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Abstract

Background: Inefficient carbohydrate conversion has been an unsolved problem for various lignocellulosic biomass
pretreatment technologies, including AFEX, dilute acid, and ionic liquid pretreatments. Previous work has shown 22%
of total carbohydrates are typically unconverted, remaining as soluble or insoluble oligomers after hydrolysis (72 h)
with excess commercial enzyme loading (20 mg enzymes/g biomass). Nearly one third (7 out of 22%) of these total
unconverted carbohydrates are present in unhydrolyzed solid (UHS) residues. The presence of these unconverted car-
bohydrates leads to a considerable sugar yield loss, which negatively impacts the overall economics of the biorefin-
ery. 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, obtaining information about the most recalci-
trant 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.

Results: In this work, cell wall glycans that could not be enzymatically converted to monomeric sugars from AFEX-
pretreated corn stover (CS) were characterized using compositional analysis and glycome profiling tools. The pre-
treated CS was hydrolyzed using commercial enzyme mixtures comprising cellulase and hemicellulase at 7% glucan
loading (~20% solid loading). The carbohydrates present in 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 character-
ize the type and abundance of non-cellulosic polysaccharides present in UHS over the course of enzymatic hydrolysis.
4-O-methyl-p-glucuronic acid-substituted xylan and pectic-arabinogalactan were found to be the most abundant
epitopes recognized by mAbs in UHS and liquid hydrolysate, suggesting that the commercial enzyme cocktails used
in this work are unable to effectively target those substituted polysaccharide residues.

Conclusion: 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-p-glucuronic acid-substituted xylan and pectic-arabinogalactan, suggesting that
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enzymes with glucuronidase and arabinofuranosidase activities are required to maximize monomeric sugar yields.
This methodology provides a rapid tool to assist in developing new enzyme cocktails, by supplementing the exist-
ing cocktails with the required enzyme activities for achieving complete deconstruction of pretreated biomass in the

future.

Keywords: Recalcitrant cell-wall glycans, High-solids loading enzymatic hydrolysis, Unhydrolyzed solids, Glycome
profiling, Monoclonal antibody, Non-cellulosic polysaccharides, Carbohydrates linkages

Background

Declining crude oil reserves and environmental concerns
associated with greenhouse gas emissions due to petro-
leum products has provided an impetus to transition
from the current fossil fuel scenario to a more sustain-
able renewable energy system [1]. Inedible plant biomass,
also known as lignocellulosic biomass, includes agricul-
tural residues, forestry residues, herbaceous, and woody
crops. These are the most abundant sources of potential
feedstocks for producing renewable liquid transporta-
tion fuels [2]. Structural carbohydrates from the plant cell
walls represent a vast untapped energy source. Attempt-
ing to economically convert these carbohydrates to bio-
fuels, particularly via the biochemical route, will be a
step forward in creating a more sustainable liquid fuel
for transportation. Significant research efforts have been
undertaken in the field, particularly over the past few
decades.

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
[3, 4]. Obtaining high yield of monomeric carbohydrates
at minimal enzyme loading is challenging and it is one of
the key bottlenecks for obtaining cost-effective biofuels
[5, 6]. Due to the recalcitrant nature of the cell wall, pre-
treatment is required for improving the access of
enzymes to their substrates and improve the efficiency of
biomass deconstruction [7-9]. Ammonia Fiber Expan-
sion (AFEX"™)! is a pretreatment process in which ammo-
nia 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 [10-12]. The AFEX process loosens
the plant cell wall ultrastructure, cleaving lignin—carbo-
hydrate complexes (LCCs), partly relocating lignin to the
surface of the cell wall, leaving behind porous structures
that help to improve enzyme accessibility to carbohy-
drates [4, 13]. Due to their physiochemical nature, AFEX
is most effective on grasses, including CS, switchgrass,

! TM-AFEX is a trademark of MBI International, Lansing, Michigan.

sugarcane bagasse, and miscanthus. As CS is the most
abundantly available feedstock in the United States,
AFEX could be a promising option for biofuel production
in the US [14-16].

Unlike acidic pretreatments which require a wash
stream, AFEX pretreatment is a dry-to-dry process that
keeps the carbohydrate composition unaltered and pre-
serves most of the sugars intact in a single solid biomass
stream [3, 8, 13, 17, 18]. The presence of hemicellulose
and pectin, however, requires more complex enzyme
cocktails relative to acidic pretreatments, where hemi-
cellulases, 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 [19-22]. Thus, a higher
degree of synergy between a diverse set of enzyme activi-
ties is required to completely depolymerize such complex
and highly branched carbohydrate structures into mono-
meric sugars [23, 24]. Though enzyme cocktail complex-
ity is increased for deconstructing ammonia-pretreated
biomass, the overall enzyme loading required does not
change significantly in relation to dilute acid pretreat-
ment [9].

A recent study by Uppugundla et al. showed that inef-
ficient sugar conversion is a problem for various thermo-
chemical pretreatment technologies, including AFEX,
dilute acid, and ionic liquid pretreatments [9]. Using
the advanced commercial cocktails containing Cellic
Ctec2, Cellic Htec2, and Multifect Pectinase with opti-
mized ratio, nearly 22% of total carbohydrates from
AFEX-pretreated biomass were left behind as polymeric
and oligomeric sugars after 7 days of hydrolysis, at high
enzyme loading (20 mg protein/g glucan) and solids
loading (6% glucan loading). Due to these unconverted
sugars, the biofuel production potential is significantly
reduced, which negatively impacts the overall econom-
ics of the biorefinery [25]. This is a universal problem
faced by researchers both for hardwood and grass sub-
strates [9]. Recalcitrant cell wall polysaccharides not
only resist depolymerization when commercial enzymes
are used, but also block the accessibility of cellulases
to cellulose. Such effect further reduces overall sugar
conversion and therefore, it is important to study and
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understand how commercial enzyme cocktails can be
modified for improving hydrolysis of such recalcitrant
polysaccharides.

One approach for studying this problem is to ration-
ally design the enzyme cocktail by understanding 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 identifying structural features
of enriched recalcitrant cell wall components, one can
rationally determine the enzymes that are limiting the
hydrolysis process. To facilitate such fundamental under-
standing of recalcitrant cell wall components, we require
rapid 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 col-
lection 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 major non-cellulosic cell wall
glycans [26]. Recent studies have employed glycome
profiling to better understand cell wall modifications in
plant biomass during genetic modifications, biomass pre-
treatments, and microbial fermentations [26—34]. This
information is essential to better understand the gly-
can linkages contributing to biomass recalcitrance and
develop strategies for overcoming this problem.

In this study, we used glycome profiling to identify the
cell wall components that remain intact after prolonged
enzymatic hydrolysis by commercial enzymes, includ-
ing specific glycan residues from AFEX-pretreated corn
stover (AFEX-CS) (Fig. 1). The glycan epitopes in both
unhydrolyzed solids (UHS) and hydrolysates after high-
solids-loading enzymatic hydrolysis were analyzed in
order to determine 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 unhydrolyzed cell wall
constituents present in UHS and liquid hydrolysate after
intensive enzymatic hydrolysis. The structural informa-
tion obtained from this study provides insights about
important enzyme activities that are needed to make
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better commercial enzyme cocktails, compared to the
cocktail used in this study. Improved cocktails will help
increase sugar conversion during enzyme hydroly-
sis, increase biofuel yield, and reduce biofuel cost in a
biorefinery.

Results and discussion

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 continuously
decreased throughout the course of hydrolysis as shown
in Fig. 2. The hemicellulose, which includes xylan, ara-
binan, and galactan, was rapidly hydrolyzed, decreasing
from 0.22 g/g CS at the start of hydrolysis to 0.05 g/g
CS within the first 3 h. This dramatic reduction shows
that the majority of the digested hemicellulose was con-
verted 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 practi-
cally constant. These results were confirmed by the mass
balance summarized in Fig. 3, where monomeric and
oligomeric sugars present in the liquid phase (the hydro-
lysate) and the insoluble polysaccharides present in the
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Fig. 2 Composition of insoluble solids throughout enzymatic
hydrolysis. Total height is normalized to the original amount of CS
prior to hydrolysis. Composition includes all the insoluble structural
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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% was obtained for all sugars analyzed in
this study. The combined amount of soluble (oligomeric
and monomeric) hemicellulose, including xylose, arab-
inose, and galactose, reached 70-80% of the total sugars
within the first 3 h. The amount of monomeric hemi-
cellulose-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 pro-
duced within the first 24, which continued to increase
slowly for the rest of the 6-day period. Glucose oligom-
ers 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 hydroly-
sis. Also, it confirms the differences between cellulose
and hemicellulose degradation patterns by enzymes [9,
35].

Among the soluble sugars, hemicelluloses are gener-
ally 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. Like-
wise, a large proportion of arabinan and galactan sugars
remained as oligomers, as shown in Fig. 3c and 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 effi-
ciently solubilize some of the hemicelluloses, but unable
to cleave all the hemicellulose linkages to generate mon-
omeric sugars. Cellulose is a relatively simpler structure
consisting of glucan chains connected with inter- and
intra- molecular hydrogen bonding. However, hemi-
cellulose is highly branched with multiple sugars and
cross-linked with other organic moieties (e.g., acetyl,
feruloyl, galacturonic, glucoronyl), some of which form
complexes with lignin [36]. Multiple accessory enzymes
are required to fully break down these complex hemicel-
lulose linkages [37]. Based on our results, it is unlikely
that all those enzymes are present at sufficient quanti-
ties and/or activities in the commercial enzyme cocktails
used in this study. To determine the most abundant link-
ages present in UHS after enzymatic hydrolysis, we have
further performed glycome profiling on UHS produced
during enzymatic hydrolysis of AFEX-CS. As control
experiments, we have also performed glycome profiling
of untreated and AFEX-CS.
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Glycome profiling of untreated and AFEX-pretreated
biomass

Prior to glycome profiling, cell wall materials were pre-
pared from biomass residues and subjected to six sequen-
tial extractions with reagents of increasing severity,
notably ammonium oxalate (50 mM), sodium carbonate
(50 mM), KOH (1 and 4 M), and acidic chlorite. These
reagents selectively solubilize cell wall matrix polysaccha-
rides 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. Hierarchi-
cal clustering of binding data for these mAbs against 54
structurally known plant polysaccharides allowed classifi-
cation of these mAbs into the categories used in this work

[38]. In previous glycome profiling studies [31], it has
been demonstrated that AFEX pretreatment significantly
reduces cell wall recalcitrance by inducing structural
modifications to the polysaccharide network. In Fig. 4,
AFEX pretreatment induced enhancement in the extract-
ability of non-cellulosic cell wall glycans including xylans
and pectins, as indicated by the increased binding of spe-
cific 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
AFEX-CS (oxalate and carbonate extractions are per-
formed in milder conditions and therefore, extracted gly-
cans are more loosely bound to lignin compared to KOH
and chlorite extracts). Normalized data of the sugar inten-
sity (gram per gram of biomass in thousands) (Fig. 5a)
allow a closer examination of the different epitopes’
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extractability from AFEX-CS relative to untreated CS.
From Fig. 5a, it is clear that the overall intensity of
extracted carbohydrates in the untreated samples is much
lower than those from AFEX-CS for most epitopes, espe-
cially for the xylans. From previous reports we know that
AFEX pretreatment partially solubilizes hemicellulose,
loosens the cell wall, and cleaves lignin—carbohydrate
complexes [4, 13]. The cell wall modifications that take
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place during pretreatment increases enzyme access to
cellulose and hemicelluloses chains for subsequent depo-
lymerization. Thus, the increased extractability of major
non-cellulosic glycans is thought to be associated with
loosening of the cell wall structure, resulting in better
enzyme access and digestibility after AFEX pretreatment
(Fig. 5b). This observation may also help explain the rapid
hemicellulose solubilization within the first 3 h of enzy-
matic hydrolysis, as observed in Fig. 3 b—d. The greatly
improved digestibility of AFEX-CS during animal feed
trials also supports the hypothesis that hemicellulose is
quickly digested by ruminant microorganisms, allowing
cellulose to be increasingly exposed for subsequent degra-
dation and bioconversion. As a result, AFEX-CS releases
more energy and nutrients to ruminant animals compared
to untreated CS [39, 40].

Glycome profiling and structural insights of UHS

In order to elucidate the overall composition and extract-
ability of non-cellulosic cell wall glycans that remained
insoluble in UHS after enzymatic hydrolysis of AFEX-
CS, glycome profiling was applied to UHS as a function
of hydrolysis time (Fig. 6). Overall, fewer carbohydrates
were recovered in extracts from UHS subjected to pro-
longed enzymatic hydrolysis (see bar graphs on the top
of Fig. 6 for sugar extracted per gram of cell wall in each
step). Compared with AFEX-CS, 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
pectic arabinogalactans, respectively). This observation is
consistent with the results shown in Fig. 3, where most
of the hemicelluloses in the plant cell wall were solubi-
lized within the first 3 h of enzymatic hydrolysis. After
3 h enzyme hydrolysis, a significant amount of xyloglu-
can and xylan epitopes were converted including the
epitopes recognized by non-fucosylated xyloglucan-3
through non-fucosylated xyloglucans-6, fucosylated xylo-
glucans, and xylan-1 though xylan-3 groups of mAbs.
These epitopes completely disappeared after 12 h hydrol-
ysis. Following the same pattern, epitopes recognized by
mADbs against RG-I backbone were also converted gradu-
ally with time, completely disappearing from the ELISA
heat map after 24 h of hydrolysis. In all the UHS analyzed
in this study, most of the xylan epitopes were not detect-
able in oxalate and carbonate extracts, revealing that the
easily extractable xylans from AFEX-CS, 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 observation supports the hypothesis
that the more loosened cell wall components that can be
extracted under milder conditions are more accessible to
enzymes and therefore, they can be more easily digested.
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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 chlorite treatment followed by
4 M KOH) and after 168 h of hydrolysis. We would like
to emphasize that this is a key observation, as it indicates
that some highly substituted xylan components in AFEX-
CS 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
treatment. Apart from xylan epitopes, those comprising
pectic-arabinogalactan, arabinogalactans, and non-fuco-
sylated xyloglucans, also remained present in oxalate and
alkaline extracts after 168 h enzymatic hydrolysis (Fig. 6).
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The results from Fig. 6 show that great part of the undi-
gested epitopes present in UHS is 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 substrates [41],
resulting in a significant epitope accumulation for various
groups of polysaccharides (Fig. 6). Some of the epitope
linkages have been identified in previous work. For exam-
ple, xylan-5 mAD recognizes one of the most recalcitrant
non-cellulosic glycans present in UHS and hydrolysate
[42, 43]. The epitope for this mAb contains a 4-O-methyl
glucuronic acid side residue on an otherwise linear xylan
backbone (Table 1) [44]. It appears that this particular
side chain is poorly cleaved during the hydrolysis pro-
cess, indicating low a-glucuronidase activity. Likewise,
RG-1/AG epitopes correspond to pectic-arabinogalactan
linkages. This is consistent with Fig. 3, in which ~50%
of the galactan remains in the oligomeric form through

enzymatic hydrolysis. Linseed mucilage RG-1 mAb,
which is associated with rhamnogalacturonan-I, had the
strongest binding in UHS from AFEX-CS. Rhamnoga-
lacturonan-I often has arabinan and galactan side chains,
requiring multiple enzyme activities to be fully decom-
posed to monomers [45-47]. Identifying appropriate
accessory enzymes that can cleave these side chain resi-
dues is required for achieving complete deconstruction
of these complex carbohydrates. We hypothesize that the
commercial enzyme cocktail used in this work requires
those supplemental enzyme activities, which will syner-
gize 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 cel-
lulose chains more readily and making them more acces-
sible to cellulase enzymes.

Although the heat map from Fig. 6 indicates the glycans
that remain present in UHS during enzymatic hydrolysis,
the intensity shown is for a constant amount of extracted
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Table 1 Antibodies-binding epitopes of the most recalcitrant glycans and their cross-linkage patterns. Linkages were

depicted with GlycoWorkBench developed in CCRC-UGA

CCRC-M144
Antibodies bind to 4-O- CCRC-M146
Xylan5 methyl GIcA side residue CCRC-M145
on xylan backbone CCRC-M155
JIM3
CCRC-M40
Linseed Antibodies recognizing . CCRC-M161
Mucilage/RG-I Rhamnogalacturonan-I Unpublished data CCRC-M164
CCRC-M60
Antibodies recognizin CCRC-M41
RG-I/AG podies recognizing OO 5 CCRC-M80
pectic arabino-galactan CCRC-M7
o— "
Y Xylose @ Arabinose O Galactose € (O-methyl-) Glucuronic acid @ Glucose

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 2), the total amount of each epitope present in
UHS as a function of time correlates to the trends of car-
bohydrate solubilization seen in Fig. 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 sur-
rounded 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 2 and Additional file 1: Figure S1
(see ESI), it is clear that the liquid hydrolysate contains
xylan-5, Linseed Mucilage/RG-I, and RG-I/AG mAb-
groups detected epitopes, suggesting that the commer-
cial enzymes were not able to hydrolyze those linkages,
even when they are accessible as soluble oligosaccharides,
without the presence of enriched insoluble lignin. The
reduction of xylan-5, Linseed Mucilage/RG-I, and RG-1/
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 hydro-
lysate is 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 oligosac-
charides of DP larger than 20 and our previous work has
shown that most oligosaccharides have DP lower than 20
[22]. 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 represen-
tation of the undigested epitopes in solution, the current
glycome profiling technique must be modified.

Overall, the information provided by this work
shows that specific glycans (e.g., xylans decorated with
4-O-methyl glucuronic acid residues, pectic arabinoga-
lacta, 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
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Table 2 Relative amount of sugar normalized to the amount of AFEX-CS present in each stage of hydrolysis present at each

time point

300 -o- CCRC-M144

]
z ﬁ 250 - CCRC-M146
2 80 Ew - CCRC-M145
Xylan 5: z §§ 200 - CCRCM155
Antibodies bind to 4-O-methyl GlcA 2 ©° 23 150
. 2 25
residue on xylan backbone E a0 5 10
2 =S
£ 2 £ 50
©
© ol ol
0 24 48 72 96 120 144 168 0 24 48 72 9 120 144 168
Enzymatic hydrolysis time (hours) Enzymatic hydrolysis time (hours)
g 100 350 - JIM3
g 2 300 - CCRC-M40
- ©
. f R 80 £EW - CCRC-M161
Linseed Mucilage/RG-!: s g% 20 - COROM1GA
Antibodies recognizing 5 60 o9 200
Rhamnogalacturonan- £ » zL 150
® ££ 100
g £ w
% oo — 04 —
0 24 48 72 96 120 144 168 0 24 48 72 96 120 144 168
Enzymatic hydrolysis time (hours) Enzymatic hydrolysis time (hours)
E 100 ” - CCRC-M60
= @ - CCRC-M41
X 80 £3 - CCRC-M80
RG-I/AG: > 2 g - CCRC-M79
Antibodies recognizing s 60 o3 “* CCRC-M44
tic arabino-galactan £ z£ - ooRoMss
pectic ara g £ a = -+ CCRC-M32
M 8§ -+ CCRC-M13
5 2 E -+ CCRC-M42
& 0 - CCRC-M24
0 24 48 72 9 120 144 168 0 24 48 72 96 120 144 168
Enzymatic hydrolysis time (hours) Enzymatic hydrolysis time (hours)
by enzymes due to lignin blockage. Though these insoluble ~ Conclusions

non-cellulosic carbohydrates represent less than 7% of the
total carbohydrates after excessive enzyme treatment with
optimized cocktails, the soluble counterpart in hydrolysate
represents as much as 15% of the total carbohydrates in
pretreated biomass, which is a much more significant frac-
tion of substrate that is not converted to monomeric sug-
ars and biofuel, ultimately. In future work, our goal is to
better understand the factors that contribute to epitope
accumulation in the UHS and liquid hydrolysate. Imag-
ing 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 link-
age patterns of purified recalcitrant carbohydrates (mostly
oligosaccharides). All these studies will complement this
work and help to comprehensively understand cell wall
recalcitrance. The information provided by this (and
future) work will help us to rationally redesign the enzyme
cocktail, by adding a selection of key enzymes for improv-
ing monomeric sugar yields, with minimal enzyme usage.

The chemical nature of some of the recalcitrant carbo-
hydrate linkages present in CS was studied by analyz-
ing 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 under-
stand 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 some of the carbohydrates that
required harsher alkaline extractions could not be hydro-
lyzed 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 168 h. However, soluble pol-
ysaccharides, particularly those recognized by xylan-5
and RG-I/AG groups of mAbs, remained abundant in
hydrolysate and UHS throughout the course of hydroly-
sis, indicating a lack of appropriate enzyme activities or
severe enzyme inhibition. These results show that com-
plete sugar conversion is not possible when using com-
mercial enzyme cocktails (Cellic Ctec2, Cellic Htec2, and
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Multifect Pectinase) as used in this work, at high-solid
loading enzymatic hydrolysis conditions.

Future work is needed to find enzymes that hydrolyze
these recalcitrant non-cellulosic polysaccharide link-
ages. For example, accessory enzymes such as pectinase,
a-glucuronidase, and enzyme activities targeting ara-
binan 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 hemicellulose. 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 produc-
tion cost. Likewise, this approach could be adapted with
other pretreatment technologies and biomass to opti-
mize hydrolysis conditions for maximum sugar output.
Moreover, since routine glycome profiling only detects
large polysaccharides, more advanced techniques such as
biotinylation [48], fluorescent-labeled antibodies studies
using fluorescent microscopy and flow cytometry will be
able to detect short-chain oligosaccharides that are abun-
dant in the hydrolysate. Such studies are underway at the
Great Lakes Bioenergy Center (GLBRC).

Methods

Corn stover and AFEX pretreatment

The corn (Pioneer 36H56) was planted on May 20, 2010
in field 436 of Arlington Agricultural Research Station,
Wisconsin. The field was fertilized with 340 lbs/acre
urea 3 days prior to planting. In October 22, 2010, the
CS was harvested and milled to a particle size of 5 mm.
AFEX pretreatment was performed on the CS at 100 °C
for 30 min with 0.6 g ammonia and 1 g water per g bio-
mass loading in a bench-top stainless steel batch reactor
(Parr Instruments Company) [10, 11, 13]. It took 30 min
for the reactor to reach 100 °C and this condition was
maintained for 30 min. 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 mate-
rial. The AFEX-CS 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, absorptiv-
ity coefficient 30 L/g cm), and 13.4% ash.

Enzymatic hydrolysis

Enzymatic hydrolysis was performed in duplicate using
baffled Erlenmeyer flasks. The AFEX-CS was loaded at
20% dry solids in a fed-batch manner. Half of the bio-
mass was loaded at £ = 0 h, and the remaining biomass

Page 11 of 14

was loaded at ¢ = 45 min. Commercial enzymes Cellic®
CTec2 (Novozymes), Cellic® HTec2 (Novozymes), and
Multifect Pectinase (Genencor) were loaded at 10, 5,
and 5 mg protein/g glucan at £ = 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 min to arrest the hydrolysis reaction at
each time point (3, 6, 12, 18, 24, 48, 72, and 168 h). Sepa-
rate 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.

Post-hydrolysis solids recovery

The contents of the flasks were transferred into cen-
trifuge bottles and centrifuged at 10,000xg at 4 °C for
30 min. The supernatant was decanted, the volume meas-
ured, and filtered through 0.22 pm 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 superna-
tant 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 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 pro-
tease from Streptomyces griseus (Sigma Aldrich P5147) at
5% (w/v) solid loading according to the procedure by Ber-
lin et al. [41]. This helped to remove protein and residual
enzymes bound to the cell walls prior to glycome profil-
ing. The remaining solid was freeze-dried and stored in a
refrigerator for further analysis.

Liquid and solid composition analysis
The hydrolysate supernatants were diluted and analyzed
for monomeric and oligomeric sugar contents. Mono-
meric 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 Sluiter et al. [49]. Hydrolysis samples were
neutralized and analyzed using the HPLC method given
above for total sugars estimation following acid hydroly-
sis. The oligomeric sugars were calculated as total sug-
ars after subtracting the monomeric sugars present in
hydrolysate.

Freeze-dried solids were homogenized using mortar
and pestle. Composition analysis was performed on the
solids using the standard National Renewable Energy
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Laboratory (NREL) method for determination of struc-
tural carbohydrates and lignin according to Sluiter et al.
[50].

Mass balance

Mass balances were performed on the major structural
components of CS cell walls at different time points
throughout the course of the enzymatic hydrolysis pro-
cess. All mass balances were based on 1 g of AFEX-CS.
Total UHS were collected and measured as described
above, while the liquid supernatant was analyzed for
monomeric and oligomeric sugars. Because the hydroly-
sis 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 vol-
ume of the hydrolysate was calculated using the following
equation:

Vi X Cw

Cu— C'w,

where V|, is the total volume of hydrolysate to be cal-
culated; 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 Cy is the
glucose concentration of the hydrolysate. Here glucose
was used to calculate the volume as it was the most abun-
dant sugar.

Vu=Vs +

Glycome profiling

Glycome profiling of untreated, AFEX "-pretreated and
all unhydrolyzed biomass residues (involving prepara-
tion of sequential cell wall extracts and their mAb screen-
ings) was carried out using the SOP previously described
[29, 33]. To conduct glycome profiling, Alcohol Insoluble
Residue (AIR) cell wall materials were prepared from bio-
mass residues and were subjected to sequential extrac-
tions with increasingly harsh reagents such as ammonium
oxalate (50 mM), sodium carbonate (50 mM), KOH (1
and 4 M), and acidic chlorite as explained previously
[33]. The extracts were then subjected to ELISAs against
a comprehensive suite of cell wall glycan-directed mAbs
[33] and the mAb binding responses were represented
as heat maps. The amounts of different cell wall materi-
als recovered during each extraction are depicted as bar
graphs above the 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 Carbohydrate
Research Center (available through CarboSource Ser-
vices; http://www.carbosource.net) or were obtained
from Bio-Supplies (Australia) (BG1, LAMP). Information
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on mAbs used in this study can be found in Table 2,
including the link to Wall MabDB (http://www.wall-
mabdb.net) that provides detailed information for each
antibody.

Additional file

Additional file 1: Figure S1. Glycome profiling of the hydrolysates of
AFEX-CS over the course of hydrolysis. A-B represents replicates of hydro-
lysate samples. Antibody groups used for the ELISA screening are shown
on the right side of the heat map.
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Authors’ contributions

CG and SX performed enzymatic hydrolysis to produce the ACSH and UHS,
conducted compositional analysis and mass balance of carbohydrates in the
biomass, interpreted data, drafted the manuscript, and contributed to the
experimental design. CG conducted the glycome profiling on UHS solids and
SX conducted the glycome profiling on hydrolysate liquor. SX also depicted
and illustrated all the glycan epitopes recognized by cell-wall-specific mAbs
using GWB (GlycoWorkBench). SP developed the methodology of glycome
profiling, provided all antibodies for mAbs Elisa screening, and made impor-
tant revisions on the manuscript critically. BED contributed on the problem
identification, coordinated the collaboration work within GLBRC, and helped
with the preparation of the manuscript. SP, LDSC, and VB lead the identifica-
tion of the problem and troubleshooting, organized the experimental design
and manuscript preparation, and coordinated this work. All authors read and
approved the final manuscript.

Author details

! Biomass Conversion Research Lab (BCRL), Chemical Engineering and Materi-
als Science, Michigan State University, 3815 Technology Boulevard, Lansing, Ml
48910, USA. 2 DOE Great Lakes Bioenergy Research Center (GLBRC), Michigan
State University, East Lansing, MI, USA. 3 Complex Carbohydrate Research
Center, University of Georgia, Athens, GA 30602, USA. * Oak Ridge National
Laboratory, Biosciences Division, BioEnergy Science Center (BESC), Oak Ridge,
TN 37830, USA. ° Present Address: Mascoma, LLC (Lallemand Inc.), 67 Etna
Road, Lebanon, NH 03766, USA.

Acknowledgements

Special thanks to Novozyme Inc. and DuPont Industrial Biosciences for the
generous gift of enzymes and to Dr. Michael G Hahn and NSF for providing
mADbs for glycome profiling screening. We also thank Pete Donald in BCRL for
carrying out the AFEX pretreatment and producing biomass, and Sivasankari
Venketachalam and Sindhu Kandemkavil at CCRC for glycome profiling and
glycosyl composition analysis training given to Christa and Saisi at CCRC,
University of Georgia.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article with Additional file 1: Figure S1.

Consent for publication
All authors consent for publication.

Funding

This work was funded by the DOE Great Lakes Bioenergy Research Center
(http://www.greatlakesbioenergy.org) supported by the US. Department of
Energy, Office of Science, Office of Biological and Environmental Research,
through Cooperative Agreement DE-FC02-07ER64494 between the Board
of Regents of the University of Wisconsin System and the US Department of


http://www.carbosource.net
http://www.wallmabdb.net
http://www.wallmabdb.net
http://www.greatlakesbioenergy.org
http://dx.doi.org/10.1186/s13068-017-0757-5

Gunawan et al. Biotechnol Biofuels (2017) 10:82

Energy. This work was also supported and performed as part of the BioEnergy
Science Center (BESC), a U.S. Department of Energy Bioenergy Research
Center supported by the Office of Biological and Environmental Research in
the DOE Office of Science. ORNL is managed by UT-Battelle, LLC, under con-
tract DE-AC05-000R22725 for the U.S. Department of Energy. Co-author Dale
is grateful for support provided by Michigan State University AgBioResearch
and the U.S. Department of Agriculture NIFA program. The generation of the
plant glycan-directed monoclonal antibodies used in this study was funded
by grants from the US National Science Foundation Plant Genome Program

(DBI-0421683 and 105-0923992).

Received: 17 December 2016 Accepted: 11 March 2017
Published online: 29 March 2017

References

1. Dale BE, Ong RG. Energy, wealth, and human development: why and how
biomass pretreatment research must improve. Biotechnol Prog [Internet].
2012;28:893-8. doi:10.1002/btpr.1575.

2. Lynd LR, Laser MS, Bransby D, Dale BE, Davison B, Hamilton R, et al.

How biotech can transform biofuels. Nat Biotechnol [Internet].
2008;26:169-72.

3. Chundawat SPS, Vismeh R, Sharma LN, Humpula JF, da Costa Sousa L,
Chambliss CK, et al. Multifaceted characterization of cell wall decomposi-
tion products formed during Ammonia Fiber Expansion (AFEX) and dilute
acid based pretreatments. Bioresour Technol [Internet]. 2010;101:8429—
38.doi:10.1016/j.biortech.2010.06.027.

4. Chundawat SPS, Donohoe BS, da Costa Sousa L, Elder T, Agarwal UP, Lu F,
et al. Multi-scale visualization and characterization of lignocellulosic plant
cell wall deconstruction during thermochemical pretreatment. Energy
Environ Sci [Internet]. 2011;4:973.

5. Zacchi G. Axelsson a. Economic evaluation of preconcentration in production
of ethanol from dilute sugar solutions. Biotechnol Bioeng. 1989,34:223-33.

6. Brodeur G, Yau E, Badal K, Collier J, Ramachandran KB, Ramakrishnan S.
Chemical and physicochemical pretreatment of lignocellulosic biomass:
a review. Enzyme Res. 2011;2011:787532.

7. Garlock RJ, Balan V, Dale BE, Pallapolu VR, Lee YY, Kim Y, et al. Comparative
material balances around pretreatment technologies for the conver-
sion of switchgrass to soluble sugars. Bioresour Technol [Internet].
2011;102:11063-71.

8. da Costa Sousa L, Chundawat SP, Balan V, Dale BE.“Cradle-to-grave”
assessment of existing lignocellulose pretreatment technologies. Curr
Opin Biotechnol. 2009;20:339-47.

9. Uppugundla N, da Costa Sousa L, Chundawat SP, Yu X, Simmons B, Singh S,
et al. A comparative study of ethanol production using dilute acid, ionic liquid
and AFEX™ pretreated corn stover. Biotechnol Biofuels [Internet]. 2014;7:72.

10.  Campbell TJ, Teymouri F, Bals B, Glassbrook J, Nielson CD, Videto J. A packed
bed Ammonia Fiber Expansion reactor system for pretreatment of agricul-
tural residues at regional depots. Biofuels [Internet]. 2013;4:23-34.

11. Campbell TJ, Teymouri F, Jones DK. Method of separating components
from a gas stream. 2013.

12. Venkatesh B, E Dale B, Chundawat SPS, da Costa Sousa L. Methods for
pretreating biomass. US; 2011.

13. BalanV, Bals B, Chundawat SPS, Marshall D, Dale BE. Lignocel-
lulosic Biomass Pretreatment Using AFEX. In: Mielenz JR, editor.

Biofuels Methods Protoc. Methods Mol. Biol. [Internet]. Totowa:
Humana Press; 2009. p. 61-77. http://www.springerlink.com/
index/10.1007/978-1-60761-214-8_5.

14. Kazi FK, Fortman JA, Anex RP, Hsu DD, Aden A, Dutta A, et al. Techno-
economic comparison of process technologies for biochemical ethanol
production from corn stover. Fuel [Internet]. 2010;89:520-8. doi:10.1016/j.
fuel.2010.01.001.

15. Lau MW, Dale BE. Cellulosic ethanol production from AFEX-treated corn
stover using Saccharomyces cerevisiae 424A (LNH-ST). Proc Natl Acad Sci.
2009;106:1368-73.

16. Humbird D, Davis R, Tao L, Kinchin C, Hsu D, Aden A, et al. Process design
and economics for biochemical conversion of lignocellulosic biomass to
ethanol. Renew Energy. 2011,303:147.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

Page 13 of 14

. Chundawat SPS, Beckham GT, Himmel ME, Dale BE. Deconstruction of

lignocellulosic biomass to fuels and chemicals. Annu Rev Chem Biomol
Eng. 2011;2:121-45.

. Sousa LC, Jin M, Chundawat SPS, Bokade V, Tang X, Azarpira A, et al.

Next-generation ammonia pretreatment enhances cellulosic biofuel
production. Energy Environ Sci. 2016. doi:10.1039/C5EE03051J.

. Xue S, Uppugundla N, Bowman MJ, Cavalier D, Costa Sousa L, Dale E, et al.

Sugar loss and enzyme inhibition due to oligosaccharide accumulation
during high solids-loading enzymatic hydrolysis. Biotechnol Biofuels.
2015;8:1-14.doi:10.1186/513068-015-0378-9.

Gao D, Uppugundla N, Chundawat SP, Yu X, Hermanson S, Gowda K, et al.
Hemicellulases and auxiliary enzymes for improved conversion of ligno-
cellulosic biomass to monosaccharides. Biotechnol Biofuels. 2011;4:5.
Gao D, Chundawat SPS, Krishnan C, Balan V, Dale BE. Mixture optimization
of six core glycosyl hydrolases for maximizing saccharification of Ammo-
nia Fiber Expansion (AFEX) pretreated corn stover. Bioresour Technol.
2010;101:2770-81.

Vismeh R, Humpula JF, Chundawat SPS, Balan V, Dale BE, Jones AD. Profil-
ing of soluble neutral oligosaccharides from treated biomass using solid
phase extraction and LC-TOF MS. Carbohydr Polym. 2013;94:791-9.
Neumdiller KG, Streekstra H, Schols HA, Gruppen H. Synergistic action of
enzyme preparations towards recalcitrant corn silage polysaccharides.
Biomass Bioenergy. 2014;60:88-97.

Kormelink FIM, Voragen AGJ. Degradation of different [(glucurono)ara-
binolxylans by a combination of purified xylan-degrading enzymes. Appl
Microbiol Biotechnol. 1993;38:688-95.

Kristensen JB, Felby C, Jargensen H. Yield-determining factors in high-sol-
ids enzymatic hydrolysis of lignocellulose. Biotechnol Biofuels. 2009;2:11.
Pattathil S, Avci U, Baldwin D, Swennes AG, McGill JA, Popper Z, et al. A
comprehensive toolkit of plant cell wall glycan-directed monoclonal
antibodies. Plant Physiol. 2010;153:514-25.

Li M, Pattathil S, Hahn MG, Hodge DB. Identification of features associated
with plant cell wall recalcitrance to pretreatment by alkaline hydrogen
peroxide in diverse bioenergy feedstocks using glycome profiling. RSC
Adv. 2014;4:17282-92.

Avci U, Pattathil S, Hahn MG. Immunological approaches to plant cell wall
and biomass characterization: immunolocalization of glycan epitopes.
Biomass Convers Methods Protoc Methods Mol Biol. 2012;908:73-82.
doi:10.1007/978-1-61779-956-3.

Pattathil S, Avci U, Miller JS, Hahn MG. Immunological approaches

to plant cell wall and biomass characterization: glycome pro filing.
Biomass Convers Methods Protoc Methods Mol Biol. 2012,908:61-72.
doi:10.1007/978-1-61779-956-3.

Ratnaparkhe S, Venkatachalam S, Hahn MG, Pattathil S. Analyses using
cell wall glycan-directed monoclonal antibodies reveal xylan-degrada-
tion by two microbial glycosyl hydrolases in cell walls from poplar and
switchgrass biomass. J Bioremediation Biodegrad. 2013;54:1-9.

Pattathil S, Hahn MG, Dale BE, Chundawat SPS. Insights into plant cell wall
structure, architecture, and integrity using glycome profiling of native and
AFEXTM-pre-treated biomass. J Exp Bot. 2015;66(14):4279-94.

Shen H, Poovaiah CR, Ziebell A, Tschaplinski TJ, Pattathil S, Gjersing E, et al.
Enhanced characteristics of genetically modified switchgrass (Panicum
virgatum L.) for high biofuel production. Biotechnol Biofuels. 2013;6:71.
DeMartini JD, Pattathil S, Avci U, Szekalski K, Mazumder K, Hahn MG,

et al. Application of monoclonal antibodies to investigate plant cell wall
deconstruction for biofuels production. Energy Environ Sci. 2011;4:4332—
9.doi:10.1039/C1EE02112E.

Izquierdo JA, Pattathil S, Guseva A, Hahn MG, Lynd LR. Comparative
analysis of the ability of Clostridium clariflavum strains and Clostridium
thermocellum to utilize hemicellulose and unpretreated plant material.
Biotechnol Biofuels. 2014;7:136.

Gao X, Kumar R, Singh'S, Simmons BA, BalanV, Dale BE, et al. Comparison
of enzymatic reactivity of corn stover solids prepared by dilute acid,
AFEX™ and ionic liquid pretreatments. Biotechnol Biofuels. 2014;7:71.
Ebringerova A. Structural diversity and application potential of hemicel-
luloses. Macromol Symp. 2006;232:1-12.

Shallom D, Shoham Y. Microbial hemicellulases. Curr Opin Microbiol.
2003;6:219-28.

Bansal N, Bhalla A, Pattathil S, Adelman SL, Hahn MG, Hodge D, et al. Cell
wall-associated transition metals improve alkaline-oxidative pretreatment


http://dx.doi.org/10.1002/btpr.1575
http://dx.doi.org/10.1016/j.biortech.2010.06.027
http://www.springerlink.com/index/10.1007/978-1-60761-214-8_5
http://www.springerlink.com/index/10.1007/978-1-60761-214-8_5
http://dx.doi.org/10.1016/j.fuel.2010.01.001
http://dx.doi.org/10.1016/j.fuel.2010.01.001
http://dx.doi.org/10.1039/C5EE03051J
http://dx.doi.org/10.1186/s13068-015-0378-9
http://dx.doi.org/10.1007/978-1-61779-956-3
http://dx.doi.org/10.1007/978-1-61779-956-3
http://dx.doi.org/10.1039/C1EE02112E

Gunawan et al. Biotechnol Biofuels (2017) 10:82

39.

40.

41.

42.

43.

44,

45,

in diverse hardwoods. Green Chem. 2015;18:1405-15. doi:10.1039/
C5GC01748C.

Sarkar N, Ghosh SK, Bannerjee S, Aikat K. Bioethanol production

from agricultural wastes: an overview. Renew Energy. 2012;37:19-27.
doi:10.1016/j.renene.2011.06.045.

Dale BE, Bals BD, Kim S, Eranki P. Biofuels done right: land efficient animal
feeds enable large environmental and energy benefits. Environ Sci Tech-
nol. 2010;44:8385-9.

Berlin A, Balakshin M, Gilkes N, Kadla J, Maximenko V, Kubo S, et al. Inhibi-
tion of cellulase, xylanase and beta-glucosidase activities by softwood
lignin preparations. J Biotechnol. 2006;125:198-209.

Schmidt D, Schuhmacher F, Geissner A, Seeberger PH, Pfrengle F. Auto-
mated synthesis of arabinoxylan-oligosaccharides enables characteriza-
tion of antibodies that recognize plant cell wall glycans. Chem Eur J.
2015;21:1-6. doi:10.1002/chem.201500065.

Schmidt D, Schuhmacher F, Geissner A, Seeberger PH, Pfrengle F. Sup-
porting information automated - automated synthesis of arabinoxylan-
oligosaccharides enables characterization of antibodies that recog-

nize plant cell wall glycans. Chem Eur J. 2015;21:51-71. doi:10.1002/
chem.201500065.

Urbanowicz BR, Pena MJ, Ratnaparkhe S, Avci U, Backe J, Steet HF, et al.
4-O-methylation of glucuronic acid in Arabidopsis glucuronoxylan is
catalyzed by a domain of unknown function family 579 protein. Proc Natl
Acad Sci. 2012;109:14253-8.

Willats WGT, Limberg G, Buchholt HC, Van Alebeek GJ, Benen J, Chris-
tensen TMIE, et al. Analysis of pectic epitopes recognised by hybridoma

46.

47.

48.

49.

50.

Page 14 of 14

and phage display monoclonal antibodies using defined oligosac-
charides, polysaccharides, and enzymatic degradation. Carbohydr Res.
2000;327:309-20.

Clausen MH, Willats WGT, Knox JP. Synthetic methyl hexagalacturonate
hapten inhibitors of anti-homogalacturonan monoclonal antibodies LM7,
JIM5 and JIM7. Carbohydr Res. 2003;338:1797-800.

Knox JP, Linstead PJ, King J, Cooper C, Roberts K. Pectin esterification is
spatially regulated both within cell walls and between developing tissues
of root apices. Planta. 1990;181:512-21.

Griin CH, van Vliet SJ, Schiphorst WECM, Bank CMC, Meyer S, van Die

I, et al. One-step biotinylation procedure for carbohydrates to study
carbohydrate-protein interactions. Anal Biochem. 2006;354:54-63.
Hames B, Ruiz R, Scarlata C, Sluiter A, Sluiter J, Templeton D. Preparation
of Samples for Compositional Analysis Laboratory Analytical Procedure
(LAP) Issue Date : 8/06/2008. Natl Renew Energy Lab. 2008;1-9.

Sluiter A, Hames B, Ruiz R, Scarlata C, Sluiter J, Templeton D, et al. Deter-
mination of structural carbohydrates and lignin in biomass determination
of structural carbohydrates and lignin in biomass. NREL Lab Anal. Proced.
(LAP), Tech. report, NREL/TP-510-42618. 2011.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

* Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central



http://dx.doi.org/10.1039/C5GC01748C
http://dx.doi.org/10.1039/C5GC01748C
http://dx.doi.org/10.1016/j.renene.2011.06.045
http://dx.doi.org/10.1002/chem.201500065
http://dx.doi.org/10.1002/chem.201500065
http://dx.doi.org/10.1002/chem.201500065

	Comprehensive characterization of non-cellulosic recalcitrant cell wall carbohydrates in unhydrolyzed solids from AFEX-pretreated corn stover
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	Time profile of unhydrolyzed solids (UHS) composition
	Glycome profiling of untreated and AFEX-pretreated biomass
	Glycome profiling and structural insights of UHS

	Conclusions
	Methods
	Corn stover and AFEX pretreatment
	Enzymatic hydrolysis
	Post-hydrolysis solids recovery
	Liquid and solid composition analysis
	Mass balance
	Glycome profiling

	Authors’ contributions
	References




