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Abstract 
Low temperature is a major factor limiting the productivity and geographical distribution of many plant species. 
In this study, we investigated the effect of chilling stress (10 oC) on seedling growth in two sweet sorghum 
(Sorghum bicolor (L.) Moench) inbred lines (M-81E and Roma). Results showed that the chilling resistance of 
M-81E was higher than that of Roma. The Fv/Fm in leaves of M-81E decreased less than that of Roma during 
chilling stress. After 24 h of chilling stress, the Fv/Fm of M-81E and Roma decreased by 24.3 and 45.8%, 
respectively. Fo was also affected significantly during chilling stress. Malondialdehyde (MDA), an indicator of 
lipid peroxidation caused by ROS, increased during chilling stress. The contents of MDA increased less in leaves 
of M-81E than that in Roma under chilling stress. The antioxidant enzymes (SOD and APX) activity of M-81E 
was higher than those of Roma during chilling stress. The unsaturated fatty acid content and the double bond 
index (DBI) of major membrane lipids of MGDG, DGDG, SQDG, PC, PE and PG of M-81E significantly 
increased after 24 h of chilling treatment (10 oC). The DBI of MGDG, DGDG, SQDG, PC and PG of Roma 
significantly decreased. These results showed that the chilling tolerance of M-81E was higher than that of Roma 
by increasing of unsaturated fatty acid in membrane lipid and powerful protective enzyme system at seedling 
stage. 
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1. Introduction 
Sweet sorghum (Sorghum bicolor (L.) Moench) is known to be an annual C4 plant of African (tropical) origin 
and is well adapted to semiarid and arid tropic regions, being highly biomass productive (Jordan et al., 1983). 
Amongst widely grown crop species, sorghum has one of the greatest degrees of stress tolerance (Paterson et al., 
2009). However, Sorghum is a species sensitive to chilling temperatures, meanwhile, the life cycle of sweet 
sorghum will inevitably meet a period of low temperature (Ercoli et al., 2004; Hetherington et al., 1989). 
Chilling stress is a major factor limiting the plants productivity, including vegetables such as cucumber, tomato 
and crops such as sweet sorghum (Kong et al., 2013; Kratsch & Wise, 2000). It is a time dependent and changes 
in physiological activity preced the development of visual symptoms of injury (Ercoli et al., 2004). 
Photosynthetic activity is sensitive to chilling stress because low temperature causes impaired photochemical 
activity due to membrane injury (Hu et al., 2010). Also, low temperature can lead to excessive excitation energy, 
inhibiting PSII activity (Duan et al., 2012; Pinheiro & Chaves, 2011). Plants have evolved various mechanisms 
to against light-induced damage (Cushman & Bohnert, 2000; Vij & Tyagi, 2007), such as regulation of PSII 
light-capture efficiency. PSII is considered to play an important role in the adaptation of photosynthesis to stress 
(Baker, 1991); by increases of unsaturated fatty acids in membrane lipids and antioxidant enzymes (Sui, 2015; 
Sui & Han, 2014); state transition between PSI and PSII; which coordinate the balance of the electron transport 
chain between PSI and PSII (Havaux & Kloppstech, 2001; Ivanov et al., 2008).  

The utilization of photochemical and non-photochemical process for absorbed energy is unbalanced under low 
temperature stress, and it can result in an excess light energy (Hu et al., 2010; Sonoike, 1999). The excessive 
light energy in the photosynthetic apparatus cannot be used to photosynthesis timely, and it gives rise to the 
accumulation of ROS in plant tissue (Sala & Lafuente, 2004; Shigeoka et al., 2002). The overproduction of ROS 
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damages plant proteins, lipids and carbohydrates, meanwhile, it also forming toxic products of malondialdehyde 
(MDA), which ultimately results in cell death (Hu et al., 2010; Ogweno et al., 2008; Posmyk et al., 2005; Wang 
et al., 2013). In plant, there are many defense mechanisms against low temperature, such as antioxidant enzymes 
and non enzymatic antioxidants. Superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxidase (APX) 
(Xi et al., 2013) are important antioxidant enzymes, while ascorbate (AsA) and glutathione (GSH) are common 
non enzymatic antioxidants (Namdjoyan et al., 2011). Their function is to scavenge properly the toxic ROS and 
MDA, and dissipate excess energy from chilling stress (Noctor & Foyer, 1998; Song et al., 2005; Sui, 2015). 

Chilling-sensitive plants also have a critical element to relate to the cellular membrane integrity. Some reports 
suggested that the changes in the content of unsaturated fatty acids can improve plant tolerance to environmental 
stresses such as cold, heat and drought (Dakhma et al., 1995; Liu et al., 2008; Matos et al., 2002; Sui et al., 2007). 
Under chilling stress, lipids in cell membranes change from a lipid-crystalline condition to a solid state at a 
critical temperature that is determined by the ratio of saturated to unsaturated fatty acids (Quinn, 1988). 
Tolerance to chilling stress is closely connected with the unsaturated fatty acid content of plant membrane lipids 
(Cheng et al., 2014; Szalontai et al., 2003). Previous evidences have reported that over expression of unsaturated 
fatty acids gene improves chilling tolerance in tomato (Sui et al., 2007). Also, over expression of tomato 
chloroplast omega-3 fatty acid desaturase gene alleviates the photoinhibition of photosystems II and I under 
chilling stress (Liu et al., 2008). In higher plants, the most abundant lipids of thylakoid membranes are 
glycolipids, including mono-galactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG), 
sulfoquinovosyldiacylglycerol (SQDG) and phosphatidylglycerol (PG). Among them, PG is a phospholipid 
containing trans sixteen carbon triple acid, and is widely present in the biological membranes. The majority of 
PG molecules are localized in the thylakoid membranes and functions as the site of oxygenic electron transport 
in PSII (Domonkos et al., 2004; Murata, 1983; Wada & Murata, 1998; Yu & Benning, 2003). An increase in the 
proportion of unsaturated fatty acids results in the membrane remaining functional at lower temperatures 
(O'Kane et al., 1996). Graham and Patterson (1982) reports indicated that chilling stress induce changes in fatty 
acid composition, mainly in the content of linolenic acid (18:3), the increased production of 18:3 was found to 
accompany cold acclimation in plants, and a positive relationship was found between a higher degree of fatty 
acid desaturation and cold tolerance (Xu & Siegenthaler, 1997).  

Fewer studies have examined the effects of chilling on membrane lipid composition and antioxidant enzyme in 
this plant. Here, we describe an investigation into the effects of chilling stress on the unsaturated fatty acid 
contents of membrane lipids and antioxidant enzyme in two sweet sorghum inbred lines. We show that M-81E 
and Roma respond to chilling stress in highly contrasting ways. 

2. Material and Methods 
2.1 Plant Culture and Treatments 

Seeds of two sweet sorghum lines M-81E and Roma were used as material. Dry seeds were stored in a 
refrigerator at 4 oC before used.  

After being washed with tap water for 10 h, 5 seeds were sowed in each plastic pots filled with river sand and 
irrigated with 1/2 Hoagland solution after emergence. Seedlings grow to 3 leaves, thinning, 3 trees per pot. 5 
replicates were used for each treatment. The plants were cultured in a glasshouse in light cycle, under 14 h of 
light/10h of dark with natural light. The temperature in the glasshouse was 28 ± 5 oC during the day and 20 ± 3 
oC at night. Chilling treatment was performed at the four-leaf stage. The treated plants were kept at 10 oC for 0, 
12, 24, 36 and 48 h. All plants were submitted to these treatments successively. The treated leaves were then 
frozen in liquid nitrogen and stored at -80 °C until further use for the determinations of antioxidant enzyme 
activities and Lipid content.  

2.2 Measurements of Chlorophyll Fluorescence 

Chl fluorescence was measured using a portable fluorometer (FMS2, Hansatech, King’s Lynn, UK) according to 
the protocol described by Kooten et al. (1990). Minimal fluorescence (Fo) with all PSII reaction centers open 
was determined with modulated light which was low enough not to induce any significant variable fluorescence 
(Fv). Maximal fluorescence (Fm) with all reaction centers closed was determined by irradiating for 0.8 s with 
saturating light of 8000 μmol m-2 s-1 on a dark-adapted leaf (adapted 15 min in darkness). Maximal 
photochemical efficiency (Fv/Fm) of PSII was expressed as Fv/Fm = (Fm – Fo)/Fm. 

2.3 Measurement of MDA Content 

Lipid peroxidation was histochemically detected by SchiV’s reagent (Yamamoto et al., 2001), which detected 
aldehydes originating from lipid peroxides. The amount of MDA, the end product of lipid peroxidation, was 
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assessed by the Lin method (Lin et al., 1984). The leaves (same position 0.4 g) treated with different chilling 
stress were homogenized by mortar and pestle in 5 mL of 0.1% trichloroacetic acid (TCA). Added 5 mL of 0.5% 
trichloroacetic acid (TCA) into homogenate then put the tube into the boiling water for 10 minutes, took out and 
placed in cold water immediately. After the tube cooling the homogenate was centrifuged at 3000 rpm for 15 min. 
The supernatant was used for MDA assay and MDA content was calculated using 155 mM-1 cm-1 as extinction 
coefficient. 

2.4 The activity of Antioxidant Enzymes Assay  

SOD was prepared by first freezing 0.2 g of leaves sample in liquid nitrogen to prevent proteolytic activity, 
followed by grinding with 5 ml extraction buffer (0.1 M phosphate buffer, pH 7.5, containing 0.5 mM EDTA, 
and 1 mM ascorbic acid). The homogenate was centrifuged for 20 min at 15000 g and the supernatant was used 
as an enzyme. The soluble proteins concentration in the supernatant was determined using the method of 
Bradford with bovine serum albumin (BSA) as standard (Bradford, 1976). The activity Per unit of SOD was 
estimated by recording the decrease in optical density of nitro blue tetrazolium (NBT) induced by the enzyme. 
The reaction mixture contained 13 mM methionine, 75 uM nitrobluetetrazolium chloride, 0.1 mM EDTA, 50 
mM phosphate buffer (pH 7.8), 50 mM sodium carbonate, and 0.1 ml enzyme solution. The reaction was started 
by adding 2 uM riboflavin. The reaction mixtures were illuminated for 20 min at 90 umol m-2 s-1 (placing the test 
tubes under two 15 W fluorescent lamps). A complete reaction mixture without enzyme, which gave the maximal 
colour, was served as the control. The reaction was stopped by switching off the light and putting the tubes into 
dark. A non-irradiated complete reaction mixture was served as a blank. 

The activity of APX was determined by following the decrease of absorbance at 290 nm. The reaction mixture 
contained 50 mM potassium phosphate buffer (pH 7.0), 0.5 mMascorbate, 0.2 mM H2O2 and the suitable volume 
of enzyme extract (Jimenez et al., 1997). Enzyme activity was calculated per mg of total protein in U which 
represents the amount of enzyme needed to oxide 1 umol of AsA within 1 min at room temperature. 

2.5 Lipid Extraction and Fatty Acid Composition Analysis 

Lipids were extracted as described by Siegenthaler et al. (1984). The pre-cooled mortar and placed on ice for 10 
min, in the fight to take five sweet sorghum leaves leaf discs were placed in a mortar, add 9 ml of 
chloroform:methanol (1:2), the blade ground into homogenate; The homogenate is transferred to 50 ml 
centrifuge tube and large, on a shaker and mix stand for 20 min; and to the centrifuge tube was added 3 ml of 
chloroform and 5.4 ml 0.9 M KCL, 1500 g centrifugation after mixing 15 min; while centrifugal silica gel plate 
and marked at the point of the sample and placed in an oven at 105 oC activated 1 h; After centrifugation the 
lower draw liquid into a glass tube and the bottom tip dry with N2; The bottom of the tube powder with 0.2 ml of 
chloroform:methanol (2:1) was dissolved, set the volume, followed by separation with two-dimensional thin 
layer chromatography (TLC). For quantitative analysis, lipids were separated by TLC, scraped from the plates, 
and used to prepare fatty acid methyl esters.  

The fatty acid composition of individual lipids was determined using gas chromatography (GC-9A, Shimadzu, 
Japan) as described by Chen et al. (1993). The chromatographic column was 3 mm × 2 m glass column packed 
with the carrier body Chromosorb W AW DWCS 80-100 mesh, 15% fixative DEGS (polyethylene diethylene 
glycol butyl acid fat), chromatograph equipped CR-2AX data processor.  

2.6 Statistical Analysis 

For all data we used SPSS Version 16.0 for Windows (SPSS, Chicago. IL, USA). Multiple comparisons were 
performed between different environmental conditions using Duncan’s test at the 0.05 significance level. Figures 
were drawn by origin data analysis and graphing software, Sigma Plot 10.0.  

3. Results 

3.1 Effect of Chilling Stress on PSII Photochemical Efficiency 

Previous studies have shown that PSII plays an important role in the response of leaf photosynthesis to 
environmental stresses (Baker, 1991). Photoinhibition of PSII was estimated by measuring Fv/Fm. As shown in 
Figure 1A, Fv/Fm decreased in leaves of the two inbred sweet sorghum under chilling stress. But the Fv/Fm of 
Roma decreased significantly than that of M-81E (Figure 1A). Simultaneously, after a 24 h of chilling stress, the 
Fv/Fm of M-81E and Roma rapidly decreased by 24.3 and 45.8%, respectively. The Fv/Fm of M-81E and Roma 
decreased slowly at 36 h and 48 h, respectively. The Fv/Fm of M-81E decreased by 27.8 and 33.3%, after 36 h 
and 48 h of chilling stress, respectively; and the Fv/Fm of Roma decreased by 51.6 and 58.8%, after 36 h and 48 
h of chilling treatment, respectively.  
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Fo was also affected by chilling stress. As shown in Figure 1B, after 24 h of chilling stress, the Fo of M-81E and 
Roma rapidly increased by 11.8 and 17.4%, respectively. After 36 h and 48 h of chilling stress, the Fo of M-81E 
and Roma increased slowly (Figure 1B). The Fo of M-81E decreased by 13.9 and 16.1%, after 36 h and 48 h of 
chilling stress, respectively; and the Fo of Roma decreased by 22.0 and 24.2 %, after 36 h and 48 h of chilling 
treatment, respectively.  
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Figure 1. Changes of the maximal photochemical efficiency of PSII (Fv/Fm) and the minimum fluorescence (Fo) 
in two sweet sorghum lines under chilling stress 

Note. Values are means ± SD of five measurements for each of five plants (n = 5). Bars with different lowercase 
letters show significant differences at the P < 0.05 level. 

 

3.2 The Effect of Chilling Stress on MDA Content  

MDA is generally considered to be one of the main products of reactive oxygen species, and its content can be 
used to measure the extent of reactive oxygen species damage. The accumulation of MDA also usually leads to 
the damage of cell membrane in plant and animal. As showed in Figure 2, MDA content of the two inbred of 
sweet sorghum showed an increasing trend during the whole chilling period. The MDA level in M-81E under 
chilling stress was lower than that in Roma. The MDA content of M-81E and Roma rapidly increased by 98.1 
and 198.9%, after 24 h of chilling stress, respectively. The MDA content of M-81E and Roma increased slowly 
after 36 h and 48 h of chilling stress (Figure 2). The MDA content of M-81E increased by 129.9 and 143.9, after 
36 h and 48 h of chilling treatment, respectively. The MDA content of Roma increased by 249.8 and 266.1%, 
after 36 h and 48 h of chilling stress, respectively. 
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Figure 2. Changes of MDA content in two sweet sorghum lines under chilling stress 

Note. Values are means ± SD of five measurements for each of five plants (n = 5). Bars with different lowercase 
letters show significant differences at the P < 0.05 level. 

 

3.3 The Effect of Chilling Stress on Antioxidant Enzymes Activity 

SOD is one of the key enzymes to scavenge ROS produced in active cells. The activities of SOD and APX were 
increased before 24 h of chilling stress and then decreased (Figure 3). After 24 h of chilling stress, SOD activity 
of M-81E and Roma increased by 63.8 and 58.3%, respectively, compared to control group (0 h of chilling 
stress). After 48 h of chilling stress, the SOD activity of M-81E and Roma decreased by 10.7 and 21.4%, 
respectively, compared to that at 24 h of chilling stress (Figure 3A). APX is an active oxygen scavenger in plant. 
The APX activity of M-81E and Roma increased by 96.5 and 86.9% after 24 h of chilling stress, respectively, 
relative to the original value. After 48 h of chilling stress, the APX activity of M-81E and Roma decreased by 8.9 
and 24.6%, respectively, relative to the 24 h of chilling stress (Figure 3B). During the whole chilling stress, the 
activities of both enzymes in leaves of M-81E were higher than that of Roma.  
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Figure 3. Expressions of ROS scavenging systems related SOD (A) and APX (B) in two sweet sorghum lines 
under chilling treatment 

Note. Values are means ± SD of five measurements for each of five plants (n = 5). Bars with different uppercase 
letters show significant differences at the P < 0.05 level.  
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3.4 Lipid Content and Fatty Acid Composition 

After 24h of chilling treatment, the unsaturated fatty acid content and the double bond index (DBI = 18:1 × 1 + 
18:2 × + 18:3 × 3) of the major membrane lipids of MGDG, DGDG, SQDG, PC, PE and PG of M-81E 
significantly increased (Table 1). However, DBI of MGDG, DGDG, SQDG, PC and PG of Roma significantly 
decreased (Table 1). Unsaturated fatty acid contents, linoleic acid (18:2) of MGDG, DGDG, SQDG, PC, PE and 
PG, linolenic acid (18:3) of DGDG, SQDG PC and PE of M-81E increased after 24 h of chilling treatment 
(Table 1). However, after 24 h of chilling stress, linoleic acid (18:2) of MGDG, DGDG, PC and PG, 18:3 of 
MGDG, SQDG, PC and PG of Roma decreased compared to the control group (Table 1). 

As showed in Table 2, after 24 h of chilling stress, the 18:1 and 18:2 unsaturated fatty acid content and DBI of 
total lipids increased by 61.0, 350.7 and 94.2% in M-81E, respectively, and the saturated fatty acids of 16:0 and 
18:0 decreased 7.7 and 68.2%, respectively. Oleic acids 18:1, 18:2 and DBI of total lipids all decreased 
significantly in Roma, after 24 h chilling stress. 18:1, 18:2, and DBI decreased by 59.6, 30.0 and 30.0% in Roma, 
respectively. Also, the stearic acid (18:0) increased 440.9%. The 18:3 unsaturated fatty acid content increased in 
two inbred of sweet sorghum lines, but the M-81E increased more than Roma. It increased by 20.8 and 5.2% in 
M-81E and Roma, respectively. These results showed that the content of unsaturated fatty acids increased in 
M-81E during chilling stress (Table 2). 

After the 10 oC chilling treatment for 24 h, the level of MGDG and PC in leaves of the two inbred sweet 
sorghum increased significantly. The level of MGDG and PC increased by 62.9 and 115.2% in M-81E, 
respectively, and they increased by 55.5 and 54.2% in Roma, respectively. The level of DGDG and PE both 
decreased in M-81E and Roma. The level of DGDG and PE decreased by 36.0 and 34.7% in M-81E, respectively, 
and they decreased by 28.9 and 76.5% in Roma. The level of SQDG decreased by 47.6% in M-81E and 
increased by 239.5% in Roma, while the level of PG increased by 65.6% in M-81E and decreased by 49.4% in 
Roma compared to the untreatment group (Table 3).  
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Table 1. Fatty acid composition of membrane lipids in leaves of the two inbred sweet sorghum during chilling 
treatment  

Lipid class  16:0 16:1 18:0 18:1 18:2 18:3 DBI 

MGDG MCK 68.46±3.36a - 5.12±0.28b 13.44±0.61a 4.74±0.41b 8.24±0.47a 47.64

 ML24 60.89±3.12b - 5.64±0.31a 12.34±0.57b 19.70±0.75a 2.06±0.16b 57.92
 RCK 71.73±3.53a - 7.09±0.45b 11.58±0.47a 3.63±0.16a 5.97±0.36a 36.75

 RL-24 65.84±3.21b - 24.73±1.23a 4.33±0.26b 0.88±0.04b 4.22±0.31b 18.75

DGDG MCK 76.29±2.57b - 16.63±0.76a 5.25±0.29b 0.84±0.03b 0.99±0.11b 9.9 

 ML24 83.72±4.40a - 2.47±0.09b 9.40±0.41a 3.35±0.23a 1.06±0.15a 19.28
 RCK 83.32±4.26a - 4.20±0.22b 8.61±0.33a 1.46±0.12a 2.41±0.21b 18.76

 RL-24 62.55±3.08b - 29.73±1.23a 4.15±0.23b 0.54±0.02b 3.03±0.28a 14.32

SQDG MCK 63.79±2.05b - 27.35±1.03a 6.31±0.38b 1.25±0.11b 1.30±0.19b 12.71

 ML24 68.54±2.45a - 7.11±0.48b 15.96±0.81a 5.52±0.49a 2.86±0.26a 35.58
 RCK 78.39±3.62a - 4.90±0.26b 12.42±0.56a 1.85±0.08b 2.45±0.21a 23.47

 RL-24 73.15±3.28b - 16.57±0.72a 5.43±0.34b 3.02±0.21a 1.84±0.21b 16.99

PC MCK 77.43±3.32a - 13.67±0.61a 5.93±0.39b 1.15±0.09b 1.82±0.18b 13.69

 ML24 77.34±2.67a - 6.25±0.39b 7.74±0.51a 4.86±0.43a 3.82±0.31a 28.92
 RCK 82.36±3.17a - 3.44±0.16b 8.10±0.58a 2.04±0.14a 4.07±0.31a 24.39

 RL-24 71.59±2.01b - 21.89±1.11a 2.61±0.14b 0.89±0.06b 3.02±0.28b 13.45

PE MCK 77.19±2.56a - 12.74±0.52a 6.70±0.37b 1.05±0.08b 2.33±0.20b 15.79

 ML24 48.71±1.64b - 4.49±0.23b 12.52±0.61a 4.09±0.36a 3.3±0.29a 30.6 
 RCK 83.34±3.43a - 3.76±0.18b 9.16±0.38a 2.01±0.13b 1.73±0.16b 18.37

 RL-24 76.01±2.48b - 9.68±0.65a 6.03±0.34b 2.72±0.21a 5.56±0.35a 28.15

PG MCK 78.88±3.91a 1.40±0.04b 10.92±0.71a 4.26±0.24b 1.43±0.12b 3.10±0.27a 16.42

 ML24 57.73±1.19b 22.89±1.13a 4.74±0.27b 8.56±0.62a 4.05±0.34a 2.02±0.19b 22.72
 RCK 70.22±3.11b 14.76±0.76a 0.69±0.02b 10.67±0.49a 2.42±0.18a 1.24±0.17a 19.23

 RL-24 89.09±4.13a 5.54±0.33b 2.95±0.13a 0.87±0.03b 0.74±0.04b 0.80±0.06b 4.75 

Note. MCK: 0 h of chilling stress in M-81E; ML24: 24 h of chilling stress in M-81E; RCK: 0 h of chilling stress 
in Roma; RL24: 24 h of chilling stress in Roma.  

Each point represents the mean ± SD of five measurements on each of five plants. Means identified by different 
letters are significantly different at P < 0.05. 

 
Table 2. Constituent fatty acids of total lipids in leaves of the two inbred sweet sorghum during chilling 
treatment 

Fatty acid 
Fatty acid composition (mol%) 

MCK ML24 RCK RL24 

16:0 73.82±3.86a 68.14±3.05b 79.18±3.98a 71.59±3.36b 

16:1 1.39±0.08b 7.67±0.34a 2.77±0.19b 0.53±0.05a 

18:0 16.09±1.13a 5.12±0.26b 3.64±0.09b 19.69±1.36a 

18:1 6.38±0.34b 10.27±0.52a 9.62±0.47a 3.89±0.21b 

18:2 1.36±0.08b 6.13±0.36a 2.11±0.12a 1.48±0.09b 

18:3 2.21±0.13b 2.67±0.14a 2.68±0.15a 2.82±0.16a 

DBI 15.73 30.54 21.88 15.31 

Note. Each point represents the mean ± SD of five measurements on each of five plants. Means identified by 
different letters are significantly different at P < 0.05. 
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Table 3. Composition of lipid classes in leaves of the two inbred sweet sorghum during chilling treatment 

Lipid class 
Lipid content (mol%) 

MCK ML24 RCK RL24 

MGDG 7.35±0.86b 11.97±1.19a 9.77±1.05b 15.19±1.06a 

DGDG 26.66±1.46a 17.05±1.02b 22.42±1.12a 15.95±0.89b 

SQDG 20.08±0.84a 10.53±0.65b 7.80±0.56b 26.48±1.23a 

PC 13.69±1.06b 29.46±1.89a 17.76±1.26b 27.38±1.76a 

PE 22.31±1.52a 14.57±0.52b 23.51±1.61a 5.52±0.08b 

PG 9.91±0.48b 16.41±1.02a 18.75±1.07a 9.49±0.45b 

DGDG/MGDG 3.63 1.42 2.29 1.05 

Note. Each point represents the mean ± SD of five measurements on each of five plants. Means identified by 
different letters are significantly different at P < 0.05. 

 
4. Discussion 
Changes in unsaturated fatty acid content can enhance tolerance to environmental stresses such as cold, salt, 
drought and heat (Cheng et al., 2014; Matos et al., 2002; Sui & Han, 2014; Wada et al., 1990). Chilling stress 
inhibits photosynthesis by the process of photoinhibition (Xu et al., 1999; Zhang et al., 2011). Previous research 
suggested that plant tolerance to chilling is dependent on unsaturated fatty acid levels (Berberich et al., 1998; 
Mikami & Murata, 2003). In the present study, we investigated the effects of chilling stress on the photosynthesis, 
antioxidant enzyme and unsaturated fatty acids in membrane lipids on seedlings growth of two sweet sorghum 
inbred lines.  

Chilling stress is known to inhibit photosynthesis by the process of photoinhibition (Aro et al., 1993). There is a 
lot of evidences have reported that PSII is believed to play an important role in the response of leaf 
photosynthesis to environmental stresses. Low temperature treatment can damage the electron transfer 
machinery of PSII (Baker, 1991; Zhang et al., 2000; Cheng et al., 2014). The maximal efficiency of PSII 
photochemistry (Fv/Fm) reflects the PSII activity (Figure 1A). Results showed that Fv/Fm of M-81E decreased 
less than that of Roma, especially in 24h under chilling stress (Figure 1A). These results indicated that the 
photosynthetic system of M-81E is less damaged. Fo represents minimum fluorescence intensity after dark 
adaptation. After 24 h of chilling stress, the Fo of Roma rapidly increased more than that of M-81E (Figure 1B). 
The present study revealed that M-81E had more powerful photosynthetic system than Roma under chilling 
stress. 

Changes of cell membrane permeability in plants under stress condition can reflect the damage extent (Agarie et 
al., 1998). In previous research, MDA content was lower while more efficient radical scavenging enzymes were 
observed in plants. MDA is one of the main products of membrane lipid peroxidation, which was usually as an 
indicator of the degree of plant oxidative stress and the structural integrity of the membranes of plants subjected 
to low temperatures (Posmyk et al., 2005). Meanwhile, plants contain various enzymatic antioxidants, such as 
SOD, APX, and CAT, and non-enzymatic antioxidants, such as ascorbate, glutathione, flavonoids and 
carotenoids (Song et al., 2005). The activity of SOD was the key enzymes to scavenge O2

-.in leaves, and the 
APX activity in leaves was mainly involved in the removal of H2O2 in leaves (Asada, 1992; Guo et al., 2006; 
Scandalios, 1993; Xu et al., 2010). Chilling resistant varieties could maintain higher SOD and APX activity than 
the varieties with weak chilling resistance. In this study, under chilling treatment, the content of MDA in leaves 
of M-81E was lower than Roma (Figure 2), which showed that the damage to Roma plants was serious. This 
phenomenon is related to the protective enzyme system in plants was involved in the process of scavenging 
active oxygen. The SOD and APX activity of the two sweet sorghum inbred lines increased under chilling stress. 
But the SOD and APX of M-81E were higher than that of Roma (Figure 3). Therefore, M-81E had a higher 
antioxidative enzymes activity than Roma under chilling stress.  

Hydrophobic membrane lipids are internally used as barriers through many ions and macromolecules (Upchurch, 
2008). In addition, membrane integrity and functional integrity of membrane proteins are maintained by 
membrane structure and fluidity. Zhang et al. (2005) reported that modulated fatty acid desaturation via over 
expression of two distinct ω-3 desaturases differentially alters tolerance to various abiotic stresses in transgenic 
tobacco cells and whole plants. The different substrate selectivity of GPAT enzyme can also affect the cold 
resistance of plants (Sui et al., 2007). Introduction of the GPAT gene into rice increased the unsaturated fatty acid 
levels and led to cold resistance (Ariizumi et al., 2002). In the present study, after treatment at 10 oC for 24 h, the 
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unsaturated fatty acid content and the DBI of the major membrane lipid of MGDG, DGDG, SQDG, PC, PE and 
PG (Table 1) were significantly increased in M-81E. Previous studies have indicated that in higher plants, PG is 
a major factor determining the temperature of phase transition of membrane lipids and it contributes to the 
development of chloroplasts (Hagio et al., 2002). The contents of PG in cucumber decrease when plants are 
exposed to chilling stress (Lei et al., 2010).The content of saturated fatty acids within PG was closely related to 
the sensitivity of plants to chilling stress, which was further correlated with membrane fluidity. Increasing 
cis-unsaturated fatty acid contents of PG can increase plant tolerance to cold stress (Nishida & Murata, 1996). 
SQDG is also important for the structure and function of thylakoid membrane (Yu & Benning, 2003). The 
primary role of SQDG is to replace the PG so as to ensure that the balance of negative lipids being short of the 
phosphorus (Boudière et al., 2014). In this study, we have found that the levels of 18:2 of SQDG and PG 
increased in M-81E (Table 1), which might stabilize the photosynthetic processes and improve the 
light-harvesting complex II and the normal functioning of ATP synthesis (Minoda et al., 2003). After treatment at 
10 oC for 24 h, the levels of 18:3 of M-81E and Roma increased by 20.8 and 5.2%, respectively (Table 2). The 
level of PG in leaves of Roma decreased 49.4%, while it increased 65.6% in leaves of M-81E (Table 3). Previous 
studies have found that by increasing of unsaturated fatty acids in membrane lipids can alleviate photoinhibition 
of PSII in plants (Sui & Han, 2014; Sun et al., 2011). These results suggesting that increasing unsaturated fatty 
acids in membrane lipids could protect the photosynthetic apparatus, and stabilizes the photosynthetic processes. 

5. Conclusion 
In conclusion, after a chilling treatment (10 oC) for 24 h, the M-81E antioxidant systems were enhanced 
compared with Roma, and the activity of antioxidant enzymes was increased, which can effectively remove 
reactive oxygen species and alleviated Photoinhibition. The unsaturated fatty acid content and the DBI of the 
major membrane lipid of MGDG, DGDG, SQDG, PC, PE and PG (Table 1) were significantly increased in 
M-81E, while the DBI of MGDG, DGDG, SQDG, PC and PG of Roma significantly decreased. Consequently, 
M-81E might have a higher degree of fatty acid desaturation which protects the photosynthetic system. In our 
future studies, the mechanism of membrane lipid and unsaturated fatty acid content in alleviating chilling stress 
would be elucidated in sweet sorghum.  
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