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Introduction 
 

Crop plants are exposed to several 

environmental stresses, all affecting plant 

growth and development, which consequently 

hampers the productivity of crop plants 

(Farooq et al., 2011).  

 

Drought is considered the single most 

devastating environmental stress, which 

decreases crop productivity more than any 

other environmental stress (Lambers et al., 

2008). A continuous shortfall in precipitation 

coupled with higher evapotranspiration 

demand leads to agricultural drought (Mishra 

and Cherkauer, 2010) which is defined as the 

lack of ample moisture required for normal 

plant growth and development to complete 

the life cycle. In plants, a series of 

biochemical, physiological and morphological 

injuries occur due to water stress depending 

on the factors like duration of exposure of 
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The ever changing environmental conditions have been faced by plants through 

evolutionary time, among which drought is considered as the most common having an 

adverse effect on growth and development of the plants which is one of the major 

constraints on plant productivity worldwide and is expected to increase with climatic 

changes. The symbiotic relationship between arbuscular mycorrhizal (AM) fungi and the 

roots of higher plants is widespread in nature. Several ecophysiological studies have 

demonstrated that AM symbiosis is a key component in helping plants to cope with water 

stress and in increasing drought resistance by bringing about various changes in the host 

plant at the morphological level like alterations in root morphology to form a direct 

pathway of water uptake by extra radical hyphae. Whereas, the physiological mechanisms 

promoting enhanced drought tolerance of the host plant by AM inoculation include 

increased photosynthetic rate and nutrient mobilization followed by their rapid uptake 

under drought conditions. The biochemical mechanisms promoting drought tolerance in 

AM inoculated plants include accumulation of osmoprotectants like proline, sugars and 

trehalose and a rapid enhancement in the concentration of different enzymatic and non-

enzymatic antioxidants which reduce the risk of free radical attack on the plant cell 

membrane which has been evidenced in terms of reduced electrolyte leakage and 

malondialdehyde (MDA) content of drought stressed plant tissues in various studies. 
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plants to the drought, genetic resistance and 

stage of growth (Gong et al., 2013). 

 

AM fungi are composed of fine, tubular 

filaments called hyphae. The mass of hyphae 

that forms the body of the fungus is called the 

mycelium. There are two major classes of 

AM fungi: ectotrophic mycorrhizae and 

vesicular arbuscular mycorrhizae. Ectotrophic 

AM fungi typically show a thick sheath, or 

“mantle,” of fungal mycelium around the 

roots, and some of the mycelium penetrates 

between the cortical cells. The cortical cells 

themselves are not penetrated by the fungal 

hyphae but instead are surrounded by a 

network of hyphae called the hartig net. The 

capacity of the root system to absorb nutrients 

is improved by the presence of external fungal 

hyphae that are much finer than plant roots 

and can reach beyond the areas of nutrient-

depleted soil near the roots (Clarkson, 1985). 

Ectotrophic AM fungi infect exclusively tree 

species, including gymnosperms and woody 

angiosperms. Unlike the ectotrophic AM 

fungi, vesicular AM fungi do not produce a 

compact mantle of fungal mycelium around 

the root. Instead, the hyphae grow in a less 

dense arrangement, both within the root itself 

and extending outward from the root into the 

surrounding soil. After entering the root 

through either the epidermis or a root hair, the 

hyphae not only extend through the regions 

between cells but also penetrate individual 

cells of the cortex. Within the cells, the 

hyphae can form oval structures called 

vesicles and branched structures called 

arbuscules. The arbuscules appear to be sites 

of nutrient transfer between the fungus and 

the host plant. The association of AM fungi 

with plant roots facilitates the uptake of 

phosphorus and trace metals such as zinc and 

copper. By extending beyond the depletion 

zone for phosphorus around the root, the 

external mycelium improves phosphorus 

absorption. Calculations show that a root 

associated with AM fungi can transport 

phosphate at a rate more than four times 

higher than that of a root not associated with 

AM fungi (Nye and Tinker, 1977). Plants 

native to arid and semi-arid ecosystems have 

their roots highly colonised with AM FUNGI, 

which indicates the significance of AM 

symbiosis for performance under scarcity of 

water.  

 

Keeping in view the changing environmental 

conditions and the increased demand for food 

and fibre under such conditions, tremendous 

efforts are being done to satisfy the demands 

placed on agriculture for food and fibre 

supply. In order to meet the challenge, a wide 

variety of efforts focusing on agro ecosystem 

and soil biological system as a whole is 

required to understand the stability of process. 

Keeping in view the concept of sustainability, 

a vehicle for sustainable agriculture has been 

hiding secretly for decades in the rhizosphere 

in the form of plant growth enhancing 

microbes (Navnita et al., 2015). AM fungi is 

one of the ancient, diverse and beneficial 

groups of such soil microbes which other than 

various anti-stress mechanisms released by 

the plants during stress can be used to 

alleviate the drought adversities.  

 

Hence in the following sections, efforts have 

been made to appraise the role and underlying 

major mechanisms of AM fungi in plant 

tolerance to drought stress. 

 

Effect of AM fungi on various features 

promoting drought tolerance 

 

Effect of AM fungi on tissue water 

potential 

 

Maintenance of tissue water status is an 

important aspect for improved metabolic 

activities of the tissues under stressful 

environment. Stress tolerant plants through a 

number of strategies could maintain high 

tissue water status and thereby stress effect is 
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not felt by the plants. Therefore, maintenance 

of tissue water status achieved by different 

mechanisms like increased water uptake and 

osmoregulation (discussed below) has lot of 

relevance for improved growth and 

productivity of the plants under stressful 

environments. 

 

Effect of AM fungi on water uptake 

 

AM fungus plays an important role in water 

economy and is able to endure much drier soil 

conditions than most plant life; therefore, 

plants with a healthy root mycorrhizal 

population benefit and show better survival 

under conditions of water stress. Allen and 

Boosalis (1983) demonstrated how plants 

treated with AM fungus have a greater 

tolerance for continued drought. Non 

mycorrhizal wheat plants and mycorrhizal 

plants were watered to soil saturation and then 

allowed to continue transpiring as the soil 

dried. The stomata of the non mycorrhizal 

plants began closing and were totally closed 

after 4 days, but stomata in the mycorrhizal 

plants did not begin to close as soon and were 

still transpiring after 6 to 7 days. The results 

of this study reveal that mycelium maintained 

the water uptake even under drought 

conditions by entering deeper into the soil in 

search of water. A recent finding indicates 

that AM fungus play a key role in 

modifications of root hairs consequently 

helping the plants to overcome the drought 

(Li et al., 2014). AM fungi expand the roots 

by adding their own expansive network of 

absorbing strands to mine the soil for water 

and the dissolved minerals carried therein 

may also alter the water relations and the 

drought tolerance of the plant. Allen et al., 

(1981a) documented that organisms under 

water stress conditions exhibited resistance to 

water transport, but this resistance was 

decreased by up to 90% when mycorrhizae 

were introduced. It has been found that AM 

fungus improves the hydraulic conductivity 

and water uptake of roots hence providing a 

low resistance pathway for radial flow of 

water across cortex, and contributing towards 

better water uptake by the plants (Kothari et 

al., 1990). Furthermore, AM fungus may also 

regulate the hydraulic properties of plants 

through regulation of plasma membrane 

intrinsic proteins in combination with 

phytohormones (Ruiz-Lozano et al., 2009).  

 

AM fungi mycelia could also improve soil 

water holding capacity through enhanced soil 

aggregation (Auge, 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. In association with symbiotic AM 

fungi, plants could explore larger volumes of 

soil to absorb water and nutrients thereby 

impart stress tolerance to the plants (Smith et 

al., 2009). Tinker (1984) while summarising 

the effects of VAM on increased water uptake 

indicated that the probable reason for 

increased water uptake are as the better 

distribution of absorbing hyphal network, 

greater surface area and better extension rate, 

altered soil rhizosphere properties, uptake 

kinetics, faster water extraction from reduced 

water potential soils and hence faster recovery 

from the water stress. Hyphae may also 

bridge the gap between soil and root that 

occurs when soil and root shrink away from 

each other when dry. 

 

Effect of AM fungi on osmotic adjustment 

 

Under the condition of water scarcity, water 

potential of the root cells may increase as a 

result of less stomatal conductance and more 

diffusive resistance to carbon dioxide. 

Therefore, water potential of the root cells is 

required to be reduced in order to maintain 

uptake of water from the soil, which in turn is 
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achieved by accumulation of different solutes 

in the cells called as osmoregulation (Munns, 

1988).  

 

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. 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 

favourable for water entry into the plant root 

(Ruiz-Lozano, 2003). When plants are 

subjected to stress treatment, they produce 

significantly high amount of several 

osmolytes and most notable among them are 

proline, sugars and trehalose whose 

concentration further increases in AM 

inoculated plants subjected to drought stress. 

Kaya et al., (2009) have reported that the 

maize plants in association with AM 

accumulated significantly high amount of 

proline under salt stress conditions. Similarly 

in bell pepper, the proline content was found 

to be increased 3 fold in leaves and 2 fold in 

roots that suggest the role of AM in 

enhancing proline accumulation in different 

tissues facilitating plants to maintain tissue 

water status (Beltrano et al., 2013). 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. There 

is a positive correlation between proline 

accumulation and AM induced drought 

tolerance (Azcon et al., 1996). All these 

studies indicate the relevance of AM in 

facilitating the plants to go for osmotic 

adjustment more quickly for maintaining 

better water relations of the plant tissues. 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 increased phosphorus 

uptake by AM inoculation and changes 

brought about in membrane phospholipids 

levels and also in permeability properties 

(Evelin et al., 2011). During the period of 

inhibited growth, proline serves as nitrogen 

and energy source besides reducing the cell 

water potential (Kala and Godara, 2011). 

Among osmotic solutes, sugars are equally 

important as they play an important role in 

stabilising cell turgor pressure. AM symbiosis 

increases plant growth and photosynthetic rate 

which in turn causes increased transport and 

building up of carbohydrates in cells which 

act as excellent osmoprotectants to lower 

osmotic potential (Khalvati et al., 2005). 

Studies have shown an increase in sugars 

levels in AM plants exposed to drought in 

Cyclobalanpsis glauca (Zhang et al., 2014) 

and in Poncirus trifoliata (Qiangsheng et al., 

2006). High sugar content of Poncirus 

trifoliata confirms a high natural 

physiological metabolism of AM plants under 

water stress and well watered conditions 

leading to accumulation of carbohydrates 

resulting in decrease of osmotic potential of 

host cells.  

 

Recently it has been recognized that AM 

inoculation may also increase drought 

tolerance of nodulated legumes such as 

acacia, common bean, lotus, and medicago, 

through the biosynthesis of trehalose (Lopez 

et al., 2008). Trehalose, a nonreducing 

disaccharide, has been found to play a 

physiological role as drought stress 

protectant. In the nodules, this disaccharide is 

synthesized by the bacteroid, and its 

accumulation depends on the rhizobial strain, 

legume genotype and environmental 

conditions. Garcia et al., (2005) and Schubert 

et al., (1992) have reported that trehalose 
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occurs in plants colonized by symbiotic 

organisms like AM and rhizobia. The 

accumulation of trehalose by different 

organisms (bacteria, yeast, fungi, nematodes, 

etc.) has been related to survival under 

different environmental stresses, like osmotic, 

low pH, high and low temperatures and 

dehydration (Mahmud, 2009). It was reported 

that under well-watered conditions, there is a 

basal amount of trehalose in the nodules, 

having a negative correlation with the 

biological nitrogen fixation, but under 

drought conditions, nodule trehalose levels 

increase significantly and may contribute to 

maintain biological nitrogen fixation under 

these circumstances and improve the plant 

tolerance to drought. Trehalose accumulation 

in an organism protects the cells by stabilizing 

cell structures and enables protein to maintain 

its native confirmation under drought stress. 

However, the role of trehalose induced by 

AM fungi in imparting drought tolerance in 

crop plants needs more investigation. 

 

Effect of AM fungi on antioxidant level 

 

When plants are subjected to stress, reactive 

oxygen species (ROS) such as singlet oxygen, 

superoxides, hydrogen peroxide, and 

hydroxyl radicals are generated in large 

quantity causing oxidative damage to the 

plants. ROS 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 is very crucial for survival and cell 

metabolism under stress conditions. Stress 

tolerant plants could manage the ROS through 

higher activity of antioxidant system (Zhu et 

al., 2011a). Oxidative stress occurs when the 

antioxidant defence system is overloaded and 

is unable to maintain an adequate cellular 

redox balance. The antioxidant system 

includes both enzymatic (e.g., superoxide 

dismutases, ascorbate peroxidases, and 

catalases) and non-enzymatic molecules (e.g., 

glutathione, flavonoids, carotenoids, and 

tocopherols) (Mittler, 2002).  

 

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. The amelioration of stress 

resistance by AM symbiosis is often related to 

the enhancement of antioxidant levels or 

activities in plants (Baslam and Goicoechea, 

2012 and Ruiz-Lozano, 2003) where, they 

convert the toxic molecules into non-toxic or 

less toxic molecules.  

 

The level of antioxidant enzymes such as 

superoxide dismutase, catalase and peroxidase 

was found to be significantly high in 

mycorrhizal plants than non mycorrhizal 

plants when grown under stressful 

environment (Khalafallah and Abo Ghalia, 

2008) hence decreasing the melondialdehyde 

(MDA) content and plasma membrane 

conductivity (Baozhong et al., 2010). In 

drought stressed lettuce plants, AM increased 

the activity of superoxide dismutase in shoot 

by 93% (Ruiz Lozano et al., 1996). The 

reactive oxygen species generated under 

stressful condition were quenched efficiently 

by the action of anti-oxidative enzymes and 

therefore, the level of reactive oxygen species 

was found to be significantly low in AM 

inoculated plants.  

 

Besides antioxidant enzymes, the non-

enzymatic system also helped to reduce the 

level of reactive oxygen species in plants. For 

example, in the flowering plant cyclamen, 

higher levels of ascorbic acid and polyphenols 

besides ascorbate peroxidise and superoxide 

dismutase were noticed in leaves, roots and 

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

oxidative stress (Maya and Matsubara, 2013). 

Ruiz Sánchez et al., (2010) found that AM 

symbiosis ameliorated the response of plants 

to drought by improving photosynthetic 

performance but mainly through the 

accumulation of the antioxidant compound 

glutathione, which was concomitant with a 

reduction in oxidative damage to membrane 

lipids and to low cellular levels of hydrogen 

peroxide. In maize, Zhu et al., (2011b) have 

reported low melondialdehyde content in 

mycorrhizal plants under drought stress which 

was 17.50% lower than that of 365 non 

mycorrhizal plants. In several systems, 

melondialdehyde has been shown to damage 

the membranes and disrupting the cell 

metabolism. Therefore, low level of 

melondialdehyde observed in maize plants 

associated with AM fungi is an indication of 

positive effect of AM fungi on reducing the 

reactive oxygen species level in plants. These 

results perhaps support the argument that the 

mycorrhizal plants could tolerate the stress 

effects through reduced reactive oxygen 

species levels under stress conditions. 

 

Effect of AM fungi on photosynthetic rate  
 

Photosynthesis is generally affected when 

plants are subjected to stressful environment. 

Change in leaf orientation, leaf area, stomatal 

closure, reduced chlorophyll content (Anjum 

et al., 2003b), decrease in leaf expansion, 

impaired photosynthetic machinery (Fu J. and 

Huang, 2001), diminished activities of Calvin 

cycle enzymes, premature leaf senescence due 

to drought stress are the possible reasons 

leading to reduction in photosynthetic rate 

and food production in stressed plants (Wahid 

and Rasul, 2005 and Monakhova and 

Chernyadèv, 2002). When stomatal and non 

stomatal limitations to photosynthesis are 

compared, the former can be quite small. This 

implies that other processes besides CO2 

uptake are being damaged due to drought 

stress. The role of drought induced stomatal 

closure which limits CO2 uptake by leaves, is 

very important. In such events, restricted CO2 

availability could possibly lead to increased 

susceptibility to photo damage (Cornic and 

Massacci, 1996).  

 

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 AM fungi. 

For instance, in black locust, Yang et al., 

(2014) 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. 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 AM 

fungi 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 exchange of gases 

both for transpiration and for photosynthesis 

(Subramanian et al., 1995). 

 

Higher photosynthetic rate observed in most 

AM inoculated plants is attributed to 

enhanced water uptake and maintenance of 

high tissue water status 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 inoculated 

plants has the ability to mine water from soil, 
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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 

inoculated plants could also be attributed to 

higher chlorophyll content of the leaves. The 

AM inoculated 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 and 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). It has been well 

recognised that chlorophyll concentration is 

related to photosynthetic rate and chlorophyll 

fluorescence. Thus, in AM inoculated plants 

an increased rate of chlorophyll has been 

associated with the increased rate of 

photosynthesis or with higher magnesium and 

nitrogen which are major constituents of 

chlorophyll (Mathur and Vyas, 1995). 

Meanwhile, application of AM fungus helps 

the plants to overcome photo destruction and 

photoinhibition of pigments under the 

conditions of water stress by increasing the 

content of carotenoids, as they help in 

protection of photosynthetic apparatus against 

the harm caused by single oxygen. Therefore, 

quenching and deactivation of excited triplet 

state of chlorophyll can be brought about by 

carotenoids (Foyer and Harbinson, 1994) and 

therefore it is clear that the fungal association 

is indeed beneficial to plants as it protects the 

plants from stress effects. 

 

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, and AM fungi seems 

to be an excellent alternative to serve the 

purpose. However, the mechanism by which 

AM fungi promotes drought tolerance is still 

to be understood well. For example we have a 

little knowledge about the increased activities 

of the antioxidants in AM inoculated plants 

under drought conditions. So the need of the 

hour is to understand the mechanism so that a 

perfect plant-AM fungi combination can be 

formulated for better use of the natural 

resources, particularly the water, in arid and 

semi-arid regions of the world. 
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