BIOSCIENCE, BIOTECHNOLOGY, AND BIOCHEMISTRY
2018, VOL.82,NO.7,1143-1152
https://doi.org/10.1080/09168451.2018.1447358

Taylor & Francis
Taylor & Francis Group
1) Check for updates

A comparative study of the biomass properties of Erianthus and sugarcane:
lignocellulose structure, alkaline delignification rate, and enzymatic
saccharification efficiency

Takuji Miyamoto?, Masaomi Yamamura?, Yuki Tobimatsu?, Shiro Suzuki?, Miho Kojima®*, Keiji Takabe®,
Yoshifumi Terajima©, Asako Mihashi¢, Yoshinori Kobayashi and Toshiaki Umezawa®¢

?Research Institute for Sustainable Humanosphere, Kyoto University, Uji, Kyoto, Japan; °Graduate School of Agriculture, Kyoto University,
Kyoto, Japan; Tropical Agricultural Research Front, Japan International Research Center for Agricultural Sciences, Ishigaki, Japan; ‘Tsukuba
Laboratory, AIST Tsukuba Central 6, Japan Bioindustry Association, Tsukuba, Japan; ¢Research Unit for Development of Global Sustainability,
Kyoto University, Uji, Kyoto, Japan

ABSTRACT

A comprehensive understanding of the structure and properties of gramineous lignocelluloses
is needed to facilitate their uses in biorefinery. In this study, lignocelluloses from fractionated
internode tissues of two taxonomically close species, Erianthus arundinaceus and sugarcane
(Saccharum spp.), were characterized. Our analyses determined that syringyl (S) lignins were
predominant over guaiacyl (G) or p-hydroxyphenyl (H) lignins in sugarcane tissues; on the
other hand, S lignin levels were similar to those of G lignin in Erianthus tissues. In addition, tricin
units were detected in sugarcane tissues, but not in Erianthus tissues. Distributions of lignin
inter-monomeric linkage types were also different in Erianthus and sugarcane tissues. Alkaline
treatment removed lignins from sugarcane tissues more efficiently than Erianthus tissues,
resulting in a higher enzymatic digestibility of sugarcane tissues compared with Erianthus
tissues. Our data indicate that Erianthus biomass displayed resistance to alkaline delignification
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and enzymatic digestion.

Lignocellulosic biomass, the most abundant renewa-
ble resource on Earth, has long been utilized as a fuel,
woody material, and paper feedstock [1]. Recently,
lignocellulosic biomass has attracted much attention
as a potential feedstock for production of energy and
materials in biorefinery. Large gramineous plants
such as Erianthus spp., sugarcanes (Saccharum spp.),
Miscanthus spp., and Napier grass (Pennisetum pur-
pureum) are a potential source of materials with high
biomass productivity [2,3]. In particular, Erianthus
shows 40-60 ton ha™! of dry matter yield [4] and high
tolerance to drought, acidity, and infertility [5,6]. In
addition, large quantities of nutritional minerals that
accumulate in harvestable aerial parts of Erianthus
are translocated to stubble and root during harvest-
ing [7,8], which is a beneficial for reducing fertilizer
input. Erianthus is a close relative of sugarcane, which
is an important crop for sugar production, and is of
interest to sugarcane growers as a genetic resource [9].
Sugarcane could also serve as a feedstock for biorefin-
ery, and therefore, lignocellulose characteristics of sug-
arcane have been actively studied [10-12]. In contrast,

however, earlier reports on characteristics of Erianthus
lignocellulose are still fewer than those on sugarcane
lignocellulose.

Lignocellulose is mainly composed of lignins and pol-
ysaccharides (cellulose and hemicelluloses). Enzymatic
conversions of cellulose and hemicelluloses to ferment-
able sugars have been studied extensively in the context
of biorefinery. Lignins generally limit the enzymatic sac-
charification process by impeding the access of hydro-
lytic enzymes to polysaccharide substrates, and also by
deactivating the enzymes through non-selective adsorp-
tion [13,14]. Earlier studies have shown that enzymatic
saccharification efficiency is negatively correlated with
lignin content in numerous plant species, including
several large gramineous species [11,15]. However, we
previously observed that the saccharification efficiency
of Erianthus tissues was not always correlated with the
lignin content [16], suggesting that some other factors
besides lignin content, such as lignin chemical structures
[17], xylan presence [18], and conformation of cellu-
lose microfibrils [19], might affect the saccharification
of Erianthus.
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Before enzymatic digestion, lignocellulosic biomass
is generally pretreated to improve its saccharification
efficiency. Alkaline treatment using aqueous NaOH is
known to be an effective method for delignification
of gramineous biomass [20-24], and hence alkaline
delignification efficiency is an important indicator of
lignocellulosic biomass utility for fermentable sugar
production. Previous studies have suggested that alka-
line delignification efficiency could be affected by lignin
chemical structure. For example, syringyl (S) units in
lignins are preferentially solubilized over guaiacyl (G)
units in alkaline pretreatments of sugarcane [12], bam-
boo (Bambusa rigida) [25], and sorghum [26], suggest-
ing that S lignin-abundant biomass will be useful for
fermentable sugar production [27]. Thus, an analysis of
lignin chemical structures will be important for evalu-
ating a biomass recalcitrance to alkaline delignification.

In this study, to gain insight into the structure and
properties of gramineous biomass, we investigated (1)
original lignocellulose composition and lignin chem-
ical structures, (2) changes in the lignocellulose com-
position and lignin chemical structures by an alkaline
treatment, and (3) enzymatic saccharification efficiency
of fractionated internode tissues from Erianthus arundi-
naceus, and also sugarcane as a control for comparison.
To analyze the lignocellulose structures from Erianthus
and sugarcane tissues before and after the alkaline
treatment in details, we used a series of chemical deg-
radation and two-dimensional (2D) nuclear magnetic
resonance (NMR) spectroscopy methods. Our data will
increase an understanding of biomass from Erianthus
and sugarcane, which could facilitate their applications
to biorefinery.

Materials and methods
Plant materials

Erianthus plants (E. arundinaceus, Type I) [28] used
in this study were obtained from the Kamigamo
Experimental Station, Field Science Education and
Research Center, Kyoto University, Japan. Sugarcane
(Saccharum officinarum cv. NCo310) used for the his-
tochemical analysis was obtained from the Tropical
Agriculture Research Front, Japan International
Research Center for Agricultural Science, Okinawa,
Japan. Sugarcane (Saccharum sp.) used for all the
other analyses was obtained from a cultivation field in
Okinawa, Japan.

Histochemical analysis

Histochemical staining using phloroglucinol-HCl
was carried out as described previously [16] using
70-pm-thick and 50-pum-thick tissue sections of inter-
node tissues of Erianthus and S. officinarum, respectively.
The stained sections were imaged under an Olympus

BX51 microscope (Olympus Co., Tokyo, Japan) equipped
with an Olympus DP71 digital camera (Olympus).

Preparation of cell wall samples

The bottom internodes were divided into inner and outer
parts, and then pulverized and extracted with solvents as
described previously [16]. Briefly, we fractionated and
chopped the inner and outer parts of internode tissues
from Erianthus and sugarcane with a cork borer and scis-
sors, and pulverized them with a TissueLyser (Qiagen
KK, Tokyo, Japan). For sugarcane, chopped samples
before pulverization were extracted with methanol (ten
times) and water (five times) at 60 °C to remove sugar
juice, and freeze-dried. The pulverizations of internode
tissues from both Erianthus and sugarcane were con-
ducted under a same condition (3 min at 25 Hz at room
temperature). The pulverized samples of both species
were further extracted with methanol (twenty times),
hexane (five times), and water (six times) at 60 °C, room
temperature, and 60 °C, respectively. The resulting pow-
der samples were freeze-dried. The obtained powders are
referred to as cell wall residue (CWR).

Lignin content measurement

Lignin content was measured by the thioglycolic acid
method [29]. Ultraviolet (UV) absorbance of thio-
glycolic acid lignin was measured at 280 nm with a
SH-1000 Lab Microplate Reader (Corona Electric Co.,
Ltd., Ibaraki, Japan). Lignin amount was calculated from
UV absorbance using a following equation:

Lignin concentration (mg L_l) = Abs280 X 233.42
(1)

where Abs280 is a value of UV absorbance of thioglycolic
acid lignin at 280 nm. The equation was obtained from a
calibration curve constructed using milled wood lignins
from bamboo as a standard [29].

Determination of neutral sugar composition

CWRs were de-starched [16] and the matrix poly-
saccharides were hydrolyzed with 2 M trifluoroacetic
acid at 100 °C for 5 h. The resulting monomeric sugars
were derivatized by the alditol acetate method [30] and
quantified by gas chromatography mass spectrometry
(GC-MS) analysis (GCMS-QP 2010 Plus, Shimadzu Co.,
Ltd., Kyoto, Japan). The GC-MS was operated under
the following conditions: column, SUPELCO SP-2330
(30 mx0.25 mm i.d., film thickness 0.20 um); carrier
gas, helium; oven temperature, increased from 170 °C
to 235 °C at 4 °C min}; and electron ionization, 70 eV.
Myo-inositol (Nacalai Tesque, Kyoto, Japan) was used
as an internal standard for quantification. In parallel,
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pellets left after the trifluoroacetic acid hydrolysis were
treated with Updegraff reagent [31], washed with dis-
tilled water and acetone, and then completely hydrolyzed
with H,SO, [32]. The released glucose was quantified
using a Glucose CII test kit (Wako Pure Chemicals
Industries, Osaka, Japan). The amounts of polysaccha-
rides from neutral sugar monomers were calculated as
follows [33]:

Polysaccharide content (%)
X 100

)
where Monomeric sugar yield, C_, , and Dry weight .
are amounts (mg) of monomeric neutral sugars, cor-
rection constant: 0.90 for hexoses (glucose, mannose,
and galactose); 0.88 for pentoses (xylose and arabinose),
and amounts (mg) of sample used for the analysis,

respectively.

= Monomeric sugar yield X C,,, /Dry weight

Thioacidolysis

Analytical thioacidolysis was performed according to an
established method [34], and the released lignin mon-
omers were derivatized with N,O-bis(trimethylsilyl)
acetamide and quantified by GC-MS (GCMS-QP 2010
Ultra, Shimadzu) using the conditions described pre-
viously [16].

2D NMR

Cell wall samples for NMR were prepared using an
established method [27,35,36]. Briefly, each CWR sam-

Delignification rate (%) = (Lignin cont.;, X CWR, —

ple (approximately 200 mg) was ground to powder in a
planetary micro mill (Pulverisette 7, Fritsch Industrialist,
Idar-Oberstein, Germany) in ZrO, vessels containing
ZrO, ball bearings (600 rpm, eight cycles of 10 min with
5 min intervals). Then, each powdered CWR (approxi-
mately 60 mg) was swelled in 600 uL of DMSO-d,/pyri-
dine-d, (4:1, v/v) and submitted to NMR analysis. NMR
spectra were acquired on an Avance III 800US system
(Bruker Biospin, Billerica, MA) equipped with a cryo-
genically cooled 5-mm TCI gradient probe. Adiabatic
2D '"H-"C heteronuclear single-quantum coherence
(HSQC) NMR experiments were carried out using stand-
ard implementation (“hsqcetgpsp.3”) with the param-
eters described in the literature [36]. Data processing
and analysis were conducted using Bruker TopSpin 3.1
software (Bruker Biospin, Billerica, MA), and the central
DMSO solvent peaks (8./6,; = 39.5/2.49 ppm) were used
as an internal reference. HSQC plot data were obtained
using typical matched Gaussian apodization (line broad-
ening = -1.0, Gaussian max. position for gm = 0.001) in
F2, and squared cosine-bell apodization and one level of
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linear prediction (16 coeflicients) in F1. Volume integra-
tions of HSQC contours were performed as described
previously [37] with a slight modification. For integra-
tion of lignin and aromatic signals, C,-H, correlations
from G units (L) and ferulate residues (FA), and C,-H,/
C,~H, correlations from S units (L), p-hydroxyphenyl
units (L,;), and p-coumarate residues (pCA), and C,-
H,/C,-H,, correlations from tricin residues (T) were
used, and the L, L, pCA, and T integrals were logically
halved. For integrations of lignin inter-monomeric link-
ages, well-resolved C ~H_ contours from -5 (II), f-f
(ITI), and the corresponding y-acylated units (II" and
III'), and Cy-H,; contours from $-O-4 units without
and with y-acylation (I and I') were integrated, and III
and III" integrals were logically halved.

Alkaline treatment

Alkaline treatment was carried out in a similar manner
to that described previously [38,39]. Briefly, 60 mg of
CWR was put into a 15-mL centrifuge tube, and 6 mL of
1 M NaOH (degassed by N,) was added. The suspension
was incubated at room temperature with vertical shaking
at 80 rpm for 24 h in the dark. Then, the residue and
supernatant were separated by centrifugation (1,000 x g,
10 min, room temperature). The residue was washed
twice with 3 mL of methanol and dried in vacuo. Mass
recovery rate after alkaline treatment and delignification
rate by the treatment were calculated as follows:

Mass recovery rate (%) = (CWR, — CWR,)/CWR, X 100

)

Lignin cont., X CWR,)/Lignin cont., X 100 @)

where CWR,,and CWR, are dry weights (mg) of CWR
before and after alkaline treatment, and where Lignin
cont.,; and Lignin cont. , are lignin contents (%) before
and after alkaline treatment, respectively.

Determination of enzymatic saccharification
efficiency

Enzymatic saccharification was performed as described
previously [16]. Briefly, de-starched CWR sample (2 mg)
was suspended with 200 pL of 50 mM sodium citrate
buffer (pH 4.8), and 400 pL of an enzyme mixture con-
taining 3.3 FPU Celluclast 1.5L, 7.5 CbU Novozyme
188, and 0.205 mg Ultraflo L (Novozymes, Bagsbaerd,
Denmark) was added to the suspension. The reaction
mixture was incubated in a rotary heat-block at 12.5 rpm
and 50 °C for 24 h, and the released glucose was quanti-
fied using a Glucose CII test kit (Wako Pure Chemicals
Industries). The enzymatic saccharification efficiency
(ESE) was determined using the following equation:

ESE (%) = Glu,/Glu, X 100
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2 mm 300 pm

Figure 1. Histochemical analysis of internode tissues of Erianthus (A-C) and sugarcane (D-F). (A and D) Transverse tissue sections
stained with phloroglucinol-HCI for lignin detection. Inner (In) and outer (Out) internode fractions for cell wall structure and
digestibility analyses are indicated. (B and E) Magnifications of the inner internode tissues. (C and F) Magnifications of the outer
internode tissues. P, parenchyma; VB, vascular bundle; BSF, bundle sheath fiber.

where Glu, and Glu, are the amounts (mg) of glucose
obtained from the enzymatic digestion and H,SO,
hydrolysis [32] of CWR, respectively. The ESE improve-
ment with alkaline treatment was evaluated using the
following equation:

ESE improvement = ESE, — ESE,

where ESE, and ESE, are the ESEs determined for the
untreated and alkaline-treated CWRs, respectively.

Results and discussions

Original lignocellulose structures of Erianthus and
sugarcane internode tissues

As previously described [10,16], our histochemical anal-
ysis showed that the internode tissues of Erianthus and
sugarcane were heterogeneously lignified. The phloro-
glucinol-HCI staining, which detects cinnamaldehyde
end-groups in lignin polymers, indicated that vascular
bundles and bundle sheath fibers were particularly ligni-
fied in both species (Figure 1). Heavily lignified vascular
bundles and bundle sheath fibers were more abundant
in the outer parts than the inner parts of both Erianthus
and sugarcane internodes (Figure 1). For lignocellulose
characterizations, we fractionated the inner and outer
internode tissues from Erianthus and sugarcane.

As expected from the histochemical analysis data,
both species displayed higher thioglycolic acid lignin

Table 1. Lignin content and composition of inner and outer
internode tissues of Erianthus and sugarcane.

Thioacidolysis-derived lignin

Thlpg!ycc?llc composition
acid lignin
content (%) H/G? S/G?
Erianthus Inner 18.3+£0.6** 0.03 £0.00 0.89 +£0.05*
Outer 23.7+04 0.04 £0.00*  0.99 +0.05**
Sugarcane  Inner 13.1£0.8 0.05 £0.02 2.17 £0.47
Outer 24.1+0.2 0.06 +0.01 141 £0.18

Values are means + standard deviations (n = 3). °GC-MS peak area ratios for
lignin-derived thioacidolysis monomers:

H, p-hydroxyphenyl trithioethylpropane (m/z 239); G, guaiacyl trithioeth-
ylpropane (m/z 269); S, syringyl trithioethylpropane (m/z 299). Asterisks
indicate significant differences between Erianthus and sugarcane in the
same part of internode tissues (*p < 0.05; **p < 0.01, Student’s t-test).

contents in the outer internode tissues than in the inner
internode tissues (Table 1). The lignin content in the
inner internode tissues was 40% higher in Erianthus
than that in sugarcane, whereas the lignin contents in the
outer internode tissues were similar in the two species
(Table 1). In line with this, contents of polysaccharides,
i.e. arabinan, xylan, galactan, and glucan, of the inner
internode tissues were higher in sugarcane than those
in Erianthus (Table 2).

Thioacidolysis analysis was performed to determine
lignin aromatic composition associated with -O-4 sub-
structures in the lignin polymers. The range for the S/G
ratios of the sugarcane internode tissues was 1.4-2.2
(Table 1), and these ratios were much higher than those
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Table 2. Polysaccharide contents of inner and outer internode tissues of Erianthus and sugarcane.

Polysaccharide contents (% of CWR)

TFA-soluble fraction

TFA-insoluble fraction

Arabinan Xylan Mannan Galactan Glucan Glucan

Erianthus Inner 2.29+0.10" 9.8+0.7" 0.12+0.05" 0.46+0.13" 1.1+03" 38.5+0.9
Outer 1.11£0.03" 8.2+0.1 0.12+0.10 0.18+0.02 0.9+0.2" 462+2.17

Sugarcane Inner 3.36+0.06 144+1.2 0.24+0.06 1.05+£0.14 54+0.7 37.6+14

Outer 1.93+0.25 10514 0.41+0.30 0.45+0.18 1.8+£0.6 38.2+0.6

Values are means + standard deviations (n = 3). Asterisks indicate significant differences between Erianthus and sugarcane in the same internode tissues

(*p < 0.05; **p < 0.01, Student’s t-test).

in the Erianthus internode tissues (range 0.89-0.99).
Interestingly, the differences between the S/G ratios for
the outer and inner internode tissues showed opposite
tendencies in Erianthus and sugarcane. For sugarcane,
the S/G ratio was higher in the inner than that in the
outer internode tissues, whereas for Erianthus, the ratio
for the outer internode tissues was slightly higher than
that for the inner internode tissues (Table 1). It has been
reported that the S/G ratio in maize (Zea mays) inter-
node tissues is higher in the inner part than that in the
outer part [40], which is similar to what we observed for
sugarcane. By contrast, in Napier grass, the S/G ratios
in the internode tissues do not differ much between
the inner and outer parts [41]. p-Hydroxyphenyl was a

relatively minor component in all of the Erianthus and
sugarcane tissues (Table 1).

For a more in-depth analysis of the lignin struc-
tures, we performed 2D HSQC-NMR analyses on the
Erianthus and sugarcane cell wall samples (Figure 2 and
Figure S2). In the aromatic sub-regions of the HSQC
spectra (8./6,; 90-135/6.0-8.0 ppm), typical lignin aro-
matic signals from G and S units (L and L), and from
p-hydroxyphenyl (L), albeit at much lower levels, were
obvious. Quantitative integration data for these lignin
aromatic signals (Figure 3) generally agreed with the
data obtained by thioacidolysis (Table 1), indicating S/G
ratios were higher in sugarcane than those in Erianthus.
For the internode tissue fractions, the results indicated

Erianthus lig+1l'g| | Sugarcane g(l A
. = . 0.
outer internode Iy, I1 . | outer internode Iy, G6, [ ”av o ﬂ.,v o
Lideid = B 111 o i 7 HO i \r,/
Gy XSpeer ~_ - X5, B i /
60 1 It
B-0-4 B-0-4
(y-OH) (y-acylated)
A Jsgy s 0
Ak, "\K%,P_‘:"J(n
7 \ 7 \
/"/H /"/ﬂ
11 14
B-5 p-5
(y-OH) (y-acylated)
80
I+ 1 XR1a lﬁ+ I'B L XR1a L
GR1a “~GRla - |}
o GRIp H = Tg GRIp L (y-OH) (y-acyl ated)
1 ~— vavl/ XRI1B - X'"1. / -
f T XR1B ol
=-X'1 - 6 < 2=y ~ 100 A ~
’W-‘up:.._/ T ;-i—r» 5/\\1
o =, 276’ 0 LSy =X “A(ON/\O(,,J o, s
= LS2/6 = an Gi F v'l:3 = X" - .0
5= > _ G1
FA; L Al | | FA, | Syrmgyl Gualacyl p-Hydroxyphenyl
@ G2 x4 @LGZ A1 ’ units
= pCAg I == pCAg | 050
7.8
i CA
LGs/g pCA3/5 LGs/g PLA3)/S
.5 L = - 120 o,
-z> FA¢q L | Ly == FAg | PCA
LH 2/6 p-Coumarate Fcrulatc
o 2/6 = residues residues
L | e - N
X1: cinnamyl alcohol  X: xylan
pCAZ/ﬁ pCAz/(, end-groups X': 2-0-Ac xylan
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Figure 2. Two-dimensional heteronuclear single-quantum coherence nuclear magnetic resonance spectra of cell walls from outer
internode tissues of Erianthus and sugarcane. Peak annotations are from the literature [36] and color-coded to match the structures.

Boxes labeled x 4 indicate regions that are vertically scaled.
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Figure 3. Normalized intensities of two-dimensional
heteronuclear single-quantum coherence nuclear magnetic
resonance spectroscopy signals in the spectra of the inner
and outer internode cell walls from Erianthus and sugarcane.
(A) Lignin aromatic signals expressed as a percentage of the
total signal. LS, ., C,-H,/C.~H, correlations from syringyl units;
Le» C,—H, correlations from guaiacyl units; and LH,, C,-H,/
Cs—H, correlations from p-hydroxyphenyl units. (B) Lignin
inter-monomeric linkage signals expressed as a percentage of
the total signal. |, + I',, C,.—H, contours from f-0-4 linkages;
I, + 1, C,~H, contours from -5 linkages; and Il + 1l , C —~
H, contours from B~ linkages. For structure abbreviations, see
Figure 2.

that the S/G ratios were higher in the inner part than
those in the outer part for sugarcane, and vice versa for
Erianthus. In addition to the typical lignin aromatic
rings, signals from p-coumarates and ferulates attached
to lignins and/or arabinoxylans [42] were observed.
Moreover, weak signals from tricin (T), which was
recently identified as a component of lignins in grasses,
were detected in the outer internode tissues of sugar-
cane. Interestingly, tricin signals were not detected in any
of the internode tissues from Erianthus, suggesting much
lower levels of lignin-bound tricin in Erianthus inter-
nodes compared to in sugarcane internodes (Figure 2).

In fact, it has been reported that, although found rather
ubiquitously in grass species, the levels of tricin-incor-
poration into lignins greatly varies with the species and
organ/tissue types [44].

The aliphatic sub-regions of the HSQC spectra (3 _./
d,; 50-90/3.0-6.0 ppm) provided information about
the inter-monomeric linkages present in the lignins
(Figure 2). All the spectra displayed intense signals from
cell wall polysaccharides, and well-resolved prominent
signals from the B-O-4 (I), -5 (II), and p-P (III) lignin
substructures as well as those from the corresponding
y-acylated substructures (I, II’, and III'). The most
dominant signals were from p-0O-4 linkages (I and I’,
69-79% of the total inter-monomeric linkage signals
detected) in both the Erianthus and sugarcane spectra
(Figure 3). The -5 linkage signals (II and II') were
detected only in the Erianthus spectra. S lignins lack
B-5 linkages, and the absence of p-5 signals is therefore
likely because of the S-rich nature of sugarcane lign-
ins. Collectively, our analyses for original lignocellulose
structure revealed differences in lignin chemical struc-
tures between Erianthus and sugarcane, and between
parts of internode tissues from the same species.

Impact of alkaline treatment on the lignocellulose
structure of Erianthus and sugarcane internode
tissues

Next, we investigated the impact of alkaline treatment
on the lignocelluloses from Erianthus and sugarcane
tissues. Mass recovery rates after alkaline treatment
were 68-76% for Erianthus and 62-64% for sugarcane
internode tissues, and delignification rates by alkaline
treatment were 41-64% for the former and 54-68% for
the latter (Figure 4). The delignification rate for the outer
internode tissues was significantly higher in sugarcane
than that in Erianthus, which was in line with their dif-
ference in mass recovery rate, whereas both the mass
recovery rate and delignification rate for the inner inter-
node tissues were similar for the two species (Figure 4).

We also used 2D NMR to investigate changes in the
lignocellulose structures by alkaline treatment. Our NMR
data clearly showed that p-coumarate and ferulate units
attached to lignins and/or arabinoxylans via alkali-labile
ester linkages completely disappeared after the alkaline
treatment of all tissues from Erianthus and sugarcane
internodes (Figure 5, Figures S2, and $3). The tricin sig-
nals were also disappeared after the alkaline treatment
of the outer internode tissues of sugarcane (Figure 5).
Because lignin-bound tricin typically occurs as an end
unit of a lignin polymer chain, it tends to present in
lower molecular fractions of lignins [43,44]. Therefore,
the notable decrease of tricin-integrated lignins might
be due to the preferential solubilization of low-molec-
ular-weight lignin fractions in alkaline treatment of
sugarcane. In addition, alkaline treatment altered the
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S/G composition of the residual lignins differently in
the two species, and in the inner and outer internode
tissues. The S signals were decreased after the alkaline
treatment of the outer internode tissues of Erianthus and
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Figure 4. Mass recovery rate after alkaline treatment (A) and
delignification rate by alkaline treatment (B) of inner and
outer internode tissues from Erianthus and sugarcane. Values
are means *+ standard deviations (n = 3). Asterisks indicate

significant differences between Erianthus and sugarcane tissues
(**P < 0.01, Student’s t-test).
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also of both the inner and outer internode tissues of
sugarcane, whereas the G signals were increased after the
treatment of those samples (Figure 5). The shifts in S/G
composition after the alkaline treatment were corrobo-
rated by thioacidolysis (Fig. S4), and suggested that S was
preferentially solubilized over G in the outer internode
tissues of Erianthus and both the inner and outer inter-
node tissues of sugarcane. Similar results were reported
for alkaline delignification treatments of lignocellulosic
samples from bamboo [25] and sorghum [26]. Our alka-
line treatment was conducted with 1 M NaOH at room
temperature, which is unlikely to cause cleavages of the
lignin polymer backbone in general [45,46]. The prefer-
ential solubilization of S lignins by the alkaline treatment
examined in this study therefore might be associated
with different localization and/or molecular weight of S
and G lignin polymers in the internode tissue samples
of Erianthus and sugarcane. In contrast, however, the
NMR and thioacidolysis analyses indicated that the S/G
composition was increased after the alkaline treatment
of the inner internode tissues of Erianthus. Overall, our
data suggest different assemblies of lignin polymers in
fractionated internode tissues from the two species: S
units were likely dominant in an alkaline-soluble lignin
fraction in the outer internode tissues from Erianthus
and both inner and outer internode tissues from sug-
arcane; by contrast, G units would be dominant in the
alkaline-soluble fraction in the inner internode tissues
from Erianthus.

In contrast to the S/G composition, the inter-mono-
meric linkage distributions before and after the alkaline
treatment were similar for all tissues tested. The rela-
tive intensities of the B—O-4 linkage signals increased,
whereas those of the p—f linkage signals decreased
(Figure 5). The p-0O-4 and P-P units represent the
“internal” and “starting” structures in the lignin pol-
ymer chain, respectively [47]. Our data suggest that
a B-p-abundant fraction of the lignin polymers was
preferentially solubilized by alkaline treatment of both
Erianthus and sugarcane internode tissues.

Lignin aromatic units
100 -

Hydroxycinnamates

Lignin inter-monomeric linkages

80 S G pCA
60 -|
40 -

FA 04 [ B-p

20 -

0 -J—'-|_| .J:I.,_|
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Figure 5. Changes in the lignin and p-hydroxycinnamate structures with alkaline treatment of inner and outer internode tissues from
Erianthus and sugarcane as determined by two-dimensional heteronuclear single-quantum coherence (HSQC) nuclear magnetic
resonance spectroscopy. HSQC signal intensities were measured for the signals from lignin aromatic units (syringyl and guaiacyl),
p-hydroxycinnamate residues (p-coumarate and ferulate), and lignin inter-monomeric linkages (3—-0-4, -5, and $—f) both before
and after the alkaline treatment. The intensity shifts with alkaline treatment were calculated. For structure abbreviations, see Figure
2.Eland EO, the inner and outer internode tissues from Erianthus, respectively. Sl and SO, the inner and outer internode tissues from

sugarcane, respectively.
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Table 3. Enzymatic saccharification efficiencies (ESEs) and summary of lignocellulose characteristics of untreated and alka-

line-treated Erianthus and sugarcane internode tissues.

Untreated Alkali-treated ESE
Lignin Lignin S/G Lignin content improvement
ESE (%) content (%) ratio ESE (%) (%) Lignin S/G ratio (%)
Erianthus In 13.7+03A 18.3+0.6A 0.89+0.05A 82.8+3.0a 9.2+04a 0.99+0.02a 69.0+3.0a
Out 7.3+0.48B 23.7+0.48B 0.99+0.05A 543+1.3b 18.7+0.4b 0.94+0.10a 47.0+1.3b
Sugarcane In 55.2+£4.3C 13.1+0.8C 2.17+0.47AB 94.0+1.9c 6.7+0.3c 1.57+0.20b 38.9+1.9¢
Out 243+1.5D 24.1+0.2B 1.41+0.18B 85.8+4.3a 17.5+0.3d 1.14+0.05¢ 61.5+4.3ac

Values of ESE, lignin content, lignin S/G ratio, and ESE improvement are means + standard deviations (n = 3). Differences in means within a group with

unlike letters are statistically significant (p < 0.05, Holm-adjusted t-test).

Enzymatic digestibility of Erianthus and sugarcane
internode tissues before and after alkaline
treatment

Lastly, we compared enzymatic saccharification of
untreated and alkaline-treated Erianthus and sugarcane
tissues. Enzymatic saccharification efficiencies (ESEs) of
the untreated sugarcane tissues were significantly higher
than those of the Erianthus tissues (Table 3). The inner
internode tissues displayed substantially lower lignin
levels in sugarcane compared with Erianthus, explaining
the difference in ESEs of the inner internode tissues from
the two species. However, interestingly, even though the
lignin contents in the outer internode tissues were sim-
ilar between the two species, sugarcane still displayed
a substantially higher ESE than Erianthus (Table 3). In
earlier studies, the relationship between lignin aromatic
composition and lignocellulose digestibility was inves-
tigated for dehydrogenation of polymer-cell wall com-
plexes [48], transgenic alfalfa [49], Arabidopsis [50], and
hybrid Saccharum spp. [11], and the results suggested
that it was unlikely that enzymatic digestibility of bio-
mass was correlated with its lignin S/G ratio. Therefore,
a relationship between digestibility and some other fac-
tors of lignocellulose besides the lignin content and S/G
composition, such as the substructure distribution and
supramolecular structure of lignins, should be analyzed
in the future.

The ESEs of Erianthus and sugarcane internode tis-
sues were greatly improved by the alkaline treatment.
However, the ESEs of alkaline-treated internode tissues
from Erianthus (54-83%) were still lower than those of
sugarcane (86-94%) (Table 3). The ESE improvement
by alkaline treatment in the inner internode tissues
was higher in Erianthus than that in sugarcane, which
is because the ESE of alkaline-treated inner internode
from sugarcane almost reached saturation (94%). On the
other hand, the ESE improvement in the outer internode
tissues was significantly higher in sugarcane than that
in Erianthus, which was correlated with their difference
in alkaline delignification rate (Figure 4). Therefore, in
addition to the poor digestibility of untreated biomass
from Erianthus, the resistance of the outer internode
tissues to alkaline treatment also limited the ESE of the
alkaline-treated Erianthus biomass.

Conclusions

We demonstrated that original lignocellulose structures
in Erianthus and sugarcane internode tissues were sub-
stantially different, not only between the two species, but
also between inner and outer parts of internode tissues
from the same species. In particular, our analyses indi-
cated that G units and -5 linkage structures in lignin
polymers were more abundant in Erianthus tissues than
those in sugarcane tissues. We observed that G units
were more resistant to alkaline treatment compared
with S units in the outer internode tissues from both
species, which could explain a recalcitrance of the outer
internode tissues from Erianthus to alkaline delignifi-
cation. Enzymatic saccharification efficiencies for the
alkaline-treated samples were still higher in sugarcane
than those in Erianthus. Taken together, our data suggest
that different assemblies of lignin polymers in Erianthus
and sugarcane affected alkaline delignification efficiency
and enzymatic saccharification efficiency of their bio-
mass. In addition, we also observed other differences in
lignocelluloses from Erianthus and sugarcane, such as
tricin level, whose impacts on biomass properties will
deserve further analysis.
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