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ABSTRACT 

The role of NAC transcription factors in responses of plants to heat and 

salt stresses  

Nouf Owdah Alshareef 

 

Soil salinity and heat stress are two major abiotic stresses affecting plant growth and 

yield. Transcription factors (TFs) are key regulators in stress responses. They link stress 

sensing with many tolerance mechanisms by translating stress signals into changes in 

gene expression that ultimately contribute to stress tolerance. The NAC (NAM, ATAF and 

CUC) TF family have been found to be involved in responses to biotic and abiotic stresses. 

In this PhD project, the role of NAC TFs in response to heat and salt stress was studied in 

the model system Arabidopsis thaliana (Arabidopsis), and in two agriculturally relevant 

species, Solanum lycopersicum (tomato) and Chenopodium quinoa (quinoa).  

Plants have the ability to acquire thermotolerance if they are pre-exposed to a mild, non-

lethal high temperature. The maintenance of acquired thermotolerance for several days 

is known as thermomemory. Here we investigated the role of NAC TFs in 

thermotolerance. The expression profiles of 104 Arabidopsis NAC TFs were measured and 

compared between primed and unprimed plants. Some NACs with a distinctive 

expression pattern in response to thermopriming were selected for further phenotypic 

analysis. Knock-out (KO) mutants of the ATAF1 gene showed an enhanced 
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thermomemory phenotype compared with wild type plants (WT) and from this work, the 

functions of the ATAF1 gene were studied further. RNAseq co-expression analyses of 

ATAF1 overexpressor and ataf1 KO plants found that ANAC055 expression was co-

regulated with that of ATAF1.  

JUBGBRUNNEN1 (JUB1) is another NAC TF involved in responses to heat, drought and 

salinity. In this study, the role of AtJUB1 overexpression in salinity was investigated in 

tomato plants. AtJUB1 overexpression resulted in higher proline levels and improved 

maintenance of water content and biomass in AtJUB1-overexpressing plants grown 

hydroponically under salinity compared with WT plants.  

Quinoa has recently gained much attention because of its high nutritional value and high 

tolerance to several stresses including drought and salinity. NAC TFs are hypothesized to 

play a major role in quinoa’s tolerance to abiotic stresses. In this study, the NAC TFs family 

were identified and investigated in the genome of quinoa. 107 NAC TF genes were 

identified and their transcriptional responses to different stresses including salt, drought 

and heat were investigated. 
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1 Chapter 1: Introduction  

 

Food demand is expected to increase due to the continued growth of the world’s 

population, which is estimated to increase from the current 7 billion to 9 billion people in 

2050 (Godfray et al., 2010). Crop production should increase by 70% to sustain food 

security for the growing population (Bita and Gerats, 2013). However, the amount of 

arable land suitable for agriculture is not expected to increase to meet the world’s food 

demand (Fedoroff et al., 2010). Climate change and the increase of adverse 

environmental stresses such as soil salinity, drought, cold and heat are a major causes for 

yield reduction worldwide, resulting in more than 50% losses in major crops (Boyer, 1982; 

Bray et al., 2000).  

One contribution to address this challenge is to increase the use of available land by 

producing stress tolerant crop plants that are able to grow and maintain high production 

under adverse environmental conditions. Understanding the roles of genes involved in 

stress response and tolerance is an essential step toward the process of producing stress 

tolerant plants.  

1.1 Heat stress     

Heat stress is a serious abiotic stress that affects crop production worldwide (Hall, 2000). 

The global temperature over the last 30 years has continuously increased, the global 

surface temperatures of the Earth in 2018 was the warmest since 1880, (NASA and the 

National Oceanic and Atmospheric Administration NOAA, 2019) (Figure 1.1). According to 
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the report of the Intergovernmental Panel on Climatic Change (IPCC), the global mean 

temperature is expected to increase by 0.3°C per decade (Jones et al., 1999), which means 

the global temperature would increase by 1 to 3°C above the present temperature by 

2025 and 2100 respectively. The gradual increase in temperature is predicted to cause 

serious negative effects on plant growth and reproduction, which will ultimately lead to 

crop losses and threaten food security (Christensen and Christensen, 2007). It is 

anticipated that for every 1°C increase in the mean global temperature, the global yield 

production of wheat (Triticum aestivum), rice (Oryza sativa), maize (Zea mays) and 

soybean (Glycine max) will decrease by 6%, 3.2%, 7.4% and 3.1%, respectively (Zhao et 

al., 2017).  

Heat waves that occurred in 1980 and 1988 are examples of the damaging effect of heat 

on plants. In these two years, these heat waves caused a serious agricultural impact on 

the US, resulting in 55 and 71 billion dollars losses, respectively (Suzuki and Mittler, 2006; 

Lobell et al., 2011). Similarly, during the past three decades (1980-2008), the world’s 

production of wheat and maize dropped by 5.5% and 3.8%, respectively, due to the 

damaging effect of heat on plants (Lobell et al., 2011).  

Heat stress will have a higher impact on developing countries due to their higher 

dependence on agriculture (Bita and Gerats, 2013). However, northern European 

countries could benefit from a temperature increase because it will potentially expand 

agricultural areas that are limited today due to low temperatures (Lotze-Campen and 

Schellnhuber, 2009). The effect of climate change on yield production in most countries 

in 2050 was predicted as in Figure 1.2. 
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Figure 1.1  The Global temperatures of the last 5-year averaged from 2014 through 

2018.  

Higher than normal temperatures are shown in red and lower than normal temperatures are 
shown in blue. Scale in degree Celsius. Source: https://data.giss.nasa.gov/gistemp/   

 

Source: Goddard Institute for Space Studies. http://data.giss.nasa.gov/cgi-bin/gistemp 

Figure 1.2  The effect of climate change on yield production in most countries in 2050.  

The percentage change in the yields of 11 major crops (wheat, rice, maize, millet, pea, sugar 
beet, sweet potato, soybean, peanuts, sunflower and rapeseeds).  
Source: (Müller et al., 2009) 

http://data.giss.nasa.gov/cgi-bin/gistemp
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1.1.1 Plant responses to heat stress 

Heat stress for plants is defined as the increase in temperature above the threshold for a 

period of time that is sufficient to cause irreversible damage to plant growth and 

reproduction (Wahid et al., 2007). Generally, 5 to 10°C above optimum ambient 

temperature is considered heat stress or heat shock (Willits and Peet, 1998). Heat stress 

adversely affects plants growth and reproduction – although all of the plant’s organs are 

affected by heat stress, the reproductive organs are considered the most sensitive (Zinn 

et al., 2010). At the cellular level, heat stress causes denaturation, misfolding and 

aggregation of proteins, increase in lipid fluidity of membranes, and ultimately causes 

disruption of cytoskeletal structures (McClung and Davis, 2010; Hasanuzzaman et al., 

2013). All of these injuries result in reduced ion flux, induce cell starvation and cause 

accumulation of toxic by-products such as reactive oxygen species (ROS) (Howarth et al., 

2005). 

At a physiological level, a 5-6 °C increase above the optimum ambient temperature affects 

plants growth and development, as it accelerates the vegetative growth of plants, 

promotes early flowering and inhibits seed production (Alcazar and Parker, 2011; Gray 

and Brady, 2016). Heat stress induces morphological changes, such as hypocotyl 

elongation, induction of more hyponastic growth of petioles and reduction in leaf 

thickness (Quint et al., 2016; Ibañez et al., 2017).  
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1.1.2 Plants tolerance to heat stress 

In plants, three thermotolerance mechanisms can be described in response to different 

kinds of heat stress: basal thermotolerance, acquired thermotolerance and 

thermomemory (also referred to as extended acquired thermotolerance) (Mittler et al., 

2012). Basal thermotolerance is known as the ability of plants to survive temperatures 

higher than the optimal temperature for growth. Acquired thermotolerance is defined as 

the ability of plants to successfully survive and acclimate to high temperatures if they are 

pre-treated with a non-lethal high temperature (Larkindale and Vierling, 2008; Mittler et 

al., 2012). While thermomemory is defined as the ability of plants to tolerate high 

temperatures after a relatively longer time from the first exposure to the acclimating 

temperature (or in other words, as the ability of plants to maintain acquired 

thermotolerance for long periods of time) (Stief et al., 2014a). Different methods have 

been described to estimate different types of thermotolerance in plants. The following is 

an example scenario of how to assess thermotolerance in Arabidopsis thaliana 

(Arabidopsis) seedlings: Basal thermotolerance can be assessed by determining the 

survival rate of five to seven day old Arabidopsis seedlings exposed to 42-45°C for 0.5 h-

1h (Larkindale and Vierling, 2008). For acquired thermotolerance, the survival rate is 

determined after applying a mild heat stress of 37-38°C for 1.5 h, followed by a recovery 

period of 1.5 h -2 h at normal growth temperature (22°C), and then induction of a severe 

heat stress of 45°C (Figure 1.3) (Larkindale and Vierling, 2008). 
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The molecular mechanisms that are involved in thermotolerance may vary depending on 

the type of thermotolerance if it is basal or acquired thermotolerance as reviewed in 

(Mittler et al., 2012). Plant response and tolerance to basal thermotolerance have been 

intensively studied over the last decades (Richter et al., 2010; Bokszczanin et al., 2013), 

while research on heat priming and memory is still very limited.  

Heat stress priming involves the activation of heat shock transcription factors (HSFs) that 

induce the expression of heat shock proteins (HSPs), which protect cellular proteins from 

denaturation, and repair or remove misfolded proteins (Finka et al., 2015; Haslbeck and 

Vierling, 2015). In Arabidopsis, there are 21 HSFs, belonging to three major classes A, B 

and C, only seven of them are involved in acquired thermotolerance (Nover et al., 2001). 

HSFA1s are considered ‘master regulators’ of the heat stress response (Liu et al., 2011), 

regulating expression of several transcription factors (TFs) including Dehydration 

Responsive Element Binding Protein 2A (DREB2A), HSFA2, HSFA7a, HSFBs, and Multi 

protein Binding Factor1C (MBF1C) (Yoshida et al., 2011b). Studies have shown that knock-

down of one or multiple HsfA1 genes downregulates expression of many heat stress 

responsive genes and rendered transgenic tomato and Arabidopsis plants more sensitive 

to heat stress (Mishra et al., 2002; Liu et al., 2011). HSFA2 is another important HSF 

working downstream of HSFA1 and was found to be required specifically for the 

maintenance of acquired thermotolerance (thermomemory) (Charng et al., 2007). HSFA2 

induces the expression of the chaperone-like protein Heat stress associated32 (HSA32), 

which participate in the maintenance of cellular homeostasis during high temperature 
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heat stress. HAS32 was found to be required specifically for the maintenance of heat 

stress memory (Charng et al., 2006; Lin et al., 2014; Baurle, 2016).   

Although HSFA1 is considered to be a central regulator of heat stress response, other HSFs 

are also involved in heat stress response and work in a pathway that is independent on 

HSFA1. An example of these are HSFA4 and HSFA9. HSFA4 is induced by heat stress and 

regulates the expression of Ascorbate peroxidase (APX1), while HSFA9 is involved in 

regulating the expression of several HSP genes (von Koskull-Döring et al., 2007; Srivastava 

et al., 2014).  

Apart from HSFs, other transcriptional factors such as dehydration-responsive element 

binding protein 2A (DREB2A) (Yoshida et al., 2011b), Basic Leucine Zipper Domain 28 

(bZIP28) (Guo et al., 2008) and WRKY proteins (Li et al., 2010) are found to be involved in 

the plant’s adaptation to heat stress (Grover et al., 2013).  

Multiprotein-bridging factor 1c (MBF1c) is an important regulatory protein, which is 

involved in the plant’s acquired thermotolerance, but is not involved in the HSF/HSP 

pathway (Suzuki et al., 2008). MBF1c has been shown to act as an upstream regulator of 

the ethylene, salicylic acid and trehalose signaling pathways during heat stress, thereby 

controlling 36 genes, such as DREB2a and genes encoding zinc finger proteins (Suzuki et 

al., 2011).  

Heat shock proteins (HSPs) and reactive oxygen species (ROS) scavenging enzymes are 

two well-known targets of heat stress responsive TFs in response to heat stress. HSPs are 

considered a central component of the heat stress response. HSPs function as molecular 
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chaperones to protect proteins from heat stress (Zhang et al., 2010; Wu et al., 2013; Tang 

et al., 2016).There are five major classes of HSPs based on their molecular masses: 

HSP100, HSP90, HSP70, HSP60 and small heat shock proteins (sHSP), which have a 

molecular mass of 15-30 kDa (Vierling, 1991; Wang et al., 2004). The expression of HSPs 

is regulated mainly by HSFs (Nover et al., 2001). Under heat stress, each HSP family has a 

specific mode of action, for example, HSP70 and HSP60 prevent misfolded proteins from 

being aggregated, HSP100 promotes the re-activation of proteins that have already 

aggregated (Parsell and Lindquist, 1993). It has also been found that the type of HSPs that 

are involved in the heat stress response depends on the severity of the heat stress. Under 

moderate heat stress, small HSPs stabilize non-native proteins and prevent their 

irreversible aggregation (Nover et al., 2001). An example for this process is HSP18.1, 

which prevents thermal aggregation of proteins by binding to the non-native forms and 

keeps them in a state that can be refolded (Lee et al., 1997). These stabilized proteins are 

then restored to the native state by “refolding machines” that involve HSP70 and DnaJ 

homologs (Lee and Vierling, 2000). During severe temperature stress, when denatured 

proteins aggregate, HSP100 acts to resolubilize these aggregates and transfer proteins 

liberated from the insoluble complexes to the HSP70/DnaJ refolding machine (Glover and 

Lindquist, 1998). Furthermore, a recent study identified HSP21 to have an important 

function in the development of chloroplasts during heat shock in Arabidopsis (Zhong et 

al., 2013).  Sedaghatmehr et al. (2016) reported that sustained thermomemory requires 

high levels of HSP21 and they also showed that the plastid-localized metalloprotease 

(FtsH6) negatively thermomemory through promoting HSP21 degradation. 
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Ascorbate peroxidase (APX) and catalase (CAT) are ROS-scavenging enzymes induced by 

heat stress and are important for heat stress tolerance, apx1 and cat2 mutants plants 

show heat stress sensitive phenotypes (Vanderauwera et al., 2011).  

A variety of signaling pathways involving calcium, phospholipids, ROS, unfolded protein 

responses, and phytohormone signaling are also involved in acquired thermotolerance 

(Kotak et al., 2007; Mittler et al., 2012). These signaling molecules regulate the expression 

of HSFs and HSPs and protect cells against heat stress-induced oxidative damage (Song et 

al., 2012).  The phytohormones abscisic acid (ABA), salicylic acid (SA) and ethylene were 

found to be involved in heat stress response and tolerance (Larkindale et al., 2005; 

Larkindale and Vierling, 2008). For instance, Gong et al. (1998) reported an enhanced 

plant thermotolerance when ABA was applied.       
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Figure 1.3 Different types of tolerance of plants to heat stress.  

a) Basal thermotolerance, b) Acquired thermotolerance; c) Thermomemory. The blue 
line indicates survival of plants and the red indicates the temperature. Figure is 
adapted from (Mittler et al., 2012). 
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1.2 Salinity stress 

1.2.1 Soil salinity 

Soil salinity is defined as a soil which contains an amount of salt that is detrimental to 

plant growth (Ponnamperuma, 1984).  A salt affected soil can also be defined as a soil that 

has elevated levels of many salts such as NaCl, Na2SO4, Na2CO3, NaHCO3, MgSO4, CaSO4, 

CaCO3; however, 60% of salt affected areas are affected by NaCl (Wicke et al., 2011), 

(Figure 1.4). A commonly used definition refers to saline soils when the electrical 

conductivity of the saturated extract (ECe) is 4 dS m-1 or more (USDA-ARS, 2008). 

Soil salinity is a major constraint to crop production worldwide (Tuteja et al., 2012). Global 

warming, water deficiency, and many irrigation practices are contributing to the increase 

in soil salinization, and thus strongly impact crop yield (Yamaguchi and Blumwald, 2005). 

Approximately 77 million hectares of the world’s arable lands are salt affected, 20 % of 

which are irrigated lands where most of the crop plants are produced (Squires and Glenn, 

2009). 

Soil salinization can be classified into primary and secondary salinization (Carrow and 

Duncan, 2011). Primary salinization refers to naturally salt affected soils due to its 

geographical and historical origin (Figure 1.4) predominantly found in the Middle East, 

Australia, North Africa and former Soviet Union (Wicke et al., 2011).  

Secondary salinization is due to human intervention and is a result of several processes 

such as deforestation, which increases groundwater salinity as a result of salt migration 
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(Salama et al., 1999); improper irrigation practices such as irrigation with low quality 

water; or excessive irrigation that causes the deployment of groundwater levels that then 

reach mineral stocks (Rengasamy, 2006). About 20-50% of the irrigated lands are affected 

by secondary salinization (Pitman and Läuchli, 2002). Climate change is becoming an 

important cause of secondary salinization since the increase of temperatures is leading to 

an increase of irrigation, thus resulting in higher salinization of certain areas. This 

secondary salinization is expected to cause the loss of 16000 km2 of arable land annually 

(Ghassemi et al., 1995).  

 

  

 

Figure 1.4  Salt affected soils around the world.   

(Reproduced from (Wicke et al., 2011). 
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1.2.2 The effects of salinity on plants  

Munns and Tester (2008) proposed two major responses to soil salinity: osmotic phase 

and ionic phase. The first phase, osmotic phase, is characterized as a rapid response to 

salinity as it appears immediately within a few minutes or hours of salt exposure. The 

osmotic phase of salt stress response is independent of the accumulation of ions in the 

shoot (thus also called shoot-ion independent stress) and is more correlated to salt 

sensing and signaling mechanisms (Roy et al., 2014). The second phase of plant responses 

to salt stress is the ionic phase. The effect of this phase is slow, as growth reduction occurs 

over several days or weeks. Growth reduction in this phase occurs as a result of salt 

(particularly Na+ ion) accumulation over time in the shoot. During this phase, Na+ is 

accumulated in old leaves in high toxic concentrations that cause premature leaf 

senescence (Munns and Tester, 2008). In addition, on the cellular level, Na+ can displace 

K+ in proteins, therefore causing inhibition of photosynthesis and interference with 

numerous enzymes, transcription factors and other proteins that require K+ (Wu et al., 

1996; Tester and Davenport, 2003). 

The effect of the ionic phase dominates plant responses in the case of high salt 

concentration, in sensitive plants and/or in those plants that lack the ability to control Na+ 

transport (Munns and Tester, 2008). Most of salinity studies are focusing on transport 

and control of Na+ rather than Cl- because in most of the crop plant species, Na+ reaches 

toxic concentrations before Cl- does (Munns and Tester, 2008).  
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1.2.3 Mechanisms of salinity tolerance: How plants cope with salinity 

Plants have developed different mechanisms to tolerate salinity stress (Figure 1.5); these 

could be classified into three main categories: osmotic tolerance, ion exclusion and tissue 

tolerance (Roy et al., 2014). Osmotic tolerance refers to the ability of plants to maintain 

growth immediately after salt exposure. So far, little is known about osmotic tolerance, 

and most of the hypotheses are related with long distance signaling that controls shoot 

growth reduction (Munns and Tester, 2008; Rajendran et al., 2009; Roy and Tester, 2012; 

Roy et al., 2012). These signaling mechanisms are thought to be mediated by ROS waves 

(Mittler et al., 2011), Ca2+ waves (Choi et al., 2014) or long distance electrical signaling 

(Maischak et al., 2010). 

Shoot ion exclusion is related to the prevention of Na+ build-up in photosynthetically 

active tissues by minimizing the amount of Na+ reaching the shoot. Different mechanisms 

are involved in shoot ion exclusion, and they basically depend on the up- and down 

regulation of specific ion channels and transporters to control the amount of Na+ being 

transported to the shoot (Munns and Tester, 2008; Rajendran et al., 2009). Sodium 

exclusion from shoot occurs as a result of low net uptake of Na+ by root cells (cortex) and 

by controlling the net loading to the xylem by parenchyma cells in the stele (Davenport 

et al., 2007). An example of a known ion transporter that is involved in ion exclusion is 

HKT (high affinity potassium transporter family). For instance, AtHKT1;1 is proposed to be 

localized in the root stele and retrieves Na+ from the xylem, thus preventing it from 

reaching the shoot via the transpiration stream (Tester and Davenport, 2003; Davenport 
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et al., 2007; Moller and Tester, 2007; Munns and Tester, 2008). As mentioned above, one 

way to improve salinity tolerance is by preventing Na+ reaching the shoot. However, when 

Na+ does reach the shoot, tissue tolerance will be the second effective mechanism to 

tolerate elevated Na+ in the shoot. Tissue tolerance involves three main mechanisms: Na+ 

compartmentalization in vacuole, accumulation of compatible solutes and production of 

detoxification enzymes (Roy et al., 2014). It is important to note that the mechanisms of 

salinity tolerance are not exclusive, which means that the presence of one mechanism 

(e.g. shoot-ion exclusion) does not prevent other mechanisms of salt tolerance (e.g. tissue 

tolerance) to take place. It is expected that some tolerance mechanisms are more 

effective at one stage of salt stress, but may become less efficient/important at other 

stages. For instance, osmotic tolerance may be effective in moderate salt; however, Na+ 

exclusion from shoots may be more effective in higher salt concentrations (Roy et al., 

2014). It is possible that all of these mechanisms occur in all plants (to some extent) but 

their effectiveness depends on plant species, external conditions and their adaptiveness. 
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Figure 1.5  Mechanisms of salinity tolerance.  

Adopted from (Roy et al., 2014; Mittler et al., 2012).  
Plants have developed three mechanisms to cope with salinity stress: a) osmotic 
tolerance which mainly depends on early sensing and signaling processes. b) Ion 
exclusion to prevent build-up of toxic amount of Na+ in shoot and this occurs at root 
cortex cells (by minimizing their net Na+ uptake) and/or at xylem stelar parenchyma 
cells (by controlling the net loading of Na+ to the transpiration stream). c) Tissue 
tolerance that involves three mechanisms; Na+ compartmentalization in vacuole, 
accumulation of compatible solutes and production of detoxification enzymes. 
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1.3 Transcription factors and their contribution to stress tolerance 

Transcription factors (TFs) are key regulatory proteins involved in stress responses. They 

link stress sensing with many tolerance mechanisms by translating stress signals into 

changes in gene expression, that ultimately contribute to stress tolerance (Nakashima et 

al., 2009). TFs control the first steps of gene expression, and together with other 

transcriptional regulators they recruit or obstruct the RNA polymerase, leading to 

activation or repression of transcription (Latchman, 1993).  

In plants, it has been reported that around 5-7% of the genes encodes TFs (Riechmann et 

al., 2000). TFs are classified into different families based on the specific motifs present in 

their protein structure. Many members belong to AP2/EREBP (APETALA2/ ethylene-

responsive element-binding protein), bZIP (basic leucine zipper) and NAC (NAM-no apical 

meristem, ATAF- Arabidopsis transcription activation factor, and CUC- cup-shaped 

cotyledon) are particularly known to mediate plant adaptation under various abiotic 

stress conditions. Other members from other TF families, such as WRKY and MYB 

(myeloblastosis), have also been identified to be involved in expression regulation of 

stress-responsive genes (Lata et al., 2011). 

Previous studies have reported several TFs as differentially expressed in response to 

salinity (Golldack et al., 2011; Deinlein et al., 2014), these include members of bZIP (Yang 

et al., 2009), WRKY (Jiang and Deyholos, 2009), AP2/ERF (Kasuga et al., 1999), MYB (Cui 

et al., 2013), bHLH (Jiang et al., 2009) and NAC (Tran et al., 2004b) families. However, the 
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best known TFs involved in abiotic stress belong to the AP2/ERF family that was reviewed 

by Mizoi et al. (2012) and NAC TFs, reviewed by Nakashima et al. (2012a).  

1.3.1 NAC family transcription factors  

The NAC transcription factor family is a plant specific TF family and one of the largest 

families. The acronym for NAC is derived from three TFs: NAM, ATAF and CUC, where 

NAM is an acronym for No Apical Meristem (Aida et al., 1997), ATAF stands for Arabidopsis 

Transcription Activator Factor (Souer et al., 1996b), and CUC is a Cup Shaped Cotyledon 

(Aida et al., 1997). These three genes share a conserved NAC domain. Arabidopsis has  

117 genes encoding for NACs, also called ANACs (Ooka et al., 2003a), rice has 140 NAC 

members called ONACs (Fang et al., 2008; Nuruzzaman et al., 2010), soybean has 205 

NACs (Le et al., 2011b). 

NAC proteins regulate a wide range of physiological and developmental processes, for 

example, (petunia) NAM and Arabidopsis CUC1-2 proteins are involved in shoot meristem 

development (Souer et al., 1996b; Aida et al., 1997). Other NAC members are involved in 

floral morphology (Aida et al., 1997; Sablowski and Meyerowitz, 1998), plant senescence 

(Uauy et al., 2006; Balazadeh et al., 2008), cell division (Kim et al., 2006), cell wall synthesis 

(Zhong et al., 2007) and promoting lateral root development (He et al., 2005b).  

1.3.2 Structural characteristics of NAC family TFs 

Typical NAC TF proteins are characterized by a highly conserved DNA binding NAC domain 

at the N-terminus region. The NAC domain spans approximately 150 amino acids and 

consists of five conserved subdomains (A-E) (Figure 1.6) that make up motifs for DNA 
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binding, protein-protein interaction or transcription factor dimerization (Ernst et al., 

2004). The C-terminal region of NAC TF is diversified and contains the transcription 

regulatory domain which contributes either transcription activation or repression (Ernst 

et al., 2004; Olsen et al., 2005b; Olsen et al., 2005a). Some of the NAC TF proteins possess 

transmembrane motifs in the C-terminal region that anchor NAC proteins to the 

intracellular membranes and make it inactive (Kim et al., 2007b). When the NAC protein 

is activated, it undergoes proteolytic cleavage to release it from the membrane to enable 

translocation to the nucleus for its function. These membrane-associated NAC TFs are 

designated as NTL, most of them are associated with the plasma membrane and a few 

are anchored to the endoplasmic reticulum membrane (Kim et al., 2007b). The size of 

these NTL TFs is larger (from 335-652 amino acids) than the non-membrane associated 

NAC TFs, which are usually around 320 residues (Kim et al., 2007b). More than 13 NAC 

TFs in Arabidopsis and six in rice have been described as NTL (Kim et al., 2007b). 

Some variation in the structure of NAC proteins have been reported (Figure 1.6). These 

NACs are called atypical NAC proteins or NAC-like proteins. These variants include some 

proteins that have a NAC domain without a c-terminal region (Shen et al., 2009; 

Christiansen et al., 2011) and other proteins that have a two tandem repeats of NAC 

domains (Jensen et al., 2010a). Another two variants of NAC proteins are SOG1 proteins 

that have extra sequence preceding the conserved NAC domain (Yoshiyama et al., 2009; 

Christiansen et al., 2011) and VOZ proteins, which have a DNA-binding zinc finger, TRD at 

the N-terminal and a NAC domain at the C-terminus (Mitsuda et al., 2004; Olsen et al., 

2005b; Jensen et al., 2010a). 
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Figure 1.6  Schematic representation of NAC protein structure.  

Figure is adopted from (Puranik et al., 2012).  
(i) The typical NAC protein consists of a highly conserved NAC domain at the N-terminus 
(which contains five conserved subdomains A–E; shown in red) and the C-terminal 
region is highly variable and contains the transcriptional regulatory domain or (TRD). 
(ii) NAC transmembrane motif at C-terminal region. Figures (iii) to (vi) are 
representations of atypical NAC proteins: (iii) Only the NAC domains. (iv) NAC protein 
contains tandem repeats NAC domains (v) N-terminally extended region preceding the 
conserved NAC domain. (vi) VOZ proteins, NAC domain is located in C-terminal and the 
TRD is located at the N-terminus with a zinc finger motif serves as DB domain. 
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1.3.3 NAC family TFs in stress response 

There is increasing evidence demonstrating that NAC proteins are not only participating 

in plant growth and development, but they also play a significant role in the response to 

various biotic and abiotic stresses. Microarray analyses and global gene expression 

profiling reported an induction of NAC gene expression upon exposure to biotic and 

abiotic stresses (Mitsuda et al., 2004; Mitsuda and Ohme-Takagi, 2009).  For example, 

whole genome expression profile of three-week old Arabidopsis seedlings exposed to 

different abiotic stresses, such as drought, cold, high salinity and ABA revealed an 

induction of 30 NAC genes (threshold 1.8) by at least one abiotic stress (Mitsuda et al., 

2004; Mitsuda and Ohme-Takagi, 2009). Similarly, microarray analysis of rice seedlings 

exposed to abiotic stresses including drought, high salinity, cold and ABA, showed an 

induction of 18 NAC TFs. These NACs are designated as stress-inducible NACs or SNACs.  

Functionally, ANAC019, ANAC055 and ANAC072 were the first three Arabidopsis NAC TFs 

that have been reported to be involved in stress responses (Nuruzzaman et al., 2013b). 

These genes were induced by abiotic stresses such as drought, high salinity and ABA. 

Overexpression of any of these three NAC TFs enhanced drought tolerance. These TFs 

bind to the EARLY RESPONSIVE TO DEHYDRATION 1 (ERD1) promoter (ERD1 is an 

important gene in drought response) and altered the expression of several stress-

inducible genes (Tran et al., 2004b). The enhanced drought tolerance (by overexpression 

of ANAC019, ANAC055 or ANAC072) was thought to be mediated by the glyoxalase 

detoxification mechanism (the enzyme that detoxifies toxic aldehyde as methylglyoxal 
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through glutathione) (Fujita et al., 2004; Tran et al., 2004b). Another example is ANAC092 

(which is also known as ORE1) is highly expressed in roots and flowers and induced by salt 

stress; it acts downstream of ethylene and auxin signaling and participates in the salt 

stress response and lateral root development (He et al., 2005b).  

In crops there have been several examples of using NAC TFs for enhancing abiotic stress 

tolerance. Rice SNAC1 expression was induced by drought, salt, cold and ABA treatment 

in both shoot and root. Salinity tolerance of rice seedlings overexpressing SNAC1 was 

shown to be enhanced under both severe and mild salt stress compared to the wild type 

plants (Hu et al., 2006a). SNAC2 is another NAC TF that is induced by drought, salt 

(200 mM NaCl for 8 h), cold, wounding and ABA and it enhances salinity tolerance by 

upregulating the expression level of genes encoding peroxidase, ornithine 

aminotransferase, heavy metal-associated protein, sodium/hydrogen exchanger, heat 

shock protein, GDSL-like lipase, and phenylalanine ammonia lyase (Hu et al., 2008a).  

In addition, some NACs have been reported to be involved in the heat response and 

thermomemory in Arabidopsis and crops plants (Shahnejat-Bushehri et al., 2012; Guan et 

al., 2014b; Lee et al., 2014; Fang et al., 2015a; Guo et al., 2015). For example, 

overexpression of ANAC019 enhanced the thermotolerance in Arabidopsis, presumably 

by regulating the expression of HSFA1s and other HSFs including HSFBs (Guan et al., 

2014b). During heat stress, ANAC019 is dephosphorylated and activated by interacting 

with RCF2 (Regulators of C-repeat Binding Factor2 RCF2) (Guan et al., 2014b). 

JUNGBRUNNEN1 (JUB1) is another NAC TF that appears to be involved in the heat stress 

response, as its expression was induced by heat stress and its expression pattern during 
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the memory phase was similar to the expression pattern of thermomemory associated 

genes (Shahnejat-Bushehri et al., 2012). Overexpression of JUB1 enhanced the 

thermomemory of Arabidopsis seedlings; however, its mechanism is yet to be elucidated 

(Shahnejat-Bushehri et al., 2012). The Arabidopsis membrane associated NAC (NTL4) was 

also responsive to heat stress; and ntl4 mutants showed higher cell viability and less H2O2 

accumulation than WT under heat stress (Lee et al., 2014). In rice, SNAC3 expression is 

induced by several stresses, including heat and its overexpression enhanced the tolerance 

to high temperature, drought and oxidative stress (Fang et al., 2015a). The stress 

tolerance of SNAC3 overexpression plants was associated with significantly lower levels 

of H2O2, malondiadehyde (MDA) and relative electrolyte leakage compared with the WT 

under heat stress conditions (Fang et al., 2015a). Expression of the Triticum aestivum 

(wheat) NAC TaNAC2L was also induced by high temperature; and its overexpression in 

Arabidopsis enhanced acquired heat tolerance through regulating the expression of heat-

stress related genes (Guo et al., 2015). 

1.3.4 JUB1 as a candidate gene in stress tolerance  

JUNGBRUNNEN1 (AtJUB1 or also called ANAC042) is a NAC TF that was described as a 

negative regulator of plant senescence in Arabidopsis plants in 2012 by Wu et al. (2012). 

Wu et al. (2012) called this gene JUNGBRUNNEN1 as it means in German “Fountain of 

Youth”, as, from their study, they observed that its overexpression delayed senescence 

and promoted plant longevity. Transgenic Arabidopsis plants overexpress AtJUB1 

developed senescence later (they start bolting 10-14 days later than WT) and remained 
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much greener (retained more chlorophyll) than WT plants. At the molecular level, AtJUB1 

overexpression blocks the expression of 89 senescence associated genes, which support 

the role of AtJUB1 as a negative regulator of senescence. The opposite was seen in the 

AtJUB1 knockdown mutant (Salk ID 036474) and JUB1-RNAi lines, they bolted three days 

earlier than WT, lost chlorophyll earlier and senescence was faster than WT in these 

AtJUB1 suppressed plants (Wu et al., 2012).  

Under normal growth conditions, AtJUB1 is expressed in various tissues during different 

developmental stages. At seedling stage (10 days after germination), its expression was 

noticed in both shoot and root. In leaves: young leaves tips and leaf margins, in fully 

expanded leaves its expression appears in the senescent region. In roots: primary and 

lateral roots, root cap but not meristem region. At reproductive stage: AtJUB1 is 

expressed only in mature floral tissues (including old sepals, petals, stamens, mature 

anthers and pollen grains). AtJUB1 expression was not detected in the abscission zone of 

open flowers, emerging lateral roots and root meristematic zones (Wu et al., 2012).  

Beside its function in plant longevity and senescence, AtJUB1 was identified as an 

important regulator of plant growth and in response to biotic and abiotic stresses. With 

respect to growth regulation, Shahnejat-Bushehri et al. (2016c) identified AtJUB1 as a 

negative regulator of plant growth through direct regulation of Gibberellic acid (GA) and 

brassinosteroid (BR). GA and BR are two important hormones involved in plant growth 

and development (Depuydt and Hardtke, 2011). AtJUB1 reduces the level of these two 

hormones by directly suppressing the expression of GA3ox1 and DWF4, two key genes 
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involved in GA and BR biosynthesis (Shahnejat-Bushehri et al., 2016b). AtJUB1 also 

suppresses the expression of the PHYTOCHROME INTERACTING FACTOR4 (PIF4) gene, a 

bHLH transcription factor which positively regulates cell elongation (Shahnejat-Bushehri 

et al., 2016b) . In addition, AtJUB1 activates the expression of DELLA genes (GAI and 

RGL1). DELLA proteins are transcriptional regulator proteins that negatively regulate plant 

growth and enhance stress tolerance. High levels of DELLA proteins mediate stress 

tolerance by limiting the accumulation of stress-induced reactive oxygen species (ROS) 

(Shahnejat-Bushehri et al., 2016b). This regulatory function of AtJUB1 in plant growth 

have been shown to be conserved in tomato (Solanum lycopersicum) as well. 

Overexpression of AtJUB1 in tomato suppresses the expression of tomato orthologues of 

GA3ox1, DWF4 and PIF4, and activates the expression of tomato orthologues of DELLA 

genes which results in growth reduction phenotype. In addition to its role in growth, 

overexpression of AtJUB1 in tomato delays fruit ripening by suppressing the expression 

of several ripening related genes (Shahnejat-Bushehri et al., 2017). 

With respect to stress tolerance, AtJUB1 confers tolerance to a wide range of abiotic 

stresses including osmotic, salt, heat, drought and oxidative stresses in Arabidopsis 

(Shahnejat-Bushehri et al., 2012; Wu et al., 2012). The role of AtJUB1 in stress tolerance 

is thought to occur through controlling H2O2 levels (Wu et al., 2012). AtJUB1 directly 

activates the expression of the transcription factor Dehydration-Responsive Element-

Binding Protein 2A (DREB2A), which is an important regulator of drought and heat 

responses (Sakuma et al., 2006b; Kant et al., 2008b). DREB2A then regulates the 

expression of Heat-shock factor A2 (HsfA2) and thereby several Heat-Shock Protein (HSP) 
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genes and genes encoding H2O2-scavenging enzymes (Schramm et al., 2008a; Yoshida et 

al., 2008; Yoshida et al., 2011a).  

In crop plants, JUB1 conferred tolerance to drought stress in tomato and banana. In 

tomato, the tomato homolog of Arabidopsis JUB1, SlJUB1, was induced by different 

abiotic stresses, including drought and salinity. Downregulation of SlJUB1 by virus-

induced gene silencing (VIGS) in Solanum lycopersicum cv. Moneymaker (tomato) 

substantially decreased drought tolerance of tomato plants and, congruently, ectopic 

overexpression of AtJUB1 in tomato improved its tolerance to water deficit by 

maintaining high relative leaf water content and reducing H2O2 levels (Thirumalaikumar 

et al., 2018a). Arabidopsis JUB1 (AtJUB1) was able to bind and directly regulate the 

tomato homolog of Arabidopsis DREB2A and DELLA (SlDREB1, SlDREB2 and SlDELLA). This 

suggests a considerable conservation in the gene regulatory networks controlled by 

AtJUB1 between Arabidopsis and tomato (Thirumalaikumar et al., 2018a). 

In banana, the expression of MusaNAC042 (the banana JUB1 ortholog) was induced by 

salt and drought stresses. Transgenic lines of banana (cultivar Rasthali) overexpressing 

MusaNAC042 were more tolerant to salinity (250mM NaCl) and drought stress and had 

higher proline content, higher photosynthesis efficiency (represented by better Fv/Fm 

ratio) and less MDA level compared with WT plants.  

Two upstream regulators of AtJUB1 have been identified. Homeodomain-leucine zipper 

13 class I transcription factor (AtHB13) was identified as an upstream positives regulator 

of AtJUB1 in response to drought stress (Ebrahimian-Motlagh et al., 2017). AtHB13 was 

previously identified as a positive regulator of drought tolerance z(Cabello and Chan, 
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2012), therefore, AtHB13 and AtJUB1 could establish a joint drought stress control 

module as suggested by Ebrahimian-Motlagh et al. (2017). PIF4 was identified as another 

upstream regulator of AtJUB1. PIF4 negatively regulates AtJUB1 in response to salt stress 

(Sakuraba et al., 2017). 

AtJUB1 has also been found to be involved in biotic stress response. Shahnejat-Bushehri 

et al. (2016a) identified AtJUB1 as a negative regulator of defense responses against the 

bacterial Pseudomonas syringae pathogen. AtJUB1 contributes to SA-JA antagonism by 

supporting JA signaling over the SA pathway, which occurs mainly due to the 

accumulation of DELLA proteins.  AtJUB1 OE has more susceptible phenotype leading to 

attenuated resistance against Pseudomonas syringae pv. tomato DC3000, but enhanced 

resistance to necrotrophic fungi such as Alternaria brassicicola. 

Earlier study showed that AtJUB1 improved tolerance to salt stress in Arabidopsis plants. 

However, the role of JUB1 in salinity stress tolerance in crop plants have not been 

evaluated yet. Therefore one of the aims of this PhD thesis is to investigate the role of 

AtJUB1 in enhancing salinity tolerance in tomato plant.  

1.4 Chenopodium quinoa  

Quinoa (Chenopodium quinoa Willd., 2n=4x=36) is an allotetraploid dicotyledonous South 

American pseudocereal with 18 chromosomes (Kolano et al., 2016). It belongs to the 

Amaranthaceae family, which also includes other economically important crops such as 

Beta vulgaris (beet), Spinacia oleracea (spinach) and Amaranthus hypochondriacus 

(amaranth).  
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Originally, quinoa was domesticated in southern Peru and Bolivia near Lake Titicaca 7500 

to 8000 years before present (B.P.).  Since then, it has been cultivated to grow at a wide 

range of environments from sea level up to 4000 meter above sea level (m.a.s.l). Based 

on geographic adaptation, quinoa could be classified into five major ecotypes as the 

following: 1) valley quinoa which grows at 2000 to 3500 m.a.s.l in Colombia, Ecuador, 

Peru, and Bolivia. 2) altiplano or high land quinoa which grows at high altitudes (more 

than 3500 m.a.s.l) around Titicaca Lake on the border of Bolivia and Peru; 3) salares which 

grows in the salt flats of Bolivia and Chile and has a high salinity tolerance 4) coastal or 

low land quinoa which grows at sea-level at low-altitude areas of southern and central of 

Chile; and 5) subtropical or Yungas which also grows at the low-altitude, humid valleys of 

Bolivia and includes late-flowering genotypes (Risi and Galwey, 1989a; b; Bertero et al., 

2004).   

Quinoa has a high nutritional value, it has balanced ratios of carbohydrates, lipids and 

proteins and rich in iron and vitamins such as vitamin B1, B6 and E (Repo-Carrasco-

Valencia et al., 2003). Beside the high nutritional value of quinoa, it has a relatively high 

tolerance to different abiotic stress including low temperature, drought and salinity 

(Jacobsen et al., 2003; Isabelle Adolf et al., 2013). For example, quinoa is able to maintain 

the highest biomass when grown at 100 mM NaCl and the biomass reduces by up to 50% 

when it grows under 500 mM NaCl  (Hariadi et al., 2011).   These traits make quinoa a 

good model to understand the mechanisms of stress tolerance. 
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The recent release of the reference genome of quinoa enables a genome-wide 

investigation of genes involved in stress adaptation. To date, only HSP17 and WRKY gene 

families have been systemically analyzed in quinoa (Liu et al., 2018b; Yue et al., 2019). 

Due to the importance of the NAC TFs and their involvement in wide range of biotic and 

abiotic stress tolerance we decided to identify NAC TF family in the genome of quinoa and 

to investigate their responses to abiotic stress tolerance. This study will provide the basis 

for future functional characterization of NAC TFs in quinoa that could be used in quinoa 

stress tolerance research.  

1.5 Aim of the study and thesis outlines 

Abiotic stresses including soil salinity and high temperature are serious environmental 

factors affecting plant growth and reproduction. Plants have developed several 

mechanisms to respond to and tolerate those stresses. Transcription factors (TFs) are 

important regulators controlling the expression of many downstream genes involved in 

stress tolerance. NAC TF family is one of the TF families involved in stress response. 

Therefore, the general aim of this PhD is to investigate the role of NAC TFs in abiotic stress 

tolerance including heat and salt stresses.  

Recently, several NACs have been found to be involved in the heat response and 

thermomemory (Shahnejat-Bushehri et al., 2012; Guan et al., 2014b; Lee et al., 2014; Fang 

et al., 2015a; Guo et al., 2015). These studies suggest a potential role of NAC TFs in 

regulating heat response and thermomemory. Therefore, the first aim of this PhD thesis 
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is to investigate the role of NAC TFs in regulating heat stress and acquired 

thermotolerance.  

JUBGBRUNNEN1 (JUB1), is a stress responsive NAC TFs involved in responses to several 

abiotic stresses, such as water deficit, osmotic, salinity, heat and oxidative stress. 

Overexpression of AtJUB1 in tomato plants enhanced drought tolerance at the vegetative 

stage. No study has been done to investigate the role of JUB1 in salinity in tomato and 

therefore the second aim of this PhD is to investigate the role of JUB1 in salinity stress 

tolerance in tomato plants.  

Quinoa is an important pseudocereal crop plant that has a high nutritional value and high 

tolerance to several biotic and abiotic stresses. Identifying genes involved in stress 

tolerance is one step toward understanding the stress tolerance of quinoa. Therefore, the 

third aim of this PhD research was to identify NAC TFs in the genome of quinoa, as 

potential NAC TFs involved in stress tolerance.  

In order to meet the aims of this PhD thesis, the following objectives were set:  

1. To study the role of NAC TFs in acquired thermotolerance and in thermomemory, 

the following approaches were taken:  

a. Gene expression profiling to analyze the expression of NAC TFs in response to 

heat priming and after a second heat stress (triggering stimulus) in Arabidopsis 

wild-type seedlings.  

b. Phenotypic analysis of some selected NAC genes with distinctive expression 

pattern in response to thermopriming to analyze the potential role in 

thermotolerance.   
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c. Functional analysis of some selected NAC TFs to elucidate the molecular 

mechanism by which it impacts thermotolerance. 

2. To investigate the role of AtJUB1 overexpression in salinity stress tolerance in 

tomato plants, two approaches were followed:  

a. Phenotypic analysis of AtJUB1 OE tomato plants in response to salinity stress 

using both hydroponic and soil systems.    

b. Physiological and biochemical analysis to elucidate the mechanism of salinity 

stress tolerance of AtJUB1 OE plants.   

3. To identify NAC TFs in quinoa and their role in abiotic stress tolerance: 

a. Genome wide identification of NAC TF family using the available reference 

genome of quinoa.   

b. Transcriptomic analysis of NAC TF expression in quinoa in response to 

different abiotic stresses including salt, drought and heat. 
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2 Chapter 2: Role of NAC transcription factors in regulating acquired 
thermotolerance and thermomemory 

 
Heat stress is a serious abiotic stress affecting plant growth and reproduction. Plants 

could be primed with a mild heat stress to enhance their tolerance to future high 

temperature in a process called acquired thermotolerance. The maintenance of acquired 

thermotolerance for longer time is called thermomemory. The molecular mechanisms 

involved in plant thermomemory are not well understood. NAM/ATAF1/2/CUC2 (NAC) 

transcription factors (TFs) play an important role in the signaling of stress responses, 

including responses to heat stress. In this chapter, the role of Arabidopsis NAC TFs as early 

regulators potentially involved in acquired thermotolerance and in thermomemory was 

investigated. The study involved expression profiling of 104 Arabidopsis NAC TFs at 

different time points during the memory phase and after the triggering stimulus. One of 

the NAC TFs (ATAF1) had a notable expression pattern, where its expression was strongly 

downregulated in response to heat priming (and remained downregulated) in primed 

plants compared to plants exposed to high temperature without any previous heat 

priming treatment. In consistent with this expression pattern, T-DNA knock-out mutants 

of ataf1 showed improved heat tolerance compared to WT, suggesting a negative 

regulatory role of ATAF1 in thermomemory. To identify ATAF1 target genes specific to the 

heat stress response, RNAseq analyses and coexpression analyses on ATAF1 

overexpressor, ataf1 knock-out and WT plants in response to heat stress were performed. 

RNAseq co-expression analyses identified ANAC055 to be co-regulated with ATAF1. 

Furthermore, the ataf1/anac055 double knock-out mutant displayed an enhanced 
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thermotolerance phenotype compared to WT plants. However, the tolerance was similar 

to the single knockout mutants of ataf1 and anac055. Taken together, these results 

suggest that ATAF1 and ANAC055 have at least partial functional redundancy in response 

to heat stress. 

The contents of this chapter will be submitted to Scientific Reports as a research paper: 

Nouf Owdah Alshareef, Anapurna Devi Allu, Yong H. Woo, B Mueller-Roeber, Iman 

Kamranfar, Mark Tester, Salma Balazadeh, Sandra M. Schmöckel (2019). Role of NAC 

transcription factors in regulating acquired thermotolerance and thermomemory. The 

author contributions are as follows:  NA, ADA, SMS, SB, MT, BMR conceived the project 

and designed experiments. NA performed most experiments and analysed the data. IK 

generated the compliment transgenic seeds lines of pATAF1::ATAF1-GFP/ataf ko lines.  

YHW did the RNAseq and coexpression analysis. NA and SMS drafted the manuscript, with 

contributions from all authors. 
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2.1 Abstract  

Pre-exposing (priming) plants with a mild, non-lethal high temperature enhances their 

tolerance to future high temperatures in a process called acquired thermotolerance. The 

maintenance of acquired thermotolerance for longer time is called thermomemory. The 

molecular mechanisms involved in plant thermomemory are not well understood. 

NAM/ATAF1/2/CUC2 (NAC) are plant specific transcription factors (TFs) that play an 

important role in the signaling of stress responses, such as responses to heat stress. Here 

we investigated the role of Arabidopsis NAC transcription factors as early regulators 

involved in acquired thermotolerance and in thermomemory. We determined the 

expression of 104 Arabidopsis NAC TFs at different time points during the memory phase 

and after the triggering stimulus. One of the NAC TFs (ATAF1) had a notable pattern, 

where its expression was strongly downregulated in response to heat priming (and 

remained downregulated) in primed compared to non-primed plants. T-DNA knock-out 

mutants of ataf1 showed improved heat tolerance compared to WT, suggesting a 

negative regulatory role of ATAF1 in thermomemory. ATAF1 is known to be involved in 

several other stress responses, such as water deficit. To identify ATAF1 target genes 

specific to the heat stress response, we used RNAseq analyses on ATAF1 overexpressor, 

ataf1 knockout and wild type plants in response to heat stress and performed co-

expression analyses. RNAseq co-expression analyses identified ANAC055 to be co-

regulated with ATAF1. The ataf1/anac055 double knock-out mutant displayed an 

enhanced thermotolerance phenotype compared to WT. However, the tolerance was 
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similar to the single knock-out mutants of ataf1 and anac055. Taken together, these 

results suggest that ATAF1 and ANAC055 have at least partial functional redundancy in 

response to heat stress. 

2.2 Introduction  

Heat stress is a major abiotic stress affecting plant growth, survival and productivity. 

Plants, by nature, have the ability to tolerate a certain degree of high temperature above 

their ambient temperature. This is known as basal thermotolerance. In addition to basal 

thermotolerance, plants also have the ability to acquire thermotolerance if they are pre-

exposed to mild non-lethal higher temperatures, in a process called heat priming (Yeh et 

al., 2012; Balmer et al., 2015; Hilker et al., 2016; Sedaghatmehr et al., 2016). This heat 

priming leads to molecular and metabolic changes that allow plants to tolerate a 

subsequent higher heat stress. The second stress is known as a triggering stimulus 

(Sedaghatmehr et al., 2016). The time period between priming and triggering stimulus is 

called the memory phase and can range from several hours to days or even generations 

(Sedaghatmehr et al., 2016). The maintenance of acquired thermotolerance for several 

days is known as thermomemory and appears to be regulated, at least in part, by a 

different set of genes than acquired heat tolerance (Charng et al., 2006; Charng et al., 

2007; Meiri and Breiman, 2009; Yeh et al., 2012; Stief et al., 2014b).  

Heat stress priming involves the activation of heat shock transcription factors (HSFs) that 

induce the expression of heat shock proteins (HSPs), which protect cellular proteins from 

denaturation, and repair or remove misfolded proteins (Finka et al., 2015; Haslbeck and 
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Vierling, 2015). Several HSFs have been shown to be involved in the heat stress response 

(Charng et al., 2007; Schramm et al., 2008b; Ikeda et al., 2011; Liu et al., 2011). In 

particular, class HSFA1s are considered ‘master regulators’ of the heat stress response 

(Liu et al., 2011), regulating expression of several transcription factors (TFs) including 

Dehydration Responsive Element Binding Protein 2A (DREB2A), HSFA2, HSFA7a, HSFBs, 

and Multi protein Binding Factor1C (MBF1C) (Yoshida et al., 2011b). Studies have shown 

that knock-down of one or multiple HsfA1 genes downregulates expression of many HS-

responsive genes and rendered transgenic tomato and Arabidopsis plants more sensitive 

to heat stress (Mishra et al., 2002; Liu et al., 2011). HSFA2 is another important HSF 

working downstream of HSFA1 and was found to be required specifically for the 

maintenance of acquired thermotolerance, termed thermomemory (Charng et al., 2007). 

NAM/ATAF1/2/CUC2 (NAC) is a family of plant specific TFs that have an important role in 

the response to different biotic and abiotic stresses (Nuruzzaman et al., 2013a) . Recently, 

several NACs have been reported to be involved in the heat response and thermomemory 

in Arabidopsis and crops plants (Shahnejat-Bushehri et al., 2012; Guan et al., 2014b; Lee 

et al., 2014; Fang et al., 2015a; Guo et al., 2015). For example, overexpression of ANAC019 

enhanced the thermotolerance in Arabidopsis, presumably by regulating the expression 

of HSFA1s and other HSFs including HSFBs (Guan et al., 2014b). During heat stress, 

ANAC019 is dephosphorylated and activated by interacting with RCF2 (Regulators of C-

repeat Binding Factor2 RCF2) (Guan et al., 2014b). JUNGBRUNNEN1 (JUB1) is another NAC 

TF that appears to be involved in the heat stress response, as its expression was induced 
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by heat stress and its expression pattern during the memory phase was similar to the 

expression pattern of thermomemory associated genes (Shahnejat-Bushehri et al., 2012). 

Overexpression of JUB1 enhanced the thermomemory of Arabidopsis seedlings; however, 

its mechanism is yet to be elucidated (Shahnejat-Bushehri et al., 2012). The Arabidopsis 

membrane associated NAC (NTL4) was also responsive to heat stress; and ntl4 mutants 

showed higher cell viability and less H2O2 accumulation than WT under heat stress (Lee 

et al., 2014). In rice, SNAC3 expression is induced by several stresses, including heat and 

its overexpression enhanced the tolerance to high temperature, drought and oxidative 

stress (Fang et al., 2015a). The stress tolerance of SNAC3 overexpression plants was 

associated with significantly lower levels of H2O2, malondialdehyde (MDA) and relative 

electrolyte leakage compared with the WT under heat stress conditions (Fang et al., 

2015a). Expression of the Triticum aestivum (wheat) NAC, TaNAC2L, was also induced by 

high temperature; and its overexpression in Arabidopsis enhanced acquired heat 

tolerance through regulating the expression of heat-stress related genes (Guo et al., 

2015).  

These previous studies suggest a role for NAC TFs in regulation of heat response and 

thermomemory. Therefore, we set out to systematically identify NAC TFs involved in heat 

priming and thermomemory. We identified the expression pattern of all (104) Arabidopsis 

NACs during the memory-phase and after triggering stimulus in both acquired 

thermotolerance and thermomemory. We then tested if some of these NACs also affect 

the phenotype in response to heat stress with the aim of identifying NACs that enhance 
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heat tolerance. One NAC identified in this screen is Arabidopsis transcription activator 

factor-1 (ATAF1). ATAF1 was previously identified to be involved in the gene regulatory 

networks of senescence, drought and sugar signaling (Lu et al., 2007; Wu et al., 2009; 

Garapati et al., 2015a; Garapati et al., 2015b). The overexpression of ATAF1 promotes 

senescence by directly regulating the expression of two transcription factors involved in 

senescence and chloroplast maintenance; ANAC092 and GLK1 respectively (Garapati et 

al., 2015b). Here, we identified ATAF1 as a heat stress and heat priming responsive NAC 

TF. It shows a strong phenotype in thermomemory, where the knock-out plants display 

much greater survival rates in response to heat stress. Further investigation suggests that 

ATAF1 and ANAC055 co-regulate common co-expressed subset of genes, and the 

ataf1/anac055 double knock-out mutant displayed a thermomemory phenotype similar 

to the phenotype of single knock-out of ataf1 and anac055. Taken together these results 

suggest a partial functional redundancy between ATAF1 and ANAC055 in response to heat 

stress.  
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2.3 Results 

2.3.1 Many NAC TFs are heat responsive 

To investigate the expression pattern of NAC TFs in response to heat stress- priming and 

memory, we developed a comprehensive systematic analysis protocol, where we primed 

Arabidopsis seedlings with mild heat before exposing them to severe heat stress, 

hereafter called the triggering stimulus. Based on the duration of recovery phase between 

priming and triggering, relatively shorter or longer, we assessed them as acquired 

thermotolerance or thermomemory, respectively. Briefly, five days old Arabidopsis 

seedlings were primed with heat stress at 37C for 90 min followed by a recovery period 

at 22.5C for either 90 min (to assess acquired thermotolerance) or 2 days (to assess 

thermomemory). Then, seedlings were challenged with a second heat stress at 44.4C for 

45 min (Figure 2.1). Seedlings were harvested at several time points after both priming 

and triggering stimuli and used for the expression profiling of 104 NACs transcription 

factors.  

With a 1.5-fold change as a cut-off, the expression of 72 of tested NACs was changed upon 

priming, while 31 NACs genes were undetectable in the tissue tested. The cut-off 

threshold was chosen considering that even moderate changes in TF expression levels can 

elicit strong responses (Kim et al., 2012). Expression of some of the NACs (for instance 

ANAC013 and AtNAP) in response to heat stress priming was similar to what has been 

reported before (Kilian et al., 2007). In order to categorize NACs based on their expression 

pattern in response to priming and heat stress at several time points, K-mean clustering 
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was performed. Changes in expression of these NACs was already detectable immediately 

after the priming treatment (Figure S2.1). The expression of most of the NACs (three 

clusters out of five, clusters: 3, 4 and 5) was down-regulated at the first time point during 

the short recovery phase and then peaked up at 0.5h and/or 1h (cluster 3 and 4), while 

the expression of most of the genes in cluster 5 was stayed up until the end of 

thermorecovery period. In contrast, one cluster (cluster 1, comprising 14 genes) 

contained genes up-regulated at this first time point (Figure S2.1). In the later phase of 

thermomemory (Figure S 2.2), which included more extended time points (25 h and 48 h 

after heat priming), expression of some NACs declined again during the recovery phase, 

such as in cluster 2 and cluster 5 while some display a substantial up-regulation, such as 

in clusters 1 and 3 (Figure S 2.2). Some of these NACs might be involved in the response 

to mild heat stress or basal thermotolerance. In order to identify the NAC TFs that are 

involved in acquired thermotolerance and thermomemory, we profiled their expression 

after exposing them to the triggering stimulus. 
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Figure 2.1  Heat stress regime and samples collection.   

a) Acquired thermotolerance protocol: Five days old Arabidopsis (Col-0) seedlings were grown under normal growth 
conditions and then they were either (i) primed and triggered (P+T) or (ii) triggered only (T) or (iii) not experienced 
any heat treatment “un-heat stress control”.  i) In primed and triggered (P+T) plants, seedlings were primed with 
37°C for 90 min (priming stimulus), followed by 90 min recovery at normal growth temperature (22.5°C), then 
seedlings were challenged with a high temperature heat stress at 44.4°C for 45 min (triggering stimulus).  (ii) In 
triggered (T) plants, seedlings were treated with 44.4°C for 45 min without any previous heat priming treatment. 
(iii) un-heat stress control, seedlings are under normal growth temperature (22.5°C). Samples were collected at 
different time points; after priming stimulus “during the memory phase” and after triggering stimulus as indicated 
in the figure. Control samples (without treatment) were collected at the same time to account for alterations 
because of circadian rhythms. 

b) Thermomemory protocol: Five days old Arabidopsis (Col-0) seedlings were grown under normal growth conditions 
and then they were either were either (i) primed and triggered (P+T) or (ii) triggered only (T) or (iii) not experienced 
any heat treatment “un heat stress control”.  i) In primed and triggered (P+T) plants, seedlings were primed with 
37°C for 90 min (priming stimulus), followed by 2 days recovery at normal growth temperature (22.5°C), then 
seedlings were challenged with a high temperature heat stress at 44.4°C for 45 min (triggering stimulus).  (ii) In 
triggered (T) plants, seedlings were treated with 44.4°C for 45 min without any previous heat priming treatment. 
(iii) un-heat stress control, seedlings are under normal growth temperature (22.5°C). Samples were collected at 
different time points; after priming stimulus “during the memory phase” and after triggering stimulus as indicated 
in the figure. Control samples (without treatment) were collected at the same time to account for alterations 
because of circadian rhythms. 
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2.3.2 NAC response to heat priming in acquired thermotolerance  

Pre-exposure of plants to priming alters their response to upcoming severe temperature 

stress. We have tested this at the molecular level by investigating the transcriptional 

response of NAC TFs. To identify those NACs TFs that could be involved in the acquisition 

of thermotolerance, the expression of NAC TF genes was compared at 0, 0.5, 1, 2, 4 and 

24 h after the second heat stimulus (triggering at 44.4C for 45 min) between primed 

(primed + triggered) and un-primed plants (triggered-only) as shown in Figure 2.1a. In 

order to identify specific expression patterns between primed + triggered and triggered-

only plants, a K-mean clustering approach was applied using 10 clusters (Figure 2.2). Two 

expression patterns have drawn our attention (Figure 2.2): (1) Genes that are induced 

under primed + triggered conditions, and their expression is down-regulated or not 

changed in triggered-only plants (i.e. clusters 2, 3, 5, 7 and 8). (2) Genes that are down-

regulated in primed + triggered plants, and their expression is induced or not changed in 

triggered-only plants (i.e. clusters 1, 9 and 10). Notably, there appear to be some genes, 

which change expression considerably in response to heat stress when only exposed to a 

triggering stimulus without priming; however, their expression remained unchanged 

when plants were primed. Examples include At3g15170 (ANAC054, CUC1) and At1g01720 

(ANAC002, ATAF1). CUC1 is a well-known gene involved in meristem formation (Spinelli 

et al., 2011). ATAF1 is known to be involved in ABA and H2O2 responses (Garapati et al., 

2015b).  
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2.3.3 The effect of heat priming on NAC expression in thermomemory  

 We then investigated if the heat-priming treatment affects the expression of NACs in 

extending the acquired thermotolerance (thermomemory). Briefly, Arabidopsis seedlings 

were heat primed with 37C for 90 min and returned back to normal growth conditions 

for two days until challenged with triggering high temperature (44.4C for 45 min). The 

expression of NACs was identified at several time points after the triggering stimulus (as 

shown in Figure 2.1b. In order to investigate the effect of heat priming on NAC expression 

in thermomemory, the expression of NAC TFs was checked after triggering stimulus and 

compared between primed (primed + triggered) and un-primed plants (triggered-only). 

Similar to above, a K-mean clustering approach was applied to analyze the expression 

data (Figure 2.3). We noticed that the expression of most of the NAC TFs was induced in 

primed + triggered plants compared with triggered-only plants. Only few genes (cluster 

9) showed an opposite expression pattern (repressed in primed + triggered plants and 

induced in triggered-only).  

We also compared the expression profiles after short (90 min recovery period between 

priming and triggering) and long thermomemory (2-day recovery period between priming 

and triggering) (Figure S2.3). The expression of more than half (80.5%) of the NAC genes 

tested in this study is repressed during short thermomemory and induced during long 

thermomemory (Figure S2.3a). Expression of the remaining genes (23.6%) is induced in 

both short and long thermomemory (Figure S2.3b). This confirms that pre-exposure of 

plants to priming alters their response to upcoming severe temperature stress even after 
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a 2-day recovery. We can detect these changes at the molecular level because the 

expression of NAC transcription factors is altered. In particular, ATAF1 displayed a 

noticeable expression pattern, where its expression remained almost unchanged when 

plants underwent primed + triggered conditions and expression is induced considerably 

under triggered-only conditions (without prior priming) (Figure 2.3b). To test the 

hypothesis that ATAF1 is involved in thermotolerance, further physiological experiments 

were performed on ataf1 mutants and plants overexpressing ATAF1. Other genes that 

have also displayed an interesting expression pattern are ANAC092/ORE1 (AT5G39610), 

ANAC013 (AT1G32870) and ANAC47/SHYG (AT3G04070) where their expression are 

upregulated in priming conditions and downregulated in non-priming conditions in both 

acquired thermotolerance and in thermomemory experiments. 
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Figure 2.2  The expression of NACs after triggering stimulus using the acquired 

thermotolerance protocol. 

a) Schematic representation of the time points used for expression analysis of NACs in (i) 
triggered (T) and (ii) primed and triggered (P+T) plants. i) In triggered (T) plants the expression 
was calculated as a ratio of heat stressed samples compared to un-heat stress control. ii) in 
primed and triggered (P+T) plants the expression was calculated as primed and triggered (P+T) 
compared to triggered only (T).   
b) K-means clustering of NACs expression profiles of primed and triggered (P+T) and triggered 
(T) plants after triggering stimulus (K=10 clusters) generated using MeV4.0. The expression of 
each cluster is displayed as heat maps. The color indicates the expression ratio as log2 fold 
change for the different time points, where yellow denotes increased expression and purple 
reduced expression. 
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Figure 2.3.  The expression of NACs after triggering stimulus using the thermomemory 

protocol.   

a) Schematic representation of the time points used for expression analysis of NACs in (i) 
triggered (T) and (ii) primed plants. i) In triggered (T) plants the expression was calculated as a 
ratio of heat stressed samples compared to un-heat stress control. ii) In primed and triggered 
(P+T) plants the expression was calculated as primed and triggered (P+T) compared to triggered 
only (T).  b) K-means clustering of NACs expression profiles of primed triggered (P+T) and 
triggered (T) plants after triggering stimulus (K=10 clusters) generated using MeV4.0. The 
expression of each cluster is displayed as heat maps. The color indicates the expression ratio as 
log2 fold change for the different time points, where yellow denotes increased expression and 
purple reduced expression.  
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2.3.4 Functional analysis of some selected NACs in short and long acquired 

thermotolerance  

To investigate the impact of the unique expression pattern of NAC genes in 

thermomemory, we have selected some NACs from different clusters (with specific 

expression pattern; as explained above) to phenotype their over-expressor and knockout 

mutants in response to thermomemory. These include in particular ATAF1 (At1G01720). 

We also chose other candidates such as ANAC092/ORE1 (AT5G39610), ANAC055 

(AT3G15500), ANAC013 (AT1G32870) and ANAC047/SHYG (AT3G04070). SHYG over-

expressor and knockout plants did not show a phenotype associated with heat 

acclimation in both short and long thermomemory (Figure S 2.4). Similarly, ANAC092 

showed a clear opposite expression pattern (Figure 2.3, cluster 4) in primed plants 

compared with unprimed plants in acquired thermotolerance and in thermomemory, but 

did not show any evidence of heat sensitivity or a heat acclimation phenotype (Figure S 

2.4).  

On the other hand, among the tested NACs, ANAC013, ATAF1 and ANAC055 showed a 

clear response to heat acclimation. Arabidopsis seedlings with enhanced expression of 

ANAC013 showed an increased survival rate in thermomemory compared to WT whereas 

the anac013 knockout mutant plants have a comparable heat-sensitive phenotype to WT 

plants in thermomemory. These results are consistent with the expression data (as the 

expression of ANAC013 was enhanced in primed plants in comparison with unprimed 

plants in both short and long memory) (Figure S 2.4).  



70 

 

Overexpression of ANA0C55 adversely affects the thermomemory of Arabidopsis 

seedlings, as seedling viability and survival were severely affected compared to WT. On 

the contrary, anac055 knockout mutant showed improved thermomemory compared to 

WT Figure S 2.4). 

ATAF1 was selected as one of the top candidates responding to heat stress and it appears 

to be involved in thermomemory. The expression of ATAF1 is reduced after priming 

treatment and remained repressed or not changed after the triggering stimulus in primed 

plants compared with unprimed plants (Figure 2.4). Phenotypic analysis of ATAF1 

transgenic plants in thermomemory showed a strong phenotype, where the ataf1 

knockout mutants (for two independent T-DNA insertion lines from Salk and GABI, from 

now on called ataf1-ko) had a significantly higher survival rate and fresh mass compared 

with WT plants, while plants overexpressing ATAF1 (from now called ATAF1-OE) had a 

severe sensitive thermomemory phenotype compared with WT (Figure 2.4 b, c, d). When 

the ataf1 mutant was transformed with an ATAF1 allele (pATAF1::ATAF1-GFP), it 

displayed the phenotype of the WT in response to heat, so the WT phenotype was 

rescued in the complementation lines (Figure S 2.5). Taken together, these results suggest 

a negative regulatory role of ATAF1 in thermomemory.  
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Figure 2.4   Knock out of ataf1 improves the thermomemory phenotype.   

a) The expression of ATAF1 in WT Arabidopsis seedlings. On the left, ATAF1 expression during 
memory phase “after heat priming” calculated as a ratio of heat treated to non-treated plants. 
In the right panel, ATAF1 expression after triggering stimulus in primed and unprimed plants. 
The expression of ATAF1 peaked after 37oC heat stress (at 0 h during the memory phase) and 
its expression level decreases during the memory phase and remains low after the triggering 
stimulus in primed plants in comparison with non-primed plants. The expression in primed 
plants is calculated as the expression ratio of primed compared to unprimed plants, and the 
expression in unprimed plants is calculated as the expression of unprimed plants compared to 
un-heat stress control. Expression ratios are given on log2 basis. b) Thermomemory phenotype 
of ATAF1 transgenic plants. Seedlings of ATAF1-OE, ataf1 ko (GK line), ataf1 (salk line) and WT 
were exposed to heat stress regime schematically shown below the photo. Photos were taken 
14 days after second heat stress (triggering stimulus). The phenotype of one representative 
replicate of at least three independent biological replicates is shown. c) and d) quantification 
of the results shown in b. (c) the percentage of seedlings in different phenotypic classes, 
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thermotolerance phenotype was classified into three classes depending of the extent of plant’s 
recovery, the phenotypic classes are illustrated in the figure legend. Significant differences 
between each transgenic line and WT plants were calculated using Student T-test, * indicates 
P-value < 0.05. d) Seedling fresh mass in heat stress compared to control plants (no heat stress). 
The error bar represents the standard error of the mean calculated from three biological 
replicate each replicate is the average mass of 13 seedlings. Significant differences between 
each transgenic line and WT plants were calculated using Student T-test, * indicates P-value < 
0.05.  
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2.3.5 ATAF1 negatively regulates thermomemory     

 Our data suggested that ATAF1 is a negative regulator of thermomemory, hence we were 

interested to understand the role of ATAF1 in regulating thermomemory. Arabidopsis 

seedlings of WT, ATAF1- OE and ataf1-ko were treated with the priming stimulus (37C 

for 90 min), then samples were collected at three time points after heat priming 

treatment for gene expression profiling by RNAseq; 0h, 1h and 4h as shown in (Figure 

2.5a). To eliminate the potential influences by other environmental factors, control 

samples (un-primed control) were collected at the same time together with heat-treated 

samples.  

To understand the relationship between the samples in the RNAseq, hierarchical 

clustering analysis and heat map of the Pearson’s coefficients of the expression profiles 

between all possible pairs of the samples was performed (Figure 2.5b). We observed 

clustering between biological replicates, suggesting high reproducibility of the 

experiment. The heat map also indicates a strong separation between samples based on 

the heat stress conditions, and then by the genotype. The overall similarities and 

differences between samples were confirmed by multidimensional scaling (MDS) (Figure 

S 2.6). We note clear separation between conditions (heat and control) and to a small 

extent, separation between genotypes. We also notice a similarity of samples under 

control temperature and those after 4 h of heat stress, suggesting rapid recovery of most 

gene expression changes.  
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The expression of ATAF1 in the WT seedlings during the memory phase from the RNAseq 

data showed consistent results with what we previously identified in the qRT-PCR Figure 

S 2.7).   

For all three genotypes we found most differentially expressed (DE) genes at time point 

0, right at the end of the 90 min heat priming treatment (Figure 2.6a). To identify thermo-

recovery associated genes we used the same criteria that were previously used by 

Sedaghatmehr et al. (2016). We investigated genes whose expression was induced after 

priming and remained high at all examined time points in the recovery phase and genes 

whose expression was down-regulated and remained low during the memory phase 

(Figure 2.6b). Among those DE genes are thermomemory associated HSPs (Sedaghatmehr 

et al. (2016) whose expression was induced in a similar manner in ATAF1-OE, ataf1-ko 

and WT in response to heat priming (Supplementary Table S2.1a in Appendix B), 

suggesting these contribute to a general heat-response, which is common for all three 

genotypes. Two genes were DE specifically in the ATAF1-OE plants, ten in the ataf1-ko 

and eight in the WT (Figure 2.6b, Supplementary Table S2.1b in Appendix B).      

To identify the different responses of ATAF1-OE and ataf1-ko plants to heat priming, the 

expression of ATAF1-OE and ataf1-ko after heat priming was compared to the expression 

of WT plants after heat priming (Figure 2.6c); around 280 genes were exclusively 

upregulated in ATAF1-OE plants during all time points, those genes are classified into 

several gene ontology (GO) functional categories and the most enriched categories were 

involved in metabolic and cellular processes and in response to stress (Figure 2.6d, 
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Supplementary Table S2.2 in Appendix B). In ataf1-ko plants, we found four genes were 

exclusively upregulated in ataf1-ko, none of them have an ATAF1 binding site and two of 

them are related to carbohydrate metabolism. This is consistent with previous research 

reporting that genes with an indirect role in heat stress adaptation (such as genes 

involved in lipid and carbohydrate metabolism) are altered during the memory phase (Liu 

et al., 2018a). With respect to the downregulated genes, 31 genes were downregulated 

exclusively in ATAF1-OE during all time points and only 9 genes were exclusively 

downregulated in ataf1-ko during all time points (Figure 2.6c, Supplementary Table S2.2 

in Appendix B). We also found that among these DE genes, 204 genes have ATAF1 binding 

site in their promoter (186 were exclusively upregulated in ATAF1-OE, 11 exclusively 

downregulated in ATAF1-OE and 9 exclusively down regulated in ataf1-ko). 

Since these genes are specifically differentially expressed in response to heat in the 

overexpression and knock-out background, they pose a list of potential candidate genes 

regulated by ATAF1 in response to heat stress. Interestingly, a large number of these 

genes were previously identified as thermomemory or thermopriming associated genes 

(Stief et al., 2014b; Sedaghatmehr et al., 2016; Ling et al., 2018; Liu et al., 2018a) (Figure 

2.6c, Supplementary Table S2.2 in Appendix B). For instance, CYP81D11 (AT3G28740), a 

member of the cytochrome p450 family, whose expression was constitutively 

downregulated in ATAF1-OE during all time points after priming treatment and 

upregulated in ataf1-ko (Supplementary Table S2.2 in Appendix B), this expression 

pattern is consistent with what has been shown by Liu et al. (2018a) where they found 
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that CYP81D11 expression was induced by heat priming and then further induced by a 

subsequent triggering heat stress. Another example is Alpha-galactosidase1, AGAL1 

(AT5G08380), which was induced constitutively in ATAF1-OE plants but is not DE in ataf1-

ko. Liu et al. (2018a) found that AGAL1 was induced in response to heat priming but did 

not alter after a subsequent triggering stimulus. AGAL1 was also found as a memory 

associated gene (Sedaghatmehr et al., 2016; Liu et al., 2018a). The role of AGAL1 was 

identified in cold acclimation; as its downregulation enhances freezing tolerance in 

petunia through enhancing raffinose production (Pennycooke et al., 2003). 
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Figure 2.5 RNAseq data clustering.   

Top: Hierarchical clustering of the samples according to its expression patterns. “+” denotes 
ATAF1-OE lines; “0” Wild-Type Col-0; and “-“ denotes the ataf1 knockout. The size of the circles 
indicate the time since heat stress (0, 1, and 4 hr after heat stress). The black and red colors 
indicate whether the plants underwent normal and heat temperature treatment for 90 min. 
Bottom: A colored heat map of Pearson’s coefficients of expression profiles between all 
possible pairs of the samples. A partial rainbow color scheme from red up to blue was used to 
indicate the range of correlation values. 
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Figure 2.6 Global transcriptomic changes of thermomemory associated genes 

regulated by ATAF1.  

a) Venn diagrams of heat induced and heat repressed genes after heat priming (heat relative 
to control) in WT, ataf1 ko, and ATAF1-OE transgenic plants. b) Heat map of the expression of 
thermomemory associated genes exclusively induced or repressed in one genotype (i.e. in WT 
or ataf-1 ko or ATAF1-OE transgenic plants). To reduce the complexity of the data and to 
identify genes that are uniquely DE in response to heat in certain genotypes, we focused on the 
common genes that are DE across all time points in a certain genotype but are not DE in another 
genotype. 
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Continue from Figure 2.6 c) Venn diagram of heat induced and heat repressed genes in ATAF1-
OE and ataf1 ko compared with WT after heat priming (ATAF-OEheat vs. WTheat) and (ataf1 koheat 
vs. WTheat). On the bottom: thermomemory associated genes exclusively induced or repressed 
in ATAF1-OE or ataf1 ko compared with WT after heat priming. d) GO enrichment analysis of 
thermomemory associated genes constitutively upregulated in ATAF1-OE plants (ATAF1-OEheat 
vs. WTheat). 
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2.3.6 Co-expression and enrichment of ATAF1 targets in the DE genes in ATAF-OX in 

response to heat 

In order to identify genes that might be directly regulated by ATAF1 in response to heat 

priming, co-expression analysis was performed using the transcriptomic data of ATAF1-

OE, ataf1-ko and WT under control and upon exposure to heat. This weighted correlation 

network analysis was used to finding modules (groups of genes) of highly correlated 

genes. This is commonly used method to investigate gene relationships and identify 

candidate genes for further analysis (Langfelder and Horvath, 2008b). Co-expression 

analysis revealed 39 modules in our data set (Figure 2.7a). These modules contain groups 

of genes that are expressed in a similar way. It is likely that genes that are regulated 

directly by ATAF1 in response to heat display similar expression patterns; hence, we took 

publicly available data on genes that have already been identified to be regulated by 

ATAF1 (in general, not just by heat stress) and queried if these genes are present in our 

co-expression modules. The publicly available data of the potential direct targets was 

generated using a DNA affinity purification sequencing (DAP seq.) assay (O’Malley et al., 

2016). This means that we compared the list of genes that are proposed direct targets of 

ATAF1 (from O’Malley et al. (2016)) with the genes that are clustered in the co-expression 

analysis and noticed that the potential targets of ATAF1 were overrepresented in co-

expression clusters 10, 13, 21 and 26 (Figure 2.7b). These were clusters that were 

investigated further, because these clusters likely contain the direct target genes of 

ATAF1 in response to heat stress. The clusters were further interrogated with the 
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proposed transcription factor targets identified using a DAP seq. assay by O’Malley et al. 

(2016). We found that three of the clusters also appear to be regulated by ANAC055, 

which may suggest that the genes in these clusters might be co-regulated by ANAC055 

and ATAF1 (Figure 2.7c and Figure S 2.8). To validate this co-expression analysis, which 

identified ANAC055 and ATAF1 as co-regulators, the phenotype of ataf1 and anac055 

single and double knockout mutants in response to stress was evaluated. 

2.3.7 Analyzing the thermomemory phenotypes ATAF1 and ANAC055 double knock-

out mutants  

From the co-expression analysis, we found that ATAF1 and ANAC055 have a large number 

of shared co-expressed targets in response to heat stress. Moreover, the 

thermotolerance phenotype was not only found in ataf1-ko but also in the two anac055 

T-DNA mutant lines (Figure 2.8a). The survival rate and fresh mass in response to heat 

stress were comparable between ataf1-ko and the two anac55 mutant lines, and both 

were significantly higher than those in the WT (Figure 2.8a). To test if ATAF1 and ANAC055 

work in a fully or partially redundant manner, we exposed ataf1/ anac055 double knock 

out mutants to heat stress and compare their phenotype with the phenotype of the single 

mutants. Phenotypic analysis showed that the fresh mass of the ataf1/anac055 double 

knock out mutant was significantly higher than the WT and is not significantly different 

from the single knock out mutants of ataf1 and anac055. This indicates that ATAF1 and 

ANAC055 have at least partial redundancy in their response to heat stress (Figure 2.8).  
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We then checked the expression of some selected genes (19 genes) in the single and 

double mutants of ataf1-ko, anac055-ko and compared their expression with the 

expression of wild type plants at 0h and 4h after heat priming treatment. We noticed 

different expression pattern among the tested 19 genes that could be grouped into three 

groups: group I which includes genes who have a similar expression in all of the lines (Fig 

S2.9, a), group II includes genes who has a higher expression level in the dko plants at 0h 

or 4h or both (Fig S2.9, b), group III includes genes who have a relatively higher expression 

level in the single knockout mutants of ataf1 and anac055 (Fig S2.9, c and d). These results 

suggest a partial redundancy between ATAF1 and ANAC055.    
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Figure 2.7  Potential targets of ATAF1 in response to heat stress.  

a) Bar graph shows the number of genes in each co-expression cluster. Clustering analysis was 
performed by weighted gene correlation network analysis, which resulted in 39 clusters of genes co-
expressed together. b) Bar graph shows the proportion of ATAF1 targets in each cluster, only four 
clusters (10, 13, 21 and 26) are highly enriched by ATAF1 targets, dotted lines indicate expected range 
of the Y value by random chance (by randomly permuting the module identity). c) Bar graph shows 
the proportion of ANAC055 targets in all clusters, there is a clear overlap of ATAF1 and ANAC055 
targets within three clusters (cluster 10, 13 and 21). d) Proportion of ATAF1 targets, ANAC055 targets 
and common targets between ATAF1 and ANAC055.  
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Figure 2.8  single anac55 knouck out mutant and ataf1/anac055 double knocuout mutant 

display enhanced thermomemory.  

a) Thermomemory phenotype of ANAC055 transgenic plants.  Left panel: Seedlings of 35S::ANAC055, 
anac55 ko (line#77), anac55 (line#69) and WT were exposed to heat stress regimes schematically 
shown above. Seedlings were photographed 14 days after exposure to the triggering heat stress. The 
phenotype of one representative replicate of at least three independent biological replicates is shown. 
Right panel: Seedling fresh mass upon heat stress compared to control plants (no heat stress). The 
error bar represents standard error of the mean, which was calculated from three biological replicates, 
where each replicate was the average mass of 19 seedlings. Significant differences between each 
transgenic line and WT plants were calculated using Student T-test, * indicates P-value < 0.05. b) 
Thermomemory phenotype of ataf1/anac055 double knockout mutants. Left panel: Thermomemory 
phenotype of ataf1/anac055 double knockout mutants. Seedlings of ATAF1-OE, ataf1 ko, 
ataf1/anac055 double ko and WT were exposed to heat stress regimes schematically shown in the 
above photo. Photos were taken after 14 days of second heat stress. The phenotype of one 
representative replicate of at least five independent biological replicates is shown. Right panel: 
Seedling fresh mass upon heat stress compared to control plants (no heat stress). The error bar 
represents standard error of the mean, which was calculated from three biological replicates, where 
each replicate was the average mass of 18 seedlings. Significant differences between each transgenic 
line and WT plants were calculated using Student T-test, *** if P<0.001, ** if P<0.01 , * if P<0.05.  
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2.4 Discussion  

 Heat stress in one of the major abiotic stresses affecting plant growth and reproduction. 

The impact of heat stress on crop production increases, as the global climate changes. 

Prior exposure to mild heat stress (heat priming) enables the plants to acquire and 

maintain tolerance to heat stress in a process called thermotolerance (Yeh et al., 2012; 

Balmer et al., 2015; Hilker et al., 2016; Sedaghatmehr et al., 2016). Several studies have 

been conducted to understand the molecular mechanisms involved in the acquisition and 

maintenance of thermotolerance, including transcriptional and posttranscriptional 

modifications (Larkindale and Vierling, 2008; Stief et al., 2014b; Ling et al., 2018) . TFs are 

key regulators of gene transcription, and hence understanding their role in regulating the 

acquisition and maintenance of heat stress memory is important. The NAC TF family is 

plant specific and has been shown to be involved in regulating key processes, such as 

several stress responses including heat stress. The role of NACs in regulating heat stress 

memory has been shown previously for two NACs: JUB1 and ANAC019 (Shahnejat-

Bushehri et al., 2012; Guan et al., 2014b). To our knowledge, there have not been any 

previous studies investigating the role of NAC TFs in heat acclimation and in 

thermomemory. Here, we studied the role of NAC TFs in the acquisition and maintenance 

of thermotolerance. We conducted a comprehensive systematic experiment to 

investigate the transcriptional regulation of NAC TFs in response to heat priming and 

subsequent exposure to high temperature. Our experimental design included several 

time points during the memory phase and after a triggering heat stress. This design 
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allowed us to compare between the expression of NAC TFs in primed and unprimed plants 

to investigate if the priming treatment affects the expression of NACs after a second heat 

stress. We noticed that some NACs are induced and their expression is sustained, or 

repressed and their expression remains low during the memory phase. This is similar to 

what has been reported for the expression pattern of thermomemory associated genes 

during the memory phase (such as HSFA2, HAS32, JUB1) (Charng et al., 2006; Charng et 

al., 2007; Shahnejat-Bushehri et al., 2012). However, the expression of majority of NACs 

is fluctuating up and down during the time points tested during the memory phase, and 

this is expected as their role as transcription factors (Ding et al., 2012).   

We then analyzed the expression of NAC TFs after a triggering stimulus (second heat 

stress) to investigate if their expression is affected by a priming treatment (compared to 

a triggering without prior priming) in acquired thermotolerance and thermomemory. Our 

data showed that NAC expression is altered after triggering stimulus, indicating the 

presence of transcriptional memory that control the expression of NAC TFs. This 

expression pattern has been reported before in drought memory, where the expression 

of a subset of DE genes was altered after a second drought stress. Ding et al. (2012) had 

further classified the memory genes into four distinct expression patterns: genes that are 

increased/ decreased after first stress and then further increased or decreased after a 

second stress and denoted them as (+/+, or -/-), and genes that are induced after heat 

stress and then decreased after second stress (+/-) or the opposite (-/+) “this was called 
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revised memory genes”. Many NACs showed an expression pattern similar to the 

expression pattern of the revised memory genes identified by Ding et al. (2012). 

ATAF1 was identified as an important regulator of senescence and drought response (Lu 

et al., 2007; Wu et al., 2009; Garapati et al., 2015b). We noticed that ATAF1 expression 

during the recovery phase is decreased and the knockout mutants are more tolerant to 

heat stress, indicating the negative regulatory role of ATAF1 in heat stress memory. We 

performed RNAseq analysis for Arabidopsis plants with altered expression of ATAF1 

(overexpression and knock-out) and collected samples at early time points during the 

memory phase (after priming treatment) in order to identify early transcriptional changes 

controlled by ATAF1. Several mechanisms (genes) have been previously identified to be 

involved in heat tolerance, those included ROS detoxification, lipid signaling and 

activation of heat shock proteins and heat shock factors (Charng et al., 2006; Charng et 

al., 2007; Meiri and Breiman, 2009; Saidi et al., 2010; Lee et al., 2014; Sedaghatmehr et 

al., 2016). Our data found similar responses among ATAF1-OE, ataf1-ko and WT plants 

(these mechanisms were similarly activated in all of the transgenic plants (Supplementary 

Table S2.1a in Appendix B). This indicates that ATAF1 is involved in regulating pathways 

upstream of the HSF/HSP pathway (signaling pathway) or may be involved in other 

mechanisms.        

Co-expression analysis has been used as a powerful tool to identify TFs target genes 

(Vandepoele et al., 2009; Truman and Glazebrook, 2012), and it has been found that the 

co-expression clusters could be enriched by common TF binding sites. Jensen et al. (2013) 
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performed co-expression analysis across publicly available microarray datasets and 

identified 25 genes co-expressed with ATAF1. The promoter regions of these ATAF1 co-

expressors were significantly enriched for ATAF1 binding sites. In our study, we used a 

similar approach to identify co-expressed genes regulated by ATAF1 in response to heat. 

We performed a co-expression analysis among genes differentially expressed after heat 

priming and during the memory phase. We used publicly available data from a DAP-seq. 

approach (O’Malley et al., 2016) and found that four co-expression clusters were enriched 

with predicted ATAF1 target genes and those were also enriched for target genes of 

another potential NAC TF, ANAC055. We found many common target genes putatively 

regulated by ATAF1 and ANAC055, suggesting there may be an interaction, or redundancy 

between ATAF1 and ANAC055. It is common for TFs to act in a redundant manner. For 

example, the transcription factors WRKY11 and WRKY17 were identified as negative 

regulators of basic resistance to Pseudomonas syringae pv tomato (Pst) (Journot-Catalino 

et al., 2006). Loss of function of WRKY11 TF increased the resistance toward Pst strains 

and that resistance was further enhanced in wrky11/wrky17 double mutant plants. 

Expression analysis of some selected genes in single and double mutants revealed that 

both of these two TFs modulate transcriptional changes in response to pathogen 

infection; however, each one of them could act either specifically or in a partially 

redundant manner depending on the specific target gene (Journot-Catalino et al., 2006). 

In our work, we identified ATAF1 and ANAC055 as negative regulators of 

thermotolerance. Phenotypic and gene expression data of single and double knock-out 

mutants of ataf1 and anac055 single and double knock-out mutants indicates a partial 
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redundancy between ATAF1 and ANAC055.  

Together, in our study we found we identified ATAF1 and ANAC055 as a two negative 

regulators involved in thermotolerance. The fact that ataf1 and anac055 ko have a similar 

phenotype in thermomemory and the common targets that they regulate suggest that 

ATAF1 and ANAC055 work together as a negative regulator of thermomemory.     

2.5 Materials and methods  

2.5.1 Plant material and growth conditions  

2.5.1.1 Plant material 

Arabidopsis ataf1 knock-out was previously described by Garapati et al. (2015b). In brief, 

two T-DNA knock-out lines were obtained from the Nottingham Arabidopsis Stock Centre; 

ataf1-4 knock-out Gabikat mutant (GK565H08) seeds that carry a transfer DNA insertion 

in exon 3 (1073 bp downstream of the transcriptional start site) and ataf1-2 knockout 

mutants (SALK-057618) also carrying the T-DNA insertion in exon 3 (1127 bp downstream 

of the transcription start site). The 35S::ATAF1 over-expressor seeds were generated by 

transforming Arabidopsis accession Col-0 with a pGreen0229-35S construct carrying the 

ATAF1 open reading frame downstream of a 35S promoter (in the manuscript referred to 

ATAF1-OE). The ataf1 knock-out complementation line was generated by transforming 

the ataf1-4 mutant (GK565H08) with pATAF1::ATAF1-GFP construct (Garapati et al., 

2015b). 
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The ANAC047 transgenic materials: ANAC47 OE (35S::ANAC47-GFP) and the two knock-

out lines (shyg-1 knockout T-DNA insertion Salk line (SALK-066615) and shyg-2 knock-out 

Gabikat mutant line (GK-343D11)) were described by Rauf et al. (2013). 

ANAC013 transgenic seeds (ANAC13-OE and know-down lines) were provided by Prof. 

Frank Van Breusegem (Ghent University, Ghent, Belgium) and described in De Clercq et 

al. (2013). Briefly, the 35S::GFP-ANAC013 plants were generated by transforming 

Arabidopsis Col-0 with the pK7WGF2 construct carrying the ANAC13 open reading frame 

downstream of the 35S promoter. As there is no loss of function T-DNA knockout mutant 

for ANAC13, seeds for the artificial microRNA line (ANAC13-miR) were also obtained from 

Prof. Frank Van Breusegem (De Clercq et al. 2013). The expression of ANAC13 in the 

ANAC13-miR plants was reposted to be 67% lower than the wild type (De Clercq et al. 

2013). ANAC92-OE and knock-out mutant anac092-1 (T-DNA insertion lines from SALK (ID 

090154) were described in Balazadeh et al. (2010). ANAC055 OE and KO seeds were 

provided by Dr. Salma Balazadeh’s group (Max Plank Institute for Molecular Plant 

Physiology, Golm, Germany).  

2.5.1.2 Double mutants  

The double mutant ataf1 and anac055 was generated by crossing the homozygote mutant 

lines of ataf1-4 ko (T-DNA insertion from Gabikat) and anac55 line 69 ko (T-DNA insertion 

from SALK). Plants from the F2 generation were PCR screened to select homozygous 

double-mutant plants. The list of primers used for genotyping is listed in Supplementary 

Table S2.3 in Appendix B. 
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2.5.2 Plant growth conditions 

Arabidopsis seeds were surface sterilized by washing them with 70% ethanol for 2 min, 

and then the ethanol solution was replaced with 20% sodium hypochlorite and incubated 

for 20 min with continuous shaking. Seeds were washed four times with sterile water and 

left to dry on sterilized filter paper in a laminar clean bench. Approximately equal amount 

of seeds (around 500 seeds) were germinated on small petri dishes containing 1/2 

strength Murashige and Skoog (MS) medium supplemented with 1% sucrose (w/v). Plates 

were kept in a dark cold room for two days for stratification before placing them into a 

growth chamber (photoperiod 16h/8h: light/dark at 22.5C, under 120 mol m-2 s-1 

photon irradiance). Five-day old seedlings were used for the heat stress assays.    

2.5.3 Heat stress treatment  

For NAC expression profiling in acquired thermotolerance and thermomemory, five days 

old Arabidopsis (Col-0 ecotype) seedlings were exposed to various heat stress regimes 

(Figure 2.1). Plants were primed with mild heat stress at 37C for 90 min in a growth 

chamber, then returned back to recover at normal growth conditions either for 90 min to 

assess acquired thermotolerance or for two days to assess thermomemory. Plants were 

then challenged with a heat stress (triggering stimulus) of 44.4C for 45 min carried out 

in a water bath. Arabidopsis seedlings were collected during the memory phase and after 

the triggering stimulus according to the time points indicated in (Figure 2.1). Whole 

seedlings collected from one single plate were considered as one biological replicate. 

Control samples (without treatment) were collected at the same time to reduce circadian 
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effects. Three biological replicates per treatment per time point per genotype were used. 

Samples were frozen directly in liquid nitrogen and stored at -80°C until further analysis.  

For the RNA sequencing experiment, five days old Arabidopsis seedlings of the three 

genotypes: WT, ataf1 ko and 35S::ATAF1 (ATAF1-OE) were treated with the heat priming 

temperature (37C, 90 min) as described above and harvested at time points 1 h, 2 h and 

4 h during the memory phase. 

2.5.4 RNA isolation, cDNA synthesis and qRT-PCR for NAC expression profiling 

For NAC expression profiling, total RNA was extracted using Trizol (Ambion) followed by 

column purification using columns from the PureLink RNA Mini kit (Ambion, Life 

Technologies) according to the manufacturer’s instructions. RNA concentration was 

measured using Nano-drop (Thermo Scientific) and gDNA was digested using the TURBO 

DNA-free Kit (Ambion) according to the manufacturer’s instructions. The absence of gDNA 

contamination was confirmed by qRT-PCR using the DNase digested RNA samples using 

intron specific primers of a control gene At5g65080 (for primer sequences see 

Supplementary Table S2.3 in Appendix B). cDNA was synthesized from high quality RNA 

using the Revert Aid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific) with 4 µg 

of RNA according to the manufacturer’s instructions.  

The real time qRT-PCR reaction was prepared using the SYBR Green master mix (Applied 

Biosystems): cDNA 0.5 μL, SYBR Green master mix (2X) 2.5 μL, forward and reverse primer 

mix (each 0.5 μM) 2 μL. The reactions were incubated in the ABI PRISM 7900 HT sequence 

detection system (Applied Biosystems). The reaction was set using the following 
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conditions: initial step of 95°C for 10 min followed by 40 cycles of these two steps (95°C 

for 15 sec, 60°C for 1 min).  ACTIN2 (At3g18780) was used as the reference gene for data 

analysis. The primer platform of 104 Arabidopsis NAC TFs genes was established by Dr 

Salma Balazadeh. After 40 reaction cycles, a melting curve was generated by heating from 

60°C to 95°C with a ramp speed of 1.9°C min-1 to verify amplification of the desired 

product. Reaction efficiency was estimated using LinRegPCR software as described by 

Caldana et al. (2007). 

Data were analyzed using the comparative Ct method as described in Kamranfar et al. 

(2018). Briefly, the delta Ct value (ΔCt) was calculated by normalizing each Ct value with 

the Ct value of the reference gene Actin-2. Then, the level of gene expression was 

expressed as the difference between an arbitrary value of 40 and the ΔCt value (a high 

40-ΔCt value indicates a high gene expression level). A threshold of 1.5-fold change was 

used to select differentially expressed genes.    

2.5.5 RNA isolation and RNA-seq. 

 Global gene expression of the three genotypes: WT, ataf- ko and ATAF1-OE was analyzed 

using RNA sequencing technology. Total RNA was isolated from five days old Arabidopsis 

seedlings of the three genotypes: WT, ataf-1 ko and ATAF- OE. Whole seedlings collected 

from each plate were considered as one biological replicate. Three biological replicates 

per treatment per time point per genotype were used, which made 72 samples in total. 

RNA was isolated using Direct-zol RNA MiniPrep Plus (Zymo Research, CA, USA) according 

to the manufacturer’s instructions. Quality was assessed using Bioanalyzer (Agilent 
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Technologies, Waldbrann, Germany) and quantity was determined using Qubit 

(Invitrogen, life technologies, made in Singapore). High quality RNA (3 µg) was used to 

prepare libraries for sequencing. RNA sequencing 150-bp paired-end (PE) libraries were 

prepared from mRNA-enriched samples using NEB Next Ultra DNA Library Prep Kit for 

Illumina (New England Biolabs) according to the manufacturers’ instructions. A total of 12 

samples were pooled in one lane of the flow cell. RNA was sequenced using an Illumina 

HiSeq 4000 machine at KAUST Core Labs.    

2.5.6 RNA sequencing data analysis 

HISAT was used to align the RNA-seq reads onto the genome of Arabidopsis thaliana 

(TAIR10) (Kim et al., 2015). Sequencing reads that map uniquely on the genome only were 

retained. Htseq-count was used to count the number of sequencing reads of the 

transcripts (Anders et al., 2015). VOOM, a transformation method that allows the use of 

RNA-seq data for the linear model framework, was used to calculate transcript 

abundance, and quantile normalization as a way to normalize abundance distribution 

between samples (Law et al., 2014). Then, edgeR and LIMMA (Smyth, 2005; Robinson et 

al., 2010) were used as a framework for calculating the differentially expressed genes. R, 

a general statistical environment, was used for data management, analyses, and 

generating figures. Cytoscape was used to generate the network representation of co-

expression (edges) between genes (nodes) (Shannon et al., 2003). 

Customized linear contrast was set up to calculate differential expression between 

genotypes, or temperatures. Especially, second-order interaction effects were calculated 
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using the contrast framework (Smyth, 2005). For example, the difference can be 

calculated between how gene expression changes under heat compared to the control 

for ataf1 and WT: (heatataf1 – controlataf1)- (heatWT – controlWT). All statistical significance 

cut-offs are adjusted for multiple testing by controlling the False Discovery Rate 

(Benjamini-Hochberg) at 0.05 (Benjamini and Hochberg, 1995); (“decideTests(…, 

method=”global”, adjust.method=”BH”, p.value=”0.05”, lfc=0). 

For all genes and all samples, weighted gene correlation network analysis was used to 

identify a group of co-expressed genes (Langfelder and Horvath, 2008a). We used default 

parameters. The soft thresholding power parameter was set at 6, where based on 

graphical examination the optimal network conditions are met (maximum scale-free fit 

index and minimum mean connectivity). For multi-dimensional scaling, the cmscale 

function in R was used. Publicly available data was obtained for in vitro binding of TFs 

onto the genome, generated based on assay DAP-seq, and their closest gene as the 

putative target (O’Malley et al., 2016).   

The GO term enrichment analysis was identified by Singular Enrichment Analysis of 

agriGO (http://bioinfo.cau.edu.cn/agriGO/). Only significant GO terms at P-values less 

than 0.05 were considered in the analysis. 
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2.6 Supplementary materials 

Figure S2.1 The expression of NACs during the memory phase of acquired 

thermotolerance (after heat priming). 

Heat map and k-mean clustering (K=5 clusters) of NACs based on their expression during the 
memory phase at the time points indicated on the schematic representation of the experiment 
design on the top. K-mean clustering was generated using MeV4.0. The Y-axis indicates the 
expression values in log2 fold change calculated as explained above in (a) and the X-axis 
represent the time points. Expression ratios are given on log2 basis: yellow, increased 
expression; purple, reduced expression.  
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Figure S 2.2 The expression of NACs during the memory phase of thermomemory (after heat 

priming). 

Heat map and k-mean clustering (K=5 clusters) of NACs based on their expression during the memory 
phase at the time points indicated on the schematic representation of the experiment design on the 
top. k-mean clustering was generated using MeV4.0. The Y-axis indicates the expression values in log2 
fold change calculated as explained above in (a) and the X-axis represent the time points. Expression 
ratios are given on log2 basis: yellow, increased expression; purple, reduced expression.  
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Figure S2.3 Comparing the expression of NACs during short and long memory.  

a) Schematic representation of time points used for expression analysis of NACs in (i) short 
thermomemory (acquired thermotolerance) and in (ii) long thermomemory 
(thermomemory), the expression ratio was calculated as primed compared to unprimed 
plants.  b) K-means clustering of NACs based on their expression profiles of short 
thermomemory and long thermomemory after triggering stimulus (K=10 clusters) 
generated by MeV4.0 (K=10 clusters) was used to identify specific expression pattern in 
short and long memory. The k-mean clusters of the expression data could be classified into 
two categories: i) clusters that have NACs expression being induced in short 
thermomemory and repressed in long thermomemory and ii) clusters of NACs expression 
being induced in both short thermomemory and long thermomemory. The expression of 
each cluster in displayed in a heat maps format. The color indicates the expression ratio as 
log2 fold change calculated as explained above in (a) and the X-axis represent the time 
points. Expression ratios are given on log2 basis: yellow, increased expression; purple, 
reduced expression.  
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Figure S 2.4 Functional analysis of some selected NACs in thermomemory.  

a) Thermomemory phenotype of ANAC47-OE and mutants. b) ANAC92-OE and mutant, c) ANAC13-OE and 
mutants and d) ANAC55 phenotypes. Photos were taken 14 d after heat stress. One representative 
replicate of at least three independent biological replicates is shown.   
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Figure S 2.5  Thermomemory phenotype of ataf1 ko complement 

(ATAF1p::ATAF1/ataf1).  

a) Thermomemory phenotype of ATAF1p::ATAF1/ataf1 transgenic plants. Seedlings of ATAF1-
OE, ataf1 ko, ATAF1p::ATAF1/ataf1 and WT were exposed to heat stress regimes 
schematically shown above, photos were taken after 14 days of second heat stress. The 
phenotype of one representative replicate of at least three independent biological 
replicates is shown.  

b) Seedling fresh mass in heat stress compared to control plants (no heat stress). The error 
bar represents standard error of the mean, which was calculated from three biological 
replicates, where each replicate was the average mass of 19 seedlings. Significant 
differences between each transgenic line and WT plants were calculated using Student T-
test, * indicates P-value < 0.05. ** P-value < 0.01. 
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Figure S 2.6 Multidimensional scaling (MDS) plot.  

Overall similarity and differences between samples based on multi-dimensional scaling analysis.  Briefly, 
Euclidean distance between all samples according to expression levels of all genes was calculated, and were 
represented on a two-dimensional space. There is a clear separation between conditions, but to a small 
extent, separation between genotypes. There is also similarity between samples under control temperature 
and those after 4hrs of heat stress, suggesting rapid recovery of most gene expression programs. 
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Figure S 2.7  Confirmation of ATAF1 expression in WT-Col-0 plants after priming 

treatment 37oC, 90min.   

a) Expression data from qRT-PCR. Expression is shown as a ratio between heat stress and 
control in log2 fold change.  

b) b) Expression data from RNA seq. Data from qRT-PCR and RNAseq shows similar results.  
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Figure S 2.8  Heat map shows the enrichment of other TFs targets in each cluster.  

In Y-axis all the 39 co-expression clusters generated by weighted gene correlation network analysis method, 
X-axis: all of the TFs used in Joe Ecker (529TFs). Cluster 10 (as indicated by the arrow) is highly enriched by 
ATAF1 targets first and then by ANAC055 targets.   
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Figure S2.1. Expression level of some selected genes in the single and double knockout 
plants of ataf1 and nac55 at 0h and 4h after heat priming treatment (37oC, 90min).  
The expression level was measured using qRT-PCR, the expression level represents 
relative expression between each transgenic line after heat priming treatment 
compared to their expression in the WT after heat priming.  The expression represents 
the mean of two biological replicates, error bar is se. a) genes who has a similar 
expression in all of the lines.  b) genes who has a higher expression level in the dko 
plants at 0h or 4h or both. c) genes who has an expression a slightly higher expression 
in ataf1 single mutant at 0h compared with other lines, and similar expression with 
other lines at 4h. d) genes who has a higher expression level in nac55 single ko at 0h or 
4h compared with other lines. 
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3 Chapter 3: Overexpression of the NAC transcription factor 

JUNGBRUNNEN1 (JUB1) increases salinity tolerance in tomato 

 

JUBGBRUNNEN1 (JUB1) is a NAC family transcription factor that has been shown to be 

involved in responses to abiotic stresses, such as water deficit, osmotic, salinity, heat and 

oxidative stress. It has been shown that AtJUB1 enhanced salinity tolerance in Arabidopsis 

plants. In tomato, overexpression of AtJUB1 alleviates water deficit stress. In this chapter, 

the effect of AtJUB1 overexpression on salinity tolerance in tomato was investigated using 

both hydroponic and soil grown tomato plants. The results obtained from this study 

showed that the transgenic tomato plants are more tolerant to salinity stress compared 

to control lines based on plant biomass. The enhanced salinity tolerance was attributed 

to the higher proline levels and the improved water content of AtJUB1 OE plants 

compared with WT under salt treatment. However, at the reproductive stage, it was 

found that overexpression of AtJUB1 provided only marginal improvements in yield-

related parameters, in the conditions used for the current work.  

The contents of this chapter were published as a research article in Plant Physiology and 

Biochemistry as: Alshareef, N.O., Wang, J.Y., Ali, S., Al-Babili, S., Tester, M., and 

Schmöckel, S.M. (2019). Overexpression of the NAC transcription factor 

JUNGBRUNNEN1 (JUB1) increases salinity tolerance in tomato. Plant Physiol Biochem 

140, 113-121. doi: 10.1016/j.plaphy.2019.04.038. The author contributions are as 

follows:  NA performed most experiments and analysed the data. JW and SAB performed 
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3.1 Abstract 

Soil salinity is a major abiotic stress affecting plant growth and yield, due to both osmotic 

and ionic stresses. JUBGBRUNNEN1 (JUB1) is a NAC family transcription factor that has 

been shown to be involved in responses to abiotic stresses, such as water deficit, osmotic, 

salinity, heat and oxidative stress. In Arabidopsis thaliana (Arabidopsis), JUB1 has been 

shown to improve plant stress tolerance by regulating H2O2 levels. In the horticultural 

crop, Solanum lycopersicum cv. Moneymaker (tomato), overexpression of AtJUB1 has 

been shown to partially alleviate water deficit stress at the vegetative stage. In this study, 

we investigated the effect of Arabidopsis JUB1 overexpression in salinity tolerance in 

tomato. In hydroponically grown tomato seedlings, AtJUB1 overexpression results in 

higher prolines levels and improves the maintenance of water content in the plant under 

salinity stress. The transgenic tomato plants are more tolerant to salinity stress compared 

to control lines based on plant biomass. However, at the reproductive stage, we found 

that overexpression of AtJUB1 only provided marginal improvements in yield-related 

parameters, in the conditions used for the current work. The combination of improved 

water deficit and salinity stress tolerance conferred by AtJUB1 overexpression may be 

beneficial when tomato plants are grown in the field under marginal environments.  
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3.2 Introduction 

Soil salinity is a major abiotic stress affecting plant growth and yield. The adverse effects 

of salinity occur as a result of osmotic and ionic stresses. Osmotic stress occurs 

immediately after salt imposition and continues for the duration of salt exposure, 

involving rapid signaling from root to shoot upon salt exposure and resulting in reduced 

cell expansion in growing tissues (Roy et al., 2014). Plants respond to osmotic stress using 

mechanisms involving processes such as maximizing water uptake and reducing water 

loss through stomatal closure (Munns and Tester, 2008). After several days of salinity 

stress, ions build up in photosynthetically active tissues and affect major processes such 

as photosynthesis, protein synthesis and energy production (Parida and Das, 2005). In 

addition, ionic stress results in premature leaf senescence, which reduces 

photosynthetically active areas available to support plant growth. Plants have evolved 

several mechanisms to limit the toxic effects of ionic stress; mechanisms include reducing 

sodium transport to the shoot and compartmentalizing it into the cell vacuole. 

Accumulation of compatible solutes, such as proline, sugars and amino acids is another 

adaptive mechanism to tolerate salinity stress (Roy et al., 2014). These solutes help the 

plant to adjust the osmotic pressures resulting from ion accumulation in the shoot 

(Munns and Tester, 2008).  

Transcription factors (TFs) are key regulators in stress responses. They link stress sensing 

with many tolerance mechanisms by translating stress signals into changes in gene 

expression, that ultimately contribute to stress tolerance (Lodeyro and Carrillo, 2015). In 
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salinity stress, for example, plants are thought to transmit the salt signal through various 

mechanisms, such as elevated cytosolic free Ca2+, ROS and hormonal signaling, that affect 

the expression of stress related TFs (Choi et al., 2017). These TFs, subsequently, target 

many genes involved in stress responses to orchestrate biochemical and physiological 

processes critical for the stress tolerance (Lodeyro and Carrillo, 2015).  

The widespread plant specific TF family, NAC (NAM, ATAF and CUC), regulates multiple 

processes related to plant growth, development and senescence (Souer et al., 1996a; Xie 

et al., 2000; Guo and Gan, 2006; Kim et al., 2009; Balazadeh et al., 2011; Shahnejat-

Bushehri et al., 2016c). NACs have also been related to stress responses; several NAC 

genes were found to be induced by biotic and abiotic stresses (Nakashima et al., 2012b; 

Nuruzzaman et al., 2013d; Shao et al., 2015; Hong et al., 2016; Wang et al., 2017). 

Functional characterization of NAC TFs in response to salt stress have been conducted in 

different plant species. For example, overexpression of wheat TaNAC29 in Arabidopsis 

plants improved salinity tolerance by reducing H2O2 accumulation and increasing cell 

membrane stability through enhancing expression of several genes encoding antioxidant 

enzymes (Xu et al., 2015). In rice, overexpression of SNAC1 improved the survival rate of 

rice seedlings grown in hydroponics and in soil (Hu et al., 2006b). SNAC1 has also been 

shown to contribute to drought tolerance of rice at both seedling and reproductive stages 

by controlling stomatal closure and thus reducing the rate of water loss through 

transpiration (Hu et al., 2006b). SNAC2 is another rice NAC TF whose expression is induced 

by drought, salt, cold, wounding and abscisic acid (ABA) (Hu et al., 2008b). Overexpression 
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of SNAC2 enhanced plant germination rate and root length under high salinity (Hu et al., 

2008b). 

JUBGBRUNNEN1 (JUB1, also known as NAC042) acts as a central regulator of plant growth 

(Shahnejat-Bushehri et al., 2016c), longevity and stress response (Wu et al., 2012). 

Expression of Arabidopsis JUB1 is upregulated by abiotic stresses and confers tolerance 

to osmotic, salt, heat, drought and oxidative stresses (Shahnejat-Bushehri et al., 2012; 

Wu et al., 2012). The effect of JUB1 in stress tolerance is thought to occur through 

controlling H2O2 levels (Wu et al., 2012). JUB1 directly activates the expression of the 

transcription factor Dehydration-Responsive Element-Binding Protein 2A (DREB2A), 

which is an important regulator of drought and heat responses (Sakuma et al., 2006a; 

Kant et al., 2008a). DREB2A then regulates Heat-shock factor A2 (HsfA2) and thereby 

several Heat-Shock Protein (HSP) genes and genes encoding H2O2-scavenging enzymes 

(Schramm et al., 2008c; Yoshida et al., 2008). With respect to growth regulation, JUB1 

mediates the reduction of two growth hormones: gibberellic acid (GA) and 

brassinosteroids (BR). JUB1 represses the expression of several key enzymes involved in 

the GA and BR biosynthesis pathways (Shahnejat-Bushehri et al., 2016c). In addition, JUB1 

activates the expression of DELLA genes (GAI and RGL1). DELLA proteins are 

transcriptional regulator proteins and regulate plant growth and stress responses. High 

levels of DELLA proteins mediate stress tolerance by limiting the accumulation of stress-

induced reactive oxygen species (ROS) (Shahnejat-Bushehri et al., 2016c).  
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The tomato homolog of Arabidopsis JUB1, SlJUB1, was found to be induced by different 

abiotic stresses, including salinity. Downregulation of SlJUB1 by virus-induced gene 

silencing (VIGS) in Solanum lycopersicum cv. Moneymaker (tomato) substantially 

decreased drought tolerance of tomato plants and, congruently, ectopic overexpression 

of AtJUB1 in improved its tolerance to water deficit by maintaining high relative leaf water 

content and reducing H2O2 levels (Thirumalaikumar et al., 2018b). Arabidopsis JUB1 was 

able to bind and directly regulate the tomato homolog of Arabidopsis DREB2A and DELLA 

(SlDREB1, SlDREB2 and SlDELLA). This suggests a considerable conservation in the gene 

regulatory networks controlled by JUB1 between Arabidopsis and tomato 

(Thirumalaikumar et al., 2018b).  

In this study we investigate the effect of AtJUB1 in salinity tolerance in tomato. 

Hydroponically grown tomato plants overexpressing AtJUB1 display improved 

maintenance of biomass in response to salt stress compared to wild type plants, an effect 

associated with a higher maintenance of water within the plant. However, plants grown 

to maturity in soil overexpressing AtJUB1 only display marginal advantages compared to 

wild type plants, in the conditions used in these experiments.  

3.3 Material and methods 

3.3.1 Plant material  

Plants of Solanum lycopersicum cv. Moneymaker (tomato) were used as wild type 

controls in salinity experiments. Tomato lines overexpressing AtJUB1 were previously 

described in (Shahnejat-Bushehri et al., 2017). In brief, tomato plants (Solanum 
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lycopersicum, cv Moneymaker) were transformed with the 35S::AtJUB1-GFP 

overexpression construct described in (Wu et al., 2012).  

3.3.2 Salinity stress in a supported hydroponic system   

The salinity stress experiment was performed in a supported hydroponic system. Plants 

were grown in the greenhouse located at KAUST (Thuwal, Saudi Arabia) at 25°C/23°C 

day/night with a day length of approximately 13.5 h. Tomato seeds were surface sterilized 

with 20% bleach and washed thoroughly eight times with sterilized milliQ water. Seeds 

were stratified at 4°C for three days then germinated on agar plugs consisting of ¼ 

Murashige and Skoog medium, 1% phyto-agar, pH 5.8. The agar plugs were placed in 

square pots (7 cm) filled with plastic beads and covered with water. This plant nursery 

was kept covered with transparent plastic covers until seeds started germinating. When 

the cotyledons emerged, plants were transferred from the nursery to the ebb-and-flow 

supported hydroponic system (Figure S 3.1) filled with growth medium. Growth medium 

was prepared by mixing equal amounts of three commercial media: FloraMicro, FloraGro 

and FloraBloom (General Hydroponics, USA). The pH was monitored throughout the 

experiment and maintained at 5.8-6.0 by supplementing with buffer solutions called “pH 

up” or “pH down” for hydroponics, supplied by Botanicare (USA). Growth solution was 

pumped up to the roots for 30 min, then allowed to drain for 30 min, giving an ebb-and-

flow cycle of 60 min. This allowed the system to fully drain and roots to be well aerated 

before refilling. Uniformly sized seedlings at the five-leaf growth stage were selected for 

the salinity experiment.  
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Three salt concentrations were used: 0 mM NaCl (as control), 125 mM NaCl (as mild salt 

stress) and 200 mM NaCl (as high salt stress). To avoid osmotic shock, salt (NaCl) was 

applied in the following increments every 24 h: 75 mM, 125 mM, 200 mM NaCl. Calcium 

(in the form of CaCl2) was supplemented with the salt treatments to compensate for the 

reduction of Ca2+ activity due to NaCl addition (Tester & Davenport, 2003). Calcium 

activity and the amount of required CaCl2 was calculated using GeochemEZ (Shaff et al., 

2010). After 10 days of salt stress, the following measurements were made: plant biomass 

(fresh and dry), stem height and root length. Leaf area measurements were analyzed 

using the scanning software WinFOLIA (Régent Instruments Inc.). For the biochemical 

measurements; leaf three (as an older leaf) and leaf five (as a younger leaf) were 

collected. Salinity tolerance traits were assessed and analyzed according to Negrão et al. 

(2017).  

3.3.3 Salinity stress in soil 

To test the tomato plants under soil conditions a pot trial was performed. Tomato seeds 

were germinated in jiffy pellets and transferred to soil filled pots (20 cm) at the five-leaf 

growth stage. Salt (NaCl) was applied at the eight-leaf growth stage by adding a total 

volume of 1.3 L of 450 mM NaCl to the bottom of the outer pot (distributed as three doses 

of 400 mL, 400 mL and 500 mL over two weeks). The final concentration of NaCl in the 

soil was approximately 365 mM NaCl (after the soil had dried down to contain 1.6 L of 

water per pot).  Plants were then assessed after 17 days of salt treatment.   
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3.3.4 Na and K measurements 

Na and K content was measured in the roots and leaves using flame photometry. The leaf 

that developed during salt stress imposition (fully expanded leaf, here leaf 5) was used 

for Na and K measurements. Roots were rinsed twice in 10 mM MgSO4 (to remove any 

excess NaCl from the hydroponic medium) and dried between tissue paper. Oven-dried 

roots and leaves were digested in 20 mL of 1% nitric acid at 85°C overnight and the 

concentration of Na and K were measured with the flame photometer (Sherwood 

Scientific Ltd., Cambridge, UK, model 420).  

3.3.5 Proline quantification 

Proline content was determined according to the method of Bates et al. (1973) with some 

modifications (Vicente et al., 2004). Briefly, frozen plant material (around 100 mg) was 

ground to a fine powder. Sulfosalicylic acid (3%) was used for the extraction and cell debris 

were removed by centrifugation at 13000 rpm for 10 min. One volume of the supernatant 

was mixed first with one volume of freshly prepared acid ninhydrin (25 mg/mL ninhydrin 

in 10.44 M acetic acid and 2.4 M phosphoric acid); and then with one volume of glacial 

acetic acid. Samples were mixed and incubated at 99°C for 1 h, and then the reaction was 

stopped by cooling the samples on ice. The proline-ninhydrin complex was extracted with 

two volumes of toluene. The absorbance of the organic phase was determined by UV-

Spectrometer (model U-2910, Hitachi, Japan) at 520 nm, using toluene as a blank. A 

calibration curve was used to calculate the concentration of proline. 
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3.3.6 Determining the osmotic potential 

Osmotic potential was measured on leaf 3 (old leaf) and leaf 5 (young leaf) using a vapor 

pressure osmometer (model 5600, Vapro, Wescor, Inc. USA). Leaves were collected in a 

2 mL syringe and stored at -80°C. Leaf sap was prepared by thawing the samples on ice 

and pressing the syringe pestle to collect leaf sap. Only 10 µL of the leaf sap was used for 

analysis. 

3.3.7 Chlorophyll quantification 

Chlorophyll was extracted from leaf four according to Nayek et al. (2014) with a slight 

modification. Briefly, frozen plant material (approximately 50 mg) was ground to a fine 

powder. One mL of DMSO was added to the ground plant tissue and the mixture was 

sonicated for 15 min in an ultrasonic bath (model 3510, Branson, USA). The extracted 

mixture was centrifuged at 12,000 rpm, 4oC for 10 min and the supernatant was collected. 

The same extraction procedure was repeated on the residue for a second time. 

Thereafter, each 2 mL supernatant was mixed with another 1 mL DMSO. The absorbance 

of Chlorophyll-a and Chlorophyll-b was determined by UV-spectrophotometry at 645 and 

663 nm. Chlorophyll-a, Chlorophyll-b and total chlorophyll was calculated using the 

equations described in (Richardson et al., 2002): 

Chlorophyll a (mg/g fresh mass) = [(12.7*A663)‐(2.69*A645)]*V/(M*1000)  

Chlorophyll b (mg/g fresh mass) = [(22.9* A645)‐(4.68* A663)]*V/(M*1000)  

Total Chlorophyll s =  (20.08*A645+8.02* A663)*V/(M*1000)  

With V: final volume of chlorophyll extracted; M: fresh mass of leaf material. 
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3.3.8 ABA quantification  

ABA was quantified according to Almeida Trapp et al. (2014) with modifications. 

Approximately 15 mg of freeze dried ground leaf (leaf number four) was used to measure 

the ABA level. The internal standard D6-ABA (1.05 ng) was added to the ground tissue 

along with 1 mL of ethyl acetate. The mixture was sonicated for 15 min in an ultrasonic 

bath (Branson 3510 ultrasonic bath). The mixture was then centrifuged at 13000 rpm, 4C 

for 5 min. The ABA-rich organic phase was collected from each sample. The collection was 

repeated a second time. The organic phase was dried using a vacuum pump. The residue 

was dissolved with 50 µL ethyl acetate and 2 mL of hexane for purification. The sample 

was run through a preconditioned (3 mL of ethyl acetate, and then 3 mL hexane) silica gel 

SPE (500 mg/3 mL). After washing with 3 mL hexane, ABA was eluted with 3 mL methanol 

and evaporated to dryness. The sample was re-dissolved in 200 μL of acetonitrile:water 

(25:75, v:v) and filtered through a 0.22 μm filter for LC-MS analysis. ABA was analyzed 

using HPLC-Q-Trap-MS/MS with MRM mode. Chromatographic separation was achieved 

on a ZORBAX Eclipse plus C18 column (150 × 2.1 mm; 3.5 μm; Agilent). Mobile phases 

consisted of water:acetonitrile (95:5, v:v) and acetonitrile, both containing 0.1% formic 

acid.  A linear gradient was optimized as follows (flow rate, 0.2 ml/min): 0−15 min, 5% to 

100% B, followed by washing with 100% B and equilibration with 5% B. The injection 

volume was 5 μL and the column temperature was maintained at 35°C for each run. The 

MS parameters were listed as follows: negative ion mode, ion source of turbo spray, 

ionspray voltage of -4500 V, curtain gas of 20 psi, collision gas of medium, gas 1 of 50 psi, 
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gas 2 of 60 psi, turbo gas temperature of 500°C, declustering potential of -25 V, entrance 

potential of -9 V, collision energy of  -17 eV, collision cell exit potential of -20 V. The 

characteristic MRM transitions (precursor ion → product ion) were 263.2→219.1, 

263.2→153.1 for ABA; 269.2→225.2, 269.2→159.1 for D6-ABA.     

3.3.9 Statistical analyses 

The salinity tolerance index (ST) and relative root mass ratio were calculated according to 

Negrão et al. (2017), using the following equations (1-5) :  

For salinity tolerance index:   

ST =  
FM after treatment  − FMbefore treatment

FMcontrol  − FM before treatment 
        (1) 

Where FM is total plant fresh mass. 

For relative root mass ratio, root mass ratio (RMR) was first calculated in salt and control, 

and then the ratio of RMR in salt to RMR in control conditions was calculated according 

to the following equations:  

RMRcontrol =
DMroot,control

DM (root+shoot)control
        (2) 

RMRsalt =
DM root,salt

DM(root+shoot) salt
                   (3)  

RRMR =
RMRsalt

RMRcontrol
                      (4)  

where DM is root dry mass.  
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A Student T-test was used for treatment comparisons. To obtain an estimate for 

significance of ratios, each value of the treatment was divided by a mean of the control 

value; * indicates  P-value < 0.05, ** P-value <0.01  
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3.4 Results 

3.4.1 Overexpression of AtJUB1 in tomato results in increased maintenance of 

biomass in response to salt stress compared with wild type 

We used tomato plants overexpressing AtJUB1 (referred to as AtJUB1 OE) to investigate 

the effect of JUB1 in salinity tolerance in tomato. These plants have been described 

previously by (Shahnejat-Bushehri et al., 2017) for their improved drought tolerance. 

After ten days of salt treatment, several physiological parameters related to salinity 

tolerance were assessed, including shoot and root biomass (fresh mass and dry mass), 

leaf area, stem height, root length, and Na and K content in the shoot and root. AtJUB1 

OE plants displayed less wilting of the leaves and plants were greener than WT plants 

(Figure 3.1a). At high salinity, the tolerance of AtJUB1 OE plants was significantly higher 

compared with WT plants, indicating that the AtJUB1 OE plants were better able to 

maintain fresh biomass than the WT plants at high salinity levels (Figure 3.1b). It should 

also be noted that it appears that AtJUB1 OE plants do not have a further reduction in 

stem height as NaCl is increased from 125 to 200 mM, while there is a significant reduction 

in WT plants (Figure 3.1c). 

Under mild salinity stress, AtJUB1 OE plants displayed a higher relative root mass ratio 

compared to WT plants (root mass compared to total plant mass, salt relative to control) 

(Figure 3.2a), suggesting that the AtJUB1 OE plants increase the relative allocation of 

biomass to the roots upon salt stress to a greater extent than under control conditions 

compared to the WT plants. This effect was not significant under high saline conditions. 
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Notably, root length is decreased for both WT and AtJUB1 OE plants under salinity stress 

compared with control; however, there does not appear to be a significant difference 

between AtJUB1 OE plant and WT (Figure 3.2b).  

The effect of salt on parameters such as leaf area, leaf thickness and leaf elongation factor 

were analyzed using Winfolia software. All leaf measurements were performed on leaf 

five as it was the leaf that developed during salt imposition. Leaf area was marginally 

affected by salt treatment in both WT and AtJUB1 OE plants. Leaf thickness was not 

significantly increased in AtJUB1 OE plants under salt stress. AtJUB1 OE plants maintained 

leaf width to length ratio, while this ratio significantly decreased in WT plants under high 

salt treatment (Figure S 3.2).  
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Figure 3.1  Phenotypic and physiological analysis of AtJUB1 OE and WT tomato 

seedlings hydroponically grown under salt and control conditions. 

 (a) Phenotypes of wild-type cv. Moneymaker (WT) and transgenic (35S:AtJUB1-OE) tomato 

seedlings after 10 days of salt stress. Note that the background of images was removed using 

Photoshop, no other changes were made to the images; (b) Salinity tolerance (ST) index of WT 

and AtJUB1 OE; measured as total fresh mass in salt relative to control; (c) Relative stem height 

of WT and AtJUB1 OE plants in salt relative to control. n = at least 5 plants, except WT under 

control conditions, where n = 4; error bars represent standard error of the mean; significant 

differences were calculated using Student T-test, * indicates P-value<0.05.  
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Figure 3.2 Effect of salinity on the root biomass and length of AtJUB1 OE and WT plants.  

(a) Relative root mass ratio (RRMR); (b) Relative root length.  n=at least 5 plants, except WT in 

control conditions, where n = 4; error bar represents standard error of the mean, significant 

differences were calculated using Student T-test, * indicates P-value<0.05. 
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3.4.2  AtJUB1 OE plants show altered water relations and higher proline levels during 

salt treatment compared with WT 

Water relations are important for plant growth, including the maintenance of cellular 

water content and maintenance of transpiration. It has been argued in the literature that 

the hydraulic conductivity in the root decreases under salinity stress, thereby making it 

less easy for the plant to take up water and, consequently, a reduction in the water 

fraction can be observed (Negrão et al., 2017). Here we determined shoot water fraction 

in control and salt stress conditions. Under control conditions, shoot water fraction was 

comparable in WT and AtJUB1 OE plants and only a small reduction in water fraction was 

observed in response to mild salinity levels (Figure 3.3a). During high salinity stress, it 

became apparent that AtJUB1 OE plants are better able to maintain water fraction, 

indicating it is better able to maintain water relations in the plant (Figure 3.3a, b). 

Plants synthesize compatible solutes to maintain plant water potential when salt is 

accumulated (Lodeyro and Carrillo, 2015). Proline is a compatible solute and its 

accumulation has been linked to salinity tolerance (Zhu, 2002; Hmida-Sayari et al., 2005). 

Under control conditions, WT and AtJUB1 OE plants had similar proline levels in young 

and old leaves (Figure 3.4a). However, during mild and high salinity treatment, an increase 

in proline levels can be observed in AtJUB1 OE plants compared with WT, particularly in 

young leaves (Figure 3.4a). This suggests that AtJUB1 OE plants are better able to maintain 

water relations by regulating proline accumulation. The overall osmotic potential of 
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leaves (as measured from total leaf fluids from crushed leaves) increased with salinity 

stress in old and young leaves, as expected; however, no difference was observed 

between AtJUB1 OE and WT plants (Figure 3.4b). This could be because the osmotic 

potential is also driven by ion contents in the leaves (i.e. Na+, K+ and Cl- content). This is 

consistent with the observation that Na and K contents did not vary between AtJUB1 OE 

and WT plants in response to salinity stress in the shoot (Figure 3.5a-d). There is a trend 

for lower Na+ levels in the roots of AtJUB1 OE plants during salt stress compared with WT; 

however, this difference in root Na+ was not significant. This suggests that AtJUB1 is not 

directly involved in ion distribution within the plants. The total chlorophyll content is 

significantly higher in AtJUB1 OE plants under salinity stress compared with WT plants 

(Figure 3.6a), suggesting that AtJUB1 OE plants are better able to maintain photosynthetic 

activity. The ABA content increased in response to salinity stress; however, it was 

significantly lower in AtJUB1 OE plants compared with WT at high salinity (Figure 3.6b). 

In summary, it appears that JUB1 is involved in maintaining favorable water relations and 

photosynthetic activity when overexpressed in tomato plants during salinity stress in a 

hydroponics environment. In the following, we examined if AtJUB1 overexpression also 

positively affects yield related parameters. 
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Figure 3.3 Water content of AtJUB1 OE and WT plants.  

(A) Shoot water fraction of WT and AtJUB1 OE under control and salt stress conditions; (B) 
relative water fraction of AtJUB1 OE and wild type plants in salt relative to control. n = at least 
5 plants, except WT under control conditions, where n = 4; significant differences were 
calculated using Student T-test, ** indicates P-value< 0.01. 
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Figure 3.4 Proline content and osmotic potential of AtJUB1 OE and WT plants.  

(a) Proline level of old leaf and young leaf WT and AtJUB1 OE plants in control and salt stress 

conditions; (b) Osmotic potential of old leaf and young leaf WT and AtJUB1 OE plants in control 

and salt stress conditions. n = 3; significant differences were calculated using Student T-test, * 

indicates P-value<0.05, ** P-value<0.01. 
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Figure 3.5 The ion content of the last fully expanded leaf (leaf five) and root of AtJUB1 OE and WT plants.  

(a) Sodium concentration in leaf five; (b) Sodium concentration in the roots; (c) Potassium concentration in leaf five; 

(d) Potassium concentration in the roots. n=at least 5 plants, except WT under control conditions, where n=4; error 

bars represent standard error of the mean; significant differences were calculated using Student T-test, no 

significant differences were detected. 
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Figure 3.6 Chlorophyll and ABA levels of AtJUB1 OE and WT plants.  

(a) Total chlorophyll content of leaf 4; (b) ABA content of WT and AtJUB1 OE plants. The ABA 

concentration represents the mean of two technical replicates and three biological replicates. n 

= 3; error bars represent standard error of the mean; significant differences were calculated 

using Student T-test, * indicates P-value< 0.05 and ** P-value<0.01. 
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3.4.3 AtJUB1 promotes plant growth under salt stress of soil grown tomatoes  

To assess whether AtJUB1 also affects salinity tolerance of tomato in soil grown plants, 

WT and AtJUB1 OE plants were grown in pots containing soil in the greenhouse and 

subjected to 350 mM NaCl treatment. Salt was imposed at the 8th leaf stage for a total of 

four weeks and the effect of salinity on plant growth (fresh mass and height) and fruit 

yield was investigated. The growth of WT plants was visibly reduced after salt stress 

application, while AtJUB1 OE plants maintained growth (Figure 3.7a). The salinity 

tolerance index based on plant height and biomass showed that AtJUB1 OE plants are 

better able to maintain growth compared with WT (Figure 3.7b-c). However, in contrast 

to hydroponically grown plants, the water fraction was not different between AtJUB1 OE 

and WT plants (Figure 3.7d). All yield related parameters measured, such as total fruit 

number, number of flowers, and number of trusses decreased with salinity treatment in 

both WT and AtJUB1 OE. This decrease tends to be slightly more prominent in WT plants; 

however, no statistically significant differences were observed when comparing WT and 

AtJUB1 OE plants (Figure 3.7e). In summary, overexpression of AtJUB1 in tomato plants 

appears to improve plant growth under salinity stress compared with WT plants, and 

there is a trend for positive effects on yield related parameters (however, these were not 

significant, at least under the conditions tested). 
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Figure 3.7 Assessing JUB1 in salinity tolerance under soil conditions.  

(a) Phenotypes of wild-type cv. Moneymaker (WT) and transgenic (35S:AtJUB1-OE) tomato plants 

after 17 days of salt stress; (b) Salinity tolerance index “i.e Δ Plant height Salt/control” calculated 

as the increase in plant height after salt treatment relative to the increase in plant height in control 

plants over the same time period; (c) Salinity tolerance index “Δ Plant height salt/control” 

calculated as the increase in plant fresh mass after salt treatment relative to the increase in plant 

fresh mass in control plants over the same time period; (d) Relative water fraction of AtJUB1 OE 

and wild type plants in salt relative to control “based on total shoot mass”; (e) Relative ratio of 

some yield related parameters. n = at least 5 plants, except WT under control conditions, where 

n = 3; error bars represent standard error of the mean; significant differences were calculated 

using Student T-test, * indicates P-value< 0.05. 
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3.5 Discussion 

To investigate if JUB1 is involved in salinity tolerance in tomato, we performed salt stress 

experiments in a hydroponics and soil setup with tomato plants overexpressing AtJUB1 

(described previously by (Thirumalaikumar et al., 2018b). It has been shown previously 

that Arabidopsis overexpressing AtJUB1 had fewer senescence symptoms in response to 

salinity stress and was therefore more tolerant compared with WT (Wu et al 2012). Here, 

we investigated if AtJUB1 overexpression also reduces senescence symptoms in tomato 

and if it influences biomass and fruit production in response to salinity stress. We found 

that AtJUB1 overexpression indeed improved the plants’ salinity tolerance based on 

maintenance of biomass compared with WT controls. It appears AtJUB1 overexpression 

also improved yield related parameters in tomato plants, although this effect was 

moderate and not statistically significant under the conditions tested.  

Several NAC transcription factors have previously been shown to be involved in the 

response to salinity stress and that their overexpression affects salinity tolerance 

(Nuruzzaman et al., 2013d). In tomatoes, for instance, it has been shown that knock-down 

of SlNac4 reduced the salinity tolerance of transgenic tomato plants in response to salinity 

stress (Zhu et al., 2014), while overexpression of the tomato gene, SlNac35, in Arabidopsis 

and Nicotiana benthamiana (tobacco) appears to improve salinity tolerance based on 

germination and root growth compared with WT controls (Wang et al., 2016). Although 

many stress responsive NACs have been identified, the underlying molecular mechanisms 

and stress-related genes directly regulated remain to be identified. 
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Here we found that AtJUB1 OE plants showed less reduction in biomass, stem height and 

root length under high salinity stress, while the effects of mild salinity stress were not 

significantly different between AtJUB1 OE and WT plants. It is notable that the effect 

appears to be stronger under high salinity conditions, as opposed to mild salinity stress. 

A similar effect has been observed before in a durum wheat introgression line carrying a 

locus for the Na+ transporter HKT, where benefits of the HKT gene were substantial at 

high salinity stress, but less so at moderate stress (Munns et al., 2012). The effect of yield 

improvement in those durum wheat introgression lines was linked to enhanced Na+ 

exclusion from the shoot, thereby reducing the accumulation of toxic amounts of Na+ in 

the photosynthetically active tissues. To tolerate salinity stress, plants have evolved 

several mechanisms, such as exclusion of Na+ from the shoot, the compartmentalization 

of Na+ into vacuoles and stress signaling (Munns and Tester, 2008; Roy et al., 2014). We 

did not find differences in Na+ accumulation in the leaves of our AtJUB1 OE tomato plants, 

suggesting that Na+ exclusion or compartmentalization are not the main mechanism of 

salt tolerance conferred by AtJUB1. This suggests that AtJUB1 is not directly involved in 

ion distribution within the plants. 

The regulatory pathway through which JUB1 is involved in salinity tolerance is not fully 

understood. A recent study by Sakuraba et al. (2017) identified PIF-4 as an upstream 

negative regulator of JUB1. PIF-4 directly binds to the JUB1 promoter and suppresses its 

expression. Plants overexpressing PIF-4 were more salt sensitive, likely in part due to JUB1 

suppression by PIF-4 (Sakuraba et al., 2017). Homeodomain-leucine zipper 13 (AtHB13) 
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was also identified as another upstream regulator of JUB1 (Ebrahimian-Motlagh et al., 

2017). AtHB13 binds to the JUB1 promoter and induces its expression under drought 

stress, conferring tolerance to water deficit stress likely through the DREB2A pathway. 

DREB2A is a key regulator in response to water deficit, heat and salt stresses (Dubouzet 

et al, 2003).   

It has previously been described that AtJUB1 directly binds to AtDREB2A (Wu et al., 2012), 

and therefore is involved in the ABA-independent pathway. Interestingly, we found that 

AtJUB1 OE plants had lower amounts of ABA under salt stress compared with WT. ABA is 

a common stress hormone, which increases in concentration upon stress imposition to 

signal responses such as stomatal closure (Vishwakarma et al., 2017). The closure of 

stomata reduces transpiration and therefore allows plants to conserve water. In AtJUB1 

OE plants, we found lower ABA levels, perhaps reflecting the higher water status (and 

thus lower stress levels) of the AtJUB1 OE plants. The lower ABA levels may also enable 

AtJUB1 OE plants to maintain transpiration and gas exchange, and, therefore, growth is 

better maintained compared with WT plants. It has been hypothesized that there is an 

interaction between the ABA-dependent signaling and ABA-independent signaling though 

DREB2A and AREB/ABFs (Yoshida et al., 2014). It appears there is no JUB1 binding motif 

in the promoter region 1 kb upstream of genes encoding for the ABA-responsive element 

binding factor (ABF1/2/3/4).  

We found that AtJUB1 OE plants had higher proline levels under salt stress compared with 

WT plants. This is congruent with recent findings showing that transgenic banana 
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overexpressing MusaNAC042 (the closest homolog to AtJUB1 in banana) had higher 

proline levels and are more tolerant to salinity stress (Tak et al., 2017). These transgenic 

banana plants also exhibited a more favorable water balance compared with WT plants 

(Tak et al., 2017). This is consistent with our findings and previous studies investigating 

drought tolerance of tomato overexpressing AtJUB1 (Thirumalaikumar et al., 2018). JUB1 

binds directly to the promoters of SlDREB1, SlDREB2 and SlDELLA in tomato 

(Thirumalaikumar et al., 2018), which are important TFs regulating drought responses 

(Yamaguchi-Shinozaki and Shinozaki, 2006). However, the mechanisms through which 

JUB1 directly or indirectly regulates proline metabolism (e.g. activation of proline 

biosynthesis or reduction of degradation) remain to be investigated.  

Some components of salt stress and water deficit stress are similar. For instance, both 

stresses can cause cellular dehydration. Several tolerance mechanisms have been identified 

to be important in response to both salt and/or water deficit stress, such as osmotic 

adjustment and maintainance of relative water content (Bartels and Sunkar, 2005). We 

confirmed altered water relations of plants overexpressing JUB1 and observed higher 

proline levels in the transgenic compared with the WT in response to salinty stress. This is 

congruent with previous findings that JUB1 is involved in tolerance to water deficit 

(Thirumalaikumar et al., 2018b). 

Importantly, we investigated if the improvement of salinity tolerance related to biomass in 

a hydroponics experiment also translates to an increase in yield and yield related 

parameters in soil grown plants through to maturity. It appears AtJUB1 OE has only 

moderate effects on improving yield parameters such as fruit number and number of trusses 
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under salinity stress. However, it has been shown that in AtJUB1 OE plants, several 

ripening-related genes are differentially regulated and that fruit ripening is delayed 

(Shahnejat-Bushehri et al., 2017). It also remains to be investigated if fruit quality remains 

comparable to wild type plants during salinity stress. Salinity has known to increase sugar 

levels in tomato fruit, which may be considered a positive or negative sensation to 

consumers. A higher sugar content, together with delayed fruit ripening may provide 

desirable traits for commercial growers. The trend that AtJUB1 OE tomatoes have 

improved yield and yield related parameters needs to be verified in future field studies.   
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3.12 Supplementary Figures 

 

 

 

 

 

Figure S 3.1 Setup of supported hydroponic system.  

(a) Ebb and flow supported hydroponic system consists of a large reservoir tank 

(containing 100 L of nutrient solution) and a top tray (containing plant pots). The 

bottom tank and top tray are connected to each other by tubing allowing nutrient 

solution to be pumped up to the top tray and drain freely back (ebb-and-flow). (b) 

Tomato plant growing in the plastic beads. (c) Tomato plants growing in the top 

tray of ebb and flow hydroponic system.      
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Figure S 3.2 Leaf analysis.  
(a) Leaf area of leaf five. (b) Leaf thickness of leaf five measured as leaf area divided by leaf dry 
mass. (c) Leaf elongation factor of leaf five calculated as leaf width to length ratio. (D) Relative 
leaf elongation factor (leaf five elongation factor in salt relative to control). n= at least 5 plants, 
except WT under control conditions, where n=4; error bars represent standard error of the mean; 
significant differences were calculated using Student T-test, * indicates  P-value < 0.05, ** P-
value <0.01. 
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3.13 Supplementary tables  

 

 

 

Table S. 3.1 Total fresh mass of WT and AtJUB1 OE plants in control and stress 

conditions. 

 

 

 

 
 

 

Table S. 3.2 Total dry mass of WT and AtJUB1 OE plants in control and stress conditions.  

plants 
0mM 125mM  200mM  

mean se mean se mean se 

WT 16.574 3.542 7.202 0.389 3.761 0.598 

AtJUB1 OE 13.442 1.528 5.837 1.049 5.400 0.627 

plants 
0mM 125mM  200mM  

mean se mean se mean se 

WT 1.375 0.280 0.739 0.060 0.481 0.083 

AtJUB1 OE 1.201 0.100 0.537 0.115 0.601 0.080 
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4 Chapter 4: Genome wide identification of NAC transcription factors 

and their role in abiotic stress tolerance in Chenopodium quinoa  

 

Chenopodium quinoa Willd (quinoa) is a crop plant with high nutritional value and 

relatively high tolerance to several abiotic stresses, including water deficit and salt stress, 

making it a good crop plant for the study of mechanisms of abiotic stress tolerance. NAC 

transcription factors are hypothesized to play a major role in quinoa’s tolerance to abiotic 

stresses. In this chapter, the NAC TFs family in the genome of quinoa were catalogued 

and their responses to different abiotic stresses described. In total, 107 quinoa NAC TF 

genes were identified, among them the expression of 28 stress responsive CqNAC genes 

was significantly changed in response to one or more abiotic stresses, including salt, water 

deficit, heat and phosphate starvation. These results provide insights into quinoa NACs 

genes that could be used in the future for genetic engineering or molecular breeding.  

The contents of this chapter will be submitted to PLoS One as a research paper: Alshareef, 

N.O., Khoury, H., Tester, M., and Schmockel, S.M. (2019). Genome wide identification 

of NAC transcription factors and their role in abiotic stress tolerance in Chenopodium 

quinoa. The author contributions are as follows:  NA, SMS, MT conceived the project and 

designed experiments. NA performed the analysis and the qPCRs. Holly provided the 

cDNA samples for qPCR experiments. NA and SMS drafted the manuscript, with 

contributions from all authors. 
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Genome wide identification of NAC transcription factors and their role in abiotic stress 

tolerance in Chenopodium quinoa  

Nouf Alshareef1, Mark Tester*1, Sandra Schmöckel1,2 
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Abstract  

Chenopodium quinoa Willd (quinoa) is a pseudocereal with high nutritional value and 

relatively high tolerance to several abiotic stresses, including water deficient and salt 

stress, making it a good plant for the study of mechanisms of abiotic stress tolerance. NAC 

(NAM, ATAF and CUC) transcription factors are involved in a range of plant developmental 

processes and in response to biotic and abiotic stresses. In the present study, a genome-

wide comprehensive analysis of the NAC transcription factor gene family in quinoa was 

performed. In total, we identified 107 quinoa NAC transcription factor genes, distributed 

equally between sub-genomes A and B. They are phylogenetically clustered into two 

major groups and 18 subgroups. Almost 75% of the identified CqNAC genes are duplicated 

from two to seven times and the remaining 25% of the CqNAC genes are found as a single 

copy. Transcriptional responses of the identified quinoa NAC TF genes in response to 

various abiotic stresses were analyzed. Transcriptomic data revealed 28 stress responsive 

CqNAC genes where their expression significantly changed in response to one or more 
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abiotic stresses, including salt, water deficient, heat and phosphate starvation. Among 

these stress responsive NACs, some NACs were previously known to be stress responsive 

in other species, indicating their potentially conserved function in response to abiotic 

stress across plant species. Six genes were differentially expressed specifically in response 

to phosphate starvation but not to other stresses these genes may play a role in 

controlling plant responses to phosphate deficiency. These results provide insights into 

quinoa NACs that could be used in the future for genetic engineering or molecular 

breeding.  

4.1 Introduction  

The NAC transcription factor (TF) family is plant specific and one of the largest families of 

TFs in plants. The acronym for NAC is derived from three TFs: NAM, ATAF and CUC, where 

NAM is an acronym for No Apical Meristem (Aida et al., 1997), ATAF stands for 

Arabidopsis Transcription Activator Factor (Souer et al., 1996), and CUC is a Cup Shaped 

Cotyledon (Aida et al., 1997). These three genes share a conserved N-terminal DNA-

binding NAC domain. Arabidopsis thaliana (Arabidopsis) has 117 NACs, also called ANACs  

(Nuruzzaman et al., 2010), rice has 151 NACs called ONACs (Nuruzzaman et al., 2010), and 

soybean has 152 NACs (Le et al., 2011a). NAC proteins regulate a wide range of 

physiological and developmental processes – for example, petunia NAM and Arabidopsis 

CUC1-2 proteins are involved in shoot meristem development (Souer et al., 1996; Aida et 

al., 1997). Other NAC members are involved in floral morphology (Aida et al., 1997; 

Sablowski and Meyerowitz, 1998), plant senescence (Uauy et al., 2006; Balazadeh et al., 
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2008), cell division (Kim et al., 2006), cell wall synthesis (Zhong et al., 2007) and lateral 

root development (He et al., 2005). 

Typical NAC TF proteins are characterized by a highly conserved DNA binding NAC domain 

at the N-terminus region. The NAC domain spans approximately 150 amino acids and 

consists of five conserved subdomains (A-E), that make up motifs for DNA binding, 

protein-protein interaction or transcription factor dimerization (Ernst et al., 2004). 

Subdomains C and D are conserved and bind to DNA; subdomain A is involved in NAC 

dimerization; and subdomains B and E are highly divergent and may contribute to the 

functional diversity of NAC TFs (Ernst et al., 2004; Jensen et al., 2010b). The C-terminal 

region of NAC TFs is diversified and contains the transcription regulatory domain which 

contributes either to transcription activation or repression (Olsen et al., 2005b; Olsen et 

al., 2005a; Ernst et al., 2004).  

Some of the NAC TF proteins possess transmembrane motifs in the C-terminal region that 

anchor NAC proteins to the intracellular membranes and make it inactive (Kim et al., 

2007). When the NAC protein is activated, it undergoes proteolytic cleavage to release it 

from the membrane to enable its TF function in the nucleus. These membrane-associated 

NAC TFs are designated as NAC with transmembrane motif1-like (NTL), most of them are 

associated with plasma membrane and a few are anchored to the endoplasmic reticulum 

membrane (Kim et al., 2007). The size of these NTL TFs is larger (from 335-652 amino 

acids) than the non-membrane associated NAC TFs, which are usually around 320 
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residues (Kim et al., 2007). More than 13 NAC TFs in Arabidopsis and six in rice have been 

described as NTL (Kim et al., 2007). 

Some variation in the structure of NAC proteins have been reported. These NACs are 

called atypical NAC proteins or NAC-like proteins. These variant proteins include some 

proteins that have only a NAC domain without a C-terminal region (Shen et al., 2009; 

Christiansen et al., 2011) and other proteins that have a tandem repeat of the NAC 

domains (Jensen et al., 2010). Another two variants of NAC proteins are suppressor of 

gamma response 1 (SOG1) proteins that have an extra sequence preceding the conserved 

NAC domain (Christiansen et al., 2011; Yoshiyama et al., 2009) and vascular plant one-

zinc-finger (VOZ) proteins, which have a DNA-binding zinc finger, transcriptional 

regulation domain (TRD) at the N-terminal and a NAC domain at the C-terminus (Olsen et 

al., 2005b; Jensen et al., 2010; Mitsuda et al., 2004). 

Quinoa (Chenopodium quinoa Willd., 2n=4x=36) is a dicotyledonous allotetraploid 

pseudocereal plant with 18 chromosomes (Kolano et al., 2016). It belongs to the 

Amaranthaceae family which also includes other economically important crops such as 

Beta vulgaris (beet), Spinacia oleracea (spinach) and Amaranthus hypochondriacus 

(amaranth). Quinoa has recently gained much attention due to its high nutritional value 

and high tolerance to environmental stresses. The grain of quinoa has a balanced ratios 

of carbohydrates, lipids and protein and higher content of essential amino acids and is 

rich in iron and vitamins such as vitamin B1, B6 and E (Repo-Carrasco-Valencia et al., 

2003). Beside its nutritional value it has a tolerance to different abiotic stress including 
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low temperature, drought and salinity (Jacobsen et al., 2003; Isabelle Adolf et al., 2013). 

Quinoa maintains the highest biomass when grown at 100mM NaCl and the biomass is 

reduced by up to 50% when it grows under 500mM NaCl  (Hariadi et al., 2011).   These 

traits make quinoa a good model to understand the mechanisms of stress tolerance. 

The recent completion of the genome of quinoa had allowed us to study NAC genes at 

the whole genome level. To date, only HSP17 and WRKY gene families have been 

systematically analyzed in quinoa (Liu et al., 2018b; Yue et al., 2019) . Here, we identified 

107 NAC TF genes in the quinoa genome and investigated their transcriptional responses 

to different stresses including salt, drought and heat. We performed a systematic analysis 

of NAC TFs in quinoa using the available high quality reference genome sequence of 

quinoa (Jarvis et al., 2017). This study will provide the basis for future functional 

characterization of NAC TFs in quinoa that could be used in quinoa stress tolerance 

research.  

4.2 Results and discussion  

4.2.1 Identification of NAC Transcription Factors Family in Quinoa  

In order to identify NAC TFs in the genome of quinoa, we used a combination of several 

search methods that have been used previously to identify NACs in different plant species. 

We used especially those methods that identified NACs in species with duplicated 

genomes, such as Panicum virgatum (Switchgrass), Populus trichocarpa (black 

cottonwood) and Gossypium raimondii (cotton) (Hu et al., 2010; Shang et al., 2013; Yan 

et al., 2017; Sun et al., 2018).  
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The reference genome of quinoa generated by Jarvis et al. (2017) was used to identify 

NAC TFs in quinoa. First, the Hidden Markov Model (HMM) profile of the protein family 

(Pfam) “NAC domain” (PF02365) was used as a query to search for proteins containing 

NAC domains in the genome of quinoa using the phytozome database version12 

(phytozome, http://www.phytozome.net, version 12). This search identified 104 putative 

NACs proteins. Then, a basic local alignment tool for proteins (BLASTp) was used against 

QQ74 peptides using the NAC domain sequences of the 110 Arabidopsis NACs. This search 

identified 109 putative NACs (six more than the Pfam search using the phytozome 

database). To find further NACs in the genome of quinoa, the TF prediction tool from the 

Plant Transcription Factor Database (PTFDB, http://planttfdb.cbi.pku.edu.cn/, version 

4.0) (Jin et al., 2017) was used to predict all TFs in the peptide sequences of quinoa as an 

input (44,776 peptide sequences). We were able to identify 2093 TFs belonging to 

different families; among those, 107 CqTFs belong to the NAC family. As a quality control 

and to check the reliability of our search, we ran the same search method for Arabidopsis 

and verified that we receive the expected number of Arabidopsis NACs.  

In order to identify the total number of NAC TFs in quinoa, a combined list of all of the 

three search approaches (Pfam search, BLASTp search and the TF prediction tool using 

the Plant Transcription Factor Database) was generated (Figure 4.1), this list consists of 

112 putative CqNACs. All of the three search methods resulted in similar number of 

CqNACs (Figure 4.1, Venn diagram, Supplementary Table S4.1 in Appendix C). There were 

103 CqNACs common between all of the search methods, two CqNACs identified only in 
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the prediction tool search and five CqNACs identified in the BLASTp search only. To further 

confirm these putative CqNAC genes, the protein sequence of all of these 112 putative 

CqNAC proteins were scanned for the presence of the NAC domain using the InterProScan 

program (http://www.ebi.ac.uk/Tools/ InterProScan/), the hmmscan function of the 

HMMER web server (https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan, 

HmmerWeb version 2.28.0) (Potter et al., 2018) and conserved domain search (CDS) of 

the NCBI database. The presence of the NAC domain was confirmed in 107 CqNACs 

sequences, while the NAC domain was not present in the remaining five putative CqNAC 

proteins (all had been identified from the BLASTp search) (Figure 4.1). All of these search 

methods suggest that only 107 CqNACs genes exist in the sequenced genome of quinoa 

until now. The confirmed 107 putative quinoa NACs are listed Table 4.1 and are used for 

further analyses.  
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Figure 4.1 Scheme representing the bioinformatics approaches used to identify NAC 

genes in the genome of quinoa.   
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Quinoa NAC genes encode proteins ranging in size from 101 to 631 amino acids (aa) in 

length with an average of 322 aa. The detailed information of NAC family genes in quinoa, 

including accession numbers and similarities to their Arabidopsis orthologs as well as 

nucleotide and protein sequences are listed in Table 4.1. Table 4.1.    

Several NAC TFs are present as membrane-bound transcription factors (MTFs) (Kim et al., 

2007a). To identify membrane associated NAC TFs in quinoa, all of the full length CqNAC 

peptide sequences were scanned for the presence of α-helical transmembrane (TM) 

motives using TMHMM server v.2.0. (http://www.cbs.dtu.dk/services/TMHMM/). We 

identified nine putative membrane-bound CqNACs proteins containing α-helical TM 

motives in the C-terminal region (Table 4.2).  

The number of CqNACs we identified in this study is less than the number of NACs in 

Arabidopsis and rice. We expected at least double the number of NACs due to the 

tetraploid nature of the quinoa genome. However, by looking at the number of total TFs 

in the genome of quinoa, we found that the total number of predicted TFs in the genome 

of quinoa is not doubled and is even slightly less than the total number of TFs in 

Arabidopsis (2093 CqTFs in quinoa compared with 2296 TFs in Arabidopsis, Figure S 4.1). 

The number of TFs in each family is almost 0.8 fold (median) compared with Arabidopsis, 

with only two families showing 3 and 5 fold more TFs in quinoa compared with Arabidopsis 

(these are FAR1 and LFY families, respectively). Moreover, another study performed by Liu 

et al. (2018b) identified fewer sequences belonging to the heat shock proteins family 70 

(HSP70) in quinoa compared with Arabidopsis (quinoa has 16 HSP70 members, while 
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Arabidopsis has 18 members). However, by comparing the number of CqNAC genes in 

quinoa with its close relatives, quinoa has more NACs than spinach (Spinacia oleracea) 

and sugar beet (Beta vulgaris) which have 80 and 59 NACs genes, respectively. 

 

Table 4.1 NAC transcription factor family in quinoa.  

Illustrating the sub-genome location, start and end of each gene, gene length, number of exons 
and protein length, data obtained from the sequenced genome of quinoa (Jarvis et al., 2017). 
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1 AUR62017896 NAC002:NACdomain-containingprotein2 (ATAF-1) cq15_A 
20376810 20378712 

1903 3 224 

2 AUR62003583 NAC002:NACdomain-containingprotein2 (ATAF-1) cq9_B 
3900006 3901944 

1939 3 224 

3 AUR62000536 NAC002:NACdomain-containingprotein2 (ATAF-1) cq12_A 
6131839 6134224 

2386 4 248 

4 AUR62015520 NAC007: NAC domain-containing protein 7 cq11_B 
21032546 21034478 

1933 4 248 

5 AUR62002191 NAC007: NAC domain-containing protein 7 cq7_A 
65990389 65992323 

1935 4 249 

6 AUR62007469 NAC007: NAC domain-containing protein 7 cq13_A 
728734 730378 

1645 3 370 

7 AUR62039927 NAC007: NAC domain-containing protein 7 cq16_B 
78627158 78632662 

5505 4 370 

8 AUR62004572 NAC008: NAC domain-containing protein 8 cq1_B 
120553744 120556805 

3062 6 388 

9 AUR62022685 NAC008: NAC domain-containing protein 8 cq10_A 
5677119 5680213 

3095 6 374 

10 AUR62002922 NAC008: NAC domain-containing protein 8 cq6_B 
15831647 15834922 

3276 7 339 

11 AUR62035283 NAC008: NAC domain-containing protein 8 cq14_A 
9028304 9032559 

4256 7 365 

12 AUR62029330 NAC010: NAC domain-containing protein 10 cq12_A 
51513524 51515901 

2378 5 328 

13 AUR62031305 ONAC010: NAC transcription factor ONAC010 cq1_B 
25489514 25491226 

1713 2 158 

14 AUR62027390 ONAC010: NAC transcription factor ONAC010 cq2_A 
40025813 40027566 

1754 2 168 

15 AUR62016213 ONAC010: NAC transcription factor ONAC010 cq7_A 
75752855 75754429 

1575 3 389 

16 AUR62011638 ONAC010: NAC transcription factor ONAC010 cq15_A 
13499168 13500708 

1541 3 414 

17 AUR62033952 NAC017: NAC domain-containing protein 17 cq0  
184747668 184752783 

5116 5 530 

18 AUR62029057 NAC017: NAC domain-containing protein 17 cq2_A 
37120934 37126563 

5630 4 524 

19 AUR62035514 NAC021: NAC domain-containing protein 21/22 cq5_B 
51399005 51402623 

3619 2 153 
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20 AUR62043497 NAC021: NAC domain-containing protein 21/22 cq12_A 
29606703 29610871 

4169 2 155 

21 AUR62011853 NAC021: NAC domain-containing protein 21/22 cq8_A 
1858490 1862276 

3787 2 145 

22 AUR62024698 NAC021: NAC domain-containing protein 21/22 cq9_B 
11061255 11065302 

4048 3 149 

23 AUR62001365 NAC025: NAC transcription factor 25 cq7_A 
99573268 99576243 

2976 3 307 

24 AUR62014768 NAC025: NAC transcription factor 25 cq1_B 
30397116 30398602 

1487 3 343 

25 AUR62016954 NAC025: NAC transcription factor 25 cq2_A 
20121444 20123003 

1560 3 327 

26 AUR62005821 NAC029: NAC transcription factor 29 cq14_A 
57750521 57756348 

5828 5 288 

27 AUR62032816 NAC029: NAC transcription factor 29 cq6_B 
5793401 5794833 

1433 3 272 

28 AUR62022690 NAC030: NAC domain-containing protein 30 cq10_A 
5723986 5732908 

8923 5 571 

29 AUR62004648 NAC030: NAC domain-containing protein 30 cq1_B 
121459828 121461574 

1747 3 334 

30 AUR62024101 NAC031: Protein CUP-SHAPED COTYLEDON 3 cq10_A 
59698378 59699514 

1137 4 248 

31 AUR62035165 NAC031: Protein CUP-SHAPED COTYLEDON 3 cq3_B 
1657868 1658173 

306 1 101 

32 AUR62043713 NAC037: NAC domain-containing protein 37 cq0_ 
14884377 14886152 

1776 3 265 

33 AUR62043235 NAC037: NAC domain-containing protein 37 cq9_B 
41526 43301 

1776 3 265 

34 AUR62034813 NAC041: NAC domain-containing protein 41 cq16_B 
11304423 11306000 

1578 3 228 

35 AUR62029543 NAC041: NAC domain-containing protein 41 cq8_A 
26693056 26699989 

6934 5 365 

36 AUR62026904 JUB1: Transcription factor JUNGBRUNNEN 1 (JUB1) cq4_A 
44976454 44984863 

8410 3 344 

37 AUR62040889 JUB1: Transcription factor JUNGBRUNNEN 1 (JUB1) cq1_B 
72702858 72708102 

5245 3 213 

38 AUR62004554 NAC043: NAC domain-containing protein 43 cq1_B 
120299216 120301237 

2022 3 334 

39 AUR62019936 NAC043: NAC domain-containing protein 43 cq16_B 
72986058 72987726 

1669 3 341 

40 AUR62022669 NAC043: NAC domain-containing protein 43 cq10_A 
5477634 5479368 

1735 3 250 

41 AUR62000492 NAC045: NAC domain-containing protein 45 cq12_A 
5500539 5501585 

1047 2 327 

42 AUR62004778 NAC045: NAC domain-containing protein 45 cq12_A 
25145721 25148970 

4056 6 576 

43 AUR62003400 NAC045: NAC domain-containing protein 45 cq9_B 
1759783 1763912 

4130 6 573 

44 AUR62037478 NAC045: NAC domain-containing protein 45 cq5_B 
62910115 62914170 

3250 3 241 

45 AUR62015629 NAC056: NAC transcription factor 56 cq5_B 
3821692 3822921 

1230 3 302 

46 AUR62029331 NAC056: NAC transcription factor 56 cq12_A 
51490439 51492813 

2375 4 327 

47 AUR62001531 NAC60: NAC domain-containing protein 60 cq7_A 
101732643 101734168 

1526 3 330 

48 AUR62007071 NAC066: NAC domain-containing protein 66 cq13_A 
5441599 5443027 

1429 3 279 

49 AUR62016200 NAC67: NAC domain-containing protein 67 cq7_A 
75912843 75914874 

2032 3 257 

50 AUR62036626 NAC68: NAC domain-containing protein 68 cq3_B 
56560424 56570523 

10100 4 279 

51 AUR62025580 NAC68: NAC domain-containing protein 68 cq18_B 
24671246 24673006 

1761 3 342 
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52 AUR62025636 NAC68: NAC domain-containing protein 68 cq18_B 
23977517 23979442 

1926 3 354 

53 AUR62015630 NAC072: NAC domain-containing protein 72 cq5_B 
3807048 3808199 

1152 4 278 

54 AUR62022486 NAC072: NAC domain-containing protein 72 cq1_B 
96255823 96265494 

9672 6 386 

55 AUR62029344 NAC072: NAC domain-containing protein 72 cq12_A 
51286101 51287415 

1315 4 298 

56 AUR62021364 NAC073: NAC domain-containing protein 73 cq1_B 16997945 17004953 7009 6 167 

57 AUR62033276 NAC073: NAC domain-containing protein 73 cq2_A 52375299 52382203 6905 5 319 

58 AUR62031086 NAC073: NAC domain-containing protein 73 cq2_A 5673254 5676404 3151 2 251 

59 AUR62014879 NAC073: NAC domain-containing protein 73 cq1_B 32318489 32327115 8627 2 252 

60 AUR62026259 NAC073: NAC domain-containing protein 73 cq14_A 
24108385 24115692 

7308 4 191 

61 AUR62043434 NAC073: NAC domain-containing protein 73 cq0_ 
19574734 19575424 

691 3 138 

62 AUR62036063 NAC073: NAC domain-containing protein 73 cq15_A 
45801852 45808337 

6486 3 204 

63 AUR62041525 NAC078: NAC domain-containing protein 78 cq5_B 
57361157 57364321 

3165 6 550 

64 AUR62043491 NAC078: NAC domain-containing protein 78 cq12_A 
28893343 28901372 

8030 4 393 

65 AUR62041539 NAC078: NAC domain-containing protein 78 cq12_A 
20501797 20505411 

3615 6 556 

66 AUR62043741 NAC078: NAC domain-containing protein 78 cq1_B 
84648679 84662099 

13421 4 355 

67 AUR62006885 NAC081: Protein ATAF2 cq5_B 
74997825 75001903 

4079 4 329 

68 AUR62006407 NAC082: NAC domain-containing protein 82 cq7_A 
90788443 90789561 

1119 1 372 

69 AUR62029755 NAC082: NAC domain-containing protein 82 cq17_B 
59895805 59896911 

1107 1 368 

70 AUR62006837 NAC082: NAC domain-containing protein 82 cq5_B 
75576113 75577156 

1044 2 319 

71 AUR62000493 NAC082: NAC domain-containing protein 82 cq12_A 
5522447 5523436 

990 1 329 

72 AUR62028872 NAC083: NAC domain-containing protein 83 cq6_B 
3320845 3322156 

1312 4 257 

73 AUR62005686 NAC083: NAC domain-containing protein 83 cq14_A 
55484398 55485672 

1275 4 256 

74 AUR62018752 NAC086: NAC domain-containing protein 86 cq16_B 
75482814 75484845 

2032 4 325 

75 AUR62007247 NAC086: NAC domain-containing protein 86 cq13_A 
3165461 3167486 

2026 4 327 

76 AUR62010080 NAC086: NAC domain-containing protein 86 cq15_A 
5122099 5126510 

4412 4 352 

77 AUR62013074 NAC086: NAC domain-containing protein 86 cq17_B 
79021049 79025517 

4469 4 352 

78 AUR62020251 NAC089: NAC domain-containing protein 89 cq18_B 
32521438 32523891 

2454 5 430 

79 AUR62001522 NAC090: NAC domain-containing protein 90 cq7_A 
101656423 101660122 

3700 4 268 

80 AUR62020261 NAC090: NAC domain-containing protein 90 cq18_B 
32661219 32663097 

1879 3 258 

81 AUR62006223 NAC090: NAC domain-containing protein 90 cq15_A 
2810155 2814517 

4363 3 276 

82 AUR62036991 NAC090: NAC domain-containing protein 90 cq17_B 
56071227 56073064 

1838 2 151 

83 AUR62039815 
ANAC094: Putative NAC domain-containing protein 
94 

cq4_A 
38381888 38383418 

1531 3 385 
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84 AUR62034400 
ANAC094: Putative NAC domain-containing protein 
94 

cq1_B 
55324061 55325551 

1491 3 385 

85 AUR62027152 
ANAC094: Putative NAC domain-containing protein 
94 

cq15_A 
1809369 1810776 

1408 3 222 

86 AUR62012948 
ANAC094: Putative NAC domain-containing protein 
94 

cq17_B 
80277875 80278498 

624 2 146 

87 AUR62040120 
ANAC094: Putative NAC domain-containing protein 
94 

cq6_B 
34103882 34105819 

1938 5 390 

88 AUR62032488 
ANAC094: Putative NAC domain-containing protein 
94 

cq14_A 
41611790 41618469 

6680 8 516 

89 AUR62038748 NAC098: Protein CUP-SHAPED COTYLEDON 2 cq1_B 
106129053 106135097 

6045 4 294 

90 AUR62020634 NAC098: Protein CUP-SHAPED COTYLEDON 2 cq4_A 
16178718 16185086 

6369 4 297 

91 AUR62019477 NAC098: Protein CUP-SHAPED COTYLEDON 2 cq12_A 
48919545 48921791 

2247 3 400 

92 AUR62036158 NAC098: Protein CUP-SHAPED COTYLEDON 2 cq5_B 
11161825 11164198 

2374 5 324 

93 AUR62034435 NAC100: NAC domain-containing protein 100 cq1_B 
56919532 56920931 

1400 3 341 

94 AUR62018102 NAC100: NAC domain-containing protein 100 cq4_A 
35692016 35693362 

1347 3 333 

95 AUR62021652 NAC100: NAC domain-containing protein 100 cq8_A 
9672471 9674125 

1655 3 361 

96 AUR62008438 NAC100: NAC domain-containing protein 100 cq16_B 
4681091 4683124 

2034 3 364 

97 AUR62021621 NAC100: NAC domain-containing protein 100 cq8_A 
10126416 10133113 

6698 4 198 

98 AUR62028103 NTL9: Protein NTM1-like 9 cq11_B 
68788278 68792879 

4602 6 630 

99 AUR62005966 NTL9: Protein NTM1-like 9 cq7_A 
70111368 70115912 

4545 6 631 

100 AUR62013541 SMB: Protein SOMBRERO cq3_B 
65117611 65120613 

3003 3 346 

101 AUR62026741 SMB: Protein SOMBRERO cq10_A 
20749557 20757214 

7658 4 283 

102 AUR62005772 FEZ: Protein FEZ cq14_A 
56770446 56773311 

2866 3 446 

103 AUR62044373 FEZ: Protein FEZ cq6_B 
5175069 5177844 

2776 3 454 

104 AUR62017681 BRN2: Protein BEARSKIN2 cq0_ 
137754423 137760607 

6185 4 418 

105 AUR62000898 NAM-B1: NAC transcription factor NAM-B1 cq12_A 
10832642 10835485 

2844 3 418 

106 AUR62006836 
NAC103: NAC domain containing protein 103 cq5_B 75580825 75581836 1011 2 315 

107 AUR62004773 
NAC domain containing protein 28 cq5_B 62725181 62726259 1078 2 140 
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Table 4.2 Quinoa membrane associated NAC transcription factors.  

Predicted by TMHMM server v.2.0 (http://www.cbs.dtu.dk/services/TMHMM/) illustrating the 
number and position of transmembrane helices. 

  

  gene id  
protein 

size 
number 
of TMH  

position 
of TMH  

description  

1 AUR62041539 556 1 532-554 NACdomain-containingprotein78  NTL11 

2 AUR62041525 550 1 526-548 NACdomain-containingprotein78  NTL11 

3 AUR62028103 630 1 593-615 ProteinNTM1-like9 

4 AUR62005966 631 1  600-622 ProteinNTM1-like9 

5 AUR62001531  330 1 306-323 NACdomain-containingprotein60  (NTL5) 

6 AUR62033952 530 1 499-521 NACdomain-containingprotein17 

7 AUR62029057  524 1 493-515 NACdomain-containingprotein17 

8 AUR62032488 516 1 492-514 PutativeNACdomain-containingprotein94 

9 AUR62020251 430 1 406-428 NACdomain-containingprotein89 
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4.2.2 Chromosomal Location and Gene Duplication of Quinoa NAC Genes 

In total 103 CqNACs are localized to the 18 chromosomes of quinoa and only four CqNACs 

could not be mapped to any chromosome and therefore assigned to chromosome zero. 

CqNACs genes appear to be equally distributed between sub-genome A and B (Figure S 

4.2a), however, CqNACs are unequally distributed across the chromosomes (Figure S 

4.2b). The largest number of CqNACs genes are localized to chromosome 1 (13 CqNACs, 

~12.38 %), followed by chromosome 12 (12 CqNACs, ~11.43 %). while chromosomes 11 

and chromosome 13 has the smallest number of CqNACs, (only two CqNACs ~1.9 % are 

localized to chromosome 11 and three CqNACs ~2.86 % are localized to chromosome 13) 

(Figure S 4.2b).   

We noticed that, in most of the cases, two or more quinoa CqNAC genes were found for 

every Arabidopsis ortholog and thus we grouped quinoa CqNACs as duplicated and un-

duplicated genes. The duplicated group consists of 30 duplicated CqNAC genes (each gene 

has from 2 to 7 copies) giving a total number of 97 genes distributed between subgenome 

A and subgenome B. The un-duplicated CqNACs consist of 10 CqNACs genes (Figure 4.2a, 

b). In total, only 40 Arabidopsis NAC genes have orthologs in the genome of quinoa (36.5% 

of Arabidopsis NACs). 
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Figure 4.2 The duplicated and non-duplicated quinoa NAC genes.  

a) copy number of each quinoa NAC gene. b) Pie chart shows the percentage of duplicated and unduplicated 
NACs, the percentage of genes are calculated based on the total number of CqNACs orthologs to 
Arabidopsis NACs (40 NAC genes). 
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Synteny analysis was performed using MCScanX to reveal the relationship between the 

duplicated CqNACs and if these duplicated genes form homologs pairs and if these 

homologs are located between subgenomes A and B (to form homoeologous pairs). 

Synteny analysis revealed different types of homology occurs between the duplicated 

genes, these could be classified as: (1) genes that have a single homoeolog located in the 

same phylogenetic cluster (Supplementary Table S4.2a Appendix C) – in quinoa, this 

applies to 52 genes (26 pairs, 48.6% of all of the genes), (2) genes that have a single 

homoeolog but located in different phylogenetic clusters - 18 genes in quinoa (16.8%), 

(Supplementary Table S4.2b Appendix C), (3) genes that have more than one homeolog 

located in a different clusters - 10 genes in quinoa (9.3%) (Supplementary Table S4.2c 

Appendix C) and (4) genes that have no homeolog according our analyses - 27 genes in 

quinoa (25.2%) (Supplementary Table S4.2d Appendix C), although some of these genes 

are duplicated, such as the ortholog of AtJUB1 but none of the duplicated copies have a 

homoeolog. The absence of some homoeolog copies in some of CqNAC genes suggest 

gene loss happened during the evolution of quinoa, causing some gene loss in the NAC 

family in quinoa. Similar findings have been observed in WRKY TF family in quinoa, where 

some of the homeologous copies of some of the WRKY genes have been lost (Yue et al., 

2019).  

4.3 Phylogenetic Analysis of the Family of NAC TFs in Quinoa and Arabidopsis  

A neighbor-joining (N-J) phylogenetic tree was constructed to study the relationship 

between quinoa CqNACs. The NAC domain of a total of 107 quinoa NAC was used in the 
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phylogenetic construction. From the phylogenetic tree (and according to the bootstrap 

values), quinoa NAC proteins can be classified into two major groups (Figure 4.3a). Group 

I has the largest number of CqNACs (96 CqNACs) and is subdivided into 15 subgroups 

(Figure 4.3b). Group II contains 11 CqNACs.  
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Figure 4.3 Phylogenetic tree of quinoa NACs. 

 a) The phylogenetic tree was constructed in MEGA 7.0 using the Neighbor-Joining (NJ) method with 1000 

bootstrap interactions based on multiple sequence alignment of 107 amino acid sequences of NAC domains of 

NAC peptides from Chenopodium quinoa. Nodes that have a bootstrap value of less than 50 are collapsed. The 

tree divided CqNACs into two major groups: Group I (with blue background) and Group II (with pink background). 

Group I is further subdivided into 15 subgroups that have different background colors. b) Details of the 

subgroups from the phylogenetic tree in (a).  
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Generally, most of the quinoa CqNACs form sister pairs (there are 49 pairs) except for 

nine CqNACs that occurs as a single CqNAC (Figure 4.3b). These results indicates that 

genes in each subgroup might be originate from the same duplication event. Similar 

phylogenetic topology have been also found in other plants with duplicated genomes, 

such as in switchgrass (Yan et al., 2017). For most NACs, closely related members in the 

same phylogenetic subgroup share similar exon/intron structure (number and length), 

with few exceptions (Figure 4.4).      

To find the phylogenetic relationship between quinoa and Arabidopsis, another 

phylogenetic tree was constructed, in this case from the alignments of the full-length 

sequences of NAC proteins from Arabidopsis (110 seq.) and quinoa (107 seq.). (  Figure 

4.5). The phylogenetic tree divided NACs into different sub-groups consistent with the 

classification produced by Ooka et al. (2003b). The bootstrap values were sometimes low; 

however, this was also reported in previous studies (Lijavetzky et al., 2003; Zhang and 

Wang, 2005; Li et al., 2006; Wang et al., 2008; Wilkins et al., 2009). NAC TFs from same 

phylogenetic group are likely to have similar function. For instance, the NAM subfamily 

includes NACs that function in shoot boundary formation (CUC1/2/3) (Vroemen et al., 

2003; Hibara et al., 2006), while NACs belonging to subfamily OsNAC7 are involved in 

secondary wall formation (Vascular related NAC-Domain proteins “VNDs”  (Zhou et al., 

2014) and in root development (SMBs (Willemsen et al., 2008)). Another example is 

AtNAC3 subfamily which include NACs involved in stress response (ANAC019, ANAC055 



173 

 

and ANAC072) (Tran et al., 2004a). Interestingly, there is a subgroup of Arabidopsis NACs 

that are absent in quinoa (subgroups 8, 16 and 18) which might have been lost during 

quinoa evolution. These subgroups have 5, 9 and 10 genes respectively. Four genes from 

subgroup 16 are involved in xylem differentiation, cell division and salt and drought 

tolerance in Arabidopsis, however, the function of the remaining members is still 

unknown. Similarly, there is a group of quinoa NACs that did not group with Arabidopsis 

NACs (subgroups 17 and 19), these NACs may have functions specific to quinoa.   
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Figure 4.4  Exon/ intron structure of quinoa NAC genes belonging to different phylogenetic 

subgroups. 
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 Figure 4.5  Phylogenetic relationship of NAC proteins from Arabidopsis and quinoa.  

Phylogenetic tree was constructed in MEGA 7.0 using the Neighbor-Joining (NJ) method with 1000 bootstrap 

interactions based on multiple sequence alignment of 107 amino acid sequences of full-length peptide 

sequence from Chenopodium quinoa and 110 sequences from Arabidopsis thaliana. The tree was divided into 

different subgroups and named according to the classification of OoKa et al. (2013). Red circles represents 

genes from Arabidopsis and green triangles represents genes from quinoa.   
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4.3.1 Transcriptional Analyses of Quinoa NAC genes 

4.3.1.1 Expression of Duplicated Genes (Functionalization of Duplicated Genes)   

The high proportion of gene duplication among quinoa CqNAC genes raises the question 

about their functional redundancy. During the evolutionary process, duplicated genes 

may have obtained non-functionalization, neo-functionalization or sub-functional 

redundancy (Prince and Pickett, 2002), which could be indicated by differences in their 

patterns of expression. Thus, we investigated the expression of duplicated CqNACs in the 

shoot and root of quinoa plants grown in soil and in hydroponic system under normal 

growth conditions. First, to find out if all of the CqNACs that we identified in this study 

are expressed we calculated their cumulative expression in all of the samples and all of 

the conditions (Supplementary Table. S4.3 Appendix C). We found that five genes were 

not expressed at all in any of the conditions used in this work, and four genes were 

expressed only at very low levels (normalized read count: FPKM<1).  Then we analyzed 

the expression pattern among the duplicated genes. We identified different expression 

patterns among the duplicated genes that could be summarized as the following: (i) 

similar expression pattern among the duplicated genes, and/or some copies have a 

weaker/stronger expression than the other copies, (ii) different expression pattern 

among the duplicates, (iii) some of the copies are not expressed. For simplicity, we 

analyzed the expression of these duplicated genes as groups according to their copy 

numbers as following: a) genes that are two times duplicated, b) genes that are three 
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times duplicated, c) genes that are four times duplicated, and d) genes that are more than 

four times duplicated (five, six and seven times) (Figure 4.66a-d).  

All of the genes that have two copies followed the first transcriptional pattern, such as 

can be seen in the orthologs of ANAC017, ANAC029 and ANAC030 (Figure 4.6a). For the 

genes that have three copies, they either have different expression patterns (such as in 

the orthologs of ANAC043 where two copies showed a tissue specific expression pattern 

being more expressed in root than shoot and the third copy is similarly expressed in both 

shoot and root); or some copies are not expressed (such as in the orthologs of ATAF1 and 

ANAC068 where two copies are not expressed) (Figure 4.6b).  

For the genes that have four copies, three expression patterns are seen: either some of 

the copies are not expressed (such as in ONAC10 and ANAC021, only two copies are 

expressed Figure 4.6c), or duplicated copies have different expression patterns (such as 

in ANAC045, ANAC078, ANAC086 and ANAC90) although, some copies have 

stronger/weaker expression than the other.   

For the genes that have five copies, they all have the same expression pattern, being more 

expressed in root than shoot, however some copies have a stronger expression than other 

copies. For the genes that have six or seven copies, some of the copies share same 

expression pattern and some of the copies have different expression pattern. An example 

for this is ANAC094 is six times duplicated, four copies have same expression 

(AUR62027152, AUR62012948, AUR62040120 and AUR62032488) being more expressed 
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in shoot than root, while the other two copies (AUR62039815 and AUR62034400) are 

more expressed in the root than shoot (Figure 4.6d).  

To summarize these results, the expression analysis of the duplicated genes under normal 

growth conditions showed a different expression pattern between shoot and root among 

the duplicated copies. Some of the duplicated CqNAC genes have a similar expression 

pattern which indicate similar or redundant function, this has also been reported for 

several duplicated NACs identified in the diploid cotton Gossypium raimondii (Shang et 

al., 2013), which suggests the occurrence of sub-functionalization. Other duplicated 

CqNAC genes have different expression patterns, suggesting that some of the duplicated 

copies have developed different function, this has also been reported among some of the 

duplicated members of Tartary buckwheat (Fagopyrum tataricum) FtNAC genes (Liu et 

al., 2019). We also noticed that not all of the duplicated copies are expressed, for example 

in two of the genes that are triplicated and one of the genes that are found in four copies, 

only two copies are expressed and the other two copies are not expressed.  
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Figure 4.6 Heat map of the expression profile of duplicated CqNAC genes in the shoot and root 

of quinoa plants grown under normal growth conditions in hydrponic system.  

a) Genes duplicated two times, b) genes duplicated three times, c) genes duplicated four times, d) genes 
duplicated more than four times, and e) genes that have a single copy.  
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4.3.1.2 Tissue-specific Expression of Quinoa NAC TFs (expression of NACs in organ 

morphogenesis) 

NAC TFs have long been known as an important TF family involved in regulating plant 

growth and development and in response to stress (Souer et al., 1996b; Aida et al., 1997; 

Lee et al., 2014; Shahnejat-Bushehri et al., 2016c; Thirumalaikumar et al., 2018a). To 

identify NACs that are potentially involved in root and shoot development, the expression 

of all of the 107 putative quinoa NAC TFs genes was identified in the shoot and root of 

quinoa plants grown under normal growth conditions in soil as well as in hydroponic 

conditions (Table S6). To find genes that are potentially involved in root or shoot 

development, the expression of CqNACs in the shoots was compared to their expression 

in the roots, only genes that are significantly differentially expressed (DE) between shoot 

and root (FDR=0.05) were assigned as a putative NAC involved in regulating root or shoot 

development. Those CqNACs comprise 24 genes (19 genes being more expressed in roots 

“root specific” and five genes being more induced in the shoot “shoot specific”) (Figure 

4.7).  The expression of CqNACs in the shoot and root of plants grown in soil and in 

hydroponic showed a consistent expression pattern. However, there are few differences 

in the number of significantly differentially expressed (DE) genes. Among those NAC genes 

that are significantly more expressed in the root than shoot (in both soil and hydroponic) 

is (AUR62013541) gene which is the ortholog of the well-characterized SOMBRERO (SMB) 

gene. SMB has been shown to be involved in controlling the reorientation and timing of 

cell division in root stem cells (Willemsen et al., 2008). A second example is AUR62000536, 
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the ortholog of the Arabidopsis AtNAC2 gene. AtNAC2 is specifically expressed in the root 

and significantly increased the number of lateral root formation in response to ethylene 

and auxin signaling in Arabidopsis (He et al., 2005a). In addition, AUR62032816, the 

orthologue of NAC029, was strongly and significantly induced in the root compared to 

shoot. De Zelicourt et al. (2012) found that NAC029 is involved in root morphogenesis in 

the legumes (Medicago truncatula). Another gene is (AUR62004554) which is the 

ortholog of Arabidopsis ANAC043. In Arabidopsis, ANAC043 belongs to secondary wall 

NAC genes (SWN) which is also known as secondary wall thickening promoting factor1 

(NST1), however its role in roots growth and development has not been identified yet 

(Zhong and Ye, 2015). 

With respect to shoot related CqNACs, we identified only five CqNACs to be significantly 

more expressed in shoot than root, those are the two orthologues of ANAC072 

(AUR62015630, AUR62029344), and the two orthologs of ANA0C94 (AUR62032488, 

AUR62040120) and the ortholog of NAM-B (AUR62000898). The function of these genes 

in shoot formation has not been identified before, therefore they might be specifically 

involved in shoot formation of quinoa plants or they might be not only involved in shoot 

formation but in shoot related processes.   
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Figure 4.7 Heat map of gene expression of CqNAC genes significantly differentially expressed 
(DE) between root and shoot of quinoa plants grown under normal growth conditions.  
Plants were grown either in hydroponic system or soil, these genes are significantly DE in hydroponic 
system or soil or in both soil and hydroponic systems, significant difference is calculated at FDR=0.05).  
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4.3.1.3 Expression of Quinoa NAC TFs in Response to Abiotic Stresses  

NAC TFs have been identified as an important regulator of stress responses, and given 

that quinoa has a high stress tolerance to abiotic stresses, we can hypothesize that NAC 

TFs are involved in the physiological adaptation to stress tolerance. Here we examined 

the expression of all of the putative quinoa NACs in response to different abiotic stresses 

(salt, drought, heat and phosphate starvation) using RNAseq data obtained from (Jarvis 

et al., 2017). To identify stress responsive CqNACs, we set up a cut-off value of (-

0.5<log2FCh>0.5) for genes to be responsive to stress (Figure 4.8). Around 35-48 CqNACs 

are DE in the root or shoots of quinoa plants exposed to one of the abiotic stresses 

examined in this study. However, the largest number of genes being DE were in the root 

of plants exposed to phosphate starvation (Figure 4.8a).  

NAC genes have been involved in salt stress response and tolerance in Arabidopsis and 

many other plant species (Golldack et al., 2011; Nuruzzaman et al., 2013c; Chen et al., 

2014; Huang et al., 2015). Here in quinoa, we identified nine genes that were significantly 

upregulated in shoot, root or both (5 genes in shoot, 1 gene in root and 3 genes in both 

shoot and root) (Figure 4.8b). Interestingly, some of these genes are orthologs of NACs 

genes previously identified as a salt responsive genes and have a role in salinity tolerance 

when they are overexpressed in plants. For example: AUR62028872 and AUR62005686 

are two orthologs of the Arabidopsis ANAC083 “VND-INTERACTING 2 or VIN2”, a negative 

regulator of xylem vessel formation. In Arabidopsis ANAC083 was induced by salt 

treatment and its overexpression enhanced salinity tolerance by directly binding to the 
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promoters of two important genes involved in salt stress response (Yang et al., 2011). Our 

data showed a similar trend as the two quinoa orthologs of ANAC083 were significantly 

induced by salt stress.  AtNAP “ANAC029” is another NAC TF gene that has been recently 

found to be induced by salt stress (Seok et al., 2017). AtNAP functions as a negative 

regulator of salt stress response via repressing the expression of AREB1 and thus its 

overexpression increases the plants’ sensitivity to salt stress (Seok et al., 2017). Here in 

quinoa, we found a similar expression trend as the quinoa ortholog of AtNAP, 

AUR62005821, was also induced by salt stress in both shoot and root “sig. in shoot only”. 

Another two genes that are also significantly upregulated by salt treatment are 

AUR62000536 “NAC2 ortholog” and AUR62029344 “ANAC072 orthologue” – those two 

genes were found to be induced by salt stress and plants had enhanced stress tolerance 

when they were overexpressed separately (He et al., 2005a); (Tran et al., 2004a). Another 

example is ATAF2 ortholog (AUR62006885) which was previously identified to be induced 

by salt stress and pathogen attack (Seki et al., 2002; Delessert et al., 2005) and here in 

quinoa we reported a similar expression pattern as it is also induced in the shoot and root 

of quinoa plants in response to salt stress.   

Some of the salt responsive CqNAC genes such as AUR62036626, AUR62041525, 

AUR62043497 (the orthologs of Arabidopsis "ANAC068, ANAC078 and ANAC021," 

respectively), are significantly DE in response to salt, but their roles in response to salt 

stress have not been studied before. These genes have potential to be involved in salt 

stress response and adaptation in quinoa.    
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Quinoa is known to have a high drought tolerance and many NAC have been previously 

found to be involved in drought tolerance in rice and Arabidopsis (Golldack et al., 2011; 

Nuruzzaman et al., 2013c; Chen et al., 2014; Huang et al., 2015). After drought treatment, 

expression of sixteen CqNAC genes were significantly different between stress and 

control in the shoot or root or both (Figure 4.8c). Some of these significantly DE genes are 

orthologous to well-known drought responsive NAC genes in other plant species. For 

example, in Arabidopsis, overexpression of RD26/ANAC072, and ATAF1/ANAC002 

confers drought tolerance (Tran et al., 2004a; Wu et al., 2009). Here in quinoa, we found 

that ATAF1 ortholog (AUR62000536) and the two orthologue of ANAC072: AUR62015630 

and AUR62029344 were upregulated in response to drought stress, which is consistent 

with their role in drought tolerance that have been reported previously in Arabidopsis 

(Tran et al., 2004a; Wu et al., 2009). Another example is of AUR62005821 and 

AUR62032816, the two orthologues of Arabidopsis AtNAP, which were significantly 

upregulated in the shoot and downregulated in the root in response to drought stress. In 

rice, OsNAP functions as a positive regulator of drought tolerance (Chen et al., 2014). In 

addition, the wheat TaNAP29 enhances drought tolerance in transgenic Arabidopsis 

(Huang et al., 2015). There are ten genes that are significantly differentially expressed, 

but their roles in response to drought stress have not been previously identified.   

The focus of the role of NAC TFs in heat response has just been recently emerged, there 

are only few reports focusing on their role in heat tolerance; however, their role has not 

been studied thoroughly like in other stresses (Shahnejat-Bushehri et al., 2012; Guan et 
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al., 2014a; Lee et al., 2014; Fang et al., 2015b; Guo et al., 2015). Here we noticed 13 genes 

were significantly differentially expressed in response to heat stress in the shoot or root 

or both Table S8c. Interestingly, AUR62015630 and AUR62029344 the two orthologs of 

(ANAC072/RD26) were downregulated in both shoot and root. In our previous study of 

the transcriptomic analysis of NAC TFs in response to heat priming in Arabidopsis, we 

found that RD26 and AtNAP were responsive to heat priming.  This suggests a possible 

role of NAC TF genes in regulating heat stress response in quinoa.  

Adequate supply of inorganic phosphate (Pi) is important for plants growth and 

development. Low levels of Pi in soil adversely affect plant growth and development and 

thus plants have evolved several regulatory mechanisms to adapt to phosphorus 

deficiency and optimize its uptake and assimilation (Nuruzzaman et al., 2013c). The 

largest number of quinoa NAC TF genes was induced by phosphate deficiency treatment. 

Nineteen genes were significantly upregulated in the root or shoot or both (16 CqNAC 

genes were upregulated in the root and 10 CqNACs were upregulated in in the shoot 

response phosphate deficiency) (Figure 4.8e). In Arabidopsis, five NACs genes have been 

previously reported to be induced by more than 2 fold change in response to P-starvation 

those are: (At3g15500:AtNAC3, At3g04070: ANAC047, At2g43000:JUB1, 

At1g52890:ANAC019, At1g02220:ANAC003) (Misson et al., 2005; Morcuende et al., 2007; 

Nilsson et al., 2010) and (Hammond and Bennet, unpublished, AT-O61 Genevestigator), 

however none of these genes orthologues in quinoa are significantly differentially 

expressed in our data.   
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From the above results of the transcriptional responses of quinoa NACs to different 

abiotic stresses, we noticed that there are three CqNACs that are differentially expressed 

in response to all of the stresses, those are (AUR62029344, AUR62000536 and 

AUR62006885) the orthologs of   ANAC072, ANAC002 and ATAF2 respectively (Figure 

4.8e). This suggest presence of cross talk pathway which mediates stress tolerance 

between different stresses. Although these genes are common between stresses, they 

have different expression patterns in response to different stresses and perhaps they are 

involved in different gene regulatory networks. For instance, AUR62029344, a 

(ANAC072/RD26) orthologue, was induced in the shoot and root of quinoa plants after 

salt, phosphate and drought stresses and only downregulated in response to heat stress 

in both shoot and root.  

The consistent transcriptional responses between CqNACs (in response to abiotic stress) 

with what have been reported previously in Arabidopsis or other plant species, indicates 

a conserved function of NACs across different species and the possibility of sharing a 

common stress tolerance mechanism.  However, we have also identified some CqNACs 

that are stress responsive, transcriptionally, but their function have not been identified 

previously. These NACs may participate in a novel stress tolerance in quinoa plants.     
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Figure 4.8 Quinoa NACs differentially expressed in response to different abiotic stresses. 

a) Number of genes differentially expressed in the shoot and root of quinoa plants exposed to different 
abiotic stresses including: salt, drought, heat and phosphate starvation. b) Heat map of CqNACs DE after 
salt stress. c) Heat map of CqNACs DE after drought stress. d) Heat map of CqNACs DE after heat stress. 
e) Heat map of CqNACs DE after phosphate starvation. Expression value is expressed as Log2Fch in stress 
relative to non-stress control, DE between stress and control is calculated at FDR=0.05. f) Venn diagram 
illustrats the overlap between different stress-responsive CqNAC genes (only significant DE genes).   



189 

 

4.3.2 qRT-PCR analysis of stress responsive CqNACs 

To verify the response of CqNACs to different abiotic stresses, we have conducted salinity, 

drought and heat experiments and investigated the expression of some selected CqNAC 

by qRT-PCR.  The selected CqNACs are identified to be DE in response to stress according 

to our RNAseq data and/or are ortholog to NACs functionally annotated as a stress 

responsive gene in other plant species. The expression of six salt stress responsive CqNAC 

genes was analyzed in response to salt stress (300 mM NaCl). These genes are orthologs 

of Arabidopsis ATAF1, ATAF2, ANAC072, ANAC078 and ANAC083 (Figure 4.9a). The 

expression of all of the tested genes was consistent between qRT-PCR and RNAseq Figure 

S 4.3a) which confirm their response to salt stress. Among these genes we tested the 

expression of the two copies of ANAC083 ortholog (AUR62037478, AUR62043497) and 

the result showed a stronger response in one of the copy (AUR62043497) compared to 

the other copy (AUR62037478).     

In response to drought stress, the expression of nine genes was analyzed (Figure 4.9b). 

The results showed that the expression pattern of some of the CqNAC genes in response 

to drought stress is consistent between RNAseq and qRT-PCR, except for four genes 

(ATAF1, ANAC083 and ANAC029 “two copies”) which showed a different expression 

pattern between RNAseq and qRT-PCR (Figure S 4.3b). We also analyzed the expression 

pattern between the copies of the duplicated genes: (the orthologs of Arabidopsis 

ANAC100, ANAC072 and ANAC029). Two genes (orthologs of Arabidopsis ANAC100 and 

ANAC072 showed a similar expression pattern between the duplicated copies which could 
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suggest that both of the copies have a similar function. However, the two copies of 

ANAC072 showed a different expression pattern between the two copies (Figure 4.9a) 

raising the possibility that these two genes have a different function in response to 

drought stress.    

In response to heat stress, the expression of eight genes was analyzed, the expression of 

all of the CqNAC genes in response to heat stress was consistent between the RNAseq 

and qRT-PCR for six of the genes. Two genes appeared to have opposite expression 

patterns (the orthologs of Arabidopsis ANAC083 and ANAC072) (Figure S 4.3c). 

Among the analyzed genes there are some duplicated gene (the orthologs of Arabidopsis 

ANAC100, ANAC083 and ANAC072).  In the two duplicated genes (ANAC100 and 

ANAC083) both copies of each gene showed a similar expression pattern in response to 

heat stress. This is similar to what we have seen in response to drought stress for these 

two genes. However, the two copies of ANAC072 showed a different expression pattern 

in response to heat stress indicating these two copies of ANAC072 gene have a different 

function (Figure 4.9c).  

To conclude, the high consistency of CqNAC expression between the RNAseq and qRT-

PCR experiments confirmed their response to abiotic stress and also, by analysing the 

expression among the duplicated genes in response to stress, the results indicate that 

there is a similarity between the expression pattern among some of the duplicated genes 

which indicate similar or redundant function of these duplicated copies. However, in 

some duplicated genes, the expression of one copy is weaker or different (opposite) to 
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the expression of the other copy, which suggests different functions of the duplicated 

genes in response to stress. These should be further investigated for their role in stress 

responses and potentially stress tolerance. 
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Figure 4.9 qRT-PCR analysis of some selected CqNACs in response to different abiotic 

stresses.  

a) Relative expression of CqNACs after salt treatment relative to control. b) Relative expression of 
CqNACs after drought treatment relative to control. a) Relative expression of CqNACs after heat 
treatment relative to control. The expression level represents the mean of three independent 
biological replicates, error bar is standard error of the mean. 
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4.4 Conclusions  

In conclusion, this study provides a comprehensive identification and characterization of 

quinoa NAC TFs family. We were able to identify 107 NAC TFs in the genome of quinoa 

plants. These NACs were phylogenetically and functionally classified into different 

phylogenetic subgroups aligned with the previously identified NACs in Arabidopsis. This 

functional classification was also supported by the global expression analysis that we 

performed in two tissues (shoot and root) and in response to abiotic stresses as several 

NAC involved in root development were significantly differentially expressed in the root 

of quinoa plants. Similarly we found several NACs respond transcriptionally to different 

abiotic stress in a similar manner to previously characterized NACs in Arabidopsis and 

other plants species. This indicates that some of the quinoa NAC TFs have a similar 

function to previously identified NACs. Our results provide valuable information for 

further functional research of NAC TF in quinoa and their role in its adaptation to different 

stresses.   

4.5 Materials and Methods 

4.5.1 Sequence Database Search  

Three approaches were used to identify putative NAC family genes in quinoa.  First 

approach was trough the search for peptides that have protein family (Pfam) (PF02365) 

in the genome of quinoa in phytozome database version12 (phytozome, 

http://www.phytozome.net, version 12). In the second approach, all protein sequences 
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of the quinoa (44,776 peptide sequences) were downloaded from phytozome database 

(phytozome, http://www.phytozome.net, version 12), then these sequences were used 

as a query in the transcription factors prediction server from PTFDB.  The third approach 

was through using a Basic Local Alignment search tool (BLASTp); the protein sequences of 

the 110 NAC domain of Arabidopsis thaliana (Arabidopsis) were used to BLASTp against 

the quinoa QQ74 peptides. The protein sequence that has E-value<1E-10 was selected as 

a candidate NAC gene keeping only alignments which cover at least 60% of the query 

length (Arabidopsis sequences). Sequences of Arabidopsis and rice NAC proteins were 

downloaded from Phytozome database version12. Peptide sequences that have less than 

100 residues were considered as truncated proteins and were removed from the analysis. 

All of the putative NAC proteins were confirmed by verifying the presence of NAC domain 

by using InterProScan program (http://www.ebi.ac.uk/Tools/ InterProScan/), hmmscan 

function of the HMMER web server 

(https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan, HmmerWeb version 2.28.0) of 

NAM domain (PF02365)  (Potter et al., 2018) and conserved domain search (CDS) of the 

NCBI database.  

The inference of homeologous copies of genes was performed using a software that 

searches for multiple collinearity regions (MCScanX) with default parameters. Briefly, 

BLASTp was performed between all quinoa QQ74 peptide sequences against themselves 

with an E‐value of < 1e‐10 and a maximum of 5 best hits reported. Subsequently, pairwise 

collinear genes were inferred from collinear blocks defined by a minimum of 5 
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homologous sequences in conserved order. Homeologous genes were inferred from 

collinear genes between A and B sub‐genomes. 

The prediction of membrane‐bound NACs proteins was performed using the software 

TMHMM (http://www.cbs.dtu.dk/services/TMHMM/, server v.2.0) (Krogh et al., 2001).  

4.5.2 Phylogenetic Tree Analysis  

Multiple sequence alignment of the full length protein sequences or NAC domain 

sequences was performed using the tool MUSCLE (Edgar, 2004) built in the software 

MEGA 7.0 (Kumar et al., 2016). The unrooted phylogenetic tree was constructed using the 

software MEGA 7.0 (Kumar et al., 2016) using the Neighbor-Joining (NJ) method with a 

bootstrap test value of 1000.   

4.5.3 Gene Structure and Conserved Motif 

Gene structure display server (GSDS) program (http://gsds.cbi.pku.edu.cn/, version 2.0) 

(Hu et al., 2015), was used to display the organization of exons and introns of NAC genes 

by comparing cDNA with the DNA sequences of individual gene.   

4.6 Plant Material, Growth Conditions and Stress Treatment and Transcriptomic 

Analysis  

4.6.1 Growth Conditions and Stress Treatment used, transcriptomic analysis used for 

RNAseq Transcriptomic Analysis  
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Gene expression (RNAseq) data were obtained from Jarvis et al. (2017). Plants growth 

conditions, samples collections and stress application was described in (Jarvis et al., 

2017). Briefly, for tissue specific gene expression, RNA was extracted from different 

tissues (roots, leaves, petioles, apical meristems, lateral meristems, stems, flowers, 

immature seeds).  RNA was also isolated from roots and shoots of quinoa plants exposed 

to different stresses including drought, heat, salinity and low phosphate conditions. For 

heat or drought treatment, plants were grown in soil in a growth chamber at well-watered 

conditions at 20°C and 12 h daily light for three weeks. Then plants were either left in 

these conditions (as control) or without water (as drought stress). For heat stress, plants 

were transferred to another growth chamber with heat stress conditions of 37°C day and 

32°C night temperatures for equal day/night length (12h day/12h night) for one week. 

Roots and shoots were then harvested and snap-frozen in liquid nitrogen. Salinity stress 

or phosphate deficiency were applied using hydroponic system (Conn et al., 2013). Briefly, 

seeds were germinated in 0.7% agar and left to grow for two weeks in tanks containing 

basal nutrient solution. Seedlings were then transferred to larger, aerated tanks 

containing basal nutrient solution. After one week, plants were either transferred to tanks 

containing fresh basal nutrient solution (control) or tanks containing fresh basal nutrient 

solution lacking KH2PO4 and supplemented with a compensatory amount of KCl (as low 

phosphate) or to tanks containing fresh basal nutrient solution supplemented with 150 

mM NaCl and then increase to 300 mM NaCl after 24 h (as salinity treatment). After one 

week of all treatments, roots and shoots were harvested and snap-frozen in liquid 

nitrogen.  
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For RNA extraction and sequencing, frozen tissue from all samples was ground and RNA 

was isolated using the Zymo Direct-zol RNA MiniPrep Kit (company). RNA quality was 

assessed using an Agilent 2100 BioAnalyzer. Libraries for RNA sequencing were prepared 

using the NEBNext Ultra Directional RNA Library Prep Kit for Illumina. Paired-end 

sequencing of 100-bp was performed using an Illumina HiSeq 2000. Three replicates for 

each treatment and each tissue were sequenced, one sample for salt treated roots was 

excluded as it did not pass quality control. 

4.6.2 Growth Conditions and Stress Treatment used for qRT-PCR Analysis  

Chenopodium quinoa (quinoa) accessions QQ74 was grown in 10 cm diameter pots with 

standard potting mix, under controlled conditions (day/night, 12/12 h, 22/18, 50% 

humidity, photon flux density 300-350 mol m-2 s-1) in plant growth Biochambers until 11 

leaf growth stage (~26 days) before they were subjected to treatment.  

All stress conditions were applied on soil grown plants grown in growth Biochambers set 

at different conditions depending on the stress. Plants in all treatment groups, other than 

drought, were watered on the first day of treatment by filling their trays with water (or 

saline water in case of salt stress). Plants were also watered throughout the course of 

experiment when necessary, except for salt and drought experiments.  

For gene expression analysis, leaf samples were harvested after six days of treatment.  

For heat stress, heat was applied at growth chamber, two chambers were used; one for 

control and one for heat (heat chamber was set to day/night 35/30oC).  



198 

 

For drought stress, plants were watered up to 20-30% water hold capacity WHC (For 

drought plants) and 60% WHC (for control plans). The WHC of the soil was measured by 

filling the pots of soil with the maximum capacity of water possible (until the water is 

dripping from the holes in the bottom of the pot), then pots were left on a rack to drain 

the excess water. After complete dripping, the soil pots were weighed to calculate the 

maximum water capacity of soil. Then soil pots were dried in a 60oC oven for ~3 days. 

Once the soil had completely dried out it was weighed again. The WHC is calculated by 

subtracting the dry weight from the soils weight at maximum water capacity. Each day of 

treatment the water deficit treatment plants are weighed to make sure they are kept in 

this WHC range, either by not watering or adding water.  

For salt treatment, 300 mmol/L was used, the salt solution was made into a 3 litres 

mixture and poured into tray of 4 plants to soak for 4 hours. After 4 hours, the excess 

water was measured to calculate how much salt each plant has taken up which was 

calculated using the WHC.   

4.6.3 Expression analysis of CqNAC genes using qRT-PCR 

The real time qRT-PCR reaction was prepared using the SYBR Green master mix (Applied 

Biosystems): cDNA 4 μL, SYBR Green master mix (2X) 5 μL, forward and reverse primer 

mix (final concentration of each primer is 0.5 μM) 1 μL. The reactions were incubated in 

the ABI PRISM 7900 HT sequence detection system (Applied Biosystems). The reaction 

was set using the following conditions: initial step of 95°C for 10min followed by 40 cycles 

of these two steps (95°C for 15 sec, 60°C for 1 min).  Polyubiquitin 10 gene (AUR62015654) 
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was used as the reference gene for data analysis. The primer sequences of all of the 

primers is provided in (Supplementary Table S4.4 Appendix C). After 40 reaction cycles, 

a melting curve was generated by heating from 60°C to 95°C with a ramp speed of 1.9°C 

min-1 to verify amplification of the desired product.  

Data were analyzed using the comparative Ct method as described in Kamranfar et al. 

(2018). Briefly, the delta Ct value (ΔCt) was calculated by normalizing each Ct value with 

the Ct value of the reference gene UBQ10. Then, the level of gene expression was 

expressed as the difference between an arbitrary value of 40 and the ΔCt value (a high 

40-ΔCt value indicates a high gene expression level). A threshold of 1.5-fold change was 

used to select differentially expressed genes.    
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4.8 Supplementary figures  

 

  

 

Figure S 4.1 Bar graph showing the number of genes in each transcription factor family Arabidopsis 

and quinoa.  

Data were generated from to the plant transcription factor predication tool in the plant transcription factor 

database (PTFDB, http://planttfdb.cbi.pku.edu.cn/, version 4.0) (Jin et al., 2017). 
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Figure S 4.2 Distribution of NAC genes along the genome.  

a) NAC distribution across sub-genome A and sub-genome B. b) Number of NAC genes per 

chromosome. 



208 

 

 

 

 

 

 

 

 

 

 

Figure S 4.3 Comparison of RNA seq with qRT-PCR results 
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5 Chapter 5  

Concluding remarks and perspectives 

5.1 Review of thesis aims and hypothesis 

Plants growth and reproduction are threatened by different environmental factors. Soil 

salinity and high temperature are two factors affecting plants, especially here in the local 

environment of Saudi Arabia. Plants have evolved several mechanisms to respond to and 

tolerate those stresses. Transcription factors (TFs) are key regulators controlling the 

expression of many downstream target genes involved in stress sensing, signaling and 

ultimately tolerance. Plants have several families of transcription factors and one of the 

most important transcription factor families that have been strongly associated with 

stress response is NAC (NAM/ATAF1/2/CUC2) transcription factor family. This thesis 

aimed to explore more on the role of NAC TFs in two stresses: heat stress and salinity 

stress, in the model plant Arabidopsis thaliana (Arabidopsis), as well as in two 

agriculturally relevant species, Solanum lycopersicum (tomato) and Chenopodium quinoa 

(quinoa).  

In Chapter 2, the role of NAC TFs in heat acclimation and heat thermomemory was 

studied. This chapter also included a functional analysis of some selected NACs with a 

distinctive expression pattern in response to thermopriming in order to identify their role 

in thermotolerance. In Chapter 3, JUBGBRUNNEN1 (JUB1), a stress responsive NAC TFs, 

was selected to be further investigated in salinity tolerance in tomato plants.  Chapter 4 
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aimed to identify the NAC TFs in quinoa plants, and to investigate their role in abiotic 

stress tolerance by analyzing their transcriptional responses to various abiotic stresses.  

5.1.1 NAC TFs, potential regulators of heat acclimation    

Prior exposure to mild heat (heat priming) enables the plants to acquire and maintain 

tolerance to heat stress in a process called thermotolerance. Several studies have been 

conducted to understand the molecular mechanisms involved in the acquisition and 

maintenance of thermotolerance including transcriptional and posttranscriptional 

modifications. TFs are key regulators of gene transcription, and their role in regulating the 

acquisition and maintenance of heat stress memory have been studied for some TFs. 

However, few studies have been conducted to understand the role of NAC TFs family in 

heat acclimation and in thermomemory (Shahnejat-Bushehri et al., 2012; Guan et al., 

2014b). So far only two NAC TFs (JUB1 and NAC19) have been found to be involved in 

acquired thermotolerance and in thermomemory. JUB1 was found to be induced by heat 

stress and its expression pattern during the memory phase was similar to the expression 

pattern of thermomemory associated genes (Shahnejat-Bushehri et al., 2012). Also, 

overexpression of JUB1 enhanced the thermomemory of Arabidopsis seedlings. With 

regards to ANAC019, overexpression of ANAC019 enhanced the thermotolerance of 

Arabidopsis plants, presumably by regulating the expression of HSFA1s “the master 

regulators of the HS-response” and other HSFs including HSFBs (Guan et al., 2014b). In 

this thesis, a comprehensive systematic experiment was conducted to investigate the 

transcriptional regulation of NAC TFs in response to heat priming and subsequent 
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exposure to high temperature. In order to investigate if the priming treatment affects the 

expression of NACs after a second heat stress, the expression of NAC TFs was compared 

between primed and unprimed plants. We saw that the expression of NACs is altered 

after a second heat stress, indicating the presence of a transcriptional memory that 

control the expression of NAC TFs. This expression pattern was reported before in drought 

memory where the expression of a subset of DE genes was found to be altered after a 

second drought stress (Ding et al., 2013). Then some of the identified NAC TFs with a 

distinctive expression pattern in response to thermopriming were selected for phenotypic 

analysis. Among the phenotyped NAC TFs, we found that Arabidopsis transgenic lines with 

the ATAF1 gene overexpressed or knocked-out (KO) showed a strong phenotype in 

thermomemory, where the knock-out plants displayed much greater survival rates 

indicating a negative regulatory role of ATAF1 in heat stress memory. To investigate more 

how ATAF1 exerts its role in thermomemory, RNAseq was performed on Arabidopsis 

plants with altered expression of ATAF1 (OE and KO) and samples were collected at early 

time points during the memory phase (after priming treatment).  Several mechanisms 

(genes) have been previously identified to be involved in heat tolerance including ROS 

detoxification, lipid signaling and activation of heat shock proteins and heat shock factors 

(Mittler et al., 2012). However, in our data we found similar responses among ATAF1 OE, 

ataf1 ko and WT plants (as these mechanisms were similarly activated in all of the 

transgenic plants (chapter 2). This indicates that ATAF1 is involved in regulating pathways 

upstream of the HSF/HSP pathway (signaling pathway) or may be involved in other 

mechanisms. Then the powerful co-expression analysis tool was used to identify genes 
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co-expressed and regulated by ATAF1 in response to heat. In the co-expression clusters, 

we were searching for co-expressed clusters that are specifically enriched with ATAF1 

targets genes and we were able to identify four coexpression clusters enriched with 

ATAF1 potential targets (identified previously as a potential targets of ATAF1 based on 

using DAP seq.) . Interestingly, those four co-expressed clusters were also enriched with 

the target genes of another NAC TF target gene, ANAC055, and we found many common 

target genes regulated by ATAF1 and ANAC055. These results suggest the presence of 

coordination between ATAF1 and ANAC055. It is common for TFs to act in a redundant 

manner, and this redundancy could be full redundancy or partial redundancy. By 

analyzing the phenotype of ataf1/anac055 double knock-out mutant, we found that the 

phenotype of ataf1 or anac055 single knock-out mutants was similar to the phenotype of 

the double knock-out mutant ataf1/anac055 indicating that ATAF1 and ANAC055 are 

possibly partially redundant. Taken together, our results indicates that ATAF1 and 

ANAC055 work together to enhance thermomemory in Arabidopsis.   

Figure 5.1 summarizes the role of ATAF1 in different abiotic stresses including 

thermomemory function identified in this thesis.  
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Figure 5.1 Summary of ATAF1 function in abiotic stress responses.  

ATAF1 was previously identified to be involved in many stress responses including salinity and 
drought. In the current study we identified ATAF1 as a negative regulator of heat thermomemory. 
a) Heat priming treatment downregulates ATAF1 expression and blocks its expression when it is 
then treated with high heat stress, which enhances thermomemory. Transcriptomic study of 
ATAF1 OE and ataf1 KO plants reveal changes in the expression of genes involved in metabolic 
processes and stress responses during the memory phase after moderate heat stress which are 
potentially involved in thermomeory.  b) When plants are not pre-treated with heat priming, 
ATAF1 expression is induced in response to high temperature which decreases plants 
thermomemory.  
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5.1.2 AtJUB1 enhances salinity tolerance in tomato plant 

JUBGBRUNNEN1 (JUB1) is a NAC family transcription factor that has been shown to be 

involved in responses to several abiotic stresses, such as water deficit, osmotic, salinity, 

heat and oxidative stress. In Arabidopsis, JUB1 has been shown to improve plant stress 

tolerance by regulating H2O2 levels. In the horticultural crop, Solanum lycopersicum cv. 

Moneymaker (tomato), overexpression of AtJUB1 enhanced drought tolerance at the 

vegetative stage. This thesis aimed to investigate if AtJUB1 overexpression has a role in 

enhancing salinity tolerance in tomato plant and if it influences biomass and fruit 

production in response to salinity stress. For this purpose, a salt stress experiments were 

conducted using hydroponics and soil systems with tomato plants overexpressing AtJUB1. 

The results obtained from this study showed that AtJUB1 overexpression improved the 

plants’ salinity tolerance based on maintenance of biomass compared with WT controls.  

AtJUB1 OE plants showed less reduction in biomass, stem height and root length under 

high salinity stress, while the effects of mild salinity stress were not significantly different 

between AtJUB1 OE and WT plants. This has also been reported before in durum wheat 

introgression line carrying a locus for the Na+ transporter HKT, where benefits of the HKT 

gene were substantial at high salinity stress, but less so at moderate stress (Munns et al., 

2012). In order to investigate the mechanism by which AtJUB1 improve salinity tolerance 

in tomato, several other parameters were measured, those included: measuring Na+ 

levels in the leaves and root, proline levels and ABA levels. No differences in Na+ 

accumulation in the leaves of AtJUB1 OE tomato plants was found, suggesting that Na+ 
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exclusion or compartmentalization is not the main mechanism of salt tolerance conferred 

by AtJUB1. ABA is a common stress hormone, which increases in concentration upon 

stress imposition to mediate responses such as stomatal closure (Vishwakarma et al., 

2017). Stomatal closure reduces transpiration and therefore allows plants to conserve 

water. In this study, AtJUB1 OE plants accumulated less ABA than the WT plants, and we 

also noticed that AtJUB1 OE had significantly higher water content than WT plants under 

salt stress. Thus, the lower ABA level that was seen here in the AtJUB1 OE perhaps reflect 

the higher water status (and thus lower stress levels) of the AtJUB1 OE plants. The lower 

ABA levels may also enable AtJUB1 OE plants to maintain transpiration and gas exchange, 

and, therefore, growth is better maintained compared with WT plants. With regards to 

proline levels, we noticed that AtJUB1 OE plants accumulated higher proline levels than 

WT plants under salt stress, however the mechanisms through which JUB1 directly or 

indirectly regulates proline metabolism (e.g. activation of proline biosynthesis or 

reduction of degradation) remain to be investigated.   

Finally, the role of AtJUB1 overexpression in enhancing yield and yield related parameters 

in soil grown plants was also investigated. It appears that AtJUB1 OE has only moderate 

effects on improving yield parameters such as fruit number and number of trusses under 

salinity stress.  

5.1.3 Quinoa NAC transcription factors are involved in abiotic stress response  

NAC transcription factors have been identified in different plant species; however, no 

previous studies were attempted to investigate NAC TFs in quinoa, perhaps due to the 
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lack of a good quality genome sequence and annotation. In the last chapter of this thesis, 

the recently published genome of quinoa was used to identify and investigate NAC TFs 

family in quinoa. We were able to identify 107 NAC TF genes in the quinoa genome and 

investigated their transcriptional responses to different abiotic stresses including salt, 

drought and heat. Transcriptomic analysis revealed 28 CqNACs as stress responsive genes. 

However, further future experiments are required to verify their function.  

5.2  Future directions 

The knowledge obtained from this study support the hypothesis that NAC TFs play a major 

role in stress tolerance particularly in heat and salinity, as these are the two main focuses 

of this dissertation. The results gained from the transcriptional analysis of NAC TFs in 

Arabidopsis in response to heat priming provides candidate NAC TFs genes that are highly 

responsive to heat priming and are expected to have an important role in regulating 

acquired thermotolerance or thermomemory. However, those candidates should be 

functionally characterized in future to verify their role in enhancing plant 

thermotolerance. Knockout mutants and overexpressor plants of these candidate heat-

responsive-NAC genes should be obtained and phenotyped in response to heat stress to 

have an insight into their role in regulating heat tolerance.  

We also identified that knock-out of ataf1 results in enhanced thermomemory in 

Arabidopsis. However, this study was conducted at the seedling stage, phenotypic 

analysis could also be conducted at vegetative stage and reproductive stages to 

investigate if ATAF1 gene has also a role in enhancing heat tolerance and thermomemory 
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at reproductive stage.  It will also be interesting to test the thermomemory phenotype in 

crop plants such as tomato plants with enhanced or reduced expression level of ATAF1 

gene to learn if ATAF1 has a conserved role in crop plants as well.  

The improved salinity tolerance conferred by AtJUB1 provides an evidence of the 

beneficial role of AtJUB1 in enhancing salinity tolerance of tomato plants. Moreover, the 

accumulated evidences from previous studies on the role of AtJUB1 in enhancing drought 

and heat tolerance as well as its role in regulating fruit ripening, presents JUB1 as good 

candidate gene to be investigated under field conditions where the plants are exposed to 

a different combinations of stresses including heat, drought and salt, especially in Saudi 

Arabia, where the temperatures are high, and most of the water available for agriculture 

is seawater or brackish water.    

In this dissertation, some quinoa NACs were also identified that are responsive to 

different abiotic stresses, this provides potential candidate NACs genes that could be used 

to enhance plants stress tolerance. However, future studies should be conducted first to 

characterize the function of these candidate NACs in enhancing stress tolerance. The 

model system, Arabidopsis could be used to test the function of these candidate quinoa 

NAC genes. Viral induced gene silencing (VIGS) technology could also be used to 

overexpress or downregulate these candidates NAC genes in quinoa plants in order to 

characterize their function. New technologies such as CRISPR-Cas could be exploited to 

produce genetically engineered quinoa plants with a modified copy of a useful NAC gene. 
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APPENDICES 

Appendix A  

Plant salinity tolerance 

 

The contents of this appendix constitute a chapter of the book “Plant salinity 

tolerance”, published by eLS,. The full citation is: Al‐shareef, N. O. and Tester, M. (2019). 

Plant Salinity Tolerance. In eLS, John Wiley & Sons, Ltd (Ed.). 

doi:10.1002/9780470015902.a0001300.pub3 
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Plant salinity tolerance 

 

Nouf Owdah Al-shareef and Mark Tester 

 

King Abdullah University of Science and Technology (KAUST), Biological and 

Environmental Sciences and Engineering (BESE), Thuwal, Saudi Arabia 

 

A.1 Abstract (120-150 words) 

Soil salinity is one of the major abiotic stresses limiting plant growth and resulting in crop 

yield reductions. The adverse effects of salinity stress on plant growth happens in two 

phases: the osmotic phase, which occurs immediately after salt stress and results in a 

rapid inhibition in plant growth; and the ionic phase, which occurs after several days or 

weeks of salt stress, when ions accumulate to high toxic concentrations in the shoot and 

affects shoot function. Plants have evolved several mechanisms to deal with salt stress, 

which can be divided into three mechanisms: osmotic tolerance, ion exclusion and tissue 

tolerance. In this chapter, a basic biological understanding is provided of the effects of 

salt stress on plants and some of the mechanisms of salinity tolerance used by plants.  
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Appendix B  

Supplementary tables for chapter 2 

 

 

      
  



Table S. 2.1a Expression of thermomemory associated heat shock proteins and heat shock factors in different  

       genotypes in response to heat priming treatment. 

 

   ataf1 KO heat vs. control ATAF1 OE heat vs. control WT heat vs. control 

  gene id  description  0h  1h 4h 0h  1h 4h 0h 1h 4h 
th

e 
ex

p
re

ss
io

n
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p
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2
0

1
6

) 
  

AT4G10250 ATHSP22.0   13.4 9.6 7.8 14.7 9.7 9.7 14.9 10.6 8.6 

AT4G27670 HSP21   12.9 9.8 7.8 13.0 9.6 8.9 13.6 10.4 6.9 

AT3G46230 ATHSP17.4   13.3 9.3 5.9 12.9 8.2 6.5 13.3 9.4 5.7 

AT1G52560 HSP26.5 11.5 7.8 3.6 13.5 6.5 2.9 11.4 7.1 3.5 

AT5G59720 HSP18.2 11.5 9.7 8.4 11.8 9.8 9.1 12.7 10.1 8.5 

AT5G12030 HSP17.6A 12.7 8.7 4.2 12.1 7.9 3.2 11.9 9.0 3.2 

AT1G53540 HSP17.6 14.6 10.4 6.2 13.4 9.4 5.9 15.5 10.0 6.0 

AT5G12020 HSP17.6-CII 13.7 9.0 7.8 13.5 9.6 8.3 13.9 10.3 5.2 

AT4G25200 HSP23.6 14.7 8.5 4.0 13.3 7.6 3.2 14.1 11.5 3.9 

AT5G37670 HSP15.7-CI 9.3 3.3 2.4 8.1 3.1 2.0 7.8 3.8 1.8 

AT1G16030 HSP70B 11.1 5.4 1.3 10.7 4.5 NA 11.0 4.9 NA 

AT2G32120 HSP70T-2 8.4 3.2 2.0 8.3 3.8 2.0 8.5 3.5 1.7 

AT5G52640 HSP81-1  10.4 6.2 0.6 10.6 6.1 NA 10.9 6.0 NA 

AT3G12580 HSP70  9.0 5.1 0.6 8.9 5.2 NA 9.7 5.4 NA 

AT5G51440 HSP23.5-M 9.7 5.2 NA 9.6 6.1 NA 10.0 6.8 NA 

AT2G29500 HSP17.6B-CI 10.7 8.2 5.2 12.0 8.3 5.8 11.3 8.5 4.5 

AT2G19310 HSP18.2 6.3 2.7 -0.8 6.6 3.2 NA 6.6 3.4 -0.9 

AT2G20560 DNAJ protein 7.8 2.1 NA 7.6 2.5 NA 8.1 2.0 NA  

o
th

er
 H

SP
s 

 At1g74310 HSP101 10.1 4.1 1.0 10.1 4.2 NA 10.7 4.4 NA 

AT4G27670 HSP21 12.9 9.8 7.8 13.0 9.6 8.9 13.6 10.4 6.9 

AT5G03720 HSP26.5-P. 4.4 2.6 NA 3.5 NA NA 3.3 1.0 NA 

AT5G12030 HSP17.6II 12.7 8.7 4.2 12.1 7.9 3.2 11.9 9.0 3.2 

AT3G46230 HSP17.6A 13.3 9.3 5.9 12.9 8.2 6.5 13.3 9.4 5.7 

H
SF

 

w
h

o
le

 
fa

m
ily

 

2
5

m
em

b
er

s AT1G32330 HSFA1d 1.5 NA NA 1.7 0.5 NA 1.7 NA NA 

At5g16820 HSFA1b/HSF3 NA NA NA NA NA NA NA NA NA 
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AT3G02990 HSFA1e 1.2 NA 1.1 0.8 NA NA 0.8 NA NA 

AT2G26150 HSFA2 10.7 6.9 2.7 10.5 6.6 NA 12.3 7.1 NA 

AT5G03720 HSFA3 4.4 2.6 NA 3.5 NA NA 3.3 1.0 NA 

At4g18880 HSFA4a NA NA -1.0 -1.2 NA NA NA NA NA 

AT5G43840 HSFA6a NA NA NA NA NA NA NA NA NA 

AT3G22830 HSFA6b 0.9 NA NA 1.4 NA NA 2.9 NA NA 

AT3G51910 HSFA7a 4.3 NA NA 2.8 -1.0 NA 2.3 -1.3 -1.1 

At3g63350 HSFA7b 9.0 3.3 NA 7.6 2.2 NA 7.5 4.7 NA 

AT1G67970 HSFA8 -0.9 NA 0.7 -1.8 NA NA -1.2 NA NA 

AT5G54070 HSFA9 NA NA NA NA NA NA NA NA NA 

At4g36990 HSFB1/HSF4 NA NA NA NA NA NA NA NA NA 

AT5G62020 HSFB2a 3.4 NA 1.3 1.1 -1.2 1.5 3.5 NA 1.7 

At4g11660 HSFB2b 4.1 NA NA 2.8 NA NA 3.8 NA NA 

AT2G41690 HSFB3 NA NA NA NA NA NA NA NA NA 

AT1G46264 HSFB4 0.7 -0.7 NA NA NA NA 0.7 NA NA 

AT3G24520 HSFC1 NA NA NA 1.1 NA NA 2.2 1.1 -1.1 

AT3G63350 HSF protein  9.0 3.3 NA 7.6 2.2 NA 7.5 4.7 NA 

AT4G11660 HSF protein 4.1 NA NA 2.8 NA NA 3.8 NA NA 

AT5G45710 HSF protein NA 0.6 NA NA NA NA NA NA NA 

AT4G13980 HSF protein NA NA NA NA NA NA NA NA NA 

AT4G17750 HSF1 NA NA NA NA NA NA NA NA NA 

AT4G18870 HSF protein NA NA NA NA NA NA NA NA NA 



 
Table S. 2.1b Expression of thermomemory associated genes exclusively DE in ATAF1 OE 

or ataf1 ko in response to heat priming treatment (data is shown in Figure 2.6c).   

 

  Gene id  Description 
 

OEHvs
.WTH_

1h 

OEHvs
.WTH_

2h 

OEHvs
.WTH_

4h 

koHvs.
WTH_

0h 

koHvs.
WTH_

1h 

koHvs.
WTH_

4h 

1 AT1G69880 Thioredoxin H8  5.4 3.4 3.5 NA NA NA 

2 AT1G61320 FBD-associated F-box protein  5.2 6.1 4.7 NA NA NA 

3 
AT1G62580 

Flavin-binding monooxygenase 
family protein   

5.2 3.2 3.9 NA NA NA 

4 
AT2G37770 

Aldo-keto reductase family 4 
member C9   

5.2 3.2 5.3 -1.5 NA NA 

5 AT3G23550 MATE efflux family protein LAL5   4.8 3.0 2.9 NA NA NA 

6 AT3G44300 Nitrilase 2  4.5 3.1 4.1 NA NA NA 

7 
AT4G01430 

WAT1-related protein 
At4g01430  

4.3 3.0 2.6 NA NA NA 

8 AT1G09240 Nicotianamine synthase 3   4.3 2.3 2.2 NA NA NA 

9 AT1G30220 Probable inositol transporter 2   3.9 2.6 2.9 NA NA NA 

10 AT1G74810 Putative boron transporter 5  3.8 3.6 3.7 NA NA NA 

11 AT2G36770 UDP-glycosyltransferase 73C4  3.5 1.7 3.1 NA NA NA 

12 
AT1G72900 

Toll-Interleukin-Resistance (TIR)  
protein  

3.4 1.4 2.3 NA NA NA 

13 AT2G36780 UDP-glycosyltransferase 73C3   3.3 2.1 4.4 NA NA NA 

14 AT2G04040 MATE efflux family protein DTX1   3.2 2.3 2.2 NA NA NA 

15 
AT2G29370 

Tropinone reductase homolog 
At2g29370   

3.1 3.2 3.3 NA NA NA 

16 AT1G71140 MATE efflux family protein  3.1 2.3 3.1 NA NA NA 

17 AT3G03470 Cytochrome P450 89A9   3.1 2.5 2.4 NA NA NA 

18 AT2G02010 Glutamate decarboxylase 4  3.1 2.2 2.4 NA NA NA 

19 AT5G17860 Cation/calcium exchanger 1  3.0 1.3 2.4 -1.0 -0.8 NA 

20 
AT5G10625 

Flowering-promoting factor 1-
like protein 2  

3.0 2.0 1.8 NA NA NA 

21 AT2G36970 UDP-glycosyltransferase 86A1   3.0 1.9 1.2 NA NA NA 

22 
AT3G14620 

cytochrome P450, family 72, 
subfamily A, polypeptide 8   

3.0 1.6 3.2 NA NA NA 

23 AT1G02850 Beta-glucosidase 11   2.9 2.2 3.2 -0.9 NA NA 

24 
AT2G34355 

Major facilitator superfamily 
protein   

2.8 1.5 1.8 NA NA NA 

25 AT2G43820 UDP-glycosyltransferase 74F2   2.8 1.1 2.4 -0.9 NA -0.9 

26 
AT4G15393 

cytochrome P450, family 702, 
subfamily A, polypeptide 5   

2.8 1.5 1.3 NA NA NA 

27 AT4G23600 Cystine lyase CORI3  2.7 2.8 2.0 NA NA NA 

28 AT4G19420 Pectin acetylesterase 8   2.7 1.4 2.1 -0.7 0.5 NA 

29 
AT4G12290 

Copper amine oxidase family 
protein   

2.6 1.4 1.8 NA NA NA 

30 AT4G15490 UDP-glycosyltransferase 84A3  2.5 1.8 2.0 NA -0.8 NA 

31 
AT3G59140 

ABC transporter C family 
member 10  

2.4 1.5 1.7 NA NA NA 

32 
AT1G09500 

NAD(P)-binding Rossmann-fold 
superfamily protein  

2.4 2.4 4.1 NA NA NA 

33 AT1G29195 unknown protein 2.4 2.6 3.2 NA NA NA 
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34 
AT1G34060 

Tryptophan aminotransferase-
related protein 4   

2.4 1.2 2.0 NA NA NA 

35 
AT3G04000 

NAD(P)-binding Rossmann-fold 
superfamily protein   

2.4 2.2 3.3 NA NA NA 

36 AT1G62045 ankyrin repeat family protein   2.3 1.2 1.8 NA NA NA 

37 
AT1G02220 

NAC domain-containing protein 
3  

2.3 1.6 1.7 NA NA NA 

38 AT3G23560 MATE efflux family protein ALF5  2.3 2.1 2.0 -0.9 NA NA 

39 AT3G20110 Cytochrome P450 705A20   2.3 1.3 1.5 NA NA NA 

40 AT3G26170 Cytochrome P450 71B19   2.2 1.4 2.1 NA NA NA 

41 AT1G22380 UDP-glycosyltransferase 85A3   2.2 1.2 1.7 NA NA NA 

42 AT2G44460 Beta-glucosidase 28  2.2 1.5 2.3 NA NA NA 

43 
AT1G72680 

Probable cinnamyl alcohol 
dehydrogenase 1   

2.2 1.5 1.9 NA NA NA 

44 
AT2G25450 

Probable 2-oxoacid dependent 
dioxygenase   

2.2 1.5 1.6 -0.5 NA NA 

45 AT5G03490 UDP-glycosyltransferase 89A2   2.1 1.3 1.8 NA NA NA 

46 
AT5G22300 

Bifunctional nitrilase/nitrile 
hydratase NIT4   

2.1 1.8 3.5 NA NA NA 

47 AT1G08230 GABA transporter 1   2.1 1.8 1.6 -1.0 NA NA 

48 
AT1G49470 

Family of unknown function 
(DUF716)  

2.1 1.1 0.7 NA NA NA 

49 
AT2G37760 

Aldo-keto reductase family 4 
member C8   

2.1 1.6 2.2 -0.7 -0.6 NA 

50 
AT2G45210 

Auxin-responsive protein 
SAUR36   

2.1 1.2 2.0 NA NA NA 

51 AT1G60730 Probable aldo-keto reductase 5   2.1 2.1 2.2 NA NA NA 

52 
AT1G31820 

Probable polyamine transporter 
At1g31820  

2.0 1.1 1.2 -0.9 NA NA 

53 AT2G40330 Abscisic acid receptor PYL6   2.0 1.8 1.3 NA NA NA 

54 
AT2G28120 

Major facilitator superfamily 
protein  

2.0 0.7 2.2 -1.4 NA -1.4 

55 
AT4G18050 

ABC transporter B family 
member 9   

1.9 1.0 1.1 NA NA NA 

56 AT1G22400 UDP-glycosyltransferase 85A1  1.9 0.6 1.7 NA NA NA 

57 
AT3G55130 

ABC transporter G family 
member 19   

1.9 1.1 1.1 NA NA NA 

58 
AT5G39050 

Phenolic glucoside 
malonyltransferase 1   

1.8 0.9 1.3 -0.9 NA NA 

59 AT1G30860 RING/U-box superfamily protein  1.8 1.8 1.6 NA NA NA 

60 
AT5G52810 

NAD(P)-binding Rossmann-fold 
superfamily protein  

1.8 1.6 1.6 NA NA NA 

61 AT1G17170 Glutathione S-transferase U24   1.8 1.7 1.7 NA NA NA 

62 AT1G28600 GDSL esterase/lipase At1g28600  1.8 1.7 1.3 NA NA NA 

63 AT3G46660 UDP-glycosyltransferase 76E12   1.8 3.3 3.3 NA NA NA 

64 
AT1G29395 

Cold-regulated 413 inner 
membrane protein 1, 
chloroplastic   

1.8 1.2 0.7 NA NA NA 

65 
AT3G62550 

Adenine nucleotide alpha 
hydrolases-like superfamily 
protein   

1.8 0.5 0.8 -1.3 NA -0.8 

66 
AT1G18970 

Germin-like protein subfamily T 
member 1   

1.7 4.3 1.9 NA NA NA 

67 AT5G24090 Acidic endochitinase  1.7 2.3 1.8 NA NA NA 

68 AT1G17020 Protein SRG1   1.7 1.3 2.2 NA NA NA 



262 

 
69 AT2G23150 Metal transporter Nramp3  1.7 0.5 1.2 NA NA NA 

70 
AT5G33290 

Xylogalacturonan beta-1,3-
xylosyltransferase   

1.7 0.7 1.1 NA NA NA 

71 
AT1G24260 

Developmental protein 
SEPALLATA 3  

1.7 1.3 3.2 NA NA NA 

72 
AT5G12170 

CRT (chloroquine-resistance 
transporter)-like transporter 3  

1.6 1.5 1.0 NA NA NA 

73 AT5G17380 2-hydroxyacyl-CoA lyase  1.6 1.1 1.2 NA NA NA 

74 
AT1G63440 

Probable copper-transporting 
ATPase HMA5  

1.6 1.3 1.5 -0.8 NA NA 

75 AT4G37520 Peroxidase 50  1.6 1.4 0.9 NA NA NA 

76 
AT4G15530 

Pyruvate, phosphate dikinase 1, 
chloroplastic  

1.6 1.6 2.0 NA NA NA 

77 AT2G38380 Peroxidase 22  1.6 1.3 1.3 NA NA NA 

78 
AT1G52200 

Protein PLANT CADMIUM 
RESISTANCE 8  

1.6 1.2 1.3 NA NA NA 

79 AT5G38530 tryptophan synthase beta type 2  1.6 1.2 1.1 NA NA NA 

80 AT5G59510 ROTUNDIFOLIA like 5   1.6 5.2 2.6 NA NA NA 

81 
AT5G16450 

Putative 4-hydroxy-4-methyl-2-
oxoglutarate aldolase 2   

1.6 1.0 1.2 NA NA NA 

82 AT4G02280 Sucrose synthase 3  1.6 1.5 1.7 -0.8 NA NA 

83 
AT5G13490 

ADP,ATP carrier protein 2, 
mitochondrial  

1.5 1.2 1.7 NA NA NA 

84 
AT3G60160 

ABC transporter C family 
member 9  

1.5 1.2 1.3 NA NA NA 

85 AT2G48020 Sugar transporter ERD6-like 7  1.5 1.2 1.7 NA NA NA 

86 AT2G27550 Protein CENTRORADIALIS-like  1.5 1.5 1.2 NA NA NA 

87 
AT1G15670 

F-box/kelch-repeat protein 
At1g15670   

1.5 0.4 0.9 -1.2 NA -0.9 

88 AT1G33110 MATE efflux family protein   1.5 1.3 1.1 NA NA NA 

89 
AT1G21400 

2-oxoisovalerate dehydrogenase 
subunit alpha 1, mitochondrial  

1.5 0.5 0.7 NA -0.7 NA 

90 AT5G26340 Sugar transport protein 13   1.5 0.9 1.2 -0.7 NA NA 

91 AT5G48180 Nitrile-specifier protein 5   1.5 0.7 1.3 NA NA NA 

92 AT3G21690 MATE efflux family protein  1.5 0.9 0.8 NA NA NA 

93 
AT5G19440 

NAD(P)-binding Rossmann-fold 
superfamily protein  

1.5 1.3 1.5 NA NA NA 

94 AT2G30140 UDP-glycosyltransferase 87A2   1.5 1.0 1.3 NA NA NA 

95 
AT3G26690 

Nudix hydrolase 13, 
mitochondrial  

1.4 1.6 1.6 NA NA NA 

96 AT2G38290 Ammonium transporter 2  1.4 0.9 0.7 NA NA NA 

97 
AT5G17390 

Adenine nucleotide alpha 
hydrolases-like superfamily 
protein   

1.4 1.9 2.0 NA NA NA 

98 
AT4G18360 

Peroxisomal (S)-2-hydroxy-acid 
oxidase GLO5   

1.4 1.7 1.6 NA NA NA 

99 AT3G46670 UDP-glycosyltransferase 76E11   1.4 0.7 0.8 NA NA NA 

100 AT5G52450 MATE efflux family protein  1.4 0.9 0.7 NA NA NA 

101 
AT1G26930 

F-box/kelch-repeat protein 
At1g26930  

1.4 0.7 1.0 NA NA NA 

102 AT1G13990 unknown protein  1.4 1.5 1.7 -0.6 -0.5 NA 

103 AT5G67600 unknown protein  1.4 1.3 1.5 NA NA NA 

104 AT3G10450 Serine carboxypeptidase-like 7   1.4 1.5 1.6 NA NA NA 

105 AT1G07040 unknown protein  1.3 0.9 0.9 NA -0.4 NA 

106 AT5G06870 Polygalacturonase inhibitor 2  1.3 0.5 1.0 NA NA -0.9 
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107 AT1G51420 Probable sucrose-phosphatase 1   1.3 1.9 2.1 NA NA NA 

108 AT1G58360 Amino acid permease 1   1.3 0.4 1.4 NA NA NA 

109 
AT3G22750 

Protein kinase superfamily 
protein   

1.3 0.6 1.3 -0.6 NA NA 

110 AT5G06860 Polygalacturonase inhibitor 1  1.3 1.1 1.4 NA NA NA 

111 
AT5G13330 

Ethylene-responsive 
transcription factor ERF113   

1.3 1.3 1.6 -0.7 NA NA 

112 
AT5G22860 

Serine carboxypeptidase S28 
family protein  

1.3 0.7 1.3 NA NA NA 

113 AT4G19410 Pectin acetylesterase 7  1.3 1.0 1.0 NA NA NA 

114 
AT1G66200 

Glutamine synthetase cytosolic 
isozyme 1-2   

1.3 0.9 1.2 NA NA NA 

115 
AT5G20400 

2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase 
superfamily protein   

1.3 1.2 1.4 NA NA NA 

116 
AT1G01070 

WAT1-related protein 
At1g01070  

1.3 1.7 1.5 NA NA NA 

117 
AT1G17745 

D-3-phosphoglycerate 
dehydrogenase 2, chloroplastic  

1.3 1.5 1.7 NA 0.6 NA 

118 
AT4G22530 

S-adenosyl-L-methionine-
dependent methyltransferases 
superfamily protein  

1.3 1.5 2.3 NA NA NA 

119 
AT3G04520 

Probable low-specificity L-
threonine aldolase 2  

1.3 1.1 0.9 NA NA NA 

120 
AT4G30270 

Xyloglucan 
endotransglucosylase/hydrolase 
protein 24  

1.2 0.7 1.2 NA NA -1.0 

121 
AT2G16660 

Major facilitator superfamily 
protein  

1.2 0.9 0.8 NA NA NA 

122 AT1G60750 Probable aldo-keto reductase 6   1.2 2.4 2.7 NA NA NA 

123 
AT5G13180 

NAC domain containing protein 
83   

1.2 0.9 0.7 -0.6 NA NA 

124 
AT4G14020 

Rapid alkalinization factor 
(RALF) family protein  

1.2 1.5 1.3 NA NA NA 

125 AT2G02390 Glutathione S-transferase Z1  1.2 1.3 1.4 NA NA NA 

126 AT4G14010 Protein RALF-like 32   1.2 1.2 1.1 NA NA NA 

127 
AT5G13370 

Auxin-responsive GH3 family 
protein  

1.2 1.0 1.1 NA NA NA 

128 
AT5G47560 

Tonoplast dicarboxylate 
transporter   

1.2 0.6 1.2 -0.6 NA -0.6 

129 
AT1G44800 

WAT1-related protein 
At1g44800   

1.2 1.2 1.1 NA 0.7 0.8 

130 
AT2G38170 

Vacuolar cation/proton 
exchanger 1  

1.2 1.2 0.5 NA NA NA 

131 
AT5G11520 

Aspartate aminotransferase 3, 
chloroplastic  

1.2 0.8 0.9 NA NA NA 

132 
AT3G47800 

Galactose mutarotase-like 
superfamily protein  

1.2 0.4 0.6 NA NA NA 

133 
AT5G46180 

Ornithine aminotransferase, 
mitochondrial  

1.2 0.7 0.5 NA NA NA 

134 AT1G59700 Glutathione S-transferase U16   1.2 0.7 1.0 -0.5 NA NA 

135 AT3G26290 Cytochrome P450 71B26  1.2 0.5 0.5 NA NA NA 

136 
AT3G51430 

Protein STRICTOSIDINE 
SYNTHASE-LIKE 5  

1.1 0.6 1.1 NA NA NA 

137 
AT3G45300 

Isovaleryl-CoA dehydrogenase, 
mitochondrial  

1.1 0.6 0.6 NA -0.7 NA 
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138 AT4G27830 Beta-glucosidase 10  1.1 0.8 0.7 NA NA NA 

139 AT5G43260 chaperone protein dnaJ-related   1.1 0.5 0.8 NA NA NA 

140 AT5G34940 Heparanase-like protein 3  1.1 1.5 1.0 NA NA NA 

141 AT1G26770 Expansin-A10  1.1 1.0 1.1 -0.6 NA NA 

142 AT1G22360 UDP-glycosyltransferase 85A2  1.1 1.1 0.6 NA NA NA 

143 AT4G34890 Xanthine dehydrogenase 1  1.1 0.9 0.4 NA NA NA 

144 
AT1G32170 

Probable xyloglucan 
endotransglucosylase/hydrolase 
protein 30  

1.1 0.9 0.9 NA NA NA 

145 
AT1G30700 

FAD-binding Berberine family 
protein   

1.1 1.1 0.9 NA NA NA 

146 
AT3G13910 

Protein of unknown function 
(DUF3511)   

1.1 0.8 1.2 NA NA NA 

147 AT3G54950 Patatin-like protein 7   1.1 0.8 1.2 -0.8 NA NA 

148 AT3G01420 Alpha-dioxygenase 1   1.1 0.8 0.9 NA NA NA 

149 
AT1G66480 

Uncharacterized protein 
At1g66480  

1.1 1.5 1.2 NA NA NA 

150 
AT3G14610 

cytochrome P450, family 72, 
subfamily A, polypeptide 7  

1.1 0.8 1.0 NA NA NA 

151 
AT5G61570 

Protein kinase superfamily 
protein   

1.1 0.9 0.8 NA NA NA 

152 
AT5G27600 

Long chain acyl-CoA synthetase 
7, peroxisomal   

1.0 0.9 1.1 NA NA NA 

153 
AT1G04990 

Zinc finger CCCH domain-
containing protein 3  

1.0 0.9 0.7 NA NA NA 

154 AT1G68570 Protein NRT1/ PTR FAMILY 3.1  1.0 1.0 1.5 NA NA NA 

155 
AT1G07750 

RmlC-like cupins superfamily 
protein   

1.0 0.8 0.9 NA NA NA 

156 
AT3G62150 

ABC transporter B family 
member 21   

1.0 0.9 0.7 NA NA NA 

157 AT2G31280 Transcription factor bHLH155   1.0 0.7 0.8 NA NA NA 

158 
AT3G55430 

O-Glycosyl hydrolases family 17 
protein  

1.0 0.5 0.9 NA NA NA 

159 
AT4G03820 

Protein of unknown function 
(DUF3537)  

1.0 0.7 1.3 NA NA NA 

160 
AT4G14430 

Enoyl-CoA delta isomerase 2, 
peroxisomal   

1.0 0.4 0.8 NA NA NA 

161 
AT3G21420 

2-oxoglutarate (2OG) and Fe(II)-
dependent oxygenase 
superfamily protein   

1.0 1.0 1.3 NA NA NA 

162 AT4G20830 Reticuline oxidase-like protein   1.0 0.7 1.1 NA NA NA 

163 AT1G66760 MATE efflux family protein   1.0 0.7 1.2 NA NA NA 

164 AT5G51830 Probable fructokinase-7   1.0 0.7 1.8 NA NA NA 

165 
AT4G31860 

Probable protein phosphatase 
2C 60   

1.0 0.9 0.9 NA NA NA 

166 
AT4G37980 

Cinnamyl alcohol 
dehydrogenase 7  

1.0 0.7 0.9 NA NA NA 

167 AT1G44100 Amino acid permease 5   1.0 1.2 0.6 NA NA NA 

168 AT5G21105 Plant L-ascorbate oxidase  1.0 0.7 0.8 NA NA NA 

169 AT5G36160 Tyrosine aminotransferase   1.0 0.9 0.8 NA NA NA 

170 
AT5G58620 

Zinc finger CCCH domain-
containing protein 66   

0.9 0.4 0.9 NA NA 0.8 

171 AT3G11660 NDR1/HIN1-like 1   0.9 0.8 0.5 NA NA NA 

172 
AT5G67480 

BTB/POZ and TAZ domain-
containing protein 4   

0.9 0.6 0.9 -1.2 NA -1.6 
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173 
AT1G07030 

Mitochondrial substrate carrier 
family protein  

0.9 0.5 0.7 NA NA NA 

174 AT3G48990 Oxalate--CoA ligase   0.9 0.3 0.5 -0.6 NA -0.4 

175 AT4G17840  function unknown   0.9 0.6 0.9 NA NA NA 

176 AT3G26280 Cytochrome P450 71B4  0.9 0.6 1.0 NA NA NA 

177 
AT5G13750 

Protein ZINC INDUCED 
FACILITATOR-LIKE 1   

0.9 0.7 1.2 NA NA NA 

178 
AT4G22240 

Probable plastid-lipid-associated 
protein 2, chloroplastic  

0.9 0.9 0.7 NA -0.5 NA 

179 
AT1G55500 

evolutionarily conserved C-
terminal region 4  

0.9 0.5 0.5 NA NA NA 

180 
AT3G06860 

Peroxisomal fatty acid beta-
oxidation multifunctional 
protein MFP2  

0.9 0.6 0.5 NA NA NA 

181 
AT2G33150 

3-ketoacyl-CoA thiolase 2, 
peroxisomal   

0.9 0.6 0.7 NA NA NA 

182 
AT2G21620 

Adenine nucleotide alpha 
hydrolases-like superfamily 
protein   

0.9 0.8 1.0 NA NA NA 

183 AT2G02100 Defensin-like protein 2  0.9 0.4 0.4 NA NA NA 

184 AT1G33560 Disease resistance protein ADR1  0.9 1.1 0.9 NA NA NA 

185 
AT1G51760 

IAA-amino acid hydrolase ILR1-
like 4   

0.9 0.8 0.7 NA NA NA 

186 
AT3G22200 

Gamma-aminobutyrate 
transaminase POP2, 
mitochondrial 

0.9 0.9 1.3 NA NA NA 

187 AT5G08380 Alpha-galactosidase 1   0.9 0.6 0.9 NA NA NA 

188 AT4G15610 CASP-like protein 1D1   0.9 1.1 0.9 NA NA NA 

189 
AT3G12800 

Peroxisomal 2,4-dienoyl-CoA 
reductase  

0.9 0.8 1.0 NA NA NA 

190 AT3G16330 unknown protein 0.9 1.6 1.3 NA NA NA 

191 AT4G36760 aminopeptidase P1   0.9 0.7 0.7 NA NA NA 

192 AT5G24160 Squalene epoxidase 6   0.9 1.0 0.8 NA NA NA 

193 AT4G04620 Autophagy-related protein 8b   0.8 0.6 0.9 -0.6 NA NA 

194 AT3G48310 Cytochrome P450 71A22   0.8 1.3 0.9 NA NA NA 

195 
AT3G04570 

AT-hook motif nuclear-localized 
protein 19  

0.8 0.7 1.0 NA NA NA 

196 AT5G27350 Sugar transporter ERD6-like 17   0.8 0.5 0.4 NA NA NA 

197 AT3G56310 Alpha-galactosidase 3   0.8 0.9 0.6 NA NA NA 

198 
AT3G14940 

Phosphoenolpyruvate 
carboxylase 3   

0.8 1.1 0.8 NA NA NA 

199 
AT5G50200 

High-affinity nitrate transporter 
3.1   

0.8 1.2 0.8 NA NA NA 

200 
AT5G37600 

Glutamine synthetase cytosolic 
isozyme 1-1  

0.8 1.0 0.9 NA NA NA 

201 
AT3G07720 

Galactose oxidase/kelch repeat 
superfamily protein  

0.8 0.7 1.5 NA NA NA 

202 
AT4G33540 

metallo-beta-lactamase family 
protein  

0.8 0.9 0.8 NA NA NA 

203 AT3G54140 Protein NRT1/ PTR FAMILY 8.1  0.8 0.4 0.7 NA NA NA 

204 
AT5G47860 

Protein of unknown function 
(DUF1350)  

0.8 0.6 0.9 NA NA NA 

205 
AT4G02860 

Phenazine biosynthesis 
PhzC/PhzF protein  

0.8 0.7 0.8 NA NA NA 
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206 
AT1G54570 

Acyltransferase-like protein 
At1g54570, chloroplastic   

0.8 0.8 0.5 NA NA NA 

207 
AT4G18010 

Type I inositol 1,4,5-
trisphosphate 5-phosphatase 2   

0.8 1.1 1.4 NA NA NA 

208 
AT5G61010 

exocyst subunit exo70 family 
protein E2  

0.8 1.0 0.7 NA NA NA 

209 
AT1G18210 

Probable calcium-binding 
protein CML27   

0.8 0.6 0.7 NA NA NA 

210 
AT3G48000 

Aldehyde dehydrogenase family 
2 member B4, mitochondrial  

0.8 0.5 0.6 NA NA NA 

211 
AT3G11340 

UDP-Glycosyltransferase 
superfamily protein  

0.8 1.7 1.8 NA 0.8 NA 

212 
AT4G38540 

FAD/NAD(P)-binding 
oxidoreductase family protein   

0.8 1.1 1.5 NA NA NA 

213 
AT5G27380 

Glutathione synthetase, 
chloroplastic  

0.8 0.5 0.8 NA NA NA 

214 
AT1G54100 

Aldehyde dehydrogenase family 
7 member B4  

0.8 0.7 1.1 NA -0.5 NA 

215 AT3G44310 Nitrilase 1   0.8 0.5 0.7 NA NA NA 

216 
AT1G14870 

Protein PLANT CADMIUM 
RESISTANCE 2   

0.8 1.1 1.3 NA NA NA 

217 
AT1G65520 

Enoyl-CoA delta isomerase 1, 
peroxisomal  

0.8 0.7 1.4 NA NA NA 

218 
AT2G34070 

Protein trichome birefringence-
like 37  

0.8 0.7 1.2 NA NA NA 

219 AT3G21750 UDP-glycosyltransferase 71B1   0.8 0.6 0.5 NA NA NA 

220 AT1G05260 Peroxidase 3   0.8 1.0 1.2 NA NA NA 

221 AT1G74790 HIPL1 protein   0.8 0.7 0.7 NA NA NA 

222 AT4G38250 Amino acid transporter ANTL2  0.8 0.5 0.4 NA NA NA 

223 AT4G23250 kinases;protein kinases  0.7 0.6 0.9 NA NA NA 

224 
AT3G18280 

Bifunctional inhibitor/lipid-
transfer protein/seed storage 2S 
albumin superfamily protein  

0.7 0.8 1.0 NA NA NA 

225 
AT4G39955 

alpha/beta-Hydrolases 
superfamily protein  

0.7 1.6 1.2 NA NA NA 

226 AT5G62680 Protein NRT1/ PTR FAMILY 2.11  0.7 0.7 0.7 NA NA NA 

227 
AT5G54840 

Ras-related small GTP-binding 
family protein   

0.7 0.9 1.3 NA NA NA 

228 
AT4G35630 

Phosphoserine 
aminotransferase 1, 
chloroplastic  

0.7 0.7 0.7 NA NA NA 

229 AT1G52342 unknown protein 0.7 1.0 0.8 NA NA NA 

230 
AT1G23440 

Peptidase C15, pyroglutamyl 
peptidase I-like   

0.7 0.6 0.9 NA NA NA 

231 AT1G27030 unknown protein  0.7 0.8 0.9 NA NA NA 

232 
AT3G06810 

Probable acyl-CoA 
dehydrogenase IBR3  

0.7 0.4 0.5 NA NA NA 

233 
AT1G20560 

Probable acyl-activating enzyme 
1, peroxisomal   

0.7 0.5 0.6 NA NA NA 

234 AT5G02380 Metallothionein-like protein 2B  0.7 0.7 1.3 NA NA NA 

235 AT5G53120 Spermine synthase  0.7 0.9 0.8 NA NA NA 

236 AT2G23810 Tetraspanin-8   0.6 0.6 0.9 NA NA -0.8 

237 
AT3G07700 

Protein kinase superfamily 
protein  

0.6 0.6 0.5 NA NA NA 

238 AT2G36120 Glycine-rich protein DOT1  0.6 1.0 0.8 NA NA NA 
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239 AT2G40890 Cytochrome P450 98A3  0.6 0.5 0.7 NA NA NA 

240 
AT1G02816 

Protein of unknown function, 
DUF538  

0.6 0.4 1.0 -0.5 NA NA 

241 AT2G27510 Ferredoxin-3, chloroplastic   0.6 0.8 0.7 NA NA NA 

242 
AT4G16760 

Peroxisomal acyl-coenzyme A 
oxidase 1   

0.6 0.5 0.6 NA NA NA 

243 
AT1G69410 

Eukaryotic translation initiation 
factor 5A-3   

0.6 0.5 0.6 NA NA NA 

244 
AT3G14310 

Pectinesterase/pectinesterase 
inhibitor 3   

0.6 0.5 0.7 NA NA NA 

245 
AT5G45470 

Protein of unknown function 
(DUF594)   

0.6 0.5 0.5 NA NA NA 

246 
AT4G17940 

Tetratricopeptide repeat (TPR)-
like superfamily protein   

0.6 0.4 0.5 NA NA NA 

247 
AT3G62580 

Late embryogenesis abundant 
protein (LEA)   

0.6 0.5 0.6 NA NA NA 

248 
AT1G64190 

6-phosphogluconate 
dehydrogenase, decarboxylating 
1, chloroplastic   

0.6 0.6 0.5 NA NA NA 

249 
AT5G64250 

Aldolase-type TIM barrel family 
protein   

0.6 0.7 1.0 NA NA NA 

250 
AT5G55850 

RPM1-interacting protein 4 
(RIN4) family protein   

0.6 0.4 0.9 NA NA NA 

251 AT2G31390 Probable fructokinase-1   0.6 0.9 0.6 NA NA NA 

252 AT3G24170 Glutathione reductase, cytosolic   0.6 0.6 0.6 NA NA NA 

253 
AT4G24220 

3-oxo-Delta(4,5)-steroid 5-beta-
reductase   

0.6 0.4 0.6 NA NA NA 

254 
AT3G04670 

Probable WRKY transcription 
factor 39  

0.6 0.6 0.7 -0.4 NA NA 

255 
AT4G32040 

Homeobox protein knotted-1-
like 5  

0.6 0.5 0.6 NA NA NA 

256 
AT4G32150 

Vesicle-associated membrane 
protein 711  

0.6 0.5 0.5 NA NA NA 

257 
AT4G05020 

External alternative NAD(P)H-
ubiquinone oxidoreductase B2, 
mitochondrial   

0.6 1.0 1.0 NA NA NA 

258 
AT4G08390 

L-ascorbate peroxidase S, 
chloroplastic/mitochondrial  

0.6 0.4 0.6 NA NA NA 

259 AT5G56340 RING/U-box superfamily protein   0.5 0.4 0.6 NA NA NA 

260 AT2G04160 Subtilisin-like protease SBT5.3  0.5 0.7 0.6 NA NA NA 

261 
AT5G45390 

ATP-dependent Clp protease 
proteolytic subunit 4, 
chloroplastic   

0.5 0.4 0.4 NA NA NA 

262 AT4G33420 Peroxidase 47   0.5 0.6 1.0 NA NA NA 

263 
AT5G43940 

Alcohol dehydrogenase class-3  
(GSNOR) HOT5 

0.5 0.5 0.3 NA NA NA 

264 
AT1G78830 

Curculin-like (mannose-binding) 
lectin family protein  

0.5 0.6 0.9 NA NA -1.0 

265 
AT5G62530 

Delta-1-pyrroline-5-carboxylate 
dehydrogenase 12A1, 
mitochondrial   

0.5 0.4 0.5 NA NA NA 

266 AT1G37130 Nitrate reductase [NADH] 2   0.5 0.4 1.0 -0.4 NA -0.5 

267 

AT4G32070 

Octicosapeptide/Phox/Bem1p 
(PB1) domain-containing protein 
/ tetratricopeptide repeat (TPR)-
containing protein   

0.5 0.5 0.5 NA NA NA 
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268 
AT2G47710 

Adenine nucleotide alpha 
hydrolases-like superfamily 
protein   

0.5 0.5 0.7 NA NA NA 

269 
AT5G07220 

BAG family molecular 
chaperone regulator 3   

0.5 0.5 0.7 NA NA NA 

270 AT1G22840 Cytochrome c-1   0.5 0.4 0.8 NA NA NA 

271 AT1G73680 Alpha-dioxygenase 2   0.5 0.7 0.5 NA NA NA 

272 
AT1G09970 

Leucine-rich receptor-like 
protein kinase family protein  

0.5 0.5 0.8 NA NA NA 

273 
AT1G28680 

HXXXD-type acyl-transferase 
family protein   

0.4 0.4 0.5 NA NA NA 

274 
AT3G17240 

Dihydrolipoyl dehydrogenase 2, 
mitochondrial  

0.4 0.5 0.5 NA NA NA 

275 AT3G58750 Citrate synthase 2, peroxisomal  0.4 0.4 0.6 NA NA NA 

276 
AT2G44350 

Citrate synthase 4, 
mitochondrial   

0.4 0.4 0.4 NA NA 0.4 

277 
AT3G27380 

Succinate dehydrogenase 
[ubiquinone] iron-sulfur subunit 
1, mitochondrial   

0.4 0.5 0.4 NA NA NA 

278 
AT5G67590 

NADH dehydrogenase 
[ubiquinone] iron-sulfur protein 
4, mitochondrial   

0.4 0.4 0.5 NA NA NA 

279 
AT5G51040 

Succinate dehydrogenase 
assembly factor 2, 
mitochondrial   

0.4 0.5 0.4 NA NA NA 

280 AT5G60360 Thiol protease aleurain   0.3 0.5 0.6 NA NA NA 

1 
AT5G15360 transmembrane protein 

NA -2.0 NA 1.9 1.4 2.7 

2 
AT1G76680 

12-OXOPHYTODIENOATE 
REDUCTASE 1 

NA -0.8 -0.7 0.9 0.9 0.7 

3 
AT2G41640 

Glycosyltransferase family 61 
protein 

1.0 NA NA 0.7 1.0 1.1 

4 
AT1G32900 

GBSS1, GRANULE BOUND 
STARCH SYNTHASE 1 

NA NA NA 0.6 0.6 0.9 

1 AT3G23050 Auxin-responsive protein IAA7  -0.3 -0.3 -0.3 NA -0.3 -0.4 

2 AT5G64330 Root phototropism protein 3  -0.4 -0.4 -0.5 NA NA NA 

3 
AT4G35920 

Protein MID1-COMPLEMENTING 
ACTIVITY 1   

-0.5 -0.4 -0.4 NA NA NA 

4 
AT3G29185 

Domain of unknown function 
(DUF3598)  

-0.5 -0.4 -0.6 NA NA NA 

5 AT5G51890 Peroxidase 66   -0.5 -0.4 -0.7 NA NA NA 

6 AT3G16400 Nitrile-specifier protein 1  -0.6 -0.5 -0.7 0.5 0.7 NA 

7 
AT4G26520 

Fructose-bisphosphate aldolase, 
cytoplasmic isozyme   

-0.7 -0.8 -1.0 NA NA NA 

8 
AT2G45470 

Fasciclin-like arabinogalactan 
protein 8   

-0.7 -0.8 -0.6 NA NA NA 

9 AT2G37640 Expansin-A3   -0.7 -0.9 -0.8 NA NA NA 

10 AT4G36220 Cytochrome P450 84A1   -0.7 -0.7 -0.7 NA NA NA 

11 
AT5G20630 

Germin-like protein subfamily 3 
member 3  

-0.7 -0.9 -1.0 0.7 NA NA 

12 
AT5G65310 

Homeobox-leucine zipper 
protein ATHB-5  

-0.8 -0.6 -0.7 NA NA NA 

13 
AT4G04840 

Peptide methionine sulfoxide 
reductase B6  

-0.8 -0.8 -1.5 NA NA NA 

14 AT2G39310 Jacalin-related lectin 22   -0.8 -0.6 -0.5 NA 0.7 0.7 
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15 
AT3G44990 

Xyloglucan 
endotransglucosylase/hydrolase 
protein 31  

-0.8 -0.6 -0.5 NA NA 0.4 

16 
AT5G63790 

NAC domain-containing protein 
102   

-0.9 -1.0 -0.8 NA NA NA 

17 
AT5G66310 

ATP binding microtubule motor 
family protein   

-0.9 -0.5 -0.8 NA NA NA 

18 
AT3G21250 

ABC transporter C family 
member 8   

-0.9 -0.5 -0.6 NA NA NA 

19 AT1G18330 Protein REVEILLE 7   -0.9 -0.9 -1.4 NA NA NA 

20 
AT3G16670 

Pollen Ole e 1 allergen and 
extensin family protein  

-0.9 -1.1 -1.0 NA NA NA 

21 AT1G70830 MLP-like protein 28   -0.9 -0.8 -0.9 NA NA NA 

22 
AT3G44970 

Cytochrome P450 superfamily 
protein  

-1.0 -1.4 -1.6 NA NA NA 

23 
AT1G52100 

Mannose-binding lectin 
superfamily protein  

-1.0 -1.1 -1.7 NA NA NA 

24 AT1G52190 Protein NRT1/ PTR FAMILY 1.2   -1.1 -0.8 -0.7 NA -0.4 -0.5 

25 AT4G34900 Xanthine dehydrogenase 2   -1.1 -0.8 -0.8 NA NA NA 

26 AT1G20390 transposable element gene  -1.1 -1.2 -2.1 NA NA NA 

27 AT5G14920 Gibberellin-regulated protein 14  -1.1 -1.0 -0.8 NA NA NA 

28 
AT3G06880 

Transducin/WD40 repeat-like 
superfamily protein   

-1.2 -1.3 -0.7 NA NA NA 

29 AT3G28740 Cytochrome P450 81D11  -1.3 -1.9 -2.3 1.0 0.8 NA 

30 
AT2G05380 

Glycine-rich protein 3 short 
isoform  

-1.4 -1.4 -1.1 NA NA -0.6 

31 AT4G21650 Subtilase family protein   -1.8 -1.5 -1.4 0.6 NA NA 

1 
AT2G31810 

Acetolactate synthase small 
subunit 2, chloroplastic  

NA NA NA -0.4 -0.3 -0.5 

2 
AT1G58180 

Beta carbonic anhydrase 6, 
mitochondrial  

0.9 NA NA -0.7 -0.5 -1.4 

3 
AT1G49130 

Zinc finger protein CONSTANS-
LIKE 8  

NA -0.6 NA -0.8 -0.5 -2.7 

4 
AT5G02760 

Probable protein phosphatase 
2C 67   

NA -0.9 NA -1.1 -0.6 -1.1 

5 
AT1G25550 

myb-like transcription factor 
family protein  

NA NA NA -1.2 -0.4 -1.1 

6 AT1G58060 RNA helicase family protein   NA NA NA -1.2 -1.4 -1.3 

7 AT1G25560 
 

AP2/ERF and B3 domain-
containing transcription 

repressor TEM1 
NA NA NA -1.3 -0.8 -1.7 

8 
AT5G39610 

NAC domain containing protein  
6   

NA NA NA -1.8 -0.9 -2.3 

9 
AT5G44260 

Zinc finger CCCH domain-
containing protein 61  

NA -1.0 NA -1.9 -0.5 -2.3 
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             Table S. 2.2 List of primers sequences.  

 

gene id gene abbreviation primer primer sequence 

 AT1G0720 ATAF1-full length  FW AAGTTTCAAAAACGCCAAGTTTC 

 AT1G0720 ATAF1-full-rev RV GAAAATATTAAATTGATTGCGGCAC 

 AT3G15500 NAC55_full length  FW ATGGGTCTCCAAGAGCTTG 

 AT3G15500 NAC55_full length  RV TCAAATAAACCCGAACCCA 

AT1G19180  JAZ FW TTCACCGGTTCTTGGAGAAG 

    RV GACATGTTGCCTGTGGTTTG 

AT1G23800  ALDH2B7 FW GGGACAATGTTGTTGTGCTG 

    RV CTTGCTCAATGCCTGACTTG 

AT1G60750  NAD(P) FW ACGAGAAAGTCCAAGCGATG 

    RV TTGGATCTTGGAGGTTCCTG 

AT1G64810  APO1 FW AATCCCAGCACTTGTTGAGC 

    RV TGATTGGCTGTGTCCTTCTG 

AT1G62360  BUM FW CTTCGGAGCAACAAAAGCTC 

    RV GCCGTTTCCTCTGGTTTATG 

AT1G73220  OCT_1 FW AGAGCTGTTCCCAACAAACG 

    RV CACCAAACACGATGAACGAC 

AT2G20100  bHLH  FW TGGATTGATGATGGGAGAGG 

    RV GAAGCTTGGTGCCTCAAAAC 

AT2G21045  HAC1 FW TGCCAAGAGTCATGTTGAGG 

    RV ACCGATGCCACTTGAGAAAG 

AT3G48000  ALDH2A FW TGTGGTGGTGATCAGATTGG 

    RV CCGAAAATCTCGTCTTGAGC 

AT3G57800  bHLH  FW GCAACAACCACCAACACAAC 

    RV GGGTGCAAATTAGCAGAAGC 

AT3G60690  SAUR59 FW CATAAGTTGGGGTCGAAGTCTC 

    RV TCTCGAATGGGTTCTTGACC 

AT4G01430  UMAMIT29 FW ACACGTCAGCAACTGTTTCG 

    RV ACGCCTGCTTTGCTCTTTAG 

AT4G18880  HSF A4A FW GTTCCCGAAACAAACGAGAG 

    RV TGTGTGTGAAGAAGGGCTTG 

AT4G31550  AtWRKY11 FW AGCACCGTCATAACCAATCC 

    RV GCCGAGGCAAACACTAAATC 

AT5G15020  ALDH2B4 FW AGGATGGTGATGATGCTTCC 

    RV TCGTCCTGTGAACATTCGTC 

AT5G23990  FRO5 FW TGCTACTCACGGTTCCAATG 
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    RV TCCCCATTCTCCCTTTTACC 

AT5G43260  dnaJ FW CAGGAATCAGCGTTTTAGCC 

    RV ACAACGAGGGAATTGACCAG 

AT5G57620  MYB36 FW CGTAGAGCAATCCCAAAACC 

    RV ACTCGTTGCCCACTTGAAAC 

AT5G66070 RING/U FW ATCGGCCAAGAAACAGAGAG 

    RV GAGAAGGCATCCAATTCCAG 

AT5G67480  BTB FW CGAACCATGCAACGTGTAAC 

    RV AGCTTACAGCCTGCGAAATG 

AT3g18780 ACTIN2  FW TCCCTCAGCACATTCCAGCAGAT  

    RV AACGATTCCTGGACCTGCCTCATC 

AT1G13440 GAPDH5_ FW TCTCGATCTCAATTTCGCAAAA 

    RV CGAAACCGTTGATTCCGATTC 

 AT1G13440 GAPDH3  FW TTGGTGACAACAGGTCAAGCA 

    RV AAACTTGTCGCTCAATGCAATC 

At5g65080   FW TTTTTTGCCCCCTTCGAATC 

    RV ATCTTCCGCCACCACATTGTAC 
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Appendix C  

Supplementary tables for chapter 4 

Table S. 4.1  List of predicted NACs obtained from different search tools including 
pBLAST, pfam search and plant TF prediction using PTF predication tool from plant 
transcription factor database.  
 

 Gene id  (pfam search+PTFDB prediction+pBLAST) 

1 AUR62043434 1 common element in pBLAST and prediction 

2 AUR62004773 1 common element in pfam and prediction 

3 AUR62036063 2 elements included exclusively in prediction 

4 AUR62026259 2 elements included exclusively in prediction 

5 AUR62028641 5 elements included exclusively in pBLAST 

6 AUR62008064 5 elements included exclusively in pBLAST 

7 AUR62030292 5 elements included exclusively in pBLAST 

8 AUR62027703 5 elements included exclusively in pBLAST 

9 AUR62038410 5 elements included exclusively in pBLAST 

10 AUR62005966 103 common elements in pBLAST, pfam and prediction 

11 AUR62037478 103 common elements in pBLAST, pfam and prediction 

12 AUR62028103 103 common elements in pBLAST, pfam and prediction 

13 AUR62004778 103 common elements in pBLAST, pfam and prediction 

14 AUR62003400 103 common elements in pBLAST, pfam and prediction 

15 AUR62018752 103 common elements in pBLAST, pfam and prediction 

16 AUR62010080 103 common elements in pBLAST, pfam and prediction 

17 AUR62013074 103 common elements in pBLAST, pfam and prediction 

18 AUR62007247 103 common elements in pBLAST, pfam and prediction 

19 AUR62041539 103 common elements in pBLAST, pfam and prediction 

20 AUR62032816 103 common elements in pBLAST, pfam and prediction 

21 AUR62015520 103 common elements in pBLAST, pfam and prediction 

22 AUR62043491 103 common elements in pBLAST, pfam and prediction 

23 AUR62002191 103 common elements in pBLAST, pfam and prediction 

24 AUR62014768 103 common elements in pBLAST, pfam and prediction 

25 AUR62000492 103 common elements in pBLAST, pfam and prediction 

26 AUR62021652 103 common elements in pBLAST, pfam and prediction 

27 AUR62018102 103 common elements in pBLAST, pfam and prediction 

28 AUR62034435 103 common elements in pBLAST, pfam and prediction 

29 AUR62008438 103 common elements in pBLAST, pfam and prediction 

30 AUR62041525 103 common elements in pBLAST, pfam and prediction 
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31 AUR62007469 103 common elements in pBLAST, pfam and prediction 

32 AUR62029331 103 common elements in pBLAST, pfam and prediction 

33 AUR62004648 103 common elements in pBLAST, pfam and prediction 

34 AUR62029330 103 common elements in pBLAST, pfam and prediction 

35 AUR62015629 103 common elements in pBLAST, pfam and prediction 

36 AUR62039927 103 common elements in pBLAST, pfam and prediction 

37 AUR62022690 103 common elements in pBLAST, pfam and prediction 

38 AUR62029755 103 common elements in pBLAST, pfam and prediction 

39 AUR62036158 103 common elements in pBLAST, pfam and prediction 

40 AUR62027152 103 common elements in pBLAST, pfam and prediction 

41 AUR62038748 103 common elements in pBLAST, pfam and prediction 

42 AUR62012948 103 common elements in pBLAST, pfam and prediction 

43 AUR62006407 103 common elements in pBLAST, pfam and prediction 

44 AUR62019477 103 common elements in pBLAST, pfam and prediction 

45 AUR62020634 103 common elements in pBLAST, pfam and prediction 

46 AUR62015630 103 common elements in pBLAST, pfam and prediction 

47 AUR62029344 103 common elements in pBLAST, pfam and prediction 

48 AUR62017681 103 common elements in pBLAST, pfam and prediction 

49 AUR62026741 103 common elements in pBLAST, pfam and prediction 

50 AUR62022669 103 common elements in pBLAST, pfam and prediction 

51 AUR62013541 103 common elements in pBLAST, pfam and prediction 

52 AUR62000493 103 common elements in pBLAST, pfam and prediction 

53 AUR62021621 103 common elements in pBLAST, pfam and prediction 

54 AUR62034400 103 common elements in pBLAST, pfam and prediction 

55 AUR62004554 103 common elements in pBLAST, pfam and prediction 

56 AUR62006837 103 common elements in pBLAST, pfam and prediction 

57 AUR62011853 103 common elements in pBLAST, pfam and prediction 

58 AUR62024698 103 common elements in pBLAST, pfam and prediction 

59 AUR62040889 103 common elements in pBLAST, pfam and prediction 

60 AUR62029057 103 common elements in pBLAST, pfam and prediction 

61 AUR62039815 103 common elements in pBLAST, pfam and prediction 

62 AUR62006836 103 common elements in pBLAST, pfam and prediction 

63 AUR62019936 103 common elements in pBLAST, pfam and prediction 

64 AUR62044373 103 common elements in pBLAST, pfam and prediction 

65 AUR62005772 103 common elements in pBLAST, pfam and prediction 

66 AUR62024101 103 common elements in pBLAST, pfam and prediction 

67 AUR62007071 103 common elements in pBLAST, pfam and prediction 

68 AUR62026904 103 common elements in pBLAST, pfam and prediction 

69 AUR62040120 103 common elements in pBLAST, pfam and prediction 

70 AUR62035514 103 common elements in pBLAST, pfam and prediction 
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71 AUR62043497 103 common elements in pBLAST, pfam and prediction 

72 AUR62006223 103 common elements in pBLAST, pfam and prediction 

73 AUR62036991 103 common elements in pBLAST, pfam and prediction 

74 AUR62016954 103 common elements in pBLAST, pfam and prediction 

75 AUR62033952 103 common elements in pBLAST, pfam and prediction 

76 AUR62005821 103 common elements in pBLAST, pfam and prediction 

77 AUR62027390 103 common elements in pBLAST, pfam and prediction 

78 AUR62031305 103 common elements in pBLAST, pfam and prediction 

79 AUR62025580 103 common elements in pBLAST, pfam and prediction 

80 AUR62006885 103 common elements in pBLAST, pfam and prediction 

81 AUR62020261 103 common elements in pBLAST, pfam and prediction 

82 AUR62029543 103 common elements in pBLAST, pfam and prediction 

83 AUR62043235 103 common elements in pBLAST, pfam and prediction 

84 AUR62043713 103 common elements in pBLAST, pfam and prediction 

85 AUR62001522 103 common elements in pBLAST, pfam and prediction 

86 AUR62020251 103 common elements in pBLAST, pfam and prediction 

87 AUR62034813 103 common elements in pBLAST, pfam and prediction 

88 AUR62000898 103 common elements in pBLAST, pfam and prediction 

89 AUR62016213 103 common elements in pBLAST, pfam and prediction 

90 AUR62001531 103 common elements in pBLAST, pfam and prediction 

91 AUR62028872 103 common elements in pBLAST, pfam and prediction 

92 AUR62011638 103 common elements in pBLAST, pfam and prediction 

93 AUR62005686 103 common elements in pBLAST, pfam and prediction 

94 AUR62016200 103 common elements in pBLAST, pfam and prediction 

95 AUR62000536 103 common elements in pBLAST, pfam and prediction 

96 AUR62001365 103 common elements in pBLAST, pfam and prediction 

97 AUR62032488 103 common elements in pBLAST, pfam and prediction 

98 AUR62043741 103 common elements in pBLAST, pfam and prediction 

99 AUR62025636 103 common elements in pBLAST, pfam and prediction 

100 AUR62017896 103 common elements in pBLAST, pfam and prediction 

101 AUR62003583 103 common elements in pBLAST, pfam and prediction 

102 AUR62036626 103 common elements in pBLAST, pfam and prediction 

103 AUR62022486 103 common elements in pBLAST, pfam and prediction 

104 AUR62033276 103 common elements in pBLAST, pfam and prediction 

105 AUR62035283 103 common elements in pBLAST, pfam and prediction 

106 AUR62002922 103 common elements in pBLAST, pfam and prediction 

107 AUR62022685 103 common elements in pBLAST, pfam and prediction 

108 AUR62004572 103 common elements in pBLAST, pfam and prediction 

109 AUR62035165 103 common elements in pBLAST, pfam and prediction 

110 AUR62014879 103 common elements in pBLAST, pfam and prediction 
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111 AUR62031086 103 common elements in pBLAST, pfam and prediction 

112 AUR62021364 103 common elements in pBLAST, pfam and prediction 
 

 

 

 



Table S. 4.2a List of genes that has a single homolog in same cluster, 52 genes. 

 

 gene id name 

Chromoso
me 

_subgeno
me 

START END Homolog-1 name  
Chromosome 
_subgenome 

START END 

1 AUR62017896 NAC002 cq15_A 20376810 20378712 AUR62003583 NAC002 cq9_B 3900006 3901944 

2 AUR62003583 NAC002 cq9_B 3900006 3901944 AUR62017896 NAC002 cq15_A 20376810 20378712 

3 AUR62015520 NAC007 cq11_B 21032546 21034478 AUR62002191 NAC007 cq7_A 65990389 65992323 

4 AUR62002191 NAC007 cq7_A 65990389 65992323 AUR62015520 NAC007 cq11_B 21032546 21034478 

5 AUR62007469 NAC007 cq13_A 728734 730378 AUR62039927 NAC007 cq16_B 78627158 78632662 

6 AUR62039927 NAC007 cq16_B 78627158 78632662 AUR62007469 NAC007 cq13_A 728734 730378 

7 AUR62004572 NAC008 cq1_B 120553744 120556805 AUR62022685 NAC008 cq10_A 5677119 5680213 

8 AUR62022685 NAC008 cq10_A 5677119 5680213 AUR62004572 NAC008 cq1_B 120553744 120556805 

9 AUR62002922 NAC008 cq6_B 15831647 15834922 AUR62035283 NAC008 cq14_A 9028304 9032559 

10 AUR62035283 NAC008 cq14_A 9028304 9032559 AUR62002922 NAC008 cq6_B 15831647 15834922 

11 AUR62031305 ONAC010 cq1_B 25489514 25491226 AUR62027390 ONAC010 cq2_A 40025813 40027566 

12 AUR62027390 ONAC010 cq2_A 40025813 40027566 AUR62031305 ONAC010 cq1_B 25489514 25491226 

13 AUR62033952 NAC017 cq0_ 184747668 184752783 AUR62029057 NAC017 cq2_A 37120934 37126563 

14 AUR62029057 NAC017 cq2_A 37120934 37126563 AUR62033952 NAC017 cq0_ 184747668 184752783 

15 AUR62035514 NAC021 cq5_B 51399005 51402623 AUR62043497 NAC021 cq12_A 29606703 29610871 

16 AUR62043497 NAC021 cq12_A 29606703 29610871 AUR62035514 NAC021 cq5_B 51399005 51402623 

17 AUR62011853 NAC021 cq8_A 1858490 1862276 AUR62024698 NAC021 cq9_B 11061255 11065302 

18 AUR62024698 NAC021 cq9_B 11061255 11065302 AUR62011853 NAC021 cq8_A 1858490 1862276 

19 AUR62005821 NAC029 cq14_A 57750521 57756348 AUR62032816 NAC029 cq6_B 5793401 5794833 

20 AUR62032816 NAC029 cq6_B 5793401 5794833 AUR62005821 NAC029 cq14_A 57750521 57756348 

21 AUR62024101 NAC031 cq10_A 59698378 59699514 AUR62035165 NAC031 cq3_B 1657868 1658173 
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22 AUR62035165 NAC031 cq3_B 1657868 1658173 AUR62024101 NAC031 cq10_A 59698378 59699514 

23 AUR62034813 NAC041 cq16_B 11304423 11306000 AUR62029543 NAC041 cq8_A 26693056 26699989 

24 AUR62029543 NAC041 cq8_A 26693056 26699989 AUR62034813 NAC041 cq16_B 11304423 11306000 

25 AUR62021364 NAC073 cq1_B 16997945 17004953 AUR62033276 NAC073 cq2_A 52375299 52382203 

26 AUR62033276 NAC073 cq2_A 52375299 52382203 AUR62021364 NAC073 cq1_B 16997945 17004953 

27 AUR62031086 NAC073 cq2_A 5673254 5676404 AUR62014879 NAC073 cq1_B 32318489 32327115 

28 AUR62014879 NAC073 cq1_B 32318489 32327115 AUR62031086 NAC073 cq2_A 5673254 5676404 

29 AUR62006407 NAC082 cq7_A 90788443 90789561 AUR62029755 NAC082 cq17_B 59895805 59896911 

30 AUR62029755 NAC082 cq17_B 59895805 59896911 AUR62006407 NAC082 cq7_A 90788443 90789561 

31 AUR62018752 NAC086 cq16_B 75482814 75484845 AUR62007247 NAC086 cq13_A 3165461 3167486 

32 AUR62007247 NAC086 cq13_A 3165461 3167486 AUR62018752 NAC086 cq16_B 75482814 75484845 

33 AUR62010080 NAC086 cq15_A 5122099 5126510 AUR62013074 NAC086 cq17_B 79021049 79025517 

34 AUR62013074 NAC086 cq17_B 79021049 79025517 AUR62010080 NAC086 cq15_A 5122099 5126510 

35 AUR62001522 NAC090 cq7_A 101656423 101660122 AUR62020261 NAC090 cq18_B 32661219 32663097 

36 AUR62020261 NAC090 cq18_B 32661219 32663097 AUR62001522 NAC090 cq7_A 101656423 101660122 

37 AUR62027152 ANAC094 cq15_A 1809369 1810776 AUR62012948 ANAC094 cq17_B 56067462 56067731 

38 AUR62012948 ANAC094 cq17_B 80277875 80278498 AUR62027152 ANAC094 cq15_A 1809369 1810776 

39 AUR62040120 ANAC094 cq6_B 34103882 34105819 AUR62032488 ANAC094 cq14_A 41611790 41618469 

40 AUR62032488 ANAC094 cq14_A 41611790 41618469 AUR62040120 ANAC094 cq6_B 34103882 34105819 

41 AUR62038748 NAC098 cq1_B 106129053 106135097 AUR62020634 NAC098 cq4_A 16178718 16185086 

42 AUR62020634 NAC098 cq4_A 16178718 16185086 AUR62038748 NAC098 cq1_B 106129053 106135097 

43 AUR62019477 NAC098 cq12_A 48919545 48921791 AUR62036158 NAC098 cq5_B 11161825 11164198 

44 AUR62036158 NAC098 cq5_B 11161825 11164198 AUR62019477 NAC098 cq12_A 48919545 48921791 

45 AUR62034435 NAC100 cq1_B 56919532 56920931 AUR62018102 NAC100 cq4_A 35692016 35693362 

46 AUR62018102 NAC100 cq4_A 35692016 35693362 AUR62034435 NAC100 cq1_B 56919532 56920931 

47 AUR62021652 NAC100 cq8_A 9672471 9674125 AUR62008438 NAC100 cq16_B 4681091 4683124 

48 AUR62008438 NAC100 cq16_B 4681091 4683124 AUR62021652 NAC100 cq8_A 9672471 9674125 
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49 AUR62028103 NTL9 cq11_B 68788278 68792879 AUR62005966 NTL9 cq7_A 70111368 70115912 

50 AUR62005966 NTL9 cq7_A 70111368 70115912 AUR62028103 NTL9 cq11_B 68788278 68792879 

51 AUR62013541 SMB cq3_B 65117611 65120613 AUR62026741 SMB cq10_A 20749557 20757214 

52 AUR62026741 SMB cq10_A 20749557 20757214 AUR62013541 SMB cq3_B 65117611 65120613 



Table S. 4.2b   List of cqNAC that has homolgous genes in different clusters "18genes". 

 

  gene id name 
Chromosome 
_subgenome START END Homolog-1  name Chromosome_subgenome START END 

1 AUR62000536 NAC002 cq12_A 6131839 6134224 AUR62006885 NAC081 cq5_B 74997825 75001903 

2 AUR62006885 NAC081 cq5_B 74997825 75001903 AUR62000536 NAC002 cq12_A 6131839 6134224 

3 AUR62029330 NAC010 cq12_A 51513524 51515901 AUR62015629 NAC056 cq5_B 3821692 3822921 

4 AUR62015629 NAC056 cq5_B 3821692 3822921 AUR62029330 NAC010 cq12_A 51513524 51515901 

5 AUR62001365 NAC025 cq7_A 99573268 99576243 AUR62025580 NAC68 cq18_B 24671246 24673006 

6 AUR62025580 NAC68 cq18_B 24671246 24673006 AUR62001365 NAC025 cq7_A 99573268 99576243 

7 AUR62015630 NAC072 cq5_B 3807048 3808199 AUR62029331 NAC056 cq12_A 51490439 51492813 

8 AUR62029331 NAC056 cq12_A 51490439 51492813 AUR62015630 NAC072 cq5_B 3807048 3808199 

9 AUR62020251 NAC089 cq18_B 32521438 32523891 AUR62001531 NAC60 cq7_A 101732643 101734168 

10 AUR62001531 NAC60 cq7_A 101732643 101734168 AUR62020251 NAC089 cq18_B 32521438 32523891 

11 AUR62006837 NAC082 cq5_B 75576113 75577156 AUR62000492 NAC045 cq12_A 5500539 5501585 

12 AUR62000492 NAC045 cq12_A 5500539 5501585 AUR62006837 NAC082 cq5_B 75576113 75577156 

13 AUR62037478 NAC045 cq12_A 25145721 25148970 AUR62004773 PFU cq5_B 62725182 62726259 

14 AUR62006223 NAC090 cq15_A 2810155 2814517 AUR62036990 PFU cq17_B 56067462 56067731 

15 AUR62017681 BRN2 cq0 137754423 137760607 AUR62015217 BRN2 cq15_A 59753767 59755123 

16 AUR62007071 NAC066 cq13_A 5441599 5443027 AUR62019936 NAC043 cq16_B 72986058 72987726 

17 AUR62005772 FEZ cq14_A 56770446 56773311 AUR62039815 ANAC094 cq4_A 38381888 38383418 

18 AUR62039815 ANAC094 cq4_A 38381888 38383418 AUR62034400 ANAC094 cq1_B 55324061 55325551 
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Table S. 4.2c  List of cqNAC genes that has more than one homolog in different cluster, (10 genes) 
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Table S. 4.2d List of cqNAC genes that has no homolog (according our parameters), 27 genes. 

 

  gene id name Chromosome _subgenome 
START END 

1 AUR62022690 NAC030 cq10_A 5723986 5732908 

2 AUR62004648 NAC030 cq1_B 121459828 121461574 

3 AUR62043713 NAC037 cq0_ 14884377 14886152 

4 AUR62043235 NAC037 cq9_B 41526 43301 

5 AUR62004778 NAC045 cq5_B 62910115 62914170 

6 AUR62003400 NAC045 cq9_B 1759783 1763912 

7 AUR62026904 JUB1 cq4_A 44976454 44984863 

8 AUR62040889 JUB1 cq1_B 72702858 72708102 

9 AUR62016213 ONAC010 cq7_A 75752855 75754429 

10 AUR62011638 ONAC010 cq15_A 13499168 13500708 

11 AUR62016200 NAC67 cq7_A 75912843 75914874 

12 AUR62036626 NAC68 cq3_B 56560424 56570523 

13 AUR62022486 NAC072 cq1_B 96255823 96265494 

14 AUR62026259 NAC073 cq14_A 24108385 24115692 

15 AUR62043434 NAC073 cq0_ 19574734 19575424 

16 AUR62036063 NAC073 cq15_A 45801852 45808337 

17 AUR62041525 NAC078 cq5_B 57361157 57364321 

18 AUR62043491 NAC078 cq12_A 28893343 28901372 

19 AUR62043741 NAC078 cq1_B 84648679 84662099 

20 AUR62041539 NAC078 cq12_A 20501797 20505411 

21 AUR62000493 NAC082 cq12_A 5522447 5523436 

22 AUR62036991 NAC090 cq17_B 56071227 56073064 

23 AUR62021621 NAC100 cq8_A 10126416 10133113 
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24 AUR62044373 FEZ cq6_B 5175069 5177844 

25 AUR62000898 NAM-B1 cq12_A 10832642 10835485 

26 AUR62006836 NAC103 cq5_B 75580825 75581836 

27 AUR62004773 NAC28 cq5_B 62725181 62726259 

 

 

 

 

 

 

 

 

 

 



Table S. 4.3 Cumulative expression of all of the quinoa CqNACs in all of the conditions. 

 

  gene_id gene description  
cumulative 

expression (FPKM) 

1 AUR62029330 NACdomain-containingprotein10 0.00 

2 AUR62008438 NACdomain-containingprotein100 136.05 

3 AUR62018102 NACdomain-containingprotein100 24.04 

4 AUR62021621 NACdomain-containingprotein100 16.42 

5 AUR62021652 NACdomain-containingprotein100 180.43 

6 AUR62034435 NACdomain-containingprotein100 52.91 

7 AUR62029057 NACdomain-containingprotein17 204.85 

8 AUR62033952 NACdomain-containingprotein17 168.45 

9 AUR62000536 NACdomain-containingprotein2 625.58 

10 AUR62003583 NACdomain-containingprotein2 1.52 

11 AUR62017896 NACdomain-containingprotein2 0.14 

12 AUR62011853 NACdomain-containingprotein21/22 3.31 

13 AUR62024698 NACdomain-containingprotein21/22 7.68 

14 AUR62035514 NACdomain-containingprotein21/22 27.39 

15 AUR62043497 NACdomain-containingprotein21/22 41.80 

16 AUR62004648 NACdomain-containingprotein30 20.90 

17 AUR62022690 NACdomain-containingprotein30 9.48 

18 AUR62043235 NACdomain-containingprotein37 0.00 

19 AUR62043713 NACdomain-containingprotein37 0.00 

20 AUR62029543 NACdomain-containingprotein41 21.37 

21 AUR62034813 NACdomain-containingprotein41 43.42 

22 AUR62004554 NACdomain-containingprotein43 57.92 

23 AUR62019936 NACdomain-containingprotein43 21.37 

24 AUR62022669 NACdomain-containingprotein43 37.38 

25 AUR62003400 NACdomain-containingprotein45 25.30 

26 AUR62004778 NACdomain-containingprotein45 27.87 

27 AUR62037478 NACdomain-containingprotein45 41.55 

28 AUR62001531 NACdomain-containingprotein60(NTL5) 17.12 

29 AUR62007071 NACdomain-containingprotein66 18.93 

30 AUR62016200 NACdomain-containingprotein67 0.00 

31 AUR62025580 NACdomain-containingprotein68 0.00 

32 AUR62036626 NACdomain-containingprotein68 122.01 

33 AUR62025636 NACdomain-containingprotein68NTL12 1.90 

34 AUR62002191 NACdomain-containingprotein7 28.06 
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35 AUR62007469 NACdomain-containingprotein7 31.79 

36 AUR62015520 NACdomain-containingprotein7 24.15 

37 AUR62039927 NACdomain-containingprotein7 41.17 

38 AUR62015630 NACdomain-containingprotein72 145.34 

39 AUR62022486 NACdomain-containingprotein72 127.27 

40 AUR62029344 NACdomain-containingprotein72 295.66 

41 AUR62014879 NACdomain-containingprotein73 5.95 

42 AUR62021364 NACdomain-containingprotein73 4.13 

43 AUR62026259 NACdomain-containingprotein73 0.30 

44 AUR62031086 NACdomain-containingprotein73 42.64 

45 AUR62033276 NACdomain-containingprotein73 32.40 

46 AUR62036063 NACdomain-containingprotein73 54.51 

47 AUR62043434 NACdomain-containingprotein73 181.72 

48 AUR62041539 NACdomain-containingprotein78 661.83 

49 AUR62043491 NACdomain-containingprotein78 246.86 

50 AUR62043741 NACdomain-containingprotein78 336.13 

51 AUR62041525 NACdomain-containingprotein78NTL11 482.29 

52 AUR62002922 NACdomain-containingprotein8 44.25 

53 AUR62004572 NACdomain-containingprotein8 18.48 

54 AUR62022685 NACdomain-containingprotein8 11.54 

55 AUR62035283 NACdomain-containingprotein8 51.15 

56 AUR62006407 NACdomain-containingprotein82 749.74 

57 AUR62006837 NACdomain-containingprotein82 131.90 

58 AUR62005686 NACdomain-containingprotein83 795.75 

59 AUR62028872 NACdomain-containingprotein83 999.53 

60 AUR62007247 NACdomain-containingprotein86 17.57 

61 AUR62010080 NACdomain-containingprotein86 12.43 

62 AUR62013074 NACdomain-containingprotein86 15.23 

63 AUR62018752 NACdomain-containingprotein86 13.74 

64 AUR62020251 NACdomain-containingprotein89 5.25 

65 AUR62001522 NACdomain-containingprotein90 3.64 

66 AUR62006223 NACdomain-containingprotein90 17.89 

67 AUR62020261 NACdomain-containingprotein90 7.84 

68 AUR62036991 NACdomain-containingprotein90 4.96 

69 AUR62001365 NACtranscriptionfactor25 3.84 

70 AUR62014768 NACtranscriptionfactor25 2.93 

71 AUR62016954 NACtranscriptionfactor25 4.83 

72 AUR62005821 NACtranscriptionfactor29 74.12 

73 AUR62032816 NACtranscriptionfactor29 110.33 
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74 AUR62015629 NACtranscriptionfactor56 38.11 

75 AUR62029331 NACtranscriptionfactor56 13.06 

76 AUR62000898 NACtranscriptionfactorNAM-B1 68.95 

77 AUR62011638 NACtranscriptionfactorONAC010 0.62 

78 AUR62016213 NACtranscriptionfactorONAC010 0.66 

79 AUR62027390 NACtranscriptionfactorONAC010 37.56 

80 AUR62031305 NACtranscriptionfactorONAC010 54.52 

81 AUR62006885 ProteinATAF2 617.25 

82 AUR62017681 ProteinBEARSKIN2 21.46 

83 AUR62019477 ProteinCUP-SHAPEDCOTYLEDON2 2.92 

84 AUR62020634 ProteinCUP-SHAPEDCOTYLEDON2 36.05 

85 AUR62036158 ProteinCUP-SHAPEDCOTYLEDON2 1.19 

86 AUR62038748 ProteinCUP-SHAPEDCOTYLEDON2 34.11 

87 AUR62024101 ProteinCUP-SHAPEDCOTYLEDON3 4.74 

88 AUR62035165 ProteinCUP-SHAPEDCOTYLEDON3 12.37 

89 AUR62005772 ProteinFEZ 8.09 

90 AUR62044373 ProteinFEZ 7.73 

91 AUR62005966 ProteinNTM1-like9 348.73 

92 AUR62028103 ProteinNTM1-like9 453.00 

93 AUR62013541 ProteinSOMBRERO 28.39 

94 AUR62026741 ProteinSOMBRERO 19.78 

95 AUR62012948 PutativeNACdomain-containingprotein94 95.43 

96 AUR62027152 PutativeNACdomain-containingprotein94 53.67 

97 AUR62032488 PutativeNACdomain-containingprotein94 45.13 

98 AUR62034400 PutativeNACdomain-containingprotein94 13.43 

99 AUR62039815 PutativeNACdomain-containingprotein94 24.52 

100 AUR62040120 PutativeNACdomain-containingprotein94 27.83 

101 AUR62026904 TranscriptionfactorJUNGBRUNNEN1 4.62 

102 AUR62040889 TranscriptionfactorJUNGBRUNNEN1 3.99 

103 AUR62004773 NAC domain containing protein 28 30.66 

104 AUR62006836 NAC103: NAC domain containing protein 103 6.08 

105 AUR62029755 NAC082: NAC domain-containing protein 82 421.38 

106 AUR62000492 NAC045: NAC domain-containing protein 45 5.24 

107 AUR62000493 NAC082: NAC domain-containing protein 82 205.48 
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Table S. 4.4 List of primer sequences used in qRT-PCR reaction. 

 

gene name  gene name Primer sequence 5'-3' (bp) 

AUR62000536 NAC002:NACdomain-containingprotein2 (ATAF-1) FW-ACAACCTTGACTTCCCTTCG 

AUR62000536 NAC002:NACdomain-containingprotein2 (ATAF-1) RV-CTGAAATTGGGCTGTTGAGG 

AUR62006885 NAC081: Protein ATAF2 FW-TTCCATGGCCCAATACTCAG 

AUR62006885 NAC081: Protein ATAF2 RV-GATGTGTCGAAATGCAGCAG 

AUR62021652 NAC100: NAC domain-containing protein 100 FW-TGCTGAAATCTCGTCTGTCG 

AUR62021652 NAC100: NAC domain-containing protein 100 RV-AAGGTCCATCAGGATCATCG 

AUR62029344 NAC072: NAC domain-containing protein 72 FW-CAGCACGGGGTATTTCAATC 

AUR62029344 NAC072: NAC domain-containing protein 72 RV-TCCGAATCCGGATAACTGAC 

AUR62032816 NAC029: NAC transcription factor 29 FW-ACCCGATAAGGCAGAGTTTG 

AUR62032816 NAC029: NAC transcription factor 29 RV-GGATCCCATTCGGGTATTTC 

AUR62041525 NAC078: NAC domain-containing protein 78 FW-GGTGATGTTGATGACGTTGC 

AUR62041525 NAC078: NAC domain-containing protein 78 RV-GTCCTTGGAAGGCAATTCTG 

AUR62005821 NAC029: NAC transcription factor 29 FW-AGCGTCTATTGGCAACTTCG 

AUR62005821 NAC029: NAC transcription factor 29 RV-AAGTTCAGTCTTGGCCTTGG 

AUR62008438 NAC100: NAC domain-containing protein 100 FW-CAACAACCCTCCTTTGATGG 

AUR62008438 NAC100: NAC domain-containing protein 100 RV-CCTGAATAATGGCCTGGTTG 

AUR62037478 NAC045: NAC domain-containing protein 45 FW-AGTTTGAGCCTTGGGAGTTG 

AUR62037478 NAC045: NAC domain-containing protein 45 RV-CCAATAACCTGCCTTGGTTG 

AUR62043497 NAC021: NAC domain-containing protein 21/22 FW-TGAGCCTTGGGATATTCCTG 

AUR62043497 NAC021: NAC domain-containing protein 21/22 RV-CCCGTTGCATATTTCCTGTC 

AUR62040120 ANAC094: Putative NAC domain-containing protein 94 FW-TGGACTTGTTCCTCCGAATC 

AUR62040120 ANAC094: Putative NAC domain-containing protein 94 RV-AGTGTTGCTTGTGCCTGTTG 

AUR62015654 Polyubiquitin 10 (UBQ10) FW-ATCTGGTGCTCCGTTTGAG                     

AUR62015654 Polyubiquitin 10 (UBQ10) RV-TCTTCGCCTTAACATTGTCG 

 


