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Introduction

Agricultural sector is one of the most important economic

sectors in developing countries. The high nutritional value

of pistachio has increased its consumption in different

parts of the world. In the last decade, due to increased

pistachio cultivation in the world and the variety of

pistachios introduced in the world market, there has been a

sharp competition between exporting countries [1];

therefore, to maintain the global position of pistachio, Iran

has to increase the yield per unit area. To do this, we must

provide good conditions for producing the maximum yield

per unit area by conducting useful research and proper

management in the gardens. Considering that reproduction

of pistachios is often done by sexual and seeding, and

subsequently the dissociation of traits occurs in the plants

[2], it is possible to select plants that are resistant to climatic

conditions, pests, and diseases, and to maintain superior

traits as well as the rapid proliferation of compacted species

using tissue culture technique [3]. Bacterial contaminations,

severe browning of fine specimens, branch burns, and low

growth of stems in addition to low efficacy in the

shredding and rooting stage are all problems that Guardian

and Alderson, as the first people in the field of pistachio
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UCB-1 is the commercial rootstock of pistachio. Reproduction of this rootstock by tissue

culture is limited by low levels of proliferation rate. Therefore, any compound that improves

the proliferation rate and the quality of the shoots can be used in the process of commercial

reproduction of this rootstock. Use of plant growth-promoting bacteria is one of the best ideas.

Given the beneficial effects of nanoparticles in enhancement of the growth in plant tissue

cultures, the aim of the present study was to investigate the effects of nanoencapsulation of

plant growth-promoting rhizobacteria (using silica nanoparticles and carbon nanotubes) and

their metabolites in improving UCB1 pistachio micropropagation. The experiment was

conducted in a completely randomized design with three replications. Before planting,

treatments on the DKW medium were added. The results showed that the use of Pseudomonas

fluorescens VUPF5 and Bacillus subtilis VRU1 nanocapsules significantly enhanced the root

length and proliferation. The nanoformulation of the VUPF5 metabolite led to the highest root

length (6.26 cm) and the largest shoot (3.34 cm). Inoculation of explants with the formulation

of the metabolites (both bacterial strains) significantly elevated the average shoot length and

the fresh weight of plant compared to the control. The explants were dried completely using

both bacterial strains directly and with capsule coating after the three days.
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tissue culture, have researched extensively [4]. Designing a

dedicated environment can be the best way to solve these

problems. Undoubtedly, the elements of culture medium

are the most important factors in tissue culture [5]. The use

of soil microorganisms in the production of bio-fertilizers

has developed over decades. Today, bio-fertilizers are used

in different formulations for different agricultural products

and their importance is increasing every day, but very little

information is available about the use of these organisms in

in vitro studies, including plant tissue culture. Few reports

exist regarding the use of plant growth-promoting bacteria

in plant tissue culture. Through of Pseudomonas sp. in

seedlings obtained from potato tissue culture, the root

number, root dry weight, and stem length were improved

[6]. del Carmen et al. [7] observed that the use of Bacillus

spp. on the seedlings of tissue culture of banana improves

the growth and concentration of nutrients in the leaves.

These bacteria, when interacting with plants, can stimulate

growth and plant health through several mechanisms,

including nitrogen fixation and phytohormone production

[8]. The main phytohormonic indole acetic acid produced

by Pseudomonas and Bacillus bacteria has been found to be

the most important phytohormone in plant growth regulation

and root initiation. The use of artificial hormones partially

or completely can be reduced by approaches that are

commonly used in culture media. The synthesis and

release of phenolic compounds, yellowishness and burns of

the end of the shoots, with difficult and rough growth of

rooting caused the proliferation of the UCB1 pistachio that

is nowadays considered to be in serious trouble [9]. This

base is resistant to cold and soil diseases (such as

Verticillium, gummosis and nematodes) and has rapid

growth [10]. There are several hypotheses for tip burning

but Boron deficiency [11] and especially calcium are the

most important ones. Researchers have always been

looking for new combinations to address this problem.

Today, nanotechnology plays a significant role in electronics,

agriculture, medicine, energy, etc. [12-14]. The use of

nanotechnology in agriculture, especially biotechnology and

tissue culture, is very important and useful. Carbon

nanotubes are one of several compounds used in different

planting environments with different purposes. The

control of yellowishness and plant cell proliferation is one

of the most important applications of this combination [15].

Carbon nanotubes have been used in in vitro culture of

plants such as tomatoes [16], carrots, lettuce and onions

[17] and valuable results have been achieved. In vitro tissue

cultures are in fact conducted under abnormal conditions.

Lack of light, low CO2 concentration, lack of ventilation,

ethylene accumulation and high concentrations of solutes

used in the medium create stressful conditions. Therefore,

tolerance of in vitro plants to stress conditions can improve

growth and increase their rate of growth. The oxidized

silicon nanostructure can form a double bar in the cell wall

after absorption, increase plant resistance, and stimulate

plant growth. By adding nano-silica fertilizer due to

porosity and high cation exchange, SiO2 has been

converted to monosiliclic acid. Monosilicic acid is the only

plant-available silicon compound [18]. Enough uptake of

monosilicic acid by the plant is important because silicon

confers advantageous effects on plants [19, 20]. Despite the

numerous reports of successful micronutrient studies,

further research is needed on the selection of suitable

culture media and the use of growth regulators to achieve

optimal growth of explants. Antagonistic bacteria play an

important role in the biocontrol of pathogens through

various mechanisms, including the production of inhibitory

substances from the growth of other microorganisms. The

survival of the antagonist bacteria and providing the

necessary conditions for the production of inhibitors at the

right time and place are among the fundamental problems

in a successful biocontrol. Providing a suitable method for

the formulation of inhibitors, especially in cases where

antibiotics are considered as the main mechanism of

biocontrol, can solve the problems associated with the use

of living bacteria. In this study, an intelligent Alginate-

gelatin and nanoparticle (MWCNT, SiO2) system was

designed as nano capsulations for antibacterial compounds

by Pseudomonas fluorescent and Bacillus subtilis antagonist

bacteria and their effect on the removal of environmental

contamination of tissue culture, increased the rooting and

proliferation and reduction of physiological complication.

Experimental

Preparation of Plant Materials and Bacterial Strains

UCB-1 pistachio and two strains of bacteria (Pseudomonas

fluorescens VUPF5 and Bacillus subtilis VRU1) were used in this
study. Bacterial strains were selected from the biological control
collections of Vali-e-Asr University of Rafsanjan. All cultures were
maintained at the Department of Biotechnology, Vali-e-Asr
University of Rafsanjan, Iran.

Microbial Cultures

The strains VRU1 and VUPF5 were grown in King's medium B,
and the medium was incubated at 28oC on an orbital shaker
(120 rpm) for 48 h. Next, the number of viable bacteria per unit
volume was counted by colony counting method. 
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Fermentations and Extracellular Metabolite Extraction 

Inoculum was prepared via cells from 24 h culture of two
strains grown in 10 ml of KB medium for 3 days at 30°C on a
rotary shaker. Bacterial strains were grown and the metabolite
was produced. Then, the fermentation broth was centrifuged at
13,000 ×g for 5 min where the supernatant was collected and
filtered with a syringe (0.2 µ, Millipore Corp.), and eventually
passed once to ensure no bacteria were present. In this way, a
culture medium containing metabolites without any bacteria cells
was prepared [21].

Plant Growth-Promoting Phytohormone Production 

Production of IAA by VUPF5 and VRU1 strains was measured
by the method characterized by Patten and Glick [22]. In this test,
each strain was cultured in nutrient broth medium and incubated
for 24 h at 28°C on a rotary shaker (130 rpm). Then, 50 µl of each
bacterial strain suspension was added to nutrient broth including
50 µg/ml L-tryptophan. After 72 h, the suspensions were
centrifuged at 10,000 ×g for 10 min. Then, 2 ml of supernatant was
mixed with 4 ml Salkowski reagent (98 ml 35% HClO4 + 2 ml
0.5 M FeCl3). After 20 min, the absorbance of the mixture was
measured at 535 nm with a spectrophotometer. 

Preparation of Nanocapsules

Preparation of nanocapsules was done based on the method of
Tu et al. [23], with some modification. This was accomplished by
adding a predefined amount of bacteria (1010 CFU/ ml) in 80 ml of
sterile sodium alginate (2%), gelatin (1.5%), concentration of
40 µg/ml carbon nanotubes, and 20 mM SiO2 nanoparticles. Next,
we added 2 g of CaCo3 nanoparticles, then, twice the volume of
soybean oil (continuous phase) comprising 2.5% (w/v) and Span
80 were added into the homogenized solution under shaking with
a mechanical stirrer for 15 min. When the solution was uniform,
500 µl of acetic acid was also added. After 15 min of stirring, and
by adding CaCl2 nanoparticles, the process of encapsulation was
completely performed. After centrifugation, the capsule beads
were washed using 100 ml of sterile physiological saline (0.9%)
and stored at 4°C. The same process was used for encapsulation of
the bacterial metabolite, which was used instead of bacteria in the
abovementioned protocol of bacterial metabolism [14]. 

Preparation and Sterilization of Media

Medium with modified DKW basal medium containing
Gamborg’s vitamins, 3% sucrose 7 g/l agar, 1 mg/l 6-benzyle
adenine (BA), and 0.75 mg/l gibberellic acid (GA) was used for
culture establishment. In vitro-derived shoots (0.7–1 cm in length)
of the UCB1 were micropropagated on a DKW proliferation
medium. Initially, micro and macro stocks were made, and then
the treatments were prepared and added to the medium (Table 1).
Subsequently, relatively uniform explants were cultivated in the
medium. The random experiment was conducted with three
replicates, ten treatments and two samples per replicate (shoot
tips about 10 mm long) were placed in each glass, where each

experiment was conducted. The experiment was monitored in
terms of root growth and shoot development. Extended shoots
(20-30 mm) with 2–3 nodes grown were selected to initiate the
rooting stage. Two explants per glass were cultured on DKW for
root induction. The cultures were incubated in a growth room
with fluorescent lamps, 75 W at plant level, and a photoperiod of
16 h of light and 8 h of darkness at 26 ± 2°C. Factors such as shoot
number per explant, shoot length, fresh weight, and root length
were evaluated.

Statistical Analysis

The experiments were designed with a fully randomized
design, and were analyzed via one-way ANOVA. SAS 9.1 (SAS
Institute, Inc, USA) was used for data analysis and to compare
means, with the analysis of variance (ANOVA) and the multiple
comparison at 0.5% level.

Results

Production of Auxin by Bacterial Strains

In the present study, auxin (IAA) production was

observed in two strains. The largest amount of produced

auxin belonged to VRU1 which was 28.3 µg/ml, while

VUPF5 produced 19.3 µg/ml. The results of this study

indicated that use of nanoformulation of metabolites of

both strains (VUPF5 and VRU1) in DKW medium in

proliferation stage, growth rate for explants, and their

volume biomass increased significantly.

According to ANOVA result, the number of shoots,

shoot fresh weight, shoot length, and root length were

significantly (p < 0.01) affected by nanoformulation of

bacterial metabolites (Table 2).

The results revealed that the number of shoots produced

in the treatments containing nano formulation of the

metabolites of both bacterial strains increased compared to

the control (Fig. 1). Hence, the shoot fresh weight also grew

Table 1. Treatment during the test.

1. DKW + 10 mg VUPF5 bacterial nanocapsules

2. DKW + 10 mg VRU1 bacterial nanocapsules

3. DKW + 10 mg VUPF5 metabolite nanocapsules

4. DKW + 10 mg VRU1 metabolite nanocapsules

5. DKW + 80 µl VUPF5 bacteria

6. DKW + 80 µl VRU1bacteria

7. DKW + 80 µl VUPF5 metabolite

8. DKW + 80 µl VRU1 metabolite

9. DKW + 10 mg nanocapsules without bacteria and metabolite

10. DKW (Control)
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(Fig. 2). On the other hand, with addition of formulation

containing bacteria on the third day after the culture, the

explants died (Fig. 3). When using the bacteria directly and

without capsule coating, the same results were obtained. In

the treatment of metabolites (VUPF5 and VRU1) and

formulation without bacteria and metabolites, there were

no significant differences in the length and number of

shoots. The pistachio explants inoculated alone either with

Bacillus subtilis VRU1 directly or its nanocapsulation died

after three days. Shoot fresh weight was significantly

affected by encapsulation of bacterial metabolites (Fig. 4).

The results indicated that the shoot length of plants was

affected by bacterial strains, bacterial metabolites, and their

encapsulation. The highest and lowest shoot lengths in

pistachio explants were observed in those inoculated with

nanoencapsulation of VUPF5 metabolites and nano-

formulation VRU1 bacteria, respectively. The explants

treated with Pseudomonas fluorescents VUPF5 and its

formulation did not experience any changes in the shoot

length (Fig. 5).

The root length was significantly affected by nano-

formulation of bacterial metabolites. After three weeks, a

significant (p < 0.01) positive effect in root length (6.26 and

4.63 cm) was observed in the treatment of nanocapsules of

VUPF5 metabolites and nanocapsules of VRU1 metabolites

than in the control. The results also indicated that bacterial

strains and their capsulation applied alone inhibited the

root growth (Figs. 6 and 7). 

Table 2. ANOVA results of the effect of bacterial strains, bacterial metabolites and their nanoformulation on proliferation and root

length of UCB-1 rootstock.

Source of variations DF*
Mean squares

Number of shoots Length of shoots Fresh weight Root length

Treatment 9 23.03** 4.1** 0.013** 14.89**

Error 20 0.26 0.001 0.000003 0.008

CV% 13.83 2.59 2.68 4.54

* degrees of freedom

**significant (p ≤ 0.01)

Fig. 1. The effects of bacterial strains, bacterial metabolites

and their nanocapsules on the number of shoots of UCB-1. 

Fig. 2. The effects of bacterial strains, bacterial metabolites

and their nanocapsules on the fresh weight of UCB-1. 

Fig. 3. (A) Nanoformulation of VRU1 bacteria. (B) Nano-

formulation of VUPF5 bacteria.
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Discussion

Increasing proliferation factor is economical for

propagation. Increased rates of in vitro proliferation and

production will help reduce production costs. Concentrations

and the type of elements and compounds added to the

medium influence the proliferation rate. Use of plant growth

promoting bacteria for various plants as biofertilizers is

Fig. 4. The effects of treatment on proliferation of UCB-1.  

(A) Control. (B) Nanoformulation of VRU1 metabolites. (C) Nanoformulation of VUPF5 metabolites.

Fig. 5. The effects of bacterial strains, bacterial metabolites

and their nanocapsules on the length of shoots of UCB-1.
Fig. 6. The effects of bacterial strains, bacterial metabolites

and their nanocapsules on the root length of UCB-1. 

Fig. 7. The effects of treatment on rooting of UCB-1.  

(A) Control. (B) Nanoformulation of VRU1 metabolites. (C) Nanoformulation of VUPF5 metabolites.
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increasingly becoming important, and extensive research is

underway. Note that these microorganisms add a variety

of materials to the environment. There is a possibility that

there will be positive effects on the development of the

tissue culture from the callus formation to the stage of

transfer to soil. There are few reports in this field, and

further research on this subject is necessary. There is

information on the beneficial effects of microorganisms,

including increasing rooting, improving growth, and

reducing the vitrification in plant tissue culture [24]. Plant

growth-promoting rhizobacteria that release a wide range

of chemicals stimulate plant growth and induce resistance

in plants [25]. Inoculation of plant tissue culture with these

bacteria can be protected under many biotic and abiotic

stresses [26, 27]. In this experiment, according to the results

obtained, it was observed that nanoencapsulation of bacterial

metabolites was effective in enhancing proliferation of

shoots and rooting of the UCB1 pistachio. This effect was

seen in the formulation of the metabolites of both bacteria.

Larraburu et al. [28] revealed that inoculation with bacteria

in tissue culture promotes root development of micro-

propagation of Photinia. They showed that PGPR inoculated

mixture with auxin would improve root organogenesis of

micropropagated plants. In the present study, use of both

bacteria directly and in nanocapsule coatings reduced the

growth and number of leaves. This can be due to an

increase in auxin levels and toxicity in the plant. The effect

of plant growth-promoting rhizobacteria is not necessarily

positive in all conditions and it should follow the

treatments that have synergistic effects with bacteria. One

of the nanoparticles used in the formulation in the current

research was carbon nanotubes, whose use in various

culture media led to an increase in proliferation rates.

Further, Jackson et al. [29] and Mandol et al. [30] reported

that high concentrations of nanotubes have no toxic effect

on plants. Use of carbon nanotubes has a positive effect on

cell function [31]. Carbon nanotubes also influenced the

gene expression rate within the plant, which probably led

to an increase in the proliferation rate. Khodakovskaya et

al. [32] showed that use of multi-walled nanotubes on new

shoots of tomato resulted in modification of gene

expression. CNTs are also effective in increasing the shoots’

elongation. Probably, as a growth regulator, it leads to a

proliferation of cell division, causing the development of

shoots. The effect of nanotubes on elongation growth was

reported by Canas et al. [17], stating that the use of nanotubes

in the culture medium would increase elongation in the

roots of cabbage, lettuce, carrots, and tomato seeds. When

using nanocapsules containing bacterial metabolites, the

rate of shoot tip necrosis was reduced. This necrosis is

believed to be because of the deficiency of nutrients with

low mobility such as calcium and boron. The result of Liu

et al. [33] suggested that CNT penetrates the cell wall and

cell membrane of plants [34]. Carbon nanotubes also follow

such a mechanism and increase dynamism as well as even

zinc, calcium, and boron uptake. Recently, the role of Si in

metabolism of plants has received a great deal of attention

[35]. Many studies have indicated that Si is useful for plant

growth, under a range of abiotic stress conditions [36].

Research has shown that the presence of silicon enhances

the plant growth and crop yield. This is the effect of silicon

due to the enhanced stem mechanical stability and leaves

to absorb light and enhancing photosynthesis in plants [37].

The results revealed that nanostructured SiO2 treatments

greatly increased seedling growth, root collar diameter,

main root length, and improved seedling quality [38].

Researchers have shown that transpiration from leaves of

several plants diminishes significantly through usage of Si

[39]. The effects of silica oxide nanoparticles on the growth

of Changbai larch seedlings were observed under different

concentrations, main root length, and the number of lateral

roots [38]. Effect of silicon on crop yield may be due to its

deposition in the leaf area, leaf strength enhancement, and

increased chlorophyll content per unit leaf area. It also

enhances the plant's ability to use light absorption more

efficiently. Donegá et al. [40] showed that silicon use

amended the plant growth and enhanced photosynthesis.

In oxidative damage, Si can defend the plant tissues

affected by salt, and improve the growth of tomato plants

in salt toxicity [41]. In the inoculated treatments with the

desired formulation, greenness of plant was observed. One

of the reasons for this is the presence of silicon

nanoparticles in the formulation. Silicon prompts the levels

of chlorophyll to rise [36]. Binding of CNT to other

elements can result in improved uptake of themselves and

available mineral elements in the culture medium [42].

Therefore, it is possible to increase proliferation and

rooting of UCB1 pistachio in the treatment where the

encapsulation of metabolism of both bacterial strains

would increase the absorption of phytohormone, silica

nanoparticles, and other elements that have been present in

bacterial metabolite and culture media. Due to the

important role of silica nanoparticles in plant growth and

resistance, this nanoparticle was used in the capsule wall.

The results of the current study indicated that the use of

bacterial metabolites in nanocapsule formulation with

nanoparticles whose effects on tissue culture were proven

in previous studies was effective in increasing the growth
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and proliferation and improving elongation and rooting in

tissue culture. This formulation is an effective method for

the use of compounds producing plant growth-promoting

rhizobacteria, which are useful for plant growth in coating

degradable materials and nanoparticles, which are effective

in increasing plant growth under tissue culture conditions.
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