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Chapter 13
Application of Arbuscular Mycorrhizal Fungi 
into Agriculture

Ibrahim Ortaş, Mazhar Rafique, and İbrahim A.M. Ahmed

Abstract  In the natural ecosystem, rhizospheric soils have various biological 
organisms to favour the plant growth, nutrient absorption, stress tolerance, disease 
prevention, carbon capturing and many more. These organisms include mycorrhizal 
fungi, bacteria, actinomycetes, etc. which solubilize nutrients and assist the plants 
in uptaking by roots. Among them, arbuscular mycorrhizal (AM) fungi have key 
importance in natural ecosystem, but high rate of chemical fertilizer in agricultural 
fields is diminishing its importance. In this chapter, indigenous AM fungi efficiency 
is discussed with various doses of chemical fertilizer against number of cereal, cash, 
horticultural and fruit crops. Moreover, their effects on the plant growth, yield 
enhancement, fruit quality and soil quality are discussed. In the rhizosphere, AM 
fungi have main interaction with multipurpose bacteria such as phosphorus solubi-
lizing bacteria, nitrogen fixers, plant growth-promoting rhizobacteria and stress tol-
erance bacteria. AM fungi contribute in building rhizospheric carbon stock, and, 
recently, addition of biochar in the soil for enhancing soil physicochemical proper-
ties and nutrient release has been studied with AM fungi. In order to manage the 
indigenous AM fungal spores, soil and crop management is important in association 
with carbon amendments for soils. One of the greatest challenges for the society is 
food insecurity, which should be changed into ‘food security’ by improving our 
knowledge and practicality to double the food production through sustainable farm-
ing approaches.
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13.1  �Introduction

Microorganisms (bacteria and fungi) in the rhizosphere infect roots and create 
nutrient-rich environment for the plant growth and food security (Rodriguez and 
Sanders 2015). Moreover, they repel the hazardous chemicals from the roots or 
alternatively dilute their effects in rhizosphere. Mycorrhizal fungi included in natu-
ral resources which develop symbiosis with 70–90% of the terrestrial plant roots 
(Parniske 2008) and its worldwide presence in forest and agroecosystems form 50% 
of microbial biomass in tropical ecosystem (Olsson et  al. 1999). Among various 
important functions of the plant-fungal symbiosis, plant growth promotion by the 
phosphorus uptake is a key function (Ortas et al. 2001). Mycorrhizal fungi increase 
nutrient uptake for the plants, particularly immobile nutrients such as phosphorus 
(P), copper (Cu) and zinc (Zn) in soil which are not accesible to plant roots in nor-
mal condition due to slow immobility (Marschner 2012; Ortas 2003). These macro 
and micro nutrients are taken up by AM fungi in poorly fertile soils (Kayama and 
Yamanaka 2014). Moreover, water-use efficency for the plant has been reportedly 
improved by AM fungal application (Bowles et al. 2016). Additionaly, AM fungi 
assist the plants to tolerate various environemental stresses such as salinity, drought, 
heat and pollutants in rhizosphere (Aranda et  al. 2013; Bowles et  al. 2016; 
Chandrasekaran et al. 2016; Maya et al. 2014). Besides all these direct benefits to 
the plants, AM fungi have significant role in soil structure development and aggre-
gate formation which improves soil quality and culminates to better plant health 
(Jansa et al. 2016; Zou et al. 2016).

Mycorrhizal application also reduces the quantitative use of chemical fertilizer 
input especially P fertilizer (Charron et al. 2001; Ortas 2012b). By keeping in mind 
the importance of mycorrhizae for plant growth promotion and soil qualaity 
improvement, it is necessary to manage the indigenously present mycorrhizal fungi 
in the field especially in nutrient-deficient soil. For sustainable agriculture, proper 
nutrient management resides an inevitable status where mycorrhizal fungi contribu-
tion cannot be neglected. In this regard, indegenious mycorrhizal fungal spores 
infect the plant roots and contribute in sustainable management of nutrients, water, 
soil properties and crop yield (Ortas 2003; Ortas and Coskan 2016). The effect of 
nutrient- and water-deficient conditions in field can be reduced in well-managed 
rhizosphere with increased microbial community and nutrient avaialability which 
benefit plant-soil quality (Barea et al. 2005).

Mycorrhizal fungi feed the plant by transfering P predominantly along with 
other immobile or slowly nutrients and balancing water uptake for ecological farm-
ing. As mycorrhizal fungi directly influence the plants’ physiology and improve 
food quality, a recent demand in the organically produced crops has increased where 
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mycorrhizal fungi feed the plants to balance nutrients and water requirements (Ortaş 
and Varma 2007). Mycorrhizal fungi can be an important and primarily useful bio-
fertilizer source for organic agriculture whose spores are indegeniously present in 
the soil. For several reasons, especially for the future in terms of water deficiency, 
global climate change and soil and water pollution, management of indigenous 
mycorrhizae and selected microbial inoculum application is very important for food 
chain security, food safety and agricultural sustainability. Using the organic fertil-
izer for crop productivity, such as mycorrhizal fungi inoculant and other microbial 
inoculants, can ensure agricultural sustainability for a longer time period with 
reducing consumption of chemical fertilizer. Using these agricultural adaptation 
mechanisms is environmentally sound to ensure food security.

Proper use of mycorrhizal fungi in agriculture has not been classically adopted 
around the world particularly in Europe and North America, while in some of the 
developing countries, mycorrhizal fungi use has been developed due to expensive 
chemical input (Roy-Bolduc and Hijri 2012). To apply mycorrhizal fungi in com-
mercial fields, large-scale production of mycorrhizal fungi (IJdo et al. 2011) and its 
coating on seed (Vosátka et  al. 2012) could be the conceivable solution of main 
hurdles in vast area application. Furthermore, Roy-Bolduc and Hijri (2012) sug-
gested two approaches of using mycorrhizal fungi in the field: inoculum selection 
and adopting cultural practices that enhance indigenous mycorrhizal fungi popula-
tion. Cultural practices optimize the efficiency of indigenous mycorrhizae, but still 
it does not make the best and specific strain/plant combination for productivity 
which is a big challenge for researchers to achieve food security.

Selection of suitable plant as host for the mycorrhizal fungi production is another 
big question, although some of the researchers tried to explore host-specific strain 
by exploration of indigenous mycorrhizal fungi (Abdullahi et al. 2014; Ortas 2015; 
Ortas and Ustuner 2014a, b). The answer of this question depends on the type of 
mycorrhizal species, on the plant genotype and undoubtedly on the environment. In 
the field, targeted application of mycorrhizal fungi can be the large-scale option in 
terms of cost-effectiveness.

Until now, several studies have been conducted around the world on various 
crops in different soil conditions with mycorrhizal fungi. In greenhouse conditions, 
it has been extensively shown that mycorrhizal fungi can increase plant growth and 
nutrient uptake. However, there is still a lack of information concerned with increase 
in plant growth and nutrient uptake under field conditions.

Few leading experiments established knowledge of mycorrhizal fungi on main 
agricultural crops including cereals, cash crops, vegetables and fruits have been 
mentioned in this chapter. This chapter emphasizes on knowledge gap in mycor-
rhizal fungi application on a large scale for food security and quality along with 
environmental stress tolerance for various crops. Mycorrhizal fungi application in 
the field for various cash crops, cover crops, vegetables and fruits will be discussed 
in this chapter. Mycorrhizal fungi activities in association with various bacteria, 
termed as ‘mycorrhizae helper bacteria’, have also been discussed. Moreover, 
emerging technology of using mycorrhizal fungi with biochar as soil amendment 
will be subjected to discuss for its promising potential in agriculture.
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13.2  �Mycorrhization in Field Crops

13.2.1  �Wheat

Wheat (Triticum aestivum L.) is one of the main crops fundamental to human civi-
lization. It is improving world food security by providing 20% of the total dietary 
calories and proteins worldwide (Shiferaw et al. 2013). To feed the world popula-
tion, proper and healthy growth of plants is inevitable in limited resources. Supply 
of macro- and micronutrients, particularly P by mycorrhizal fungi, is a way out to 
feed the plants and save the nine billion humans on earth. During field application, 
large amount of inoculum is required, which is the main limitation for mycorrhizal 
fungi use on large scale. To overcome this limitation, a study was conducted by 
using Glomus intraradices on wheat seed as coating material to test its feasible 
delivery system. The use of mycorrhizal fungi as seed coating material has the 
potential to significantly reduce required amount of inoculum, increasing efficiency 
and cost reduction (Oliveira et al. 2016). Root colonization was not different than 
the conventional method of mycorrhizal fungi application which ensured the uptake 
of P, K, S and Zn, whereas significant increase in the dry shoot was also observed. 
On the other hand, this methodology also ensures the reduction in chemical fertil-
izer consumption which adds up heavy metals in the soil.

Similarly, a meta-analysis of 38 field trials of wheat was conducted, and 333 
observations for plant growth and nutritional parameters such as grain yield, root 
biomass, root colonization and nutrient uptake were considered. Results showed 
that aboveground biomass, grain yield, harvest index and nutrient concentration 
were increased, and positive correlation was observed between root colonization 
and grain yield (Pellegrino et  al. 2015). Besides that, mycorrhizal fungi species 
specificity to the plant genotype is a crucial driver to achieve notable plant response. 
Meta-analysis study concluded that mycorrhizal fungi inoculation in wheat field 
could be an effective approach for economically sustainable cropping system. 
Addition of mycorrhizal fungi is strongly related with dose of P2O5 application. In 
an experiment, wheat yield was observed under three different P doses and com-
pared with non-mycorrhizal treatments. Results showed that maximum yield was 
gained in limited supply of P2O5 fertilizer and both have inverse relation (Fig. 13.1). 
Pandey et al. (2005) found P uptake by wheat was near 10% more than without 
mycorrhiza, while another cereal, rye, was taking up phosphorous 64% more in the 
presence of mycorrhizas.

In addition to giving a direct benefit to the plants, mycorrhizal fungi alter bacte-
rial community to assist plant in growth promotion and stress tolerance. In a study 
conducted on wheat crop, G. intraradices increased the gram-negative and 
gram-positive bacteria by 37 and 56%. Integrated approach of using mycorrhizal 
fungi to boost bacterial community can assist plant against various stress conditions 
such as temperature, water, nutrient and pollutants (Ingrid et al. 2016).

At molecular and genetic level, few studies have been conducted to evaluate the 
influence of mycorrhizal fungi on nutrient uptake. Valuable information is available 
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for the upregulation of phosphate (Pi) and nitrogen (N) transporter genes in plant 
roots infected by mycorrhizal fungi, but detailed mechanism still needed explora-
tion to answer (Duan et al. 2015). Four species of mycorrhizal fungi, Acaulospora 
delicata, G. etunicatum, G. mosseae and G. intraradices, were used to evaluate gene 
upregulation in the roots of winter wheat, which increased mycorrhiza-inducible Pi 
transporter genes, while on addition of N in soil, expression of mycorrhiza-inducible 
Pi transporter was increased.

13.2.2  �Maize

Maize (Zea mays L.) is another important crop around the world after wheat. To 
meet the demand of maize consumption, nutrient availability, environmental stress 
in terms of drought, heat fluctuation and contaminants are main shortcomings. The 
use of mycorrhizal fungi in stress tolerance emerged as a promising approach to 
cope these limitations. To evaluate mycorrhizal fungi assistance in stress tolerance 
against P- and Zn-deficient soils, a study was conducted in calcareous soils from the 
Central Anatolia Region of Turkey. Maize plants were grown in G. mosseae- and G. 
etunicatum-inoculated soil up to 7 weeks with three rates of P2O5 application (0, 25, 
125 mg P kg−1 soil) and two rates of Zn (0 and 5 mg Zn kg−1 soil). Maize plant is 
highly mycorrhizal dependent, and under low application of nutrients, mycorrhizal 
fungi managed uptake of P and Zn assisting plants. When the soil was inoculated 
with mycorrhizal inoculation, the increasing effects of P and Zn fertilization on 
plant growth remained less pronounced (Ortas 2012a).

Sterile and non-sterile soils have different impacts on the mycorrhizal fungi 
inoculation on plant growth and maize dependency. To evaluate G. caledonium, G. 
etunicatum and G. mosseae effect on maize growth and nutrient uptake, a study was 
established with different doses of P2O5 application. Results showed that inocula-
tion in sterilized condition with low P2O5 input increased the plant growth and P 
uptake. Moreover, mycorrhizal dependency of maize plants grown in sterilized soil 

Fig. 13.1  Wheat yield in 
mycorrhizal and non-
mycorrhizal treated 
treatments under different 
P2O5 levels (Ortas 
unpublished results)
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and low P2O5 dose was observed higher than the non-sterilized soils. Specificity of 
G. caledonium with maize plant was observed higher (Ortas 2003).

Similarly, a 2-year field trial was conducted to evaluate growth promotion and 
salinity stress tolerance of maize and cotton by assistance of indigenous mycorrhi-
zal fungi. Biomass production and P uptake were increased notably, while, physio-
logically, leaf proline accumulation and K+/Na+ ratio were promoted through 
selective preferential uptake of K+ and Na+. Although measuring the effects of 
indigenous mycorrhizal fungi has some methodological limitations, its effect on 
plant growth and stress tolerance cannot be compromised (Liu et al. 2016). Native 
mycorrhizal fungi isolated from the saline field improve maize growth by boosting 
antioxidant system in plants; moreover, in Mediterranean saline habitat, mycorrhi-
zal fungi enhanced ion homeostasis system in maize which assist plant growth in 
saline condition.

The use of mycorrhizal fungi to overcome low temperature stress by the maize 
plants is evaluated in a study. Inoculation with G. etunicatum alters host water status 
and photosynthesis which assists the plants in low temperature stress elevation by 
providing nutrients and alleviating water loss in the maize leaves (Zhu et al. 2010). 
To evaluate the relation between mycorrhizal fungi and maize genotypes, a green-
house experiment was conducted where six maize genotypes (Luce, Vero, Darva, 
Pegasso, P.3394 and P.32K61) and eight mycorrhizal fungal species (G. mosseae, 
G. caledonium, G. etunicatum, G. clarium, G. macrocarpum, G. fasciculatum, Dr. 
Kinkon (Japanese species) and G. intraradices) were used (Ortas and Akpinar 
2011). Maize genotype growth was found strongly linked with mycorrhizal fungi 
species inoculated. The uptake of nutrients and biomass production is variable for 
maize genotypes depending on mycorrhizal fungal species inoculation, but all were 
positively correlated (Ortas 2003; Ortas and Akpinar 2011).

13.2.3  �Cotton

Cotton (Gossypium arboreum L.) being a cash crop and primary source of fabric is 
important. Application of mycorrhizal fungi in the field has various limitations such 
as storage, propogation and bulk application. Besides that, in a study, G. clarium 
inoculum was applied in the field for soybean (Glycine max L.) and cotton crops 
with different doses of P2O5 fertilizer. The results of Ortas (2012b) indicate that 
under 3-year field conditions, mycorrhiza-inoculated cotton plant had higher P and 
Zn concentrations than their non-inoculated counterparts. However, for cotton 
plants phosphorus application had a significant (P < .0.02) effect on yield as well. 
Mycorrhizal fungi inoculation increased 20% root colonization which assisted in 
nutrient absorption and decreased chemical fertizlizer consumption (Cely et  al. 
2016). Similarly, to investigate the integerative effect of mycorrhizal fungi and 
phosphate-solubilizing bacteria, a pot experiment was conducted on cotton plant. G. 
mosseae and A. laevis were used with Pseudomonas fluorescens and different doses 
of superphosphate. The combination of G. mosseae and Pseudomonas fluorescens 
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was verified promising in various physiological and growth parameters such as sto-
matal conductance, chlorophyll content, acidic and alkaline phosphatase activity, 
shoot and root dry biomass, root and shoot length and leaf area (Badda et al. 2015).

13.2.4  �Soybean

Soybean (Glycine max L.) is an important leguminous oilseed crop rather than pulse 
which produces significant amount of proteins in a hectare than other crops. 
Mycorrhizal fungus and bacterial effectivity was evaluated in a study where two 
varieties of soybean were inoculated with G. intraradices and Thiobacillus sp. as 
biological amendments along with different chemical fertilizer inputs in a low avail-
able P soil. Seed yield, oil proteins and nutrient concentration were analysed. In 
co-inoculation of mycorrhizal fungi and bacteria with chemical fertilizer, seed yield 
and seed nutrient concentration (P and Mn) were improved. Under field conditions 
soybean plants showed high mycorrhizal inoculation efficiency, and also mycor-
rhizal inoculation increased P and Zn concentration (Ortas 2012b). Mycorrhizal 
fungi and chemical fertilizer in combination enhanced oil and protein content per-
centage (Mostafavian et al. 2008).

13.3  �Mycorrhizal Application for Vegetables

Mycorrhizal inoculums’ potential can be adversely affected by soil management 
practices such as fertilizer application, pesticide use, crop rotation, fallowing, till-
age and topsoil removal. Soil moisture content and irrigation are also important 
factors for the success of seedling transplantation. Soil biological properties are 
important, and competition among microorganisms such as native mycorrhizal spe-
cies, bacterial species, soilborne fungi and nematodes affects the plant health and 
nutrient uptake efficiency. Inoculated mycorrhizal seedlings reduce the cost of 
chemical fertilizer input without compromising on plant growth and yield. Moreover, 
inoculating the seedlings could also reduce the cost of inoculum production on large 
scale for field application. Mycorrhizal fungi and P2O5 fertilizer are correlated; 
under high rates of P2O5 application, mycorrhizal fungi effects are masked. Plant 
growth under stress conditions may be enhanced by the application of microbial 
inoculation including plant growth-promoting rhizobacteria (PGPR) and mycorrhi-
zal fungi. These microbes can promote plant growth by regulating nutritional and 
hormonal balance, producing plant growth regulators, solubilizing nutrients and 
inducing resistance against plant pathogens. In addition to their interactions with 
plants, these microbes also show synergistic as well as antagonistic interactions 
with other microbes in the soil. These interactions may be vital for sustainable agri-
culture because they mainly depend on biological processes rather than on agro-
chemicals to maintain plant growth and development as well as proper soil health 
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under stress conditions. Biological interactions between PGPR and mycorrhizal 
fungi are believed to cause a cumulative effect on all rhizosphere components, and 
these interactions are also affected by environmental factors such as soil type, nutri-
tion, moisture and temperature (Nadeem et al. 2014).

13.3.1  �Onion

Onion (Allium cepa L.) is the most widely grown vegetable and it is a biennial crop. 
It is strongly a mycorrhizal-dependent plant. Application of mycorrhizal fungi to 
the onion is supposed to be promising for root-disease control, stress amelioration, 
biocontrol activities and fruit quality enhancement for human nutrition. To achieve 
all these benefits, considering the plant genotype and mycorrhizal fungi combina-
tion is important followed by soil properties and inoculation method (Baum et al. 
2015). Mycorrhization improves bulb formation and growth of onion seedlings. 
Accumulation of proteins, proline and soluble sugars on leaves becomes high in 
mycorrhizal fungi-treated plants. This interaction is beneficial for enhancing the 
tolerance of onion seedlings to environmental stresses (Bettoni et  al. 2014). 
Similarly, to evaluate the mycorrhizal fungi efficiency under drought stress, G. ver-
siforme, G. intraradices and G. etunicatum were applied on onion plants. Inoculation 
with G. versiforme and G. etunicatum improved P and K uptake (Aliasgharzad et al. 
2009). Mycorrhizae species also have significant effect on plant growth and number 
of spore production (Table 13.1).

13.3.2  �Pepper

Pepper from Piperaceae family is a widely consumed vegetable, and it has shallow 
root system which cannot absorb sufficient nutrient elements in deep soil. It makes 
pepper a strongly mycorrhizal-dependent plant for nutrient and water absorption 

Table 13.1  Effect of different host plant and mycorrhizal species on mycorrhizal propagation

Host plant Mycorrhizal species
Shoot dry weight  
(g/pot) % infection

Spore number in  
(10 g inoculums)

Control 0.27 0 0
Onion G. mosseae 1.35 68 150

Acaulospora laevis 1.27 59 146
G. intraradix 1.21 75 140
Control 0.45 0 0
G. mosseae 1.72 74 231

Leek Acaulospora laevis 1.35 66 195
G. intraradix 1.25 73 218

Ortas (unpublished data)
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(Şimşek et al. 1998). A 3-year field experiment was conducted in Mediterranean 
climate to evaluate indigenous mycorrhizal performance in fumigated and non-
fumigated soil conditions. Non-fumigated soil leads to high root growth, mycor-
rhizal root infection and better plant growth. Moreover, inoculation effectiveness 
was high in limited P2O5 application (Ortas 2012b). Similarly, in a field experiment, 
G. mosseae and G. etunicatum were applied on tomato, hot pepper and eggplant to 
observe yield enhancement in the absence and presence of P2O5 (Fig. 13.2).
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Fig. 13.2  Effect of different mycorrhizal inoculations on yield of tomato, pepper and eggplant 
under +/− P addition under field conditions
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13.3.3  �Tomato

Mycorrhizal inoculation in the plants reduces chemical P2O5 requirement in com-
parison to the non-inoculated plants. In tomatoes, reduced application of P2O5 and 
enhanced mycorrhizal infection may depict the inherited response on tomato growth 
in low to moderate soil P2O5 environment (Sylvia and Chellemi 2001). A 3-year 
long-term field experiment concluded that fumigated fields reduce indigenous 
mycorrhizal community which immediately affect the root infection and plat growth 
promotion (Ortas et  al. 2003). Similarly, in another 3-year field experiment on 
tomato, G. mosseae, G. clarum, G. etunicatum, G. intraradices, G. caledonium and 
a cocktail of them were used to inoculate tomato plants. Plant biomass was signifi-
cantly higher than the non-inoculated, and interesting results were reported that 
mycorrhizal fungi pre-inoculation (seed stage inoculation) had high mycorrhizal 
dependency and growth performance than reinoculation (seedling stage). Even the 
inoculated plants flower earlier than the non-inoculated and produce high yield. 
Specificity of G. etunicatum is reported to be high for tomato plant growth promo-
tion than other mycorrhizal fungi (Ortas et al. 2013). In a field experiment, at three 
different doses of P2O5 and in the absence and presence of mycorrhizal fungi, tomato 
and eggplants were grown. Results showed that P2O5 had direct relation with tomato 
yield in the absence of mycorrhizal fungi, whereas, on mycorrhizal inoculation, 
fertilizer addition was non-significant for yield enhancement. Besides that, yield of 
mycorrhizal inoculated plant treatment without P2O5 application was higher than 
the non-mycorrhizal but highest dose of P2O5 (Fig. 13.3).

In another study, cherry tomato growth was evaluated by applying Azospirillum 
brasilense and G. intraradices together in comparison to the conventional inorganic 
fertilizer under shade conditions. After 15 and 30 days of transplantation, suspension 
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of the bacteria and mycorrhizal fungi was applied and notable data was observed. 
There were 6% increase in plant height, 10.5% dry biomass and 11% leaf area; 16% 
cherry tomato yield increase was recorded against the plants grown by conventional 
use of fertilizer (Lira-Saldivar et al. 2014).

13.3.4  �Cucumber

Cucumber (Cucumis sativus) is also grown usually by seedlings, and mycorrhizal 
contribution for seedling survival and plant growth promotion is broadly tested. In 
this regard, two experiments were conducted where G. mosseae and G. etunicatum 
were used to check the seedling survival, root colonization and different plant 
growth promotion parameters in the absence and presence of P2O5 fertilizer. In 
another trial, these mycorrhizal fungi were inoculated with cucumber in addition to 
the indigenous mycorrhizae (G. mosseae, G. etunicatum, G. clarum, G. caledo-
nium). Significant survival of seedlings, fruit yield and P and Zn shoot concentera-
tion were observed in inoculated plants (Ortaş 2010) (Figs. 13.4 and 13.5).

Similarly, G. fasciculatum and G. mosseae were used as inoculants for cucmuber 
seedlings under sterilized and non-sterilized conditions in Mediterranean climate. 
Results depicted that using mycorrhizal fungi increased yield and nutrient concen-
teration such as P, Zn and Mn in the absence of fertilizer (Charron et al. 2001; Ortas 
2008). In a 1-year field experiment, five mycorrhizal species were applied on 
cucumber, and their cocktail was also tried. Fruit was picked 12 times and average 
total yield was noted. Mycorrhizal inoculation was promising for yield enhancement 
than the control, whereas G. etinicatinum and G. caledonium were more specific 
and promising in cucumber yield (Fig. 13.6).

Fig. 13.4  Cucumber yield under different AM fungal inoculations
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13.3.5  �Eggplant

Eggplant (Solanum melongena L.) is also a major horticultural crop produced from 
the seedlings. Many studies have been conducted to evaluate the suitability and 
specificity of the mycorrhizal fungi species for eggplant growth promotion and 
yield enhancement. Various Glomus species were tested in three greenhouse experi-
ments for the three consecutive growing seasons to evaluate seedling production 
and growth before their transplantation in the fields. Treatments were G. mosseae, 
G. clarum, G. caledonium, G. intraradices and G. etunicatum and their mixture. 
Results showed that eggplant was significantly dependent on the mycorrhizal fungi 
inoculation and seedling stage was suitable for achieving maximum benefit from the 
mycorrhization in eggplant (Ortas et al. 2011).
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Fig. 13.5  Effect of AM fungi on cucumber yield in 2000 under field conditions

Fig. 13.6  Effect of several AM fungi on cucumber yield 3-year field experiment
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13.4  �Mycorrhizae for the Tree Plants

A number of woody plants are the source of fruits, and they are propagated using 
tissue culture technique for disease-free plants. This technique ensures the produc-
tion of high-quality plant species, but their transplantation to the field often arises 
environmental stress problem. To make the plants strong against stress, mycorrhizal 
fungi inoculation could be the possibility as many trials have been conducted to 
explore the function of mycorrhizal fungi in stress tolerance and has been explained 
in the previous chapters.

13.4.1  �Citrus

Citrus is an important fruit tree with strong dependency on mycorrhizal fungi. Many 
greenhouse and field trials have been conducted to evaluate mycorrhizal fungi influ-
ence on nutrient uptake and its growth. In a study, five mycorrhizal fungi species (G. 
mosseae, G. mosseae, G. clarium, G. caledonium and G. etunicatum) were tested 
for citrus specificity by using two host plants, i.e. clover and maize. Citrus sinensis 
L. were inoculated with respective mycorrhizal fungi in greenhouse, and various 
growth parameters were observed. Among all, G. clarium was more specific for 
growth improvement, nutrient uptake, plant biomass and leaf area in both experi-
ments (Table 13.2). Even the height of G. clarium-inoculated plants was observed 
maximum along with root length and mycorrhizal infection. The sequence of 
mycorrhizal effectiveness in clover host was G. clarium > G. mosseae (1) > G. mos-
seae (2) > G. caledonium > G. etunicatum, whereas for the maize host, it was G. 
clarium > G. caledonium > G. etunicatum > G. mosseae (2) G. mosseac (1) (Ortas 
et al. 2002a).

In another study, sour orange (Citrus aurantium L.) was inoculated with G. clar-
ium with 3 levels of P2O5 (0, 100 and 200 ppm) and 3 levels of Zn (0, 2.5 and 5 ppm) 
to evaluate mycorrhizal fungus influence on plant growth and nutrient uptake. 
Results showed that tenfold increase in the shoot and root dry weight was observed 

Table 13.2  The effect of different arbuscular mycorrhizal inoculations on citrus shoot and root 
dry weight

Mycorrhizal species
Shoot dry weight  
(g plant−1)

Root dry weight  
(g plant−1)

Shoot/root dry 
weight ratio

Experiment I
Control 0.90b ± 0.28 1.13b ± 0.35 0.79b
G. mosseae 1.04b ± 0.14 1.30b ± 0.17 1.01b
G. clarium 4.68a ± 0.96 2.60a ± 0.53 1.80a
G. caledonium 0.60b ± 0.06 0.63b ± 0.03 0.95b
G. etunicatum 0.63b ± 0.21 0.66b ± 0.12 0.96b

Ortas et al. (2002a)
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than non-inoculated plants (Ortas et  al. 2002b). Moreover, the suitability of five 
mycorrhizal fungi was tested for 12 months with the sour orange (Citrus aurantium 
L.), and their different combinations were also tried in two growth media separately, 
i.e. andesitic tuff + peat (1:1, V: V) and andesitic tuff + peat + soil (4 + 5 + 1, V: V: 
V). Results showed that performance of inoculants is strongly dependent on the 
availability of growth media type. As in first growth media, G. mosseae and R. 
clarus were promising, while in second, G. mosseae and indigenous mycorrhizae 
were the best inoculum which lead to healthy growth of citrus seedlings (Ortas and 
Ustuner 2014c).

Similarly, to testify the interaction of growth media and mycorrhizal fungi spe-
cies in plant growth promotion, another study was conducted where growth of citrus 
was monitored for 10 months grown in four different growth media. These growth 
media were GM-A, andesitic tuff + peat (1:1, v/v); GM-B, andesitic tuff + compost 
(1:1, v/v); GM-C, andesitic tuff + peat + compost (2:1:1, v/v/v) and GM-D andesitic 
tuff + peat + soil (from the Balcali region) (2:1:1, v/v/v). A trend of the plant growth 
was quite interesting in the following descending order: GM-C &gt; GM-A &gt; 
GM-D &gt; and GM-B. G. clarium, G. margarita and G. mosseae were promising 
mycorrhizal species for citrus growth promotion in these growth media (Ortas and 
Ustuner 2014a).

13.4.2  �Apple

Apple (Malus pumila L.) is a cold climate crop which is strongly mycorrhizal 
dependent. To evaluate impact of mycorrhizal fungi on apple plant growth, different 
application methods were tested under different levels of P2O5 (0, 20, 40 and 80 mg 
P dm−3 of soil). Mycorrhizal fungi were applied as granular, quick root dip and 
irrigation which had valuable impact on mycorrhizal frequency by 83, 99 and 100%; 
moreover, mycorrhizal abundance was 36, 63 and 67% by respective application 
methodology. Physiologically, PSII efficiency of apple plant was enhanced, and sig-
nificant increase in nutrient uptake (N, P, K, S, Cu, Fe, Mn, Mo, Ti) of shoot and 
root was observed. Besides that, concentration of Al, Ba, Li, Cd, Pb and V was 
much reduced on mycorrhizal application (Gastol et al. 2016).

Compost and mycorrhizal inoculation was tested for two rootstock varieties of 
Honeycrisp apple (M.26 EMLA and G.16) in a 9-year experiment. Mycorrhizal 
infection was measured in the first, fifth, seventh and eighth year of experiment; 
moreover, plant growth, yield and foliar nutrient analyses were done. After 7 years, 
concentration of foliar Zn was increased (17 mg kg−1) in G.16 rootstock while foliar 
Cu (8 mg kg−1) in the M.26 by mycorrhizal application. Besides that, compost had 
immediate effect on shoot growth, whereas after 2 years, mycorrhizal fungi also 
made impact on shoot growth in G.16 (Moran 2014).
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13.4.3  �Plum

Deciduous fruit trees (plum) are known to be salt sensitive, and they show the symp-
toms depending on the age and height of plant. Mycorrhizal fungi compensate the 
adverse effects of salinity by assisting plant in growth promotion. To evaluate the 
mycorrhizal fungi contribution in stress tolerance, G. mosseae and phosphate-
solubilizing fungus (Mortierella sp. SM-1) were used as inoculant on rhizosphere of 
beach plum (Prunus maritima) with 1% (w/v) NaCl stress. In a saline environe-
ment, where available P is reduced, most of the enzymes required for nutrient avail-
ability such as urease phosphatase and proteinase are also adversely affected. 
Besides that, mycorrhizal fungus colonization also reduces along with dry weight of 
plant. When G. mosseae and phosphate-solubilizing fungus were allied collectively, 
adverse effects of the salinity were reduced and dry weight was increased. 
Phosphatase, urease and protease activities were also boomed in rhizosphere along 
with available P. Synergistic effects of mycorrhizal fungi and phosphate-solubilizing 
fungus improve micro-ecological environment which increase the soil fertility in 
rhizosphere and assist in stress tolerance of plants (Zai et al. 2015).

In another study, Paraglomus occultum, G. etunicatum and G. mosseae were 
used as inoculants for plum growth and nutrient uptake in saline stress condition. In 
non-inoculated set of experiment, plants were severely affected and their biomass 
was reduced, whereas in inoculated treatments, shoot dry biomass, root coloniza-
tion and nutrient (N, Ca, Mg, Cu, Zn and Mn) acquisition were high. Mycorrhizal 
spores, root infection and spore density were high. G. mosseae and G. etunicatum 
significantly increased plant biomass by 48 and 43%, while leaf area was increased 
by 34 and 33%, respectively (Zai et al. 2014).

13.4.4  �Grapevine

In a 2-year study, Crimson grapevines were grown by inoculation of G. iranicum 
through drip irrigation, and nutritional activity was observed along with physiologi-
cal progress. Besides that, persistence of mycorrhizal fungi and continuity of their 
effects were evaluated for grapevine plants. Root colonization was satisfactory, and 
impact of colonization was notable as enhanced yield, improved water-use effi-
ciency, photosynthetic performance, starch reservation and nutrient uptake, particu-
larly P, K and Ca. In the second year, persistence of the mycorrhizal effects was 
continued, but efficieny was reduced. To achieve the persistent and efficient mycor-
rhizal effects for a long term, periodic monitoring of root colonization and reinocu-
lation is mandatory (Nicolas et al. 2015).

Under greenhouse conditions mycorrhiza species strongly influenced grapevine 
seedling growth (Fig. 13.7). As can be seen in the picture and Table 13.3, different 
mycorrhiza species have different growth under different growth media. GM-A con-
sisted of a mixture of soil, sand and peat at a ratio of 3:1:1 by volume, and GM-B 
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consisted of a mixture of sand, soil and organic matter at a ratio of 6:3:1 by volume. 
Compared to GM-A, seedlings grown in GM-B produced higher dry weight. 
Cocktail and indigenous mycorrhizae also significantly increased the seedling 
growth. In GM-A plants inoculated with G. mosseae and in GM-B plants inoculated 
with G. caledonium show high shoot biomass. Also, root colonization was very high 
compared to control treatments. These patterns may be explained by the stimulant 
effects of AM fungi on root growth due to improved nutrient acquisition of the host 
plant.

The results of Ozdemir et al. (2010) showed that G. mosseae-inoculated grape-
vine rootstocks increased shoot dry weight and also increased seedlings P and Zn 
concentration. Also, grapevine seedling growth is strongly mycorrhizal dependent. 
Similarly, a comprehensive survey study was conducted to evaluate the relation 
between the presence and abundance of mycorrhizal fungi in roots of vines, and 
mineral nutrition was also conducted for 2 years. Analysis of variance, principal 
component analysis and cluster analysis were used for the analysis of root infection 
and nutrient uptake data. Most frequently present mycorrhizal fungal genera were 
Acaulospora, Gigaspora, Glomus and Scutellospora which showed high percentage 
of root colonization. Besides that, strong inverse correlation was found between 
root colonization percentage and soil P.  Vineyards with high mycorrhizal 
colonization showed a greater concentration of blade and petiole Mn, petiole Zn and 
blade Fe (Karagiannidis and Nikolaou 1999).

Root exploration largely determines the ability of plants to acquire mineral nutri-
ents from soils. Therefore, root architecture, the three-dimensional configuration of 

Fig. 13.7  Effects of different mycorrhizae species on micro-propagated seedlings of grapevines

Table 13.3  Effect of mycorrhizal species and growth media on shoot and root dry weight of 
grapevine seedlings

Mycorrhizal species
GM-A GM-B
Shoot Root Shoot Root

Control 0.28 ± 0.3 ab 0.11 ± 0.1 a 0.29 ± 0.2 c 0.06 ± 0.0 bc
G. mosseae 0.43 ± 0.1 a 0.13 ± 0.0 a 0.56 ± 0.3 a–c 0.16 ± 0.1 ab
G. caledonium 0.19 ± 0.2 b 0.06 ± 0.1 a 0.72 ± 0.4 a 0.17 ± 0.1 a
G. etunicatum 0.40 ± 0.2 a 0.13 ± 0.1 a 0.34 ± 0.2 bc 0.14 ± 0.1 ab
G. clarium 0.37 ± 0.2 ab 0.13 ± 0.1 a 0.28 ± 0.1 c 0.02 ± 0.0 c
G. margarita 0.31 ± 0.2 ab 0.12 ± 0.1 a 0.39 ± 0.3 bc 0.07 ± 0.1 a–c
G. macrocarpum 0.30 ± 0.0 ab 0.08 ± 0.0 a 0.61 ± 0.2 ab 0.13 ± 0.1 ab
G. fasciculatum 0.32 ± 0.2 ab 0.08 ± 0.0 a 0.61 ± 0.2 ab 0.12 ± 0.0 a–c
Mean 0.32 ± 0.11 0.10 ± 0.04 0.47 ± 0.19 0.11 ± 0.05
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the plant’s root system in the soil, is of great importance for improving crop nutrient 
efficiency. Furthermore, the symbiotic associations between host plants, mycorrhi-
zal fungi and bacteria are additional important strategies to enhance nutrient acqui-
sition. Their interaction develops a synergistic mechanism which develops a 
win-win situation for all the factors and improve plant growth even in the stress 
condition. Root structuring is largely dependent on the surrounding environment 
such as soil, microbes, aeration, water and nutrient availability (Li et al. 2016).

13.5  �Tripartite Relationship: Plant-Bacteria-Mycorrhizae

In natural ecosystem, mycorrhizal fungi are surrounded by a number of complex 
microbial communities, and possibly they modulate symbioses. When plant-
bacteria-mycorrhizae work together in the rhizosphere for plant growth promotion, 
nutrient uptake and plant defence are termed as tripartite relationship. It is depen-
dent on plant-soil feedback (PSF) system, and all the contributors are involved in 
multidirectional exchange of goods and services which induce changes in the 
aboveground and belowground interactions. Studies showed that that limitation of 
resources could be a key driver for local adaptation among organisms for the nutri-
tional symbioses. There are different models to explain the way of interaction where 
optimal resource allocation (ORA) model emphasises in resources-limited condi-
tion leading to natural selection of various taxa by adjusting with biomass and 
energy allocation (Revillini et al. 2016) (Fig. 13.8).

To evaluate the plant-mycorrhizae-bacteria interaction, several studies have been 
conducted which showed quite interesting results. The mycorrhiza helper bacteria 
(MHB) assist the AM fungi up to 3.8-fold increase in root colonization (Duponnois 
and Plenchette 2003). Until now, the following bacterial genera have been reported 
for their association with mycorrhizal fungi such as gram-negative Proteobacteria 
(Agrobacterium, Azospirillum, Azotobacter, Burkholderia, Bradyrhizobium, 
Enterobacter, Pseudomonas, Klebsiella and Rhizobium), gram-positive Firmicutes 
(Bacillus, Brevibacillus and Paenibacillus) and gram-positive Actinomycetes 
(Rhodococcus, Streptomyces and Arthrobacter) (Frey-Klett et al. 2007). Similarly, 
Thiobacillus and mycorrhizal fungus were used in an experiment on maize crop 
with sulphur application. Different combinations of these treatments were tried on 
alkaline soil. Results showed that inoculation of mycorrhizal fungus, Thiobacillus 
and sulphur application decreased soil pH which made nutrients available to the 
plant roots as most of the nutrients are available at neutral pH while increasing the 
grain yield and oil contents in seed. Bacterial and sulphur (500 kg ha−1) inoculation 
somehow decreased root colonization, but Fe contents were higher in the mycor-
rhizal fungal inoculated plants. Similarly, P contents were also increased along with 
grain yield (Ansori and Gholami 2015). Consequently, plant-mycorrhizae-bacteria 
association gets the benefit in terms of three core functions of bacteria, i.e. nutrient 
mobilization from soil minerals, fixation of atmospheric nitrogen and protection of 
plants against root pathogens.
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13.6  �Emerging Interaction of Mycorrhizal Fungi 
and Biochar

The use of biochar in the fields for altering soil physicochemical properties, aeration 
and environment for the microbiota living in soil is an emerging engineering tech-
nology for agricultural fields. To evaluate the impact of biochar potential as com-
pensatory fertilizer with mycorrhizal fungi in a P-fixing soil, a study was conducted 
recently. Plant root-mycorrhizae-biochar interaction in P acquisition was evaluated 
for maize in the presence and absence of P2O5 fertilizer. Accumulation of P in 
mycorrhizal fungi-inoculated maize was not different when treated with pyrolyzed 
biochar or P2O5 fertilizer. If root-mycorrhizal fungi interactions are simultaneously 
considered, biochar could be a valuable input for P2O5 availability and P uptake. 
Biochar influences plant access to soil P2O5 and requires careful management to 
improve P2O5 availability (Zwetsloot et al. 2016).

Biochar coupled with fertilizers can be applied at lower application rates to 
achieve benefits in plant growth and nutrition, as well as soil biological fertility. A 
study was investigated for the comparative influences of biochar, including mineral 
fertilizer with microbes and their combination on mycorrhizal colonization, growth 
and nutrition of wheat in a glasshouse experiment and sorghum in field conditions. 
Higher mycorrhizal colonization than mycorrhizae alone was observed showing 

Fig. 13.8  Multidirectional exchanges of goods and services among plants, mycorrhizal fungi and 
rhizobacteria. Exchanges presented here include plant benefits to mycorrhizal fungi (a) and rhizo-
bacteria (b), mycorrhizal fungi benefit to plants (c) and rhizobacteria (d) and rhizobacterial bene-
fits to plants (e) and mycorrhizal fungi (f) (Adapted from Revillini et al. 2016)
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that biochar has significant role in increasing mycorrhizal colonization. The results 
showed that biochar could increase mycorrhizal colonization, plant growth and 
nutrient uptake of wheat, particularly N, P, K, S and Zn. The field experiment con-
firmed that biochar application at a rate of 300 kg ha−1 could increase the yield of 
irrigated sorghum on a loam soil and provide better applied P use efficiency com-
pared to a water-soluble fertilizer alone. These results indicated that biochar-based 
fertilizers might increase the resilience and sustainability of dry land cropping in 
environments such as in Western Australia and warrant further field evaluation 
(Blackwell et al. 2015).

13.7  �Future Aspects and Concluding Remarks

The future challenge on the use of mycorrhizal fungi in the production of vegetables 
will be to optimize combinations of crop plant and mycorrhizal fungi inoculum, 
inoculation methods and soil or substrate properties for mycorrhiza establishment 
and use. Under field conditions, several experiments were performed to understand 
the potential contribution of mycorrhizae on horticultural plant growth and nutrient 
uptake. These facts show that mycorrhizal inoculation is necessary for healthy, 
effective and well-grown seedling production. In the near future, the effect of 
mycorrhizae on plant physiology is going to be the key mechanism for healthy food 
for all living organisms.

The response of mycorrhizal inoculation depends on soil, plant species, inocu-
lums, the method of inoculation and other ecological factors. After several years, 
experiments revealed that under field conditions, selected mycorrhizal spores and 
also indigenous mycorrhiza successfully infected plant roots resulting in improve-
ments. Under field conditions plants depend on mycorrhizal inoculation but also 
depend on P supply, and there are differences from year to year. With high P appli-
cation, mycorrhizal dependence significantly declines. Both in greenhouse and field 
conditions, mycorrhiza-inoculated plants generally were mycorrhizal dependent.

In order to manage indigenous mycorrhizae under long-term field conditions, the 
effect of soil management and crop rotation will be important. Our early experiment 
showed that crop rotation had a positive effect on the number of mycorrhizal spores 
developed. Because of soilborne disease, soil solarization and compost technology 
also can be part of soil and crop management systems by using mycorrhizal inocula-
tion for better plant nutrition and healthy plant growth. In general, horticultural 
plants such as melon, watermelon, green and bell peppers, eggplant, marrow, 
cucumber and citrus are more mycorrhizal-dependent plants. After several years of 
field experiments, it has been concluded that for field crops soil and plant manage-
ment systems, but also for horticultural plants, mycorrhizal inoculation is more 
practical and advised to be used. For future, the research direction will be focusing 
on soil and crop management systems and using mycorrhizal-inoculate horticultural 
seedlings for large agricultural practice.
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