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Abstract: Mycorrhizal and non-mycorrhizal wheat plants (Triticum aestivum L. cv. Sakha 93) were

subjected to water stress by increasing irrigation period from one week to two weeks at different stages

of plant growth (i.e., tillering, heading or grain-filling stages) and then reirrigated till harvest (recovery

periods). Water stress reduced all growth parameters of wheat plants (plant height, fresh and dry matter

and leaf area) as well as the plant productivity. The reduction was more pronounced when the plants

subjected to water stress at heading stage. The presence of mycorrhizal fungi, however, stimulated all

these parameters at all growth stages of wheat plants and their effect was pronounced in the aerial

biomass than in root biomass. Mycorrhizal application increased also the shoot water content of plants

under well-watered and water stress conditions. In addition, higher uptake of nutrients (N, P, K, Mg and

Ca) in the shoots and grains of wheat plants was obtained as a result of mycorrhizal inoculation regardless

of the plant growth stage at which the drought stress was applied. The photosynthetic pigments were also

stimulated either at well-watered or at water-stressed conditions by mycorrhizal fungi. The total pigments

by mycorrhizal plants under well-watered conditions were higher than non-mycorrhizal ones by 60% and

by 57, 67 and 65% when the water stress treatment was applied at tillering, heading and grain-filling

stages respectively. Mycorrhizal spore population and the percentage of mycorrhizal colonization were

reduced by the water stress treatments. However, high levels of colonization and sporulation occurred at

all stress periods. Wheat plants showed 118% dependency on the mycorrhizal fungi for its biomass

production under well-watered conditions. However, the mycorrhizal dependency was 134, 133 and 124%

when  the  stress  treatment  was  applied  at  tillering,  heading and grain-filling stages, respectively.

The recorded improved growth, nutrient uptake and productivity of wheat plants demonstrate the potential

of mycorrhizal inoculation in reducing the adverse effects of drought stress on wheat plants grown in

semiarid areas of the world. 
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INTRODUCTION

Wheat  has   always  been  a major commodity.

It  is  considered  the  main grain crop in Egypt.

Egypt  ranks  as the second only to Japan among

wheat importing countries worldwide. Egypt's current

consumption of wheat surpasses 12.4 million tons

annually, of which 6.4 million tons are produced

locally (http://www.wataninet.com). Therefore, raising

wheat production through increasing the productivity of

unit area together with expanding the cultivated area in

newly reclaimed lands is the most important national

target. Increasing the productivity of unit area could be

achieved by cultivating high yielding cultivars in

parallel with importing agronomic practices.

Globally, drought is one of the major ecological

factors limiting crop production and food quality,

especially in arid and semi-arid areas of the world.

Wheat cultivation is mainly restricted to such zones

with scarcity of water, so wheat anti-drought

physiology study is of great importance to wheat

production .[57]

Drought is a complex physico-chemical process, in

which many biological macromolecules and small

molecules are involved, such as nucleic acids, proteins,

carbohydrates, lipids, hormones, ions, free radicals,

mineral elements . In addition, drought is also[6 ,17 ,35 ,56 ,57]

related to salt stress, cold stress, high temperature

stress, a acid and alkaline stress, pathological reactions

and so on . Therefore, drought is connected with[16 ,35 ,56]

almost all aspects of biology.

Arbuscular mycorrhizal (AM) plants grow better

during drought than their non-AM counterparts , and[8]

the intensity of mycorrhizal effect can increase with the
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intensity of drought . Mycorrhizal colonization of[65]

roots was shown to increase drought tolerance of

maize , soybean , onion , lettuce , red clover[64] [12] [11] [10] [24]

and other plant species . Investigators have focused on[7]

how colonization of roots may be affecting plant

behaviour during drought e.g. increased root hydraulic

conductance , water uptake , water use efficiency ,[34] [36] [45]

osmotic adjustment  and hormone relations .[70] [2 2 ]

However, a study related to the whole life circle of

plant could provide a comprehensive understanding of

its anti-drought machinery. In addition crops in new

reclaimed lands in Egypt, sometimes suffered from

shortage of irrigation water at critical growth stages,

followed by re-watering. These conditions caused yield

reduction. Therefore, this study aimed to illustrate the

effect of short-term water stress on wheat plants at

critical growth stages (tillering, heading and grain

filling) and the ability of water-stressed wheat plants to

recover. The study also aimed to test the efficiency of

mycorrhizal fungi in enhancing plant growth, nutrient

acquisition and productivity through the completely

growing development circle of wheat plants under well-

watered and water stress conditions. The effect of soil

drying on the behavior of AM fungal symbiont was

also studied.

MATERIALS AND METHODS

Plant Material: Grains of wheat cultivar (Triticum

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

Research Center, Mataria, Egypt were surface sterilized

for 20 minutes in 10% (w/v) sodium hypochlorite,

thoroughly washed with sterile water and then kept to

germinate at room temperature in moist, sterilized

cotton.

Soil: The main chemical and physical properties of the

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

according to Allen  and recorded in Table (1):[4]

Mycorrhizal Inoculum: The mycorrhizal fungi

inoculum  was  isolated  locally. It is extracted from

the  rhizosphere  of maize plants by the wet sieving

and decanting  technique .  It  is identified as a[27]

mixture of Glomus spp. and confirmed by the

Biofertilizers Unit,  Faculty  of  Agriculture,  Ain

Shams  University.  The  inoculated  dosage  was

2.5ml of spore suspension per pot, containing

approximately 250 spores. The inoculum was placed

3cm  below  wheat-germinated  grains  at  sowing

time. The un-inoculated plants were supplied with

filtered  washing  (2.5  ml/pot) to provide the

associated microorganisms other than mycorrhizal

propagules. 

Table 1: Physical and chemical properties of the soil used through

this investigation

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

4SO 0.32

Total N (%) 0.77

P (mg/L) 10.2

K (mg/L) 11.5

Planting and Growth Conditions: Ten grains thinned

to  six  after  germination were planted in clay pots

(30 cm diameter and 40cm height) filled with 7kg of

sterilized sandy soil. The soil in each pot was mixed

with 1.7g of Egyptian rock phosphate to give the final

concentration of phosphorus in mg kg  sand (i.e., 56-1

2 5mg P O  Kg  sand). During the growth of plants, 100-1

ml of Hoagland's solution minus P was applied weekly

per pot. Plants were carefully watered as needed with

tap water to maintain soil moisture near field capacity

for  three weeks, then the plants were submitted to

eight treatments (five pots were used for each

treatment) as follows:

C Two non-stressed treatments, mycorrhizal (M ) and+

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

irrigated weekly, until 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).

Growth and Yield M easurements: After ten weeks,

five plants per treatment were harvested, shoot and root

lengths, number of leaves/plant, area of the third leaf,

fresh (FW) and dry (DW) (70°C for 48h) weights of

shoots and roots, root/shoot ratio, spike length, number

of spikelets/spike, number of grains/spike and the

weight of 1000 grains were determined.

The leaf area (LA cm ) was estimated according to2

cm cmthe  following equation (L ×W ×0.785) where L is

the  length  of the leaf and W is the maximum width

of the leaf .[58]

Shoot Water Content: The shoot water content was

calculated as {((FW-DW)/FW)´100} where, FW stands

for fresh weight and DW for dry weight .[50]
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Mineral Analysis: Oven-dried shoot and grain samples

were ground to pass through 0.5 mm sieve and then

analyzed for N, P, K, Ca, Mg and Na contents

according to Allen .[4]

Estimation of Photosynthetic Pigments Content: The

photosynthetic pigments (chlorophyll a, chlorophyll b

and carotenoids) were extracted and determined in the

fresh leaves of wheat plants according to the

spectrophotometric  method  recommended  by

Metzner et al. .[39]

Estimation of Mycorrhizal Infection: A fraction of

roots was carefully washed, cut into 1cm pieces and

fixed by formalin-acetic acid-alcohol solution (FAA).

Root samples were cleared with 10% KOH solution

and stained with 0.05% trypan blue in lactophenol ,[43]

and microscopically examined for root colonization.

The mycorrhizal colonization was evaluated as the

percentage of root cortex with the fungal structures,

using the method of Trouvelot et al. .[67]

Extraction and Estimation of Mycorrhizal Spores:

Spores of arbuscular mycorrhizal fungi were collected

from the rhizosphere soil of wheat plants in

mycorrhizal treatments by the wet sieving and

decanting technique . The spore suspension and small[27]

amounts of the remaining debris were transferred into

a Petri-dish and examined under a dissecting

microscope. The number of spores/ml was counted, and

then the number of spores in the volume of the soil

utilized was estimated. Spores were kept by storing at

4°C until used. 

Q uantification of M ycorrhizal Dependency:

Mycorrhizal dependency was defined as the ratio of the

dry weight of AM seedlings and non-AM seedlings .[28]

Statistical Analysis: The standard deviations of the

recorded data were calculated. The recorded data were

treated statistically using the one-way analysis of

variance  as described by Snedecor and Cochran .[60]

The means were compared by L.S.D using SPSS

program version 12.

RESULTS AND DISCUSSION

The Effect of Short-term Drought on Wheat Plants

at Critical Growth Stages and the Role of

Mycorrhizal Fungi on Stress Recovery:

Growth Parameters and Plant Productivity: The

drought treatments significantly decreased all growth

parameters of wheat plants at all stages of plant growth

such as plant height, fresh and dry weight, fresh and

dry weight ratio and leaf area of both mycorrhizal and

non-mycorrhizal plants (Table 2). Application of short-

term drought at heading stage, significantly reduced

shoot length, leaf area, shoot fresh and dry weights by

32, 56, 57, and 45% respectively, while these

parameter were slightly affected by application of

drought stress at tillering and grain filling stages.

From Table 2, one can also notice that the

mycorrhizal plants had higher growth rates than non-

mycorrhizal ones regardless of the growth stage at

which drought treatment was applied. The enhancement

in total dry matter due to AM inoculation was 18%

under well-watered and 34, 33 and 24% under water-

stressed conditions at tillering, heading and grain filling

stage respectively (Table 3). Such pronounced growth

response to mycorrhizal colonization was observed by

Wu and Xia  and Wu et al.  who noticed that the[70] [71]

mycorrhizal (AM) seedlings of Citrus tangerine and

Poncirus trifoliate had significantly higher shoot and

root dry weights, plant height, leaf area, leaf number

per plant and stem diameter under well-watered and

water stress conditions than corresponding non-AM

seedlings. Similar results have been reported for other

plant species . The positive effect was likely[51 ,1 ,31 ,69]

attributed to the improvement of phosphorus

nutrition , the uptake of water by hyphae  and the[12] [23]

increase of root length density . [13]

Dell-Amico et al.  found also that the inoculation[19]

of tomato plants with G. clarum  encouraged higher

growth rates in plants in both well-watered and stress

conditions. The effect was pronounced in the aerial

biomass than in root ones. Similar result was also

obtained in the present study (Table 2), and it may be

due to that, AM colonization caused a proportionally

greater allocation of carbohydrates to the shoot than to

the root tissues .[54]

The decrease in root/shoot ratio in mycorrhizal

wheat plants under well-watered and water stress

conditions (Table 2) was also obtained by Smith and

Read ; Roldan et al. . It was noticed that many[59] [50]

drought-adapted plant species from arid environments

have a highly developed root systems and thus the

root/shoot ratio is high, which may be considered a

mechanism of drought tolerance. Mycorrhizal symbiosis

is known to decrease the root/shoot ratio . The lack[50]

of roots is then compensated for by the extension of

the mycorrhizal fungus extraradical mycelium.

However, Caravaco et al.  and Roldan et al.  stated[14] [50]

that the lower root/shoot ratio observed in stressed and

non-stressed plants, might indicate partitioning of

carbon to fungus at the expense of root production. In

this case, the extraradical mycelium may have

contributed to a more effective uptake of nutrients and

water by plants submitted to water deficit . It has been[7]

also hypothesized that mycorrhizae can alter the

morphology  of  the  root  system,  yielding  a  more
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Table 2: Growth parameters and yield of wheat plants in response to mycorrhizal inoculation grown under well-watered (ww) and water stress conditions (ws) at different growth stages
followed by recovery

treatments Shoot Root No. of Leaf Fresh Total Dry Total Fresh Root Spike No. of No. of Wt. of
length length leaves area weight Fresh weight dry wt. wt./ /shoot length spikelets grains 1000
(cm/plant) (cm /plant) /plant (cm ) (g/plant) wt.(g/plant) (g/plant) g/plant dry wt. ratio cm/plant / spike /plant grains(g)2

------------------- -------------------
Shoot Root Shoot Root

ww M- 59.4ab 8.0bc 5 13.5b 2.9b 0.26b 3.14b 0.90b 0.08ab 0.98bc 3.20ab 0.09a 11.0ab 10b 12cd 29.6bc
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
M+ 62.0a 10.5a 6 17.4a 3.7a 0.3a 4.00a 1.07a 0.09a 1.16a 3.45a 0.08a 12.0a 12a 17b 39.8a

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Tillering M- 50.3d 5.8d 5 10.1c 1.4e 0.13d 1.56d 0.56e 0.05bc 0.61d 2.56d 0.09a 10.1bc 9cd 12cd 20.9e
stage ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M+ 56.1c 7.8bc 6 13.9b 2.2c 0.15cd 2.35c 0.76cd 0.06b 0.82cd 3.09b 0.08a 10.8b 11ab 13c 24.5d
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading M- 40.6f 6.3d 5 6.0d 1.3e 0.07f 1.34e 0.51e 0.03c 0.54d 2.48e 0.06b 9.3c 8d 9e 18.6e
stage ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M+ 44.4e 8.0bc 6 10.9c 1.8c 0.10e 1.91d 0.69d 0.03c 0.72d 2.56d 0.04b 10.6b 10bc 11d 21.4de
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Filling M- 54.2c 7.3c 5 12.5bc 2.0c 0.13d 2.25cd 0.82c 0.07ab 0.89cd 2.53d 0.09a 10.7b 10bc 17b 27.3cd
stage ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M+ 58.0bc 8.4b 6 16.9a 2.9b 0.17c 3.06b 1.02a 0.08ab 1.10ab 2.78d 0.08a 11.2ab 11ab 19a 32.7b
LSD at 5% 3.25 0.82 NS 1.86 0.35 0.025 0.41 0.076 0.022 0.18 0.28 0.019 1.17 1.3 1.2 3.56
treatment M+: Mycorrhizal treatment
Values in same column with the same letter not significant different.

Table 3: Percent change in growth parameters and yield of wheat plants in response to mycorrhizal inoculation grown under well watered

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

Treatments Shoot Root No. of Leaf Total Total Root Spike No. of No of Wt. of 

length length leaves area fresh wt. dry wt. /shoot length spikelets grains/ spike 1000 grains

ww 4.4c 31.3a 20 28.9c 27.4c 18.4b -11.1b 9.1b 20.0a 41.7a 34.5a

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage 11.5a 34.5a 20 37.4b 50.6a 34.4a -11.1b 6.9c 22.2a 8.3c 17.2bc

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage 9.4aa 27.0b 20 82.3a 42.5b 33.3a -33.3a 14.0a 25.0a 22.2b 15.1c

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage 7.0b 15.1c 20 35.5b 43.3b 23.6b -11.1b 4.7c 10.0b 11.8c 19.8b

LSD at 5% 2.08 4.30 NS 5.74 3.96 6.52 2.41 1.86 5.46 6.31 2.84

Values in same column with the same letter not significant different.

Percent change = AM  reading – nonAM  reading X 100/ nonAM  reading

extensive absorbing area, which may be considered a

mechanism of drought tolerance . Likewise,[2 9 ]

mycorrhizae are known to increase the xylem pressure

potential by increasing root biomass and therefore

improving water uptake . [7]

Similarly to the growth parameters, spike length,

number of spikelets, number and weight of grains in

wheat plants had been altered significantly by

mycorrhizal association or drought stress treatments.

The effect of drought stress on the number of

grains/plant or their weights (wt. of 1000 grains) was

more pronounced when the stress was applied at

heading stage, where they are reduced by 25 and 37%

respectively. Drought-stressed non-mycorrhizal plants

produced lower products than mycorrhizal ones at all

drought treatments (Table 2). These results are in good

agreement with Al-Karaki et al. , who observed that[3]

the inoculation with AM fungi provided an important

enhancement to yield in two wheat cultivars. Sorial ,[61]

also observed an increase in straw and grains yield per

pot, and 1000-grain weight of wheat plants inoculated

with arbuscular mycorrhiza and subjected to different

levels of water stress. The enhancement in grains and

biomass yields due to AM fungi might be attributed to

increased dependence of wheat on these fungi for

mineral and water uptake . In this connection, Al-[1]

Karaki  and Al-Karaki and Clark  stated that the[1] [2]

enhanced plant growth as well as yield following AM

inoculation were due to the improved uptake of P and

Cu, especially under water stress conditions. 

Shoot Water Content: The results illustrated in Fig 1

(a&b) showed that, the shoot water content of wheat

plants was significantly reduced as a result of water

deficit. However, the reduction was more pronounced

when the plants were subjected to water stress at

heading stage. Also the inoculation with exotic

mycorrhizal fungi increased the water content of the

plants subjected to water stress at different stages of

growth (tillering, heading and grain-filling stages).

Similar observation was obtained by Querejeta et al.[45]

and Roldan et al. . They reported that the increase in[50]

shoot biomass of inoculated seedlings could be partly

related to the increase in water uptake that a high level

of root mycorrhizal infection provided under water

deficit conditions. The higher shoot water content in

plants inoculated with AM fungi supported this

possibility.

Nutrient Contents: The  concentration  of elements

(N, P, K, Ca, Mg and Na) in shoots as well as grains

of mycorrhizal and non-mycorrhizal wheat plants

subjected to water stress at different growth stages was

reduced  when  compared   to   well-watered  plants.
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Table 4: Nutrient concentrations (mgg dry wt.) in shoots of wheat plants in response to mycorrhizal inoculation grown under well-watered-1

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

M ineral content (mgg dry wt.)-1

Treatments ----------------------------------------------------------------------------------------------------------------------------------------

N P K Ca M g Na

ww M - 1.82d 0.34b 2.68b 0.20bc 0.25a 0.11c

-----------------------------------------------------------------------------------------------------------------------------------------------------

M + 1.86d 0.40b 3.39a 0.20bc 0.27a 0.11c

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage M - 2.52b 0.48a 1.69d 0.18cd 0.24b 0.16ab

-----------------------------------------------------------------------------------------------------------------------------------------------------

M + 2.73a 0.49a 3.21a 0.22b 0.27a 0.17a

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage M - 1.89d 0.34 2.14c 0.15d 0.14d 0.10b

-----------------------------------------------------------------------------------------------------------------------------------------------------

M + 2.59ab 0.39b 2.23bc 0.27a 0.28a 0.17a

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage M - 1.82d 0.34b 1.87cd 0.16d 0.20b 0.14b

-----------------------------------------------------------------------------------------------------------------------------------------------------

M + 2.17c 0.42b 2.32b 0.21bc 0.25a 0.14b

LSD at 5% 0.18 0.04 0.52 0.04 0.04 0.03

M -: Non mycorrhizal treatment                      M +: M ycorrhizal treatment

Values in same column with the same letter not significant different.

Table 5: Percent change in nutrient concentrations in shoots of wheat plants due to mycorrhizal inoculation grown under well watered (ww)

and three water stress at different growth stages (ws).

Treatments N P K Ca M g Na

WW 2.2d 17.6b 26.5b 0.0c 8.0d 0.0b

----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage 8.3c 2.1c 89.9a 22.2c 12.5c 6.3b

-------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage 37.0a 14.7b 4.2c 80.0a 100.0a 70.0a

-------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage 19.2b 23.5a 24.1b 31.3b 25.0b 0.0b

LSD at 5% 4.2 4.7 6.6 5.3 4.6 7.8

Values in sam e column with the sam e letter not significant different. 

Fig. 1: Shoot water content (a) and its percent changes (b) of wheat plants in response to mycorrhizal inoculation
grown under well watered (ww) and three water stress (ws) conditions at different growth stages followed

by recovery.
M-: Non mycorrhizal treatment M+: Mycorrhizal treatment

Columns with the same letter are not significantly different.

However,  the  rate  of  reduction  was  higher  in
non-mycorrhizal  plants  (Tables  4 to 7). These results

agree with  the  findings  of  Al-Karaki et al.  and[3 ]

Miransari  et  al.   on  wheat  plants; Auge et al.[40] [9]

on  sorghum  and squash;  Wu  and  Xia   on[70]

citrus. Subramanian et al.  observed also that the[65]

mycorrhizal   tomato   plants  had  significantly

higher  uptake  of  N and P in both roots and shoots
of  the  plants  regardless  of  the intensities of

drought stress. 
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Table 6: Nutrient concentrations (mgg dry wt.) in grains of wheat plants in response to mycorrhizal inoculation grown under well watered-1

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

M ineral content (mgg dry wt.)-1

Treatments -----------------------------------------------------------------------------------------------------------------------------------

N P K Ca M g Na

ww M - 4.09b 0.60bc 0.39bc 0.06 0.33a 0.07b

--------------------------------------------------------------------------------------------------------------------------------------------------

M + 4.34a 0.79a 0.43a 0.07 0.34a 0.07b

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage M - 3.60cd 0.65b 0.38bc 0.07 0.31b 0.07b

--------------------------------------------------------------------------------------------------------------------------------------------------

M + 3.69cd 0.77ab 0.40b 0.07 0.38a 0.07b

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage M - 3.50d 0.65b 0.37c 0.06 0.21c 0.09ab

--------------------------------------------------------------------------------------------------------------------------------------------------

M + 3.92b 0.69b 0.44a 0.06 0.31b 0.09ab

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage M - 3.78c 0.52c 0.37c 0.06 0.28b 0.09ab

--------------------------------------------------------------------------------------------------------------------------------------------------

M + 4.34a 0.73ab 0.39bc 0.07 0.32ab 0.11a

LSD at 5% 0.24 0.10 0.03 NS 0.07 0.03

M -: Non mycorrhizal treatment                      M +: M ycorrhizal treatment

Values in same column with the same letter not significant different.

Table 7: Percent change in nutrient concentrations in grains of wheat plants in response to mycorrhizal inoculation grown under well watered

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

Treatments N P K Ca M g Na

ww 6.1c 31.7b 10.3b 16.7a 3.03d 0.0b

------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage 2.5d 18.5c 5.3c 0.0b 22.3b 0.0b

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage 12.0b 6.0d 18.9a 0.0b 47.6a 0.0b

----------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage 30.4a 40.4d 5.4c 16.7a 17.9c 14.2a

LSD at 5% 2.17 4.05 3.41 2.52 3.89 1.24

Values in same column with the same letter not significant different.

Phosphorus  concentration  may  affect  host

water  balance.  For  instance,  stomatal  conductance

can  be influenced by P starvation . Koide[48] [33]

suggested  that  increased  stomatal  conductance  and

transpiration  in  AM plants might be due to P-

mediated improvement in photosynthetic capacity.

Phosphorous   concentrations  in  leaves  may  affect

stomatal response to environmental perturbations,

perhaps by affecting the energetics involved in guard

cell osmotic parameters or wall stiffening governing 

stomatal movements .[68]

Leaf nitrogen concentrations, can affect stomatal

behavior  and AM symbiosis can modify N uptake[47 ,46]

and tissue concentrations .[10]

Fig. 2: Mycorrhizal colonization (a), spore population (b) and mycorrhizal dependency (c) of wheat plants in

response to mycorrhizal inoculation grown under well watered (ww) and three water stress (ws) conditions

at different growth stages followed by recovery.

Columns with the same litter not significant.
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Calcium has been found to be involved in the

regulation of various responses of plants to
environmental conditions, such as salt and drought

stresses . Potassium also plays a key role in plant[32]

water stress and has been found to be the cationic

solute  which  is  responsible  for  stomatal
movement in response  to changes in bulk leaf water

status . Roldan et al. , however stated that the[52] [50]

protection of mycorrhizal plants against water stress

was related to the increase of K uptake by the
mycorrhizal fungi.

Al-Karaki and Clark  observed that the[2]

mycorrhizal colonization of two wheat cultivars

increased nutrient (P, Zn, Cu, Mn and Fe) uptake when
the plants were grown under water stress condition. In

this connection, Wu and Xia  reported that under[70]

water stress conditions, higher plants accumulate some

small molecules including organic solutes and inorganic
ions. The organic solutes include soluble sugars,

proline, etc. however, inorganic ions include K , Ca ,+ 2+

Mg , etc. The accumulation of these molecules in AM2+

seedlings resulted in greater osmotic adjustment and
allowed AM  seedlings to  accumulate  more

carbohydrate and increase plant biomass. Mathur and
Vyas  stated that the improved biomass production by[38]

AM fungi during water stress can be ascribed to
improved nutrient uptake provided by the entophyte.

Mycorrhizal fungi may also improve nutrient uptake by
improving the exploration of the soil pore space .[66]

Davies et al.  found that external hyphal development[18]

and soil aggregation of mycorrhizal plants were

enhanced by drought acclimation. However, O'Keef and
Sylvia  observed that external hyphae adhere to soil[42]

particles, which would improve contact with the soil
solution. Furthermore, they demonstrated that hyphae

access smaller pore spaces than plant roots and root
hairs. As soil water content decreases, the relative

importance of these factors would increase.

P h o to sy n th e t i c  P ig m en ts :  T he  c o nte nt  o f
photosynthetic pigments (chlorophyll a, b, carotenoids

and  total  pigments)  in leaves of mycorrhizal and
non-mycorrhizal wheat  plants  are  presented in

Tables (8&9). In general, with all treatments, the
content of photosynthetic pigments was decreased

parallel to the decrease in soil water content however,
the contents in mycorrhizal plants were significantly

greater than those of non-mycorrhizal ones at all stages
of plant growth. The total photosynthetic pigments

were increased due to mycorrhizal colonization by 60%
at well-watered conditions and by 57, 67 and 65%

when the water stress treatment was applied at tillering,
heading and grain-filling stages respectively. From

these data, it was noticed that the deleterious effect of
drought treatment on total pigments was at heading

phase of wheat growth.

The decrease of chlorophyll content in wheat plants

as a result of water deficit has been also reported by
several authors  and in other plant species such as[20 ,56]

maize , rosemary  and citrus . Shao et al.[21] [53] [70] [56]

reported that chlorophyll is the substantial basis for

wheat photosynthesis, so the content of chlorophyll can
be one index for evaluating photosynthesis. Many

reports showed that drought could lead to lower
photosynthesis  and  efficiency .  However,  Steel[16 ,20]

et al.  and Moran et al.  stated that the decrease in[63] [4 1 ]

the chlorophyll or protein concentration would be a

typical symptom of oxidative stress that has been
observed in drought stressed plants. 

The increase of photosynthetic pigments as a result
of mycorrhizal colonization was also supported by

Sanchez-Blanco  and Wu and Xia . The present[53] [70]

results indicate that AM application helping the plants

to counter photoinhibition and photodestruction of
pigments under stress conditions by increasing the

content of carotenoids. It is well known that
carotenoids are involved in the protection of the

photosynthetic apparatus against photoinhibitory damage

2by single oxygen ( O ) so, carotenoids can directly1

2deactivate ( O ), and can also quench the excited triple1

state of chlorophyll . It was also stated that the higher[25]

chlorophyll in AM than non-AM plants has sometimes
been associated with higher rate of photosynthesis or

due to the increase in nitrogen and magnesium contents
(major components of chlorophyll molecules) in

mycorrhizal plants .[5 ,37]

The Effect of Soil Drying on the Behaviour of
Mycorrhizal Fungi:

Mycorrhizal colonization: Data in Fig. (2a) showed
that water stress had a strong effect on AM

development. The AM colonization under well watered
conditions was 100% however, they were 90, 67 and

80% when the plants subjected to water stress at
tillering, heading and grain filling stages respectively.

Al-Karaki et al.  observed also that AM fungal[3]

inoculation increased the level of colonization in the

roots of two wheat cultivars. However, the increase
was greater in plants grown under well-watered than

under water stress conditions. These data agree with
the general observation of Al-Karaki ; Al-Karaki and[1]

Clark  and Wu and Xia  that AM fungi levels are[2] [70]

lower under water stress than at well-watered

conditions The lower level of root colonization in
water-stressed mycorrhizal plants may be due to the

diminution of the metabolic rate induced by water
deficit, which affects extraradical mycorrhizal

development .[18]

Spore Population: From Fig. (2b), one can notice that
drought conditions affect the AM sporulation at all

stages  of growth. It was reported that the amount of
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Table 8: Photosynthetic pigm ents (m gg fresh wt.) in leaves of wheat plants in response to mycorrhizal inoculation grown under well watered-1

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

Treatments Photosynthetic pigments (m gg  fresh wt.)-1

------------------------------------------------------------------------------------------------------------------------------------------

Chlorophyll a Chlorophyll b Chlorophyll a+b Carotenoids Total pigments

ww M - 11.75b 8.49b 20.24c 1.92bc 22.16c

-------------------------------------------------------------------------------------------------------------------------------------------------

M + 19.02a 13.22a 32.24a 3.24a 35.48a

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage M - 10.16b 7.80b 17.96cd 1.59b 19.55cd

-------------------------------------------------------------------------------------------------------------------------------------------------

M + 17.61a 11.09a 28.70b 2.12b 30.82b

------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage M - 9.10b 6.76b 15.86d 1.53c 17.39d

-------------------------------------------------------------------------------------------------------------------------------------------------

M + 16.16a 11.09a 27.25b 1.82bc 29.07b

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage M - 11.40b 8.13b 19.53c 1.51c 21.04c

-------------------------------------------------------------------------------------------------------------------------------------------------

M + 18.20a 13.17a 31.37ab 3.44a 34.81a

LSD at 5% 3.05 2.22 3.16 0.48 3.49

M -: Non mycorrhizal treatment                      M +: M ycorrhizal treatment

Values in same column with the same letter not significant different.

Table 9: Percent change in photosynthetic pigments in leaves of wheat plants in response to mycorrhizal inoculation grown under well watered

(ww) and three water stress (ws) conditions at different growth stages followed by recovery

Treatment Chlorophyll a Chlorophyll b Chlorophyll a+b Carotenoids Total pigments

ww 61.9c 55.7b 59.3b 68.8b 60.1b

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tillering stage 73.3b 42.2c 59.6b 33.3c 57.4b

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ws Heading stage 77.6a 64.1a 71.8a 19.0d 67.2a

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Filling stage 59.6c 62.0a 60.6b 127.8a 65.4a

LSD at 5% 3.9 5.2 4.6 8.5 4.1

Values in same column with the same letter not significant different

soil water optimal for plant growth may also be

optimal for AM sporulation  and much less[49]

sporulation has occurred at either extreme, i.e.

chronically dry soils  or flooded and permanently[62]

water-logged soils . Both spore production and[26]

species richness of AM fungi are reportedly lower in

arid climates than in other ecosystems  and decrease[44]

as aridity increases . However, short-term-transient[62]

declines in soil moisture may promote spore

production .[30]

Mycorrhizal Dependency: Wheat plants showed 118%

dependency on the entophyte under well-watered

conditions for its biomass production. However, the

mycorrhizal dependencies were 134, 133 and 124%

when the water stress treatment was applied at tillering,

heading and grain-filling stages, respectively (Fig. 2c).

Our observation agree with those of Mathur and

Vyas   who  noticed  that Zizihpus mauritiana[38]

showed 200% dependency on the AM fungus (G.

fasciculatum) for its biomass production under water

stress conditions.

In summary, we can conclude that wheat grown in

semiarid habitats was affected greatly by water-stress

and the effect was more pronounced when the stress

was applied at heading phase. The data also showed

that mycorrhizal colonization improved drought

resistance of wheat plants as a consequence of

enhanced nutritional and water status of the plants.

This led to the stimulation of plant growth, nutrient

uptake and finally plant productivity. So this study

aware the farmers in the new reclaimed lands from

withholding irrigation during heading stage of wheat

plants, and recommend by adding arbuscular

mycorrhizal fungi to arid farms or to the farms which

suffering from withholding irrigation water at critical

growth stages.
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