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Abstract 
 
Wheat provides a unique genetic system in which variable sink size is available across the ploidies. We characterized 
monocarpic senescence in diploid, tetraploid, and hexaploid wheat species in flag leaf from anthesis up to full grain ma-
turity at regular intervals. Triticum tauschii Acc. cv. EC-331751 showed the fastest rate of senescence among the species 
studied and the rate of loss per day was highest in terms of photosynthesis rate, ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (RuBPCO) content, and flag leaf N content coupled with a higher rate of gain in grain N content. Culti-
vars Kundan and HD 4530 maintained high flag leaf N content throughout grain filling as compared to the diploids and 
showed a slower rate of senescence. RuBPCO content was higher in the diploids as compared to Kundan and HD 4530 
at anthesis. However, the rate of decline in RuBPCO content per day was also higher in the diploids. This degradation in 
RuBPCO was mediated by high endoproteolytic activities in the diploids which in turn supported its higher rate of N 
mobilization as compared to the tetraploid and hexaploid wheat. Acidic endopeptidases were responsible for the mobili-
zation of flag leaf nitrogen in wheat across ploidy levels (r = –0.582, p<0.01). 
 
Additional key words: chlorophyll; endopeptidase; endoproteolytic activity; flag leaf; grain; leaf area; net photosynthetic rate; ploidy; 
protein. 
 
Introduction 
 
Leaf cells undergo a genetically programmed degradation 
of cellular organelles involving the loss in photosynthetic 
activities and hydrolysis of macromolecules such as pro-
teins, lipids, etc. during grain development, a phenome-
non known as monocarpic senescence (Noodén et al. 
1997). During this degenerative phase, there is an in-
crease in the massive remobilization of hydrolyzed com-
pounds to meet the demands of the growing sink. 

The nitrogen demand of the growing sink is fulfilled 
mainly by the degradation of ribulose-1,5-bisphosphate 
carboxylase/oxygenase (RuBPCO) which is also the 
prime enzyme involved in CO2 fixation. RuBPCO is 
rapidly and selectively degraded during senescence 
(Moreno et al. 1995). This degradation is mediated by the 
action of proteases, which in turn meets the nitrogen de-
mand of the growing sink. Acidic endoproteases are re-
sponsible for the loss in flag leaf nitrogen in hexaploid 

wheat (Dalling et al. 1976). The regulation of proteolytic 
activity may be useful in improving crop productivity 
(Vierstra 1996). Hence, a basic knowledge about the acti-
vity of the proteases involved in RuBPCO degradation 
during monocarpic senescence in different crops is 
necessary. 

There has been considerable interest in breeding crop 
cultivars with delayed senescence in the hope of increa-
sing crop productivity (Nam 1997). The growing sink re-
gulates leaf senescence (Gan and Amasino 1997). Due to 
the potential benefits of delayed leaf senescence in agri-
culture, various studies have been conducted on the sour-
ce-sink manipulation in different crops of which wheat 
has been a favourite target (Patterson and Brun 1980, 
Mackown and Van Sanford 1988, Mackown et al. 1989, 
1992, Guitman et al. 1991, Srivalli and Khanna-Chopra 
1998, Cruz-Aquado et al. 1999). Physical manipulation  

 
——— 
Received 8 December 2003, accepted 24 June 2004. 
*Fax: 911-011-25742830, e-mail: renu_wtc@rediffmail.com 
Abbreviations: Chl, chlorophyll; DAA, days after anthesis; PN, net photosynthetic rate; PAGE, polyacrylamide gel electrophoresis; 
PMSF, phenyl methyl sulfonyl fluoride; PVPP, polyvinyl polypyrrolidone; RuBPCO, ribulose-1,5-bisphosphate carboxylase/oxyge-
nase; SDS, sodium dodecylsulphate; TCA, trichloroacetic acid; β-ME, 2-mercaptoethanol. 
Acknowledgements: This research was supported by the grants of the National Fellow scheme of Indian Council of Agricultural 
Research, New Delhi. 



B. SRIVALLI and R. KHANNA-CHOPRA 

394 

of the sink by removal of some spikelets or by excision of 
50 % ears resulted in a better N mobilization to the ear. 
This was due to the increased N availability to the ear as 
a result of an increased source-sink ratio. The removal of 
the ears also led to delayed senescence in wheat plants 
(Srivalli and Khanna-Chopra 1998). 

Modern days’ wheat provides a classical example of 
evolution through allopolyploidy (Wendel 2000) and thus 
provides a unique genetic system in which variable sink 
size is available across the ploidies. Net photosynthetic 
rate (PN) and RuBPCO contents are considerably influen-
ced by source-sink relationships, which are different in 
wheat across ploidies. Several studies done on the photo-
synthetic capacity of the various ploidy levels of wheat 
have shown that PN per unit leaf area basis declined with 

increase in ploidy, i.e. from diploid to hexaploid species 
(Evans and Dunstone 1970, Dunstone et al. 1973, Austin 
et al. 1982, Carver et al. 1989), whereas PN per unit cell 
basis increased with increase in ploidy (Jellings and 
Leech 1984, Warner and Edwards 1993). This was due to 
the larger cell size of hexaploid wheat, which resulted in 
a lower number of cells and chloroplasts under a unit leaf 
area causing a lower PN per unit leaf area. 

The present study was initiated to characterize mono-
carpic senescence in diploid, tetraploid, and hexaploid 
wheat species, which differ considerably in grain sink 
strength. Endopeptidase activity was also measured 
across ploidy levels to see if the relationship between 
acidic endoproteases and nitrogen mobilization holds true 
across different ploidy levels. 

 
Materials and methods 
 
Plants: Five genotypes of wheat were used in this study 
(Table 1). Seeds were obtained from the Division of Ge-
netics, IARI, New Delhi, India and were sown in 60 kg 
pots in the net house of Water Technology Centre, IARI, 
New Delhi. The soil was of sandy loam type. Eight seeds 
were sown initially which were later thinned down and 
four plants were maintained per pot during the duration of 
the experiment. Commercial fertilizers were applied at 
the rate of 6 : 4 : 4 g m-2 of N, P, and K, respectively, as a 
basal dose. Diploid species were given long day treat-

ment from 20th day after germination to spike emergence 
by using 60 W incandescent bulbs from a height of 1.5 m. 

Sampling of the flag leaf was done for the various 
biochemical analyses from anthesis up to full maturity at 
regular intervals depending on the duration of the grain 
growth period (Table 1). This was at 7-d interval for the 
cultivated genotypes Triticum aestivum cv. Kundan and 
T. durum cv. HD 4530, at 6-d interval for T. monococcum 
and Aegilops speltoides, and at 5-d interval for 
T. tauschii. 

 
Table 1. Details of the five genotypes of wheat used in the present study. 
 

 Species Cultivar Grain growth] Genome Classification
   duration [d]   

Diploid (2x = 14) T. monococcum ssp. aegilopoides (=boeoticum) (Link) Thell. ASP4 24 A Wild 
 Aegilops speltoides Tausch. I-95-1  24 B=S Wild 
 T. tauschii (=Ae. squarossa) Coss. EC-331751 20 D Wild 
Tetraploid (2x = 28) T. turgidum ssp. durum (Desf.) Husn. Husn. HD4530 35 BA Pasta Wheat 
Hexaploid (2x = 42) T. aestivum L. Kundan 35 BAD Bread Wheat 

 
Green flag leaf area was measured using non-destructive 
sampling. Measurement on 12 plants constituted a set and 
there were four such sets. 

 
PN of the flag leaves was measured in the morning at 
10:00–11:00 using Licor-6200 portable photosynthesis 
instrument (Licor, USA). Three leaves constituted a 
sample set and there were four such sets. 

For the biochemical assays, leaves were cut into small 
pieces after their weighing. Three replicates were used for 
all measurements. The leaf material was dried in the oven 
at 80 °C to obtain dry matter (DM). For a set of leaves, 
fresh matters (FM) were taken after measuring the leaf 
area. Contents of chlorophyll (Chl), total soluble proteins, 
and RuBPCO were expressed per unit leaf area. 
 

Contents of Chl and total soluble proteins were mea-
sured according to Arnon (1949) and Lowry et al. (1951), 
respectively. 

 
RuBPCO content: Leaf samples frozen in liquid nitro-
gen were ground in a mortar and a pestle with liquid ni-
trogen and then extracted [3 cm3 per 0.25 g(FM)] in 
30 mM Tris buffer, pH 7.8, containing 1 mM ascorbic 
acid, 1 mM EDTA, 5 mM MgCl2, 1 mM dithiothreitol, 
and 0.5 mM phenyl methyl sulfonyl fluoride (Zivy et al. 
1983). Polyvinyl polypyrrolidone (PVPP) was added at 
the time of grinding [0.05 kg kg-1(FM)]. The extracted 
samples were passed through cheesecloth and centrifuged 
at 10 000×g for 20 min. To the supernatant, eight 
volumes of acetone were added and the protein preci-
pitated overnight. The samples were again centrifuged at 
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10 000×g for 20 min. To the pellet, electrophoresis 
sample solution [125 mM Tris-Cl buffer, pH 6.8, 10 % 
glycerol, 5 % 2-mercaptoethanol (β-ME), and 2 % SDS] 
was added and boiled for 4 min. Aliquots of 20 mm3 of 
the protein samples were subjected to electrophoresis on 
a 10 % SDS-PAGE (Laemmli 1970). In all cases 30 µg of 
total protein was loaded. After electrophoresis, the gel 
was stained with Coomassie Brilliant Blue G-250 (Sigma 
Chemical Co., St. Louis, USA) and de-stained with a me-
thanol (40 %) and glacial acetic acid (10 %) solution. 
RuBPCO was quantified by scanning the gels using a 
laser densitometer Ultroscan XL (Pharmacia LKB). 

 
Endopeptidase activity was measured following the mo-
dified version of Peoples et al. (1983). Samples frozen in 
liquid nitrogen were ground in a mortar using liquid ni-
trogen and after that suspended in 250 mM Tris-Cl 
buffer, pH 7.0 containing 10 mM β-ME [4 cm3 per 
g(FM)]. During homogenisation, PVPP (20 kg m-3 final 
concentration) was added and the extract was centrifuged 
at 10 000×g for 20 min at 4 °C. The supernatant  
was collected and passed through three layers of cheese-
cloth. The supernatant was dialysed overnight against  

25 mM Tris-Cl buffer, pH 7.0 containing 10 mM β-ME. 
The reaction mixture contained 100 mm3 of crude extract, 
250 mm3of 250 mM sodium acetate buffer, pH 4.8 
containing 10 mM β-ME and 150 mm-3 of RuBPCO as a 
substrate. After incubation at 50 °C for 1 h, the reaction 
was stopped by adding 1 cm3 10 % trichloroacetic acid 
(TCA) solution and incubated at 4 °C for 1 h. After cen-
trifugation at 25 000×g for 10 min, TCA-soluble peptides 
generated during the reaction were estimated at A340 of 
the supernatants. Controls were kept for zero time and 
without substrate. One unit of proteolytic activity was 
defined as an increment of 0.01 in A340 in 1 h. 

 
Total nitrogen content in the flag leaves and grains was 
determined in dried samples by Kjeltec 1030 Autoana-
lyzer (Tecator, USA) after digestion in sulphuric acid. 

 
Statistical analysis: ANOVA and mean comparisons 
(CRD, 2-factor analysis) were conducted using the 
MSTAT statistical analysis package (CIMMYT, Mexico). 
Differences referred to as significant represent significan-
ce at the 5 % level.  

 
Results 
 
The grain dry matter for the tetraploid HD 4530 was the 
highest followed by the hexaploid Kundan (Table 2). 
Amongst the diploids, T. monococcum had the highest 
grain dry matter and grain number per spike and 
Ae. speltoides had the least, with T. tauschii having inter-
mediate levels (Table 2). Kundan and HD 4530 also 
maintained a high flag leaf N content throughout grain 
filling (Table 2, Fig. 1A). Amongst the diploids, flag leaf 
and grain N contents were the highest in T. tauschii 
(Fig. 1). The grain N content was lower in the diploids as  

compared to HD4530 and Kundan due to lower grain DM 
per spike (Table 2). Ae. speltoides had the lowest grain N 
content amongst all the species. The maximum N mobili-
sation was observed in T. tauschii, the flag leaf contribu-
ted almost 72 % to the spike followed by Ae. speltoides 
(Table 2). T. monococcum, which had the highest sink 
strength in terms of grain number and grain dry matter 
per spike amongst the diploids, showed the least N 
mobilised from the flag leaf (Table 2). 

The cultivated genotypes Kundan and HD 4530 had  
 

Table 2. Grain matter, grain number per ear, grain N at full grain maturity, flag leaf N at anthesis, and full grain maturity and loss in 
flag leaf N in the different wheat species of different ploidy levels expressed as mean (±SE). 
 

Species Grain dry matter Grain no. Grain N Flag leaf N [mg] 
 [mg per spike] per spike [mg per spike] Anthesis Harvest Loss in N 

T. monococcum Acc. ASP4   632.0 (±61.0) 47.20 (±3.43) 13.60 (±0.79) 4.478 (±0.070) 0.204 (±0.010) 4.275 (±0.070)
Ae. speltoides Acc. I-95-1   108.0 (±10.0) 12.30 (±1.46)   2.60 (±0.11) 1.739 (±0.020) 0.225 (±0.010) 1.513 (±0.010)
T. tauschii Acc. EC-331751   144.0 (±13.3) 19.40 (±1.00)   3.34 (±0.13) 2.562 (±0.170) 0.168 (±0.010) 2.393 (±0.170)
T. durum cv. HD4530 1840.0 (±123.3) 44.83 (±4.00) 35.84 (±0.19) 4.915 (±0.040) 0.364 (±0.020) 4.551 (±0.030)
T. aestivum L. cv. Kundan 1760.0 (±53.3) 35.33 (±0.74) 32.56 (±1.24) 5.499 (±0.020) 0.391 (±0.060) 5.109 (±0.060)

 
a higher leaf area and longer leaf area duration as com-
pared to the diploids (Fig. 2A, Table 1). There was a 
sharp decline in the green flag leaf area of Kundan and 
HD 4530 21 DAA (d after anthesis). Among the diploids, 
T. monococcum had the maximum green leaf area 
throughout grain development while Ae. speltoides had 
the least green leaf area amongst all the genotypes. The 
rate of loss in the green flag leaf area was maximum in 

Kundan (0.838 cm2 per day) and minimum in Ae. speltoi-
des (0.302 cm2 per day). 

Monocarpic senescence was characterized by mea-
suring contents of Chl and total soluble proteins: Kundan 
maintained higher content of Chl from 14 DAA (Fig. 2B). 
The rate of Chl loss was the highest in both Ae. speltoides 
and T. tauschii (0.012 g m-2 d-1). The mean leaf protein 
contents per unit leaf area of Ae. speltoides and  
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Fig. 1. Effect of grain development on flag leaf N [%] (A) and 
grain N [%] (B). Stages represent days after anthesis [DAA] on 
which sampling has been done and which vary for different 
ploidies as described in Materials and methods. Kundan (– –); 
HD4530 (–▲–); T. monococcum (- □ -); Ae. speltoides (- ∆ -); 
T. tauschii (- ○ -). Vertical bars indicate SE (n = 3). LSD value 
for flag leaf N (genotypes×GG stages) = 0.291, p<0.05. LSD 
value for grain N (genotypes×GG stages) = 0.179, p<0.05. 
 

 
 
Fig. 2. Effect of grain development on green flag leaf area (A), 
chlorophyll content (B), and content of total soluble proteins 
(C). Symbols as in Fig. 1. Vertical bars indicate SE (A: n = 4; B, 
C: n = 3). LSD values (genotypes×GG stages): for green flag 
leaf area = 6.344, p<0.05; for chlorophyll content = 0.054, 
p<0.05; for total soluble proteins = 1.367, p<0.05. 

T. tauschii were higher than in HD 4530 and Kundan 
during most of the grain development period (Fig. 2C). 
The rate of loss in the mean protein content was maxi-
mum in T. tauschii at the rate of 0.406 g m-2 d-1 and mini-
mum in HD 4530 (0.145 g m-2 d-1). 

Kundan maintained a high PN throughout grain deve-
lopment (Fig. 3A). Ae. speltoides had the least PN as 
compared to other genotypes. The daily rate of loss in PN 
was, however, maximum in T. tauschii at the rate of 
0.671 µmol(CO2) m-2 s-1. As in the case of protein, 
RuBPCO content was higher in the diploids as compared 
to HD 4530 and Kundan at anthesis (Fig. 3B). Although 
T. tauschii had a high RuBPCO content at anthesis, the 
rate of decline was rapid and it had the lowest RuBPCO 
content at grain maturity. 
 
 

 
 
Fig. 3. Effect of grain development on net photosynthetic rate, 
PN (A) and RuBPCO content (B). Symbols as in Fig. 1. Vertical 
bars indicate SE (A: n = 4; B: n = 3). LSD values 
(genotypes×GG stages) for PN 3.12, p<0.05, for RuBPCO 
content 0.835, p<0.05.  
 

The diploids showed a higher endopeptidase activity 
than HD 4530 and Kundan (Fig. 4A). Ae. speltoides 
showed the highest endopeptidase activity amongst all the 
genotypes during most of the grain development period. 
The hexaploid Kundan showed a bimodal pattern of acti-
vity with high endopeptidase activity at 14 and 28 DAA. 
The endopeptidase activity measured using RuBPCO as  
a substrate was responsible for the N mobilisation from 
the flag leaf across different ploidy levels (r = –0.582, 
p<0.01) (Fig. 4B). 
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Discussion 
 
The rate of senescence and the remobilization of leaf ni-
trogen are related to the source/sink relationship (Crafts-
Brandner et al. 1998, Ono et al. 1999). The wild geno-
types of wheat tend to have small leaves with high N con-
tent and the cultivated types have larger leaves with lower 
N content (Champigny and Moyse 1979). This was not 
the case in Kundan and HD 4530, which maintained high 
flag leaf nitrogen throughout grain filling (Table 2,  
Fig. 1A). Thus, the relationships drawn for leaves at the 
vegetative stage may not always hold for leaves at the re-
productive stage. 
 

 
 
Fig. 4. (A) Effect of grain development on endopeptidase acti-
vity. Symbols as in Fig. 1. Vertical bars indicate SE (n = 3). 
LSD value for RuBPCO content (genotypes×GG stages) 3.776, 
p<0.05. (B) Relationship between endopeptidase activity and 
the loss in flag leaf N, regression significant at p<0.01. 
 

Senescence is an active process, which is characte-
rized by the transition from nutrient assimilation to nu-
trient remobilization (Masclaux et al. 2000, Hörtensteiner 
and Feller 2002). The maximum nitrogen mobilization 
was observed in T. tauschii flag leaf which contributed 
almost 72 % to the spike followed by Ae. speltoides 
(Table 2). This indicated that during the course of evolu-
tion, the flag leaf ceased to be the main source of nitrogen 
to the ear in the tetraploid and hexaploid. 

Maintenance of active photosynthesis especially by  
 

the flag leaf during grain development is a major require-
ment for high grain yield (Haour-Lurton and Planchon 
1985, del Blanco et al. 2000). Kundan maintained high 
PN throughout grain development (Fig. 3A). The high PN 
of Kundan indicated that the source of the D genome, re-
sponsible usually for the depression of photosynthesis in 
a polyploid, could be from an accession of T. tauschii 
having high PN. The PN of a polyploid can vary de-
pending on the source of the D genome (Watanabe et al. 
1997). 

RuBPCO content was higher in the diploids as com-
pared to HD 4530 and Kundan at anthesis (Fig. 3B). 
During senescence, the degradation of RuBPCO leads to 
an early decline of PN and is a factor limiting productivi-
ty. The complete hydrolysis of proteins to free amino 
acids depends on the action of both endopeptidases and 
exopeptidases (Brouquisse et al. 2001). Endopeptidases 
are essential for the cleavage of peptide bonds in a 
protein and, therefore, also for the catabolism of this 
protein. Ae. speltoides showed the highest endopeptidase 
activity amongst all the genotypes during most of the 
grain development period (Fig. 4A). The diploids in ge-
neral showed a higher endopeptidase activity than HD 
4530 and Kundan. Hexaploid wheat shows a bimodal pat-
tern of proteolytic activity during grain development 
(Dalling et al. 1976, Srivalli and Khanna-Chopra 1998). 
Endopeptidase activity has not been characterized in 
other wheat species so far. We found that acidic endopep-
tidases were responsible for the N remobilization from 
the flag leaf of diploid, tetraploid, and hexaploid wheat 
(r = –0.582, p<0.01) (Fig. 4B). 

Among diploids, T. tauschii commonly known as goat 
grass showed the fastest rate of senescence whereas 
T. monococcum showed the slowest rate of senescence 
associated with a high sink strength. In T. tauschii the 
rate of loss per day was highest in terms of Chl, total so-
luble proteins, PN, RuBPCO content, and flag leaf N cou-
pled with a higher rate of gain in grain nitrogen. 

In conclusion, the study revealed that diploid species 
had higher RuBPCO content which was degraded at a 
faster rate due to higher endoproteolytic activities as 
compared to the tetraploid and hexaploid wheat. High en-
doproteolytic activities in the diploids were responsible 
for the higher rate of N mobilization as compared to the 
tetraploid and hexaploid wheat, which led to the 
hastening in the senescence rate. Slower senescence rate 
has evolved during the development of genotypes in 
order to support higher sink size in tetraploid and hexa-
ploid wheat in comparison to the diploids. 
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