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Abstract: The effect of arbuscular mycorrhizal (AM) fungi on the metabolic changes and the activity of

antioxidant system on wheat (Triticum aestivum L cv. Sakha 93) plants was investigated in pot culture

under well-watered (ww) and water stress (ws) conditions. The water stress treatment was applied by

increasing the irrigation interval from one week to two weeks at three growth stages (tillering, heading

and grain-filling). After each stress period, the plants were watered and grown to maturity without

subsequent water stress (recovery periods). Results showed that at water stress and rewatering, the

mycorrhizal inoculation significantly increased the contents of some metabolites (proline; free amino acids;

total soluble and crude proteins; total carbohydrate; total soluble and insoluble sugars) in wheat plants and

enhanced the activities of some antioxidant enzymes such as peroxidase (POX) and catalase (CAT) as

compared with stressed control, especially at heading stage of plant growth. The overall results, suggest

that mycorrhizal colonization could improve the osmotic adjustment response of wheat plants, enhance its

defence system, and alleviate oxidative damage of cell viability. The cumulative effects increased the plant

tolerance to drought.

Key words: arbuscular  mycorrhizal  fungi,  water  stress,  recovery, osmotic adjustment, oxidative

damage, wheat.

INTRODUCTION

Drought is a world-spread problem seriously

influencing grain production and quality, the loss of
which is the total for other natural disasters, with

increasing global climate change making the situation
more serious. Wheat is the staple food for more than

35% of world population, so wheat anti-drought
physiology study is of importance to wheat

production .[51]

Water stress is one of the most important

environmental factors limiting growth and development
of the Mediterranean plants . Among the diverse[34]

consequences of a drought effect on plant development
in these ecosystems, restricted nutrient and water

acquisition are commonly recognized . In this context,[3]

and because arbuscular mycorrhizal (AM) fungi are

known to enhance the ability of the plants to establish
and cope with stress situations (nutrient deficiency,

drought, etc.), the use of these fungi as plant
inoculants, was investigated to help plants to thrive in

degraded arid/semiarid areas . While drought[18 ,6]

responses in mycorrhizal Mediterranean plant species

have received considerable attention , yet,[8 ,4 ,4 2 ]

physiological responses during drought recovery are

still poorly studied.

Ninety percent of the earth’s land plant species

form symbiotic associations with arbuscular mycorrhizal
fungi .  Arbuscular mycorrhizal (AM) symbiosis can[24]

effect the water relations of many plants . The effect[8]

is often more pronounced in plants grown under water-

stressed  conditions than under  well-watered
conditions . In other words, AMs are able to alter[49]

plant physiology in a way that confers the plant ability
to more efficiently grow under stressful conditions and

cope with stresses . The mechanisms by which AM[36]

fungi have enhanced the water relations of host plants

are often not clear. Potential mechanisms included
enhanced absorption of water by external hyphea ,[46]

stomatal regulation through hormonal signals , the[26]

indirect  effect of improved phosphorus nutrition ,[2 1 ]

and  greater  osmotic  adjustment  in AM plants .[10 ,45]

In addition, Auge  suggested that mycorrhizal soil[9]

itself could somehow directly influence the water
relations of plants associated with them.

In plants, metabolism of reactive oxygen species

2(ROS), such as superoxide radicals ( O ), hydrogen. -

2 2peroxide (H O ) and hydroxyl radicals ( OH) is kept in.

dynamic balance. Under water stress conditions, the

balance is broken and antioxidant systems are needed
to decrease the damage to tissues . Antioxidants[23]

include superoxide dismutase (SOD), catalase (CAT),
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peroxidase (POX), ascorbate peroxidase (APOX) and

glutathione reductase (GR) . Recently, Porcel et al. ;[22] [40]

Ruiz-Lozano ; Roldan et al.  and Wu et al.  put[45] [44] [65]

forward a hypothesis, according to which, AM fungi

protected host plants against oxidative damage was due

to increments of enzymatic antioxidants.

Stress adaptive mechanisms are quite different,

with stress degree, time course, material, soil quality

status and experimental plots, thus increasing the

complexity of the issue in question. Additionally, little

study is related to the whole life circle of wheat, which

cannot provide a comprehensive understanding of its

anti-drought machinery. So, the objective of this study

is to evaluate the change of the relative physiological

indices in the mycorrhizal and non-mycorrhizal wheat

plants in response to water stress applied at different

stages of plant growth (tillering, heading and grain-

filling) followed by recovery.

MATERIALS AND METHODS

Plant Material: Grains of wheat cultivar (Triticum

aestivum L. cv. Sakha 93) obtained form the Desert

Research Centre, Mataria, Egypt, were surface sterilized

for 20 minutes in 10% (w/v) NaOCl, thoroughly rinsed

with sterile water and allowed to germinate in moist

sterilized cotton.

Soil: The main physico-chemical properties of the soil

were determined in soil extract (1-5 w/v) according to

Allen  and recorded in Table (1).[5]

Test Organism: The spores of arbuscular mycorrhizal

(AM) fungi were collected from the rhizosphere soil of

maize plants by the wet sieving and decanting

technique . The mycorrhizal spores were identified as[25]

a mixture of Glomus spp. and confirmed by the

Biofertilizers Unit, Faculty of Agriculture, Ain Shams

University. 

Planting and Growth C ondit ions:  Uniform

germinating seedlings were planted (6 grains/pot) in

clay pots (30 cm diameter and 40cm height) contained

7kg of sterilized sandy soil, supplemented with

Egyptian rock phosphate (1.7g/pot) to give the final

2 5concentration  of phosphorus as 56 mg P O  Kg  sand.-1

Half of the pots received the mycorrhizal

inoculum. The inoculated dosage was 2.5ml of the

inoculum per pot, containing approximately 250 spores.

The inoculum was placed 2-3 cm below the planting

hole. Non-mycorrhizal treatments received 2.5 ml spore

washing to provide the same microflora without

mycorrhizal fungi. During the growth of plants, 100 ml

of Hoagland's solution minus P was applied weekly

pot . All  plants  were watered to near field capacity-1

Table 1: Physical and chemical properties of the soil

Sand (%) 78 Total soluble cations (g/L)

Silt (%) 20 M g 0.30

Clay (%) 2 Na 0.93

Texture classes sand Ca 1.49

K 0.27

pH 7.99 Total soluble anions(g/L)

EC(dS/m) 0.30 Cl 2.4

3Field capacity (%) 13.70 HCO 0.28

4Total N (%) 0.77 SO 0.32

P (mg/L) 10.2

K (mg/L) 11.5

with fresh water for three weeks; afterwards, the plants

were submitted to eight treatments (five pots were used

for each treatment). The experimental design can be

summarized as follows:

C Two well-watered treatments, mycorrhizal (M )+

and non-mycorrhizal (M ), in which plants were-

irrigated regularly, till harvest (control, M  and+

control, M ).-

C Six water-stressed treatments, mycorrhizal (M )+

and non mycorrhizal (M ), in which plants were-

subjected to water stress by increasing irrigation

interval from one week to two weeks at tillering,

heading and grain-filling stages. After each short-

term stress period, the plants permitted to recover

by re-watering until plants harvesting (recovery

period).

Harvest: Ten weeks after planting, the plant materials

used for determination of carbohydrates and crude

proteins were dried rapidly in an oven at 80 C to0

constant weight and were then ground to a fine

powder. Whereas, fresh materials after ground in liquid

nitrogen were used for estimation some of metabolites

and certain enzymes.

Estimation of proline: The proline content in wheat

plants was determined using the method of Bates et

al. . Pure proline was used as a standard.[14]

Estimation of Total Free Amino Acids: The total free

amino acids in wheat plants were determined using

ninhydrin reagent according to Moore and Stein .[37]

Pure glycine was used as standard.

Estimation of Total Soluble Proteins: The total

soluble proteins in wheat plants were determined

according to the method of Bradford  with Bovine[16]

serum albumin as standard.

Estimation of Total Nitrogen: The total nitrogen was

determined by the conventional micro- Kjeldhal method

of Sadasivam and Manicham .[48]
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Estimation of Crude Protein: The crude protein was

determined in wheat plants, using the micro- Kjeldhal

method. The nitrogen content was multiplied by 6.25

to obtain the protein content [Association of Official

Agricultural Chemists .[7]

Estimation of Tota l Carbohydrates: Tota l

carbohydrates of wheat plants were extracted with 80%

ethanol as described by Chaplin and Kennedy  and[17]

the carbohydrate content estimated colorimetrically by

the method described by Dubois et al. . Pure glucose[20]

was used as standard.

Estimation of Total Soluble Sugars: The total soluble

sugars were measured in an ethanolic extract of wheat

plants, using phenol-sulfuric according to the method

of Dubois et al. . Pure glucose was used as standard.[20]

Estimation of Total Insoluble Sugars: The total non-

soluble sugars were calculated by the difference

between  the  total  carbohydrates  and the total

soluble sugars.

Estimation of Enzyme Activity: The plant material

was extracted following the method of Kar and

Mishra  with slight modifications. One gram of fresh[31]

materials was homogenized in cold phosphate buffer

(0.05 M at pH 6.5). The homogenate was centrifuged

at 10,000g for 10 minutes. The pigments were removed

from the supernatant by absorbing with activated

charcoal and filtered. The filtrate was completed to a

known volume and used as an enzyme source.

Assay of Peroxidase: Peroxidase activity was

determined following the method of Kar and Mishra .[31]

The developed color was read at 430 nm and the

enzyme activity was expressed as change in the optical

density / gram fresh weight / min.

Assay of Catalase: Catalase activity was determined

2 2 by monitoring the decomposition of H O at 240 nm

following the method of Aebi .[2]

Statistical Analysis: The statistical analysis of the data

included the calculation of standard `deviation and the

one-way analysis of variance as described by Snedecor

and Cochran . The mean values were compared by[55]

LSD using the computer program SPSS, version 12.

RESULTS AND DISCUSSION

Changes in the Metabolic Activities of Wheat

Plants: Accumulation of proline increased considerably

in wheat plants as a consequence of water stress and

mycorrhizal inoculation. As shown in (Figs. 1A and 2)

the mycorrhizal plants accumulated 72, 51 and 68%

more proline than those of non-mycorrhizal ones when

they were subjected to water stress at tillering, heading

and grain-filling stages respectively. Our observation

was in agreement with those of Schellembaum et al. ;[50]

Auge ; Porcel and Ruiz- Lozano  and Vendruscolo[8] [41]

et al. . These results suggest that AM fungi could[60]

enhance the osmotic adjustment of wheat plants

through accumulation of proline. 

Proline is a non-protein amino acid that forms in

most tissues subjected to water stress and, together

with sugar, it is readily metabolized upon recovery

from drought . The accumulation of proline in plant[30 ,53]

tissues during periods of drought is due to primarily to

do de novo synthesis, although a reduced rate of

catabolism has also been observed . In addition to[43]

acting as an osmoprotectant, proline also serves as a

sink for energy to regulate redox potentials, as a

hydroxyl  radical  scavenger , as a solute that protects[52]

macromolecules  against  denaturation,  and as a means

of reducing acidity in the cell . However,[32 ,33]

Vendruscolo et al.  stated that proline might confer[60]

drought stress tolerance to wheat plants by  increasing

the  antioxidant system rather than as an osmotic

adjustment.

In well-water conditions, the concentration of

amino acids in mycorrhizal wheat plants was nearly

similar to those in control ones. However, the

accumulations of these amino acids were found to be

90, 68 and 41% more than those in non-mycorrhizal

ones when they were exposed to water stress, followed

by recovery at tillering, heading and grain-filling stages

respectively (Figs. 1B and 2). Higher free amino acids

in mycorrhizal plants relative to non-AM ones were

attributed to enhanced resistance to drought stress .[27]

The concentrations of amino and imino acids in

drought plants have been reported to increase  or[57 ,50]

decrease   with AM symbiosis. It was suggested[12 ,57]

that the differences between AM and non-AM plants

reflect greater drought tolerance in the AM plants .[8]

Lower accumulation of amino acids may indicate that

plants more successfully avoided drought and so had

less need to osmotically adjust symplasm or

osmoprotect enzymes, or were showing less strain or

injury. This interpretation would be supported if soil

and/or leaf water potential were correspondingly higher

(less  exposure  to stress) in the AM population.

Greater accumulation of amino acids might also

indicate plants more capably osmotically adjusted to

the water stress. This interpretation would be supported

if plants showing greater amino acid concentration

exhibited more normal behavior at similar water

content than AM plants . It has also been shown that[8]

mycorrhizal colonization and drought interact in

modifying free amino acids and sugar pools in roots .[12]
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Fig. 1: Changes in (A) proline content, (B) free amino acids, (C) total soluble proteins and (D) crude protein of

wheat plants in response to mycorrhizal inoculation growing under well-watered (ww) and water stress

(ws) conditions at different growth stages followed by recovery.

M-: Non mycorrhizal treatment M+: Mycorrhizal treatment

Columns with the same letter not significant different.

Arbuscular mycorrhizal symbiosis affected the

levels  of soluble proteins in wheat plants (Figs. 1C

and 2). AM plants had significantly higher soluble

proteins by 35% than non-AM plants under well-

watered conditions. However, under drought conditions,

the mycorrhizal plants showed higher concentrations of

soluble proteins by 58, 29 and 34% than those in non-

mycorrhizal ones when the plants exposed to drought

followed by recovery at tillering, heading and grain-

filling stages of plant growth respectively. These results

supported previous reports of Mathur and Vyas ,[3 5 ]

who found that mycorrhizal symbiosis resulted in

significant increase in protein, chlorophyll, reducing

sugars, free amino acids and proline contents in

Ziziphus mauritiana plants under water stress

conditions as compared with non-mycorrhizal ones.

Also, Wu et al.  noticed that, total soluble protein[62]

content in Citrus tangerine roots decreased by water

stress, however the content was higher in mycorrhizal

plants compared to non-mycorrhizal ones. In another

study on Poncirus trifoliata plants,Wu et al.  noticed[63]

that the soluble protein content of well-watered leaves

of mycorrhizal seedlings was 4% higher than in

corresponding controls and AM inoculation didn’t

affect  the  soluble  proteins of water-stressed leaves.

In the roots, the soluble proteins however was 13% and

22% higher in AM than non-AM seedlings under well

watered and water stressed conditions respectively.

The  crude  protein  content  of wheat plants

(Figs. 1D and 2) was increased by 6% under well-

watered conditions. However, the increase was by 6, 9

and 15%, when the plants were exposed to drought at

tillering, heading and grain-filling stages respectively.

These findings were in agreement with those of

Subramanian and Charest ; Ruiz- lozano et al.[57 ,58] [47]

and  Wu  et al.  who noticed that the crude protein[63]
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Fig. 2: Percent change in proline content, free amino acids, total soluble proteins and crude protein of wheat

plants due to mycorrhizal inoculation growing under well-watered (ww) and water stress (ws) conditions

at different growth stages followed by recovery.

percent change =AM reading -non-AM reading x 100 / non-AM reading

Columns with the same letter not significant different.

content has been consistently higher in AM than non-

AM plants during drought. This increase was

considered by the authors to be a beneficial

mycorrhizal effect.

The total carbohydrate, soluble and insoluble sugar

concentrations were increased in mycorrhizal wheat

plants subjected to water stress (Figs. 3 and 4).

However, the level of these metabolites was more

pronounced when the plants were exposed to water

stress at heading stage. The results suggested that the

accumulations of carbohydrates and sugars compounds

are implicated in plant resistance due to the greater

photosynthetic capacity under drought stress conditions.

Similar  observations have been found by

Schellenbaum et al. ; Mathur and Vyas ; Sorial[50] [35] [5 6 ]

and Wu and Xia . The results published by[61]

Subruamanian and Charest ; Subramanian et al.[57] [59]

provided evidence that the higher foliar concentrations

of soluble sugars in mycorrhizal plants after drought,

suggesting maintenance of greater photosynthetic

capacity. This interpretation was supported by the fact

that AM plants also showed less stressed- induced

accumulation of amino acids and soluble proteins than

non- mycorrhizal plants and were able to sustain more

nitrogen metabolism. M aintenance of greater

photosynthetic capacity during drought in mycorrhizal

plants has also been indicated by higher starch levels

in AM than in non-AM plants .[11 ,19]

Osmotic adjustment is considered to be an

important component of drought tolerance mechanisms

for higher plants. Under water stress conditions, higher

plants accumulate some small molecules including

organic solutes and inorganic ions to make higher

osmotic adjustment. Organic solutes include soluble

sugars, proline etc.; inorganic ions include K , Ca ,+ 2+

Mg , etc. . The greater soluble sugars and2+ [6 1 ]

carbohydrate concentration of AM seedlings may be

due to the sink effect of AM fungus demanding sugar

from the leaves. However, the net accumulation of

carbohydrates and sugar suggested that AM

colonization enhanced host plant drought tolerance .[41]

Sorial , observed also that AM inoculation recorded[56]

highly significant induction in chemical constituents

e.g. chlorophyll a, b; total chlorophylls; N, P, K

uptakes; total sugars; total amino acids as well as

proline concentration under water stress conditions,

which increased the osmoregulation of wheat plants

exposed to water stress.

Finally, the increase in chlorophyll content,

carotenoids, nutrient uptake in wheat plants exposed to

water stress (Abo-Gahalia and Khalafallah, in Press)

and the accumulation of the metabolic substances

(proline, free amino acids, protein, carbohydrates and

sugars in this study, may suggest that AM- colonization

could improve the osmotic adjustment originating not

only from proline but also from carbohydrates, proteins,

amino acids and K , Mg ,  Ca , resulting in the+ ++ ++

enhancement of drought tolerance.
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Fig. 3: Changes in (A) total carbohydrates, (B) total soluble sugars (C) and total insoluble sugars of wheat plants

in response to mycorrhizal inoculation growing under well-watered (ww) and water stress (ws) conditions

at different growth stages, followed by recovery.

Columns with the same letter not significant different.

Changes in the Activities of Antioxidant Enzymes:

Drought causes an oxidative stress in plants and many

of the degenerative reactions associated with abiotic

stress are mediated by reduced oxygen species such as

2superoxide radicals ( O ) or hydrogen peroxide .• - [54]

These radicals are among the most reactive species

k n o w n  to  c h e m is tr y ,  c a p a b le  o f  re a c t in g

indiscriminately to cause oxidative damage to

biomolecules such as lipid peroxidation, denaturation of

 proteins and mutation of DNA . The efficient[28 ,15]

2 2 2destruction of O and H O  requires the action of• - 

several antioxidant enzymes acting in synchrony.

2 2Superoxidase is rapidly converted to H O  by the action

of superoxide dismutase (SOD) . However, since[15]

2 2H O  is a strong oxidant that rapidly oxidizes thiol

groups, it cannot be allowed to accumulate to excess .[38]

2 2Catalases (CATs) convert H O  to water and molecular

2 2oxygen in peroxisomes. An alternative mode of H O

distraction is via peroxidases  (POX), which are found

throughout the cell and which have a much higher

2 2affinity for H O   than CAT . It should be noted also[29]

that POX are also responsible for cell wall

lignifications and other cell wall stiffening processes

which conclude in the maturation of the cell wall .[39]

The information about the activity of antioxidant

enzymes in the AM symbiosis under water stress

conditions has focused mainly on the role of SOD.

Little attention has been paid to the role of other

important antioxidant enzymes such as CAT and POX.

In our study the effect of mycorrhizal inoculation on

peroxidases and catalases levels in wheat seedlings

subjected  to  water  stress  at three critical stages of
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Fig. 4: Percent change in total carbohydrates, total soluble sugars and total insoluble sugars of wheat plants due

to mycorrhizal inoculation growing under well-watered (ww) and water stress (ws) conditions at different

growth stages, followed by recovery.

Columns with the same letter not significant different.

Fig. 5: Changes in (A) peroxidase (POX) and (B) catalase (CAT) of wheat plants in response to mycorrhizal

inoculation growing under well-watered (ww) and water stress (ws) conditions at different growth stages,

followed by recovery. Columns with the same letter are not significantly different. 

M-: Non mycorrhizal treatment                      M+: Mycorrhizal treatment

growth was determined (Figs. 5 and 6). The results

showed that the concentrations of the two enzymes

were increased by mycorrhizal treatments either at

well-watered conditions or at water stressed ones.

However, the increase was more pronounced when the

plants were exposed to water stress. The levels of POX

were increased in mycorrhizal plants by 22, 77 and

83% and that of CAT by 21, 28 and 31% when the

plants were exposed to stress at tillering, heading and

grain-filling stages receptively. The obtained results,

suggesting that AM symbioses help in increments of

enzymatic antioxidant production which in turn help

AM plants to enhance drought tolerance. From Fig. 5,

one can also notice that the concentration of the two

enzymes was greater at heading stage of plant growth,

which may be due to the increased effect of drought

stress at this critical stage of growth. The increase in

the antioxidant enzymes resulting from AM inoculation

was also obtained by Wu et al. ; Auge et al.  and[64 ,65 ] [13]

Roldan et al. . Wu et al.  attributed the increase in[44] [62]

antioxidant activities in AM citrus seedling would

2 2partly be due to the lower H O  concentration,

protecting the organism against oxidative damage, in

turn enhancing drought tolerance. They observed also,

that during water stress and rewatering, AM

significantly   increased   the   contents  of   soluble
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Fig. 6: Percent change in peroxidase (POX) and catalase (CAT) of wheat plants due to mycorrhizal inoculation

growing under well-watered (ww) and water stress (ws) conditions at different growth stages, followed

by recovery.

Columns with the same letter not significant different.

sugars,  proteins  and the antioxidant enzymes in

leaves  of  Poncirus  trifoliate, which indicated that

AM  colonization could improve the osmotic

adjustment response of P. trifoliate, enhance the

defense system and alleviate oxidative damage to

membrane lipids and proteins.

In conclusion, our previous study (Abo-Ghalia and

Khalafallah, in Press) showed that AM fungi led to

enhancement in the growth, nutrition, productivity and

improved the yield quality of wheat plants subjected to

short-term water-stress at three critical stages of plant

growth followed by recovery. However, the present

study showed that the treatment with these fungi

increased the accumulation of some metabolic products

(proline; free amino acids; crude and soluble proteins;

total carbohydrates; soluble and insoluble sugars) and

enhanced the induction of some defense enzymes

(peroxidase and catalase) in wheat plants, which may

be attributed to the improvement in the osmotic

adjustment, in addition to the induced resistance of

plants to drought stress. Therefore, from our previous

and present studies, we suggested that the inoculation

of plant crops, cultivated in the farms which may be

subjected to water shortage at critical growth stages, by

arbuscular mycorrhizal fungi is important in decreasing

the loss in crop yield.  
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