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ABSTRACT

Agarwood has the mixed scent of ambergris and sandalwood, and cannot be artificially synthesized. Due to massive
logging, agarwood is now listed as an endangered plant. Agarwood tissue culture can save provenance for breeding. For
different combinations of TDZ (Thidiazuron), BA (6-Benzylaminopurine), and activated carbon of different concentra-
tions, this study used the six sigma, as well as design of experiment (DOE) and response surface methodology (RSM) to
optimize agarwood adventitious buds induced incidences and growth numbers. The results showed that, the combina-
tion of 4.0 ppm TDZ and 0.5 ppm BA, without activated carbon, had the best effect of adventitious bud induced inci-
dence up to 21.75%, and adventitious bud growth number up to 24.8, improvements of 35.29% and 42.78%, respec-
tively. The results verified that using the six sigma methodology could effectively enhance the induction of agarwood
tissue culture adventitious buds, promote the blooming of agarwood in large numbers, and further realize agarwood

restoration.

Keywords: Six Sigma; Response Surface Methodology; Agarwood; Tissue Culture

1. Introduction

Agarwood, also known as Aquilaria senensis Gilg, is a
plant of the agarwood genus of the Gilg family. It grows
in an environment with an annual average temperature of
19°C - 25°C, annual rainfall of 1500 - 2400 mm, and
relative humidity of 80% - 88%. In addition to medical
use, it is a very good spice crop [1]. Agarwood has the
mixed scent of ambergris and sandalwood, which cannot
be artificially synthesized. In Asian regions, agarwood is
widely used in religious ceremonies, with a growing
market demand, and is widely used in perfume develop-
ment in recent years. Recently, due to massive logging,
coupled with its long growth period and slow restoration,
agarwood is now listed by CITES (Convention on Inter-
national Trade in Endangered Species of Wild Fauna and
Flora) as an endangered plant in 2004 [2].

The provenance of agarwood can be preserved by
asexual breeding of tissue culture to induce adventitious
buds for large scale breeding. This study used the six
sigma methodology for analysis. Coupled with design of
experiment (DOE) and response surface methodology
(RSM), this study optimized the agarwood adventitious
bud induced incidence and growth number for different
combinations of growth regulator and activated carbon,
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at different concentration levels for the large scale breed-
ing of agarwood, in order to realize the goal of agarwood
restoration.

The remainder of this paper is organized as follows:
Section 2 is a background review on six sigma, DOE,
and plant tissue culture; Section 3 introduces RSM. Sec-
tion 4 uses the proposed method in case validation; Sec-
tion 5 offers conclusions.

2. Background Review

This section is divided into three parts, namely back-
ground review on six sigma, DOE, and plant tissue cul-
ture, respectively.

2.1. Six Sigma

Six sigma has been widely used in the business field to
deliver doubled competitiveness and profits [3]. Whether
it is used in operating processes, process improvement,
or new product development, six sigma is an organized,
systematic management method for structured processing
of complex issues [4,5]. The step commonly used in
process improvement is DMAIC, which include: 1) De-
fine: identifying customer needs and core processes and
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identifying problems requiring urgent improvement; 2)
Measure: by collecting existing information to under-
stand the current level of process performance as an ana-
lytical basis; 3) Analyze: explore the causes of problems,
and validate by data to confirm the root of the problem; 4)
Improve: according to the root of the problems, propose
the best solutions; 5) Control: ensure the continuation
and standardization of the improvement plan.

2.2. Design of Experiment

DOE uses appropriate experimental design to obtain the
best experimental results for decision-making with the
least amount of time and cost [6,7]. In detail, DOE util-
izes various factors (process parameter), level combina-
tion information, and analysis of variance (ANOVA) to
determine the best process response values and corre-
sponding process parameter combinations. According to
the purpose of use and factorial level, it can be divided
into general full factorial designs, full factorial designs,
fractional factorial designs, and Plackett-Burman de-
signs.

Raymond and Montgomery [8] suggested that DOE
can effectively fit the first-order models; when DOE
contains center points, namely, when process response
value and influencing factors have a curvature relation-
ship, it can be used to determine whether the model has
second order effects or not.

According to Montgomery [9], the Box-Behnken de-
sign (BBD) of RSM uses parameter combinations of ax-
ial points and center points to effectively estimate the
squared terms of the model, and is the rational choice for
the estimation of the second order model. RSM is widely
used in the areas of agriculture, electronics, mechanics,
the chemical industry, biotechnology, materials science,
and industrial process improvement, helping researchers
to provide analysis and problem-solving procedures in
product design optimization, process improvement, Sys-
tem optimization, and other issues.

2.3. Tissue Culture

The course of development of plant tissue culture can be
traced back to the theory of totipotency, as proposed by
German botanist Haberdandt [10], and based on the cell
theory. He cultured the plant in a culture medium, and
although the test was not successful, it promoted the de-
velopment of tissue culture. The MS medium formula, as
designed by Japanese scholars Murashige and Skoog [11],
became the most widely used culture medium in tissue
culture, giving rising to the stable development of tissue
culture. In [12,13], they used the isolated tobacco proto-
plast cell to produce regenerated plants, confirming toti-
potent cell differentiation. Since then, plant tissue culture
began to have obvious progress.
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Tissue culture evolved on the basis of cell pluripo-
tency and cell differentiation theories. By using plant
tissue cells from pollen, embryo, seed, stem segments,
buds, and apical tissues, and with the induction of growth
regulators in a sterile state, cultured cells can grow into
fully grown plants. Due to asexual reproduction, the ex-
cellent traits of the mother plant can be well retained in
the offspring [14,15]. The operating processes of the
production of healthy seedlings using tissue culture tech-
nology can be divided into the follow stages:

Stage 1. Mother Stock Establishment: including ex-
plant.

Stage 2. Multiplication: maintains cultures in sterile
conditions inside the bottle and increases the number of
micropropagation breeding to optimize the breeding effi-
ciency in cases of different combinations of plant growth
regulators and reproduction breeding.

Stage 3. Hardening and Rooting: uses various culture
mediums and methods, such as external processing, in
order that strong and healthy seedlings could be moved
out of the sterilized tubes. At this stage, seedlings can be
induced by micro cuttings, and small branches can be
implemented according to the characteristics of the crop
of in vitro rooting or ex vitro rooting environments.

Stage 4. Acclimatization: tissue culture seedlings with
normal branch-root morphology are gradually trans-
planted in greenhouses or outdoor environments in ex
vitro space of controlled humidity, temperature, and lu-
minosity.

3. Research Method

This study applied the six sigma, namely DMAIC, in the
induction of the agarwood tissue culture adventitious bud,
and expected to improve the adventitious bud induced
incidence and growth number. DOE coupled with RSM
was used to optimize the induction of agarwood adventi-
tious buds.

By integrating statistical analysis and DOE, RSM be-
comes an effective tool to discuss the relationship be-
tween independent variables and response variables, and
fit curvature equation and optimization of response value
[16,17]. In two-factor and multi-factor experiments, us-
ing RSM can efficiently and systematically conduct ex-
periments to obtain results in line with the requirements
of fewer experimental times. Hence, regarding multi-
factor experiments, in terms of reducing the number of
experiments, the importance of the application of RSM
can be better highlighted.

If there is a response variable y, an n controllable, and
independent variables X, X;... X, the relationship be-
tween the response variables and independent variables
can be represented by the approximation function, as
below:
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y=f (%%, )+e 1)

where, ¢ is the error term of response variable y, in gen-
eral, ¢ is assumed as independent and obedient in normal
distribution, with the expected value at zero. If E(y) =
(x1, x2..., xx) = 77 is used to represent the expected value
of the response, then n = f (x, x,..., xi) is the so-called
response surface.

Regarding problems relating to RSM applications, the
relationships between independent variables and re-
sponse variables are mostly complex and unknown;
therefore, RSM uses a characteristic with sequential pro-
cedures as the optimization procedure for response sur-
face analysis in order to determine whether the setting
values of the independent variables are close to the opti-
mal response values, and explore the relationship pat-
terns between independent variables and response vari-
ables to fit the appropriate response surface. The initial
values on the response surface are generally located in
the operating region far from the optimal response value
and small curvature. Hence, the first step of response
surface analysis provides a linear function, which is
composed of independent variables regarding the rela-
tionships between independent variables and response
variables, to fit the unknown relation equations. The first
order model approximation function can be represented,
as below:

V=L +BX + LX)+ + 6%, 2)

where, B, B, ..., B, are constant terms.

Furthermore, by using the successive movement pro-
cedure methods of steepest ascent or steepest descent, it
provides a route direction that can rapidly and efficiently
approximate the optimal response value, and then re-
peatedly implement the procedure until moving to the
operating region close to the optimal response value.
Next, for the system with a curvature, polynomials of
higher orders should be adopted, for example, the sec-
ond-order model, to determine the optimum response
value. The approximation function of the second order
model can be represented as:

k k
y=BA X B+ 2 B + 2 Y Byxxy i<y (3)
j=1 =1 i

When the experimental values are close to the region
of the optimum response value, use the approximation
function of the second order model is often used to fit the
curved surface in order to conduct the second order re-
sponse surface analysis. The reasons to use the second
order model are as shown below:

1) The second order model can present equations in
diversified forms, and thus, is more flexible in use.

2) Models higher than the second order are too com-
plex, and thus, are not highly feasible for use.
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3) The first order model can roughly determine re-
sponse changes, but cannot significantly reflect the cur-
vature, and therefore, is unable to reflect the actual situa-
tion.

In the second order response surface analysis, the de-
termination of a stationary point location, canonical
analysis, judgment of stationary point patterns, and the
drawing of the contour plot and response diagram are
important tasks. If there are n factors of xy, x»,..., x,, then
¥y is the response estimated value, therefore, the
partial differentiation processing of J in each xi, x, ...,
Xn» @b = ¥ = = &> =0 can produce n station-

ox, Ox, ox,

ary points. After obtaining the stationary points, by using
canonical analysis to determine the patterns of stationary
points, it is found that stationary points on the response
surface are displayed as the maximum response point,
minimum point, and saddle point. In addition, according
to the obtained information, the contour plots can be
drawn to characterize the response surface. The contour
plot is a two-dimensional diagram consisting of multiple
contour lines of straight or curved lines. A specific con-
tour line has equivalent response values. The characteris-
tics of the contour plot are as follows:

1) To explain the response surface system by the most
direct schematic diagrams;

2) When stationary points fall into the experimental
region, it is convenient to observe the relative sensitivity
degrees of the independent variables against the response
values;

3) When the stationary point does not fall in the ex-
perimental region, or the stationary points are the saddle
points, the contour plot can provide important reference
information.

However, for observation of the relationships between
independent variables and response variables, curved
surface shape, and locations and patterns of stationary
points, a three-dimensional response surface can be
drawn.

Based on the principle of BIBD (balanced incomplete
block design), Box and Behnken [18] developed a three-
level design method, which can fit the second order re-
sponse surface very effectively. Moreover, BBD is char-
acterized by the fact that all experimental points are lo-
cated at the endpoints, without including the experiments
on the topic of the cubic, as generated by the levels of
various variables. Meanwhile, all endpoints and center
points are equal in distance, making it a design method
that fits the rotatable or almost rotatable design. A ro-
tatable design means that the variance of the response
estimates of any experimental combination of DOE is the
equal distance function of the points to the center point in
the experimental region. Another characteristic of BBD

A
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is that it can estimate the first order, the second order,
and interaction term non-linear polynomials, by using the
data of fewer experiments, as an efficient response sur-
face design method.

4. Case Studies

By using the six sigma methododology with tissue cul-
ture agarwood as the subject, this study conducted im-
provements of agarwood tissue culture breeding effi-
ciency, with the improvement steps as shown below.

4.1. Define

Agarwood breeding efficiency in tissue culture can affect
the production efficiency of the agarwood tissue culture.
The direct influencing factors of breeding efficiency in-
clude adventitious bud induced incidence and growth
number. Therefore, improving adventitious bud induced
incidence and growth number is the major objectives of
this study.

4.2. Measure

Determine the pattern of agarwood adventitious bud in-
duced incidence and growth number: culture the agar-
wood growing points in 3 X § test tubes and record the
adventitious bud induced incidence and growth number
after four months.

4.3. Analyze

After confirmation of an error-free measurement quality
system, the agarwood tissue culture breeding efficiency
is analyzed. The improvement goal in this study is set as
adventitious bud induced incidence above 20%, and
growth number above 20. After determining the research
goals, by brainstorming, the researchers listed all the
growth regulators that may affect the breeding rate of
agarwood including BA, TDZ (Thidiazuron), 2,4-D (2,4-
Dichlorophenoxyacetic Acid), Pi(Picloram), and NAA.

4.4, Improve

Among the six sigma steps, the improvement stage is
most time and energy consuming stage, therefore, this
stage is divided into three steps.

4.4.1. Essential Factor Selection

This study cultured growing points in 12 culture media
combinations of five different growth regulators, include-
ing BA, TDZ (Thidiazuron), 2,4-D (2,4-Dichloro-
phenoxyacetic Acid), Pi (Picloram), and NAA for the
lead experiments. This study applied a total of 12 proc-
essing methods, for processing 10 growing points by
three times in the 3 x 8 test tube. Table 1 illustrates the
lead experiments of the selection of essential factors. The
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Table 1. Table of pre-experimental planning.

Frequency of ~ Multiplicing
adventitious bud numbers per

Growth regulator (mg-17")

2,4-D NAA Picloram TDZ BA regeneration (%) explant
0.05 ) 05 90.0a -
01 : 05 83.3b -
05 7 : 05 93.3a -

ool ) ) 1 60.0c -
ool i i 2 56.7cd -
ool i i 3 53.3cd -

: . 0.05 05 50.0d -

’ . 0.1 05 36.7f +

’ . 0.5 05 43.3e -

) ’ * 05 05 30.0g +

: ’ i 1 05 23.3h ++
: ’ i 205 16.7i +++

"Regeneration Response: —no response, +weak, + +medium, + +
+ strong. "Necrosis (%): those with same English alphabets indicate
that they have not reached the 5% difference significant level of Dun-
can’s polytrophic domain analysis.

combinations of growth regulators TDZ and BA re-
sponded to the breeding of agarwood tissue culture, and
the response was relatively strong, while the minimum
necrosis rate (browning rate) can be as low as 16.7%,
indicating that the combination of growth regulators of
TDZ and BA is the key factor affecting the breeding rate
of agarwood.

4.4.2. Relationships between the Variables

After testing the 12 combinations of culture medium in
the lead experiments, it was found a combination culture
medium containing TDZ and BA can effectively induce
the regeneration response of the agarwood growing
points. For further understanding of the optimal concen-
tration of the combination of TDZ and BA, this study set
the concentrations of the TDZ and BA combination using
2,3,and 4 mg-L™' TDZ and 0.5, 0.75, and 1 mg-L™' BA,
respectively.

Due to the serious necrosis of the agarwood growing
points, combination tests were conducted by adding 0%,
0.05%, and 0.1% activated carbon, respectively. The
factorial design of this test had three factors and three
levels. According to the BBD design method of RSM, a
total of 15 processing methods were applied to repeat-
edly process 10 growing points by three times in 3 x 8
test tubes, in order to determine the combination of cul-
ture medium that could effectively induce the formation
of the adventitious buds.
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This test used Minitab software for the experimental
RSM Box-Behnken design (BBD). By using the BBD to
design the experimental factorial design of three factors
and three levels, a total of 15 processing methods were
obtained, as shown in Table 2.

RSM regression analysis and ANOVA analysis were
conducted on the adventitious buds induced incidence
and growth number experimental results in order to cal-
culate the regression equations of the individual response
values. First, the optimal culture medium combination of
individual response values was obtained, and the RSM
desire function was used to determine the optimal culture
medium combination of the response values of adventi-
tious bud induced incidence and growth number. The
details are:

1. The experimental data of the adventitious bud in-
duced incidence suggested that, the testing combina-
tion of 4.0 ppm TDZ, 0.75 ppm BA, without addition
of activated carbon, is the most efficient in induction,
with an induction rate up to 17.5% (as shown in Ta-
ble 3).

2. The adventitious bud growth number experimental
data suggested that, the testing combination of 3.0
ppm TDZ and 0.5 ppm BA, without addition of acti-
vated carbon, is the most efficient in induction of the
adventitious buds, and the growth number of adventi-
tious buds is up to 20.0 (as shown in Table 3).

Table 2. Table of box-behnken design.

StdOrder RunOrder PtType Blocks TDZ(ppm) BA(ppm) Carbon(%)

3 1 2 1 2 1 0.05
15 2 0 1 3 0.75 0.05
14 3 0 1 3 0.75 0.05
8 4 2 1 4 0.75 0.1
10 5 2 1 3 1 0

1 6 2 1 2 0.5 0.05
13 7 0 1 3 0.75 0.05
11 8 2 1 3 0.5 0.1
12 9 2 1 3 1 0.1
5 10 2 1 2 0.75 0

7 11 2 1 2 0.75 0.1
4 12 2 1 4 1 0.05
2 13 2 1 4 0.5 0.05
9 14 2 1 3 0.5 0

6 15 2 1 4 0.75 0
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Table 3. The effect for combinations of TDZ, BA, and acti-
vated carbon.

Growth re%}ﬂator . Frequency of Multiplicing
(mg17) Active i entitiousbud  numbers per

TDZ BA carbon (%) regeneration (%) explant

2 0.50 0.05 6.00 8.00

2 0.75 0.00 6.50 11.00

2 0.75 0.10 5.50 1.00

2 1.00 0.05 4.00 5.00

3 0.50 0.00 17.00 20.00

3 0.50 0.10 13.00 1.50

3 0.75 0.05 7.75 8.46

3 0.75 0.05 10.50 8.62

3 0.75 0.05 8.00 8.71

3 1.00 0.00 7.00 12.00

3 1.00 0.10 5.00 2.00

4 0.50 0.05 13.00 13.35

4 1.00 0.05 8.00 7.50

4 0.75 0.00 17.50 19.85

4 0.75 0.10 2.50 1.00

3. The regression analysis results of the response data of
the adventitious bud induced incidence (as shown in
Table 4) suggested that, its explanatory capability is
88.41%. The following ANOVA table (as shown in
Table 5) shows that the adventitious bud induced in-
cidence has significant state in the first order, and
most of its squared and interactive terms fail to
achieve a significant state. Moreover, the squared and
interactive terms are not at the significant state, indi-
cating that the influencing factors of adventitious bud
induced incidence are individual and there is no in-
teraction. The value of the Lack-of-Fit values in the
ANOVA table (as shown in Table 4) fail to achieve a
significant state, suggesting that the model is free
from Lack-of-Fit and the model fits the current region.
The adventitious bud induced incidence four-in-one
residual plot (as shown in Figure 1) indicates that, its
residual roughly complies with normality, independ-
ence, and variance consistency. The regression coef-
ficient of the influence on the induction of agarwood
adventitious buds (as shown in Table 6) suggests that,
the regression equation of adventitious bud induced
incidence is:

-10+18.625(TDZ)—-23.5(BA)+85(Carbon)

~1.75(TDZ)’ +12 (BA)’ +400(Carbon)’
—3(TDZ * BA) - 70(TDZ * Carbon) + 40(BA * Carbon)

“4)
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Figure 1. Residual plots for induced incidences (%6).
Table 4. Estimated regression coefficients for induced inci- Table 5. Analysis of variance for induced incidences.
dences (%0).
Source DF SeqSS  Adj SS Adj MS F P
Term Coef SE Coef T P .
Regression 9 254500 254.500 28.278 424  0.063
Constant 8.7500 14916  5.866 0.002
Linear 3 183.750 183.750 61.250 9.18  0.018
TDZ(ppm) 2.3750 0.9134  2.600 0.048
Square 3 18.500 18.500 6.167 0.92  0.493
BA(ppm) -3.1250 09134 -3.421 0.019 )
Interaction 3 52250 52.250 17.417 2.61 0.164
Carbon(%) —2.7500 09134 -3.011 0.030 )
Residual Error 5 33.375 33375 6.675
TDZ(ppm) * TDZ(ppm) —1.7500  1.3445  —1.302 0.250 )
Lack-of-Fit 3 28.750 28750 9.583  4.14  0.200
BA(ppm) * BA(ppm 0.7500 1.3445  0.558  0.601
(ppm) (ppm) Pure Error 2 4.625 4.625 2313
Carbon(%) * Carbon(%)  1.0000 1.3445  0.744  0.490
Total 14 287.875
TDZ(ppm) * BA(ppm) ~ —0.7500 12918  —0.581 0.587 . . o
Unusual Observations for induced incidences
TDZ(ppm) * Carbon(%)  —3.5000  1.2918  —2.709 0.042 Std St
Obs Order Incidences  Fit SE Fit Residual Residual
BA(ppm) * Carbon(%)  0.5000 1.2918 0387 0.715 u
5 5 7.000  9.625 2237 -2.625 —2.03R
S = 2.58360; PRESS = 470.406; R-Sq = 88.41%; R-Sq(pred) = 0.00%;
R-Sq(adj) = 67.54%. 8 8 13.000 10375 2237 2.625 2.03R

4

The regression analysis results of the response data of
adventitious bud growth number (as shown in Table
7) suggested that its explanatory power is 99.92%.
Moreover, the induced incidence is at a significant
state in the first order term and interactive term;
however, the squared term fails to achieve the signi-
ficant term. The ANOVA table (as shown in Table 8)
indicates that, the square term failed to achieve a sig-

Copyright © 2013 SciRes.

R denotes an observation with a large standardized residual.

nificant state, suggesting that the influencing factors
of adventitious bud induced incidence have interac-
tions. The Lack-of-Fit values at the insignificant state
of the ANOVA table (as shown in Table 8) suggest
that, the model is free from Lack-of-Fit and fits the
existing region. According to the four-in-on residual
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Table 6. Regression coefficients for induced incidences and
growth numbers.

Coef
Term
Induced incidences ~Growth numbers

Constant —10.0000 7.76583

TDZ(ppm) 18.6250 8.82750
BA(ppm) —23.5000 —14.4650
Carbon(%) 85.0000 —138.692
TDZ(ppm) * TDZ(ppm) —1.75000 —0.398333

BA(ppm) * BA(ppm) 12.0000 4.22667

Carbon(%) * Carbon(%) 400.000 5.66667
TDZ(ppm) * BA(ppm) —3.00000 —2.85000
TDZ(ppm) * Carbon(%) —70.0000 —44.2500

BA(ppm) * Carbon(%) 40.0000 170.000

Table 7. Estimated regression coefficients for growth num-
bers.

Term Coef SE Coef T P
Constant 8.59667 0.1633 52.631  0.000
TDZ(ppm) 2.08750 0.1000 20.870  0.000
BA(ppm) —2.04375  0.1000  —20.433  0.000
Carbon(%) =7.16875  0.1000  =71.670 0.000
TDZ(ppm) * TDZ(ppm) —0.39833  0.1472  —2.705 0.043

BA(ppm) * BA(ppm) 026417  0.1472  1.794  0.133
Carbon(%) * Carbon(%) ~ 0.01417  0.1472  0.096  0.927
TDZ(ppm) * BA(ppm) —0.71250  0.1415  —5.037  0.004
TDZ(ppm) * Carbon(%) —2.21250  0.1415  —15.641 0.000
BA(ppm) * Carbon(%) ~ 2.12500  0.1415  15.022  0.000

S = 0.282910, PRESS = 5.96215, R-Sq = 99.92%, R-Sq(pred) = 98.85%,
R-Sq(adj) = 99.78%.

plot of the adventitious bud growth number (as shown
in Figure 2), the residual is roughly consistent with
normality, independence, and variance consistency.
Meanwhile, from the regression coefficient of the in-
duction of the agarwood adventitious buds (as shown
in Table 6), the regression equation for the induced
incidence is:

7.76583 +8.8275(TDZ) ~14.465(BA)
~138.692(Carbon) - 0.398333(TDZ)’

+4.22667(BA)’ +5.66667 (Carbon )’ —2.85(TDZ*BA)
—44.25(TDZ* Carbon ) +170(BA * Carbon )

(&)
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5. The analysis of the desire function of RSM, regarding
the adventitious bud induced incidence and growth
number, suggested that the combination of 4.0 ppm
TDZ and 0.5 ppm BA, without activated carbon, is
the best culture medium in terms of agarwood adven-
titious bud induced incidence and growth number,
which can lead to induced incidence up to 21.75%,
achievement probability up to 72.5%; adventitious
bud growth number up to 24.8, achievement probabil-
ity up to 82.76%, and synthesis probability up to
77.46% (as shown in Table 9).

Table 8. Analysis of variance for growth numbers.

Source DF SeqSS AdjSS AdjMS F P
Regression 9 519989 519.989 57.777 721.86 0.000

Linear 3 479.404 479.404 159.801 1996.56  0.000

Square 3 0911 0911 0304 3.79 0.093
Interaction 3 39.674 39.674 13.225 165.23  0.000

Residual Error 5 0.400  0.400 0.080
Lack-of-Fit 3 0368 0368 0.123  7.65 0.118

Pure Error 2 0.032  0.032 0.016
Total 14 520.389

Unusual Observations for growth numbers

Std . . . St
Obs Orde numbers  Fit SE Fit Residual Residual
6 6 8.000 7.706 0.245 0294 2.08R
12 12 7.500 7.794 0.245 -0.294 -2.08R

R denotes an observation with a large standardized residual.

Table 9. Optimal parameters for combinations of TDZ, BA,
and activated carbon.

Goal Lower Target Upper Weight Import

inCiI(‘il;l”C‘;zd(% ) Maximum 030 30 1 1
Growth numbers Maximum 0 30 30 1 1
Global Solution
TDZ(ppm) = 4
BA(ppm) =0.5

Carbon(%) =0
Predicted Responses
Induced incidences (%) = 21.7500 Desirability = 0.725000
Growth numbers = 4.8267 Desirability = 0.827556

Composite Desirability = 0.774582

0JOp



C.-P. CHUNG 87

Normal Probability Plot Versus Fits
%) 030 .
[ ]
90
0.15 o« ® °
g ® Ei ° °
8 501 2 000 T
rg: () ;2 o °
°
104 0151 e .
14 . . . . -0.301, — : .
-0.50 -0.25 0.00 0.25 0.50 0 5 10 15 20
Residual Fitted Value
Histogram Versus Order
31 0.30
S 21 =
(=] = x
1 =
= 1 =
-0.15
ol —1 b 0 0% ____ 0%
03 02 -01 00 01 02 03 1 23 45678 9101112131415
Residual Observation Order
Figure 2. Residual plots for growth numbers.
Table 10. Comparison of results. for large scale breeding. In order to improve agarwood
With Without v tissue culmre .1nduct10n of adventitious buds, this study
improvement  improvement eviation adopted six sigma, as well as DOE and RSM, for the
Induced incidences 17% 3% 35.29% optimization of adventitious bud induced 1n01denf:e a.md
growth number. The results showed that the combination
Growth numbers 18.0 257 42.78% of 4.0 ppm TDZ and 0.5 ppm BA, without activated car-
bon, was the best culture medium for the growth of agar-
4.5. Control wood. It can effectively induce the regeneration of the

After obtaining the optimum growth regulators combina-
tion, this study formulated the standard operating proce-
dures as the operating norms, and conducted experiments
for validation using the optimum culture medium com-
bination obtained by RSM analysis. The optimum culture
medium combination is consisted of 4.0 ppm TDZ and
0.5 ppm BA, without activated carbon. Similarly, this
study processed 10 growth points three times each, and
planted them in the 3 X 8 test tubes. According to the
testing results of the optimal culture medium combina-
tions, the adventitious bud induced incidence is 23%, and
adventitious bud growth number is 25.7. The improve-
ments, as shown in Table 10, suggesting that the best
culture medium combination, as identified in this study,
can result in better adventitious bud induced incidence
and growth number of agarwood.

5. Conclusion

The provenance of agarwood can be preserved by a sex-
ual breeding of tissue culture to induce adventitious buds

Copyright © 2013 SciRes.

agarwood adventitious buds, and be used for large-scale
production. The results verified that DOE coupled with
RSM could effectively enhance agarwood tissue culture
to induce adventitious buds, which directly enhanced large
scale production and indirectly restored agarwood through
the six sigma. These findings could serve as references in
the promotion of six sigma in the research of tissue cul-
ture to effectively help the industry to improve relevant
operations.

6. Acknowledgements

This study is supported by the National Science Council
of Taiwan, Republic of China, under grant number NSC
101-2410-H-451-002 and 101-2622-E-451-002-CC3. 1
wish to thank my research assistant, Mr. Yue-Hong Tsai,
a graduate student in the D.B.I.D. department.

REFERENCES

[1] M.L.He,S.Y.Qiand L. J. Hu, “Rapid in Vitro Propaga-
tion of Medicinally Important Aquilaria agallocha,”

0JOp


https://nscnt12.nsc.gov.tw/RS09/Modules/Personal/Personal_Researcher_index.aspx

88

(10]

[11]

C.-P. CHUNG

Journal of Zhejiang University Science, Vol. 6, No. 8§,
2005, pp. 849-852. doi:10.1631/jzus.2005.B0849

M. Antonopoulou, J. Compton, L. S. Perry and R. Al-
Mubarak, “The Trade and Use of Agarwood (Oudh) in
the United Arab Emirates,” TRAFFIC Southeast Asia,
Petaling Jaya, 2010.

P. S. Pande, R. P. Neuman and R. R. Cavanagh, “The Six
Sigma Way Team Field Book: An Implementation Guide
for Project Improvement Teams,” McGraw-Hill, New
York, 2001.

F. W. Breyfogle, J. M. Cupello and B. Meadows, “Man-
aging Six-Sigma,” John Wiley & Sons, New York, 2001.

K. Linderman, R. G. Schroeder, S. Zaheer and S. A. Choo,
“Six Sigma: A Goal-Theoretic Perspective,” Journal of
Operations Management, Vol. 21, No. 2, 2003, pp. 193-
203. doi:10.1016/S0272-6963(02)00087-6

D. M. Himmelblau, “Process Analysis by Statistical Me-
thods,” John Wiley and Sons, New York, 1970.

H. M. Raymond and D. C. Montgomery, “Response Sur-
face Methodology: Process and Product Optimization Us-
ing Designed Experiments,” Wiley, New York, 2002.

M. A. Rahman and A. C. Basak, “Agar Production in Agar
Trees by Artificial Indoculation and Wounding,” Bano
Bigan Patrita, Vol. 9, No. 1-2, 1980, pp. 97-98.

D. C. Montgomery, “Design and Analysis of Experiments,”
7th Edition, John Wiley & Sons, New York, 2009.

G. Haberlandt, “First But Unsuccessful Attempt of Tissue
Culture Using Monocots,” Sitzungsber Akad, Vol. 111,
No. 1, 1902, pp. 69-92.

T. Murashige and F. Skoog, “A Revised Medium for
Rapid Growth and Bioassays with Tobacco Tissue Cul-

Copyright © 2013 SciRes.

[12]

[13]

[17]

(18]

tures,” Physiologia Plantarum, Vol. 13, 1962, pp. 473-
497. d0i:10.1111/5.1399-3054.1962.tb08052.x

T. Nagata and 1. Takebe, “Plating of Isolated Tobacco
Mesophyll Protoplasts on Agar Medium,” Planta, Vol. 99,
No. 1, 1971, pp. 12-20. doi:10.1007/BF00392116

I. Takebe, G. Labib and G. Melchers, “Regeneration of
Whole Plants from Isolated Mesophyll Protoplasts of To-
bacco,” Naturwissenschaften, Vol. 58, No. 6, 1971, pp.
318-320. doi:10.1007/BF00624737

T. Murashige, “Plant Propagation through Tissue Culture,”
Annual Review of Physiology, Vol. 25, 1974, pp. 135-166.
doi:10.1146/annurev.pp.25.060174.001031

D. A. Evans, W. R. Sharp and C. E. Flick, “Growth and
Behavior of Cell Cultures: Embryogenesis and Organoge-
nesis,” In: T. A. Thorpe, Ed., Plant Tissue Culture: Meth-
ods and Applications in Agriculture, Academic Press,
New York, 1981.

R. H. Myers and D. C. Montgomery, “Response Surface
Methodology: Process and Product Optimization Using
Designed Experiments,” 2nd Edition, John Wiley and
Sons, New York, 2002.

K. K. Vadde, V. R. Syrotiuk and D. C. Montgomery,
“Optimizing Protocol Interaction Using Response Surface
Methodology,” IEEE Transactions on Mobile Computing,
Vol. 5, No. 6, 2006, pp. 50-56.

G. E. P. Box and D. W. Behnken, “Some New Three Le-
vel Designs or the Study of Quantitative Variables,” Te-
chnometrics, Vol. 2, 1960, pp. 455-475.
doi:10.1080/00401706.1960.10489912

0JOp


http://dx.doi.org/10.1016/S0272-6963(02)00087-6
http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.1007/BF00392116
http://dx.doi.org/10.1007/BF00624737
http://dx.doi.org/10.1146/annurev.pp.25.060174.001031
http://dx.doi.org/10.1080/00401706.1960.10489912

