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Abstract
Globally, there is a widespread interest in the use of legumes due to their multi-
faceted functions. Also, legumes (Fabaceae, Syn. Leguminosae) are essential 
components in natural and managed terrestrial ecosystems due to their ability to 
intimately interact with different rhizosphere microorganisms. Among soil 
microbiota, the arbuscular mycorrhizal fungi (AMF) are universal and ubiqui-
tous rhizosphere microflora forging symbiosis with plethora of plant species 
roots and acting as biofertilizers, bioprotectants, mycoremediators, and biode-
graders. The arbuscular mycorrhizal-legume (herb or tree) symbiosis is viewed 
as a better alternative for enhancing soil fertility and the rehabilitation of arid 
lands and, therefore, provides an important direction for future agricultural 
research. The sole application of AMF has been found to improve the overall 
performance of leguminous plants growing under diverse farming practices. In 
addition, the interaction of AM fungi with other plant growth-promoting rhizo-
bacteria has shown considerable increase in growth and yield of legumes. Here, 
legume growth responses to single or composite inoculation of AMF for sustain-
able production of legumes cultivated in different agroecological niches are 
highlighted. Furthermore, mycorrhizal dependency of legumes and effects of 
arbuscular mycorrhizal fungi on productivity of legumes grown under stressed 
environment are described.
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10.1	 �Introduction

The constantly declining cultivable lands and consistently rising human populations 
require that the production of crops be increased substantially at global level. Due 
to changes in abiotic and biotic soil properties, reestablishment of proper vegetation 
cover has been adversely affected (Miller 1987). Due to these factors and increased 
pressure for food production, there is urgent need to upgrade farming practices so 
that food demands are fulfilled. In this regard, farming communities are adopting 
intensive agricultural systems that involve the use of significant quantities of agro-
chemicals to optimize crop production (Hooker and Black 1995). However, the cost 
and environmental threats associated with the use of high-input strategy demands 
that agricultural systems should be modified in order to make them more productive 
and sustainable (van der Vossen 2005). To circumvent such problems, the use of 
microorganisms especially symbiotic fungi opens up the new possibility of a more 
sustainable and low-cost agricultural practices.

Legumes form symbioses with both rhizobia (Spaink 1996) and mycorrhizal 
fungi (Harrison 1999; Lodwig et al. 2003). Legumes have been grown for food, as 
fodder, fiber, industrial and medicinal compounds, flowers, and other end uses. 
Leguminous plants are also highly suitable for agroforestry system, the area that 
receives due attention for sustainable agriculture. Nutrient-acquisition symbioses 
between plants and soil microbes are important to plant evolution and ecosystem 
function (Simms and Taylor 2002). A complex yet positive interactions between 
plants and soil microbes determine the soil fertility and consequently the plant 
health (Jeffries et  al. 2003). Among numerous useful soil microflora, arbuscular 
mycorrhizas are the most important organisms that form symbioses with majority of 
plants including legumes (Barea and Azcon-Aguilar 1983) grown under P-deficient 
soils and influence plant community development, nutrient uptake, water relations, 
and aboveground productivity (van der Heijden et al. 2008). Arbuscular mycorrhi-
zas also act as bioprotectants and protect plants from pathogens and toxic stresses 
(van der Heijden et al. 2008). However, in order to optimize their beneficial impacts, 
it is important to ensure that management practices such as minimum tillage, 
reduced use of inappropriate fertilizer, appropriate crop rotations with minimal fal-
low, and rationalized pesticide use be adopted regularly.

Arbuscular mycorrhizal fungi and rhizobia play a key role in enhancing plant 
productivity, plant nutrition, and plant resistance (Demir and Akköprü 2007). The 
activities of nitrogen-fixing bacteria are enhanced in the rhizosphere of mycorrhizal 
plants where synergistic interactions of such microorganisms with mycorrhizal 
fungi have been demonstrated (Barea et al. 2002), and hence, the symbiosis of AMF 
with rhizobia is considered crucial for legumes (van der Heijden et  al. 2006). 
Realizing the importance of rhizobia and AMF symbiosis, pot and field experiments 
were conducted where both symbionts showed higher plant biomass and better N 
and P acquisition, although these effects were also dependent on the specific symbi-
ont combination (Azcón et  al. 1991; Requena et  al. 2001; Xavier and Germida 
2002). Similarly, the tripartite symbiosis of legume-mycorrhiza-rhizobium has con-
clusively shown improvements in overall growth of leguminous plants (Babajide 

D. Muleta



229

et al. 2008; Wu et al. 2009). For some plant species, the association with mycor-
rhizal fungi is indispensable. The degree of dependence however varies with plant 
species, particularly the root morphology, and conditions of soil and climate. 
Mycorrhizal dependencies of leguminous plants such as Acacia and Albizia have 
been well demonstrated (Plenchette et al. 2005; Ghosh and Verma 2006). Several 
research findings have also indicated the remarkable roles of AM fungi in ameliora-
tion of various types of stresses (abiotic/biotic) in leguminous plants (Rabie and 
Almadini 2005; Khan 2006; Aysan and Demir 2009). Mycorrhizal legumes are also 
well known for rehabilitation of badly degraded lands and/or desertified habitats 
emphasizing the ecological significance of this special association (Requena et al. 
2001; Quatrini et  al. 2003). Under conditions of low N and P availability which 
occur in many tropical soils, the possible transfer of nutrients from the host plant to 
another plant by AMF active hyphae may take place. Hyphae of mycorrhizas may 
spread from one infected plant and enter the roots of one or more other plants (Heap 
and Newman 1980). It has been shown that plant assimilates may be transported 
from one plant to another through AM hyphal connections. In a study, the transfer 
of 14C photosynthate from one plant to another was found primarily through AM 
hyphae rather than leakage from the roots of the donor plants (Francis and Read 
1984). More specifically, different experimental results (Snoeck et al. 2000; Li et al. 
2009) have verified the transfer of fixed N from legume mycorrhizal plants to 
nearby/adjacent nonleguminous plants via active hyphal connections. Diverse 
experimental results show that AMF differ in their capacity to supply plant nutrients 
such as P (van der Heijden et al. 2003; Ghosh and Verma 2006) suggesting mass 
production of suitable strains for sustainable inoculum development. Although the 
technology for the production of rhizobial and free-living PGPR inoculants are 
commercially available, the production of AM fungi inocula and the development 
of inoculation techniques have restricted the manipulation of AM fungi. An appro-
priate management of selected AM fungi is now available for exploiting the benefits 
of these microorganisms in agriculture, horticulture, and revegetation of degraded 
ecosystems (Barea et al., 2005). And large quantities of AMF inoculum can be pro-
duced by pot culture technique (Nopamornbodi et  al. 1988). The traditional and 
most widely used approach has been to grow the fungus with suitable host plants in 
solid growth medium individually or in combination on the solid growth media 
(Tiwari and Adholeya 2002). However, the current biotechnology practices now 
allow the production of efficient AM fungal inoculants to mass propagate them for 
large-scale production systems (Gianinazzi and Vosátka 2004).

10.2	 �Mycorrhizal Association with Legumes

Legumes are an important plant group which can form symbiosis with P-acquiring 
arbuscular mycorrhizal fungi (AMF) (Pagano et al. 2007; Valsalakumar et al. 2007; 
Molla and Solaiman 2009). Scheublin et al. (2004) have analyzed the AMF com-
munity composition in the roots of three nonlegumes and in the roots and root nod-
ules of three legumes growing in a natural dune grassland and found differences in 
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AMF communities between legumes and nonlegumes and between legume roots 
and root nodules. One AMF sequence type was much more abundant in legumes 
than in nonlegumes (39% and 13%, respectively). Root nodules contained charac-
teristic AMF communities that were different from those in legume roots, even 
though the communities were similar in nodules from different legume species. 
Legumes and root nodules have relatively high N concentrations and high P 
demands. Accordingly, the presence of legume- and nodule-related AMF can be 
explained by the specific nutritional requirements of legumes or by host-specific 
interactions among legumes, root nodules, and AMF. In other experiments, Muleta 
et al. (2007, 2008) have reported more AMF spore counts under Acacia abyssinica, 
Albizia gummifera, and Millettia ferruginea shade trees than under nonleguminous 
shade trees in both natural coffee forest and in soils of smallholder agroforestry cof-
fee system in southwestern Ethiopia. Similar observations have also been reported 
elsewhere under canopies of legume plants (He et al. 2004). Colozzi and Cardoso 
(2000) have also demonstrated that legume intercropping cultivation increased 
spores concentration of AMF in the soil.

Valsalakumar et al. (2007) in a field study identified the AM fungi associated 
with greengram [Phaseolus aureus Roxb. (=Vigna radiata var. radiata)]. The find-
ings show that Glomus mosseae, G. microcarpum, Gigaspora margarita, and 
Scutellospora sp. colonized the greengram. Glomus mosseae was the most abundant 
AM fungal associate (81%) followed by G. microcarpum (24%) and G. margarita 
(24%) and Scutellospora sp. (5%) identified in soils studied. The range of distribu-
tion varied from a single species of AM fungus to three species belonging to two 
genera in one sample. Similarly, Bakarr and Janos (1996) examined the fine roots of 
27 forest tree species for mycorrhizal colonization, a forestry plantation and a refor-
estation site in Sierra Leone, West Africa. Twenty tree species had arbuscular 
mycorrhizas, of which seven species were ectomycorrhiza colonizing six legume 
species belonging to Caesalpinioideae. Three species of Australian Acacia used 
widely in reforestation in Sierra Leone had arbuscular mycorrhizas. The effects of 
AMF, P addition, and their interaction on the growth and P uptake of three faculta-
tive mycotrophic legume trees (Anadenanthera peregrina, Enterolobium contor-
tisiliquum, and Plathymenia reticulata) were investigated (Pagano et  al. 2007). 
Phosphorus fertilization improved the growth of all the legume tree species. In turn, 
P enhanced the positive effects of AMF on the three studied species. Tissue nutrient 
concentrations showed slight variation among species and were influenced by both 
AMF inoculation and P. Plants inoculated with higher doses of KH2PO4 showed 
more vigorous seedlings. Results suggest that in low fertility soils, A. peregrina, 
E. contortisiliquum, and P. reticulata seedlings should be inoculated with AMF to 
enhance plant growth.

The application of AMF in soils has shown a tremendous improvement in growth 
and yields of diverse leguminous plants raised under both greenhouse and field 
conditions. For instance, inoculation with AMF improved growth of chickpea and 
doubled P uptake at low and intermediate levels of P fertilization in a pot experi-
ment on sterilized low P calcareous soil (Weber et al. 1992). In a follow-up study, 
Ndiaye et al. (2009) evaluated the effects of different indigenous AM fungi on the 
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mobilization of P from Senegalese natural rock phosphate (NRP) for growth of 
Gliricidia sepium and Sesbania sesban seedlings. In this study, the levels of NRP 
were found compatible with high AM fungal proliferation but changed the pattern 
of root colonization which varied with plant cultivars and fungal species. The mixed 
applications of NRP and AM fungi facilitated the measured growth parameters of 
G. sepium and S. sesban after 4 months cultivation. AM fungi in the presence of 600 
or 800 mg NRP enhanced the weight of S. sesban by 200%. For Gliricidia, only 
G. aggregatum in the presence of high NRP levels showed similar growth promo-
tory effects. On the other hand, G. fasciculatum enhanced the height of Sesbania by 
twofolds when grown in the presence of 400, 600, and 800 mg NRP. Generally, the 
impact of composite application of AM fungi and NRP on nutritional content was 
more obvious for Sesbania than for Gliricidia seedlings.

10.3	 �Mycorrhizal Status of Legumes That Do Not Form 
Nodules

It is interesting that certain leguminous tribes that cannot form nodules may be colo-
nized by AM fungi. Cárdenas et al. (2006) investigated early responses to Nod fac-
tors and mycorrhizal colonization in a non-nodulating Phaseolus vulgaris mutant. 
The results indicate that even though P. vulgaris non-nodulating mutant (NN-mutant) 
is deficient in early nodulin gene expression when inoculated with Rhizobium etli, it 
can be effectively colonized by AM fungus, G. intraradices. Sometimes Nod 
mutants of other legumes fail to establish a mycorrhizal symbiosis (Bradbury et al. 
1991) indicating that common elements of the infection process may exist in both 
associations.

10.4	 �Dual Inoculation of Legume Plants with Mycorrhizal 
Fungi and Rhizobia

The majority of legumes have the capacity to form a dual symbiotic interaction with 
N2-fixing rhizobia and P-acquiring AM fungi (Lodwig et al. 2003; Navazio et al. 
2007). Arbuscular mycorrhizal fungi and rhizobia together play a key role in natural 
ecosystems and influence plant productivity, nutrition, resistance, and plant com-
munity structure (van der Heijden et al. 2006; Demir and Akköprü 2007). The bio-
availability of N and P is enhanced in the rhizosphere of mycorrhizal plants 
following synergistic interactions between the two groups of microorganisms 
(Barea et al. 2002). The authors further suggested that the inoculation of such phy-
tobeneficial microbes has been shown to improve the overall performance of 
legumes indicating the importance of the tripartite symbiosis between legume-
mycorrhiza and rhizobia in a given ecosystem. Studies have demonstrated that the 
two symbioses share some components of their developmental programs (Harrison 
2005; Navazio et  al. 2007). Synergistic effect of dual colonization of roots with 
AMF and Rhizobium on growth, nutrient uptake, and N2 fixation in many legume 
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plants has been reported (Xavier and Germida 2002; Stancheva et  al. 2008) and 
discussed in the following section.

10.4.1	 �Dual Inoculation of AM Fungi and Rhizobia 
Under Greenhouse Conditions

Response of Leucaena leucocephala to inoculation with Glomus fasciculatum and/
or Rhizobium was studied in a P-deficient unsterile soil (Manjunath et al. 1984). The 
findings show that G. fasciculatum inoculation alone improved nodulation by native 
rhizobia and Rhizobium only treatment increased colonization of roots by native 
mycorrhizal fungi. However, when AM fungi and Rhizobium were used together, it 
improved nodulation, mycorrhizal colonization, dry weight, and N and P contents 
of the plants compared to single inoculation of each organism in a similar study. 
Eom et al. (1994) evaluated two wild legume plants, Glycine soja and Cassia mimo-
soides var. nomame, and a cultivated plant, soybean, inoculated with Scutellospora 
heterogama, isolated from natural soils and rhizobial cells. The AMF-colonized 
wild legume plants showed greater growth compared to soybean, whereas the soy-
bean showed more nodulation than AM-colonized Cassia mimosoides plants. 
Moreover, S. heterogama appeared to stimulate the triple symbiosis of the wild 
legume plants. In addition, Babajide et  al. (2008) in a greenhouse experiments 
determined the effect of different rhizobial and mycorrhizal species (G. clarum) on 
growth, nodulation, and biomass yield of soybean grown under low fertile eroded 
soil condition. Plant growth and biomass yield were significantly enhanced by AM 
fungus in both sterile and non-sterile soils compared to the control. However, com-
bined inoculation of mycorrhiza with any of the rhizobial strains further improved 
plant growth and biomass production. The effect of composite inoculation of mycor-
rhiza + R25B Rhizobium was more pronounced, which substantially increased the 
plant height (68.8  cm), stem circumference (2.94  cm), number of leaves (39.0), 
shoot dry weight (16.1 g), and root dry weight (4.6 g), relative to control values of 
33.2, 0.60 cm, 15, 4.4, and 1.6 g, respectively. Nodulation was equally enhanced by 
mycorrhizal and rhizobial inoculations under sterile and non-sterile soils. The per-
centage of mycorrhizal root colonization ranged from 4 to 42%, and root coloniza-
tion was highest for mycorrhizal inoculated plants grown in sterile soil. From these 
findings authors concluded that dual inoculation of mycorrhiza and Rhizobium may 
be beneficial to soybean production in the tropics, where nutrients particularly 
available P and total N are very low. Ahmad (1995) studied the effect of dual inocu-
lation on three local cultivars (Miss Kelly, Portland Red, Round Red) of red kidney 
bean with four strains of R. phaseoli (B36, B17, T2, and CIAT652) and three spe-
cies of AM fungi (G. pallidum, G. aggregatum, and Sclerocystis microcarpa) in 
sterilized and non-sterilized soil. Symbiotic efficiency including improved plant 
growth and enhanced N and P was dependent on the specific combinations of 
Rhizobium strain, AM fungus, and cultivars of kidney bean. The rhizobial strains 
B36 and B17 co-inoculated with G. pallidum or G. aggregatum increased the growth 
of Miss Kelly and Portland Red, while rhizobial strain T2 paired with any of the 
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three AM fungi was found as the best compatible pairing for the Round Red kidney 
beans. From these results, the author suggested that even though dual inoculation 
significantly improved the growth of the bean plants, the best performing combina-
tion of AM fungus and rhizobia requires further trials so that it is recommended for 
legume promotion in different geographical regions. Tajini et al. (2012) have also 
investigated the effect of dual inoculation of common bean with G. intraradices and 
Rhizobium tropici CIAT899 under glasshouse conditions. Two common bean geno-
types (i.e., CocoT and Flamingo) varying in their effectiveness for nitrogen fixation 
were inoculated with G. intraradices and R. tropici CIAT899 and grown for 50 days 
in soil–sand substrate. Inoculation of common bean plants with the AM fungi 
resulted in a significant increase in nodulation compared to plants without inocula-
tion. The combined inoculation of AM fungi and rhizobia significantly increased 
various plant growth parameters compared to simple inoculated plants. In addition, 
the combined inoculation of AM fungi and rhizobia resulted in significantly higher 
nitrogen and phosphorus accumulation in the shoots of common bean plants and 
improved phosphorus use efficiency compared to their controls, which were not 
dually inoculated. It is concluded that inoculation with rhizobia and AM fungi could 
improve the efficiency in P use for symbiotic nitrogen fixation especially under 
phosphorus deficiency. Combined inoculation with G. intraradices and R. tropici 
CIAT899 increases P use efficiency for symbiotic nitrogen fixation in common 
bean. Similarly, potted bean plants were grown in a glasshouse with and without 
organic and chemical fertilizers, uninoculated or inoculated with rhizobia (a mixed 
culture of R. leguminosarum bv. phaseoli and R. tropici) and AMF (Glomus spp.), 
singly or in combination (Aryal et al. 2003). Treatment effects on growth, nodula-
tion, AMF colonization, and nutrient uptake of plants were evaluated. Rhizobial 
inoculation positively influenced root dry weight and nodulation of plants. Shoot 
and root dry weights and nodulation were again higher in dually inoculated plants 
compared to singly inoculated plants. Compared to control, single inoculation either 
with rhizobia or AMF did not increase pod yield. But, dual inoculation significantly 
increased pod yield compared to control or singly inoculated plants. Inoculation 
also significantly increased pod yield in organic fertilization treatment, but not in 
chemical fertilization treatment. AMF colonization, spore population, and shoot N 
and P were also significantly higher in dually inoculated plants. Under fertilized 
conditions, nodulation, AMF colonization, and spore population were generally 
more pronounced in dually inoculated organic plants than in chemical plants. Shoot 
Ca and K remained unaffected by inoculation either in fertilized or unfertilized 
conditions. Dual inoculation significantly increased the concentration of shoot Mg 
in organic plants, but not in chemical. In general, better positive effects of inocula-
tions were observed in organic plants than in chemical suggesting higher depen-
dency of organic plants on these symbionts for better growth and development. A 
similar study was conducted by Jia et  al. (2004) to investigate the effects of the 
interactions between Rhizobium and AMF on N and P accumulation by broad bean 
and how increased N and P content influence biomass production, leaf area, and net 
photosynthetic rate. The AM fungus increased biomass production and photosyn-
thetic rates by stimulating the ratio of P to N accumulation, and an increase in P was 
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consistently correlated with an increase in N accumulation and N productivity, 
expressed in terms of biomass and leaf area. Photosynthetic N use efficiency, irre-
spective of the inorganic source of N (e.g., NO3− or N2) was enhanced by increased 
P supply due to AMF colonization. However, Rhizobium significantly declined 
AMF colonization irrespective of N supply and without Rhizobium; AMF coloniza-
tion was higher in low N treatments. Presence or absence of AMF did not have a 
significant effect on nodule mass but high N with or without AMF led to a signifi-
cant decline in nodule biomass. Furthermore, plants with the Rhizobium and AMF 
had higher photosynthetic rates per unit leaf area. Geneva et al. (2006) reported that 
the dual inoculation of pea plants with G. mosseae or G. intraradices and R. legu-
minosarum bv. viciae, strain D 293, significantly increased the plant biomass, pho-
tosynthetic rate, nodulation, and N2 fixing activity in comparison to single 
inoculation of R. leguminosarum bv. viciae strain D 293. In addition, the co-
inoculation significantly increased the total P content in plant tissues, acid phospha-
tase activity, and percentage of root colonization. Among all the microbial pairings, 
the co-inoculation of R. leguminosarum with G. mosseae was most effective at low 
P level, while G. intraradices inoculated with R. leguminosarum was most effective 
at higher P level. Xavier and Germida (2002) investigated also the effect of syner-
gism between AMF and R. leguminosarum bv. viciae strains on lentil (Lens culina-
ris cv. Laird). Plants were inoculated with the AMF species G. clarum NT4 or 
G. mosseae NT6 and/or nine Rhizobium strains varying in efficacy and grown for 
110 days in soil containing indigenous AMF and rhizobia. The results suggest that 
synergistic interactions between AMF and Rhizobium strains can enhance lentil pro-
ductivity. In another study, Wu et al. (2009) have determined the single and com-
bined effects of G. mosseae and Rhizobium on Medicago sativa grown on three 
types of coal mine substrates, namely, a mixture of coal wastes and sands (CS), coal 
wastes and fly ash (CF), and fly ash (FA) in pot experiment. When Rhizobium was 
used alone, it did not result in any growth response but sole application of G. mos-
seae had a significant effect on plant growth. Inoculation of G. mosseae also 
increased the survival rate of M. sativa in CS substrate. When G. mosseae inocu-
lated M. sativa plant was grown with CF and FA substrates, the dry matter accumu-
lation in the test plants was 1.8 and 5.1 times higher than those without inoculation. 
However, when M. sativa was inoculated with G. mosseae and Rhizobium together 
and grown in CS and CF substrates, the N, P, and K uptake by the test plant increased 
substantially suggesting a synergistic effect of the two phylogenetically distinct 
organisms which could be exploited for revegetation of coal mine substrates. In 
another greenhouse trial, Mehdi et al. (2006) reported that the effects of AM fungi 
(G. mosseae and G. intraradices), rhizobial (R. leguminosarum bv. viciae) strains, 
and P (superphosphate and phosphate rock) fertilizers significantly increased the 
dry biomass of shoots and seeds, P and N contents (shoots and seeds) of lentil 
plants, and percent of root colonized by AM fungus. The rhizobial strain possessing 
P-solubilizing ability showed a more beneficial effect on plant growth and nutrient 
uptake than the strain without this activity, although both strains had similar N2-
fixing efficiency. Synergistic relationships were observed between AM fungi and 
some rhizobial strains that related to the compatible pairing of these two 
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microsymbionts. Moreover, the P uptake efficiency was increased when P fertilizers 
were applied along with AM fungi and/or P-solubilizing rhizobial strains emphasiz-
ing the remarkable importance of dual inoculation in the improvement of plant 
growth responses. Likewise, Meghvansi et al. (2008) observed the comparative effi-
cacy of three AMF combined with cultivar-specific B. japonicum (CSBJ) in soy-
bean under greenhouse conditions. Soybean seeds of four cultivars, namely, JS 335, 
JS 71-05, NRC 2, and NRC 7, were inoculated with three AMF (G. intraradices, 
Acaulospora tuberculata, and Gigaspora gigantea) and CSBJ isolates, individually 
or in combination, and were grown in pots using autoclaved alluvial soil of a nonle-
gume cultivated field of Ajmer (Rajasthan). Their findings indicate that among the 
single inoculations of three AMF, G. intraradices produced the largest increases in 
the parameters (nodulation, plant growth, and seed yield) studied followed by A. 
tuberculata and G. gigantea indicating that plant acted selectively on AMF symbio-
sis. The dual inoculation with AMF + B. japonicum CSBJ further improved these 
parameters demonstrating synergism between the two microsymbionts. Among all 
the dual treatments, G. intraradices + B. japonicum showed the greatest increase 
(115.19%), in seed weight per plant suggesting a strong selective synergistic rela-
tionship between AMF and B. japonicum. The cv. JS 335 exhibited maximum posi-
tive response toward inoculation. The variations in efficacy of different treatments 
with soybean cultivars, however, indicated the specificity of the inoculants. These 
results provide a basis for selection of an appropriate combination of specific AMF 
and Bradyrhizobium which could further be utilized for identifying the symbiotic 
effectiveness and competitive ability of microsymbionts under field conditions. 
Likewise, a pot trial was set up (Stancheva et al. 2008) to evaluate the response of 
alfalfa (Medicago sativa L.) to AMF species G. intraradices and S. meliloti, strain 
1021, regarding the dry biomass accumulation, mycorrhizal fungi colonization, 
nodulation, and nitrogen fixation activity. Alfalfa plants were grown in a glasshouse 
until the flowering stage (58 days), in 4 kg plastic pots using leached cinnamon for-
est soil (Chromic luvisols—FAO) at P levels 42  mg P2O5  kg−1 soil (applied as 
133 mg kg soil−1 tunisian phosphorite). The results demonstrated that the dual inoc-
ulation of alfalfa plants with G. intraradices and S. meliloti, strain 1021, signifi-
cantly increased the percent of root colonization and acid phosphatase activities in 
the root tissue and in soil in comparison to a single inoculation with G. intraradices. 
Co-inoculation also significantly increased the plant biomass, total P and N content 
in plant tissues. Under conditions of dual inoculation, high nitrogenase activity was 
established, especially at the floral budding stage compared to the single inoculation 
of S. meliloti strain 1021. In addition, the interaction between AMF, S. meliloti, and 
Medicago truncatula Gaertn was investigated (de Varennes and Goss 2007). To gen-
erate a differential inoculum potential of indigenous AMF, five cycles of wheat, 
each of 1 month, were grown in sieved or undisturbed soil before M. truncatula was 
sown. The early colonization of M. truncatula roots by indigenous AMF was faster 
in undisturbed soil compared to sieved soil. M. truncatula grown in undisturbed soil 
had accumulated a greater biomass in aboveground tissues, had a greater P concen-
tration, and derived more N from the atmosphere than plants grown in disturbed 
soil, although soil compaction resulted in plants having a smaller root system than 
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those from disturbed soil. The difference in plant P content could not be explained 
by modifications in hydrolytic soil enzymes related to the P cycle as the activity of 
acid phosphatase was greater in sieved than in undisturbed soil, and the activity of 
alkaline phosphatase was unaffected by the treatment. Thus, the results observed 
were a consequence of the different rates of AMF colonization caused by soil dis-
turbance. This study confirms that soil disturbance modifies the interaction between 
indigenous AMF, rhizobia, and legumes leading to a reduced efficacy of the bacte-
rial symbiont.

Chickpea plants were also inoculated with six strains of M. ciceri and three AMF 
species, G. intraradices (GI), G. mosseae (GM), and G. etunicatum (GE), under pot 
experiments (Tavasolee et al. 2011). The plants inoculated with a number of AMF 
species, and bacterial strains increased overall plant dry mass compared to non-
inoculated plants. GE was the most efficient in increasing plant dry matter. Individual 
AMF species were more effective than when mixed (GI + GM + GE). Bacterial treat-
ments had increasing effect on root colonization by GI, GM, and GI + GM + GE. The 
results revealed that dual inoculation with AMF and rhizobia enhanced N, P, Zn, Fe, 
and Cu content in plants, but these increasing effects were different between fungal 
and bacterial treatments. Chaitra and Lakshman (2016) have also investigated the 
interaction between AM fungus, Rhizobium and Azospirillum on three leguminous 
crop plants (Cicer arietinum L., Vigna unguiculata L., and Vigna radiata L.) under 
greenhouse condition. Results revealed that triple inoculation of Rhizobium, AM 
fungus (G. geosporum) with Azospirillum, showed a significant plant growth bio-
mass yield, percent root colonization, spore number, nodule number, nitrogen, and 
phosphorus content in shoots of C. arietinum L. and V. unguiculata L. compared to 
dual inoculation or single inoculation. However no improvement was observed in 
control/non-inoculated plants. The V. radiata responded positively with dual inocu-
lation of Rhizobiuam with AM fungus (G. geosporum). This change has not been 
recorded in control plants compared to single/triple inoculation. Response to mineral 
fertilization and inoculation with rhizobia and/or arbuscular mycorrhiza fungi 
(AMF) of the Anadenanthera colubrina, Mimosa bimucronata, and Parapiptadenia 
rigida (Leguminosae–Mimosoideae) native trees from Brazilian riparian forests 
were studied in nursery conditions (Patreze and Cordeiro 2004). There were seven 
treatments varying in N, P fertilization, and inoculation with rhizobia (r), mycorrhiza 
(m), or both (rm): NP, P, P + r, P + rm, N, N + m, and N + rm. Results showed that 
AMF inoculations did not enhance the mycorrhizal colonization, and P uptake was 
not sufficient to sustain good growth of plants. The level of P mineral added affected 
negatively the AMF colonization in A. colubrina and M. bimucronata, but not in P. 
rigida. Native fungi infected the three legume hosts. The absence of mineral N lim-
ited growth of A. colubrina and P. rigida, but in M. bimucronata the lack of N was 
corrected by biological nitrogen fixation. N mineral added inhibited the nodulation, 
although spontaneous nodulation had occurred in A. colubrina and M. bimucronata. 
Rhizobia inoculation enhanced the number of nodules, nitrogenase activity, and 
leghemoglobin content of these two species. Thus, the extent of rhizobial and mycor-
rhizal symbiosis in these species under nursery conditions can affect growth and 
consequently the post-planting success.
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10.4.2	 �Dual Inoculation with AMF and Rhizobia Under Field 
Conditions

Field investigations were conducted to study the effects of AM inoculation and 
triple superphosphate fertilization on nodulation, dry matter yield, and tissue N and 
P contents of Bradyrhizobium-inoculated soybean and lablab bean (Mahdi and 
Atabani 1992). Inoculation of both legumes with any of four AM fungi enhanced 
nodulation, dry matter yield, and plant N and P contents more than did triple super-
phosphate. Gigaspora margarita and G. mosseae were superior to G. calospora and 
Acaulospora species and resulted in more extensive root infection, especially in 
soyabean. The integration of N2 fixing trees into stable agroforestry systems in the 
tropics is being tested due to their ability to produce high biomass N and P yields, 
when symbiotically associated with rhizobia and mycorrhizal fungi (Marques et al. 
2001; Kayode and Franco 2002). Accordingly, in a field trial, Marques et al. (2001) 
evaluated the effect of dual inoculation of Rhizobium spp. and mycorrhizal fungi on 
the growth of Centrolobium tomentosum Guill. ex Benth, a native leguminous tree 
of the Brazilian Atlantic Forest. Complete fertilization was compared to inoculation 
treatments of selected rhizobia strains BHICB-Ab1 or BHICB-Ab3, associated or 
not to AM fungi. Plants inoculated with strain BHICB-Ab1 and AMF increased the 
dry matter by 56% over uninoculated control, and N accumulation was greater than 
those observed for BHICB-Ab3 inoculated plants. Strain BHICB-Ab1 formed a 
synergetic relationship with mycorrhizal fungi as the combined inoculation 
enhanced plant height and dry weight more than single inoculation, while the 
growth of BHICB-Ab3 plants was not modified by AMF inoculation. Arbuscular 
mycorrhizal fungi also improved plants survival and possibly favored the nodule 
occupation by rhizobial strains as compared to the non-mycorrhizal plants. 
Similarly, Acacia mangium inoculated with rhizobial strains (BR 3609 and BR 
3617) and three AM fungi, G. clarium, Gigaspora margarita, and Scutellospora 
heterogama, grew better than seeds planted without rhizobia and AMF inoculants 
(Kayode and Franco 2002). The authors observed that S. heterogama facilitated the 
growth better in both fallow and degraded soils. Seeds inoculated with rhizobia 
strains and AMF, however, produced more nodules and had higher AMF infection 
rates than seeds inoculated with rhizobia or AMF inoculants alone (Marques et al. 
2001; Kayode and Franco 2002). Singh et al. (1991) evaluated the effect of live 
yeast cells (Saccharomyces cerevisiae) on nodulation and dry biomass of shoot and 
roots of legumes like Leucaena leucocephala, Glycine max, Cajanus cajan, 
Phaseolus mungo, Phaseolus aureus, and Vigna unguiculata in the presence of both 
AMF and Rhizobium strains. The results indicate that inoculation with live yeast 
cells remarkably enhanced the measured plant parameters. Root infection (native 
AMF) and the formation of vesicles, arbuscules, and spores were also increased 
with yeast inoculation. The increase in the parameters, however, varies with 
legumes and the type of yeast culture. On the other hand, the effect of whey applica-
tion, the inoculation of Glomus intraradices Schenck & Smith and Mesorhizobium 
ciceri on root colonization, nodulation, yield, and the components of yield in chick-
pea (cv. Aziziye-94) were studied under rain-fed and irrigation management (Erman 
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et al. 2011). Experiments were carried out in a split plot design with four replica-
tions in 2003 and 2004. The abovementioned factors were all applied to plants in 
single, double, and triple combinations. Arbuscular mycorrhizal fungus (AMF) 
inoculation, alone or in combination with other treatments, was very effective under 
rain-fed conditions, resulting in large increases in yield, root colonization, and 
phosphorus content of the seed and shoot. On the other hand, rhizobial inoculation 
increased significantly all traits examined, particularly root nodulation and the 
nitrogen content of seeds and shoots under irrigated conditions. Whey combined 
with AMF significantly increased root colonization, while its combination with 
Rhizobium increased the number of nodules. Combinations of two or three treat-
ments were more effective than individual applications. The greatest yield, root 
colonization, and nodulation were obtained from the combination of all three treat-
ments under irrigation. Although voluminous literature reports show superiority of 
plant performances under dual inoculation, sometimes the usual synergism was 
found to be less effective. For example, Nambiar and Anjaiah (1989), in a field 
experiment, reported that the effects of AMF on competition among inoculated 
bradyrhizobia were less evident, but inoculation with Bradyrhizobium strains 
increased root colonization by AMF and certain AMF/Bradyrhizobium inoculum 
strain combinations produced higher nodule numbers. Plants grown without 
Bradyrhizobium and AMF, but supplied with ammonium nitrate (300 g mL−1) and 
potassium phosphate (16 g mL−1), produced higher dry matter yields than those 
inoculated with both symbionts in the pot experiment. Inoculation with either sym-
biont in the field, however, did not result in higher pod yields at harvest. In a similar 
trial, Camila and Lazara (2004) have tested response to mineral fertilization and 
inoculation with rhizobia and/or AMF of the Anadenanthera colubrina, Mimosa 
bimucronata, and Parapiptadenia rigida (Leguminosae–Mimosoideae) native trees 
from Brazilian riparian forests, in nursery conditions. The findings showed that 
AMF inoculations did not enhance the mycorrhizal colonization, and P uptake was 
not sufficient to sustain good growth of plants. The level of P mineral added affected 
negatively the AMF colonization in A. colubrina and M. bimucronata, but not in 
P. rigida. Native fungi infected the three legume hosts. The absence of mineral N 
limited the growth of A. colubrina and P. rigida, but in M. bimucronata the lack of 
N was corrected by BNF. The applied N mineral, however, inhibited nodulation, 
although spontaneous nodulation occurred in A. colubrina and M. bimucronata. 
Rhizobia inoculation enhanced the number of nodules, nitrogenase activity, and 
leghemoglobin content of these two species. Thus, the extent of rhizobial and 
mycorrhizal symbiosis in these species under nursery conditions affected growth 
and consequently the post-planting success. Evidence is also available that improved 
formation of AM can inhibit nodulation, possibly due to inter-endophyte incompat-
ibility of competition (Behlenfalvay et al. 1985). On the contrary, (Pacovsky et al. 
1986) revealed that even though nodule numbers may not significantly be increased 
by AM colonization, yet the size and nitrogen-fixing activity may be increased. 
However, there is a report that suggests that symbiotic N2 fixation is clearly acceler-
ated in legume following AMF inoculation, but the response of Rhizobium symbio-
sis may vary according to the strains of the AM fungus involved (Linderman and 
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Paulitz 1990). These and other associated data thus indicate that the Rhizobium–
AMF partnership nearly always exists but may not necessarily be optimal with the 
best combination of symbionts for the host legumes.

10.5	 �Mycorrhizal Dependency of Legumes

For some plant species, the association with mycorrhizal fungi is indispensable. The 
degree of dependence, however, varies with plant species, particularly the root mor-
phology and conditions of soil and climate (Hayman 1986). Plants with thick roots 
poorly branched and with few root hairs are usually more dependent on mycorrhizas 
for normal growth and development. These species include onions, grapes, citrus, 
cassava, coffee, and tropical legumes. When the level of soil fertility and humidity 
are increased, the dependence on the mycorrhizal condition decreases to a point 
where the plant becomes immune to colonization (Khaliel et al. 1999). Furthermore, 
mycorrhizal dependencies of leguminous plants grown in stressed situations have 
also been well documented (Plenchette et al. 2005; Ghosh and Verma 2006). Growth 
and mineral uptake of 24 tropical forage legumes and grasses were compared under 
glasshouse conditions in a sterile low P oxisol, one part inoculated and the other not 
inoculated with mycorrhizal fungi (Duponnois et  al. 2001). Shoot and root dry 
weights and total uptake of P, N, K, Ca, and Mg of the entire test plants were signifi-
cantly increased by mycorrhizal inoculation. Mycorrhizal inoculation, with few 
exceptions, decreased the root/shoot ratio. Non-mycorrhizal plants, on the other 
hand, had lower quantities of mineral elements than mycorrhizal plants. Plant spe-
cies, however, did not show any correlation between percentage mycorrhizal infec-
tion and growth. A great variation in dependence on mycorrhiza was observed 
among forage species. Total uptake of all elements by non-mycorrhizal legumes and 
uptake of P, N, and K by non-mycorrhizal grasses correlated inversely with mycor-
rhizal dependency. Mycorrhizal plants of all species used significantly greater quan-
tities of soil P than the non-mycorrhizal plants, and utilization of soil P by 
non-mycorrhizal plants was correlated inversely with mycorrhizal dependency. As 
the production of grain and herbaceous legumes is often limited by low levels of 
available P in most savanna soils, the potential for managing AMF by selecting lines 
or accessions dependent on AMF as a strategy to improve plant P nutrition and 
productivity is required (Plenchette et  al. 2005; Ghosh and Verma 2006). 
Accordingly, Nwoko and Sanginga (1999) evaluated the interactions between AMF 
and Bradyrhizobium species and their effects on growth and mycorrhizal coloniza-
tion of ten recent selections of promiscuous soybean breeding lines and two herba-
ceous legumes (Lablab purpureus and Mucuna pruriens). Mycorrhizal colonization 
differed among promiscuous soybean lines (ranging from 16 to 33%) and was on 
average 20% for mucuna and lablab. Three groups of plants were identified accord-
ing to mycorrhizal dependency (MD): (1) the highly dependent plants with MD 
>30% (e.g., soybean line 1039 and mucuna), (2) the intermediate group, with MD 
between 10 and 30% (e.g., soybean line 1576 and lablab), and (3) the majority of 
soybean lines (five lines out of ten) that were not mycorrhizal dependent. This great 
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variability in MD and response to P application among promiscuous soybean and 
herbaceous legumes offers a potential for the selection of plant germplasm able to 
grow in P-deficient soil. Similar results have also been reported for different species 
of woody leguminous trees. For instance, Ghosh and Verma (2006) evaluated the 
effects of three AMF species (G. occultum, G. aggregatum, and G. mosseae) inocu-
lations on growth responses of Acacia mangium in lateritic soil. All inoculations 
significantly enhanced growth with respect to shoot height, root diameter, leaf area, 
chlorophyll content, and biomass of A. mangium compared to uninoculated control 
seedlings. The mycorrhizal dependency factor indicated that the growth of A. man-
gium was 57% dependent on G. occultum, 47% on G. mosseae, and 46% on 
G. aggregatum. The findings indicate the presence of disparity among AMF species 
with regard to their growth enhancement in a particular mycorrhizal legume. It has 
also been demonstrated that mycorrhizal dependence and responsiveness of legumes 
declines with an increase in P added to the soil (Khaliel et al. 1999).

10.6	 �How Arbuscular Mycorrhizal Fungi Enhance Legumes’ 
Performance

The AM fungi affect the growth and development of plants both directly and indi-
rectly (Table  10.1). However, broadly, the principal contribution of AM fungi to 
plant growth is due to uptake of nutrients by extraradical mycorrhizal hyphae 
(Marschner 1998; Hodge and Campbell 2001; van der Heijden et  al. 2006). The 
most prominent effect of AMF is to improve P nutrition of the host plant in soils with 
low P levels due to the large surface area of their hyphae and their high affinity P 
uptake mechanisms (Muchovej 2001). To substantiate this concept of plant growth 
promotion by AM fungi, several studies have shown that AM fungi contribute to up 
to 90% of plant P demand (Jakobsen et al. 1992; van der Heijden et al. 2006). For 
instance, the P depletion zone around non-mycorrhizal roots extends to only 1–2 mm, 
nearly the length of a root hair, whereas extraradical hyphae of AMF extend 8 cm or 
more beyond the root making the P in this greater volume of soil available to the host 

Table 10.1  Direct and indirect effects of mycorrhizal fungi on crop productivity in organic 
farming systems

Direct effects Indirect effects

Stimulation of crop productivity Weed suppression

Nutrient acquisition (P, N, Cu, Fe, Zn) Stimulation of nitrogen fixation

Enhanced seedling establishment Stimulation of soil aggregation and soil 
structure

Drought resistance Suppression of soil pathogens

Heavy metal/salt resistance Soil biological activity stimulation

Increased soil carbon storage

Reduction of nutrient leaching

Adapted from van der Heijden et al. (2008)
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(Fig. 10.1). There are also reports of production of organic acids by AMF that could 
solubilize the insoluble mineral P (Lapeyrie 1988), an added advantage in terms of 
improvement of P uptake by host plants. In addition, AMF mycelia have also been 
shown to increase uptake of many other nutrients, including N, S, B, Cu, K, Zn, Ca, 
Mg, Na, Mn, Fe, Al, and Si (Clark and Zeto 2000). Apparently, besides providing P 
to their host plants, AM fungi can facilitate N2 fixation by providing legumes with P 
and other immobile nutrients such as Cu and Zn, essential for N2 fixation (Li et al. 
1991; Kothari et al. 1991; Clark and Zeto 2000). There are reports that N fixation can 
be reduced or even completely inhibited in the absence of AMF at low nutrient avail-
ability (Azcón et al. 1991). The improvement in plant growth under both greenhouse 
and field conditions has also been suggested due to increased photosynthesis and 
improved carbon flow to the nodule and to AM sinks, giving rise to more and larger 
nodules that fix more nitrogen for the plant (Linderman and Paulitz 1990). In some 

Fig. 10.1  Root colonized by endomycorrhizal fungus. Zone of P (or other nutrient) absorption by 
a non-mycorrhizal root (a) and by a mycorrhizal root (b) P phosphate ion (adapted from Muchovej 
(2001))

10  Legume Response to Arbuscular Mycorrhizal Fungi Inoculation



242

cases, AMF may be responsible for acquiring 100% of host nutrients (Smith et al. 
2004). Thus, Marschner (1998) and Hodge and Campbell (2001) have suggested that 
the overall improvement in plant nutrition following AM inoculation is due to 
(1)  increased root surface through extraradical hyphae, which can extend beyond 
root depletion zone, (2) degradation of organic material, and (3) alteration of the 
microbial composition in the rhizosphere. More specifically, mechanisms as to how 
AMF contribute to plant health have been extensively studied leading to develop-
ment of several hypotheses (Linderman 1994). The most important are (a) increased 
nutrient uptake that results in higher resistance of the plant to pathogen invasion or a 
compensation of the symptoms, (b) competition for photosynthates or space, 
(c) plant morphological changes and barrier formation, (d) changes in biochemical 
compounds related with plant defense, and (e) increased percentage of microbial 
antagonists in the rhizosphere. Under conditions of low N and P availability which 
exist in many tropical soils, the possible transfer of nutrients from the mycorrhizal 
plant to another plant via AMF hyphal network may occur. Underground hyphal 
links can be formed when hyphae of mycorrhizal fungi spread from one infected 
plant and enter the roots of one or more other plants (Heap and Newman 1980). 
Studies have ascertained that AM fungi did enhance N transfer from mycorrhizal 
legumes to another nonleguminous plant (Vankessel et al. 1985). Similarly, Snoeck 
et al. (2000) demonstrated that nearly 30% of the nitrogen fixed by legumes like 
Desmodium and Leucaena was transferred to associated coffee trees.

10.6.1	 �Alleviation of Environmental Stresses in Mycorrhizal 
Legumes

Currently, wide arrays of environmental stresses (abiotic/biotic) are increasing 
worldwide due to various types of anthropological activities that have seriously 
threatened plant distribution and function in a given ecosystem. Although plants 
have evolved mechanisms to cope such unfavorable factors, but they can perform 
better if grown with beneficial rhizosphere microbes (Aroca and Ruiz-Lozano 
2009). Generally, phytobeneficial microbes greatly enhance tolerances of plants to 
a wide array of stresses (Fig. 10.2). The role of AM fungi and other phytobeneficial 
microbes in the promotion of biological and chemical properties of legumes under 
stressed environment is briefly discussed in the following section.

10.6.1.1	 �Tolerance to Salt/Alkaline and Acidity
Salinity is one of the most important abiotic stresses that limit crop growth and 
productivity across the globe. Soil salinity also decreases nodulation and N2 fixation 
and nitrogenase activity of nodulated legumes (Karmakar et al. 2015). Thus, the 
development of salt-tolerant symbioses is an absolute necessity to enable cultivation 
of leguminous crops in salt-affected soils. For example, Rabie and Almadini (2005) 
while investigating the effects of dual inoculation of Azospirillum brasilense nitro-
gen fixing bacterium (NFB) and AMF (G. clarum) on Vicia faba grown with five 
levels of NaCl (0.0–6.0 dS m−1) observed that AM-inoculated faba plants showed 
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decreases in salinity tolerance, % of mycorrhizal infection, and higher accumulation 
of proline with increasing levels of salinity. In addition, AMF infection significantly 
increased mycorrhizal dependency, N and P level, phosphatase enzymes, nodule 
numbers, protein content, and nitrogenase enzymes of all salinized faba plants com-
pared to control and non-AM plants either in the absence or presence of NFB. In 
shoots of non-AM plants, Na+ concentration was increased, while the concentra-
tions of K+, Mg2+, and Ca2+ were decreased with increasing salinity. AM-colonized 
plants, on the other hand, had greater K+/Na+, Mg2+/Na+, and Ca2+/Na+ ratios relative 
to non-AM plants at all salinity levels. The Na+ level in shoots of AM plants showed 
slight increase with gradual increase in salinity, while a noticeable increase was 

Nutrient deficiency alleviation

Salt Stress alleviation

Drought Stress alleviation

Heavy metal toxicity alleviation

Microbial effects:
-Promoted nodulation & nitrogenase activity
-Solubilization and uptake of nutrients
-Increased accumulation of N and soluble P
-Iron chelation
-Growth enhancement
-Reduced nutrient deficiency symptoms

Microbial effects:
-Decreasing Na+ uptake
-Increased binding of Na+ by exopolysaccharides
-Increasing root hydraulic conductivity
-Salt compartmentalization in vacuoles
-Osmoregulation and other metabolic adaptations
-Organic compounds: glutamate, proline, glycine,
betaine, sugars...
-Degradation of Reactive oxygen species (ROS)
-Included systemic mechanisms: flavonoid synthesis
-Lowering ethylene levels
-Reducing osmotic stress

Microbial effects:
-Water uptake
-Soil water properties modifications
-Exopolysaccharides: Bacterial biofilms maintain
               water potential
-Hormonal effects (ACC deaminase & IAA)
-Reduction of ethylene synthesis
-Effects on stomatal conductance
-Increasing the activity of catalase and peroxidase
-Production of proline
-Free polyamines synthesis
-Regulation of aquaporin

-Sequestration, sorption & enzymatic
          transformation of metal ions
-Metal chelation & redox potential modification
-Metal compartmentalization in vacuoles
-Compensation of deleterious effects on P levels by
         phosphate solubilization

P and nutrient uptake enhancement
Water uptake and water use efficiency
lonic balance
Osmoprotectants
Antioxidants

Mycorrhizas

Vesicles

Arbuscules

Root nodule

Tolerant rhizobia &
Frankia strains

Rhizobacteria (including PGPRs)
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Phytohormons (IAA, cytokinins, giberellins etc)
Exoenzymes and chelators of insoluble phosphate
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Fig. 10.2  Mechanisms adopted by N2-fixing bacteria, PGPR, and AM fungi to alleviate abiotic 
stresses; CAT catalase, IAA indoleacetic acid, PGPR plant growth-promoting rhizobacteria, POX 
peroxidase, SOD superoxide dismutase (adapted from Bouizgarne et al. (2014))
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observed in K+ and Ca2+ concentrations especially at higher salinity levels. The 
results clearly showed that the inoculation of NFB along with AM plants synergisti-
cally increased the performance of the test legume under salinity stress providing 
evidence for reducing the salt affected negative impact on legumes as also reported 
for Trifolium alexandrinum plants grown under different salinity levels (2.2, 5, and 
10  dS  m−1) in a pot experiment under glasshouse conditions (Shokri and Maadi 
2009). Another study in Egypt (Abd-Alla et al. 2014) was devoted to investigating 
the synergistic interaction of Rhizobium and arbuscular mycorrhizal fungi for 
improving growth of faba bean grown in alkaline soil. Out of 20 isolates 3 of them 
were selected as tolerant isolates and named as Rhizobium sp. Egypt 16 (HM622137), 
Rhizobium sp. Egypt27 (HM622138), and R. leguminosarum bv. viciae STDF-
Egypt 19 (HM587713). The best alkaline tolerant was R. leguminosarum bv. viciae 
STDF-Egypt 19 (HM587713). The effect of R. leguminosarum bv. viciae STDF-
Egypt 19 and mixture of AMF (Acaulospora laevis, G. geosporum, G. mosseae, and 
Scutellospora armeniaca) both individually and in combination on nodulation, 
nitrogen fixation, and growth of Vicia faba under alkalinity stress were assessed. A 
significant increase over control in number and mass of nodules, nitrogenase activ-
ity, leghemoglobin content of nodule, mycorrhizal colonization, and more dry mass 
of root and shoot was recorded in dual inoculated plants than plants with individual 
inoculation. The enhancement of nitrogen fixation of faba bean could be attributed 
to AMF facilitating the mobilization of certain elements such as P, Fe, K, and other 
minerals that involve in synthesis of nitrogenase and leghemoglobin. Thus it is clear 
that the dual inoculation with Rhizobium and AMF biofertilizer is more effective for 
promoting growth of faba bean grown in alkaline soils than the individual treatment, 
reflecting the existence of synergistic relationships among the inoculants.

The ability of crop plants to tolerate low soil pH has become extremely important 
in the agricultural production systems of the humid tropics with soils of low pH 
(Kamprath and Foy 1985). Studies by Dodd et  al. (1990) and Sieverding (1991) 
show that over 50 field trials with effective AMF in acid soils of varying fertility 
resulted in an average increase of 20–25% in yields (3 tons ha−1) and a greater sta-
bility in production year after year. Later on, the influence of soil acidity on the 
levels of colonization by the microsymbionts and the dependency of pioneer plants 
on the microsymbionts was investigated in an abandoned quarry of acid sulfate soil 
(Maki et  al. 2008). The levels of AM colonization in pioneer grass, forbs, and 
legume shrubs grown in the field were assessed, and no significant decline in the 
levels with an increase in soil acidity was observed. Most of the legume shrubs 
formed root nodules. Several AM fungi and bradyrhizobia were cultured from the 
rhizosphere soils of pioneer plants grown in the quarry. Pot experiments revealed 
that the microsymbionts isolated from the field significantly promoted the growths 
of pioneer grasses and legume shrubs in acid sulfate soil at pH 3.4. On the other 
hand, Dodd et  al. (1990) supported the idea that increasing the AMF inoculum 
potential of acid-infertile soils by inoculation or pre-crops can greatly increase the 
rate of establishment of mycorrhiza-dependent host plants. Thus, from these and 
other studies, it was suggested that bacterial-AM-legume tripartite symbioses could 
be a new approach to increase the tolerance of legume plants under stressed 
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environment. Integration of microbial inoculants with NPK application in acidic 
soils has showed promising results. For example, Bai et al. (2016) in a recent experi-
ment quantified the influence of integrated use of AMF, Rhizobium, and N and P on 
growth, productivity, profitability, and nutrient use efficiencies of garden pea grown 
under acid Alfisol field. The experiment was laid out in randomized block design 
(RBD) replicated thrice comprising 13 treatments involving AMF (G. mosseae), 
Rhizobium (R. leguminosarum), and inorganic N and P fertilizers. The results 
revealed that dual inoculation of pea seed with AMF and Rhizobium enhanced the 
plant height, leaf area index, and dry matter accumulation significantly by 19.4 and 
13.1, 10.7 and 10.7, and 16.6 and 16.7%, respectively, at 60 and 120 days after sow-
ing (DAS). Similarly, dual inoculation exhibited significant respective increases of 
9.5 and 14.6% in absolute and crop growth rates over generalized recommended 
NPK dose (GRD) during 60–120 DAS.  The dual inoculation led to significant 
respective increases of 1- and 2.2-, 1.06- and 1.74-, 0.21- and 1.5-, and 1.05- and 
1.60-folds in partial factor productivity, crop recovery efficiency, physiological effi-
ciency, and % recovery of applied N and P, respectively, over GRD. The magnitude 
of increase in pea productivity, net returns, and boron to carbon (B/C) ratio follow-
ing dual inoculation was to the tune of 20, 54.4, and 104.1%, respectively, over 
GRD. Dual inoculation also exhibited significant increases of 19.4 and 53% in pro-
duction and monetary efficiencies of pea over GRD. Overall, dual inoculation of 
AMF and Rhizobium with 75% soil-test-based N and P dose in pea has great poten-
tial in enhancing pea productivity, profitability, and nutrient use efficiency besides 
saving about 25% fertilizer N and P without impairing pea productivity in Himalayan 
acid Alfisol.

10.6.1.2	 �Heavy Metals and Drought Tolerance
Working with Trifolium repens, Vivas et al. (2003) studied the effect of inoculation 
with naturally occurring microorganisms (an AM fungus and rhizosphere bacteria) 
isolated from a Cd-polluted soil. One of the bacterial isolate identified as a 
Brevibacillus sp. showed a marked PGPR activity. Mycorrhizal colonization also 
enhanced Trifolium growth and N, P, Zn, and Ni content, and the dual inoculation of 
AM fungus and Brevibacillus sp. further enhanced growth and nutrition and reduced 
Cd concentration, particularly at the highest Cd level. Interestingly, increasing Cd 
level in soil decreased Zn and Pb accumulation in shoot. Co-inoculation of 
Brevibacillus sp. and AM fungus increased shoot biomass over single mycorrhizal 
plants by 18% (at 13.6  mg  Cd  kg−1), 26% (at 33.0  mg  Cd  kg−1), and 35% (at 
85.1 mg Cd kg−1). In contrast, Cd transport from soil to plants was substantially 
reduced and at the highest Cd level; Brevibacillus sp. lowered this value by 37.5% in 
AM-colonized plants. However, the increase in Cd level highly reduced plant mycor-
rhization and nodulation. On the contrary, strong positive effect of this bacterium 
was observed for nodule formation in all treatments. In a similar study conducted by 
Al-Garni (2006), the composite inoculation of AM fungus and Rhizobium signifi-
cantly increased dry weight, root/shoot ratios, leaf number and area, plant length, 
leaf pigments, total carbohydrates, and N and P content of cowpea plants grown in 
pots treated with 6 concentrations of Zn (0–1000 mg/kg dry soil) and Cd (0–100 mg/
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kg dry soil) compared to non-inoculated controls. Moreover, tolerance index of inoc-
ulated cowpea plants was greater than uninoculated plants. And microsymbionts 
dependencies of test plants increased at higher levels of Zn and Cd in polluted soil. 
Metals accumulated by microsymbionts-infected cowpea plant were mostly distrib-
uted in root tissues, suggesting that an exclusion strategy for metal tolerance exists 
in such organisms. Yet in another study, the influence of AM fungus G. macrocar-
pum Tul. and Tul on growth, nutrients, and Pb uptake by Bradyrhizobium-inoculated 
soybean (var. IAC-14) was assessed in soils treated with different levels of Pb 
(Andrade et al. 2004). The results revealed that soybean shoot dry biomass was not 
affected by increasing doses of Pb, but the number of pods decreased significantly. 
Nodule dry weights of mycorrhizal roots were reduced by soil Pb additions, although 
the mycorrhizas stimulated plant nodulation significantly. The inoculation of AMF 
in soybeans provided higher rates of nutrients uptake, mainly P, inducing greater 
mycorrhizal-soybean growth. Thus, mycorrhizas improved Pb uptake and produced 
shoots with Pb concentrations 30% lower than those of non-mycorrhizal plants, at 
the highest Pb concentration added to the soil. AM fungus was, however, more sus-
ceptible to the higher Pb rates added to the soil than the soybean plants, decreasing 
both root AM colonization and spore production. This work indicated that a concen-
tration of 600 mg dm−3 of Pb in the soil interfered with the establishment of double 
symbioses between AMF and Bradyrhizobium and with the fungus perpetuation in 
soil. Recent surveys indicate that ecosystem restoration of heavy metal contaminated 
soils practices need to incorporate microbial biotechnology research and develop-
ment in order to harness the optimum benefits of bacterial-AM-legume tripartite 
symbiosis under heavy metal contaminated soils (Al-Garni 2006; Khan 2006).

Water deficit is considered one of the most important abiotic factors limiting 
plant growth and yields. Several eco-physiological investigations have shown that 
the AM symbiosis often alters the rates of water movement into, through, and out of 
the host plants, with consequent effects on tissue hydration and plant physiology 
(Ruiz-Lazano 2003) and consequently improve water uptake by plants (Aliasgharzad 
et al. 2006). AM fungi in combination with rhizobia or PGPR usually have an accu-
mulative beneficial effect on plant drought tolerance (Aroca and Ruiz-Lozano 2009). 
For instance, in a controlled pot culture experiment performed by Aliasgharzad et al. 
(2006), soybean plants were inoculated with two species of AM fungi, G. mosseae 
(Gm) or G. etunicatum (Ge), or left non-inoculated (NM) as control in a sterile soil. 
Four levels of soil moisture (field capacity, 0.85 FC, 0.7 FC, 0.6 FC) in the presence 
or absence of B. japonicum were applied to the pots. Relative water content (RWC) 
of leaf at both plant growth stages (flowering and seed maturation) decreased with 
the dryness of soil; RWC was higher in all mycorrhizal than non-mycorrhizal plants 
irrespective of soil moisture level. At the lowest moisture level (0.6 FC), Ge was 
more efficient than Gm in maintaining high leaf RWC. Leaf water potential (LWP) 
had the same trend as RWC at flowering stage, but it was not significantly influenced 
by decrease in soil moisture to 0.7 FC during seed maturation stage. Seed and shoot 
dry weights were affected negatively by drought stress. Mycorrhizal plants, how-
ever, had significantly higher seed and shoot dry weights than non-mycorrhizal 
plants at all moisture levels except for seed weight at 0.6 FC.  Root mycorrhizal 

D. Muleta



247

colonization was positively correlated with RWC, LWP, shoot N and K, and seed 
weight, implying improvement of plant water and nutritional status as a result of 
colonization. Shoot K was enhanced considerably by both bacterial and fungal inoc-
ulations, particularly in plants with dual inoculations where the highest shoot 
K  levels were found. The relatively higher shoot and seed dry weights in plants 
inoculated with both G. etunicatum and B. japonicum could be ascribed to their 
higher RWC and LWP, suggesting that drought avoidance is main mechanism of this 
plant-microbe association in alleviation of water stress in soybean. Aroca and Ruiz-
Lozano (2009) also emphasized that phytobeneficial soil microorganisms enhance 
plant drought tolerance by different mechanisms including decreased oxidative 
stress, improved water status, or regulation of aquaporins. In addition, the authors 
further suggested that AM symbiosis improves almost every physiological parame-
ter, like water status, leaf transpiration, photosynthesis, or root water uptake of the 
host plant under drought stress. At the same time, AMF in combination with rhizo-
bia or other PGPR results in additive or synergistive effect on plant drought toler-
ance, although this depends on the compatibility of strains used for inoculation. 
Therefore, although there is evidence which help to understand as to soil microor-
ganisms induce plant drought tolerance at physiological level, the mechanistic basis 
of drought tolerance at molecular level is inadequate. Currently, it is well docu-
mented that desertification is a complex and dynamic process which obviously has 
a negative environmental impact, particularly in arid, semiarid, and subhumid areas 
of the world, where the process is claiming several million hectares per  annum 
(Herrera et al. 1993; Aroca and Ruiz-Lozano 2009). Consequently, the proportion of 
plants living under water shortage conditions is increasing. Thus, management of 
indigenous plant-microbes symbioses assists in restoration of desertified ecosystems 
(Requena et al. 2001). Legumes are the most appropriate candidates for revegetation 
of water-deficient, low-nutrient environments/disturbed ecosystems because of their 
ability to establish tripartite symbiotic associations with nitrogen-fixing rhizobia 
and AMF which improve nutrient acquisition and help plants to become established 
and cope with stress situations (Herrera et al. 1993). Studies show that useful legume 
tree species may contribute around 12 tons of dry litter and 190 kg of N ha−1 y−1 to 
renovate degraded soil (Franco and De Faria 1997). Sometimes, the combined effect 
of microsymbionts may, however, cause deleterious effect to legume host under 
moderate water stress condition. For instance, four Phaseolus vulgaris varieties 
were single or dual inoculated with two different AM fungus and/or two different 
Rhizobium strains (Franzini et  al. 2010). All plants were grown under moderate 
drought conditions. Surprisingly, most of the biological treatments involving one 
fungus and one Rhizobium together caused a deleterious effect on plant growth. 
However, these negative effects were dependent on the P. vulgaris variety used as 
well as on the symbionts implicated. The results showed that AM symbiosis inhib-
ited nodule development and N2 fixation, causing diminution of plant growth. 
Therefore, under moderate drought conditions, the dual symbiosis formed by AM 
fungi and Rhizobium can be deleterious to P. vulgaris growth depending on the plant 
variety and the symbionts involved. Thus, under these common stress conditions, 
selection for the appropriate symbionts to each P. vulgaris variety is needed.
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10.6.1.3	 �Tolerance of Soilborne Pathogens
The effects of AM fungi G. mosseae (Gm) and G. fasciculatum (Gf) and R. legumi-
nosarum biovar phaseoli (Rlp) were examined on the patho-system of Sclerotinia 
sclerotiorum (Lib) de Bary (Ss) and common bean (Aysan and Demir 2009). The 
colonization and nodulation of two biological control agents exhibited differences 
as a result of reciprocal interactions of these items as well as the effect of Ss. 
Nodulation of Rlp decreased in triple inoculation. In addition, colonization of AMF 
significantly decreased in treatment of Ss + AMF than control AMF. Treatments of 
single inoculation of AMF and Rlp isolates reduced disease severity by 10.3–24.1%. 
It was found that single biological control agent’s inoculations were more effective 
than dual inoculations (AMF + Rlp). While comparing the morphological parame-
ters of common beans, all measured morphological parameters were decreased in 
treatments having pathogen isolate. Besides this, all biological control agents 
increased total content of P and N in treated plants compared to the controls. Root 
colonization by AMF can improve plant resistance/tolerance to biotic stresses. 
Studies indicate a range of mechanisms are involved in controlling the pathogen by 
mycorrhizal roots such as exclusion of pathogen, lignifications of cell wall, changed 
P nutrition, exudation of low molecular weight compounds, and others (Sharma 
et al. 2004). Sundaredan et al. (1993) investigated the interaction of G. fasciculatum 
with a wilt-causing soilborne pathogen, Fusarium oxysporum, against cowpea 
plants. It was found that pre-establishment by AM fungus reduced the colonization 
of the pathogen and the severity of the disease, as determined by reduction in vas-
cular discoloration index. In mycorrhizal plants, the production of phytoalexin com-
pounds was always higher than in the non-mycorrhizal plants, and a direct correlation 
between the concentration of the phytoalexins and the degree of mycorrhizal asso-
ciation was found. It is argued that the production of phytoalexin compounds in 
mycorrhizal plant could be one of the mechanisms imparting tolerance to the plants 
against wilt disease. Moreover, multiple lines of evidence reveal that AM fungi 
significantly reduced disease symptoms caused by fungal pathogens such as 
Phytophthora, Gaeumannomyces, Fusarium, Pythium, Rhizoctonia, Verticillium, 
and Aphanomyces (Demir and Akköprü 2007). In another study Gao et al. (2012) 
have investigated the disease incidence and index of soybean red crown rot under 
different P regimes in field and found that the natural inoculation of rhizobia and 
AMF could affect soybean red crown rot, particularly without P addition. Further 
studies in sand culture experiments showed that inoculation with rhizobia or AMF 
significantly decreased severity and incidence of soybean red crown rot, especially 
for co-inoculation with rhizobia and AMF at low P. The root colony forming unit 
(CFU) decreased over 50% when inoculated with rhizobia and/or AMF at low 
P. However, P addition only enhanced CFU when inoculated with AMF. Furthermore, 
root exudates of soybean inoculated with rhizobia and/or AMF significantly inhib-
ited pathogen growth and reproduction. Quantitative RT-PCR results indicated that 
the transcripts of the most tested pathogen defense-related (PR) genes in roots were 
significantly increased by rhizobium and/or AMF inoculation. Among them, PR2, 
PR3, PR4, and PR10 reached the highest level with co-inoculation of rhizobium and 
AMF. The results indicated that inoculation with rhizobia and AMF could directly 
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inhibit pathogen growth and reproduction and activate the plant overall defense 
system through increasing PR gene expressions. Combined with optimal P fertiliza-
tion, inoculation with rhizobia and AMF could be considered as an efficient method 
to control soybean red crown rot in acid soils.

10.7	 �Inoculum Development and Formulations

Since AM fungi are an obligate biotrophs, the AM inoculum production on a com-
mercial scale via a host plant is still an obstacle and hence limits its utility as inocu-
lants in sustainable agricultural production systems. Despite the limitation in 
inoculums development, certain progress has been made in this direction, and some 
commercial inoculum is currently marketed in some countries in the world 
(Gianinazzi and Vosátka 2004). Currently, there has been a remarkable boom in 
enterprises producing mycorrhizal fungi inocula and related services for the retail 
sector, commercial plantations, horticulture, and, more recently, the developing 
agricultural market. There are number of reasons for increasing interest in develop-
ing mycorrhizal inocula by the mycorrhizal industry. Firstly, the positive effects of 
mycorrhizal fungi on plant health, growth, and yield have generated a greater inter-
est among end users of mycorrhizal technology (Gianinazzi and Vosátka 2004). 
Secondly, it offers an environmentally friendly and economically attractive option 
in commercial cultivation (Toro et al. 1997). Therefore, AM fungi are gaining popu-
larity as “biofertilizers”/efficient scavengers of nutrients, “bioprotectors,” and “bio-
control” agents (Sylvia 1999), and hence, the industry of mycorrhizal inoculum 
production is expanding around the world (Todd 2004). However, extensive field 
trials are required to prove that bioagent indeed is effective and, hence, can be rec-
ommended for inoculant development and its consequent application over a wide 
range of soil, environmental conditions, and crop types (Leggett et al. 2007). The 
first consideration in inoculum production involves the selection of fungal isolates 
endowed with growth-promoting activity (Ryan and Graham 2002). Other factors to 
be considered in the production of inoculum include soil conditions, the host plant 
used to grow fungus (Sieverding 1991; Ryan and Graham 2002). Several host plants 
including Sudan grass (Sorghum bicolor var. Sudanese), bahia grass (Paspalum 
notatum), guinea grass (Panicum maximum), cenchrus grass (Cenchrus ciliaris), 
clover (Trifolium subterraneum), strawberry (Fragaria sp.), sorghum (Sorghum vul-
gare), maize (Zea mays), barley (Hordeum vulgare), and onion (Allium cepa) have 
been attempted to produce AM inoculum. However, mass propagation of AM fungi 
varies greatly with root structure and habitat of host plant (Bever et  al. 1996). 
Furthermore, since there are greater variations in soils and climates around the 
world, the locally available materials for inoculum production should be tested 
(Sieverding 1991). The traditional and most widely used approach has been to grow 
the fungus with the host plant in solid growth medium individually or a combination 
of the solid growth media such as soil, sand, peat, vermiculite, perlite, clay, or vari-
ous types of composted barks (Sylvia and Jarstfer 1992). For the commercial devel-
opment of AM inoculants, numerous strategies have been adopted time to time with 
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their own merits and demerits. Some of the recently followed techniques for the 
production of mycorrhizal inoculum including soil or soilless technologies, like 
nutrient film technique (NFT) (Mosse and Thompson 1984), circulation hydroponic 
culture system, aeroponic culture system (Sylvia and Hubbell 1986), root organ 
culture, and tissue culture (Nopamornbodi et al. 1988), are briefly discussed in the 
following section.

10.7.1	 �Inoculum Production Strategies

10.7.1.1	 �Soil-Based Pot Culture Method
Soil-based pot culture is a common method for production of AM fungal inoculum 
(Menge 1984). Soil inoculum contains all AM fungal structures; this inoculum 
source is highly infective (Sieverding 1991). The author further suggested that the 
success for good soil inoculum production depends on the selection of the host plant 
and the ambient conditions. The soil inoculum (containing AM-infected roots, AM 
spores, and mycelium) is chopped and homogenized before use. Soil may contain 
abiotic and biotic components which make it undesirable substrate in which to grow 
and subsequently to distribute the AM fungal inoculum. Soil inocula are considered 
impractical because of their bulk and the risk of contamination by insects, nema-
todes, and plant pathogens (Sylvia and Jarstfer 1992). However, chopped roots in 
peat blocks (Warner 1985) and spores within a clay matrix (Dehne and Backhaus 
1986) have been proposed for field application. Soil-based pot culture method is 
cost-effective with low inputs, and thousands of infectious propagules can be 
extracted per gram of soil. However, the major disadvantage associated with this 
technique includes bulk amount, vulnerability of pest to infestation, and nutrient 
management (Sharma et al. 2000). To overcome these problems, soilless technolo-
gies were discovered and are discussed.

10.7.1.2	 �Nutrient Film Technique (NFT)
In this method, large volume of nutrient liquid in a film is recycled which flows over 
the roots of plants. However, any host in the NFT should be grown first in the soil 
substrate with AM inoculums in order to infect the roots. This technique eliminates 
the possibility of contamination and helps to produce large quantities of AM-infected 
roots. However, higher sporulation compared to soil system is not achieved. Yun-
Jeong and Eckhard (2005) used NFT culture system for nursery production of 
arbuscular mycorrhizal horticultural crops. In the NFT system, a thin layer of glass 
beads was used to provide solid support for plant and fungus growth, and nutrient 
solution was supplied intermittently (15 min, six times per day). A modified nutrient 
solution (80 μM P) was used and was changed with fresh solution at 3-day intervals. 
The dry matter accumulation in Glomus mosseae (BEG 107)-colonized lettuce 
(Lactuca sativa var. capitata) was significantly higher than non-mycorrhizal lettuce 
in perlite during the precolonization period. The root colonization rate was also high 
at rates up to 80 μM P supply. On the NFT system, growth differences between 
mycorrhizal and non-mycorrhizal plants were less than in perlite. However, root 
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colonization rate was not reduced during the NFT culture period. In this system, 
high amounts of fungal biomass were produced. The authors suggested that using 
this technique, metal and other nutrient concentrations in fungal hyphae can be 
determined. Furthermore, this modified NFT culture system would also be suitable 
for fungal biomass production on a large scale with a view to additional aeration by 
intermittent nutrient supply, optimum P supply, and a use of glass beads as support 
materials. Furthermore, bulk inoculum composition with a mixture of spores, colo-
nized roots, and hyphae grown in soilless media by the modified NFT system might 
be a useful way to mass-produce mycorrhizal crops and inoculum for commercial 
horticultural purposes.

10.7.1.3	 �Aeroponic Method
A culture system which applies a fine mist of defined nutrient solution to the roots 
of trap plant is termed as aeroponic culture (Zobel et al. 1976). For this, plants are 
generally inoculated in sand or vermiculite before they are transferred to these sys-
tems. Plants have also been inoculated directly in the aeroponic system (Hung et al. 
1991). Applying aeroponics higher number spores have been produced compared to 
soil-based pot cultures. Since no substrate is present with the inoculum with aero-
ponic culture of roots, it is possible to produce inoculum with hundreds of thou-
sands of propagules per dry gram of roots (Sylvia and Jarstfer 1992). The aeroponics 
has distinct advantage over other AM-producing techniques, like the highly aerated 
rooting environment of aeroponics stimulates rapid and abundant sporulation of the 
AM fungi and this system reduces the risk of contamination but this technique is a 
costly affair. For example, in an aeroponic culture, root colonization and sporulation 
of G. mosseae (Nicol. & Gerd.) Gerd. & Trappe and G. intraradices Schenck & 
Smith with bahia grass was found superior relative to a soil-based pot culture (Sylvia 
and Hubbell 1986). Similarly, Martin-Laurent et al. (1999) designed an experiment 
to produce Acacia mangium saplings associated with AM fungi using aeroponics 
(a soilless plant culture method). A. mangium seedlings were first grown in multi-
pots and inoculated with Endorize (a commercial AM fungal inoculums) followed 
by transferring to aeroponic systems or to soil. Aeroponics was found as a better 
system than soil and doubled the production of tree saplings compared to soil. 
Moreover, compared to plants grown in soil, aeroponically grown saplings inocu-
lated with AM fungal inoculum exhibited significantly different rates of mycorrhi-
zation, leading to an increase in chlorophyll contents in plant tissues. The authors 
suggested that the aeroponic system is an innovative and appropriate technology 
which could be used to produce large quantities of tree saplings associated with soil 
microorganisms, such as AM fungi, for reforestation of degraded land in the humid 
tropics. Aeroponically produced G. deserticola and G. etunicatum inocula retained 
their infectivity after cold storage (4°C) in either sterile water or moist vermiculite 
for at least 4 and 9 months, respectively (Hung and Sylvia 1988).

10.7.1.4	 �Root Organ Culture System
The root organ culture system is the most attractive and advanced cultivation method 
for AMF development. This technique uses root-inducing transfer-DNA-transformed 
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roots of a host plant to develop the symbiosis on a specific medium in vitro which 
provides pure, viable, contamination-free inoculum using less space. Systems uti-
lizing excised roots of various host plants and different media formulations have 
been developed to culture glomalean fungi monoxenically (Mugnier and Mosse 
1987). Less than 5% of currently known AM species have, however, been success-
fully cultivated using dual culture approach. Gigaspora margarita (Miller-Wideman 
and Watrud 1984); G. fasciculatum, G. intraradices, and G. macrocarpum (Declerck 
et al. 1998); and G. versiforme (Diop et al. 1994) have been maintained and sporu-
lated in association with excised tomato roots or roots of carrot transformed by 
“hairy root” inducing T-DNA from Agrobacterium rhizogenes. Evidently, the rate 
of in vitro spore formation of the AM fungus G. versiforme was followed in Petri 
dishes, using mycorrhizal root-segment inoculum associated with Ri T-DNA trans-
formed carrot roots (Declerck et  al. 1996). Three phases of sporulation were 
observed: a lag phase, a period of intensive spore production, and a plateau phase. 
An average of 9500 spores/Petri dish was produced after 5 months of dual culture. 
The root organ culture system supported extensive root colonization with many 
arbuscules and vesicles being formed. The fungus, both within root segments and as 
spores produced, was viable and able to complete its life cycle in vitro. The mycor-
rhizal root segments, however, exhibited higher inoculum potential due to numerous 
vesicles and extensive intraradical mycelium. The in vitro propagation on root organ 
culture, however, may not change drastically the traditional process but will improve 
the quality of strain and the supply of spores (Dalpé and Monreal 2004).

10.7.2	 �Formulations

Different formulated products are available in the market, which creates the need for 
the establishment of standards for widely accepted quality control. In most cases, 
fresh AMF inoculum is applied (Fig. 10.3). In preparation and formulation of mycor-
rhizal inoculum, the most widely used methods are based on the entrapment of fun-
gal materials in natural polysaccharide gels (Sieverding 1991; Vassilev et al. 2005). 
The potential of such inoculant preparations is illustrated by various studies which 
include immobilization of mycorrhized root pieces, vesicles, and spores, in some 
cases co-entrapped with other plant beneficial microorganisms (Vassilev et al. 2001).

In a study, Vassilev et al. (2001) assessed the applicability of microbial inocu-
lants entrapped in alginate gel. For this, AM fungus G. deserticola enriched with 
rock phosphate, either in free form or entrapped in calcium alginate alone or in 
combination with P-solubilizing yeast (Yarrowia lipolytica), was inoculated into 
soil microcosms. Plant dry weight, soluble P acquisition, and mycorrhizal index 
were equal in treatments inoculated with free and alginate-entrapped AM fungus. 
Dual inoculation with entrapped G. deserticola and free cells of Y. lipolytica signifi-
cantly increased all measured variables. The highest rates of the latter were obtained 
when both fungal microorganisms were applied co-entrapped in the carrier. The 
yeast culture behaved as a “mycorrhiza helper microorganism” enhancing mycor-
rhization of plant roots. These results indicate that dual inoculation with an AM 
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fungus and a P-solubilizing microorganism co-entrapped in alginate can be an effi-
cient technique for plant establishment and growth in nutrient-deficient soils. 
Likewise, Weber et al. (2005) studied dual inoculation of Acacia mangium grown in 
aeroponic culture using selected strains of Bradyrhizobium sp. and G. intraradices. 
A single-step technique with alginate as an embedding and sticking agent for an 
inoculum composed of AM-infected sheared roots was used to infect plants. This 
method resulted in the successful establishment of AM in 100% of the inoculated 
plants after 7  weeks. The results indicated that dual microbial inoculation with 
G. intraradices strain S-043 and Bradyrhizobium strain AUST 13C stimulated the 
growth of A. mangium in aeroponic culture. The effects of single and dual microbial 
inoculations were also evaluated at two levels of P in the nutrient medium. A con-
centration of 5 mg P kg−1 stimulated the development of AM without affecting plant 
development or establishment of Bradyrhizobium symbiosis. In contrast, saplings 
supplemented with a higher concentration of P (25 mg kg−1) alone or co-inoculated 
with Bradyrhizobium had lower AM frequencies.

�Conclusion
The great agricultural and environmental importance of legumes together with its 
ability to harbor conventional symbionts and other PGPR make legumes a target 
crop in sustainable agriculture. Accordingly, beneficial soil microbes have become 
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one of the established, promising, and sustainable low-input soil management 
options. Moreover, legumes, in general, have the potential to form mycorrhizal 
symbiosis. Mycorrhizal fungi affect the ecophysiology of nodulated legumes, the 
microbiota of soil, and associated nonlegume plants. Concomitantly, the inocula-
tion of both rhizobia and AMF has increased growth and development of plants 
under varying conditions. Furthermore, co-inoculation with rhizobia and mycor-
rhizal fungi is currently being suggested as a possible solution to reforestation and 
amendment of soil fertility. Also, AMF alleviate various types of abiotic/biotic 
stresses and have been reported to increase tolerance of legumes to salt, heavy 
metals, acidic soils, drought, soilborne pathogens, etc. Due to these, use of AM 
inoculum may provide solutions to ever-increasing costs of agrochemicals and 
other health-problem causing factors. However, further research is needed to bet-
ter understand the prospect of AM inoculum in legume production. Development 
of suitable technology for mass production of inoculants, simple application 
methods, and assessment of the mycorrhized fields are urgently required to har-
ness the full potential of mycorrhizas. Apart from these, factors deleterious to 
mycorrhizal diversity and their associated activities, such as pesticides, fertilizers, 
and poor management practices, need to be carefully monitored.
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