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ABSTRACT

As the relationship between stay-greenness and drought tolerance in rice is not well known, three stay-green (SG) Rice-induced heir
wildtype, Nagina 22 (N22), were examined. The dark-induced senescence experiment was used to confirm the mutant phenotype.
Agronomic metrics, oxidative stress (0S) related enzyme activity, and transcript profiling of 15 candidate genes involved in chlorophyll
catabolism and senescence were used to assess mutants' performance under well-irrigated and drought stress conditions. The mutants’
whole genome sequencing data was used to derive the sequence information for the potential genes. While SGM-1 and SGM-2
completely lacked senescence, SGM-3 exhibited delayed senescence. Compared to the WT, mutants had steady levels of expression
across time. However, ATG6a transcript abundance was significantly rising with time in SGM-3. Even while all the rice performed better
under drought conditions across the board, only SGM3 had a higher grainyield. The mutants have higher ascorbate peroxidase activity

than N22. Under drought, all 15 genes showed overexpression, with N22 and SGR-30 showing the greatest up regulation.
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INTRODUCTION

Drought stress has become a serious concern to global food
security due to the constant loss in water resource availability
on the one hand and rising utilisation of those same resources
on the other [1-2]. In order to adapt to drought stress, plants
that are rooted in the ground change their morphological,
physiological,and molecular processes [3-5]. Depending on the
stage of growth and length of the stress, a plant's response to
drought will vary in intensity. The magnitude of drought stress
experienced by a plant depends on the growth stage of the plant
and the duration of the stress. Rice (Oryzasativa L.), a monocot
with shallow root architecture but huge water requirement for
cultivation, is more prone to water deficit stress than other
major food crops [6]. Although rice is susceptible to drought
stress at all development stages, reproductive stage stress has
the most negative consequences because it reduces grain yield
[7]. According to [8], drought stress destabilises the
photosynthetic apparatus, which causes changes in the carbon
and nitrogen metabolism and, eventually, a smaller sink size.
Drought tolerance can be achieved in one of two ways: by
completing the life cycle in a shorter amount of time (escape),
or by developing morpho-physiological adaptations like root
architecture, water use efficiency, osmoregulation, stomatal

and non-stomatal limitations, and molecular changes to
withstand the stress condition (true tolerance) [9-11]. Since
chlorophyll, the most abundant pigment on earth is a
phototoxic compound, it is degraded by a highly conserved
autophagy mechanism in plants [12-13. Plant autophagy plays
a crucial role in the onset of leaf senescence while certain
autophagy genes are also involved in stressresponse [14-15].
Leaf senescence, the final stage of plant development, wherein
the shift from the carbon capture phase to the nitrogen
remobilization phase occurs as the final source of nutrient
supply to the developing grains, is a highly regulated molecular
mechanism [16]. Delayed senescence, i.e., stay-green (SG)
phenotype, associated with elevated levels of cytokinins
showed drought tolerance capacity without compromising
yield [17]. SGtraitcan also be a result of better maintenance of
water intake and supply equilibrium after anthesis[18]. The
adverse impact of drought stress can be partially mitigated by
enhanced photosynthetic activity during post- anthesis[19].
Thus mutants with delayed senescence that exhibit prolonged
photosynthetic activity can have enhanced productivity and
better drought tolerance as a result of better water
maintenance. SG mutants with retention of photosynthetic
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activity are termed functional while those without
photosyntheticactivity are termed as cosmetic mutants [20].
Even under well-irrigated conditions, functional stay-green
mutants are of greater value as they possess yield-enhancing
qualities. Several QTLs viz, rdgf2a, rdgf2b, rdgf3, rdgf8a, rdgf9,
rdgf10, qCCAI-9, qCCAJ-9, qRCRJ-9, etc. responsible for SG
phenotype have been mapped in rice, but they have been
reported for their negative correlation with yield [21-23].
Further, a recessive stay green allele, sgr has been mapped on
chromosome 9 which showed type-C SG phenotype with
reduced photosynthetic activity [24-25]. Another cosmetic
mutant was reported with a decrease in chlorophyll a and other
chlorophyll protein complexes but retention of chlorophyll b
and LHC II [26]. Both these mutants had impairment in
chlorophyll catabolism. A type-B functional stay green mutant,
SNU-SG1 was derived from a japonica cultivar by EMS-induced
mutagenesis. This mutant showed a delayed decline in the rate
of photosynthesis and chlorophyll content compared to some of
the elite japonica cultivars. Though QTLs for the functional
stay-greenness in this mutant have been mapped on
chromosome 9, the molecular basis is not yet known [27-31].
The present study was undertaken with the objective of
characterizing three rice for their stay-greenness, and drought
tolerance ability and to understand the molecular aspects
behind their association between stay-greenness and drought
tolerance.

Materials and Methods

Plant materials and dark-induced senescence assay

Four individual flag leaves were labeled at the heading stage to
measure the photosynthetic activity of SG mutants and WT. The
net photosynthetic rate was measured using a portable
photosynthesis system (Li-6400XT, LI-COR Biosciences,
Lincoln, NE, USA) at 11:30-12:30 hrs from the 7th day after
anthesis till physiological maturity under 1200 pmol photon
m-2 s-1 light intensity. The light was provided by a red/blue
LED light source system in both years. The gas exchange
parameters including (pmol m-2 s-1), (mol m-2 s-1),
(umol mol-1), and (mmol m-2 s-1) were acquired. The
atmospheric CO2 concentration, air temperature, and relative
air humidity were 380-390 pmol mol-1, 26-28°C, and
60.21-65.10%, respectively, during the data acquisition period
ofboth study years.

Sampling for candidate gene expression profiling under DIS
In order to study the expression pattern of the candidate genes
under senescence, it was important to conduct the DIS assay
without detaching the flagleaf from the plant. To provide a dark
environment to the flag leaves in-vivo, a modified protocol by
[28] was followed. A scaffold was made using aluminum foil
around the flag leaf which was wrapped with butter paper to
minimize the high temperature effect on the leaf. Sampling was
done on Day-0, Day-3, Day-6, and Day-9 in three biological
replicates.

Drought stress treatment and sampling

Three varieties of SG rice, designated SGR10, SGR20, and
SGR30, were cultivated alongside N22 in order to test each
variety's ability to withstand drought. At the booting stage,
drought stress was produced by denying water for ten days.
Physiological parameters such as relative water content (RWC),

chlorophyll content, and agronomical characters namely, plant
height, panicle length, flag leaf length, number of productive
tillers (NPT), and yield per plot were recorded. Flag leaf
samples were collected after the drought stress period for gene
expression analysis and enzymatic studies. For comparison of
gene expression and enzyme activity under drought, flag leaf
samples from the well-irrigated control plants grown in the
IARI farm, but not subjected to DIS assay were used. The
harvest index (HI) under well-irrigated conditions was
calculated for the SG mutants and N22 by weighing the shoot
biomass and the grain weight. HI was expressed in terms of the
percentage of grain weight to shootbiomass ratio.

RNA extraction and gene expression profiling

15 candidate genes were chosen for the expression analysis of
senescence-associated genes, including genes involved in
autophagy and senescence (ATG4a, ATG5a, ATG6a, ATG7, ATGS,
Fd-GOGAT, SAG12), chlorophyll catabolism (NYC1, NYC3, NOL,
SGR, PAO, RCCR1, CHL), and genes that regulate oxidative and
drought stress (DREB2A).The details of the primers used are
given in Supplementary Table 1.

Total RNA was isolated by the Trizol method from flag leaves
which were collected from drought treatment plots (sampled at
10 days after withholding water) and well-watered plots
subjected to DISassay on Day-0, Day-3, Day-6, and Day-9.DNase
treatment was carried out using Turbo DNA DNase free
(Ambion, USA) according to the manufacturer's instruction to
get rid of genomic DNA contamination. The integrity and
quality of the RNA were checked on 1.5% agarose gel. RNA
concentration was determined using Nanodrop, ND-8000
spectrophotometer (Thermo Fisher Scientific, USA). RNA
samples with good quality and integrity were used for cDNA
synthesis. For single-stranded cDNA synthesis 1pg of total RNA
along with dNTP, reverse transcriptase (RT) enzyme, buffer,
oligo-dT, and hexamer primers fromSuperscript III first strand
synthesis kit (Thermo Fisher Scientific, USA) were used. Semi-
quantitative and quantitative RT-PCR was performed to analyze
the expression profile of candidate genes. cDNA was diluted 5
fold and used as a template for Semi-quantitative and qRT-PCR.
Actin was used as the housekeeping gene for normalization. For
semi-quantitative PCR, the following reaction condition was
used: initial denaturation at 94 °C for 5 min, 30 cycle of 94 °C for
30s, 60 °C for 30s, and 72 °C for 1 min with a final extension of
72°Cfor 7 min. The qRT-PCR reactions had total volume of 10 pl
with 10 mM of each gene-specific primer, diluted ROX, 1 pl
c¢DNA (1/5 dilution), Brilliant-III ultra-fast SYBR Green qPCR
master mix (Agilent Technologies), and RNase-free water. The
experiment was performed on the AriaMX Real-time PCR
system (Agilent Technologies). To check the specificity of PCR,
amplificationmelt-curve analysis was carried out at the end of
the PCR. Three biological and two technical replicates were
used for each experiment and analysis was done by the Livak
method. Results were expressed as fold change with reference
to the control samples.

Enzyme assay

Leaf extracts for superoxide dismutase (SOD; EC 1.15.1.1),
Glutathione reductase (GR; EC 1.6.4.2), Ascorbate peroxidase
(APX; EC 1.11.1.1) and Catalase (EC 1.11.7.6) was prepared
from the flag leaf of control and drought samples. The samples
were pre-frozen in liquid nitrogen to prevent proteolytic
activity, and ground in 3 ml extraction buffer containing 0.1 M
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phosphate buffer (pH 7.5) and 0.5 mM EDTA. Extracts were
centrifuged for 20 min at 15,000 g and the supernatant was
collected and used for the enzyme assay. The concentration of
the extracted protein was estimated by the Bradford method
before performing enzyme assays. Each enzyme assay was
scaled down to a miniprep of 200 pl volume and the
spectrophotometric measurements were done in a 96-well
plate reader (Varioskan™, Thermo Scientific, USA). Enzyme
assays were performed using three biological and three
technical replicates. SOD, APX, and GR activity were assayed
and the activity of respective enzymes was calculated as
explained in [29]. Catalase (CAT) was assayed by measuring the
disintegration of H202. The reaction mixture (200 ul) consisted
of 10 pl of dilute enzyme extract and 100 pl of 0.1 M phosphate
buffer (pH 7) and 60 pl of water. The reaction was initiated by
adding 30 pl of 75 mM H202. A decrease in absorbance at 240
nm was observed every 30 s for 3 min with UV- visible
spectrophotometer. The molar extinction coefficient of 39.4
M-1 cm-1 was used for the calculation of enzyme activity.

Statistical analysis

The data in all figures were expressed as mean standard error
(SE). Normality and homogeneity of variances were tested
through Kolmogorov-Smirnov and Levene testing, respectively.
One-way analysis of variance (ANOVA) was conducted to
understand the differences among the genotypes under both
well-irrigated and drought treatments. Tukey's test was
conducted for mean comparisons. All these were carried out
using SPSS package v.19.

Sequence analysis

The whole genome sequence resource of these three mutants
and the WT are readily available to us [29]. Structural
variations between the WT and the three mutants were
identified for the 15 candidate genes selected for expression
analysis in this study. High-quality reads from the mutants were
mapped directly onto the N22 genic sequence assembly using
bwa v0.7.12 [30]. The sequences of the candidate genes from
the mutants and WT were extracted using
bedtoolsgetfasta[31]. SNPs were called and amino acid changes
were identified using an in-house Python script.

Results

DIS assay ofthe SG mutants

The initial chlorophyll concentration (day 0) was the highest in
the mutant, SGM-2 (4.97 mg g-1) followed by SGM-1 and N22
with nearly equal chlorophyll content (~4.5mg g-1) while SGM-
3 had the least chlorophyll content (Fig. 1A). Invariably, all the
three mutants had higher chlorophyll content than the wild
type (WT) on day 10. The rate of decline in chlorophyll content
was gradual and the slowest in SGM-3 which showed signs of
deep decline only on day 8. SGM-2 showed a sharp decline in
chlorophyll content on day 2 and on day 8. SGM-3 was nearly
similar to N22 in appearance on day 10 while the other two
mutants remained green even on day 10 (Fig. 1B and 1C).
Further, on physiological maturity, SGM-1 and SGM-2 panicles
remained completely green while SGM-3 turned brown with
some tinges of greenness (Fig. 1D). Thus all three mutants
proved to be of stay-green type by the DIS assay (Figs. 1A).
While SGM-1 and SGM-2 showed complete lack of senescence,
suggesting impairment in chlorophyll metabolism, SGM-3
showed delayed senescence.

Performance of the thestay-green mutants under drought
stress

Under drought, the RWC content of all four lines was
significantly different from that of well-irrigated control.
SGM20 had the highest RWC under both treatments (82.2 %
under well-irrigated and 80% under drought stress) and it also
showed the lowest reduction in RWC (2.5%) under drought
stress. SGM-30 though had the lowest RWC under both the
treatments the % reduction in RWC under stress was minimal
(4%). Though N22 and SGM-1 had similar RWC under well-
irrigated (~80%) and drought stress (75%) conditions, they
showed a steep decline in RWC under stress (7.5 % and 6.5 %
respectively). SGR-30 retained its chlorophyll content almost
unchanged under drought stress, while the other two mutants
showed minimal differences. Overall, under drought, the
change in chlorophyll content was not significant in the
mutants while WT showed a steep and significant decline. For
the agronomic traits also, the WT showed a significant
reduction in performance under drought treatment. However,
the SG mutants behaved differently for different traits. For
instance, the drought did not have any influence on the plant
height of the SG mutants Moreover, SGM-2 and SGM-3 did not
show any alterations in NPT under drought. However, the most
important trait, yield/ plot (g m-2) indicated that only the WT
and SGM-3 performed better under drought stress though
there was a decline in their performance (~130 g m-2)
compared to the irrigated control (~150 g m-2). The other two
SG mutants, SGM-1 and SGM-2 showed very poor performance
under both the treatments for yield (100-110 g m-2) though
they did not show any reduction in performance under drought
stress compared to the control conditions. Thus, the three SG
mutants performed better than the WT under drought stress in
terms of both the physiological and agronomic parameters
other than yield; only SGM-3 had the best performance among
the mutants foryield.

Oxidative stress-associated enzyme studies on the mutants
underdrought stress

All four oxidative stress management (OSM) related enzymes,
APx, GR, SOD, and CAT showed enhanced activity under
drought stress compared to well-watered control conditions in
the three mutants and the WTshowing that all four lines had
better OSM under drought (Fig. 5A to 5D). The only exception
was the WT for APx activity. In terms of enzyme activity under
drought stress, no definite hierarchy in performance emerged
among the mutants and the WT could be found, as for different
enzymes, different lines performed the best. For APx enzyme,
SGM-1 and SGM-2 showed the highest activity while for GR the
highest activity was seen in SGM-3. N22, a drought-tolerant
genotype, performed better than the mutants with respect to
catalase activity whereas for SOD, SGM-1 and N22 activity were
on par (Fig. 5Cand 5D). Comparison in terms of 'fold increase in
enzyme activity under drought' clearly showed that SGM-3 was
the best performer, as it had the highest fold increase for APx
(1.65) and GR (2.89) and the second best fold increase for SOD
activity (Supplementary Table 3).

Expression analysis of the chlorophyll catabolism and
senescence-related genes under drought

Upregulation of DREB2A in all four genotypes under drought
conditions indicated that drought stress was really experienced
by the plants (Fig. 6). Further, all 15 genes showed upregulation
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from less than one fold (0.3) to 27.4 fold across the SG mutants,
and the WT indicating moderate to high response to drought
(Fig. 6). Among the five autophagy associated genes, N22
showed drastic upregulation in all the five genes (8 to 27 fold)
compared to the mutants, except for SGM-3 in case of ATG4a
and ATG7. In both these genes, SGM3 showed more
upregulation (13 fold) than N22 (7-8 fold). SGM-3 also had the
highest upregulation for NOL, SGR, and PAO while SGM-1
showed the highest expression for NYC1 and SAG12. SGM-2
showed the highest upregulation only for CHL. Further, GR
involved in OSM and Fd-GOGAT involved in nitrogen
remobilization showed higher expression in N22 than in the
mutants. Thus, overall SGM-3 and N22 differed from the other
two mutants in their expression of genes associated with
senescence and chlorophyll catabolism under drought.

Discussion

All three mutants showed enhanced chlorophyll retention both
under dark incubation and drought. While SGM-10 and SGM-20
retained higher levels of chlorophyll throughout the DIS time
period, SGM-3 maintained a consistent level followed by a
decline at the end. This phenomenon elucidates the nature of
the cosmetic and functional stay-green phenotype respectively
[35]. Though the SGR-30 mutant was smaller in stature than
N22,with asignificantreduction in PH, FLL, and NPT, itdid have
grain yield equivalent to the WT, and N22 under irrigated
conditions (Fig. 4). On the other hand, SGM-1 and SGM-2 with
bigger stature than the WT, produced grain yield much lesser
than the WT. Such an increase in biomass without accompanied
increase in grain yield has been reported in rice transgenics
with delayed leaf senescence [33] and this could be a typical
feature of cosmetic SG mutants [34]. Thus, SGM-1 and SGM-2
were inferred as cosmetic SG mutants while SGM-3 was a
functional SG mutant.

For biomass-related and physiological traits, the SG mutants
showed the leastreduction in their performance under drought
stress compared to the control. Hence, the SG mutants were
certainly better than the WT for the secondary traits under
droughtstress. As SGM-3 alone is a functional SG mutant it

could perform equally well for grain yield too under drought.
Among the wide range of mechanisms contributing to drought
tolerance and leaf senescence, a drastic increase in the ROS
levels due to alterations in the electron transport chain leading
to cell death is one of them ((Palma et al, 2006; Khanna-
Chopra., 2012). Nagina 22 is known for its better oxidative
stress management mechanism under drought [36-37]. It was
demonstrated by Prakash et al., (2016) that N22 had a better
response for SOD and GR but not for APx through enzyme
activity, gene sequence, and protein stability studies. In the
current study, the same trend was found with additional
information on catalase in which again N22 was found to give a
better response under drought. The SG mutants though more or
less had the same response akin to N22 under drought for these
enzymes, they did show drastic enhancement in APx activity
suggesting that rice SG mutants do have better drought
tolerance, as found in sorghum and wheat [38]. SGM-3 mutant
had the best expression for GR under dark incubation in the
time-course analysis through expression and enzyme activity
studies, compared to the other SG mutants and the WT,
indicating that the oxidative damage during senescence was
very limited in this mutant.

Fd-GOGAT is the primary enzyme for photorespiration and N
assimilation of grains [39] for which SGM-2 performed the
poorest under dark incubation while both SGM-1 and SGM-2
showed poor performance under drought. Only SGM-3 showed
a moderate performance for this enzyme showing that the N
assimilation in this mutant is functional. The contrasting
transcript level for the autophagy-related genes in SGM-1 and
SGM-2, compared to N22 clearly showed that senescence is
severely impaired in these mutants. As leaf senescence is a
major determinant of yield (Jordan et al.,, 2012), the
impairment in senescence resulted in their low yield potential.
In contrast, the transcript levels of SGM-3 matched that of N22
for the autophagy-related genes, especially, in the latter part of
the time-course analysis showing that senescence is delayed in
this mutant but not impaired which was also corroborated by
itsbetter performance in grain yield.

Table 1:
S. SNP Amino acid Amino Acid
Gene Name | Gene ID . SNP Change .
No. position position Change
1 ATG5 0s02g0117800 | 365 T? C 122 L? P
2293 A? G 765 v
3877 A?T 1293 I?7 L
2 Fd- GOGAT 0s07g0658400 | 3905 c?T 1302 A?V
4088 A? C 1363 Q?P
4249 G? A 1417 V?1
3 NYC1 0s01g0227100 | 161 c?G 54 P? R
1394 G? C 465 c?S
4 NYC3 0s06g0354700
44 G? C 15 c?S
34. © 2023 ACTA Botanica Plantae. All Rights Reserved.
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Figure Legend
Fig. 1: Time-course relative gene expression analysis of 15 genes involved in chlorophyll catabolism, senescence and nitrogen
assimilation in three stay-green mutants (SGM1 to SGM3) and the wild type, Nagina 22 (N22) under darkincubation.

Chlorophyll Conc (mg/g)

Day0 Dayl

Day2 Day3 Dayd Day: Dayb Day?

+ 5GM1

m 56M2
5GM3

- N22

Dayd Day9 DaylO

Panicle at physiological
maturity

-

-

-

\W

o

]

= e

Rl T

References:

Abdelkhalik, A. F, Shishido, R., Nomura, K., &Ikehashi, H.
(2005). QTL-based analysis of leaf senescence in an
indica/japonica hybrid inrice (Oryzasativa L.). Theoretical
and applied genetics, 110(7),1226-1235.

Balazadeh, S. (2014). Stay green does not always stay
green. Molecular plant, 7(8),1264-1266.

Bhadula, S. K., Yang, G., Sterzinger, A., &Ristic, Z. (1998).
Synthesis of a family of 45 ku heat shock proteins in a
drought and heat resistant line of maize under controlled
and field conditions. Journal of plant physiology, 152(1),
104-111.

Borrell, A. K., Hammer, G. L., & Douglas, A. C. (2000). Does
maintaining green leaf area in sorghum improve yield
under drought? I. Leaf growth and senescence. Crop
Science,40(4),1026-1037.

35.

© 2023 ACTA Botanica Plantae. All Rights Reserved.



Arvind Kumar Singh., ACTA Botanica Plantae (2023)

10.

11.

12.

13.

14.

15.

16.

17.

Borrell, A. K., Hammer, G. L., &Henzell, R. G. (2000). Does
maintaining green leaf area in sorghum improve yield
under drought? II. Dry matter production and yield. Crop
Science, 40(4),1037-1048.

Bray, E. A., Bailey-Serres, ]., &Weretilnyk, E. (2000).
Biochemistry and molecular biology of plants. Rockville:
American Society of Plant Physiologists, 1158-1203.

Cha, K. W, Lee, Y.]., Koh, H.]., Lee, B. M., Nam, Y. W,, &Paek, N.
C. (2002). Isolation, characterization, and mapping of the
stay green mutant in rice. Theoretical and Applied
Genetics, 104(4),526-532.

Chaves, M. M., Flexas, ]J.,, &Pinheiro, C. (2009).
Photosynthesis under drought and salt stress: regulation
mechanisms from whole plant to cell. Annals of botany,
103(4),551-560.

Dong, ], & Chen, W. (2013). The role of autophagy in
chloroplast degradation and chlorophagy in immune
defenses during Pst DC3000 (AvrRps4) infection. PLoS
One, 8(8),e73091.

Fang, Z., Bouwkamp, J. C., &Solomos, T. (1998).
Chlorophyllase activities and chlorophyll degradation
during leaf senescence in non-yellowing mutant and wild
type of Phaseolus vulgaris L. Journal of Experimental
Botany, 49(320),503-510.

Farooq, M., Wahid, A., Kobayashi, N., Fujita, D., & Basra, S. M.
A. (2009). Plant drought stress: effects, mechanisms and
management. In Sustainable agriculture (pp.153-188).
Springer, Dordrecht.

Gentinetta, E., Ceppl, D., Lepori, C., Perico, G., Motto, M.,
&Salamini, F. (1986). A major gene for delayed senescence
in maize. Pattern of photosynthates accumulation and
inheritance. Plant Breeding, 97(3),193-203.

Hortensteiner, S. (2009). Stay-green regulates chlorophyll
and chlorophyll-binding protein degradation during
senescence. Trendsin plantscience, 14(3),155-162.

Huij, Z,, Tian, F. X,, Wang, G. K,, Wang, G. P, & Wang, W.
(2012). The antioxidativedefense system is involved in the
delayed senescence in a wheat mutant tasgl. Plant cell
reports,31(6),1073-1084.

Jiang, G. H., He, Y. Q,, Xu, C. G, Li, X. H,, & Zhang, Q. (2004).
The genetic basis of stay-green in rice analyzed in a
population of doubled haploid lines derived from an indica

by japonica cross. Theoretical and Applied Genetics,
108(4), 688-698.

Jordan, D. R., Hunt, C. H., Cruickshank, A. W,, Borrell, A. K,,
&Henzell, R. G. (2012). The relationship between the stay-
green trait and grain yield in elite sorghum hybrids grown
in a range of environments. Crop Science, 52(3), 1153-
1161.

Kusaba, M., Ito, H., Morita, R., Iida, S., Sato, Y., Fujimoto, M.,

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kawasaki S, Tanaka R, Hirochika H, Nishimura M& Tanaka,
A. (2007). Rice NON-YELLOW COLORINGT1 is involved in
light-harvesting complex Il and grana degradation during
leafsenescence. The Plant Cell, 19(4), 1362-1375.

Kato, Y., Kamoshita, A., Yamagishi, ], & Abe, ]. (2006).
Growth of three rice (Oryzasativa L.) cultivars under
upland conditions with different levels of water supply.
Plant production science, 9(4), 422-434.

Khanna-Chopra, R. (2012). Leaf senescence and abiotic
stresses share reactive oxygen species-mediated
chloroplastdegradation. Protoplasma, 249(3),469-481.

Lafitte, H.R., Yongsheng, G., Yan, S., & Li, Z. K. (2006). Whole
plant responses, key processes, and adaptation to drought
stress: the case of rice. Journal of experimental botany,
58(2),169-175.

Li, H., & Durbin, R. (2009). Fast and accurate short read
alignment with Burrows-Wheeler transform.
bioinformatics, 25(14),1754-1760.

Lima, ]J. M., Nath, M., Dokku, P,, Raman, K. V., Kulkarni, K. P,
Vishwakarma, C., Sahoo SP, Mohapatra UB, Mithra SV,
Chinnusamy V, Sarla N, Seshashayee M, Singh K,Singh AK,
Singh NK, Sharma RP, Mohapatra T.& Robin, S. (2015).
Physiological, anatomical and transcriptional alterations
in a rice mutant leading to enhanced water stress
tolerance. AoB Plants, 7.

Lin, Y, Cao, M,, Xu, C., Chen, H., Weij, ]., & Zhang, Q. (2002).
Cultivating rice with delaying leaf-senescence by P_
(SAG12)-IPT gene transformation. Acta Botanica Sinica,
44(11),1333-1338.

Liu, H., Mei, H,, Yu, X,, Zou, G, Liu, G., & Luo, L. (2006).
Towards improving the drought tolerance of rice in China.
Plant Genetic Resources, 4(1),47-53.

Livak, K. J., &Schmittgen, T. D. (2001). Analysis of relative
gene expression data using real-time quantitative PCR and
the 2— AACT method. methods, 25(4), 402-408.

Luo, P, Ren, Z., Wy, X,, Zhang, H., Zhang, H., & Feng, ]. (2006).
Structural and biochemical mechanism responsible for the
stay-green phenotype in common wheat. Chinese Science
Bulletin, 51(21),2595-2603.

Michaelj, S., Galili, G., Genschik, P, Fernie, A. R., &Avin-
Wittenberg, T. (2016). Autophagy in plants-what's new on
the menu?. Trendsin Plant Science, 21(2), 134-144.

Mohapatra, T, Robin, S., Sarla, N., Sheshashayee, M., Singh,
A.K, Singh, K., Singh .N.K,AmithaMithra.S.V& Sharma, R. P.
(2014, March). EMS induced mutants of upland rice
variety Nagina22: generation and characterization. In Proc
Indian Natl SciAcad (Vol.80,No. 1, pp. 163-172).

Palma, J. M., Jiménez, A., Sandalio, L. M., Corpas, F. ],
Lundqvist, M., Gomez, M.,Francisca Sevilla .,Luis A del Rio
(2006). Antioxidative enzymes from chloroplasts,

36.

© 2023 ACTA Botanica Plantae. All Rights Reserved.



Arvind Kumar Singh., ACTA Botanica Plantae (2023)

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

mitochondria, and peroxisomes during leaf senescence of
nodulated pea plants. Journal of Experimental Botany,
57(8),1747-1758.

Pandey, V., & Shukla, A. (2015). Acclimation and tolerance
strategies of rice under drought stress. Rice Science, 22(4),
147-161.

Pierce, R. 0., Knowles, P. F., & Phillips, D. (1984).
Inheritance of Delayed Leaf Senescence in Soybean 1. Crop
science, 24(3),515-517.

Poli, Y., Basava, R. K., Panigrahy, M., Vinukonda, V. P,, Dokula,
N. R, Voleti, S. R.,Subrahmanyam Desiraju&Neelamraju, S.
(2013). Characterization of a Nagina22 rice mutant for
heattolerance and mapping of yield traits. Rice, 6(1), 36.

Price, A. H., Cairns, ]. E., Horton, P, Jones, H. G., & Griffiths, H.
(2002). Linking drought-resistance mechanisms to
drought avoidance in upland rice using a QTL approach:
progress and new opportunities to integrate stomatal and
mesophyll responses. Journal of experimental botany,
53(371),989-1004.

Quinlan, A.R,, & Hall, . M. (2010). BEDTools: a flexible suite
of utilities for comparing genomic features.
Bioinformatics, 26(6),841-842.

Rivero, R. M., Kojima, M., Gepstein, A., Sakakibara, H.,
Mittler, R., Gepstein, S., &Blumwald, E. (2007). Delayed leaf
senescence induces extreme drought tolerance in a
flowering plant. Proceedings of the National Academy of
Sciences, 104(49),19631-19636.

Sakuraba, Y, Lee, S. H,, Kim, Y. S., Park, O. K., Hortensteiner,
S., &Paek, N. C. (2014). Delayed degradation of
chlorophylls and photosynthetic proteins in Arabidopsis
autophagy mutants during stress-induced leaf yellowing.
Journal of experimental botany, 65(14),3915-3925.

Sanchez, A. C., Subudhi, P. K., Rosenow, D. T., & Nguyen, H. T.
(2002). Mapping QTLs associated with drought resistance
in sorghum (Sorghum bicolor L. Moench). Plant molecular
biology, 48(5-6),713-726.

Schittenhelm, S., Menge-Hartmann, U., & Oldenburg, E.
(2004). Photosynthesis, carbohydrate  metabolism, and
yield of phytochrome-B-overexpressing potatoes under
differentlightregimes. Crop Science, 44(1),131-143.

Sevanthi, A. M., Kandwal, P.,, Kale, P. B., Prakash, C.,
Ramkumar, M. K,, Yadav, N., Mahato AK ., Sureshkumar V,
Behera M, Deshmukh RK, Kar MK, Manonmani S,
Muthurajan R, Gopala KS, Neelamraju S, Sheshshayee MS,
Swain P, Singh AK., Singh NK, Mohapatra T, Sharma
RP.&Jeyaparakash, P. (2018). Whole Genome
Characterization of a Few EMS-Induced Mutants of Upland
Rice Variety Nagina 22 Reveals a Staggeringly High
Frequency of SNPs Which Show High Phenotypic Plasticity
Towards the Wild-Type. Frontiers in plantscience, 9.

Spano, G., DiFonzo, N., Perrotta, C., Platani, C., Ronga,

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51

52.

G., Lawlor, D. W.,, Napier JA&Shewry, P. R. (2003).
Physiological characterization of 'stay green'mutants in
durum wheat. Journal of experimental botany, 54(386),
1415-1420.

Subramanian, D. (2012). Water Deficit Condition Affecting
Rice Production-Challenges and Prospects. In Crop
Production Technologies. InTech.

Swamy, B. M., Shamsudin, N. A. A, Rahman, S. N. A,
Mauleon, R, Ratnam, W,, Cruz, M. T. S., & Kumar, A. (2017).
Association mapping of yield and yield-related traits
under reproductive stage drought stress in rice
(Oryzasativa L.). Rice, 10(1), 21.

Talla, S. K., Panigrahy, M., Kappara, S., Nirosha, P,
Neelamraju, S., &Ramanan, R. (2016). Cytokinin delays
dark-induced senescence in rice by maintaining the
chlorophyll cycle and photosynthetic complexes. Journal
of experimental botany, 67(6),1839-1851.

Tanaka, A., & Tanaka, R. (2006). Chlorophyll metabolism.
Currentopinionin plantbiology, 9(3), 248-255.

Thomas, H., &Ougham, H. (2014). The stay-green trait.
Journal of Experimental Botany, 65(14), 3889-3900.

Thomas, H., & Howarth, C. ]. (2000). Five ways to stay
green. Journal of experimental botany, 51(suppl_1), 329-
337.

Tian, F, Gong, ], Zhang, ]J., Zhang, M., Wang, G., Li, A, &
Wang, W. (2013). Enhanced stability of thylakoid
membrane proteins and antioxidant competence
contribute to drought stress resistance in the tasgl wheat
stay-green mutant. Journal of experimental botany, 64(6),
1509-1520.

Vadez, V., Deshpande, S., Kholova, J., Ramu, P, Hash, C. T,
Varshney, R., & Tuberosa, R. (2013). Molecular breeding for
stay-green: progress and challenges in sorghum. Genomic
applications to crop breeding, 2,125-141.

Vijayalakshmi, K., Fritz, A. K., Paulsen, G. M., Bai, G,
Pandravada, S., & Gill, B. S. (2010). Modeling and mapping
QTL for senescence-related traits in winter wheat under
high temperature. Molecular Breeding, 26(2),163-175.

Waluly, R. S., Rosenow, D. T,, Wester, D. B., & Nguyen, H. T.
(1994). Inheritance of the stay green trait in sorghum.
Crop Science, 34(4),970-972.

Wang, W, Vinocur, B., & Altman, A. (2003). Plant responses
to drought, salinity and extreme temperatures: towards
genetic engineering for stress tolerance. Planta, 218(1), 1-
14,

Wang, P, Mugume, Y., &Bassham, D. C. (2017, July). New
advances in autophagy in plants: regulation, selectivity
and function. In Seminars in cell & developmental biology.
AcademicPress.

37.

© 2023 ACTA Botanica Plantae. All Rights Reserved.



Arvind Kumar Singh., ACTA Botanica Plantae (2023)

53.

54.

Weaver, L. M., &Amasino, R. M. (2001). Senescence is
induced in individually darkened Arabidopsis leaves, but
inhibited in whole darkened plants. Plant Physiology,
127(3),876-886.

Xu, W, Subudhi, P. K, Crasta, O. R., Rosenow, D. T,, Mullet, .
E., & Nguyen, H. T. (2000). Molecular mapping of QTLs
conferring stay-green in grain sorghum (Sorghum bicolor
L.Moench).Genome, 43(3),461-469.

558

56.

Yue Bing., Wei-Ya, X. U. E,, Li-Jun, L. U. O., & Yong-Zhong, X. L.
N. G. (2006). QTL analysis for flag leaf characteristics and
their relationships with yield and yield traits in rice. Acta
GeneticaSinica, 33(9),824-832.

Zeng,D.D,, Qin, R, Li, M., Alamin, M., Jin, X. L,, Liu, Y., & Shi, C.
H. (2017). The ferredoxin-dependent glutamate synthase
(OsFd-GOGAT) participates in leaf senescence and the
nitrogen remobilization in rice. Molecular Genetics and
Genomics, 292(2),385-395.

38.

© 2023 ACTA Botanica Plantae. All Rights Reserved.



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8

