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Abstract 

 Drought dramatically reduces crop yield, therefore remains as a major threat to food 

security. Overcoming drought by crop plants is a complex phenomenon – where plants find ways 

mainly through physiological adaptation. However, in nature, the plants rely also on microbes for 

mitigating the drought effects. Below ground association of plant roots with rhizosphere 

microorganisms for tolerating drought has been though established earlier, the exact mechanism is 

being understood only recently. The role of below ground microbes, particularly by the arbuscular 

mycorrhizal fungi (AMF), in drought tolerance by crop plants is currently a key research topic. The 

significance and highlights of the recent research as well as the past understanding of mechanisms 

by which crop plants tolerate drought through association of soil beneficial microbes, particularly 

with that of the AMF, is discussed in this review. 

 

Keywords – Antioxidants – Mycorrhizal fungi – Osmotic adjustment – Plant water relations –  

Water stress 

 

Introduction 

Drought, induced by climate –change or depletion of ground water, is arguably the major 

agent limiting the crop growth and productivity, and poses biggest challenge for the global food 

security (Rajkumar et al. 2013). Through a series of morphological, physiological, biochemical and 

molecular changes, drought could affect the growth and productivity and hence, forms an important 

abiotic stress (Wang et al. 2003). Drought tolerance in crop plants is multi –dimensional ranging 

from morphological, physiological to molecular level (Lopes et al. 2011). Although plants could 

adapt a number of strategies to alleviate/ overcome stress effects, mycorrhizal association is 

emerging as one of the efficient ways to combat stress effects and hence makes the plants to grow 
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better under drought environment (Gianinazzi et al. 2010). In fact, several studies have shown the 

importance of use of microbial inoculants, especially the AMF in alleviating drought stress in crop 

plants (Zoppellari et al. 2014). 

 

Arbuscular Mycorrhizal Fungi 

AMF belong to the phylum Glomeromycota, which has a single class Glomeromycetes with 

4 orders Glomerales, Diversisporales, Paraglomerales and Archaeosporales. The commonly 

occurring genera of AMF are Glomus, Gigaspora, Scutellospora, Acaulospora and Entrophospora. 

AMF symbiosis is unique as part of the fungus (intraradical hyphae, arbuscules and vesicles) is 

inside the root and part of the fungus (extraradical hyphae and extramatricular chlamydospores) is 

outside the root in soil. These fungi are obligate symbionts and have not been cultured on nutrient 

media. AMF though are not host specific but exhibit host preference, thus enabling to screen and 

select an efficient AMF for inoculating a particular crop (Bagyaraj 2014). The increased growth of 

mycorrhizal plants is favoured in soils with low to moderate fertility. Greater soil exploration by 

mycorrhizal roots as a means of increasing the uptake of diffusion limited nutrients like P, Zn, Cu, 

etc. is well established. The other beneficial effects are their role in the biological control of root 

pathogens, hormone production and greater ability to withstand water stress (Bagyaraj et al. 2015).  

In nature, nearly 70 –90% of the terrestrial plants have an interaction with the root 

symbionts to ensure sufficient nutrient supply and alleviate environmental stresses (Zhu et al. 

2010). Both plants and AMF are known to affect each other implying that both partners are highly 

interlinked in influencing ecosystem processes (Mathimaran et al. 2007). Drought tolerance by 

plants via AMF is considered to be a cumulative effect of physical, nutritional, physiological and 

cellular processes (Ruiz –Lozano 2003). 

 

Physical features of AMF and drought tolerance 

Many mechanisms of drought tolerance are related to the physiology of the host plant, but 

some are also related to the extraradical AMF mycelia. The AMF hyphae can absorb water, as 

demonstrated by the difference in transpiration flux in AM –clover and leek plants with and 

without extraradical hyphae (Hardie 1985). Extraradical AMF hyphae may also improve the 

capacity of the root system to extract soil water by giving it access to micropore water. Because of 

their smaller diameter, hyphae can enter pores that are too small for root hairs to access. 

Furthermore, AMF hyphae proliferate well beyond the limit of root hairs giving plants access to 

more water –filled pores. The extraradical hyphae can transport water to the root at the rate of 0.28 

ng per second per entry point, a level which is enough to modify plant water relations (Allen 1982). 

According to Faber et al. (1991), the rate of water transport by AMF hyphae crossing air gaps 

between the compartments ranges from 375 –760 nl H2O h
 –1

. This clearly suggests the role of 

extraradical hyphae in transporting water. 

 AMF mycelia could also improve soil water –holding capacity through enhanced soil 

aggregation (Auge et al. 2001). Improved soil structure generally improves soil moisture retention 

properties and as a result, mycorrhizal soil may hold more water at a given soil water potential than 

non –mycorrhizal soil and thus mycorrhizal plants will have access to a larger reservoir of soil 

water. Marulanda et al. (2003) have observed that the enhanced ability of mycorrhizal plants to 

absorb water is related to the length of their extraradical mycelia. For example, Funneliformis 

mosseae (=Glomus mosseae) colonized lettuce had utilized 0.6% (volumetric) of soil water, while 

Rhizophagus intraradices (=Glomus intraradices) colonized lettuce plants of the same size used 

0.95% of soil water. In association with symbiotic AMF, plants could explore larger volumes of 

soil to absorb water and nutrients thereby impart stress tolerance to the plants (Smith et al. 2009).  

 

Physiological features of AMF and drought tolerance 

At physiological level, AMF regulate the plant nutrient uptake, stomatal conductance, leaf 

water potential, photosynthesis and transpiration rate (Li et al. 2014, Yang et al. 2014). Besides 

this, symbiotic association could also induce production of growth promoting hormones, anti –
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oxidative enzymes (Zhu et al. 2011a), improve plant root architecture (Wu et al. 2012) and soil 

properties. Taken together, all these events help the plants to produce significantly higher yields 

under stressful conditions.  

Various mechanisms both at physiological and at molecular level by which the AMF 

regulate the plant drought response have been reported (Auge 2004, Suriyagoda et al. 2014). It 

appears that AMF regulates the root hydraulic conductance by modifying potassium ion levels (El –

Mesbahi et al. 2012). Furthermore, AMF may also regulate the hydraulic properties of plants 

through regulation of plasma –membrane intrinsic proteins in combination with phytohormones ( 

Ruiz –Lozano et al. 2009). A recent finding indicates that AMF play a key role in modifications of 

root hairs consequently helping the plants to overcome the drought (Li et al. 2014). Besides helping 

the plants to explore larger volumes of soils for absorbing more water, AMF help the plants to 

maintain high relative water content (RWC) of the leaf, improves water use efficiency (WUE) 

(Beltrano et al. 2003; Meddich et al. 2015), increase leaf area, delay senescence (Beltrano and 

Ronco 2008) and maintain ion balance (Giri et al. 2007). Furthermore, association also makes the 

plants to have greater osmotic adjustment through accumulation of osmolytes and more 

specifically, the proline. In addition, through increased anti –oxidative activity, the levels of 

reactive oxygen species (ROS) is regulated in plants that are associated with AMF leading to 

reduced oxidative stress damage (Zhu et al. 2011a).  

One of the key mechanisms by which AMF alleviate drought stress in plants is through 

regulating plant gene expression, such as aquaporins (Barzana et al. 2014), as well as through 

regulating physiological and biochemical processes (Zhu et al. 2011b). Recent evidence suggests 

that AMF not only regulate the plant aquaporin gene expression but also regulate its own aquaporin 

genes which in turn help the plants to overcome drought (Li et al. 2013a, b). Recently, Li et al 

(2013a) have observed that in the arbuscule enriched cortical cells and extraradical hyphae of maize 

roots, the expression of two functional aquaporin genes from AMF i.e., GintAQPF1and 

GintAQPF2 were found to enhance greatly under drought stress. Further, their research provided 

molecular evidence for the transport of water to plants via AMF hyphae under osmotic stress 

thereby enhancing plant drought tolerance. These evidences clearly showed the role of mycorrhizal 

fungi in imparting stress tolerance to plants. 

 

AMF association on plant water relations 

Maintenance of tissue water status is an important aspect for improved metabolic activities 

of the tissues under stressful environment. Stress tolerant varieties/ genotypes through a number of 

strategies could maintain high tissue water status and thereby stress effect is not felt by the plants. 

Therefore, maintenance of tissue water status has lot of relevance for improved growth and 

productivity of the plants under stressful environments. In fact, maintenance of leaf water status is 

an important trait to alleviate the effect of drought stress. In this direction, the AMF offer protection 

to the plants where, they could help the plants to maintain tissue water status under stressful 

environments. A large number of experimental evidences indicated that, the RWC and water 

potential of the leaves of mycorrhizal plants are significantly more than the non – –mycorrhizal 

plants. For instance, Zhu et al. (2012) have reported that, the RWC and leaf water potential of the 

AMF plants were significantly higher than non –AM maize plants especially under drought stress 

condition. Improved leaf water status in AM plants was also reported by Colla et al. (2008) in 

Zucchini leaves and in maize leaves by Sheng et al. (2008) to indicate its relevance under stress 

conditions. The improved tissue water status in AM plants has been attributed to increased water 

uptake (Jiang and Huanz, 2003), change in root structure and enhanced root activity (Berta et al. 

1990). AMF colonization improves the exploitation of soil water below permanent wilting point 

(Franson et al. 1991). This is probably due to increased capacity of roots to scavenge water in dry 

soils resulting in less stress to roots and foliage (Daun et al. 1996).    

Besides maintenance of tissue water status of plants, fungal association also benefits the 

plants by increasing their water use efficiency (WUE). For example in maize, Zhu et al. (2012) 

have shown improved WUE and attributed this to increased water and mineral uptake from the soil 
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leading to better growth of plants and hence, increased WUE.  Increased WUE of AM –seedlings 

was also noticed by Yang et al. (2014) in black locust (Robinia pseudoacacia L.) seedlings. 

Therefore, the available information clearly indicated the role of AMF in imparting stress tolerance 

to the plants besides improving their WUE as well.  

 

AMF association on osmotic adjustment 

Osmotic adjustment is one of the important drought adaptive traits, which has lot of 

relevance in maintaining the tissue water status in plants grown under stressful conditions. When 

plants are subjected to stress treatment, they produce significantly high amount of several 

osmolytes and most notable among them are proline, glycine, betaine and sugar alcohols.  In 

several systems, it has been reported that the mycorrhizal association further enhances osmolytes 

accumulation in plants upon stress. This indicates the relevance of AMF in facilitating the plants to 

go for osmotic adjustment for maintaining better water relations of the plant tissues.  Kaya et al. 

(2009) have reported that the maize plants in association with AMF accumulated significantly high 

amount of proline under salt stress conditions. Similarly in bell pepper, the proline content was 

found to be increased by 3 folds in leaves and 2 folds in roots that suggest the role of AMF in 

enhancing proline accumulation in different tissues facilitating plants to maintain tissue water status 

(Beltrano et al. 2013). Greater drought tolerance in the form of effective osmotic adjustment 

resulting from higher accumulation of proline in AM inoculated plants has also been reported by 

several others as well (Azcon et al. 1996). Zhu et al. (2011a) have noticed around 56% increase in 

proline level with improved osmotic adjustment in leaves of mycorrhizal plants than non –

mycorrhizal plants of maize. Due to improved osmotic adjustment, the tissue water status was 

found to be higher in fungal associated plants and therefore, these plants showed greater membrane 

stability under stress leading to reduced electrolytes leakage. This improvement in membrane 

stability has also been attributed to P induced changes in membrane phospholipids levels and also 

in permeability properties (Evelin et al. 2011). 

Higher osmotic adjustment capacity is a characteristic feature of drought tolerance (Auge 

2001) as it allows the cell to maintain turgor and turgor dependent processes like stomatal opening, 

cellular expansion, growth, photosynthesis as well as keeping the water potential gradient favorable 

for water entry into the plant root (Ruiz – Lozano et al. 2003). Trehalose, a nonreducing 

disaccharide, has been found to play a physiological role as drought stress protectant. Trehalose 

accumulation in an organism protects the cell by stabilizing cell structures and enables protein to 

maintain its native confirmation under drought stress. Garcia et al. (2005) have reported that 

trehalose occurs in plants colonized by symbiotic organisms like AMF and rhizobia. Trehalose 

accumulation in mycorrhizal roots inoculated with either F. mosseae or G. versiforme was reported 

by Schubert et al. (1992) as well. During the recovery from certain stresses like heat shock and 

chemical treatment (arsenate) the role of trehalose accumulation in AMF has also been observed 

(Ocon et al. 2007).  However, the role of trehalose induced by AMF in imparting drought tolerance 

in crop plants needs more investigation.  

 

AMF association on the activity of antioxidant system  

When plants are subjected to stress, reactive oxygen species (ROS) are generated in large 

quantity causing oxidative stress damage to the plants. Reactive oxygen species and other free 

radicals are toxic molecules capable of causing oxidative damage to the lipids, DNA and proteins 

(Miller et al. 2010). If these molecules are not managed properly, they cause significant damage to 

the membranes and cause catastrophic effects on cell metabolism. Therefore, efficient quenching of 

ROS and free radicals is very crucial for survival and cell metabolism under stress conditions. 

Stress tolerant plants could manage the ROS and other free radicals through higher activity of 

antioxidant system (Zhu et al. 2011a).  

Mycorrhizal association has been shown to have significantly higher antioxidant activity in 

several systems. For instance in maize, Zhu et al. (2011b) have reported low melondialdehyde 

(MDA) content in mycorrhizal plants under drought stress which was 17.50% lower than that of 



365 

non –mycorrhizal plants. In several systems, MDA has been shown to damage the membranes and 

disrupting the cell metabolism. Therefore, low level of MDA observed in maize plants associated 

with AMF is an indication of positive effect of AMF on reducing the ROS level in plants. Such 

reduced level of MDA has also been reported by others in different plants (Porcel and Ruiz –

Lozano 2004, Wu et al. 2006a). These results perhaps support the argument that the mycorrhizal 

plants could tolerate the stress effects through reduced ROS levels under stress conditions.  

Maintenance of low ROS or reduced oxidative damage in AM plants is also due to the 

enhanced activity of some of the antioxidant enzymes where, they convert the toxic molecules 

(ROS) into non –toxic or less toxic molecules. The level of antioxidant enzymes such as superoxide 

dismutase (SOD), catalase and peroxidase was found to be significantly high in mycorrhizal plants 

than non – mycorrhizal plants when grown under stressful environment (Porcell and Ruiz –Lozano 

2004, Wu et al. 2006b, Khalafallah and Abo –Ghalia 2008). Inoculation with F. mosseae in 

strawberry under drought stress increased the activity of antioxidant enzymes like catalase (CAT), 

ascorbate peroxidase (APX), accumulation of free proline and soluble protein, and decreased the 

MDA content and plasma membrane conductivity (Baozhong et al. 2010). In drought stressed 

lettuce plants, F. mosseae increased the activity of SOD in shoot by 93% and G. deserticola by 

128% (Ruiz –Lozano et al. 1996). The ROS generated under stressful condition were quenched 

efficiently by the action of anti –oxidative enzymes and therefore, the level of ROS was found to be 

significantly low in AM plants. Besides antioxidant enzymes, the non –enzymatic system also 

helped to reduce the level of ROS in plants. For example, in the flowering plant cyclamen, higher 

levels of ascorbic acid and polyphenols besides APX and SOD were noticed in leaves, roots and 

tubers of stressed plants suggesting the role of non –antioxidant systems to deal with oxidative 

stress (Maya and Matsubara, 2013). Earlier studies also suggest that the mycorrhizal association 

helps the plants to overcome the oxidative stress damage and hence, the plants could continue to 

grow and produce without much of yield penalty under stress conditions. In general, AMF can 

affect the overall plant biomass through its role in P acquisition (Auge, 2001). Under stress 

conditions a diverse array of antioxidant enzymes is generated in response to ROS and free radicals 

which have an important role in drought tolerance of plants.  

Besides direct influence, AMF also exert indirect effect by secreting the protein glomalin in 

soil which may be related to stress protection to plants. Rillig and Steinberg (2002) while studying 

glomalin using glass beads to study whether AMF are able to modify a sub –optimal growth 

condition found that despite having a smaller hyphal length in larger beads, higher amount of 

glomalin can be secreted in the small beads which were representing a non –aggregated soil.  

According to Gadkar and Rillig (2006), glomalin is a putative homolog of heat shock protein 60 

(HSP60), as the protein (cross reactive to MAb32B11) from R. intraradices had 17 amino acid 

sequences similar to HSP60.  

  

AMF association on plant photosynthesis 

Photosynthesis is generally affected when plants are subjected to stressful environment. Due 

to reduced photosynthesis coupled with reduced leaf area, total carbon available for growth and 

productivity is less and therefore, significant yield reduction is encountered in stressed plants. 

Mycorrhizal association has been shown to increase the carbon fixation abilities of the plants. In a 

number of systems, higher photosynthetic rates have been reported when the plants are in 

association with AMF. For instance, in black locust, Yang et al. (2014) have observed high 

stomatal conductance, high transpiration rates and high photosynthetic rates with reduced internal 

CO2 concentration in fungal colonized plants than the non –colonized plants. Increased gas 

exchange parameters are not only seen under controlled condition but even in plants exposed to 

mild stress conditions. Such higher photosynthetic rate as a consequence of fungal association has 

also been reported by Zhu et al. (2012). They observed high photosynthetic and transpiration rates 

in AMF colonized plants of maize than in non –colonized plants both under control and drought 

stress conditions. In these plants, the stomatal conductance was found to be significantly higher 

indicating the ability of the mycorrhizal plants to keep the stomata wide open to facilitate the 
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exchange of gases both for transpiration and for photosynthesis (Subramanian et al. 1995). In one 

of the classical works, when non –mycorrhizal wheat plants and mycorrhizal ones inoculated with 

R. fasciculatus (=G. fasciculatum) were watered to soil saturation and then allowed to continue 

transpiring until the  soil gets dried up, the stomata in non –mycorrhizal plants began to close at a 

leaf water potentials of  –1.8 MPa and were closed after 4 days, while the mycorrhizal plants did 

not begin to close until potentials of  –2.2 to  –2.7 MPa were reached and were still transpiring after 

6 –7 days (Allen and Boosalis, 1983). This again clearly indicates the role of mycorrhiza in 

allowing the plants to function even at low water potential. Higher photosynthetic rate, 

transpiration rate and high stomatal conductance coupled with low Ci (internal CO2 concentration) 

was also noticed by Sheng et al. (2008) in maize. Across different salinity stress levels, the 

mycorrhizal plants ended up in exhibiting high photosynthetic and transpiration rates to indicate 

that the association is indeed helping the plants to fix more carbon at any given point of time. 

Besides higher photosynthetic rates, mycorrhizal association would also impart greater tolerance to 

the plants similar to that of Abscisic acid (ABA). In one such study, Aroca et al. (2008) have shown 

that AM plants fed with exogenous ABA produced higher shoot biomass during drought stress and 

recovery by balancing the leaf transpiration and root water uptake indicating the role of AMF in 

allowing the plants to grow even under drought stress conditions.  

Although photosynthetic rate increased in AM plants the stomatal conductance and 

transpiration rate did not show significant difference compared to that of non –AM plants in clover 

(Wright et al. 1998). Improved photosynthetic rate has also been reported in other species such as 

citrus, soybean and barley (Brown and Bethlenfalvay 1988). However, in contrast to this, no 

stimulation of photosynthesis in response to mycorrhizal colonization was noticed in a few other 

systems to indicate that the response is species/ crop specific (Peng et al. 1993).  

Higher photosynthetic rates coupled with high stomatal conductance and high transpiration 

and low Ci observed in most AM plants is attributed to enhanced water uptake and maintenance of 

high tissue water status (high RWC and leaf water potential) followed by high WUE in these 

plants. Uptake and movement of sufficient water to the evaporative surface helped the plants to 

maintain guard cell turgidity leading to opening of stomata for a gaseous exchange process (Nelsen 

and Safir 1982). Through the opened stomata, more CO2 enters the plants thereby the 

photosynthesis is improved in such plants (Zhu et al. 2011b). As the AM plant has the ability to 

mine water from soil, it could supply the water requirement of the evaporative surface and thus, the 

transpiration rate was also found to be significantly higher in fungal colonized plants (Roumet et al. 

2006).  

Higher rates of photosynthesis in AM plants could also be attributed to chlorophyll content 

of the leaves. The AM plants have shown to have higher chlorophyll content compared to non –AM 

plants. This observation has been made by several workers in different systems (Auge 2001, Colla 

et al. 2008). In pepper for instance, the chlorophyll content was shown to be increased by 15 –25% 

to indicate the relevance of mycorrhizal association in increasing the pigment content in the leaves 

(Beltrano et al. 2013). Apart from increasing the chlorophyll content, the mycorrhizal association 

somehow protects the chlorophyll pigment from degradation under stressful conditions (Colla et al. 

2008) and therefore it is clear that the fungal association is indeed beneficial to plants as it protects 

the plants from stress effects.   

Increased photosynthetic rates upon fungal colonization are also attributed to the cost 

imposed on the plant’s carbon economy by the growth of fungus. It is expected that the cost 

incurred towards the fungus is met out through increased carbon fixation by the plants (Wright et 

al. 1998). Through this strategy, the cost imposed on plant’s carbon economy is reduced or even 

eliminated. This is true because, no evidence of biomass gain for additional allocation of carbon to 

the plant and therefore, it is suggested that, the additional carbon was allocated to the fungus to 

meet out the cost of growth of fungus. However, although mycorrhizal association is a costly affair 

for plants as the fungus drains out some amount of carbon from the plant, it is still beneficial as it 

offers lot of other benefits to the plants.  



367 

Under stress it so happens that the structure and function of PSII reaction center gets 

damaged leading to disruption of electron transport. However, the mycorrhizal association has been 

found to mitigate the adverse influence of drought stress on PSII reaction center and photosynthetic 

efficiency (Baker 2008).  This is evident from the fact that the dark adapted (Fv/Fm) and light 

adapted (Fv1/Fv1) maximum quantum yield as well as non –photochemical quenching (NPQ) 

parameters which were found to be higher in mycorrhizal plants than non –mycorrhizal plants 

(Sheng et al. 2008). Thus, PSII system is protected under stress condition (Maxwell and Johnson, 

2000).  Overall, it can be inferred that the mycorrhizal association could improve both the 

photochemistry and biochemistry of the plants to fix more carbon especially under stressful 

conditions (Zhu et al. 2012).  

 

Mycorrhizal association imparting drought tolerance in crop plants  

Mycorrhizal association improving drought tolerance of agronomically important crop 

plants has been reported by earlier workers in crops like wheat, soybean, onion, capsicum, maize, 

barley, cotton, etc. (Beltrano et al. 2013, Maya and Mastbara 2013). Improved growth and 

development of mycorrhizal plants especially in stressful environment is partly attributed to better 

water status of the leaf tissues (Colla et al. 2008), improved abilities to absorb nutrients from soil, 

higher root hydraulic conductivity and high photosynthetic rates of mycorrhizal plants (Yang et al. 

2014). Therefore, it is evident that the mycorrhizal fungal association offers a number of benefits to 

the plants. Although the association is costly to the plant as it has to shell down some amount of 

carbon to the fungi, still the benefits derived in terms of protecting the plants under stress is much 

more than what the plant is losing. Under the conditions of water deficit, the external mycelium of 

R. intraradices may have a direct role in transport of considerable amount of nitrogen in the form 

of NO3 as observed in maize plants where roots also had higher glutathione reductase activity and P 

–status in host plants (Subramanian and Charest 1999).   

Simpson and Daft (1990) reported that mycorrhizal colonization levels in maize and 

sorghum were increased by drought while spore production was reduced. Although, in general, 

drought affects the AMF colonization negatively (Ryan and Ash 1996), in wheat AMF has been 

shown to alleviate the drought stress and increase yield mainly through improved nutrient uptake 

(Al –Karaki et al. 2004). Claroideoglomus claroideum (=Glomus claroideum) seems to play a key 

role in imparting drought tolerance in wheat by improved chlorophyll content and cell membrane 

permeability (Beltrano and Ronco 2008). Effects of AMF on drought alleviation seem to also differ 

among genotypes of wheat (Al –Karaki and Al –Raddad, 1997). In maize, drought tolerance was 

due to the reduction of MDA mediated by AMF (Zhu et al. 2011a). In another instance, it was 

shown that root hydraulic properties in maize plants were affected by AMF inoculation in the 

presence of higher potassium levels (El –Mesbahi et al. 2012). At the molecular level it was shown 

that, AMF up –regulates the aquaporin genes and consequently may play a key role in improved 

water uptake in maize plants (Li and Chen 2012). 

Various horticultural crops have been shown to tolerate drought via AMF. For example, Wu 

et al. (2013) have shown that the AMF inoculated citrus exhibited higher drought tolerance than the 

non –AMF citrus.  In lettuce, an important vegetable crop in Europe, the AMF association 

promoted secondary metabolite production thereby making the plants to withstand abiotic stress 

(Baslam and Goicoechea 2012). AMF has been shown to be associated with date palms indicating 

possible role of the AMF in withstanding droughts of deserts (Symanczik et al. 2014). In tomato, it 

was observed that the AMF help to improve the plant nutrient, fruit quality status and drought 

tolerance (Subramanian et al. 2006). In capsicum, the improved fruit weight, fruit size and 

carotenoids were attributed to AMF association (Mena –Violante et al. 2006). Similarly, in papaya 

hybrids, higher yields were achieved even under drought condition in the presence of AMF (Elder 

et al. 2002). 

Inoculation of tomato plants with R. intraradices resulted in improved nutritional status, 

increased shoot dry matter, fruits and flowers with higher quantities of ascorbic acid and total 

soluble solids (Subramanian et al. 2006). Ballesteros –Almanza et al. (2010) observed that 
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inoculation of common bean with AMF imparted drought tolerance by improving intraradical and 

extraradical hyphae, arbuscule development, and succinate dehydrogenase and alkaline phosphatase 

activity in root system. The list of AMF conferring drought tolerance on different crop species is 

given in table 1. 

 

Selection of AMF to Drought Tolerance 

In order to maintain plant soil equilibrium the selection of suitable AMF species is of 

utmost importance (Ruiz – Lozano et al. 1995). Under the conditions of drought in AMF inoculated 

rose plants, the improvement in water status observed was more in case of R. intraradices than G. 

deserticola (Auge et al. 1987). Marulanda et al. (2007) while performing comparative studies on 

four native drought tolerant (two autochthonous) and drought sensitive (two allochthonous) R. 

intraradices and F. mosseae in lavender plant found that the two autochthonous strains of R. 

intraradices and F. mosseae produced a higher root biomass, increased root growth, efficiently 

absorbed N and K, increased water content and decreased antioxidant compounds. Better osmotic 

adjustment and plant tolerance against water stress after inoculation of Erythrina variegate with F. 

mosseae was reported by Manoharan et al. (2010). Inoculation of F. mosseae, G. versiforme and R. 

diaphanum (= G. diaphanum) in citrus under drought stress apart from enhancing plant growth also 

showed a positive correlation between the Bradford reactive soil protein concentration, soil hyphal 

length densities and water stable aggregates (>2 mm, 1 –2 mm and >0.25 mm) indicating an 

improvement in soil structure (Wu et al. 2007). 

Under drought conditions, G. deserticola was found to benefit rosemary in terms of plant 

water status, enhanced water uptake, root hydraulic conductivity, increased photosynthetic activity 

and overall stimulation of plant growth in terms of aerial biomass (Sanchez –Blanco et al. 2004). 

Ruiz –Lozano et al. (1995) found G. deserticola to be the most effective species for increasing 

drought tolerance as it stimulated physiological parameters, enhanced water use efficiency and 

showed highest mycorrhizal root colonization. While studying the effect of AM inoculation on 

stomatal conductance to water vapor under drought conditions G. deserticola, Claroideoglomus 

etunicatum (=G. etunicatum) and Funneliformis sp. were found to have larger effects on 

dicotyledonous hosts than monocotyledons (Auge et al. 2014).  

 Wu et al. (2006b) on inoculating tangerine with G. versiforme observed a significant 

stimulation of plant growth and biomass, where inoculated seedlings had higher leaf water 

potential, transpiration rates, photosynthetic rate, stomatal conductance, relative leaf water content 

and lower leaf temperature. Inoculated plants also had higher non –structural carbohydrates, K
+
, 

Ca
+
 and Mg

+ 
resulting in better osmotic adjustment. An increase in wheat drought tolerance was 

observed after inoculation with Rhizophagus fasciculatus than F. mosseae (Allen and Boosalis 

1983). Under different levels of drought stress, F. constrictum (=G. constrictum) was found to have 

positive impacts on all growth parameters (plant growth, P uptake and productivity) of marigold 

with stimulation of photosynthetic pigments and carotene in flowers. The total pigments were 60% 

higher in mycorrhizal plants compared to non –mycorrhizal plants (Asrar and Elhindi 2011). 

Marulanda et al. (2003) observed that AMF enhanced the rate of plant water uptake from soil 

where every fungal species differs from each other in the amount of external mycelium produced 

and also in the frequency of root colonization in terms of live and active fungal structures. They 

reported that 0.6% (volumetric) of soil water was used by F. mosseae – colonized lettuce, while 

0.95% of soil water was used by R. intraradices colonized lettuce plants of the same size. 

 

Mechanisms of drought tolerance in plants via AMF and PGPR interactions 

Plant growth promoting rhizomicroorganisms (PGPR) promote plant growth and improve 

productivity. PGPR operate through either direct or indirect mechanisms or a combination of both. 

Direct mechanisms of plant growth promotion include the secretion of plant growth promoting 

metabolites like indole acetic acid (IAA), cytokinins, gibberellins, etc. and facilitating the uptake of 

essential nutrients (N, P, Fe, Zn, etc.) from the atmospheric air and soil. Indirect promotion of the 

plant growth occurs when PGPR lessen or prevent the deleterious effect of phytopathogenic 
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organisms by the production of antibiotics, siderophores, hydrogen cyanide (HCN), etc (Hemlata 

Chauhan et al. 2015). The mechanism by which AMF alleviate drought stress in plants in the 

presence of PGPR is not fully understood. However, studies indicate that the PGPR may involve 

indirectly by mobilizing the nutrients, particularly the phosphorus, and transferring to plants via the 

AMF hyphae (Alguacil et al. 2009). On the other hand, the PGPR may also involve directly 

through plant hormonal regulation by producing metabolites such as 1 –aminocyclopropane –1 –

carboxylate (ACC) deaminase (Barnawal et al. 2013). Under elevated CO2 levels the PGPR alone 

or AMF –PGPR combination seem to improve the drought tolerance in plants by increasing the soil 

aggregates (Kohler et al. 2009, Minakshi Grover et al. 2015). Panwar (1993) studied the response 

of wheat to inoculation with the AMF R. fasciculatus and the nitrogen fixing bacterium 

Azospirillum brasilense under different stress conditions. The total chlorophyll content and nitrate 

reductase activity increased with reduced ion leakage from the leaves when the plants were 

inoculated with both the organisms compared to inoculation with a single organism. Further, dual 

inoculation also resulted in higher biomass and grain yield under water stress conditions. This 

reiterates the importance of combining useful microbes to improve the stress tolerance besides 

improving the plant productivity. In general, drought tolerance in plants seems to be better 

facilitated by consortium of AMF and PGPR originating from a drought environment compared to 

those plants inoculated with commercial consortia (Zoppellari et al. 2014). 

There have been several studies on the tripartite symbiotic association with legumes –

Rhizobium and AMF (Valdenegro et al. 2001, Mortimer et al. 2013). However, AMF –Rhizobium 

interaction for alleviating drought stress in legume plants has not been well studied (Ide Franzini et 

al. 2010). Positive interactions of Rhizobium and AMF have been shown to improve the plant stress 

(Tarafdar and Rao, 1997), although it appears that the outcome of beneficial effect of AMF –

Rhizobium interaction may depend on the soil nutrient and moisture status as well as plant variety 

(Ide Franzini et al. 2010).  

The role of the AMF, F. mosseae in minimizing the adverse effects of drought induced 

premature nodule senescence where it exerted positive effects on nitrogen fixation, leghaemoglobin 

and protein contents, and overall protection against oxidative damage to lipids and proteins in 

nodules has been reported (Ruiz Lozano et al. 2001). Porcel et al. (2003) have attributed the 

decreased oxidative damage to biomolecules involved in premature nodule senescence to higher 

glutathione reductase activity in the nodules of soybean plants colonized by F. mosseae (Zhu et al. 

1997). 

Conclusion and future perspectives 

Water is undisputedly the major factor for the declining food production in many parts of 

the world, particularly in the arid and semi –arid regions. Consequently, the world is now being 

challenged to produce “more crop per drop” of water. Therefore, in recent years there are 

increasing number of studies to understand the mechanism by which plants alleviate drought stress, 

particularly via the AMF, a crucial symbiont for most crop plants in the terrestrial ecoystem. 

Although several studies have started to unravel the molecular mechanisms of the interplay 

between the AMF –plant symbiosis, we are yet to completely understand the exact mechanism 

about the water and nutrient uptake by plants via the AMF especially under drought condition. For 

example, we know very little about the mechanism by which the plants roots redistribute the water 

taken (hydraulically lifted water) from a moist to dry region in order to forage the nutrients via the 

AMF. There is an urgent need for understanding this mechanism and to design appropriate plant –

AMF combination for better use of the natural resources, particularly the water, in arid and semi –

arid regions of the world. Future research, therefore, should be based on the holistic approaches 

involving multi –disciplinary sciences, such as plant and fungal physiology, soil and molecular 

biology, for better understanding of the processes in plant –AMF –soil continuum. 
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Table 1 Examples of AMF conferring drought tolerance in crop plants 

 
Species Crop Stress Mechanism Reference 

Claroideoglomus 

etunicatum 

Maize High 

temperature 

Reduced membrane lipid 

peroxidation, membrane 

permeability and increased 

accumulation of osmotic 

adjustment compounds and 

antioxidant activity. 

Zhu et al. (2010) 

Glomus versiforme Citrus (Citrus 

tangerine) 

Drought  Higher activities of catalase 

(CAT), ascorbate peroxidase 
(APX), superoxide dismutase 

(SOD) 

Wu et al. (2006b) 

Funneliformis mosseae Maize (Zea 

mays) 

Drought Accumulation of amino acids 

and imino acids, remarkable 

increase in trehalose content 

and higher trehalase activity 

Schellenbaum, 

(1998) 

Funneliformis mosseae 

and 

Claroideoglomus 

etunicatum 

Wheat 

(Triticum 

asetivum) 

Drought Higher biomass and higher 

grain yields, shoot P and Fe 

concentration in mycorrhizal 

plants 

Al –karaki et al. 

(2004) 

Glomus spp. Wheat 

(Triticum 

asetivum) 

Water Stress Mycorrhiza increased the 

content of free amino acids, 

proline, total soluble and 

crude protein, total 

carbohydrate, total soluble 

and insoluble sugars, and 

enhanced the activity of 

antioxidant enzymes like 

peroxidase (POX) and 

catalase (CAT). 

Khalafallah and 

Abo –Ghalia  

(2008) 

Rhizophagus 

intraradices 

Sorghum 

(Sorghum 

bicolor) 

Drought Mycorrhiza minimized the 

adverse effect of drought and 

increased the grain yield by 
17.8% 

Alizadeh et al. 

(2011) 

Rhizophagus 

intraradices 

Soybean 

(Glycine max) 

Drought Higher leaf water potential in 

mycorrhizal plants, and 

mycorrhiza protected the 

plants against oxidative stress 

Porcel and Ruiz –

Lozano (2004); 

Meddich et al. 

(2015) 

Funneliformis mosseae 

Rhizophagus diaphanum 

Glomus versiforme 

Trifoliate 

orange 

(Poncirus 

trifoliata) 

Drought Higher plant growth and 

biomass, acid and total 

phosphatase activity, leaf and 

root P contents in drought 

stressed mycorrhizal 

seedlings particularly in F. 

mosseae.  

Wu et al. (2011) 

Funneliformis mosseae 

 

Sunflower Drought Inoculated plants produced 

more dry matter, heavier 
seeds and greater seed and oil 

yields with F. mosseae. 

Despite of reduction in N 

percentage due to drought, N 

percentage was higher in 

inoculated plants compared 

to control. 

Gholamhoseini et 

al. (2013) 
 

Glomus spp. Boswellia 

papyrifera 

Pulsed water 

availability 

conditions 

Higher level of AM 

colonization under irregular 

precipitation regime where 

mycorrhizal seedlings had 

higher biomass, increased 

transpiration, higher water 

Birhane et al. 

(2012) 
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Species Crop Stress Mechanism Reference 

use efficiency 

Funneliformis mosseae 

+ 

Rhizophagus 

intraradices 

Lettuce 

(Lactuca 

sativa.) 

Water deficit Under water deficit, the 

accumulation of potential 

antioxidants (mainly 

carotenoids, anthocyanins 

and to a lesser extent 

chlorophyll and phenolics) in 

the leaves of  mycorrhizal 
lettuce plants were more. 

Shoot biomass in AM lettuce 

under moderate water deficit 

was equal to well watered 

AM plants.    

Improved lettuce quality and 

reduced irrigation without 

affecting lettuce production 

Baslam and 

Goicoechea (2011) 
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