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ABSTRACT 
 

60 years of comprehensive research on photosynthesis and 

productivity of various wheat genotypes in natural conditions of 

cultivation, characteristics and parameters of photosynthetic activity of 

these genotypes in crop fields have finally established the high grain yield 

of an ―ideal type‖ of wheat variety. For this purpose, the rich genefund, 

comprising several thousand wheat genotypes, selected from both the 

ancient and aboriginal varieties of national selection and introduced from 

the world genefund, particularly from CIMMYT, ICARDA and other 
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International Centers, with contrasting grain yield, photosynthetic traits 

(stem height, area and architectonics of the leaf surface, etc.), duration of the 

vegetation, and other morphophysilogical traits, as well as drought resistance, 

was created. These genotypes, with two or three times less leaf areas than 

those with broad leaves, produce similar or even greater grain yield. 

Analysis of various wheat genotypes with different values of 

photosynthetic traits and productivity in conjunction with a range of 

environmental factors, including mineral nutrition, water, light, etc. 

showed the wide range of CO2 assimilation variability in ontogenesis, 

depending on the morphophysiological peculiarities of genotypes and 

their sink-source relations.  

The diurnal changes in the photosynthetic rate of leaves of all layers 

and genotypes with contrast architectonics are characterized by a double-

peaked pattern indicating a drastic increase in the photosynthetic rate in 

the morning and a decrease in the evening. Not all genotypes with small 

leaves are highly productive and not all genotypes with broad leaves are 

considered high or low productive.  

Genotypes with broad leaves and high yield require sufficient water 

supply. Genotypes with vertically oriented short and narrow leaves and a 

high tolerance to water stress yield up to 10 t ha-1. The rate of 

biosynthesis of the main transport form of carbon, sucrose, and products 

of glycolate metabolism as well as the rate of CO2 release in the light due 

to photorespiration were higher in highly productive genotypes. The 

lower leaves of highly productive genotypes export more assimilates to 

the ear than lower leaves of low productive ones.  

Favorable architectonics that provide optimal assimilating surface 

and sufficient attractive force of genotypes in sowings with high 

photosynthetic activity of the ear create the basis for a high grain yield. 

Throughout the entire period of flag leaf development, highly productive 

intensive genotypes in comparison with extensive ones were 

distinguished by higher activities of RuBP carboxylase and carbonic 

anhydrase that play a significant role for the maintenance of CO2 

assimilation on the high level.  

The activities of the RuBP oxygenase were higher in the highly 

productive wheat genotypes than in the lower ones. The activity of RuBP 

carboxylase in different ear elements varies deeply depending on the 

development and genotypical features of the plants. The ear glume and 

awns of the intensive genotype had a higher activity of RuBP carboxylase 

than those of the extensive genotype. Thus, the high level of metabolism, 

high activity of the key enzymes and the primary photochemical 

processes, in conjunction with favorable phenotypic traits, optimum leaf 

index and architectonics are crucial to the high productivity of wheat 

genotypes. 
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INTRODUCTION 
 

Photosynthesis is the major determinant of plant productivity, and its 

investigation is of principal interest for further increasing crop yields 

(Nichiporovich, 1982; Aliev, 1974, 1983; Aliyev, 2012). The realization that 

crop yields are reaching a plateau, while population increases continue at pace, 

has placed manipulation of photosynthesis in a central position to achieve 

increases in yield (Raines, 2011). Increased efficiency of photosynthate 

production and utilization is an attractive approach to increasing crop yields. 

Plant productivity and crop yields are governed by the rate and duration of 

photosynthesis and the partitioning of fixed carbon between sucrose and starch 

in source leaves as well as the capacity of sink tissues to assimilate sugars and 

amino acids from source leaves. Many researchers investigated the 

relationships between plant productivity and photosynthesis by studying 

photosynthetic performance in crop varieties differing in their productivity. 

This interest explains the numerous attempts to raise crop yields by improving 

photosynthetic activity through plant breeding (Bykov and Zalenskii, 1982). 

This approach motivated investigations of energy metabolism in plants 

differing in productivity. In particular, it has been shown that the 

photochemical activity of chloroplasts from high-yielding varieties is 30-40% 

higher than that of chloroplasts from low-yielding varieties (Volodarskii, 1980). 

The activity of cyclic and non-cyclic photophosphorylation was also shown 

to be higher by a factor of 1.5-2 in high-yielding varieties (Kazibekova et al., 

1985).  

It should be emphasized that a mere increase in the photosynthetic rate 

does not necessarily lead to higher grain production, because the economic 

yield is determined not only by the CO2 assimilation rate, but also by the ability 

of plants to export photosynthates from leaves and store them in 

economically valuable parts of the plant (Kursanov, 1984). Moreover, the 

transport and distribution of assimilates are closely linked to photosynthesis 

and actively influence the photosynthetic rate (Mokronosov, 1981). In turn, the 

transport and distribution of assimilates depend on sink source relations 

between organs of the whole plant. Although the patterns of assimilate distri-
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bution is genetically determined, it markedly changes upon natural or artificial 

alterations in sink source relations. Therefore, the current trend in physiological 

research is to find the means to regulate the transport and distribution of 

assimilates by studying these processes in diverse varieties and cultivars 

(Kursanov, 1984, Bonnemain, 1982).  

Though in some papers a direct correlation between photosynthetic indices and 

plant productivity has been neglected (Evans and Dunstone, 1970, Milthorp, 

1978), the comparative investigation of photosynthetic activity of cultivars 

differing in productivity showed that the new highly productive cultivars had a 

more intensive photosynthesis (Nichiporovich, 1956, Aliev, 1974, Kumakov, 

1977, Aliev and Kazibekova, 1979 a, b, Bykov and Zelenskii, 1987), higher 

rates of electron transport and of cyclic and non-cyclic phosphorylation, as 

well as more powerful regeneration of reduction potential (Gavrilenko et al., 

1974, Volodarskii et al., 1980, Kazibekova et al., 1985). Unfortunately, the 

investigation of photosynthesis in relation to production was basically carried 

out at the level of primary processes of radiant energy absorption and 

transformation (Aliev and Azizov, 1977, Volodarskii et al., 1980, Sakharova et 

al., 1984, Khramova et al., 1988). 

The investigation of peculiarities of photosynthetic carbon metabolism 

and its enzymes in cultivars of different productivity is of special interest as it 

determines the efficiency of the photosynthetic apparatus. In this respect, the 

results of an investigation of photosynthetic carbon metabolism, the activities 

of enzymes of primary carbon fixation, and photosynthetic rates in winter 

wheat genotypes differing in their productivity, photosynthetic properties, and 

sink source relationships are given in this work. Transport and distribution of 

assimilates have also been studied in wheat genotypes that differ in their 

photosynthetic properties and yield. 

 

 

MATERIALS AND METHODS 
 

The rich genefund, comprising several thousand wheat genotypes selected 

from both the ancient, aboriginal varieties of national selection and introduced 

from the world genefund, particularly, from CIMMYT, ICARDA and other 

International Centers, with contrasting photosynthetic traits, productivity and 

tolerance to water stress was created (Figure 1). All these genotypes were 

grown in field conditions in a wide area at the Absheron Experimental Station 

of the Research Institute of Crop Husbandry at the optimal regime of mineral 

nutrition and water supply under the guidelines established by the Department of 
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Plant Physiology and Biotechnology of the Research Institute of Crop 

Husbandry on the basis of long-term studies of morphophysiological traits of the 

varieties (Figure 2). The area of the inventory plot was 54 m
2
; all experiments 

were replicated no less man three times.  

Numerous winter wheat genotypes were the main targets of the research, and 

the most typical types are presented in this paper. The main parameters for 

selection of these genotypes were grain yield, plant phenotypic features (stem 

height, area and architectonics of the leaf surface, etc.), duration of the vegetation 

and other morphophysilogical traits, as well as drought resistance (Figure 3) 

(Aliyev and Kazibekova, 1977, Aliyev et al., 1982 ; Aliyev, 1983, 2002).  

Due to leaves oriented under different inclination angles, plants create 

canopies with drooping (the angle is 30-40º from the vertical), semi-vertical (20-

27º) and erect (10-18º) leaves. Varieties of intensive type are short-stemmed, 

leaves of vertical orientation, highly productive, and varieties of extensive type are 

long-stemmed with drooping leaves of horizontal orientation, low productive. 

Bread wheat (Triticum aestivum L.) varieties contrast in architectonics, Gyrmyzy 

gul and Azamatli-95, are short-stemmed (with the stem height of 85-90 and 60-75 

cm, respectively), intensive type, with vertically oriented small leaves and high 

productivity (7-9 t ha
-1

); Giymatli-2/17 is a short-stemmed (85-95 cm), intensive 

type, with broad drooping leaves and high productivity (7 t ha
-1

), and Kansas-

63323 is medium-stemmed (90 cm), with a small ear and small leaves, and grain 

yield of 3 t ha
-1

.  

Durum wheat (Triticum durum L.) varieties were used: Shiraslan-23 and 

Garagylchyg-2, are short-stemmed (78 and 82-85 cm, respectively), intensive 

type, with the vertical orientated leaves and potential grain yield of 6-8 t ha
-1

; 

Sharg and Caucasus are medium-stemmed (110-120 cm), semi-intensive, with 

semi-vertical leaf arrangement and medium grain yield (4-5 t ha
-1

); Oviachik-65 

(CIMMYT) is short-stemmed (60-70 cm), with erect leaves and average grain 

yield of 6 t ha
-1

; Gyrmyzy bugda and Sary bugda are long-stemmed (150-180 and 

125-150 cm), extensive type, with drooping horizontal leaves and grain yield of 3 t 

ha
-1

. Except Kansas-63323, Oviachik-65 (CIMMYT) and Caucasus (Krasnodar 

Agricultural Research Institute) all other varieties are of local selection (Figure 4, 

Table 1) (Catalogue, 2000; Aliyev, 2006). 

The basic parameters of photosynthetic activity: leaf, stem and ear area, 

the rates of photosynthesis and photorespiration were determined during the 

ontogenesis. 

In order to measure the rate of gas exchange in leaves of various layers 

and other assimilating organs, an infrared gas analyzer URAS-2T (―Hartman 

and Braun‖, Germany) with a short exposure of the whole plant in sowings in 
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14
СО2 atmosphere (Figure 14) was used. The limits of measurements were 

0.005-0.05% CO2, error was ± 0.5% of the upper limit of the scale 

(Voznesensky, 1977; Aliev et al., 1996 b). CO2 concentration in the analyzed 

air was recorded using an automatic recorder. The measurements were 

performed in an open-air flow system connected in the differential mode 

(Karpushkin, 1971).  

The initial airflow was divided into two parts. One part passed through the 

air dehumidifier, filled with calcium chloride, through the filter, and then 

through the control cuvette of the gas analyzer. The other part passed through 

the leaf chamber, dehumidifier, filter, and then through the measuring cuvette. 

The airflow velocity through the entire system was adjusted using needle 

valves and rotometer. The gas analyzer recorded the difference in CO2 

concentration at the inlet and outlet of the leaf chamber. The rate of gas 

exchange in leaves placed in the leaf chamber was determined by the 

difference in CO2 concentration and air velocity passing through the leaf 

chamber. For the measurements a hermetically sealed clip chamber with the 

area of 0.1 dm
2
, which has two inlets and outlets for air flow, separately 

surrounding the upper and lower leaf surface, was used. 

During the measurements the chamber was attached to leaves of different 

layers close to the stem maintaining their natural location and orientation, and 

exposed to sunlight until the gas exchange reached the steady-state level. The 

CO2 concentration in air was determined close to the leaf chamber before each 

gas exchange measurement. Night respiration was determined using the above-

mentioned equipment without use of a thermostat, in a steady night 

temperature.  

 

 

Figure 1. Wheat genefund of the Research Institute of Crop Husbandry. 
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a 

 

 
b 

Figure 2. Experimental crop fields of the Department of Plant Physiology and 

Biotechnology of the Research Institute of Crop Husbandry. 
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a 

 
b 

 
c 

Figure 3. (Continued). 
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d 

Figure 3. (a) Triticum aestivum L. wheat varieties; (b) Triticum durum Desf. wheat 

varieties. 

 

 

Figure 4. Wheat varieties developed at the Department of Plant Physiology and 

Biotechnology of the Research Institute of Crop Husbandry. 

In the heat of the day a light filter SZS-24 (Voznesensky, 1977; Aliev et 

al., 1996 b) was used to prevent overheating of leaves in the chamber. 

Photorespiration was determined using two methods, in atmosphere without 

СО2 and in atmosphere with reduced oxygen content (2%) (Šesták et al., 1971; 

Akhmedov, 1986). In the first case, after photosynthesis had reached the 

steady-state level the СО2-lacking air was passed through the leaf chamber.  

 



 

Table 1. Characteristics of the main modern wheat genotypes cultivated in Azerbaijan 

 

No Varieties Origin Parents Years of 

cultivation 

Cultivation areas Main Features 

1. Mugan Research Institute of 

Crop Husbandry 

Created 

by an individual 

selection 

1979 Uncovered rainfed of 

the republic 

Winter durum wheat. Resistant to smut and 

rust, high-yielding, with high quality, protein 

content in grain 15.2-17.7%, glutens-28%. 

2. Shirvan-3 Research Institute of 

Crop Husbandry 

Created by an 

individual selection 

from the sample 

Leukurum 

1988 Uncovered rainfed in 

Nakhchivan area of 

the republic 

Durum wheat. High-yielding variety (35-50 

cwt/ha), resistant to sloughing, brown rust 

and smut, protein content 14.0-14.8%, 

glutens-27-30%. 

3. Garagylchyg-

2 

Research Institute of 

Crop Husbandry 

Crossing local 

"Garagylchyg" 

cultivar with "Norin-

10" by a multistage 

selection. 

1988 In irrigated Shirvan-

Garabag areas and 

rainfed areas of the 

republic 

Durum wheat. High-yielding with best 

architecture, drought resistance is weak but it 

is resistant to rust diseases, powdery mildew 

and covered smut but may weakly be infected 

with loose smut 

4. Mirbashir-50 Research Institute of 

Crop Husbandry 

Sort Pobellon-67 from 

Mexico x local sort 

Shark 

1988 Irrigated and rainfed 

areas of the republic 

Durum wheat. High-yielding variety (55-60 

cwt/ha) with high quality and vitrescence. 

Resistant to diseases, high pasta quality, 

protein content 12.5-16.0%, glutens 23.5-

35.0%. 

5. Mirbashir-

128 

Research Institute of 

Crop Husbandry 

Sort Bezostaya-1xC-

271 from Pakistan 

1995 In irrigated and 

rainfed areas of the 

republic 

Bread wheat. High-yielding variety (60-

70cwt/ha), protein content 10.8-14.7%, high 

baking quality, resistant to decumbency and 

diseases. 

6. Shiraslan-23 Research Institute of 

Crop Husbandry 

Local sort Shark x 

Mexican sort 

Oviachik-65 with the 

subsequent selection 

by precocity 

1995 In irrigated areas and 

in rainfed areas with 

green winter 

Durum wheat. Low height, high-yielding 

(cwt/ha), precocious plant. Protein content 

14.0-15.5%, glutens-28-30%, resistant to 

diseases and decumbency. 



 

No Varieties Origin Parents Years of 

cultivation 

Cultivation areas Main Features 

7. Taraggi Research Institute of 

Crop Husbandry 

By hybridization of 

the Mexican sort K-

290612 x Panonya 

from Yugoslavia 

1996 In irrigated areas and 

in covered rainfed 

areas of the republic 

Bread wheat. Middle height, resistant to 

decumbency and sloughing, high-yielding 

(70 cwt/ha), protein content 14.5-15.5%, 

glutens-30-35%. 

8. Turan Research Institute of 

Crop Husbandry 

Multiple selection 

from hybrid 

populations of durum 

wheat 

1998 In irrigated areas Durum wheat. High-yielding, high pasta 

quality, resistant to diseases. 

9. Azeri Research Institute of 

Crop Husbandry 

Sort Poloniya from 

Yugoslavia x 

Bezostaya 

1998 In irrigated areas of 

Azerbaijan 

Winter bread wheat. Middle height, high-

yielding, high baking quality. 

10. Barakatli-95 Research Institute of 

Crop Husbandry 

Gyirmyzy bugda x 

Garagylchyg-2 

1998 Irrigated, foothill, 

rainfed areas 

Durum wheat. High-yielding variety (55-60 

cwt/ha), precocious, low-height, frost and 

drought tolerant, have high pasta quality of 

grain, high vitrescence, tolerant to diseases 

and decumbency. 

11. Giymatli-

2/17 

Research Institute of 

Crop Husbandry 

Individual selection 

from genefunds of the 

International selection 

centers 

1999 Irrigated and foothill 

areas 

Bread wheat. High-yielding variety, with 

high quality, resistant to frost and diseases, 

not decumbent, high vitrescence. 

12. Alinja-84 Research Institute of 

Crop Husbandry 

Shark x Vugar with 

the subsequent 

selection 

1999 Irrigated areas and 

rainfed areas with 

green winter 

Winter durum wheat. High-yielding variety, 

with high-quality, high vitrescence, high 

resistance to diseases and decumbency. 

13. Akinchi-84 Research Institute of 

Crop Husbandry 

Individual selection 

from the Hungarian 

sample 

1999 Irrigated areas and 

covered rainfed areas 

of the republic 

Winter bread wheat. High-yielding variety 

(65-70 cwt/ha), resistant, not decumbent. 

 

 



 

Table 1. (Continued) 

 

No Varieties Origin Parents Years of 

cultivation 

Cultivation areas Main Features 

14. Azamatli-95 Research Institute of 

Crop Husbandry 

Individual selection 

from the international 

nursery 

CIMMYT/CARDA 

2005 Irrigated areas and 

areas of covered and 

uncovered rainfed of 

foothill regions of the 

republic 

Winter bread wheat. Potential yielding is 80-

90 cwt/ha. Tolerant to decumbency, diseases, 

drought. Characterized with high quality. 

15. Nurlu-99 Research Institute of 

Crop Husbandry 

Individual selection 

from the international 

nursery 

CIMMYT/CARDA 

2005 Irrigated areas and 

areas of covered 

rainfed of foothill 

regions of the republic 

Winter bread wheat. Potential yielding is 80-

85 cwt/ha. 

Tolerant to decumbency, diseases, sloughing. 

Characterized with high quality and 

precocity. 

16. Gobustan Research Institute of 

Crop Husbandry 

Individual selection 

from the international 

nursery 

CIMMYT/ICARDA 

2007 Irrigated areas and 

areas of covered and 

uncovered rainfed of 

semi-drought and 

foothill regions of the 

republic 

Winter bread wheat. Potential yielding is 70-

80 cwt/ha. 

Tolerant to decumbency, diseases, drought. 

Characterized with high quality and 

precocity. 

270. Ruzi-84 Research Institute of 

Crop Husbandry 

Individual selection 

from the local 

collection 

2007 Areas of uncovered 

rainfed of semi-

drought and foothill 

regions of the republic 

Winter bread wheat. Potential yielding is 70-

80 cwt/ha. Tolerant to decumbency, diseases, 

drought. Characterized with high quality and 

relative precocity. 
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The increase in СО2 concentration at the chamber outlet is an indicator for 

the estimation of photorespiration. In the second case, after photosynthesis had 

reached the steady-state level the air with a reduced content of oxygen was 

blown into the chamber, and the obtained values of photosynthesis were 

measured. The value of photorespiration was determined as the difference 

between the photosynthetic values in low and normal oxygen content of the 

air. The gas analyzer, which was placed in a mobile laboratory, allowed 

multiple measurements in the sowings of different genotypes to be performed 

in a short time while keeping the high sensitivity of the facility in the field and 

maintaining the natural course of physiological processes in entire plants. 

Photosynthetic carbon metabolism and utilization of main photosynthetic 

products were studied radiometrically under ambient СО2 (0.03%) and О2 

(21%) (Aliev et al., 1996 b, c). In the experiments an open gas system was 

used for the 
14

СО2 incorporation into various organs of plants. The required air 

reserve with radiolabelled carbon dioxide was prepared and kept under high 

pressure in 10-liter steel cylinder with a needle valve. The 50 cm
3
 

thermostated leaf chamber made of organic glass was used. 

Transparent plastic bags were used for the 
14

СО2 incorporation into the 

entire plants. The experiments were carried out under direct sunlight 

illumination. Initially, photosynthesis reached the steady-state level in an 

atmospheric airflow, then the radiolabelled air from the cylinder was blown 

through the leaf chamber with velocity of 1 l/min and СО2 specific 

radioactivity of 1.000MBq/l. After 10 minutes of exposure, plants were 

removed from the leaf chamber and quickly fixed with boiling ethyl alcohol. 

Experiments were repeated 4-5 times. Radiochemical analysis of fixed plant 

material was carried out using the standard technique (Voznesensky et al., 

1965; Keerberg et al., 1970). Water- and alcohol-soluble products were 

separated by two-dimensional paper chromatography. Measurement of the 

radioactivity of fractions and separate compounds was carried out using a 

scintillation counter SL-30 in dioxane-based standard scintillator. 

Radioactivity of fractions and separate compounds was calculated taking into 

account the self-absorption coefficient. 

To investigate the transport and distribution of photosynthetic products 

under field conditions,
 14

СО2 of ambient concentration and specific activity of 

200 MBq/l was incorporated during photosynthesis into leaves of certain 

layers for 15-20 min, and then samples were prepared to determine their 

radioactivity. After a 20 min exposure, the chamber was removed from the 

plant; after 24 h or at the end of plant growth the plants were withdrawn from 

the soil, fixed with dry heat, dissected into individual organs and dried. The 
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plant organs were weighed and then grounded for sample preparation (Aliev et 

al., 1996 a), and the radioactivity calculated per units of weight and per organ 

was measured. The radioactivity of the samples was measured using the end-

window counter of SBT-13 in a layer of complete absorption. All experiments 

were replicated at least three times. Data in the tables represent meal values and 

their standard errors. Contribution of photosynthesis of the separate leaves, ear 

and other organs in protein synthesis in grain was defined by means of 

blocking photosynthesis of these organs and by exposition of all plants in 

sowings in 
14

CO2 atmosphere (Voznesensky, 1977). In both varieties sink 

source relations were changed artificially. 10-20 samples of each variety were 

analyzed, all 7-layered leaves were removed, and leaves of the 8
th

 layer and 

ear were not. In the other analysis 8-layered leaves were removed, leaves of 7
th

 

layer and ear were not. Next, a part of an ear was removed, but not the leaves. 

In the final analysis all 7- and 8-layered leaves were removed, and the full ear 

was left. Grain protein content was determined according (Cook and Evans, 

1978). Extraction of different protein fractions was carried out by the standard 

method (Pleshkov, 1968). Determination of radioactivity of different protein 

fractions was conducted using a similar methodology of studying the 

metabolism of photosynthesis products. In order to determine the enzymes 

activities, the leaves were washed, after both ends were cut off they were 

homogenized by mechanical MPW-302 type disintegrator for 3 min in 0.05 M 

Tris-HCl buffer, pH 8.5, containing 1 mM dithiothreitol (DTT), 5 mM MgCl2, 

1 mM EDTA and 1% polyvinylpyrrolidone K-25 (―FERAK‖). 

Homogenization of wheat ear elements was performed in a mortar after the ear 

had been divided into separate elements, i.e. awns, glume and grains. 

Homogenate was squeezed through the 4-layered gauze and centrifuged first 

for 10 min at 1000×g, then for 30 min at 5000×g at 4˚C. The precipitate was 

removed, and the supernatant was decanted and immediately used for enzymes 

assays. The carbonic anhydrase activity was determined by an electrometric 

method according to the initial pH change during CO2 dehydration (Rickli et 

al., 1964). The activity of RuBPC was determined spectrophotometrically 

(―ULTRASPEC‖, LKB, Sweden) at the 340 nm of optical density and 30ºC 

based on the quantitative determination of 3- phosphoglycerate (3-PGA) in the 

presence of phosphoglycerate kinase and glyceraldehyde phosphate 

dehydrogenase (Aliev et al., 1988, 1996 b, c). The reaction mixture contained 

0.05 M Tris-HCl buffer, pH 7.8, 0.05 M NaHCO3, 0.01 M MgCl2, 0.005 M 

DTT, 0.01 M ATP, 0.25 mM NADH, 0.3 mM RuBP, 10 U of glyceraldehyde 

phosphate dehydrogenase, 10 U of phosphoglycerate kinase and 0.2-0.4 mg of 

the studied preparation. Control contained all components excepting NADH.  
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The activity of RuBPO was assayed by amperometric method (Romanova, 

1980; Aliev et al., 1988, 1996 b, c). The reaction mix contained 50 mM Tris-

HCl buffer, pH 8.6, 5 M MgCl2, 0.5 mM RuBP, 1-3 mg of protein of 

preliminarily activated enzyme preparation. The enzyme was activated by 

incubation at room temperature for 5-10 min in the presence of 10 mM 

NaHCO3 and 5 mM MgCl2 at pH 8.6. 

The activity of PEPC was determined by a spectrophotometric method 

(Romanova, 1980). Carbonic anhydrase activity was estimated electro-

metrically from the initial pH changes during CO2 hydration (Wibur and 

Andersom, 1948). RuBP and PEP carboxylase activities were assayed 

spectrophotometrically, and RuBP oxygenase activity was measured after the 

amperometric method (Romanova, 1980). The highly purified carbonic 

anhydrase preparation was obtained from wheat leaves by our method (Aliev 

et al., 1989). Dialyzed protein fraction obtained by carbonic anhydrase 

purification, using precipitation at 76% saturation with (NH4)2S04 (Aliev et al., 

1989) was used for RuBPC purification. The protein fraction was loaded into 

the column (2.5 x 100.0 cm) with Sephadex G-200, balanced with 0.05 M Tris-

HCl buffer, pH 8.43, containing 0.001 M EDTA, 0.01 M dithiothreitol and 0.01 M 

NaCl. The same buffer was used for elution. Fractions possessing the RuBPC 

activity were combined and ultra-filtered in a helium atmosphere through Ripor-

4-25 membrane. The concentrated RuBPC solution was used for the experiments. 

The rate of light-saturated electron transport was measured 

spectrophotometrically. Leaf assimilating area was measured using an automatic 

area meter ―AAC-400‖ (―Kayashi‖ Delkon Co LTD, Japan). The specific leaf 

density was calculated as the ratio of its dry weight to the area. 

Parameters of water regime were determined according to the procedure 

(Methodological guidelines, 1987, Boyer, 1995).  

Protein concentration was determined according to the Lowry et al. 

(1951). The arithmetic mean and standard errors presented in the figures and 

tables were calculated based on the data from at least 4 biological replicates. 

The obtained data was statistically processed by standard analysis methods 

(Kaplan, 1970, Dospekhov, 1985).  

 

 

RESULTS AND DISCUSSION 
 

During 60 years of comprehensive investigations of photosynthesis, 

photorespiration and productivity of various wheat genotypes in natural 

conditions of cultivation, characteristics and parameters of photosynthetic 
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activity of these genotypes in crop fields most closely correlating with plant 

productivity, have been established. The main emphasis was put on: 1) 

architectonics; 2) CO2 assimilation; 3) leaf activity within the day and 

vegetation, and others.  

According to our previous concept (Aliyev, 1974; Aliev and Kazibekova, 

1979; Aliyev and Kazibekova, 1988), the optimum plant height and favorable 

leaf orientation in compact sowings contribute to the effective absorption of 

solar radiation and development of vegetative and economically valuable 

organs, i.e. activate those key links of productivity, which ultimately 

determine the high productivity of wheat variety of an "ideal" type (Aliyev, 

1983). 

Optimality of the plant growth is one of the main conditions for the better 

implementation of the photosynthetic functions. The first stage in solving the 

problem of grain high yield was detection of stem shortness, since long stem 

promoted to decumbency and decrease in the yield, especially with abundant 

irrigation, at high soil moisture, in use of a large amount of N fertilizers 

worsening also grain quality. Stem shortening favored to a good perception of 

the conditions stimulating plant development resulting in the formation of the 

high yield with higher ratio between grain and straw (40:60-50:50). 

If considering stem shortness as a real way to increase yield, it should be 

noted that the stem height must not be less than fixed optimal values otherwise 

it results in the disturbance of the conditions of active functioning of the 

necessary leaf area, which is important in creation of the optimal seeding 

density during phases of earing, grain filling and normal photosynthetic 

function of 3-4 leaves. At the same time optimality of the growth is a 

prerequisite for another, no less important condition – alignment of plants in 

seeding with vertically oriented leaves.  

Investigations of the yield and elements of the yield structure of the mixed 

sowing of varieties taken in different ratios – low-height, middle-height and 

high – showed that 63-83% of the total yield is accounted for high plants. 

To use solar energy with feasible high efficiency, plants need a certain leaf 

area, which is 50,000-70,000 m
2
/ha for wheat during the period of maximum 

development. However, actions organized with the aim of achieving high 

yield, frequently lead to the creation of an extreme area of the leaf surface, 

which exceeds 100,000 m
2
/ha.  

Experiments confirm that intensive wheat varieties, contrary to extensive 

ones, have the ability to form less leaf areas, which do not exceed maximal 

levels in conditions of the intensive agrotechnics. Comparative analysis of the 

leaf parameters of different genotypes detected a wide diapason of their 
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changes (length 14-35cm, width-13-20 mm, area 15-55 cm
2
, angle of leaf 

inclination from stem-10-70) and showed that in classic, extensive varieties 

leaves are mainly long and relatively narrow; while in modern intensive short-

stemmed varieties leaves are mainly short and wide with large areas; 

genotypes with narrower, short and vertically oriented leaves also occur 

(figure 1). 

The optimal values mentioned above, for assimilating surfaces of 

intensive genotypes, are reached namely at the expense of narrow, short, 

vertically oriented leaves with the rationally limited height.  

The vertical orientation of leaves with a low variability of the growth 

parameters promote the efficient use of solar radiation energy, particularly 

with the high photosynthetic activity of different horizontal seeding layers, as 

well as to disease tolerance. Genetic conditionality of such leaf structures and 

their variability allow greater selection of purposeful works.  

The next main characteristic is a specific surface density (SSD) value. 

Investigations showed that the value inherent in genotypes depending on 

factors determining photosynthetic activity is not always constant (Aliyev and 

Kazibekova, 1988). The SSD variation in upper leaves of some durum wheat 

genotypes is 0.35-0.53 g/m
2
 during the earing phase – which is one of the 

ontogenesis periods responsible for yield – and besides, extensive varieties 

with high leaf indexes are characterized with significantly lesser values of this 

parameter than intensive varieties. Samples with rather high SSD occur in 

genotypes having small leaves. In total, with the leaf disc orientation 

depending on the leaf group and the illumination degree, these signs are 

reflected in the ultra structure of chloroplasts and in the middle-sized 

photosynthetic units, which in their turn are crucial for the effective 

conversion of the absorbed energy. 

Investigations of photosynthesis as a donor of assimilates in interaction 

with the growth functions during the plant development process showed the 

importance of the duration of the donor-acceptor way in the assimilate 

transportation. The role of the distance from the wheat last leaf to the ear is 

indubitable. It was believed that the short distance provided a fast assimilate 

shift from leaves to ear and small expenditures of organic compounds for 

respiration that promoted the intensified accumulation of the compounds in 

grain. Nevertheless the detailed study of the problem in different genotypes 

showed the absence of the positive correlation between the small distance 

from the last leaf to ear and yield. The reason is that the given part of the stem 

being long (definitely within certain limits) prevents the possibility of severe 

diseases and promotes a better supply of plants with light and CO2, etc. 
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because of the intensity of photosynthesis and an active participation in 

forming yield. The distance from the last leaf to the ear in high forms of wheat 

averages 30-50 cm and in low-height forms-12-20 cm or 30-35 and 20-25% of 

the total length of the stem, respectively. Low-height forms provide more 

active sink strength of the ear.  

Duration of functioning of all leaf groups during vegetation is also 

important for providing information about the morphogenetically most 

important photosynthetic activity period for every leaf with certain 

adjustments. At the same time a correlation between chloroplast 

photochemical activity and productivity during the crucial period of earing-

grain filling has been identified (Aliyev and Azizov, 1977). So the high 

photochemical activity of chloroplasts could be assumed for one of the signs 

of ideal wheat. 

The complex of the parameters of the final yield also involves amounts of 

the productive stems per seeding unit, average amounts of grains in ear and 

grain mass; simple increases there do not always lead to a high yield. 

However, having forms with big, well-filled ears could facilitate improvement 

of the genetic potential of varieties and high yield.  

Evaluation of the breeding material and direction of the studies, according 

to these generalized principles of the use of photosynthetic signs, allowed 

shortening terms of the breeding works and create varieties (Figure 4) close to 

the presented ideal wheat type. Its parameters: height-60-80 cm; tops of stems 

are aligned; ears are straight, leaves are narrow, short with high SSD and 

vertically oriented. The optimal distance from the last leaf to the ear for durum 

wheat is 20-25% of the total stem length. Leaves, stem and ears possess the 

maximum photosynthetic activity, providing high productivity. This variety is 

resistant to decumbency and many diseases, well tillered, easily ingests high 

dosages of N and with good farming practices, at 4-5 m/ha seeding rate the 

grain yield is 70-100 cwt/ha.  

Analysis of various wheat genotypes with different values of 

photosynthetic traits and productivity in conjunction with a range of 

environmental factors, including mineral nutrition, water, light, etc. showed 

the wide range of CO2 assimilation variability in ontogenesis, depending on 

the morphophysiological peculiarities of genotypes and their sink source 

relations (Aliev and Kazibekova, 1995). 

The rate of its integral photosynthetic process and also its enzymatic and 

metabolic activity changes during the leaf life cycle. Obtained results showed 

that the studied genotypes also differed significantly in the level of 

photosynthetic carbon metabolism (Jahangirov, 1987, Aliev et al., 1996 b). 
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The photosynthetic rate has increased steadily during flag leaf development 

and reached its maximum value in the earing stage (Figure 5). Two peaks of 

CO2 exchange, in the most active leaves, were observed during ontogenesis: the 

first peak at the beginning of stalk emergence and the second one at the 

beginning of flowering. It is important to search genotypes with no or less 

evident decrease of the photosynthetic rate in this period. High productive 

genotypes possess a higher rate of CO2 assimilation throughout the whole 

lifespan of their flag leaves up to the end of the grain filling stage. This pattern 

of carbon dioxide exchange at the end of the growth period in different 

genotypes may be due to early death of the lower leaves of extensive varieties. 

However, in the intensive genotypes, in comparison with extensive ones, the 

decrease in CO2 assimilation in the flag leaf was counterbalanced by the ac 

active CO2 assimilation in the lower leaves. High productive varieties 

significantly exceeded (up to 1.5 times) low productive ones by means of the 

photosynthetic rate of upper leaves (flag leaf and the second leaf from the top). 

In intensive varieties with the best architectonics, the rate of 

photosynthesis is higher in the morning, and especially in the evening hours, 

and afternoon depression of photosynthesis occurs later and is much weaker 

than that of semi-intensive and extensive varieties. The total photosynthesis 

during the daytime is higher in high productive varieties than in low 

productive ones.  

The study of the dynamics of photosynthetic rate in ontogenesis showed 

the availability of multiple peaks specific for genotypes depending on the crop 

architectonics at the period, when the rate of photosynthesis was determined. 

It was found that the rate of photorespiration is higher in intensive 

varieties than in extensive types. The rate of photorespiration reaches its 

maximum in the earing stage, and then decreases (Figure 6). In high 

productive varieties photorespiration remains at a high level during the periods 

from stalk emergence up to grain formation and filling than in the low 

productive varieties. Along with an increase of the photosynthetic rate, the rate 

of photorespiration increases too. Photorespiration follows the course of 

photosynthesis; the more intense is photosynthesis, and the more intense is 

photorespiration. The daily course of photorespiration, in general, coincides 

with the daily course of leaf photosynthesis at various stages of plant 

development. However, photorespiration begins at later hours than 

photosynthesis, and ends earlier; the curve of its course is unimodal. 

The rate of CO2 assimilation in leaves and other photosynthesizing organs 

is determined by the size and structure of these organs, plant architectonics 

both at the individual cultivation and in crop fields, by the sink source 
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relations genetically stipulated in each genotype, taking into account all 

affecting factors (Aliyev, 2001 a).  

Wheat genotypes are characterized by following parameters: leaf length, 

width, surface area, specific leaf density, leaf inclination angle and orientation, 

that create an optimal architectonics more favorable for turbulence and high 

rates of CO2 assimilation, and possibly for long-term photosynthetic activity of 

all leaves, ears and other non-leaf organs during grain formation. 

 

 

Figure 5. Ontogenetic changes in the rate of CO2 assimilation in different wheat 

genotypes: 1 – Oviachik-65, 2 – Sharg, 3 – Gyrmyzy bugda, 4 – Caucasus. I – stalk 

emergence, II – earing, III – flowering, IV – grain formation and filling. 

The genotypes with two or three times less leaf areas than that with broad 

leaves produce a similar or even greater grain yield. Genotype Gyrmyzy bugda 

with flag leaf area of 28 cm
2
 yields up to 3 t ha

-1
, and those of 18-19 cm

2
 – 7-9 

t ha
-1

. In highly productive genotypes with grain yield  7-9 t ha
-1

, the flag leaf 

areas differ almost three times. The studied varieties of winter wheat exhibited 

significant differences in the rate of flag leaf CO2 assimilation. The highest 

values were detected in high productive genotypes Gyrmyzy gul and 

Azamatli-95, whereas the lowest CO2 assimilation was characteristic for 

genotype Gyrmyzy bugda. Vertically oriented small leaves create optimal 

architectonics, and probably promote a relatively high CO2 assimilation of 

photosynthesizing leaves of all layers during grain filling. A comparative 

study of the photosynthetic rate of wheat genotypes with contrast 

architectonics during the day showed that the diurnal changes in the 
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photosynthetic rate of leaves of all layers and genotypes are characterized by a 

double-peaked pattern indicating a drastic increase in the photosynthetic rate 

in the morning and decrease in the evening (Figure 7). Photosynthesis in the 

flag leaves began early in the morning (at 6 a.m.), increased during sunrise, 

reaching its maximum level at 11 a.m. Then photosynthetic rate declined to its 

lowest at midday. After midday depression of photosynthesis, the second peak 

was observed at 5 p.m., which correlates with increased photosynthesis. Not all 

genotypes with small leaves are highly productive and not all genotypes with 

broad leaves are high or low productive. Genotypes with broad leaves and high 

yield require sufficient water supply. In order to better understand the 

correlation between rates of CO2 assimilation, photorespiration and 

productivity, the consideration of basic parameters of plant architectonics is 

also essential (Figure 7). Obtained data indicates that genotypes with vertically 

oriented short and narrow leaves (20-30 cm
2
), high specific leaf density (SLD) 

– 600 mg/100 cm
2
, with stable and long-term intensive CO2 assimilation (30-

40 mg dm
-2

 h
-1

) and a high tolerance to water stress yield up to 10 t ha
-1

. The 

high rate of CO2 assimilation is not accompanied by a low rate of 

photorespiration. For high productive genotypes, the high values of 

photorespiration are common. Genotypes with grain yield of 7-9 t ha
-1

 possess 

high rates both of CO2 assimilation and photorespiration at corresponding 

architectonics. Genotypes with moderate (4-5 t ha
-1

) and low (3 t ha
-1

) grain 

yield have relatively low rates of CO2 assimilation and photorespiration. 

 

 

Figure 6. Ontogenetic course of total photorespiration in high productive (Oviachik-65 

– (1)) and low productive (Gyrmyzy bugda – (2)) genotypes: I – stalk emergence, II – 

earing, III – flowering, IV – grain formation and filling. 
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Figure 7. Diurnal course of CO2 gas exchange of flag leaves of wheat genotypes with 

different architectonics at the milk ripeness stage. 

Gas exchange data closely agrees with the measured enzymes activities 

directly involved in CO2 fixation. The activity of RuBPC and carbonic anhydrase 

in highly productive, intensive wheat cultivars was increasing monotonously from 

the beginning of flag leaf formation to reaching its maximum at the end of anthesis 

and then it decreased toward the end of vegetation. By contrast, the activities of 

these two enzymes of high-growth extensive wheat decreased quickly after 

reaching its maximum (Figure 8).  

The activities of RuBPO and RuBPC were higher in highly productive 

wheat genotypes than in the low productive ones. The variation of RuBPO 

activity in the course of the flag leaf development was similar to that of RuBPC.  

Moreover, the ratio of the activities of RuBPC/RuBPO during the ontogeny 

of flag leaf of the genotypes studied was maintained at a similar level 

(Garagylchyg-2 - 19.01+1.36, Shiraslan - 23 - 18.66±0.898, Gyrmyzy bugda - 

16.02±1.99, Sary bugda - 16.2+1.07) (Figure 9). Nevertheless, the variation of the 

RuBPC/RuBPO activity ratio during the flag leaf formation was associated with a 

certain genotype difference. 

The PEPC activity remained sufficiently high at all the stages of the flag leaf 

development of the genotypes studied. The enzyme activity increased during the 

flag leaf formation and then it decreased. The PEPC activity was higher in 

highly productive wheat genotypes than in the low productivity ones. 

A sharp variation in the RuBPC activity of different elements of the ear 

depends on the extent of its development and on the plant genotype. In comparison 

with other ear elements, the glume of both intensive and extensive genotypes is 

characterized by a higher carboxylase activity.  

At the beginning of grain formation the RuBPC activity in the ear glume of 

the intensive genotype was also higher than in the extensive one.  
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Figure 8. Variations in activities [mmol m-
2
(leaf) s-

1
] of carbonic anhydrase (A), 

RuBPC (B), RuBPO (C) and PEPC (D) in ontogeny of flag leaf of wheat genotypes (1) 

Garagylchyg-2, (2) Shiraslan-23, (3) Gyrmyzy bygda, and (4) Sary Bugda. The arrows 

indicate the beginning of ear emergence. With highly productive genotypes the 

beginning of ear formation falls on May 6, the beginning of anthesis - on May 14 

through 15; the beginning of grain maturation - on May 20 through 22; the beginning of 

milk ripeness - on June 4 through 6; the beginning of wax ripeness - on June 20 

through 21. With low productive genotypes the beginning of ear formation falls on May 

12; the beginning of anthesis - on May 18 through 20; the beginning of grain maturation - 

on May 25; the beginning of milk ripeness on June 12; the beginning of wax ripeness - 

on June 24. 
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Figure 9. Changes in the ratio of RuBP carboxylase to oxygenase activities in flag leaf 

ontogenesis of different wheat genotypes: 1 – Garagylchyg-2, 2 – Shiraslan-23, 3 – 

Gyrmyzy bugda, 4 – Sary bugda. 

 

Figure 10. Variations in activities [mmol kg
-2

(protein) s
-1

] of carbonic anhydrase (A), 

RuBPC (B), RuBPO (c) and PEPC (D) in ear elements of wheat genotypes during grain 

maturation, i.e. (7) awn, (3) glume, and (5) grain of low-stature highly productive 

Shiraslan-23 genotype; (2) awn, (4) glume, and (6) grain of high growth low productive 

Sary bugda genotype. 
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However, later (up to a definite moment) this activity, calculated per unit of 

protein, decreased in the intensive genotypes but remained the same in the 

extensive ones. Later, during grain maturation, a significant increase in the 

glume RuBPC activity took place both in the intensive and extensive genotypes 

(Figure 10). During all periods of ear formation and grain maturation the ear awns 

of the intensive genotype had a higher activity of RuBPC than those of the 

extensive genotype. 

The RuBPC activity in grain of the low productive genotype was higher than 

that of the highly productive one only at the beginning of grain formation. A 

gradual decrease in the enzyme activity during grain formation was observed 

in both genotypes. During grain formation the activities of RuBPC and of 

RuBPO in different ear elements changed in parallel, similar to the flag leaf. 

From the end of anthesis and during the grain maturation a gradual decrease in 

the carbonic anhydrase activity took place in the awn of the low productive 

genotype. The enzyme activity increased significantly in the awn of the highly 

productive genotype, reached its maximum in the grain maturation phase, and then 

decreased sharply to the level observed in the low productive genotype. In both 

genotypes an increase in the glume carbonic anhydrase activity took place during 

the first days of the reproductive phase, then a sharp decrease in this activity 

occurred in the highly productive genotype. The glume carbonic anhydrase 

activity of the low productive genotype in comparison with the high productive 

one remained at a similar level for some time and then decreased (Figure 10). The 

carbonic anhydrase activity in all ear elements of the highly productive genotype 

significantly exceeded that of the ear elements of the low productive one. 

Unlike PEPC, the activity of which decreased gradually in all the ear elements, 

the activities of RuBPC and RuBPO in the glume and awn of both genotypes 

increased during grain maturation. The activity of these enzymes in the glume of 

the low and highly productive genotypes, in comparison with the awn, increased 

considerably. 

The interaction of carbonic anhydrase and RuBPC in cells was found by Bird 

et al. (1980), Pronina and Semenenko (1984), and Finis (1986). One of the 

possible functions of plant carbonic anhydrase is its participation in preparing 

the non-hydrated CO2 molecule, i.e. a RuBPC substrate in places of 

carboxylation. To confirm such a possibility we studied the effect of highly active 

exogenous carbonic anhydrase on RuBPC in vitro. The highly purified 

preparations of carbonic anhydrase and RuBPC were obtained from wheat 

leaves, which had neither carboxylase nor carbonic anhydrase activity. 

Our results showed that exogenous carbonic anhydrase stimulated the RuBPC 

activity. The RuBPC activity in the reaction medium increased with the 
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increase in the carbonic anhydrase activity. However, as soon as a certain ratio of 

the activities of these enzymes was attained, the RuBPC activity shifted to the 

plateau, and a further increase in the carbonic anhydrase activity in the reaction 

medium did not bring about any increase in the carboxylase activity at the pre-set 

HCO3
-
 concentration. The dependence of RuBPC activity on the HCO3

-
 ion 

concentration in the absence of carbonic anhydrase had an S-shape form that 

vanished in the presence of carbonic anhydrase. 

During the flag leaf development the activity of carbonic anhydrase and 

that of RuBPC in the highly productive wheat genotypes studied changed in 

parallel. Majeau and Coleman (1994) studied the relationship between the 

expression of carbonic anhydrase and RuBPC during pea development in 

various tissues and cultivars. Although the absolute levels of activity and the 

quantity of transcripts of these two enzymes may vary considerably during plant 

development, a relatively constant relation between the activities and transcript 

quantity of carbonic anhydrase and RuBPC, which can be observed during 

greening, is maintained in mature and senescent photosynthetic tissues. In 

different cultivars of pea, where the quantities of RuBPC and carbonic 

anhydrase vary, the ratio of carbonic anhydrase and RuBPC remains constant 

as well (Majeau and Coleman, 1994). Also our results proved the concerted 

action of carbonic anhydrase and RuBPC of wheat leaves under different 

environmental conditions. 

The increase in the cooperative coefficient in the presence of carbonic 

anhydrase may be attributed to the increase in concentration of non-hydrated 

C02, i.e. the substrate and allosteric factor of RuBPC (Miziorko, 1979). 

Carbonic anhydrase accelerates the reactions of HC03--dehydration, increases 

the CO2 concentration in the places of carboxylation, and thus contributes to the 

effective work of RuBPC in the cell. The high activities of carbonic anhydrase 

and RuBPC in highly productive wheat genotypes play a significant role in 

maintaining a high CO2 assimilation. 

So, there is no close correlation between the activities of RuBPC and 

carbonic anhydrase in all the ear elements in comparison with the flag leaf of 

the same wheat genotypes. This can be probably attributed to the peculiarity of 

the photosynthetic process in ear elements. 

As stated before, the highly productive genotypes studied have a more 

intensive C02 absorption during the whole flag leaf ontogeny, except for the 

terminal stage of grain maturation (Guliev et al., 1985). A close correlation 

between the CO2 assimilation and the activity of basic carboxylases was found. 

The highly productive genotypes had higher values of these indices than the low 

productive ones. On the other hand, the genotypes studied manifested significant 
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differences not only at the level of primary photochemical reactions but also at 

the level of photosynthetic carbon metabolism, transport and distribution of 

photo-assimilates in various parts of wheat (Kerimov et al., 1987). 

Our highly productive genotypes were characterized by high RuBPO 

activity and high rate of CO2 evolution during photorespiration. Thus the studied 

modern low-growth genotypes with a favorable architectonics to create an 

optimal sowing structure enabling effective solar energy utilization had both a 

high rate of photorespiration and a higher photosynthetic rate. The products of 

glycollate metabolism can either be used in sucrose synthesis or transferred. 

Thus under certain conditions they can provide an active transport of 

photosynthates and at the same time create appropriate conditions to maintain 

photosynthesis at a high level. 

Similar results proving the constant RuBPC/RuBPO ratio were obtained for 

spring and other cultivars of winter wheat (Thomas et al., 1978), for sea and 

freshwater algae (Kalinkina et al., 1981), for sunflower genotypes (Lloyd and 

Canvin, 1977), and for some cotton cultivars (Rasulov et al., 1983). The ratio 

remains constant throughout the plant growth. 

The time of a sharp increase in the activity of both enzymes in the glume 

of both wheat genotypes coincided with the decrease of these activities in the 

flag leaf. Thus during the period of grain maturation the ear elements, and the 

glume in particular, participate actively in the process of CO2 assimilation. 

Thus, the results obtained using various methods on different plant 

genotypes showed that RuBP carboxylase and oxygenase activities change in 

parallel in the course of the plant breeding process. Each wheat genotype was 

characterized by a definite value of RuBPC/O ratio and its variation under 

different influences (in particular, under artificial violation of the sink source 

relations) was temporary. A similar conclusion can be drawn on the basis of 

measurements of the components of carbon dioxide exchange in different 

wheat varieties; accordingly, the rates of net and true photosynthesis were 

highest in Garagylchyg-2. The rate of CO2 release in the light was 11.4 and 8.7 

mg CO2 (dm
2
 h) in Garagylchyg-2 and Gyrmyzy bugda, respectively (Figure 

11). As mentioned above, the rate of CO2 release in the light due to dark 

respiration was similar in all varieties. However, the rate of CO2 release due to 

photorespiration was higher in Garagylchyg-2 (8.7 and 6.2 mg CO2 dm
2
/h) in 

Garagylchyg-2 and Gyrmyzy bygda, respectively. The ratio of the rate of CO2 

release in the light due to photorespiration to the net CO2 assimilation rate was 

similar in both varieties and averaged about 22.0 and 21.2%, respectively, 

which indicated a positive correlation between the rates of photosynthesis and 

photorespiration.  
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Features of photosynthetic carbon metabolism, as part of metabolism in 

plants, are significant for productivity, which is compounded by the passing of 

complex processes of gradual transformation of photosynthesis products - 

from CO2 assimilation to the generation of end products. In this regard, the 

study of metabolism of photosynthesis products under natural and modified 

donor-acceptor interactions during leaf ontogeny is of particular interest, since 

the donor ability of leaves and other organs varies with age. 

In order to facilitate the performance of this task we have studied in detail 

the kinetics of 
14

CO2 incorporation into the products of steady-state 

photosynthesis during the flag leaf ontogeny only in Garagylchyg-2 variety, as 

an outstanding representative of high-yielding intense variety. 

Diagrams of 
14

CO2 incorporation in natural sink-source relationships in 

different photosynthesis products in Garagylchyg-2 variety during the flag leaf 

ontogeny are shown in Figure 12-13. 

It appears from the figures that assimilation of 
14

CO2 is linear regardless 

of the flag leaf age. This indicates the fixed rate of photosynthesis during the 

exposure of the examined leaf in the medium with labeled carbon dioxide, 

which also indirectly indicates that ambients have slightly changed throughout 

the entire experiment. 

Incorporation of 
14

CO2 in steady-state photosynthesis products 

demonstrates that pool of sucrose, malate and aspartate have no saturation 

even at 20-min exposure in the 
14

CO2 medium regardless of the flag leaf age, 

while starch, PGA + PEs, alanine, glycine + serine and glycerate are 

characterized by a rich pool of metabolites, which accurately correlate with the 

data obtained from other C3 plants (Mokronosov, 1978). 

The kinetic parameters of carbon metabolism during ontogeny of flag leaf 

obtained on the basis of 
14

CO2 incorporation dynamics in different products 

are shown in figure 14-15. Evidently, assimilation of CO2 in the flag leaf 

ontogeny does not occur at equal rates. Thus, the intensity of CO2 assimilation 

in flag leaf of Garagylchyg-2 increases and reaches its maximum (12.5 μmol 

CO2/dm
2.

min) at 20 days of age, which corresponds to the earing stage, then 

decreases in the flowering stage and remains practically constant up to the 

milk ripeness stage (age of 45 days). 

Dynamics of growth of the flag leaf area showed that it reaches the 

maximum CO2 assimilation in the same phase as its maximum area, i.e. in the 

earing stage. The same results were obtained earlier in the study of the rate of 

photosynthesis and photochemical activity of chloroplasts in the ontogeny of 

other wheat varieties (Aliyev and Azizov, 1977; Aliyev and Kazibekova, 1979 

a, b, Aliyev et al., 1996a). As it can be seen from figure 15, the rate of sucrose 
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synthesis changes in the same way as the CO2 assimilation rate during the 

ontogeny. So with the intensity of CO2 assimilation, the rate of sucrose 

biosynthesis increases during processing from 10 to 20 days of age and 

amounts 7.1 to 11, 3 μmol CO2/dm
2.

min. In the flowering stage (age of 30 

days), it reduced to 6.2 μmol CO2/dm
2.

min and remained nearly constant up to 

45 days of age (milk ripeness). Comparison of the CO2 assimilation rate and 

the sucrose synthesis rate shows that they change proportionally to each other 

during the ontogeny. 

The rate of malate, aspartate and alanine synthesis in 10-day-old leaves is 

1.04, 0.78 and 0.67 μmol CO2/dm
2.

min, respectively (Figure 14). During the 

milk ripeness stage (age of 45 days) it decreases up to 0.35, 0.27 and 0.14 

μmol CO2/dm
2.

min, respectively. In relative units the synthesis of these 

compounds in 10 day old flag leaves is 12.8, 8.7 and 8.2% of the CO2 

assimilation rate, respectively, and 5.0, 3.6 and 2.8%, respectively, at 45 days 

of age. 

Biosynthesis of starch differs from other compounds by greater stability 

and amounts to about 0.9 μmol CO2/dm
2.

min in leaf ontogeny, i.e. 8.5% 

(Figure 15), and the sucrose/starch ratio varied from 9 to 14. This pattern of 

change in the direction of biosynthesis of substances is primarily due to the 

fact that from 10-15 days of age the flag leaf area is very close to the 

maximum, and it is an active assimilate donor. A simultaneous increase in the 

rate of synthesis of carbohydrate compounds and a decrease in the synthesis of 

non-carbohydrate compounds was obtained for other C3 plants as well 

(Mokronosov, 1972).  

It should be noted that one of the reasons that impact the direction and 

pattern of metabolism is a natural change in the activity of carboxylation 

enzymes in the ontogeny of leaves. After reaching the maximum leaf area the 

RuBP carboxylase activity reduces more significantly than the same of PEP 

carboxylase (Guliyev et al., 1985). As it appears from Figure 15, the rate of 

biosynthesis and the total value of the glycine + serine pool increase in the 

earing stage, then decrease by the flowering stage, and remains nearly constant 

up to the milk ripeness stage, which is also identical to the change in the total 

CO2 assimilation in leaf ontogeny (Figure 14). 

Based on the fact that glycine and serine are produced by the carbon 

photorespiration pathway during photosynthesis in natural concentration of 

CO2 and O2 (Keerberg et al,, 1970), in our experiments, performed also under 

natural concentrations of carbon dioxide and oxygen, glycine and serine, 

specific metabolites of the glycolate pathway are produced as a result of 

photorespiration carbon metabolism. Therefore, the close relationship between 
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the rate of biosynthesis of glycine+serine and the CO2 assimilation rate 

indicates that processes of photosynthesis and photorespiration, and 

carboxylase and oxygenase activity of RuBisCo as well, are proportional to 

each other in wheat leaf ontogeny, which accurately correlates with the data 

obtained for winter wheat as well as for cotton and soya (Rasulov and 

Asrorov, 1985; Aliyev et al, 1992; Aliyev et al, 1996a). 

 

 

Figure 11. Components of CO2 exchange in the wheat varieties Garagylchyg-2 and 

Gyrmyzy bugda (mg CO2 dm
-2

 h
-1

): PT – true photosynthesis; PN – net photosynthesis; 

R – CO2 release in the light; RD – CO2 release in the light due to dark respiration; RL – 

CO2 release in the light due to photorespiration; RL/RT – rate of photorespiratory CO2 

release to true photosynthesis (%). 

Good correlation of the data obtained by different methods and in different 

crops testifies that the photosynthesis/photorespiration ratio in leaf ontogeny 

remains sufficiently constant. With growing flag leaf of wheat the biosynthesis 

of non-carbohydrate compounds reduces and the carbohydrate metabolism 

direction (sucrose/starch ratio) rises. Biosynthesis of the glycolate pathway 

products (glycine + serine) is more dependent on the intensity of CO2 

assimilation in leaf ontogeny herewith. Diagrams of 
14

C incorporation of the 

products of photosynthetic metabolism during earing and milk ripeness stages 

in other varieties of wheat (Gyrmyzy bugda and Sharg) are shown in Figures 

16-18.  
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Figure 12. 
14

CO2 incorporation in the products of photosynthesis in 10 days old flag 

leaf of Garagylchyg-2 (μmol CO2/dm
2.
min). 
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Figure 13. 
14

C incorporation in the products of photosynthesis in 30 days old flag leaf 

of Garagylchyg-2 (μmol CO2/dm
2.
min). 
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Figure 14. Biosynthesis of malate, aspartate and alanine in flag leaf ontogenesis of 

wheat variety Garagylchyg-2: I – stalk emergence, II – earing, III – flowering, IV – 

grain filling. A – rate of CO2 fixation; B – leaf area; C – malate (1), aspartate (2), 

alanine (3); D – the same as C (% of the total CO2 fixation rate). 

In these varieties PGA + PES, alanine, glycine + serine, glycerate and 

starch have permanent pool saturation as a result of a 20-minute exposure of 

flag leaf as opposed to malate, aspartate and sucrose similarly to Garagylchyg-

2. 

Table 2 reflects the kinetic features of the photosynthetic carbon 

metabolism, calculated by diagrams of inclusion of 
14

C in the photosynthesis 

products.  
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Figure 15. Biosynthesis of sucrose, starch and total glycine-serine in flag leaf 

ontogenesis of wheat variety Garagylchyg-2: A – sucrose (1), starch (2); B - the same 

as A (% of the total CO2 fixation rate) (1, 2), rate of sucrose to starch (3); C – glycine-

serine; D – the same as C (% of the total CO2 fixation rate) (1), total value of glycine-

serine (2). 

Table data shows that the CO2 assimilation rate in the earing stage 

averages 12.5 μmol CO2/dm
2.

min in intense Garagylchyg-2 and Vugar 

genotypes, while in extensive Gyrmyzy bugda and Shark genotypes - 9.8 μmol 

CO2/dm
2.

min.  

At the same time the rate of malate, aspartate and alanine synthesis is 

0.68, 0.51 and 0.42 μmol CO2/dm
2.

min in intense genotypes at this stage and 



Peculiarities of Photosynthesis … 35 

0.59, 0.51 and 0.33 μmol CO2/dm
2.

min, respectively, in extensive genotypes. 

Apparently the rates of malate, aspartate and alanine labeling in the studied 

genotypes are similar in the milk ripeness stage as well. 

Intensive and extensive genotypes do not strongly differ by the starch 

synthesis rate, which is 6.8% of the total assimilation rate. In the earing stage 

the glycine + serine biosynthesis rate in intense genotypes is 2.65 μmol 

CO2/dm
2.

min, while in extensive ones it is 1.62 μmol CO2/dm
2.

min, whereas in 

the milk ripeness stage it is 1.2 and 1.1 μmol CO2/dm
2.

min, respectively.  

If we estimate the photorespiration by the glycine + serine synthesis rate, 

it is evident that it is greater in low-growing high-yielding intense varieties. 

Labeling of sucrose in the earing stage reaches an average of 10.6 in intense 

genotypes and up to 7.7 μmol CO2/dm
2.

min in extensive ones, which account 

for 82% of the photosynthesis rate (in the milk ripeness stage - 78%). 

Comparison of the obtained data shows that in different wheat genotypes 

mainly the sucrose, glycolate pathway products - glycine + serine and, to a 

minor extent, amino acids and organic acids, such as malate, aspartate, alanine, 

are generated during 
14

C metabolism.  

At the same time, intense and extensive wheat genotypes do not virtually 

differ by the rate of starch, and also malate, aspartate and alanine labeling. 

Rate of biosynthesis of glycolate pathway products and intensity of CO2 

assimilation are higher in low-growing intense genotypes. 

Thus, the rates of 
14

CO2 incorporation into starch, alanine, malate, and 

aspartic acid in the intensive and extensive varieties of winter wheat were 

similar. The rates of 
14

C incorporation into glycolate metabolites and sucrose, 

as well as C02 assimilation rates, were higher in the dwarf intensive varieties. 

As noted above, the high-yield varieties are characterized by high RuBP 

oxygenase activity and a high rate of photorespiratory CO2 release.  

These results demonstrate that despite increased photorespiration in the 

dwarf varieties, they show high rates of net photosynthesis due to increased 

true photosynthesis.  

These varieties, produced by plant breeders, have optimal architectonics 

for the efficient use of solar energy. The high rate of net photosynthesis in 

these varieties is due to enhanced true photosynthesis provided by high 

activities of RuBP carboxylase and carbonic anhydrase; the latter enzyme 

contributes to the efficient functioning of the former in the carboxylation sites 

of the chloroplasts.  
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Figure 16. 
14

С incorporation into photosynthesis products of flag leaf of Gyrmyzy 

bugda in the earing stage (μmol CO2/dm
2.
min). 
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Figure 17. 
14

СО2 incorporation into photosynthesis products of flag leaf Gyrmyzy 

bygda in the milk ripeness stage (μmol CO2/dm
2.
min). 
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Figure 18. 
14

СО2 incorporation into photosynthesis products of flag leaf of Sharg in the 

earing stage (μmol CO2/dm
2.
min). 

 



 

Table 2. Kinetic characteristics of photosynthetic carbon metabolism in different varieties of winter wheat at the 

earing and milk ripeness stages 

 

Genotypes 
Short-stemmed, intensive  Long-stemmed, extensive  

Garagylchyg-2 Vugar Gyrmyzy bugda Sharg 

Development stage 

Metabolites 
Earing 

Milk 

ripeness 
Earing 

Milk 

ripeness 
Earing 

Milk 

ripeness 
Earing 

Milk 

ripeness 

Total assimilation 

(μmol CO2/dm2.min) 
12,3 7,0 12,9 6,9 9,6 7,1 9,9 7,5 

Alanine 
1 0.41 0,21 0,38 0,23 0.36 0,23 0,34 0,25 

2 3,3 3,0 3,1 2,6 3,8 3,2 4,0 3,6 

Malate 
1 0,70 0,29 0,64 0,27 0,59 0,32 0,61 0,34 

2 5,7 4,1 5,5 0,39 6,1 4,5 5,5 5,0 

Aspartate 
1 0,49 0,23 0,47 0,25 0,47 0,20 0,50 0,23 

2 4,0 3,3 4,2 3.5 4,9 2,8 5,6 3,1 

 

Glycine+serine 

1 2,5 1,1 2,9 1,4 1,57 1,0 1,6 1,2 

2 20,7 15,7 19,5 15,9 16,4 14,7 16,9 16,0 

3 20,4 11,6 21,6 10,3 11,5 8,4 12,4 9,0 

Saccharose 
1 10,6 5,5 11,3 6,1 7,8 5,5 8,5 6,1 

2 86,0 78,0 83,0 80,0 81,0 77 82 81 

Starch 
1 0,70 0,45 0,68 0,5 0,70 0,50 0,75 0,52 

2 5,7 6,4 5,2 7,0 7,3 7,0 7,1 8,1 

1 – synthesis rate (μmol CO2/dm
2.
min), 2 – the same figure (as % from total СО2 fixation rate), 3 - total pool value (μmol CO2/dm

2.
min). 
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It should be noted that the products of glycolate metabolism can also be 

used in sucrose synthesis or be transported from the leaves. Therefore, under 

certain conditions, the products of glycolate metabolism can contribute to 

active assimilate transport, thereby creating conditions for the maintenance of 

photosynthesis at a high level. In studies of plant productivity, sink source 

relationships between plant organs, which are the major endogenous factor 

regulating photosynthesis in the whole plant, attract increasing interest 

(Mokronosov, 1988). Hence, investigations of changes in photosynthetic 

carbon metabolism and related enzyme activities upon changing sink source 

relationships may be important in elucidating the mechanisms that underlie the 

Warburg effect and regulate the photosynthesis/photorespiration ratio (Chikov, 

1987). Our data showed that disturbances in sink source relations in different 

wheat varieties led to changes in enzyme activities and the rates of 

photosynthate labeling (Figure 20-25). During the first day after the removal of 

the lower leaves, the flag leaf of the low-yield variety Gyrmyzy bygda showed 

a decline followed by an increase in the activities of the studied enzymes. After 

the removal of the lower leaves in the Gargylchyg-2 variety, the enzyme 

activities in flag leaves slightly increased initially and then returned to the 

control level (Figure 20-23). In the flag leaves of the low-yield variety Gyrmyzy 

bygda, 
14

C incorporate into sucrose only slightly increased on the first day after 

leaf removal, while 
14

C incorporation into glycine-serine decreased. During the 

following days, the rate of sucrose labeling increased, attaining a level higher 

than in the control plants. 
14

C incorporation into serine-glycine also increased in 

the subsequent days to attain the control level, but ultimately declined to a 

level much lower than in the control plants (Figure 24-25). During the first 

days after the removal of the lower leaves in Garagylchyg-2 plants, sucrose 

and glycine-serine labeling in the flag leaves did not significantly differ from 

the control plants. Sucrose labeling remained unchanged during the following 

days, while it slightly decreased in the control plants. Glycine-serine labeling 

increased in the high-yield genotype, attained the control level, and then 

drastically decreased (Figure 24-25). The removal of a part of the spike in 

Gyrmyzy bygda wheat resulted in reduced activities of all the studied enzymes, 

including RuBP oxygenase; this was accompanied by lowered 
14

C 

incorporation into glycine-serine. In contrast to Gyrmyzy bygda, a significant 

reduction in sucrose labeling was seen after spike removal in the high-yield 

variety Garagylchyg-2. Our results show that the rate of 
I4

C incorporation into 

the products of glycolate metabolism upon artificially disturbed sink-source 

relationships is consistent with the level of RuBP oxygenase activity. Opposite 

changes in the rates of sucrose and glycolate metabolite labeling were induced 
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by altered sink source relationships both in high- and low-yield varieties. The 

results also show that each variety is characterized by a certain ratio of RuBP 

carboxylase to oxygenase activities, which could be only transiently changed 

by various treatments, specifically, by disturbing sink-source relationships 

between plant organs. Thus, we can suppose that the enzymes participating in 

the primary stages of CO2 fixation are also involved in plant adaptation to 

variable environmental conditions. 

 

 

Figure 19. 
14

СО2 incorporation into photosynthesis products of flag leaf of Sharg in the 

milk ripeness stage (μmol CO2/dm
2.
min). 
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Figure 20. Changes in carbonic anhydrase activity in flag leaves in the phase of grain 

filling after the removal of the lower leaves or half of the spike in different wheat 

varieties. (a) Gyrmyzy bygda; (b) Garagylchyg-2. Carbonic anhydrase activity on the 

first (open columns) and fourth (filled columns) days after leaf removal. 

 

Figure 21. Changes in RuBP carboxylase activity in flag leaves in the phase of grain 

filling after the removal of the lower leaves or half of the spike in different wheat 

varieties. (a) Gyrmyzy bygda; (b) Garagylchyg-2. (1) Control plants; (2) lower leaves 

removed; (3) half of the spike removed. 
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The adaptation processes in different plant varieties have both common 

and distinctive features associated with the plant genotype. In conclusion, our 

data on the characteristics of photosynthetic carbon metabolism in different 

varieties of winter wheat contribute to understanding photosynthetic 

mechanisms, as such, and the mechanisms providing high photosynthetic 

productivity; these data can also be used by plant breeders in developing new 

high-yield wheat varieties. 

Table 3 represents data on photosynthate distribution between plant 

organs in the flowering phase 24 h after labeling. It is evident that assimilate 

export to different plant organs is genotypically determined and depends on 

the location of the treated leaf. When the label was introduced into the flag 

leaf, the percentage of the label found in the top internode was substantially 

higher in the dwarf (Garagylchyg-2) variety than in the tall varieties.  

 

 

Figure 22. Changes in RuBP oxygenase activity in flag leaves in the phase of grain 

filling after the removal of the lower leaves or half of the spike in different wheat 

varieties. (a) Gyrmyzy bygda; (b) Garagylchyg-2. (1) Control plants; (2) lower leaves 

removed; (3) half of the spike removed. 

In Garagylchyg-2, the top internode contained about 26% of the total 

radioactivity, whereas only 12-14% of the total radioactivity was found in the 

top internode of tall varieties.  
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The dwarf and tall varieties also markedly differed in the label content in 

lower internodes. In Garagylchyg-2, lower internodes contained 10.3% of the 

total radioactivity, whereas the lower internodes of tall varieties accumulated 

27% (Gyrmyzy bygda) or 40% (Kansas-63323) of the total radioactivity.  

At the flowering phase, a significant portion of assimilates was exported 

from flag leaves to ears in the dwarf variety (about 22%), whereas only 5-7% 

of the assimilates were exported to ears in the tall varieties.  

Similar differences between tall and dwarf varieties in the pattern of 

assimilate export were found in experiments with labeled lower leaves. We 

found no marked difference between the varieties in the rate of assimilate 

export from flag leaves (as judged from the residual radioactivity of flag 

leaves), although significant differences were found when the label was 

introduced into the sixth or seventh leaf from the base. 

 

 

Figure 23. Changes in PEP carboxylase activity in flag leaves in the phase of grain 

filling after the removal of the lower leaves or half of the spike in different wheat 

varieties. (a) Gyrmyzy bygda; (b) Garagylchyg-2. (1) Control plants; (2) lower leaves 

removed; (3) half of the spike removed. 
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Figure 24. 
14

C incorporation into sucrose in flag leaves in the phase of grain filling after 

the removal of the lower leaves or half of the spike in (a) Gyrmyzy bygda (b) 

Garagylchyg-2. (1) Control plants; (2) lower leaves removed; (3) half of the spike 

removed. 

 

 

Figure 25. 
14

C incorporation into sucrose in flag leaves in the phase of grain filling after 

the removal of the lower leaves or half of the spike in (a) Gyrmyzy bygda (b) 

Garagylchyg-2. (1) Control plants; (2) lower leaves removed; (3) half of the spike 

removed. 



 

Table 3. Assimilate distribution between organs of different wheat genotypes within 24 h after plant feeding with 
14

CO2  

during the flowering phase (% of total plant radioactivity) 

 

Organ 

Gyrmyzy bygda Garagylchyg-2 Kansas-63323 

Storey of 14C-source leaf 

8 (flag leaf) 7 6 8 7 6 8 

Fed leaf 39.4±1.4 61.9±3.4 73.4±5.4 30.7±2.1 46.3±3.7 60.9±4.4 32.1±2.0 

Ear 7.4±0,4 3.7±0,2 2.0±0.1 22.5±1.3 8.6±0.9 5.3±0.4 5.5±0.4 

Stem above the source leaf 12.4±0.5 7.9±0.3 6.1±0.3 26.5±1.2 16.5±0.8 12.0±0.9 13.6±0.6 

Stem below the source leaf 27.1±0.8 13.7±0.5 9.2±0.7 10.3±0.6 20.2±1.1 13.8±1.4 40.3±1.9 

Sheath of the source leaf 11.3±0.7 10.3±1.1 6.3±0.4 9.0±0.6 6.6±0.3 5.6±0.3 6.6±0.5 

Root 2.4±0.2 2.5±0.2 3.0±0.2 1.0±0.1 1.8±0.2 2.4±0.2 2.8±0.3 
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Table 4. Assimilate distribution between organs of different wheat 

genotypes within 24 h after plant feeding with 
14

CO2 at the milky ripeness 

phase (% of total plant radioactivity) 

 

Organ 

Gyrmyzy bygda Garagylchyg-2 
Kansas-

63323 

Storey of 14C-source leaf 

8 (flag 

leaf) 
7 8 7 8 

Fed leaf 27.6±2.0 33.4±1.9 26.7±1.3 30.1±1.4 29.2±1.9 

Ear 52.4±3,8 18.9±0,9 66.1±4.0 55.0±3.4 57.9±3.8 

Stem above the source 

leaf 

9.3±0.4 13.1±1.0 2.1±0.2 7.1±0.5 2.1±0.8 

Stem below the source 

leaf 

5.5±0.2 23.9±3.2 1.7±0.1 3.7±0.2 6.1±0.4 

Sheath of the source leaf 4.5±0.3 7.2±0.8 2.6±0.2 3.6±0.2 2.7±0.6 

Root 0.7±0.06 3.5±0.2 0.8±0.06 0.5±0.04 2.0±0.1 

 

Table 5. Assimilate distribution between organs of different wheat 

genotypes at the end of growth period. 
14

CO2 was fed at the milky ripeness 

phase (% of total plant radioactivity) 

 

Organ 

Gyrmyzy bygda Garagylchyg-2 
Kansas-

63323 

Storey of 14C-source leaf 

8 (flag leaf) 7 8 7 8 

Fed leaf 18.1±0.8 29.1±2.3 17.5±0.9 18.1±1.1 18.5±0.9 

Ear 78.2±3,9 55.3±3,1 81.7±4.4 80.3±4.8 79.0±4.2 

Stem above the 

source leaf 

0.6±0.04 5.8±0.8 0.2±0.01 0.6±0.04 0.5±0.06 

Stem below the 

source leaf 

0.9±0.06 3.6±0.2 0.3±0.02 0.2±0.02 0.9±0.07 

Sheath of the source 

leaf 

2.0±0.09 5.3±0.4 0.3±0.03 0.8±0.08 1.1±0.07 

Root 0.7±0.06 3.5±0.2 0.8±0.06 0.5±0.04 2.0±0.1 

 

Tables 3 and 4 compare the export and distribution of assimilates at the 

flowering and milky ripeness phases. The following common features were 

observed in all varieties studied: 
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(1) For all leaves, the rates of assimilate export were higher at the milky 

ripeness phase than at the flowering phase. 

(2) At the phase of milky ripeness, assimilate export from leaves and 

assimilate import into ears were most rapid during the first day after 

labeling. During this day, flag leaves exported up to 70% of the labeled 

assimilates to the ears. During the subsequent period until complete 

ripeness, no more than 10-20% of assimilates were exported from 

leaves to ears, and 10-30% of the initial radioactivity remained in the 

treated leaves by the end of the growth period (Table 3 and 4). 

(3) In contrast to the label infusion at the flowering phase, assimilate 

labeling in the milky phase resulted in a significant increase in 
14

C
 

content in the ears of all varieties. Correspondingly, the accumulation 

of radioactivity in other plant organs was reduced, indicating a higher 

sink activity of the ears during the milky ripeness phase. 

 

Significant genotypic differences in assimilate accumulation in ears were 

found during the milky ripeness phase; assimilates accumulated more 

actively in the ears of dwarf varieties than in tall ones (Table 4 and 6).  

Furthermore, at the milky ripeness phase, more assimilates were exported 

to ears from the seventh leaf in the dwarf plants than in tall genotypes, 

indicating a higher contribution of the seventh leaf to grain filling in the dwarf 

variety. As can be seen from Tables 3 and 6, assimilates formed in the 

flowering phase were subject to radical redistribution during the period from 

flowering to complete grain ripeness. During this period, the 
14

C
 
content in the 

ears significantly increased at the expense of assimilates remobilized from the 

stem and leaves. 

For example, by the time of complete grain ripeness, about 15% of the 

radioactivity remained in the labeled flag leaves, whereas a substantial part 

of 
14

C
 
(up to 25%) was found in the stems. However, the amount of 14C 

exported from leaves to ears over the period from flowering to grain ripeness 

was 10-20% higher in the dwarf than in the tall varieties. The difference 

between these varieties was also characteristic of 
14

C
 
content in the stems; less 

assimilates were retained in stems of the dwarf variety than in the stems of tall 

varieties. 

At the phase of complete milky ripeness (Table 5), assimilates were 

almost fully exported to the ears without being retained in the stems. In all 

varieties studied, about 80% of 
14

C-labeled assimilates were exported from 

the leaves to the ears. 
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Thus, our investigation of the assimilate transport and distribution in 

different varieties of winter wheat has shown that assimilates formed at the 

early phases of reproductive development are more efficiently used for grain 

formation and, to a lesser extent, spent for vegetative biomass formation in 

the dwarf variety than in the tall (extensive) varieties. Moreover, lower leaves 

of the short-stem variety are more active in grain filling than the lower leaves 

of tall varieties. 

Our data on the variety-specific features of the export and distribution of 

assimilates between plant organs contribute to the understanding of the mecha-

nisms that underlie high yields in plants. Our results supplement the data 

obtained in other physiological and biochemical studies (Aliev, 1983; 

Kazibekova et al., 1985). These data can be used by breeders to obtain high-

yielding cultivars of wheat or other crops. 

The final result of the plant development, all the complex physiological-

biochemical processes, occurring in different plant organs during ontogenesis 

is grain yield and quality, providing the growth of the plant vegetative mass as 

well as accumulation of the storage compounds in reproductive organs. At the 

same time yield quality in wheat and other crops, first of all, is related to the 

protein content of grains, where not only total protein content but also quality 

of the protein complex is of great importance, since the food value of protein 

is specified by the content of indispensable amino-acids.  

Characteristics of metabolism, including proteins in vegetative organs 

have a great effect on yield and protein content in grains. Thereby the study of 

the protein exchange features in vegetative organs at different donor-acceptor 

relationships is very important.  

However, the study of protein exchange only in wheat grains is 

insufficient for understanding the regularity of the protein quality formation in 

grains and elucidation of the interactions of its vegetative and reproductive 

organs. Considering this circumstance, we carried out experiments to 

determine the protein content in different parts of the vegetative organs in 

several wheat genotypes at different stages of ontogenesis: earing, flowering 

and milk ripeness phases.  

Table 7 and 8 present data on the protein content of different fractions at 

separate stages of ontogenesis of the genotypes-Garagylchyg-2 and Gyrmyzy 

bugda. Investigations of the protein exchange in leaves and stem show that in 

both genotypes protein content in relative units is higher in leaves compared 

with the stem and it decreases during ontogenesis (Table 7). 

 

 



 

Table 6. Assimilate distribution between organs of different wheat genotypes at the end of growth period.  
14

CO2 was fed at the flowering phase (% of total plant radioactivity) 

 

Organ 

Gyrmyzy bygda Garagylchyg-2 Kansas-63323 

Storey of 14C-source leaf 

8 (flag leaf) 7 6 8 7 6 8 

Fed leaf 13.6±1.1 17.6±1.0 31.1±2.7 12.8±0.8 16.4±1.1 25.9±1.9 20.5±1.8 

Ear 55.2±4,2 42.0±3,1 29.6±1.7 74.5±4.9 67.9±4.3 56.1±3.3 56.4±2.9 

Stem above the source leaf 13.6±0.8 18.1±0.9 21.8±1.2 5.3±0.4 5.3±0.8 9.3±1.0 5.5±0.6 

Stem below the source leaf 11.5±0.5 14.9±0.6 12.1±0.7 4.2±0.3 6.5±0.4 4.8±0.4 12.1±0.5 

Sheath of the source leaf 5.0±0.4 6.1±0.4 4.0±0.3 2.5±0.08 2.5±0.2 2.1±0.1 3.5±0.4 

Root 1.2±0.06 1.3±0.1 1.4±0.09 0.7±0.06 1.4±0.1 1.8±0.1 2.0±0.2 

 

Table 7. Comparison of the protein contents of different fractions in leaves and stems of wheat (imp/min per 1g of the dry weight) 

 

Garagylchyg-2 

Fractions 

Phases 

Water-soluble Salt-soluble Alcohol-soluble ALKALI-SOLUBLE 

Leaves Stem Leaves Stem Leaves Stem Leaves Stem 

Earing 720 378 99 52 115 109 387 316 

Flowering 567 155 135 56 43 103 548 513 

Milk ripeness 657 180 104 43 105 95 277 204 

Qyrmyzy bugda 

Earing 790 424 108 60 130 131 409 346 

Flowering 611 170 160 63 49 110 606 565 

Milk ripeness 717 185 117 45 120 98 295 207 
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Table 8. Total content of soluble proteins in leaves and stems of wheat 

during ontogenesis (imp/min per 1g of the dry weight) 

 

Garagylchyg-2 

Phases 
Earing Flowering Milk ripeness  

Organs 

Leaves 1321 1293 1143 

Stem 926 827 522 

Gyrmyzy bugda 

Leaves 1437 1366 1250 

Stem 961 908 535 

 

The decline in the total and protein nitrogen per unit of weight in leaves 

and other organs with aging is already well known. Water- and alkali-soluble 

proteins, which contribute most to the total value of the soluble proteins, 

prevail in vegetative organs (Table 8). It is obvious that, for Garagylchyg-2 

water-soluble protein contents in leaves are 720 imp, 567 imp and 657 imp per 

gram of the dry weight during the phases of earing, flowering and milk 

ripeness, respectively. While in the stem these values are obtained to be 378, 

155 and 180 imp/min per gram of the dry weight i.e. they decrease during the 

flowering phase, then slightly increase during the phase of the milk ripeness 

but remain less compared with the earing phase. The comparison of the 

obtained data also shows that the contents of the water- and salt-soluble 

proteins are more in leaves than in stem. Due to the low contents of the water-

soluble proteins in stem compared with leaves a large portion of alkali- and 

alcohol-soluble proteins i.e. the storage proteins was observed in the stem 

protein complex, contrary to leaves where water-soluble proteins prevailed 

during all developmental phases. It is well known in the scientific literature 

that stem functions as a temporary storage of reserve compounds, including 

proteins, which subsequently used during grain filling period and albumins 

dominate in the protein complex of young leaves and stems of wheat that is 

confirmed by our data. Analogical pattern has been found for the protein 

allocation in different fractions of vegetative organs of Gyrmyzy bugda. 

However, in all phases the protein content appeared to be slightly higher, than 

in Garagylchyg-2, apparently it is related to the fact that Gyrmyzy bugda is a 

high-protein genotype. It should be noted that the protein content in different 

fractions of wheat vegetative organs changes with age, though not to the same 

extent. Relative contents of water-soluble proteins in leaves and stem sharply 
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decrease during the flowering phase compared with the earing phase. Similar 

changes occur in the content of alcohol-soluble proteins in leaves and a slight 

decrease is observed in the stem with age. 

Alkaline-soluble proteins accumulate in vegetative organs before the 

flowering phase and then their content decreases. Changes in the contents of 

salt- and alkali-soluble proteins in leaves occur by the unimodal curve type. It 

is more pronounced for stem alkali-soluble proteins.  

 

Table 9. Wheat grain protein content when changed sink source relations 

 

Garagylchyg-2 

Variants 

Total protein content 

Protein content in 

one ear, g 

imp/min per 

1g of dry 

weight 

% 

Control 1096 13,7 0,278 

REMOVED 8TH
 LEAF  1008 12,6 0,208 

removed 7th leaf  1040 13,0 0,214 

removed ½ ear  1144 14,3 0,130 

Gyrmyzy bugda 

CONTROL 1208 15,1 0,231 

removed 8th leaf  1128 14,1 0,183 

removed 7th leaf  1144 14,3 0,197 

removed ½ ear  1248 15,6 0,114 

 

The comparison of the changes in the total soluble protein content in 

leaves and stems of different wheat genotypes during ontogenesis is of great 

interest (Table 8). It is obvious that during the transition from the earing phase 

to the phase of milk ripeness the total protein content in leaves of 

Garagylchyg-2 decreases from 1321 to 1143 imp/min, which is 14%, while in 

the stem a decrease from 926 to 522 imp/min occurs, which is about 44%. In 

Gyrmyzy bugda these parameters are 13 and 44.3%, respectively. Though the 

relative decrease of the soluble protein content during the transition from the 

earing phase to the phase of milk ripeness in vegetative organs of different 

wheat genotypes differs slightly, in Gyrmyzy bugda absolute values of these 

parameters are higher.  

According to modern views, production process in wheat and other crops 

mostly depends on the interaction between assimilating and consuming organs. 



Peculiarities of Photosynthesis … 53 

At the same time, wheat grain quality, including protein content, largely 

depends on the state of the donor-acceptor relations in the whole plant system. 

Table 9 shows the analysis of the quality of grain yield in different wheat 

genotypes-Garagylchyg-2 and Gyrmyzy bugda, which donor-acceptor 

relations have been changed by removing flag and sub flag leaves during 

phases of earing, flowering and by removing half of the ear during the phase 

of milk ripeness. When removing the 8
th

 leaf the 7
th

 leaf was labeled with 
14

CO2 and when removing the 7
th 

leaf the label was introduced into the 8
th

 leaf 

and after removing half of the ear the labeling was performed with both leaves.  

It should be noted that the data obtained with the same wheat genotypes 

representing protein percentage contents in grains and protein contents in one 

ear in grams, according to the protein nitrogen, are most consistent with the 

results obtained with the 
14

CO2 use (imp/min per 1g of the dry weight). The 

comparison of these data shows that when removing the 8
th

, 7
th

 leaves and half 

of the ear, the protein content in grains of Garagylchyg-2 is 1008 imp/min 

(12.6%), 1040 (13.0%) and 1142 imp/min per 1g of the dry weight (14.3%), 

respectively compared with the control variant-1096 imp/min (13.7%) (Table 

3).  

Whereas for the genotype Gyrmyzy bugda these parameters are 1128 

imp/min (14.1%), 1144 imp/min (14.3%) and 1248 imp/min (15.6%), 

respectively, compared with the control-1208 imp/min (15.1%). It is evident 

that the remove of the flag and sub flag leaves in both genotypes leads to a 

decrease of the protein content in grains in one ear compared with the control 

plants, since the remove of the 8
th

 and 7
th

 leaves causes a change in the ratio 

between the nitrogen amount in vegetative organs and the plant grain mass. 

Therefore the outflow of nitrogen compounds from vegetative organs to grains 

decreases and the decrease in the grain protein content of both genotypes is 

more pronounced when removing the 8
th

 leaves than the 7
th 

leaves. There is a 

positive correlation between contents of the grain protein and leaf nitrogen and 

the highest correlation is observed between contents of the grain protein and 

flag leaf nitrogen. Our results confirm that the absence of the 8
th

 leaf is more 

appreciable in the process of the protein accumulation in grains than the 

absence of the 7
th

 leaf.  

The increase in the protein content when removing half of the ear may be 

elucidated by the fact that decreases in the grain amounts of ear leads to a 

change of the ratio between the grain weight and the plant vegetative mass, 

when the same amounts of nitrogen compounds in vegetative organs match the 

fewer grains compared with the control variant. 
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It is noteworthy that the protein content in one ear of both genotypes 

decreases when removing half of the ear, which can be explained by 

approximately a 2-fold decrease of the ear grain mass.  

The changes of the donor-acceptor relations between assimilating and 

consuming organs of different wheat genotypes in all cases lead to the protein 

content changes in the grain yield and in one ear.  

So in conclusion, the high intensity of true photosynthesis and 

photorespiration, high activity of primary photochemical processes together 

with favorable phonotypical traits, an optimum leaf area index and best 

architectonics define high productivity of wheat genotypes. Our data on the 

variety-specific features of the export and distribution of assimilates 

between plant organs contribute to the understanding of the mechanisms that 

underlie high yields in plants. Our results supplement the data obtained in 

other physiological and biochemical studies (Aliev, 1983, Kazibekova et al., 

1985). These data can be used by breeders to obtain high-yielding cultivars of 

wheat or other crops. 
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