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Introduction 

 

Wheat (Triticum aestivum L.) is the most important cultivated cereal in Europe. 

According to the data provided by the Food and Agriculture Organization of the United 

Nations (FAO), wheat is grown on larger area than any other crop, and it provides the 

second largest yield worldwide (Curtis 2002). The yield of wheat is significantly 

decreased by frequently appearing dry periods enhanced by the global climate change, 

therefore breeding of new, drought tolerant wheat genotypes gets more and more 

importance. Study of the attributes increasing yield stability during drought helps breeders 

to produce more resistant varieties and therefore more food for the future generations.  

 

Aims of the study 

 

During our experimental work we wanted to examine the effects of drought stress 

on reproductive development of wheat and the stress reactions of plants from different 

viewpoints. The aims of this study were the following: 

1. Examination of the effects of water withholding applied during different phenophases of 

reproductive development (meiosis, anthesis and early seed development), in order to 

determine the developmental stage dependency of negative effects caused by drought 

stress.  

2. Study of the alterations of physiological processes caused by drought stress using 

enzymological, infrared gas analytical and fluorescence induction methods, to shed light 

on possible elements of drought tolerance of studied varieties. 

3. Determination and quantification of structural alterations caused by drought on the cell 

and tissue levels, using histological and statistical methods.  
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Materials and methods 

Plant material 

Plants of drought-sensitive Cappelle Desprez and drought-tolerant Plainsman V 

winter wheat varieties (http://genbank. vurv.cz /wheat/pedigree) were planted in a soil-

sand-peat mixture (3:1:1, v/v/v), and grown in phytotron chambers using the spring 

climatic programme T1 (Tischner et al. 1997), at 250 μmol m
-2

 s
-1 

light intensity. Plants 

were irrigated to the water capacity of the used soil.  

Stress treatments 

Drought stress was generated by 7 days of total water withholding at the time of 

meiosis, anthesis, and early seed development. After the treatment, the plants were re-

watered and grown to full maturity under control conditions. 

Determination of soil water content 

The relative soil water content was determined according to Augé et al. (1998). 

Volumetric water content of the soil was measured using an HH2 moisture meter (Delta-T 

Devices Ltd., Cambridge, UK). 

Histological studies 

Caryopses of control and stress-treated plants were fixed by chemical method and 

embedded in epoxy resin according to Spurr (1969). Semi-thin sections (1 μm) were cut at 

the longitudinal plane of the kernels, using an Ultracut-E microtome (Reichert-Jung, 

Heidelberg, Germany) and stained with periodic acid-Schiff (PAS) and Coomassie 

Brilliant Blue for polysaccharides and proteins, respectively.  

Stereological analysis 

The numbers of A and B-type starch granules, protein bodies and endosperm cells 

per unit volume in developing caryopses were calculated according to Weibel and Gomez 

(1962).  

Scanning electron microscopy 

Starch granule composition of fully matured caryopses was examined using a 

Zeiss EM 910 electron microscope in scanning mode, with a secunder electron (SE) 

detector at 20 kV accelerating voltage. 
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Examination of photosynthetic processes 

Study of the effect on photosynthetic processes caused by the treatments was 

made by LCi infrared gas analyzer (ADC BioScientific Ltd., Hertfordshire, UK). Net 

photosynthesis (Anet), stomatal conductance (gs) and intracellular carbon dioxide 

concentration were determined from the day before the start of the treatment to the fifth 

day of rewatering. Effective quantum yield of PS II (ΦPSII) was measured using PAM-

2000 (Walz, Germany) chlorophyll fluorometer. 

Enzyme activity measurements by colorimetric method 

Activity of acidic invertase and sucrose synthase enzymes were measured by 

colorimetric method at the end of stress treatments and after five days of rewatering. 

Activity of acidic invertase determined by the method of Miller (1959). Measurement of 

sucrose synthase activity performed by the method of Ranwala and Miller (1998), with 

minor modifications. Statistical analysis of data was made on the mean of three 

measurements. 

In situ localization of enzyme activities 

 In situ histological localization of the enzyme activities in developing caryopses 

was performed by the method of Sergeeva and Vrugdenhil (2002). Activities of invertase 

and sucrose synthase were connected to the production of NADH molecules by various 

helper enzymes. Staining of the activities carried out by incubation in the reaction mixture 

for 30 minutes at 30 °C, following chemical fixation process.   

Determination of osmotic adjustment 

Osmotic adjustment abilities of the varieties were determined by the measurement 

of osmotic potentials of the cell sap of flag leaves (Moinuddin et al 2005). Cell sap was 

collected by manual pressing, osmotic potentials were measured by Osmomat 030 

osmometer (Gonotec GmbH, Berlin, Germany). Osmotic adjustment was defined as the 

difference between the osmotic potentials measured the cell sap of rehydrated control and 

treated leaves. 

Yield determination 

The main spikes of control and drought-stressed plants (n = 20 per treatment) for 

each genotype were harvested at full maturity. Total floret number per spike, seed number 



5 

 

per spike and yield per spike were determined. Grain set and thousand-seed mass were 

calculated from these data. 

Study of germination ability 

Mature kernels were germinated for 7 days at 8°C. Proportion of germinated 

kernels and number of seminal roots were determined. 

Statistical analysis 

All data were pooled means from the replicates and were statistically evaluated 

using ANOVA (SSPS for Windows, version 10.0). 

 

Summary of results 

 

Effect of drought on vegetative tissues and the yield 

 

 Although different treatments decreased the soil water content similarly, water 

content of flag leaves showed different reactions. Loss of flag leaf water content 

was the smallest at the time of meiosis, and the largest at the time of early seed 

development. 

 Fertility and seed set showed significant differences between varieties after 

drought treatments.  Seed number per ear of drought tolerant Plainsman V was 

decreased only by the early seed development timed stress. Susceptible Cappelle 

Desprez showed significant, increasing decrease of fertility and seed set after the 

three treatments. 

 Yield per spike showed the smallest reduction followed by the meiosis timed 

stress. The largest decrease of the yield appeared after the early seed development 

timed treatment. Plainsman V variety showed smaller yield loss in the case of all 

treatments. 

 

Histological and stereological studies 

 

 Meiosis timed drought stress caused more significant negative effect on the 

pollen development processes in the case of susceptible Cappelle Desprez than in 

tolerant Plainsman V. 
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 Differently timed stress treatments caused different reactions on embryo 

development in both genotypes. Drought slowed down the development at the 

time of meiosis and anthesis. Early seed development timed drought caused 

significant acceleration of growth and differentiation of treated embryos. 

 Only the early seed development-timed drought stress influenced the 

development of the endosperm and the surrounding cell layers, accelerating it.  

 Results of the stereological study showed that drought treatment caused 

significant differences at the cellular and subcellular levels only at the 

phenophase of early seed development. Number of type A starch granules did not 

altered in Cappelle Desprez while slightly decreased in Plainsman V. 

Considerable decrease of type B starch granule number was observed in both 

genotypes. Number of protein bodies increased significantly only in the 

endosperm of Plainsman V. 

 Compared to the control, smaller endosperm cells were observed in the treated 

caryopses of Cappelle Desprez. This phenomenon suggests the dysfunction of 

cell enlargement.   

 

Effect of drought stress on physiological processes 

 

 All parameters connected with the photosynthetic system showed the smallest 

decrease at the time of meiosis, while the most considerable negative effect 

appeared following the early seed development timed drought. 

 Stomatal conductance (gs) and net photosynthetic rate (Anet) were significantly 

higher in the Plainsman V compared to Cappelle Desprez during the meiosis and 

anthesis timed treatments. At the time of early seed development there was no 

difference between the values of the two varieties.  

 Inflexion point of the intercellular carbon dioxide concentration (Ci) took place 

earlier in the susceptible Cappelle Desprez compared to the tolerant Plainsman V. 

At the phenophase of early seed development the Ci inflexion point occurred the 

same day in the case of both varieties. 
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 Effective quantum yield of photosystem II (ΦPSII) did not changed after the 

meiosis timed treatment, bud decreased at the time of anthesis and early seed 

development. Plainsman V showed higher regeneration followed by the anthesis 

and early seed development timed drought, which was significant at the time of 

anthesis.  

 Activities of sucrose cleaving acidic invertase and sucrose synthase enzymes 

measured in the developing caryopses were not changed significantly by the used 

stress treatments.   

 Activities of acidic invertase and sucrose synthase were localized by in situ 

histochemistry in the developing kernels.  

 Activity of the acidic invertase was detected at the basal part of the caryopses and 

parallel to the vascular elements in the ventral crease of the caryopses. Sucrose 

synthase activity was found only in the ovules and later in the developing 

endosperm. These patterns of enzyme activities were not changed by the applied 

drought treatments. 

 

Osmotic adjustment ability of the genotypes 

 

 Both genotypes were able to accumulate osmotically active compounds following 

stress treatment. The increase of the cell sap osmotic potential caused by the 

drought (i.e. the osmotic adjustment ability) in the case of Plainsman V exceeded 

threefold the value of Cappelle Desprez. 

 

Effect of drought stress on germination ability and seminal root number 

 

 Although drought stress treatments did not cause significant decrease in the 

germinating ability of the mature kernels, seminal root number declined in both 

genotypes after the early seed development timed drought. This seminal root 

number decrease was significantly higher in the case of susceptible Cappelle 

Desprez. 
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Conclusions 

 

Analysis of structural and physiological changes suggests that the effect of 

drought stress caused by water withholding shows developmental stage dependency in 

winter wheat. In the case of both genotypes, negative effects of drought on physiological 

processes and yield were the mildest at the time of meiosis. The strongest effects were 

caused by the stress treatment timed at the phenophase of early seed development. 

Comparison of physiological stress reactions showed by the tolerant and 

susceptible cultivars suggests that strong osmotic adjustment (OA) ability of Plainsman V 

is a key feature of the higher drought stress tolerance of this variety. High OA makes 

possible the retention of water, therefore helps to maintain higher stomatal conductance 

and higher photosynthetic activity. Higher regeneration ability is the other important 

attribute of the tolerant variety, which was observed in the case of physiological processes 

and vegetative organs.  This feature was especially important in the case of strong stress, 

for instance at the time of early seed development, when there was no difference between 

the photosynthetic activities of the varieties during the stress treatment.  

Histological studies revealed that only significant drought caused alterations at 

the cellular level, including the number of type B starch granules and protein bodies, 

potentially altering the quality of yield. Dysfunction of endosperm cell expansion 

observed in Cappelle Desprez possibly contributed to yield reduction, decreasing the 

carbohydrate storing ability of susceptible kernels.  

Different tolerance strategies of the tolerant and susceptible cultivars are 

important from the viewpoint of yield stability. Cappelle Desprez uses the strategy of 

escape by the acceleration of grain development. Superior drought tolerance of Plainsman 

V compared to Cappelle Desprez based on the simultaneous application of escape, 

avoidance and tolerance elements.  
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