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Abstract

Sequential fractionation of extractive-free maize stems was carried out using two mild
alkaline extractions (0.5 M and 2 M NaOH, 20°C, 24 h) before and after endoglucanase
treatment. This procedure provided two lignin-carbohydrate fractions (LC1 and LC2)
recovered after each alkali treatment. LC1 and LC2 contained 39% and 8% of the total
lignin amount, respectively. These two fractions contained structurally distinct lignin
molecules. While the content of resistant interunit bonds in lignin was 77% in LCI1, it
was increased up to 98% in LC2. Not unexpectedly, both alkali-soluble fractions con-
tained substantial amount of p-coumaric and ferulic acids ether-linked to lignins. These
results outline heterogeneity of maize stem lignins related to fractionation of grass mate-
rials.
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1 Introduction

Materials and energy based on renewable resources are sought to gradually replace
those obtained from fossil sources and relying largely on crude oil refining. This change
is driven both in the EU and in the US by socio-economic factors (Domac et al., 2005)
as well as policy decisions (Charles et al., 2007) to increase the proportion of renewable
components in transportation and energy sectors. Grasses represent a substantial reser-
voir of renewable lignocellulosic biomass that may be sustainably collected together
with other agricultural residues as feedstock for so-called biorefineries with the scope of

complete utilization of the cell wall components including lignins and hemicelluloses.

Grass lignins are made of syringyl (S) and guaiacyl (G) units together with lower
amounts of p-hydroxyphenyl (H) units. These units are linked by labile B-O-4 bonds as
well as by resistant interunit bonds, referred to as condensed bonds (Adler, 1977).
Compared to non-grass cell walls, the organization of grass cell walls is more complex
due to presence of ferulic acid (FA) that cross-links arabinoxylans (AX) and lignins
(Grabber et al., 2000). Two other structural specificities of grass lignins are their acyla-
tion by p-coumaric acid (CA), mainly on S lignin units as reviewed in Ralph (2010) and
high content of free phenolic groups as reviewed by Lapierre (2010). The latter structur-
al trait makes half of total grass lignins easily soluble in alkali at room temperature
(Lapierre et al., 1989), a property that is not shared by wood lignins (Beckman et al.,

1923).

Maize (Zea mays L.) is a major crop that has frequently served as a model for fractiona-

tion and pretreatment of agricultural residues (corn stover and straw). Lignins make



approximately one-fifth of mature maize stems and should be addressed as valuable
components rather than as low-value byproducts. Therefore, isolation of lignins should
be carefully considered in the fractionation processes of lignocellulose biorefineries as
lignin polymers isolated by mild procedures may be better suited for value-added appli-
cations such as enhancers of hydrophobic properties of renewable fibers (Sipponen et
al., 2010). Isolation of carbohydrate-free technical lignins without severe structural
changes and/or costly purification schemes remains a challenge as native lignins are
covalently linked to hemicelluloses components (Gellerstedt and Henriksson, 2008).
These covalent bonds are formed in the process of lignin polymerization when quinone
methide intermediates spontaneously react with nucleophilic groups such as the carbox-
ylic groups of uronic acids, the alcoholic groups of sugars or their hemiketal groups.
Such reactions lead to ester, ether or glycosidic bonds between sugars and lignin units
(Fengel and Wegener, 1983). Therefore, rather than attempting to isolate carbohydrate-
free lignins, an alternative approach would be fractionating grass cell walls under mild
conditions, which may allow co-solubilization of lignins together with carbohydrate and
recovery of these lignin-carbohydrate fractions (LC) in which the structure of native

lignins may be better retained.

For many decades, mild alkaline treatment of straw has been used to increase its feeding
value (Jackson, 1977). Alkaline pretreatments seem also well suited to improve sacchar-
ification of grass materials in biotechnological conversion processes (Li et al., 2012).
Further, endoglucanases (EGs) (EC 3.2.1.4) cleave specifically cellulose, and may thus
allow isolation of a portion of lignins otherwise structurally restricted from dissolution
in alkali. Previously, endoglucanase hydrolysis of cellulose has been reported prior to

isolation of LCCs from wood and pulp materials (Lawoko et al., 2006). Furthermore,



EG treatment in series with alkaline extraction has been described for upgrading cellu-
lose pulp into viscose (Ibarra et al., 2010). However, studies on utilization of EGs as
tools in bioconversion of grass materials are scarce. In this study, a sequential alkaline
extraction of maize stalk with the aid of EG treatment is presented in order to isolate,
under mild conditions, lignin-hemicellulose fractions for structural analysis. Evidence is
provided that two alkali-soluble LC fractions with quite distinct structural properties can

be isolated from extractive-free and mature maize stems.

2 Materials and methods

Maize F2 (INRA) line was grown on experimental field conditions in Lusignan
(France), harvested at silage stage, and stems without leaves ground to pass a 1 mm-
screen exhaustively extracted by water and then 96% ethanol in a Soxhlet apparatus.
The extractive-free (EFR) maize stem (MS) was recovered with a 54% yield (weight
percentage on a dry matter basis). The endo-1,4-B-D-glucanase Novozym 476 was ob-
tained from Novozymes (Denmark). This commercial preparation contained 6.7 mg mL"

! protein, assayed using the method of Bradford (1976).

2.1 Determination of Enzyme activities

Endoglucanase activity was determined according to Ghose (1987) using 1.5% (w/v)
carboxymethyl cellulose (CMC) Na-salt, low viscosity (Sigma) as substrate. The assay
for endoxylanase activity was adapted from Nakamura et al. (1993) using 1.5% (w/v)
beechwood xylan (Sigma-Aldrich) or larchwood xylan (Ega-Chemie) suspension as

substrate in 50 mM Na-citrate buffer (pH 4.8) at 50°C for 10 min. The amount of reduc-



ing sugars formed in the endoxylanase and endoglucanase assays were determined by
the DNSA method (Miller, 1959) using xylose and glucose standards, respectively. One
international unit of activity (IU) refers to the amount of the enzyme that releases one

umol of xylose or glucose in one minute under the assay conditions.

2.2 Isolation of alkali-soluble LCs

The LCs were isolated according to the scheme in Fig. 1. Maize EFR (17.5 g) was ex-
tracted with 360 mL of 0.5 M aqueous NaOH under N, in a glass bottle at 20°C for 24
h. The solid residue was separated from the alkaline extract by centrifugation, washed
repeatedly with deionized water until neutral pH and lyophilized giving residue R1. The
wash-supernatants were combined with the primary alkaline extract, and the solution
was clarified by filtration (Whatman no. 4) before adjustment to pH 2 by 6 M HCI. The
suspension was kept at +4°C in dark for 16 h before the precipitate was separated by
centrifugation, suspension washed three times with deionized water acidified by HCI
(pH 2), and lyophilized giving LC1. R1 (2% suspension w/v) was hydrolyzed with 52.8
U g (activity measured on CMC) of endo-1,4-B-D-glucanase preparation “Novozym
476 (Novozymes, Denmark) in 0.1 M Na-acetate buffer (pH 5) for 90 h at 45°C. Sodi-
um azide (0.025% w/v) was used to prevent microbial contamination. The hydrolyzed
solids were separated by centrifugation, washed copiously with deionized water, and
lyophilized giving residue R2. Supernatant of the enzymatic hydrolysate was analyzed
for its monosaccharide content before and after hydrolysis in 4% (w/w) H,SO4 at 121°C
for 1 h. R2 was extracted with 2 M NaOH (4% w/v suspension) for 24 h at 20°C under
N,, and LC2 as well as residue R3 recovered as described above for the first alkaline

extraction. Laboratory grinder (IKA) equipped with a blunt-edged blade was used to



disintegrate the compact freeze-dried residues. For calculation of mass balances, the
lyophilisates were weighed immediately after freeze-drying and were considered as
moisture-free. Dry matter contents of the lignocellulosic fractions were determined
gravimetrically in parallel with each extraction step by drying separate samples over-

night at 105°C.

2.3 Analytical procedures

2.3.1 Lignin determination and carbohydrate analysis

Lignin content was determined gravimetrically from the maize EFR and from the corre-
sponding LC and residue samples according to the Klason protocol adapted from Dence
(1992). Structural carbohydrates in residue samples were analyzed based on published
protocol (Sluiter et al., 2011) scaled down to enable analysis of 15 mg samples in
screw-cap glass tubes. Three different methods were compared for determination of
carbohydrate compositions of the isolated LCs. They included (1) analysis of the filtrate
recovered from Klason lignin determination, (2) hydrolysis of LCs in 4% (w/w) H,SO4
at 121°C for 1 h, and (3) hydrolysis of LCs in 2 M trifluoroacetic acid (TFA) at 120°C
for 2 h (Blakeney et al., 1983). Monosaccharides in the endoglucanase hydrolysate as
well as in the Novozym 476 preparation were analyzed before and after post-hydrolysis
according to Sluiter et al. (2008). The difference between monosaccharides was inter-
preted as complex carbohydrate. Sugar recovery standards were used to correct for deg-
radation of monosaccharides. Acid methanolysis was used to solubilize uronic acids
(Willfor et al., 2009). Briefly, 15 mg of EFR or LC samples were treated with 2 ml of 2
M anhydrous HCI in MeOH for 5 h at 100°C and the diluted methanolysates analyzed

by high-performance anion-exchange chromatography (HPAEC) with a system consist-



ing of a CarboPac PA-1 column (guard column 4x50mm and analytical column 4250
mm) (Dionex, Sunnyvale, CA, USA) coupled to a pulsed amperometric detector (Di-
onex ED 40). Injection volume was 25 ul, column temperature 20 °C, and galacturonic
acid and glucuronic acid eluted by a linear gradient from 100 mM NaOH to 300 mM
Na-acetate in 30 min at 1.0 mL min™'. Neutral monosaccharides were analyzed by
HPAEC-PAD system under similar conditions as described above, except that isocratic
elution by 2.5 mM NaOH at 1.0 mL min™ was performed. Calibration was performed
using external standards ranging from 0.3 to 5.0 pg mL™, and the samples were diluted
to give response within the calibration. All carbohydrate and lignin determinations were

performed in duplicates.

2.3.2 Analysis of lignin structure by thioacidolysis

Thioacidolysis of 10-15 mg of the samples was carried out as previously described
(Lapierre et al., 1995), using heneicosane C,; (Fluka) as internal standard (IS). Lignin-
derived H, G and S thioacidolysis monomers were analyzed as their trimethylsilyl de-
rivatives by gas chromatography-mass spectrometry (GC-MS). The quantitative deter-
mination of H, G and S monomers was performed from ion chromatograms reconstruct-
ed at m/z 239, 269 and 299, respectively, as compared to the IS signal measured from
the ion chromatogram reconstructed at m/z (57+71+85). The molar yield of the thioeth-
ylated monomers released from the sample was calculated on the basis of its Klason

lignin content. The analyses were performed in duplicates.



2.3.3 Determination of ester- and ether-bound p-hydroxycinnamic acids

Ester- and ether-linked p-coumaric acid (CA) and ferulic acid (FA) were determined by
mild and severe alkaline hydrolysis, respectively, as described by Zhang et al (2011).
Briefly, 50 mg of sample was subjected to mild alkaline hydrolysis (2 M NaOH, 5 mL,
20 h at room temperature) or treatment in severe alkaline conditions in teflon vials
placed in an autoclave reactor (4 M NaOH, 5 mL, 2 h at 170°C). In both treatments, 1
mL ethyl vanillin (EtV) in MeOH (1 mg mL™") was added as IS before the reaction, and
the phenolic acids were analyzed from neutralized hydrolysates after a precipitation
procedure (Culhaoglu et al., 2011) by high-performance liquid chromatography coupled
to a photodiode array detector (HPLC-PDA). Peak areas were integrated based on signal
at 280 nm. The amount of ether-bound CA and FA was interpreted as the difference
between the amounts of phenolic acids obtained from the severe and mild alkaline hy-

drolysis. Analyses were performed in duplicates.

2.3.4 ATR-FTIR spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were record-
ed using Nexus 470 FT-IR (American Nicolet Company). Averaged spectra from 5-10

individual acquisitions of each sample with 10 scans were calculated.

3 Results and Discussion

The activities of a commercial endoglucanase Novozym 476 with respect to CMC and
hardwood xylan were similar to the literature values (Lawoko, 2005). However, no ac-

tivity on softwood xylan (larch) was detected. This data is given in Table S1 in the Elec-



tronic Annex. Two alkali-soluble lignin-carbohydrate (LC) fractions were recovered
from the sequential and mild treatment of extractive-free maize stem with alkali (aque-
ous NaOH, 24 h room temperature) and with the commercial endoglucanase. The first
fraction, LC1, recovered by a mild alkali treatment with 0.5 M NaOH followed by an
acidification-induced precipitation step, accounted for 18% of the starting material (Ta-
ble 1). Its Klason lignin (KL) content revealed that 39% of the total lignin amount was
recovered in this LC1 fraction. The second fraction LC2, recovered after endoglucanase
hydrolysis of the LC1-free residue, then 2 M NaOH alkali treatment, accounted only for
7.6% of the starting material and its lignin content accounted for 8.2% of the total lignin
amount. The total mass of the recovered fractions (LC1+LC2+R3) accounted for 68%
of the starting material. Their KL content accounted for 47% of the KL content of the
starting material, which suggests loss of lignins during the fractionation procedure
mainly due to incomplete precipitation after the alkaline extractions. In addition, the
difference of DM yield (Table 1) includes 3.8% carbohydrate released by the endoglu-
canase treatment of R1. The LC and R fractions were analyzed with respect to lignins
and carbohydrates as well as for CA and FA linked to wall polymers, with the objective
to monitor the distribution of these grass cell wall components during the fractionation

of maize stems.

3.1 Alkali fractionation of maize stems lead to fractions with distinct neutral sugar

composition and lignin content

The maize EFR contained 17.3% Klason lignin and 63.2% total carbohydrate (Table 2),
with a neutral sugar composition indicating the presence of 40.0 % cellulose (glucan)

and 22.6 % pentosans. Galacturonic and glucuronic acids were detected in trace



amounts (< 0.1% w/w) after acid methanolysis suggesting their prior removal in the
water-ethanol extraction of the maize stem material. Three different hydrolysis condi-
tions were tested for the determination of carbohydrate content of the LC fractions. On
the basis of the results given in supplementary data (Table S2 in the Electronic Annex),
the highest carbohydrate content was achieved by 4% H,SO4 hydrolysis (1 h, 121°C).
The lowest sugar content was obtained from the KL filtrate, probably due to sugar deg-
radation in these more severe conditions. However, this procedure revealed higher glu-
can content in LC2 probably due to incomplete hydrolysis of cellulose in more severe
hydrolysis conditions. Thus, for analysis of carbohydrate composition of LCs possibly
containing cellulose, it may be necessary to use both the two-stage and dilute H,SO4

hydrolysis methods.

The compositional analysis of the solid residues and of the LC fractions (Table 2) indi-
cated that the lignin content in the solid residues decreased at each LC alkali extraction
step, concomitantly to the enrichment of lignin in the residue fractions. In contrast, the
endoglucanase treatment lead to an increased lignin content from R1 (8.3%) to R2
(10.2%), in agreement with the selective release of carbohydrates into the endoglu-
canase hydrolysate (Table 3). As expected, the EG treatment mainly released cellulose
fragments with glucose accounting for 80% of the total carbohydrate released from R1.
Unexpectedly, 66% of the released glucan was in the free monosaccharide form. This
result suggested, besides endoglucanase activity, presence of cellobiohydrolase and cel-
lobiase in the enzyme preparation used since these activities are required for hydrolysis
of cellulose to glucose. With respect to the mass balance, based on the carbohydrate
analysis, 5.8% (w/w) of R1 was released as anhydrosugars by treatment with Novozym

476, compared to the 10.5% total DM removal calculated from mass balances (data not

10



shown). The difference may be resulting on one hand from sample losses and on the

other from release of non-carbohydrate compounds such as lignin during the treatment.

As a whole, the sequential fractionation procedure lead to a lignin content reduction in
the solid material by a factor 2.2 and a carbohydrate content increase by a factor 1.4
mainly by enrichment of cellulose (R3 compared to starting material). Not unexpected-
ly, the neutral sugar composition of the LC and R fractions indicated that hemicellu-
loses (arabinoxylans) were selectively extracted at each alkali treatment step leading to
residues enriched in cellulose compared to the initial MS EFR material. Though LC2
exhibited higher carbohydrate content than LCl1, their relative content of xylan was sim-
ilar with respect to total carbohydrate (83%). The ratio of xylose to arabinose of LC1
(7.9) was close to the starting material MS EFR (8.6) whereas LC2 had higher xylose to
arabinose ratio (13.9). The main differences in global compositions (Table 2) of the two
LCs can be summarized as first, 2.5-times higher glucan content in LC2 compared to
LCI. Second, LC1 contained two-times higher Klason lignin content (38.3%) compared
to LC2 (18.7%). Thioacidolysis was performed to analyze structure of the lignins in the

two LCs.

3.2 Thioacidolysis revealed contrasting lignin structures of LC1 and LC2

Thioacidolysis is an analytical degradation procedure that depolymerizes lignin by
cleavage of the labile -O-4 bonds that are major interunit bonds in native lignins
(Lapierre, 2010). When expressed on the basis of the lignin content, the recovery yield
of thioacidolysis monomers is therefore a close reflection of these parent structures in

lignins. Conversely, this yield is decreased when the frequency of lignin units involved

11



in resistant interunit bonds, referred to as condensed linkages, is high. In agreement
with previously published data (Méchin et al. 2000), the lignin-derived monomers re-
leased from the lignins of the extractive-free maize stem were obtained with a yield
close to 800 umol per gram lignin (Table 4). This yield means that about 17% of lignin
units are only involved in labile B-O-4 bonds or, conversely, that 83% are involved in
resistant linkages. While H monomers were obtained as trace components (about 1% of
thioacidolysis monomers), G and S monomers were recovered in close relative amounts
(52% G and 46% S). The comparison of R1 and LC1 with MS EFR indicated that the
0.5 M NaOH alkali treatment made some fractionation in native lignins. The lignins
recovered in the LC1 were found to be slightly enriched in S units and in units only in-

volved in B-O-4 bonds (54% and 23%; as compared to 46 and 17% in the initial sam-

ple).

The B-O-4 yield of LC1 accounted for 54% of the initial amount of the MS EFR, calcu-
lated using data in Table 1 and Table 4. This means that more than half of the MS
EFR’s lignins that contained units only involved in -O-4 linkages were solubilized in
0.5 M NaOH and recovered in LC1. Comparison of R1 and R2 showed that the enzy-
matic hydrolysis resulted in slight enrichment of uncondensed lignins in R2. In contrast,
the final 2 M alkali extraction of R2 further reduced by 42% the thioacidolysis yield
compared to the final residue R3 with smaller S/G ratio (0.61) than in the initial materi-
al. The uncondensed lignins solubilized in 2 M NaOH were not recovered in LC2 by the
precipitation procedure. Consequently, the two recovered LC fractions exhibited con-
trasted lignin profiles, with 77% of resistant interunit bonds in LC1 versus 98% in LC2.
These two alkali-soluble fractions were further characterized by analyzing the amount

and linkage types with respect to p-coumaric and ferulic acids.
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3.3 Fractionation affected the binding modes and proportion of p-coumaric and

ferulic acid in the isolated fractions

Alkaline hydrolyses carried out under mild and severe conditions were used to study
ester- and ether-bound hydroxycinnamic acids in the isolated fractions. The phenolic
compounds released by alkaline hydrolysis of each fraction are given in supplementary
data (Table S3 in the Electronic Annex). It is noteworthy that the severe alkaline hy-
drolysis of the samples leads to generation of syringaldehyde and vanillin, probably due
to degradative cleavage of S and G units of lignin, respectively. Though small amounts
of syringaldehyde and vanillin were formed by degradation of lignin in severe hydroly-
sis conditions, CA and FA were the major phenolic constituents detected after mild and
severe alkali hydrolysis of each fraction. Not unexpectedly, the ratio of ester- to ether-
linked hydroxycinnamic acids in the lignocellulosic fractions decreased subsequently to
each alkaline extraction due to hydrolysis of ester linkages (Table 5). The content of
ester-linked CA observed in the current study for MS EFR is in agreement with litera-
ture value for F2 maize line (Méchin et al., 2000). By contrast, the LC or R fractions
recovered after alkaline hydrolysis were found to be enriched in FA and CA units that
resist mild alkaline hydrolysis. Their most likely bonding modes might be ether linkag-
es. The initial amount of esterified CA related to the total CA observed by 4 M NaOH
hydrolysis is 88%, which in accordance with earlier estimation that 90% of CA is esteri-
fied to lignin in wheat straw (Lawther et al., 1996). The higher proportion of ether-
linked CA in LC1 than in LC2 suggests that CA is etherified to lignins, according to the
two-fold higher lignin content of this fraction compared to LC2 and starting material

MS EFR. The total amount of CA and FA in the unsolubilized fractions decreased grad-

13



ually from MS EFR to R3 as a result of the alkaline treatments. Interestingly, EG treat-
ment of R1 decreased slightly content of ester-bound CA and FA in R2 (Table 5), which
could be due to release of lignins and arabinoxylans associated with cellulose before its

hydrolysis by the EG.

Based on mass balances of the initial 0.5 M NaOH extraction (data not shown) most of
initial CA (75%) and FA (65%) were released as free acids in the first alkaline hydroly-
sate. Because 88% of the total amount of CA was ester-linked to lignins, the high pro-
portion of solubilized lignins (68%) from MS EFR by the mild alkaline treatment, cal-
culated from KL mass balances (Table 1), was probably resulting from increased con-
tent of phenolic hydroxyl groups in lignins. In turn, relatively low precipitation yield of
LC1 compared to total amount of solubilized lignins suggested that these lignins are
readily soluble even at pH 2. To compare fractionation of hydroxycinnamic acids into
the main isolated fractions, mass balances of FA and CA are given in Table 6. Results
show that 32% of FA was detected in the isolated fractions whilst only 17% of CA was
recovered. FA units, which are etherified to lignin and ester-linked to hemicelluloses in
grass cell walls have, in addition, been shown to oxidatively couple to dimers (Lapierre
et al., 2001) making such structures less susceptible to alkaline hydrolysis. The initial
proportion of ether-linked FA was five times higher than ether-linked CA in EFR (Table
5). Indeed, in contrast to low total yield of esterified hydroxycinnamic acids CA and FA
(7% and 5%, respectively), majority of etherified CA and FA (91% and 81%, respec-
tively) were recovered in the main fractions (Table 6). These points may in turn explain
higher recovery and content of FA than CA in the isolated LCs. Moreover, majority of
lignins in wheat straw have been suggested to be directly ether-linked to arabinose (Ara)

moieties of arabinoxylans (Lawther and Sun, 1996). These ether-linkages would have

14



largely survived the alkaline extractions used in the current study, in contrast to ester-
linked hydroxycinnamic acids (Table 5) as discussed above. However, since the LC
fractions were not further fractionated or purified herein, no conclusion can be drawn

regarding the quantity of covalent lignin-carbohydrate bonds.

3.4 ATR-FTIR spectroscopy was found suitable to monitor composition and struc-

tural changes of the maize stem samples along fractionation

Comparison of the ATR-FTIR spectra (Figure S1 in Electronic Annex) of the fractions
in the 1900-600 cm™ region was used to monitor the structural changes occurring along
the sequential fractionation of maize stem. The spectra of untreated MS EFR exhibited
broad bands at 900-1100 cm™ with a strong band at 1030 cm™ assignable to aromatic C-
H in-plane de-formation and C-O deformation of primary alcohol, and a band at 1085
cm” originating mainly from C-O deformation (Hergert, 1971). The increasing intensity
of the 1085 cm™ band from MS EFR to R3 reflected the enrichment of the successive
alkali insoluble residues in cellulose, glycosidic linkages contributing to the C-O signal.
Likewise, this band was found proportionally stronger for LC2 than for LC1, in agree-
ment with the higher carbohydrate content of LC2. The higher carbohydrate content of
LC2 was also reflected by the stronger relative intensity of the band at 900 cm™, corre-
sponding to the carbohydrate C,-H deformation and ring-stretching frequency (Stewart
and Morrison, 1992). Besides signals characteristic of carbohydrates, the MS EFR spec-
trum exhibited a band at 1735 cm™ corresponding to unconjugated carbonyl stretch
(Faix, 1991). Because only trace amounts of uronic acids were detected in these sam-
ples, this band could be assigned to the carbonyl group carried by FA esters in feruloy-
lated AXs and to CA esters in lignins. Accordingly, the relative intensity of this band

was found to decrease from MS EFR to R1 and again slightly from R2 to R3, in agree-

15



ment with the removal of arabinoxylans and esterified FA and CA as a consequence of
the alkali extractions. Lignin signals were detected in the 1100-1600 cm™ region. A
broad band at 1242 cm™ in the spectra of MS EFR was assigned to stretching of C-O
linked to syringyl or guaiacyl units of lignin (Hergert, 1971). Its absence from the spec-
tra of the insoluble residues (R1-R3) reflected selective removal of lignin at each extrac-
tion step. The bands at 1420 cm'l, 1460 cm'l, and 1510 cm™ were attributable to aro-
matic skeletal vibrations of G-S lignin (Hergert, 1971). In agreement with the decreas-
ing lignin content, the band at 1510 cm™ (indicated by arrows in Fig. 2B) was found
relatively stronger in the spectra of MS EFR and LC1 than in the spectra of other frac-
tions where it was hardly detected. Besides lignin units, hydroxycinnamic acids were
also expected to contribute to this aromatic band (Stewart and Morrison, 1992). Indeed,
comparison of spectra of LC2 and MS EFR suggests that CA and FA gave marked con-
tribution at 1510 cm™ because at comparable lignin contents, the 1510 cm™ band was
less pronounced for LC2. A closer look at the spectra allowed also detecting changes
specific to lignin. The band at 1166 cm™, typical for HGS lignins (Faix, 1991), was pre-
sent in each spectrum but was found the weakest in LC1, with a more flattened shape
compared to LC2. This characteristic was tentatively assigned to the less condensed
structure of lignin in LC1 (Table 4). Thus, the observed changes in the spectra were
found to be consistent with the compositional changes evidenced by chemical analysis.
This result confirms that ATR-FTIR is a high-throughput and convenient tool to moni-

tor how the fractionation process affected lignocellulosics.
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4 Conclusions

Based on the sequential fractionation of maize stem extractive-free material leading to
recovery of 47% total lignin, the occurrence of two major types of lignins in maize stem
is proposed. Lignins soluble in dilute alkali at room temperature are enriched in non-
condensed inter-linkages in contrast to the second type of lignins that are nearly entirely
condensed and more closely associated with cellulose. A portion of this second type of
lignins can be co-solubilized with carbohydrate in alkali from pre-extracted residue hy-
drolyzed with endoglucanase. The distinct lignin structure and carbohydrate composi-

tion very likely impact different properties of the isolated lignin-carbohydrate fractions.
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Figure captions

Figure 1. Scheme for fractionation of maize stem EFR into lignin-carbohydrate frac-

tions LC1, LC2 and alkali-insoluble residues R1-R3.
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Table 1. Dry matter (DM) and Klason lignin (KL) yields of the main fractions recov-

ered from the sequential fractionation procedure shown in Fig.1.

Yield relative to EFR (%)*

Fraction DM KL

MS EFR 100 100
LC1 17.4 38.5
LC2 7.62 8.23
R3 42.3 18.9
Total recovered  67.3 65.6
Difference 32.7 344

*. Sampling of R1 and R2 for characterization is considered in the calculations.
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Table 2. Total carbohydrate (CH) content, monosaccharide composition, and Klason
lignin content of the LCs and lignocellulosic residues obtained from fractionation of
EFR. The values shown are averages of two replicates + absolute deviations from the

mean.

Fraction Total CH Composition (% of total KL

CH)*

(% wiw) Ara Gal Glc Xyl (% wiw)

MS EFR  632+06 3.72 094 633 320 17.3£0.1

R1 78.6+03 377 073 743 212  829+0.01
R2 80.8+0.7 341 0.65 737 221 102+0.3
R3 85.6+0.8 217 036 884 9.05  7.71+0.02
LCI 503+13 105 ND" 644 830 38305
LC2 707+12 592 ND 11.5° 826 18.7+1.1

. Calculated as anhydrous monosaccharides: Ara, arabinose; Gal, galactose, Glc, glu-
cose, Xyl, xylose. ":ND — not detected. :Determined by analysis of the KL filtrate. CH
content of LC1 and LC2 was determined by 4% H2SO4 hydrolysis (1 h, 121°C). CH

content of other fractions was determined using the two-stage H,SO4 hydrolysis.
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Table 3. Carbohydrate (CH) released from R1 (% w/w anhydrosugars/DM) by Novo-

zym 476 analyzed before and after post-hydrolysis of the enzymatic hydrolysate.

Anhydrosugars Ara Gal Gle Xyl Total

(% w/w)

Monosaccharides® 0.02 0.00 3.09 008 3.19
Total carbohydrate® 0.32  0.11  4.69 0.67 5.79

Complex CH (%)° 948 99.8 342 884 453

Based on monosaccharide analysis with® and without” acid hydrolysis of the enzymatic
hydrolysate. Samples were analyzed as analytical duplicates (absolute deviation from
the mean was < 5%) and were corrected for monosaccharides released by self-
hydrolysis or acid hydrolysis of the enzyme preparation.. “:Percentage of complex car-

bohydrate of the total amount.
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Table 4. Thioacidolysis analyses of the LC and lignocellulosic residues obtained from

the fractionation of maize stem EFR. The data are mean values from duplicate analyses

+ absolute deviations from the mean.

% of units

Total yield ) .
Relative proportion (% molar) only in-
H+G+S S/G molar
Fraction volved in
(umol g’! ratio
B-O-4
lignin) %H %G %S
bonds?
MS EFR 836+6 13+0.1 523+0.6 464+0.6 0.89+0.02 16.7 £ 0.1
R1 768+ 16 0.8+02 562+07 429+0.5 0.76 £0.02 154+0.3
R2 817+72 1.0+0.1 542+05 447+04 0.82+0.02 163+1.4
R3 575+16 13+0.0 61.7+£03 37.3+0.2 0.61+0.01 11.5+0.3
LC1 11688 14+0.1 447+£06 539+0.5 121+£003 234+02
LC2 98+ 6 0.7+0.1 482+0.8 51.1+0.7 1.06+0.03 2.0 £0.1

% with the assumption that the average molar mass of a C¢Cs grass lignin unit is 200 g

mol™.
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Table 5. Content of CA and FA (mg g') in maize stem EFR and fractions sequentially

isolated from it. Values shown are percentages averaged on two samples + absolute de-

viations from the mean.

CA® FA®
Fraction Ester Ether Ester Ester Ether Ester
/ether /ether
MS EFR 203+ 1.1 270+£042 7.52 6.45+0.40 3.63+0.23 1.77
R1 266+£0.03 2.11+0.11 1.26 047+0.24 1.26+0.05 0.38
R2 232+£0.02 2.03+0.09 1.14 027+0.18 1.42+0.17 0.19
R3 032+£0.06 1.94+0.04 0.17 0.06+0.06 1.37+0.21 0.05
LCl1 7.28+0.33 823+£0.01 0.88 1.71£0.14 123+0.56 0.14
LC2 031+£0.02 280+0.20 0.11 0.03+0.03 2.73+£0.09 0.01

%:Sum of (E) and (Z) isomers; °(E) isomer.
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Table 6. Mass balance showing fractionation of CA and FA into the two lignin-

carbohydrate fractions and final insoluble residue R3. Total yields of FA and CA as

well as ether-linked CA and FA are given relative to the starting maize stem EFR mate-

rial.
Yield relative to EFR (%)*  Total Ester Ether
CA FA CA FA CA FA

MS EFR 100 100 100 100 100 100
LCl1 11.7 242 6.24 4.6l 53.0 589
LC2 1.03  2.09 0.12 0.04 790 5.73
R3 4.16 6.00 0.67 0.39 304 16.0
Total recovered (%) 169 323 7.02 5.04 91.3 80.6
Diftference (%) 83.1 67.7 93.0 95.0 8.7 19.4

“: Yields have been calculated using mean values of CA and FA given in Table 5 and

DM vyields given in Table 1.
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Extraction with 0.5 M NaOH at 20°C for 24 h
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Hydrolysis wlith Novozym 476 at 45°C for 90 h

R2

|
Extraction with 2 M NaOH at 20°C for 24 h
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