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Abstract. A two-year study was carried out with split-plot factorial arrangement based on randomized 

complete block design in three replications in Khorramabad, Iran, during 2012-2014. The studied factors 

in the main-plots included end season drought stress at three levels (normal irrigation, mild stress and 

severe stress with irrigation based on 40%, 60% and 80% moisture depletion of soil water available to 

plants) and mycorrhizal biofertilizer factors and methanol spraying at four levels (without mycorrhiza 

inoculation + distilled water spraying, control; mycorrhiza inoculation + distilled water spraying; without 

mycorrhiza inoculation + methanol spraying; and mycorrhiza inoculation + methanol spraying). 

Moreover, the three irrigated wheat cultivars Aflak, Dena and Alvand with factorial arrangement were in 

sub-plots. Results demonstrated that drought stress decreased stomatal conductance, leaf transpiration, 

photosynthesis rate and grain yield. Crop plants under mild stress conditions experienced lower carbon 
dioxide in sub-stomatal chamber, whereas, its accumulation in those plants that were under severe stress 

conditions increased significantly. The studied cultivars responded to drought stress differently. Yield 

reduction in Alvand was more severe than in Aflak and Dena under mild and severe drought stress 

conditions. The results suggested that mycorrhizal inoculation and methanol spraying play an important 

role in enhancing drought tolerance in susceptible wheat cultivars to drought stress. Moreover, they can 

be used in irrigated wheat farming to reduce damages caused by end season drought stress. 

Keywords: irrigation, photosynthesis, severe stress, transpiration, methanol spraying, wheat 

Introduction 

As the most important cereal in many parts of the world, wheat is the main food for 

most people (Rauf et al., 2007; Shewry, 2009). Wheat is one of the most important 

cereal crop and considered as a staple food of the vast majority of the human population 

including urban and rural societies and it is also a major source of straw for animal 

feeding (Sharma et al., 2012). 

Drought is one of the critical environmental adversities affecting the growth, 

development and final yield of crop species (Geng et al., 2016; Daryanto et al., 2017), 

and the frequency and severity of drought stress events are expecting to increase due to 

global climate change (Cook et al., 2014; Zhao and Dai, 2015; Joshi et al., 2016). 

Drought stress perturbs a broad range of plant physiological and biochemical processes, 

including decreased plant water status, inhibited photosynthetic processes, induced 

oxidative stress damage and so on, which ultimately lead to growth retardation and the 
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reduction of crop yield (Perdomo et al., 2015; Saeidi and Abdoli, 2015; Daryanto et al., 

2017). Drought stress is one of the major problems in successful crop production 

throughout the world (Auge, 2001) as well as in Iran. Drought stress is a key 

environmental phenomenon affecting cereal yields, often occurs over the wheat grain 

filling period, and eventually reduces crop yield in most cultivated areas in the world 

(Altenbach et al., 2003). In Iran, a significant portion of the 2.4 million hectares of 

irrigated wheat is damaged due to drought stress during flowering and grain filling 

phases (Jalal Kamali et al., 2012). 

Crop growth is reduced under drought stress conditions due to limited photosynthetic 

rate. The damage caused by drought is primarily attributed to the inhibition and 

disruption of photosynthesis, which is the main mechanism of plant growth and 

maintenance of natural environments, and it threats the growth and yields of plants 

(Shao et al., 2016). Water deficit is often complemented by high temperatures that 

increase evapotranspiration and affect photosynthesis and ultimately decrease yield (Mir 

et al., 2012). Water deficit affects photosynthesis negatively by changing inner structure 

of the chloroplast, mitochondria and chlorophyll content and minerals (Huseynova et 

al., 2016). Allahverdiyev and Huseynova (2017) reported that stomatal conductance, net 

photosynthesic rate and transpiration rate decreased significantly in flag leaves of wheat 

genotypes in response to drought stress at anthesis. The intercellular CO2 concentration 

in flag leaf of most genotypes increased under drought condition. Mild drought stress 

reduces photosynthesis through reversible stomatal factors. Under more severe or 

prolonged stress conditions, non-stomatal factors aggravate unfavorable conditions and 

the effects of stress generally become irreversible (Ahmadi and Baker, 2000). Blum et 

al. (1981) suggested that those genotypes are suitable for dry regions that are capable of 

retaining more water without closing their stomata. 

Since crops production and, therefore, food security depend on the management of 

limiting factors, it is necessary to develop efficient strategies that allow the 

improvement of crop yield under water deficit stress (FAO, 2012). Water is 

undisputedly the major factor for the declining food production in many parts of the 

world, particularly in the arid and semiarid regions. Consequently, the world is now 

being challenged to produce “more crop per drop” of water. Therefore, in recent years 

there are increasing numbers of studies to understand the mechanism by which plants 

alleviate drought stress, and arbuscular mycorrhizal (AM) fungi seems to be an 

excellent alternative to serve the purpose. However, the mechanism by which AM fungi 

promotes drought tolerance is still to be understood well (Dar et al., 2018). Recently, it 

has been observed that the symbiotic interaction of plants with AMF, in addition to 

being important from the agricultural and ecological point of view (Yang et al., 2008), 

could be a sustainable mitigation practice for water deficit stress (Aroca, 2012). AM 

fungi allow host plants to grow more efficiently under biotic and abiotic stress 

conditions (Gholamhoseini et al., 2013). A recent finding indicates that AM fungus 

have a key role in modifications of root hairs consequently helping the plants to 

overcome the drought (Li et al., 2014). In association with symbiotic AM fungi, plants 

could explore larger volumes of soil to absorb water and nutrients thereby impart stress 

tolerance to the plants (Smith et al., 2009). Arbuscular mycorrhizal (AM) symbiosis 

often modifies gas exchange of the host plant (Koide, 1993; Smith and Read, 2008; 

Ruiz-Lozano and Aroca, 2010; Auge et al., 2014). Mycorrhizal association has been 

shown to increase the carbon fixation abilities of the plants. In a number of systems, 

higher photosynthetic rates have been reported when the plants are in association with 
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AM fungi. For instance, in black locust, Yang et al. (2014) observed high stomatal 

conductance, high transpiration rates and high photosynthetic rates with reduced 

internal CO2 concentration in fungal colonized plants than the non-colonized plants. 

Such higher photosynthetic rate as a consequence of fungal association has also been 

reported by Zhu et al. (2012). They observed high photosynthetic and transpiration rates 

in AM fungi colonized plants of maize than in non-colonized plants both under control 

and drought stress conditions. Arbuscular mycorrhiza stimulation of carbon exchange 

rate, stomatal conductance, and transpiration rate has been significantly associated with 

mycorrhizal stimulation of shoot dry weight, leaf phosphorus, leaf nitrogen:phosphorus 

ratio, and percent root colonization. (Auge et al., 2016). This relationship between the 

stomatal opening and the relative increase in the photosynthetic activity have been 

described in corn (Estrada et al., 2013), 

Studies over recent years revealed that growth and yield of C3 plants improved by 

methanol spraying, and methanol can be considered a carbon source for such plants. In 

general, the main contribution of these substances is to reduce the effects that stresses 

induced on crops have in performing photorespiration (Downie et al., 2004). Since 

nearly 90% of plant dry matter results from carbon dioxide assimilation through 

photosynthesis, an increase in photosynthesis rate can boost the crop production 

capacity (Makhdum et al., 2002). Methanol is a carbon source therefore increases CO2 

concentrations in plants and enhances growth and yield because the most important 

factor that affects dry weight of plants is CO2 assimilation through photosynthesis 

(Mirakhori et al., 2009). Higher photosynthetic capacity can be achieved by using 

compounds including methanol, ethanol, propanol, and butanol as well as amino acids 

including glycine, glutamate and aspartate (Ramberg et al., 2002). In plants facing 

drought stress, methanol spraying prevents reduction of biomass (Rajala et al., 1998). 

This study attempted to determine the effect of end season drought stress on yield 

and on photosynthesis and leaf gas exchange in three wheat cultivars so as to identify 

cultivars that are susceptible or tolerant to end season drought stress. Moreover, this 

study intended to analyze and clarify the effect of mycorrhiza inoculation and methanol 

spraying on wheat yield and leaf gas exchanges in an effort to mitigate and moderate the 

adverse effects of drought stress. 

Materials and methods 

Experimental site and treatments 

A two-year experiment was carried out with split-plot factorial arrangement based on 

randomized complete block design in three replications in Khorramabad (33°20′N 

48°21′E, altitude = 1171 m), Iran, during 2012-2014. The main factor included end 

season drought stress at three levels (normal irrigation, mild stress and severe stress 

with irrigation based on 40%, 60% and 80% moisture depletion of soil water available 

to plants) and factorial combination of mycorrhizal inoculation and methanol spraying 

(non-inoculation + non-praying as control; mycorrhizal inoculation; methanol spraying; 

mycorrhizal inoculation + methanol spraying) with wheat cultivars of Aflak, Dena and 

Alvand considered as sub factors. The climatic parameters (annual and long-term) of the 

experimental site are presented in Table 1 during cropping years 2012-2013 and 2013-

2014. 
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Table 1. The climatic parameters of the experimental site during cropping years 2012-2013 

and 2013-2014 and average of 30 years (long-term) 

Month 

2012-2013 cropping year 2012-2013 cropping year Average of 30 years (long-term) 
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October 2.6 26.3 6.2 34.8 21.4 0 26 1.8 33.4 18.9 10.2 34.7 0 32 20.7 

November 59 59.8 1.8 27.4 14.6 69.6 60 1.2 27.2 13 53.4 51.6 -7.8 25 14.4 

December 30 69.9 -3.6 18.4 7.8 71.6 65 -4.6 20.8 8.3 77.6 62.6 -8 9.6 8.6 

January 72.9 61.5 -6.2 17.2 5.3 70.8 63 -7 16.6 4.1 77.6 66.6 -13.6 17.6 5.9 

February 68.4 59.8 -4.6 20.6 8.3 40.8 61 -7.6 18.8 5.9 83.5 66.1 -14.6 18 6.3 

March 28.3 54.7 -3 25.6 10.6 68.4 61 -2 22.4 10.6 81.3 58.7 -11 24 9.9 

April 29.8 47.5 0.6 27.4 14.9 86.9 57 -1.4 29.8 13 78.5 56.8 -7 33 13.7 

May 72.4 52.8 3.2 30.6 17.2 22.8 48 5.8 33.6 19.5 56.8 50.6 -1.8 37 18.4 

June 0.2 24.9 10.6 41.2 24.2 2 35 9.6 36.6 23.4 5.1 33.4 5 43 24.2 

Sum 363.6     432.9     525.6     

 

 

Two bread wheat (Triticum aestivum L.) cultivars of Aflak and Alvand are spring 

and intermediate types, respectively, and Dena, as durum wheat (T. durum L.) cultivar, 

has a spring growth habit (Saeidi et al., 2005). The studied cultivars have been 

introduced by the Agricultural Research, Education and Extension Organization 

(AREEO) in the past few years, and are cultivated in temperate, tropical and subtropical 

regions of Iran. The mycorrhiza bio-fertilizer was a combination of two mycorrhiza 

fungi species called Funnelifomis mosseae and Rhizophagus intaradices and contained 

15 spores g
-1

 and 930 hyphae of mycorrhiza cm
-3

. Before sowing, Mycorrhiza (40 kg ha
-

1
) was poured uniformly into the sowing lines at the depth of 6-7 cm. Sowing density 

was 450 seeds m
-2

. Each sub-plot consisted of 6 sowing lines with a spacing of 20 cm. 

The area of each plot was 7.2 m
2
. 

Prior to sowing, the soil was sampled to determine its physical and chemical 

characteristics (Table 2). Based on the soil analysis results, the chemical fertilizers of 

urea, triple super phosphate and potassium chloride were applied at 200, 100 and 50 kg 

ha
-1

, respectively. Given the conventional practices in the region and the amount of 

regional rainfall, irrigation operations were carried out if necessary in all the 

experimental plots uniformly prior to beginning stage of stress treatments. At the wheat 

spike emergence phase, the normal irrigation and stress treatments were applied. 

Irrigation in normal irrigation and stress treatments were based on moisture depletion of 

soil in the range of field capacity to permanent wilting point. Soil moisture depletion 

percentage was measured by a Time Domain Reflectometer (TDR), which determines 

the volumetric percentage of soil moisture at the desired depth. Irrigation water volume 

for normal irrigation, mild stress and severe stress was 185, 132.5 and 80 mm, 

respectively in cropping year 2012-2013, and this amount was 147.5, 90 and 42.5 mm, 

respectively in cropping year 2013-2014. Industrial methanol (98%) at the concentration 

of 20% v/v was sprayed at spike emergence three times at 10-days intervals. Moreover, 

to each liter of the methanol solution, 1 g of the amino acid glycine and 1 mg of 

tetrahydrofolate were added. 
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Table 2. Soil physical and chemical characteristics at the experimental site 

Fe 
)mg/kg( 

Cu 

(mg/kg) 

B 

(mg/kg) 

Zn 

(mg/kg) 

K 
)mg/kg( 

P 
)mg/kg( 

N 
()%  

O.C. 
)%( 

EC 
)dS/m) 

pH 
Soil particles Soil 

texture 
Year 

Clay Silt Sand 

4.8 1.6 0.2 0.33 332 8.8 0.098 1.02 0.77 7.7 23 57 20 
Loam 
clay 

2012 

4.6 1.6 0.2 0.31 335 8.6 0.101 1.08 0.81 7.8 23 57 20 
Loam 
clay 

2013 

 

 

Leaf gas exchange measurement 

The photosynthesis and leaf gas exchange measurements on the field were made by 

using a portable gas analyzer (ADC, Hoddeston UK, model LCA4) to measure the 

photosynthesis rate per leaf area unit (µmol CO2 m
-2

 s
-1

), stomatal conductance (mmol 

m
-2 

s
-1

), transpiration rate (mmol H2O m
-2 

s
-1

) and internal CO2 concentration (mmol). 

Measurements were conducted at 11 AM, at 26-27 °C and at the light intensity of 1100-

1200 micromole photon m
-2 

s
-1

. From each plot, five plants were randomly selected. 

Then, the flag leaves of the selected plants were placed inside a glass container of LCA-

4 for 40 s and the related value was read and recorded (Fig. 1). Grain yield was 

measured at full maturity in the harvesting area of 3 m
2
 from the middle four rows of 

each plot. Then, the seeds were weighed for grain yield calculation. 

 

Data analysis 

Combined analysis of the data obtained from two experimental years was performed 

using the expected value of mean square treatment. Moreover, the variance tests were 

also performed based on expected value of variance for the sources of variations. 

ANOVA operations and statistical calculations, comparison of the means, and 

calculation of simple correlation coefficients of traits were carried out using SAS, SPSS 

and MSTATC. The diagrams were drawn using Excel, and comparison of the means of 

the traits was performed employing Duncan’s multiple range test (DMRT) at the 5% 

probability level. 

 

  

Figure 1. Photos about the portable gas analyzer device (ADC, Hoddeston UK, model LCA4) (a). 

Measuring flag leaf photosynthesis and gas exchange of wheat plants in experimental plots (b) 
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Results 

Leaf gas exchange 

Effect of year on stomatal conductance, leaf transpiration, internal CO2 concentration 

and photosynthetic rate was significant (Table 3). Stomatal conductance and 

photosynthetic rate in the second year improved and leaf transpiration and internal CO2 

concentration were higher in the first year than in the second year (Table 4) which could 

be due to variations in climatic conditions among experimental years. 

 
Table 3. Combined analysis of variance (mean squares) on the effect of water deficit stress, 

mycorrhiza-methanol spraying and cultivar on grain yield, photosynthesis and gas 

exchanges of wheat flag leaf (two-year analysis) 

Grain yield 
Photosynthesis 

rate 

Internal CO2 

concentration 

Stomatal 

conductance 

Leaf 

transpiration 
D.F. S.O.V. 

17351561.9ns 103.19* 3918.52* 654.52* 50.07** 1 Year (Y) 

2420430.2 3.110 150.245 13.643 0.567 4 Replication (Year) 

56711491.26** 867.46** 162214.35** 298304.03** 262.86** 2 Water deficit stress (S) 

282271717ns 0.022ns 569.45ns 4.95ns 0.06ns 2 S×Y 

8946809 3.36 2127.55 167.130 2.226 8 Error (a) 

5024713.9** 84.02** 1267.59** 13424.46** 26.46** 3 Mycorrhiza-methanol (M) 

466122.42ns 0.20ns 43.81ns 996.59ns 0.07ns 3 Y×M 

783005.6** 6.44** 3172.06** 14.42** 2.97** 6 S×M 

323121.19ns 0.146ns 140.74ns 18432.94ns 0.023ns 6 Y×S×M 

43692271.45** 95.99** 23.722ns 9.75ns 23.74** 2 Cultivar (V) 

545193.2ns 0.49ns 40.80ns 2059.82ns 0.06ns 2 Y×V 

3800573.81** 11.29** 1963.86** 3.02** 3.43** 4 S×V 

111023.44ns 0.04ns 72.56ns 227.15ns 0.005ns 4 Y×S×V 

596028.2* 0.86ns 80.27ns 4.32ns 0.56ns 6 M×V 

142153.6ns 0.113ns 77.22ns 147.61ns 0.023ns 6 Y×M×V 

395060.4ns 1.72ns 170.09ns 36.38ns 0.27ns 12 S×M×V 

306104.5ns 0.069ns 41.60ns 3.98ns 0.014ns 12 Y×S×M×V 

225166.6 1.21 131.17 119.36 0.508 132 Error (bc) 

8.6 8.9 6.4 10.6 10.7  C.V. 

ns, *, and ** are non-significant, significant at 5% and 1% probability levels, respectively. 

 

 

Effect of water deficit stress on leaf gas exchange was significant (Table 3). Mild and 

severe water deficit stress decreased leaf stomatal conductance by 55.5% and 69.2%, 

leaf transpiration by 18.6% and 45.1% and photosynthetic rate by 15.6% and 69.2%, 

respectively, compared to the normal irrigation. Mild stress resulted in 26.6% decrease 

in internal CO2 concentration while severe stress resulted in 26.9% increase in internal 

CO2 concentration, compared to the normal irrigation (Table 4). 

Increasing depletion of plant available water under normal irrigation to 60% and 

80% of moisture depletion and increasing stress intensity, stomatal conductance and 

leaf transpiration decreased in all treatments and the highest decreasing observed at 
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80% depletion of soil available water. The highest decreasing trend was devoted to the 

control and the lowest was for combined treatment. Under normal irrigation, mild and 

severe stresses, stomatal conductance and leaf transpiration in mycorrhizal inoculation, 

methanol spraying and combined treatment were more than control (Figs. 2a and 3a). 

 
Table 4. Mean comparison results of main effects of year, water deficit stress, mycorrhiza- 

methanol spraying and cultivar on grain yield, photosynthesis and gas exchanges of wheat 
flag leaf (mean of two years) 

Grain yield 

(kg ha
-1

) 

Photosynthesis 

rate 

(µmol CO2 m
-2

s
-1

) 

Internal CO2  

concentration 

(mmol CO2) 

Stomatal 

conductance 

(mmol m
-2

s
-1

) 

Leaf 

transpiration 

(mol H2O m
-2

s
-1

) 

Treatments 

5234.9a 11.7b 182.2a 101b 7.1b First year 

5801.7a 13.1a 173.7b 104.5a 6.1b Second year 

     
Water deficit stress 

(S) 

6373.3a 15.5a 177.7b 175.8a 8.4a Normal irrigation 

5580.1b 13b 130.5c 78.2b 6.8b Mild stress 

4601.5c 8.6c 225.5a 54.2c 4.6c Severe stress 

     
Mycorrhiza-

methanol (M) 

5233.1c 10.6c 171.7c 82.7d 5.7c Control 

5574.3b 12.7b 176.8b 110.2 6.9b 
Mycorrhiza 

inoculation (AM) 

5342.7c 12.7b 180.4ab 98.7c 6.6b 
Methanol spraying 

(ME) 

59230.a 13.5a 182.8a 119.3a 7.3a AM+ ME 

     Cultivar (V) 

5869.4b 12.8b 178a 103.3b 6.8a Aflak 

6059.9a 13.4a 178.4a 118.4a 7.1a Dena 

4625.5c 11.1c 177.3a 86.5c 6b Alvand 

Means having similar letters have no significant difference at 5% probability level through Duncan 

multiple range test 

 

 

By increasing the depletion of soil available water content internal CO2 concentration 

decreased in all treatments, so that it was at the lowest level under mild stress condition 

(60% soil moisture depletion). But this decrease value in mycorrhizal inoculation, 

methanol application and combined treatment was less than control (Fig. 4a). By 

increasing the stress intensity and increasing the percentage of soil moisture depletion to 

values higher than 60%, the amount of carbon dioxide covered by the intestinal space 

gradually increased in all treatments and increased to extreme stress (80% soil moisture 

depletion). However, the internal CO2 concentration in the case of mycorrhizal 

inoculation and methanol spraying was less than control (Fig. 4a). Under normal 

irrigation conditions, stomatal conductance of leaves in Dena cultivar was more than 

Aflak and Alvand cultivars (Fig. 2b). Leaf transpiration rate in Aflak cultivar was more 

than Alvand cultivar, while transpiration rate in Dena and Alvand cultivars and Aflak 

and Dena cultivars showed no significant difference (Fig. 3b). Internal CO2 

concentration under normal irrigation showed no significant difference. Under mild and 
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severe stress conditions, stomatal conductance in Aflak and Dena cultivars was more 

than in Alvand cultivar (Fig. 2b). Under severe stress conditions, internal CO2 

concentration increased for all cultivars compared to normal irrigation, but CO2 

concentration in Aflak and Dena cultivars was less than in Alvand cultivar (Fig. 4b). 

Under mild stress conditions, transpiration in Aflak and Dena cultivars was more 

than in Alvand. Under severe stress, there was no significant difference among three 

cultivars and Dena and Alvand cultivars had the highest and the lowest transpiration 

rate, respectively (Fig. 3b). Mild stress decreased internal CO2 concentration for three 

studied cultivars compared to normal irrigation. However, decreasing value in Aflak 

and Dena cultivars was less than in Alvand which could be attributed to higher drought 

resistance of cultivars. Severe stress resulted in increasing CO2 (Fig. 4b). 

 

 

Figure 2. Regression curve for interaction of irrigation levels × mycorrhiza- methanol (a), 

irrigation levels × cultivar (b) on leaf stomatal conductance. (C: control, AM: mycorrhizal 

inoculation, ME: methanol spraying, V1: Aflak, V2: Dena, V3: Alvand) 
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Figure 3. Regression curve for interaction of irrigation levels × mycorrhiza- methanol (a), 
irrigation levels × cultivar (b) on leaf transpiration. (C: control, AM: mycorrhizal inoculation, 

ME: methanol spraying, V1: Aflak, V2: Dena, V3: Alvand) 

 

 

Photosynthetic rate 

Increasing depletion of plant available water under normal irrigation up to 60% and 

80% and increasing stress level resulted in the decrease of photosynthestic rate in all 

treatments which the highest decrease observed in 80% moisture depletion. The highest 

deceasing trend devoted to control and the lowest was for methanol+mycorrhiza 

application. At all irrigation levels, photosynthetic rate in mycorrhizal inoculation, 

methanol spraying and combined application treatment was more than in the control 

(Fig. 5a). 
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Figure 4. Regression curve for interaction of irrigation levels × mycorrhiza- methanol (a), 

irrigation levels × cultivar (b) on Internal CO2 concentration. (C: control, AM: mycorrhizal 

inoculation, ME: methanol spraying, V1: Aflak, V2: Dena, V3: Alvand) 

 

 

According to our results, effect of water deficit stress on stomatal conductance was 

significant (Table 3). Mild and severe water deficit stresses resulted in the decrease of 

stomatal conductance compared to normal irrigation (Table 4); therefore, one of the 

effective factors on declining photosynthetic rate in the current study could be stated as 

decrease in stomatal conductance at both mild and severe stress conditions. The positive 

and significant correlation between photosynthesis and stomatal conductance (Table 5) 

confirms that decrease in stomatal conductance causes decrease in photosynthetic rate. 

Increasing depletion of plant available water under normal irrigation up to 60% and 

80% and increasing stress level resulted in the decrease of photosynthetic rate and the 
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highest decrease was at 80% moisture depletion (severe stress), however decrease in 

Aflak and Dena cultivars was less than in Alvand. The highest decreasing trend was 

observed in Alvand and the lowest in Dena (Fig. 5b). 

 

 

Figure 5. Regression curve for interaction of irrigation levels × mycorrhiza- methanol (a), 

irrigation levels × cultivar (b) on leaf photosynthetic rate. (C: control, AM: mycorrhiza 

inoculation, ME: methanol spraying, V1: Aflak, V2: Dena, V3: Alvand) 

 

 

Grain yield 

Interaction of water deficit stress×mycorrhiza-methanol and water deficit 

stress×cultivar on grain yield were significant (Table 3). Grain yield under mild and 

severe stress conditions decreased by 12.6% and 30% compared to normal irrigation, 
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respectively (Table 4). Increasing depletion of plant available water under normal 

irrigation up to 60% and 80% and increasing stress level resulted in yield reduction for 

all studied treatments and highest decrease was at 80% moisture depletion. The greatest 

decreasing trend observed in control and the lowest in combined treatment application. 

At all irrigation levels grain yield in mycorrhizal inoculation, methanol spraying and 

combined treatment was more than in the control (Fig. 6a). 

 

 

Figure 6. Regression curve for interaction of irrigation levels × mycorrhiza- methanol (a), 
irrigation levels × cultivar (b) on leaf photosynthetic rate. (C: control, AM: mycorrhiza 

inoculation, ME: methanol spraying, V1: Aflak, V2: Dena, V3: Alvand) 

 

 

Increasing depletion of plant available water under normal irrigation up to 60% and 

80% and increasing stress intensity resulted in the decrease of grain yield and the 
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highest decrease was at 80% moisture depletion; however, decrease in Aflak and Dena 

cultivars were less than in Alvand. The highest decreasing trend was in Alvand cultivar 

and the lowest in Dena cultivar (Fig. 6b). 

Mean comparisons showed that in control treatment, all studied cultivars had 

significant difference in terms of grain yield and the highest and the lowest yield 

associated to Dena and Alvand, respectively. Aflak and Dena cultivars reacted well to 

mycorrhizal inoculation, so that their yield increased by 12.8% and 7% compared to 

control, while there was no significant difference in yield of Alvand between control 

and mycorrhizal inoculation treatments. Studied cultivars had different response to 

methanol application. Aflak and Dena had no significant difference in terms of grain 

yield in methanol spraying, but Aflak showed 7.1% increase compared to the control 

(Fig. 7). 

 

 

Figure 7. Mean comparisons for interaction of mycorrhiza- methanol × cultivar on grain yield 

(e). Means having similar letters have no significant difference at 5% probability level through 

Duncan multiple range test. (C: control, AM: mycorrhiza inoculation, ME: methanol spraying, 
V1: Aflak, V2: Dena, V3: Alvand) 

Discussion 

Leaf gas exchange 

Siddique et al. (1999) found that wheat plants under drought stress conditions had 

considerable decrease in photosynthetic rate and stomatal conductance. Allahverdiyev 

and Huseynova (2017) report stomatal conductance, net photosynthetic rate and 

transpiration rate decreased significantly in flag leaves of wheat genotypes in response 

to drought stress at anthesis. Possibly increase in stomatal conductance in methanol 

spraying under water deficit conditions could be attributed to methanol contribution in 

enhancing stomata cells turgor and decrease in stomata closure. Nonomura and Benson 

(1992) concluded that methanol spraying in plant aerial parts increased plant turgor and 

prevented leaves subjected to direct sunlight from wilting, especially in hot regions. 

Zheng et al. (2008) reported that methanol spraying caused an increase in stomatal 
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conductance and wheat plant photosynthesis. In a study conducted on cotton plants in 

Pakistan dry areas, methanol spraying resulted in the increase of stomatal conductance 

in treated plants (Makhdum et al., 2002). Zheng et al. (2008) found that methanol 

spraying increased wheat plant transpiration. Mycorrhizal symbiosis caused to delay in 

declining water content in leaves during drought stress and therefore stomata could be 

open for a longer period (Simpson and Duff, 1990). In another study on bean plants 

conducted by Zlatov and Yordanov (2004) resulted that intracellular CO2 concentration 

decreases under drought stress conditions, which closes the leaf stomata and prevents 

the entry of CO2 into the leaves. Arbuscular mycorrhiza stimulation of carbon exchange 

rate, stomatal conductance, and transpiration rate has been significant (Auge et al., 

2016). Arbuscular mycorrhizal (AM) symbiosis often modifies gas exchange of the host 

plant (Koide, 1993; Smith and Read, 2008; Ruiz-Lozano and Aroca, 2010; Auge et al., 

2014). 

It was found that higher drought stress resistance in wheat cultivars is associated to 

higher stomatal conductance and partially to mesophilic conductance (Siosehmardeh et 

al., 2004). Difference in transpiration rate could be due to difference in sensitivity and 

tolerance rate of these cultivars to drought stress and stomatal reactions to water 

deficiency. Aflak and Dena cultivars kept their stomata less closed due to drought stress 

tolerance and had higher stomatal conductance and consequently had greater 

transpiration. Resistant wheat genotypes to drought having higher transpiration rate 

under drought stress conditions are able to uptake more water from soil and have higher 

leaf water content. Consequently, these genotypes have higher stomatal conductance 

and transpiration rate in comparison with drought sensitive cultivars. Roohi and 

Siosemardeh (2008) reported that leaf stomatal conductance and transpiration in 

resistant wheat genotypes was higher than in sensitive genotypes under water deficit 

conditions by 27% and 24%, respectively. The intercellular CO2 concentration in flag 

leaf of most genotypes increased under drought condition (Allahverdiyev and 

Huseynova, 2017). It appears that Aflak and Dena had stomata openness ability due to 

drought stress resistance and therefore decrease in internal CO2 concentration under 

mild stress condition was lower than in Alvand which had lower drought stress 

resistance. Also, these cultivars had lower destructive impact of severe stress conditions 

on biochemical processes and owing to higher mesophilic conductance, internal CO2 

concentration was lower than in Alvand. Mild drought stress reduces photosynthesis 

through reversible stomatal factors. Under more severe or prolonged stress conditions, 

non-stomatal factors aggravate unfavorable conditions and the effects of stress generally 

become irreversible (Ahmadi and Baker, 2000). Decrease in photosynthesis under 

higher drought levels is due to destructive biochemical processes (Johnston and Fowler, 

2002). Photosynthesis limiting factors divided into stomatal factors which cause 

decrease in CO2 diffusion into intercellular space due to decrease in stomatal 

conductance and non-stomatal factors which limit photosynthetic rate through direct 

impact of water deficit on carbon processing biochemical processes (Ahmadi and 

Baker, 2000). 

 

Photosynthetic rate 

The damage caused by drought to plants is primarily attributed to the inhibition and 

disruption of photosynthesis, which is the main mechanism of plant growth and 

maintenance of natural environments, and it threats to the growth and yields of plants 

(Shao et al., 2016). Siddique et al. (1999) concluded that wheat plants under drought 
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stress had considerable decrease in stomatal conductance and photosynthetic rate. It 

appears that methanol foliar application resulted in the increase of CO2 concentration in 

leaf cells and largely compensated CO2 deficit and prevented further decrease in 

photosynthesis under drought stress conditions. Methanol, in comparison with CO2, is a 

smaller molecule which could be easily utilized by C3 plants for increasing 

photosynthetic rate (Li et al., 1995; Kotzabasis et al., 1999). Increase in photosynthetic 

rate through methanol foliar application has been reported by many authors (Setua et al., 

2009; David et al., 2003). Zheng et al. (2008) studied the effect of methanol foliar 

application at various concentrations on winter wheat and reported that methanol 

increased stomata conductance, transpiration rate, internal CO2 concentration and 

photosynthesis rate. It appears that methanol impact on C3 plants is due to decrease in 

their photorespiration, because under filed conditions when air temperature, light 

intensity and consequently photorespiration were high, methanol foliar application 

increased plant growth (Nonomura and Benson, 1992; Fall and Benson, 1996). 

Photosynthesis rate in mycorrhizal plants was more than non-mycorrhizal plants which 

could be resulted from the effect of mycorrhiza on stomata opening. It is known that 

plants subjected to water deficit stress decrease photosynthesis because of an 

accumulation of ROS that damages the photosynthetic apparatus (Abbaspour et al., 

2012), which can limit the NADPH and ATP supply of the Calvin cycle. As a 

consequence of AMF symbiosis, plants improve the water status, which increases 

photosynthesis by increasing stomatal conductance and, therefore, CO2 fixation (Boldt 

et al., 2011). Relationship between the stomatal opening and the relative increase in the 

photosynthetic activity have been described in corn (Estrada et al., 2013). Mycorrhizal 

association has been shown to increase the carbon fixation abilities of the plants. In a 

number of systems, higher photosynthetic rates have been reported when the plants are 

in association with AM fungi. For instance, in black locust, Yang et al. (2014) observed 

high stomatal conductance, high transpiration rates and high photosynthetic rates with 

reduced internal CO2 concentration in fungal colonized plants than the non-colonized 

plants. 

 

Grain yield 

Drought is one of the critical environmental adversities affecting the growth, 

development and final yield of crop species (Geng et al., 2016; Daryanto et al., 2017), 

and the frequency and severity of drought stress events are expecting to increase due to 

global climate change (Cook et al., 2014; Zhao and Dai, 2015; Joshi et al., 2016). 

Drought stress perturbs a broad range of plant physiological and biochemical processes, 

including decreased plant water status, inhibited photosynthetic processes, induced 

oxidative stress damage and so on, which ultimately lead to growth retardation and the 

reduction of crop yield (Perdomo et al., 2015; Saeidi and Abdoli, 2015; Daryanto et al., 

2017). It can be inferred that mycorrhizal inoculation and methanol application under 

mild and severe drought stress conditions inhibited from decrease in grain yield and 

lead to decreased and mediated damages due to water deficit stress in wheat crop. Under 

water stress conditions, mycorrhizal inoculated wheat plants produced better yield than 

control. It can be concluded that under moisture stress, mycorrhiza had effective 

contribution and increased water and nutrient uptake from soil through developing 

hypha and fungi mycelium and prevented from decrease in growth and grain yield under 

drought stress conditions. Mycorrhiza treatment improved all of wheat growth traits and 

drought resistance (Abo-ghalia and Khalafallah., 2008). Mycorrhiza fungi establish 
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symbiotic association with roots of many plants cause increase in nutrient and water 

uptake, alleviating negative impacts of environmental stresses and improvement in plant 

growth and yield in sustainable agriculture systems (Sharma, 2002). Al-Karaki et al. 

(2004) concluded that under normal irrigation and drought stress conditions, mycorrhiza 

improved wheat grain yield and biomass and had great contribution in alleviating 

impacts of drought stress in field conditions. Some authors reported that methanol foliar 

application had no significant difference on most of studied traits in wheat (Milton et 

al., 1995; Ekiz et al., 1996). Contrarily, some authors reported that methanol spraying 

improved wheat growth and yield (Nonomura and Benson, 1992; Zheng et al., 2008). 

Other studies have shown that methanol application in crop plants under water deficit 

increased their biomass, while treating water-supplied plants with methanol, decreased 

their biomass (Nonomura and Benson, 1992; Ramirez et al., 2006). 

Results of the present study revealed positive and significant correlation among grain 

yield with photosynthetic rate (r = 0.84), stomatal conductance (r = 0.86) and 

transpiration rate (r = 85) (Table 5). Grain yield under moisture stress decreased 

photosynthetic rate and stomatal conductance increased, while in mycorrhizal 

inoculation, methanol spraying and combined treatments, grain yield decreased less 

compared to control due to higher photosynthetic rate and stomatal conductance (Figs. 

6a, 1a and 5a). 

 
Table 5. Correlation of grain yield with photosynthetic rate and leaf gas exchanges under 

mild and severe water deficit stress conditions 

LT PR ICC SC GY Traits 

    1 Grain yield (GY) 

   1 0.86** Stomatal conductance (SC) 

  1 -0.36ns -0.46* Internal CO2 concentration (ICC) 

 1 -0.77** 0.83** 0.84** Photosynthesis rate (PR) 

1 0.97** -0.76** 0.82** 0.85** Leaf transpiration (LT) 

ns, *, and ** are non-significant, significant at 5% and 1% probability levels, respectively. 

 

 

Under mild and severe stress conditions, yield for all studied cultivars decreased 

compared to normal irrigation, but decreasing value in Alvand (26.1% and 42.5%, 

respectively) was more than in Aflak (4.2% and 22% respectively) and in Dena (8.1% 

and 20.2%, respectively) cultivars (Table 4), which could be due to the fact that Alvand 

is a late maturing cultivar and the observed decrease represents more sensitivity of 

Alvand to late season water deficit stress. Karimzadeh Shurshjani et al. (2012) reported 

that Durum wheat cultivars, being early mature had less yield decrease compared to 

bread wheat cultivars under late season drought and yield decrease was higher in 

drought sensitive cultivars. Other authors have reported significant reductions in wheat 

yield due to late season drought stress (Dastfal et al., 2009; Gonzalez et al., 2010). The 

reason for decreasing grain yield for Alvand cultivar compared two other ones is that 

stomatal conductance, leaf tranpiration and photosynthetic rate decreased more under 

mild and severe drought stress conditions (Figs. 1b, 2b and 5b). These results show that 

Alvand cultivar is more vulnerable to late season drought stress than other cultivars. 

Siosemardeh et al. (2005) found that decrease in stomatal conductance and mesophyll 

conductance and consequently decrease in photosynthetic rate are the main factors 
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affecting yield of various wheat cultivars under drought stress conditions and resistant 

cultivars have higher stomatal conductance and mesophyll conductance as well as 

photosynthetic rate than sensitive cultivars. 

Ekiz et al. (1996) understood that yield of irrigated wheat cultivars had no significant 

difference in methanol spraying treatments. In combined treatments, there was no 

significant difference between Aflak and Dena, while Alvand had lower yield than other 

two cultivars. Yield of cultivars studied increased compared to control in combined 

treatment. Results of other studies represent various responses of wheat cultivars to 

mycorrhizal inoculation (Vierheilig and Ocampo, 1991). 

Conclusion 

According to the results obtained, it can be concluded that late season drought stress 

caused decrease in stomatal conductance, leaf transpiration, photosynthetic rate and 

increase in internal CO2 concentration and consequently decreased grain yield of wheat, 

while mycorrhizal inoculation and methanol spraying alleviated negative impacts of 

water stress and improved photosynthetic rate and leaf gas exchanges compared to 

control under drought stress conditions and consequently increased grain yield. Also, 

the differential response of cultivars to imposed water stress condition indicates the 

drought tolerance ability of wheat cultivars. Results showed that cultivar and 

vulnerability rate and their tolerance are effective in wheat response to late season 

drought stress. Decrease in photosynthetic rate, gas exchanges and yield in Alvand 

cultivar under mild and severe drought stress was more than in Aflak and Dena 

cultivars; that represent sensitivity of Alvand cultivar to late season drought stress 

conditions. In total, it can be concluded that use of drought-tolerant wheat cultivars 

cause decrease in destructive impacts of terminal season drought stress. Also, 

mycorrhizal application and methanol spraying improve photosynthesis, leaf gas 

exchanges and grain yield and could be considered as cropping management strategies 

for decreasing damages of late season drought stress in irrigated wheat crop systems. In 

the future studies, it is recommended for evaluation of effect of milder levels of water 

deficit stress on the growth and yield of wheat, because severe stress have a lot of 

negative impact on leaf gas exchange and growth, and the sharp decline in wheat yield. 
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