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AbstractAbstractAbstractAbstract    
    
Effects of the application of potassium silicate (PS) and an arbuscular mycorrhiza fungus (AMF) 

(Glomus mosseae) were investigated on alleviating the impacts of drought stress on Matthiola incana in a split-

split-plot experiment in two consecutive years. The main plot was assigned to drought stress at three levels of 
irrigation (25%, 50%, 70%, of field capacity) comparing with control (100% of field capacity) and the sub-plots 
were assigned to AMF at two levels (0 and 200 g of fungi in pots) and sub-sub plots were assigned to potassium 
silicate (PS) at three levels (0, 200, and 400 ppm). The application of PS with fungus increased colonization 
percentage regardless of the drought stress level. Regarding the interaction of drought stress and PS, it was 
revealed that the application of 400 and 200 ppm of PS elevated the contents of chlorophylls a, b, and total at 

all drought stress levels. Also, deficit irrigation versus the normal irrigation increased malondialdehyde (MDA) 
content both in non-AMF and AMF-containing treatments. The lowest catalase (CAT) and peroxidase 
(POX) contents were obtained from the treatment of 400 ppm of PS, while the highest were related to the 
treatment of 0 ppm of PS. Proline content was reduced by the application of 200 g of AMF and 400 ppm of PS 
at moderate and severe (25% FC) drought stress levels. In general, at moderate and severe drought stress levels, 
some physiological traits were improved by the foliar application of 400 ppm PS and Glomus mosseae 

inoculation. 
    
Keywords:Keywords:Keywords:Keywords: antioxidant; membrane stability; oxidative stress; relative water content; silica. 

Abbreviations: Field Capacity: FC; potassium silicate:::: PS; Reactive Oxygen Species: : : : ROS; ; ; ; peroxidase: 
POX; ; ; ; catalase: CAT; ; ; ; Malondialdehyde: MDA; ; ; ; Membrane stability: MSI; ; ; ; Relative Water Content: : : : RWC;    
Leaf proline content: LPC; Arbuscular mycorrhiza fungus: AMF 
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IntroductionIntroductionIntroductionIntroduction    
 
Matthiola incana, known as night-scented stock, is one of the most prominent ornamental species of 

flowers in Iran, the demand for which has significantly increased in recent years due to their colour diversity 
and pleasant aromas (Elmi, 2009). Matthiola incana plant belongs to the Brassicaseae (Cruciferae) family. The 

flowers are in various colours and because of the beauty of the flowers and their bright colors and fragrant 
aromas are used in garden design (Al-Khafaji, 2020). Global climate change, rising temperatures, and soil 
moisture fluctuations, including drought and flood, have reduced crop growth and yields over the past 50 years. 
Drought has a profound effect on agriculture as it disrupts crop production programs, reduces stocks, and 
decreases farmer incomes so that drought is considered the most important abiotic factor limiting plant growth 
and yields (Fazeli Kakhaki and Moayedi, 2018; Saleh et al., 2018). lack of water in the plant adversely affects 

the growth, development and yield of plants and a prolonged Drought severely diminishes plant productivity 
(Basu et al., 2016; Asefpour, 2020). Plants have developed complex physiological and biochemical adjustments 

to tolerate Drought, including the activation of antioxidative enzymes and water status through the 
accumulation of organic osmolytes such as soluble carbohydrates and free amino acids, particularly proline 
(Singh et al., 2017). The association of roots with arbuscular mycorrhizal fungi (AMF) is the most abundant 

symbiosis in the plant kingdom (Willis et al., 2013). The colonization of roots by mycorrhizal fungi increasing 

nutrient uptake and plant tolerance to stress (Abdel et al., 2016). The hypha of AMF can serve as an important 

channel absorbing nutrients from the soil by plants, thereby promoting nutrient uptake by host plants 
(Karagiannidis et al., 2002), enhancing plant growth, yield, and quality (Bowles et al., 2016; Rozpądek et al., 

2016), improving plant photosynthetic capacity (Mathur et al., 2018), accelerating plant growth, and 

enhancing plant stress resistance through impacting root exudation (Gong et al., 2003). Previous studies have 

demonstrated that drought stress can be mitigated by using AMF (Wu and Zou, 2017) and potassium silicate 
(PS) (Liang et al., 2003).  

According to Miransari (2010) and Das et al. (2021), AMF can alleviate the adverse effects of drought 

stress by increasing the plant’s ability to take up water and nutrients. These fungi increase the absorption surface 
area for nutrient and water absorption by spreading their hyphae into the soil. AMF significantly increases 
water, nitrogen, and phosphorus absorption. Arbuscular mycorrhizae fungi (AMF) have been shown to 
increase biochemical access to phosphorus sources so that increasing phosphatase activity of root may lead to 
the acidification of the rhizosphere (Ruiz-Llozno, 2003). The increased exploitation of the soil by the hyphae 
(mycelium growth beyond the P depletion zone) and the competitive ability of the hyphae to absorb localized 
sources of orthophosphate result in higher efficiency in P acquisition and often in a growth promotion of 
mycorrhized plants (Bucher, 2007). It has been revealed that in inoculated plants, mycorrhizal a increases water 
efficiency by increasing photosynthesis and production of more photosynthetic assimilates per unit of water 
consumed (Fitzsimons and Miller, 2010). In a study on the coexistence of onion with mycorrhizal a, an increase 
in water use efficiency was reported (Bolandnazar et al., 2007). Moreover, mycorrhizal al fungi had a significant 

direct contribution to the uptake of phosphorus, zinc, and copper under water stress (Smith et al., 2011). 

Silicon is present by about 2% of shoot dry weight (Hodson et al., 2005) in most plant tissues and organs 

such as cell walls, intercellular space, epidermis, roots, leaves, and reproductive organs (Voleti et al., 2008). 

Although Si is not considered an essential element for higher plants, numerous studies have demonstrated that 
(Si) is a beneficial element that alleviates abiotic and biotic stresses in plants (Etesami and Jeong, 2018). Si 
supplementation alleviates drought stress of plants. Several mechanisms including the activation of 
photosynthetic enzymes (Yin et al., 2014). the activation of enzymatic antioxidant defense systems, increased 

water use efficiency (Hajiboland et al., 2017). nutrient uptake (Chen et al., 2011) root growth and hydraulic 

conductance (Lux et al., 2002) and the accumulation of organic osmolytes (Ming et al., 2012) are involved in 

(Si)-mediated growth improvement under Drought stress (Rizwan et al., 2015). This element increases the 
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strength of epidermal cell walls and protects plants against water loss by cuticular transpiration, thereby 
preventing water evaporation from the leaves (Mehrgan et al., 2018). Optimal nutrition of silica (about 2% of 

shoot dry weight) improves the growth and volume/weight development of roots, which ultimately increases 
the total area for element adsorption (Liang et al., 2005). Gunes et al. (2008) observed that Si applications 

provided higher Si and proline concentrations in sunflower plants exposed to drought stress. Probably a more 
efficient osmotic adjustment as a function of higher proline concentrations is part of the tolerance mechanism 
to water deficit. 

Drought stress has diverse destructive effects on plant morphology and physiology, and it can damage 
the cell components through enhanced production of reactive oxygen species (ROS) (Ebrahimi et al., 2021; 

Amiri Forotaghe et al., 2022). The presence of ROS in the cellular environment destroys major cellular 

macromolecules, such as DNA, RNA, and vital enzymes, which is called oxidative damage (Ashraf and Ali, 
2008). Also, one of the conspicuous effects of oxygen free radicals on cell health is the destruction of cell 
membranes (Bhattacharjee and Mukherjee, 2002). Plants can eliminate oxygen free radicals and their toxic 
effects by synthesizing various antioxidant enzymatic compounds, such as peroxidase and catalase (Meloni et 

al., 2003). Therefore, given the potential of PS and AMF for mitigation of drought stress effects, the objectives 

of the present study are to elucidate the influence of PS and AMF on water status, and activity of antioxidative 
defense system in Matthiola incana plants under drought conditions. Also, this study was conducted to 

investigate the alleviation of drought stress effects by using the symbiosis effects of AMF and PS in M. incana. 

 
 

Materials and MethodsMaterials and MethodsMaterials and MethodsMaterials and Methods    
 
To study the effects of potassium silicate (PS) foliar application and arbuscular mycorrhiza fungi (AMF) 

application on the alleviation of drought stress effects in M. incana, an experiment was carried in completely 

randomized design with a split-split plot design, with three replications at the Parandis Greenhouse Complex 
located in Khorasan Razavi province, Mashhad, Iran (36°42′N, 59°65′E) during 2018-2019. The experiment 
was conducted in a heated polyethylene greenhouse. The relative humidity of the greenhouse was 50±5% and 
the minimum and maximum temperatures were 12 °C and 25 °C, respectively. The main plot was assigned to 
drought stress at four levels (25%, 50%, 70% of FC) comparing with control (100% of field capacity), the sub-
plot was assigned to AMF (Glomus mosseae) at two levels (0 and 200 g in pot), which was added to the substrate 

in each pot (as recommended by Turan Biotechnology Company), and the sub-sub-plot was assigned to PS at 
three levels (0, 200, and 400 ppm). In this experiment, we used 10 kg pots, which contained a mixed substrate 
of soil, sand, and manure (rotten cow dung) at an equal ratio (Table 1). Soil, sand and manure mixture Sterilized 
by steaming at 100 °C for 1 h. The F1 hybrid seeds of M. incana cv. ‘Regal White’ were sown in plastic pots (5 

seeds/pot). Before planting, seeds were surface sterilized in sodium hypochlorite for 20 min, washed five times 
in sterile water. After germination, only one plant was kept in each pot. The AMF was first added to the 
substrate in each pot. Drought stress was applied based on the weight method by the use of a tensiometer (Farzi 
and Golami, 2018). The irrigation was withdrawn and the necessary measurements were made at the 50% 
flowering stage. PS (with the trade name of SILICOCARB) was prepared at predetermined concentrations 
(0.4 and 0.2 g L-1), and the plants were sprayed weekly with the prepared solutions two weeks after 
establishment in the pots until the end of the experimental period. Eight-week-old plants (five weeks after 
starting PS treatments) were harvested and samples were taken for biochemical analyses immediately. At the 
flowering stage, the physiological traits were measured. At this stage, leaf samples prepared from each treatment 
were placed in plastic and immediately stored in the freezer (-80 °C) until measurement and 5 sample were 
prepared from each replication. Calculation amount of each trait was performed according to the given 
references. 
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Table 1.Table 1.Table 1.Table 1. Some chemical and physical properties of the substrate 

pH 
EC 

(ds.m-1) 
K 

(ppm) 
P 

(ppm) 
Total N 

(%) 
Soil textureSoil textureSoil textureSoil texture 

7.4 2.8 270 8 0.06 Loam 

7.2 3.1 1500 4800 0.58 
Rotten cow 
dung    

 
 
Biochemical analysis and antioxidant enzyme activities  

Proline content 
Free proline content was determined according to the method described by Bates et al. (1973) with slight 

modifications. A 2% homogenate of the fresh leaf was prepared with 3% sulfosalicylic acid and centrifuged at 
11500 rpm at 4 oC for 15 min. Two milliliter of supernatant was taken and 2 mL of glacial acetic acid and acid 
ninhydrin reagent was added. The reaction mixture was boiled in water bath for 60 min and then cooled on 
ice. Then 4 mL of toluene was added and incubated at room temperature for 30 min. Tubes were then shaken 
for 15 sec and allowed to stand for 10 min for phase separation. The upper phase was separated and absorbance 
was measured at a wavelength of 520 nm by using spectrophotometer    (UV-1800, Shimadzu, Japan). The 
proline concentration was determined based on comparison with 0-160 μM proline standard curve and 
expressed on a (μmol/g leaf FW) basis. 

 
Measuring plant pigments 
For extraction and measurement of plant pigments, one gram of fresh leaves was ground, with 5 mL of 

acetone 80% and centrifuged at 8000 rpm for 10 min. The rate of light absorbance by extract was measured at 
645, 663, 470, 480, and 510 nm wavelengths using a spectrophotometer (UV-1800, Shimadzu, Japan). The 
concentrations of leaf pigments (chlorophyll a, chlorophyll b, and carotenoids) were calculated using leaf tissue 

and methanol equations (Dere et al., 1998). 

Equation (1): Ca = 15.65A666− 7.340A653 
Equation (2): Cb = 27.05A653− 11.21A666 
Equation (3): Cx + c = (1000 A470− 2.860 Ca− 129.2 Cb)/245 
in which Ca and Cb are the chlorophyll a and b contents, respectively, and Cx + c is the total carotenoid 

content. 
 

Determination of the malonyldialdehyde (MDA) content  
For the measurement of lipid peroxidation in leaves, the thiobarbituric acid (TBA) test, which 

determines MDA as an end product of lipid peroxidation was used, according to the method of Velikova et al. 

(2000). The amount of MDA–TBA complex (red pigment) was calculated from the extinction coefficient 155 
mM-1 cm-1. 

    

Membrane stability index measurement 
The membrane stability Index (MSI) was assessed by measuring leaf electrolyte leakage (Sairam and 

Saxena, 2000). For this purpose,    fully developed leaves of each plant were utilized for RWC measurement and 
discs of leaves were prepared. Discs were washed with distilled water and placed in a tube. 20 mL of distilled 
water was added to them. They were placed on a rotary shaker at 25 °C for 24 h. Electrical conductivity (EC) 
was measured using an EC-meter (EC1). In order to measure the total electrolyte leakage, the discs were placed 
in an autoclave at 120 °C for 20 min. Their EC was measured again (EC2). The membrane stability index (MSI) 
was calculated as:                      

Equation (4): MSI= [1-(EC1/EC2)]  × 100 
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Relative water content measurement 
To determine leaf relative water content (RWC), fully-developed young leaves were first weighed, 

soaked in distilled water for 24 h, thereafter, they were blotted dry gently on a paper towel, and the turgid 
weight was determined. After drying in an oven at 70 °C for 24 h, RWC was calculated using the following 
equation (Smart and Bingham, 1974). 

Equation (5): RWC = [(Fresh weight – dry weight) /(turgid weight – fresh weight)] × 100% 
 
 Determination of leaf catalase and peroxidase content 
 The catalase activity was measured using the method described by Srinivas et al. (1999) at 25 °C. To 

prepare enzyme extract, 150 mg of ground fresh leaf samples were mixed by 1.5 mL of extract buffer containing 
2 mL of 0.1 M phosphate buffer with pH = 6.8 and centrifuged at 13000 rpm for 20 min. 3 mL of reaction 
mixture containing 2800 μl of 50 mM phosphate buffer with pH = 6.8, 100 microliters of 25 mM H2O2 and 
100 microliters of enzymatic extract were then added to the solution. Samples were read at time phases of 0, 
20, 40, and 60 seconds with a spectrophotometer (UV-1800, Shimadzu, Japan) at a wavelength of 240 nm. The 
catalase (CAT, EC 1.11.1.6) activity was assayed by monitoring the decrease in absorbance of H2O2 at 240 nm; 
unit activity was taken as the amount of enzyme which decomposes 1 μmol of H2O2 in one min.    An extinction 
coefficient of 40 mM-1cm-1 was used to calculate the enzyme unit. 

For the measurement of peroxidase activities, the following reaction mixture (3 mL) was used: 10 mM 
potassium phosphate buffer, pH 7.0, 0.02–0.06 mL enzymatic extract and 0.6 mL guaiacol 1% (w/v) aqueous 
solution. The reaction was started by adding 0.15 mL of 100 mM H2O2 and the optical density at 470 nm was 
recorded in a spectrophotometer (UV-1800, Shimadzu, Japan) against an identical mixture to which no H2O2 
was added. The linear initial reaction rate was used to estimate the activity, which was expressed in mmol of 
guaiacol dehydrogenation product (GDHP) formed per milligram protein per minute, using the extinction 
coefficient of 26.6 mM−1 cm−1(Velikova et al., 2000). 

 
Root colonization measurement 
For evaluation of the AMF colonization, the fine roots (1 g FW) were cleared in 10% (v/v) KOH and 

stained with 0.05% (v/v) trypan blue in lacto–glycerin. The colonization rate of the roots (%) was estimated 
by counting the proportion of root length containing fungal structures (arbuscules, vesicles and hyphae) using 
the gridline intersect method (Mc Gonigle et al., 1990). To measure the percentage of root colonization, 100-

cm pieces of stained roots were put on girded Petri dishes in a 1 cm dimension. Then, the percentage of 
colonization was determined using the intersection of root segments with the grid lines, and the average 
percentage of colonization was calculated for each treatment (Rejaea et al., 2016).  

 
Data analysis 

At the flowering stage, 5 sample were prepared from each replication. Data were analysed in the Minitab-
18 and MSTATC software packages, and the means were compared using Duncan's test at the 5% probability 
level. Graphs were drawn in MS-Excel2010 software. 

 
 
ResultsResultsResultsResults    
 
Leaf proline content (LPC) 

The application of AMF at all stress levels decreased LPC compared to non-fungal treatments. The 
plants exposed to 25% of FC but no fungus and those exposed to 75% of FC and AMF exhibited the highest 
and the lowest LPC (9.58 and 1.31 μmol/g leaf FW), respectively (Figure 1A). PS and drought stress had 
significant effects on LPC so that increasing drought stress resulted in elevated LPC. However, the application 
of PS to plants exposed to drought stress decreased LPC (Figure 1B).    The application of 400 ppm PS in all 
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drought stress levels, except normal irrigation conditions, reduced LPC versus the control. The interaction of 
AMF and PS was significant (P < 0.01) so that increasing PS concentrations and the presence of fungus reduced 
LPC (Table 4). The comparison of the interactions among drought, mycorrhizal fungus, and PS revealed that 
LPC was increased at more severe stress levels. Moreover, the application of fungus and PS at a rate of 400 ppm 
at all of stress levels had a reducing effect on LPC, and these treatments contained lower concentrations of LPC 
than those not treated with the fungus and PS (Table 6).      

 

 

 
Figure 1.Figure 1.Figure 1.Figure 1. Interactive effect of A) drought stress and AMF and B) drought stress and potassium silicate on 
leaf proline content (LPC) 
Drought stress: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively. AMF: M1 and M2 indicate 
the application and non-application of the fungus and Potassium silicate: K1, K2, and K3 denote 400, 200, and 0 ppm, 
respectively.... Vertical bars indicate ±SE.    

 
Carotenoid and chlorophyll a, b and total contents 

At the severe stress level of 25% of FC, the carotenoid content was significantly increased (by about 
31%) versus the control (Figure 2A). The interaction of drought stress and AMF boosted the carotenoid 
content by increasing the stress level, but the carotenoid content was decreased with the application of the 
AMF at all drought levels (Figure 2A). The interaction of drought stress and PS revealed that PS at the rates of 
400 and 200 ppm elevated the chlorophyll a, b, and total contents at different levels of drought stress compared 

to no PS application (Figure 2B). As shown in Table 4, the PS × fungus interaction led to an elevated level of 
total    chlorophyll.    Concerning the interaction of drought stress, AMF, and PS (Table 5), the lowest carotenoid 
content (1.43 mg/g FW) was measured in the fungal treatment with 100% of FC and 400 ppm of PS. This 
reduction was observed at each level of stress in the treatment with AMF and PS. The highest levels of 
chlorophylls a, b, and total (26.75, 30.58, and 76.46 mg/g, respectively) belonged to the -AMF + 100% of FC 

+ 400 ppm of PS treatment. All the chlorophyll types were the lowermost in the AMF-free treatment + 25% 
of FC + - PS (Table 5). 
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MDA levels 

MDA levels rose with increasing drought stress under the interaction of drought stress and AMF, but 
the AMF application at all stress levels reduce MDA concentrations, thereby improving the plant status (Table 
2). The drought and PS interaction (Table 3) demonstrated that the MDA level was maximal at 25% stress 
level when no PS was applied and the minimal (3.26 μmol/g leaf FW) was obtained at 100% stress level applied 
with 400 ppm of PS. The antioxidant defense system is one of the strategies plants use to cope with oxidative 
stress. In the interaction of drought stress, AMF and PS (Table 5), it was observed that - AMF + 100% FC + - 
PS treatments resulted in the lowest level of MDA (3.03 μmol/g leaf FW).  

 

 

 
Figure 2.Figure 2.Figure 2.Figure 2. Interactive effect of A) drought stress and AMF and B) drought stress and potassium silicate on 

chlorophyll a and b and carotenoid 
Drought stress: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively. AMF: M1 and M2 indicate 
the application and non-application of the AMF and Potassium silicate: K1, K2, and K3 denote 400, 200, and 0 ppm, 
respectively.... Vertical bars indicate ±SE.    

 
Table 2.Table 2.Table 2.Table 2. The comparison of means for the interactive effect of the AMF and drought stress on 

physiological traits of Matthiola incana 

Drought Fun. 

 
Fun. 

Colonize. 
(%) 

Total 
Chl. 

(mg/g) 

CAT 
(μmol 

H2O2/g 
leaf FW) 

MDA 
(μmol/g 
leaf FW) 

POX 
(μmol 

H2O2/g 
leaf FW) 

RWC 
(%) 

MSI 

S1 
M1 71.8a 61.66c 0.51g 3.61g 4.69g 53.42b 25.79b 

M2 54.3b 71.07a 0.46g 3.19h 1.96h 75.61a 33.71a 

S2 
M1 50.6b 63.54b 0.75f 4.30f 8.01f 48.25c 23.02c 

M2 41.0bc 58.97d 0.97e 5.0e 10.50e 41.88de 18.26d 

S3 
M1 34.57c 59.76d 1.26d 5.66d 12.00d 45.07cd 20.38d 

M2 21.2d 53.88f 2.29b 6.25a 13.70c 39.14e 15.20e 

S4 
M1 4.6e 56.16e 1.90c 6.91b 16.71b 34.52f 10.99f 

M2 0f 48.42g 2.65a 8.73c 21.25a 33.55g 6.38g 

Drought: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively. AMF: M1 and M2 indicate the 
application and non-application of the AMF, respectively. Means with a similar letter are not significantly different at 
a level of 0.05 based on the Duncan's test. 
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Table 3.Table 3.Table 3.Table 3. The comparison of means for the interactive effect of PS and drought stress on physiological traits 

of Matthiola incana 

Drought Fun. 
Fun. 

Colonize 
(%) 

Total 
Chl. 

(mg/g) 

CAT 
(μmol 

H2O2/g 
leaf FW) 

MDA 
(μmol/g 
leaf FW) 

POX 
(μmol 

H2O2/g 
leaf FW) 

RWC (%) MSI 

S1 

K1 57.6c 69.50a 0.40g 3.26g 2.00f 63.22a 33.16a 

K2 67.1b 65.19b 0.49fg 3.39g 3.38ef 58.99ab 29.45b 

K3 75.1a 64.41b 0.57f 3.56g 4.61e 56.33b 26.64b 

S2 

K1 31.5e 62.61c 0.78e 4.66f 9.48d 46.14c 21.29c 

K2 35.6de 61.85c 0.88e 5.03ef 9.88cd 45.31c 20.62c 

K3 40.4d 59.31d 0.92e 5.25de 10.67cd 43.75c 20.01cd 

S3 

K1 11.5f 56.26e 1.86d 5.44cd 11.24cd 42.93c 19.03cde 

K2 15.0f 58.89d 1.71d 5.60cd 11.82bc 42.16c 17.49de 

K3 15.0f 55.30ef 1.76d 4.83c 13.25b 41.23c 16.86e 

S4 

K1 0g 54.66f 2.55a 7.66b 19.26a 33.53d 10.34f 

K2 0g 53.39g 2.02c 7.73b 18.45a 31.12d 8.79fg 

K3 0g 48.83h 2.26b 8.15a 19.24a 28.45d 6.93g 

Drought: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively. Potassium silicate: K1, K2, and 
K3 denote 400 200, and 0 ppm, respectively. Means with a similar letter are not significantly different at a level of 0.05 
based on the Duncan's test. 

 
Leaf relative water content (RWC) and membrane stability index (MSI) 

Leaf RWC was used as an important indicator of plant water status in the assessment of cell damage. 
The interaction of drought stress and AMF treatment showed that the highest and lowest leaf RWC contents 
(75.61% and 33.55%) were at 100% and 25% of FC both in the AMF and non-fungi treatments, respectively 
(Table 2). Except for the normal irrigation, however, the presence of AMF at stress levels increased leaf RWC 
from 3% to 8% compared to the fungus-free treatment at the same drought level. The interaction of all three 
treatments including stress, AMF, and PS revealed that the highest leaf RWC (68.62%) belonged to -AMF + 
100% of FC + 400 ppm of PS. Except for the 100% of FC treatment, the presence of AMF had an increasing 
effect on leaf RWC, but different levels of PS did not affect this trait significantly (Table 6). The results showed 
that except for the normal irrigation, the highest MSI (33.71) was obtained from the fungus treatments. With 
increasing stress intensity, the amount of MSI was decreased, but the amount of the decrease in MSI in non-
fungal treatment was more than that in the AMF treatments (Table 2). MSI was used as a membrane 
permeability index for the assessment of cell damage. Due to the interaction between the drought stress and 
the AMF, the highest MSI (33.71) and the lowest MSI (6.38) were measured in the fungus-free treatments at 
100% and 25% of FC, respectively (Table 2).    The result of drought stress × PS concentrations (Table 3) showed 
that with increasing the stress levels, MSI decreased significantly. In all irrigation treatments, the highest 
amount of MSI was in 400 ppm PS treatment.    The results showed that the application of AMF and 400 ppm 
PS caused the highest MSI. The interaction of drought stress, AMF, and PS showed that MSI was maximized 
(38.44%) in the -AMF +100% of FC+ 400 ppm of PS treatment. Except for the treatment at 100% of FC, the 
other AMF containing, stress treatments had an increasing effect on MSI, but different PS levels had no 
significant effects on the MSI (Table 6).  

 
Catalase (CAT) and Peroxidase (POX) contents 

The interaction between stress levels and AMF showed that CAT levels rose with increasing stress levels, 
but the AMF treatment could reduce the level of this enzyme at all stress levels compared to the fungus-free 
treatment (Table 2). In the interaction of drought stress and PS (Table 3), the highest CAT level (2.55 μmol 
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H2O2/g leaf FW) was obtained from the plants treated with 25% of FC and 400 ppm of PS. At the other stress 
levels, different levels of PS had no significant effects on CAT reduction. In the interaction of AMF and PS 
(Figure 3), the presence of fungus and PS had a reducing effect on CAT levels, and various levels of PS were 
significantly different. The interaction of the three treatments showed, the lowest CAT level (0.39 μmol 
H2O2/g leaf FW) was found in the 100% of FC + AMF + 400 ppm of PS treatment. The highest CAT level 
was in drought stress of 25% of FC + AMF + PS free treatment (Table 5). The results for the interaction of 
stress levels and AMF showed that the POX levels were increased with rising stress levels, but the AMF could 
reduce this enzyme at all stress levels compared to the AMF -free treatment (Table2). In the interaction of 
drought stress and PS (Table3), the highest POX level (19.26 μmol H2O2/g leaf FW) was obtained from the 
plants exposed to 25% of FC and treated with 400 ppm of PS. The interaction of the three treatments (drought 
stress, AMF, and PS), showed the lowest POX level (1.29 μmol H2O2/g leaf FW) belonged to normal irrigation 
of 100% of FC+ AMF + - PS treatment (Table 6). 

 
Figure 3.Figure 3.Figure 3.Figure 3. The interactive effect of AMF and potassium silicate on catalase (CAT), peroxidase (POX), and 

MDA of Matthiola incana 
AMF: M1 and M2 indicate the application and non-application of the AMF, respectively; Potassium silicate: K1, K2, 
and K3 denote 400, 200, and 0 ppm, respectively. Vertical bars indicate ±SE.  

 
Table 4.Table 4.Table 4.Table 4. The comparison of means for the interactive effect of AMF and potassium silicate on physiological 

traits of Matthiola incana 

Fun. PS 
Chl. a 

(mg/g) 
Chl. b 
(mg/g) 

Caroten. 
(mg/g 
FW) 

Fun. 
Coloniz.

(%) 

Total 
Chl. 

(mg/g) 

RWC 
(%) 

MSI 
LPC 

(μmol/g 
leaf FW) 

M1 

K1 21.07ab 14.73a 4.33e 53.2b 60.80b 47.27a 21.40a 3.19d 

K2 21.48a 13.38ab 4.75d 55.9ab 61.58a 45.64ab 20.52ab 3.45d 

K3 20.29c 13.13bc 5.56bc 64.5a 58.46c 45.48ab 18.82bc 3.93c 

M2 

K1 20.42bc 11.93cd 5.26c 25.4d 60.72b 43.30bc 19.92abc 4.24c 

K2 19.13d 12.46bcd 5.89ab 33.1cd 58.07c 43.19bc 18.25c 5.11b 

K3 18.50d 11.63d 6.16a 37.9c 55.46d 41.69c 16.40d 6.12a 

AMF: M1 and M2 indicate the application and non-application of the AMF, respectively; Potassium silicate: K1, K2, 
and K3 denote 400 200, and 0 ppm, respectively. Means with a similar letter are not significantly different at a level of 
0.05 based on the Duncan's test. 
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Table 5.Table 5.Table 5.Table 5. The comparison of means for the interaction of the drought stress, AMF and PS on morphological 

traits of Matthiola incana 

Drought Fun PS 
Chl. a 
(mg/g) 

Chl. b 
(mg/g) 

Caroteno
id 

(mg/g 
FW) 

Total 
Chl. 

(mg/g) 

CAT 
(μmol 

H2O2/g leaf 
FW) 

MDA 
(μmol/g 
leaf FW) 

Fun. 
Coloniz. 

(%) 

S1 

M1 

K1 22.38c-g 14.02cde 1.43p 62.55de 0.39l 3.50nop 51.5b 

K2 22.05d-g 13.52cde 2.24op 61.44ef 0.41l 3.59nop 59.7b 

K3 21.76d-h 13.38c-f 3.08no 61.00efg 0.48l 3.76mno 70.1a 

M2 

K1 26.75a 30.58a 4.71j-m 76.46a 0.49l 3.35op 35.6cd 

K2 24.99ab 22.81b 4.87j-m 68.93b 0.52kl 3.20op 42.5c 

K3 24.07bc 21.54b 5.43f-k 67.83b 0.63jkl 3.03p 45.6bc 

S2 

M1 

K1 23.35bcd 16.48c 4.06mn 65.76c 0.74jk 4.02lmn 41.8c 

K2 22.82cde 15.30cd 4.37lm 64.74c 0.76jk 4.31klm 45.0bc 

K3 21.39e-i 13.18c-g 4.92j-m 60.13fgh 0.76j 4.58g-l 46.6bc 

M2 

K1 21.25e-i 12.79c-g 4.49klm 59.46f-i 0.82ij 5.30ghi 24.0 

K2 20.61f-j 12.43d-h 5.11i-l 58.96g-j 1.01hi 5.75fgh 26.1 

K3 20.45g-k 12.09d-h 5.18h-l 58.50h-k 1.09h 5.92efg 32.7d 

S3 

M1 

K1 19.83h-l 11.80d-i 5.30g-l 58.06i-l 1.18gh 4.77ijk 23.4e 

K2 22.48c-f 15.07cd 5.65e-j 63.86cd 1.39fg 5.00ij 27.1de 

K3 19.70i-l 11.69d-i 5.97d-i 57.36j-m 1.23gh 5.23hij 27.8de 

M2 

K1 18.08lmn 8.74h-l 6.15c-h 54.46nop 2.29cd 6.11ef 5.6f 

K2 16.96mno 8.20i-l 6.24c-g 53.93op 2.25d 6.21def 7.6f 

K3 16.30no 7.66jkl 6.40b-f 53.24p 2.33bcd 6.43de 7.1f 

S4 

M1 

K1 18.74j-m 10.22e-j 6.57b-e 56.83klm 1.55f 7.50c 0g 

K2 18.59klm 9.64f-k 6.73a-d 56.30lmn 2.18de 6.80d 0g 

K3 18.33lm 9.46g-k 6.86a-d 55.36mno 1.98e 6.57de 0g 

M2 

K1 15.59op 6.81jkl 7.08abc 52.50pq 2.49bc 7.83c 0g 

K2 13.98pq 6.39kl 7.37ab 50.48q 2.54b 8.65b 0g 

K3 13.17q 5.22l 7.61a 42.30r 2.91a 9.72a 0g 

Drought stress: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively; AMF: M1 and M2 indicate 
with and without the AMF, respectively; Potassium silicate: K1, K2, and K3 denote 400, 200, and 0 ppm, respectively. 
Means with a similar letter are not significantly different at a level of 0.05 based on the Duncan's test.    
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Table 6Table 6Table 6Table 6 (continued). The comparison of means for the interactions of drought stress, AMF, and PS on 

morphological traits of Matthiola incana 

Drought Fun PS 
POX 

(μmol H2O2/g leaf FW) 
RWC 

(%) 
MSI 

LPC 
(μmol/g leaf FW) 

S1 

M1 

K1 2.70lm 57.83bc 27.88cd 1.17klm 

K2 4.53kl 52.48cd 25.46cde 1.31jklm 

K3 6.85jk 49.95cde 24.03def 1.57i-m 

M2 

K1 2.37lm 68.62a 38.44a 1.10klm 

K2 2.23lm 65.49ab 33.45b 1.04lm 

K3 1.29m 62.71ab 29.24bc 0.76m 

S2 

M1 

K1 7.41j 49.07c-f 23.72d-g 1.83i-l 

K2 7.71ij 48.87c-f 22.88e-h 2.00i-l 

K3 8.92g-j 46.80d-g 22.46e-h 3.41fg 

M2 

K1 11.54fgh 43.21d-i 18.86h-l 2.13h-k 

K2 12.06fg 41.74e-i 18.36h-l 2.300hij 

K3 12.41efg 40.70e-j 17.56ijkl 2.47ghi 

S3 

M1 

K1 9.57g-j 45.62d-h 21.71e-i 3.19fgh 

K2 10.53f-i 45.32d-h 20.05f-j 3.77f 

K3 11.40fgh 44.28d-i 19.40g-k 4.13f 

M2 

K1 12.91ef 40.23f-j 16.37j-m 5.93e 

K2 13.11ef 39.00g-k 14.93k-n 6.64de 

K3 15.10de 38.18g-k 14.32lmn 7.45cd 

S4 

M1 

K1 18.45bc 36.57h-k 12.28mno 7.66cd 

K2 16.49cd 35.27i-l 11.30no 7.70c 

K3 15.21de 31.72j-m 9.38op 7.91c 

M2 

K1 20.03b 30.49j-m 8.40opq 8.12c 

K2 20.41b 26.98lm 6.27pq 9.49b 

K3 23.31a 25.19m 4.48q 11.15a 

Drought stress: S1, S2, S3, and S4 represent 100%, 75%, 50%, and 25% of FC, respectively; AMF: M1 and M2 indicate 
with and without the AMF, respectively; Potassium silicate: K1, K2, and K3 denote 400, 200, and 0 ppm, respectively. 
Means with a similar letter are not significantly different at a level of 0.05 based on the Duncan's test.    

 
Colonization percentage 

In all inoculated samples, the percentage of colonization was increased compared to the control, and this 
fungal behavior was well visible in the interactions. With increasing drought stress levels, the percentage of 
colonization was significantly reduced in both AMF and non- AMF samples. Lower available water in 50% FC 
resulted in a decline in colonization percentage (by about 50%) compared with the control (Table 2). The 
application of PS at stress levels of 100%, 75%, and 50% of FC improved the percentage of colonization, except 
in 25% FC treatment in which the use of PS did not effect on colonization percentage (Table 3). Abbasdokht 
and Safdari (2016) showed that the colonization percentage in soybean plants was increased by the increment 
of potassium fertilizer under natural irrigation conditions. In our study, it was observed that the highest 
colonization was recorded by increasing PS level to 400 ppm in 100% FC treatment (Table 3). The amount of 
this trait was decreased with the increase in the drought stress level. However, the effect of PS in improving 
colonization percentage was observed at lower levels of drought stress. It seems that the presence of fungi in the 
root environment can improve water uptake and nutritional elements by increasing the length and 
development of their hyphae in the root environment. The maximum colonization was obtained by applying 
400 ppm potassium silicate with using of AMF under natural irrigation conditions. The amount of this trait 
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was decreased with incremental the drought stress level. However, the effect of potassium silicate in improving 
of colonization percentage was observed at low levels of drought stress (Table 5). 

 
    
DiscussionDiscussionDiscussionDiscussion    
 
Our results showed that the application of Si and (AMF) in Matthiola incana might alleviate the adverse 

effects of drought stress in a synergistic manner. Drought is a major abiotic stress, that interrupts the normal 
physiological and biochemical processes in plants and causes significant yield losses in almost all major field 
crops (Ullah et al., 2019). Water-deficit stress reduces tissue water content and cell turgidity followed by a 

decrease in transpiration rate due to a partial stomatal closure that restricts CO2 entry into the leaf for 
photosynthesis (Yin et al., 2010). It has been found that water stress causes certain disorders at different 

structural and functional levels (Zhang et al., 2015; Vaghar and Ehsanzadeh, 2018). 

Increasing the soil water tension induced stress in the stock plants and consequently stimulated the 
production of proline. PS application could reduce the proline level. The accumulation of organic osmolytes 
such as proline, as a common response in plants under water stress that leads to an osmotic gradient with the 
environment (Ashraf et al., 2011), which was observed in the stock plants in this work. The alleviating effect 

of AMF and PS, however, was not mediated by osmotic-adjustment, and the concentration of proline rather 
decreased in the leaves of +AMF and +PS plants. Leaf RWC was used as an important indicator of plant water 
status in the assessment of cell damage. The results showed that the presence of AMF and PS at stress levels 
increased leaf RWC. Thus, the method of stress alleviation of AMF and PS for an increase in water uptake 
capacity may be less expensive than the strategy of osmotic-adjustment (Nadian, 2011; Munns, 2002).  

At all drought levels, proline accumulated in the leaves while the application of AMF and PS reduced 
leaf proline concentrations. The accumulation of proline in the leaves under water stress is a well-documented 
phenomenon, but the role of proline in osmo-tolerance remains controversial. In some studies, the 
accumulation of proline has been correlated with stress tolerance (Zou et al., 2013), but other researchers 

suggest that proline accumulation is a symptom of stress impairment rather than stress tolerance (Crusciol et 

al., 2009). Our results support the view that proline accumulation under stress is a symptom of stress, so the Si-

mediated reduction of proline concentrations is a sign of stress alleviation. Similarly, the AMF-mediated 
reduction of the proline concentration suggests that the AMF colonization of plants, partially mitigated the 
effects of drought stress and reduced proline concentrations in leaves. These results are in agreement with a 
previous report (Porcel et al., 2012). 

The results showed that with increasing stress intensity, the amount of MSI was decreased and the 
application of AMF and PS have positive effect on this index. MSI was used as a membrane permeability index 
for the assessment of cell damage. Decreased MSI under drought stress has also been reported in other studies 
(Turkan et al., 2005; Salehpour et al., 2009). Increased ROS compounds under stress can induce lipid 

peroxidation and the oxidation of fatty acids in membrane, and increasing electrolytes leakage (Eraslan et al., 

2007). Arbuscular mycorrhiza inoculation improves polyunsaturated fatty acid concentrations in cellular 

membranes for maintaining their structural and functional integrity (Alqarawi et al., 2014; Bearden, 2001; 

Begum et al., 2019). 

In this study, Si application improved membrane stability index under drought stress.  
It is generally accepted that the maintenance of integrity and stability of membranes under water stress is a 
major component of drought tolerance in plants (Bajji et al., 2002). However, numerous studies have 

demonstrated that Si is one of the important elements in plants and plays an important role in their drought 
tolerance. Inside the plant, the silicate is a non-mobile element, which, after being deposited inside the cell, 
becomes a polymer gel and reduces ion leakage from the bio-membranes (Liang et al., 2007). The results of this 

study are consistent with the results of Zhu et al. (2004). 
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The concentration of photosynthesis pigments in leaves was significantly affected by PS, AMF and 
drought stress. At the severe stress level, the carotenoid content was significantly increased versus the control. 
The PS and AMF interaction led to an elevated level of chlorophyll a, b, and total. In the present study, the 

decrease in the pigment content may have been resulted from decreased RWC (Matthews et al., 1990). The 
chlorophyll content is an important factor in plant productivity since it is directly proportional to the 
photosynthesis rate of plant for biomass production (Wang et al., 2002). The chlorophyll a:b ratio significantly 

was increased with water deficit. Therefore, chlorophyll b was more sensitive than chlorophyll a (Sultana et al., 

1999). A decrease in chlorophyll concentration in stress conditions could be attributed to the increased activity 
of the chlorophyll-degrading enzyme chlorophyllase (Epstein, 1999). Furthermore, PS and AMF application 
increased chlorophyll a and b under drought stress treatment (Figure 2). However, in this research, with 

increasing the intensity of drought stress, the amount of chlorophyll a and b decreased and the amount of 

carotenoids increased. The carotenoid content, which protects chlorophyll against light oxidation, was 
increased at higher levels of stress to hinder further chlorophyll degradation, which is consistent with the results 
reported by Abdalla et al. (2007), Mohammadkhani and Heidari (2007) and Mittler (2002).  

In this study drought stress caused the activation of antioxidative defense enzymes (CAT and 
particularly of POX). The Application of AMF in drought stress treatments increased the amount of CAT, 
POX and MDA. Also, the amount of CAT and MDA increased with the application of PS in severe drought 
stress treatments. The elevated activity of CAT in plants is an adaptive mechanism protecting cells against 
oxidative damage by reducing hydrogen peroxide concentration produced from cellular metabolism (Gill and 
Tuteja, 2010). By stimulating the activity of CAT through the detoxification of hydrogen peroxide, Si prevents 
oxidative stress and prevents hydroxyl radical production (Rastgoo and Alemzadeh, 2011). Results showed, PS 
application increased the antioxidant activity enzymes and lead to enhanced the protected plant against the 
stress condition. The findings of the present study are consistent with the results of Balakhnina and Borkowska 
(2013) and Gong et al. (2003). 

The results showed an increase in MDA content under severe drought stress and the application of 
AMF. In all drought stress levels, PS application decreased MDA. MDA is a peroxidation product of 
unsaturated fatty acids in phospholipids. Therefore, its synthesis under stress conditions is used as a marker to 
indicate lipid peroxidation (Katsuhara et al., 2005). Si which removes reactive oxygen species, decreases the 

permeability of cell membranes and increases the activity of catalase and peroxidase and superoxide dismutase 
enzymes, thereby indirectly reducing the peroxidation of cell membrane lipids and the amount of MDA (Liang 
et al., 2007). According to Ma and Yamaji (2006), Lata et al. (2011) and Ouzounidou et al. (2016) the Si-

mediated increase in antioxidant defense abilities is a beneficial result of Si rather than a direct effect.  
Leaf RWC was used as an important indicator of plant water status in the assessment of cell damage. 

The presence of AMF at stress levels increased leaf RWC in all stress treatments. In general, the presence of an 
extensive external hyphae network of AMF as an extension of the root system of the host plant can absorb and 
transfer water and nutrients to the plant through tiny pores that are out of the plant’s access, thereby increasing 
the moisture of the shoot and roots of symbiotic plants compared to non-symbiotic species (Nadian, 2011). In 
all drought stress treatments, the application of AMF and PS increased RWC compared to their non-
application. There are reports on the increased root hydraulic conductance by Si, and the increase was 
attributed to the Si-mediated upregulation of transcription of some aquaporin genes (Liu et al., 2014). 

The inoculation of plants with AMF increased the level of colonization in the roots. This increase was 
greater in plants grown under normal irrigation than under drought stress conditions. These data agreed with 
the general observation that AMF levels are lower in water stress conditions than in normal irrigation (Al-
Karaki et al., 2004). In severe drought stress, the percentage of root colonization was significantly reduced. Soil 

moisture can affect spore germination and development. However, the effect of PS in improving colonization 
percentage was observed at lower levels of drought stress (Wu and Xia, 2006). In similar study results 
demonstrated a synergistic effect of (AMF) and Si on improving the growth of strawberry not only under 
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Drought stress but also under control conditions (Moradtalab et al., 2019). In our experiment, it was observed 

that with increased moisture in the rhizosphere and the application of 400 ppm PS under the use of AMF, the 
fungus colonization was increased.  It seems that, when suitable conditions are provided, the plant provides 
carbohydrates to the AMF and the fungi provide more water and micronutrients to the host plant. Then, the 
symbiotic association becomes beneficial and the AMF colonization increases. 

 
    
ConclusionsConclusionsConclusionsConclusions    
 
The results showed that drought stress had destructive effects on plant growth by reducing the amount 

of plant pigments and RWC and sharply increasing electrolyte leakage, MDA, LPC, POX, and CAT contents. 
Based on the results, the application of AMF and PS improved some physiological traits of the stock plants 
under drought stress. At all levels of drought stress (75, 50, and 25% of FC), the use of AMF and high rates of 
PS (400 ppm) improved membrane stability index and RWC and reduced the amount of antioxidant enzymes 
(CAT and POX). The maximum colonization was obtained by applying 400 ppm PS with the use of AMF 
under non-stress conditions (100% FC treatment). The amount of this trait was decreased with an increase in 
the drought stress level. In this context, the protective effects of PS and AMF treatments seems to be related to 
an improved micronutrients status, an increased expression of the enzymatic antioxidative defense system, and 
an elevated water uptake capacity and water use efficiency. results indicate that PS and AMF alleviated water 
stress in a synergistic manner.  In general, the results revealed that the application of PS (400 ppm) and AMF 
improved some physiological and antioxidant enzymes content at mild drought stress levels. Our results 
revealed that the application of PS (400 ppm) and mycorrhizal fungi improved some physiological and 
antioxidant enzymes content at mild drought stress levels. Our results provide a theoretical basis for the 
application of Si supplements and AMF in Matthiola incana cultivation. 
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