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Abstract. To study the effect of arbuscular mycorrhizal fungi (AMF) on the agronomic, physiological, and 

biochemical parameters of barley (Hordeum vulgare L.) grown on Cd contaminated soils of Iran, an 

experiment was carried out in Tehran, Iran for two seasons. The results showed that soil Cd caused a 

significant decrease in leaf area index (LAI), chlorophyll content, 1000 seed weight, and total dry mass per 

plant, whereas increased proline content, superoxide dismutase, and catalase enzyme activity were elevated 

by soil Cd. Mycorrhizal fungi significantly reduced the adverse effects of Cd and increased yield of barley. 

Decreased proline content, leaf antioxidant activity was also observed where mycorrhizal fungi were used. 

The use of mycorrhizal fungi had a positive mitigating effect on plant height, 1000 seed weight, chlorophyll 

contents, proline, LAI, root AMF colonization, foliar cadmium, catalase, peroxidase, and superoxide 

dismutase. Therefore, AMF have a potential to mitigate the effects of Cd pollution on soil. These results 

obtained formed a basis for future studies under open field condition before its application can be 

recommended to barley production under similar condition. 
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Introduction 

Cadmium (Cd) is a toxic heavy metal that occurs in nature in minute quantities in 

association with other natural heavy metal deposits, including Zn, Pb, Cu and others and 

produced as a byproduct of the mining of major metals. Mining activities are known to 

generate huge numbers of harmful metals including Cd, which are carried as fugitive dust 

or by waterways and contaminate the biota and food chain through assimilation and 

bioaccumulation processes (Ebenebe et al., 2017). Generally, heavy metals present in 

waterbodies above peamisible limits, not only endanger the lives of aquatic organisms in 

the waters, but they also make the water courses unsafe for domestic and agricultural uses 

as well (Tohidi-Moghadam, 2017; Ebenebe et al., 2017). Cadmium is known to be very 

toxic even at low concentration (Galas-Gorcher, 1991). Studies have shown that human 

ingestation or exposure to Cd up to the toxic dose of about 10 µg/dL, can cause irritation 

of the stomach, cramps, nausea, vomiting, diarrhea, headache, brown urine, hypertension, 

renal failure, flu‑like symptoms, kidney and liver damage, swelling of the throat and 

tingling of hands (Bano and Ashfaq, 2013; Ebenebe et al., 2017). 
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Hence, there are various government legislation to control the amount of the toxic 

metal allowed into the environment to avert unintended poisoning of the biota. The 

critical limit of Cd metal in light, medium, and heavy textured soils is 5.33, 6.33 and 

9.29 mg kg-1, respectively (Keshavarz, 2020). Through food products, Europe and North 

America allow daily intake of about 15-25 Cd µg, while in Japan the average allowed 

intake is between 40 and 50 Cd µg (WHO, 2000). The intake of Cd is found to be higher 

in Cd polluted areas. World average Cd obtained via food products is about 1 µg/day 

(Bano and Ashfaq, 2013). 

The absorption and accumulation of Cd on plants is influenced by the soil conditions 

and the interaction between Cd and other minerals (Wang et al., 2016). Mycorrhizal fungi 

ameliorates plant yield by increasing water and nutrient uptake (Pharudi, 2010). 

According to Azcon-Aguilar and Barea (1997), the efficiency and activity of soil 

microbes are affected by rhizosphere conditions, including the level of salinity, moisture 

content and fertility. Extensive extra-radical hyphae network enhances efficiency in the 

absorption of nutrients and in close association with plant root hair playing an important 

symbiotic role in the uptake and transfer of water and nutrients by the root system. In 

exchange, the plant supplies the fungal organism with carbon compound (Gadd, 2004). 

These fungi reduce the concentration of heavy metals in the cell wall by binding the heavy 

metal to chitin and secreting glomalin and reduce the accumulation of heavy metals by 

coexisting with plants (Gadd, 2004). 

The upper limit of cadmium allowed in root, tuber and leafy vegetables in Australia is 

0.1 mg of cadmium per kg of produce and in Iran, there is no policy regulating Cd levels 

on food stuff and soil (Tavakkoli and Khanjani. 2016). Cadmium in soils is generally low 

but once it has been added to the soil through pollution, it can take between 100 and 1000 

years for the levels to drop by 50%. When Cd is present in soil, it is more available to 

plants if the soil is sandy, acidic or low in organic matter (Tavakkoli and Khanjani, 2016). 

Plants accumulates harmful metal over time, that eventually affect the plants’ activities 

such as nutrient absorption and photosynthesis. The hampering of the plants ability to 

absorb nutrients results to leaf decoloration, growth inhibition, poor yields, and eventual 

death of the plant (Ebenebe et al., 2017). However, the symbioses of some soil microbes 

and plants, help to restore soils that have been impoverished by toxic heavy metals (Qiu 

et al., 2018). Studies have established that AMF is effective, not only in 

restoration/bioremediation of soils polluted by heavy metals such as Cd, but the microbes 

also improve availability of nutrients, activities of enzymes and fertility of the soil (Qiu 

et al., 2018; Keshavarz, 2020). Due to the vital role of cereals in human diet, it is essential 

to find ways that can be used to reduce Cd uptake by cultivated plants (Shi et al., 2019). 

Therefore, the effect of AMF Rhizophagus intraradices (also known as Glomus 

intraradices) species on Cd contaminated soil of Iran was evaluated on agronomic, 

physiological, and biochemical parameters of barley. 

Material and methods 

Research site 

This experiment was conducted in a greenhouse of Tarbiat Modares University farm 

located in Tehran, Iran. The latitude of the research farm is 35.325241, and the longitude 

is 51.647198 category with the GPS coordinates of 35° 19' 30.8676'' N and 51° 38' 

49.9128'' E. The study was conducted in 2020 using a 2×4 factorial design where, two 

levels of AMF (applied at zero and 20 mg plant-1) and 4 levels of cadmium applied zero 
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mg kg-1 soil (control), 40 mg kg-1 soil, 80 mg kg-1 of soil, and 120 mg kg-1 of soil. This 

experiment had three replications and Rhizophagus intraradices was the only AMF used. 

The greenhouse was equipped with cool white fluorescent lamps and had a day and night 

temperature 22 and 20 ºC, respectively, containing 16/8 hr light/dark photoperiod. The 

potting sandy loam soil had 0.02%-N, 556.4-K mg kg-1, 8.7-P mg kg-1, 3.98-Fe mg kg-1, 

7.01-Mn mg kg-1, 2.2-Cu mg kg-1 and 0.52-Zn mg kg-1, 7.1-pH and 0.47 dS/m- EC. 

Parameters 

Five plants per treatments were used to measure plant height, number of grains per 

panicle, 1000 seed weight, total dry mass, chlorophyll contents, proline concentration, 

leaf area index (LAI), leaf cadmium and phosphorus content, colonization percentage, 

peroxidase activity (POX), malondialdehyde (MDA) and superoxide dismutase activity 

(SOD). Chlorophyll content was measured on young and fully developed leaves using the 

method described by Arnon (1949). LAI was measured using a Delta-T Devices leaf area 

meter (Delta-T Devices Ltd., Cambridge, UK). 

Leaves of barley were freeze-dried using liquid nitrogen (-80oC) thereafter, 0.3 g were 

milled using 5 mL of 50 mM phosphate buffer (pH 7.0). SOD, CAT and POX activity 

were determined using a method of Giannopolitis and Ries (1977), Cakmak and Horst 

(1991) and Ghanati et al. (2002), respectively. The content of MDA of the extracts was 

calculated using De Vos et al. (1991) method. Proline content was determined using Bates 

et al. (1973) method. 

Analysis of variance was performed using SAS and Excel, and the means were 

compared using LSD test at P < 0.05. All analysis was performed by using the SAS (SAS 

release 9.0 2002) software. Principal Component Analysis (PCA) based on biplot (SAS 

9.1) and coefficient of correlation were applied to consider the visualization of similarities 

or differences and interrelationships by acute and obtuse angles among all parameters. 

Results and discussion 

As shown in Table 1, plant height (p<0.0001), number of grains per panicle 

(p<0.0001), 1000 seed weight (p<0.0001), total dry mass (p<0.001) and chlorophyll 

contents (p<0.0001) were affected by the concentration of Cd in the soil. Plant height, 

number of grains per panicle, 1000 seed weight, chlorophyll contents and LAI were 

reduced by 14.68%, 26.85%, 12.24%, 36.31%, 20.85% and 7.28%, respectively. Despite 

this decline, the use of AMF increased plant height (p<0.05), number of grains per panicle 

(p<0.0001), 1000 seed weight (p<0.0001), chlorophyll contents (p<0.0001) and LAI 

(p<0.001). Unexpectedly, no significant effect of AMF was found on the number of grains 

per panicle, and total dry mass of barley. Dhir et al. (2009) reported that reduction of leaf 

chlorophyll is attributed to Fe content reduction and the decrease of enzyme efficiency 

involved in chlorophyll biosynthesis. Pandey and Sharma (2002) further reported that 

increased Ni, and Co concentration in the soil led to a significant reduction in chlorophyll 

“a” and “b” contents measured in cabbage (Brassica oleracea L). Increased chlorophyll 

content in mycorrhizae inoculated plants is attributed to improved P and N uptake. In 

contrast, leaf P was not increased by mycorrhizal fungi (Table 1). However, application 

of AMF improved chlorophyll contents by 4.54%, these results were in agreement with 

Pereira et al. (2012), who reported increased chlorophyll a and b by 23% and 38% 

respectively in chestnut (Castanea alnifolia). In addition, AMF reduce active uptake of 

heavy metals through the roots while maintaining active uptake of other elements such as 
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N and phosphorus (Neumann and George, 2005). Heavy metals affect homeostasis 

processes such as water uptake, transport, transpiration, and metabolism of nutrients and 

uptake of N, P, K, Ca, and magnesium (Tripathi et al., 2014). 

 
Table 1. Effect of soil Cd and mycorrhizal fungi on agronomic physiological parameters of 

barley 

Treatment 

Plant 

height 

(cm) 

Number of 

seed 

panicle-1 

1000 seed 

weight 

(g plant-1) 

Dry mass 

(g plant-1) 

Chlorophyll 

(mg g-1 FW) 

Proline 

(mg g-1 FW) 

Leaf area 

index 

Cadmium 

(mg kg-1) 
       

0 72.28±2.22a 41.03±2.72a 41.90±0.80 a 30.43±2.88a 1.87±0.03a 1.15±0.15d 6.86±0.06a 

40 68.65±2.09b 37.85±4.45ab 40.20±1.10 b 26.54±3.89ab 1.81±0.06b 2.45±0.45c 6.51±0.05b 

80 64.93±2.15c 33.72±3.94bc 38.16±1.38 c 23.94±3.82bc 1.71±0.05c 3.16±0.39b 6.36±0.08c 

120 61.66±2.19d 30.01±4.86c 36.7±1.99d 19.38±3.62c 1.48±0.05d 3.81±0.33a 6.76±0.07d 

LSD0.05 2.47*** 5.64*** 1.35*** 4.6** 0.047*** 0.27*** 0.067*** 

Mycorrhizae        

-Myco 65.67±4.61b 34.55±5.99a 38.37±2.61b 23.57±5.52a 1.68±0.16b 2.89±1.13a 6.40±0.31 b 

+Myco 68.09±4.30a 36.74±5.44a 40.10±1.88a 26.58±4.79a 1.76±0.15a 2.40±0.97b 6.50±0.28a 

LSD0.05 1.74* 3.98ns 0.96** 3.20ns 0.03** 0.19*** 0.05** 

Cadmium × 

Mycorrhizae 
       

LSD0.05 3.49ns 7.97ns 1.92ns 6.58ns 0.07ns 0.38ns 0.09ns 

 

Cadmium 

(mg kg-1 

DW) 

Colonization 

(%) 

CAT (∆ Abs 

mg protein 

min-1) 

Leaf-P 

content 

(mg kg-1 

DW) 

POX (∆ Abs 

mg protein 

min-1) 

MAD (µmol 

g-1 FW) 

SOD (∆ Abs 

mg protein 

min-1) 

Cadmium 

(mg kg-1) 
       

0 0.82±0.13 d 42.59±32.45a 52.23±4.80d 3.65±0.29a 2.32±0.14d 8.37±1.96c 111.16±14.60d 

40 3.73±0.66c 40.65±29.34a 121.74±14.70c 3.85±0.31a 8.18±0.63c 9.14±1.88 bc 322.46±293.85c 

80 5.01±0.54b 38.84±25.4a 146.33±18.67b 2.39±0.32b 11.09±0.75b 10.91±1.92ab 451.6±32.42b 

120 6.26±5.28a 36.91±25.46a 165.12±19.49a 2.67±0.36b 13.39±0.89a 13.11±1.52a 492.1±22.49a 

LSD0.05 0.20*** 4.16ns 9.92*** 0.431*** 0.27*** 2.35** 20.7*** 

Mycorrhizae 

(20 mL 

plant-1) 

       

-Myco 4.361±2.27a 14.17±3.08b 133.07±50.29a 3.02±0.68 a 9.27±4.60a 11.20±2.52 a 363.34±160.01a 

+Myco 3.55±1.95b 65.32±5.64a 109.61±40.02b 3.26±0.74a 8.22±4.05b 9.57±2.35a 325.33±151.41b 

LSDT 0.05 0.14*** 2.94*** 7.01*** 0.31ns 0.19*** 1.66ns 14.64*** 

Cadmium × 

Mycorrhizae 
       

LSD0.05 0.28** 5.88* 14.03ns 0.61ns 0.38** 3.327ns 29.28ns 

Statistical significance was at 0.05 p value. *** = p<0.0001, ** p < 0.001, * p <0.05, ns = not significant 

at p<0.05, ± standard deviation, LSD = Least significant difference at 5% level of significance. Means 

with the same letter used as superscripts within a column are not significantly different (p<0.05), -Myco= 

zero mycorrhizae, +Myco= mycorrhizae applied at 20 mL plant-1 

 

 

Table 1 shows foliar Cd and P contents were reduced by Cd toxicity. Foliar Cd content 

was reduced by 278%, 17.68%, and 5.8% in soils that had 40, 80, and 120 mg Cd kg-1 

(Table 1, Fig. 1). These results are supported by work done on Lactuca sativa (L.) where 

leaf Cd was lowered by AMF at the same time plant growth was increased (Cozzolino et 

al., 2010). At a higher level, Cd, competes with P in the cytoplasm affecting the 

physiological processes of the plant cell, which reduces phosphorus uptake, due to the 

similarity of Cd and mineral phosphate (Zhao et al., 2010). A negative relationship 
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occurred between P and Cd in shoots in both zero AMF (r = -0.62**) and AMF use 

(r = -0.70**) treatments (Table 2). As an indication of stress, the proline levels were 

increased with increasing levels of Cd. This is an indication that barley production can be 

improved on Cd polluted soil using AMF; thus, the observed proline increase was to 

protect plants against the stress caused by soil Cd toxicity (Ullah, 2016). Proline protects 

the cell membranes and proteins from the oxidative stress of hydroxyl ions and superoxide 

ions through chemical and physical processes (Keshavarz et al., 2016). 

 

 

Figure 1. Foliar Cd of barley grown on Cd polluted soil amended with mycorrhizal fungi (-

Myco= zero mycorrhizae, +Myco= mycorrhizae applied at 20 mL plant-1) 

 

 

AMF colonization of the root was affected significantly (p<0.05) by the interaction 

between Cd and mycorrhizal fungi as depicted in Fig. 2. Fungal colonization was 

increased where AMF was used. Javaid (2009) study showed a contrary effect to our 

study of Cd polluted soil on mycorrhizal fungi. On the other hand, Garg et al. (2015) and 

Al-Agely et al. (2005) reported an increase in root colonization by AMF under Cd 

toxicity. These differences in plant response to inoculation is attributed to the type of host 

plant, environmental conditions and the amount of energy provided by the host. 

Table 1 shows that CAT (p<0.0001), SOD (p<0.0001), and MDA were significantly 

increased by increasing levels of Cd contamination, however the activity of SOD and 

CAT were decreased where mycorrhizal fungi was used. Superoxide dismutase is a key 

enzyme for protecting cells against oxidative stress, it accelerates the conversion of O2
- 

to H2O2 and O2. Research by Parlak (2016) showed that increasing Ni concentration 

increased the activity of superoxide dismutase in barley seedlings. In this study, the use 

of mycorrhizae in different levels of Cd reduced the enzymatic activity, which can be 

attributed to the development of root volume and increased water availability (Neumann 

and George, 2005). Therefore, as the stress level decreases, the production of oxygen free 

radicals decreases, and the activity of the leaf superoxide dismutase enzyme decreases 

(Ullah, 2016). 
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Table 2. Pearson correlation coefficients between measured parameters of barley cultivated on Cd contaminated soils 

 Parameters 
Root 

colonization 
LAI Chlorophyll MDA Proline Cadmium Phosphorous Catalase Peroxidase SOD 

100 seed 

weight 

Dry 

mass 
 Root colonization 1            

Zero 

mycorrhizal 

inoculation 

LAI ns 0.18- 1           

Chlorophyll ns 0.13- ** 0.95 1          

Malondialdehyde ns 0.37 ** 0.70- ** 0.70- 1         

Proline ns 0.26 ** 0.95- ** 0.87- * 0.59 1        

Cadmium ns 0.17 ** 0.96- ** 0.86- * 0.61 ** 0.97 1       

Phosphorous ns 0.09- * 0.62 * 0.63 ns 0.43 * 0.64- * 0.62- 1      

Catalase ns 0.21 ** 0.94- ** 0.83- * 0.60 ** 0.96 ** 0.99 * 0.68- 1     

Peroxidase ns 0.26 ** 0.95- ** 0.84- * 0.67 ** 0.97 ** 0.98 * 0.61- ** 0.97 1    

SOD ns 0.20 ** 0.97- ** 0.88- * 0.65 ** 0.93 ** 0.99 * 0.66- ** 0.98 ** 0.99 1   

1000 seed weight ns 0.16- ** 0.89 ** 0.83 ** 0.74 ** 0.87- ** 0.89- * 0.65 ** 0.89- ** 0.88 ** 0.91- 1  

Dry mass ns0.20  ** 0.77 ** 0.77 ns 0.16- ** 0.77- ** 0.77- * 0.63 ** 0.75- * 0.68- ** 0.77- * 0.67 1 

              

              

 Root colonization 1            

20 ml 

mycorrhizal 

inoculation 

LAI ** 0.85 1           

Chlorophyll ** 0.74 ** 0.90 1          

Malondialdehyde * 0.63- ** 0.86- ** 0.87- 1         

Proline ** 0.84- ** 0.95- ** 0.86- ** 0.83 1        

Cadmium ** 0.88- ** 0.97- ** 0.85- ** 0.81 ** 0.97 1       

Phosphorous ** 0.72 * 0.63 * 0.61 * 0.64- ** 0.70- ** 0.70- 1      

Catalase ** 0.88- ** 0.95- ** 0.77- ** 0.77 ** 0.95 ** 0.99 ** 0.72- 1     

Peroxidase ** 0.89- ** 0.95- ** 0.76- ** 0.80 ** 0.92 ** 0.96 * 0.64- ** 0.97 1    

SOD ** 0.85- ** 0.96- ** 0.81- ** 0.78 ** 0.97 ** 0.99 * 0.69- ** 0.99 ** 0.97 1   

100 seed weight 

weight 
* 0.64 ** 0.83 ** 0.72 ** 0.85- ** 0.87- ** 0.86- ** 0.73 ** 0.86- ** 0.84- ** 0.88- 1  

Dry mass **0.77  *0.74 *0.70  ns 0.38- ** 0.77- ** 0.79- ns 0.50 ** 0.76- * 0.69- ** 0.79- ns 0.56 1 

Statistical significance was at 0.05 p value. *** = p<0.0001, ** p < 0.001, * p <0.05, ns = not significant at p<0.05 

 

 

 



Keshavarz et al.: Arbuscular mycorrhizal fungi used to mitigate against cadmium contaminated 

- 49 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(1):43-53. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2001_043053 

© 2022, ALÖKI Kft., Budapest, Hungary 

 

Figure 2. Mycorrhizal root colonisation of barley grown on Cd polluted soil amended with 

mycorrhizal fungi (-Myco= zero mycorrhizae, +Myco= mycorrhizae applied at 20 mL plant-1) 

 

 

Table 1 and Fig. 3 shows a significant interaction, that is the activity of POX was 

significantly increased by soil Cd, its activity was increased by 31.63% at the same time 

it was decreased by AMF inoculum. The levels of CAT and POX were increased with 

increasing levels of soil Cd and were both decreased by the use of mycorrhizal fungi. 

Previously an increased activity of the antioxidant enzymes catalase and peroxidase under 

the Cd, Hg, Ni, and Pb stress was reported (Azcon-Aguilar et al., 1997). Increased activity 

of catalase can be due to the fact that these enzymes are involved in the antioxidant 

defense system of plants under oxidative stress caused by heavy metals (Tohidi-

Moghaddam, 2017). CAT and POX are other important enzymes that are activated under 

stress. These enzymes are able to digest and remove hydrogen peroxide (H2O2) (Khatun 

et al., 2008). Thus, hydrogen peroxide (H2O2), which is a toxic product of SOD function, 

is used by these enzymes (Keshavarz et al., 2016). Arbuscular mycorrhizal fungi help the 

host plant to absorb nutrients, but also improve the tolerance of the plant to non-

environmental environmental factors (Jahromi et al., 2008). These fungi reduce the 

concentration of heavy metal in the cell wall by binding heavy metal to chitin 

(Hildebrandt et al., 2007) and glomalin secretion (González-Chávez et al., 2004; Wang et 

al., 2016). Therefore, it seems that AMF reduce the activity of CAT and POX by reducing 

the absorption of heavy metals and thus reducing the oxidative stress caused by the 

absorption of heavy metals. Plants grown in the presence of heavy metals showed a 

decrease in water uptake, photosynthesis, nutrient uptake, and 1000 seed weight. The use 

of mycorrhizae can cause the development of longitudinal meristems of the roots and 

reduce the activity of catalase and peroxidase of leaves. 

Table 3 shows the PCA used to reduce the redundancy interaction between Cd and 

mycorrhizal data, and the eigenvalue of correlation matrix. Table 3 and Fig. 4 show the 

interaction between Cd and AMF treatment, out of fourteen principal components (PC) 

used, the first two (PC1 and PC2) accounted for most of the variability, with a cumulative 

variability >77.01%. PC1 accounted for 77.02%, while PC2 accounted for 7.12% of the 

total variance. Table 3 and Fig. 4 show that plant height, number of grains, 1000 seed 

weight, total dry mass, chlorophyll, proline, SOD, CAT, P, POX, LAI, MDA, leaf Cd 
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content, were loaded positively on PC1, however only colonization was loaded on PC2. 

This is an indication that mycorrhizal can be used to mitigate against Cd pollution in the 

soil. 

 

 

Figure 3. Peroxidae activity of barley grown on Cd polluted soil inoculated with mycorrhizal 

fungi (-Myco= zero mycorrhizae, +Myco= mycorrhizae applied at 20 mL plant-1) 

 

 
Table 3. Eigenvalues and principal component factor loading of parameters affected by the 

interaction between Cd and mycorrhizal fungi 

Principal component PC1 PC2 

Eigenvalues: 10.782 0.996 

Variability (%) 77.017 7.117 

Cumulative % 77.017 84.133 

Factor loading   

Height 0.881 0.002 

Number of grain 0.629 0.003 

1000 seed weight 0.832 0.019 

DM 0.624 0.006 

Chlorophyll 0.853 0.000 

Proline 0.949 0.004 

SOD 0.927 0.027 

CAT 0.931 0.003 

P 0.540 0.001 

POX 0.947 0.029 

LAI 0.956 0.015 

MDA 0.632 0.023 

Cadmium 0.962 0.011 

Colonization 0.119 0.854 
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Figure 4. Rotated principal component loadings of agronomic and physiological attributes of 

barley affected by the interaction between Cd and mycorrhizal fungi 

 

 

Conclusion 

Leaf area index, 1000 seed weight, and dry mass of barley were affected by Cd. At the 

same time chlorophyll and leaf P were decreased and with a subsequent increase was 

observed in proline, superoxide dismutase, catalase, and peroxidase activity in leaves. 

The use of mycorrhizae under cadmium contaminated conditions improved yield 

attributes of barley. Therefore, future studies must focus on testing this effect under field 

conditions before the use of AMF on Cd contaminated soils can be recommended. 
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