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ABSTRACT OF THE DISSERTATION

Understanding How Tetrahydrofuran and Ethanol Solvent Pretreatments Impact
Biological Deconstruction of Lignocellulosic Biomass
by
Rachna Dhir
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering

University of California, Riverside, September 2021
Dr. Charles E. Wyman, Chairperson

The abundance and low cost of cellulosic biomass such as wood, grasses, and agricultural
and forestry residues make them very attractive sustainable resources for production of
transportation fuels. However, low-cost bioethanol production is hindered largely by the
recalcitrant nature of the biomass that results in high enzyme doses for enzymatic
hydrolysis to realize high monomeric sugar yields. Biochemical conversion pathways
typically apply a pretreatment step to make biomass accessible to enzymes during
hydrolysis stage. This thesis focused on application of a new pretreatment technology that
applies tetrahydrofuran (THF) in solution with very dilute sulfuric acid and water as a co-
solvent pretreatment method to dramatically reduce the recalcitrance of poplar wood and
make more sugars accessible to enzymes for hydrolysis along with high lignin separation.
It is shown that this Co-solvent Enhanced Lignocellulosic Fractionation or CELF as we
have called it is effective for various types of woody biomass for short pretreatment times
and moderate temperatures in comparison to various other past pretreatments. Sugar yields

from CELF coupled with subsequent 7-day enzymatic hydrolysis were compared with
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results from dilute sulfuric acid, hydrothermal, and organosolv pretreatments. CELF was
able to achieve 100% yields for an enzyme loading of 100mg/g glucan in raw biomass
compared to 92% for dilute sulfuric acid pretreatment of the same poplar wood. More
importantly, CELF realized much higher combined sugar yields at low enzyme (<15mg/g
glucan in raw biomass) compared to dilute sulfuric acid pretreatment. An important
distinction that could account for the substantially better results by CELF from BESC
standard poplar was its ability to remove a much greater fraction of lignin. However, CELF
achieved higher total sugar yields than ethanol organosolv despite the latter’s ability to also
remove lignin. Furthermore, CELF performed better than ethanol organosolv at lower
temperatures that resulted in negligible degradation of sugars. Removal of lignin by CELF
resulted in an ability to mix higher glucan loadings that resulted in higher sugar titers.
Preliminary results showed that a fed-batch strategy reduced hydrolysis times. In other
experiments, hydrothermal pretreatment of BESC standard poplar and its variants in
combination with consolidated biomass processing (CBP) showed how changes in biomass
features could enhance performance. Finally, adding surfactants to enzymatic hydrolysis

reactions was shown to reduce enzyme deactivation at the air-liquid.
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Chapterl

Introduction



1.1 Why Alternative Fuels?

World energy consumption has a constant upward trend for decades. Increasing energy
demand all over the world poses a major threat to maintaining low costs for limited fossil
fuels. The transportation sector is expected to witness a rise in use of petroleum and other
liquid fuels to 121 million barrels per day in 2040 (Conti et al., 2016), and the
transportation sector accounts for almost 62% of the total petroleum used presently.
Some factors responsible for increase in energy demand are improved living standards,
economic growth and development of countries. Worldwide growth in gross domestic
product (GDP) is expected to average 3.3% /year from 2012-2040 (Conti et al., 2016).
EIA reports the transportation and industrial sector are majorly responsible for growing
liquid fuel consumption. Currently almost 87% of energy demands rely on non-
renewable, fossil energy resources like coal, natural gas and oil (Conti et al., 2016; Gupta
& Verma, 2015). Worldwide availability of oil, gas and natural gas reserves are reported
to be 1688 Billion barrels (Bb), 6558 trillion cubic feet (TCF) and 891 billion tons (Bt),
respectively, with corresponding consumption rates of 0.092 Bb, 0.329 TCF and 7.89 BT
per day (Abas, Kalair, & Khan, 2015). At the current rate of consumption, the short life
of the fossil reserves cannot be overlooked (Shafiee & Topal, 2009). Discoveries of oil
reserves and recent drilling technologies shifted the King Hubert predicted oil peak
plateau of 1995, but the higher rate of population growth and inflated standard of living
will still overwhelm energy supplies. Peak oil production rates have been projected to
decline from 105 million barrels per day (Mbpd) in 2100 to 40 Mbpd by 2400

(Trendlines, 2012). Although it is not certain when the world oil production will peak in
2



coming years, depletion of oil reserves is inevitable, and alternative sources of fuel are
needed.

The rapid consumption of fossil fuels drives the need to switch the focus to renewable
resources (Shafiee & Topal, 2009). In addition, emissions related to fossil fuels make it
unattractive as a source of fuel. Climatic change resulting from carbon dioxide emissions
particularly point out the need for renewable and affordable sources of energy. The
United States has addressed air pollution for some time as evident by the first Federal
legislation of 1955 provided air pollution research funding and the Clean Air Act of 1963
to control pollution. In 1980, concerns for fossil fuel combustion arose, and the world has
been looking at alternative energy sources such as wind, solar and nuclear.
Lignocellulosic biomass is also a sustainable resource for fuel production. The
abundance of lignocellulosic biomass like forest and agricultural residues, hardwoods,
and grasses makes it a large lowcost resource for large-scale production of liquid
transportation fuels. Biomass has a broad spectrum of energy applications ranging from
fuels and chemicals to power production (Langholtz, Stokes, & Eaton, 2016).This
inexpensive resource for fuel production would relieve the pressure on oil prices along
with strengthening agricultural economies. Low greenhouse gas (GHG) emissions is a
vital advantage of using cellulosic fuels. In particular over 12 billion tons of oil
equivalent (BTOE) global annual energy demand results in emissions of 39.5 Giga tons
of carbon dioxide (Gt-CO3), and annual CO; emissions would increase to 75 Gt-CO; if
future energy demand rises to 24-25 BTOE (Abas et al., 2015). In 2012, about 80% of
the CO» emissions were attributed to transportation and electric power sectors (Conti et
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al., 2016). The drop in global emissions from 43% in 1990 dropped to 36% in 2012 due
to shifts in energy sources from coal to natural gas illustrates the advantage of
investigating in other options (Conti et al., 2016). Fossil fuel accounted for 84% of
worldwide energy consumption, but with increases in renewable and nuclear energy, the
share of fossil fuel has dropped to 78%. Changes in the reduced share of energy from
fossil sources and shifts in the fossil fuel mix resulted in reduced CO2 emissions and
could lead to almost a10% reduction by 2040 (Conti et al., 2016). Some projected
changes could be partially facilitated by use of alternative sources of energy like biomass.
Biomass and biomass-derived products are one of the most promising alternatives. These
materials are made from atmospheric CO,, and water through a process driven by
sunlight called photosynthesis. These materials are considered to be the only source of
organic carbon suitable for sustainable fuels production (Isikgor & Becer, 2015). Plants
are mainly composed of three main components: cellulose, hemicellulose and lignin.
Major component in biomass is typically cellulose that bears the load of the plant cell
wall and is known to be the most abundant polymer on the planet (Sorek, Yeats,
Szemenyei, Youngs, & Somerville, 2014). This glucan polymer consists of repeating
units of the disaccharide cellobiose. Cellulose structure consists of extensive
intermolecular and intramolecular hydrogen bonding tightly linking the glucose units
(Isikgor & Becer, 2015). Cellulose microfibrils are insoluble and composed of f(1,4)-
linked glucan molecules (Sorek et al., 2014). Endo- and exoglucanases depolymerizes
cellulose into cellobiose and glucose. Hemicellulose is another important component of

plant that mainly consists of B (1,4)-linked glucan, xylan, galactan, mannan, and
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glucomannan branched with single or longer glycosyl residues (Sorek et al., 2014). All of
these are fermentable sugars but vary widely in terms of composition in plant tissues and
species during their growth, development, and maturation stages. Lignin is the third
major component in plants and is an amorphous, irregular polymer of phenylpropanoid
monomers in plant cell walls. This component hinders biomass saccharification during
ethanol production by protecting cellulose fibers from depolymerization as well as
interfering with enzymes. Various plant species differ in the amount of lignin and the
lignin structure. Other components include pectins, ash, and some minerals that are
present in relatively smaller amounts in plants and do not provide major source of sugars
for biofuel production. The complex structure of plants presents various challenges to
produce lignocellulosic fuels. In particular, the high cost of conventional biomass
conversion technologies means more innovative and novel technologies are needed for

biofuel production from lignocellulosic.

1.2 Biological Conversion of Cellulosic Biomass to Ethanol

This work focuses on biological conversion of lignocellulosic biomass to ethanol. The
process starts with mechanical treatment of biomass to achieve the desired size for
subsequent pretreatment that opens up the structure for enzymatic hydrolysis to sugars for
fermentation to ethanol. Reducing cost remains a major challenge for the success of
cellulosic ethanol as a transportation fuel. Presently the recalcitrant nature of biomass
makes it difficult to deconstruct the biomass to sugars, as high amounts of costly

enzymes are needed to realize high yields of sugars from the cellulose. Therefore, this



work focuses on biological pathways to understand factors and pretreatment conditions
that maximize the total sugar yields at lower enzyme loadings.

Many physical, chemical, thermochemical and biological pretreatment methods have
been reported in the literature to reduce the recalcitrance of biomass. Among these
pretreatments, thermochemical methods have proven most favorable for achieving high
yields in subsequent hydrolysis. Pretreatment disrupts the lignin and hemicellulose
structure to make cellulose accessible to enzymes for further hydrolysis (Behera, Arora,
Nandhagopal, & Kumar, 2014). Pretreatment changes the structure of lignocellulosic
biomass by increasing surface area, enhancing porosity, relocating or removing lignin,
partially depolymerizing or removing hemicellulose, and reducing cellulose crystallinity
(Percival Zhang, Berson, Sarkanen, & Dale, 2009). Understanding deconstruction of
biomass using various thermochemical pretreatments could lead to valuable insights to
improve pretreatment. Pretreatments such as co-solvent-enhanced lignocellulosic
fractionation (CELF), dilute acid, and ethanol organosolv remove varying amounts of
lignin and hemicellulose to make biomass more susceptible to subsequent enzymatic
hydrolysis to produce fermentable sugars. Pretreatment conditions should be defined
based on maximizing sugar yields from pretreatment and hydrolysis combined. It is also
important to close the mass balances of the sugars and track their fate during pretreatment
and subsequent enzymatic hydrolysis to validate the yields. The fate of sugars during
pretreatment is affected by temperature and time. The solids after pretreatments should be

subjected to range of enzyme loadings to establish their susceptibility to sugar release.



The ability to release high sugar yields at low enzyme loading from solids recovered after

pretreatment at low temperature and time will improve economics.

1.3 Thesis Organization

Poplar (Populus trichocarpa) was used as the lignocellulosic feedstock throughout this
research. This biomass was provided by the BioEnergy Science Center (BESC). Chapter
2 discusses factors influencing the successful pretreatment of lignocellulosic biomass
related to ethanol production and reviews previous research in this area. Chapter 3
establishes pretreatment conditions to maximize glucose and xylose yields from CELF
and dilute acid pretreatments coupled with enzymatic hydrolysis over a range of enzyme
loadings. Comparing these results over varying conditions provides valuable insights
into routes to reduce enzyme loadings. Chapter 4 compares maximum total sugar yields
from CELF and ethanol organosolv pretreatments followed by enzymatic hydrolysis.
Comparison of lignin and hemicellulose removal by these two options with changing
pretreatment temperatures and times provides additional insights into promising
pathways to reduce the overall cost of ethanol production. Because, ethanol is widely
used for biomass pretreatment, it provides a good reference point for this first study
comparing the two solvent pretreatments. This study includes evaluation of biomass
structural changes over enzymatic hydrolysis times and enzyme loadings required for
complete hydrolysis. Chapter 5 presents results from hydrothermal pretreatment of
lignocellulosic material followed by consolidated biomass processing (CBP) by
Clostridium therrmocellum, a single organism that performs both enzyme production and

fermentation. This study reveals the extent to which the hydrophilic capability of C.
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thermocellum can significantly improve lignocellulosic biomass deconstruction. Chapter
6 reveals the effect of high glucan loadings of pretreated biomass on the effectiveness of
enzymatic hydrolysis and resulting higher titers for fermentations. This approach can help
identify pretreatment conditions to realize high ethanol yields. Chapter 7 presents the
results from collaborative research to determine the impact of surfactants on hydrolysis of
pretreated biomass. Chapter 8 is the final chapter to summarize the conclusions and

provide recommendations from this dissertation.
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Chapter 2

Review of Factors Influencing Biological Pretreatment of Lignocellulosic Biomass
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2.1 Abstract

Sustainable renewable transportation fuels are needed to slow down or replace fast
growing petroleum consumption and its associated environmental hazards due to carbon
dioxide emissions. Presently the cost of ethanol fuel production from cellulosic biomass
prevents it from being a top contender in the fuel market. Biological conversion of
lignocellulosic biomass involves use of expensive enzymes, but prior to hydrolysis a
pretreatment step is required for biomass to be accessible to the enzymes for high sugar
release. However, pretreatment by physical, chemical, thermal or microbial approach is
expensive. This chapter reviews the factors affecting biological pretreatment to reduce

recalcitrance of lignocellulosic biomass for ethanol production.

2.2 Introduction

Abundance of cellulosic biomass on earth along with advanced processing technologies
developed at the industrial level to convert lignocellulosic biomass into ethanol have a
promising future in the transportation sector (Tian, Fang, & Guo, 2012). Biodiesel and
bioethanol are examples of alternative transportation fuels from biomass. Various
feedstocks available for the bioethanol production are also part of the food chain, but
non-edible plants have recently shown a good response to these technologies.
Lignocellulosic biomass, that is carbohydrate rich, includes agricultural and forest
residues and residues from production of wheat, corn, rice, and other herbaceous crops
(Canam, Town, Iroba, Tabil, & Dumonceaux, 2013). However, bioconversion includes

pretreatment step before the fermentation performed to increase the accessibility of
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enzymes. Various pretreatment technologies include physical, chemical, physical-
chemical and biological. Application of aqueous pretreatment started in the nineteenth
century with acid catalyzed reactions mainly targeting hemicellulose, but pretreatment
also restructures lignin. Lignin in biomass impedes degradation making pretreatment a
necessary step to make the biomass accessible for breaking down complex sugars in the
biochemical conversion process. Lignin disruption is favorable for reducing the
recalcitrance of biomass for higher cellulose digestibility. Delignification is ameliorated
with providing more surface area and increasing the median pore size since the biomass
swells and helps break down lignin (Zhu, O'Dwyer, Chang, Granda, & Holtzapple, 2008).
Because of these changes, there is an irreversible adsorption of enzymes on lignin with
increasing accessibility to cellulose (Isroi et al., 2011). Different pretreatments involve
different mechanisms and techniques, for example, physical pretreatments include
milling, while physiochemical pretreatments include auto hydrolysis, steam explosion,
SO, or COz added steam explosion, and AFEX. Chemical pretreatments employ acid,
alkaline, or solvents. Biological pretreatment involves the biodegradation of wood by
microorganisms can be also favorable for lignin degradation.

Research on biological pretreatment based on decay causing fungi dates to 1870
(Blanchette, 1995). Although different microorganisms have the potential to degrade
lignin, review of work in this area reveals that white-rot, brown-rot, and soft-rot are good
candidates for effectively degrading lignin. Another aspect is bacterial decay based on
morphological aspects of erosion, tunneling, and cavity-forming bacteria, but to date, not

much seems to be as effective as fungi (Blanchette, 1995).
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2.3 Cellulosic Biomass

Lignocellulosic/cellulosic biomass is composed of cellulose, hemicellulose and lignin.
Being a linear mostly crystalline polymer of cellobiose (D-glucopyranosyl- -1,4-D-
glucopyranose), cellulose comprises over 50% of wood weight. Lignin is different since
it is a three-dimensional network composed of dimethoxylated (syringyl, S),
monomethoxylated (guaiacyl, G) and non-methoxylated (p-hydroxyphenyl, H)
phenylpropanoid units, derived from the corresponding p-hydroxycinnamyl alcohols, plus
a variety of subunits with different ether and C—C bonds. Resistance of lignin to
chemical and biological degradation is mainly attributed to the middle lamella. Diverse
H:G:S ratios occur in different vascular plant. Woody gymnosperms (softwoods) are
composed of the highest lignin content, with most being G units. On the other hand,
lignin of woody angiosperms (hardwoods) mainly contains S and G units, and non-
woody angiosperms contain H units.

A third intermediate complex structural component, hemicelluloses (polyoses), is
composed of different pentose and hexose residues often acetylated and generally
forming branched chains. Typically, hemicelluloses in softwood are glucomannans, while
those in hardwoods are mainly xylans together with variable percentages of galactose,
arabinose, rhamnose, methylglucuronic acid units, and acetyl groups. Various other non-
structural wood components are extractives polar (e.g., phenols and tannins) or nonpolar
(e.g. fats and sterols) water-soluble compounds (e.g., sugars and starch), as well as

proteins and ashes (Martinez et al., 2010).
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The three main types of wood tissue, namely fibers, vessels, and parenchyma cells, are
formed from the above-mentioned components. Structural differences between
gymnosperms and angiosperms consist of 90-95% tracheid cells (softwood fibers) and
low amounts of parenchyma, which includes the specialized resin channels in conifers.
Radial arrangement exists in wood for parenchymatic ray that contains phenolic and
lipophilic extractives and water-soluble compounds as storage materials. Vessels are
large cells with a longitudinal arrangement, responsible for the transport of water and
nutrients along the plant stem in hardwoods. Lastly, fibers are longitudinally arranged
with thick cell walls to support the tree represent most of the wood volume (Martinez et

al., 2010).

2.4 Polysaccharide Deconstruction

Cellulose and hemicellulose polymers that are either insoluble or closely associated with
insoluble lignin make the deconstruction of sugars problematic (Dinis et al., 2009). Cell
wall degradability is inefficient due to covalent bonding of hydroxycinnamic acids,
mainly ferulic and p-coumaric acid. Pectins and polysaccharides (arabynoxylans,
xyloglucans) linked through ester bonds to lignin hinder cell wall accessibility (Dinis et
al., 2009). Biodegradation is easier in the presence of syringyl lignin in the cell wall than

when coniferyl lignin is present (Isroi et al., 2011).

2.5 Impact of Various Factors on Pretreatment of Lignocellulosic Biomass

A wide range of microorganisms are known to degrade lignocellulosic biomass,.

Enhanced yields have been reported with the application of pretreatments in combination
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with microorganisms. Lignin mainly obstructs lignocellulosic biomass conversion.
Microorganisms, namely white rot, brown rot and soft rot fungi, are known to degrade
lignin at lower temperatures. Wood-decaying basidiomycete fungi produce multi-
enzyme systems that help in recycling plants in nature. Degradation resulting from fungi
makes them a potential alternative for processing biomass into fuels (Okamoto, Nitta,
Maekawa, & Yanase, 2011).

Advantages and classification of wood rotting basidiomycetes based on macroscopic
aspects as white-rot and brown rot fungi has been cited in the literature (Martinez et al.,
2010). Wood decay is cumbersome due to its low nitrogen content and the presence of
toxic and antibiotic compounds, which need to be overcome by the pretreatment.
Extracellular oxidative enzymes (oxidoreductases) secreted by fungi favor cell wall
degradation. White-rot basidiomycetes degrade lignin, hemicelluloses, and cellulose
along with producing cellulose-enriched white material. Two white-rot patterns reviewed
in literature in different types of wood are selective delignification, also called sequential
decay, and simultaneous rot based on the white-rot basidiomycetes which are capable to
degrade lignin selectively or simultaneously with cellulose (Martinez et al., 2010).
Although it would be desirable for fungi to degrade lignin at a much faster rate than
desirable carbohydrates like cellulose, most e white-rot fungi have low sugar recovery
due to simultaneous lignin and cellulose degradation (F.-h. Sun, Li, Yuan, Yan, & Liu,
2011). Fungal hyphae massively colonize the ray parenchyma cells of the biomass
feedstock, then penetrate through pits and form numerous boreholes and erosion troughs
on the vessel beneath or around the hyphae in white-rot (Wan & Li, 2013). During further

15



stages of decay, feedstock becomes light colored, soft, and spongy. This group of fungi
leads to various reactions within lignin which include side-chain oxidation, propyl side-
chain cleavage, and demethylation (Chen et al., 1983). Polysaccharides attacked by white
rot fungi include hemicellulose rather than cellulose during selective degradation
providing delignified and cellulose rich biomass for subsequent processing (Blanchette,

1995).

2.5.1 Feedstocks

The variability of recalcitrance in different cellulosic materials impacts the efficiency of
pretreatment. Various factors such as nutrients, porosity, and texture of the feedstock are
found to increase the water retention capacity of the biomass. These factors also increase
the surface area for the processing of the substrates such as wheat bran and rice straw.
Previously the favorable texture of wheat bran and paddy straw even in moist conditions
was shown to be a favorable feedstock characteristic (Das et al., 2013). Research has
shown that rice straw and wheat bran support different microorganisms to achieve high
yields after biological pretreatment. (Jalc, Siroka, & Ceresnakova Zb, 1997; Knezevic et
al., 2013; Kuhar, Nair, & Kuhad, 2008; Liers, Arnstadt, Ullrich, & Hofrichter, 2011;
Niladevi, Sukumaran, & Prema, 2007; Okamoto et al., 2011; Shrivastava et al., 2011;
Singh, Tyagi, Dutt, & Upadhyaya, 2009; Masayuki Taniguchi et al., 2005; Tiwari et al.,
2013; Wicklow, Langie, Crabtree, & Detroy, 1984; Yamagishi, Kimura, & Watanabe,
2011) Less recalcitrant herbaceous biomass such as corn stover, cornstalks, switchgrass,

soybean straw, lemon grass, citronella, residual maize stover, sugarcane residue bagasse,
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and mustard stalks have been studied for sterile and non-sterile biological pretreatments
due to their abundance (Chen, Fales, Varga, & Royse, 1996; Cui, Shi, Wan, & Li, 2012;
Isikhuemhen, Mikiashvili, Adenipekun, Ohimain, & Shahbazi, 2012; Y. J. Lee, Chung, &
Day, 2009; J. Liu et al., 2013; Lopez, Elorrieta, Vargas-Garcia, Suarez-Estrella, &
Moreno, 2002; Lynch, O'Kiely, Murphy, & Doyle, 2013; Ma et al., 2011; Pal, Banik, &
Khowala, 2013; Rolz, de Leon, de Arriola, & de Cabrera, 1986; Sasaki et al., 2011; L.
Song, Ma, Zeng, Zhang, & Yu, 2013; Wan & Li, 2013; X. Yang, Zeng, Ma, Zhang, &
Yu, 2010).

Hardwoods and their byproducts have also served as substrates for various experiments.
Harwoods such as eucalyptus spent sulphite liquor (HSSL), a byproduct from acidic
sulphite pulping, is specifically available in South Africa, Portugal and Spain. Toxic
compounds produced are consumed by selected microorganisms to reduce inhibition of
microbial pretreatment. Lignosulfonates and carbohydrates produced by spent sulphite
liquor are also cited as substrates (Holmgren & Sellstedt, 2008). Kraft wood containing
lignin has been pretreated for biological pretreatment studies (Kondo, Kurashiki, &
Sakai, 1994). Hardwoods like eucalyptus, oak wood, various poplar varieties , bamboo
clumps, sapwood of beech, aspen wood blocks, moso bamboo ,Chinese Willow, lolblolly
pine chips and rubberwood (Hervea Brasiliensis) from Malaysia containing high
cellulose content have been found to be suitable for biological pretreatment in different
studies (Akhtar, Michael, & Gary, 1992; Blanchette, 1995; Giles, Galloway, Elliott, &
Parrow, 2011; Itoh, Wada, Honda, Kuwahara, & Watanabe, 2003; Kang, Sung, & Kim,
2007; Liers et al., 2011; Mahajan, Jeremic, Goacher, & Master, 2012; Nazarpour,
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Abdullah, Abdullah, & Zamiri, 2013; Otjen & Blanchette, 1985; Ian D. Reid, 1989; W.
Wang, Yuan, Cui, & Dai, 2013; Zuchowski, Pecio, Jaszek, & Stochmal, 2013).

Other substrates widely available in a specific region have also been considered. Canola
straw, due to high residue production, was used as substrate (Canam, Town, Tsang,
McAllister, & Dumonceaux, 2011), but limited glucose availability with the application
of alkali and acid pretreatment was reported. Parthenium sp., a native weed in tropical
America known as carrot grass, was tested with white rot fungi due to its wide growth
rates and short life cycle along with greater reproductive cycles and prospective abilities,
some of these traits making it potentially useful for ethanol production (Rana et al.,
2013). A recent work cited the use of chestnut shells, a common food industry waste with
high lignin content and the ability to produce monomers and oligomers (Dong, Dai, Xu,
Cai, & Chen, 2013). Rapeseed meal is high in nutritional and fiber content but also
contains anti-nutrients such as phytic acid and phenolic compounds. Norway spruce
found in Northern and Central Europe have potential due to their abundance and
degradation by the fungi (Maijala et al., 2008; Nagy et al., 2012; Zuchowski et al., 2013).
Abundant cotton stalks in southern United States can also work as substrates (Kleman-
Leyer, Agosin, Conner, & Kirk, 1992; Shi, Sharma-Shivappa, Chinn, & Howell, 2009).
Prosopis Julifora weed in India could be biologically delignified by different fungi
(Kuhar et al., 2008). Thinning of Japanese Cedar forests in Japan served as carbon
source, but being a softwood, was resistant to hydrothermal and thermochemical

pretreatments (Baba et al., 2011).
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2.5.2 Organisms

Biological pretreatment could be tedious due microbial screening required since more
than 10,000 species of white rot fungi are known to selectively degrade lignin in a
process called the bio pulping (Kang et al., 2007). White rot fungi, the most suitable
basidiomycetes, has two pathways for decay. Decaying patterns in different types of
woods could be sequential decay or simultaneous rot (Martinez et al., 2010). Fungal
growth and its enzyme activities of different strains of Ceriporiopsis subvermispora have
been screened for the most effective lignin degrading pretreatments. High lignin
selectivity makes this organism a potential candidate for biological processing
(Nazarpour et al., 2013). Pretreatment with Ceriporiopsis subvermispora required lower
energy consumption and achieved high pulp yields, but the effectiveness of different
strains of the same microorganism could differ during bio-pulping (Akhtar et al., 1992).
Among diverse white rot-fungi, Phanerochaete chrysosporium is capable of selective
lignin degradation (Kondo et al., 1994; Kuhar et al., 2008; Nazarpour et al., 2013).
However, during degradation, cellulose was consumed when fungi attacked the surface of
the microfibrils in another kinetic study (Kleman-Leyer et al., 1992). Ongoing effort to
improve fungi aims to use RNA interference to down regulate some specific genes and
improve biological pretreatment (Canam et al., 2011; Matityahu, Hadar, Dosoretz, &
Belinky, 2008). Lower recalcitrance resulting from hemicellulose and lignin removal was
an important property of Pleurotus ostreatus (Itoh et al., 2003; Jalc et al., 1997; Knezevic
et al., 2013; Lynch et al., 2013; Shrivastava et al., 2011; M. Taniguchi et al., 2010)
(Taniguchi et al., 2005, Itoh et al., 2003, Eriksson et al., 1990, Xu et al., 2010). Many
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lignin-carbohydrate structures were studied based on their availability with differing
results (Shrivastava et al., 2011). Lower incubation times for Trametes versicolor strains
are beneficial, but huge vessel sizes for industrial applications makes them less desirable
(Canam et al., 2011; Shrivastava et al., 2011; W. Wang et al., 2013; X. Zhang, Yu,
Huang, & Liu, 2007). Significant lignin extraction shown by different studies makes
these organisms potentially attractive (Canam et al., 2011). Trametes Hirsuta strains
screened for efficient production of ligninolytic enzymes (laccases) were capable of
producing ethanol from hexoses sugar as well as various starch and lignocellulosic
substrates (Mao, Zhang, Li, & Xu, 2013; Okamoto et al., 2011; Rana et al., 2013; F.h.
Sun et al., 2011). Irpex lacteus CD2 colonized well in non-sterile substrate conditions
generating many by-products advantageous for hydrolysis (L. Song et al., 2013).
Optimized enzyme dosage and producing value added products at the end of the overall
process are some advantages of Irpex lacteus, but e long incubation times make it
unfavorable for industrial use (Lopez-Abelairas et al., 2013; Salvachua, Prieto, Vaquero,
Martinez, & Martinez, 2013; C. Xu, Ma, & Zhang, 2009; X. Yang, Dey Laskar, Ma,
Zhang, & Chen, 2013; J. Yu, Zhang, He, Liu, & Yu, 2009; M. Zeng et al., 2012). Less
popular lignolytic micromycete fungus Myrothecium roridum LG7 isolated from
decaying wood was attractive due to its high colonization rate and low cellulase activity
(Tiwari et al., 2013). Paecilomyces variotii NRRL-1115 was selected for its
detoxification ability as this strain consumes phenol as a sole carbon source to make by-
products for further bioprocessing (Pereira, IvanusSa, Evtuguin, Serafim, & Xavier, 2012).
Biological pretreatment by Echinodontium taxodii 2538 enhanced hydrolysis of
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hardwoods and softwoods with significant increase in yields with selective lignin
degradation of native substrates (X. Yang et al., 2013; X. Yang et al., 2010; J. Yu et al.,
2009; X. Zhang et al., 2007). Heterobasidion parviporum initiated detoxification with
minimal cell wall degradation due to its long decay patterns and xylem defense
mechanism based on the substrate selectivity (Nagy et al., 2012). Pleurotus florida,
Coriolopsis caperata RCK 2011, and Ganoderma sp. rckk-02 provided high sugar release
and delignification (Deswal, Gupta, Nandal, & Kuhad, 2014). Phlebia sp. MG-60 worked
under aerobic conditions (Kamei, Hirota, & Meguro, 2012), Coriolus versicolor white rot
fungi was also tested based on different factors of interest (Itoh et al., 2003; Kondo et al.,
1994; Lopez et al., 2002). Termitomyces clypeatus (Pal et al., 2013), Pleurotus eryngii,
Fomitopsis pinicola, (Knezevic et al., 2013; Lopez-Abelairas et al., 2013), Lenzites
betulinus, Pycnoporus Cinnabarinus (Kuhar et al., 2008; Sharma et al., 2012), Cyathus
stercoreus (Yamagishi et al., 2011); Phanerochaete chrysosporium(Chen et al., 1996);
Dichomitus squalens (Dong et al., 2013; Itoh et al., 2003); Trametes gibbosa (TWS-TG)
(Jale, 2002); Phanerochaete carnosa (Mahajan et al., 2012); Coprinellus disseminates
(Singh et al., 2009); Ischnoderma resinosum, Poria medulla-panis, and Xylobolus
frustulatus (Otjen & Blanchette, 1985); Streptomyces psammoticus (Niladevi et al., 2007)
are among those microorganisms that are being used for different biological
pretreatments but have not gained momentum. Research using soft rot fungi has been
reviewed either as monocultures or as co-cultures for increasing the effectiveness of
biological pretreatment mostly for hardwoods (Holmgren & Sellstedt, 2008; Popescu,
Popescu, & Vasile, 2010).
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2.5.3 Pretreatment Strategies

Pretreatment strategies applicable for exploiting lignocellulosic biomass primarily affect
the sugar yields. This section illustrates microbial-based or combination pretreatment
strategies for biomass. Low cost and effectives of biological pretreatment improves it
chances of application (Isroi et al., 2011; Lopez-Abelairas et al., 2013). Incubating
pretreated and unpretreated material with additives in distilled water before washing the
incubated material impacts the biomass. Solid fractions are subjected to alkali treatment
in order to improve the yields during enzymatic hydrolysis (Pal et al., 2013; Tiwari et al.,
2013). Subjecting bio-pretreated residues to chlorite and dilute acid treatment to alter the
chemical components of the residues does not cross affect hemicellulose and lignin. On
the other hand, dilute acid pretreatment removed hemicellulose instead of lignin in this
unique combination pretreatment strategy, showing alkali to be more favorable in
combination with biological pretreatment (W. Wang et al., 2013). Drying of pretreated
biomass to reach a constant weight was studied (Zhang et al., 2007; Kuhar et al., 2008;
Sun et al., 2011; Yu et al., 2009) with subsequent application of biological pretreatment.
Before hydroliquifaction and mechanical pulping, forced aeration was used to maintain
biological activity throughout (Akhtar et al., 1992; Lemée, Kpogbemabou, Pinard,
Beauchet, & Laduranty, 2012). Yet another approach is to disinfect biomass with lime for
a day and then wash with DI water before treating the biomass under non-sterile
conditions is reported to promote stable microbial growth (L. Song et al., 2013). A single
batch pretreatment reactor and sequential pretreatment reactors have been applied for

effective sugar recovery (Pereira et al., 2012). Biomass was dewaxed with toluene-
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ethanol before a relatively long pretreatment was applied to the substrate (Mao et al.,
2013). Suspending white rot-fungi during inoculum preparation in Tween-80 and adding
nutrient broth like Kirk medium during pretreatment has been used to look at lignin
degradation (Masayuki Taniguchi et al., 2005). Supplementing the culture bottles with
nutrients did not prove to be very effective for the delignification (I. D. Reid, 1985).
Addition of nutrients along with combined pretreatment had been followed for an
effective bio-pretreatment (J. Yu et al., 2009). Following ultrasonic or H,O, pretreatment,
the biomass was subjected to biological treatment. Co-culture strategy was also adopted
to discover the effect on lignocellulolytic enzyme activity and degradation pattern (Ma et
al., 2011). Aerobic biological delignification was applied to the incubated biomass for
inoculation in a sealed flask to look at the integrated delignification and saccharification
(Kamei et al., 2012) . Steam explosion pretreated biomass was subject to submerged
fermentation along with addition of Tween-80 (S. Zhang, Jiang, Zhou, Zhao, & Li, 2012).
Combining steam explosion with subsequent fungal pretreatment had favorable effects on
overall yields and pretreatment times (M. Taniguchi et al., 2010). Combinations such as
applying biological-alkaline/oxidative pretreatment to the lignocellulosic material with
fungal pretreatment followed by alkaline/oxidative pretreatment with low amount of
chemicals at very low temperatures was compared to traditional physical and chemical
pretreatments (H. Yu et al., 2010). Another combined pathway used microwave
hydrothermolysis followed by fungal pretreatment to evaluate the effect on cell wall
polysaccharides (Sasaki et al., 2011). A two stage fungal pretreatment for effective bio-
pulping was applied in work conducted with different combinations of white and brown
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rot fungi (Giles et al., 2011). Co-cultures were applied for 12 day pretreatments for the
maximum activity with selected fungi strains (Dong et al., 2013). Another combination
applied ethanolysis followed by separating biomass components with water, ethanol and
fungi. A similar strategy applied solvolysis and cultivation with fungi to overcome
softwood recalcitrance (Baba et al., 2011). Qi-he, Kriigener, Hirth, Rupp, & Zibek (2011)
by a co-cultivation to produce high activity enzymes but with the two white rot-fungi.
Mixed culture was also applied to hardwoods (Nazarpour et al., 2013). Another co-
culture of white and soft rot fungi was used to determine their ability to degrade
lignocellulosic biomass (Holmgren & Sellstedt, 2008). Another pretreatment strategy
includes lead supplementation during media preparation for the fungal pretreatment

(Huang et al., 2010).

2.5.4 Temperature

Temperature affects the rate of delignification and alters selectivity due to differences in
optimal conditions for different microorganism. Most fungi being mesophiles have been
reported to be most effective between 22-30°C (Ian D. Reid, 1989). Further literature
cites growth medium incubated at 28°C (Canam et al., 2011; Cui et al., 2012; Lopez-
Abelairas et al., 2013; Okamoto et al., 2011; Pereira et al., 2012; Salvachua et al., 2013;
Sasaki et al., 2011; Lili Song, Yu, Ma, & Zhang, 2013; W. Wang et al., 2013).
Temperature for the medium was maintained between 25°C and 30°C for successful
growth of microorganisms reported in various studies (Deswal et al., 2014; Ma et al.,

2011; Rana et al., 2013; Tiwari et al., 2013; J. Yu et al., 2009). A low temperature of
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20°C has been reported in an earlier study (Bowen & Harper, 1990; Rolz et al., 1986).
Overall, temperatures between 25 °C and 32.5°C look favorable for delignification of

biomass (I. D. Reid, 1985).

255 pH

Because pH plays an important role for fungal growth and cultivation, a brief review is
presented in this section. pH values ranging from 4 to 6 were studied in a study
exclusively with NaOH since the enzyme was highly stable during this range (Salvachta
et al., 2013). The fungal cultures were grown at a pH of 5.5 in most studies that achieved
high concentrations of fermentable sugars (Deswal et al., 2014; Kuhar et al., 2008; X.
Yang et al., 2013; X. Yang et al., 2010). pH 6 was used for the organisms used in an
experiment (Das et al., 2013; Kamei et al., 2012). However, another study applied pH 5.0
in a two-step combination pretreatment during the experimental design for achieving high
yields (Zeng, Yang, Yu, Zhang, & Ma, 2012). A fungi Merulius tremellous reported to
acidify the wood below pH of 3 differs from other studies previously cited (I. D. Reid,

1985).

2.5.6 Moisture Content

In most of the experiments the moisture content was maintained either by replacing the
lost water daily or by keeping the initial moisture content higher (Salvachua et al., 2013).
Increase or decrease in moisture levels in a fungal pretreatment makes up the
environment for ineffective fungal pretreatment and might lead to more cellulose and

hemicellulose removal from the biomass. Delignification is influenced by inappropriate
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moisture levels during fungal pretreatments (Wan & Li, 2013). Also, long term storage
of biomass needs suitable moisture levels for reduced cellulose degradation (Cui et al.,
2012) . A moisture content between 60 and 77% was used in various studies (Giles et al.,
2011; Kang et al., 2007; Lemée et al., 2012; Lopez et al., 2002; Pointing, Parungao, &
Hyde, 2003; L. Song et al., 2013). (Ian D. Reid, 1989) that reported lower or greater
inter-particle space water clogs that resulted in spreading contaminating bacteria along

with hindered gas circulation due to compaction of substrate.

2.5.7 Inoculum time

Inocula were incubated for 7 days prior to pretreatment in most studies (Bowen &
Harper, 1990; Pereira et al., 2012; Qi-he et al., 2011; Salvachua et al., 2013). However, 5
days was found to be enough in some other reports (Costa, Gongalves, & Esposito, 2002;
Das et al., 2013; Mao et al., 2013; F.-h. Sun et al., 2011; W. Wang et al., 2013), and a 10-
day was employed in some experimental studies for selected substrates (J. Yu et al.,
2009; X. Zhang et al., 2007). 12 week incubation was used in various other studies (Otjen

& Blanchette, 1985; Pointing et al., 2003).

2.5.8 Particle Size

Particle size should be considered for the pretreatment as it improves pretreatment
effectiveness by increasing surface area and impacting the interaction between particle
and aeration (Ian D. Reid, 1989). Kang et al.( 2007) used 20+1mm wood blocks for
fungal pretreatment of biomass. Particle sizes of less than 0.5mm and less than 1mm used

in most studies showed a significant improvement in digestibility (Salvachua et al., 2013,
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Rana et al., 2013). Similar particle sizes were found favorable by others (Tiwari et al.,
2013, Lemee et al., 2012, Cui et al., 2012). Particle size of 20 and 80 mesh was used in
various studies (Kuhar et al., 2008; L. Song et al., 2013; F.-h. Sun et al., 2011; W. Wang
etal., 2013; J. Yu et al., 2009). Particle size ranges from1-3mm were also found
favorable for yields (Das et al., 2013; Deswal et al., 2014; Dong et al., 2013). Reducing
particle size also assists enzymatic digestibility by reducing biomass crystallinity
(Okamoto et al., 2011). A different technique applied a higher milling time of 120 min in
order to disrupt the structure of the biomass. 0.18-0.25 mm particle size was preferred
elsewhere (Mao et al., 2013) while (Rolz et al., 1986) used 2-3 cm particle size for the

fungi screening process.

2.5.9 Pretreatment Time

Time for pretreatment is an important factor since longer times could impact the amount
of lignin removal but also result in more carbohydrate degradation and higher costs (Ian
D. Reid, 1989). A pretreatment time of 21-d (Salvachua et al.,2013; Abelairas et al.,2013)
was comparatively shorter than some who applied 8 weeks of pretreatment to some
woods (Itoh et al., 2003; W. Wang et al., 2013). A 7-d pretreatment was sufficient for
other fungal pretreatment studies (Canam et al., 2011; Kondo et al., 1994; Tiwari et al.,
2013). An 18 and 35-d pretreatment span was applied to understand the effect of
pretreatment on various biomasses (Wan & Li, 2013). A 15-d fungal pretreatment
followed by alkali pretreatment was used to evaluate the delignification in another work

(Y. Yu & Wu, 2010). Under non-sterile conditions, the pretreatment was carried for 56
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days (Lili Song et al., 2013). Aerobic incubation for 56 days was required in another
study for biologically treating biomass (Kamei et al., 2012). Increased pretreatment time
showed increased fermentable sugar yield during the early pretreatment stages in some
experiments leading to times as long as 120 days that consequently led to biomass loss
and additional pretreatment costs (X. Zhang et al., 2007). A similar duration was chosen
for the experimental set up elsewhere (Yu et al., 2009). An intermediate 3 week
pretreatment was also applied to biomass (Lemee et al., 2012), and pretreatment times as
short as 10-days were employed in another study (Kuhar et al., 2008). An incubation time
of 25-days has been used in various studies (Deswal et al., 2014; Ma et al., 2011;
Yamagishi et al., 2011). In a single batch pretreatment, a total of 16-day cycle has been
reported to be beneficial (Pereira et al., 2012). Pretreating biomass for 3- 6 weeks to look
at the effect of biological pretreatment on the delignification of biomass was applied in a
few studies (Mao et al., 2013; F.-h. Sun et al., 2011). The effectiveness of 24, 48, and
72-days of pretreatment depended on the different fungi considered k (Masayuki
Taniguchi et al., 2005). A 4 week pretreatment time before mechanical pulping process
was applied too (Akhtar et al., 1992). A 30-day pretreatment was used of the
delignification (Jalc et al., 1997; X. Yang et al., 2013; X. Yang et al., 2010). A 90-day
period was selected by some other researchers (Cui et al., 2012; Nazarpour et al., 2013).
A 60 -day period of fungal pretreatment for lignin degradation was preferred to screen the
most effective fungi (Kang et al., 2007). On the other hand, 12 weeks cultivation is the

highest among the work reviewed (Bowen & Harper, 1990; Mahajan et al., 2012).
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2.5.10 Hydrolysis and Fermentation Methods

Different fermentation strategies are reported to be used for conversion of the pretreated
material to ethanol or various value added products such as solid state fermentation to
ethanol (Isikhuemhen et al., 2012; Rana et al., 2013; I. D. Reid, 1985; Salvachua et al.,
2013). Enzymatic hydrolysis was used by some to investigate the effect of biological
pretreatment on sugar release from biomass (Canam et al., 2013; Lopez-Abelairas et al.,
2013; Lili Song et al., 2013; Y. Sun & Cheng, 2002). Pyrolysis and liquefaction were
involved in some of the experimental works (Lemée et al., 2012; Ma et al., 2011). Solid
state cultivation was conducted for ethanol fermentation (Deswal et al., 2014; Kuhar et
al., 2008; Lili Song et al., 2013). During the integrated saccharification and fermentation
process, semi-aerobic conditions were maintained by plugging the silicon plugs during
pretreatment (Kamei et al., 2012). Submerged fermentation (SmF) was conducted with
one substrate as the sole carbon source for ethanol based on fungal pretreatment of the
biomass (Dong et al., 2013; Rana et al., 2013). Simultaneous saccharification and
fermentation (SSF) of biomass was the mode opted for fermenting pretreated material in

another study (Itoh et al., 2003; Bak et al., 2010).

2.5.11 Yields and Delignification

Yields showed significant increase with biological pretreatment time due to decrease in
lignin, increase in adsorption capacity of the pretreated material, and greater cellulose
availability for sugar release (Deswal et al., 2014; X. Zhang et al., 2007). In contrast,

another work reported the degradation of sugars with the biological pretreatment,
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irreversible adsorption occurring on the biomass reduced along with decrease in the
hydrolysis rate (J. Yu et al., 2009). Diverse organisms released different amounts of
cellulases and xylanases (Kuhar et al., 2008). Comparatively higher yields of 0.48¢g
ethanol /g glucan were reported for the application of fungal pretreatment (Kuhar et al.,
2008) whereas P. striptis showed lower ethanol yields (Nigam, 2001). Delignification
under sterile and non-sterile pretreatment conditions suffered little delignification
inhibition but more glucan was conserved for non-sterile conditions. Lower lignin content
from operation at non-sterile conditions based on the incubation time selected for the
study resulted in change of functional groups and favorable chemical decomposition (Lili
Song et al., 2013). Ethanol yields were reported to be close for sterile and non-sterile
conditions and were higher than from unpretreated biomass (L. Song et al., 2013).Yields
were increased by applying fungal pretreatment to 57% as compared to just 11% of the
raw biomass (Yamagishi et al., 2011). Maximum ethanol concentration of 2.4 g/l with a
yield of 0.24 ethanol g /sugars after the detoxification of the biomass was observed
(Pereira et al., 2012). During pretreatment, reportedly 12% of delignification occurred
(Mao et al., 2013) whereas another study reported 71.49% lignin degradation after
applying pretreatment on selected biomass but with high hemicellulose loss of 77.84%
(F.-h. Sun et al., 2011). The overall sugar yields were even lower than the raw biomass
after enzymatic hydrolysis in this work (Sun et al.,2011). Results from (Xu et al., 2009)
also illustrated similar patterns as (Sun et al., 2011) since the most conveniently
degrading component was hemicellulose during the overall process of pretreatment. A
high lignin loss of 45.6+2% along with significant loss of 26.7+2% cellulose and
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50+1.8% loss of hemicellulose over the entire pretreatment time showed a reduction in
selectivity for lignin with increase in pretreatment time (H. Yu et al., 2010). Degradation
of softwoods was more than 26% along with 15-19% hemicellulose degradation after 18
day biological pretreatment(Wan & Li, 2013). Glucose yields for different biomass were
reported to be 2.5 to 3.0 fold higher than the raw biomass yields for selected fungi (Wan
& Li, 2013). Enzymatic saccharification yields reported to be 3.5 fold more than
unpretreated material (Yamagishi et al., 2011). 83%recovery of cellulose and 52%
recovery of hemicellulose with about 41% Klason lignin degradation after pretreatment
of rice straw showed some selective lignin degradation e is possible (Masayuki Taniguchi
et al., 2005). Net sugar yields based on raw biomass were 33% for soluble sugar from
holocellulose and 32% from glucose based on the raw biomass. Co-culture pretreatment
technique showed degradation of all the carbohydrates with relatively lower lignin
degradation in comparison to monocultures (Ma et al., 2011). 40.7% of initial lignin but
no glucan degradation has been reported for pretreatment at semi aerobic conditions and
produced 43.9% of theoretical ethanol yield at the end of 20d when all the steps were
carried out biologically (Kamei et al., 2012). Lignin degradation in the range of 44-77%
and little hemicellulose degradation occurred for chlorite pretreatment, but the cross
effect was minimized for the dilute acid pretreatment (W. Wang et al., 2013) making it
suitable in combination with fungal pretreatment. Enzymatic digestibility improved 2-3
fold in work testing fungal pretreated biomass for wet-storage (Cui et al., 2012).

Maximum lignin removal of 64.25% was reported with application of additives and
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submerged fermentation process for 28d (Zhang et al.,2012). Reid 1985 also reported
58% lignin removal and only 12% total wood weight reduction.

In a different study, two-step application of white rot-fungi followed by brown rot-fungi
for biological delignification resulted in highest lignin removal and greater conversion by
hydrolysis (Giles et al., 2011). Mixed cultures reported to be least effective with 37.68%
delignification, although hemicellulose weight loss was similar for co-cultures and
monocultures (Nazarpour et al., 2013). A 15-day fermentation resulted in 58.1% of
theoretical glucose yields for the remaining glucan (Bak, Kim, Choi, & Kim, 2010).
Results with straw showed weight loss of 20 to 45% after 84-d pretreatment. Combined
pretreatment proved to be more effective than single pretreatment for 60-d period
reducing the residence time and lowering carbohydrate losses (Bowen & Harper, 1990).
Another result from combined pretreatment confirmed the results reported above, but the
time was reduced from 60-d to 35-d for the same glucan yields as observed for a 60-d
period (M. Taniguchi et al., 2010). Results from combined ethanolysis and fungal
pretreatment gave 7-fold higher yield than just applying ethanolysis (Baba et al., 2011).
Higher lignin than carbohydrates content was reported for a soft rot pretreated wood

(Blanchette, 1995).

2.6 Conclusions

Feedstock, moisture level, pretreatment approach (single or combined), temperature, and
pH are important factors influencing lignin degradation and successful pretreatment, as
discussed in this chapter. Substrates have been an important factor since diverse

composition of biomass influences microorganism selection for biological pretreatments.
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Providing optimum temperature, pH, and other environmental conditions is important for
the inoculum to grow and carry out biodegradation. Because microorganisms typically
require several weeks to effectively degrade biomass, biological pretreatment may not be
well suited for commercial operations. There are various challenges during biological
pretreatment that need attention before this pretreatment could be applicable to wide
variety of feedstocks. Therefore, selection of better fungal strains and understanding
degradation of various wood components are needed to make biological pretreatment
attractive. Improved understanding of the recalcitrant biomass would lead to developing
pretreatment technologies favorable for feedstocks for providing high sugar titers for

fermentations.
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