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ABSTRACT: In this study, purple guinea grass (PG) and Napier grass (NG) were demonstrated and validated as great
sources of xylan and, after enzymatic hydrolysis, xylooligosaccharides (XOs) and xylose. A simple alkaline extraction
gave near-complete recoveries of xylan from both plants. Based on Response Surface Methodology, the highest xylan
yields from PG (95.9±7.6% recovery) and NG (93.5±3.9% recovery) were obtained, respectively, under the following
condition: 13.3% (w/v) NaOH, a liquid-to-solid ratio of 13.3:1, 121 °C/15 psi, and 44 min; 16.8% (w/v) NaOH, a
liquid-to-solid ratio of 14.75:1, 121 °C/15 psi, and 30 min. Analyses of sugar composition and FTIR spectra confirmed
that xylan from both PG and NG was glucurono(arabino)xylan. These xylans were partially hydrolyzed to obtain XOs
using crude endoxylanase while completely hydrolyzed to obtain xylose using a mixture of crude endoxylanase and
β-xylosidase, both from Aureobasidium pullulans. After optimization, the highest yields of both XOs and xylose from
PG were significantly enhanced. The yields of reducing sugars (170.3±10.3 mg/g xylan) and combined xylobiose and
xylotriose (121.2±1.9 mg/g xylan) were maximized at 74.9 U/g xylan of endoxylanase after 64-h incubation. For
xylose, the yield (179.4±3.2 mg/g xylan) was highest at 69.9 U/g xylan and 70.0 U/g xylan of endoxylanase and
β-xylosidase, respectively, after 18-h incubation. Slightly lower yields of reducing sugars (166.4±4.3 mg/g xylan),
combined xylobiose and xylotriose (112.2±1.8 mg/g xylan), and xylose (138.8±3.8 mg/g xylan) were obtained from
NG.
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INTRODUCTION

Hemicellulose, the second most abundant polysaccha-
ride in plant cell wall, has attracted considerable in-
terest due to various industrial applications including
biomedicine, food packaging, and novel materials [1].
Plant biomasses, especially those from agricultural
wastes and fast-growing crops, have received much
interest as the sources of hemicellulose [2, 3]. Many
perennial grasses, including Napier grass (NG) (Pen-
nisetum purpureum x Pennisetum americanum) and
purple guinea grass (PG) (Panicum maximum) which
are forage crops commonly used as animal feeds [2, 4],
exhibit relatively rapid biomass production [4]. The
rapid growth of these pasture crops makes them attrac-
tive as potential sources of lignocellulosic biomasses
for the manufacturing of value-added compounds [2].
Most studies have emphasized the applications of NG
and PG celluloses for film synthesis [5] and biofuel
production including production of butanol [6] and
ethanol [7]. On the contrary, only a few reports have
focused on the utilization of NG and PG hemicelluloses,

especially in saccharification for xylooligosaccharides
(XOs) [8] and xylose [9], despite the fact that these
grass biomasses contain significant amount of it.

After cellulose, hemicellulose is the second most
plentiful polysaccharide of which the major component
is xylan. It can be digested, through acid and enzy-
matic hydrolyses, and transformed into value-added
products, including XOs and xylose. In acid hydrolysis,
it is non-specific and can generate undesirable byprod-
ucts, such as furfural, and high amounts of unwanted
monosaccharides which require a purification step in
the downstream process. Therefore, enzymatic hydrol-
ysis is considered as a more feasible method with high
specificity and product quality [10]. XOs are xylose
oligomers that can be applied as supplements for food
and pharmaceutical products because of their prebiotic
property. They can be produced through partial enzy-
matic hydrolysis using endoxylanase [11]. Regarding
xylose, it is commonly used as the substrate for fer-
mented products, including xylitol, isobutanol, lactic
acid or lipids. Xylose can be produced through com-
plete enzymatic hydrolysis using endoxylanase and
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β-xylosidase [12]. Both enzymes can be produced by
several bacteria and fungi, including the cosmopolitan,
polymorphic ascomycetous Aureobasidium pullulans,
commonly known as black yeasts. It has been reported
that A. pullulans is an excellent xylanolytic enzyme
producer. Many xylanase-overproducing color-variant
strains have been isolated in Thailand, and their en-
zymes have revealed encouraging prospects in indus-
trial applications [13]. Therefore, it is of interest to
investigate the potential of PG and NG as the sources of
xylan and in subsequent XOs and xylose production via
enzymatic hydrolyses using crude A. pullulans endoxy-
lanase and β-xylosidase under the optimal conditions
determined by response surface methodology (RSM).
RSM has been widely used in many optimization stud-
ies since it provides advantages over the conventional
one-factor-at-a-time design, especially the ability to es-
timate interactions among variables and the significant
reduction in experimental time and resources [14].
The development of large-scale saccharification can
be further expanded from these results, which would
increase the value of both PG and NG to that of more
than just cheap animal feeds.

This study illustrates the prospect of PG and NG
as the significant source of xylan since they are fast-
growing and readily available. The nearly complete xy-
lan recoveries obtained from both grasses through sim-
ple NaOH extraction make them attractive as the sub-
strates for industrial xylan production. The obtained
xylans are shown to be readily digestible by xylan-
hydrolyzing enzymes and yield valuable products such
as XOs and xylose that can be further explored for their
potential in food and pharmaceutical industries.

MATERIALS AND METHODS

Microorganisms and grass samples

NG and PG (breeding line TD58) used in this study
were parts of the cultivar collections used in breeding
programs and were grown and harvested at Nakhon
Ratchasima Animal Nutrition Research and Devel-
opment Center, Nakhon Ratchasima Province, and
Phetchaburi Animal Nutrition Research and Develop-
ment Center, Phetchaburi Province, Thailand, respec-
tively. Grass samples were cut, dried in an oven
at 60 °C until consistent weights were achieved, and
then stored in plastic bags. For the xylanolytic en-
zyme production, A. pullulans NRRL 58523 and CBS
135684 were obtained from the culture collection of
the Plant Biomass Utilization Research Unit, Depart-
ment of Botany, Faculty of Science, Chulalongkorn
University, Bangkok, Thailand [13, 15]. For long-term
storage, the yeasts were cultured in yeast malt (YM)
broth at room temperature (28±2 °C) with agitation
(150-rpm) for 3 days and kept at −20 °C after being
lyophilized in 15% (w/v) skim milk. For ongoing
experiments, the yeasts were maintained on YM agar
and stored in a refrigerator (10±2 °C).

Biomass composition, xylan extraction and
optimization

Cellulose, hemicellulose, and lignin contents in NG and
PG were determined as described [8]. For preliminary
extraction, NG xylan (NGX) and PG xylan (PGX) were
extracted by 12% (w/v) NaOH with a liquid-to-solid
ratio of 10:1 in an autoclave (121 °C, 15 psi) for
45 min [2]. Xylan yield and relative xylan recovery
were calculated by Eqs (1) and (2):

Xylan yield (%)

=
Dry weight of the extracted xylan (g)

Dry weight of the grass sample (g)
×100 (1)

Relative xylan recovery (%)

=
Xylan yield (%)

Total hemicellulose content (%)
×100 (2)

In order to optimize the xylan extraction, three
variables were included in Box-Behnken design
(BBD) [16]: NaOH concentrations (12, 15, 18%
(w/v)), steaming times (30, 45, 60 min in an autoclave
at 121 °C and 15 psi), and liquid-to-solid ratios (5:1,
10:1, 15:1 ml/g). Design Expert, version 7.0 (Stat-
Ease Inc., USA) was used for RSM analysis in order to
forecast the optimal condition that gave the maximum
relative xylan recovery. An independent experiment
was then conducted to confirm the predicted condi-
tions, and Student’s t-test was used to compare the
values (SPSS statistical computer package version 16,
SPSS Inc., USA).

Sugar composition and structural analyses

NGX, PGX and the commercial beechwood xylan
(Megazyme, Ireland) as the reference were hydrolyzed
by 4% (v/v) H2SO4 with a liquid-to-solid ratio of
10:1 (10 ml/g) in an autoclave for 1 h [17]. Then,
hydrolysates were neutralized by Ca2CO3 and the
sugar content was quantified by high performance
liquid chromatography (HPLC) using a refractive index
detector (Shimadzu, Japan) and a Shodex Asahipak
NH2P-50 4E column at 40 °C with 5 mM H2SO4 as the
mobile phase at a flow rate of 0.6 ml/min. Analytical
graded xylose, glucose, arabinose, galacturonic acid
and glucuronic acid were used as standards (Sigma-
Aldrich, USA) [17]. For the xylan structural analysis,
Fourier-transform infrared (FTIR) spectroscopy in the
4000–400 cm−1 region using a KBr disc containing 1%
(w/w) of the ground xylan sample at a ratio of 10:1 (by
weight) was used according to previous study [17].

Production of xylanolytic enzymes

Aureobasidium pullulans NRRL 58523 and CBS 135684
were used for the endoxylanase and β-xylosidase pro-
duction, respectively. Both enzymes were selected
based on their high activity and thermostability at 50 °C
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[13, 15, 16]. For seed culture preparation, both strains
were cultivated in YM broth at room temperature
(28±2 °C) with 150-rpm agitation for 3 days. Each
seed culture was transferred to a 0.1% (v/v) endoxy-
lanase/ β-xylosidase production medium containing
ground corncob (1% w/v) as the sole carbon source
according to previous study [18]. The cultures were
incubated at room temperature with 150-rpm agitation
for 3 days. The NRRL 58523 culture supernatant was
collected by centrifugation (6,000× g, 10 min) and
used as the crude endoxylanase [18]. After centrifu-
gation under the same conditions, the CBS 135684
cell pellet was collected, washed several times with
deionized water, then manually ground into a fine
powder in liquid nitrogen. After being suspended in
a small volume of deionized water, the cell lysate was
centrifuged, and the supernatant was used as the crude
β-xylosidase [15].

The endoxylanase activity was measured using
commercial beechwood xylan (Megazyme) as the sub-
strate [16] and the released reducing sugars were
quantified by using 3,5-dinitrosalicylic acid (DNS) ac-
cording to the method described [19]. For the β-
xylosidase assay, the enzyme activity was determined
using p-nitrophenyl-β-D-xylopyranoside (pNPX) as the
substrate. The reaction mixtures containing 10 µl
2.5 mM pNPX, 25 µl enzyme solution, 65 µl distilled
water, and 100 µl 100 mM sodium citrate buffer (pH 4)
were incubated in a water bath at 70 °C for 10 min.
Then, 200 µl of 0.1 M Na2CO3 was added to stop the
reaction and the absorbance was measured at 405 nm.
The p-nitrophenol standard curve was used for activity
calculation [15]. The amount of enzyme that catalyzes
the release of one µmole xylose/p-nitrophenol equiva-
lent per min was defined as one unit (U) of xylanase/
β-xylosidase [15, 16].

Enzymatic hydrolyses and optimization

For the partial enzymatic hydrolysis for XOs produc-
tion, the reaction mixture (10 ml in a 20 ml Erlenmeyer
flask) containing the xylan substrate (1% (w/v)) and
the crude endoxylanase (50 U/g xylan) in 50 mM
sodium citrate buffer (pH 4) was incubated with 150-
rpm agitation at the optimal temperature (50 °C) for
24 h [16]. After hydrolysis, the mixture was heated
at 100 °C for 10 min to denature the enzyme [8],
and the released reducing sugars were quantified as
described [16, 19]. To optimize the partial hydroly-
sis, the xylanase dosage (25, 50, 75 U/g xylan) and
incubation time (24, 48, 72 h) were subjected to the
central composite design (CCD) and RSM to predict
the conditions that would give the maximal yield of
reducing sugars. The content of xylobiose (X2) and
xylotriose (X3) in the hydrolysate was measured by
HPLC (Shimadzu) using refractive index detector and
Shodex sugar sp0810 column (Showa Denko, Japan)
at 40 °C with 5 mM H2SO4 as mobile phase at a

flow rate 0.6 ml/min to compare with standard sug-
ars including xylose (Sigma-aldrich), xylobiose and
xylotriose (Megazyme). The validation of the pre-
dicted conditions was conducted in an independent
experiment with three replicates, and the results were
compared using Student’s t-test.

For xylose production, the complete enzymatic
hydrolysis was conducted in 20 ml Erlenmeyer flasks
with the reaction mixtures (10 ml) containing 1%
(w/v) xylan in 50 mM sodium citrate buffer (pH 4)
and the combined crude enzymes (50 U/g xylan for
each enzyme). The reaction mixtures were incubated
at 50 °C with 150-rpm agitation for 12 h. The re-
action was stopped by boiling at 100 °C for 10 min
[20, 21], and the xylose content in the hydrolysates
was detected by HPLC. To improve the xylose yield,
BBD and RSM were applied with various endoxylanase
dosages (30, 50, 70 U/g xylan), β-xylosidase dosages
(30, 50, 70 U/g) and incubation times (6, 12, 18 h).
The validation of the predicted condition was carried
out as described above.

Statistical analysis

The experiments were carried out in three replicates
and the results were presented as mean values with
one standard deviation. The experimental data were
analyzed using one-way ANOVA with Duncan’s multi-
ple range test (DMRT), or Student’s t-test when appro-
priate (SPSS statistical computer package version 16,
SPSS Inc.). Significant difference was determined at
p < 0.05.

RESULTS AND DISCUSSION

Biomass composition

Both NG and PG biomass compositions were similar.
They comprised about 31.3–33.8% (w/w) cellulose,
27.7–33.7% (w/w) hemicellulose, 6.0–8.7% (w/w)
lignin, 2.7–3.0% (w/w) ash, and 23.3–29.7% (w/w)
others (Table S1). These two grasses showed high
potential as the sources of xylan due to their low
lignin content compared to other grass crops (about
4–20% (w/w)), including vetiver grass [8], Sehima
grass [2], cogon grass [8], Pangola grass, ruzi grass,
and Miscanthus grass [4]. Moreover, both NG and
PG have been found to be available year round on
a large scale, especially in sub-tropical and tropical
areas [4], which is attractive in terms of feedstock
availability, logistic practices, and transportation cost.
Although biomass availability has also been reported
in other pasture grass crops, including vetiver grass
(9 ton/ha/year [4]), para grass (10 ton/ha/year [22]),
and switchgrass (3 ton/ha/year [23]), both NG and
PG have been found to be far more productive at 51–
87 ton/ha/year [4, 24] and 15–19 ton/ha/year [4],
respectively.
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Alkali extraction and optimization

Xylan can be extracted by using different methods such
as alkaline extraction or acid extraction. However,
NaOH is more widely used due to the higher solu-
bility of the obtained xylan and the greater degree
of enzymatic hydrolysis. Moreover, unlike acid ex-
traction, NaOH extraction does not produce harmful
byproducts, such as furfural, which inhibit the subse-
quent microbial activity [2]. In preliminary hydrolysis,
the relative xylan recovery values of NGX and PGX
were 68.6±0.9% and 76.8±3.2%, respectively. To
improve the extraction efficiency, three levels of three
variable factors which were previously found to affect
the xylan yield from sugarcane leaf [16] were selected
for investigation using a Box-Behnken design in this
study (Table S2). ANOVA was employed to analyze
the statistical significance of the models (Table S3 and
Table S4), and the data based on a second-order poly-
nomial was expressed by Eqs (3) and (4) as follows.

Y1 = 20.15X1+1.80X2+125.26X3−0.08X1X2+1.07X1X3

−0.14X2X3−0.60X 2
1−0.01X 2

2−24.23X 2
3−286.69 (3)

Y2 = 11.07X1+2.27X2+174.52X3−0.01X1X2−1.87X1X3

−0.17X2X3−0.17X 2
1−0.02X 2

2−26.89X 2
3−264.79 (4)

where Y1 and Y2 were the relative xylan recovery
(% w/w) of NGX and PGX, respectively, X1 was the
NaOH concentration (% w/v), X2 was the steaming
time (min) and X3 was the liquid-to-solid ratio (ml/g).
According to ANOVA analysis of NGX extraction, 99%
of the observed response could be explained by the
equation (R2 = 0.99). The regression model was
significant (p = 0.0001) whereas lack of fit was not
significant (p = 0.30) which indicated that it could
accurately predict the response. Moreover, the coeffi-
cient of variation (CV) at 3.7% indicated the reliability
and precision of the experiments. ANOVA analysis
also reveals that the relative xylan recovery from NG
is subject to significant interaction effects among the
tested factors. Specifically, the recovery is significantly
influenced by the interaction between NaOH concen-
tration (X1) and steaming time (X2), and the interac-
tion between NaOH concentration (X1) and liquid-to-
solid ratio (X3). These significant interactions indicate
that the optimal setting for X1 (NaOH concentration)
depends on the level chosen for X2 or X3. Conversely,
the effect of steaming time (X2) is independent of the
liquid-to-solid ratio (X3), suggesting their combined
influence on the yield is primarily additive rather than
synergistic or antagonistic. The RSM predicted that
using a 14.75:1 liquid-to-solid ratio and 16.8% (w/v)
NaOH for 30 min yielded the highest relative xylan
recovery (96.9%) as shown in the response surface
plots (Fig. S1). NGX was extracted following the
recommended conditions to confirm the prediction.
The result showed that the relative xylan recovery of

93.5±3.9% was not significantly different from the
predicted value (p = 0.25), suggesting that the equa-
tion was accurate. Using these optimized conditions,
the amount of xylan extracted from NG was 1.36-
fold higher than that using the preliminary conditions
(68.6±0.9%).

For optimization of PGX extraction, 96% of the ob-
served response could be determined by the equation
(R2 = 0.96). Despite the relatively high CV (12.2%),
the model’s significance (p = 0.0044) and insignifi-
cance of lack of fit (p= 0.06) indicated that the regres-
sion model could predict the responses accurately. The
RSM predicted that the highest relative xylan recovery
(99.9%) could be reached when the extraction was
carried out in 13.3% (w/v) NaOH in an autoclave for
44 min with a liquid-to-solid ratio of 13.3:1 as shown
in the contour plots (Fig. S2). A relative xylan recovery
of 95.9±7.6% under the recommended conditions was
obtained, and it was not significantly different from
the predicted value (p = 0.58). Using these optimized
conditions, the PGX recovery value (95.9±7.6%) was
1.25-fold higher than that using the preliminary con-
ditions (76.8±3.2%). In this study, the near complete
xylan recovery (>93%) from both grasses, which was
achieved after optimization, was higher than that of
the previous reports on xylan extraction from NG (67
to 86%) [8, 25, 26]. Interestingly, no attempt on PGX
extraction has been reported. Moreover, the optimal
conditions in this study did not require an excessive
NaOH concentration and long extraction period, unlike
those of previous reports on other grasses including 8–
12% (w/v) NaOH concentrations, 45–480 min incu-
bation times and liquid-to-solid ratio of 10–25:1, with
relative xylan recovery percentages between 61 and
89% [2, 27, 28].

Sugar composition and structural analyses

Structures of NGX and PGX were determined by us-
ing their FT-IR spectra and comparing them with the
spectra of commercial beechwood xylan. The spectra
pattern of all samples are shown in Fig. 1. All three
xylans showed peaks at 3437, 2920, 1415, 1407, 1046,
897, 639 and 530 cm−1, which were typical of xylans.
The stretching of the H-bond in the OH group and C−H
stretching were visible in the NGX and PGX spectra
at 3437 and 2920 cm−1, respectively [29]. The peak
appearance at 1415 cm−1 revealed the carboxyl group
stretching of the glucuronic acid [30]. The peak at
1407 cm−1 was C−H stretching, whereas the C−O,
C−C, and C−OH bending of the xylose pyran ring
were observed at 1046 cm−1 [29]. The spectra band
at 897 cm−1 correlated to the stretching vibration in
C−O−C, which indicated the β-1,4-xylosidic linkage
of the xylan structure [29]. Moreover, the peaks at
639 and 530 cm−1 expressed the stretching or bend-
ing of C−C−H or C−O−C [29]. The appearance of
obtained NGX and PGX peaks at 989 cm−1 was due to
the presence of an arabinose side chain [31] and the
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Fig. 1 The FT-IR spectra pattern of xylan: (a) commercial beechwood xylan, (b) NGX, and (c) PGX.

peak at 1550 cm−1 originated from the phenolic ring
absorbance of lignin [2].

Regarding the sugar analysis (Table S5), xylose
(76.7 and 77.2%, respectively) was detected as the
dominant sugar component in NGX and PGX. Smaller
amounts of arabinose (20.6 and 20.9%, respec-
tively) and trace amounts of glucuronic acid (2.2
and 2.4%, respectively) were observed indicating that
both xylans were glucurono(arabino)xylans. The glu-
curono(arabino)xylans from NG and PG were similar
in structure to those from switchgrass [32], Chinese
silver grass [33], and stiff brome grass [34].

Partial enzymatic saccharification

Based on the preliminary experiment, the amounts
of reducing sugars, which were 140.1±0.0 and
153.2±5.0 mg/g xylan, were obtained from the partial
hydrolyses of NGX and PGX, respectively, by using the
crude A. pullulans NRRL 58523 endoxylanase (50 U/g
xylan) in 50 mM sodium citrate buffer (pH 4.0) and
incubating it at 50 °C for 24 h. Using five levels
of two variable factors, the CCD was employed to
optimize the production of XOs from both xylans. The
response values (amounts of reducing sugars) with
predicted values are presented in Table S6. The sta-
tistical significance of both models was determined by
ANOVA (Table S7 and Table S8), and the second-order
polynomials equations (Eqs (5) and (6)) were derived
from the actual data as follows:

RNGX = 2.79 A1+1.85 A2+0.01 A1A2−0.02 A2
1

−0.01 A2
2+4.86 (5)

RPGX = 3.03 A1+2.10 A2+0.01 A1A2−0.02 A2
1

−0.01 A2
2−8.99 (6)

where RNGX and RPGX were the amounts of reduc-
ing sugars (mg/g xylan obtained from NG and PG,
respectively), A1 was the endoxylanase dosage (U/g
xylan) and A2 was the incubation time (h). Based
on the ANOVA statistical significance model (Table S7
and Table S8), the equations from both models ex-
hibited R2 values of 0.96 and 0.99, respectively. The
models for NGX and PGX hydrolyses were significant,
with p< 0.0013 and p< 0.0001, respectively, whereas
lack of fit was not significant (p < 0.26 and p < 0.17,
respectively), indicating that the regression models
could accurately predict the responses. Moreover, the
low CVs (< 4.1% and < 0.9%, respectively) indicated
that the experiments were precise and reliable. The
response surface plots from both models are shown
in Fig. S3. To improve XOs production from NGX, the
RSM was used to predict that the maximum amount of
reducing sugars (168.8 mg/g xylan) could be achieved
when endoxylanase was used at a dosage of 74.9 U/g
xylan and the mixture was incubated for 64 h. For
PGX, the RSM predicted that the maximum amount
of reducing sugars (172.1 mg/g xylan) could be ob-
tained when endoxylanase was used at a dosage of
74.9 U/g xylan with an incubation time of 64 h. In
independent validation experiments, reducing sugar
amounts of 166.4±4.3 and 170.3±10.3 mg/g xylan
were obtained from NGX (p = 0.49) and PGX (p =
0.78), respectively, which were not significantly differ-
ent from the predicted values, indicating that the equa-
tions were accurate. Using these optimized conditions,
the amounts of reducing sugars obtained from NGX
and PGX were 1.19- and 1.11-fold higher than those
obtained using preliminary conditions, respectively. In
addition, XOs yields, including combined X2 and X3
obtained from NGX and PGX under these optimized
conditions, were 112.2±1.8 and 121.2±1.9 mg/g
xylan, respectively. Mass balances for XOs production
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from both xylans were 35.3 and 32.2 mg/g biomass,
respectively (Fig. S4 and Fig. S5).

Although previous reports showed that acid hy-
drolysis provided higher XOs yields than the enzymatic
hydrolysis method, enzymatic hydrolysis yielded more
X2 and X3 than acid hydrolysis [10]. X2 and X3 have
reportedly shown higher market values than XOs with
a higher degree of polymerization. Moreover, they are
sold as functional food products with higher prebiotic
properties [35]. In this study, XOs yields of 11 and 12%
were obtained from NGX and PGX, respectively, when
digested with 75 U/g xylan endoxylanase for 64 h.
This was similar to other previous reports, in which
slightly lower XOs yields were obtained from Sehima
grass (11%) [2], NG (7%) [8], and vetiver grass (9%)
[8] by using xylanase dosages from 10 to 70 U/g xylan
and incubation times from 17 to 96 h.

Complete enzymatic hydrolysis

Complete xylan hydrolysis was carried out by using
a combination of endoxylanase and β-xylosidase in a
simultaneous digestion or one-step process. This syn-
ergy of both enzymes has been reported to efficiently
improve the hydrolytic yield. Moreover, simultaneous
digestion has been shown to enhance enzymatic con-
version speed and cost-effectiveness due to reduction
of enzyme loading and incubation time [36]. Ac-
cording to the preliminary experiments (50 U/g xylan
endoxylanase and 50 U/g xylan β-xylosidase at 50 °C
for 12 h) (data not shown), xylose yields of 128.9±1.5
and 132.4±0.8 mg/g xylan were obtained from NGX
and PGX, respectively. To enhance the xylose yield
of both xylans, BBD was designed with three levels
of three variable factors, and the response values are
showed in Table S9. The statistical significance of
the models was calculated by ANOVA (Table S10 and
Table S11), and the data based on a second-order poly-
nomial was expressed by Eqs (7) and (8) as follows.

X YNGX = 0.29 B1+0.74 B2+8.10 B3−0.002 B1B2−0.02 B1B3

−0.03 B2B3+0.004 B2
1−0.001 B2

2−0.16 B2
3+27.50 (7)

X YPGX = 176.9−4.05 B1 −0.68 B2 +5.89 B3 +0.01 B1B2

+0.02 B1B3−0.01 B2B3+0.04B2
1+0.01 B2

2−0.16 B2
3 (8)

where X YNGX and X YPGX were the xylose yields (mg/g
xylan) obtained from NGX and PGX, respectively, B1
was the endoxylanase dosage (U/g xylan), B2 was the
β-xylosidase dosage (U/g xylan), and B3 was the incu-
bation time (h). Based on ANOVA analysis of enhance-
ment of xylose production from NGX (Table S10), the
equation exhibited an R2 value of 0.98. The re-
gression model could accurately predict the response,
as evidenced by the significant model (p = 0.0010)
and non-significant lack of fit (p = 0.31). Moreover,
the experiments’ accuracy and reliability were demon-
strated by their low CV (2.2%). The RSM assessment

(Fig. S6) showed that the optimum conditions could
be achieved when adjusting the xylan endoxylanase
dosage to 68.1 U/g, the xylan β-xylosidase dosage to
63.1 U/g and the incubation time to 17 h, resulting in a
xylose yield of 143.6 mg/g xylan. Complete hydrolysis
of NGX was performed under the suggested conditions
to confirm the prediction, and it showed that the xylose
yield of 138.8±3.8 mg/g xylan was not significantly
different (p= 0.16), indicating that the equations were
accurate. Under optimized conditions, the xylose yield
was slightly higher than the yield obtained using the
preliminary conditions.

Regarding the improvement of xylose production
from PGX, according to the ANOVA statistical signif-
icance model (Table S11), the equation exhibited an
R2 value of 0.91. The model was significant, with
p = 0.03, whereas lack of fit was not significant (p =
0.06), in addition, the low coefficient of variation
(CV = 6.3%) indicated the high accuracy, precision,
and reliability of the experiments. The contour plots
are shown in Fig. S7. The RSM assessment showed
that the maximum xylose yield (181.9 mg/g xylan)
could be received when endoxylanase and β-xylosidase
were used in dosages of 69.9 U/g xylan and 70.0 U/g
xylan, respectively, with an 18-h incubation time. An
independent experiment performed under the sug-
gested conditions gave the maximum xylose yield of
179.4±3.2 mg/g xylan, which was not significantly
different from the predicted value (p = 0.65). Using
these optimized conditions, the xylose yield from PGX
was 1.35-fold higher than obtained using the prelim-
inary conditions. The mass balances for xylose pro-
duction from NGX and PGX were 43.7 and 47.6 mg/g
biomass, respectively (Fig. S4 and Fig. S5).

Most previous studies on complete hydrolysis of
grass xylans were conducted by using acid hydrolysis
treatment, which yielded higher amounts of xylose
monomer [9]. However, the enzymatic hydrolysis
method in this study did not produce undesirable toxic
byproducts, such as furfural (Fig. S8), which could
inhibit subsequent microbial activities, including fer-
mentation and biotransformation [37]. The complete
xylan hydrolysis after optimization in this study yielded
xylose from NGX (14%) and PGX (18%) with a 68–
70 U/g xylan endoxylanase dosage and a 63–70 U/g
xylan β-xylosidase dosage, respectively, after incuba-
tion for 18 h. They exhibited xylose yields similar to
those of previous reports on other agricultural residues
(between 13 and 16%) with hydrolysis conditions of 8–
500 U/g xylan endoxylanase dosages and 8–100 U/g
xylan β-xylosidase dosages, and incubation for 72 h
[38, 39].

CONCLUSION

NG and PG were shown to have high potential as
sources of xylan for XOs and xylose production. The
extraction efficiency for both NGX and PGX improved
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significantly, with nearly complete xylan recovery
(93.5±3.9% and 95.9±7.6% recovery, respectively).
Conditions for partial and complete enzymatic hy-
drolysis were also optimized, with a significant im-
provement in XOs yield for NGX (112.2±1.8 mg/g
xylan), and both XOs and xylose yields for PGX
(121.2±1.9 mg/g xylan and 179.4±3.2 mg/g xylan,
respectively). The hydrolyzed products were also
free of furfural which make them suitable for further
studies on their prospects in food and pharmaceutical
applications such as prebiotics and xylitol productions.
Considering the much higher number of studies focus-
ing on the yield of NGX than that of PGX, it is important
to note that PG was shown to be a comparable source
of xylan, XOs and xylose to NG, if not better.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasia1513-1874.2026.
015.
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Appendix A. Supplementary data

Table S1 Biomass composition of grass samples.

Grass sample Biomass composition (% (w/w))a

Cellulose Hemicellulose Lignin Ash Other

NG 31.3±1.5 33.7±0.6 8.7±0.6 3.0±0.6 23.3±1.2
PG 33.8±0.6 27.7±0.6 6.0±0.8 2.7±0.5 29.7±0.4

a Mean±SD derived from three replicates.

Table S2 BBD-RSM used for optimization of xylan extraction from NG and PG.

Run Actual level Relative xylan recovery (% of hemicellulose content)

NaOH concentration Steaming time Liquid-to-solid ratio NG PG

(X1; % w/v) (X2; min) (X3; ml/g biomass) Observeda Predicted Observeda Predicted

1 12 (−1) 30 (−1) 10 (0) 63.7±4.3 64.8 73.4±2.8 79.3
2 18 (+1) 30 (−1) 10 (0) 78.4±9.0 78.0 96.3±3.3 91.4
3 12 (−1) 60 (+1) 10 (0) 63.6±1.2 64.1 77.6±6.5 82.4
4 18 (+1) 60 (+1) 10 (0) 64.9±3.1 64.1 99.9±6.2 94.2
5 12 (−1) 45 (0) 5 (−1) 8.9±0.9 6.9 31.3±1.0 21.1
6 18 (+1) 45 (0) 5 (−1) 7.4±0.5 7.6 44.3±3.2 44.3
7 12 (−1) 45 (0) 15 (+1) 76.2±2.3 76.8 95.7±3.2 96.3
8 18 (+1) 45 (0) 15 (+1) 87.6±3.0 89.9 86.2±3.0 97.7
9 15 (0) 30 (−1) 5 (−1) 11.4±2.3 12.4 21.5±1.8 25.3

10 15 (0) 60 (+1) 5 (−1) 7.4±0.5 9.0 28.8±2.0 33.4
11 15 (0) 30 (−1) 15 (+1) 94.4±3.7 93.4 99.1±7.2 93.8
12 15 (0) 60 (+1) 15 (+1) 82.0±2.0 82.5 96.4±4.3 91.9
13 15 (0) 45 (0) 10 (0) 74.5±3.8 76.0 89.7±1.0 92.8
14 15 (0) 45(0) 10 (0) 76.2±9.7 76.0 95.1±7.3 92.8
15 15 (0) 45 (0) 10 (0) 73.1±2.3 76.0 93.6±4.4 92.8

a Mean±SD derived from three replicates.

Table S3 ANOVA for response surface quadratic model of xylan extraction from NG.

Source Sum of squares Mean square F -value p-value

Model 14156.6 1573.0 341.2 < 0.0001 Significant

X1-NaOH concentration 83.2 83.2 18.1 0.008

X2-Steaming time 112.7 112.7 24.5 0.004

X3-Liquid-to-solid ratio 11643.0 11643.0 2525.9 < 0.0001

X1X2 45.4 45.4 9.9 0.03

X1X3 41.4 41.4 9.0 0.03

X2X3 17.5 17.5 3.8 0.11

X 2
1 105.8 105.8 23.0 0.01

X 2
2 9.5 9.53 2.1 0.21

X 2
3 2167.2 2167.2 470.2 < 0.0001

Residual 23.2 4.6

Lack of fit 18.3 6.1 2.54 0.3 Not significant

Pure error 4.8 2.4

Cor Total 14179.7

Relative xylan recovery: R2 = 0.99, R2 (adjacent) = 0.99, CV = 3.7%.
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Table S4 ANOVA for response surface quadratic model of xylan extraction from PG.

Source Sum of squares Mean square F -value p-value

Model 11067.3 1229.7 14.6 0.004 Significant

X1-NaOH concentration 295.1 295.1 3.5 0.12

X2-Steaming time 18.9 18.9 0.2 0.66

X3-Liquid-to-solid ratio 7909.9 7910.0 93.6 0.0002

X1X2 0.1 0.1 0.001 0.97

X1X3 125.8 125.8 1.5 0.28

X2X3 24.8 24.8 0.3 0.61

X 2
1 8.8 8.8 0.1 0.76

X 2
2 73.3 73.3 0.9 0.39

X 2
3 2669.7 2669.7 31.6 0.003

Residual 422.6 84.5

Lack of fit 406.8 135.6 17.2 0.06 Not significant

Pure error 15.8 7.9

Cor Total 11489.9

Relative xylan recovery: R2 = 0.96, R2 (adjacent) = 0.90, CV = 12.2%.

Table S5 Sugar composition of NGX and PGX.

Extracted xylan Sugar composition (%)*

Xylose Arabinose Glucuronic acid

NGX 77.2±0.7 20.6±0.4 2.2±0.8
PGX 76.7±0.3 20.9±0.4 2.4±0.1

* Data were presented as the average value ± standard deviation.

Table S6 CCD-RSM used for optimization of XOs production from NGX and PGX.

Run Actual level The amount of reducing sugars (mg/g xylan)

Endoxylanase dosage Incubation time NGX PGX

(A1; U/g initial xylan) (A2; h) Observeda Predicted Observeda Predicted

1 25 (−1) 24 (−1) 95.7±3.0 99.2 94.9±2.9 95.2
2 75 (+1) 24 (−1) 148.9±9.9 152.0 148.9±13.5 148.2
3 25 (−1) 72 (+1) 125.5±7.6 131.5 125.7±2.3 124.9
4 75 (+1) 72 (+1) 162.5±3.2 168.2 172.9±8.08 171.2
5 15 (−1.414) 48 (0) 107.1±1.5 103.0 96.3±7.0 97.17
6 85 (+1.414) 48 (0) 169.8±4.9 165.6 165.2±2.3 166.7
7 50 (0) 14 (−1.414) 127.1±3.1 124.3 119.6±1.6 119.6
8 50 (0) 82 (+1.414) 165.0±9.6 158.6 155.6±6.3 157.0
9 50 (0) 48 (0) 149.7±5.8 153.6 155.2±3.8 155.3
10 50 (0) 48 (0) 158.4±9.3 153.6 156.0±1.9 155.3
11 50 (0) 48 (0) 152.7±4.0 153.6 154.6±5.3 155.3

a Mean±SD derived from three replicates.
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Table S7 ANOVA for response surface quadratic model of XOs production from NGX.

Source Sum of squares Mean square F -value p-value

Model 5851.4 1170.3 26.7 0.001 Significant

A1-Endoxylanase dosage 4001.7 4001.7 91.4 0.0002

A2-Incubation time 1174.8 1174.8 26.8 0.004

A1A2 64.7 64.7 1.5 0.28

A2
1 547.6 547.6 12.5 0.02

A2
2 208.7 208.7 4.8 0.08

Residual 218.9 43.8

Lack of fit 179.4 59.8 3.0 0.26 Not significant

Pure error 39.5 19.8

Cor Total 6070.3

The amount of reducing sugars: R2 = 0.96, R2 (adjacent) = 0.93, CV = 4.1%.

Table S8 ANOVA for response surface quadratic model of XOs production from PGX.

Source Sum of squares Mean square F -value p-value

Model 7286.3 1457.3 831.4 < 0.0001 Significant

A1-Endoxylanase dosage 4928.2 4928.2 2811.8 < 0.0001

A2-Incubation time 1394.3 1394.3 795.5 < 0.0001

A1A2 11.3 11.3 6.4 0.05

A2
1 800.0 800.1 456.5 < 0.0001

A2
2 404.8 404.8 230.9 < 0.0001

Residual 8.8 1.8

Lack of fit 7.7 2.6 5.0 0.17 Not significant

Pure error 1.0 0.5

Cor Total 7295.1

The amount of reducing sugars: R2 = 0.99, R2 (adjacent) = 0.99, CV = 0.9%.

Table S9 BBD -RSM used for optimization of xylose production from NGX and PGX.

Run Actual level Xylose yield (mg/g xylan)

Endoxylanase dosage β-xylosidase dosage Incubation time NGX PGX

(B1; U/g xylan) (B2; U/g xylan) (B3; h) Observeda Predicted Observeda Predicted

1 30 (−1) 30 (−1) 12 (0) 119.7±4.4 117.8 126.8±1.6 134.8
2 70 (+1) 30 (−1) 12 (0) 135.5±2.8 133.9 150.2±6.4 145.7
3 30 (−1) 70 (+1) 12 (0) 128.8±1.3 130.4 136.6±2.0 141.2
4 70 (+1) 70 (+1) 12 (0) 141.7±1.8 143.7 182.9±3.9 174.9
5 30 (−1) 50 (0) 6 (−1) 105.1±1.2 104.4 123.3±0.9 118.9
6 70 (+1) 50 (0) 6 (−1) 124.4±2.2 123.3 129.4±4.1 137.5
7 30 (−1) 50 (0) 18 (+1) 131.4±0.8 132.5 149.1±2.5 141.0
8 70 (+1) 50 (0) 18 (+1) 142.3±0.8 143.0 162.5±3.0 166.9
9 50 (0) 30 (−1) 6 (−1) 100.6±0.8 103.3 108.7±2.2 105.1
10 50 (0) 70 (+1) 6 (−1) 121.7±0.9 120.8 126.4±1.7 126.3
11 50 (0) 30 (−1) 18 (+1) 132.7±1.0 133.6 134.0±0.7 134.1
12 50 (0) 70 (+1) 18 (+1) 141.1±0.4 138.5 145.2±0.6 148.7
13 50 (0) 50 (0) 12 (0) 132.6±1.2 130.2 135.2±0.1 132.0
14 50 (0) 50 (0) 12 (0) 129.1±0.4 130.2 130.1±0.1 132.0
15 50 (0) 50 (0) 12 (0) 128.8±0.75 130.2 130.7±0.3 132.0

a Mean±SD derived from three replicates.
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Table S10 ANOVA for response surface quadratic model of xylose production from NGX.

Source Sum of squares Mean square F -value p-value

Model 2030.0 225.6 27.59 0.001 Significant

B1-Endoxylanase dosage 432.7 432.7 52.92 0.001

B2-β-xylosidase dosage 251.0 251.0 30.70 0.003

B3-Incubation time 1145.4 1145.4 140.1 < 0.0001

B1B2 2.0 2.0 0.25 0.64

B1B3 17.8 17.8 2.2 0.20

B2B3 39.9 39.9 4.9 0.08

B2
1 8.4 8.4 1.0 0.36

B2
2 0.21 0.2 0.03 0.88

B2
3 127.0 127.0 15.5 0.01

Residual 40.9 8.2

Lack of fit 32.0 10.7 2.4 0.31 Not significant

Pure error 8.9 4.4

Cor Total 2070.9

Xylose yield: R2 = 0.98, R2 (adjacent) = 0.94, CV = 2.2%.

Table S11 ANOVA for response surface quadratic model of xylose production from PGX.

Source Sum of squares Mean square F -value p-value

Model 4111.0 456.8 6.0 0.03 Significant

B1-Endoxylanase dosage 995.3 995.3 13.1 0.02

B2-β-xylosidase dosage 639.3 639.3 8.4 0.03

B3-Incubation time 1324.3 1324.3 17.5 0.01

B1B2 130.7 130.7 1.7 0.25

B1B3 13.3 13.3 0.18 0.69

B2B3 10.7 10.7 0.14 0.72

B2
1 811.2 811.2 10.7 0.02

B2
2 19.9 19.9 0.26 0.63

B2
3 121.6 121.6 1.6 0.26

Residual 379.4 75.9

Lack of fit 363.9 121.3 15.6 0.06 Not significant

Pure error 15.5 7.8

Cor Total 4490.4

Xylose yield: R2 = 0.91, R2 (adjacent) = 0.76, CV = 6.3%.
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Fig. S1 Response surface plot for optimal condition of the relative xylan recovery from NG: (a) Effect of NaOH concentration
and steaming time, (b) Effect of NaOH concentration and liquid-to-solid ratio, and (c) Effect of steaming time and liquid-to-
solid ratio.

Fig. S2 Response surface plot for optimal condition of the relative xylan recovery from PG: (a) Effect of NaOH concentration
and steaming time, (b) Effect of NaOH concentration and liquid-to-solid ratio, and (c) Effect of steaming time and liquid-to-
solid ratio.

Fig. S3 Response surface plots for optimal condition of partial enzymatic hydrolysis of (a) NGX and (b) PGX for determination
of the releasing of reducing sugars.
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100 g NG dry biomass

Biomass composition

• Cellulose  31.3 g

• Hemicellulose 33.7 g

• Lignin 8.7 g

• Ash 3.0 g
• Other 23.3 g

NaOH extraction

31.5 g Extracted xylan

(Xylan recovery 93.5%)

68.5 g Residual

1 g Extracted xylan 1 g Extracted xylan

Partial hydrolysis
(Endoxylanase)

Complete hydrolysis
(Endoxylanase and β-xylosidase)

HPLC HPLC

• Xylobiose 77.7 mg

• Xylotriose 34.5 mg

XOS 112.2 mg 

• Xylose 138.8 mg

XOS 35.3 mg/g biomass 

Xylose 43.7 mg/g biomass 

Fig. S4 The mass balance to produce XOs and xylose from NGX.
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100 g PG dry biomass

Biomass composition

• Cellulose  33.8 g

• Hemicellulose 27.7 g

• Lignin 6.0 g

• Ash 2.7 g
• Other 29.7 g

NaOH extraction

26.6 g Extracted xylan

(Xylan recovery 95.9%)

73.5 g Residual

1 g Extracted xylan 1 g Extracted xylan

Partial hydrolysis
(Endoxylanase)

Complete hydrolysis
(Endoxylanase and β-xylosidase)

HPLC HPLC

• Xylobiose 85.3 mg

• Xylotriose 35.9 mg

XOS 121.2 mg 

• Xylose 179.4 mg

XOS 32.2 mg/g biomass 

Xylose 47.6 mg/g biomass 

Fig. S5 The mass balance to produce XOs and xylose from PGX.
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Fig. S6 Response surface plots for optimal condition of xylose production from NGX: (a) Effect of β-xylosidase and
endoxylanase dosages, (b) Effect of incubation time and endoxylanase dosage, and (c) Effect of incubation time and β-
xylosidase dosage.

Fig. S7 Response surface plots for optimal condition of xylose production from PGX: (a) Effect of β-xylosidase and
endoxylanase dosages, (b) Effect of incubation time and endoxylanase dosage, and (c) Effect of incubation time and β-
xylosidase dosage.
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a

b

c

HMF

Furfural

Fig. S8 HPLC chromatograms: (a) standard of furfural and hydroxymethylfurfural (HMF), (b) NGX hydrolysate, and (c) PGX
hydrolysate.
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