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CHAPTER I 

 

Introduction 

Plant growth and development are influenced by unpredictable abiotic factors. To 

survive fluctuating changes in their environments, plants have developed robust adaptive 

mechanisms to connect internal signaling with external stimuli, which are coordinated by 

hormones. Plant hormones trigger signaling cascades, resulting in changes in expression 

of target genes or activity of existing proteins to change cell and organismal physiology. 

Two important hormones that are often associated with responses to biotic and abiotic 

stress are abscisic acid (ABA) and ethylene. Cross-talk between these hormones plays 

essential roles in many cellular processes, including, germination, cell division and 

elongation, responses to environmental stresses, and stomatal closure (Corbineau et al., 

2014; Murata et al., 2015; Van de Poel et al., 2015a; Vishwakarma et al., 2017). For 

example, in seed germination, ABA signaling is responsible for seed dormancy, whereas 

ethylene treatment has been shown to promote seed germination by inducing ABA 

degradation (Van de Poel et al., 2015b).  

Similar to most plant hormones, the local active ABA levels reflect a balance of 

ABA biosynthesis and inactivation by degradation or conjugation (Finkelstein, 2013). 

ABA is mostly uncharged when present in the relatively acidic apoplasts of plants and 

can easily enter cells across the plasma membrane (Lee et al., 2006; Jiang and Hartung, 

2008). Perception of ABA signaling begins primarily in the cytosol with the binding 

ABA to soluble receptors, initiating a signal transduction pathway that often utilizes 

second messengers that lead to changes in activity of target enzymes (Murata et al., 2015; 
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Vishwakarma et al., 2017). Protein targets that are modulated by ABA signaling include 

transcription factors to alter gene expression, as well as a variety of phosphatases, 

kinases, and ion channels to control cell physiology (Finkelstein, 2013; Assmann and 

Jegla, 2016; Yang et al., 2017).  

The ethylene signal transduction pathway differs from ABA signaling in a variety 

of ways. Ethylene is a simple molecule consisting of two double-bound carbons (C2H4). 

The ethylene receptor is a membrane-bound homodimer that share sequence similarity 

with bacterial two-component receptors (Chang et al., 1993). Unlike ABA signaling, the 

ethylene signal transduction pathway does not utilize second messengers, such as ROS 

and Ca2+. Instead, ethylene signaling relies primarily on protein-protein interactions that 

result in the activation of ethylene-sensitive transcription factors to modulate gene 

expression. One group of transcriptional targets of ethylene signaling are genes encoding 

proteins used to synthesize flavonol antioxidants. The ability of ethylene signaling to 

increase production of antioxidants is one way that ethylene might modulate ABA 

signaling, to reduce levels of ABA-induced ROS second messengers.  

This thesis examines cross-talk between ABA and ethylene signaling to modulate 

ROS accumulation in guard cells.  ROS are responsible in part for the tremendous 

plasticity observed in plant physiology and in response to abiotic stress (Baxter et al., 

2014; Choudhury et al., 2017). Temporal and spatial accumulation of ROS and hormone 

levels is crucial for plant survival in response to a constantly changing environment. The 

second and third chapters focus on understanding the interactions between ABA-induced 

ROS with ethylene-induced flavonol antioxidant compounds in modulating guard cell 

signaling in Arabidopsis and tomato, respectively. The fourth chapter examines the 
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ethylene signaling pathway in Arabidopsis roots, quantifying the genome-wide 

transcriptional responses of roots to ethylene and identifying the individual receptor 

isoforms that control root architecture. 

 

ABA signaling in guard cells  

Guard cells use an extensive signal transduction network to regulate the aperture 

of stomata, which are pores on the surface of leaves that facilitate gas exchange and water 

loss (Roelfsema and Hedrich, 2005).  CO2, a necessary reactant for photosynthesis, enters 

the leaf surface through stomata, while water exits through these same pores via 

transpiration. Excess water loss can lead to dehydration of the plant during excess heat or 

drought.  Guard cells therefore must modulate the stomatal aperture in response to the 

changing environment (Hirayama and Shinozaki, 2007).  In response to stimuli that close 

stomata, the hormone, abscisic acid (ABA), induces ion movements across the cell 

membrane expelling K+ and Cl- ions through ion efflux channels. The decreased internal 

solute concentration drives water out of the cell via osmosis (Vahisalu et al., 2008).  The 

loss of water from guard cells decreases the volume of the cell, with the resulting loss of 

turgor closing the stoma.  Additional understanding of this signaling pathway will 

provide insight into how plant growth and development is modulated by change in soil 

moisture, temperature, and light levels. 

In the presence of environmental conditions that favor open stomata, such as well 

watered soil, high humidity, or light, ABA is found at low levels in the cytosol of guard 

cells (Joshi-Saha et al., 2011; Assmann and Jegla, 2016). As illustrated in Figure I-1A, in 

the absence of ABA, the protein phosphatases 2C (PP2C) family of enzymes, are   
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1Figure I-1. A model of the stomatal opening and stomatal closing pathway in 

Arabidopsis thaliana. 
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 A. In the absence of ABA, the activity of the three kinases OST1, CPK21, and PKS5 are 

inhibited by the upstream PP2Cs. Light activates H+-ATPases, creating hyperpolarization 

across the plasma membrane, inhibiting K+ efflux channels (GORK1). Hyperpolarization 

drives secondary transporters, such as K+ influx channels (KAT1 and KAT2). The 

subsequent ion influx drives water movement into the guard cells, opening stomata. B. 

The binding of ABA to the receptor (PYR/PYL/RCAR) leads to inhibition of the PP2Cs, 

thereby liberating the kinases (OST1, CPK21, and PKS5) to phosphorylate the 

downstream targets. OST1 phosphorylates and inhibits ion influx channels (KAT1 and 

KAT2), preventing the influx of ions into the guard cell necessary for stomatal opening. 

OST1 also activates RBOH enzymes to generate a burst of ROS second messengers, 

which are linked to Ca2+ release. Ca2+ signaling activates CPK21 and PKS5. Anion efflux 

channels (SLAC1) are activated by OST1 and CPK21, though anion channel SLAH3 is 

only activated by CPK21. Activated SLA1 and SLAH3 allow ions to exit the guard cell. 

PKS5 inhibits H+-ATPase, resulting in depolarization across the membrane. 

Depolarization activates K+ efflux channels (GORK1). Blue boxes highlight ion efflux 

from the guard cells, the ultimate driving factor behind stomatal closure. As ions exit the 

cell, water diffuses out of the guard cell through osmosis, closing the stoma. Chapters 

two and three of this thesis focus on the modulation of RBOH-produced ROS 

(surrounded by a red box) by flavonol antioxidants in Arabidopsis and tomato. Arrows 

represent activation, and bars represent repression. This figure is modified from its 

original format. Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. 

(CC BY-NC-ND 4.0).  Singh R, et al. 2017. DOI:10.1016/j.redox.2016.11.006 
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activated and repress downstream kinases that signal stomatal closure (Leung et al., 1994; 

Leung et al., 1997; Rodriguez et al., 1998; Saez et al., 2004). One protein which is 

activated by these environmental conditions is the H+-ATPase enzyme, OPEN 

STOMATA2 (OST2), pumping protons into the cytosol of guard cells, which creates 

hyperpolarization across the plasma membrane. This hyperpolarization activates inward-

rectifying ion channels, such as the K+ channels, KAT1 and KAT2. The ensuing influx of 

ions into the cell decreases water potential inside the guard cell, facilitating the 

movement of water into the cell via osmosis. Water flow into guard cells increases the 

volume of the cells, opening the stoma pore (Roelfsema and Hedrich, 2005; Pandey et al., 

2007). 

Environmentally-induced elevation of ABA such as drought stress, low humidity, 

low light, or high CO2 leads to guard cell closure (Zeevaart, 1980; Pei et al., 2000). 

Under stress conditions, ABA concentration increases due to enhanced biosynthesis, 

release from its conjugated forms, and decreased degradation (Finkelstein, 2013). ABA in 

guard cells is sensed by a class of soluble ABA receptors. The binding of ABA to 

receptors PYRABACTIN RESISTANT/PYR1-LIKE/REGULATORY COMPONENT 

OF ABA RECEPTOR (PYR/PYL/RCAR) changes their conformation, allowing the 

receptor to interact and inhibit a type-2C protein phosphatase (PP2Cs), which acts as a 

negative regulator of stomatal closure. The inhibition of PP2C activity, activates kinases 

such as SNF1-RELATED PROTEIN KINASE2 (SnRK2) that are then free to 

phosphorylate downstream targets (Figure I-1B).  

One important downstream phosphorylation target of SnRK2 is the kinase OPEN 

STOMATA 1 (OST1). OST1 plays two crucial roles in ABA-dependent stomatal closure. 
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First OST1 directly binds with and phosphorylates SLOW ANION CHANNEL-

ASSOCIATED1 (SLAC1), the anion channel that mediates the release of anions from 

guard cells, promoting stomatal closure (Geiger et al., 2010; Brandt et al., 2012). OST1 

also phosphorylates the amino-terminus of the plasma membrane-bound Respiratory 

Burst Oxidase Homolog D (ATRBOHD) and F (ATRBOHF) proteins, which are also 

called NADPH oxidases. In guard cells of ost1 knockout mutant, the ABA-induced ROS 

burst is eliminated, suggesting that OST1 promotes ROS production (H2O2) mediated by 

RBOH proteins (Brandt et al., 2012). The ROS burst in guard cells drives the activation 

of Ca2+ channels (ICa), producing a concurrent increase in cytosolic calcium (Pei et al., 

2000; Zhang et al., 2001; Kwak et al., 2003). Calcium signaling activates CALCIUM 

DEPENDENT PROTEIN KINASEs, specifically CPK21 and PKS5. CPK21 activates a 

second outward-rectifying anion channel (SLAH3), and PKS5 deactivates H+-ATPases, 

which creates a two-fold response: decreased ion concentration inside the cell and 

depolarization across the plasma membrane (Mori et al., 2006; Merlot et al., 2007; Geiger 

et al., 2010).  The depolarized plasma membrane deactivates the K+ influx channels, such 

as KAT1 and activates the K+ efflux channel GORK1 (Osakabe et al., 2014). Together, 

this effect prevents ion influx and stimulates ion efflux, decreasing water potential 

outside the cell. As water exits, the guard cells become flaccid to close the stoma. This 

thesis examines the ABA-induced ROS burst in guard cells and the modulation of 

RBOH-produced ROS second messengers by flavonol antioxidants in Arabidopsis and 

tomato. 
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Reactive oxygen species signaling 

Although early research into ROS metabolism has focused on their toxic potential 

(Halliwell, 2006), recent studies have focused on ROS as important signal transduction 

molecules (Singh et al., 2016; Choudhury et al., 2017; Mittler, 2017). The reactive 

oxygen species (ROS) signaling network is an evolutionary conserved signal transduction 

network found in all aerobic organisms (Mittler et al., 2011). It uses ROS such as singlet 

oxygen (1O2), superoxide (O2
−) and hydrogen peroxide (H2O2) as signal transduction 

molecules to control a large array of biological processes ranging from the regulation of 

development and growth to responses to biotic and/or abiotic stimuli (Mittler, 2017). A 

critical feature of using ROS as signaling molecules is the capacity of cells to detoxify or 

scavenge them using a network of ROS scavenging enzymes (Mittler, 2002). 

Mechanisms that keep ROS at low levels in cells include many ROS detoxifying proteins, 

such as superoxide dismutase, ascorbic peroxidase, catalase, glutaredoxins, and 

peroxiredoxins. In plants, small molecules antioxidants, such as ascorbic acid, 

glutathione, carotenoids, and flavonoids, also play a major role in regulating homeostasis. 

This network enables cells to maintain a low steady-state level of ROS, to allow the 

transient accumulation of ROS to act as second messengers in signaling pathways 

(Mittler et al., 2004). ROS production occurs in chloroplasts, mitochondria, peroxisomes, 

and apoplasts as byproducts of chemical reactions or oxidative stress (Dietz et al., 2016; 

Gilroy et al., 2016; Huang et al., 2016; Kerchev et al., 2016; Rodríguez-Serrano et al., 

2016; Takagi et al., 2016); however, there are also mechanisms to induce local synthesis 

of ROS through the hormonal activation of respiratory burst oxidase proteins to initiate 

signaling pathways (Mittler et al., 2011; Gilroy et al., 2016). 
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Respiratory burst oxidase proteins (RBOH) are located on the plasma membrane 

of cells (Lamb and Dixon, 1997; Steinhorst and Kudla, 2013). Activated by a range of 

signaling cues, including kinases and Ca2+ waves, RBOHs rapidly produce superoxides 

(O2) in the apoplast (Morel et al., 1991; Babior, 1992). Locked out of the cell, the 

charged superoxides are unable to pass through the plasma membrane; however, they can 

dismutate to form H2O2 through enzymatic reactions catalyzed by superoxide dismutase 

or through non-enzymatic reactions (Scandalios, 1993; Hahlbrock et al., 1995). H2O2 can 

enter the cell and oxidize its targets (Steinhorst and Kudla, 2013; Gilroy et al., 2014). 

RBOH produced ROS signals control plant growth and development, including 

gravitropism (Cervantes, 2001; Joo et al., 2001), guard cell physiology (Mittler and 

Blumwald, 2015; Sierla et al., 2016; Singh et al., 2017), and modulation of root 

architecture (Foreman et al., 2003; Maloney et al., 2014; Tewari and Paek, 2014; Li et al., 

2015; Orman-Ligeza et al., 2016; Zhu et al., 2016). The diverse role of the 10 RBOH 

proteins found in Arabidopsis thaliana is defined, at least in part, by the tissue-specific 

expression patterns (Steinhorst and Kudla, 2013). For example, AtRBOHd is ubiquitously 

expressed across the plant while AtRBOHf is preferentially expressed in areas of the root 

associated with lateral root development (Torres et al., 2002; Li et al., 2015; Orman-

Ligeza et al., 2016). Additionally, AtRBOHd and AtRBOHf are expressed in guard cells 

and are linked to stomatal closure (Kwak et al., 2003).  

ROS can alter the activity of specific target proteins in plants (Mittler et al., 2004; 

Gilroy et al., 2016; Mittler, 2017; Singh et al., 2017). Specifically, hydrogen peroxide can 

interact with specific cysteine residues within proteins, leading to changes in cysteine 

oxidation that alters enzyme structure and activity (Poole et al., 2004; Poole and Nelson, 
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2008). Oxidation of the cysteine residues, particularly by hydrogen peroxide, transforms 

the thiol functional group of the cysteine into sulfenic acid, leading to the formation of 

disulfide bonds between two separate proteins or between nearby cysteine residues of the 

same protein, in a transient, reversible fashion (Poole et al., 2004; Poole and Nelson, 

2008; Lindahl et al., 2011). Such alterations in protein structure and function can help 

regulate the activity of transcription factors, affecting gene expression (Dietz et al., 

2016), or modulate enzyme activities in other signaling pathways such as the stomatal 

closure pathway in guard cells (Sierla et al., 2016). Sulfenic acids and disulfide bonds can 

be reduced back to the free thiol state by small molecule or protein antioxidants or can be 

further oxidized into sulfinic acid (Rouhier et al., 2015). As ROS approach damaging 

levels within the cell, sulfinic acid is oxidized to form sulfonic acid in a non-reversible 

fashion that is associated with oxidative stress (Poole et al., 2004). Figure I-2 models the 

interactions of ROS production from different compartments of the cell, redox signaling, 

and oxidative stress. To modulate ROS signaling and prevent oxidative stress, plants rely  

on a robust antioxidant network. Chapter 2 and 3 of this thesis focus on mechanisms that 

control synthesis and function of one class of antioxidants, the flavonols. 

 

The synthesis and function of flavonoid metabolites 

 The flavonoid biosynthetic pathway, which is a subset of the phenylpropanoid 

pathway (Fraser and Chapple, 2011), produces a diversity of intermediate metabolites 

that can function as antioxidants. This complex and elegant pathway produces multiple 

color compounds with antioxidant properties, including the red, blue, and purple 

anthocyanin pigments that are often found in flower petals and fruit, but are can also be  
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2Figure I-2. A model of ROS signaling in plant cells. 

ROS production occurs in chloroplasts, mitochondria, peroxisomes, and apoplasts as 

byproducts of chemical reactions or is directly synthesized by respiratory burst oxidase 

(RBOH) enzymes in response to signaling cues. RBOH enzymes produce superoxides 

(O2
.-) in the apoplast and are activated by multiple compounds, including kinases, such as 

OST1 in guard cells, calcium (Ca2+), and nitric oxide (NO.). Superoxides are converted 

into hydrogen peroxide (H2O2) via non-enzymatic reactions or through the enzyme 

superoxide dismutase (SOD). Hydrogen peroxide can enter the cell via regulated 
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aquaporins. Metabolic and signaling ROS are shown to accumulate in the different 

compartments of cells and generate an abiotic-stress specific ROS signature. The ROS 

signature reacts with thiol functional groups on cysteine residues, altering protein 

structure and function. The changes in cytoplasmic enzyme activity can affect cell 

physiology, and changes in transcription factor activity can change gene expression. The 

presence of metal ions, such as iron (Fe2+), in the cell is a primer for the initiation of 

oxidative stress by catalyzing hydrogen peroxide into highly toxic hydroxy radicals. 

Oxidative stress could cause cell injury or death, highlighting the need to limit the levels 

of free iron during stress using chelators, such as flavonols. This figure has been modified 

from its original format. Copyright © 2017 Copyright Clearance Center, Inc. All Rights 

Reserved. (CC BY-NC-ND 4.0). Choudhury, FK, et al. 2017. DOI:10.1111/tpj.13299 
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seen in stems and leaves (Shirley et al., 1995; Winkel-Shirley, 2001; Hernández et al., 

2009). Figure I-3 contains a diagram of this flavonoid biosynthesis pathway, indicating 

the order of enzymes and metabolite intermediates in the flavonoid biosynthetic pathway, 

ultimately leading to anthocyanin synthesis in Arabidopsis and tomato. The center of the 

flavonoid biosynthesis pathway is conserved among plants with unique branches found in 

some plant species (Winkel-Shirley, 2001). This pathway produces chalcones, flavones, 

flavonols, flavandiols, anthocyanins, flavan-3-ols, and tanins (Winkel-Shirley, 2001; 

Koes et al., 2005). The first part of the step of the pathway is catalyzed by CHALCONE 

SYNTHASE (CHS), which acts on 4-coumaryl Co-A, produced from phenylalanine, and 

malonyl Co-A, produced from fatty acid metabolism, to produce naringenin chalcone. 

Early enzymes in the pathway control carbon flow with flavonol synthesis encoded by 

CHS, CHALCONE ISOMERASE (CHI), FLAVONE 3-HYDROXYLASE (F3H), 

FLAVONE SYNTHASE (FLS), and FLAVONOID 3’-HYDROXYLASE (F3’H), with the 

enzyme encoded by DIHYDROFLAVONOL REDUCTASE (DFR) controlling conversion 

of dihydroflavonol precursors to anthocyanins.  

Flavonols are early intermediates in the flavonoid biosynthetic pathway (Winkel-

Shirley, 2001; Winkel-Shirley, 2002; Buer et al., 2010). The three flavonols produced in 

Arabidopsis are kaempferol, quercetin, and isorhamnetin, while an additional flavonol, 

myricetin, is found in tomato and other species (Ballester et al., 2010). Flavonols are 

often found in multiple glycosylated forms, meaning they have various combinations of 

sugars attached to the hydroxyl groups, modulating their structure and function. There are 

hundreds of different glycosylated flavonols found in every plant. Because aglycones are  
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3Figure I-3. The flavonol biosynthetic pathway in Arabidopsis and tomato is illustrated, 

showing enzymatic steps and indicating tomato anthocyanin mutant names. 

ANS, anthocyanidin synthase; CHI, chalcone isomerase; CHS, chalcone synthase; F3H, 

flavanone 3‐hydroxylase; F3′H, flavonoid 3′‐hydroxylase; F3′5′H, flavonoid 3′,5′‐

hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol reductase; OMT1, flavone 

3′‐O‐methyltransferase 1. Tomato mutants are anthocyaninless (a), anthocyanin reduced 

(are), and anthocyanin without (aw). This figure is modified from Gayomba et al. 2017. 
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rarely found in plants, glycosylated flavonols are often the molecules that function in vivo 

(Ringli et al., 2008; Saito et al., 2013; Yin et al., 2014).  

 Flavonols are believed to function as antioxidants in plants and in animals that 

consume them (Vinson et al., 1995; Heim et al., 2002; Taylor and Grotewold, 2005; 

Hernández et al., 2009). Although the antioxidant activity of flavonols in planta has been 

debated (Hernandez et al., 2009; Pollastri and Tattini, 2011; Agati et al., 2012), previous 

studies have shown that the antioxidant capacity for these compounds in vitro is greater 

than the well-studied antioxidants vitamin C and E (Rice-Evans et al., 1997). The 

flavonols are thought to have greater antioxidant capacity than other flavonoids based on 

their phenolic ring structure shown in Figure I-3. This structure may provide stability to 

the flavonol molecule after oxidation. Additionally, different species of flavonols have 

varying hydroxyl or methyl groups, which may alter the antioxidant properties (Agati et 

al., 2012). For example, the flavonol quercetin, has been found to have a higher capacity 

than kaempferol to donate an electron to superoxide ions in vitro. A second characteristic 

of flavonols is found in their ability to chelate metals, such as iron ions.  Free metal ions, 

such as ferrous iron (Fe2+), which can react with hydrogen peroxide, to produce highly 

toxic hydroxyl radicals in a process known as the Fenton reaction (Melidou et al., 2005). 

Regulating iron levels in the cell by chelators, such as flavonols, in response to abiotic 

stress is therefore very important. By directly scavenging ROS and chelating iron ions 

that catalyze the Fenton reaction, flavonols limit ROS signaling and oxidative stress 

(Hernández et al., 2009). 
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Environmental and hormonal regulation of flavonoid synthesis  

 The precise regulation of flavonoid synthesis is mediated by biotic and abiotic 

factors, controlling the timing of flavonoid synthesis as well as what specific metabolites 

accumulate (Lepiniec et al., 2006; Hichri et al., 2011). The flavonoid biosynthesis 

pathway is often divided in half, separating the “early pathway,” which produces 

flavonols, from the “late pathway,” where dihydroflavonols are converted to tannins and 

anthocyanins (Winkel-Shirley, 2001; Winkel-Shirley, 2002). Increased flavonol synthesis 

can occur through increased expression of early pathway genes, CHS, CHI, F3H, FLS, 

and F3’H. If the expression of late pathway genes is also induced, it is possible to have 

accumulation of anthocyanins and tannins without altering steady state levels of flavonol 

production.  

 The synthesis of flavonoids is tightly regulated by transcriptional controls of 

genes encoding pathway enzymes in response to environmental cues. In response to 

elevated light levels, the abundance of transcripts encoding flavonoid pathway enzymes 

increases with subsequent increases in flavonoid metabolites, which may protect the plant 

from light-induced oxidative damage, oxidant stressors, and drought stress (Havaux and 

Kloppstech, 2001; Fini et al., 2011; Agati et al., 2012; Nakabayashi et al., 2014). Biotic 

signals such as the elevated levels of the plant hormones auxin and ethylene, also 

increase flavonol synthesis, which is one way that these hormones modulate plant 

development (Buer et al., 2006; Lewis et al., 2011; Watkins et al., 2014; Gayomba et al., 

2016). In Arabidopsis roots, treatment with the ethylene precursor, ACC (1-

aminocyclopropane-1-carboxylic acid), promotes flavonol synthesis through transcript 

accumulation of the early flavonoid pathway genes CHS, CHI, and FLS (Lewis et al., 
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2011), but not transcript accumulation of F3’H. Consequently, the production of 

kaempferol also remains higher than quercetin in response to ACC. This illustrates how 

ethylene signaling can result in the synthesis of specific flavonoid metabolites by altering 

gene expression of branch-point enzymes (Lewis et al., 2011). Ethylene-induced gene 

expression of flavonoid pathway genes is absent in Arabidopsis ethylene signaling 

mutants ethylene insensitive2-5 (ein2-5) and ethylene resistant1-3 (etr1-3) (Lewis et al., 

2011), consistent with flavonol induction occurring through the canonical ethylene 

signaling pathway. Therefore, an important focus of this thesis is to ask if ethylene 

signaling induces flavonol accumulation in guard cells, where flavonols might function as 

antioxidants to scavenge ROS and inhibit stomatal closure.   

 

The ethylene signaling pathway  

Ethylene is a gaseous hormone involved in numerous plant processes including 

fruit ripening, seed germination, senescence, abscission of leaves and flowers, root 

growth (Abeles et al., 1992), stress response (Morgan and Drew, 1997), nutational 

bending (Binder et al., 2006), and the triple response (Bleecker et al., 1988; Guzmán and 

Ecker, 1990).  The triple response is observed in etiolated seedlings grown in the 

presence of ethylene, and is characterized by both thickening and reduced elongation of 

the hypocotyl, as well as an exaggerated apical hook. This striking phenotype provided a 

powerful method to screen for and identify signaling and biosynthesis mutants (Bleecker 

et al., 1988; Guzmán and Ecker, 1990). The first paper published using this approach 

identified an ethylene-insensitive mutant, etr1, that was later shown to be the ETR1 
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ethylene receptor (Bleecker et al., 1988). This paper along with other mutant screens 

enabled the characterization of central ethylene signaling pathway proteins (Figure I-4). 

Ethylene can enter plants without transporters as it is readily soluble in plasma 

membranes. Once inside, it binds to an ethylene receptor, either ETR1 (ETHYLENE 

RESISTANT 1) or other family members, which act as negative regulators of ethylene 

signaling (Lacey and Binder, 2014; Bakshi et al., 2015; Light et al., 2016), as illustrated 

in Figure I-4.  In the absence of ethylene, ETR1 activates the protein kinase 

CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), repressing activity of ETHYLENE 

INSESITIVE2 (EIN2) via phosphorylation (Kieber et al., 1993; Alonso et al., 1999; Chen 

et al., 2011; Ju et al., 2012; Qiao et al., 2012). ETR1 is inactivated after ethylene binding 

resulting in reduced activity of the CTR1 kinase and subsequent reduced phosphorylation 

of EIN2 protein (Alonso et al., 1999; Chen et al., 2011; Ju et al., 2012; Qiao et al., 2012). 

The reduction in EIN2 phosphorylation leads to a decrease in the ubiquitination of EIN2, 

causing a rise in EIN2 protein levels and proteolytic release of the C-terminal portion of 

the protein (Alonso et al., 1999; Qiao et al., 2009; Chen et al., 2011; Ju et al., 2012; Wen 

et al., 2012). The C-terminal portion of EIN2 is transported to the nucleus where it 

stabilizes EIN3 and ETHYLENE INSENSITIVE3-LIKE1 (EIL1) transcription factors, 

resulting in changes in gene expression that mediate physiological and developmental  

responses to ethylene (Solano et al., 1998; Guo and Ecker, 2003; Yanagisawa et al., 

2003; Gagne et al., 2004; Kendrick and Chang, 2008; An et al., 2010; Ju and Chang, 

2015). 
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4Figure I-4. The ethylene signal transduction pathway with and without the presence of 

ethylene in Arabidopsis thaliana. 
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Ethylene is perceived by a family of five receptors (ETR1, ETR2, ERS1, ERS2, and 

EIN4). In the absence of ethylene binding, ETR1 activates the associated CTR1 protein 

kinase, which phosphorylates the carboxy-terminus of EIN2, targeting EIN2 for 

degradation by two F-box proteins (ETP1 and ETP2) via the 26S proteasome (not 

pictured). When ethylene is bound, the receptors no longer activate CTR1, allowing the 

unphosphorylated EIN2 C-terminus to be cleaved (by an unknown protease) and 

translocated into the nucleus where it plays a role in activating downstream responses, 

including the EIN3/EIL1 transcription factors. EIN3 or EIL1 homodimers bind to target 

genes, activating their expression. Expression of target genes leads to ethylene response, 

with the identification of over 450 transcripts from roots that are differentially regulated 

in response to elevated ethylene, as described in Chapter 4.  The transcriptional targets 

lead to a variety of growth and developmental responses, including the modulation of 

root architecture and the induction of gene expression of flavonoid pathway enzymes. 

Constitutively active receptors and receptor null mutants are used to analyze the function 

of the ethylene receptor family in chapter 4. Constitutively active receptors are unable to 

bind ethylene, leading to no ethylene signaling, whereas receptor null mutants, leads to a 

constitutive ethylene response.  Arrows represent activation, and bars represent 

repression. The red “Xs” represent sections of the pathway that are deactivated in the 

absence or presence of ethylene. This figure is modified from its original format. 

Copyright © 2017 Copyright Clearance Center, Inc. All Rights Reserved. License 

number 4156001032564 Bakshi et al. 2015. DOI 10.1007/s00344-015-9522-9  
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Ethylene is perceived by a family of receptors 

Ethylene response in Arabidopsis thaliana is mediated by a family of five 

receptors (Figure I-5) (Chang et al., 1993; Hua et al., 1995; Hua et al., 1998; Hua et al., 

1998; Light et al., 2016) whereas tomato has 6 ethylene receptors. The receptors share 

sequence similarity with bacterial two-component receptors (Chang et al., 1993), but also 

contain an ethylene binding domain (Schaller and Bleecker, 1995; Hall et al., 1999; 

Rodríguez et al., 1999; O’Malley et al., 2005), a GAF (cGMP-specific 

phosphodiesterases, adenylyl cyclases, and FhlA) domain, which plays a role in protein-

protein interactions between the receptors (Xie et al., 2006; Gao et al., 2008; Grefen et 

al., 2008), and a histidine kinase domain. The five receptors are divided into two 

subfamilies based on sequence similarities and predicted structure (Wang et al., 2006). 

Receptors in subfamily I (ETR1 and ERS1) contain three N-terminal transmembrane 

domains and histidine kinase activity, while subfamily II (ETR2, ERS2, and EIN4) 

receptors have serine/threonine kinase activity, rather than histidine kinase activity 

(Gamble et al., 1998; Moussatche and Klee, 2004; Chen et al., 2009). Members of 

subfamily II contain a fourth N-terminal transmembrane domain that is sometimes 

referred to as a signal sequence while ETR1, ETR2, and EIN4 also contain a C-terminal 

receiver domain (Lacey and Binder, 2014).  

These ethylene receptors were originally believed to be functionally redundant, 

but further work has indicated that they control different responses in different tissues 

(Shakeel et al., 2013). For example, subfamily 1 receptors appear to play a more 

significant role in regulating the triple response (Wang et al., 2003), and ETR1 and ETR2 

have opposite effects on seed germination during salt stress (Wilson et al., 2014). The  
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5Figure I-5. A diagram of the ethylene receptor structure and subfamilies in Arabidopsis 

thaliana. 

The plant ethylene receptors fall into two subfamilies as shown. The receptors are 

homodimers stabilized by two disulfide bonds. Each monomer is composed of three 

transmembrane α-helices followed by a GAF and kinase domain. A subset of these 

receptors also contains a receiver domain and the subfamily 2 members contain an extra 

N-terminal signal sequence. The α-helices of the dimer form the ethylene binding domain 

that coordinates Cu(I). This figure is reprinted from Lacey and Binder 2014. Copyright © 

2017 Copyright Clearance Center, Inc. All Rights Reserved. (CC BY-NC-ND4.0) 

https://doi.org/10.1016/j.jinorgbio.2014.01.006   
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structural and biochemical differences among the receptor isoforms are suggestive of 

functional differences in their role in ethylene perception and transduction of ethylene 

signaling (Shakeel et al., 2013). Chapter four of this thesis provides insight into the 

genome-wide changes in transcript abundance in Arabidopsis roots and focuses on 

elucidating the function of the ethylene receptor family in control ethylene-induced 

changed in root architecture and expression of ethylene signaling genes.  

 

Using genetic and imaging techniques to study hormonal control of guard cell 

signaling and root development 

 Plants are continuously exposed to a diverse array of external stimuli, threatening 

their ability to survive, grow, and reproduce. To cope with fluctuating environments, 

plant growth and development are regulated by internal signaling pathways that connect 

external cues with growth response. This thesis utilizes confocal and brightfield imaging 

techniques coupled with mutant and gene expression analyses to investigate the 

mechanisms that integrate hormone signaling with plant responses.  

The second chapter investigates the role of ethylene-induced flavonol antioxidants 

in modulating ABA-dependent stomatal closure in Arabidopsis thaliana. Arabidopsis is a 

model organism for plant genetics and has a well understood flavonoid biosynthetic 

pathway. Using the widely available mutants and transgenic lines in Arabidopsis, we 

found a novel role for flavonols in modulating ROS signaling and stomatal closure in 

guard cells. Additionally, we studied the effects of ethylene on flavonol accumulation 

using treatment with exogenous ethylene and mutants in the ethylene signaling pathway. 
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The results demonstrated that ethylene-induced flavonol synthesis in guard cells, 

reducing ROS and ABA-induced stomatal closure.  

In Chapter three, we extend this research to the agriculturally important species of 

tomato (Solanum lycopersicum) to better understand how this crop species maximizes 

photosynthesis and minimizes transpiration. While tomato is distantly related to 

Arabidopsis, both species share a similar flavonoid biosynthesis pathway. Despite more 

limited genetic resource, tomato is an ideal crop plant to study flavonoids due the 

availability of flavonoid biosynthetic mutants. In chapter 3, mutants with decreased or 

elevated flavonol synthesis in guard cells were used to provide additional insight into 

how these compounds affect ABA-induced ROS and stomatal closure, light dependent 

stomatal opening, and water loss from whole leaves. Tomato plants were also treated 

with ethylene to examine how ethylene modulates flavonol levels and guard cell 

signaling in response to ABA.  

The fourth chapter transitions back to Arabidopsis to study the targets of ethylene-

regulated gene expression and the role of the individual receptor isoforms in modulating 

root architecture in response to ethylene signaling. Using a constitutively active ethylene 

receptor mutant and ethylene receptor null mutants, we identified which ethylene receptor 

isoforms are responsible for changes in gene expression and root growth in response to 

ethylene signaling. Combined, these chapters highlight novel signaling mechanisms that 

modulate gas exchange and water loss through stomata as well as the development of root 

systems that are responsible for water and nutrient uptake.  
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Abstract 

 Guard cell swelling controls the aperture of stomata, pores that facilitate gas exchange 

and water loss from leaves.  The hormone abscisic acid (ABA) has a central role in 

regulation of stomatal closure through synthesis of second messengers, which include 

reactive oxygen species (ROS).  ROS accumulation must be minimized by antioxidants 

to keep concentrations from reaching damaging levels within the cell.  Flavonols are 

plant metabolites that have been implicated as antioxidants; however, their antioxidant 

activity in planta has been debated.  Flavonols accumulate in guard cells of Arabidopsis 

thaliana, but not surrounding pavement cells, as visualized with a flavonol-specific dye. 

The expression of a reporter driven by the promoter of CHALCONE SYNTHASE (CHS), a 

gene encoding a flavonol biosynthetic enzyme, in guard cells, but not pavement cells, 

suggests guard cell specific flavonoid synthesis.  Increased levels of ROS were detected 

using a fluorescent ROS sensor in guard cells of tt4-2, which has a null mutation in CHS 

and therefore synthesizes no flavonol antioxidants.  Guard cells of tt4-2 show more rapid 

ABA-induced closure than wild-type, suggesting flavonols may dampen the ABA-

dependent ROS burst that drives stomatal closing.  The levels of flavonols are positively 

regulated in guard cells by ethylene treatment in wild-type, but not in the ethylene-

insensitive2-5 (ein2-5) mutant. Additionally, in both ethylene-overproducing1 (eto1) and 

ethylene-treated wild-type plants, elevated flavonols lead to decreasing ROS and slower 

ABA-mediated stomatal closure.  These results are consistent with flavonols regulating 

ROS accumulation and ABA-dependent stomatal closure, with ethylene-induced 

increases in guard cell flavonols modulating these responses. 
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Introduction  

Guard cells use an extensive signal transduction pathway to regulate the aperture 

of stomata, pores on the surface of leaves that facilitate gas exchange and water loss 

(Roelfsema and Hedrich, 2005; Joshi-Saha et al., 2011).  CO2, a necessary reactant for 

photosynthesis, enters leaves through stomata, while water can leave through these same 

pores via transpiration. Excess water loss can lead to dehydration of the plant when there 

is excess heat or drought.  Guard cells therefore must modulate the stomatal aperture in 

response to the changing environment (Hirayama and Shinozaki, 2007).  In response to 

stimuli that close stomata, such as drought stress, the hormone abscisic acid (ABA) is 

increased in the cytosol of guard cells (Zeevaart, 1980; Pei et al., 2000).  ABA induces 

ion movements across the cell membrane expelling K+ and Cl- ions through ion efflux 

channels.  The decreased internal solute concentration drives water out of the cell via 

osmosis (Vahisalu et al., 2008).  The loss of water from guard cells decreases the volume 

of the cell, with the resulting loss of turgor closing the stoma (Joshi-Saha et al., 2011).  

Additional understanding of this elegant signaling pathway will provide insight into how 

plant growth and development is modulated by change in soil moisture, temperature, and 

light levels. 

One important class of signaling molecules that have recently been implicated in 

guard cell signaling are reactive oxygen species (ROS) (Guan et al., 2000; Zhang et al., 

2001; Jiang and Zhang, 2002; Jiang and Zhang, 2003).  The well documented role of 

ROS in causing oxidative stress is now joined with growing evidence that ROS may play 

integral roles as secondary messengers in signal transduction pathways (Wood et al., 

2003; Rhee, 2006; Mittler et al., 2011; Munne-Bosch et al., 2013).  At high 
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concentrations, ROS, such as hydrogen peroxide, can cause oxidative damage to DNA 

and proteins that are integral to normal cellular processes (Asada, 2006; Van Breusegem 

and Dat, 2006); however, at low levels, hydrogen peroxide (H2O2) is an effective 

signaling molecule in guard cells that can induce stomatal closure (Pei et al., 2000; 

Murata et al., 2001; Zhang et al., 2001; Kwak et al., 2003).  Elevated ABA in guard cells 

triggers H2O2 production through activation of NADPH or respiratory burst oxidase 

enzymes located on the plasma membrane (Mustilli et al., 2002; Yoshida et al., 2002) and 

mutants in AtrbohD and AtrbohF, show impaired ABA-regulated stomatal closure (Kwak 

et al., 2003).   

The ability of signaling-regulated synthesis of hydrogen peroxide, H2O2, to alter 

the activity of specific target proteins has been shown in mammalian systems (Rhee, 

2006).  Generated from superoxide (O2
.-) molecules, this oxidant can modulate the 

activity of phosphatases and kinases, causing dynamic changes in signal transduction 

pathways (Poole et al., 2004).  Specifically, hydrogen peroxide can interact with specific 

cysteine residues, transforming the functional group of the cysteine into sulfenic acid, 

altering formation of disulfide bonds between two separate proteins or between nearby 

cysteine residues of the same protein, in a transient, reversible fashion (Poole et al., 2004; 

Poole and Nelson, 2008).  In guard cells, this ROS burst is believed to target calcium 

channels to promote the influx of calcium across the plasma membrane and the release of 

calcium from internal stores (McAinsh et al., 1996; Allen et al., 2000).  Increased 

cytosolic calcium levels induces activation of anion efflux channels located on the plasma 

membrane (Hedrich et al., 1990; Schroeder and Hagiwara, 1990), triggering stomatal 

closure.  The mechanism behind ROS activation of Ca2+ channels in mammalian systems 
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has been well studied (Poole and Nelson, 2008); however, less is known about this 

mechanism in plants. 

When maintained at manageable levels, ROS are efficient and reversible signaling 

molecules employed by cells to regulate the activity of enzymes and transcription factors, 

but if levels of these molecules become excessively elevated, they can cause oxidative 

stress (Hernandez et al., 2009; Pollastri and Tattini, 2011).  Therefore, mechanisms that 

keep their levels from becoming too high and allow their accumulation to be transient are 

important features of ROS signaling.  ROS homeostasis is tightly regulated in plants 

through the production of a variety of enzymatic and small molecule antioxidants (Mittler 

et al., 2004).  Flavonols are plant metabolites that may function as antioxidants in plants 

and in animals that consume them (Hernandez et al., 2009).  Although their antioxidant 

activity in planta has been debated, previous studies have shown that the antioxidant 

capacity for flavonols in vitro is greater than that of vitamin C or E, two well documented 

in planta antioxidants (Rice-Evans et al., 1997).  Guard cells provide an elegant system to 

test the antioxidant ability of flavonols, due to the well documented function of ROS as a 

second messenger in this cell type (Pei et al., 2000; Murata et al., 2001; Kwak et al., 

2003; Cho et al., 2009).   

This study examines the accumulation of flavonols in guard cells and asks 

whether flavonol accumulation modulates the levels of ROS.  A flavonol specific dye and 

a reporter construct driven by a promoter from a gene encoding a flavonol biosynthetic 

enzyme reveal the localized accumulation of flavonols and the expression of this gene 

that drives their synthesis in guard cells, but not in surrounding pavement cells.  Mutants 

that make no flavonols are used to demonstrate the specificity of the flavonol-specific 
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dye, and to show the effect of flavonols on ROS status and stomatal aperture. Finally, the 

modulation of flavonol synthesis in guard cells in response to ethylene is examined, as 

well as the effect of these regulated changes in flavonol concentration on stomatal 

aperture.  These results indicate that flavonols modulate ROS levels within guard cell 

modulating stomatal aperture and adaptation to changing environmental conditions.  

 

Results 

Flavonols and their biosynthetic machinery are found in guard cells 

To determine whether flavonols accumulate in guard cells, we used a dye, 

diphenylboric acid 2-aminoethyl ester (DPBA), to detect flavonols.   The specificity of 

DPBA fluorescence has been demonstrated in Arabidopsis roots using mutants in 

flavonol synthesis, with no signal observed in the tt4 mutant that makes no flavonoids 

(Lewis et al., 2011) due to a mutation in the gene that encodes chalcone synthase (CHS), 

the first step in the flavonoid biosynthesis pathway.  The surface of an Arabidopsis leaf 

imaged with DPBA is shown in Figure II-1A, illustrating localized accumulation of 

flavonols in guard cells with no signal in surrounding pavement cells, which is overlaid 

on DIC in Figure II-1B. This pattern has been observed in more than 50 leaves.  We also 

asked whether the flavonol localization was restricted to guard cells due to flavonol 

biosynthesis in those cells.  Transgenic plants with a CHS promoter driving a β-

glucuronidase (GUS) reporter were visualized by brightfield microscopy.  GUS product 

accumulates in the epidermal guard cells (Figure II-1C), with no GUS product  
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6Figure II-1.  Flavonols accumulate in guard cells. 

A. Confocal micrograph showing yellow DPBA fluorescence in guard cells, but not 

pavement cells.  B. DIC image overlaid with a confocal micrograph of wild-type leaves 

showing the location of yellow DPBA fluorescence.  C. Brightfield image shows 

CHSp:GUS expression in guard cells, but not pavement cells of WT plants.  Size bar 

=15μm.  



50 

 

accumulation in surrounding pavement cells. These results are consistent with tissue-

specific signals, including transcriptional controls of flavonols synthesis, restricting 

flavonol accumulation to guard cells. 

To more quantitatively and precisely image DPBA in leaf tissue, we optimized 

laser scanning confocal microscope (LSCM) settings in order to spectrally separate total 

flavonol fluorescence from chlorophyll autofluorescence.  Using the basal surface of a 

whole Arabidopsis leaf, confocal micrographs show autofluorescence of chlorophyll in 

the blue channel and DPBA staining in the yellow channel (Figure II-2).  The absence of 

the DPBA signal in tt4-2 guard cells confirms the specificity of this staining in leaf 

tissues, complementing the previous studies in roots (Buer and Muday, 2004; Lewis et 

al., 2011).  This image indicates that we can resolve these two fluorescent signals and that 

flavonols accumulate in the cytosol, but not the chloroplasts of guard cells. It is also 

evident that DPBA fluorescence is greater in the regions of the guard cell that appeared to 

be nuclei, a cellular location that has exhibited flavonoid accumulation in other plant cells 

types (Feucht et al., 2004; Lewis et al., 2011).  Verification of nuclear flavonol 

accumulation was completed by simultaneously imaging DPBA and Hoechst 33258, a 

nucleic acid stain (Supplemental Figure II-1).  After imaging DPBA with spectral 

separation, we imaged the same guard cells using single channel microscopy to visualize 

Hoechst fluorescence and consistently observe that the region of bright DPBA staining in 

the center of each guard cell also has nucleic acids as detected by Hoechst, consistent 

with a nuclear accumulation of flavonols. 

The levels of DPBA fluorescence in the cytoplasm and nucleus of wild-type and 

tt4-2 were quantified in 90 guard cells and are reported relative to the levels in the cytosol  



51 

 

 

7Figure II-2.  Flavonol accumulation is absent in tt4 guard cells and enhanced in eto1 

guard cells. 

DPBA bound to flavonols is shown in yellow, and chlorophyll autofluorescence is shown 

in blue.  Chlorophyll and flavonol fluorescence separation shows specific accumulation 

of flavonols in guard cells.  Bar = 15μm. 
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8Supplemental figure II-1. Confocal imaging of Col-0 guard cells show enhanced 

DPBA fluorescence (yellow) in the nuclei of guard cells. 

Nucleic acid stain, Hoechst 33258, is shown in red.  Bar = 15μm.  
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of Col-0 (Figure II-3A).  DPBA fluorescence is at background levels in tt4-2 while wild-

type plants have a robust DPBA fluorescent signal, with approximately 2-fold higher 

intensity in the nucleus than in the cytoplasm.  

 

Flavonol accumulation in guard cells affects ABA–induced stomatal closure 

To analyze the functional significance of flavonol accumulation in guard cells, we 

compared ABA-dependent stomatal closure in wild-type and tt4-2 guard cells.  Since 

ABA triggers a ROS burst in guard cells and flavonols reduce ROS concentrations, we 

expected flavonol concentrations in guard cells to be inversely proportional to the rates of 

ABA-induce stomatal closure.  Leaves were excised and incubated with 20 μM ABA for 

0, 45, 90 or 180 minutes.  At the indicated times after treatment, epidermal peels were 

generated and DIC images captured and used for measurement of stomatal aperture. 

Apertures were quantified in 30 stomata for three separate experiments (Figure II-4).  

Stomatal closure in response to ABA was greatest in tt4 guard cells compared to the 

control (P < 0.05).  The aperture of stomata was also quantified in the absence of ABA 

under identical conditions over the same time course in these two genotypes.  The guard 

cells remain open under these conditions and there are no detectable differences between 

wild-type and tt4-2 (Supplemental Figure II-2). We also examined the effect of three 

hours of ABA treatment on DPBA fluorescence in guard cells, mirroring the time course 

of ABA in the stomatal closure assays to ask if ABA altered flavonol synthesis.  The 

DPBA signal is not altered by ABA during this three hour treatment (Supplemental 

Figure II-3). These results are consistent with the absence of an antioxidant in tt4-2 guard 

cells that leads to an increase in signaling via reactive oxygen species. 
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9Figure II-3.  Quantification of flavonol accumulation by confocal microscopy and 

Liquid Chromatography Mass Spectroscopy 
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A. Subcellular flavonol accumulation in wild-type guard cells compared to eto1 and tt4.  

Flavonol accumulation was measured using guard cell DPBA fluorescence intensity 

values and the average ± SE is reported relative to the levels in the cytosol of Col-0 for 

n=90 stomata.  * Significant difference (P < 0.005) between mutant and the wild-type 

within cellular location.  # Significant difference (P < 0.02) between cytosol and nucleus 

within genotype.  B.  Mass spec analysis of flavonol levels in whole leaves show 

enhanced accumulation or quercetin and kaempferol in eto1 leaves compared to control 

(P < 0.003, P < 0.06).   No flavonols were detected in tt4.  Flavonols were extracted from 

100mg of leaf tissue per sample.  Data represents results from 3 separate experiments.  

n=6.  ND=not detected because compound is either absent or below the level of threshold 

detection.   
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10Figure II-4.  Stomatal aperture widths of Col-0 and tt4 in response to ABA. 

ABA sensitivity is indirectly proportional to relative flavonol concentration.  Guard cells 

were incubated under white light in a 20μM ABA solution for 0, 45, 90, and 180 minutes. 

Apertures were measured using ImageJ.  Error bars represent standard error.  * 

Significant difference (P < 0.05) between mutant and Col-0 at each time point. n = 90 for 

each time point. 
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11Supplemental figure II-2. Stomatal aperture widths in opening solution without ABA 

for 90 minutes. 

Guard cells were incubated under white light in opening solution for 0, 45, and 90 

minutes.  Apertures were measured using ImageJ.  Error bars represent standard error.   

n = 30 for each time point.   
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12Supplemental figure II-3. A three-hour ethylene treatment induces flavonol 

accumulation and decreases ROS concentrations the rate of stomatal closure. 



59 

 

Intact soil grown plants were incubated in ethylene gas at 5ppm concentration for 3 hours 

prior to the experiment.  A. Subcellular flavonol accumulation in Col-0 with and without 

ethylene treatment.  DPBA fluorescence intensity values were quantified and reported as 

arbitrary units.  * Significant difference between treated and untreated controls within 

cellular location as determined by Student’s t test (P < 0.02).  Error bars represent 

standard error.  n=30 for each treatment. B. Subcellular ROS accumulation in Col-0 and 

tt4 guard cells with and without ethylene treatment. DCF intensity values in the cytosol 

and nucleus of guard cells were determined and reported as arbitrary units.  The average 

± SE of 30 stomata from three biological replicates are reported.  * Significant difference 

(P < 0.05) between mutant and the wild type between treatments. # Significant difference 

(P < 0.02) between mutant and wildtype within cellular location.  C. Stomatal aperture 

widths in response to ABA.  ABA sensitivity is indirectly proportional to relative 

flavonol concentrations.  Guard cells were incubated under white light in a 20 µM ABA 

solution for 0, 45, and 90 minutes.  Error bars represent standard error.  N=30 for each 

timepoint.  * Significant difference between samples and untreated Col-0 for each time 

point respectively (P < 0.05).   
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Elevated ethylene levels through exogenous treatment or in the eto1 mutant increase 

flavonol accumulation  

Since elevated ethylene levels in Arabidopsis roots increase flavonol 

accumulation (Lewis et al., 2011), we asked whether there is similar regulation in guard 

cells.  DPBA fluorescence was examined in the ethylene-overproducing1 (eto1) mutant 

(Chae et al., 2003) and enhanced flavonol accumulation was observed in the guard cells 

(Figure II-2).  The DPBA fluorescence intensity was quantified in 90 stomata and 

average fluorescence is reported relative to the values in the cytosol of Col-0 (Figure II-

3).  There is a >1.6 fold increase in DPBA fluorescence in the cytosol and >1.5 fold 

increase in the nuclei of eto1 guard cells compared to wild-type (Figure II-3; P < 0.001).  

To further examine the effect of ethylene on flavonol synthesis in guard cells, we 

treated plants with exogenous ethylene.  Wild-type and the ethylene-insensitive2-5 (ein2-

5) mutant, which has a defect in  ethylene signaling resulting in nearly complete ethylene 

insensitivity (Alonso et al., 1999), were treated with 5 ppm ethylene gas for 24 hours, and 

then DPBA fluorescence in the guard cells was imaged (Figure II-5).  The DPBA 

fluorescence was quantified in both the nucleus and cytoplasm, as described above, for 

30 stomata per treatment in 3 separate experiments, and the average signal is reported in 

Figure II-5 relative to the signal in the cytosol of untreated Col-0. Similar to eto1, the 

guard cells of ethylene-treated wild-type plants had enhanced DPBA fluorescence in the 

cytosol and nuclei when compared to an untreated control (P < 0.01).  Guard cells of 

ein2-5 have significantly lower DPBA fluorescence than Col-0 in both the cytosol and 

nucleus in the absence of treatment (P < 0.02) and show no increase in DPBA 

fluorescence after ethylene treatment (Figure II-5).   
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13Figure II-5.  Ethylene-induced flavonol accumulation. 

Subcellular flavonol accumulation in Col-0 and ein2-5 guard cells with and without 

ethylene treatment. Intact soil grown plants were incubated in ethylene gas at 5ppm 

concentration for 24 hours. DPBA fluorescence intensity values were quantified and are 

reported relative to the untreated Col-0 cytosol fluorescence intensity.  * Significant 

difference (P < 0.02) between mutant and the wild type within treatment; # significant 

difference between treated and untreated controls within a genotype as determined by 

Student’s t test (P < 0.02).  Error bars represent standard error.  n=90 for each treatment. 
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We employed high performance liquid chromatography together with mass 

spectroscopy (LC-MS) to directly quantify concentrations of kaempferol and quercetin in 

whole leaves to examine the effect of elevated ethylene levels on flavonol concentration.  

Hydrolyzed flavonol samples extracted from 18 leaves of 4-week-old Col-0, tt4-2, and 

eto1 plants were analyzed to examine the total flavonol pools of each compound. The 

changes in flavonols were detected in three separate experiments, with a representative 

graph shown in Figure II-3.  Flavonol extractions from whole leaves show 1.3 and 5-fold 

increased levels of accumulation of kaempferol and quercetin, respectively, in eto1 

compared to wild-type. This experimental approach cannot demonstrate that ethylene-

dependent increases in flavonols are localized specifically to guard cells, but it does 

illustrate that the increases in total flavonol concentrations mirror the fluorescence 

increases in guard cells observed with DPBA staining. 
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Reactive oxygen species (ROS) accumulate in guard cells and are affected by 

flavonol concentrations. 

The concentrations of ROS are highly regulated in guard cells and are an essential 

feature of rapid stomatal closure in response to ABA (Pei et al., 2000; Kwak et al., 2003).  

ROS concentration within guard cells was examined to determine if flavonols are acting 

as antioxidants in vivo.  To visualize ROS accumulation in Arabidopsis leaf tissue, we 

used 2', 7' –dichlorofluorescein-diacetate (DCFH-DA), a general ROS fluorescent sensor 

(Halliwell and Whiteman, 2004).  In the past, this fluorescent probe has been combined 

with UV light to image ROS in guard cells (Kwak et al., 2003); however, we excited with 

a 488nm laser, a wavelength that is more frequently used when imaging this probe 

(Halliwell and Whiteman, 2004).  DCFH-DA is taken up by cells, where internal cellular 

esterases cleave off the diacetate functional group, preventing DCFH from diffusing 

outside of the cell.  Upon oxidation by ROS, DCFH is converted to DCF and becomes 

fluorescent. To minimize any dye uptake difference or light induced fluorescence 

increases that can occur with this dye (Murata et al., 2001), all incubation and imaging 

times and settings were carefully maintained within each experimental comparison.  

We used spectral separation through confocal microscopy to separate out 

chlorophyll autofluorescence, from DCF fluorescence in guard cells in epidermal leaf 

peels of wild-type, tt4-2, and eto1 (Figure II-6).  In all three genotypes, DCF fluorescence 

is at very low levels in pavement cells, but accumulates in guard cells in both nuclei and 

the cytoplasm, with greater fluorescence in the nuclei, mirroring the tissue and  
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14Figure II-6.  ROS accumulation is modulated by flavonol levels in guard cells 
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A. Confocal micrographs of DCFH-DA-stained guard cells of four-week-old Col-0, tt4, 

and eto1 plants.  DCF fluorescence is shown in green, and chlorophyll autofluorescence 

is shown in blue in separate channels and merged images captured under identical 

confocal settings.  Bar = 15µm.  B. Quantification of subcellular DCF fluorescence in 

guard cells.  Leaf peels of 3-4-week-old plants were stained with 2.5μM DCFH-DA for 

30 minutes and imaged using confocal microscopy. DCF intensity values in the cytosol 

and nucleus of guard cells were determined and are reported relative to the levels in the 

cytosol of Col-0.  The average ± SE of 90 stomata from three biological replicates are 

reported.  * Significant difference (P < 0.005) between mutant and the wild type within 

cellular location. # Significant difference (P < 0.02) between cytosol and nucleus within 

genotype.  C.  Quantification of subcellular DCF fluorescence in guard cells.  Data from 

two experiments are combined and the average ± SE of 60 stomata are reported.   * 

Significant difference (P < 0.005) between mutant and the wild type within treatment. # 

Significant difference (P < 0.05) between treated and untreated controls within genotype 

as determined by student’s t test.  
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subcellular accumulation of flavonols. The levels of DCF fluorescence in the cytoplasm 

and nucleus of wild-type, tt4, and eto1 were quantified in 90 guard cells and are reported  

relative to the levels in the cytosol of Col-0 in Figure II-6B.   In the tt4 mutant, which 

does not synthesize flavonols, DCF fluorescence intensity is greater in both the cytosol 

and the nucleus of guard cells compared to wild-type.  Quantification of these images 

indicates that there is a 2- and 2.5-fold increase in tt4-2 in the cytosol and nucleus, 

respectively, as compared to wild-type guard cells. There are also lower levels of DCF 

fluorescence in eto1 than wild-type with reduction to 60% of the values in untreated wild-

type, consistent with the higher levels of antioxidants in the presence of elevated 

ethylene.  Ethylene treatment of tt4 showed enhanced ROS accumulation after treatment 

(Figure II-6), which is consistent with a previous report that ethylene induced ROS 

accumulation in guard cells through activation of NADPH oxidase AtRBOHF (Desikan 

et al., 2006).  Together these images suggest an antioxidant activity of flavonols in guard 

cells, by illustrating an inverse relationship between flavonol concentration and ROS 

levels using both mutants to block flavonols synthesis and treatments and mutants to 

elevate ethylene levels and flavonol accumulation. 

 

Stomatal closure is modulated by ethylene levels 

The effect of 24 hours of ethylene treatment of wild-type and tt4 and in the 

untreated eto1 mutant was examined using the same stomatal closure assay described 

above. The closure at time 0, 45, and 90 minutes after ABA treatment for 90 stomata 

from 3 experiments are compared in Figure II-7.  After incubation in the opening solution 

for 3 hours, all stomata are equivalently open and in the absence of added ABA, remain  
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15Figure II-7.  Stomatal aperture widths in response to ABA. 

ABA sensitivity is indirectly proportional to relative flavonol concentration.  Guard cells 

were incubated under white light in a 20μM ABA solution for 0, 45, and 90 minutes.  

Apertures were measured using ImageJ.  Error bars represent standard error.  n = 90 for 

each time point.  * Represents significant difference between samples and untreated Col-

0 (P < 0.05).  
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equivalently open (Supplemental Figure II-2).  Ethylene treated wild-type and eto1 guard 

cells showed decreased closure in response to ABA, while untreated tt4 shows the most 

stomatal closure at each time point. We expected that tt4 would show no response to 

ethylene treatment, if the only effect of ethylene is on flavonoid synthesis, but found that 

it does show a reduced stomatal closure in the presence of ethylene.  The stomatal 

aperture is still smaller in tt4 with ethylene treatment than in Col with ethylene, 

consistent with a role for ethylene mediated flavonol synthesis in controlling the rate of 

stomatal closure through modulation of ROS signals, but also with a separate flavonols-

independent pathway by which ethylene modulates stomatal aperture.   
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Discussion 

Guard cells control the aperture of stomatal pores in response to environmental 

fluctuations, including variations in light intensity, moisture, and carbon dioxide levels 

(Hetherington and Woodward, 2003).  In response to environmental stress, the plant 

hormone ABA signals stomatal closure (Zeevaart, 1980; Hirayama and Shinozaki, 2007; 

Cho et al., 2009; Joshi-Saha et al., 2011).  This signaling pathway employs hydrogen 

peroxide as a ROS second messenger (McAinsh et al., 1996; Murata et al., 2001; Zhang 

et al., 2001; Kwak et al., 2003).  During signaling of stomatal closure, ROS must reach a 

certain threshold to oxidize their targets (Kwak et al., 2003; Cho et al., 2009) , but must 

not reach levels that will cause oxidative damage (Munne-Bosch et al., 2013).  To 

prevent oxidative damage, ROS signaling must be tightly regulated by small molecule 

and/or protein antioxidants (Conklin et al., 1996; Apel and Hirt, 2004), with antioxidants 

including glutathione and flavonoids.   Recent reports demonstrated the altered redox 

state and altered stomatal aperture in mutants defective in glutathione synthesis (Okuma 

et al., 2011; Munemasa et al., 2013).  In this study, we tested the hypothesis that 

flavonols may act as regulators of ROS concentrations in guard cells, thus modulating 

stomatal closure. 

We examined where and how flavonols accumulate in the epidermal layers of 

leaves in order to better understand their role in cell signaling.  Flavonol accumulation 

was visualized through confocal microscopy, using a flavonol-specific fluorescent dye, 

DPBA.  In wild-type, DPBA fluorescence is localized to guard cells, but is absent in 

surrounding pavement cells, while it is not detected in any cell types in the flavonoid 

deficient tt4-2 mutant.  Localized flavonol accumulation in guard cells, could be due to 
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localized synthesis or selective import of these molecules into the cells.  To ask if 

flavonol biosynthetic enzymes are synthesized in guard cells in planta, a CHSp:GUS 

transgenic line was utilized.  CHS promoter driven GUS product accumulated specifically 

in guard cells and not in surrounding epidermal pavement, which suggests that 

production of CHS, a key flavonol biosynthesis enzyme, is localized to Arabidopsis 

guard cells.  This result is consistent with previous research that shows high levels of 

transcripts encoding CHS and other enzymes in the flavonoid biosynthetic pathway, such 

as flavanone 3-hydroxylase, in guard cell protoplasts (Hruz et al., 2008).  This result goes 

beyond this previous study in two ways, as it minimized the damage to cells that is the 

result of creating protoplasts, which may increase the expression of flavonoid 

biosynthesis genes in cells where they are not normally produced (Dixon and Paiva, 

1995; Winkel-Shirley, 2002). Second, the available microarray data does not have a 

pavement cell transcriptome for comparison (Pandey et al., 2010). Using very different 

experimental methods in Vicia faba, flavonols have been previously reported to 

accumulate in guard cell and surrounding epidermal cells (Schnabl et al., 1986; 

Takahama, 1988).  Both reports used spectrophotometric imaging of epidermal peels 

which limits the resolution of flavonols accumulation in individual cells. Using the highly 

localized accumulation of DPBA fluorescence, our results demonstrate that in 

Arabidopsis there is a guard cell specific flavonol accumulation profile. 

Since flavonols accumulate specifically in guard cells, we asked whether these 

molecules function as antioxidants to reduce ROS concentrations.  Flavonols have been 

shown to have antioxidant activity in vitro; however, their antioxidant activity in planta 

has been debated (Rice-Evans et al., 1997; Hernandez et al., 2009; Pollastri and Tattini, 
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2011).  As ROS has been implicated as a second messenger in guard cell signaling 

(McAinsh et al., 1996; Murata et al., 2001; Zhang et al., 2001; Kwak et al., 2003), we 

asked whether the presence of flavonols affected the ROS accumulation in guard cells. In 

order to visualize ROS accumulation, we used DCFH-DA, a general ROS sensor and 

utilized spectral separation to remove chlorophyll autofluorescence.  DCF fluorescence 

was localized to guard cells, similar to the DBPA fluorescence pattern, indicating that 

both flavonols and ROS accumulate specifically in this cell type, but not in surrounding 

pavement cells.  Additionally, we saw increased DCF fluorescence in tt4-2 mutants that 

synthesize no flavonols, consistent with the absence of flavonols resulting in increased 

ROS concentrations, consistent with an antioxidant activity for flavonols in vitro.   

DPBA and DCF fluorescence were at higher levels in the nuclei than the cytosol 

in all genotypes and treatments.  This observation is consistent with characteristics of 

other plant species that showed flavonoid and ROS accumulation in the nuclei (Feucht et 

al., 2004; Mazars et al., 2010; Lewis et al., 2011).  This localization is consistent with the 

notion that ROS can regulate gene expression through interaction with redox-sensitive 

transcription factors (TFs) in plants (Wu et al., 2012), like the well-established redox 

sensitive TF described in bacteria and mammals (Aslund et al., 1999; Biswas et al., 

2006).  Flavonols are a likely candidate to modulate the activity of redox-sensitive TFs, 

due to their increased accumulation in the nuclei; however, it is unlikely that they are the 

only antioxidant present in this organelle.  Flavonols have been shown to chelate metal 

ions, such as Fe2+, which catalyze the production of hydroxyl radicals from H2O2 

(Hernandez et al., 2009), thus flavonol accumulation in the nucleus would contribute to a 

decreased redox potential in the nucleus, potentially decreasing the number of TF 
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oxidation events.  Combined with our data suggesting an in planta antioxidant ability of 

flavonols, we hypothesize that flavonol accumulation in the nuclei may modulate the 

activity of redox-sensitive transcription factors that affect gene expression in addition to 

preventing oxidative damage to DNA, although the time scale of transcriptional effects 

may be beyond the rapid regulation of guard cell aperture. 

As stomatal apertures are environmentally regulated, we hypothesized that 

regulation of flavonol synthesis may be a way for plants to modulate the physiology of 

guard cells.  Previous studies have shown that ethylene increases flavonol accumulation 

in Arabidopsis roots (Buer et al., 2007; Lewis et al., 2011), and we asked whether this 

hormone may also increase flavonol accumulation in guard cells.  Elevated levels of 

ethylene through endogenous overproduction in the eto1 mutant and exogenous 

application of ethylene to wild-type leaves increased flavonol accumulation in this cell 

type, as visualized by localized DPBA fluorescence.  This ethylene enhanced 

accumulation pattern requires a functional ethylene signaling pathway, as the ethylene-

induced DPBA fluorescence increases are lost in the ein2 mutant.  A previous study has 

shown that ethylene induced flavonoid increases detected by DPBA can also be detected 

by LC-MS (Lewis et al. 2001).  We therefore verified these flavonols increases in leaves 

using LC-MS and detected ~5-fold increases in quercetin and smaller, but still 

statistically significant increase in kaempferol in whole leaves treated with ethylene 

under similar conditions.   

We also observed decreased DCF fluorescence in ethylene treated wild-type and 

eto1 guard cells, when compared to wild-type, suggesting that the increase in flavonols 

decreases ROS concentrations.  Additionally, ethylene treated wild-type guard cells 
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exhibited a decreased rate of ABA-induced stomatal closure, a result that is consistent 

with flavonols acting as antioxidants reducing the hydrogen peroxide burst that drives 

stomatal closure.   

Ethylene has been shown to promote both stomatal closure in Arachis hypogaea 

and Arabidopsis (Pallas and Kays, 1982; Desikan et al., 2006) and stomatal opening in 

Dianthus caryophyllus, Solanum lycopersicum, Vicia faba, and Arabidopsis (Madhavan 

et al., 1983; Levitt et al., 1987; Tanaka et al., 2005). Applied ethylene gas or its 

precursor, ACC, was shown to induce stomatal closure through elevated ROS production 

generated by AtRBOHF, an NADPH oxidase (Desikan et al., 2006).  In our study, a 

previously reported ROS burst that was observed upon ethylene treatment of wild-type 

guard cells (Desikan et al., 2006) was masked by increased flavonol accumulation, but 

we observed that ethylene treatment of tt4 led to elevated ROS, consistent with the 

absence of antioxidants.  Other researchers report that treatment of wild-type plants with 

ethylene or ACC or endogenous ethylene over production in eto1 inhibit stomatal closure 

in the presence of ABA in Arabidopsis (Tanaka et al., 2005) and in wheat (Chen et al., 

2013). These findings are mirrored in our results, with decreased ROS and stomatal 

closure in response to ethylene treatment or the eto1 mutation.  We predicted that 

ethylene treated tt4 might be insensitive to the effect of ethylene on stomatal aperture, 

since there will be no change in flavonoid antioxidants.  We found that in both wild-type 

and tt4, ethylene reduced the rate of stomatal closure, consistent with a flavonoid and 

ROS independent ethylene regulation of this process, although the tt4 mutant has a 

greater rate in both cases consistent with a second ROS-dependent mechanism.  A ROS-

independent pathway for ABA-induced stomatal closure, has been suggested previously 
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(Kwak et al., 2003.).  ABA treatment of atrbohD/F double mutant guard cells resulted in 

no change in ROS concentrations, although cytosolic Ca2+ elevations were observed in 

nearly half of all guard cells (Kwak et al., 2003.).  We hypothesize that ethylene may 

inhibit ROS-independent stomatal closure in the absence of flavonols, which would 

explain the delayed closure that is observed in ethylene treated tt4. Our results suggest 

that ethylene induces flavonol accumulation, which reduces both the concentration of 

ROS and the rate of ABA-induced stomatal closure. 

We have constructed a model to synthesize these data, which is shown in Figure 

II-8.  This model outlines the ABA signaling pathway in which ABA activates respiratory 

burst oxidases increasing the levels of ROS, which act as signaling molecules to induce 

stomatal closure.  Flavonoids act as antioxidants reducing the levels of ROS, which 

decrease the rate of stomatal closure.  Elevated levels of ethylene, both through elevated 

synthesis in eto1, or by treatment with exogenous ethylene, increase flavonols 

accumulation and decrease ROS, resulting in a reduced rate of stomatal closure. When a 

flavonoid deficient mutant is treated with ethylene, we find that ROS levels increase, 

consistent with the absence of an antioxidant. We predicted that tt4 would be insensitive 

to the effect of ethylene on stomatal closure, while we find that this treatment leads to a 

reduced rate of closure.  We hypothesize that ethylene may enhance the synthesis of a 

second signaling molecule, that may act to alter stomatal closure through a separate 

mechanism. 
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16Figure II-8.  A proposed model of the effects of ethylene and flavonols on stomatal 

closure. 

Abscisic acid (ABA) is released into the cytosol where it triggers respiratory burst 

oxidases, which induce a burst of reactive oxygen species (ROS), which act as secondary 

messengers to signal stomatal closure.  Ethylene induces flavonol accumulation in guard 

cells through EIN2.  Flavonols act as antioxidants to scavenge ROS and thereby 

inhibiting stomatal closure.   In the absence of flavonols, ethylene was shown to induce 

ROS accumulation; however, it also inhibited stomatal closure.  We hypothesize that 

ethylene may induce the activity or accumulation of an unknown signaling molecule to 

inhibit stomatal closure.  Arrows represent activation and bars represent repression. 
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Conclusions 

Guard cell function is integral to plant adaptation to a changing environment.  

Much is known about the role of ROS as a second messenger in this cell type (Wang and 

Song, 2008); however, the role of antioxidants in guard cells to modulate ROS 

concentrations has not been well studied.  We have observed flavonol and ROS 

accumulation in guard cells, and shown that the concentrations of flavonols in planta are 

inversely proportional to ROS levels, consistent with in vitro studies of flavonols acting 

as antioxidants (Rice-Evans et al., 1997; Hernandez et al., 2009).  This study shows that 

flavonol levels are ethylene regulated in guard cells.  Elevated levels of ethylene in 

response to exogenous treatment of wild-type and endogenous synthesis in the eto1 

mutant increases flavonol accumulation in guard cells, resulting in a decreased ROS 

levels and rate of stomatal closure.  Together these results indicate that flavonols play 

important roles in regulating ROS levels in guard cells and thereby modulate the 

dynamics of stomatal aperture.  

 

Materials and methods 

 

Plant Growth and Ethylene Treatment 

Arabidopsis (Arabidopsis thaliana) plants were germinated on 1x Murashige and 

Skoog (MS) medium, pH 5.6, MS vitamins, and 0.8% agar, buffered with 0.05% MES 

and supplemented with 1% sucrose.  After vernalization at 4o C for 48 hours, plates were 

placed in a 12 hour day growth chamber under 100 µmol m-2 s-2 cool-white light.  

Seedlings were transferred to Metromix 360 soil 7 days after germination.  All 

experiments were conducted on leaves of plants that were 3-4 weeks after germination.  
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This study utilized Col-0, tt4-2 (Winkel-Shirley, 2002), eto1 (Xiang et al., 2013), ein2-5 

(Alonso et al., 1999), and a CHSpro:GUS reporter (Chory and Peto, 1990). 

Four-week-old wild-type and ein2-5 plants were placed in the same clear plastic 

container that was sealed with vacuum grease.  Ethylene gas was added to achieve a 

5ppm concentration of ethylene within the chamber.  Control plants were placed in 

identical sealed containers without ethylene.  After 24 hours of incubation, leaves were 

excised and used for imaging flavonols or ROS, or in stomatal closure assays.   

 

Flavonol accumulation using DPBA  

Individual leaves were excised and submerged in an aqueous solution containing 

0.01% Triton X-100 and 2.52 mg/mL-1 DPBA for 2.5 hours.  Whole leaves were then 

washed in deionized water for 1 minute and mounted in deionized water between two 

coverslips.  A Zeiss 710 LSCM was used to excite the leaf surfaces with 100% maximum 

laser power at 488nm and a pinhole yielding a 4μm cross section.  We optimized LSCM 

settings to spectrally separate the fluorescence of flavonol-DPBA and chlorophyll by 

capturing the emission spectrum for each compound where there is no overlap.  DPBA 

fluorescence emission was collected between 475 to 619nm (Lewis et al., 2011).  The 

gain settings were selected to maximize the total flavonol signal while preventing 

oversaturation. All micrographs within each figure were acquired using identical offset, 

gain, and pinhole settings using the same detectors.  Post-image quantification of DPBA 

fluorescence intensities was done by placing an ROI around the nuclei of each guard cell 

and around an area in the cytosol with no chloroplasts present.  The average intensity 

values within each ROI was recorded and averaged.   
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Histochemical Staining and Imaging of CHSp:GUS Activity 

Whole leaves from the CHSp:GUS transgenic line were excised and submerged in 

a GUS staining solution (80 mM sodium phosphate buffer, 0.4 mM potassium 

ferricyanide, 0.04 mM potassium ferrocyanide, 0.05% Triton X-100, 0.8 mg/mL 5-

bromo-4-chloro-3-indolyl-β-D-glucuronide, pH7) at 37o C for 18 hours.  Leaves were 

removed from staining solution and washed with 75% ethanol for 5 minutes. Epidermal 

strips were prepared by spraying a microscope slide with a silicone-based medical 

adhesive (Hollister stock# 7730).  After five minutes, the basal epidermis of the leaf was 

gently pressed into the dried adhesive coat, and the leaf was gently scraped with a pipet 

tip until only the fixed epidermis remained (Young et al., 2006).  Epidermal peels were 

imaged using DIC imaging with a Zeiss Auxio Observer D1 microscope with an Axio 

Cam HRc color camera.    

 

 

Quantification of flavonols by liquid chromatography mass spectroscopy 

Samples were run on a Thermo LTQ Orbitrap XL with ESI source, coupled to a 

Thermo Accela 1250 pump and autosampler (Thermo Fisher, Thermofisher.com), using a 

Security Guard column in line with a Luna 150 x 3 C18 column, both from Phenomenex 

(phenomenex.com). For flavonol analysis, 10 µl of each sample was injected with a 

solvent of water:acetonitrile, both containing 0.1% v/v formic acid in the following 

gradients: 95%-40% v-v water from 0 to 5 min, 40%-20% v-v water from 5 to 20 min, 

and 20%-95% v-v water from 20 to 23 min to recondition the column. MS2 fragmentation 
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spectra of flavonols were induced using 30 kV collision-induced dissociation. Spectra of 

samples were compared to those of standards and those listed on the MassBank database 

(www.massbank.jp). Data were analyzed by quantifying peak areas using Thermo 

Xcalibur software, and with normalization to the internal standard formononetin 

(Indofine Chemicals, indofinechemicals.com). Absolute quantities of metabolites were 

found by comparing peak area data to standard curves created using pure standards of 

quercetin and kaempferol (Indofine Chemicals, indofinechemicals.com).  

 

DCF and Hoechst Staining and Quantification 

DCFH-DA (2’,7’-dichlorofluorescin diacetate) was obtained by dissolving 

DCFH-DA in DMSO to yield an 50 μM stock.  This was diluted in deionized water to 

yield a final concentration of 2.5µM with 2% DMSO.  The epidermis was stained for 15 

minutes with two drops of DCF stain and washed with deionized water.  A Zeiss 710 

LSCM was used to excite the leaf surfaces with 1% maximum laser power at 488nm with 

a 3.5 digital gain.  Settings were optimized to spectrally separate the fluorescence of 

DCF-ROS and chlorophyll by capturing the emission spectrum for each compound where 

there is no overlap.  DCF signal was collected between 495 to 527 nm with a pinhole 

yielding a 4μm cross section, making sure to limit excess exposure to the laser which 

induces ROS.  The gain settings were selected to maximize the total DCF signal while 

preventing oversaturation.  All micrographs within each figure were acquired using 

identical offset, gain, and pinhole settings using the same detectors.  DCF fluorescence 

intensities were measured by placing an ROI around the nuclei of each guard cell and 
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around an area in the cytosol with no chloroplasts present.  The average intensity values 

within each ROI was recorded and averaged.   

Hoechst imaging was performed on whole leaves that were previously stained 

with DPBA.  After 2.5 hours of DPBA staining, leaves were washed in deionized water 

for 1 minute and transferred to an aqueous solution containing Hoechst at a 1µg/mL 

concentration.  The leaf surface was excited with 10% laser power at 405nm and a 

pinhole yielding a 4μm cross section.  We optimized LSCM settings to spectrally 

separate the fluorescence of the Hoechst stain with cell wall autofluorescence by 

capturing the emission spectrum for each compound where there is no overlap.  Hoechst 

fluorescence emission was collected between 420 to 546 nm.  The gain settings were 

selected to maximize the total Hoechst signal while preventing oversaturation. 

 

Stomatal Closure Assay 

ABA-induced stomatal closure assays were performed with plants 3-4 weeks after 

germination.  Leaves from untreated plants or plants treated with ethylene gas for 24 

hours were excised and submerged in an aqueous opening solution (5mM KCl, 50µM 

CaCl2, 10mM MES buffer, pH 5.6) and incubated under cool-white light for 3 hours.  To 

induce stomatal closure, leaves were transferred to a similar opening solution with 20µM 

ABA added to induce closure (Jammes et al., 2009).  After incubation in the ABA 

solution under white light (100 µmol m-2 s-2) for 0, 45, 90, and 180 minutes, leaf peels 

were prepared and imaged using DIC imaging with a Zeiss Axio Observer D1 

microscope with a Hamamatsu 1394 ORCA-ERA monochromatic camera (Jammes et al., 

2009).  Apertures were measured using ImageJ. 
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Abstract  

Abscisic acid (ABA) increases reactive oxygen species (ROS) in guard cells to 

close Arabidopsis stomata. In Solanum lycopersicum, we find that ABA increases ROS 

more rapidly than it closes stomata and that both changes are blocked by inhibitors of 

ROS producing respiratory burst oxidase enzymes. ABA-induced ROS accumulates in 

the nucleus, chloroplasts, and in endomembranes. Accumulation of flavonol antioxidants 

in guard cells, but not surrounding pavement cells, was visualized by confocal 

microscopy using a flavonol-specific fluorescent dye. Decreased flavonols in guard cells 

in the anthocyanin reduced (are) mutant and elevated levels in the anthocyanin without 

(aw) mutant were quantified by confocal microscopy and in leaf extracts by mass 

spectrometry. Consistent with flavonols acting as antioxidants, higher levels of ROS were 

detected in guard cells of the tomato are mutant both at homeostasis and after treatment 

with ABA. ROS levels are lower in guard cells of aw. These results demonstrate the 

inverse relationship between flavonols and ROS. Guard cells of are show greater ABA-

induced closure than WT, reduced light-dependent guard cell opening, and reduced water 

loss. Guard cells of the aw mutant showed opposite responses. Ethylene treatment of 

wild-type tomato plants increased flavonol accumulation in guard cells; however, no 

flavonol increases were observed in Neverripe, an ethylene receptor mutant. Consistent 

with lower levels of ROS due to elevated flavonols, ethylene treatments decreased ABA-

induced stomatal closure in wildtype, but not Nr. Together these results are consistent 

with flavonols dampening the ABA-dependent ROS burst that drives stomatal closure 

and facilitating stomatal opening to modulate leaf gas exchange.  
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Introduction 

Reactive oxygen species (ROS) have historically been considered damaging 

agents within cells; however, recent studies have demonstrated that these molecules also 

serve as second messengers in signaling pathways (Gilroy et al., 2016; Choudhury et al., 

2017). ROS signals control plant growth and development, including gravitropism 

(Cervantes, 2001; Joo et al., 2001), guard cell physiology (Mittler and Blumwald, 2015; 

Sierla et al., 2016; Singh et al., 2017), and modulation of root architecture (Foreman et 

al., 2003; Maloney et al., 2014; Li et al., 2015; Orman-Ligeza et al., 2016). The reactive 

nature of ROS allows these compounds to function as signaling molecules by reversibly 

oxidizing cysteine residues in proteins, modulating enzyme structure or activity (Poole et 

al., 2004; Poole and Nelson, 2008; Choudhury et al., 2017). If ROS levels reach 

damaging levels within the cell, the resulting oxidative stress can cause irreversible 

oxidative modifications of proteins, DNA molecules, and membranes (Mittler, 2002; 

Asada, 2006; Van Breusegem and Dat, 2006; Choudhury et al., 2017). ROS homeostasis 

is therefore highly regulated in plant cells by enzymatic and small molecule antioxidants, 

such as ascorbic acid, glutathione, and flavonoids (Rice-Evans et al., 1997; Heim et al., 

2002; Sharma et al., 2012; Baxter et al., 2014; Inupakutika et al., 2016; Singh et al., 

2016). This work explores the role of flavonol antioxidants in modulating signaling-

induced ROS in guard cells.  

In both plants and animals, ROS can be generated by respiratory burst oxidases 

(RBOH)/NADPH oxidase enzymes, which reside in the plasma membrane (Mustilli et 

al., 2002; Yoshida et al., 2002; Swanson and Gilroy, 2010). RBOH produces superoxide 

(O2
-), which can be converted into H2O2 (Steinhorst and Kudla, 2013). Activity of RBOH 
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is induced by hormones, such as ABA (Pei et al., 2000; Jiang and Zhang, 2002), and 

abiotic stress, such as high light (Karpiński et al., 2013). ROS produced by RBOH have 

been shown to function in numerous signaling pathways in Arabidopsis, due to the 

availability of null mutants in genes encoding RBOH enzymes (Suzuki et al., 2011). 

These mutants have been used to demonstrate the importance of a ROS burst in guard 

cell signaling (Kwak et al., 2003; Chater et al., 2015).  

RBOH production of ROS in guard cells occurs in response to ABA signaling, 

triggering a complex signaling cascade to close stomata (Assmann and Jegla, 2016; 

Balmant et al., 2016; Jezek and Blatt, 2017). In response to environmental stress, such as 

drought, ABA levels increase in guard cells where they bind to a soluble receptor to 

trigger stomatal closure (Hornberg and Weiler, 1984; McCourt and Creelman, 2008). The 

activated ABA receptor inhibits protein phosphatases, resulting in the increased activity 

of several enzymes including RBOHs, resulting from enhanced phosphorylation (Mustilli 

et al., 2002; Yoshida et al., 2002; Ma et al., 2009; Park et al., 2009). RBOH activation 

results in a transient burst of ROS in guard cells (Pei et al., 2000; Jiang and Zhang, 2003; 

Sierla et al., 2016). The ROS burst opens calcium ion influx channels (McAinsh et al., 

1996; Allen et al., 2000; Blatt et al., 2007; Mittler and Blumwald, 2015; Minguet-

Parramona et al., 2016), which in turn activate ion efflux channels on the plasma 

membrane. These ion concentration changes lead to the efflux of water, so guard cells 

become flaccid causing stomatal closure (Hendrich et al., 1990; Schroeder and Hagiwara, 

1990; Chen et al., 2010; Wang et al., 2013).  

Plant cells employ multiple mechanisms to regulate the levels of ROS to modulate 

signaling and prevent oxidative stress. One mechanism is the synthesis of flavonol 



95 

 

metabolites that function as antioxidants in vitro (Rice-Evans et al., 1997) and have been 

shown to modulate ROS-regulated root growth in tomato (Maloney et al., 2014) and 

guard cell signaling in Arabidopsis (Watkins et al., 2014; An et al., 2016; Gayomba et al., 

2016). Flavonols are early intermediates in the flavonoid biosynthetic pathway, which 

gives rise to a variety of important specialized metabolites (Winkel-Shirley, 2001; 

Winkel-Shirley, 2002; Buer et al., 2010). Figure III-1 contains a diagram of this 

flavonoid biosynthesis pathway in Arabidopsis and tomato (Winkel-Shirley, 2001; 

Lepiniec et al., 2006). Tomato plants accumulate high levels of two flavonols, 

kaempferol and quercetin, and several others, which can be decorated with a diversity of 

carbohydrate modifications (Ballester et al., 2010). Mutants with defects in flavonol 

synthesis have helped define the pathway and can be used to understand how tomato 

guard cells regulate flavonol antioxidant synthesis to modulate levels of ROS in this 

important crop species. 

Rapid and profound changes in flavonol accumulation can occur in response to 

changing environmental parameters and growth and developmental signals (Winkel-

Shirley, 2002; Gayomba et al., 2016). Environmental stress, such as high light and 

drought, can cause increased synthesis of flavonols providing an important mechanism to 

control stress induced ROS synthesis (Tattini et al., 2004; Lepiniec et al., 2006; Hichri et 

al., 2011). This pathway is also hormonally regulated; auxin and ethylene have been 

shown to increase flavonol synthesis through changes in expression of the genes 

encoding pathway enzymes, (Buer et al., 2010; Lewis et al., 2011). Ethylene-induced 

flavonol synthesis reduced ROS in Arabidopsis guard cells, altering stomatal closure 

(Watkins et al., 2014).  
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17Figure III-1. The flavonol biosynthetic pathway in tomato is illustrated, showing 

enzymatic steps and indicating tomato anthocyanin mutant names. 

ANS, anthocyanidin synthase; CHI, chalcone isomerase; CHS, chalcone synthase; F3H, 

flavanone 3‐hydroxylase; F3′H, flavonoid 3′‐hydroxylase; F3′5′H, flavonoid 3′,5′‐

hydroxylase; FLS, flavonol synthase; DFR, dihydroflavonol reductase; OMT1, flavone 

3′‐O‐methyltransferase 1. Tomato mutants are anthocyanin reduced (are) and 

anthocyanin without (aw). This figure is modified from Gayomba et al. 2017.  
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The role of ROS signaling in guard cells is well established in Arabidopsis 

(Mittler and Blumwald, 2015; Sierla et al., 2016; Singh et al., 2016), but less is known 

about these signaling molecules and their regulation in agricultural species because of 

limited number of mutants that have altered ROS homeostasis. Given the essential 

function of guard cells in regulating gas exchange and water loss, a better understanding 

of how crop plants mediate ROS signaling is essential to improving crop health, 

productivity, and ability to deal with stressful growth environments. In tomato guard 

cells, increases in ROS accumulation in response to pathogen infections (Lee et al., 

1999), hormone signaling (Xia et al., 2014; Farber et al., 2016), and CO2 concentrations 

(Shi et al., 2015; Yi et al., 2015) has been linked to stomatal closure; however, it is not 

clear that guard cell closure in this species works through an ABA-induced ROS burst as 

observed in Arabidopsis. Additionally, the antioxidant networks in tomato guard cells 

that regulate ROS signaling remain uncharacterized.  

 This study examined the role of ROS signaling in modulating stomatal closure in 

the important agricultural species of tomato (Solanum lycopersicum). ABA-induced ROS 

bursts were shown to precede and be required for stomatal closure in WT guard cells and 

to have distinct localizations within these cells. Flavonol antioxidants accumulate in 

tomato guard cells, but were not detected in surrounding pavement cells. To test the 

function of flavonols in tomato guard cells, mutants with both elevated and depleted 

levels of flavonols, but with similar changes in early and late pathway intermediates, 

were examined. An inverse relationship between flavonols and ROS were observed in 

tomato mutants, which resulted in altered stomata closure in response to ABA and 

stomata opening in response to light. Altered flavonol levels in mutant guard cells were 
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accompanied by altered water loss in whole leaves, consistent with flavonol modulating 

ABA-dependent stomatal closure. Treatment of seedlings with ethylene resulted in 

significant increases in flavonols in wild-type, but not in an ethylene signaling mutant, 

Neverripe. This hormonal elevation of flavonols, like mutants with elevated flavonols, 

reduced ROS levels and altered ABA-dependent guard cell closure. These results showed 

that altering levels of flavonol antioxidants in guard cells through hormone treatment or 

mutations in flavonol biosynthesis alter ABA-dependent ROS accumulation and stomatal 

closure. 

 

Results 

ABA-induced ROS accumulation in tomato guard cells is required for stomatal 

closure 

We used two approaches to examine the connection between RBOH-produced 

ROS and stomatal closure in tomato. First, we compared the kinetics of ABA-induced 

ROS generation with ABA-induced stomatal closure.  Whole wild type leaves were 

excised and placed in a stomatal opening buffer for 3 hours under white light followed by 

incubation with 20 µM ABA for 0, 15, 30 and 45 minutes. Fluorescence intensity of the 

oxidized ROS sensor CM 2’,7’ dihydrodichlorofluorescein diacetate (CM H2DCF-DA) 

(Halliwell and Whiteman, 2004; Swanson et al., 2011) was quantified by laser scanning 

confocal microscopy (LSCM). This sensor reports intracellular ROS, as it crosses the 

plasma membrane and the diacetate functional group is cleaved by intracellular esterases, 

trapping CM H2DCF in cells. The settings used to image DCF were carefully defined to 

separate the chlorophyll autofluorescent signal from DCF in leaf peels isolated from the 

basal surface of tomato leaves. Figure III-2A shows the DCF channel alone (green) and 
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the overlay of DCF on top of the chlorophyll signal (magenta). DCF fluorescence was 

brightest in the nucleus, with this localization verified by Hoechst fluorescence which 

overlaps this DCF signal (Supplemental Fig III-1), but also observed in punctate 

structures that resembled endomembranes and associated with chloroplasts. In contrast to 

the uniform ROS in the nucleus, the chloroplast-associated ROS is uneven as evident in 

the pink, green, and white signals associated with the chloroplast. To resolve this 

complex pattern, we examined the individual slices from Z-stacks and performed a 

colocalization analysis on the maximum intensity projections (Supplemental Figure III-

2). It is clear from individual Z-slices that much of the DCF signal surrounds the 

chloroplast, while other parts of the signal are inside chloroplasts. We sampled a region 

of the nucleus and three guard cell chloroplasts and used the Zen colocalization module. 

The resulting graphs of pixel intensity from the chlorophyll and DCF channels plotted on 

each axis were generated from three chloroplasts and the nucleus. DCF and chlorophyll 

signals in the nucleus do not colocalize (weighted colocalization coefficient of 0), while 

most of the pixels in the three chloroplast regions of interests contain both DCF and 

chlorophyll signal (weighted colocalization coefficient of 1.0, 0.96, and 0.78 

respectively), consistent with DCF signal dispersed throughout the chloroplast and in 

what appear to be endomembrane regions of the guard cells. This level of resolution is 

beyond prior reports in Arabidopsis guard cells (Kwak et al., 2003; Watkins et al., 2014; 

Arnaud et al., 2017; Wu et al., 2017), suggesting important subcellular localization of 

ROS synthesis, which can now be revealed with new LSCM imaging capability. ABA 

treatment increased DCF fluorescence to 2-fold higher than starting levels by the end of 

the 45-minute time course after ABA treatment (Figure III-2B, C). The fluorescence  
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18Figure III-2. ABA-induced ROS burst in guard cells precedes stomatal closure in wild 

type tomato leaves. 
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A. High resolution confocal micrographs of DCF fluorescence in green and chlorophyll 

autofluorescence in magenta show subcellular accumulation in ROS. B. Increases in DCF 

fluorescence is visualized in guard cells across a 45 min timecourse of ABA treatment in 

the Ailsa Craig (AC) genotype. B. Relative DCF fluorescence and stomatal aperture is 

shown as a function of time after treatement with 20 µM ABA. Asterisk and number 

signs represents significant differences in DCF fluorescence (F1, 2 = 107.2, P < 0.001) and 

stomatal aperture (F1, 2 = 104.4, P < 0.009) between time 0 and indicated times or 

untreated and treated, respectively. C. DCF signalin in entire guard cells and stomatal 

aperture were quantified as a function of time after ABA treatment for 30 guard cells. D. 

The DCF signal was also quantified in specific regions separately as a function of time 

after ABA-treatment in 30 guard cells. Asterisk represents significant differences in DCF 

fluorescence (F2, 208 = 794.2, P < 0.001) between time points within cellular location. E. 

The number of puncta was quantified as time after ABA treatment in 30 guard cells. 

Asterisk represents significant differences in the number of puncta per guard cells (F1, 2 = 

58.21, P < 0.01) between time points. F. DCF fluorescence and G. stomatal aperture were 

quantified with and without 100 µM DPI at 0 and 45 minutes of treatment with ABA 

Asterisk and number signs represents significant differences in DCF fluorescence (F3, 116 

= 2174, P < 0.001) and stomatal aperture (F3, 281 = 2249, P < 0.001) between time 0 and 

indicated times or untreated and treated, respectively. Statistics determined using a two-

way ANOVA followed by a Tukey’s post-hoc test. N=70. Bar = 5µm. 
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19Supplemental Figure III-1. DPBA fluorescence and DCF fluorescence are localized 

to the nucleus. 

A. DPBA fluorescence is shown in yellow, chlorophyll autofluorescence is shown in 

magenta, and Hoechst 33258 nucleic acid stain (2 µg/mL) is shown in blue in whole 

leaves simultaneously imaged with both dyes and imaged on Zeiss 710 LSCM with a 

405nm laser in which fluorophores were spectrally separated and Hoeschst fluorescence 

was collected between 420 and 546 nm. DPBA fluorescence overlays with Hoechst 

nucleic acid stain. B. DCF fluorescence is shown in green, chlorophyll autofluorescence 

is shown in magenta, and Hoechst nucleic acid stain is shown in blue. DCF fluorescence 

overlays with Hoechst nucleic acid stain. Bar = 5µm. 
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20Supplemental Figure III-2. ROS accumulation pattern and colocalization analysis in 

guard cells in the Ailsa Craig (AC) genotype. 

A. Confocal micrographs of DCF fluorescence in green, chlorophyll autoflourescence in 

magenta, and DCF colocalized with chlorophyll in white. Individual optical slices and the 

maximum intensity projection (within blue box) of the same guard cells are shown. DCF 

fluorescence appears adjacent to and inside chloroplasts as indicated by arrow. B. 

Confocal micrograph of z-stacks showing orthogonal sections above (X and Z plane) and 

to the right (Y and Z plane) of the image. C. Colocalization graphs generated with ZEN 

Black from 3 different chloroplasts and from a nucleus in guard cells. Regions of interest 

used to generate weighted colocalization coefficient are circled in orange, showing DCF 

fluorescence colocalizing with chlorophyll autofluorescence. Bar = 5µm 
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increases across the entire guard cell, with elevated levels in the nucleus, overlaying 

chloroplasts, and most strikingly in the punctate structures. The increase in fluorescence 

in the entire guard cell was quantified, and all time points were significantly different 

from time 0 control, as determined using a two-way ANOVA followed by a Tukey’s post 

hoc test in at least 70 guard cells per time point over two separate experiments. The DCF 

fluorescence is stable across this time course in a mock treated sample with average 

fluorescence of 10,342 versus 10,513 after 0 and 45 minute incubations, respectively.  

We also quantified subcellular increases in DCF fluorescence after ABA 

treatment. DCF fluorescence increased steadily in the nuclei and in non-nuclear regions 

at each timepoint after ABA treatment with a 2.9-fold and 4.3-fold increases in DCF 

fluorescence between 0 minutes and 45 minutes of ABA treatment, respectively (Figure 

III-2D). The greatest magnitude increase in DCF fluorescence was observed in the 

punctate structures, which showed a 13.6-fold increase after 45 minutes of ABA 

treatment. The signal in these structures also increases more rapidly, with 6.60-fold 

increases at 15 minutes after treatment. Additionally, we observed an increase in the 

number of these DCF puncta in response to ABA (Figure III-2E).  

To determine if the ABA-induced ROS burst precedes ABA-dependent stomatal 

closure, we measured stomatal apertures at the same timepoints. After each treatment, 

epidermal peels were generated, stained with toluidine blue O, and imaged with bright 

field microscopy. The aperture widths of at least 70 stomata at each time point over two 

separate experiments were quantified. We observed no significant difference in stomatal 

apertures after 15 minutes of ABA treatment; however, 30 minutes and 45 minutes of 

ABA treatment resulted in significant decreases in stomatal aperture to 74% and 63% 
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relative to time zero, respectively (Fig. III-2C). No significant change was observed after 

45 minutes of mock treatment, where stomatal aperture was 5.1µm as compared to 5.2µm 

for time 0 and 45 min, respectively  

To directly demonstrate that RBOH-produced ROS drives stomatal closure, we 

blocked RBOH activity with inhibitor diphenyleneiodonium chloride (DPI) (Osaki et al., 

2011), which reduces ROS levels and guard cell closure in Arabidopsis (Alvarez et al., 

1998; Pei et al., 2000; Singh et al., 2017). Excised leaves were placed in stomatal opening 

solution with and without 100 µM DPI under white light for 3 hours with samples imaged 

directly or after addition of ABA for 45 minutes. DPI treatment prevented the ROS burst 

after ABA treatment and lead to slight, but significant, decreases in ROS in resting guard 

cells compared to the absence of DPI (Figure III-2F). Consistent with DCF-reported ROS 

changes, ABA-induced stomatal closure was also blocked by treatment with DPI, while it 

had no effect on fully open guard cells in the absence of ABA treatment (Figure III-2G). 

Together, these findings suggest that in tomato, ABA-induced ROS bursts in guard cells 

precede and are required for ABA-induced stomatal closure.  

 

Flavonols accumulate in guard cells with altered levels in tomato anthocyanin 

mutants 

 To ask if flavonols accumulate in guard cells of tomato leaves, we used 

diphenylboric acid 2 aminoethyl ester (DPBA). DPBA is a fluorescent dye that binds to 

kaempferol and quercetin and their glycosides in wildtype, but shows no signal in 

flavonol deficient mutants (Lewis et al., 2011). DPBA has been used to image flavonol 

accumulation in roots and guard cells of Arabidopsis thaliana (Brown et al., 2001; Peer et 
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al., 2001; Lewis et al., 2011; Watkins et al., 2014). Confocal images generated using 

spectral imaging of the basal surface of whole tomato leaves show DPBA fluorescence in 

the yellow channel and chlorophyll autofluorescence in the magenta channel. Flavonol 

accumulation is present in guard cells, but not in the surrounding pavement cells, 

consistent with guard cell-specific accumulation of flavonols (Figure III-3A). DPBA 

fluorescence appeared brightest in a region that was of the position and size of a guard  

cell nucleus. Fluorescence of DPBA and Hoechst, a nucleic acid stain, in the same guard 

cells overlaps, consistent with nuclear accumulation of flavonols (Supplemental Figure 

III-1B). DPBA fluorescence is also observed in non-nuclear regions of guard cells. To 

ask if this accumulation is in the vacuole or cytoplasm we used the vacuole dye, acridine 

orange as shown in Supplemental Figure III-3.  Unfortunately, DPBA and this dye were 

not chemically and optically compatible, so had to be imaged in separate guard cells. 

These images suggest that DPBA is found both in the cytoplasm and vacuole, but parallel 

imaging cannot make this point conclusively.  

We examined two tomato mutants with altered accumulation of anthocyanins, 

which are products of the flavonoid pathway. The mutant anthocyanin reduced (are) has 

a defect in the gene encoding FLAVONOID-3-HYDROXYLASE (F3H) (Figure III-1), 

resulting in reduced flavonols in the hypocotyls and roots of young seedlings (Yoder et 

al., 1994; Maloney et al., 2014). The mutant anthocyanin without (aw), has a defect in the 

gene encoding DIHYDROFLAVONOL 4-REDUCTASE (DFR), which uses 

dihydroflavonols as substrates in the first step of anthocyanin biosynthesis, so the defect 

in this enzyme results in increased levels of flavonols and the absence of anthocyanins 

(Goldsbrough et al., 1994; Ballester et al., 2010; Maloney et al., 2014). DPBA  
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21Figure III-3. Tomato anthocyanin mutants have altered levels of flavonol 

accumulation in guard cells. 
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A and B, Confocal micrographs show DPBA bound flavonols in yellow and chlorophyll 

autofluorescence in magenta. A. DPBA fluorescence was visualized in a whole leaf. B 

and C. DPBA fluorescence and chlorophyll autofluorescence were examined in tomato 

guard cells in are and aw mutant guard cells and their wild type parental lines, VF36 and 

AC, respectively. D. Quantifications of relative DPBA fluorescence in 90 samples from 3 

separate experiments. Asterisks represent significant differences (F1,180 = 8161 P < 0.001) 

between the mutant and the wild-type within cellular location. Statistics determined using 

a two-way ANOVA followed by a Tukey’s post-hoc test. N=90. Bar = 5µm 
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22Supplemental Figure III-3. DPBA fluorescence pattern in guard cells is compared to 

a vacuole specific stain in Ailsa Craig (AC) tomato leaves. 

DPBA fluorescence is shown in yellow, chlorophyll autofluorescence is shown in 

magenta, and acridine orange, which stains vacuoles, is shown in orange. DPBA and 

acridine orange dyes were imaged from separate leaves on a Zeiss 880 LSCM with a 488 

and 405 nm lasers respectively. Bar = 5µm 
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fluorescence was examined by LSCM, and representative images are shown in Fig 3B 

and C. We quantified fluorescence in 90 guard cells over three separate experiments. 

Flavonol accumulation in the nucleus and a non-nuclear region of are guard cells was at 

52% and 59% of the levels in the parental line, VF36, respectively (Figure III-3D). 

Flavonol accumulation also increased 1.5-fold and 1.8-fold increases in the nucleus and 

non-nuclear regions of aw mutant guard cells, respectively. The flavonol levels in the two  

wild-types cannot be directly compared, as we optimized confocal images for each panel 

separately, to obtain maximal signal within each comparison.  

We employed high pressure liquid chromatography-mass spectroscopy (LC-MS) 

to quantify concentrations of flavonols in fully expanded leaves to demonstrate that 

DPBA fluorescence accurately reported changes in abundance of flavonols in the are and 

aw mutants grown under these conditions. Hydrolyzed flavonol samples were extracted 

from 27 fully expanded leaves of 5-week-old VF36, are, AC, and aw plants and analyzed 

to examine the total pools of naringenin, a flavonol precursor, and the flavonols 

kaempferol and quercetin (Table III-I). Naringenin levels in are were significantly higher 

than in wild-type due to the mutation in the F3H gene in are, while kaempferol and 

quercetin were significantly lower in are compared to WT. The aw mutant had 3.1 and 

1.4-fold higher levels of naringenin and quercetin respectively, with a significant 7.6-fold 

increase in kaempferol. These measurements show similar trends to the localized 

accumulation of flavonols, as judged by DPBA fluorescence intensities, in the guard cells 

of each mutant.  
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1Table III-1. Quantification of flavonoids from fully expanded leaf tissue by liquid 

chromatography-mass spectrometry 

Averages and standard errors are presented in pmole g-1 fresh weight. Samples were 

analyzed from three different biological replicates using three technical replicates on 

three different occasions resulting in n=18 for naringenin in VF36 and n=27 for are, K 

and Q have an n=27 for wild type and are. Naringenin has an n=12 for AC and n=16 for 

aw, K and Q have an n=24 for wild type and aw. Asterisks indicate significant 

differences from wild type as indicated by Student T-test (**** P < 0.001, *** P < 0.001, 

** P < 0.01, * P < 0.05). aRatio represents the mutant are values divided by the wild type 

values. bRatio represents the mutant aw values divided by the wild type values.   
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Flavonol accumulation in guard cells modulates ROS levels and ABA-induced 

stomatal closure 

 We observed steady state ROS levels in guard cells of tomato flavonoid mutants 

are and aw by imaging DCF fluorescence to ask if altered flavonol levels in these guard 

cells would modulate ROS. Epidermal peels were generated from freshly excised leaves 

and stained with CM H2DCF-DA. Confocal micrographs of leaf peels of the basal surface 

of tomato leaves show DCF fluorescence present in the nucleus and non-nuclear area of  

guard cells with higher levels of DCF fluorescence found in nuclei (Figure III-4A and B). 

ROS accumulation was inversely proportional to flavonol accumulation in are and aw. 

The non-nuclear area of are guard cells, had 1.5-fold higher level of DCF fluorescence 

than wild-type. The aw mutant had DCF fluorescence levels that were 58% of its parental 

genotype (Figure III-4C). Together, these results demonstrate that flavonol 

concentrations are inversely proportional to ROS levels across these four genotypes, 

suggesting that flavonols act as antioxidants in tomato guard cells.  

 The effect of altered accumulation of flavonol antioxidants on ABA-induced ROS 

accumulation and stomatal closure was examined in the flavonoid mutants. Whole leaves 

of are and aw and their respective backgrounds were excised and incubated in stomatal 

opening buffer for 3 hours under white light followed by treatment with 20 µM ABA for 

0, 15, 30, and 45 minutes. After each treatment, epidermal peels were generated and 

stained with CM H2DCF-DA. Confocal micrographs show no significant differences in 

DCF fluorescence levels in any genotype after 0 minutes of ABA treatment due to the 

incubation in stomatal opening buffer. After treatment with ABA, increases in DCF 

fluorescence were observed in WT and mutant guard cells with levels inversely  
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23Figure III-4. The levels of DCF fluorescence in guard cells are inversely related to the 

levels of flavonols. 
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A and B. Confocal micrographs showing DCF fluorescence in are and aw and their 

parental lines. B. Quantification of relative DCF fluorescence in 90 samples over three 

separate experiments with averages and ±SE reported. Asterisks represent significant 

differences (F1,398 = 52052, P < 0.001) between the mutant and the wild-type within 

cellular location. Statistics determined using a two-way ANOVA flowed by Tukey’s 

post-hoc test. Bar = 5µm. 
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proportional to flavonol levels (Figure III-5A). Quantification of DCF fluorescence (in at 

least 30 guard cells) increased across the 45-min time course of ABA treatment as 

determined by two-way ANOVA followed by a Tukey’s post hoc test with a slope that is 

more than 2-fold greater in are than VF36 (R2 > 0.98), while the slope of AC is 1.8-fold 

faster than aw (R2 > 0.97) (Figure III-5B). As the DCF fluoresce change is most rapid 

between 0 and 15 min, initial velocities were calculated. The initial velocities were higher 

in are compared to VF36, showing a 2.53-fold increase in slope. Additionally, DCF 

fluorescence increased slower in aw compared to AC with aw showing a slope that is 

38.6% less than AC. 

To analyze the effects of ABA-induced ROS accumulation on stomatal closure, 

we excised whole leaves of are and aw and their respective parental lines and performed 

an identical ABA time course. The aperture widths of at least 90 stomata at each time 

point for two separate experiments were quantified. Stomata from untreated leaves 

showed an average opening of 5µm for both WT and mutants (Figure III-5C). In the 

guard cells of are leaves that have a lower concentration of flavonols and more ROS, we 

observed 1.5-fold greater rate of stomatal closure in are in response to ABA treatment at 

each time point compared to WT with initial velocities in VF36 and are showing a slope 

of -0.47 and -1.43 respectively. In guard cells of aw leaves that have greater flavonol 

levels and less ROS, we observed a significant reduction in slope, with 1.5-fold greater 

ABA response in AC than aw (Figure III-5D). Initial velocities showed a slope of -0.4 

and -0.15 between AC and aw respectively. The stomata of aw did not show a significant 

difference in closure until 30 minutes of ABA compared to time 0, which is consistent 

with DCF fluorescence intensities in aw in response to ABA. These results reinforce the  
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24Figure III-5. ROS accumulation in guard cells and stomatal closure after ABA 

treatment are reduced by flavonols. 

A and B. Confocal micrographs of DCF fluorescence (green) in are and aw and their 

corresponding backgrounds are shown in the absence and presence of 20 µM ABA 

solution for 0, 15, 30, and 45 minutes. C. DCF fluorescence was quantified at the 

indicated times after ABA treatment. Average ±SE of 40 guard cells per genotype per 

treatment time is reported. D and E. Stomatal apertures of leaves of are and aw and their 

corresponding backgrounds are shown in the absence and presence of ABA for 45 min. F. 

The aperture of mutants was measured after ABA treatment at each time point listed 

above. The average ±SE of 90 stomata for each genotype and time point from two 

separate experiments are reported. For all panels, asterisks and number signs represent 

significant differences (F1,215 = 1811, P < 0.001) between time treated with ABA and 

time 0 or between mutant and WT within the same time point, respectively using a two-

way ANOVA followed by Tukey’s t-test. Bar = 5µm 
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model that ROS bursts precede ABA-induced stomatal closure and illustrate the inverse 

relationship between the levels of flavonols and ROS that we observed in are and aw, 

which are linked to altered rates of ABA-dependent stomatal closure. 

 

Guard cell localized flavonol accumulation facilitates stomatal opening in response 

to light 

Stomatal aperture was also examined in the flavonoid mutants to determine how 

flavonols impact guard cell response to light dependent opening. Excised leaves of are 

and aw and their respective parental lines were incubated in the dark in the presence of 20 

µM ABA for 3 hours to fully close stomata, before being transferred to stomatal opening 

buffer without ABA in the light for 45 minutes. The aperture widths of at least 30 

stomata at each time point for three separate experiments were quantified. Stomata from 

dark-adapted leaves showed an average opening of 1µm for both WT and mutants 

(Figure III-6A). In the guard cells of are leaves that have a lower concentration of 

flavonols and more ROS, we observed reduced stomatal opening in response to light 

compared to WT, with average aperture values of 2.5 and 3.9 µm for mutant and parental 

lines, respectively. In guard cells of aw leaves that have greater flavonol levels and less 

ROS, we observed a significant difference between genotypes with more stomatal 

opening in response to light in aw compared to wild-type, with apertures of 3.9 and 4.8 

µm respectively (Figure III-6A). These results are consistent with flavonols functioning 

to minimize ROS, which then allows light-induced stomatal opening to occur more 

rapidly. Mutants with reduced flavonols maintain the closed state for longer periods of 

time. 
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25Figure III-6. Flavonoid mutants have altered stomatal opening in responses to light. 



121 

 

A. Excised leaves of are and aw and their respective parental lines were incubated in the 

dark in the presence of 20 µM ABA for 3 hours before being transferred to stomatal 

opening buffer without ABA in the light for 45 minutes. The average ±SE of 90 stomata 

from three separate experiments are reported. B. Confocal micrographs of DCF 

fluorescence (green) in are and aw and their corresponding backgrounds are shown 

before and after treatment with light. C. DCF fluorescence was quantified before and 

after light treatment. Average ± SE of 50 samples across two experimental replicates is 

reported. Asterisks and number signs represent significant differences (F1,147 = 313.1, P < 

0.001) between time exposed to light and time 0 and between mutant and WT within the 

same time point, respectively determined using a two-way ANOVA followed by Tukey’s 

t-test. Bar = 5µm 

  



122 

 

To determine if there are decreases in ROS to allow guard cell opening, the levels 

of DCF were examined in these genotypes using the same timeline of treatment. DCF 

fluorescence after 3 hours in the dark in ABA was similar in wild-type and are, but 

reduced in aw, consistent with higher antioxidant levels. DCF signal decreased in each 

genotype after light treatment (Figure III-6B). In wild-types DCF decreases to 78% or 

76% of starting levels upon transfer to the light for VF36 and AC, respectively. The  

magnitude decrease is enhanced in the flavonol elevated mutant aw to 61% of starting 

value, and decreased in the flavonol reduced mutant are, to 92% of its starting value 

(Figure III-6C). These results indicate an important role of flavonols in dampening ROS 

to allow light-dependent guard cell opening. 

 

Excised leaves of tomato anthocyanin mutants show altered rates of water loss that 

correspond to stomatal aperture 

 If flavonols in guard cells function to inhibit ABA-induced stomatal closure by 

scavenging ROS, then lower rates of transpiration would be predicted in are leaves that 

have less flavonols and higher in aw leaves that have more flavonols. To assess the 

effects of flavonol levels in guard cells on transpiration, we monitored water loss from 

excised leaves over a 40-minute time course. Leaves of flavonol-reduced are exhibited 

reduced water loss and leaves of flavonol-elevated aw exhibited enhanced water loss 

compared to the parental lines (Figure III-7A) determined by a two-way ANOVA. This 

finding is consistent with flavonol accumulation in guard cells modulating stomatal 

aperture thereby modulating transpiration rates. Significant difference in water loss  
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26Figure III-7. Flavonoid mutants have altered water loss from excised tomato leaves 

and stomatal responses to light. 
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A. Fully expanded leaves were excised from well-watered plants in the afternoon and 

immediately weighed at 5 minute intervals. Four leaves from four different plants were 

used in four separate experiments (n=16). Asterisks represent significant differences (F1, 

162 = 14.8, P < 0.005) between the mutant and the wild-type time course determined using 

a two-way ANOVA. B. Brightfield images of WT and mutant epidermal peels stained 

with toluidine blue-0. C. Quantification of stomatal density in WT and mutant leaves. 

Stomatal density was quantified from 3 fully expanded leaves from separate plants. D. 

Statistics determined using a two-way ANOVA followed by Tukey’s post-hoc test 

comparing genotype by time (F1, 162 = 14.8, P < 0.005). Bar = 30µm 

  



125 

 

between tomato plants in the VF36 background and the AC background were also 

observed.  

Differences in water loss between flavonol mutants could be due to altered guard 

cell aperture, different stomatal density, or larger stomatal size. To separate these three 

possibilities, stomatal densities (number of stomata per 1.5 mm2 ) were determined using 

epidermal peels from fully expanded leaves. Quantification of stomatal densities from 3 

leaves from separate plants revealed that stomata are found at greater density on average 

in VF36 than AC, which could explain the enhanced water loss measured in VF36 

relative to AC (Figure III-7B and C). There were no differences between VF36 and are or 

between AC and aw, which is consistent with aperture, rather than stomatal density, 

causing altered water loss in the mutants. To verify that the mutations did not affect the 

overall size of stomata, we compared the lengths of stomata from wild-type and mutant 

leaves. The length of stomatal pores was not significantly different between are (10.8 ± 

0.3 µm) and its parental line, VF36 (10.5 ± 0.2 µm), or aw (14.2 ± 0.3 µm) and its 

parental line, AC (13.9 ± 0.3 µm). Together, these results show that enhanced water loss 

in are and reduced water loss in aw leaves are consistent with differences in flavonol 

levels in guard cells and not tied to difference in leaf anatomy or guard cell development.  

 

Ethylene induces flavonol accumulation, decreases ROS, and inhibits stomatal 

closure  

 The flavonoid biosynthetic pathway is highly regulated, which may be one 

mechanism by which guard cell signaling is modulated to respond to environmental 

changes. Elevated ethylene enhances flavonol accumulation in Arabidopsis roots and 
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guard cells (Lewis et al., 2011; Watkins et al., 2014), so we asked whether exogenous 

ethylene treatment would induce flavonol accumulation in tomato guard cells. We treated 

intact Pearson WT and Neverripe (Nr) tomato plants, which is a constitutively active 

ethylene receptor mutant, yielding ethylene-insensitive plants (Yen et al., 1995), with and 

without 5µL/L ethylene gas for 24 h, and then imaged DPBA fluorescence in 30 stomata 

per treatment for three separate experiments. In the absence of exogenous ethylene, guard 

cells of Nr plants exhibited a slightly lower, but not significant, difference in DPBA 

fluorescence relative to Pearson. In the presence of ethylene there was a significant 1.4-

fold increase in DPBA fluorescence in Pearson, but in Nr, there was no increase in DPBA 

fluorescence after ethylene treatment (Figure III-8). 

The levels of ROS were also examined in guard cells of Pearson plants and Nr 

plants with and without ethylene treatment. After exogenous ethylene treatment of whole 

plants, leaf peels of Pearson and Nr were stained with CM H2DCF-DA, and DCF 

fluorescence was quantified using LSCM. We observed 1.3-fold more DCF fluorescence 

in untreated Nr guard cells compared to Pearson (Figure III-8). Ethylene treatment of 

Pearson guard cells exhibited 47% of the DCF fluorescence as compared to untreated 

controls, consistent with elevated flavonol antioxidants in the presence of ethylene. In 

contrast, DCF fluorescence in Nr guard cells did not change significantly in response to 

ethylene treatment. Together these results are consistent with ethylene reducing ROS 

concentrations in guard cells by inducing synthesis of flavonol antioxidants. 

To analyze the effect of ethylene-induced flavonols in tomato guard cells, we 

observed ABA-induced stomatal closure in Pearson and Nr with and without ethylene 

treatment. Intact leaves from Pearson and Nr with and without 24 hours of ethylene  
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27Figure III-8. Ethylene treatment increases flavonol accumulation, decreases ROS 

accumulation, and reduces stomatal closure in guard cells of Pearson, but not Neverripe 

plants. 

A. DPBA fluorescence in Pearson and Neverripe guard cells with and without treatment 

with 5µL/L ethylene gas for 24 h visualized by LSCM. B. Average and ±SE of DPBA 

fluorescence in the cytosol of 90 guard cells are reported. C. Confocal micrographs 
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showing ROS accumulation of Pearson and Neverripe guard cells with and without 

ethylene. D. Average and ±SE of DCF fluorescence in the cytosol of 90 guard cells are 

reported. E. Stomatal aperture widths of Pearson and Neverripe in response to ABA. 

Intact soil grown tomato plants were treated with 5µL/L ethylene gas for 24 h prior to the 

incubation of whole leaves under white light in a 20µM ABA solution for 0 and 45 

minutes. The average and ±SE of 90 stomata from three separate experiments are 

reported. Asterisks represent significant differences (F3,177 = 177, P < 0.001) between 0 

min and 45 min ABA treatment within genotype and treatment, numbers represent 

significant difference (F3,177 = 6306, P < 0.001) between untreated and ethylene treated 

within genotype at the same time point, and † represents significant difference (F3,177 = 

341, P < 0.001) between genotypes at same time point within ethylene treatments. 

Statistics determined using a two-way ANOVA followed by Tukey’s t-test. Bar = 5µm   
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treatment were excised and incubated in stomatal opening buffer for 3 hours followed by 

treatment with 20 µM ABA for 0 or 45 minutes. The aperture widths of at least 30 

stomata at each time point for three separate experiments were quantified using ImageJ. 

Stomata from untreated leaves showed an average opening of 6 µm for both Pearson and 

Nr (Figure III-8). The aperture of stomata Pearson in the absence of ethylene were 

reduced to 48% of untreated control by ABA. Ethylene-treated Pearson, with elevated  

flavonols, was less responsive to ABA, which only closed to 20% of untreated values. Nr 

stomata showed a greater closure, consistent with reduced flavonols and greater ROS, 

with 66% and 64% stomatal closure in untreated and ethylene-treated plants respectively 

in response to ABA treatment. These genotypes have equivalent stomatal sizes with 

Pearson and Nr stomata being on average 14.5 ± 0.3 µm and14.8 ± 0.3 µm long,  

respectively. The differences in stomatal apertures in response to ABA are consistent 

with ethylene-induced flavonols reducing ROS in wild-type, and not Nr, and thereby 

reducing the rate of the stomatal closure pathway.   

 

Discussion 

Reactive oxygen species (ROS) signaling has been studied in Arabidopsis 

thaliana, but less is known about the signaling roles of ROS in agricultural species. In 

Arabidopsis guard cells, the hormone ABA positively regulates respiratory burst oxidase 

(RBOH) enzyme activity. Activated RBOHs rapidly synthesize ROS, which act as 

second messengers to induce stomatal closure (Mittler and Blumwald, 2015; Balmant et 

al., 2016; Sierla et al., 2016). To prevent oxidative damage, ROS signaling must be 

tightly regulated by small molecule and/or protein antioxidants so that ROS elevation is 
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transient and rapidly returns to non-damaging levels, restoring ROS homeostasis 

(Conklin et al., 1996; Apel and Hirt, 2004; Gayomba et al., 2016). Even less is known 

about the function of these antioxidants in crop species, such as tomato, which are grown 

in much harsher environmental conditions than Arabidopsis.  The elevated light and 

temperature under standard field conditions may increase antioxidant stress and flavonol 

levels.  In this study, we asked if tomato use a RBOH induced ROS burst to close stomata 

and whether flavonol antioxidants modulate ROS levels and ABA-dependent guard cell 

closure, light dependent guard cell opening, and whole leaf physiology.   

A critical first step in these experiments was to ask whether a ROS burst drives 

stomatal closure in tomato guard cells. We examined ABA-induced ROS bursts and 

ABA-dependent stomatal closure in tomato guard cells over a 45 minute time course. 

ROS levels increase in guard cells with significant changes preceding induction of 

stomatal closure (Figure III-2). To ask if ABA leads to increases in ROS by activation of 

an RBOH enzyme, we used DPI to inhibit RBOH. DPI blocked both ABA-induced ROS 

production and stomatal closure in tomato guard cells. These results are consistent with 

ABA signaling in tomato inducing RBOH to produce ROS and close stomata.  

Imaging of ROS levels using the DCF reporter on a new confocal microscope 

provides significant new insight into where these molecules accumulate. DCF signal 

accumulates in the nucleus, as demonstrated by colocalization with Hoechst stain, where 

ROS plays a role by changing the activity of redox-sensitive transcription factors 

(Willems et al., 2016). DCF signal has previously been observed in the cytoplasm (Lee et 

al., 1999; Kwak et al., 2003; Chen and Gallie, 2004; Watkins et al., 2014; Xia et al., 

2014; An et al., 2016), but these images using a LSCM with greater sensitivity show 
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complex subcellular localization patterns of DCF fluorescence in guard cells with 

accumulation in punctate regions resembling ROS-producing peroxisomal or endosomal 

organelles (Leshem et al., 2007; Sandalio and Romero-Puertas, 2015) and which are 

reminiscent of ROS synthesis by RBOH enzymes embedded in membranes of 

mammalian redoxosomes (Brown and Griendling, 2009). DCF signal is also found inside 

of chloroplasts and in small pockets next to chloroplasts (Supplemental Figure III-2), 

which also produce ROS as a product of various metabolic pathways (Suzuki et al., 

2012). It is clear that the greater sensitivity (reduced light needed) and higher resolution 

of newer confocal microscopes allows additional insight into redox signaling. 

RBOH-induced ROS bursts are well studied in Arabidopsis thaliana due to the 

presence of null mutants in RBOH genes (Foreman et al., 2003; Kwak et al., 2003; 

Müller et al., 2009; Li et al., 2015; Orman-Ligeza et al., 2016; Choudhury et al., 2017). 

Isoforms AtRBOHF and AtRBOHD have been shown to be expressed in guard cells 

where they function in the ABA-dependent stomatal closure pathway (Kwak et al., 2003). 

Like RBOH mutations, DPI has been shown to prevent ABA-induced ROS bursts, 

inhibiting stomatal closure in Arabidopsis (Pei et al., 2000; Suhita et al., 2004; Singh et 

al., 2017). Although tomato RBOH mutants are not available, SIRBOH1, a homologue of 

Arabidopsis RBOHF as the target of virus-induced gene silencing to demonstrate that 

there is less CO2 and salt stress-induced stomatal closure and the response to ABA is 

reduced (Shi et al., 2015; Yi et al., 2015). Another study showed that brassinosteroid 

signaling functions through RBOH enzymes to induce stomatal closure (Xia et al., 2014). 

Together, these studies support the model that tomato guard cell closure requires an 
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ABA-induced ROS burst, but what has received no study is how this ROS homeostasis is 

regulated by antioxidants.   

For flavonols to regulate ROS homeostasis in tomato guard cells these 

antioxidants and their biosynthetic machinery must be localized to these cells and to 

subcellular locations where ROS accumulate. We examined flavonol accumulation using 

a dye, DPBA, that binds specifically to kaempferol and quercetin (Buer and Muday, 

2004; Lewis et al., 2011). DPBA fluorescence accumulates in guard cells, but not 

surrounding pavement cells, of wild-type tomato leaves. The signal accumulates in the 

nucleus, consistent with prior reports (Saslowsky et al., 2005; Lewis et al., 2011; Watkins 

et al., 2014) where it may regulate redox sensitive transcription factors and or prevent 

ROS induced DNA damage. DPBA may also accumulate in both the cytoplasm and 

vacuole, but dye incompatibility and the absence of marker lines makes inconclusive 

analysis of this subcellular localization. 

Flavonol accumulation in guard cells is consistent with prior reports examining 

guard cells of Vicia faba (Schnabl et al., 1986; Takahama, 1988) and Arabidopsis 

(Watkins et al., 2014; An et al., 2016). Localized accumulation of flavonols in guard cells 

may be the result of localized synthesis or localized transport of these molecules into the 

cells. Previous reports suggest that genes encoding two enzymes in the flavonoid 

biosynthetic pathway, CHS and FLS, are expressed in guard cells, but not surrounding 

pavement cells, of Arabidopsis using a CHS promoter-GUS and GFP-FLS fusion protein 

(Kuhn et al., 2011; Watkins et al., 2014). Additionally, the transcriptome of Arabidopsis 

guard cells includes transcripts for all the flavonol biosynthetic enzymes (Pandey et al., 

2010). The localized accumulation of flavonols and their biosynthetic machinery in guard 
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cells in multiple species suggest an important function of these molecules in this cell 

type.  

To assess the function of flavonol antioxidants in guard cells, we used mutants 

with altered flavonol and anthocyanin accumulation. The predicted changes in 

accumulation of flavonols, based on the site of the mutation in the flavonol biosynthetic 

pathway, were detected in guard cells and leaves. We imaged flavonol accumulation in 

guard cells using the flavonol dye, DPBA in two tomato anthocyanin mutants 

(Goldsbrough et al., 1994; Yoder et al., 1994). The levels of flavonols are either 

decreased or increased depending on the location of the mutation before or after flavonol 

synthesis (Figure III-1) as demonstrated by DPBA staining of guard cells and LC-MS of 

leaf extracts. The anthocyanin reduced (are) mutant has a lower abundance of flavonols 

than wild-type (Figure III-2 and Table III-1) due to a mutation in the gene encoding the 

enzyme F3H, which is upstream of flavonol synthesis, while anthocyanin without (aw), 

has higher kaempferol and quercetin accumulation due to a mutation in the gene 

encoding the DFR enzyme which is in the pathway after flavonol synthesis: 

(Goldsbrough et al., 1994; Yoder et al., 1994; Maloney et al., 2014). Naringenin is not 

detected by DPBA (Lewis et al., 2011), but using LC-MS, it is evident that both the are 

and aw mutants had higher levels of the flavonol precursor naringenin, similar to roots 

and hypocotyls (Maloney et al., 2014). The agreement between these two methods 

indicates that DPBA fluorescence reports relative changes in flavonol accumulation, but 

with spatial resolution not possible by LC-MS, and that there are robust changes in 

flavonols in guard cells of these mutants. Additionally, this LCMS analysis indicates that 
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in two mutants with reduced anthocyanins and elevated naringenin, there is metabolic 

differences is in the accumulation of the flavonols kaempferol and quercetin. 

To test the hypothesis that flavonols locally alter ROS in guard cells, thereby 

modulating stomatal aperture and leaf water exchange, we used DCF as a ROS sensor to 

examine flavonol levels in parallel to measurements of stomatal aperture in these 

mutants. Confocal micrographs reveal DCF fluorescence localized to guard cells but not 

surrounding pavement cells of wild-type leaves (Figure III-2 and Figure III-4). This 

pattern of guard cell localization was similar to the DPBA fluorescence pattern, 

suggesting the intriguing possibility that the machinery for synthesis of flavonols and 

ROS is developmentally coordinated and that flavonols may be acting in this tissue to 

modulate ROS.  

In light grown untreated leaves, ROS homeostasis was examined in are and aw 

guard cells and the levels of ROS were found to be inversely proportional to the levels of 

the flavonols kaempferol and quercetin. Both mutations elevated the level of the flavonol 

precursor naringenin, indicating that this molecule is not functioning to modulate ROS. 

The degree of guard cell closure was proportional to ROS in these seedlings (Figure III-

4). These findings extend a study of the flavonol-deficient tt4 mutant in Arabidopsis, 

which also had elevated ROS and enhanced guard cell closure (Watkins et al., 2014). The 

antioxidant glutathione has also been implicated in modulating ROS-induced stomatal 

closure as mutations that impair its synthesis have elevated ROS and guard cell closure 

(Okuma et al., 2011; Munemasa et al., 2013). This study goes beyond these prior reports 

by utilizing a second tomato mutant with increased flavonols with the opposite response, 

reduced ROS and reduced guard cell aperture. As both of these mutants have elevated 
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naringenin and reduced levels of anthocyanins, it is clear that flavonols not their 

precursors or downstream products modulate this response.  

To further test the role of flavonols, they were also elevated by treatment of wild-

type plants with ethylene which resulted in decreased ROS and reduced guard cell 

closure (Figure III-8). This result mirrors the results with the aw mutant, which also has 

elevated flavonol levels, resulting in lower ROS and slower guard cell closure. In 

contrast, treatment of ethylene-insensitive Neverripe mutant plants, with a constitutively 

active ethylene receptor rending ethylene-insensitive plants (Lanahan et al., 1994; Yen et 

al., 1995; Clark et al., 1999; Negi et al., 2010), resulted in no change in flavonol levels, 

ROS, or stomatal aperture. The ethylene regulation of flavonol synthesis is consistent 

with previous results that showed that flavonol accumulation is increased in Arabidopsis 

roots after treatment with the ethylene precursor 1-aminocyclopropane-1-carboxylic acid 

(ACC) (Buer et al., 2007; Lewis et al., 2011). Auxin and ethylene promote flavonol 

synthesis (Buer et al., 2010) through inducing transcript abundance of genes encoding 

flavonol biosynthetic enzymes (Lewis et al., 2011). Ethylene treatment or endogenous 

overproduction in ethylene overproducing1 (eto1) also drives flavonol synthesis in 

Arabidopsis guard cells, a response that is lost in the ethylene insensitive2-5 (ein2-5) 

mutant resulting in lower ROS and less guard cell closure (Watkins et al., 2014).  

Regulated synthesis of flavonols provides a mechanism for other guard cell 

responses. A recent study in tomato linked ethylene signaling with high humidity-induced 

stomatal opening (Arve and Torre, 2015). Ethylene treatment for 24 hours increased 

conductance and stomatal aperture in moderate and high humidity conditions, while 

blocking the ethylene receptor or using the ethylene-insensitive mutant (Neverripe) 
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reduced this stomatal opening response. Our results suggest flavonol synthesis is an 

intermediate signal in this response. Induction in flavonol accumulation in Arabidopsis 

guard cells was observed after treatment with the plant growth regulator, 5-

aminolevulinic acid (ALA) (An et al., 2016), which decreased ROS levels and ABA-

induced stomatal closure. It is worth noting that some studies employing short term 

ethylene treatments, which are too short for flavonol levels to be elevated, report 

enhanced closing of guard cells in Arachis hypogea and Arabidopsis (Pallas and Kays, 

1982; Desikan et al., 2006; Ge et al., 2015), suggesting a second unlinked ethylene 

response in these guard cells. Together, these studies show that flavonols are regulated to 

modulate ROS signaling and guard cell aperture. 

ABA-induced ROS bursts were modulated by flavonols in tomato leaves with 

ROS accumulation preceding guard cell closure.  The highest rate of increase in DCF 

fluorescence after ABA addition was detected in are guard cells, which accumulated less 

flavonols (Figure III-5). Additionally, aw guard cells showed the slowest rate of 

increased DCF fluorescence linked to their higher flavonol accumulation. The rate of the 

stomatal closure after 45 minutes in the presence of ABA is proportional to the level of 

ROS, consistent with this being a second messenger in controlling stomatal closure. This 

implies that in tomato guard cells flavonol levels are inversely related to ROS levels, 

while ROS  and stomatal closure rate are coordinated, both of which are consistent with 

flavonols acting as antioxidants in this cell type.  

An important and previously unexplored question is whether flavonols affect light 

dependent stomatal opening. Leaves were incubated in ABA in the dark for 3 hours to 

close stomata completely (to a 1 µm aperture in all genotypes). Within 45 min after 
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removal of ABA and transfer to light, there was a substantial 4-fold increase in aperture 

in wild-type (Figure III-6). The are mutant showed a reduced response (2.5-fold), while 

aw showed an enhanced response (5-fold change). Additionally, higher DCF fluorescence 

was observed in are guard cells and lower DCF fluorescence in aw guard cells after light 

exposure, consistent with decreased and increased levels of flavonols and increased and 

decreased stomatal opening, respectively. This finding suggests the importance of 

flavonol accumulation in guard cells to facilitate rapid opening in the morning, which 

may facilitate CO2 uptake and increased photosynthesis after sunrise.  

To extend these results to the physiology of a whole leaf, we examined changes in 

leaf weight as a measure of transpiration. Because ABA-induced stomatal closure is the 

primary means by which plants respond to conditions of water stress (Leung and 

Giraudat, 1998), modulating the redox state in guard cells through altered flavonol 

synthesis would be expected to change transpiration rates. Consistent with this 

hypothesis, decreased flavonol levels in are leaves led to reduced water loss and 

increased flavonols in aw showed enhanced water loss compared to their parental lines 

(Figure III-7). Increased water loss was also observed in VF36 and are compared to AC 

and aw, which is likely linked to the greater stomatal density in VF36 and are genotypes. 

A similar assay was employed to measure water loss from detached leaves showing that 

the antioxidant ascorbic acid regulated stomatal closure in tobacco (Chen and Gallie, 

2004) and that ABA-signaling in guard cells was modulated by glutathione (Munemasa et 

al., 2013). Together, these results indicate the function of small molecule antioxidants to 

regulate transpiration rates by modulating ABA-dependent ROS signaling in guard cells.  



138 

 

We have constructed a model to synthesize these data, which is shown in Figure 

III-9. This model outlines ABA-induced ROS increases via activated RBOH and their 

modulation by flavonols to control guard cell aperture. ABA is released into the cytosol 

where it triggers respiratory burst oxidases, which induce a burst of ROS. ROS act as 

second messengers to signal stomatal closure and as inhibitors of light-induced stomatal 

opening, to modulate gas exchange through guard cells. Flavonols act as antioxidants to 

scavenge ROS, thereby inhibiting stomatal closure, and their levels are regulated by 

ethylene. In are, which has less flavonol accumulation, guard cells have more ROS, 

resulting in faster stomatal closure rates in response to ABA, decreased water loss, and 

slower stomatal opening in response to light. In guard cells of aw, which have elevated 

flavonol accumulation, there is less ROS, decreased rates of stomatal closure in response 

to ABA, enhanced water loss, and increased stomatal opening in response to light.  
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28Figure III-9. A proposed model of the effects of ABA-activated RBOH and ethylene -

induced flavonols on stomatal movement. 

Abscisic acid (ABA) is released into the cytosol where it triggers respiratory burst 

oxidases, which induce a burst of reactive oxygen species (ROS). ROS act as second 

messengers to signal stomatal closure, decreasing transpiration. Ethylene induces 

flavonol accumulation in guard cells through the Nr receptor. Flavonols act as 

antioxidants to scavenge ROS and thereby inhibiting stomatal closure. In are, which has 

less flavonol accumulation, guard cells have more ROS, faster stomatal closure rates in 

response to ABA, decreased water loss, and slower stomatal opening in response to light. 

The opposite is the case for guard cells of aw, which have elevated flavonol 

accumulation. Red brackets indicate the rapid effect of ABA on stomatal closure. Blue 

brackets indicate the slower response of ethylene in inducing flavonol accumulation in 

guard cells. Arrows represent activation and bars represent repression 
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Conclusions 

This work extends our understanding of the mechanisms of flavonol actions in 

guard cells, providing insight into their role in an agricultural species and their 

mechanism of action. We found that ABA signaling through RBOH-produced ROS to 

induce stomatal closure is conserved in the important agricultural species of tomato. 

Better spatial resolution through our enhanced imaging technology showed complex 

subcellular accumulation patterns of flavonols and ROS using fluorescent markers DPBA 

and DCF, respectively. Using mutants with altered flavonoid biosynthesis to manipulate 

the levels of flavonols in guard cells, both decreasing and increasing their abundance, 

modulates ROS levels and stomatal movement. Flavonol levels affect ROS homeostasis, 

ABA-induced ROS, and stomatal closure, as well as light-dependent stomatal opening. 

These changes in stomatal closure were consistent with altered transpiration rates in 

detached leaves.  

 

Materials and methods 

 

Plant growth and ethylene treatment 

Seeds used in these experiments include Pearson and Nr (Lanahan et al., 1994), 

VFN36 and are (Yoder et al., 1994; Maloney et al., 2014), and AC and aw (Goldsbrough 

et al., 1994; Maloney et al., 2014) were obtained from the Tomato Genetic Resource 

Center (http://tgrc.ucdavis.edu/). Nr seeds were generously provided by Harry Klee. 

Tomatoes seeds were germinated in Sunshine MVP RSi soil and placed in a 12-h day 

growth chamber under 150 µmol m-2 s-2 cool-white light with relative humidity levels 

between 70-80% and grown for 4 to 5 weeks.   
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For ethylene treatments, 4 to 5-week-old wild-type and mutant plants were sealed 

in a plexiglass chamber to which ethylene gas was added to reach 5 µL/L. Control plants 

were placed in identical sealed containers without ethylene. After 24 h of incubation 

under 150 µmol m-2 s-2 cool-white light, leaves were excised and used for imaging DPBA 

or DCF fluorescence or in stomatal closure assays. 

 

Visualization of flavonol accumulation using DPBA  

Individual leaves were excised and submerged in diphenylboric acid 2-aminoethyl 

ester (DPBA) (Sigma-Aldrich D9754) at 2.52 mg/mL containing 0.02% (v/v) Triton X-

100 for 3 h. Whole leaves were then washed in deionized water for 1 min and mounted in 

deionized water between two coverslips. A Zeiss 880 LSCM was used to excite the leaf 

surfaces with 20% maximum laser power at 488 nm with a pinhole yielding 1 Airy Unit 

using LSCM settings that spectrally separated DPBA-flavonol and chlorophyll 

fluorescence, using lambda scanning. DPBA fluorescence emission was collected 

between 475 and 619 nm (Lewis et al., 2011). Maximum intensity projections were 

produced from Z stacks. The gain settings were selected to maximize the total flavonol 

signal while preventing oversaturation. All micrographs within each panel were acquired 

using identical offset, gain, and pinhole settings using the same detectors. Post image 

quantification of DPBA fluorescence intensities was done using ZEN Black by placing a 

region of interest (ROI) around the nuclei of each guard cell and around an area in the 

cytosol with no chloroplasts present. The average intensity values within each ROI were 

recorded and averaged.  
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Analysis of flavonoids by liquid-chromatography mass spectrometry 

Flavonols were quantified in a method adapted from earlier publications 

(Maloney et al., 2014; Watkins et al., 2014). Three fully expanded leaves from each plant 

were collected from three plants of each genotype, and flash frozen in liquid nitrogen; 

this was repeated three times on different sets of plants. Metabolites were extracted by 

first grinding the tissue, then using an acetone solvent with a 5 μM internal standard, 

formononetin. The samples were subjected to an acid hydrolysis to remove carbohydrates 

from the flavonol backbone, separated using an ethyl acetate phase separation, and dried 

down. Samples were stored at -80°C until suspended in acetone to be run on the mass 

spectrometer. Samples were analyzed on a Thermo LTQ Orbitrap XL with an 

electrospray ionization source, coupled to a Thermo Accela 1250 pump and autosampler 

(Thermo Fisher), using a SecurityGuard column in line with a Luna 150 x 3mm C18 

column, both from Phenomenex. For flavonol analysis, 10 µl of each sample was injected 

with a solvent of water:acetonitrile, both containing 0.1% (v/v) formic acid. The gradient 

is as follows, 90% water: 10% acetonitrile (v/v) to 10% water: 90% acetonitrile (v/v) in a 

time span of 18.5 minutes. From 18.5 minutes to 20 minutes, the gradient moves from 

10% water: 90% acetonitrile (v/v) back to 90% water: 10% acetonitrile (v/v) and holds at 

these concentrations for another 2 minutes to recondition the column. MS2 fragmentation 

spectra of flavonols were induced using 35-kV collision-induced dissociation. Absolute 

quantities of metabolites were found by comparing peak area data to standard curves 

created using pure standards of naringenin, quercetin, and kaempferol (Indofine 

Chemicals). As naringenin was at levels near the limit of detection, only samples with 

peaks greater than 2 times the background were used for quantification, to insure accurate 
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values. Spectra of samples were compared to those of standards and those listed on the 

MassBank database (www.massbank.jp). Data were analyzed by quantifying peak areas 

using Thermo Xcalibur software, and with normalization to the internal standard 

formononetin (Indofine Chemicals).  

 

DCF imaging and quantification 

CM H2DCF-DA, a generic ROS sensor (Halliwell and Whiteman, 2004), was 

dissolved in dimethyl sulfoxide to yield a 50-mM stock. This was diluted in deionized 

water to yield a final concentration of 6.25 µM with a final dimethyl sulfoxide 

concentration of 0.0125% (v/v). Epidermal strips were prepared by spraying a 

microscope slide with a silicone-based medical adhesive (Hollister stock #7730). After 10 

min, the basal epidermis of the leaf was gently pressed into the dried adhesive coat, and 

the leaf was gently scraped with a pipette tip until only the fixed epidermis remained 

(Young et al., 2006; Watkins et al., 2014). The epidermis was stained for 30 min with 

two drops of 6.25µM CM H2DCF-DA dye and washed with deionized water. A Zeiss 880 

LSCM was used to excite the leaf surfaces with 0.07% maximum laser power at 488 nm 

with a 3.5 digital gain. Settings were optimized to spectrally separate the fluorescence of 

DCF and chlorophyll, using lambda scanning. The DCF signal was collected between 

495 to 527 nm with a pinhole yielding 1 Airy Unit, making sure to limit excess exposure 

to the laser that induces ROS. Maximum intensity projections were produced from Z 

stacks. All micrographs within each panel were acquired using identical offset, gain, and 

pinhole settings using the same detectors. 
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In Figure III-2 ,4, 5, and 6, DCF fluorescence was imaged using a Zeiss 880 

LSCM. DCF fluorescence intensities were measured using ZEN Black by placing an ROI 

around the whole guard cell. The average intensity values within each ROI were recorded 

and averaged. In Figure III-4 and 8, DCF fluorescence was imaged using a Zeiss 710 

LSCM. DCF fluorescence intensities were measured using ZEN Black by placing an ROI 

around the nuclei of each guard cell and around the non-nuclear area with no chloroplasts 

present. The average intensity values within each ROI were recorded and averaged. 

Figure III-4A show confocal micrographs of DCF fluorescence in guard cells taken on a 

Zeiss 880 LSCM, while the quantification values in Fig 3B are taken from the Zeiss 710 

images from Supplemental Figure III-4.  

 

Stomatal opening and closing assays 

ABA-induced stomatal closure assays were performed with plants 4 to 5 weeks 

after germination. Fully expanded leaves were excised and submerged in opening 

solution (5 µM KCl, 50 µM CaCl2, 10 µM MES buffer, pH 5.6) and incubated under 

cool-white light (150 µmol m-2 s-2) for 3 h. To induce stomatal closure, leaves were 

transferred to a similar opening solution with 20 µM ABA added to induce closure 

(Jammes et al., 2009). After incubation in the ABA solution under white light for 0, 15, 

30, or 45 minutes, leaf peels were prepared and imaged using brightfield imaging with a 

Zeiss Axio Zoom V16 microscope with a AxioCam HR R3 color camera (Jammes et al., 

2009). Z stacks were taken at 258x total magnification and compressed into a single 

extended depth of focus image. Apertures were measured using ImageJ software. To 

image the effects of ethylene on ABA-induced stomatal closure, plants were treated with 

ethylene gas for 24 h prior to the assay.  



145 

 

 

 

29Supplemental Figure III-4. DPBA and DCF fluorescence in guard cells visualized 

using a Zeiss LSM 710 confocal microscope. 

A. Consistent with images taken with the Zeiss LSM 880, DPBA fluorescence is 

localized to the guard cells. DPBA fluorescence is shown in yellow and chlorophyll 

autofluorescence is shown in magenta. B. DCF fluorescence is localized to guard cells. 

DCF fluorescence is shown in green and chlorophyll autofluorescence is shown in 

magenta. Bar = 5µm 
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To induce stomatal opening, leaves were excised and placed in stomatal opening 

buffer containing 20 µM ABA and placed in the dark for 3 hours. Leaves were 

transferred to stomatal opening buffer without ABA and placed in the light for 0 or 45 

minutes. The widths of stomatal apertures were quantified as above.  

 

Leaf water loss assay 

Water loss from excised leaves was measured in fully expanded leaves that were 

detached from well-watered plants and immediately weighed, adapted from (Chen and 

Gallie, 2004; Munemasa et al., 2013). Water loss from detached leaves was followed by 

leaf weight every 5 minutes for 40 minutes. Four leaves from 4 separate plants were used 

in 4 separate experiments. The average percent leaf weight loss was plotted over time. 

 

Stomata density measurements 

To quantify stomatal densities, epidermal peels were generated from the basal 

side of fully expanded leaves. Peels were imaged with DIC microscopy using a Zeiss 

Avio Zoom V16 at 100x magnification. Z stacks were compressed into a single extended 

depth of focus image. Five areas per leaf were imaged from 3 leaves from 3 different 

plants for each genotype. Stomatal densities were reported as the number of stomata per 

1.5mm2. 

 

Statistical analysis 

The data of the fluorescence intensities of DPBA and DCF, the widths of stomatal 

apertures, and the leaf weight loss were analyzed by a two-way ANOVA using GraphPad 
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Prism 7, comparing within genotypes between different treatments and comparing 

between genotypes under similar treatments. Tukey’s multiple comparisons tests were 

then used to determine whether the differences between treatments within genotypes and 

the differences between genotypes with treatments were significant. LC-MS data and 

stomatal density were quantified using a student’s T-test in GraphPad Prism 7, comparing 

levels of a specific flavonol between mutant and respective background.    
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Abstract 

Transcriptomic analyses with high temporal resolution provide substantial new insight 

into hormonal response networks. This study identified the kinetics of genome-wide 

transcript abundance changes in response to elevated levels of the plant hormone ethylene 

in roots from light grown Arabidopsis seedlings, which were overlaid on time matched 

developmental changes. Functional annotation of clusters of transcripts with similar 

temporal patterns revealed rapidly-induced clusters with known ethylene function, and 

more slowly regulated clusters with novel predicted functions linked to root development. 

In contrast to studies with dark grown seedlings, where the canonical ethylene response 

transcription factor, EIN3, is central to ethylene responses, only a subset of these clusters 

of ethylene-responsive transcripts were enriched in targets of EIN3.  Additionally the 

roots of ein3 and eil1 single and double mutants still respond to ethylene. These results 

are consistent with EIN3-independent developmental and transcriptional changes in light 

grown roots. Examination of single and multiple gain-of-function and loss-of-function 

receptor mutants revealed that of the five ethylene receptors, ETR1 controls lateral root 

and root hair initiation and elongation and synthesis of other receptors. These results 

provide new insight into the transcriptional and developmental responses to ethylene. 
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Introduction 

Transcriptomic datasets have changed the way we understand molecular events 

that mediate important biological responses including cancer progression (Judes et al., 

2016; Cheng and Zhan, 2017; Du et al., 2017), hormone responses (Fortes et al., 2011; 

Eremina et al., 2016), and developmental mechanisms (Hale et al., 2016; Gupta et al., 

2017). The addition of another dimension, time, magnifies the insights we can obtain 

from transcriptomic data. The transcriptome is highly dynamic; the same comparison of 

transcriptomes between treatments or conditions might yield very different results 

depending on time of sampling. A time course approach uses this complexity as an 

advantage. By examining changes in a transcriptome at multiple time points, we can see 

the progression of transcriptional changes, revealing patterns and pathways (Yosef and 

Regev, 2011). This temporal resolution also provides layers of information beyond 

apparent up- or down-regulation. It also allows greater confidence in the reproducibility 

of that data as changes are replicated across time. Even more significantly, we can 

observe when changes in a transcript’s levels peak, and group transcripts based on 

kinetics, as well as direction of change. These kinetic patterns can then be correlated with 

other biological information, such as gene function, protein-protein interactions, targets 

for transcription factor binding, and timing of events on a cell, tissue, or organism level 

(Nagano et al., 2012). In particular, this approach can be useful for connecting early 

signaling events, later transcriptional changes, and their ultimate developmental 

responses. 

Plant responses to the gaseous hormone ethylene are an excellent model for 

studying these relationships between signaling, transcriptional changes, and development. 
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The ethylene signaling pathway was uncovered by molecular genetic approaches taking 

advantage of the profound developmental changes observed in dark grown seedlings in 

response to elevated ethylene (Bleecker et al., 1988; Guzman and Ecker, 1990), yet the 

transcriptional changes that connect signaling and development are incompletely 

characterized, especially in light-grown tissues. In the model plant Arabidopsis thaliana, 

there are five ethylene receptors that act as negative regulators of the pathway (Chang et 

al., 1993; Schaller and Bleecker, 1995; Hua and Meyerowitz, 1998; Sakai et al., 1998). 

These five ethylene receptors are not equal; different responses to ethylene in specific 

tissues require distinct subsets of receptors, likely due to diversity in receptor structure 

and signaling capabilities (Shakeel et al., 2013). These receptors act through a RAF-like 

kinase, CTR1 (Kieber et al., 1993), to inhibit signaling through the EIN2 protein whose 

catalytic activity is not yet known (Alonso et al., 1999; Qiao et al., 2009; Ju et al., 2012; 

Qiao et al., 2012). In dark-grown shoot tissues, it has been observed that EIN2 stabilizes 

EIN3, a transcription factor (An et al., 2010; Wen et al., 2012), which has a central role in 

mediating the ethylene “triple response” (short and wide hypocotyl, and exaggerated 

apical hook) (Alonso et al., 2003; Guo and Ecker, 2003; Yanagisawa et al., 2003). Some 

EIN3 targets are known, and in dark-grown seedlings EIN3-regulated transcriptional 

changes have been observed to occur in waves (Chang et al., 2013). What is less clear is 

the role of EIN3 in ethylene responses in all contexts, such as roots or other tissues in 

light grown seedlings, and which transcriptional responses to ethylene drive 

developmental responses. 

The kinetics of transcriptional responses to ethylene are likely to be of importance 

in Arabidopsis roots, where developmental responses occur on multiple time scales. In 
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Arabidopsis, root architecture is defined by the elongation of the primary root, and the 

development and elongation of lateral (branching) roots, which are covered in root hairs. 

Lateral root development is a complex process that involves the reprogramming of 

differentiated cells in the primary root to de-differentiate and form a new root that 

recapitulates the developmental program of primary roots (Péret et al., 2009). The 

development of root hairs from epidermal cells also provides additional surface area to 

the root system (Cutter, 1978). This complex branching architecture of roots is critical for 

plant health, as roots are essential for the update of water and nutrients into the plant. 

Differences in root structure have been correlated with traits such as enhanced drought 

resistance (Yu et al., 2008; Zhan et al., 2015), which will be increasingly important for 

improved agriculture in a changing climate. Ethylene mediates several different 

developmental changes in roots, namely, it inhibits primary root growth and lateral root 

development, but stimulates root hair development and elongation (Guzman and Ecker, 

1990; Kieber et al., 1993; Tanimoto et al., 1995; Rahman et al., 2002; Ivanchenko et al., 

2008; Negi et al., 2008; Negi et al., 2010). Ethylene-mediated inhibition of root 

elongation can take effect in as few as five minutes (Le et al., 2001), while changes in 

lateral root development and root hair formation may take hours to become statistically 

significant (Lewis et al., 2013). Together with previous observations of wave-like 

transcriptional responses (Chang et al., 2013), this suggests that the kinetics of 

transcriptional changes may be an important layer of information for understanding 

ethylene-mediated transcriptional changes and how they control development. 

To provide new insight into the ethylene gene regulatory networks that control 

root development, we performed a time course transcriptomic study of Arabidopsis roots. 
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We treated roots with the direct ethylene precursor, 1-aminocyclopropane-1-carboxylic 

acid (ACC) and compared the transcript abundance to a time matched control. We 

observed many transcripts that responded to ACC in a time-dependent manner, and 

grouped these transcripts according to kinetics of changes. By comparing transcripts in 

this data set to two others from dark grown seedlings and roots, we identified tissue- and 

environment-specific transcriptional response.  We used these clusters to demonstrate 

that EIN3 controls a subset of root ethylene-responsive transcripts, targeting the most 

rapidly and positively regulated response clusters in these light grown samples. 

Examining these changes with high temporal resolution also led to insights into gene 

function and how they might connect to developmental changes. We also examined the 

ethylene receptors, finding different roles for receptors in distinct root developmental 

responses. Together these experiments provide insight into the networks of signaling and 

transcriptional responses that drive root development.  

 

Results 

ACC Treated Roots Show Changes in Root Hair Numbers and Transcript 

Abundance across a 24 Hour Time Course 

To identify a relevant time course of ACC treatment for our microarray analyses 

that spanned the timeline of developmental effects, we examined the kinetics of 

stimulation of root hair initiation. We transferred 4-day old seedlings to new media with 

or without the ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC) at 1 

µM, and quantified root hairs at eight time points: 0, 0.5, 1, 2, 4, 8, 12, and 24 hours after 

transfer (Figure IV-1A and B). A two-way ANOVA found significant differences  
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30Figure IV-1. Kinetics of ACC induced root hair formation and transcript abundance 

changes. 

A. Four day old seedlings were transferred to new media containing 1µM ACC for the 

indicated times. Root hairs were imaged at the indicated times and the average and SE of 
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number of root hairs for 12-18 seedlings is reported.   * Indicates significant difference 

(P<0.0001) between ACC treated roots compared to the time matched controls. B. DIC 

images of root hair growth over time in untreated and ACC treated Col-0 roots. C. A 

series of histograms representing the Signal Log2 Ratio (SLR) distribution of the 449 

Differentially Expressed (DE) transcripts at each time point demonstrate that most 

transcripts decrease in abundance upon ACC treatment, with the most profound changes 

occurring beginning at 4 hours when developmental responses are detected. Three 

biological replicates are represented individually.  
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between control and ACC treatment, and a Tukey’s post hoc test was performed to 

determine the time points at which ACC had a significant effect (Supplemental Table IV-

1). ACC treated roots showed significantly more root hairs than untreated controls at 4 

hours and at all later time points (P<0.0001). This demonstrates that changes in root hair 

initiation and elongation in response to ACC occur during the 24 hours after treatment, 

illustrating that these 8 time points provide a developmentally pertinent time line for 

microarray analysis. 

To detect genes whose expression is regulated by ethylene, we performed a 

transcriptome analysis of roots treated with ACC, a solid precursor of ethylene gas that 

could be added to growth substrates. Previous analyses have indicated that the root 

transcriptional and developmental responses to ACC mirror those of ethylene under our 

treatment conditions (Negi et al., 2008; Lewis et al., 2011b). As one goal of these 

experiments was to compare responses to two plant hormones, ethylene and auxin, it was 

optimal to use a solid that could be added to growth media to elevate both hormones. We 

isolated RNA from roots at the same eight time points used for root hair quantification.  

For each time point, plants were transferred to control media or media containing 1 µM 

ACC for the indicated times before root tissue was harvested for RNA extraction and 

microarray analysis. This analysis was performed simultaneously with a previously 

published auxin (IAA) transcriptome time course, sharing common control samples 

(Lewis et al., 2013). 

The microarray data for each treatment replicate were analyzed separately. A 

strict differential expression filtering approach was used to identify genes that were 

differentially expressed (DE) in the treatment compared to controls (Lewis et al., 2013).   
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This process first identified transcripts with a signal intensity above the Affymetrix 

background signal at every time point. The signal log ratio (SLR) (base 2) was calculated 

for each transcript relative to an averaged time matched control. Transcripts with an 

|SLR| > 0.5 (corresponding to a 1.4-fold change, chosen to identify robust abundance 

changes) for at least 1 time point, and with a consistent magnitude and pattern of change, 

were identified. This filtering resulted in a group of 449 transcripts with robust and 

consistent changes.  The identity of each transcript and its abundance relative to time 

matched controls is reported in Supplementary File 1. 

The global distribution of SLRs for DE genes across the time course indicates that 

the majority of ACC transcripts have SLRs close to 0 at the 0-hour time point (Figure IV-

1C), which is consistent with the control and treatment groups beginning with similar 

transcriptional profiles. For the 0.5-, 1-, and 2-hour time points, the peak flattens and 

spreads, showing that few transcripts have changes in this early time window. However, 

at the 4 hour time point, the dataset yields a discernible bimodal distribution, indicating 

that many transcripts have either reduced or elevated abundance relative to the time 

matched controls at this time point. This timing is consistent with the timing of ACC 

induced root hair formation (Figure IV-1A). It is interesting to note that most transcripts 

have lower abundance than the control samples (as seen by the higher peak on the 

negative side of the SLR bin). This distribution pattern remains through the 24-hour time 

point, suggesting that some genes may maintain differential expression even beyond the 

scope of our time course. This pattern across the time course implies an ethylene 

response whereby a small number of genes respond rapidly, many others respond more 

slowly, and most of those genes are repressed rather than induced. 
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31Supplemental Figure IV-S1. Clusters contain transcripts with similar patterns of 

abundance change. 

Heatmaps for four representative clusters show variation within a cluster. Three replicates 

for each time point are shown as columns; each row is an individual transcript. Red-blue 

color scale represents positive and negative SLRs, respectively; white designates an SLR 

of zero (see color scale). 
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Genes with Related Functions Cluster into Groups with Similar Ethylene Responses 

 We might expect that transcripts with common regulatory controls and/or 

downstream functions might show similar patterns of abundance change. To identify 

these patterns, the 449 DE genes were clustered using the consensus clustering option in 

the SC2ATmd program (Olex and Fetrow, 2011) and an empirically derived threshold for 

transcripts with common behavior 83% of the time. This threshold was empirically 

determined to maximize the information that could be obtained from the resulting 

clusters; higher thresholds resulted in many singletons and small clusters that were not 

useful for statistical analyses, whereas lower thresholds gave a few large clusters that did 

not adequately represent the diversity of temporal patterns. The 83% threshold grouped 

the transcripts into 24 clusters, with 49 single transcripts (“singletons”) remaining with 

unique temporal expression patterns that were dissimilar to transcripts in these clusters. 

The patterns of the three replicates for each transcript can also be examined as shown for 

four clusters in Supplemental Figure IV-1. Within a given cluster, the behavior of the 

transcripts is relatively consistent, although there is slight variation from the shared 

pattern between replicates and transcripts. Averaging the SLR values of every transcript 

in a cluster at each time point gives a representative profile of that cluster (Figure IV-2A). 

These clusters are ordered by direction of change, rate of change, and magnitude of 

change.  This view shows that there are more clusters that are down-regulated than up-

regulated, consistent with the overall SLR profile in Figure IV-1. The kinetics of these 

clusters is highly varied with rapid or more slowly executed responses and with response 

durations that are transient or sustained. For example, cluster 5 shows early and transient 

changes, while cluster 1 shows late and sustained change. Cluster 1 and 7 are particularly  
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32Figure IV-2. Clusters of transcripts with similar profiles of temporal changes with 

early, middle, and late responses to ACC treatment can be visualized by heat maps and 

cluster networks. 

A. Consensus clusters were labeled (Cluster Number) from largest (DE cluster 1) to 

smallest (DE clusters 20-24). Gene Count represents the number of transcripts in a given 

cluster; the top 10 largest clusters are highlighted in yellow. The time course profile for a 

cluster represents the average SLR at each time point. B. The cluster network of the 

thirteen largest DE clusters are shown at four representative time points revealing the 

degree of similarity of temporal responses within clusters. Nodes represent individual 

genes, and edges connect genes that clustered together in at least 83% of clustering 

iterations. For full time course cluster networks, see Figure IV-S2. For both panels, red-

blue scale represents positive and negative SLRs, respectively; white represents an SLR 

of zero (see color scale). 
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33Supplemental Figure IV- S2. Cluster Network maps for whole time course expanded 

from Figure IV-2. 

Thirteen largest DE clusters are shown at all time points. Nodes represent individual 

genes, and edges connect genes that clustered together in at least 83% of clustering 

iterations.Red-blue scale represents positive and negative SLRs, respectively; white 

represents an SLR of zero. 
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interesting as they show increased and decreased transcripts, respectively, that change 

with kinetics that parallel the kinetics of ACC-induced root hair initiation.  

We also represented the clusters as networks to provide additional insight into the 

similarity of responses within each cluster. In the network diagram, transcripts are shown 

as nodes and a connecting edge represents two transcripts that are clustered together in 

83% or more of the clustering iterations. The edges in these networks do not indicate 

physical protein interactions or any other molecular interaction and the edge length is 

based on the number of node connections—where many connections result in shorter 

edges (as determined by Cytoscape’s layout algorithm).  The networks at 0.5, 2, 8, and 24 

hours are shown in Figure IV-2B, with the complete time course shown in Supplemental 

Figure IV-2. The layout of nodes in a cluster is determined by the degree (the number of 

attached vertices) of each node, so groups of transcripts that frequently cluster with one 

another will form tight sub-clusters. For example, cluster 6 has two groups of highly 

connected transcripts that form tight sub clusters, while several other transcripts clustered 

with fewer additional transcripts at the 83% threshold. In contrast, cluster 7 is tightly 

connected, with every transcript connected to most other transcripts, suggesting a high 

degree of similarity between the SLR patterns of these transcripts.  To understand the 

functional significance of these genes with coordinated expression patterns, we asked 

whether these clusters also contained conserved biological function.  

 To determine if genes that cluster together may be functionally related, a gene 

ontology (GO) enrichment analysis was performed. This analysis determined which, if 

any, GO annotations appear in a cluster more often than would be expected by chance. 

Significantly enriched (P-value < 0.05) annotations were found in most of the 10 largest 
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clusters (Table IV-1). Some annotations were expected, such as ethylene response and 

two-component signal transduction (cluster 4). Others, such as the annotations for cell 

wall processes in cluster 9, which are reduced in abundance at late time points, suggest a 

mechanism that may modulate root growth and development.  

 

Differentially Expressed Genes are Predominantly Unchanged across Control Time 

Course 

 There are two possible scenarios whereby ACC reduced transcript abundance, 

resulting in negative SLR values.  Either the abundance of transcripts in the treated 

samples decrease, while the control values are held constant, or the transcripts in the 

treated samples are constant and the controls increase over time.  The question of which 

of these is happening is an important one because they represent different biological 

responses. In the first scenario, ethylene regulation decreases transcript levels from a 

steady state; in the second, ethylene regulation prevents a pre-programmed increase in 

transcript levels. 

 To resolve these two possibilities, we ran a separate filtering analysis on both the 

control samples alone, and the ACC-treated samples alone. For each set of samples, a 

new SLR was calculated, this time using the zero time point as the “control” value, which 

we call the control-only-SLRs and the ACC-only-SLRs. We then ran the same filters 

used in the DE analysis to determine if transcripts exhibited significant changes in 

abundance relative to time zero. The results of these analyses for a subset of genes in 

several of the original clusters described above can be seen in Supplemental Figure IV-3, 

where the SLR ratios calculated with time matched controls are compared to SLR  
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2Table IV-1. Annotations of gene clusters. 

Some clusters are significantly enriched in gene annotations, suggesting genes with 

related processes respond similarly to ACC, with clusters in order of response rate 
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calculated for the ACC-treated or control samples normalized to the time 0 samples. 

What is immediately apparent is that in control samples, the abundance of these 

transcripts remains essentially unchanged across the time-course of these experiments, 

while changing substantially in ACC-treated samples. Indeed, for most transcripts, the 

ACC-only-SLR profile parallels the original DE SLR profile very closely. The results of 

the filtering steps indicate that most transcripts passed all filters in the ACC-treated 

samples with only 4 failing the SLR filter and 5 failing the consistency filters, as noted in 

Supplemental File 2. Many of the control samples failed the SLR filter, consistent with 

limited change in these samples. This suggests that for most of these transcripts, ACC 

treatment results in a change from a baseline expression level, with transcripts at 

relatively constant levels in untreated time matched controls. This pattern holds when 

examining the entire dataset of 449 DE genes; results of this analysis for the 449 

transcripts in our filtered data set are summarized in Supplementary File 2. 
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34Supplemental Figure IV-S3. Control-only and ACC-only analysis shows that the 

majority of transcript abundance changes occur due to ACC treatment, while the 

control time course is relatively unchanged. 

Results of control-only and ACC-only analysis are shown for two representative clusters. 

Left panel represents an SLR calculated using the ACC signal over a time-matched 

control (as in DE analysis). Right panel represents an SLR calculated using the control 

signal for a given time point of the control signal for the zero time point. For full results 

of this analysis, see Supplementary File 2.  
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Present/Absent Analysis Identified Additional Genes of Interest 

 Transcripts that accumulate at low levels may not be detected over the chip 

background, and will therefore have a detection P-value that does not pass the 

Affymetrix-defined “absent” threshold.  Any gene with at least one absent measurement 

was filtered out by the DE analysis criteria, and a fold change was not calculated because 

it is inappropriate to calculate an SLR when a transcript abundance has a zero value 

(which is any value not above the Affymetrix defined background) in either the control or 

treatment. However, transcripts that accumulate at background levels in either the control 

or ACC treatment conditions could still be of interest. To identify these transcripts, a 

present/absent analysis was performed using a previously outlined strategy (Lewis et al., 

2013). Samples where a transcript did not pass the detection P-value threshold were 

defined as “absent” (A) and those that passed were defined as “present” (P).  For this 

analysis we make the assumption that if a gene changes from present in the control to 

absent in the treatment or vise-versa, then the experimental treatment has modified the 

abundance of transcripts for this gene in a meaningful way.  Thus, we can search for 

consistent patterns of present-absent or absent-present in the control-ACC comparisons at 

each time point to identify genes that are consistently modified by these criteria. An 

additional 375 genes were identified, and clustered in a similar manner to the 449 DE 

genes. These transcript identities and transcript abundance are found in Supplemental 

Dataset 3 and heatmaps of two clusters are shown in Figure IV-3. Some clusters show 

apparent up-regulation by ACC (absent-present pattern), including cluster 3 at the 12-

hour time point, and cluster 2 across the 8 to 24-hour time points, while others, show 

apparent down-regulation by ACC (present-absent pattern), such as clusters 4 and 5 
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(Figure IV-3 and Supplemental Figure IV-4).  We say “apparent” because there is no way 

to know precisely if the gene is up or down regulated since half the data is missing; 

however, if a gene has a signal strong enough to be detected on the control chip, and then 

the same gene is listed as absent on the experimental chip, we assume the transcript 

abundance was reduced to below background levels in response to ethylene. 

 Like the DE clusters, present/absent gene clusters were analyzed for GO 

enrichment. Cluster 5 has a present-absent pattern (or down-regulation), and is enriched 

in cell wall-related annotations, similar to the DE cluster 9. Other annotations found in 

various clusters (1, 2, 4 and 6) include oxidation/reduction, cytochrome P450, hormone 

signaling and heat response, respectively (Table IV-2). Interestingly, three of the six 

clusters were found to have significant (P<0.05) enrichment in genes encoding 

transcription factor and/or transcriptional regulatory proteins. As transcription factors that 

had altered expression levels would in turn affect levels of downstream transcripts, 

transcription factors provide a possible mechanism for long-term developmental effects 

of elevated ethylene. 

 

Cell and Tissue Type Specific Expression Patterns of DE Transcripts Identifies 

Groups of Transcripts with Unique Localization Patterns 

 This transcriptomic data set reveals transcript abundance changes in response to 

elevated ethylene with high temporal resolution, but contains transcripts isolated from a 

number of tissue and cell types. The presence of high spatial resolution genome-wide 

transcript abundance maps for roots (Brady et al., 2007) allowed the identification of 

groups of transcripts from our DE dataset to be examined for cell type (Supplemental 
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Figure IV-S5) and tissue type (Supplemental Figure IV-S6) expression patterns. We 

overlaid this pattern on a color-coded network of our top 10 clusters.  The similarity in 

pattern of related cell types (lateral roots and pericycle cells from which lateral roots 

emerge), or the clusters of genes linked to the elongation zone compared to the 

maturation zone, suggest groups of ACC-regulated transcripts with coordinated spatial 

expression patterns.  In a limited number of cases we see that these transcripts come from 

common ACC time course clusters, such as a group of genes with high level of 

expression in the developing and maturing xylem that is enriched in genes from DE 

cluster 3 and 9 (Supplemental Figure IV-6).  

 

Time-Independent Analysis of Function Reveals Pathways Enriched in ACC-

responsive Transcripts 

 The above functional analyses of ACC-responsive genes rely on the similarity of 

their kinetic response. However, it may also be possible that genes within a given 

pathway or functional group may respond at different points in the time course. In order 

to discover functionally related genes in a time-independent manner, the microarray data 

were collapsed across the time course. For each transcript, the largest magnitude average 

SLR at any time point was identified yielding the “most extreme” change for any given 

gene. All transcripts were visualized using MapMan (Thimm et al., 2004), to identify 

relative enrichment of pathways and processes. Both the MapMan analysis and the 

functional annotation analysis described above revealed groups of transcripts with 

annotations linking them to ethylene responses or signaling pathways (Figure IV-4; Table 

IV-1).   
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35Figure IV-3. Present-Absent analysis reveals additional genes with consistent, time-

dependent changes in transcript abundance. 

Heat maps representing patterns of transcript abundance for two representative Present-

Absent Clusters. Columns represent three replicates for each time point; each row is an 

individual transcript. White-red color scale represents the normalized signal intensity, and 

grey designates “Absent” values that did not pass the Affymetrix detection cut-off. 
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36Supplemental Figure IV-S4. Present-Absent analysis reveals additional genes with 

consistent, time-dependent changes in transcript abundance. 

Columns represent three replicates for each time point; each row is an individual 

transcript. White-red color scale represents the normalized signal ratio, and grey 

designates “Absent” values that did not pass the Affymetrix detection cut-off 
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37Figure IV-S5. The spatial pattern of the DE transcripts across root cell types reveals 

ACC-regulated genes with distinct accumulation patterns. 

The abundance of the 449 DE transcripts was determined using a previously published 

transcriptome root map (Brady et al, 2007)  

Genes are clustered by expression levels across cell types. Heatmap colors represent the 

20-quantiles, or ventiles, of the normalized data, with white representing the lowest 

values, and red the highest. The color bar on the left represents the DE cluster of each 

gene in the top 10 clusters 
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38Supplemental Figure IV-S6. The spatial pattern of the DE transcripts throughout root 

elongation and maturation reveals ACC-regulated genes with distinct accumulation 

patterns. 

The abundance of the 449 DE transcripts was determined using a previously published 

transcriptome root map (Brady et al, 2007). Genes are clustered by expression levels 

across root segments, as described by Brady et al., and are arranged from the root tip on 

the left to the topmost segment on the right. Heatmap colors represent the 20-quantiles, or 

ventiles, of the normalized data, with white representing the lowest values, and red the 

highest. The color bar on the left represents the DE cluster of each gene in the top 10 

clusters. 
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3Table IV-2. GO analysis results for Absent-Present clusters 
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The metabolism overview (Supplemental Figure IV-7) revealed an enrichment of genes 

involved in cell wall processes. This is consistent with results of the GO analysis 

described earlier. It also revealed a number of transcripts annotated as controlling 

secondary metabolism linked to the glucosinolate, terpenoid, phenylpropanoid, and 

anthocyanin pathways that had altered abundance in response to ACC treatment.  

 

Some ACC-responsive transcripts also respond to treatment with IAA 

Ethylene and auxin control many of the same plant processes, sometimes 

synergistically, sometimes antagonistically (Muday et al., 2012). In roots, for example, 

ethylene and auxin both inhibit primary root elongation (Swarup et al., 2002) and 

stimulate root hair growth (Pitts et al., 1998), but ethylene inhibits while auxin stimulates 

lateral root development (Negi et al., 2010; Lewis et al., 2011a). Given these 

relationships, we were interested in the shared and divergent transcriptional responses to 

both ethylene and auxin in roots. 

In a previously published study, our lab used the same experimental and statistical 

methods described here to examine the kinetics of the transcriptional responses of 

Arabidopsis roots to indole-3-acetic acid (IAA), the most prevalent auxin. We identified 

1246 transcripts that were differentially expressed (DE) in response to IAA, and 

identified 498 transcripts via a present-absent (PA) analysis. 

To identify transcripts whose abundance changed in response to both ACC and 

IAA, we compared the lists of DE and PA transcripts from both ACC and IAA 

experiments, yielding 139 transcripts in common for the DE datasets, and 124 transcripts  
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39Supplemental Figure IV-S7. MapMan metabolism overview shows many genes 

related to cell wall processes and secondary metabolism respond to ACC treatment. 

Image generated using MapMan Application Software. Squares in a given pathway 

represent genes/transcripts annotated to that pathway. Color scale designates the greatest 

absolute SLR across the time course for each transcript. Red, white, and blue designate 

positive, zero-value, and negative SLRs, respectively (see color scale). 
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40Figure IV-4. Ethylene regulates hormone synthesis, signaling, and response genes. 
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A. Image generated using the Regulation Overview in the MapMan Application 

Software. Squares under a given hormone represent genes/transcripts annotated to that 

hormone’s synthesis, signaling, or response. Color scale designates the greatest absolute 

SLR across the time course for each transcript. ACC and IAA regulate many common 

transcripts. B. 139 ACC and IAA DE overlap transcripts, with average SLR across the 

time course shown for both hormone treatments. C. Network map showing clusters of 

139 ACC and IAA DE overlap transcripts. The outer circle represents transcript 

abundance changes in response to ACC, and the inner circle represents gene expression 

changes in response to IAA.    
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were found in both PA datasets. No transcripts from one DE list were found on the 

opposite PA list. We clustered the 139 DE overlap transcripts using the same methods as 

for the ACC DE 449. The majority of these transcripts responded in the same direction 

and with comparable magnitude in both treatments (Figure IV-4B). A minority responded 

in opposing ways to the two treatments; 9 (6.5%) showed increased abundance in 

response to ACC but decreased abundance in response to IAA, and 14 (10.1%) showed 

the opposite response. 

We clustered the 139 DE overlap transcripts using the methods described 

previously, and visualized these clusters in network diagrams. Figure IV-4C clearly 

shows two large clusters with transcripts that move in the same direction in both 

treatments (cluster 1 with decreasing abundance, and cluster 2 with increasing 

abundance), and several smaller clusters where transcripts changed in opposite directions 

between the two treatments. These transcripts may be of particular interest in relation to 

lateral root development, which is oppositely regulated by ethylene and auxin. This 

subset of oppositely regulated transcripts was too small for gene ontology (GO) analysis; 

however, we did observe that the DE overlap as a whole was highly enriched in cell wall 

related genes. The patterns in the PA overlap are not as distinct, but it appears that for 

many of the transcripts, their response to IAA was less different from the controls than 

their response to ACC. That is, where transcripts were present in the control, they tended 

to be absent in ACC and present in IAA, and vice versa. 

To better understand the interplay between ethylene and auxin transcriptional 

changes, we also performed a comparison of the 449 DE transcripts with a previous 

transcriptome study of ethylene and auxin treatment in roots of dark grown seedlings at a 
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single time point of treatment (Stepanova et al., 2007). Stepanova et al examined 

transcriptional changes in response to ethylene or auxin treatment in wild type and in 

mutants with altered responses to these hormones (ein2-5 and aux1-7). Their analysis 

found 511 transcripts regulated by ethylene, 899 regulated by IAA, and 191 regulated by 

both hormones. Our dataset of 449 included 80 transcripts that they found to be ethylene 

regulated, with 24 of these also auxin regulated, so 7% of their ethylene regulated 

transcripts were in our data set and 26% of the transcripts from our set were in their data 

set. This comparison suggests that there are large differences in transcripts regulated by 

auxin and ethylene in dark growth roots, consistent with insufficient comparisons 

between ethylene responses as a function of light conditions.  

 

Comparison to ethylene-responsive transcripts from dark grown seedlings 

 We were interested in further comparison of our dataset with other ethylene 

response transcriptomics, to examine the effect of light on ethylene transcriptional 

response. In a previously published study, Chang et al. examined transcriptional 

responses to ethylene over a time course using RNA-Seq (Chang et al., 2013). Their 

experimental methods differed from ours in that they used ethylene gas and whole, dark-

grown seedlings. They also focused on transcripts for genes that were bound by EIN3 in a 

separate ChIP-Seq experiment. They separated transcripts into two primary groups: 

EIN3-R transcripts, which are bound by EIN3 and respond to ethylene treatment, and 

EIN3-NR transcripts, which are bound by EIN3 but do not respond to ethylene treatment. 

They also had a third group, EIN3-ND transcripts, which are bound by EIN3 but were not 
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detected in the RNA-Seq experiment. A full list of all transcripts in these overlapping and 

not overlapping sets is available in Supplemental File 4. 

 We compared our DE and PA transcripts to these three lists of genes, and 

identified some overlap. Out of 375 EIN3-R transcripts, 37 were also found in our DE list 

(8.2% of DE transcripts; 5.5% of EIN3-R transcripts) and 12 were found in our PA list 

(3.1% of PA transcripts; 3.2% of EIN3-R transcripts); out of 886 EIN3-NR transcripts, 32 

were also found in our DE list (7.1% of DE transcripts; 3.6% of EIN3-NR), and 16 were 

found in our PA list (4.2% of PA transcripts; 1.8% of EIN3-NR transcripts). No DE 

transcripts and 4 PA transcripts were found in the EIN3-ND list. 

 Transcripts that were found in both the EIN3-R list and our DE list appear to have 

similar patterns of abundance change, suggesting they are regulated in roots as in other 

tissues (Figure IV-5A). Surprisingly, nearly as many transcripts were found in the EIN3-

NR and DE overlap (Supplemental Figure IV-8) as in the EIN3-R and DE overlap. The 

EIN3-NR transcripts, which were not found to be regulated by ethylene in the Chang 

study using whole dark grown seedlings due to relatively low abundance changes, 

perhaps due to the diversity of tissues or etiolated growth. In contrast these transcripts 

had more substantial changes in our root-specific study. Of transcripts from the EIN3-R 

list which were not DE in our dataset (Figure IV-5B), a subset appears to have similar 

patterns of increasing abundance in our microarray, but were filtered out during our DE 

analysis due to a magnitude change below our threshold. However, the majority of 

transcripts did not have the same level of response in our microarray as in the Chang set, 

suggesting these may be genes that are regulated in other tissues, but not in roots.  
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41Figure IV-5. Most ACC DE and PA transcripts are not EIN3 targets. 

The EIN3-R label represents transcripts that were found to be EIN3 targets and ethylene 

regulated by Chang et al. in dark-grown, whole seedlings. A. Transcripts which were 

identified as DE or PA in our dataset, and as EIN3-R by Chang et al. B. Transcripts 

which were found to be EIN3-R, but not DE or PA in our dataset. C. Transcripts that 

were found to be DE or PA in our dataset, but not EIN3-R in the Chang et al. data set. 
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42Figure IV-S8. Overlap comparison with Chang et al., expanded from Figure IV-5. 

The EIN3-R label represents transcripts that were found to be EIN3 targets and ethylene 

regulated by Chang et al. in dark-grown, whole seedlings. EIN3-NR represents transcripts 

that were EIN3 targets but not ethylene regulated. EIN3-ND represents transcripts that 

were EIN3 targets but not detected in the ethylene response experiment. A. Transcripts 

which were identified as DE or PA in our dataset, and as EIN3-R by Chang et al. B. 

Transcripts which were found to be EIN3 targets (EIN3-R, EIN3-NR, or EIN3-ND) but 
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not DE or PA in our dataset. C. Transcripts that were found to be DE or PA in our 

dataset, but not EIN3-R in the Chang et al. data set D. Transcripts which were identified 

as EIN3 targets but not ethylene regulated by Chang et al., but which were DE or PA in 

our dataset   
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The most important finding of this comparison is that most of our DE transcripts 

(84.6%) and most of our PA transcripts (91.2%) do not show up in either the EIN3-R or 

EIN3-NR list (Figure IV-5C), meaning that they were not detected by the EIN3 ChIP-Seq 

experiment. This suggests that these transcripts may not be direct targets of EIN3, but 

may be targets of other EIL-family TFs, downstream targets of EIN3/EIL regulation, or 

regulated by a different set of TFs than those detected in dark grown seedlings. As EIN3 

mediates direct, primary responses to ethylene, we expect some of the more slowly 

regulated transcripts in our DE dataset to be regulated by transcription factors that are 

downstream of EIN3.  To ask if EIN3 is enriched in specific clusters, especially the 

rapidly induced clusters, we looked for EIN3 binding sites in our 10 largest DE clusters. 

 

EIN3 is not responsible for all transcriptional or developmental responses to ACC in 

roots 

 To identify EIN3 targets in the DE 449, we used a publicly available dataset from 

O’Malley et al. (O’Malley et al., 2016). They identified transcription factor targets 

through DAP-Seq, a technique similar to ChIP-Seq, which uses affinity-tagged TFs to 

pull down their associated DNA, rather than TF antibodies. Out of 1118 genes identified 

as EIN3 targets by this method, 57 were DE in our dataset. This represents a statistically 

significant (p<10-4) enrichment of EIN3 targets in our dataset (7% of DE transcripts vs. 

4% of the genome), which is logical given EIN3’s role in ethylene signaling. We asked 

whether these transcripts from genes bound by EIN3 and At2g20110, a TF of unknown 

function were equally distributed within the DE clusters. The binding sites for At2g20110 

were not enriched in any clusters. In contrast for EIN3, several clusters had no EIN3 
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targets, or had a percentage of EIN3 targets not statistically higher than the genome 

(Figure IV-6A and B). Only two clusters, 1 and 4, were identified as significantly 

enriched in EIN3 targets. Both of these clusters are “early up,” meaning they have 

transcripts that increase in abundance at early time points. These clusters also contain 

several ethylene-signaling genes that are targeted by EIN3, including ERS1 and 2, ETR2, 

and EBF2. This suggests that EIN3 primarily plays a role in regulating early transcripts, 

such as those in clusters 1 and 4 regulated whose transcripts abundance reached an 

SLR>0.5 at 4 hours and 30 minutes, respectively, and that other transcription factors are 

responsible for later transcriptional changes. 

 We asked whether EIN3’s role in early transcriptional changes was responsible 

for the phenotype seen in ACC-treated roots. We looked at both EIN3 and EIL1 mutants. 

While ein2 mutants show no sensitivity to ACC in roots, ein3, and eil1 mutants retained 

some ethylene sensitivity, as evidenced by decreased lateral root numbers and primary 

root length after ACC treatment (Figure IV-6C and D). These results suggest that other 

mechanisms must explain part of the ACC phenotype. 

 

Ethylene Receptors Show Distinct Transcript Response Kinetics  

 We also used a directed approach to follow the levels of transcripts of genes 

known to be ethylene regulated or that function in ethylene signaling or synthesis (Chen 

et al., 2007; Konishi and Yanagisawa, 2008). We queried the unfiltered dataset of 

transcripts normalized to time matched controls to examine behavior of transcripts 

encoding ethylene synthesis and early ethylene signaling proteins and the SLR of these  
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43Figure IV-6. EIN3 is not responsible for all transcriptional or developmental responses 

to ACC. 
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A & B. Enrichment of transcription factor target genes (per O’Malley et al.) in top ten 

ACC DE clusters. Bar represents fold change over genome background (* p<0.05, 

binomial test). A transcription factor for which no significant enrichment was found (A) 

is shown for comparison to EIN3 (B). C & D. Ethylene root responses are maintained in 

ein3-1, eil1-1, and the ein3-1ein1-1 double mutant, including inhibition of lateral root 

development and primary root elongation, and induction of root hair numbers and length. 

* p<0.05, control vs. ACC treatment, same genotype, + p<0.05, mutant vs. col-0, same 

treatment. 
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genes and how they fared in our filtering analysis is indicated in Figure IV-7A. Ethylene 

synthesis genes, ACO1 and ACO2, were DE, while ACO4/EFE had an SLR > 0.5 but 

failed the PCC filter for consistency between replicates. Several ACC synthase (ACS) 

genes had apparent changes (SLR > 0.5 or < -0.5), but failed at various filtering steps due 

to inconsistent changes or low abundance at single time points.  

The ethylene receptor isoforms have both redundant and non-redundant functions 

(Shakeel et al., 2013). We were therefore curious to know whether or not the application 

of ACC differentially affected the time-course of receptor transcript accumulation in 

roots. The levels of transcripts encoding the 5 ethylene receptors are plotted as a function 

of time after ACC treatment in Figure IV-7B. All 5 receptor transcripts are expressed in 

roots, with detection above the Affymetrix P-value thresholds. ETR2, ERS1 and ERS2 

transcripts, encoding three of the receptors, were differentially expressed, with ETR2 

having the most profound change in abundance, while, ETR1 and EIN4 both failed at the 

SLR cut-off (Figure IV-7A and B), consistent with prior reports in different tissues (Hua 

et al., 1998). The accumulation of ETR2 transcript is faster than has previously been 

observed for whole, dark-grown Arabidopsis seedlings (Binder et al., 2004). These 

results indicate that the different receptor isoforms may have differing roles in the control 

of root growth and development. In support of this possibility, we examined the 

distribution of these receptor isoforms across the range of root tissue types, using a 

previously published data set (Brady et al., 2007) (Figure IV-7C). The absolute levels of 

transcripts encoding ERS1 and ETR1 receptors are higher across these tissues, but with 

variation between cell types evident, suggesting that these receptors may function to 

control distinct aspects of root development.  
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44Figure IV-7. Ethylene controls many ethylene synthesis, signaling, and response 

genes, including expression of ethylene receptor ETR2 in an ETR1-dependent manner. 

A. For each ethylene-related transcript queried from our dataset, results represent the DE 

cluster where it is found, or where it failed in the filtering process. SLRs represent the 

average of three biological replicates. Red, white, and blue designate positive, zero-value, 

and negative SLRs, respectively (see color scale). B. The SLR patterns for five ethylene 

receptor transcripts show different kinetic responses to ACC treatment. SLRs are reported 
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as an average with SE as a function of time after ACC treatment from the microarray data 

set. C. The cell type specific expression pattern of each of the receptors is illustrated with 

relative levels of transcripts using a percentage scale for the normalized signal values 

from Brady et al. D. 9 Day old seedlings were transferred to agar medium with and 

without ACC at 1 µM for 24 hours before RNA extraction and quantification by qRT-

PCR. The average of 3 biological replicates is reported. The significance of ACC 

treatment within genotype and between Col-0 and indicated genotypes was assessed by 

ANOVA and Tukey’s post-hoc test and all differences are significant, except as noted. * 

Indicates significance between treatments P<0.0003 and #indicates significance between 

genotypes within treatments P<0.003. 
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ETR1 Controls ACC-modulated ETR2 Transcript Abundance 

To examine the roles of ethylene receptors in controlling the expression of other 

ethylene receptors, we performed qRT-PCR on wild-type and receptor mutant roots after 

treatment on control or ACC media (Figure IV-7D). The effect of ACC treatment on 

ETR2 transcript abundance was examined in Col-0, etr1-3 (a gain-of-function mutant), 

and etr1-7 (a loss-of-function mutant). A two-way ANOVA found significant differences 

between control and ACC treatment. The significance of specific comparisons was 

assessed using a Tukey’s post hoc test. In Col-0, ETR2 transcript abundance showed a 4-

fold increase after ACC treatment, consistent with the microarray results. In the etr1-3 

constitutively active receptor mutant, the ETR2 transcripts are not significantly different 

from Col-0 and do not change with ACC treatment.  In the etr1-7 mutant, which is a loss-

of-function mutant, ETR2 transcript abundance is elevated in control relative to Col-0 to 

levels not significantly different from ACC treated Col-0 or etr1-7. These opposite 

responses in etr1-3 and etr1-7 are consistent with the absent and constitutive signaling in 

these two mutant alleles, respectively.  These results suggest a pathway where ETR1 is 

responsible for ethylene mediated increases in ETR2 transcripts. The role of ETR1 in 

controlling synthesis of ERS1 and ERS2 transcripts was also examined in the etr1-3 

mutant. No significant change in either ERS1 and ERS2 transcript was detected in the 

etr1-3 mutant in the presence or absence of ACC (Supplemental Figure IV-9). This 

suggests that ETR1 does not control the synthesis of these two receptors.  
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45Supplemental Figure S9. ETR1 is not required for ACC-induced ERS1 or ERS2 

transcript abundance. 

9 Day old seedlings were transferred to agar medium with and without ACC at 1 µM for 

24 hours before RNA extraction and quantification of ERS1 (A) and ERS2 (B) by qRT-

PCR. The average of 3 biological replicates is reported. * Indicates statistical significance 

(P < 0.0001) between treatments within the same genotype.  
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Specific Ethylene Receptors Modulate Lateral Root Initiation, Primary Root 

Elongation, and Root Hair Initiation and Elongation 

To define the ethylene receptor isoforms that control root growth and 

development, we examined lateral root development, primary root elongation, and 

initiation and elongation of root hairs in plants with constitutively active receptor mutants 

and receptor null mutants in the absence and presence of ACC. The number of lateral 

roots formed 5 days after treatment is shown in Figure IV-8.  A two-way ANOVA found 

significant differences between control and ACC treatment. The constitutively active 

receptor mutant, etr1-3, as well as the ethylene insensitive mutant, ein2-5, have increased 

lateral root numbers as compared to wild-type with statistical significance examined with 

a Tukey’s post hoc test (Supplemental Table IV-2), which is consistent with previous 

reports (Ivanchenko et al., 2008; Negi et al., 2008; Muday et al., 2012). Lateral root 

formation is reduced ~2-fold by ACC treatment in regions of roots formed after transfer 

to ACC in Col-0. In etr1-3 and ein2-5 mutants, the magnitude of the effect of ACC is 

substantially reduced with only a 6% change.  

We also examined lateral root development in receptor null or loss-of-function 

mutants (Figure IV-8). The etr1-6 and etr1-7 null mutants formed statistically 

significantly fewer numbers of lateral roots relative to Col-0, forming only 15 and 19% of 

the number of lateral roots as Col-0, respectively. Both loss-of-function mutants had 

similar numbers of lateral roots in the presence and absence of ACC treatment, consistent 

with constitutive ethylene signaling due to loss of receptor function.  This is in contrast 

with the phenotypes of the etr2-3, ein4-4 ers1-3, ers2-3, and etr2-3ein4-4 double mutants  



209 

 

  

46Figure IV-8. ACC inhibits lateral root initiation and primary root elongation through 

different ethylene receptors. 

Five day old seedlings were transferred to media containing 1µM ACC and the lateral 

root number and primary root length was quantified after 5 additional days. The average 

and SE of n=30 seedlings is reported. The significance of ACC treatment within genotype 

and between Col-0 and indicated genotypes was assessed by ANOVA and Tukey’s post-

hoc test and all differences are significant, except as noted. NST indicates a non-

significant difference between control and treatment with ACC (P>0.05). NSG indicates 

a non-significant difference between Col-0 or Ws and the indicated genotype.  
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that showed reduced lateral root abundance after ACC treatment. The ers1-3 and ers2-3 

receptor null mutants in the Wassilewskija (Ws) background showed subtle differences in 

lateral root number relative to Ws in both the presence and absence of ACC.  
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We also used plants with mutations in multiple receptors and a complemented line 

to assess the role of these receptors.  The etr1-6/etr2-3 mutant was not significantly  

different from etr1-6 in the absence or presence of ACC, while the slight difference 

between etr1-6 and the etr1-6/ein4-4 was significantly different in the absence, but not 

the presence of ACC. The etr1-6/etr2-3/ein4-4 triple mutant exhibited a significant 

reduction in lateral root number relative to Col-0 in the control condition, with no change 

in number with ACC treatment. When etr1-6/etr2-3/ein4-4 was complemented with 

ETR1, there was a significant increase in lateral roots over the triple mutant, although the 

complementation was not complete as the levels were still significantly different from 

Col-0. These data indicate that ETR1 has the major role, with a minor role on EIN4, in 

mediating lateral root formation upon treatment with ACC in Col-0, similar to the major 

role that ETR1 has in mediating ethylene-stimulated hypocotyl nutations (Binder et al., 

2006). 

To determine the inhibitory effects of ACC on primary root elongation in the 

ethylene receptor mutants, we measured the length of the primary root before and after 5 

days of 1µM ACC treatment (Figure IV-8). A two-way ANOVA found significant 

differences between control and ACC treatments (Supplemental Table IV-3). We 

observed greater root elongation in etr1-3 and ein2-5 than Col-0 under control growth 

conditions or ACC treatment, which is consistent with previously published reports 

(Ivanchenko et al., 2008; Negi et al., 2008; Péret et al., 2009; Muday et al., 2012).  

Although untreated etr1-6 and etr1-7 had reduced root elongation to 66 and 47% of the 

primary root length of Col-0, respectively, root elongation was still sensitive to ACC 

showing significant reduction upon ACC treatment relative to the untreated roots in both 
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mutant genotypes.  Mutants in other receptors had primary root lengths that were not 

significantly different than Col-0. The etr1-6/etr2-3 and etr1-6/ein4-4 double mutants 

show shorter primary roots than etr1-6 in the absence or presence of ACC and the 

magnitude of response to ACC was reduced. The triple mutant has the shortest primary 

root, which was reduced compared to all the other genotypes and showed no effect of 

ACC treatment; however, the ETR1 complemented line is longer than the triple mutant 

and has a similar magnitude response to ACC as Col-0. Together these data demonstrate 

a major role of ETR1 in modulating primary root elongation via ACC and suggest minor 

roles of ETR2 and EIN4 in this process.   

Ethylene treatment also increases the number and length of root hairs (Tanimoto 

et al., 1995; Rahman et al., 2002), which are single cell projections of the epidermis that 

increase the surface area of the root and aid in water and nutrient uptake (Cutter, 1978).  

We treated 4 day old seedlings with 1 µM ACC for 24 hours and quantified the number 

and length of root hairs (Figure IV-9). A two-way ANOVA found significant differences 

in the number and length of root hairs between control and ACC treatments 

(Supplemental Table IV-4 and 5). We observed a >5-fold increase in number and length 

of root hairs in Col after ACC treatment (Figure IV-9).  Both ein2-5 and etr1-3 formed 

fewer, shorter root hairs in the presence of ACC than Col-0 and we observed no increase 

in the number or average length of root hairs in response to ACC in ein2-5, though etr1-3 

showed a 2-fold increase in number of root hairs after ACC treatment, although these 

root hairs were shorter than those in Col-0. It has been observed that etr1-3 is not entirely 

ethylene insensitive regarding growth inhibition response in roots (Hall et al., 1999), and 

it appears that this incomplete insensitivity applies to root hair initiation as well.  
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Interestingly, etr1-6 and etr1-7 have different responses to ACC treatment. In etr1-6, 

there is a higher induction of both root hair number and length by ACC, as compared to 

Col-0, while etr1-7 has higher than wild-type number of root hair under control 

conditions, with a smaller additional induction by ACC than Col-0. This is consistent 

with descriptions of these two mutants, where etr1-7 generally has a more striking 

phenotype (Wilson et al., 2014).  The location of the mutations is likely responsible for 

the different phenotypes of etr1-6 and etr1-7.  The mutation occurs earlier in etr1-7, 

resulting in a shorter amino acid sequence in the translated protein compared to etr1-6 

(Hua and Meyerowitz, 1998). This difference is important as the N-terminal domain of 

ETR1 is known to have signaling properties through interactions with RTE1 (Gamble et 

al., 2002; Qu and Schaller, 2004; Xie et al., 2006; Qiu et al., 2012). Root hair numbers in 

etr2-3 in the presence of ACC are slightly and significantly greater than Col-0, whereas 

ein4-4 has ~6-fold more and ~2-fold longer root hairs under control conditions with 

significant differences from Col-0 detected in the absence and presence of ACC 

treatment. The etr1-6/etr2-3/ein4-4 has the greatest number and length of root hairs under 

control conditions with numbers greater than the single and double combinations of these 

mutations. When this line is transformed with ETR1 the number and length of lateral 

roots are decreased relative to the triple mutant with a >20 fold difference, but remain 

statistically different from Col-0. The magnitude of the responses suggests that ETR1 and 

EIN4 both play a role in modulating root hair initiation and elongation in response to 

ACC in Arabidopsis roots.  

  



214 

 

 

47Figure IV-9. ETR1 and EIN4 both function in ACC-induced root hair initiation and 

elongation. 
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ACC induces root hair formation and elongation through specific ethylene receptors.  

Four day old seedlings were treated with 1µM ACC for 24 hours. The number of root 

hairs is shown on the left, with the length of root hairs is shown on the right, with 

representative images for each genotype and treatment. The average and SE is reported 

for n=12-18 seedlings. NST indicates a non-significant difference between control and 

treatment with ACC (P>0.05). NSG indicates a non-significant difference between Col-0 

or Ws and the indicated genotype. 
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4Supplemental Table IV-1. P values from t-tests comparing root hair numbers in 

untreated and ACC treated Col-0 within time points. 

F1,80=1193, DF=80 

  



217 

 

 

5Supplemental Table IV-2. P values from 2-way ANOVA comparing lateral root 

numbers after 5 days of control or ACC treatments. 

F1,696=3387 comparing control and ACC treatment within genotypes, F11,696=3603 

comparing between genotypes, F11,696=357.2 comparing interactions between treatments 

and genotypes. DF=696 

a refers to P values from 2-way ANOVA comparing ACC treatment with untreated within 

genotype 

b refers to P values from 2-way ANOVA comparing untreated mutant genotype with 

untreated Col-0  
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6Supplemental Table IV-3. P values from 2-way ANOVA comparing primary root 

length after 5 days of control or ACC treatments. 

F1,696=17955 comparing control and ACC treatment within genotypes, F11,696=5752 

comparing between genotypes, F11,696=942.1 comparing interactions between treatments 

and genotypes. DF=696 

a refers to P values from 2-way ANOVA comparing ACC treatment with untreated within 

genotype 

b refers to P values from 2-way ANOVA comparing untreated mutant genotype with 

untreated Col-0 
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7Supplemental Table IV-4. P values from 2-way ANOVA comparing root hair numbers 

after 24hrs of control or ACC treatments. 

F1,306=3507 comparing control and ACC treatment within genotypes, F8,306=1379 

comparing between genotypes, F8,306=340.4 comparing interactions between treatments 

and genotypes. DF=306 

a refers to P values from 2-way ANOVA comparing ACC treatment with untreated within 

genotype 

b refers to P values from 2-way ANOVA comparing untreated mutant genotype with 

untreated Col-0 
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8Supplemental Table IV-5. P values from 2-way ANOVA comparing root hair lengths 

after 24hrs of control or ACC. 

F1,306=8607 comparing control and ACC treatment within genotypes, F8,306=2516 

comparing between genotypes, F8,306=656.7 comparing interactions between treatments 

and genotypes. DF=306 

a refers to P values from 2-way ANOVA comparing ACC treatment with untreated within 

genotype 

b refers to P values from 2-way ANOVA comparing untreated mutant genotype with 

untreated Col-0 
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9Supplemental Table IV-6. Table comparing root growth phenotypes among ethylene 

signaling mutants in untreated and ACC treated roots. 

a phenotypes of untreated mutant genotype compared to untreated Col-0 
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b phenotypes of ACC treatment compared to untreated within genotype 

= refers to no phenotypic difference between untreated mutant genotype with untreated 

Col-0 

>/<refers to increase/decrease number or length in untreated mutant genotype compared 

to Col-0 

+ refers to induction of root hair numbers within genotype in response to ACC 

- refers to decrease number of root hairs or length of primary root within genotype in 

response to ACC 

The magnitude of the effect of genotype or treatment is indicated by the number of 

symbols.   
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Discussion 

Examining transcriptional responses at a single time point during development or 

in response to enhanced hormone signaling limits our view of the progression of events. 

The challenge of large transcriptomic data sets is moving beyond long lists of genes to 

identify patterns and relationships that predict networks of genes that function together. 

Cascades of precisely ordered and sequentially activated transcription factors are the 

basis of many complex developmental processes (Davidson, 2010; Kurotaki et al., 2013). 

In recent years, transcriptomic data sets measured over a time course have provided 

substantial additional insight into understanding the gene regulatory networks that control 

development (Jaeger et al., 2012; Nagano et al., 2012). These data sets allow observation 

of sequential series of transcriptional events that can be analyzed with sophisticated 

computational approaches to provide new insight into the networks of coordinated 

transcript changes. These approaches have uncovered the elaborately branched networks 

of regulons induced by a stimulus and coordinated by individual transcription factors 

(Yosef and Regev, 2011; Jaeger et al., 2012). We completed a time-course microarray of 

roots treated to elevate levels of the gaseous plant hormone ethylene that spanned the 

time window of ethylene-dependent changes in root growth and development, which 

revealed transcriptional regulators and signaling proteins not previously linked to 

ethylene signaling, as well as revealing conserved transcriptional responses that span 

tissue type and developmental context. 

We identified changes in transcript abundance upon treatment of roots with ACC, 

an ethylene precursor, across 8 time points that spanned 24 hours. We quantified the 

induction of root hair formation across this same time course demonstrating that the 
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earliest transcript abundance changes precede this developmental response, while the 

later time points are coincident with enhanced formation and elongation of root hairs. The 

ability of ACC to inhibit primary root elongation and block lateral root progression 

across this time course was previously demonstrated (Lewis et al., 2013). The root 

developmental changes in response to ACC treatment are the result of elevated ethylene 

(rather than direct effects of ACC), as the developmental responses are all blocked in 

ethylene signaling mutants, etr1-1 and ein2-5 (Figures IV-8 and 9) (Negi et al., 2008). 

Therefore, we can directly overlay root developmental changes on this root-specific ACC 

time course to look for temporal linkage between transcriptional and developmental 

responses. 

The changes in transcript abundance across this data set were filtered in two 

independent ways (Lewis et al., 2013). The first approach applied a rigorous filtering to 

identify a differentially expressed (DE) data set. The 449 transcripts in this dataset were 

above the Affymetrixs detection threshold at every time point, were induced or repressed 

by more than 1.4-fold (SLR >0.5), and had consistent patterns and magnitude of change 

in abundance in all three replicates, as judged by Pearson Correlation and Euclidian 

distance. For each gene, the SLR of transcript abundance in these data sets was clustered 

using K-means into 24 clusters with an empirically derived 83% consistency (Figure IV-

2). The distinct kinetics and magnitude of responses are best visualized by heatmaps of 

whole clusters (Figure IV-2A) or individual genes within select clusters (Supplemental 

Figure IV-1). The consistency of behavior of transcript abundance changes within these 

clusters are evident in the cluster maps, in which the relative abundance of each transcript 

in each cluster is shown separately at each time point (Figure IV-2B and Supplemental 



225 

 

Figure IV-2). A line connecting two nodes indicates that they met the 83% threshold; 

transcripts that are tightly connected in this way typically show a higher degree of 

correlation than those that are more spread out. For example, in cluster 7 all transcripts 

are highly correlated, while in cluster 3, one group of transcripts are tightly correlated, 

while half the cluster shows less similarity. The clustering was initially performed with a 

range of consistency requirement and when higher similarity of response for all 

transcripts was required, it resulted in clusters that looked like cluster 7, but there were 

many more singletons. A primary goal of clustering is to look for groups of genes with 

conserved function; we chose to focus our analysis on clusters with slightly more 

variation in response (requiring 83% consistency), but of larger size to find statistically 

conserved functional annotations, as identified in Table IV-1. We can also find clusters of 

transcripts that tightly overlay on the root hair kinetics in Figure IV-1, with transcripts 

increasing or decreasing in DE clusters 4 and 7, respectively, preceding root hair 

stimulation and with transcripts increasing or decreasing in clusters 1 and 6, respectively, 

at times coinciding with root hair developmental changes. These two groups of clusters 

may identify transcripts that drive development and execute the developmental changes, 

respectively. 

We used a second filtering approach to identify some transcripts excluded by the 

DE filtering, but that had robust responses to ACC treatment. A challenge with our initial 

filtering is that we eliminated transcripts that were not different from the background at 

any time points according to the Affymetrix detection p-values, which eliminated 

transcripts that were not expressed in control but were induced by ACC treatment or 

whose abundance decreased to below background levels after treatment. This second 
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filtering identified transcripts that were present (above background) at some time points, 

while being absent (below background) at other time points, which generated a data set 

that we call present-absent (PA). We could not calculate SLR for this dataset, since it is 

mathematically inappropriate to use these zero values in fold change calculations, so we 

report the data directly for control and treatment samples. The PA dataset was also 

filtered and clustered and heatmaps were reported (Figure IV-3 and S5) and functional 

annotations were obtained. The PA and DE datasets show similar patterns of transcript 

changes and have some overlapping functions; such as clusters with increased transcript 

abundance annotated with ethylene signaling or decreased abundance annotated with cell 

wall function. 

One surprising finding in these data is that ACC treatment leads to more 

transcripts exhibiting reduced abundance than increased abundance. This is evident both 

in the histogram showing number of transcripts as a function of SLR at each time point 

(Figure IV-1), as well as in the DE and PA heat maps (Figures IV-2, 3 and S5). The 

negative SLR values in the DE dataset could result from either decreased abundance in 

the treatment or increased abundance of transcripts in the untreated time matched control 

dataset. We find that most transcripts are relatively constant in the control data set, while 

the same transcripts decrease in abundance in response to ACC treatment (Figure IV-S4). 

This differs from prior ethylene genome-wide datasets performed with dark grown 

seedlings (Chang et al., 2013) or dark grown roots (Stepanova et al., 2007), suggesting 

that ethylene may control root development in light-grown plants through very different 

machinery. 
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We compared this dataset with two other transcriptomic datasets of dark grown 

seedlings treated with ethylene gas, one RNA-seq time course dataset (Chang et al., 

2013) and one root specific dataset (Stepanova et al., 2007), as well as direct examination 

of other ethylene regulated transcripts reported previously. Figure IV-7A illustrates the 

abundance change of a variety of ethylene signaling and response transcripts in our 

dataset and illustrates that these are most enriched in DE cluster 4 (Table IV-1). The 

transcripts in this group encode ethylene signaling and transcriptional regulators as well 

as proteins that mediate ethylene synthesis. We also did comparisons of this dataset with 

two published datasets, with the most extensive analysis performed with another time 

course dataset (Chang et al., 2013). In that dataset transcripts whose abundance changed 

with ethylene treatment and that were regulated by the canonical ethylene transcriptional 

regulator, EIN3 (Chao et al., 1997), were identified. We identified a small number of 

transcripts in their dataset that were also in our DE or PA datasets. There were a large 

number of their EIN3-regulated transcripts that showed no clear response in our dataset 

(top half of Figure IV-5B), had more limited magnitude change, or were inconsistent in 

pattern or magnitude change in our dataset (Figure IV-5B middle and bottom). Similarly 

we identified transcripts that changed robustly in our DE and PA datasets whose 

abundance changes were weak or inconsistent in response to ethylene in their dataset. 

Yet, in both of these two datasets transcript changes span multiple time points with 

sequential changes clearly indicating robust responses. This comparison leads us to 

conclude that there are very different sets of transcripts that change in these two datasets 

consistent with the differences in growth conditions (light versus dark), tissue type (roots 

versus whole seedlings), and perhaps method for elevating ethylene (ethylene precursor 
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versus ethylene gas). To resolve whether these dynamics are due to tissue type we 

compared to a second dataset that was dark grown roots (Stepanova et al., 2005), which 

also yields limited overlap, consistent with light-dependent developmental differences. 

Within these three datasets, 25 transcripts were found in their respective ethylene-

responsive groups, further supporting the idea of a small subset of genes that are 

important for ethylene response across multiple tissues and responses, but with the 

majority of transcriptional changes happening in a context-dependent manner. 

To further explore the role of the canonical ethylene transcriptional machinery in 

this response, we asked whether EIN3, a critical upstream transcriptional regulator (Chao 

et al., 1997), played central roles in these root responses to ACC. We used a recently 

published DAP-Seq dataset in which the targets of EIN3 and a diversity of other TFs 

were identified across the Arabidopsis genome (O’Malley et al., 2016). We find that the 

EIN3 targets are found primarily in two DE clusters that both show transcript abundance 

increases. Rapidly induced Cluster 4, annotated as ethylene responsive, is strongly 

enriched in EIN3 bound genes relative to the whole genome. These data are consistent 

with the model in which EIN3 binds to these genes (which include 7 predicted TFs), 

which in turn control transcription of other genes, leading to a network that can only be 

detected by high resolution time course transcriptomics. Yet, the data also suggest EIN3- 

independent pathways. We also tested the function of EIN3 in controlling root response, 

as well as the EIN3-like (EIL1) transcription factor using single and double mutants. In 

contrast to ein3 mutant seedlings grown in the dark, which are completely insensitive to 

ethylene, ein3 and even the ein3/eil1 double mutant show inhibition of root growth and 

lateral root formation, and increased root hair initiation in response to treatment with the 
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ethylene precursor. Since the role of EIN3 is very different in this tissue type, we also 

examined the regulation of and functional role of five ethylene receptors. 

Transcripts encoding the five ethylene receptors ETR1, ETR2, ERS1, ERS2, and 

EIN4 have different responses to ACC with either no response or responses that differ in 

kinetics or magnitude of response (Figure IV-7B). Consistent with prior reports, ETR2, 

ERS1, and ERS2 are increased by treatments that elevated ethylene (Hua et al., 1998), 

but the more rapid and larger responses of ETR2 suggested the testable hypothesis that it 

had the most profound effect of ACC on root architecture. The constitutively active 

ETR1 mutant (etr1-3) has been previously shown to be insensitive to the effects of 

ethylene on root elongation, lateral root development, and root hair initiation. We used 

null mutants in each of the five receptors and identified a strong role for ETR1 in 

controlling the root responses to ACC, but more subtle changes in development in null 

mutants in any of the other receptors, which is summarized in Supplemental Table IV-6. 

We also examined multiple null mutants in 2 or 3 receptor genes, finding smaller and 

redundant roles for ETR2 and EIN4, especially in root hair formation. We used a triple 

mutant with profound developmental responses to find that these phenotypes are largely 

complemented with a genomic copy of ETR1. Additionally, we examined ETR2 

expression in etr1 mutant alleles and find that ETR2 levels are reduced in the gain-of-

function allele and are elevated in the absence of ACC in the null allele, consistent with 

ETR1 controlling ETR2 expression. These results argue that the constitutively expressed 

ETR1 receptor has a dominant role in controlling root responses to ethylene, which 

differs from other tissue types in which other receptors have important signaling activity 

(Shakeel et al., 2013). 
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To place this dataset in the context of root development, we performed several 

other comparisons. First, we asked whether the ACC regulated transcripts had cell type 

specific expression patterns. We used previously published datasets that identify cell type 

specific transcriptomes or transcriptomes that span the root tip developmental zone 

(Brady et al., 2007). We clustered these by common developmental response and asked 

whether any clusters were linked to specific cell or tissue expression patterns and did not 

find striking patterns, suggesting that ethylene response transcripts span developmental 

regions. This is consistent with limited tissue specificity due to the diffusion of the 

ethylene gas. 

A second and more fruitful comparison was to look for overlaps with a root 

specific IAA response dataset, as the hormone IAA has different effects on root 

development than ethylene. Although auxin and ethylene both inhibit primary root 

elongation and stimulate root hair proliferation, these two hormones have opposite effects 

on lateral root initiation, with IAA stimulating and ACC and ethylene inhibiting this 

process. When we compare these two transcript abundance datasets, which were 

performed at the same time and with the same time matched controls, we find 1246 

transcripts that respond to IAA, 449 that respond to ACC, and 139 in common. The 

majority of these show similar directional changes in response to both hormones with 

consistent increases (top of Figure IV-4B), or decreases (bottom of Figure IV-4B), while 

a small set show opposite responses, consistent with transcripts that might differentially 

regulate lateral root inhibition. These differences are best seen in the cluster network 

maps shown in Figure IV-4C, which show opposite direction in the same subset of 
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clusters. The transcripts in this overlap can be tested to ask about how they control root 

developmental responses to these two hormones. 

 The patterns we have revealed by comparison of our dataset with other large-scale 

datasets, and by analysis of clusters with similar transcriptional changes for common 

gene functions or transcriptional regulators, demonstrate the effectiveness of a time 

course approach to transcriptomics. When making comparisons to other datasets, it is 

especially important to have a high degree of confidence that the changes observed are 

real; our experimental design and filtering method means that transcripts identified as 

ACC-responsive were replicated across multiple time points, and showed similar kinetics 

in three experimental replicates. Additionally, many of the transcripts we identified as 

ACC-responsive in roots would have appeared unresponsive and uninteresting if we had 

chosen any single time point after treatment for analysis. Together, these two advantages 

of time course transcriptomics helped us to identify responses to ethylene that were tissue 

and/or environment dependent along with responses shared across contexts. By looking 

for patterns in these transcript responses across time, we were also able to correlate 

changes with development and gene function, suggesting potential mechanisms for 

ethylene control of root development. Our comparison with the IAA dataset led to a 

further narrowing of genes of interest specifically for ethylene and auxin crosstalk in 

roots. We were also able to ask questions about receptor and transcription factor control 

of ethylene responses, discovering EIN3-independent as well as dependent transcriptional 

changes in roots, and specific roles for receptors in developmental changes. This dataset 

provides an example of how time course approaches can be useful within hormone 

response and developmental context. 
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Materials and methods 

Plant growth and Arabidopsis genotypes 

Col-0 seeds were purchased from Lehle seeds (Round Rock, TX). The etr1-6, 

etr1-7, etr2-3, ein4-4 and ers2-3 mutants were obtained from Elliot Meyerowitz and the 

ers1-3 mutant was obtained from Eric Schaller. All have been previously described (Hua 

and Meyerowitz, 1998; Qu et al., 2007). The etr1-6, etr1-7, etr2-3, and ein4-4 mutants 

are in the Col background and the ers1-3 and ers2-3 mutants are in the Ws background. 

The combinatorial mutants and transformants have been previously described (Hua and 

Meyerowitz, 1998; Kim et al., 2011). 

Plants were grown on 1X Murashige and Skoog medium (Caisson Labs, North 

Logan, UT) pH 5.6, MS vitamins, 0.8% agar, buffered with 0.05% MES (Sigma, St 

Louis, MO) and supplemented with 1.0% sucrose.  After stratification for 48 hours at 

4˚C, plants were grown under 100 µmol m-2s-2 continuous cool white light.  For 

phenotypic analyses wild-type and mutant plants were grown on control media for five 

days then transferred to control and 1 µM ACC containing media.  Five days later 

seedling images were captured with a scanner.  Primary root growth was measured using 

Imaris 7.7.2 (Bitplane AG) and lateral root number was manually quantified.   

 

ACC treatments and RNA isolation 

 RNA was isolated from seedlings grown on a nylon filter (03-100/32 Sefar 

Filtration, Depew, NY) as described previously (Levesque et al., 2006).  Plants were 

stratified and subsequently germinated on a filter pressed tightly against control medium 
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with approximately 100 seedlings per plate.  On the fifth day after germination the nylon 

was transferred to growth medium with and without 1µM ACC for the given treatment 

time (0-24 hours). After this time roots were cut from seedlings and flash frozen in liquid 

nitrogen.   

 Frozen samples were ground in liquid nitrogen and RNA isolation was performed 

according to the Qiagen plant RNeasy kit protocol, with the addition of the Qiagen 

RNase-free DNase treatment (Qiagen, Valencia, CA). After RNA isolation, samples were 

quantified by absorbance at 260 nm using a Nanodrop spectrophotometer (Nanodrop 

technologies, Wilmington, DE).  RNA concentrations were standardized to 150 

ng/µL±10% by the addition of DEPC-treated 10 mM Tri-HCl, pH8.0.  Each sample 

yielded approximately 4.5 µg of RNA. 

 

Microarray analyses 

RNA samples were sent to the Wake Forest University Comprehensive Cancer 

Center Microarray Shared Resource Center and were re-purified on Qiagen RNeasy 

columns.  The samples were analyzed on the Agilent Bioanalyzer and Eppendorf 

BioPhotometer for RNA integrity (RIN) and concentration.  Samples with RIN 

values >8.0 were carried forward for cDNA synthesis, labeling, and fragmentation.  The 

samples were hybridized to the arrays, washed, and Affymetrix AGCC software was used 

to process the chips and perform image capturing.  The resulting CEL files were analyzed 

for quality assurance using internal Affymetrix parameters and custom signal distribution 

analyses developed in house.  These CEL files have been posted to GEO and can be 

found under the accession number GSE84446.  
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Raw data were normalized by the microarray facility using systematic variation 

normalization as described previously (Chou et al., 2005), and the log2 of the signal 

intensity was reported along with the detection p-value calculated by the Affymetrix 

software.  Relative expression (signal log ratio, SLR) was calculated as the time-matched 

log2 ratio of the signal intensity (for each ACC replicate individually) to the average 

intensity of the control replicates at each time point.  Control replicates were averaged for 

each time point because control and experimental data sets were not paired; therefore, 

averaging the control provided a consistent baseline for replicate comparisons. These 

control values were also used for an IAA study that was performed simultaneously and 

was previously published (Lewis et al., 2013). 

Differential Expression Gene Filtering 

Microarray data were filtered to identify those genes with significant and 

consistent differential expression (DE) using a similar protocol as described previously 

(Lewis et al., 2013). Briefly, replicates were filtered independently to identify transcripts 

that were reliably detected (detection p-value filter) and exhibited a transcriptional 

response to ACC (SLR filter) in each replicate.  The detection p-value limit across all 

time points for a given replicate was <=0.06, and the SLR value for at least one time 

point was <=-0.5 or >=0.5 (roughly a 1.4 fold change).  The list of transcripts that passed 

the detection p-value and SLR filters independently in all replicates (overlap filter) was 

filtered for consistent response to ACC over time using Pearson’s correlation coefficient 

(PCC) and Euclidean distance (ED) (consistency filter).  PCC and ED scores were 

calculated for each transcript’s time profile to measure the level of pattern (PCC score) 

and magnitude (ED score) agreement between each replicate over time (Olex et al., 

2010).  All pairwise combinations of replicates were compared resulting in 3 PCC and 3 
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ED scores for each transcript.  Only 2 of the 3 PCC and ED scores were required to meet 

the following cutoffs:  PCC >=0.7 and ED <=1.09.  The PCC cutoff was determined 

based on statistical reasoning where any two data sets with a correlation greater than 0.7 

were considered as highly correlated.  The ED cutoff was chosen to be the median ED 

score over all 3 sets of scores for the entire filtered data set.  Transcripts meeting or 

exceeding all filtering criteria were considered to be significantly and consistently 

expressed. 

Consensus Clustering 

Prior to clustering, a figure of merit (FOM) analysis was performed on the set of 

transcripts meeting the filtering criteria to identify the inherent number of clusters present 

in each replicate data set.  The FOM also determined which clustering algorithm 

generated the most homogeneous clusters with respect to the Euclidean distance metric 

(k-means and hierarchical agglomerative clustering were compared) (Yeung et al., 2001; 

Olex et al., 2007; Lewis et al., 2013).  The DE filtered set of transcripts were clustered 

using the consensus clustering option provided by SC2ATmd (Olex and Fetrow, 2011), 

which was updated to allow users to specify a custom consensus threshold, where 

transcripts are included in a consensus cluster if they are grouped together less than 100% 

of the time.  The calculated consensus matrix (Monti et al., 2003; Olex et al., 2010) is 

filtered based on the chosen threshold and converted to an adjacency matrix where all 

values passing the threshold are changed to a “1” and all other values are changed to a 

“0”.  The adjacency matrix is then searched using MATLAB’s “graphconncomp” 

function, which uses a depth first search algorithm, to identify consensus clusters.  

Consensus clustering was run using k-means and Euclidean distance with 10 starting 

clusters (parameters determined by the FOM analysis).  A consensus threshold of 83%, 
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where transcripts found in the same cluster 83% of the time would be included in the 

same consensus cluster, was chosen as it returned clusters with consistent expression 

kinetics as well as a limited number of singletons compared to other thresholds (data not 

shown).  Ten clustering iterations were performed per replicate.     

Present/Absent filtering and clustering 

Present/absent (PA) filtering was performed as previously described (Klink et al., 

2010) with some alterations.  A pattern of present/absent (P-A) was assigned if all 3 

control replicates for a given time point had a detection p-value <=0.04 (Affymetrix 

Present call) (Affymetrix) and all ACC-treated replicates for the same time point had a 

detection p-value >=0.06 (Affymetrix Absent call) (Affymetrix).  Similarly, a pattern of 

absent/present (A-P) was assigned if the inverse filter was met (control p-value >=0.06 

and ACC p-value <=0.04).  Detection p-values in the marginal range (0.06 > p > 0.04) 

were not considered, as those genes would have been included in the initial filtering 

analysis.  A full list of genes passing the P-A or A-P filter for at least one time point was 

constructed and is reported in Supplemental File 3.   

The PA genes were clustered to identify groups with similar patterns over time.  

For each time point and condition (control or ACC) of a given gene, all 3 replicate 

signals were set to a -1 if any one of the replicates was absent or marginal.  Otherwise, if 

all 3 replicates were present (i.e. had detection p-values <=0.04) then the signals were left 

intact for clustering.  This modified data matrix was imported into the tool SC2ATmd for 

a FOM analysis.  The standard clustering tab in SC2ATmd (Olex and Fetrow, 2011) was 

then used to cluster these data into 6 clusters using k-means and Euclidean distance, as 

determined by the FOM analysis. 

Annotation analysis of microarray data 
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Identification of significantly over-represented annotations in each DE and PA 

cluster was performed using the analysis tool provided by the GO Analysis Toolkit and 

Database for Agricultural Community (AgriGO) (Du et al., 2010; Tian et al., 2017).  The 

genes for each cluster were imported into AgriGO’s Singular Enrichment Analysis (SEA) 

tool using the Affymetrix probe identification number with the Arabidopsis gene model 

(TAIR9) chosen as background—all other options were left at their default setting.  

Annotation groups with a p-value <=0.05 were identified as significantly over 

represented. 

 

Tissue and Cell type expression pattern of the 449 DE transcripts.  

Data was downloaded from http://www-plb.ucdavis.edu/labs/brady/software/ 

BradySpatiotemporalData, and queried for the 449 DE transcripts. The resulting datasets, 

both cell type and longitudinal slices, were analyzed using R (R Core Team, 2014). 

Distance was calculated using Pearson’s r-squared (Beleites and Sergo, 2015), and 

transcripts were clustered using complete hierarchical clustering. Heatmaps were 

generated using the heatmap.2 function from the gplots package (Warnes et al.). Heatmap 

colors correspond to the ventiles, or 20-quantiles of the data. 

 

Comparison of ACC-regulated transcripts with other datasets 

For the Chang et al. comparison, we used the lists of genes provided in their 

Supplementary files, and cross-referenced these lists with our DE and PA lists to generate 

lists of overlapping and not overlapping genes. For each gene, we calculated SLRs for the 

Chang dataset as the log2 of the RPKM for a given sample divided by the average RPKM 
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for time zero samples using data shared by the Ecker lab. Heatmaps were generated using 

these SLRs along with those from our dataset, utilizing R (R Core Team, 2014) and the 

heatmap.2 function from the gplots package (Warnes et al.). The order of the genes in the 

heatmaps is based on complete hierarchical clustering using Euclidean distance for our 

dataset. 

 

ACC and IAA comparison 

We cross-referenced the lists of IAA DE and PA transcripts (Lewis et al., 2013) 

with the lists of ACC DE and PA transcripts. No transcripts were found to overlap across 

DE and PA datasets. This is likely because the same control samples were used, and 

transcripts that were identified as PA or AP tended to have more than one “absent” time 

point, and would therefore show up in the PA list and not DE. 

Both heatmaps were generated using R (R Core Team, 2014) and the heatmap.2 

function from the gplots package (Warnes et al.). The DE heatmap was ordered with 

complete hierarchical clustering based on the Euclidean distance on the 2-hour and 4-

hour time points. The PA overlap heatmaps were ordered using complete hierarchical 

clustering based on the Canberra distance on the ACC dataset. These parameters were 

chosen to most clearly bring out the patterns in each dataset. 

 

qRT-PCR 

Samples containing 900 ng of RNA were used for cDNA synthesis with a 1:1 

mixture of oligo(dT) and random hexamer primers and SuperScript III enzyme 

(Invitrogen). After digestion with RNase (Invitrogen), the A260 was measured using a 
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Nanodrop spectrophotometer (Thermo Scientific) to ensure equal efficiency in the cDNA 

synthesis reactions between samples. qRT-PCR analysis using this cDNA was performed 

on a Roche Light Cycler 480 using SYBR Green detection chemistry. Primers specific to 

ETR2, ERS1, and ERS2 were used and transcript abundance was quantified using a 

distinct standard curve for each primer.  

 

Quantification of primary root and root hair elongation and lateral root and root 

hair initiation 

Arabidopsis (Arabidopsis thaliana) plants were germinated on 1X Murashige and Skoog 

medium, pH 5.6, Murashige and Skoog vitamins, and 0.08% (w/v) agar, buffered with 

0.05% (w/v) MES and supplemented with 1% (w/v) sucrose.  After stratification for 48 

hours at 4˚C, plates were grown under 100 µmol m-2s-2 continuous cool white light.  For 

lateral root and primary root analysis, 5-day-old seedlings were transferred to control 

agar plates or agar plates containing 1µM ACC for 5 days and imaged using an Olympus 

SZ61 stereoscope equipped with a DP27 color camera, utilizing cellSens software.  

Lateral root number was manually quantified, and primary root length was quantified 

using ImageJ or Imaris 7.7.2 (Bitplane).  For root hair analysis, 4-day-old seedlings were 

transferred to control agar plates or agar plates containing 1µM ACC for 1 day.  

Seedlings were imaged using a Leica MZ 16FA stereoscope with a Planapo 0.63x 

objective lens and an Infinity2-2C camera.  Root hair numbers were quantified using 

ImageJ by counting all root hairs on one side of the root within a 1mm length located 0.5 

mm from the root tip.  Average root hair length was quantified by measuring 6 

representative root hairs per root.   
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Statistics 

 The number and length of root hairs, lateral root number, and primary length 

phenotypic data and qRT-PCR data were analyzed by a two-way ANOVA.  Tukey's 

multiple comparisons tests were then used to determine whether the differences between 

treatments within genotypes and whether the differences between genotypes with 

treatments were significant (GraphPad Prism 7).   

 

Accession numbers 

Arabidopsis Genome Initiative accession numbers for genes described in this 

article are: ETR1, At1g66340; ERS1, At2g40940; EIN4, At3g04580; ETR2, At3g23150; 

ERS2, At1g04310; EIN2, At5g03280. For all transcripts in the supplemental files, the 

locus identifiers are included in the spreadsheets.  
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CHAPTER V 

Conclusion 

This thesis explored the mechanisms by which hormone signaling regulates 

stomatal closure and root architecture. Proper stomatal function and root development are 

integral for plant growth and development in response to biotic and abiotic stress. In 

order to prevent drought stress, guard cells modulate the opening of stomatal pores that 

regulate gas exchange, whereas the root system is responsible for water and nutrient 

uptake into the plant. A better understanding of the hormonal regulation of guard cell 

signaling and root architecture will enable the development of crop plants that are more 

resistant to stress. 

The first two chapters of this thesis focused on exploring the modulation of ABA-

induced ROS signaling by flavonol antioxidants in guard cells. We used Arabidopsis 

thaliana and its widely available mutants and transgenic lines, as well as the 

agriculturally important species of tomato (Solanum lycopersicum), with more limited 

genetic resources, to explore the effects of ethylene signaling in modulating stomatal 

closure by inducing flavonol antioxidants in guard cells. These results uncovered a novel 

role for flavonols in guard cells where they function as antioxidants that scavenge ROS 

second messengers. The induction of flavonol metabolites by ethylene show an 

antagonistic relationship between ABA and ethylene in regulating stomatal closure, 

uncovering a new aspect of hormonal control of guard cell signaling. 

We examined localized flavonol accumulation in Arabidopsis and tomato leaves 

to better understand their role in modulation of guard cell signaling, using a dye, DPBA 

that binds specifically to kaempferol and quercetin (Buer and Muday, 2004; Buer et al., 
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2007; Lewis et al., 2011b; Watkins et al., 2014). Imaging the location of DPBA 

fluorescence revealed that flavonols were localized to guard cells, but not surrounding 

pavement cells of wild-type leaves in Arabiodpsis and tomato. This is consistent with 

prior studies that visualized flavonol accumulation in guard cells of Vicia faba, using 

spectrophotometric imaging of epidermal strips (Schnabl et al., 1986; Takahama, 1988). 

Using modern imaging methods and confocal microscopy, our high-resolution images 

show subcellular accumulation patterns of flavonols in guard cells. Specifically, flavonol 

accumulation appears brightest in the nucleus, with flavonol accumulation also found in 

the cytosol and vacuoles. 

The elevated flavonol levels we observed in the nuclei was a striking observation 

and suggests the intriguing possibility that flavonol antioxidants may interact with redox 

sensitive transcription factors, modulating gene expression. This observation is consistent 

with the accumulation of flavonols in the nuclei of Arabidopsis roots (Saslowsky et al., 

2005; Lewis et al., 2011b). Additionally, other studies have shown that ROS and 

flavonoids, such as flavonols, flavan-3-ols, and chalcones, accumulate in the nuclei of 

several tree species (Polster et al., 2003; Feucht et al., 2004; Polster et al., 2006). 

Previous reports suggest that genes encoding two enzymes in the flavonoid biosynthetic 

pathway, CHS and FLS, are expressed in guard cells, but not surrounding pavement cells, 

of Arabidopsis using a CHS promoter-GUS (Chapter II) and GFP-FLS fusion protein 

(Kuhn et al., 2011; Watkins et al., 2014). Similarly, CHALCONE SYNTHASE and 

CHALCONE ISOMERASE, were shown to accumulate in Arabidopsis nuclei 

(Saslowsky et al., 2005). Together, these studies show the preferential accumulation of 

flavonoids and their biosynthetic machinery in the nucleus.  
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If flavonols accumulate in the nucleus, they could act to modulate redox 

signaling. Interestingly, the transcriptome of shoot tissues of wild-type Arabidopsis 

seedlings has been compared to either tt4, which synthesizes no flavonoids, or tt7, which 

synthesizes kaempferol but not quercetin. This comparison yielded large numbers of 

differentially expressed transcripts. Few studies have looked at the importance of 

flavonol and ROS interactions in plant nuclei, but the nuclear localization of signals from 

ROS sensors, like DCF, is consistent with both molecules accumulating in the nucleus. 

ROS can regulate gene expression through interaction with redox-sensitive transcription 

factors (TFs) in plants (Suzuki et al., 2012; Wu et al., 2012; Mittler and Blumwald, 2015; 

Willems et al., 2016), similar to the well-established redox sensitive TFs described in 

bacteria and mammals (Åslund et al., 1999; Biswas et al., 2006). Flavonoids are a likely 

candidate to modulate the activity of redox-sensitive TFs, due to their regulated 

accumulation in the nuclei (Lewis et al., 2011b; Watkins et al., 2014; Watkins et al., 

2017); however, it is unlikely that they are the only antioxidant present in this organelle. 

Flavonoids have been shown to protect DNA indirectly from oxidative damage by 

scavenging ROS and chelating metal ions, preventing the Fenton reaction, and by 

screening UV radiation (Melidou et al., 2005; Polster et al., 2006). In addition to 

protecting DNA from oxidative stress (Halliwell and Whiteman, 2004; Choudhury et al., 

2017), we hypothesize that flavonol accumulation in the nuclei may modulate the activity 

of redox-sensitive transcription factors that affect gene expression. Future studies should 

investigate the roles of flavonols in modulating gene expression. 

Because stomata are regulated by changes in the environment, such as light and 

moisture levels, we hypothesized that regulation of flavonol accumulation in guard cells 
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may be a way for plants to modulate stomatal closure. Increases in flavonols and 

transcripts encoding their biosynthetic machinery have been linked to elevated light 

levels, oxidant stressors, and drought (Harvaux and Kloppstech, 2001; Fini et al., 2011; 

Agati et al., 2012), so we asked whether ethylene, a stress hormone, regulates flavonol 

levels. We found that treatment of 5-week-old plants with ethylene gas for 24 hours 

resulted in higher levels of flavonol accumulation and lower levels of ROS in guard cells 

of wild-type leaves. This ethylene-enhanced accumulation pattern was not observed in 

the ethylene signaling mutant, ethylene insensitive2-5 (ein2-5), in Arabidopsis or in the 

ethylene receptor mutant, Neverripe, in tomato, indicating that ethylene induces flavonol 

accumulation through the canonical ethylene signaling pathway in both species. 

While it is clear that flavonols accumulate specifically in guard cells and that their 

synthesis is induced by ethylene (Schnabl et al., 1986; Takahama, 1988; Watkins et al., 

2014; Gayomba et al., 2016; Watkins et al., 2017), little is known about the hormonal 

control behind localized synthesis of these metabolites in guard cells. Previous studies 

have shown that ethylene increases transcript levels of flavonol pathway genes followed 

by subsequent inductions in flavonol accumulation in Arabidopsis roots (Buer and 

Muday, 2004; Buer et al., 2007; Lewis et al., 2011b). The transcriptional machinery that 

controls the expression of flavonol pathway genes has been extensively studied and 

requires complexes between MYB, basic helix-loop-helix (bHLH), and WD40-type 

transcription factors (Hichri et al., 2011; Xu et al., 2015). Unique combinations of 

transcription factors control expression of pathway genes in district tissues, modulating 

synthesis in response to a wide range of environmental and developmental cues. To 

investigate ethylene induced gene expression in guard cells, we attempted to develop and 
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isolate guard cell protoplasts (GCPs) from whole leaves. We experienced challenges in 

purifying intact GCPs from mesophyll protoplasts, limiting this experimental approach. 

With the small number of protoplasts that we did isolate, we were able to observe 

flavonol accumulation in GCPs but not in mesophyll protoplasts, using DPBA staining 

and confocal microscopy. Future studies should investigate how environmental stress, 

such as drought, or hormone signaling modulate transcript abundance of genes encoding 

flavonol synthesis in isolated guard cell protoplasts. This transcript analysis could be 

coupled with metabolite extracts from protoplasts to analyze how different stimuli 

modulate gene expression and flavonol metabolite accumulation in guard cells.  

 The final aim of this thesis focused specifically on the ethylene signaling 

pathway, using the root system in Arabidopsis as a model to investigate transcriptional 

events regulated by ethylene and to elucidate the function of the ethylene receptor family 

in root architecture. First, we explored the genome-wide transcriptional changes that 

occur in roots from light-grown plants in response to ethylene. Because roots are essential 

for water and nutrient uptake, understanding the genetic controls of root development 

was a main goal of this project. Additionally, we focused on identifying roles for specific 

receptor isoforms in controlling root architecture. Recent studies have revealed that 

ethylene signaling is perceived by a receptor family encoded by 5 genes (Figure I-5) 

(Lacey and Binder, 2014). While little is known about the developmental roles of these 

distinct receptor isoforms, it is clear that receptor mediated changes in transcription are 

central to ethylene response (O’Malley et al., 2005; Lacey and Binder, 2014; Bakshi et 

al., 2015). In chapter 4, we used two different types of receptor mutants to understand 

how ethylene perception leads to downstream responses. Using a constitutively active 
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receptor mutant (etr1-3) we demonstrated that the effects of ACC occur after conversion 

to ethylene and through the canonical ethylene signaling pathway (Figure I-4). Ethylene 

signaling responses are well studied in etr1-3. As the activity of receptors is turned off by 

the binding of ethylene, this mutant has constitutive receptor activity leading to CTR 

activation and EIN2 inactivation resulting in ethylene-insensitivity. A series of null or 

loss-of-function (LOF) mutants in each of the 5 receptors (as well as double and triple 

mutant combinations) were also used to demonstrate that there are phenotypes linked to 

specific receptor isoforms. LOF receptor mutants show no receptor activity, preventing 

activation of CTR1 and inducing activity of EIN2 and the subsequent ethylene signaling 

pathway.  

Phenotypic and transcript analysis of etr1-3 and LOF receptor mutants in 

Arabidopsis revealed specificity among the receptor family in modulating root 

architecture and expression levels of ethylene signaling genes. Ethylene controls a variety 

of growth and developmental responses. Ethylene negatively regulates LR formation and 

primary root elongation in Arabidopsis (Ivanchenko et al., 2008; Negi et al., 2008; Lewis 

et al., 2011a) through altering synthesis of auxin transport proteins that control this 

process (Lewis et al., 2011a). The formation and elongation of root hairs to enhance 

water and nutrient uptake (Cutter, 1978), are positively regulated by ethylene (Tanimoto 

et al., 1995; Pitts et al., 1998; Dolan, 2001; Strader et al., 2010). These root ethylene 

responses are lost in etr1-3 and in ein2-5, indicating that the effects occur through the 

canonical ethylene signaling pathway.  

The examination of a series of LOF mutants in individual or multiple ETR1 

receptor LOF alleles complemented with ETR1 indicated that ETR1 has a central role in 
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controlling ethylene modulation of lateral root formation and root hair formation and 

initiation. Additionally, we found that EIN4 may play a role in modulating root hair 

growth. Interestingly, when observing ethylene inhibition of primary root elongation, 

ETR1 LOFs showed a slight mutant phenotype; however, it appears that multiple 

ethylene receptors modulate this response. Together, these results suggest that there are 

some redundant and some specific roles in the ethylene receptor family in controlling 

root architecture.  

A future project that would link chapters 2, 3, and 4 of this thesis together would 

be to examine the function of the ethylene receptor family in modulating stomatal closure 

through inducing flavonol synthesis in guard cells. Ethylene induction of flavonols was 

not observed in the ethylene signaling mutant, ein2-5, and preliminary experiments 

showed similar results in the constitutively active receptor mutant etr1-3. Through 

confocal microscopy of DPBA stained leaves from ethylene receptor LOF mutants, we 

could elucidate the function of the individual receptors in controlling flavonol 

accumulation. Coupling imaging experiments with transcript analysis of flavanol 

pathway genes, would provide a detailed mechanism behind ethylene regulated redox 

signaling in guard cells.  

While hormone production in the roots may not necessarily affect ethylene 

signaling in shoot tissue, ethylene production in the roots may be able to quickly travel to 

the shoot tissue due to its gaseous attribute. One environmental parameter that might 

simultaneously control both ethylene-inhibition of root growth and ethylene-induced 

stomatal opening is flooding. Due in part to the abundance of water availability during 

flooding, ethylene signaling is elevated in the root system, inhibiting lateral root initiation 
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and primary root elongation while stimulating root hair development. This thesis did not 

examine the effects of flooding on ethylene-induced flavonol accumulation in guard 

cells; however, flooding has been shown to increase transpiration rates in tomato (Bhatt, 

2015). We hypothesize that ethylene signaling during flooding would induce flavonol 

production in guard cells, increasing transpiration rates as stomata open.    

 The results in this thesis provide two novel aspects of ethylene signaling. First, we 

found that ethylene plays an antagonistic role in modulating ABA-dependent stomatal 

closure. Ethylene signaling induces the accumulation of flavonol antioxidants in 

Arabidopsis and tomato guard cells. The accumulation of flavonols scavenge ROS 

second messengers in guard cells and dampens the closure response. Additionally, we 

uncovered transcriptional events that follow ethylene signaling in Arabidopsis roots. To 

further investigate the ethylene signaling pathway, we examined the roles of the 

individual receptors in controlling root development and expression of ethylene singling 

genes using gain-of-function and loss-of-function ethylene receptor mutants. Together, 

these studies provide new insight into the effects ethylene signaling and the mechanisms 

behind ethylene signaling. 
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