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a minimal synergistic enzyme
system for hydrolysis of raw cassava pulp†
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Cassava pulp is an underused agricultural by-product comprising residual starch granules entrapped in cell

wall polysaccharides, making it unique from other lignocellulosic wastes in terms of enzymatic processing.

In this study, a synergistic system comprising a minimal set of enzymes tailor-made for efficient

bioprocessing of raw cassava pulp was developed. The fiber-degrading enzyme mixture comprises an

endoglucanase (Cel12), b-glucosidase (BGL), endo-b-1,4-xylanase (XYN) and endo-polygalacturonase (EPG)

from Aspergillus aculeatus and a cellobiohydrolase I (Cel7A) from Talaromyces cellulolyticus was initially

optimized using the experimental design approach. A glucose recovery yield of 91.3% based on the total

starch and cellulose content was obtained from saccharification of cassava pulp using the combination of

5.0 mg g�1 of fiber degrading enzyme mixture comprising Cel12, Cel7A, BGL, XYN and EPG in the ratio of

16.5 : 25.5 : 15.0 : 18.0 : 25.0 together with 0.5 mg g�1 of raw starch degrading enzyme Stargen™ 002 with

the degree of synergy of 1.43. Efficient hydrolysis was achieved without an energy-intensive pretreatment

step, showing industrial applicability on saccharification and modification of cassava pulp and for further

incorporation of these enzymes into ethanologens for consolidated bioprocessing.
1. Introduction

Conversion of agricultural wastes to value-added products such
as biofuels, biochemicals, and biomaterials can help alleviate
the dependence on non-renewable resources for making these
products, while at the same time solves environmental prob-
lems related to agricultural waste disposal.1 Cassava (Manihot
esculanta) is one of the most economically important crops in
tropical and subtropical regions, ranking as the world's 5th
most staple crop with an annual production of 288 million tons
in 2016.2 Processing of cassava in the starch industry generates
cassava pulp as the major by-product with approximately 10%
of the weight of the starting material. The pulp contains
approximately 60% residual starch by weight, while the rest
comprises cell wall polysaccharides. The high residual starch
content makes it a unique starting material for bioreneries
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compared with other second-generation cellulosic substrates,
such as sugarcane bagasse, rice straw, and corn wastes. With its
combined starch–cellulosic based nature, cassava pulp can be
considered as a generation 1.5 feedstock for biorenery. It is
currently used for low-value products such as animal feed, or
discarded as waste.3,4 However, its potential for conversion to
a range of commodity fermentation products including various
biofuels and chemicals has recently emerged.5–7

Bioprocessing of cassava pulp, in general, is an energy-
intensive process due to the requirement for pre-gelatinization
of raw starch granules entrapped in the brous network of cell
wall polysaccharides and liquefaction of released starch by
a thermostable a-amylase at high temperature, followed by
maltodextrin saccharication by a glucoamylase.8 Efficient non-
thermal enzymatic hydrolysis of dried cassava pulp with no
prior high temperature pre-gelatinization step using various
combinations of crude commercial cellulolytic, hemicellulolytic,
pectinolytic, and amylolytic enzymes compared with a crude
complex enzyme with multi-cell wall and starch degrading
activities from Aspergillus aculeatus has been reported.9 However,
there has been no systematic dissection of the specic composite
enzyme activities required for direct hydrolysis of cassava pulp in
deeper details into their specicity levels, which is necessary to
develop amore effective enzyme for processing of cassava pulp in
bio-industry and for genetic modication of ethanologens for
consolidated bioprocessing of this unique substrate as demon-
strated for other cellulosic wastes.10,11
This journal is © The Royal Society of Chemistry 2017
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Decomposition of lignocellulosic materials requires a reper-
toire of core cellulolytic and accessory hemicellulolytic enzymes
in different glycosyl hydrolase families, which function in
synergistic and cooperative manners in order to hydrolyze the
recalcitrant cell wall structure. Designing an effective enzyme
mixture comprising a minimal set of hydrolytic enzymes is
a promising strategy to develop highly efficient enzyme systems
with specicity towards the target cellulosic substrates. Several
tailor-made enzyme mixtures from various microbial origins
have been reported for hydrolysis of pretreated wheat straw, rice
straw and corn stover.12,13 Most works have tested different
combinations of crude or commercial enzymes however, with
very few reports on synergistic mixtures of recombinant or
isolated hydrolases from different families with dened speci-
cities, for examples, on hydrolysis of wheat straw and rice
straw.13–15 Further enhancements of the released sugar yield
with additional non-hydrolytic enzymes or auxiliary compo-
nents (e.g. bacterial expansins and lytic polysaccharide mono-
oxygenases) have also been reported.16,17 Owing to the unique
starch–cellulosic characteristic of cassava pulp and its high
content of pectic substance,5 optimization of an active enzyme
system with dened specicities for its decomposition with no
prior high-temperature pretreatment step is a great challenge.
In this study, an efficient synergistic enzyme system comprising
a minimal set of glycosyl hydrolases has been created by
a systematic mixture design approach using selected recombi-
nant enzymes from different fungal origins. The work gives
insights into the development of a highly-effective enzyme
system for direct saccharication of cassava pulp as well as
modication of this unique feedstock in bio-industry.
2. Experimental
2.1 Substrate

Cassava pulp were kindly supplied by Chorchaiwat Industry Co.
Ltd. (Bangkok, Thailand). Starch content was determined using
the polarimetric method, according to the standard method of
the Commission of the European Communities (1999)18 and
Thai Industrial Standard for Tapioca Flour/Starch.19 Neutral
and acid detergent bers (NDF and ADF) and lignin were
analyzed using the standard AOAC method (1998) (Method
992.16 and Method 973.18). The native pulp was de-starched by
a-amylase (Speczyme®Alpha, DuPont, Rochester, NY) at 100 �C,
pH 6.0 for 2 h. Thereaer, the sample was then washed with
water thoroughly and the pulp was dried in an oven at 45 �C for
overnight. The chemical compositions of the cassava pulp ber
were determined according to the standard NREL analysis
method for lignocellulosic components.20 The native and de-
starched cassava pulps were physically processed by milling,
and were sieved through a 3 mm screen. The biomass was
stored at room temperature before experimental study.
2.2 Strains, enzymes, and plasmids

Expression vector pPICZaA (Invitrogen, Carlsbad, CA) was used
for expression of the recombinant enzymes. Escherichia coli
DH5a was used as the host strain for DNA cloning. Pichia
This journal is © The Royal Society of Chemistry 2017
pastoris (Invitrogen, Carlsbad, CA) was used for recombinant
protein expression. The recombinant GH7 cellobiohydrolase I
(Cel7A) from Talaromyces cellulolyticus was produced using the
homologous expression system and puried as described
previously.21 Recombinant plasmid pPICZa-Xyn encoding
a GH10 endo-b-1,4-xylanase from A. aculeatus BCC17849 was
constructed and reported in Laothanachareon et al., 2015,13 and
the recombinant xylanase (XYN) was prepared as described
below. The commercial raw starch degrading enzyme
STARGEN™ 002, containing a-amylase from Aspergillus kawa-
chii and gluco-amylase from Trichoderma reseei was purchased
from Dupont (Rochester, NY). A. aculeatus BCC17849 was ob-
tained from the BIOTEC Culture Collection, Thailand (http://
www.biotec.or.th/bcc) and maintained on potato dextrose agar
(PDA). Polysaccharides used as substrates in enzymatic activity
analysis were obtained from Sigma-Aldrich.
2.3 Recombinant plasmid construction and enzyme
expression

The mature genes encoding a GH12 endoglucanase (Cel12) and
an endopolygalacturonase (EPG) were amplied from cDNA of
A. aculeatus BCC17849 prepared according to the method
described in Laothanachareon et al., 2015.13 Cel12 gene was
amplied using Cel12/F (50GAATTCCAACAGACCCAACT
CTGCGATCAA30) and Cel12/R (50TCTAGACTACTGTACGCTGGC
AGACCAGTC30) primers; while EPG gene was amplied using
EFP/F (50GCATGAATTCGCTCCCACCGACATCGAGAAGCG30)
and EPG/R (50TACATCTAGATTAGCAAGAGGCGC CGGAAGG30)
primers, EcoRI and XbaI sites were underlined, respectively. The
mature gene encoding a GH1 b-glucosidase (BGL) from A. acu-
leatus (GenBank accession no. P48825) was synthesized with
codon optimization for expression in P. pastoris (ESI data
Fig. S1†) (Genescript, Piscataway NJ). The gene fragments were
digested with EcoRI and XbaI, and cloned into pPICZa expres-
sion vector digested with the same restriction enzymes. The
recombinant plasmids were transformed into E. coli DH5a
using the heat shock method22 and selected on LB agar
containing 25 mg mL�1 of Zeocin. The inserted genes were
veried by colony PCR and subsequently by DNA sequencing
(Macrogen, Seoul, South Korea). The recombinant plasmids
pPICZa-Cel12, pPICZa-EPG and pPICZa-BGL were linearized by
PmeI and transformed into P. pastoris KM71 by electroporation
at 1.5 kV cm�1, 200 U and 25 mF. The yeast transformants were
selected on YPD agar containing 100 mg mL�1 of Zeocin and
then Zeocin-resistant clones were screened for gene-integrated
clones by colony PCR screening using AOX1 forward and
AOX1 reverse primers.

The recombinant strains containing plasmids pPICZa-XYN,
pPICZa-Cel12, pPICZa-EPG and pPICZa-BGL were cultured in
200 mL BMGY [2% peptone, 1% yeast extract, 100 mM potas-
sium phosphate pH 6.0, 1.34% yeast nitrogenous base (w/o
amino acid), 0.4 mg mL�1 biotin, and 1% glycerol] until the
OD600 of the culture reached 8–10, and then the cells were
pelleted by centrifugation. The cell pellets were resuspended in
20 mL BMMY [BMGY containing 3% methanol instead of glyc-
erol] for induction of the target gene. The cells were then
RSC Adv., 2017, 7, 48444–48453 | 48445
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cultivated under the same conditions for 3 d, and then the
supernatant was collected by centrifugation at 5000 � g for
5 min at 4 �C. The enzyme was concentrated and desalted using
a Macrosep column molecular weight cut-off 10 kDa (Pall, Port
Washington, NY, USA). The enzyme was exchanged to 100 mM
sodium acetate buffer (pH 5.0) prior to subsequent experi-
mental studies. Concentration of the puried enzyme was
determined using the Bradford assay kit (Biorad, Hercules, CA,
USA).
2.4 Enzyme activity assay

Polysaccharide degrading activities were analyzed based on the
amount of liberated reducing sugars using the 3,5-dini-
trosalisylic acid (DNS) method.23 A one milliliter reaction
mixture contained the appropriate dilution of enzyme in
100 mM sodium acetate buffer, pH 5.0 and the appropriate
substrate: 1% (w/v) carboxymethyl cellulose for endo-glucanase
activity; beechwood xylan for xylanase activity; microcrystalline
cellulose Avicel PH101 for cellobiohydrolase activity; poly-
galacturonic acid for endopolygalacturonase activity and cas-
sava starch for raw starch degrading activity. The reaction was
incubated at 50 �C for 10 min for endo-glucanase, xylanase
endopolygalacturonase and raw starch degrading activities, and
60 min for cellobiohydrolase activity. The amount of reducing
sugars was determined from the absorbance measurement at
540 nm and interpolated from a standard curve of the corre-
sponding sugar. The b-glucosidase activity was analyzed based
on the amount of p-nitrophenol liberated from p-nitrophenyl-b-
D-glucopyranoside in the same buffer at 50 �C. One unit of
enzyme activity was dened as the amount of enzyme that
liberated 1 mmole of product per min. For optimal temperature
determination, the enzyme activity was determined in the
temperature range of 30 to 70 �C in 100 mM sodium acetate
(pH 5.0). For optimal pH determination, the activities were
Degree of synergy ¼ sugar yield from reaction containing FD and RSD together

sugar yield from reaction containing FDþ recation containing RSD individually
measured at 50 �C in the pH range of 4.0 to 9.0 using 100 mM
sodium acetate (pH 4.0 to 5.5), 100 mM sodium phosphate (pH
6.0 to 8.0) and 100 mM Tris–HCl (pH 8 to 9.0) under the stan-
dard assay conditions. The kinetic parameters (Vmax and Km)
were determined using by tting the initial velocity data to
Michaelis–Menten equation using Kaleida Graph data analysis
soware (Synergy Soware, Reading, PA).
2.5 Experimental mixture design

The interactions among the four recombinant ber degrading
enzymes on hydrolysis of de-starched cassava pulp were studied
using an experimental mixture design approach.24 A [3,3]-
augmented simplex lattice design implemented in the Mini-
tab 17.0 soware (Minitab Inc., State College, PA) was used to
dene an optimal enzyme mixture based on the glucose yield.
48446 | RSC Adv., 2017, 7, 48444–48453
The design contained 15 experimental points, which were
examined in triplicate with four components and a lattice
degree of two. In the mixture design, the sum of all components
was xed as 5 mg g�1 biomass on a dried weight basis. Three
independent variables in the mixture design consisted of Cel12
(X1), Cel7A (X2), BGL (X3) and XYN (X4) for hydrolysis of 1% (w/v)
of de-starched cassava pulp in 100 mM sodium acetate buffer
(pH 5.0). The reaction was incubated at 50 �C with shaking at
200 rpm for 72 h. The reducing sugar released was measured
using the DNS method (Miller, 1959). The sugar prole in the
liquid fractions of the hydrolysis reaction was determined on
a UltiMate® 3000 high performance liquid chromatography
(Dionex, Sunnyvale, CA) equipped with a refraction index (RI)
detector (Shodex, New York, NY) using an Aminex HPX-87H
column (Bio-Rad, Hercules, CA) operating at 65 �C with 5 mM
H2SO4 as the mobile phase at a ow rate of 0.5 mL min�1. The
reducing sugar yield (Y1) was applied as dependent variables for
the analysis and simulation of the respondent model. Aer the
regression analysis, the full cubic model was used to predict the
optimized ratio of the mixture components. The canonical form
of the full cubic model is described by the following equation:

Y ¼
X3

i¼1

biXi þ
XX3

i\j

bijXiXj þ
XX3

i\j

dijXiXj

�
Xi � Xj

�

þ
XX X3

i\j\k

bijkXiXjXk

whereas Y is the predicted response, bi is a linear coefficient, bij
is a quadratic coefficient and bijk is a cubic coefficient. dij is
a parameter of the model. biXi represents the linear blending
portion and the parameter bij represents either synergistic or
antagonistic blending.

The degree of synergism was calculated according to the
following equation:25
where FD: ber degrading enzyme and RSD: raw starch
degrading enzyme.
2.6 Scanning electron microscopy

The microstructure of the native and enzyme-treated cassava
pulp was analyzed using a SU5000 scanning electron micro-
scope (SEM) (Hitachi, Tokyo, Japan). The samples were dried
and coated with gold. An electron beam energy of 10 kV was
used for analysis.
3. Results and discussion
3.1 Composition of raw and de-starched cassava pulp

The chemical composition of raw and de-starched cassava pulp
used in this study is shown in Table 1. Raw cassava pulp
This journal is © The Royal Society of Chemistry 2017
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Table 1 Compositional analysis of cassava pulp

Component
Raw cassava
pulp

De-starched
cassava pulp

Starch 51.01% 0.61%
Cellulose 14.75a% 35.95%
Hemicellulose 3.31b% 22.41%
Lignin 0.59% 17.78%
Ash 4.50% 4.45%
Moisture content 7.95% 4.28%

a ADF–lignin. b NDF–ADF.

Fig. 1 SDS-PAGE analysis of enzymes used in this study. The
expressions of recombinant Cel12, XYN, BGL and EPGwere induced by
3% (v/v) methanol for 72 h in transformed lines of P. pastoris. After
induction, the culture supernatants were harvested and concentrated.
Approximately 5 micrograms of protein (estimated by Bradford assay)
were loaded in each lane of SDS-PAGE. Cel7A was purified from crude
protein produced from T. cellulolyticus. Lane 1: Cel12; Lane 2: XYN;
Lane 3: BGL; Lane 4: EPG; Lane 5: Cel7A. Lane M is protein ladder.
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principally comprised starch (51.01% of dry matter), with low
contents of cellulose (14.75% of dry matter) and hemicellulose
(3.31% of dry matter). It also contained 4.50% ash and sand. De-
starched cassava pulp was mainly composed of brous material
containing cellulose and hemicellulose (35.95 and 22.41% of
dry matter, respectively) and 17.78% lignin with a minor starch
content (0.61% of dry matter). The starch granules in raw cas-
sava pulp are typically attached and trapped in the brous cell
wall structure (ESI data Fig. S2†). In contrast, the de-starched
pulp demonstrates a brous structure containing mainly of
lignocellulosic substances.26 The compositions of the native
cassava pulp in this study are within the range previously re-
ported where they varied according to the processing conditions
and crop varieties.5,27 The content of lignin in de-starched pulp
was relatively low, suggesting in its higher hydrolysable nature
compared to most lignocellulosic materials.

3.2 Characterization of recombinant glycosyl hydrolases

The set of enzymes used in this study has been selected from
our in-house enzyme collection in a pre-screening experiment
for their activities on hydrolysis of cassava pulp (data not
shown). The sources of the enzymes with their specic activities
are summarized in ESI data Table S1.† Four of the composite
enzymes (Cel12, BGL, XYN, and EPG) in the optimized mixture
for degradation of cassava pulp ber are of A. aculeatus origin.
This fungus has been previously reported as a source of raw
starch degrading enzyme systems and a lignocellulose–
degrading enzyme complex according to proteomic analysis.28

Its applications on direct low-temperature saccharication of
cassava pulp9 and viscosity reduction of cassava root mash29,30

have been demonstrated. Heterologous expression of
a debranching a-arabinofuranosidase and a pectin esterase
from this fungus and their synergy with the commercial cellu-
lase Accelerase® 1500 has been recently reported, showing
potential of its vast array of plant biomass degrading hydrolytic
and non-hydrolytic enzymes for hydrolysis of lignocelluloses.13

T. cellulolyticus is a potent cellulose producer possessing
a highly efficient cellulase system. The strong activity of its
cellobiohydrolase on synergistic hydrolysis of crystalline cellu-
lose has been demonstrated.31

Induction of heterologous gene expression in recombinant
yeast strains led to production of the target enzymes in the
culture supernatants (Fig. 1). The culture supernatant of yeast
expressing Cel12 showed a single protein band with the
This journal is © The Royal Society of Chemistry 2017
molecular weight of 25 kDa, with more than 90% homogeneity.
Two protein species of Mw between 30–35 kDa were observed in
the culture supernatant of yeast expressing XYN. The culture
supernatant of yeast expressing BGL showed a major band at
116 kDa with a series of minor bands with lower molecular
weights, suggesting hyper-glycosylation of the target protein.
EPG was expressed as a single band with the expected Mw of 35
kDa. The puried cellobiohydrolase Cel7A from T. cellulolyticus
showed >90% purity with an apparent Mw of 60 kDa.

The enzymes used in this study showed the optimal working
conditions in the range of 55 to 60 �C and pH 5.0 to 6.0 (ESI data
Fig. S3†). Their kinetic parameters are provided in ESI data
Table S1.† The conditions for the hydrolysis biomass reactions
in this study was set at 50 �C, pH 5.0 which was slightly under
their optimal temperature for maintaining enzyme stability
during the hydrolysis process. Under biomass saccharication
conditions in this work (50 �C at pH 5.0, see ESI data Table S2†),
cellobiohydrolase Cel7A showed a specic activity of 0.075 U
mg�1 against Avicel with a minor xylanase activity (0.05 Umg�1)
against beechwood xylan. Cel12 showed CMCase activity with
the specic activity of 9.31 U mg�1 with the side activity of
2.75 U mg�1 on beechwood xylan. XYN exhibited a specic
activity of 389.80 U mg�1 against beechwood xylan with a trace
CMCase activity (0.15 U mg�1 protein). BGL showed b-glucosi-
dase activity of 0.33 U mg�1. EPG showed a specic activity of
169 089 U mg�1 based on hydrolysis of polygalacturonic acid.
All enzymes retained >75% relative activity under the opera-
tional conditions in this study.
3.3 Synergistic action of cellulase and hemicellulase on
saccharication of de-starched cassava pulp

De-starched cassava pulp represents the brous part of the
native pulp and consists mainly of lignocellulosic components.
RSC Adv., 2017, 7, 48444–48453 | 48447
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In this step, an optimal mixture of the key cellulolytic and
hemicellulolytic enzymes for effective hydrolysis of this
substrate was sought and synergistic interactions among these
enzymes were systematically studied using the four component
mixture design approach. The quaternary enzyme mixture
comprised the core cellulases (Cel12, Cel7A, and BGL), and an
endo-b-1,4-xylanase (XYN) selected from different ascomycete
origins. The amount of each component was indicated as the
amount in the mixture based on the component weight ratio.
According to this method, the measured response, i.e. reducing
sugar and glucose yields, was assumed to depend on the
proportions of the composite enzymes present in the mixture.
All 15 experimental points were located inside the triangular
graph, which means that the sum of all enzyme components for
every experimental point was always 100%, which was equal to
a total protein loading of 5 mg g�1 biomass. The sugar yields
obtained from the mixture design experiment are shown in
Table 2.

Only a small amount of glucose (1.26–4.08 mg g�1 biomass)
was obtained from the individual enzymes (run no. 1, 5, 8 and
10). The binary combinations of Cel12 with Cel7A (run no. 2)
and Cel7A and BGL (run no. 6) led to increased glucose yields
(12.28 and 25.56 mg g�1 biomass, respectively). On the other
hand, the supplementation of Cel7A and XYN (no. 7) exhibited
only minor synergistic effect on releasing of glucose. The
highest glucose yield of 102.02 mg g�1 biomass was achieved
using the combination of four component enzymes in the
1 : 5 : 1 : 1 ratio of Cel12 : Cel7A : BGL : XYN (no. 13). This yield
was slightly higher than that from reaction no. 11 comprising
a 1 : 1 : 1 : 1 ratio of Cel12 : Cel7A : BGL : XYN (91.43 mg g�1

biomass). The highest reducing sugar yield of 138.64 mg g�1

was also achieved under the same conditions. The difference
between the released glucose and reducing sugar could reect
the presence of cello-oligomers due to the absence of the
Table 2 The simplex lattice design for optimization of core cellulase
enzyme mixture for destarched cassava pulp hydrolysis

Run no.

Enzyme loading (mg g�1 biomass)
Sugar released
(mg g�1 biomass)

Cel12 Cel7A BGL XYN Glucose
Reducing
sugar

1 5.000 0.000 0.000 0.000 4.08 12.10
2 2.500 2.500 0.000 0.000 12.29 87.93
3 2.500 0.000 2.500 0.000 7.85 12.01
4 2.500 0.000 0.000 2.500 4.46 14.40
5 0.000 5.000 0.000 0.000 1.91 10.79
6 0.000 2.500 2.500 0.000 25.57 21.46
7 0.000 2.500 0.000 2.500 1.66 24.80
8 0.000 0.000 5.000 0.000 3.41 4.16
9 0.000 0.000 2.500 2.500 2.25 6.87
10 0.000 0.000 0.000 5.000 1.26 5.84
11 1.250 1.250 1.250 1.250 91.44 124.27
12 3.125 0.625 0.625 0.625 77.17 103.35
13 0.625 3.125 0.625 0.625 102.03 138.64
14 0.625 0.625 3.125 0.625 76.65 96.90
15 0.625 0.625 0.625 3.125 77.45 110.43

48448 | RSC Adv., 2017, 7, 48444–48453
downstream processing b-glucosidase activity, or the effects of
XYN on releasing hemicellulose derived oligo products.

The response data for the glucose yield were then analyzed
using a multiple regression analysis based on the full cubic
model (R2 ¼ 89.80%, p-value < 0.05). The results of the analysis
of variance (ANOVA) analysis are shown in Table 3. For a single
factor, positive correlations of all components on sugar yield
were observed with the coefficients of 3.23–6.98. Interestingly,
among the binary combinations, only Cel7A � BGL showed
a signicantly positive interaction with the coefficient of 94.03
at p-value < 0.05. The highest degree of synergism was found on
the ternary combinations comprising Cel12/Cel7A/XYN with the
maximal coefficient of 2803.32 followed by Cel7A/BGL/XYN, and
Cel12/Cel7A/BGL, respectively. The results thus indicated
strong synergistic interaction among the four enzymes on
hydrolysis of the cassava pulp ber.

The tted equation for the glucose yield based on the
component amount aer removal of the insignicant terms (p >
0.05) is shown as follows:

Glucose yield (mg g�1 biomass) ¼ 1.21 � Cel12 + 0.78 � Cel7A

+ 1.08 � BGL + 0.65 � XYN + 3.98 � Cel7A � BGL + 14.49

� Cel12 � Cel7A � BGL + 19.65 � Cel7A � BGL � XYN

According to the ternary contour plot (Fig. 2), the area
showing the greatest relative glucose yield was in the middle
between the combination of Cel12, Cel7A and XYN and the
combination of Cel7A, BGL and XYN axes that contributed to
a glucose yield of more than 100 mg g�1 biomass. The opti-
mized core cellulolytic/hemicellulolytic enzyme ratio was
dened as the point where the maximal glucose yield was ob-
tained, which was predicted to be 1.1, 1.7, 1.0 and 1.2 mg g�1

biomass for Cel12, Cel7A, BGL and XYN, respectively, with the
expected reducing sugar yield of 112.83 mg g�1 biomass (R2 ¼
100%, p-value < 0.05). The experimental sugar yield of 101.72 �
14.08 mg g�1 was obtained, which was 9.84% lower than that of
Table 3 The regression model analysis of glucose yield using
combination of core (hemi)cellulolytic hydrolasesa

Factor Coefficient SE T p-Value

Cel12 6.9 8.27 <0.05 <0.05
Cel7A 4.6 8.27 <0.05 <0.05
BGL 5.4 8.27 <0.05 <0.05
Xyn 3.2 8.27 <0.05 <0.05
Cel12 � Cel7A 45.8 40.51 1.13 0.267
Cel12 � BGL 25.4 40.51 0.63 0.536
Cel12 � Xyn 16.0 40.51 0.39 0.696
Cel7A � BGL 94.0 40.51 2.32 0.027
Cel7A � Xyn 6.8 40.51 0.17 0.868
BGL � Xyn 7.6 40.51 0.19 0.853
Cel12 � Cel7A � BGL 1790.2 1009.12 1.77 0.086
Cel12 � Cel7A � Xyn 2803.3 1009.12 2.78 0.009
Cel12 � BGL � Xyn 381.8 1009.12 0.38 0.708
Cel7A � BGL � Xyn 2474.3 1009.12 2.45 0.020

a S ¼ 14.3316 PRESS ¼ 11 246.3, R2 ¼ 89.80% R2(pred) ¼ 81.98%
R2(adj) ¼ 85.52%.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Contour plot of the glucose yield obtained from optimization of the core (hemi) cellulolytic enzyme mixture comprising Cel12, BGL, and
XYN from A. aculeatus BCC17849 and Cel7A from T. cellulolyticus.
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the predicted value. A relatively low sugar yield for cellulose in
the ber suggested the requirement for additional enzyme
activities besides the core cellulase and xylanase previously re-
ported for most lignocellulosic substrates.
3.4 Effect of endo-polygalacturonase (EPG) on
saccharication of destarched cassava pulp

Cassava pulp is reported to contain approximately a substantial
content of pectin on a dried weight basis.5 Therefore, the
cooperative effects of EPG (which is the main enzyme for
attacking the backbone of pectic substances) to the optimized
(hemi)cellulolytic enzyme mixture were investigated. Enzymatic
saccharication by the core (hemi) cellulases released
101.72 mg g�1-biomass glucose using the enzyme dosage of
5 mg g�1 (Table 4). Supplementation of EPG led to increased
glucose and reducing sugar yields. The highest glucose yield of
134.79 mg g�1 was obtained from the combination of 75% core
(hemi) cellulases and 25% EPG aer 72 h hydrolysis. This was
Table 4 The simplex lattice design for optimization of core cellulase an

Run no.

Enzyme (mg g�1 biomass)

Core cellulase Opt 4� mixa EPG

1 5.00 0.00
2 3.75 1.25
3 2.50 2.50
4 1.25 3.75
5 0.00 5.00

a Optimized Cel12/Cel7A/BGL/XYN mixture.

This journal is © The Royal Society of Chemistry 2017
equivalent to the Cel12/Cel7A/BGL/XYN/EPG composition of
16.5/25.5/15.0/18.0/25.0. Regression analysis indicated a statis-
tically signicant synergistic interaction between the core
cellulose mixture and EPG with the coefficient of 462.39 (p-value
< 0.05) Table 5. The optimized enzyme mixture was dened as
the cassava ber degrading enzyme mixture (FD). The effect of
FD dosage on substrate hydrolysis was then evaluated by
varying the total enzyme dosage on hydrolysis of the de-starched
cassava pulp. Glucose yield increased (72.97–179.12 mg g�1

biomass) with enzyme dosage from 1 to 20 mg g�1 biomass.
Galacturonic acid was detected as a minor product component.
The highest glucose yield was equivalent to a recovery yield of
42.5% based on the total glucan content at 20 mg g�1 biomass
enzyme dosage (Fig. 3). A similar trend was observed for the
released reducing sugar, with the highest yield of 204.33 mg g�1

at the enzyme dosage of 20 mg g�1. The low xylose and gal-
acturonic acid yields observed were due to the presence of only
the endo-acting enzymes in the mixture with no downstream
d EPG mixture

Sugar released (mg g�1 biomass)

Glucose Xylose Galacturonic acid

101.72 0.00 33.36
134.79 8.89 30.18
116.91 7.51 26.14
117.98 10.61 24.71

0.00 14.76 0.00

RSC Adv., 2017, 7, 48444–48453 | 48449
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Table 5 Regression analysis of glucose yield using combination of
core cellulase and EPGa

Factor Coefficient SE T p-Value

Core cellulase (Opt 4� mix) 65.68 9.573 <0.05 <0.05
EPG 48.68 9.573 <0.05 <0.05
Core cellulase � EPG 462.39 39.706 11.65 0.000

a S ¼ 17.9590 PRESS ¼ 7944.75, R2 ¼ 88.42% R2(pred) ¼ 84.15%
R2(adj) ¼ 87.13%.

Fig. 3 The effect of enzyme dosage on glucose recovery and glucose
yield from saccharification of de-starched cassava pulp using opti-
mized combination of 75% cellulase/xylanase and 25% EPG. Reactions
contained 1%w/v de-starched cassava pulp in 100mM sodium acetate
buffer (pH 5.0) with 1–20 mg g�1 enzyme dosage and incubated at
50 �C for 72 h.
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b-xylosidase or galactosidase activities. The relatively low
hydrolysis efficiency by the FD enzyme compared with that
obtained using other cellulosic substrates (e.g. steam exploded
Fig. 4 The effect of fiber degrading enzyme (FD) and raw starch degradi
Reactions contained 1% (w/v) cassava pulp in 100mM sodium acetate buff
72 h. (inset) Glucose yield from FD enzyme only at different dosages.

48450 | RSC Adv., 2017, 7, 48444–48453
pretreated bagasse where 51% glucose recovery was obtained
from 7.5 mg g�1 enzyme dosage) would reect physical resis-
tance of the native ber in cassava pulp as no prior physical or
chemical pretreatment step was performed, resulting in the
intact lignocellulose structure of the ber fraction.32
3.5 Saccharication of raw cassava pulp

The minimal enzyme mixture for saccharication of native cas-
sava pulp was then investigated using the optimized 5-compo-
nent core ber degrading enzymes (FD) attacking the brous
non-starch polysaccharide part and a commercial raw starch
degrading (RSD) enzyme Stargen™ 0002. The commercial
enzyme showed a specic activity of 2.77 mg g�1 against raw
cassava pulp with side activities on hydrolysis of lignocellulosic
substrates comprising 0.44, 2.40, and 0.10 mg g�1 for CMCase,
xylanase, and b-glucosidase activities, respectively under
the operational conditions. The hydrolysis reactions were per-
formed at 50 �C, which is below the onset gelatinization
temperature of cassava starch (T0 ¼ 58.5 �C).33,34 According to
Fig. 4, hydrolysis of native pulp with the raw starch degrading
enzyme (RSD) (0.5 mg g�1 biomass) led to a glucose yield of
420 mg g�1 biomass equivalent to 63.8% glucose recovery. In
contrast, the use of FD only released a much smaller amount of
glucose (29.12–34.19 mg g�1 biomass) at enzyme dosage ranging
from 0.5–5.0 mg g�1 biomass. The low sugar released from raw
pulp by FD suggested by steric hindrance of starch granules in
the pulp structure which limited access of the FD enzymes to the
brous part. The relatively high sugar yield fromhydrolysis of raw
pulp with the RSD enzyme suggested that majority of starch in
the substrate was accessible to the enzymes under the experi-
mental conditions used in which the milling step exposes the
starch granules. Furthermore, the presence of low cell wall
polysaccharide degrading enzyme activities in Stargen™ could
also contribute to greater substrate accessibility.
ng enzyme (RSD) combination on saccharification of raw cassava pulp.
er (pH 5.0) with the varying enzyme dosage and incubated at 50 �C for

This journal is © The Royal Society of Chemistry 2017
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Supplementation of FD (0.5–5.0 mg g�1 biomass) with RSD
(0.5 mg g�1 biomass) led to further increases in glucose yield
(481.80–600.53 mg g�1 biomass), with the highest yield equiv-
alent to 91.3% of the theoretical yield of the available glucose
from starch and cellulose, suggesting almost complete
saccharication of the substrate. The glucose yield achieved by
the FD + RSD enzyme mixture was higher than that obtained
using the FD (34.19 mg g�1) and RSD (420.03 mg g�1) individ-
ually at the enzyme dosage of 5.0 and 0.5 mg g�1, respectively.
The calculated degree of synergism was 1.43 using the enzyme
mixture. This suggested the cooperative action of multi-non
starch polysaccharide hydrolyzing activities for degradation of
the brous cell wall structure together with the amylolytic RSD
activity acting on the accessible starch granules. The micro-
structure of enzymatically hydrolyzed cassava pulp was analyzed
by SEM. The native cassava pulp showed an intact structure
containing starch granules entrapped in the network of the
brous cell wall structure (Fig. 5A). Hydrolysis by the 0.5 mg g�1

RSD enzyme led to partial degradation of the starch granules
(Fig. 5B). The ber part was effectively degraded by the core FD
enzyme, resulting in the release of intact starch granules
(Fig. 5C). Supplementation of RSD enzyme (0.5 mg g�1) with FD
enzyme (5.0 mg g�1) resulted in decomposition of the brous
cell wall network and hydrolysis of the released starch granules,
resulting in the residual brous fraction (Fig. 5D). The results
thus indicate that efficient saccharication of cassava pulp with
Fig. 5 Scanning electronmicroscopic analysis on the effects of enzymati
(A) and enzymatically hydrolyzed cassava pulp; (B) 0.5 mg g�1 RSD en
supplemented with 5.0 mg g�1 FD enzyme.

This journal is © The Royal Society of Chemistry 2017
no pre-gelatinization is possible by the combined actions of
multiple non-starch polysaccharide hydrolyzing enzymes and
RSD amylolytic enzymes.

Synergism among the composite cellulases i.e. endo-
glucanase and a cellobiohydrolase (exo-glucanase) on hydro-
lysis of lignocellulosic structure is based on substrate binding
specicity catalytic mechanism of the enzymes.31 The addition
of a b-glucosidase can alleviate the inhibitory effects of cello-
biose, the main product from the upstream enzymes.35 Their
strong synergism with XYN, an endo-b1,4-xylanase which
attacks xylan, the main hemicellulose in most agricultural
wastes, is relevant to hydrolysis of the hemicellulose network
covering the cellulose microbers. Removal of xylan thus helps
to increase the accessibility of cellulase for digestion of cellulose
microbers.36 The synergy of enzymes acting on different
substrates is reected in the increased glucose yield; however,
the level of released pentoses observed in our study was limited
since xylan is incompletely digested by XYN to short oligomers
(2–5 mers).37 Complete hydrolysis of the accumulated xylose
oligomers can be achieved by addition of an external b-xylosi-
dase.36 Sawisit and coworkers (2015) reported that a relatively
low glucose (<20% glucose recovery) was obtained from cassava
pulp hydrolysis using only endocellulase or xylanase activity.38

The relatively low released sugar by the cellulase/xylanase
mixture thus suggested the requirement for an additional
downstream enzyme.
c treatment onmicrostructure of cassava pulp. Native raw cassava pulp
zyme only; (C) 5.0 mg g�1 FD enzyme only and (D) 0.5 mg g�1 RSD

RSC Adv., 2017, 7, 48444–48453 | 48451
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Cassava pulp contains a relatively high content of pectin
(approximately 7%)5 compared with most other cellulosic agri-
cultural wastes such as those from sugarcane andmiscanthus.39

According to the result in this study, supplementation of EPG to
the cellulase/xylanase mixture led to a further increase in the
liberated glucose (134.8 mg g�1) while the enzyme dosage was
kept constant. This was equivalent to a 35.0% increase
compared with that of the cellulase/xylanase mixture
(101.72 mg g�1 biomass). Pectic substance in cassava pulp is
a heterogeneous structure comprising galacturonic acid back-
bone linked with sugar side chains, which acts as cement
between the plant cells.40 Synergism between cellulolytic and
pectinolytic enzymes on disruption of the brous cell wall
structure in cassava pulp has been previously reported.41

Treatment with both types of enzyme led to enhanced release of
the entrapped starch granules and higher yield of the starch
extracted from cassava pulp. Rattanachomsri et al., 2009 also
reported the cooperative effect of crude commercial Aspergillus
pectinase with T. reesei cellulase on direct saccharication of
cassava pulp, which led to a 57% increase in glucose yield
compared with that obtained using cellulase alone.9

Compared to previously reported cooperative enzyme
systems comprising crude and/or isolated single activity
enzymes, the optimized enzyme system developed in this study
could release >90% glucose from the substrate using an enzyme
dosage of only 5.5 mg g�1, whereas >20 mg g�1 loading is re-
ported as necessary to achieve >80% yield for most cellulosic
wastes e.g. corn stover pretreated by ammonia ber expansion12

and steam pretreated corn stover42 using synergistic enzyme
systems comprising combinations of different isolated glycosyl
hydrolases. It should be noted that the lower enzyme loading
required for the system may be due to the more easily hydro-
lyzable nature of the cassava pulp with its high starch content
compared with other cellulosic agricultural wastes.43 The
synergism between the FD and RSD enzyme systems can be
explained by a mechanism in which destruction of the plant cell
wall leads to increased accessibility of the amylolytic enzyme to
the exposed starch granule.41,44 Raw starch degrading enzymes
have been identied from several fungal origins e.g. Penicilium
and Rhizopus.45,46 The combination of non-starch poly-
saccharide degrading activities (crude cellulase from T. reesei
and b-glucosidase from A. niger) and amylolytic activities (a-
amylase from Bacillus licheniformis and glucoamylase from A.
niger) has been reported to release 460 mg of reducing sugars
per g biomass from hydrolysis of untreated cassava pulp,
equivalent to 24.32% and 64.29% higher, respectively than that
obtained using the non-starch polysaccharide degrading
enzymes and amylolytic enzymes alone.47 Supplementation of
crude cellulase at 2.85 U g�1 of dry pulp was also shown to
increase glucose yield from cassava pulp fourfold compared
with that obtained using amylase alone.27

With its high efficiency on hydrolysis of both the brous and
starch parts in cassava pulp, the optimized enzyme system re-
ported here can potentially nd applications in various aspects
of cassava processing. These involve low-temperature non-
thermal saccharication of the pulp with no prior high-
temperature pre-gelatinization and liquefaction steps. This
48452 | RSC Adv., 2017, 7, 48444–48453
process was reported to allow substantial energy saving
compared with the conventional process.45,48,49 The high
performance optimized FD enzyme mixture can also give
increased starch yield from processed cassava pulp.41 Applica-
tion of the ber degrading enzymes would be also promising for
viscosity reduction of cassava substrates in very high gravity
fermentation processes for increasing ethanol titer in the nal
fermentation products.29 Transferring of the gene set encoding
for the optimized enzyme system into ethanologic microbes for
equipping capability for consolidated bioprocessing of cassava
pulp is promising.

4. Conclusion

For the rst time, the design and optimization of a synergistic
multi-enzyme system comprising a minimal set of recombinant
non-starch polysaccharide degrading and raw starch degrading
enzymes have been reported. The system efficiently saccharify
cassava pulp without the need for an energy-intensive
pretreatment step. Application of the system on different
biotechnological processes relevant to cassava pulp processing
is warranted.
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