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Abstract
Data-driven models in a combination of optimization algorithms could be beneficial methods for predicting and optimizing
in vitro culture processes. This study was aimed at modeling and optimizing a new embryogenesis medium for chrysanthemum.
Three individual data-driven models, including multi-layer perceptron (MLP), adaptive neuro-fuzzy inference system (ANFIS),
and support vector regression (SVR), were developed for callogenesis rate (CR), embryogenesis rate (ER), and somatic embryo
number (SEN). Consequently, the best obtained results were used in the fusion process by a bagging method. For medium
reformulation, effects of eight ionic macronutrients on CR, ER, and SEN and effects of four vitamins on SEN were evaluated
using data fusion (DF)–non-dominated sorting genetic algorithm-II (NSGA-II) and DF-genetic algorithm (GA), respectively.
Results showed that DF models with the highest R2 had superb performance in comparison with all other individual models.
According to DF-NSGAII, the highest ER and SEN can be obtained from the medium containing 14.27 mM NH4

+, 38.92 mM
NO3

−, 22.79 mM K+, 5.08 mM Cl−, 3.34 mM Ca2+, 1.67 mMMg2+, 2.17 mM SO4
2−, and 1.44 mM H2PO4

−. Based on the DF-
GA model, the maximum SEN can be obtained from a medium containing 0.61 μM thiamine, 5.93 μM nicotinic acid, 0.25 μM
biotin, and 0.26 μM riboflavin. The efficiency of the established-optimized mediumwas experimentally compared to Murashige
and Skoog medium (MS) for embryogenesis of five chrysanthemum cultivars, and results indicated the efficiency of optimized
medium over MS medium.
Key points
• MLP, SVR, and ANFIS were fused by a bagging method to develop a data fusion model.
• NSGA-II and GA were linked to the data fusion model for establishing and optimizing a new embryogenesis medium.
• The new culture medium (HNT) had better efficiency than MS medium.
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Introduction

Chrysanthemum may be the world’s most widely grown or-
namental species with over 20,000 cultivars in markets (da
Silva and Kulus 2014). Also, chrysanthemum is broadly used
in different parts of the world especially in China, Japan, and
India either as an anti-inflammatory herb or a fragrant floral
tea in conventional medicine due to the wide spectrum of its
biomolecules and secondary metabolites (Yang et al. 2017).
Antioxidant, antifungal, antibacterial, anti-inflammatory, and
anti-spirochetal activities of chrysanthemum have been previ-
ously reported by several studies (Kim and Lee 2005; Lin
et al. 2010; Yang et al. 2017). Moreover, chrysanthemum
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has been used as a model plant for color modification scien-
tific researches because of its wide range of biomolecules
involved in pigments (Noda et al. 2017; Hesami et al.
2020a). As a result, global demands for this valuable plant
have been significantly increased. However, the current breed-
ing efforts based on traditional reproduction are not able to
cope with the pace of increasing market demand (Noda et al.
2017). Therefore, different new methods should be proposed
based on novel biotechnological techniques such as in vitro
culture tools to improve pharmacological, ornamental, and
industrial traits of this plant.

In vitro propagation through somatic embryogenesis has
become an efficient way of improving most economically
important chrysanthemum cultivars (Naing et al. 2013).
Culture stimuli, environment, and the cultural stimuli × envi-
ronment interaction exert significant influence on cell differ-
entiation during somatic embryogenesis (Guillou et al. 2018).
Several studies (May and Trigiano 1991; Tanaka et al. 2000;
da Silva 2003; Xu et al. 2012; Naing et al. 2013) have devel-
oped somatic embryogenesis protocol for chrysanthemum.
However, those studies focused on the effects of different
hormonal combinations as well as growth factors on embryo-
genesis. On the other hand, there is a lack of a comprehensive
study on the establishment of a culture medium that can lead
to high-frequency somatic embryogenesis. Such studies
would be useful for further in vitro gene expression, genetic
transformation, and functional gene studies involved in bio-
molecules synthesis pathways (Greenway et al. 2012).

Nutrient components are known as a major factor affected
in vitro morphogenesis in different species or plant organs
(Fisichella et al. 2000; Greenway et al. 2012). Essential nutri-
ents can be provided by the basal salts that can be involved in
the regulation of the morphology and growth of plant tissues
(Samson et al. 2006). However, the formulation of the basal
salts in a medium commonly is not considered in different
tissue culture applications. Many studies have reported the ma-
jor role of macroelements in somatic embryogenesis (Fisichella
et al. 2000; Samson et al. 2006; Koleva-Gudeva et al. 2007).

Furthermore, the effects of vitamins and amino acids on
embryogenesis have been reported by several studies (Al-
Khayri 2001; Kintzios et al. 2001; Guillou et al. 2018).
Although somatic embryogenesis studies of chrysanthemum
have used MS medium as a basal medium (May and Trigiano
1991; Tanaka et al. 2000; da Silva 2003; Xu et al. 2012; Naing
et al. 2013), the composition of MS medium is based on anal-
ysis of tissue ashes of tobacco (Gago et al. 2011). Since the
nutrient requirements for different tissue culture systems and
plant species would be varied and useful for specific applica-
tions, it is necessary to develop species-based medium formu-
lations. However, design and modification of a medium for
specific purpose need high expertise and would be time-con-
suming. Hildebrandt et al. (1946) indicated the need of
Hildebrandt’s medium design on more than 16,000 cultures

of tobacco. Murashige and Skoog (1962) spent 5 years for
designing MS medium by using a broad spectrum of 43 fac-
torial design along with 81 combinations for tobacco. To ease
this problem, computer technologies such as artificial intelli-
gence (AI) would be helpful to reduce this long and cumber-
some process (Gago et al. 2011).

Somatic embryogenesis is a multi-variable procedure im-
pacted by different factors such as plant genotype, culture
medium composition, type and age of explants, and different
types and concentrations of plant growth regulators (PGRs)
(Hesami et al. 2017b, 2020c). Also, somatic embryogenesis
consists of non-linear and non-deterministic developmental
processes (Niazian et al. 2018; Hesami et al. 2020b).
Therefore, conventional analytical techniques are inefficient
to model nonlinearity in complex systems that exist in plant
tissue culture, in particular, somatic embryogenesis. AI
models have provided an appropriate approach for modeling
the non-linearity and ill-defined systems in in vitro culture.
Recently, different individual AI models such as neural net-
works (Barone 2019; Hesami et al. 2019c; Jamshidi et al.
2019; García-Pérez et al. 2020a; Salehi et al. 2020), fuzzy
logic (Nezami-Alanagh et al. 2017; Hesami et al. 2019d;
Farhadi et al. 2020; García-Pérez et al. 2020b), and decision
trees (Khvatkov et al. 2019; Akin et al. 2020) have been suc-
cessfully employed for predicting and optimizing various
plant tissue culture processes. On the other hand, the necessity
of increased precision and accuracy of data-driven models has
encouraged researchers to develop applicable methods such as
multi-model fusion-based approaches. The key idea of data
fusion is fusing or combining data derived from fused infor-
mation in order to provide more precise estimations in com-
paring with using individual model (Alizadeh and Nikoo
2018). Many researchers in several fields of study have used
data fusion (Aiello et al. 2018; Alizadeh and Nikoo 2018;
Hararuk et al. 2018; Wu et al. 2018). At more complex fea-
tures such as medium establishment, in particular, multi-
model fusion-based methods could be used to integrate the
advantages and strengths of individual models. Several stud-
ies have demonstrated that data fusion models can be more
reliable and accurate to model complex systems (Aiello et al.
2018; Alizadeh and Nikoo 2018; Hararuk et al. 2018; Wu
et al. 2018; Hesami and Jones 2020).

This study shows high stability and accuracy of using the
data fusion model in predicting and optimizing the somatic
embryogenesis of chrysanthemum. However, the weakness of
using AI models is that it is hard to obtain an optimized solu-
tion (Hosseini-Moghari and Araghinejad 2015; Hosseini-
Moghari et al. 2015, 2017; Haddad Omid et al. 2016;
Moravej and Hosseini-Moghari 2016; Bozorg-Haddad et al.
2017; Araghinejad et al. 2017, 2018; Dezfooli et al. 2018;
Ebrahimian et al. 2020; Moravej et al. 2020; Sheikhi et al.
2020). Most studies selected the optimized solution by a lot
of experiments (Gago et al. 2010, 2011, 2014; Alanagh et al.
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2014; Hesami and Daneshvar 2018b; Hesami et al. 2018b;
Niazian et al. 2018). Evaluating objective function can be
useful for figuring out the performance of in vitro culture
systems in optimization problems (Arab et al. 2017).
However, different trials and errors are needed to optimize
the plant tissue culture process. To tackle this time-
consuming running (trials and errors), optimization algorithms
can be considered a reliable solution. For instance, Jamshidi
et al. (2019) used genetic algorithm (GA) to optimize nutrition
for pear rootstock tissue culture medium formulation. On the
one hand, GA as one of the best well-known optimization
algorithms can only handle a single objective function
(Bozorg-Haddad et al. 2016; Hesami et al. 2019b). On the
other hand, sometimes, plant tissue culture processes are faced
with multi-objective functions. Therefore, there is a dire need
to apply multi-objective algorithms such as non-dominated
sorting genetic algorithm-II (NSGA-II) for optimizing multi-
objective functions (Wu et al. 2018). Recently, NSGA-II has
been successfully employed to optimize different in vitro cul-
ture systems such as sterilization (Hesami et al. 2019c), so-
matic embryogenesis (Hesami et al. 2019d, 2020c), and shoot
proliferation (Hesami et al. 2019c).

In the current study, modeling the somatic embryogenesis
was conducted through data fusion approach. Afterwards,
NSGAII and GA were linked to data fusion for achieving
the optimum concentrations of macronutrients and vitamins,
respectively, which are necessary for successful somatic em-
bryogenesis. Thus, the main objective of this study was to
determine the best model and optimize the proper levels of
vitamins and macronutrients in somatic embryogenesis of
chrysanthemum. According to the best of our knowledge, this
study is the first report of the application of the data fusion
model for predicting and optimizing processes in the field of
plant tissue culture.

Material and methods

Plant materials, media, and culture conditions

The leaf segments of chrysanthemum (Dendranthema ×
grandiflorum) “Hornbill Dark”were selected as explants from
the newly developed shoots of 9-month-old greenhouse-
grown mother plants. The surface sterilization of the explants,
medium preparation, and culture conditions were performed
based on Hesami et al.’s (2019c) protocol.

Selecting the best combination of plant growth
regulators

In the first experiment, different concentrations of 2,4-
dichlorophenoxyacetic acid (2,4-D) and 6-benzylaminopurine
(BAP) (0, 1, 2, and 3 mg·l−1) in MS medium were tested for

choosing the best PGR combination for further experiments.
All experiments were carried out based on a completely ran-
domized design (CRD) with the factorial arrangement, and
there were 15 replicates per treatment, and each treatment was
repeated in three sets.

Selecting the best common medium for the
development of chrysanthemum embryogenesis
media

For the second experiment, five conventional media including
SH (Schenk and Hildebrandt 1972), MS (Murashige and
Skoog 1962), B5 (Gamborg et al. 1968), White (White
1942), and NN (Nitsch and Nitsch 1969) were used for
selecting the best medium for predicting and optimizing of
chrysanthemum embryogenesis medium. The concentrations
of micronutrients and vitamins for all formulated media were
the same as MS medium.

Developing a new culture medium

In the third experiment, the effects of the primary macronutri-
ents on embryogenesis of chrysanthemum were evaluated by
designing 32 media for optimizing a new culture medium.

Five MS macronutrients with various concentrations were
studied in multifactorial combinations including 0.5× and 1×
MS for NH4NO3 (825 and 1650 mg·l−1); 0.5× and 1× MS for
KNO3 (950 and 1900mg·l−1); 0.5× and 1×MS for CaCl2 (220
and 440 mg·l−1); 0.5× and 1× MS for KH2PO4 (85 and
170 mg·l−1); and 0.5× and 1× MS for MgSO4·7H2O (185
and 370 mg·l−1) (Supplemental Table S1).

According to the fourth experiment, the effects of the
macroelements on chrysanthemum embryogenesis were test-
ed by proposing 37 media to optimize a new culture medium.

Five MS macronutrients with various concentrations were
studied in multifactorial combinations including 0.75× and
1.25× MS for NH4NO3 (1237.5 and 2062.5 mg·l−1); 0.75×
and 1.25× MS for KNO3 (1425 and 2.375 mg·l−1); 0.75×
and 1.25× MS for CaCl2 (330 and 550 mg·l−1); 0.75× and
1.25× MS for KH2PO4 (127.5 and 212.5 mg·l−1); and 0.75×
and 1.25× MS for MgSO4·7H2O (277.5 and 462.5 mg·l−1).
Also, five MS-modified media containing 0.5, 0.75, 1, 1.25,
or 1.5× MS for NH4NO3 along with 1.5× MS for other mac-
ronutrients were tested (Supplemental Table S2).

The concentrations of micronutrients and vitamins for all
formulated media were the same as MS medium.

In the fifth experiment, the effects of thiamine, nicotinic
acid, riboflavin, and biotin on embryogenesis of chrysanthe-
mum were evaluated in multifactorial combinations by de-
signing 36 media to optimize a new culture medium
(Supplemental Table S3).

The concentrations of micronutrients, myo-inositol, gly-
cine, and pyridoxine HCl for all formulated media in the fifth

10251Appl Microbiol Biotechnol (2020) 104:10249–10263



experiment were the same as MS medium. Also, the levels of
macronutrients for all formulated media were the same as
optimized macroelements obtained in previous experiments
by a data fusion–NSGAII model.

Individual data-driven models

Three individual data-driven models, namely, multi-layer
perceptron (MLP), adaptive neuro-fuzzy inference system
(ANFIS), and support vector regression (SVR) were proposed
as estimator models for embryogenesis estimation using for-
mulated medium data. For constructing individual models,
different concentrations of macroelements (NH4

+, NO3
−, K+,

Ca2+, Cl−, Mg2+, SO4
2−, and H2PO4

−) were considered inputs
and callogenesis rate (CR) (Eq. 1), embryogenesis rate (ER)
(Eq. 2), and somatic embryo number (SEN) per explant were
considered output data for the modeling of macronutrients
experiments; different concentrations of vitamins (thiamine,
nicotinic acid, biotin, and riboflavin) were considered inputs,
and SEN was selected as output data for the modeling of
vitamins.

Callogenesis rate %ð Þ

¼ Number of explants that produce callus

Total number of explants
� 100 ð1Þ

Embryogenesis rate %ð Þ

¼ Number of explants that produce embryo

Total number of explants
� 100 ð2Þ

The training and testing data of the models were set to 75%
and 25% of the datasets, respectively, and checked to confirm
if the range of train set consists of the test data. In this study,
the MLP model was run based on feed forward back-
propagation (3-layer back-propagation network) as one of
the common bases of network structure. The linear (purelin)
and transfer functions of the hyperbolic tangent sigmoid
(tansig) were applied for output and hidden layers, respective-
ly. Moreover, a Levenberg-Marquardt algorithm was applied
in the training step of the network to determine the optimal
bias and weights. Afterward, the optimal number of neurons
in the hidden layer was identified by using a trial and error
method. The Gaussian membership function was used (be-
tween 3 and 5 membership functions for various variables)
to run the ANFIS model based on a trial and error approach.
Meanwhile, the number of epochs to training the models was
set to 10. In this study, the SVR–radial basis function (RBF)
kernels were considered and the tube size (ε), regularized
constant (c), and γ were selected based on trial and error via
nested loops.

The different values for the significant model’s parameters
were examined based on a trial and error analysis for deter-
mining and improving the overall performance of the best-
constructed model. To assess and compare the accuracy of
individual and data-fusion models, three following perfor-
mance measures including R2 (coefficient of determination),
root mean square error (RMSE), and mean bias error (MBE)
were used:

R2 ¼ 1−
∑n

i¼1 yi−byi� �2

∑n
i¼1 yi−yið Þ2 0≤R2≤1

� � ð3Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i¼1 yi−byi� �2
� �

=n

s
0≤RMSE≤ þ ∞ð Þ ð4Þ

MBE ¼ 1=n∑n
i¼1 yi−byi� �

−1≤MBE≤ þ 1ð Þ ð5Þ

where yt, y, byt, and T are the tth observed data, the mean of
observed values, the mean of predicted values, and total num-
ber of predicted values, respectively. Greater R2 and smaller
RMSE and MBE indicated better performance of the con-
structed models.

Data fusion model

Data fusion is known as the process of combining and mixing
data from various sources such as single outputs of several
data-drivenmodels that the overall equation can be as follows:

ŷi ¼ f xið Þ þ εi i ¼ 1; 2; 3;…; n ð6Þ
where ŷi stands for target variable, x is a vector of independent
estimators, ε stands for corresponding estimation error, and n
is a number of observation data.

In order to develop data fusion models, Eq. (6) can be
introduced to the following form where several individual
models are used as follows:

ŷi½ � ¼

ŷi1
ŷi2
:
:
:
ŷim

26666664

37777775 ¼

f 1 xið Þ
f 2 xið Þ

:
:
:

f m xið Þ

26666664

37777775þ

εi1
εi2
:
:
:
εim

26666664

37777775 i ¼ 1; 2;…; n ð7Þ

where m stands for the number of individual model and [ŷi ]
stands as matrix of estimations provided by each model.

Subsequently, the matrix of [ŷi ] will be considered input
data infusion models.

Manymethods have been recommended for fusing individ-
ual models (Aiello et al. 2018; Alizadeh and Nikoo 2018;
Hararuk et al. 2018; Wu et al. 2018; Hesami and Jones
2020), which reported that the most powerful and uncompli-
cated method among different approaches is the bagging
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method for data fusing (Hesami and Jones 2020). Therefore,
the best-resulted outputs achieved by three individual models
were fused through the bagging method (Fig. 1).

Optimization algorithms

NSGA-II

NSGA-II should mostly rely on a step-by-step procedure:
crowding distance, elitist non-dominated sorting, and binary
tournament selection, for choosing the best non-dominated
solutions. The initialization of the chromosome/population is
the start point of the computational process. The three major
components for simulation process are crossover, selection,
and mutation operation that would be useful for evaluating
decision variables and objective functions. The next step
would be categorize the solutions which are not dominated
by the others as different non-dominated fronts of the popula-
tion, derived based on the concept of non-dominated sorting.
Also, each of the non-dominated front can be considered a
level or rank data, and the population is leveled except the
first Pareto front. Thus, the first rank (non-dominated front)
is the last generation of the optimal Pareto. Removing the
high-rank (lower priority) member and selecting others for
generating parent population for the next generation are
known as the NSGA-II algorithm procedure (Supplemental
Fig. S1).

In optimizing macronutrient experiments, the ideal point of
Pareto was selected such that ER and SEN became the max-
imum. Indeed, a point in the Pareto front was detected as the
best optimal answer such that:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ER−oð Þ2 þ SEN−pð Þ2
q

ð8Þ

was minimal, where o and p were the highest ER and the
maximum SEN, respectively.

GA

In order to achieve the highest SEN in the vitamin experi-
ments, the trained data fusion model was processed as the
fitness function by GA to identify the optimum levels of thi-
amine, nicotinic acid, biotin, and riboflavin.

In addition, the selection method of roulette wheel was
used for selecting elite populations for crossover for obtaining
the appropriate fitness. Therefore, 200 initial population, 1000
generation, 0.7 crossover rate, 0.04 mutation rate, the uniform
of mutation function, 2-point crossover function, and roulette
wheel as a selection function were considered. The genera-
tional practice was performed repeatedly for obtaining the
generation number. The determination of the best optimal so-
lutions was limited between the ranges of input variable dur-
ing the optimization process.

Sensitivity analyses

To determine the importance of each input variable on the
studied parameters, the sensitivity analysis was performed
and subsequently, important variables were recognized via
sensitivity error (VSE) and variable sensitivity ratio (VSR)
values.

Matlab (version 9.5) software was used to write mathemat-
ical codes for assessing and constructing models and optimi-
zation and sensitivity analysis.

Validation experiment

For validation experiment, the new medium formulated
by data fusion–optimization algorithms (HNT) was com-
pared to MS medium for evaluating the efficiency of the
data fusion–NSGAII and data fusion–GA for modeling
and optimizing the composition of the culture medium
that would be influenced by embryogenesis parameters.
The media were supplemented with 2 mg·l−1 2,4-D and

Fig. 1 The schematic diagram of the proposed data fusion methodology
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2 mg·l−1 BAP. Also, five cultivars of chrysanthemum
including “Malibu,” “Ferry,” “Feeling White,” “Lollipop
Yellow,” and “Hornbill Dark” were used to evaluate the
potential of HNT medium for embryogenesis in different
cultivars of chrysanthemum.

Results

Effect of PGR combinations on somatic
embryogenesis

The callus formation from the cut end of leaf disc in
chrysanthemum was achieved in MS medium supplement-
ed with different 2,4-D/BAP combinations, and the whole
explant’s surface was covered with callus after two
weeks. Although different 2,4-D/BAP combinations had
a significant effect on embryogenesis, there was no callus
initiation in the absence of PGRs. Based on Table 1, the
maximum CR, ER, and SEN were obtained in MS medi-
um supplemented with 2 mg·l−1 2,4-D along with 2 mg·l−1

BAP. The results of the present study (Table 1) indicated
that the lower or higher concentrations of 2,4-D/BAP
(more or less than 2 mg·l−1) resulted in decreasing the
ER and SEN. Therefore, 2 mg·l−1 2,4-D along with
2 mg·l−1 BAP as the best PGR combination was chosen
for later experiments.

Effect of basal media on somatic embryogenesis

According to Table 2, the highest CR, ER, and SEN were
obtained from MS medium. On the contrary, White medium
caused the minimum CR, ER, and SEN. As a result, MS
medium was selected for developing a new culture medium.

Effect of medium composition on somatic
embryogenesis

The results of macronutrient modification showed that the
highest CR (100%), ER (100%), and SEN (12.11) were ob-
tained from a modified MS medium containing 15.45 mM
NH4

+, 38.95 mM NO3
−, 25.12 mM K+, 7.5 mM Cl−,

3.75 mM Ca2+, 1.87 mM Mg2+, 1.87 mM SO4
2, and

1.62 mMH2PO4
− (Supplemental Table S2). However, a mod-

ified MS medium containing 20.6 mM NH4
+, 30 mM NO3

−,
10 mM K+, 3 mM Cl−, 1.5 mM Ca2+, 0.78 mM Mg2+,
0.75 mM SO4

2−, and 0.65 mM H2PO4
− caused the minimum

CR (15.56%), ER (8.89%), and SEN (1.35) (Supplemental
Table S1).

Since CR and ER were 100% for all treatments in the
vitamin modification experiment, only SEN is presented in
Supplemental Table S3. The results of vitamin modification
(Supplemental Table S3) indicated that the highest SEN
(22.94) was obtained from the medium containing 0.6 μM
thiamine, 6 μM nicotinic acid, 0.2 μM biotin, and 0.26 μM
riboflavin. However, the medium containing 0.3 μM thia-
mine, 4.06 μM nicotinic acid, 0.2 μM biotin, and 0.13 μM
riboflavin caused the minimum SEN (14.2).

Data fusion modeling and evaluation

In the third and fourth stages of the experiments, three indi-
vidual models includingMLP, ANFIS, and SVRwere applied
for modeling and predicting the three studied parameters (CR,
ER, and SEN) based on eight input variables including NH4

+,
NO3

−, K+, Ca2+, Cl−, Mg2+, SO4
2−, and H2PO4

−. In order to
improve forecasting results, the best estimations obtained by

Table 1 Effects of 2,4-D and BAP on callogenesis rate (CR),
embryogenesis rate (ER), and somatic embryo number (SEN) of
chrysanthemum

2,4-D (mg/l) BAP (mg/l) CR (%) ER (%) SEN

0 0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

0 1 20.00 ± 7.70 0.00 ± 0.00 0.00 ± 0.00

0 2 35.56 ± 5.88 0.00 ± 0.00 0.00 ± 0.00

0 3 42.22 ± 5.88 0.00 ± 0.00 0.00 ± 0.00

1 0 75.56 ± 8.01 0.00 ± 0.00 0.00 ± 0.00

1 1 97.78 ± 2.22 55.56 ± 9.69 6.47 ± 0.66

1 2 100.00 ± 0.00 46.67 ± 7.70 7.07 ± 0.52

1 3 100.00 ± 0.00 40.00 ± 7.70 7.63 ± 0.18

2 0 97.78 ± 2.22 0.00 ± 0.00 0.00 ± 0.00

2 1 100.00 ± 0.00 71.11 ± 5.88 9.20 ± 0.32

2 2 100.00 ± 0.00 95.56 ± 2.22 9.73 ± 0.38

2 3 100.00 ± 0.00 62.22 ± 5.88 7.97 ± 0.63

3 0 82.22 ± 2.22 0.00 ± 0.00 0.00 ± 0.00

3 1 91.11 ± 5.88 57.78 ± 5.88 7.63 ± 0.50

3 2 95.56 ± 4.44 57.78 ± 9.69 8.40 ± 0.38

3 3 77.78 ± 9.69 44.44 ± 5.88 7.53 ± 0.34

Values in each column represent means ± SE

Table 2 Effects of different basal media on callogenesis rate (CR),
embryogenesis rate (ER), and somatic embryo number (SEN) of
chrysanthemum

Medium CR (%) ER (%) SEN

SH 82.22 ± 2.22 68.89 ± 5.88 8.27 ± 0.38

White 57.78 ± 8.01 44.44 ± 5.88 3.63 ± 0.48

B5 73.33 ± 3.85 66.67 ± 6.67 5.47 ± 0.23

NN 68.89 ± 2.22 53.33 ± 7.70 4.90 ± 0.64

MS 100.00 ± 0.00 95.56 ± 2.22 9.73 ± 0.38

Values in each column represent means ± SE
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three individual models were fused through the bagging
method.

The efficiency of the individual and data fusion models
was determined based on the assessment of forecasted and
observed data. All of the R2 of testing and training datasets
were over 78%, 80%, and 74% for MLP, ANFIS, and SVR
models, respectively (Table 3). According to Table 3, the data
fusion model had the better accuracy on modeling and
predicting ER (R2 > 0.92), CR (R2 > 0.91), and SEN (R2 >
0.98) compared with individual models. The good fit of the
data fusion model can be traced by the correlation between
observed and predicted data for CR, ER, and SEN
(Supplemental Fig. S2). Also, RMSE and MBE, same as R2,
in data fusion models were better than individual models
(Table 3). Based on the performance criteria that were men-
tioned in Table 3, data fusion models were able to efficiently
explain the performances of somatic embryogenesis to differ-
ent concentrations of macronutrients.

In the fifth set of the experiments, three individual models
including MLP, ANFIS, and SVR were used for modeling the
number of the somatic embryos based on four variables in-
cluding thiamine, nicotinic acid, riboflavin, and biotin. The
best estimation derived from three individual models was
fused by the bagging method in order to improve forecasting
results.

The efficiency of the individual models was determined
based on the assessment of forecasted and observed data.
Regarding Table 4, all R2 of testing and training datasets were
over 85%, 82%, and 81% for MLP, ANFIS, and SVRmodels,
respectively. Also, the data fusionmodel had a better accuracy
on modeling and predicting SEN (R2 > 0.89) in comparison
with individual models (Table 4). The good fit of the data
fusion model can be traced by the correlation between ob-
served and predicted data for SEN (Supplemental Fig. S3).
Moreover, RMSE and MBE, same as R2, in data fusion

models, were better than individual models (Table 4). SEN
could be precisely predicted by using the data fusion model in
the testing dataset. Moreover, balanced performance criteria
were successfully obtained in both training and testing phases
of data fusion models.

Sensitivity analysis of the models

In macronutrient formulation experiments, in order to identify
the general VSR, the comparative rank of input data was eval-
uated via the entire 621 observations (testing and training).
The VSR was obtained for the CR, ER, and SEN, with respect
to modified macronutrients of MS medium (Table 5).
Sensitivity analysis indicated that CR of chrysanthemum
was more sensitive to SO4

2− concentration, followed by
Mg2+, NH4

+, NO3
−, K+, H2PO4

−, Ca2+, and Cl− (Table 5). In
SEN and ER models, the feed efficiency possessed more sen-
sitivity in SO4

2− concentration, followed by Mg2+, H2PO4
−,

K+, NO3
−, NH4

+, Ca2+, and Cl− (Table 5).
In vitamin formulation experiments, in order to identify the

general VSR, the comparative rank of input data was evaluat-
ed via the entire 180 observations (testing and training). The
VSR obtained for the model of SEN, with respect to modified

Table 3 Statistics of data fusion
models for callogenesis rate (CR),
embryogenesis rate (ER), and
somatic embryo number (SEN) of
chrysanthemum for
macroelement formulation
(training vs. testing values)

Model Item CR ER SEN

Training Testing Training Testing Training Testing

MLP R2 0.782 0.785 0.795 0.809 0.951 0.934

RMSE 12.819 13.594 12.917 14.005 0.708 0.771

MBE 0.997 − 1.282 − 0.658 − 3.146 − 0.014 − 0.016
ANFIS R2 0.813 0.803 0.824 0.806 0.957 0.929

RMSE 11.806 13.882 11.896 14.517 0.662 0.808

MBE 0.032 − 1.388 0.032 − 3.473 0.001 0.008

SVR R2 0.782 0.741 0.786 0.755 0.955 0.923

RMSE 12.843 14.685 13.225 14.986 0.677 0.835

MBE 0.963 0.547 0.643 − 3.302 − 0.019 − 0.014
Data fusion R2 0.914 0.903 0.925 0.914 0.986 0.950

RMSE 11.803 13.295 11.879 13.139 0.660 0.808

MBE 0.000 − 0.038 0.000 − 2.941 0.000 0.005

Table 4 Statistics of data fusionmodels for number of somatic embryos
of chrysanthemum for vitamin formulation (training vs. testing values)

Model Train Test

R2 RMSE MBE R2 RMSE MBE

MLP 0.85 0.83 0.09 0.85 0.92 − 0.11
ANFIS 0.87 0.87 − 0.08 0.82 0.98 − 0.32
SVR 0.87 0.95 − 0.08 0.81 1.19 − 0.30
Data fusion 0.94 0.67 − 0.01 0.89 0.88 − 0.18
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vitamins are presented in Table 6. Sensitivity analysis showed
that the NSE of chrysanthemum was more sensitive to thia-
mine concentration, followed by nicotinic acid, riboflavin, and
biotin (Table 6).

Model optimization

The result of the optimization process for formulation of mac-
ronutrients via NSGA-II are provided in detailed in
Supplemental Fig. S4 and Table 7. During the optimization
process, the upper bound and the lower bound of input vari-
ables (Supplemental Table S1 and S2) were treated as con-
straints, and the ideal point was determined based on the point
with the highest ER and SEN (Fig. S4). The optimal SEN
(13.36) and ER (99.9%) can be achieved from a medium
including 14.27 mM NH4

+, 38.92 mM NO3
−, 22.79 mM K+,

5.08 mMCl−, 3.34 mMCa2+, 1.67 mMMg2+, 2.17 mM SO4
2

−, and 1.44 mM H2PO4
− (Table 7).

The aim of the vitamin formulation experiment was not
only to model and predict the SEN but also to optimize vita-
min levels for the maximum SEN of chrysanthemum. GAwas
linked to data fusion for achieving the optimum concentra-
tions of vitamins which are necessary for successful embryo-
genesis. The result of the optimization process was provided
in detail in Table 8. During the optimization process, the upper
bound and the lower bound of input variables were deter-
mined as constraints (Supplemental Table S3). The optimal
SEN (22.41) can be achieved from a medium including
0.61 μM thiamine, 5.93 μM nicotinic acid, 0.25 μM biotin,
and 0.26 μM riboflavin (Table 8).

Assessment of new formulated medium (validation
experiment)

High EF and NSE were achieved by using HNT medium
including 2 mg/l 2,4-D and 2 mg/l BAP, which are signifi-
cantly higher than those produced by using the same concen-
tration of 2,4-D and BAP in MS medium for all cultivars
(Table 9). These results showed that HNT medium could be
used for somatic embryogenesis in different cultivars of
chrysanthemum.

Discussion

High-frequency embryogenesis can be considered one of the
most important prerequisites to obtain success in genetic en-
gineering and genome editing (Naing et al. 2013). Medium
compositions especially macronutrients and vitamins play
pivotal roles in somatic embryogenesis (Guillou et al. 2018).
The effects of various macroelements, as well as vitamins of
culture medium on the somatic embryogenesis, were previ-
ously studied in different plants like Brassica napus L. ssp.
Oleifera (Metzg.) Sink (Loh and Lim 1992), Capsicum
annuum (Kintzios et al. 2001), Triticum aestivum (Greer
et al. 2009), Cydonia oblonga (Fisichella et al. 2000),
Manihot esculenta (Groll et al. 2002), Plantago ovata (Saha
et al. 2011), and Eleusine coracana (Kothari et al. 2004). In
the current study, a new culture medium, for the first time, has
been es tabl i shed for somat ic embryogenes is of
chrysanthemum.

The results of this study showed the necessity of balancing
auxin/cytokinin (2,4-D/BAP) for obtaining acceptable somat-
ic embryogenesis. The highest ER was observed in 2 mg·l−1

2,4-D along with 2 mg·l−1 BAP. In accordance with our re-
sults, Naing et al. (2013) indicated that 100% embryogenesis
in chrysanthemum was achieved under the combination of
2.0 mg·l−1 BAP and 2.0 mg·l−1 2,4-D. The ratio of cytokinins
and auxins plays a significant role in developing events in
in vitro culture (Zhao 2008; Hesami and Daneshvar 2018a;
Hesami et al. 2017a, 2018a, 2018c, 2019a). Based on previous
studies, several genes such as ARABIDOPSIS HISTIDINE

Table 6 Importance of vitamins for somatic embryogenesis of
chrysanthemum according to sensitivity analysis on the developed data
fusion model to rank the importance of vitamins on somatic embryo
number (SEN)

Item Thiamine Nicotinic acid Biotin Riboflavin

VSR 3.40 1.92 1.16 1.25

Rank 1 2 4 3

Table 5 Importance of
macroelements for somatic
embryogenesis of
chrysanthemum according to
sensitivity analysis on the
developed data fusion model to
rank the importance of
macroelements

Output Item NH4+ NO3

−
K+ Cl− Ca2+ Mg2+ SO4

2

−
H2PO4

−

CR VSR 1.19 1.18 1.16 1.02 1.07 1.21 1.23 1.13

Rank 3 4 5 8 7 2 1 6

ER VSR 1.10 1.12 1.19 0.92 1.03 1.24 1.27 1.21

Rank 6 5 4 8 7 2 1 3

SEN VSR 1.36 1.43 1.51 1.22 1.31 1.70 1.88 1.67

Rank 6 5 4 8 7 2 1 3
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KINASE4 (AHK4) and YUCCA (YUC) could be significantly
expressed by applying external auxins during embryogenesis.
Furthermore, external cytokinins can regulate auxin efflux
carriers PINFORMED (PIN) (Jones et al. 2010).

The macronutrients ofMSmedium aroused maximized ER
and SEN. This finding may be because of the higher level of
nitrogen, which was at the minimum double in MS medium
compared with other media. Moreover, MSmedium has more
balanced ratio between ammonium and nitrate. Similar results
have been mentioned for three genotypes of quince, which
indicated higher embryogenesis on MS macronutrients com-
pared to media WPM, SH, NN, QL, White, B5, or DKW
(Fisichella et al. 2000). By this finding, Taylor et al. (1996)
reported that MS medium compared with B5, WPM, or SH
had a better impact on somatic embryogenesis of cassava.
Additionally, removal of NH4NO3 from MS caused the sup-
pression of embryogenesis. Somatic embryogenesis in or-
chard grass was much higher on MS medium than on SH
(Trigiano et al. 1992). However, the addition of ammonium
into SH medium promoted embryogenesis.

In this study, a comprehensive understanding of the effect
of various levels of macronutrients on chrysanthemum em-
bryogenesis was achieved by using the data fusion–NSGAII
model, which provides new insights into enhancing somatic
embryogenesis of chrysanthemum. According to the best of
our knowledge, this study is the first report of using the data
fusion–NSGAII model for optimization and modeling macro-
nutrient levels for chrysanthemum embryogenesis.

Data fusion that has been used by many researchers in
several fields of the study was reported to be a reliable and
accurate model for studying complex systems (Aiello et al.
2018; Alizadeh and Nikoo 2018; Hararuk et al. 2018; Wu
et al. 2018).

The results of the sensitivity analysis showed that both EF
and NSE are more sensitive to SO4

2− concentration, followed
by Mg2+, H2PO4

−, K+, NO3
−, NH4

+, Ca2+, and Cl−.

In plants, sulfate is subjected to a reduction-assimilation
pathway that leads principally to cysteine, a vital component
in sulfur assimilation (Saito 2004). Xu and Møller (2004)
reported that cysteine is an important amino acid, consumed
as a substrate for the synthesis of biotin and thiamine, to es-
chew Arabidopsis zygotic embryo lethality and deficiency in
cysteine suppresses embryogenesis. Furthermore, cysteine di-
rectly provides sulfur for Fe–S groups, and the latter synthesis
depends on the availability of sulfate (Smith et al. 2001; Ding
et al. 2005). Al-Khayri (2001) showed that biotin and thia-
mine could be able to improve somatic embryogenesis in date
palm (Phoenix dactylifera L.). Therefore, exogenous sulfate
might be essential for the cysteine synthesis. Our results
showed that increases in sulfate content caused higher em-
bryogenesis. This finding is in parallel with Saha et al.
(2011) and Minyaka et al. (2008) observations. Minyaka
et al. (2008) reported that the sulfur supply of two- to threefold
as compared to MS medium has increased somatic embryo-
genesis of cacao.

Our results showed that somatic embryogenesis of chrysan-
themum was improved by increasing the magnesium (Mg)
concentration of the medium. In accordance with our results,
Dussert et al. (1995) reported that the somatic embryogenesis
of Cocos nucifera was enhanced by increasing in the concen-
tration of Mg in the medium. In sympathy with this finding,
Walker and Sato (1981) demonstrated that somatic embryo-
genesis of Medicago sativa was significantly decreased by
omitting Mg from the formulated medium. Also, Kintzios
et al. (2004) and Saha et al. (2011) reported that the high level
of Mg caused the increasing of embryogenesis of melon and
P. ovata, respectively. Mg is known as an essential compo-
nent of the chlorophyll molecule and essential for the activity
of many enzymes in a nonspecific way, particularly those
involved in the phosphate transfer (Yan et al. 2018). Mg is
an absolute prerequisite for ATP synthesis and accumulation
of ribosome subunits (Yan et al. 2018). Although the common
culture media usually contain a moderately low concentration
of Mg, somatic embryogenesis needs a higher concentration
of Mg (Minyaka et al. 2008).

According to our results, somatic embryogenesis was en-
hanced by increasing the phosphorus concentration in the for-
mulated medium. A similar result was reported by Kintzios
et al. (2004) in melon. Phosphorus as a vital element involved
in several macromolecules such as phospholipids, nucleic
acids, ATP, and co-enzymes (Pang et al. 2018). An

Table 7 Optimizing
macronutrients according to
optimization analysis on the
developed data fusion–NSGAII
in ideal point for embryogenesis
rate (ER) and somatic embryo
number (SEN) in chrysanthemum

Input variable (mM) Predicted ER (%) Predicted SEN

NH4+ NO3− K+ Cl− Ca2+ Mg2+ SO4
2

−
H2PO4

−

14.27 38.92 22.79 5.08 3.34 1.67 2.17 1.44 99.9 13.36

Table 8 Optimizing vitamins, according to optimization analysis on the
developed data fusion–GA model to reach a maximum somatic embryo
number (SEN) in chrysanthemum

Input variable (μM) Predicted SEN

Thiamine Nicotinic acid Biotin Riboflavin

0.61 5.93 0.25 0.26 22.41
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enhancement phosphorus accumulation under in vitro condi-
tion might have been associated with higher rates of synthesis
and metabolism of the protein (Elkonin and Pakhomova
2000). Milazzo et al. (1999) demonstrated that proline-
linked activation of synthesis of aromatic compounds and pu-
rine through the stimulation of the pentose phosphate pathway
might be fundamental for embryogenesis.

According to the results of this study, increases in the po-
tassium (K) concentration lead to a significant enhancement
during the somatic embryogenesis of chrysanthemum. Similar
with our results, Saha et al. (2011) reported that somatic em-
bryogenesis of P. ovata was improved by increasing the K
concentration in the medium. Also, Ghosh and Sen (1991)
and Shetty and McKersie (1993) indicated that potassium
supports the somatic embryogenesis of Asparagus cooperi
and M. sativa, respectively. Also, K plays an important role
in embryogenesis of sweet orange (Niedz and Evens 2008). K
is a fundamental cation in plant metabolism, and no other
elements can replace it. This macronutrient is vital for plant
growth and development. K can considerably exert an impact
on the tissue morphology and cause the change of metabolism
(Knutsson et al. 2018). Moreover, many studies have indicat-
ed that K deficiency in the culture media resulted in the re-
striction of embryogenesis, hyperhydricity, reduction of the
phosphate absorption rate, and finally decrease in the cell
elongation (Ghosh and Sen 1991; Shetty and McKersie
1993; Niedz and Evens 2008; Saha et al. 2011).

Our results showed that improvements in somatic embryo-
genesis could be achieved by decreasing in the NH4

+ concen-
trations. To some extent, the embryogenic response in differ-
ent species such as sweet potato (Norton and LaBonte 1996)
and melon (Kintzios et al. 2004) can be enhanced by decreas-
ing in the levels of ammonium. Also, the negative impact of
ammonium has been reported previously (Barcelo et al. 1992).
According to Selby and Harvey (1990), the sensitiveness of
the Picea sitchensis organogenesis to the different ratios of
NH4

+:NO3
− is inevitable. Based on Selby and Harvey’s

(1990) study, the 1:5 to 1:2 ratio could be optimal for adven-
titious bud development; also, such similar ratios were identi-
fied in Chlorophytum borivilianum callus cultures for stimu-
lating optimal somatic embryogenesis (Arora et al. 1999).

The calcium (Ca) element is necessitated in in vitro morpho-
genesis and is essential for several responses regulated by plant
growth substances, especially cytokinins and auxins
(Demidchik and Shabala 2018). Our results showed that somatic
embryogenesis of chrysanthemum was enhanced by increasing
the Ca concentration in the medium. In sympathy with our find-
ing, several studies showed that somatic embryogenesis of
Astragalus adsurgens (Luo et al. 2003), Eucalyptus urophylla
(Arruda et al. 2000), andHevea brasiliensis (Etienne et al. 1997)
was significantly increased by increasing Ca level in the formu-
lated medium. Also, somatic embryogenesis of carrot emerged
with a rise of Ca in the medium (Jansen et al. 1990).Ta
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Our results showed that decreases or increases in chlorine
(Cl) lead to a significant reduction of the somatic embryogen-
esis of chrysanthemum. Cl is an essential component for os-
moregulation (Flowers and Colmer 2015). Similar to our re-
sult, Luo et al. (2003) reported that too high or low concen-
tration of Cl in media could be a sense in low regeneration
frequency.

According to the data fusion–GA model, an optimal NSE
can be obtained from a medium containing 0.61 μM thiamine,
5.93 μM nicotinic acid, 0.25 μM biotin, and 0.26 μM
riboflavin.

The effects of nicotinic acid, riboflavin, biotin, and thia-
mine on somatic embryogenesis have been shown by several
studies (Bonner 1937; Barwale et al. 1986; Asano et al. 1996;
Guillou et al. 2018). Barwale et al. (1986) reported that
1.0 μM thiamine caused an increase in the embryogenesis of
soybean compared with 0.2 μM thiamine (level of thiamine in
MS medium). Also, these authors mentioned that embryogen-
esis was increased by using 32.4 μMnicotinic acid. In another
study, Asano et al. (1996) indicated that increasing embryo-
genesis of Zoysia japonica Steud. was achieved by adding
riboflavin and thiamine to the formulated media. Moreover,
riboflavin alone did not affect embryogenesis frequency, but
in the presence of thiamine at high concentration (4 mg/l or
higher level) leads to an increase in embryogenesis.
Riboflavin is a core component of two cofactors, namely,
flavinmononucleotide (FMN) and flavin adenine dinucleotide
(FAD), which participated in several reduction reactions
which are essential to the core energy metabolism (Asensi-
Fabado and Munné-Bosch 2010). FMN and FAD also play
important roles in many physiological processes, such as
photorepair of DNA, nitrogen fixation, phototropism, and cir-
cadian clocks (Sa et al. 2016). Al-Khayri (2001) showed the
effect of biotin and thiamine on embryogenesis of date palm
and reported the necessity of these compounds for somatic
embryogenesis. Bonner (1937) also reported that obtaining
the maximum number of somatic embryos is dependent on
the presentence of both thiamine and biotin in the culture
media. Thiamine is an essential cofactor in the metabolism
of carbohydrate, which participated in the biosynthesis of
some amino acids (Minhas et al. 2018). Biotin is a water-
soluble component acting as a cofactor for several enzymes
involved in carbohydrate metabolism and also has an impor-
tant role in ATP production (Galili et al. 2016).

Nicotinic acid is the main compound of the electron trans-
porter coenzyme nicotinamide adenine dinucleotide (NAD+)
and nicotinamide adenine dinucleotide phosphate (NADP+)
which are involved in a wide range of oxidation-reduction
reactions, especially during oxidative phosphorylation and
glycolysis (Ashihara et al. 2015). In line with our results,
Asano et al. (1996) reported that increasing the concentration
of nicotinic acid enhanced the somatic embryogenesis of
Z. japonica.

Many studies demonstrated that the embryogenic process
needs a high level of energy (Bonner 1937; Barwale et al.
1986; Asano et al. 1996; Guillou et al. 2018). So, the drastic
effects of thiamine, nicotinic acid, riboflavin, and biotin on so-
matic embryogenesis of chrysanthemummight be due to the fact
that these components play fundamental roles in carbohydrate
and energy metabolisms as well as amino acid synthesis.

This study was aimed at providing a new procedure for
prediction-optimization of the species-unique medium formu-
lation and evaluating the effectiveness of this procedure by
making a comparison between new formulated medium
(HNT) and common MS medium in somatic embryogenesis
of chrysanthemum. In this study, data fusion–NSGAII and
GA was imposed to the somatic embryogenesis of chrysan-
themum experiment dataset. Based on the results, identifying
interaction effects can be done quickly and precisely in data
fusion instead of common statistical analysis for a large num-
ber of experiments. Finally, this model could be able to spec-
ify the optimal combination of nutrients for obtaining the most
proper achievements for the studied purposes. The HNT me-
dium formulated by data fusion–NSGAII and GA is assumed
to be more advantageous for somatic embryogenesis of chry-
santhemum in comparison withMSmedium. Also, our results
revealed the appropriateness of HNTmedium for somatic em-
bryogenesis in various cultivars of chrysanthemum.
Therefore, data fusion–NSGAII and GA can be recognized
as a powerful tool for utilization in different areas of plant
tissue culture such as medium formulations so proposing a
new nutrient medium can be done quickly and effectively with
an increased in the productivity in plant tissue culture area.
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