
1 23

Plant Cell, Tissue and Organ Culture
(PCTOC)
Journal of Plant Biotechnology
 
ISSN 0167-6857
Volume 117
Number 3
 
Plant Cell Tiss Organ Cult (2014)
117:349-359
DOI 10.1007/s11240-014-0444-1

Design of tissue culture media for efficient
Prunus rootstock micropropagation using
artificial intelligence models

Esmaeil Nezami Alanagh, Ghasem-ali
Garoosi, Raheem Haddad, Sara Maleki,
Mariana Landín & Pedro Pablo Gallego



1 23

Your article is protected by copyright and all

rights are held exclusively by Springer Science

+Business Media Dordrecht. This e-offprint

is for personal use only and shall not be self-

archived in electronic repositories. If you wish

to self-archive your article, please use the

accepted manuscript version for posting on

your own website. You may further deposit

the accepted manuscript version in any

repository, provided it is only made publicly

available 12 months after official publication

or later and provided acknowledgement is

given to the original source of publication

and a link is inserted to the published article

on Springer's website. The link must be

accompanied by the following text: "The final

publication is available at link.springer.com”.



ORIGINAL PAPER

Design of tissue culture media for efficient Prunus rootstock
micropropagation using artificial intelligence models

Esmaeil Nezami Alanagh • Ghasem-ali Garoosi •

Raheem Haddad • Sara Maleki • Mariana Landı́n •

Pedro Pablo Gallego

Received: 28 November 2013 / Accepted: 1 February 2014 / Published online: 26 February 2014

� Springer Science+Business Media Dordrecht 2014

Abstract Establishing optimized protocols for micro-

propagation of some economical plants, such as Prunus sp.,

is still one of the most important challenges for in vitro

plant culture researchers. As an example, micropropagation

of GF677 hybrid rootstocks (peach 9 almond) are extre-

mely dependent on the medium ingredients and a large

undesirable proportion of GF677 shoots need to be dis-

carded as a result of hyperhydricity and chlorosis. In this

study, an artificial intelligence technique—specifically

neurofuzzy logic—has been employed, as a modeling tool,

to increase knowledge on the effect of 8 ion macronutrients

(NH4
?, NO3

-, Ca2?, K?, Mg2?, SO4
2-, PO4

2- and Na?;

as inputs) on three growth parameters (outputs): total

number of shoots per explant, healthy number of shoots per

explant, and their bud number. The model delivered new

insights, by three sets of IF–THEN rules, pinpointing the

key role of NO3
- and their interactions (NO3

- 9 Ca2? and

NO3
- 9 Ca2? 9 K?) on all growth parameters measured.

All growth parameters showed a high correlation ratio

between experimental and predicted values being 77.48,

91.78 and 90.78 for total shoots, healthy number and

bud number, respectively. Regression coefficients higher

than 77 % together with statistical significant ANOVA

(p \ 0.01) indicated good performance of neurofuzzy logic

models. Moreover, The model also can be used for infer-

ring the best combination of ion concentrations to obtain

high quality GF677 micropropagated shoots. In conclusion,

we assess the utility of neurofuzzy logic technology in

modeling complex databases, identifying new complex

interactions among macronutrients, and inferring new

results and valuable knowledge, which can be applied to

design new plant tissue culture media and improve plant

micropropagation.

Keywords Prunus micropropagation � Plant tissue

culture model � Fuzzy logic � Ion macronutrients �
Hyperhydricity � Ammonium � Nitrate � Model �
GF677 rootstock

Introduction

During micropropagation of some species of Prunus sp.,

such as GF677 hybrid rootstock (Prunus persica 9

P. amygdalus) a large number of tissue culture-generated

plants are discarded as a result of hyperhydricity and

chlorosis (Pérez-Tornero et al. 2001; Franck et al. 2004;

Nowak et al. 2007; Damiano et al. 2009). Those physio-

logical problems may have their origin in the mineral

media composition, culture conditions, the carbon source

and/or plant growth regulators employed among other

factors (Dimasi-Theriou and Economou 1990; Chakrabarty

et al. 2003; Fotopoulos and Sotiropoulos 2005; Kornova

and Popov 2007; Ruzic and Vujovic 2008; Nezami
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Alanagh et al. 2010a, b; Ruı́z Anchondo et al. 2010). Media

mineral composition plays a decisive role on plant growth

and development, although causing negative impact and

physiological problems, such as those aforementioned,

when excessive concentrations are used (Nowak et al.

2007; Bairu et al. 2009a; Ivanova and Van Staden 2009;

Yang et al. 2012). The large number of variables involved

in the development of media (type and concentrations of

minerals) makes difficult their role on the growth param-

eters to be fully understood using traditional statistical

methods.

Recently, computer technologies, especially artificial

intelligence (Pérez-Piñeiro et al. 2012), have provided to

the researchers new approaches for modeling and better

understanding the role of the factors involved on in vitro

plant growth (Zielinska and Kepczynska 2013). The

application of artificial neural networks (ANNs) (Gago

et al. 2010a) and neurofuzzy logic techniques (Gallego

et al. 2011) to plant tissue culture process is well docu-

mented. Neurofuzzy logic is a hybrid approach and com-

bines the adaptive learning capabilities from ANNs with

the generality of representation from fuzzy logic through

simple rules (Shao et al. 2006). It has proven its utility in

successfully modeling complex non-linear relationships

between variables (Pérez-Piñeiro et al. 2012). Neurofuzzy

logic is able to generate understandable and reusable

knowledge in an explicit format that could be applied to

plant tissue culture databases (Gago et al. 2010b). Simple

‘‘IF (condition)-THEN (observed behavior)’’ rules help

researchers to understand the cause-effect relationships, for

example between mineral media culture composition and

growth parameters (i.e. number of new formed shoots, bud

number, etc.). A deep understanding of the factors affecting

the outcome of a process allows its improvement, and

lastly, its optimization.

Preliminary results on GF677 rootstock axillary buds

in vitro culture (Nezami Alanagh unpublished data)

showed that shoots grown on MS medium (Murashige and

Skoog 1962) present chlorosis and hyperhydricity symp-

toms in spite of displaying a relatively rapid growth ratio.

On the contrary, shoots grown on TK medium (Tabachnik

and Kester 1977) are healthy but show a slow growth ratio.

Well established culture media do not allow obtaining

satisfactory results for this variety of Prunus sp.

The aim of the present study is to investigate the role of

macronutrients in the culture media on the growth param-

eters of the Prunus sp., which presumably are responsible

for the problems observed during in vitro growth. For this

purpose, we have compiled a large number of continuous

data from experiments carried out using 40 different media

during GF677 micropropagation into a unique database and

we have applied artificial intelligence methods to asses if

neurofuzzy technique is able to explain the role of the

macronutrients on micropropagation of GF677 hybrid

rootstock and lastly, to suggest the way of improving

Prunus micropropagation.

Materials and methods

Plant material and in vitro culture conditions

The experiments were carried out using micro-shoots of

GF677 proliferated previously in MS supplemented with

0.5 % pectin, 0.75 mg L-1 BAP (6-benzylaminopurine),

0.01 mg L-1 IBA (indole-3-butyric acid), 20 g L-1

sucrose, and 7.0 g L-1 agar. Media pH was set to 5.7 prior

autoclaving (121 �C, 1 kg cm-2 s-1 for 15 min) (Nezami

Alanagh et al. 2010a). The cultures were maintained

under a 16 h-photoperiod at the light intensity of

40 lmol s-1 m-2 provided by white fluorescent tubes and

temperatures 25 ± 2 �C during the day and 22 ± 2 �C at

night, and subcultured into a fresh medium every 30 days.

Experimental design and data acquisition

Forty media were designed to evaluate the effect of the

main macronutrients on GF677 hybrid rootstock micro-

propagation. Macronutrients varied following the next

experimental design (Table 1): NH4NO3 (0, 400, 800 and

1,650 mg L-1); KNO3 (0, 25, 50, 75 and 100 mg L-1);

Ca(NO3)2�4H2O (0, 800 and 1,500 mg L-1); MgSO4�7H2O

(0, 185, 540 and 840 mg L-1); KH2PO4 (0, 100, 200, 300

and 400 mg L-1) and NaH2PO4�H2O (0 and 50 mg L-1).

Micronutrients and vitamins concentration, equal for all

designed culture media, were the same as those described

for MS medium (Murashige and Skoog 1962). All media

were supplemented with 20 g L-1 sucrose, and 7.0 g L-1

agar and their pH adjusted to 5.7 before autoclaving.

As control we used GNH (Garoosi, Nezami and

Haddad) medium designed previously for GF677 hybrid

rootstock (Nezami Alanagh et al. 2010b) (Table 1). Mac-

ronutrient composition from other media generally used in

Prunus sp. literature such as MS (Murashige and Skoog

1962), QL (Quorin and Lepoivre 1977), TK (Tabachnik

and Kester 1977) and WPM (Lloyd and McCown 1981)

media have also been included in the Tables 1 and 3 to

facilitate comparisons.

The cultures were maintained under a 16 h-photoperiod

at the light intensity of 40 lmol s-1 m-2 provided by

white fluorescent tubes and temperatures 25 ± 2 �C during

the day and 22 ± 2 �C at night, and subcultured during

30 days. After 30 d of in vitro culture, three parameters

(outputs) were recorded to analyze the effects of the vari-

ables (inputs) on growth: (1) total shoot produced;

(2) healthy shoots; and (3) number of bud per explant.

350 Plant Cell Tiss Organ Cult (2014) 117:349–359

123

Author's personal copy



Table 1 Mineral composition of the different culture media used for GF677 rootstock micropropagation

Culture media Macronutrients (mg L-1)

NH4NO3 KNO3 Ca(NO3)2 4H2O CaCl2 2H2O MgSO4H2O KH2PO4 NaH2PO4 H2O

#1 1,650 0 0 0 840 200 0

#2 1,650 25 0 0 840 200 0

#3 1,650 50 0 0 840 200 0

#4 1,650 75 0 0 840 200 0

#5 1,650 100 0 0 840 200 0

#6 1,650 0 800 0 840 200 0

#7 1,650 25 800 0 840 200 0

#8 1,650 50 800 0 840 200 0

#9 1,650 75 800 0 840 200 0

#10 1,650 100 800 0 840 200 0

#11 1,650 0 1,500 0 840 200 0

#12 1,650 25 1,500 0 840 200 0

#13 1,650 50 1,500 0 840 200 0

#14 1,650 75 1,500 0 840 200 0

#15 1,650 100 1,500 0 840 200 0

#16 1,650 25 800 0 840 0 0

#17 1,650 25 800 0 840 100 0

#18 1,650 25 800 0 840 200 0

#19 1,650 25 800 0 840 300 0

#20 1,650 25 800 0 840 400 0

#21 1,650 25 800 0 840 0 50

#22 1,650 25 800 0 840 100 50

#23 1,650 25 800 0 840 200 50

#24 1,650 25 800 0 840 300 50

#25 1,650 25 800 0 840 400 50

#26 1,650 25 800 0 0 300 50

#27 1,650 25 800 0 185 300 50

#28 1,650 25 800 0 840 300 50

#29 0 25 0 0 540 300 50

#30 400 25 0 0 540 300 50

#31 800 25 0 0 540 300 50

#32 1,650 25 0 0 540 300 50

#33 0 25 800 0 540 300 50

#34 400 25 800 0 540 300 50

#35 800 25 800 0 540 300 50

#36 0 25 1,500 0 540 300 50

#37 400 25 1,500 0 540 300 50

#38 800 25 1,500 0 540 300 50

#39 1,650 25 1,500 0 540 300 50

GNH control 1,650 25 800 0 540 300 50

MS 1,650 1,900 0 440 370 170 0

QL 400 1,800 1,200 0 360 270 0

TK 0 200 1,140 0 840 200 0

WPM 400 0 556 96 370 170 0
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Following the methodology proposed by Nezami Alanagh

et al. (2010b) to study healthy shoots characteristics in

Prunus sp., we collected only those shoots showing

expanded dark green leaves without hyperhydricity symp-

toms. Each treatment consisted of eight replicates and was

repeated at least twice.

Neurofuzzy logic model

Although there are many free simulation software tools for

fuzzy logic applications (Zielinska and Kepczynska 2013), a

commercial software (FormRules 4.03) to develop the neu-

rofuzzy logic model was used, since incorporates an easy to

use interface (visualization and data manipulation capabili-

ties) avoiding the researchers being experts neither on artifi-

cial intelligence nor bioinformatics. Briefly, this technology

used the adaptive spline modeling of data (ASMOD) algo-

rithm (Kavli and Weyer 1994), which implies the splitting of

the model obtained into smaller submodels, starting with a set

of the simplest one. The output of this approach is a pre-

dictive black box model and a set of IF (condition)–THEN

(observed behavior) rules per submodel with their corre-

sponding membership degree (Shao et al. 2006). Graphical

representation of the domains established by neurofuzzy logic

technique during the fuzzification process of inputs for

modeling each output is presented in Figure S1. Those graphs

help the researcher to understand the meaning of Low, Mid,

High … and therefore, the conclusions derived from the rules.

More details about neurofuzzy logic technique can be found

elsewhere (Gallego et al. 2011) and at Intelligensys website

(www.intelligensys.ac.uk).

This technique supplies various statistical fitness crite-

ria, including cross validation (CV), minimum description

length (MDL), structural risk minimization (SRM), leave

one out cross validation (LOOCV) and Bayesian infor-

mation criterion (BIC). All were investigated to obtain the

model that gave the best R-squared (correlation coefficient

between the experimental and the predicted outputs),

together with the simplest and more intelligible set of IF–

THEN rules for each output. The accuracy of the neuro-

fuzzy logic model was assessed using the ANOVA

parameters and the ratio R2 for each output:

R2 ¼ 1�
Pn

i¼1 ðyi � ŷiÞ2
Pn

i¼1 ðyi � �yiÞ2

 !

� 100

where �y is the mean of the dependent variable, and ŷ is the

predicted value from the model. The ratio R2 describes how

much of the variance of the parameters (dependent vari-

able) is accounted for in the model: the larger the value of

the train set R2, the more the model captured the variation

in the training data. Ratio R2 values between 70 and 99 %

are indicative of good to excellent model predictabilities,

but if the value is above 50 and below 70 % it is neither

good nor very good (Colbourn and Rowe 2005). The

training process was conducted according to Shao and

coworkers previous work (Shao et al. 2006). Minimization

parameters are summarized in Table 2.

From the combinations of salts in the designed media,

ion concentrations have been quantified (Table 3) includ-

ing NH4?, NO3-, Ca2?, K?, Mg2?, SO4
2-, PO4

2-, and

Na?, which were considered as factors or inputs on growth.

As outputs, the three parameters evaluated including the

total shoot produced, the healthy shoots, and the number of

bud per explant, were selected. Ion concentrations

(Table 3) instead of salt concentrations (Table 1) were

used for modeling to avoid ion confounding effects (Niedz

and Evens 2006; Ivanova and Van Staden 2009; Gago et al.

2011). In our opinion, ion concentration should help in a

better understanding of the effects of each mineral nutrient

on GF677 hybrid rootstock micropropagation.

All treatments were included for training the model

except the control, which has been used to validate the

model.

Results

Neurofuzzy logic succeeded in modeling simultaneously

the three growth parameters (outputs): total shoots, healthy

shoots, and bud number as a function of the eight growth

conditions (inputs), ion concentrations of NH4
?, NO3

-,

Ca2?, K?, Mg2?, SO4
2-, PO4

2- and Na? (Table 3). In

Table 4 is summarized the number of submodels generated

by neurofuzzy logic, the significant inputs and their inter-

actions, the ratio R2 and ANOVA results (f ratio, degree of

freedom and f critical). All growth parameters showed a

high correlation ratio between experimental and predicted

values (ratio R2 [ 77 % is indicator of good model) and

the ANOVA f ratio was always greater than the f critical

Table 2 The training parameters setting with neurofuzzy logic

Property

Minimization parameters

Ridge regression factor: 1e-6

Model selection criteria

Structural risk minimization (SRM)

C1 = 0.65–0.80; C2 = 4.8

Number of set densities: 2

Set densities: 2, 3

Adapt nodes: TRUE

Max. Inputs per SubModel: 4

Max. Nodes per input: 15
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Table 3 Ion concentrations of the different culture media used for GF677 rootstock micropropagation and mean values of the parameters used to

characterize plant growth

Culture media Ion concentrations (mM) Growth parameters

NH4
? NO3

- K? Ca2? Mg2? SO4
2- PO4

2- Na? Total shoots Healthy shoots Buds

#1 20.61 20.61 0.01 0 3.40 3.53 1.47 0 5.25 0 20.75

#2 20.61 20.86 1.72 0 3.40 3.53 1.47 0 4.83 3.00 39.50

#3 20.61 21.11 1.97 0 3.40 3.53 1.47 0 5.62 3.37 41.37

#4 20.61 21.35 2.22 0 3.40 3.53 1.47 0 5.71 4.71 47.57

#5 20.61 21.60 2.47 0 3.40 3.53 1.47 0 4.00 3.66 39.83

#6 20.61 23.99 0.01 3.38 3.40 3.53 1.47 0 3.00 2.28 42.71

#7 20.61 24.24 1.72 3.38 3.40 3.53 1.47 0 3.16 2.83 25.83

#8 20.61 24.49 1.97 3.38 3.40 3.53 1.47 0 4.40 4.00 38.20

#9 20.61 24.73 2.22 3.38 3.40 3.53 1.47 0 4.00 3.66 35.50

#10 20.61 24.98 2.47 3.38 3.40 3.53 1.47 0 3.75 0.63 28.25

#11 20.61 26.96 0.01 6.35 3.40 3.53 1.47 0 3.00 2.40 31.00

#12 20.61 27.21 1.72 6.35 3.40 3.53 1.47 0 3.00 2.71 17.57

#13 20.61 27.46 1.97 6.35 3.40 3.53 1.47 0 3.60 2.40 26.80

#14 20.61 27.70 2.22 6.35 3.40 3.53 1.47 0 4.00 2.00 33.00

#15 20.61 27.95 2.47 6.35 3.40 3.53 1.47 0 3.60 2.83 33.50

#16 20.61 24.24 0.25 3.38 3.40 3.53 0 0 1.00 0 1.60

#17 20.61 24.24 0.99 3.38 3.40 3.53 0.74 0 2.33 0 18.33

#18 20.61 24.24 1.72 3.38 3.40 3.53 1.47 0 3.00 1.16 25.50

#19 20.61 24.24 2.46 3.38 3.40 3.53 2.20 0 3.00 1.28 17.71

#20 20.61 24.24 3.19 3.38 3.40 3.53 2.94 0 3.33 2.33 28.00

#21 20.61 24.24 0.25 3.38 3.40 3.53 0.36 0.36 2.28 0.85 10.14

#22 20.61 24.24 0.99 3.38 3.40 3.53 1.10 0.36 2.83 2.83 15.83

#23 20.61 24.24 1.72 3.38 3.40 3.53 1.83 0.36 3.60 3.60 22.80

#24 20.61 24.24 2.46 3.38 3.40 3.53 2.57 0.36 2.60 2.20 19.40

#25 20.61 24.24 3.19 3.38 3.40 3.53 3.30 0.36 2.60 1.60 16.40

#26 20.61 24.24 2.46 3.38 0 0.13 2.57 0.36 4.12 0 14.12

#27 20.61 24.24 2.46 3.38 0.75 0.88 2.57 0.36 3.57 1.42 22.00

#28 20.61 24.24 2.46 3.38 3.41 3.54 2.57 0.36 3.42 2.57 16.42

#29 0 0.25 2.46 0 2.19 2.32 2.57 0.36 1.00 0 6.33

#30 5.00 5.25 2.46 0 2.19 2.32 2.57 0.36 1.83 1.16 12.33

#31 10.00 10.24 2.46 0 2.19 2.32 2.57 0.36 10.00 8.33 43.33

#32 20.61 20.86 2.46 0 2.19 2.32 2.57 0.36 7.33 5.83 34.50

#33 0 3.63 2.46 3.38 2.19 2.32 2.57 0.36 3.00 3.00 17.71

#34 5.00 8.63 2.46 3.38 2.19 2.32 2.57 0.36 5.71 5.00 30.85

#35 10.00 13.62 2.46 3.38 2.19 2.32 2.57 0.36 6.66 2.83 37.33

#36 0 6.60 2.46 6.35 2.19 2.32 2.57 0.36 2.50 2.50 14.83

#37 5.00 11.60 2.46 6.35 2.19 2.32 2.57 0.36 2.33 2.16 22.16

#38 10.00 16.59 2.46 6.35 2.19 2.32 2.57 0.36 2.16 1.83 16.50

#39 20.61 27.21 2.46 6.35 2.19 2.32 2.57 0.36 2.33 2.00 18.33

GNH (control) 20.61 24.24 2.46 3.38 2.19 2.32 2.57 0.36 3.28 2.92 19.49

MS 20.61 39.40 20.04 3.00 1.50 1.88 1.25 0

QL 5.00 32.96 19.79 5.08 1.46 1.84 1.98 0

TK 0 11.61 3.44 4.82 3.40 3.63 1.47 0

WPM 5.00 9.71 12.61 3.01 1.50 7.56 1.25 0
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value for all parameters, indicating good performance of

neurofuzzy logic models. Figure 1 illustrates the good fit

between experimental versus predicted values from the

neurofuzzy logic models for each parameter.

Neurofuzzy logic (ASMOD algorithms) splits the model

into submodels and pinpointed a reduced number of inputs

with significant single (NH4
?, NO3

-, K?, Ca2?, Mg2?, and

PO4
2- or combined (interactions NO3

- 9 K? 9 Ca2? or

NO3
- 9 Ca2?) effects on each output (Table 4). The

strongest effect of single or combined inputs on each out-

put has been pointed out as submodel 1 and has been bold

in Table 4 for each output (see also Table S1). For exam-

ple, the neurofuzzy logic technique allows to explain the

variability of the parameter ‘‘total shoots’’ as a function of

two submodels, the interaction of NO3
- 9 Ca2? ions and a

single effect of K? ion, having the interaction a stronger

effect than K? ion concentration on this output (Table 4).

As stated in the introduction section, neurofuzzy logic

technique is able to help researches in understanding cause-

effect relationships expressing the results as simple IF–

THEN fuzzy rules. The complete sets of those fuzzy rules

have been included as supplementary data in Table S1.

Considering the rules jointly, meaningful information

about the role of each macronutrient on each parameter can

be deduced.

Table 5 summarizes the best combinations of ions to

generate outputs with High value and the highest member-

ship degree (1.00), since they represent the best treatments

for improving the GF677 rootstock micropropagation.

Total shoot parameter should be maximum (High with a

membership degree of 1.00; see Table 5, rule 3, submodel

1) IF the NO3
- concentration in the medium is Mid AND

Ca2? concentration is Low. The meaning of Mid NO3
-

concentration and Low Ca2? can be checked at the Figure

S1 (A1 and A2). All other combinations of ions NO3
- and

Ca2? lead a Low number of shoots per explants (rules 1–2

and 4–6; Table S1). A High concentration of K? (Figure

S1-A2) is also necessary to obtain a High total number of

shoots (table S1, rule 8, submodel 2), however the low

membership (0.51) for this combination indicates the

lighter effect of K? on this parameter.

The variability in healthy shoots values is complex and can

be explained as a function of several ions distributed in four

submodels (Table 4): the interactions NO3
- 9 Ca2? 9 K?

concentrations (submodel 1) and the independent effects of

PO4
2- (submodel 2), Mg2? (submodel 3) and NH4

? (sub-

model 4). Three major conclusions can be derived from the set

of rules analysis with a High output (Table 5): (1) NO3
- ion is

the key factor in the production of the greatest number of

healthy shoots; IF its concentration in the medium is High,

independently of Ca2? concentration (Low, Mid or High) and

K? concentration (Low or High) THEN the number of healthy

shoots is always High (membership 1.00; rules 27–32). IF

NO3
- concentration in the medium is Mid3(4), only its

combination with a High K? concentration lead a High

healthy shoot number (Table 5, rules 24–26;); (2) PO4
2- ion

has a well-defined positive effect on healthy shoots parameter

promoting the highest number at all concentrations tested

(rules 33–35; Table 5); and (3) NH4
? has a clear negative

effect on the number of healthy shoots, producing the highest

number of healthy shoots when NH4
? is at Low (Figure S1-

B4) concentration (rule 39, Tables 5). The meaning of Low,

Mid3(4) or High can be checked at the Figure S1 (B1-6).

Finally, The number of buds produced was also mainly

dependent of the interaction among NO3
-, Ca2? and K?

concentration (submodel 1; Table 4). Then, IF NO3
-

concentration is Mid or High (Figure S1-C1), depending on

the K? and Ca2? concentration, the number of buds can be

High (rules 49, 51, 52, 54 and 56; Table 5) or Low (rules

50, 53, 55, 57–60; Table S1). On the contrary, IF NO3
-

concentration is Low THEN bud number is always Low

(rules 43–48; Table S1) independently of Ca2? and K?

concentration. The positive PO4
2- ion concentration effect

on the number of buds is similar than the effect on healthy

shoot number, promoting the highest number of buds at all

concentrations tested (rules 61–62; Table 5) with the

Table 4 Significant inputs from the neurofuzzy logic submodels, ANOVA parameters and correlations for training (ratio R2, f ratio, degree of

freedom (df1: model and df2: total), and f critical value for a = 0.01 for each output

Outputs Submodel Significant inputs Training data R2 f ratio df1, df2 f critical

Total shoots per explant 1 NO3
2 3 Ca21 77.48 15.73 7, 39 3.14

2 K?

Healthy shoots per explant 1 NO3
2 3 K1 3 Ca21 91.78 3.84 29, 39 2.23

2 PO4
2-

3 Mg2?

4 NH4
?

Bud number per explant 1 NO3
2 3 K1 3 Ca21 90.93 10.40 19, 39 2.41

2 PO4
2-

The inputs with stronger effect for each output have been bold
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degree of membership 1.00. In conclusion, NO3
- at med-

ium/high concentration (Figure S1-C1) and PO4
2- are

essential for obtaining a great number of buds.

Neurofuzzy logic approach can also be used for pre-

diction purposes, inferring the output for a specific set of

inputs. To demonstrate the model prediction capacity, the

ion concentrations corresponding to the GNH medium

composition employed as control (Table 3) and therefore

not included for training the model, were used to predict

the three outputs (GNH control, Table 6). Predicted values

(GNH control, Table 6) for all growth parameters were

completely in agreement with the experimental values

obtained using this medium (GNH control, Table 3).

Discussion

Establishing optimized protocols for micropropagation of

some economical species, such as Prunus sp., is still one of

the most important challenges for in vitro plant culture

researchers. As an example, micropropagation of GF677

hybrid rootstock is extremely dependent on the medium

ingredients and it has been stated that the use of well-

established culture media as MS or TK do not allow

obtaining satisfactory results. Growing this cultivar on MS

medium a large undesirable proportion of GF677 shoots

need to be discarded as a result of hyperhydricity and

chlorosis, whereas on TK medium most shoots were

healthy but present a much lower growth rate (Nezami

Alanagh unpublished data). Since both media share

micronutrients and vitamins, the macronutrients content

seems to be responsible for these differences in plant

growth (Table 1).

Previously a new medium (GNH) has been designed in

our lab to overcome those problems on the basis of vari-

ations of macronutrients including: NH4NO3, KNO3,

Ca(NO3)2�4H2O, MgSO4�7H2O, KH2PO4, and NaH2PO4-

H2O (Nezami Alanagh unpublished data). One of the main

differences between MS and new GNH designed was the

replacement of the calcium source from 440 mg L-1

(3.0 mM) CaCl2�2H2O in MS to 800 mg L-1 (3.38 mM)

Ca(NO3)2�4H2O in GNH and the decrease of KNO3 con-

centration from 1,900 mg L-1 (18.8 mM) in MS to

25 mg L-1 (0.25) mM in GNH (Table 1). Although better

results (Nezami Alanagh et al. 2010b) were obtained for all

parameters measured (total shoots, healthy shoots, and bud

number) no conclusion could be draw about which com-

ponent of those ions (NO3
-, Ca2? or K?) plays a key role

in the involved processes.

In order to address this goal, a database of 40 different

media was compiled (Table 3) and thirty-nine of them were

selected to model the effect of the ion concentration on the

growth parameters using the neurofuzzy logic technique

according to Gallego and coworkers (Gago et al. 2011).

Neurofuzzy logic allows the building of statistical significant

mathematical models characterized by high correlation

coefficients between predicted and experimental results

(Table 4). The experimental growth parameters obtained

with GNH medium ion concentrations, used as control and

Fig. 1 Experimental versus predicted values by neurofuzzy logic

model for the different parameters or outputs studied
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therefore not included in the training process, are completely

in agreement with those predicted for the model results,

indicating the good predictability of the model. Additionally,

neurofuzzy logic allows obtaining a set of linguistic rules

(Tables 5 and S1) that clearly explain the cause-effect rela-

tionships between the variations of the inputs (factors) and

the outputs obtained (growth parameters) through a set of

linguistic rules (Table 5). Neurofuzzy logic models dem-

onstrated the key role of NO3
-, alone or in interaction with

calcium and/or potassium (NO3
- 9 Ca2? and NO3

- 9

Ca2? 9 K?), for all of the parameters studied, pinpointed as

submodel 1 (Tables 4, 5).

As well as the interaction of NO3
- and NH4

? has been

widely described (Pérez-Tornero et al. 2001; Chakrabarty

et al. 2003; Franck et al. 2004; Nowak et al. 2007;

Damiano et al. 2009; Ivanova and Van Staden 2009;

Shirdel et al. 2011) to the best of our knowledge, this is the

first time that the interaction effect of NO3
- with other ions

has been pointed out. Indeed NO3
- has a significant role, as

major N source on Prunus GF677 rootstock micropropa-

gation, but a proper ratio of this ion with Ca2? and/or K? it

is necessary to obtain the best results.

Ca2?, as a relatively large essential divalent cation, is

crucial as a regulator of plant growth and development in a

proper concentration. Using this ion at high concentrations

(around 6.0 mM) in culture media caused shoots necrosis

(Bairu et al. 2009b). In agreement with those results,

neurofuzzy logic model indicates that calcium should be at

Low concentration (lower than 3.0 mM; Figure S1-A2 and

Table 5) in combination with Mid concentration of NO3
-

Table 5 Selection of the rules, with membership degree 1.00, generated by neurofuzzy logic showing the best combination of inputs to obtain

the highest results for each output

Rules Submodel [NO3
-] [Ca2?] [K?] [PO4

2-] [NH4
?] Growth parameter Membership degree

3 1 IF Mid Low THEN Total shoots High 1.00

24 1 IF Mid3 (4) Low High THEN Healthy shoot High 1.00

25 1 Mid3 (4) Mid High High 1.00

26 1 Mid3 (4) High High High 1.00

27 1 High4 (4) Low Low High 1.00

28 1 High4 (4) Mid Low High 1.00

29 1 High4 (4) High Low High 1.00

30 1 High4 (4) Low High High 1.00

31 1 High4 (4) Mid High High 1.00

32 1 High4 (4) High High High 1.00

33 2 Low High 1.00

34 2 Mid High 1.00

35 2 High High 1.00

39 4 Low High 1.00

47 1 IF Mid Low Low THEN Bud number High 1.00

49 2 Mid Low High High 1.00

50 2 Mid High Low High 1.00

52 1 Mid High High High 1.00

54 1 High Low Mid High 1.00

59 2 Low High 1.00

60 2 High High 1.00

Table 6 Predicted values generated for each output by neurofuzzy logic in function of new designed media composition (not part of the dataset)

Culture media Ion concentrations (mM) Predicted growth parameters

NH4
? NO3

- K? Ca2? Mg2? SO4
2- PO4

2- Na? Total shoots Healthy shoots Buds

GNH control 20.61 24.24 2.46 3.38 2.19 2.32 2.57 0.36 3.27 2.43 19.64

#A 20.61 19.70 2.46 1.50 2.19 2.32 2.57 0.36 6.10 0.42 33.04

#B 20.61 12.12 2.46 1.50 2.19 2.32 2.57 0.36 8.37 0 43.74

#C 10.30 12.12 2.46 1.50 2.19 2.32 2.57 0.36 8.37 8.54 43.74

Changes on the ion concentration and growth parameters values, compared to control (GNH medium), have been bold
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(7-21 mM; Figure S1 A1 and Table 5) to obtain the highest

number of shoots and, also, the largest number of buds

(Table 6).

Although K? concentration seems to be not relevant, as

always promotes healthy shoots and High bud number at

any concentration (Low, Mid or High), it is important to

consider that all media studied include K? concentrations

in the range of 0–3.19 mM, really low compared to well-

established such as MS or QL (around 20 mM).

Additionally, neurofuzzy logic technique clearly illus-

trates the independent roles of other ions such as PO4
2-,

Mg2?, and NH4
? ions with significant effect on healthy

shoots, discarding other inputs also studied in this work

(Tables 3, 4). Previous results (Murashige and Skoog

1962) suggest that the phosphorus requirement may vary

with the levels of sucrose, iron and potassium. Our results

suggest that PO4
2- plays a positive effect on shoot pro-

duction (rules 33–35; Table 5), independently of other ions

and at the concentration employed in this study. On the

contrary, Mg2? promotes a negative impact on the healthy

shoots, obtaining the lowest healthy shoots number at the

all concentrations studied (rules 36–38; Table S1) as well

as NH4
? at high concentration (rule 40; Table S1). Mg2?

plays a key role on several physiological processes (Fontes

et al. 1999), alleviating hyperhydricity symptoms when is

used up to 3.0 mM during micropropagation of carnation.

The role of NH4
? on in vitro culture has been well doc-

umented. High concentrations of NH4
? promote hyperhyd-

ricity mainly in woody plants (George 1993; Gago et al.

2011). The MS medium (including high amount of ammo-

nium) has been considered inadequate for in vitro propaga-

tion of Prunus sp., leading to low survival rates, high

proportion of shoot necrosis and hyperhydricity (Nowak

et al. 2007; Pérez-Tornero et al. 2001; Yu et al. 2011). An

excess of ammonium (vs. nitrate ions) has a negative impact

on some growth parameters mainly biomass and regenera-

tion (George 1993; Ivanova and Van Staden 2009; Yu et al.

2011). To overcome those problems, the use of other well-

established media such as WPM and/or QL, with a reduced

ammonium proportion and, to a less extension, nitrate con-

centration compared to MS, have been employed in an

attempt of optimizing the Prunus micropropagation process

(Murai et al. 1997; Pérez-Tornero et al. 2001). Our results

agree with previous authors findings. Neurofuzzy logic

model predicts the best results for growth parameters for

media including a Low amount of ammonium ion (rule 39;

Tables 5, 6). Despite of hyperhydricity being related to

excess in ammonium ion, in our experiments this phenom-

enon has not been observed, suggesting that the impact of

this factor on the number of healthy shoots produced can also

be related to additional factors as has been described else-

where (Bosela and Michler 2008) for the micropropagation

of walnut (Juglans nigra L.), a sensitive woody plant.

Neurofuzzy logic technique allowed us to produce a

model that predicts accurately new outputs from any

combination on inputs not included in the training process.

When the GNH medium inputs (used as control) were

introduced into the model the values predicted for each

parameter were similar to those obtained experimentally

(Tables 3, 6, respectively). This fact assessed the predict-

ability of the model and allowed the results of combina-

tions of inputs to be predicted without further experimental

work, saving at once money and time. On this basis, by

decreasing the Ca2? concentration from Mid (3.38 mM) to

Low (1.50 mM) combining with NO3
- concentration at

Mid-High (19.70 mM) the neurofuzzy logic model is able

to predict an increase of almost two folds in the total shoot

(from 3.27 up to 6.10) and bud number (from 19.62 to

33.03) but with a negative impact on the number of healthy

shoots produced (#A, Table 6). Moreover, by decreasing

NO3
- from 24.24 to 12.12 mM (#B, Table 6) the model

predicts a high increase in total shoots and bud number, but

non-healthy shoots would be obtained. On the contrary,

if we would like to design a new medium to alleviate

hyperhydricity, by reducing the amount of NH4
? in the

medium at mid concentration down to 10.30 mM, neuro-

fuzzy logic model estimate that no changes would be

promoted in total shoots, and bud number, but an important

increase in healthy shoots, from 0.0 up to 8.51 will be

expected (#B and C, Table 6). The neurofuzzy logic model

succeeded estimating all these results, which not only were

in full agreement with the rules previously described (rules

3, 24, and 47–52 in Table 5) but also with experimental

data (see GNH control, Table 3), which showed similar

experimental results to those predicted by the model.

In this work we have pointed out neurofuzzy logic as an

efficient technique able to accurately evaluate the effect of

macronutrients on plant growth. For example, results

reveal valuable new insights on the crucial role of NO3
- on

several growth parameters; the effect of the interaction of

NO3
- 9 Ca2? on total shoots number and the interaction

NO3
- 9 Ca2? 9 K? for both bud number and healthy

shoots number. Moreover, the use of this new approach

allows us to deduce the best macronutrient concentration

required to maximize all parameters studied (Table 6).

This neurofuzzy logic prediction function could be con-

sidered as a great help in saving time and costs during new

plant tissue media design for any plant genus, species or

traits. Finally, although we have assessed the use of neu-

rofuzzy logic techniques for enhancing knowledge on

GF677 hybrid rootstock plant tissue culture, it can be easily

applied and adapted to any other plant species. In addition,

based on the prediction results suggested by neurofuzzy

logic technology (Table 6), a good combination of ma-

cronutrients for micropropagation of GF677 hybrid root-

stock would be as follows: NH4NO3: 10.30 mM; KNO3:
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0.25 mM; Ca(NO3)2: 1.57 mM; MgSO4: 2.19 mM;

KH2PO4: 2.20 mM and NaH2PO4: 0.36 mM.
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