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Abstract 

Wheat is an important crop, playing inevitable roles in human life, ranging from major food resource to raw 

material for biofuel. However, due to the dramatically reduced available arable areas and increasingly severe 

abiotic and biotic stresses, wheat production nowadays faces extreme challenges.. Many approaches have been 

explored to increase wheat yield including development of new cultivars. One of the most promising approaches 

is the application of the naturally existent arbuscular mycorrhiza (AM), a mutualistic symbiosis originated over 

400 million years ago. AM have long been known to form mutualistic symbiosis with various plants to enhance 

yield production and to improve stress tolerance, especially drought and salinity. But the benefits vary among 

AM strains and plant species. Therefore, the objective of the study was to investigate the influence of four AM 

strains colonized on four selected spring wheat varieties under three salt concentrations (0, 50, 100 mmol/L). The 

results demonstrated that wheat inoculated with arbuscular mycorrhizal strains Funneliformis mosseae and 

Rhizoglomusirregulare mitigated yield losses caused by increased salinity stresses as well as strengthened root 

growth in comparison with non-inoculated plant controls. Salinity stress, however, had non-significant negative 

effects on most variables, except for grain yield, root surface area and root dry weight, in which a significant 

decrease was observed in root surface area and root dry weight with the increasing of saline concentration. 

Keywords: arbuscular mycorrhizae, root morphology, salinity stress, wheat (spring) 

1. Introduction 

Wheat (Triticum aestivum L.) ranks among the top cereal crops and is grown in diverse agricultural ecosystems 

around the world. In 2013, with a global production of over 0.71 billion t, Wheat occupied the third position of 

most produced crop over the world, after 0.74 billion t of rice and over 1 billion t of maize (Food and Agriculture 

Organization of the United Nations, 2013). Wheat is planted on more than 17% of the global crop acreage and it 

successfully feeds over two-fifths of the population worldwide (Gupta et al., 2008). Today, however, numerous 

severe stresses, both biotic and abiotic, negatively impede the global wheat production: one of the most severe 

concerns is soil salinization (Günal et al., 2015). Many approaches have been applied to alleviate yield loss 

caused by soil salinization, including the exploration of novel stress-tolerant cultivars through modern breeding 

methods (Mozafar and Goodin, 1986), the optimization of cultivation systems to reduce the negative effects of 

salinization (Sun et al., 2010), as well as the application of naturally existing beneficial symbioses (Beltrano and 

Ronco, 2008). One of the most promising approaches is the exploration and use of arbuscular mycorrhizae, a 

mutualistic symbiosis that could protect plants from salinity damages. 

With a history of more than 400 million years, arbuscular mycorrhizae are considered to be one of the world’s 

oldest and most prevalent symbioses formed between plants and fungi (Parniske, 2008; Pirozynski and Malloch, 

1975; Remy et al., 1994). Previous studies have reported that more than 85% of the documented plant species 

are putative hosts of arbuscular mycorrhizal fungi (AMF) and that those species benefit from the symbiosis in 

various ways, including increased absorption of water and mineral nutrients (especially phosphorus, the crucial 

mineral for plant growth and development) and improved biotic and abiotic stress tolerance through multiple 
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complex mechanisms (Daei et al., 2009; Harley and Smith, 1997; Marschner and Dell, 1994; Pozo et al., 2010; 

Wang and Qiu, 2006). An increase in salinity tolerance was observed in numerous mycorrhizal colonized plants, 

including crops such as barley and wheat (Rad et al., 2009; Talaat and Shawky, 2014). Nevertheless, such 

benefits vary depending on the AMF strains selected and the host plant species involved (Gong et al., 2013; Zou 

and Wu, 2011). Therefore, the objective of this project was to evaluate the response of four selected spring wheat 

genotypes to inoculation with four arbuscular mycorrhizal strains under three salt concentrations. 

2. Materials and Methods 

2.1 Experimental Materials 

2.1.1 Wheat Cultivars 

Four spring wheat cultivars, namely FL62R1, Scotia, Snowbird, and 13NQW1265, were analyzed in the current 

study (Table 1). In addition to plant biomass and root morphology, the relationship between grain colour and 

antioxidant components and their responses to wheat mycorrhization were also of great interest. Therefore, the 

four spring wheat cultivars chosen for our study were mainly because of their respective grain colours (red, 

white or purple). On one hand, changes in plant biomass and root morphology were measured and analyzed. On 

the other hand, the harvested grains were further processed for the analysis of grain antioxidant components to 

determine differences in the antioxidant capacity of coloured wheat with and without arbuscular mycorrhizal 

inoculation. 

Table 1. Wheat cultivars, arbuscular mycorrhizal (AM) strains, and salinity treatments of the experimental design 

Spring wheat cultivars 

Wheat cultivar Grain colour Seeds per pot 

FL62R1 Red 5 

Scotia Red 5 

Snowbird White 5 

13NQW1265 Purple 5 

AM strains 

AM straina) DAOMb) Number of propagules per pot 

Funneliformis +mosseae 198274 50 

Funneliformis caledonius 242686 50 

Rhizoglomus irregulare 240442 50 

Myke 197198 50 

Salinity treatments 

Saline solution (mmolL−1) grams of NaCl (L−1) Volume of saline solution per pot (L) 

0 0 0.1 

50 2.925 0.1 

100 5.85 0.1 

a) The arbuscular mycorrhizal strains Rhizoglomus irregulare (DAOM 240442) and Myke (DAOM 197198) originate from the same 

mycorrhizal species but are different strains. 

b) DAOM refers to Canadian National Mycological Herbarium. 

 

--Arbuscular mycorrhizal strains (AMF strains) 

Four AMF strains, namely Funneliformis mosseae (DAOM 198274), F. caledonium (DAOM 242686), and two 

Rhizoglomus irregulare strains (DAOM 240442) and the commercial product Myke (DAOM 197198) . The 

AMF strains were obtained from the Glomeromycota in vitro and in vivo Collection, Ottawa Research and 

Development Centre, Agriculture and Agri-Food Canada. 

--Salinity treatments 

Saline solutions were made with sodium chloride (NaCl), and three salinity levels (0, 50, or 100 mmolL−1) were 

used. 

2.2 Methods 

A greenhouse experiment was conducted under controlled condition with a 16-h photoperiod and a 22°C/20°C 

day/night temperature regime. For each of the four wheat cultivars, five seeds inoculated with one AMF strain at 
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a rate of 50 spores were planted in each 15.25cm (6-inch) pot, with equal distances between the seeds. 

Non-inoculated seeds were also planted for each cultivar as controls. Each inoculant was provided in the form of 

a specific matrix containing relevant AMF spores. The non-mycorrhizal controls were treated with 

mycorrhizal-free soil instead of mycorrhizal-spore-containing matrix. A total of 360 pots were used, with 60 pots 

per replicate and 6 replicates, arranged according to a randomized complete block design. The AGRO MIX G10 

(AF) soil was used as Substrate matrix to guarantee no extra mycorrhizal fungi in the soil. Constant irrigation 

was provided throughout the growth period but was stopped on the days when the saline treatments were applied. 

The plants were fertilized with 100 ml 20-20-20 N-K-P (1 g kg−1) per pot every two weeks. 

Salinity treatment with 100 ml of NaCl solution (0, 50, or 100 mmolL−1) per pot was initialled on the fifth week 

of growth and continued at 3-d intervals for six weeks until harvest. Data on grain yield, root length, root surface 

area, total root volume, root fresh weight, and root dry weight were collected and measured. Root morphological 

parameters were collected with WinRHIZO Pro Regent Instruments software and root dry weight was then 

measured after the roots had been dried in an oven at 60°C for 3 d. The data were analyzed using PROC 

GLIMMIX (Generalized Linear Mixed Models) of the SAS software package. 

3. Results 

3.1 Plant Biomass 

Grain yield, root fresh weight and root dry weight were measured and analyzed as indicators of plant biomass. 

--Grain yield 

Grain yield was significantly affected by the interaction between mycorrhizal strains and salinity treatments with 

a P-value of 0.0121 (Table 1). Specifically, salinity levels had a significantly negative effect on yield production 

in the non-mycorrhizal controls (P = 0.0205) and in the wheat cultivars inoculated with F. caledonius (P = 

0.0027), which exhibited a significant yield decrease when treated with the NaCl solution at 100 mmolL−1in 

comparison with the non-salt-treated controls. There were, however, no significant changes in grain yield 

between the salt and non-salt treatments when the wheat had been inoculated with the other AMF strains, 

indicating that colonization with F. mosseae, R. irregulare, and Myke benefited the host wheat by efficiently 

mitigating saline-induced yield decreases. 

Table 2. Effect of interaction between mycorrhizal strains and salinity levels on grain yield, sliced by 

mycorrhizal strain (α = 0.05) 

AM strains Salinity levels (mmolL
−1

) P-value Grain yield (estimates)
a)

 

Funneliformis 

mosseae 

0 P = 0.5024 0.6534ab) 

50 0.7682a 

100 0.6935a 

Funneliformis 

caledonius 

0 P = 0.0027 0.8746a 

50 0.8243a 

100 0.5577b 

Rhizoglomus 

irregulare 

0 P = 0.3737 0.7011a 

50 0.8326a 

100 0.7961a 

Myke 0 P = 0.2865 0.7156a 

50 0.5693a 

100 0.6765a 

Control 0 P = 0.0205 0.8390a 

50 0.6743ab 

100 0.5667b 

Mycorrhizal strains * salinity levelsc) P = 0.0121 
a) Grain yield is presented as estimates, because there was difficulty with the transformation back into means. 

b) Estimates followed by the same letters are not significantly different with 95% confidence limits. 

c) A two-way-interaction between mycorrhizal strains and salinity levels was found. 

 

--Root fresh weight 

Root fresh weight was significantly influenced by the wheat-mycorrhiza interaction, with a P-value of 0.0137 

(Table 3). Salt treatment, however, had no significant effect on root fresh weight (P = 0.0548). Specifically, the 
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wheat cultivars Snowbird and 13NQW1265 responded positively to inoculation with R. irregulare, resulting in 

significantly heavier root fresh weights in comparison with the non-inoculated controls, as shown in Table 3. 

Nevertheless, inoculation of either Snowbird or 13NQW1265 with the other AMF, namely, F. mosseae, F. 

caledonius, and the commercial strain Myke, generally had no significant effects on root fresh weight, presenting 

as no significant differences in root fresh weight between the inoculated plants and the non-inoculated controls. 

The only exception was the F. mosseae-inoculated Snowbird, which responded positively to that AMF and 

produced a significantly heavier root fresh weight than non-inoculated Snowbird did. FL62R1 and Scotia did not 

exhibit any significant change in root fresh weight in response to plant mycorrhization. Furthermore, it was 

noticed that even though the non-commercial mycorrhizal strain R. irregulare and the commercial strain 

Mykebelonged to the same AMF species, the performance of Mykewas apparently worse than that of R. 

irregulare , particularly in the cultivars FL62R1 and Scotia. Root fresh weight was significantly heavier in the R. 

irregulare -inoculated FL62R1 than in the Myke-inoculated FL62R1. Similarly, heavier root fresh weight was 

observed in the Scotia wheat inoculated with R. irregulare than in the same cultivar inoculated with Myke. In 

addition, the wheat cultivar FL62R1 (whether inoculated or non-inoculated) generally had higher levels of root 

fresh weight, whereas Snowbird (whether inoculated or non-inoculated) had the lower root fresh weight. These 

findings show that the wheat cultivar FL62R1 was the best option among these four experimental spring wheat 

genotypes in terms of producing stronger root systems. 

Table 3. Effect of interaction between mycorrhizal strains and wheat cultivars on root fresh weight, sliced by 

wheat cultivar (α = 0.05) 

Wheat cultivars Mycorrhizal strains P-value Root fresh weight (means)
a)

 

FL62R1 Funneliformismosseae P = 0.0425 2.4593abb) 

Funneliformiscaledonius 2.6365ab 

Rhizoglomus irregulare 3.0955a 

Myke 2.1972b 

Control 2.6191ab 

Scotia Funneliformis mosseae P = 0.0179 2.1776ab 

Funneliformis caledonius 2.1834ab 

Rhizoglomus irregulare 2.2746a 

Myke 1.7020b 

Control 2.1886ab 

Snowbird Funneliformis mosseae P = 0.0016 1.8465a 

Funneliformis caledonius 1.3465ab 

Rhizoglomus irregulare 1.8073a 

Myke 1.6429ab 

Control 1.2751b 

13NQW1265 Funneliformis mosseae P = 0.0108 2.2588ab 

Funneliformis caledonius 2.0449ab 

Rhizoglomus iirregulare 2.4982a 

Myke 1.9780ab 

Control 1.9036b 

Mycorrhizal strains * wheat cultivarsc) P = 0.0137 
a) Root fresh weight is presented as means. 

b) Means followed by the same letters are not significantly different with 95% confidence limits. 

c) A two-way-interaction between mycorrhizal strains and wheat cultivars was found. 

 

--Root dry weight 

Root dry weight was significantly affected by AMF strain (P < 0.0001), and salinity treatment (P = 0.0234) 

independently (Tables 4 and 5). A significant difference was observed between cultivars (P < 0.0001). In terms 

of the evaluation of wheat cultivars, FL62R1 had the heaviest root dry weight, whether inoculated with 

mycorrhizal fungi or not. The cultivar Snowbird had the lowest root dry weight, whereas Scotia and 

13NQW1265 had relatively moderate root dry weights, which were lower than that of wheat FL62R1 but higher 

than that of Snowbird. Multiple comparisons between the wheat plants colonized by the mycorrhizal strains F. 

mosseae, F. caledonius, and R. irregulare and the non-mycorrhizal controls indicate that mycorrhizal inoculation 

significantly improved root dry weight. The only exception was inoculation with the commercial AMF strain 
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Myke, given that Myke colonization had no significant effects on the wheat cultivars in comparison with the 

non-inoculated controls. 

Table 4. Back-transformedmeansa) for root morphology and root dry weight with Bonferroni grouping (α = 0.05) 

 Root 

length
b)

 

(mm) 

Surface area 

(mm*mm) 

Root volume 

(mm*mm*mm) 

Root dry weight 

(grams) 

Wheat cultivars 

FL62R1 280.07ac)
 84.7314a 2.0491a 0.5401a 

Scotia 287.98a 79.0213ab 1.725ab 0.4618b 

Snowbird 239.03b 58.6932c 1.2598c 0.3544c 

13NQW1265 304.79a 75.2293b 1.438bc 0.437b 

P-value P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 

Mycorrhizal strains
d) 

F.mosseae 301.60a 81.2535ab 1.744ab 0.4732a 

F.caledonius 252.54bc 64.8801cd 1.3384c 0.4556a 

R.iirregulare 320.13a 88.5825a 1.9599a 0.5121a 

Myke 237.81c 63.7823d 1.3682bc 0.392b 

Control 280.57ab 73.19bc 1.696abc 0.3959b 

P-value P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 
a) The four variables were analyzed based on their different distributions, and thus the means here are back-transformed means. 

b) No two-wayinteractionswere found for these four variables; they were affected by wheat cultivar and mycorrhizal strain independently. 

c) Means followed by the same letters are not significantly different with 95% confidence limits. 

d) F. mosseae =Funneliformis mosseae; F. caledonius =Funneliformis caledonius; R. iirregulare=Rhizoglomusirregulare. 

 

Table 5. Back-transformedmeansa) for root surface area and root dry weight under salinity effects with 

Bonferroni grouping (α = 0.05) 

Salinity levels (mmolL
−1

) Surface area (mm*mm)
b)

 Root dry weight (grams) 

0 76.9581ac) 0.4615a 

50 74.4342ab 0.4493ab 

100 69.9915b 0.4203b 

P-value P = 0.0200 P = 0.0234 
a) The two variables were analyzed based on their different distributions, and thus the means here are back-transformed means. 

b) No two-wayinteractionswere found for these variables, and therefore they were affected by salinity level independently. 

c) Means followed by the same letters are not significantly different with 95% confidence limits. 

 

3.2 Root Morphology 

Total root length, root surface area, and total root volume were measured as representatives of root 

morphological variables. All the three root architecture parameters depended to the wheat cultivar and the 

mycorrhizal strain, independently (Table 4). The two-way interaction was not statistically significant at the 

P=0.05 level. Generally, the results indicate that inoculation with R. irregulare benefited the host wheat by 

strengthening root development, which was quantified by larger total root volume, longer root length, and 

greater root surface area. Root surface area was taken as an example here. A comparison between the R. 

irregulare-inoculated wheat plants and the non-mycorrhizal controls indicates that colonization by R. irregulare 

fungus appeared to positively promote root growth and development, contributing to significantly larger root 

surface area. From the perspective of wheat cultivar selection, the results demonstrate that the wheat cultivars 

exhibited different root morphology responses. Generally, cultivar FL62R1 and Scotia had the best performance 

for all variables, resulting in the longest root length, largest root surface area, and largest root volume, whereas 

the commonly used cultivar Snowbird had the poorest performance, with the lowest values for all the root 

morphology variables measured.  

3.3 Salinity Effects 

The results show that the salinity had a non-significant effect on root length, total root volume, root fresh weight. 
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In addition to negatively affecting grain yield through an interaction with mycorrhizal strain as discussed above, 

the salinity treatments also had significantly negative effects on root surface area and root dry weight. 

Specifically, root surface area and root dry weight decreased significantly under the highest-concentration of salt 

solution (100 mmolL−1) in comparison with the non-salt control in all wheat-mycorrhizal combinations, and the 

decrease could be well-described by linear regression. These findings suggest that even the highest level of 

saline stress applied in this study may be far below the salt sensitivity of wheat cultivars, with the result that the 

effects of salt were non-significant on most of the variables in this study.  

4. Discussion and Conclusion 

4.1 Plant Biomass and Root Morphology 

Taken together, the above findings demonstrate that the mycorrhizal strains F. mosseae and R. irregulare 

improved the performance of the experimental wheat cultivars in terms of both plant biomass (grain yield and 

root biomass) and root morphology among the four selected AMF strains. Wheat colonized by F. mosseae or R. 

irregulare showed significant advantages in terms of both the mitigation of saline-induced yield loss and the 

promotion of root development, with heavier root biomass and optimized root architecture in comparison with 

the non-inoculated controls. However, the performance of mycorrhizal strains F. caledonius and Myke varied 

among the variables. 

With respect to plant biomass, the results illustrate that wheat inoculated with F. mosseae and R. irregulare 

experienced lower yield loss under salinity stress and produced heavier root biomass. These effects may be due 

in part to the integrated effects, which include: increased uptake of phosphorus (which functions as the crucial 

nutrient and material base for plant development and growth),enhanced water absorption and water-use 

efficiency (which allow the plant to fight against salinity-induced physiological water shortages),and more 

efficient photosynthesis (which provides more carbohydrates and improves the transportation rate between the 

plant and the fungus in the mycorrhizal symbiosis) (Collaet al., 2008; Sheng et al., 2008; Talaat and Shawky, 

2013).  

It has been widely reported that mycorrhizae help plants to improve their tolerance against salinity stresses 

through multiple mechanisms, including changes in root morphology and the enhancement of water and nutrient 

uptake. The comprehensive effects therefore improve plant vigour and provide hosts with heavier root biomass 

in comparison with non-mycorrhizal controls under saline conditions (Evelin et al., 2009; Porcel et al., 2012). In 

consequence, evaluations on root biomass and yield production are insufficient to provide enough information 

for a full understanding of the influence of plant mycorrhization. As previously reported by Iman et al., (2006), 

root morphology may change without significant differences in root biomass. Therefore, in addition to root 

biomass, root morphological parameters must also be evaluated, as was done in this study. 

Optimized root architecture was observed in the wheat inoculated with R. irregulare, as indicated by larger root 

surface area, longer root length, and larger total root volume. Particularly, the R. irregulare -inoculated wheat 

had a significantly larger root surface area in comparison with the non-inoculated controls and thus provided 

larger contact areas with the soil matrix, allowing the plants to absorb mineral nutrients and water more 

efficiently, an absolute advantage in stress conditions. Similarly, roots with larger total root volume and longer 

root length were also of great value in terms of nutrient absorption, by exposing roots to a larger area of soil 

matrix and by drilling deeper into the soil for more available nutrition (Jones et al., 1989). The enhanced uptake 

of nutrients, especially phosphorus ions, played a crucial role in the promotion of root development and 

contributed to the increased root fresh weight and root dry weight in this study. Therefore, it is reasonable to 

conclude that colonization by the mycorrhizal fungus R. irregulare significantly optimized root architecture, 

which was the structural foundation for increased nutrient uptake capacity, and that the increased water and 

mineral absorption contributed to heavier root biomass. However, the performance of other AMF strains was not 

as stable and positive as that of R. irregulare. 

A comparison between the wheat cultivars shows that FL62R1 performed the best in most cases, with 

significantly heavier root biomass and better optimized root architecture. In contrast, the Snow bird wheat 

responded the poorest to mycorrhizal colonization. These findings suggest that in terms of better response to 

mycorrhization and stronger stress tolerance capacity, the wheat cultivar FL62R1 is more suitable than the 

commercially used Snowbird wheat. 

4.2 Salinity Treatment 

Salinity had significant negative effects on grain yield, root surface area, and root dry weight at the highest 

experimental salinity level (100 mmolL−1). Regarding the other experimental variables, the salinity levels used in 
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this study were too low to induce a detectable stress response on wheat cultivars, themoderately salinity-tolerant 

crop. Previous studies on the salinity tolerance of wheat used a wide range of salt levels, ranging from 0 mM 

(control) to 200 mM or even higher (Zair et al., 2003; El-Hendawy et al., 2005), and significant negative effects 

would generally be observed when the concentration of saline solutions were higher than 150 mmolL−1. It has 

been reported that the salinity levels applied to a moderately salinity-tolerant wheat variety ranged from 0 

mmolL−1to 320 mmolL−1 and statistically significant changes were found in most variables where salt solutions 

higher than 120 or 180 mmolL−1. Thus it is reasonable to deduce that the NaCl concentration of 100 

mmolL−1used in our study did not provide sufficient stress for wheat, leading to insignificant effects of salinity 

on many of the variables. This study still provided useful information about salinity, however. The strongest 

saline stress used in the study was equal to slight saline condition if we compare the highest salt concentration to 

the saturation extract (100 mmolL−1, which equals 5.8 gL−1, slightly saline soil conditions). We can therefore 

deduce that these four wheat cultivars are able to grow in slightly saline soil without negative effects (Brouwer et 

al., 1985). 
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