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Abstract 
 
Four mutants induced by ethylmethane sulphonate (N22-H-dgl56, N22-H-dgl101, N22-H-dgl162 and N22-H-dgl219) 
with conspicuous dark green leaves were identified in the drought and heat-tolerant rice cultivar Nagina22 (N22), when 
screened under prolonged drought and heat conditions in field. During dark-induced senescence, these mutants 
maintained higher chlorophyll and carotenoid contents, and photochemical efficiency of photosystem 2 in comparison 
with N22. Following heat treatment, these mutants accumulated less reactive oxygen species (assayed by histochemical 
staining for H2O2 and superoxide radicals) and maintained higher chlorophyll content than N22. 
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⎯⎯⎯⎯ 
 
Leaf de-greening is considered as a good indicator of 
progress of senescence (Matile 2000). Retention of 
greenness of the leaf till the grain filling period and even 
later is known as stay-green phenotype (Hörtensteiner 
2006, 2009). Genetic variation exists for symptoms of 
leaf senescence and stay-green mutants are classified into 
different categories according to their chlorophyll 
retention during senescence (Thomas and Howarth 2000). 
In rice, several stay-green mutants have been 
characterized (Cha et al. 2002, Jiang et al. 2007, Eckardt 
2009, Morita et al. 2009, Sato et al. 2009, Schelbert et al. 
2009). Chloroplasts are the first organelles targeted 
during stress (Smart 1994). Photoprotective mechanisms, 
accumulation of reactive oxygen species (ROS) and 
antioxidant systems are used as a measure of cellular 
responses to abiotic stresses and senescence (Niyogi et al. 
1997, Srivalli et al. 2003, Moussa and Abdel-Aziz 2008, 
Zentgraf and Hemleben 2008, Ahmad et al. 2009). In  
 

transgenic tobacco plants, pigment contents, photosystem 
2 activity and antioxidant protection during senescence 
was mediated by cytokinin content (Procházková and 
Wilhelmová 2009). We screened mutants of upland rice 
cultivar N22 generated by ethylmethane sulphonate 
(EMS) under prolonged drought and high temperature 
stress in field conditions. Four mutants, which showed 
enhanced greenness and better drought tolerance than 
N22 plants, were selected. This study reports detailed 
characterization of these four mutants (N22-H-dgl56, 
N22-H-dgl101, N22-H-dgl162 and N22-H-dgl219) 
showing significant alterations in the chlorophyll 
degradation during dark induced senescence or under heat 
stress. Recently, a gene from tomato has been shown to 
be responsible for stay green phenotype by inhibiting 
chlorophyll degradation (Hu et al. 2011). 
 The mutants showing dark green phenotype in 
vegetative and flowering stages for two seasons were  
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selected from M3 generation of EMS-mutants of rice 
(Oryza sativa L.) cv. Nagina 22 (N22) and were named 
asN22-H-dgl56, N22-H-dgl101, N22-H-dgl162 and  
N22-H-dgl219. They were grown in M4 generation to 
confirm that they are breeding true and genetically fixed 
through advancement to M5. For all experiments, plants 
were grown in a greenhouse till four-leaf stage in pots 
containing soil under natural irradiance, temperature of 
28 °C and air humidity of 60 %. For dark treatment,  
15 plants were covered with cardboard boxes for 5 d in 
greenhouse. For heat treatment, equal sized leaf samples 
were maintained at 40 °C in water bath for 72 h.  

For all experiments, middle portions of the 3rd leaf 
from the apex were taken. Pigments were extracted in  
80 % acetone. Chlorophylls and carotenoids were 
determined by UV-VIS spectrophotometer Lambda 35 
(Perkin Elmer, MA, USA) according to Lichtenthaler and 
Wellbum (1983). The photochemical efficiency of 
photosystem 2 was measured as variable to maximum 
chlorophyll fluorescence ratio (Fv/Fm) using chlorophyll 
fluorescence meter (FIM1500, ADC, Hoddesdon, UK). 
For native polyacrylamide gel electrophoresis (PAGE), 
chlorophyll-protein complexes were isolated according to 
Jiang et al. (2007). Detection of H2O2 and superoxide 
radicals was done according to Fitzgerald et al. (2004). 
Each experiment was repeated 3 - 5 times and the results 
were pooled for statistical analysis. 

Under normal growth conditions, N22-H-dgl101 and 
N22-H-dgl162 leaves had more than double amount of 
total chlorophyll compared to N22, N22-H-dgl56 and  
 

N22-H-dgl219 (Fig. 1A). After 5 d in dark, total 
chlorophyll in N22, N22-H-dgl101 and N22-H-dgl162  
leaves was reduced considerably but remained similar in 
N22-H-dgl219 and showed a slight increase in  
N22-H-dgl56. Under normal growth conditions, total 
carotenoid content in N22-H-dgl56, N22-H-dgl219 and 
N22 was lower than in N22-H-dgl101 and N22-H-dgl162 
(Fig. 1B). After 5d in dark, the carotenoid content was 
reduced to 28 % of the initial amounts in N22, whereas 
all the mutants had higher total carotenoid content 
compared to N22. Fv/Fm was between 0.76 - 0.82 in N22 
and all the mutants under normal growth conditions  
(Fig. 1C). After 5 d in dark, Fv/Fm in N22 fell to 0.15. In 
all the mutants, it was higher ranging from 0.21 to 0.54.  

Integrity of chlorophyll-protein complexes in the 
thylakoid membrane was studied by native PAGE. The 
gel profiles showed two bands for the reaction center 
proteins, two bands for the light harvesting protein 
complex and one band for the free proteins (data not 
shown). After 5 d in dark, reduced amount of reaction 
center proteins was observed and light harvesting 
complex proteins and free proteins were absent in N22 
and N22-H-dgl219 samples. In N22-H-dgl56,  
N22-H-dgl101 and N22-H-dgl162, the reaction center 
proteins were more stable and one of the bands of light 
harvesting complex proteins was retained. The stable 
chlorophyll complexes in the mutants were in agreement 
with their higher Fv/Fm after dark treatment. These results 
showed that the stay-green phenotype of all the mutants 
was associated with higher chlorophyll and carotenoid  

 
Fig. 1. The leaf chlorophylls (A) and carotenoid (B) contents and photochemical efficiency (Fv/Fm; C) in 4-week-old N22 and mutant 
plants grown under normal conditions or after 5 d in dark. D - chlorophyll content in cut leaves of 4-week-old N22 and mutants after 
incubation at 40 °C for 72 h. Means ± SE of five independent experiments. 
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Fig. 2. Accumulation of superoxide radical (A) and H2O2 (B) in 
leaves of 4-week-old N22 and mutant plants after incubation at
40 °C for 72 h. Leaves were infiltrated with nitroblue 
tetrazolium (A) or diaminobenzidine (B) and precipitates with
O2⎯ and H2O2 were detected using light microscopy. 

 
contents, higher photochemical efficiency and more 
stable pigment complexes as compared to N22 under 
conditions of dark-induced senescence. 
N22 is known to be a drought and heat tolerant cultivar 
and has been used as a donor parent in breeding for  
 

drought tolerance (Markandeya et al. 2007, Jagadish  
et al. 2008). Further, the mutant and N22 leaves were 
evaluated for heat tolerance. After heat treatment (40 °C 
for 72 h), N22 leaves turned yellow retaining only 51 % 
of total chlorophyll present in samples incubated at room 
temperature (Fig. 1D). The mutant leaves were more heat 
tolerant compared to N22 leaves as they retained more 
chlorophyll (Fig. 1D). Drought or heat can induce 
production of hydrogen peroxide and superoxide radicals 
(Asada 2006). Accumulation of O2

- and H2O2 was 
analyzed by staining with NBT and DAB, respectively, 
following 72 h of heat treatment at 40 °C. The 
accumulation of O2

- and H2O2 in leaf samples of N22 and 
N22-H-dgl56 was high and N22-H-dgl101 also showed 
detectable amounts (Fig. 2A,B). On the other hand,  
N22-H-dgl162 and N22-H-dgl219 showed negligible 
accumulation of ROS in response to heat treatment  
(Fig. 2A,B). These results indicate that the reduced level 
of ROS leads to heat tolerance in leaves of N22-H-dgl162 
and N22-H-dgl219 mutants and retaining of high 
chlorophyll contents. Maintenance of chlorophyll content 
under dark-induced senescence in gibberellic acid pre-
treated Pelargonium leaves was also due to lower ROS 
accumulation (Rosenwasser et al. 2010). Tolerance to 
elevated temperatures was reported in lily plants by 
increased activity of antioxidants and decrease in ROS 
production (Yin et al. 2008). A superhybrid of rice 
showed lower decrease in Fv/Fm and higher activities of 
antioxidative enzymes under chilling stress as compared 
to the parental cultivars (Zhang et al. 2010). The role of 
antioxidative systems in reducing the levels of ROS in 
N22-H-dgl162 and N22-H-dgl219 under heat stress 
remains to be elucidated in future experiments.  

It can be concluded that four stay-green mutants have 
higher contents of chlorophylls and carotenoids, and 
photochemical efficiency than N22. Cut leaves of 
mutants retained higher chlorophyll content and 
accumulated less ROS upon heat treatment compared to 
N22. These rice mutants may have agronomic importance 
in coping with expected increase in temperature in the 
context of climate change.  

 
References 
 
Asada, K.: Production and scavenging of reactive oxygen 

species in chloroplasts and their functions. - Plant Physiol. 
141: 391-396, 2006.  

Ahmad, P., Jaleel, C.A., Azooz, M.M., Nabi, G.: Generation of 
ROS and non-enzymatic antioxidants during abiotic stress 
in plants. - Bot. Res. Int. 2: 11-20, 2009.  

Cha, K.W., Lee, Y.J., Koh, H.J., Lee, B.M., Nam, Y.W., Paek, 
N.C.: Isolation, characterization, and mapping of the stay 
green mutant in rice. - Theor. appl. Genet. 104: 526-532, 
2002. 

Eckardt, N.A.: A new chlorophyll degradation pathway. - Plant 
Cell. 21: 700, 2009. 

Fitzgerald, H.A., Chern, M.S., Navarre, R., Ronald, P.C.: 
Overexpression of (At) NPR1 in rice leads to a BTH- and 
environment-induced lesion-mimic/cell death phenotype. - 
Mol. Plant-Microbe Interact. 17: 140-151, 2004.  

Hörtensteiner, S.: Chlorophyll degradation during senescence. - 
Annu. Rev. Plant Biol. 57: 55-77, 2006. 

Hörtensteiner, S.: Stay-green regulates chlorophyll and 
chlorophyll-binding protein degradation during senescence. 
- Trend Plant Sci. 14: 155-162, 2009. 

Hu, Z.-L., Deng, L., Yan, B., Pan, Y., Luo, M., Chen, X.-Q., 
Hu, T.-Z., Chen, G.-P.: Silencing LeSGR1 gene in tomato 
inhibits chlorophyll degradation and exhibits stay-green 



M. PANIGRAHY et al. 

724 

phenotype. - Biol. Plant. 55: 27-34, 2011. 
Jagadish, S.V.K., Craufurd, P.Q., Wheeler, T.R.: Phenotyping 

parents of mapping population of rice for heat tolerance 
during anthesis. - Crop. Sci. 48: 1140-1146, 2008.  

Jiang, H., Li, M., Liang, N., Yan, H., Wei, Y., Xu, X., Liu, J., 
Xu, Z., Chen, F., Wu, G.:  Molecular cloning and function 
analysis of the stay green gene in rice. - Plant J. 52: 197-
209, 2007. 

Lichtenthaler, H.K., Wellburn, A.R.: Determinations of total 
carotenoids and chlorophylls a and b of leaf extracts in 
different solvents. - Biochem. Soc. Trans. 11: 591-592, 
1983.  

Markandeya, G., Babu, P.R., Lachagari, V.B.R., Reddy, 
A.M.M., Wusirika, R., Bennetzen, J.L.: Identification of 
stress-responsive genes in an indica rice (Oryza sativa L.) 
using ESTs generated from drought-stressed seedlings. - J. 
exp. Bot. 58: 253-265, 2007. 

Matile, P.: Biochemistry of Indian summer: physiology of 
autumnal leaf coloration. - Exp. Gerontol. 35: 145-158, 
2000. 

Morita, R., Sato, Y., Masuda, Y., Nishimura M., Kusaba, M.: 
Defect in non-yellow coloring 3, an a/b hydrolase-fold 
family protein, causes a stay-green phenotype during leaf 
senescence in rice. - Plant J. 59: 940-952, 2009. 

Moussa, H.R., Abdel-Aziz, S.M.: Comparative response of 
drought tolerant and drought sensitive maize genotypes to 
water stress. - Aust. J. Crop Sci. 1: 31-36, 2008. 

Niyogi, K.K., Bjorkman, O., Grossman, A.R.: The role of 
specific xanthophylls in photoprotection. - Proc. nat. Acad. 
Sci. USA 94: 14162-14167, 1997. 

Procházková, D., Wilhelmová, N.: Antioxidant protection 
during ageing and senescence in transgenic tobacco with 
enhanced activity of cytokinin oxidase/dehydrogenase. - 
Biol. Plant. 53: 691-696, 2009. 

Rosenwasser, S., Belausov, E., Riov, J.J., Holdengreber, V.V., 

Friedman, H.: Gibberellic acid (GA3) inhibits ROS increase 
in chloroplasts during dark-induced senescence of 
Pelargonium cuttings. - J. Plant Growth Regul. 29: 375-384, 
2010. 

Sato, Y., Morita, R., Katsuma, S., Nishimura, M., Tanaka, A., 
Kusaba, M.: Two short-chain dehydrogenase/reductases, 
NON-YELLOW COLORING 1 and NYC1-LIKE, are 
required for chlorophyll b and light-harvesting complex II 
degradation during senescence in rice. - Plant J. 57: 120-
131, 2009. 

Schelbert, S., Aubry, S., Burla, B., Agne, B., Kessler, F., 
Krupinska, K., Hörtensteiner, S.: Pheophytin pheophorbide 
hydrolase (pheophytinase) is involved in chlorophyll 
breakdown during leaf senescence in Arabidopsis. - Plant 
Cell 21: 767-785, 2009.  

Smart, C.M.: Gene expression during leaf senescence. - New 
Phytol. 126: 419-448, 1994. 

Srivalli, B., Sharma, G., Khanna-Chopra, R.: Antioxidative 
defense system in an upland rice cultivar subjected to 
increasing intensity of water stress followed by recovery. - 
Physiol. Plant. 119: 503-512, 2003. 

Thomas, H., Howarth, C.J.: Five ways to stay green. - J. exp. 
Bot. 51: 329-337, 2000.  

Yin, H., Chen, Q., Yi, M.: Effects of short-term heat stress on 
oxidative damage and responses of antioxidant system in 
Lilium longiflorum. - Plant Growth Regul. 54: 45-54, 2008. 

Zentgraf, U., Hemleben, V.: Molecular cell biology: are reactive 
oxygen species regulators of leaf senescence? - Progress 
Bot. 69: 117-138, 2008.  

Zhang, Y.H., Chen, L.J., He, J.L., Qian, L.S., Wu, L.Q., Wang, 
R.F.: Characteristics of chlorophyll fluorescence and 
antioxidative system in super-hybrid rice and its parental 
cultivars under chilling stress. - Biol. Plant. 54: 164-168, 
2010. 

 
 
 




