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ADP-glucose pyrophosphorylase (AGPase) activity in 
the developing grains of four wheat (Triticum aestivum 
L.) cultivars DL153-2, C306, HD2329 and WH542 
grown under normal (27 November) and late (28  
December) sown conditions was determined in rela-
tion to their grain growth and starch content. In order 
to analyse the temperature sensitivity of AGPase,  
excised developing grains (20 days after anthesis) of 
normal sowing were exposed for 1 h at 25°C, 35°C and 
45°C and subsequently analysed for AGPase activity. 
AGPase activity in the developing grains was also  
determined in presence of PGA and Pi to evaluate the 
sensitivity of the enzyme to allosteric effectors. The 
study showed a highly significant correlation of  
AGPase activity with starch accumulation and grain 
growth in wheat under normal sowing but not so  
under late sowing. However, AGPase was not found to 
be that sensitive to moderate heat so as to be respon-
sible for decreased starch accumulation and grain 
growth under late sowing. PGA helped in overcoming 
inhibition by Pi but did not activate the AGPase fur-
ther. However, genotypic differences in the sensitivity 
of AGPase to allosteric effectors were observed. An  
efficient AGPase insensitive to regulation by PGA and 
Pi in wheat grain would lead to faster starch accumu-
lation and early filling of grains and may thus avoid  
extreme terminal high temperature experienced dur-
ing grain development. 

Keywords: ADP-glucose pyrophosphorylase, grain 
growth, heat tolerance, starch, wheat. 

STARCH constitutes around 70% of dry matter in wheat 
grain. Synthesis and deposition of starch may, therefore, 
be an important determinant of the size of the grain and 
thus directly have an impact on yield1,2. Starch in grains 
is deposited in amyloplasts involving ADP-glucose pyro-
phosphorylase (AGPase), starch synthases and branching 
enzymes3,4. A number of genetic and biochemical studies 
have established that AGPase is a rate limiting and regu-
latory enzyme in the pathway of starch synthesis2,3,5. 
AGPase is allosterically activated by 3-phosphoglycerate 
(3PGA) and inhibited by Pi. In fact, the ratio of 3PGA/Pi 
governs the catalytic activity of AGPase in leaves2,6. The 
extent to which this enzyme in non-photosynthetic tissues, 
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particularly in wheat endosperm is subjected to allosteric 
regulation is not clear2,4. A number of studies provided 
evidence that change in allosteric properties of AGPase 
led to increased starch production and yield5,7–10. 
 In India as well as in many other wheat growing re-
gions, grain growth takes place under a rapidly ascending 
temperature when hot winds are frequent. With the pre-
valence of rice–wheat cropping system, late planting of 
wheat is generally practised which pushes grain develop-
ment further to high temperature regime11. The situation 
may further aggravate with the increasing concentration 
of CO2 and other greenhouse gases in the atmosphere 
which are expected to increase global temperature12–14. It 
has been reported that single grain weight falls by 3–5% 
for every 1°C rise in temperature above 18°C15–17. This is 
attributed largely to a decrease in the activity of soluble 
starch synthase which is extremely sensitive to high tem-
perature18–23. However, high temperature sensitivity of 
AGPase has not been adequately investigated24. The pre-
sent study therefore analysed AGPase activity, its sensi-
tivity to allosteric effectors and high temperature in 
wheat cultivars in order to elucidate the relationship of 
AGPase with starch accumulation and grain growth.  
 Wheat (Triticum aestivum L.) cultivars DL153-2, 
C306, HD2329 and WH542 were grown in earthern pots 
(35 × 40 cm) containing sandy loam soil under normal 
(27 November) and late (28 December) sown conditions. 
Four healthy plants were kept in each pot. Standard  
cultural practices were followed25. The anthesis dates of 
main shoot (MS) ear were recorded on tags placed on 
each plant. Minimum, maximum and mean temperatures 
on daily basis during grain development were obtained 
from Meteorological Lab of Indian Agricultural Research 
Institute, New Delhi. The late sowing pushed grain 
growth period to a higher temperature regime compared 
to normal sowing. The mean minimum temperature during 
grain growth duration of different wheat cultivars at  
normal sowing was between 14.20°C and 15.71°C and 
mean maximum temperature between 30.48°C and 
33.11°C. Under late sowing, mean minimum temperature 
was between 17.0°C and 17.8°C and mean maximum tem-
perature between 34.10°C and 34.83°C. The differences 
among cultivars are due to differences in date of anthesis 
and maturity. Under late sowing, wheat cultivars were, 
therefore, exposed to mean maximum temperatures of up 
to 3.65°C and mean minimum temperatures of up to 
2.83°C higher during grain growth duration compared to 
normal sowing. The normal and late sown plants were 
analysed for yield components at maturity. Starch content 
was determined in the basal grains of the middle spikelet 
of MS ear following the method described elsewhere26. 
 AGPase activity was determined in the basal grains 
from the middle spikelets of the MS ear of normal and 
late sown plants 10, 20, 30 and 40 days after anthesis. 
Samples were taken between 10 and 11 a.m. and stored in 
liquid nitrogen. AGPase was extracted following the 

method described by Singletary et al.27. AGPase activity 
was estimated by the procedure of Espada28. The glucose-
1-P formed by incubation of ADP glucose and PPi with 
the enzyme was measured by adding phosphoglucomu-
tase, glucose-6-P dehydrogenase and NAD+. The reduced 
NAD was estimated by its absorbancy at 340 nm using 
UV-spectrophotometer (Model CE588 Cecil Instruments, 
Cambridge). Enzyme assay was carried out in two steps. 
In the first step, AGPase activity was assayed in a small 
test tube by adding 0.1 ml of enzyme extract to 0.5 ml of 
reaction mixture containing 0.2 ml of 0.5 M Tris HCl 
buffer (pH 7.9), 0.1 ml of 0.1 M MgCl2, 0.03 ml of 
0.01 M ADPG, 0.03 ml of 0.02 M sodium pyrophosphate 
and 0.14 ml of water in a total volume of 0.6 ml. The  
reaction was started by adding the enzyme and incubated 
at 25°C for 10 min in water bath. The reaction was 
stopped by immersing the tube in boiling water bath for 
1 min and were then cooled immediately in a water bath 
to room temperature. Blank was run with the boiled  
enzyme without PPi. The mixture was centrifuged and the 
supernatant was taken in small test tube for further assay. 
 In the second step, the supernatant fluid from first step 
was added to another tube containing 1 ml of 0.3 M Tris 
HCl buffer (pH 7.4) (containing 0.03 M MgCl2 and 
0.03 M mercaptoethanol), 0.01 ml of phosphogluco-
mutase and glucose-6-P dehydrogenase (50 units each of 
phosphoglucomutase and G-6-P dehydrogenase) and  
water was added to a final volume of 3 ml. The reaction 
was started by adding 0.03 ml of 0.01 M NAD. The OD 
was measured (after it became constant) 1 h after initia-
tion of the reaction at 340 nm. The results were calcu-
lated from a standard curve drawn by using different 
concentrations (100–1000 nmol) of NADH. The enzyme 
activity was expressed on fresh weight basis. 
 Basal grains from the middle spikelets of the MS ear of 
normal sown wheat cvs. DL153-2 and C306, 20 days  
after anthesis, were incubated at different temperatures 
(25°C, 35°C and 45°C) for 1 h in glass vials lined with 
moist filter paper and capped with non-absorbent cotton 
wool23. The treated grains were then analysed for the acti-
vity of AGPase assayed at 25°C. 
 AGPase activity in the grains from the middle spikelets 
of the MS ear of normal sown wheat cvs. DL153-2 and 
C306, 20 days after anthesis was determined at different 
concentrations of PGA (0, 1, 2, 4, 6 and 8 mM) in pre-
sence of 2 mM Pi in the reaction mixture. Samples with-
out PGA and Pi served as control. 
 Wheat cultivars examined in the present study differed 
in grain yield components. DL153-2 had bolder grains 
and greater starch content but lesser grain number per ear, 
whereas, WH542 had smaller grain size, lower starch 
content but higher grain number per ear, although less 
than HD2329. C306 and HD2329 were intermediate in 
starch content and grain size. Late sowing decreased 
these yield components differentially but varietal pattern 
remained more or less the same (Table 1). 
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Table 1. Yield components and grain starch content in normal and late sown wheat cultivars 

Parameter Cultivar Normal sowing Late sowing Per cent reduction 
 

Grain yield (g/plant) DL153-2 15.75 ± 0.80 10.98 ± 0.61 30.28 
 C306 16.73 ± 0.95 11.07 ± 0.72 33.83 
 HD2329 21.80 ± 0.77 12.46 ± 0.61 42.81 
 WH542 13.84 ± 0.90 8.47 ± 0.55 38.82 
     
Grain number/plant DL153-2 310.89 ± 3.10 222.26 ± 4.28 28.50 
 C306 394.85 ± 4.49 290.62 ± 4.65 26.39 
 HD2329 511.49 ± 5.47 356.20 ± 4.24 30.36 
 WH542 400.23 ± 5.06 284.03 ± 3.67 29.03 
     
100 grain weight (g) DL153-2 50.66 ± 2.01 49.40 ± 1.45 2.48 NS 
 C306 42.37 ± 1.90 38.09 ± 1.80 10.10 
 HD2329 42.62 ± 1.80 34.98 ± 1.60 17.92 
 WH542 34.58 ± 2.10 29.82 ± 1.20 13.76 
     
Starch content mg/grain DL153-2 34.23 ± 0.98 32.00 ± 1.28  6.51 NS 
 C306 26.91 ± 0.89 26.10 ± 0.73  3.01 NS 
 HD2329 30.52 ± 0.98 27.00 ± 1.60 11.53 
 WH542 24.12 ± 0.73 21.54 ± 0.65 10.69 

 

 
 
Figure 1. ADP-glucose pyrophosphorylase (AGPase) activity (μmol g–1 fw min–1) in the developing grains of MS ear in wheat cultivars under  
normal (a) and late (b) sown conditions.  
 
 
 AGPase activity expressed on fresh weight basis was 
maximum initially and decreased beyond 20 days after 
anthesis (DAA) in all the cultivars under normal sowing 
(Figure 1 a). DL153-2, however, showed a lesser de-
crease in activity until 30 DAA. DL153-2 having bolder 
grains had the higher AGPase activity at most of the 
stages, whereas, WH542, a small grain type was found to 
be poorest in this regard. Under late sowing, AGPase  
activity g–1 fw was higher at 10 and 20 DAA and showed 
a sharp decrease thereafter sinking to lowest level at 30 
DAA in DL153-2 and HD2329. In C306 and WH542, a 
steady decrease in AGPase activity was observed be-
tween 10 and 30 DAA (Figure 1 b). A highly significant 
(significant at 1% P) correlation of mean AGPase activity 
over grain growth period with grain growth and starch 
accumulation was observed under normal sowing. Such 

correlations, however, were not significant (at 1% P) in 
late sown condition (Figures 2 and 3). 
 AGPase activity in the excised grains (20 DAA) of 
DL153-2 and C306 pre-exposed to different temperature 
was between 1.8 and 2.0 μmol g–1 fw min–1. There was no 
significant effect of high temperature pre-exposure of 
grains on AGPase activity in both the cultivars. AGPase 
activity in both the cultivars was inhibited by 2 mM Pi. 
However, this inhibition was greater in C306 than in 
DL153-2 (Figure 4). PGA (1 mM) was found to over-
come this inhibition in C306, whereas, 2 mM PGA was 
required to overcome Pi inhibition in DL153-2. These  
observations suggested varietal differences in sensitivity 
of AGPase from wheat grains to allosteric effectors. 
 In the present study, a highly significant correlation 
(significant at 1% P) of AGPase activity with starch  
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accumulation (r = 0.888) and grain growth (r = 0.970) 
was observed in wheat cultivars under normal sowing but 
not so under late sowing. Under late sowing, grain develop-
ment occurred under moderately high temperature condi-
tions, hence, temperature might be responsible for such 
an effect. However, grains pre-exposed to high tempera-
ture had no significant effect on the activity of AGPase. 
Soluble starch synthase, which utilizes the ADP glucose 
formed by the action of AGPase for the synthesis of 
starch, has been reported to be extremely sensitive to high 
temperature19–21. The decrease in starch synthesis and 
grain growth under elevated temperature has been attributed 
to a decrease in activity of soluble starch synthase21–23.  
 A significant correlation of AGPase activity with 
starch accumulation and grain growth under normal sow-
ing would indicate that enhancing the efficiency of this 
enzyme would lead to increase in starch accumulation 
and grain growth. This would lead to a faster grain filling 
and may thus help in avoiding the terminal high tempera-
ture stress for grain growth in wheat. AGPase is allosteri-
cally activated by 3PGA and inhibited by Pi. In fact the 
 
 

 
 
Figure 2. Relationship of mean AGPase activity (μmol g–1 fw min–1) 
with 1000 grain weight in wheat cultivars under normal (NS, ) and 
late sowing (LS, •). **Significant at 1% P. 
 
 

 
 
Figure 3. Relationship of mean AGPase activity (μmol g–1 fw min–1) 
with starch content (mg grain-1) in wheat cultivars under normal (NS, 

) and late sowing (LS, •). **Significant at 1% P. 

ratio of 3PGA/Pi governs the catalytic activity of AGPase 
in leaves2,6. A number of studies provided evidence that 
change in allosteric properties of AGPase led to increased 
starch production and yield5,7–10. In these studies, mutant 
E. coli AGPase was expressed which is insensitive to 
regulation by PGA and Pi. AGPase activity from deve-
loping grains was found to be inhibited by 2 mM Pi in the 
study. This inhibition was overcome by PGA. PGA, how-
ever, was not found to activate the AGPase enzyme in 
wheat grain. PGA helped in overcoming inhibition by Pi. 
More or less, similar results were obtained by Gomez-
Casati and Iglesias29 for AGPase from wheat endosperm. 
In the present study, the differential sensitivity of  
AGPase from grains of wheat cultivars to allosteric effec-
tors is of particular significance in this context in finding 
allosterically insensitive AGPase. 
 A significant correlation of AGPase activity with 
starch accumulation and grain growth was observed in 
wheat under normal (November) sowing. This indicates 
that enhancing the efficiency of this enzyme would lead 
to a faster grain filling. A change in allosteric properties 
of AGPase has been shown to increase starch production 
and yield in potato and maize. In the present study, the 
differential sensitivity of AGPase from grains of wheat 
cultivars to allosteric effectors is of particular signifi-
cance in this context, in finding allosterically insensitive 
AGPase. Expressing an efficient AGPase insensitive to 
regulation by PGA and Pi in wheat grain would possibly 
lead to faster starch accumulation and early filling of 
 
 

 
 
Figure 4. Effect of different concentrations of PGA + Pi (2 mM) on 
AGPase activity in the grains of wheat cultivars. 
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grains and may thus avoid extreme terminal high tem-
perature experienced during later part of grain develop-
ment.  
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