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ABSTRACT 

Characterization of heat acclimation and heat stress responses 

in Arabidopsis thaliana 

 

Ge Gao 

Heat stress poses a serious threat to plant survival and productivity, and has a 

direct influence on crop yield stability. Plants response to high temperature is 

tightly controlled by complex genetic networks. Plants can be acclimated through 

gradual pre-exposure to increasing temperatures and that in turn causes higher 

survival in subsequent and otherwise lethal heat stress conditions. To investigate 

the physiological and molecular processes underlying heat acclimation and 

recovery, we examined changes in Arabidopsis thaliana transcriptome throughout 

the acclimation and the subsequent heat shock treatment. Groups of differentially 

expressed genes and enriched biological pathways that constitute the heat 

transcriptional memory were identified. The function of flavonoids in plant heat 

stress were further explored experimentally. In addition, we observed altered 

stomata density and aperture responses in heat acclimated plants, and this might 

be partially controlled by AGAMOUS-LIKE16 (AGL16) transcription factor and its 

negative regulator microRNA824 (miR824).  

 

By utilizing an automated non-invasive phenotyping facility, we have developed a 

protocol to record plant growth and photosynthetic performance after heat stress 

in wild type Arabidopsis thaliana and mutant lines at daily intervals. Through an 

imaging-based analysis of plants growth, we confirmed impaired thermotolerance 
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of hsp101 compared to wild type plants by a time-series growth, morphology and 

chlorophyll responses. This offers a novel experimental setup for thermotolerance 

screenings in Arabidopsis, with defined digital markers linking the function of 

selected genes in heat stress responses to phenotypic traits.
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Chapter 1 Background  

 

 

1.1 Heat stress 

Temperature is one of the most important environmental factors affecting the 

geographical distribution of plant species and their productivity. Extreme high or 

low temperatures affect almost all aspects of plant development, growth, 

reproduction, and yield (Sung et al., 2003; Wahid et al., 2007; Mittler et al., 2012). 

According to a recent report from the Intergovernmental Panel on Climatic Change 

(IPCC), human activities are estimated to have caused approximately 1.0°C of 

global warming above the pre-industrial levels, and global warming is likely to 

reach 1.5°C between 2030 and 2052 if it continues to increase at the current rate. 

About 8% of plants are projected to lose over half of their climatically determined 

geographic range with the 1.5°C global warming (IPCC, 2019 report). Global 

warming effects will not only be limited to worldwide rising average annual 

temperatures, but also increase the frequency and amplitude of severe 

temperature events (Meehl and Tebaldi, 2004). 

Heat poses a serious threat to plant survival and has a direct influence on crop 

yield stability. With the current trend of global warming, the adverse impact that the 

rising temperatures have on plants is likely to be exacerbated.  Heat stress is 

defined as the increase in temperature that exceeds the level of plant threshold 

temperature for a period of time, and can cause irreversible damage to plant 

growth and development (Wahid et al., 2007). In general, this means a transient 
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elevation in temperature of 10 to 15 °C above ambient. However, in reality, heat 

stress occurs as a complex function of intensity, duration, and rate of increase in 

temperature.  

1.2 Heat affects protein stability and cell integrity 

Heat shock has deleterious effects on the internal organization of the cell. One of 

the first changes to be observed in response to increased temperature is the 

disruption of the cytoskeleton. Mild heat stress leads to the reorganization of actin 

filaments into stress fibers, while severe heat stress results in the collapse of 

intermediary, actin, and tubulin networks. In addition, the loss of the correct 

localization of organelles and a breakdown of intracellular transport processes are 

observed. The Golgi system and the endoplasmic reticulum become fragmented 

under stress conditions and the number of mitochondria and lysosomes decreases 

(Richter et al., 2010).  

The membrane-linked processes are severely altered by heat stress due to 

alterations in membrane fluidity and permeability (Alfonso et al., 2001; Sangwan 

et al., 2002), causing protein misfolding, denaturation and altered enzyme activity. 

In addition to protein aggregates, heat stress was also observed to induce the 

formation of stress granules, assemblies of proteins and RNA, which can be 

observed in the cytosol. Heat stress also lead to the production of reactive oxygen 

species that result in heat-induced oxidative stress (Larkindale and Knight, 2002) 

and programmed cell death (Swidzinski et al., 2002; Vacca et al., 2004). Together, 

all these different types of damage lead to reduced photosynthesis, impaired 
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translocation of assimilates, and cell-cycle arrest, eventually leading to altered 

growth and reproduction. 

1.3 Heat tolerance largely depends on protein stabilization and 

ROS detoxification 

Previous studies have provided some insights into the molecular and genetic basis 

of heat tolerance in Arabidopsis thaliana. An essential component of it is the 

synthesis and induction of heat shock proteins (HSPs). They are located in both 

the cytoplasm and organelles, such as the nucleus, mitochondria, chloroplasts, 

and endoplasmic reticulum (Iba, 2002). The primary protein structure for HSPs is 

well conserved in various organisms, ranging from bacteria, prokaryotes to 

eukaryotes, such as higher animals and plants (Vierling, 1991). According to the 

difference of molecular weights of HSPs, they are divided into five groups: 

HSP100s; HSP90s; HSP70s; HSP60s; and small HSPs (between 12 to 42 kDa). 

HSPs are hypothesized to largely function as molecular chaperones, assisting 

protein folding immediately after translation and promoting the appropriate 

refolding of denatured proteins after exposure to high temperatures, as well as 

assisting the misfolded proteins to the lysozymes (Wahid et al., 2007). Small HSPs 

can assemble into heat shock granules. This will benefit plant cell’s survival under 

continuous high-temperature stress conditions (Miroshnichenko et al., 2004). The 

conformational dynamics and aggregate state of small HSPs might be vitally 

important in protecting plant cells from adverse effects of heat stress (Iba, 2002). 
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The HSPs/chaperones not only participate in balancing cellular redox state, but 

also in stress signal transduction and gene activation (Nollen and Morimoto, 2002).  

The expression of HSP genes is regulated mainly at the transcription level. Heat-

shock transcription factors (HSFs) can induce their transcription by recognizing the 

heat-shock elements located in the upstream promoter region of the HSP genes 

(Iba, 2002). Many eukaryotes have between one and three HSFs, but plants have 

more than 20 HSFs, which are divided into three classes (A, B and C), based on 

the chemical characteristics of linker and oligomerization domains. In Arabidopsis, 

there is a set of 21 HSFs with 15 members belonging to class A, 5 members to 

class B and one to class C (Scharf et al., 2012). Class A HSFs, except for HSFA1d 

and HSFA9, include an AHA (Aromatic and large Hydrophobic amino acid residues 

embedded in an Acidic surrounding) motif that is involved in the transcriptional 

activation activity of heat-shock genes (Scharf et al., 2012). HSFA1a, HSFA1b, 

and HSFA2 are localized in the cytoplasm under normal growth conditions and 

migrate to the nucleus in response to heat to activate HS-inducible genes (Kotak 

et al., 2004). The heat-inducible class A HSFs, namely HSFA2, HSFA7a, and 

HSFA3, play an important role in thermotolerance (Nishizawa et al., 2006; 

Schramm et al.). HSFBs, in spite of having normal DNA binding function, lack the 

heat-inducible transactivation function, and might act as co-activators of 

transcription with HSFAs, or specialized for repression of the heat shock response 

(Ikeda et al., 2011), or integrated into signaling pathways not directly related to the 

heat stress response.   
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Heat stress causes oxidative damage to the cell. The incomplete reduction of 

oxygen from inefficient photosynthetic or respiratory electron transport will result 

in reactive oxygen species (ROS) accumulation (Iba, 2002). ROS, which includes 

singlet oxygen (1O2), superoxide radical (O2-), hydrogen peroxide (H2O2), and 

hydroxyl radical (OH−), can cause the autocatalytic peroxidation of membrane 

lipids and pigments that results in the loss of membrane semi-permeability(Das 

and Roychoudhury, 2014). ROS production in plants occurs mainly in the 

chloroplast, mitochondria, and peroxisomes, with secondary sites being 

endoplasmic reticulum, cell membrane, cell wall, and/or the apoplast. While ROS 

act as secondary messengers in various key physiological processes, their 

excessive production under severe environmental stress conditions can also 

induce oxidative damages. When the balance between ROS production and 

elimination is disturbed, it results in degradation of pigment molecules, proteins, 

lipids, carbohydrates, and DNA, ultimately leading to cellular death (Das and 

Roychoudhury, 2014). The excessive ROS production under stress conditions, 

leading to cellular damage, can be counteracted with ROS scavenging machinery. 

ROS scavenging enzymes, e.g. superoxide dismutase, ascorbate peroxidase, 

catalase, glutathione peroxidase and antioxidant molecules such as glutathione, 

ascorbic acid, and α-tocopherol, make up the plant repertoire of ROS scavenging 

machinery. These ROS scavenging agents have been found in almost all cellular 

compartments, demonstrating the importance of ROS detoxification for cellular 

survival (Suzuki and Mittler, 2006). 
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1.4 Hormonal changes under heat stress  

Heat stress can alter hormonal homeostasis, stability, content, biosynthesis, and 

compartmentalization.  

Abscisic acid (ABA) serves as a key hormone in regulating plant tolerance to 

abiotic stresses, including temperature change and drought. Like other 

environmental stresses, heat stress can result in increased levels of ABA 

(Larkindale and Huang, 2005), and external ABA application enhances plant 

thermotolerance (Gong et al., 1998), while ABA-insensitive mutant abi-1 is more 

sensitive to increased temperatures (Larkindale and Knight, 2002). These ABA 

responses were found to be independent of the HSP/HSF pathways (Clarke et al., 

2004; Larkindale and Huang, 2005), implying the existence of parallel 

thermotolerance mechanisms consisting of protein stabilization and long-distance 

hormone signaling. 

Salicylic acid (SA), was also suggested to be involved in the regulation of heat-

stress responses. Exogenous SA treatment has been found to improve 

thermotolerance in mustard seedlings and increase production of small antioxidant 

molecules and some antioxidant enzymes (Dat et al., 1998). One function of SA is 

to clear the reactive oxygen species and sugars at different developmental stages 

(Larkindale and Huang, 2005; Gong et al., 1998).  

Protection against heat-induced oxidative damage in Arabidopsis also involves 

ethylene, and it appears to be involved in signaling pathways during recovery from 

heat stress. Pretreatment of a cool-season grass with a precursor of ethylene prior 
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to the exposure of plants to heat stress increased their heat tolerance (Larkindale 

and Huang, 2004). Similarly, the exogenous addition of the ethylene precursor was 

shown to protect Arabidopsis against heat-induced oxidative damage (Larkindale 

and Knight, 2002). Arabidopsis ethylene-signaling mutants ein2 and etr1 showed 

increased susceptibility to heat stress (Larkindale et al., 2005).   

1.5 Temperature sensing and signaling in plants 

The induction of the sensor of heat stress and transmission of the generated 

thermal signal, which can switch on adaptive response mechanisms, is an 

important part of stress tolerance. Several signaling pathways are specific to the 

heat response, while others are involved in general aspects of stress responses. 

The general responses, shared with other abiotic stresses include ROS, Ca2+ and 

plant hormones via complex signaling cascades (Suzuki and Mittler, 2006).  

The signals generated by these different sensing mechanisms are probably 

integrated into a signal transduction network that involves calcium fluxes and 

transients, calmodulin, calcium-dependent protein kinases, cyclic nucleotide 

monophosphates (cGMP and cAMP), mitogen activated protein kinase (MAPKs), 

phosphatases and transcriptional regulators.  

Various signaling molecules and cations are involved in temperature sensing and 

signaling. It seems that it is the increase of Ca2+
 
concentration in the cytosol that 

transduces high temperature induced signals to MAPK. Heat stress induces 

significant changes in membrane fluidity, resulting in cytoskeletal remodeling. 

Changes in the cytoskeleton trigger the activation of the heat-shock activated 
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MAPK (Sangwan et al., 2002), that are activating the downstream targets, resulting 

in reprogramming of the cellular responses. Heat stress also leads to an increase 

of cytosolic Ca2+, activating calmodulin-domain containing kinases, that induce a 

cascade of regulatory events including regulation of many HSP genes (Liu et al., 

2003). Known transcriptional regulators include the HSF network (von Koskull-

Döring et al., 2007), MBF1c (Suzuki et al., 2008) and different TFs of the WRKY, 

DREB and bZIP families (Li et al., 2011; Schramm et al., 2007). The activation of 

the different pathways may be tissue-specific and, in particular, may differ between 

reproductive and vegetative tissues. 

1.6 Stomata and heat stress 

Stomata are responsible for taking in carbon dioxide for photosynthesis and 

regulate how much water plants evaporate through the stomatal pores (Chaerle et 

al., 2005). When experiencing water-deficient conditions, surviving plants balance 

photosynthesis with controlling water loss through the stomatal pores, which relies 

on pairs of highly differentiated epidermal cells surrounding the stomatal pore, 

called the guard cells (Haworth et al., 2011). A recent study shows plants 

developed at warm temperature of 28°C produce fewer leaves with lower stomatal 

densities than leaves developed at 22°C, even when well-watered (Crawford et al., 

2012) .  

Besides the characterization of the significant roles of abscisic acid in regulating 

stomatal movement, the key factors in guard cell signal transduction have been 

intensively investigated by forward and reverse genetics approaches. For 
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example, both reactive oxygen species and nitric oxide have been identified as 

vital intermediates in guard cell ABA signaling (Bright et al., 2006). The key ROS 

producing enzymes in Arabidopsis guard cells are the respiratory burst oxidase 

homologs (Rboh) D and F. 

Stomatal movement is mediated by a complex network of signaling pathways, in 

which the major component ABA acts in concert with either one or several 

phytohormones, such as auxin, cytokinin, ethylene, brassinosteroids, jasmonates, 

and salicylic acid (Acharya and Assmann, 2009; Daszkowska-Golec and Szarejko, 

2013). 

1.7 Different types of thermotolerance  

Basal thermotolerance, acquired thermotolerance and heat stress memory are 

different perspectives on plant responses to heat stress.  

The inherent ability of plants to survive moderate levels of stress is referred to as 

basal thermotolerance, a characteristic that varies between species and 

genotypes. The most common treatment to measure basal thermotolerance is to 

subject plants growing under controlled conditions to an episode of severe heat 

stress followed by scoring the plant survival rates five to seven days after the 

stress.  

Acquired thermotolerance describes plants’ adaptation to lethal heat stress after 

mild temperature training. It is well known that plants can also acquire 

thermotolerance when exposed to milder, sub-lethal levels of heat stress (Vierling, 

1991). The ability of plants to survive such treatment is referred to as acquired 
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thermotolerance. Acclimation for acquired thermotolerance can also be induced in 

Arabidopsis by a slow and continuous rise in temperature. Such a gradual rise in 

temperature, which best mimics natural conditions, is much more effective in 

inducing acquired thermotolerance than the artificial and abrupt treatment 

described above (Larkindale and Vierling, 2008; Mittler et al., 2012).  

Studies on Arabidopsis mutants have shown that some heat shock proteins, such 

as HSP101 (Hong and Vierling, 2000) and HSA32 (Charng et al., 2006) are 

necessary for the development of acquired thermotolerance. A number of HSP-

independent processes, such as ABA, SA, hydrogen peroxide, ethylene, and 

calcium signaling are involved in the development of the acquired thermotolerance 

(Larkindale and Huang, 2005). ABA signaling is most likely to be involved in 

processes specifically required for acquired thermotolerance, as ABA signaling 

mutants abi1 and abi2 showed the strongest defects in acquired thermotolerance 

(measured by root growth and seedling survival) in an extensive mutant screening 

for defects in multiple signaling pathways (Larkindale et al., 2005). 

Heat acclimation not only induces immediate responses that lead to the acquisition 

of thermotolerance, but the stress itself also triggers a memory process that is 

referred to as long-term acquired thermotolerance, maintenance of acquired 

thermotolerance, heat stress memory, or thermomemory. This memory process 

can be maintained over several days and is found to be genetically separable from 

the acquisition.  
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Intriguingly, several mutants with normal acquisition of thermotolerance are shown 

as defective in the maintenance of acquired thermotolerance. They include 

mutants of HSFA2 (Charng et al., 2007),  HSA32 (Charng et al., 2006), and ROF1, 

which encodes a peptidyl-prolyl cis-trans isomerase of the FKBP family, interacts 

with HSP90.1, and affects the HSFA2 transcript expression (Meiri and Breiman, 

2009). NAC transcription factor JUNGBRUNNEN1 (JUB1; ANAC042) extends 

longevity and increases tolerance to heat stress in Arabidopsis when 

overexpressed, while the opposite is observed in jub1 knock-down lines 

(Shahnejat-Bushehri et al., 2012). 

Expression of HSA32 genes increases strongly after a heat shock in different plant 

species and disrupting the HSA32 gene in Arabidopsis impairs the maintenance 

of acquired thermotolerance, but not its induction (Charng et al., 2006). 

Immunoblot analysis showed that HSA32 and class I small HSP were less 

abundant in the hsfa2 mutant than in the wild type after a long recovery, suggesting 

that HSFA2 as a heat-inducible trans-activator sustains the expression of HSP 

genes and is essential for the thermomemory in Arabidopsis (Charng et al., 2007). 

It is recently reported a heat acclimation treatment induces HSP21 and FtsH6 

expression, as well as the accumulation of the two corresponding plastidial 

proteins. On progression into the memory phase, HSP21 protein abundance 

decreases due to FstH6 activity that restricts the duration of the thermomemory 

(Sedaghatmehr et al., 2016).  

The miR156-SPL module is also a component of HS memory. MiR156 is 

necessary to maintain the expression of HSFA2 and HSPs during recovery from 
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heat stress and targets SQUAMOSA-PROMOTER BINDING-LIKE (SPL) that 

downregulates the expression of heat-inducible genes (Stief et al., 2014). 

Several studies have also revealed epigenetic mechanisms that are involved in 

heat stress memory. A recent study shows the sustained induction and 

transcriptional memory of some heat stress memory related HSPs is associated 

with hypermethylation of H3K4 (H3K4me2 and H3K4me3) and requires HSFA2, 

which binds directly to these genes (Lämke et al., 2016). Heat stress memory 

requires the activity of the FORGETTER1 (FGT1), with fgt1 mutants displaying 

reduced maintenance of heat-induced gene expression. FGT1 interacts with 

chromatin remodelers of the SWI/SNF and ISWI families, which display reduced 

heat stress memory (Brzezinka et al., 2016). 

In addition, plants display trans-generational HS memory mediated by 

transposons. HS relaxes transposon silencing to some extent associated with 

chromocenter decondensation caused by HEAT-INTOLERANT 4 (HIT4) (Wang et 

al., 2013). However, DECREASE IN DNA METHYLATION 1 (DDM1) and 

MORPHEUS’ MOLECULE 1 (MOM1) rapidly repress transposons by resetting the 

epigenetic status (Iwasaki and Paszkowski, 2014). By contrast, a retrotransposon 

known as ONSEN is highly activated during HS (Ito et al., 2011). Although the 

siRNA-mediated pathway strictly regulates ONSEN activity, in a siRNA 

biogenesis-deficient mutant, it is found that a new ONSEN insertion occurs at a 

high frequency after heat stress and confers HS responsiveness to nearby genes. 

Its activation is due to its binding capability to the HSE element, such as HSFA1 
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and HSFA2 (Cavrak et al., 2014). It therefore appears that ONSEN transposition 

may act as a transgenerational form of heat stress memory. 
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Chapter 2 Identification of molecular mechanisms contributing 

to acquired thermotolerance by transcriptome profiling 

 

 

2.1 Introduction 

Plants grow in dynamic environments, where they are exposed to a plethora of 

stressful factors affecting their growth, development and reproductive success. An 

important environmental factor that often threatens plants is heat. Due to climate 

change, plants are facing increasing and more frequent extreme temperatures. 

However, plants have evolved mechanisms response to fluctuating temperatures 

consisting of cellular, physiological, and developmental changes to optimize their 

growth and reproductive success.  

Plants have an inherent ability to survive certain levels of heat stress, this is called 

basal thermotolerance, a characteristic that varies between species and 

genotypes. It is also well known that plants can acquire thermotolerance when 

exposed to milder, sub-lethal levels of heat stress (Vierling, 1991). This pre-

exposure to stress, called priming or acclimation, induces the configuration of a 

new cellular state that is different from the pre-stress naive state and enhances 

plant survival in a subsequent event of heat stress. The intervening time, during 

which plants experience a non-stress situation, is called the ‘memory phase” 

(Sedaghatmehr et al., 2016). This ability of plants to retain information from 

previous exposure to stress has also been found for cold, drought (Ding et al., 

2012), and salinity stress (Sani et al., 2013). 
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Previous investigations focused on transcriptional changes in Arabidopsis either 

during the acclimation process (Larkindale and Vierling, 2008; Stief et al., 2014), 

or the memory phase (Sedaghatmehr et al., 2016). However, the processes of 

heat acclimation and heat stress memory are inextricably linked. In this study, we 

performed a comprehensive RNA-Seq analysis on Arabidopsis seedlings that go 

through the heat acclimation, memory, heat shock and recovery in one time-course 

experiment. The results of this study present a systematic view of transcriptional 

changes, identifying genes and pathways that are implicated in heat acclimation 

and heat stress memory. We reveal that flavanols and genes involved in stomatal 

development are important elements of heat tolerance, which are targeted during 

the heat memory phase, leading to improved plant performance under heat stress.  
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2.2 Material and methods 

2.2.1 Plant material 

 

Arabidopsis thaliana seeds were surface-sterilized using 70% ethanol for three 

mins and washed with sterile water three times. 80 to 90 sterile seeds were evenly 

sowed on round 100 × 15 mm plastic petri dishes. Each plate was filled with 50 ml 

autoclaved media containing 0.22% (w/v) of MS basal salts, 1%(w/v) sucrose, 1% 

(w/v) Agar, with pH adjusted to 5.8 with KOH. The seeds were incubated at 4C in 

dark for 3 days to ensure synchronized germination and transferred to the growth 

chamber (Percival) with 22C under 16h / 8h of light / dark cycle (~100 μmol m−2 

s−1) with 60% relative humidity. T-DNA insertion lines of TT4 (AT5G13930), TT5 

(AT3G55120), FLS (AT5G08640), and AGL16 (AT3G57230) are tt4 

SALK_020583; tt5 SALK_034145; fls, SALK_106244C1; agl16, SALK_104701C 

respectively. They were ordered from the Nottingham Arabidopsis Stock Center 

(NASC).  

2.2.2 Heat acclimation and heat shock application 

 

The acclimation treatment was applied by subjecting plates with Arabidopsis 

seedlings into the growth chamber (Percival) with the temperature gradually rising 

from 22C to 45C over the course of 6 hours (starting at the beginning of the 

photoperiod) in the light and keep at 45C for 90 mins. Subsequently, the plates 

were transferred back to a growth chamber with standard (22C) temperature. For 

the heat shock application, the growth chamber (Percival) was pre-heated to 45C 

with lighting (~100 μmol m−2 s−1) and 60% relative humidity. Each plate containing 
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80 acclimated or non-acclimated seedlings was transferred from the control growth 

condition (22C) chamber to a heated growth chamber (45C) for 90 mins from 

1:30 pm to 3:00 pm (7.5 - 9h after the beginning of the photoperiod). 

2.2.3 RNA-Seq sampling, library preparation, and sequencing 

 

We collected samples of 11 time-points from two batches of experiments. For each 

batch, 11 plates each containing about 80 germinated Arabidopsis seedlings were 

divided into the acclimated and non-acclimated group. At each sampling time-point 

from the experimental design (Figure 2.2 A), all leaf tissue from the designated 

plate was harvested and divided into two separate Eppendorf tubes, snap-frozen 

in liquid nitrogen and stored at -80°C. At day 12 after seed germination, T1 

samples were taken right after the start of the photoperiod and before acclimation 

treatment starts. Plates from acclimated group were exposed to the heat 

acclimation treatment and samples were taken after 3 h (T2), 6 h (T3) and 7.5 h 

(T4), while other plates were returned to normal growth conditions and samples 

were collected two days (T5) and four days (T6) after at 1:30 pm. At day 16, the 

remaining acclimated and all the non-acclimated plants were exposed to heat 

shock treatment (45°C for 90 min), and samples were taken before the heat 

treatment (T7 for acclimated seedlings, T9 for non-acclimated seedlings), at the 

end of the heat shock (T8 for acclimated seedlings, T10 for non-acclimated 

seedlings) and two days after the application of heat stress at 1:30pm (T9 for the 

acclimated seedlings, T11 for non-acclimated seedlings). In total, we collected 44 

samples from two independent experimental batches; with four biological 

replicates for each time point.  RNA extraction was performed for each sample 
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using RNeasy Plant Mini Kit (Qiagen). The RNA concentration was measured by 

NanoDrop 2000 spectrophotometer (ND-2000; Thermo Fisher Scientific). RNA 

integrity was assessed on an Agilent 2100 Bioanalyzer (Agilent Technologies). 2μg 

of RNA for each sample was used to construct mRNA library following the protocol 

of Illumina’s TruSeq Stranded mRNA Library Prep Kit. One sample from T3 was 

missing, due to failure in library construction. In total, 59 Gb paired-end reads of 

21 samples from batch one, and 22 samples of 30 Gb single-end reads from batch 

two were generated (Supplementary Table 2.1).  

2.2.4 Processing of RNA-seq reads 

 

Tophat (Kim et al., 2013) was used to map the raw RNA-seq reads onto the 

Arabidopsis thaliana reference genome (TAIR10), and htseq (Anders et al., 2015) 

was applied to quantify the transcript level for each gene. Hierarchical clustering 

analysis was performed to test for relative relatedness of all 43 samples from two 

experimental batches (Supplementary Figure 2.2).  

2.2.5 Identification of differentially expressed genes 

 

Read counts mapped to individual gene models were calculated into cpm (counts 

per million), and genes with low read counts (cpm < 1 in more than two samples) 

were removed. Voom (Law et al., 2014) function from linear models for microarray 

and RNA-Seq data (LIMMA) framework was applied to convert raw read counts to 

log2(cpm) values with associated weights. Read counts were modeled with a 

negative binomial distribution, the common dispersion parameter was estimated 

using Empirical Bayes techniques. Pairwise comparisons between groups were 
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made by using a quantile-adjusted conditional maximum likelihood (qCML) 

estimate. DecideTest from the LIMMA framework was used to test for differentially 

expressed genes (with adjusted p-value < 0.05).  

2.2.6 Functional enrichment analysis 

 

AgriGO (Tian et al., 2017) was applied to determine which Gene Ontology (GO) 

categories were statistically overrepresented in biological pathway, cellular 

component and molecular function for each group of differentially expressed 

genes. All annotated genes in the Arabidopsis TAIR10 genome were used for 

Fisher’s statistical testing. Results were corrected by Yekutieli method for multiple 

testing, using a 0.05 threshold. GO enrichment results of significant biological 

pathways are presented as supplementary material and further visualized in 

Cytoscape (version 3.5.1) using BiNGO (Maere et al., 2005) and Enrichment Map 

(Merico et al., 2010) plugin. 

2.2.7 Basal thermotolerance assay 

 

Arabidopsis seeds were surface-sterilized using 70% ethanol for three mins and 

washed with sterile water three times before sowing on ½ MS growth media plates. 

For the quercetin-supplemented media, quercetin (Sigma, Q4951) was dissolved 

in ethanol and added to the ½ MS media after autoclaving to the final concentration 

of 200 μM. The seeds were placed on a media with or without the addition of 

quercetin and incubated at 4C in dark for 3 days to ensure synchronized 

germination. The plates were then transferred to the growth chamber (Percival) 

with 22C under 16h / 8h of light / dark cycle (~100 μmol m−2 s−1) with 60% air-
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humidity. 7 days old seedlings were subjected to heat treatment for 60 min in 45°C 

pre-heated growth chamber and allowed to recover for four days under standard 

conditions (22C) before scoring of their survival and taking of the photographs. 

Plants that were still green and producing new leaves were scored as surviving.  

2.2.8 Measurement of water content 

 

4-week-old soil-grown Arabidopsis plants were exposed to the same heat 

acclimation treatment as described above. Four days after the acclimation 

treatment, the acclimated and non-acclimated plants were subjected to heat stress 

(45°C for 90 mins). Subsequently, the aerial parts of the stressed plants were 

excised and weighed for fresh weight every 20 mins. Water loss rates were measured 

using four plants each for the acclimated and non-acclimated plants. The proportion of 

fresh weight loss was calculated based on the initial weight of the plant. The 

measurements were conducted on the laboratory bench at 21°C with 65% relative 

humidity. 

2.2.9 Stomata measurement  

 

Arabidopsis epidermal peels were obtained from the abaxial side of the fifth rosette 

leaves of 4-week-old plants grown in soil which were or were not subject to the 

acclimation treatment as described above, and imaged with Zeiss microscope X40 

objective lens. Stomatal density and aperture opening were quantified from 

images. Counts were made from 1mm2 regions of three to five biological 

replicates. Comparable regions of epidermis were scored for each rosette leaf peel 

in the same experiment. 
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2.2.10 Quantitative RT-PCR Analysis 

 

Total RNA of seedling leave tissues was extracted by using the RNeasy Mini Kit 

(Qiagen, USA). RNA was quantified using the NanoDrop 2000 spectrophotometer 

(NanoDrop Technologies, USA) and quality assessed by measuring the 

A260/A280 ratio. DNase digestion step was performed to remove genomic DNA 

from the RNA samples (Invitrogen, USA). cDNA was synthesized from 1 μg RNA 

of independent WT and mutant plants. The cDNA was synthesized by using 

Superscript I Reverse Transcriptase (RT) (Invitrogen, UK) and was used for the 

templates of RT-PCR and quantitative RT-PCR. Quantitative RT-PCR was 

performed by StepOne real-time PCR system using Fast SYBR Green Master Mix 

kit (Applied Biosystems, USA) to quantitate the expression level of AGL16 and 

miR824 genes. 
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2.3 Results 

2.3.1 Heat acclimation increases survival rate after heat shock and the 

protective effect is time-dependent  

 

For the identification of the most physiologically relevant protocol to study the 

dynamic responses of heat acclimation, we first examined the basal tolerance of 

12 days old Arabidopsis seedlings (Col-0). The seedlings were exposed to acute 

heat shock (45°C) for 90 minutes (Figure 2.1 B). None of the plants survived after 

five days of recovery. The seedlings were also observed to die even when the heat 

shock treatment was reduced to 60 mins (Figure 2.1 B), suggesting the lethal 

nature of the abrupt increase in temperature. Interestingly when the seedlings were 

exposed to a gradual increase of temperature from 22°C to 45°C over a period of 

6 h, followed by 90 minutes at 45°C, the survival rate was as high as for the plants 

grown under non-stress conditions (Figure 2.1 A). The only visible difference 

between acclimated and non-acclimated plants was the slightly pale green coloring 

of the acclimated plants (Figure 2.1 A). The differences between non-acclimated 

and acclimated plants became more apparent when they were exposed to acute 

heat stress (Figure 2.1 B). Plants exposed to the acclimation treatment showed 

an increased survival rate compared to the non-acclimated plants. Those results 

show that gradual exposure to increased temperature results in acquired heat 

tolerance compared to the acute increase of temperature.  

To examine how long this acquired thermotolerance (i.e. themomemory) can last, 

we subjected the acclimated plants to another abrupt heat stress changing the 

recovery period to 2, 6 and 10 days after the acclimation treatment. Acclimated 
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plants showed the highest survival rate after exposure to the acute heat shock 

when the time gap between the acclimation and the heat shock was the shortest 

(2 days) (Figure 2.1 B). With increased length of the memory period after 

acclimation, the survival of the seedlings after acute heat stress decreased but 

was still higher than in non-acclimated plants (Figure 2.1 B). Those results indicate 

that the mechanisms involved in the acquired heat tolerance conferred by 

acclimation are time-dependent. The acquired thermotolerance was observed 

even after 10 days of the acclimation treatment (Figure 2.1 B). To our knowledge, 

10 days is the longest thermomemory that has been observed to-date in 

Arabidopsis seedlings. These results demonstrate a clear impact of the exposure 

to gradually increasing stress level (acclimation) on increased tolerance to heat 

shock.  
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Figure 2.1 Different heat stress regimes to examine the effect of heat acclimation 

on Arabidopsis seedlings. 

(A) The temperature regime that plants were exposed to during the acclimation phase. 

The seedlings were exposed to acclimation (ACC) treatment 14, 10, or 6 days after 

germination and allowed to recover for different times (7, 11 and 15 days) before the 

pictures were taken. (B) The temperature regime that plants were exposed to during the 

acclimation phase and the heat shock period. The seedlings were exposed to acclimation 

(ACC) treatment 14, 10 or 6 days after germination, and allowed to recover for different 

times (2, 6 and 10 days) before heat stress was applied. The images were taken 5 days 

after the heat stress. 
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2.3.2 Overview of transcriptome changes during the heat stress regime 

 

To gain insights into the transcriptome-wide changes during heat acclimation and 

the subsequent heat stress response of acclimated and non-acclimated plants (T1 

to T5), we sequenced the transcriptome of the acclimated plants during four time 

points of the acclimation phase, and one time point at two days (T5) into the 

memory phase. The transcriptome of the non-acclimated and acclimated plants 

was sequenced at the developmental stage corresponding to four days after 

acclimation, directly preceding the acute heat stress treatment (T6 and T9), 90 

mins after application of heat stress 45°C (T7, and T10) and two days into the 

recovery phase after the heat stress application (T8 and T11) (Figure 2.2 A). Plant 

phenotypes of selected time-points can be found in Supplementary Figure 2.1. 

We selected pairwise time-points of plants undergoing acclimation as well as 

acclimated vs. non-acclimated plants during the heat shock and recovery phase, 

and identified the differentially expressed genes of each comparison (Figure 2.2 

A). The number of differentially expressed genes (up and down from control with 

FDR p-value < 0.05) was calculated for each comparison (Figure 2.2 A). We also 

examined the similarities and differences in global changes in gene expression by 

applying a multi-dimensional scaling approach. The resulting two-dimensional map 

of relative distances between samples (Figure 2.2 B) revealed profound 

transcriptome reprogramming during the acclimation phase (T1 to T4), similar to 

the global patterns observed during the acute heat stress. During the memory 

phase (T5 and T6), the general expression profile was observed to revert to a 

pattern similar to the one observed in the non-acclimated plants (T6), but different 
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from the original starting point (T1). This difference between acclimated (T6) and 

non-acclimated plants (T9) at similar developmental stage indicates transcriptional 

memory of the acquitted thermotolerance. During heat shock, regardless of the 

pre-treatment (acclimated vs. non-acclimated), the transcriptomes exhibited a 

similar response signature, reflecting similarities in general patterns in response to 

the heat shock (T7 or T10). Two days into the heat shock recovery, the acclimated 

plants showed a unique gene expression state (T8), that is more similar to that of 

the non-acclimated state (T5, T6), while the non-acclimated plants remained in the 

state that was closer to the pattern observed during heat stress treatment (T7 and 

T10). 
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Figure 2.2 Overview of transcriptome changes during the heat stress regime. 

(A) Experimental design of RNA-Seq with the timepoints used for the RNA-seq indicated 

with (T). The number of differentially expressed genes between selected time points in 

acclimated and non-acclimated samples are indicated above and below the arrows. (B) 

Overall expression characteristics of all time points visualized by multi-dimensional scaling 

plot. The distances between the points are approximately equal to their dissimilarities. 

Each time point represents the average expression of four biological replicates at a 

specific sampling point. 
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2.3.3 Transcriptional changes during the acclimation phase 

 

The acclimation treatment induced gradual changes in the transcriptome, 

significantly altering the expression of 3416 and 8739 genes at 3 and 7.5 hours 

respectively into the acclimation treatment (Figure 2.2 A). The number of 

differentially expressed genes increased with the gradual increase in temperature, 

but the additional 90 minutes of heat stress does not result in additional changes 

to the general transcriptome profile (Figure 2.2 B).  

Three hours after the onset of acclimation (T2), we identified 1587 genes that are 

up-regulated and 1829 of genes down-regulated compared to the starting non-

heated state (T1), while at the end of the acclimation, the number of up and down 

differentially expressed genes are 4071 and 4668, accounting for 45% of the 

transcriptome (Figure 2.2 A, Supplementary Table 2.2). GO enrichment analysis 

indicated that the most enriched biological pathways from the up-regulated genes 

during the acclimation (T2 vs T1, and T4 vs T1) are the categories “response to 

heat”, “response to high light intensity”, “protein folding”, “response to hydrogen 

peroxide”, “response to oxidative stress”, “response to reactive oxygen species” 

(Supplementary Table 2.2). HS-responsive genes are commonly shared in those 

ontologies, such as various classes of heat shock proteins and antioxidant 

enzymes. Biological processes of “response to stimulus”, “phosphorylation”, “cell 

division” and “developmental process” were enriched in the transcripts repressed 

during the acclimation (Supplementary Table 2.3).  
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Visualization of transcriptional change during the acclimation phase using 

MAPMAN (Thimm et al., 2004) revealed biological processes related to heat 

acclimation (Figure 2.3). Consistent with the GO enrichment results, we observed 

significant up-regulation of abiotic stress related genes during acclimation period 

(Figure 2.3 A), and a large proportion of genes are down-regulated in cell division, 

cell cycle and developmental process at the end of acclimation (Figure 2.3 B). 

Those results suggest that exposure to a gradual increase in temperature slows 

plant development. Interestingly, we also observed profound repression in genes 

involved in biotic stress response at the end of acclimation (Figure 2.3 B), pointing 

to a tradeoff between biotic resistance and thermotolerance acquisition. 

  



48 

 

 

Figure 2.3 MAPMAN visualization of the transcriptional changes during the 

acclimation phase. 

The comparison of mapped 1597 gene expression in the MAPMAN cellular response 

pathway between the start of the acclimation and (A) 3h into the heat acclimation (T2 vs 

T1) and (B) at the end of the acclimation (T4 vs T1). Each square represents one gene 

mapped to a functional category in the cellular response pathway. Blue color: up-regulated; 

Red color: down-regulated. 
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2.3.4 Transcriptional changes underlying heat stress memory 

 

During the memory phase (T5 to T6), the transcriptional pattern of the acclimated 

plants gradually reverts to the state that is globally similar to the non-acclimated 

state (T9) (Figure 2.2 B). However, the general transcriptome is still clearly 

different with about 1800 differentially expressed genes between the acclimated 

and non-acclimated plants at the same developmental stage, before the heat 

shock (Figure 2.2 A).  

Intriguingly, among the 793 up and 1089 down-regulated genes identified to be 

differentially regulated between acclimated and non-acclimated plants at the end 

of the memory phase (T6 vs T9), only about one-third of them (254 in the up-

regulated, and 367 in the down-regulated) are shared with the genes which 

showed altered expression in response to acclimation (T1 vs T4), implying a 

distinct transcriptional program during the memory phase (Figure 2.4 A). To 

visualize the biological processes that are significantly affected at the end of the 

memory phase, we constructed GO enrichment map (Figure 2.4 B) which shows 

the functional categories enriched in the acclimated plants compared to the non-

acclimated seedling at the same developmental stage (T6 vs T9). Enriched GO 

categories in the up-regulated genes include “response to stimulus”, “flavonoid 

biosynthetic process”, “response to heat”, and “lipid transport”, while the down-

regulated genes are enriched in “photosynthesis”, “response to abiotic stimulus”, 

and general metabolism (Supplementary Table 2.4, 2.5). We were particularly 

intrigued by the significant overrepresentation of genes associated with the 
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flavonoid biosynthetic process in the acclimated plants at the memory phase (T6 

vs T9) (Figure 2.4), as flavonoids were previously not reported to have a role in 

heat tolerance. Furthermore, genes in this pathway are significantly over-

represented in the memory phase. Therefore, we decided to examine the 

contribution of the flavonoid pathway in thermotolerance.  
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Figure 2.4 Transcriptional changes underlying heat stress memory. 

(A) The number of genes up and down-regulated at the end of acclimation (T4 vs T1) and 

at the end of the memory phase in acclimated plants relative to the non-acclimated plants 

(T6 vs T9). (B) GO enrichment map of genes up and down-regulated in acclimated plants 

four days after acclimation relative to the non-acclimated plants. The analysis was 

performed in Cytoscape using BiNGO and Enrichment Map plugin. GO categories that 

were significantly overrepresented among the differentially expressed genes between T6 

and T9. Each node represents a biological pathway in the GO category. The different 

grades of red of the circles correspond to the level of significance of the overrepresented 

GO category. The size of the circles is proportional to the number of genes in each 

category. Edge (gray line) size corresponds to the number of genes that overlap between 

two GO categories. 
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2.3.5 Flavonoid and its role in heat stress 

 

The expression of genes encoding for enzymes of the central flavonoid pathway 

in acclimated and non-acclimated plants was examined in more detail (Figure 2.5). 

We observed that among all the key flavonoid biosynthesis genes, the transcript 

abundance was higher in acclimated than in non-acclimated plants. The same 

trends were sustained during the heat shock, and two days after returning to 

ambient temperature. Moreover, two main regulators of the flavonoid biosynthesis 

pathway in Arabidopsis, production of anthocyanin pigment 1 and 2 of the MYB 

transcription factor family (PAP1, AT1G56650; PAP2, AT1G66390) (Tohge et al., 

2005; Ilk et al., 2015), were also found to be up-regulated in acclimated plants. A 

thorough investigation at all time-points shows the induction of PAP1 and PAP2 

occurred during acclimation and increased even further two days into the memory 

phase (T5) (Supplementary Figure 2.4). Similar increases in transcript 

abundance during the memory phase (T5 vs T4) were also found in flavonoid 

synthetic Transparent Testa (TT) genes TT4, TT5, TT6 and TT7 (Supplementary 

Figure 2.4).   
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Figure 2.5 Expressions of key flavonoid biosynthetic genes before, during and after 

the heat shock in acclimated and non-acclimated plants. 

Color key represents the average normalized read count in log2 from four biological 

replicates. Genes encoding central enzymes of the flavonoid pathway are: AT5G13930 

CHS/TT4, chalcone synthase; AT3G55120 CHI/TT5, chalcone isomerase; AT5G42800 

DFR/TT3, dihydroflavonol reductase; AT3G51240 F3H/TT6, flavonol 3-hydroxylase; 

AT5G08640 FLS, flavonol synthase; TT, transparent testa. Genes encoding regulators of 

flavonoid pathway are: AT1G56650 PAP1/MYB75 and AT1G66390 PAP2/MYB90. 
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Several conceivable mechanisms that might explain the role flavonoids might have 

in plant stress tolerance. The scavenging of reactive oxygen species (ROS) is one 

of them. It has been shown that flavanols, especially quercetin, are potent 

antioxidants (Rice-Evans et al., 1997), and supplying quercetin externally to plants 

can protect them from oxidative damage (Kurepa et al., 2016). To test whether 

quercetin accumulation confers better thermotolerance in Arabidopsis, we tested 

the basal thermotolerance on 7 days old Col-0 seedlings grown on ½ MS media 

with or without supplementation of 200μM quercetin. By examining the survival 

four days after heat shock treatment, we observed that quercetin improved the 

seedlings’ survival after heat shock (Figure 2.6 A, B). Additionally, we screened 

the basal thermotolerance of several tt mutants (tt4, SALK_020583; tt5, 

SALK_034145; fls, SALK_106244C1), which were previously described to 

accumulate less quercetin  (Bowerman et al., 2012). While tt3 and fls exhibited 

similar survival rates to WT seedlings (Figure 2.6 C, D), tt4 seedlings were 

showing higher basal thermotolerance than the WT. These results indicate that 

flavanols might have a role in heat shock and contribute to acquired 

thermotolerance.  
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Figure 2.6 Quercetin affects basal thermotolerance of Arabidopsis seedlings. 

(A) 100 seedlings of Col-0 were germinated on media containing ½ MS with or without the 

addition of 200 uM quercetin for 7 days. The survival of the seedlings after exposure to 

45°C for 45 minutes was determined 3 days after the plants were returned to the ambient 

growth chamber for recovery. (B) The seedling survival rate was established based on the 

survival rate scored over twelve plates divided over three experiments.  (C) Col-0 and tt 

knockout mutants were germinated on ½ MS media for 7 days and subjected to 45°C for 

45 min. The survival of the seedlings after exposure to 45°C for 45 minutes was 

determined 3 days after the plants were returned to the ambient growth chamber for 

recovery. (D) The seedling survival rate was established based on the survival rate scored 

over six plates divided over two experiments. The bars represent means, while the error 

bars represent SE. Significant differences, evaluated by student t-test, are marked by 

asterisks: *p < 0.05, **p < 0.01. 

  



56 

 

2.3.6 Heat acclimation affects cooling capacity during the recovery and 

results in reduced water loss in acclimated plants 

 

One of the most important processes that we hypothesized would be in operation 

during acclimation is the ability of the plants to acquire a more efficient cooling 

mechanism. Therefore, we visualized the leaf surface temperature of acclimated 

and non-acclimated plants using thermo-imaging after the heat treatment. Both 

individual leaf and the whole rosette collected from acclimated plants showed 

lower leaf surface temperatures than non-acclimated ones during the cooling 

period, indicating improved cooling capacity (Figure 2.7 A). The above 

observations imply heat acclimation affects the leaf cooling capacity, suggesting 

differences in stomatal development and/or functionality. 

To gain insights into the physiological changes heat acclimation induced to 

Arabidopsis, the differences in the transpiration rates were examined between 

acclimated and non-acclimated mature plants. Four-week-old plants grown in soil 

were exposed to the acclimation treatment. Four days after, acclimated and non-

acclimated plants were exposed to 90 minutes of heat shock (45°C) and the fresh 

weight of the whole Arabidopsis rosette was measured every 20 minutes over 200 

minutes. We observed that the loss of relative fresh weight was slower in the 

acclimated plants than in the non-acclimated plants (Figure 2.7 B). The results 

suggest that acclimation treatment leads to physiological changes in the leaves 

that help water loss prevention upon recurring heat.  
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Figure 2.7 Relative fresh weight and leaf temperature of acclimated (ACC) and non-

acclimated (NA) plants after the heat treatment. 

4-week-old soil-grown plants were treated with or without heat acclimation. Four days later, 

they were subjected to heat stress (45°C for 90 mins). (A) Surface temperatures of the 

rosette or individual leaf during recovery from heat stress were recorded using a thermal 

camera (FLIR A655SC). Left: acclimated plant; Right: non-acclimated plants. The color 

key of the temperatures was indicated on the right. (B) Their aerial parts were excised and 

weighed for their fresh weights every 20 mins after the heat stress at 22°C under 65% 

relative humidity environment. Data points represent means ± SE of four biological 

replicates. *indicates significant differences between acclimated and naïve plants with p-

value < 0.05 as determined by Student’s t-test. 

 

2.3.7 Heat acclimation affects stomatal development and function 

 

The reduced rate of transpiration in acclimated plants could result from differences 

in stomatal size and/or stomatal aperture. To test whether heat acclimation affects 

stomatal development and function, we measured the stomatal density and 

stomatal aperture of acclimated and non-acclimated plants four days after the heat 

acclimation. We observed that acclimated plants showed a reduced number of 
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stomata and smaller stomatal apertures compared to non-acclimated plants 

(Figure 2.8 A, C). These results are in line with the reduced transpiration rate we 

observed previously in water loss assay (Figure 2.7 A), and suggest that heat 

acclimation leads to more efficient plant water retention.  

We subsequently examined the transcriptional patterns of genes known to be 

involved in stomatal development in our RNA-Seq dataset during the heat 

acclimation and heat stress regime. Three bHLH family transcription factors 

(MUTE, SPEECHLESS and STOMAGEN), previously described to promote the 

initiation, proliferation and terminal differentiation of cells in the stomatal lineage 

(MacAlister et al., 2007), were observed to be repressed after the heat acclimation 

(T4 to T6), and their transcripts were lower than in non-acclimated plants for the 

rest of the heat regime (T6 to T8) (Figure 2.8 B). The expression of TMM, which 

promotes the division of stomata cells (Nadeau and Sack, 2002) showed a similar 

pattern to the bHLH genes. Interestingly, during the heat shock recovery period 

(T7 to T8), there is an even sharper decline of expression of the four genes in the 

acclimated plants, while the non-acclimated plants do not respond to the same 

degree (Figure 2.8 B).  

In addition, an examination of the expression of genes involved in regulation of 

stomatal aperture, including outward rectifying potassium GORK channel in the 

guard cells (Hosy et al., 2003; Schroeder, 2003), the EULS3 lectin (Van Hove et 

al., 2015), and the SLAH anion channel (Geiger et al., 2011) was undertaken.  We 

observed an acclimation induced up-regulation of the transcript abundance of 

genes contributing to stomatal closure (Figure 2.8 D). These transcripts remained 
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more abundant in acclimated plants than non-acclimated ones at the later time 

points (T6 to T8). In summary, the decline of transcript abundance of the main 

stomatal regulators might serve as a signal to decrease stomatal development as 

an adaptive strategy for heat. The up-regulation of stomatal aperture regulators 

after heat acclimation suggests that increased efficiency of stomatal aperture 

control might be an acquired and adaptive mechanism, enabling plants to cope 

with elevated temperatures.  

 

Figure 2.8 Heat acclimation affects stomatal development and function. 

4-week-old soil-grown Col-0 plants were exposed to heat acclimation. (A) Average 

stomatal density and (C) stomatal aperture was measured from the adaxial surface of the 
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fifth rosette leaves were determined four days after the acclimation treatment. The bar 

graphs represent mean, and error bars represent SD of image counts from four individual 

plants per condition. Significance levels are calculated by student’s t-test: *p<0.05, 

**p<0.025, ***p<0.01, and ****p<0.005. Average expression of normalized read counts of 

key (B) stomatal development genes and (D) functional regulators of stomatal aperture. 

Data points represent the mean ± SE of four biological replicates. Red line corresponds 

to the expression pattern observed in acclimated plants. Blue line represents the 

expression pattern observed in non-acclimated plants. Pink background indicates the 

acclimation period (T1 to T4) and the heat shock period (T6 to T7). 

 

2.3.8 AGL16 is responsive to heat and regulates thermotolerance  

 

To test the role of stomata development in acquired thermotolerance we focused 

on the gene reported to be a master regulator of stomatal development, MADS-

box transcription factor AGAMOUS-LIKE16 (AGL16). AGL16 is found to be highly 

expressed in guard cells and trichomes in Arabidopsis (Alvarez-Buylla et al., 2008) 

and is targeted by miR824 in the regulation of satellite meristemoid lineage of 

stomatal development (Kutter et al., 2007). We found that the transcripts of primary 

miR824 were up-regulated during heat acclimation and heat shock treatment. The 

heat stress itself also resulted in the up-regulation of pri-miR824 in both acclimated 

and non-acclimated plants (Figure 2.9 A), suggesting that the ability to upregulate 

the miR824 was not restricted to acclimated plants. For AGL16, we noticed a slight 

down-regulation in the first 3h of the acclimation (T2 to T1), and two days after the 

acclimation (T5 to T4) (Figure 2.9 C). The expression of AGL16 remained 

repressed in acclimated plants compared to the non-acclimated plants. Both 

acclimated and non-acclimated plants showed a clear reduction of AGL16 

expression during the heat shock treatment, consistent with the up-regulation of 
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pri-miR824. This heat induced up-regulation of miR824 and down-regulation of 

AGL16 was further confirmed by qRT-PCR, by subjecting one-week-old seedlings 

directly to abrupt heat stress (Figure 2.9 B, D). These results suggest that the 

repression of AGL16 occurs at both acclimated and non-acclimated plants, and 

possibly contributes to the differences in stomatal development which results in 

acquired heat tolerance. When the agl16 seedlings were tested for basal 

thermotolerance, they exhibited a higher survival rate than WT, confirming that the 

acclimation-induced downregulation of AGL16 promotes the acquisition of 

thermotolerance (Figure 2.9 E, F). The data therefore, point to a novel mechanism 

of acquired thermotolerance, where the increased temperature leads to a transcript 

accumulation of pri-miR824, repressing AGL16, resulting in reduced stomatal 

development and hence improved survival in the event of recurring heat stress.  
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Figure 2.9 The repression of AGL16 expression under heat results in enhanced 

thermotolerance. 

Expression levels of AGL16 (A) and miR824 (C) of acclimated and non-acclimated plants 

of all time-points during our RNA-Seq experiment were shown as normalized counts per 

million in log2 scale. Each data point corresponds to the mean and standard error of four 

biological replicates. ACC: acclimated plants. NA: non-acclimated plants. Pink 

background indicates the acclimation period (T1 to T4) and the heat shock period (T6 to 

T7). (B) The real-time PCR analysis of AGL16 and pri-miR824 expression in the wild-type 

before the heat treatment (22°C) and 60 mins after the heat treatment (45°C). The 

expression level of housekeeping gene TUB6 was used as the reference. Each data point 

corresponds to the mean and standard error of three biological replicates. (D-E) Seven-

day-old seedlings grown on ½ MS plates at 22°C were shifted to 45°C for 60 min and then 

returned to 22°C. The plants were photographed four days after the heat treatment and 

survival rates of wild-type (WT) and agl16 seedlings after heat shock were scored. Each 
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value is the mean and standard error of three biological replicates (n =100 seedlings per 

replicate). 

 

2.4 Discussion 

Temperature is fluctuating in natural conditions. Plants often experience 

temperatures above their optimal growth condition, which requires acclimation to 

altered conditions in a relatively short time. Previous studies have shown that a 

gradual increase of temperature elicited acquired thermotolerance than a step-

wise increase of temperature, and this might reflect a more general mechanism 

that contributes to the homeostasis of metabolism and heat adaptation of plants.  

(Larkindale and Vierling, 2008; Mittler et al., 2012). The experiments shown in this 

study show that this acquired thermotolerance can sustain for up to 10 days, but 

the strength of the protective mechanism, so-called ‘stress memory’, weakens with 

the increased length of the time interval between acclimation and repeated stress 

exposure (Figure 2.1 B).  

As the heat stress memory is transient and time-dependent, we hypothesized that 

a large portion of the acquired thermotolerance is due to transient transcriptional 

changes. General patterns that we observed during the acclimation (Figure 2.2) 

pinpointed that the transcriptome reprogramming happens very fast during the 

gradual increase of temperature. Although our experimental design does not allow 

us to distinguish between the transcriptional changes caused by circadian rhythm 

during the acclimation process, it nevertheless allowed us to gain insight into 

general patterns and enrichment of transcriptional changes during acclimation. 
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The most prominent transcriptional responses during the heat acclimation included 

the activation of heat shock transcription factors and heat shock proteins, which 

assist protein homeostasis through their chaperone activities. There are 21 HSFs 

in Arabidopsis thaliana, so far eight have been shown to act in the responses to 

heat (Charng et al., 2007; Schramm et al., 2007; Ikeda et al., 2011; Liu et al., 2011; 

Scharf et al., 2012).  We have detected 17 of them in our dataset (Supplementary 

Figure 2.3). Six of them (HSFA2, HSFA7A, HSFA7B, HSFB2a, HSFB2b, and 

HSFB4) are responding quickly during the onset of temperature increase (T2 vs 

T1). Notably, HSFA2, the master regulator of heat response and formation of 

acquired thermotolerance (Charng et al., 2007; Lämke et al., 2016) shows great 

induction in expression during the acclimation, but it also activated to the similar 

level both in non-acclimated and acclimated plants upon the recurring heat shock 

treatment (Supplementary Figure 2.3). The expression of HSFA1e was observed 

to be up-regulated during the acclimation phase (T2 to T4) and was induced to a 

much higher level during the reoccurring heat stress exposure in acclimated plants 

than in the non-acclimated plants (Supplementary Figure 2.3). The exact role and 

mechanisms of HSFA1e in thermomemory remains to be investigated. We 

hypothesize that the more pronounced induction of HSFA1e during reoccurring 

heat stress contributes to the thermotolerance, possibly assisted by epigenetic 

markers and the activation of the classical HSFA2-initiated heat stress response. 

Most of the transcriptional changes in response to moderate levels of heat stress 

are transient and restored when the environmental stimulus is removed (Larkindale 

and Vierling, 2008; Stief et al., 2014). We observed a number of genes for which 
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the transcripts were more abundant during the acclimation and remained high 

throughout the memory phase. These memory patterns were exhibited by the 

transcripts of APX2, FTSH6, HSP21, HSA32 and MBF1C (Supplementary Figure 

2.5), supporting their roles in thermomemory that have been described previously 

(Charng et al., 2006; Suzuki et al., 2008; Sedaghatmehr et al., 2016).  

The transcriptional state during the memory phase changed to something similar 

to that of non-acclimated plant, but yet distinct. At the end of the memory phase, 

the up-regulated transcripts were enriched for the GO terms related to the 

flavonoid pathway. A recent metabolome study has identified the significant 

accumulation of two flavonoids (dihydrokaempferol and naringenin) after heat 

acclimation (Serrano et al., 2019). The positive correlation of flavonoid gene 

expression and metabolite has also been established in cold acclimated 

Arabidopsis (Hannah et al., 2006; Schulz et al., 2016). Flavonoids are known to 

have an important role in the response to freezing (Korn et al., 2008; Schulz et al., 

2016) and UV-B tolerance (Falcone Ferreyra et al., 2012; Emiliani et al., 2013), but 

their roles in heat tolerance was not explored so far. Flavonoids exhibit a great 

potential to inhibit the generation of ROS, acting as ROS scavengers (Agati et al., 

2012; Nakabayashi et al., 2014) and also have direct effects on the stability of 

cellular membranes (Movileanu et al., 2000; Pawlikowska-Pawlęga et al., 2014). 

One of the most abundant flavonoids in plants, quercetin, was found to affect 

membrane fluidity, cooperativity and the temperature of phase transition (Tsuchiya 

et al., 2002; Pawlikowska-Pawlęga et al., 2007). Quercetin treated seedlings also 

exhibited higher survival rates in response to heat stress treatment (Figure 2.6 A), 
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possibly through enhanced anti-oxidation activity and/or changes in membrane 

fluidity. Further experiments will be necessary to evaluate the quercetin 

contribution to ROS scavenging and/or and maintenance of cell membrane 

integrity during heat stress. While the majority of the transcripts of flavanol 

biosynthetic components exhibited higher abundance in acclimated seedlings 

(Figure 2.5), two of the three tested flavanol mutants did not show a difference in 

heat tolerance (Figure 2.6 C, D). The lack of significant differences in flavonoid 

biosynthesis mutants used in this study could be explained by the complex 

character of thermotolerance and the functional redundancy of flavonoid-related 

proteins and metabolites. The fact that only the tt4 mutant showed enhanced heat 

stress tolerance (Figure 2.6 C, D) somehow seems to contradict the results 

obtained by quercetin supplementation (Figure 2.6 A, B) and the transcriptional 

profiles. This could be due to an altered accumulation of other flavonoids with 

potential compensatory effects. The contribution of a single gene or pathway to the 

total phenotype is therefore very difficult to quantify. Future studies quantifying 

changes in the flavonoid compounds during the acclimation and heat stress, 

accompanied by the physiological studies of multiple knock-out mutants of several 

flavonoid biosynthetic components might provide a more comprehensive 

understanding of the role of flavanol in acquired thermotolerance. 

Efficient cooling is an essential mechanism, necessary for the plant to survive at 

high temperatures. The known mechanisms of cooling occur through the 

evaporation through stomata. Plants can adapt to changing environmental 

conditions by adjusting the density and/or the aperture of the stomatal pores. 
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Arabidopsis plants grown at higher temperature were previously observed to 

develop leaves with lower stomatal density, yet higher evaporative leaf cooling 

capacity (Crawford et al., 2012). However, the short-term thermal acclimation was 

not previously observed to induce adaptive developmental changes in stomatal 

density. Here, we observed that the transcripts of stomatal development genes 

were repressed after short-term heat acclimation, resulting in a measurable 

decrease of stomatal density within 4 days in heat-acclimated Arabidopsis plants 

(Figure 2.8), with decreased water loss and yet enhanced leaf cooling capacity 

(Figure 2.7). In addition, our thermal assay experiment with the agl16 mutant 

confirmed that AGL16 is part of the acquisition of thermotolerance (Figure 2.9 E, 

F), most probably by affecting stomatal development. The AGL16 itself is tightly-

controlled by miR824 (de Meaux et al., 2008; Hu et al., 2014), which showed 

dynamic induction in response to increased temperature in both acclimation and 

heat stress treatment (Figure 2.9 C, D). Collectively, our results suggest that 

stomata development and regulation of aperture are important targets for acquired 

thermotolerance in Arabidopsis. 

In summary, in this study, we present a robust acclimation protocol and establish 

transcriptional signatures during acclimation, the memory phase, and subsequent 

heat shock. We confirmed some known processes underlying acquired 

thermotolerance and suggested functional roles for flavonoid biosynthesis and 

stomatal regulation in acquired thermotolerance. Our work provides a useful 

framework for future studies of acquired thermotolerance and a resource for future 
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investigation of molecular mechanisms that govern heat acclimation and heat 

stress memory. 
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2.5 Supplementary Materials 

 

 
 

Supplementary Figure 2.1 Phenotypes of acclimated and non-acclimated plants 

during and three days after the heat stress regime.   

 

D indicates days after sowing on the plate. T1 to T11 corresponds to the time-points in our 

RNA-seq experimental design (Figure 2.2A). ACC: acclimated. NA: non-acclimated. 

 

 



70 

 

 

Supplementary Figure 2.2 Hierarchical clustering of all the 43 samples from two 

independent experiments.  

Hierarchical clustering of samples as represented by a clustering tree. Distance between 

samples is measured as 1 − correlation coefficient using Ward.D agglomeration method. 

Samples taken at the same time points from two experiments are close to each other, 

suggesting that we captured the biological signals while controlling experimental errors or 

variations from two batches.  
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Supplementary Figure 2.3 Transcripts abundance of heat shock transcription 

factors. Line represents the average expression of normalized read counts in log2 from 

4 biological replicates, with standard error. Red line corresponds to expression pattern in 

acclimated plants during acclimation, before, during and after heat shock (T1 to T8). Blue 

line represents expression pattern in non-acclimated plants before, during and after heat 

shock at T9, T10 and T11 (equivalent to T6, T7 and T8) 

 

 

 

 



72 

 

 
 
Supplementary Figure 2.4 Transcripts abundance of flavonoid related genes.  

Each line represents the average expression of normalized read counts in log2 from 4 

biological replicates, with standard error. Red line corresponds to expression pattern in 

acclimated plants during acclimation, before, during and after heat shock (T1 to T8). Blue 

line represents expression pattern in non-acclimated plants before, during and after heat 

shock at T9, T10 and T11 (equivalent to T6, T7 and T8).  
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Supplementary Figure 2.5 Transcripts abundance of key thermomemory genes.  

Each line represents the average expression of normalized read counts in log2 from 4 

biological replicates, with standard error bar. Red line corresponds to expression pattern 

in acclimated plants during acclimation, before, during and after heat shock (T1 to T8). 

Blue line represents expression pattern in non-acclimated plants before, during and after 

heat shock at T9, T10 and T11 (equivalent to T6, T7 and T8).  
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Supplementary Table 2.1: RNA-Seq sample information. 

Sample 
Name 

Time 
Point 

Batch 
Number 

GC 
Content 
(%) 

Average 
Length 
(bp) 

Total 
Bases 
(mb) 

Q30 Bases 
(%) 

P-T1R1 1 1 45.65 101 917.47 96.82 
p-T1R2 1 1 46.16 101 1943.41 97.52 
p-T2R1 2 1 46.5 101 869.53 96.92 
p-T2R2 2 1 46.48 101 1135.11 97.29 
p-T3R1 3 1 46.98 101 1478.75 96.86 
p-T4R1 4 1 47.03 101 833.18 97.08 
p-T4R2 4 1 47.53 101 798.04 97.28 
p-T5R1 5 1 45.97 101 1003.80 97.15 
p-T5R2 5 1 46.57 101 1100.05 97.32 
p-T6R1 6 1 45.44 101 1086.28 97.11 
p-T6R2 6 1 45.61 101 1053.16 97.3 
p-T7R1 7 1 46.26 101 1624.56 96.97 
p-T7R2 7 1 46.46 101 1183.38 97.46 
p-T8R1 8 1 45.3 101 1127.35 97.09 
p-T8R2 8 1 45.78 101 1650.06 97.45 
p-T9R1 9 1 46.1 101 1541.68 97.11 
p-T9R2 9 1 46.85 101 1253.84 97.12 
p-T10R1 10 1 47.23 101 2598.44 96.86 
p-T10R2 10 1 47.57 101 827.92 97.29 
P-T11R1 11 1 46.23 101 1173.86 96.98 
p-T11R2 11 1 47.14 101 1296.44 97.26 
T1R1 1 2 53.57 51 280.94 98.59 
T2R1 2 2 53.11 51 5.68 98.62 
T3R1 3 2 52.73 51 326.25 98.53 
T4R1 4 2 54.84 51 177.46 98.25 
T5R1 5 2 56.64 51 676.02 97.94 
T6R1 6 2 55.95 51 711.41 98.18 
T7R1 7 2 56.42 51 927.41 97.94 
T8R1 8 2 57.66 51 1385.77 97.50 
T9R1 9 2 54.35 51 185.20 98.50 
T10R1 10 2 53.24 51 296.20 98.55 
T11R1 11 2 54.32 51 1350.62 98.39 
T1R2 1 2 47.29 51 407.49 98.92 
T2R2 2 2 48.41 51 563.50 98.85 
T3R2 3 2 48.33 51 492.68 98.84 
T4R2 4 2 48.46 51 522.24 98.92 
T5R2 5 2 47.50 51 414.16 98.94 
T6R2 6 2 46.17 51 449.65 98.55 
T7R2 7 2 48.67 51 526.42 98.91 
T8R2 8 2 46.87 51 509.45 98.97 
T9R2 9 2 47.45 51 628.66 98.99 
T10R2 10 2 48.38 51 688.28 98.96 
T11R2 11 2 48.42 51 520.59 98.99 
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Supplementary Table 2.2: GO enrichment of most significant biological processes 

in up-regulated genes (T4 vs T1) during heat acclimation. 

GO Term Description     p-value     FDR 

GO:0006457 protein folding 7.20E-21 4.00E-17 

GO:0009408 response to heat 3.70E-21 4.00E-17 

GO:0009266 response to temperature stimulus 8.30E-15 3.00E-11 

GO:0009628 response to abiotic stimulus 6.50E-14 1.80E-10 

GO:0008380 RNA splicing 2.20E-11 4.70E-08 

GO:0006396 RNA processing 2.10E-10 3.90E-07 

GO:0009987 cellular process 1.80E-09 2.90E-06 

GO:0016071 mRNA metabolic process 8.30E-09 1.10E-05 

GO:0007005 mitochondrion organization 1.10E-08 1.30E-05 

GO:0008104 protein localization 1.50E-08 1.70E-05 

GO:0045184 establishment of protein localization 1.70E-08 1.70E-05 

GO:0015031 protein transport 2.10E-08 1.90E-05 

GO:0055114 oxidation-reduction process 2.40E-08 2.00E-05 

GO:0000398 mRNA splicing, via spliceosome 2.70E-08 2.10E-05 

GO:0009644 response to high light intensity 3.30E-08 2.40E-05 

GO:0000375 RNA splicing, via transesterification reactions 7.60E-08 4.90E-05 

GO:0010035 response to inorganic substance 8.90E-08 5.40E-05 

GO:0044710 single-organism metabolic process 1.60E-07 9.10E-05 

GO:0006091 generation of precursor metabolites and energy 2.70E-07 0.00015 

GO:0006397 mRNA processing 5.30E-07 0.00028 

GO:0022607 cellular component assembly 7.30E-07 0.00036 

GO:0030163 protein catabolic process 8.70E-07 0.00042 

GO:0044281 small molecule metabolic process 9.50E-07 0.00044 

GO:0043933 macromolecular complex subunit organization 1.10E-06 0.0005 

GO:0034976 response to endoplasmic reticulum stress 1.30E-06 0.00057 

GO:0008152 metabolic process 2.00E-06 0.00081 

GO:0009642 response to light intensity 2.40E-06 0.00094 

GO:0044265 cellular macromolecule catabolic process 2.60E-06 0.00098 

GO:0044248 cellular catabolic process 2.90E-06 0.001 

GO:0033036 macromolecule localization 3.20E-06 0.0011 

GO:0033365 protein localization to organelle 4.50E-06 0.0016 

GO:0009416 response to light stimulus 4.80E-06 0.0016 
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Supplementary Table 2.3: GO enrichment results of most significant biological 

processes in down-regulated transcripts (T4 vs T1) during heat acclimation. 

GO Term Description p-value FDR 

GO:0044699 single-organism process 1.20E-37 1.70E-33 

GO:0009987 cellular process 2.50E-37 1.70E-33 

GO:0044763 single-organism cellular process 3.90E-36 1.80E-32 

GO:0050896 response to stimulus 2.00E-24 6.80E-21 

GO:0044237 cellular metabolic process 9.00E-23 2.40E-19 

GO:0006793 phosphorus metabolic process 2.40E-22 5.50E-19 

GO:0071704 organic substance metabolic process 1.30E-21 2.50E-18 

GO:0006796 
phosphate-containing compound metabolic 
process 3.30E-21 5.60E-18 

GO:0043412 macromolecule modification 1.70E-20 2.50E-17 

GO:0044238 primary metabolic process 8.50E-20 1.00E-16 

GO:0016310 phosphorylation 8.40E-20 1.00E-16 

GO:0071840 cellular component organization or biogenesis 1.00E-18 1.10E-15 

GO:0016043 cellular component organization 1.20E-18 1.30E-15 

GO:0006464 cellular protein modification process 1.50E-18 1.40E-15 

GO:0036211 protein modification process 1.50E-18 1.40E-15 

GO:0008152 metabolic process 2.80E-18 2.40E-15 

GO:0006468 protein phosphorylation 6.80E-18 5.40E-15 

GO:0050789 regulation of biological process 7.60E-18 5.70E-15 

GO:0006996 organelle organization 1.60E-17 1.10E-14 

GO:0050794 regulation of cellular process 2.00E-16 1.40E-13 

GO:0051716 cellular response to stimulus 4.00E-16 2.60E-13 

GO:0051301 cell division 1.30E-15 7.80E-13 

GO:0007049 cell cycle 4.10E-15 2.40E-12 

GO:0032502 developmental process 5.70E-15 3.20E-12 

GO:0051179 localization 7.70E-15 4.20E-12 

GO:0044281 small molecule metabolic process 1.50E-14 7.70E-12 

GO:0006810 transport 4.20E-14 2.10E-11 

GO:0048856 anatomical structure development 6.20E-14 3.00E-11 

GO:0044767 single-organism developmental process 6.60E-14 3.10E-11 

GO:0051234 establishment of localization 7.70E-14 3.50E-11 

GO:0043436 oxoacid metabolic process 5.00E-13 2.20E-10 

GO:0022402 cell cycle process 5.30E-13 2.20E-10 

GO:0042221 response to chemical 8.40E-13 3.50E-10 

GO:0009628 response to abiotic stimulus 1.10E-12 4.20E-10 
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Supplementary Table 2.4: GO enrichment results of most significant biological 

processes in up-regulated transcripts at the end of memory phase (T6 vs T9). 

GO Term Description p-value FDR 

GO:0044710 single-organism metabolic process 6.70E-29 2.80E-25 

GO:0044699 single-organism process 1.00E-26 2.10E-23 

GO:0050896 response to stimulus 1.60E-24 2.20E-21 

GO:0010035 response to inorganic substance 3.40E-19 3.50E-16 

GO:0009813 flavonoid biosynthetic process 1.30E-18 1.10E-15 

GO:0055114 oxidation-reduction process 1.60E-17 1.10E-14 

GO:0006950 response to stress 3.20E-17 1.90E-14 

GO:0009812 flavonoid metabolic process 4.20E-17 2.20E-14 

GO:0042221 response to chemical 1.40E-16 6.40E-14 

GO:0009628 response to abiotic stimulus 2.60E-16 1.10E-13 

GO:0006979 response to oxidative stress 1.90E-15 7.10E-13 

GO:0009056 catabolic process 2.40E-13 8.40E-11 

GO:0044281 small molecule metabolic process 5.30E-13 1.70E-10 

GO:0009408 response to heat 8.20E-13 2.40E-10 

GO:0019748 secondary metabolic process 1.60E-12 4.50E-10 

GO:0010038 response to metal ion 9.30E-12 2.40E-09 

GO:0044765 single-organism transport 2.00E-11 5.00E-09 

GO:0009117 nucleotide metabolic process 3.90E-11 9.00E-09 

GO:0006753 nucleoside phosphate metabolic process 5.00E-11 1.10E-08 

GO:1902578 single-organism localization 8.70E-11 1.80E-08 

GO:0044248 cellular catabolic process 1.20E-10 2.30E-08 

GO:0044763 single-organism cellular process 1.80E-10 3.40E-08 

GO:0046686 response to cadmium ion 2.30E-10 4.20E-08 

GO:0009698 phenylpropanoid metabolic process 2.70E-10 4.70E-08 

GO:0080167 response to karrikin 5.70E-10 9.40E-08 

GO:0006869 lipid transport 8.00E-10 1.30E-07 

GO:1901657 glycosyl compound metabolic process 9.20E-10 1.40E-07 

GO:0019693 ribose phosphate metabolic process 1.50E-09 2.30E-07 

GO:1901135 carbohydrate derivative metabolic process 2.50E-09 3.50E-07 

GO:0009141 nucleoside triphosphate metabolic process 2.50E-09 3.50E-07 

GO:0006163 purine nucleotide metabolic process 3.20E-09 4.10E-07 

GO:0009144 purine nucleoside triphosphate metabolic process 3.10E-09 4.10E-07 

GO:0009259 ribonucleotide metabolic process 3.40E-09 4.20E-07 

GO:0044711 single-organism biosynthetic process 4.00E-09 4.80E-07 

GO:0009161 ribonucleoside monophosphate metabolic process 4.20E-09 5.00E-07 

GO:0055086 
nucleobase-containing small molecule metabolic 
process 5.00E-09 5.70E-07 

GO:0046034 ATP metabolic process 5.80E-09 6.50E-07 
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Supplementary Table 2.5: GO enrichment results of most significant biological 

processes in down-regulated transcripts at the end of memory phase (T6 vs T9). 

GO Term Description p-value FDR 

GO:0015979 photosynthesis 2.40E-26 1.20E-22 

GO:0009657 plastid organization 2.60E-25 6.50E-22 

GO:0009658 chloroplast organization 6.00E-19 9.90E-16 

GO:0019684 photosynthesis, light reaction 1.00E-18 1.20E-15 

GO:0015994 chlorophyll metabolic process 1.50E-18 1.40E-15 

GO:0009987 cellular process 1.60E-18 1.40E-15 

GO:0006778 
porphyrin-containing compound metabolic 
process 4.30E-18 3.00E-15 

GO:0033013 tetrapyrrole metabolic process 5.40E-18 3.40E-15 

GO:0015995 chlorophyll biosynthetic process 6.60E-17 3.60E-14 

GO:0008152 metabolic process 1.10E-16 5.30E-14 

GO:0033014 tetrapyrrole biosynthetic process 1.40E-16 6.50E-14 

GO:0006779 
porphyrin-containing compound biosynthetic 
process 5.10E-16 2.10E-13 

GO:0051186 cofactor metabolic process 2.20E-15 8.20E-13 

GO:0042440 pigment metabolic process 3.60E-15 1.30E-12 

GO:0046148 pigment biosynthetic process 1.60E-14 5.40E-12 

GO:0044237 cellular metabolic process 4.30E-14 1.30E-11 

GO:0044710 single-organism metabolic process 3.10E-13 9.10E-11 

GO:0051188 cofactor biosynthetic process 1.80E-12 4.90E-10 

GO:0044699 single-organism process 6.30E-12 1.60E-09 

GO:0044763 single-organism cellular process 4.20E-11 9.80E-09 

GO:0071704 organic substance metabolic process 4.00E-11 9.80E-09 

GO:0009628 response to abiotic stimulus 6.00E-11 1.30E-08 

GO:0046483 heterocycle metabolic process 9.20E-11 2.00E-08 

GO:0006725 cellular aromatic compound metabolic process 1.90E-10 3.80E-08 

GO:0006091 generation of precursor metabolites and energy 2.10E-10 4.10E-08 

GO:1901360 organic cyclic compound metabolic process 2.50E-10 4.80E-08 

GO:0009416 response to light stimulus 4.50E-10 8.20E-08 

GO:0044711 single-organism biosynthetic process 1.10E-09 1.90E-07 

GO:0009314 response to radiation 1.70E-09 3.00E-07 

GO:0042168 heme metabolic process 5.30E-09 8.80E-07 

GO:0009767 photosynthetic electron transport chain 1.40E-08 2.10E-06 

GO:0006783 heme biosynthetic process 1.30E-08 2.10E-06 

GO:0050896 response to stimulus 2.00E-08 3.10E-06 

GO:0046501 protoporphyrinogen IX metabolic process 4.90E-08 7.00E-06 
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Supplementary Table 2.6: Primers used in this study. 

Primer Name Sequence (5’ to 3’) 

agl16 genotyping forward CCATGCATTTTCGGTTTTATG 

agl16 genotyping reverse CTCTTCTTTTGCCTTTTGCAG 

tt4 genotyping forward TCGAATAGACCTGTCCAGCAC 

tt4 genotyping reverse CTTCTCTGGACACCAGACAGG 

fls genotyping forward AAATGGGGTTGGATTTGAAAC 

fls genotyping reverse TCGATGGAAGAGATGATCGAC 

T-DNA left border  GCGTGGACCGCTTGCTGCAACT 

AGL16 qPCR forward ACCTCCACAAGAAAGTAAACCTAATGC 

AGL16 qPCR reverse TGGCTGAGCTGAAGATGGACATG 

miR824 qPCR forward AGCTGAGATGCTGAGTATCACCA 

miR824 qPCR reverse TGGTATGTCGAACTAGCTATGTTCC 

TUB6 forward CGTGGATCACAGCAATACAGAGCC 

TUB6 reverse CCTCCTGCACTTCCACTTCGTCTTC 
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Chapter 3 The use of high throughput phenotyping for 

assessment of heat stress-induced changes in Arabidopsis 

 

3.1 Introduction 

Globally, the last decade was the warmest since the 19th century and produced 

record-breaking heatwaves in many parts of the world (Coumou et al., 2013; 

Schiermeier, 2019). Heat poses a serious threat to plant survival and productivity 

at all developmental stages, from the seedling establishment to the grain filling 

stage. Current phenotyping screens for thermotolerance are predominately based 

on the survival or hypocotyl elongation of young seedlings growing on agar plates. 

Because of variability in seed quality, and heating procedures, the phenotypes 

associated with heat tolerance in different genotypes are not always reproducible. 

Besides, using either one of the traits as the only phenotype for thermotolerance 

screening is not sufficient, as not all heat stress response mutants that show 

impairment in viability are also different in hypocotyl elongation ability (Yeh et al., 

2012). Although those methods have yielded important information regarding the 

genetic basis of thermotolerance (Hong and Vierling, 2000; Burke, 2000; Hong et 

al., 2003; Yeh et al., 2012), they are often too simple to reveal the genetic 

architecture of stress adaptation. Focusing exclusively on survival at an early 

developmental stage limits our understanding of more complex mechanisms 

contributing to thermotolerance. Therefore, there is an increasing demand for new 

phenotyping methods and analysis pipeline to better characterize phenotypic traits 

related to plant heat tolerance.  
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Advances in image-based phenotyping technologies and platforms have several 

advantages over conventional phenotyping. Quantitative measurements can be 

extracted from images over time, provides access to non-destructive phenotyping, 

reflecting plant’s growth and changes in its morphology. When access to 

chlorophyll fluorescence and thermal imaging technology is available, we can 

additionally gain insight into physiological responses that cannot be scored with 

the human eye. Automated and environmentally controlled systems enable time-

efficient screening of large populations and unlocks the screening possibilities of 

large populations in a single experiment. Phenotypic traits, such as plant size, 

temperature, and photosynthetic activity have been successfully used to evaluate 

plant performance under drought (Jansen et al., 2009; Chen et al., 2014), salinity 

(Awlia et al., 2016), and chilling (Jansen et al., 2009) stress, but to our knowledge, 

no such study has been conducted on plant heat stress response. 

Hence, this study aims to develop a physiologically relevant heat-imposition 

protocol and examine the heat-stress induced changes in plant growth, 

morphology, photosynthetic efficiency and plant’s cooling ability in Arabidopsis 

plants. By utilizing an automated non-invasive phenotyping system, we’ve 

developed a protocol to track and quantify plants’ daily growth and photosynthetic 

performance of Arabidopsis plants at the vegetative growth phase.  Our results 

from the image-analysis confirmed the impaired thermotolerance of hsp101 loss-

of-function mutant compared to the wild type Arabidopsis plants and showed a 

differential time-series growth and chlorophyll responses between them after heat 

treatment. This would provide a novel experimental set-up for thermotolerance 
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screening in Arabidopsis, with important digital markers linking the function of 

selected genes in heat stress responses to phenotypic traits. 
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3.2 Materials and Methods 

3.2.1 Plant materials and growth conditions 

 

Seeds of Arabidopsis wildtype Col-0 and hsp101 (AT1G74310, NASC ID: N16284) 

were stratified for three days at 4°C in the dark and germinated in a controlled 

environment in the growth room. The environmental setting of PSI growth room 

(Photon Systems Instruments, Czech Republic) were set at 22°C (sensor 

sensitivity range: ± 0.1°C), with relative humidity of 60% (sensor sensitivity range: 

± 1%) and 400 ppm (sensor sensitivity range: ±100 ppm) of CO2. 2 weeks after 

sowing, seedlings were transferred into PSI standard pots (6 cm x 6 cm x 9.5 cm) 

filled with 100g (± 2.5 g) of growing mix (SunGro Horticulture Metro-Mix 360, MA, 

USA) and placed into PSI trays (5 x 4 pots per tray) and registered into the 

PlantScreenTM system. The seedlings of both genotypes (Col-0 and hsp101) were 

evenly distributed next to each other according to the design (Figure 3. 1). All pots 

were automatically weighed and watered every day to reach and maintain the 

weight of 130 g. Plants were grown under cool-white LED panel with a 16 h/8 h 

light/dark cycle, the light intensity received at plant rosette level is ~ 150 μmol m-2 

s-1. All plants are kept in the growth room during the experiment except during the 

heat treatment. 

3.2.2 Heat Application 

 

On day 22 after sowing, we subjected plants to 3 h, 6 h or 9 h of heat stress and 

control treatments. For each treatment group (3h, 6h, 9h or control), there are two 

trays each containing 10 wildtype Col-0 and 10 hsp101 plants. Heat stress was 
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applied by placing the 9h, 6h and 3h treatment trays into a pre-heated Percival 

growth chamber (Model CU36-L5, Percival Scientific, IA, USA) with white lights on 

(45°C, ~120 μmol m-2 s-1) from 9 am to 6 pm, 12 pm to 6 pm, and 3 pm to 6 pm 

respectively. Two trays used as “control treatment” with the same composition of 

genotypes remained at the PSI growth room. After the heat stress application, six 

trays were transferred back to the PSI growth room. The transfer of the trays 

between the phenotyping facility and the heated growth chamber lasted between 

3-5 minutes. 

3.2.3 Phenotypic Measurements 

 
A general scheme of the phenotyping system is shown in Figure 3.1. Plant 

imaging was initiated 1 d before the heat application (DAS -1) to provide a baseline 

for analysis, and was performed daily at 7 pm until 7 days after the heat application 

(DAS 7). Each imaging round consisted of an initial 15 min dark-adaptation period 

inside the acclimation channel, followed by chlorophyll fluorescence, red green 

blue (RGB) colored and infrared (IR) imaging. The total imaging time for all trays 

lasted about 80 mins for each round. Lighting conditions, plant positioning, and 

camera settings were fixed throughout the experiment. 

Chlorophyll fluorescence imaging unit in PlantScreenTM Systems constructed by 

Photon System Instruments (PSI, Czechia) measures the re-emitted light 

approximating the photosynthetic performance of plants’ photosystem II. The light 

curve protocol from PSI was applied to provide detailed information on 

fluorescence kinetics during heat stress recovery (Henley, 1993; Rascher et al., 
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2000). After 15 minutes of dark adaptation, an initial flash of light was applied to 

measure the minimum fluorescence (Fo), followed by a saturation pulse to 

determine the maximum fluorescence (Fm) in the dark-adapted state. Next, six 

intervals of cool-white actinic light with increasing intensity of 95, 210, 320, 440, 

555 and 670 µmol m-2 s-1 were applied to record the chlorophyll fluorescence signal 

at the end of each actinic light period as the steady-state fluorescence in light-

adapted state (Ft_Lss), followed by signal measured at the saturation pulse as the 

maximal fluorescence in the light-adapted state (Fm_Lss).  

Plant growth and morphological traits were obtained by the RGB imaging unit using 

a 5-megapixel RGB camera mounted above the passing trays, providing the top-

view image. The color images were processed in PlantScreenTM Analyser software 

to develop plant masks, used for chlorophyll imaging and extraction of 

morphological parameters such as rosette compactness, eccentricity, and 

roundness, calculated using the PlantScreenTM Analyser software.  

Infrared imaging (IR) was used for leaf surface temperature visualization. IR 

cameras detect infrared radiation, which is converted into an electronic signal that 

is subsequently processed to provide thermal images. The RGB mask was used 

to extract pixels belonging to individual plants on the thermal image, and the mean 

plant surface temperature was extracted.  

 

3.2.4 Data Analysis 
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Raw data were retrieved from the PlantScreenTM Analyser software, data 

visualization and statistical analysis were performed in R (http://www.r-

project.org/) using ggplot2 and ggpubr packages. 

 

3.3 Results 

3.3.1 Heat stress treatment and phenotyping protocol design 

 

To test for the most effective heat treatment to examine heat-induced changes, we 

exposed 3-weeks old soil-grown Arabidopsis plants to 45°C for 3 h, 6 h and 9 h. 

The hsp101 mutant in the Col-0 background was chosen to be compared with the 

Col-0 wildtype. HSP101 encodes for ClpB1, which belongs to the Casein lytic 

proteinase/heat shock protein 100 (Clp/Hsp100) family that involves in refolding of 

proteins that aggregate under heat stress. The hsp101 loss-of-function mutant was 

previously reported to have reduced thermotolerance (Hong et al., 2003), but 

without showing any developmental phenotype when compared to wild type plants 

(Hong and Vierling, 2001). The heat stress treatment was performed by relocating 

two trays (each containing 20 plants) to a preheated growth chamber at 9 am, 12 

pm and 3 pm and returning them back to the growth room of 22°C at 6 pm, once 

the desired heat stress duration has been reached (Figure 3.1 A). Plants were 

imaged using chlorophyll fluorescence, RGB and infrared cameras daily at 7 pm 

starting from the day before the heat stress application (DAS -1) until one week 

after (Figure 3.1 A). Using image-based analysis, we acquired a variety of traits 

reflecting plant growth, photosynthetic efficiency, rosette morphology and 

temperature in Col-0 and hsp101 plants and explored these phenotypes for 

http://www.r-project.org/
http://www.r-project.org/
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phenotypic plasticity in response to heat stress and their feasibility for large 

thermotolerance screening. In our experiment we screened 160 individual plants, 

with 20 biological replicates per genotype per treatment, to develop an 

understanding of trait reproducibility and changes induced by treatment, genotype 

and interaction between then for various traits. 

 

Figure 3.1 Heat stress treatment and protocol for phenotyping. 
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Col-0 (WT) and hsp101 seedlings are transferred into standardized pots supplied by the 

PlantScreenTM phenotyping system two weeks after sowing. 8 trays of plants are placed 

on the conveyor belt inside the growth room, with 10 Col-0 and hsp101 seedlings in each 

tray. The environment in the growth room was set to a 16/8h day/night cycle, with 22°C 

and 60% relative humidity. 22 days after germination, two trays of plants were kept in the 

growth chamber as “control group”, and other six trays were moved into the pre-heated 

45°C Percival chamber at 9 am, 12 pm and 3 pm for the 3 h, 6 h and 9 h heat treatment. 

All treated six trays were returned to the growth chamber at 6 pm. The PlantScreenTM 

phenotyping system performed RGB, chlorophyll fluorescence and infrared imaging every 

day starting at 7 pm during the imaging period (from DAS -1 to DAS 7), with automatic 

weighing and watering after imaging. The lower panel shows the timeline of the 

experiment.  

 

3.3.2 Heat stress repressed rosette growth depends on stress duration and 

genotype 

 

To assess whether RGB imaging can capture significant and reproducible 

phenotypes caused by heat treatments (3 h, 6 h, and 9 h), the number of green 

pixels was extracted from a series of images for each plant over time. When 

comparing the growth curves of the heat-stressed Col-0 plants with non-stressed 

plants, all three treatments reduced the rosette size significantly when compared 

to non-stressed plants (Figure 3.2 A). In general, the longer the plants were 

exposed to high temperature, the greater the effect observed on the rosette size, 

and the earlier the difference can be detected between control and treated plants 

(Figure 3.2 A). None of the applied treatments was sub-lethal to the plants, as 

only four plants died after 9 h of exposure to heat stress, the other 36 plants that 

underwent this treatment were able to recover from the stress and produced new 
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green leaves. These suggest that soil-grown 3-week-old Arabidopsis plants are 

resilient towards acute heat stress.   

To further evaluate whether our protocol can differentiate between tolerant and 

susceptible plants, the Col-0 and hsp101 mutants were compared (Figure 3.2 B). 

The hsp101 plants exhibited smaller rosettes sizes than WT after heat stress 

application in the seedlings that underwent the same heat stress regime (Figure 

3.2 B). The significant differences in rosette size were observed between Col-0 

and hsp101 two days after the 3 h heat treatment and three days after the 6 h 

treatment. No difference between Col-0 and hsp101 was observed after the 9h 

treatment, where the rosette size was reduced in similar fashion (Figure 3.2 B).  
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Figure 3.2 More pronounced reduction of the rosette size with increased length of 

heat treatment and mutation of HSP101.  

 (A) Comparison of rosette size of Col-0 plants after 3 h, 6 h and 9 h of heat stress 

treatment. Data points represent the mean value ± SE of independent plants (n = 20 for 

control, n = 18, 19, 17 for 3 h, 6 h and 9 h heat-stressed plants). (B) Comparison of heat-

induced growth response in WT and hsp101. Data points represent the mean ± SE of 

independent plants (3h: n = 18 WT and n = 18 hsp101, 6h: n = 19 WT and n = 20 hsp101, 

9h: n = 17 WT and n = 20 hsp101). Difference in size of treated and non-treated (A), and 

Col-0 and hsp101 (B) plants for individual days after stress (DAS) during the imaging 

period was determined by Student’s t-test, with p-value below 0.05, 0.01, 0.001 and 

0.0001 indicated with *, **, *** and **** respectively. 
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3.3.3 Heat-induced changes in rosette morphology   

 

While plant size is a broadly used trait reflecting plant performance, high 

temperature can also influence plant morphology, such as the promotion of petiole 

growth and increased leaf angles from soil surface (leaf hyponasty) (Koini et al., 

2009; Crawford et al., 2012). However, those observations are long-term 

adaptations of Arabidopsis for relatively warm temperature (28°C), how does a 

‘heat-wave’ type of stress affect rosette morphology and its phenotypic plasticity 

has not been studied.  

Therefore, we documented the heat-induced morphological changes in rosette 

architecture at daily resolution via the PlantScreenTM system image processing 

pipeline. Rosette architecture was quantified for its perimeter, isotropy, roundness, 

eccentricity, compactness, slenderness of leaves, and rotational mass symmetry. 

The detailed description of morphological indicators can be found in 

Supplementary Table 3.1. As 6 h of heat treatment was observed to elicit 

pronounced differences between non-treated and heat stress treated plants, as 

well as between Col-0 and hsp101 genotypes, we focused our investigations of 

the morphological traits on this heat stress regime. We observed significant 

differences between control and heat stress treated plants in perimeter, 

compactness and slenderness of leaves already one hour after heat application 

(DAS 0, Figure 3.3 A). In addition, these three parameters showed significant 

differences between heat stress treated Col-0 and hsp101 lines (Figure 3.3 B). 

Interestingly, the difference between Col-0 and hsp101 could be observed from 
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the 3rd or 4th day after stress application (Figure 3.3 B), indicating that 

developmental reprogramming after heat stress requires functional HSP101. 

Another morphological change that we observed not immediately, but one day 

after the heat application was the increased leaf hyponasty, which occurred only 

in Col-0 plants but not in hsp101 (Supplementary Figure 3.2 A). This hyponastic 

change was captured by the transient increase of rotational mass symmetry in Col-

0 at DAS 1 (Supplementary Figure 3.2 B), but returned to base levels after DAS 

2 (Supplementary Figure 3.2). In summary, our results suggest that perimeter, 

compactness, and slenderness of leaves exhibit phenotypic plasticity in response 

to stress and could be used as markers for heat-induced changes in development.   
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Figure 3.3 Heat stress exposure induces changes in rosette morphology, which 

partially depend on hsp101, and lead to changes in rosette development. 

(A) Comparisons of heat-induced morphological responses in Col-0 non-stressed plants 

versus 3h, 6h and 9h heated plants. Data points represent the mean values ± SE of 

individual plants (n = 20 for control, n = 18, 19, 17 for 3 h, 6 h and 9 h heat-stressed 

plants). (B) Comparison of heat-induced morphological response in WT and hsp101. Data 

points are mean ± SE of independent plants (3h: n = 18 WT and n = 18 hsp101, 6h: n = 

19 WT and n = 20 hsp101, 9h: n = 17 WT and n = 20 hsp101. The difference of treated 

vs non-treated (A), and Col-0 vs hsp101 (B) plants for individual days after stress (DAS) 
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during the imaging period was determined by Student’s t-test, with p-value below 0.05, 

0.01, 0.001 and 0.0001 indicated with *, **, *** and **** respectively. 

 

3.3.4 Heat-induced changes in chlorophyll responses 

 

The re-emitted fluorescence light detected by fluorescence camera provides an 

insight into plants’ photosynthetic performance. In our experimental setup, plants 

were subject to a 15 min dark adaptation to eliminate the influence of 

photosynthetic electron transport reactions on the fluorescence yields. A low 

intensity measuring flash was applied to measure the minimum value of chlorophyll 

fluorescence in the dark-adapted state (F0), followed by a saturating pulse to 

induce the maximum level of chlorophyll fluorescence (Fm) by driving the closure 

of all reaction centers.  

The heat-induced changes were observed immediately after heat stress for Fm, 

while Fo decreased one day after heat stress application in Col-0 plants (Figure 

3.4). Both F0 and Fm recovered to the levels observed in non-stressed plants over 

time (Figure 3.4). The recovery rates for both F0 and Fm was extended in plants 

treated with heat for longer time intervals. Interestingly, there is a substantial 

increase of F0 in the 9h heated plants, though the increase to the control is not 

significant in the WT plants (Figure 3.4 A), it is more pronounced in the hsp101 

mutant (Supplementary Figure 3.5). Thus, we hypothesize a heat duration 

threshold between 6h and 9h of 45°C triggers the increase of Fo in WT plants, and 

the threshold is lower for hsp101 plants. There are drastic reductions in the Fm 

levels at DAS 0 for all three heat treatments, and the extent of Fm reduction 
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increases with heat exposure. These high-temperature induced increase in F0 and 

decrease in Fm was reported by (Schreiber and Armond, 1978; Yamane et al., 

1997), and could be promising to use as rapid markers for thermotolerance 

screenings. 

 
 



101 

 

Figure 3.4 Characterization of heat-induced fluorescence changes in Fo and Fm of 

WT plants after different heat treatments. 

(A) Comparisons of the minimum value of chlorophyll fluorescence of dark-adapted state 

in Col-0 non-stressed plants versus 3h, 6h and 9h heated plants. Data points are mean ± 

SE of independent plants (n = 20 for control, n = 18, 19, 17 for 3h, 6h and 9h heat-stressed 

plants). Difference of heat-treated vs control plants each day were determined by 

Student’s t-test. (B) Comparisons of the maximum chlorophyll fluorescence in dark-

adapted state of Col-0 non-stressed plants versus 3 h, 6 h and 9 h heat-stressed plants. 

Data points are mean ± SE of independent plants (3h: n = 18 WT and n = 18 hsp101, 6h: 

n = 19 WT and n = 20 hsp101, 9h: n = 17 WT and n = 20 hsp101). Difference of heat-

treated vs non-treated (A), and Col-0 vs hsp101 (B) plants for individual days after stress 

(DAS) during the imaging period was determined by Student’s t-test, with p-value below 

0.05, 0.01, 0.001 and 0.0001 indicated with *, **, *** and **** respectively. 

 

Maximal quantum yield (QY max) is the ratio of (Fm -Fo)/Fm, indicating the efficiency 

of PSII photochemistry in the dark-adapted state and reveals the efficiency of 

electron transport inside PSII (Supplementary Table 3.1). Healthy plants are 

expected to show QY max about 0.8 (Baker, 2008). Throughout our experiment, 

the maximal quantum yields of non-stressed plants were recorded around 0.78 

(Supplementary Figure 3.3). A slight decrease in the QY max was observed in 

the 3h heat-treated plants immediately after heat stress treatment (DAS 0) (Figure 

3.5 A). The QY max dropped by 9% to 0.71 for the 6 h heat-treated plants, and by 

over 40% (from 0.78 to 0.45) for the plants that underwent 9 h heat stress treatment 

(Figure 3.5 A). Those results indicate that the primary site of heat damage involves 

PSII. QY max returned to levels observed for non-stressed plants one day after 

the heat application of 3 h and 6 h, while remained at lower levels for two days in 

plants treated with heat stress for 9 h (Figure 3.5 A). We noted a compensatory 
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mechanism in Col-0 plants that underwent heat stress treatment for 3 h and 6 h, 

where the QY max in heated plants recovered to a higher level than observed for 

non-stressed plants. To examine whether this compensation is genotype-specific, 

we compared the maximal quantum yields in Col-0 and hsp101 (Figure 3.5 B). 

While no difference in quantum yields was detected for the plants that underwent 

3 h and 9 h heat treatment, significant differences were observed between Col-0 

and hsp101 plants between 0 and 3 days after 6 h of heat stress treatment (Figure 

3.5 B). The more pronounced reductions of QY max in hsp101 mutants suggest 

that indicate maximum quantum yield is a reliable parameter to test heat 

susceptibility between lines.  
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Figure 3.5 Characterization of 3 h, 6 h, and 9 h heat induced changes in maximal 

quantum yields in WT and hsp101. 

(A) Comparisons of maximal quantum yields of Col-0 of 3h, 6h and 9h heat treatments 

from daily imaging. Data points are mean ± SE of independent plants (3h: n = 18 WT and 

n = 18 hsp101, 6h: n = 19 WT and n = 20 hsp101, 9h: n = 17 WT and n = 20 hsp101). 

Difference of heat-treated vs control plants each day were determined by Student’s t-test. 

(B) Comparison of maximal quantum yields of 3h, 6h and 9h heated WT (red solid line) 

and hsp101 (red dash line). Data points are mean ± SE of independent plants (3h: n = 18 

WT and n = 18 hsp101, 6h: n = 19 WT and n = 20 hsp101, 9h: n = 17 WT and n = 20 
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hsp101). Difference of WT vs hsp101 plants each day were determined by Student’s t-

test. Significance level: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 

 

The light-adapted steady-state of quantum yields (QY Lss1 to 6) (Supplementary 

Figure 3.1) provides an insight into the operating efficiency of PSII photochemistry 

at the light-adapted state, reflecting the proportion of absorbed light that is used in 

PSII photochemistry (Genty et al., 1989). Comparing the steady-state quantum 

yields of Col-0 plants obtained from six increasing light intensities immediately after 

heat stress exposure (DAS 0), we observed a decline of steady-state quantum 

yields with the increasing length of heat stress exposure at all light intensities 

(Figure 3.6). These observations are consistent with maximal quantum yields 

recorded for the dark-adapted state (Figure 3.5 A). We observed a general trend 

for both stressed and non-stressed plants, where stronger light intensity results in 

a lower proportion of the absorbed light energy being directed towards 

photochemistry, as shown in the reducing values of QY from Lss1 to Lss6 (Figure 

3.6). The decline of the QY was more pronounced in the plants that underwent 

longer heat stress treatment, suggesting intensified photoinhibition with increased 

duration of the heat stress treatment.  
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Figure 3.6 Heat stress compromised steady-state quantum yields at six increasing 

light intensities 1.5h after heat treatment. 

Comparisons of steady-state quantum yields of non-stressed WT plants (blue), and plants 

after 3h, 6h and 9h heat treatments (red) at DAS 0. Data points are mean ± SE of 

independent plants (n = 20 for control, n = 18, 19, 17 for 3h, 6h and 9h heat-stressed 

plants). Difference of heat-treated vs control plants were determined by Student’s t-test. 

Significance level: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 

 

The non-photochemical quenching (NPQ) can be estimated by comparing dark-

adapted Fm to the Fm estimated at various intensities of actinic light (Fm_Lss). 

Since NPQ values are not comparable for leaves with QY max values outside of 

the 0.7 – 0.8 range (Baker, 2008; Murchie and Lawson, 2013), we focused on the 

3 h and 6 h heat stress treated plants and compared them to the non-stressed 

plants. The NPQ increased with increasing light intensity in the non-stressed 
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plants, suggesting that nonphotochemical quenching is limited when light intensity 

is low. In the heat stress treated plants, we observed a slight increase in NPQ at 

low light intensity (Lss1, 95 µmol m-2 s-1), while the significant decrease in NPQ 

was observed for all heat stress treatments at highest light intensity (Lss 6, 670 

µmol m-2 s-1).  

 

Figure 3.7 Steady-state NPQ under six different light intensities 1.5h after heat 

stress application at DAS 0. 

Comparisons of NPQ values of Col-0 non-stressed plants (blue), to Col-0 under 3h, 6h and 9h heat 

treatments (red) at DAS 0. Data points are mean ± SE of independent plants (n = 20 for control, n 

= 18, 19, 17 for 3h, 6h and 9h heat-stressed plants). Difference of heat-treated vs control plants 

were determined by Student’s t-test. Significance level: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 

0.0001 
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The decreased yield of chlorophyll fluorescence from its maximum is termed 

“quenching”, it is driven by two separate processes, photochemical quenching and 

non-photochemical quenching (Krause and Weis, 1991). Photochemical 

quenching is due to photochemical energy conversion at PS II reaction centers 

with the primary acceptor QA being oxidized, whereas non-photochemical 

quenching is due to an increased rate of de-excitation upon "energization" of the 

thylakoid membrane that is closely related to the build-up of a thylakoidal pH-

gradient (Schreiber et al., 1986). Following the determination of saturated variable 

fluorescence via saturating light pulses (Supplementary Table 3.1), it is possible 

to differentiate between the two components of quenching. Linearly-related 

quenching coefficients (qP and qN) may both vary between 0 and 1, and were 

used to indicate the efficiency of photochemical and non-photochemical quenching 

respectively, and the shifts of energy between those two routes (Buschmann, 

1999). The plants treated with heat stress for 9 h showed consistently lower 

photochemical quenching efficiency than the control plants after heat stress 

exposure (Figure 3.8). These results are in line with the low QY max we observed 

earlier (Figure 3.4, 3.5), and conceivably due to more damaged PSII reaction 

centers during the 9 h of heat stress treatment. The photochemical quenching 

decreases while non-photochemical quenching increases with increased light 

intensity (Figure 3.8). This is consistent with the finding that the fluorescence 

response is governed more by energy-dependent non-photochemical quenching 

at higher light intensities (Schreiber et al., 1986), except for the period for Lss1 (95 

µmol m-2 s-1) to Lss2 (210 µmol m-2 s-1), where we see a slight increase of qP in 
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3h and 6h heated, and control plants (Figure 3.8), this could mean that light was 

limiting factor, and plants prioritized photosynthesis when the actinic irradiation 

intensity is low.  

 
 

Figure 3.8 Efficiency of photochemical quenching (qP) and non-photochemical 

quenching (qN) at six different light intensities 1.5h after heat treatment. 

Comparisons of qN and qP of Col-0 of non-stressed control plants, 3h, 6h, and 9h heat-

treated plants from DAS 0 imaging of increasing light intensities from Lss1 to Lss6. Data 

points are the mean of independent plants (n = 20 for control, n = 18, 19, 17 for 3h, 6h 

and 9h heat-stressed plants). Blue line represents qP, and red line represents qN. 
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3.3.5 Heat stress induced changes in leaf temperature 

 

The cooling capacity of the plant is thought to be one of the most important factors 

in heat stress tolerance. We examined differences in the leaf temperature recorded 

from IR camera between heat stress treated and non-stressed plants (Figure 3.9 

A). Data at DAS 0 captured about 1.5 hours after the treatments suggests heat 

treatment leads to an increase in leaf temperature observed across the three heat 

treatments (Figure 3.9 A). The increase in leaf temperature was higher in plants 

underwent the longest heat treatment, suggesting that the cooling mechanisms 

are impaired in prolonged heat stress treatment. The mean leaf temperature 

increased by 2.5, 3.3 and 4.2°C for the 3, 6 and 9 h of heat treatment respectively 

(Figure 3.9 A). The leaf temperature recovers to the values observed for the non-

stressed within one day after heat stress application for 3 and 6 h heat stress 

plants. By examining the longer time period, we observed that plants stressed for 

3 or 6 h with heat show slightly lower leaf temperatures than non-stressed plants 

at 3-4 days after stress application. The leaf temperature of plants treated with 

heat for 9 h was consistently higher than control plants across multiple time points, 

although the temperature difference between control and stressed plants reduced 

with time (Figure 3.9 A). We did not observe any significant differences in leaf 

temperature when comparing Col-0 and hsp101 plants (Figure 3.9 B), suggesting 

the HSP101 mutation doesn’t affect the plant cooling capacity. 
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Figure 3.9 Characterization of leaf temperatures before and after heat treatment in 

WT and hsp101. 

(A) Comparisons of average leaf temperatures of non-stressed Col-0 (blue) plants, and 

Col-0 plants after 3h, 6h and 9h heat treatments (red) during the imaging period. Data 

points are mean ± SE of independent plants (n = 20 for control, n = 18, 19, 17 for 3h, 6h 

and 9h heat-stressed plants). Difference of heat-treated vs control plants was determined 

by Student’s t-test. (B) Comparison of average leaf temperature of 3h, 6h and 9h heated 

WT (red solid line) with hsp101 (red dash line). Data points are mean ± SE of independent 

plants (3h: n = 18 WT and n = 18 hsp101, 6h: n = 19 WT and n = 20 hsp101, 9h: n = 17 

WT and n = 20 hsp101). Difference of WT vs hsp101 plants each day was determined by 

Student’s t-test. Significance level: *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001 
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3.3.6 Classification model and trait selection to differentiate heat-sensitive 

and tolerant lines 

 

As the high-throughput phenotyping dataset allows us to examine more than 80 

phenotypes, it makes it difficult to rank individual phenotypes to select the best 

traits which allow clear differentiation of heat-sensitive genotypes. Therefore, we 

implemented machine learning to simultaneously explore all the quantitative 

phenotypes collected within our experiment to differentiate between WT and 

hsp101 mutant. We applied logistic regression with lasso regularization to select 

the most useful traits for classification. To identify the heat stress regime allowing 

us to differentiate between WT and hsp101, we compared the classification 

performance of phenotypic data from different treatment groups including rosette 

size, leaf temperature and a subset of top morphological traits (perimeter, 

slenderness of leaves, compactness, isotropy and rotational mass symmetry) and 

chlorophyll fluorescence parameters measured in dark-adapted state (Fo, Fm, and 

QY max). The accuracies of model prediction (Table 3.1) were modest, with the 

highest accuracy of 68.2% for the 3 h heat treatment. The accuracy for 9 h heat 

stress treatment was lower than for the non-stressed plants, implying that 9 h heat 

stress treatment was too severe and not suited to differentiate phenotypic 

differences between the genotypes. When we included all phenotypic traits in the 

model, including the chlorophyll fluorescence measured in light adapted state, we 

observed improved classification accuracies for all groups (Table 3.1). In line with 

our earlier analysis (Figure 3.2), the phenotypes recorded for plants treated with 

6 h of heat stress provided highest accuracy (81.5%) in differentiating between two 
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genotypes. The top five contributing parameters to the classification model were 

related to temperature and morphology (compactness, isotropy, slenderness of 

leaves and perimeter), suggesting that variability in morphological changes were 

most useful genotypic indicators during the overall imaging period. The chlorophyll 

fluorescence parameters determined to be the most indicative of the genotype are 

direct measurements of the chlorophyll fluorescence (Ft’, Fo, Fo’) and the 

photochemical quenching of the chlorophyll fluorescence at the light-adapted state 

(Fq’). While some parameters were classified as good genotype indicators under 

all treatments, e.g. leaf temperature, we noticed that photochemical quenching at 

the second to highest light intensity (Fq Lss5) was unique to the 3 and 6 h of heat 

stress treatment.  

Table 3.1. Logistic regression classification accuracies to determine Col-0 and 

hsp101 plants under different treatments.  

Treatment Control 3 h HS 6 h HS 9 h HS 

Accuracy 

(Subset 

of traits) 

61.1% 68.2% 65.2% 58.4% 

Accuracy 

(all traits) 
67.9% 79.0% 81.5% 65.7% 

Top 10 traits 

Temperature 

SOL 

Ft’_Lss2 

Ft’_Lss4 

Ft’_Lss3 

Ft’_Lss6 

Fq’_Lss3 

Fq’_Lss6 

Fo’_Lss3 

Fq’_Lss2 

RMS 

Isotropy 

SOL 

Fo’_Lss2 

Fo 

Ft’_Lss5 

Fq’_Lss5 

Fo’_Lss3 

Ft’_Lss4 

Ft’_Lss3 

Compactness 

Isotropy 

Temperature 

SOL 

Perimeter 

Fq’_Lss5 

Ft’_Lss4 

Ft’_Lss3 

Fv’_Lss4 

Ft’_Lss2 

RMS 

Temperature 

SOL 

Ft’_Lss5 

Fo’_Lss5 

Fo 

Ft’_Lss1 

Ft’_Lss6 

Ft’_Lss2 

Fq’_Lss6 
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SOL – Slenderness of leaves, RMS – Rotational mass symmetry. Fo – minimal fluorescence 

in dark adapted state, Fo’ – minimal fluorescence in light adapted state, Ft’ – steady state 

fluorescence in light adapted state, and Fq – photochemical quenching. Lss indicates the 

light intensity at which individual chlorophyll fluorescence traits were determined. 

 
 
3.4 Discussion 

In this work, we evaluated three different lengths of heat stress regimes on 

Arabidopsis and monitored the responses on rosette size, morphology, 

photosynthetic efficiency and leaf temperature. By using a high-throughput 

phenotyping platform (Figure 3.1), we examined which traits show phenotypic 

plasticity in response to heat stress and which of them show the difference 

between Col-0 and heat-sensitive hsp101 mutant. The hsp101 was observed to 

exhibit a more severe decrease in plant growth and quantum yields, which can be 

discerned most clearly after the 6 h heat treatment (Figure 3.2, 3.3, 3.5). The traits 

investigated in this study demonstrate the capacity of automated and simultaneous 

evaluation of rosette growth, leaf temperature, and chlorophyll fluorescence 

responses, and identify the new phenotypic traits to be used for heat tolerance 

screenings in future studies.  

The results presented in this study showed that plant physiological responses to 

high temperature is complex and continuous process, with short term changes 

being captured best with chlorophyll fluorescence (Fm, F0, QY max and NPQ) and 

leaf temperature, while heat-induced changes in rosette morphology (rosette area, 

perimeter, compactness, and slenderness of leaves) and compensatory 



114 

 

mechanisms (e.g. temperature) are observed at extended time after application of 

heat stress. While the majority of the heat stress studies focuses on survival, we 

think that using the combination of these parameters and screening them 

throughout time will provide a better understanding of processes underlying heat 

tolerance. The high-throughput phenotyping platform, such as the one used in our 

study, can be used in future studies for screening mutant populations or natural 

diversity panels, leading to the identification of genetic components underlying 

individual processes, and examining which processes have a common genetic 

background.  

The simultaneous analysis of rosette size, morphology, temperature and 

chlorophyll fluorescence has been applied in other studies e.g on drought, salt and 

chilling stresses (Jansen et al., 2009; Chen et al., 2014; Awlia et al., 2016). In 

contrast to salinity or drought stress responses (Jansen et al., 2009; Munns et al., 

2010; Awlia et al., 2016), we found high temperature induces very immediate and 

pronounced changes in traits like Fv/Fm and rosette size in stressed Arabidopsis 

plants, whereas less prominent changes were found in quenching-related traits. 

There are a few successful prior attempts using changes in quantum yield (Fv/Fm) 

for thermotolerance screenings in Arabidopsis (Routaboul et al., 2012; Zhou et al., 

2013), where measurements of limited samples were conducted at a single point 

of the leaf surface. However, these measurements are potentially prone to errors 

and variation as heat damages develop across the leaf area (Supplementary 

Figure 3.3). Our study shows that it is feasible and robust to use the mean 

chlorophyll fluorescence of whole leaf rosette to monitor heat damage progression 
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(Figure 3.5, 3.6). However, not all parameters obtained from kinetic chlorophyll 

fluorescence analysis are easy to interpret, especially the more indirect 

parameters that may promise to give detailed structural and functional information 

about PSII activity, antenna size, and electron transport are often lack of empirical 

support (Murchie and Lawson, 2013). In our study, we find parameters related to 

the quenching process show less pronounced changes in response to heat stress 

(Figure 3.7, 3.8). Therefore, we suggest using more direct parameters, like F0, Fm 

or QY max as reliable and rapid markers for thermotolerance screenings.  

While high throughput phenotyping provides more information on plant 

performance using the non-destructive measurements, the number of the collected 

direct and derived measurements (Supplementary Table 3.1) can be 

overwhelming for effective trait evaluation. Machine learning algorithms can help 

navigate through the complex dataset. Previous study used a combination of 

random forest and support vector machine models to identify most distinguishing 

root traits and cultivar differentiation across European pea cultivars (Zhao et al., 

2016). In our study, we used logistic regression to identify the most informative 

traits which would enable to differentiate between WT and heat sensitive hsp101 

mutant (Table 3.1). The results supported our earlier analysis that 6 h heat 

treatment is most informative for differentiate between WT and heat sensitive 

genotype, and highlighted the significance of morphology traits, direct chlorophyll 

fluorescence measurements as well as photochemical quenching (Table 3.1). 

Using kinetic chlorophyll fluorescence assays, such as light curve protocol 

(Henley, 1993; Rascher et al., 2000) used in this study, provided new insights in 
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dynamic changes to photosynthetic efficiency and heat stress-induced 

photochemical quenching. We think that the new phenotypic traits, presented in 

this manuscript will provide better insight and identify novel players contributing to 

overall plant performance and heat stress tolerance. As processes contributing to 

overall thermotolerance are complex (Kotak et al., 2007) and can be acquired in 

various ways (Burke, 2001), the assays focusing on seedling survival or hypocotyl 

elongation are of limited value. Using more refined phenotypes, such as rosette 

morphology parameters or traits derived from direct chlorophyll fluorescence 

measurements will in future studies contribute to discovery of genes and 

processes which small and transient, but significant, contribution to 

thermotolerance.  

  



117 

 

3.5 Supplementary Materials  

 
Supplementary Figure 3.1: Sequence of the chlorophyll fluorescence measured in 

the light curve protocol.  

F0: minimum fluorescence; Fm: maximum fluorescence in the dark-adapted sate. Fmʹ: 

maximum fluorescence in light. Mf: Measuring flash; Blue box represents the dark-adapted 

state; Yellow box shows the light state. In the dark- adapted state, a “measuring light-flash” 

is used to measure minimum value of chlorophyll fluorescence, termed F0. Measuring light 

is of intensity too low to induce electron transport through PSII but high enough to result 

in minimal level of fluorescence emitted. Application of saturating pulse to a dark-adapted 

leaf induces maximum level of fluorescence, termed Fm, by driving the closure of all 

reaction centers. The application of a saturating pulse under actinic illumination transiently 

closes all the reaction centers and provides a value of maximal fluorescence in the light-

adapted state, termed Fm_Lss. Six saturating pulses are applied during the actinic light 

exposure, which allows to determine the level of Fm_Lss1 to Fm_Lss6.  
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Supplementary Figure 3.2: Hyponastic response in WT plants one day after the 6h 

heat treatments with relevant morphological parameters. 

 
(A) Photo of 6h heated try of WT and hsp101 plants taken one day after the treatment.  

(B) Rotational mass symmetry and isotropy parameters of 6h heat stressed WT and 

hsp101 plants at each day during the imaging period. Data points are mean ± SE of 

independent plants (n = 19 WT and n = 20 hsp101). Significance level were determined 

by Student’s t-test, where *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. DAS: Day 

after stress. 

 

 



119 

 

 
 

 

Supplementary Figure 3.3: RGB and chlorophyll florescence photos of WT and 

hsp101 plants before and after the 6h heat stress treatment.  

Color key presents the maximal quantum yield (QY-max) from chlorophyll florescence 

camera. DAS: Days after stress. 
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Supplementary Figure 3.4: Characterization of heat-induced morphological 

responses in WT and hsp101 after the 6h heat treatment. 
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(A) Daily changes before and after heat stress in roundness, isotropy, eccentricity and 

rotational mass symmetry in Col-0 from RGB morphological analysis. Data points are 

mean ± SE of independent plants (n = 20 for control, n = 18, 19, 17 for 3h, 6h and 9h heat-

stressed plants). Difference of heat-treated vs control plants each day were determined 

by Student’s t-test. (B) Comparison of heat-induced morphological response of perimeter, 

compactness, and slenderness of leaves in WT and hsp101. Difference in size of WT vs 

hsp101 plants at each day during the imaging period were determined by student’s t-test. 

Data points are mean ± SE of independent plants (3h: n = 18 WT and n = 18 hsp101, 6h: 

n = 19 WT and n = 20 hsp101, 9h: n = 17 WT and n = 20 hsp101). Difference of WT vs 

hsp101 plants each day were determined by Student’s t-test. Significance level: *P ≤ 0.05; 

**P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001. DAS: Day after stress. 
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Supplementary Figure 3.5: Fo level in hsp101 after the 9h heat treatment. 
 
Difference in Fo of non-stressed and 9h heat stressed hsp101 plants at each day during 

the imaging period were determined by student’s t-test. Data points are mean ± SE of 

independent plants (n = 17 for control and n = 20 for 9h heat stressed plants). Significance 

level were determined by Student’s t-test, where *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P 

≤ 0.0001. DAS: Day after stress. 
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Supplementary Table 3.2: List of direct and indirect chlorophyll fluorescence and 

morphological parameters used in this study. 

Symbol Formula Name Description 

F0 Measured 
minimum fluorescence in 

dark-adapted state  

QA oxidized (qP=1), non-

photochemical quenching 

relaxed (NPQ=0)  

Fm Measured 
maximum fluorescence in 

dark-adapted state  

QA reduced (qP=0), non-

photochemical quenching 

relaxed (NPQ=0) 

Fv Fm- Fo 
variable fluorescence in dark-

adapted state  

variable fluorescence 

increment that is due the 

transition from dark-adapted 

state with all-open reaction 

centers to the all-closed state 

during saturating flash of light  

QY max  (Fm- Fo) / Fm maximum PSII quantum yield 
maximum PSII quantum yield 

in dark-adapted state  

Fm’ Measured  
steady-state maximum 

fluorescence in light 

level of fluorescence when QA 

is maximally reduced (PSII 

centers closed) 

Ft Measured 
steady-state fluorescence in 

light  

steady-state fluorescence level 

that results from a dynamic 

equilibrium of plastoquinone 

reducing and re-oxidizing 

processes and from non-

photochemical quenching 

Fo’ Measured 
minimum fluorescence in 

light-adapted state 

level of fluorescence when QA 

is maximally oxidized (PSII 

centers open) 

Fv’ Fm’- Fo’ 
variable fluorescence in light-

adapted state 

the ability of PSII to perform 

photochemistry (QA reduction) 

Fq Fm’- Ft’ 
difference between Fm and Ft 

in light-adapted state 

photochemical quenching of 

fluorescence by open PSII 

center 

QY’ (Fm’- Ft’) / Fm’ 
steady-state PSII quantum 

yield in light 

actual quantum yield of PSII 

photochemistry for a light-

adapted state 

Fv’/Fm’ (Fm’-Fo’) /Fm’ 
PSII quantum yield of light 

adapted sample in steady-state  

maximal quantum yield of PSII 

photochemistry for light-

adapted state 

NPQ (Fm-Fm’) /Fm’ 
steady-state non-

photochemical quenching  

steady-state non-photochemical 

quenching  

qP’ (Fm’- Ft’) / (Fm’- Fo’)  
coefficient of photochemical 

quenching in steady-state  

coefficient of photochemical 

quenching which estimates 

fraction of the open PSII 

reaction centers 

qN’ (Fm- Fm’) / (Fm’- F0’) 
coefficient of non-

photochemical quenching in 

steady state  

coefficient of non-

photochemical quenching which 

estimates fraction of variable 

chlorophyll fluorescence 

quenched by non-photochemical 

processes 
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Area Measured Rosette area total area covered with plant 

Perimeter Measured Rosette perimeter length of the plant perimeter 

Roundness ratio roundness 
ratio between area and 

perimeter or its convex hull  

Compactness ratio compactness 
ratio between area and surface 

of convex hull 

RMS ratio rotational mass symmetry 

difference between convex hull 

area and circle which has center 

in plant centroid and radius 

proportional to area weighted by 

compactness 

Eccentricity ratio eccentricity 

ratio between the distance of the 

foci of the ellipse with same 

variance as a plant and its major 

axis length 

SOL ratio slenderness of leaves 
ratio between squared sum of 

leaf lengths and area 

 

QA: Quinone A, the primary stable electron acceptor of PSII centers, PSII: Photosystem II, NPQ: 

non-photochemical quenching 
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Supplementary Table 3.3: Plant samples removed in the analysis. 

Plant_ID Tray_ID Genotype Treatment Reason for removal 

hs155 129 WT HS 9h Failed after transplanting 

hs123 125 WT HS 9h Failed after transplanting 

hs127 125 WT HS 9h Failed after transplanting 

hs71 69 WT HS 3h Failed after transplanting 

hs63 69 WT HS 3h Failed after transplanting 

hs107 96 WT HS 6h Failed after transplanting 

hs129 125 WT HS 9h Died after HS 

hs24 56 hsp101 Control Failed after transplanting 

hs64 69 hsp101 HS 3h Failed after transplanting 

hs68 69 hsp101 HS 3h Failed after transplanting 

hs30 56 hsp101 Control Failed after transplanting 

hs10 34 hsp101 Control Failed after transplanting 

hs22 69 hsp101 Control Failed after transplanting 

hs128 125 hsp101 HS 9h Died after HS 

hs134 125 hsp101 HS 9h Died after HS 

hs140 125 hsp101 HS 9h Died after HS 
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Chapter 4 Concluding remarks  

 

Heat stress has a profound impact on many cellular functions and metabolic 

processes in plants. In this dissertation, molecular mechanisms that contribute to 

acquired thermotolerance were explored, and a high-throughput imaging approach 

to phenotype heat stress response was presented.  

In Chapter 2, to investigate molecular processes underlying heat acclimation, we 

designed the heat acclimation and heat shock application protocol and examined 

seedling phenotypes and changes in Arabidopsis transcriptome across the heat 

stress regime. Through our detailed transcriptomic analysis, we identified groups 

of differentially expressed genes that constitute the transcriptional memory and 

uncovered novel transcriptional regulations during the memory phase. The 

comparative analysis of gene expression in acclimated and non-acclimated plants 

revealed specific transcriptional changes in genes encoding proteins of flavonoid 

biosynthesis and regulators of stomatal density and aperture movement might be 

new components contributing to enhanced thermotolerance. The function of 

flavonoids in plant heat stress were further explored by using quercetin-

supplemented media and several loss-of-function of flavonoid-deficient mutants, 

although the results are not yet conclusive, it provides initial evidence for their 

involvement in acquired thermotolerance. In addition, we observed altered stomata 

density and aperture responses in heat acclimated plants, and this might be 

partially controlled by AGAMOUS-LIKE16 (AGL16) transcription factor and its 

negative regulator microRNA824 (miR824). Future work can use the data 
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generated from Chapter 2 as a framework and resource to investigate other 

mechanisms or genetic components involved in heat tolerance, candidates such 

as HSFA1e and heat-induced transposons are of particular interest.  

The limitations of current heat tolerance phenotyping methods have motivated me 

to explore an alternative approach to screen for thermotolerance presented in 

Chapter 3. Utilizing an automated image-based phenotyping facility, I developed a 

heat stress application scheme and recorded a range of previously intractable heat 

responses at multiple time points of wildtype and hsp101 mutant plants. By 

comparing the data of various traits, we identified prominent changes in plant 

rosette size, morphological traits, and maximum quantum yields after the heat 

stress. We reported the dynamics of those traits over time and suggested they 

contribute to the overall heat tolerance and can be used as markers for future 

thermotolerance screenings of mutant populations and natural diversity panels of 

Arabidopsis. 

The study in Chapter 3 has contributed to the application of automated 

phenotyping, and demonstrated that machine learning algorithms can help 

navigate through the complex dataset. However, the design of the platform of top-

view imaging has limited its use to only plants at the leaf rosette expansion stage. 

Thus, the method developed here may not be directly transferrable to other plants 

with more vertical growth. Future endeavors to introduce more projections by 

setting up side-view cameras to take pictures at different angles, together with the 

development with 3D-morphological analysis pipelines can extend the current 
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phenotyping capabilities to the reproductive growth stage in Arabidopsis, and other 

crops with more complex architecture.  

When characterizing thermotolerance phenotypes of various genotypes, the 

variance of developmental phenotypes among plant samples should be carefully 

examined to avoid confounding the true thermotolerance difference with altered 

developmental growth. Furthermore, heat stress regimes can be performed at 

different temperatures and for various amounts of time, and in combination with 

other environmental conditions, such as light intensity and soil water status. It 

would be interesting to evaluate how robust of the parameters highlighted in this 

study under different thermotolerance screening conditions, and with varied 

developmental stages of plants. 

We hope the concerted efforts from the plant phenotyping community would speed 

up their development of heat-resilient crops by making the automated 

quantification of various traits possible and accessible to breeders. 
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APPENDICES 

Other Contributions 

In additional to the work presented in this dissertation, I have contributed to- 

wards other projects during my doctoral study at KAUST, three of them have 

been published and listed below: 

• Julkowska, M.M., Saade, S., Agarwal, Ge Gao, G., Pailles, Y., Morton, M., 

Awlia, M., and Tester, M. (2019). MVApp-Multivariate Analysis Application for 

Streamlined Data Analysis and Curation. Plant Physiol. 180: 1261–1276. 

I designed the correlation tab, and contributed to the writing the manuscript. 

• Y. Ling, N. Serrano, Ge Gao, … M. M. Mahfouz (2018). Thermopriming 

triggers splicing memory in Arabidopsis. Journal of Experimental Botany 69, 

2659–2675. 

 

I contributed to the design of the heat stress platform and generation of the 

RNA-Seq data.  

• Jarvis, D.E., Ho, Y.S., Lightfoot, D.J., Schmöckel, S.M., Li, B., … Ge 

Gao...Tester, M.  (2017). The genome of Chenopodium quinoa. Nature 542: 

307–312. 

I contributed to small-RNA sequencing of the quinoa samples.  
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