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Abstract
Leaf senescence is the final stage of leaf development. Early senescence has negative impacts on crop productivity,
especially in rice. In this study, early leaf senescence on chromosome 2 mutant, designated as es2, was generated by ethyl
methanesulfonate (EMS) mutagenesis. Senescence symptom in es2 appeared at the late tillering stage, and was coincidence
with elevated level of cell death, sugar content, and facilitated by senescence-associated genes (SAGs) transcription. Further,
oxidative stress such as hydrogen peroxide (H2O2), oxidative stress byproducts such as malondialdehyde (MDA), and
reactive oxygen species (ROS) contents were elevated in es2 while soluble protein content was decreased. Chloroplast
ultrastructure of es2 was filled with larger in size of starch granule and higher in number of osmophilic plastoglobuli, along
with looser thylakoid symptom. At the heading stage, es2 exhibited sharply decreasing of net photosynthetic rate (NPR)
beginning from 14-28 days after heading. Consistently, es2 photosynthetic rate was dramatically lower than wild type (WT)
in flag leaf, the second leaf from top, and the third leaf from top. Using map-based cloning technique, we identified that the
target gene was anchored between RM12538 and RM12729 on the short arm of chromosome 2. Finally, this research
provides a novel early leaf senescence mutant characterization in rice.
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Introduction
Leaf is special organ with an autotrophic property. It
is known as the major source for world’s energy through
its capacity for photosynthesis (Woo et al., 2013). Leaf
senescence is an age-dependent behavior and in
cooperation with internal and external factors. The
process is associated with cellular and organism death
(Lim et al., 2007). The cell death at local spot induces
senescence onset and further expands throughout leaf area.
Typically, loss of chlorophyll initiates at leaf border and
subsequently develops into the internal leaf area.
Dismantle of macromolecule such as lipids, proteins, and
nucleic acids occur shortly after chlorophyll degradation
period and follow by recycle of nutrients to reproductive
tissue or emerging organ (Quirino et al., 2000; Lim et al.,
2007). Elevating of sugar content along with decreasing
of net photosynthetic rate (NPR) initiate leaf senescence
in many cases (Nooden et al., 1997; Wingler et al., 1998;
Quirino et al., 2001; Jongebloed et al., 2004; Wu et al.,
2013; Li et al., 2014). Too early or too late senescence
has negative effect to rice yield. Crop cannot maximize its
full capacity for yield storage in early senescence
circumstance, while nutrient remobilizing is prevented in
too late senescence. Many parameters can be used to
determine senescence symptom in particular mutant.
Reactive oxygen species (ROS) plays an important
role in leaf senescence control (Leng et al., 2017). ROS
and byproducts are simultaneously accumulating
throughout photosynthesis and respiration processes.
Basically, ROS is slowly accumulated in plant at all
growth stage but elevating prone in the presence of biotic
and abiotic stresses. Senescence induces ROS
accumulation, at the same time ROS caused widespread

senescence. Cell and cell component could be damaged
by ROS, where promotion of lipid peroxidation,
degradation of membrane occurs and, consequently,
elevates leaf senescence. To strike against ROS, in order
to avoid cell damage, plant utilized the enzymatic
mechanism such as catalase (CAT) to counteract ROS.
Therefore, measurement of total antioxidant capability (TAOC) is widespread employed for senescence marker
(Navabpour et al., 2003; Chakrabarty et al., 2007).
Malondialdehyde (MDA) is arisen as a result of fatty acid
peroxidation. Further, MDA is useful biomarker to pursue
oxidative stress (Del Rio et al., 2005).
Many genes expressed during the mature leaf period
were inhibited or down regulated at senescence stage
(Gan, 2007). In Arabidopsis, for example, about 10% of
total genes alter transcription level in senescence leaf
(Guo et al., 2004). Although, up to present, no any single
gene was solely accredited for senescence regulatory,
however, it well accepted that senescence was controlled
by molecular genetic mechanism, of which regulated by
various genes (Nam, 1997). Group of genes that upregulate during leaf senescence, designated as Senescence
Associated Genes (SAGs), lead to diminished many
biomolecules content in leaf such as proteins,
chlorophylls, carotenoids, and lipids in leaf. This is likely
due to nutrient recycling process has taken place in
senescence leaf (BuchananWollaston & Ainsworth, 1997;
Lim et al., 2007). SAGs expression level was determined
to ensure that genuine leaf senescence occurred in
particular mutant. To date, enormous senescence
promoting genes have been studied and reported. SGR
promotes chlorophyll degradation and is essential for
chlorophyll breakdown in rice (Jiang et al., 2007).
WRKY80 was up-regulated in response to ABA treatment
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and dark-induced senescence (Ricachenevsky et al., 2010).
OsSWEET5 regulates the galactose distribution, ectopic
expression level induces sugar imbalance, leading to
precocious leaf senescence (Zhou et al., 2014). On the
other hand, senescence interrupting genes have also been
reported. OsDOS and OsTZF1, for example, play negative
role to leaf senescence (Kong et al., 2006; Jan et al.,
2013). SUB1A is ethylene negative mediator and
hindrance senescence (Fukao et al., 2012). Cell cycle and
leaf senescence function is controlled by PECTATE
LYASE-LIKE (PLL) (Leng et al., 2017).
In the present study, we identified a mutant variant of
precocious leaf senescence, es2, which was induced by ethyl
methanesulfonate (EMS), termed es2. We found that
senescing leaf in es2 appeared at late tillering stage. Top
three leaves of es2 turned yellowish along with a number of
senescence parameters favored to senescence characteristic.
Map-based cloning suggests that es2 possibly located on the
short arm of chromosome 2. These findings provide a stateof-the-art evidence for scientific research community
regarding leaf senescence in rice.
Materials and Methods
Plant materials: A premature senescence mutant line,
termed es2, generated from rice cv. Changlijing [Oryza
sativa L. ssp. Japonica cv. Changlijing, (later designated
as WT)], of which was induced by exposure to 1% EMS
mutagen. es2 was crossed with the rice cv. Zhonghui
8015 [Oryza sativa L. ssp. Indica cv. Zhonghui 8015
(8015)]. F2 population was generated for the analysis of
genetic linkage and molecular mapping of es2. WT, es2,
and F2 population were grown at the experimental station
of China National Rice Research Institute (CNRRI) in
Hangzhou, China. DNA samples were extracted from
leaves of F2 population showing senescence phenotype
using CTAB (Cetyltrimethylammonium bromide) as
described by Murray & Thompson (1980). es2 seed use in
this study was M2 generation.
Cell death and sugar content assessment: Cell death
during senescence process was determined using Evans
blue staining solution as previously described (Kong & Li,
2011; Li et al., 2014). The second leaf from top of WT
and es2 were immersed into 10 ml of 0.25% (w/v) Evans
blue solution. Leaves were then incubated for 1-2 days
period and briefly washed in ddH2O and destained by
boiling in 96% ethanol solution for 10 min. The destained
leaves images were captured with digital camera D800
(Nikon, Japan). Soluble sugar content was determined
using anthrone reagent method as previously described
(Shi et al., 2016). Calculation method, based on the
standard curve, was subsequently performed.

Gene
SGR
Osl85
Osh36
RCCR1
OsLOX8
HEMA1
Actin

RNA extraction and quantitative RT-PCR (qRT-PCR)
analysis: Total RNA were extracted from the second leaf
from top at late tillering stage using RNAprep pure Kit
(TIANGEN, China). cDNA was synthesized using
ReverTra Ace quantitative PCR RT Master Mix Kit with
gDNA remover (Toyobo, Japan). qRT-PCR reactions
were conducted using SYBR Premix Ex Taq II (Takara,
Japan) and then performed with Light cycler 480 System
(Roche, Germany). Details of primers are listed in Table 1.
Characterization of chloroplast ultrastructure using
transmission electron microscope (TEM): For TEM
inspection, the top leaf from the WT and the es2 were fixed
using 2.5% glutaraldehyde in phosphate buffer (pH 7.0) for
overnight at 4oC. The specimens were rinsed for three times
in phosphate buffer, and then washed using 2% OsO4 in
phosphate buffer (pH 7.0) at 4oC for 1 h. The samples then
washed further for three times in phosphate buffer and finally
dehydrated in graded series of ethanol (30%-100%). The
samples were embedded in acrylic resin, cut into ultra-thin
sections, stored on uncoated nickel grids, double stained with
uranyl acetate and lead citrate, and photographed using a
TEM Model H-7650 (Hitachi, Japan) at Center of Electron
Microscopy, Zhejiang University.
Photosynthetic
rate
and
agronomic
traits
measurements: Photosynthetic rate measurement was
conducted on sunny day during 9:00-12:00 a.m. every 7
days for 5 weeks starting at the beginning of the heading
date using portable Li-6400XT (LICOR, USA) machine.
The light intensity of measurement was set to be 1,200
µmol m-2 s-1. For agronomic traits, 1,000-grain weight,
grain size, number of grains per panicle, panicle length,
and seed setting rate of the WT and es2 were recorded.
Hydrogen peroxide (H2O2) and superoxide accumulation
assessment: H2O2 accumulation was detected as described
previously (ThordalChristensen et al., 1997). The second leaf
from top of WT and es2 were detached and immersed into
1mg/ml of 3, 3’-Diaminobenzidine (DAB) solution (pH 3.8)
for 8 h under light. After that immersed leaves were boiled in
96% ethanol solution for 10 min. The destained leaves
images were captured with digital D800 (Nikon, Japan).
Superoxide
accumulation
was
assessed
using
nitrobluetetrazolium (NBT). Leaves were immersed into
NBT solution (1 mg/mL NBT, 10 mM NaN3, 10 mM
potassium phosphate buffer, pH 7.8) as described (Mao et al.,
2017). Leaf images were captured with digital camera D800
(Nikon, Japan).

Table 1. List of primers use for qRT-PCR.
Forward primers (5’-3’)
Reverse primers (5’-3’)
AGGGGTGGTACAACAAGCTG
GCTCCTTGCGGAAGATGTAG
GAGCAACGGCGTGGAGA
GCGGCGGTAGAGGAGATG
GCACGGAGGCGAACGA
TTGAGCGGTAGCACCCATT
CGCATTTCCTCATGGAATTT
CTTCTCACGCTGTTTGTCCA
CGATCGACATCAGGGATCTCA
CCACATTGTGCGCGTAGCT
ATGGAGGCCCAAACAATCATC
GCGTAGGACCTCAGCTTCTTGA
CAGGCCGTCCTCTCTCTGTA
AAGGATAGCATGGGGGAGAG
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Dark-induced
senescence
and
chlorophyll
measurements: For dark-induced senescence detached
leaves were kept in dark for 5 days at 30 oC. For
chlorophyll content measurement, ~100 mg of fresh
weight leaves were immersed in 10 ml of 80% acetone
solution. The leaves were kept in the dark at room
temperature for 16 h. and absorbance A645 and A663 were
measured using spectrophotometer DU-800 (BeckmanCoulter, USA) and calculate as previously described
(Kong et al., 2006).
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Results

Reactive Oxygen Species (ROS) is highly accumulated
in es2: Increasing of H2O2 content induces oxidative
reaction by generates nitric oxide and lead to senescence
(Wang et al., 2013). DAB interacts with H2O2 yields darkbrown color on stained leaf. We performed DAB staining
as an indicator of H2O2 accumulation using leaves at ~75
days after sowing date from WT and es2. After DAB
staining, dark-brown color was detected in es2 leaves,
however, pale color was appeared in the WT leaves (Fig.
2a). To determine superoxide radical accumulation, NBT
histochemical staining assay was performed. The result
indicated that es2 leaves contained higher superoxide
content compared to WT, as the blue color was detected in
es2 leaves but not in WT leaves (Fig. 2b). H2O2
accumulation caused leaf senescence and was employed as
one of senescence inducing markers (Liang et al., 2014).
H2O2 content assessment in WT and es2 showed that it was
increased in es2, compared to WT (Fig. 2c). This H2O2
accumulation assessment result was in correspondence with
DAB staining. Moreover, we found that MDA accumulated
at higher level in es2 (Fig. 2d) and T-AOC assessment
result indicated that T-AOC was significantly higher in es2
(Fig. 2e). Overall, ROS assessment results and its related
enzyme activity implied that es2 contained ROS parameter
favored to leaf senescence. CAT transforms H2O2 into
water and oxygen form. It is one of an important enzyme in
many organisms (Chelikani et al., 2004). Our study
indicated that CAT activity in WT was slightly higher than
es2 (Supplemental Fig. 1).

es2 exhibited early leaf senescence at the late tillering
stage: The occurrences of yellow leaf owing to
chlorophyll degradation is the common symptom and
obvious visual changes in senescence leaf (Guo and Gan,
2005). During the seedling stage, the WT and es2 showed
no obvious morphological difference. However, es2
exhibited yellow leaves at the late tillering stage onward.
Early senescence process was noticeable after pronounced
of yellowing leaves at ~75 days after sowing (Fig. 1a).
Further, three upper yellowing leaves of es2 (flag leaves,
the second leaves and the third leaves from top) were
clearly observed since the late tillering stage onward (Fig.
1b). Moreover, chlorophyll content from the second leaf
from top of es2 was significantly lower than WT at ~75
days after sowing (Fig. 1c). Stress occurred during
senescence caused cell death and is irreversible process
(van Doorn & Woltering, 2004). To investigate the
difference of cell death scenario in the WT and es2, the
second leaf from top of WT and es2 at ~ 75 days were
used for histochemical analysis. Evans blue staining
results showed that dark blue color was obviously
observed in the es2 leaves, while it was not stained the
WT leaves (Fig. 1d), indicating that the higher
accumulation in number of dead cells was occurred in es2.
Previous study reported that rising of sugar and
decreasing of protein content is common condition in
senescence leaf (Wingler et al., 1998; Lim et al., 2007).
In the present study, calculated percentage of soluble
sugar in es2 was higher than that of the WT (Fig. 1e),
while soluble protein content in es2 was significantly
lower (Fig. 1f). These results suggested that onset of leaf
senescence was occurred in es2.

Chlorophyll degradation is enhanced in es2: Since
degradation of chloroplast is marker event for leaf
senescence. We further investigated whether chloroplast
structure of es2 was suffered from the senescence using
TEM. The leaf samples of WT and es2 were sampling for
TEM investigation. The condensed thylakoid and grana
with negligible osmophilic plastoglobuli lipoprotein were
observed in the WT (Fig. 3a, c, and e). On the other hand,
the chloroplast structure of es2 contained a number of
chloroplast degradation symptoms compared to WT such
as loosen shaped of thylakoid, altered in grana shape,
larger size of starch granules accumulated in mesophyll
and higher in number of plastoglobuli lipoprotein (Fig. 3b,
d, and f). These results supported that chloroplasts of es2
rapidly degraded, compare to WT.
Since darkness is the powerful tool to assess the
synchronous chlorophyll degradation and usually
conducted in a number of senescence-related studies
(Quirino et al., 2000). In order to investigate the
chlorophyll degradation rate in es2, detached leaves from
WT and es2 were incubated under dark condition with
adaxial up orientation for 5 days. The result showed that
detached leaves of es2 turned almost completely to
yellowish in color while partially of detached leaves from
WT turned into yellow (Fig. 4a). To determine whether
chlorophyll content was different between WT and es2
after 5 days under dark incubation, we test chlorophyll
content from three samples each of WT and es2. The result
indicated that chlorophyll content of detached leaves of es2
were observably lower than those of WT under 5 days in
dark condition (Fig. 4b). To clarify in further detail, before
dark treatment, chlorophyll content ratio of WT: es2 was

Determination oxidative stress and byproducts: For
oxidative stress indicators such as the content of H2O2,
MDA, soluble protein content, CAT, and T-AOC were
assessed using the correspondence kit from Nanjing
Jiancheng technology company (Nanjing, China).
Genetic mapping of es2: The F2 population from the cross
of es2/8015 was utilized for genetic mapping. SSR marker
sequences were retrieved from the previous report
(McCouch et al., 2002) were screened for polymorphic and
further used for mapping. F2 plants exhibit early senescence
were used for chromosome screening throughout the rice
chromosome. Total 102 F2 plants showed early senescence
selected from the cross between es2/8015 were used for
genetic mapping. Genotypes of individual plant in each
marker were read by gel electrophoresis.

2168

~1.46, however, chlorophyll content ratio, after dark
incubation, was raised to ~18.12, indicated that chlorophyll
degradation rate was accelerated in es2 under dark
incubation. We further investigated two SAGs expression
level at 0, 1, and 3 days after dark-induced senescence for
Osh36 and at 0 and 1 days for RCCR1. Osh36 encodes
aminotransferase are only associated with dark-induced
senescence (Lee et al., 2001). RCCR1 controls leaf
senescence, particularly, chlorophyll degradation (Tang et
al., 2011). Expression level of Osh36 and RCCR1 were upregulated in es2 at 1, and 3 days and 1 day after dark
incubation, respectively (Fig. 4c and d).
SAGs expression were activated in es2: SAGs were
assessed in our study to monitor chlorophyll degradation
process. SGR is necessary for chlorophyll breakdown, in
which leaf senescence enhanced its expression. (Jiang et al.,
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2007; Hortensteiner, 2009) Osl85 encodes isocitrate lyase,
and was stimulated by senescence in rice (Lee et al., 2001;
Fukao et al., 2012), OsLOX8 was indirectly controlled leaf
senescence via jasmonic acid (JA) pathway (Peng et al.,
1994; Kong et al., 2006). HEMA1 a photosynthesis
associated gene, encoding NADPH dependent glutamyltRNA reductase is an essential enzyme for chlorophyll
biosynthetic (Lu et al., 2017; Su et al., 2017). In this study,
we conducted qRT-PCR to determine SAGs expression
level between WT and es2. The result showed that SGR,
Osl85, and OsLOX8 expression levels were significantly
up-regulated in es2 (Fig. 5a, b, and c, respectively),
indicating that accelerated breakdown of chlorophyll and
enhanced senescence occurred in es2. Meanwhile, HEMA1
was significantly down-regulated in es2 suggesting that
chlorophyll biosynthesis, particularly, photosynthesis
pathway has been disrupted in es2 (Fig. 5d).

Fig. 1. Morphology comparison of the WT and es2 at ~75 days after sowing. (a) Whole plant, (b) Three upper leaves, (c) Chlorophyll
content from the second leaf from top, (d) Evans blue assay from the second leaf from top, (e) Percentage of soluble sugar, and (f) Protein
content. Data shown are means ± SD of three biological replicates; P value is determined by the Student’s t test; *p≤0.05, **p≤0.01.
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Fig. 2. Reactive oxygen species (ROS) assessment. (a) DAB staining, (b) NBT staining, (c) H2O2 content, (d) MDA content, (e) T-AOC
content. Data shown are mean ± SD of three biological replicates; P value is determined by the Student’s t test; *p≤0.05; **p≤0.01.

Fig. 3. Ultrastructure of chloroplast at mesophyll layer from the second leaf from top of WT and es2 using TEM. (a, c, e) WT
chloroplast ultrastructure. (b, d, f) es2 chloroplast ultrastructure. cp, chloroplast; cw, cell wall; thy, thylakoid; op, osmiophilic
plastoglobuli; sg, starch granule.
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WT, at all the time since heading period onward (Fig. 6a).
Further, we found that NPR of es2 was in the similar
pattern as in WT during first two weeks, but sharply
decreased during 14-28 days after heading stage (Fig. 6a).
It should be noted that lowering of NPR was in
correspondence with lower chlorophyll content from flag
leaves in es2 (Fig. 6b). Further, we investigated NPR of
flag leaf, the second leaf, and the third leaf from top at the
heading period. The result indicated that NPR at the
heading period of es2 was lower than in the WT of all three
upper leaves (Fig. 6c).
To determine whether important agronomic traits in
es2 were affected by decreased NPR, we investigated
several important agronomic traits in the WT and es2.
Expectedly, the grain size of es2 was smaller than that of
WT (Fig. 7a), similarly, both 1000-grain weight and the
number of grains per panicle were also significantly
reduced in es2 (Fig. 7b and c). However, it should be
noted that the panicle length was unaffected in es2 (Fig.
7d and e), and the seed setting rate of es2 had no obvious
difference (Fig. 7f).
Fig. 4. Morphological appearance and molecular marker of wild
type and es2 before and after dark induced senescence. (a)
Detached leaf of WT and es2 before and after 5 days under darkincubation, (b) Chlorophyll content of detached leaf showed in Fig.
4a, (c) Osh36 expression level at 0, 1 and 3 days under dark
incubation, and (d) RCCR1 expression level at 0 and 1 days under
dark incubation. Data shown are mean ± SD of three biological
replicates; P value is determined by the Student’s t test; **p≤0.01.

Preliminary mapping of es2: F1 plant derived from es2
and Zh8015 cross exhibited normal leaf phenotype. In F 2
population, the ratio of normal phenotype: early
senescence was ~3:1 (23:1, α=0.05, df=1, calculate = 0.24,
<23:1 table= 3.84,), suggested that es2 was regulated by a
recessive nuclear gene. Preliminary mapping of es2 was
performed using the golden section strategy, based on the
theory that a closer genetic distance corresponds to a
closer of physical distance (Chi et al., 2008). As a result,
a candidate region was delimited between RM12538 and
RM12729 with 2.8 Mb distance (Fig. 8).
Discussion

c

Fig. 5. Transcription level of some SAGs in wild type and es2.
(a) SGR, (b) Osl85, (c) OsLOX8, (d) HEMA1. Data shown are
means ± SD of three biological replicates; P value is determined
by the Student’s t test; **p≤0.01.

Decreased NPR in es2 results in yield loses: Previous
report demonstrated that leaf senescence reduce
photosynthetic rate (Thomas, 2013), in which affect yield.
In present study, we assessed the net photosynthetic rate
(NPR) of flag leaves of the WT and es2 for 5 weeks,
beginning at the heading period. The results showed that
NPR of es2 was significantly decreased, compare to the

Leaf senescence is the final stage of leaf development.
It is regulated by various genes and associated with
enormous internal and external factors. In present study, we
identified early leaf senescence, termed es2. Here, the
physiological appearance, senescence characteristics, and
mapping of es2 were characterized and interrogated.
Internal soluble sugar content is one of important leaf
senescence marker. Elevation of soluble sugar content
reduces NPR and promotes leaf senescence (Lim et al.,
2007; Shi et al., 2016). In es2, yellowish leaf was
accompanied by higher cell death, higher sugar content, and
lower NPR level compared to WT. These factors probably
contain cross-talk signal and favor each other to promote
leaf senescence in es2. Up-regulation of SAGs, another
senescence marker, is occurred to facilitate chlorophyll
degradation and nutrients remobilization. In es2, SAGs such
as chlorophyll breakdown gene, SGR, and two senescence
stimulating genes, Osl85, and OsLOX8, were up-regulated.
Elevation of the expression level of these marker genes in
es2 might play an important role in control other factors and,
therefore, induce senescence widespread. Up-regulation of
these genes are in consistent with a number of previous leaf
senescence mutant reports (Kong et al., 2006; Fukao et al.,
2012; Liang et al., 2014). Molecular evidence together with
histochemical staining, chloroplast structure and a number
of leaf senescence physiology aspects are according to
expected results from leaf senescence mutant. Further
question is mutant of es2 caused less chlorophyll synthesis
than usual or enhanced chlorophyll degradation process?
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Fig. 6. Correspondence of net photosynthetic rate (NPR) and chlorophyll content of wild type and es2. (a) NPR from flag leaf every 7 days for
5 weeks beginning at heading date period, (b) Chlorophyll content from flag leaves every 7 days for 5 weeks beginning at heading date period,
and (c) NPR of WT and es2 in FL, L2, and L3. FL, flag leaf, L2, the second leaf from top, L3, the third leaf from top at heading period. Data
shown are mean ± SD of three biological replicates. P value is determined by the Student’s t test; **p≤0.01 DAH, days after heading.

Fig. 7. Yield-related agronomic traits of the wild type and es2 related to yield. (a) Grain size, (b) 1000 grain weight, (c) Grain number
per panicle, (d) Panicle morphology, (e) Panicle length, and (f) Percentage of seed-setting rate. Data shown are mean ± SD of five
biological replicates. P value is determined by the Student’s t test *p≤ 0.05; **p≤0.01, Bars = 1 cm.

Fig. 8. Preliminary mapping result of es2 on chromosome 2. Physical mapping was identified by RM12538 and RM12729 markers on
the short arm of chromosome 2.
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Supplemental Fig. 1. ROS enzymatic marker. Catalase (CAT)
activity in WT and es2.

In order to determine oxidative stress and byproducts
level to investigate whether these factors are presented in
es2, oxidative stress such as ROS and its byproducts level
were determined in WT and es2. NBT and DAB assay
indicated that superoxide and H2O2, respectively, were
cumulated in es2 at higher level. Histochemical staining
assay have previously been reported correspondingly and
are proved similar in a number of leaf senescence studies
(Li et al., 2014; Deng et al., 2017; Mao et al., 2017).
Supporting with histochemical assay result, H2O2 and
MDA content were increased in es2, while protein content
and was decreased. The results suggested that
peroxidation occurred, as a result, oxidative stress
increase in es2 and probably cause lowering of CAT level.
Higher MDA content found in es2 is likely because of
higher cell phospholipid has damaged by ROS oxidation
reaction (Del Rio et al., 2005; Bi et al., 2017), therefore,
oxidative stress was higher in es2. These results suggest
that ROS has accumulated in es2 and induces signal
transduction cascade and, finally, resulted in leaf
senescence. In our study, T-AOC activity was increased
in es2, of which unconventional in leaf senescence mutant.
It is possible that higher oxidative stress caused es2
evolve higher T-AOC activity. In addition, as in many
other leaf senescence mutant studies (Li et al., 2014;
Deng et al., 2017), irregular chloroplast ultrastructure was
found in es2. Large size of starch granules and high
amount of plastoglobuli in es2 indicated that plant enters
leaf senescence. Moreover, we speculated that larger size
of starch granules take over grana formation area, and
probably caused energy shortage in es2. Starch hyperaccumulation is the common symptom across leaf
senescence studies (Li et al., 2014; He et al., 2018). We
hypothesized that deficient of energy due to lowering of
NPR and chlorophyll content might serially cause poor
grain filling. In our study, agronomic traits such as grain
size, 1000-grain weight, and grain number per panicle
were reduced in es2. Further, all these detected
physiologies are consistent in other previous leaf
senescence studies (Wu et al., 2013; Li et al., 2014; Deng
et al., 2017). Therefore, we suggest that es2 was true leaf
senescence mutant.

Majority causes of leaf senescence are belonged to
chlorophyll biosynthesis block and/or enhanced of
chlorophyll degradation process. A large number of
chlorophyll biosynthesis mutant have previously been
reported. For instance, sdl, exerts white leaf color during
seedling stage. The elder leaf could slowly recover into
strip green after younger leaf exert thereafter (Qin et al.,
2017). al1 exhibits albino since germination and died after
three leaves stage (Zhao et al., 2016). swl1 exhibits
variegated albino seedlings and could not grow beyond
seedling stage (Hayashi-Tsugane et al., 2014). While
enhanced chlorophyll degradation mutant usually exhibited
yellow leaf during tillering stage. gogat1, yld1, mps1
exhibit normal leaf at seedling stage but leaf turned yellow
during tillering stage (Liu et al., 2016; Deng et al., 2017;
Zeng et al., 2017), suggesting that chlorophyll biosynthesis
mutants usually exhibit normal leaf during seedling stage,
however, deficiency caused by mutate gene lead to
senescence during tillering stage afterward. In present study,
es2 exhibited yellow leaf at late tillering stage, suggesting
that es2 likely fell into enhanced chlorophyll degradation
category. Higher SGR expression level and dark induced
senescence evidenced that es2 contained stimulated
chlorophyll degradation activity. The mutate gene of es2
might function as an inhibitor of chlorophyll degrading
factors or probably transcription factor that negatively
regulated chlorophyll degrading genes.
Defect of chlorophyll maintenance caused by
mutation of the corresponding gene alters leaf
photosynthetic ability is likely caused senescence in es2.
Previous studies indicated that leaf senescence related
function genes have been cloned and characterized.
OsFd‑ GOGAT is likely required for nitrogen recycling
process in rice (Zeng et al., 2017). SGR induces
chlorophyll breakdown reaction (Jiang et al., 2007).
OsSWEET5 is regulates the cross-talk of auxin and
sugar level (Zhou et al., 2014). Two NAC transcription
factors, OsNAC2 and OsNAP, promote leaf senescence
and both are induced by ABA (Liang et al., 2014; Mao
et al., 2017). To our angle, although a number of
senescence-related genes have been identified, however,
because leaf senescence is the complex phenomena and
many genes participate, therefore, novel mutant offers a
crucial opportunity to understand, in some case, new
leaf senescence regulatory network. In our study, es2
treated by EMS exhibited early senescence at late
tillering stage offer an opportunity to investigate novel
senescence mutant. A number of evidences favoring
leaf senescence were uncovered and proved in es2,
suggesting that es2 was genuine senescence mutant and,
therefore, useful for senescence study in rice. Genetic
analysis clearly demonstrated that recessive nuclear
mutant gene caused senescence in es2. Ultimately, es2
was mapped on the short arm of chromosome2 between
RM12538 and RM12729. Further study will be
conducted to narrow down the region in order to
identify senescence responsible gene in es2. Further
study could address precise gene location and in-depth
study of leaf senescence.
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