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Abstract 
 
Low temperature during the vegetative stage affects rice (Oryza sativa L.) seed-setting rate in Heilongjiang province at 
Northeast China. However, little is known about changes of the photosynthetic rate and physiological response in 
contrasting rice cultivars during chilling periods. In this study, two rice cultivars with different chilling tolerance were 
treated with 15°C from June 27 to July 7. The chilling-susceptive cultivar, Longjing11 (LJ11), showed a significant 
decrease in a ripening rate and seed-setting rate after being treated for four days, whilst chilling-tolerant cultivar, 
Kongyu131 (KY131), was only slightly affected after 4-d treatment. The photosynthetic activities, chlorophyll contents, 
and antioxidative enzyme activities in LJ11 decreased significantly along with the chilling treatment. The decrease in  
β-carotene contents might play a role as it could cause direct photooxidation of chlorophylls and lead to the inhibition of 
the photosynthetic apparatus. In the meantime, no significant damage was found in leaves of KY131 from June 27 to July 
11. In conclusion, the chilling-tolerance mechanism of rice is tightly related to the photosynthetic rate, metabolism of 
reactive oxygen species, and scavenging system in the vegetative stage.  
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Introduction 
 
Chilling stress is a major factor limiting rice production 
(Zhao et al. 2013a). It is because cultivated rice originates 
in tropical areas. Chilling affects rice during germination, 
seedling development, heading, seed formation, and finally 
also the rice yield. In order to explore inner mechanisms of 
chilling tolerance and sensitivity in rice cultivars, 
physiological and molecular techniques were used. For 
instance, 106 primary metabolites, amino acids (AAs), and 
related genes, which were recognized and were chilling 
responsive, contributed greatly to the chilling tolerance of 
rice variety Lijiangxintuanhegu (LTH) comparing to 
chilling-sensitive rice variety, IR29 (Zhao et al. 2013a). At 
the transcriptome level, CBF and MYBS3 regulons were 

involved in the chilling-stress tolerance (Zhang et al. 
2012b). Regulation clusters responding directly to oxida-
tive signals were related to bZIP factors, ERF factors, and  

R2R3-MYB factors in chilling-tolerant rice (Yun et al. 
2010). A subgroup of aquaporins, OsPIP1;1, OsPIP2;1, 
and OsPIP2;7 improved chilling tolerance of the plants by 
affecting their water balance under chilling stress (Yu et al. 
2006, Matsumoto et al. 2009). Heat shock-mediated APX 
gene was also related to chilling injury in rice seedlings 
(Sato et al. 2001). From the physiological point of view, 
chilling stress was also related to photooxidation (Wise 
and Naylor 1987), oxidative stress (Prasad et al. 1994), 
water stress (Takahashi et al. 1994), and proton pumping 
(Kasamo et al. 2000). Deficiency of phytochrome B alle-
viates chilling-induced photoinhibition in rice (Yang et al. 
2013). The main interaction between chilling tolerance and 
oxidative burst concerned function of the chloroplasts, 
especially genes of sucrose metabolism (Jeong et al. 2002, 
Guo et al. 2006).
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The growth of rice plants is divided into three phases, 
vegetative (germination to panicle initiation), reproductive 

(panicle initiation to flowering), and ripening (flowering to 

mature grain). Heilongjiang province is a main production 

area of rice cultivars. However, the rice growing season is 

affected usually by chilling stress from June to July. 
Chilling stress was associated with soil, irrigation water 

(Suzuki et al. 2014), and air temperature. This is  crucial 
time for panicle initiation and seed setting. However, little 

is known about the chilling mechanism in rice at the 

vegetative and seed-setting stage in Heilongjiang Province, 
China. In order to select a chilling-tolerant cultivar for 

future breeding programs, two rice cultivars contrasting in 

chilling tolerance were used for our experiments. Changes 

in their photosynthetic capacities and antioxidative enzyme 

activities were assayed for elucidation of chilling-tolerance 

mechanism in rice.  

 

Materials and methods 
 

Plant material: Rice chilling-tolerant cultivar, Kongyu131 

(KY131), and chilling-sensitive cultivar, Longjing11 

(LJ11), were used for chilling experimets. Seeds germi-
nated on 28 April were used in 2012–2014. Seedlings with 

four leaves were planted in black soils of experimental farm 

in Harbin City, Heilongjiang province (45°75'27''N, 
126°63'19''E). During the growing season, the average 

temperature was about 25–32°C, precipitation was about 
36–170 mm, and humidity was around 60%. Chilling treat-
ments were peformed in a control greenhouse at 15°C, the 

whole seedlings were treated for 4 d from 23 June, 25 June, 
27 June, 29 June, 1 July, 3 July, 5 July, 7 July, 9 July, and 11 

July, respectively. Seedlings were planted in field for final 
measurements of the seed-setting rate (Zhao et al. 2006). 
 

Chlorophyll (Chl) was extracted with 80% ice cold 

acetone from 0.1 g of leaf samples. The extract was mea-
sured spectrophotometrically at 475, 645, and 663 nm with 

GE Ultrospec™ 2100 pro UV/Visible spectrophotometer 

(GE Healthcare, USA) according to Lichtenthaler (1987). 
 

Modulated Chl fluorescence was measured in attached 

leaves at midday with a PAM-2500 portable fluorometer 

(Walz, Germany) connected to a computer with data 

acquisition software PAMwin3. The minimal fluorescence 

level (F0) in dark-adapted state was determined by the 

measuring modulated light, which was sufficiently low 

[<0.1 μmol(photon) m–2 s–1] not to induce any significant 
variable fluorescence. In order to determine the minimal 
fluorescence level during illumination (F0'), a black cloth 

was rapidly placed around the leaf and the leaf-clip holder 

in the presence of far-red light [7 μmol(photon) m–2 s–1] in 

order to oxidize fully the PSII centres. Upon darkening of 

the leaf for 30 min, fluorescence dropped to the F0' level and 

immediately rose again within several seconds. The 

maximal fluorescence in the dark-adapted state (Fm) and the 

maximal fluorescence during natural illumination (Fm') 

were measured by a 0.8-s saturating pulse at 8,000 

μmol(photon) m–2 s–1. Fm was measured after 30 min of dark 

adaptation. Fm' and Fs were measured at PPFD of 

approximately 1,400 and 200 μmol m–2 s–1, respectively, by 

a 0.8-s saturating pulse. Other parameters were calculated 

based on measured parameters above (Demmig-Adams et 
al. 1996). 

Abscisic acid (ABA): 0.5–1.0 g of fresh leaves was homo-
genized with 2 ml of 80% ice cold methanol, containing 

1 mmol L–1 2,6-di-tert-butyl-4-methylphenol on ice. After a 

full extraction for 4 h at 4C, the supernatant was obtained 

by centrifugation at 1,000 × g, at 4C, for 15 min and then 

was passed through C-18 solid phase extract column. 
Samples were air-dried with liquid N and resuspended by 

1.5 ml of phosphate buffered saline buffer with 1:1,000 

(v/v) Tween-20 and 1:1,000 (w/v) glutin, pH 7.5. ABA 

determination was performed with the ELISA method with 

ABA antigen, antibody, and ABA standard. Secondary 

antibodies were goat antirabbit IgG coupled with horse-
radish peroxidase. The optical density was measured by 

DNA EXPERT (Tecan, Austria) at 490 nm (Wang and Chen 

2011). 
 

Antioxidative enzyme activities: Superoxide dismutase 

(SOD, EC 1.15.1.1) activity was assayed by monitoring the 

inhibition of photochemical reduction of nitroblue 

tetrazolium (NBT) with some modifications. For the total 
SOD assay, 5 ml of the reaction mixture contained 50 mM 

HEPES (pH 7.6), 0.1 mM EDTA, 50 mM Na2CO3, 13 mM 

methionine, 0.025% (w/v) Triton X-100, 75 µM NBT, 
2 µM riboflavin, and an appropriate aliquot of the enzyme 

extract. The reaction mixtures were illuminated for 15 min 

at a light intensity of 350 µmol(photon) m–2 s–1. One unit of 

SOD activity was defined as the amount of enzyme required 

to cause 50% inhibition of the reduction of NBT as 

monitored at 560 nm. Peroxidase (POD, EC 1.11.1.7) 

activity was assayed with guaiacol as the hydrogen donor 

with extinction coefficient of 26.6 mM cm–1 at 470 nm. The 

reaction mixture consisted of 0.25% (v/v) guaiacol and 

0.1 M H2O2 in 10 mM sodium phosphate buffer, pH 6.0. A 

series of dilutions of the crude enzyme preparations (0.1 ml) 

were added to 3 ml of the reaction mixture. Changes in 

absorbance at 470 nm from 0, 1, 2, and 3 min were recorded, 
and the activity of peroxidase was expressed as 

μmol(product) min–1 g–1(FM) (Ye et al. 1990). Enzyme 

activities were measured with GE Ultrospec™ 2100 pro 

UV/Visible spectrophotometer (GE Healthcare, USA). 
 

Proline and malondialdehyde (MDA): For the proline 

assay, leaf samples (0.5 g) were homogenized in 10 ml of 

3% sulfosalicylic and the homogenate was filtered through  
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filter paper. Extract (2 ml) was added to 2 ml of glacial 
acetic acid and 2 ml of acid-ninhydrin and heated in water 

bath for 30 min. After cooling down, 4 ml of methylbenzene 

were added with agitation. The absorbance of the red 

methylbenzene supernatant was recorded at 520 nm with 

GE Ultrospec™ 2100 pro UV/Visible spectrophotometer 

(GE Healthcare, USA). The MDA content was assayed by 

the thiobarbituric acid method. Leaf samples (0.1 g) were 

homogenized in 5 ml of 0.05 M phosphate buffer (pH 7.8) 

at 4°C. The homogenate was centrifuged at 12,000 × g for 

20 min. Then, 2.5 ml of 20% (w/v) trichloracetic acid 

(TCA) containing 0.5% (w/v) thiobarbituric acid (TBA) 

was added to 1.5 ml of the supernatant. The mixture was 

heated in boiling water for 10 min and then quickly cooled 

in an ice bath. After the tube was centrifuged at 1,800 × g for 

10 min, the absorbance of the supernatant was recorded at 
532, 600, and 450 nm with GE Ultrospec™ 2100 pro 

UV/Visible spectrophotometer (GE Healthcare, USA). 
MDA concentrations were calculated by the formula:  
MDA [μmol L–1] = 6.45 × (A532 – A600) – 0.56 × A450. 
 

Statistical analysis: All data were analyzed by IBM-SPSS 

analytical software package version 21.0 (IBM Corpora-
tion, USA). One-way analysis of variance (ANOVA) and the 

Duncan's test was used for statistical analysis. The 

probability level of P<0.01 was considered significant. 
Figures were drawn by OriginPro2015 software (Origin-
Lab Corporation, USA). All of the measurements were 

performed six times, the means and calculated standard 

deviations (SD) were reported. 
 

Results 
 

Different treatment days showed a significant difference in 

the ripening rate and stem seed-setting rate, especially from 

29 June to 3 July in the chilling-sensitive cultivar LJ11 

(Table 1). The ripening rate was reduced from 80.3% on 23 

June to 51.8% on 3 July. The seed-setting rate was reduced 

from 85.1% on 9 July to 55.0% on 1 July. By contrast, 
chilling-tolerant KY131 showed a slight decrease of the 

ripening rate and stem seed-setting rate from 1 to 5 July after 

the chilling treatment for four days. The ripening rate was 

more than 80%, and seed-setting rate was more than 73%. 
Usually, chilling tolerance was related to the early res-

ponse and photosynthesis of rice, therefore we measured a 

Chl content of the chilling-treated leaves after four days of 

the treatment. 
The leaves treated for 4 d showed a great change in their 

Chl contents. Both Chl a and Chl b contents decreased 

significantly from 29 June to 3 July (Fig. 1). It suggested 
that in this period the leaf development was affected seri-
ously by chilling treatment. The retardation of leaves 

directly affected a subsequent seed formation rate. The 

reduction of Chl a was faster than that of Chl b from  
1–5 July and resulted in the decrease of the Chl a/b ratio. 
β-carotene (β-Car) contents decreased significantly in the 

leaves treated on 29 June and 3 July; this suggested that 
serious photooxidation occured after the chilling treatment. 
By contrast, in the chilling-tolerant KY131 leaves, the Chl 
contents did not change significantly (Fig. 2). 

The maximal efficiency of PSII photochemistry (Fv/Fm) 

decreased significantly in the leaves treated on 27 June and 

1 July (Fig. 3). The electron transport rate (ETR), photo-
chemical quenching (qP), and the actual photochemical 
efficiency of PSII (ΦPSII) showed more dramatic decrease in 

the leaves treated on 27 June and 1 July. In contrast, the 

nonphotochemical quenching (NPQ) increased nearly by 

50% during this period. The photosynthetic rate of KY131 

did not show any significant change at the same time  

(Fig. 4). 
SOD and POD enzyme activity decreased significantly 

from 27 June  and 1 July in treated leaves. Other stress-
related indices, such as the proline, MDA, and ABA con-
tents increased significantly (Fig. 5).  

By contrast, in the chilling-tolerant KY131 plants, the 

stress-related indices did not change significantly (Fig. 6). 
The enzyme activities and stress-related indices  coincided 

with the reduction of ripening rate and seed-setting rate in 

both rice cultivar.  
 

Table 1. Effects of chilling treatment on the seed-setting rate and ripening rate of cultivars LJ11 and KY131. Differernt uppercase letters 
mean significant level (P<0.01) by ANOVA and Duncan's test. 
 

Treatment 
day 

LJ11 KY131 
Ripening rate [%] Seed-setting rate [%] Ripening rate [%] Seed-setting rate [%] 

23 June  80.27 ± 3.10A 77.02 ± 9.59AB 88.13 ± 1.57AB 84.16 ± 6.54 
25 June  72.57 ± 9.04ABC 79.08 ± 4.00AB 87.51 ± 3.14AB 83.19 ± 6.18 
27 June  69.51 ± 5.51ABCD 66.84 ± 16.84AB 89.05 ± 1.41AB 83.02 ± 7.17 
29 June  59.29 ± 9.88BCD 67.08 ± 14.79AB 89.31 ± 2.68A 86.81 ± 5.03 
1 July  56.16 ± 6.49CD 54.95 ± 10.30B 84.52 ± 3.66ABCD 77.21 ± 8.97 
3 July  51.79 ± 5.17D 66.34 ± 7.77AB 81.19 ± 3.37CD 74.89 ± 7.73 
5 July  62.48 ± 9.31ABCD 78.52 ± 7.04AB 80.84 ± 2.01D 84.51 ± 6.09 
7 July  75.63 ± 11.93ABC 85.72 ± 5.48A 82.75 ± 3.28ABCD 82.64 ± 4.70 
9 July  72.89 ± 17.32ABC 85.08 ± 9.91A 87.45 ± 2.87ABC 86.09 ± 5.38 
11 July  79.75 ± 8.87AB 74.34 ± 17.24AB 84.16 ± 3.51ABCD 73.54 ± 6.86 
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Fig. 1. Changes of chlorophyll (Chl) and β-carotene (β-Car) contents of chilling-treated seedlings of chilling-susceptible rice cultivar 
LJ11. FM  fresh mass.  

 

 
 
Fig. 2. Changes of chlorophyll (Chl) and β-carotene (β-Car) contents of chilling-treated seddlings of chilling-tolerant rice cultivar 
KY131. FM  fresh mass. 
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Fig. 3. Changes of chlorophyll a fluorescence parameters of chilling-treated seedlings of chilling-susceptible rice cultivar LJ11. ETR – 
electron transport rate; Fv/Fm – maximal efficiency of PSII photochemistry; NPQ – nonphotochemical quenching; qP – photochemical 
quenching coefficient; ФPSII – actual photochemical efficiency of PSII. 
 

 
 
Fig. 4. Changes of chlorophyll a fluorescence parameters of chilling-treated seedlings of chilling-tolerant rice cultivar KY131. ETR – 
electron transport rate; Fv/Fm – maximal efficiency of PSII photochemistry; NPQ – nonphotochemical quenching; qP – photochemical 
quenching coefficient; ФPSII – actual photochemical efficiency of PSII. 
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Fig. 5. Changes of physiological parameters of chilling-treated seedlings of chilling-susceptible rice cultivar LJ11. ABA – abscisic acid; 
MDA – malondialdehyde; POD – peroxidase; SOD – superoxide dismutase. 
 

 
 
Fig. 6. Changes of physiological parameters of chilling-treated seedlings of chilling-tolerant rice cultivar KY131. ABA – abscisic acid; 
MDA – malondialdehyde; POD – peroxidase; SOD – superoxide dismutase. 
 
Discussion 
 
Chilling is considered being related to reactive oxygen 
species (ROS), enzyme activities (del Río et al. 1977), and 
photosystem functioning (Smillie and Nott 1979). The 

damage of leaves during chilling stress leads to male 
sterility and to a final yield loss (Noctor 2015). This is due 
to ATP synthesis reduction (Kasamo et al. 2000) and 
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contents of phosphatidylglycerol (PG) of thylakoid 
membrane lipids (Zhu et al. 2008). Although no significant 
change in leaf color was observed, chloroplast structure 
changes in chilled leaves and swelling or disintergration of 
thylakoid membranes occur (Kratsch and Wise 2000). 

In this study, we confirmed that the chilling stress from 
29 June to 5 July occurred during the most sensitive period 
for the LJ11 cultivar of rice. Although treated only for four 
days, the damage seemed to be irreversible and led to a 
final loss of 30–40% ripening rate and seed-settting rate  
(Table 1).  

The straight degradation of Chl a and Chl b is an indi-
cator of plant damage, which is associated with an increase 
of chlorophyllase activity in Chl-catabolic pathway (Hör-
tensteiner 2006). The faster degradation of Chl a than 
that of Chl b resulted in the decrease of the Chl a/b ratio 
(Fig. 1). β-Car can usually quench ROS at the early stage 
of a damage (Apel and Hirt 2004). On the contrary, the 
decrease in the Car contents can directly cause photo-
oxidation of Chls and may lead to the partial destruction of 
the photosynthetic apparatus. The chiling treatment did not 
only affect the contents of Chl, but it reduced the ab-
sorption efficiency of Chl and also reduced the contents of 
Car. Besides, a straight decrease of Fv/Fm, ETR, and qP in 
the chilling-treated leaves suggested a potential damaging 

effect of light on PSII, which could be observed also in 
changes of chloroplast structure (Kratsch and Wise 2000). 
The increase of NPQ indicated that after chilling-induced 

decrease in PSII functioning; the light energy absorbed by 
chloroplasts could not be transferred to PSI, but dissipated 

as heat through nonphotochemical quenching (Roháček and 
Barták 1999, Roháček 2002). 

The breakdown of photosynthetic electron transport 
chain also increased ROS contents as shown in other plants 
(Hodges et al. 1997, Michaeli et al. 1999, Lee and Lee 
2000). SOD is the first enzyme controlling oxidative stress 
(Alscher et al. 2002). Our findings revealed that the 
chilling caused the increase of defense-responsive enzyme 
activities in order to cope with the damage of lipid 
membrane and protein in plant cell and increased stress 
indicators, ABA under chilling stress (Zhang et al. 2012a, 
Zhao et al. 2013b). The relatively high contents of MDA 
as well as the enzyme activity of SOD and POD indicated 
that chilling stress was accompanied by oxidative stress 
(Fig. 3). The MDA content in plant tissues is considered an 

index of membrane oxidation (Chia et al. 1981). ABA is 
one of the most important plant hormones regulating 
stress-responsive processes (Halevy et al. 1974, Yang et 
al. 2002, Hung and Kao 2004, Yang et al. 2011). The 
significant increase of MDA and ABA contents, especially 
in the plants treated from 29 June to 5 July, indicated that 
LJ11 was affected by chilling stress. 
 
Conclusion: We found that the chilling-tolerant mechanism 
was tightly related to the photosynthetic rate, ROS meta-
bolism, and ROS scavenging system. 
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