
 1 

Increasing cyclic electron flow mediated by NDH is related to heat tolerance under low light in grape 1 

leaves 2 

 3 

Yongjiang Sun 
12 

, Guimei Hao 
13 

, Yulu Gao 
13 

, Yuanpeng Du 
13 

, Xinghong Yang
 13

, Heng Zhai
Corresp, 13

 4 

 5 
1 State Key Laboratory of Crop Biology, Tai’an 271018, Shandong, China 6 
2 College of Life Sciences, Shandong Agricultural University, Tai’an 271018, Shandong, China 7 
3 College of Horticulture Science and Engineering, Shandong Agricultural University, Tai’an 271018, Shandong, China 8 

*Corresponding Authors: Heng Zhai 9 

Email address: xhyang@sdau.edu.cn, zhaih@sdau.edu.cn 10 

Examination of the effects of high temperature (42 °C) on the photoinhibition of photosystem II (PSII) in 11 

grape leaves revealed that the extent of photoinhibition of PSII was lower in the light (200 μmol m
-2

 s
-1

) 12 

than in the dark. Heat stress in the dark induced severe injury in the grapevines, as determined by the 13 

critical temperature (Tc). The maximal efficiency of PSII photochemistry (Fv/Fm) decreased significantly 14 

in the dark, but it decreased much less in the light. In addition, there was a lower level of degradation of the 15 

D1 protein in the light than in the dark. Furthermore, the NAD(P)H dehydrogenase (NDH)-dependent 16 

cyclic electron flow (CEF) was remarkably enhanced in the light, but it was suppressed in the dark. The 17 

half-time of P700
+
 re-reduction (t1/2) was reduced moer in in the light than in the dark during heat stress. 18 

Compared to the control leaves, the antimycin A (AA)-treated leaves showed much less of a decrease in 19 

Fv/Fm in the light than in the dark during heat stress; however, this increase seemed to disappear in methyl 20 

viologen (MV)-treated leaves. Based on these results, we propose a significant physiological function of 21 

the NDH-dependent CEF pathway under low light is the protection of PSII against heat-induced 22 

photoinhibition. 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

 32 

 33 

 34 

 35 

 36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.3147v1 | CC BY 4.0 Open Access | rec: 11 Aug 2017, publ: 11 Aug 2017

mailto:xhyang@sdau.edu.cn
mailto:zhaih@sdau.edu.cn


 2 

Increasing Cyclic Electron Flow Mediated by NDH is Related to Heat Tolerance under Low Light in 45 

Grape Leaves 46 

Yongjiang Sun 12 , Guimei Hao 13 , Yulu Gao 13 , Yuanpeng Du 13 , Xinghong YangCorresp, 13, Heng ZhaiCorresp, 13 47 

Abstract: Examination of the effects of high temperature (42 °C) on the photoinhibition of photosystem II 48 

(PSII) in grape leaves revealed that the extent of photoinhibition of PSII was lower in the light (200 μmol 49 

m
-2

 s
-1

) than in the dark. Heat stress in the dark induced severe injury in the grapevines, as determined by 50 

the critical temperature (Tc). The maximal efficiency of PSII photochemistry (Fv/Fm) decreased 51 

significantly in the dark, but it decreased much less in the light. In addition, there was a lower level of 52 

degradation of the D1 protein in the light than in the dark. Furthermore, the NAD(P)H dehydrogenase 53 

(NDH)-dependent cyclic electron flow (CEF) was remarkably enhanced in the light, but it was suppressed 54 

in the dark. The half-time of P700
+
 re-reduction (t1/2) was reduced moer in in the light than in the dark 55 

during heat stress. Compared to the control leaves, the antimycin A (AA)-treated leaves showed much less 56 

of a decrease in Fv/Fm in the light than in the dark during heat stress; however, this increase seemed to 57 

disappear in methyl viologen (MV)-treated leaves. Based on these results, we propose a significant 58 

physiological function of the NDH-dependent CEF pathway under low light is the protection of PSII 59 

against heat-induced photoinhibition. 60 

 61 
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 64 

1. Introduction 65 

There is general agreement that photosynthesis in higher plants is one of the most heat-sensitive processes 66 

that we know of (Berry & Bjorkman 1980; Salvucci 2008; Sharkey 2005). Photosystem II (PSII), with its 67 

oxygen-evolving complex and carbon assimilation, is believed to be the major heat stress-sensitive site in 68 

photosynthetic machinery (Murata et al. 2007; Nishiyama et al. 2006). Some authors have also suggested 69 

that high temperature suppresses the synthesis of D1 proteins de novo through the accumulation of reactive 70 

oxygen species (ROS), which inhibit the repair process of PSII (Murata et al. 2007; Takahashi & Badger 71 

2011). 72 

The damage to PSII caused by high temperatures in the absence of light has been widely observed among 73 

plant species (Essemine et al. 2016; Li et al. 2009; Xu et al. 2006). Interestingly, a protective effect of light 74 

on the photosynthetic performance of plants that are subjected to high temperature was reported (Buchner 75 

et al. 2015; Havaux et al. 1991; Marutani et al. 2012). However, the mechanisms underlying the 76 

relationship between light and temperature in determining the damage to photosystems are still unclear.  77 

It has been determined that the cyclic electron flow (CEF) around photosystem I is essential for 78 

photoprotection in higher plants (Brestic et al. 2016; Essemine et al. 2017; Munekage et al. 2004; Sun et al. 79 

2016). Recently, it was suggested that the CEF also plays an important role in the stabilization of the 80 

oxygen evolving complex (OEC) (Huang et al. 2016). Two possible CEF pathways exist in higher plants; 81 

the major pathway depends on two additional proteins, PGR5 and PGR5-LIKE1 (PGRL1) (DalCorso et al. 82 

2008; Munekage et al. 2002), and the activity of the minor pathway is mediated by a chloroplast NADH 83 

dehydrogenase-like (NDH) complex (Yamori et al. 2011). It is generally accepted that the NDH-dependent 84 

CEF functions to alleviate oxidative stress through preventing over-reduction of the stroma (Shikanai 2007). 85 

Most studies have focused on the role of the NDH-dependent CEF in alleviating oxidative damage under 86 

high light (Chen et al. 2016; Herbert et al. 1995; Quiles & López 2004). However, recent work has 87 

indicated that enhancing the NDH-dependent CEF contributed to improvements in photosynthesis at low 88 
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light (Yamori et al. 2015). Since NDH could be activated by low light (Teicher & Scheller 1998) and 89 

NDH-dependent CEF was important for ATP (Yamanaka et al. 2011), we speculated that NDH-dependent 90 

CEF plays a role in protecting PSII against heat-induced photoinhibition under low light.  91 

In this study, we carried out a detailed analysis of the alleviation of heat-derived damage of PSII by 92 

focusing on the NDH-dependent cyclic electron flow that was enhanced in the presence of light. We 93 

propose that the cyclic electron transport around PS I mediated by NDH functions in alleviating the 94 

heat-induced photoinhibition at low light in grape leaves. 95 

 96 

2. Materials and methods 97 

2.1 Plant material and growth conditions 98 

One-year-old grapevines (Vitis vinifera L. cv. ‘Cabernet Sauvignon’) were grown in 25 cm diameter plastic 99 

pots containing a mixture of garden earth, sand, and matrix soil (2:1:1) at 26/22 °C day/night temperatures 100 

in a growth chamber with a photon flux density (PFD) of 600±100 μmol m
-2

 s
-1

, a relative humidity of 101 

60±10%, and a photoperiod of 14/10 h light/dark. Sufficient water was supplied to avoid drought stress. 102 

2.2 Heat treatment 103 

The middle-node (4/5) leaves from the grape seedlings were used in the experiment when the shoots had 104 

ten leaves. To study the effects of heat stress on photosystem activities, the chosen leaves were exposed to a 105 

high temperature (42 °C) for 4 h in the dark (HT/Dark). In addition, to examine the role of low light on the 106 

response of the photosystem to heat stress, the chosen leaves were also subjected to heat treatments at a 107 

photosynthetic photon flux density of 200 μmol m
-2

 s
-1

 (HT/LL). The leaves of the controls were exposed to 108 

normal temperature (25 °C) in the dark (NT/Dark) or in the light of 200 μmol m
-2

 s
-1

 (NT/LL) for 4 h. 109 

The critical temperature (Tc) was determined according to the methods of Weng and Lai (Weng & Lai 110 

2005). Leaf discs (2 cm in diameter) were cut from the detached leaves, and leaf blades were placed 111 

abaxially in contact with moist filter paper and then placed in a small vessel made of aluminum foil. The 112 

vessels were then floated on water in a temperature-controlled water bath. Leaf discs from each treatment 113 

were heated from 22 °C to 55 °C at a rate of approximately 1 °C min
-1

. The chlorophyll fluorescence was 114 

measured every 1-2 min with a Handy Plant Efficiency Analyzer (Hansatech, UK). All the discs from each 115 

treatment that had been dark-adapted for 15 min were measured. 116 

2.3 Measurement of chlorophyll a fluorescence 117 

A Handy Plant Efficiency Analyzer was used to measure the chlorophyll a fluorescence transients (OJIP) at 118 

25 °C. Measurements were taken on leaves that had been dark-adapted for 30 min. The chlorophyll a 119 

fluorescence intensity rose rapidly from an initial minimal level, Fo (the O step), to the maximal level, Fm 120 

(P step). Two intermediate steps, designated K (Fk) and J (Fj), appeared at 0.3 and 2 ms, respectively. The 121 

fluorescence parameters were calculated as follows, according to the JIP test (Strasser 1997): the maximum 122 

quantum yield of photosystem II (Fv/Fm), Fv/Fm = (Fm-Fo)/Fm; and the normalized relative variable 123 

fluorescence at the K band (Wk), which represents the damage to OEC, Wk = (Fk-Fo)/(Fj-Fo). 124 

The PSI photosynthetic parameters were evaluated with a Dual PAM-100 system (Heinz Walz,  Effeltrich, 125 

Germany) connected to a computer and based on the P700 oxidation signal (Klughammer & Schreiber 126 

2008). The maximum level (Pm) was determined by applying a saturation pulse after pre-illumination with 127 

a far-red light after 20 min of dark adaptation. The reduction kinetics of P700 were monitored in 128 

dark-adapted leaves as the light-induced absorbance changed at 830 nm. P700 was oxidized by the far-red 129 

light for 10 s, and the subsequent re-reduction of P700
+
 in darkness was monitored. Leaves were 130 

dark-adapted for 30 min before being illuminated by the far-red light (Järvi et al. 2016; Li et al. 2016). The 131 

mature leaves were dark-adapted at for 20 min, the initial fluorescence (Fo) was obtained after the 132 
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measuring light was turned on, and the leaves were then exposed to actinic light (AL, 384 μmol photons 133 

m
−2

 s
−1

). A transient post-illumination increase in chlorophyll fluorescence was recorded after termination 134 

of the 2 min illumination as an indicator of NDH activity (Mi et al. 1995; Wang et al. 2006). 135 

2.4 Detection of D1 protein 136 

The protein was detected in the thylakoid membranes of the treated leaves using Western blot analysis. For 137 

thylakoid membrane preparation, the leaf fragments were homogenized in an ice-cold isolation buffer (100 138 

mM sucrose, 50 mM Hepes, pH 7.8, 20 mM NaCl, 2 mM EDTA, and 2 mM MgCl2) and were then filtered 139 

through three layers of pledget. The filtrate was centrifuged at 3000 g for 10 min. The sediments were 140 

washed with isolation buffer, re-centrifuged, and then finally suspended in an isolation buffer. The 141 

thylakoid membrane proteins were then denatured and separated using a 12% polyacrylamide gradient gel. 142 

The denatured protein complexes in the gel were then electroblotted onto polyvinylidene fluoride (PVDF) 143 

membranes (Millipore, Billerica, MA, USA), probed with D1 antibody, and then visualized using an 144 

enhanced chemi-luminescence method. The quantitative image analysis of the protein levels was performed 145 

using the Gel-Pro Analyzer 4.0 software. 146 

2.5 Photo-inhibitory treatments 147 

Chloramphenicol (CM, 1 mM) was used to inhibit the D1 protein synthesis (Nishiyama et al. 2011; Ueno et 148 

al. 2016). Methyl viologen (MV, 300 μM) was used to promote electron flow from photosystem I to O2 and 149 

to abolish the CEF (Huang et al. 2016; Munekage et al. 2002), and 10 μM antimycin A (AA) was used to 150 

inhibit the PGR5-dependent CEF (Munekage et al. 2004). The fully expanded leaves were excised from the 151 

plants at the end of the petiole. The petioles of the excised leaves were quickly dipped into treatment 152 

solutions with a second excision in the solution under weak irradiance (50 μmol photons m
−2

 s
−1

) for 4 h, 153 

and they were then placed on wet tissues and treated at 42 °C in the dark or under low light (200 μmol 154 

photons m
−2

 s
−1

) for 4 h. 155 

2.6 Statistical analyses 156 

All the experiments were repeated at least three times. Data are reported as the mean ± standard error (SE). 157 

The data were analyzed by performing one-way analysis of variance (ANOVA) and Duncan's multiple 158 

range tests for the independent samples using SPSS version 13.0 (IBM Corporation). The confidence 159 

coefficient was set at 95%. 160 

 161 

3. Results 162 

3.1 The critical temperature (Tc) for the investigation of heat tolerance  163 

The critical temperature (Tc) was used to estimate the grape leaves’ resistance to high temperature (Xu et al. 164 

2014; Weng and Lai 2005). As shown in Figure 1, the minimal fluorescence level (Fo) and the maximal 165 

efficiency of the PSII photochemistry (Fv/Fm) responded differently to a gradual increase in temperature of 166 

the leaves. With an increase in leaf temperature from 22 ºC to 55 °C, the Tc was approximately 42 °C based 167 

on Fo (43.3 °C) and Fv/Fm (42.4 °C) values in the dark. However, the Tc increased to approximately 47 °C 168 

based on Fo (47.1 °C) and Fv/Fm (47.2 °C) values in the light. The Tc was approximately 4 °C higher in 169 

the light than in the dark. These results indicate that the grape leaves were more tolerant to the elevated 170 

temperatures in the presence of light.  171 

 172 
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Fig. 1 Changes in Fo (A, B) and Fv/Fm (C, D) upon increases in temperature over time in the presence or absence of light. Tc 174 

was determined from the intersection of the two regression lines extrapolated from the slow- and fast-rising portions of the 175 

temperature-dependent Fv/Fm and Fo response. 176 

 177 

3.2 Effect of high temperature on PSI and PSII photochemical activities 178 

To understand how the light interacts with the change in PS I and PS II photochemical activities after 179 

adaption at a high temperature, we compared the maximum photooxidizable P700 (Pm) and Fv/Fm levels 180 

in the presence or absence of low light in heated leaves. There was no difference in the Fv/Fm level 181 

between conditions of darkness and low light before the heat treatment. After approximately 1 h, heat stress 182 

in the dark caused a significant decrease in Fv/Fm. In contrast, when the leaves were exposed to a high 183 

temperature in the light, no significant decrease of Fv/Fm was detected. After incubation at 42 °C for 4 h, 184 

Fv/Fm decreased by approximately 13.8% in the dark and by only 1.8% under low light (Figure 2A). 185 

Meanwhile, the Pm value remained stable during this process (Figure 2B). Figure 2C shows the changes in 186 

the amplitude of the K step expressed as the ratio WK. Compared with the unstressed leaves, WK 187 

progressively increased during the high-temperature treatment. After a heat treatment of 42 °C for 4 h, WK 188 

of the grape leaves increased by approximately 22% in the heated leaves in the dark and by only 7% in the 189 

heated leaves under low light. 190 

PSII activity depends on the balance between the rate of PSII photodamage and the rate of PSII repair 191 

under stress conditions (Murata et al. 2007). We monitored the effects of high temperature on the D1 192 

protein level in the presence or absence of light (Figure 2D). The results showed that high temperature in 193 

the dark significantly decreased the D1 levels. In contrast, the presence of light alleviated the degradation 194 

of the D1 protein. In the presence of chloramphenicol (CM), an inhibitor of de novo D1 protein synthesis 195 

(Nishiyama et al. 2011), Fv/Fm progressively decreased during the high-temperature treatment, but no 196 

significant difference was observed in Fv/Fm between the dark and light treatments (Figure 2E). This result 197 

further implies that the D1 degradation was involved in determining photoinhibition in heated leaves in the 198 

dark. 199 

 200 
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 201 

Fig. 2 Effects of high temperature in the presence or absence of light on photosystem photochemical activity and D1 protein 202 

levels. A, Changes in Pm, Fv/Fm and Wk. D, Changes in D1 protein levels and quantitative image analysis of protein levels. 203 

E, Effects of chloramphenicol (CM) on the decrease in Fv/Fm. Means ± SE were calculated from 6–8 plants. Different letters 204 

indicate significant differences between the treatments, P<0.05. 205 

 206 

3.3 The contribution of CEF to the difference in heat tolerance 207 

A transient increase in chlorophyll fluorescence after illumination was used to measure the NDH-dependent 208 

CEF activity (Burrows et al. 1998; Mi et al. 1995). Figure 3A shows that there was a visible transient 209 

postillumination increase in chlorophyll fluorescence in the unstressed leaves, and this increase was greater 210 

in the light than in the dark. When the leaves were treated at 42 °C, the initial rate of the increasing phase in 211 

chlorophyll fluorescence was enhanced in the light, with only a trace increase in the dark. The results 212 

suggest that light treatment could activate the NDH, which was consistent with a previous study on barley 213 

(Teicher and Scheller 1998). The electrons transferred from the reduced plastoquinone pool though the 214 

operation of the NDH-dependent CEF can accelerate the re-reduction of P700
+
 (Mi et al. 1995). The 215 

half-time of P700
+
 re-reduction (t1/2) was calculated after treatment with 42 °C (Figure 3B). Under heat 216 

stress, there was a greater decrease in the t1/2 of P700
+
 re-reduction both in the dark and in the light, and a 217 

further decrease was found in heated leaves under low light, which can be explained by the contribution of 218 

the NDH-dependent CEF (Li et al. 2016). 219 
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 220 

Fig. 3 Effects of high temperature in the presence or absence of light on the NDH-dependent CEF activity. A, Monitoring of 221 

the NDH-1 activity using chlorophyll fluorescence analysis. The left curve shows a typical trace chlorophyll fluorescence in 222 

grape leaves. Leaves were exposed to actinic light (384 μmol photons m−2 s−1) for 2 min after the measuring light was turned 223 

on. The white actinic light was turned off and the subsequent changes in chlorophyll fluorescence were monitored as an 224 

indicator of NDH activity. B, Kinetics of P700+ re-reduction in darkness after turning off the far-red light. The typical trace of 225 

the dark re-reduction of P700+ was measured following illumination by the far-red light (>705 nm, 4 μmol m-2 s-1). Curves 226 

are normalized to the maximal signal. The half-time (t1/2) of the re-reduction of the P700+ was determined after turning off 227 

the FR. Leaves were dark-adapted in a temperature-controlled chamber at the indicated temperatures for 20 min, and 228 

fluorescence was measured at the same temperature. Each transient represents the average of eight samples. Means ± SE were 229 

calculated using 6–8 plants. Different letters indicate significant differences between the treatments, P<0.05. 230 

 231 

To further examine the role of the CEF in protecting PSII from photoinhibition under heat stress in the 232 

presence or absence of light, the grape discs were incubated at 25 ºC and 42 °C at designated light 233 

intensities, and the activity of PSII was measured in the presence of antimycin A (AA, to inhibit 234 

PGR-dependent CEF) and methyl viologen (MV, to abolish any CEF) solutions (Figure 4). The presence of 235 

light did not change the PSII activity significantly at 25 °C in the AA-fed leaves compared with the leaves 236 

in the dark. Fv/Fm progressively decreased during the high-temperature treatment, but the decreases of 237 

Fv/Fm in the dark were more significant than the decreases in the light (Figure 4A). Fv/Fm decreased by 238 

approximately 12% and 60% after a 4-h, high-temperature treatment in the light and in the dark, 239 

respectively. These results suggest that the extent of PSII photoinhibition caused by the inhibition of the 240 
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PGR5-dependent CEF was much lower when the heated leaves had been exposed to light. In the MV-fed 241 

leaves, compared with the unstressed leaves, Fv/Fm decreased by approximately 43% and 65% after high- 242 

temperature treatment in the light and in the dark, respectively (Figure 4B). The significant difference in 243 

Fv/Fm between the AA-treated and MV-treated samples further indicated that the NDH-dependent CEF, 244 

which was activated by light could depress the level of PSII photodamage in heated leaves.  245 

 246 
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 247 

Fig. 4 Effects of antimycin A (AA, A) and methyl viologen (MV, B) on the decrease in Fv/Fm induced by high temperature in 248 

the presence or absence of light. Means ± SE of three replicates are presented. Different letters indicate significant differences 249 

between the treatments, P<0.05.  250 

 251 

4. Discussion 252 

Although the inhibition of photosynthesis by high temperatures has been widely studied, little attention has 253 

been paid to the effect of light on the response of plants to heat stress. In this study, the heat tolerance of 254 

plants in both the dark and the light was determined by exposing leaf sections to a range of temperatures, 255 

followed by measuring chlorophyll a fluorescence (Fv/Fm and Fo). In leaf discs that were exposed to 256 

elevated temperatures, the critical temperature (Tc) was remarkably lower in the dark than in the light, 257 

suggesting that grape leaves tolerate heat better in the light. 258 

PSII is generally considered to be sensitive to heat stress (Havaux 1993; Havaux et al. 1991; Li et al. 2009). 259 

Our results indicate that heat stress in the dark led to a greater decrease of Fv/Fm compared with heat stress 260 

in the presence of light. Furthermore, high temperatures in the dark significantly damaged the OEC, which 261 

was indicated by a significant increase of relative variable fluorescence at the K step (Wk), the indicator of 262 

injury to the OEC (Li et al. 2009; Strasser 1997). These results suggest that heat stress induced more PSII 263 

photodamage in the dark. The PSII activity depends on the balance between the rates of photodamage and 264 

repair (Murata et al. 2007; Takahashi & Badger 2011). Photosynthetic organisms are able to overcome the 265 

PSII photodamage through the process of repairing the synthesis of the D1 proteins de novo (Aro et al. 266 

1993). As observed in the study, the D1 protein was degraded more effectively by high temperatures in the 267 

dark (Figure 2D). When the leaves were exposed to high temperatures at the same intensity in the presence 268 

of chloramphenicol, which blocks the repair of PSII, the light-mediated change of Fv/Fm was eliminated 269 

(Figure 2E). This finding confirmed that the enhancement of the PSII heat tolerance in the presence of light 270 

was partly caused by alleviation of the inhibition of D1 protein synthesis (Marutani et al. 2012). 271 

The D1 protein synthesis and repair process of damaged PSII requires a large amount of ATP in a short time 272 

(Allakhverdiev et al. 2005). The NDH-dependent CEF was thought to supply ATP through additional 273 

proton transport across the thylakoid membrane (Yamori et al. 2015). The impairment of NDH-dependent 274 
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CEF rescued the proton motive force (pmf) in Arabidopsis at low- to moderate-light intensities (Wang et al. 275 

2015). In our study, heat induced a higher initial rate of the transient postillumination increase in 276 

chlorophyll fluorescence when exposed to light. In contrast, when treated in the dark, a decreased level of 277 

fluorescence with slower kinetics was observed (Figure 3A), suggesting that the activity of NDH-dependent 278 

CEF can be activated significantly by light treatment. Compared with the unstressed leaves, there was a 279 

decrease in the half-time of P700
+
 re-reduction (t1/2), and this decrease was greater in the light than in the 280 

dark (Figure 3B), suggesting that the operation of the NDH-dependent CEF accelerates the re-reduction of 281 

P700
+
 (Mi et al. 1995). 282 

Antimycin A specifically inhibits PGR5-dependent CEF (Munekage et al. 2004; Shikanai 2007). The 283 

AA-treated leaves showed much less of a decrease in Fv/Fm in the light than in the dark during heat stress; 284 

however, this increase seemed to disappear in leaves in the presence of methyl viologen, an inhibitor that 285 

blocks the cyclic electron transport. The difference in the level of PSII photoinhibition between the AA and 286 

MV-treated leaves suggests that the activation of NDH-dependent CEF in the presence of light played a 287 

role in protecting PSII against photodamage under high temperatures. 288 

Heat stress inhibits Rubisco activase (Crafts-Brandner & Salvucci 2000). Research has suggested that 289 

Rubisco activase was activated by electron transport through PSI (Campbell & Ogren 1990). The function 290 

of the NDH-dependent CEF contributed to the lower level of suppression of Rubisco activase by providing 291 

extra ATP under heat stress (Wang et al. 2006). Whether NDH-dependent CEF activity under heat stress in 292 

the light could alleviate the inhibition of Rubisco activase activity merits further study. 293 

 294 

5. Conclusions 295 

The heat tolerance of PSII in grape leaves differs under different light conditions. Heat stress in the 296 

dark resulted in substantial PSII photoinhibition, accompanied with a lower level of degradation of the D1 297 

protein. The activity of NDH-dependent CEF can be activated significantly by light treatment, contributing 298 

to the re-reduction of P700
+
 in heated leaves. When the PGR-dependent CEF was inhibited, the extent of 299 

PSII photoinhibition caused by heat stress was much lower in the light than in the dark, further implying 300 

NDH-dependent CEF played a role in protecting PSII against photodamage under high temperatures. 301 

Therefore, low light acts as an efficient protector of the photochemical activity against heat stress by 302 

alleviating the degradation of the D1 protein through stimulating the NDH-dependent CEF pathway. 303 
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