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hydrolysis of kudzu root starch using a
visualization method
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Abstract

Background: Trehalose has many advantages due to its inertness and the ability to stabilize biomolecules. Trehalose
synthase can catalyze intramolecular rearrangement of the inexpensive maltose into trehalose in a single step, which
represents a simple, fast, and low-cost method for the future industrial production of trehalose.

Results: In this work, an intelligent visualization method for producing trehalose via trehalose synthase was for the
first time established and optimized by corresponding enzymatic hydrolysis with kudzu root starch as the initial raw
material. For the first step, kudzu root starch was liquefied by a-amylase at a certain dextrose equivalent value of
19-21, and B-amylase and pullulanase to saccharify for a certain time, a four-factor nine-level experimental design
with nine experiments was performed according to the uniform design table Ug9%) to optimize the yield of maltose.
Then, optimization of trehalose conversion ratio from kudzu root starch hydrolysate was carried out with a four-factor
12-level experimental design to forecast the optimal process conditions. By comparing verification tests and pre-
dicted results, the optimized operating conditions were pH 7.1, 22 °C, 32.5 % (14,000 U/ml) loading amounts of TreS
enzyme and after 24 h, along with a 70.6 % trehalose conversion rate.

Conclusions: The intelligent visualization method has succeeded in exploiting the conversion process of trehalose

trehalose.

from kudzu root starch hydrolysate, which contributes significant benefits to the further commercial production of
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Background

Trehalose is a non-reducing disaccharide in which the
two glucose unites are linked through an o,a-(1,1)-
glycosidic bond (Schiraldi et al. 2002). Production of this
disaccharide is of commercial importance and opens
a new field for its application in foods, cosmetics, and
medicines, ranging from serving as a sweetener to a
biomaterial stabilizer (Ohtake and Wang 2011). How-
ever, the conventional methods for the extraction from
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and indicate if changes were made.

transformed plants and fermentation of yeast were not
practical to produce trehalose on an industrial scale due
to low yield and high cost. At the end of the last century,
the Hayashibara Co. Ltd. has developed a two-step enzy-
matic system (trehalose-6-phosphate synthetase and tre-
halose-6-phosphate phosphatase) from a bacterial strain
belonging to the genus Arthrobacter sp. Q36 isolated
from soil sample (Maruta et al. 1995). The novel approach
of trehalose production has led to a major reduction in
the commercial price of trehalose from several hundred
US$/kg to 5-6 US$/kg, and for the first time, was suc-
cessfully exploited in industrial production of trehalose.
Nevertheless, further decrease in the production cost

© 2015 Yang et al. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-015-0065-5&domain=pdf

Yang et al. Bioresour. Bioprocess. (2015) 2:37

could be achieved by the application of other brand-new
enzymatic route (Chang et al. 2012).

Except for the above two-enzyme system, four other
main enzymatic routes are involved in trehalose biosyn-
thesis: (1) maltooligosyltrehalose trehalohydrolase and
maltooligosyltrehalose synthase (Fang et al. 2004); (2)
trehalose phosphorylase (Carpinelli et al. 2006); (3) tre-
halose glycosyltransferring synthase (TreT) (Kouril et al.
2008), and (4) trehalose synthase (TreS) (Elbein et al.
2003). Among these routes, the intramolecular rear-
rangement of maltose into trehalose by TreS is a sim-
ple, fast, and low-cost method for the future industrial
production of trehalose (Fig. 1). In our previous study, a
novel TreS that comes from Deinococcus genus with high
activity and conversion efficiency was identified and sub-
sequently expressed in Escherichia coli (Jiang et al. 2013).
Unfortunately, commercial utilization of trehalose is still
hindered due to its high production cost compared with
the other two disaccharides (Jiang et al. 2015). Since the
carbon source employed in the culture medium has high
share in the substrate cost, the exploitation of cheaply
renewable agricultural residues has been strongly stimu-
lated. Kudzu root is a rapid-growing and high-climbing
perennial leguminous vine which is native to Eastern
Asia (mainly in China, Japan, and Korea), and used as a
forage crop and harvested for its root starch, fiber and
medicinal qualities (Wang and Chen 2011). In general,
fresh kudzu root contains 15-35 % starch, which could
be hydrolyzed by enzymes or acids to generate starch
sugar (such as glucose, fructose, maltose syrups, cyclo-
dextrins, and amylose) and starch derivatives (such as
carboxy alkyl starch, ammonia alkyl starch, hydroxyalkyl
starch and acetyl starch) (Allen 2003).

In recent years, more and more newly developed opti-
mization strategies have been used to determine the
optimal level of each experimental parameter. Compared
with other statistical methods, uniform design (UD)
reduces the number of experiments in a multiple-dimen-
sion optimization and allows the largest possible number
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of levels for each factor (Yan and Bogle 2007). The intel-
ligent visualization method is different from others in
that the contours of the objective function can be viewed
at the same time as the new mapping of the data from
multi-dimensional space to a two-dimensional plane.
The optimized operating point or region can be found
intuitively according to the distribution of the objective
function. Then the near-optimal point can be mapped
back to the original multi-dimensional space with an
inversion mapping method, and will be represented in
terms of original variables (Shi et al. 2009). The visualiza-
tion method was applied to solve two types of problems,
one is the determination of optimal operation point or
region for a chemical process and the other is optimiza-
tion of multi-objective problems (Zhang et al. 2010). In
this study, kudzu root starch was treated by a series of
enzymatic hydrolysis to produce maltose, which was fur-
ther transformed into trehalose by TreS. With the data
obtained from single-factor experiments and uniform
design, we fully took the advantages of the intelligent vis-
ualization software to fit the data and obtained the opti-
mal yield point of trehalose production.

Methods

Materials

Kudzu root starch was supplied from Hunan Province,
China, in November 2014. Enzymes of a-amylase (EC
3.2.1.1, 1 unit to liberate 1.0 mg maltose from starch in
3 min at pH 6.5 at 75 °C in phosphate buffer) for lique-
faction, p-amylase (EC 3.2.1.2, 1 unit to liberate 1.0 mg
maltose from starch in 3 min at pH 4.8 at 60 °C in ace-
tate buffer) and pullulanase (EC 3.2.1.41, 1 unit to lib-
erate 1.0 mmol of maltotriose from pullulan/min at
pH 4.8 at 60 °C in acetate buffer) for saccharification
were purchased from Aladdin Industrial Co. (Shanghai,
China). The recombinant E. coli BL21 (DE3) harboring
pET22b(+)-treS, in which the treS gene encoding the
TreS from Deinococcus desert, was constructed previ-
ously in our laboratory (Jiang et al. 2013).

OH

OH

maltose

0 OH TreS
% —>
HO 0
HO OH

Fig. 1 Overview of trehalose synthesis from maltose by trehalose synthase.
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Preparation of the hydrolysate of kudzu root starch
Twenty gram kudzu root starch was mixed with 100 ml
deionized water to total weight of 120 g. Adjusting the
slurry to pH 6.9 by 1 mol/l HCl or 1 mol/l NaOH. Heat-
ing to 75 °C until kudzu root starch was dissolved com-
pletely, then a-amylase was added for liquefaction. The
reaction condition parameters of the liquefaction were
150 U a-amylase/g starch at 75 °C, and pH 6.5 (Soni et al.
2003). After cooling to 60 °C, pH of the mixture was
adjusted to 4.8 with 1 mol/l HCI. Then, different amounts
of B-amylase and pullulanase were added for saccharifica-
tion, the resulting syrup was maintained at 60 °C and was
continually stirred using a magnetic stirrer and aliquots
were removed at time intervals of 2, 4, 6, 8, 10, 12, 14 and
15 min for dextrose equivalent (DE) analysis (Lin et al.
2011).

Visualization method

Kudzu root starch was used as the substrate of conver-
sion of maltose. There are four important factors influ-
encing the value of conversion rate, namely DE (X;), the
amount of B-amylase (X,) and pullulanase (X3), as well as
the saccharification time (X,). At first, a four-factor nine-
level experimental design with nine experiments was
performed according to the UD table Uf9*). The experi-
mental design and results as well as the predicted outputs
were calculated by the intelligent visualization method
(Version 1.0, China) (Jiang et al. 2015). Similarly, kudzu
root starch hydrolysate was used as the catalytic sub-
strate of trehalose production. There are four important
factors influencing the value of conversion rate, namely
pH (X)), reaction temperature (X,), enzyme concentra-
tion (X;), and reaction time (X,). A four-factor 12-level
experimental design with 12 experiments was performed
according to the UD table U},(12%).

The basic principles of visualization method are
shown in Additional file 1: Figure S1. Firstly, the simple
data in multi-dimensional space are mapped to a two-
dimensional plane with a mapping model, in which the
contours of the objective functions are generated auto-
matically. According to the distribution of the contours,
the optimized operating direction or region can then be
located intuitively. Finally, an optimal point found in the
above region can be mapped back to the original multi-
dimensional space with an inversion mapping method,
which will be represented in terms of original variables.

The above mapping process is established based on a
neural network as shown in Fig. 2. For an optimization
problem with an m-dimensional input vector, x, and an
l-dimensional output vector, y, the data are mapped to
two new variables, z; and z,, in a two-dimensional map-
ping plane as follows:

21 =X, zy = wpXT (1
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Fig. 2 Mapping model.
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input vector, Y is an I-dimensional output vector, z; and
z, are two variables on mapping plane, w;, w, and V are
the weight vectors of the neural network, P is a nonlin-
ear extending vector for enhancing the mapping effect.
First, m-dimensional input vector X is first mapped
to a two-dimensional plane described with vector
z(= [z1,22]). Then z is mapped to n-dimensional output
Y through nonlinear mapping. In this work, we take sim-
PIY P = [Lfl(Zl:ZZ)’fZ(erZQ)r- . ~1f}‘7(21122)] = [1121122;
z%,z%,zlzz].

Therefore, it is able to use the two variables z; and
z, to describe the contour of the objective function
Y on the plane in case of the neural network trained
with sample data. According to the contour distribu-
tion of the objective function on the plane, it is easy
to decide the optimal point or region on the plane.
Based on the linear relationship between x and z, the
optimal point ¢ on the plane can be mapped inversely
to the original multi-dimensional space by the follow-
ing equation:

P + ﬂ(xb _xa) (3)
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where x%, x° and ¢ are points in multi-dimensional space
corresponding to points a, b and c. B is the step size,
which equals to the ratio of the distance between points a
and c to that between points a and b:
=2 4
= 4)
where 0 < 8 < 1 for interpolation and 8 > 1 for extrapo-
lation. In practical applications, first two reference points
on the plane are selected in the optimization direction,
and then the step size is determined to reach the opti-
mal point. Given an optimization direction and step size,
one can calculate the corresponding optimal point in the
original multi-dimensional space.

Enzyme assay

The recombinant TreS was constructed in Escherichia
coli BL21(DE3), which was described in detail in our
previous study (Jiang et al. 2013). The E. coli cells were
harvested by centrifugation at 12,000xg for 20 min at
4 °C and suspended in PBS buffer (40 mM NaH,PO,—
Na,HPO,, pH 7.0) followed by sonification and centrifu-
gation to remove insoluble cell debris. The supernatant
was filtered through a 0.45-um filter and the recom-
binant TreS was purified through a Ni—-NTA affinity
chromatography column according to the manufactur-
er’s purification protocol manual (Novagen, Ni-NTA
HiseBind Resins). The purified TreS was resuspended
in PBS buffer with the fixed the enzyme activity of
14,000 U/ml. The standard reaction was performed by
adding 1.5 pl of purified TreS into 50 .l of reaction solu-
tion containing in 50 mM sodium phosphate buffer with
different pH values and 150 mM maltose and incubating
at different temperatures. The reaction was terminated
by heating the mixture in boiling water for 15 min. One
unit (U) of enzyme activity was defined as the amount of
enzyme that catalyzes the formation of 1 nmol trehalose
per min in 1 ml system under the specified conditions.
The trehalose conversion rate (CR) was calculated by the
ratio of the trehalose product to the amount of maltose
substrate.

Analytical methods

The starch solubility and the content of maltose in the
hydrolysate were determined by DE, which was analyzed
using the Lane—Eynon method (Yildiz et al. 2005). The
maltose yield rate (YR) was calculated by the ratio of the
maltose product to the amount of starch substrate. The
amount of trehalose, glucose, and maltose was measured
using a HPLC (Dionex) system equipped with a Sepax
HP-Amino column and a refractive index detector. The
mobile phase was acetonitrile—water (75:25). The flow
rate was 0.6 ml/min and column temperature was 30 °C.
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The resulting data were analyzed off-line with Origin 6.0
software (Microcal, Northampton, MA, USA). All exper-
iments were carried out in duplicate or triplicate.

Results and discussion

Kudzu root starch hydrolysis

With respect to starch content and yield, kudzu is con-
sidered to rival the carbohydrate production from maize
and sugar cane (Sage et al. 2009). For a better trehalose
production, a higher maltose concentration with a lower
glucose concentration was preferable with kudzu starch
hydrolysate as the substrate. Previous studies suggested
that the liquefaction DE value of starch was found to
influence the saccharide composition, and the optimum
liquefaction DE of starch for maltose syrup production
was 8—11 (Marchal et al. 1999). Both a too high and too
low DE value can significantly affect the production of
maltose, the former one causes a rapid decrease of malt-
ose yield, while the latter one results in a high viscosity
which is harmful to the following saccharification process
(Besselink et al. 2008). In this study, a-amylase was used
to hydrolyze kudzu root starch granules to obtain utmost
maltose. Our preliminary experiments showed that it
needed only 8 min of liquefaction time to reach a DE
value of 8—11 with kudzu root starch, which was faster
than rice and corn starch (e.g., 22—-27 min) (Additional
file 2: Figure S2) (Roy and Gupta 2004). Small granules in
kudzu root could be the most possibly reason to increase
enzyme susceptibility and easily to be liquefied (Kim and
Robyt 1999). However, the optimal DE value was finally
selected among 19-21 to obtain the utmost starch utili-
zation and maltose content in the present study (Addi-
tional file 3: Figure S3, Additional file 4: Table S1).

After liquefaction of kudzu root starch, different
amounts of B-amylase and pullulanase were added for
saccharification. As we all know, B-amylase, debranching
enzyme, can hydrolyze a-1,4 links dextrins and pullula-
nase can specifically cleave certain «-1,6 links in starch
for more maltose production. Various combinations of
DE value, B-amylase and pullulanase amount, as well as
the saccharification time are listed in Table 1 accord-
ing to the orthogonal design scheme, together with the
experimental results. Figure 3 shows the mapping dia-
gram of hydrolysis yield of kudzu root starch. Sam-
ple data in multi-dimensional space were mapped and
reduced to a two-dimensional plane by the visualization
method, with nine blue points (hollow points) represent-
ing nine groups of experiments, respectively. The lines
formed an elliptical shape with the increment directed
from both the top left corner and the bottom right cor-
ner to the center. The optimal result (e.g., point 2 and 3)
can be intuitively observed in the mapping diagram, and
the optimal reaction conditions could be obtained by
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Table 1 Uniform design scheme and results of maltose
yield rate
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Table 2 Comparison of prediction results and test results
of maltose yield rate

Sample X, X, X3 X, (h)  Factors
(U/g starch) (U/g starch) index
YR (%)
1 19 25 0.5 24 76
2 19 30 1 36 92
3 19 35 15 48 92
4 20 25 1 48 88
5 20 30 15 24 85
6 20 35 0.5 36 86
7 21 25 15 36 85
8 21 30 0.5 48 88
9 21 35 1 24 85

X, is the value of DE, X, is the amount of B-amylase, X; is the amount of
pullulanase, and X, is saccharification time.

YR maltose yield rate.

inversely mapping the optimal point in the two-dimen-
sional plane to original multi-dimensional space. Value of
the optimal predicted point by extrapolating from point
1 to 3 with step size 0.5 was 93.8 % of maltose yield with
the hydrolytic conditions of 19 of DE, 32.5 U/g starch of
B-amylase, 1.25 U/g starch of pullulanase, and 42 h of
saccharification time (Table 2). The value of these fac-
tors at the predicted point is inside the operating bound
which indicates that the predicted point is feasible. Also,
the result from the verification experiment with the same

Sample X; X, (U/gstarch) X;(U/gstarch) X, (h) YR(%)
Predicted data 19 325 1.25 42 93.8
Real data 19 325 1.25 42 94.6

X, is the value of DE, X, is the amount of B-amylase, X; is the amount of
pullulanase, and X, is saccharification time.

YR maltose yield rate.

hydrolytic parameters came to the highest value of 94.6 %
in terms of maltose yield from kudzu root starch hydro-
lysates. Sugar compositions and the content of kudzu
root starch hydrolysate are also shown in Table 3. The
process of saccharification will inevitably produce a small
quantity of glucose (about 3.5 %), which has been proved
to inhibit the conversion efficiency of TreS (Wang et al.
2007).

Optimize the process of trehalose production

So far, a number of TreSs from several bacterial strains
have been identified and characterized (Jiang et al. 2013).
However, these TreSs are still not satisfying in a practical
application with regard to conversion efficiency, because
they catalyze the conversion of maltose into trehalose
in a reversible reaction, together with a side reaction of
hydrolysis to irreversibly form glucose. Therefore, in the
process of trehalose production, the degree of trehalose
conversion rate (CR) was regarded as the most important

mapping date

=
sample data]
!| &= contour

ple data, arrows represented the direction of data optimizing.

Fig. 3 Contours on the mapping plane for the yield rate of maltose. The full line represented contours, small circles and numbers represented sam-
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Table 3 Sugar contents of kudzu root starch hydrolysate

Starch hydrolysate Sugar compositions (%)
Maltose 94.6 £ 25

Glucose 35+004

Other sugars (larger than 1.9+£0.03

those of trisaccharide)

Table 4 Uniform design scheme and results of trehalose
conversion rate

Sample X, X, (°Q) X; (%) X, (h) Factors index
CR (%)
1 6 25 30 36 576
2 6 40 10 30 389
3 6.5 25 40 24 65.7
4 6.5 40 20 18 42.6
5 7 20 10 36 527
6 7 35 30 30 576
7 7.5 20 20 24 62.3
8 75 35 40 18 56.3
9 8 15 30 36 472
10 8 30 10 30 484
Il 85 15 40 24 337
12 85 30 20 18 479

X, is pH, X, is reaction temperature, X; is enzyme concentration, and X, is
reaction time.

CR trehalose conversion rate.
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property. The reaction condition parameters of the intra-
molecular transglycosylation from maltose into trehalose
by TreS were summarized in many previous studies and
listed in Table 4 (Jiang et al. 2013; Ma et al. 2006; Lee
et al. 2005; Xiuli et al. 2009; Wang et al. 2007b, ¢; Zhu
et al. 2008). Various combinations of pH (6-8.5), reaction
temperature (15-40 °C), TreS concentration (10-40 %,
14,000 U/ml) and reaction time (18-36 h) are shown
in Table 4 according to the orthogonal design scheme,
together with the experimental results.

Figure 4 presents the mapping diagram of trehalose
yield with maltose as the substrate, which was obtained
from kudzu root starch hydrolysate. The objective func-
tion as shown in Fig. 4 is a hyperbola, and the center is
a saddle point. Twelve green points in figure represent
12 groups of trehalose production tests, respectively. It
is clear that a high conversion rate can be obtained by
decreasing z,. Taking points 10 and 3 as references and
step size as 1.6, a predicted point is obtained through
extrapolation in the direction of the arrow. The predicted
data and the corresponding reaction parameters are
listed in Table 5. The results from the verification experi-
ment indicated that the optimal conditions of trehalose
production are pH 7.1, temperature of 22 °C, 32.5 %
(14,000 U/ml) of TreS enzyme loading amounts and for
24 h, trehalose conversion rate from kudzu root starch
hydrolysate could reach up to 70.6 %, which was among
the highest values ever produced in the enzymatic cataly-
sis process (Jiang et al. 2013).

mapping data

z2

sample data

: (E=>>contour

Fig. 4 Contours on the mapping plane for the conversion rate of trehalose. The full line represented of contours, small circles and numbers repre-
sented of sample data, arrows represented of the direction of data optimizing.
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Table 5 Comparison of prediction results and test results
of trehalose conversion rate

Sample X, X, (°Q) X3 (%) X4 (h) CR (%)
Predicted data 7.1 22 325 24 69.8
Real data 7.1 22 325 24 70.6

X is pH, X, is reaction temperature, X; is enzyme concentration, and X, is
reaction time.

CR trehalose conversion rate.

Conclusion

In conclusion, an integrated bio-process of trehalose
production from kudzu root starch through two-stage
enzymatic hydrolysis into malt syrup was established
with the help of the intelligent visualization method
in this study. The high-yield of 94.6 % maltose was
realized by o-amylase, P-amylase and pullulanase
pretreatment under the optimum DE of 19 and sacchari-
ficaiton condition of 32.5 U B-amylase/g starch and 1.25
U pullulanase/g starch. Furthermore, the optimum con-
ditions of trehalose production were obtained with the
maximum trehalose conversion rate of 70.6 %, which was
considered as a good candidate for the large-scale pro-
duction of trehalose in the near future. Thus, application
of the visualization method for optimization of param-
eters of enzyme catalytic reaction conditions was proved
successful, and its further application in biocatalysis
technology was expected.

Additional files

Additional file 1: Figure S1. Principles of visualization method.

Additional file 2: Figure S2. Variation of dextrose equivalent with lig-
uefaction time. By comparing the time of kudzu starch liquefaction in this
work with that of rice and corn starch liquefaction obtained from previous
studies, it could be concluded it was easier for kudzu root starch to be
liquefied than rice and corn starch by enzymes (e.g., a-amylase, B-amylase
and pullulanase).

Additional file 3: Figure S3. Effects of DE values on the yield of maltose
content after liquefaction and saccharification. With the increasing of DE
value, the content of maltose was declined. Hence, for a high maltose
yield, a low DE value should be selected. Overall considering the starch
utilization and maltose content, the optimal DE value was selected at
19-21.

Additional file 4: Table S1. Effect of DE value on starch solubility of
kudzu root starch.
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