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ABSTRACT

The success of an economically feasible and environmentally sustainable lignocellulosic biore-
finery has been largely impeded because of the native recalcitrance of lignocellulosic plant cell
walls to thermochemical treatment (e.g. chemical pretreatment) and biochemical processing (e.g.
enzymatic hydrolysis). Several leading pretreatment technologies, including Ammonia Fiber Ex-
pansion, Extractive Ammonia, Ionic Liquid, Steam Explosion and Dilute Acid, significantly help
enhance the enzyme digestibility of pretreated biomass. Comprehensive enzyme cocktails have
also been developed to maximize the biomass hydrolysis to fermentable sugars. However, due the
complex nature of plant cell wall, inefficient sugar conversion remains to be a universal problem
for various pretreatment technologies. The mechanism of recalcitrant oligosaccharides accumula-
tion is poorly understood. The goal of this dissertation is to understand the limiting factors that
contribute to unconverted carbohydrates in bio-based chemical industry, and provide information
for the rational design of enzyme cocktail, fermentation and pretreatment process adjustments.

We first proposed the methodology for large-scale purification of oligosaccharides using char-
coal fractionation and size exclusion chromatography. The carbohydrate composition of recal-
citrant oligosaccharides, their mass and molecular weight distribution profiles were determined.
Enzyme activity assay revealed that sugar inhibition and the lack of enzyme activity in commercial
enzyme mixtures are major reasons for inefficient monomeric sugar conversion.

A novel glycome profiling method (Elisa screening), combined with biotinylation derivati-
zation, was used as a rapid, high-throughput tool to identify recalcitrant non-cellulosic glycan
structures for small-molecule oligosaccharides and insoluble polysaccharides. 4-O-methyl-D-
glucuronic acid substituted xylan and pectic-arabinogalactan were found to be the most abun-
dant epitopes recognized by monoclonal antibodies in liquid hydrolysate and unhydrolysed solids.
These structures were further validated by MALDI-TOF and TMS composition analysis. Based
on the epitope information, novel accessory enzymes were supplemented into existing enzyme
cocktails with the required activities for achieving complete sugar deconstruction.

An artificial, chemically-defined Synthetic Hydrolysate was used to study the inhibitory effect



of water-soluble components of crude lignin stream produced extractive ammonia pretreatment
(EA) on yeast fermentation. Key inhibitory compounds that were identified using LC-MS and GC-
MS included p-coumaroylamide, feruloylamide and p-coumaroylglycerol. Chemical genomics
was employed to show the fingerprints of genes deletion response to inhibitors. The different
sensitive/resistant genes clusters confirmed the variability and similarity of inhibitors in water-

soluble components with real hydrolysate.
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CHAPTER 1

INTRODUCTION

Declining crude oil reserves and environmental concerns associated with greenhouse gas emis-
sions due to petroleum products has provided an impetus to transition from the current fossil fuel
scenario to a more sustainable renewable energy system [36]. Inedible plant biomass, also known
as lignocellulosic biomass, includes agricultural residues, forestry residues, herbaceous and woody
crops. These are the most abundant sources of potential feedstocks for producing renewable lig-
uid transportation fuels [89]. Structural carbohydrates from the plant cell walls represent a vast
untapped energy source. Attempting to economically convert these carbohydrates to biofuels, par-
ticularly via the biochemical route, will be a step forward in creating a more sustainable liquid
transportation fuel. In the past few decades, significant research efforts have been undertaken in
the field.

Nevertheless, several major issues impede the successful commercialization of cellulosic biomass
conversion to liquid fuels [6]. These barriers include cost of biomass degrading enzymes, incom-
plete conversion of biomass to fermentable sugars and low ethanol productivity [19, 90, 163].
Cellulose and hemicelluloses in the plant cell wall are embedded in a complex matrix with lignin
that make biomass highly recalcitrant [28]. Thus, numerous pretreatment technologies have been
developed to overcome biomass recalcitrance, such as: hot water, steam explosion, lime, phos-
phoric acid, dilute acid (DA), ammonia [such as, ammonia fibre expansion (AFEX), soaking in
aqueous ammonia (SAA) and ammonia recycled percolation (ARP)] and ionic liquid (IL)-based
pretreatments [34, 51]. DA, IL and AFEX pretreatments are of the most leading technologies stud-
ied at the three US Department of Energy (DOE) funded bioenergy research centers, namely Great
Lakes Bioenergy Research Center (GLBRC), Joint Bioenergy Institute (JBEI) and the BioEnergy
Science Center (BESC). Considerable research has been done to streamline these processes to
make them cost effective. In previous work, comparative studies of commercial enzyme mixture
optimization and ethanol production of DA, IL and AFEX- pretreated corn stover have been per-

formed to improve downstream processing conditions and to understand factors contributing to



the glucose and xylose yields during enzymatic hydrolysis [49, 142]. Unlike acidic pretreatments
which require a wash stream, AFEX pretreatment is a dry-to-dry process that keeps the carbohy-
drate composition unaltered and preserves most of the sugars intact in a single solid biomass stream
[7, 27, 29, 34, 139]. The presence of hemicellulose and pectin, however, requires more complex
enzyme cocktails relative to acidic pretreatments, where hemicellulases, pectinases and other ac-
cessory enzymes must be added to cellulases to maximize overall sugar yields. Non-cellulosic
polysaccharides, which account for 25-35% of plant cell walls, have branched cross-linkages with
varying levels of substitution [46, 48, 146, 160]. Thus, a higher degree of synergy between a di-
verse set of enzyme activities is required to completely depolymerize such complex and highly
branched carbohydrate structures into monomeric sugars [80, 96]. Though enzyme cocktail com-
plexity is increased for deconstructing ammonia pretreated biomass, the overall enzyme loading
required does not change significantly in relation to dilute acid pretreatment [142]. One approach
for studying this problem is to rationally design the enzyme cocktail by understanding the limiting
factors that contribute to oligosaccharide and polysaccharide accumulation during hydrolysis. For
example, if some of the required biomass-degrading enzymes are not present or present at low
levels in the commercial enzyme cocktail, some glycosidic linkages will tend to accumulate dur-
ing the hydrolysis process. Thus, by carrying out detailed composition analysis and identifying
structural features of enriched recalcitrant cell wall components, one can rationally determine the
enzymes that are limiting the hydrolysis process. In addition to incomplete sugar conversion due
to the native recalcitrant of plant cell wall, the degradation products generated during pretreatment
processes strongly inhibit microorganisms and impede ethanol yield [40]. Under acidic conditions,
carbohydrates present in the biomass degrade into furfural or hydroxymethylfurfural and the lignin
degrades into a variety of phenolic compounds [75]. Instead, AFEX process produces many am-
moniated compounds, which are significantly less inhibitory than their acid counterparts [29, 140].
However, the efficiency of sugar utilization in ethanol production of AFEX pretreated biomass hy-
drolysates (enriched in both pentoses and hexoses) still requires improvement. One of the major

issues faced during mixed hexose/pentose fermentation is the low xylose consumption rate, which



is related to the presence of pretreatment-derived biomass decomposition products, ethanol, and

other fermentation metabolites [37, 122, 128, 140]

1.1 Objectives

The goal of this dissertation is to understand the limiting factors that contribute to unconverted
carbohydrates in bio-based chemical industry, and provide information for the rational design of
enzyme cocktail, fermentation and pretreatment process adjustments.

Objective 1: Understanding the mechanism for recalcitrant carbohydrates in UHS and hy-
drolysate, by analyzing their sugar compositions, mass distribution and recalcitrance, studying
their effect on enzyme inhibition, to help provide information for novel enzyme discovery and
development.

Objective 2: Focusing on the structure determination and method development small-molecule
water-soluble oligosaccharides, which have been overlooked in the past studies, but have great
potential to be easily converted to fermentable sugar.

Objective 3: Using Synthetic Hydrolysate (SynH) to identify key inhibitors produced in opti-

mized extractive ammonia process, to help optimize fermentation and pretreatment processes.



CHAPTER 2

LITERATURE REVIEW
Cell walls provide essential functions that are important for structure, intercellular communication,
defense responses, growth, and development in plants [73]. Cell walls are also dynamic in that they
change in their structure and composition depending on the tissue and cell type being examined,
its developmental stage, and other biotic and abiotic factors. Plant cell walls are the major com-
ponent of plant biomass and its natural resistance to biodegradation, otherwise termed “cell wall
recalcitrance 7. This is a major hurdle that must be overcome if lignocellulosic biomass is to be
used effectively for biofuel production [89, 156]. Thus, understanding the features of plant cell
walls that underlie recalcitrance is of prime interest to cell wall researchers. Such an understand-
ing will facilitate fine-tuning the properties of plant biomass and optimizing biomass processing in
order to more efficiently and cost-effectively break down the biomass to its component sugars for

subsequent conversion to biofuel and other valuable products.

2.1 Compositional and structural complexity of plant cell wall

Plants are composed of at least 35 different cell types that are distinct in composition, struc-
ture, and ultrastructure [32]. However, all cells have a 0.1 to 10 um cell wall that provides rigidity
to the cell and prevents attack by pathogens. Cell walls typically are composed of three layers,
the middle lamella, primary cell wall, and secondary cell wall. Secondary cell walls, which have
further sublayers (S1, outer; S2, middle; and S3, inner), are present only in certain tissues (e.g.,
thickened cells that constitute the vascular bundles) and mature generally after cessation of growth,
unlike the primary walls that are ubiquitous to all cells. Composition of cell wall changes from
species to species, and different stages of their growth. Cellulose (20-50% on a dry weight basis),
hemicellulose (15-35%), and lignin (10-30%) are the primary constituents of cell walls, whereas
proteins (3-10%), lipids (1-5%), soluble sugars (1-10%), and minerals (5-10%) are minor compo-
nents [108]. This chemical composition of cell walls differs significantly between monocots.

Cellulose is a complex macromolecule composed of linear f3-1,4-glucan chains that tightly

aggregate into microfibrils (3 to 5 nm in diameter) held together via strong intra- and intermolecular



hydrogen bonds and van der Waals forces resulting from pyranose ring stacking. The degree of
polymerization of cellulose varies, depending on its source, between 100 and 10,000 [101, 138].
Native cellulose is degraded to a length of approximately 150 nm fairly rapidly, beyond which
severe chemical or enzymatic treatment is necessary to hydrolyze it completely [97]. The steric
hindrance of glucan chains packed tightly in this solid, crystalline morphology is responsible for
the low saccharification rate of cellulose [165]. The most abundant crystalline polymorph found
in higher plants is cellulose I, which has a two-chain monoclinic unit cell [98]. Thermochemical
treatments can transform cellulose I into other polymorphs [101], namely, cellulose IT by NaOH
[148], cellulose III by amines or ammonia [63, 147], and cellulose IV by glycerol [50]. Differences
in glucan chain packing in these polymorphs have been shown to influence their hydrolysis rates
[26, 63, 148]; however, a molecular-level explanation of the observed differences in digestion rates
between cellulose polymorphs remains an open question.

Hemicelluloses are polysaccharides that are extractable by alkaline solutions. In contrast,
pectins are a major component of the compound middle lamella that can be extracted with hot
water and chelating agents. We now know that these complex heteropolysaccharides can be classi-
fied into four structurally distinct classes: (a) xylans(f-1,4-xylosylbackbone with arabinose, uronic
acid, and acetyl side chains), (b) mannans (f3-1,4-mannosyl or glucosyl-mannosyl backbones with
galactose side chains), (¢) B-glucans with mixed linkages (8-1,3-1,4-glucosyl backbone), and (d)
xyloglucans (f3-1,4-glucosyl backbone with xylose side chains) [8]. Unlike cellulose, hemicellu-
lose composition varies depending on cell tissue and plant species and differs in type of glycosidic
linkages, side chain composition, and degree of polymerization [42, 66].The most abundant hemi-
celluloses found in monocots (e.g., corn stover, switchgrass) and dicots are glucuronoarabinoxy-
lans and galactoglucomannans, respectively.

Lignins are complex, phenyl-propanoid polymers derived from three basic monomeric units
(monolignols): p-hydroxyphenyls (H), guaicyls (G), and syringyls (S), which vary between species
and cell tissue type [13, 53]. Lignin structures are hypothesized to arise from free-radical polymer-

ization of phenoxy radicals (3-O-4-linked aryl ether linkages are most common) formed by oxida-



tive enzymes in the cell wall [13]. Hardwood (e.g., poplar, aspen, oak) lignins are predominantly
G and S monolignols with trace amounts of H units. Softwood (e.g., cedar, pine, spruce) lignins
are composed of mostly G units, whereas monocots (e.g., corn, swichgrass, wheat) incorporate
equivalent amounts of G and S units along with significantly higher amounts of H monolignols.
The composition and structural features of plant cell walls are so complex that the structural
make up of cell walls varies in different plants, tissue and cell types, and even at subcellular levels
[73, 109]. Many of the polysaccharides found in plant cell walls are themselves highly hetero-
geneous in their composition. Multiple structural forms have been demonstrated for most of the
major cell wall hemicellulosic polysaccharides [126, 161], pectic polysaccharides [95], and ara-

binogalactan glycoproteins [76].

2.2 Novel immunological method for cell wall characterization

Cell walls play important roles in the structure, physiology, growth, and development of plants
[24]. Plant cell wall materials are also important sources of human and animal nutrition, natural
textile fibers, paper and wood products, and raw materials for biofuel production [137]. Many
genes are thought to be responsible for plant wall biosynthesis and modification have been identi-
fied [20, 85, 95], and 15% of the Arabidopsis (Arabidopsis thaliana) genome is likely devoted to
these functions [23]. However, phenotypic analysis in plants carrying cell wall-related mutations
has proven particularly difficult. First, cell wall-related genes are often expressed differentially and
at low levels between cells of different tissues [124]. Also, plants have compensatory mechanisms
to maintain cell wall function in the absence of a particular gene [138]. Thus, novel tools and
approaches are needed to characterize plant cell wall structures and the genes responsible for their

synthesis and modification.

2.2.1 Monoclonal antibodies and glycome profiling

Monoclonal antibodies (mAbs) developed against cell wall polymers have emerged as an im-
portant tool for the study of plant cell wall structure and function [77]. Previous studies have
utilized mAbs that bind epitopes present on rhamnogalacturonan I (RG-I) [2, 30, 44, 68, 92, 152],

homogalacturonan [31, 153], xylogalacturonan [155], xylans and arabinoxylans [91], xyloglucan



[43, 44], arabinogalactan(protein) [39, 110, 115, 136], and extensins [135] to localize these epi-
topes in plant cells and tissues. In addition, mAbs have been used to characterize plants car-
rying mutations in genes thought to be associated with cell wall biosynthesis and metabolism
[25, 99, 111, 129, 162]. Despite their utility, the available set of mAbs against carbohydrate
structures is relatively small given the structural complexity of wall polymers [119], and knol-
willats1998generationwledge of their epitope specificity is limited. Thus, additional mAbs specific

to diverse epitope structures and methods for rapid epitope characterization are needed [138].

2.2.2 Biotinylation: Derivatization for studying carbohydrate-protein interactions

One way of optimizing mAbs-based Elisa assay is the derivatization of substrates to improve
or enable effective binding with the plate. Biotin has been widely used for investigating receptor-
ligand interactions [58, 151]. The use of biotin for labeling biological compounds was first de-
scribed for localizing membrane proteins by electron microscopy, making use of the very high
affinity of avidin for biotin [54]. It has since been used to study the expression and cellular distribu-
tion of membrane proteins and glycoproteins, thereby largely replacing the hazardous radioactive
iodine labeling. A number of biotinylation procedures in which the label is attached to carbohy-
drates using oxidative methods have been developed [10, 100]. These methods, however, affect
the structural integrity of the glycan and therefore may influence the biological function of carbo-
hydrates and their binding properties to lectins. During recent years, a number of non-destructive
biotinylation procedures involving the coupling of a biotin group via an amine- or hydrazide-
containing linker to the reducing end of purified or synthesized carbohydrates have been described
[64, 86, 120, 133, 141, 157]. In the first article describing such a method, the label BAP, containing
both a biotin and a fluorescent group, was coupled via reductive amination to the reducing ends
of carbohydrates and permitted detection of carbohydrates during HPLC analysis [120, 141]. A
drawback of this method, however, is the elaborate preparation of BAP, which is synthesized by
coupling biotin-N-hydroxysuccinimide ester (NHS) to diaminopyridine (DAP), requiring a prepar-
ative chromatography step to separate the formed label from the reactants. Also, the coupling ef-

ficiency of BAP to carbohydrates was rather low. Recently, an alternative to this method in which



DAP is first coupled to the reducing ends of carbohydrates was presented. Sample purification is
obtained by paper chromatography. In a second reaction step, DAP-labeled carbohydrates were
coupled to biotin-NHS and purified by HPLC [157]. A much-simplified procedure was developed
using the label BNAH, which was coupled to carbohydrates in a one-step reaction, eliminating
the elaborate label synthesis. Sample purification again was performed by HPLC [86]. This label

showed excellent properties in studying carbohydrate-protein interactions.

2.3 Incomplete sugar conversion in lignocellulosic biorefinery

Incomplete sugar conversion is one major bottleneck in ligonocellulosic biorefinery due to the
recalcitrance of cell wall polysaccharides to enzymes during saccharification. A recent study by
Uppugundla et al. showed that inefficient sugar conversion is a problem for various thermochem-
ical pretreatment technologies, including AFEX, dilute acid, and ionic liquid pretreatments [142].
Using the advanced commercial cocktails containing Cellic Ctec2, Cellic Htec2, and Multifect
Pectinase with optimized ratio, nearly 22% of total carbohydrates from AFEX-pretreated biomass
were left behind as polymeric and oligomeric sugars after seven days of hydrolysis, at high en-
zyme loading (20 mg protein/g glucan) and solids loading (6% glucan loading). Since the sugar
polymers are not completely converted to monomeric sugars, the biofuel production potential is
significantly reduced, which negatively impacts the overall economics of the biorefinery [81]. This
is a universal problem faced by researchers when using hardwood and agricultural residues/grasses
[142]. Recalcitrant cell wall polysaccharides not only resistant to commercial enzymes, they also

block the accessibility of cellulases to cellulose.

2.3.1 Oligosaccharides accumulation cause sugar loss in biorefinery

Oligosaccharides are generated by incomplete digestion of glucan or xylan sugar polymers by
water-soluble endo- and exo-enzymes. Most oligosaccharides are ultimately converted to glucose
or xylose by fB-glucosidase and B-xylosidase [46, 48] . However, some oligomeric sugars are
not converted and thus accumulate in the hydrolysate. Oligosaccharides are produced by AFEX
pretreatment and during high solid loading enzymatic hydrolysis [29, 51]. Gluco-oligosaccharides

(DP 2-24) were found in AFEX corn stover (ACS) water extracts [146]. When pre-soaked wheat



straw was treated with pressurized water at 195 °C for 12 min at a water-straw ratio of 5:1, most
hemicelluloses were solubilized into water-soluble oligosaccharides as a mixture of xylo-oligomers
and gluco-oligomers with DP ranging from 7-16 [79]. The soluble oligosaccharides present in
switchgrass hydrolysates produced using commercial enzyme cocktails were a combination of both
linear (gluco-) and branched (xylo-) oligomers, with DP ranging from 2-6 [12]. These unconverted
oligosaccharides in hydrolysate reduce biofuel yields because most industrial ethanol-producing
strains, including yeast and bacteria, consume only monomeric sugars (glucose and xylose) and do

not have machinery to use oligomeric sugars [3, 45, 52, 140].

2.3.2 Mechanistic understanding of oligosaccharide accumulation

The exact reasons for oligosaccharide build-up in high-solids loading (HSL) hydrolysis re-
main open, but there are several possible mechanisms to explain this phenomenon. Monomeric
sugars (glucose, xylose, mannose, galactose, etc.) and cellobiose have been determined to ex-
ert strong end-product inhibition on cellulase and -glucosidase [74, 81], and oligomeric sugars
(xylo-oligomers and gluco-oligomers) can inhibit cellulases during hydrolysis even more strongly
[79, 82, 117]. Accumulation of xylo-oligomers reduces ethanol yields by inhibiting cellulase en-
zymes, especially CBH I and CBH II [9, 164], thereby reducing cellulose hydrolysis to glucose.
Competitive inhibition of cellulases by high DP xylo-oligomers is greater than other end products
(glucose, xylose) [30]. Oligosaccharides with a DP ranging from 7 to 16 resulting from wheat
straw hydrothermal pretreatment are approximately 100-fold stronger inhibitors of Trichoderma
reesei CBHs than cellobiose [79]. A possible explanation was proposed by the author that the
xylo-oligomers and gluco-oligomers may mimic the structure of the cellulose chain and bind to
more glucose unit binding sites in the active site tunnel than cellobiose. Alternatively, the presence
of side-chain substituents on arabinoxylan, including acetyl, arabinofuranosyl and glucopyranosyl
uronic acid, may hinder the formation of enzyme-substrate complexes, and thus impede enzy-
matic hydrolysis [158]. Current commercial enzyme cocktails require accessory enzymes that
can cleave these linkages [96]. Such accessory enzymes including glucuronidases, -xylosidases,

o-l-arabinofuranosidases and acetyl esterases are essential in achieving complete degradation of



heteroxylans [14, 16, 48, 83, 144, 158].

2.3.3 Oligosaccharide purification and characterization

Other studies have explored oligosaccharide recalcitrance, including the purification and/or
characterization of oligosaccharides [14—-17, 33, 150]. Neutral gluco-oligosaccharides in ACS wa-
ter extracts were enriched by solid-phase extraction (SPE), followed by high-performance liquid
chromatography (HPLC) separation and electrospray ionization time-of-flight mass spectrometry
(ESI-TOF-MS) [146]. High-purity xylo-oligosaccharide fractions with DP ranging from 2 to 14
were isolated from hydrothermal pretreatment hydrolysate of birchwood xylan by gel permeation
chromatography [88]. For structural elucidation on the chromatographic time scale, nonselective
multiplexed collision-induced dissociation was performed for quasi- simultaneous acquisition of
oligosaccharide molecular and fragment masses in a single analysis [146]. Hydrophilic interaction
liquid chromatography with tandem mass spectrometry (HILIC/MS/MS) was successfully used
to characterize reducing end-labelled xylo-oligosaccharides [15]. Feruloylated xylo-oligomers
from thermochemically treated corn fibre were pooled and fractionated by a solid-phase C-18
column and a Bio-Rad P2 gel column and further purified with reverse-phase high-performance
liquid chromatography (RP-HPLC). Electrospray ionisation mass spectrometry (ESI-MSn) and
nuclear magnetic resonance (NMR) were then used for structure elucidation. Interestingly, several
oligosaccharide analogues contained an o-L-galactopyranosyl-(1-2)-B-D-xylopyranosyl-(1-2)-5-
O-trans-feruloyl-l-arabinofuranose side chain attached to the O-3 position of a xylose comprising
the B-1-4 linked backbone [45]. Arabino-xylooligomers derived from switchgrass xylan were
characterised by RP-HPLC-MSn [14]. Side chain substitutions of (1-2)--xylose-(1-3)-a- arabi-
nose were identified from the products of swichgrass xylan hydrolysis using commercial enzymes
with supplementation of o-arabinofuranosidase, indicating that required activity for this linkage
is lacking from commercial enzyme preparations [17]. With all these research efforts, however,
only a few studies have focused on the nature of oligosaccharide buildup during HSL hydrolysis
in terms of release of oligomeric sugars, changes in the oligomer chain length during the course of

hydrolysis, ratios of different DP oligomers and their distribution profiles [12, 116, 146].
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CHAPTER 3

SEPARATING OLIGOSACCHARIDES AND EVALUATING THE SUGAR LOSS AND
ENZYME INHIBITION

3.1 Large scale oligosaccharides separation and understanding the accumulation
mechanism

Accumulation of recalcitrant oligosaccharides during high-solids loading enzymatic hydrolysis
of cellulosic biomass reduces biofuel yields and increases processing costs for a cellulosic biore-
finery. Recalcitrant oligosaccharides in AFEX-pretreated corn stover hydrolysate accumulate to
the extent of about 18-25% of the total soluble sugars in the hydrolysate and 12-18% of the to-
tal polysaccharides in the inlet biomass (untreated), equivalent to a yield loss of about 7-9 kg of
monomeric sugars per 100 kg of inlet dry biomass (untreated). These oligosaccharides represent a
yield loss and also inhibit commercial hydrolytic enzymes, with both being serious bottlenecks for
economical biofuel production from cellulosic biomass. Very little is understood about the nature
of these oligomers and why they are recalcitrant to commercial enzymes. This chapter presents
a robust method for separating recalcitrant oligosaccharides from high solid loading hydrolysate
in large quantities. Composition analysis, recalcitrance study and enzyme inhibition study were

performed to understand their chemical nature.

3.1.1 Abstract

Oligosaccharide accumulation occurs during high solid loading enzymatic hydrolysis of corn
stover (CS) irrespective of using different pretreated corn stover (dilute acid: DA, ionic liquids: IL,
and ammonia fibre expansion: AFEX). The methodology for large-scale separation of recalcitrant
oligosaccharides from 25% solids-loading AFEX-CS hydrolysate using charcoal fractionation and
size exclusion chromatography is reported for the first time. Oligosaccharides with higher degree
of polymerization (DP) were recalcitrant towards commercial enzyme mixtures [Ctec2, Htec2 and
Multifect pectinase (MP)] compared to lower DP oligosaccharides. Enzyme inhibition studies
using processed substrates (Avicel and xylan) showed that low DP oligosaccharides also inhibit

commercial enzymes. Addition of monomeric sugars to oligosaccharides increases the inhibitory
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effects of oligosaccharides on commercial enzymes.

The carbohydrate composition of the recalcitrant oligosaccharides, ratios of different DP oligomers
and their distribution profiles were determined. Recalcitrance and enzyme inhibition studies help
us to determine whether the commercial enzyme mixtures lack the enzyme activities required to
completely de-polymerize the plant cell wall. Such studies help us to understand the reasons for
oligosaccharide accumulation and contribute to strategies by which oligosaccharides can be con-
verted into fermentable sugars and provide higher sugar conversion and biofuel yields with less

enzyme.

3.1.2 Background

Concerns about energy security and environmental problems due to petroleum consumption
provide an impetus to transition from the current fossil fuel system to a more sustainable energy
system [36]. Nonfood plant biomass or cellulosic biomass, including agricultural residues (e.g.,
corn stover (CS), wheat straw), perennial grasses (e.g., switchgrass, miscanthus), forestry residues,
herbaceous and woody crops, is the most abundant source that could be used as potential feedstock
for producing renewable liquid fuels [89]. Since cellulosic biomass is likely to play an important
role in future energy portfolios, numerous research efforts are underway globally to economically
produce biofuels.

Nevertheless, several major issues impede the successful commercialization of cellulosic biomass
conversion to liquid fuels [6]. These barriers include cost of biomass degrading enzymes, incom-
plete conversion of biomass to fermentable sugars and low ethanol productivity [19, 90, 163].
Cellulose and hemicelluloses in the plant cell wall are embedded in a complex matrix with lignin
which make biomass highly recalcitrant [28]. Thus, numerous pretreatment technologies have
been developed to overcome biomass recalcitrance, such as, hot water, steam explosion, lime,
phosphoric acid, dilute acid (DA), ammonia [such as, AFEX, soaking in aqueous ammonia (SAA)
and ammonia recycled percolation (ARP)] and ionic liquid (IL)-based pretreatments [34, 51]. DA,
IL and AFEX pretreatments are of the most leading technologies and core programms studied at

the three US Department of Energy (DOE) funded bioenergy research centers, namely Great Lakes
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Bioenergy Research Center (GLBRC), Joint Bioenergy Institute (JBEI) and the BioEnergy Science
Center (BESC). Considerable research has been done to streamline these processes to make them
cost effective. In the previous work, comparative studies of commercial enzyme mixture optimiza-
tion and ethanol production of DA, IL and AFEX-pretreated corn stover have been performed to
improve downstream processing conditions and to understand factors contributing to the glucose
and xylose yields during enzymatic hydrolysis [49, 142]. To reduce the cost in cellulosic ethanol
production, high sugar concentrations are required to achieve high ethanol titers and to reduce the
energy required to distill the ethanol from fermentation broths [69, 70]. However, as the solids
loading increases, the viscosity of the hydrolysate also increases, contributing to mixing and mass
transfer problems that reduce sugar conversion [4]. High solids loadings also leads to unproductive
binding of enzyme to substrate [47] and product inhibition [56, 81], which are stumbling blocks
for converting biomass to high concentrations of fermentable sugars.

For the first time, we present a methodology for large-scale purification of recalcitrant oligosac-
charides from AFEX treated corn stover hydrolysate (ACSH) prepared at high solids loading.
Composition analysis, recalcitrance studies, and investigating enzyme inhibition by recalcitrant
oligosaccharide on commercial enzyme cocktail have helped us define the characteristics of the

mechanism of oligosaccharide accumulation.

3.1.3 Materials and Methods
See Appendix A.1 - A.13.

3.1.4 Results and Discussions

3.1.4.1 Oligosaccharides accumulation

Glucan and xylan conversion of CS using three different leading pretreatment technologies (di-
lute acid: DA, ionic liquids: IL, ammonia fiber expansion: AFEX) under commercial enzymes
treatment were tested to see if oligosaccharides accumulation is a universal phenomenon or per-
tains only to particular pretreatments (Figure 3.1). The optimal commercial enzyme combinations

(Ctec2: Htec2: Multifect Pectinase) for different pretreated biomass was shown to be different in
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Figure 3.1 Sugar monomers and oligomers released by different pretreatments (dilute acid: DA,
ionic liquid: IL, ammonia fiber expansion: AFEX). Enzymatic hydrolysis conditions: 6% glucan
loading, 72 hrs hydrolysis, 15 mg/g enzyme loading (Ctec2: Htec2: MP - 1:1:1).

our previous work [142]. Nevertheless, to reduce factors that might affect the sugar conversion and
have a comparative results between three different pretreatment methods, we chose 1:1:1 (percent-
age total protein loading basis) for our experiments. Regardless of the pretreatment method used,
3.4 - 6.1% of sugars (glucose and xylose) in dry untreated corn stover accumulated as oligomers.
These recalcitrant oligosaccharides are not converted to fermentable sugars, and thereby reduce
biofuel yields. The oligosaccharides also inhibit both fermentation rate and biomass hydrolysis as
stated above. AFEX is a thermochemical biomass pretreatment that cleaves the lignin-carbohydrate
complex (LCC) linkages, and improves the digestibility of biomass by relocating lignin and cre-
ating pores [7, 27]. It is a dry-to-dry process without any washing step, and no exogenous nu-
trition supplementation is needed for downstream fermentation. Nevertheless, highest content of
oligosaccharides (gluco-oligomers and xylo-oligomers) were produced during AFEX pretreatment
(Figure 3.1). Therefore, rather that handling different pretreated biomass, we decided to choose
AFEX pretreated corn stover to broadly represent alkaline pretreatment process and try to have
more in-depth understanding of recalcitrant oligosaccharides produced during enzyme hydrolysis.
We chose to use ACSH produced under high solids-loading (25%) enzymatic hydrolysis to study
the accumulation profile of recalcitrant oligosaccharides and their structure characterization.

As more than 25% of the initial xylan content remains as xylo-oligomers after enzymatic
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Figure 3.2 Effect of solids loading and enzyme loading on xylo-oligomers accumulation in ACS
enzymatic hydrolysis. Here, A, Enzyme loading was fixed at 18.75 mg/g glucan (optimized mix-
ture, Ctec2: Htec2: MP - 1:1:1). Two solids loadings (15% and 25%) were compared at 24 h and
120 h; and B, Solids loading was fixed at 20%. The effects of two enzyme loadings (7.5 mg/g
glucan and 30 mg/g glucan, Ctec2: Htec2: MP - 1:1:1) were compared at 24 h and 120 h.

hydrolysis of ACS while gluco-oligomers accumulate (<10%) to a lesser extent, different solids
loadings (Figure 3.2-A) and enzyme loadings (Figure 3.2-B) were tested for their effects on xylo-
oligomer accumulation. Here solids loading (g/g) is defined by the amount of dry material that
enters the process divided by the total mass of material and water added to the material [94], and
enzyme loading (mg/g) is defined as the amount of protein added in the process divided by the
amount of glucan in pretreated biomass. Sugar conversion is defined as the amount of xylose
or xylo-oligomers produced after enzymatic hydrolysis divided by the amount of xylan in ACS
(AFEX-pretreated corn stover). In Figure 3.2-A, approximately 80% of total xylan conversion was
achieved in the first 24 h at both 15 and 25% solids loadings with 18.75 mg/g enzyme loading.
This value does not change significantly after 120 h of enzymatic hydrolysis. The monomeric xy-
lose content increased by 7-10% for both solids loadings when the hydrolysis time was extended
from 24 h to 120 h. For 15% solids loading, the xylo-oligomers content decreased from 24% to
18% after 120 h hydrolysis. At 25% solid loading, xylo-oligomers content decreased from 28% to
24% after 120 h hydrolysis, indicating that more xylo-oligomers accumulated in high solids load-
ing enzymatic hydrolysis. The effect of enzyme loadings at a fixed solid loading (20%) was also
tested (Figure 3.2-B). At 20% solids loading, enzymatic hydrolysis with 7.5 mg/g enzyme loading
achieved 70% xylan conversion, while 30 mg/g enzyme loading achieved over 80% in the first 24

h. At 120 h, 7.5 mg/g of enzyme achieved nearly the same overall conversion (80%) as did under
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Table 3.1 Sugar monomers and oligomers concentration in 25% solids loading ACS hydrolysate
and inlet untreated biomass. Oligomeric sugar percentage in soluble sugar is based on individual
sugar (glucose, xylose and arabinose), while the oligomeric sugar percentage in total sugar is based
on the sum of all three sugars.

Glucose Xylose Arabinose Total Sugar

Monomers (g/L) 77 43 6 126

Oligomers (g/L) 8 14 3 25
Oligo percentage in soluble sugar 9% 25% 33% 17 %
Oligo percentage in soluble sugar 2% 4% 1% 7 %

the higher enzyme loading (83%). However, higher level of xylo-oligomers (22%) is still present
at 7.5 mg/g enzyme loading than at 30 mg/g enzyme loading (13%). As more xylo-oligomers
accumulate at the high solids loading, we chose 25% solids loading (equivalent to 7.9% glucan

loading) ACSH to produce oligosaccharides in a larger scale.

3.1.4.2 Methodology and mass balance for oligosaccharides purification

To better understand these oligosaccharides, the first step is to separate them from the hy-
drolysate by removing monomeric sugars, proteins, salts and other lignin degradation products
present (Figure 3.3). High solids loading (25%, i.e., 7.9% glucan loading) ACS hydrolysate was
prepared for large-scale separation of oligosaccharides. Enzymatic hydrolysis of ACS was per-
formed using a commercial enzymes mixture including Ctec2, Htec2 and Multifect Pectinase (20
ug protein/mg glucan, 2:1:1 ratio). After 96 h hydrolysis, the hydrolysate was centrifuged, filtered
and stored at 4 °C prior to charcoal fractionation. Oligosaccharides analysis were performed to
determine the composition of glucose, xylose and arabinose. The composition of sugar monomers
and oligomers in 25% solids loading ACSH is shown in Table 3.1. The soluble sugar percentage is
the weight percentage of oligomers in each individual sugars (monomers plus oligomers), and the
biomass percentage is the weight percentage of oligosaccharides based on starting material (ACS).

An activated charcoal and celite column was used to adsorb oligosaccharides from 25% solids
loading ACS hydrolysate [1, 93]. After oligosaccharides being fully adsorpted, most neutral
oligosaccharides was eluted from the charcoal/celite column by using 50% acetonitrile (v/w),

followed by desorption of more acidic oligosaccharides using 50% acetonitrile containing 1%
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Figure 3.3 Mass balance and methodology of oligosaccharides separation. Oligosaccharides were
separated from ACSH by activated charcoal bed and further fractionated by size exclusion chro-
matography (SEC). Dilute sulfuric acid hydrolysis was performed for sugar composition and mass
balance. G: Glucose; X: Xylose; A: Arabinose, ACN: acetonitrile, FA: Formic acid.

formic acid (v/w). The neutral and acidic oligosaccharide elution streams were collected as crude
oligosaccharide fractions, and were processed for further fractionation by size exclusion chro-
matography (SEC). Crude oligosaccharides were concentrated to remove the organic solvent and
additives prior to SEC fractionation. The concentrated fractions were re-suspended in water (50
mL of neutral fractions/55 mL of formic acid fractions) and used for sugar compositional analysis
by acid hydrolysis, recalcitrance studies, and SEC fractionation. A mass balance for oligosaccha-
rides separated in the process and sugar recovery were calculated based on these acid hydrolysis
results.

The concentrated neutral and acidic fractions were further fractionated based on their molecular
weight using SEC. Five mL of concentrated neutral fractions (containing 670 mg oligosaccharides)
and acidic fractions (containing 140 mg oligosaccharides) were injected into the SEC column sep-
arately. About 90 fractions (Al-12, B1-12, C1-12, D1-12, E1-12, F1-12, G1-12, H1-6, 10 mL
in each tube) were collected from each run and characterized using acid hydrolysis and enzyme

digestion assays. Fractions in the same row were re-pooled and lyophilized to produce dry samples
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Figure 3.4 Mass distribution profile and monomeric compositions of SEC oligosaccharides frac-
tions. Here, 5 mL of concentrated (A) neutral fractions containing 670 mg oligosaccharides and
(B) acidic fractions containing 140 mg oligosaccharides were injected into the SEC column. Frac-
tions were re-pooled from row A to G and lyophilized. G: Glucose; X: Xylose; A: Arabinose.

A to G (H fractions are predominantly monomers according to composition analysis). Mass dis-
tribution of a total of 14 pooled samples was generated (Figure 3.4, row A-G for both neutral and
acidic oligosaccharides). The composition of oligosaccharides separated using SEC fractionations
were also analyzed in the same way as crude oligosaccharides.

A complete mass balance was carried out following the charcoal fractionation process (Figure
3.3 and Figure 3.4). Using this oligosaccharide separation process we were able to separate 400
mL of 25% solids loading hydrolysate containing about 10 g of mixed oligosaccharides (in accor-
dance with the sugar concentration in Table 3.1) in one activated charcoal bed. About 15% (1.5
g) of 10 g oligosaccharides in the hydrolysate were lost due to co-elution with monomeric sugars
and irreversible binding to the charcoal matrix. About 85% (8.5 g) of oligosaccharides were recov-
ered containing 6.9 g neutral oligosaccharides and 1.7 g acidic oligosaccharides. Acid hydrolysis
showed that acidic oligosaccharides had higher xylose content (63% vs. 54%) and arabinose con-
tent (19% vs. 6%) than neutral oligosaccharides. After SEC fractionation, more than 99% of
these crude oligosaccharides were recovered The mass distribution profile in Figure 3.4 shows that
most neutral fractions were enriched in low DP oligosaccharides (row F and G) while the acidic
fractions were distributed more evenly in high and low DP (row A and F) oligosaccharides. Acid

hydrolysis revealed that high DP oligosaccharides (A, B, C rows) contain more xylose than low

18



DP oligosaccharides (F, G rows) for both neutral and acidic fractions.

3.1.4.3 Enzyme recalcitrance of oligosaccharides

The oligosaccharides extracted from the initial hydrolysate (8.5 g) by charcoal fractionation
were further fractionated by SEC chromatography. A series of hydrolysis using commercial en-
zyme mixtures (Ctec2 + Htec2 + MP) were performed on both charcoal fractionated oligosac-
charides and SEC-fractionated oligosaccharides to determine the level of recalcitrance in each
fraction (0.5 mL reaction volumes with Ctec2: Htec2: MP in 1:1:1 ratio for 24 h hydrolysis at 50
°C and pH 4.8 and 20 mg/g oligosaccharides enzyme loading). Here, we define recalcitrance as
the percentage of oligosaccharides not hydrolysed into monomeric sugars. Figure 3.5-A shows that
among the three monomeric sugars (glucose, xylose and arabinose), the gluco-oligomers were most
digestible (20%-40% recalcitrance), followed by xylo-oligomers (50%-80% recalcitrance), and
arabino-oligomers were found to be highly recalcitrant (85%-95%). Additionally, acidic oligosac-
charides (70% recalcitrant) were more recalcitrant than neutral oligosaccharides (49% recalci-
trance). The higher recalcitrance of acidic fractions when compared to neutral ones is consistent
with a previous study that enrichment of certain substituents (arabinose, acetyl group, glucuronic
acid and uronic acid) correlated with increasing recalcitrance characteristic in corn residues [80].
It is reasonable to believe that multiple substitutions on the arbinoxylan backbone, especially in
acidic fraction, can hinder the accessibility of oligosaccharides to commercial enzyme mixtures,
leading to accumulation of unhydrolysed oligosaccharides in hydrolysate.

Based on the sugar conversion of diluted SEC-fractionated oligosaccharides incubated with
commercial enzyme mixtures, we were able to separate the crude oligosaccharides into 3 different
groups (Figure 3.5-B). They are: 1) highly recalcitrant (100% recalcitrant, row A, B and C); 2)
moderately recalcitrant (30-60% recalcitrant, row D and E); and 3) less recalcitrant (10-20% recal-
citrant, row F and G). The highly recalcitrant oligosaccharides accounted for 15% (1.3 g) of the
crude oligosaccharides separated from the hydrolysate. The remaining oligosaccharide fractions
(7.2 g) were found to be partially digestible when subjected to commercial enzymes (Ctec2, Htec2

and MP). The recalcitrance results from Figure 3.5-B show that more than 80% (w/w) of crude
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Figure 3.5 Recalcitrance study of neutral and acidic oligosaccharides. Here, (A) recalcitrance
of crude oligosaccharides after charcoal fractionation based on monomeric sugar composition,
and (B) recalcitrance of oligosaccharides fractions separated by SEC was determined. Enzymatic
hydrolysis was performed in 0.5 mL reaction volumes with commercial enzymes (Ctec2: Htec2:
MP) in 1:1:1 ratio for 24 h hydrolysis at 50 C. Maximum sugar concentration per well was 3 g/L.
while the minimum was 0.2 g/L (determined by acid hydrolysis). Enzyme loading is 60 pg/well.

oligosaccharide mixtures can be partially digested after separation from monomeric sugars and be-
ing diluted to concentrations lower than 10 g/L. Oligosaccharide accumulation in the hydrolysate
may result either from inhibition of glycosyl hydrolases by degradation products produced during
pretreatment or oligosaccharides, or because of the high concentrations of monomeric sugars that

are produced during enzyme hydrolysis.

3.1.4.4 Enzyme inhibition effect from oligosaccharides

It has been reported that oligosaccharides inhibit commercial enzyme mixtures [74, 79, 82,
117, 164]. To study the inhibition on commercial enzymes by fractionated oligosaccharides with
different degree of DPs and degree of recalcitrance, the activities of commercial enzymes on Avicel
and beechwood xylan, with and without SEC fractionated acidic or neutral oligosaccharides, were
measured with micro-plate assay (enzyme loading of 10 mg/g substrate, i.e., 62.5 ug enzyme per
well, for 24 h hydrolysis at 50°C, 10 rpm and pH 4.8, types and ratio of enzymes are stated below).
Inhibition tests were performed with varying concentrations of crude oligosaccharides (0.5 g/L.
to 10 g/L). The enzyme activities in the commercial enzyme preparations are different: Ctec2
is cellulases mixture blended with high level of B-glucosidases and some hemicellulases; Htec2
is a endoxylanase with cellulase background (Novozyme: http://bioenergy.novozymes.com/en/);

Multifect Pectinase contains high levels of pectinase, mannanase, and some b-glucosidase [52].
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Figure 3.6 Glucose and xylose background for oligosaccharides under commercial enzyme mix-
tures. Here, clusters labelled with A, B - G represented different fractions after SEC separation.
Each fraction was treated with 4 enzyme preparations (Ctec2, Htec2, MP and Htec2+MP 1:1).
Microplate enzymatic hydrolysis condition: Pure substrates (Avicel and beechwood xylan) were
added in 1.25% solids loading 500 pL reaction volume. Enzyme loading was 10 mg/g substrate
with 24 h hydrolysis at 50 degrees celsius, 10 rpm and pH 4.8.

Four groups of inhibition experiments were performed, namely: 1). Enzyme + Substrate (blank
control); 2). Enzyme + Substrate + Oligosaccharides (to test the inhibition of oligosaccharides on
enzymes); 3). Enzyme + Substrate + Oligosaccharides + Monomeric sugars (to test the inhibition
of both oligosaccharides and monomeric sugars on enzymes); 4). Enzyme + Oligosaccharides
(for background subtraction). The sugar levels from Group 2 experiments were subtracted by the
background oligosaccharides (Group 4) sugar level, and the levels from experiment Group 3 were
subtracted by both the oligosaccharides background (Group 4) and the supplemented monomeric
sugar levels. The monomeric sugars produced (glucose, xylose and arabinose) in experimental
Groups 2 and 3, after subtraction, were compared with control Group 1 (Figure 3.7 and 3.8). If the
sugar conversion levels are lower than the control group, the oligosaccharides fraction is considered

inhibitory to commercial enzymes.
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Figure 3.7 Neutral oligosaccharides inhibition on pure substrate enzymatic hydrolysis with or
without monomeric sugars inhibition. Here, clusters labelled with A-G represented different
pooled fractions after SEC separation. Avicel was treated with Ctec2 for glucose conversion;
beechwood xylan was treated with Htec2, MP and Htec2+MP 1:1 for xylose conversion. Mi-
croplate enzymatic hydrolysis condition: Pure substrates (Avicel and beechwood xylan) were
added in 1.25% solids loading 500 uL reaction volume. Enzyme loading was 10 mg/g substrate
with 24 h hydrolysis at 50 degree celsius, 10 rpm and pH 4.8. Oligosaccharides concentration was
at 10 g/L; monomeric sugars were at 20 g/L. glucose, 10 g/L xylose.

We started with oligosaccharides concentration ranging from 0.1-2.5 g/L and no inhibition
was observed on the enzymes; this is not surprising since the concentration of oligosaccharides
in high-solids loading ACSH is approximately 20 g/L. Therefore, we tested the inhibitory effect
of these oligosaccharides at higher concentrations (10 g/L). The enzyme preparations used for
different substrates were also different. Avicel was tested using Ctec2 to test inhibition effect
of oligosaccharides on glucose conversion with cellulases; beechwood xylan contains mixture of
xylose and glucuronic acid and was treated with Htec2 and MP individually, and then using enzyme
mixture of Htec2 and MP in 1:1 mass ratio at 10 mg/g to test the inhibition of oligosaccharides
xylose conversion with xylanase, pectinase, and other hemicellulases. Monomeric sugars (20 g/L.
glucose, 10 g/L xylose) based on 50-60% conversion of xylan and glucan from CS were also added

to the system to evaluate the role of monomeric sugars on enzyme inhibition.
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The concentration of sugars released at the same oligosaccharide concentration (10 g/L) and
the same enzyme dosage (10 mg/g) is a measure of the recalcitrance of the given oligosaccharide
mixture (Figure 3.6). The background concentrations of glucose and xylose shown in Figure 3.6
were consistent with the recalcitrance study results showed in Figure 3.5-B. For both neutral and
acidic fractions, high DP fractions (A, B and C) are more recalcitrant and low DP oligosaccha-
rides (row E, F and G) could be partially digested to monosaccharides after separation from crude
oligosaccharides. We believe that neutral fraction G consists of mostly monomers and degra-
dation products impurities, resulting in a much lower glucose release than fraction F. Arabinose
conversion was not shown here because of its low abundance in these oligosaccharides and no con-
clusions can be drawn due to large standard deviation. For both glucose and xylose conversion, it
was clearly shown that acidic fractions are more recalcitrant than the neutral fractions. The result-
ing glucose conversions for most high to medium DP fractions (row A-F) for acid fractions were
less than 1 g/L, Only the lowest DP fraction G is partially convertible ( 3.5 g/L) (Figure 3.6-B).
Interestingly, Multifect Pectinase exhibited higher activity on glucose and xylose conversion than
Ctec2 and Htec2. For example, when neutral fraction F was treated with MP, 4.5 g/L glucose was
released (4.1 g/L for Htec2 + MP 1:1 treatment), while, only 2.9 g/L glucose was released when
treated with Ctec2, and treatment with Htec2 gave the lowest sugar concentration of 0.8 g/L glu-
cose (Figure 3.6-A). Same phenomena can be observed on the xylose release on both neutral and
acidic fractions (Figure 3.6-C/D), indicating that Htec2 (mainly endoxylanases) lacks the enzyme
activity to digest the unhydrolysed oligosaccharides.

Inhibitory effects from neutral oligosaccharides fractions (Figure 3.7-A/C), and from a com-
bination of oligosaccharides and monomeric sugars (Figure 3.7-B/D) were further studied. The
micro-plate activity assays were performed under similar condition as shown in Figure 3.6, with
the only difference that both oligosaccharides and monomeric sugars were added to the reaction
mixture containing pure substrates and enzymes to test their inhibitory effects. At least four impor-
tant trends can be deduced from the sugar inhibition profiles given in Figure 3.7. They are: 1). Low

DP oligosaccharides were more inhibitory (especially fraction F) than high DP oligosaccharides
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Figure 3.8 Acidic oligosaccharides inhibition on pure substrate enzymatic hydrolysis with or with-
out monomeric sugars inhibition. Here, clusters labelled with A, B - G represented different frac-
tions after SEC separation. Avicel was treated with Ctec2 for glucose conversion; beechwood
xylan was treated with Htec2, MP and Htec2+MP 1:1 for xylose conversion. Microplate enzy-
matic hydrolysis condition: Pure substrates (Avicel and beechwood xylan) were added at 1.25%
solids loading 500 uL reaction volume. Enzyme loading was 10 mg/g substrate with 24 h hy-
drolysis at 50 degree celsius, 10 rpm and pH 4.8. Oligosaccharides concentration was at 10 g/L;
monomeric sugars were at 20 g/L glucose, 10 g/L xylose.

on glucose and xylose conversion; 2) Neutral oligosaccharides were more inhibitory toward xylose
conversion (Figure 3.7-C) while their inhibitory effect on glucose conversion is not as significant.
With neutral fraction F, the xylose conversion of xylan treated with MP is 50% (13% reduction
from control) while the glucose conversion of Avicel treated with Ctec2 is 37% (only 6% reduc-
tion from control); 3) The activity of Htec2 on beechwood xylan is much lower compared with MP
and their 1:1 mixtures (Figure 3.7-C/D), indicating that xylanases are made more effective in sugar
conversion because of the action of accessory enzymes; 4). Supplementing monomeric sugar into
the hydrolysis solution led to stronger inhibition of both glucose conversion (15-20% reduced) and
xylose conversion (10-15% reduced, comparing Figure 3.7-A/C with B/D).

The inhibitory effect of acidic oligosaccharides were different from those of neutral oligosac-

charides (Figure 8) in the following ways. Low DP oligosaccharides were more inhibitory to
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glucose conversion than high DP oligomers. With acidic fraction G, the glucose conversion of
Avicel treated with Ctec2 was 20% (23% reduction from control, Figure 3.8-A), while xylose con-
version of xylan under all three enzyme preparations with different DPs of oligosaccharides were
similar with control group ( 60% with MP and 15% with Ctec2, Figure 3.8-C). The inhibitory
effect of acidic oligosaccharides on xylose conversion increased with the addition of monomeric
sugars (20% reduction for MP and 5% reduction for Ctec2, Figure 3.8 C/D), but no significant
conversion decrease was observed for glucose conversion (Figure 3.8 A/B). Overall, the inhibitory
effect of both neutral oligosaccharides and acidic oligosaccharides were observed on commercial
enzyme cocktails (Ctec2, Htec2 and MP). Both cellulases and hemicellulases in the commercial en-
zymes were inhibited by oligosaccharides. Neither the oligosaccharides nor pure substrates could
be degraded completely, augmenting the missing enzyme activities lacking in commercial enzyme
cocktails would help break down the recalcitrant linkages in the oligosaccharides. Integrated bi-
ological processes like simultaneous saccharification and co-fermentation (SSCF), and using high
cell density fermentations with cell recycle, enhance the process productivity by removing sugar

inhibition [67, 123].

3.1.5 Conclusions

In this chapter, a method of separating recalcitrant oligosaccharides from high solids-loading
ACSH at a large scale was first developed. A series of acid hydrolysis and enzymatic hydrolysis
with commercial cocktails were performed to understand the composition, recalcitrance and in-
hibitory effect of these oligosaccharides. As oligosaccharides accumulation in high solids-loading
enzymatic hydrolysis was shown to be a universal problem for different pretreatment technologies
(IL, DA and EA). This chapter also provides a method to isolate and analyze oligosaccharides
from different pretreated biomass, and permitting studies to understand the mechanism behind
their accumulation to develop strategies to improve sugar yield during enzyme hydrolysis.

Using charcoal fractionation we were able to separate and recover approximately 85% of un-
hydrolysed oligosaccharides. The crude oligosaccharides were further fractionated based on their

structural and molecular weight properties (neutral/acidic, different DP and molecular weights)
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using size exclusion chromatography. Acid and enzymatic hydrolysis showed that the low DP
oligosaccharides became more digestible after being separated from monomeric sugars and degra-
dation products in hydrolysate. High DP oligosaccharides; however, remained recalcitrant. Xylo-
oligomers and arabino-oligomers were shown to have much higher recalcitrance compared to
gluco-oligomers, giving clues about finding the potential unhydrolysed cross-linkages and tar-
geting enzymes. Inhibition studies on commercial enzymes (Ctec2, Htec2 and MP) revealed that
oligosaccharides have inhibitory effect on commercial enzymes. Low DP oligosaccharides were
more inhibitory than high DP ones and the addition of monomeric sugars would further contribute
to the inhibitory effect. Multifect pectinase possessed the highest digestibility over both neutral
and acidic oligosaccharides, indicating the significance of adding appropriate accessory enzymes
to work in synergy with cellulases and hemicellulases to fully convert the recalcitrant oligosaccha-
rides into monomeric sugars. Overall, the mass distribution profile, recalcitrant study and enzyme
inhibition study help us explore the complexity of recalcitrant oligosaccharides, and to search for
additional enzyme activities that are currently missing in commercial enzyme cocktails thereby

generating higher sugar conversion.
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CHAPTER 4

COMPREHENSIVE CHARACTERIZATION OF THE RECALCITRANT
NON-CELLULOSIC CELL WALL STRUCTURES IN AFEX-PRETREATED CORN
STOVER

4.1 Characterizing non-cellulosic recalcitrant cell wall carbohydrates in AFEX corn stover

AFEX pretreatment has improved enzyme digestibility of plant cell walls. Although complex
sets of enzymes have been identified to effectively break down and generate simple sugars from
pretreated lignocellulosic biomass, there are recalcitrant enzyme-resistant linkages remain in the
cell walls that cause the accumulation of unhydrolyzed polysaccharides in residual solids (UHS)
and dissolved un-deconstructed oligosaccharides in the hydrolysate. Together, for the case of
AFEX-treated corn stover, these effects cause a 7-10% yield loss of inlet untreated dry biomass.
A better fundamental understanding of the nature of these recalcitrant cell wall structures after
enzyme hydrolysis can help identify the missing enzyme activities, thereby enabling more effective
enzyme cocktails for better sugar release.

Use of glycan-directed monoclonal antibodies (glycome profiling or ELISA based mAb screen-
ing) is a powerful tool for in-depth characterization of most major cell wall glycans constituting
plant biomass. Glycome profiling, however, only facilitates comprehensive characterization of
larger cell wall-glycans (>20 kDa) as majority of oligosaccharides immobilization to ELISA plate
is inefficient. In this study, AFEX pretreated corn stover was subjected to enzymatic hydrolysis at
high solid-loading and resulting unhydrolyzed solids (UHS) were collected. Glycome profiling was
employed to determine the composition and extractability of large cell wall glycans present in UHS
and hydrolysate. Analysis of smaller oligosaccharides (<15 kDa) in the hydrolysate using mAbs,
however, necessitating additional tools for facilitating efficient oligosaccharides immobilization
to ELISA plates. Herein, we report a novel and efficient method to immobilize oligosaccharides
for mAb screening by combining oligosaccharide biotinylation and subsequent ELISA screening
on NeutrAvidin”™ coated plates. The immobilized biotinylated oligosaccharides showed great

affinity to the antibodies enabling rapid and efficient structure elucidation of recalcitrant oligosac-
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charides. MALDI and glycosyl-residue composition analysis of these recalcitrant oligosaccharides
substantiated the results obtained using this novel immuno-screening method. These studies thus
demonstrate that combining oligosaccharide biotinylation and subsequent ELISA screening on
NeutrAvidin coated plates with glycan-directed mAbs is useful in identifying the cross-linkages
in oligosaccharides and can be widely applied to other biochemical studies of oligosaccharides

structure characterization.

4.1.1 Abstract

Inefficient carbohydrate conversion has been an unsolved problem for various lignocellulosic
bio-mass pretreatment technologies, including AFEX, dilute acid and ionic liquid pretreatments.
Nearly 22% of total carbohydrates are typically unconverted, remaining as soluble oligomers or
insoluble after prolonged hydrolysis with excess commercial enzyme loadings (20 mg enzyme/g
biomass). Nearly half (10 out of the 22%) of these total unconverted carbohydrates are present in
unhydrolyzed solid (UHS) residues. The presence of these unconverted carbohydrates lead to a
considerable sugar yield loss, which negatively impacts the overall economics of the biorefinery.
Current commercial enzyme cocktails are not effective to digest specific cross-linkages in plant
cell wall glycans, especially some of those present in hemicelluloses and pectins. Thus, obtain-
ing information about the most recalcitrant non-cellulosic glycan cross-linkages becomes a key
study to rationally improve commercial enzyme cocktails, by supplementing the required enzyme
activities for hydrolyzing those unconverted glycans.

In this chapter, cell wall glycans that could not be enzymatically converted to monomeric sugars
from AFEX-pretreated corn stover were characterized using compositional analysis and glycome
profiling techniques. The pretreated corn stover was hydrolyzed using commercial enzyme mix-
tures comprised of cellulase and hemicellulase at 7% glucan loading (20% solid loading). The car-
bohydrates present in unhydrolyzed solids (UHS) and liquid hydrolysate were evaluated over a time
period of 168 h enzymatic hydrolysis. Cell wall glycan-specific monoclonal antibodies (mAbs)
were used to characterize the type and abundance of non-cellulosic polysaccharides present in

UHS over the course of enzymatic hydrolysis. substituted xylan (4-O-methyl-D-glucuronic acid-)
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and pectic-arabinogalactan were found to be the most abundant epitopes recognized by monoclonal
antibodies (mAbs) in UHS and liquid hydrolysate, suggesting that the commercial enzyme cock-
tails used in this chapter are unable to effectively target those substituted polysaccharide residues.
To our knowledge, this is the first report using glycome profiling as a tool to dynamically monitor
recalcitrant cell wall carbohydrates during the course of enzymatic hydrolysis. Glycome profiling
of UHS and liquid hydrolysates unveiled some of the glycans that are not cleaved and enriched after
enzyme hydrolysis. The major polysaccharides include 4-O-methyl-D-glucuronic acid substituted
xylan and pectic-arabinogalactan, suggesting that enzymes with glucuronidase and arabinofura-
nosidase activities are required to maximize monomeric sugar yields. This methodology provides
a rapid tool to assist in developing new enzyme cocktails, by supplementing the existing cocktails
with the required enzyme activities for achieving complete deconstruction of pretreated biomass

in the future.

4.1.2 Background

Cellulose, hemicelluloses and pectins in the plant cell wall are embedded in a complex matrix
with lignin. Plant cell walls are highly recalcitrant to biomass degrading enzymes, which are
responsible to cleave glycosidic bonds and produce monomeric sugars for fermentation [28, 29].
Obtaining high yield of monomeric carbohydrates at minimal enzyme loading is quite challenging
and it is one of the key bottlenecks for obtaining cost-effective biofuels [19, 163]. Due to the
recalcitrant nature of the cell wall, pretreatment is required to improve the accessibility of enzymes
to their substrates and thereby improve the efficiency of biomass deconstruction [34, 51, 142].
AFEX is a pretreatment process in which ammonia reacts with biomass at elevated temperatures
and pressures. Ammonia can be used in liquid or gaseous forms and about 97% of ammonia can
be recovered and reused in the process [21, 22, 145]. The AFEX process loosens the plant cell
wall ultrastructure, cleaving lignin-carbohydrate complexes (LCCs), partly relocating lignin to the
surface of the cell wall, leaving behind porous structures that help to improve enzyme accessibility
to carbohydrates [7, 28]. Due to their physiochemical nature, AFEX is most effective on grasses,

including corn stover, switchgrass, sugarcane bagasse and miscanthus. As corn stover is the most
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abundantly available feedstock in the United States, AFEX could be a promising option for biofuel
production in the US [61, 71, 84].

Unlike acidic pretreatments which require a wash stream, AFEX pretreatment is a dry-to-dry
process that keeps the carbohydrate composition unaltered and preserves most of the sugars intact
in a single solid biomass stream [7, 27, 29, 34, 139]. The presence of hemicellulose and pectin,
however, requires more complex enzyme cocktails relative to acidic pretreatments, where hemicel-
lulases, pectinases and other accessory enzymes must be added to cellulases to maximize overall
sugar yields. Non-cellulosic polysaccharides, which account for 25-35% of plant cell walls, have
branched cross-linkages with varying levels of substitution [46, 48, 146, 160]. Thus, a higher
degree of synergy between a diverse set of enzyme activities is required to completely depolymer-
ize such complex and highly branched carbohydrate structures into monomeric sugars [80, 96].
Though enzyme cocktail complexity is increased for deconstructing ammonia-pretreated biomass,
the overall enzyme loading required does not change significantly in relation to dilute acid pre-
treatment [142].

One approach for studying this problem is to rationally design the enzyme cocktail by under-
standing the limiting factors that contribute to oligosaccharide and polysaccharide accumulation.
For example, if some of the required biomass-degrading enzymes are not present or present at
low levels in the commercial enzyme cocktail, some glycosidic linkages will tend to accumulate
during the hydrolysis process. Thus, by carrying out detailed composition analysis and identify-
ing structural features of enriched recalcitrant cell wall components, one can rationally determine
the enzymes that are limiting the hydrolysis process. To facilitate such fundamental understand-
ing of recalcitrant cell wall components, we require rapid analytical tools that provide in-depth
structural information about non-cellulosic glycans at the molecular level. One of the methods
currently available is glycome profiling. Glycan profiling takes advantage of a worldwide collec-
tion of more than 200 plant cell wall glycan-directed mAbs to evaluate the glycan composition
of plant cell walls. These mABs enable monitoring of carbohydrate epitopes found in most ma-

jor non-cellulosic cell wall glycans [105]. Recent studies have employed glycome profiling to
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better understand cell wall modifications in plant biomass during genetic modifications, biomass
pretreatments and microbial fermentations [5, 38, 65, 87, 105-107, 118, 132]. This information is
essential to better understand the glycan linkages contributing to biomass recalcitrance and develop
strategies for overcoming this problem.

In this chapter, we used glycome profiling to identify the cell wall components that remain
intact after prolonged enzymatic hydrolysis by commercial enzymes, including specific glycan
residues from AFEX-pretreated corn stover (ACS) (Figure 4.1). The glycan epitopes in both UHS
and hydrolysates after high solids-loading enzymatic hydrolysis were analyzed in order to deter-
mine which groups of polysaccharides are most abundant and resistant to commercial enzyme
cocktails. To our knowledge, this is the first study using glycome profiling to understand unhy-
drolyzed cell wall constituents present in UHS and liquid hydrolysate after intensive enzymatic
hydrolysis. The structural information obtained from this study provides insights about important
enzyme activities that are needed to make better commercial enzyme cocktails, compared to the
cocktail used in this study. Improved cocktails will help increase sugar conversion during enzyme

hydrolysis, increase biofuel yield and reduce biofuel cost in a biorefinery.

4.1.3 Materials and Methods
See Appendix A.14 - A.22, Figure B.1

4.1.4 Results and Discussions

4.1.4.1 Time profile of unhydrolyzed solids (UHS) composition

To understand how cellulose and hemicellulose-derived sugars are released from AFEX-CS
during the course of enzymatic hydrolysis, the composition of UHS was periodically analyzed
during 168 h hydrolysis. The details about mass balance for AFEX pretreatment and enzyme
hydrolysis can be found in previously published work [9]. The amount of insoluble solids contin-
uously decreased throughout the course of hydrolysis as shown in Figure 4.2. The hemicellulose,
which includes xylan, arabinan, and galactan, was rapidly hydrolyzed, decreasing from 0.22 g/g

corn stover (CS) at the start of hydrolysis to 0.051 g/g CS within the first 3 h. This dramatic
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Figure 4.1 Process of characterizing the recalcitrant plant cell wall components in AFEX treated
corn stover (AFEX-CS).

reduction shows that the majority of the digested hemicellulose was converted into soluble sugar
(i.e., oligomers and monomers). The hemicellulose polysaccharides further decreased to 0.03 g/g
CS after 24 h. During the remaining 6 days period of hydrolysis, little amounts of hemicellulose
polysaccharides were further solubilized. In contrast, the reduction in cellulose content was more
gradual throughout the entire course of hydrolysis, whereas the amount of insoluble lignin and ash
(which includes soil that is brought in with the biomass) remained practically constant. These re-
sults were confirmed by the mass balance result summarized in Figure 4.3, where monomeric and
oligomeric sugars present in the liquid phase (the hydrolysate) and the insoluble polysaccharides
present in the solid phase (UHS) throughout the course of hydrolysis are shown. All results are

normalized as a percentage of the amount present in the UHS and a mass balance closure over 95%
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Figure 4.2 Composition of insoluble solids throughout enzymatic hydrolysis. Total height is nor-
malized to the original amount of corn stover prior to hydrolysis. Composition includes all the
insoluble structural carbohydrate, combined acid soluble and insoluble lignin, and ash.

was obtained for all sugars analyzed in this study. The combined amount of soluble (oligomeric
and monomeric) hemicellulose, including xylose, arabinose, and galactose, reached 70-80% of the
total sugars within the first 3 h. The amount of monomeric hemicellulose-derived sugars continued
to increase slightly throughout the rest of the hydrolysis, although the total soluble sugars remained
constant between 24 and 168 h. In contrast, mostly glucose monomers were produced within the
first 24 h, which continued to increase slowly for the rest of the six-day period. Glucose oligomers
also increased slowly over the course of hydrolysis while hemicellulose-derived oligomers decline
slowly. These results are consistent with other studies showing that most biomass is solubilized
within the first 24 h of enzyme hydrolysis under high enzyme loading hydrolysis. Also, it confirms
the differences between cellulose and hemicellulose degradation patterns by enzymes [49, 142].
Among the soluble sugars, hemicelluloses are generally more difficult to convert to monomeric
sugars and therefore, we observed considerable levels of xylan, galactan and arabinan containing
oligomers during enzymatic hydrolysis. Nearly 25% of the total xylan was present as oligomers
after 72 h, while only 9% of the glucan is present as oligomers at this time point. Likewise, a

large proportion of arabinan and galactan sugars remained as oligomers, as shown in Figure 4.3 C
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Figure 4.3 Mass balance for different monomeric and oligomeric sugar conversion throughout the
course of hydrolysis. Here (A) glucan, (B) xylan, (C) galactan, (D) arabinan. Monomeric and
oligomeric sugars are measured in the liquid portion, while polymeric sugar is measured in the
unhydrolyzed insoluble material. Total shaded area represents mass balance closure. The Y-axis
has been scaled to 100% as the maximum at the beginning of hydrolysis.

and 4.3 D. Most of the recalcitrant carbohydrates in hemicellulose (xylan, arabinan and galactan)
were solubilized as oligomers. It appears that the commercial enzymes used here can efficiently
solubilize some of the hemicelluloses, but not able to cleave all the hemicellulose linkages to
generate monomeric sugars. Cellulose is a relatively simpler structure consisting of glucan chains
connected with inter- and intra- molecular hydrogen bonding. However, hemicellulose is highly
branched with multiple sugars and cross-linked with other organic moieties (e.g., acetyl, feruloyl,
galactronyl, glucoronyl), some of which forming complexes with lignin [41]. Multiple accessory

enzymes are required to fully break down these complex hemicellulose linkages [131]. Based on
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our results, it is unlikely that all the enzymes are present at sufficient quantities and/or activities
in the commercial enzyme cocktails used in this study. To determine the most abundant linkages
present in UHS after enzymatic hydrolysis, we have further performed glycome profiling on UHS
produced during enzymatic hydrolysis of ACS. As control experiments, we have also performed

glycome profiling of untreated and AFEX pretreated corn stover.

4.1.4.2 Glycome profiling of untreated and AFEX pretreated biomass

Prior to glycome profiling, cell wall materials were prepared from biomass residues and were
subjected to six sequential extractions with reagents of increasing severity, notably ammonium ox-
alate (50 mM), sodium carbonate (50 mM), KOH (1M and 4M) and acidic chlorite. These reagents
selectively solubilize cell wall matrix polysaccharides on the basis of the relative tightness with
which they are integrated into the plant cell walls. The extracts were then subjected to ELISAs
against a comprehensive suite of 155 cell wall glycan-directed mAbs, providing responses that
were further represented as heat maps. Hierarchical clustering of binding data for these mAbs
against 54 structurally known plant polysaccharides allowed classification of these mAbs into the
categories used in this work [38]. In previous glycome profiling studies [107], it has been demon-
strated that AFEX pretreatment significantly reduces cell wall recalcitrance by inducing structural
modifications to the polysaccharide network. In Figure 4.4, AFEX pretreatment induced enhance-
ment in the extractability of non-cellulosic cell wall glycans including xylans and pectins, as indi-
cated by the increased binding of specific groups of mAbs, notably xylan-3 through xylan-7 and
pectic backbone (HG backbone-I and RG-I backbone) groups of mAbs, to oxalate and carbonate
extracts from ACS (oxalate and carbonate extractions are performed in milder conditions and there-
fore, extracted glycans are more loosely bound to lignin compared to KOH and chlorite extracts).
Normalized data of the sugar intensity (gram per gram of biomass in thousands) (Figure 4.5A)
allows a closer examination of the different epitopes extractability from ACS relative to untreated
corn stover. From Figure 4.5A, it is clear that the overall intensity of extracted carbohydrates in
the untreated samples is much lower than those from ACS for most epitopes, especially for the xy-

lans. From previous reports we know that AFEX pretreatment partially solubilizes hemicellulose,
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loosens the cell wall and cleaves lignin-carbohydrate complexes [7, 28]. The cell wall modifica-
tions that take place during pretreatment increases enzyme access to cellulose and hemicelluloses
chains for subsequent depolymerization. Thus, the increased extractability of major non-cellulosic
glycans is thought to be associated with loosening of the cell wall structure, resulting in better en-
zyme access and digestibility after AFEX pretreatment (Figure 4.5B). This observation may also
help explain the rapid hemicellulose solubilization within the first 3 h of enzymatic hydrolysis, as
observed in Figure 4.3 B-D. The greatly improved digestibility of ACS during animal feed trials
also supports the hypothesis that hemicellulose is quickly digested by ruminant microorganisms,
allowing cellulose to be increasingly exposed for subsequent degradation and bioconversion. As a
result, ACS releases more energy and nutrients to ruminant animals when compared to untreated

corn stover [35, 121].

4.1.4.3 Glycome profiling and structural insights of UHS

In order to elucidate the overall composition and extractability of non-cellulosic cell wall gly-
cans that remained insoluble in UHS after enzymatic hydrolysis of ACS, glycome profiling was
applied to UHS as a function of hydrolysis time (Figure 4.6). Overall, fewer carbohydrates were
recovered in extracts from UHS subjected to prolonged enzymatic hydrolysis (see bar graphs on
the top of Figure 4.6 for sugar extracted per gram of cell wall in each step). Compared with ACS,
UHS produced in the first 3 h of enzymatic hydrolysis showed significantly lower carbohydrate
recovery among various cell wall extracts, especially hemicellulose and pectins (xylans and pec-
tic arbinogalactans, respectively). This observation is consistent with the results shown in Figure
4.3, where most of the hemicelluloses in the plant cell wall were solubilized within the first 3 h
of enzymatic hydrolysis. After 3 h enzyme hydrolysis, a significant amount of xyloglucan and
xylan epitopes were converted (including the epitopes non-fucosylated xyloglucan-3 through non-
fucosylated xyloglucans-6, fucosylated xyloglucans and xylan-1 though xylan-3). These epitopes
completely disappeared after 12 h hydrolysis. Following the same pattern, epitopes recognized
by mAbs against RG-I backbone were also converted gradually with time, completely disappear-

ing from the ELISA heat map after 24 h of hydrolysis. In all the UHS analyzed in this study,
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most of the xylan epitopes were not detectable in oxalate and carbonate extracts, revealing that
the easily-extractable xylans from ACS, which are not strongly associated with lignin and/or other
insoluble cell wall polymers, were mostly digested within the first 3 h of hydrolysis. This observa-
tion supports the hypothesis that the more loosened cell wall components can be extracted under
milder conditions are more accessible to enzymes and therefore, they can be more easily digested.
However, xylan epitopes recognized by xylan-4 through xylan-7 groups of mAbs were still present
in the oxalate and carbonate extracts after 3 h of hydrolysis, and were further enriched for the
harsher extraction conditions (1 M KOH, 4 M KOH and 4 M KOHPC) and after 168 h of hydrol-
ysis. We would like to emphasize that this is a key observation, as it indicates that some highly
substituted xylan components in ACS cannot be completely deconstructed with current state-of-
the-art commercial enzyme cocktails. When associated with lignin and/or other insoluble cell wall
components, these substituted xylans tend to be even more resistant to hemicellulase enzymes.
Lignin, which is enriched during enzymatic hydrolysis, acts as a barrier for enzymes to access
these carbohydrate linkages, which only become accessible to the mAbs after a harsh base treat-
ment. Apart from xylan epitopes, those comprised of pectic-arabinogalactan, arabinogalactans and
non-fucosylated xyloglucans, also remained present in oxalate and alkaline extracts after 168 h
enzymatic hydrolysis (Figure 4.6).

The results from Figure 4.6 show that major part of the undigested epitopes present in UHS are
only revealed after alkaline or chlorite treatment. Those carbohydrates are typically secondary cell
wall components, which are still coupled with lignin. Some of those specific carbohydrates may
be totally blocked by the presence of lignin, which does not allow enzymes to access their sub-
strates [11], resulting in a significant epitope accumulation for various groups of polysaccharides
(Figure 4.6). Some of the epitope linkages have been identified in previous work. For example,
xylan-5 mAb recognizes one of the most recalcitrant non-cellulosic glycans present in UHS and
hydrolysate [127]. The epitope for this mAb contains a 4-O-methyl glucuronic acid side residue
on an linear xylan backbone (Table 4.2) [143]. It appears that this particular side chain is poorly

cleaved during the hydrolysis process, indicating low a-glucuronidase activity. Likewise, RG-
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Figure 4.5 AFEX increases the extractability and digestibility of corn stover. Here, A. Extractabil-
ity is measured by total sugar intensity from all extracts from sequential extractions. On the top is
the untreated corn stover and in the bottom is the AFEX pretreated corn stover. The Y-axis shows
the ratio of total sugar intensity versus g of biomass in thousands (*1000). All antibody groups
used for ELISA screening are shown on the right side of the heat map, and, B. Digestibility of
untreated and AFEX-CS as total glucan-to-glucose yields after 24 h and 168 h are shown in white
and red bars, respectively. Total xylan-to-xylose yields after 24 h and 168 h are shown in grey and
blue bars, respectively. Error bars depict standard deviations of data from the mean values reported
for assays conducted in triplicate. Adapted from Figure 7 in S. Pattathil et al (2015) [107].
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1/AG epitopes correspond to pectic-arabinogalactan linkages. This is consistent with Figure 4.3,
in which 50% of the galactan remains in the oligomeric form through enzymatic hydrolysis. Lin-
seed mucilage RG-1 mAb, which is associated with rhamnogalacturonan-I, had the strongest bind-
ing in UHS from AFEX-CS. Rhamnogalacturonan-I often has arabinan and galactan side chains,
requiring multiple enzyme activities to be fully decomposed to monomers [31, 78, 154]. Iden-
tifying appropriate accessory enzymes that can cleave these side chain residues is required for
achieving complete deconstruction of these complex carbohydrates. We hypothesize that the com-
mercial enzyme cocktail used in this chapter requires those supplemental enzyme activities, which
will synergize and significantly increase hemicellulose conversion during enzymatic hydrolysis of
AFEX-CS. Increasing the levels of these missing enzymes may also increase the rate and extent of
cellulose hydrolysis by unmasking cellulose chains more readily and making them more accessible
to cellulase enzymes.

Although the heat map from Figure 4.6 indicates the glycans that remain present in UHS during
enzymatic hydrolysis, the intensity shown is for a constant amount of extracted sugars rather than
representing the relative amount of sugar present as a function of time. When normalized to the
initial amount of epitope present in AFEX-CS (Table 4.1), the total amount of each epitope present
in UHS as a function of time correlates to the trends of carbohydrate solubilization seen in Figure
4.2. Almost all the non-cellulosic polysaccharide components rapidly decreased within the first
3 h, further decreasing to levels below 4% of their initial value after 24 h enzymatic hydrolysis.
The fact that some non-cellulosic glycan linkages remain insoluble throughout hydrolysis could
suggest that they may be completely resistant to enzyme digestion by the commercial enzymes
used in this study, completely surrounded by lignin (blocking enzyme access) or enzymes could
be inhibited. Looking closer to the hydrolysate we could find some evidence that lignin blockage
may not explain everything about the recalcitrance of the UHS carbohydrates. In Table 4.1 and
Figure A1 (see ESI), it is clear that the liquid hydrolysate contains xylan-5, Linseed Mucilate/RG-
I and RG-I/AG epitopes, suggesting that the commercial enzymes were not able to hydrolyze

those linkages, even when they are accessible as soluble oligosaccharides, without the presence of
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Figure 4.6 Glycome profiling of the cell wall extracts of AFEX-treated corn stover over the course
of hydrolysis. Here, A-B represents replicates of extracts. AFEX A-B showed the composition of
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enriched insoluble lignin. The reduction of xylan-5, Linseed Mucilate/RG-I and RG-I/AG epitopes
in the UHS over the course of enzymatic hydrolysis could potentially be attributed to solubilization
of carbohydrate fragments containing those epitopes. The presence of these soluble epitopes in the
liquid hydrolysate are likely due to lack of enzyme activity, either by the absence or presence
of low levels of specific enzymes, or enzyme inhibition. In all these cases, it is important to
increase the ratio of enzymes that could break those epitopes, so that complete conversion of those
soluble oligosaccharides to fermentable sugars can be achieved. It is also important to mention
that the current glycome profiling method is only effective for detecting oligosaccharides of DP
larger than 20 and our previous work has shown that most oligosaccharides have DP lower than 20
[146]. Therefore, it is likely that there are other undigested epitopes that could not be detected by
this method. For overcoming this limitation and to have a better representation of the undigested
epitopes in solution, the current glycome profiling technique must be modified.

Overall, the information provided by this chapter shows that specific glycans (e.g., xylans dec-
orated with 4-O-methyl glucuronic acid residues, pectic arabinolactan and rhamnogalacturonan-I)
are not completely digested by the commercial enzyme cocktail used in this work, even when
those epitopes are completely soluble in the liquid hydrolysate and potentially free from lignin
blockage. In contrast, a larger range of glycan epitopes can be detected in the UHS when they
are associated with lignin, suggesting that those glycans may not be accessed by enzymes due
to lignin blockage. Though these insoluble non-cellulosic carbohydrates represent less than 7%
of the total carbohydrates after excessive enzyme treatment with optimized cocktails, the solu-
ble counterpart in hydrolysate represent as much as 15% of the total carbohydrates in pretreated
biomass, which is a much more significant fraction of substrate that is not converted to monomeric
sugars and biofuel. Some future work includes better understanding the factors that contribute to
epitope accumulation in the UHS and liquid hydrolysate. Imaging techniques, such as TEM and
florescent microscopy, can be applied to depict the spatial orientation of cell wall components in
the UHS and understand phenomena such as lignin blockage. NMR and mass spectrometry can

also be used to determine the composition, structure and linkage patterns of purified recalcitrant
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carbohydrates (mostly oligosaccharides). All these studies will complement this work and help
to comprehensively understand cell wall recalcitrance. The information provided by this work
will help us to rationally redesign the enzyme cocktail, by adding a selection of key enzymes for

improving monomeric sugar yields, with minimal enzyme usage.

4.1.4.4 Novel immunological method for oligosaccharides

Glycome profiling has been proved to be a useful tool for comprehensive glycan structure
analysis on extracts isolated from solid biomass residues. However, Figure B.1 (supplementary
material) showed that the water-soluble sugars were underrepresented using this routine method,
as the small molecule oligosaccharides were not able to bind to the Elisa plates, and were washed
away before antibodies were added. Thus, a novel Immunological method was developed to enable
the coating of soluble recalcitrant oligosaccharides on the Avidin-coated Elisa Plates. Biotinylation
was used to enhance the binding affinity of oligosaccharides (Figure 4.7A)[55], by adding biotin-
LC-hydrazide to the reducing ends of carbohydrates. In solution, semiacetal group was formed at
the reducing end of sugar, reacted with the hydrazide group of biotin-LC-hydrazide, and formed a
hydrazone linkage. In the presence of the reductant NaCNBH3, the hydrazone linkage was reduced
to become the stable biotinylated end product. With sugar reducing end modified, the binding of
low-DP oligosaccharides to Elisa plates was made available. Elisa analsis could be performed on

Avidin coated plates as shown in Figure 4.7B.

4.1.4.5 Glycome profiling analysis and structural insights of oligosaccharides

We proved the value of this newly-developed technique in a specific application: Characteri-
zation of soluble oligosaccharides present in ACSH. Crude and purified oligosaccharides fractions
separated from lignocellulosic hydrolysates (Chapter 3) was used. From Figure 4.8, the most abun-
dant epitopes identified in ACSH using the bionylated glycome profiling method are substituted xy-
lan (usually by uronic acid or methyl uronic acid) and pectic arabinogalactan. These non-celllosic
structures can not be digested by major cellulases and hemicellulases in commercial enzyme cock-
tails, therefore required novel accessory enzymes. Comparing the distribution of signals, we can

find that the binding epitopes are more prominent in high DP sugar fractions (A, B, C) than low
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dures for conducting Elisa assay on Avidin-coated plates are shown on the bottom right. Protocol
adapted from Grun, 2006 [55].

DP fractions (D, E, F). The acidic fractions were also shown to be more abundant in non-cellulosic
epitopes than neutral fractions. These phenomenon were consistent with the oligosaccharides en-
zyme recalcitrant study in Chapter 3, where high DP and acidic fractions were more resistant to
enzyme hydrolysis. The connection indicated that the existence of non-cellulosic glycan epitopes

and uronic acid substitutions might be important reasons of oligosaccharides recalcitrance.

4.1.4.6 Complementary methods: MALDI and TMS sugar analysis
To evaluate how immunological methods can complement other alternative characterization

methods for low molecular weight oligosaccharides present in lignocellulosic hydrolysates, we
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Figure 4.8 Recalcitrant oligosaccharides epitopes being detected using cell wall glycan-directed
mAbs. Here, antibody names and binding epitope are given on the right side. The oligosaccharides
fractions are on the bottom. Biotin was used in the bottom line as a blank control. The color of
the grid is blue with no signal, and turns to white then red with increasing intensity of binding
signal. Neutral and acidic fractions are crude oligosaccharides separated from ACSH. Fractions A
- G were further purified using SEC. Fraction MW is from high to low for fraction A to G.

performed further compositional analysis, including MALDI and TMS sugar analysis on same
sets of oligosaccharides fractions. MALDI was used to compare whether the mass distribution of
oligosaccharides molecules fit the hypothesized structure. Figure 4.8 showed the mass spectrum
of acidic fraction ACN C. Its mass distribution revealed a (Me)U substituted pentose series with
DP 8-15, which was consistent the the substituted xylan epitope detected in Elisa.

Both neural and acidic sugars (GluA and GalA) were analyzed in TMS analysis. Gluronic
acid were only found in acidic fractions C and D. And galacturonic acid was only found found

in acid fraction A and B. They were all high-DP acidic sugar fractions, which was not only com-
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plementary to Elisa and MALDI, but also consistent with the fractionation method and enzyme
recalcitrant study in Chapter 3. Through these experimental results, we are confident that an ad-
vanced immunological method using biotinylation and subsequent Elisa screening will be a useful
method to evaluate soluble recalcitrant oligosaccharides [159]. The method can be applied to

broader biochemical oligosaccharides study after being further characterized.

4.1.5 Conclusions

The chemical nature of some of the recalcitrant carbohydrate linkages present in corn stover
was studied by analysing UHS and hydrolysates resulting from enzymatic hydrolysis of AFEX-
CS. Samples taken at multiple time points over a period of 168 h were analyzed to understand
changes in the different cell wall components as a function of time. The polysaccharides that

were easier to extract after AFEX treatment were rapidly deconstructed by the enzymes, while
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some of the carbohydrates that required harsher alkaline extractions could not be hydrolyzed by
the enzymes and accumulated in the UHS. While a wide range of polysaccharides remained in the
UHS, the amount remaining in the insoluble form was relatively small (< 5%) after 24 h. However,
soluble polysaccharides, particularly those recognized by xylan-5 and RG-I/AG groups of mAbs,
remained abundant in hydrolysate and UHS throughout the course of hydrolysis, indicating a lack
of appropriate enzyme activities or severe enzyme inhibition. These results show that complete
sugar conversion is not possible when using commercial enzyme cocktails (Cellic Ctec2, Cellic
Htec2 and Multifect Pectinase) as used in this work, at high solid loading enzymatic hydrolysis
conditions.

Future work is needed to find enzymes that hydrolyse these recalcitrant non-cellulosic polysac-
charide linkages. For example, accessory enzymes such as pectinase, a-glucuronidase and enzyme
activities targeting arabinan and galactan should be identified and added to the enzyme cocktail, so
that branched linkages that block enzyme accessibility to backbone polysaccharide chains can be
hydrolyzed and potentially be de-coupled from the complex structure of hemicellulose. If success-
ful, this approach could not only increase monomeric xylose yields, but may also synergistically
improve cellulose hydrolysis, thus increasing glucose yields and a possible reduction in enzyme
loading to lower biofuel production cost. Likewise, this approach could be adapted with other pre-
treatment technologies and biomass to optimize hydrolysis conditions for maximum sugar output.
Moreover, fluorescent labelled antibodies studies using fluorescent microscopy and flow cytome-
try could be performed for more comprehensive understanding of small molecule oligosaccharides
structures. MS-MS could also be applied to supplement with the novel glycome profiling method
for getting detailed structures in molecule level. Such studies are underway at the Great Lakes

Bioenergy Center (GLBRC).
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CHAPTER 5

CHARACTERIZATION OF WATER-SOLUBLE LIGNO-DERIVED COMPOUNDS
USING SYNTHETIC HYDROLYSATE

5.1 Water soluble phenolic compounds produced from Extractive Ammonia pretreatment
mimic real inhibitors for yeast fermentation using synthetic hydrolysate

S5.1.1 Abstract

Biochemical conversion of lignocellulosic biomass to liquid fuels requires pretreatment and en-
zymatic hydrolysis of the biomass to produce fermentable sugars. Degradation products produced
during thermochemical pretreatment, however, are inhibitory to the microbes on both ethanol yield
and cell growth. In this chapter, we use synthetic hydrolysates to study the inhibition of yeast
fermentation by water-soluble components isolated from lignin stream obtained after extractive
ammonia pretreatment (EA). We found that synthetic hydrolysate with 20g/L. water soluble com-
pounds mimics real hydrolysate in cell growth, sugar consumption and ethanol production. Never-
theless, a long lag phase was observed in the first 48-h of fermentation of SynH, showing that these
compounds had excessive inhibitory effects to microbes. Ethyl acetate extraction was conducted to
separate phenolic compounds from other water soluble components which acted as key inhibitors
during ethanol fermentation. The most abundant compounds were identified by LC-MS and GC-
MS, including coumaroyl amide, feruloyl amide and coumaroyl glycerol. Chemical genomics was
employed for the fingerprints of genes deletion response of yeast to different groups of inhibitors

in WSC and ACSH, and the sensitive/resistant genes clusters patterns confirmed their similarity.

5.1.2 Background

In the fossil fuel based economy, crude oil is the primary feedstock source for producing trans-
portation fuels and industrial chemicals. Volatility of crude oil prices, which raises energy security
concerns and greenhouse gas emissions driving climate change, have triggered worldwide research
towards the development of alternative, sustainable sources of energy [60]. Lignocellulosic bio-
fuels are playing a substantial role in the replacement of current-generation fossil-derived liquid

fuels such as gasoline and diesel [27, 36]. Unlike corn grain-based ethanol, where the starch can
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be readily hydrolyzed to fermentable sugars using enzymes, the lignocellulosic biomass used in
second-generation biofuel has naturally evolved to be highly recalcitrant to enzymatic deconstruc-
tion by fungi and bacteria [149]. Pretreatment of lignocellulosic biomass is necessary for reducing
its native recalcitrance and obtaining efficient conversion to monomeric sugars [6]. Pretreatment
processes are commonly performed under high temperature, high pressure, caustic, or acidic con-
ditions, which generate degradation compounds that inhibit microorganisms [40]. Under acidic
conditions, carbohydrates present in the biomass degrade into furfural or hydroxymethylfurfural
and the lignin degrades into a variety of phenolic compounds [75]. Instead, Ammonia Fiber Ex-
pansion (AFEX”M) process produces many ammoniated compounds, which are significantly less
inhibitory than their acid counterparts [29, 140]. A previous comparison of AFEX and dilute acid
treated corn stover showed that dilute acid pretreatment produces 316% more acidic compounds,
142% more aromatics, 3555% more furans, but no nitrogenous compounds [29].

With less toxic degradation products presented, the sugar utilization efficiency of ethanol pro-
duction using ammonia pretreated biomass still requires improvement. One major issue is the
low xylose consumption rate during hexose/pentose co-fermentation, which resulted from the
presence of pretreatment-derived biomass decomposition products, ethanol, and other fermenta-
tion metabolites [37, 122, 128, 140]. Thus, novel pretreatment technologies that further reduce
toxic degradation products content in biomass are essential for economically producing biofuels.
Extractive-Ammonia (EA) is a newly developed pretreatment technology that selectively extracts
lignin present in biomass. Compared to AFEX, EA uses higher ammonia-to-biomass loading
and lower water loading, generates a separate lignin stream to extract 30-45% of the lignin from
lignocellulosic, and removes most of the degradation products [139]. Thus, EA-pretreated corn
stover was found to have reduced lignin content, enhanced digestibility and improved hydrolysate
fermentability[ 139].

To study the inhibitory effects of degradation compounds, the DOE Great Lakes Bioenergy
Research Center (GLBRC) has formulated a chemically-defined synthetic hydrolysate (SynH) to

mimic real AFEX corn stover hydrolysate (ACSH). Synthesized aromatic compounds were added
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into the control media based on ACSH composition analysis to clarify the complex inhibitory effect
[72, 122, 128, 130, 140]. This artificial media has been proved successful in testing the inhibitory
effects of degradation compounds on engineered microbial strains. The synthesized aromatics,
however, cannot fully represent the major inhibitory compounds due to the incomplete compo-
sition analysis for ACSH, and different conformation between isomers. Therefore, we explored
an alternative formulation of SynH using natural compounds alternatives to better represent the
inhibitory effects in ACSH. In this study, water soluble components (WSC) were separated from
crude lignin stream produced in EA pretreatment. These soluble compounds were supplemented
into SynH to mimic real inhibitors in ACSH that affect microbial fermentation. Water-extraction
and ethyl acetate extraction were conducted to separate the water-soluble compounds, especially
the phenolic nitrogenous compounds in crude lignin stream. We observed dual inhibition effect
for WSC on yeast fermentation using synthetic hydrolysate. New inhibitors that were different
from ACSH were identified using HPLC and LC/GC-MS. Chemical genomics profiling was per-
formed to further understand the gene response profile and metabolic pathways being inhibited by

the existence of WSC.

5.1.3 Materials and Methods
See Appendix A.23 - A.32, Table B.1, Table B.2, Figure B.2, Figure B.3, Figure B.4

5.1.4 Results and Discussions

5.1.4.1 Water extraction and ethyl acetate extraction of lignin streams

As mentioned previously, EA pretreated corn stover yielded a higher fermentable sugar yield
compared to the AFEX process while using 60% lower enzyme loading [139]. We believed that re-
moving water-soluble lignin-derived inhibitors greatly relieved the inhibitory effect on enzymatic
hydrolysis and microbial fermentation, as these small molecule compounds fully interact with
free enzymes and microbes in the hydrolysate [72, 114]. To identify the key inhibitors that affect
ethanol production, we performed water extraction to separate the WSC from crude lignin stream,

and conducted ethyl acetate extraction on the WSC subsequently (Figure 5.1). Mass balance for
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water extraction and ethyl acetate extraction were shown in Figure 5.1. 40 wt% of crude lignin
stream were water-soluble after extraction. The WSC were subjected to ethyl acetate liquid phase
extraction to enrich phenolic compounds, and were used in microbial fermentation and composi-
tion analysis. A total recovery of 80 wt% was achieved during ethyl acetate extraction. More than
26% of WSC were extracted as phenolic compounds. The real content of phenolic compounds
should be higher as they were volatile and could be lost during vacuum drying. About 55 wt%
of WSC remained in water phase after ethyl acetate extractions. To identify major components
in WSC and the ethyl acetate fractions, composition analysis, such as SEC, HPLC, LC-MS and
GC-MS, were conducted.

To obtain an estimation of the molecule-weight range, we first fractionated the WSC through
SEC column, which was packed with P6 gel (separation range 1-6kDA). As shown in Figure 5.2A,
five major peaks were eluted. The molecular weight range of peak one to peak five went from high
to low. In Figure 5.2B, fractions collected in SEC were subjected to LC-MS screening in the same
order as they were collected (from Al to H12). At least one major compounds were identified in
each of the five peaks. Decahexose was detected in peak 1, followed by trihexose being detected in
peak 2, showing that oligosaccharides were produced in EA process like AFEX [29, 51, 160]. p-
Coumaric acid and p-Coumaroylglycerol were detected in peak 3 and 4. Both of them were major
lignin degradation products in corn stover pretreatment. In peak 5, both p-Coumaroylamide and
feruloylamide were detected. They are major ammoniated lignin degradation products produced in
ammonia pretreatment process. It is worth noting that p-Coumaroylamide itself took more than 80
wt% of total mass being detected, indicating that nitrogenous phenolic compounds were the most
abundant and one of the most inhibitory components in WSC. The LC-MS screening also revealed
that more than 98% of compounds were below 3kDA, which was consistent with our assumption
that most water-soluble inhibitors were small molecules.

As phenolic compounds were enriched in the organic phase after ethyl acetate extraction,
UHPLC-MS and GC-MS were employed on the phenolic fractions to identify major components.

In Figure 5.3a, phenolic acid, phenolic amides, and lignin derivatives (dimers and trimers) were
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Figure 5.2 Size exclusion chromatography and LC-MS screening of WSC. A. SEC of WSC using
P6 gel (Polyacrylamide, 1-6kDA, water as mobile phase). 96 samples from A1-A12 were collected
in auto-sampler; B. LC-MS screening of the fractions collected in SEC in the same order as they
were collected (A1-H12). B1-B6. Most abundant components identified from peak 1 to peak 5 in
chromatogram.
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Figure 5.3 UHPLC-MS (A) and GC-MS (B) chromatograms for phenolic compounds enriched in
ethyl acetate fractions of WSC.
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identified in UHPLC. Other compounds including aromatic aldehydes/ketones, and furanones were
identified in GC-MS (Figure 5.3b), which were produced from Maillard reaction and ammoniza-
tion of reducing sugars and lignin during ammonia pretreatment [29, 59, 62, 78, 146]. These
Maillard reaction products not only accounted for the brown color of ammonia treated biomass
and lignin extractives, they also acted as strong inhibitors for microbial fermentation. Identify-
ing phenolic and nitrogenous compounds also explained the reason why EA pretreated biomass
had a much better performance in xylose fermentation and ethanol production by removing lignin
streams.

The components remained in water phase after ethyl acetate extraction were analyzed. HPLC
analysis of sugar and organic acids in both WSC and water phase after ethyl acetate extraction
showed small amount of free monomeric sugars (Table B.1) and oligomeric sugars, especially
xylo-oligomers (data unpublished). Glycerol and acetate were also detected. LC-MS analysis of
water phase fraction showed no signal of phenolic compounds. Instead, esters, fatty acids and
oligosaccharides were identified (data not shown), which was consistent with the result of LC-
MS screening of WSC. Free amino acids analysis and heavy metal analysis were outsourced and
performed by UC-Davis and UW-Soils and Plant Analysis Laboratory (SPAL) respectively (Table
B.1). High contents of nitrogen were identified. The distinct composition profiles of components in
phenolic phase and water phase after ethyl acetate extraction indicate that they might have variable

effects on microbial fermentation performance.

5.1.4.2 Inhibitory effect of WSC

To investigate the inhibitory effect of WSC on microbial fermentation, a chemically-defined
hydrolysate media with monomeric sugars and necessary nutrients was needed. GLBRC formu-
lated a synthetic hydrolysate media (SynH) based on the composition analysis of 6% solids loading
ACSH [29, 140], which was designed to mimic the composition and behavior of real hydrolysate.
This SynH has been successfully employed as a control media to test the inhibitory effects of
degradation compounds or engineered microbial strains on ethanol fermentation [6]. Table B.1

and Table B.2 show the recipe of synthetic hydrolysate consisted with six groups of components.
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Table 5.1 The major components in SynH recipe.

Carbohydrates Monomeric sugars (glucose, xylose, arabinose, mannose, galactose, fucose)
Nitrogenous compounds Ammonium chloride, 20 amino acids, nucleobases

Vitamins Panthothenic acid, thiamine pyridoxine, etc.

Mineral salts Zinc chloride, Manganese(ll) chloride, etc.

Carbohydrate degradation

. Aliphatic acids, Furans, Acetamide, Pyrazines, Imidazoles
products/ plant metabolites P Y

Lignin degradation products Aromatic acids and amides

Carbohydrates, nitrogenous compounds, vitamins and minerals provided carbon source, nitrogen
source and necessary nutrients as base media. Degradation products produced from pretreatment
process, on the other hand, acted as inhibitory compounds. Two major groups of degradation prod-
ucts were carbohydrates derivatives (aliphatic acids, furans, acetamide, pyrazines, imidazoles, etc.)
and lignin derivatives (aromatic acids and amides). The inhibitory degradation components could
be replaced with other inhibitory compounds to test their effect on microbes. In this chapter, we
used WSC and its ethyl acetate extracts to investigate their inhibition effects on yeast fermentation.
Other groups of components were usually retained as control media.

Haploid Y128 yeast strain was developed by GLRBC with the ability to rapidly co-ferment
glucose and xylose anaerobically even in the presence of ACSH inhibitors [22]. It was used in
this work to investigate the inhibitory effect of WSC. The freeze-dried WSC was re-dissolved
into SynH control media with varying concentrations. As shown in Figure 5.4, the concentration
of WSC increased from 10-40g/L for SynH 1WSC to SynH 4WSC, respectively. Here 1WSC
represents 10 g/L lignin extractions which were re-dissolved in SynH base media. Fermentation
was conducted in Erlenmeyer flasks (50 mL) under the conditions of pH 4.8, 30 °C and 150 RPM
with inoculum at 2 OD600. The performances of glucose consumption, together with the first 48
hrs of xylose consumption and ethanol production, illustrated that the inhibition effect of WSC
was enhanced with the increase in concentration. The addition of WSC resulted in a lag phase
in glucose and xylose consumption in first 24 h, especially at higher concentrations. However,

once the concentration of WSC reached 40g/L, xylose consumption, ethanol yield and cell growth
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Figure 5.4 Fermentation performance of Y128 under varying concentrations of WSC. A. Glucose
consumption; B. Xylose consumption; C. Ethanol production; D. Cell growth OD 600. SynH
4WSC: Synthetic hydrolysate with 40 g/LL WSC added; SynH 3WSC: Synthetic hydrolysate with
30 g/L WSC added; SynH 2WSC: Synthetic hydrolysate with 20 g/LL WSC added; SynH 1WSC:
Synthetic hydrolysate with 10 g/L. WSC added; SynH Control: Synthetic hydrolysate base media
with no inhibitors added. Fermentation was conducted in Erlenmeyer flasks (50 mL) under the
conditions of pH 4.8, 30 degree celsius and 150 RPM with inoculum at 2 OD600.

were no longer inhibited strongly after 48 h to 120 h. For example, the xylose concentration at
120h for SynH 4WSC became very close to SynH 2WSC (20.3 g/L versus 19.8 g/L)) and much
lower than SynH 3WSC (20.3 g/L versus 27.0 g/L), and the ethanol concentration at 120 h for
SynH 4WSC was higher than SynH 3WSC (35.8 g/L versus 33.5 g/L). The cell growth of SynH
4WSC in Figure 5.4 even showed a reversed effect. The OD600 reached 9.0 at 120 h, which
was the highest among all fermentation media being tested. The components in WSC exerted
multiple influences on yeast fermentation. A dual character of early stage lag phase (possibly
caused by phenolic compounds) versus late stage cell growth enhancement (possibly caused by
free monomeric sugars and cell osmotic protectants) was observed. In addition to fermentation
with high initial inoculum at OD 2 (Figure 5.4), we also tested the fermentation with low initial

inoculum at OD 0.1. The yeast fermentation at different initial inoculums had similar trends in
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Figure 5.5 Fermentation performance of Y128 under different WSC fractions. A. Glucose con-
sumption; B. Xylose consumption; C. Ethanol production; D. ACSH: AFEX corn stover hy-
drolysate; Syn W: Water phase extract after ethyl acetate extraction where soluble sugars and
nutrients exited; Syn P: Ethyl acetate phase extract after ethyl acetate extraction where phenolic
compounds were enriched; Syn WSC: Synthetic hydrolysate with 20 g/LL WSC; SynH Control:
Synthetic hydrolysate base media with no inhibitors added. Both phenolic compounds and nutri-
ent components were re-dissolved in SynH base media at 20 g/L.. Fermentation was conducted in
Erlenmeyer flasks (50 mL) under the conditions of pH 4.8, 30 degree celsius and 150 RPM with
inoculum at 0.8 OD600.

sugar utilization, ethanol production and cell grow. However, it is worth noting that WSC had an
amplified effect (both early stage inhibition and late stage improvement) on low inoculum OD 0.1
than high inoculum OD 2, indicating a high inoculum at the beginning of fermentation might help

the microbe resist inhibitors in hydrolysate.

5.1.4.3 Inhibitory effect of WSC ethyl acetate fractions

To further investigate the complex dual effect of WSC on the yeast fermentation, we further
performed Y128 fermentation on different fractions of WSC after the ethyl acetate extraction. As
we found that SynH with 20g/L. WSC mimicked real ACSH in cell growth, sugar consumption
and ethanol production, both Syn WSC and ACSH were used as positive control in this group.

SynH control media was kept as negative control. Syn W represented the water phase extract
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after ethyl acetate extraction, in which soluble sugars and nutrients existed. Syn P represented
the organic phase extract after the ethyl acetate extraction, in which phenolic compounds were
enriched. Both phenolic compounds and nutrient components were re-dissolved in SynH base
media at 20 g/L.. After separating phenolic compounds from other components in WSC, the binary
behaviour observed in previous experiment (Figure 5.4) disappeared. Phenolic compounds exerted
the strongest inhibition effect on Y128 fermentation among all media tested. Less than 50% of
glucose were consumed and xylose was barely utilized. Ethanol yield after 72 h was 16 g/L.
compared with 38 g/L for all other media. Cell growth after 72 h was 2.1, which was much lower
than all other fermentation media. In contrast, Syn W boosted the cell grow to OD 13 at 72 h which
was higher than SynH control media (OD 8,4), even though a short lag phase was observed for the
first 24 h. The concentration of monomeric sugars alone in the nutrient fraction was too low to be
accounted for increasing cell growth, so we believed that potential cell protectants and oligomeric
sugars were major reasons for the cell growth enhancement. Phenolic compounds and water-

soluble nutrients together consisted the dual inhibitory effect of WSC on ethanol fermentation.

5.1.4.4 Chemical genomics of WSC

Chemical genomics was performed using a genome-wide deletion mutant collection of S. cere-
visiae to show the fingerprints of genes deletion response to inhibitors. The sensitive and resistant
genes clusters could reveal the metabolic pathways that were affected by WSC, provide informa-
tion for microbe genetic engineering, and confirm the variability between different hydrolysates
and fermentation media (e.g. ACSH, SynH control media). Figure 5.6a showed the profile of
gene response to WSC. A resistant mutant has a positive interaction score on Y axis, whereas a
negative score indicates a sensitive mutant. For example, EEB1(fatty acid biosynthesis) deletion
was high interaction score conferred resistance to WSC. Other resistant mutants included gene
deletions of ADE 5,7 (the de novo’ purine nucleotide biosynthetic pathway) and EPS1(ER protein
with chaperone and co-chaperone activity). Both the gene deletions, together with EEB1, could
be points of engineering to help the yeast strain withhold inhibitory effects. Whereas, ERJ1 (ER

Protein folding), LSC1 (Succinyl CoA ligase) and TRP2 (Tryptophan biosynthesis) deletions with
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Figure 5.6 Chemical genomic profiling of WSC on using yeast deletion strain library. (A). Re-
sponsive gene profile; (B). Gene clusters correlation between SynWSC and ACSH.

low interaction score showed that these genes were important for resisting the inhibitory effect of
WSC and could possibly be upgraded to enhance the resistance. Cell membranes were likely target
of WSC toxicity. The fingerprint of WSC also showed similarity to compounds like Latrunculin
(actin disruption) and Brefeldin A (Golgi transport disruption), therefore WSC had the potential to
be developed into herbicide.

Quantitative analysis of the clustergram data is shown in Figure 5.6B and supplementary Figure
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B.3. When comparing all hydrolysate to each other, the R2 correlation value between SynWSC
to ACSH is 0.48, which was much higher than 0.02 between SynH control media with ACSH. It
appeared that the degradation compounds in water-soluble lignin extractives can represent the real

inhibitors in ACSH to a large extent.

5.1.5 Conclusions

Lignocellulose-derived degradation products produced during thermochemical pretreatment
could cause strong inhibitory effects in microbial fermentation, and have been a major bottle-
neck for cost-effective lignocellulosic biorefineries. To optimize the pretreatment process to ob-
tain biomass and hydrolysate with higher digestibility and fermentability, and engineer microbial
strains for improved performance, it is critical to identify major inhibitory compounds and un-
derstand the mechanisms of inhibition that affect fermentative organisms. In this work, we used
SynH to study the inhibition effect of WSC, which was isolated from EA pretreament crude lignin
stream, on yeast fermentation. The natural lignin-dervied compounds in WSC could better rep-
resent and mimic real inhibitory compounds in ACSH. We found that SynH with 20g/L. WSC
would mimic real hydrolysate in yeast fermentation. The inhibitory effect of WSC increased with
higher dosage. However, when the concentration of WSC reached 40g/L, the inhibitory effect was
reversed after 48 hrs, indicating that the additional nutrients that existed in WSC became actively
contributing at higher concentrations. To dissociate this dual character, ethyl acetate extraction was
conducted to separate phenolic compounds from WSC. Major compounds identified in the organic
phase of WSC included coumaroyl amide, feruloyl amide and coumaroyl glycerol. These and
other nitrogenous phenolic compounds acted as key inhibitors in microbial fermentation of ACSH.
On the other hand, esters and oligosaccharides were identified in the water phase compounds after
ethyl acetate extractions. They were shown to improve cell growth in fermentation after 48 hours,
which explains the dual character of WSC. Chemical genomic profiling of WSC was conducted on
yeast deletion library to identify responsive genes and compounds with similar fingerprints. The
gene clusters between WSC and ACSH was much higher than synthesized phenolic compounds,

confirming that the natural nitrogenous phenolic compounds better represent the inhibitors in real
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hydrolysate. This chapter also proved that EA pretreatment improved hydrolysate fermentabil-
ity partially by removing highly toxic lignin-derived nitrogenous and phenolic compounds. The
fundamental knowledge described in this chapter can be applied to characterize a variety of in-
hibitory compounds, optimize fermentation process, and be used to design pretreatment process

adjustments.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

We first proposed the methodology for large-scale purification of oligosaccharides using charcoal
fractionation and size exclusion chromatography. The carbohydrate composition of recalcitrant
oligosaccharides, their mass and molecular weight distribution profiles were determined. Enzyme
activity assay revealed that sugar inhibition and the lack of enzyme activity in commercial enzyme
mixtures are major reasons for inefficient monomeric sugar conversion. A novel glycome pro-
filing method (Elisa screening), combined with biotinylation derivatization, was used as a rapid,
high-throughput tool to identify recalcitrant non-cellulosic glycan structures for small-molecule
oligosaccharides and insoluble polysaccharides. 4-O-methyl-D-glucuronic acid substituted xylan
and pectic-arabinogalactan were found to be the most abundant epitopes recognized by mAbs in
hydrolysate and UHS. These structures were further validated by MALDI-TOF and TMS compo-
sition analysis.

An artificial, chemically-defined SynH was used to study the inhibitory effect of WSC from EA
pretreatment on yeast fermentation. Key inhibitory compounds that were identified using LC/GC-
MS included p-coumaroylamide, feruloylamide and p-coumaroylglycerol. Chemical genomics
was employed to show the fingerprints of genes deletion response to inhibitors. The different
sensitive/resistant genes clusters confirmed the variability and similarity of inhibitors in WSC with
real ACSH.

Future work is needed to find enzymes that can hydrolyse these recalcitrant non-cellulosic
polysaccharide linkages. For example, accessory enzymes such as pectinase, -glucuronidase and
enzyme activities targeting arabinan and galactan should be identified and added to the enzyme
cocktail, so that branched linkages that block enzyme accessibility to backbone polysaccharide
chains can be hydrolyzed and potentially be decoupled from the complex structure of hemicel-
lulose. If successful, this approach could not only increase monomeric xylose yields, but may
also synergistically improve cellulose hydrolysis, thus increasing glucose yields and a possible

reduction in enzyme loading to lower biofuel production cost. Likewise, this approach could be
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adapted with other pretreatment technologies and biomass to optimize hydrolysis conditions for
maximum sugar output. Moreover, since routine glycome profiling only detects large polysac-
charides, more advanced techniques such as MS-MS, fluorescent labelled antibodies studies using
fluorescent microscopy and flow cytometry which will be able to detect short-chain oligosaccha-
rides that are abundant in the hydrolysate. Quantitative modeling of novel Elisa method is also
under development. In terms of better fermentation with existing phenolic and nitrogenous com-
pounds, directional evolution of microbial strains could be performed using WSC to selectively
screen resistant strains. Gene responses and metabolic pathway fingerprints could also be used as
gene mutation targets. Such studies and collaborations are underway at the Great Lakes Bioenergy

Center and Michigan State University.

67



BIBLIOGRAPHY

[1] ALM, R. S. (1952). Gradient elution analysis. ACTA Chemica Scandinavica, 6:1186-1193.

[2] Altaner, C., Hapca, A. 1., Knox, J. P., and Jarvis, M. C. (2007). Detection of 3-1-4-galactan in
compression wood of Sitka spruce [Picea sitchensis (Bong.) Carriere] by immunofluorescence.
Holzforschung, 61(3):311-316.

[3] Amaretti, A., Bernardi, T., Leonardi, A., Raimondi, S., Zanoni, S., and Rossi, M. (2013).
Fermentation of xylo-oligosaccharides by Bifidobacterium adolescentis DSMZ 18350: kinetics,
metabolism, and -xylosidase activities. Applied microbiology and biotechnology, 97(7):3109—
17.

[4] Andrié, P., Meyer, A. S., Jensen, P. A., and Dam-Johansen, K. (2010). Reactor design for
minimizing product inhibition during enzymatic lignocellulose hydrolysis: I. Significance and
mechanism of cellobiose and glucose inhibition on cellulolytic enzymes. Biotechnology ad-
vances, 28(3):308-24.

[5] Avci, U., Pattathil, S., and Hahn, M. G. (2012). Immunological Approaches to Plant Cell Wall
and Biomass Characterization: Immunolocalization of Glycan Epitopes. Biomass Conversion:
Methods and Protocols, Methods in Molecular Biology, 908:73-82.

[6] Balan, V. (2014). Current Challenges in Commercially Producing Biofuels from Lignocellu-
losic Biomass. ISRN Biotechnology, 2014:1-31.

[7] Balan, V., Bals, B., Chundawat, S. P. S., Marshall, D., and Dale, B. E. (2009). Lignocellulosic
Biomass Pretreatment Using AFEX. In Mielenz, J. R., editor, Biofuels: Methods and protocols,
Methods in Molecular Biology, volume 581, pages 61-77. Humana Press, Totowa, NJ.

[8] Barsett, H., Ebringerova, A., Harding, S., Heinze, T., Hromadkova, Z., Muzzarelli, C., Muz-
zraelli, R., Paulsen, B., and EISEOUD, O. (2005). Polysaccharides I: Structure, characterisa-
tion and use, volume 186. Springer Science & Business Media.

[9] Baumann, M. J., Borch, K., and Westh, P. (2011). Xylan oligosaccharides and cellobiohydro-
lase I (TrCel7A) interaction and effect on activity. Biotechnology for Biofuels, 4(1):45.

[10] Bayer, E. A., Ben-Hur, H., and Wilchek, M. (1988). Biocytin hydrazide—A selective label
for sialic acids, galactose, and other sugars in glycoconjugates using avidin-biotin technology.
Analytical Biochemistry, 170(2):271-281.

[11] Berlin, A., Balakshin, M., Gilkes, N., Kadla, J., Maximenko, V., Kubo, S., and Saddler,
J. (2006). Inhibition of cellulase, xylanase and beta-glucosidase activities by softwood lignin

preparations. Journal of biotechnology, 125(2):198-209.

[12] Bharadwaj, R., Chen, Z., Datta, S., Holmes, B. M., Sapra, R., Simmons, B. a., Adams, P. D.,

68



and Singh, A. K. (2010). Microfluidic glycosyl hydrolase screening for biomass-to-biofuel
conversion. Analytical chemistry, 82(22):9513-20.

[13] Boerjan, W., Ralph, J., and Baucher, M. (2003). Lignin biosynthesis. Annual review of plant
biology, 54(1):519-546.

[14] Bowman, M., Dien, B., O’Bryan, P., Sarath, G., and Cotta, M. (2012a). Comparative Anal-
ysis of End Point Enzymatic Digests of Arabino-Xylan Isolated from Switchgrass (Panicum
virgatum L) of Varying Maturities using LC-MSn. Metabolites, 2(4):959-982.

[15] Bowman, M. J., Dien, B. S., Hector, R. E., Sarath, G., and Cotta, M. a. (2012b). Liq-
uid chromatography-mass spectrometry investigation of enzyme-resistant xylooligosaccharide
structures of switchgrass associated with ammonia pretreatment, enzymatic saccharification,
and fermentation. Bioresource technology, 110:437-47.

[16] Bowman, M. J., Dien, B. S., Vermillion, K. E., and Mertens, J. A. (2014). Structural char-
acterization of (1->2)-f-xylose-(1->3)-a-arabinose-containing oligosaccharide products of ex-
tracted switchgrass (Panicum virgatum, L.) xylan after exhaustive enzymatic treatment with
o-arabinofuranosidase and -endo-xylanase. Carbohydrate Research, 398:63-71.

[17] Bowman, M. J., Dien, B. S., Vermillion, K. E., and Mertens, J. A. (2015). Isolation and char-
acterization of unhydrolyzed oligosaccharides from switchgrass (Panicum virgatum, L.) xylan
after exhaustive enzymatic treatment with commercial enzyme preparations. Carbohydrate re-
search, 407:42-50.

[18] Boyle, E. I., Weng, S., Gollub, J., Jin, H., Botstein, D., Cherry, J. M., and Sherlock, G. (2004).
GO::TermFinder - Open source software for accessing Gene Ontology information and finding
significantly enriched Gene Ontology terms associated with a list of genes. Bioinformatics,
20(18):3710-3715.

[19] Brodeur, G., Yau, E., Badal, K., Collier, J., Ramachandran, K. B., and Ramakrishnan, S.
(2011). Chemical and physicochemical pretreatment of lignocellulosic biomass: a review. En-
zyme research, 2011:787532.

[20] Burton, R. A., Farrokhi, N., Bacic, A., and Fincher, G. B. (2005). Plant cell wall polysaccha-
ride biosynthesis: real progress in the identification of participating genes. Planta, 221(3):309—
312.

[21] Campbell, T. J., Teymouri, E., Bals, B., Glassbrook, J., Nielson, C. D., and Videto, J.
(2013a). A packed bed Ammonia Fiber Expansion reactor system for pretreatment of agri-
cultural residues at regional depots. Biofuels, 4(1):23-34.

[22] Campbell, T. J., Teymouri, F., and Jones, D. K. (2013b). METHOD OF SEPARATING
COMPONENTS FROMA GAS STREAM.

69



[23] Carpita, N., Tierney, M., and Campbell, M. (2001). Molecular biology of the plant cell
wall: searching for the genes that define structure, architecture and dynamics. Plant Molecular
Biology, 47(1/2):1-5.

[24] Carpita, N. C. and Gibeaut, D. M. (1993). Structural models of primary cell walls in flower-
ing plants: consistency of molecular structure with the physical properties of the walls during
growth. The Plant Journal, 3(1):1-30.

[25] Cavalier, D. M., Lerouxel, O., Neumetzler, L., Yamauchi, K., Reinecke, A., Freshour, G.,
Zabotina, O. A., Hahn, M. G., Burgert, 1., Pauly, M., Raikhel, N. V., and Keegstra, K. (2008).
Disrupting two Arabidopsis thaliana xylosyltransferase genes results in plants deficient in xy-
loglucan, a major primary cell wall component. The Plant cell, 20(6):1519-37.

[26] Chundawat, S. P. S. (2010). Ultrastructural and physicochemical modifications within am-
monia treated lignocellulosic cell walls and their influence on enzymatic digestibility. Michigan
State University.

[27] Chundawat, S. P. S., Beckham, G. T., Himmel, M. E., and Dale, B. E. (2011a). Decon-
struction of Lignocellulosic Biomass to Fuels and Chemicals. Annual Review of Chemical and
Biomolecular Engineering, 2(1):121-145.

[28] Chundawat, S. P. S., Donohoe, B. S., da Costa Sousa, L., Elder, T., Agarwal, U. P, Lu,
E., Ralph, J., Himmel, M. E., Balan, V., and Dale, B. E. (2011b). Multi-scale visualization
and characterization of lignocellulosic plant cell wall deconstruction during thermochemical
pretreatment. Energy & Environmental Science, 4(3):973.

[29] Chundawat, S. P. S., Vismeh, R., Sharma, L. N., Humpula, J. F., da Costa Sousa, L., Chamb-
liss, C. K., Jones, A. D., Balan, V., and Dale, B. E. (2010). Multifaceted characterization of cell
wall decomposition products formed during ammonia fiber expansion (AFEX) and dilute acid
based pretreatments. Bioresource Technology, 101(21):8429-8438.

[30] Clausen, M. H., Ralet, M.-C., Willats, W. G., McCartney, L., Marcus, S. E., Thibault, J.-F,,
and Knox, J. P. (2004). A monoclonal antibody to feruloylated-(1->4)-3-d-galactan. Planta,
219(6):1036-1041.

[31] Clausen, M. H., Willats, W. G. T., and Knox, J. P. (2003). Synthetic methyl hexagalactur-
onate hapten inhibitors of anti-homogalacturonan monoclonal antibodies LM7, JIMS and JIM7.
Carbohydrate Research, 338(17):1797-1800.

[32] Cosgrove, D. J. (2005). Growth of the plant cell wall. Nature reviews. Molecular cell biology,
6(11):850-861.

[33] Coulier, L., Zha, Y., Bas, R., and Punt, P. J. (2013). Analysis of oligosaccharides in ligno-

cellulosic biomass hydrolysates by high-performance anion-exchange chromatography coupled
with mass spectrometry (HPAEC-MS). Bioresource technology, 133:221-31.

70



[34] da Costa Sousa, L., Chundawat, S. P., Balan, V., and Dale, B. E. (2009). ’Cradle-to-grave’
assessment of existing lignocellulose pretreatment technologies. Current Opinion in Biotech-
nology, 20(3):339-347.

[35] Dale, B. E., Bals, B. D., Kim, S., and Eranki, P. (2010). Biofuels done right: Land effi-
cient animal feeds enable large environmental and energy benefits. Environmental Science and
Technology, 44(22):8385-8389.

[36] Dale, B. E. and Ong, R. G. (2012). Energy, wealth, and human development: Why and how
biomass pretreatment research must improve. Biotechnology Progress, 28(4):893-898.

[37] de Carvalho Lima, K. G., Takahashi, C. M., and Alterthum, F. (2002). Ethanol production
from corn cob hydrolysates by Escherichia coli KO11. Journal of Industrial Microbiology and
Biotechnology, 29(3):124—128.

[38] DeMartini, J. D., Pattathil, S., Avci, U., Szekalski, K., Mazumder, K., Hahn, M. G., and
Wyman, C. E. (2011). Application of monoclonal antibodies to investigate plant cell wall de-
construction for biofuels production. Energy Environ. Sci., 4(10):4332—4339.

[39] Dolan, L., Linstead, P., and Roberts, K. (1995). An AGP epitope distinguishes a central
metaxylem initial from other vascular initials in theArabidopsis root. Protoplasma, 189(3-
4):149-155.

[40] Du, B., Sharma, L. N., Becker, C., Chen, S. F., Mowery, R. A., van Walsum, G. P., and
Chambliss, C. K. (2010). Effect of varying feedstock-pretreatment chemistry combinations
on the formation and accumulation of potentially inhibitory degradation products in biomass
hydrolysates. Biotechnology and Bioengineering, 107(3):430—440.

[41] Ebringerovd, A. (2006). Structural diversity and application potential of hemicelluloses.
Macromolecular Symposia, 232(333):1-12.

[42] Fengel, D. and Wegener, G. (1983). Wood: chemistry, ultrastructure, reactions. Walter de
Gruyter.

[43] Freshour, G., Bonin, C. P., Reiter, W.-D., Albersheim, P., Darvill, A. G., and Hahn, M. G.
(2003). Distribution of fucose-containing xyloglucans in cell walls of the murl mutant of Ara-
bidopsis. Plant physiology, 131(4):1602—12.

[44] Freshour, G., Clay, R. P, Fuller, M. S., Albersheim, P., Darvill, A. G., and Hahn, M. G.
(1996). Developmental and Tissue-Specific Structural Alterations of the Cell-Wall Polysaccha-
rides of Arabidopsis thaliana Roots. Plant physiology, 110(4):1413-1429.

[45] Fujii, T., Yu, G., Matsushika, A., Kurita, A., Yano, S., Murakami, K., and Sawayama, S.

(2014). Ethanol Production from Xylo-oligosaccharides by Xylose-Fermenting Saccharomyces
cerevisiae Expressing B-Xylosidase. Bioscience, Biotechnology and Biochemistry, 75(6):1140—

71



1146.

[46] Gao, D., Chundawat, S. P., Krishnan, C., Balan, V., and Dale, B. E. (2010). Mixture op-
timization of six core glycosyl hydrolases for maximizing saccharification of ammonia fiber
expansion (AFEX) pretreated corn stover. Bioresource Technology, 101(8):2770-2781.

[47] Gao, D., Chundawat, S. P. S., Uppugundla, N., Balan, V., and Dale, B. E. (2011a). Bind-
ing characteristics of Trichoderma reesei cellulases on untreated, ammonia fiber expansion
(AFEX), and dilute-acid pretreated lignocellulosic biomass. Biotechnology and Bioengineering,
108(8):1788—-1800.

[48] Gao, D., Uppugundla, N., Chundawat, S. P., Yu, X., Hermanson, S., Gowda, K., Brumm, P,,
Mead, D., Balan, V., and Dale, B. E. (2011b). Hemicellulases and auxiliary enzymes for im-
proved conversion of lignocellulosic biomass to monosaccharides. Biotechnology for biofuels,
4(1):5.

[49] Gao, X., Kumar, R., Singh, S., Simmons, B. a., Balan, V., Dale, B. E., and Wyman, C. E.
(2014). Comparison of enzymatic reactivity of corn stover solids prepared by dilute acid,
AFEX™ and ionic liquid pretreatments. Biotechnology for biofuels, 7(1):71.

[50] Gardiner, E. S. and Sarko, A. (1985). Packing analysis of carbohydrates and polysaccharides.
16. the crystal structures of celluloses ivi and ivii. Canadian journal of chemistry, 63(1):173—
180.

[51] Garlock, R. J., Balan, V., Dale, B. E., Pallapolu, V. R, Lee, Y. Y., Kim, Y., Mosier, N. S.,
Ladisch, M. R., Holtzapple, M. T., Falls, M., Sierra-Ramirez, R., Shi, J., Ebrik, M. a., Redmond,
T., Yang, B., Wyman, C. E., Donohoe, B. S., Vinzant, T. B., Elander, R. T., Hames, B., Thomas,
S., and Warner, R. E. (2011). Comparative material balances around pretreatment technologies
for the conversion of switchgrass to soluble sugars. Bioresource technology, 102(24):11063-71.

[52] Gong, Z., Wang, Q., Shen, H., Wang, L., Xie, H., and Zhao, Z. K. (2014). Conversion of
biomass-derived oligosaccharides into lipids. Biotechnology for biofuels, 7(1):13.

[53] Grabber, J. H. (2005). How do lignin composition, structure, and cross-linking affect degrad-
ability? a review of cell wall model studies. Crop Science, 45(3):820-831.

[54] GREEN, N. M. (1963). AVIDIN. 1. THE USE OF (14-C)BIOTIN FOR KINETIC STUDIES
AND FOR ASSAY. The Biochemical journal, 89(3):585-91.

[55] Griin, C. H., van Vliet, S. J., Schiphorst, W. E. C. M., Bank, C. M. C., Meyer, S., van Die,
I., and van Kooyk, Y. (2006). One-step biotinylation procedure for carbohydrates to study
carbohydrate-protein interactions. Analytical biochemistry, 354(1):54-63.

[56] Gruno, M., Viljamie, P., Pettersson, G., and Johansson, G. (2004). Inhibition of the Tri-
choderma reesei cellulases by cellobiose is strongly dependent on the nature of the substrate.

72



Biotechnology and bioengineering, 86(5):503-11.

[57] Hames, B., Ruiz, R., Scarlata, C., Sluiter, A., Sluiter, J., and Templeton, D. (2008). Prepa-
ration of Samples for Compositional Analysis Laboratory Analytical Procedure ( LAP ) Issue
Date : 8 /06 /2008. National Renewable Energy Laboratory, (August):1-9.

[58] Heitzmann, H. and Richardst, F. M. (1974). Use of the Avidin-Biotin Complex for Spe-
cific Staining of Biological Membranes in Electron Microscopy®*. Proceedings of the National
Academy of Sciences, 71(9):3537-3541.

[59] Hodge, J. E. (1967). Origin of flavor in foods. Nonenzymatic browning reactions. Avi Pub-
lishing: Westport, CT.

[60] Huber, B. G. W. and Dale, B. E. (2009). GRASSOLINE at the Pump. Scientific American,
(July):52-59.

[61] Humbird, D., Davis, R., Tao, L., Kinchin, C., Hsu, D., Aden, A., Schoen, P., Lukas, J.,
Olthof, B., Worley, M., Sexton, D., and Dudgeon, D. (2011). Process Design and Eco-
nomics for Biochemical Conversion of Lignocellulosic Biomass to Ethanol. Renewable Energy,
303(May):147.

[62] Humpula, J. F., Uppugundla, N., Vismeh, R., Sousa, L., Chundawat, S. P. S., Jones, A. D.,
Balan, V., Dale, B. E., and Cheh, A. M. (2014). Probing the nature of AFEX-pretreated corn
stover derived decomposition products that inhibit cellulase activity. Bioresource technology,
152:38-45.

[63] Igarashi, K., Wada, M., and Samejima, M. (2007). Activation of crystalline cellulose to cel-
lulose iiii results in efficient hydrolysis by cellobiohydrolase. The FEBS journal, 274(7):1785—
1792.

[64] Imai, T., Watanabe, T., Yui, T., and Sugiyama, J. (2002). Directional degradation of f3-
chitin by chitinase Al revealed by a novel reducing end labelling technique. FEBS Letters,
510(3):201-205.

[65] Izquierdo, J. a., Pattathil, S., Guseva, A., Hahn, M. G., and Lynd, L. R. (2014). Comparative
analysis of the ability of Clostridium clariflavum strains and Clostridium thermocellum to utilize
hemicellulose and unpretreated plant material. Biotechnology for biofuels, 7(1):136.

[66] Jeffries, T. (1994). Biodegradation of lignin and hemicelluloses. Biochemistry of microbial
degradation, pages 233-2717.

[67] Jin, M., Gunawan, C., Uppugundla, N., Balan, V., and Dale, B. E. (2012). A novel integrated

biological process for cellulosic ethanol production featuring high ethanol productivity, enzyme
recycling and yeast cells reuse. Energy & Environmental Science, 5(5):7168.

73



[68] Jones, L., Seymour, G. B., and Knox, J. P. (1997). Localization of Pectic Galactan in Tomato
Cell Walls Using a Monoclonal Antibody Specific to (1[->]4)-[beta]-D-Galactan. Plant physi-
ology, 113(4):1405-1412.

[69] Jgrgensen, H., Kristensen, B., and Claus, F. (2007a). Enzymatic conversion of lignocellulose
into fermentable sugars: challenges and opportunities. Biofuels, Bioprod. Bioref, 1:119—-134.

[70] Jgrgensen, H., Vibe-Pedersen, J., Larsen, J., and Felby, C. (2007b). Liquefaction of lignocel-
lulose at high-solids concentrations. Biotechnology and bioengineering, 96(5):862-70.

[71] Kazi, F. K., Fortman, J. A., Anex, R. P, Hsu, D. D., Aden, A., Dutta, A., and Kothandara-
man, G. (2010). Techno-economic comparison of process technologies for biochemical ethanol
production from corn stover. Fuel, 89(S1):S20-S28.

[72] Keating, D. H., Zhang, Y., Ong, I. M., Mcllwain, S., Morales, E. H., Grass, J. A., Tremaine,
M., Bothfeld, W., Higbee, A., Ulbrich, A., Balloon, A. J., Westphall, M. S., Aldrich, J., Lipton,
M. S., Kim, J., Moskvin, O. V., Bukhman, Y. V., Coon, J. J., Kiley, P. J., Bates, D. M., and
Landick, R. (2014). Aromatic inhibitors derived from ammonia-pretreated lignocellulose hin-
der bacterial ethanologenesis by activating regulatory circuits controlling inhibitor efflux and
detoxification. Frontiers in Microbiology, 5S(AUG):1-17.

[73] Keegstra, K. (2010). Plant cell walls. Plant physiology, 154(2):483—6.

[74] Kim, Y., Ximenes, E., Mosier, N. S., and Ladisch, M. R. (2011). Soluble inhibitors/deacti-
vators of cellulase enzymes from lignocellulosic biomass. Enzyme and microbial technology,
48(4-5):408-15.

[75] Klinke, H. B., Thomsen, A. B., and Ahring, B. K. (2004). Inhibition of ethanol-producing
yeast and bacteria by degradation products produced during pre-treatment of biomass. Applied

Microbiology and Biotechnology, 66(1):10-26.

[76] Knoch, E., Dilokpimol, A., and Geshi, N. (2014). Arabinogalactan proteins: focus on carbo-
hydrate active enzymes. Frontiers in plant science, 5(June):198.

[77] Knox, J. P. (2008). Revealing the structural and functional diversity of plant cell walls.
Current Opinion in Plant Biology, 11(3):308-313.

[78] Knox, J. P, Linstead, P. J., King, J., Cooper, C., and Roberts, K. (1990). Pectin esterifica-
tion is spatially regulated both within cell walls and between developing tissues of root apices.

Planta, 181(4):512-521.

[79] Kont, R., KuraSin, M., Teugjas, H., and Viljamie, P. (2013). Strong cellulase inhibitors from
the hydrothermal pretreatment of wheat straw. Biotechnology for biofuels, 6(1):135.

[80] Kormelink, F. J. M. and Voragen, A. G. J. (1993). Degradation of different [(glu-

74



corono)arabino]xylans by a combination of purified xylan-degrading enzymes. Applied Mi-
crobiology Biotechnology, 38:688—695.

[81] Kristensen, J. B., Felby, C., and Jgrgensen, H. (2009). Yield-determining factors in high-
solids enzymatic hydrolysis of lignocellulose. Biotechnology for biofuels, 2(1):11.

[82] Kumar, R. and Wyman, C. E. (2009). Effect of enzyme supplementation at moderate cellulase
loadings on initial glucose and xylose release from corn stover solids pretreated by leading
technologies. Biotechnology and Bioengineering, 102(2):457-467.

[83] Lagaert, S., Pollet, A., Courtin, C. M., and Volckaert, G. (2014). B-xylosidases and «-
L-arabinofuranosidases: accessory enzymes for arabinoxylan degradation. Biotechnology ad-
vances, 32:316-332.

[84] Lau, M. W. and Dale, B. E. (2009). Cellulosic ethanol production from AFEX-treated corn
stover using Saccharomyces cerevisiae 424A (LNH-ST). Proceedings of the National Academy
of Sciences, 106(5):1368—1373.

[85] Lerouxel, O., Cavalier, D. M., Liepman, A. H., and Keegstra, K. (2006). Biosynthesis of plant
cell wall polysaccharides — a complex process. Current Opinion in Plant Biology, 9(6):621—
630.

[86] Leteux, C., Childs, R. A., Chai, W., Stoll, M. S., Kogelberg, H., and Feizi, T. (1998). Biotinyl-
1-3-(2-naphthyl)-alanine hydrazide derivatives of N-glycans: versatile solid-phase probes for
carbohydrate-recognition studies. Glycobiology, 8(3):227-236.

[87] Li, H., Pattathil, S., Foston, M. B., Ding, S.-Y., Kumar, R., Gao, X., Mittal, A., Yarbrough,
J. M., Himmel, M. E., Ragauskas, A. J., Hahn, M. G., and Wyman, C. E. (2014). Agave proves
to be a low recalcitrant lignocellulosic feedstock for biofuels production on semi-arid lands.
Biotechnology for biofuels, 7(1):50.

[88] Li, H., Qing, Q., Kumar, R., and Wyman, C. E. (2013). Chromatographic determination of 1,
4-b-xylooligosaccharides of different chain lengths to follow xylan deconstruction in biomass
conversion. Journal of Industrial Microbiology and Biotechnology, 40(6):551-559.

[89] Lynd, L. R., Laser, M. S., Bransby, D., Dale, B. E., Davison, B., Hamilton, R., Himmel, M.,
Keller, M., McMillan, J. D., Sheehan, J., and Wyman, C. E. (2008). How biotech can transform
biofuels. Nature biotechnology, 26(2):169-72.

[90] Maiorella, B. L., Blanch, H. W., and Wilke, C. R. (1984). Eeconomic evaluation of alternative
ethanol fermentation processes. Biotechnology and bioengineering, 26(9):1003-1025.

[91] McCartney, L., Marcus, S. E., and Knox, J. P. (2005). Monoclonal Antibodies to Plant Cell
Wall Xylans and Arabinoxylans. Journal of Histochemistry & Cytochemistry, 53(4):543-546.

75



[92] McCartney, L., Ormerod, a. P., Gidley, M. J., and Knox, J. P. (2000). Temporal and spatial
regulation of pectic (14)-beta-D-galactan in cell walls of developing pea cotyledons: implica-
tions for mechanical properties. The Plant Journal, 22(2):105-113.

[93] Miller, G. L., Dean, J., and Blum, R. (1960). A study of methods for preparing oligosaccha-
rides from Cellulose. Archives of Biochemistry and Biophysics, 91:21-26.

[94] Modenbach, A. a. and Nokes, S. E. (2012). The use of high-solids loadings in biomass
pretreatment-a review. Biotechnology and Bioengineering, 109(6):1430-1442.

[95] Mohnen, D. (2008). Pectin structure and biosynthesis. Current Opinion in Plant Biology,
11(3):266-2717.

[96] Neumiiller, K. G., Streekstra, H., Schols, H. a., and Gruppen, H. (2014). Synergistic action of
enzyme preparations towards recalcitrant corn silage polysaccharides. Biomass and Bioenergy,
60:88-97.

[97] Nishiyama, Y., Kim, U.-J., Kim, D.-Y., Katsumata, K. S., May, R. P., and Langan, P. (2003).
Periodic disorder along ramie cellulose microfibrils. Biomacromolecules, 4(4):1013-1017.

[98] Nishiyama, Y., Langan, P., and Chanzy, H. (2002). Crystal structure and hydrogen-bonding
system in cellulose i3 from synchrotron x-ray and neutron fiber diffraction. Journal of the
American Chemical Society, 124(31):9074-9082.

[99] Ofrfila, C., Seymour, G. B., Willats, W. G., Huxham, 1. M., Jarvis, M. C., Dover, C. J., Thomp-
son, A. J., and Knox, J. P. (2001). Altered middle lamella homogalacturonan and disrupted de-

position of (1—>5)-alpha-L-arabinan in the pericarp of Cnr, a ripening mutant of tomato. Plant
physiology, 126(1):210-21.

[100] O’Shannessy, D. J., Dobersen, M. J., and Quarles, R. H. (1984). A novel procedure for
labeling immunoglobulins by conjugation to oligosaccharide moieties. Immunology Letters,
8(5):273-2717.

[101] O’sullivan, A. C. (1997). Cellulose: the structure slowly unravels. Cellulose, 4(3):173-207.

[102] Page, R. D. (1996). TreeView: an application to display phylogenetic trees on personal
computers. Computer applications in the biosciences : CABIOS, 12(4):357-358.

[103] Pai, M. Y., Lomenick, B., Hwang, H., Schiestl, R., McBride, W., Loo, J. A., and Huang, J.
(2015). Chemical Biology Methods and Protocols, volume 1263.

[104] Parreiras, L. S., Breuer, R. J., Narasimhan, R. A., Higbee, A. J., La Reau, A., Tremaine, M.,
Qin, L., Willis, L. B., Bice, B. D., Bonfert, B. L., Pinhancos, R. C., Balloon, A. J., Uppugundla,
N., Liu, T., Li, C., Tanjore, D., Ong, I. M., Li, H., Pohlmann, E. L., Serate, J., Withers, S. T,
Simmons, B. A., Hodge, D. B., Westphall, M. S., Coon, J. J., Dale, B. E., Balan, V., Keating,

76



D. H.,, Zhang, Y., Landick, R., Gasch, A. P., and Sato, T. K. (2014). Engineering and two-
stage evolution of a lignocellulosic hydrolysate-tolerant Saccharomyces cerevisiae strain for
anaerobic fermentation of xylose from AFEX pretreated corn stover. PLoS ONE, 9(9).

[105] Pattathil, S., Avci, U., Baldwin, D., Swennes, A. G., McGill, J. a., Popper, Z., Bootten, T.,
Albert, A., Davis, R. H., Chennareddy, C., Dong, R., O’Shea, B., Rossi, R., Leoff, C., Freshour,
G., Narra, R., O’Neil, M., York, W. S., and Hahn, M. G. (2010). A comprehensive toolkit of
plant cell wall glycan-directed monoclonal antibodies. Plant physiology, 153(June):514-525.

[106] Pattathil, S., Avci, U., Miller, J. S., and Hahn, M. G. (2012). Immunological Approaches
to Plant Cell Wall and Biomass Characterization: Glycome Pro filing. Biomass Conversion:
Methods and Protocols, Methods in Molecular Biology, 908:61-72.

[107] Pattathil, S., Hahn, M. G., Dale, B. E., and Chundawat, S. P. S. (2015). Insights into plant
cell wall structure, architecture, and integrity using glycome profiling of native and AFEXTM-
pre-treated biomass. Journal of Experimental Botany, pages 1-16.

[108] Pauly, M. and Keegstra, K. (2008). Cell-wall carbohydrates and their modification as a
resource for biofuels. The Plant journal : for cell and molecular biology, 54(4):559—68.

[109] Pauly, M. and Keegstra, K. (2010). Plant cell wall polymers as precursors for biofuels.
Current Opinion in Plant Biology, 13(3):304-311.

[110] Pennell, R. L., Janniche, L., Kjellbom, P., Scofield, G. N., Peart, J. M., and Roberts, K.
(1991). Developmental Regulation of a Plasma Membrane Arabinogalactan Protein Epitope in
Oilseed Rape Flowers. The Plant cell, 3(12):1317-1326.

[111] Persson, S., Caffall, K. H., Freshour, G., Hilley, M. T., Bauer, S., Poindexter, P., Hahn,
M. G., Mohnen, D., and Somerville, C. (2007). The Arabidopsis irregular xylem8 mutant is
deficient in glucuronoxylan and homogalacturonan, which are essential for secondary cell wall
integrity. The Plant cell, 19(1):237-55.

[112] Piotrowski, J. S., Okada, H., Lu, F.,, Li, S. C., Hinchman, L., Ranjan, A., Smith, D. L.,
Higbee, A. J., Ulbrich, A., Coon, J. J., Deshpande, R., Bukhman, Y. V., Mcllwain, S., Ong,
I. M., Myers, C. L., Boone, C., Landick, R., Ralph, J., Kabbage, M., and Ohya, Y. (2015a).
Plant-derived antifungal agent poacic acid targets beta-1,3-glucan. Proc Natl Acad Sci U S A,
112(12):E1490-7.

[113] Piotrowski, J. S., Simpkins, S. W., Li, S. C., Deshpande, R., Mcllwain, S. J., Ong, I. M.,
Myers, C. L., Boone, C., and Andersen, R. J. (2015b). Chemical Genomic Profi ling via Bar-
code Sequencing to Predict Compound Mode of Action. In Chemical Biology: Methods and
Protocols, Methods in Molecular Biology, volume 1263, pages 299-318.

[114] Piotrowski, J. S., Zhang, Y., Bates, D. M., Keating, D. H., Sato, T. K., Ong, I. M., and
Landick, R. (2014). Death by a thousand cuts: The challenges and diverse landscape of ligno-

77



cellulosic hydrolysate inhibitors. Frontiers in Microbiology, 5(MAR):1-8.

[115] Puhlmann, J., Bucheli, E., Swain, M. J., Dunning, N., Albersheim, P., Darvill, A. G., and
Hahn, M. G. (1994). Generation of monoclonal antibodies against plant cell-wall polysaccha-
rides. I. Characterization of a monoclonal antibody to a terminal alpha-(1->2)-linked fucosyl-
containing epitope. Plant physiology, 104(2):699-710.

[116] Qing, Q. and Wyman, C. E. (2011). Hydrolysis of different chain length xylooliogmers by
cellulase and hemicellulase. Bioresource technology, 102(2):1359-66.

[117] Qing, Q., Yang, B., and Wyman, C. E. (2010). Xylooligomers are strong inhibitors of
cellulose hydrolysis by enzymes. Bioresource technology, 101(24):9624-30.

[118] Ratnaparkhe, S., Venkatachalam, S., Hahn, M. G., and Pattathil, S. (2013). Analyses using
Cell Wall Glycan-directed Monoclonal Antibodies Reveal Xylan-degradation by Two Microbial
Glycosyl Hydrolases in Cell Walls from Poplar and Switchgrass Biomass. Journal of Bioreme-
diation & Biodegradation, (Biofuels & their applications):0-9.

[119] Ridley, B. L., O’Neill, M. A., and Mohnen, D. (2001). Pectins: structure, biosynthesis, and
oligogalacturonide-related signaling. Phytochemistry, 57(6):929-967.

[120] Rothenberg, B. E., Hayes, B. K., Toomre, D., Manzi, A. E., and Varki, A. (1993). Biotiny-
lated diaminopyridine: An approach to tagging oligosaccharides and exploring their biology.
Biochemistry, 90:11939-11943.

[121] Sarkar, N., Ghosh, S. K., Bannerjee, S., and Aikat, K. (2012). Bioethanol production from
agricultural wastes: An overview. Renewable Energy, 37(1):19-27.

[122] Sarks, C., Higbee, A., Piotrowski, J., Xue, S., Coon, J. J., Sato, T. K., Jin, M., Balan, V.,
and Dale, B. E. (2016). Quantifying pretreatment degradation compounds in solution and accu-
mulated by cells during solids and yeast recycling in the Rapid Bioconversion with Integrated
recycling Technology process using AFEX™ corn stover. Bioresource Technology, 205:24-33.

[123] Sarks, C., Jin, M., Sato, T. K., Balan, V., and Dale, B. E. (2014). Studying the rapid
bioconversion of lignocellulosic sugars into ethanol using high cell density fermentations with
cell recycle. Biotechnology for biofuels, 7:73.

[124] Sarria, R., Wagner, T. A., O’Neill, M. A., Faik, A., Wilkerson, C. G., Keegstra, K., and
Raikhel, N. V. (2001). Characterization of a family of Arabidopsis genes related to xyloglucan
fucosyltransferasel. Plant physiology, 127(4):1595-606.

[125] Sato, T. K., Tremaine, M., Parreiras, L. S., Hebert, A. S., Myers, K. S., Higbee, A. J., Sardi,
M., Mcllwain, S. J., Ong, I. M., Breuer, R. J., Avanasi Narasimhan, R., McGee, M. A., Dick-
inson, Q., La Reau, A., Xie, D., Tian, M., Reed, J. L., Zhang, Y., Coon, J. J., Hittinger, C. T,
Gasch, A. P, and Landick, R. (2016). Directed Evolution Reveals Unexpected Epistatic Inter-

78



actions That Alter Metabolic Regulation and Enable Anaerobic Xylose Use by Saccharomyces
cerevisiae. PLoS Genetics, 12(10):1-31.

[126] Scheller, H. V. and Ulvskov, P. (2010). Hemicelluloses. Annual Review of Plant Biology,
61(1):263-289.

[127] Schmidt, D., Schuhmacher, F., Geissner, A., Seeberger, P. H., and Pfrengle, F. (2015). Sup-
porting Information Automated - Automated Synthesis of Arabinoxylan-Oligosaccharides En-
ables Characterization of Antibodies that Recognize Plant Cell Wall Glycans. Chemistry - A
European Journal, 21:S1-S71.

[128] Schwalbach, M. S., Keating, D. H., Tremaine, M., Marner, W. D., Zhang, Y., Bothfeld, W.,
Higbee, A., Grass, J. A., Cotten, C., Reed, J. L., da Costa Sousa, L., Jin, M., Balan, V., Ellinger,
J., Dale, B., Kiley, P. J., and Landick, R. (2012). Complex Physiology and Compound Stress
Responses during Fermentation of Alkali-Pretreated Corn Stover Hydrolysate by an Escherichia
coli Ethanologen. Applied and Environmental Microbiology, 78(9):3442-3457.

[129] Seifert, G. J. (2004). Nucleotide sugar interconversions and cell wall biosynthesis: how to
bring the inside to the outside. Current Opinion in Plant Biology, 7(3):277-284.

[130] Serate, J., Xie, D., Pohlmann, E., Donald, C., Shabani, M., Hinchman, L., Higbee, A.,
Mcgee, M., La Reau, A., Klinger, G. E., Li, S., Myers, C. L., Boone, C., Bates, D. M., Cavalier,
D., Eilert, D., Oates, L. G., Sanford, G., Sato, T. K., Dale, B., Landick, R., Piotrowski, J., Ong,
R. G., and Zhang, Y. (2015). Controlling microbial contamination during hydrolysis of AFEX-
pretreated corn stover and switchgrass: effects on hydrolysate composition, microbial response
and fermentation. Biotechnology for biofuels, 8(1):180.

[131] Shallom, D. and Shoham, Y. (2003). Microbial hemicellulases. Current Opinion in Micro-
biology, 6(3):219-228.

[132] Shen, H., Poovaiah, C. R., Ziebell, A., Tschaplinski, T. J., Pattathil, S., Gjersing, E., Engle,
N. L., Katahira, R., Pu, Y., Sykes, R., Chen, F., Ragauskas, A. J., Mielenz, J. R., Hahn, M. G,
Davis, M., Stewart, C. N., and Dixon, R. a. (2013). Enhanced characteristics of genetically
modified switchgrass (Panicum virgatum L.) for high biofuel production. Biotechnology for
biofuels, 6(1):71.

[133] Shinohara, Y., Sota, H., Gotoh, M., Hasebe, M., Tosu, M., Nakao, J., Hasegawa, Y., and
Shiga, M. (1996). Bifunctional labeling reagent for oligosaccharides to incorporate both chro-
mophore and biotin groups. Analytical chemistry, 68(15):2573-2579.

[134] Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D., and Nrel, D. C.
(2011). Determination of Structural Carbohydrates and Lignin in Biomass Determination of
Structural Carbohydrates and Lignin in Biomass. NREL Lab Analytical Procedure (LAP), Tech-
nical report, NREL/TP-510-42618, (July).

79



[135] Smallwood, M., Martin, H., and Knox, J. (1995).

An epitope of rice threonine- and
hydroxyproline-rich glycoprotein is common to cell wall and hydrophobic plasma-membrane
glycoproteins. Planta, 196(3):510-522.

[136] Smallwood, M., Yates, E. A., Willats, W. G. T., Martin, H., and Knox, J. P. (1996). Immuno-

chemical comparison of membrane-associated and secreted arabinogalactan-proteins in rice and
carrot. Planta, 198(3):452-459.
[137] Somerville, C. (2007). Biofuels. Current Biology, 17(4):R115-R119.

[138] Somerville, C., Bauer, S., Brininstool, G., Facette, M., Hamann, T., Milne, J., Osborne, E.,

Paredez, A., Persson, S., Raab, T., Vorwerk, S., and Youngs, H. (2004). Toward a Systems
Approach to Understanding Plant Cell Walls. Science, 306(5705).

[139] Sousa, L. C., Jin, M., Chundawat, S. P. S., Bokade, V., Tang, X., Azarpira, A., Lu, F., Avci,
U., Humpula, J., Uppugundla, N., Gunawan, C., Pattathil, S., Cheh, A. M., Kothari, N., Kumar,
R., Ralph, J., Hahn, M. G., Wyman, C. E., Singh, S., Simmons, B. A., Dale, E., and Balan, V.
(2016). Next-generation ammonia pretreatment enhances cellulosic biofuel production. Energy
& Environmental Science.

[140] Tang, X., Da, L., Sousa, C., Jin, M., Chundawat, S. P., Chambliss, C. K., Lau, M. W,

Xiao, Z., Dale, B. E., and Balan, V. (2015). Designer synthetic media for studying microbial-
catalyzed biofuel production. Biotechnology for Biofuels, 8(1).

[141] Toomre, D. K. and Varki, A. (1994). Advances in the use of biotinylated diaminopyridine
(BAP) as a versatile fluorescent tag for oligosaccharides. Glycobiology, 4(5):653-663.

[142] Uppugundla, N., da Costa Sousa, L., Chundawat, S. P., Yu, X., Simmons, B., Singh, S., Gao,

X., Kumar, R., Wyman, C. E., Dale, B. E., and Balan, V. (2014). A comparative study of ethanol
production using dilute acid, ionic liquid and AFEX™ pretreated corn stover. Biotechnology
for biofuels, 7(1):72.

[143] Urbanowicz, B. R., Pena, M. J., Ratnaparkhe, S., Avci, U., Backe, J., Steet, H. F., Foston,
M., Li, H., O’Neill, M. a., Ragauskas, a. J., Darvill, a. G., Wyman, C., Gilbert, H. J., and York,
W. S. (2012). 4-O-methylation of glucuronic acid in Arabidopsis glucuronoxylan is catalyzed

by a domain of unknown function family 579 protein. Proceedings of the National Academy of
Sciences, 109(35):14253-14258.

[144] Van Den Brink, J. and De Vries, R. P. (2011). Fungal enzyme sets for plant polysaccharide
degradation. Applied Microbiology and Biotechnology, 91(6):1477—-1492.

[145] Venkatesh, B., E Dale, B., Chundawat, S. P., and da Costa Sousa, L. (2011). METHODS
FOR PRETREATING BIOMASS.
[146] Vismeh, R., Humpula, J. F., Chundawat, S. P. S., Balan, V., Dale, B. E., and Jones, A. D.

80



(2013). Profiling of soluble neutral oligosaccharides from treated biomass using solid phase
extraction and LC-TOF MS. Carbohydrate polymers, 94(2):791-799.

[147] Wada, M., Chanzy, H., Nishiyama, Y., and Langan, P. (2004). Cellulose iiii crystal structure
and hydrogen bonding by synchrotron x-ray and neutron fiber diffraction. Macromolecules,
37(23):8548-8555.

[148] Wada, M., Ike, M., and Tokuyasu, K. (2010). Enzymatic hydrolysis of cellulose i is greatly
accelerated via its conversion to the cellulose ii hydrate form. Polymer Degradation and Stabil-
ity, 95(4):543-548.

[149] Weber, C., Farwick, A., Benisch, F., Brat, D., Dietz, H., Subtil, T., and Boles, E. (2010).
Trends and challenges in the microbial production of lignocellulosic bioalcohol fuels. Applied
Microbiology and Biotechnology, 87(4):1303—-1315.

[150] Westphal, Y., Kiihnel, S., Schols, H. a., Voragen, A. G. J., and Gruppen, H. (2010).
LC/CE-MS tools for the analysis of complex arabino-oligosaccharides. Carbohydrate research,
345(15):2239-51.

[151] Wilchek, M. and Bayer, E. A. (1988). The avidin-biotin complex in bioanalytical applica-
tions. Analytical Biochemistry, 171(1):1-32.

[152] Willats, W. G., Marcus, S. E., and Knox, J. P. (1998). Generation of a monoclonal antibody
specific to (1->5) -a-l-arabinan. Carbohydrate Research, 308(1-2):149-152.

[153] Willats, W. G., Orfila, C., Limberg, G., Buchholt, H. C., van Alebeek, G. J., Voragen, A. G.,
Marcus, S. E., Christensen, T. M., Mikkelsen, J. D., Murray, B. S., and Knox, J. P. (2001). Mod-
ulation of the degree and pattern of methyl-esterification of pectic homogalacturonan in plant

cell walls. Implications for pectin methyl esterase action, matrix properties, and cell adhesion.
The Journal of biological chemistry, 276(22):19404—13.

[154] Willats, W. G. T., Limberg, G., Buchholt, H. C., Van Alebeek, G. J., Benen, J., Christensen,
T. M. 1. E., Visser, J., Voragen, A., Mikkelsen, J. D., and Knox, J. P. (2000). Analysis of
pectic epitopes recognised by hybridoma and phage display monoclonal antibodies using de-
fined oligosaccharides, polysaccharides, and enzymatic degradation. Carbohydrate Research,
327(3):309-320.

[155] Willats, W. G. T., McCartney, L., Steele-King, C. G., Marcus, S. E., Mort, A., Huisman, M.,
van Alebeek, G.-J., Schols, H. A., Voragen, A. G. J., Le Goff, A., Bonnin, E., Thibault, J.-F.,
and Knox, J. P. (2004). A xylogalacturonan epitope is specifically associated with plant cell
detachment. Planta, 218(4):673-681.

[156] Wyman, C. E. (2007). What is (and is not) vital to advancing cellulosic ethanol. Trends in
Biotechnology, 25(4):153-157.

81



[157] Xia, B., Kawar, Z. S., Ju, T., Alvarez, R. A., Sachdev, G. P, and Cummings, R. D.
(2005). Versatile fluorescent derivatization of glycans for glycomic analysis. Nature Methods,
2(11):845-850.

[158] Xiao, Z., Zhang, X., Gregg, D. J., and Saddler, J. N. (2004). Effects of Sugar Inhibition on
Cellulases and 8 -Glucosidase During Enzymatic Hydrolysis of Softwood Substrates. Applied
Biochemistry and Biotechnology, 113:1115-1126.

[159] Xue, S., Pattathil, S., da Costa Sousa, L., Ubanwa, B., Dale, B., Jones, A. D., and Balan,
V. (2022). Understanding the structure and composition of recalcitrant oligosaccharides in hy-

drolysate using high-throughput biotin-based glycome profiling and mass spectrometry. Scien-
tific Reports, 12(1):1-13.

[160] Xue, S., Uppugundla, N., Bowman, M. J., Cavalier, D., Costa Sousa, L., E Dale, B., and
Balan, V. (2015). Sugar loss and enzyme inhibition due to oligosaccharide accumulation during
high solids-loading enzymatic hydrolysis. Biotechnology for Biofuels, 8(1):1-14.

[161] York, W. S. and O’Neill, M. A. (2008). Biochemical control of xylan biosynthesis — which
end is up? Current Opinion in Plant Biology, 11(3):258-265.

[162] Zabotina, O. A., van de Ven, W. T., Freshour, G., Drakakaki, G., Cavalier, D., Moulille, G.,
Hahn, M. G., Keegstra, K., and Raikhel, N. V. (2008). Arabidopsis XXT5 gene encodes a pu-
tative a-1,6-xylosyltransferase that is involved in xyloglucan biosynthesis. The Plant Journal,
56(1):101-115.

[163] Zacchi, G. and Axelsson, a. (1989). Economic evaluation of preconcentration in production
of ethanol from dilute sugar solutions. Biotechnology and bioengineering, 34(2):223-233.

[164] Zhang, J. and Viikari, L. (2012). Xylo-oligosaccharides are competitive inhibitors of cel-
lobiohydrolase I from Thermoascus aurantiacus. Bioresource technology, 117:286-91.

[165] Zhou, W., Hao, Z., Xu, Y., and Schiittler, H.-B. (2009). Cellulose hydrolysis in evolving

substrate morphologies ii: numerical results and analysis. Biotechnology and bioengineering,
104(2):275-289.

82



APPENDIX A
MATERIALS AND METHODS

A.1 Biomass

Corn stover (CS) of Pioneer hybrid seed variety (33A14) was harvested in 2010 from Kramer
farm in Wray (CO). Composition analysis was performed using the NREL protocol [134]. The
composition of 2010 CS was 31.4% glucan, 18.7% xylan, 3.3% arabinan, 0.0% mannan, 1.2%
galactan, 2.2% acetyl, 14.3% lignin, 1.74% protein, and 13.39% ash. Unless otherwise stated,
ACS was used as is for enzymatic hydrolysis experiments without washing, conditioning, nutrient

supplementation or detoxification.

A.2 Enzymes

CELLIC CTec2 (138 mg protein/mL, batch number VCNI 0001), a complex blend of cellu-
lase, B-glucosidase and hemicellulase, and CELLIC HTec2 (157 mg protein/mL, batch number
VHNO00001) were generously provided by Novozymes (Franklinton, NC, USA). Multifect Pecti-
nase® (72 mg protein/mL, batch number 4861295753) was a gift from DuPont Industrial Bio-
sciences (Palo Alto, CA, USA). The protein concentrations of the enzymes were determined by
estimating the protein (and subtracting the nonprotein nitrogen contribution) using the Kjeldahl ni-

trogen analysis method (AOAC Method 2001.11, Dairy One Cooperative Inc., Ithaca, NY, USA).

A.3 Biomass pretreatment

DA pretreatment was performed at BESC (University of California, Riverside, CA, USA) at
160 °C for 20 minutes with 10% w/w solid loading and 0.5% w/w sulfuric acid using a 1 L Parr
reactor with two stacked pitched blade impellers (Model 4525, Parr Instruments Company, Mo-
line, IL, USA). It took 2 minutes for the reactor to reach 160 °C and another 2 minutes to bring
the biomass temperature down to ambient conditions after pretreatment completion. The heating
system was a 4 kW model SBL-2D fluidized sand bath (Techne, Princeton, NJ, USA). After the
pretreatment, the residual solids were washed with water to remove acid and other degradation

compounds produced during the process.
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IL pretreatment was performed at JBEI (Berkeley, CA, USA) using 1-ethyl-3-methylimidazolium
acetate, abbreviated as [C2mim][OAc], at 140 °C for 3 hours using 15% (wt/wt) loading of biomass
to IL in a controlled tem- perature oil bath using a sealed stirred vessel. It took 30 minutes for the
reactor to reach 140 °C and 20 minutes to cool down to 60 °C The residual IL. was removed and
pretreated biomass material was recovered with a series of water and ethanol washes.

AFEX pretreatment was performed at the GLBRC (Biomass Conversion Research Laboratory,
MSU, Lansing, MI, USA). The conditions were 140°C for 15 minutes at 60% (wt/wt) moisture
with 1:1 anhydrous ammonia to biomass loading in a bench-top stainless steel batch reactor (Parr
Instruments Company) [7]. It took 30 minutes for the reactor to reach 140 °C and the ammonia was
rapidly released, which immediately brought the biomass to room temperature. After the treatment,
ammonia was removed by evaporation, leaving an essentially dry material. Hence AFEX is a dry

to dry process, while IL and DA are dry to wet processes, as noted above.

A.4 Chemicals
Celite 545 was purchased from EMD Millipore (Billerica, MA). Activated charcoal (DARCO,
100 mesh particle), Avicel (PH-101), beechwood xylan and all other chemicals were purchased

from Sigma-Aldrich (St. Louis, MO).

A.5 Biomass compositional analysis

Extractive-based compositional analyses of the biomass samples were performed according to
the NREL LAPs: Preparation of Samples for Compositional Analysis (NREL/TP-510-42620) [57]
and Determination of Structural Carbohydrates and Lignin in Biomass (NREL/TP-510-42618)

[134]. The biomass was extracted with water and ethanol prior to the acid hydrolysis step.

A.6 Oligosaccharide analysis

Oligomeric sugar analysis was conducted on the hydrolysate liquid streams using an autoclave-
based acid hydrolysis method at a 2 mL scale. Hydrolysate samples were mixed with 69.7 uL of
72% sulfuric acid in 10 mL screw-cap culture tubes and incubated in a 121 °C bench-top hot plate

for 1 hour, cooled on ice and filtered into HPLC vials. The concentration of oligomeric sugar was
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determined by subtracting the monomeric sugar concentration of the non-hydrolyzed samples from
the total sugar concentration of the acid hydrolyzed samples. Sugar degradation was accounted for

by running the appropriate sugar recovery standards along with the samples during acid hydrolysis.

A.7 High solids-loading enzymatic hydrolysis

High solids loading 25% (w/w) (approximately to 8% glucan loading) ACSH was prepared
as starting material for the large-scale production of oligosaccharides. Enzymatic hydrolysis of
ACS was performed using a commercial enzymes mixture including Cellic Ctec2 10 mg protein/g
glucan (in pretreated biomass), Htec2 (Novozymes, Franklinton, NC), 5 mg protein/g glucan and
Multifect Pectinase (Genencor Inc, USA), 5 mg protein/g glucan. Enzymatic hydrolysis was car-
ried out in a SL bioreactor with 3L working volume at pH 4.8, 50 °C, and 250 rpm. After 96 h hy-
drolysis, the hydrolysate was harvested by centrifugation at 6,000 rpm for 30 min and then 14,000
rpm for 30 min to remove unhydrolyzed solids. Hydrolysate was then sterile filtered through a
0.22 um filter cup. The filtered hydrolysate was stored at 4 °C in a sterile bottle prior to charcoal
fractionation (described below). Samples obtained from compositional analysis were subjected to
HPLC using Bio-Rad Aminex HPX-87H column to determine sugar concentrations as described

below.

A.8 Micro-plate based enzyme recalcitrance study

Micro-plate based enzymatic hydrolysis was performed in 0.5 mL reaction volumes with com-
mercial enzymes (Ctec2: Htec2: MP) in 1:1:1 ratio for 24 h hydrolysis at 50 °C and pH 4.8.
Maximum sugar concentration per well was 3 g/ while the minimum sugar concentration per
well was 0.2 g/L (determined by acid hydrolysis). Enzyme loading is 60 pg/well i.e., 20 mg/g-300
mg/g glucan.

A.9 Charcoal fractionation of oligosaccharides
An activated charcoal and Celite mixture was used to extract oligosaccharides (affinity and po-
larity based extraction) from the hydrolysate prepared above [50, 51]. Activated charcoal (250 g)

and Celite powder (250 g) were thoroughly mixed and packed in a 1 L sintered glass filter funnel
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connected to a 2 L vacuum flask. The charcoal/celite mix was first preconditioned in 100% acetoni-
trile overnight to clean and activate the charcoal mixture. After the charcoal matrix being soaked
in acetonitrile overnight, 6-8 L of water was added with vacuum filtration to prepare the matrix
for hydrolysate incubation. Before the last of this water drained out, 500 mL of hydrolysate was
added the charcoal matrix and left overnight to allow adsorption of oligosaccharides to the char-
coal matrix. After incubation, another 5 L of water followed by 2 L of 5% acetonitrile (v/w) were
used to wash the un-adsorbed and loosely-bound materials. Following this wash step, acetonitrile
(ACN) and formic acid (FA) were used as eluents to desorb the oligosaccharides from the charcoal
matrix. 3 L of 50% acetonitrile (v/w) were used to separate neutral oligosaccharides, followed by
2 L of 50% acetonitrile with 1% formic acid (v/w) to separate the acidic oligosaccharides. After
collecting both the neutral and acidic fractions separately, 2 L of 60% methanol (v/w) was used
to wash the charcoal matrix. Vacuum can be applied to fasten the fractionation process but longer
interaction times between the hydrolysate and elution solvent (acetonitrile and formic acid) with
charcoal matrix are beneficial for higher recovery. The charcoal matrix should be submerged in

solvent (not allowed to dry out) throughout the process.

A.10 Desalting and concentration of crude oligosaccharides fractions

Crude oligosaccharides from charcoal fractionations were concentrated using a SpeedVac con-
centrator (SC210P1-115, Thermo Scientific) before SEC fractionation. Acetonitrile was removed
first and the oligosaccharides were re-suspended with water (50 mL of neutral fractions/55 mL
of formic acid fractions). Ammonium hydroxide was used to neutralize formic acid (pH adjusted
to 5.5) in acidic samples and volatile ammonium formate was removed with water addition using
same repeated SpeedVac cycles. The desalting procedure was repeated at least five times to remove

most of the salts.

A.11 Micro-plate based enzyme inhibition study
Micro-plate enzyme activity assay experiments were performed at enzyme loading of 10 mg/g
substrate, i.e., 62.5 ug enzyme per well, for 24 h hydrolysis at 50 °C, 10 rpm and pH 4.8 (adjusted

by adding 1M citrate buffer pH 4.3). Reaction volume for each well is 500 uL.. Pure substrates (Avi-
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cel and beechwood xylan) were added in 1.25% solids loading, i.e., 6.25 mg per well. Oligosac-
charides concentration was at 10 g/L; monomeric sugars were at 20 g/L. glucose, 10 g/L. xylose.
Avicel was tested using Ctec2; beechwood xylan was treated with Htec2 and MP individually, and

another mixture of Htec2 and MP in 1:1 mass ratio.

A.12 Analytical Method

Glucose, xylose and arabinose concentrations were analyzed using a Shimadzu HPLC system
equipped with a Bio-Rad Aminex HPX-87H column equipped with automatic sampler, column
heater, isocratic pump, and refractive index detector (RID). The column was maintained at 50 °C
and eluted with 5 mM H,SOy4 in water at 0.6 mL/min flowrate. Monomeric sugars were identified

and quantified by comparison to authentic standards using a five-point calibration curve.

A.13 Fractionation based on size exclusion chromatography (SEC) column

The concentrated neutral and acidic samples were fractionated using size exclusion chromatog-
raphy (FPLC Amersham-Biosciences, Akta system 890) with an XK 260 -1000 mm column (GE
Healthcare) packed with P2 gel (200-400 mesh, separation range of 100-1800 MW, Biorad Lab-
oratories, Hercules, CA). The instrument was equipped with both Ultra-Violet and conductivity
detectors (GE Healthcare). Water was used as eluent solvent. A flow rate of 1.0 mL/min was used
and 5 mL sample was injected for each run. 5 mL of concentrated neutral fractions (containing 670
mg oligosaccharides) and acidic fractions (containing 140 mg oligosaccharides) were injected into
the SEC column after a 500 mL void volume. 90 fractions (A1-12, B1-12, C1-12, D1-12, E1-12,
F1-12, G1-12, H1-6, 10 mL in each tube) were collected. Fractions in the same row were pooled
and lyophilized into dry sample A to H by a freeze-dryer (FreeZone Plus 6 Liter Cascade Console
Freeze Dry System, LABCONCO).

A.14 Corn stover and AFEX pretreatment
The corn (Pioneer 36H56) was planted on May 20th, 2010 in field 436 of Arlington Agricultural
Research Station, Wisconsin. The field was fertilized with 340 Ibs/acre urea three days prior to

planting. In October 22nd, 2010, the corn stover was harvested and milled to a particle size of
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5 mm. AFEX pretreatment was performed on the corn stover (CS) at 100 °C for 30 minutes
with 0.6 g ammonia and 1 g water per g biomass loading in a bench-top stainless steel batch
reactor [7, 21, 22] (Parr Instruments Company). It took 30 minutes for the reactor to reach 100
°C and this condition was maintained for 30 minutes. Then the ammonia was rapidly released,
which immediately brought the biomass to room temperature. After the treatment, the biomass
was transferred to aluminum tray and kept in hood overnight to remove residual ammonia, leaving
behind dry material. The AFEX-pretreated corn stover contained 31.4% glucan, 18.7% xylan,
1.4% galactan, 3.3% arabinan, 14.3% lignin (1.23% acid soluble lignin, absorption wavelength

320 nm, absorptivity coefficient 30 L/g cm) and 13.4% ash.

A.15 Enzymatic hydrolysis

Enzymatic hydrolysis was performed in duplicate using baffled Erlenmeyer flasks. The AFEX-
pretreated corn stover was loaded at 20% dry solids in a fed-batch manner. Half of the biomass was
loaded at t = 0 h, and the remaining biomass was loaded at t = 45 minutes. Commercial enzymes
CELLIC CTec2 (Novozymes), CELLIC HTec2 (Novozymes), and Multifect Pectinase (Genencor)
were loaded at 10, 5, and 5 mg protein/g glucan at t = 0 h, respectively. Flasks were incubated in a
shaking incubator set at 250 rpm and 50 °C. During the sampling process, the flasks were taken out
of the incubator and immediately set on ice for approximately 30 minutes to arrest the hydrolysis
reaction at each time point (3, 6, 12, 18, 24, 48, 72 and 168 h). Separate pairs of flasks were used
for each time point. The pH was adjusted to 5.0 using 12 M hydrochloric acid at the start of the

hydrolysis process.

A.16 Post hydrolysis solids recovery

The contents of the flasks were transferred into centrifuge bottles and centrifuged at 10,000 g at
4 °C for 30 minutes. The supernatant was decanted, the volume measured, and filtered through 0.22
um PES membrane and stored at 4 °C for future sugar analysis. The solid was re-suspended in a
known amount of water (approximately 8:1 water to solid ratio) and centrifuged. The supernatant
was decanted to a separate tube and a 1 mL sample was taken for sugar analysis. This process

was repeated two more times to remove any residual soluble material present in the solids. The
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moisture content of the wet solids was measured in triplicate by drying samples at 110 °C overnight
in aluminum tray.

A portion of the washed solid was treated with protease from Streptomyces griseus (Sigma
Aldrich P5147) at 5% (w/v) solid loading according to the procedure by Berlin et al. (2006)[11].
This helped to remove protein and residual enzymes bound to the cell walls prior to glycome

profiling. The remaining solid was freeze-dried and stored in a refrigerator for further analysis.

A.17 Liquid and solid composition analysis

The hydrolysate supernatants were diluted and analyzed for monomeric and oligomeric sugar
contents. Monomeric sugars were analyzed using an HPLC equipped with a Bio-Rad (Hercules,
CA) Aminex HPX-87P column and de-ashing guard column. Column temperature was held at 80
°C and water was used as the mobile phase flowing at 0.6 mL/min. Oligomeric sugars were deter-
mined via dilute acid hydrolysis at 121 °C according to the method of [57]. Hydrolysis samples
were neutralized and analyzed using the HPLC method given above for total sugars estimation
following acid hydrolysis. The oligomeric sugars were calculated as total sugars after subtracting
the monomeric sugars present in hydrolysate.

Freeze dried solids were homogenized using mortar and pestle. Composition analysis was per-
formed on the solids using the standard National Renewable Energy Laboratory (NREL) method

for determination of structural carbohydrates and lignin according to [134].

A.18 Mass balance

Mass balances were performed on the major structural components of corn stover cell walls at
different time points throughout the course of the enzymatic hydrolysis process. All mass balances
were based on one gram of AFEX-treated corn stover (AFEX-CS). Total UHS were collected
and measured as described above, while the liquid supernatant was analyzed for monomeric and
oligomeric sugars. Because the hydrolysis was performed at a high solid loading, the volume
of liquid was not constant throughout hydrolysis and was measured or calculated at the end of

hydrolysis. The volume of the hydrolysate was calculated using the following equation:

89



Vg =Vs+ %
Where Vg is the total volume of hydrolysate to be calculated, Vg is the measured volume of the
supernatant of the hydrolysate, V,, is the measured amount of water added to the first wash step
(as described in the post-hydrolysis recovery section above), C,, is the glucose concentration of

the washed supernatant, and Cp is the glucose concentration of the hydrolysate. Here glucose was

used to calculate the volume as it was the most abundant sugar.

A.19 Glycome profiling

Glycome profiling of untreated, AFEX”M pretreated and all unhydrolyzed biomass residues
(involving preparation of sequential cell wall extracts and their mAb screenings) were carried out
using the SOP previously described [38, 106]. To conduct glycome profiling, Alcohol Insolu-
ble Residue (AIR) cell wall materials were prepared from biomass residues and were subjected
to sequential extractions with increasingly harsh reagents such as ammonium oxalate (50 mM),
sodium carbonate (50 mM), KOH (1 M and 4 M) and acidic chlorite as explained previous [80].
The extracts were then subjected to ELISAs against a comprehensive suite of cell wall glycan-
directed mAbs [38] and the mAb binding responses were represented as heat maps. The amounts
of different cell wall materials recovered during each extraction are depicted as bar graphs above
respective heat map panels. Plant cell wall glycan-directed monoclonal antibodies (mAbs) were
received from laboratory stocks (CCRC, JIM and MAC series) maintained by the Complex Car-
bohydrate Research Center (available through CarboSource Services; http://www.carbosource.net)
or were obtained from Bio-Supplies (Australia) (BG1, LAMP). Information on mAbs used in this
study can be found in the Table 4.1, including the link to Wall MabDB (http://www.wallmabdb.net)

that provides detailed information for each antibody.
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A.20 One-step biotinylation of oligosaccharides

A.20.1 Coupling of carbohydrates to biotin-LC-hydrazide

Biotin-LC-hydrazide (4.6 mg/12 umol) was dissolved in dimethyl sulfoxide (DMSO, 70 uL)
by vigorous mixing and heating at 65 °C for Imin. Glacial acetic acid (30 uL) was added, and
the mixture was poured onto sodium cyano- borohydride (6.4 mg/100 pumol), which dissolved
completely after heating at 65 °C for approximately 1 min. Then 5 to 8 uL of the reaction mixture
was added to the dried oligosaccharides (1-100 nmol) to obtain a 10-fold or greater molar excess
of label over reducing ends. The reaction was carried out at 65 °C for 2 h, after which the samples
were purified immediately. In labeling experiments without reduction, sodium cyanoborohydride

was omitted and the samples were allowed to react at 65 °C for 2.5 h.

A.20.2 Sample cleanup

Sample purification cartridges were prepared by cutting two filter discs (12 mm in diameter)
from Whatman QM-A Quartz Microfiber Filter using a hole punch and placing them in a holder
(e.g., the housing of a 5 mL syringe). Each cartridge was washed successively with water, 30%
acetic acid in water, and acetonitrile before applying the sample. The sample was distributed
uniformly on the filter surface and allowed to bind for 15min before reactants were removed by
rinsing with acetonitrile (Iml) and 4% water in acetonitrile (6x1 ml). Labeled products were

eluted with water (4x0.5ml). Filtered through 0.2 pum syringe filters, and dried in a SpeedVac.
A.21 Elisa of biotinylated oligosaccharides samples

A.21.1 Coating and wash

Add 25 uL of each biotinylated samples (100 uL. each concentrated samples diluted in 5 ml
0.1M TBS separately) to respective wells on Avidin-coated plates. Coat control wells with 50 uL
biotin at 10 ug/ml in 0.1M TBS. Coat DI water for blank readings. Incubate the plates at room
temperature for 2 hours in dark (CAUTION: Light sensitive samples). Wash the plates 3 times

with 0.1% milk in 0.1M TBS using plate washing program #11 for Grenier flat 3A.
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A.21.2 Primary antibody addition and wash
Add 40 uL primary antibody to respective wells. Incubate the plates at room temperature for 1
hours in dark. (CAUTION: Time sensitive) Wash the plates 3 times with 0.1% milk in 0.1M TBS

using plate washing program #11 for Grenier flat 3A.

A.21.3 Secondary antibody addition and wash

Add 50 uL. Mouse/Rat secondary antibody to respective wells (dilute secondary antibody in
1:5000 proportion using 0.1% milk in 0.1M TBS). Incubate the plates at room temperature for 1 h
in dark. (CAUTION: Time sensitive) Wash the plates 5 times with 0.1% milk in 0.1M TBS using

plate washing program #12 for Grenier flat SA.

A.21.4 Substrate Addition
Add 50 uL of TMB substrate (Prepare TMB substrate by adding 2 drops of buffer, 3 drops of
TMB, 2 drops of hydrogen peroxide in 15 mL DI Water and vortex before use). Incubate the plates

at room temperature for 30 minutes in dark. (CAUTION: Time sensitive).

A.21.5 Termination step and reading the plate
Add 50 uL of IN Sulphuric acid to each well. Read the plate using program “ELISA 450 -
655 nm” in ELISA reader.

A.22 TMS composition analysis for neutral and acidic sugars

A.22.1 Standard TMS mix preparation (in duplicates)

Prepare 1 mg/mL solutions of these analytes in deionized water: arabinose, rhamnose, fucose,
xylose, galacturonic acid (GalA), glucuronic acid (GlcA), mannose, glucose, galactose, N-acetyl-
mannosamine (manNAc), N-acetyl-glucosamine (glcNAc), N-acetyl-galactosamine (galNAc), myo-
inositol (internal standard). Prepare 2 standards by addding the 1 mg/mL sugar solutions as Table
C.1 (In duplicates).

Put the caps on the tubes. Freeze at -80 °C until completely frozen. Turn on the lyophilizer
and hit "Auto" button to get the lyophilizer ready. When the standards are frozen, loosen the cap,

or replace it with aluminum foil with holes or miracloth. Place in lyophilizer flask and attach
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Table A.1 Standard TMS mix preparation.

Std TMS 1 Std TMS 2

50 puL arabinose 50 gL rhamnose
50 uL fucose 50 uL xylose
50 uL galA 50 uL glcA

50 uL glucose 50 uL. mannose
50 uL glcNAc 50 uL galactose
50 uL. manNAc 50 uL galNAc
20 puL inositol 20 uL inositol

the adapter. Open the vacuum knob; lyophilize the samples until all water is removed (usually it
takes about 12 - 18 h). When samples are completely dried, close the vacuum knob, detach the
lyophilizer flask carefully. Remove all the tubes containing samples from the flask and place the

caps back on tightly. Standard is ready to be used for TMS procedure.

A.22.2 Sample preparation (in duplicates)

Add 100-500 ug of sample into a screw cap tube on analytical balance. Record the amount
added. It is best to have the samples dissolved in solvent at certain concentration, added into the
tube as liquid aliquots. Add 20 uL of 1 mg/mL inositol for internal standard into each sample
tube. The amount of internal standard added to sample has to be the same as the one added into

the standard tube. Lyophilize the samples as in step 8.1.3 - 8.1.9.

A.22.3 Preparation of 1M methanolic HCI (to perform up to 20 tubes)
Add 8 mL of anhydrous methanol into a screw cap test tube. Add 4 mL of 3N methanolic HCI.

Place the cap back on. Vortex. No water allowed in this process!

A.22.4 Hydrolysis
Add 500 uL 1M methanolic HCI into sample and standard TMS tubes. Incubate overnight
(16-18 h) at 80 °C heating block. Dry down methanolysis product at room temperature using the

drying manifold. Add 200 uL. MeOH and dry again. Repeat 2 times more.

93



Table A.2 Recommended GC temperature program.

No. Rate Final temp Hold time

1. 20 °C/min 140 °C 2 min
2. 2 °C/min 200 °C 0 min
3. 30°C/min 250 °C 5 min

A.22.5 N-acetylation
Add 200 uL methanol, 100 uL pyridine, and 100 pL acetic anhydride to sample. Mix well.

Incubate at room temperature for 30 min. Dry down. Add 200 puL. methanol and dry completely.

A.22.6 Silylation
Add 200 pL Tri-Sil and heat for 20 min at 80 °C. Cool down to room temperature to avoid
evaporation. Dry down reagents until almost dry (~50 uL left). TMS derivatives are volatile, take

pre-caution not to over dry, otherwise you will lose some of the derivatives.

A.22.7 GC-samples preparation and injection (Table C.2)

Add 2 mL hexane and mix well by vortexing. Pack a bit of glass wool into Pasteur pipette tip
(5-8 mm). To do this, insert the glass wool from the top of 5-3/4 -inch pipette, push down with
9-inch pipette, it will be packed about 1-inch from the end of the tip. Centrifuge the samples at
3,000 x g for 2 minutes to precipitate any insoluble residue. Pipette out the supernatant and filter
through a glass wool packed Pasteur pipette into another screw cap tube. Dry down until 100-150

UL. Inject 1uL samples to GC with initial temp 80 °C and initial time 2.0 min.

A.22.8 Calculation

If running standards for first time, perform TMS derivatization of each sugar separately and run
them individually to procure the profile of retention times, spectra and distributions of peaks for
each monosaccharide. This will be used to identify the monosacchride in standards mixture and
samples. From the GC-MS, obtain the peak area and retention time of each sugar in standards and
samples. Each sugar can have as many as 4 peaks, hence total all the area from peaks corresponding
to 1 type of sugar. Assign the label of sugar identity to the unknown peaks in samples according

to the standards retention time. Because each sugar can have as many as 4 peaks, total all the area
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from peaks corresponding to 1 sugar. Calculate the detector response factor (RF) value of each

sugar in the standard mixture against internal standard (in this case, inositol). For example:

total peak areas of glucose in standard / inositol standard peakarea

RF lucose =
of glu glucose weight in standard | inositol weight in standard

Glucose weight in standard is 50 pg if 50 uL of 1 mg/mL glucose was added into standard tube.
Inositol weight in standard is 20 pg if 20 uLL of 1 mg/mL inositol was added into standard tube.
Calculate the amount of each sugar in your sample in pg using the RF value for corresponding

sugar. For example:

sample glucose peak area x inositol weight in sample

Glucose amount =
(ke) RF of glucose x samples inositol peak area

Inositol weight in sample is 20 pg if 20 uL. of 1 mg/mL inositol was added to the sample.

Calculate the mol% of each sugar Calculate the number of moles of each sugar in sample.

mass of sugar (in 1Lg)

Y
MW of sugar (in ”mol)

No. of umoles =

MW = molecular weight. (e.g. MW of glucose = 180.16 g/mol) Calculate the total no. of umoles
of all the sugars present in the samples. Calculate the mol% of each sugar per total number of

moles of sugars For example:

umoles of Glucose

Glucose mol% = * 100%

Y umoles of sugars

Calculate the sugar composition in sample Obtain the total amount of sample in (g from step 8.2.1.

If samples were added in liquid, calculate the amount of sample as follows:
sample amount = conc 'u—i « volume added to tube (L)

Calculate the % sugar composition for each sugar. For example:

sugar amount (ULg)

% sugar composition =
o SUg p sample amount (Ug)
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A.23 Obtaining the lignin stream from Extractive Ammonia pretreatment

Lignin stream was separated and collected in the Extractive Ammonia pretreatment (EA) of
corn stover. EA pretreatment was applied to corn stover (CS) as previously described in the liter-
ature [139] using 6:1 ammonia-to-biomass weight ratio (NH3 : BM) for 30 min at 120 °C. After
the pretreatment, 16 wt% of the biomass was extracted by ammonia, which account for 44 wt% of
total lignin in the biomass. This lignin stream was used as starting material for water extraction
and ethyl acetate extraction in this work. Composition analysis of lignin stream can be found in

our previous work [139].

A.24 Water extraction of EA crude lignin stream

WSC are extracted from crude lignin stream produced during EA pretreatment process. Dis-
tilled water was added and vortex-mixed with the lignin stream in a 10:1 (volume to mass) ratio.
Water extraction was conducted in shake flask in an incubator under the condition of 250 rpm, 50
°C for 2 h. After the 2-h washing and extraction, the slurry was cooled down in 4 °C, and was then
centrifuged and filtered through glass fiber filter (pore size 10 m). The filtrate was collected and
freeze-dried as WSC, and was further used for composition analysis, ethyl acetate extraction, and

yeast fermentation.

A.25 Ethyl acetate extraction of WSC

To separate and enrich the phenolic compounds from the WSC, ethyl acetate was conducted
on the WSC produced in the water extraction of EA lignin stream. The pH of WSC (supernatant)
was adjusted to 2-3 to get ethyl acetate protonated. Ethyl acetate and supernatant (1:1 volume
ratio, ethyl Acetate to supernatant) was added into the separation funnel. The liquid was fully
mixed in the funnel for 10 min. Let it sit for about a half hour for phase separation. The top
ethyl acetate phase where the phenolic compounds were enriched was transferred into another
bottle, while the bottom water phase were collected and centrifuged under 4,400 rpm for 5 min.
The newly-formed top layer of ethyl acetate fraction were collected and combined with the ethyl
acetate phase removed in the previous step. Same volume of ethyl acetate was added into the

water fraction again, and the extraction procedure was repeated twice. After three rounds of ethyl
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acetate extraction, all the ethyl acetate fractions were combined and dried using the rotor-vap
to concentrate the phenolic compounds. The liquid was concentrated until 5-10 mL liquid were
left in the round bottom flask. The rest of fractions was air-dried in room temperature to avoid
overheating the phenolic compounds. The rest of liquid (water phase) in the separation funnel was
dried using the rotor-vap for mass balance and other microbial inhibition study. Water fractions

cannot be processed using freeze dryer if it is not equipped with organic trap.

A.26 Fractionation of water soluble extraction using size exclusion chromatography

Size exclusion chromatography were performed to fractionate WSC depending on the molecule
weight. An empty GE healthcare XK column (150 mL bed volume, Tube Height: 400 mm, Column
1.d.: 16 mm) was packed with Bio-Rad P6 gel (Polyacrylamide, 1-6 kDA). Water was used as
mobile phase with 1ml/min flow rate. 0.70 mL of WSC was injected for each run. 96 fractions

(A1-H12) were collected in auto-sampler, with the molecule range went from high to low.

A.27 Mass spectrometry of WSC

LC-MS and GC-MS of WSC fractions were conducted in Mass Spectrometry and Metabolomics
Core at Michigan State Univerisy. LC-MS was equipped with Supelco Ascentis Express C18 col-
umn (2.1 * 50 mm, 2.7 um particles) with Shimadzu LC-20AD ternary pumps and controller with
high pressure mixer, Shimadzu column oven and CTC PAL auto-sampler. Column temperature
was hold at 55 °C 0.15%, with aqueous formic acid as solvent A and methanol as solvent B.

GC-MS was conducted using a 30 m VF5MS column plus a 10 m EZ-Guard guard column,
on a Waters GCT Premier mass spectrometer coupled to Agilent 6890 gas chromatograph with
auto-sampler. Scan parameters were set at m/z 40-600, 0.2 seconds/scan (with dynamic range
extension). The temperature program was set with an initial of 40 °C (2 min hold), 6 °C/min to

300 °C, and hold for 5 min. Helium was used as carrier gas with a flow rate of 1.3 mL/min.

A.28 Composition analysis of sugars and lignin extractives
Sugars and organic acid in the liquid supernatant of WSC and hydrolysate were analyzed using

an HPLC equipped with a Bio-Rad (Hercules, CA) Aminex HPX-87P column and de-ashing guard
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column. Column temperature was held at 80 °C and water was used as the mobile phase flowing
at 0.6 mL/min. Mobile phase (5 mM H,SO,) flow rate was 0.6 mL/min.

Free amino acids analysis was outsourced and analyzed by Molecular Structure Facility, UC
Davis, using Hitachi L-8900 Amino Acid Analyzer.

Heavy metal analysis was outsourced and analysed by the UW Soil and Plant Analysis Lab
using standard protocol. The Standard Operation Procedures of ICP-OES/MS are available from

the following links: http://uwlab.soils.wisc.edu/files/procedures/ICPMS.pdf

A.29 High solid loading enzymatic hydrolysis

The AFEX-pretreated corn stover were hydrolyzed at 6% glucan loading in a fermenter equipped
with a pitched blade impeller. Hydrolysis was performed over a period of 3 days with 20 mg pro-
tein/g glucan enzyme loading at 50 °C and 1,000 rpm. Samples were taken every 24 h and the sugar
concentrations were measured by HPLC. After 3 days of hydrolysis, the overall mass balances for

the pretreated solids were determined as described previously [130].

A.30 Synthetic hydrolysate

The formulation of SynH is based on the composition of ACSH produced in the enzymatic
hydrolysis, with glucose concentration at 60 g/L. and xylose concentration at 30 g/L.. The develop-
ment of SynH recipe was described elsewhere [72, 114, 140]. Detailed composition information

of updated SynH being used in this work was listed in the supplemental material Table 5.2.

A.31 Microorganism and seed culture preparation

Saccharomyces cerevisiae GLBRC-Y 128 was used for this study having previously been genet-
ically modified and adapted for xylose utilization [104, 125]. Xylose isomerase and xylulokinase
genes were introduced to facilitate xylose utilization. Seed cultures were prepared from glycerol
stocks stored at -80 °C. Seed culture media contained 100 g/L dextrose, 25 g/L xylose, 20 g/L
tryptone, and 10 g/L yeast extract. Erlenmeyer flasks (250 mL) containing 100 mL of seed culture
media were inoculated with 0.1 OD600. The cultures were incubated at 30 °C and 150 RPM in

shaker incubators under micro-aerobic conditions for 22 h before inoculation in SynH.
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A.32 Chemical genomic profiling hydrolysate and lignin extractives

Chemical genomic analysis of these hydrolysate and lignin extractives was performed as de-
scribed previously using a collection of 4000 yeast deletion mutants [112, 130]. 200 uL cultures
with the pooled collection of S. cerevisiae deletion mutants were grown in the different Synthetic
Hydrolysate or yeast extract (10 g/L), peptone (20 g/L), and dextrose (20 g/L) (YPD) medium in
triplicate for 48 h at 30 °C under aerobic conditions. Genomic DNA was extracted from the cells
and mutant-specific molecular barcodes were amplified using specially designed multiplex primers
as described previously [103, 113]. The barcodes were sequenced using an Illumina HiSeq2500
in rapid run mode (Illumina, Inc., San Diego, CA). The average barcode counts for each yeast
deletion mutant in the replicate hydrolysates were normalized against the YPD control to define
sensitivity or resistance of individual strains (chemical genetic interaction score). Strains with
low read counts were omitted from analysis. A resistant mutant has a positive interaction score,
whereas a negative score indicates a sensitive mutant. The pattern of genetic interaction scores
for all mutant strains represents the chemical genomic profile or biological fingerprint of a sample
[103, 112, 113]. Correlations of the chemical genomic profiles across cycles were calculated using
Spotfire 5.5.0 (Tibco, Boston, MA, USA). The clustergram of the chemical genomic profiles were
created in Cluster 3.0 [26], and visualized in Treeview (v1.1.6r4) [102]. A Bonferroni-corrected
hypergeometric distribution test was used to search for significant enrichment of GO terms among

the top 10 sensitive deletion mutants [18].
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Figure B.1 Glycome profiling of the hydrolysates of AFEX-treated corn stover over the course of
hydrolysis. A-B represents replicates of hydrolysate samples at different time points. Antibody
groups used for the ELISA screening are shown on the right side of the heat map.
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Table B.1 Composition analysis of different fractions of WSC. A. HPLC analysis of sugar and
salts in WSC; B. HPLC analysis of sugar and salts in water phase after ethyl acetate extraction; C.
Free amino acids analysis of WSC; D. Mineral salts (heavy metal) analysis of WSC.

A. Composition analysis of water-soluble components

HPLC(g/L)  Glucose Xylose Arabinose Lactate Glycerol Formate Acetate Galactose
LE 2.88 1.80 0.55 0.04 1.50 0.41 1.76 0.12

B. Nutrients analysis of water phase in ethyl acetate extract

HPLC(g/L) Glucose Arabinose Lactate Glycerol Galactose
Water phase 0.44 1.10 0.12 0.64 0.14

C. Free amino acids (uM)

Asp Asn Thr Ser Glu
1.49E+02 0.00E+00 1.05E+02 1.66E+02 5.80E+01
lle Leu Tyr Phe His
9.39E+01 9.00E+01 8.12E+01 9.79E+01 0.00E+00
Gln Pro Gly Ala Val
1.90E+02 3.36E+02 1.75E+02 6.05E+02 0.00E+00
Lys Arg Cystine Methionine Tryptophan
4.97E+01 0.00E+00 0.00E+00 0.00E+00 0.00E+00

D. Heavy metals/anions (ppm)

P K Ca Mg S Zn B Mn Fe

23.5 1013.7 20.4 110 105.6 0.73 <0.04 14 0.1

Cu Al Na cd Co Cr Mo Ni Pb
0.28 0.14 9.4 <0.008 0.01 <0.002 0.01 0.02 <0.04
NH4-N Total N cl F NO2 Br NO3 PO4 SO4
1624 5509 596.4 1148.5 <0.01 <0.01 <0.01 <0.02 348.7
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Table B.2 Recipe of SynH being used for fermentation study.
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| Component mM (Final Concn.) Component mM (Final Concn.) |
KH,PO, 5.84 ZnCl, 20
K,HPO, 11.15 MnCl,-4H,0 91
(NH,),SO, 30 CuCl,-2H,0 19
KCl 36.8 CoCl,-6H,0 0.03
NaCl 1.3 H,BO, 23.1
CaCI2-2H20 55 (NH,)¢Mo,0,,°4H,0 031
MgCI2. 6H20 12.5 FeCl3-6H20 20
L-Alanine 1.172 Sodium formate 2.8
L-Arginine HCI 0.144 Sodium nitrate 1.1
L-Asparagine 0.228 Sodium succinate 0.5
DL-Aspartic acid. K 0.594
L-Cysteine HCI 0.050 Glycerol 4.1
L-glutamine 0.259 Betaine H20 0.7
L-Glutamic acid.K 0.607 Choline Chloride 0.3
Glycine 0.378 DL-Carnitine 0.3
L-Histidine 0.037
L-Isoleucine 0.262 Acetamide 80
L-Leucine 0371 Sodium acetate 32
L-Lysine HCI 0.175 L-lactatic acid (90%) 4
L-Methionine 0.100
L-Phenylalanine 0.282 D-Mannose 1.2
L-Proline 0.656 L-Arabinose 20
L-Serine 0.369 D-Fructose 24
L-Threonine 0.310 D-Galactose 29
L-Tryptophan 0.050
L-Valine 0.424 D-Glucose 60g/1 (333 mM)
L-Tyrosine 0.202 D(+)Xylose 30g/1 (200 mM)
Adenine 0.05 Pyridoxine . HCI 2.14 M
Cytosine 0.05 Nicotinic Acid 26.78 UM
Uracil 0.05 Biotin 0.1 uM
Guanine 0.05 Inositol 0.056 mM
Polysorbate 80 (Tween 80) 1 ml/l
Thiamine HCI 0.0004 Ergosterol 10 mg/l
Calcium Pantothenate 0.003
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Figure B.2 Methodology and flow chart of water extraction of lignin streams and ethyl acetate
extraction of WSC.

Figure B.3 Fermentation media of SynH with different folds of WSC (unfiltered). 1*LE represents
10 g/L lignin extractions. From top to bottom, the concentrations of WSC were from 0-40 g/L.
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