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Abstract: The present study was designed to examine the effects of heat acclimation on 

enzymatic activity, transcription levels, the photosynthesis processes associated with 

thermostability in orchardgrass (Dactylis glomerata L.).The stomatal conductance (Gs), net 

photosynthetic rate (Pn), and transpiration rates (Tr) of both heat-acclimated (HA) and 

non-acclimated (NA) plants were drastically reduced during heat treatment [using a 5-day 

heat stress treatment (38/30 °C ‒ day/night) followed by a 3-day recovery under control 

conditions (25/20 °C ‒ day/night), in order to consolidate the second cycle was permitted]. 

Water use efficiency increased more steeply in the HA (4.9 times) versus the NA (1.8 times) 

plants, and the intercellular CO2 concentration decreased gently in NA (10.9%) and HA 

(25.3%) plants after 20 d of treatments compared to 0 days’. Furthermore, heat-acclimated 

plants were able to maintain significant activity levels of superoxide disumutase (SOD), 

catalase (CAT), guaiacol peroxidase (POD), and transcription levels of genes encoding 

these enzymes; in addition, HA plants displayed lower malondialdehyde content and lower 

electrolyte leakage than NA plants. These results suggest that maintenance of activity and 

transcription levels of antioxidant enzymes as well as photosynthesis are associated with 

variable thermostability in HA and NA plants. This likely occurs through cellular 

membrane stabilization and improvements in water use efficiency in the photosynthetic 

process during heat stress. The association between antioxidant enzyme activity and gene 
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expression, both of which may vary with genetic variation in heat tolerance, is important to 

further understand the molecular mechanisms that contribute to heat tolerance. 

Keywords: heat acclimation; antioxidative enzyme; gene expression; photosynthesis; 

orchardgrass (Dactylis glomerata L.) 

 

1. Introduction 

The mean annual global surface temperature is expected to increase between 1.1 °C to 6.4 °C by the 

end of the 21st century [1]. The negative impacts of climate trends on the yields of crops and forages 

have already occurred on a global scale [2]. Heat stress is one of the primary abiotic stressors that may 

lead to dramatic reductions in the economic yield of crop plants [3,4] and limit the growth of 

cool-season plant species in many regions of the world. 

An increased capacity for thermotolerance and delayed thermal injury contribute to the heat 

tolerance of plants [5]. Studies have shown that protection from heat-stress injury can be induced in 

heat-sensitive, cool-season plants by subjecting these plants to a heat-acclimation pretreatment; this 

was found to be partially due to the induction of antioxidative compounds, which helped to prevent the 

accumulation of reactive oxidant species (ROS) and membrane lipid peroxidation during heat stress [6]. 

Heat stress alters the physiological, biochemical, and molecular responses of plants. Photosynthetic 

activity is an important temperature-dependent functional trait that is linked to plant metabolism and 

performance [7]. Studies have also shown that the photosynthetic responses to heat stress demonstrated 

synergistic trends implicating internal CO2 concentration, net photosynthesis ,and stomatal conductance; 

the modifications of net photosynthesis were also associated with changes in stomatal control [8–10]. 

Furthermore, plants can acclimate to high temperature-induced oxidative stress by increasing the 

expression of genes involved in antioxidant systems. Plants have evolved an antioxidant defense 

system consisting of both nonenzymatic and enzymatic constituents in plant cells, which minimizes or 

even eliminates oxidative damage [11,12]. The study of gene expression underlying the changes in 

antioxidant enzyme activities could provide insight into the molecular adaptation of plants to heat-stress  

conditions [13]. Examining the effects of heat-stress on the expression of genes coding for the key 

enzymes superoxide dismutase (SOD), Peroxidase (POD), and catalase (CAT) could provide such insight. 

Orchardgrass (Dactylis glomerata L.) is a cool-season, perennial forage grass, considered the fourth 

most important forage grass in the temperate areas of the world [14]. The effects of heat acclimation 

on subsequent heat tolerance mechanisms are not well understood in orchardgrass. For example, 

antioxidant metabolisms may respond differently to heat-stress in different orchardgrass varieties, and 

how antioxidant enzyme activities and the expression of gene encoding antioxidant enzymes are affected 

by heat-stress conditions are not well understood. Moreover, it could be important to know whether 

antioxidant enzyme activities are associated with better photosynthetic ability and whether heat 

acclimation plays a significant role in heat resistance in orchardgrass. Here, we investigated changes in 

photosynthetic activity, antioxidant enzyme activities, and the expression patterns of genes encoding 

antioxidant enzymes in leaves of orchardgrass under heat stress, and compared these responses in NA 

and HA samples. We aimed to see whether antioxidant system plays an important role in enhanced 
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heat tolerance, performance of orchardgrass after heat acclimation, and to investigate the relationship 

between antioxidant enzyme activities and their correspondent gene expressions. We expected to solve 

the problem that whether the impacts on antioxidant enzyme activities of heat acclimation are 

controlled by their correspondent gene regulation. Insights from this study will help us further 

understand the interactive mechanisms of plant thermal tolerance and heat acclimation, as well as 

inform the selection of heat-tolerant varieties, thus improving cultivation in a changing climate. 

2. Results 

2.1. Physiological Responses to Heat Stress Following Heat Preconditioning and Non-Preconditioning 

In our experiment, the net photosynthetic rate and transpiration rate were decreased significantly after 

a prolonged heat stress period (Figure 1A,B). The reduction in net photosynthetic rate was lower, 

while the transpiration rate was higher in HA plants than in NA plants. The net photosynthetic rate 

decreased to almost the same level during treatment, and the transpiration rates between HA and NA 

plants tended to show similar changes in net photosynthetic rate under heat stress (Figure 1B). Both 

HA and NA plants experienced an increasing water use efficiency (WUE) in response to heat stress, 

however, the WUE was significantly higher in HA plants than in NA plants (p ≤ 0.05). WUE increased 

more steeply in HA plants (4.9 times) than in NA plants (1.8 times) after 20 days under heat stress and 

this ascent was quicker in HA plants than in NA plants (Figure 1C). The differences in WUE between 

NA and HA plants were not significant at 0 day or 10 day. There was a significant difference and a 

substantial decrease in stomatal conductance between NA and HA plants under heat stress over the 

course of the entire period, and the HA plants was a little higher than NA plants at the beginning 

(Figure 1D). 

Figure 1. Changes in the amount of net photosynthetic rate (A), transpiration rates (B), 

water use efficiency (C), stomatal conductance (D) and intercellular CO2 concentration (E) 

for NA and HA under heat stress for 20 days. Columns marked with asterisks indicate 

significant difference between measurements made at 0, 10, 15, and 20 day of treatment for 

a given treatments based on a least significant difference test (p ≤ 0.05). Data are provided 

as mean ± SE of four independent measurements. 
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Figure 1. Cont. 

 

Intercellular CO2 concentration progressively declined in NA plants (10.9%) and HA plants (25.3%) 

during the entire treatment, and there is no difference between NA and HA plants during the 

experiment (p ≤ 0.05). Cellular membrane stability was estimated by examining EL and MDA content 

in the leaves. As the number of days of heat stress increased, MDA content increased regardless of 

whether or not the plant had undergone heat acclimation. MDA content increased by 90% from the 

baseline score (day 0) and 1.7-fold in NA and HA plants (Figure 2A). The differences in MDA content 

among the two treatments were significantly different at 0 day and 20 day under heat stress (Figure 2A). 

Figure 2. Effects of heat stress on the content of MDA (A) and electrolyte leakage (EL)  

(B) in leaves of both heat-acclimated (HA) and non-acclimated (NA) plants. Error bars 

represent standard error of the mean. Asterisks above columns indicate a significant 

treatment difference between HA and NA, LSD (p ≤ 0.05). 
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Heat stress caused a significantly increasing amount of EL as the days increased at 38/30 °C 

(day/night); this increase was also seen in both HA and NA plants. However, HA plants had lower EL 

levels than NA plants at 0 d and 20 d under heat stress (Figure 2B). 

2.2. Effects of Preconditioning and Non-preconditioning on Antioxidant Enzyme Activity Under  

Heat Stress 

In this study, all of the enzymes exhibited significant changes in activity under stressful conditions. 

Specifically, there is a pronounced and rapid increase in Cu/ZnSOD activities at 10 day under heat 

stress for both HA and NA plants and this activity then slightly decreased after 10 days (Figure 3A). 

HA plants maintained higher Cu/ZnSOD activities than NA plants over the course of the 20 days 

period under heat stress, and showed significantly higher than NA plants at 0 day, 10 day and  

20 day (p ≤ 0.05). 

POD activity increased significantly during the entire treatment period in both HA and NA plants 

(Figure 3B). The POD of HA plants showed significant activities (p ≤ 0.05) compared with NA plants 

under heat treatment, and these levels were higher by 72.6% than levels detected in NA plants at 20 day. 

CAT activity levels were slightly increased during the treatment in both HA and NA plants (Figure 3C). 

However, there is a significant increasing in CAT activity only at 0 day and 10 day (p ≤ 0.05). 

Figure 3. Antioxidant enzyme activities of SOD (A), POD (B) and CAT (C) in leaves of 

heat-acclimated (HA) and non-acclimated (NA) plants as affected by high temperature. 

Error bars represent standard error of the mean. Asterisks above columns indicate a 

significant treatment differences between NA and HA. LSD (p ≤ 0.05). 

2.3. Assessment of Antioxidant Enzyme Gene Expression under Heat Stress 

In this study, the transcript abundance of all the genes encoding antioxidant enzymes increased with 

increasing number of days under heat treatment in HA plants. Corresponding changes in NA plants 
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were relatively small. The expression levels of Cu/ZnSOD in both HA and NA plants strongly 

increased under heat stress, and then decreased to their respective baseline levels (0 day) after 20 days 

(Figure 4A). The response of POD activity to stress was different from SOD activity. A continuous 

increase in POD activity was observed in both HA and NA plants during the period of 20 days. The 

expression of POD-encoding genes slowly increased but was significant in both HA and NA plants 

during treatment (Figure 4B). Expression of CAT-encoding genes was up-regulated in the leaves under 

heat stress. Additionally, there are similar patterns of CAT gene expression in both HA and NA plants. 

Figure 4. The relative expression level of SOD (A), POD (B) and CAT (C) in leaves of 

heat-acclimated (HA) and non-acclimated (NA) plants as affected by high temperature. 

Error bars represent standard error of the mean. Asterisks above columns indicate a 

significant treatment differences between HA and NA. LSD (p ≤ 0.05). 

 

3. Discussion 

One major impact of heat stress is cellular membrane damage caused by oxidative stress. It has 

been found that various environmental stressors (including heat stress) cause oxidative stress resulting 

from the accumulation of ROS [15]. It has been suggested that a decrease in cell membrane stability 

reflects high levels of lipid peroxidation caused by ROS [16]. Because of this, the accumulation of 

MDA is used as an indicator of lipid peroxidation. Maintenance of membrane integrity is a major 

mechanism of heat tolerance in a number of plant species [3], and it is known that thermotolerance 

might be acquired in some species through heat acclimation; this can occur through exposure to a 

non-lethal heat treatment (either reduced temperature or duration of exposure) [17]. Heat acclimation 

might be helpful in alleviating the membrane lipid peroxidation of plants under heat stress [18]. Our 

results also showed that increases in both EL and MDA content during prolonged heat stress indicate 
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that cell membranes were injured under heat stress and that NA plants were damaged more severely 

compared with HA plants. Less MDA content accumulated under heat stress of HA versus NA plants 

suggests that lower levels of lipid peroxidation occurred because of the increased Cu/ZnSOD levels, 

higher CAT levels, and higher POD activity; and lower EL found in HA plants. These results indicate 

that membrane lipid peroxidation occurred due to malfunction of the scavenging system, which may 

have led to damage in the main cellular components of the plants [19]. 

Abiotic stresses are caused by the enhanced production of ROS, which further damage the 

photosynthetic machinery [20]. Photosynthesis is, like all other physiological processes, temperature 

dependent [21]. During heat acclimation, the threshold temperature is the temperature at which fluidity 

still maintains the native membrane structure and function [22]. We frequently observed a marked 

decrease in the net photosynthetic rate and the transpiration rates during high temperature stress 

(Figure 2A,B). We observed that WUE also significantly increased due to an increase in the net 

photosynthetic and transpiration rates. WUE increases during exposure to high temperature stress 

because of the large amount of ROS, which induce inhibition of photosynthesis and damages to the 

mechanisms of photosynthesis [23]. The WUE of heat-acclimation pretreatment was higher than the 

non-preconditioned plants, indicating that heat acclimation allowed plants to become more efficient 

responders to heat stress, HA plants can survive the heat stress better than NA plants. This result may 

also suggest that HA plants were able to maintain a balance between photosynthesis and transpiration, 

which could help them survive heat stress through more efficient use of water. This would occur 

without the loss of photosynthetic capacity. However, the stomatal aperture appears to be controlled by 

complex mechanisms that operate to maintain a balance between allowing CO2 uptake to proceed, 

restricting the loss of water vapor and preventing leaf desiccation [24]. We observed a decline in 

stomatal conductance, and intercellular CO2 concentration also slowly decreased during the course of 

our study. However, the decreased Pn we observed may not have been due to increased stomatal 

limitation, since we also observed a decreased Ci. Our observations were consistent with a previous 

study in two citrus species under high temperatures (38 °C) [25]. In general, high temperature stress 

has a direct thermodynamic effect that suppresses biological processes, including the activity of 

Rubisco enzyme and PS2 [26,27]. In this study, Gs significantly decreased in both HA and NA plants 

during heat stress, while intercellular CO2 concentration did not show similar changes with the 

decrease of Gs under heat stress. Furthermore, HA plants maintained significantly higher net 

photosynthetic rate in comparison with control plant under heat stress, but intercellular CO2 

concentration did not show significant difference between HA and NA treatment. These results indicated 

that limit photosynthesis of the orchardgrass was caused by non-stomatal factors during heat stress. 

Heat acclimation can improve the ability of a plant to adapt adverse environmental conditions, 

which may result from changes in many physiological and biochemical responses in plants [6]. Several 

studies have suggested that differences in abiotic stress tolerance may be partially due to the higher 

constitutive antioxidant enzyme activities in tolerant versus intolerant species [6,23,28]. Therefore, the 

antioxidant defense mechanism is part of heat stress adaptation and is associated with the acquisition 

of thermotolerance. Our results support this conclusion, with HA plants having higher Cu/ZnSOD, 

POD, and CAT antioxidant enzymes activities versus what we observed in NA plants. Obviously, the 

activity of Cu/ZnSOD, POD, and CAT showed significant differences from baseline (day 0) in HA 

plants during heat stress, indicating that HA plants’ ability to scavenge H2O2 strongly improved 
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following pretreatment. Previous research has shown that gene expression underlying changes in 

antioxidant enzyme activities may facilitate molecular adaptation of plants, and that the maintenance 

of higher levels of antioxidant enzyme transcripts could play a critical role in protecting plants from 

oxidative stress [18]. Interestingly, the transcript levels of SOD in our heat acclimated pretreatment 

were strongly enhanced by heat stress (10 day), and then decreased after 10 days of treatment  

(Figure 4A). Under the same conditions, genes encoding both POD and CAT enzymes had similar 

changes to Cu/ZnSOD. Higher levels of Cu/ZnSOD and POD transcripts (Figure 4A,B) in 

heat-acclimated pretreatment plants suggests that Cu/ZnSOD and POD enzymes could contribute to 

scavenging for reactive oxidation species during oxidative injury induced by such ROS. Our results 

show that the gene expression patterns of Cu/ZnSOD, CAT and POD encoding genes were similar, 

suggestive of similar enzyme activity levels as well. Indeed, CAT transcript and enzyme activities both 

increased in the leaves of wheat under abiotic stress [29]. Our study demonstrated that enzyme 

activities and the expression of antioxidant enzyme genes play important roles in the heat tolerance of 

plants. A previous study showed that both the activity and relative expression levels of antioxidant 

enzymes did not occur concurrently [30], and that no protection from stress was conferred by such 

enzymes [31]. Our results proved that the relationship between antioxidant enzyme activities and their 

correspondent gene expressions might be a positive correlation. However, these differences could be 

attributed to the complexity of the ROS detoxification system. For example, the changes in gene 

expression that we observed may not be caused by mRNA levels but could instead be regulated at the 

posttranscriptional level. In addition, changing activity of one enzyme may not impact the capacity of the 

pathway as a whole. 

4. Experimental Section 

4.1. Plant Materials and Treatments 

Specimens of the orchardgrass (Dactylis glomerata L.), cultivar ‘01998’, were collected from a 

field in the research farm of Sichuan Agricultural University in Ya’an, China. Plants (2-year-old) were 

grown in pots (24 cm diameter by 30 cm deep) filled with a mixture of sterilized sand and loamy soil 

(1:2, v:v). Plants were grown in a greenhouse for a month and then transferred to a controlled growth 

chamber with a temperature of 25 °C/20 °C (day/night), 14 h photoperiod, 65% relative humidity, and 

a photosynthetically active radiation of 1,000 µmol m−2s−1. Grasses were well watered for two weeks 

to acclimate them to the environment before heat treatments began. Experiments consisted of 16 pots 

total (eight per set). One set was used as a NA control, while the other was HA and exposed to two 

heat stress cycles. Based on a preliminary experiment under heat stress (38 °C/30 °C, day/night), there 

is a subtle change around the fifth day. Therefore, according to [32,33] and our preliminary 

experiments, we put it into effect with some modifications. Plants were first transferred from the 

control regimen (25 °C/20 °C, day/night) to the high-temperature regimen (38 °C/30 °C, day/night) 

until leaf wilting occurred (5 days stress). Plants were then permitted to recover at control conditions for  

3 days and then subjected to the second cycle of heat stress described above. After heat preconditioning, 

HA and NA plants were exposed to heat stress (38 °C/30 °C, day/night) for 20 days in growth chambers. 

Plants were well watered under both control and heat stress conditions to prevent drought stress. 
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4.2. Photosynthetic Characteristics and Cell Membrane Stability 

The net photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO2 concentration (Ci) and 

stomatal conductance (Gs) were measuring using a portable photosynthetic system (LI-6400, Li-Cor, 

Lincoln, NE, USA). The photosynthetic active radiation (PAR) was 1,200 µmol·m−2s−1 and the CO2 

concentration was 400 µmol mol−1. Stomatal conductance (Gs) and Ci were determined at a saturated 

light intensity of 1,000 µmol m−2s−1, and 70% relative humidity. Thirty leaves were selected randomly 

in each pot for each measurement. Cellular membrane stability, expressed as electrolyte leakage (EL), 

was determined following the methods of Blum and Ebercon [34]. All of the above measurements 

were made at 10:00 in the morning after 0 day, 5 day, 10 day, 15 day and 20 day of heat stress for both 

HA and NA plants, respectively. 

4.3. Antioxidant Enzymes and Lipid Peroxidation 

For the extraction of antioxidant enzymes, 0.2 g of fresh leaves were randomly sampled from each 

pot on each sampling date, frozen immediately in liquid nitrogen for 2 min, and chopped and ground  

in 2 mL solution containing 50 mM phosphate buffer (pH = 7.8) and 1% (w/v) polyvinyl polypyrrolidone. 

The homogenate was centrifuged at 13,000 rpm for 25 min at 4 °C and the supernatant was collected 

for use in the antioxidant enzyme activity and malondialdehyde (MDA) production. The membrane 

lipid peroxidation of the leaves was then measured by examining the amount of MDA in the leaves [35]. 

The SOD activity was measured by monitoring the rate of p-nitro blue tetrazolium chloride 

reduction in absorbance at 560 nm [36]. The reaction mixture (1.5 mL) contained 50 mM phosphate 

buffer (pH = 7.8), 13 mM methionine, 75 µM nitroblue tetrazolium (NBT), 2 µM riboflavin, 0.1 mM 

EDTA, and 50 µL enzyme extract. POD activity was assayed in a reaction solution containing 1.85 mL 

0.1 M HAc-NaAc buffer (pH = 5.0), 1 mL 50% (v/v) guaiacol solution, and 50 µL enzyme extraction 

by monitoring the increase in absorbance due to guaiacol oxidation at 460 nm [37]. CAT activity was 

determined following [38], with some modifications. Briefly, we used the disappearance of H2O2  

at 240 nm at 25 °C. The reaction solution contained 50 mM phosphate buffer solution (PBS, pH = 7.0), 

15 mM H2O2, and 50 µL enzyme extract. 

4.4. Gene Expression 

For analysis of the transcriptional levels of cytosolic Cu/ZnSOD, POD and CAT genes, all plant 

materials were immediately frozen in liquid nitrogen and stored at −70 °C until further experiments. 

Total RNA was extracted from leaf samples using RNeasy Plant Kit II (Genebase Bioscience, 

Guangzhou, China) bases on the manufacturer’s instructions. RNA was reverse transcribed using the 

iScript cDNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). The cDNA obtained for 

each sample was diluted 1:20 with nuclease-free water for qRT-PCR. Orchardgrass expressed 

sequence tags (ESTs) coding for antioxidant enzyme genes were identified from orchardgrass EST 

databases. Cytosolic Cu/ZnSOD, POD, CAT and β-actin were identified based on sequence similarity 

after tblastx analysis with orthologous genes from wheat. Orchardgrass specific β-actin primers served 

as internal control to normalize cDNA quantity for each treatment sample. Specific primers (Table 1) 

were used to amplify with the synthesized cDNA for 39 cycles according to the following conditions 



Molecules 2014, 19 13573 

 

for each cycle: 95 °C for 10 s, 61.5 °C for 15 s, 72 °C for 15 s, then a final storage at 4 °C. The 

qRT-PCR analyses were performed on the CFX Connect Real-time PCR detection system (Bio-Rad) 

using 3 µL of diluted cDNA in a 10 µl reaction volume with 2× IQ SYBR Green Supermix (Bio-Rad). 

Melting curves were also plotted (60–90 °C) in order to make sure that a single PCR product was 

amplified for each pair of primers (S.1). The qPCR data were obtained as CT values, and analyzed 

using the comparative Ct method (2−ΔΔCt) [39]. 

Table 1. The primer sequences for real-time qPCR analysis of Cu/ZnSOD, POD, CAT and 

β-actin genes. 

Gene Species Accession Sequence of Primers 

Cu/ZnSOD Orchardgrass HO131072.1 
F: 5′-GGCATACTGTCACTCTAAG-3′ 

R: 5′- CAACTCCAGGTCATATCG-3′ 

CAT Orchardgrass HO179331.1 
F: 5′-GCGACGGCATGAAGTTCCC-3′ 
R: 5′-CGGTTGACGAGCGTGTAGGTG-3′ 

POD Orchardgrass HO125605.1 
F: 5′-GCCTCCGTGCTGCTCGAC-3′ 
R: 5′-CCAGGATGTCGGAGCAGGAGA-3′ 

β-actin Orchardgrass HO135499.1 
F: 5′-GTGTTGGATTCTGGTGATGGTGT-3′ 
R: 5′-GGCAGTGGTGGTGAAGGAGTAA-3′ 

4.5. Statistical Analysis  

In this experiment, samples were randomized, four replicates for two heat treatments, and five 

sampling dates. Plants were arranged randomly in the growth chambers. To compare the response of 

HA and NA plants under different treatments, statistical analysis was conducted using an analysis of 

variance (ANOVA) based on the general linear model. Differences between means were considered 

significant at least 95% confidence level (p ≤ 0.05). 

5. Conclusions 

In conclusion, the present study demonstrated that heat acclimation had an effect on plant 

thermostability by protecting the membrane system and improving photosynthesis and WUE under 

heat stress. The different responses of the activities and transcript levels of antioxidant enzymes to heat 

stress in NA and HA suggested that Cu/ZnSOD, CAT and POD may play important roles in 

antioxidant protection against damage during heat stress, and heat acclimation pretreatment might have 

an influence on the gene expression. The effects of heat acclimation on physiological responses are 

closely related to the expression of genes coding for the key antioxidant enzymes. The results will 

provide a better understanding of the role of antioxidant enzyme activities and physiological 

mechanisms of heat acclimation of orchardgrass and subsequently heat tolerance. 

Supplementary Materials 

Supplementary materials can be accessed at: http://www.mdpi.com/1420-3049/19/9/13564/s1. 



Molecules 2014, 19 13574 

 

Acknowledgments 

This research work was funded by The National Basic Research Program (973 program) in China 

(No 2014CB138705), the earmarked fund for Modern Agro-industry Technology Research System 

(No. CARS-35-05) and the National Natural Science Foundation of China (NO NSFC 31372363). 

Author Contributions 

L.K. Huang and X.Q. Zhang designed and conceived the experiments. X.X. Zhao and L.K. Huang 

performed the experiments. X.X. Zhao, L.K. Huang, X.Q. Zhang, Z. Li and Y. Peng analyzed the data; 

X.X. Zhao and L.K. Huang wrote the paper. 

Abbreviations 

CAT, Catalase; Ci, Intercellular CO2 concentration; EL, Electrolyte leakage; Gs, Stomatal 

conductance; HA, Heat acclimated; MDA, Malondialdehyde; NA, Non-acclimated; Pn, Net 

photosynthetic rate; POD, Guaiacol peroxidase; SOD, Superoxide dismutase; Tr, Transpiration rates; 

WUE, Water use efficiency. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Solomon, S. Climate Change 2007-the Physical Science Basis: Working Group I Contribution to 

the Fourth Assessment Report of the IPCC; Cambridge University Press: Cambridge, UK, 2007;  

p. 851. 

2. Lobell, D.B.; Field, C.B. Global scale climate-crop yield relationships and the impacts of recent 

warming. Environ. Res. Lett. 2007, 2, 014002. 

3. Wahid, A.; Gelani, S.; Ashraf, M.; Foolad, M. Heat tolerance in plants: An overview. Environ. 

Exp. Bot. 2007, 61, 199–123. 

4. Sinsawat, V.; Leiner, J.; Stamp, P.; Fracheboud, Y. Effect of heat stress on the photosynthetic 

apparatus in maize (Zea mays L.) grown at control or high temperature. Environ. Exp. Bot. 2004, 

52, 123–129. 

5. Horowitz, M. Heat acclimation: Phenotypic plasticity and cues to the underlying molecular 

mechanisms. J. Therm. Biol. 2001, 26, 357–363. 

6. Xu, S.; Li, J.; Zhang, X.; Wei, H.; Cui, L. Effects of heat acclimation pretreatment on changes of 

membrane lipid peroxidation, antioxidant metabolites, and ultrastructure of chloroplasts in two 

cool-season turfgrass species under heat stress. Environ. Exp. Bot. 2006, 56, 274–285. 

7. Gratani, L.; Pesoli, P.; Crescente, M.; Aichner, K.; Larcher, W. Photosynthesis as a temperature 

indicator in Quercus ilex L. Glob. Planet. Chang. 2000, 24, 153–163. 

8. Dias, A.; Semedo, J.; Ramalho, J.; Lidon, F. Bread and durum wheat under heat stress: A 

comparative study on the photosynthetic performance. J. Environ. Qual. 2011, 197, 50–56. 



Molecules 2014, 19 13575 

 

9. Takahashi, S.; Murata, N. How do environmental stresses accelerate photoinhibition? Trends 

Plant Sci. 2008, 13, 178–182. 

10. Baker, N.R. Chlorophyll fluorescence: A probe of photosynthesis in vivo. Annu. Rev. Plant Biol. 

2008, 59, 89–113. 

11. Sairam, R.K.; Vasanthan, B.; Arora, A. Calcium regulates Gladiolus flower senescence by 

influencing antioxidative enzymes activity. Acta Physiol. Plant 2011, 33, 1897–1904. 

12. Signorelli, S.; Casaretto, E.; Sainz, M.; Díaz, P.; Monza, J.; Borsani, O. Antioxidant and 

photosystem II responses contribute to explain the drought–heat contrasting tolerance of two 

forage legumes. Plant Physiol. Bioch. 2013, 70, 195–203. 

13. Bian, S.; Jiang, Y. Reactive oxygen species, antioxidant enzyme activities and gene expression 

patterns in leaves and roots of Kentucky bluegrass in response to drought stress and recovery. Sci. 

Hortic. 2009, 120, 264–270. 

14. Stewart, A.V.; Ellison, N.W. Dactylis. In Wild Crop Relatives: Genomic and Breeding Resources; 

Springer: Berlin/Heidelberg, Germany, 2011; pp. 73–87. 

15. Li, C.-Z.; Wang, G.-X. Interactions between reactive oxygen species, ethylene and polyamines in 

leaves of Glycyrrhiza inflata seedlings under root osmotic stress. Plant Growth Regul. 2004, 42, 

55–60. 

16. Sairam, R.K.; Rao, K.V.; Srivastava, G. Differential response of wheat genotypes to long term 

salinity stress in relation to oxidative stress, antioxidant activity and osmolyte concentration. 

Plant Sci. 2002, 163, 1037–1046. 

17. Gulen, H.; Eris, A. Some physiological changes in strawberry (Fragaria × Ananassa ‘Camarosa’) 

plants under heat stress. J. Hortic. Sci. Biotech. 2003, 78, 894–898. 

18. Xu, L.; Han, L.; Huang, B. Antioxidant enzyme activities and gene expression patte rns in leaves 

of Kentucky bluegrass in response to drought and post-drought recovery. J. Am. Soc. Hortic. Sci. 

2011, 136, 247–255. 

19. Monk, L.S.; Fagerstedt, K.V.; Crawford, R.M. Oxygen toxicity and superoxide dismutase as an 

antioxidant in physiological stress. Physiol. Plant 1989, 76, 456–459. 

20. Mittler, R. Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci. 2002, 7, 405–410. 

21. Georgieva, K. Some mechanisms of damage and acclimation of the photosynthetic apparatus due 

to high temperature. Bulg. J. Plant Physiol. 1999, 25, 89–99. 

22. Raison, J.K.; Roberts, J.K.; Berry, J.A. Correlations between the thermal stability of chloroplast 

(thylakoid) membranes and the composition and fluidity of their polar lipids upon acclimation of 

the higher plant, Nerium oleander , to growth temperature. BBA-Biomembranes 1982, 688, 218–228. 

23. Zhao, X.; Nishimura, Y.; Fukumoto, Y.; Li, J. Effect of high temperature on active oxygen 

species, senescence and photosynthetic properties in cucumber leaves. Environ. Exp. Bot. 2011, 

70, 212–216. 

24. Schulze, E.-D.; Hall, A. Stomatal responses, water loss and CO2 assimilation rates of plants in 

contrasting environments. In Physiological Plant Ecology II; Springer: Berlin/Heidelberg, 

Germany, 1982; pp. 181–230. 

25. Guo, Y.-P.; Zhou, H.-F.; Zhang, L.-C. Photosynthetic characteristics and protective  

mechanisms against photooxidation during high temperature stress in two citrus species. Sci. 

Hortic-Amst. 2006, 108, 260–267. 



Molecules 2014, 19 13576 

 

26. Pastenes, C.; Horton, P. Effect of high temperature on photosynthesis in beans (I. Oxygen 

evolution and chlorophyll fluorescence). Plant Physiol. 1996, 112, 1245–1251. 

27. Pastenes, C.; Horton, P. Effect of high temperature on photosynthesis in beans (II. CO2 

assimilation and metabolite contents). Plant Physiol. 1996, 112, 1253–1260. 

28. Türkan, İ.; Bor, M.; Özdemir, F.; Koca, H. Differential responses of lipid peroxidation and 

antioxidants in the leaves of drought-tolerant P. acutifolius Gray and drought-sensitive P. vulgaris 

L. subjected to polyethylene glycol mediated water stress. Plant Sci. 2005, 168, 223–231. 

29. Luna, C.M.; Pastori, G.M.; Driscoll, S.; Groten, K.; Bernard, S.; Foyer, C.H. Drought controls on 

H2O2 accumulation, catalase (CAT) activity and CAT gene expression in wheat. J. Exp. Bot. 2005, 

56, 417–423. 

30. Medeiros, C.D.; Neto, J.R.F.; Oliveira, M.T.; Rivas, R.; Pandolfi, V.; Kido, E.A.; Baldani, J.I.; 

Santos, M.G. Photosynthesis, antioxidant activities and transcriptional responses in two sugarcane 

(Saccharum officinarum L.) cultivars under salt stress. Acta Physiol. Plant 2014, 36, 447–459. 

31. Payton, P.; Allen, R.D.; Trolinder, N.; Holaday, A.S. Over-expression of chloroplast-targeted Mn 

superoxide dismutase in cotton (Gossypium hirsutum L., cv. Coker 312) does not alter the 

reduction of photosynthesis after short exposures to low temperature and high light intensity. 

Photosynth. Res. 1997, 52, 233–244. 

32. Chinevere, T.D.; Kenefick, R.W.; Cheuvront, S.N.; Lukaski, H.C.; Sawka, M.N. Effect of heat 

acclimation on sweat minerals. Med. Sci. Sports Exerc. 2008, 40, 886-891. 

33. Wang, D.; Li, X.F.; Zhou, Z.J.; Feng, X.P.; Yang, W.J.; Jiang E.A. Two Rubisco activase 

isoforms may play different roles in photosynthetic heat acclimation in the rice plant. Physiol. 

Plantarum 2010, 139, 55–67. 

34. Blum, A.; Ebercon, A. Cell membrane stability as a measure of drought and heat tolerance in 

wheat. Crop Sci. 1981, 21, 43–47. 

35. Dhindsa, R.S.; Matowe, W. Drought tolerance in two mosses: Correlated with enzymatic defence 

against lipid peroxidation. J. Exp. Bot. 1981, 32, 79–91. 

36. Giannopolitis, C.N.; Ries, S.K. Superoxide dismutases I. Occurrence in higher plants. Plant 

Physiol. 1977, 59, 309–314. 

37. Chance, B.; Maehly, A. Assay of catalases and peroxidases. Method. Enzymol. 1955, 2, 764–775. 

38. Jiang, Y.; Huang, B. Drought and heat stress injury to two cool-season turfgrasses in relation to 

antioxidant metabolism and lipid peroxidation. Crop Sci. 2001, 41, 436–442. 

39. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time 

quantitative PCR and the 2− ΔΔCT method. Methods 2001, 25, 402–408. 

Sample Availability: Samples of the compounds are available from the authors. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


