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Introduction 

The annual world soybean (Glycine max L., Fabaceae family) production was about 334 million tons that it was obtained 

from 121 million hectares area harvested [1]. Soybeans contain a variety of proteins with unique properties for the 

germinating seed. The characteristics of soybean foods are attributable in part to the proteins from the bean [2]. Soybean 

plants can form symbiotic associations with Arbuscular Mycorrhizal Fungi (AMF) [3], but little is known about this relation 

in different irrigation systems. 

Abstract 

To evaluate mycorrhizal symbiosis of soybean plants (Glycin max L. cv. Williams) in different irrigation systems, a split plot 

experiment was conducted based on randomized complete block design (RCBD) at Urmia University in 2015. Treatments were 

irrigation systems (constant partial root- zone drying irrigation: CPRD, furrow and alternate partial root-zone drying irrigation: 

APRD) as main plots, and mycorrhizal fungi species (non-inoculated control, Funneliformis mosseae, Rhizophagus intraradices and 

Simiglomus hoi) as sub-plots in three replications. The leaf area index, specific leaf area, leaf area ratio, leaf weight rate, seed 

protein, leaf total soluble sugars, leaf proline, nod number per plant, pod weight and oil percentage were not affected by irrigation 

systems and mycorrhizal species. Values of leaf phosphorus and potassium were the same for all irrigation systems. In spite of 

highest chlorophyll index (SPAD) in APRD, the maximum percentage of harvest index for oil and seed production belonged to 

furrow system. Plants inoculated with S. hoi exhibited the highest values of SPAD, leaf P and leaf K, though the highest percentage 

of harvest index (for seed and oil production) were occurred in plants inoculated with R. intraradices. The significant interaction 

effects exhibited variable responses of soybean plants to mycorrhizal species under different irrigation systems. Although, the 

highest root colonization and leaf nitrogen were respectively observed at APRD and furrow irrigation systems of mycorrhization 

by F. mosseae. The optimal performance including plant height, 100-seed weight and yields (biological yield, seed yield and oil 

yield) of soybean plants were obtained from mycorrhizal plants of furrow irrigation identically for three species of fungi. While the 

higher contents of Linolenic and Linoleic fatty acids in mycorrhizal soybean plants, Gadoleic, Oleic acids (unsaturated fatty acids), 

Myristic, Palmitic and Stearic acids (saturated fatty acids) were in more amounts in non-AMF inoculated plants. Palmitoleic and 

Arashidic fatty acids for furrow irrigation, Linolenic and Linoleic fatty acids for APRD, and Gadoleic, Oleic, Myristic, Palmitic 

and Stearic fatty acids for CPRD were found to be the higher contents. 
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Agriculture is the largest water consuming sector all around the world. Therefore, water-saving methods and technologies 

should be implemented in irrigations. Water-saving irrigations are used to improve water productivity in recent years [4]. 

Two different irrigation management practices were applied for surface irrigation as of alternate furrow and conventional 

furrow. In alternate furrow irrigation, a furrow was irrigated and adjacent furrow was left non irrigated. In conventional 

furrow irrigation, every furrow was irrigated. Furrow ends were closed and runoffs were prevented in both furrow 

management systems [5]. Furrow irrigation is used by farmers in non-limited or even water-limited areas. In this method, 

crops receive full evapotranspiration requirements to result in the maximum yield [6]. Among the surface irrigation methods, 

furrow irrigation is used for row crops. Furrow irrigation can be operated in two fashions, either as conventional furrow or as 

alternate furrows just based on available water resources [7]. Partial (constant or alternate) root-zone drying irrigation is the 

water-saving irrigation methods that cut down irrigation amounts of full irrigation to crops [4,8].  

 

Crop production in tropical soils requires large amounts of chemical fertilizers, a serious impact on the environment [9], 

which enhance nutrient release and availability of plant nutrition [10]. Arbuscular mycorrhizal fungi greatly enhanced the 

ability of plants to take up phosphorus and other nutrients those are relatively immobile and exist in low concentration in the 

soil solution, consequently play an essential role in plant growth [11,12]. The mycorrhizal hyphae with a diameter of 2-5 μm 

can penetrate the soil pores inaccessible to root hairs (10-20 μm), absorb non-available water [13] and capture nutrients from 

the soil of all ecosystems [14]. It was reported that the mycorrhizal soybean plants produced less drought-induced pod 

abortion than non-mycorrhizal plants, because of increasing photosynthesis, photosynthetic storage and export at the same 

time [15]. Higher root length and root volume in mycorrhizal plants were reported to increase water uptake in these plants 

[16,17].  

 

The objective of this study was to evaluate the effect of three species of mycorrhizal fungi on the yield (qualitative and 

quantitative) of soybean under three furrow irrigation systems including partial root-zone drying. 

 

Materials and Methods 

To evaluate effect of irrigation systems on the growth of soybean (Glycine max L. cv. Williams) in mycorrhizal symbiosis, a 

split-plot experiment was conducted based on Randomized Complete Block Design (RCBD) with three replications at Urmia 

University (37.53 N and 45.08 E, altitude 1320 m, West Azarbayjan Province, Urmia, Iran) in 2015. Treatments were 

irrigation systems (constant partial root-zone drying irrigation: CPRD, furrow, and alternate partial root-zone drying 

irrigation: APRD) as main plots and mycorrhizal species (Funneliformis mosseae, Rhizophagus intraradices, Simiglomus hoi 

and non-AMF inoculated treatment) as subplots. The mycorrhizal inocula, a mixture of sterile sand, mycorrhizal hyphae and 

spores (20 spores g
-1

 inoculum) and colonized root fragments, were provided by Department of Plant Protection, Urmia 

University.  

 

The sample consisted of soil obtained from two layers 0-30 and 30-60 cm deep of a clay texture. Soil physical and chemical 

characteristics, shown in TABLE 1, were determined [18]. The climatic attributes of the experiment site included rainfall, 

relative humidity and temperature were shown in FIG. 1. 
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TABLE 1. The soil characteristics of the experimental site. 

Depth of  Sampling (cm) 0-30  30-60 

pH 7.65 7.73 

EC (dS.m
-1

 ) 1.40 1.40 

Organic Carbon (%) 0.52 0.48 

Organic Matter (%) 0.9 0.80 

CaCO3 (%) 8.00 12.00 

Clay (%) 50.00 51.00 

Silt (%) 33.00 32.00 

Sand (%) 17.00 17.00 

Texture (%) Clay Clay 

K (mg.kg
-1

) 238.0 88.00 

P (mg.kg
-1

) 22.80 15.90 

Field Capacity % 0.22 0.22 

 

 

FIG. 1. Total rainfall, average monthly air temperature and relative humidity for the 2014-2015 growing seasons in 

Urmia, Iran. 

 

The biological fertilizers (AMF inocula) was placed in the holes (5 g per hole) through the plant seeds and lightly covered 

with soil. For non-AMF inoculated plants, seeds were planted with no inoculation. Soybean seeds were sown on 26 April 

2015 by hand in the soil at a depth of 4 cm in plots of 200-by-300 cm size, with a plant spacing of 50 by 8 cm. Plants were 

monitored carefully in growth duration and weeds were controlled manually during the experiment. After sowing, all plants 

were given a pre-emergence irrigation. 

 

At the end of growing season, seeds were harvested on 12 October for furrow and 30 October for CPRD and APRD. The 30 

plants of per plot were harvested and the root systems were separated from the shoots. Soybean seeds were harvested when 

immature at the R8 stage of development when the pods have full-size seeds. In this stage, plant height, nod number per plant 

and stem diameter were determined in 10 plants [19]. Aerial parts of the 30 plants were dried in a forced air oven at 70°C for 
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2 days and their dry weights were obtained as pod weight and biological yield. The seeds of harvested plants were separately 

weighted as seed yield. To measure 100 seed weight, we weighed four samples of 100 seeds for each experimental unit.  

 

To extract the seed oil of soybean, we used the Soxhlet apparatus and Diethyl ether solvent [2]. The yield of oil was 

calculated as follow: 

Oil yield=oil percent × seed yield 

 

Chlorophyll index (SPAD) was measured with Opti-Sciences (ccm-200 plus). The percentage of plant root colonization was 

determined in 10 plants per experimental unit. Fresh roots were cleared in 10% potassium hydroxide (KOH) for 10 min at 90 

°C and then stained in 0.05% lactic acid-glycerol-Trypan Blue [20]. The gridline intersection method was used [21]. Leaf 

phosphorus content was measured colorimetrically with Spectrophotometer (PD-303) in 470 nm [22]. Leaf potassium content 

was measured by flame photometer methods with a flame photometer (Clinical pfp7) [22]. To obtain the Leaf and seed 

nitrogen content we used the Kjeldahl method [23]. The seed protein was calculated by the following Formula [24]:  

 

% nitrogen=(the amount of acid was consumed in titration × 0.0014)/sample weight × 100 

% protein=% nitrogen × 5.71 

 

For proline extraction and absorption of samples was measured using a Shimadzu 02-120-UV spectrophotometer in the range 

of 520 nm. Ninhydrin (2,2dihydroxyindane-1,3-dione, CAS number 485-47-2) is extensively used to assay proline. At low 

pH, the chromogen is red, with a peak of absorbance at 520 nm. In order to decrease background noise (e.g., high levels of 

anthocyanins that may interfere with the quantification), the chromogen is classically extracted using toluene [25]. A specific 

amount of alcoholic extract (2 ml) mixed with 3 ml anthrone (150 mg anthrone, 100 ml of 72% sulphuric acid, W/W). The 

samples were placed in a boiling water bath for 10 minutes. Total soluble sugar was determined with absorbance at 625 nm 

using a spectrophotometer. Contents of soluble sugar were determined using glucose standard [26]. Physiological parameters 

of soybean were determined using the following formulae [27]: 

 

Leaf Area Index (LAI)=Leaf area of plants per meter square  

Specific Leaf Area (SLA)=Leaf area per plant/Leaf weight per plant (m
2
 kg

-1
) 

Leaf Area Ratio (LAR)=Leaf area per plant/Plant Weight (m
2
 kg

-1
) 

Leaf Weight Rate (LWR)=Leaf Area Ratio/Specific Leaf Area (gg
-1

) 

 

The allocation, harvest index, of photosynthate to the seeds (Seed HI) and oil (Oil HI) were calculated based on harvested 

seeds from 30 plants for the experimental unit.  

 

Seed HI=Seed yield/Biological yield  

Oil HI=Seed oil yield/Biological yield 

 

Analysis of variance (ANOVA) on data was performed using the general linear model (GLM) procedure in the SAS 9.1 

software. The LSD Test was applied to compare treatment means using the MSTAT-C software package. 



www.tsijournals.com | November-2018 

5 
 

 

Results and Discussion 

Analysis of variance showed the significant effect of irrigation systems on the nod number per plant, seed HI and oil HI (P ≤ 

0.05) and SPAD (P ≤ 0.01). However, there was a significant effect of mycorrhizal fungi on the SPAD, leaf P, and oil HI (P ≤ 

0.05) and leaf K and seed HI (P ≤ 0.01). There was significant interaction effect of “irrigation systems × mycorrhizal species” 

on the colonization and leaf N, seed yield and oil yield (P ≤ 0.05) and plant height, stem diameter, 100-seed weight and 

biological yield (P ≤ 0.01) (TABLES 2A-D). 

 

The physiological parameters (LAI, SLA, LAR, LWR, seed protein, soluble sugar, proline, pod weight, and oil percent) were 

not significantly affected by the irrigation system and mycorrhizal species. The total means of LAI, SLA, LAR, LWR, seed 

protein, soluble sugar, proline, pod weight and oil percent, were respectively 3.371, 14.238 m
2 

kg
-1

, 6.2887 m
2 

kg
-1

, 0.4414 

g.g
-1

, 32.1%, 175.34 mg g
-1

, 17.39 mg g
-1

, 786.03 kg ha
-1

 and 17.55% (TABLES 2A-D). 

 

The highest chlorophyll index (13.67 SPAD) was observed in plants irrigated by APRD system followed by CPRD, reducing 

to the minimum value in furrow irrigation. It seems that the chlorophyll index of soybean plants depended on water supply. 

The lowest leaf chlorophyll content was observed in soybean plants inoculated with R. intraradices (6.94 SPAD) followed up 

non-AMF inoculated plants as well as F. mosseae and S. hoi (TABLE 2A).  

 

The lowest leaf phosphorus content (0.1511%) was obtained from non-inoculated control plants that the plants inoculated 

with three species of the mycorrhizal fungi exhibited the highest leaf phosphorus of soybean plants, identically (TABLE 2B).  

In mycorrhizal plants inoculated with F. mosseae, leaf potassium content showed a sharp decline compared with other two 

fungi species. The plants inoculated with R. inraradices and S. hoi had no significant difference with untreated control 

soybean plants, in terms of leaf potassium. All three irrigation systems have the same leaf K and P regardless mycorrhization 

(TABLE 2B). The seed HI and oil HI were higher in the furrow and CPRD irrigation system than that APRD one. There were 

no significant differences between non-inoculated control plants and the mycorrhizal plants (S. hoi) in terms of seed HI and 

oil HI. In plants inoculated with F. mosseae and R. intraradices, the seed HI and oil HI were higher than that non-AMF 

inoculation (TABLE 2D). 

 TABLE 2A. Analysis of variance (mean of squares) of the effect of the irrigation system and mycorrhizal 

species on the physiological traits and root colonization of soybean (Glycine max L. cv. Williams). 

S.O.V df SPAD LAI SLA LAR LWR Colonization 

Block 2 8.53 0.011 0.001 0.0001 0.0033 221.77 

Irrigation system (IS) 2 231.43
**

 0.008
ns

 0.003
ns

 0.0082
ns

 0.0066
ns

 403.11
ns

 

Furrow - 4.90
c
 3.637

a
 14.183

a
 5.8938

a
 0.4144

a
 49.08

a
 

CPRD - 9.69
b
 3.195

a
 14.667

a
 6.7122

a
 0.4569

a
 38.08

a
 

APRD - 13.67
a
 3.282

a
 13.864

a
 6.2601

a
 0.4529

a
 46.75

a
 

Error a 4 0.41 0.004 0.007 0.0094 0.0015 89.44 

Mycorrhizal species (MS) 3 31.14
*
 0.014

ns
 0.006

ns
 0.0062

ns
 0.0003

ns
 516.10

**
 

Non-AMF inoculate - 10.67
a
 2.923

a
 13.108

a
 5.7221

a
 0.4368

a
 45.88

ab
 

F. mosseae - 9.08
ab

 3.657
a
 14.487

a
 6.3031

a
 0.4372

a
 54.66

a
 

R. intraradices - 6.94
b
 3.674

a
 14.594

a
 6.5790

a
 0.4481

a
 37.22

b
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S. hoi - 11.01
a
 3.231

a
 14.762

a
 6.5506

a
 0.4434

a
 40.77

b
 

IS × MS 6 8.34
ns

 0.005
ns

 0.015
ns

 0.0128
ns

 0.0010
ns

 241.07
*
 

Error b 18 8.08 0.005 0.006 0.0058 0.0006 94.22 

C.V. (%) - 30.16 11.09 6.59 8.93 5.58 21.74 

ns: not significant, * and **: significant at 5% and 1% probability level 

 

TABLE 2B. Analysis of variance (mean of squares) of the effect of the irrigation system and mycorrhizal species on 

the nutrients and osmolytes of soybean (Glycine max L. cv. Williams). 

S.O.V df Leaf P Leaf  N Leaf  K Seed  protein Soluble  sugar Proline 

Block 2 0.0013 0.07 0.267 0.75 5422.4 13.867 

Irrigation system (IS) 2 0.0007
ns

 0.033
ns

 0.059
ns

 0.95
ns

 319.37
ns

 0.677
ns

 

Furrow - 0.1703
a
 5.808

a
 1.05

a
 32.39

a
 178.11

a
 17.135

a
 

CPRD - 0.1759
a
 5.731

a
 1.07

a
 32.09

a
 178.53

a
 17.459

a
 

APRD - 0.1854
a
 5.706

a
 1.18

a
 31.82

a
 169.39

a
 17.598

a
 

Error a 4 0.0003 0.085 0.049 0.75 1968.64 0.547 

Mycorrhizal species (MS) 3 0.0028
*
 0.050

ns
 0.250

**
 0.87

ns
 2105.22

ns
 0.957

ns
 

Non-AMF inoculate - 0.1511
b
 5.651

a
 1.205

a
 31.73

a
 190.02

a
 17.809

a
 

F. mosseae - 0.1841
a
 5.830

a
 0.856

b
 32.03

a
 170.08

a
 17.017

a
 

R. intraradices - 0.1834
a
 5.774

a
 1.121

a
 32.17

a
 185.03

a
 17.336

a
 

S. hoi - 0.1902
a
 5.740

a
 1.211

a
 32.48

a
 156.24

a
 17.428

a
 

IS × MS 6 0.0008
ns

 0.095
*
 0.056

ns
 1.33

ns
 1687.90

ns
 1.551

ns
 

Error b 18 0.0006 0.025 0.024 0.58 1035.82 0.652 

C.V. (%) - 13.72 2.76 14.27 2.37 18.35 4.64 

ns: not significant, * and **: significant at 5% and 1% probability level 

 

TABLE 2C. Analysis of variance (mean of squares) of the effect of the irrigation system and mycorrhizal species on 

the morphological traits of soybean (Glycine max L. cv. Williams). 

S.O.V df 
Plant  

height 

Stem  

diameter 

Nod number per 

plant 

Pod 

weight  

100-seed 

weight 

Block 2 127.63 0.407 0.258 0.075 6.836 

Irrigation system (IS) 2 676.04
**

 0.053
ns

 8.458
*
 0.127

ns
 18.073

**
 

Furrow - 58.25
a
 7.561

a
 18.691

a
 913.5

a
 13.475

a
 

CPRD - 44.58
b
 7.693

a
 17.400

a
 857.8

a
 12.215

b
 

APRD - 46.05
b
 7.611

a
 17.116

a
 586.8

a
 11.021

c
 

Error a 4 30.56 0.997 1.205 0.025 1.034 

Mycorrhizal species 

(MS) 
3 2.94

ns
 1.331

**
 0.089

ns
 0.025

ns
 1.648

ns
 

Non-AMF inoculate - 49.12
a
 8.117

a
 17.778

a
 704.8

a
 11.636

a
 

F. mosseae - 49.16
a
 7.685

ab
 17.733

a
 820.0

a
 12.595

a
 

R. intraradices - 50.23
a
 7.204

b
 17.600

a
 884.5 

a
 12.483

a
 

S. hoi - 50.01
a
 7.480

b
 17.833

a
 734.8 

a
 12.234

a
 

IS × MS 6 140.29
**

 1.133
**

 2.513
ns

 0.029
ns

 2.773
**

 

Error b 1 28.31 0.215 1.866 0.015 0.674 
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C.V. (%) - 10.72 6.09 7.7 4.37 6.709 

Ns: not significant, * and **: significant at 5% and 1% probability level 

 

TABLE 2D. Analysis of variance (mean of squares) of the effect of the irrigation system and mycorrhizal species on 

the yields and harvest index of soybean (Glycine max L. cv. Williams). 

S.O.V df Biological yield Seed yield  Seed HI Oil HI Oil percent Oil  yield 

Block 2 1599649.03 651730.6 25.09 1.384 2.687 16343.2 

Irrigation system (IS) 2 4784253.00
ns

 1780393.22
*
 124.48

*
 16.422

*
 33.175

ns
 102300.57

*
 

Furrow - 4845.2
a
 1885.1

a
 37.98

a
 7.194

a
 18.833

a
 360.37

a
 

CPRD - 3943.7
a
 1416.0

ab
 35.58

a
 6.530

a
 18.156

a
 265.25

ab
 

APRD - 3628.5
a
 1121.3

b
 31.61

b
 4.919

b
 15.675

a
 175.74

b
 

Error a 4 1172861.8 249228.61 8.73 1.361 8.758 11976.71 

Mycorrhizal species (MS) 3 369834.97
ns

 594746.99
*
 178.01

**
 6.980

*
 0.554

ns
 26259.98

*
 

Non-AMF inoculate - 4126.9
a
 1311.2

ab
 32.02

b
 5.557

b
 17.404

a
 228.12

b
 

F. mosseae - 4200.7
a
 1616.5

ab
 37.85

a
 6.749

ab
 17.507

a
 298.19

ab
 

R. intraradices - 4357.5
a
 1759.4

a
 39.78

a
 7.170

a
 17.919

a
 326.92

a
 

S. hoi - 3871.5
a
 1209.5

b
 30.58

b
 5.381

b
 17.389

a
 215.24

b
 

IS × MS 6 2517164.04
**

 481861.44
*
 28.15

ns
 2.087

ns
 5.701

ns
 22744.35

*
 

Error b 18 559844.47 142932 22.77 1.776 5.69 5729.82 

C.V. (%) - 18.07 25.64 13.61 21.44 13.58 28.33 

ns: not significant, * and **: significant at 5% and 1% probability level 

 

The highest root colonization (58.67%) was shown in the APRD system inoculated with F. mosseae as much as CPRD. The 

two other species of arbuscular mycorrhizal fungi colonized the soybean roots to less than non-AMF inoculated plants. There 

were no significant differences between non-inoculated control plants and the mycorrhizal plants inoculated with R. 

intraradices and S. hoi in term of colonization percentage (FIG. 2). 

 

FIG. 2. Means comparison of root colonization percentage of soybean (Glycine max L. cv. Williams) affected by 

irrigation systems × mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0.05. 
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The leaf nitrogen content in plants inoculated with F. mosseae was higher than the other treatments in the furrow system 

followed by the plants inoculated with S. hoi and R. intraradices, respectively. The mycorrhizal plants of CPRD did not have 

significant differences with non-inoculated control plants. In the APRD, the highest leaf nitrogen content (5.92%) was 

observed in the mycorrhizal plants inoculated with R. intraradices (FIG. 3). 

 

 

FIG. 3. Means comparison of leaf nitrogen content of soybean (Glycine max L. cv. Williams) affected by “irrigation 

systems × mycorrhizal species”. The dissimilar letters show significant differences at P ≤ 0.05. 

 

The highest plant (63.83 cm) belonged to mycorrhizal (R. intraradices) plants as high as inoculation with S. hoi and F. 

mosseae. The non-inoculated control plants of all irrigation systems exhibited the same plant height. There were no 

significant differences among the mycorrhizal plants of CPRD and APRD (FIG. 4). 

 

 

FIG. 4. Means comparison of plant height of soybean (Glycine max L. cv. Williams) affected by “irrigation systems × 

mycorrhizal species”. The dissimilar letters show significant differences at P ≤ 0.05. 
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Secondary growth (stem diameter) can be stimulated under conditions of water deficit stress, so in APRD and after that in 

CPRD, stem diameter of untreated plants was greater than inoculated plants with three species of fungi. In the appropriate 

water supply conditions in the furrow system, the stem diameter of the inoculated plants was the same with non-AMF 

inoculated (FIG. 5). 

 

 

FIG. 5. Means comparison of stem diameter of soybean (Glycine max L. cv. Williams) affected by irrigation systems × 

mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0.05. 

 

In the furrow system, the plants inoculated with R. intraradices had the greatest 100-seed weight (14.71 g) as well as the 100-

seed weight of inoculated soybeans with F. mosseae and S. hoi. In APRD and CPRD systems, there were no significant 

differences between the mycorrhizal plants and control plants in terms of 100-seed weight. It was the lower in APRD 

irrigation than that CPRD (FIG 6). 

 

 

FIG. 6. Means comparison of the 100 seed weight of soybean (Glycine max L. cv. Williams) affected by irrigation 

systems × mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0.05. 
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The highest yields (6131 kg/ha for biological yield and 2607 kg/ha for seed yield) were obtained from soybean plants 

inoculated with R. intraradices in furrow irrigation followed by F. mosseae and S. hoi inoculation. In other irrigation systems 

(CPRD and APRD), there were no significant differences on biological and seed yield of mycorrhizal plants, identical with 

untreated control plants (FIG.7 and 8). 

 

FIG. 7. Means comparison of the biological yield of soybean (Glycine max L. cv. Williams) affected by irrigation 

systems × mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0.05. 

 

 

FIG. 8. Means comparison of seed yield of soybean (Glycine max L. cv. Williams) affected by irrigation systems × 

mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0 .05. 

 

The means comparison showed that the maximum yield of seed oil (514.9 kg/ha) was obtained from furrow irrigation 

mycorrhizal (R. intraradices) plants. Furrow irrigation exhibited the higher oil yield than that CPRD followed by APRD. In 

mycorrhizal plants, the minimum yields of oil belonged to inoculation with S. hoi regardless irrigation system (FIG. 9). 
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FIG. 9. Means comparison of oil yield of soybean (Glycine max L. cv. Williams) affected by irrigation systems × 

mycorrhizal species: The dissimilar letters show significant differences at P ≤ 0.05. 

 

The highest concentrations of Gadoleic, Oleic acids (unsaturated fatty acids), Myristic, Palmitic and Stearic acids (saturated 

fatty acids) belonged to non-AMF inoculated in CPRD irrigation system. Also, the highest concentrations of Palmitoleic and 

Arachidic acids were respectively observed in non-AMF inoculated of APRD and AMF-inoculated of furrow irrigation. 

While the highest Linolenic and Linoleic fatty acids were shown in mycorrhizal plants of APRD. The Linolenic and Linoleic 

unsaturated fatty acids, more than 55% of total fatty acids of soybeans, were found in maximum percentage in arbuscular 

mycorrhizal inoculated plants of APRD irrigation system. The Oleic acid, a C18:1 unsaturated fatty acid, with 27% of total 

fatty acids, was the third great component of soybean oil (TABLE 3). 

 

TABLE 3. Soybean fatty acids components in AMF-inoculated and non-AMF inoculated plants in CPRD, furrow, and 

APRD irrigation systems. 

Irrigation Mycorrhiza 

Fatty Acids 

Unsaturated           Saturated          

Gadoleic Palmitoleic Linolenic Linoleic Oleic Myristic Palmitic Arashidic Stearic 

C20:1 C16:1 C18:3 C18:2 C18:1 C14:0 C16:0 C20:0 C18:0 

CPRD 
Non-AMF control 0.68 0.1 4.8 44.96 29.29 0.11 10.67 0.39 6.96 

AMF-inoculated 0.53 0.07 5.74 45.15 28.94 0.08 10.45 0.49 6.55 

Furrow 
Non-AMF control 0.58 0.14 5.08 45.1 28.92 0.07 10.37 0.49 6.78 

AMF-inoculated 0.29 - 5.33 40.95 22.79 0.07 8.31 0.61 3.96 

APRD 
Non-AMF control 0.53 0.16 6.9 48.9 26.6 0.1 10.03 0.49 4.89 

AMF-inoculated 0.49 0.13 7.36 48.98 25.83 0.09 9.74 0.41 5.09 

 

Discussion 

Low chlorophyll index under drought conditions was reported as a result of lower chlorophyll synthesis and higher 

chlorophyll breakdown [15]. Chlorophyll loss was shown to be accompanied by the damage of the mesophyll chloroplasts, 

which lead to a lower photosynthetic rate [28]. The greater P uptake in plants inoculated with AM fungus can be attributed to 
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the transport of P by the AM fungus due to a rise in root volume and more access to wider rhizosphere in order to facilitate 

absorption process and solution of insoluble P [29-31]. In AMF-inoculated plants, an increase of P and K uptake caused 

resistance against water deficit stress. Accordingly, the response of mycorrhizal plants to stress and K content are closely 

related [32]. 

 

Leaf phosphorus was diluted by limited irrigation, so the minimum leaf P was observed in severely stressed plants [33]. Leaf 

phosphorus accumulation in soybean plants inoculated with fungal species was higher than non-AMF inoculated control 

plants (TABLE 2B). Means comparison of HI shows that there is a significant difference between irrigation methods with the 

superiority of furrow, CPRD, and APRD. Thus, we reached to the conclusion that in-furrow, CPRD, and APRD, methods by 

following the reduction in irrigation intervals resulted in higher grain yield against biological yield and increase in the HI 

[34]. Deficit irrigation water was one of the factors that limited plant growth which subsequently reduces dry matter 

production, and interferes the behavior of carbohydrate in order to decrease the HI [35]. 

 

It was previously reported that the inoculated plants significantly demonstrated higher levels of root colonization by R. 

intraradices and F. mosseae. They showed that the highest root colonization belonged to AMF inoculated plants up to 83% 

and 77% for R. intraradices and F. mosseae, respectively at an irrigation carried out after 120 mm of pan evaporation (severe 

stress) [33]. Mycorrhizal symbiotic establishment and consequently improved the performance of crop may be due to more 

extension of mycorrhizal hyphae and more availability of macro and micro-nutritional elements in soil [36,37]. Results on 

soybean showed that AMF inoculation increased around 20% of root colonization; nutrients analyses in vegetal tissues 

showed an increase of P and N content in inoculated plants, and these results reflect in a higher yield [38]. Colonized plants 

produced greater dry matter against lesser water consumption compare with non-AMF inoculated plants. On the other hand, 

mycorrhizal plants require lesser water than non-inoculated plants to produce 1 g dry matter. It shows that mycorrhizal plants 

are able to maintain higher tissue water content while imparting greater drought resistance [39,40]. The control treatment 

(furrow irrigation) had the highest grain yield followed by alternative furrow irrigation (APRD) and fixed furrow irrigation 

(CPRD) (FIG. 8) is in agreement with results published by Tagheianaghdam et al. [34].  

 

The drought-induced decrease of plant height could be compensated by some biological treatments included mycorrhizal and 

bacterial inoculation. On the other hand, these treatments lengthened plants more than they did in the case of non-mycorrhizal 

plants of each irrigation level [33]. 

 

The earlier studies exhibited that the highest seed and biological yield were obtained from mycorrhizal (G. intraradices) 

well-watered plants [33]. The lowest seed and biological yields were obtained from non-mycorrhizal plants in all irrigation 

regimes similar to the bacterial infected ones. Our findings indicated that the mycorrhizal symbiosis clearly increased the 

yield of biomass, seed and seed oil compared with the non-mycorrhizal under all three irrigation regimes. These reports 

showed that AM colonization was the most important factor for plant development, especially under water deficit condition 

due to a vital role in nutrient and water deficiency management of plants [41,42]. The first evaluation of AMF colonization 

for two soybean varieties showed that inoculated plants increased root colonization up to 20% more than non- inoculated 

control plants [38]. This result shows that the partial root-zone drying treatments had higher yield benefits compared with 

conventional deficit irrigation practices, as reported also by Sepaskhah and Ahmadi [43]. The positive effect of AMF-
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inoculation on biomass production or the content of oil depends on the species of plant or fungi [44]. The beneficial roles of 

AMF-inoculation on the improvement of quantitative and qualitative yields have been reported by previous studies [45,46]. 
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