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ABSTRACT 

In order to consider phosphorus (P) limitations in agriculture, research has been carried out on the 

methods that can improve plant growth and increase the efficiency of P use. A pot experiment was con-

ducted to find the effects of magnetized Ca(H2PO4)2·H2O solutions as P source at concentrations 0, 5, 10, 

20 and 40 mg·dm-3 and inoculation with arbuscular mycorrhizal fungi Diversispora versiformis on P use 

efficiency, growth and photosynthetic pigments in sweet basil. P solutions were treated with magnetic field 

of 110 mT at 3 dm3·min-1 volumetric flow rate. The results indicated that the growth of basil plant, the 

number of leaf, leaf area, harvest index and chlorophyll a and b contents significantly increased in the result 

of fertilization with magnetized P solutions and mycorrhizal inoculation as compared to the control. The 

application of magnetized P solution at 10 mg P·dm-3 and inoculation of mycorrhizal fungi increased P use 

efficiency by 18.9% and 23.5%, respectively. Findings of the experiment clearly showed that the use of 

magnetization of P fertilizer and mycorrhization potentially represent natural ways of promoting growth, 

P status and chlorophyll content in sweet basil. 
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INTRODUCTION 
 

Phosphorus (P) has a dominant role in plant 

reproduction, affecting cellular metabolism and 

several biochemical and structural functions 

(Jokubauskaitė et al. 2015). The main source of P 

is rock phosphate, and agriculture is by far the 

main user of mined P globally, accounting for 80–

90% of the total world demand (Childers et al. 

2011). A conservative analysis using industry data 

suggests that the peak in global P production could 

occur by 2033 (Cordell et al. 2009). Recent scien-

tific debates warn of future supplies of phosphate 

rock becoming scarcer and more expensive to 

mine within the next 30–50 years. The amount 

of P concentration in soil solution ranges from 

0.001 to 1 mg·dm-3 and the mobility of plant-avail-

able P in soil (3 mm per year) is very low (Shabani 

et al. 2018). On the other hand, even with optimum 

management, the efficiency of plant uptake of P is 

very low, usually less than 20% (MacDonald et al. 

2011). All of this means that P can be a major lim-

iting factor for plant growth. As a result, a holistic 

understanding of P-use efficiency is necessary for 

optimizing P management, aiming at reducing con-

sumption of chemical P fertilizer, maximizing ex-

ploitation of the biological potential of root/rhizo-

sphere processes for efficient mobilization, and ac-

quisition of soil P by plants (Shen et al. 2011). 
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Phosphorus use efficiency decides on the ability 

of the plant to grow and yield well at suboptimal 

P-availability situations. P-use efficiency can be 

evaluated by the amount of dry matter produced 

for a given P concentration in the plant dry tissue 

(Akhtar et al. 2009). 

In the last few years, there has been a growing 

interest in the use of physical methods in plant 

growing stimulation (Soltani et al. 2006; Aladja-

djiyan 2007; Hajnorouzi et al. 2011; Ghanati et al. 

2015). Vegetable production with using physical 

methods, especially magnetic fields, is being con-

sidered as a means of increasing crop quantity and 

quality (Shabani et al. 2017). A few articles sug-

gested that magnetic field increases the uptake of P 

(Hilal et al. 2002; Maheshwari & Grewal 2009). Our 

finding demonstrated that exposure of P solution to 

110 mT of magnetic field can increase water-solu-

ble P in the soil and P concentration in sweet basil 

shoot by 30% and 13%, respectively, in comparison 

to the control (Shabani et al. 2018). Previous studies 

showed that magnetic field induces development of 

photosynthesis pigments in maize (Ghanati et al. 

2015), water holding capacity of soil (Al-Khazan et 

al. 2011), mobility and uptake of nutrient elements 

in the root zone (Hilal et al. 2002), soil electrical 

conductivity (Maheshwari & Grewal 2009) and 

bean plant growth (Podleśny et al. 2004). Water is 

the most abundant compound in plant cells and has 

a crucial role in plant metabolism. It has been found 

that magnetic field can have an influence on micro-

scopic structures and macroscopic properties of wa-

ter. It enhanced the clustering structure of hydrogen-

bonded chains and polarization features of water to 

be more stable (Pang & Deng 2008), as well as 

changed water properties to become more active, 

soft, energized and able to flow (Zhang et al. 2014). 

In recent years, great effort has been devoted 

to the study on the effects of arbuscular mycorrhizal 

colonization on macro- and micronutrient uptake 

and translocation, in particular, P (Zarei et al. 2006), 

water uptake, plant growth and yield (Miransari 

2010; Colla et al. 2008). In general, the literature re-

view reveals that very few publications can be found 

about the main effect of magnetized P solution and 

arbuscular mycorrhizal fungi on sweet basil growth. 

The aim of this study was to investigate 

whether passing of P solution through magnetic 

field and inoculation of sweet basil roots by arbus-

cular mycorrhizal fungi can improve P use effi-

ciency, growth and photosynthetic pigments of 

sweet basil. 

 

MATERIAL AND METHODS 

 

Plant material, growth conditions and inocula-

tion with mycorrhizal fungi 

A pot experiment was performed during the summer 

season 2016 in the greenhouse. Seedlings of sweet 

basil (Ocimum basilicum L.) ‘Mobarakeh’, were cul-

tivated in pots, in a sandy-loam soil with values in 

percentages of: field capacity saturation, organic car-

bon, calcium carbonate equivalent and total N were 

10, 23.5, 0.1, 0.0 and 0.08%, respectively. The con-

centrations of available P, K, Ca, Mg, Fe, Mn, Zn and 

Cu in soil were 4.4, 82.6, 49.0, 99.0, 1.8, 1.1, 0.9, 

and 1.3 mg·kg-1, respectively. The soil extract (1 : 1) 

pH and electrical conductivity (EC) were 7.25 and 

0.6 dS·m-1, respectively. Plants were grown under 

controlled conditions at 27 °C for 14 h at day time 

and 18 °C for 10 h in the night, with 4000 ft-c light 

intensity. Diversispora versiformis [(P. Karst.) Oehl, 

G.A. Silva & Sieverd.] inoculum, which was used in 

this experiment, was prepared using a pot culture of 

sorghum [Sorghum bicolor (L.) Moench.] as host plant. 

The autoclaved sandy loam soil was inoculated with 

pure inoculum of D. versiformis. The plants were 

grown in a greenhouse for four months. After this 

time, the aerial parts of plants were removed and 

mixture of pot content, including the spores, hy-

phae, and finely segmented colonized roots, was 

maintained at 4 °C until used for inoculation of 

basil. Plastic pots (20 cm inner diameter, 30 cm 

depth) were filled with an autoclaved soil (2.5 kg). 

For each pot, 40 grams of arbuscular mycorrhizal 

fungi inoculants (with 120 active spores, 

104 CFU·g-1) were distributed over the soil at 

a depth of 10–15 cm and covered with soil. Eight 

seeds were planted at 2 cm depth per pot. At the 

two-leaf stage, the seedlings were thinned to four 

plants per pot and the soil surfaces were covered 

with perlite and cork to reduce evaporation. 
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Fertilization of plants with magnetized phospho-

rus solution 

Treatments were arranged in a completely random-

ized design, defined by a factorial combination of 

five concentrations of P-containing compound in 

the form of Ca(H2PO4)2. H2O (0, 5, 10, 20, and 

40 mg·dm-3), which means without, low, moderate, 

high, and very high P level, along with two physi-

cal treatments – magnetization or not and two my-

corrhizal treatments – with and without arbuscular 

mycorrhizal fungi inoculation. Each treatment 

consisted of three pots with four plants for a total 

of 12 plants. All the pots received 250 mL of plant 

nutrient solution (g·dm-3): potassium sulfate 

(K2SO4) 2.22, calcium nitrate [Ca(NO3)2·4H2O] 

12.64, ammonium sulfate [(NH4)2SO4] 2.35, mag-

nesium sulfate (MgSO4·7H2O) 10.13, manganese 

sulfate (MnSO4·4H2O) 0.4, iron sulfate 

(FeSO4·7H2O) 0.74, copper sulfate (CuSO4·7H2O) 

0.19, zinc sulfate (ZnSO4·7H2O) 0.43, boric acid 

(H3BO3) 0.05 and sodium molybdate (Na2MoO4) 

0.0001 three times during the first two weeks. The 

quality of irrigation water was typical of the region. 

The concentrations of ions expressed as mg·dm-3 

were as follows: P (0.05), K (4.3), Ca (42), Mg (11), 

Fe (0.1), Zn (0.6), and Na (3.5). The values of pH 

and electrical conductivity (EC) were 7.7 and 0.49 

dS·m-1, respectively. The pots were weighed daily 

by digital weigh balance and the evapotranspiration 

loss was restored ensuring a stable water content 

throughout the experiment. In addition, two pots 

without plants were prepared to monitor water loss 

by evaporation in the different treatments. Five dif-

ferent concentrations of Ca(H3PO4)2 were made in 

50-dm3 tanks at the following concentrations: 0, 5, 

10, 20, and 40 mg·dm-3. P-containing solutions 

were passed through magnetic field of 110 mT (at 

3 dm3·min-1 volumetric flow rate) that was pro-

duced by a locally designed apparatus. The main 

part of the magnetic field device was accelerator 

sector, which was composed of a paramagnetic 

tube, around which several strong permanent mag-

nets were arranged alternatively. When water flows 

along the pipe axis through the device, magnetic 

field exerts a force perpendicular to the direction of 

motion of the ions present in the water. Magnetic 

force and water velocity deduce the ions to move in 

a helical motion along the axis (Shabani et al. 2018). 

Magnetized P solutions were used between weeks 

five and seven, at 2 days interval, for a total of seven 

times during the growing cycle. 

Growth measurement 

After 8 weeks, the basil plants were harvested and 

the number of leaves was counted. To determine the 

leaf area (LA), Li-Cor-Model: Li 1300, USA was 

used. Basil plants were oven dried at 70 °C for 48 

hours to determine the dry weight of plants under 

different treatments. Harvest index (HI) was calcu-

lated from leaf dry weight ratio to total dry weight. 

Measurement of photosynthesis parameters 

At fully expanded leaves, a SPAD value using 

SPAD-502, Minolta Camera Co., Osaka, Japan was 

used and photochemical efficiency (Fv/Fm) was 

recorded by chlorophyll fluorometer (Hansatech In-

struments, Handy PEA Chlorophyll Fluorimeter, 

UK). The SPAD and Fv/Fm indexes were measured 

twice during the experiment on 10 and 2 leaves per 

plant, respectively. Determination of chlorophyll 

a and b content in methanolic extract was performed 

according to Carter and Knapp (2001) method using 

6 leaf discs from fully expanded leaves from each 

plant (0.04 g). Extract absorption was read at 665.2, 

652.4 and 470 nm wavelengths and calculated using 

the Lichtenthaler and Buschmann equation (2001). 

Measurement of total plant water use 

The volumes of total water used by basil plants 

were recorded by weighing the pots and subtract-

ing the soil water content from field capacity 

(FC). This calculation has been undertaken for 

a range of crops such as maize, leek, and winter 

wheat (Gregory 2006). 

Determination of phosphorus utilization effi-

ciency 

P use efficiency (PUE) was determined according to 

Siddiqi and Glass (1981) as below:  

PUE (g2·mg-1) = Shoot dry mass (g per plant)/P con-

centration in dry mass (mg·g-1). 

Statistical analysis 

The experiment was arranged in a completely ran-

domized factorial design using three factors (G – 
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magnetization, M – mycorrhization and P concen-

trations) with four plants per each of the three pot 

(n = 12 plants) under greenhouse conditions. All 

data were statistically analyzed by analysis of var-

iance (ANOVA) using the SAS 9.1 software (SAS, 

USA). All of the data are expressed as mean values 

± standard deviation (SD). Data analysis was per-

formed using GLM procedure and average com-

parisons was performed with Duncan’s multiple-

range test at p = 0.05 on each of the significant var-

iables measured. 

 

RESULTS 
 

Effects of phosphorus concentrations in the fer-

tilization solution 

In the present study, increasing P levels in the form 

of Ca(H3PO4)2 from 0 to 40 mg·dm-3 improved the 

plant growth and photosynthesis parameters as well 

as total water use (TWU) (Table 1 & 2). Irrespective 

of magnetization and mycorrhization, PUE value 

doubled with P concentration increase in the solution 

(Table 1). 

Effects of magnetization 

The magnetization of P-containing solutions in-

creased significantly leaf number (LN), leaf area 

(LA), harvest index (HI), Fv/Fm, SPAD, chloro-

phyll a (Chl a), chlorophyll b (Chl b) and TWU in 

basil. The only exception was P use efficiency 

(PUE) (Table 1). 

Effects of mycorrhization 

The inoculation with arbuscular mycorrhizal fungi 

exhibited positive effects on basil plant’s growth in 

terms of LN and HI (Table 1). This factor also in-

creased photosynthesis parameters – SPAD, Chl a, 

Chl b as well as TWU by 4.9%, 6.5%, 10.7%, and 

3.8%, respectively compared to the non-inoculated 

treatments (Table 1). 

 

Table 1. Mean (±SD) effects of magnetized P solution (G), arbuscular mycorrhizal fungi (M) and different concentra-

tions of P (P) on leaf number (LN), leaf area (LA), harvest index (HI), Fv/Fm, SPAD, chlorophyll a (Chl a), chloro-

phyll b (Chl b), TWU and phosphorus use efficiency (PUE) in basil plants 

 

Treat-

ment 
LN LA (cm2) HI Fv/Fm SPAD 

Chl a 

(mg·g-1) 

Chl b 

(mg·g-1) 

TWU 

(dm3) 

PUE 

(g2·mg-1) 

G          

G0 44.20±13.32a 244.57±130.51b 55.28±14.49 b 0.79±0.02 b 41.53±3.76 b 0.75±0.10 b 0.55±0.11 b 3.15±0.74b 0.83±0.29 

G1 43.20±9.75b 288.60±94.59 a 62.45±9.62 a 0.80±0.02 a 46.73±4.18 a 0.84±0.10 a 0.63±0.11 a 3.47±0.60a 0.84±0.17 

Sig. * ** ** * ** ** ** ** Ns 

M          

M0 40.80±11.58b 262.31±141.49 57.96±15.04 b 0.80±0.02  43.07±5.34 b 0.77±0.11 b 0.56±0.12 b 3.25±0.80b 0.87±0.29  

M1 46.80±10.97a 270.86±83.17  59.77±10.05 a 0.80±0.02  45.19±3.82 a 0.82±0.10 a 0.62±0.10 a 3.37±0.56a 0.81±0.15  

Sig. ** Ns * Ns ** ** ** * Ns 

P          

P0 27.50±6.54 e 136.08±70.34 d 44.07±12.61 d 0.78±0.02 c 39.36±4.00 e 0.66±0.04 e 0.46±0.05 e 2.47±0.35d 0.55±0.21c 

P1 36.50±2.73 d 187.99±46.26 c 54.81±8.04 c 0.79±0.01 bc 42.74±2.79 d 0.72±0.06 d 0.49±0.06 d 2.80±0.36c 0.84±0.10b 

P2 45.25±3.53 c 286.14±60.39 b 59.32±6.00 c 0.80±0.02 ab 44.24±2.67 c 0.80±0.06 c 0.60±0.06 c 3.33±0.23b 0.91±0.17ab 

P3 52.50±4.44 b 324.75±65.74 b 65.47±8.17 b 0.81±0.009 a 45.77±3.68 b 0.87±0.07 b 0.67±0.07 b 3.92±0.44a 0.93±0.22ab 

P4 57.25±3.35 a 397.96±88.86 a 70.66±9.13 a 0.80±0.02 ab 48.54±4.88 a 0.92±0.06 a 0.72±0.06 a 4.05±0.12a 0.96±0.20a 

Sig. ** ** ** ** ** ** ** ** ** 
 

*, ** significant differences between means at 0.05 and 0.01 level of probability, respectively; Ns – non-significant. Within each 

column in G, M or P treatments, means followed by the same letters are not significantly different at 5%. 
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Table 2. Interaction of magnetized P solution (G), arbuscular mycorrhizal fungi (M), and phosphorus concentration 

(P) on leaf number (LN), leaf area (LA), harvest index (HI), SPAD, chlorophyll a (Chl a), chlorophyll b (Chl b) and 

total water use (TWU) as affected by in basil plants 

 

Treatment LN 
LA  

(cm2) 
HI SPAD 

Chl a 

(mg·g-1) 

Chl b 

(mg·g-1) 
TWU (dm3) 

G×M        

G0M0 40.00±13.93d 227.62±165.42b 51.76±18.12c 39.47±3.49c 0.70±0.08d 0.49±0.09d 2.99±0.87c 

G0M1 48.40±11.54a 261.54±83.64ab 58.80±8.77b 43.59±2.89b 0.80±0.10c 0.60±0.10c 3.31±0.56b 

G1M0 41.60±8.92c 297.01±105.81a 64.17±7.43a 46.67±4.37a 0.84±0.10b 0.62±0.12b 3.51±0.64a 

G1M1 45.20±10.42b 280.20±83.79a 60.74±11.34ab 46.79±4.08a 0.84±0.10a 0.64±0.10a 3.44±0.53ab 

Significance ** * ** ** ** ** ** 

G×P        

G0P0 25.00±8.71h 99.97±48.41i 37.41±13.65e  36.45±3.74f 0.64±0.04j 0.44±0.07 j 2.27±0.38 

G0P1 36.50±3.46f 158.71±50.80h 52.53±6.80cd 41.33±2.19e 0.67±0.04i 0.46±0.04i 2.54±0.36 

G0P2 46.50±3.54d 252.71±56.41ef 56.01±6.49 cd 42.63±2.74de 0.75±0.05g 0.55±0.05f 3.21±0.17 

G0P3 54.50±4.95b 294.22±43.26de 60.42±10.98ab 43.16±2.35de 0.82±0.06e 0.62±0.07e 3.80±0.55 

G0P4 58.50±3.81a 417.28±125.00a 68.03±12.54ab 44.09±2.35cd 0.88±0.06 c 0.68±0.06c 3.94±0.56 

G1P0 30.00±1.19g 172.19±72.64gh 50.74±7.29d 42.28±0.89cd 0.69±0.003h 0.49±0.002 h 2.66±0.19 

G1P1 36.50±2.00f 217.29±6.61fg 57.09±8.96cd 44.14±2.71cd 0.88±0.003 f 0.53±0.05g 3.06±0.93 

G1P2 44.00±3.25e 319.58±45.58cd 62.64±3.17ab 45.86±1.36c 0.85±0.004d 0.65±0.005d 3.44±0.24 

G1P3 50.50±2.92c 355.28±72.53bc 68.52±1.17ab 48.39±2.80b 0.93±0.002b 0.73±0.001b 4.04±0.29 

G1P4 56.00±2.44b 378.66±21.06ab 73.28±2.35a 53.00±0.54a 0.96±0.003a 0.76±0.01a 4.16±0.43 

Significance ** * * ** ** ** Ns 

M×P        

M0P0 23.50±7.15h 115.51±93.73e 39.79±15.98e 37.70±5.03 0.64±0.04 j 0.44±0.07h 2.29±0.45 

M0P1 34.50±1.60f 1671.17±56.89de 58.04±9.44bc 41.93±3.32 0.70±0.08h 0.45±0.03h 2.70±0.49 

M0P2 42.50±2.82d 266.35±79.40c 55.445.59cd 43.44±3.27 0.77±0.08f 0.57±0.08e 3.32±0.34 

M0P3 49.00±1.30c 322.26±71.94bc 65.73±11.14ab 44.80±4.28 0.84±0.09d 0.64±0.09d 3.90±0.65 

M0P4 54.50±1.30 b 440.27±112.88 a 70.81±10.91a 47.48±5.80 0.89±0.07c 0.69±0.07c 4.04±0.16 

M1P0 31.50±2.00g 156.66±29.11de 48.35±6.60d 41.03±1.61 0.68±.0.01i 0.49±0.003g 2.65±0.12 

M1P1 38.50±2.07e 208.83±18.90d 51.58±5.06cd 43.54±2.04 0.75±0.03g 0.54±0.03f 2.90±0.15 

M1P2 48.00±1.19c 305.94±24.79bc 63.20±3.40ab 45.04±1.77 0.83±0.02e 0.63±0.02d 3.33±0.67 

M1P3 56.00±3.54b 327.24±63.81b 65.20±4.36ab 46.74±2.92 0.91±0.02b 0.71±0.02b 3.94±0.64 

M1P4 60.00±2.26 a 355.67±9.49b 70.50±7.70a 49.61±3.85 0.95±0.01a 0.76±0.01a 4.06±0.63 

Significance ** ** * Ns ** ** Ns 

*, ** significant differences between means at 0.05 and 0.01 level of probability, respectively; Ns – non-significant. Within each 

column in GM, GP or MP treatments, means followed by the same letters are not significantly different at 5%. 
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Combined effects of magnetization, mycorrhiza-

tion and P concentration (Table 2) 

When magnetization of P-containing solutions was 

applied together with mycorrhization, all parameters 

were in higher amounts, but LN was not influenced. 

The magnetization analyzed together with P increas-

ing concentrations usually gave higher values in 

comparison with the not magnetized ones. The only 

exception was TWU. In this value, an increase was 

observed but differences were not significant. 

Similar results were obtained in the treatments 

with mycorrhization when analyzed together with in-

creasing concentration of P. Dominant effect of P 

caused significant increase of growth and photosynthe-

sis parameters with the exception of SPAD and TWU. 

Important result is that at all concentrations of P, 

a significant increase in P use efficiency was caused 

by both magnetization and mycorrhization (Fig. 1 & 2). 

The biggest differences were recorded at 10 mg·dm-3. 
 

Fig. 1. Phosphorus use efficiency (PUE) as affected by magnet-

ized P-fertilizer solution (G) and phosphorus concentration in the 

nutrient solution. Different letters indicate significant differences 

according to Duncan’s multiple-range test (P ≤ 0.05, n = 8). 

 

Fig. 2. Phosphorus use efficiency (PUE) as affected by my-

corrhization (M) and phosphorus concentration in the nutri-

ent solution. Different letters indicate significant differences 

according to Duncan’s multiple-range test (P ≤ 0.05, n = 8). 

 

DISCUSSION 

 

The results of our experiment showed that all 

three factors studied – the magnetization of P-con-

taining solutions, arbuscular mycorrhizal fungi in-

oculation and various concentrations of P affected 

plant growth, the photosynthetic status, water ab-

sorption and P use efficiency in sweet basil pot cul-

ture. 

Phosphorus is an essential macronutrient for 

plants. It is a component of nucleic acids, lipopro-

teins and enzymes connected with energy supply. 

This means that its availability is immanently con-

nected with plants’ life. Nowadays, it is a matter of 

concern in agriculture because of the need for its 

economical use (Jokubauskaitė et al. 2015). 

In our experiment, increasing supply of P 

played the main role in the increase of growth and 

photosynthetic parameters of basil young plants. 

With higher P availability, its share in the dry matter 

of basil young plants has decreased, which means 

that for the same dry mass, less P was necessary. 

Grant et al. (2001) pointed out that P is indispensa-

ble during early growth. Because of the amount of 

P in soil being finite and reserves are depleted con-

tinuously, several attempts have been undertaken to 

increase the efficiency of its use by plants. The most 

hope for more effective use of P from soil is associ-

ated with microorganism, for example mycorrhizal 

fungi, that can make P easily available (Grant et al. 

2001; Zarei et al. 2006; Miransari 2010). 

Our funding indicated that the inocula-

tion of basil with arbuscular mycorrhizal 

fungi enhanced the chlorophyll concentration, 

which is in agreement with the results of other 

studies (Sannazzaro et al. 2006; Colla et al. 2008; 

Sheng et al. 2008). The results of Sheng et al. 

(2008), unlike as in our experiment, showed that 

the mycorrhizal fungi increased the Fv/Fm 

index compared to the control treatment. Light 

energy absorbed by chlorophyll molecules 

can undergo one of the three fates: it can be 

used to drive photosynthesis (photochemistry),  

excess energy can be dissipated as heat, or it can 

be re-emitted as light-chlorophyll fluorescence 

(non-photochemistry) (Sheng et al. 2008). 
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It seems that the mycorrhizal fungi in our experi-

ment, although not effective for the non-phytochem-

ical properties of the plant but they were effective in 

photochemical efficiency. Arbuscular mycorrhizal 

fungi symbiosis improved the photosynthetic capac-

ity of maize leaves, mainly through elevating the ca-

pacity of gas exchange and the efficiency of photo-

chemistry and non-photochemistry of PSII and regu-

lating the energy division between photochemical 

and non-photochemical events (Sheng et al. 2008). 

Magnetization of P fertilizer increased several 

parameters of growth and photosynthesis in basil. 

The several physiological mechanisms (Aliverdi et 

al. 2015) and growth regulators balance of plant tis-

sues (Turker et al. 2007) could be positively af-

fected by magnetic field, which results in growth 

stimulation. Rãcuciu et al. (2008) reported that ex-

posure of maize to magnetic field of 50 mT revealed 

an increase in chlorophyll content in comparison 

with control. They stated that magnetic field had 

stimulatory influence on fresh weight; assimilatory 

pigments level as well the chlorophyll ratio, average 

nucleic acid level, increase in the average plants 

height. According to Maheshwari & Grewal (2009), 

magnetic field decreases the pH of cell wall, affects 

the metabolism of meristem cells, increases the ab-

sorption and assimilation of nutrients and improves 

photosynthetic activity (Belyavskaya 2004). In our 

study, P-fertilizer magnetization and mycorrhiza-

tion caused better water uptake by basil plants. Lin 

and Yotvat (1990) reported that magnetization of ir-

rigation water increased water productivity in crop 

production or water use efficiency (Aliverdi et al. 

2015). This may be related to an increase of root 

growth (Maheshwari & Grewal 2009) and stomatal 

conductance (Sadeghipour & Aghaei 2013), in-

creasing absorption and assimilation of nutrients, 

and as a result, improved the process of water com-

munication and water absorption by plants. In this 

case, improving the growth and physiological con-

ditions of the basil plants can be attributed to the 

improvement of root development (Shabani et al. 

2018), and the production and formation of photo-

synthetic pigments resulted from magnetization. 

The simultaneous use of magnetization and 

mycorrhization increased the content of chloro-

phyll, SPAD index and the total water use of basil 

plants. These positives probably were resulted from 

the stimulating effect of the magnetic field on the 

production of photosynthetic pigments, the meri-

stem cell metabolism, increased absorption and as-

similation of nutrients and the positive effect of my-

corrhizal fungi on increasing water absorption, leaf 

area development and photochemical efficacy. 

Mycorrhizal fungi can increase the concentra-

tion of chlorophyll in plants by 40% as a result of 

increasing P concentration in nutrient solution 

(Augé 2001). The results of increasing chlorophyll 

concentration in pepper leaves have also been re-

ported due to mycorrhizal coexistence (Demir 

2004). It can increase the rate of photosynthesis and 

carbon fixation by increasing chlorophyll concen-

tration (Feng et al. 2002). Moreover, it is well estab-

lished that mycorrhizal fungi can remarkably en-

hance plant tolerance to different abiotic stresses 

due to the production of compounds like glomalin 

and the formation of extensive hyphal networks 

(Miransari 2010). Plant roots become a strong sink 

for carbohydrates when colonized by arbuscular 

mycorrhizal fungi, as they can consume up to 20% 

of the host photosynthates. Thus, mycorrhizal fungi 

modulate these source–sink relations by enhancing 

the exchange of carbohydrates and mineral nutrients 

and can stimulate the rate of photosynthesis suffi-

ciently to compensate for fungal carbon require-

ments (Porcel et al. 2015). Therefore, non-stomatal 

factors such as higher Chl a content and rubisco ac-

tivity could enhance net photosynthetic activity of 

mycorrhizal plants (Chen et al. 2014). Increasing 

rate of photosynthesis occurs by increasing leaf area 

and increasing the amount of CO2 fixation (Porcel 

et al. 2015). Also, Sheng et al. (2008) showed that 

in the presence of mycorrhizal fungi, maize plants 

had higher stomatal conductance, higher transpira-

tion rate, higher net photosynthetic rate and lower 

intercellular CO2 concentration compared with non-

mycorrhizal ones. 
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The results of the present study showed that 

the main effects of the magnetized P solutions, my-

corrhizal fungi and their interaction on the PUE 

were not significant. It was caused by the fact that 

these effects were covered by the interaction of 

above factors with P concentration (P ≤ 0.01). Our 

results clearly showed that in the presence of the 

magnetized solution and mycorrhization, increasing 

P-fertilizer concentration up to 10 mg·dm-3 in-

creased the PUE, and by increasing the levels of P 

to 20 and 40 mg·dm-3, the PUE remains at the same 

level. In fact, the use of magnetic field and mycor-

rhizal fungi at low concentrations of P (10 mg·dm-

3) significantly increased the dry matter percentage 

(Shabani et al. 2018), and consequently, increased 

its PUE. Although higher P levels (>10 mg·dm-3) in 

the nutrient solution increased P concentration in 

tissues, accumulation and plant uptake efficiency 

(Shabani et al. 2018), the dry matter accumulation, 

partitioning and PUE were not affected (Fig. 1 & 2). 

Plants develop physiological mechanisms to in-

crease the PUE, such as changes in P uptake kinetics 

and in the plant capacity to maintain normal meta-

bolic levels when P concentrations in tissues are 

low, ensuring a satisfactory dry matter or grain pro-

duction (Machado & Furlani 2004). These results 

indicated that at low concentrations of P, in addition 

to the intrinsic properties of the plant, the role of 

these stimulants in increasing dry matter percentage 

and PUE is undeniable. 

Relative reduction in shoot dry matter due to 

P-stress can be used as an index in assessing the rel-

ative tolerance of cultivars under P stress environ-

ments (Akhtar et al. 2009). Increased development 

of plant parts associated with P-inception and effi-

cient re-distribution of absorbed P within the plants 

may increase its PUE under P-starved environ-

ments. This may be an indication of the ability of 

the tolerant cultivars to better remobilize P from aer-

ial parts to roots under P-stress environments (Akh-

tar et al. 2009). As a result, it can be stated that the 

use of magnetized P fertilizer and mycorrhization 

increased the possibility of basil plants to survive in 

conditions of low supply of P, probably due to better 

inception and remobilization of P in the plants, alt-

hough recognizing their exact mechanism requires 

further cellular and molecular studies. 

CONCLUSIONS 

 

The magnetization of Ca(H2PO4)2 solutions 

used for young basilica plants’ fertilization as a phos-

phorus source as well as inoculation of plants with 

arbuscular mycorrhizal fungi Diversispora versi-

formis enhanced P use efficiency. This finding in the 

macro scale of world agriculture can improve P man-

agement and reduce the demand for this element. 
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