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Summary

Drought stress is a serious threat to crop growth and develop-
ment. Exogenous application of various compatible solutes is an 
effective means to lessen the adverse drought effects on plants. 
To explore the effectiveness of exogenously applied GB as foliar 
spray in mitigating the harmful effect of drought on wheat crop, 
an experiment was conducted using fi ve wheat cultivars (SARC-I, 
Inqlab-91, MH-97, Bhakkar and S-24) and three levels (0, 50 and 
100 mM100 mM100 m ) of GB applied as foliar spray under well-watered and M) of GB applied as foliar spray under well-watered and M
water-stressed (60% fi eld capacity) conditions. Growth and yield 
attributes, gas exchange characteristics, and root and shoot N, P, 
and K+ were determined in the wheat cultivars. Drought stress 
signifi cantly reduced shoot and root fresh and dry biomass, shoot 
length, leaf area, grain yield, photosynthetic (Alength, leaf area, grain yield, photosynthetic (Alength, leaf area, grain yield, photosynthetic ( ) and transpiration 
rates (E), stomatal conductance (gs), and shoot and root P and 
K+ contents. However, foliar-applied GB mitigated the adverse 
effects of drought stress by enhancing plant biomass, shoot length, 
transpiration rate, root P, and N contents and in shoot only K+ in 
both cultivars under stress conditions, while its effect was not 
prominent on leaf area per plant, water use effi ciency (WUE), and 
shoot P and N, and root K+. The cultivar response to varying GB 
levels was variable. Overall, foliar-applied GB @ 50 mMlevels was variable. Overall, foliar-applied GB @ 50 mMlevels was variable. Overall, foliar-applied GB @ 50 m  showed M showed M
better performance in reducing the adverse effects of drought stress 
on wheat crop under water defi cit conditions. Cultivars SARC-I and 
Inqlab-91 were better as compared to the others in their response to 
foliar-applied GB under water defi cit conditions.

Introduction

Environmental factors play important roles in plant growth and 
development. Any adverse change in these factors negatively affects 
physiological and biochemical processes of plants (GARG, 2010). 
For example, scarcity of water (drought) causes adverse effects 
on crop yield and quality (BLUM, 2005; NEUMANN, 2008; ABD

EL-RHMAN, 2010). Under drought stress conditions, alteration in 
various morphological, physiological and biochemical attributes 
occur, that help plants to protect themselves against the stress 
(DEMIRAL and TÜRKAN, 2006; NAWAZ and ASHRAF, 2010; ASHRAF, 
2010). Of various, adaptations, accumulation of compatible solutes 
is an effective phenomenon which plays a signifi cant role in 
improving stress tolerance (CHEN et al., 2000; MUNNS, 2005). Of 
these solutes, glycinebetaine (GB) is an effective osmoprotectant 
which accumulates in a number of plants under drought stress 
(ZHANG et al., 2009) thereby playing a vital role in drought tolerance 
of plants (YANG et al., 2007; MAHMOOD et al., 2009; KHAN et al., 
2009). GB stimulates a multitude of physiological phenomena 
including net CO2 assimilation rate (WANG et al., 2010). It protects 
the quaternary structure of proteins, maintains enzyme activity, 
stabilizes membrane structure of PSII complex, prevents oxidative 

damage to membranes and enhances antioxidative defense system 
under osmotic stress (MA et al., 2006; RAZA et al., 2007; YANG

et al., 2007; CHEN and MURATA, 2008; HASSINE et al., 2008; 
HOSSAIN and FUJITA, 2010). The accumulation of glycinebetaine 
depends not only on type of plant species (MOGHAIEB et al., 2004), 
plant varieties (CHA-UM et al., 2007; HASSINE et al., 2008), plant 
organelles (ZHU et al., 2003), but also on environmental factors, 
such as salinity (LONGSTRETH et al., 2004; SANEOKA et al., 2001;  
GIRIJA et al., 2002), drought (ZHANG et al., 2008), alkaline stress 
(CUI et al., 2008), and extreme temperatures (ZHANG et al., 2008), 
etc. 
Exogenous application of a variety of compatible organic solutes 
has been advocated as one of the prospective means of improving 
plants stress tolerance (RAZA et al., 2007; ASHRAF et al., 2008; 
MAHMOOD et al., 2009). It has been widely reported that exogenous 
application of GB regulates some key physiological attributes in 
plants subjected to stress conditions (MAHMOOD et al., 2009). For 
example, GB protects photosynthetic machinery (ZHAO et al., 2001; 
ALLAKHVERDIEV et al., 2003) by preventing photoinhibition (MA

et al., 2006), partially preserves the net photosystem-II effi ciency 
(DEMIRAL and TURKAN, 2006), and enhances the tolerance of 
photosynthetic apparatus of wheat plants subjected to various stress 
conditions (CHERIAN et al., 2006; WANG et al., 2010a; 2010b). 
However, mechanism involved in GB protection of this machinery 
is still unclear and thus needs to be investigated.
Glycinebetain biosynthesis has been reported to increase in most 
crop species under water defi cit conditions (MARTINEZ et al., 2005; 
HESSINE et al., 2009), while in others the natural synthesis of GB is 
considerably lower than the required level to protect the plants from 
the stress conditions (SUBBARAO et al., 2001). However, exogenous 
application of glycinebetaine is known to have benefi cial effects 
on growth and fi nal yield of a number of crops, particularly those 
which do not normally accumulate signifi cant amount of GB under 
these stresses including drought stress (RAZA et al., 2006; 2007; 
ATHAR et al., 2009; WANG et al., 2010a; 2010b; CHA-UM and 
KIRDMANEE, 2010). For example, foliar spray of glycinebtaine 
mitigated the unpleasant drought stress effects on sunfl ower achene 
weight (IQBAL et al., 2005), improved gas exchange characteristics 
and biomass production in sunfl ower (IQBAL et al., 2009), and 
increased dry matter, grain yield and osmolytes in maize (ZHANG

et al., 2009). In view of NAIDU et al. (1998) even under mild fi eld 
stress conditions, crop yield could be improved from 10 to 50% with 
foliar application of GB. Effectiveness of exogenous application of 
GB depends on the type of species, developmental stage of plant, 
application level and the number of application, etc. (ASHRAF and
FOOLAD, 2005; 2007; ASHRAF et al., 2008). 
Keeping in the view the role of glycinebtaine in plants under water 
defi cit conditions, we hypothesize whether or not exogenously 
applied GB as foliar spray alter morpho-physiological and yield 
responses of various wheat cultivars under water defi cit conditions. 
The chief objective of the current study was to assess whether 
foliarly-applied GB could alleviate the adverse effects of drought 
on growth, gas exchange attributes and mineral nutrition of wheat 
plants.
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Materials and methods

A pot experiment was conducted to assess the infl uence of GB as 
foliar spray on the growth, physiological and biochemical attributes 
of wheat (Triticum aestivum L.) under non-stress (control) and 
stress (drought) conditions. There were fi ve wheat cultivars (SARC-
I, Inqlab- 91, MH-97, Bhakkar and S-24) obtained from Ayub 
Agriculture Research Institute, Faisalabad (Inqlab-91, MH-97, 
Bhakkar), Department of Plant Breeding and Genetics (SARC-I) 
and from the Department of Botany, University of Agriculture, 
Faisalabad (S-24). The study was carried out in the net-house under 
natural conditions. During to course of experiment day and night 
average temperatures were 31.2 ± 5 °C and 26.5 ± 4 °C, respectively, 
relative humidity was from 32.6 to 64.7%, and day-length from 11 
to 12 h. The experiment was laid out in a completely randomized 
design with three replications of each experimental unit. Equal 
weight plastic pots (diameter 20 cm and 24 cm depth) were fi lled 
with 9 kg dry sandy loam soil. Soil in each pot was completely 
saturated with normal irrigation water. When the moisture contents 
were at fi eld capacity, 12 healthy seeds (surface sterilized with 1% 
sodium hypochloride for 5 minutes) of each cultivar were hand 
sown. Thinning of wheat plants was done to maintain 6 plants per 
pot after 15 days of germination.
Two levels of water i.e., (well-watered (control) and irrigation at 
60% fi eld capacity (drought) were started after 6 weeks of seed 
sowing. The moisture contents of drought pots were regularly 
monitored and maintained by keeping weight of every pot equal 
to that calculated for 60% fi eld capacity through watering with 
normal irrigation water if required on daily basis till the maturation 
of the crop. Three levels of glycinebetaine (GB) (M. wt. = 117.15 
of Sigma Aldrich) i.e., 0, 50 and 100 mMof Sigma Aldrich) i.e., 0, 50 and 100 mMof Sigma Aldrich) i.e., 0, 50 and 100 m  were applied after four M were applied after four M
weeks of drought treatment (10-weeks of seed sowing) @ 32 mL 
per pot as foliar spray (Tween-20 (0.1%) was used as a surfactant). 
Data for various growth attributes, gas exchange characteristics and 
mineral nutrients were collected after 3-weeks of glycinebetaine 
application. Two uniform plants from each pot were uprooted 
carefully, washed with distilled water and recorded their mean 
shoot and root fresh weights, shoot length, and leaf area per plant. 
The samples were oven dried at 65 °C for 72 hours and then their 
dry biomass was computed. 

Gas exchange characteristics: An IRGA (infrared gas analyzer, 
model LCA-4; Analytical Development Company, Hoddesdon, 
England) was used to measure gas exchange attributes including 
photosynthetic (Aphotosynthetic (Aphotosynthetic ( ) and transpiration (E) rates, stomatal conductance 
(gs), etc. All attributes were measured from 10.00 to 13.00 hours 
with the following leaf chamber specifi cations: air fl ow per unit leaf 
area 410.3 mmol m-2 s-1, atmospheric pressure 99.5 kPa, chamber 
water vapor pressure from 7.0 to 9.1 mbar, maximum PAR at leaf 
surface was up to 1620 µmol m-2 s-1, leaf temperature from 26.3 to 
30.5 °C, 21.4 to 23.8 °C ambient temperature, and ambient CO2

concentration was 350 µmol mol-1.  

Determination of mineral elements: The (0.1g) dried ground 
material of leaves or roots tissues was digested according to the 
method described by ALLEN et al. (1986). Potassium ion was 
determined by a fl ame photometer (Jenway PFP 7), while nitrogen 
was measured according to micro-Kjeldhal’s method (BREMNER,
1965) and phosphorus by spectrophotometer according to JACKSON

(1962). 

Yield attributes: Yield parameters i.e., grain yield per plant, and 
100-grain weight were determined at maturity.

Statistical analysis: Computer program MSTAT-C (MSTAT 
Development Team 1989) was used for the analysis of variance of 
the data. The least signifi cance difference test (LSD) was used to 
compare mean values of each attribute according to SNEDECOR and
COCHRAN (1980).

Results

Drought stress (60% of fi eld capacity) markedly reduced shoot fresh 
and dry weights of all fi ve wheat cultivars (Tab. 1; Fig. 1). However, 
foliar-applied glycinebetaine (GB) enhanced shoot fresh and dry 
biomass of some cultivars under drought stress conditions. For 
example, positive effect of GB was observed in Inqlab-91, Bhakkar, 
and slightly in SARC-1, while in MH-97 and S-24 the infl uence 
of GB was non-signifi cant. Overall, 50 mMof GB was non-signifi cant. Overall, 50 mMof GB was non-signifi cant. Overall, 50 m  GB level was more M GB level was more M
effective as compared to 100 mMeffective as compared to 100 mMeffective as compared to 100 m  in causing growth improvement. M in causing growth improvement. M
SARC-1 and Inqlab-91 also showed better response in shoot dry 
weight to exogenous-applied 50 mMweight to exogenous-applied 50 mMweight to exogenous-applied 50 m  GB under normal watering M GB under normal watering M
conditions. 
Root fresh and dry weights of all wheat cultivars reduced signifi cantly 
under different water stress (Tab. 1; Fig. 1). Foliar-applied 50 mMunder different water stress (Tab. 1; Fig. 1). Foliar-applied 50 mMunder different water stress (Tab. 1; Fig. 1). Foliar-applied 50 m
GB signifi cantly improved root fresh and dry weights in SARC-1, 
Inqlab-91 and MH-97 under well-watered conditions and, in Inqlab-
91 under water defi cit conditions. Overall, SARC-I and Inqlab-91 
showed better performance under well-watered and water defi cit 
conditions in terms of root biomass. 
Shoot length of all wheat cultivars decreased signifi cantly under 
drought regimes (Tab. 1; Fig. 1). However, foliar spray of GB 
slightly increased the shoot length of all cultivars under both 
drought regimes. Total leaf area per plant of all wheat cultivars 
decreased markedly due to water defi cit conditions (Tab. 1; Fig. 1). 
Foliar-applied GB did not mitigate the unpleasant effects of drought 
stress in terms of leaf area per plant. 
Drought stress signifi cantly reduced grain yield per plant, however, 
100-grain weight was not affected markedly (Tab. 1; Fig. 1). The 
exogenous application of GB slightly improved the grain yield of 
all cultivars under non-stress conditions, while under water defi cit 
conditions, the interaction between GB and drought stress was non-
signifi cant.
Drought stress signifi cantly reduced the photosynthetic rate (ADrought stress signifi cantly reduced the photosynthetic rate (ADrought stress signifi cantly reduced the photosynthetic rate ( ) of 
all fi ve wheat cultivars (Tab. 1; Fig. 2). Response of all cultivars 
to foliar applied GB was variable under well-watered and drought 
stress conditions. In MH-97 GB enhanced net photosynthetic 
rate under well-watered conditions while in S-24 under drought 
conditions. In all remaining cultivars, GB did not alter net CO2

assimilation rate effectively. Transpiration rate of all wheat 
cultivars decreased due to imposition of drought stress conditions. 
While, GB application showed a contradictory role in this attribute. 
Transpiration rate in cvs. MH-97 and Bhakkar increased, while that 
in S-24 decreased with the application of GB under different water 
stress regimes (Tab. 1; Fig. 2).
Stomatal conductance in all wheat cultivars was markedly higher 
under normal watering as compared to that under drought stress 
conditions (Tab. 1; Fig. 2). Foliar-applied GB did not alter this 
attribute under well-watered or water defi cit conditions. There was a 
slight difference among the cultivars in stomatal conductance under 
normal watering with high value being in SARC-1 as compared to 
the others. Water use effi ciency was higher in all cvs under drought 
regimes as compared to that under non-stress. Of different cultivars, 
S-24 showed better performance in WUE due to GB application 
under drought stress conditions (Tab. 1; Fig. 2).
Sub-stomatal internal CO2 concentration and Ci/Ca ratio showed 
a non-signifi cant behavior under drought stress conditions (Tab. 1; 
Fig. 2). Of different cultivars, SARC-1 showed high value for sub-
stomatal CO2 concentration at 100 mM concentration at 100 mM concentration at 100 m  GB under drought stress M GB under drought stress M
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Tab. 1: Mean square values from analyses of variance of data for growth, yield, gas exchange and mineral nutrients of different cultivars of wheat (Triticum 
aestivum L.) when 71-d old well-watered and water-stressed plants were subjected for 21-d to various levels of foliar-applied glycinebetaine. 

Source of variation d.f. Shoot f. wt. Shoot d. wt. Root f. wt. Root d. wt. Shoot length

Glycinebetaine (GB) 2 109. 3ns 0. 241*   1. 278***   0. 036*  348. 1***

Drought (D) 1   978. 3*** 10. 48*** 10. 16***   0. 555*** 1291. 8***

Cultivars (Cvs) 4     13. 34ns   0. 053ns   0. 682***   0. 106***   69. 50***

GB x D 2     206. 9*     1. 517*** 0. 208ns 0. 043**  25. 90***

GB x Cvs 8     63. 42ns     0. 928***   0. 707*** 0. 07***  58. 66***

D x Cvs 4     48. 63ns      0. 588***   0. 804***   0. 044***  14. 87***

D x GB x Cvs 8     74. 25ns      0. 758***   0. 545***   0. 018*  48. 08***

Error 60 64. 83      0. 055   0. 076   0. 008     2. 05

Source of variation d.f. Leaf area Grain yield 100-seed A E
  per plant per plant weight

Glycinebetaine (GB) 2 10869. 2*   0. 397ns 0. 397ns     0. 608ns  7. 27***

Drought (D) 1 867025. 7*** 85. 79*** 0. 121ns 5269. 0*** 76. 40***

Cultivars (Cvs) 4 125620. 2***   2. 71*** 0. 546ns   53. 84***   2. 14***

GB x D 2 3402. 5ns   0. 023ns 0. 061ns  51. 03***  5. 33***

GB x Cvs 8 21917. 3***      0. 84* 0. 493ns 25. 01***  1. 35***

D x Cvs 4 69483. 0***   2. 31*** 0. 367ns 50. 74***  1. 48***

D x GB x Cvs 8 14754. 8*** 0. 92** 0. 422ns 11. 94***   0. 795***

Error 60    2202. 4      0. 317   0. 315 0. 77   0. 165

Source of variation d.f. gsgsg A/E CiCiC CiCiC /Ci/Ci a/Ca/C Shoot P

Glycinebetaine (GB) 2  752. 7ns   64. 12***   26. 26ns 0. 007ns 31. 1***

Drought (D) 1 20091. 3*** 25. 70** 13603. 8**   0. 233***  87. 52***

Cultivars (Cvs) 4 1798. 14*   32. 95*** 3764. 9* 0. 04*** 0. 197ns

GB x D 2     215. 24ns 5. 13ns    170. 4ns 0. 011ns 0. 736ns

GB x Cvs 8   1650. 29ns 28. 55***  2436. 3ns   0. 025*** 0. 491ns

D x Cvs 4   3599. 63** 31. 91***   5622. 4** 0. 018*   2. 512***

D x GB x Cvs 8  1419. 80ns      7. 52*   1614. 9ns 0. 014*   1. 023*

Error 60 813. 95      2. 76 1429. 7 0. 055   0. 448

Source of variation d.f. Shoot N Shoot K+ Root P Root N Root K+

Glycinebetaine (GB) 2 111. 61** 166382 *** 0. 626* 11. 32ns 263. 40***

Drought (D) 1 35. 84ns 4885380 *** 1. 048** 164. 02*** 302. 5**

Cultivars (Cvs) 4 70. 34** 45795.1 *** 0. 126ns 15. 35* 35. 13ns

GB x D 2 5. 22ns 217785 *** 1. 361*** 20. 32* 601. 45***

GB x Cvs 8 12. 28ns 18691. 1*** 0. 452** 6. 295ns 88. 83*

D x Cvs 4 53. 45* 20106. 6*** 0. 496* 3. 43ns 113. 61*

D x GB x Cvs 8 5. 13ns 27563. 2*** 0. 035ns 9. 662* 169. 60***

Error 60 14. 71 5689. 3 0. 143 4. 52 33.611

*, **, *** = signifi cant at 0.05, 0.01, and 0.001 levels, respectively.
ns = non-signifi cant

conditions. The response of all the remaining four cultivar was 
almost not uniform in this attribute. 
Water defi cit conditions signifi cantly reduced shoot and root P 
contents, however, under drought regimes, foliar-applied GB 
improved root P but not those of shoot P contents (Tab 1; Fig. 3). 

Drought had a signifi cant reducing effect on root N contents while 
shoot N contents did not change signifi cantly under water defi cit 
condition (Tab. 1; Fig. 3). Foliar application of GB did not improve 
shoot N contents but slightly increased root N contents. The 
interaction among cultivars for foliar application of GB was non-
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Fig. 1: Growth and yield attributes of wheat (Triticum aestivum L.) when 71-day old well-watered and water-stressed plants were subjected for 21 days to 
various levels of foliar- applied glycinebetaine. (C = control; D = drought)

signifi cant for both shoot and root N contents.
Water defi cit conditions signifi cantly reduced shoot and root K+

contents. Foliar-applied GB slightly improved shoot K+ under water 
defi cit conditions in all wheat cultivars except SARC-1, while the 
reverse was true for root K+. Of various GB levels, 100 mM. Of various GB levels, 100 mM. Of various GB levels, 100 m  GB was M GB was M
more effective in increasing shoot K+ under water defi cit conditions 
(Tab. 1; Fig. 3).

Discussion

Drought stress triggers a series of biochemical and physiological 
processes in plants, which impose adverse effects on plant growth 
and biomass production (GOMES and PRADO, 2010). In the present 
study, water stress reduced the growth of all wheat cultivars which 
is in agreement with some earlier investigations in which growth 
of different crops was markedly decreased due to water stress, 

e.g., in sugar beet (BLOCH et al., 2006), wheat (PASSIOURA, 2006), 
and maize (ASHRAF et al., 2007). However, foliar-applied GB 
proved to be effective in enhancing shoot fresh and dry biomass 
of all cultivars under drought regimes. The benefi cial role of GB 
in promoting shoot and root fresh biomass in wheat under drought 
stress has already been reported (MAHMOOD et al., 2009). Genetic 
variation for drought tolerance is reported in various crops like 
grass species (ASHRAF et al., 1986), and maize cultivars (ASHRAF

et al., 2007; ZHANG et al., 2009). Similarly, in our study of the wheat 
cultivars examined, SARC-1, Inqlab-91 and MH-97 were relatively 
better under drought stress. Generally, water stress is known to 
reduce the growth of plants by reducing the photosynthetically 
active leaf area, one of the most important factors affecting crop 
productivity (DUBEY, 1997). Similarly, in our experiment leaf area 
was decreased under water defi cit conditions, while foliar-applied 
GB did not reduce the bad effect of drought stress in terms of leaf 
area which did not agree to the fi ndings of MAHMOOD et al. (2009) 

)
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who reported an increase in leaf area by exogenous application of 
GB.
Enhancement in dry weight and grain yield by exogenous GB 
application has been earlier reported in maize under drought 
stress, but not under well-watered conditions (ZHANG et al., 2009). 
Cultivar S911 (drought sensitive) of maize was more responsive to 
exogenous applied GB compared to drought tolerant cultivar S9 
(ZHANG et al., 2009). In our study, a marked reduction was observed 
in grain yield per plant under drought stress. However, foliar-
applied GB slightly increased the grain yield of all cultivars under 
normal watering, but not under drought stress.
The net photosynthetic and transpiration rates, stomatal 
conductance (gs), and intercellular CO2 concentration (Ci) in 
most plants decrease under drought stress (PEREZ-PEREZ et al., 
2009; WANG et al., 2010). However, over-accumulation of GB 
increased rate of photosynthesis in wheat under drought and other 
stress conditions (WANG et al., 2010). In our study, drought stress 
caused a signifi cant reduction in photosynthetic rate of all wheat 
cultivars. However, the cultivars differed in their response to foliar-
applied GB under well watered and drought stress conditions. For 
example, under water defi cit conditions, photosynthetic rate (Aexample, under water defi cit conditions, photosynthetic rate (Aexample, under water defi cit conditions, photosynthetic rate ( ) 
is slightly increased in all the wheat cultivars while, under well-
watered conditions, it markedly increased in MH-97, and slightly 
in Inqlab-91 and S-24 as compared to SARC-1 and Bhakkar. It 
has been reported that exogenously-applied GB enhances net CO2

assimilation rate under drought stress conditions particularly in 
plants which naturally accumulate low levels of GB (MAKELA et al., 
1999; LOPEZ et al., 2002) as compared to those with higher levels 
of endogenous GB (GORHAM et al., 2000; MEEK et al., 2003). IQBAL

et al. (2009) reported that sunfl ower line with high endogenous 
GB level showed higher stomatal conductance. In our experiment, 
stomatal conductance was higher in the well-watered plants of all 
cultivars as compared to that under water defi cit conditions. Foliar 
application of GB showed a variable role in transpiration rate and 
water use effi ciency. Foliar-applied GB increased transpiration rate 
under drought stress, while WUE under well watered conditions. 
MAHMOOD et al. (2009) reported that exogenous application of GB 
proved ineffective in altering the gas exchange characteristics in 
wheat. However, in contrast in our study, of all cultivars, SARC-1 
was better than the other cultivars particularly at 100 mMwas better than the other cultivars particularly at 100 mMwas better than the other cultivars particularly at 100 m  GB. These M GB. These M
results reinforce the statement that effectiveness of GB application 
varies on the basis of species type and level of GB used (ASHRAF

and FOOLAD, 2005; 2007; ASHRAF et al., 2008).
Under long-term exposure to water defi cit conditions a signifi cant 
decrease in inorganic P concentration in younger and older leaves 
occur in sugar beet (CHOLUJ et al., 2008). In our experiment, water 
defi cit conditions reduced both shoot and root P contents in all 
wheat cultivars. However, under drought stress foliar-applied GB 
improved root P than that of shoot. Drought stress in our study 
decreased root N but not shoot N in all wheat cultivars. These 
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Fig. 2: Gas exchange characteristicsYield attributes and mineral nutrients of wheat (Triticum aestivum L.) when  71-day old well-watered and water-stressed 
plants were subjected for 21 days to various levels of foliar-applied glycinebetaine. (C = control; D = drought)
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results can be explained with the help of an earlier report in which 
leaf drought was reported to decrease plant N uptake and availability 
of leaf N (ZHEN and ZHOU, 2006). Earlier SARWAR et al. (1991) 
examined the effect of drought regimes on different wheat varieties 
and found a marked increase in N concentration under drought 
stress conditions. However, in our study, foliar application of GB 
did not improve shoot N, but slightly increased root N. Likewise, 
MAHMOOD et al. (2009) found that exogenously-applied GB did not 
alter the leaf mineral nutrients in wheat. 
Overall, drought stress decreased the growth, yield components, 
gas exchange characteristics and mineral nutrients of all fi ve 
genetically diverse wheat cultivars. Of all cultivars, SARC-1 and 
Inqlab-91 showed relatively better performance in terms of plant 
biomass, net photosynthetic rate and stomatal conductance under 
well watered and drought stress conditions. Foliar-applied GB 
was found to be effective in enhancing various growth attributes 
and grain yield as well as the levels of some key metabolites of all 
wheat cultivars. Of various GB levels, 50 mMwheat cultivars. Of various GB levels, 50 mMwheat cultivars. Of various GB levels, 50 m  was found to be more M was found to be more M
effi cient than the other GB levels for promoting wheat growth under 
water defi cit conditions.
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