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ABSTRACT: Drought is a wide-spread problem seriously influencing barley (Hordeum vulgare L.) production, 

but development of drought resistant cultivars is hampered by lack of effective physiological characteristic 

selection criteria. This study was carried out to evaluate response of gas exchange in drought resistance and 

drought susceptible barley cultivars under different levels of water, nitrogen and zinc supply. Two barley cultivars 

differing in yield performance were grown in plastic pots in semi-controlled conditions in 2009-2010. Gas 

exchanges characteristics including Net Photosynthesis (Pn), transpiration (E), intercellular CO2 concentration (Ci), 

mesophyll conductance (MC) and Photosynthetically water use efficiency (WUE PN) were measured during grain 

filling period. Leaf SPAD chlorophyll was determined after anthesis. Results showed that compared with Pn, E was 

less sensitive to drought stress. After each drought stress period and re-watering, unlike Pn, E reached the same 

values of those before the stress and under these conditions nitrogen fertilizer alleviated the negative influence of 

water stress on Pn. Nitrogen fertilization increased chlorophyll SPAD of flag leaf and affected MC especially under 

well watered conditions. Results showed that drought resistance in barley was obtained due to decreasing of E 

under drought stress.   
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INTRODUCTION 

 

 Barley (Hordeum vulgare L.), due to its drought 

resistance, is one of the most widely grown crops in arid 

and semiarid regions of the world (Ghazi et al. 2007 and 

Kinaci and Kinaci, 2005). Drought stress during different 

stages of growth in rainfed and terminal stages in irrigated 

cereals is the primary limitation to reduced performance of 

these crops (Siosemardeh et al. 2006). Barley production 

in Iran is limited by terminal drought stress and in these 

critical stages of growth the need to understand the effects 

of nitrogen deficiency on physiological characteristics of 

barley is necessary (Yazdchy, 2008). Plant response to 

nitrogen fertilizer in semi-arid conditions is dependent on 

soil water capacity, drought intensity and time of 

occurrence and amount of nitrogen (Wu et al. 2008). 

Drought stress indirectly affects crop growth through 

impact on nutrient absorption including nitrogen (Pugnaire 

et al. 1999, Ridge 2002). Numerous studies have indicated 

that zinc deficiency is a serious nutritional problem for 

crops (Yakan et al. 2000). Under zinc deficiency 

conditions in soils, crops are more susceptible to 

environmental stress such as drought (Kinaci and Kinaci 

2005, Rafiei et al. 2004). Final crop yield under drought 

stress conditions result from the effects of water stress on 

net photosynthesis (Pn), respiration, soluble protein and 

metabolism of nutrient (Bahavar et al. 2009; Abdul Jaleel 

et al. 2009 and Ghani et al. 2000). Water stress in the grain 

filling period accelerates leaf senesces and decreases grain 

filling period, mean grain weight and yield (Santvari et al. 

2002). Drought stress and N limitation significantly reduce 

Pn and ribulose- 1,5-bisphosphate carboxylase/oxygenase 

(RuBPCO) activity, but drought alone has fewer effects 

(Xu and Zhou, 2005). It has been well established that 
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reduction in Pn under water deficiency may be due to 

stomatal closure in order to maintain leaf water (Siddique 

et al. 1999). There is extensive experimental evidence that 

show water stress has direct effect on non-stomatal factors 

(Rohi and siosemardeh 2008). Halder (2004) reported that 

when wheat plant was exposed to drought stress, a 

noticeable decrease in Pn, stomatal conductance and 

mesophyll conductance (MC) and a concomitant increase 

in intercellular CO2 concentration (Ci) occurred. In spite of 

all this, less is known about response of gas exchange in 

drought resistance and drought susceptible barley cultivars 

under different levels of water, nitrogen and zinc supply. 

To find out the differences between these cultivars we 

conducted a study on winter barley cultivars and examined 

the effects of nitrogen and Zinc fertilizers on gas 

exchanges of drought resistance and drought susceptible 

barley cultivars under different levels of drought stress in 

the grain filling period. 

 

 

MATERIALS AND METHODS 

 

       This experiment was conducted under semi – 

controlled conditions in the Faculty of Agriculture, 

University of Kurdistan (35°16′ N, 47°1′ E and 1375 alt. 

and 492 mm mean annual rainfall), Iran, between January 

2009 and June 2010. Two barley cultivars namely Abidar 

(rain-fed cultivar and drought resistant) and Bahman 

(irrigated cultivar and drought susceptible) were grown in 

plastic pots (35 cm diameter and 28 cm height) containing 

13 kg loam soil. The soil test values indicated a pH of 7.4, 

0.17% total N, 25 ppm p and 2.1 ppm Zn. A total of 35 

seeds were planted per pot in January 2009 in a 

greenhouse. At three leaf stages, the pots were transferred 

and remained outdoors in order to vernalize and thinned to 

20 seedlings per pot. 

Factorial experiment in randomized complete block design 

with three replications and four factors including cultivar, 

irrigation, N and Zn fertilizer was conducted. The pots 

were watered uniformly until the flowering stage. Drought 

treatment was imposed by restricting irrigation and re-

irrigated when soil water potential reached -13 bar. 

Control pots were irrigated at -3 bar soil water potential. 

Nitrogen fertilizer, as urea, was applied at stem elongation 

at three rates of 0, 27 and 54 mg N/kg soil. Zinc Fertilizer, 

as Zinc Sulfate, was applied at planting at two rates of 0 

and 18 mg Zn/Kg soil. The experiment thus consisted of 

24 treatments and two pots allocated to each experimental 

unit. To determine the pots soil moisture during irrigation 

treatments, soil moisture levels at different soil water 

potentials were determined using Pressure plate (fig. 1) 

and soil moisture was controlled daily by gravimetric 

measurements of the pots. 

Gas exchange characteristics were measured on the middle 

part of flag leaf under the aforementioned treatments using 

a portable infrared gas analyzer photosynthesis system 

(LCA4, ADC, Hoddeson, UK.). Pn rate (µ mol CO2 m
-2

 s
-

1
), transpiration (E) (mmol H2O m

-2
 s

-1
), Ci (µmolmol

-1
) 

were calculated. MC (mmol CO2 m
-2

 s
-1

) was determined 

as the ratio of Pn and Ci (Fischer et al. 1998).  

Photosynthetically water use efficiency (WUE PN) (mmol 

CO2 mol
-1

 H2O) was calculated as ratio of Pn and E. All 

measurements were conducted after flowering within 16 

days from 7 till 22 days after anthesis in ambient light 

intensity from 1000 to 1200 μmol m
-2

 s
-1

, between 10 and 

12. Leaf chlorophyll was determined using SPAD Minolta 

at 10 and 14 days after anthesis.  

The grain yields were estimated by harvesting plants in 

one pot per experimental unit at crop maturity. The 

harvested materials were dried and threshed to obtain the 

yield of each treatment. Data was subjected to ANOVA 

using SAS program and means were compared using 

Duncan multiple range test. 

 

 

RESULTS AND DISCUSSION 

 

 The results showed a significant effect of treatments 

on grain weight per plant. Seed weight per plant decreased 

26 percent under drought stress after flowering. In the non-

Zn treatments, the highest seed weight per plant was 

obtained from the third level of N fertilizer. In the 

treatments that Zn fertilizer as applied, the same situation 

was observed particularly under irrigated conditions (Fig. 

2). Flag leaf gas exchanges in treatments over a period of 

16 days during grain filling period was measured daily, but 

to compare treatments, gas exchanges data of control 

treatment at one day after irrigation (soil water potential of 

-1.9 bar) and drought condition at five days after irrigation 

(soil water potential of -13 bar) were compared. As 

observed for grain yield per plant, water stress caused a 

significant reduction in Pn (table1). It has been reported 

that water stress during grain filling reduced Pn in the flag 

leaf of cereal (Loboda, 2000). Similar results have been 

reported by other investigators (Siddique et al. 2000, 

Stiller, et al. 2005; Ratnayaka and Kincaid 2005, Ahmadi 

and Siosemardeh 2005). Bahman cultivar performed 

higher Pn than rain-fed ones under irrigation conditions, 

but under drought stress there were no differences between 

the cultivars (table1). However, this different response of 

Pn to drought stress in both cultivars was obtained 

throughout the grain filling period (Fig. 3). During grain 

filling period, after each drought stress period and re-

watering, the rate of Pn was less compared to the previous 

period (Fig. 3). This trend shows that reduction of Pn 

under drought stress is partly unrecoverable. Drought 

stress accelerates leaf senescence and nitrogen 

remobilization from leaves to grain which result in 

reduced Pn capacity of leaves (Rohi and Siosemardeh 

2008). 
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During grain filling, fluctuation in the Pn of Abider 

cultivar was less than Bahman (Fig. 3).The higher yield 

potential of Bahman cultivar under irrigated conditions can 

be attributed to higher Pn of this cultivar. But, values of Pn 

in this cultivar rapidly decreased compared with drought 

resistance ones under drought stress. It can be concluded 

that tolerance of barley cultivar to drought stress and its 

use as a rain-fed cultivar is more related to maintenance of 

Pn under drought stress conditions compared to control 

conditions and this is more crucial than values of Pn under 

drought stress. 

 Pn decreased along with decreasing soil water 

potential. A serious reduction of Pn was found at the 

beginning of water stress, but this reduction was slower as 

water stress progressed (fig. 4). The values of Pn in 

drought sensitive cultivars were always higher than 

drought tolerance cultivars at all levels of soil water 

potential particularly at higher soil water potential, but the 

slope of reduction was higher in susceptible ones (fig. 4).  

 Nitrogen fertilizer altered Pn rate. The Pn at third 

level of nitrogen fertilizer in higher soil water potential 

was higher in comparison with other levels of nitrogen 

fertilizer. However, at low soil water potential Pn at all 

three levels of nitrogen were similar (table 1 and fig. 5). 

Wu et al. (2008) mentioned that in two grasses, varying N 

addition did not alter the gas exchange characteristics 

including Pn, E, and Ci under water stress. Results showed 

that after each drought stress period and re-watering, 

Nitrogen fertilizer alleviated the negative influence of 

water stress on Pn in the two barley cultivars (fig. 6). 

Measuring Pn at zinc fertilizer levels indicated that zinc 

fertilizer has no certain effects on the photosynthesis 

process (table 1 and fig. 7). Wang et al. (2009) indicated 

that applying Zn did not significantly affect Pn in drought 

stressed maize plants.  

Water stress decreased E significantly (fig. 8). However, 

compared with Pn, E was found to be less sensitive to 

drought stress and fluctuations of E were lower than Pn 

(figs. 3). Results showed that after each drought stress 

period and re-watering, unlike Pn, E reached same values 

of those before the stress (figs. 9), This may result from 

differences in factors controlling E and Pn ; E is controlled 

by mechanical factors which are largely recoverable after 

re-watering, while biochemical processes affect Pn and are 

irreversible under drought stress conditions. Gummuluru et 

al. (1989) reported such responses of Pn and E to drought 

stress in durum wheat. The sharper decreases in Pn in 

comparison with E indicate that stomatal limitations rather 

than stress-induced functions at the chloroplast level 

accounted largely for the inhibition of CO2 assimilation 

under drought stress in barley cultivars. Reduced E under 

water stress conditions resulted from stomatal closure to 

avoid water shortage and use of limited available water, 

which is associated with reduced Pn (Fig. 11). Reduction 

of Pn was slower in high levels of E, but a sharp decline of 

Pn was found at lower levels of E (fig. 10). 

 The results showed that after re-watering, in Zn 

treatment, E increased compared to non-Zn treatment (Fig. 

12). This may reflect the slower rate at which the water 

deficit developed in zinc deficient plants compared to the 

larger zinc-sufficient plants (Sharma et al. 1994). Sharma 

et al. (1995) reported that Zn was possibly involved in 

maintaining high K+ content in guard cells associated with 

stomatal opening. It has been shown that stomatal 

conductance and E rates also declined under zinc 

deficiency (Hu and Sparks, 1991; Sharma et al. 1994). 

 Results of this study revealed that rate of Pn and E of 

drought-sensitive Bahman were higher than drought 

resistance Abidar, about 35% and 24% respectively (table 

1 and figs. 8). Lower E in drought resistant cultivars 

indicated that this cultivar could acclimate the deleterious 

effects of drought by avoiding leaf water losses. The E 

levels in the Bahman cultivar were significantly higher 

than in Abidar throughout the soil water potential (fig. 11). 

Such a result indicated that drought resistance in Abider 

cultivar was obtained from lower E and drought 

avoidance. Figures 4 and 11 showed that reduced soil 

water content resulted in sharper decreasing Pn in Bahman 

compared to Abidar, but reduced E was the same in both 

cultivars; these differences leading to greater WUE PN of 

Abidar under drought stress (table 1). Drought stress 

reduced WUE PN (table 1). WUE PN decreased more 

severely in the early stages of drought stress, but at soil 

water potential less than -4 bar the process of reducing 

WUE PN was much slower (Fig. 13).  

 Under irrigated conditions, WUE PN in Bahman was 

higher than Abidar, but under drought stress WUE PN 

became less in the drought-sensitive cultivars than in 

Abidar drought-tolerant cultivars (table 1). Ritchie et al. 

(1990) mentioned that at the same leaf relative water 

content, drought tolerant varieties showed greater water 

use efficiency compared with the susceptible cultivar. 

Based on the equal rate of Pn of the two cultivars and more 

WUE PN in Abidar under drought stress, it can be 

concluded that Abidar cultivar consumes less water and 

maintains soil water for the last stages of the growth. This 

is consistent with observations of Ahmadi and 

Siosemardeh (2005) who reported that under field and 

drought stressesd conditions cultivars which maintained 

their Pn and compared to other cultivars consumed less 

water, will store sufficient   soil water for later stages of 

growth. 

 Reduce WUE PN under drought stress due to limited 

opening of the stomata and water losses under water stress 

condition despite mesophyl restrictions and lack of CO2 

assimilation (Gruters et al. 1995), So MC is one trait that 

helps plants maintain WUE PN during periods of water 

deficiency and hence sustain growth under increasingly 

dry conditions (fig. 14). MC, proposed by Fischer et al. 

(1998) is an indicator of non-stomatal factors involved in 

CO2 assimilation. Water stress reduced MC (fig. 15) and 

decreasing MC appears to be involved in photosynthesis 
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restriction under drought stress condition (rohi et al. 2008). 

In the present study, water stress reduced MC of leaves up 

to 78%, the reduction being greater in susceptible cultivars 

(table 1). Siddique et al. (1999) have reported that 

decreasing MC was greater than Pn under drought stress. 

Results indicated that applying nitrogen increased MC, 

especially under well watered conditions (table 1). 

Applying second and third levels of nitrogen increased 

chlorophyll SPAD of flag leaf by 11 and 16% respectively 

compared to non-nitrogen treatments (fig. 16). The 

findings of the study suggest that nitrogen fertilizer lead to 

increasing MC and CO2 assimilation due to increasing 

chlorophyll content. An earlier study has shown a positive 

correlation between chlorophyll content and MC 

(Siosemardeh, 2003). MC was generally greater in 

Bahman cultivars, but larger decline in MC were observed 

for this drought susceptible cultivar compared to resistant 

one under water deficit conditions (Table 1). These 

findings suggest that improvement of barley cultivar under 

irrigated conditions should be directed to higher MC. Our 

results are comparable to those of Blum (1990) who 

compared old and new wheat cultivars and reported that 

high yield new cultivar showed higher Pn compared the 

low yield one, this Pn rate attributed to higher MC of the 

new cultivar.   

 
Table 1. Net Photosynthesis (Pn); mesophyll conductance (MC) and Photosynthetically water use efficiency (WUE PN) of two barley cultivars in response to 

Zn and N treatment at one day after irrigation (soil water potential of -1.9 bar, control) and five days after irrigation (soil water potential of -13 bar, drought 
stress). 

Variety Zn treatment N treatment 

Photosynthesis rate (Pn) 

(µmolCO2m
-2s-1) 

Photosynthetically water use efficiency 

(mmolmol-1) 

Mesophyl conductance 

(mmolCO2m
-2s-1) 

control Drought stress control Drought stress control Drought stress 

Abidar 

Zn0 

N0 14.8cde 3.9b 3.16bc 1.22b 33cd 9.0c 

 N1 14.2cde 4.2b 2.64c 1.11bc 30d 8.0cd 

 N2 14.9cde 4.3b 2.82bc 1.20b 37cd 7.8d 

 

Zn1 

N0 13.0e 4.3b 2.30c 1.55ab 29d 11.2b 
 N1 15.1cd 4.4b 2.75bc 1.40b 39c 9.0c 

 N2 15.4c 5.0a 3.31b 1.87a 40c 13.8a 

Bahman 

Zn0 

 

N0 18.7b 4.2b 3.41ab 0.97c 46b 9.2bc 

 N1 20.2ab 4.4b 3.50ab 1.20b 59a 9.0c 

 N2 21.2ab 4.9ab 3.40ab 1.52ab 60a 11.8ab 

 

Zn1 

N0 19.7ab 4.5ab 3.62a 0.95c 51b 10.4b 

 N1 22.6a 4.8ab 3.40ab 1.34b 57ab 8.7cd 

 N2 22.8a 5.1a 3.67a 1.51ab 56ab 11.7ab 

Data represent the mean values of three replicates. Within a column, mean values followed by different letters are statistically different based on Duncan’s 

range test at P  0.05 

 

 
 

Figure 1. The relationship between soil water content and soil water potential 
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Figure 2. The effect of drought stress and nitrogen application on grain weight of two barley cultivars under control (left) and 18 mg kg-1 Zn (right). S0: 

irrigation condition, S1: drought stress, N0: non nitrogen application, N1: 27 mg kg-1 N, N2: 54 mg kg-1 N. Different letters indicate statistically significant 

difference at P=0.05 

 

 

 
 
Figure 3. Photosynthesis (left) and Transpiration rate (right) in flag leaf of two barley cultivars after anthesis. Vertical bars indicate S.E. of mean (n=3). Data is 

significant at p < 0.05 in treatments and varieties 

 

 

 
 

 

 

Figure 4. The relationship between leaf  leafphotosynthesis rate and soil 

water potential after anthesis in two Barley cultivars after anthesis  

Figure 5. The relationship between leaf  photosynthesis rate and soil water 

potential after anthesis in two Barley cultivars under different levels of Nitrogen 
application.  
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Figure 6. Photosynthesis rate in flag leaf of two barley cultivars after anthesis in three levels of N application. Vertical bars indicate S.E. of mean (n=3). Data 

is significant at p < 0.05 in treatments and varieties 

 

 

 

             
 
Figure 7. Photosynthesis rate in flag leaf of two barley cultivars after anthesis in two levels of Zn application. Vertical bars indicate S.E. of mean (n=3). Data 

is significant at p < 0.05 in treatments and varieties 

 

 
 
Figure 8. The effect of drought stress on transpiration rate of two barley cultivars under control and drought stress. Different letters indicate statistically 

significant difference at P=0.05 
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Figure 9. Transpiration  rate in flag leaf of two barley cultivars after anthesis in two levels of Zn application. Vertical bars indicate S.E. of mean (n=3). Data is 

significant at p < 0.05 in treatments and varieties 

 

          
 

 

 

 

           
 
Figure 12. Transpiration rate in flag leaf of two barley cultivars after anthesis in two levels of Zn application. Vertical bars indicate S.E. of mean (n=3). Data is 
significant at p < 0.05 in treatments and varieties 

 

 

 

Figure 10. The relationship between leaf  transpiration and photosynthesis 

rate  after anthesis in two Barley cultivars 
Figure 11. The relationship between leaf  transpiration and soil water 

potential in two barley cultivars after anthesis in two Barley cultivars  
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CONCLUSION 

 

 In conclusion, this study demonstrated that tolerance 

of barley cultivar to drought stress is related to 

maintenance of Pn rather than by values of Pn under 

drought stress. Compared with Pn, E was found to be less 

sensitive to drought stress. After each drought stress period 

and re-watering, unlike Pn, E reached same values of those 

before the stress, this may result from differences in 

factors controlling E and Pn. Under these conditions 

nitrogen fertilizer alleviated the negative influence of 

water stress on Pn. Higher Pn and E are associated with 

better performance of high yielding cultivar under irrigated 

conditions, but the results suggest that drought resistance 

in barley is obtained from decreasing E and drought 

avoidance. Under drought stress, decreases of Pn and MC 

were sharper in drought sensitive cultivars, but reductions 

of E was the same in both cultivars; these differences 

leading to greater WUE PN of drought resistance cultivar. 

Nitrogen fertilization increased chlorophyll SPAD of flag 

leaf and affected MC, especially under well watered 

conditions.  
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