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Abstract  
 
Under optimal conditions, most of the light energy is used to drive electron transport. However, when the light energy 
exceeds the capacity of photosynthesis, the overall photosynthetic efficiency drops down. The present study investigated 
the effects of high light on rice photooxidation-prone mutant 812HS, characterized by a mutation of leaf photooxidation 
1 gene, and its wild type 812S under field conditions. Our results showed no significant difference between 812HS and 
812S before exposure to high sunlight. However, during exposure to high light, shoot tips of 812HS turned yellow and 
their chlorophyll (Chl) content decreased. Transmission electron microscopy showed that photooxidation resulted in 
significant damage of chloroplast ultrastructure. It was confirmed also by inhibited photophosphorylation and reduced 
ATP content. The decreased coupling factor of ATP, Ca2+-ATPase and Mg2+-ATPase activities also verified these results. 
Further, significantly enhanced activities of antioxidative enzymes were observed during photooxidation. 
Malondialdehyde, hydrogen peroxide, and the superoxide generation rates also increased. Chl a fluorescence analysis 
found that the performance index and maximum quantum yield of PSII declined on August 4, 20 days after high-light 
treatment. Net photosynthetic rate also decreased and substomatal CO2 concentration increased in 812HS at the same time. 
In conclusion, our findings indicated that excessive energy triggered the production of toxic reactive oxygen species and 
promoted lipid peroxidation in 812HS plants, causing severe damage to cell membranes, degradation of photosynthetic 
pigments and proteins, and ultimately inhibition of photosynthesis.  
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Introduction 
 
Efficient photosynthesis is a key for plant survival and 
fitness (Long et al. 1983). Under normal conditions, most 
of the light energy is used to drive electron transport. 
However, when the light energy exceeds the capacity of 
photosynthesis, it can activate a production of the singlet 
oxygen state (1O2) (Szabó et al. 2005). Singlet oxygen 
molecules and other forms of reactive oxygen species 
(ROS) cause oxidative damage to pigments, proteins, and 
lipids in the thylakoid membrane, ultimately, weakening 
the overall photosynthetic efficiency. Persistent photoinhi-

bition triggers photooxidation which results in damage to 
photosynthetic apparatus.  

In addition, aldehyde products of lipid peroxidation 
were defined as evidence of oxidative stress (Sandalio et 
al. 2001). Disruption of redox homeostasis in cells and 
rapid induction of ROS, such as superoxide (O2

.–), 
hydroxyl radical (.OH), and hydrogen peroxide (H2O2), 
which damage membrane lipids, proteins, nucleic acids, 
and Chl, result in the irreparable damage to photosynthetic 
organs, degradation of photosynthetic pigments, 
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metabolic dysfunction, and even cell death (Shah et al. 
2001, Blokhina et al. 2003, Szabó et al. 2005, Sharma and 
Dubey 2007). In order to quench ROS and overcome 
oxidative stress, plants are equipped with antioxidative 
defense systems comprising superoxide dismutase (SOD, 
EC 1.15.1.1), guaiacol peroxidase (POD, EC 1.11.1.7), 
catalase (CAT, EC 1.11.1.6), and enzymes of ascorbate-
glutathione cycle, such as ascorbate peroxidase (APX, EC 
1.11.1.11) and glutathione reductase (GR, EC.1.6.4.2). 
The induction of ROS scavenging enzymes constitutes an 
important protective mechanism which can serve as a 
biomarker reflecting an antioxidative capacity and photo-
oxidation tolerance (Fang et al. 2008). SOD is the enzyme 
of the first defense against oxidative stress, and consists of 
a group of metallo-isoenzymes that neutralize O2

.– to 
produce H2O2 and O2

.–
. CAT detoxifies H2O2 generated in 

glyoxysomes and peroxisomes (Gratão et al. 2005). POD 
utilizes H2O2 and oxidizes various substrates in the cell. In 
chloroplasts, APX catalyzes the conversion of H2O2 to 
H2O utilizing ascorbate (AA). During regeneration of AA 
in chloroplasts, enzymes of the ascorbate-glutathione 
cycle play a significant role (Nakano and Asada 1987). 
Altered antioxidative defense system is the focus of 
current research against photooxidation, with less 
information available in cereal crops, especially, in rice 
(Phung and Jung 2015). In addition, most of the 
photooxidation mutants were artificially induced. Zhou et 
al. (2013) used a yellow-leaf mutant lyl1-1, which was 
isolated from the progeny of Japonica rice ZH11 treated 
with 60Co. They found that the lyl1-1 mutant suffered from 

severe photooxidative damage and displayed a drastic 
reduction in the contents of α-tocopherol and 
photosynthetic proteins. They concluded that LYL1 gene 
plays an important role in response to high light intensity 
in rice.   

A mutant of two-line sterile rice, 812HS, showed leaf 
photooxidation during a tillering and jointing stage. There 
were no significant differences in agronomic traits 
between 812HS and wild type, 812S. Before rainy season, 
the phenotypes of 812HS and 812S exhibited no differ-
ence. After rainy season, the leaves of 812HS seedlings 
showed etiolation, especially, at leaf tips, while the leaves 
of 812S were green. PSII reaction centers and PSII 
electron transport of the mutant were significantly affected 
in comparison with the wild type (Lai et al. 2012). Genetic 
analysis and gene mapping showed that the trait was 
controlled by a new dominant gene, leaf photooxidation 1 
(LPO1(t)) on chromosome 4 located between RM5414 and 
RM401 (Lai et al. 2012). The mutant exhibited molecular 
mechanism of leaf photooxidation which was important to 
alleviate the photooxidation in rice.  

This study investigated the response of 812HS and 
812S to natural light and shade by measuring (1) changes 
in photosynthetic pigments and chloroplast ultrastructure; 
(2) changes in photosynthesis and soluble protein content; 
(3) changes in malondialdehyde (MDA), O2

.–, and H2O2 
content; and (4) changes in SOD, POD, CAT, APX, and 
GR activities. We investigated the factors underlying the 
oxidation phenomena in 812HS and formulated a theory 
for further study of its molecular mechanism. 

 
Materials and methods 
	
Plant materials and growth conditions: Experiments 
were carried out at the experimental fields of Xianlin 
campus, Nanjing Normal University, Nanjing, China. 
During the period from 1 June (22 d before the first 
sampling) to 15 September (the last sampling date), the 
mean, maximal, and minimum daily temperatures were 
26.63 ± 0.11°C, 34.1 ± 0.14°C, and 19.25 ± 0.28°C, 
respectively. The daily relative humidity was 79.3 ± 0.9%. 
Plants were grown in a field in May 2014. N fertilizer 
(3,375 kg ha–1) was applied, with an N-P-K ratio of 
1:0.6:0.6. Plants were watered and fertilized regularly 
during the growing season. The photooxidative mutant 
812HS was isolated from the progeny of Japonica rice 
812S. At the seedling stage, the leaves of 812S and 812HS 
were uniform. At the tillering and jointing stages, the tips 
of 812HS leaves showed photooxidation after rainy 
season. Leaves were collected separately, frozen 
immediately in liquid nitrogen, and stored at −80°C. The 
experiments were performed in triplicate. We also carried 
out a shading experiment. A black integument covered the 
plants of 812S and 812HS in order to reach about 65% of 
natural light at rice canopy, which was PPFD of 600–800 
µmol m–2 s–1 during the growing season. As controls, the 
plants were also growing under natural light. The plants 

were all potted with the rate of three seedlings per pot of 
diameter 18 mm. 

 
Pigment content: The contents of Chl as well as the 
Chl a/b ratio were determined according to a previous 
study (Wu et al. 2007). Pigments were extracted by 
grinding leaves in ice-cold 80% (v/v) acetone. The extract 
was centrifuged at 3,000 × g for 5 min. The absorbance of 
the supernatant was measured at 470, 645, and 663 nm 
with a UV-754 spectrophotometer (Zealquest Scientific, 
Shanghai, China). Pigment contents were calculated in 
µg g–1(fresh mass, FM).  

 
Chloroplast ultrastructure: The leaves of 812S and 
812HS without the midribs were cut into small pieces and 
fixed for 2 h at 4°C in 2.5% (v/v) glutaraldehyde in 0.1 M 
phosphate buffer solution (PBS, pH = 7.3), and post-fixed 
in 5% (w/v) aqueous osmium tetraoxide for 2 h. The fixed 
samples were dehydrated in an ascending ethanol gradient, 
and finally embedded in Epon 812 resin. Thin sections 
were cut using an LKB-V ultramicrotome (LKB Ultrascan 
XL, Bromma, Sweden) and double stained in 2% (w/v) 
uranyl acetate and lead citrate before examination under a 
Hitachi 600-A-2 transmission electron microscope (TEM) 
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(Hitachi, Tokyo, Japan) operating at 75 kV. 
 

Histochemical localization of O2
.– and H2O2: The locali-

zation of O2
.– in situ was performed by monitoring the 

formazan precipitation in the nitroblue tetrazolium (NBT) 
reaction with O2

.– according to the method of Rossel et al. 
(2007). Leaves were washed before pre-immersion in  
6 mM NBT in 10 mM Na-citrate buffer, pH = 6. After 
exposure, the leaves were immersed in boiling ethanol for 
15 min to remove Chl and then rehydrated in 40% glycerol 
and mounted on glass slides. Dark blue insoluble formazan 
was produced by the reaction of NBT with O2

.–. The same 
procedure was repeated for H2O2, which was detected by 
the formation of dark brown spots when 3,3-diamino-
benzidine (DAB, 1 mg ml−1, pH = 3.8) reacted with H2O2. 
Each experiment was repeated at least three times using 
different plants, and multiple leaves per plant were 
examined. 

 
Determination of O2

.– and H2O2: The generation rate of 
O2

.– was monitored by the nitrite formation from hydroxyl-
amine according to Shen et al. (2015). After being homo-
genized in 3 ml of 65 mM K-phosphate buffer (pH = 7.8), 
0.2 g of plant material was centrifuged at 5,000 × g for 
10 min at 4°C. The supernatants (750 µl) were mixed with 
675 µl of the above phosphate buffer and 75 µl of 10 mM 
hydroxylamine chlorohydrate. After incubation, 500 µl of 
mixture was added to 500 µl of 17 mM sulfanilamide and 
500 µl of 7 mM α-naphthylamine and the mixture was 
incubated again before being added to the same volume of 
ether. The mixture was centrifuged at 1,500 × g for 5 min. 
Absorbance of aqueous phase was measured at 530 nm and 
O2

.– production rates were calculated from the standard 
curve of NaNO2. The results were expressed in 
μmol(nitrite) g–1(FM). 

The H2O2 content was determined according to 
Hossain et al. (2010) by monitoring titanium sulfate after 
homogenization of 0.5-g samples with phosphate buffer 
(50 mM, pH = 6.8) and centrifugation. The supernatants 
were then mixed with 0.1% (w/v) TiCl4 in 20% (v/v) 
H2SO4, and the mixture was centrifuged at 6,000 × g for 
15 min. The absorbance was measured at 410 nm by the 
spectrophotometer (Cintra 1010, GBC, Australia) and 
H2O2 amounts were read off the standard curve. The 
results were expressed in mmol g–1(FM). 

 
MDA: Lipid peroxidation was determined in terms of 
MDA content using thiobarbituric acid (TBA) reaction 
according to Shen et al. (2015). Leaves were homogenized 
in 10% (w/v) trichloroacetic acid (TCA) solution and 
centrifuged at 5,000 × g for 10 min. The resulting 
supernatant was mixed with the same volume of 0.5% 
(w/v) TBA solution in 20% (w/v) TCA. The mixture was 
then heated at 100°C for 30 min and quickly cooled on ice. 
The absorbance was measured at 532 nm and 600 nm at 
25°C (Cintra 1010, GBC, Australia), and the concentration 
of MDA was expressed in nmol g–1(FM). 

Activities of antioxidant enzymes: After homogenizing 
0.5 g of plant material in 0.05 M PBS, and centrifugation 
at 10,000 × g for 20 min at 4°C, the supernatant was used 
to determine activities of SOD, CAT, and POD (Fu et al. 
2014). Enzyme activity assays were performed in 3-ml 
reaction volumes at 25°C and determined spectrophoto-
metrically (Cintra 1010, GBC, Australia). 

SOD activity was measured according to Stewart and 
Bewley (1980). The reaction mixture included 50 mM 
phosphate buffer (pH = 7.8), 13 mM methionine, 75 mM 
nitroblue tetrazolium (NBT), 0.1 mM EDTA, 50 mM 
Na2CO3, and 100 µl of enzyme extract. The reaction was 
allowed to proceed for 15 min under illumination of two 
20-W fluorescent tubes. Absorbance of the reaction 
mixture was read at 560 nm. One unit of activity was 
defined as the amount of enzyme required to inhibit 50% 
of the initial reduction of NBT under light. Enzyme 
activity was expressed as unit g–1(FM).  

POD activity was assayed by monitoring the formation 
of tetraguaiacol at 470 nm (ε = 26.6 mM−1 cm−1) according 
to the Fu et al. (2014). A reaction mixture consisted of 
16 mM guaiacol, 0.15 M phosphate buffer (pH = 6.1), 
2 mM H2O2, and 100 µl of enzyme extract. Enzyme acti-
vity was expressed in mmol(tetraguaiacol) min–1 g–1(FM).  

CAT activity was measured spectrophotometrically at 
240 nm by the decomposition of H2O2 according to Fu et 
al. (2014). A assay mixture was set up with 50 mM 
phosphate buffer (pH = 7), 15 mM H2O2, and 100 µl of 
enzyme extract. One unit of CAT activity was defined in 
nmol(H2O2) min–1 g–1(FM) at 25ºC. 

APX activity was determined by the rate of ascorbate 
oxidation to dehydroascorbate at 285 nm (ε = 2.8 mM−1 
cm−1) according to the procedure of Rao et al. (1996). 
About 1 g of leaves was homogenized in 100 mM 
phosphate buffer (pH = 7.5) containing 5 mM ascorbate 
and 1 mM EDTA at 4ºC, filtered, and centrifuged. The 
reaction mixture consisted of 50 mM potassium phosphate 
buffer (pH = 7.5), 0.5 mM ascorbate, and 0.3 mM H2O2, 
and 50 μl of enzyme extract. Enzyme activity was 
expressed in μmol (ascorbate) min–1 g–1(FM).  

GR activity was determined by recording glutathione-
dependent oxidation of NADPH at 340 nm (ε = 6.2 mM–1 

cm–1) according to Shen et al. (2015) with slight modifi-
cations. The assay volume included 0.1 mM Tris buffer, 
5 mM glutathione oxidized (GSSG), and 600 µl of the 
extract. The reaction was initiated by the addition of 
0.1 mM NADPH. The GR activity was expressed in 
μmol(NADPH) min–1 g–1(FM).  

 
Photophosphorylation, ATP content, Ca2+-ATPase and 
Mg2+-ATPase activities: Chloroplasts were isolated as 
described by Ketcham et al. (1984) and Chen et al. (2004) 
with minor modifications. Plant material (5 g) was cut into 
pieces and grinded in the extraction medium (50 mM Tris-
HCl, pH = 7.6, 5 mM MgCl2, 10 mM NaCl, 0.4 M sucrose, 
and 0.1% bovine serum albumin, BSA). The homogenate 
was filtered and centrifuged at 1,000 × g for 2 min. The 
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supernatant was re-centrifuged at 2,000 × g for 2 min. 
After removal of the supernatant, the precipitate was 
supplemented with the extraction medium and the tube 
was slightly rotated on ice blocks in order to obtain a 
uniform suspension of chloroplasts which was then stored 
in the dark on ice for use in subsequent procedures. 

The photophosphorylation activity was measured using 
a luminescence meter (FG-300, Thermo, Shanghai, China) 
according to Ketcham et al. (1984) and expressed as 
μmol(ATP) mg–1(Chl) h–1. The ATP content was measured 
using the bioluminescence method as described by Zhu et 
al. (2001) and expressed as μmol(ATP) mg–1(Chl).  
Ca2+-ATPase and Mg2+-ATPase activities were measured 
as described by Vallejos et al. (1983). Enzyme activity was 
expressed in μmol(Pi) mg–1(Chl) h– 1.  

 
Gas exchange: Net photosynthetic rate (PN) and substo-
matal CO2 concentration (Ci) were measured by a portable 
photosynthesis system (Ciras 2, PP System, UK). Experi-
ments were performed between 10:00 and 12:00 h, carried 
out in triplicates, where each replicate included 15 leaves 
of different plant. The leaves were the first two fully 
developed ones from the top. 

 
Chl fluorescence parameter analysis: The fluorescence 
parameters of functional leaves were measured by a pocket 
fluorometer (Handy PEA, Hansatech, UK) according to 
methods of Strasser et al. (1995). The experiment was 
performed in the morning (07:30–11:30 h); flag leaves 
were dark-adapted for at least 30 min before measurements 
and then exposed to continuous red light (peak at 650 nm) 
for 1 s at 3,000 μmol(photon) m–2 s–1 with a duration of 
800 ms. The experiment was carried out in triplicates and 
each replicate included 15 leaves of different plants. The 
performance index on absorption basis (PIABS) was 
calculated as: 

PIABS = (RC/ABS) × [φP0/(1 – φP0)] × [ψ0/(1 – ψ0)]. 
 

Protein extraction and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE): SDS-
PAGE of polypeptides of thylakoid membranes was based 
on the method described by Ma et al. (2016). Proteins were 
extracted in cool extraction medium (50 mM Tris-HCl, 
pH = 7.6, 5 mM MgCl2, 10 mM NaCl, 0.4 M sucrose, and 
0.1% BSA) and mixed with SDS-loading buffer. The 
samples were then boiled for 5 min, and equal amounts of 
proteins were loaded onto 12% polyacrylamide gel. The 
gel was ran at 120 V, and protein bands were detected 
using Coomassie Brilliant Blue R-250 staining.  

 
Western blot analysis: The thylakoid membrane proteins 
of leaves were extracted according to a previous method 
(Kang et al. 2012). The protein content was determined 
spectrophotometrically (Cintra 1010, GBC, Australia) 
using BSA standard as a reference. About 20 mg of 
proteins were mixed with loading buffer (250 mM Tris-
HCl, pH = 6.8, 50% glycerol, 10% SDS, 5% 2-mercapto-
ethanol, 0.5% bromophenol blue). This mixture was boiled 
for 5 min and loaded onto a 12% SDS-PAGE gel, then 
transferred to PVDF membrane, and immunoblotted with 
antibodies (RbcL, D1, D2, Lhcb1, Lhcb2, Lhcb3, PsaA, 
PsaB, Lhca1, Lhca2, Lhca3, PsbQ, PsbO, and PsbP), 
which were purchased from Agrisera, Sweden. Antibodies 
were detected using a chemiluminescence detection 
system (ECL, Vazyme, China). 

 
Statistical analyses were carried out using SPSS statistical 
package, version 17.00 (SPSS Inc., Chicago, USA). 
Parametric one-way analysis of variance (ANOVA) was 
used to assess data. Differences were considered signifi-
cant at P<0.05. Data were expressed as mean ± standard 
deviation (SD) from at least three individual experiments. 

 
Results 
 
Defective photosynthetic pigmentation and chloroplast 
development in 812HS: The leaf tip in 812HS exhibited a 
yellow phenotype (Fig. 1A). Elevated Chl a/b ratios were 
observed on 4 August, 2014 (44 days after the beginning 
of experiment) at the jointing stage; the 812HS mutant 
showed 21% reduction in Chl compared with that in 812S 
(Fig. 2A).  

The yellow coloration of 812HS leaves was evaluated 
by testing the response of 812HS to different light 
treatments. After the rainy season, the tip of shaded 812HS 
leaves remained green, while the leaves exposed to natural 
light turned yellow. No significant difference was 
observed in 812S leaves exposed to similar conditions 
(Fig. 1B). This observation directly suggested that the 

yellowing of 812HS was light-induced and the mutation 
enhanced the photosensitivity of rice leaves.  

In order to investigate a role of 812HS mutation in 
chloroplast development, we compared the ultrastructure 
of plastids in the 812HS mutant and wild-type plants at 
different developmental stages by using TEM. The 812S 
chloroplasts exhibited an orderly arrangement of granal 
and stromal thylakoids on 23 June (Fig. 3A,B). The number 
and volume of starch granules increased in 812S (Fig. 3C), 
while the chloroplasts in 812HS leaves appeared to be 
spherical on 14 July (Fig. 3D). They displayed well-
developed membrane systems with grana connected by 
stromal lamellae (Fig. 3E). The stacks of grana in the 
812HS mutant appeared loose (Fig. 3F) and lacking 
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Fig. 1. Phenotypic analysis of the rice mutant 812HS and its wild type 812S (A) under natural light in field and (B) partial shading in 
pots.   
 

 
 
Fig. 2. Effects of photooxidation on photosynthetic pigments (A) and chlorophyll (Chl) a/b (B) in the rice mutant 812HS. Data are means 
± SD (n = 3). Different small letters indicate significant differences p<0.05, using the t-test. 
 
granal membranes and starch granules as compared with 
the wild type (Fig. 3F). At the mature stage on 25 August, 
numerous osmiophilic drops were seen in the 812HS and 
812S (Fig. 3G,H), and at senescence stage on 4 September, 
the inner structure of the chloroplast was disorganized and 
the outer membrane of some chloroplasts was broken 
(Fig. 3I,J).  

 
H2O2 and O2

.– in the leaves: NBT- and DAB-staining 
showed specific localization of H2O2 and O2

.– (Fig. 4A,B). 
On 23 June, a little staining was observed in 812HS and 
812S, and there was no obvious difference between them. 
With the increased light intensity, the leaves of 812HS 
showed greater accumulation of H2O2 than that in 812S 
(Fig. 4A). Simultaneously, the leaves showed a similar 
trend of O2

.– accumulation (Fig. 4B). As shown by the 
above histochemical localization, the spectrophotometric 
quantitation also showed a similar trend in the content of 
H2O2 and O2

.– (Fig. 4C,D). On 23 June,  there was no 
difference between 812HS and 812S. However, on 4 

August, the H2O2 and O2
.– contents increased significantly, 

especially in 812HS; both contents increased by 46.1% and 
43.9%, respectively, over that of 812S. 

 
MDA content: The lipid peroxidation in plants was 
evaluated by the MDA content. Compared with 812S, 
photooxidation led to a rapid increase in MDA contents in 
the leaves of 812HS on 4 August (Fig. 1S, supplement 
available online), peaking at 56.9%. 

 
ROS-scavenging enzymes: The photooxidative effects 
stimulated activities of antioxidant enzymes (Fig. 5). The 
SOD activity changed, specifically, on 4 August, resulting 
in a significant increase in activity (Fig. 5A). The POD 
activity of 812HS was not initially different from that of 
812S on 23 June. Later, it was significantly 27.4% higher 
than that of 812S (Fig. 5B). CAT activity in 812HS showed 
a strong increase representing 7.6% and 10.2% of that in 
812S on 23 June and 4 August, respectively (Fig. 5C). Sub-
sequently, CAT activity decreased both in 812S and 
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Fig. 3. Effects of photooxidation on the ultrastructure of chloro-
plasts in the rice mutant 812HS: A, C, E, G, and I, chloroplasts of 
the first leaf on 23 June, 14 July, 4 August, 25 August, and 14 
September in 812S, respectively. B, D, F, H, and J chloroplasts 
of the first leaf on 23 June, 14 July, 4 August, 25 August, and 14 
September in 812HS, respectively. Grana thylakoids (g), 
plastoglobule (p), and stroma lamellae (s). Bar equals 1 μm.   

 
 
Fig. 4. Histochemical localization of H2O2 (A) and O2

.– (B) in rice 
leaves. The leaves were infiltrated with DAB staining for H2O2 
or NBT staining for O2

.–, respectively. The content of H2O2 (C) 
and O2

.– (D) in the leaves of rice mutant 812HS and its wild type 
812S. Data are means ± SD (n = 3). Different small letters 
indicate significant differences p<0.05, using the t-test. 
 
812HS (Fig. 5C). The APX and GR activities in 812HS 
increased from 23 July to 4 August, and they declined 
subsequently, while the activities of APX and GR reached 
a peak on 25 August in 812S (Fig. 5D,E). 
 
Photophosphorylation activity, ATP content, Ca2+-
ATPase and Mg2+-ATPase activities, gas exchange and 
Chl a fluorescence parameters in 812HS: In order to 
further elucidate changes in primary photochemical 
reactions, the photophosphorylation activity, ATP content, 
and Ca2+-ATPase and Mg2+-ATPase activities were inves-
tigated using isolated chloroplasts. The photophosphory-
lation activity and ATP content of the 812HS exhibited a 
similar trend, namely increase until 14 July and then 
decreased significantly (Fig. 6A,B). Ca2+-ATPase and 
Mg2+-ATPase activities exhibited the similar trend as pho-
tophosphorylation activity and ATP content (Fig. 6C,D). 
On 23 June, PN showed no significant difference between 
812HS and 812S, while it sharply decreased on 4 August 
in 812HS as compared with 812S (Fig. 7A). From the 
Fig. 7B, we found that Ci increased by 55.7% in 812HS as 
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Fig. 5. Effects of photooxidation on the antioxidant enzymes superoxide dismutase (SOD, A), peroxidase (POD, B), catalase (CAT, C), 
ascorbate peroxidase (APX, D), and glutathione reductase (GR, E) in the 812HS. Data represent means ± SD (n = 3). Different small 
letters indicate significant differences (p<0.05), using the t-test. 
 

 
 
Fig. 6. Effects of photooxidation on photophosphorylation (A), ATP content (B), Ca2+-ATPase activity (C) and Mg2+-ATPase activity 
(D) in 812HS. Data are means ± SD (n = 3). Different small letters indicate significant differences (p<0.05), using the t-test. 
 
compared with 812S. The value of performance index 
(PIABS) was used to evaluate the PSII behavior. PIABS 
increased on 14 July, while it declined on 4 August in 

812HS (Fig. 7D). Maximal quantum yield of PSII (FV/FM) 

showed the similar tendency as that of PIABS (Fig. 7C).  



COMPARATIVE ANALYSIS OF RICE PHOTOOXIDATION MUTANT AND WILD TYPE 

575 

 
 
Fig. 7. Effects of photooxidation on net photosynthetic rate (PN, A), intercellular CO2 concentration (Ci, B), maximal quantum yield of 
PSII (FV/FM, C), and performance index (PIABS, D) in leaves of 812HS and 812S. Data are means ± SD (n = 15). Different small letters 
indicate significant differences (p<0.05), using the t-test. 
 

 
 
Fig. 8. Effects of photooxidation on protein in 812HS. (A) Decreased protein contents after photooxidation of leaves in 812HS by SDS-
PAGE. (B) Immunoblot with antibodies against photosynthesis-associated proteins of thylakoids isolated from leaves of rice in 812HS. 
Each lane was loaded with similar amounts of proteins. 
 
Photosynthesis-related proteins: SDS-PAGE of total 
protein extracts from the leaves of 812HS and 812S 
showed that photooxidation induced a marked decline in 
protein contents on 4 August (Fig. 8A). The contents of 
four polypeptides with apparent molecular mass of 38, 33, 
23, and 17 kDa starkly diminished in response to 
photooxidation. On 15 September, the protein content was 
not significantly different between 812HS and 812S. 

Immunoblotting revealed that the oxygen-evolving 
complex (PsbP, PsbO, and PsbQ) declined in addition to 
the core proteins of PSII (D1, D2) as well as Lhcb1, 2, 3 
on 4 August in 812HS. The decline in the relative content 
of Rubisco large subunit was also significant. The PSI core 
complexes and LHCI showed a relatively slower decline 
on 4 August in 812HS compared with 812S (Fig. 8).  
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Discussion  
 
Ultrastructure of chloroplasts: Our study showed that 
photooxidation distinctly affected the Chl content, photo-
synthetic parameters, and chloroplast development in 
812HS (Figs. 2,3,6). Photosynthetic pigment content 
represents a sensitive parameter under stress conditions 
and is used as a potential biomarker of abiotic stress (Ma 
et al. 2015). The Chl content in the leaves of 812HS decre-
ased and the Chl a/b ratio was the highest on 4 August 
compared with that of 812S (Fig. 2A,B). The decreased Chl 
content induced by photooxidation might be attributed to 
inhibition of the Chl biosynthesis (Ranjbarfordoei et al. 
2011) or effects on the enzymes involved in Chl 
biosynthesis pathway (Singh et al. 2006, Sivaci et al. 
2008). The increased Chl a/b ratio showed that the Chl b 
synthesis was likely inhibited more than that of Chl a (Wu 
et al. 2007).  

Further, photooxidation apparently damaged the 
chloroplast ultrastructure (Fig. 3F). Observations on 23 
July revealed normal chloroplast ultrastructure in 812HS 
and 812S (Fig. 3A,B). Due to the rainy season, significant 
alterations in chloroplast ultrastructure occurred in 812HS, 
especially on 4 August (Fig. 3D), which was accompanied 
by the increasing number and size of translucent plasto-
globuli. Ladygin (2004) reported that lipid components of 
membranes, which were synthesized but not utilized in 
thylakoid biosynthesis, were partially conserved as plasto-
globuli. Hence, plastoglobuli in chloroplasts are deemed to 
contain components from disintegrated thylakoid mem-
branes. Altered thylakoid membrane structure may 
directly affect membrane functionality and inhibit 
photosynthesis when the integrity of the chloroplast 
ultrastructure in cells is destroyed under environmental 
stress (Chen et al. 2004). These changes were similar to 
the disorganization of thylakoid membranes observed in 
Ocimum basilicum (Bishehkolaei et al. 2011). Changes in 
chloroplast ultrastructure are another important reason for 
the decrease in Chl content. Thus, the loss of pigments and 
damage to the chloroplasts ultimately disturbed photo-
synthetic capacity (Qiao et al. 2013). 

 
Antioxidant enzyme systems of 812HS: Abiotic stress 
triggers oxidative damage resulting from the production of 
ROS (Alcázar et al. 2010). O2

.– and H2O2 contents in 
leaves of 812HS on 4 August increased gradually with 
photooxidation (Fig. 4C,D), which was consistent with 
previous findings (Zhang et al. 2009). This effect was also 
evidenced by the decline in photosynthetic pigments 
(Fig. 2A) and proteins (Fig. 7). MDA is a common product 
of polyunsaturated fatty acid peroxidation in biomem-
branes. As shown in Fig. 1S, MDA contents prominently 
increased in 812HS on 4 August, suggesting that 
photooxidation of the cell membrane induced oxidative 
stress and it was related to the production of O2

.– and H2O2 

(Wang et al. 2008) in agreement with the report on 
Populus cathayana by Zhao et al. (2009). O2

.– and H2O2 

enhanced oxidative and lipid peroxidation, increased 
MDA content, damaged cellular membrane, chloroplast 
structures, and their function. It invariably disturbed 
metabolic processes, and finally inhibited the growth. In 
order to avoid oxidative damage by ROS, antioxidants, 
including key enzymes (i.e., SOD, POD, CAT, APX, and 
GR) catalyze ROS detoxification (Vuleta et al. 2016). In 
our study, the activities of SOD in 812HS and 812S 
increased upon exposure to high light on 4 August, 
especially in 812HS. However, the production of O2

.– in 
812HS was far higher on 4 August than that in 812S 
(Fig. 4D), probably because the increased O2

.– production 
rate exceeded the SOD ability to remove O2

.– (Qiao et al. 
2013). Such results indicate that stress tolerance of plants 
depends on the equilibrium between the production of 
ROS and the antioxidant activity (Xu et al. 2010). In 
addition, the activities of SOD decreased during 
senescence on 15 September (Fig. 5A). It suggests that the 
antioxidant enzyme system of rice lost its intrinsic balance 
and was unable to resist effectively to the further 
generation of excess ROS. Further, POD, CAT, APX, and 
GR activities also increased slightly in 812HS leading to 
H2O2 accumulation, evidenced by the damaged structure 
of chloroplast membranes and pathophysiology 
(Figs. 3,6,7). Ultimately, these changes resulted in severe 
photooxidation of 812HS, which was consistent with a 
previous study (Zhang et al. 2009). These relationships 
appear to be mediated by specific gene expression, which 
needs additional investigations. 

 
Energy imbalance and photosynthesis: Photophospho-
rylation in chloroplasts produces ATP and transfers light 
energy to chemical energy in a reaction catalyzed by ATP-
synthase located in chloroplast thylakoid membranes (Ma 
et al. 2016). Photophosphorylation sharply decreased on 
4 August in 812HS as well as the capacity of chloroplasts 
to produce ATP and transform light energy into chemical 
energy (Fig. 6A,B), which was confirmed by the variation 
in Ca2+-ATPase and Mg2+-ATPase activities (Fig. 6C,D). 
Abiotic stressors, such as photooxidation, also affect 
plants by altering soluble protein contents (Yang et al. 
2011). In our present investigation, the protein content 
decreased dramatically in the leaves of 812HS on 
4 August. SDS-PAGE also revealed that photooxidation 
decreased the amount of proteins (Fig. 8A) in order to 
avoid energy imbalance when light exceed the requi-
rement. It may be due to an increase in protease activity 
leading to a decrease in protein content (Xu et al. 2010). 
In addition, the main reduction in four polypeptides with 
apparent molecular mass of 38, 33, 23, and 17 kDa, which 
are the protein subunits of the PSII oxygen-evolving 
complex, demonstrated that the PSII oxygen-evolving 
complex was most likely damaged under photooxidation. 
The immunoblot analysis confirmed the decline in PsbP, 
PsbO, and PsbQ contents. The core proteins of PSII (D1, 
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D2) as well as Lhcb1, 2, and 3 also declined in parallel on 
4 August in 812HS. The decline in the relative content of 
Rubisco large subunit was also significant. The PSI core 
complexes and LHCI showed a slower decline on 4 August 
in 812HS compared with 812S (Fig. 8B). We supposed that 
the decreased LHCII subunits in leaf under photooxidation 
hampered the light-harvesting capacity, and was an 
adaptation in order to balance the light energy absorption 
with CO2 assimilation (Wang et al. 2014). To avoid the 
energy imbalance resulting from photooxidation, plants 
downregulate protein contents associated with 
photosynthetic light harvesting to reduce the light energy 
absorbed. The decline in the core proteins of PSII (D1, D2) 
indicated serious photooxidative damage. Based on these 
results, it was suggested that this should promote thermal 
dissipation, and prevent excessive energy from the plant. 
Guha et al. (2013) deemed that this was a photoprotection 
strategy of rice from the overreduction of the electron 
transport chain and strengthen dissipation of excessive 
energy for the purpose of minimizing photooxidative 
damage in the thylakoid membrane. Simultaneously, PN is 

an important indicator which can reflect the photosynthetic 
capacity of plants. In our study, it sharply decreased and Ci 

significantly increased on 4 August in 812HS as compared 
with 812S (Fig. 7A,B). Photooxidation has harmful effects 
on leaves, which was indicated by FV/FM and PIABS. The 
values of FV/FM reflect the potential quantum efficiency of 
PSII and are used as a sensitive indicator of plant 
photosynthetic performance. Li et al. (2010) suggested 
that FV/FM is particularly useful to determine thermal, 
salinity, dessication, and other environmental stressors, as 
a robust indicator of photosynthetic stress. In our study, 
FV/FM increased on 14 July, and sharply decreased on 
4 August in 812HS (Fig. 7C). The performance index 
(PIABS) is applied to quantify the PSII behavior. It can more 
precisely reflect the state of the plant photosynthetic 
apparatus and is more sensitive than FV/FM to certain 
stresses (Van Heerden et al. 2004). PIABS increased during 
the whole growth period in 812S (Fig. 7D). Our results 
indicated that the leaves of 812HS were sensitive to high 
light intensity and their photosynthetic efficiency 
decreased.  
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