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ABSTRACT
Ethylene, a key phytohormone, regulates vital plant processes, including germination, fruit ripening, senescence, organ abscission, and stress tolerance, influencing agricultural productivity. Our research in the Binder Lab uncovered that ethylene pre-treatment of germinating seeds in the dark primes them for enhanced growth and stress tolerance in later developmental stages (Brenya et al., 2023). Ethylene-treated plants develop longer roots, larger leaves, and greater shoot mass due to increased photosynthesis, carbon assimilation, and sugar metabolism. Metabolomic and transcriptomic analyses show the upregulation of genes related to photosynthesis, sugar metabolism, and cellular development. While plants typically balance resource allocation between growth and defense, ethylene-mediated metabolic priming likely generates surplus sugars derived from photosynthesis and carbon assimilation, promoting both faster growth and stress resilience. Stress induces reactive oxygen species (ROS) accumulation, leading to leaf damage, stunted growth, and even death.  Ethylene-primed plants show lower ROS buildup and higher sugar content, which correlates to a higher percentage of survival. In contrast, unprimed plants show higher ROS accumulation and lower sugar content, which led to a drastically lower percentage of survival. CINV1 and CINV2, cytosolic invertases, are important for this priming effect, knocking them out eliminates the priming effect on both growth and stress tolerance. We also tested gene expression profiles of key sugar metabolism genes and core stress genes responsible for ROS detoxification and scavenging. Interestingly, core stress and sugar metabolism genes are regulated differently depending on the specific stress encountered, indicating a nuanced response to environmental cues that is not just regulated by priming alone.
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[bookmark: _Toc190874816][bookmark: _Toc194073981]Ethylene - a plant hormone
Ethylene is a phytohormone, the simplest olefin gas that plants biosynthesize to regulate seed germination, growth, development, flowering, senescence, and fruit ripening (Argueso et al., 2007; Ketring & Morgan, 1969; Meheriuk & Spencer, 1964; Oetiker & Yang, 1995; Spencer & Olson, 1965; Yang et al., 1986). Ethylene production is also triggered as a response to various stresses like pathogen attacks, flooding, salinity, extreme temperatures, and soil compaction. The discovery of ethylene as the first-ever gaseous signaling molecule affecting plant physiology dates back to 1901 when Dimitry Neljubow first reported ethylene was the active component in the illuminating gas that affects pea behavior (Moore, 1989; Neljubow,1901). Ancient farmers used to light kerosene lamps or use smoke to ripen fruits, thinking it was due to the heat. Sarah Doubt identified that ethylene from illuminating gas led to abscission (Doubt, 1917) , and Frank Denny found ethylene emitted from the kerosene lamps caused ripening in 1924 (Chamovitz, 2012; Denny, 1926). Although the effects of ethylene had been reported earlier, it was only recognized as a plant hormone when it was determined that plants synthesize ethylene (Gane, 1934) which is responsible for fruit ripening as well as the inhibition of vegetative tissues (Crocker et al., 1935). Ethylene biosynthesis is also known to be influenced by the circadian clock (Finlayson et al., 1998), by other plant hormones such as auxin, cytokinin, brassinosteroids, and abscisic acid (ABA) (Arteca & Arteca, 2008; Mor et al., 1983), and through hormonal crosstalk between these hormones, alongside various factors such as tissue specificity, developmental stages of the plant, and environmental cues (Abeles & Heggestad, 1973; Van De Poel et al., 2015; Wright, 1980; Yang & Hoffman, 1984).
[bookmark: _Toc190874817][bookmark: _Toc194073982]Ethylene biosynthesis in flowering plants
[bookmark: _Toc289175822][bookmark: _Toc175638306]The biosynthetic pathway for ethylene in flowering plants, first characterized over 30 years ago (Fluhr et al., 1996; K. L.-C. Wang et al., 2002; Yang & Hoffman, 1984), involves two primary enzymatic steps. In the first step, ACC synthase (ACS) catalyzes the conversion of S-adenosylmethionine (SAM) to 1-aminocyclopropane-1-carboxylate (ACC) and methylthioadenosine, in a reaction requiring a pyridoxal phosphate cofactor. The second step involves 1-aminocyclopropane-1-carboxylate oxidase (ACO), which converts ACC to ethylene, CO2, and cyanide. Cyanide toxicity is alleviated by the action of β-cyanoalanine synthase (Yip & Yang, 1988). The iron center in ACO’s active site is protected from cyanide inhibition via the formation of a cyanoformate intermediate in the presence of oxygen, bicarbonate, and ascorbate (Murphy et al., 2014). Ethylene production is generally limited by ACC synthesis, although ACO activity may be rate-limiting in certain tissues, such as fruits and flowers. The downregulation of ACO or ACS expression via gene silencing significantly reduces ethylene production (K.-C. Lin et al., 2011; Z. Lin et al., 2009). ACO inhibitors like cobalt or α-aminoisobutyric acid and ACS inhibitors aminoethoxyvinyl-Gly or aminooxyacetic acid that compete with the PLP cofactor disrupt ethylene biosynthesis, resulting in impaired root growth and meristem function (Boycheva et al., 2014). Although ACC is a precursor of ethylene biosynthesis and various research groups use ACC treatment to induce ethylene production in their studies, ACC has been found to have ethylene-signaling independent functions, particularly in Arabidopsis reproduction such as pollen tube attraction by ovules (Mou et al., 2020).
[bookmark: _Toc190874818][bookmark: _Toc194073983]Canonical Ethylene Signaling Pathway in Plants
[bookmark: _Hlk194044891]The canonical ethylene-signaling pathway has been well-studied in plants for the past few decades and most studies have been conducted in the model flowering plant, Arabidopsis thaliana. Ethylene is perceived by endoplasmic reticulum (ER) integral membrane ethylene receptors. Arabidopsis thaliana has five ethylene receptor isoforms – ETHYLENE RESPONSE 1(ETR1), ETHYLENE RESPONSE SENSOR 1 (ERS1), ETHYLENE RESPONSE 2 (ETR2), ETHYLENE RESPONSE SENSOR 2 (ERS2), and ETHYLENE INSENSITIVE 4 (EIN4) which function redundantly in binding ethylene and are believed to undergo a conformational change to start a signaling cascade (Hua & Meyerowitz, 1998) to affect downstream signaling leading to changes in expression of ethylene response genes. It is believed that ethylene receptors in plants have evolved from a bacterial origin as they have similarities with bacterial two-component histidine kinases (Chang et al., 1993). Years of ethylene research established that ethylene receptors and receptor-like genes are present in various plants, including rice, tomato, strawberry, moss (Physcomitrella), spike moss (Selaginella), and green algae (Spirogyra), suggesting an evolutionary conserved ethylene signal transduction pathway exists across land plants and likely evolved before plants became terrestrial, probably dating back to the green alga. Additionally, putative ethylene receptors have been reported in proteobacteria and fungi (Hérivaux et al., 2017; C. Zhang et al., 2022), and a receptor was recently characterized in the cyanobacterium Synechocystis PCC 6803 and the proteobacterium Azospirillum brasilense, indicating that ethylene receptors evolved before plants (Carlew et al., 2025; Lacey & Binder, 2016). 
[bookmark: _Toc190874819]Ethylene receptors and receptor-like proteins in crops beyond model plant Arabidopsis thaliana
Ethylene receptors have been identified and cloned in several crops like pineapple, cucumber, tobacco, tomato, carnation, pears, maize, wheat, and rice (T. Chen et al., 2009; El-Sharkawy, 2003; Gallie & Young, 2004; H. J. Klee, 2002; Y.-H. Li et al., 2016; Q. Ma & Dong, 2021; Q.-H. Ma & Wang, 2003; Shibuya et al., 2002; Terajima et al., 2001; Wuriyanghan et al., 2009; Yamasaki et al., 2000; Yau et al., 2004). In tomatoes, studies have identified seven ethylene receptors, LeETR1, LeETR2, LeETR4, LeETR5, LeETR6, and “Never Ripe” or NR (H. J. Klee, 2002; H. Klee & Tieman, 2002; Lashbrook et al., 1998; Tieman et al., 2000) while rice has five ethylene receptors OsERS1, OsERS2, OsETR2, OsETR3, and OsETR4 (Yau et al., 2004), all of which have been found to function similarly to the ones in Arabidopsis (Tieman et al., 2000; Y. Wang & Kumar, 2007). The receptor isoforms have a high affinity for binding ethylene (A. E. Hall et al., 2000; McDaniel & Binder, 2012; O’Malley et al., 2005; Schaller & Bleecker, 1995) which is mediated by a copper cofactor (Rodrı́guez et al., 1999; Schaller & Bleecker, 1995). Besides copper, silver, and gold can act as a cofactor of ethylene binding to ETR1 (Beyer, 1976; Binder et al., 2007; Rodrı́guez et al., 1999). Ethylene binding assays in yeast-expressed receptors show silver can be a cofactor for ethylene binding to ETR1 and ERS1 and is widely used as an inhibitor of ethylene responses (McDaniel & Binder, 2012).
[bookmark: _Toc190874820]

[bookmark: _Toc194073984]Components of the canonical ethylene signaling pathway in Arabidopsis thaliana
[bookmark: _Toc190874821][bookmark: _Toc194086097]Ethylene Receptor Isoforms
The first step in ethylene perception is the ER membrane-localized receptor isoforms - ETR1, ETR2, EIN4, ERS1, and ERS2 in Arabidopsis. These receptors have a similar domain architecture and generally consist of three or four transmembrane helices at the N-terminus, followed by a GAF (c-GMP-specific phosphodiesterases, adenylyl cyclases, and FhlA) domain, a kinase domain, and a receiver domain at the C-terminus (Chang et al., 1993; Gamble et al., 1998; Hua et al., 1995; Schaller et al., 1995). The receptors can be categorized into two subfamilies (Fig I-1., Binder, 2020) - ETR1 and ERS1 are subfamily I receptors, while the remaining three are subfamily II receptors (Wang et al., 2006)
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[bookmark: _Toc191855338][bookmark: _Toc191855559][bookmark: _Toc191856042][bookmark: _Toc194085917]Fig I-1. Ethylene receptor isoforms and their subfamilies.
Ethylene receptors form dimers stabilized by disulfide bonds. For binding ethylene, receptors require a copper ion as a cofactor. They contain transmembrane, GAF, and kinase domains. ETR1 is a histidine kinase, and others are serine/threonine kinases. Three isoforms, ETR1, ETR2, and EIN4, have C-terminal receiver domains. In ETR1, the DHp domain dimerizes, allowing kinase domains to associate. Other isoforms' dimerization remains unclear, with receiver domains predicted to orient away from the dimer's central axis (Binder et al. 2020).

Subfamily II receptors have serine/threonine kinase activity and contain additional amino acids at the N-terminus that are of unknown function but are predicted to be signal peptides. Among these five isoforms, ETR1 is the most studied one. ETR1 has histidine kinase activity (Gamble et al., 1998; Qu & Schaller, 2004; Voet-van-Vormizeele & Groth, 2008), and ERS1 is believed to be a dual kinase depending on the conditions but has been shown to have a serine/threonine kinase activity in vivo (Gamble et al., 1998; Moussatche & Klee, 2004). Mutations in any of the ethylene-binding domains lead to dominant ethylene insensitivity  (Bleecker et al., 1998; Q. G. Chen & Bleecker, 1995; Hua et al., 1995, 1998; Sakai et al., 1998). The receptors form homodimers at their N-termini by two disulfide bonds (Y.-F. Chen et al., 2010; A. E. Hall et al., 2000; Schaller et al., 1995) and possibly form heterodimers as well (Berleth et al., 2019; Grefen et al., 2008). The GAF (cGMP-specific phosphodiesterases, adenylyl cyclases, and FhlA) domain of ethylene receptors also plays a crucial role in regulating ethylene signaling, facilitates heteromeric interactions between different ethylene receptors (Gao et al., 2008), and serves as a binding site for inhibitory peptides like NOP-1. NOP-1 can delay fruit ripening and flower senescence by interfering with the GAF domain and preventing signal transduction to the downstream kinase and receiver domains (Milić et al., 2018). The kinase and the receiver domains at the C-terminus are important for signal output (Gamble et al., 1998; B. P. Hall et al., 2012). Although ETR1 possesses histidine kinase activity, which is regulated by ethylene (Gamble et al., 1998; Moussatche & Klee, 2004; Voet-van-Vormizeele & Groth, 2008), it is not required for ethylene responses (Qu & Schaller, 2004; W. Wang et al., 2003), rather it has been shown to modulate downstream signaling (Binder et al., 2018; Binder, Mortimore, et al., 2004; Binder, O’Malley, et al., 2004; B. P. Hall et al., 2012; Street et al., 2015).

[bookmark: _Toc190874822][bookmark: _Toc194086098]Overlapping and unique roles of the ethylene receptor isoforms
[bookmark: _Toc190874823]All five ethylene receptors are involved in ethylene perception, ethylene binding, and ethylene-mediated growth inhibition  (Hua & Meyerowitz, 1998; Schaller & Bleecker, 1995; Shakeel et al., 2013). ETR1 activates ethylene-stimulated nutation, whereas the rest of the receptor isoforms inhibit nutational bending (Binder et al., 2006). ETR1, ETR2, and EIN4 are required for normal growth recovery of seedlings post-ethylene removal, whereas receptors lacking a receiver domain – ERS1 and ERS2 are not (Binder, O’Malley, et al., 2004). EIN4, but not ETR1, is required for the ethylene suppression of root hair development defects in root hair defective1 (rhd1) mutants in Arabidopsis (Seifert et al., 2004). In a recent study, ETR1 was found to control root remodeling in response to ethylene, including initiation and elongation of root hairs and lateral root growth (Harkey et al. 2018). ETR2 uniquely affects microtubule assembly and trichome development, in which other receptors are not known to play any role (Plett et al., 2009). ABA induces ETR1 and EIN4 transcription (Bakshi et al., 2018), whereas ETR2, ERS1, and ERS2 transcriptions are induced by ethylene (Hua et al., 1998). ETR1 and ETR2 have contrasting roles in seed germination under dark or in the presence of various salt stress conditions, where ETR1 accelerates and ETR2 delays seed germination (Bakshi et al., 2018; Wilson, Bakshi, et al., 2014; Wilson, Kim, et al., 2014).

[bookmark: _Toc194086099]Receptor-protein interactions in ethylene signal transduction
The receptors signal to a protein called CONSTITUTIVE TRIPLE RESPONSE 1 or CTR1, which has serine/threonine kinase activity and sequence similarity to the Raf family of protein kinases (Kieber et al., 1993). The name CTR1 comes from the fact that loss-of-function mutants of CTR1 show constitutive ethylene phenotype even in air, resembling wild-type seedlings exposed to ethylene. Although CTR1 binds to all the receptor isoforms in Arabidopsis, interaction with ETR1 is the strongest (Cancel & Larsen, 2002; Clark et al., 1998; Gao et al., 2003; Shakeel et al., 2013). CTR1 interacts with the histidine kinase and receiver domains of ethylene receptors  (Clark et al., 1998; A. E. Hall & Bleecker, 2003; W. Wang et al., 2003). Like Arabidopsis, some of the fruits like pear, plum, and apple have a single copy of CTR1 (El-Sharkawy et al., 2007; Kieber et al., 1993; Wiersma et al., 2007), whereas four CTR-like genes have been identified in tomato, and two CTR-like genes were reported in rose, kiwifruit and Cucurbita pepo  (Lin et al., 2008; Manzano et al., 2010; Müller et al., 2002; Yin et al., 2008).
ETHYLENE INSENSITIVE 2 or EIN2, is the central regulator of the ethylene signaling module downstream of CTR1 (Roman et al., 1995; Roman & Ecker, 1995) in Arabidopsis. Losing EIN2 makes the plant insensitive to ethylene (Guzmán & Ecker, 1990). EIN2 protein is ER-localized, has 12 transmembrane helices at its N-terminus, resembles the NRAMP family of metal transporters, and carries a nuclear localization signal at its cytosolic C-terminus (Alonso et al., 1999). EIN2 interacts with all five ethylene receptors in Arabidopsis, mediated by the receptor kinase domain (Bisson & Groth, 2010, 2015). In the absence of ethylene, CTR1 phosphorylates the serine residue in the cytosolic C-terminal tail of EIN2, which targets it for ubiquitination and degradation by the 26S proteasomal pathway, mediated by two F-Box proteins ETP1 and ETP2 (Ju et al., 2012; Qiao et al., 2009, 2012; Wen et al., 2012; Q. Zhao & Guo, 2011). In the presence of ethylene, receptors bind ethylene and inhibit CTR1 kinase, preventing EIN2 from being phosphorylated at several serine residues like Ser645, Ser924, and other sites. This causes the C-terminus of EIN2 (EIN2-C) to be proteolytically cleaved and transported to the nucleus (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012). Recent findings also indicate that CTR1 is also translocated from the ER to the nucleus by ethylene and is involved in enhanced tolerance to drought and salinity stress (Park et al., 2023), indicating additional downstream functions of CTR1 kinase.
ETHYLENE INSENSITIVE 3 and EIN3 LIKE 1 (EIN3 and EIL1) are two nuclear-localized transcription factors, downstream of EIN2, acting as positive regulators of this pathway. In the absence of ethylene, when CTR1 phosphorylates EIN2 leading to its degradation, EIN3 and EIL1 are negatively regulated by nuclear-localized EIN3 BINDING F-BOX 1 and 2 (EBF1 and EBF2) proteins that lead to their degradation by the 26S proteasomal pathway (Binder et al., 2007; Gagne et al., 2004; Potuschak et al., 2003). In the nucleus, the EIN2-C also interacts with the other ethylene signaling components like EIN2 NUCLEAR ASSOCIATED PROTEIN1 or ENAP1 (F. Zhang et al., 2016). EIN2 orthologs reported in other species like tomato, rice, petunia, and Medicago truncatula are present as a single copy like Arabidopsis  (B. Ma et al., 2013; Penmetsa et al., 2008; Shibuya et al., 2004; Wuriyanghan et al., 2009; Zhu et al., 2006) , whereas Lotus japonicus was found to have two EIN2 orthologs, LjEIN2-1 and LjEIN2-2 either of which when suppressed showed severe ethylene insensitivity (Miyata et al., 2013).
The ethylene signaling pathway and its components in Arabidopsis have been summarized below (Fig I-2, Binder, 2020)
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[bookmark: _Toc191855339][bookmark: _Toc191855561][bookmark: _Toc191856043][bookmark: _Toc194085918]Fig I-2. Ethylene signaling pathways in plants.
RAN1 transports copper to the ER, essential for receptor formation and ethylene binding. (A) Without ethylene, receptors keep CTR1 active, which phosphorylates EIN2, marking it for proteasomal degradation. Low EIN2 levels allow EBF1/2 to break down EIN3/EIL1, shutting down ethylene responses. (B) When ethylene binds, the receptors undergo conformational change, inactivating CTR1. This saves EIN2 from degradation, allowing part of it (EIN2-C) to either block EBF1/2 or enter the nucleus to boost EIN3/EIL1 activity, triggering key transcriptional changes. At the same time, ETR1 signals through AHPs and ARRs, adding another layer of gene regulation (Binder et al. 2020).

[bookmark: _Toc194086100]Noncanonical pathways involving components of Ethylene signaling
Several studies show ethylene receptors signal independently of CTR1 and EIN2 (Desikan et al., 2005; H. G. Kim et al., 2013; L. Qiu et al., 2012). The alternate pathways involving parts of the ethylene signaling machinery do not necessarily affect ethylene responses but appear to have more diverse roles in altering responses to stress and other hormones. For example, ETR1 and ETR2 were reported to function in altering abscisic acid (ABA) signal transduction, affect seed germination, have contrasting functions in ABA signaling, and modulate ABA sensitivity (Bakshi et al., 2018). ETR1 and ETR2 were also identified to have antagonistic effects on seed germination under salinity stress (Wilson, Kim, et al., 2014). Furthermore, in Arabidopsis, ETR1 has crosstalk with components of the cytokinin pathway and has been found to physically interact with histidine-containing phosphotransfer proteins (AHPs) and response regulator proteins (ARRs) via its C-terminal cytosolic domain (Binder et al., 2018; Scharein et al., 2008; Scharein & Groth, 2011; Urao et al., 2000; Zdarska et al., 2019). Environmental cues like light vs. dark have also been found to be linked with noncanonical ethylene outputs. For example, EIN3 interacts with another transcription factor, PHYTOCHROME-INTERACTING FACTOR 3 or PIF3 forming a distinct signaling output that differs from either TFs alone (X. Liu et al., 2017).
[bookmark: _Toc190874825][bookmark: _Toc194073985]Environmental Factors affecting Crop yield and productivity
[bookmark: _Toc190874826]Crop production is adversely affected by various environmental stressors. With global climate change, the length and breadth of these bouts of extreme temperatures, reduced precipitation, and severe weather conditions are expected to increase, which poses a serious threat to food security, particularly in the ever-increasing global population. Current advances in plant research provide crucial insights to understand how plants perceive various environmental stresses and respond to them. Mild stresses often lead to tolerance and acclimation showing transcriptional, translational, and metabolic changes that help plants deal with severe stresses down the line. With rising global temperatures, heat stress is a major concern (Schauberger et al., 2017), because it affects plant developmental stages like flowering, pollen development, and seed maturation, resulting in decreased crop productivity and yield (C. E. Moore et al., 2021; Ullah et al., 2022; Waqas et al., 2021). Huge amounts of crop losses are caused globally each year due to flooding and drought  (FAO, 2021, 2023; S. M. Kim & Mendelsohn, 2023), making waterlogging-induced hypoxia and subsequent reoxygenation one of the most common abiotic stresses plants deal with. Soil pH and salinity adversely affect plant growth and reproduction, due to the accumulation of Na+ and Cl- to toxic levels (S. Zhao et al., 2021), which leads to hormonal imbalance, osmotic and oxidative stress and increases disease susceptibility. High salt concentrations reduce soil water potential, alter soil porosity, and lead to physiological drought-like conditions (Balasubramaniam et al., 2023; Hasanuzzaman et al., 2021).  Heavy metals (like copper, iron, zinc, manganese, nickel, magnesium, molybdenum, calcium) in trace amounts are important micronutrients for plant growth and are involved in cellular functions including ion homeostasis, pigment biosynthesis, photosynthesis, respiration, enzyme activities, gene regulation, sugar metabolism, nitrogen fixation (Bashir et al., 2016; Rasheed et al., 2023; Shahid et al., 2015; S. Tiwari & Lata, 2018). However, when this threshold exceeds certain tolerance limits, it disrupts cellular ionic homeostasis across membranes, damaging subcellular organelles like chloroplast, mitochondria, nucleus, and vacuole. High salinity and metal toxicity have been found to alter the structure and function of enzymes, negatively impacting metabolism, and inducing osmotic and oxidative stress in plants (Mir et al., 2021; Skórka et al., 2023; Stanton et al., 2023).

[bookmark: _Toc194073986]Strategies for Priming Plants against Biotic and Abiotic Stresses
Priming is a phenomenon where organisms remember the prior stimuli as a “memory” and show a quicker or heightened response to one or more consecutive stimuli due to the activation of molecular pathways (Bingeman et al., 1953; Kauss et al., 1992; Kohler et al., 2002). This can be roughly compared with humans getting a shot of a vaccine, where the body gets exposed to a weakened pathogen to elicit an immune response leading to ‘priming’ of the immune system in anticipation of a subsequent attack by the same or a similar pathogen.  Priming in plants, specifically, involves transiently exposing the seeds, called ‘seed-priming’ (Paul et al., 2021) or germinating seedlings (can be tissue-specific or the whole plant) to an external stimulus – like beneficial microbes or pathogens (Nishad et al., 2020; M. Tiwari et al., 2022), ultraviolet rays (Atta et al., 2023), chemicals like hormones (Ellouzi et al., 2024; N. Liu & Avramova, 2016; Safari et al., 2018), abiotic stress cues like salt (Rossatto et al., 2023), or toxic metals  (Wiszniewska, 2021) that improve plant performance and growth normally or under various stresses. Studies have also shown exposing plants to one stress makes them perform better under consecutive additional stresses, known as ‘cross-priming’ (Yadav et al., 2021). Studies also show plants have ‘stress memory’ (Alves De Freitas Guedes et al., 2018; Charng et al., 2023; Kęska et al., 2021; P. Li et al., 2019; X. Liu et al., 2022), that leads to genetic, epigenetic, transcriptomic, proteomic, and metabolic changes enabling enhanced responses to consecutive new or additional stresses (Dhanya Thomas et al., 2020; Hossain et al., 2018). Exposure to mild salt stress (100 mM NaCl) treatments led to increased production of phenolic compounds, anthocyanins, and flavonoids in Melissa officinalis or lemon balm plants (Hawrylak-Nowak et al., 2021)  indicating the possibility of using stressors in optimum concentrations to elicit protective effects and improving plant resilience.
Phytohormone-priming against various plant stresses in several plants (Hudeček et al., 2023; Koley et al., 2022; Rhaman et al., 2020; Sytar et al., 2019) shows reduction and mitigation of stress, by regulating metabolism, carbohydrate, and amino acid levels, increasing antioxidant levels, and regulating redox homeostasis via regulation of reactive oxygen, nitrogen, and sulfur species (Christou et al., 2013; Christou, Filippou, et al., 2014; Christou, Manganaris, et al., 2014; Corpas, 2016; Dhanya Thomas et al., 2020; Saddhe et al., 2019; Tomar et al., 2021; Tripathi et al., 2024). Stress priming induces redox signaling (González-Bosch, 2018) and has also been found to produce a hydrogen peroxide wave (Mittler et al., 2011) that interacts with hormone signals and mediates local and systemic stress acclimation (Suzuki et al., 2013). ROS and RNS-induced oxidative stress also have been reported to upregulate salicylic acid (SA), jasmonic acid (JA), and ethylene response factors and mediate resistance to fungal pathogens (Lehmann et al., 2014; Maksymiec, 2007).
[bookmark: _Toc190874827][bookmark: _Toc194073987]Role of Sugars in Plant Stress Responses
Soluble sugars and their derivatives accumulate in the cell under oxidative stress conditions. Sucrose, along with its building blocks, glucose, and fructose, are products of photosynthesis.  They are transported across plant tissues, and are pivotal for plant growth, development, signaling, and stress adaptation (Koch, 1996; Salerno & Curatti, 2003).  
The upregulation of INVERTASE (INV) enzymes, involved in sucrose hydrolysis has been found to increase with both biotic stress (Bonfig et al., 2010; Tauzin & Giardina, 2014) and abiotic stresses like salinity (Roitsch et al., 2003). Chilling stress-induced photo-oxidative damage has been shown to cause accumulation of sugars, which in turn act as cryoprotectants against chilling stress (Ciereszko et al., 2001; Havaux & Kloppstech, 2001). Sucrose, when modified with galactosyl residues forms raffinose, stachyose, and verbascose (collectively known as raffinose family oligosaccharides or RFOs) which are involved in stress-related metabolic processes. Raffinose accumulates in chloroplasts under stress conditions (Santarius & Milde, 1977)  in cabbage leaves. Fructans are polymers of fructose, derived from sucrose, and are abundant in the vacuoles in several plants (Darwen & John, 1989; Frehner et al., 1984; Svara et al., 2020). Fructan accumulation was found to be induced by drought (De Roover et al., 2000) and cold (Lehmann et al., 2014; Livingston & Henson, 1998; Yoshida et al., 2007). These sugar derivatives contribute both as storage carbohydrates (Hendry, 1993; Kawakami et al., 2008) and as osmoprotectants (Bolouri‐Moghaddam et al., 2010; T. Müller et al., 2012; Peshev et al., 2013) by stabilizing and maintaining cellular membrane integrity and turgor, and protecting cells from osmotic stress. Studies have established over the years that sucrose, trehalose, RFOs, and fructans (Nishizawa et al., 2008; Peters & Keller, 2009; Schneider & Keller, 2009) play a fundamental role in plant stress tolerance (Keunen et al., 2013).
[bookmark: _Toc190874828][bookmark: _Toc194073988]Role of Sugars in regulating antioxidants and cellular redox balance
Sugars also regulate the expression of genes involved in ROS scavenging. For example, sucrose and fructose have been shown to modulate the expression of antioxidant genes (Hasanuzzaman et al., 2019) and HEAT SHOCK PROTEINS (HSPs) (Ul Haq et al., 2019), which are critical for managing oxidative stress and maintaining cellular redox balance. Additionally, sugars may regulate ROS scavenging pathways by affecting key metabolic enzymes, such as HEXOKINASE (Ciereszko & Kleczkowski, 2002) and INVERTASE (INV), which are involved in sugar sensing and metabolism under stress conditions (Xiang et al., 2011).
In vitro studies linking sugars and ROS homeostasis indicate that sugars play an important role in scavenging ROS directly, besides indirectly modulating their regulation by antioxidant signaling pathways. For example, galactinol and raffinose scavenge hydroxyl (OH•) radicals in vitro    (Nishizawa et al., 2008). They also accumulate in Arabidopsis plants overexpressing raffinose biosynthetic genes (Nishizawa et al., 2008) at concentrations comparable to ascorbate and glutathione. Similarly, sucrose has demonstrated in vitro antioxidant properties, where the addition of sucrose to harvested broccoli florets showed higher ascorbate biosynthesis (Nishikawa, 2004) and could partially reverse low ascorbate levels in them (Smirnoff & Pallanca, 1996). Both in vitro (Peshev et al., 2013) and in planta (Uemura & Steponkus, 2003) studies show high levels of sucrose and its derivative fructans and raffinose have antioxidant-like functions in scavenging ROS (Hernandez-Marin & Martínez, 2012; Morelli et al., 2003; Nishizawa et al., 2008; Peshev et al., 2013; Stoyanova et al., 2011).
Interestingly, high sugar levels can either increase or decrease ROS levels (Couée et al., 2006), depending on the context, indicating they have a ‘dual role’ in ROS homeostasis. Excess sugars can result in high cytosolic hydrogen peroxide levels, whereas, it can also reduce hydrogen peroxide levels by reducing it via the oxidative pentose phosphate pathway which feeds into the NADPH metabolism activating the antioxidant pathway (Couée et al., 2006; Keunen et al., 2013). High light stress and excess sugars have been reported to induce genes like chalcone synthase, for flavonoid biosynthesis pathway and SOD for ROS scavenging mechanism to maintain ROS balance (Feinbaum et al., 1991; Rossel et al., 2002).
[bookmark: _Toc190874829][bookmark: _Toc194073989]ROS homeostasis and cellular redox signaling
Reactive oxygen species or ROS are highly reactive molecules derived from oxygen, including hydrogen peroxide (H2O2), superoxide (O2.-), singlet oxygen (1O2), the hydroxyl radical (HO.), and various other peroxides (Halliwell & Gutteridge, 2015; Mittler, 2017; Sies & Jones, 2020; Smirnoff & Arnaud, 2019; Waszczak et al., 2018). In plants, cellular homeostasis is maintained by tightly regulating baseline ROS levels, which are influenced by developmental stages (Foreman et al., 2003; Kaya et al., 2014; Mangano et al., 2016; Voothuluru & Sharp, 2013), circadian rhythms (Zhou et al., 2015) , environmental conditions (Kerchev et al., 2016; L. Wang et al., 2020), and microbiome interactions (M. Zhang et al., 2018). Biotic and abiotic stresses disrupt this balance (Yu et al., 2018), leading to ROS accumulation in different cell compartments (Rodríguez-Serrano et al., 2016; Sandalio et al., 2021).  ROS are produced either passively, as by-products of metabolic processes like photosynthesis (Galvez‐Valdivieso & Mullineaux, 2010) and respiration, or actively, through oxidases such as RESPIRATORY BURST OXIDASE HOMOLOGs (RBOHs), which generate ROS for signaling. The apoplast and cell wall are key sites for ROS production and scavenging, housing both enzymatic (e.g., RBOHs, aquaporins, peroxidases) and non-enzymatic antioxidants. RBOHs use cytosolic NADPH to produce O2.-, which is converted to H2O2, playing a critical role in stress-related signaling (D. Chen et al., 2017; Q. Chen & Yang, 2020; Foreman et al., 2003; Han et al., 2019; Kaya et al., 2014; Miller et al., 2009; L. Wang et al., 2020). Aquaporins help transport ROS across membranes, and post-translational modifications regulate both RBOH-activity and aquaporin-mediated transport (Almasalmeh et al., 2014; Bienert et al., 2007; Maurel et al., 2015; Qing et al., 2016; J. Qiu et al., 2020; Törnroth-Horsefield et al., 2005; L. Wang et al., 2020). The apoplast–cytosol interface, where ROS accumulation influences phosphorylation and calcium fluxes, is a central hub for stress-related ROS signaling (Daudi et al., 2012; D. S. Kim et al., 2011; H. Liu et al., 2022; Nie et al., 2013; Suzuki et al., 2013; Voothuluru & Sharp, 2013; Zhou et al., 2015). ROS cannot diffuse long distances due to rapid scavenging by enzymatic and non-enzymatic pathways (Ahmad et al., 2010; Basit et al., 2023; Foyer & Noctor, 2005, 2013; Miller et al., 2010). But "ROS-induced ROS production" allows for the propagation of an altered ROS state across tissues via cell-to-cell communication and organellar transport (Estavillo et al., 2011; Fichman et al., 2019; Haber et al., 2021; Marty et al., 2019; Müller‐Schüssele et al., 2020; Shapiguzov et al., 2019; Suzuki et al., 2013; Zandalinas et al., 2020) triggering signaling cascades. In plants, this results in the "ROS wave", an auto-propagating process that transmits stress signals over long distances, sometimes spanning the entire plant (Fichman et al., 2021; Miller et al., 2009). Rather than ROS molecules themselves moving between locations, the ROS wave activates localized ROS production, scavenging, and transport, maintaining steady-state ROS levels via organelles. This system enables plants to integrate multiple stress signals and phytohormone cues, enhancing whole-plant acclimatization and stress responses as reported by biosensor-mediated imaging (Fichman et al., 2019; Hipsch et al., 2021; Steinbeck et al., 2020). 
[bookmark: _Toc194073990]Selective Autophagy in Plant Stress
Autophagy is a highly conserved catabolic process in eukaryotes that facilitates the degradation and recycling of cytoplasmic components to maintain cellular homeostasis, particularly under stress conditions. Upon induction, cytoplasmic cargo, including damaged organelles and misfolded proteins, is sequestered by a phagophore, a double-membrane precursor that expands to form an autophagosome. The autophagosome subsequently fuses with the lysosome (in animals) or vacuole (in plants and yeast), where hydrolytic enzymes degrade its contents, releasing metabolic intermediates back into the cytoplasm for reutilization. Once considered a bulk degradation pathway, autophagy is now recognized as primarily selective, targeting specific organelles such as mitochondria (mitophagy), endoplasmic reticulum (reticulophagy), peroxisomes (pexophagy), and chloroplasts (chlorophagy) in plants (J. Dong & Chen, 2013; Howell, 2013; Ishida et al., 2008; Izumi et al., 2010, 2017; Kanki et al., 2009; D. S. Kim et al., 2011, 2011; S. Li et al., 2014). Selective autophagy is mediated by receptor or adaptor proteins, AUTOPHAGY RELATED (ATG) proteins containing ATG8-interacting motifs (AIMs), which facilitate cargo recognition and recruitment into autophagosomes (Birgisdottir et al., 2013; Xie et al., 2016). Reactive oxygen species (ROS)-induced lipid peroxidation has been implicated in pexophagy, where PEX proteins interact with ATG8 to regulate peroxisomal turnover (Farmer & Mueller, 2013; J. Kim et al., 2013; Shibata et al., 2013; Xie et al., 2016; Yoshimoto et al., 2014). While yeast studies have elucidated key ATG proteins involved in mitophagy (Kanki et al., 2009; Yamano et al., 2016), the molecular mechanisms underlying plant mitophagy remain largely unexplored, though Arabidopsis atg11 mutants exhibit defects in this process (F. Li et al., 2014). Chlorophagy, a plant-specific selective autophagy pathway, is activated in response to photodamage, leading to the degradation of entire chloroplasts or their damaged components (J. Dong & Chen, 2013; Ishida et al., 2008; Izumi et al., 2010, 2017; Spitzer et al., 2015).
[bookmark: _Toc194073991]Interplay between ethylene and nutrient signaling via the TOR kinase signaling pathway
The Target of Rapamycin (TOR) kinase is a central regulator of plant growth and nutrient signaling, promoting meristem activity and protein synthesis and repressing autophagy under nutrient-sufficient conditions (Barrada et al., 2015; Q. Chen et al., 2019; Couso et al., 2020; Dobrenel et al., 2016; Rodriguez et al., 2019; Rosenberger & Chen, 2018; Ryabova et al., 2019; Sesma et al., 2017; Shi et al., 2018). Conversely, under nutrient deficiency, TOR activity is suppressed by Sucrose non-fermenting 1-Related protein Kinases (SnRK1, SnRK2) and General Control Non-depressible (GCN) kinases (GCN1, GCN2, GCN20), leading to the repression of protein synthesis and growth (Barrada et al., 2015; Q. Chen et al., 2019; Dobrenel et al., 2016; L. Li et al., 2021; Robaglia et al., 2012; Rodriguez et al., 2019; Rosenberger & Chen, 2018; Ryabova et al., 2019; Shi et al., 2018; L. Wang et al., 2017). TOR inhibition induces the expression of ethylene biosynthesis genes such as ACS and ACO, along with ethylene response factors (ERFs) (P. Dong et al., 2015; Zhuo et al., 2020). Additionally, the ethylene precursor ACC upregulates GCN2, further inhibiting protein synthesis (Lageix et al., 2008). TOR also directly regulates ethylene signaling by phosphorylating EIN2, preventing CEND from translocating to the nucleus and thereby modulating downstream ethylene responses (Fu et al., 2021). This highlights a complex interplay between TOR, nutrient signaling, and ethylene in coordinating plant growth and stress responses.

[bookmark: _Toc194073992]Regulatory effects of autophagy, hormonal, and sugar signaling to modulate plant stress responses
During nutrient deprivation, autophagy plays a critical role in nutrient recycling and resource allocation to maintain cellular homeostasis. Previous studies have demonstrated the induction of ATGs and ethylene-related genes under sugar or nitrogen starvation, indicating that ethylene regulates autophagy-mediated nutrient mobilization and redistribution (Okuda et al., 2011; Y. Wang et al., 2013).
Additionally, autophagy is modulated by sugar availability through the SnRK1-TOR pathway (Avin-Wittenberg et al., 2015; Janse van Rensburg et al., 2019; Masclaux-Daubresse et al., 2014) and by ABA signaling via the SnRK2-TOR pathway (P. Wang et al., 2018), linking metabolic and hormonal signaling to autophagic regulation. Environmental stresses such as darkness, heat, drought, salinity, and cold can induce sugar excess or starvation, further activating autophagy (Barros et al., 2017; Krasensky & Jonak, 2012; Tarkowski & Van Den Ende, 2015). This highlights a complex regulatory network where sugar signaling, and autophagy interact to mediate plant responses to fluctuating environmental conditions. However, there is a lack of direct evidence that can lead us to elucidate the underlying molecular mechanisms of these interrelated pathways.

[bookmark: _Toc190874830][bookmark: _Toc194073993]Aim of the dissertation
Recently, the Binder Lab reported a novel effect of ethylene hormone on dark-germinated Arabidopsis seeds and several other Angiosperm species, called ethylene-mediated metabolic priming, that led to the enhancement of growth and stress tolerance (Brenya et al., 2023). This is characterized by longer primary roots, more and longer lateral roots, and greater leaf size and shoot mass in plants pretreated with ethylene compared to control plants.
Genetic, biochemical, and physiological studies revealed higher carbon assimilation and photosynthesis, higher accumulation of both soluble and storage sugars, and their breakdown in the primed plants. We used non-targeted metabolomics and found upregulation in carbohydrate and amino acid metabolism. Transcriptomic analysis (Fig I-3) showed ethylene-mediated priming led to higher transcript levels of key photosynthetic genes like Ribulose-1,5-Bisphosphate Carboxylase/Oxygenase (RUBISCO), Glutamyl-tRNA Reductase (GLUTR or HEMA1), Chlorophyll A/B Protein (CAB1), several sugar metabolism-related genes like Cytosolic Invertases (CINV1 and CINV2); Sucrose Synthase3 (SS3), and Sucrose Phosphate Synthase3F (SPS3F), and key developmental genes (related to cell elongation, cell division, and cell wall formation) (Fig I-3, Fig I-4, Fig I-5). 
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[bookmark: _Toc194085919]Fig I-3. Global Gene Transcript Changes Caused by Ethylene Priming. 
RNASeq data set from Brenya et al. 2023 (Fig S16) showing - A) Volcano plot showing global transcriptional changes caused by ethylene priming. Red denotes log2 fold change above 1, blue denotes log2 fold change below -1. B) Heatmap showing relative abundance of each gene in individual unprimed and ethylene-primed samples at Day 5. 



Ethylene priming also showed quite a paradoxical effect - besides increasing growth, the stress tolerance against heat, hypoxia, and salt stress was also higher. Our study revealed that most stress-related genes were downregulated - like Heat Shock Proteins (HSPs) and Dehydration-Responsive Element Binding Protein (DREB) in the ethylene-primed plants, compared to the unprimed control ones. However, some genes related to ROS detoxification and scavenging like Peroxidases (PERX), Glutathione Transferases (GSTF), Glutathione Peroxidase (GPX) CytochromeP450 (CYP) were significantly upregulated in primed plants.
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[bookmark: _Toc194085920]Fig I-4. Gene Ontology of upregulated and downregulated genes by ethylene priming.
Ethylene priming upregulates genes related to growth like cell division, cell elongation, development and proliferation, cell cycle, and cell wall biosynthesis (Table S3); and downregulates stress-related responses (Table S4) from Brenya et al. 2023.



Based on our initial findings, ethylene-mediated metabolic priming enhanced growth as well as stress tolerance, which seemed to be quite a paradox. The proposed model for ethylene priming was published in Brenya et al. 2023 (Fig I-5).
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[bookmark: _Toc194085921]Fig I-5. Proposed model for ethylene priming in Arabidopsis 
Ethylene-pretreatment of germination seedlings in the dark, after being transferred to light, undergoes photomorphogenesis and shows higher photosynthesis, sugar metabolism, and carbon assimilation, leading to higher growth and higher stress tolerance (Brenya et al. 2023).







Generally, plants show a trade-off between pathways leading to growth and stress-related defense, a phenomenon called “Growth-Defense-Trade-Off”. The driving force for the growth-defense trade-off seems to arise from the competition for a limited amount of available resources (Coley et al., 1985; Herms & Mattson, 1992; Huot et al., 2014; Simms & Rausher, 1987) as well as opposite molecular pathways for growth and defense (Eichmann & Schäfer, 2015; Neuser et al., 2019). 
The questions addressed in this dissertation are:
· Is ethylene priming causing higher stress tolerance against common plant stresses or only a subset of them?
· What is the underlying mechanism for this stress tolerance? Is this mediated by the regulation of stress-related molecular pathways? 
· Are sugar and ROS levels impacted by priming? 
· Is selective autophagy and TOR signaling linked to ethylene priming and stress responses?
Chapter II summarizes all the methods and materials used for the study. Chapters III and IV focus on the questions mentioned above, a part of which has been published in a co-authored paper: (Ethylene-mediated metabolic priming increases photosynthesis and metabolism to enhance plant growth and stress tolerance. Eric Brenya, Esha Dutta, Brittani Herron, Lauren H. Walden, Daniel M. Roberts, Brad M. Binder; PNAS Nexus (2023), Vol. 2, (Brenya et al., 2023)).
[bookmark: _ceg57tjxh73m][bookmark: _Toc190874831][bookmark: _Toc194073994]Significance of the Study
Crop production faces challenges from environmental stressors such as drought, floods, heat, salinity, and frost, which are exacerbated by climate change. These stresses threaten food security, particularly with the rising global population. Current advances in plant biology research provide crucial insights to understand how plants perceive various environmental stresses and respond to them. Studies on mechanisms to understand complex stress responses, their crosstalk with other molecular pathways like hormone signaling and defense pathways, developing strategies to prime plants against various stresses, and breeding stress-tolerant, robust, and resilient plants are the need of the hour. Our study aims to understand the mechanisms by which ethylene-priming makes plants more tolerant to stresses. Although these experiments are conducted in the laboratory under controlled environments, this can be extended to greenhouse applications to prime plants against environmental stresses. This has the potential to develop more efficient strategies for sustainable agriculture and breeding stress-resilient plants in the wake of climate change. 
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[bookmark: _Toc194073995]CHAPTER II
Materials And Methods


[bookmark: _Toc190874836]This chapter contains all the methods and materials used for this dissertation, along with standard lab protocols common in the field, that have been optimized and modified in the lab to this specific study system used here.
[bookmark: _Toc194073996]Plant Materials

All experiments used Arabidopsis thaliana. Wild-type (Columbia) seeds are stocks from the Binder Lab. The cinv1;cinv2 seeds are in the Columbia (Col-0) background and were from Charles Anderson (Barnes & Anderson, 2018), as previously described in (Brenya et al., 2023). The autophagy and hypoxia-related mutants – atg5-1,atg7-2, atg9-4, and nip2;1 are in Col-0 background and were from Daniel M. Roberts Lab. The gcn2-1 mutants were from Albrecht von Arnim, in Ler-0 background. The hls1-1 mutants were obtained from ABRC (CS3073) (Guzmán & Ecker, 1990; Lehman et al., 1996).
[bookmark: _Toc190874837][bookmark: _Toc194073997]Growing seedlings on agar media or soil

A. thaliana seeds were surface sterilized using 70% (v/v) ethanol, stratified, and grown on either 0.8% (w/v) agar containing half-strength Murashige and Skoog basal salt mixture, pH 6.0 (Murashige & Skoog, 1962) with no added sugar or with 0.2% sucrose, or seeds were potted in the soil comprised of a 3:1 mixture of peat light: perlite. These methods are also described previously (Brenya et al., 2023). 
[bookmark: _Toc190874838][bookmark: _Toc194073998]Ethylene priming treatment

Seedlings were germinated in darkness in ethylene-free air or 700 ppb ethylene for either 3 days (for agar plates) or 4 days (for soil experiments). Afterward, seedlings were transferred to ethylene-free conditions and 155 μmol m−2 s−1 white light (16 hours light, 8 hours darkness cycle) and 60% humidity in temperature and light-controlled growth chambers. At various times after transferring out of ethylene and into light, plants were then exposed to various stresses, as explained below.
[bookmark: _Toc194073999]Stress Assays

Each plate contained 10-12 seedlings. Each treatment and condition had 3 plates each, and all experiments were repeated 3 times.
[bookmark: _Toc194074000]Heat Tolerance Assay in Light and Dark

Seeds were sown on agar plates, treated with ethylene as described above, and transferred to grow in light. Stress was administered 5 days after priming. Heat stress was applied by exposing seedlings to either 22 ℃ (control) or 45 ℃ for 30 min in darkness or light followed by a return to 22 ℃ and white light for recovery as modified from (S. Li et al., 2014; Silva-Correia et al., 2014). Survival after heat was assessed over three days post-stress by counting seedlings that survived. The seedlings that turned chlorotic or white and had not grown new leaves were scored as dead. 
[bookmark: _Toc190874839][bookmark: _Toc194074001]Hypoxia Reoxygenation Assay

Hypoxia stress was administered by purging a sealable chamber (9.5 L Jar Gas Pak System, BBL) with argon gas to a final O2 level less than 2% measured by using a Traceable Oxygen probe (Fisher Scientific) as previously described (Lokdarshi et al., 2016). Five days after priming, seedlings were placed in hypoxic conditions in darkness for 6 hours and then were returned to normal aerobic conditions and white light. Plant survival to reoxygenation stress was then assessed over three days by monitoring for the presence of leaf chlorosis (Beamer et al., 2021). The normoxic (control) plants were kept in an ambient oxygen condition in the dark and involved no argon purging. Chlorotic and white leaves were denoted as dead.
[bookmark: _Toc190874840][bookmark: _Toc194074002]Salt Stress Assay

Seeds were sown on agar plates and treated as above. Five days after priming, the seedlings were transferred to plates with either 150 mM NaCl (Fisher Scientific, S271-10) or no added salt. The survival rate was determined by leaves turning chlorotic yellow and white for up to three days post-stress. 
[bookmark: _Toc190874841][bookmark: _Toc194074003]Copper Stress Assay

Seeds were sown on agar plates and treated as above. Five days post ethylene treatment and growth in light, the seedlings were transferred to plates with either 50μM copper sulfate (Fisher Scientific, LC134051) or no copper. Survival under copper stress was monitored for 7 days post-stress and was determined by the color of the leaves staying green denoting healthy or turning yellow due to chlorosis or ending up becoming white when dead and failed to grow. 
[bookmark: _Toc190874842][bookmark: _Toc194074004]Cold Stress

Seeds were sown on agar plates, pretreated with air or ethylene, and grown in light for a week. At this time, the seedlings were then exposed to either 22℃ (control) or 0℃ in an ice bath for 24 hours, in darkness. Survival was determined over one-week post stress by chlorosis in the leaves and whether it impacted growth. 
[bookmark: _Toc190874843][bookmark: _Toc194074005]Freezing Stress Assay

The seeds were imbibed and light-treated briefly, and approximately 20 seeds were sown in pots containing soil. Ethylene treatment was done for 4 days, following which pots were moved into the growth chamber at 22℃ under 16h light and 8hr dark long-day conditions for seven days. At this time, the seedlings were exposed to freezing stress at -20℃ or room temperature at 22℃ in darkness for 2 hours. Following this, pots were moved back into light under 22℃ in the growth chamber for recovery. Survival was monitored for the next 2 days to determine the freezing tolerance based on the seedlings’ recovery and growth. Seedlings that failed to recover turned white and died.
[bookmark: _Toc190874844][bookmark: _Toc194074006]Flagellin (flg22) Stress Assay

Seeds were sown on agar plates and treated as above. Seven days after ethylene treatment and growth in light, seedlings were transferred to agar plates either containing no flg22 peptide (from PhytoTech labs) or 1μM flg22 peptide solution (from a 1mg/mL stock made by dissolving flg22 peptide in deionized, diethylpyrocarbonate-treated water). Survival under flagellin treatment was monitored for 7 days and scored with leaves turning yellow to white from chlorosis and showing complete growth arrest. 
[bookmark: _Toc190874845][bookmark: _Toc194074007]Sucrose, Glucose, and Fructose Analyses

Wild-type and cinv1;cinv2 seedlings were grown, treated with ethylene or ethylene-free air, and exposed to 30 min of heat stress in the dark as described above. Seedlings were placed at room temperature and white light for 1 hour of recovery before samples were prepared for either sucrose, glucose, or fructose quantification. For all assays, seedlings were frozen in liquid nitrogen after being weighed and then ground into a fine powder in a 2 ml Corning screwcap Eppendorf tube containing 2-3 steel balls using a homogenizer (Biospec) for 15 seconds. Glucose quantification was done as described in the glucose assay kit (MAK476, Sigma-Aldrich). Fructose and Sucrose quantification is done using a modified protocol, optimized in the Binder lab using reagents from the FA20 and SCA20 kits (Sigma-Aldrich). All the assays were performed in 96 well plates on a microplate reader (Varioskan Lux Plate Reader, Thermo Fisher Scientific). Each sample had 3 biological replicates and 3 technical replicates per condition and treatment.
[bookmark: _Toc190874846][bookmark: _Toc194074008]RNA Isolation and Real-Time qRT-PCR

Whole seedlings were collected and quickly frozen in liquid nitrogen. Total RNA was extracted using the Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) with turbo-DNase (Invitrogen). RNA concentration was determined using a Nanodrop (Thermo-Fisher) after which samples were normalized to the same concentration for cDNA synthesis. First-strand cDNA synthesis was done using SensiFAST cDNA synthesis kit (Thomas Scientific). Primers were designed across exon junctions using the online Primer3Plus program. Secondary structures were identified to eliminate primer dimers using the IDT UNAFold program, and primer quality and efficiency were determined to be between 90-100%. qPCR was performed (BIORAD CFX96) using Sensifast SYBR No-Rox (Thomas Scientific) as described in the manual with the following qPCR conditions: 28 cycles of 98 ℃ for 30s, 98 ℃ for 10s, 60 ℃ for 30s, 72 ℃ for 30s, followed by 72 ℃ for 5 min. Gene expression levels relative to the previously validated housekeeping gene, UBQ10 (At4g05320), were used for each sample following the method from (Pfaffl, 2001). Specific primer sequences for these analyses are listed in Table II-1.


[bookmark: _Toc194084922][bookmark: _Toc194086532]Table II-1. List of primers used for determining relative transcript abundance by qRT-PCR.
	Gene ID
	GENE
	Name
	Sequence 5’-3’

	AT1G21910
	DREB26
	DREB26_qFwd
	TGTCTCAAAGGCCCTCAAGC

	
	
	DREB26_qRev
	GACGGCTGATGAAGTAGGGG

	AT5G12030
	HEAT SHOCK PROTEIN 17.6
	HSP17.6_qFwd
	CACACCGTCATTACAAGCCG

	
	
	HSP17.6_qRev
	AGAACGTGCTTGTGGTGAGT

	AT2G33160
	NIMNA
	NMA_qFwd
	ATGGGCTAAGTCCGTATCGC

	
	
	NMA_qRev
	CGTGTGGACAATACTGCTGA

	AT4G15393
	CYTOCHROME P450 from Family CYP702 Subfamily A5
	CYP702A5_qFwd
	CGCAGCTTGACAAACCAGTT

	
	
	CYP702A5_qRev
	TGCTTGCAGTTTCCTTGACG

	AT1G49860
	GLUTATHIONE S-TRANSFERASE
	GSTF14_qFwd
	TCGTAGATTGGCTTGCTGGT

	
	
	GSTF14_Rev
	CAAGAACCGGGACTTCACCA

	AT5G47000
	PEROXIDASE SUPERFAMILY PROTEIN 14
	PERX_qFwd
	TGCTGTCTCGTTAGTTGCGT

	
	
	PERX_qRev
	CCGTGGATGATACAATCGCC

	AT2G43350
	GLUTATHIONE PEROXIDASE 3
	GPX3_qF
	TCAAGAGGTGATGTAGTTGGAGC

	
	
	GPX3_qR
	GGAGGATTGTTTGGGGATGCT

	AT1G35580
	CYTOSOLIC INVERTASE 1
	CINV1_qF
	TGATGGCTGAAGCTTGGGAG

	
	
	CINV1_qR
	CGGCAAGAGTACCAACAGGT

	AT4G09510
	CYTOSOLIC INVERTASE 2
	CINV2_qF
	GTGGATCTTGGCCAGTATTGC

	
	
	CINV2_qR
	ATCAATCGCACGTCTCGCTA




[bookmark: _Toc194084923][bookmark: _Toc194086533]Table II-1. continued
	AT1G11720
	STARCH SYNTHASE 3
	SS3_qF
	GAGCGGAAATTGGTGGTTCG

	
	
	SS3_qR
	GGTCCATCAGCAAAGACCCA

	AT1G04920
	SUCROSE PHOSPHATE SYNTHASE 3F
	SPS3F_qF
	ACCGATCTTCACCGGACTTG

	
	
	SPS3F_qR
	CCTCCCATTCCAACTGCTTCT

	AT1G67090 

	RIBULOSE BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A
	RBCS1A_qF
	TGAATTCGAGTTGGAGCACGG


	
	
	RBCS1A_qR
	TGAATTCGAGTTGGAGCACGG


	AT5G38420 

	RUBISCO SMALL SUBUNIT 2B
	RBSC2B_qF

	GTTTCATTGCCTACAAGCCC


	
	
	RBSC2B_qR

	CCTCAACTGTTAAGTCGGCA


	AT1G45249
	ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 2
	ABF2_qF
	CTTTGGACCTCCTTGCAGAA

	
	
	ABF2_qR
	CAAGGATCATGGAAATGCAA

	
	
	
	

	AT5G51760

	ABA-HYPERSENSITIVE GERMINATION 1
	AHG1_qF
	GGTGTTGTGTCGAAATGGAA

	
	
	AHG1_qR
	CACGCTCGTCTGGTCTATCC




[bookmark: _Toc190874847][bookmark: _Toc194074009]ROS histochemical staining

Wild-type, and cinv1;cinv2 seedlings were grown and treated with ethylene or ethylene-free air and exposed to heat stress as described above. 1 hour after the heat stress, rosettes were cut from the seedlings and placed in 12-well plates.
[bookmark: _Toc190874848][bookmark: _Toc194074010]DAB Staining to quantify hydrogen peroxide levels

3,3′-Diaminobenzidine (D8001, Sigma-Aldrich) or DAB was used to make a staining solution (1mg/mL) containing Tween 20 (0.05% v/v, Sigma-Aldrich) and 10 mM sodium phosphate (Sodium phosphate, dibasic anhydrous Na2HPO4 and Sodium phosphate, monobasic anhydrous NaH2PO4, Fisher Scientific) buffer (pH 7.0). DAB staining solution was added to the wells, followed by vacuum infiltration for 15 minutes, and left overnight (around 8 hours) on a rotating shaker at room temperature in the dark. This staining protocol was adapted and modified from (Daudi & O’Brien, 2012) and has previously been used in several studies (Bindschedler et al., 2006; Daudi et al., 2012; Schraudner et al., 1998; Thordal‐Christensen et al., 1997). After staining, leaves from the rosettes were separated using forceps, and leaves 2, 5, and 9 were selected for imaging.  
[bookmark: _Toc190874849][bookmark: _Toc194074011]NBT Staining to quantify superoxide levels

Nitroblue tetrazolium chloride (N6876, Sigma-Aldrich) or NBT was used to make a staining solution with phosphate buffer (pH 7.8) and sodium azide (71289-50, Fluka). The staining protocol is the same as above, except incubation was done for 2 hours. This protocol was modified from (Jabs et al., 1996), as has been previously used in several studies (Doke & Ohashi, 1988; Maghzal et al., 2012; Overmyer et al., 2000; Pellinen et al., 2002; Scarpeci et al., 2008).
[bookmark: _Toc190874850][bookmark: _Toc194074012]Destaining DAB and NBT stained leaves and imaging 

To remove excess stains and bleach out leaf chlorophyll, a bleaching solution containing Ethanol (DeconLabs), Acetic acid (Fisher chemicals), and Glycerol (Fisher Bioreagents) was used. ethanol: acetic acid: glycerol (3:1:1 v/v) was added to the leaves and heated to 95℃. Then, the leaves were imaged on microscopic glass slides using a light microscope (Olympus), and images were taken using a Canon (EOS) camera. 
[bookmark: _Toc190874851][bookmark: _Toc194074013]ROS imaging by DCF probe using Confocal Microscopy

Wild-type and cinv1;cinv2 seedlings were grown on ½ MS-NS agar plates, treated with ethylene or ethylene-free air, and then grown in light for 5 days. 3 seedlings per condition were placed on a glass slide and were kept at 25 ℃ (control) or 45 ℃ (control) for 30 minutes in the dark. This was followed by the addition of a general fluorescent ROS probe, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen D399). H2DCFDA is cell-permeable and non-fluorescent. In the cytosol, H2DCFDA gets hydrolyzed to H2DCF carboxylate anion form which gets further oxidized into fluorescent dichlorofluorescein or DCF (Gomes et al., 2005; Grisham, 2013; Kalyanaraman et al., 2012; Wardman, 2007).
A stock solution of 50μM H2DCFDA was prepared by dissolving it in 0.1% DMSO (Fisher Scientific), from which a working solution of 5μM H2DCFDA was used for incubating the seedlings for 15 minutes in the dark. Confocal microscopy was done by using a Leica SP8 confocal laser scanning microscope, and images were captured at 40X magnification using a water immersion lens. A white light laser was used for an excitation wavelength of 488 nm. DCF fluorescence emission was captured between 493-550 nm wavelengths. Chlorophyll autofluorescence emission was recorded between 650-750 nm. Images were processed using Leica Application Suite or LAS X software.
[bookmark: _Toc190874852][bookmark: _Toc194074014]TOR inhibitor assay 

Wild-type seeds were sown on agar plates, treated with ethylene or ethylene-free air, and then grown in light for 7 days. Seedlings were either sprayed with 0.1% Dimethyl sulfoxide (DMSO) as a mock treatment, or 1uM TOR kinase inhibitor AZD8055, and were either exposed to control temperature (22 ℃) or heat stress (45 ℃) for 30 min in darkness. After heat stress, the seedlings were transferred back into light and normal growth temperature. Survival was monitored over the next 3 days.
[bookmark: _Toc190874853][bookmark: _Toc194074015]Statistical Analyses

Pairwise comparisons were conducted with Students' t-tests using Excel (Office 365). For multiple group comparisons, Two-way ANOVA tests and multiple comparisons were performed using GraphPad Prism version 10.4.1.

	




[bookmark: _Toc289175833][bookmark: _Toc175638318][bookmark: _Toc190874858][bookmark: _Toc194074016]CHAPTER III
Characterization Of Ethylene-Mediated Priming In Plant Stress Tolerance


Parts of this chapter have already been published in Brenya et al. 2023, and the rest is being prepared as manuscripts. 
[bookmark: _Toc289175834][bookmark: _Toc175638319][bookmark: _Toc190874859][bookmark: _Toc194074017]Abstract
Crop production is increasingly threatened by environmental stressors, exacerbated by climate change, which brings more frequent and severe bouts of extreme temperatures, reduced precipitation, and harsh weather conditions. These challenges pose significant risks to global food security as populations continue to grow. Among the key stressors, heat stress stands out, affecting critical plant developmental stages such as flowering, pollen production, and seed maturation, ultimately leading to reduced crop productivity and yield. Water-related stresses, including drought and flooding, are also major contributors to global crop losses. Flooding induces hypoxia, while subsequent reoxygenation further damages plant tissues. Similarly, drought creates water-deficient conditions that impair metabolic functions. Soil-related stresses, including pH imbalances and salinity, further hinder plant growth. High salt levels lead to toxic accumulations of sodium and chloride ions, causing osmotic stress, oxidative damage, and hormonal imbalances while making plants more susceptible to disease. Heavy metal toxicity, although trace amounts of these elements are essential for normal plant cellular processes such as photosynthesis, respiration, and enzyme activity, becomes detrimental when concentrations exceed tolerance limits. This leads to disruptions in cellular ionic balance, damage to organelles like the chloroplast and mitochondria, and metabolic dysfunctions. These stress-induced disruptions in plant physiology and metabolism underscore the importance of ongoing plant research to understand how plants perceive and respond to environmental challenges. Insights from such studies are crucial for breeding and engineering stress-resilient crops to mitigate the adverse impacts of climate change on agricultural productivity and ensure food security.
[bookmark: _Toc194074018]Introduction
Previous research from Binder lab demonstrated that transiently treating germinating seeds in darkness with ethylene increased growth and stress tolerance to salt stress, heat stress, and reoxygenation stress after hypoxia (Brenya et al., 2023). The ethylene-primed seedlings also had increased carbon fixation and large increases in the levels of starch, sucrose, and glucose. Non-targeted metabolomics and transcriptomics revealed increases in many processes related to cell division, photosynthesis, carbohydrate, and amino acid metabolism. Of note, the increase in growth required the cytosolic invertases, CINV1 and CINV2 (Barnes & Anderson, 2018), and ethylene-mediated priming led to increased transcript levels of both genes pointing to the breakdown of sucrose as critical for the priming effect. 
In this study, we further characterized the effects of ethylene-mediated priming on stress tolerance and explored the role of CINV1 and CINV2. We also explored whether ethylene-mediated priming leads to changes in gene expression patterns of key metabolism and stress genes. We measured sugar levels under priming and stress conditions and explored cellular ROS levels to understand if there is a correlation. 
[bookmark: _Toc289175838][bookmark: _Toc175638323][bookmark: _Toc190874863][bookmark: _Toc194074019]Results
[bookmark: _Toc289175839][bookmark: _Toc175638324][bookmark: _Toc190874864][bookmark: _Toc194074020]Survey of Stress Survival in the context of ethylene-mediated priming
We tested an array of abiotic stresses commonly affecting plants like heat, cold, freezing, hypoxia, salt, and copper to further understand if stress tolerance post-priming is high under all of these conditions or only under a subset of them. We also tested a biotic stress mimic by using flagellin 22 (flg22) peptide in our growth media to see if priming-mediated stress tolerance is different between biotic and abiotic stress conditions. The stress treatments, the conditions used, and the observations are summarized in Table III-1. 

[bookmark: _Toc194084924][bookmark: _Toc194086534]Table III-1. Summary of stress treatments used
	Stresses used
	conditions
	Seedling age
	Duration of stress
	Results

	Heat
	Dark, 45℃
	5-day
	30 minutes
	Chlorosis

	Heat
	Light, 45℃
	5-day
	30 minutes
	Chlorosis

	Hypoxia
	Dark, 2% O2
	5-day
	6 hours
	Chlorosis

	Salt
	Light, 150mM NaCl
	5-day
	continuous
	Chlorosis

	Copper
	Light, 50μM CuSO4
	5-day
	continuous
	Chlorosis

	Freezing
	Dark, -20℃
	7-day
	2 hours
	Chlorosis

	Flg22
	Light, 1μM
	7-day
	continuous
	Growth arrest

	Cold
	Dark, 0℃
	7-day
	24 hours
	Growth arrest





Based on previous results published in Brenya et al. 2023, we used wild-type Columbia and cinv1;cinv2 to test these stress tolerance levels since knocking out CINV1 and CINV2 abolished the priming effects of ethylene. Our results in Fig III-1 (A through E) show that Col-0 seedlings had significantly higher tolerance with priming, and a higher percentage of seedlings survived under heat stress (in both light and dark conditions), hypoxia, salt, and copper when compared to unprimed ones. Consistent with our previous findings, cinv1;cinv2 mutant seedlings showed no statistical difference in survival levels under these stress conditions whether they were primed or not. 
Phenotypic assessment of seedlings under heat, hypoxia, and salt stresses was done by comparing healthy green leaves to dead white chlorotic leaves. The effects of these stresses were quite robust, and seedlings were dead by day 2 or 3 after stress treatment. 
Phenotypic assessment of seedlings under copper stress revealed that the wild-type and cinv1;cinv2 seedlings were either healthy green, chlorotic yellow, or dead white.  Whereas cinv1;cinv2 seedlings showed similar levels of dead white seedlings and yellow chlorotic seedlings in both primed and unprimed conditions at day 3 and day 7 post-stress, wild-type seedlings were mostly dead when unprimed and mostly chlorotic when primed.
We also tested wild-type and cinv1;cinv2 mutant seedlings under cold stress and flagellin stress. Since these two stresses did not result in chlorosis, we did not measure the percent survival. Instead, we counted seedlings that continued normal growth after stress for survival and considered the ones showing growth arrest as dead.

[bookmark: _Toc289175840][bookmark: _Toc175638325][bookmark: _Toc190874865]
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[bookmark: _Toc194085922][bookmark: _Toc191855340][bookmark: _Toc191855562][bookmark: _Toc191856044]Fig III-1. Survival of wild-type and cinv1;cinv2 with different stresses. 
Wild-type and cinv1;cinv2 seedlings were exposed to an array of stresses -  A. Heat in dark, B. Heat in light, C. Hypoxia in dark + reoxygenation, D. Salt stress in light, E. Copper stress in light, F. Cold stress in dark, and G. Flagellin stress in light; and their survival was scored by counting alive and dead seedlings post-stress. Mean percent survival of seedlings is plotted. Calculations were done with approximately 20-30 seedlings per plate and had at least 3-6 replicates per condition.

[bookmark: _Toc194074021]Ethylene priming shows no effect in freezing stress
We also tested freezing stress on wild-type Columbia seedlings potted in soil. After 2 hours of freezing stress at -20℃ in the dark, plants were kept at room temperature under light at 22℃ for 2 days and scored for survival. 25% of unprimed and 19% of primed seedlings survived 48 hours post-stress, showing no advantage against freezing with priming (Fig III-2).
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[bookmark: _Toc194085923]Fig III-2. Freezing stress tolerance is unaffected by priming.
A. Wild-type seedlings were exposed to freezing stress (-20℃ in the dark for 2 hours), bars showing mean survival after 2 days. B. Pots showing Col-0 plants that survived with and without freezing stress after 2 days. 

The findings from our stress survey experiments about priming-induced stress tolerance in wild-type and cinv1;cinv2 mutants are listed below in Table III-2. 

[bookmark: _Toc194086535]Table III-2. Summary of priming-induced stress tolerance in wild-type and cinv1;cinv2
	Stresses used
	Did priming enhance stress tolerance?

	
	wild-type
	cinv1;cinv2

	Heat (dark)
	yes
	no

	Heat (light)
	yes
	no

	Hypoxia
	yes
	no

	Salt
	yes
	no

	Copper
	yes
	no

	Freezing
	no
	not tested

	Flg22
	yes
	yes

	Cold
	yes
	no






[bookmark: _Toc194074022]Effect of sucrose on stress tolerance with priming
To test whether adding exogenous sucrose to the media affects stress tolerance, we tested stress tolerance levels to heat in darkness and recovery after hypoxia in the dark. With sucrose, unprimed wild-type seedlings show higher survival under both heat and hypoxia compared to no sucrose. Primed wild-type seedlings show reduced survival under heat and hypoxia than without sucrose, indicating the addition of sucrose amplifies the stress. However, cinv1;cinv2 mutant seedlings show no difference in survival under either heat or hypoxia with the addition of sucrose, irrespective of priming (Fig III-3).


[image: A screenshot of a graph  AI-generated content may be incorrect.]
[bookmark: _Toc191855342][bookmark: _Toc191855564][bookmark: _Toc191856046][bookmark: _Toc194085924]Fig III-3. Effect of sucrose and priming on stress survival. 
Mean percent survival under heat and hypoxia in the dark was tested in wild-type and cinv1;cinv2 seedlings. Agar plates either had no sucrose (left) or 0.2% sucrose (right) for both heat and hypoxia.  



[bookmark: _Toc194074023]Ethylene-priming affects gene regulation of key components for sugar metabolism 

RBCS1A and RBCS1B code for different small subunits of RUBISCO, the central protein essential for carbon fixation and sugar anabolism. CINV1 and CINV2 are two cytosolic invertases that break down sucrose. These four genes showed significant upregulation five days after priming (Brenya et al., 2023) . To understand the gene regulation pattern, we used a time-course approach to determine relative transcript abundance in the first 24 hours after priming. CINV1 and CINV2 showed the different trends. In the first 6 hours of growth in light, CINV1 shows no change in transcript levels and increases up to almost two-fold at 24 hours. Primers used for this are listed in Table II-I In contrast, CINV2 stays at higher levels in the first two hours of growth in light and then gets decreased at later times. This indicates a temporal nuance in the transcriptional regulation of these two isoforms. RBCS1A and 2B transcripts, however, show a similar pattern where they start off with 3-fold higher transcript levels at hours 0, and then slowly get downregulated with exposure to light over the next 6,12, and 24-hour time points. (Fig III-4).


[bookmark: _Toc191855343][bookmark: _Toc191855565][bookmark: _Toc191856047][image: A graph of different colored lines  AI-generated content may be incorrect.]  [image: A group of squares with different colors  AI-generated content may be incorrect.]

[bookmark: _Toc194085925]Fig III-4. Time-course analysis of sugar gene transcripts after priming.
Bar plots (top panel) and heatmaps (bottom panel) showing relative gene expression pattern of CINV1, CINV2, RBCS1A, and RBCS2B with and without ethylene priming. Time points used were 0, 2, 6,12, and 24 hours after ethylene priming and transfer to light. 0-hour samples were in the dark immediately after removing ethylene, and the rest were under white light. 



[bookmark: _Toc194074024]Gene expression pattern of stress genes across various stresses
To understand the mechanism by which ethylene-mediated priming shows higher stress tolerance across these arrays of stresses, we investigated if priming affects gene expression patterns of core stress genes. We selected key stress genes from our transcriptomic dataset (Brenya et al. 2023) to investigate whether priming shows any common pattern for the gene expression of these stress genes. The selected genes were  GLUTATHIONE S-TRANSFERASE 14 (GSTF14) -AT1G49860, PEROXIDASE SUPERFAMILY PROTEIN 14 (PERX) - AT5G47000 ,  CYTOCHROME P450 FAMILY 702 SUBFAMILY A5 (CYP702A5) - AT4G15393 , GLUTATHIONE PEROXIDASE 3 (GPX3) - AT2G43350 (all upregulated with priming in the RNASeq, Brenya et al. 2023), NIMNA (NMA) - AT2G33160 , DEHYDRATION RESPONSE ELEMENT BINDING PROTEIN 26 (DREB26) - AT1G21910, and HEAT SHOCK PROTEIN 17.6 (HSP17.6) - AT5G12030 (downregulated with priming in the RNASeq, Brenya et al. 2023). We tested their relative transcript abundance across heat (in both light and dark), hypoxia, salt, and copper stresses to determine if there exists a common pattern of regulation. Primers used for this are listed in Table II-1.
The gene transcript levels for all were tested at three days post-stress treatment, except for heat stress in light, which was analyzed one day after the stress.
 Interestingly there was no common pattern of regulation controlled by priming.  Each stress showed its own regulation on these genes tested. For example, heat stress in the dark (Fig III-5) showed higher levels of PERX, and NIMNA, when primed, but stress-induced no change in their transcript levels. GPX3, DREB26, and HSP17.6 were unchanged under both priming as well as stress. GSTF14 and CYP450 showed higher levels without stress, and downregulation under heat, irrespective of priming (Fig III-5). 
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[bookmark: _Toc191855344][bookmark: _Toc191855566][bookmark: _Toc191856048][bookmark: _Toc194085926]Fig III-5. Regulation of select stress genes under heat stress in dark.
Relative transcript abundance of stress genes, bars showing A. GSTF14, PEROXIDASE, CYP450, GPX3, B. NIMNA, DREB26, and HSP17.6 under heat stress (dark), C. showing gene expression pattern in a heatmap with (+) and without (-) priming under heat stress (dark).

 Heat stress, when conducted under light (Fig III-6), showed a different pattern of gene regulation from that in the dark. Priming, as well as stress, upregulated PERX, NIMNA, and HSP17.6 transcripts, whereas GSTF14, DREB26, and GPX3 remain unchanged (Fig III-6). Since the timepoint used here was shorter than the rest, it is possible that this dataset showed more stress-induced changes in transcript levels than the others that were tested three days after stress. Also, light combined with heat acted as a more severe stress than light or heat alone. Light also contributes to the gene regulation pattern of these genes.
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[bookmark: _Toc194085927]Fig III-6. Regulation of select stress genes under heat stress in light
Relative transcript abundance of stress genes, bars showing A. GSTF14, PEROXIDASE, CYP450, GPX3, B. NIMNA, DREB26, and HSP17.6 under heat stress (light), C. showing gene expression pattern in a heatmap with (+) and without (-) priming under heat stress (light).

When unprimed, all the stress genes tested showed higher transcript levels with hypoxia in the dark (Fig III-7). However, under primed conditions, only GPX3 and CYP450 transcript levels were upregulated with hypoxia; the rest showed no difference from unprimed control levels.
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[bookmark: _Toc194085928]Fig III-7. Regulation of select stress genes under hypoxia in dark.
Relative transcript abundance of stress genes, bars showing A. GSTF14, PEROXIDASE, CYP450, GPX3, B. NIMNA, DREB26, and HSP17.6 under hypoxia (dark), C. showing gene expression pattern in a heatmap with (+) and without (-) priming under hypoxia (dark).

Salt stress (Fig III-8) induced higher transcript levels of DREB26 and HSP17.6, in both primed and unprimed samples. GSTF14 and PERX showed higher transcript levels with priming, but no change with stress, whereas CYP450, GPX3, and NIMNA remain mostly unchanged under all conditions.
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[bookmark: _Toc194085929]Fig III-8. Regulation of select stress genes under salt stress in light.
Relative transcript abundance of stress genes, bars showing A. GSTF14, PEROXIDASE, CYP450, GPX3, B. NIMNA, DREB26, and HSP17.6 under salt stress (light), C. showing gene expression pattern in a heatmap with (+) and without (-) priming under salt stress (light).

Copper stress showed higher levels of GSTF14, PERX, and CYP450 in primed seedlings, whereas HSP17.6 levels were higher than controls in unprimed seedlings and the rest were unchanged under all conditions (Fig III-9).
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[bookmark: _Toc194085930]Fig III-9. Regulation of select stress genes under copper stress in light.
Relative transcript abundance of stress genes, bars showing A. GSTF14, PEROXIDASE, CYP450, GPX3, B. NIMNA, DREB26, and HSP17.6 under copper stress (light), C. showing gene expression pattern in a heatmap with (+) and without (-) priming under copper stress (light).

These results indicate a stress-specific regulation rather than a common priming-induced transcriptional regulation. This outcome was probably affected due to variables, like dark vs. light conditions used in the stress assays. We tested the transcript levels three days after stress for all except heat stress under light (Fig III-6), which was tested one day after stress to match stress survival data (shown in Fig III-1). Possibly, these are much later time points to capture any priming-induced transcriptomic changes and might have missed rapid and transient transcriptomic regulations occurring at earlier time points, possibly within a few hours of stress. Further characterization of these genetic changes requires collecting samples within a few minutes to hours of stress application. Doing a time course analysis with these stresses using RNASeq would be informative to understand key genes being regulated under these stresses in the context of priming.


[bookmark: _Toc194074025]Gene expression pattern of sugar metabolism genes across various stresses
We also investigated if priming alters gene expression patterns for four key sugar metabolism genes from our RNASeq dataset (Brenya et al.2023) under these different stress conditions. The genes were CYTOSOLIC INVERTASE 1 (CINV1) - AT1G35580, CYTOSOLIC INVERTASE 2 (CINV2) - AT4G09510, STARCH SYNTHASE 3 (SS3) - AT1G11720, and SUCROSE PHOSPHATE SYNTHASE 3F (SPS3F) - AT1G04920, which were all upregulated five days after ethylene priming (RNASeq data from Brenya et al. 2023). We again saw different gene expression patterns between CINV1, CINV2, SS3, and SPS3F under these stresses tested (Fig III-10). We see no clear pattern of upregulation by priming in all these four genes, which was expected in light. Each stress shows a different pattern of regulation, indicating each regulation is stress-specific. This led us to believe that looking at transcriptional changes at day 3 after stress might be too late to capture any priming-induced effects. This also points to the fact that possibly stress-specific regulations are happening on each of these genes, which might be further affected by light and dark conditions. 
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[bookmark: _Toc191855345][bookmark: _Toc191855567][bookmark: _Toc191856049][bookmark: _Toc194085931]Fig III-10. Regulation of select sugar genes across different stresses.
Heatmaps (left) and bar plots (right) showing relative transcript abundance of CINV1, CINV2, SS3, and SPS3F under A. heat (dark), B. hypoxia (dark) + reoxygenation, C. heat (light), D. salt (light), and E. copper (light) stresses. 

[bookmark: _Toc194074026]Ethylene-priming causes sugar levels to increase under heat stress
Previous data shows photosynthetically derived sugar levels are significantly higher in primed plants in contrast to unprimed plants (Brenya et al., 2023). To investigate what happens to these sugar levels in the context of stress, we focused on heat stress and quantified levels of glucose, fructose, and sucrose in whole seedlings with and without priming. We tested both Col-0 wild-type and cinv1;cinv2 mutants because the mutants lack the cytosolic invertase for sucrose breakdown and have poor stress tolerance whether or not primed.
Our results show higher glucose, fructose, and sucrose levels, with priming non-stressed control wild-type plants (Fig III-11). Glucose and sucrose levels remained high in primed plants after heat stress. In contrast, cinv1;cinv2 mutant seedlings had no difference in glucose and fructose levels with priming and heat stress. However, sucrose levels were higher in cinv1;cinv2 mutants to start with, and priming caused an increase in sucrose levels in both control and heat-stressed plants. This possibly indicates that sucrose buildup in the cinv1;cinv2 mutants is due to its inability to break down sucrose by invertases.
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[bookmark: _Toc194085932]Fig III-11. Quantification of glucose, fructose, and sucrose levels under heat stress.
A. Glucose, B. Fructose, and C. Sucrose levels in wild-type Col-0 and cinv1;cinv2 mutant seedlings (7-day-old) under heat stress in the dark. Seedlings were either unprimed (green) or primed with ethylene (red) and were either exposed to control temperature (22℃) or heat stress (45℃) in the dark.
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[bookmark: _Toc194074027]ROS quantification
Reactive oxygen species (ROS) production is common in plant tissues in a low amount due to several biochemical processes like photosynthesis, respiration, electron transport chain, etc. Plant tissues are well-equipped to deal with smaller ROS bursts with both enzymatic and non-enzymatic ROS detoxification pathways. Several antioxidants act as ROS scavengers in plant tissues. With prolonged oxidative stress, excess ROS buildup in the plant cell might cause damage to the lipids and nucleic acids. Oxidative stress-induced ROS production for a long period of time in plant tissues often results in leaf chlorosis and growth arrest. We did observe leaf chlorosis in most of our abiotic stress assays and significant growth arrest in cold and flagellin stress assays. This led us to quantify ROS levels in the primed and unprimed leaves in both wild-type and cinv1;cinv2 mutants. 
Moreover, sugars such as sucrose and derivatives of fructose act as ROS scavengers in plants (cite). Since ethylene priming caused sugar levels of glucose, fructose, and sucrose to increase, we wanted to quantify reactive oxygen species in both unprimed and primed plants. 
To quantify ROS, we chose two histochemical dyes, DAB and NBT, to stain leaves and quantify the levels of hydrogen peroxide and superoxide radicals, respectively. We used unprimed and primed leaves from 7-10 day old wild-type and cinv1;cinv2 mutant seedlings. We also wanted to do a comparison between the presence and absence of sucrose in the growth medium for the plants to see if growing them on sucrose makes any difference. We selected leaf 2, leaf 5, and leaf 9 to compare different developmental stages as source and sink tissues for sugar partitioning change in the leaves as they develop.

[bookmark: _Toc194074028]Quantification of hydrogen peroxide levels with DAB staining
All the abiotic stresses mentioned above that impacted the survival of seedlings showed severe chlorosis and death. Production of reactive oxygen species (ROS) is one of the causes leading up to oxidative damage resulting in leaf chlorosis that was observed in our stress assays. Hydrogen peroxide is one of the most common species of ROS produced in oxidative damage, we stained the leaves with DAB stain in the absence (Fig III-12) and the presence of 0.2% sucrose (Fig III-13).




B
[image: A screenshot of a diagram  AI-generated content may be incorrect.]
[bookmark: _Toc191855350][bookmark: _Toc191855572][bookmark: _Toc191856053][bookmark: _Toc194085933]Fig III-12. Quantification of hydrogen peroxide accumulation with heat stress without sucrose.
3,3′-Diaminobenzidine or DAB stain was used on A. leaf 2, B. leaf 5, and C. leaf 9 for wild-type and cinv1;cinv2 seedlings in the absence of sucrose to quantify levels of hydrogen peroxide in the leaves after heat stress in dark (45, 30 minutes). 
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[bookmark: _Toc191855351][bookmark: _Toc191855573][bookmark: _Toc191856054][bookmark: _Toc194085934]Fig III-13. Quantification of hydrogen peroxide accumulation with heat stress in presence of sucrose.
3,3′-Diaminobenzidine or DAB stain was used on A. leaf 2, B. leaf 5, and C. leaf 9 for wild-type and cinv1;cinv2 seedlings in the presence of 0.2% sucrose to quantify levels of hydrogen peroxide in the leaves after heat stress in dark (45, 30 minutes).
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We consistently find higher hydrogen peroxide levels in unprimed wild-type seedlings under heat than primed ones, both with and without sucrose. However, cinv1;cinv2 mutants show no difference in hydrogen peroxide levels whether primed or unprimed. The addition of sucrose increases hydrogen peroxide levels in cinv1;cinv2 even under control conditions. Given higher sucrose levels present in cinv1;cinv2 mutants (Fig III-11), further addition of sucrose might be acting as a stress itself. This aligns with the dual role of sucrose in being both a ROS scavenger and a ROS producer, depending on the context and threshold. This indicates that sucrose might be protecting wild-type seedlings by reducing hydrogen peroxide accumulation as it is being metabolized into other sugars. In contrast, cinv1;cinv2 mutants cannot actively break down sucrose into glucose and fructose, and higher sucrose levels negatively impact survival by adding to the peroxide accumulation.
[bookmark: _Toc194074029]Quantification of superoxide radical levels with NBT staining
We also quantified superoxide levels with NBT stain with and without adding sucrose (Fig III-14 and Fig III-15). 
Without sucrose, NBT staining shows high superoxide levels even in control samples and not just in heat-treated ones in both wild-type and cinv1;cinv2 mutants under unprimed conditions. Primed seedlings show no difference in superoxide levels with and without heat in both the genotypes tested (Fig III-14).
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[bookmark: _Toc191855352][bookmark: _Toc191855574][bookmark: _Toc191856055][bookmark: _Toc194085935]Fig III-14. Quantification of superoxide accumulation with heat stress using NBT stain without sucrose.
NitroBlue tetrazolium or NBT stain was used on A. leaf 2, B. leaf 5, and C. leaf 9 for wild-type and cinv1;cinv2 seedlings in the absence of sucrose to quantify levels of superoxide in the leaves after heat stress in dark (45, 30 minutes). 





The addition of sucrose (Fig III-1) lowered the amount of superoxide levels in the control samples in both the genotypes but5 did not show significant differences between control and heat-treated wild-type seedlings. 
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[bookmark: _Toc194085936]Fig III-15. Quantification of superoxide accumulation with heat stress using NBT stain with sucrose.
NitroBlue tetrazolium or NBT stain was used on A. leaf 2, B. leaf 5, and C. leaf 9 for wild-type and cinv1;cinv2 seedlings in the presence of 0.2% sucrose to quantify levels of superoxide in the leaves after heat stress in dark (45, 30 minutes). 





Priming did not affect superoxide levels in cinv1;cinv2 mutants under heat stress. The background stain intensity was already quite high in control samples, so this was 
inconclusive as to whether priming affected superoxide levels to change. This is probably due to several reasons, like the limitations of the technique used, NBT staining being not too sensitive, or superoxide levels being high to begin with, in control samples due to being incubated in the dark or the time point used for this analysis.
[bookmark: _Toc194074030]Visualizing cellular ROS accumulation with DCF probe using confocal microscopy 
We used a general ROS probe H2DCF-DA that is non-fluorescent and cell-permeable and is broken down by cellular esterase. In the presence of ROS, it gets oxidized to dichlorofluorescein (DCF), a green fluorescent compound. We used DCF to see cellular ROS levels in leaves of 5-day-old wild-type and cinv1;cinv2 seedlings with and without priming post heat stress (Fig III-16).
The unstressed control samples, both wild-type and cinv1;cinv2 show little or no DCF signal in both unprimed and primed conditions, indicating no measurable ROS accumulation. With heat stress, unprimed wild-type seedlings show significantly higher fluorescence from DCF than primed seedlings. Unprimed leaves show severe cellular damage by ROS accumulation and indicate the onset of selective autophagy as the vacuoles appear to merge within the cytosol. Most primed seedlings had no visible ROS accumulation in the leaf sections; however, only one leaf showed ROS accumulation along the cell periphery, indicating ROS generation in response to heat stress (Fig III-16). This data seems to be consistent with the survival data where unprimed seedlings survive less than primed seedlings (Fig III-1 A.) This shows that primed wild-type seedlings had less ROS accumulation either due to lesser ROS generation or ROS being rapidly scavenged, which needs to be further explored.
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[bookmark: _Toc191855355][bookmark: _Toc191855577][bookmark: _Toc191856057][bookmark: _Toc194085937]Fig III-16. Visualizing ROS accumulation and distribution in leaf sections with DCF fluorescent ROS probe.
Confocal images showing general ROS probe DCF (in green) and autofluorescence (in red), in control (25) and heat-stressed (45) wild type and cinv1;cinv2 seedlings (5-day-old). 



However, cinv1;cinv2 leaf sections, when zoomed in, show puncta-like autofluorescence. Some of these puncta show overlapping signals from autofluorescence (red) and DCF (green) and appear orange, indicating ROS accumulation in these structures (Fig III-17). These rod/oval-shaped puncta-like structures are of unknown origin and might probably be plastids or peroxisomes since they show autofluorescence. We also found ROS accumulation in the guard cells. To further characterize these distinct physiological changes in the cinv1;cinv2 mutant leaves under heat stress, labeling them with organelle-specific markers might be insightful to identify these punctate structures.
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[bookmark: _Toc194085938]Fig III-17. Heat stress induces puncta-like ROS accumulation in unprimed cinv1;cinv2. 
Unprimed cinv1;cinv2 leaf sections, under heat stress in dark (45show DCF probe (green) forming puncta-like structures. When zoomed in, some of these puncta show ROS accumulation colocalizing with the guard cells, possibly with plastids.







Primed cinv1;cinv2 show significantly higher ROS levels than unprimed ones where it show fewer puncta-like structures and widespread cytosolic fluorescence from ROS accumulation indicating severe cellular damage and selective autophagy with vacuoles merging in the cytosol. (Fig III-18). We also observe colocalization of the green DCF signal with the red autofluorescence of the chloroplasts is significantly higher, indicating higher ROS levels in chloroplasts.
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[bookmark: _Toc194085939]Fig III-18. ROS accumulation with DCF in primed cinv1;cinv2.
Primed cinv1;cinv2 leaf sections, under heat stress in dark (45, show DCF probe (green) less as puncta-like structures and, higher localization in the chloroplasts as well as widespread accumulation in the cytosol denoting significantly high cellular ROS levels. 

[bookmark: _Toc194074031]Determining if HOOKLESS1 (HLS1) is crucial in ethylene-priming

HOOKLESS1 (HLS1) is an ethylene response gene that codes for an acetyltransferase protein (Lehman et al., 1996; Neuwald & Landsman, 1997) and is involved in apical hook development and flowering (Guzmán & Ecker, 1990; Lehman et al., 1996) in Arabidopsis thaliana.  Since HLS1 is regulated by ethylene and priming induces epigenetic regulation (Liao et al., 2016), we explored how the hls1-1 mutant lacking the HLS1 gene responds to abiotic stresses with and without priming. 
We tested hls1-1 mutant seedlings under heat stress in the dark (Fig III-19) and salt stress in the light (Fig III-20) to test if HLS1 is crucial for the priming response.




With heat stress, 100% of the hls1-1 mutants were dead in both unprimed and primed conditions, which is entirely different from the wild-type controls, where primed seedlings show significantly higher survival than unprimed seedlings (Fig III-19). This might be partially due to darkness being an important factor in the regulation of HLS1.
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[bookmark: _Toc191855358][bookmark: _Toc191855580][bookmark: _Toc191856060][bookmark: _Toc194085940]Fig III-19. Heat stress survival of hls1-1 with priming.
Survival of 7-day-old wild-type (WT) and hls1-1 mutants 48 hours after heat stress (45, 30 minutes). 
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[bookmark: _Toc191855359][bookmark: _Toc191855581][bookmark: _Toc191856061][bookmark: _Toc194085941]Fig III-20. Salt stress survival of hls1-1 with priming.
Survival of 7-day-old wild-type (WT) and hls1-1 mutants 5 days after salt stress (150mM NaCl, light).

Under salt stress in light, hls1-1 mutants behave similarly to wild-type seedlings, where primed seedlings survive significantly more than unprimed ones (Fig III-20). This indicates that HLS1 is not crucial for the ethylene-mediated priming effect and knocking it out does not affect stress survival in light.
[bookmark: _Toc194074032]Discussion
Our study shows that ethylene priming in the dark and subsequent transfer to light leads to increased stress tolerance against common abiotic stresses and flagellin as well (Fig III-1) but has no protective effect against freezing stress (Fig III-2). We found that the addition of sucrose increased the basal survival of unprimed wild-type plants but not for primed ones (Fig III-3). Higher glucose, fructose, and sucrose levels post-priming might give wild-type plants a better chance to survive under stress by securing enough carbon sources for growth as well as stress tolerance (Fig III-11). This also correlates with lower ROS accumulation in primed plants under heat stress, as shown by both DAB staining (Fig III-12) and DCF fluorescence (Fig III-). We also found that primed cinv1;cinv2 knockout mutants show no difference in survival under most stresses (Fig III-1), have unchanged glucose and fructose levels (Fig III-11), and remain practically unaffected by priming for stress tolerance. Although sucrose levels are high in the cinv1;cinv2 mutants, they probably act as a stress inducer leading to more ROS accumulation than in wild-type plants, which probably leads to similar levels of leaf chlorosis and death of these seedlings in both primed and unprimed conditions. Interestingly, confocal images of cinv1;cinv2 mutants with DCF show probable formation of stress granules under heat (Fig III-15), which might correlate to repressing translation as a strategy to promote cell survival. Stress granule RNPs are known to aid in stress acclimation and is common under heat stress in Arabidopsis. However, in our observations, that does not significantly affect survival in the cinv1;cinv2 mutants. Alternatively, the puncta-like structures might probably be plastids or peroxisomes and might be colocalizing with ROS accumulation in the cell. Further experiments with organelle-specific markers might be useful in identifying the origins of these punctate structures. 
ROS accumulation in primed cinv1;cinv2 seedlings get significantly higher with heat, showing large vacuoles merging, leading to autophagy (Fig III-16). This indicates that a high sucrose level is not enough to reduce ROS accumulation. With heat stress, 100% of the hls1-1 mutants were dead in both unprimed and primed conditions, which is entirely different from the wild-type controls, where primed seedlings show significantly higher survival than unprimed seedlings. This might be partially due to darkness being an important factor in the regulation of HLS1.
Furthermore, this establishes that priming possibly does more than just increasing sugar levels and regulating carbohydrate metabolism, which leads to robust plants with more growth and stress resilience. Gene regulation at earlier time points, like 1-2 hours post-stress, might be more informative to see transient and rapid transcriptomic changes, which our analysis on Day 3 and Day 1 for gene transcripts failed to provide (Fig III-5,6,7,8,9,10). Further exploring metabolomic changes happening at the same time points for wild-type and cinv1;cinv2 mutants under stresses can reveal what is changing at a global level to affect survival. Additionally, priming has implications in regulating epigenetic changes, which can also possibly provide explanations for enhanced stress tolerance. We can further explore the effects of priming on epigenetic markers under control and stress conditions using Chromatin Immunoprecipitation (ChIP) and mass spectrometry to identify histone modifications. 
 
[bookmark: _Toc289175843][bookmark: _Toc175638329][bookmark: _Toc190874869]

[bookmark: _Toc194074033]CHAPTER IV
Understanding whether autophagy and TOR signaling regulate ethylene priming responses in plant stress tolerance  


[bookmark: _Toc194074034]Abstract
 Translational reprogramming under severe stresses like hypoxia is a common outcome, where the plant cells repress translation. Ethylene acts as a key phytohormone involved in the regulation of plant responses to hypoxia. It has been recently found that under submergence, trapped ethylene activates EIN2 and GCN2, which leads to the repression of translation and production of stress response proteins, allowing plants to respond rapidly to low oxygen stress. 
Selective autophagy is also triggered by hypoxia and heat stresses and is regulated by ethylene, central growth regulators like TOR, and sugars. However, the underlying mechanisms of this complex regulatory network involving TOR, ethylene, and autophagy markers are poorly understood. To understand if autophagy-related ATG genes and TOR signaling pathways are involved in ethylene-mediated priming response to stress tolerance, we screened several mutants lacking genes implicated in hypoxia and autophagy. We also tested the effects of inhibiting TOR and eliminating GCN2 on stress responses under primed and unprimed conditions. 
[bookmark: _Toc194074035]Introduction
 The interplay between TOR, nutrient signaling, ethylene, and autophagy underscores a highly coordinated regulatory network essential for plant adaptation to fluctuating environmental conditions. However, the underlying molecular mechanisms are poorly understood. Sugar signaling affects TOR and autophagy, which in turn affects growth and stress signaling pathways. Several ATG genes contain hormone-related and stress-related transcriptional elements that modulate gene expression for autophagy.  Autophagy itself acts as a quality control mechanism in the cells to recycle and redistribute nutrients like carbohydrates (Y. Wang et al., 2013). 
In this chapter, we investigated whether or not key ATG-related genes are important for ethylene priming-mediated stress responses. ATG5 and ATG7 are crucial for autophagy and are Ubiquitin E1 and E3-like proteins, respectively, involved in the formation of the autophagosome and the lipidation of proteins being recruited onto the phagophore (Le Bars et al., 2014; Thompson et al., 2005). ATG9 is a lipid scramblase, which is also important for autophagosome biogenesis (Zhuang et al., 2017). We used mutants lacking ATG5, ATG7, and ATG9 to see if these are crucial for priming-mediated stress responses. 
For this, we screened several autophagy and hypoxia-related genes in the context of priming and stress survival. We also investigated if inhibiting the TOR pathway affects priming-mediated stress response and whether GCN2 is crucial for priming-induced stress tolerance.
[bookmark: _Toc194074036]Results
[bookmark: _Toc194074037]Screening autophagy and hypoxia-related mutants for ethylene priming responses
We screened mutants lacking functional ATG5, ATG7, and ATG9 under normoxic and hypoxic conditions to see if priming alters their responses and to understand if any of these genes are important for priming responses.
We found atg9-4 mostly didn’t show a difference in survival until Day 3, when unprimed seedlings survived worse than primed seedlings under hypoxia. We did not score survival for atg9-4 beyond three days.  Interestingly, we observed that unprimed atg5-1 and atg7-2 had poor survival after normoxia and hypoxia. For both conditions, survival was improved by priming (Fig IV-1). The poor survival under normoxia is likely linked to being shifted to darkness for 6 hours as a control for the hypoxic treatment. 
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[bookmark: _Toc194085942]Fig IV- 1. Autophagy mutants show changed survival with priming under hypoxia.
Survival with and without priming, post hypoxia (dark, 6 hours), and reoxygenation (light, 16 hours) in wild-type Col-0, atg5-1, and atg7-2 seedlings were scored for 7 days, and atg9-4 was scored for 3 days. atg5-1 and atg7-2 seedlings show better survival with priming compared to unprimed samples for both normoxia and hypoxia. In contrast, atg9-4 seedlings show worse survival with hypoxia than normoxia for both unprimed and primed conditions.




[bookmark: _Toc194074038]atg5-1 and atg7-2 mutants show differences in survival under heat stress with priming
[bookmark: _Hlk194045077]Since primed atg5-1 and atg7-2 showed better survival irrespective of normoxia or hypoxia (Fig IV-1) , we wanted to test if this response is specific to hypoxia or applies to other stresses like heat. atg5-1 seedlings showed  similar levels of survival under heat stress in both unprimed and primed conditions (Fig IV-2). The controls also did not survive any better, irrespective of priming. This might be because atg5-1 is hypersensitive to heat stress or dark, or maybe both heat and dark together negatively impact atg5-1 mutants. In contrast, atg7-2 survives better with priming under both control and heat conditions when compared to unprimed ones, showing a similar pattern of improved stress tolerance, previously shown with hypoxia stress.
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[bookmark: _Toc194085943]Fig IV- 2. Heat stress affects atg5-1 and atg7-2 mutants differently with priming.
atg7-2 seedlings show better survival in control and heat-stressed conditions when primed and less survival when unprimed. atg5-1 seedlings show similar levels of survival with no heat and worse survival with heat, while priming rescues heat tolerance to control levels. Survival in wild-type Col-0 with heat stress is shown as a reference.



[bookmark: _Hlk194045333]Under heat stress, atg7-2 mutants show similar levels of higher survival when primed like hypoxia. atg5-1 mutants, however, turn out to be sickly, surviving poorly in both control temperatures and heat stress, whether primed or not. This indicates that atg5-1 seedlings are hypersensitive to heat stress and darkness, and priming in this experiment does not rescue them.
[bookmark: _Toc194074039]Quantification of hydrogen peroxide levels in atg5-1 and atg7-2 using DAB staining
To understand the difference in survival between atg5-1 and atg7-2, post heat stress, we mesaured ROS levels to determine if there are differences between these mutants and wild-type. We used the DAB staining method on 7-day-old leaves to quantify hydrogen peroxide levels (Fig IV-3 and Fig IV-4).
Primed atg5-1 did not show any difference in ROS levels compared to unprimed ones, under heat stress. However, primed control seedlings showed reduced ROS levels than unprimed controls in atg5-1. This data correlates with atg5-1 survival data, where heat-stressed seedlings showed a steady decline in survival irrespective of priming.
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[bookmark: _Toc194085944]Fig IV-3. Hydrogen peroxide quantification using DAB staining in atg5-1 mutant. 
 7-day-old atg5-1 rosettes were stained using DAB to quantify H2O2 levels post heat stress (at 45 in the dark, for 30 minutes). Unprimed and primed seedlings under heat stress show no difference in peroxide levels. Primed control seedlings show slightly lower peroxide levels than unprimed controls. (Scale bars shown are 1 mm).
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[bookmark: _Toc194085945]Fig IV-4. Hydrogen peroxide quantification using DAB staining in atg7-2 mutant. 
 7-day-old atg7-2 rosettes were stained using DAB to quantify H2O2 levels post heat stress (at 45 in the dark, for 30 minutes). Primed seedlings under both control and heat stress conditions show significantly lower peroxide levels than unprimed seedlings. Unprimed seedlings show higher peroxide accumulation with heat when compared to the control temperature. (Scale bars shown are 1 mm).





Unprimed atg7-2 under control temperature showed a wide range of ROS levels in the rosette, which further increased with heat. However, both control and heat-stressed seedlings, when primed, show a significant reduction in the ROS levels, indicating priming-induced stress tolerance in atg7-2 seedlings. Thus, in summary, priming increases survival of atg7-2 mutants after both hypoxia and heat stress, whereas atg5-1 mutants show recovery in hypoxia but not so much in heat stress. Since both ATG5 and ATG7 are involved in autophagosome assembly and recruiting cargoes to the phagophore, mutating these genes impairs cargo transport and functional autophagosome formation, which becomes detrimental in unprimed plants under stresses like heat, hypoxia, and darkness. When primed, atg7-2 mutant, although have defects, is probably more tolerant to both stresses evident by its survival pattern (Fig IV-1 and Fig IV-2) as well as less hydrogen peroxide accumulation (Fig IV-3 and Fig IV-4). Mutants lacking ATG5, were sickly, hypersensitive to heat stress and poorly surviving even under control temperatures in dark. 


[bookmark: _Toc194074040]Effect of TOR on priming-mediated stress tolerance
To test if TOR is involved in this pathway of ethylene-mediated priming and stress tolerance, we tested how the wild-type plants respond to heat stress in the presence of the TOR inhibitor AZD8055 or DMSO (as mock) under unprimed and primed conditions (Fig IV-5). Higher survival was observed with the addition of TOR inhibitor than the mock DMSO treatment in both unprimed and primed conditions, under heat. This leads to the fact that DMSO and heat together are a far more severe stress and shows no difference in survival with priming. However, inhibiting TOR by AZD8055 resulted in a higher survival of primed plants than unprimed ones under heat. This indicates that TOR might have an inhibitory effect on priming response to heat stress tolerance, which the inhibitor AZD8055 eliminates.
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[bookmark: _Toc194085946]Fig IV-5.  Survival after heat with and without AZD8055.
7-day-old wild-type seedlings were exposed to mock (DMSO, 0.1%) or TOR inhibitor AZD8055 (1M) treatments in the presence and absence of ethylene priming. Post treatment, seedlings were either incubated in control temperature (22) or exposed to heat stress (45) in the dark for 30 minutes. Survival was scored for 3 days. Bars representing percent mean survival at Day 3 after heat stress.



[bookmark: _Toc194074041]GCN2 is crucial for priming response and survival with heat
To further test the role of TOR and genes related to the TOR pathway, we tested if GCN2 is crucial for the priming response. GCN2 is a protein kinase known to phosphorylate its target, the eukaryotic initiation factor eIF2, reducing global protein translation and allowing the plant to adapt to stress conditions. GNC2 is upregulated by several biotic and abiotic stresses. 
Interestingly, we find that gcn2-1 mutants show no difference in heat stress survival irrespective of priming compared to wild-type controls.  This indicates that GCN2 is important for the priming response to heat stress tolerance.
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[bookmark: _Toc194085947]Fig IV- 6. Survival of gcn2-1 mutant post heat stress with and without priming.
7-day-old wild-type and gcn2-1seedlings, both primed and unprimed, were exposed to control temperature (22) or heat stress (45 for 30 minutes in the dark. Percent mean survival was plotted at day 3. gcn2-1 mutants show no difference in survival under heat, irrespective of priming, compared to wild-type control seedlings that show higher survival with priming. 



[bookmark: _Toc194074042]Discussion
Mutants lacking ATG7 are impaired in autophagosome formation but survive better under primed conditions, under both heat and hypoxia stresses. This is intriguing because priming induces higher sugar levels that possibly lower ROS accumulation that does not rapidly lead to bulk autophagy, allowing the plants to survive under stress. Mutants lacking ATG5 behave differently under heat and hypoxia, indicating different sensitivity to these two stresses in context of priming. We tested atg5-1 and atg7-2 survival after heat stress and hypoxia, both in darkness, which might be elevating the stress. It would be interesting to find out how are these mutants responding to stresses in light, and if priming alters that response. To understand the effect of priming on autophagy, we had also attempted imaging leaf and root sections with autophagosome marker ATG8e-GFP under stress. The ATG8e-GFP lines did not show any detectable phagophores or autophagosome in response to heats stress but a general GFP staining in Arabidopsis root tissues. This was probably due to an unstable reporter line that had the GFP tagged on the C terminus of ATG8e and got cleaved, resulting in a GFP stained root tissue. Labeling of GFP at the C-terminus often leads to unstable reporter lines as ATG8 gets cleaved by ATG genes. Instead, labeling of GFP at the N-terminus of ATG8e makes it a phagophore marker (Klionsky, 2011). Further characterizing other ATG mutants involved in autophagosome formation, such as ATG1, ATG4, ATG2, ATG8, ATG11, and ATG13 with priming and stresses might provide us insights into how autophagy pathway and priming are linked.
Since ethylene priming produces an abundance of carbohydrates, the balance of nutrient signaling and TOR may shift in the primed plants. TOR could directly or indirectly influence priming; other components of the TOR kinase pathway may be explored for a better mechanistic understanding of the changes brought about by priming. Recent studies also indicate that glucose-activated TOR kinase plays a role in enhanced thermotolerance through transcriptome reprogramming of several heat shock genes (Sharma et al., 2021). Our results showed plants treated with DMSO. Further investigation into how these heat shock genes are regulated in the context of priming, both with and without an active TOR pathway, may provide insight into how priming and the TOR pathway function under heat stress. Previous studies have demonstrated that overexpressing TOR enhances tolerance to salt and osmotic stress (Bakshi et al., 2023; Deprost et al., 2007; Fichman & Mittler, 2021; Miller et al., 2009). It would be interesting to see how TOR affects salt and osmotic stress responses under priming conditions.  Since GCN2 is involved, further exploring the translational status of the plants under priming conditions and stresses might be insightful. We could use unprimed and primed wild-type and gcn2-1 mutants to see global changes in the translatome using ribosome sequencing (RiboSeq).
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[bookmark: _Toc194074043]CHAPTER V
[bookmark: _Toc194074044]CONCLUSION AND FUTURE DIRECTIONS

Ethylene priming enhances stress tolerance in plants by increasing sugar levels, reducing reactive oxygen species (ROS) accumulation, and modulating autophagy. While elevated sugar levels confer resilience in wild-type plants, cinv1;cinv2 mutants, despite high sucrose levels, do not show a survival advantage. This lack of enhanced stress tolerance likely arises from the impairment of several other sugar derivatives in these mutants. This finding also suggests the dual role of sucrose in both scavenging ROS and potentially generating ROS, as indicated by existing literature. Notably, primed cinv1;cinv2 mutants after heat stress exhibit higher ROS accumulation compared to control plants, which might trigger autophagy. To further understand the physiological implications of priming in these mutants, it would be worthwhile to investigate whether selective autophagy is triggered in chloroplasts or peroxisomes as a quality control mechanism. Additionally, it would be valuable to explore whether, due to defective carbohydrate metabolism in cinv1;cinv2 mutants, metabolic shifts occur toward alternative pathways such as nitrogen and purine metabolism, as we have seen as a characteristic of ethylene treatment in wild-type Arabidopsis (Brenya et al., 2023) as well Azospirillum brasilense (Carlew et al., 2025).
The relationship between Target of Rapamycin (TOR) signaling and priming-mediated stress tolerance remains complex. Our data suggests that TOR signaling negatively regulates priming-mediated heat stress responses, a phenomenon that is alleviated by the TOR inhibitor AZD8055. Previous studies have shown that TOR overexpression can enhance tolerance to osmotic and salt stress (Fu et al., 2020). The TOR pathway is regulated by sugars like glucose and sucrose, with effects varying based on sugar concentration and tissue-specific responses. This highlights the potential existence of a feedback loop involving sugars, priming, and TOR signaling that warrants further investigation.
Sugar metabolism genes, such as CINV1 and CINV2, exhibit temporal regulation after priming and during the light-to-dark transition. It would be insightful to determine whether this regulation is a response specifically to priming, a consequence of the plant’s circadian rhythm, or a combination of both. Analyzing gene expression at later time points could provide a more complete picture of this regulation. While CINV1 and CINV2 did not display consistent patterns of regulation under priming across stresses at the time points we tested, it is possible that these time points were too late to capture the early transcriptional responses triggered by priming.
The next major step in this research is to investigate the concept of priming memory and whether ethylene-mediated changes lead to long-term modifications in the genome and epigenome. Heat Shock Factor (HSF) transcription factors, which play critical roles in thermotolerance and heat stress memory, were found to be downregulated under priming at day 5 in our RNA-seq dataset  (Brenya et al., 2023). Similarly, several miRNAs involved in stress adaptation, including miR156c, miR163, and miR167, were also downregulated at day 5. Investigating how these key stress-related genes are regulated under priming and stress conditions could provide valuable insights into stress adaptation mechanisms. Future experiments using DAP-seq could help identify potential transcription factor binding sites that become more accessible due to priming, thereby advancing our understanding of how priming modulates stress responses at the molecular level.
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APPENDIX A



[bookmark: _Toc194074046]Investigating Ethylene Sensitivity And Responses Using Different Ethylene Receptor Mutants 


This paper has been accepted in BMC Plant Biology in 2025, titled “Modulation of plant growth and development through altered ethylene binding affinity of the ethylene receptor ETR1- by Sitwat Aman, Swadhin Swain, Esha Dutta, Safdar Abbas, Ning Li, Samina N. Shakeel, Brad M. Binder, and G. Eric Schaller”.
[bookmark: _Toc194074047]Introduction
Arabidopsis uses all 5 receptor isoforms to perceive ethylene and activate the downstream signaling cascade. ETR1 has been the most studied ethylene receptor to date, and several important residues in ETR1 have been characterized for specific functions in ethylene signaling. One such residue is Aspartate25 /D25 in the transmembrane ethylene binding domain of ETR1.
This study was done in collaboration with Eric G. Schaller and his lab (in Dartmouth College, Hanover, NH) to study a mutated version of Arabidopsis ETR1(ETR1 D25N).
We performed rapid growth kinetic analysis on dark-grown wild-type and four mutant seedlings that as follows -
· Triple  etr1 etr2 ein4 mutant or S3 lacking 3 receptors out of 5
·  qETR1wt  or Q, where ETR1 was transgenically expressed in a quintuple mutant lacking all 5 ethylene receptors (etr1 etr2 ein4 ers1 ers2)
· qETR1D25N lines 1 and 2 or Q1 and Q2, where ETR1 D25N was transgenically expressed in a quintuple mutant lacking all 5 receptors.
[bookmark: _Toc194074048]Results
The etr1 etr2 ein4 mutants or S3 show a prolonged growth inhibition, followed by a slow recovery phase. Interestingly, Q mutants show a slower inhibition phase and slower recovery kinetics than Q1 and Q2 mutant lines. Q1 and Q2 mutant lines show a delayed recovery. This indicates Q mutants lacking all receptors except ETR1 can perceive low concentrations of ethylene and have a high affinity for binding, producing a stronger effect than Q1 and Q2 mutants that lack Asp25 residue which is required for ethylene binding.
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[bookmark: _Toc194085948]Fig A-1. Short-term kinetic growth response of dark-grown seedlings to ethylene.
The growth rate of wildtype Col-0, triple mutant S3 (etr1 etr2 ein4), quintuple mutant Q (qETR1wt), and quintuple mutant Q1 and Q2 (qETR1D25N) were examined in air (hour 1) and 0.01 ppm ethylene (hours 1-8) to see growth inhibition and sensitivity. Arrows mark the time point of addition of ethylene. Growth rate was normalized to growth in air for all genotypes tested. WT growth curve is denoted in black, the mutants are denoted in red.

[bookmark: _Toc194074049]Discussion
Our results suggest that even 0.01 ppm ethylene was sufficient to inhibit growth in Q mutants lacking all functional ethylene receptors except ETR1, indicating that ETR1 has high sensitivity even for low concentrations of ethylene. The triple mutants S3 seedlings, although exhibit a rapid inhibition of growth in the presence of ethylene, maintain a low growth rate over the period of kinetic analysis. Additionally, ETR1wt showed a higher affinity for ethylene than ETR1D25N  mutants, resulting in physiological responses even at lower ethylene concentrations. S3 and Q mutants show strong ethylene responses even at lower concentrations.

[bookmark: _Toc194074050]APPENDIX B

[bookmark: _Toc194074051]Investigating Ethylene Responses For ETR1 And ETR2 Interactors That Are Involved In The ABA Signaling Pathway


[bookmark: _Toc194074052]Introduction
ETR1 and ETR2, ethylene receptor isoforms, regulate abscisic acid (ABA) signaling and seed germination independently of the canonical ethylene pathway. ETR1 promotes germination under stress, while ETR2 inhibits it, leading to opposite effects on ABA sensitivity and ABA-responsive gene expression (Bakshi et al., 2018). Yeast two-hybrid assays identified 46 and 31 unique putative interactors of ETR1 and ETR2, respectively, with only six overlapping, primarily involved in abiotic and salt stress responses. Loss-of-function mutations in certain interactors mimicked either etr1-6 or etr2-3 germination phenotypes under stress but had no effect under control conditions. ETR1 and ETR2 also oppositely regulated interactor transcript levels in the presence of ABA. These findings suggest that, despite their structural similarity, ETR1 and ETR2 have opposing roles in ABA signaling and stress-related germination, though the mechanisms underlying this antagonism remain unclear. Further investigation into their unique interactors is needed to elucidate the basis of their divergent functions.
To understand how these interactors affect ETR2-mediated responses in the ABA signaling pathway, we selected a few genes whose mutants were analyzed using a rapid growth kinetic assay to determine if their absence alters short-term ethylene responses compared to wild-type seedling growth.
[bookmark: _Toc194074053]Results
ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 2 or ABF2 is a transcription factor involved in binding to the ABRE motifs present in the promoter regions of the ABA-inducible genes (S. Kim et al., 2004). ABF2 was found to interact with ETR2 as determined by a yeast-two-hybrid screen (Bakshi et al., 2023). 
Using time-lapse imaging, we measured rapid changes in growth kinetics with the addition of ethylene at 1 hour, removal of ethylene at hour 3, and growth recovery after ethylene removal until hour 8. Mutant lacking functional ABF2 showed slightly altered growth kinetics when compared to wild-type controls (Fig. B-1). abf2-2 showed defects in growth recovery after the removal of ethylene, which is similar to the etr2-3 mutant.
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[bookmark: _Toc194085949]Fig B-1. Time-lapse analysis shows altered growth kinetics in abf2-2 mutant 
Rapid changes in the growth rate of dark-grown seedlings in response to 1ppm ethylene are measured by time-lapse imaging. Phases shown are Growth in air (hours 0-1), ethylene (hours 1-3), and air (post ethylene removal, hours 3-8). Arrows indicate time points for the addition and removal of ethylene. The wild-type growth rate is plotted in black, abf2-2 in orange. 


The next gene of interest is ABA-HYPERSENSITIVE GERMINATION 1 or AHG1 which is a negative regulator of the ABA signaling pathway and codes for a subunit of Protein Phosphatase 2C (PP2C) (Nishimura et al., 2018). AHG1 is involved in the remodeling of root architecture and is regulated by ethylene in an ETR1-dependent manner (Harkey et al., 2018).
To determine the effects of removing AHG1 on root hairs, we used SALK 05558C (ahg1) and examined root hair length. In ahg1 mutants, we found significantly shorter root hairs than wild-type with ethylene treatment for 24 hours. 
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[bookmark: _Toc194085950]Fig B-2. ahg1 mutant shows reduced root hair length with ethylene.
24-hour treatment with air (control) and 1ppm ethylene was used on wild-type Col-0 and ahg1 mutant. (left) root hair images were taken using a light microscope. (right) Quantification of root hair length in WT vs. ahg1 in the presence of ethylene (1ppm) at 24 hours. 


To mechanistically understand the link between ethylene and these ABA-related genes, we analyzed gene transcript levels of ABF2 and AHG1 using qRT-PCR in wild-type, etr1-6, and etr2-3 backgrounds (Fig B-3). The primers used for this are listed in Table II-1. Loss of ETR1 and ETR2 decreases AHG1 transcript levels in both air and ethylene samples. Loss of ETR1 does not affect ABF2 transcript levels, but ETR2 does. This indicates that AHG1 requires both ETR1 and ETR2, whereas ABF2 only requires ETR2 for its transcriptional regulation.
[bookmark: _Toc194074054]Discussion 
We found that the loss of ABF2 shows a delay in growth recovery after ethylene removal. ABF2 is transcriptionally regulated by ETR2 and not by ETR1. Additionally, we found that AHG1 is transcriptionally regulated by both ETR1 and ETR2. AHG1 regulates root hair formation and growth, and removing AHG1 leads to a reduction in root hair length in ethylene.
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[bookmark: _Toc194085951]Fig B-3. AHG1 and ABF2 transcript levels in wild-type, etr1-6, and etr2-3 backgrounds.
Relative gene transcript levels of AHG1 and ABF2 in wild-type, etr1-6, and etr2-3 backgrounds grown in either air (control) or 1ppm ethylene. 
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Table S3: Gene Ontology (GO) Biological Processes of Up-regulated genes from ethylene
re-treatment

GO Term # of genes | FDR

tissue development 66 2.60E-09
root development 54 4.80E-08
cell differentiation 51 1.10E-02
plant epidermis development 48 6.60E-11
defense response to other organism 48 2.40E-02
cell division 47 1.20E-05
root morphogenesis 41 4.20E-06
response to jasmonic acid 40 2.80E-03
secondary metabolic process 39 1.20E-05
oxoacid metabolic process 30 3.20E-04
cell wall organization 27 2.10E-02
cell cycle 25 1.80E-04
glucosinolate metabolic process 18 5.90E-03
cell wall organization or biogenesis 18 2.20E-02
plant-type secondary cell wall biogenesis 17 1.70E-03
meiotic cell cycle process 15 4.80E-02
glucosinolate biosynthetic process 14 6.40E-08
inorganic ion homeostasis 13 1.60E-03
iron jon homeostasis 12 9.40E-05
microtubule-based movement 11 2.10E-02

GO of genes up-regulated by ethylene pretreatment 2-fold or more (Supplemental Data) was
determined with the DAVID Bioinformatics Database (https://david.nciferf.gov/home.jsp) on 31
November 2022. The number of genes associated with each term is shown. Only terms related to
>10 genes and an FDR < 0.05 are shown.
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Table S4: Gene Ontology (GO) Biological Processes of Down-regulated genes from ethylene
re-treatment

GO Term # of genes FDR

response to light stimulus 86 2.40E-11
response to abscisic acid 84 3.20E-13
response to water deprivation 81 3.90E-12
response to wounding 78 4.40E-15
defense response to bacterium 72 8.30E-07
defense response to fungus 66 1.10E-05
signal transduction 59 3.50E-04
response to oxidative stress 56 1.60E-13
cellular response to hypoxia 51 1.40E-22
response to salt stress 51 2.10E-08
response to salicylic acid 47 9.50E-14
regulation of defense response 47 3.00E-07
response to jasmonic acid 42 1.30E-06
response to chitin 41 2.60E-07
cellular catabolic process 41 5.50E-07
response to light intensity 40 6.00E-15
defense response to other organism 40 1.60E-02
hormone-mediated signaling pathway 36 8.30E-07
cellular response to oxygen-containing compound 32 5.60E-04
response to fungus 29 9.20E-05
response to cold 28 2.60E-02
immune system process 27 9.30E-06
carboxylic acid metabolic process 27 2.60E-05
response to osmotic stress 26 6.00E-03
leaf senescence 23 2.50E-05
response to lipid 23 6.10E-05
response to organic cyclic compound 22 1.50E-04
ethylene-activated signaling pathway 21 5.80E-04
response to organonitrogen compound 20 2.00E-03
response to karrikin 19 1.20E-05
organonitrogen compound catabolic process 19 9.80E-05
organic substance catabolic process 19 3.40E-03
response to bacterium 19 1.10E-02
response to hypoxia 17 2.90E-05
macromolecular complex assembly 15 1.40E-02
cellular response to organic substance 15 2.70E-02
response to molecule of bacterial origin 14 2.00E-03
cellular response to hormone stimulus 14 1.60E-02
cellular amino acid metabolic process 11 2.90E-02
response to absence of light 10 3.50E-04
response to nitrogen compound 10 3.90E-02

GO of genes down-regulated by ethylene pretreatment 2-fold or more (Supplemental Data) was
determined with the DAVID Bioinformatics Database (https://david.ncifcrf.gov/home.jsp) on 31
November 2022. The number of genes associated with each term is shown. Only terms related to
> 10 genes and an FDR < 0.05 are shown.
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