids recovery was calculated as a percentage of the total solids recovered after 

pretreatment based on the initial sample (dry weight). Availability of carbohydrates was 

estimated as a percentage (w/w) of the total glucan and xylan in the solids recovered.  

Arabinan and galactan were ignored due to their very low presence. 

Cellulase activity (IU/ml liquid in SSC) was tested on filter papers using a modified 

DNS assay (Chinn, 2003). One international unit (IU) of cellulase activity is defined as the 

amount of enzyme that releases 1 μmol of glucose per minute at pH 4.8 and 55 °C. 

Results 

The analysis of variance (ANOVA) table for main and interaction effects of moisture 

content (M.C.), salt formulation (Salt) and time factors (Time) on lignin degradation (LD), 

solids recovery (SR) and availability of carbohydrates (AOC) is shown in Table 4.1. The 
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main effect of moisture content, salt formulation and time were statistically significant for 

lignin degradation and solid recovery (p<0.05). Similarly, moisture content and time were 

significant main effects for availability of carbohydrates, yet statistical differences for salt 

formulation were not significant. The interaction of all factors, except salt-time, was 

significant for solid recovery. The interaction between M.C. and time was significant for LD 

and AOC suggesting that for each moisture level, the cultivation time for pretreatment 

influences the effectiveness of P. chrysosporium to achieve greater lignin degradation and 

preserve carbohydrates (p<0.05). Interaction between salt formulation and time did not 

impact LD significantly. Depending on the cultivation time, salts had a significant impact on 

performance and quantity of lignin removed across all moisture levels. Differences between 

treatment combinations were further examined for LD, SR, and AOC.  

Lignin Degradation 

The effects of the three initial pretreatment moisture levels and three salt 

concentrations on percent lignin degraded over time are presented in Figure 4.1. There was a 

lag period (0-4 days) before significant lignin degradation was observed (P<0.05). Beyond 

day 4, lignin was continuously degraded following linear trends at an average rate of 2.2% 

per day for all treatments. For 65% M.C., lignin degradation rates slowed down after day 10 

and the final lignin degradation on day 14 was 19.8% on average for all salt formulations 

(Figure 4.1a).  

Pretreatments with 75% and 80% M.C. (Figures 4.1b and 4.1c) showed similar trends 

but higher lignin reduction occurred during the 14 day cultivation when compared with the 

65% M.C. treatments. Another noticeable difference was that after day 10, pretreatments 

with 75% and 80% M.C. continued to degrade lignin whereas those at 65% moisture 
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treatment slowed down. For all three M.C.s, longer pretreatment time (14 day) resulted in 

significantly higher lignin degradation beyond 10 days. Comparisons of moisture content and 

salt formulation combinations for the 14 day culture period evaluated using Tukey’s 

Studentized Range (HSD) are presented in Table 4.2.  The lignin degradation observed in the 

75% and 80% M.C. pretreatments for all salt formulations was significantly higher than the 

65% M.C. pretreatment (P<0.05).   

The addition of salts did not enhance the lignin degradation in cotton stalks by P. 

chrysosporium in solid state cultivation (Figure 4.1). The treatments with salts showed 

similar performance as those without salts over time and across all moisture contents.  As 

shown in Table 4.2, the 65% moisture pretreatment with Modified NREL Salts resulted in 

18.4% lignin degradation, which was not significantly different from the treatment with 

Modified NREL Salts + Mn2+  (P<0.05). Treatments without any supplemental salts degraded 

20.0% lignin at the end of day 14, which was statistically the same as the other salt 

treatments. The results observed for the 75% and 80% M.C.s were similar; indicating that 

extent of lignin degradation in cotton stalks does not require salt supplementation. 

Solids Recovery and Carbohydrates Availability 

Table 4.2 shows the solid recovery and availability of carbohydrates after 14 days 

pretreatment for the initial moisture content and salt concentration combinations. It was 

shown that initial moisture content and salt supplementation may lead to significant 

differences in solid recovery. Treatment at 75% M.C., supplemented with Modified NREL 

Salts (SDS) gave significantly higher solid recovery at 73.1% than the other two salt levels. 

However, for 65% M.C, no significant difference was observed across the three salt levels. 

At 80% M.C., supplementing Modified NREL Salts + Mn2+ (SDM) resulted in high solid 
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recovery (72.2%), followed by SDS (70.2%) and SD (68.8%). In general, treatment with 

75% M.C. gave higher solid recovery than the other two M.C. levels, however, on average all 

treatments resulted in approximately 70% solid recovery.  

For availability of carbohydrates, pretreatments with 75% initial M.C. gave on 

average 42.5% carbohydrates availability which was significantly greater than 65% and 80% 

initial M.C. (P<0.05). Within each moisture content, no significant difference was observed 

between the three salt levels. This indicates that the addition of salts may not be helpful in 

preserving carbohydrates.  

The treatments with higher availability of carbohydrates, higher solid recovery, as 

well as higher lignin degradation could be considered preferred pretreatments. By a statistical 

analysis, the lignin degradation for pretreatments with 75% M.C. was not statistically 

different than 80% M.C. treatments, and both were more effective than 65% M.C. However, 

75% M.C. exceeded 80% M.C. (P<0.05) in both solid recovery and availability of 

carbohydrates. Within 75% M.C., use of salts did not provide better performance for lignin 

degradation and availability of carbohydrates.  Although, supplementing Modified NREL 

Salts resulted in slightly higher solid recovery, considering cost effectiveness and 

performance efficiency, solid state cultivation at 75% initial M.C. without salt 

supplementation would be a more preferable microbial pretreatment approach. 

Enzyme Activities 

Cellulase activities were monitored during the 14 day cultivations (Figure 4.2). 

Activity increased over time as a result of lignin breakdown and release of cellulose. The 

65% M.C. treatments on average produced the highest levels of activity in comparison to the 
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other moisture treatments (P<0.05).  However, when compared with a high titer cellulase 

producing fungus such as Trichoderma reesei (Chahal, 1985), all the pretreatment cultures 

maintained lower cellulase activities, below 1.0 IU/ml liquid in SSC. Adding Mn2+ 

significantly increased cellulase activities for all initial moisture contents (P<0.05).  

Discussion 

Reducing the lignin content of biomass helps to soften its highly-ordered crystalline 

structure and facilitates substrate access by hydrolytic enzymes (Sun and Cheng, 2002). The 

effectiveness of a pretreatment method can be reflected by the percentage of lignin 

degradation with simultaneous conservation of cellulose polymers. P. chrysosporium can 

decompose lignin effectively by excreting unique extra-cellular peroxidases (LiP and MnP) 

as secondary metabolites under nutrient starvation (Tien and Kirk, 1988). Therefore, in this 

microbial pretreatment process, lignin degradation relies on fungal growth and metabolite 

formation during the 14 day solid state cultivation on cotton stalks. There was an initial lag 

period before significant lignin degradation occurred, most likely because f fungus needed to 

produce a combination of enzymes to facilitate degradation and use the cotton stalk as a 

carbon source (Hatakka and Uusi-Rauva, 1983). However, between 4 and 14 days, the lignin 

content decreased fairly consistently.  For the 75% and 80% moisture content treatments, 

additional culture time may have been beneficial to overall lignin degradation as degradation 

rates did not decrease. Yet the recovery of solids and carbohydrates for hydrolysis would 

have been limited.  

Moisture content is significant to microbial performance in SSC systems and affects 

growth as well as product formation (Lonsane et al., 1985; Mitchell et al., 2000).   Substrate 

moisture content in SSC ranges from 30% to 80% on a wet weight basis, depending upon the 
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properties of the substrates and the microbial species used (Raimbault, 1998).  Water in SSC 

systems functions as a solvent for transport of nutrients, metabolites and other solutes as well 

as helps maintain stable cellular and molecular structures (Gervais and Molin, 2003).  An 

accepted means of reporting water relationships with solid substrates for microbial cultures is 

through the thermodynamic property of water, water activity (aw) (Grajek and Gervais, 1987; 

Krishna, 2005).  However, other research groups have found the quantity and kinetic 

properties of free water to be more influential to the diffusion of nutrients and metabolites 

and overall microbial activity (Troller and Stinson, 1981; Oriol et al., 1988; Chinn, 2003). 

 Moisture content was a key factor that affected the lignin degrading performance of 

P. chrysosporium.  The level and rate of lignin degradation was reduced at 65% moisture 

content in comparison to the higher moisture levels.  Although this lower moisture content 

did not inhibit fungal growth, it did not fully support the metabolic functions of P. 

chrysosporium.  Oriol and coworkers (1988) showed that even when the initial moisture 

content is sufficient in early stages, water content will gradually accumulate inside the fungal 

cells during cultivation.  The residual water outside the cells is continuously lost, eventually 

limiting the water availability or water activity of the substrate matrix. This limitation in 

available water could be one possible explanation for the hampered lignin degradation in the 

65% treatments after just 10 days.  The 75% and 80% moisture content treatments 

demonstrated nearly 28% lignin degradation after 14 days, indicating that the water levels 

were appropriate.  Asgher et al. (2006) found similar results in their study of P. 

chrysosporium in SSC on corn cobs with moisture content ranging between 40 and 90%.  

They reported a parabolic relationship between ligninase activity and moisture content, with 

70% as the optimum level.  It may be possible to increase the initial moisture content of the 
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cotton stalk (within its water holding capacity) to improve performance, however higher 

moisture contents limit oxygen transfer, often inhibiting aerobic SSC cultures, and increase 

susceptibility to bacterial contamination (Ramesh and Lonsane, 1990; Asgher et al., 2006).  

For P. chrysosporium, it is important to provide environmental conditions that support 

diffusion of oxygen into the liquid and solid phases of the SSC system for increased 

ligninolytic activity (Leisola et al., 1983; Kerem et al., 1992). 

In addition to initial moisture content, supplementing nutrients is another key factor 

that affects fungal growth and metabolic activities in SSC, especially in cases where the 

microorganism requires certain nutrients crucial to support metabolism (Chinn, 2003; 

Kachlishvili et al., 2006). Most studies suggest that addition of nutrients, especially Mn2+ 

ions, can enhance the performance of P. chrysosporium in pure artificial media by 

stimulating production of lignin-degrading enzymes responsible for the lignin break-down 

processes (Kirk et al., 1978; Brown et al., 1990). Nevertheless, results in this study indicate 

that supplementing nutrients such as NREL salts and Mn2+ ions does not enhance lignin 

degradation in solid state cultivation on cotton stalks. Considering the use of cotton stalk, 

instead of pure lignin, as a carbon source, the natural composition of inorganic salts in the 

stalks may be sufficient to meet critical nutrient requirements of P. chrysosporium (Kerem et 

al., 1992; Nieto-Fernandez et al., 1998). The effectiveness of SSC pretreatments, without salt 

addition, on fungal growth and lignin degradation supports the recognized advantages of SSC 

systems in using solid substrates that provide necessary nutrients and offer simplified 

medium preparation (Pandey et al., 2000). These results demonstrate the feasibility and 

potential of SSC microbial pretreatment to reduce input costs. 
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Besides delignification, solids recovery and availability of carbohydrates are 

important criteria for evaluating pretreatment performance. Pretreatments which result in 

higher solids recovery are expected to provide more cellulose during the hydrolysis step. 

Although lignin degradation is critical, higher cellulose content in recovered solids 

eventually provides higher availability of carbohydrates for ethanol fermentation. A lower 

ratio of lignin degradation to cellulose reduction (selectivity) implies increased 

delignification with preservation of cellulose (Camarero et al., 1994; Keller et al., 2003). It 

was anticipated that inorganic salt supplements, especially Mn2+, would improve ligninase 

production resulting in selective lignin degradation. However, the addition of salts in this 

study neither improved the delignification efficiency nor the preservation of cellulose. This 

may be related to the composition of the cotton stalks and their ability to provide sufficient 

nutrients for meeting the requirements of P. chrysosporium (Kerem et al., 1992). In this study, 

M.C. levels had the greatest effect on maintaining the balance between high solids recovery, 

availability of carbohydrates and lignin degradation. It appeared that 80% M.C. was a poor 

choice for AOC such that it resulted in less than 20% carbohydrates, followed by 65% M.C.  

This was most likely related to the influence of water content on fungal metabolism of cotton 

stalks.  The moisture content levels of 65 and 80% may not be optimal for ligninolytic 

enzyme production and lignin degradation, but are more supportive of fungal growth and 

sugar metabolism (Lonsane et al., 1985). It is suggested that 75% M.C. was still the best 

overall choice, which achieved a selectivity of 0.82 comparable to previous reports 

(Blanchette, 1991; Sawada et al., 1995). Higher selectivity for lignin degradation can be 

achieved by choosing different fungal strains such as P. ostreatus and C. subvermispora or 

genetically modifying P. chrysosporium to produce less cellulase activity (Kirk et al., 1986; 
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Kerem et al., 1992). However, the use of these alternative strains generally requires longer 

pretreatment time (Taniguchi et al., 2005). 

Higher cellulase activities typically improve the ability of the fungus to degrade 

cellulose to available sugars. It can also lead to higher cellulose consumption, which lowers 

overall availability of carbohydrates. Our results showed highest cellulase activity at the end 

of 14 day pretreatment, which may indicate that more cellulose was accessible to the fungus 

through decomposition of the lignin structure. Another interesting phenomenon was the 

higher cellulase activity associated with Mn2+ addition. Although the initial purpose of 

supplementing Mn2+ was to improve ligninase activities, thus increasing lignin degradation. 

Besides increasing cellulase activity, Mn2+ supplementation is not a likely consideration for 

microbial pretreatment since Mn2+ addition did not significantly improve process 

performance in lignin degradation by SSC.  

In conclusion, initial moisture content significantly affected lignin degradation, with 

75% and 80% M.C. providing better results than 65% M.C. and longer pretreatment time (up 

to 14 days) resulted in higher lignin degradation. Within the same initial moisture content, 

supplementing with nutrients did not enhance lignin degradation. Considering cost, solid 

state cultivation (14 days) with 75% initial moisture content without salt supplements was the 

most preferable pretreatment. Microbial pretreatment by solid state cultivation of P. 

chrysosporium was able to degrade lignin in cotton stalks and has the potential to be an 

energy-saving, low cost, simple, and environment friendly approach which can extensively 

reduce the severity of chemical pretreatments. However, further investigations on 

delignification kinetics, hydrolysis of the pretreated materials and effect of scale up are 

needed for process improvement.  
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Figure 4.1 Lignin degradation during the solid state cultivation with a) 65%, b) 75%, c) 80% 

moisture content (wet basis, ■ no salts, SD; ● modified NREL salts, SDS;  and ▲ 

modified NREL salts plus Mn2+, SDM) 
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Figure 4.2 Cellulase activities during 14 days pretreatment (■: no salts with 65% M.C., 

SD65; ●: modified NREL salts with 65% M.C., SDS65; ▲: modified NREL salts plus 

Mn2+ with 65% M.C., SDM65; □: no salts with 75% M.C., SD75, ○: modified NREL 

salts with 75% M.C., SDS75, Δ: modified NREL salts plus Mn2+ with 75% M.C., 

SDM75; half hollow square: no salts with 80% M.C., SD80, half hollow circle: 

modified NREL salts with 80% M.C., SDS80, half hollow triangle: modified NREL 

salts plus Mn2+ with 80% M.C., SDM80) 
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Table 4.1 ANOVA of main effects and interactions of moisture content (M.C.), salt formulation (Salt) and time factors (Time) on 

lignin degradation (LD), solids recovery (SR) and carbohydrate availability (AOC) 1 

  Lignin Degradation Solid Recovery Carbohydrate Availability 
Source D.F. MSq F value  P-value MSq F value P-value MSq F value P-value 
M.C. 2 132.3 20.78 <.0001 117.4 160.18 <.0001 2128.8 59.21 <.0001 
Salt 2 20.2 3.18 0.0456 4.1 5.53 0.0052 0.4 0.01 0.9884 

Time 5 1574.2 247.23 <.0001 2684.3 3662.17 <.0001 1012.1 28.15 <.0001 
M.C.*Salt 4 24.2 3.80 0.0063 8.2 11.16 <.0001 15.9 0.44 0.7774 

M.C.*Time 10 36.7 5.76 <.0001 15.1 20.63 <.0001 264.3 7.35 <.0001 
Salt*Time 10 9.3 1.46 0.1648 0.7 0.93 0.5133 36.0 1.0 0.4483 

M.C.*Salt*Time 20 5.7 0.89 0.5962 1.4 1.91 0.0188 27.1 0.75 0.7611 
 
1 D.F. is degrees of freedom; MSq is mean square. 
2 Lignin degradation, solid recovery and availability of carbohydrates are expressed as %, w/w. 
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Table 4.2 Statistical comparison for lignin degradation, solid recovery and carbohydrate availability (after 14 days) with three 

moisture contents and three salts formulas1 

Percentage of Lignin Degradation Solid Recovery Carbohydrate Availability M.C. 
65%  75%  80%  65%  75%  80%  65%  75%  80%  

SD A 20.0 B A 27.6 A A 26.7 A A 72.2 A B 71.1 A C 68.8 B A 25.8 B A 41.6 A A 23.8 B 
SDS A 18.4 B A 26.6 A A 27.1 A A 71.7 B A 73.1 A B 70.8 B A 30.0 B A 43.6 A A 20.0 C 
SDM A 20.4 C A 27.7 A A 24.5 B A 70.8 A B 71.9 A A 72.2 A A 30.4 B A 42.4 A A 19.5 C 

 

1 Letters on the left of the data represent the levels of significance within 3 salt formulations (among columns); letters on the right 
of the data represent the levels of significance within three moisture contents (among rows); P-values generated by Tukey's 
Studentized Range (HSD) Test. 
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CHAPTER 5 

Effect of Fungal Pretreatment on Enzymatic Hydrolysis and Fermentation 

of Cotton Stalk for Ethanol Production 

Abstract 

The potential of microbial pretreatment of cotton stalks by Phanerochaete 

chrysosporium to degrade lignin and facilitate fuel ethanol conversion was investigated under 

two different conditions: submerged cultivation (SmC) and solid state (SSC) cultivation. 

Although, microbial pretreatments showed significant lignin degradation (19.38 and 35.53% 

for SmC and SSC, respectively), a study on hydrolysis and fermentation of the microbial 

pretreated cotton stalks showed no increase in cellulose conversion (10.98% and 3.04% for 

SmC and SSC pretreated samples, respectively) compared with untreated cotton stalks 

(17.93%). Lignin degradation products, produced during the course of hydrolysis or 

pretreatment, are the most plausible compounds that can be inhibitory to cellulolytic enzyme 

activities thus decreasing cellulose conversion. The hydrolysis efficiency could be improved 

by wash and heat-wash treatments before hydrolysis, which likely helps to remove the 

mycelia or inhibitors from the pretreated samples. Washing of pretreated cotton stalks alone 

caused no significant increase in cellulose conversion. However, heat-wash treatment 

remarkably improved (P<0.05) cellulose conversion to 14.94% and 17.81% for SmC and 

SSC 14 day pretreatment, respectively.  

 

Keywords: pretreatment, Phanerochaete chrysosporium, lignin, fuel ethanol, cellobiose 
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Introduction 

Increasing gas prices and environmental concerns, in recent years, have become the 

driving force for developing alternative energy sources, especially fuel ethanol for 

automobiles (Moiser et al., 2005). Currently, corn is the primary raw material for ethanol 

production in the United States, and fuels cars at the rate of 3.4 billion gallons per year 

(Somerville, 2006). However, ethanol from corn is not sustainable due to limited feedstock 

supply and its use as a feed source (Farrell et al. 2006). Lignocellulosic biomass has the 

potential to provide a more economical feedstock as a result of its widespread availability, 

sustainable production and low starting value (ORNL, 2005). Pretreatment, as the first step 

towards conversion of lignocelluloses to ethanol, makes up one third of the total production 

costs and remains one of the main barriers preventing commercial success (NREL, 2000). 

Existing pretreatment methods have largely been developed on the basis of physiochemical 

technologies such as steam explosion, diluted acid, alkaline, and oxidant or their 

combinations (Moiser et al., 2005). However, typical physical and chemical pretreatments 

require high-energy (steam or electricity) and corrosion-resistant, high-pressure reactors, 

which increase the cost of pretreatment and need for equipment. Furthermore, chemical 

pretreatments can be detrimental to subsequent enzymatic hydrolysis and fermentation apart 

from generating acidic or alkaline waste water which needs pre-disposal treatment to ensure 

environmental safety (Keller et al., 2003). 

A benign alternative to harsh chemicals is microbial pretreatment which employs 

microorganisms and their enzyme systems to breakdown lignin present in lignocellulosic 

biomass. Potential to upgrade lignocellulosic materials for feed and paper applications by 

fungal pretreatment has been extensively explored (Hadar et al., 1993; Camarero et al., 1994; 
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Messner and Srebotnik, 1994). Recently, this environment friendly approach has received 

renewed attention as a pretreatment technique for enhancing enzymatic saccharification and 

fermentation of lignocellulosic biomass to ethanol. Several basidiomycetes such as 

Phanerochaete chrysosporium, Ceriporiopsis subvermispora, Phlebia subserialis and 

Pleurotus ostreatus have been examined on different lignocelluloses to evaluate their 

delignification efficiencies (Hatakka, 1983; Sawada et al., 1995; Keller et al., 2003; 

Taniguchi et al., 2005).  It has been highlighted that microbial pretreatment has potential 

advantages over the prevailing physiochemical pretreatment technologies due to reduced 

energy and material costs, relatively simple equipment, and use of biologically based 

catalysts (Keller et al., 2003). However, the feasibility of this environmentally benign 

pretreatment process is still questioned, mainly due to the extremely long treatment time as 

well as the difficulty in selectively degrading lignin (Hatakka, 1983).  

 P. chrysosporium is one of the most investigated white rot fungus because of its high 

growth rate compared with many other basidiomycetes, exceptional oxidation potential and 

efficiency for lignin biodegradation (Blanchette et al., 1992; Chen et al., 1995).  Research has 

shown that delignification ability of P. chrysosporium could be improved by optimizing 

nutrient supplements and cultivation methods to enhance ligninolytic enzyme production 

(Reddy and D'Souza, 1994). Efforts have been made to stimulate ligninase production and 

delignification with chemically defined medium (Kirk et al., 1978; Orth et al., 1991). 

However, very limited resources report the application of P. chrysosporium for pretreatment 

of lignocellulosic materials and its effects on hydrolysis and fermentation, especially to meet 

the need for generation of a sugar platform.  
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 The objective of this study was therefore to evaluate the effects of fungal 

pretreatment of cotton stalks using P. chrysosporium, by two cultivation strategies 

(submerged (SmC) and solid state (SSC) cultivation, respectively) under oxygen enriched 

conditions on saccharification and ethanol production. The composition profile changes in 

lignin, cellulose, and hemicellulose after pretreatment, hydrolysis conversion and ethanol 

yield from fermentation were measured to evaluate pretreatment effectiveness. The effects of 

wash and heat-wash treatment on removing potential inhibitory factors prior to hydrolysis 

were also investigated. 

Materials and Methods 

Strain and Inoculation 

 The fungal strain, Phanerochaete chrysosporium (ATCC 24725), was obtained from 

the Forest Products Laboratory of USDA Forest Service (Madison, WI) and maintained as a 

frozen culture (-80°C) in 30% glycerol.  The organism was propagated on Potato Dextrose 

Agar (PDA) plates for 2 days at 39°C.  Spore suspensions were prepared by washing the agar 

surface with 10 ml of sodium acetate buffer (50 mM, pH 4.5).  Spore counts were determined 

with a hemacytometer (Hausser Scientific, Horsham, PA) and an inoculum with a final spore 

concentration of 5×106 spores/ml was prepared.  

Biomass Preparation 

 Cotton stalks (shredded and baled in the field) were harvested in early October 2003 

from Cunningham Research Station (Kinston, NC). The stalk material with an initial M.C. of 

7% was ground to 1 mm particle size for composition analysis. The feedstock for 

pretreatment was ground to 3 mm by a Thomas Wiley Laboratory Mill (Model No. 4, 
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Thomas Scientific, Philadelphia, PA) and stored in air tight containers at room temperature 

until use for pretreatment. 

Pretreatment 

 Two strategies, submerged cultivation (SmC) and solid state fermentation (SSC), 

previously identified as optimum (Chapter 3 and 4) were applied to pretreat cotton stalks. For 

SmC pretreatments, 1 g of cotton stalk (air dry) was supplemented with 18 ml acetate buffer 

(20 mM, pH 4.5) plus 1 ml spore inoculum to obtain a 5% solid loading. For SSC 

pretreatment, 3 g of the cotton stalks was mixed with 4.8 ml acetate buffer (20 mM, pH 4.5) 

plus 3 ml spore incoulum to obtain 75% substrate moisture content. Fungal pretreatments 

were carried out in 250 ml Erlenmeyer flasks capped by a silicon stopper with inlet and exit 

lines connected to 0.2μm filters (Acro® 37 TF, Pall Co. NY). Flasks with cotton stalks were 

autoclaved for 20 min (121°C, 15 psi) then cooled, mixed with buffer and inoculated with 

spore suspension (5x106 spores/g cotton stalk). Control flasks, without fungal inoculation, 

were prepared along with the pretreatment flasks to quantify the effects of substrate 

preparation and soaking. Pretreatments were performed in an air convection incubator at 

39°C and flasks were flushed with oxygen (125ml/min) for 10min every 3 days starting from 

day 0. In between flushing events, the culture flasks were closed by clamping off inlet and 

exit tubing lines. Triplicate flasks were destructively sampled at predetermined time intervals 

(8 and 14 days) and stored at 4 °C before composition analysis and hydrolysis.  Flasks from 

the 14 day pretreated samples (for both SmC and SSC) were washed with 100 ml sterile 

distilled water 3 times (SmC 14d+W, SSC 14d+W) or autoclaved at 121°C/15psi for 10 min 

then washed (SmC 14d+HW, SSC 14d+HW) as wash, and ‘heat-wash’ treatments, 

respectively, prior to hydrolysis. 
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Hydrolysis and Fermentations  

 One gram pretreated samples (dry weight) were supplemented with enzyme solutions 

and then resuspended in 50 mM acetate buffer (pH 4.8) containing 40 µg/ml tetracycline HCl 

and 10µg/ml azoxystrobin (antibiotic and fungicide added to avoid microbial growth) to a 

5% final solids concentration. The inhibitory of action of tetracycline HCl and azoxystrobin 

was verified by culturing the hydrolysis mixture on PDA agar plates at 55°C for 72h 

(conditions identical to hydrolysis, data not shown). Hydrolysis was performed with a 

mixture of two commercial enzymes, cellulase from Trichoderma reesei (Celluclast 1.5L, 

Sigma Co., St. Louis, MO) with an activity of 91.5 filter paper unit IU/ml enzyme solution, 

and β-glucosidase from Aspergillus niger (Novozyme 188, Sigma Co., St. Louis, MO). The 

pretreated cotton stalks were hydrolyzed at a cellulase activity of 40 IU/g dry solids 

supplemented with β-glucosidase at a ratio of 1:1.75 v/v (Silverstein et al., 2006).  The 

enzyme mixture is reported to be highly stable during 72 hr hydrolysis under conditions 

given in this study (Tjerneld et al., 1985). 

 Samples were incubated at 55°C and 150 rpm for 72h and hydrolyzed samples were 

centrifuged at 3000×g for 10 min.  Aliquots of the supernatants were recovered for sugar 

analysis. The remaining supernatants were autoclaved to completely cease microbial activity 

as well as inactivate the antibiotic and fungicide. Autoclaved supernatant, 10.0 ml from each 

sample, was inoculated with yeast (Saccharomyces cerevisiae ATCC 24859) at 5 g dry 

cells/L final yeast concentration and fermented anaerobically in sealed anaerobic culture tube 

(18×150mm, Bellco Glass, Inc., Vineland, NJ) for 48h at 30°C. Fermented broths were 

centrifuged at 3000×g for 10 min and kept frozen at -80°C before analyzing ethanol and 

residual sugar concentrations.  
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Statistical Analysis 

 All treatments were completed in triplicate. Analysis of variance (ANOVA) and 

significance tests (P<0.05) on composition change, sugar released, cellulose conversion, and 

ethanol yield were performed using PROC GLM in SAS 9.1 software (SAS® Inc., Cary NC).  

Analysis Methods  

 The total solids, acid soluble lignin, and acid insoluble lignin content of untreated and 

pretreated cotton stalks was determined by National Renewable Energy Laboratory’s 

(NREL) Laboratory Analytical Procedures (LAP 001, 003, 004) (Ehrman, 1994; Templeton 

and Ehrman, 1994; Ehrman, 1996). Holocellulose (cellulose and hemicellulose) composition 

was determined by high performance liquid chromatography (HPLC) analysis of monomeric 

sugars (glucose, xylose, galactose, and arabinose) in the supernatant recovered after a two-

stage sulfuric acid hydrolysis (Ehrman, 1996). The cellulose and hemicellulose contents were 

calculated using equations 1 and 2.   

glucose released (g) 0.9% 100 
sample dry weight (g)

cellulose ×
= ×                                      (1) 

(xylose+galactose+arabinose released) (g) 0.9% 100 
sample dry weight (g)

hemicellulose ×
= ×      (2) 

(0.9 is the correction coefficient for hydration, Iyer and Lee, 1999) 

 The percentage of lignin degradation (LD) which is defined as the percentage of total 

lignin reduced after pretreatment, was calculated by equation 3 

      
0 0 0

( ) 100%
( )

wLD
w

α β
α β
⋅ +

= ×
⋅ +

                                              (3) 

Where: w is the dry weight in pretreated sample; 

w0 is the initial dry weight in untreated sample; 

α, β are the % of acid-soluble and acid-insoluble lignin in pretreated sample; 
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α0, β0 are the % of acid-soluble and acid-insoluble lignin in untreated sample; 

 Solids recovery (SR) was calculated as a percentage of the total solids recovered after 

pretreatment based on the initial sample (dry weight). Cellulose (CR) and hemicellulose (HR) 

reductions were estimated, respectively, as the ratio of cellulose or hemicellulose remaining 

in the pretreated solids to that in untreated cotton stalks. 

 Total reducing sugars in the hydrolysate were determined by the dinitrosalicylic acid 

(DNS) method using glucose as the standard (Chinn, 2003). However, this method did not 

work well probably due to the high presence of carbohydrates such as glucose and sorbitol in 

commercial cellulase solutions compared with relatively low presence of reducing sugars in 

hydrolysates in this study (Nieves, 1998; Zhang et al., 2007). 

 The LAP procedures from NREL were modified for determination of monomeric 

sugars, cellobiose, furfural, hydroxymethyl furfural (HMF), ethanol (Sluiter et al., 2005) 

using a Shimadzu LC-20AT HPLC system. The HPLC was equipped with a Biorad Aminex 

HPX-87H ion exchange column (column temperature at 65 oC) with a guard column (Micro-

Guard Refill Cartridge, BioRad, Richmond, CA), an automated sampler (SIL-20A), a 

gradient pump (LC-20AT) with degaser (GDU-20A) and a differential refractometric 

detector (RID-10A) (Shimadzu Corp., Columbia, MD). The mobile phase used was 5mM 

H2SO4 at a flow rate of 0.6 ml/min. 

 The percent cellulose conversion after 72 hr hydrolysis was calculated by equation 4 

(Silverstein et al., 2006): 

% cellulose conversion = *100GH
GP

                                 (4) 

where:  GH = glucose in enzyme hydrolysate (%) 
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              GP = glucan in pretreated sample (%) 

 The yield of ethanol after fermentation, expressed as a percentage of theoretical 

maximum ethanol yields, was calculated by equation 5 adapted from Kim and Lee (2005). 

% ethanol yield = Ethanol produced (g) in fermentation broth *100
Initialglucosein fermentation broth×0.511

             (5) 

Results and Discussion 

Effects of Pretreatment on Composition Changes 

 Lignin is one of the cell wall components in lignocellulosic biomass that limits 

enzymatic hydrolysis of lignocellulosic biomass by cross-linking with cellulose and 

hemicellulose fibers (Fan et al., 1987). Reducing the lignin content of the biomass helps to 

soften the highly-ordered crystalline structure of cellulose and facilitates access by hydrolytic 

enzymes (Sun and Cheng, 2002). The lignin content of cotton stalks was found to be 30.52% 

and is higher than most other agricultural feedstocks such as corn stover, wheat straws, 

switchgrass and even softwoods, thus making the accessibility of cellulose polymers a 

challenge (Silverstein et al, 2006).  

 The composition profile of cotton stalk samples was altered through fungal 

pretreatment by P. chrysosporium (Figure 5.1).  Compared to untreated cotton stalks, SmC 

and SSC controls lost 5.40 and 4.69% of the dry matter (DML), respectively (P<0.05). The 

loss was mainly from the reduction of hemicellulose and cellulose components (Table 5.1). 

An increase of 0.2% acid soluble lignin (ASL) along with the total lignin decrease 4.6% was 

observed in control samples compared to untreated cotton stalk (Figure 5.1 and Table 5.1). 

These changes were probably due to the effects of substrate preparation, such as soaking and 

autoclaving before inoculation. Although the severity of autoclaving applied in this study 
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was much less than that reported for steam exploration pretreatments, it is highly likely that 

heat and pressure of steam could have solubilized part of hemicellulose and cellulose, as well 

as acid insoluble lignin (Sawada et al., 1995).  

 Fungal pretreated cotton stalks lost significant (P<0.05) amount of dry matter (DML) 

compared to untreated stalks, such that SSC pretreatment resulted in a higher (P<0.05) DML 

of 27.75% compared to 16.79% with SmC pretreatment after 8 days. Extending pretreatment 

time to 14 days significantly increased (P<0.05) DML relative to 8 days under both 

cultivation conditions. SSC resulted in a much higher (P<0.05) DML of 40.83% than SmC at 

25.13% (P<0.05). The degradation of lignin and reduction of some cellulose and 

hemicellulose, as a result of the P. chrysosporium’s capabilities to consume multiple carbon 

sources to support its growth and metabolism was expected to have contributed to the loss of 

solids.  

 Fungal pretreatments degraded significant (P<0.05) amounts of lignin in the range of 

15.24 to 35.53% under all pretreatment conditions (Table 5.1). SmC pretreatment for 14 days 

resulted in a lignin degradation of 19.38% which was significantly higher than the 

delignification after 8 days (15.24%). A similar effect was observed during SSC 

pretreatment, where 20.58 and 35.53% lignin degradation was achieved through 8 and 14 day 

pretreatment, respectively. The extent of delignification during SSC was significantly higher 

than that during SmC, which is similar to previous microbial pretreatment investigations 

(Chapter 3 and 4). 

 Preservation of cellulose during pretreatment is expected to improve its availability 

during hydrolysis. The percentage of cellulose present in pretreated samples ranged from 

35.72 to 36.10%, and was not significantly different from untreated and corresponding 
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control samples (Figure 5.1). The cellulose reduction (CR) due to SmC pretreatment was 

17.42% on day 8 and 26.03% on day 14, and was significantly lower (P<0.05) with SSC 

which resulted in 28.51% and 40.59% for 8 and 14 day pretreatments, respectively (Table 

5.1). The higher CR in SSC may be due to high ligniner degradation compared with SmC 

thus increasing the accessibility of cellulose to the fungus. 

 Results of this study showed that as high as 60.05% of the hemicellulose was reduced 

after 14 day SSC pretreatment, indicating that P. chrysosporium can effectively convert and 

utilize hemicellulose through its multi-xylanase system (Dobozi et al., 1992). Hemicellulose 

contains five-carbon sugars (usually D-xylose and L-arabinose) and six-carbon sugars (D-

galactose, D-glucose and D-mannose), which are cross-linked with lignin by ester bonds. The 

removal of xylan increases the porosity of biomass thus enhancing enzymatic susceptibility 

of cellulose (Moiser, 2005). An advantage of largely removing hemicellulose during 

pretreatment is the reduced possibility of inhibiting enzymatic hydrolysis and subsequent 

fermentation by S. cerevisiae (Lynd, 1996). 

 To support the metabolism and energy needs for lignin degradation, white rot fungi 

usually require a more readily degradable substrate during the course of pretreatment (Ander 

and Eriksson, 1975).  It appeared that higher cellulose/hemicellulose reduction was 

accompanied with higher lignin degradation during pretreatment (Table 5.1). Compared with 

SmC, SSC excelled in efficiency of delignification and hemicellulose removal, however, was 

less effective in preserving cellulose. A measure of delignification efficiency used in this 

study is the selectivity of a fungal pretreatment, defined as the ratio of lignin degradation to 

cellulose degradation (Hatakka, 1983; Blanchette et al., 1992). Higher selectivity provides 

better prospects for preferential delignification as well as preservation of cellulose (Camarero 
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et al., 1994). As shown in Table 5.1, SmC gave higher (P<0.05) selectivity of 0.87 than SSC 

at 0.72 after 8 days of fungal pretreatment. However, SSC pretreatment showed better 

selectivity (0.82) than SmC (0.70) after 14 days of pretreatment. These differences may 

indicate a distinct metabolic behavior (on degrading lignin and cellulose) between SmC and 

SSC during time course of pretreatment (Mendonça et al., 2002), where SmC degrades lignin 

more preferentially (0.81) than SSC (0.72) in the early stage (< 8days) while SSC (0.82) 

excels SmC (0.70) in the later stage (up to 14 days) of fungal pretreatment.  Selectivity 

observed in this study is comparable to previous reports (Blanchette, 1991; Sawada et al., 

1995; Kerem et al., 1992). However, higher selectivity for lignin degradation can be achieved 

by choosing different fungal strains such as P. ostreatus and C. subvermispora or genetically 

modifying P. chrysosporium to limit its ability to produce cellulase (Kirk et al., 1986; Kerem 

et al., 1992). However, the use of these alternative strains generally requires longer 

pretreatment time (Taniguchi et al., 2005).  

Enzymatic Hydrolysis 

 Although it appeared that pretreated and control samples contained similar amounts 

of cellulose (as percentage of solid recovered), the glucose released during enzymatic 

hydrolysis varied (Figure 5.2a). Glucose released during hydrolysis of untreated cotton stalks 

(67.04 mg/g solids, dry weight) was significantly higher (P<0.05) than from fungal pretreated 

samples (10.91 to 55.6 mg/g solids, dry weight). On average, hydrolysis of SmC pretreated 

stalks resulted in greater cellulose to glucose hydrolysis than SSC pretreatments. The profile 

of hemicellulose sugars released during hydrolysis was also plotted in Figure 5.2b. 

Hydrolysates of untreated cotton stalks contained on average 33.09 mg hemicellulose sugars, 

which was significantly higher than 24.1 mg of SmC 8 day and 23.81 mg from 14 day SSC 
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pretreated samples (per gram solids, dry basis). It was, however, not statistically different 

than the value obtained for 14 day SmC (27.47 mg/g solids, dry weight) and 8 day SSC 

(28.01 mg/g solids, dry weight) pretreated samples. Hydrolysis of untreated cotton stalks 

resulted in significantly higher (P<0.05) cellulose conversion of 17.93% compared with 3.04 

to 15.69% in pretreated samples (Figure 5.3). SmC pretreatment for 8 days gave significant 

lower conversion of 15.69% relative to untreated cotton stalks. The conversion of 10.98% in 

samples pretreated for 14 days was lower (P<0.05) than that for 8 days. Similarly, SSC 14 

day pretreatment, gave a cellulose conversion of 3.04%, which was significantly lower 

(P<0.05) than the 12.99% for 8 day SSC pretreatment. Although SSC pretreatment degraded 

higher percentage of lignin than SmC pretreatment (as shown in Table 5.1), the overall 

cellulose conversion of SmC was found to be superior to that of SSC pretreatment. This 

indicated that lignin degradation and/or hemicellulose removal may not be the only factors 

that lead to higher cellulose conversion during enzymatic hydrolysis (Taniguchi et al., 2005).  

 Hatakka (1983) stated that selectivity may be a more suitable indicator for predicting 

the improvement in efficiency of enzymatic hydrolysis. In this study, SmC pretreatment for 8 

days achieved a significantly higher (P<0.05) selectivity of 0.81 which was higher than the 

selectivity of 0.70 for 14 days (Table 5.1). Although these data supported the assumption, 

contradictory results were observed for SSC where pretreatment for 8 days gave a greater 

cellulose conversion but had lower selectivity than that of 14 day SSC pretreatment (P<0.05). 

This inferred that the selectivity may not be the only indicator to prediction cellulose 

conversion. Absolute lignin content (percentage of ligin in pretreated materials) may be 

another important criterion. Taniguchi et al. (2005) proposed a critical lignin content level of 

15% below which a considerable increase in hydrolysis efficiency could be expected after 
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fungal pretreatment of rice straw by Pleurotus ostreatus. However, further investigations are 

required for application of this criterion to other ligninocelluloses and fungal species.  

 In general, the low selectivity may be the main reason for low cellulose conversion 

observed in this study. However, other factors such as inhibition of hydrolytic enzymes and 

mycelia/protein bound to solid surfaces need to be investigated to obtain a clear 

understanding of the fungal pretreatment process of cotton stalks as a specific feedstock.  

Possible Factors Related to Low Hydrolysis Efficiency 

 An examination of the profile of sugars released into the hydrolysates (Figure 5.2 a-c) 

showed that cellobiose was present in all pretreated samples (2-5 mg/g initial pretreated 

sample, dry weight), while it was non-existent or undetectable in untreated cotton stalk 

hydrolysates (Figure 5.2c). The accumulation of cellobiose and low release of glucose as a 

result of low cellulose conversion may indicate that an inhibitory effect existed during 

hydrolysis of fungal pretreated samples. Cellobiase (β-glucosidase) activity is not the likely 

cause since excess Novo 188 was added to Celluclast 1.5L to avoid end product inhibition 

due to cellobiose buildup. 

 It has been reported that several compounds generated during pretreatment can inhibit 

cellulolytic enzymes and hamper enhancement of hydrolysis and fermentation (Berlin et al., 

2006). Xylose and its polymer - xylan have been reported to interfere with enzymatic 

hydrolysis of lignocellulosic substrates (Marsden et al. 1982; Mes-Hartree and Saddler 1983). 

However, xylose was not identified as being inhibitory to β-glucosidase (Dekker, 1986) and 

hence could be excluded as the cause of cellobiose accumulation. Furfural, hydroxymethyl 

furfural (HMF), phenolics, and tannins may be present as major compounds inhibiting to 
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cellulolytic enzymes (Hsu, 1996; Juntheikki and Julkunen-Tiitto, 2000). Furfural and HMF 

are generally formed at extremely high temperature and pressure conditions during steam 

explosion process, which was not a likely cause of inhibition under mild fungal pretreatment 

conditions (Mes-Hartree M and Saddler, 1983). No presence of either furfural or HMF was 

observed through tests on all hydrolysis samples in this study (data not shown). 

 The high presence of phenolics and tannins, which are derived from lignin especially 

the bark of plant biomass, can be attributed to its high lignin content in cotton stalks (Kerem 

et al., 1992) and are the most plausible inhibitors of cellulolytic enzymes. These compounds 

could be produced either during pretreatment or enzymatic hydrolysis of the fungal 

pretreated cotton stalks. Dekker (1988) reported that lignin degradation-derived products, 

produced during the course of Eucalyptus regnans pulp hydrolysis, were the probable 

inhibitor to β-glucosidase. As an enzyme that cleave cellobiose into mono-glucoses, 

inhibition of β-glucosidase activity may lead to cellobiose accumulation that subsequently 

inhibits the both endo- and exo-glucanase enzyme activities through formation of inhibitory 

complexes by binding to the enzymes (Holtzapple et al., 1984). Considering that 

concentration of the cellobiose ~0.5 g/L observed in this study are below the reported critical 

inhibitory level ~5 g/L (Gusakov and Sinitsyn, 1992), it is expected that both the β-

glucosidase and cellulase activities was partially inhibited.   

 The ligninolytic and cellulolytic enzymes remaining after fungal pretreatment are 

believed to be beneficial for enzymatic hydrolysis through a synergistic action (Hildén and 

Johansson, 2005). However, results in this study showed no evidence of improvement in 

hydrolysis. The growth and metabolic activity of P. chrysosporium on cotton stalk substrate 

may actually reduce the efficiency of enzymatic hydrolysis and hinder the catalytic binding 
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of cellulolytic enzymes onto cellulose due to the spreading of fungal mycelia and attachment 

of ligninolytic enzymes on cotton stalk materials during pretreatment (Daniel, 1994; Hildén 

and Johansson, 2005).  

Effects of Wash and Heat-wash prehydrolysis treatments 

 The wash and heat-wash (autoclave for 10 min at 121°C, 124 kPa followed by 

washing) treatments were tested as approaches for removal of fungal biomass and proteins as 

well as to inactivate the fungus (Hatakka, 1983). Lignin derivatives can be removed from the 

pretreated material by washing with water (Mes-Hartree and Saddler 1983), or could be 

inactivated by heating (Dekker, 1988). Based on composition analysis, wash and heat-wash 

treatments had no significant effects (P<0.05) on composition of cotton stalk samples relative 

to unwashed pretreated samples (Figure 5.1 and Table 5.1). Washing of pretreated cotton 

stalks caused no significant increase in cellulose conversion for both SmC and SSC 14 day 

pretreatment possible because the mycelia of P. chrysosporium were tightly attached to 

cotton stalk substrate, and could not be removed by washing alone. Heat-wash treatment 

remarkably improved (P<0.05) cellulose conversion from 10.98% and 3.04% to 14.94% and 

17.81% for SmC and SSC 14 day pretreatment, respectively (Figure 5.3). Since there was no 

enhancement in cellulose conversion of untreated verses heat-washed untreated cotton stalks, 

it can be inferred that heat-wash treatment helps to dislodge the attached fungal mycelia and 

proteins thus increasing enzyme accessibility to cellulose in pretreated samples. The 

enhancement in cellulose conversion could therefore be a combination of both removal of 

fungal biomass/proteins and degradation of lignin derivatives. However, considering the 

complexity and interaction of those factors, further investigation is required to clarify the 

mechanisms. 
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 Results showed that washing significantly reduced (P<0.05) the accumulation of 

cellobiose in the hydrolysate from SmC but not from SSC 14 day pretreated cotton stalks 

(Figure 5.2c). Heat-wash treatment on the other hand increased cellobiose content for both 

SmC and SSC 14 day pretreatments (Figure 5.2c) probably due to the further release of lignin 

derivatives during heat-wash treatment. This indicates that inhibitory compounds may be 

formed not only during pretreatment but also to a large extent during the hydrolysis process.  

Fermentation to Ethanol 

 Ethanol yields (based on glucose available in fermentation broth) fell in the range of 

60-85%, after 48 hour fermentation (Figure 5.4) which were comparable to those previously 

reported (Agblevor et al., 2003). No significant difference was observed between ethanol 

yield from untreated and pretreated samples. Wash or heat-wash treatment also did not 

significantly improve ethanol yields for both SmC and SSC pretreated samples, indicating 

that the inhibitory factors in hydrolysis step might not have a critical impact during ethanol 

fermentation. However, on the basis of initial cotton stalk weight, absolute ethanol yields 

were very low ranging between 0.004-0.027g ethanol/g initial cotton stalks (Figure 5.4) 

compared with the theoretical ethanol yield of 0.21g/g estimated by using the NREL 

Theoretical Ethanol Yield Calculator (NREL, 2007).  Untrreated cotton stalks yielded on 

average higher amount of ethanol at 0.027g/g than microbial pretreated samples. It is 

indicated that the absolute ethanol yields are proportional to cellulose conversion (Figure 5.3 

and 5.4). Low ethanol yields were mainly due to low cellulose conversion obtained in this 

study. It is expected that improvement in cellulose conversion will help to release more 

sugars into the hydrolysate thus increasing the absolute ethanol yields.  
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 Additionally, large amount of hemicellulose sugars (mainly xylose), making up about 

one third of the total sugars, were produced during hydrolysis (Figure 5.2b). However, the 

naturally occurring Saccharomyces yeasts that are currently widely used by industry lack the 

ability to ferment xylose to ethanol. Success in developing stable derivatives of xylose-

fermenting recombinant yeast strain has been reported recent years (Ho et al., 1998; Sedlak 

and Ho, 2004). It is expected that alternative yeast or bacterial species that can co-ferment 

pentose can further enhance ethanol yield (Kim and Lee, 2005).  

Conclusions 

 The fungal pretreatment of cotton stalks by P. chrysosporium showed significant 

lignin and hemicellulose degradation compared to untreated stalks. One of the main 

challenges of fungal pretreatment is to improve the selectivity for preferential lignin 

degradation thus preserving more cellulose. In this study, P. chrysosporium showed a fair 

selectivity, which could be improved in future by applying cellulase-deficient P. 

chrysosporium or other non-cellulose utilizing white rot fungi. 

 Generally, the fungal pretreatment did not increase the hydrolysis efficiency 

(cellulose conversion) compared with untreated cotton stalk samples. Besides low selectivity, 

a possible reason for low cellulose conversion is the spreading of fungal mycelia and 

enzymes on cotton stalks that may hinder the catalytic binding of cellulolytic enzymes onto 

cellulose. Another explanation is that lignin degradation products, produced during the 

course of hydrolysis or pretreatment, could be inhibitory to cellulolytic enzyme activities. 

The conversion can however be improved by washing or by heating before hydrolysis, which 

may help to remove the mycelia or inhibitors from the pretreated samples. It is necessary in 

future studies to identify the inhibitory mechanism of lignin derivatives on cellulolytic 
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enzyme activities which may lead to further improvement of fungal pretreatment process. No 

evidence of inhibitory effect on ethanol fermentation was observed but low ethanol yields 

were obtained for all untreated and pretreated samples mainly due to the low cellulose 

conversion.  
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Figure 5.1 Composition of cotton stalk samples (C: Cellulose; HC: Hemicellulose; ASL: 

Acid soluble lignin; AISL: acid insoluble lignin; O: other components; DML: dry mass 

loss)
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Figure 5.2 Sugar released after 72 hour enzymatic hydrolysis: a) glucose; b) hemicellulose 

sugars; c): cellobiose; ND: not detected 
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Figure 5.3 Cellulose conversions after hydrolysis for untreated and microbial pretreated 

cotton stalks 
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Figure 5.4 Ethanol yields after 48 hour fermentation for untreated and microbial pretreated 

cotton stalksa  
a ethanol yields, % (on the basis of glucose available in fermentation broth); ethanol yields, 
g/g (on the basis of initial cotton stalk dry weight). 
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Table 5.1 Composition Profile of Cotton Stalk after Microbial Pretreatment by 

Phanerochaete chrysosporiuma 

 SR LD CR HCR Selectivity 
Untreated 100.00 A 0.00 D 0.00 F 0.00 G - 
SmC control 94.60 B 4.62 C 6.64 E 17.12 F - 
SmC 8d 83.21 C 15.24 B 18.73 D 27.29 E 0.81 A 
SmC 14d 74.87 E 19.38 B 27.75 C 35.95 D 0.70 B 
SmC 14d+W 74.26 E 19.45 B 27.49 C 36.13 D 0.71 B 
SmC 14d+HW 75.05 E 19.50 B 27.70 C 39.64 C 0.70 B 
SSC control 95.31 B 4.56 C 5.45 E 16.06 F - 
SSC 8d 72.25 D 20.58 B 31.00 B 44.71 B 0.66 C 
SSC 14d 59.18 F 35.53 A 43.26 A 60.05 A 0.82 A 
SSC 14d+W 58.34 F 35.65 A 44.39 A 60.97 A 0.80 A 
SSC 14d+HW 58.89 F 36.04 A 43.35 A 62.00 A 0.83 A 

 
a Data are means plus standard deviation of triplicates or duplicates (for wash and heat treated samples); 
Percentage of hemicellulose reduction (HCR); solid recovery (SR); Selectivity was defined as the ratio of lignin 
degradation (LD) vs. cellulose reduction (CR); The letters on right side of data indicated the significant levels, 
descending by alphabetic order. 
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CHAPTER 6  

Challenges in quantification of ligninolytic enzymes from cultivation of 

Phanerochaete chrysosporium for pretreatment of cotton stalks 

Abstract  

 Enzymes play an important role in the breakdown of lignin during microbial 

pretreatment of lignocellulosic feedstocks. However quantification of the various enzymes 

with assays developed for enzymes extracts from pure cultures can be challenging due to 1) 

difficultly in extracting the ligninolytic enzymes since they are tightly attached to the cotton 

stalk substrate; 2) the presence of enzymes in the enzyme extract at levels below the 

sensitivity limits of the spectrophotometric enzyme assays; and 3) inhibition of enzyme 

activity or interference with the assays by compounds produced either during the autoclaving 

and soaking of cotton stalks or fungal pretreatment. In this study, spectrophotometric enzyme 

assays used for the quantification of peroxidase in enzymes extracted from fungal 

pretreatment cultures failed to detect any lignin peroxidase (LiP) and manganese peroxidase 

(MnP) activities. However, results from SDS-PAGE gel electrophoresis suggested presence 

of protein bands with expected molecule weights to MnP and LiP in the enzyme extracts 

from submerged (SmC) and solid state (SSC) cultivation of P. chrysosporium on cotton 

stalks during 14 days pretreatment. Addition of crude enzyme extracts from cultivation of P. 

chrysopsorium on cotton stalks to another batch of cotton stalks showed 3.42% and 7.45% 

increase in lignin content of SmC and SSC treated samples, respectively. This slight increase 

may be attributed to factors within crude enzyme extracts that actually polymerize the 

phenolic compounds instead of delignification. 
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Introduction 

Pretreatment is the first step towards conversion of lignocelluloses to fuel ethanol and 

remains one of the main barriers preventing technical and commercial success of this 

technology (Lynd et al. 1991; NREL, 2000; Farrell et al. 2006). Fungal pretreatment employs 

microorganisms, mostly white rot fungi, to breakdown lignin present in lignocellulosic 

biomass and enhance the accessibility to cellulolytic enzymes. It has potential advantages 

over the prevailing physiochemical pretreatment technologies due to reduced energy and 

material costs, relatively simple processes and equipment, and use of biological catalysts 

(Keller et al., 2003).  

Phanerochaete chrysosporium, is a white rot fungus that produces unique 

extracellular oxidative enzymes that degrade lignin (Jäger et al., 1985; Kirk and Farrell, 

1987). Its fast growth rate compared with many other basidiomycetes, exceptional oxidation 

potential, and efficacy in lignin biodegradation make this specie a suitable candidate for 

fungal pretreatment (Reddy and D'Souza, 1994; Blanchett, 1991). The physiology of P. 

chrysosporium has been widely investigated on pure cultivations on chemically defined 

media (Kirk et al., 1978; Tien and Kirk, 1988; Barclay et al., 1993). The mechanisms of 

delignification on lignin model compounds have been extensively studied (Haider and 

Trojanowski, 1975; Crawford et al., 1981; Kirk et al., 1986; Kawai et al., 1999). However, 

limited information is available on enzyme systems and their delignification mechanisms 

under cultivation on lignocellulosic solids.  
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Lignin peroxidase (LiP), manganese peroxidase (MnP) and laccase are considering as 

the main enzymes involved in “enzymatic combustion” of lignin (Kirk and Farrell, 1987). 

Determination of the ligninolytic enzymes would help to verify enzyme profiles and their 

correlations with delignification and reduction of cellulose components which are critical for 

the in depth understanding and further scale-up of fungal pretreatment technology. However, 

the detection of ligninolytic enzymes produced on highly heterogeneous lignocellulosic 

substrates still remains problematic. First, adsorption of the extracellular hydrolytic and 

oxidative enzymes on the substrate experimentally restricted the extraction and determination 

of these enzymes (Datta et al., 1991).  Second, the presence of soluble aromatic compounds 

and the characteristic yellow-to-brown color from the lignocellulose extracts may also 

interfere with the spectrophotometric enzyme assays (Orth et al., 1993; Vares et al., 1995; 

Arora et al., 2002). The effectiveness of two widely adopted assays for LiP activity 

measurement developed by Kirk et al., (1978) and Archibald (1992) still remains 

controversial depending on variety of lignocelluloses and lignin-degrading fungal species 

(Couto et al., 2001 and 2003; Vares et al., 1995; Arora et al., 2002). It is required to examine 

the adaptability of existing assays for testing ligninolytic enzymes produced during the time 

course of fungal pretreatment on cotton stalks by P. chrysosporium.    

Another indirect way to verify the presence and action of ligninolytic enzymes is to 

apply the enzyme extract directly on lignocellulosic materials (cotton stalks) as a “crude 

enzyme treatment”.  Besides of determination of enzymes, crude enzyme treatment could 

serve as a pretreatment technology that has several potential advantages over fungal 

pretreatment such as reduced treatment time and improved preferential delignification power 

relative to fungal pretreatment (Hatakka, 1983; Call and Mücke, 1997). Several studies have 
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been conducted that used purified ligninolytic enzymes on natural lignocellulosic materials to 

enhance pulping and paper properties, such as, pulp tensile index, brightness or lignin 

removal (Kondo et al., 1993; Tompson et al. 1998; Ramos et al., 2004) or as an approach to 

generate sugars for ethanol fermentation (Palonen and Viikari; Tabka et al., 2006). However, 

considering the complexity and significant cost of enzyme preparation and purification, 

direct application of crude ligninolytic enzymes recycled from fungal pretreatment process 

on natural lignocelluloses will be more practical and hopefully effective due to synergy of 

identical enzyme systems (Galliano et al. 1991).  

The purpose of this study was to 1) evaluate ligninolytic enzyme activities during in 

culture filtrate of P. chrysosporium grown on cotton stalks in submerged (SmC) and solid 

state (SSC) cultivation; 2) evaluate the effectiveness of crude culture filtrate on cotton stalk 

delignification.  

Materials and Methods 

Strain and Inoculation 

The fungal strain, Phanerochaete chrysosporium (ATCC 24725), was obtained from 

the Forest Products Laboratory of USDA Forest Service (Madison, WI) and maintained as a 

frozen culture (-80°C) in 30% glycerol.  Propagation of the organism was performed on 

Potato Dextrose Agar (PDA) plates for 2 days at 39°C.  Spore suspensions were prepared by 

washing the agar surface with 10 ml of sodium acetate buffer (50 mM, pH 4.5).  Spore counts 

were determined with a hemacytometer (Hausser Scientific, Horsham, PA) and the final 

spore inoculums had a concentration of 5×106 spores/ml.  
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Cotton Stalk Preparation 

Cotton stalks (shredded and baled in the field) were harvested in early October 2003 

from Cunningham Research Station (Kinston, NC). The stalk material with an initial M.C. of 

7% was ground to a 1 mm particle size for composition analysis. The feedstock for 

pretreatment was ground to 3 mm by a Thomas Wiley Laboratory Mill (Model No. 4, 

Thomas Scientific, Philadelphia, PA) and stored in air tight containers at room temperature 

until use for pretreatment. 

Fungal Pretreatment & Crude enzyme preparation 

Cultures were grown in 250 ml Erlenmeyer flasks capped by a silicon stopper with 

inlet and exit lines connected to 0.2 μm filters (Acro® 37 TF, Pall Co. NY). Flasks with 

cotton stalks were autoclaved for 20 min (121°C, 15 psi), cooled, mixed with buffer and 

inoculated with spore suspension (5x106 spores/g cotton stalk). Two techniques, submerged 

cultivation (SmC) and solid state cultivation (SSC), previously identified as optimum 

(Chapter 3 and 4) for delignification effectiveness were applied for pretreatment of cotton 

stalks. For SmC pretreatments, 1g of cotton stalk (air dry) was supplemented with 18 ml 

acetate buffer (20 mM, pH 4.5) plus 1 ml spore inoculums to obtain a 5% solid loading. For 

SSC pretreatment, 3g of cotton stalks was mixed with 4.8 ml acetate buffer (20 mM, pH 4.5) 

plus 3 ml spore inoculums to obtain 75% substrate moisture content. Treatments were 

performed in an air convection incubator at 39°C and flasks were flushed with oxygen 

(125ml/min) for 10 min every 3 days starting from day 0. In between flushing events, the 

flasks were closed by clamping off inlet and exhaust tubing lines. Triplicate flasks were 

destructively sampled for crude ligninolytic enzyme recycle at predetermined time at day 6 

where the maximum rates of lignin degradation were observed (Chapter 3 and 4). For SmC, 
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the cotton stalk culture was vortexed at max speed and filtered through a 0.7 μm glass fiber 

filter (GFF) and then through a 0.2 μm sterile nylon filter. The supernatants (crude soluble 

enzymes, ER-SmC) were stored at -80°C for future enzyme assay and enzyme pretreatment. 

For SSC cultivation, 20 ml of acetate buffer (50 mM, pH 4.5) was added to the harvested 

culture flasks, and suspensions were incubated at 39oC, 150 rpm for 30 min before filtration 

to extract the enzymes (ER-SSC) as completed for SmC. Autoclaved cotton stalks (ER-

Control) and raw cotton stalks (ER-Raw) was used for preparing extracts followed the same 

process as above. Soaking of autoclaved cotton stalks for up to 6 days (under SmC and SSC 

conditions, without inoculum) did not have significant effect on lignin and cellulose content 

or on release of glucose during enzymatic hydrolysis compared to raw cotton stalks (data not 

presented). 

Composition Analysis Methods  

The total solids, acid soluble lignin, and acid insoluble lignin content of untreated and 

pretreated cotton stalks were determined by National Renewable Energy Laboratory’s 

(NREL) Laboratory Analytical Procedures (LAP 001, 003, 004) (Ehrman, 1994; Templeton 

and Ehrman, 1994; Ehrman, 1996). Holocellulose (cellulose and hemicellulose) composition 

was determined by high performance liquid chromatography (HPLC) analysis of monomeric 

sugars (glucose, xylose, galactose, and arabinose) after a two-stage sulfuric acid hydrolysis 

(Ehrman, 1996). The LAP procedures from NREL were modified for determination of 

monomeric sugars and cellobiose (Sluiter et al., 2005) using a Shimadzu LC-20AT HPLC 

system (Shi, et al., 2007c).  

The cellulose and hemicellulose contents were calculated by equations 1 and 2 (Iyer 

and Lee, 1999).  
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glucose released (g) 0.9% 100 
sample dry weight (g)

cellulose ×
= ×

                          (1) 

(xylose+galactose+arabinose released) (g) 0.9% 100 
sample dry weight (g)

hemicellulose ×
= ×

     (2) 

The percentage of lignin degradation (LD) which is defined as the percentage of total 

lignin reduced after pretreatment. Solids recovery (SR) was calculated as a percentage of the 

total solids recovered after pretreatment based on the initial sample (dry weight). Cellulose 

(CR) and hemicellulose (HR) reduction, respectively, were, estimated as the ratio of the 

cellulose and hemicellulose remaining in the solids recovered to those in untreated cotton 

stalk samples (Shi, et al., 2007c). 

Enzyme Assays 

Lignin peroxidase (LiP) activity was initially tested spectrophotometrically (310 nm) 

by measuring the oxidization of veratryl alcohol (VA) (Kirk et al., 1978). Oxidation of the 

dye Azure B in the presence of H2O2 (pH 4.5, 25°C) was conducted as an alternative method 

for analyzing LiP spectrophotometrically at 651nm (Archibald, 1992).  Manganese 

peroxidase (MnP) was measured spectrophotmetrically (30°C, 610 nm) as described by Orth 

et al. (1991). Laccase activity was measured by combining 3.8 ml acetate buffer (10 mM, pH 

5.0), 1 ml guaiacol (2 mM) and 0.2 ml of enzyme extract.  The reaction mixture was 

incubated at 25°C for 2 h and absorbance was measured at 450 nm (Arora and Sandhu, 1985). 

Laccase activity was expressed as colorimetric units· ml−1 (CU/ml). A spectrum scan from 

190-700 nm was performed on cotton stalk extracts by a spectrophotometer (UV-1700, 

Shimadzu Scientific Instruments Inc, Columbia, MD) in order to investigate its interferences 

with the enzyme assays. Commercial peroxidases, LiP and MnP (Catalog No. 42603 and 
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93014,  respectively, purchased from Sigma-Aldrich, BioChemika, Germany), in dry powder 

forms, were resuspended in sodium acetate buffer (50 mM, pH 4.5) to prepare 0.2 IU/ml 

enzyme standards. 

Electrophoresis 

The crude enzyme extracts were partially purified and concentrated 10 fold by buffer 

exchange with a 10kDa molecule cutoff Amicon Ultra-15 membrane and then Amicon Ultra-

4 Centrifugal Filter Units (Millipore Corp., Billerica, MA) to obtain a final concentration of 

100 fold for SSC and 150 fold for SmC. The concentrated enzymes were diluted 1:2 with 

Laemmli loading buffer (Bio-Rad, Hercules, CA) and denatured for 5 min by boiling in a 

water bath. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was 

carried out on a 12% Tris-HCl pre-made gel (Bio-Rad 161-1176) at 100 volts for 1hr in a 1X 

Tris/Glycene/SDS running buffer. Gels were stained with Coomassie blue (Biosafe 

Coomasse 250G, Bio-Rad, Hercules, CA) for 1hr on a platform shaker at 40 rpm to visualize 

the protein bands. Molecule weight standards were obtained from Bio-Rad (Prestained SDS-

PAGE Standards, Catalog No. 161-0318, Bio-Rad, Hercules, CA). 

Enzymatic Delignification by Crude Enzyme Extract 

One gram of autoclaved cotton stalks (dry basis) were mixed with 19 ml crude 

enzyme extract from 6 day aged SmC and SSC cultures (5% solid loading) and incubated at 

39oC for 72 hrs. Enzyme-free SmC and SSC and untreated cotton stalks extracts were used as 

controls. Tetracycline HCl (bactericide, 40 μg/ml) and azoxystrobin (fungicide, 10 μg/ml) 

was added in order to inactivate any microbial growth. The effectiveness of adding antibiotic 

and fungicide were verified by observation on enzymatic pretreatment samples under 



 

 118

microscope and by culturing the mixture on PDA agar plates at 39°C for 72h (no microbial 

growth was observed, data not shown). The cotton stalks recovered after crude enzyme 

treatment was stored at 4 oC before composition analysis. 

Statistical Analysis 

All treatments were completed in triplicate. The significant difference test (P< 0.05) 

and an analysis of variance (ANOVA) of the results were evaluated using the Generalized 

Linear Model (GLM) in SAS 9.1 software (SAS® Inc., Cary, NC).  

Results and Discussion 

Ligninolytic Enzyme Assay 

a. Laccase and manganese peroxidase (MnP) 

The “white rot” fungus, P. chrysosporium, can completely mineralize lignin to carbon 

dioxide through the action of a family of ligninases such as LiP and MnP, thus gaining access 

to the carbohydrate polymers of plant cell walls (Kirk and Farrell, 1987). Although trace 

laccase activities have been reported to be produced by P. chrysosporium (Srinivasan et al., 

1995), the results in this present study failed to detect laccase activity during both SmC and 

SSC pretreatment by running s spectrophotometric assay (Arora and Sandhu, 1985).  This is 

in agreement with the genome sequence data done by DOE Joint Genome Institute which 

demonstrated that P. chrysosporium lacks laccase related genes (Martinez et al., 2004).  

Manganese peroxidase (MnP) is one of the most common peroxidases that are 

capable of oxidizing and depolymerizing natural and synthetic lignins as well as 

lignocelluloses (Janse et al., 1998). Previous studies have shown that MnP was produced 

during cultivation of P. chrysosporium on both chemically defined media (Brown et al., 
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1990) and lignocellulosic substrates (Xu et al., 2004). The supplement of the lignocellulosic 

substrates to medium allows production of high activities of MnP in submerged cultures of P. 

chrysosporium (Kapich et al., 2004). However, in this study, no MnP activity was detected 

during the process of fungal pretreatment under both SmC and SSC conditions in spite of 

significant levels of lignin degradation (Chapter 3 and 4). Electrophoretic analysis of enzyme 

extracts failed to reveal detectable protein bands with the expected molecule weight for MnP 

protein during both the SmC and SSC pretreatment (Figure 6.4), suggesting extremely low 

enzyme titers. The reason could be explained by the variations in expression and production 

of MnP that may be highly dependent on the media and cultivation conditions, especially the 

Mn2+ concentration and partial oxygen pressure (Janse et al., 1998). In previous research 

conducted by Couto et al., (2001), low and insignificant MnP activities were detected on 

grape stems but high on wheat straw during semi-solid-state cultivation of P. chrysosporium 

BKM-F-1767. Thus, the effects of substrate type and cultivation conditions on MnP 

expression need further investigation. 

b. Veratryl achohol (VA) assay of lignin peroxidase (LiP) 

The widely adopted assay for LiP activity measurement based on the oxidization of 

veratryl alcohol (VA) tested spectrophotometrically at 310 nm (Kirk et al., 1978) failed to 

detect activities in crude enzyme extracts in this study. It has been reported that the VA 

oxidation method can be applied only to colorless fungal cultures. It is not suitable for use 

with agricultural residues as substrate due to their yellow-to-brown background color and 

formation of aromatic compounds during cultivation (Orth et al., 1993; Vares et al., 1995; 

Arora et al., 2002). The brown color of cotton stalk extracts may prevent the success of VA 

assay in this study. However, this argument remains controversial since some researchers 
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have successfully detected LiP activities on substrates such as corn cobs (Couto et al., 2001) 

and grape stems (Couto et al., 2003) using the VA assay.   

To clarify whether or not the presence of aromatic compounds or other factors affect 

the spectrophotometric VA assay, a spectrum scan was run on cotton stalk extracts at wave 

lengths ranging from 190 to 700 nm (Figure 6.1). A strong absorbance was observed at and 

below 310 nm, which indicated that cotton stalk extract do interfere with the VA assay. The 

concentration of cotton stalk extract may also affect the feasibility and accuracy of the VA 

assay. As shown in Figure 6.2a, mixing 50% v/v of cotton stalk extract with purified 

commercial LiP totally disabled the assay and no activity was observed. A partial LiP 

activity was observed by reducing the amount of cotton stalk extract to 10% v/v when 

compared with pure LiP control (Figure 6.2b, c). It was interesting to note that the assay 

response time was delayed by about 40 second with a 10 % cotton extract mixture when 

compared with a pure LiP control. Similar phenomena were reported in a study of solid 

substrate fermentation of P. chrysosporium on wheat straw (Castillo et al. 1997), where a 0.5 

to 1.5 min delay of oxidation of VA was observed. Inhibiting or retarding of the LiP activity, 

may be attributed to vanillin and vanillic acid, which may be released during autoclaving and 

during P. chrysosporium cultivation (Chen et al. 1981; Harvey and Palmer 1990; Castillo et 

al. 1997). The high lignin content in cotton stalks may further contribute to the high presence 

of lignin derivatives (Kerem et al., 1992) and are most likely detrimental to LiP activity 

assays. 

In order to remove possible substances detrimental to the assay and also to 

concentrate enzyme samples (10 fold), a buffer exchange (dialysis) with 10 kDa molecular 

cutoff by Amicon Ultra-15 Centrifugal Filter Units (Millipore Corp., Billerica, MA) was 
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performed. However, the color of the retentate became darker and a spectrum scan gave 

results similar to the scan with original enzyme extract. This indicates that the colored/ 

aromatic compounds may either have a molecular weight larger than the cut-off or are 

attached to the enzymes. Performance of VA assays on the retentate recovered from dialysis 

did not show any LiP activity. Castillo et al. (1997) reported that increase in the membranes 

cut off to 300 K may help eliminate the inhibition effect, however, this approach to prepare 

enzyme extracts can lower recovery of LiP and bias the assay. 

c. Azure B assay 

Due to the inconsistency in results from the VA assay, Archibald (1992) developed an 

alternative method by monitoring the oxidation of the dye Azure B. This method has been 

reported to be successful in testing LiP on several lignocellulosic feedstocks such as corn 

stover (Xu et al., 2001), corn cob and grape stem (Couto et al., 1999 and 2003), sugar 

bagasse, wheat straw and rice straw (Arora and Gill, 2001; Arora et al., 2002; Arora and Gill, 

2005) etc. The Azure B assay utilizes a spectrophotometric test in range of 620 nm to 651 

nm, thus avoiding interference by color/aromatic compounds at wavelengths below 310 nm. 

It is therefore more suitable than VA assay in detecting LiP production on lignocellulosic 

substrates (Arora and Gill, 2001).   

Although azure B assay worked well on pure LiP, it failed to detect any LiP activities 

in enzyme extracts or pure LiP and cotton stalk extracts mixture in this study (Table 6.1). 

During a wavelength spectrum scan from 200-700nm, a rapid decrease in absorbance around 

651nm was observed after addition of the enzyme extracts to the Azure B assay solutions 

(Figure 6.3). This decrease of absorbance might be misinterpreted as LiP activity. However, 

it was likely caused by interfering substances in the extract rather than LiP enzyme activity. 
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The effect of presence of interfering substances from cotton stalks was confirmed by 

conducting the azure B assay with enzyme-deactivated culture extract that had been boiled 

for 10 min at 100 °C. A wavelength spectrum scan for boiled enzyme extract showed results 

similar to original enzyme extracts. It is possible that the oxidative mediators produced 

during pretreatment in the cotton stalk extract that are able to degrade azure B independently 

can result in decrease in absorbance (Camarero et al., 2005). Removal of these interfering 

substances may help to avoid the degradation of azure B unrelated to enzyme activities. 

A buffer exchange (dialysis) with 10 kDa molecular cut-off was performed in order to 

remove substances possible detrimental to the assay. However, no LiP activity was observed 

in the retentate and filtrate recovered from dialysis. Vares et al. (1995) reported failure of the 

azure B assay for testing LiP activity produced by Phlebia radiate on wheat straw. However, 

the reasons for failure remain elusive, plausible explanations include the presence of 

detrimental substances, color interference and low enzyme titers.  

Electrophoresis 

In this study, a SDS-PAGE was carried out as an alternative approach to investigate 

the presence of ligninolytic enzymes during P. chrysosporium cultivation on cotton stalks. 

For the un-concentrated and 10 fold concentrated enzyme samples, very faint protein bands 

exhibiting molecule weights consistent with MnP and LiP (45 kDa and 38 kDa, respectively) 

were observed on an SDS-PAGE gel, indicating a very low enzyme presence (data not 

shown). To better visualize the enzyme bands, a two stage dialysis with 10 kDa ultrafiltration 

membranes was performed to partially purify and concentrate crude enzymes to 100-150 

fold. As shown in Figure 6.4a, faint protein bands, at the identical molecular weight of 

approximate 38 and 44 kDa as LiP and MnP, could be observed start from 4 day SmC 
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enzyme extracts. Enhanced protein presence was observed in 5 to 10 day cultures with the 

bands being most predominant on day 6 and 8. These results were consistent with previous 

studies where maximum rates of lignin degradation (day 5-7) were observed on fungal 

pretreatment of cotton stalks (Chapter 3). This argument is also supported by other 

researchers that a peak in LiP and MnP activities during 5-7 days has also been reported on 

pure substrates (Kirk et al. 1978; Jäger et al. 1985).  

Protein bands likely corresponding to LiP and MnP observed in SSC cultures differed 

from those observed in SmC cultures probably due to the different ligninolytic-enzyme-

encoding genes expression patterns during solid substrate cultivation (Orth et al., 1993). As 

shown in Figure 6.4b, LiP and MnP were barely detectable, but were likely excreted from 

day 2 to day 4, which were earlier than SmC. Protein bands were extremely faint or absent 

thereafter indicating that the production of ligninolytic enzymes were possibly depressed or 

ceased after day 6. Generally, SSC showed lower ligninolytic enzyme presence than SmC 

cultures, however, it was probably due to the limited release of mycelium/lignocellulose-

bound peroxidases into culture supernatants.  

Although significant delignification during fungal pretreatment indicated the action of 

ligninolytic enzymes, spectrophotometric enzyme assays failed to detect any LiP and MnP 

activities on enzyme extracted from fungal pretreatment cultures. There are several possible 

reasons; 1) it is difficult to extract the ligninolytic enzymes since they are tightly attached to 

the cotton stalk substrate; 2) the actual enzyme presence in enzyme extract may be below the 

sensitivity limits of the spectrophotometric enzyme assays; 3) the compounds, produced 

either during the autoclaving and soaking of cotton stalks or fungal pretreatment, retard the 

enzyme activity or interfered with the assays. The electrophoretic analysis revealed the 
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possible presence of LiP and MnP in enzymes in extracts, which could be confirmed by 

specific antibodies or in gel enzyme assays (Srinivasan et al., 1995). However, the 

complexity and cost prevented this approach from being an easy-adoptable assay for LiP 

activities. In order to overcome limitations of the assays, it is essential to investigate 

alternative approaches to quantify the ligninolytic enzymes during cultivation on natural 

ligninocellulosic materials.  

Crude Enzyme Treatment 

Ligninolytic enzymes can be directly applied on lignocellulose to degrade its lignin 

contents (Galliano et al. 1991; Tompson et al. 1998; Ramos et al., 2004). This could provide 

another indirect approach to verify the enzyme activities and at the same time a pretreatment 

method that could help reduce time and selectivity compared to fungal pretreatment. The 

composition changes, especially lignin degradation and cellulose reductions were 

investigated to evaluate the performance of crude enzyme treatment. 

The composition profile of cotton stalks was altered through crude enzyme treatment 

with ligninolytic and cellulolytic enzymes extracted from P. chrysosporium cultivation 

(Table 6.2). ER-controls lost 5.31 % of the dry matter (DML) and resulted in a 94.69 % solid 

recovery (SR) compared with untreated cotton stalks (ER-untreated). Samples pretreated by 

SmC and SSC enzyme extracts resulted in 93.07 and 94.89 % SR, respectively, which was 

not significantly (P<0.05) different from ER-controls. The acid soluble lignin (ASL) in 

untreated cotton stalks (2.01%) was significantly higher than in the ER-control (1.62 %) and 

pretreated ER-SmC & ER-SSC samples at 1.67 and 1.64%, respectively. The decrease in 

solids recovery as well as ASL was probably due to the effects of substrate preparation, such 

as autoclaving before pretreatment. Although the severity of autoclaving applied in this study 
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was much less than that reported during steam explosion pretreatment, it is highly likely that 

heat and pressure of steam could have solubilized part of hemicellulose and cellulose, as well 

as acid soluble lignin (Sawada et al., 1995).  

Significant increases in acid insoluble lignin (AISL) were observed in crude enzyme 

treated samples (32.75% and 33.37% for ER-SmC and ER-SSC respectively) compared to 

untreated cotton stalks and control samples (P<0.05). Consequently, an increase in lignin 

content of 3.42% and 7.45% for SmC and SSC, respectively, was observed in enzymatic 

pretreated samples. A possible reason is that the low titer of LiP and MnP, instead of 

delignification, actually polymerized the phenolic compounds in cotton stalks (Haemmerli, 

1986). Although crude ligninases have been shown to cleave aromatic rings leading to 

degradation of lignin (Hammel and Moen, 1991; Hofrichter et al. 1999), polymerization may 

have outweighed degradation in this study, probably due to the phenoloxidising activity of 

these enzymes (Janshekar and Fiechter, 1983).  Synergistic action on LiP-MnP combinations 

may help to improve the delignification efficacy (Galliano et al. 1991; Perez and Jeffries, 

1992; Tompson et al. 1998). Treatment with either LiP or MnP alone did not appreciably 

decrease the total lignin content and solid mass and an appropriate ratio of LiP and MnP 

combination may be critical for effective delignification in vitro (Tuor et al., 1992; Tompson 

et al. 1998). It is possible that lack or an extremely low presence of one enzyme lead to an 

unexpected increase in lignin content in this study. 

Conclusions 

Although results from electrophoretic analysis suggested the presence of protein 

bands identical to MnP and LiP in the enzyme extracts from SmC and SSC cultivation of 

cotton stalks, no enzyme activities were observed by spectrophotometric enzyme assays. One 
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simple and universal enzyme assay is needed for detecting LiP activities in extract of natural 

lignocellulosic biomass.  

This study reported preliminary results on crude enzyme treatment of cotton stalks by 

enzymes extracted from the SmC and SSC cultures of P. chrysosporium. Instead of 

delignification, an increase in lignin content was observed in enzymatic pretreated samples. 

Hence, increase of the ligninase titers may be critical for enhancing effectiveness of the crude 

enzyme treatment on delignification. Maintaining an aseptic environment may be another 

challenge for crude enzyme treatment process. The application of bactericide and fungicide 

during pretreatment was able to effectively inhibit contamination; however, the increased 

cost may impede the scale-up of this process and needs further study.  
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Figure 6.1 Spectrum (190 - 700 nm) of crude enzyme extracts from 6 day submerged 

cultivation of Phanerochaete chrysosporium on cotton stalks  
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Figure 6.2 Effects of cotton stalks extracts on LiP activities by veratryl alcohol (VA) assay 



 

 135

 

 

Figure 6.3 Effects of cotton stalk extracts (CSE) on absorbance in azure B assay 
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Figure 6.4 SDS-PAGE1 of enzyme extracts from cultivation of Phanerochaete 

chrysosporium on cotton stalks; a) SmC; b) SSC cultivation 

1 Nomenclature: enzyme samples at day 0, 2 ... 14; LiP: commercial lignin peroxidase (38 kDa); MnP: 
commercial manganese peroxidase (44 kDa); molecular weight standards (M) are: 210, 125, 101, 56.2, 
35.8, 29, 21, and 6.9 kDa (top to bottom). 
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Table 6.1 Effects of cotton stalk extract and ultrafiltration on LiP estimation by VA or azure 

B assay1 

LiP Activity (% of actually LiP activity) Enzyme Samples (v/v) 
VA Assay Azure B Assay 

1:1 pure LiP + buffer   ~100 ~98 
1:9 pure LiP + buffer  ~10 ND 
1:1 pure LiP + CS extract N/A ND 
5:1:4 pure LiP + CS extract + buffer ~24 ND 
1:1 pure LiP + CS extract 10kDa retentate ND ND 
1:1 pure LiP + CS extract 10kDa filtrate ND ND 
1:1 pure LiP + CS extract 10kDa retentate boiled ND ND 
1:1 pure LiP + CS extract 10kDa filtrate boiled ND ND 
1:1 enzyme extract (0-14 day) + buffer   ND ND 
1:1 enzyme extract 10kDa retentate + buffer   ND ND 

1Pure LiP, approximately 0.2U/ml, is a dilution of commercial LiP from Sigma; the CS extract is a 
buffer extract from 6th day’s non-fungal control pretreatment; the enzyme extract is sampled from 
fungal pretreatment cultures at predetermined time interval during day 0 to 14; ND is the short of not 
detected; LiP activity was expressed as the percentage of actually LiP activity (1:1 pure LiP + buffer) 
tested by VA assay. 
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Table 6.2 Effects of Enzymatic Pretreatment by Crude Enzymes on Composition Profile 1, 2 

 SR (%) AISL (%) ASL (%) LD (%) 
ER-raw 100 28.51(0.54) 2.01(0.03) 0 

ER-control 94.69(0.35) 29.42(0.37) 1.62(0.05) 4.95(0.61) 
ER-SmC 93.07(0.70) 32.75(0.66) 1.67(0.02) -3.62(1.38) 
ER-SSC 94.89(0.42) 33.37(0.79) 1.64(0.05) -7.45(2.11) 

1Data are means (standard deviation) of triplicates  

2 Percentage of lignin degradation (LD); solid recovery (SR); acid insoluble lignin (AISL); acid 

soluble lignin (ASL)  

 

  



 

 139

CHAPTER 7 

Interactions between Fungal Growth, Substrate Utilization and Enzyme 

Production during Shallow Stationary Cultivation of Phanerochaete 

chrysosporium on Cotton Stalks 

Abstract 

Microbial pretreatment of lignocellulosic feedstocks is an environment friendly 

alternative to traditional physio-chemical method. However, a better understanding of the 

interactive fungal mechanisms in biological systems is essential for enhancing performance 

and facilitating scale-up and commercialization of this pretreatment technique. In this study, 

mathematical models were developed for describing holocellulose consumption, lignin 

degradation, cellulase and ligninolytic enzyme production and oxygen uptake associated with 

the growth of P. chrysosporium during a 14 day shallow stationary submerged fungal 

pretreatment process.  Model parameters were estimated and validated by Statistics Toolbox 

in MatLab 7.1. Models yielded sufficiently accurate predictions for holocellulose 

consumption (R2=0.9772 and 0.9837), lignin degradation (R2=0.9879 and 8682) and 

ligninolytic enzyme production (R2=0. 8135 and 0.9693) under both 1d and 3d oxygen 

flushing conditions, respectively. The predictabilities for fungal growth (R2=0.6397 and 

0.5750), cellulase production (R2=0.0307 and 0.3046) for 1 d and 3d oxygen flushing, 

respectively, and oxygen uptake (R2=0.5435) for 3d oxygen flushing were very limited. 

Further improvement in predictive abilities could be obtained by developing model equations 

based on multi-phase growth behaviors.  

Keywords: bioethanol, Phanerochaete chrysosporium, kinetics, pretreatment
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List of symbols 

αC: growth-associated constant for cellulase formation (g-enzyme/ g DW);  

αL: growth-associated constant for ligninolytic enzyme formation (g-enzyme/ g DW);  

βC: non-growth-associated constant for cellulase formation (g-enzyme/ g DW); 

βL: non-growth-associated constant for ligninolytic enzyme formation (g-enzyme/ g DW); 

CTKN, S: amount of TKN in pretreated solids (g TKN/g) 

CFPU: filter paper units per ml of enzyme extract (IU/ml) 

CTKN, E is the amount of TKN in enzyme extract (g TKN/ml) 

CTKN, base is base TKN content in autoclaved cotton stalk extract (g TKN/ml) 

DW: dry weight 

kT = 10.3: conversion coefficient from TKN to fungal biomass, based on the amount of TKN 

in pure fungal biomass (g fungal biomass/g TKN) 

kE = 1/1070: conversion coefficient from IU to cellulase proteins (g cellulase proteins/IU) 

kLD: coefficient of lignin degradation 

kLL: coefficient of ligninolytic enzyme production (g-E /g-X/day) 

m: maintenance coefficient (g SC /g X DW) 

mO: maintenance coefficient (mmol O2/g-X/day) 

O2: oxygen utilized (mmol) 

O2, 0: initial oxygen utilized (mmol) 

OUR: oxygen uptake rate (mmol O2/day) 

PC: cellulase concentration (g-E/ g DW) 

PC, 0: initial cellulose concentration (g-E/ g DW) 

PL: ligninolytic enzymes concentration (g-E/g DW) 
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PL, 0: initial ligninolytic enzymes concentration (g-E/g DW) 

SC: holocellulose content (g/ g DW) 

SC, 0: initial holocellulose content (g/ g DW) 

SL: lignin content (g/g DW) 

SL, 0: initial lignin content (g/g DW) 

T: pretreatment time (day) 

μmax: maximum specific growth rate (1/day) 

V = 20:  total volume of enzyme extract (ml) 

W: dry weight of pretreated sample (g DW) 

w0: the initial sample dry weight before pretreatment (g DW) 

X: fungal biomass density (g /g DW) 

X0: initial biomass density (g/g DW) 

Xmax: maximum biomass density (g/g DW) 

YX/O: the oxygen to biomass yield coefficient (g-X/mmol O2) 

YX/S: yield coefficient from substrate to biomass (g X /g SC DW) 
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Introduction 

Lignocelluloses represent a major source of renewable organic matter that has great 

potential in generating useful bioproducts such as single cell proteins (SCP), pharmaceuticals 

and especially alcohol fuels (Farrell et al. 2006). However, due to the recalcitrant nature of 

the lignocellulosic component, it is essential to apply a pretreatment to facilitate the 

conversion of lignocellulose to sugars (Lynd et al. 1991).  Fungal pretreatment employs 

lignin-degrading microorganisms (usually white rot fungi) to breakdown lignocellulosic 

biomass and make it suitable for enzymatic or acid hydrolysis (Hadar et al., 1993; Camarero 

et al., 1994; Tatsuro et al., 1995). The advantages of fungal pretreatment such as energy-

saving, low cost, relatively simple processes and equipment, and environmental friendliness 

make it a promising alternative to prevailing physiochemical pretreatment technologies 

(Keller et al., 2003; Varga et al. 2004; Liu and Wyman, 2004; Moiser et al., 2005).   

Phanerochaete chrysosporium is one of the most investigated white rot fungi because 

of its fast growth rate compared with many other basidiomycetes, exceptional oxidation 

potential and efficiency in lignin biodegradation (Kirk and Farrell, 1987). Although, a huge 

volume of information exists on optimization of pure P. chrysosporium cultivation conditions 

for maximizing ligninolytic enzyme production and delignification (Kirk et al., 1978; Jäger et 

a., 1985; Tien and Kirk, 1988), limited effort has been made to model the growth kinetics. 

Barclay et al. (1993) examined four mathematical equations for modeling fungal growth and 

substrate utilization by P. chrysosporium during static submerged cultivations. Michel et al. 

(1992) studied the respiration kinetics for P. chrysosporium mycelia pellets under agitated 

submerged conditions. However, these studies were conducted on pure P. chrysosporium 

cultures using chemically defined media. The fungus’ behavior and culture conditions on 



 

 143

heterogenic media especially lignocellulosic materials still remains inconclusive and requires 

further investigation (Otjen and Blanchette, 1985; Couto, et al., 1998). In a previous study, 

the influence of nutrient supplementation and oxygen flushing on lignin degradation, solids 

recovery and carbohydrate availability by stationary and agitated submerged cultivation of P. 

chrysosporium on cotton stalk wastes was investigated (Chapter 3). The results of the study 

indicated that shallow stationary cultivation with no nutrient supplementation gave the 

optimized performances. However, kinetic modeling of the fungal activities such as fungal 

growth, substrate consumption, and enzyme production can provide critical information for 

further understanding fungal pretreatment and facilitate process optimization and scale up.  

The purpose of this research was thus to model the pretreatment of cotton stalks by 

shallow stationary submerged cultivation of P. chrysosporium. In order to understand the 

growth kinetics, models were established for holocellulose reduction and lignin degradation 

(substrate consumption), cellulose and lignin-degrading enzyme production (enzyme 

formation), and generation of P. chrysosporium biomass (fungal growth) during fungal 

cultivations with oxygen flushing at 1 and 3 day intervals. A model correlating between 

oxygen uptake and fungal growth was also investigated to understand the effect of oxygen 

flushing. Five approaches, dry mass loss (DML), oxygen uptake rate (OUR), cumulative 

oxygen uptake (COU), cumulative CO2 production rate (CCP) as well as organic nitrogen 

content (through Total Kjeldahl Nitrogen, TKN method) were explored as indirect methods 

for fungal biomass estimations and tested for mutual correlations. 
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Materials and Methods 

Strain and Inoculation 

The fungal strain, Phanerochaete chrysosporium (ATCC 24725), was obtained from 

the Forest Products Laboratory of USDA Forest Service (Madison, WI) and maintained as a 

frozen culture (-80°C) in 30% glycerol.  Propagation of the organism for submerged 

cultivation (SmC) was performed on Potato Dextrose Agar (PDA) plates for 2 days at 39°C.  

Spore suspensions were prepared by washing the agar surface with sodium acetate buffer (50 

mM, pH 4.5).  Spores were counted with a hemacytometer and the final spore inoculums had 

a concentration of 5×106 spores/ml. The final cultures contained 5×106 spores/g air dry 

cotton stalks.  

Substrate Preparation 

Cotton stalks (shredded and baled) were harvested in early October 2003 from 

Cunningham Research Station (Kinston, NC). The stalks were ground to 3 mm by a Thomas 

Wiley Laboratory Mill (Model No. 4, Thomas Scientific, Philadelphia, PA) and stored sealed 

at room temperature until use for pretreatment. The initial moisture content of the cotton 

stalks (defined as air dry cotton stalk) was 7.0% during this study. 

Shallow Stationary Cultivation Pretreatment 

Pretreatments were conducted as described previously (Chapter 3). Each treatment 

was prepared in triplicate. Feedstock only controls (no fungal inoculum) were studied to 

account for culture changes in the absence of microbial/enzyme activity. Pretreatments were 

carried out in an air convection incubator at 39°C and destructively sampled at predetermined 

time intervals (0, 2, 4, 5, 6, 7, 8, 10, 12 and 14 days). One set of triplicate flasks was flushed 



 

 145

with oxygen (125 ml/min) for 10 min intervals every day and another set every 3 days 

starting from day 0. In between flushing events, the flasks were closed by clamping off inlet 

and exhaust tubing lines. 

Analysis Methods  

At each time interval, pretreatment cultures were filtered through pre-weighed and 

ignited fritted glass crucibles (Kimax 30M, Kimble Glass Inc, Vineland, NJ). The 

supernatants (enzyme extract) were further filtrated through 0.7 μm glass microfiber filter 

(Type GF/F, Whatman Inc., Florham Park, NJ) and stored at -80°C for future enzyme 

activity and TKN analysis.  

The solid fractions were washed with 100 ml DI water and dried in a convection oven 

at 105°C for 12 hours or until constant weight was achieved. The total solids and lignin 

content (acid soluble and acid insoluble) of untreated and pretreated cotton stalk samples 

were determined by NREL Laboratory Analytical Procedures (LAP 001, 003, 004) (Ehrman, 

1994; Templeton and Ehrman, 1994; Ehrman, 1996). The filtrate from lignin analysis was 

used for quantification of reducing sugars by a modified DNS assay (Chinn, 2003) and then 

used for estimating holocellulose content based on the total sugars.  

Fungal biomass was estimated by Total Kjeldahl Nitrogen (TKN, EPA Manual 351.2, 

1979) in pretreated cotton stalk solids. It was confirmed that a linear correlation existed 

between the fungal biomass and presence of TKN by performing a pure cultivation of P. 

chrysosporium on PDA medium (data not shown). It was observed that the fungus consists of 

a stable percentage of TKN (~9.7%) which is much higher than that of cotton stalks (~0.9%) 

so that TKN content can be used to estimate fungal biomass in solid samples. A conversion 
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factor, kT=10.3 (g biomass/g TKN, DW) was introduced to calculate the conversion from 

TKN to fungal biomass as shown by eqn 1. 

,

0

T TKN Sk C w
X

w
⋅ ⋅

=      eqn. 1 

Besides TKN, oxygen uptake, CO2 production and dry mass loss (DML) were also 

used to predict the fungal biomass. The O2 and CO2 concentrations (%, v/v) in the headspace 

of cultivation flasks were tested by a gas analyzer (PAC CHECK 650, Minneapolis, MN) and 

calibrated by a Shimadzu 15A gas chromatograph (GC) equipped with a thermal conductivity 

detector (TCD) and a 100/120 Carbosieve SII packed stainless steel column (10'×1/8", 

Shimadzu, Atlanta, Ga.) (Cheng and Liu, 2002). The oxygen uptake rate (OUR, mmol/day), 

CO2 production rate (CPR, mmol/day), cumulative oxygen uptake (COU, mmol), and 

cumulative CO2 production (CCP, mmol) were calculated based on changes in O2 and CO2 

concentrations over time (Figures E1 and E2 in Appendix E)(Smits et al., 1996).  

Holocellulose (substrate, SC) and lignin content (substrate, SL) remaining after 

pretreatment, were defined as gram of holocellulose or lignin left per gram of initial substrate 

(dry basis). It was assumed that cellulolytic and ligninolytic enzymes were the two major 

components that contributed to total organic nitrogen in enzyme extracts. Cellulolytic 

enzyme activities (represented by cellulase, IU/ml) were tested using a modified DNS assay 

(Chinn, 2003). A 1070 IU/g protein coefficient was used to convert the cellulase activities 

(IU) into gram cellulase protein per gram initial dry cotton stalk substrate (Sun and Cheng, 

2005) for use in equation 2. Lignin degrading peroxidases (LiP and MnP) were estimated by 

measuring TKN (organic nitrogen) in the enzyme extracts (minus the base TKN content in 
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autoclaved cotton stalk extract, CTKN, base and the amount of cellulase, PC) as shown in 

equation 3.  

0

E FPU
C

k C VP
w

⋅ ⋅
=            eqn. 2 

, ,

0

( )T TKN E TKN base
L C

k C C V
P P

w
⋅ − ⋅

= −       eqn. 3 

Model Assumptions and Setup 

Several kinetic equations with varying complexity, such as linear, exponential, 

logistic and Monod equation have been suggested by researchers to describe fungal biomass 

growth during cultivation involving solids (Sangsurasak et al. 1996; Viccini et al., 2001). 

Among these, the logistic equation is most commonly used due to its relatively simple form 

(Lenz et al., 2004). The model describes the growth in microbial population as a function of 

maximum biomass density, specific growth rate, and time (Eqn 5, Pearl and Reed, 1920).  

max
max

(1 )dX XX
dt X

μ= ⋅ ⋅ −                                       eqn. 5a 

As a heterogeneous and chemically complex lignocellulosic biomass, cotton stalks 

consists of 49.4% holocellulose and 30.8% lignin which serve as the main carbon and energy 

sources for fungal growth. Although, P. chrysosporium is one of the best candidates that are 

capable of effectively breaking down lignin, it requires a more readily degradable substrate to 

support energy gain (Kirk et al., 1976). Due to the nature of lignin catabolism, the energy 

spent in degrading this complex polymer might be provided through cellulose and 

hemicellulose metabolic process (Ander and Eriksson, 1975; Kirk et al., 1976). Therefore, it 

can be inferred that in addition to supporting the metabolisms for biomass growth and 
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maintenance of microbial cells, holocellulose also provides energy for delignification. Thus 

the generic substrate consumption equation (Pirt, 1965; Pirt and Righelato, 1967) has been 

modified to account for additional parameters that represent delignification (eqn. 6a).  It is 

assumed that part of holocellulose consumption is used for delignification which is linearly 

related to lignin degradation rate by a factor kLD.  

/

1C L
LD

X S

dS dSdX m X k
dt Y dt dt

= − ⋅ − ⋅ + ⋅                            eqn. 6a 

Kirk and Farrell (1987) showed that ligninolytic enzymes such as lignin peroxidase 

and manganese-dependent peroxidase are responsible for microbial delignification. Hence, in 

this study, it is assumed that lignin degradation is linearly associated with ligninolytic 

enzyme production by a factor of kLL as shown in eqn. 7a: 

L L
LL

dS dPk
dt dt

= − ⋅                                                  eqn. 7a 

Luedeking and Piret (1959) proposed an equation describing the relationship of cell 

growth to product formation. Although initially introduced for lactate production by bacteria, 

this equation has been successfully applied to predict the enzyme productions by filamentous 

fungi under either submerged or solid state cultivations (Aguilar et al., 2001; Tavares et al., 

2005). In this study, cellulolytic (represented by cellulase, PC) and ligninolytic (PL) enzyme 

production in association with fungal growth can therefore be described using the Luedeking-

Piret model as follows: 

C
C C

dP dX X
dt dt

α β= ⋅ + ⋅                                           eqn. 8a 
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L
L L

dP dX X
dt dt

α β= ⋅ + ⋅                                           eqn. 9a 

Apart from substrate availability, aeration and oxygen concentration play a highly 

important role in lignin degradation by fungal strains, especially in liquid cultivation systems 

(Leisola et al., 1983; Miura et al., 2004). Thus, an equation which relates oxygen uptake and 

biomass growth, reported by Ikasari and Mitchell (1998), can be applied as described by eqn 

10a. 

2

/

1
o

X O

dO dXOUR m X
dt Y dt

= = ⋅ + ⋅                                           eqn. 10a 

It was expected that those mathematical models (eqn 5a-10a) could describe the 

correlation between holocellulose consumption, lignin degradation, cellulase and ligninolytic 

enzyme production and oxygen uptake with the growth of P. chrysosporium during a 14 day 

shallow stationary submerged fungal pretreatment process. 

Modeling and Data Analysis 

All treatments were conducted in triplicate. Primary models for fungal growth, lignin 

and cellulose consumption, and production of ligninolytic and cellulolytic enzymes were 

developed using an average of two randomly selected experimental replicates. The third data 

set was used for validation of the constructed models. 

Data were analyzed using PROC GLM in SAS 9.1 software (SAS Inc., Cary, NC) for 

means and variances. In order to achieve the best fit of the experimental data, model fitting 

and parameter estimation was performed by minimizing the sum square error between 

experimental and model-predicted values, using the nonlinear least-squares method provided 
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by the Statistics Toolbox of MatLab 7.1 (The MathWorks, Inc., Natick, MA). Functions 

“nlinfit” and “nlpredci” were used to estimate the coefficients of nonlinear least squares 

regression and generate predictions from models. Efforts were made to estimate model 

parameters simultaneously using the System Biology Toolbox applied as a global 

optimization algorithm (Schmidt and Jirstrand, 2006) under MatLab 7.1. However, this 

approach did not provide valid estimated parameters (data not shown), probably due to the 

highly distinctive variable scales in differential model equations as proposed in this study.  

Results and Discussion 

Fungal Biomass Estimation 

Monitoring of DML, oxygen consumption and carbon dioxide evolution are 

promising techniques which can provide faster on-line information on biomass and metabolic 

activities compared with time-consuming approaches of cell component assays (Sato et al., 

1983; Sato and Yoshizawa, 1988; Mitchell, 1992; Raimbault, 1998). However, the accuracy 

and effectiveness of these methods needs to be examined before they can be used for biomass 

estimation (Matcham et al., 1985). Organic nitrogen content is a widely used cell component 

assay as an indicator of fungal growth in cotton stalks and has been successfully applied on 

biomass estimation in several studies (Laukevics et al., 1984; Desgranges et al., 1991a and b). 

Therefore, fungal biomass in pretreated cotton stalks flushed with oxygen at 1 and 3 day 

intervals was estimated by quantifying the organic nitrogen content (through TKN method) 

in pretreated solids.  

Meanwhile, DML, COU, CCP, and OUR were explored as indirect methods for 

fungal biomass estimation and tested for correlation with TKN derived fungal biomass 
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(Figure 7.1a). The coefficients of determination (R2) between DML, COU, CCP, OUR and 

biomass growth were calculated to evaluate their linear correlations (Okazaki et al., 1980; 

Mitchell, 1992). It was observed that COU and CCP could to some extent represent fungal 

growth with R2s of 0.7415 and 0.7413, respectively. Dry mass loss also gave a R2 of 0.7313, 

which indicating that DML may not be a good predictor for TKN derived fungal biomass. 

Similar results were observed for cultivations with 3 day oxygen flushing (Figure 7.1b). The 

coefficients of determination for DML and CCP relative to fungal biomass (R2=0.8097 and 

0.8258, respectively) were however higher than observed in 1 day oxygen flushing. COU and 

OUR resulted in lower levels of correlations to biomass (R2=0.7062 and 0.1752, 

respectively). 

The oxygen uptake rate (OUR, mmol/day) and CO2 production rate (CPR, mmol/day) 

was ploted agaist time in Figure 7.2. Under both 1d and 3d oxygen flushing conditions, 

OURs had very low determination coefficients of 0.4387 and 0.1752, respectively, 

suggesting that a non-linear relationship may exist between OUR and biomass. It is therefore 

necessary to develop a suitable correlation model which relates OUR and biomass growth 

before it can be used for biomass estimation (Mitchell, 1992). 

Model Parameter Estimation and Validation 

The ordinary differential equations (eqn 5a-10a) were integrated with respect to time 

for performing model fitting and parameter estimations. The integrated equations are shown 

below (eqn 5b – 10b): 

max
max 0

0
max

(1 )( ) /(1 )
t

t X eX t X e
X

μ
μ

⋅
⋅ ⋅ −

= ⋅ −                               eqn. 5b 
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max
max 0
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t

O
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X X eO t O X t X m
Y X
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μ

⋅⋅ −
= + ⋅ − + ⋅ ⋅ −           

eqn. 10b 

The parameters estimated by nonlinear regression of the above equations using 

experimental data (Figure 7.3a-c) are tabulated in Table 7.1. Model curves were generated by 

substituting estimated kinetic parameters into model equations and compared with 

independent experimental data by plotting experimental and the predicted values over time 

(Figures 7.4a-f). Further comparison was achieved via linear regressions through origin of 

actual independent experimental data and predicted values (Figure A7.5 and A7.6 in Apendix 

A). The slopes and R2 for the plots are shown in Table 7.2. If the model can describe the data, 

the resulting R2 should be high and the slope should fall near unity. 

a. Fungal growth 

Results of TKN derived biomass indicated that under 3d oxygen flushing, P. 

chrysosporium showed an exponential growth stage from day 0 to day 10 and shifted to 

stationary stage after day 10 (Figure 7.3a). For 1d oxygen flushing, it was most likely that the 
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fungus transited from exponential growth to stationary stage at day 7. It was noted that under 

1d oxygen flushing condition, P. chrysosporium could reach a maximum fungal biomass 

concentration (Xmax) of 0.0143 g/g DW with a maximum specific growth rate (μmax) of 

1.4980 day-1. As predicted by the models, reducing oxygen flushing to 3 day intervals 

actually resulted in a higher Xmax and μmax of 0.0188 g/g DW and 1.6170 day-1, respectively 

(Table 7.1). 

As shown in Figure 7.4a, the logistic equation (eqn 5a) predicted the fungal biomass 

very well within the exponential growth stage during day 0 to 7. However, the predictive 

ability was limited thereafter, which provided an overall low R2 of 0.6397. Similar to 1d data, 

the model curve of 3d oxygen flushing can not represent the fungal growth well (R2=0.5750). 

The reason could be that the model lacks the ability to describe the multiple phases of fungal 

growth on mixed substrates. Considering the heterogeneous nature of lignocellulosic 

feedstocks, P. chrysosporium may have to shift its substrate utilization between lignin and 

holocellulose mutually after depleting the easily-accessible holocellulose during early phase. 

Fluctuation of fungal biomass during day 7-14 may relate to the shifting in substrates in 

different phases (Figure 7.3a). Therefore, models capable of representing multiple stage 

growth or growth on mixed substrates may give a better prediction of P. chrysosporium 

growth on cotton stalks.  

Previous studies have shown that the partial pressure of oxygen strongly affects both 

fungal growth and delignification (Kirk et al., 1978; Michel et al., 1992). However, through a 

statistical analysis, no significant difference in experimental fungal biomass data was 

observed between 1d and 3d oxygen flushing, indicating that frequency of oxygen flushing 

may not be a crucial factor affecting P. chrysosporium growth on cotton stalks. It is possible 



 

 154

that the oxygen concentrations were above the critical or threshold levels under both 1d and 

3d oxygen flushing conditions. However, further investigation is required to identify the 

critical oxygen requirement in order to minimize cost associated with oxygen flushing. 

b. Substrate consumption 

Holocellulose (cellulose and hemicellulose, SC) and lignin (SL) served as the main 

carbon and energy sources for supporting fungal growth. As shown in Figure 7.3b, an initial 

lag period was observed from day 0-2 and day 0-4, respectively, before significant (P<0.05) 

holocellulose consumption and lignin degradation occurred. Lignin contents were degraded 

gradually to a level of 0.2670 g/g DW at the end of 14 days with no statistical difference 

(P<0.05) between 1d and 3d flushing conditions. Accompanied with lignin degradation, 

holocellulose contents were also reduced to a level of 0.3050 g/g DW. Overall, the models 

proposed in this research could predict the substrate consumption very well (Figure 7.4b, c). 

Estimated parameters (Table 7.1) yielded sufficiently accurate predictions for holocellulose 

consumption (slope=0.9997; R2=0.9772), and lignin degradation (slope=0.9879; R2=0.8688) 

with 1 day oxygen flushing data. Similarly, 3 d oxygen flushing resulted in a slope=0.9906 

and R2=0.9837 for holocellulose consumption and a slope=0.9990 and R2=0.8682 for lignin 

degradation indicating good predictive ability.  

The coefficient kLD, which is defined as a factor that accounts for the energy expense 

during delignification was greater at 0.1797 for 1d oxygen flushing compared to 0.1287 for 

3d flushing. In contrast, the yield coefficient, YX/S, of 0.2402 with 1d oxygen flushing was 

lower than that of 0.2758 under 3d oxygen flushing conditions. These results indicated that 

maintenance of a higher partial oxygen pressure (more frequent oxygen flushing) helps to 

stimulate metabolic activities that facilitate lignin degradation (Michel et al., 1992). It is 
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interesting to note that the maintenance coefficient (m) of 1.1459 under 1d oxygen flushing 

was greater than that of 0.4998. Similarly, the oxygen maintenance coefficient (mO) of 

47.8134 under 1d oxygen flushing was greater than 7.4690 under 3d oxygen flushing. This 

suggests that under oxygen enriched environments P. chrysosporium may need more energy 

for maintenance. The results obtained in this present work were consistent with previous 

studied suggesting that oxygen flushing, which affects partial oxygen pressure in the 

headspace, has an important impact on fungal metabolic activities (Kirk et al., 1978; Bar-Lev 

and Kirk, 1981; Faison and Kirk, 1985). 

c. Enzyme production 

Enzymes play an important role in delignification and reduction of holocellulose 

during microbial pretreatment of lignocellulosic feedstocks. Production of cellulolytic and 

ligninolytic enzymes could be correlated to substrate metabolisms as well as fungal growth. 

Cellulase production during 1d oxygen flushing appeared to be fungal growth-associated 

since αC=0.0221 was greater than βC=-0.0001 (g-enzyme/ g DW). Similar results were 

observed for 3d oxygen flushing conditions, where αC=0.0097 was much greater than 

βC=0.0003 (g-enzyme/ g DW). However, ligninolytic enzyme production was not directly 

impacted by biomass growth such that the growth and non-growth-associated factors are 

close to each other or at least in same scale (αL= 0.0488; βL=0.0371 and αL= 0.0777; 

βL=0.0202 for 1d and 3d oxygen flushing, respectively). Gaden (1959) described this kind of 

enzyme production as Type III fermentation, where the products are unrelated to the energy 

metabolism of carbohydrates supplied. This argument was consistent with previous results 

that P. chrysosporium requires energy other than the gain energy from lignin metabolism 

during delignification (Ander and Eriksson, 1975; Kirk et al., 1978). Therefore, ligninolytic 
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enzyme production was most likely non-growth-associated which differed from cellulase 

production.  

It is most likely that cellulase production fell into multiple phases due to the 

heterogeneous and recalcitrant nature of cotton stalks (Chapter 5). As shown in Figure 7.3c, 

initially (day 0-4), large amount of cellulase was excreted in response to the presence of 

cotton fibers in the stalks that served as an easily-accessible cellulose source. When the 

easily-accessible cellulose was depleted, cellulase production was suppressed until 

significant amount of lignin was degraded thereby re-exposing the cellulose (Figure 7.3c). 

The model developed in this study failed to predict cellulase production under 1 day oxygen 

flushing (R2=0.0307) and 3d oxygen flushing (R2=0.3046) conditions mainly due to model’s 

failure to capture the cellulase peak at day 2 (Figure 7.4d).  Besides being unable to predict 

the cellulase peak on day 2, the model curve overestimated cellulase levels on day 8, 12 and 

14 and underestimated them on the others. Thus, a model capable of interpreting the multiple 

phases may generate a better prediction for actual cellulase data. 

Compared with experimental data, the model (eqn 9b) generated lower estimations 

for ligninolytic enzyme production for some data points (Figure 7.4e). However, overall, the 

model could predict the change in PL over time (R2=0.8135 and 0.9693 for 1d and 3 day 

oxygen flushing, respectively).  

d. Oxygen uptake 

Eqn 10a is a commonly used non-linear model that represents the oxygen uptake in 

two parts: growth associated and maintenance oxygen utilization. As shown in Table 7.2, the 

model curve generated from estimated parameters (YX/O=0.0061 and mO=47.8134) predicted 

the experimental data very well (R2=0.9908) on oxygen uptake over time under 1d oxygen 
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flushing (Figure 7.4f, Table 7.1). However, poor correlation (R2=0.5435) was observed 

between model values and experimental data under 3d oxygen flushing (Figure 7.4f, Table 

7.1). The low predictive ability mainly came from the underestimation of the day 0-5 data 

and seemed to occur inherently due to the bias arising from the underestimation of fungal 

biomass in the initial stage (Figure 7.4a). As suggested before, a fungal growth model 

capable of describing the multi-stage growth could lead to better prediction of oxygen uptake. 

Conclusions 

A set of mathematical models have been proposed in this study for describing 

holocellulose consumption, lignin degradation, cellulase and ligninolytic enzyme production, 

and oxygen uptake associated with the growth of P. chrysosporium during 14 days fungal 

pretreatment process. The model parameters were estimated through nonlinear regression of 

the model equations and validation of the models indicated that they provided sufficiently 

accurate predictions for holocellulose consumption, lignin degradation and ligninolytic 

production, but fair prediction for fungal growth and cellulase production. Further 

improvement in the predictive ability of models could be obtained by researching more 

accurate cellulase assays or revision of model equations that may present multi-phase 

behaviors as indicated earlier.  

Frequency of oxygen flushing (1d vs. 3d) has important affects on metabolic 

activities such as fungal growth, substrate consumption and enzyme productions. However, 

further research is required to clearly understand the mechanism of oxygen utilization. It is 

expected that this kinetics study would be valuable for further development and optimization 

of fungal pretreatment of cotton stalks by P. chrysosporium. However, investigation into and 

incorporation of process parameters such as temperature, pH and dimension variables into 
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existing models and the corresponding sensitivity analysis could further improve modeling 

capabilities. 
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Figure 7.1 Comparison of biomass estimation methods for a) 1d and b) 3d oxygen flushing1 

1OUR: oxygen uptake rate (mmol/day); COU: cumulative oxygen uptake (mmol); CCP: 
cumulative CO2 production (mmol); DML: dry matter loss; fungal biomass is calculated on 
the basis of TKN in pretreated solids.  
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Figure 7.2 Changes of OUR (oxygen uptake rate) and CPR (CO2 production rate) during time 

course of 14 days SmC cultivation of Phanerochaete chrysosporium; a) 1d oxygen 

flushing; b) 3 d oxygen flushing 
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Figure 7.3 Holocellulose, lignin, fungal biomass, cellulase and ligninolytic enzyme 

production during 14 days treatment by Phanerochaete chrysosporium under 1d and 3d 

oxygen flushing conditions, a) fungal biomass, X; b) substrate consumption; c) enzyme 

production 
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Figure 7.4 Experimental and predicted holocellulose, lignin, biomass, cellulase and 

ligninolytic enzyme production during 14 days treatment by P. chrysosporium 1 day 

oxygen flushing; a) biomass, X; b) holocellulose, SC c) lignin, SL; d) cellulase 

production, PC; e) ligninolytic enzyme production, PL; f) oxygen uptake 
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Table 7.1 Summative parameter estimation results for 1d and 3d oxygen flushing 

Parameters 1d oxygen flushing 
Estimated 

3d oxygen flushing 
Estimated 

μmax 1.4980 1.6170 
Xmax 0.0143 0.0188 
αC 0.0221 0.0097 
βC -0.0001 0.0003 
αL 0.0488 0.0777 
βL 0.0371 0.0202 
kLL 12.9389 6.2740 
YX/S 0.2402 0.2758 
m 1.1459 0.4998 

kLD 0.1797 0.1287 
YX/O 0.0061 0.0088 
mO 47.8134 7.4690 
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Table 7.2 Summative model validation results for 1d and 3d oxygen flushing 

1d oxygen flushing 3d oxygen flushing Model variables 
Slope R2 Slope R2 

Biomass, X 1.0011 0.6397 1.0037 0.5750 
Holocellulose, SC 0.9997 0.9772 0.9906 0.9837 
Lignin, SL 0.9879 0.8688 0.9990 0.8682 
Cellulase, PC 1.0690 0.0307 1.0495 0.3046 
Ligninolytic enzymes, PL 0.9857 0.8135 0.9995 0.9693 
Oxygen, O2 1.0000 0.9908 1.0515 0.5435 
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CHAPTER 8 

Interactions between Fungal Growth, Substrate Utilization and Enzyme 

Production during Solid State Cultivation of Phanerochaete chrysosporium 

on Cotton Stalks  

Abstract 

Fungal pretreatment, using lignin-degrading microorganisms to upgrade 

lignocellulosic feedstocks with minimal energy input, is a potential alternative to 

physiochemical pretreatment methods. Identifying the kinetics for fungal pretreatment during 

solid substrate cultivation (SSC) is essential to establish the processing needs for effective 

scale up of this technology. In this study, a set of mathematical models have been proposed 

for describing the fungal growth, holocellulose consumption, lignin degradation, cellulase 

and ligninolytic enzyme  production associated with the growth of Phanerochaete 

chrysosporium during a 14 day fungal pretreatment process.  Model parameters were 

estimated and validated by the System Biology Toolbox in MatLab. Developed models 

provide sufficiently accurate predictions for fungal growth (R2=0.9724), holocellulose 

consumption (R2=0.9686), lignin degradation (R2=0.9309) and ligninolytic production 

(R2=0.9203), but fair prediction for cellulase production (R2=0.6133). The models would 

provide valuable information for understanding the interactive mechanisms in biological 

systems and for fungal pretreatment process scale up and optimization. 

Keywords: cotton stalk, pretreatment, bioethanol, Phanerochaete chrysosporium, kinetics, 

solid state cultivation 
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List of Symbols 

αC: growth-associated constant for cellulase formation (g-enzyme/ g DW); 

αL: growth-associated constant for ligninolytic enzyme formation (g-enzyme/ g DW);  

βC: non-growth-associated constant for cellulase formation (g-enzyme/ g DW); 

βL: non-growth-associated constant for ligninolytic enzyme formation (g-enzyme/ g DW); 

CTKN, S: amount of TKN in pretreated sample (g TKN/g) 

CFPU: filter paper units per ml of enzyme extract (IU/ml) 

CTKN, E is the amount of TKN in enzyme extract (g TKN/ml) 

CTKN, base is the base amount of TKN in cotton stalk extract (g TKN/ml) 

DW: dry weight 

kE = 1/1070: conversion coefficient from FPU to cellulase proteins (g cellulase proteins/FPU) 

kLD: coefficient of lignin degradation 

kLL: coefficient of ligninolytic enzyme production (g-E /g-X/day) 

KS: half saturation coefficient (1/day) 

kT = 10.3: conversion coefficient from TKN to fungal biomass based on the amount of TKN in pure 

fungal biomass (g fungal biomass/g TKN) 

m: maintenance coefficient (g SC /g X DW) 

mO: maintenance coefficient (mmol O2/g-X/day) 

O2: oxygen utilized (mmol) 

O2, 0: initial oxygen utilized (mmol) 

OUR: oxygen uptake rate (mmol O2/day) 

PC: cellulase concentration (g-E/ g DW) 

PL: ligninolytic enzymes concentration (g-E/g DW) 

SC: holocellulose content (g/ g DW) 
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SL: lignin content (g/g DW) 

t: pretreatment time (day) 

μmax: maximum specific growth rate (1/day) 

V = 30:  total volume of enzyme extract (ml) 

w: dry weight of pretreated sample (g DW) 

w0: the initial sample dry weight before pretreatment (g DW) 

X: fungal biomass density (g /g DW) 

Xmax: maximum biomass density (g/g DW) 

YP/S: the substrate to product yield coefficient (g-E/g substrate) 

YX/S: yield coefficient from substrate to biomass (g X /g substrate DW) 
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Introduction 

The conversion of feedstocks such as agricultural residues and forest biomass to 

ethanol has become a research priority in recent years. Although numerous challenges exist 

in the conversion of these lignocelluloses to ethanol, the pretreatment step, accounting for 

one third of the total production costs, remains as one of the main barriers preventing 

commercial success (NREL, 2000). Existing pretreatment methods have largely been 

developed on the basis of physiochemical technologies (Varga et al. 2004; Liu and Wyman, 

2004). Microbial pretreatment, an alternative to physiochemical pretreatment, employs 

lignin-degrading microorganisms (usually white rot fungi) to breakdown lignocellulosic 

biomass and make it suitable for enzymatic or acid hydrolysis. This approach has received 

considerable emphasis in recent years (Hadar et al., 1993; Camarero et al., 1994; Tatsuro et 

al., 1995; Keller et al., 2003) due to advantages such as energy-savings, low cost, relatively 

simple processes and equipment, and environmental friendliness when compared with 

prevailing physiochemical pretreatment technologies.   

As one of the most investigated white rot fungi, Phanerochaete chrysosporium is 

suitable for microbial pretreatment because of its fast growth rate compared with many other 

basidiomycetes, exceptional oxidation potential, and efficacy in lignin biodegradation (Kirk 

and Farrell, 1987). However, the feasibility of this environmentally benign pretreatment 

process is still questioned, mainly due to the long treatment time as well as difficulty in 

selectively degrading lignin (Hatakka, 1983). Although extensive information exists on pure 

P. chrysosporium cultures (Kirk et al., 1978; Tien and Kirk, 1988; Barclay et al., 1993), an 

understanding of its behavior and cultivation conditions on heterogenic media especially 

lignocellulosic materials, still remains inconclusive and requires further investigation (Couto, 
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et al., 1998). In a previous study, the influence of moisture content, nutrient supplements and 

oxygen flushing on lignin degradation, solids recovery and carbohydrate availability by solid 

state cultivation (SSC) of P. chrysosporium on cotton stalk wastes was studied (Chapter 4). 

However, an in-depth investigation through the modeling of fungal kinetics on 

lignocellulosic cotton stalks can provide critical information for further fungal pretreatment 

process optimization and scale up.  

One of the main challenges associated with modeling solid state cultivation kinetics is 

the measurement of fungal biomass due to difficulty in separating it from the substrate 

(Raimbault, 1998). Several approaches have been developed to estimate biomass indirectly 

(Matcham et al., 1985; Desgranges et al., 1991a and b; Terebiznik and Pilosof, 1999). 

However, it is necessary to thoroughly examine and select a specific method that may be 

suitable for the substrate and fungus used. 

Therefore, the purpose of this research was to model the pretreatment of cotton stalks 

by solid state cultivation of P. chrysosporium. An analysis of the effect of intermittent 

oxygen flushing, at 1 and 3 days, on pretreatment performance suggested that cultivation 

with 1d oxygen flushing gave a better performance on lignin degradation than 3d, hence only 

1d flushing was selected for kinetic modeling in this study. In order to understand the growth 

kinetics, 1) models were established for holocellulose (cellulose and hemicellulose) reduction 

and lignin degradation (substrate consumption), cellulase and ligninolytic enzyme production 

(enzyme production), and generation of P. chrysosporium biomass (fungal growth). 2) dry 

mass loss, oxygen uptake rate (OUR) and carbon dioxide production rate (CPR), and organic 

nitrogen content (through Total Kjeldahl Nitrogen, TKN method) were investigated as 

indirect methods for fungal biomass estimations.  
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Materials and Methods 

Strain and Inoculation 

The fungal strain, Phanerochaete chrysosporium (ATCC 24725), obtained from the 

Forest Products Laboratory of USDA Forest Service (Madison, WI) was maintained as a 

frozen culture (-80°C) in 30% glycerol.  The organism was propagated on Potato Dextrose 

Agar (PDA) plates for 2 days at 39°C for SSC.  Spore suspensions were prepared by washing 

the agar surface with sodium acetate buffer (50 mM, pH 4.5).  Spore counts were determined 

with a hemacytometer and the final spore inoculums had a concentration of 5×106 spores/ml. 

The cultures were inoculated with 5×106 spores/g air dry cotton stalks.  

Cotton Stalk Preparation 

Cotton stalks (shredded and baled) were harvested in early October 2003 from 

Cunningham Research Station (Kinston, NC). The stalks were ground to 3 mm by a Thomas 

Wiley Laboratory Mill (Model No. 4, Thomas Scientific, Philadelphia, PA) and stored sealed 

at room temperature until use for pretreatment. The initial moisture content of the cotton 

stalks (defined as air dry cotton stalk) was 7.0% consistent during this study. 

Solid State Cultivation Pretreatment 

Pretreatments were performed in 250 ml Erlenmeyer flasks sealed with a modified 

silicon stopper supporting gas inlet and exhaust ports and inline gas filters (0.33 μm). Each 

treatment was prepared in triplicate with 3g of air dry, autoclaved (20 min, 121°C, 15 psi) 

cotton stalks.  Based on the results of a previous study (Chapter 4), the initial moisture 

contents were adjusted to 75% (wet-basis) through addition of 20 mM acetate buffer (pH 4.5) 
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and inoculum spore suspension. Controls (no fungal inoculum) were performed to account 

for culture changes in the absence of microbial and enzymatic activity. Pretreatments were 

carried out in an air convection incubator at 39°C and destructively sampled at predetermined 

time intervals (0, 2, 4, 5, 6, 7, 8, 10, 12 and 14 days). Flasks were flushed with oxygen 

(125ml/min) every 1 or 3 days starting on day 0 for 10 min intervals. In between flushing 

events, the flasks were closed by clamping off inlet and exhaust tubing lines. Based on 

performance on lignin degradation, only 1d oxygen flushing data was used for development 

of models. The 3 day data is presented in Appendix A as Figure A8.6, A8.7). 

Analysis Methods  

Pretreated samples drawn at each time interval were soaked in sodium acetate buffer 

(30 ml, pH 4.5, 0.05M) and incubated at 39°C for 30min.  The pretreated cotton stalk 

suspensions were then filtered through pre-weighed and ignited fritted glass crucibles 

(Kimax 30M, Kimble Glass Inc, Vineland, NJ). The supernatants (enzyme extract) were 

further filtrated through 0.7 μm glass microfiber filter (Type GF/F, Whatman Inc., Florham 

Park, NJ) and stored at -80°C for future enzyme activity and Total Kjeldahl Nitrogen (TKN) 

analysis.  

The solid fractions were further washed by 100 ml DI water and dried in a convection 

oven at 105°C for 12 hours or until constant weight was achieved. The total solids, lignin 

content (acid soluble and acid insoluble) of untreated and pretreated cotton stalk samples 

were determined by NREL Laboratory Analytical Procedures (LAP 001, 003, 004) (Ehrman, 

1994; Templeton and Ehrman, 1994; Ehrman, 1996). The filtrate from lignin analysis was 

used for quantification of reducing sugars by a modified DNS assay (Chinn, 2003) and then 

used for estimating holocellulose content.  
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Fungal biomass was estimated by TKN (EPA Manual 351.2, 1979) based on the 

assumption that the fungus consists of a stable percentage of organic nitrogen (~9.7%) which 

is much higher than that of cotton stalks (~0.9%). A linear correlation was observed between 

fungal biomass and presence of TKN by cultivating pure P. chrysosporium on PDA medium 

(data not shown). Thus the conversion from TKN to fungal biomass can be done by eqn 1.  

,

0

T TKN Sk C w
X

w
⋅ ⋅

=
           eqn. 1 

Besides TKN, oxygen uptake, CO2 production and dry mass loss (DML, as a 

percentage of initial sample, dry weight) were also determined to predict fungal biomass. The 

O2 and CO2 concentrations (%, v/v)in the headspace of cultivation flasks were tested by a gas 

analyzer (PAC CHECK 650, Minneapolis, MN) calibrated by a Shimadzu 15A gas 

chromatograph (GC) equipped with a thermal conductivity detector (TCD) and a 100/120 

Carbosieve SII packed stainless steel column (10'×1/8", Shimadzu, Atlanta, Ga.) (Cheng and 

Liu, 2002). The oxygen uptake rate (OUR, mmol/day), CO2 production rate (CPR, 

mmol/day), cumulative oxygen uptake (COU, mmol), cumulative CO2 production (CCP, 

mmol), and microbial respiratory quotient (RQ, moles of carbon dioxide produced per mole 

of oxygen consumed) were calculated based on changes in O2 and CO2 concentrations over 

time (Figure E3 and E4 in Appendix E) (Smits et al., 1996).  

Holocellulose (substrate, SC) and lignin content (substrate, SL) remaining after 

pretreatment, were defined as gram of holocellulose or lignin left per gram of initial substrate 

(dry basis). Cellulolytic enzyme (PC), represented by cellulase activities (IU/ml) were tested 

by a filter paper assay using a modified DNS assay (Chinn, 2003). To estimate the amount of 

enzyme produced, a 1070 IU/g protein coefficient was used to convert the cellulase activities 
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into gram cellulase protein per gram initial dry cotton stalks (Sun and Cheng, 2005) as shown 

by equation 2 . Ligninolytic enzymes (LiP and MnP, PL) was estimated by measuring TKN 

(organic nitrogen) in the enzyme extracts (minus the base TKN in autoclaved cotton stalk 

extract, CTKN, base and the amount of cellulase, PC) as show in equation 3  

0

E FPU
C

k C VP
w

⋅ ⋅
=

             eqn. 2 

, ,

0

( )T TKN E TKN base
L C

k C C V
P P

w
⋅ − ⋅

= −
                              eqn. 3 

Model Assumptions and Setup 

Efforts were made to apply single phase model equations introduced in Chapter 7 on 

solid state cultivation data set. Model parameters were estimated and validated followed by 

approaches as described in Chapter 7. However, results showed that predictive ability of 

single phase model equations was limited because single phase model may have 

oversimplified the fungus’ multi-phase behavior grown on heterogeneous substrates (Table 

A8.3 and A8.4). Therefore, multi-phase equations were proposed in this present study to 

model the biomass growth, substrates consumption and enzyme production curves during 14 

days fungal pretreatment period. 

Several types of kinetic equations of varying complexity, such as linear, exponential, 

logistic equations and Monod equation have been suggested to describe biomass growth 

during SSC (Sangsurasak et al. 1996). Among these, the logistic equation is commonly used 

due to its relative simple form (Lenz et al., 2004). The model describes the growth of a 

microbial population as a function of maximum population density, specific growth rate, and 

time (Pearl and Reed, 1920).  It has been proved that the logistic equation can be successfully 
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applied to many, but not all, cases of fungal growth on solid substrates (Viccini et al., 2001). 

One limitation of the logistic equation is its non-association with substrate consumption, 

making it unable to represent the effects of substrate variation, especially in the case of 

fungal growth on heterogeneous or multiple substrates. In this study, the consumption of both 

lignin and holocellulose as substrates had significant effect on the optimization of the fungal 

pretreatment process. Thus, the kinetic equations were designed to model the interaction 

between fungal growth and consumption of both substrates. Monod equation, relating 

limiting nutrient concentration to biomass growth rate, is capable of representing both 

aspects. Hence, the generic Monod equation (Monod, 1949) was written as: 

max SdX X
dt Ks S

μ ⋅
= ⋅

+                                             eqn. 4 

In case of growth on mixed substrates, an extended Monod equation that contains 

parameters with multiple substrates (1 to k) has been proposed as shown in eqn 5 (Tsao and 

Hanson, 1975). 

max1 1 max 2 2 max

1 1 2 2

( )k k

k k

S S SdX X
dt Ks S Ks S Ks S

μ μ μ⋅ ⋅ ⋅
= + + ⋅⋅⋅ ⋅

+ + +                   eqn. 5 

The substrate is consumed to support the metabolisms of biomass growth, product 

synthesis, and maintenance of microbial cells (Pirt, 1965). A commonly used equation for 

change in substrate concentration over time can be written as (Pirt and Righelato, 1967): 

/ /

1 1

X S P S

dS dX dP m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅
                           eqn. 6 

Enzymes play a major role in the breakdown of complex lignocellulosic feedstocks 

by fungi by making the substrates more accessible. Enzyme production associated with 
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fungal growth can be described by the Luedeking-Piret model (Luedeking and Piret, 1959) as 

follows: 

dP dX X
dt dt

α β= ⋅ + ⋅
                                          eqn. 7 

In this study, by analyzing the biomass growth, substrates consumption and enzyme 

production curves during 14 days period, it can be inferred that biomass growth follows a 

multi-phase behavior (Figures 8.3a, b). As supported by data shown in Figure 8.3a, 

holocellulose content decreased significantly from 0.494 to 0.377 g/g during 0-4 days, which 

coincides with the first exponential phase of fungal growth (Figure 8.3a) and the cellulase 

peak (Figure 8.3b). Lignin content remained constant at 0.308 g/g DW and no ligninolytic 

enzyme content was detected until day 4. From days 4-7, lignin content decreased 

significantly (P<0.05) while the holocellulose content became stagnant. Ligninolytic enzyme 

production was stimulated during this period because of carbon starvation (unavailability of 

easily accessible holocellulose) (Tien and Kirk, 1978). Meanwhile, cellulase activity 

depressed and dropped below 0.0003 g/g DW. As lignin removal occurred due to the action 

of ligninolytic enzymes, the fungus P. chrysosporium could open the tightly held lignin 

sheath to access the inner cellulose and hemicellulose, therefore utilizing both lignin and 

holocellulose simultaneously after day 7. As shown in Figure 8.3a, b, during 7-14 days, both 

lignin and holocellulose were degraded and both ligninolytic and cellulolytic enzymes were 

present. The fungal biomass also showed an increasing trend from 0.0132 to 0.0366 g/g DW. 

Based on these analyses, the following assumptions were made to set up kinetic 

models derived from eqn 4 -7:   

1) Phase 1 – days 0 to 4: fungus prefers holocellulose (SC) rather than lignin (SL) as 
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its limiting carbon source; Lignin content remains constant (dSL/dt=0) and no ligninolytic 

enzyme is produced (dPL/dt=0);  

max C

S C

SdX X
dt K S

μ ⋅
= ⋅

+                                         eqn. 8 

/ /

1 1C C

X S P S

dS dPdX m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅
                         eqn. 9 

CdP dX X
dt dt

α β= ⋅ + ⋅
                                              eqn. 10 

2) Phase 2 – days 4-7: easily accessible holocellulose is depleted and fungus switches 

to lignin (SL); ligninolytic enzyme production (PL) is stimulated, while holocellulose (SC) 

consumption and cellulase (PC) production cease (dSC/dt=0, dPC/dt=0). 

max L

S L

SdX X
dt K S

μ ⋅
= ⋅

+                                            eq. 11 

/ /

1 1L L

X S P S

dS dPdX m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅
                         eq. 12 

LdP dX X
dt dt

α β= ⋅ + ⋅
                                              eq. 13 

3) Phase 3 – days 7-14: fungus regains access to the inner holocellulose; and starts 

utilizing both holocellulose (SC) and lignin (SL) simultaneously; 

max, max,

, ,

( )C C L L

S C C S L L

S SdX X
dt K S K S

μ μ⋅ ⋅
= + ⋅

+ +
                               eq. 14 
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/ /

1 1

C C C

C C
C

X S P S

dS dPdX m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅
                        eq. 15 

/ /

1 1

L L L

L L
L

X S P S

dS dPdX m X
dt Y dt Y dt

= − ⋅ − ⋅ − ⋅
                      eq. 16 

C
C C

dP dX X
dt dt

α β= ⋅ + ⋅
                                           eq. 17 

L
L L

dP dX X
dt dt

α β= ⋅ + ⋅
                                           eq. 18  

Modeling and Data Analysis 

All treatments were conducted in triplicate. Primary models for fungal growth, lignin 

and holocellulose consumption, and the production of ligninolytic and cellulolytic enzymes 

were developed using an average of two randomly selected experimental replicates. The third 

data set was used to validate the developed models. 

Data were analyzed using PROC GLM in SAS 9.1 software (SAS Inc., Cary, NC) for 

means and variances. Model parameters were estimated and validated by the System Biology 

Toolbox applied as a global optimization algorithm (Schmidt and Jirstrand, 2006) under 

MatLab 7.1 (The MathWorks, Inc., Natick, MA).  

Results and Discussion 

Fungal Biomass Estimation 

Direct measurement of fungal biomass in SSC is tedious and essentially impossible 

due to the difficulties in quantitatively separating intimately bound microorganisms from the 

solid particles as well as the extremely heterogeneous solid substrate and biomass 
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distribution (Raimbault, 1998). Indirect methods measuring specific cell constituents such as 

glucosamine, ergosterol, nucleic acids and the most classically, protein have been developed 

(Matcham et al., 1985; Desgranges et al., 1991a) and shown to be effective indicators for 

biomass concentration. It is reported that microbial respiration activities (OUR and CPR) or 

dry mass loss can also be correlated to fungal growth (Desgranges et al., 1991b; Terebiznik 

and Pilosof, 1999). Based on the information available, it is necessary to select one or several 

indicators that are well adapted to the specific microorganism and the substrate. Factors such 

as presence and stability of the selected indicator under fungal development and cultivation 

conditions, presence of background indicators in the substrate itself, and the accuracy and 

operatability of methods should be considered (Bellon-Maurel et al., 2003) for selection of an 

indicator. 

In this study, fungal biomass was estimated by quantifying the organic nitrogen 

content (through TKN method) in solids (Figure 8.1a). Untreated samples showed a TKN 

level at 9.0 mg/g (0.9%, w/w)dry cotton stalks, while the TKN content increased with fungal 

growth during pretreatment and reached 15.9 mg/g dry pretreated sample. The changes in 

TKN content could be correlated to the growth of P. chrysosporium that utilizes nitrogen in 

cotton stalk to support its metabolic activities especially protein synthesis. By doing a 

nitrogen balance, it was seen that the fungus in fact accumulated nitrogen in its cells when 

grown on cotton stalks. Furthermore, a linear correlation (by a factor of kT=10.3, as shown in 

equation 1) between the fungal biomass and presence of TKN was confirmed by cultivating 

pure P. chrysosporium on PDA medium (data not shown). Therefore, organic nitrogen 

content is an indicator that can represent fungal growth on cotton stalks, and has also been 

successfully applied on biomass estimation in several previous studies (Laukevics et al., 1984 
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and Desgranges et al., 1991b).  

Two alternative approaches measuring 1) dry mass loss and 2) oxygen uptake and 

carbon dioxide production were also explored as indirect methods for fungal biomass 

estimations (Figure 8.1a). These measurements are simple, convenient and can be done 

continuously using a weighing device or O2/CO2 analyzer. The use of O2 consumption for 

fungal growth estimation in SSF has been widely reported (Nishio et al., 1979; Okazaki et 

al., 1980). The measured values were tested for correlation with TKN derived fungal biomass 

(Figure 8.1b). COU and CCP represented the TKN derived fungal growth with coefficients 

of determination (R2) at 0.8495 and 0.8476, respectively. DML also showed good 

correlations of 0.9505 and 0.9504 with COU and CCP, respectively. However, correlation 

with TKN derived fungal biomass was relatively low (R2 =0.8708). A possible explanation is 

that dry mass loss was mainly due to CO2 evolution, formation of volatile products, and 

evaporation of water during metabolism and consumption of water during polysaccharide 

hydrolysis, which implicates a direct correlation between DML and COU/CCP in the SSC 

system (Dorta et al., 1994; Terebiznik and Pilosof, 1999). Although DML and COU/CCP 

present good information about metabolic activities, they may not be consistent (linear) 

indicators of fungal biomass since they can vary during the different stages of fungal growth 

(Mitchell 1992; Raimbault, 1998). It is therefore necessary to develop suitable correlation 

models which relate oxygen uptake and biomass growth before it can be used for on-line 

biomass estimation (Mitchell, 1992). However, in spite of limitations, monitoring of DML, 

oxygen consumption and carbon dioxide evolution are promising techniques which can 

provide fast and on-line information for estimation of biomass and metabolic activities 

compared to the time-consuming approach of cell component assays (Raimbault, 1998). 
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Fungal Respiratory Metabolism 

The fungal respiratory activities such as OUR/CPR and RQ not only serve as 

indicators for fungal growth but also reflect metabolic activities especially lignin 

degradation.  It was noted that both OUR and CPR peaked during days 4-8, which coincided 

with the period when lignin degradation occurred (Figures 8.2 and 8.3a). This may be 

attributed to the oxidation of the lignin molecule in the presence of peroxidases during 

delignification by white-rot fungi (Levonen-Mufloz and Bone, 1985). The respiratory 

quotient (RQ, calculated from the ratio of CO2 produced / O2 consumed) has been reported to 

vary when different organic components are degraded during various growth phases under 

aerobic conditions (Atkinson and Mavituna, 1983; Atkinson et al., 1997; Raimbault, 1998). 

RQ less than 1 (0.74 on average in this study) indicates oxidation of lignin combined with 

metabolism of polysaccharides, while a lower RQ probably indicates strong delignification 

activities (Levonen-Mufloz and Bone, 1985). These results indicate that oxygen 

supplementation is a critical factor for effective delignification.  

Model Parameter Estimation 

The parameters estimated by the System Biology Toolbox are tabulated in Table 8.1. 

It was noted that holocellulose as a substrate supported higher maximum specific growth rate 

(μmax) than lignin. During phase 1 (day 0-4), when holocellulose was consumed as the major 

substrate, a greater μmax of 0.8765 day-1 was observed than a μmax of 2.10E-08 day-1 when the 

fungus switched to lignin as its main substrate during day 4-7.  A similar phenomenon 

occurred during 7-14 days, when P. chrysosporium utilized both lignin and holocellulose as 

its substrates. Holocellulose supported a higher maximum specific growth rate (μmax) of 

0.4105 day-1 relative to lignin (0.0192 day-1). A possible reason might be the nature of lignin 
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catabolism such that the yield of new fungal biomass from this metabolic process is 

extremely low (Kirk et al., 1976). As a complex polymer of phenylpropane units, lignin has 

been thus far proven as resistant to microbial degradation. Although, P. chrysosporium as 

one of the best candidates is capable of effectively breaking down lignin, the effort to 

degrade these complex polymers requires much higher levels of metabolic energy and 

nutrients (Ander and Eriksson, 1975). Previous studies have proved that lignin degradation 

requires a more readily degradable substrate to support the energy gain of white rot fungi 

(Kirk et al., 1976). At a stage when lignin was the primary carbon source, the fungal biomass 

growth rate remained at a very low level as no significant increase in X was observed. A 

comparison between the yield coefficients (YX/S) of biomass (X) from substrates (S) also 

supported these arguments. Yields of biomass from holocellulose as substrate (0.0949 and 

0.4371) were higher than those of lignin as substrate (0.0102 and 0.0098). Energy spent for 

maintaining the metabolic activities of fungal biomass elevated as the fungal biomass 

increased. As shown in Table 8.1, the maintenance coefficients during days 4-7 (m=0.0255) 

and 7-14 (m= 0.0365 and 0.0477 for SC and SL respectively) were greater when compared 

with phase 1 (m=0.0053).  

Interestingly, the growth/non-growth associated constants obtained (α = 0.0060 g-

cellulase/g-biomass and β = 4.15E-09 g-cellulase/g-biomass/d) through the kinetics study 

indicated that a growth-associated factor played a more important role in cellulase production 

during day 0-4. However, it seemed that ligninolytic enzyme production during 4-7 days was 

more likely a process not associated to fungal growth (α = 0.0048 g-ligninolytic enzymes/g-

biomass and β = 0.0175 g-ligninolytic enzymes /g-biomass/d). In a study by Kirk et al. 

(1976) it has been shown that the production of ligninolytic enzymes is stimulated after the 
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fungus depletes the easily-accessible holocellulose and needs to switch to lignin as substrate. 

This could be explained by the fact that lignin cannot support high fungal biomass growth 

(Ander and Eriksson, 1975).  

In general, if two or more substrates are present in the medium, growth initially 

occurs on the substrate that is preferentially metabolized and then potentially on all substrates 

simultaneously. This phenomenon of utilization of one substrate followed by the second is 

defined as a diauxic growth on mixed substrates (Monod, 1949). Cotton stalk is a 

heterogeneous and chemically complex lignocellulosic feedstock, which consists of 

holocellulose (49.4%), lignin (30.8%), and other components (19.8%) such as extractives and 

ash (Chapter 3). There is a noticeable amount of easily-accessible cellulose, which consists 

of cotton fiber residues (almost pure cellulose) in untreated cotton stalk, hence the 

preferential metabolism of holocellulose in phase 1 (day 0-4). After depleting the easily-

accessible holocellulose, the fungi switched to lignin substrate by adjusting its enzyme 

systems to ligninolytic enzymes (phase 2, day 4-7). During 7-14 days, fungus utilized both 

holocellulose and lignin as its substrates. This could be a simultaneous process or an 

alternative process that impacts shifting from one substrate to another.  

Model Validation 

Model curves were generated by substituting the estimated kinetic parameters (Table 

8.1) into the respective phase equations and compared by plotting both experimental 

(independent data set) and the model predicted values (Figures 8.4a, b). Further comparison 

was achieved via linear regression through origin of experimental data on predicted values. If 

the model can describe the data, the resulting R-squared (coefficient of determination) should 

be high and the slope should fall near unity (Table 8.2, Figures A8.5a-e in Appendix A).  
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Overall, the models proposed in this research predicted the experimental data well. 

Estimated parameters yielded sufficiently accurate predictions (Table 8.2) for fungal growth 

(slope=0.9967; R2=0.9724), holocellulose consumption (slope=1.0033; R2=0.9686) and 

lignin degradation (slope=1.0122; R2=0.9309). Although, generally the models gave a good 

estimation of ligninolytic enzyme production over time (R2=0.9203), there was under 

estimation of the predicted values as represented by a slope of 1.1129. The predictability of 

cellulase production (R2=0.6133) by the models established in this study was relatively low 

although a good linear correlation was obtained (slope=1.0639). This may be associated with 

the bias introduced in cellulase activity measurements due to the high affinity of cellulase to 

substrates (Bothwell et al., 1997). Another possible explanation for lower predictive ability is 

that the model may have been over-simplified by assuming that no change occurs in 

holocellulose and cellulase content during day 4-7. 

Mathematic modeling has important implications on the design and optimization of 

fungal pretreatment processes. The purpose of pretreatment is to enhance the enzymatic 

digestibility of cellulose through breakdown of the lignin and preserving the cellulose content 

(Silverstein et al., 2006). However, the feasibility of fungal pretreatment processes is still 

questioned, due to the extremely long treatment time as well as the difficulty in selectively 

degrading lignin. As indicated in this study, majority of the lignin degradation occurred 

during 4-7 days, since the fungus first depleted the easy-accessible holocellulose until it 

experienced nutrient starvation. In chemically defined media, ligninolytic peroxidases 

(ligninolytic enzymes) are secreted only in response to nutrient depletion, especially nitrogen 

limitation and carbon limitation (Tien and Kirk, 1988). However, in this study where cotton 

stalks served as a heterogeneously feedstock, nitrogen may not be a limiting factor. A TKN 
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analysis showed that cotton stalks culture media contains approximately 30.7mM nitrogen, 

which exceeds the lower N limitation of 2.4 mM (Tien and Kirk, 1988). Hence the probable 

mechanisms of ligninolytic enzyme production and delignification may vary on 

lignocellulosic biomass.  

Higher selectivity for lignin degradation can be achieved by choosing different fungal 

species such as P. ostreatus and C. subvermispora or genetically modifying P. 

chrysosporium that lack the ability to produce cellulase (Kirk et al., 1986; Kerem et al., 1992; 

Taniguchi et al., 2005). However, based on the observations in this research and previous 

studies, the energy gain from lignin catabolism alone might be too low to support the normal 

fungal growth and metabolic activities (Ander and Eriksson, 1975). In order to provide 

carbon/energy sources other than cellulose/hemicellulose, supplementation with low grade 

sugar/starch wastes may be feasible alternatives. Engineered microbial species that use only 

hemicellulose as carbon/energy source could be another possible solution. However, this 

approach may reduce the availability of xylose as a fermentable sugar. Further investigations 

into other mechanisms that control the metabolic activities of delignification will also help to 

optimize the fungal pretreatment process.  

Conclusions 

In this study, a set of mathematical models have been proposed for describing the 

fungal growth, holocellulose consumption, lignin degradation, cellulase and ligninolytic 

enzyme production associated with the growth of P. chrysosporium on cotton stalks for 14 

days. Extended Monod equations were applied in order to capture the situations that both 

holocellulose and lignin were used as substrates. Additionally, substrate consumption 

equations were used to predict the effects of substrate utilization on biomass growth, product 
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synthesis, and maintenance of microbial cells. Luedeking-Piret equations were utilized to 

describe enzyme productions associated with utilization of substrates. The models were 

established in three different phases (I: day 0-4, II: day 4-7, III day 7-14) based on 

assumptions on fungal growth and substrates consumption.  

The models yielded sufficiently accurate predictions for fungal growth, holocellulose 

consumption, lignin degradation and ligninolytic enzyme production, but fair predictions for 

cellulase production. Further improvement could be achieved by developing accurate 

cellulase assays and revision of model equations to incorporate process parameters such as 

temperature, pH and dimensional variables into existing models. And a related sensitivity 

analysis could result in further improvement in the predictive abilities of the models. 

Acknowledgements 

The authors would like to thank Dr. Van Den Truong (Dept of Food Science, NCSU), 

Roger Thompson (USDA-ARS, NCSU) and Rachel S. Huie (Dept of Biological and 

Agricultural Engineering, NCSU) for generously helping with O2/CO2 analysis. 



 

 195

References 

Ander P, Eriksson KE, 1975. Influence of carbohydrates on lignin degradation by the white-rot 

fungus Sporotrichum pulverulenturn. Svensk Papperstidn 78:643-652 

Atkinson B, Mavituna F. 1983. Biochemical engineering and biotechnology handbook. New York: 

Nature Press. 

Atkinson CF, Jones DD, Gauthier JJ. 1997. Microbial activities during composting of pulp and paper-

mill primary solids. World J Microbiol Biotechnol 13:519– 525. 

Barclay CD, Legge RL, Farquhar, GF, 1993. Modeling the growth kinetics of Phanerochaete 

chrysosporium in submerged static culture. Appl Environ Microbiol 59:1887-1892 

Bellon-Maurel V, Orliac O, Christen P., 2003. Sensors and measurements in solid state fermentation: 

a review. Process Biochem 38: 881–896 

Camarero, S, Galletti, GC, Martinez, AT, 1994. Preferential degradation of phenolic lignin units by 

two white rot fungi. Appl Environ Microbiol., 60: 4509-16. 

Cheng J, Liu B, 2002. Swine Wastewater Treatment in Anaerobic Digesters with Floating Medium 

Transactions of the ASAE, 45: 799–805 

Chinn, MS, 2003. Solid Substrate Cultivation of Anaerobic Thermophilic Bacteria for the Production 

of Cellulolytic Enzymes. Ph.D. dissertation. Lexington, KY: University of Kentucky, 

Department Biosystems and Agricultural Engineering. 

Couto, SR, Santoro R, Cameselle C, 1998. Effect of different parts of the corncob employed as a 

carrier on ligninolytic activity in solid state cultures by Phanerochaete chrysosporium. 

Bioprocess Engineering. 18: 251-255 

Desgranges C, Vergoignan C, Georges M, Durand A, 1991a. Biomass estimation in solid state 

fermentation. I. Manual bio-chemical methods. Appl Microbiol Biotechnol 35: 200-205 

Desgranges C, Georges M, Vergoignan C, Durand A, 1991b. Biomass estimation in soid state 

fermentation. II. On line measurements. Appl Microbiol Biotechnol 35: 206-209 

Dorta B, Bosch A, Arcas J, Ertola R, 1994. Water balance in solid state fermentation without forced 

aeration. Enzyme Microbiol. Technol. 16: 562–565. 

Ehrman, T, 1994. Method for determination of total solids in biomass. In: Laboratory Analytical 

Prodedures No. 001. Golden, CO. National Renewable Energy Laboratory 



 

 196

Ehrman, T, 1996. Method for determination of acid-soluble lignin in biomass. In: Laboratory 

Analytical Prodedures No. 004. Golden, CO. National Renewable Energy Laboratory. 

EPA Manual 351.2, 1979. Determination of Total Kjeldahl Nitrogen by Semi-Automated 

Colorimetry, EPA 60014-79-020. 

Hadar, Y, Kerem, Z, and Gorodecki, B, 1993. Biodegradation of lignocellulosic agricultural waste by 

Pleurotus ostreatus. Journal of Biotechnology, 30: 133-139 

Hatakka, AI, 1983. Pretreatment of wheat straw by white-rot fungi for enzymic saccharification of 

cellulose. Eur. J. Appl. Microbiol. Biotechnol. 18, 350–357 

Keller, FA, Hamilton, JE, Nguyen, QA, 2003. Microbial Pretreatment of Biomass Potential for 

Reducing Severity of Thermo-chemical Biomass Pretreatment. Applied Biochemistry and 

Biotechnology. 105: 27-41 

Kerem, Z, Friesem, D, and Hadar, Y, 1992. Lignocellulose Degradation during Solid-State 

Fermentation: Pleurotus ostreatus versus Phanerochaete chrysosporium, Appl Environ 

Microbiol, 58: 1121-27 

Kirk TK, Connors WJ, Zeikus JG, 1976. Requirement for a growth substrate during lignin 

decomposition by two wood-rotting fungi. Appl Environ Microbiol 32:192-194 

Kirk, TK, Schultz, E, Connors, WJ, and Zeikus, JG, 1978. Influence of culture parameters on lignin 

metabolism by Phanerochaete chrysosporium. Arch. Microbiol., 117: 277-285 

Laukevics, JJ, Apsite, AF, Viesturs, UE, and Tengerdy, RP, 1984. Solid substrate fermentation of 

wheat straw to fungal protein. Biotechnol Bioeng 26: 1465-1474.   

Lenz, J, and Hoffer, M, Krasenbrink, J, and Holker, U, 2004. A survey of computational and physical 

methods applied to solid-state fermentation Appl. Microbiol. Biotech, 65: 9 - 17 

Levonen-Mufloz E and Bone DH, 1985. Effect of different gas environmentson bench-scale solid 

state fermentation of oat straw by white-rotfungi, Biotechnol. Bioeng., 27: 382–387 

Liu, C, Wyman, CE, 2004. Impact of Fluid Velocity on Hot Water Only Pretreatment of Corn Stover 

in a Flowthrough Reactor. Appl Biochem Biotechnol, 115: 977-988 

Luedeking, R, and Piret, EL, 1959. Transient and steady states in continuous fermentation. Theory 

and experiment. J. Biochem. Microbiol. Technol. Eng. 1: 431-459. 

Matcham, SE, Jordan, BR, Wood, DA, 1985. Estimation of fungal biomass in a solid substrate by 

three independent methods. Appl Microbiol Biotechnol 21:108–112 



 

 197

Mitchell, DA, 1992. Biomass determination in solid-state cultivation, in Solid Substrate Cultivation. 

ed. Doelle, H. W., Mitchell, D. A. and Rolz, C. E. Elsvier Applied Science, London and New 

York. pp. 53–63. 

Monod, J, 1949. The growth of bacterial cultures. Annu. Rev. Microbiol. 3:371-394 

Nishio M, Tai K, Nagai S, 1979. Hydrolase production by Aspergillus niger in solid state cultivation. 

Eur J Appl Microbiol Biotechnol 8: 263–270 

NREL (National Renewable Energy Laboratory), 2000. Technical report: Determining the Cost of 

Producing Ethanol from Corn Starch and Lignocellulosic Feedstocks, NREL/TP-580-28893 

Okazaki, N, Sugama, S, and Tanaka, T, 1980. Mathematical model for surface culture of Koji mold. J 

Ferment Technol 58, 471–476 

Pearl, R, and Reed, LJ, 1920. On the rate of growth of the population of the United States since 1790 

and its mathematical representation. Proc. Nat. Acad. Sci. 6: 275-288. 

Pirt SJ, 1965. The maintenance energy of bacteria in growing cultures. Proc Roy Soc B 163:224–231 

Pirt SJ, Righelato RC, 1967. Effect of growth rate on the synthesis of penicillin by Penicillium 

chrysogenum in batch and chemostat cultures. Appl Microbiol Biotechnol 15: 1284-1290 

Raimbault M, 1998. General and microbiological aspects of solid substrate fermentation. Electronic J 

Biotechnol 1:1–15 

Ruiz, R, Ehrman, T, 1996. Determination of carbohydrates in biomass by high performance liquid 

chromatography. In: Laboratory Analytical Procedures No. 002. Golden, CO. National 

Renewable Research Laboratory. 

Sangsurasak P, Nopharatana M, Mitchell DA, 1996. Mathematical modeling of the growth of 

filamentous fungi in solid-state fermentation. J Sci Indust Res 55: 333-342 

Schmidt, H, and Jirstrand, M, 2006. Systems Biology Toolbox for MATLAB: A computational 

platform for research in Systems Biology, Bioinformatics 22, 514-515 

Silverstein RA, Chen Y, Sharma-Shivappa RR, Boyette MD, Osborne J, 2006. A Comparison of 

Chemical Pretreatment Methods for Improving Saccharification of Cotton Stalks. Bioresour 

Technol. In Print 

Smits JP, Rinzema A, Tramper H, Knol W, 1996. Accurate determination of process variables in a 

solid-state fermentation system. Process Biochem 31: 669-678 



 

 198

Sun, Y, Cheng, JJ, 2005. Dilute acid pretreatment of rye straw and bermudagrass for ethanol 

production. Bioresour Technol, 96, 1599-1606. 

Taniguchi, M, Suzuki, H, Watanabe, D, Sakai, K, Hoshino, K, Tanaka, T, 2005. Evaluation of 

pretreatment with Pleurotus ostreatus for enzymatic hydrolysis of rice straw. J. Biosci. Bioeng. 

100, 637-643 

Tatsuro, S, Yoshitoshi, N, Fumihisa, K, 1995. Effects of fungal pretreatment and steam explosion 

pretreatment on enzymatic saccharification of plant biomass. Biotechnol bioeng, 48: 719-724 

Templeton, D, Ehrman, T, 1994. Determination of acid-insoluble lignin in biomass. In: Laboratory 

Analytical Prodedures No. 003. Golden, CO. National Renewable Energy Laboratory. 

Terebiznik MR, Pilosof AMR, 1999. Biomass estimation in solid state fermentation by modeling dry 

matter weight loss, Biotechnol Techniques, 13: 215-219 

 Tien, M, and Kirk, TK, 1988. Lignin peroxidase of Phanerochaete chrysosporium. Methods in 

Enzymology, 161: 238-49 

Tsao GT, Hanson TP, 1975. Extended Monod equation for batch cultures with multiple exponential 

phases. Biotechnol Bioeng 17:1591–1598 

Varga, E, Reczey, K, Zacchi, G, 2004. Optimization of steam pretreatment of corn stover to enhance 

enzymatic digestibility. Appl Biochem Biotechnol. 113-116:509-23 

Viccini G, Mitchell DA, Boit SD, Gern JC, da Rosa AS, Costa RM, Dalsenter FDH, von Meien OF, 

Krieger N, 2001. Analysis of growth kinetic profiles in solid-state fermentation. Food Technol 

Biotechnol 39:271–294 



 

 199

0 2 4 6 8 10 12 14

0

10

20

30

40

50

TK
N

 (m
g/

g 
pr

et
re

at
ed

 c
ot

to
n 

st
al

ks
)

C
O

U
, C

C
P 

(m
m

ol
), 

D
M

L 
(%

)

Time (days)

 COU
 CCP
 DML

9

10

11

12

13

14

15

16

17

 TKN

 

0 10 20 30 40
0

10

20

30

40

50

60
 COU R2=0.8495
 CCP R2=0.8476
 DML R2=0.8704

C
O

U
, C

C
P 

(m
m

ol
/g

); 
D

M
L 

(%
)

Fungal Biomass * 1000 (g/g DW)

 

Figure 8.1 Comparison of Biomass estimation methods a) time course of COU, CCP, DML 

and TKN during 14 days SSC pretreatment by Phanerochaete chrysosporium; b) 

correlations between COU, CCP, DML and TKN derived fungal biomass  
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Figure 8.2 Changes of OCR/CPR during time course of 14 days cultivation of Phanerochaete 

chrysosporium  
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Figure 8.3 a) Holocellulose, lignin, fungal biomass; b) cellulase and ligninase during 14 days 

treatment by Phanerochaete chrysosporium  
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Figure 8.4 Experimental and predicted fungal biomass, holocellulose, lignin, cellulase and 

ligninolytic enzyme during 14 days treatment by Phanerochaete chrysosporium; a) 

Biomass, X, holocellulose, SC and lignin, SL; b) cellulase production, PC and ligninolytic 

enzyme production, PL 
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Table 8.1 Summative parameter estimation results for SSC 1d oxygen flushing pretreatment 

models 

day 7-14 parameters day 1-4 day 4-7 
SC SL 

μmax 0.8765 2.10E-08 0.4105  0.0192 
Ks 1.8378 0.9581 0.1504 0.3609 

YX/S 0.0949 0.0102 0.4371 0.0098 
YP/S 0.0026 0.0896 0.0039 0.0018 
m 0.0053 0.0255 0.0365 0.0477 
α 0.0060 0.0048 0.0029 1.00E-08 
β 4.15E-09 0.0175 0.0034 1.00E-08 
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Table 8.2 Summative model validation results for SSC 1d oxygen flushing pretreatment 

models 

Model variables Slope R2 

Biomass, X 1.0122 0.9309 
Holocellulose, SC 0.9967 0.9724 
Lignin, SL 1.0033 0.9686 
Cellulase, PC 1.0639 0.6138 
Ligninolytic enzymes, PL 1.1129 0.9203 
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CHAPTER 9 

Conclusions and Scope for Future Research 

In this study, microbial pretreatment using Phanerochaete chrysosporium, was 

explored to treat cotton stalks to facilitate the conversion into ethanol. The main conclusions 

are listed as follows: 

1) Shallow stationary cultivation with no salts (ST) is superior to other submerged 

pretreatment conditions by giving 20.7% lignin degradation along with 76.3% solids 

recovery and 29.0% carbohydrate availability.  

2) Solid state cultivation at 75% M.C. without salts was the most preferable solid state 

pretreatment resulting in 27.6% lignin degradation, 71.1% solids recovery and 41.6% 

carbohydrate availability over a period of 14 days.  

3) Moisture content significantly affected lignin degradation, with 75% and 80% M.C. 

degrading approximately 6% more lignin than 65% M.C. after 14 days.  

4) The pretreatment did not increase the hydrolysis efficiency (10.98% and 3.04% for 

SmC and SSC pretreated samples, respectively) compared with untreated cotton stalk 

samples (17.93%).  

5) Heating and washing of the pretreated cotton stalks before hydrolysis significantly 

increased the cellulose conversion to 14.94% and 17.81% for SmC and SSC 14 day 

pretreatment, respectively.  

6) Electrophoretic analysis (SDS-PAGE) suggested presence of protein bands with 

expected molecule weights to MnP and LiP in the enzyme extracts from SmC and SSC 

cultivation of cotton stalks during 14 days pretreatment period. However, spectrophotometric 
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enzyme assays failed to detect any LiP and MnP activities on enzyme extracted from fungal 

pretreatment cultures.  

7) In spite of limitations, mathematical models established in this study adequately 

described holocellulose consumption, lignin degradation, cellulase and ligninolytic enzyme 

production, and oxygen uptake associated with the growth of P. chrysosporium during 14 

days fungal pretreatment. 

 

The potentials and some critical aspects of fungal pretreatment using P. 

chrysosporium have been explored in this study. However, for commercial application of this 

environmentally benign technology, further investigation is still required. 

 One of the main remaining challenges of fungal pretreatment technology is to 

improve the selectivity for preferential lignin degradation thus preserving more cellulose and 

to shorten the pretreatment period. Improvement of pretreatment efficiency could be 

achieved by further investigation of cultivation conditions. The performance of selective 

lignin degradation is highly dependent on the fungal species and type of lignocellulosic 

materials. It is of great interest in future to apply cellulase-deficient P. chrysosporium or 

other non-cellulose utilizing white rot species.  

Heat and washing before hydrolysis can remove the mycelia or inhibitors from the 

pretreated samples. However, an in-depth understanding of the inhibitory mechanism of 

lignin derivatives on β-glucosidase activity may help to develop approaches in order to 

effectively remove inhibitors thus improve the hydrolysis efficiency. 

Concerning the low predictability of establishing models especially for cellulase 

production and fungal growth in SmC pretreatment, revision of model equations that are 
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capable of representing multi-phase behaviors could further improve the predictive ability of 

kinetic models. Frequency of oxygen flushing (1d vs. 3d) has important affects on metabolic 

activities such as fungal growth, substrate consumption and enzyme productions. However, 

further research is required so that the mechanism of oxygen utilization and delignification 

can be clearly understood. Incorporation of process parameters such as temperature, pH and 

dimension variables into existing models and the related sensitivity analysis will make the 

kinetics more valuable for further development, optimization, and scaling up of the fungal 

pretreatment of cotton stalks by P. chrysosporium. Finally, a cost analysis will be critical for 

estimating the economics of an ethanol production process that employs this microbial 

pretreatment technology.  
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Appendix A: Figures and Tables 
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Figure A7.5 Validation of model with an independent set of data of SmC pretreatment by P. 

chrysosporium with 1d oxygen flushing; a) biomass, X; b) holocellulose, SC c) lignin, 

SL; d) cellulase production, PC; e) ligninolytic enzyme production, PL; f) oxygen uptake 
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Figure A7.6 Validation of model with an independent set of data of SmC pretreatment by P. 

chrysosporium with 3 day oxygen flushing; a) biomass, X; b) holocellulose, SC; c) 

lignin, SL; d) cellulase production, PC; e) ligninolytic enzyme production, PL; f) oxygen 

uptake 
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Figure A8.5 Validation of model with an independent set of data of SmC pretreatment by P. 

chrysosporium with 1 day oxygen flushing; a) Holocellulose, SC b) lignin, SL; c) 

biomass, X; d) cellulase production, PC; e) ligninase production, PL  
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Figure A8.6 Changes of OCR/CPR during time course of 14 days SmC cultivation of P. 

chrysosporium with 3d oxygen flushing 
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Figure A8.7 Holocellulose, lignin, fungal biomass, cellulase and ligninolytic enzyme 

production during 14 days SSC treatment by P. chrysosporium with 3 day oxygen 

flushing 
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Table A8.3 Summative parameter estimation results using single phase model equations 

during 14 days SSC treatment by P. chrysosporium with 1d and 3d oxygen flushing 

Parameters SSC 1d oxygen flushing 
Estimated 

SSC 3d oxygen flushing 
Estimated 

μmax 1.4533 1.6671  
Xmax 0.0294 0.0180 
αC -0.0031 0.0020  
βC 0.0017 -0.0000 
αL 0.2238 0.2217  
βL 0.0056 -0.0048 
kLL 11.6635 11.7176 
YX/S 0.6215 0.2220 
m 1.1983 0.9154 

kLD 0.7680 0.2087 
YX/O 0.0072 0.0058 
mO 54.3721 39.4433 
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Table A8.4 Summative model validation results using single phase model equations during 

14 days SSC treatment by P. chrysosporium with 1d and 3d oxygen flushing 

1d oxygen flushing 3d oxygen flushing Model variables 
Slope R2 Slope R2 

Biomass, X 0.8945 0.7725 0.9553  0.8141 
Holocellulose, SC 1.0945  0.7117 0.9917 0.9396 
Lignin, SL 0.9975  0.9623 0.9852 0.2739 
Cellulase, PC 0.7874  0.0532 0.9812 0.0308 
Ligninolytic enzymes, PL 0.9180  0.8124 0.9016  0.5697 
Oxygen, O2 0.9699 0.9253 0.9960 0.9870 
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Appendix B: SAS source code for ANOVA and significance analysis 

 
/* --- SAS source code for ANOVA analysis - created by Jian Shi on Aug 16th, 2006 ---* 
/* --- Submerged Cultivation - LD & SR & AOC --- day by day - Cultivations & Salts*/ 
data SmC; 
input Salts$ Cultivations$ Days LD SR AOC@; 
/* ---------------Factors & Levels----------------- */ 
/* 'Salts' 3 levels: None, S, M */ 
/* 'Cultivations' 2 levels: ST (Shallow Stationary),AG (Agitated) */ 
/* 'Days' 12 levels: 0 2 3 4 5 6 7 8 9 10 12 14 */ 
/* ---------------Response Variables---------------- */ 
/* LD ---- Lignin Degradation*/ 
/* SR ---- Solid Recovery*/ 
/* AOC ---- Carbohydrate Availability*/ 
 
datalines; 
None ST 0 4.2485 91.5731 43.8159 
None ST 0 26.8304 72.7570 33.1477 
None ST 0 -14.6139 110.5796 30.8064 
…… 
M AG 14 9.8441 80.9613 21.1387 
M AG 14 13.8620 79.6075 16.8125 
M AG 14 7.9848 82.1495 23.5526 
run; 
 
proc GLM; 
class Salts Cultivations Days; 
model LD = Cultivations|Salts|Days; 
lsmeans Cultivations Salts Cultivations*Salts Days/pdiff; 
run; 
 
proc GLM; 
class Salts Cultivations Days; 
model SR = Cultivations|Salts|Days; 
lsmeans Cultivations Salts Days Cultivations*Salts*Days/pdiff; 
run; 
 
proc GLM; 
class Salts Cultivations Days; 
model AOC = Cultivations|Salts|Days; 
lsmeans Cultivations Salts Cultivations*Salts Days Salts*Days Cultivations*Salts*Days/pdiff; 
run; 
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/* --- SAS source program for ANOVA analysis - created by Jian Shi on Aug 15th, 2006 ---* 
/* --- Solid State Cultivation - LD & SR --- day by day - MC& Salts*/ 
data SSC; 
input Days Salts$ Moisture$ LD SR AOC@; 
/* ---------------Factors & Levels----------------- */ 
/* 'Salts' 3 levels: SD, SDS, SDM */ 
/* 'Moisture' 3 levels: 65%, 75%, 80% */ 
/* 'Days' 6 levels: 0 4 6 8 10 14 */ 
/* ---------------Response Variables---------------- */ 
/* LD ---- Lignin Degradation*/ 
/* SR ---- Solid Recovery*/ 
/* AOC ---- Carbohydrate Availability*/ 
datalines; 
0 SD 75% 7.2719 98.9247 43.1542 
0 SD 75% 7.4337 98.5663 32.4297 
0 SD 75% 0.7559 99.6416 45.9743 
…… 
14 SDM 80% 24.4595 72.7599 16.3869 
14 SDM 80% 24.1831 72.0430 23.7051 
14 SDM 80% 24.9387 71.6846 18.4838 
run; 
 
proc GLM; 
class Moisture Salts Days; 
model LD = Moisture|Salts|Days; 
lsmeans Moisture Salts Moisture*Salts Days Moisture*Days/pdiff; 
run; 
 
proc GLM; 
class Moisture Salts Days; 
model SR = Moisture|Salts|Days; 
lsmeans Moisture Moisture*Salts Days Moisture*Days/pdiff; 
run; 
 
proc GLM; 
class Moisture Salts Days; 
model AOC = Moisture|Salts|Days; 
lsmeans Moisture Days Moisture*Days/pdiff; 
run; 
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Appendix C: MatLab source codes for System Biology Toolbox for SSC 

 
 
%----------------------------------------------------- 
% File name: model0_4.m 
% Generated by Jian Shi on 11-23-2006 
% Matlab source code for parameter estimation using  
% System Biology Toolbox  
% For SSC1d Phase 1: day 0-4 
%----------------------------------------------------- 
  
clc; clear all; close all; 
  
% Load model descriptions from model0_4.txt file 
model=SBmodel('model0_4.txt'); 
  
% Load data from model0_4.xls file 
data=SBdata('model0_4.xls'); 
  
% Visualize data 
SBvisualizedata(data); 
  
% Parameter settings 
parameters=[]; 
parameters.names={'Um', 'Ks', 'Yxs', 'Yps', 'm', 'a', 'b'}; 
parameters.initialValues=[0.1 0.1 0.1 0.1 0.1 0.01 0.1]; 
parameters.signs=[1 1 1 1 1 1 1]; 
  
% Option settings 
option=[]; 
option.optimizer='simannealingSB'; 
  
% Run parameter estimation by giving model and data 
result=SBparameterestimation(model, parameters, data, option); 
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Filename: model0_4.txt 
 
 
 
********** MODEL NAME 
 
Microbial Pretreatment Kinetics 
Day 0-4 
********** MODEL NOTES 
Model:                                                    
Monod: dX/dt=Um*S*X/(Ks+S)                                       
dS/dt=-1/Yxs*dX/dt-1/Yps*dP/dt-m*S                               
       =-1/Yxs*(Um*S*X/(Ks+S))-1/Yps*(a*Um*S*X/(Ks+S)+b*X)-m*S   
dP/dt=a*dX/dt+b*X=a*Um*S*X/(Ks+S)+b*X 
  
Model Assumptions: 
1. Fungus utilizes easy-accessible free cellulose(include hemicellulose) as its first and only limited 
carbon source, which follows the Monod equation; 
2. Cellulase is regarded as the growth-associated product, which is described by Gaden model; 
3. No ligninase activity presents, therefore no lignin is degraded. 
  
********** MODEL STATES 
d/dt(X) = Um*S*X/(Ks+S)                                          
d/dt(S) = -(1/Yxs)*(Um*S*X/(Ks+S))-(1/Yps)*(a*Um*S*X/(Ks+S)+b*X)-m*S 
d/dt(P) = a*Um*S*X/(Ks+S)+b*X                                    
X(0) = 2e-5                                                         
S(0) = 0.54226                                                     
P(0) = 1.75e-4 
  
********** MODEL PARAMETERS 
Um=0.1 
Ks=0.1 
Yxs=0.1 
Yps=0.1 
m=0.1 
a=0.1 
b=0.1 
  
********** MODEL VARIABLES 
  
  
********** MODEL REACTIONS 
  
  
********** MODEL FUNCTIONS 
  
  
********** MODEL EVENTS 
  
  
********** MODEL MATLAB FUNCTIONS 
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%----------------------------------------------------- 
% File name: model4_7.m 
% Generated by Jian Shi on 11-23-2006 
% Matlab source code for parameter estimation using  
% System Biology Toolbox  
% For SSC1d Phase 2: day 4-7 
%----------------------------------------------------- 
  
clc; clear all; close all; 
  
% Load model descriptions from model4_7.txt file 
model=SBmodel('model4_7.txt'); 
  
% Load data from model4_7.xls file 
data=SBdata('model4_7.xls'); 
  
% Visualize data 
SBvisualizedata(data); 
  
% Parameter settings 
parameters=[]; 
parameters.names={'Um', 'Ks', 'Yxs', 'Yps', 'm', 'a', 'b'}; 
parameters.initialValues=[0.3 0.1 0.01 0.01 0.01 0.01 0.1]; 
parameters.signs=[1 1 1 1 1 1 1]; 
  
% Option settings 
option=[]; 
option.optimizer='simannealingSB'; 
  
% Run parameter estimation by giving model and data 
result=SBparameterestimation(model, parameters, data, option); 
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Filename: model4_7.txt 
 

********** MODEL NAME 
Microbial Pretreatment Kinetics 
Day 4-7 
********** MODEL NOTES 
Model:                                                    
Monod: dX/dt=Um*S*X/(Ks+S)                                       
dS/dt=-1/Yxs*dX/dt-1/Yps*dP/dt-m*S                               
       =-1/Yxs*(Um*S*X/(Ks+S))-1/Yps*(a*Um*S*X/(Ks+S)+b*X)-m*S   
dP/dt=a*dX/dt+b*X=a*Um*S*X/(Ks+S)+b*X 
  
Model Assumptions: 
1. Fungus depleted easily-accessible cellulose(include hemicellulose). It starts to degrade and utilize 
lignin as its first and only limited carbon source,  
2. Ligninolytic enzymes (represented by Liq_TKN) is regarded as the growth-associated product, 
which is described by Gaden model; 
3. No Cellulase activity presents, therefore no cellulose is degraded. 
4. Cell growth follows the Monod equation, however due to the high energy and nutrient requirement 
for switch on its lignin degrading enzyme system, cell growth rate keeps extremely low. 
  
********** MODEL STATES 
d/dt(X) = Um*S*X/(Ks+S)                                          
d/dt(S) = -(1/Yxs)*(Um*S*X/(Ks+S))-(1/Yps)*(a*Um*S*X/(Ks+S)+b*X)-m*S 
d/dt(P) = a*Um*S*X/(Ks+S)+b*X                                    
X(0) = 0.01545 
S(0) = 0.30727 
P(0) = 5.51504E-4 
  
********** MODEL PARAMETERS 
Um=0.1 
Ks=0.1 
Yxs=0.1 
Yps=0.1 
m=0.1 
a=0.1 
b=0.1 
  
********** MODEL VARIABLES 
  
  
********** MODEL REACTIONS 
  
  
********** MODEL FUNCTIONS 
  
  
********** MODEL EVENTS 
  
  
********** MODEL MATLAB FUNCTIONS 
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%----------------------------------------------------- 
% File name: model7_14.m 
% Generated by Jian Shi on 11-23-2006 
% Matlab source code for parameter estimation using  
% System Biology Toolbox  
% For SSC1d Phase 3: day 7-14 
%----------------------------------------------------- 
  
clc; clear all; close all; 
  
% Load model descriptions from model7_14.txt file 
model=SBmodel('model7_14.txt'); 
  
% Load data from model7_14.xls file 
data=SBdata('model7_14.xls'); 
  
% Visualize data 
SBvisualizedata(data); 
  
% Parameter settings 
parameters=[]; 
parameters.names={'Um1', 'Ks1', 'Yxs1', 'Yps1', 'm1', 'a1', 'b1', 'Um2', 'Ks2', 'Yxs2', 'Yps2', 'm2', 'a2', 
'b2'}; 
parameters.initialValues=[0.3 0.1 0.01 0.01 0.01 0.01 0.1 0.3 0.1 0.01 0.01 0.01 0.01 0.1]; 
parameters.signs=[1 1 1 1 1 1 1 1 1 1 1 1 1 1]; 
  
% Option settings 
option=[]; 
option.optimizer='simannealingSB'; 
  
% Run parameter estimation by giving model and data 
result=SBparameterestimation(model, parameters, data, option); 
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Filename: model7_14.txt 
********** MODEL NAME 
Microbial Pretreatment Kinetics 
Day 7-14 
********** MODEL NOTES 
Model:                                                    
Monod: dX/dt=Um*S*X/(Ks+S)                                       
dS/dt=-1/Yxs*dX/dt-1/Yps*dP/dt-m*S                               
       =-1/Yxs*(Um*S*X/(Ks+S))-1/Yps*(a*Um*S*X/(Ks+S)+b*X)-m*S   
dP/dt=a*dX/dt+b*X=a*Um*S*X/(Ks+S)+b*X 
  
********** MODEL STATES 
d/dt(X) = (Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X                                         
d/dt(S1) = -(1/Yxs1)*((Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X)-
(1/Yps1)*(a1*(Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X+b1*X)-m1*S1 
d/dt(S2) = -(1/Yxs2)*((Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X)-
(1/Yps2)*(a2*(Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X+b2*X)-m2*S2 
d/dt(P1) = a1*(Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X+b1*X       
d/dt(P2) = a2*(Um1*S1/(Ks1+S1)+Um2*S2/(Ks2+S2))*X+b2*X                              
X(0) = 0.01318 
S1(0) = 0.37146 
S2(0) = 0.24501                                        
P1(0) = 3.84108E-4 
P2(0)= 0.00613 
  
********** MODEL PARAMETERS 
Um1=0.1 
Ks1=0.1 
Yxs1=0.1 
Yps1=0.1 
m1=0.1 
a1=0.1 
b1=0.1 
Um2=0.1 
Ks2=0.1 
Yxs2=0.1 
Yps2=0.1 
m2=0.1 
a2=0.1 
b2=0.1 
  
********** MODEL VARIABLES 
  
  
********** MODEL REACTIONS 
  
  
********** MODEL FUNCTIONS 
  
  
********** MODEL EVENTS 
  
  
********** MODEL MATLAB FUNCTIONS 
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Appendix D: MatLab source codes for parameter estimation for SmC 

 
%---------------------------------------------------% 
% File name: fun_x.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for Biomass X 
%---------------------------------------------------% 
  
% Define the equations. 
function biomass = fun_x(beta, t) 
x0=4.4716E-05; 
umax=beta(1); 
xmax=beta(2); 
biomass=(x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax)); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=[1 1]; 
t=[0 2 4 5 6 7 8 10 12 14]; 
x=[4.4716E-05 0.0028 0.0088 0.0103 0.0147 0.0143 0.0069 0.0118 0.0227 0.0156]; 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, x, 'fun_x', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, x, 'fun_x', beta); 
[yhat, delta]=nlpredci('fun_x', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
nlintool(t,x,'fun_x', beta, 0.1, 't', 'Biomass, X') 
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%---------------------------------------------------% 
% File name: fun_sc.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for holocellulose consumption(Sc) 
%---------------------------------------------------% 
  
% Define the equations. 
  
function s_cellulose = fun_sc(beta, t) 
sl0=0.337056901; 
x0=4.4716E-05; 
pl0=2.2042E-05; 
sc0=0.556079212; 
umax=1.497975397110752; 
xmax=0.014269268017822; 
a_l=0.048777336; 
b_l=0.037062775; 
k_ll=12.9388707; 
yxs=beta(1); 
m=beta(2); 
k_ld=beta(3); 
s_cellulose= sc0 - yxs*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)- m*(xmax/umax*log(1-
xmax/umax*(1-exp(umax*t)))) + k_ld*k_ll*(a_l*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)+ 
b_l*(xmax/umax*log(1-xmax/umax*(1-exp(umax*t))))); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=[5 1 0]; 
t=[0 2 4 5 6 7 8 10 12 14]; 
s_c=[0.556079212 0.542371296 0.51542655 0.487666309 0.423445675 0.418116037 0.424000222 
0.363105169 0.346570851 0.303184899] 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, s_c, 'fun_sc', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, s_c, 'fun_sc', beta); 
[yhat, delta]=nlpredci('fun_sc', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
  
nlintool(t,s_c,'fun_sc', beta, 0.1, 't', 'Holocellulose, Sc') 
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%---------------------------------------------------% 
% File name: fun_sl.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for lignin degradation (SL) 
%---------------------------------------------------% 
  
% Define the equations. 
  
function s_lignin = fun_sl(beta, t) 
sl0=0.337056901; 
x0=4.4716E-05; 
umax=1.497975397110752; 
xmax=0.014269268017822; 
a_l=0.048777336; 
b_l=0.037062775; 
k_ll=beta; 
s_lignin= sl0 - k_ll*(a_l*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)+ b_l*(xmax/umax*log(1-
xmax/umax*(1-exp(umax*t))))); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=1; 
t=[0 2 4 5 6 7 8 10 12 14]; 
s_l=[0.337056901 0.324507993 0.330812663 0.305170756 0.293399467 0.296536851 0.28217221 
0.280613082 0.27055451 0.266631008] 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, s_l, 'fun_sl', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, s_l, 'fun_sl', beta); 
[yhat, delta]=nlpredci('fun_sl', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
nlintool(t,s_l,'fun_sl', beta, 0.1, 't', 'Lignin, SL') 
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%---------------------------------------------------% 
% File name: fun_pc.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for cellulase production (Pc) 
%---------------------------------------------------% 
  
% Define the equations. 
  
function p_cellulase = fun_pc(beta, t) 
pc0=0.000250296; 
x0=4.4716E-05; 
umax=1.497975397110752; 
xmax=0.014269268017822; 
a_c=beta(1); 
b_c=beta(2); 
p_cellulase= pc0 + a_c*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)+ 
b_c*(xmax/umax*log(1-xmax/umax*(1-exp(umax*t)))); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=[1 1]; 
t=[0 2 4 5 6 7 8 10 12 14]; 
p_c=[0.000250296 0.000641141 0.000390796 0.000505888 0.000505888 0.000505888 
0.000441709 0.000527161 0.000440855 0.000408383] 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, p_c, 'fun_pc', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, p_c, 'fun_pc', beta); 
[yhat, delta]=nlpredci('fun_pc', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
nlintool(t,p_c,'fun_pc', beta, 0.1, 't', 'Cellulase, Pc') 
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%---------------------------------------------------% 
% File name: fun_pl.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for ligninolytic enzyme production (PL) 
%---------------------------------------------------% 
  
% Define the equations. 
  
function p_ligninase = fun_pl(beta, t) 
pl0=2.2042E-05; 
x0=4.4716E-05; 
umax=1.497975397110752; 
xmax=0.014269268017822; 
a_l=beta(1); 
b_l=beta(2); 
p_ligninase= pl0 + a_l*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)+ b_l*(xmax/umax*log(1-
xmax/umax*(1-exp(umax*t)))); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=[1 1]; 
t=[0 2 4 5 6 7 8 10 12 14]; 
p_l=[2.2042E-05 0.0002 0.0011 0.0023 0.0022 0.0024 0.0026 0.0044 0.0060 0.0063] 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, p_l, 'fun_pl', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, p_l, 'fun_pl', beta); 
[yhat, delta]=nlpredci('fun_pl', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
nlintool(t,p_l,'fun_pl', beta, 0.1, 't', 'Ligninase, PL') 
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%---------------------------------------------------% 
% File name: fun_o2.m  
% Generated by Jian Shi on 2-15-2007 
% Matlab source code for parameter estimation 
% for oxygen uptake (O2) 
%---------------------------------------------------% 
  
% Define the equations. 
  
function o2 = fun_o2(beta, t) 
o20=7.36607E-07; 
x0=4.4716E-05; 
umax=1.497975397110752; 
xmax=0.014269268017822; 
yxo=beta(1); 
mo=beta(2); 
o2= o20 + yxo*((x0*exp(umax*t))./(1-(x0*(1-exp(umax*t))/xmax))-x0)+ mo*(xmax/umax*log(1-
xmax/umax*(1-exp(umax*t)))); 
return 
  
% Initialize the beta, t, and X(t) values. 
  
beta=[1 1]; 
t=[0 2 4 5 6 7 8 10 12 14]; 
o2=[7.36607E-07 0.962500737 2.465179308 3.304911451 4.100447165 4.841965022 5.578572165 
7.007590022 8.505357879 9.811607879] 
  
% Fit the experimental data 
  
beta_estimated = nlinfit (t, o2, 'fun_o2', beta); 
  
% To get the residuals, the predicted X(t) and the 95% confidence intervals 
  
[beta_estimated, resid, J]=nlinfit(t, o2, 'fun_o2', beta); 
[yhat, delta]=nlpredci('fun_o2', [0:0.2:14], beta_estimated, resid, J) 
  
% To get a figure of the results. 
nlintool(t,o2,'fun_o2', beta, 0.1, 't', 'Oxygen, O2') 
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Filename: model7_14.txt 
 
%MatLab code for simultaneously solving SmC model equations using System Biology Toolbox 
clc; clear all; close all; 
model=SBmodel('model_setup.txt'); 
data=SBdata('model_data.xls'); 
SBvisualizedata(data); 
parameters=[]; 
parameters.names={'Umax', 'Xmax', 'Yxs', 'm', 'aC', 'bC', 'aL', 'bL', 'kLD', 'kLL'}; 
parameters.initialValues=[0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1]; 
parameters.signs=[1 1 1 1 1 1 1 1 1 1]; 
option=[]; 
option.optimizer='simannealingSB'; 
result=SBparameterestimation(model, parameters, data, option); 
 
********** MODEL NAME 
Microbial Pretreatment Kinetics 
Shallow Stationary Cultivation 
********** MODEL NOTES 
Model:                                                    
dX/dt=Umax*(1-X/Xmax)*X                                      
dSC/dt=(-1/Yxs)*dX/dt-m*X-kLD*dSL/dt                               
       =(-1/Yxs)*(Umax*X/(1-X/Xmax))-m*X-kLD*(-kLL)*dPL/dt 
       =(-1/Yxs)*(Umax*X/(1-X/Xmax))-m*X-kLD*(-kLL*(aL*Umax*(1-X/Xmax)*X+bL*X)) 
dSL/dt=-kLL*dPL/dt 
       =-kLL*(aL*Umax*(1-X/Xmax)*X+bL*X) 
dPC/dt=aC*dX/dt+bC*X 
       =aC*Umax*(1-X/Xmax)*X+bC*X 
dPL/dt=aL*dX/dt+bL*X 
       =aL*Umax*(1-X/Xmax)*X+bL*X 
% dO2/dt=(-1/Yxo)*Umax*(1-X/Xmax)*X-mo*X 
% O2(0)=7.36607E-07 
% mo=0.1 
% Yxo=0.1  
********** MODEL STATES 
d/dt(X) = Umax*(1-X/Xmax)*X 
d/dt(SC) = (-1/Yxs)*(Umax*X/(1-X/Xmax))-m*X-kLD*(-kLL*(aL*Umax*(1-X/Xmax)*X+bL*X)) 
d/dt(SL) = -kLL*(aL*Umax*(1-X/Xmax)*X+bL*X) 
d/dt(PC) = aC*Umax*(1-X/Xmax)*X+bC*X 
d/dt(PL) = aL*Umax*(1-X/Xmax)*X+bL*X 
X(0) = 4.4716E-05 
SC(0) = 0.556079212 
SL(0) = 0.337056901                          
PC(0) = 0.000250296 
PL(0)=2.2042E-05 
********** MODEL PARAMETERS 
Umax=0.1 
Xmax=0.1 
Yxs=0.1 
m=0.1 
aC=0.1 
bC=0.1 
aL=0.1 
bL=0.1 
kLD=0.1 
kLL=0.1 
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Appendix E: Changes of O2 and CO2 in the headspace during SmC and SSC pretreatments 
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Figure E1 Changes of O2 and CO2 in the headspaces during SmC pretreatment (shallow stationary, no salts) under 1d oxygen 

flushing 
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Figure E2 Changes of O2 and CO2 in the headspace during SmC pretreatment (shallow stationary, no salts) under 3d oxygen 

flushing 
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Figure E3 Changes of O2 and CO2 in the headspace during SSC pretreatment (75% M.C., no salts) under 1d oxygen flushing 
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Figure E4 Changes of O2 and CO2 in the headspace during SSC pretreatment (75% M.C., no salts) under 3d oxygen flushing 
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