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 Summary 

Abiotic stresses, such as cold, heat, flood, drought, and salinity, are major limiting factors of global 

crop and plant production. In the era of unpredictable climate fluctuations due to ongoing global climate 

change, the abiotic stress extremes are getting more frequent over the years. Sessile plants cannot avoid 

any extreme environmental factors, and over 90% of field crops experience abiotic stress. Moreover, 

abiotic stress always occurs in combination in the field, and one abiotic stress can lead to several 

secondary abiotic stresses. Even though the global climate is treading towards warmer periods, it is not 

diminishing cold stress threats. For example, reports show that a warmer climate causes extreme and 

unpredictable out of season cold stress, cold shock, localized frost, and freezing events. Furthermore, 

reduced length of cold autumns or warm and short winters affect the cold acclimation, vernalization, 

bud dormancy period in crop and tree plants. Therefore, understanding abiotic stress response and 

developing sustainable stress tolerance methods are the critical steps towards assuring global food 

security.  

Elucidating how plants sense and respond to cold is essential for identifying genetic and chemical 

methods that may improve plant performance under low-temperature conditions. However, most studies 

that focus on cold stress are either under prolonged cold stress or cold acclimation conditions. The 

molecular mechanisms involved in early cold perception and response are not clearly understood yet. 

Plant proteins go through cascades of post-translational modifications and form complex signaling 

pathways that regulate essential biological processes, including the external environmental response. 

Protein phosphorylation is one of the most common and crucial post-translational modifications, and 

nearly one-third of proteins are modified through phosphorylation. Identification of differentially 

phosphorylated proteins in response to environmental factors has led to the discovery of important 

components of signaling pathways. Mass spectrometry-based methods to quantify phosphoproteome 

changes are a well-established system for identifying key phosphorylation events involved in stress 

response. The plasma membrane and its adjacent extracellular and cytoplasmic sites are the first 

checkpoints for sensing temperature changes and subsequent events such as signal generation and solute 

transport. Here, I report a large-scale, comprehensive study on Arabidopsis membrane 

phosphoproteomics during early cold response events. In this study, I focused on the temporal change 

in microsomal membrane protein phosphorylation in response to a brief 5 to 60 min cold exposure. 

Subsequently, using hydroxy acid-modified metal oxide chromatography (HAMMMOC) 

phosphopeptide enrichment method coupled with a powerful state of the art mass spectrometer, I 

detected around 1900 peptides. Gene ontology (GO) analysis of these phosphorylated proteins revealed 

that cold exposures led to rapid phosphorylation of proteins involved in cellular ion homeostasis, solute 

and protein transport, cytoskeleton organization, vesical trafficking, protein modification, and signal 

transduction processes. Even under such a brief cold exposure, phosphorylation of ion channel or 
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transporter proteins such as Ca2+ (hyperosmolality-gated Ca2+ permeable channels/OSCAs, Ca2+-

ATPases/ACAs), K+ (potassium transporters/POTs), Na+/H+ (Na+/H+ exchanger/NHX), which are 

involved in maintaining ionic homeostasis inside the cell, indicated that plant cell tries to maintain its 

ionic balance in steady state under cold. Accumulation of cryoprotectants such as soluble sugar is a 

crucial defense mechanism to survive under cold extremes. Activation of sugar and monosaccharide 

transporters, sugar will eventually be exported transporter12 (SWEET12), early responsive to 

dehydration6/6 like (ERD6/6like) and transmembrane transporter 1/3 (TMT1/3), at such an early stage 

indicate that plant starts to deploy its defense mechanism as soon as they sense the cold. With 

phosphorylation motif analysis using the Motif-X algorithm, I identified 16 characteristic target motifs 

of essential kinases such as receptor-like kinases (RLKs), mitogen-activated protein kinases (MAPKs), 

Calcium/Calmodulin dependent protein kinases (CDPK/CaMK), casein kinases (CK), and 

GSK3/shaggy-related protein kinase (GSK). Further, the kinase-substrate network revealed that the 

kinases and substrates form a complex network of phosphorylation events even during a brief cold 

exposure. Ca2+, phosphoinositide, abscisic acid (ABA), auxin, and brassinosteroid (BR) and reactive 

oxygen species (ROS) mediated signaling pathways were also found to be involved in the early cold 

response, which gives a further complex response from the plants during cold sensing. Phosphorylation 

of microtubule-cytoskeleton related proteins (myosin-binding protein7(MyoB7), myosin motor XI-K/C, 

and 65-kDa microtubule-associated protein1 (MAP65-1) involved in cytoplasmic streaming and 

cytoskeleton organization) and vesicle trafficking-related proteins (ARF guanine-nucleotide exchange 

factor GNOM, Sorting nexin/SNX, vacuolar protein sorting-associated protein41/VPS41, 

Syntaxin/SYP121/132, and dynamin-related protein/DRP2A/B) gives a clear idea that these proteins 

and their respective functions are an essential part of the early cold response mechanism.  

Subsequently, besides understanding the molecular mechanisms of early cold response in 

Arabidopsis, I focused on developing a cost-effective, time-, and labor-saving method to improve plant 

performance against a range of abiotic stresses, including cold. Here I developed a seed treatment 

method using an optimized level •OH generated from Fenton/Haber-Weiss reaction. I showed the 

effects of a single/one-time application of this •OH to seeds on germination and growth in germinating 

seedlings under optimum and sub-optimum conditions such as chilling, high temperature, heat, and 

salinity. A one-time treatment of Arabidopsis seeds with •OH improved germination and early growth 

in young seedlings. The treatment effect was also not limited to the germination and early growth stage, 

and plants from the treated seeds showed an increased daily root growth and increased number of lateral 

roots. More interestingly, the treatment effect became prominent under suboptimum conditions. I 

observed a clear advancement in germination speed after the •OH treatment compared to water treated 

and H2O2 treated seeds. Almost in all the abiotic stress conditions, the •OH seeds took significantly less 

time to reach 50% germination. Moreover, the germinating seedlings showed faster radical and 

hypocotyl elongation and cotyledon expansion and greening after the •OH treatment. Under different 



3 

 

abiotic stress conditions, such as cold, early germination and seedling survival are essential criteria for 

assuring a better production. 

The outcomes of this •OH treatment were surprising, and the superior effects of •OH treatment 

than its precursor H2O2 led to the question of what molecular mechanisms are behind this better 

performance. Even though H2O2 is frequently used as a seed priming or treating agent that showed 

promising effects in improving different abiotic stress tolerance, no study ever considered the possible 

conversion of H2O2 into •OH by endogenous Fenton/Haber-Weiss reaction. Therefore, to understand 

the molecular mechanisms behind increased stress tolerance by •OH treated seeds and seedlings, I 

employed a mass spectrometry-based proteomics method to study the change in seed proteins under 

chilling stress. Surprisingly, GO analysis showed that proteins that were exclusively accumulated in 

•OH treated group were mostly antioxidation-related (such as glutathione reductase1/GR1, 

dehydroascorbate reductase/DHAR, and ascorbate peroxidase/APX), chaperones (such as heat-shock 

protein60/HSP60, chaperonin 60 subunit beta1/CPN60B1/LEN1, and Calreticulin/CRT), late 

embryogenesis related (LEA) proteins, and proteins involved stress response, toxin catabolism, embryo 

development. These results indicate that the •OH enhanced the antioxidant properties of the treated 

seeds, which may be contributed to maintain a basal ROS level in the embryo and germinating seeds. 

The treatment also contributed to the maintenance of protein homeostasis, which is essential for cells 

to perform better under abiotic stress. Overall findings from this study showed the positive sides of •OH 

in plant performance.  

To conclude, I revealed the early cold response events in plants with a first-ever large-scale 

membrane phosphoproteomic study. The findings from this study will be a valuable resource for 

scientists to narrow down target genes associated with the proteins for better functional genomic studies 

in the future. Furthermore, the time and cost-efficient seed treatment with just a one-time application of 

•OH can potentially solve emerging extreme abiotic stresses. This study also provides a first-ever view 

of the positive sites of the deleterious reactive oxygen species, •OH. I expect both of my studies will 

contribute to developing methods to improve stress-tolerant/resistant crop varieties.  
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Chapter 1 

General introduction 

Plants under abiotic stress 

When living organisms migrated from the water to land, plants changed the course of evolution 

and evolved as a sessile organism, spending whole life within the defined area marked by anchored 

roots. Thus, being incapable of moving, plants are always exposed to the surrounding biotic and abiotic 

stresses. Both biotic and abiotic stresses are the major factors limiting plant growth, development, and 

crop production (Mittler, 2006; Suzuki et al., 2014). For example, in between 1980-2012 abiotic stress 

caused over 500 billion US dollar damage in crop production (Mittler, 2006; Suzuki et al., 2014). 

Moreover, abiotic stress never occurs as single stress at a time. One abiotic stress always causes the 

initiation of additional abiotic stresses in the cell. For example, chilling stress can alter the osmotic 

homeostasis in cells and cause dehydration stress (Farooq et al., 2009a); freezing can cause mechanical 

stress and dehydration stress (Yamazaki et al., 2009). Moreover, in nature, the plant itself is 

simultaneously exposed to multiple abiotic stresses (Mittler, 2006; Suzuki et al., 2014). For example, 

high-temperature and drought can co-occur in arid regions and be devastating for crop production and 

quality (Prasad et al., 2011; Vile et al., 2012).  

Almost all the major abiotic stresses such as cold, heat, salinity, drought, and so on lead to 

secondary oxidative stress, which affects the cellular system by reactive oxygen species (ROS) (You 

and Chan, 2015). Thus, the effect of intracellular and extracellular multiple abiotic stresses at the same 

time is much more devastating for a plant than individual stress. Additionally, climate variation 

accounts for over 32%–39% of yield variability, and extreme climate events, which are also affecting 

arable land availability, are exacerbating the loss of global crop yield (Xiao and Ximing, 2011; Ray et 

al., 2015). Therefore, to face the ongoing and upcoming challenges to crop and plant production due to 

global climate change, it is vital to understand how plants sense these surrounding abiotic stresses and, 

with the results obtained, develop new methods to improve plant performance against emerging abiotic 

stresses.  

Plants under low temperature  

 Despite the ongoing global warming and alarming predictions on future high-temperature 

extremes, climate models show that the global cold extreme will persist throughout the 21st century, and 

even it may become more intense and unpredictable than the 20th century (Kodra et al., 2011). 

Unpredictable, out of the pattern, and localized extreme cold events are more damaging than a regular 

seasonal cold during the winter. These unpredictable events are likely to be more frequent and intense 

in the upcoming decades (Marengo et al., 1997; Kodra et al., 2011).  Approximately 57% of the global 



5 

 

land area and 26% of the rural land area are affected by cold and cold-related stresses (Cramer et al., 

2011).  

Among all the abiotic stresses, cold stress, which results from both chilling (0-10/15⁰C) and 

freezing  (< 0⁰C) conditions, is one of the major abiotic stresses that happens all over the world and 

affects every process in the plant life cycle, including growth, development, survival, and productivity 

(Levitt, 1980). Cold stress response and its effect vary with plant species and geographical distribution; 

for example, agronomically important plants, such as rice (Oryza sativa), corn (Zea mays), banana 

(Musa spp.), tomato (Lycopersicon esculentum) originated in the tropical and subtropical area, are 

sensitive to chilling stress and result in injury (Thomashow, 1999; Chinnusamy et al., 2007; Zhu et al., 

2007; Miura and Furumoto, 2013). On the other hand, plants native to the temperate climatic zones can 

take advantage of the chilling autumn temperature and prepare themselves for the upcoming freezing 

conditions by an adaptive strategy called cold acclimation (CA) (Gilmour et al., 1988; Thomashow, 

1999; Miura and Furumoto, 2013).  

The effect of cold or cold stress on plants depends on the duration of cold exposure, the rate of 

temperature drops towards the chilling/freezing limit, and the sensitivity of the plant species to cold. 

Depending on the duration of the cold, it can be chilling stress, which can affect the plants within a few 

hours to days, whereas a sudden drop can cause cold shock within few minutes (Phadtare et al., 1999; 

Nievola et al., 2017). After cold perception, even before the degree of cold becomes injurious to lethal 

plants, depending on their nature (tropical, subtropical, or temperate), plants act accordingly to prepare 

for extreme temperatures. Therefore, understanding how plants percept and generate signals to deploy 

molecular and physiological countermeasures holds an essential key to improving cold tolerance in 

plants.  

Cold stress and membranes 

The plasma membrane (PM) and the adjacent extracellular space are the primary checkpoints for 

external stimuli perception, signal generation, and solute transport (Chen and Weckwerth, 2020). As 

mentioned earlier, responses to cold by plants varies depending on the plant type and geographical 

distribution. Temperate plants can acclimate to survive freezing conditions after sensing and responding 

to chilling autumn conditions and decreasing day length (Levitt, 1980). Studies showed that during the 

CA process, plants increased the accumulation of soluble sugars, proteins, amino acids, and proline as 

cryoprotectants to prevent membrane damage and maintain osmotic potential during cold stress (Levitt, 

1980; Xin and Browse, 2001; Furtauer et al., 2019). PM lipid composition changes during the CA period, 

and PM becomes less fluid and more rigid (Steponkus, 1984; Uemura and Yoshida, 1984; Uemura and 

Steponkus, 1994). Studies showed that PM proteins also undergo compositional changes during the CA 

process (Yoshida and Uemura, 1984). Large-scale mass spectrometry-based proteomics studies gave 

insight into specific proteins and their abundance that changes during CA (Kawamura and Uemura, 
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2003; Li et al., 2012a; Takahashi et al., 2013a; Takahashi et al., 2013b; Takahashi et al., 2016a; 

Takahashi et al., 2016b; Miki et al., 2019).  

Rigidified membrane alters activities of channels, transporters, kinases, and receptors, and 

increases cellular phosphatidic acid (PA), calcium, and ROS. For example, cold-induced change in 

membrane fluidity led to excessive ROS production, such as H2O2 in the apoplast by membrane-bound 

NADPH oxidase RBOHD and by phospholipase D (PLD) activated PA in the cytosol (Ruelland et al., 

2002; Nievola et al., 2017). Over-production and -accumulation of ROS can induce oxidative stress in 

plants, causing damage to plant cells, and the ultimate fate can be cell death (Demidchik, 2015). A 

balanced and optimum state of ROS, on the other hand, can work as a signaling component for stress 

response, growth, and development (Mittler, 2017). Apoplastic NADPH oxidase generated H2O2 is 

reported to play a crucial role in increasing chilling tolerance in tomato (Zhou et al., 2012).  

Most of these studies were done under the CA process, which involves long cold exposure to the 

plants. However, to start the CA process, plants need to percept the earliest change in a temperature 

drop and send signals to the nucleus for the subsequent alternation of gene expression and other adaptive 

responses. Emerging studies are showing the role of membrane proteins in cold perception and signal 

transduction. A study in Arabidopsis found that cold activated PM localized cold-responsive protein 

kinase 1 (CRPK1). Activated CRPK1 could phosphorylate and translocate 14-3-3 proteins from the 

cytosol to the nucleus for fine-tuning the c-repeat binding factor (CBF) mediated signaling pathway 

(Liu et al., 2017). Another study on rice showed that PM and endoplasmic reticulum (ER) localized G-

protein regulator COLD1 could activate the Ca2+ channel and confer chilling tolerance (Ma et al., 2015). 

Cold-induced PM rigidification could increase the Ca2+ influx, and phosphorylate PM localized 

calcium/calmodulin-regulated receptor-like kinase 1 (CRLK1), which in turn activated the canonical 

cold-responsive mitogen-activated protein kinase (MAPK) pathway via a cascade of protein 

phosphorylation (Furuya et al., 2013; Furuya et al., 2014). However, how plants sense the early cold 

exposure, what cold-responsive signaling events occur and lead to the CA process in temperate plants, 

and chilling stress response in tropical sub-tropical plants are still poorly understood. Therefore, 

studying early cold-responsive events in PM will increase understanding of cold perception and 

response by plants. Proper understanding of cold perception will ultimately help to develop cold-

tolerant or resistant plant varieties.  

Mass spectrometry-based proteomics for studying abiotic stress response mechanisms 

Proteins play a crucial role in stress response because they are directly involved in regulating 

stress-responsive phenotypes by adjusting the physiological traits under suboptimal conditions. Abiotic 

stress significantly affects plant proteome by changing relative abundance, post-translational 

modifications, subcellular localization, protein-protein/protein-DNA interaction, and, ultimately, the 

biological function (Kosova et al., 2018). Moreover, protein characteristics analysis is one of the most 
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direct approaches to identifying associated genes via functional genomics studies (Komatsu et al., 2003). 

Furthermore, large-scale cellular and subcellular proteomics studies led to the discovery of many novel 

proteins involved in stress response (Hashiguchi et al., 2010). Still, most studies for characterizing cold 

and other abiotic stress signaling components were focused on genetic and transcriptomic levels (Saijo 

et al., 2000; Lee et al., 2005). However, most early responses to abiotic stresses occur through post-

translational modifications (PTMs), and phosphorylation is the most frequent PTM in plants for signal 

transduction (Willems et al., 2019). Plant proteins go through cascades of protein phosphorylation and 

form complex signaling pathways that regulate essential biological processes, including external 

environmental response (Mishra et al., 2006; Li et al., 2015; Chen and Weckwerth, 2020). Untangling 

these complex signaling networks is one of the major challenges to study signaling pathways. 

Fortunately, advancements in modern mass spectrometry-based proteomics and phosphoproteomics 

enhanced the ability to understand and point out major components of signaling networks. Studying 

differential phosphorylation in response to environmental stresses led to the discovery of critical 

components of signaling pathways (Umezawa et al., 2013; Haruta et al., 2014). 

 Not only the phosphoproteomics of early stress response, proteomic studies of seed germination 

and germinating seedling may also provide essential information on how early stages of development 

shaped by protein abundance (Gallardo et al., 2001; Gallardo et al., 2002). Even though proteomics of 

seed has always been challenging due to the abundance of storage proteins that reduce the detection of 

regulatory proteins via liquid chromatography-tandem mass spectrometry (LC-MS), a few strategies 

have been developed to deplete the abundant storage proteins (Krishnan et al., 2009). However, there 

is no proteomic study on germinating seeds under any abiotic stress conditions. The advancement in 

proteomic technologies became a reliable method for studying protein abundance and PTM under 

environmental stress conditions (Kosova et al., 2018). Therefore, studying protein abundance change 

and PTM under stress conditions using both proteomics and phosphoproteomics together will help us 

better understand the stress response and design functional genomic experiments to improve stress-

resistant crop varieties.  

Practical approaches to improve stress tolerance or resistance 

 In the last couple of decades, several strategies have been developed to fight against biotic and 

abiotic stresses, including strategies using conventional breeding, genetic engineering, and selection of 

resistant varieties, some of which are tightly associated with mitigating the impact of stresses arising 

from global climate changes. However, some of these methods are time-consuming, expensive, and 

controversial in different countries. For example, genetically modified organisms can increase tolerance 

against stresses, but their use is unpopular among growers, consumers, and government in Europe. 

Additionally, the gaps in knowledge on the application between the labs and field, and from model plant 
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to crop plant transitions require extensive studies (Zhang et al., 2004; Savvides et al., 2016; Ahanger et 

al., 2017).  

Alongside the methods mentioned above, a growing number of alternative approaches are 

emerging to deal with multiple abiotic stresses. For example, priming treatments, in which plants are 

pre-treated under stressed conditions or with endogenous, natural, or synthetic chemicals to prepare 

them against upcoming stresses, have gained popularity (Chen and Arora, 2011; Chen et al., 2012; 

Savvides et al., 2016). Among the different kinds of priming treatments, the most promising and 

commonly used chemicals are polyamines, hormones such as salicylic acid, reactive sulfur species such 

as NaHS, reactive nitrogen species such as nitric oxide, and reactive oxygen species (ROS) such as 

hydrogen peroxide (H2O2) (Tanou et al., 2009; Gill and Tuteja, 2010a; Parra-Lobato and Gomez-

Jimenez, 2011; Hossain et al., 2015). Exogenous application of these chemicals has been found to be 

effective against different abiotic stresses (Tanou et al., 2009; Li et al., 2012b). However, most of these 

treatments are focused on single abiotic stress at a single stage of growth and development.  Therefore, 

developing non-laborious, environment-friendly crop improvement methods against a wide range of 

abiotic stresses is still an ongoing demand. 

 

Aims and objectives of the thesis 

Although emerging studies show how plants perceive early abiotic and biotic stresses, how plants 

perceive the early cold and what role membrane proteins play in the earliest exposure to temperature 

drop are still unknown. Despite numerous attempts to improve crop and plant performance to against 

multiple abiotic stresses, there is a substantial demand for sustainable and straightforward practical 

methods.  

As the background described above on the plant's response and changes under cold and other 

abiotic stresses, one of the objectives of my thesis was to understand how plants percept the exposure 

to a brief cold. To understand the early cold signaling events, I used modern mass spectrometry-based 

phosphoproteomics methods to study membrane phosphoproteomics in Arabidopsis thaliana (chapter 

2).  

Subsequently, alongside the basic understanding of early stress perception (Chapter 2), I also 

focused on a practical approach to develop a cost-effective, environment-friendly, single seed treatment 

method to improve abiotic stress tolerance in model plant rice and Arabidopsis (Chapter 3). In this 

method, I, for the first time, used Fenton-Haber Weiss reaction-based hydroxyl radical (•OH) to treat 

seeds for a single time and studied against a wide range of abiotic stresses, including cold. Furthermore, 

I used large-scale mass spectrometry-based proteomics to study early changes in seeds and germinating 

seedlings after the •OH treatment under cold stress (chapter 4). 
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Chapter 2 

Large-scale phosphoproteomic study of Arabidopsis membrane proteins reveals early signaling 

events in response to cold 

Summary 

Cold stress is one of the major factors limiting global crop production. For survival at low 

temperatures, plants need to sense temperature changes in the surrounding environment. How plants 

sense and respond to the earliest drop in temperature is still not clearly understood. The plasma 

membrane and its adjacent extracellular and cytoplasmic sites are the first checkpoints for sensing 

temperature changes and the subsequent events, such as signal generation and solute transport. To 

understand how plants respond to early cold exposure, I used a mass spectrometry-based 

phosphoproteomic method to study the temporal changes in protein phosphorylation events in 

Arabidopsis membranes during 5 to 60 min of cold exposure. The results revealed that brief cold 

exposures led to rapid phosphorylation changes in the proteins involved in cellular ion homeostasis, 

solute and protein transport, cytoskeleton organization, vesical trafficking, protein modification, and 

signal transduction processes. The phosphorylation motif and kinase–substrate network analysis also 

revealed that multiple protein kinases, including RLKs, MAPKs, CDPKs, and their substrates, could be 

involved in early cold signaling. Taken together, my results provide a first look at the cold-responsive 

phosphoproteome changes of Arabidopsis membrane proteins that can be a significant resource to 

understand how plants respond to an early temperature drop. 
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Introduction 

Throughout the Earth's history, plants have evolved adaptive mechanisms against multiple abiotic 

and biotic stresses. Cold stress, which results from both chilling (0-10/15 ⁰C) and freezing (<0 ⁰C) 

conditions, is one of the major abiotic stresses that happens all over the world and affects every process 

in the plant life cycle, including growth, development, survival, and productivity (Levitt, 1980). Cold 

stress responses vary with plant species. Agronomically important plants such as rice (Oryza sativa), 

corn (Zea mays), banana (Musa spp.), and tomato (Lycopersicon esculentum) originated from tropical 

and subtropical regions and are sensitive to cold stress. (Thomashow, 1999; Chinnusamy et al., 2007; 

Zhu et al., 2007; Miura and Furumoto, 2013). On the other hand, plants native to temperate climatic 

zones can take advantage of the colder autumn temperature and prepare themselves for the upcoming 

freezing conditions using an adaptive strategy called cold acclimation (Gilmour et al., 1988; 

Thomashow, 1999; Miura and Furumoto, 2013). Therefore, perception of and response to a drop in 

temperature is essential for plants that originate in tropic and sub-tropic regions to deploy survival 

mechanisms and for those in temperate climatic zones to start the acclimation processes and prepare for 

upcoming freezing stress. Responses to cold under acclimating and freezing conditions are studied 

extensively on both genomic and proteomic levels (Medina et al., 2011; Li et al., 2012a; Takahashi et 

al., 2013a; Takahashi et al., 2013b; Takahashi et al., 2016a; Takahashi et al., 2016b; Miki et al., 2019). 

However, there is little or no information available on how plants sense temperature drops over a short 

time (i.e., seconds and minutes) and how they respond and form adaptive signals to the cold. Sensing 

early changes is an essential step for the plant to initiate the adaptive process and survive under cold 

temperatures. Furthermore, how plants respond to early temperature drops is necessary to develop cold-

resistant/-tolerant plant varieties and secure crop supply in the global climate change era. 

The cell wall (CW), the extracellular/apoplastic region, and the plasma membrane (PM) are the 

outermost layers of a plant cell. Therefore, upon exposure to external environmental stimuli (biotic and 

abiotic), these layers are the most likely to receive, generate, and transmit signals further downstream 

and ultimately to the nuclei to form an appropriate response (Kim et al., 2009; Marshall et al., 2012; 

Osakabe et al., 2013; Mattei et al., 2016). PM is the outermost living part of the cell and has received 

the most attention for cold response studies in plants (Yoshida and Uemura, 1984; Takahashi et al., 

2013a; Takahashi et al., 2013b; Takahashi et al., 2016a; Takahashi et al., 2016b; Miki et al., 2019; 

Takahashi et al., 2019). Few studies have also emerged on CW modifications during prolonged cold 

acclimation and in freezing response (Novaković et al., 2018; Willick et al., 2018; Takahashi et al., 

2019). These studies indicate that the outer layers work in concert, as the first checkpoint to sense and 

generate signals from cold and other environmental factors, by changing their physicochemical 

conformation and composition and utilizing the power of posttranslational modifications (PTMs) such 

as phosphorylation of receptor-like kinases (RLKs) and other membrane-localized kinases (Yoshida 

and Uemura, 1984; Schulze, 2010; Furuya et al., 2013; Furuya et al., 2014; Zhu, 2016). Within 30 min 
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to cold exposure at 4 °C, PM rigidifies and increases Ca2+ influx into the cell, which in turn activates 

Ca2+/calmodulin (CaM)-regulated receptor-like kinase1 (CRLK1), leading to mitogen-activated protein 

kinase (MAPK) pathway activation via a chain of phosphorylation events (Yang et al., 2010a; Furuya 

et al., 2014). The MAPK pathway is one of the canonical signaling pathways that enhance freezing 

tolerance in Arabidopsis (Teige et al., 2004; Furuya et al., 2013). A phosphoproteomic study of cold-

tolerant and cold-sensitive bananas (Musa spp.) showed that Thr31 phosphorylation of MAPK kinase 

2 (MKK2) is an essential component of the cold tolerance mechanism (Gao et al., 2017). CRLK1, 

MEKK1 (MAPK kinase kinase 1), and MKK2 are all reported to be localized in the PM (Benschop et 

al., 2007; Yang et al., 2010b). Similarly, another membrane-localized kinase, named cold-responsive 

protein kinase 1 (CPPK1), was activated upon prolonged cold exposure and directly sent a signal to the 

nucleus to fine-tune the C-repeated binding factor (CBF) signaling pathway by phosphorylating its 14-

3-3 protein substrate (Liu et al., 2017). Another membrane-bound receptor-like kinase, receptor-like 

protein kinase 1 (RPK1), also increased cold tolerance along with tolerance to other abiotic stresses 

(Osakabe et al., 2010). CW, apoplast, PM-bound and localized RLKs, and transmembrane kinases 

(TMKs) and their signaling events are better documented in biotic stresses than abiotic stresses 

(Tenhaken, 2014; Novaković et al., 2018). Therefore, further studies are needed to discover cold stress-

responsive RLKs and other protein kinases that are localized in the membranes and membrane-adjacent 

extracellular spaces. 

Furthermore, these examples strongly indicate that protein phosphorylation of membrane-bound 

kinases and their targets (e.g., transporters, ion channels, and transcription factors) plays a crucial role 

in cold and other abiotic stress-triggered molecular events. Along with stress signal transduction, protein 

phosphorylation/dephosphorylation is also involved in regulating diverse biological and molecular 

functions such as cell division, differentiation, gene expression, hormone perception, homeostasis, and 

metabolism. Therefore, protein phosphorylation is one of the most important PTMs in plants (Kersten 

et al., 2006; Tichy et al., 2011; Chen and Hoehenwarter, 2015; Chen and Weckwerth, 2020). Signals 

for all the processes mentioned above originate at the PM and its adjacent regions either by a change in 

its physicochemical properties or by phosphorylation of the kinases associated with these regions. 

Therefore, studying and profiling the membrane-localized phosphoproteome and kinome on a large 

scale at earlier stages of cold exposure will help us to understand the plant's response to cold and other 

signaling events related to cold response.  

Mass spectrometry (MS)-based shotgun phosphoproteomics has emerged as a powerful analytical 

tool to study protein phosphorylation on a large scale. MS-based phosphoproteomics has become a 

standard method to study global changes in phosphorylation dynamics (Nuhse et al., 2003; Niittyla et 

al., 2007; Engelsberger and Schulze, 2012; Xue et al., 2013; Stecker et al., 2014; Mattei et al., 2016). 

Although significant technical improvements have been made to study global or total phosphoproteins, 

characterization of membrane phosphoproteins is still challenging. Low abundance, short-lived 
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dynamic signaling events under specific conditions, contamination from other non-membrane proteins, 

and the overabundance of non-phosphopeptides are a few of the major roadblocks in studying 

membrane phosphoproteins (Nakagami et al., 2010; Savas et al., 2011; Chen and Weckwerth, 2020). 

Here, to improve the detection of low-abundance membrane phosphopeptides, I used a well-established 

membrane protein extraction method (Wu et al., 2017) with minor modifications and enriched 

phosphopeptides with TiO2. I further analyzed TiO2-enriched membrane phosphopeptides using a high-

resolution mass spectrometer coupled with a long monolithic column to improve separation capacity. I 

prepared the microsomal membrane fractions (MMFs) from two-week-old Arabidopsis aerial parts after 

exposure to 2 °C for short periods (i.e., 5, 15, 30, or 60 min). Using these samples, I successfully 

identified phosphorylated proteins from different membrane-localized kinases and their substrates and 

analyzed their dynamics upon short cold exposure.  

Materials and methods 

Plant growth conditions and cold exposure 

Twenty-five surface-sterilized seeds of Arabidopsis thaliana ecotype Colombia-0 (Lehle Seeds, 

Round Rock, USA) were sown in 9 cm square petri dishes containing modified Hoagland solution 

(Uemura et al., 1995) with 0.8% agar (Wako, Tokyo, Japan). The seeds were then cold stratified for 48 

h at 4 °C. The seeds were germinated and grown for two weeks at 23 °C and 16/8 h photoperiod at 80-

100 μmol m−2 s−1 light intensity in a growth chamber (CLE-303, Tomy Digital Biology, Tokyo, Japan). 

For cold exposure analysis, agar plates containing two-week-old Arabidopsis seedlings were exposed 

to 2 °C for 0 min (control: no cold exposure), 5 min, 15 min, 30 min, and 60 min without the lid of the 

petri dish. Plates were flash-frozen in liquid nitrogen at the end of each cold exposure duration. The 

frozen plants were used for protein extraction or stored at -80 °C for later use. For each time point three 

independent biological replicates were used.  

Microsomal membrane fraction (MMF) extraction 

MMF was extracted according to the method of Wu et al. (Wu et al., 2017) with modifications. 

Around 75 two-week-old prefrozen seedlings (~1-1.5 g) were broken into small pieces and 

homogenized in 10 ml of homogenization buffer consisting of 500 mM sorbitol, 50 mM 3-(n-

morpholino) propanesulfonic acid-KOH (MOPS-KOH) (pH 7.6), 5 mM ethylenediaminetetraacetic 

acid (EDTA), 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM 

salicylhydroxamic acid (SHAM), 25 mM sodium fluoride (NaF), 0.5 x protease inhibitor cocktail 

(p9599, Sigma-Aldrich, St. Louis, MO, United States), and 1 x phosphatase inhibitor cocktail 2 and 3 

(P5726 and P0044, Sigma-Aldrich) using a 30 ml motorized glass homogenizer (81-0487, Sansyo Co., 

Ltd, Tokyo, Japan) on ice. For proper homogenization, the rotatory pastel was moved up and down 

slowly for at least 3 min. The homogenate was filtered through six layers of cheesecloth and centrifuged 
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at 7500 x g for 15 min at 4 °C. The supernatant was collected and ultracentrifuged at 100000 x g for 50 

min at 4 °C. The pellet was washed twice with homogenization buffer by centrifugation at 100000 x g 

for 20 min at 4 °C. The final washed pellet was collected as MMF and resuspended in a minimum 

volume of Tris-UTU buffer (100 mM tris aminomethane, 6 M urea, 2 M thiourea, pH 8.5). Protein 

concentration was measured using Bradford (Bio-Rad, Hercules, CA, United States) assay (Bradford, 

1976). The MMF samples were used for peptide processing immediately or stored at -80 °C for later 

use.  

Phosphoproteomic analysis 

In-solution trypsin digestion  

Phosphoproteomic analysis was carried out according to methods previously reported (Sugiyama 

et al., 2007; Nakagami et al., 2010; Umezawa et al., 2013; Choudhary et al., 2015; Ishikawa et al., 

2019a; Ishikawa et al., 2019b) with minor modifications. For trypsin digestion, aliquots of MMF (1 mg 

protein) were used. The digested MMF was diluted four times with sterile distilled water, reduced with 

10 mM DTT for 60 min, and then alkylated in the dark with 55 mM iodoacetamide for 30 min at room 

temperature. After alkylation, proteins were digested overnight at room temperature with trypsin gold 

(1:100, w/w; Promega, Madison, WI, United States). After digestion, the sample tubes were centrifuged 

for 5 min at 21000 x g at room temperature. The supernatant was transferred to a fresh tube and used 

for phosphopeptide enrichment.  

Phosphopeptide enrichment and desalting 

Phosphopeptides were enriched at room temperature using hydroxy acid-modified metal oxide 

chromatography (HAMMOC) with minor modifications (Sugiyama et al., 2007). Titansphere® Phos-

TiO columns (syringe barrel type SPE cartridge, cat. No. 5010-21291, GL Sciences Inc., Tokyo, Japan) 

were used according to the manufacturer's instructions. Enriched phosphopeptides were desalted using 

two-step washing with a combination of GL-Tip SDB and GC columns (GL Sciences Inc., Tokyo, 

Japan) according to the manufacturer's instructions. Desalted phosphopeptides were dried in a vacuum 

evaporator (Tomy, Tokyo, Japan), resuspended in 10 µl of 0.1% (v/v) TFA, and stored at -80 °C for 

later LC-MS/MS analysis. 

LC-ESI-MS/MS analysis 

Desalted phosphopeptides were analyzed in the TripleTOF5600 system (AB SCIEX, Framingham, 

MA, USA) equipped with Autosampler-2 1D plus (Eksigent, Framingham, MA, USA) and NanoLC 

Ultra (Eksigent) using a MonoCap C18 High-Resolution 2000 column (GL science) and PicoTip emitter 

SilicaTip (New Objective Inc., Woburn, MA, USA). Peptides were eluted at a flow rate of 500 nl/min−1 

with a four-step gradient, 0.5% (v/v) acetic acid: 0.5% (v/v) and 80% (v/v) acetic acid = 98:2 (0 min), 
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60:40 (300 min), 10:90 (20 min) and 98:2 (40 min). The eluate was sprayed into the mass spectrometer 

by electrospray ionization (ESI). The mass spectrometry (MS) scan range was 400–1,250 m/z, and the 

MS/MS scan range was 100–1,600 m/z. 

Phosphopeptide identification and quantification  

The spectrum files (.wiff and .wiff.scan) generated from the mass spectrometer were converted to 

peak lists in mascot generic format (.mgf) using Protein Pilot software (v5.0.0.4769; AB-SCIEX). The 

.mgf files were searched against the Arabidopsis protein database Araport11 (11 July 2019) (Cheng et 

al., 2017) obtained from the Arabidopsis information resource (TAIR) (https://www.Arabidopsis.org/) 

(Huala et al., 2001) in the Mascot ion search platform (v2.6, Matrix Science, London, UK). The search 

parameters were applied as follows: a precursor mass tolerance of 3 ppm, a fragment ion mass tolerance 

of 0.8 Da, and a cut-off value of 0.95, allowing for up to two missed cleavage from trypsin digestion. 

Fixed modification of carbamidomethylation of cysteine and variable modifications of oxidation of 

methionine and phosphorylation of serine, threonine, and tyrosine were used (Olsen et al., 2004; 

Nakagami et al., 2010; Umezawa et al., 2013; Choudhary et al., 2015; Ishikawa et al., 2019a). The false 

discovery rate (FDR) was calculated using the Benjamini–Hochberg method and set to 5%. 

Phosphorylation site localization confidence was assessed by site localization probability scores 

calculated from the mascot delta score, and the threshold level was set to > 0.75 to identify class-I 

phosphorylation sites (Savitski et al., 2011; Ishikawa et al., 2019a).  

Skyline-Daily software (v20.1.1.83; https://skyline.ms/project/home/software/Skyline/daily) 

(MacLean et al., 2010) was used to quantify the peak areas/intensities. Search parameters in the Skyline-

Daily were the same as those in the Mascot search parameters. A minimum of two peptides identified 

per protein was considered as a confident identification of that protein. The peak intensities, from both 

phosphorylated and proteotypic non-phosphorylated peptides generated from Skyline-Daily, were 

normalized using the EigenMS normalization method (Karpievitch et al., 2009; Karpievitch et al., 2012; 

Stetson et al., 2020) in the ProteoMM R-Bioconductor package (Karpievitch et al., 2020). All raw data 

files were deposited in the Japan Proteome Standard Repository/Database (jPOST; JPST000993, Kyoto, 

Japan).  

Bioinformatic analysis  

Identified phosphopeptides and proteotypic non-phosphopeptides from all biological replicates 

from each time point (0, 5, 15, 30, and 60 min) were compared using unsupervised Principal component 

analysis (PCA). Phosphopeptides identified in all five conditions were selected for further analysis. The 

changes in phosphorylation dynamics were studied by K-means clustering of the log-transformed 

normalized phosphopeptide intensities in MeV, MultiExperiment Viewer using Euclidean distance 

(Howe et al., 2010). Comparative analysis between untreated (0 min) and treated (cold exposed) was 

https://repository.jpostdb.org/entry/JPST000993.0
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performed in each characteristic K-means clusters; increased phosphorylation was assigned if the log2 

fold change (Log2FC) ratio of treated/untreated was ≥ 1 in at least two of the three biological replicates 

for each time point, and decreased phosphorylation was when the Log2FC was ≤ 0.5 in at least two of 

three replicates. Individual phosphopeptides were compared using pairwise t-tests between average 

intensities at 0 min and each cold exposure time point. The relative time profile for significant 

phosphopeptide changes in each cluster was also created based on the Log2FCs between 0 min and all 

other cold exposure time points. All time-profile clusters were visualized using a heatmap in the online 

platform ClustVis (https://biit.cs.ut.ee/clustvis/) (Metsalu and Vilo, 2015). 

Gene ontology analysis 

Gene Ontology (GO) annotation (GO-Slim, last update: 1 May 2020) for all Arabidopsis proteins 

was obtained from the latest TAIR (Huala et al., 2001). The GO annotation database was created by 

excluding genes with gene ontology-consortium evidence code IEA (Inferred from Electronic 

Annotation) and ND (No biological Data available) for further analysis. Over-representative GO term 

analysis was carried out in AgriGO (v2.0: http://systemsbiology.cau.edu.cn/agriGOv2/) (Du et al., 

2010; Tian et al., 2017), uploading the GO annotation database as background. The Singular Enrichment 

Analysis (SEA) tool was used in the AgriGO platform combined with Fisher's exact test and Yekutieli's 

test (FDR under dependency) for a multi-test P-value (0.05) adjustment method; the minimum number 

of mapping entries was five, and plant GO-Slim was the Gene Ontology type. To decrease the chance 

of false discovery, GO cross-validation was also carried out in DAVID: BP_Direct (v6.8: 

https://david.ncifcrf.gov/) (Huang da et al., 2009; Huang et al., 2009) and CluterProfiler: groupGO 

function (Yu et al., 2012) using the same updated GO annotation database used in AgriGO as 

background, in g:Profiler g:GOSt using Arabidopsis as background and g:SCS threshold 0.05 

(Raudvere et al., 2019), and finally matched with SUBA4 localization (Hooper et al., 2017). 

Significantly (adjusted P-value ≤ 0.05) enriched GO cellular component (GO_CC) terms related to 

MMF, such as plasma membrane (PM), endoplasmic reticulum (ER), Golgi (G), vacuole (V), cell wall 

(W), apoplast (A), cytoskeleton (CS), plasmodesma (PD), and other membrane-related proteins, were 

selected as the protein group of interest for further analysis. Proteins that belong to the cytosol (C), 

plastid (P), mitochondria (M), and nucleus (N) were excluded from further analysis.  

For the over-representation analysis of GO biological processes (GOBP) and molecular function 

(GOMF), only the protein group of interest was used in process similar to that for GOCC. Significantly 

over-represented GO terms (BH adjusted P < 0.05 of Fisher' Exact test) were grouped to similar 

categories using REViGO (http://revigo.irb.hr/) (Supek et al., 2011). Settings used in REViGO were as 

follows: medium (0.7) similarity, UniProt Arabidopsis database (https://www.uniprot.org), and SimRel 

semantic measure. The negative log10-transformed, adjusted P-value < 0.05 for each GO term in the 
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REVIGO groups was scaled with vector scaling and visualized in a heatmap in the online platform 

ClustVis (https://biit.cs.ut.ee/clustvis/) (Metsalu and Vilo, 2015). 

Phosphorylation motif dynamics analysis 

Phosphorylation motifs were predicted using the motif-x (Chou and Schwartz, 2011) algorithm in 

rmotifx (https://github.com/omarwagih/rmotifx) (Wagih et al., 2016) R package. All confident 

phosphopeptides were used for motif prediction. Phosphopeptide sequences were centered around the 

phosphorylation sites (STY), and 13 amino acids (±6) around phosphorylated residues were extracted 

and submitted to the rmotifx. In cases where the phosphorylation sites were near the N/C terminal, the 

motif sequences were filled in using 13 amino acids with the required number of "X", which denotes 

any amino acid (Lin et al., 2015). The settings for rmotifx were as follows: the minimum number of 

central amino acid residues was set to 30 for Ser (S) and 20 for Thr (T) and Tyr (Y), the significance 

threshold was set to P < 10-6, and background database was extracted from Araport11 (Cheng et al., 

2017). Any enriched motif was attributed to a kinase or kinase group if the identical motif was reported 

in the literature or matched in the PhosPhAt database (Heazlewood et al., 2008; Durek et al., 2010; 

Zulawski et al., 2013). Similar motifs were grouped according to van Wijk et al. (van Wijk et al., 2014).  

To predict kinase activity and kinase regulation dynamics, each enriched motif was assessed at 

each time point. The activity of upstream kinases affects the phosphorylation intensity of the 

downstream target motifs. To reveal the effect of kinases on targets, I computed the total average 

intensities from the phosphopeptides that belong to each enriched motif or motif groups at each time 

point and calculated the fold change between 0 min and any other cold exposure time point (Umezawa 

et al., 2013). Motif dynamics were assessed using Fisher's exact test using a 2 x 2 contingency table, as 

described by Lin et al. (Lin et al., 2015). 

Kinase–substrate network construction 

An updated kinase–substrate network was built by collecting experimental data from the literature 

(Wang et al., 2020) and the PhosPhAt database (Heazlewood et al., 2008; Durek et al., 2010; Zulawski 

et al., 2013). The constructed network was used as a benchmark for mapping and visualizing identified 

kinases and putative substrates in this study by Cytoscape (Shannon et al., 2003). 

Results  

Description of phosphoproteomic data of early cold treatment in Arabidopsis 

The purpose of this study is to elucidate the signaling events in response to cold stress in the model 

plant Arabidopsis by a time-course (0, 5, 15, 30, and 60 min) based phosphoproteomic study (Figure 

2.1A). I identified a total of 2795 unique phosphopeptides, which were phosphorylated in at least two 

biological replicates at all five time points, and these phosphopeptides constitute a total of 1360 proteins 
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(Table S2.1A, B). I performed a principal component analysis (PCA) to evaluate the quality of the 

biological replicates at each time point. PCA analysis showed all biological replicates at each time point 

cluster together, and simultaneously, were separated from each other (Figure 2.1B). Furthermore, about 

90% of these phosphopeptides were singly phosphorylated (Figure 2.1C). From the identified 

phosphopeptides, a total of 2930 phosphosites were enriched, where the most frequent phosphorylation 

was observed in serine (S, 85%), followed by in threonine (T, 12%), and tyrosine (Y, 3%) (Figure 2.1D). 

The frequency distribution of phosphorylation sites was similar to those previously reported in plant 

phosphoproteomic studies (Nakagami et al., 2010; Umezawa et al., 2013; Wu et al., 2017; Hsu et al., 

2018; Haj Ahmad et al., 2019; Ishikawa et al., 2019a; Ishikawa et al., 2019b).  

The MMF used in the present study is a mixture of various cellular membranes and compartments 

and enriched in lighter membranes such as the PM, endoplasmic reticulum, Golgi body, and vacuole, 

but it also contains fractions from the extracellular space, cell wall, apoplast, cytoskeleton, 

plasmodesmata, cytosol, mitochondria, plastid, nucleus, and other cellular compartments. Because the 

objective of my study was to observe the phosphorylation level changes in proteins potentially involved 

in the early cold response in the MMF, I performed an over-representation analysis on the cellular 

localization of the proteins and divided them into two groups based on significant enrichment (Fisher 

test P < 0.05): (A) the protein group of interest, which includes proteins from the PM, endoplasmic 

reticulum, Golgi body, vacuole, extracellular space, cell wall, apoplast, cytoskeleton, and 

plasmodesmata; (B) the sub-portion of proteins from the cytosol, mitochondria, plastid, nucleus, and 

macromolecular complexes. Out of 1360 phosphoproteins, 858 were from group A. My detailed study 

in the following sections only included group A proteins, and the proteins from group (B) were not 

included in further analyses (Figure 2.1E). Group A contains 1821 phosphopeptides and 1894 

phosphosites. Next, I analyzed the relative changes in the phosphopeptides after cold exposure 

compared to the control (0 min cold exposure) in a time-course manner (Table S2.1B). 

Temporal profile of the phosphopeptides in response to cold 

Previous phosphoproteomic studies of osmotic stress and systemin treatment reported that total 

protein abundance does not change within a time frame of minutes; instead, the peptide abundance 

comes from the changes in phosphorylation dynamics (Stecker et al., 2014; Wu et al., 2014; Haj Ahmad 

et al., 2019). To determine whether this was the case under my experimental conditions, I performed a 

proteomic study on plants exposed to cold for up to 60 min. I did not see any significant changes in 

protein abundance (Table S2.2). Therefore, the changes in peptide abundance I observed in this study 

were due to changes in phosphorylation itself rather than de novo protein synthesis. I next studied the 

phosphorylation dynamics upon cold exposure using K-means clustering of the log-transformed 

normalized phosphopeptides from the group A proteins. The temporal dynamics of phosphopeptides 

created eight characteristic K-means clusters (Figure 2.2). Upon cold exposure, a large number (481) 
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of peptides were dephosphorylated (Figure 2.2, clusters F and G). Among the dephosphorylated 

peptides, 140 peptides stayed in the dephosphorylated state relative to the control throughout the cold 

exposure period (Figure 2.2, cluster F). Cluster G, which contains 341 peptides, showed a fluctuation 

in its dephosphorylation pattern, but none of these peptides showed increased phosphorylation relative 

to the control. Next, four characteristic clusters were found where peptide phosphorylation transiently 

peaked at each of the four cold exposure time points (Figure 2.2, Clusters A, B, C, D, and E). Cluster 

A peaked very early at 5 min with 243 phosphopeptides, and cluster B with a peak at 15 min contained 

177 phosphopeptides. I then grouped these two clusters as "early response" to cold exposure. The two 

clusters C (285 phosphopeptides) and D (209 phosphopeptides) peaked at later time points, 30 and 60 

min, respectively. In cluster E, peptides were immediately phosphorylated upon cold exposure and 

maintained phosphorylation states throughout the cold exposure period. Even though peptides in this 

group (cluster E) showed continuous phosphorylation, their peak intensities fluctuated at different time 

points. In further steps, I redistributed 177 phosphopeptides from cluster E to clusters A and B (early 

response) and clusters C and D (late response) based on their highest peak intensities at each time point 

during cold exposure. Cluster H, containing 230 phosphopeptides, did not show any changes upon cold 

treatment compared to the control; it was classified as "unresponsive" and was excluded from further 

analysis. For quantitative analysis, I compared significant (Student’s t-test, P-value < 0.05) fold changes 

(cold exposed/non-exposed: 0.5 ≤ log2FC ≥ 1) for individual phosphorylated/dephosphorylated peptides 

in each cluster and visualized them in a heatmap (Figure 2.3). All significantly (P-value < 0.05) 

phosphorylated peptides (1009) in early and late response groups were subjected to gene ontology over-

representation analysis (ORA) of molecular function (GOMF) and biological processes (GOBP), and 

motif analysis.  

Cold signal responsive molecular functions in Arabidopsis: GOMF 

To gain insight into the biological relevance of phosphorylation, I performed an over-

representation analysis (Fisher exact test) in early response and late response group proteins. The 

overrepresented GO terms revealed characteristic shifts in the molecular function (GOMF) of these 

phosphoproteins in response to cold exposure. Proteins involved in binding, catalytic activity, signaling, 

and transport were phosphorylated upon cold exposure (Figure 2.4). Binding proteins in the early 

response group were mostly phospholipid, calmodulin, clathrin, calcium, and other ion-binding 

phosphoproteins. Interestingly, ATP, chloride ions, the cytoskeleton, and microtubule-binding 

phosphoproteins were highly abundant in the late response clusters, and nucleic acid binding 

phosphoproteins were over-represented in both clusters (Figure 2.4A). Phosphoproteins with 

catalytic/hydrolase activity were significantly over-represented in the late response clusters, except for 

phosphoproteins related to serine/threonine phosphatase activity (Figure 2.4B). Proteins related to blue 

light photoreceptor activity were in the phosphorylated state throughout the cold exposure period. 
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Signal-transducing phosphoproteins were enriched only within 15 min of cold exposure, and soluble N-

ethylmaleimide-sensitive factor (NSF) adaptor protein (SNAP) receptors were only phosphorylated in 

the late response group (Figure 2.4C). Signal transduction related proteins 

(kinase/transferase/transducers) were also significantly overrepresented after 30 min of cold stress; 

however, serine/threonine/tyrosine kinase, palmitoyltransferase, and galactosyltransferase activity-

related phosphoproteins were only found in the early response group (Figure 2.4D). Transport and 

transmembrane transport-related phosphoproteins were enriched in early and late response clusters, 

where transmembrane transporters involved in auxin influx and ion/cation/carbohydrate transportation 

were only phosphorylated within 15 min of cold exposure (Figure 2.4D). Transporters and 

transmembrane transporters involved in auxin efflux, auxin proton symporter, anion channel activity, 

and ATPase-mediated transportation were highly enriched in the late cold response clusters (Figure 

2.4E). In brief, these results show a large number of proteins involved in important molecular functions 

are temporally phosphorylated under cold exposure.  

Cold signal responsive biological processes in Arabidopsis: GOBP 

Changes in the molecular function of a gene product, such as protein or a group of proteins, in 

response to external or internal stimuli, initiate a collection of molecular events in different locations 

(cellular components) relative to the cell. These changes ultimately lead to a collective response from 

the cells, tissues, organs, and even the organism itself, contributing to a broader biological 

response/process (Balakrishnan et al., 2013; Thomas, 2017). To understand how the protein functionally 

changes due to phosphorylation upon cold exposure, I performed an over-representation analysis of 

biological processes (GOBP) in early and late response clusters (Figures 2.10, 2.11). Proteins involved 

in phosphorylation and signal transduction were over-represented in both early and late response to cold 

exposure; however, these processes were highly abundant in the late response group compared to the 

early response group (Figure 2.5A). A large group of proteins involved in trafficking and transport-

related events (ion transport, vesicle-mediated transport, protein/peptide, and carbohydrate transport) 

was differentially overrepresented in response to cold (Figure 2.5B), such as ion transport-related 

proteins phosphorylated in an early responsive manner, except for chloride ion transport. Vesicle-

mediated transport-related proteins were over-represented throughout cold exposure. However, proteins 

involved in Golgi-to-PM transport, exocyst assembly, exocytosis in vesicle docking, and receptor-

mediated endocytosis were only enriched in early response clusters. Interestingly, exocytosis, vesicle 

docking, and transport proteins targeting the PM were exclusively found in late response clusters. 

Protein and glucose transport-related protein phosphorylation events took place early in cold exposure, 

but transmembrane transport, intracellular protein transport, peptide transport, and secretory protein 

transport-related processes were enriched in late cold exposure. Auxin-related processes were most 

abundant in late response clusters, including polar transport, basipetal transport, efflux, and auxin 
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homeostasis. Proteins that play a role in maintaining homeostasis, such as carbohydrate homeostasis 

and pH regulation, responded to cold early (Figure 2.5C). Biological processes related to 

phytohormones such as indole butyric acid, cytokinin, and gibberellic acid were exclusive in the late 

response clusters, whereas ethylene inhibitor cobalt ion responsive phosphoproteins were only found in 

the early response clusters. Interestingly, abscisic acid (ABA)-responsive proteins showed an increase 

in phosphorylation with cold exposure duration (Figure 2.5D). Proteins involved in responding to 

external stimuli such as biotic stress and abiotic stress, including blue light, cold stress, and osmotic 

stress response, were significantly over-represented in the early response group. With few exceptions, 

such as red light-responsive proteins, proteins involved in cold acclimation, and cellular response to 

heat, phototropism, and gravitropism were found in late response clusters (Figures 2.5E, 2.6). Defense 

response-related protein phosphorylation was also abundant in early response clusters, and interestingly 

cell death, negative response to cell death, and negative regulation of defense response-related proteins 

were highly enriched in the early response group. However, proteins responsible for CW callose 

deposition in response to stress were only found in late response clusters (Figure 2.5E). Another 

interesting group of proteins phosphorylated under cold exposure belonged to the cytoskeleton/actin 

filament/ microtubule-based process-related proteins. Most of the proteins from this cellular process 

were highly abundant in the late response clusters, except for the proteins involved actin-filament 

severing process (Figure 2.5E). Proteins involved in other cellular/metabolic processes were mostly 

phosphorylated in late response to cold (Figure 2.6). In summary, brief temporal exposure to cold results 

in dynamic changes in a wide range of biological processes in Arabidopsis. These biological processes 

may be involved in early cold perception. 

Cold-responsive phosphorylation kinase-motifs 

I performed a motif analysis using all the differentially phosphorylated phosphosites (0.5 ≤ log2FC 

≥ 1; P < 0.5) to gain insight into which kinases are involved in the early cold response. The Motif-x 

algorithm extracted 16 characteristic kinase motifs, where 15 were serine centered, and 1 was threonine 

centered, but no tyrosine-centered motifs were enriched (Figure 2.7A). These motifs were further 

grouped into eight major motif types, according to van Wijk et al. (Figure 2.7A) (van Wijk et al., 2014). 

The SP or [pS/pTP]-type motif group in this study consisted of [pSP], [pTP], [GpSP], [pSPXR], and 

[pSPK] motifs. The RXXS or [R/KXXpS/pT] motif group contained [RXXpS], [KXXpS], and 

[RRXXpS] motifs. The [pS/pTXD/E] or [pS/pTXXD/E] motif group contained [pSXD], [pSXE], and 

[pSXXE] motifs. The other individually enriched motifs were [SXpS], [LXR/KXXpS/pT], [pS/pTF], 

[pS/pTG], and [pSXP]. Most of these motif sequences are well annotated to their up-stream kinases in 

the literature and databases (Zhang et al., 1997; Ku et al., 1998; Schwartz and Gygi, 2005; Heazlewood 

et al., 2008; Durek et al., 2010; Khan et al., 2013; Zulawski et al., 2013; Lv et al., 2014; van Wijk et al., 

2014; Wang et al., 2020). Proline-directed motifs [pS/pTP] are a potential substrate for MAPK, cyclin-
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dependent protein kinase (CDK), CDK-like, and glycogen synthase kinase-3/shaggy- like kinase 

(GSK3/SLK). [R/KXXpS/pT] is a target motif for SNF1-related kinase II (SnRK2), calcium-dependent 

protein kinase (CDPK), Ca2+/calmodulin dependent protein kinase (CaMKII), and CBL- interacting 

protein kinase (CIPK); it was also reported to be a binding motif for 14-3-3 proteins (Zhang et al., 1997; 

Ku et al., 1998; Schwartz and Gygi, 2005). Another basic motif [LXR/KXXpS/pT] was also found to 

be targeted by CDPK, SnRK2s, and SnRK3s (Wang et al., 2020). It was reported that SnRK2.6 targeted 

[GpS] motifs (Wang et al., 2020). Interestingly, I also found the [GpSP] motif, which is similar to 

[GpS]. Even though I classified [GpSP] under the general [pS/pT] motif group, it might also be a 

potential recognition site for SnRK2.6. [SXpS/pT] has been reported to be recognized by MAPK, CDK, 

RLKs, and receptor-like cytoplasmic protein kinases (RLCKs) (van Wijk et al., 2014). Arabidopsis 

AGC serine/threonine-protein kinase OXI1 (oxidative signal-inducible 1) and CIPK24/SnRK3.11 

kinase SOS2 (salt overly sensitive 2) can recognize [pS/pTF], which is also known as a target for 

minimal MAPK (Wang et al., 2020). The motif group [pS/pTXXD/E] or [pS/pTXD/E] is a target for 

casein kinase II (CKII), and [pSXE] is also a potential recognition site for plant ERK1 and ERK2 

(Umezawa et al., 2013; Pi et al., 2018). [pS/pTG] is a glycine-rich motif that mostly belongs to the 

secreted protein group and can be targeted by CDPK and protein phosphatase 2C (PP2C) (van Wijk et 

al., 2014). Even though the [pSXP] motif has yet to be assigned to a specific kinase, it has been reported 

as a potential target site for 14-3-3 binding proteins (van Wijk et al., 2014). Enrichment of these diverse 

groups of kinases indicates that brief exposure to cold significantly perturbed the kinome, and these 

potential kinases are involved in early cold-sensing and signaling networks.  

Next, I targeted each motif/motif group and assigned them to their corresponding source 

phosphopeptides to study the time-course based dynamics using a Fisher's exact test (Figure 2.7B). The 

motifs showed a characteristic response pattern to cold exposure. Even though few motifs were 

significantly enriched at all time points, their activity indicates the upstream kinase actions during cold 

exposure, which may affect the change in intensities in the corresponding target motifs (Figure 2.7C) 

(Umezawa et al., 2013; Lin et al., 2015). In my data, I found that phosphopeptides containing [pS/pTP], 

[R/KXXpS/pT], [pS/pTF], and [pS/pTXXD/E]/[pS/pTXD/E] motifs were significantly enriched at all 

time points (Figure 2.7B). The phosphorylation tendency increased with cold exposure time, which was 

also visible from the increasing abundance of the phosphorylated peptides, indicating a higher level of 

kinase activity might belong to these motifs (Figure 2.7C). [SXpS] showed significantly increased 

enrichment at 30 and 60 min; however, the maximum abundance in the corresponding phosphopeptides 

was at 5 to 30 min with a decreasing trend at 60 min (Figure 2.7B and C). [LXR/KXXpS/pT] and 

[pS/pTG] showed increasing enrichment from 15 min, and phosphopeptide abundance peaked in the 

late response clusters with an increase in the cold exposure period (Figure 2.7B and C). Even though 

the [pSXP] motif was not significantly enriched under cold exposure, its corresponding peptide 

abundance peaked at 30 and 60 min (Figure 2.7B and C). 
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Kinase–substrate interaction network 

I constructed an updated kinase–target network containing 3461 interactions (Figure 2.8, Table 

S3A ) based on databases and a literature search (Heazlewood et al., 2008; Durek et al., 2010; Zulawski 

et al., 2013; Lin et al., 2015; Wu et al., 2017; Wang et al., 2020). Differentially and significantly (P < 

0.05) phosphorylated proteins in my study were then mapped into the kinase–substrate network to 

extract a subnetwork (Figure 2.9, Table S2.3B). The interaction network revealed that early cold 

signaling involved 695 highly complex kinase–substrate interaction events among MAPKs, SnRKs, 

CDPK/CaMKs, LRR-RLKs, SLKs, GSKs, CKs AGCs, and other kinases, and I also found their 

corresponding substrates in the motif-x analysis. Out of 695 interactions, MAP kinases, including 

MAPK, MAP2K, and MAP3Ks, formed nearly 350 interactions. ABA signaling related kinases SnRKs, 

including SnRK1, SnRK2, and SnRK3, were involved in 95 interactions, followed by 59 interactions 

by LRR-RLKs, 45 interactions by CDPK and CaMK, 40 interactions by AGC and STKs, 38 interactions 

by SLK and GSKs, and 36 interactions by CKs and CKLs (Table S2.3C). The complex interactions 

between different kinase–kinase and kinase–substrate counterparts indicate that the early cold response 

involves different signaling pathways to adjust to a low-temperature environment.  

Discussion  

This report provides dynamic evidence that signaling and molecular events in the model plant 

Arabidopsis switch by reversible protein phosphorylation after short exposure to cold. In this study, I 

found early cold response in plants at the posttranslational level associated with a complex network of 

cold signaling composed of various kinases and their targets. So far, to my knowledge, this is the first 

large-scale time-course phosphoproteomic study on Arabidopsis membranes and membrane-related 

proteins under brief cold exposure. This study will provide new insight into cold perception from a 

reversible phosphorylation point of view.  

Cold-responsive kinases and signaling proteins might play a crucial role in early cold perception 

and signal transduction 

Changes in phosphorylation to a large number of proteins in response to brief cold exposure 

indicate a significant perturbation in activity associated with kinases and phosphatases. A large number 

of enriched kinase target motifs from different major kinase families and direct identification of 152 

kinases also imply a strong response from the kinases to cold exposure.  

Ca2+ is one of the essential signaling components in plants, and cytosolic Ca2+ changes have been 

reported as one of the first sensors of cold stress as well as other stresses (Knight et al., 1996a; Knight 

and Knight, 2000; Marti et al., 2013; Yuan et al., 2018; Hiraki et al., 2019). Ca2+/calmodulin (CaM) 

binding, CaM/CaM-like proteins, and calcineurin B like (CBL) and CBL-interacting proteins (CIPKs) 

play significant roles in sensing and interpreting Ca2+ signals (Luan, 2009; Mao et al., 2016) as well as 
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recruiting and activating other signaling components such as RLKs, CDPK/CaMKs, MAPKs, and ROS 

in response to cold stress (Zeng et al., 2015). PM-localized Ca2+/CaM-regulated receptor-like kinase 1 

(CRLK1), a serine/threonine kinase, in Arabidopsis is reported to be involved in cold stress response 

and activated by Ca2+/CaM (Yang et al., 2010a). Further studies showed that this CRKL1 could interact 

and phosphorylate MEKK1, a core component of the cold-regulated MAP kinase signaling pathway 

(Yang et al., 2010b; Furuya et al., 2013). A phosphoproteomic study of cold stress in rice showed 

OsCDPK13 is an essential part of the cold response system (Khan et al., 2005). CDPK phosphorylation, 

in response to chilling stress, was also reported in plants, including Broussonetia papyrifera and 

Jatropha curcas (Pi et al., 2017; Liu et al., 2019). Similar to these studies, I also found several members 

of CDPK and CaM-domain protein kinase (CPK) (Tables 2.1, S2.1A) that were not reported to be 

regulated at the phosphorylation level in response to a brief cold response. In my study, a large number 

of CDPK/CaMK and CIPK target motifs ([LXR/KXXpS/pT], [R/KXXpS/pT], and [pS/pTG]) were 

enriched at the phosphorylation sites (Figure 2.7A) and in the kinase–target interaction network (Figure 

2.9; Table S2.3), indicating the role of Ca2+-mediated signaling pathways regulated at the 

phosphorylation level in the early cold response.  

Receptor kinases (RKs) or RLKs have been extensively studied at the phosphorylation level in 

response to pathogens and hormones. However, out of 600 RLKs, only about 60 have been functionally 

characterized so far (Wu et al., 2016). Furthermore, only very few RLKs, for example, CRLK1 and 

RPK1, are functionally connected to cold response when exposed for more than several hours (Lee et 

al., 2005; Yang et al., 2010b; Furuya et al., 2013). Thus, questions remain about whether any other 

RLKs respond to cold and how they respond at the PTM level. In this study, I found a large number of 

RLKs were phosphorylated in response to cold exposure (Tables 2.1, S2.1A). For instance, 

multifunctional somatic embryogenesis receptor kinase 4 (SERK4) is involved in brassinosteroid (BR) 

signaling and regulation of BR-dependent growth, and it also negatively regulates cell-death growth 

and phytohormone signaling (He et al., 2007; Albrecht et al., 2008; Oh et al., 2009; Kong et al., 2016). 

Another peptide hormone-like receptor, RGF1 insensitive 3 (RGI3), is involved in meristem growth 

(Ou et al., 2016; Song et al., 2016). Transmembrane kinase 1 and 3 (TMK1 and TMK3) were reported 

to be involved in auxin-mediated cell growth and development and ROP GTPase signaling (Xu et al., 

2014; Cao et al., 2019). These RLKs might be involved in growth and development under cold stress. 

Botrytis-induced kinase 1 (BIK1) is one of the vastly studied RLKs that is central to the plant immune 

response and is also involved in Ca2+-dependent reactive oxygen (ROS) signaling, ethylene, and BR 

response (Lin et al., 2013; Liu et al., 2013; Li et al., 2014), but it has never been reported to be 

phosphorylated in response to cold (Lin et al., 2013; Liu et al., 2013; Li et al., 2014). Receptor 

cytoplasmic kinase PBS1-like protein 27 (PBL27) activates the MAPK signaling cascade in response 

to chitin (Yamada et al., 2016). These findings imply that early RLK-mediated cold signaling might 

share, at least in part, some common pathways with other biotic, abiotic, ROS, and hormone signaling 
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processes. Furthermore, the close phylogenetic relationship (Figure 2.10) between these cold-

responsive RLKs could indicate a coordinated response from related gene family members at the PTM 

level under cold and could potentially be involved in cold perception and signaling in Arabidopsis.  

The most studied cold response pathway in Arabidopsis is the MAP kinase pathway, which is 

linked to freezing tolerance in cold-acclimated plants (Teige et al., 2004; Furuya et al., 2014). I have 

found four phosphoproteins from poorly characterized MAP4K members of MAP kinases. 

Interestingly, three of these MAP4Ks were found to be closely positioned in the phylogenetic tree 

(Figure 2.11A). Moreover, MAP4K5 and MAP4K6 were phosphorylated at the SXS motif in the central 

region of the protein but not inside any kinase domain. It could be possible that upstream RLKs or 

CDPKs phosphorylate these two proteins in the target SXS motif and regulate the function. It has been 

reported that some members of MAP4Ks can phosphorylate MAP3Ks or Raf kinases or directly 

phosphorylate MAP2Ks; others can function as adapters (Sun et al., 2000; Champion et al., 2004). 

Similar to MAP4Ks, phylogenetic analysis of MAP3Ks and MAP3K-Raf (Figure 2.11B, C) showed 

most phosphorylated proteins are closely related to their gene family members, with a few exceptions 

such as raf22, raf36, and raf47. For example, raf18 in this study, raf20, and raf24 (Miki, 2015), which 

are closely positioned in the phylogenetic tree, were phosphorylated within 5 to 30 min of cold exposure 

in the RXXS motif (Figure 2.11B). Even though there are no known functions ascribed to most Raf 

kinases, their response at the phosphorylation level to different stresses, including early cold (in this 

study) and early osmotic stress (Stecker et al., 2014), indicates a potential involvement of Raf kinases 

in early cold stress signaling. Other members of MAP3Ks phosphorylated in response to cold are also 

closely related in their phylogenies, such as M3KE1 and MAP3KE2, YDA/YODA, and MAP3Kγ 

(Figure 2.11C). These four MAP3Ks are reported to be involved in plant growth, development 

(Bergmann et al., 2004; Chaiwongsar et al., 2006; Chaiwongsar et al., 2012), and the MAPK signaling 

pathway (Meng et al., 2012; Yamada et al., 2016). Similar cold response phosphorylation patterns 

within identical phosphosites in closely related subfamily members of a large gene family could indicate 

coordinated phosphorylation and may be important for cold perception/signaling. Furthermore, 

phosphorylation of more downstream kinases such as MKK2, MAPK6, MAPK8, and MAPK16 

suggests that MAP kinases are involved in the early cold response and signal transduction. In summary, 

reversible phosphorylation of these MAP kinases, the highest enrichment in MAP kinase target motifs, 

and the highest number of kinase-substrate interactions indicate that the MAP kinase families play an 

essential role in early cold signaling.  

Enrichment of SnRK2 target motifs [R/KXXpS/pT] and [LXR/KXXpS/pT] as well as a large 

number of SnRK targets from the kinase-substrate network also indicate that the ABA signaling 

pathway is triggered in response to brief cold exposure. GOBP analysis showed that ABA-responsive 

proteins were phosphorylated throughout the cold exposure (Figure 2.5D). Although I could not detect 

any SnRKs in my data, I found several SnRK substrates reported to be involved in different biological 
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processes in response to different abiotic stresses, such as respiratory burst oxidase homolog protein D 

(RBOHD), ATP-binding cassette (ABC) protein G36 (ABCG36), plasma membrane intrinsic protein 

2-7 (PIP2-7), phototropin 2 (PHOT2), syntaxins of plants 121 (SYP121), and myosin motor XI-K 

(Tables 2.1, S2.1A, S2.3A, B).  

A few other important kinases and their substrates were also phosphorylated in response to cold 

exposure (Tables 2.1, S2.1A) such as GSK3/shaggy-like kinase (ASK) brassinosteroid (BR) insensitive 

2 (BIN2/ASK7), a positive regulator of BR signaling (Li et al., 2001), and GSK3/SHAGGY-like protein 

kinase 1 (ASK9) and BSK4, negative regulators of BR signaling (Sreeramulu et al., 2013). 

Phosphorylation of the BR signaling pathway regulators might indicate an involvement of BRs in early 

cold response in Arabidopsis. Casein kinase-like 2 (CKL2) was also phosphorylated immediately upon 

cold exposure. In addition, I found several reported and putative substrates of CK2 in the kinase-

substrate network. A recent phosphoproteomic study in tomatoes also showed that CKL2 homologs 

were phosphorylated in response to prolonged cold stress, where SnRK2E could directly phosphorylate 

CKL2 (Hsu et al., 2018).  

Early cold response mediated protein phosphorylation can activate phospholipid / 

phosphoinositide signaling events 

Phospholipids are the main building blocks of PM and responsible for maintaining the membrane 

structure and function. Phosphoinositides (PIs), one of the lipid family members present in small 

amounts in the membrane, are involved in various crucial functions in plant growth and development, 

including environmental adaptation. From the gene ontology analysis (Figure 2.5A), I found that 

phospholipid, phosphatidylinositol binding, and signaling-related proteins were phosphorylated within 

15 min of cold exposure, indicating that phospholipids respond to the temperature drop at a very early 

stage. I found a total of 44 phosphopeptides from different lipid-related proteins, and 16 were involved 

in the phosphatidylinositol metabolism pathway (Tables 2.1, S2.1A). The phosphatidylinositol 

metabolism pathway members found in this study are involved in the generation and degradation of PIs. 

It has been reported that PIs are continuously generated and degrade rapidly and dynamically in 

response to different abiotic stresses such as wounding (Mosblech et al., 2008), heat stress (Mishkind 

et al., 2009), and salt stress or osmotic stress (DeWald et al., 2001). Phosphatidylinositol 4-kinase 

(PI4Ks) can phosphorylate PIs and generate PI monophosphates PI3P and PI4P. PI monophosphates 

can further be phosphorylated by forms aploid and binucleate1 (FAB1) and phosphatidylinositol 4-

phosphate 5-kinase (PIP5K) into phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2) and 

phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), respectively (Heilmann, 2016). Vacuolar 

localization of PI(3,5)P2 under osmotic stress is essential for maintaining the proper structure and 

function of vacuoles in yeast (Dove et al., 1997; Bonangelino et al., 2002; Ho et al., 2012). PI(3,5)P2 

also accumulates in the early osmotic stress response in Arabidopsis (Stecker et al., 2014). FAB1 and/or 
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its product PI(3,5)P2 are essential for ABA-mediated stomatal closure, pollen tube growth, 

development, viability, endosome maturation, and interaction with microtubules (Hirano et al., 2015). 

In moss, PI(3,5)P2 are required for polarized cell growth and actin-cytoskeleton arrangement (van 

Gisbergen et al., 2012). Endomembrane-localized FAB1 kinase knockout or knockdown results in 

enlarged vacuole formation in yeast because of impaired membrane trafficking (Cooke et al., 1998; 

Gary et al., 1998; Hirano et al., 2011). The PI4P-5K product PI(4,5)P2 is also well known for its role in 

exocytosis, actin cytoskeleton organization, vesicle-mediated trafficking, and regulation of ion channels 

(Suh and Hille, 2005; Yao and Xue, 2011).  

Furthermore, suppressor of actin 1 (SAC1) and phospholipase C/D (PLC/D) can degrade different 

PI species and generate downstream second messengers (Heilmann, 2016). For example, PLC2 is one 

of the critical enzymes that can catalyze the hydrolysis of PI(4,5)P2 into diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3), which in turn increases Ca2+ influx into the cytoplasm (Kim et al., 

2001; Hunt et al., 2004). Diacylglycerol kinases (DGKs) can convert DAG into phosphatidic acid (PA) 

(Munnik, 2001), and PA is well known as a signaling molecule under different kinds of abiotic stresses, 

including cold. Interestingly, in my study, Sec14p-like phosphatidylinositol transfer family protein 

PATL3, responsible for transferring PIs to the PM (Di Paolo and De Camilli, 2006), was found to be 

phosphorylated throughout the cold exposure duration (Tables 2.1, S2.1A). Phosphorylation of these PI 

kinases, phosphatases, and trafficking-related proteins clearly indicates that PI is involved in early cold 

perception, signaling, and cytoskeleton organization and might be regulated by posttranslational 

modifications. 

Early cold response events can be associated with cytoskeletal and vesicle trafficking systems 

The cytoskeleton in plants mainly consists of microtubules and actin filaments. It is essential for 

maintaining cell shape, and it facilitates organellar and vesicular trafficking inside the cell (Wang et al., 

2011). Several cytoskeleton-related proteins were phosphorylated in response to early cold exposure, 

including myosin and myosin-binding (MyoB) proteins myosin 1 (VIII-1), myosin-5 (XI-1), myosin-9 

(XI-C), myosin-17 (XI-K), and MyoB7 (Tables 2.1, S2.1A). MyoB7 phosphorylation peaked at 5 min, 

and other myosin and myosin family proteins mostly peaked after 30 min of cold exposure. The myosin-

binding protein MyoB1 showed increased phosphorylation within 2 min of osmotic stress (Stecker et 

al., 2014). In addition, myosin-like protein abundance was also found to be increased under cold stress 

in rice and perennial grasses (Yan et al., 2006; Xuan et al., 2013). Myosin and myosin-binding proteins 

facilitate cytoplasmic streaming (Peremyslov et al., 2013). Even though myosin and myosin-binding 

proteins respond to cold and osmotic treatments, their exact function has yet to be determined. Perhaps, 

phosphorylation in the myosin-binding and myosin motor proteins could act as an early adaptive 

response to cold to maintain proper growth via cytoplasmic streaming and maintain cytoskeletal 

integrity of the cell under prolonged cold.  
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Microtubule-related proteins, 65 kDa microtubule-associated protein 1 (MAP65-1), microtubule-

associated protein 70-2 and 70-3 (MAP70-2 and MAP70-3), tubulin alpha-3 (Tuba-3), and microtubule-

associated protein TORTIFOLIA1 (TOR1) were also phosphorylated and categorized in the late 

response clusters (30 min and 60 min, Tables 2.1, S2.1A). These proteins are responsible for the 

bundling and stabilization/destabilization of microtubules, the formation of tubulin dimers, and cell 

division (Mattei et al., 2016). Microtubules also act as sensors that perceive mechanical membrane 

stress derived from cold (Nick, 2013). Furthermore, the sensory function of microtubules is determined 

by dynamic instability and subsequent formation of stable microtubules during stress adaptation (Nick, 

2013). The MAP65-1 protein is phosphorylated in the microtubule-interacting region (pS532), and 

phosphorylation in this region disrupts the interaction properties (Smertenko et al., 2006). Moreover, in 

the gene ontology analysis, I also observed that actin filament and microtubule-based processes were 

enriched in the late response group (Figure 2.5F). It might be possible that with the increasing duration 

and intensity of cold exposure, plant cells sense the cold via phosphorylation mediated microtubule 

disruption, which acts as a cue for further cold adaptation-related processes. 

Endosomal trafficking plays a crucial role in plant growth and development and maintains 

organellar homeostasis under different stressful conditions. Several studies showed endosomal 

transcript or protein abundance changes in response to longer durations (several hours to days) of cold 

stress (Minami et al., 2009; Ashraf and Rahman, 2019; Miki et al., 2019; Li et al., 2020). However, 

before this study, it was unclear whether endosomes also respond to early cold exposure at the protein 

phosphorylation level. In my study, I observed changes in several previously described members of 

vesicle-mediated transport cargoes in plants at the phosphorylation level (Tables 2.1, S2.1A). For 

example, dynamin-like protein 2A and 2B (DRP2A, DRP 2B), sec7 domain-containing protein GN 

(GNOM), SYP121 and SYP132, soluble n-ethylmaleimide-sensitive factor adaptor protein 33 

(SNAP33), sorting nexin 1 and 2A (SNX1, SNX2A), vacuolar protein sorting 41 (VPS41), and other 

proteins (Tables 2.1, S2.1A) showed cold-responsive phosphorylation within 60 min of cold exposure, 

suggesting that their PTM level changes might prepare plants for a longer cold exposure or stress.  

Transporters respond to early cold stress to maintain homeostasis  

Under any environmental stress situations, for proper growth, development, and survival, plants 

consistently need to maintain ionic and cellular homeostasis through different transporter and channel 

proteins located in the membranes by balancing the influx and efflux of different ions, toxic byproducts, 

and carbohydrates (Conde et al., 2011). Phosphorylation changes in transporter proteins are also one of 

the rapid adaptive responses in plants under environmental stresses (Chen and Hoehenwarter, 2015). 

Many proteins related to solute and ion transport were also phosphorylated upon cold exposure (Tables 

2.1, S2.1A). I found that two Ca2+ channel/transporters hyperosmolality-gated Ca2+ permeable channel 

1.1 and 1.2 (AtOSCA1.1 and 1.2) were phosphorylated in the conserved C-terminal cytoplasmic domain 
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at a close distance to each other at pT750 (at 15 min only) and pS757 (5 min and peaked at 30 and 60 

min) (Tables 2.1, S2.1A). Both of these channels are known to permeate Ca2+ in response to osmotic 

stress, and AtOSCA1.1 is an essential component of osmosignaling (Hou et al., 2014; Yuan et al., 2014). 

However, these two phosphorylation sites were never functionally characterized in any stress response. 

Moreover, AtOSCA1.1 is also the first genetically identified Ca2+ channel. It is possible these two 

phosphosites, similar to osmosensing, play an essential role in sensing cold. Interestingly, I also found 

two autoinhibited Ca2+ ATPase (ACA), ACA1 and ACA4, were phosphorylated within 5 min and 

decreased gradually with the cold exposure duration (Tables 2.1, S2.1A). These ACAs are responsible 

for Ca2+ efflux out of the cell and maintaining Ca2+ balance in the cell (Bose et al., 2011). Elevation of 

Ca2+ concentration inside the cell under cold is a significant signaling event that initiates further 

downstream canonical signaling pathways (Knight et al., 1996a; Carpaneto et al., 2007; Yuan et al., 

2018; Hiraki et al., 2019). In this study, phosphorylation in both Ca2+ influx and efflux channels is 

possibly involved in modulating a balanced Ca2+ level for fine-tuning Ca2+-mediated signaling events 

under cold.  

During the cold acclimation process, plants accumulate various cryoprotectants. Soluble sugars are 

one of the major cryoprotectants and can protect plants from freezing damage and maintain cellular 

integrity and functions (Guy et al., 1992). In my study, I found several sugar and carbohydrate 

transmembrane transporters respond to early cold exposure, such as bidirectional sugar transporter 

SWEET12, polyol/monosaccharide transporter 5 (PLT5), tonoplast monosaccharide transporter 1 and 

2 (TMT1, TMT2), sugar transporter ERD6, and ERD6-like 6 (ERDL6) (Tables 2.1, S2.1A). Reports 

showed disruption of SWEET12 resulted in thinner stems and reduced freezing tolerance in Arabidopsis 

(Le Hir et al., 2015), and its transcript levels increased under drought stress (Durand et al., 2016). 

However, before this study, there was no report on phosphoproteome level changes in SWEET12 in 

response to cold. Vacuolar monosaccharide transporters TMT1 and TMT 2 were reported to be 

phosphorylated at S385 and S376 under 5 days cold acclimation at 4 °C (Schulze et al., 2012). In my 

study, I found TMT1 was phosphorylated at pS277 throughout the cold exposure, and phosphorylation 

at pS446 immediately decreased at 5 min, then increased four-fold at 15 min and decreased at 30 and 

60 min. TMT2 showed increased phosphorylation at pS448 peaked at 5 min and was maintained 

throughout the cold exposure, where pS287 peaked at 60 min only (Tables 2.1, S2.1A). All 

phosphorylation took place between transmembrane domains 5 and 6, and 6 and 7, which generally 

agrees with in silico prediction studies of phosphorylation sites in TMTs (Wingenter et al., 2011). 

Similar to the reports showing that phosphorylation regulates sugar transport under prolonged cold 

stress and other abiotic stresses (Schulze et al., 2012), my study indicates that in Arabidopsis, the early 

cold response also initiates sugar transport-related events in PM and vacuoles and might be regulated 

by phosphorylation.  
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I observed strong phosphorylation in two PM proton pump members: H+ATApase1 (AHA1) and 

H+ATPase4 (AHA4) (Tables 2.1, S2.1A). AHA1 was phosphorylated at multiple sites, including the 

canonical 14-3-3 protein binding YTV domains such as T881, T948, and the inhibitory S899 site. AHA4 

showed constant phosphorylation at pT959 inside the 14-3-3 protein binding YTV domain throughout 

the cold exposure after peaking at 5 min. The binding of 14-3-3 protein at pT948 and pT959 in the YTV 

domain activates the proton pump (Olsson et al., 1998; Axelsen et al., 1999). On the other hand, 

phosphorylation at pS899 inhibits pump activity by an unknown mechanism (Haruta et al., 2014). The 

observed phosphorylation at both 14-3-3 protein binding sites and the pS899 inhibitory site in this study 

seem to be contradictory to the cold response. Even though AHA1 is phosphorylated at the inhibitory 

pS899 site, the pumps might be hyperactivated by the phosphorylated interactor isoform 1 (PPI1). It 

has been reported that PPI1 can hyperactivate AHAs (Viotti et al., 2005). I observed immediate 

phosphorylation of PPI1 at 5 min, and increased phosphorylation was maintained at 30 min and 60 min 

(Tables 2.1, S2.1A).  

One of the most potent transporter groups in plants is the ATP-binding cassette (ABC) transporters. 

ABC transporters are reported to be involved in sequestration of toxic byproducts and in exchanging 

compounds like phytohormones (auxin), secondary metabolites, and defense molecules(Kang et al., 

2011; Hwang et al., 2016). ABC transporters have mostly been studied at genomic and transcriptomic 

levels; for example, plants with overexpressed ABCG36 show improved resistance to salt and drought 

stress (Kim et al., 2010). ABCC1 acts as a pump for glutathione S-conjugates (Lu et al., 1997), and 

ABCB1, ABCB14, ABCB19, ABCG36, and ABCG37 were reported to be involved in auxin transport 

mediated plant growth and development (Lewis et al., 2009; Ruzicka et al., 2010; Cecchetti et al., 2015). 

In addition, a few studies showed their regulation and function at the phosphorylation level; for 

example, ABCB19 is a direct phosphorylation target of kinase PHOT1, which can transiently deactivate 

ABCB19 and result in the accumulation of auxin (Christie et al., 2011), and ABCG36 is phosphorylated 

in response to pathogen attack. I also found several ABC transporters to be phosphorylated under early 

cold exposure, and 75% of these were immediately phosphorylated within 5 min of cold exposure 

(Tables 2.1, S2.1A). The most notable transporters found in my study were ABCG36/37, ABCB1, and 

ABCC1, which were involved in detoxification, auxin transport, biotic and abiotic stress responses, and 

resistance (Hwang et al., 2016). PTM or phosphorylation-level regulation of these ABC transporters 

found in this study might play a crucial role in maintaining homeostasis and detoxification as an 

adaptive early cold response in Arabidopsis. 

Auxin is a key phytohormone involved in different regulatory processes in plants. Spatiotemporal 

distribution of auxin is critical for auxin-mediated growth and development under normal and stressful 

conditions, including cold (Shibasaki et al., 2009; Grunewald and Friml, 2010; Bielach et al., 2017). 

Studies reporting the involvement of auxin transport or homeostasis are mostly carried out under 

prolonged exposure (several hours to days), but not short (within minutes) exposure to stress as I 



30 

 

employed in my study. Furthermore, most studies have focused on functional regulation at the genomic 

or transcriptomic level than the PTM level. Reversible phosphorylation at conserved serine and 

threonine residues could control the spatiotemporal distribution of auxin efflux carrier family protein 1 

(PIN1) and its transport activity (Huang et al., 2010). In my study, I found auxin transporter proteins 

such as AUX1/LAX (influx) and PIN3, 4, and 7 (efflux) were phosphorylated in response to early cold 

stress (Tables 2.1, S2.1A). AUX1 was phosphorylated immediately and maintained its phosphorylation 

throughout the cold exposure time at two different phosphosites, pS14 and pS27, and inside the target 

SXXD/E motifs for casein kinase (CKII). On the other hand, PIN3 was phosphorylated at conserved 

pS366 with a 1.8-fold increase at 5 min and peaked at 60 min. PIN4 was also phosphorylated at 

conserved pS395 within the SXXD/E motif and maintained its phosphorylation throughout the cold 

exposure/treatment time and peaked at 60 min. I also found a phosphosite of PIN7 at pS431 in the 

SXXD/E motif, which maintained a continuous phosphorylation state. CKII was also reported to play 

an essential role in auxin transport and auxin-mediated growth and development in Arabidopsis 

(Moreno-Romero et al., 2008; Mulekar et al., 2012). Interestingly, PIN7 was also phosphorylated at 

T242 in the conserved TPRXSN motif. The TPRXSN motif is involved in phosphorylation-dependent 

control of PIN1 localization (Huang et al., 2010). Cold-responsive phosphorylation of PIN and AUX1 

at different conserved sites indicates an essential role of protein phosphorylation under a short period 

of cold exposure, which might be involved in auxin transport and homeostasis for maintaining growth 

and development for upcoming longer and extreme cold conditions.  

My data also showed that PM intrinsic proteins (PIPs) respond actively and temporally to brief 

cold exposure (Tables 2.1, S2.1A). I observed continuous phosphorylation of PIP2-5 (pS279) 

throughout cold treatment. A doubly phosphorylated peptide of PIP2-6 (pS279 and pS282) was 

phosphorylated over two-fold at 60 min, and PIP2-7 (pS276) showed decreasing phosphorylation after 

peaking at 5 min of cold exposure (Tables 2.1, S2.1A). PIPs are transmembrane transporters for water 

and small molecules and operate in a gated, controlled way. Gating properties vary under different 

abiotic stresses and are controlled by pH in flooding/anoxic conditions (Tournaire-Roux et al., 2003; 

Fischer and Kaldenhoff, 2008), phosphorylation/dephosphorylation under drought stress and low 

temperature (Shelden et al., 2010; Lee et al., 2012), and calcium under salt stress (Prak et al., 2008). It 

was also reported that chilling-induced H2O2 could be diffused by PIPs in a phosphorylation-dependent 

manner in maize (Aroca et al., 2005). Previously it was shown that phosphorylation at pS280 and pS283 

of PIP2-1 was associated with gating or hydraulic conductivity (Prado et al., 2013). Multiple sequence 

alignment analysis showed that pS279 of PIP2-5 and PIP2-6, and pS276 of PIP2-7 are conserved with 

pS280 of PIP2-1, and the pS282 of PIP2-5 is also conserved with pS283 of PIP2-1 (data not shown). 

Phosphorylation of PIP2s in all these phosphosites suggests that the activity of the PIPs is controlled in 

a phosphorylation-dependent manner under cold and maintains cellular water and H2O2 in a balanced 

state. Previous studies also showed that PIP1-4 and PIP2-5 could regulate cold acclimation and freezing 
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tolerance in Arabidopsis (Rahman et al., 2020). Thus, continuous phosphorylation of PIP2-2 at its 

regulatory S279 position throughout cold exposure, along with other PIP2s, might play a crucial role in 

cold response and prepare plants for long-term cold acclimation. 

ROS signaling under cold response 

ROS generating respiratory burst oxidase homolog D (RBOHD) was also phosphorylated, as 

shown in this study, which has been never reported in response to brief cold exposure (Tables 2.1, 

S2.1A). In this study, RBOHD was phosphorylated in pS8, pS148, pS163, and pS347 within 15 min of 

cold exposure (Tables 2.1, S2.1A). RBOHD can generate ROS via Ca2+-dependent and -independent 

phosphorylation by CDPKs/CIPKs and BIK1 kinase, respectively (Kadota et al., 2014; Li et al., 2014). 

Ca2+-dependent protein kinase 5 (CPK5) and BIK can phosphorylate and regulate RBOHD at the same 

amino acid positions (pS148, pS163, and pS347) (Boudsocq et al., 2010; Kadota et al., 2014; Kadota et 

al., 2015), which are the same positions I observed as cold-responsive phosphorylated sites in this study. 

Interestingly, in my data, I detected both CPK5 and BIK were phosphorylated in response to brief cold 

(Tables 2.1, S2.1A). Furthermore, the phosphosites showed increased phosphorylation containing 

characteristic RXXS/LXRXXS motifs, a potential target motif of CDPKs (Tables 2.1, S2.1A). This 

rapid phosphorylation of ROBHD and its kinases indicates ROS signaling involvement in early cold 

response.  

  



32 

 

Figures: Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Analysis of the cold-responsive phosphoproteins in Arabidopsis thaliana. (A) 
Experimental design and analytical workflow. (B–E) Quantitative analysis of the phosphopeptides: (B) 

Principal component analysis (PCA) of all the identified peptides (including phosphorylated and non-

phosphorylated peptides). The times indicate the cold exposure duration: 5 to 60 min. (C) Frequency 
distribution of all the identified phosphopeptides based on the number of phosphorylation sites and 

phosphorylated amino acids. (D) Frequency of phosphosites per peptide: S, serine; T, threonine; Y, 

tyrosine. (E) Gene-ontology enrichment of cellular localization and the distribution of the proteins of 
interest. Class-I phosphoprotein: phosphopeptides with a mascot variable modification confidence score 

≥ 0.75. The red arrow indicates the number of proteins that come from the MMFs. 
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Figure 2.2. K-means clusters in the time-course analysis of phosphopeptide intensities in response 

to cold. Clusters are positioned based on their similar time-based characteristics. (A) Phosphorylation 

peaked at 5 min. (B) Phosphorylation peaked at 15 min. (C) Phosphorylation peaked at 30 min. (D) 

Phosphorylation peaked at 60 min. (E) Continuous phosphorylation under cold exposure. (F) 
Continuous dephosphorylation in response to cold. (G) Phosphopeptides dephosphorylate under cold 

exposure, but not continuously. (H) Unresponsive to cold exposure. The scale represents the vector 

transformation of the log2-transformed normalized phosphopeptide intensities. 
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Figure 2.3. K-means clusters of differentially expressed phosphopeptides (DEPS) in response to 

cold at different time points. Times at the top indicate the duration of cold exposures. The scale 

indicates the log2 fold change in the cold exposed groups mentioned in Figure 2.2. (A) Fold change 

increased at 5 min. (B) Fold change increased at 15 min. (C) Fold change increased at 30 min. (D) Fold 
change increased at 60 min (E) Continuous increase in fold change under cold exposure; (F) Continuous 

decrease in fold change under cold exposure. (G) Fold change decreased under cold exposure, but not 

continuously. (H) Unresponsive to cold exposure. 
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Figure 2.4. Gene ontology overrepresentation of molecular function (GOMF) for the 

phosphorylated proteins under cold exposure. Negative log 10 p-values of the GO terms enriched in the 

K-means clusters mentioned in Figure 2.2 were vector-scaled and visualized. Sub-clusters (A–E) are 

based on the similarity of GO terms extracted from ReViGO. Early, GO terms enriched within 5 to 15 

min of cold exposure; Late, GO terms enriched within 30 to 60 min of cold exposure.  
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Figure 2.5. Gene ontology overrepresentation of biological processes (GOBP) for the 

phosphorylated proteins under cold exposure. Negative log 10 p-values of the GO terms enriched in the 

K-means clusters mentioned in Figure 2.2  were vector scaled and visualized. Sub-clusters (A–F) are 

based on the similarity of the GO terms extracted from ReViGO. Early, GO terms enriched within 5 to 

15 min of cold exposure; Late, GO terms enriched within 30 to 60 min of cold exposure. 
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Figure 2.6. Gene ontology over-representation analysis of biological processes (GOBP). 

Continuation of Figure 2.5. Negative log 10 of P -values of GO terms enriched in the K-means clusters 

mentioned in Figure 2.5 were vector scaled and visualized.  GO terms enriched within 5 to 15 min of 

cold exposure; Late, GO terms enriched within 30 to 60 min of cold exposure.  
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Figure 2.7. Cold-responsive phosphorylation kinase motifs. (A) Kinase motifs and major motif 

groups and their corresponding/putative upstream kinases. The numbers of corresponding motifs from 

the differentially expressed phosphopeptides (DEPS) are listed. (B) Temporal changes in the motif 
dynamics in response to cold. The p-values were obtained by Fisher’s exact test using enriched motif 

counts in DEPS and the major motif groups mentioned in (A). (C) Time-dependent change in the 

relative abundance in the corresponding phosphopeptides of each major motif. 
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Figure 2.8. Arabidopsis kinase-substrate interaction network. This network was constructed using 

available information from the PhosphAT database and other literature cited in the text. The subnetwork 

of Arabidopsis cold-responsive kinase-substrate interaction in Figure 2.9 was extracted based on this 

network  
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Figure 2.10. Coordinated regulation of related receptor kinase (RKs) gene family members 

(RLKs, RLCKs) in response to cold. The RLK/RLCKs phosphorylated inside their kinase domains 
are highlighted in blue. The closely related kinases may work in coordination under cold. The tree was 

made from protein sequence alignment using MEGA10 software.  
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Figure 2.11. Coordinated regulation of related MAPK gene family members in response to cold. 

(A) MAP4K phylogenetic tree. (B-C) MAP3K and MAP3K RAF kinase phylogenetic tree. Kinases 

identified in this study are highlighted in blue. The closely related kinases may work in coordination 

under cold. The tree was made from protein sequence alignment using MEGA10 software. 
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Table 1. Phosphopeptides described in the results and discussion sections.  

TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 

-residue 

Phosp

ho-

sites 

KMC 

Cluste

rs 

AT1G59

610 
DRP2B dynamin-like 3 PM 

Vesicle 

trafficking 

RYS[+80]DPAQN

GEDSSGSGGSSR 
S 883 E,C* 

AT1G10

290 
DRP2A 

dynamin-like 

protein 6 
G,PM 

Vesicle 

trafficking 

RYS[+80]DPAQN

GDAASPGSGSNR

R 

S 877 A* 

AT1G13

980 
GN 

sec7 domain-

containing 

protein 

G,PM 
Vesicle 

trafficking 

FSQLLS[+80]LDT

EEPR 
S 961 C* 

AT5G06

140 
SNX1 sorting nexin 1 C,PM 

Vesicle 

trafficking 

NISGSMQS[+80]P

R 
S 16 C* 

AT3G11

820 
SYP121 

syntaxin of 

plants 121 
PM 

Vesicle 

trafficking 

TLDRLIS[+80]TGE

SER 
S 190 C* 

AT5G08

080 
SYP132 

syntaxin of 

plants 132 
PM 

Vesicle 

trafficking 

GQS[+80]SREGDV

ELGEQQGGDQGL

EDFFKK 

S 16 D* 

AT5G61

210 
SNAP33 

soluble N-

ethylmaleimide-

sensitive factor 

adaptor protein 

33 

PM 
Vesicle 

trafficking 

TTS[+80]EPSLAD

MTNPFGGER 
S 47 E,C* 

AT5G58

440 
SNX2A sorting nexin 2A G,EM 

Vesicle 

trafficking 

SPS[+80]SSSSDYI

K 
S 146 A* 

AT1G08

190 
VPS41 

vacuolar protein 

sorting 41 
G,EM 

Vesicle 

trafficking 

EDNNRSS[+80]FS

QR 
S 860 B* 

AT5G06

560 
MYOB7 

myosin-binding 

protein (Protein 

of unknown 

function 2C 

DUF593) 

EM unknown 
FKNDTADGYAM

S[+80]PR 
S 385 E,A* 

AT4G27

500 
PPI1 

proton pump 

interactor 1 
ER,PM unknown 

KKTGGNTETETE

EVPEAS[+80]EEEI

EAPVQEEKPQK 

S 540 E,C* 

AT1G72

160 
PATL3 

Sec14p-like 

phosphatidylinos

itol transfer 

family protein 

PM 
Solute 

transport 

SMIPQNLGS[+80]

FKEESSKLSDLSN

SEK 

S 108 E,C* 

AT2G41

560 
ACA4 

autoinhibited 

Ca2+-ATPase 2C 

isoform 4 

V,PM 
Solute 

transport 
SSVS[+80]IVKNR S 28 A* 

AT1G27

770 
ACA1 

autoinhibited 

Ca2+-ATPase 1 
PM 

Solute 

transport 
FTANLS[+80]KR S 46 A* 

AT4G04

340 

AtOSCA

1.1 

ERD (early-

responsive to 

dehydration 

PM 
Solute 

transport 
RNT[+80]PAPSR T 750 B* 
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TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 

-residue 

Phosp

ho-

sites 

KMC 

Cluste

rs 

stress) family 

protein 

AT4G22

120 

AtOSCA

1.2 

ERD (early-

responsive to 

dehydration 

stress) family 

protein 

PM 
Solute 

transport 

NTPAPSIIS[+80]G

DDSPSLPFSGK 
S 757 C* 

AT5G23

660 

SWEET1

2 

bidirectional 

sugar transporter 

SWEET12-like 

protein 

PM 
Solute 

transport 

LGTLTS[+80]PEP

VAITVVR 
S 248 A* 

AT1G08

930 
ERD6 

Major facilitator 

superfamily 

protein 

ER,PM 
Solute 

transport 
SLS[+80]IRER S 17 A* 

AT3G18

830 
PLT5 

polyol/monosacc

haride 

transporter 5 

PM 
Solute 

transport 

TVPNPEVEIGS[+8

0]NKQWKEGDTQ

SS 

S 527 D* 

AT1G20

840 
TMT1 

tonoplast 

monosaccharide 

transporter1 

V,PM 
Solute 

transport 

LYGTHENQSYLA

RPVPEQNS[+80]S

LGLR 

S 277 E,A* 

AT1G20

840 
TMT1 

tonoplast 

monosaccharide 

transporter1 

V,PM 
Solute 

transport 

YYLKEDGAES[+8

0]R 
S 446 B* 

AT4G35

300 
TMT2 

tonoplast 

monosaccharide 

transporter2 

V,PM 
Solute 

transport 

IYLHQEGFPGS[+8

0]RR 
S 448 E,A* 

AT4G35

300 
TMT2 

tonoplast 

monosaccharide 

transporter2 

V,PM 
Solute 

transport 
HGS[+80]TMSR S 287 D* 

AT1G75

220 
ERDL6 

Major facilitator 

superfamily 

protein 

V,PM 
Solute 

transport 

RPFIHTGS[+80]W

YR 
S 23 D* 

AT2G18

960 
AHA1 H[+]-ATPase 1 PM 

Solute 

transport 

T[+80]LHGLQPKE

DVNIFPEKGSYR 
T 881 D* 

AT2G18

960 
AHA1 H[+]-ATPase 1 PM 

Solute 

transport 

GLDIDTAGHHYT[

+80]V 
T 948 D* 

AT2G18

960 
AHA1 H[+]-ATPase 1 PM 

Solute 

transport 

EDVNIFPEKGS[+8

0]YRELSEIAEQA

K 

S 899 E,D* 

AT3G47

950 
AHA4 H[+]-ATPase 4 PM 

Solute 

transport 

GLDIETIQQAYT[

+80]V 
T 959 E,A* 

AT3G54

820 
PIP2-5 

plasma 

membrane 

intrinsic protein 

2%3B5 

PM 
Solute 

transport 

ALGS[+80]FRSQP

HV 
S 279 E,D* 

AT2G39

010 
PIP2-6 

plasma 

membrane 
PM 

Solute 

transport 

AYGS[+80]VRS[+8

0]QLHELHA 
S;S 

279;28

2 
D* 
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TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 

-residue 

Phosp

ho-

sites 

KMC 

Cluste

rs 

intrinsic protein 

2E 

AT4G35

100 
PIP2-7 

plasma 

membrane 

intrinsic protein 

3 

PM 
Solute 

transport 

ALGSFRS[+80]NA

TN 
S 276 C* 

AT2G36

910 
ABCB1 

ATP binding 

cassette 

subfamily B1 

PM 
Solute 

transport 

NSVSS[+80]PIMT

R 
S 634 A* 

AT1G30

400 
ABCC1 

multidrug 

resistance-

associated 

protein 1 

V,PD 
Solute 

transport 
SIT[+80]LENKR T 1485 A* 

AT1G59

870 
ABCG36 

ABC-2 and 

Plant PDR 

ABC-type 

transporter 

family protein 

PM 
Solute 

transport 

SLS[+80]TADGNR

RGEVAMGR 
S 825 B* 

AT3G53

480 
ABCG37 

pleiotropic drug 

resistance 9 
PM 

Solute 

transport 
MNLS[+80]YWR S 1187 C* 

AT5G01

240 
LAX1 

like AUXIN 

RESISTANT 1 
PM 

Solute 

transport 

QAEESIVVS[+80]

GEDEVAGR 
S 14 E,A* 

AT5G01

240 
LAX1 

like AUXIN 

RESISTANT 1 
PM 

Solute 

transport 

KVEDS[+80]AAEE

DIDGNGGNGFSM

K 

S 27 B* 

AT5G47

910 
RBOHD 

respiratory burst 

oxidase 

homologue D 

PM 

Redox 

homeostasi

s 

VFS[+80]RRPSPA

VR 
S 148 B* 

AT5G47

910 
RBOHD 

respiratory burst 

oxidase 

homologue D 

PM 

Redox 

homeostasi

s 

 

TSS[+80]AAIHAL

KGLK 

S 163 C* 

AT5G47

910 
RBOHD 

respiratory burst 

oxidase 

homologue D 

PM 

Redox 

homeostasi

s 

 ILSQMLS[+80]QK S 347 B* 

AT3G15

220 

AT3G15

220 

Protein kinase 

superfamily 

protein 

MT, CT 

Protein 

modificatio

n 

RQEVS[+80]PNRI

SQR 
S 364 D,* 

AT5G14

720 

AT5G14

720 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

YLEQTSAKQPGS[

+80]PETNVDDLL

QTPPATSR 

S 613 E,C* 

AT4G24

100 

AT4G24

100 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

SDS[+80]NGNVEP

VASERER 
S 654 E,D* 

AT4G10

730 

AT4G10

730 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

KSAS[+80]VGNWI

LDSK 
S 579 C* 
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TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 

-residue 

Phosp

ho-

sites 

KMC 

Cluste

rs 

AT1G63

700 
YDA 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

S[+80]LPCLDSED

ATNYQQK 
S 692 D* 

AT5G66

850 

MAPKK

K5 

mitogen-

activated protein 

kinase kinase 

kinase 5 

PM 

Protein 

modificatio

n 

SPS[+80]AFTAVP

R 
S 90 C* 

AT3G07

980 

MAP3K

E2 

mitogen-

activated protein 

kinase kinase 

kinase 6 

V 

Protein 

modificatio

n 

KIS[+80]GQLDYV

K 
S 925 E,D* 

AT3G13

530 
M3KE1 

mitogen-

activated protein 

kinase kinase 

kinase 7 

PM 

Protein 

modificatio

n 

S[+80]GQLDPNNP

IFGQNETSSLSMI

DQPDVLK 

S 788 C,A* 

AT5G19

010 
MPK16 

mitogen-

activated protein 

kinase 16 

PM 

Protein 

modificatio

n 

VAFNDTPTAIFW

TDY[+80]VATR 
Y 189 D,A* 

AT1G18

150 
MPK8 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

AAAAVASTLESE

EADNGGGYS[+80

]AR 

S 539 D* 

AT2G31

010 
Raf13 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

KLSNTSHS[+80]E

PNVATVFWR 
S 335 D* 

AT1G16

270 
Raf18 

kinase 

superfamily with 

octicosapeptide 

PM 

Protein 

modificatio

n 

NT[+80]LVSGGVR

GTLPWMAPELLN

GSSSKVSEK 

T 1024 E*,D* 

AT2G24

360 
Raf22 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

HYS[+80]LSVGQS

VFRPGR 
S 81 A* 

AT5G50

000 
Raf33 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

LLDWGEEGHRS[

+80]EAEIVSLR 
S 120 C* 

AT5G58

950 
Raf36 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

SVS[+80]PSPQMA

VPDVFK 
S 101 C* 

AT3G58

760 
Raf47 

Integrin-linked 

protein kinase 

family 

PM 

Protein 

modificatio

n 

SSGS[+80]FNR S 468 A* 

AT4G35

310 
CPK5 

Calcium-

dependent 

protein kinase 5 

PM 

Protein 

modificatio

n 

NSLNIS[+80]MRD

A 
S 552 A* 

AT1G49

580 
CRK8 

Calcium-

dependent 

protein kinase 

(CDPK) family 

protein 

PM 

Protein 

modificatio

n 

TES[+80]GIFR S 360 A* 
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TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 

-residue 

Phosp

ho-

sites 

KMC 

Cluste

rs 

AT4G04

720 
CPK21 

calcium-

dependent 

protein kinase 

21 

PM 

Protein 

modificatio

n 

T[+80]MFANIDTD

K 
T 387 A* 

AT2G17

290 
CPK6 

Calcium-

dependent 

protein kinase 

family protein 

C,PM 

Protein 

modificatio

n 

NSLNIS[+80]MRD

V 
S 540 E,D* 

AT5G12

480 
CPK7 

calmodulin-

domain protein 

kinase 7 

PM 

Protein 

modificatio

n 

FNSLS[+80]LKLM

R 
S 520 E,C* 

AT3G10

660 
CPK2 

calmodulin-

domain protein 

kinase cdpk 

isoform 2 

ER,EM 

Protein 

modificatio

n 

VSSAGLRT[+80]E

SVLQRK 
T 171 C* 

AT3G19

100 
CRK2 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

DAVLQNDDSTPA

HPGKS[+80]PVR 
S 37 D* 

AT5G58

380 
CIPK10 

SOS3-

interacting 

protein 1 

C,PM 

Protein 

modificatio

n 

KS[+80]NGDTLEY

QK 
S 421 B* 

AT3G09

830 
PCRK1 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

IVEASSGNGS[+80

]PQLVPLNSVK 
S 377 A* 

AT2G01

820 
TMK3 

Leucine-rich 

repeat protein 

kinase family 

protein 

PM 

Protein 

modificatio

n 

LAPDGKYS[+80]I

ETR 
S 745 A* 

AT5G18

610 
PBL27 

Protein kinase 

superfamily 

protein 

PM 

Protein 

modificatio

n 

LGPVGDKTHVS[+

80]TR 
S 244 B* 

AT1G66

150 
TMK1 

transmembrane 

kinase 1 
PM 

Protein 

modificatio

n 

EASFKKAIDT[+80

]T[+80]IDLDEET[+

80]LASVHTVAEL

AGHCCAR 

T;T;T 

825;82

6; 

833 

C* 

AT2G39

660 
BIK1 

botrytis-induced 

kinase1 
PM 

Protein 

modificatio

n 

LDTQYLPEEAVR

MASVAVQCLS[+8

0]FEPKSRPTMDQ

VVR 

S 333 C* 

AT3G53

380 

LECRK8

1 

Concanavalin A-

like lectin 

protein kinase 

family protein 

PM 

Protein 

modificatio

n 

QIEHDKS[+80]PE

ATVAAGTMGYL

APEYLLTGR 

S 530 C* 

AT4G23

250 

EMB129

0 

cysteine-rich 

receptor-like 

protein kinase 

17 

PM 

Protein 

modificatio

n 

IFGVDQTVANT[+

80]AR 
T 518 D* 
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rs 

AT2G37

710 

LECRK4

1 

receptor lectin 

kinase 
PM 

Protein 

modificatio

n 

LYDHGSDPQTT[+

80]HVVGTLGYLA

PEHTR 

T 506 D* 

AT5G16

590 
LRR1 

Leucine-rich 

repeat protein 

kinase family 

protein 

PM 

Protein 

modificatio

n 

WVSSITEQQS[+80

]PSDVFDPELTR 
S 562 E,B* 

AT5G41

210 
GSTT1 

glutathione S-

transferase 

THETA 1 

Per 

Protein 

modificatio

n 

REMGTLSKPGLQ

S[+80]KI 
S 243 E,C* 

AT1G72

710 
CKL2 

casein kinase 1-

like protein 2 
PM 

Protein 

modificatio

n 

NSGQIFNS[+80]G

SLAK 
S 353 C* 

AT4G26

540 
RGI3 

Leucine-rich 

repeat receptor-

like protein 

kinase family 

protein 

PM 
Phytohorm

one action 

NLTS[+80]ANVIG

TGSSGVVYR 
S 762 B* 

AT2G13

790 
SERK4 

somatic 

embryogenesis 

receptor-like 

kinase 4 

PM 
Phytohorm

one action 

LMNYNDS[+80]H

VTTAVR 
S 451 B* 

AT5G38

990 

AT5G38

990 

Malectin/recepto

r-like protein 

kinase family 

protein 

PM 
Phytohorm

one action 

VGPTSAS[+80]QT

HVSTVVK 
S 683 C* 

AT5G59

700 

AT5G59

700 

Protein kinase 

superfamily 

protein 

PM 
Phytohorm

one action 

ANPKSQQGLAEF

RT[+80]EIEMLSQ

FR 

T 525 D* 

AT1G06

390 
ASK9 

GSK3/SHAGG

Y-like protein 

kinase 1 

PM 
Phytohorm

one action 

VLVKGEPNIS[+80

]YICSR 
S 229 B* 

AT1G01

740 
BSK4 

kinase with 

tetratricopeptide 

repeat domain-

containing 

protein 

PM 
Phytohorm

one action 

SYS[+80]TNLAFT

PPEYLR 
S 210 E,C* 

AT4G18

710 
ASK7 

Protein kinase 

superfamily 

protein 

PM 
Phytohorm

one action 

QLVKGEANISY[+

80]ICSR 
Y 200 D* 

AT1G70

940 
PIN3 

Auxin efflux 

carrier family 

protein 

PM 
Phytohorm

one action 

ELHMFVWSSNGS

[+80]PVSDR 
S 366 D* 

AT2G01

420 
PIN4 

Auxin efflux 

carrier family 

protein 

PM 
Phytohorm

one action 

MVVSDQPRKS[+8

0]NAR 
S 395 E,C* 
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rs 

AT2G01

420 
PIN4 

Auxin efflux 

carrier family 

protein 

PM 
Phytohorm

one action 

KS[+80]GGDDIGG

LDSGEGEREIEK 
S 395 C* 

AT1G23

080 
PIN7 

Auxin efflux 

carrier family 

protein 

PM 
Phytohorm

one action 

LRCNS[+80]TAEL

NPK 
S 431 E,C* 

AT1G23

080 
PIN7 

Auxin efflux 

carrier family 

protein 

PM 
Phytohorm

one action 

SFYGGGGTNMTP

RPSNLTGAEIYSL

NTT[+80]PR 

T 242 C* 

AT4G33

240 
FAB1A 

1-

phosphatidylinos

itol-3-phosphate 

5-kinase FAB1A 

G,EM 

Multi-

process 

regulation 

NVS[+80]LEKLSD

EKVK 
S 1143 C* 

AT1G71

010 
FAB1C 

FORMS 

APLOID AND 

BINUCLEATE 

CELLS 1C 

C,EM 

Multi-

process 

regulation 

VQS[+80]FDSAIR S 1184 A* 

AT1G49

340 
PI4KA1 

Phosphatidylino

sitol 3- and 4-

kinase family 

protein 

PM 

Multi-

process 

regulation 

LIS[+80]GAFSQAP

QPEDDSFNEMLIA

R 

S 1111 D* 

AT1G60

890 

AT1G60

890 

Phosphatidylino

sitol-4-

phosphate 5-

kinase family 

protein 

PM 

Multi-

process 

regulation 

AFS[+80]VGEKEV

DLILPGTAR 
S 662 C* 

AT3G01

310 

AT3G01

310 

Phosphoglycerat

e mutase-like 

family protein 

G,PM 

Multi-

process 

regulation 

QGS[+80]GIIGTFG

QSEELR 
S 358 B* 

AT1G22

620 
SAC1 

Phosphoinositid

e phosphatase 

family protein 

G,EM 

Multi-

process 

regulation 

ASQLSHANTARE

PS[+80]LRDLR 
S 456 A* 

AT2G18

730 
DGK3 

diacylglycerol 

kinase 3 
PM 

Lipid 

metabolis

m 

FVAS[+80]RPSTA

DSKTMR 
S 18 A* 

AT3G08

510 
PLC2 

phospholipase C 

2 
PM 

Lipid 

metabolis

m 

RLS[+80]LSEEQL

EK 
S 346 D 

AT5G60

900 
RLK1 

receptor-like 

protein kinase 1 
PM 

Enzyme 

classificati

on 

GAFGIVYKGYLE

VAGGSEVT[+80]

VAVKK 

T 559 D* 

AT1G17

580 
XI-1 myosin 1 C,CT 

Cytoskelet

on 

organizatio

n 

QQTLTIS[+80]PTT

R 
S 1052 E,D* 



50 

 

TAIR 

Accessio

n 

TAIR 

Symbols 

Protein 

Description 

Localiza

tion 

Bin 

Names of 

Functional 

Categories 

Phosphopeptides 
Phospho 
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rs 

AT3G19

960 
ATM1 myosin 1 PM 

Cytoskelet

on 

organizatio

n 

S[+80]LPADYRFD

GSPVSDRLENSSG

ASVR 

S 14 E,C* 

AT5G20

490 
XI-K 

myosin family 

protein with Dil 
G,EM 

Cytoskelet

on 

organizatio

n 

ENS[+80]GFGFLL

TRK 
S 1516 C* 

AT1G08

730 
XI-C 

Myosin family 

protein with Dil 

domain-

containing 

protein 

C,CT 

Cytoskelet

on 

organizatio

n 

KLHVASLVVQT[

+80]GLR 
T 823 C* 

AT1G24

764 

ATMAP

70-2 

microtubule-

associated 

proteins 70-2 

MT 

Cytoskelet

on 

organizatio

n 

GTSKS[+80]FDGG

TR 
S 464 C* 

AT4G27

060 
TOR1 

ARM repeat 

superfamily 

protein 

C,MT 

Cytoskelet

on 

organizatio

n 

EASDGSTLS[+80]

PDSASKGK 
S 370 E,A* 

AT2G01

750 

MAP70-

3 

microtubule-

associated 

proteins 70-3 

PM 

Cytoskelet

on 

organizatio

n 

MS[+80]EKLKLTE

NLLDS[+80]K 
S;S 

125;13

7 
E,C* 

AT4G29

810 

ATMKK

2 

MAP kinase 

kinase 2 
PM 

Cell cycle 

organizatio

n 

IISQLEPEVLS[+80

]PIKPADDQLSLS

DLDMVK 

S 56 D* 

AT5G55

230 

ATMAP

65-1 

microtubule-

associated 

proteins 65-1 

MT 

Cell cycle 

organizatio

n 

RLS[+80]LNANQN

GSR 
S 532 C* 

Cold-responsive phosphopeptides are highlighted in the text. Bin names are extracted from 
MAPMAN4.0 functional classification of proteins. K-means cluster E represents peptides 

phosphorylated during at least three time points of cold exposure; cluster number next to E 

represents the clusters where the phosphopeptide intensity was highest. Asterisk (*) indicates 
statistical significance (p < 0.05) by Student's t-test. Localizations—PM: plasma membrane, 

G: Golgi, ER: endoplasmic reticulum, V: vacuole, Per: peroxisome, CT: cytoskeleton, MT: 

microtubule, EM: endomembrane system, PD: Plasmodesmata, C: Cytosol. For more detailed 

information, see Table S2.1. Detailed explanations on the K-means cluster names are in 

Figure 2.2.  
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Supplementary information 

Supporting tables: 

Table S2.1. Identified cold-responsive phosphopeptides in the microsomal membrane fraction 

(MMF). (A) Class-I phosphopeptides based on Mascot variable localization confidence score ≥ 0.75. 

(B) All phosphopeptides identified in the study using Skyline-Daily software.  

 

Table S2.2. Identified proteins from microsomal membrane fraction (MMF). Data were generated 

using Progenesis software for proteomics data analysis. The data show no significant changes in protein 

abundance within a short duration of cold exposure.  

 

Table S2.3. An updated Arabidopsis kinase-substrate interaction network from published 

literature. (A) Binary interaction between kinase and corresponding substrates was used to construct 

the kinase-substrate network. (B) Sub-network data were used to build the cold-responsive kinase-

substrate network shown in Figure 2.9. (C) The number of binary interactions between a kinase and its 

corresponding substrates.  
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Chapter 3 

A single seed treatment mediated through reactive oxygen species increases germination, 

growth performance, and abiotic stress tolerance in Arabidopsis and rice 

Summary 

Hydroxyl radical (•OH) is considered to be the most damaging among reactive oxygen species. 

Although a few studies have reported on its effects on growth and stress adaptation of plants, no detailed 

studies have been performed using •OH in germination and early seedling growth under abiotic stresses. 

Here I report a single seed treatment with •OH on germination and seedling growth of Arabidopsis and 

rice under non-stressed (ambient) and various abiotic-stressed conditions (chilling, high temperature, 

heat, and salinity). The treatment resulted in faster seed germination and early seedling growth under 

non-stressed conditions, and, interestingly, these effects were more prominent under abiotic stresses. In 

addition, Arabidopsis seedlings from treated seeds showed faster root growth and developed more 

lateral roots. These results show a positive and potential practical use for •OH in model and crop plants 

for direct seeding in the field, as well as improvement of tolerance against emerging stresses. 
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Introduction  

Plants are sessile organisms and are continuously exposed to various biotic and abiotic stresses 

throughout their lifetimes. Moreover, alterations of the rhythm of seasonal changes by global climate 

change aggravate the severity of these stresses on plants. Simultaneous exposure to different abiotic and 

biotic stresses have much more devastating effects on plant growth and development and resulting in 

yields lower than the plants exposed to an individual stress in the field (Downing, 1993; Silva et al., 

2012; Suzuki et al., 2014; Perdomo et al., 2015). Different abiotic stresses such as cold/chilling (Hatfield 

and Egli, 1974; Duke et al., 1977; Leopold, 1980), salinity (Khan et al., 1997; Gill et al., 2003; Zhang 

et al., 2014; Kan et al., 2016), osmotic (Pratap and Sharma, 2010; Mickky and Aldesuquy, 2019), 

drought and/or water deprivation, and high temperature (Wright, 1931; Pagamas and Nawata, 2007) 

negatively affect the seed germination, seedling establishment, survival of the young seedlings (Boyer 

and Westgate, 2004; Maraghni et al., 2010; Prasad et al., 2011). Multiple abiotic stresses have a 

significant impact on crop production and food security all over the world (Downing, 1993; Mittler, 

2006; Lobell and Field, 2007; Silva et al., 2012; Suzuki et al., 2014).  Numerous approaches have been 

developed over the last few decades to improve plant performance against multiple abiotic stresses in 

different climatic conditions around the world (Suzuki et al., 2014; Pandey et al., 2017)  

In the last couple of decades, several strategies have been developed to fight against biotic and 

abiotic stresses, including strategies using conventional breeding, genetic engineering, and selection of 

resistant varieties, some of which are tightly associated with mitigating the impact of stresses arising 

from global climate changes. However, some of these methods are time-consuming, expensive, and 

controversial. For example, genetically modified organisms have the potential for increasing tolerance 

against stresses, but their use is unpopular with growers and consumers. Additionally, the gaps in 

knowledge on the application between the labs and field, and from model plant to crop plant transitions 

require extensive studies (Zhang et al., 2004; Savvides et al., 2016; Ahanger et al., 2017).  

Alongside the methods mentioned above, a growing number of alternative approaches are 

emerging to deal with multiple abiotic stresses. For example, priming treatments, in which plants are 

pre-treated under stressed conditions or with endogenous, natural, or synthetic chemicals to prepare 

them against upcoming stresses, have gained popularity (Chen and Arora, 2011; Chen et al., 2012; 

Savvides et al., 2016). Among the different kinds of priming treatments, the most promising and 

commonly used chemicals are polyamines, hormones such as salicylic acid, reactive sulfur species such 

as NaHS, reactive nitrogen species such as nitric oxide, and reactive oxygen species (ROS) such as 

hydrogen peroxide (H2O2) (Tanou et al., 2009; Gill and Tuteja, 2010a; Parra-Lobato and Gomez-

Jimenez, 2011; Hossain et al., 2015). Exogenous application of these chemicals has been found to be 

effective against different abiotic stresses (Tanou et al., 2009; Li et al., 2012b). However, most of these 

treatments are focused on a single abiotic stress at a single stage of growth and development.   
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ROS, including singlet oxygen (1O2), superoxide (O2
−), hydrogen peroxide (H2O2), and the 

hydroxyl radical (•OH), are involved in almost every stage of growth, development, and differentiation 

(Bethke and Jones, 2001; Kobayashi et al., 2007; Queval et al., 2007; Miller et al., 2009; Kimura et al., 

2012). Researchers have reported that exogenous application of H2O2 enhances stress tolerance in both 

model and crop plants by increasing the endogenous concentration to an optimum level (Savvides et al., 

2016; Mittler, 2017). Before the discovery of the positive roles of H2O2, ROS were considered toxic 

byproducts of oxygen metabolism. In particular, •OH is still considered a dangerous compound in the 

cell that damages DNA and proteins and is responsible for cell death (Richards et al., 2015; Mittler, 

2017). However, similar to H2O2, several positive roles of •OH in cell growth, elongation, germination, 

and stress signaling processes have been reported (Richards et al., 2015). •OH has been found to 

accelerate the elongation and growth of coleoptiles and roots in maize seedlings (Schopfer, 2001; 

Schopfer et al., 2002; Liszkay et al., 2004). It was also found to contribute to the elongation of radicles 

and the acceleration of germination in cress seeds (Muller et al., 2009b). However, no papers have 

reported the application of •OH to improve seed germination and early seedling growth under stressful 

environments in crop plants. 

Recently, my collaborators of this study filed  a patent #CA2949750 (Olkowski et al., 2014) on the 

catalytic seed treatment phenomenon, which may be operating through the Fenton/Haber Weiss reaction 

and generating •OH to enhance seed germination and lateral root growth. Because •OH is highly 

reactive and short-lived, it cannot be added directly in the same manner as H2O2. Therefore, in this study, 

the Fenton /Haber-Weiss reaction was used for •OH treatment. Furthermore, many physiological and 

biochemical studies have confirmed that this reaction is equivalent to •OH treatment (Deng et al., 2010; 

Galano et al., 2010; Khorobrykh et al., 2011; Vreeburg et al., 2014; Matros et al., 2015). In this study, 

Arabidopsis was used as a model system to investigate the mechanism of action, and rice was also 

studied to validate the breadth of this phenomenon in other crops. The single seed treatment with •OH 

(with H2O2 as a substrate and Fe or Cu as a catalyst) had multiple positive effects: accelerated 

germination and early hypocotyl growth in the short term, increased lateral root numbers, and improved 

tolerance during the germination process to several abiotic stresses in both Arabidopsis and rice. The 

overall findings from this work will help to improve plant performance against a wide range of abiotic 

stresses through a simple, single application of •OH based on the Fenton/Haber Weiss reaction in a 

cost-, time- and labor-effective manner.  

Materials and methods  

Plant materials  

Seeds of Arabidopsis thaliana ecotype Columbia-0 (Col-0) and Oryza sativa cv. Nipponbare 

were used for experiments. Arabidopsis seeds were purchased from Lehle Seeds (Round Rock, USA) 
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and multiplied in my lab. Rice seeds were purchased from Noken Co. (Kyoto, Japan). Seeds were stored 

at 4°C in a dry container until use.  

Seed treatment with reactive oxygen species 

A combination of H2O2 and a metal catalyst, FeSO4
.
7H2O, or CuSO4

.
5H2O, was used to generate 

•OH based on the Fenton reaction/Haber Weiss (see formula below). The metal catalysts were used in 

a ratio of 1:200 with H2O2. •OH catalyzed by FeSO4
.
7H2O and CuSO4

.
5H2O is denoted •OH(Fe) and 

•OH(Cu), respectively. Seeds were also treated with the same concentration of H2O2 without any metal 

catalyst to compare against the effect of •OH. All solutions were prepared at pH 4.9 using 0.1 M sodium 

citrate buffer.  

H2O2 + Fe (II) → Fe (III) + •OH + OH− 

H2O2 + Cu (I) → Cu (II) + •OH + OH− 

After surface sterilization, Arabidopsis seeds were treated with •OH(Fe/Cu) (0, 3, 6, and 25 mM 

H2O2 in the ratio with Fe/Cu mentioned above) or a similar concentration of H2O2 without any metal 

catalyst in 1.5 ml microtubes. The tubes were incubated for 1, 4, 8, and 24 h in the dark at room 

temperature (23°C) before seeding. Rice seeds were submerged in •OH(Fe) (0, 25, 50, 75, and 100 mM 

H2O2 in the ratio with Fe mentioned above) in 50 ml Falcon tubes and incubated at room temperature 

on a rotary shaker at 80 rpm for 6 h in the dark. The seeds were then planted in a designated medium 

without washing off the treatment solution except for one batch of •OH(Fe)-treated Arabidopsis seeds, 

in which the seeds were washed with ultrapure water after incubation (indicated as •OH(Fe)+W). All 

seeds were germinated under the ambient condition. 

Germination and growth assay in ambient conditions 

Arabidopsis seeds were germinated on 0.8% agar (Wako, Japan) medium with a  modified 

Hoagland solution (Uemura et al., 1995). For each treatment condition, at least 80–100 seeds were sown 

on the agar medium without clustering in a 9 cm square petri dish. The agar plates were placed vertically 

inside a growth chamber (CLE-303, Tomy Digital Biology, Tokyo, Japan) at 23°C under dark 

conditions. For rice, at least 30 seeds were germinated with 5 ml of water in a 9 cm petri dish and kept 

at 30℃ under dark inside a growth chamber (E-8 growth chamber, Conviron, Winnipeg, Manitoba, 

Canada). All experiments were repeated more than three times in duplicate. A seed was considered 

germinated when the radicle emerged by protruding the seed coat. Germination data were collected by 

taking photographs at different time points to determine the time required for 50% germination (t50). 

The t50 was considered as the speed of germination, which has been used as a determining factor for 

seed vigor in different studies (Hacisalihoglu et al., 1999; Mastouri et al., 2010). Final germination 

numbers for both Arabidopsis and rice plants were counted 48 h after transfer to the growth chamber.  
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The root growth of Arabidopsis at 23°C was marked every 24 h from day 5 to day 9 after the seeds 

were placed on agar media. The lateral roots were counted at day 10. All roots, including taproots and 

lateral roots, were measured for more than 30 plants from at least five replicates. All photographs were 

taken using high-resolution cameras (Canon 80D, 100D, and M5) and analyzed using the open-source 

image analysis software ImageJ (version 1.51, https://imagej.nih.gov/ij/). For rice, the radicle length of 

48-h-old seedlings was measured. 

Seed treatment on germination under different abiotic stresses  

For chilling stress, Arabidopsis seeds treated with or without •OH(Fe) solution were planted on 

agar as described above and placed vertically inside a growth chamber (CLE-303, Tomy Digital Biology, 

Tokyo, Japan) at 11°C in the dark. Photographs were taken every 12 h after transfer to the chamber.  

To study the germination performance under high temperature, Arabidopsis seeds with or without 

•OH(Fe) treatment were planted on agar plates and kept vertically in a growth chamber at 30°C. Data 

were taken at several different time points after transfer to the chamber.  

To expose seeds to heat stress, a slightly modified version of the basal heat stress method used by 

Silva-Correia (2014) (Silva-Correia et al., 2014) was applied: treated and untreated Arabidopsis seeds 

were washed and kept at 50°C in a heat block (ALB-120, Iwaki Asah Techno Glass, Japan) for 65 min 

and then transferred to 23°C conditions. Photographs were taken every 12 h. Maximum germination 

was measured at 96 h after transfer to the chamber.  

Treated and untreated Arabidopsis seeds were germinated on agar in the presence of 120 mM and 

150 mM NaCl and kept vertically in a growth chamber. Photographs were taken every 12 h after transfer 

to the growth chamber. For rice seeds, treated or untreated seeds were germinated in water containing 

different concentrations of NaCl ranging from 25 to 200 mM. 

Statistical analysis of data using the four parameter Hill function (4PHF) 

Statistical analysis was carried out using the “Germinator_curve-fitting 1.31.xls” Microsoft Excel 

solver, a part of the “Germinator” software package developed by Joosen et al. (Joosen et al., 2010). 

This solver was developed based on the four parameter Hill function (4PHF), a mathematical model 

described by  El-Kassaby et al. (El-Kassaby et al., 2008) to describe germination properties from curve 

fitting. The solver can extract valuable information from a germination curve that is biologically 

relevant to the germination characteristics of a seed population using the following equation:  

𝑦 = 𝑦0 + 𝑎𝑥𝑏/(𝑐𝑏 + 𝑥𝑏 ) 

where y is the cumulative germination percentage at time x (h), y0 is the intercept on the y-axis 

(≥0), a is the maximum cumulative germination percentage (≤100), b controls the shape and steepness 

of the germination curve, and c is the time to reach 50% germination by viable seeds (t50). A detailed 
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description of how this solver performs the statistical analysis can be found in the article by Joosen et 

al. (Joosen et al., 2010) and also on the website (https://www.wur.nl/en/Research-Results/Chair-

groups/Plant-Sciences/Laboratory-of-Plant-Physiology/Wageningen-Seed-

Lab/Resources/Germinator.htm). 

From this 4PHF, germination performance was measured by extracting information such as 

maximum germination (gMAX), mean germination time (MGT), time for 50% viable seed germination 

(t50), germination uniformity (Ub-a), and area under the germination curve (AUC). The germination 

uniformity (U) can be set to different ranges of germination; for example, U75-25 is the uniformity from 

25% to 75% germination of the seeds. AUC is the area between the germination curve and the x-axis 

(the germination time).  

 El-Kassaby et al. (El-Kassaby et al., 2008) defined the differences between areas under the curve 

of cold-stratified and unstratified seeds (ΔAUC = AUC stratified seeds - AUC unstratified seeds ) as the dormancy 

index (DI), which can be used as a quantitative measure of changes in seed vigor due to specific 

treatments. Using a similar idea to DI, I used ΔAUC to quantify the effect of the ROS treatment under 

ambient and stress conditions. In this study, ΔAUC under ambient conditions (23ºC for Arabidopsis and 

30ºC for rice) was defined as the germination speed index (GSI) and under stress conditions as the stress 

index (SI) as defined by Joosen et al. (Joosen et al., 2010). GSI and SI were measured by the averaged 

differences between the AUC of the ROS-treated seed germination curve (AUCROS) and AUC of the 

control seed germination curve (AUCControl) under different stress conditions (ΔAUC = ΔAUCROS − 

ΔAUCControl). In this experiment, AUC was counted from the initial germination time t = 0 to the 

maximum germination time for all experiments. This germination curve fitting summarized the data 

with different biologically relevant information regarding seed germination using Student’s t-test and 

Tukey’s HSD.  

Results  

Hydroxyl radical/ROS treatment accelerates germination and early seedling growth 

In preliminary experiments with different “concentration × incubation period” combinations, the 

optimum treatment conditions for Arabidopsis were found to be 8 h of incubation in 0.03 mM Fe/Cu 

and 6 mM H2O2 solution. Under these conditions, it took the shortest time to reach 50% germination in 

most cases (Figure 3.1). To nullify the effect of the seed surface-bound treatment solution on 

germination and other developmental changes, •OH(Fe)-treated seeds were washed after eight-hour 

incubation. The germination of the washed seeds maintained the similar tendency to the •OH(Fe)-

treated seeds.  Furthermore, to determine the effect of light on germination, seeds were germinated both 

under a 16-h light and 8-h dark cycle and under continuous dark. Arabidopsis seeds germinated faster 

under continuous dark than under the light-dark-cycling conditions. In the dark, seeds treated with the 
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optimized treatment solution reached 50% germination 10+ h earlier than seeds germinated under the 

light and dark conditions (Figure 3.2). Thus, for all subsequent studies, the seeds were germinated in 

the dark. 

The maximum germination of Arabidopsis seeds at ambient temperature reached over 95% in all 

treatments and control groups, and the treatment increased the speed of germination significantly 

(Figure 3.3A). To extract more biologically relevant information from the germination data, the 4PHF 

was applied by inputting the germination data at different time points into the “Germinator curve-fitting 

1.31.xls” solver (Joosen et al., 2010). The solver returned similar results to the manual germination data 

analysis with a characteristic germination curve (Figure 3.4). This curve provided significant biological 

information such as t50, AUC, gMAX, MGT, and U7525 (Figure 3.3B, C, and 3.5).   

Because mean germination time does not provide clear information on the imbibition initiation 

time and specific germination percentage, the time to reach 50% germination (t50) was used to describe 

seed vigor (Soltani et al., 2015). t50 is also a sensitive measure of seed quality and viability under field 

conditions (Mastouri et al., 2010). Germination speed was significantly (P < 0.05) faster in the 

•OH(Fe)-treated group than the control. The t50 for the •OH(Fe)-treated seeds was 5 h shorter than the 

control (Figure 3.3B). There was a slight difference in t50 between the •OH(Fe/Cu)- and H2O2-treated 

seeds, which was not statistically significant (Figure 3.3B). The germination speed was further 

quantified from the differences in the AUCs of the control and all the other ROS treatments (•OH(Fe/Cu), 

•OH(Fe), and then washing, and H2O2) (Figure 3.3C and D). This difference was expressed as ΔAUC, 

where ΔAUC = AUC of any treatment group – AUC of the control group. The ΔAUC of a treatment 

under the optimum conditions was named the germination speed index, GSI. The GSI of the •OH(Fe)-

treated group was correlated with the actual germination percentage of the •OH(Fe)-treated seeds. The 

GSI of the •OH(Fe) or •OH(Cu)-treated seeds at different time points was higher than that of the H2O2-

treated seeds, and the extent of the effect was similar in the Fe and Cu systems (Figure 3.3D). 

Interestingly, in all these data, I observed that the washed seeds, •OH(Fe)+W, showed a similar effect 

as the •OH(Fe)-treated seeds. When I considered the data from the •OH(Fe)-treated seeds in the 

statistical analysis, I found a highly significant correlation (r2 = 0.979, Figure 3.3E). Based on data, 

showing that both metal catalysts (Fe, Fe+ H2O2+W, and Cu) had similar effects on germination, only 

Fe-catalyzed data were used for further statistical analysis to determine the •OH treatment effects to 

avoid redundancy. 

Early seedling growth was also positively affected by the •OH(Fe) treatment. The radicles were 

clearly longer in the •OH(Fe)-treated seeds. The differences were visible at 36 h through to 72 h. The 

opening and greening of the cotyledon started earlier in the •OH(Fe)-treated seeds than the control 

(Figure 3.6A). 
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The treatment effect is sustained beyond germination 

The difference in early seedling growth after 72 h indicated the •OH(Fe) treatment had a relatively 

long-term effect on seedling growth. Even though I observed the growth in both shoot part (hypocotyl 

and cotyledon) and the root part, in the early stages the growth was more visible and quantifiable in the 

roots. Therefore, root growth and lateral root numbers were measured to compare the effect between 

the control and the treated group.  

The root growth difference between seedlings from non-treated control and •OH(Fe)-treated seeds 

was recorded from day 6 to day 9 after transfer into the growth chamber. The difference between the 

root growth of the control and the treatment group was always significant (P < 0.05) from day 6 to day 

9 (Figure 3.7A). There was also a significant difference in the total length of roots between the two 

groups after 9 days of germination (Figure 3.7B). 

In addition, I made an interesting observation of lateral root numbers. When the lateral roots per 

plant were counted on day 10, the •OH(Fe)-treated group had a significantly (P < 0.05) larger number 

of lateral roots than the control group (Figure 3.7C). The treated seedlings had an average number of 

>12, while the control seedlings had only an average number of 10 lateral roots per plant (Figure 3.7C, 

S5B). On day 10, the lateral roots in the •OH(Fe)-treated group also looked longer and denser than the 

control group (Figure 3.6B).  

The effect of the hydroxyl radical treatment is prominent under abiotic stress 

After observing a clear and significant difference between the water treatment (control) and ROS 

treatments (•OH and H2O2) on Arabidopsis seed and seedling performance under ambient conditions, 

the treatment effects were tested under various abiotic stresses such as chilling, high temperature, heat, 

and salinity.  

The speed of Arabidopsis seed germination decreased dramatically under the chilling condition at 

11°C, but •OH(Fe) or •OH(Cu) treatment had a prominent effect under this condition (Figure 3.8A). 

The treated group germinated significantly (P < 0.05) faster than both the control and H2O2-treated 

group (Figure 3.8A) and took a significantly shorter time (P < 0.05) to reach 50% germination (Table 

3.1). The •OH(Fe/Cu)-treated seeds showed a prominent tolerance effect under this condition and 

showed improved gMAX, U7525, MGT, and AUC compared with the control and H2O2-treated seeds 

(Figure 3.9A–D). However, there was no significant difference in U7525 between the Fenton- and H2O2-

treated seeds (Figure 3.9B). The effect of the treatment was also observed in early seedling growth after 

6 days with longer radicle and opened cotyledon in the treated group than the controls (Figure 3.10A).  

Compared with low temperature, incubation of seeds at high temperature (30°C) increased the 

germination speed, although it was not as fast as the germination at ambient temperature (23°C) (Figure 

3.8B). Even though the •OH(Fe/Cu)-treated seeds took significantly less time than the control seeds, 
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there was no significant difference between treated seeds with different combinations (•OH(Fe) and 

H2O2) (Table 3.1). The gMAX for the •OH(Fe/Cu)-treated was higher than the control group, but there 

was no significant difference between either control and H2O2- treated seeds or •OH(Fe/Cu)-treated and 

H2O2- treated seeds (Figure 3.9E). U7525, MGT, and AUC of ROS-treated seeds showed a significant 

difference with that of the control seeds (Figure 3.9F-H). Furthermore, there was a clear difference in 

seedling growth; cotyledon opening and radicle growth were faster in all ROS-treated groups than the 

control (Figure 3.10B).  

Although the speed of germination was greatly reduced after heat stress at 50°C for 65 min, the 

ROS treatment improved the germination performance significantly (Figure 3.8C and S6I). The 

germination rates of the treated seeds reached 50% more than 10 h earlier than that of the control; 61.5 

h and 62.1 h for •OH(Fe) and •OH(Cu), respectively, compared with over 71.6 h for the control (Table 

3.1). The difference was only a few hours between the •OH(Fe/Cu)-treated and H2O2-treated seeds 

(Table 3.1). MGT was also significantly smaller in comparison to the control and H2O2-treated seeds 

(Figure 3.9K). There was no significant difference in germination uniformity (U7525) observed in control 

vs. •OH(Fe/Cu and H2O2 vs. •OH(Fe/Cu). (Figure 3.9J). Because the experiments were carried out in 

the dark, the cotyledons were elongated. However, cotyledon -expansion and -greening, hypocotyl, and 

radical elongation were advanced in all of the treated seeds, and the difference was visible 72 h after 

transfer to the chamber (Figure 3.10C). 

Similar to chilling and heat stress, salinity stress decreased the germination performance, but the 

•OH treatment improved seed germination (Figure 3.8D). The •OH(Fe/Cu)-treated seeds performed 

much better than the control and the H2O2-treated seeds under salinity stress, and the extent of the effect 

was larger at 150 mM than at 120 mM NaCl (Table 3.2). At 150 mM NaCl, the •OH(Fe/Cu)-treated 

seeds reached 50% germination earlier than both the control and the H2O2-treated seeds; •OH(Fe/Cu)-

treated seeds took around 16 h less than the control and 7 h less than the H2O2-treated seeds (Table 3.1). 

Except for the germination uniformity where the differences were close to each other among the groups, 

the gMAX, AUC, and MGT were significantly better in the •OH(Fe/Cu)-treated seeds (Figure 3.9M–P). 

Both the germination and the early seedling growth were accelerated by the •OH(Fe/Cu) treatment 

under salinity stress: opened and green cotyledon, longer radicles are clearly visible in the treated groups 

(Figure 3.10D).  

The 4PHF can be used to extract biologically relevant information using the surface area under 

each germination curve, which is expressed as AUC in a short form. As mentioned by Joosen et al. 

(Joosen et al., 2010), the AUC can be used to quantify the effect of any treatment under different stress 

conditions as an index of stress. As described in the methods section, by deducting the AUCs extracted 

from the solver for the control and ROS-treated groups (ΔAUC = ΔAUCROS − ΔAUCControl) under all 

four abiotic stress conditions, the SI was calculated. The data in Figure 3.11A, C, E, and G show clearly 

that •OH(Fe/Cu)-treated seeds had a larger ΔAUC. There was no difference in the AUCs of the •OH(Fe)- 
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and •OH(Cu)-treated seeds, even though the AUC of the •OH(Cu)-treated seeds was slightly larger than 

that of the •OH(Fe)-treated seeds (Figure 3.11E and G). SI for the •OH(Fe)-treated seeds was plotted 

against the original germination percentage under every stress and a significant correlation (r = 0.99) 

was found for each stress (Figure 3.11B, D, and F): chilling stress, r2 = 0.983; high temperature stress, 

r2 = 0.994; heat stress, r2 = 0.972; salinity stress, r2 = 0.981. The SI for the •OH(Cu)-treated seeds also 

showed a similar correlation with the germination percentage under every stress (data not shown).  

The •OH treatment also improves the performance of a crop plant: rice 

The promising effect of the •OH(Fe/Cu) treatment on performance in the model plant Arabidopsis 

seed directed my attention to its use on an important crop plant such as rice. The Fe-based •OH(Fe/Cu) 

treatment showed a similar effect on rice seeds under non-stressed conditions; it increased the 

germination rate as well as the speed of germination (Figure 3.12A). The time for 50% germination of 

the •OH(Fe/Cu)-treated seeds was significantly shorter than for the water control (Figure 3.12B). 

Furthermore, early growth, as determined by radicle length was significantly larger in the •OH(Fe/Cu)-

treated seeds than in the control seeds (Figure 3.12C).  

As a case study to investigate the effect of the •OH(Fe/Cu) treatment on rice seed germination 

under stressed conditions, I applied salinity stress (25–200 mM NaCl) to seeds germinated at 30°C. The 

results were similar to what I found in the Arabidopsis seeds; the •OH(Fe/Cu) treatment accelerated rice 

seed germination under salinity stress. From 25 to 200 mM NaCl, the •OH(Fe/Cu)-treated seeds 

performed better than the control in every case (Figure 3.13 and 3.14A). Furthermore, the effect at 

higher NaCl concentrations (100–200 mM) was more prominent; the seeds germinated faster according 

to the 48-h germination rate and the time to 50% germination (Figure 3.14A and B). In addition, similar 

to what I observed in the Arabidopsis seed germination, ΔAUC was also larger at 100 mM and 150 mM 

NaCl (Figure 3.14C).  

Under abiotic stress conditions, in both Arabidopsis and rice, the seeds in the control group could 

never reach a similar germination percentage to the treated group (Fig 3 A to D, 3.9; Figure 3.14). For 

example, in rice when the stress level was high (200 mM NaCl), the treated seeds reached over 95% 

germination, where the controls were below 70% at the 48th hour (Figure 3.14). Furthermore, by the 

time the control groups reached their full germination potential, the treated groups already started other 

growth and developmental stages such as hypocotyl and radicle growth, opening- and greening- in 

cotyledons (Figure 3.10).  

Discussion  

A cost-effective, non-laborious single seed treatment that improves germination, growth 

performance, and tolerance against multiple abiotic stresses, and could contribute to an increase in crop 

production, may provide an essential tool for the adaptation to the emerging/ongoing threat of global 
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climate change to agriculture. In this study, I demonstrated that a single seed (Arabidopsis and rice) 

treatment with H2O2 and a metal catalyst such as Fe or Cu, which quickly produces hydroxyl radicals 

(•OH) in the system, resulted in faster germination under both ambient and different abiotic stress 

conditions. It also improved the growth performance of young seedlings (root growth and lateral root 

numbers). In addition, interestingly, the treatment improved seed and seedling performance under 

abiotic stress conditions, including chilling, high temperature, heat, and salinity stresses. The positive 

effects of this treatment on rice seedlings indicate a potential use for this treatment in major crops.  

The •OH treatment accelerated germination speed (t50) in both Arabidopsis and rice seeds under 

ambient temperature (23°C and 30°C, respectively) (Figure 3.3A and 5A). The ΔAUC or germination 

speed index (GSI) significantly correlated (r2 > 0.9) with the germination percentage at different time 

points, indicating that the acceleration of germination was due primarily to the treatment effect of ROS 

and the metal catalyst in the treatment solution rather than random chance. This correlation fits with the 

study by El-Kassaby et al.(El-Kassaby et al., 2008), who used a similar approach to quantify the effect 

of cold stratification on seed germination and dormancy breaking using the term dormancy index (DI). 

The positive effect of the •OH treatment was further proved by washing the seeds after •OH(Fe)-

treatment, where the washed seeds [•OH(Fe)+W] also showed similar germination profile as the 

unwashed seeds (Figure 3.3A).  Furthermore, the speed of germination is a critical factor that provides 

a sensitive measurement of seed vigor (Hacisalihoglu et al., 1999). Thus, the shorter t50 and larger GSI 

determined in this study imply that the treatment increases seed vigor. This is consistent with several 

previously reported studies, where the exogenous application of •OH on seeds, directly via Fenton 

reagents (Muller et al., 2009b) and indirectly via nano-bubble water containing •OH (Liu et al., 2016), 

improved germination.  

In addition to the effect observed under ambient temperature conditions (at 23°C for Arabidopsis 

and at 30°C for rice), one of the most interesting findings of this study was the improvement of seed 

germination and early growth under different stress conditions. In Arabidopsis, the treatments with ROS 

(•OH and H2O2) showed superior performance to the controls under all stress conditions employed. The 

faster germination, larger AUC and SI, and accelerated seedling growth (longer hypocotyl and radical 

and early cotyledon-expansion and -greening) indicate that the treatment improves stress tolerance in 

germinating seeds and young seedlings. Although several previous studies have shown that pre-

soaking/treating seeds with H2O2 improves germination, growth performance, and stress tolerance by 

enhancing the performance of the antioxidative machinery, maintaining turgor pressure, inducing stress 

protein expression, and osmotic readjustment (Wahid et al., 2007; Liheng et al., 2009; Gondim et al., 

2010), there is, to my knowledge, no evidence that exogenous •OH treatment results in similar and in 

most cases superior improvements under abiotic stress. 

The effect also continued beyond the germination stage to the early radicle growth stage in both 

Arabidopsis and rice. The effect of the treatment at much later stages was shown by an increase in daily 
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root growth and in the number of lateral roots in Arabidopsis. Several reports have shown that 

exogenous application of •OH accelerates elongation growth in maize coleoptiles (Schopfer, 2001; 

Schopfer et al., 2002). These studies reported that the auxin-mediated ROS generation facilitates this 

extension growth. The final ROS that is generated by the action of auxin is •OH, which acts on the cell 

wall to breakdown polysaccharide crosslinking and loosens the tightness of the cell wall. Renew et al. 

also reported that the plasma membrane-bound NADPH oxidase (NOX) enzyme generates apoplastic 

superoxide radicals (O2
•−). O2

•− is a precursor of H2O2, and apoplastic metal catalysts (Fe/Cu) can easily 

convert H2O2 into •OH and then facilitate elongation growth similarly to the exogenous application (Fry, 

1998; Foreman et al., 2003). Exogenous application of H2O2 can also restore the formation of lateral 

roots in the mutants that do not produce lateral roots (Orman-Ligeza et al., 2016). Unlike previous 

studies, only the seeds were treated in this study, and no other treatment was applied to plants in later 

stages. Because ROS mediate signal transduction in plants (Mittler, 2006; Miller et al., 2009; Baxter et 

al., 2014; Mittler and Blumwald, 2015; Mittler, 2017), it is possible that the treatment with ROS (•OH 

and H2O2) might affect a signaling mechanism that the plants carry from the germination stage to later 

stages, such as lateral root formation. In addition, I cannot rule out the possibility that the accelerated 

seed germination and root growth might partially come from the seed coat and cell wall weakening by 

the action of exogenous •OH (Muller et al., 2009b).  

Moreover, apoplastic •OH is involved in the salt overly sensitive (SOS) signaling pathway for 

adaptive growth under salinity stress, where •OH is generated by plasma membrane-bound NOX 

(Laohavisit et al., 2013). Under salt stress, Na+ uptake increases the cytosolic Ca2+ level, which activates 

the membrane-bound NOX to convert O2
•− into •OH via H2O2 (Demidchik et al., 2010). As I discussed 

in the previous sections, •OH can facilitate germination (Muller et al., 2009b)  and elongation growth 

(Fry, 1998; Schopfer, 2001; Schopfer et al., 2002; Renew et al., 2005). Thus, it is possible that the seed 

treatment in this study using ROS (•OH via H2O2) triggered the SOS signaling and elongation growth 

mechanism to facilitate germination and early seedling growth under salt stress conditions in both 

Arabidopsis and rice.  

In plant cells, H2O2 can react with the cell wall, cell membrane, organellar membrane-bound, or 

cytosolic soluble metal ions and converts into •OH in a downstream reaction (Nagasaki-Takeuchi et al., 

2008; Pospisil, 2009; Schwarzlander and Finkemeier, 2013). Thus •OH may play an important, positive 

role that contrasts with its well-established damaging properties. Hence, exogenous application of •OH 

at an optimum concentration may provide a head start to the supply of •OH in seed germination and 

early seedling growth processes. Another possible explanation of the effect could be that the treatment 

provides a cue to seeds to advance their physiological state. This advanced physiological state allows 

the embryo to start developmental processes, such as germination, earlier than the controls, which might 

be similar to the priming effect. The same explanation may fit with the improved stress tolerance, with 

the embryo sensing the exogenous ROS as a stress and activating the stress tolerance machinery in 
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advance. A report showed that, during priming, the initial soaking agents can generate mild to moderate 

stress, which can enhance tolerance to abiotic stress by activating stress-responsive genes and proteins 

(Kubala et al., 2015). A seed proteomic study under chilling stress (See chapter 4) showed that the •OH-

treated seeds had increased abundance of dehydroascorbate reductase, ascorbate peroxidase, reduced 

glutathione, glutathione S-transferase, and other ROS-scavenging proteins. This indicates that similar 

to exogenous H2O2 treatment, •OH activates the ROS-scavenging system under stress conditions. 

However, further detailed studies are required to elucidate the mechanism. 

Decades of research showed that ROS works mostly in a dose-dependent manner; a high 

concentration of ROS can cause cell death or oxidative stress, low concentration can be cytostatic that 

can slow down growth and development. On the other hand, a balanced scale of ROS can work as a 

signaling molecule for growth, development, and stress (Mittler, 2006; Mittler, 2017). Although 

individual abiotic stresses differ significantly in their signaling and response systems, they share a 

number of common features in signaling pathways and resultant physiological responses via crosstalk. 

One such common component is ROS (Mastouri et al., 2010). This was further shown by the 

observations in this study that ROS treatment of seeds improved germination and early growth 

performance under chilling, high temperature, heat, and salinity stress, possibly via a common 

mechanism in which ROS plays a central role. I successfully developed a seed treatment method that is 

easy to apply and non-laborious involving an endogenous rather than a synthetic chemical, which 

improves seed and seedling performance under both ambient and stress conditions. The accelerated 

germination, larger roots, increased lateral roots, and enhanced stress tolerance enables plants to 

establish under various environmental conditions. This study opens up a new application and positive 

roles of •OH, which is well known as a dangerous byproduct of aerobic respiration. Further 

technological advancements in imaging, detecting, and tracking •OH inside plant cells will reveal how, 

when, and where •OH works under different conditions. In addition, a comprehensive molecular study 

to elucidate which genes and proteins are involved in the improved seed and seedling performance due 

to •OH treatment will provide a better understanding of the mechanisms to improve crop management. 

Finally, treatment at the seed stage will save farmers time, labor, and money, and with further field 

trials, this treatment could be a potential solution to improve crop performance in the face of upcoming 

unfavorable climate conditions.  
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Figures: Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Optimization of the treatment conditions for Arabidopsis seeds using different 

concentrations of the •OH(Fe)-solution and incubation period. The concentration of H2O2 was at 0, 

3, 6, or 25 mM with the fixed ratio of FeSO4
.
7H2O and H2O2, 1:200. Incubation/ incubation period is 

(A) 1 hour, (B) 4 hours, (C) 8 hours, and (D) 24 hours. The asterisk indicates a significant P < 0.05, 

Student’s t-test) difference between control and other treatments. 
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Figure 3.2. Optimization of the light conditions for Arabidopsis seed germination after the •OH(Fe)-

treatment for 8 hours. The concentration of H2O2 was at 6 mM with a ratio of FeSO4
.
7H2O and H2O2, 

1:200. (A) 16-hour photoperiod and (B) continuous dark. 
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Figure 3.3. Effect of the treatment on germination and early seedling growth of Arabidopsis at the 

ambient temperature (23ºC). (A) Germination rate at different time points, (B) time for 50% 

germination (t50) for all the seed groups, (C)  area under curve (AUCs) for all the seed groups at 48th 

hour, (D) germination speed index (GSI) and (E) correlation of germination speed index (GSI) generated 
by subtracting AUC for the control seeds from AUCs for the •OH(Fe/Cu), •OH(Fe)+W, and H2O2-

treated seeds and the germination percentage at different time points. The asterisk indicates a significant 

P < 0.05) difference between conditions obtained by the Student’s t-test. Letters (a–b) represent 

statistically different subsets (Tukey HSD, P < 0.05). 
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Figure 3.4. Germination curves of Arabidopsis seeds treated under various conditions. The curve 

graphs were generated using 4PHF formula from the Germinator package. Individual line/curve in each 

graph represents a duplication from an individual replicate (A) Control seeds (non-treated), (B) 

•OH(Fe)-treated seeds, (C) •OH(Cu)-treated seeds, and (D) H2O2-treated seeds.  
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Figure 3.5. Germination related characteristics of Arabidopsis seeds extracted from the 

Germinator package using 4PHF. (A) Maximum germination percentage (gMAX) after 48 hours, (B) 

uniformity of germination from 25% to 75% (U7525), and (C) mean germination time (MGT). Letters 

(a–b) represent statistically different subsets (Tukey HSD, P < 0.05). 
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Figure 3.6. Treatment effect beyond germination. (A) The differences between the control and the 

•OH(Fe)-treated groups in growth patterns in the early stage. (B) The differences between the control 

and the •OH(Fe)-treated groups in lateral roots on day 10. 
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Figure 3.7. Effect of the treatment on Arabidopsis seedling growth. (A) Daily root growth from day 
6 to day 9, (B) total root length after 9 days, and (C) the number of lateral roots per plant after 10 days. 

The asterisk indicates a significant P < 0.05) difference between conditions obtained by the Student’s 

t-test. 
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Figure 3.8. Germination and early growth performance in Arabidopsis under different abiotic 

stresses. Graphs show the seed germination rate, and the photographs show early seedling growth. (A) 

Chilling stress (11°C), (B) high-temperature stress (30°C), (C) heat stress (50°C, 1 h), and (D) salinity 
stress (150 mM NaCl). The asterisk indicates a significant (P < 0.05) difference between conditions 

obtained by the Student’s t-test. 
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Table 3.1. Comparison of the 50% germination time (t50) among four different stresses generated 

using 4PHF from the Germinator package (asterisk indicates the germination temperate 23ºC). Letters 

in the P < 0.05 columns indicate the significant differences from Tuckey’s HSD test. 

 

 

 

 

 

 

 

 

 

Table 3.2. Comparison of the 50% germination time (t50) of Arabidopsis seeds subjected to various 

treatments under salinity stress conditions, 120 and 150 mM NaCl generated using 4PHF from the 

Germinator package. Letters in the P < 0.05 columns indicate the significant differences from Tuckey’s 

HSD test. 
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Figure 3.9. Germination related characteristics (maximum germination, gMAX; uniformity from 

25% to 75% germination, U7525; mean germination time, MGT) of Arabidopsis seeds extracted from the 

germinator package using 4PHF. (A-D) Chilling stress (11ºC), (E-H) High temperature (30ºC), (I-L) 

Heat stress (50ºC for 1 hour), and (M-P) salinity stress (150 mM NaCl).  
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Figure 3.10. Visual differences between the control and the •OH(Fe)-treated groups under 

different abiotic stresses. (A) Chilling stress (11°C) for 144 hours, (B) high-temperature stress (30°C) 

for 36 hours, (C) heat stress (50°C, 1 hour) then returned to ambient conditions for 72 hours, and (D) 

salinity stress (150 mM NaCl) for 120 hours. 
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Figure 3.11. Seed germination indices (ΔAUC and SI for Arabidopsis seeds germinated under 

abiotic stresses.) ΔAUC and SI were calculated at different time points, as described in the text. (A and 

B) Chilling stress (11°C), (C and D) High-temperature stress (30°C), (E and F) heat stress (50°C, 1 
hour), and (G and H) salinity stress (150 mM NaCl). The asterisk indicates a significant P < 0.05) 

difference between •OH(Fe/Cu) and H2O2 obtained by the Student’s t-test. 
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Figure 3.12. Effect of the •OH(Fe)-treatment in rice seeds. (A) Germination, (B) time for 50% 

germination t50, and (C) radicle growth at 48th hours.  The asterisk indicates a significant P < 0.05, 
Student’s t-test) difference between control and other treatments. 
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Figure 3.13. Effect of the •OH(Fe)-treatment in rice seeds under 25 mM and 50 mM NaCl stress 

germinated at 30ºC. The asterisk indicates a significant P < 0.05, Student’s t-test) difference between 

control and other treatments. 
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Figure 3.14. Improvement of salinity stress tolerance by the •OH(Fe)-treatment in rice. (A) 

Germination rate at different NaCl concentrations, (B) time to reach 50% germination t50, and (C) SI 

at different time points under different NaCl concentrations. The asterisk indicates a significant P < 
0.05) difference between conditions obtained by the Student’s t-test. Seeds were incubated with 100 

mM (S100), 150 mM (S150), and 200 mM (S200) NaCl.  
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Chapter 4 

A proteomic study of hydroxyl radical (•OH) treated Arabidopsis seeds under chilling stress 

Summary 

Reactive oxygen species (ROS) play an essential role in plant growth, development, and stress 

response. Hydroxyl radical (•OH) is one of the short-lived ROS and is well known for its destructive 

properties. However, new evidence is emerging on the positive role of •OH in growth and development. 

In Chapter 3, I showed the positive effects of •OH under a wide range of abiotic stresses. In this Chapter, 

to determine molecular mechanisms, I conducted a large-scale proteomic study of germinating seeds 

pretreated with •OH under chilling stress. A large number of proteins showed differences when 

compared to water and/or H2O2 treated seeds. I found that 116 proteins were exclusively up-

accumulated under chilling stress in •OH treated seeds. GO analysis showed that proteins that were 

exclusively accumulated in •OH treated group were mostly antioxidation-related (such as glutathione 

reductase1/GR1, dehydroascorbate reductase/DHAR, and ascorbate peroxidase/APX), chaperones 

(such as heat-shock protein60/HSP60, chaperonin 60 subunit beta1/CPN60B1/LEN1, and 

Calreticulin/CRT), late embryogenesis related (LEA) proteins, proteins involved stress response, toxin 

catabolism, and embryo development. This proteomic study sheds light on the potential positive roles 

of •OH that may improve chilling stress tolerance in germinating seeds and seedlings.   
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Introduction 

ROS are the byproducts of aerobic respiration in living organisms and consist of several members 

such as singlet oxygen (1O2), superoxide (O2
−), hydrogen peroxide (H2O2), and the hydroxyl radical 

(•OH).  Among all the ROS, H2O2 has the longest lifetime and can permeate through biological 

membranes and received vast experimental attention. ROS are well-established regulators of plant 

growth, development and play a role as signaling molecules in stressful environments (Bethke and Jones, 

2001; Kobayashi et al., 2007; Queval et al., 2007; Miller et al., 2009; Kimura et al., 2012). Decades of 

studies showed that H2O2 is involved in cell signaling, stress resistance, environmental response, and 

cell death (Balazadeh et al., 2011; Li et al., 2011). For example, H2O2 pretreatment increased salt 

tolerance in wheat (Wahid et al., 2007) and chilling tolerance in tomato (İşeri et al., 2013). On the other 

hand, with the shortest lifetime of approximately 10-9 s and the ability to react and damage anything in 

its vicinity, •OH got the least attention and marked as the most destructive of all the ROS. However, 

studies showed that •OH also plays different positive roles in stress signaling (Laohavisit et al., 2013), 

germination and plant growth (Schopfer et al., 2002; Muller et al., 2009a), and cell death (Demidchik 

et al., 2010). Furthermore, most of the studies using H2O2 exogenously hardly consider the possibility 

of the conversion of H2O2 into •OH inside the cell by bivalent metal catalysts. Therefore, more studies 

require to look beyond the effect of H2O2 in ROS treatment studies to enhance the understanding of 

ROS actions in the plant cell.  

In Chapter 3, I demonstrated the physiological evidence of the positive effect of the exogenous 

application of •OH in Arabidopsis and rice. I showed that the exogenous application of •OH could 

accelerate germination, early seedling growth under optimum and suboptimum conditions such as 

chilling, high temperature, heat stress, and salinity stress. In this Chapter, I took the opportunity of the 

analytical power of mass spectrometry-based proteomics to find out the possible mechanism of how the 

exogenous •OH increased seed germination and early growth under chilling stress.  

Materials and methods 

Seed treatment solutions 

The •OH was generated based on Fenton and Haber-Weiss reaction (see the formula below) using 

6 mM H2O2 and FeSO4
.
7H2O in a 200:1 ratio. To keep the Fenton and Haber-Weiss reaction stable, pH 

of the solution was adjusted to 4.9 using 0.1 M sodium citrate buffer. Six mM H2O2 and water without 

any metal catalysts were used as controls to compare against the •OH.  

H2O2 + Fe (II) → Fe (III) + •OH + OH− 
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Seed materials and stress conditions 

Surface sterilized Arabidopsis thaliana ecotype Columbia-0 (Col-0) seeds (25 mg) were treated 

using the solutions mentioned above. The seeds were incubated for 8 hours, according to the optimum 

incubation period (Chapter 3). After treatment, seeds were placed on 0.8% agar (Wako, Japan) medium 

with a  modified Hoagland solution (Uemura et al., 1995) and transferred to 11⁰C. Seed samples were 

collected every 24 hours for four days. Another batch of seed sample was collected after seven days of 

cold exposure. After collection, seeds were frozen in liquid nitrogen and proceed to seed protein 

extraction or stored at -80⁰C for future use. The sample groups were named as follows:  

 

Cold treatment duration Water treated   •OH treated H2O2 treated 

After 8h incubation, no cold exposure  C_0h •OH_0h H2O2_0h 

24 h cold exposure C_24h •OH_24h H2O2_24h 

48 h cold exposure  C_48h •OH_48h H2O2_48h 

72 h cold exposure C_72h •OH_72h H2O2_72h 

96 h cold exposure C_96h •OH_96h H2O2_96h 

7 days cold exposure C_7d •OH_7d H2O2_7d 

 

Protein extraction and storage protein depletion 

Frozen seeds from each sample group were ground into a fine powder using chilled mortar and 

pastel. The thawed powder was homogenized using 0.8 ml of extraction buffer containing 500 mM 

sorbitol, 50 mM 3-(n-morpholino) propane sulfonic acid-potassium hydroxide (MOPS-KOH) (pH 7.6), 

5.0 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA) (pH 8.0), 5.0 

ethylenediaminetetraacetic acid (EDTA) (pH 8.0), 2.0 mM phenylmethylsulfonyl fluoride (PMSF), 4.0 

mM salicylhydroxamic acid (SHAM), 2.5 mM dithiothreitol (DTT) and 1x protease inhibitor cocktail 

(Sigma-Aldrich P9599). After the homogenate was transferred to an 1.0 ml centrifuge tube, protein was 

extracted using 15 min vigorous shaking followed by centrifugation at 15000 x g for 10 min at 4⁰C. The 

supernatant was collected into a clean tube for storage protein depletion. The storage protein depletion 

was carried out using the method described by Krishnan et al., with a few modifications (Krishnan et 

al., 2009).  Storage proteins were depleted by adding 10 mM CaCl2 into the supernatant and vigorous 

shacking at 4⁰C for 10 min. The tubes were centrifuged at 15000 x g for 10 min, and the supernatant 

was collected as the storage protein depleted sample. Protein concentration was measured using 

Bradford (Bio-Rad, Hercules, CA, United States) assay (Bradford, 1976). 
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Sample preparation for nano-LC-MS/MS analysis 

In-solution protein digestion 

Ten micrograms of protein were resuspended in 6 M Tris-UTU buffer (100 mM tris aminomethane, 

6 M urea, 2 M thiourea, pH 8.5) where the final concentration of the UTU was below 2 M. The diluted 

protein was reduced at room temperature for 30 min in 10 mM reduction buffer (10 mM DTT in 50 mM 

ammonium bicarbonate (ABC) buffer). Reduced proteins were alkylated in the dark at room 

temperature for 20 min in 50 mM iodoacetamide (IAA) alkylation buffer (50 mM IAA in 50 mM ABC 

buffer). The reduced-alkylated proteins were pre-digested using lysyl endopeptidase in an enzyme to 

protein ratio of 1:100 (w/w) and incubate for 3 h at room temperature in the dark. The pre-digested 

samples were digested again using modified sequencing grade trypsin at a 1:150 (w/w) enzyme to 

protein ratio and incubated overnight at room temperature. The trypsin digestion was stopped by adding 

trifluoroacetic acid (TFA) to a final concentration of 0.2 to 0.5 % (v/v) to bring pH ≤ 3.0 using a 10% 

TFA stock solution. Any insoluble debris from the trypsin digest was removed by centrifugation at 

15000 x g for 2 min at room temperature. The digested peptide samples were cleaned and desalted using 

SPE C-TIP (AMR, Tokyo, Japan), and the final volume was adjusted to 15 µl.  

Nano-LC-MS/MS analysis of the seed protein  

Digested peptide solutions were subjected to nano-LC-MS/MS analysis. Peptide solutions were 

trapped and concentrated in a trap column (L-column Micro 0.3 x 5 mm; CERI, Japan) using an 

ADVANCE UHPLC system (MICHROM Bioresources, Auburn, CA, USA). After elution from the 

trap column with 0.1% (v/v) formic acid in acetonitrile, concentrated peptides were separated with a 

Magic C18 AQ nano column (0.1 x 150 mm; MICHROM Bioresources) using a linear gradient of 

acetonitrile (from 5% [v/v] to 45% [v/v]) at a flow rate of 500 nL/min. The ionization of peptides was 

performed at a spray voltage of 1.6 kV using an ADVANCE spray source (AMR, Tokyo, Japan). Mass 

analysis was performed using an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA, USA) equipped with Xcalibur software (version 2.0.7, Thermo Fisher Scientific). Under 

the data-dependent scanning mode, full scan mass spectra were obtained in the range of 400 to 1800 

m/z with a resolution of 60,000. Collision-induced fragmentation was applied to the ten most intense 

ions at a threshold above 500. 

Protein identification and quantification 

Progenesis QI for proteomics (Nonlinear Dynamics, New Castle, UK) software was used for semi-

quantitative analysis of the seed protein sample from all the conditions. Thermo raw files were used in 

the software according to the manufacturer's instructions. The peak list was generated as mascot generic 

format (mgf) and searched to identify proteins using the MASCOT search engine (ver. 2.6., Matrix 

Science, London, UK) against the Arabidopsis protein database araport11 (Cheng et al., 2017). Two 
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missed cleavages were allowed. Fixed and variable modifications were set as carbamidomethylation of 

cysteines and oxidation of methionine, respectively. Peptide mass tolerance was 5 ppm, MS/MS 

tolerance was 0.6 Da, and peptide charges were set to +2, +3, and +4. Mascot decoy database was used 

for false discovery rate (FDR), and proteins with 5% FDR were extracted for final integration to the 

Progenesis QI for proteomics software. Proteins with at least two peptides were selected as a confident 

identification.  

Bioinformatics and statistics  

The abundance for any given protein was compared between the water-treated (C) and hydroxyl 

radical (•OH) or hydrogen peroxide (H2O2) treated seeds at each time point. A significant change in 

abundance (increase or decrease) was considered if the P-value was ≤ 0.05 from a two-sample Student's 

t-test. Proteins significantly up- or down-accumulated (P ≤ 0.05) at least in two replicates at any time 

point were selected for further bioinformatics analysis. Statistical analysis was carried out in the R 

programming language platform and Microsoft excel.  

MapMan 4 was used for the functional annotation and classification of the identified proteins 

(Schwacke et al., 2019). Gene ontology of biological processes (GOBP) analysis was carried out using 

DAVID: BP_Direct (v6.8: https://david.ncifcrf.gov/) (Huang da et al., 2009; Huang et al., 2009). The 

GOBP was reduced and visualized using the REViGO online platform (http://revigo.irb.hr/) (Supek et 

al., 2011). The protein-protein interaction network was created using the string-db online platform 

(https://string-preview.org/). A high confidence interaction score ≥ 7.0 was used for plotting the protein-

protein protein interaction. 

Results and discussions  

Overview of the proteomic data 

The storage protein depletion method used in this study reduced the number of storage proteins 

from the selected protein set. A total of 818 proteins were identified from the storage protein depleted 

samples, where less than ten were from different storage protein members (Table S4.1). Therefore, 

similar to other cereal crop seeds, CaCl2 can also be used as a potential storage protein removing agent 

from Arabidopsis seeds.  

The changes in protein abundance profile under cold stress from different treatment conditions 

were compared using principal component analysis (PCA) (Figure 4.1A). The PCA analysis showed 

that all the biological replicates clustered close to each other while each condition is separated from 

each other. Interestingly, there was a clear time-dependent shift in protein abundance, which seems to 

be resulting from the duration of cold exposure. Seed proteins under optimum temperature (C_/•OH_ 

/H2O2_0h) stayed close to each other. Seeds exposed to cold for 24 h and 48 h (C_/•OH_ /H2O2_24h 

and C_/•OH _/H2O2_48h) showed a small shift in protein abundance from the optimum condition. On 
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the other hand, with the extended cold exposure such as 72 h and 96 h, protein abundance shifted further 

away from the 24 h and 48 h clusters. More interestingly, in 72 h and 96 h clusters, •OH treated seeds 

showed a clear separation from the water treated and H2O2 treated seeds. It can be hypothesized that 

the •OH treatment affected the seeds differently than the water and H2O2 treatment. Seven days old 

germinating seeds are further ahead in their growth and developmental stage. Therefore, the protein 

abundance profile from 7 days of cold exposure was analyzed separately from the early cold exposed 

seeds. The PCA analysis showed that both •OH and H2O2 treated seeds cluster close to each other and 

further away from the water treated seeds (Figure 4.1B).  

Differential protein abundance profile  

The difference in these different treatments became clear when statistically significant 

differentially abundant proteins were compared (Figure 4.2). Of these, 140 and 124 proteins showed 

increased abundance in •OH, and H2O2 treated seeds under cold stress, respectively, with only 53 

proteins shared between these two sets (Figure 4.2A; Table S4.1). Similarly, 88 and 38 protein 

abundance were found to be decreased under cold stress in •OH and H2O2 treatment groups, respectively, 

with only 12 shared protein (Figure 4.2B; Table S4.1).A small number of differentially expressed 

proteins that were shared between •OH and H2O2 indicate that they have specific target proteins, and 

the mode of action of these two ROS might be different from each other to some extent. Interestingly, 

the protein abundance profile was different in long cold exposure, where a smaller number of protein 

significantly increased in •OH treated group (64 protein increased) than the H2O2 treated group (106 

protein increased) and sharing only 39 proteins between these two groups (Figure 4.2C; Table S4.1).  

To further identify which protein abundance increased exclusively in response to •OH under cold 

stress, proteins from •OH treated seeds were also compared with the H2O2 treatment group, and 49 

proteins increased significantly. Altogether, exclusively •OH responsive 116 proteins from •OH vs. 

water treatment (C) and •OH vs. H2O2 treatment were further analyzed to understand deeper biological 

processes associated with •OH treatment of seeds.  

Functional analysis of tentative •OH target proteins under cold stress 

Exclusively up-accumulated 116 proteins in •OH treated group were subjected to gene ontology 

analysis to examine potential biological processes (GOBP) that might be involved in the stress tolerance 

under cold, reported in Chapter 3 (Figure 4.3). The gene ontology revealed interesting biological 

processes that may be influenced by the •OH treatment and help to maintain growth and increase stress 

tolerance under cold. The most notable biological processes that were enriched in •OH treated seeds 

are, for example, proteins involved in different abiotic stress response, proteins that contribute to the 

redox homeostasis, oxidation-reduction process, glutathione metabolic process, toxin catabolic process, 

protein folding/re-folding, gametophyte development, and embryo development ending seed dormancy 
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(Figure 4.3, Table S4.1). Besides, predicted protein-protein interaction analysis of these 116 proteins 

produced many connected clusters (Figure 4.4), suggesting that some orchestrated responses are 

induced in the germinating seedling in response to •OH.  

•OH treatment increased proteins related to ROS/redox homeostasis  

In this study, •OH treatment increased the abundance of proteins related to the ROS scavenging 

system and redox homeostasis under cold stress in germinating seeds (Table S4.1). Redox homeostasis 

related proteins such as ascorbate peroxidase 1 (APX1), copper/zinc superoxide dismutase 1 and 2 

(CSD1, CSD2), glutathione reductase (GR1), NADPH-dependent thioredoxin reductase 2 (NTR2), and 

NAD(P)-linked oxidoreductase superfamily protein (LGALDH) were exclusively up-accumulated in 

•OH treated group. Another two ROS scavengers, such as glutathione s-transferase dehydroascorbate 

reductase 1 and 3 (GST-DHAR 1, GST-DHAR 3), were up-accumulated in both •OH and H2O2 treated 

group. These findings indicate that the ROS treatment, especially •OH, activated the antioxidant 

machinery in the treated seeds. It can be hypothesized that the activated antioxidants played a crucial 

role by protecting against the chilling induced oxidative stress in the germinating seeds. Almost all 

abiotic stresses are accompanied by oxidative stress due to ROS accumulation in the cell (Demidchik, 

2015). Individual or combined or synergistic stress and stress duration can be more severe to plants due 

to excessive ROS (Prasad et al., 2005; Zhao et al., 2009; Gill and Tuteja, 2010b; Zhang et al., 2012). 

Excessive ROS over the basal level in the cell damages lipids, carbohydrates, DNA, and proteins, 

ultimately damages the cell membrane and causes cell death (Gill and Tuteja, 2010b; Mittler, 2017). 

Therefore, regardless of any individual or multiple abiotic stresses or stress duration, controlling cellular 

ROS/Redox to a basal level is one of the major keys to enhance abiotic stress tolerance in plants 

(Savvides et al., 2016). Studies showed that plants pretreated or primed with different chemicals such 

as H2O2, sodium nitroprusside (SNP), melatonin (Mel), and polyamines had a lower ROS (H2O2) in the 

system and enhanced tolerance against different abiotic stresses (Uchida et al., 2002; Wahid et al., 2007; 

Farooq et al., 2009b; Savvides et al., 2016). The stress tolerance or reduction in the oxidative damage 

in those above mentions studies was either by the activated antioxidant action or by direct scavenging 

of ROS by the chemical agents themselves. Unlike all the previous studies, in this study, •OH, which is 

well known for its damaging capacities, was used for treating the seeds and observed increased 

antioxidative enzyme activities. These findings suggest that the •OH, similar to most studied priming 

or treating agent (e.g., H2O2), also plays important positive roles in improving stress tolerance, such as 

chilling in this study.  

Furthermore, the glutathione (GSH) metabolic and biosynthesis process was also enriched in the 

•OH treated group. This enriched GSH indicates that, along with the members of the antioxidant 

machinery mentioned earlier, nonenzymatic GSH might be playing a major regulatory role in increasing 

tolerance to chilling and chilling induced oxidative stress in the germinating seedling. In this study, 
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several members of glutathione S-transferase (GST) family proteins were increased in •OH treated 

group (Figure 4.3). GSH is one of the potent nonenzymatic antioxidants that is involved in multiple 

metabolic processes such as protection of oxidative denaturation of proteins under stress conditions, 

protection of biomembrane, removal of toxins/toxic byproducts from the cell, and also one of the 

substrates of GST (Hasanuzzaman et al., 2017). Glutathione can also act as a redox sensor and directly 

participates in the ROS scavenging and improve resistance against oxidative stress (Mahmood et al., 

2010). The GSH and its antioxidant properties against abiotic stress tolerance are well established, but 

the molecular mechanism of its stress defense is still not well understood. The glutathione homeostasis 

or the ratio of reduced and oxidized glutathione (GSH/GSSG) and its redox status plays a significant 

role in growth, development, and stress signaling in plants (May et al., 1998; Noctor and Foyer, 1998; 

Hasanuzzaman et al., 2017). Interestingly, GR1, which was increased in •OH treated group under cold 

stress (Table S4.1), maintains the balanced status of GSH/GSSG in the cell along with glutathione 

peroxidase (GPX). Therefore, the increase in the GSH and GSH related proteins under chilling stress 

shows a clear connection between •OH treatment and stress tolerance in germinating seeds. Therefore, 

GSH metabolism may be directly connected to the chilling tolerance increase by •OH in germinating 

seeds. 

Chaperons and other stress-responsive proteins  

Severe abiotic stress conditions lead to protein denaturation, dysfunction, and aggregation, 

ultimately affecting plant growth development and survival (Singh et al., 2019). Therefore, maintaining 

protein homeostasis by preventing protein degradation or removing dysfunctional proteins is one of the 

critical stress tolerance mechanisms that plants have evolved (Singh et al., 2019).  Molecular chaperones, 

containing some heat shock proteins (HSPs), play an essential role in maintaining protein integrity by 

preventing degradation, folding of misfolded proteins, disaggregation of aggregated proteins folding-

refolding of naïve proteins (Singh et al., 2019). In this study, several members of chaperone proteins 

increased their abundance only in •OH treated group, such as chaperonin 60 beta (CPN60B1 or LEN1), 

chaperonin 60 subunit beta 2 (CPN60B2), chaperonin 10 (CPN10), and heat shock protein 60-3A 

(HSP60-3A) (Table S 4.1). Two other chaperone proteins outside major HSPs were also found only in 

the •OH treated group, such as calreticulin 1a and 1b (CRT1a, CRT1b) (Table S 4.1). Chaperonin, for 

example, CPN60 were reported to be involved in different abiotic stress and development. These 

proteins play an essential role in the folding of many chloroplast proteins such as Rubisco (Boston et 

al., 1996). Transgenic Nicotiana containing an antisense CPNB resulted in abnormal phenotypes 

showing stunted growth, leaf chlorosis, and flowering delay (Zabaleta et al., 1994). Arabidopsis cpn60 

mutants failed to develop chloroplast and embryo, and ultimately failed to establish seedlings (Apuya 

et al., 2001). The deletion of LEN1 leads to cell death in Arabidopsis (Ishikawa et al., 2003). Apart 

from classical chaperones, two members of late embryogenesis abundant (LEA) protein were also found 
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to be increased in •OH treated group under chilling stress (Table S 4.1). LEA proteins function in growth 

and development and abiotic stress tolerance (Chen et al., 2019). Studies also showed that disordered 

LEA could also act as molecular chaperones (Kovacs et al., 2008); for example, LEA protein prevents 

protein aggregation under water stress (Goyal et al., 2005), play a role in protein stabilization under 

desiccation stress and involved in desiccation tolerance (Chakrabortee et al., 2007). Increased 

accumulation of these chaperone proteins in this study might be preventing the protein degradation or 

denaturation under chilling stress and oxidative stress from the exogenously applied •OH itself.  

A larger number of proteins increased in response to •OH are involved in different abiotic stress 

responses, including cold. The increase of these stress response proteins by •OH treatment could 

indicate a direct activation of the stress tolerance mechanism in the seeds and seedlings, working along 

with the induced antioxidant machinery. Any abiotic stress also produces different toxic substances in 

the cell as a byproduct of different metabolic pathways (Zhu, 2016). One of the biological processes 

that enriched in response to •OH treatment is the "toxin catabolic process" involved in removing or 

destroying toxic substances from the cell (Figure 4.3, Table S4.1). The increase in the proteins involved 

in toxic catabolism indicates that •OH treatment of the seeds reduces or mitigates cellular toxicity. 

However, further detailed studies are required to know what molecular mechanisms are involved in 

these positive effects of •OH treatment despite being well known notorious ROS.  

This proteomic study of ROS treatment, especially •OH treatment, mediated chilling stress 

tolerance is one of the first steps towards understanding and establishing positive roles •OH in plant 

system. It is tempting to say that the exogenous application of •OH may provide mild oxidative stress 

that alerts the germinating embryo to activate different stress tolerance and protective mechanisms. The 

activation of antioxidative machinery may reduce the generation of H2O2 and other ROS, which, in 

return, might be preventing the more deleterious effect of •OH.  
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Figures: Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Quantitative analysis of the proteomic data identified in this study. (A) PCA analysis 

showing the distribution pattern of the seed proteins from different treatment groups over the cold 

exposure duration. The elliptic circles are showing the clusters of specific time points. The proteins 
from 72 h and 96 h cold exposed samples moved further away from the proteins from shorter-treated or 

non-stressed samples. (B) The PCA analysis of the seven days cold exposed seed proteins. It shows that 

proteins from both •OH and H2O2 treated samples cluster close to each other but further away from 

water control.   
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Figure 4.2: Responses of seed proteins to •OH and H2O2 treatment. (A-B). Protein abundance 

changes within 96 hours of cold exposure. (A) The up-accumulated proteins in the •OH and H2O2 

treated group show that only 53 proteins are shared between these two ROS treated groups. (B) The 
number of down-accumulated proteins was higher in the •OH treated group than in the H2O2 treated 

group. (C) The comparison of the •OH and H2O2 treated groups after seven days of cold exposure. 

The number of significantly accumulated proteins were lower in the •OH treated group than in the 

H2O2 treated group  
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Figure 4.3: GO analysis of the uniquely up-accumulated proteins in the •OH treated group after 

cold exposure. GO terms were evaluated by the DAVID program and visualized with REViGO. Each 

circle color and size show the P-value and frequency (%), respectively  
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Figure 4.4: Protein-protein interaction network (PIN) of the uniquely up-accumulated proteins 

in the •OH treated group. The PIN was generated using the String online platform; only the highly 

confident interactions are mapped here. The colored circles show proteins with similar functions 

interacting and clustering close to each other.  
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Supplementary information 

Supporting table 

Table S4.1: Proteins identified in the seed proteomic study using LC-MS/MS analysis. The files 

are output from the Progenesis data analysis software. (A) All the proteins identified in seed samples. 

(B) Proteins with at least two unique peptides used for further downstream analysis. (C) Exclusively 

up-accumulated proteins in •OH treatment group.  
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Chapter 5 

General Discussion 

In the last couple of decades, global warming has driven world climate change to a more extreme 

and devastating state than in the 19th century or prior centuries—the effect of this unprecedented climate 

disaster threatening the global food and ecosystem security now more than ever. Recent research and 

climate modeling show that the world will face a significant threat to feed the ever-growing population 

in the upcoming future. Therefore, it is an utmost demand to improve crop and plant performance and 

production against the emerging and upcoming abiotic stresses. Surprisingly, plants have survived and 

evolved through several major climate change events for a half a billion years since its emergence from 

the aquatic habitats to land. Therefore, plants themselves possess all the clues on how to improve in the 

fast-changing climates than they ever experienced. How plants percept and understand the changes in 

their surrounding environment and prepare themselves to survive holds a primary key for scientists to 

accelerate the development of practical methods to improve plant performance against abiotic stresses. 

However, despite decades of research and attempt to develop resistant crop and plant varieties, progress 

is still slow because of the lack of understanding and gaps in knowledge of abiotic stress perception and 

response mechanisms in plants. Therefore, the main objectives of my thesis were to understand how 

plants sense cold stress (Chapter 2) and develop a practical method to improve abiotic stress resistance 

in the model plant Arabidopsis thaliana and rice (Chapter 3 and 4). 

In Chapter 2, I worked on understanding the early cold response events in the model plant 

Arabidopsis thaliana. In this chapter, I mainly focused on temporal protein phosphorylation events in 

the microsomal membrane fraction (MMF). Plant PM is the outermost living part of the cell, which, 

combined with the cell wall and extracellular space, forms the first checkpoint to sense, generate, and 

transfer external signals to the nucleus; it also serves as the controlled gate from solute transport inside 

the cell (Chen and Weckwerth, 2020). Further, protein phosphorylation is one of the most common and 

crucial PTMs (Pawson and Scott, 1997). Approximately one-third of proteins can be phosphorylated 

(Hubbard and Cohen, 1993), and according to the “PTM viewer” database, nearly 76% (last updated on 

October 2020) of the reported plant proteins contain phosphorylation sites (Willems et al., 2019). 

Reversible protein phosphorylation-dephosphorylation is involved in a wide range of cellular processes, 

transmembrane signaling, structural and functional protein modification, modulation of protein activity 

and localization (Jorgensen and Linding, 2008; Batalha et al., 2012). Plant proteins go through cascades 

of protein phosphorylation and form complex signaling pathways that regulate essential biological 

processes, including external environmental response (Mishra et al., 2006; Li et al., 2015; Chen and 

Weckwerth, 2020). Therefore, studying membrane protein phosphorylation events and identifying 

protein kinases and their phosphorylated targets under a brief period of cold exposure will provide 
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insights into early cold signaling events. Furthermore, to my knowledge, before this study, there was 

no large-scale analysis of membrane phosphoproteomics focusing on the early cold response in plants.  

To understand phosphoregulation in the earliest cold response within minute windows (5 min to 

60 min), I performed a large-scale mass spectrometry-based phosphoproteomic analysis of the 

Arabidopsis microsomal membrane proteins. I detected nearly 1900 phosphosites from over 850 

proteins, where around 1000 phosphosites showed temporal phosphorylation in response to cold (Table 

S2.1). The PCA analysis (Figure 2.1B) showed close clustering of replicates by conditions and time; 

the frequency distribution of phosphorylated residues (S, 85%, T, 12%, and Y, 2%) showed similarity 

with previously reported distribution from different plant phosphoproteomics study (Nakagami et al., 

2010; Umezawa et al., 2013; Wu et al., 2017; Hsu et al., 2018; Haj Ahmad et al., 2019; Ishikawa et al., 

2019a; Ishikawa et al., 2019b). Further, studies showed that the protein abundance does not change 

within a time frame of minutes after stress/treatment exposure; instead, the changes I observe in the 

protein intensity come from the phosphorylation status change (Stecker et al., 2014; Wu et al., 2014; 

Haj Ahmad et al., 2019). For further confirmation, I also analyzed the protein abundance using the same 

protein samples collected within 60 min of cold exposure and did not find any statistically significant 

change in protein abundance (Table S2.2). Therefore, it is reasonable to say that the differential changes 

in the phosphopeptides in my study are due to the cold-responsive change in protein phosphorylation 

rather than de novo protein synthesis. These results ensure the validity of the phosphoproteomic data 

used to study early cold response in Arabidopsis.  

From the in-depth analysis of the phosphoproteomic data, I revealed that the plant response to a 

brief drop in temperature is a rather complicated process. Phosphorylation of ion channel or transporter 

proteins for Ca2+ (OSCAs, ACAs), K+ (POTs), and Na+/K+ (NHXs), which are involved in maintaining 

ionic homeostasis inside the cell, indicated that plant cell tries to maintain its ionic balance in a steady-

state under cold. Ca2+ is established as signaling molecules in signal transduction pathways involved in 

abiotic stress response, including cold (Knight et al., 1996b; Knight and Knight, 2000; Marti et al., 

2013; Yuan et al., 2018; Hiraki et al., 2019). Even though before this study, there is no large scale 

phosphoproteomic study showing phosphorylation in the Ca2+ channels and other components of Ca2+ 

mediated signal transduction pathway in early cold response, a few studies showed that change in Ca2+ 

signature is one of the earliest response events under cold stress (Knight et al., 1996b; Knight and Knight, 

2000; Marti et al., 2013; Yuan et al., 2018; Hiraki et al., 2019). Furthermore, the increase in Ca2+ influx 

into the cytoplasm in response to cold can create signals that get sensed and interpreted by Ca2+ 

/CaM/CBL proteins (Luan, 2009; Mao et al., 2016). Ca2+ can also recruit or activate signaling 

components such as RLKs, CDPK/CaMKs, MAPKs, and ROS in response to cold stress or under cold 

acclimation (Zeng et al., 2015). In the present study, I also found that a large number of proteins are 

connected to Ca2+ or Ca2+ related signaling pathways, indicating that the Ca2+ signature and all the other 

Ca2+ signaling components respond to a very early stage of cold exposure (Tables 2.1, S2.1).  
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My data also indicated that plant kinome gets perturbed by cold exposure and kinases such as 

RLKs, MAPKs, CDPKs/ CaMKs/, CKs, and GSKs are an active part of the cold sensing and signaling. 

The kinase motif analysis (Figure 2.7), kinase-substrate network (Figure 2.8, Table S2.3), clearly 

showed that a large number of kinases and their substrates were phosphorylated under brief cold 

exposure. Recent phosphoproteomic studies of cold stress in plants also showed that under cold 

acclimation or longer exposure (days to weeks), similar kinds of kinases were phosphorylated (Gao et 

al., 2017; Pi et al., 2017; Hsu et al., 2018; Liu et al., 2019). Furthermore, several components of the 

canonical cold-responsive MAP kinase pathway (Teige et al., 2004; Furuya et al., 2013), such as MKK2, 

MAPK6, and other MAP kinases such as MAPK8, MAPK16 were also phosphorylated within 60 min 

of cold exposure (Tables 2.1, S2.1 and (Miki, 2015)). It clearly indicates that the MAPK pathway gets 

activated within a very short time after cold sensing by plants, even before the cold acclimation or 

stress-related physiological or molecular changes start to initiate in the plant cell. Not only just Ca2+ and 

kinase-related signaling components get phosphorylated in response to the early cold, but also 

components of phosphoinositide, ABA, auxin, BR, and ROS mediated signaling pathways were also 

found to be involve in the early cold response (Tables 2.1, S2.1). Similar to this study, these were also 

phosphorylated under cold acclimation or cold-stress response in other plants (Gao et al., 2017; Pi et 

al., 2017; Hsu et al., 2018; Liu et al., 2019). 

Proteins involved in intracellular trafficking/vesicle trafficking were found to be phosphorylated 

in response to the early cold exposure. Several phosphorylated cytoskeleton-related myosin-binding 

(MyoB) and myosin-like proteins were found in this study (Tables 2.1, S2.1A). Myosin-like proteins 

also increased under cold stress in rice and perennial grasses (Yan et al., 2006; Xuan et al., 2013). 

However, before this study, no report showed the phosphorylation in MyoB or Myosin-like proteins in 

response to early cold exposure. A microtubule related protein, 65-kDa microtubule-associated protein 

1 (MAP65-1), was phosphorylated in the microtubule interacting region at pS532 (Tables 2.1, S2.1A). 

Phosphorylation of the microtubule interacting regions diminishes the binding properties (Nick, 2013). 

These microtubule cytoskeleton proteins play essential roles as stress sensors (Nick, 2013) and 

cytoplasmic streaming mediated intracellular trafficking (Caviston and Holzbaur, 2006; Peremyslov et 

al., 2015), as well as signal transduction (Pickard, 2003). Therefore, it might be possible that these 

phosphorylated proteins play essential roles in sensing and signaling early cold exposure. Few other 

proteins involved in vesicle trafficking were also phosphorylated, such as DRP2A, BRP2B, GNOM, 

SNX1, SNX2A, and VPS41. Several studies showed their transcript or protein abundance changes in 

response to longer duration (several hours to days) of cold stress (Minami et al., 2009; Ashraf and 

Rahman, 2019; Miki et al., 2019; Li et al., 2020). However, before this study, it was unclear whether 

they also respond to early cold exposure at the protein phosphorylation level. I believe findings from 

my phosphoproteomic study will provide additional knowledge to the vesicle trafficking under cold 

stress.  
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Plant cells consistently maintain ionic and cellular homeostasis through different transporter and 

channel proteins located in the membranes by balancing the influx and efflux of different ions, toxic 

byproducts, and carbohydrates (Conde et al., 2011). I observed that transport-related proteins were 

among the largest groups of proteins that phosphorylated under a brief cold exposure (Table S2.1). It 

indicates that the plant cell transport system gets highly involved in early cold response events. Previous 

studies also showed transporter phosphorylation as one of the rapid adaptation responses to abiotic 

stress (Chen and Hoehenwarter, 2015). Two PM H+-ATPase (AHA1 and AHA2) were phosphorylated 

in this study (Tables 2.1, S2.1A), and previously it was shown that AHAs increase in abundance under 

cold acclimation (Minami et al., 2009). However, whether the increase in abundance was related to 

protein phosphorylation modification or not was not shown. Therefore, it could be possible that 

phosphorylation plays an essential role in controlling the function of AHA proteins under cold stress 

and activates within minutes of cold sensing. Like AHAs, several sugar transporters were also 

phosphorylated within 60 min of cold exposure in my study. Soluble sugars are one of the major 

cryoprotectants and can protect plants from freezing damage and maintain cellular integrity and 

functions (Guy et al., 1992). A phosphoproteomic study of Arabidopsis showed that TMT1 and TMT2 

were phosphorylated under cold acclimation, and in this study, I observed the phosphorylation increases 

within a few minutes of cold exposure. I also reported phosphorylation in a few other sugar transporters 

such as SWEET12, ERD6, and ERDL6 in response to cold. Therefore, it is reasonable to say that sugar 

transport activity, an adaptive freezing tolerance mechanism, starts within the earliest exposure to cold, 

even before the CA process.  

In addition to the transporters mentioned above, I also observed phosphorylation in several 

aquaporins members such as PIP2-5, -6, and -7. Even though aquaporins are known for gated water 

transport across the PM, PIP1-4, and PIP2-5 were also connected to cold acclimation and freezing 

tolerance (Rahman et al., 2020). However, phosphorylation of these PIPs was not reported under cold 

exposure. Interestingly, it was also shown to be involved in phosphorylation controlled diffusion H2O2 

out of the cell in maize plants under chilling stress (Aroca et al., 2005). ROS needs to continuously 

generate and be scavenged or diffuse out of the cell for a balanced cellular function (Mittler, 2017). 

Therefore, PIPs detected in this study might be potentially involved in diffusing H2O2 from the cell to 

maintain a balanced and optimum ROS level. 

ROS generating respiratory burst oxidase homolog D (RBOHD) was also phosphorylated as shown 

in this study, which has been never reported in response to a brief cold exposure (Tables 2.1, S2.1A). 

In my study, RBOHD was phosphorylated in pS8, pS148, pS163, and pS347 within 15 min of cold 

exposure (Tables 2.1, S2.1A). RBOHD can generate ROS via Ca2+ dependent and independent 

phosphorylation by CDPKs/CIPKs and BIK1 kinase, respectively (Kadota et al., 2014; Li et al., 2014). 

Calcium-dependent protein kinase 5 (CPK5) and BIK can phosphorylate and regulate RBOHD at the 

same amino acid positions (pS148, pS163, and pS347) (Boudsocq et al., 2010; Kadota et al., 2014; 
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Kadota et al., 2015), which are the same positions I observed as cold responding phosphorylated sites 

in this study. Interestingly, in my data, I detected both CPK5 and BIK phosphorylated in response to a 

brief cold (Tables 2.1, S2.1A). Furthermore, the phosphosites showed increased phosphorylation 

contain the characteristic RXXS/LXRXXS motif, a potential target motif of CDPKs (Tables 2.1, S2.1A). 

This rapid phosphorylation of ROBHD and its kinases indicates ROS signaling involvement in early 

cold response. Maintaining ROS homeostasis is essential for cells to survive any external stress (Mittler, 

2017). As mentioned above, ROBHD and its upstream ROS generating kinases (CPK5 and BIK1) get 

phosphorylated immediately after cold exposure, which might generate excess ROS and interfere with 

proper ROS signaling. Interestingly, I also found that the negative regulator of RBOHD, MPK8 was 

activated in (Tables 2.1, S2.1A). The MKK3-MPK8 pathway can negatively regulate ROS 

accumulation by controlling the RbohD gene expression in response to mechanical wounding 

(Takahashi et al., 2011). The above findings show that the ROBOHD mediated ROS signaling gets 

activated immediately after cold exposure, and PIPs and MPK8 keep the excess ROS at a balanced state.  

ROS, including singlet oxygen (1O2), superoxide (O2
−), hydrogen peroxide (H2O2), and the 

hydroxyl radical (•OH), are involved in almost every stage of growth, development, differentiation, and 

cell death (Bethke and Jones, 2001; Kobayashi et al., 2007; Queval et al., 2007; Miller et al., 2009; 

Kimura et al., 2012). ROS were only considered toxic byproducts of oxygen metabolism until the 

discovery of signaling and other positive roles of H2O2. Researchers have reported that exogenous 

application of H2O2 enhances stress tolerance in both model and crop plants by increasing the 

endogenous concentration to an optimum level (Savvides et al., 2016; Mittler, 2017). Even after 

discovering the positive role of some ROS, •OH is still considered a dangerous compound in the cell 

that damages DNA and proteins and is responsible for cell death (Richards et al., 2015; Mittler, 2017). 

Interestingly, scientists have been putting forward the thought that all ROS must play positive roles to 

some extent. There is also the fact that living cells evolved in a high ROS environment, and different 

species can withstand a higher ROS level, and those ideas and observations strengthen the idea of “ROS” 

are beneficial. Besides, the already reported and emerging signaling and regulatory roles of ROS 

indicate that H2O2 and other ROSs, such as •OH, might have beneficial roles (Mittler, 2017). It is also 

inevitable that •OH generates in the cell in the presence of the endogenous H2O2 and metal catalysts 

such as Fe or Cu (Halliwell and Gutteridge, 2015).  

Based on the previous reports showing positive roles of exogenous application of ROS and the 

active participation of ROS as signaling components in Chapter 2, I hypothesized that similar to H2O2, 

•OH would also provide a positive role under normal and abiotic stress conditions. A few shreds of 

evidence are already showing the usefulness of the •OH in germination and growth under optimum 

conditions (Muller et al., 2009b; Liu et al., 2016). To bring the idea into reality, in my study (Chapter 

3), I developed a practical, non-laborious, cost-effective approach using Fenton/ Haber-Weiss reaction-

based •OH. I found an optimized one-time treatment of seeds with •OH accelerates the germination 
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speed under optimum and stress conditions in Arabidopsis and rice (Figures 3.3, 3.8, and 3.12). The 

germination speed is one of the critical measures of seed-vigor under field conditions (Hacisalihoglu et 

al., 1999). Therefore, the increase in germination speed indicates that the •OH may contribute to the 

enhancement of seed vigor.  

The effect of the •OH was not limited to the germination level but also improved early seedling 

growth in both Arabidopsis and rice. Under optimum condition, the effect was even visible in later 

stages of growth and development, such as increased root growth and a denser and large number of 

lateral roots in Arabidopsis (Figures 3.7, 3.9). Previously, it was shown that exogenous application of 

•OH on maize coleoptile and roots also increased the elongation growth (Schopfer, 2001; Schopfer et 

al., 2002; Liszkay et al., 2004). These studies linked the growth to a direct effect of the •OH on the cell 

wall, where •OH breaks down the polysaccharide crosslinking and loosen the tightness of the cell wall, 

and the growth is facilitated by the turgor pressure on a less rigid cell. It is tempted to say that a similar 

mechanism might be working in my study; however, unlike those mentioned above, I used the •OH on 

seeds and observed the differences in later development stages. Therefore, it is reasonable to say that 

the •OH treatment effect lasts longer and might generate some signals that carry to the growth stage 

from the germination stage.  

The most significant and exciting finding of this •OH treatment was its prominent and superior to 

the H2O2 effect under various abiotic stresses such as chilling, high temperature, heat, and salinity. The 

treatment increased the germination and early seedling growth under different abiotic stresses in both 

Arabidopsis (Figures 3.8, 3.10) and rice (Figures 3.12, 3.13). Before this, in my knowledge, no study 

was conducted using •OH as an exogenous treatment compound to improve stress tolerance. However, 

one of the precursors of •OH, H2O2, was used as a pre-soaking or treating agent to improve stress 

tolerance and growth performance. In these studies, germination, growth performance, and stress 

tolerance was linked to the enhanced performance of the antioxidative machinery, maintaining turgor 

pressure, inducing stress protein expression, and osmotic readjustment (Wahid et al., 2007; Liheng et 

al., 2009; Gondim et al., 2010). However, these H2O2 treatment studies always fail to consider that the 

endogenous metal catalysts may convert the H2O2 into •OH, and the converted •OH could cause the 

observed performance by the treated plants. Therefore, to determine the underlying molecular 

mechanisms of the exogenous •OH treatment in the seeds and germinating seedlings, in Chapter 4, I 

focused on the changes in proteins under chilling stress using mass-spectrometry based seed proteomics.  

The first challenge of seed proteomics is the depletion of storage proteins from the sample to reduce 

the noise and increase the detection of low-abundant proteins involved in other regulatory processes. 

Previous studies on Arabidopsis seed proteins were done using two-dimensional gel electrophoresis and 

MALDI-TOF mass spectrometry, where it is easy to ignore or avoid the storage proteins for the final 

analytical sample by excluding them from the two-dimensional gel (Gallardo et al., 2001; Chibani et 

al., 2006; Higashi et al., 2006; Durand et al., 2019). However, for liquid chromatography (LC) based 
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proteomics, a few studies used CaCl2 and succeeded in depleting or reducing storage proteins from the 

seed protein sample and enhanced the detection of important regulatory proteins. Here, I developed a 

modified method using an optimized amount of CaCl2 to deplete the storage protein and detected over 

800 proteins with less than ten storage proteins. The PCA analysis of the proteomic data showed that 

the protein clusters are based on the biological replicates and separated based on the treatment 

conditions and duration of the stress (Figure 4.1). These results ensure the sample preparation for the 

proteomics was reliable for further analysis. 

When I compared the statistically significant abundance change, a large number of differentially 

expressed proteins (DEP) were in the •OH compared to the H2O2 (Figure. 4.2). This difference in DEP 

indicates that the •OH treatment was more effective than the H2O2. The proteins that were only and 

exclusively responded to •OH treatment are the potential ones that might be involved in the observed 

chilling stress-responsive phenotype in Chapter 3 (Figures 3.8A, 3.10A). Deeper bioinformatic and 

functional analysis revealed that the exclusively •OH responsive proteins that were up-accumulated 

under chilling stress are mostly related to redox homeostasis, protein homeostasis, abiotic stress 

response, and germination and development related proteins (Figure 4.3, Table S4.1). These findings 

are a surprising but clear indication that •OH treatment enhanced the abundance of proteins crucial for 

survival and maintaining basal cellular ROS under abiotic stress. Previous studies of exogenous H2O2 

applications that enhanced different abiotic stress tolerance were also reported to improve antioxidant 

properties in the plant cell stresses (Uchida et al., 2002; Wahid et al., 2007; Farooq et al., 2009b; 

Savvides et al., 2016). These findings further strengthen the idea of considering •OH and its positive 

effect on ROS treatment studies, which may be working further downstream of H2O2 applied. Among 

the antioxidative proteins that were up-accumulated, glutathione (GSH) seems to be more active 

because several numbers of GSH metabolism and GSH related proteins such as GR1, GST-DHAR1, 

and  GST-F were exclusively found in the •OH treated group.  

Apart from the protein involved in maintaining ROS homeostasis, several chaperon proteins, such 

as CPN60B, CRT1a, CRT1b, and HSP60-3A, also increased their abundance of •OH treated group in 

response to chilling. These chaperones play an essential role in maintaining protein integrity by 

preventing degradation, folding of misfolded proteins, disaggregation of aggregated proteins, and 

folding-refolding naïve proteins (Singh et al., 2019). Proteins that are involved in stress response, toxic 

catabolism were also increased their abundance. These results further consolidate the idea that •OH and 

its oxidative power can be utilized and redirect to potential positive and practical use.  

In brief, in Chapter 2, I tried to reveal the early signaling and adaptive plant cell responses to cold, 

and in Chapters 3 and 4, I showed the positive sites and practical use of •OH in improving abiotic 

stresses. In Chapters 2 and 4, I demonstrated the use of mass spectrometry-based proteomics to study 

cold stress response events, and mechanisms behind •OH mediated improvement of cold stress. I expect 



101 

 

that my thesis findings will be a valuable resource that will help us further understand the cold response 

and improve cold-resistant crop varieties.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 

 

Chapter 6 

Concluding remarks and future perspective 

In the present study, I first focused on investigating the early cold response in plants to understand 

the basic mechanisms involved in cold sensing and signaling events that occur before the prolonged and 

extreme winters. To understand the basic mechanisms behind the early cold sensing and the stress 

tolerance by •OH, I studied changes in proteins (PTM and abundance) by employing mass 

spectrometry-based proteomics/phosphoproteomics methods.  

From the phosphoproteomic study of early cold sensing, I revealed that the early response to cold 

is complex. Early cold response processes involve the maintenance of ion, solute, and protein 

homeostasis, which was revealed by the phosphorylation of different Ca2+, K+, Na+/ K+, and Cl⁻ channel 

transporters. Protein transport, trafficking, and microtubule-cytoskeleton mediated cytoplasmic 

streaming may also be involved in the early cold response events. My data further indicated that plant 

kinome gets perturbed by cold exposure, and kinases such as RLKs, MAPKs, CDPKs/ CaMKs/, CKs, 

and GSKs are an active part of the cold sensing and signaling. Ca2+, phosphoinositide, ABA, auxin, and 

ROS signaling pathways were also active during the early cold response. To sum up, I revealed the 

identity of several proteins that are potential targets of phosphorylation machinery in early cold response. 

Furthermore, I showed that many proteins that were not implicated in cold tolerance showed a temporal 

response. I expect the findings from this study will be a valuable resource for understanding cold 

perception in plants. Moreover, functional analysis of the identified cold-responsive phosphosites will 

help scientists to develop better cold resistance varieties. Additionally, further optimization of a 

contaminant-free MMF extraction from less starting material will save time and increase 

phosphopeptide detection efficiency.  Furthermore, targeted proteomics can be an alternative for 

validating and narrowing false-positive phosphopeptides from discovery phosphoproteomics. 

Subsequently, I focused on the development of a practical and sustainable method to improve 

abiotic stress tolerance in plants using •OH. The ROS treatment of seeds showed that •OH performed 

better than H2O2 under different abiotic stresses at germination and early stages of growth and 

development. This is a surprising finding because •OH is usually considered deleterious and has never 

been studied for abiotic stress improvement. The simplicity of the treatment that only requires one-time 

application in the seed will save time, cost, and labor. The proteomic study of germinating seeds showed 

that •OH treatment increases the activity of antioxidation-related proteins, proteins involved in 

chaperone activity, and different stress-responsive proteins. Therefore, it can be reasonably concluded 

that •OH also plays a positive role in ROS signaling and improves plant performance under abiotic 

stresses, which was never demonstrated in any other studies before this to my knowledge. However, 

further studies focusing on in-vivo imaging •OH, functionally connecting •OH responsive proteins to 

genes, and studying •OH combined stress conditions will provide better insight into the mechanisms 

and the effectiveness of this treatment. 
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