
How does light affect the heat stress response in Arabidopsis? 

 

Thesis by 

Eunje Kim 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of Master of Science 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

November, 2018 

 

 

 



2 
 

EXAMINATION COMMITTEE PAGE 
 

 

 

The thesis of Eunje Kim is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Mark Alfred Tester 

Committee Members: Heribert Hirt, Christian Robert Voolstra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

©  November, 2018  

 

Eunje Kim 

All Rights Reserved 

 

 

 



4 
 

ABSTRACT 

How does light affect the heat stress response in Arabidopsis? 

Eunje Kim 

 

Light and temperature are two of the most important environmental factors regulating 

plant development. Although heat stress has been well studied, little is known about the 

interaction between light and temperature. In this study, we performed phenotypic assays 

comparing seedling responses to heat under light and dark conditions. Seedlings exposed 

to heat in the dark show lower survival rates than seedlings stressed in the light. To 

identify transcriptional changes underlying light-dependent heat tolerance, we used RNA-

sequencing. The light-dependent heat stress responses involved a plethora of genes which 

could be potential candidate genes for light-induced heat tolerance, including 

transcription factors (bHLH) and genes commonly associated with biotic stress. By using 

the latest high-throughput phenotyping facility, we found that the light-dependent heat 

tolerance is reflected more on the maintenance of photosynthetic capacity, rather than 

leaf temperature. These results provide insights into how light increases heat stress 

tolerance in Arabidopsis seedlings and suggest its underlying mechanisms.  
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1. INTRODUCTION 

 

1.1 Global heat threats from climate change  

The global climate has changed dramatically over the past several decades. Carbon 

dioxide concentration [CO2] increased from about 350 µmol mol
-1

 in 1980 to 378 µmol 

mol
-1 

in 2007 [1]. Due to the growing human population and increased fossil fuel use, 

CO2 concentration is expected to increase at a rapid rate in the future, directly leading to 

higher ambient temperature. According to a report from the Intergovernmental Panel on 

Climatic Change (IPCC), the mean increase of global temperature is about 0.3 ℃ per 

decade [2]. In some climate change scenarios, it is predicted that temperatures could rise 

about 3 ℃ above the present value by the end of the 21st century. Such temperature 

changes could rapidly affect agriculture. 3-4 ℃ increase could cause crop yields to fall by 

25-35% in the Middle East and 15-35% in Africa and Asia [3]. Moreover, it is predicted 

that future episodes of high temperature may occur more frequently as extreme weather 

conditions are more likely to occur with climate change [1]. For example, heat waves are 

expected to become more intense, frequent, and longer lasting in the 21
st
 century [4]. 

These severe high temperatures might decrease crop productivity, which will eventually 

threaten food security for the future of all humankind.  
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1.2 Implications of heat stress on plants 

Temperatures above the optimum range for plant species is defined as heat stress that 

could cause irreversible damage to plants [5]. Generally, expose to the temperature, 10-

15 ℃ above ambient, is considered heat stress or heat shock [5]. Extremely high 

temperature could damage or cause mortality to the plant cells within minutes due to the 

catastrophic collapse of the cellular organization [6]. Moderate high temperatures can 

also cause several injuries to the plants, such as protein aggregation and denaturation, and 

increased fluidity of membrane lipids. The damaged proteins in chloroplasts and 

mitochondria can lose their functions, which would prohibit protein synthesis, induce 

protein degradation, and break membrane integrity [7]. These injuries cause growth 

inhibition, plant starvation, and reduced ion flux [7, 8].  

Heat stress can also cause oxidative damage, such as an overabundance of reactive 

oxygen species (ROS). ROS could be accumulated by incomplete reduction of O2 from 

inefficient photosynthetic or respiratory electron transport [9]. ROS could be generated in 

response to heat stress in plants, which could lead to cellular injury symptoms such as an 

increase of solute leakage and molecular damage [10].  

As a response to heat stress, affected plants undergo a series of protective molecular 

reactions, of which heat shock proteins (HSPs) play an important role. HSPs are 

generated when plants are exposed to high temperatures and become molecular 

chaperones that prevent aggregation and denaturation of cell proteins as responses to heat 

stress and encourage the appropriate refolding of denatured proteins [11].    
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1.3 Light is fundamental for plant growth 

Light is a critical element for the growth and development of plants. It is utilized not only 

as a source of energy through photosynthesis but also as information sources of their 

environment. For instance, light has a role as a signal regarding temperature, seasons, and 

space. This signal is transmitted in the form of the amount, quality, and duration of light, 

which makes plants respond in a variety of ways, such as shade avoidance, induction of 

flowering, and phototropism [12-15].  

Light could regulate multiple developmental processes of plants during their life-cycle 

[16]. It is postulated that light is an important factor for chloroplast gene expression [17], 

chloroplast ATPase activity [18], antioxidant level [19], and accumulation of anti-stress 

organic compounds [20, 21].   

 

1.4 Complexity of environmental stress 

Mechanisms of response to environmental stress cannot be considered in isolation. 

Responses to environmental stress draw on incorporated signals and pathways, many of 

which can be affected by external signals such as light. In nature, the physical 

environment is neither constant nor optimal for plant growth. The stress may affect plants 

not as a single factor but as a combination with other environmental factors. Those 

combinations could undermine or rather worsen the stress effect [22, 23].  

When faced with different stressors, light can have a positive or negative added effect on 

the overall healthiness of the plant. In general, the presence of light causes damage to 
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photosynthesis, when plants are exposed to environmental stress, such as drought [24], 

chilling [25], or freezing [26]. On the other hand, light plays a defensive role through 

synergistic interaction under several stress conditions [27, 28]. For example, the 

interaction of Arabidopsis thaliana with an avirulent strain of Pseudomonas syringae pv. 

maculicola in the dark reduced local resistance as compared to an infection process in the 

presence of light.   

Under the natural habitat, light and temperature as regulators and environmental factors 

could affect plants simultaneously. However, the research on the effects of light and heat 

stress has mostly been conducted independently for a long time. Many publications 

suggest a strong relationship between light and temperature in plants [29]. Studies have 

focused on how plants are physiologically affected during high temperatures by the 

presence or absence of light. Most of the research mainly focused on aspects of 

photosynthesis [30-33], which would not be the only factor affecting plants. The 

interaction of two environmental factors on plants is much more sophisticated than single 

factors. There are still many studies to be unearthed, including the genetic effect of 

stressors on plants. For instance, darkness may induce detrimental genes, or disrupt plants 

dealing with heat response; alternatively, light may trigger light reliant heat tolerance 

genes. In this study, the transcriptomic change will be analyzed to provide deep insight 

into the effect of light during heat stress.  
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2. PROJECT OBJECTIVES 

The objectives of the study were to characterize the phenotypic responses of heat stress 

with different light conditions. Phenotypic characterization was conducted by using 

plates and by using soil based high-throughput phenotyping facility. Moreover, a 

genome-wide transcriptional analysis between different heat stress conditions is 

conducted. The transcription data will be used to analyze differentially expressed genes 

(DEGs) and GO enrichment, which provides the new sight of how different light 

conditions affect the heat stress response of Arabidopsis seedlings. In addition, new 

candidate genes will be suggested for further research. 

 Characterize the phenotypic response of heat stress with or without lighting by 

using plates and soil based assays  

 Identify the common and different gene expression patterns of the heat stress 

response under light and dark conditions  

 Characterize the photosynthetic dynamics of short-term and long-term of light-

dependent heat stress response 
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3. MATERIALS AND METHODS 

3.1 Plant material 

Col-0 Arabidopsis seeds were sterilized with 70% (v/v) ethyl alcohol and 50% (v/v) 

bleach for 5 and 10 min respectively. After stratification at 4℃ for three days in darkness, 

sterilized seeds were planted on MS medium plate containing 4.4g of MS basal salts 

(Sigma), 20g of Sucrose, and 10g of Agar (Sigma). Each plate contains about 100 seeds. 

Plants had grown for seven days in the growth chamber (Percival) with 22 ℃ under 16h / 

8h of light / dark cycle (~100 μmol m
-2

 s
-1

) with 60% air-humidity. 

 

3.2 Heat shock application 

Growth chamber was preheated to 45 ℃. The plants were subjected to 45 ℃ for 60 min 

and 60% of humidity (Figure 1). The first condition is exposing seedling to heat under the 

light. The second group is heating seedling under dark. In the third group, the seedlings 

were pretreated with dark for 4 hours and heated in dark condition. The last one is non-

treated. For the pre-dark treatment, the plates were covered with foil for 4 hours and 

removed the foil right before heat stress treatment. The intensity of light in the chamber 

was ~100 μmol m
-2

 s
-1

. The light button turned off in the dark condition. After heat stress, 

the plates were transferred to the growth chamber at 23 ℃ and allowed to grow for an 

additional six days.  
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3.3 RNA Isolation and RNA Sequencing
1
  

All seedlings were planted at the same time with 100 seedlings per plate. Seven days after 

germination, the plates were subjected to heat stress for 1 hour with four conditions as 

described above. The samples, consisting of the leaf tissue, were harvested for RNA-

sequencing at three points in each condition with two independent biological replicates. 

First and second sampling point is collected right before and after heat stress, respectively. 

Third samples were harvested after recovery for three days (Figure 1).   

 

Figure 1 Experimental design of RNA-seq collecting samples and four light-heat 

conditions.  These graphs point up the times when the samplings were carried out for 

RNA-seq. The 7 days-old seedlings were subjected to 45℃ heat stress for 1 hour with 

different light conditions. Blue dots indicate time points when samples for RNA-

sequencing were collected; right before, after, and 3 days after heat stress. Gray box 

indicates dark treatment. The first group condition is exposing seedling to heat under the 

light. The second group is heating seedling under dark. In the third group, the seedlings 

were pretreated with darkness for 4 hours and heated in dark condition. The last one is 

non-treated. 

                                                           
1
 This part of work was performed by Ge Gao. 
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After freezing samples by using liquid nitrogen, they were powdered and stored at -80℃.  

RNA extraction was done by using the RNeasy Plant Mini Kit (Qiagen). RNA 

concentration was measured by NanoDrop 2000 spectrophotometer (ND-2000; Thermo 

Fisher Scientific). RNA integrity was assessed on an Agilent 2100 Bioanalyzer 

(AGILENT Technologies). For each sample, 2ug of RNA was used to construct mRNA 

libraries following the protocol of Illumina’s TruSeq Stranded mRNA Library Prep Kit. 

We performed one batch containing two replicates; one sample from T3 nHS was 

missing because of failure in library construction. RNA libraries were sequenced on 

Hiseq 4000 platform.  

 

3.4 Sequence Assembly and GO Enrichment Analysis 

TopHat (version 2.0.13), bowtie2 (version 2.3.3.1) were employed for mapping the reads 

to the Arabidopsis reference genome TAIR10. Differentially expressed genes (DEGs) 

analysis was proceeded by DESeq2 R package with P-value (<0.05). Araport and KEGG 

(Kyoto Encyclopedia of Genes and Genomes pathway database) were used for Gene 

Ontology (GO) enrichment analysis of DEGs. Hierarchical clustering analysis was 

carried out using the h-clust command in R, and the default complete linkage method 

with Log2 transformed counts per million values of all the identified gene 

transcripts. The distance between two samples is determined by 1 – correlation 

coefficient using Ward.D agglomeration method. AgriGo (http://bioinfo. 

cau.edu.cn/agriGO/index.php) was used for biological process ontology analyses [34]. 

Mapman program was used for the visualization [35]. 
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3.5 PSI phenotyping  

Arabidopsis (Col-0) seeds were planted in individual pots containing 80g of soil. For 

each treatment (HSL or HSD), three trays with 60 plants in total are served as biological 

replicates.  Two trays (40 plants) are for control. The PSI growth chamber was set up as a 

12 h/12 h 22◦C/20◦C light/dark cycle with a relative humidity of 60% and a photon 

irradiance of 150 µmol m
-2

 s
-1

. Each pot was watered daily up to their reference weight 

measured at the beginning of the experiment. At day 17 after sowing, plants were 

exposed to heat stress (45 ℃) for three hours (14:00 pm to 17:00 pm) in two Percivals 

with or without light. Imaging was performed at two phases: eight rounds are recorded 

every two hours after HS (Phase I), and another seven rounds taken at every noon for 

seven days (Phase II). Trays were transported by conveyor belts. Each round consisted of 

an initial 15 min dark-adaptation period inside the acclimation chamber, followed by 

ChlF and RGB imaging. Several parameters regarding photosynthesis were measured, 

such as Fv/Fm, Fo, QY, NPQ, qN, qP, leaf size, and leaf temperature of plants. All data 

was saved automatically and analyzed by the PlantScreen
TM

 Analyzer software (PSI, 

Czech Republic).  
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4. RESULTS 

 

4.1 Plant Phenotypes of heat-stressed seedlings in different light conditions 

Figure 2 Phenotype of plants treated with heat stress with four different light 

conditions. Photos were taken 5 days after heat stress application. 7 days seedlings of 

Arabidopsis were subjected with heat stress (45 ℃, one hour) or without (22 ℃) in four 

different conditions. A) Heat stress in light (HSL) B) Heat stress in darkness (HSD) C) 

non-heat stress (control) D) 4 hours of pre-dark treatment and heat stressed in the light 

(PD+HSL) E) 4 hours of pre-dark treatment and heat stressed in the dark (PD+HSD). 

Each MS agar plate includes about 100 seedlings, with three plates as biological 

replicates for each condition.  
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Arabidopsis seedlings grown in MS agar media for seven days were subjected to heat 

stress (45 ℃) for one hour with four different lighting conditions: heat stress in the light 

(HSL), heat stress in the dark (HSD), and four hours of pre-dark treatment with heat 

stressed in the light (PD+HSL) or the dark (PD+HSD). Pre-dark treatments were added to 

check the effect of artificial darkness (HSD) in the daytime. After heat stress, the 

seedlings were allowed to recover in the normal condition (22 ℃) for three days. 

Strikingly, seedlings in HSL showed a much higher survival rate than in HSD. In the case 

of seedlings heat-stressed in the dark, most of them did not survive well eventually 

arriving at death. When the seedlings were exposed to four hours of pre-dark treatment 

followed by heat stress, no significant changes were observed compared to without pre-

dark treatment (Figure 2 A and D, B and E). Figure 2 shows that the heat-stressed 

seedlings are smaller than non-heat stressed seedlings, indicating their growth has been 

stalled after the stress. Seedlings in HSL changed to be slightly lighter green in color. 

Many seedlings of HSD became white, one or two days after heat stress.  

The samples were allowed to recover for three days in non-stress condition, and survival 

rate was recorded at day 3, day4, and day 5 after recovery. The survival rate of seedlings 

in HSL shows significant differences with HSD after HS (Figure 3). The survival rate of 

seedlings in HSL is about 75 %, while about 25 % in HSD conditions at 5 days after heat 

stress (Figure 3). Significantly, the results in the phenotypic assay for HSD show 

significantly low survival rates. The results of PD showed similar survival rates with the 

survival rates without pre-dark treatment.  
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Plants that were exposed to heat stress in the light showed higher survival rates than 

plants stressed in the dark. These phenotypic results demonstrate that light is an essential 

factor and has an impact for the plant to survive during heat stress.  

 

 

 

 

Figure 3 The survival rate of heat-stressed seedlings in four light conditions. 
7 days-old seedlings were exposed to HS (45℃) with different light conditions 

for 1 hour. Light conditions consist of light (HSL), darkness (HSD), and 4 hour of 

pre-dark treatment with (PD + HSL) or without light (PD + HSD). Survival rates 

were recorded 3 days after HS for 3 days. Each plate contains about 100 

seedlings, with three plates as biological replicates for each condition. Seedlings 

with full paled leaves were determined as dead otherwise they were considered 

survive. Error bars represent standard error.    
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4.2 Transcriptome comparisons among all samples 

To identify the molecular basis under the phenotypic difference we observed earlier, we 

used RNA-Seq to study the genome-wide transcriptome heat response with or without 

light. Seven days-old seedlings were exposed to HS (45 ℃) for one hour with different 

light conditions and allowed to recover in normal temperature (22 ℃). The samples for 

the RNA sequencing were collected in three different time points: Right before HS (T1), 

the end of HS (T2), and three days after HS (T3). The seedlings at each time point were 

collected and pooled for RNA extraction with two biological replicates. From those, 24 

libraries were prepared for RNA-sequencing. To examine differences between conditions 

at the transcriptome level, gene expression data in all time points were first analyzed in 

Multi-Dimensional Scaling (MDS) and clustered to identify how similar or dissimilar the 

gene expression among all the samples were (Figure 4). The expressions of each 

condition showed each characteristic trend and were grouped by similarity. 

Heat-stressed samples of time point 2 and 3 are assembled by each time points. All the 

heat stressed samples of T2 were generally gathered together, while there are significant 

distances between samples of each condition in the case of T3 (Figure 4A).  T3HSD has 

distance with T3HSL and T3PD. In that respect, the same trend was found in the number 

of DEGs. When compared at T3, the numbers of DEGs between conditions were bigger 

than at T2 (Table 1).  

 

 



24 
 

 

 

 

 

 

 

 

 

 

 

Twenty-four samples in total are clustered mainly into three groups based on time points 

(Figure 4B). All samples collected before heat stress (T1) and the non-treated samples 

(control_T1, T2, T3-nHS) belong to the same group. In the detail of T1, pre-dark 

treatment is markedly different from other T1 samples, which is demonstrating as 

transcriptome that pre-dark treatment gave an effect on samples. When stressed (T2), all 

T2 samples clustered at the far right and were somewhat different in each condition, but 

generally also arranged in the same group. Replications in HSD clustered slightly 

different from each other. If T3 is used for reference and comparison, ‘T2 HSD R1’ looks 

unusual. However, the fact that T2 HSD R1 and R2 are not clustered together needed to 

Figure 4 A) Multi-dimensional scaling (MDS) plot of RNA-seq expression profiles in two 

dimensions. Classical multidimensional Scaling was used. The distance between two points is 

equal to their dissimilarities.  T1 and T2 indicate right before and at the end of heat stress, 

respectively. T3 Samples were collected three days after heat stress. HSL and HSD were 

abbreviated Heat Stressed in the light, Heat Stressed in the Dark, respectively. PD means Pre-

dark treatment (4hr) and heat stressed in the dark. B) Hierarchical clustering of 24 samples in 

two independent experiments. Hierarchical clustering analysis was performed using the h-

clust command in R and the default complete linkage method. The distance between two 

samples is determined by 1 – correlation coefficient using the Ward. D agglomeration 

method. The second replicate of the non-heat stressed seedling at time point 3 was excluded 

from the sample.  



25 
 

be ignored, due to the replications, and both of them are used in the further analysis. 

Lastly, T3 samples from two replicated experiments are grouped together as well. HSL 

and PD samples are relatively similarly expressed (Fig 4 B), which are clustered closer 

than HSD and in T3 group, which is located in the middle of Cluster Dendrogram. 

Notably, the samples of each treatment belong to the same subgroup at each time point. 

4.2.1 Differential Expression Gene  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Numbers of differentially expressed genes between different light 

treatments. There are three time points (right before HS, at the end of HS, and 

three days after HS) and 4 kinds of treatments (Heat stress/Light, Heat 

stress/Dark, 4hr dark/ Heat stress in darkness, non-heat stress). Log2foldchange 

greater than 1.5 and p-value < 0.05. T1, T2, and T3 are right before heat stress 

(end of dark pre-treatment), end of heat stress, and three days after heat stress, 

respectively. HSL, HSD, and PD indicate ‘heat stressed in the light’, ‘heat 

stressed in the dark’, and ‘pre-dark treatment and heat stressed in the dark’. 

Arrows represent up- or down-regulation.   
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Genes with log2foldchange greater than 1.5 and p-value < 0.05 were defined as 

differentially expressed genes (DEGs) (Figure 4 and Table 1). All comparisons of DEGs 

are in Table 1. In general, there are more down-regulated DEGs than up-regulated for the 

comparisons at the same time point. 

For the DEGs between HSL and HSD, the DEGs (HSL to HSD) at time point one (T1) 

were only one up- regulated and two down-regulated, which was expected. During the 

heat stress (T2), there are not many DEGs compared to the other conditions with 11 up-

regulated and 29 down-regulated. In contrast, there are 137 down-regulated genes in HSL 

compared to HSD at T3. The numbers of DEGs (HSL to HSD) at T2 are less than 

expected compared to the obvious phenotype. It is noteworthy that the number of DEGs 

during the recovery phase (HSL to HSD) increased significantly compared to at the end 

of heat stress (T2). In addition, the number of down-regulated genes at both time points 

(T2 and T3) is greater than up-regulated ones. 

Table 1 The overall number of differentially expressed gene in each different condition that 

is contrasted with another at the different time point. Compared DEGs belong to one of two 

categories: down or up. P-value and log fold change were set to 0.05, 1.5, respectively. HSL and 

HSD were abbreviated Heat Stressed in the light, Heat Stressed in the Dark, respectively. PD 

means Pre-dark treatment (4hr) and heat stressed in the dark. 

 T3: HSL - HSD T3: PD - HSD T3:PD – HSL T2: HSL –HSD 

Down 137 414 156 29 

Up 35 162 98 11 

 T2: PD - HSD T2: PD - HSL T1: HSL - HSD T1: PD - HSD 

Down 201 167 2 236 

Up 161 119 1 116 

 T1: PD - HSL T1: PD - nHS T2: PD - nHS T2: HSD - nHS 

Down 204 140 989 1050 

Up 138 121 595 607 

 T2: HSL - nHS T3: PD - nHS T3: HSD - nHS T3: HSL - nHS 

Down 981 1145 860 1042 

Up 478 744 1084 902 
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4.3 Differential Expression Profiling of Heat treatments by time points 

4.3.1 Pre-dark treatment (T1) 

To investigate the basal mechanism of dark pre-treatment and how the 4 hours of 

darkness affected the level of the transcriptome, we analyzed the RNA-seq data of PD 

treatment Arabidopsis samples. We found 261 genes of PD compared to nHS as DEGs at 

the end of the pre-dark treatment (T1), of which 121 genes were up-regulated, and 140 

were down-regulated (Figure 5 and Table 1). 

 

 

 

 

 

 

 

 

 

Figure 6 List of significant GO terms of up-regulated genes compared to control 

after 4 hours dark treatment. X-axis and y-axis are –log10 (P-value), and GO term, 

respectively. 23 GO terms are selected based on the lowest p-value. GO terms of the 

biological process are listed. 
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To investigate the biological functions that are disturbed by the pre-dark treatment (4hr), 

the 121 up-regulated DEGs between PD and non-HS control at T1 were subjected to 

Gene Ontology (GO) analysis (Figure 6). ‘Response to auxin stimulus’, ‘response to 

stimulus’, ‘response to endogenous stimulus’, ‘response to chemical stimulus’, and 

‘response to hormone stimulus’ were the significant GO terms in the biological process. 

As shown in Figure 6, ‘Response to auxin stimulus’ showed the highest significance in 

enrichment. The genes associated with ‘Response to auxin stimulus’ is listed in table 2.  

Table 2 Gene list of up-regulated genes regarding ‘Response to auxin stimulus’ 

(GO:9733). Differentially expressed genes were filtered with Log 2 fold-change > 1.5, p 

< 0.05. 

Gene ID Annotation 

AT4G32280 indole-3-acetic acid inducible 29 (IAA 29) 

AT4G34790 SAUR-like auxin-responsive protein family  

AT5G18010 SAUR-like auxin-responsive protein family (SAUR19) 

AT3G15540 indole-3-acetic acid inducible 19 (IAA19) 

AT3G23030 indole-3-acetic acid inducible 2 (IAA2) 

AT1G29450 SAUR-like auxin-responsive protein family  

AT1G29460 SAUR-like auxin-responsive protein family 

AT5G18050 SAUR-like auxin-responsive protein family (SAUR22) 

AT4G34770 SAUR-like auxin-responsive protein family 

AT5G18060 SAUR-like auxin-responsive protein family (SAUR23) 

AT5G63160 BTB and TAZ domain protein 1 (BT1) 

Among the 11 auxin-related genes induced by the pre-dark treatment (Table 2), seven 

genes belonged to a SAUR-like auxin-responsive protein family. They are AT4G34790, 

AT5G18010 (SAUR19), AT1G29450, AT1G29460, AT5G18050 (SAUR22), 

AT4G34770, and AT5G18060 (SAUR23).  
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Furthermore, expression levels of genes associated with phytohormones were 

investigated by using Mapman software (Figure 6). Representative plant hormones 

include auxin (IAA), abscisic acid (ABA), 6-Benzylaminopurine (BA), ethylene, 

cytokinin, jasmonate, salicylic acid (SA), gibberellic acid (GA). 4 hours of dark 

pretreatment (T1) induced or suppressed various plant hormone-responsive genes, while 

it is notable that many genes are up-regulated in the IAA related pathway highly 

expressed than other hormones’ genes, consistent with our GO-enrichment analysis result.  

We found that auxin-related genes were induced by pre-dark treatment. We also 

confirmed that some of these auxin-related genes were also kept highly expressing during 

T2 and T3 after pre-dark treatment. 

Figure 7 Four hours of pre-dark treatment leads to hormone-related gene expression 

changes. Mapman software was used. Pre-dark treated genes at time point 1 (T1 PD) were 

compared to non-heat stressed (nHS). Blue and red colors of square indicate up- and down-

regulated genes. There are 8 different hormones sections: Auxin(IAA), abscisic acid (ABA), 6-

Benzylaminopurine(BA), ethylene, cytokinin, jasmonate, salicylic acid(SA), gibberellic 

acid(GA). 
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4.3.2 At the end of heat stress (T2)      

Samples from each condition at the end of heat 

stress (T2) also were collected for RNA-seq. 

Despite the same heat stress condition (45℃ 

for one hour), plants responded diversely 

depending on light conditions. To gain general 

insight of gene expression during the heat 

stress, the expression level of genes in three 

treatments was compared to non-heat stressed 

seedling (Figure 8). As a result, 2582 heat-

responsive genes were obtained at the end of 

heat stress. 1657 (607/1050 corresponding to 

up-/down-regulated genes), 1459 (478/981), 

and 1584 (595/989) of differentially up- and 

down-regulated genes were induced by HSL, 

HSD, and PD treatments, respectively (Figure 

8), of which 768 is the commonly highly 

expressed in the three conditions. Moreover, 

263, 437, and 532 DEGs were found only at 

HSL, HSD, and PD, respectively.  

Figure 8 Summary of differentially 

expressed genes (DEGs) of three 

different treatments (HSL, HSD, and PD 

to non-heat stressed seedlings) 

comparing to non-treated condition at the 

end of heat stress (T2). The numbers in 

Venn diagram represent the number of 

DEGs. Log fold change and p-value were 

bigger than 1.5, 0.05, respectively. 
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Because seedlings heat-stressed in the light showed dramatic differences in phenotype 

compared to the ones stressed in the dark, we investigated further by comparing the gene 

expression patterns at T2 between light and dark conditions. The total number of DEGs is 

1459 and 1657 in the light and dark conditions, respectively (Figure 9). Although the 

total numbers of DEGs were similar and there were many genes commonly expressed 

(1066) between light and dark conditions, there are also DEGs that are specific to HSL 

and HSD condition. Non-overlapped DGEs in either light or dark were 393 and 591, 

respectively, which proposes that the HS response of plants were different to some extent 

depending on light conditions. GO enrichment analysis was performed for un-overlapped 

DEGs. DEGs shown only at HSD are related to stress, defense, and organic substance, 

suggesting that heat stress in the dark may exert more stress than with the light, as 

confirmed by phenotype (Figure 2). On the other hand, DEGs expressed only at HSL 

were highly enriched in a signaling pathway and cell wall organization (Figure 9). 

Figure 9 A Venn diagram indicating the number of DEGs of heat-stressed in the light 

and without light conditions compared to non-heat stressed seedling at T2. Texts next 

to circles correspond to the top enriched GO terms. 
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In order to further dissect the transcriptional difference between HSL and HSD at the end 

of heat stress, two treatments (HSL and HSD) were compared and listed by up-and down-

regulation (Table 3). Interestingly, several genes belongs to the bHLH transcription factor 

family were significantly more expressed when stressed in light: AT3G56970 (bHLH38), 

AT3G56980 (bHLH39), AT5G67060, AT2G41240 (bHLH100). It is also noteworthy to 

highlight two up-regulated photosynthesis genes. PsaG (AT1G55670), and PsaH 

(AT3G16140) both are subunits of Photosystem I.  

Table 3 Up-regulated genes of HSL at the end of HS (T2) compared to HSD with P-

value <0.05. Genes are ranked by Log2foldchange. 

Gene ID Symbol BriefDescription logFC P.Value 

AT1G30390 AT1G30390 non-LTR retrotransposon family (LINE) 4.309154 1.49E-05 

AT2G41240 bHLH100 basic helix-loop-helix protein 100 3.916887 0.012703 

AT3G56970 bHLH38 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

3.145798 0.005577 

AT2G30766 AT2G30766 hypothetical protein 2.703735 0.037563 

AT2G33070 NSP2 nitrile specifier protein 2 2.631507 0.003875 

AT1G21310 EXT3 extensin 3 2.563579 0.021584 

AT5G35660 AT5G35660 Glycine-rich protein family 2.559112 0.046575 

AT1G04560 AT1G04560 AWPM-19-like family protein 2.503059 0.029286 

AT5G45690 AT5G45690 histone acetyltransferase (DUF1264) 2.411234 0.014721 

AT5G61160 AACT1 anthocyanin 5-aromatic acyltransferase 1 2.403584 0.000869 

AT5G50790 SWEET10 Nodulin MtN3 family protein 2.385605 0.021282 

AT3G51180 AT3G51180 Zinc finger C-x8-C-x5-C-x3-H type family 

protein 

2.32428 0.000263 

AT3G56980 bHLH39 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

2.306635 0.006776 

AT2G26010 PDF1.3 plant defensin 1.3 2.257127 0.046133 

AT2G14247 AT2G14247 Expressed protein 2.208221 0.007643 

AT1G75830 LCR67 low-molecular-weight cysteine-rich 67 2.180566 0.04674 

AT1G69570 AT1G69570 Dof-type zinc finger DNA-binding family protein 2.128932 0.011305 

AT1G33440 AT1G33440 Major facilitator superfamily protein 2.10338 0.027895 
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AT5G44420 PDF1.2 plant defensin 1.2 2.084637 0.036417 

AT2G40170 GEA6 LATE EMBRYOGENESIS ABUNDANT 6  2.033024 0.041105 

AT5G51795 AT5G51795 DNA/RNA-binding protein Kin17 1.987021 0.014145 

AT1G76930 EXT4 extensin 4 1.96891 0.047475 

AT5G24570 AT5G24570 hypothetical protein 1.968007 0.038573 

AT5G44060 AT5G44060 embryo sac development arrest protein 1.898849 0.002842 

AT5G42530 AT5G42530 hypothetical protein 1.839381 0.004169 

AT5G67060 HEC1 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

1.827312 0.016606 

AT5G38430 RBCS1B Ribulose bisphosphate carboxylase (small chain) 

family protein 

1.814387 0.004453 

AT1G07620 ATOBGM GTP-binding protein Obg/CgtA 1.792268 0.019102 

AT3G27850 RPL12-C ribosomal protein L12-C 1.774652 0.008161 

AT5G05090 AT5G05090 Homeodomain-like superfamily protein 1.76555 0.009137 

AT1G55670 PSAG photosystem I subunit G 1.763373 0.004547 

AT2G10940 AT2G10940 Bifunctional inhibitor/lipid-transfer protein/seed 

storage 2S albumin superfamily protein 

1.75095 0.006581 

AT3G21330 AT3G21330 basic helix-loop-helix (bHLH) DNA-binding 

superfamily protein 

1.744794 0.034018 

AT3G30720 QQS qua-quine starch 1.730886 0.013816 

AT1G67865 AT1G67865 hypothetical protein 1.71502 0.024019 

AT3G50400 AT3G50400 GDSL-like Lipase/Acylhydrolase superfamily 

protein 

1.701166 0.004461 

AT1G06980 AT1G06980 6,7-dimethyl-8-ribityllumazine synthase  1.686381 0.035171 

AT3G44205 AT3G44205 Transposable element gene 1.669169 0.048355 

AT1G72220 AT1G72220 RING/U-box superfamily protein 1.639455 0.024305 

AT4G11140 CRF1 cytokinin response factor 1 1.632026 0.02239 

AT4G03520 ATHM2 Thioredoxin superfamily protein 1.630421 0.007041 

AT2G21210 AT2G21210 SAUR-like auxin-responsive protein family 1.60326 0.00995 

AT4G38860 AT4G38860 SAUR-like auxin-responsive protein family 1.602458 0.00095 

AT3G10960 AZG1 AZA-guanine resistant1 1.5962 0.026424 

AT1G14680 AT1G14680 early endosome antigen 1.587856 0.010487 

AT3G27830 RPL12-A ribosomal protein L12-A 1.586309 0.008811 

AT3G45210 AT3G45210 transcription initiation factor TFIID subunit 

(Protein of unknown function 

1.582539 0.019588 
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AT1G14070 AT1G14070 None 1.567043 0.010858 

AT5G59170 AT5G59170 Proline-rich extensin-like family protein 1.558166 0.046452 

AT1G60110 AT1G60110 Mannose-binding lectin superfamily protein 1.555549 0.014627 

AT4G15393 CYP702A5 cytochrome P450 1.528947 0.025521 

AT2G27990 BLH8 BEL1-like homeodomain 8 1.525221 0.018402 

AT3G16140 PSAH-1 photosystem I subunit H-1 1.513998 0.003891 

On the other hand, highly up-regulated genes in heat stress dark condition were also 

examined for heat tolerance candidate genes. Genes that were highly expressed in HSD 

may negatively affect plant metabolism, then heat tolerance may be granted via knocking 

out. The interesting genes are AT3G59940, AT5G20230, 

AT1G20500, AT2G44130,  AT4G37990, which are related to phenylpropanoid 

metabolic process (KEGG: ath00940, GO term: GO:0009698). It is a substance produced 

by biotic and abiotic stress and is known as an indicator of plant stress response. 

Moreover, AT1G72260 (THI2), AT3G5590 (JRG21), and AT2G02990 (RNS1) are 

known to be responsive to abiotic or biotic stress.   

Table 4 Down-regulated genes of HSL at the end of HS (T2) compared to HSD with P-

value <0.05. Genes are ranked by Log2foldchange. 

Gene ID Symbol Brief Description logFC P.Value 

AT1G72260 THI2.1 thionin 2.1 -5.88028 0.000173 

AT1G54020 AT1G54020 GDSL-like Lipase/Acylhydrolase superfamily 

protein 

-4.47764 0.002907 

AT3G55970 JRG21 jasmonate-regulated gene 21 -4.10268 0.000508 

AT2G02990 RNS1 ribonuclease 1 -3.04508 0.000233 

AT3G45130 LAS1 lanosterol synthase 1 -2.77965 0.018354 

AT1G10300 AT1G10300 Nucleolar GTP-binding protein -2.77846 0.010365 

AT1G02610 AT1G02610 RING/FYVE/PHD zinc finger superfamily 

protein 

-2.72325 0.001306 

AT1G12300 AT1G12300 Tetratricopeptide repeat (TPR)-like 

superfamily protein 

-2.59529 0.004692 

https://apps.araport.org/thalemine/bagDetails.do?bagName=Gene+list+for+all+organisms+14+Oct+2018+21.40&trackExecution=false
https://apps.araport.org/thalemine/bagDetails.do?bagName=Gene+list+for+all+organisms+14+Oct+2018+21.40&trackExecution=false
https://apps.araport.org/thalemine/bagDetails.do?bagName=Gene+list+for+all+organisms+14+Oct+2018+21.40&trackExecution=false
https://apps.araport.org/thalemine/bagDetails.do?bagName=Gene+list+for+all+organisms+14+Oct+2018+21.40&trackExecution=false
https://apps.araport.org/thalemine/bagDetails.do?bagName=Gene+list+for+all+organisms+14+Oct+2018+21.40&trackExecution=false
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AT3G28220 AT3G28220 TRAF-like family protein -2.57598 0.003764 

AT1G06580 AT1G06580 Pentatricopeptide repeat (PPR) superfamily 

protein 

-2.5602 0.039798 

AT2G01280 MEE65 Cyclin/Brf1-like TBP-binding protein -2.42478 0.010578 

AT1G62910 AT1G62910 Pentatricopeptide repeat (PPR) superfamily 

protein 

-2.42478 0.011411 

AT5G41380 AT5G41380 CCT motif family protein -2.37161 0.012987 

AT5G61370 AT5G61370 Pentatricopeptide repeat (PPR) superfamily 

protein 

-2.36255 0.014145 

AT4G33880 RSL2 ROOT HAIR DEFECTIVE 6-LIKE 2 -2.29363 0.017814 

AT5G15630 IRX6 COBRA-like extracellular glycosyl-

phosphatidyl inositol-anchored protein family 

-2.26332 0.013558 

AT5G60650 AT5G60650 proline-rich receptor-like kinase -2.22605 0.025433 

AT5G19060 AT5G19060 cytochrome P450 family protein -2.22605 0.010035 

AT2G21990 AT2G21990 MIZU-KUSSEI-like protein (Protein of 

unknown function 

-2.22605 0.013065 

AT3G14300 ATPMEPCRC pectinesterase family protein -2.22605 0.014979 

AT2G20670 AT2G20670 sugar phosphate exchanger -2.20686 6.51E-07 

AT2G46880 PAP14 purple acid phosphatase 14 -2.18775 0.000222 

AT2G39030 NATA1 Acyl-CoA N-acyltransferases (NAT) 

superfamily protein 

-2.18735 0.000175 

AT1G11080 scpl31 serine carboxypeptidase-like 31 -2.18156 0.043441 

AT3G08720 S6K2 serine/threonine protein kinase 2 -2.14458 9.80E-09 

AT5G48400 ATGLR1.2 Glutamate receptor family protein -2.13296 0.004295 

AT2G37320 AT2G37320 Tetratricopeptide repeat (TPR)-like 

superfamily protein 

-2.10028 0.041739 

AT1G70360 AT1G70360 F-box family protein -2.07975 0.027286 

AT3G23880 AT3G23880 F-box and associated interaction domains-

containing protein 

-2.07852 0.000425 

AT3G23870 AT3G23870 magnesium transporter NIPA (DUF803) -2.00896 0.036445 

AT2G29380 HAI3 highly ABA-induced PP2C protein 3 -1.99371 0.017707 

AT5G10040 AT5G10040 transmembrane protein -1.9867 0.028376 

AT1G20500 AT1G20500 AMP-dependent synthetase and ligase family 

protein 

-1.9867 0.030963 

AT5G03435 AT5G03435 Ca2 dependent plant phosphoribosyltransferase 

family protein 

-1.9867 0.043646 



36 
 

AT4G29780 AT4G29780 nuclease -1.98146 2.58E-05 

AT5G21940 AT5G21940 hybrid signal transduction histidine kinase M-

like protein 

-1.98068 1.24E-07 

AT4G29240 AT4G29240 Leucine-rich repeat (LRR) family protein -1.95898 0.027341 

AT3G02800 PFA-DSP3 Tyrosine phosphatase family protein -1.95369 0.001601 

AT1G73160 AT1G73160 UDP-Glycosyltransferase superfamily protein -1.94614 0.038363 

AT4G37990 ELI3-2 cinnamyl alcohol dehydrogenase 8 -1.93824 0.033007 

AT2G44130 AT2G44130 Galactose oxidase/kelch repeat superfamily 

protein 

-1.91596 1.87E-05 

AT1G32583 AT1G32583 tapetum determinant protein -1.91128 0.016151 

AT1G79120 AT1G79120 Ubiquitin carboxyl-terminal hydrolase family 

protein 

-1.87242 0.013066 

AT1G21529 AT1G21529 None -1.86383 0.000874 

AT5G20790 AT5G20790 transmembrane protein -1.84417 0.000325 

AT5G13230 AT5G13230 Tetratricopeptide repeat (TPR)-like 

superfamily protein 

-1.78531 0.02293 

AT4G33905 AT4G33905 Peroxisomal membrane 22 kDa 

(Mpv17/PMP22) family protein 

-1.77742 0.01612 

AT4G20040 AT4G20040 Pectin lyase-like superfamily protein -1.77458 0.029984 

AT5G01380 AT5G01380 Homeodomain-like superfamily protein -1.77421 0.021145 

AT1G22403 AT1G22403 None -1.76656 0.006276 

AT1G22830 AT1G22830 Tetratricopeptide repeat (TPR)-like 

superfamily protein 

-1.75158 0.017287 

AT1G47990 GA2OX4 gibberellin 2-oxidase 4 -1.74958 0.029965 

AT2G40000 HSPRO2 ortholog of sugar beet HS1 PRO-1 2 -1.7478 5.15E-06 

AT1G18010 AT1G18010 Major facilitator superfamily protein -1.73099 0.010893 

AT5G52170 HDG7 homeodomain GLABROUS 7 -1.71588 0.010034 

AT1G73325 AT1G73325 Kunitz family trypsin and protease inhibitor 

protein 

-1.71536 0.011378 

AT3G61410 AT3G61410 U-box kinase family protein -1.70428 0.007242 

AT5G58840 AT5G58840 Subtilase family protein -1.69065 0.024923 

AT2G21770 CESA9 cellulose synthase A9 -1.68546 0.031948 

AT5G67450 ZF1 zinc-finger protein 1 -1.68282 0.023802 

AT1G77110 PIN6 Auxin efflux carrier family protein -1.6814 0.041445 

AT1G09180 SARA1A secretion-associated RAS super family 1 -1.67474 0.046195 
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AT1G06140 MEF3 Pentatricopeptide repeat (PPR) superfamily 

protein 

-1.6713 0.049604 

AT5G20230 BCB blue-copper-binding protein -1.67115 0.009965 

AT3G59940 AT3G59940 Galactose oxidase/kelch repeat superfamily 

protein 

-1.63339 0.000802 

AT5G41080 GDPD2 PLC-like phosphodiesterases superfamily 

protein 

-1.61823 6.94E-07 

AT1G52040 MBP1 myrosinase-binding protein 1 -1.60303 3.70E-06 

AT4G32208 AT4G32208 heat shock protein 70 (Hsp 70) family protein -1.60014 0.011968 

AT3G46950 AT3G46950 Mitochondrial transcription termination factor 

family protein 

-1.57844 0.043464 

AT3G02550 LBD41 LOB domain-containing protein 41 -1.57786 3.26E-06 

AT5G19120 AT5G19120 Eukaryotic aspartyl protease family protein -1.56263 4.46E-05 

AT1G79220 AT1G79220 Mitochondrial transcription termination factor 

family protein 

-1.54949 0.04514 

AT1G17710 PEPC1 Pyridoxal phosphate phosphatase-related 

protein 

-1.5488 8.29E-05 

AT2G44850 AT2G44850 hypothetical protein -1.54627 0.002916 

AT5G05640 AT5G05640 nucleoprotein-like protein -1.52322 0.0128 

AT5G15250 FTSH6 FTSH protease 6 -1.52079 0.040987 

AT5G55090 MAPKKK15 mitogen-activated protein kinase kinase kinase 

15 

-1.51969 0.0371 

AT3G47420 G3Pp1 putative glycerol-3-phosphate transporter 1 -1.5147 2.42E-07 

AT3G46090 ZAT7 C2H2 and C2HC zinc fingers superfamily 

protein 

-1.5145 0.001789 

AT1G05575 AT1G05575 transmembrane protein -1.50734 0.040273 
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4.3.3 Response after three days’ recovery (T3) 

After heat stress, the seedlings allowed 

to recover for three days. The seedlings 

heat stressed without light got more 

damaged than those stressed with light 

(Figure 2). In overall comparison 

(Figure 10), the DEGs of HSL, HSD, 

and PD compared to non-HS control 

are 1944 (902/1042), 1944 (1084/860), 

and 1889 (744/1145), respectively. 

As there were phenotypic differences 

between HSL and HSD seedlings as described in Figure 2, the comparison of gene 

expression of HSL and HSD (to non-HS control) was performed (Figure 11). The total 

number of DEGs is 3291 and 3208 in the light and dark conditions, almost doubled the 

number we found in T2 (Figure 11). Among those, 2291 genes were commonly 

differentially expressed than control. There were also 1000 and 917 non-overlapped 

DEGs unique under light or dark. GO enrichment analysis was performed for the un-

overlapped DEGs. During the recovery stage, DEGs shown only at HSL are related to 

‘abiotic stress’, and ‘response to chemical’, while DEGs of HSD are involved in ‘aging’, 

‘organ senescence’ and ‘respond to cold’ (Figure 11).  

Figure 10 Summary of differentially expressed genes 

(DEGs) of three different treatments (HSL, HSD, and 

PD to non-heat stressed seedlings) comparing to non-

treated condition three day after HS (T3). The 

numbers in Venn diagram represent the number of DEGs 

with log2 fold change > 1.5, and p-value<0.05. 
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 DEGs of HSD were compared to HSL to look for the molecular basis of light-dependent 

protective mechanism towards high temperature. Up-regulated genes of HSL listed with 

annotations in table 5. Only four genes (AT1G30390, AT2G38790, AT2G41240, and 

AT3G56970) are overlapped with DEGs of HSL at T2. BHLH proteins’ genes 

(AT2G41240, AT3G56970) kept highly expressed in the HSL from T2.  

 

Table 5 Gene table of up-regulated genes (with p.value < 0.05, log2 fold change > 1.5) of 

heat-stressed in light (HSL) at T3 compared to heat-stressed in dark (HSD). 

Gene ID Symbol Description logFC P.Value 

AT1G30390 AT1G30390 transposable_element_gene 3.598889 0.000113 

AT2G38790 AT2G38790 hypothetical protein 2.971267 0.003735 

AT4G25980 AT4G25980 peroxidase superfamily protein 2.781788 0.000942 

AT1G30060 AT1G30060 COP1-interacting protein-like 

protein 

2.673888 0.000118 

AT2G41240 BHLH100 basic helix-loop-helix protein 

100 

2.616127 0.048078 

AT4G15370 BARS1 baruol synthase 1 2.600254 0.016221 

Figure 11 A Venn diagram indicating the number of DEGs of HSL and HSD 

compared to non-heat stressed seedling at T3. Text next to circles are 

corresponding to the most enriched GO terms of the DEG genes. 
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AT5G24352 AT5G24352 Serine/threonine-protein kinase 

WNK (With No Lysine)-like 

protein 

2.564975 0.003876 

AT3G56970 bHLH38 basic helix-loop-helix (bHLH) 

DNA-binding superfamily 

protein 

2.517719 0.047975 

AT1G09350 GolS3 galactinol synthase 3 2.460559 9.02E-05 

AT5G25390 SHN3 Integrase-type DNA-binding 

superfamily protein 

2.418291 0.010478 

AT3G25240 AT3G25240 sulfate/thiosulfate import ATP-

binding protein 

2.378386 1.29E-08 

AT1G18200 RABA6b Rab GTPase-like A1I protein 2.354585 0.010639 

AT3G49630 AT3G49630 2-oxoglutarate (2OG) and 

Fe(II)-dependent oxygenase 

superfamily protein 

2.309528 0.036513 

AT1G09157 AT1G09157 transmembrane protein 2.30179 0.000202 

AT5G59990 AT5G59990  CCT motif family protein 2.260694 0.031303 

AT3G44900 CHX4 cation/H  exchanger 4 2.255668 0.016768 

AT5G66640 DAR3 DA1-related protein 3 2.224677 0.017816 

AT1G14970 AT1G14970 O-fucosyltransferase family 

protein 

2.177465 1.08E-07 

AT3G12060 TBL1 trichome birefringence-like 

protein (DUF828) 

2.158298 0.000229 

AT3G22235 AT3G22235 cysteine-rich TM module stress 

tolerance protein 

2.150613 0.000173 

AT5G04970 AT5G04970 Plant invertase/pectin 

methylesterase inhibitor 

superfamily 

2.124146 0.049967 

ATMG00710 ORF120 Polynucleotidyl transferase 2.091304 0.00476 

AT4G24420 AT4G24420 RNA-binding (RRM/RBD/RNP 

motifs) family protein 

2.080523 0.00041 

AT4G14819 AT4G14819 hypothetical protein (DUF1677) 2.078869 0.009986 

AT2G42660 AT2G42660 Homeodomain-like superfamily 

protein 

2.001227 0.041096 

AT4G28680 TYRDC L-tyrosine decarboxylase 1.97769 0.004699 

AT5G09610 PUM21 pumilio 21 1.960447 5.56E-05 

AT3G14530 AT3G14530 Terpenoid synthases superfamily 

protein 

1.944417 0.032513 

AT3G26445 AT3G26445 beta-1 1.92806 0.007511 

ATMG01410 ORF204 open reading frame 204 1.887981 0.005702 

AT5G37980 AT5G37980 Zinc-binding dehydrogenase 

family protein  

1.86119 0.000632 

AT5G47950 AT5G47950 HXXXD-type acyl-transferase 

family protein 

1.853678 0.031696 
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AT3G62760 ATGSTF13 Glutathione S-transferase family 

protein 

1.846222 0.038908 

AT1G57590 AT1G57590 Pectinacetylesterase family 

protein 

1.843488 0.001526 

AT1G73066 AT1G73066 Leucine-rich repeat family 

protein 

1.841584 7.89E-05 

AT3G24005 AT3G24005 pseudogene of heat shock 

protein 60 

1.824521 0.002497 

AT3G50610 AT3G50610 DNA-directed RNA polymerase 

II subunit RPB1-like protein 

1.807424 0.030936 

AT3G24000 AT3G24000 Tetratricopeptide repeat (TPR)-

like superfamily protein 

1.789793 1.20E-07 

We performed Gene Ontology Enrichment analysis and KEGG pathway enrichment. 

‘Response to external biotic stimulus’, ‘Response to other organism’, and ‘Response to 

biotic stimulus’ are the significant three GO terms of HSD during recovery, which is 

interesting to look in detail. Genes of ‘Response to external biotic stimulus’ are listed in 

Table 6. Also, it is noteworthy that defense or immune-related biological processes, such 

as ‘Defense response to other organism’, ‘Defense response’, ‘Innate immune response’, 

‘Immune response’, and ‘Immune system process’ are highly significant as well.  
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Table 6 List of overlapped genes in the GO term of Response to external biotic stimulus, 

immune response, and defense response. 

Gene ID Symbol Brief Description 

AT4G31500 CYP83B1 cytochrome P450, family 83, subfamily B, polypeptide 1 

AT1G44830 AT1G44830 Integrase-type DNA-binding superfamily protein 

AT4G16260 AT4G16260 Glycosyl hydrolase superfamily protein 

AT2G18660 PNP-A plant natriuretic peptide A 

AT5G48485 DIR1 Bifunctional inhibitor/lipid-transfer protein/seed storage 

2S albumin superfamily protein 

AT4G23210 CRK13 cysteine-rich RLK (RECEPTOR-like protein kinase) 13 

AT2G22330 CYP79B3 cytochrome P450, family 79, subfamily B, polypeptide 3 

AT3G15356 AT3G15356 Legume lectin family protein 

AT4G39950 CYP79B2 cytochrome P450, family 79, subfamily B, polypeptide 2 

AT4G12470 AZI1 azelaic acid induced 1 

Figure 12 GO terms of significantly down-regulated genes in HSL compared to HSD. 
18 biological process GO terms are selected based on the ranking of the log 10 

transformed P-value.  
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AT4G31500 CYP83B1 cytochrome P450, family 83, subfamily B, polypeptide 1 

AT1G44830 AT1G44830 Integrase-type DNA-binding superfamily protein 

AT4G16260 AT4G16260 Glycosyl hydrolase superfamily protein 

AT2G18660 PNP-A plant natriuretic peptide A 

AT5G48485 DIR1 Bifunctional inhibitor/lipid-transfer protein/seed storage 

2S albumin superfamily protein 

AT4G23210 CRK13 cysteine-rich RLK (RECEPTOR-like protein kinase) 13 

AT2G22330 CYP79B3 cytochrome P450, family 79, subfamily B, polypeptide 3 

AT3G15356 AT3G15356 Legume lectin family protein 

AT4G39950 CYP79B2 cytochrome P450, family 79, subfamily B, polypeptide 2 

AT4G12470 AZI1 azelaic acid induced 1 

 

 

 

 

 

 

 

 

 



44 
 

4.4 Comparison of the photosynthetic gene expressions in HSL and HSD 

Figure 13 Gene expressions in chloroplast and photosystem using Mapman program. 
Genes of HSL are compared to HSD. Samples were collected at the end of HS (T2) and 

three days after HS (T3). Each square indicates one gene, with red and blue color, 

indicate up- and down-regulation of HSL vs. HSD. 

Phenotypes of Heat stress/ Light and Heat stress/ Dark HSD showed a significant 

difference (Figure 2 and 3). The difference between HSD and HSL is only light 

conditions during heat stress. Therefore, I looked into more detail of genes related 

photosynthesis pathway (Figure 13). 

Interestingly, even though there are not many up-regulated DEGs (HSL to HSD) at T2 

and T3 (Table 1), the majority of photosynthetic genes are more expressed in HSL than in 

HSD. The transcriptional differences between HSL and HSD at the end of HS (T2) are 

relatively smaller than during recovery (T3) (Figure 13 A, B). At the end of HS (T2), 

there are few PSII genes up-regulated in HSL, e.g., at1g55670, at3g16140, at1g52230, 
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at4g02770, at1g03130. While three days into the recovery (T3), most of the transcripts 

encode for Photosystem I (PSI) and Photosystem II (PSII) are more abundant in HSL 

(Figure 13 B). Up-regulated genes in HSL mainly encode for Light-Harvesting Complex-

II of photosystem II: at3g27690, at2g05100, at2g34430, at2g05070, at2g06520, 

at5g54270, at3g08940.  

 

4.5 Physiological characterization of light-dependent response towards heat 

Figure 14 Phenotype of plants treated with heat stress with or without light. Photos 

were taken four days after heat stress application. 17 d seedlings of Arabidopsis were 

subjected to heat stress (45 ℃, three hours) or without (22 ℃) in three different 

conditions: Heat stress in light (HSL), Heat stress in darkness (HSD), non-heat stress 

(control).  

 

In order to assess physiological response in soil-based, overall photosynthetic capacity 

was collected by using Photon System Instrument (PSI) after treatment of intact 

Arabidopsis plants at 45℃ for one hour either in the presence of light (100 μmol m−2 
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s−1) or in the dark. We found that growths of plants heat-stressed have been stalled after 

the stress compared to non-heat stressed. Four days after heat treatment, the edges of 

leaves heat-stressed in the dark started to be bleached (Figure 14).  

The analysis of physiological characterizations is divided into two phases: Phase I 

(immediate response) and Phase II (long-term response). Right after heat stress, the plants 

showed obvious response immediately. In temperature, there are minor differences 

between HSL and HSD after HS and show quick cooling (Figure 14 A). On the other 

hand, the huge gap was shown in PSII activity (Fv/Fm) that is (Fm-Fo)/Fm (Figure 15 B). 

Fv/Fm of HSL was similar to non-heat stressed plants. Fv/Fm of HSD, on the other hand, 

has considerably decreased after heat stress, which is caused by highly increased Fo 

(Figure 15 B, C). Fv/Fm of HSD then increased gradually as shown in Figure 15 B, 

which means that plants started to recover. In the case of non-photochemical quenching 

(NPQ), HSD showed a decrease, while HSL displayed an increase right after heat stress 

(Figure 15 D). NPQ of HSD showed the largest difference between maximum and 

minimum.  
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Figure 15 Immediate responses of Arabidopsis under heat stress with or without light. 
17 days-old plants were heat stressed for 3 hours at 45 ℃. All parameters were measured 

every 2 hours from right after heat stress for one day. A) Leaf temperature B) Maximum 

quantum yield of PSII photochemistry (Fv/Fm) C) Minimum fluorescence (Fo) D) Non-

photochemical quenching (NPQ). Red box on the x-axis indicates period of heat stress (3 

hours). Gray box on the x-axis represents the dark cycle in the growth chamber. Green, red, 

and yellow colors indicate non-heat stress (control), heat stress in the light (HSL), and heat 

stress in the dark (HSD), respectively.  
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When observed in the long term (6 days), even though no plant was dead, bleached edges 

of leaves were found in heat-stressed in the dark. 

The differences of leaf temperatures between conditions were subtle. Interestingly, one 

day after HS the temperature of HSL and HSD were swapped (Figure 16 A). 

Photosynthesis efficiency is the most interesting. Even though plants exposed to heat 

stress, maximum quantum yield (Fv/Fm) of HSL did not decrease, even increased 

compared to control (Figure 16 B). On the other hand, heat stress in the dark resulted in 

significantly decreasing of Fv/Fm, but returned to the level similar to the control in three 

days (Figure 16 B). In the case of NPQ, the trends of all treatments kept decreasing over 

time (Figure 16 D). HSD showed a sharp decline of NPQ one day after heat stress. 
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 Figure 16 Long-term response of Arabidopsis under heat stress with or without light. 
17 days-old plants were heat stressed for three hours at 45 ℃. All parameters were 

measured every noon for six days including two days before and four days after heat 

stress. A) Leaf temperature B) Maximum quantum yield of PSII photochemistry (Fv/Fm) 

C) Minimum fluorescence (Fo) D) Non-photochemical quenching (NPQ). Gray box on 

the x-axis represents the dark cycle in the growth chamber. Green, red, and yellow colors 

indicate non-heat stress (control), heat stress in the light (HSL), and heat stress in the 

dark (HSD), respectively. 
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5. DISCUSSION 

 

Environmental stressors have significant influence on plant growth and development. As 

global temperatures increase, the responses of plants to heat stress (HS) with different 

light levels, have become an important field of study. Here, we describe the light effect 

during HS (45 ℃ for one hour) with Arabidopsis seedlings. Three different light 

treatments were used: heat stress in the light (HSL), heat stress in the dark (HSD), four 

hours of pre-dark treatment followed by heat stress in the dark (PD+HSD). Firstly, 

phenotypic assays were performed, followed by analysis of the transcriptome, and finally 

photosynthesis capacity was measured. According to the data obtained, susceptibility to 

high temperature increased in the dark; causing die off of young seedlings (Figure 2, 3).  

Our study showed that the response to heat stress is significantly affected by light not 

only at gene expression level (Figure 8, 10) but also on photosynthesis efficiency (Figure 

14, 15). In general, plants heat-stressed in the dark showed very low survival rates on 

plates (Figure 3). Transcriptomic data also showed that heat-stressed plants responded 

differently depending on the light condition during heat stress (T2) and three days after 

HS (T3) (Figure 4 A). The number of differentially expressed genes during recovery (T3), 

significantly increased compared to during HS (T2); as illustrated in Figure 5. Through 

our additional soil-based phenotyping experiment, we found that the heat-stressed plants 

showed high thermal stability in the presence of light, such as Fv/Fm.  

Ohira et al. examined the effect of different light intensities (20–1800 µEm
-2

s
-1

) during 

heat stress on spinach [36]. In very weak light (20 µEm
-2

s
-1

), Fv/Fm was similar to non-

heat stress, and decreased with increasing light intensity.  
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In line with this research, is the recent work of Song et al., who conducted transcriptome 

profiling using a microarray in relatively mild heat stress (37 ℃), with or without light, 

and suggested the existence of a crosstalk between light and temperature signaling 

pathways [37].  

5.1 Pre-dark treatment as an examiner of the artificial darkness  

Seedlings heat-stressed in the dark might be shocked by artificial darkness which could 

be possibly recognized as additional stress. Hence, PD+HSD was applied to minimize the 

shock of artificial darkness and to give the plants time to reduce any sudden darkness 

effects. We observed that plants treated with PD+HSD showed similar survival rates and 

phenotypes to the plants heat-stressed in the dark (Figure 3), this proves heat-stress in the 

dark was not affected by artificial darkness.  

5.2 Light has a protective effect on photosynthesis  

Our study showed that light conferred protection to the plants during exposure to heat 

stress, rather than cause injury. To uncover the light-dependent tolerance mechanism, 

many studies have been performed in the last few decades, of which many were highly 

focused on photosynthesis.  

We observed a significant decrease of PSII activity (Fv/Fm) after HS in the dark (Figure 

16 A). The results were in accord with previous findings on diverse plant species such as 

barley (Hordeum vulgare L.) [33, 38], wheat, maize, tomato, tobacco, and sorghum [30]. 

We also found that non-photochemical quenching (NPQ) of heat stress decreased in the 

dark more than in the light (Figure 16 D), which was consistent with previous studies 
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[32]. Considering Fv/Fm and NPQ, the excited chlorophyll dissipates absorbed light 

energy by the photosynthesis (Fv/Fm), as heat (NPQ), or by emission as fluorescence 

radiation. We noted seedlings heat-stressed in the light kept in balance with the total 

absorbed energy during heat stress, while seedlings heat-stressed in the dark might fail to 

keep in balance, causing damage to the plants (Figure 16 B, D), which is probably why 

the HSD showed lower survival rates. Kalituho et al. observed more evidence on the 

effects of heat stress in the dark, such as lowering on the photosynthetic electron 

transport rate, membrane energization (qE), and increased photochemical quenching of 

chlorophyll fluorescence (qP), meaning larger amount of closed PSII reaction centers 

[32]. 

The failure to alleviate the over-reduction of Plastoquinone (PQ) by darkness has been 

described in several studies to explain plants’ damage in the photosystem. Electron flow 

in thylakoid membranes is known to be highly sensitive to temperature. Because the 

Calvin-Benson cycle, the main consumer of NADPH, is very sensitive to temperature [39, 

40], heat stress leads to NADPH accumulation in the stroma and causes over-reduction of 

PQ by a blockage of electron flow due to the lack of an electron acceptor. This over-

reduction of PQ is perilous to photosystems that operate Linear Electron Flow (LEF) 

under non-stress conditions [41]. To consume NADPH accumulated in the stroma, cyclic 

electron flow (CEF) is activated under heat stress, which still requires light to keep 

operating [42]. In light conditions, activated CEF may protect PSII from over-reduced PQ 

under heat stress conditions, where the capacity of the Calvin-Benson cycle is lowered. 

However, darkness disrupts light-driven electron flow and further causes over-reduction 

of PQ, which could not be consumed by CEF due to the absence of light. Over-reduction 
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of PQ is known as a potential inducer of Reactive Oxygen species (ROS) production [43]. 

The D1 protein is known to be susceptible to ROS [30]. A study observed how heat-stress 

in the dark degrades D1 protein, which plays a central role in the photochemical reaction 

in PSII [36] but did not affect RNA expression levels. In our findings, the D1 protein 

gene (ATCG00020) was highly induced at the end of heat stress (T2) and during recovery 

(T3) of HSL and HSD, but we did not observe significant difference between darkness 

and light conditions in the RNA expression levels, which indicated that high temperature 

induced the D1 gene synthesis. Moreover, Havaux et al., proved that responses of PS II to 

heat stress in vivo strongly depend on the light [44]. PSII-chlorophyll fluorescence and O
2
 

evolution after heat stress in the dark showed a significant decrease and irreversibility but 

after heat stress in the light it was highly resilient [44]. These findings suggest that light 

can act as an efficient protector of PS II against heat stress. 

Many studies suggest that heat tolerance could be increased not only through the light-

dependent formation of the transthylakoid proton gradient but also through leaf 

transpiration rate, intracellular antioxidant balance, and accumulation of low molecular 

weight organic compounds [12, 32, 39]. Also, although we observed a significant 

phenotypic result, heat-stressed plants in the light and the dark showed no difference in 

the leaf temperature during the recovery phase (Figure 16 A). 

 

 

 



54 
 

5.3 Selection of candidate genes  

Light effect during heat stress has been well studied, but most studies have focused on 

changes in physiology, as oppose to changes at the gene level. For further research, we 

suggest candidate genes for heat tolerance based on RNA-Seq data. We focused on 

differentially expressed genes in the light compared to the dark at the end of heat stress 

(T2) (Table 3). 

It was immediately noticeable that the following four bHLH genes were in the list of 54 

up-regulated genes at the end of heat stress in the light (Table 3): AtbHLH38, AtbHLH39, 

AtbHLH100, and at5g67060. Basic helix-loop-helix (bHLH) proteins are a superfamily 

of transcription factors and have been well characterized in eukaryotes as important 

regulatory components in diverse biological processes [46-48]. A group of four closely-

related bHLH genes belonging to the clade Ib of the bHLH superfamily from Arabidopsis, 

bHLH038, bHLH039, bHLH100 and bHLH101, are known to be highly induced by iron 

starvation [49]. Their function has, however, remained elusive. Individual loss-of-

function mutations in these genes had no visible phenotype. For heat tolerance, single 

and multiple insertion mutants were suggested for heat phenotyping. 

Findings also conclude LATE EMBRYOGENESIS ABUNDANT 6 (LEA6 or GEA6) is 

recommended. LEA proteins are known as a class of polypeptides accumulated in plant 

seeds during late development, before they enter the desiccation phase. The proteins play 

a major role in desiccation and cold stress tolerance [50]. Due to having intrinsically 

disordered proteins they are thought to have a broad impact on the abiotic stress response 



55 
 

in plants [51]. Thus, LEA6 might have a role in protecting plants from heat stress actived 

by light.  

Lastly, two plant defensin genes (PDF1.1, 1.2) were highly expressed in the light 

conditions. Many PDFs genes are highly expressed by abiotic and biotic stress factors, 

such as cold, drought, and microbial pathogens. One of their functions was suggested as 

a plant defense response; which is further emphasized by the increased disease 

resistance phenotype observed by overexpressing PDF genes in different plant species. 

However, the direct role of PDFs as proteins in the defense response remains unclear.  

Overall, the data from this study suggests that bHLH, GEA, and PDF genes may be 

essential components of the regulatory pathway connecting light-dependent heat 

tolerance. 

 

5.4 Future perspective 

Future work should perform the same heat treatments during the night cycle to examine 

whether light gives protection from heat stress. This study concluded that Arabidopsis 

seedlings exposed to high temperature have lower survival rates at night than during the 

day [52]. It would be beneficial to examine the survival rates of plants that are heat-

stressed at night, with or without the presence or light, to compare it to data collected 

during the day. 
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Moreover, the phenotype of the T-DNA insertion mutants of our candidate genes can be 

compared to the WT, to provide evidence on their potential functions of light-

dependent heat tolerance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

6. CONCLUSION 

 

Increasing ambient temperature, more complete knowledge of light effect during heat 

stress in diverse aspects is important to better comprehend interaction between heat stress 

and light. In general, the work presented here show that heat tolerance in Arabidopsis 

plants is acquired when heat stress was treated in the light as compared to darkness. The 

light effect during heat stress was significant, and the survival rate of heat stress in the 

dark was significantly lower than in the light (Figure 2 and 3). Soil based results also 

demonstrated that high temperature has the greatest effect on photosynthetic apparatus by 

measuring the photosynthesis capacity after heat stress. Comparing the significant 

phenotypes, it is not strange that hundreds of genes responding to HS were significantly 

different between HSL and HSD (Figure 8 and 10). Based on the transcriptome data, 

bHLH, GEA, and PDF genes may play a role in the alleviation of heat-induced 

symptoms in the plant. Further studies using those genes and new treatments are 

required to comprehend light-dependent heat tolerance mechanism.  
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