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Abstract
FTL10 is an early-flowering mutant of rice (Oryza sativa L.) with a premature senescent phenotype. Early leaf senescence 
can cause negative effects on rice yield. Moreover, rice leaves are damaged under high-light conditions, which promote rice 
senescence. Artificial shading can reduce the amount of light absorbed by rice leaves. The aim of this study was to investi-
gate the effects of shading at noon (11:30–14:00) on the senescence and yield of FTL10. The results showed that shading 
improved the total antioxidant capacity of rice leaves, reduced the accumulation of reactive oxygen species (ROS) and 
reduced the expression of genes related to senescence. In the shaded group, the degradation rate of chlorophyll and Rubisco 
proteins, which are related to photosynthesis, was relatively slow, and the photosynthetic rate was relatively high. Compared 
with those under the natural growth conditions, the proportion of photosynthetic electron allocated to photorespiration in 
the shaded group rice leaves was lower, and the proportion allocated to carbon fixation was higher. The yield data showed 
that the single-spike weight and yield per plant of rice significantly increased after shading. Therefore, our research shows 
that shading at noon could delay FTL10 senescence and increase yields.
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Introduction

Rice (Oryza sativa L.) is the staple crop for approximately 
half of the global population (Iizumi and Ramankutty 2016). 
Rice yields are mainly provided by the photosynthesis of 
leaves after heading (Mae 1997). Leaf senescence is consid-
ered the final stage of leaf development and is vital for plant 
fitness (Lim et al. 2007), but it is an important factor that 
affects crop yield traits (Schippers et al. 2015). Leaf senes-
cence can be triggered by many endogenous and external 
factors (Lee et al. 2015).

Reactive oxygen species (ROS), as an important factor, 
can not only stimulate the expression of senescence genes 
as signaling molecules (Juvany et al. 2013) but also accel-
erate senescence by destroying biological macromolecules 
as toxic substances (Taheri et al. 2014). A previous study 

showed that ROS play a dual role in the regulation of leaf 
senescence (Pintó-Marijuan and Munné-Bosch 2014). ROS 
are produced for many reasons, one of which is in response 
to excess light energy (Zhang et al. 2016). ROS can be pro-
duced by photosystem II (PSII) and photosystem I (PSI) 
when excess energy occurs within the electron transport 
chain (Asada 2006). During the growth of plants, especially 
at noon in the summer, excess light energy often occurs, 
which leads to high-light stress. It is well known that the 
components of the photosynthetic apparatus are damaged 
under high-light conditions (Kirchhoff 2014). High-light 
stress can reduce the net photosynthetic rate  (Pn) and the 
amount of pigments (Stefanov et al. 2018). Studies have 
shown that ROS increase significantly and that Rubisco 
activity and the  Pn decrease significantly with prolonged 
high-light stress (Lu et al. 2017; Serodio et al. 2017).

Plants have developed strategies to reduce high-light 
stress or ameliorate its effects. These strategies include 
reducing the absorption of light energy, the dissipation of 
chlorophyll (Chl) light energy and the removal of ROS pro-
duced by excess light energy (Takahashi and Badger 2011; 
Müller et al. 2001; Neill et al. 2002). The most basic strat-
egy is to reduce the absorption of light energy. This feat 
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can be achieved by chloroplast movement and leaf move-
ment (Takahashi and Badger 2011), and anthocyanins can 
also form near the surface of some plant leaves to block 
light energy (Zhang et al. 2016). Studies have shown that 
shading can reduce the absorption of light by plant leaves, 
thereby altering plant growth and crop yields. At the heading 
stage, the duration of the seed-filling period and the seed-
filling rate were increased by shading at all positions (Labra 
et al. 2017). In mango (Mangifera indica L.) trees, shading 
increased the photosynthetic activity by reducing stomatal 
limitations for carbon supply and was effective at alleviating 
photoinhibitory damage to PSII on sunny days (Jutamanee 
and Onnom 2016). The leaves of European beech (Fagus 
sylvatica L.) seedlings under low light had the ability to use 
light more efficiently (higher PSII efficiency) than did those 
under high light (Sevillano et al. 2018). However, in maize 
(Zea mays L.), shading reduces the  Pn of leaves, leading to 
a decrease in yield (Ren et al. 2016).

The shading methods adopted by the above scholars 
mainly involve shading plants all day. In the present experi-
ment, the shading treatment was carried out for a specific 
period of time, that is, from 11:30–14:00 every day. The rice 
material used in this paper was the OsFTL10 overexpres-
sion line FTL10, which exhibits premature flowering and 
senescence. Previous studies have shown that overexpres-
sion of the FT gene can promote early flowering in plants 
(Hayama et al. 2007). Overexpression of the FT homologous 
gene PdFT2 in poplar (Populus L.) can shorten its juvenile 
period, which therefore accelerates poplar breeding and 
research (Hsu et al. 2006). Overexpression of the OsFTL2 
gene promotes an early-flowering phenotype in rice (Kojima 
et al. 2002). In this paper, FTL10 was shaded to explore the 
effects of reducing excess light on delaying the senescence 
of early-flowering rice.

Materials and Methods

Plant Materials and Growth Conditions

The rice material used in this paper was the OsFTL10 
overexpression line FTL10. FTL10 has an early-flowering 
phenotype compared with wild type (ZH-11) plants (Fang 
et al. 2019). Sterilized seeds were planted in an artificial 
climate incubator and grown under controlled conditions, 
which consisted of an average temperature of 33 °C/28 °C 
(day/night), a relative humidity of 80%, and a photoperiod 
of 14/10 h (day/night). Once the seedlings had four leaves, 
they were taken out gently and transplanted to the biologi-
cal garden of South China Normal University, Guangzhou, 
China. When the plants began to head, shading was car-
ried out from 11:30–14:00 (noon) every day. For the shaded 
group, rice was planted in the field, and a 2.5 m high iron 

frame was fixed to the periphery. A shade net was hung on 
the iron frame through the bars to achieve the shade settings 
(Fig. 1). The photosynthetic photon flux density (PPFD) 
of the shade and without the shade was measured using an 
MQ-100 hand-held quantum meter (Apogee Instruments, 
Inc., USA), and the PPFD of the shade was 70% that without 
shade. The plants without shade were used as the control 
group (CK). Rice plants with different treatments in the field 
were randomly selected. The flag leaves of rice were cut 
every 10 days for the experiment after shading.

RNA Isolation and Quantitative RT‑PCR

Total RNA was extracted from flag leaves using an Omega 
R6827 kit (Omega) in accordance with the manufacturer’s 
instructions. First-strand cDNA was synthesized with oligo 
(dT) primers using an M-MLV reverse transcriptase kit 
(Takara), and the cDNA was stored at − 80 °C until further 
analysis. Quantitative real-time PCR (q-PCR) was performed 
using an Applied Biosystems platform. Each 10 μL PCR 
contained 0.5 μL of cDNA, 3.5 μL of RNAse-free water, 
5.2 μL of SYBR® Premix Ex  TaqTM II (Takara), and 0.4 μL 
of each primer, which were synthesized by Invitrogen. Rice 
OsUBQ was used as an internal control. Normalization and 
fold changes were calculated using the method as described 
by Livak and Schmittgen (2001). The primers for real-time 
PCR were designed as follows: 5′-CCA GGA CAA GAT GAT 
CTG CC-3′ (forward) and 5′-AAG AAG CTG AAG CAT CCA 
GC-3′ (reverse) for OsUBQ; 5′-ACC CGC AGC AGC TTC 
TCG CCAA-3′ (forward) and 5′-CAA GCA CCA AAA CCT 
CCT CCAT-3′ (reverse) for OsA12; 5′-AGG GGT GGT ACA 
ACA AGC TG-3′ (forward) and 5′-GCT CCT TGC GGA AGA 
TGT AG-3′ (reverse) for OsSGR; 5′-TAT CTC AGA TCA TAC 
CGG ATG-3′ (forward) and 5′-AAG TAC TCC CTC AGC GAT 
GG-3′ (reverse) for OsFTL10; and 5′-CAA GAA GCC GAA 
CGG TTC -3′ (forward) and 5′-GTT AGA GTG GAG CAG CAT 
-3′ (reverse) for OsNAP.

Fig. 1  The picture of the shading setting
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Detection of  H2O2 and O2
·− in Living Tissue

At 40 days after heading (DAH),  H2O2 generation in the 
leaves was detected by an endogenous peroxidase-dependent 
in situ histochemical staining procedure using 3,3′-diam-
inobenzidine (DAB). The leaves were placed in a solution 
containing 1 mg mL−1 DAB (pH of 5.5) for vacuum infil-
tration three times (10 min per time) and then incubated at 
room temperature for 2 h. Oxidation of DAB leads to its 
polymerization and deposition at the site of  H2O2 genera-
tion. The leaves were subsequently boiled in ethanol (95%, 
v/v) for 10 min and then stored in 60% glycerol. The  H2O2 
production was visualized as a reddish-brown color (Liu 
et al. 2007).

At 40 DAH, O2
·− production was monitored by nitroblue 

tetrazolium (NBT) staining. The leaves were placed in a 
solution containing NBT (1 mg mL−1) plus  NaN3 (10 mM) 
in 10 mM potassium phosphate buffer (pH 7.8). After vac-
uum infiltration three times (10 min per time), the leaves 
were stained for 4 h at room temperature. The leaves were 
then boiled in ethanol (95%, v/v) for 10 min and subse-
quently stored in 60% glycerol. The NBT was visualized 
as a dark blue-colored formazan deposit (Liu et al. 2007).

Measurement of Chlorophyll Content

A total of 0.1 g of fresh leaves was extracted with 10 mL 
of 80% (v/v) acetone. The absorption of the extracts was 
measured at 663 and 645 nm using a UV–Vis 2450 spec-
trophotometer (Shimadzu, Tokyo, Japan). Chl a and Chl b 
were determined using the predetermined extinction coef-
ficients and equations established by Lichtenthaler (1987): 
Chl a (mg  L−1) = 12.21A663–2.81A645, and Chl b (mg 
 L−1) = 20.13A645–5.03A663.

Determination of Rubisco Protein

Rubisco protein determination was carried out according to 
the method as described by Liu et al. (2011). Fresh leaves 
(0.1 g) were homogenized in 2 mL of grinding medium 
composed of 50 mM Tris–HCl (pH of 7.8) buffer con-
taining 5% (w/v) polyvinylpyrrolidone (PVP), 0.1% (v/v) 
β-mercaptoethanol, 0.1% (w/v) NaCl, 0.17% (w/v) phenyl-
methanesulfonyl fluoride (PMSF), and 2% (v/v) glycerol, 
and then the homogenate was centrifuged at 13,000×g for 
10 min. The supernatant was subsequently collected for 
the determination of Rubisco and total soluble protein. 
The supernatant (50 μL) was added to an equal volume of 
sample buffer composed of 24% (v/v) glycerol, 2% (v/v) 
2-mercaptoethanol, 10 mM Tris, 2% (w/v) sodium dode-
cyl sulfate (SDS), and 0.02% (w/v) bromophenol blue. The 
mixture was incubated in boiling water for 5 min. The sam-
ples (10 μL) were then loaded onto gels that consisted of 

12.5% (w/v) resolving polyacrylamide gel and 4% (w/v) 
polyacrylamide gel stacker. The resolving gels consisted of 
0.4% N,N’-methylene-bis-acrylamide, 12.1% acrylamide, 
0.5 M Tris–HCl (pH 8.8), 0.08% ammonium persulfate, 
0.08% N,N,N’,N’-tetramethylethylenediamine (TEMED), 
and 0.1% SDS. The stacking gels consisted of 0.1% N,N’-
methylene-bis-acrylamide, 3.9% acrylamide, 0.125  M 
Tris–HCl (pH of 6.8), 0.05% ammonium persulfate, 0.1% 
SDS, and 0.08% TEMED. The total proteins were separated 
by SDS-PAGE with a Mini-PROTEAN 3 system (Bio-Rad, 
USA); a constant voltage of 80 V for 30 min was applied 
to concentrate the proteins, and then 110 V for 80 min was 
applied to separate the proteins. Afterward, the gels were 
stained with Coomassie Brilliant Blue R-250 (Sigma, USA) 
and destained overnight with gentle shaking to ensure that 
the background turned colorless. The molecular masses of 
the large and small subunits of Rubisco were 55 and 15 kDa, 
respectively. The SDS-PAGE gels were scanned using a 
GelDoc-It Imaging System (UVP, Upland, CA, USA), and 
the relative gray value of each band was detected by using 
TotalLab Quant software (TotalLab, Newcastle upon Tyne, 
UK).

The total soluble proteins in the leaves were measured 
using the supernatant after centrifugation. After the superna-
tant was diluted 50 times, 250 μL of the diluted supernatant 
was added to the same volume of Bradford solution. After 
5 min, the absorbance was read at a wavelength of 595 nm 
(UV–Vis 2450 spectrophotometer, Shimadzu, Tokyo, Japan). 
The total soluble proteins were calculated via bovine serum 
albumen (BSA) as the standard.

Detection of the Total Oxidation Capacity of Leaves

Antioxidant capacity was evaluated by measuring the 
1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging rate. In 
brief, rice flag leaves (0.2 g) were ground with 2 mL of 95% 
methanol in an ice bath, and the homogenate was centrifuged 
at 13,000×g at 4 °C for 10 min. The supernatant was used to 
evaluate the DPPH scavenging rates according to the method 
as described by Saha et al. (2008). Afterward, 0.1 mL of the 
supernatant was added to 2.9 mL of 120 μM DPPH (dis-
solved in 95% methanol) for 5 min in the dark. The mixture 
was subsequently measured at 517 nm (UV-2450, Shimadzu, 
Kyoto, Japan). Different concentrations of DPPH were used 
as standards.

Distribution of Photosynthetic Electron

The  Pn and dark respiration rate  (Rd) were measured by 
using an LI-6400 portable photosynthesis system (LI-COR, 
Inc., USA) on sunny days from 8:30–11:00 a.m. The operat-
ing parameters in the leaf chamber included a flow velocity 
of 400 μmol mol−1, a humidity of 55 ± 5%, and a leaf mean 
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temperature of 31 °C. The PPFD was set at 800 μmol m−2 
 s−1  (Pn) and 0 μmol m−2 s−1  (Rd). Chlorophyll fluorescence 
parameters were measured with a PAM-2100 portable pulse-
modulated fluorimeter (Walz, Efeltrich, Germany). The 
chlorophyll fluorescence (F) and maximum fluorescence 
 (Fm′) were recorded under actinic light at 800 μmol m−2 s−1 
under steady-state conditions from the leaves in which 
the  Pn was measured. The maximum chemical efficiency 
of PSII (ΦPSII) was calculated as ΦPSII = (Fm′ − Fs)/Fm′ 
(Genty et al. 1989). Furthermore, the  JT was calculated as 
 JT = ΦPSII × PPFD × 0.85 × 0.5, in which the PPFD referred to 
the intensity of actinic light used to measure ΦPSII, 0.85 indi-
cated the absorptivity of the blade, and 0.5 referred to the 
assumption that the light energy absorbed by the leaves was 
equally distributed between PSI and PSII (Valentini et al. 
1995). The  JC and  JO were calculated according to the for-
mulas  JC = 1/3(JT + 8(Pn + Rd)) and  JO = 2/3(JT − 4(Pn + Rd)), 
respectively (Melis et al. 1987).

Measurement of Rubisco Carboxylation Efficiency

Leaf photosynthetic  CO2-response curves were generated 
by using an LI-6400 portable photosynthesis system (LI-
COR, Inc., USA) on sunny days from 8:30–11:00 a.m. The 
 CO2 concentration gradients (400, 200, 150, 100, 50, 20, 
400, 400, 600, 800, 1000, and 1300 μmol mol−1) were set 
up for the  CO2-response curves, and the waiting times were 
90–180 s for each gradient. The humidity was 55 ± 5%, and 
the leaf mean temperature was 31 °C. The data were auto-
matically recorded by the LI-6400. Rubisco carboxylation 
efficiency (CE) was represented by the slope of the linear 
regression equation of the  Pn and  CO2 concentration (20, 
50, 100, 150, and 200 μmol mol−1).

Analysis of Yield and Yield Characteristics in Rice

Yield and its component traits were measured, including 
single-spike weight, grain yield per plant, thousand-grain 
weight and seed set. Ten plants in the middle of the inner 
two rows of each field plot were evaluated to score the fol-
lowing traits for each plant: single-spike weight (weight 
in grams per panicle at 12–14% moisture), yield per plant 
(weight in grams of grains per plant at 12–14% moisture), 
thousand-grain weight (weight in grams of 1000 grains from 
bulk-homogenized seeds at 12–14% moisture), and seed set 
(the number of filled grains per main panicle at maturity).

Statistical Analysis

The values are expressed as the means ± standard errors 
(SEs). Statistical significance was determined via Student’s 
t-test with SPSS Statistics 20.0 (IBM, NY, USA). The 
means were considered significantly different at P < 0.05. 

SigmaPlot 13.0 (Systat Software Inc., USA) was used to 
conduct the linear regression analysis and plot the data.

Results

Leaf Senescence and Antioxidant Capacity

The relative expression of senescence-related genes in 
FTL10 leaves was detected at 40 DAH. The expression was 
higher in the leaves of the CK; specifically, the expression 
of the genes OsA12 and OsSGR was significantly higher in 
the CK than in the shade treatment, and there was no sig-
nificant difference regarding the genes OsFTL10 and OsNAP 
(Fig. 2a). Moreover, the accumulation of O2

·− and  H2O2 was 
lower in the leaves in the shade treatment but higher in the 
leaves of the CK at 40 DAH (Fig. 2b). The total antioxidant 
capacity (TAC) of the leaves was measured and was found 
to increase during the senescence process of rice. The TAC 
in response to shading was significantly higher than that of 
the CK at 20 DAH. In addition, the TAC was higher under 
shade at 10, 30 and 40 DAH, but these differences were not 
significant (Fig. 2c). The phenotypes leaves at 40 DAH are 
shown in Fig. 2d.

Changes in Photosynthetic Capability

During the process of rice senescence, the total Chl con-
tent decreased gradually, and it was significantly higher in 
the shaded group than in the CK at 20 and 40 DAH; how-
ever, there was no significant difference at 10 or at 30 DAH 
(Fig. 3a). The contents of Chl a and Chl b also decreased 
gradually, and there was no significant difference between 
the shaded and CK treatments, except for Chl a at 40 DAH 
(Fig. 3b, c). The soluble protein contents decreased gradu-
ally during the process of rice senescence (Fig. 3d). The 
Rubisco content and CE in the shaded leaves were signifi-
cantly higher than those in the leaves of the CK at 40 DAH 
(Fig. 3f). The  Pn decreased rapidly after heading and was 
significantly higher in the shaded rice leaves than in the 
leaves of the CK at 10, 20 and 40 DAH (Fig. 3e).

Changes in the Distribution of Photosynthetic 
Electron

During the process of rice senescence, the total elec-
tron transport  (JT) of leaves gradually declined (Fig. 4a). 
Moreover, the electron transport to carboxylation ratio  (JC) 
decreased gradually, and the trend of variation was consist-
ent with that of  JT (Fig. 4b). However, the electron trans-
port to oxygenation ratio  (JO) increased gradually, and the 
trend corresponded to that of  JO/JT (Fig. 4c, d). During the 
aging process of rice, the  JO and  JO/JT of the CK leaves were 
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significantly higher than those of the shaded leaves at 30 
and 40 DAH.

Yield and Grain Phenotypes

The grain phenotypes are shown in Fig. 5a. The results 
showed that the seed setting rate of the shaded group was 
lower than that of the CK group, but there was no signifi-
cant difference. The single-spike weight and yield per plant 
were significantly higher in the shaded treatment than in the 
CK. Moreover, the thousand-grain weight was higher in the 
shaded group than in the CK, but there was no significant 
difference (Fig. 5b).

Discussion

Leaf senescence is a normal physiological phenomenon in 
rice, has a very positive effect on rice itself and is necessary 
for the transport of organic matter from sources to sinks 
(Lim et al. 2007). However, premature senescence is unfa-
vorable. In agricultural production, premature senescence 
will shorten the functional period of leaves and can reduce 
rice yields. The rice material FTL10 in this paper has the 
characteristics of premature senescence (Fang et al. 2019). 
Leaf senescence can be triggered by many endogenous 
and external factors (Lee et al. 2015). Light intensity is 
one of the most important factors for plant growth, affect-
ing growth, survival, development, and crop productivity 
(Wang et al. 2013). However, too high of light intensity 

will cause damage to plants and accelerate plant senes-
cence. A previous report showed that light intensity is an 
important limiting factor influencing photosynthetic elec-
tron transport and carbon assimilation in woody plants (Lin 
et al. 2000). ROS are produced by PSII or PSI when excess 
energy occurs within the electron transport chain (Asada 
2006). The results of the present study showed that shade 
can reduce the accumulation of ROS and can improve the 
TAC of FTL10 (Fig. 2b, c). The increased accumulation of 
ROS, which can act as signals, can promote the senescence 
of plant leaves (Sedigheh et al. 2011). In our study, shading 
significantly reduced the relative expression of the OsA12 
and OsSGR genes, and the expression of the OsFTL10 and 
OsNAP genes was also reduced slightly in the shade group. 
Overexpression of the OsFTL10 gene induces early flower-
ing in rice (Fang et al. 2019). It has been demonstrated that 
OsA12 is a gene involved in rice leaf senescence (Sun et al. 
2013). The OsSGR gene can promote the disaggregation of 
the light-harvesting complex and can promote the subse-
quent breakdown of apo-protein and Chl during senescence 
(Jiang et al. 2011). It has been reported that up-regulation 
of the OsNAP gene significantly promotes senescence, and 
the knockdown of OsNAP results in delayed senescence 
(Liang et al. 2014). The above results showed that shading 
could reduce the accumulation of ROS, which led to delayed 
senescence of FTL10 leaves.

ROS, as highly toxic substances, constantly attack pho-
tosynthetic organs in plants (Hideg and Schreiber 2007), 
degrade biological macromolecules, and disrupt the integ-
rity of membranes (Taheri et al. 2014). Our previous report 

Fig. 2  Relative expression of 
senescence-related genes, accu-
mulation of ROS, total oxida-
tion capacity and the phenotype 
of rice leaves. a Relative expres-
sion of the OsFTL10, OsA12, 
OsNAP and OsSGR genes. b 
Accumulation of O2

·− (stained 
by nitroblue tetrazolium, NBT) 
and  H2O2 (stained by 3,3′-diam-
inobenzidine, DAB) in rice 
leaves. c Changes in the total 
antioxidant capacity (TAC) 
after heading. d The phenotype 
of rice leaves at 40 days after 
heading (DAH). The data are 
presented as the means ± SEs 
(n = 4). The error bars represent 
the standard errors of four 
biological replicates, and the 
asterisks indicate significant 
differences (two-sided Student’s 
t-test, *P < 0.05, **P < 0.01, ns 
no significance)
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showed that the accumulation of ROS leads to the rapid deg-
radation of Chl and protein (Zhang et al. 2018). The results 
of the present study show that the total Chl content was sig-
nificantly higher in the shade group than in the CK group at 
20 and 40 DAH and that the soluble protein content in the 
shade group was significantly higher than that in the CK 
group at 10, 30, and 40 DAH (Fig. 3). Shading can increase 
leaf Chl and decrease Chl a/b ratios to alter light-use effi-
ciency (Gregoriou et al. 2007). Chl and protein are the most 
important physiological indicators of plant senescence. A 
decrease in Chl and protein content can directly reflect plant 
senescence. Moreover, as an important component of pho-
tosynthesis, the degradation of Chl and Rubisco severely 
affects the  Pn. The results showed that the trend of the  Pn 
was consistent with that of Chl and Rubisco. The  Pn of the 
shade group was significantly higher than that of the CK 
group (Fig. 3). Such effects accelerate the senescence of 
leaves and reduce the  Pn (Fig. 3e). The yield of rice mainly 

originates from the photosynthesis of leaves. Therefore, the 
photosynthetic capability of leaves is crucial to rice yields 
(Ainsworth and Long 2005). In this paper, the excess light 
energy was reduced by shading at noon, which maintained 
a high  Pn in the rice leaves.

Our previous study showed that the excitation pressure 
of PSII increased significantly during the aging process in 
rice leaves and that the transmission of photosynthetic elec-
tron flow was hindered (Ou et al. 2003). The photosynthetic 
electron flow allocated to  JC declined gradually in the rice 
leaves after heading (Fig. 4b). This phenomenon may be due 
to the decrease in Rubisco content and CE, which leads to 
a decrease in the use efficiency of photosynthetic electron 
flow for Rubisco. However, the low Rubisco content and 
CE led to an increased photosynthetic electron flow being 
allocated to  JO (Fig. 4c) and formed increased amounts of 
ROS (Asada 2006). Studies have shown that increasing the 
 JO/JF ratio and it was considered to constitute an efficient 

Fig. 3  Changes in the contents 
of chlorophyll, soluble proteins 
and Rubisco; the Pn; and the CE 
at 40 days after heading (DAH). 
a Changes in total chlorophyll 
(Chl). b Changes in chlorophyll 
a (Chl a). c Changes in chloro-
phyll b (Chl b). d Changes in 
soluble proteins. e Changes in 
the Pn. f The Rubisco content 
and Rubisco carboxylation 
efficiency (CE). The data are 
presented as the means ± SEs 
(n = 4). The error bars represent 
the standard errors of four 
biological replicates, and the 
asterisks indicate significant 
differences (two-sided Student’s 
t-test, *P < 0.05, ns no signifi-
cance)
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photoprotective mechanism in woody plants under strong 
light (Lin et al. 2000). The results showed that the  JF and  JO 
in the CK were significantly higher than those in the shade 
group at the late stage of FTL10 senescence (Fig. 4). This 
finding showed that shading can reduce the generation of 
excess photosynthetic electron and can improve the use effi-
ciency of light energy; shading can also reduce the damage 
to leaves caused by ROS produced by excess light energy. 
Previous studies reported that shading affects not only the 
carbohydrate accumulation in grain and the filling rate but 
also the yield and quality traits of rice (Wang et al. 2013; 
Mo et al. 2015). In our study, increased single-spike weight 
and yield per plant after shading were also observed (Fig. 5). 
The above results showed that shading at noon could reduce 
excess photosynthetic electron, improve the use efficiency of 
light energy and increase FTL10 yields.

In summary, the experimental results show that shading 
can reduce the production of ROS and slow the senescence 
process of FTL10 leaves from 11:30–14:00 (noon) every 
day. In addition, shading can improve the use efficiency of 
light energy and can maintain a relatively high  Pn, thereby 
increasing the yield of FTL10.
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