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 Ethylene is a simple plant hormone involved in fruit ripening, tissue senescence, 

germination and pathogen response. The characteristic triple response 

phenotype in Arabidopsis has facilitated screening for mutants that affect ethylene 

signaling. A chemical library screen for altered ethylene response downstream of the 

ethylene receptors, led to the discovery of a new anti-auxinic compound, Pamoic Acid 

(PA), possibly linking the two phytohormones. Col-0 wild type etiolated seedlings grown 

in the presence of PA and saturating amounts of ethylene display longer hypocotyls and 

roots and are unhooked, which originally suggested a role for PA in disrupting the 

ethylene signaling response. Further phenotypic studies revealed that PA behaves 

similarly to a known anti-auxin p-Chlorophenoxyisobutyric acid (PCIB). Pamoic Acid has a 

chemical structure similar to two molecules of the synthetic auxin Naphthaleneacetic 

acid (NAA) and presumably can interfere with auxin signaling by binding to auxin 

receptors and prevent AUX/IAA turnover. This suggests that PA has an effect on normal 
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ethylene response through alteration of auxin signaling, thus explaining the previously 

reported synergy between the two phytohormones.  

 A different screening method was employed to isolate mutants with an 

increased response to ethylene in an effort to isolate factors that function to reset the 

pathway following a signal. A new allele of pmr6 was identified as having an aberrant 

ethylene response phenotype. PMR6, which encodes a putative pectate lyase, is 

presumed to be involved in regulation of aspects of ethylene response by control of cell 

wall degradation. Further characterization revealed that loss of PMR6 led to severe 

reduction in capability to form an apical hook suggesting a role in this ethylene-

dependent phenomenon. Interestingly, this mutant does not follow the same gene 

expression pattern as other eer mutants, where failure to induce a subset of genes, 

including AtEBP, is observed following ethylene treatment.  pmr6-6 is sensitive to 

feeding back soluble sugars from ethylene treated tissue, indicating that PMR6, or its 

enzymatic product, in some way functions to regulate ethylene signaling. Double 

mutant analysis demonstrates that PMR6 functions at or below CTR1, as it is able to 

relieve the hook in ctr1-3. It is hypothesized that cell wall fragments alter ethylene 

responsive growth as evidenced by the characterization of pmr6-6, which demonstrates 

the ability of small sugars to serve as feedback regulators in order to control the level of 

ethylene response. 
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Introduction 

 

 Ethylene is a gaseous plant hormone involved in various aspects of growth and 

development; most notably it plays a role in fruit ripening, tissue senescence, as well as 

wounding and pathogen response. Ethylene is one of the many hormones in plants 

including auxin, cytokinin, jasmonic acid, abscisic acid, and gibberellins. The discovery 

that ethylene was the biological component of illuminating gas exerting effects on 

nearby pea plants was made by Neljubov in 1901. Since then, many plant physiological 

responses to ethylene have become well known, but not until the last couple of decades 

were the biosynthesis and signaling pathways elucidated. While many advances have 

been made in understanding the ethylene signaling cascade, mechanisms of regulation 

in terms of negative feedback and even hormone cross-talk have yet to be fully realized.  
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Chapter 1 – Ethylene and its Role in Development 

 

 Ethylene is a simple olefin that is responsible for regulating many different 

aspects of growth and development in plants. Since it was first identified as the active 

component in illuminating gas, ethylene has been intensively studied to gain a better 

understanding of how plants regulate developmental signals. A fascinating network of 

plant hormones has been discovered, each with unique, but overlapping roles in 

controlling various stages of plant growth as well as their ability to adapt to stress, 

temperature and their environment.  

Germination 

 Ethylene is important throughout many stages of plant development beginning 

with seed germination. Most seeds germinate in the dark environment of soil, aquatic 

plants being among the exceptions. The germination process depends on many factors, 

such as temperature, light, water, nitrates, and hormones – such as ethylene (Mattoo 

and Suttle, 1991). In 1927 Vacha and Harvey were the first to note the promotion of 

seed germination in potato tubers following exposure to ethylene. There is a large 

accumulation of ethylene in seedlings as the seed coat splits, thus it is thought to play a 

role in endosperm rupture from the seed coat followed by cell elongation and division 

(Kucera et al., 2005). Further experimentation addressed the outcomes on seedling 

germination patterns if ACC, the intermediate precursor to ethylene, was 

supplemented, or if ambient ethylene was removed. Adding exogenous ethylene did 
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increase rates of germination in several species (Matilla, 2000), while removal of 

endogenously produced ethylene in the ambient environment by an ethylene absorbent 

delayed their germination (Mattoo and Suttle, 1991). In the Arabidopsis ethylene 

insensitive mutant etr, germination was not induced by treatment with ethylene 

(Bleecker et al., 1988).   

 Cooperation of ethylene with other hormones, such as cytokinins and 

gibberellins, has been implicated in releasing seed dormancy of several plant species – 

both monocots and dicots. Cytokinins and gibberellins are both plant growth regulators 

that promote seedling germination. Addition of ethylene with either of these 

compounds results in an increase in germination of lettuce seeds (Fu and Yang, 1983, 

Stewart and Freebair, 1969). On the other hand, abscisic acid is a growth inhibitor with 

the opposite effect of inhibiting germination. Treatment of lettuce seeds with ethylene 

or an ethylene releasing compound, ethephon, antagonizes the effects of abscisic acid 

and can release seed dormancy (Dunlap and Morgan, 1977, Rao et al., 1975).  

Seedling development 

After germination, ethylene plays a unique role in development of etiolated 

seedlings with regard to cell elongation, cell wall synthesis, and swelling (Abeles et al., 

1992, Mondal, 1975). Neljubov observed dark grown epicotyls of sweet pea plants and 

noted cell elongation is inhibited in the presence of ethylene as part of the triple 

response. These observations were confirmed by other scientists and the characteristic 

ethylene triple response also included radial swelling and horizontal growth (Harvey, 
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1915, Abeles et al., 1992, Knight et al., 1910). In etiolated seedlings of Arabidopsis 

thaliana, the triple response consists of inhibited hypocotyl and root elongation, 

increased radial swelling and formation of an apical hook.   

Interestingly, exposure to ethylene leads to changes in cell wall composition with 

decreased insoluble cell wall material and an increase in simple soluble materials 

(Harvey, 1915, Abeles et al., 1992, Mondal, 1975). Inhibitors of cellulose synthesis and 

inhibitors of microtubule formation cause swelling, which serves as evidence that 

changes in the cell wall induce swelling (Eisinger and Burg, 1972). Cellulose microfibrils 

switch from a transverse orientation to a longitudinal one in order to allow for radial 

expansion following exposure to ethylene (Burg, 1973). Auxin also plays a role in radial 

expansion. High concentrations of exogenously applied auxin will stimulate ethylene 

biosynthesis leading to retardation of cell expansion and promotion of cellular swelling 

(Lieberman, 1979).  

In roots, similar to hypocotyls, ethylene inhibits cell elongation. While there is a 

complex interplay between ethylene and auxin in roots, several studies demonstrate 

ethylene’s involvement in root inhibition since addition of ethylene perception 

inhibitors reversed the effects (Beyer, 1976a, Sisler and Yang, 1984a). It also promotes 

adventitious root formation as well as the appearance of root hairs (Mattoo and Suttle, 

1991, Abeles et al., 1992). The effects of ethylene on hypocotyls and roots are rapid in 

response and easily reversible by removal of the gas (Sisler and Yang, 1984b, Jackson et 

al., 1981).  
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As seedlings push through the soil during germination and early development 

there is a risk of damage to the shoot apical meristem. In order to protect the 

meristematic cells, the seedling forms a hook at the shoot apex, which is maintained 

until the seedling emerges from soil and is exposed to light (Raz and Ecker, 1999). An 

extensive kinematic analysis of etiolated lettuce seedlings revealed differential rates of 

cell elongation on the inside or outside of the apical hook region (Silk and Erickson, 

1978). The same study showed the reverse was true during hook opening, where inner 

cells elongated faster than outer to straighten the hypocotyl. This complex growth 

pattern is a coordination between other plant hormones, including both ethylene and 

auxin (Ecker and Theologis, 1994, Lehman et al., 1996).   

Maturation and ageing 

The maturation of seedlings into adult plants requires ethylene for several 

processes including leaf ontogeny, flower development and senescence. As leaves 

differentiate and take shape, ethylene works to inhibit leaf expansion in several higher 

plant species (Mattoo and Suttle, 1991, Abeles et al., 1992). Rosette leaves from an 

ethylene insensitive Arabidopsis mutant, etr1, are larger than wild type leaves (Bleecker 

et al., 1988). Ethylene plays a critical role in the abscission zone, where high 

concentrations influence the shedding of the leaf during senescence and can even cause 

premature shedding if endogenous ethylene levels are not properly monitored (Mattoo 

and Suttle, 1991). Arabidopsis plants exposed to exogenous ethylene senesce 

prematurely and excised leaf disks from wild type demonstrated accelerated chlorophyll 
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loss when compared with an ethylene insensitive er mutant (Zacarias and Reid, 1990, 

Bleecker et al., 1988).  

Wood smoke containing ethylene was observed to promote flowering in a few 

varieties of plants including pineapples and mangos, though ethylene does not have the 

same effect across many species (Rodriguez, 1932, Galang and Agati, 1936, Abeles et al., 

1992). Bleecker et. al were able to demonstrate that ethylene promotes flowering in 

Arabidopsis since an ethylene insensitive mutant, etr1, delayed flowering up to 2 weeks 

after wild type. Ethylene even plays a role in flower gender determination of cucurbits, 

where addition of ethylene leads to feminization (Abeles et al., 1992). And it has a 

similar effect as leaves on flower senescence. Once carnation flowers are fully open, 

ethylene biosynthesis is increased along with higher rates of respiration until a climax 

when flowers rapidly senesce (Woodson and Lawton, 1988).  

Response to stress 

The widespread effects of ethylene have also been linked to biotic as well as 

abiotic stress responses. Abiotic stressors include cold or hot temperatures, water 

flooding or drought, chemicals, radiation, mechanical force, and physical restrictions 

such as bending; biotic stress includes disease induced by bacteria, fungi or viruses 

(Abeles et al., 1992). These stress conditions have been shown to induce biosynthesis of 

ethylene; however, the involvement of the plant hormone in mediating a response is 

complex. Hoffman et al. investigated pathogen-infected soybean plants in an effort to 

determine what role ethylene played in plant defense. Depending on the pathogen, 
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ethylene insensitive mutants had a neutral or beneficial effect in some cases, but a more 

severe infection in other cases (Hoffman et al., 1999). Plant immunity studies have 

shown that some pathogens activate a long-lasting response known as systemic 

acquired resistance through increased salicylic acid (SA) (Ryals et al., 1994), while others 

can induce ethylene and jasmonic acid (JA) mediated response (Wang et al., 2002), and 

still others function through an as yet unknown mechanism (Vogel and Somerville, 

2000). Interactions among SA, JA and ethylene from biotic stress have been shown to 

involve production of reactive oxygen species (ROS) and suggests that abiotic stress-

induced responses may share characteristics with biotic stress (Wang et al., 2002).  

Fruit ripening 

Ethylene is agriculturally important for its involvement in ripening of climacteric 

fruits. Two systems of ethylene regulation are known to exist in climacteric plants. 

System I refers to basal levels of ethylene during normal growth, detected in all tissues 

even in non-climacteric plants, while system II relates to autocatalytic ethylene 

production during the ripening of climacteric fruit, and during senescence of some 

petals (Alexander and Grierson, 2002). Fruits are categorized as climacteric if they have 

a sharp rise in ethylene biosynthesis at the same time as an increased rate of 

respiration. Fruit ripening is a sequence of biochemical events including loss of 

chlorophyll, formation of pigments, flavors and aromas, softening of the flesh and 

eventual abscission of the fruit (Bleecker and Kende, 2000). One of the most studied 

characteristics of ripening is the change in firmness of the developing fruit. Altered cell 
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wall composition during ripening is thought to occur largely due to polygalacturonase. 

Higher levels of polygalacturonase were extracted from softer cultivars of tomato and 

lower levels were extracted from firmer cultivars (Abeles et al., 1992). Mutations that 

affect ripening have been particularly useful in tomato research. Fruit softening and 

polygalacturonase activity are reduced in tomato plants with mutations at the ripening 

inhibitor, rin, nonripening, nor, never ripe, Nr, green, Gr, or Long Keeper loci (Biggs and 

Handa, 1989, Hobson, 1967, Jarret et al., 1984, Ng and Tigchelaar, 1977, Pressey and 

Avants, 1982). Genetic engineering approaches have been effective in an effort to delay 

the onset of ripening in tomatoes. Transformed plants expressing antisense cDNA 

constructs for ethylene biosynthesis enzymes inhibited ethylene production in fruit and 

suppressed ripening, while addition of exogenous ethylene restored ripening (Hamilton 

et al., 1990, Oeller et al., 1991).  

Arabidopsis ethylene triple response 

As previously mentioned, ethylene causes a characteristic “triple response” in 

dark grown Arabidopsis. The response includes shortening of the roots, shortening and 

thickening of the hypocotyl, and the formation of an exaggerated apical hook. This 

behavior has become a valuable research tool allowing the study of several types of 

ethylene signaling mutants. These mutants fall into one of three main categories:          

1) those that do not respond to ethylene, including ethylene insensitive, ein (Guzman 

and Ecker, 1990), ethylene response, etr (Bleecker et al., 1988, Sakai et al., 1998), and 

ethylene response sensor, ers (Hua et al., 1995, Hua and Meyerowitz, 1998);                   
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2) constitutive response to ethylene in the absence of exogenous ethylene, including 

constitutive triple response, ctr (Kieber et al., 1993), and ethylene overproducer, eto 

(Guzman and Ecker, 1990); or 3) an enhanced response to ethylene, including reversion 

to ethylene sensitivity, rte (Resnick et al., 2006), F-box proteins, ebf and etp (Guo and 

Ecker, 2003), and enhanced ethylene response, eer (Larsen and Chang, 2001). Ethylene 

signaling events in Arabidopsis are discussed further in chapter 3.  
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Chapter 2 – The biosynthesis of ethylene 

 

 Plants, and even some species of bacteria and fungi, are able to synthesize the 

hormone ethylene. Biosynthesis in higher plants from the amino acid L-methionine 

occurs in a three-step pathway called the Yang cycle or MSAE pathway, and is carried 

out by three distinct enzymes (Fig. 1). First, S-adenosylmethionine synthetase (SAM 

synthetase) catalyzes the conversion of L-methionine and adenosine triphosphate (ATP) 

into SAM. SAM is then converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by 

ACC synthase (ACS), a pyridoxal phosphate requiring enzyme. And lastly, ACC is 

converted to ethylene by ACC oxidase (ACO), also known as ethylene forming enzyme 

(EFE). The activity of ACS is the rate limiting step during biosynthesis. Interestingly, 

methionine is recycled via a modified methionine cycle in order to preserve the 

methylthio group and maintain high rates of ethylene biosynthesis even if pools of free 

methionine are low (Miyazaki and Yang, 1987, Adams and Yang, 1979).  

ACC Synthase 

 The discovery of SAM and ACC as precursors in the ethylene biosynthesis 

pathway served as the basis for identification of the enzymes that catalyze their 

reactions (Yang and Hoffman, 1984, Adams and Yang, 1979). ACC synthase (ACS) is the 

rate limiting step of biosynthesis in which it catalyzes the conversion of SAM into ACC. 

This enzyme was first identified in tomato fruit where its activity was determined to rely 
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Figure 1. Ethylene biosynthetic pathway, modified from Miyazaki and Yang.  Ade, 
adenine; SAM, S-adenosylmethionine; ACS, ACC synthase; MTA, 5’-
methylthioadenosine; ACO, ACC oxidase; ACC, 1-aminocyclopropane-1-carboxylic acid.  
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on SAM as a substrate and pyridoxal phosphate as a cofactor (Yu et al., 1979, Boller et 

al., 1979). ACS is extremely labile, but soluble enzyme was isolated from wounded 

tomato tissue by Bleecker et al in 1986, and ultimately the analysis of the active site by 

14C labeled SAM and amino acid sequence comparison confirmed ACS shared properties 

with other known pyridoxal phosphate-requiring enzymes (Yip et al., 1990). These 

findings affirmed what is observed with aminoethoxyvinylglycine (AVG), a competitive 

inhibitor of pyridoxal phosphate-linked enzymes, which is also effective at inhibiting ACS 

activity (Boller et al., 1979, Yu et al., 1979). Partial purification of the enzyme revealed 

the molecular weight of ACS around 65 kDa, but an active enzyme was between 100 – 

120 kDa, suggesting the possibility that the enzyme functions as a dimer (Bleecker et al., 

1986).  The crystal structure of ACS from apple was solved in 1999 and confirmed, as 

suspected, that the enzyme forms a homodimer (Capitani et al., 1999). Recent analyses 

with Arabidopsis ACS isoforms demonstrate the ability to form functional heterodimers 

within members of the same phylogenetic branch (Tsuchisaka and Theologis, 2004).  

 The ACC synthase family has been intensely studied across a wide variety of 

plant species, including cucurbita, tomato, winter squash, apple, mung bean and 

Arabidopsis (Johnson and Ecker, 1998). Arabidopsis has 12 ACS-like genes, 9 of which 

can be grouped into three distinct branches based on C-terminus sequence alignment 

(Yamagami et al., 2003, Lin et al., 2009). The three branches are type 1, including ACS1, 

2 and 6, type 2, including ACS4, 5, 8 and 9, and  type 3, including ACS7 and 11 (Lin et al., 

2009). The other three ACS-like genes include ACS3, a truncated pseudogene, and ACS10 
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and ACS12, which are classified as aminotransferases based on their ability to 

complement the DL39 aminotransferase mutant in Escherichia coli (Yamagami et al., 

2003). With so many ACS genes it was of interest to study the activity of the authentic 

ACS genes in order to establish their individual roles in ethylene biosynthesis.   

 What has emerged from studies of the ACS gene family in Arabidopsis is that the 

different isoforms are differentially expressed throughout growth and development, as 

well as in response to various stress stimuli (Yamagami et al., 2003, Peng et al., 2005, 

Tsuchisaka and Theologis, 2004). Only one isoform, ACS1, is enzymatically inactive, 

presumably due to the loss of a conserved tripeptide, Thr-Asn-Pro (TNP), near the active 

site (Liang et al., 1995). Some are induced following exposure to indole acetic acid (IAA), 

including ACS2, 4, 5, 6, 8, and 11 (Lin et al., 2009, Tsuchisaka and Theologis, 2004). 

Wounding to the hypocotyl inhibits expression of some ACS genes including ACS1 and 5, 

while it increases expression of ACS2, 4, 6, 7 and 8 (Tsuchisaka and Theologis, 2004). 

Additional changes in gene expression are observed by other inducers such as 

cyclohexamide, lithium chloride, and changes in temperature (Liang et al., 1996, 

Tsuchisaka and Theologis, 2004). Furthermore, there is strong evidence for ACS2 

negative feedback regulation since its expression decreases with prolonged exposure to 

ethylene (Wang et al., 2002, Liang et al., 1996). Patterns of altered rates of transcription 

suggest unique as well as overlapping roles for members of the ACS family.  

 In addition to transcriptional regulation, ACC synthase activity can be regulated 

post-translationally. A screen for altered ethylene response yielded three constitutive 
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triple response mutants, due to ethylene overproduction. Two are dominant, eto2 and 

eto3, and one is recessive, eto1  (Guzman and Ecker, 1990). The constitutive response 

eto phenotype can be reversed by supplementation with aminoethoxyvinylglycine 

(AVG), suggesting ACS activity may be affected. It was later discovered that eto2 has a 

single base change in ACS5 that results in an altered carboxy terminus and enhanced 

activity (Vogel et al., 1998). Importantly, Vogel et al. noted that the steady-state level of 

ACS5 mRNA was relatively equal to wild type, while seedlings produced 20-fold more 

ethylene strongly indicating that the eto2 phenotype is not the result of changes in ACS5 

gene expression, but rather altered enzymatic activity. The eto2 mutation in ACS5 has 

led to an interesting proposed model where a regulator protein could potentially 

interact at an ACS C-termini thus affecting ACS activity leading to rapid changes in 

ethylene biosynthesis without a need to change the level of transcription (Wang et al., 

2002).  

ACC Intermediate 

 Exposing fruit to nitrogen halts the ethylene biosynthetic process, but a burst in 

the production of ethylene rapidly follows reexposure to air, indicating the 

accumulation of an intermediate in ethylene biosynthesis and a dependence on oxygen 

for catalysis (Yang and Hoffman, 1984). The intermediate is now known to be ACC, 

which can be processed to ethylene in the presence of oxygen. However, when there is 

an excess of ACC it is metabolized to N-malonyl-ACC (MACC). Many plant tissues, with 

the exception of ripe apple, are able to metabolize exogenous ACC to MACC (Amrhein  
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et al., 1982).  Since MACC is a poor ethylene producer and the conjugation of ACC to 

MACC is essentially irreversible, it is thought that MACC is a biologically inactive end-

product of ACC rather than a storage form of ACC (Yang and Hoffman, 1984).  

ACC Oxidase 

 The last step of ethylene biosynthesis is the production of ethylene from ACC. 

The enzyme responsible for this final conversion was initially named ethylene forming 

enzyme (EFE). However, since the activity of the enzyme is dependent on the presence 

of oxygen it is also called ACC Oxidase (ACO). An early hypothesis into the biochemical 

mechanism of ACO suggested as ACC is converted to ethylene, cyanoformic acid is also 

produced and rapidly degraded to CO2 and HCN (Yang and Hoffman, 1984). In support of 

this, a study involving 14C ACC and Na14CN resulted in similar amounts of 14C 

incorporation into asparagine during ethylene production from ACC as asparagine 

production from sodium cyanide (Peiser et al., 1984). Isolation for further 

characterization of ACC oxidase proved to be difficult, since the enzyme was extremely 

labile.  

 It was well documented that rates of ethylene biosynthesis were reduced in 

tissues exposed to lipophilic compounds, which modify membrane structure, or osmotic 

shock (Imaseki and Watanabe, 1978, Apelbaum et al., 1981, Mayne and Kende, 1986). 

Transgenic tomato plants expressing the pTOM13 antisense gene reduced ethylene 

production and strongly suggested this decrease was due to reduction in ACC-oxidase 

activity (Hamilton et al., 1990). This was later confirmed when the clone was 
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functionally expressed in yeast and in Xenopus oocytes (Hamilton et al., 1991, Spanu et 

al., 1991). More importantly, the amino acid sequence of pTOM13 shared significant 

homology with flavanone 3-hydroxylase, which are known to require iron and ascorbate 

in order to preserve their activity (Britsch and Grisebach, 1986). These two discoveries 

allowed for the first active enzyme to be recovered in vitro from melon fruit (Ververidis 

and John, 1991), followed by apple (Dong et al., 1992), and avocado fruits (McGarvey 

and Christoffersen, 1992). The pTOM13 clone was subsequently used in an effort to 

identify other ACC Oxidase members based on sequence homology.  

 The ACO family of enzymes in tomato consists of five members, LeACO1, 

LeACO2, LeACO3, LeACO4, and LeACO5. The activity of the ACO family of enzymes has 

been shown to be enhanced by the addition of carbon dioxide, presumably to increase 

production of ethylene following the spike in respiration of climacteric fruit (Dong et al., 

1992, Smith and John, 1993). Transcript levels of ACO1 are the most abundantly 

expressed during fruit ripening, leaf senescence and following wounding, but ACO3 is 

also transiently expressed in similar patterns (Barry et al., 1996). Reporter analysis with 

chimeric LeACO1-GUS demonstrated transcriptional activation following a variety of 

ethylene-dependent stimuli, indicating the possibility for transcriptional control (Blume 

and Grierson, 1997). Although ACS activity is the rate limiting step in biosynthesis, there 

is an increase in ACO before ACS gene expression, suggesting ACO may be an important 

regulator of biosynthesis (Liu et al., 1985).  
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ACS and ACO Regulation 

Analysis of gene expression in mutant fruit has proven useful in determining the 

roles of ACS and ACO during ethylene biosynthesis. A mutation in Never ripe (Nr) 

prevents ethylene perception at the receptor, which causes tomato fruit to delay 

ripening (Lanahan et al., 1994). Ripening inhibitor (rin) mutants do not express the 

proper RIN transcription factor and thus do not have autocatalytic ethylene production 

(Herner and Sink, 1973). A study utilized these two different mutant lines and linked the 

expression of LeACS1A and LeACS6 to system I ethylene production, while a transition to 

system II (autocatalysis) is dependent on LeACS2 (Barry et al., 2000).  

Another study with rin reported that ACO is transcriptionally regulated by a 

leucine zipper homeobox protein, LeHB-1 (Lin et al., 2008). An in vitro assay 

demonstrated the ability of LeHB-1 to bind the promoter of Le-ACO1. Down-regulating 

Le-HB1 resulted in decreased expression of Le-ACO1 and concomitant delay in fruit 

ripening. Taken together, these results suggest that ACO expression is susceptible to 

transcriptional control and is activated by LeHB-1.   

Environmental Factors Affecting Biosynthesis 

 As discussed in the previous chapter, ethylene is important in various aspects of 

plant growth and development. Thus, there are many different environmental factors 

that can influence the rate of ethylene biosynthesis. For instance, the optimal 

temperature for ethylene production is approximately 30 °C, with higher temperatures 

leading to a steady decline in rates of production and lower temperatures having a 
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similar effect (Burg and Thimann, 1959, Hansen, 1945). The availability of oxygen and 

carbon dioxide can also influence biosynthetic rates, depleted levels of both will cause a 

reduction in the amount of ethylene produced. Addition of nitrogen will also halt 

ethylene production, as discussed previously. Nutrients can also have an effect on 

biosynthesis. Lacking inorganic nutrients such as phosphorus restricted, while 

deficiencies of calcium, potassium and magnesium elevated levels of ethylene 

production (Barker and Corey, 1988). Organic nutrients such as carbohydrates increase 

ACC production and subsequently the activity of ACO in tobacco leaf disks 

(Philosophhadas et al., 1985). Mechanical stimulation (thigmomorphogenesis), such as 

wind, can have an effect on rates of ethylene biosynthesis as well. Within 45 minutes of 

wind stimulation in dark grown plants, levels of ethylene production began to rise. The 

phenomena is reversible, with levels returning to normal after 4 hours without 

stimulation (Irvine and Osborne, 1973). As discussed in the previous chapter, it was 

observed in etiolated pea seedlings that ethylene caused abnormal response to gravity. 

A diageotropica (dgt) mutant in tomato demonstrates the same pattern of horizontal 

growth (Zobel, 1973), but it is capable of resuming normal vertical growth following 

ethylene treatment (Jackson, 1979), supporting the idea that gravity promotes ethylene 

biosynthesis.  

Hormonal Regulation 

 Ethylene can positively and negatively regulate its own biosynthesis. The 

autocatalytic effect has previously been discussed, where exposure to ethylene leads to 
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enhanced rates of biosynthesis. It has also been shown that ACO activity is increased 

prior to ACS (Liu et al., 1985), even in the presence of AVG, an inhibitor of ACS 

(Manning, 1986). And as mentioned previously, ACC malonylation is another means of 

regulating rates of synthesis.  

 Other plant hormones play a role in regulating the amount of ethylene 

biosynthesis. Most notably, auxin (IAA) results in increased rates of production. In 

etiolated mung bean and pea seedlings, the conversion of methionine to SAM and the 

conversion of ACC to ethylene are not dependent upon IAA. These results indicate that 

IAA induces the synthesis of ACC from SAM by affecting ACS activity (Yu and Yang, 

1979). Several studies have reported a threshold concentration around 1 M for auxin, 

and even synthetic analogs such as naphthalene acetic acid and 2,4-D, to have an effect 

on ACS and ethylene production (Abeles and Rubinstein, 1964, Burg and Burg, 1966, 

Kang and Ray, 1969, Sakai and Imaseki, 1971). Inhibitors of auxin transport, such as 

2,3,5-triiodobenzoic acid (TIBA), and inhibitors of auxin binding and action, such as (p-

chlorophenoxy)isobutyric acid (PCIB), reduce ethylene production (Tsai and Arteca, 

1984, Trebitsh and Riov, 1987). Auxin is not the only plant hormone known to increase 

ethylene biosynthesis. Cytokinins and brassinosteroids enhance the stability of ACS5 and 

therefore increase rates of ethylene production (Vogel et al., 1998, Hansen et al., 2009). 

Gibberellins also increase ethylene production, influencing expression of FsACO1 in 

beech (Calvo et al., 2004). Hormone cross talk is still an active area of study, and how 

they wield many of the effects on ethylene production are still unknown.  
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Stress Factors  

 Ethylene is widely known as a stress response hormone, thus many factors that 

elicit stress response in plants result in changes to ethylene biosynthesis. Various 

environmental factors are considered stress inducers, such as chilling temperatures, 

flooding, drought, and exposure to chemical compounds. Chilling and freezing 

temperatures increase ethylene production in citrus fruit and was associated with 

injured cells capable of recovery (Young, 1972). Flooding prevents gas exchange creating 

an anaerobic environment, triggering stress production of ethylene in carnation tissue 

cultures as well as a variety of plant species (Kevers and Gaspar, 1985, Bradford et al., 

1982, Heerkloss, 1987, Larsen et al., 1986). Drought induces stress synthesis of ethylene, 

perhaps due to altered sensitivity to the gas (Apelbaum and Yang, 1981, Hoffman et al., 

1983, Kacperska and Kubackazebalska, 1989).  Chemical compounds can also have an 

impact on the ability to synthesize ethylene, which have been discussed, including 

organic and inorganic compounds as well as other plant hormones.   

 Stress ethylene production increases following various types of biotic stress, 

such as viral and fungal infections. Viral infections result in increased ACC levels leading 

to an increase in EFE activity and ethylene production with an accompanied appearance 

of a lesion (De Laat and Van Loon, 1983). Fungal and viral infections are similar with 

respect to ethylene production. Interestingly, the amount of stress ethylene produced 

depends on the amount of tissue damaged (Hebard and Shain, 1988, Ketring and 

Melouk, 1982, Spanu and Boller, 1989). Infections give rise to symptoms including 
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epinasty and abscission, which is not surprising following a rise in stress ethylene 

production. It is thought that this may serve as a defense response to both activate 

plant defenses as well as shed diseased tissues to control the spread of infection.   

 Mechanical and physical stress, such as bending or wounding, can elicit a stress 

ethylene response. Pea epicotyls were grown in a restricted chamber and once an 

obstruction was reached, large amounts of ethylene were produced. This resulted in a 

thickening of the internodes concomitant with reduced elongation, presumably to assist 

the plant in navigating through the obstructive force (Goeschl et al., 1966). Arabidopsis 

maintains a shoot apical hook in etiolated seedlings exposed to ethylene, as part of the 

triple response phenotype. In germinating seedlings ethylene production is localized to 

the apical hook (Goeschl et al., 1967), and is thought to protect the delicate structure of 

the shoot apical meristem as the seedling emerges from the soil (Darwin, 1896). 

Wounded tissue that has been cut, stabbed, or bruised displays a rise in ethylene 

production, similar to what is seen with infections as they may result from the intruding 

pathogen.  

 Ethylene plays a critical role in the normal development of plants and fruits. 

While the biosynthetic pathway appears as a simple three step process, the regulation is 

actually quite complex. Various factors can influence the rates of ethylene production 

and ultimately help a plant to better adapt to its environment.  
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Chapter 3 – The Ethylene Signaling Cascade 

 

 Ethylene is one of many plant hormones produced in order to carry out changes 

in growth and development. As examples, it plays important roles in germination, 

flowering, abscission, and fruit ripening. As previously discussed, the biosynthetic 

pathway is highly regulated, with enhanced rates of biosynthesis preceding phenomena 

such as fruit ripening. This begs the question of ethylene’s mechanism of action. The 

first ethylene insensitive mutant in Arabidopsis, etr, was discovered in 1988 using a 

novel screening method looking for seedlings with altered triple response phenotypes 

(Bleecker et al., 1988). Since then, many more ethylene signaling mutants have been 

identified, collectively piecing together an intricate signaling network.  

 The triple response phenotype in Arabidopsis has facilitated isolation of ethylene 

signaling mutants. Phenotypes fall into one of three main categories: 1) those that do 

not respond to ethylene, 2) constitutive response in the absence of ethylene, and 3) 

those with an enhanced ethylene response. The first category includes the ethylene 

receptor family, ethylene receptor, etr1 and etr2 (Bleecker et al., 1988, Sakai et al., 

1998), ethylene response sensor, ers1 and ers2 (Hua et al., 1995, Hua and Meyerowitz, 

1998), and ethylene insensitive, ein4 (Hua et al., 1998). Also included, are several key 

factors in ethylene signaling such as ein2, ein3, ein5 and ein6 (Guzman and Ecker, 1990, 

Roman et al., 1995). These ethylene insensitive mutants display little to no response at 

any concentration of ethylene.  
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 Constitutive response mutants arise with loss of a negative regulator of signaling 

constitutive triple response, ctr1 (Kieber et al., 1993). These mutants display a triple 

response in the absence of ethylene. Recessive mutations in responsive to antagonist, 

ran1-1 and ran1-2, are able to activate the ethylene response pathway after exposure to 

the ethylene antagonist trans-cyclooctene (Hirayama et al., 1999). A third mutant allele, 

ran1-3, displaying a constitutive triple response phenotype was subsequently isolated 

(Woeste and Kieber, 2000).    

 Enhanced responses to ethylene occur in reversion-to-ethylene-sensitivity, rte1, 

with loss of a factor required for normal ETR1 function. Another type of enhanced 

response mutant phenotype is due to ethylene overproduction (eto). Etiolated seedlings 

of eto1, eto2 and eto3 display a triple response in the absence of ethylene (Guzman and 

Ecker, 1990). This phenotype is reversed by the addition of AgNO3, an ethylene 

perception inhibitor. Additionally, loss of F-box proteins also leads to an enhanced 

ethylene response phenotype through stabilizing EIN2 and EIN3. EIN2 and EIN3 proteins 

are targeted for ubiquitination and proteasomal degradation, dependent on F-box 

proteins EIN2 targeting protein, ETP1 and ETP2, and EIN3 binding F-box EBF1 and EBF2 

(Guo and Ecker, 2003, Qiao et al., 2009).  

 Finally, there is a separate category of enhanced ethylene response, eer, 

mutants. Unlike the previous class of mutants, these grow normally in the presence of 

AgNO3, but display extreme hypocotyl shortening at all concentrations of ethylene, 
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including saturating (Larsen and Chang, 2001, Christians and Larsen, 2007, Robles et al., 

2007, Christians et al., 2008, Deslauriers and Larsen, 2010, Robles et al., 2012).   

Ethylene perception 

 Ethylene is perceived by a family of five receptors in Arabidopsis, EThylene 

Receptor (ETR) 1 and 2, Ethylene Response Sensor (ERS) 1 and 2, and Ethylene 

INsensitive (EIN) 4. All five receptors have the ability to bind ethylene, but they have 

unique receptor subtypes (Schaller and Bleecker, 1995, O'Malley et al., 2005). These 

receptors are divided into two subfamilies based on C-terminus structural domains, 

which share sequence homology to bacterial two-component histidine kinases. That 

system is composed of two different proteins, a sensor capable of autophosphorylating 

a histidine residue, and a regulator/receiver capable of activating downstream effectors 

after receiving the phosphate on its aspartate (WurglerMurphy and Saito, 1997, Pirrung, 

1999). The first subfamily contains ETR1 and ERS1, which possess a functional histidine 

kinase domain (Chang et al., 1993, Hua et al., 1995). On the other hand, subfamily two 

consists of ETR2, ERS2, and EIN4, which do not have a functional copy of this domain 

(Hua et al., 1998, Sakai et al., 1998). Of these receptors, only ETR1, ETR2 and EIN4 

possess the receiver domain. Studies have shown that ETR1 and ERS1 are capable of 

forming homodimers, which has led to the suggestion that receptors lacking a receiver 

domain can form heterodimers with receptors that have one (Schaller and Bleecker, 

1995, Hall et al., 2000, Hua and Meyerowitz, 1998). It is particularly interesting to note 

that histidine kinase activity is not required for the function of ETR1, as a mutant etr1 
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with an enzymatically dead histidine kinase was able to rescue an etr1 ers1 double 

mutant (Wang et al., 2003).   

 etr1 loss-of-function mutant, etr1-7, displays an increased responsiveness to 

ethylene (Cancel and Larsen, 2002). Single mutations in the other ethylene receptors 

were not reported to show an ethylene-response phenotype (Hua and Meyerowitz, 

1998). This suggests that there is functional redundancy between the different members 

of the ETR family, with ETR1 likely playing an additional role in ethylene signaling. 

Interestingly, combinations of three or more loss-of-function mutations resulted in a 

constitutive response phenotype (Hua and Meyerowitz, 1998). A dominant mutation in 

any of the five receptors does lead to ethylene-insensitivity. And it was shown that a 

dominant mutation in ETR1 not only confers ethylene-insensitivity, but concomitantly 

abolishes ethylene binding (Schaller and Bleecker, 1995). Taken together, these results 

suggest that the receptors function as negative regulators of ethylene signaling, which 

are most likely inactivated following ethylene binding.  

 Similar receptors have been isolated in other plant species. In tomato, the Never 

Ripe (NR) gene encodes a receptor similar to subfamily type I in Arabidopsis, without a 

receiver domain. LeETR4 is a subfamily type II receptor with a receiver domain. Loss of 

LeETR4 expression leads to increased ethylene sensitivity, while overexpression of NR is 

able to compensate and restore normal response. These results demonstrate that the 

mode of ethylene perception at the receptors is conserved across plant species (Tieman 

et al., 2000).  
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 Ethylene binding occurs at the N terminus, which consists of three 

transmembrane domains in subfamily type I and four transmembrane domains in 

subfamily type II (Schaller and Bleecker, 1995, Hall et al., 2000). It had long been 

suspected that binding required a transition metal cofactor; this was confirmed when 

copper was copurified with an overexpression line of the ETR1 binding domain in yeast 

(Rodriguez et al., 1999). A hydrophobic pocket in ETR1, formed by the transmembrane 

helices, is able to coordinate a copper cofactor that can interact with ethylene (Bleecker 

and Kende, 2000). Ethylene binding could be prevented by an etr1-1 mutation 

converting Cys65 to Tyr, which also eliminated the copurification of copper, further 

suggesting the importance of its role in ethylene perception (Rodriguez et al., 1999). 

Isolation of responsive to antagonist (RAN1), led to the most convincing evidence for the 

role copper plays in ethylene signaling (Hirayama et al., 1999). Treatment with a potent 

ethylene antagonist, transcyclooctene, revealed two weak mutant alleles of ran 

displaying an ethylene triple response phenotype. Suppressing RAN1 gene expression 

led to a constitutive triple response, which can partially be restored by exogenously 

supplying copper. Subsequent cloning and functional analysis revealed that RAN1 

encodes a copper transporter, sharing sequence homology with a copper transporter, 

CCC2, from yeast. These results indicate that RAN1 is responsible for delivery of copper 

to the ethylene receptors, and that copper is required for normal ethylene perception 

and response.  
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 Other transition metals were tested for their ability to mimic copper in 

facilitating ethylene signaling; of those, silver was the only one with an effect (Beyer, 

1976b). The chemical properties of the two ions are so similar, it is thought that Ag(I) 

can bind to the hydrophobic pocket of the receptor, but is not able to transduce the 

signal, thus making it a potent inhibitor of ethylene action. Another antagonist, 1-

methylcyclopropene (1-MCP), is commercially available and is able to compete with 

ethylene for binding and successfully block signaling events.  

 A model for ethylene binding has been proposed in which a hydrophobic pocket 

formed by the N-terminal membrane spanning helices coordinates with copper and 

interacts directly with ethylene (Bleecker and Kende, 2000). Binding of ethylene causes 

a rearrangement of ligands followed by signal transduction events leading to ethylene 

response (Sisler and Serek, 2003). This model is supported by isolation of a suppressor 

of the dominant gain-of-function mutant etr1-2. The suppressor, aptly named reversion-

to-ethylene sensitivity 1 (RTE1), restores ethylene response to the otherwise ethylene 

insensitive etr1-2 (Resnick et al., 2006). Loss of rte1 causes an enhanced response to 

ethylene, suggesting its role as a negative regulator in ethylene signaling. It is unable to 

suppress gain-of-function mutations in each of the other four receptors. Taken together, 

this affirms the current model of ethylene binding. As a possible explanation to how 

diverse compounds can all give ethylene response, it is proposed that RTE1 is important 

for ETR1 ethylene sensitivity presumably by inducing a conformational change at the 

receptor or another interacting partner (Sisler and Serek, 2003).  
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 There is an additional domain in each of the ethylene receptors, the GAF 

domain, although the function is unknown. In other organisms, a GAF domain mediates 

reversible protein-protein interactions and enzymatic activation (Aravind and Ponting, 

1997, Ho et al., 2000, Martinez et al., 2002). In Arabidopsis, all five receptor family 

members are able to interact and, at least for the C-terminus, this interaction depends 

on the GAF domain (Grefen et al., 2008). However, for the full length receptor it is 

unclear since homodimerization results with ETR1 demonstrated that some biochemical 

modifications are dispensable for activity (Xie et al., 2006). It would seem that the GAF 

domain is involved in mediating non-covalent, reversible interactions; however, the N-

terminal transmembrane domains may also be involved in homo and 

heterodimerization.  

Ethylene signaling cascade  

 Immediately downstream of the ethylene receptors is a Raf-like serine/threonine 

(Ser/Thr) kinase, constitutive triple response 1 (CTR1). The C-terminal domain shares 

sequence homology to a MAP kinase kinase kinase (MAPKKK). The N-terminal domain of 

CTR1 has been shown to interact with the His kinase domains of ETR1 and ERS1 (Clark et 

al., 1998). A recessive mutation in ctr1 results in a constitutive triple response 

phenotype, suggesting its role as a negative regulator of ethylene response (Kieber et 

al., 1993). The receptors are capable of forming a complex with CTR1 and negatively 

regulate responses in the absence of ethylene. Upon ethylene binding to the receptor, 
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the receptor/CTR1 complex is destabilized, relieving the negative repression and 

allowing ethylene signaling to proceed.  

 In support of this, a closer look at CTR1 cellular localization has been helpful in 

understanding its regulatory effects. It is known to associate with the ethylene 

receptors, and it has been shown that ETR1 is localized to the endoplasmic reticulum 

(ER) membrane (Chen et al., 2002). An in vivo co-purification assay determined that 

ETR1 and CTR1 were part of the same protein complex, and were recovered in an ER-

membrane fraction, further supporting this model (Gao et al., 2003). And there is also 

genetic evidence in support of CTR1 localization to the ER membrane. In a loss-of-

function ctr1 mutant, ctr1-8, the N-terminal is unable to associate properly with the 

receptors (Huang et al., 2003). Overexpression of the N-terminal domain of this mutant 

does not interfere with native CTR1 associating at the receptors, and thus does not 

cause a constitutive triple response phenotype, unlike overexpression of its wild type 

counterpart. This lends credence to the model that the CTR1 N-terminal domain 

associates with the receptors, which activate CTR1 to serve as a negative regulator of 

ethylene signaling.   

 CTR1 kinase activity was recently demonstrated in E. coli, where it was able to 

phosphorylate an artificial substrate for MAP kinases, myelin basic protein (Huang et al., 

2003). Even though the C-terminal domain confers homology to a MAPKKK, several 

attempts to identify MAPKK and MAPK targets related to ethylene signaling in 

Arabidopsis have proven unsuccessful. However, it has been shown that the kinase 
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domain of CTR1 is able to associate with a catalytic domain of a protein phosphatase, 

PP2A-1C (Larsen and Cancel, 2003). The consequence of the association is not well 

understood, but is proposed that PP2A-1C may serve as a regulator of CTR1 activity.    

 While the direct target(s) of CTR1 remain elusive, it is clear that ethylene 

signaling proceeds through a positive regulator, EIN2, that is also located at the ER 

membrane (Alonso et al., 1999, Roman et al., 1995). The EIN2 N-terminal domain is 

predicted to be twelve transmembrane helices, based on shared sequence homology to 

NRAMP metal ion transporters. There is also a large, hydrophilic C-terminal domain 

whose overexpression is sufficient to constitutively activate ethylene response. The 

exact function of EIN2 is unknown, however, it has been demonstrated as absolutely 

required for ethylene responses since loss-of-function mutations, such as ein2-5, result 

in complete insensitivity to ethylene.  

 Protein levels of EIN2 are tightly regulated by two F-box proteins, ETP1 and ETP2, 

that can interact with the C-terminal domain and subsequently target it for degradation 

(Qiao et al., 2009). Overexpression of ETP1 or ETP2 leads to a strong ethylene insensitive 

phenotype, along with a decrease in the accumulation of EIN2 protein. Conversely, ETP1 

or ETP2 RNA knockout plants display a constitutive triple response phenotype and 

concomitant increase in the amount of EIN2. These results demonstrate the importance 

of EIN2 in eliciting ethylene responses.    
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Nuclear signaling events 

 Recently it was shown that EIN2 possesses a nuclear localization signal (NLS), 

which is necessary for normal ethylene response as it triggers accumulation in the 

nucleus (Qiao et al., 2012). This study was able to demonstrate proteolytic cleavage of 

the C-terminus of EIN2 and subsequent translocation to the nucleus, where it activates 

transcription factors EIN3, and EIN3-Like 1 through 3 (EIL1, 2 and 3). There is functional 

redundancy between these transcription factors since null ein3 mutations confer partial 

ethylene insensitivity (Chao et al., 1997). Overexpression of EIN3 or EIL1 in an ein2 

mutant display a constitutive ethylene response, which suggests that these transcription 

factors are sufficient for expression of ethylene-dependent gene expression.  

 EIN3 is one of the transcription factors involved in mediating ethylene response, 

and is a positive regulator of ethylene signaling. Protein levels of EIN3 are strictly 

controlled by two F-box proteins, EBF1 and 2 (Guo and Ecker, 2003, Potuschak et al., 

2003). Overexpression of EBF1 results in an ethylene insensitive phenotype, whereas 

ebf1 and ebf2 mutants accumulate EIN3 and confer a constitutive response to ethylene. 

In the absence of ethylene, EIN3 is degraded through a ubiquitin mediated pathway to 

the 26S proteasome, while treatment with ethylene or ACC leads to accumulation in the 

nucleus. EBF1 and EBF2 protein levels are also highly regulated. An exoribonuclease, 

XRN4, previously characterized as EIN5, promotes turnover of EBF1 and EBF2 mRNA 

(Olmedo et al., 2006, Potuschak et al., 2006). Ethylene insensitivity in the ein5 mutant is 

due to overaccumulation of these F-box proteins, which suppress levels of EIN3.  



32 
 

 There is some debate about the stability of EIN3 also being regulated by a MAP 

kinase cascade. Two different views were presented in 2008 with somewhat conflicting 

results (Yoo et al., 2008, Xu et al., 2008). Yoo et al. suggests that a kinase cascade 

consisting of MKK7/9 and MPK3/6 is able to stabilize EIN3 independently of EIN2 and 

confer ethylene-dependent responses. In contrast, Xu et al. reported that activation of 

this cascade does lead to the production of ethylene, but is separate from the ethylene 

signaling pathway. If this MAP kinase cascade is involved in ethylene signaling, it would 

be a departure from the otherwise linear signaling pathway opening up many more 

avenues for investigation of an EIN2 independent signaling cascade.   

 A search for target promoters for the EIN3 family of proteins led to the 

identification of the primary ethylene response element (ERE) in the promoter of the 

ERF1 gene (Solano et al., 1998). The ERE consists of a GCC box, a DNA motif present in 

promoters of genes associated with pathogen and disease resistance (Ohmetakagi and 

Shinshi, 1995). ERF1 belongs to a family of plant-specific transcription factors known as 

ERE binding proteins (EREBPs), which were originally identified bound to the GCC box, 

the ERE promoter element of ethylene-inducible genes. EIN3 is capable of inducing ERF1 

expression, and ERF1 overexpression is sufficient to activate a subset of ethylene-

dependent phenotypes, suggesting the importance it plays in the ethylene signaling 

cascade (Solano et al., 1998).   

 ERF1 is not specific to ethylene signaling and is able to integrate signals from 

other plant hormones. As previously mentioned, ethylene is able to induce gene 
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expression of ERF1 in an EIN3 dependent manner. Likewise, jasmonic acid (jasmonate) is 

also able to upregulate ERF1 gene expression. What’s more, the two hormones can act 

synergistically to control expression of numerous defense-related genes including ERF1, 

basic chitinase (chiB), plant defensin (PDF1.2), and GST2 (Lorenzo et al., 2003).  

Novel signaling mutants 

 The ethylene signaling cascade is believed to be a fairly linear chain of events 

culminating in changes in ethylene-dependent gene expression carried out by 

transcription factors EIN3, EIL1, and ERF1. However, several novel ethylene signaling 

mutants have recently been identified that do not appear to fit the existing model. 

Characterization of these mutants has led to an expanded view of the ethylene signal 

transduction pathway.  

 The first of these novel mutants was isolated in a screen using subthreshold 

levels of ethylene which gave an enhanced ethylene response (eer) (Larsen and Chang, 

2001). The eer1 mutants displays an exaggerated triple response phenotype that is 

additive when combined with ctr1-3. It was later shown that this mutation leads to loss 

of a regulatory subunit in protein phosphatase PP2A, which may be an important 

regulator of CTR1 kinase activity (Larsen and Cancel, 2003).  

 Located downstream of EIN2 is prohibitin, AtPHB3, which was previously 

uncharacterized in Arabidopsis (Christians and Larsen, 2007). In other organisms 

prohibitins are involved in transcriptional regulation, where loss of these factors leads to 

tumor formation. Loss of AtPHB3 leads to an enhanced ethylene response, presumably 
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due to loss of gene expression of a subset of genes involved in regulating ethylene 

response. AtPHB3 is thought to be a positive regulator of expression of genes required 

for normal growth.  

 EER4 demonstrated the importance of the TFIID-interacting transcription factors 

in regulating expression of ethylene-dependent genes (Robles et al., 2007). EER4 is a 

mutation in At1g17440, which shares sequence homology with human TAF12 and yeast 

TAF61. It is localized to the nucleus where is can presumably interact with EIN3 and 

regulated expression of a subset of genes involved in dampening or resetting the 

ethylene response pathway.   

 The C-terminus of EIN2 is capable of interacting with EER5, a factor with shared 

homology to components of the COP9 signalosome (CSN). One of the functions of the 

CSN is to participate in ubiquitin mediated protein turnover at the 26S proteasome. The 

eer5 mutant displays a more severe ethylene response phenotype than wild type, a so 

called enhanced ethylene response (Christians et al., 2008). It is thought that EER5 

associates with EIN2 and may target ethylene signaling factors for degradation in order 

to regulate the amplitude of response. 

 With each newly isolated mutant, our knowledge of the ethylene signaling 

cascade continues to expand. There is still much to be discovered including how the 

magnitude of ethylene response is regulated, how different hormones can cooperate or 

antagonize expression of genes, and if there are any chemical regulators of the ethylene 

response.  
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Chapter 4 – Hormone Cross-talk, Ethylene and Auxin 

 

 Auxin was the first plant hormone to be discovered and since then has been 

recognized as important in regulating many growth and developmental responses. 

Indole-3-acetic acid (IAA), the most common naturally occurring auxin, is synthesized in 

plants, and transported in a complex and highly regulated fashion where it can interact 

with target receptors to mediate transcriptional control (Woodward and Bartel, 2005). 

There are a number of synthetic auxin compounds commonly used as herbicides. These 

include 1-naphthaleneacetic acid (NAA), 2,4-dichlorophenoxyacetic acid (2,4-D), and 4-

amino-3,5,6-trichloro-2-pyridinecarboxylic acid (picloram) (Woodward and Bartel, 

2005). Signal transduction of the phytohormone is complex, and many of the 

downstream effects overlap with other hormones, such as ethylene, in order to achieve 

precise control over mediating plant responses.  

Auxin signaling events 

 Previous genetic and molecular studies revealed an intricate signaling cascade 

involving turnover of Auxin/Indole-3-acetic acid (Aux/IAA) repressors via the 26S 

proteasome in order to allow auxin-dependent gene expression (Ramos et al., 2001, 

Chapman and Estelle, 2009). This is facilitated by the auxin receptor family including 

transport inhibitor response1 (TIR1) and auxin signaling F-box proteins (AFBs), which 

interact in different combinations with the 29 Aux/IAA repressors to result in distinct 

auxin-sensing properties (Calderon Villalobos et al., 2012). The synthetic auxins, NAA, 
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2,4-D, and picloram, are capable of interacting with the receptor family each with 

unique binding affinities (Woodward and Bartel, 2005, Calderon Villalobos et al., 2012). 

Aux/IAA proteins share a highly conserved four domain structure. Domain II is the site of 

interaction at a Skip1-like protein with cullin and one of the F-box receptors to form an 

SCF complex, which promotes 26S proteasome degradation (Gray et al., 2001). Domains 

III and IV are involved in formation of homo- and heterodimers with other Aux/IAA 

proteins, as well as the DNA binding protein family of auxin response factors (ARFs) (Kim 

et al., 1997, Ulmasov et al., 1997).  

 Auxin response elements (AREs) are found in the promoters of auxin-dependent 

genes and are recognized by ARFs. There are 22 full-length ARF genes and 1 truncated 

gene product (ARF23) in Arabidopsis (Guilfoyle and Hagen, 2007). The C-terminus of 

ARFs share homology with Aux/IAA domains III and IV in order to facilitate homo- and 

heterodimerization with other members of the ARF family (Kim et al., 1997, Ulmasov et 

al., 1997). ARFs are also able to form dimers with Aux/IAA proteins, which is thought to 

repress transcriptional activation of auxin-dependent genes (Ulmasov et al., 1999). It is 

predicted that Aux/IAA turnover, due to an increase in endogenous auxin, allows for 

ARF dimerization and subsequent activation of gene expression leading to auxin 

response (Kepinski and Leyser, 2002).  

Auxin and ethylene cross-talk through mutant analysis 

 It has long been known that auxin and ethylene regulate several of the same 

processes, including root elongation, differential hypocotyl growth, root hair formation 
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and elongation, and organ abscission (Stepanova et al., 2005). The interactions among 

the phytohormones, sometimes as agonists and sometimes antagonists, are still poorly 

understood. For instance, it was well established that auxin conditioned enhanced rates 

of ethylene biosynthesis, but the mechanism was not known. In the last two decades, 

with a better understanding of the auxin signaling pathway, it was revealed that 

Aux/IAA repressors and auxin response factors (ARFs) target ACS genes limiting 

expression in the absence of auxin (Abel et al., 1995, Tsuchisaka and Theologis, 2004). 

Conversely, ethylene has been shown to regulate auxin biosynthesis, transport and 

response in a tissue-specific manner (Stepanova and Alonso, 2009).  

 Genetic analysis of Arabidopsis mutants affected in their responses to auxin or 

ethylene have provided insight into the relationship between the two phytohormones. 

In a screen for mutants with intermediate phenotypes between ethylene response and 

auxin response, several weakly ethylene insensitive (wei) mutants were identified 

(Alonso et al., 2003). Some wei mutants only affected root phenotypes, such as wei1, 

wei2 and wei3, while others, wei4 and wei5, were insensitive in roots and hypocotyls. 

wei1 was found to be a recessive mutation in the auxin receptor TIR1, indicating a link 

between auxin response conditioning normal ethylene response. Other wei mutants, 

including wei2 and wei7, are involved in Trp biosynthesis, which impacts the 

tryptophan-dependent biosynthesis of auxin and conditions normal ethylene response 

(Stepanova et al., 2005).   
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 In addition to wei2 and wei7, other mutants deficient in auxin biosynthesis alter 

ethylene response. Tryptophan Aminotransferase of Arabidopsis1 (TAA1) is an enzyme 

involved in the conversion of tryptophan to indole-3-pyruvic acid (IPyA), a precursor in 

the Trp dependent auxin biosynthetic pathway (Stepanova et al., 2008, Tao et al., 2008).  

Mutations in wei8/taa1 cause ethylene insensitivity that is root specific. Tryptophan 

Aminotransferase Related1 to 4 (TAR1 to 4) are four closely related genes to TAA1 that 

are also involved in auxin biosynthesis (Stepanova et al., 2008). While single mutations 

in tar genes did not result in changes in response to IAA or ACC, the wei8-1;tar2-1 

double mutant was nearly ethylene insensitive in roots. The same phenomena was 

observed in the wei8-1;tar2-1;ctr1-1 triple mutant, which not only had longer roots, but 

a reduced capacity to form an apical hook.  

 Both ethylene and auxin are required for formation of an apical hook (Kang et 

al., 1967). Auxin has been shown to be involved since blocking auxin transport with 1-

Naphthylphthalamic acid (NPA) leads to a reduced apical hook (Lehman et al., 1996, 

Muday et al., 2012). Ethylene’s involvement was demonstrated with supplementation of 

ethylene to wild type seedlings leading to an exaggerated apical hook (Guzman and 

Ecker, 1990, Kieber et al., 1993). Recent characterization of hookless1 (hls1), which is 

essential for hook formation, revealed that ethylene stimulated hook formation through 

ethylene-induced auxin gradients (Lehman et al., 1996, Li et al., 2004). Thus, formation 

and maintenance of the hook are caused by asymmetrical cell growth, with ethylene 

enhancing the curvature by altering auxin synthesis and transport to the concave side 
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(Raz and Ecker, 1999, Muday et al., 2012). These results suggest that normal ethylene 

response is important for conditioning auxin biosynthesis, especially in specific tissues 

where growth is regulated by an auxin gradient.  

   Auxin response factors (ARFs) play an important role in mediating auxin 

response at the level of transcriptional activation. Loss-of-function mutations in ARF7 or 

ARF19 led to auxin resistant phenotypes, with the arf7;arf19 double mutant conferring 

stronger resistance than either single mutation (Li et al., 2006). In an effort to 

understand ARF involvement in hormone cross-talk, arf19 was tested for response to 

the ethylene precursor ACC. Interestingly, the arf19 mutation caused ethylene 

insensitivity in roots, which was further enhanced in the arf7;arf19 double mutant. 

Analysis of ARF19 gene expression revealed that ethylene induced ARF19 transcripts in a 

manner similar to treatment with auxin. Results of this study establish an intriguing new 

link between the two phytohormones, and a plausible mechanism for ethylene 

contributing to auxin response through enhancing expression of ARF19 to regulated 

downstream gene expression.  

 Short hypocotyl2 (shy2-2) represents a gain-of-function mutation in domain II of 

IAA3 leading to auxin insensitivity in the hypocotyl as well as reduced lateral root 

formation and a decrease in auxin-dependent gene expression (Tian et al., 2003). In wild 

type plants, SHY2/IAA3 interacts with SCFTIR1 resulting in protein turnover and 

subsequent activation of auxin response. The shy2-2 mutant has limited interaction with 

TIR1, which results in stabilization of the SHY2/IAA3 protein and leads to an auxin 
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insensitive phenotype. In contrast, a loss-of-function mutation, shy2-31, has reduced 

rates of initiation and elongation of root hair growth consistent with an enhanced 

response to auxin (Knox et al., 2003). Li et al. were able to demonstrate a link between 

auxin insensitive mutants arf7 and arf19 with ethylene insensitivity. ARF activity is 

regulated by AUX/IAA protein turnover. Since improper turnover of IAA3 results in auxin 

insensitivity, demonstrated by shy2-2, it was predicted that IAA3 and ARFs could 

interact. Yeast two-hybrid and in vitro pull-down analyses demonstrated a strong 

interaction between ARF7 and IAA3 (Robles et al., 2012). Thus it was predicted that 

SHY2 mutants could display altered ethylene response as a consequence of disrupted 

auxin signaling. Exposing etiolated shy2-31 seedlings to ethylene caused an exaggerated 

response to ethylene, with a severe reduction in hypocotyl length (Robles et al., 2012). 

In contrast, shy2-2 failed to produce an apical hook and displayed reduced ethylene 

responses. This is consistent with previous reports establishing auxin as a positive 

regulator of ethylene response, in which auxin hypersensitivity would confer enhanced 

ethylene response and vice versa.  

 Suppressor of auxin resitant1 (sar1) was isolated as a suppressor for the auxin-

resistant1 (axr1) mutation (Parry et al., 2006). SAR1 is a member of the Arabidopsis 

nuclear pore complex (NPC), which is involved in trafficking between the nucleus and 

cytoplasm. In axr1, auxin resistance is thought to be the result of Aux/IAA accumulation 

in the nucleus, which represses auxin-dependent transcription. Mutations in SAR1 can 

affect translocation of Aux/IAA proteins to the nucleus and therefore partially restore 
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auxin sensitivity. In a screen for mutants with enhanced response to ethylene, a new 

sar1 allele was isolated, sar1-7 (Robles et al., 2012). sar1-7 represents a loss-of-function 

mutation with exaggerated response to ethylene, and partial restoration of auxin 

response in roots of the rce1 loss-of-function mutant. These results illustrate that 

proper auxin signaling is required for normal ethylene response, and that an imbalance 

of one or the other phytohormone leads to aberrant response phenotypes.  

Anti-auxinic compounds 

 p-chlorophenoxyisobutyric acid (PCIB) was suggested as an anti-auxinic 

compound because of its ability to block auxin-regulated phenomena. Recently, the 

effects of PCIB were further characterized in Arabidopsis (Oono et al., 2003). It was 

shown that PCIB was able to inhibit lateral root development, alter gravitropic response 

and inhibit primary root growth. PCIB was also able to inhibit auxin-regulated gene 

expression, such as IAA1 and IAA11. Additionally, there is strong evidence against PCIB 

functioning as a transport inhibitor. Collectively, these results confirm that PCIB 

functions as an anti-auxin, and most likely functions by competing with auxin at the 

receptors, and not as a transport inhibitor. Interestingly, the sar1-7 enhanced ethylene 

phenotype is reversed to varying degrees with application of increasing concentrations 

of PCIB. This data argues that ethylene sensitivity can be conditioned in an auxin-

dependent manner.  

 The interplay between auxin and ethylene is complex, and many questions 

remain about the mechanisms of hormone cross-talk. Several genetic mutant studies 



42 
 

implicate auxin’s ability to condition the level of ethylene response, acting as a positive 

regulator. Further work with inhibitors, such as PCIB, will be invaluable research tools to 

hopefully lead to a better understanding of the intricate phytohormone framework in 

Arabidopsis mediating changes in growth and development.  
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Chapter 5 – Cell Wall Remodeling Enzymes 

 

 The plant cell wall is composed of carbohydrates, proteins and other compounds 

all linked in an intricate network that allows the plant to withstand its environment as 

well as survive attack from pathogens. There are three main polysaccharides that make 

up the primary cell wall: cellulose, hemicellulose, and pectin (Caffall and Mohnen, 

2009). Pectins are most abundant in the middle lamella and primary wall. Pectic 

polysaccharides contain galacturonic acid, and are thought to be important not only for 

providing structural support, but fragments may also participate in signaling cascades.   

Pectin biosynthesis and modification 

 The main component responsible for the structural integrity of the primary cell 

wall is pecate, a polymer also known as polygalacturonic acid (PGA). The backbone of 

PGA consists of D-galcturonic acid (GalA) units linked by -(14) glycosidic bonds 

(McNaught, 1997). There is a family of pectic polysaccharides that can be divided into 

three main groups: homogalacturonan (HG), rhamnogalacturonan I (RG-I) and a 

substituted galacturonan rhamnogalacturonan II (RG-II) (O'Neill et al., 1990).  

 Synthesis and modification of cell wall pectins occurs in the Golgi apparatus, 

most likely beginning in the cis Golgi and continuing to the medial Golgi, although 

synthesis may initiate in the endoplasmic reticulum (Atmodjo et al., 2013). Activated 

nucleotide sugars, such as UDP-Glucose, are required for pectin biosynthesis (Caffall and 

Mohnen, 2009). There may be branching and esterification of pectin in the trans Golgi. 
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However, relatively unesterified pectin can also be inserted into the cell wall (Ridley et 

al., 2001). Final assembly occurs in the trans Golgi before packaging into vesicles and 

delivery to the plasma membrane.  

 PGA may contain as many as 200 GalA units, which makes it necessary to 

stabilize the structure with cations such as calcium. With increasing concentrations of 

Ca2+, the polymer will form a gel or solid, commonly referred to as the “eggbox model” 

in which Ca2+ ions cross-link uronic acid moieties of neighboring antiparallel chains of 

PGA together (Scavetta et al., 1999). These pectin chains are also inserted alongside 

cellulose and other proteins, comprising the wall. The complexity of the pectic network 

structure and the degree of cross-linking contributes to the strength, flexibility and 

functionality of the primary cell wall (Caffall and Mohnen, 2009).  

 GalA residues may be methyl-esterified at the C6 carboxyl or acetylated at the 

O2 or O3 (Ridley et al., 2001). Pectin may be de-esterified at the primary wall by pectin 

methyl esterases (PMEs). This is important for understanding adhesion at the wall. The 

de-esterified GalA residues will carry a negative charge, allowing them to interact with 

Ca2+ and form a stable gel-like solid. Thus, it is hypothesized that methylesterification is 

highly regulated by the plant in a developmental manner (Willats et al., 2001).  

Enzymatic cell wall degradation 

 The cell wall is a dynamic structure, undergoing remodeling events in order to 

allow cell expansion during growth phases of the plant. Enzymes that degrade the pectic 

network fall into one of two categories: 1) glycosidic hydrolases, which incorporate a 
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water molecule during cleavage of the glycosidic bond (Davies and Henrissat, 1995) or  

2) polysaccharide lyases, which cleave the glycosidic linkage via a -elimination reaction 

(Herron et al., 2000). Polygalacturonase (PG) enzymes degrade pectin through 

hydrolysis, and prefer an acidic pH, while lyases have a basic pH optima. The most well 

studied pectate lyase is PelC from Erwinia chrysanthemi, which causes soft rot disease. 

The PelC enzyme randomly cleaves PGA generating a primary end product with a 4,5-

unsaturated bond in the galacturonosyl residue at the nonreducing end (Preston et al., 

1992, Scavetta et al., 1999). This enzyme has a pH optimum of 9.5 and its activity 

requires Ca2+. While the pectate lyase family has mostly been studied in pathogenic 

species, there are 26 pectate lyase-like genes in Arabidopsis. These as well as other cell 

wall remodeling enzymes are important for developmental processes such as the 

ripening of fruit.  

 Fruit softening is associated with cell wall disassembly, including modifications to 

pectin (Seymour and Gross, 1996). Polygalacturonases (PGs) are known to play a role in 

fleshy fruit ripening, but they are not the sole class of enzymes involved (Giovannoni et 

al., 1989, Smith et al., 1990). PGs hydrolyze residues of galacturonic acid from pectin, 

and their activity is rich in the pericarp of tomato (Marin-Rodriguez et al., 2002). The 

exact contribution of the many enzymes involved in the ripening process is not clear due 

to the extreme complexity of the cell wall network. Pectate lyase activity was 

demonstrated for two genes isolated from banana pulp, indicating a role for lyase 

proteins in fruit ripening (Marin-Rodriguez et al., 2003).  
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 Pectate lyase-like (PLL) genes have been isolated from tomato (Wing et al., 1990) 

and recently characterized in Arabidopsis (Palusa et al., 2007). The sequence of the 

Arabidopsis genome is available, which has facilitated analysis for putative pectate lyase 

family members. There have been 26 PLL genes identified and tested for differential 

expression patterns throughout development (Palusa et al., 2007). Based on their tissue 

specific expression, it is evident that they play individual roles. Some are even inducible 

by hormone or stress treatment, which indicates that they may be involved in signaling 

mechanisms. However, pectate lyase activity has not yet been demonstrated for the 

family. The function of one PLL gene, PLL13/PMR6, is known to be involved in 

susceptibility to powdery mildew, but the mechanism is still not clear (Palusa et al., 

2007, Vogel et al., 2002).  

Cell wall signaling 

 Biologically active carbohydrates that act as signal molecules are called 

oligosaccharins; the first identified were linear molecules of galacturonic acid (GalA) 

called oligogalacturonides (OGAs) (Cote and Hahn, 1994, Ridley et al., 2001). OGAs are 

produced after fragmentation of the cell wall following changes in growth and 

development or as a defense response. Although knowledge of their contribution to 

signaling pathways is incomplete, it is an important topic of investigation in order to 

better understand how plants adapt to a changing environment.  

 Pectin is one of the main targets during pathogen attack at the cell wall. As 

mentioned previously, pathogens are able to secrete pectate lyases, such as PelC, and 
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other enzymes that facilitate breakdown of the plant cell wall. The resulting fragments 

can be detected by the plant, thus triggering plant defense response (Cote et al., 1998). 

The first observable response involved in plant defense is the sharp rise in reactive 

oxygen species (ROS) (Low and Merida, 1996). An increase in ROS is known to elicit 

systemic acquired resistance (SAR), which is an induction of defense mechanisms far 

from the site of pathogen attack, but serves to equip to the plant to defend against the 

invading specimen (Bolwell, 1999, Sticher et al., 1997). Transcript levels of many plant 

disease resistance genes were upregulated following exposure to OGAs. Interestingly, 

there is an increase in genes associated with biosynthesis of ethylene and jasmonate, as 

well as elevated transcript levels of their target genes including PDF1.2 and chitinase 

(Moscatiello et al., 2006). The same study was able to demonstrate that the transcripts 

affected by OGA treatment are sensitive to Ca2+ channel inhibitors suggesting they are 

dependent on cytosolic Ca2+ gradients, which may help to elucidate their involvement in 

signaling pathways.  

 OGAs are also capable of inducing response to plant growth and development. 

Treatment with OGAs causes inhibition of auxin-induced pea stem elongation (Branca et 

al., 1988). Biologically active OGAs added to tobacco thin-cell layer explants caused 

inhibition of root formation (Bellincampi et al., 1993), and increased stomata formation 

(Altamura et al., 1998). Treatment of tobacco leaf disk explants with OGAs did result in 

production of ROS, however, there is currently no link between the production of ROS 

and a signaling cascade leading to opposition of auxin (Ridley et al., 2001). Recently, a 
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study was able to eliminate stabilization of auxin-response repressors, and reduced 

expression of auxin receptor transcripts as plausible mechanisms for OGA mediated 

signaling (Savatin et al., 2011). The ability of OGAs to antagonize auxin has been shown 

time and time again, however, the molecular basis for this effect remains elusive.  

 These pectic fragments are not only involved in auxin response, but have also 

been shown to induce transcription of ethylene biosynthetic genes. Fragments that elicit 

ethylene response were extracted from tomato fruit at the breaker stage of ripeness, 

indicating their potential role in fruit ripening (Melotto et al., 1994). Cultured pear cells 

exposed to OGAs induced ethylene biosynthesis, but a second elicitor treatment had a 

reduced response, indicating desensitization most likely due to internalization of 

receptors (Cote and Hahn, 1994). Various other oligomers with a degree of 

polymerization (DP) larger than 10 have been shown to be biologically active; there is 

evidence that OGAs with a DP between 2 and 6 are sufficient for activating ethylene 

biosynthesis in tomato (Simpson et al., 1998). Fruit ripening is incredibly complex and 

involves numerous enzymes, which makes identification of the specific roles OGAs play 

in the signaling cascade incredibly difficult. As such, there is yet to be a solid link 

between OGAs and any known phytohormone signaling pathway.  

 Pectin is an extremely important polysaccharide with a number of functions in 

plants. Not only is it important for cell wall integrity and flexibility, pectic fragments are 

required for plant responses to growth and defense against pathogens. The structure 

and biosynthesis of pectin is well understood, largely due to advances in isolation of 
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pectic fragments and characterization of biosynthetic mutants (Atmodjo et al., 2013). A 

similar approach to identify and characterize mutants with altered phytohormone 

responses will help elucidate the mechanism(s) of OGA involvement in signal 

transduction.  
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Chapter 6 – A Novel Anti-auxinic Compound, Pamoic Acid, is a Regulator 
of Ethylene-dependent Phenomena  

 

Introduction 

 Various aspects of plant growth and development are the result of hormones 

including ethylene, auxin, brassinosteroids, gibberellins, abscisic acid, and others. Of 

particular interest in etiolated seedlings is the role of ethylene in causing the 

characteristic triple response phenotype. This phenomena consists of short roots, short 

and thick hypocotyls, and exaggerated curvature of the apical hook (Abeles et al., 1992). 

Screening methods were employed during the past few decades that produced a wide 

variety of ethylene response mutants based on aberrant triple response phenotypes, 

including ethylene insensitivity, constitutive triple response, and enhanced ethylene 

response (Bleecker et al., 1988, Guzman and Ecker, 1990, Hua et al., 1995, Kieber et al., 

1993, Larsen and Chang, 2001). There is a subset of genes involved in enhanced ethylene 

response, eer, that do not appear to fit the linear model of ethylene signaling and it is 

believed that they control a rheostat mechanism responsible for controlling the 

magnitude of ethylene response (Larsen and Chang, 2001, Cancel and Larsen, 2002, 

Christians and Larsen, 2007, Robles et al., 2007, Christians et al., 2008, Deslauriers and 

Larsen, 2010, Robles et al., 2012). Collectively, the various mutant phenotypes were 

useful in elucidating the ethylene signaling cascade.  

 Ethylene signaling begins at a family of five ER membrane bound receptors in 

Arabidopsis composed of ETR1, ETR2, ERS1, ERS2 and EIN4  (Hua and Meyerowitz, 
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1998). In the absence of ethylene, the receptors activate a negative regulator of 

ethylene response, CTR1 (Kieber et al., 1993). Constitutive Triple Response 1 (CTR1) is a 

member of the MAPKKK superfamily, although no direct targets have been isolated from 

Arabidopsis. In the presence of ethylene, CTR1 is inactivated allowing the signal to 

proceed to EIN2 (Ju et al., 2012, Wen et al., 2012). EIN2 is an NRAMP family protein of 

unknown function. However, it was recently shown that the C-terminus is cleaved and 

relocalized to the nucleus to activate ethylene response (Qiao et al., 2012). This results 

in accumulation of transcription factors EIN3 and EIL1, which are responsible for 

induction of several ethylene-dependent genes (Guo and Ecker, 2003, Potuschak et al., 

2003).   

 While these various genetic mutants with altered ethylene response have led to 

the definition of the ethylene signaling cascade, there is another class of ethylene 

response mutants due to altered ethylene biosynthesis. Plants are able to synthesize 

ethylene throughout various stages of development in a two step process known as the 

MSAE pathway (Abeles et al., 1992, Yang and Hoffman, 1984). In the first reaction, S-

adenosyl methionine (SAM) is converted to 1-aminocyclopropane-1-carboxylic acid 

(ACC) by ACC synthase (ACS). In the subsequent step, ACC is converted to ethylene by 

ACC Oxidase (ACO). A few chemical inhibitors of ethylene biosynthesis have been 

discovered. Aminoethoxyvinylglycine (AVG) and aminooxyacetic acid are effective 

inhibitors of pyridoxal phosphate requiring enzymes, including ACS. These compounds 

are able to limit ethylene biosynthesis and thus control the amount of ethylene 
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response. Other chemical inhibitors have been isolated, but they play a role in 

disrupting ethylene signaling at the receptors. One such compound, 1-MCP, is 

commercially available as it is a potent competitive inhibitor for ethylene binding at the 

hydrophobic pocket (Rodriguez et al., 1999, Sisler, 2006). It is well known that copper is 

required for proper ethylene binding at the receptors, but it is interesting that another 

metal ion, Ag, is able to compete with copper and effectively block ethylene perception 

without disrupting its ability to bind (McDaniel and Binder, 2012).    

Chemical compounds that target intermediates of the ethylene signaling cascade 

have not yet been isolated. Since there is evidence for a rheostat for ethylene response, 

it was of interest to see if a chemical compound could have an effect on ethylene 

signaling and perhaps shed some light on a regulatory pathway. To this end, a chemical 

library screen was conducted using a ctr1 knockout seed line. Using this approach, 

compounds conferring ethylene insensitivity could be isolated at a point downstream of 

the receptors or the negative regulator CTR1, with the hope of discovering a unique 

research tool allowing fine tuning control of ethylene response.  

Results 

Identification of a compound conferring ethylene insensitivity 

 A chemical library screen was conducted in an effort to isolate chemical 

compounds that could disrupt normal ethylene response in a ctr1-3 background. 

Seedlings were grown for four days in air in the dark and in the presence of 50 M of 

each chemical tested from the Microsource Spectrum Collection. The ctr1-3 mutant 
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represents a loss of a negative regulator of ethylene response, CTR1, giving a 

constitutive triple response phenotype in the absence of ethylene. The Arabidopsis 

triple response consists of short roots, short and thick hypocotyls and an apical hook. 

Compounds demonstrating an ethylene insensitive phenotype were isolated for further 

characterization. From this screen, two compounds resulted in loss of the apical hook. 

These chemicals were identified as hydroxyzine pamoate and pyrantel pamoate. 

Interestingly, this screen did not isolate L-kynurenine, which was previously shown to 

increase root length of ctr1-1 by inhibiting auxin biosynthesis (He et al., 2011).  

 Following the chemical screen and isolation of compounds of interest, a second 

test was performed on dark grown Col-0 wt and ctr1-3 to confirm the anti-ethylene 

activity of the compounds. Testing of the cationic partners of hydroxyzine pamoate and 

pyrantel pamoate had no effect on growth. However, the anionic partner, pamoic acid 

(PA), did result in an ethylene insensitive phenotype. Col-0 wt was grown in either the 

presence of 5 M AgNO3, an ethylene perception inhibitor, or 100 L L-1 ethylene. In 

addition to AgNO3 or ethylene, seedlings were grown in the presence of 0 or 10 M PA 

(Figure 2). As shown in Figure 2B, Col-0 wt treated with both AgNO3 and PA were shorter 

than untreated, indicating that PA does have a slightly inhibitory effect on overall 

growth. PA treated seedlings in the presence of ethylene were unhooked and displayed 

longer roots than their untreated counterparts, which indicated that PA was 
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Figure 2. Pamoic acid blocks manifestation of the triple response in wild type seedlings. 

(A) Photograph of 4-day-old Col-0 wt dark grown seedlings in the presence of 100 L L-1 

ethylene and the presence or absence of 10 M PA. (B) The effect of PA on etiolated 

hypocotyls. Col-0 wt was grown for 4 days in the dark in the presence of either 5 M 

AgNO3 or 100 L L-1 ethylene. The hypocotyl lengths of seedlings from each treatment 
were subsequently measured where mean ± SE values were determined from 30 
seedlings. Percentage represents seedling hook formation when treated with saturating 
amounts of ethylene.  
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capable of blocking ethylene response (Figure 3). PA does not act as an inhibitor of 

ethylene biosynthesis, since treatment had no measurable effect on ethylene 

production (Figure 4). The phenotype of PA treated Col-0 in the presence of saturating 

ethylene looks like the previously reported genetic mutants wei8 and tar2, which are 

deficient in auxin biosynthesis (Stepanova et al., 2008).  

 Dark grown ctr1-3 in the presence of 10 M PA reversed the severe inhibition of 

root growth, which is typical of this constitutive triple response mutant (Figure 5). 

Moreover, PA treatment eliminated apical hook formation in ctr1-3, which looks nearly 

identical to ctr1-1;tar2-1;wei8-1 (Stepanova et al., 2008). These phenomena are 

consistent with PA acting to block ethylene response. Growth of ctr1-3 in the light in the 

presence of PA had remarkable effects on root length, with morphology 

indistinguishable from wt (Figure 6).  Taken together, the effects of PA are consistent 

with a role in blocking ethylene response and targeting the ethylene signaling cascade at 

or below CTR1.  

PA treatment influences ethylene responsive gene expression  

 Because PA is capable of affecting apical hook formation and root morphology, 

both ethylene-dependent phenomena, it was important to analyze its effect on ethylene 

responsive gene expression. To test this, Col-0 wt was treated with 0 or 25 M PA and 

grown in the presence of either 5 M AgNO3, air, or 100 L L-1 ethylene for four days in 

the dark. Tissue was subsequently collected and flash frozen. Whole seedlings were 

prepared for total RNA isolation and Northern analysis. PA had a negligible effect on  
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Figure 3. Analysis of ethylene-responsive root growth. Dark grown seedlings of Col-0 wt 

treated with either air or 100 L L-1 ethylene in the presence or absence of 10 M PA. 
Mean ± SE values were determined from 30 seedlings.  
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Figure 4. The rate of ethylene production by 4-day-old dark-grown seedlings was 

measured for Col-0 wt with either 0 or 10 M PA. Ethylene was collected for 21 h and 
levels were determined by gas chromatography, with production rates calculated based 
on tissue fresh weight. Mean ± SE values were determined from five samples of 100 
seedlings each.  
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Figure 5. PA effectively blocks promotion of the triple response in a constitutive 
response mutant, ctr1-3. (A) Photograph of 4-d-old dark grown ctr1-3 seedlings in air in 

the presence or absence of 10 M PA. (B) Assessment of ctr1-3 hypocotyl and root 
lengths. 4-d-old etiolated seedlings were grown in air in the presence or absence of 10 

M PA. The hypocotyl and root lengths were determined with mean ± SE values from 30 
seedlings. 
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Figure 6. Pamoic acid has a substantial effect on root length of light-grown seedlings. 

ctr1-3 seedlings grown 7-days in the light in the presence or absence of 10 M PA. Roots 
were subsequently measured with mean ± SE values determined from 30 seedlings. 

Inset photograph of ctr1-3 seedlings in the presence (+) or absence (-) of 10 M PA.  
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expression of ETR2, while it hyperinduced expression of two other genes, AtEBP and 

ACO2 (Figures 7 and 9). These last two genes have previously been shown to be part of a 

specific subset of genes that are required for opposing ethylene response, and are 

thought to play a role in controlling the magnitude of ethylene signaling (Larsen and 

Chang, 2001, Christians and Larsen, 2007, Robles et al., 2007, Christians et al., 2008).  

 Auxin was found to have an antagonistic role with respect to induction of the 

same subset of genes. For this analysis, Col-0 wt seedlings were grown hydroponically in 

the dark for 4 days in the presence of either 5 M AgNO3, 1 M ACC, or 10 M ACC, and 

supplemented with 0 or 10 M Naphthaleneacetic acid (NAA). Total RNA was isolated 

and subjected to Northern analysis. While PA treatment elevated expression of AtEBP 

and ACO2, treatment with NAA resulted in a severely reduced capability to induce 

expression in this subset of genes (Figures 8 and 9). NAA treatment did not have an 

effect on transcript levels of ETR2. These results demonstrate that auxin most likely 

regulates ethylene response through transcriptional control of genes linked to 

regulating the magnitude of ethylene response. This subset of genes is correlated with 

opposition of signaling. Auxin works synergistically with ethylene to increase the level of 

ethylene response, while reducing expression of this subset of genes.  

Auxin enhanced gene expression is eliminated by PA 

 Patterns of gene expression in Arabidopsis leaves revealed that PA was able to 

prevent induction of ethylene-dependent gene expression, even in the presence of 

auxin. Col-0 wt was grown hydroponically for 13 days before being treated with or  
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Figure 7. 4-d-old etiolated Col-0 wt seedlings treated with either 5 M AgNO3, air or 100 

L L-1 ethylene in the presence or absence of 25 M PA.  Seedling tissue was harvested 
and total RNA was isolated for Northern analysis with ethylene-dependent genetic 
markers ACO2, AtEBP and ETR2 with 18S ribosomal for loading control.  
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Figure 8. Dark-grown seedlings of Col-0 wt treated with 5 M AgNO3, air or 100 L L-1 

ethylene in the presence or absence of 10 M NAA. 4-day-old etiolated seedlings were 
collected and total RNA was isolated for Northern analysis using ACO2, AtEBP, and ETR2 
with 18S ribosomal for loading control.   
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Figure 9. Dark-grown seedlings of Col-0 wt in the presence of 10 L L-1 ethylene and the 

presence or absence of 25 M PA , or 10 M NAA. 4-day-old etiolated seedlings were 
collected and total RNA was isolated for qPCR analysis using Tubulin as a control. A) 
qPCR analysis showing the relative fold change of ACO2 expression. B) Relative fold 
change of AtEBP expression following qPCR.  
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without 10 M ACC and in the presence or absence of 25 M PA. In addition to ACC and 

PA, all samples were treated with 10 M +/- Jasmonic acid (JA) for 24 hours, and where 

indicated, supplemented with 250 nM NAA for the final 8 hours. Tissue was then 

collected and total RNA isolated for Northern analysis. Ethylene and JA jointly control 

expression of genes involved in plant defense, including chiB and PDF1.2, in a 

concentration dependent manner. As shown in Figure 10, treatment with ACC caused an 

enhancement in expression of these genes. Consistent with the synergy observed in 

dark grown seedlings, the presence of auxin was also able to increase transcript levels of 

both genes, and hyperinduced expression with ethylene and auxin. In samples where PA 

was added, there was a sharp reduction in transcript levels of chiB and PDF1.2, even 

when ACC and/or auxin were present.  

PA restores normal ethylene response to sar1-7  

 Recently, the sar1-7 mutant was isolated, which displays an increased response 

to auxin and also an increased response to ethylene (Robles et al., 2012). Analysis of 

sar1-7 strongly indicated that auxin has the ability to condition ethylene response, with 

auxin hypersensitivity causing severe ethylene response. Treatment with a known anti-

auxin, p-chlorophenoxyisobutyric acid (PCIB) reversed the ethylene sensitive phenotype 

in sar1-7. Since PA treatment opposed auxin and ethylene-dependent gene expression, 

it was of interest to determine the effect of PA on sar1-7. To achieve this, sar1-7 and Ws 

wt were grown 4 days in the dark in the presence of either 5 M AgNO3  
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Figure 10. Col-0 wt Arabidopsis seedlings were grown for 7 d hydroponically, after which 

all samples were treated with 10 M +/- JA for 24 h either in the absence (-) or presence 

(+) of 10 M ACC. As part of this treatment, sample pairs (i.e. control and +ACC) were 
additionally supplemented with 250 nM NAA for the final 8 h of the ACC treatment and 
compared to a control pair that was not treated with NAA. Finally, a second set of 

sample pairs were treated with 25 M PA. Following this, whole seedlings were 
collected and total RNA was isolated for Northern analysis using chiB and PDF1.2 with 
18S ribosomal for loading control.   
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or 100 L L-1 ethylene and with or without 30 M PA. Hypocotyl lengths were 

determined and mean values ± SE are shown in Figure 11. As observed previously, PA is 

slightly inhibitory to growth at this concentration. However, treatment with PA in the 

presence of ethylene is able to overcome the extreme hypocotyl shortening normally 

displayed in the sar1-7 mutant. Furthermore, PA is able to relieve the apical hook in 

both Ws wt and sar1-7 as illustrated in Figure 12.  

 In similar fashion to other eer mutants, sar1-7 represents a loss in the ability to 

induce a subset of genes involved in regulating the magnitude of ethylene response, 

including AtEBP. PA treatment hyperinduced these genes in Col-0 wt. Thus it was of 

interest to determine whether PA could restore gene expression to the enhanced 

ethylene response mutant sar1-7. Ws wt and sar1-7 were grown for four days in the 

dark in the presence of either 5 M AgNO3 or 100 L L-1 ethylene and with or without 25 

M PA. After treatment, tissue was collected and total RNA was isolated for Northern 

analysis. Gene expression patterns for AtEBP and ACO2, but not ETR2 were restored in 

sar1-7 and hyperinduced in Ws wt, consistent with the growth phenomena and lending 

further support to the model that auxin conditions ethylene response in part through 

influencing expression of this subset of genes (Figure 13).   

PA is structurally similar to NAA  

 Several results indicate that PA may function to regulate ethylene response by 

disrupting auxin signaling. First, the effects that PA had on ethylene-dependent gene 

expression, which contrast those of NAA, support this model. Second, there is striking  
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Figure 11. The effect of Pamoic Acid on hypocotyls in etiolated seedlings. 4-d Ws wt or 

sar1-7 grown in the dark in the presence of either 5 M AgNO3 or 100 l L-1 ethylene 

and presence or absence of 30 M PA. The hypocotyl lengths of seedlings from each 

treatment were subsequently measured where mean  SE values were determined from 
30 seedlings.   
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Figure 12. Photographs of 4-day-old sar1-7 or Ws wt dark grown seedlings in the 

presence of 100 l L-1 ethylene and the presence or absence of 30 M PA.    
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Figure 13. Analysis of ethylene-responsive gene expression. Dark-grown seedlings of Ws 

wt and sar1-7 treated with either 5 M AgNO3 or 100 l L-1 ethylene in the presence or 

absence of 25 M PA. Seedling tissue was harvested and total RNA was isolated for 
Northern analysis with ethylene-dependent genetic markers ACO2, AtEBP and ETR2 with 
18S ribosomal for loading control.   
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similarity between PA treated seedlings and the auxin biosynthesis mutant tar2-1;wei8-

1. And finally, PA is able to restore normal response in the auxin dependent ethylene 

hypersensitive mutant sar1-7.  A closer look at the structures of PA and NAA revealed 

many shared similarities between the two compounds, and PA is highly reminiscent of 

two NAA molecules (Figure 14). Auxin has been shown to control ethylene response, 

and it could be argued that PA is able to block proper auxin signaling which conditions 

the anti-ethylene response phenotypes observed in treated tissues.  

Analysis of Arabidopsis roots further implicate PA as an anti-auxin  

 There are shared structural similarities between PA and NAA. However, there are 

also some subtle differences. It was necessary to test the ability of PA to block 

manifestation of auxin-dependent phenomena. Since auxin is required for normal root 

growth, and several auxin-related mutants have been isolated based on changes in root 

morphology, it was important to consider the effects of PA on Col-0 wt roots. For this 

analysis, Col-0 wt was treated with increasing concentrations of PA for seven days in the 

light before root length was determined. At low concentrations of PA there is a boost in 

root growth, but at higher concentrations it becomes inhibitory, a phenomena known as 

hormesis (Figure 15). This can be interpreted as the result of low concentrations of PA 

blocking endogenous auxin and relieving the negative control, leading to an increase in 

growth. Some auxin is required for normal growth and development, which explains 

higher concentrations of PA completely blocking auxin signaling and arresting growth.  
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Figure 14. Chemical structures of NAA and PA. NAA contains a naphthalene ring with a 
carboxylmethyl group attached to C1. PA is a naphthoic acid derivative made up of two 
naphthalene rings. The structure is essentially two molecules of NAA.  



72 
 

 

 

Figure 15. Dose response of Col-0 wt roots treated with PA. Col-0 wt seedlings were 

grown in light for 7 d with 0, 10, 50 or 100 M PA and root length was determined. 

Plotted values are the mean  SE from 30 seedlings.  
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 Higher concentrations of auxin inhibit root growth, but as little as 50 nM IAA or 

NAA can arrest growth, likely due to the internal sensitivity of auxin concentrations in 

the root. It was of interest to determine whether PA could reverse this auxin-dependent 

inhibition of root growth. To achieve this, Col-0 wt was grown in the presence or 

absence of 150 nM NAA and supplemented with either 0 or 30 M PA. Seedlings were 

grown for seven days in the light before determining root length. Treatment with NAA 

resulted in severely shorter roots, 72% inhibition, compared to untreated (Figure 16). In 

contrast, addition of PA to NAA treated roots resulted in a 17% reduction in root length. 

These results demonstrate that PA is able to reduce the inhibitory effects of NAA.  

 A plant’s capability to respond to gravity is also dependent on normal auxin 

signaling. Thus it was important to analyze the effects of PA of root gravitropism. For 

this analysis, Col-0 wt seedlings were grown on agar plates oriented vertically, and 

either in the absence or presence of 30 M PA. After four days root growth was 

assessed. Untreated roots grew downward, along the gravity vector, while PA treated 

root growth was randomized (Figure 17).  

 GUS (-glucuronidase) is a reporter gene that produces a blue color when 

hydrolyzed by the GUS enzyme. DR5 is an auxin responsive promoter fused to GUS in 

order to visualize auxin distribution in vivo. Addition of 100 nM NAA to this transgenic 

line resulted in the accumulation of GUS activity in both the root tip and the mature 

root region (Figure 18). Treatment with 10 M PA resulted in dramatically less staining 

in the root tip and staining was absent from the mature root region. The addition of   
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Figure 16. Root growth study of PA treated seedlings in presence or absence of NAA.      

7-day–old light grown Col-0 wt seedlings in either 0 or 30 M PA in the presence or 

absence of 150 nM NAA. Roots were subsequently measured and the mean  SE from 
30 seedlings were plotted. Percentages reflect treated root length relative to untreated.  
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Figure 17. Photographs of 4-day-old Col-0 wt light grown roots from a gravitropism 

study in the presence or absence of 30 M PA.  Black arrow indicates the direction the 
plates were oriented.   
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Figure 18. (A) Photographs of histochemical staining using the DR5::GUS fusion system with 5-

bromo-4chloro-3-indolyl glucuronide (X-Gluc) substrate. DR5 seeds grown hydroponically for 7 d 

in the presence or absence of 10 M PA. Seedlings were subsequently stained for 3 h. Seedlings 

were stored in 70% ethanol. (B) Photographs of DR5::GUS fusion system treated with 

auxin and PA. DR5 seeds grown hydroponically for 7 d in the presence or absence of 10 

M PA. Seedlings were subsequently treated with 100 nM NAA for 2 h followed by 

staining for 3 h. Seedlings were stored in 70% ethanol.  
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100 M PA completely eliminates GUS activity in roots, which is the same result as 

treating with 100 M of the known anti-auxin, PCIB (Figure 19). Taken together, 

analyses of auxin-dependent root phenomena clearly implicates PA as capable of 

disrupting auxin signaling and demonstrates that it has the same effect on DR5::GUS 

accumulation as the anti-auxinic compound PCIB.  

The auxin receptor, TIR1, is important for hypocotyl and root length maintenance  

 Auxin acts by promoting degradation of Aux/IAA transcriptional repressors 

through interactions with ubiquitin protein ligase SCF complexes. There are six F-box 

protein auxin receptors, including transport inhibitor response1 (TIR1) and closely 

related F-box genes AFB1, 2, 3, 4 and 5, which are all capable of forming SCF complexes 

(Dharmasiri et al., 2005a, Dharmasiri et al., 2005b). Collectively, these receptors 

mediate auxin response throughout development. SHY2/IAA3 protein is normally turned 

over by SCFTIR1 in order to allow for proper auxin signaling. The shy2-2 mutation fails to 

properly turn over this repressor and consequently disrupts normal auxin signaling, with 

a severely short hypocotyl (Tian et al., 2003, Robles et al., 2012). This would indicate 

that auxin is required for normal hypocotyl elongation, as also evident by PA treatment 

leading to moderate inhibition of growth. Thus it was of interest to determine if PA 

plays a role in disrupting one or multiple auxin receptors. It is predicted that PA would 

be additive with the receptor loss-of-function mutations causing a more dramatic effect 

on growth inhibition.   
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Figure 19. Photographs of DR5::GUS root tips treated with PCIB or PA. DR5 seeds grown 
hydroponically for 7 d with either 100 mM PA or 100 mM PCIB. Appropriate seedlings 
were subsequently treated with 100 nM NAA for 2 h followed by staining for 3 h. DR5 
seedlings were stored in 70% ethanol.   
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 For this analysis, Col-0 wt and loss-of-function mutants for each of the auxin 

receptors, except for AFB5, were grown in the dark for four days with 5 M AgNO3 and 

in the absence or presence of 30 M PA. AgNO3 was included in the media to minimize 

the effects of ethylene on hypocotyl length. PA treated seedlings had varied response to 

PA, but it was clear that tir1-1 was more inhibited than the other receptors (Figure 20). 

This would indicate that TIR1 is important for maintenance of hypocotyl length in 

developing seedlings.  

 It was also of interest to see what effect PA would have on roots in the receptor 

mutant lines. To achieve this, Col-0 wt and each of the receptor mutants, except for 

afb5-1, were grown in the dark for four days and supplemented with either 0 or 30 M 

PA. AgNO3 was not included in this experiment, as it is inhibitory to root growth. 

Treatment with PA exhibited a range of effects on the receptor mutant seedlings. 

However, tir1-1 roots were influenced more dramatically than the others (Figure 21). It 

was important to confirm the root morphology of tir1-1 by treating with multiple 

concentrations of PA. Col-0 wt and tir1-1 exposed to a range of concentrations indicated 

that tir1 is more sensitive to PA treatment (Figure 22). TIR1 is required for normal root 

growth. The addition of PA to the tir1-1 mutant results in an additive effect because PA 

may target another receptor and block auxin signaling.   

 The crystal structure of TIR1 was solved in 2007 and answered many questions 

surrounding the plant hormone receptor [(Tan et al., 2007); RCSB protein data bank: 

2P1P]. The structures show the formation of a complex between TIR1, auxin and an  
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Figure 20. PA’s effect on growth of auxin insensitive mutants. 4-d-old dark grown 
seedlings of Col-0 wt, tir1-1, afb1-5, afb2-3, afb3-5 or afb4-1 in air and in the presence 

or absence of 30 M PA. Hypocotyl lengths were subsequently measured with mean      

 SE from 30 seedlings.  
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Figure 21. Root length of auxin insensitive mutants with PA treatment. 4-d-old dark 
grown seedlings of Col-0 wt, tir1-1, afb1-5, afb2-3, afb3-5 or afb4-1 in air and in the 

presence or absence of 30 M PA. Root lengths were determined with mean  SE from 
30 seedlings.   
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Figure 22. Dose response of Col-0 wt and tir1-1 roots treated with PA. Seedlings were 

grown in light for 7 d with 0, 1, 5, 10, 20, 30 or 50 M PA and root length was 

determined. Plotted values are the mean  SE from 30 seedlings.   
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Aux/IAA polypeptide substrate. Normal signaling events would result in turnover of the 

substrate, a transcriptional repressor, allowing for increased gene expression and auxin 

response. A separate study examined the dynamic changes that take place during auxin 

and substrate binding events at the receptor and discovered the importance of residue 

Phe82 in Aux/IAA perception (Hao and Yang, 2010). This prompted an investigation into 

the ability of PA to bind at TIR1, allowing the flexibility of Phe82 due to the bulky 

character of PA. Computer modeling at the binding site of TIR1 with Aux/IAA substrate 

in complex with either auxin or PA revealed two different positions for Phe82 (Figure 

23).  As illustrated in Figure 14, PA shares many structural similarities to the synthetic 

auxin NAA. It could be hypothesized that PA is recognized at the TIR1 receptor. 

However, the duplicity of the naphthalene ring might interfere with proper Aux/IAA 

substrate binding and thus prevent SCF formation and turnover of the repressor. 

Biochemical analysis utilizing a yeast two hybrid approach gave inconsistent results, with 

a slight reduction in binding between the substrate, IAA3, and TIR1 (data not shown). An 

in vitro coimmunoprecipitation assay between IAA3 or IAA7 and TIR1-myc was 

employed as a follow up to confirm the interaction. Treatment with PA did not prevent 

association of TIR1 with either IAA3 or IAA7 substrate proteins (data not shown). It is 

possible that TIR1 is not the target receptor for PA, and the anti-auxinic properties of 

the compound are the result of altered signaling at one or more of the other F-box 

receptors. The exact mechanism of PA action is unclear.  
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Figure 23. A molecular docking model of pamoic acid bound to TIR1 receptor.                  
A) Residues surrounding auxin in the TIR1-auxin-IAA7 complex. Auxin is displayed in 
green, residues of TIR1 are white, except Phe 82 is cyan, and IAA7 residue Pro7 is pink. 
Inset is a schematic representation of TIR1-auxin-IAA7 complex. B) Residues surrounding 
auxin binding in the modeled structure of TIR1-pamoic acid. Color coding is the same as 
above, except that PA is shown in yellow. Inset shows the mechanism of steric 
hindrance of IAA7 binding by PA as suggested by molecular docking.  
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Chapter 7 – A Putative Pectate Lyase is Required for Apical Hook 
Formation and Other Aspects of Ethylene Response  

 

Introduction 

 Ethylene is a simple unsaturated hydrocarbon plant hormone involved in fruit 

ripening, tissue senescence, germination and pathogen response (Abeles et al., 1992). 

As previously discussed, ethylene serves as an initiator of a signaling cascade 

culminating in ethylene-responsive gene expression. This cascade has been well 

characterized using the model organism Arabidopsis thaliana. Signaling begins with a 

family of five ethylene receptors that in the absence of ethylene control the activity of a 

negative regulator CONSTITUTIVE TRIPLE RESPONSE 1 (CTR1) keeping it in an active 

state and thus suppressing ethylene signaling. In the presence of ethylene, downstream 

signaling proceeds through ETHYLENE INSENSITIVE 2 (EIN2) a membrane localized 

protein of unknown function that has been demonstrated to be absolutely required for 

ethylene signaling to continue. Following this, a group of transcription factors, including 

ETHYLENE INSENSITIVE 3 (EIN3) and EIN3-like (EIL1) are responsible for directly 

mediating changes in ethylene-responsive gene expression, including ETHYLENE 

RESPONSE FACTOR1 (ERF1).  

 Arabidopsis has a characteristic triple response phenotype that has facilitated 

screening for mutants that affect ethylene signaling. The triple response consists of 1) a 

short and thick hypocotyl, 2) short roots and 3) apical hook formation in etiolated 

seedlings exposed to high levels of ethylene. There are four main classes of ethylene 
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mutants that have been isolated utilizing this screening approach: ethylene 

overproducer (eto), ethylene insensitive (ein), constitutive triple response (ctr) and 

enhanced ethylene response (eer, rte, ebf, etp). The outlined project focuses on the last 

class of enhanced ethylene response mutants, which is a novel approach to studying 

how the pathway is reset following a signal. eer mutants display a phenotype similar to 

wild type in the presence of AgNO3. However, they demonstrate extreme 

responsiveness in the presence of saturating amounts of ethylene. Additionally, loss of 

an EER factor results in increased sensitivity to ethylene. For some mutants with 

enhanced ethylene response, in conjunction with increased sensitivity there is a 

decrease in induction of a subset of ethylene regulated gene expression. Together, 

these are suggestive of the existence of a transcriptionally regulated ethylene response 

reset mechanism, with members of this subset of ethylene responsive genes functioning 

to control the magnitude of ethylene response. Loss of a factor controlling the reset 

mechanism results in extreme signaling and enhanced ethylene responsiveness.  

 Following a screen for Arabidopsis mutants with increased ethylene response, a 

new allele of pmr6 was identified as having an aberrant ethylene response phenotype. 

PMR6, which is a putative pectate lyase, is presumed to be involved in regulation of 

aspects of ethylene response by control of cell wall degradation. Preliminary 

characterization reveals that loss of PMR6 leads to severe reduction in capability to form 

an apical hook suggesting that PMR6 plays a vital role in this ethylene-dependent 

phenomenon. Wild type soluble sugars supplemented in the presence of silver, an 
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ethylene perception inhibitor, results in shortening of the hypocotyls in Col-0 and pmr6-

6. Interestingly, the same phenomena occurs with supplementation of soluble sugars 

extracted from the ethylene insensitive mutant ein2-5. Taken together, these results 

indicate that a soluble sugar product accumulates to somehow regulate ethylene 

signaling. The analysis of pmr6-6 has led to a better understanding of the PMR6-

dependent-mechanism that controls ethylene response. Specifically, it suggests the 

ability of small sugars to act as signaling molecules in the ethylene signaling pathway by 

serving as feedback regulators in order to control the level of ethylene response.  

Results 

pmr6-6, a new ethylene response mutant discovered through a novel screening 

approach 

 The pmr6-6 mutation was first isolated by screening EMS-mutagenized seedlings 

of Col-0 wild type (wt) that were grown in the dark for 4 d in the presence of 100 l L-1 

(saturating) ethylene and that displayed exaggerated hypocotyl shortening compared to 

wt. So called enhanced ethylene response (eer) mutants were isolated and progeny 

tested in the presence of AgNO3, an ethylene perception inhibitor, or saturating 

ethylene in order to determine if the extreme hypocotyl shortening was due to 

enhanced responsiveness or a growth defect (Cancel and Larsen, 2002, Christians and 

Larsen, 2007, Robles et al., 2007, Christians et al., 2008). Seedlings were marked as 

legitimate eer mutants if they exhibited growth comparable to wt in the presence of 
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AgNO3 and displayed extreme hypocotyl shortening in the presence of saturating 

ethylene. From this study, the pmr6-6 mutant was chosen for further characterization 

(Figure 24).  

pmr6-6 mutant seedlings are hypersensitive to ethylene 

 In order to determine the severity of ethylene responsiveness in hypocotyls, 

pmr6-6 seedlings were grown for 4 d in the dark in the presence of 5 M AgNO3 or 

increasing concentrations of ethylene and compared to wt (Figure 25A). After hypocotyl 

measurement in the presence of AgNO3, it appears that pmr6-6 growth is comparable to 

wt with a direct comparison between Col-0 and pmr6-6 hypocotyls revealing the mutant 

is approximately 70% of the height of Col-0 wt. In order to distinguish between an 

enhanced ethylene response phenotype and a general growth defect, the relative 

hypocotyl length (hypocotyl length of ethylene dose divided by hypocotyl length on 

AgNO3) was monitored at each concentration of ethylene (Figure 25B). It is predicted 

that a general growth defect would cause the relative hypocotyl length of the mutant to 

be the same for all concentrations of ethylene, including 100 L L-1. It was observed that 

the hypocotyl length at saturating levels of ethylene is more severe, reaching a height of 

only 20% that of AgNO3. Furthermore, 50% inhibition of hypocotyl elongation in pmr6-6 

occurs at an ethylene concentration 10-fold less than wt suggesting hypocotyl 

hypersensitivity is ethylene-dependent and the mutant phenotype is not due to a  
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Figure 24. The level of ethylene responsiveness in Col-0 wt and pmr6-6 seedlings as 

determined by an ethylene dose-response analysis. Four-day-old etiolated seedlings 

grown in the presence of 5M AgNO3, to block ethylene perception, or supplemented 

with ethylene ranging from 0 to 100l L-1. Hypocotyls and roots were subsequently 

measured. (A) actual hypocotyl length; (B) relative hypocotyl length (length/length at 5 

M AgNO3); (C) percentage of seedlings with apical hook formation; (D) actual root 

length. Mean values ± SE values were determined from 30 seedlings. (E) Photograph 

showing 4-d-old dark grown seedlings of Col-0 wt and pmr6-6 exposed to 100 l L-1 

ethylene.  
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Figure 25. The level of ethylene responsiveness in Col-0 wt and pmr6-6 seedlings as 

determined by an ethylene dose-response analysis. Four-day-old etiolated seedlings 

grown in the presence of 5M AgNO3, to block ethylene perception, or supplemented 

with ethylene ranging from 0 to 100l L-1. Hypocotyls were subsequently measured. (A) 

actual hypocotyl length; (B) relative hypocotyl length (length/length at 5 M AgNO3); (C) 

percentage of seedlings with apical hook formation. Mean values ± SE values were 

determined from 30 seedlings.  
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general growth defect. It should be noted that pmr6-6 does have an effect on apical 

hook formation in etiolated seedlings in the presence of ethylene. At saturating levels of 

ethylene all Col-0 seedlings were hooked while only 23% of pmr6-6 seedlings formed an 

apical hook (Figure 25C).  

 In contrast to hypocotyls, ethylene-dose-response analysis in roots yielded no 

significant change in the level of ethylene responsiveness compared to wild type (Figure 

26). This suggests that PMR6 may have unique tissue-specific roles in ethylene-regulated 

growth and development.  

The pmr6-6 mutant phenotype is not the result of ethylene overproduction 

 It can be argued that the enhanced ethylene response phenotype can be 

attributed to a mutant producing more ethylene than wild type. Thus it was necessary 

to analyze ethylene biosynthesis rates for Col-0 wt and pmr6-6 (Figure 27). Wild type 

and mutant seedlings were grown for 4 d in the dark and ethylene was collected the last 

18 h. Ethylene production was measured by gas chromatography with 0.9 mL of 

headspace and the rate of ethylene production was calculated per gram fresh weight 

per hour. While pmr6-6 produce slightly more ethylene, approximately 30%, this cannot 

account for the exaggerated response phenotype since pmr6-6 hypocotyls have an 

extreme response even in the presence of saturating amounts of exogenous ethylene.  
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Figure 26. The level of ethylene responsiveness in Col-0 wt and pmr6-6 seedlings as 

determined by an ethylene dose-response analysis. Four-day-old etiolated seedlings 

grown in the presence of 5M AgNO3, or supplemented with ethylene ranging from 0 to 

100l L-1. Actual root length was determined and mean values ± SE values were 

determined from 30 seedlings.  
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Figure 27. The rate of ethylene production by 4-day-old dark-grown seedlings was 

measured for Col-0 wt and pmr6-6. Ethylene was collected for 18 h and levels were 

determined by gas chromatography, with production rates calculated based on tissue 

fresh weight. Mean ± SE values were determined from five samples of 100 seedlings 

each.  
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Loss of PMR6 does not have the same effect on ethylene-dependent gene expression as 

other eer mutants 

 Because of the level of ethylene responsiveness demonstrated by pmr6-6 dose 

response analysis, it was essential to see whether this mutation had any effect on 

ethylene-regulated gene expression. In order to test this, tissue was collected from Col-0 

wt and pmr6-6 seedlings that had been grown in the dark for 4 days in presence of 

either 5 M AgNO3, 1 l L-1 ethylene or 100 l L-1  ethylene. Total RNA was isolated for 

Northern analysis. Ethylene-inducible genes AtEBP, ACO2, and ETR2 were used as 

markers of the ethylene response (Figure 28). Induction of ACO2 may be slightly 

elevated in pmr6-6 seedlings relative to wild type, while levels of AtEBP were 

moderately suppressed in the mutant compared to wild type after being treated with 

ethylene.  However, there is not a significant change in the level of ethylene-dependent 

gene expression, which is unlike most other eer mutants previously characterized 

(Cancel and Larsen, 2002, Christians and Larsen, 2007, Robles et al., 2007, Christians et 

al., 2008, Deslauriers and Larsen, 2010, Robles et al., 2012).   

 Patterns of ethylene-dependent gene expression were also examined in leaf 

tissue collected from Col-0 wt and pmr6-6 mutant 4-week-old plants following 

treatment with either air, 1 l L-1 ethylene or 100 l L-1 ethylene for 24 hours prior to 

collecting. For this analysis, ethylene-regulated genes chiB, PDF1.2 and ERF1 were used 

as markers for ethylene response. Ethylene and Jasmonic Acid (JA) jointly control 

expression of ERF1 and chiB, which remain unchanged in the pmr6-6 mutant compared  
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Figure 28. Analysis of ethylene-responsive gene expression in dark grown seedlings of 

pmr6-6.  For this analysis, Col-0 wt and mutant seedlings were grown in the presence of 

5 μM AgNO3 (Ag), 1 μl L−1 (LE), or 100 μl L−1 (HE) ethylene in the dark for 4 d, after which 

10 μg of isolated total RNA was used for Northern analysis to test expression of genes 

known to be ethylene-responsive in seedlings including ACO2, AtEBP, and ETR2. Tomato 

18S rDNA was used to judge loading accuracy. 
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 to Col-0 wt (Figure 29). Transcript levels of PDF1.2, a plant defensin gene also regulated 

by JA and ethylene cross-talk, were slightly lower in pmr6-6 leaves than Col-0 wt. As 

with ethylene-dependent gene expression in etiolated seedlings, there does not appear 

to be a significant difference in gene expression between pmr6-6 and Col-0 wt.  

pmr6-6 is an early termination codon in a putative pectate lyase conferring powdery 

mildew resistance  

 A mapping population was generated by crossing the mutant (Col-0 background) 

to Wassilewskija (WS-2) and F2 progeny displaying the mutant phenotype in saturating 

amounts of exogenous ethylene were selected. Segregation of seedlings displaying the 

enhanced ethylene response phenotype and loss of apical hook followed Mendelian 

genetics ratio 1:3 indicating this mutation is recessive. From those, DNA was extracted 

from leaves of adult plants and PCR was carried out by following genetic polymorphisms 

between ecotypes.  

 Two different types of markers were used; Simple Sequence Length 

Polymorphism (SSLP) markers differ in fragment length after amplification based on 

sequence discrepancies, or Cleavage Amplified Polymorphic Sequences (CAPS) markers 

in combination with restriction enzymes yield different digest patterns between Col-0 

and WS ecotypes. Polymorphic markers that are proximal to one another will be 

inherited together. Thus, through the analysis of known SSLP and CAPS markers rates of 

recombination, it is possible to predict genetic linkage. 
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Figure 29. Analysis of ethylene-responsive gene expression in adult leaves of pmr6-6.  

Expression in leaves after 4wk old adult plants of Col-0 wt and mutant were exposed to 

air (A), 1 L L-1 ethylene (LE) or 100 L L-1 ethylene (HE) for 24h, after which 10 μg of 

isolated total RNA was used for Northern analysis to test the expression of the following 

ethylene-responsive genes: ERF1, chiB, and PDF1.2.  Tomato 18S rDNA was used to 

judge loading accuracy. 
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 Initially, the mutation was linked to the bottom half of chromosome 3 with the 

SSLP markers ALS and nga6 with recombination rates indicating the mutation was closer 

to nga6 (Figure 30). pmr6-6 was localized between two CAPS markers, TSA and 

At3g55010, which was not enough to specifically pinpoint the mutation. Therefore, a 

library was created and prepared for whole genome sequencing. Approximately 2 g of 

genomic DNA was isolated and then sheared to 200-250 bp fragments. The resulting 

fragments were size selected by agarose gel electrophoresis (1.5%) and adapted to 

paired ends with the NEXTflex DNA Sequencing Kit (Bioo Scientific, Austin, TX). The 

resulting fragments were again subjected to size selection via agarose gel 

electrophoresis (2%). The region corresponding to 400-500 bp was selected for 

sequencing on an Illumina HiSeq 2000.  

Whole genome sequence analysis within the narrowed CAPS marker region 

revealed a single base substitution of G for A creating a stop codon instead of 

Tryptophan at amino acid 148 in the beginning of exon 2 in Powdery Mildew Resistant 6 

(PMR6), At3g54920. A wild type version of PMR6, including promoter, 5’-UTR, CDS, and 

3’-UTR was transformed into the mutant, which led to restoration of ethylene response 

to that of wild type, confirming isolation of the correct mutation (Figure 31). As this is 

the sixth mutation discovered in PMR6, this mutant was classified as pmr6-6. PMR6 

shares significant sequence similarity with pectate lyase-like genes with one major 

difference in the C-terminal domain encoding a Glycophosphatidylinositol (GPI) anchor  
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Figure 30. Map-based cloning of the pmr6-6 mutation. Solid bars represent the order of 
bacterial artificial chromosomes in the 20.2-20.6 Mb region of chromosome 3. The BAC 
containing PMR6 and recombination frequencies at each generated CAPS marker 
surrounding pmr6-6 are shown. The genomic structure of PMR6 is illustrated either as 
filled boxes, which represent exons, or as intervening lines, which represent non-coding 
regions. The position of the pmr6-6 mutation, which represents an inappropriate stop 
codon at amino acid 148 in exon two, is shown. 
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Figure 31. Functional complementation of the pmr6-6 mutation. A genomic construct 
consisting of the PMR6 promoter, 5’-UTR, CDS, and 3’-UTR was introduced into the 
mutant via Agrobacterium-mediated transformation. Etiolated Col-0 wt, pmr6-6 and T2 

progeny from pmr6-6 with wt PMR6 were grown in the presence of 100 L L-1 ethylene 
for four days. Representative seedlings were photographed to demonstrate 
manifestation of the ethylene triple response.   
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thought to be involved in docking to the plasma membrane (Vogel et al., 2002). Loss of 

PMR6 leads to powdery mildew resistance indicating that PMR6 is somehow involved in 

susceptibility, presumably a result of altered cell wall composition. 

 It was of interest to determine whether transcript levels of PMR6 are ethylene 

inducible. To test this, Col-0 and pmr6-6 etiolated seedlings were grown for 4 days in the 

presence of either AgNO3, 1 l L-1 or 100 l L-1 ethylene. After which, 10 g of total RNA 

was isolated and used for Northern analysis of PMR6. It does not appear that PMR6 is 

ethylene inducible, yet there is reduced expression in the mutant compared to wt likely 

due to non-sense mediated decay because of the presence of a premature stop codon 

(Figure 32).  

Comparison of ethylene responsiveness in pmr6 alleles supports hypersensitivity 

 The growth analysis of pmr6-6 prompted the investigation of the level of 

ethylene response in other pmr6 mutant alleles. Col-0 wt, pmr6-1, pmr6-2 and pmr6-6 

were grown in the presence of 5M AgNO3 or 100 l L-1 ethylene (Figure 33A). The 

alleles respond to 100 l L-1 ethylene in a similar manner as pmr6-6, although hypocotyl 

growth is not as limited. When treated with saturating ethylene, pmr6-1 and pmr6-2 

growth is comparable to wild type, but pmr6-6 is more inhibited indicating it is the most 

severe allele. What is most interesting about the comparison between alleles is the fact  

 



102 
 

 
 
 
Figure 32. pmr6-6 results in reduced PMR6 transcript levels. Tissue was collected from 

four-day-old etiolated seedlings grown in the presence of 5 M AgNO3 (Ag), 1 l L-1 (LE) 

or 100 l L-1 (HE) ethylene. Total RNA was isolated and 10g was used for Northern 
analysis to test expression of PMR6 in wild type and mutant seedlings. Tomato 18S rDNA 
was used to judge loading accuracy. 
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Figure 33. Growth comparison of pmr6 mutant alleles in the presence of 5M AgNO3 or 

100 l L-1 ethylene. A) Col-0, pmr6-1, pmr6-2 and pmr6-6 seedlings grown with either 

5M AgNO3 or 100 l L-1 ethylene. Actual hypocotyl length; fractions represent number 

of seedlings with an apical hook out of total seedlings. B) Photograph showing 4-d-old 

dark grown seedlings of Col-0 wt and pmr6 alleles exposed to 100 l L-1 ethylene. 
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that the majority of them are unhooked, even in the presence of 100 l L-1 ethylene, 

strongly suggesting that PMR6 is required for apical hook formation (Figure 33B).  

 Allelic growth studies were carried out at low ethylene concentrations to test 

whether these were also ethylene hypersensitive. In order to rule out the effects of 

ethylene overproduction, aminoethoxyvinylglycine (AVG) was added to the growth 

media. It has previously been shown that ethylene biosynthesis is negligible in the 

presence of 5 M AVG (Deslauriers and Larsen, 2010). Col-0 and pmr6 mutants were 

planted on AVG in air as well as AVG in 100 nl L-1 ethylene (Figure 34). It is apparent that 

pmr6-1, pmr6-2 and pmr6-6 are more responsive to ethylene than wild type, with  

pmr6-6 as the most severe allele. The percent hypocotyl inhibition for wt seedlings in 

saturating ethylene is around 23% in contrast to the mutant alleles averaging 35%. Since 

AVG limits amounts of ethylene biosynthesis and because the mutant alleles were 

grown in the same conditions as wt, it is clear that there is an enhanced response to 

ethylene in the tested pmr6 mutants.  

Soluble sugars from ethylene treated Col-0 and pmr6-6 are capable of eliciting ethylene 

response  

 PMR6 belongs to a pectate lyase-like gene family, and shares sequence 

homology for a glycophosphatidylinositol (GPI) anchor attachment. It is predicted to 

play a role at a membrane in order to breakdown pectin or pectic fragments following 

an ethylene signaling event. Two important phenotypes consistently show up in pmr6  
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Figure 34. Ethylene sensitivity comparison of pmr6 mutant alleles. Four-day-old 

etiolated seedlings grown in the presence of 5M AVG or 100 nl L-1 ethylene. Hypocotyls 

were subsequently measured and mean values ± SE values were determined from 30 

seedlings. Actual hypocotyl length plotted as bar graph. Percent inhibition is shown 

above the ethylene treated samples.  
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mutants, 1) distinct lack of apical hooks and 2) enhanced sensitivity to ethylene. Since 

loss of PMR6 could mean loss of pectate lyase activity and subsequent accumulation of 

pectic fragments, it was of interest to determine if pectic sugar compounds could elicit 

an ethylene response.  To achieve this, Col-0 and pmr6-6 were grown for four days in 

the dark on media without sucrose and in the presence of 100 l L-1 ethylene. Soluble 

sugars were extracted from the harvested tissue and were supplemented into media in 

the presence of 5 M AgNO3. Col-0 wt and pmr6-6 were sown on the supplemented 

media and grown for four days in air in the dark before hypocotyl length was 

determined (Figures 35 and 36). Even in the presence of the ethylene perception 

inhibitor AgNO3, Col-0 wt and pmr6-6 hypocotyl length was inhibited with increasing 

amounts of soluble sugars. This indicated the possibility of a biologically active sugar 

capable of eliciting an ethylene response; however, it does not exclude the possibility 

that soluble sugars are inhibitory to growth independent of ethylene.  

Ethylene treated ein2-5 soluble sugars also result in hypocotyl shortening  

 It can be argued that supplementing with soluble sugars has a general effect on 

normal hypocotyl elongation that is independent of ethylene response. In order to 

determine this ethylene dependence, tissue was prepared and soluble sugars were 

extracted from ethylene insensitive ein2-5 in the same manner as Col-0 wt and pmr6-6 

sugars. As before, Col-0 wt and pmr6-6 were sown on media containing 5 M AgNO3 

and increasing amounts of soluble sugars from ein2-5. Strikingly, pmr6-6 hypocotyls 
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Figure 35. Soluble sugars extracted from Col-0 added back to Col-0 and pmr6-6. Sugars 

were extracted from 4-day-old dark grown Col-0 wt treated with 100 l L-1 ethylene.  
Col-0 wt and pmr6-6 seedlings were sown on new media containing either 0, 5, 25 or   

50 L of extracted sugars and supplemented with 5 M AgNO3. Seedlings were grown in 
air in the dark for four days and hypocotyls were subsequently measured. Mean values 
± SE were determined from 30 seedlings.  
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Figure 36. Soluble sugars extracted from pmr6-6 added back to Col-0 and pmr6-6. 

Sugars were extracted from 4-day-old dark grown pmr6-6 treated with 100 l L-1 
ethylene. Col-0 wt and pmr6-6 seedlings were sown on new media containing either 0, 

5, 25 or 50 L of extracted sugars and supplemented with 5 M AgNO3. Seedlings were 
grown in air in the dark for four days and hypocotyls were subsequently measured. 
Mean values ± SE were determined from 30 seedlings.   
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responded more severely than wild type to supplementation with ein2-5 soluble sugars, 

with 50% inhibition occurring in the mutant and 30% in wild type (Figure 37). This result 

supports a model with accumulation of some “sugar fragment”, that is not properly 

turned over without PMR6, leading to more ethylene response. Moreover, these results 

hint at the possibility that this phenomena is not strictly dependent on ethylene. 

Double mutant analysis with members of the ethylene signaling cascade 

  In an effort to understand how PMR6 may function in regulating the magnitude 

of ethylene response, double mutants were generated with known factors of the 

ethylene signaling cascade. A constitutive triple response mutant, ctr1-3, represents a 

loss-of-function mutant that displays the characteristics of the ethylene triple response 

in the absence of ethylene. For this analysis, Col-0 wt, pmr6-6, ctr1-3 and pmr6-6;ctr1-3 

were grown in air in the dark for four days. Hypocotyls were subsequently measured 

and seedlings were scored for their ability to form an apical hook. The    pmr6-6;ctr1-3 

double mutant displayed extreme hypocotyl shortening (Figure 38). Interestingly, 

introducing the pmr6-6 mutation into ctr1-3 reduced the capacity to form an apical 

hook. The growth inhibition observed in pmr6-6;ctr1-3 seedlings was also observed in 

adult plants (Figure 38). Collectively, these results indicate that PMR6 functions at or 

below CTR1 in regulating ethylene response.  

 EIN2 acts downstream of CTR1 and has been demonstrated as absolutely 

required for ethylene signaling. An ein2-5 loss-of-function mutant is nearly ethylene 
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Figure 37. Soluble sugars extracted from ein2-5 added back to Col-0 and pmr6-6. Sugars 

were extracted from 4-day-old dark grown ein2-5 treated with 100 l L-1 ethylene. Col-0 

wt and pmr6-6 seedlings were sown on new media containing either 0, 5, 25 or 50 L of 

extracted sugars and supplemented with 5 M AgNO3. Seedlings were grown in air in 
the dark for four days and hypocotyls were subsequently measured. Mean values ± SE 
were determined from 30 seedlings.   
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Figure 38. pmr6-6;ctr1-3 mutant analysis in air. Four-day-old etiolated seedlings were 

grown in air. Hypocotyls were subsequently measured and mean values ± SE values 

were determined from 30 seedlings. Percentage represents number of seedlings with 

apical hooks. Inset photograph: ctr1-3 and pmr6-6;ctr1-3 4-day-old dark grown 

seedlings. Photographs on the right depict three week old ctr1-3 and pmr6-6;ctr1-3 

adult phenotypes.   
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insensitive. It was of interest to see whether PMR6 was able to regulate ethylene 

response in an EIN2 dependent manner. To achieve this, pmr6-6 was introduced into an 

ein2-5 background. Col-0 wt, pmr6-6, ein2-5 and pmr6-6;ein2-5 seedlings were grown 

for four days in the dark in the presence of either 5 M AgNO3 or 100 l L-1 ethylene 

(Figure 39). The pmr6-6;ein2-5 double mutant was not able to restore ethylene 

sensitivity, suggesting PMR6 is dependent on functional EIN2.  

 The ethylene signaling cascade culminates in activation of the transcription 

factor EIN3. Loss of EIN3, in the ein3-1 mutant, results in moderate ethylene 

insensitivity. In order to further test the effect of the pmr6-6 mutation in the ethylene 

signaling cascade, a pmr6-6;ein3-1 double mutant was generated. Etiolated Col-0 wt, 

pmr6-6, ein3-1 and pmr6-6;ein3-1 were grown for four days in the presence of either 

5M AgNO3 or 100 l L-1 ethylene (Figure 40). Partial ethylene sensitivity was restored in 

pmr6-6;ein3-1 hypocotyls coinciding with the previously reported eer4 and eer5 

mutants (Robles et al., 2007, Christians et al., 2008). There is functional redundancy 

between EIN3 and EIN3-like (EIL) transcription factors. Therefore, the response 

observed in the pmr6-6;ein3-1 double mutant may be the result of amplification of the 

limited amount of ethylene signaling through EILs.  

Localization of PMR6 supports a role in apical hook maintenance    

To further examine the role that PMR6 plays in hook formation, it was necessary 

to assess the localization of PMR6. To achieve this, the PMR6 promoter, 5’ UTR, full  
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Figure 39. Ethylene sensitivity of the pmr6-6;ein2-5 double mutant. Four-day-old 

etiolated seedlings grown in the presence of 5M AgNO3 or 100 l L-1 ethylene. 

Hypocotyls were subsequently measured and mean values ± SE values were determined 

from 30 seedlings. Photograph on the right shows ethylene insensitivity of ein2-5 and 

the    pmr6-6;ein2-5 double.   
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Figure 40. pmr6-6;ein3-1 double mutant analysis in the presence of saturating ethylene. 

Four-day-old etiolated seedlings grown in the presence of 5M AgNO3 or 100 l L-1 

ethylene. Hypocotyls were subsequently measured and mean values ± SE values were 

determined from 30 seedlings. Photograph on the right depicts the partial restoration of 

ethylene sensitivity in the pmr6-6;ein3-1 double mutant.   
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length coding sequence and 3’ UTR were fused to the GUS reporter gene in pBI101. This 

construct was introduced into Col-0 wt via Agrobacterium mediated transformation. T2 

progeny carrying the reporter construct were grown for four days in the dark in the 

presence of 100 L L-1 ethylene and subsequently stained for GUS activity. The results 

shown in Figure 41 indicate that PMR6 is strongly expressed in the apical hook and the 

root tip. Accumulation of PMR6::GUS in the apical hook supports the hypothesis that 

PMR6 is required for the capability to form an exaggerated apical hook in response to 

ethylene.    
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Figure 41. Analysis of PMR6 localization utilizing the GUS reporter gene. PMR6 
promoter, 5’ UTR, full length CDS, and 3’ UTR were cloned into the GUS reporter 
construct pBI101. The PMR6::GUS construct was introduced into Col-0 wt seedlings via 
Agrobacterium mediated transformation. Col-0 wt seedlings expressing the PMR6::GUS 

construct were grown for 4 days in the presence of 100 L L-1 ethylene, after which they 
were stained for GUS activity for 150 minutes. A) Photograph of the apical hook of        
4-day-old Col-0 wt seedlings expressing the PMR6::GUS reporter construct. B) 
Photograph of the root tip of 4-day old transgenic seedlings expressing PMR6::GUS.   

A 

B 
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Conclusions – A New Look into the Synergistic Relationship Between 
Auxin and Ethylene  

 

 Ethylene is an important hormone that regulates many aspects of plant growth 

and development. Several advances have been made in recent decades that have 

elucidated the ethylene signaling cascade. The characteristic triple response in dark-

grown Arabidopsis has greatly facilitated screens for mutants with abnormal ethylene 

response (Guzman and Ecker, 1990). In an effort to better understand regulation of this 

cascade, a chemical library was screened for compounds capable of disrupting the 

ethylene triple response. This screen utilized the ctr1-3 mutant to identify compounds 

related to the ethylene signaling pathway downstream of the ethylene receptor family. 

Interestingly, pamoic acid was identified because of its ability to block apical hook 

formation. It was subsequently determined that PA has both anti-ethylene and anti-

auxinic properties, making it a valuable research tool to better understand hormone 

cross talk.  

 ctr1-3 and ethylene treated Col-0 wt etiolated seedlings treated with PA were 

unhooked with longer roots than their untreated counterparts, which suggested a role 

for PA in disrupting ethylene response. In etiolated seedlings, ethylene can inhibit cell 

expansion, which explains the short root and hypocotyl phenotypes of the ethylene 

dependent seedling triple response (Abeles et al., 1992, Kieber et al., 1993). PA is not 

the first compound isolated from a chemical library screen that disrupts aspects of 

ethylene response. Previously, L-kynurenine was identified as an inhibitor of root-
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specific ethylene response in ethylene overproducer, eto1, and constitutive triple 

response, ctr1 (He et al., 2011). Unlike L-kynurenine, low concentrations of PA are able 

to relieve the apical hook, suggesting a unique role in ethylene response. Light grown 

seedlings are subjected to ethylene-induced root growth inhibition. However, PA 

treatment of light grown ctr1-3 has a profound effect on root length.  These results 

suggest that PA is involved in counteracting ethylene response in multiple tissue types in 

both light and dark grown seedlings.   

 A subset of genes, including AtEBP, have previously been shown to oppose 

ethylene response in etiolated seedlings (Christians and Larsen, 2007, Robles et al., 

2007, Christians et al., 2008, Robles et al., 2012). The enhanced ethylene response, eer, 

phenotype in these studies is correlated with loss of expression of a subset of genes. 

Analysis of patterns of ethylene-dependent gene expression in PA treated Col-0 wt 

illustrated the capability of PA to increase transcript levels of this subset of genes. 

Enhanced expression is concomitant with loss of ethylene sensitivity, which further 

supports a role for PA in regulating the magnitude of ethylene response.  However, 

auxin has previously been shown to condition ethylene response in leaves through 

changes in plant defense gene expression (Robles et al., 2012). Treatment of etiolated 

Col-0 seedlings with NAA resulted in suppressed levels of gene expression of AtEBP and 

other members of this subset. These results indicate that auxin may work positively to 

condition ethylene response, in part by dampening expression of genes involved in 

opposing ethylene signaling.  
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 Several studies have implicated auxin as a regulator of ethylene response. One 

example is the dominant mutant shy2-2, which results in failure to turnover the 

transcriptional repressor IAA3 and leads to an auxin insensitive phenotype (Tian et al., 

2003). This gain-of-function mutation displays short hypocotyls, auxin resistant 

hypocotyl and root growth, and a reduction in lateral root formation. On the other 

hand, a loss-of-function mutation, shy2-31, generally has the opposite phenotype of 

shy2-2 with increased auxin signaling (Knox et al., 2003). Interestingly, a recent analysis 

of both mutants revealed that shy2-2 is also ethylene insensitive as illustrated by the 

lack of apical hook and altered root growth (Robles et al., 2012). Consistent with its 

opposite effects, the shy2-31 mutant displays an enhanced response to ethylene, 

characterized by exaggerated shortening of the hypocotyl. PA treatment of Col-0 wt 

mimics the ethylene insensitivity observed in shy2-2. It could be hypothesized that PA is 

able to block the manifestation of auxin-dependent ethylene response, consequently 

conferring an ethylene insensitive phenotype.   

 Analyses of shy2 mutants are not the sole support for auxin and ethylene 

synergy. arf7, arf19, and the arf7;arf19 double mutant are auxin resistant, but also 

display ethylene insensitive roots (Li et al., 2006). Normal auxin signaling is dependent 

on turnover of AUX/IAA suppressors in order to allow Auxin Response Factors (ARFs) to 

initiate transcription. Loss of arf19 led to an auxin insensitive phenotype characterized 

by longer hypocotyls and primary root initiation in dark grown seedlings exposed to IAA 

or 2,4-D, while loss of arf7 only affected hypocotyl length. In addition to auxin 
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resistance, arf19 roots displayed ethylene insensitivity since they were able to overcome 

ethylene-dependent inhibition of elongation in etiolated seedlings. These results show 

that the transcription factors ARF7 and ARF19 are important for auxin signaling, but also 

play a key role in auxin and ethylene cross talk.   

 Recently, a new allele disrupting an Arabidopsis nucleoporin, sar1-7, was 

identified as having enhanced ethylene response (Robles et al., 2012). This nucleoporin, 

AtNUP160, is required for mRNA trafficking, with mutations leading to defective mRNA 

export (Dong et al., 2006) and enhanced auxin response (Parry et al., 2006). Many lines 

of evidence support the hypothesis that the enhanced response to ethylene in sar1-7 is 

conditioned by an exaggerated response to auxin. First, ethylene-dependent gene 

expression, such as AtEBP, is suppressed in sar1-7 in similar fashion to treatment with 

exogenous auxin. Second, double mutant analysis with sar1-7;arf7 and sar1-7;arf19 

demonstrated the ability to restore nearly normal ethylene response by decreasing 

auxin sensitivity. Lastly, treatment with an anti-auxinic compound, PCIB, was able to 

reverse the hypersensitive response to ethylene. This distinctive mutant demonstrated 

that auxin is capable of conditioning ethylene response, making it a valuable tool in the 

characterization of PA. Supplementing sar1-7 with PA mimicked the phenotype of PCIB, 

exemplified by elongation of the hypocotyl and relieving the apical hook. Furthermore, 

PA treatment was able to restore AtEBP gene expression. These results support a role 

for PA opposing auxin action, which in turn blocks manifestation of aspects of the 

ethylene triple response.  
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 The effect of PA treatment on ethylene response is more than likely due to a 

disruption of auxin-dependent regulation of hormone crosstalk. This prompted a new 

investigation into how PA could function as an anti-auxin. Auxin is a unique 

phytohormone in that its transport is highly regulated and there is a polarity established 

in the plant (reviewed by Estelle, 1998). Concentrations are lower in the shoot apex and 

gradually increase until maximally concentrated in the root tip. There is an intricate 

carrier network responsible for delivery of auxin basipetally as well as laterally. High 

concentrations of auxin are inhibitory to root elongation. Application of exogenous NAA 

resulted in short roots when compared to untreated. Supplementation of PA was able to 

overcome the auxin-induced root inhibition, suggesting that it is capable of functioning 

as an anti-auxin.  

 Auxin is able to regulate gravity-induced root curvature by acting as an inhibitor 

of root cell elongation (Bennett et al., 1996). Interestingly, a similar asymmetric growth 

response leading to curvature is observed when forming an apical hook. The sequential 

events begin with ethylene signaling, which enhances auxin biosynthesis and delivery to 

one side of the hook resulting in curvature (Raz and Ecker, 1999, Muday et al., 2012). 

Root agravitropism has been used successfully as a model for identifying auxin signaling 

mutants. Seedlings grown in the absence of PA displayed a normal gravitropic response. 

PA treated seedlings were agravitropic, lending further support to its role opposing 

auxin action.  
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 Construction of the DR5::GUS reporter construct greatly facilitated studies of 

auxin distribution in vivo. With this reporter system, addition of auxin causes 

accumulation of GUS, allowing for high sensitivity detection. It was previously shown 

that the anti-auxin PCIB was effective at reducing the auxin-induced GUS activity in 

roots (Oono et al., 2003). Side by side comparison between PA and PCIB revealed the 

same capacity to limit DR5::GUS accumulation in Arabidopsis roots. This also indicates 

that PA is capable of functioning as an anti-auxin, but it is not clear whether it disrupts 

signaling, transport or auxin biosynthesis. PCIB was reported to act independently of 

auxin transport because it counteracts NAA and 2,4-D induced BA::GUS expression, and 

both synthetic auxins are independent of influx and efflux carriers (Zhao and 

Hasenstein, 2010). Thus, it is more than likely that PA is not inhibiting auxin transport 

since it is also able to counteract the effects of NAA and 2,4-D. 

 The structure of PA is strikingly similar to two naphthalene rings fused by a single 

carbon, reminiscent of the synthetic auxin NAA. While there are obvious differences 

between PA and NAA, it was still plausible that PA could interact with similar targets as 

NAA due to some shared structural features. Auxin signaling is regulated by ubiquitin 

mediated protein turnover of AUX/IAAs at SCF complexes (Gray et al., 2001). There are 

six F-box proteins that function as auxin receptors, including TIR1 and AFB1 through 5. 

Loss-of-function receptor mutants display mild auxin insensitivity, indicating overlapping 

roles in auxin response (Dharmasiri et al., 2005). The loss of tir1 also displays weak 

ethylene insensitivity, which suggests the receptors may participate in hormone cross 
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talk (Alonso et al., 2003). PA treatment is additive with loss-of-function auxin receptor 

mutants, most severely affecting root and hypocotyl elongation in a tir1-1 background. 

This suggests that PA may interact with the F-box receptor family.  

 The results of the analysis of PA-treated receptor mutants in combination with 

the structural similarities between NAA and PA prompted an investigation into PA 

binding at TIR1. Computer modeling revealed the possibility for PA binding to TIR1 and 

interfering with AUX/IAA association. However, subsequent biochemical analyses did 

not detect a reduction in recruitment of IAA7 to TIR1 in the presence of PA. Previously it 

was shown that PA can be metabolized to 3-hydroxy-2-naphthoic acid and 1,4-

dihydroxy-2-naphthoic acid (Zhao et al., 2010). However, exhaustive biochemical 

analyses did not detect differences following PA-derivative treatment. One explanation 

is that PA is otherwise metabolized or modified once inside the plant. Another possible 

explanation is that TIR1 is not the target receptor. PA association at one, or more, of the 

AFB receptors could explain the additive nature observed in the tir1-1 mutant. The 

mechanism of PA activity is not yet known.  

 Collectively, the results of pamoic acid characterization suggest the ability of PA 

to function as an anti-auxinic compound. Blocking manifestation of auxin-dependent 

response concomitantly confers a loss of ethylene sensitivity. While the precise 

mechanism is not known, this chemical has become a valuable research tool providing 

insight into hormone crosstalk.  
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Conclusions – Expanding on the Role that Cell Wall Fragments Play as 
Regulators of Some Aspects of the Ethylene Response 

 

 Advances in ethylene research have provided information on several factors 

involved in the ethylene signaling pathway. Isolation of novel mutants greatly enhanced 

our understanding of how ethylene is perceived and mechanisms by which the signal is 

transmitted. Here we have outlined a novel approach to study ethylene signaling 

mutants that are hypersensitive and are thought to control a reset mechanism following 

an ethylene signal. So called enhanced ethylene response mutants (eer) serve to further 

our understanding of ethylene signaling and control mechanisms (Christians and Larsen, 

2007, Christians et al., 2008, Deslauriers and Larsen, 2010, Robles et al., 2007).  

EMS-mutagenesis of Col-0 seedlings resulted in the isolation and 

characterization of a novel enhanced ethylene response (eer) mutant that turned out to 

be a new allele of an Arabidopsis putative pectate lyase, PMR6. Initial growth analysis 

lent itself to be another enhanced ethylene response mutant that responded to lower 

levels of ethylene compared to wild type and displayed a shorter hypocotyl growth in 

saturating ethylene, but it was not immediately clear whether this mutant was in fact an 

eer or involved in other aspects of ethylene signaling. Biosynthesis rates in wt and the 

mutant were comparable, although slightly elevated in the mutant. This would not 

account for the extreme response observed at saturating ethylene. Furthermore, the 

percent inhibition is more severe for the mutant than wt, suggesting the response is 

ethylene-dependent and not a general growth defect. The one exception to this mutant 
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compared to other eer mutants is the loss of apical hooks in etiolated seedlings exposed 

to saturating ethylene. 

 While it may seem that an enhanced response to ethylene would result in 

hyperinduction of genes associated with ethylene signaling, eer mutants typically have a 

deleterious effect on a subset of genes thought to control the magnitude of ethylene 

response (Christians and Larsen, 2007, Robles et al., 2007, Christians et al., 2008, 

Deslauriers and Larsen, 2010). Gene expression analysis in pmr6-6 seedlings proved to 

be more difficult to explain along the lines of enhanced ethylene response. Contrary to 

other eer mutants, pmr6-6 did not severely repress expression of the same subset of 

genes, specifically AtEBP. And in leaves of pmr6-6, ERF1 and chiB transcription levels 

were unchanged, while PDF1.2 expression was lower, but not significantly different than 

wt. Taken together, phenotypic and genetic analyses suggest pmr6-6 has an enhanced 

ethylene response, but its involvement in ethylene signaling is different than other eer 

mutants.  

Map based cloning revealed that pmr6-6 is a single nucleotide change (G  A) 

that results in a premature stop codon in pectate lyase-like PMR6. Originally discovered 

in a screen for Arabidopsis mutants resistant to powdery mildew without activating 

defense pathways, PMR6 was implicated as a susceptibility factor during Erysiphe 

cichoracearum infection (Vogel et al., 2002). Here we have demonstrated that PMR6 is 

required for apical hook formation in etiolated seedlings. PMR6 is involved in apical 

hook formation since the majority of seedlings of pmr6 alleles tested lack an apical hook 
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in the presence of saturating ethylene. There does appear to be partial ethylene 

hypersensitivity in pmr6 mutants, as growth in the presence of AVG and ethylene 

demonstrated that all alleles are shorter on ethylene while comparable on AgNO3, with 

pmr6-6 seemingly the most severe mutation. This is consistent with pmr6-6 

representing a premature stop codon.  

PMR6 represents a putative pectate lyase previously shown to be involved in 

resistance to powdery mildew (Vogel et al., 2002). Analysis of the newly isolated pmr6-6 

alongside other pmr6 mutant alleles demonstrate that functional PMR6 is required for 

normal ethylene response. Loss of PMR6 results in an enhanced ethylene response 

phenotype. However, it is still unclear how PMR6, or its breakdown product, exerts the 

effect to regulate the magnitude of ethylene response. It is hypothesized that PMR6, or 

a pectic fragment, can interact with members of the ethylene signaling cascade. 

Previously, the amount of Galacturonic Acid (GalA) in pmr6-2 cell walls has been 

measured and it was concluded that it contains an excess of pectin (Raab et al., 2003). 

Perhaps this excess pectin, in combination with loss of the pectate lyase-like PMR6, is 

the reason for the hookless phenotype and aberrant ethylene responses. To this end, 

investigations into hypocotyl length and hook formation after supplementation with 

soluble sugars are currently being conducted. The current evidence supports a 

hypothesis that a biologically active sugar can be isolated from ethylene treated tissues 

and then fed back, in the presence of AgNO3, leading to inhibition of hypocotyl 

elongation. While this suggests a role for a soluble sugar produced from ethylene 
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signaling, the results with ein2-5 soluble sugars are puzzling. If the hypothesis is correct, 

there should be less of an inhibitory effect on growth when feeding back sugars from 

ethylene insensitive tissue. In actuality, mutant hypocotyls are more inhibited than wild 

type, suggesting accumulation of a “toxin” in pmr6-6 without the ability to cope. 

Furthermore, it hints at the possibility of this phenomena being independent of 

ethylene signaling.   

Double mutant analysis between pmr6-6 and known members of the ethylene 

signaling cascade revealed a possible role for PMR6 in regulating ethylene response. 

Introducing pmr6-6 into a ctr1-3 background reverses the constitutive triple response 

phenotype of the mutant. This places PMR6 function at or below CTR1. The activity of 

PMR6 is dependent on EIN2, since ethylene insensitivity persists in the pmr6-6;ein2-5 

double mutant. Analysis of EIN3 is complicated by the presence of related EIL 

transcription factors that are functional in the ein3-1 mutant. Introducing pmr6-6 into 

this background restores partial ethylene response, but this may be due to enhancing 

the activity of EILs. Therefore, the following model is proposed in which ethylene 

signaling results in activation of PMR6 (Figure 42). This putative pectate lyase is required 

for apical hook formation. It is predicted that a biologically active sugar is processed by 

PMR6 in order to feed back to the ethylene signaling cascade, downstream of CTR1, in 

order to dampen the response to ethylene.  
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Figure 42. Proposed model for the role of PMR6 in the ethylene signaling cascade. 
Ethylene binds to the family of receptors, which inactivates the negative regulator CTR1. 
Signaling proceeds through EIN2 and ultimately to transcription factors EIN3 and EIL1, 
activating ethylene-dependent gene expression. PMR6 is activated presumably by 
accumulation of a biologically active sugar produced as a result of ethylene signaling. 
PMR6 functions to process this sugar in order to dampen ethylene response.  
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Materials and Methods 
 

 Seed stocks  

Ethyl methanesulfonate (EMS) mutagenized Col-0 seeds (pmr6-6) as well as WS 

(sar1-7) were provided by Lehle Seeds in Round Rock, Texas. The pmr6 mutant alleles 

were proved by the Arabidopsis Biological Resource Center (ABRC) at Ohio State 

University.  

 Chemical library  

Individual chemicals from the Microsource Spectrum Collection at the Genomics 

Core Facility at the University of California, Riverside, were used for the chemical library 

screen.  

 Growth conditions  

For all seedling growth experiments, seeds were surface sterilized in 70% ethanol 

followed by three washes with diH2O. Seeds were then incubated in bleach for 5 

minutes followed by four washes with diH2O. Seeds were cold treated at 4 °C for 4 days 

in a Fisher Scientific Isotemp Plus refrigerator (Fisher Scientific, Pittsburgh, PA) to 

synchronize germination. Seeds were sown on plant nutrient media and sucrose (PNS) 

or Murashige and Skoog (MS) media in 60mm X 15mm or 100mm X 15mm petri dishes. 

PNS media is prepared with 5 mM KNO3, 2 mM MgSO4, 2 mM Ca(NO3)·2H2O, 50 M 

Fe·EDTA, 15 M Sucrose, 1 M MnSO4, 5 M H3BO3, 50 nM CuSO4, 20 nM NaMoO4, 100 

nM CoSO4, 2.5 mM KH2PO4 and 0.8% molecular genetic agar. MS media is prepared by 

4.3 g/L Murashige and Skoog salts, 1X Gamborg’s Vitamin Solution, 87.6 M Sucrose and 
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0.8% agar, with a pH of 5.7. The above media was supplemented with AgNO3 or other 

chemicals as previously described in the results.  

 Etiolated seedlings were grown in the dark for 4 days at 20 °C in an I-36LLVL 

Percival Scientific incubator (Percival Scientific, Perry, IA). Light grown seedlings were 

grown in continuous light at 20 °C in the incubator before being transferred to potted 

soil and placed in a growth room maintained at 22 °C in continuous light with Sylvania 

Gro-Lite fluorescent bulbs. For gravitropic analysis, plates were wrapped in parafilm and 

placed at a 90 ° incline in the light at 20 °C for 4 days.  

 Chemical screen and dose responses  

The chemical library screen was carried out in a 96 well plate with ctr1-3 or Col-0 

wt in the presence of 100 L·L-1 ethylene and 10 M Pamoic Acid. Dose response 

analysis was performed in the presence of 5 M AgNO3, air, 100 nL·L-1, 1 L·L-1, 10 L·L-1 

or 100 L·L-1 ethylene. Some dose response analyses were also supplemented with 

chemicals as described in the results section. For some studies relating to hypocotyl 

dose response, 2 M AVG was used.  

 Measurement of ethylene production  

For each treatment, 100 seeds were surface sterilized and placed in 5 mL glass 

scintillation vials containing 0.5 mL PNS. The vials were covered in parafilm and placed 

into sterile beakers where they were incubated in the dark for 72 h at 20 °C. The 

parafilm was removed and the vials were sealed with a rubber syringe cap in the dark. 

Ethylene was allowed to collect for 18 h after which 0.9 mL of headspace was sampled 
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by an HP 6850 series flame ionization gas chromatography system (Hewlett Packard, 

Palo Alto, CA). The total fresh weight of the tissue was measured for each sample and 

ethylene production was expressed as nL ethylene per gram fresh weight per hour. 

Mean and SE were calculated from 5 replicates.  

 Isolation of total RNA  

Tissue was collected from 4-day-old dark grown seedlings and flash frozen in 

liquid nitrogen before storage at -80 °C. Total RNA was isolated according to the 

manufacturer’s instructions of an RNeasy Mini Kit (Qiagen, Valencia, CA). For analysis of 

mature leaves, tissue was collected from 4-week-old plants that were treated with 

either air, 1 L·L-1, or 100 L·L-1 ethylene in a 28 L airtight chamber (Plas Laboratories, 

Lansing, MI) for 24 hours prior to tissue collection. Once collected, leaf tissue was also 

flash frozen in liquid nitrogen and stored at -80 °C. RNA was extracted according to the 

manufacturer’s instructions using trizol reagent (Invitrogen, Carlsbad, CA). After total 

RNA isolation, final yield was determined by a DU730 Spectrophotometer (Beckman 

Coulter, Brea, CA).  

 Northern analysis  

 For all Northern analysis experiments, 10 g of total RNA per treatment was 

prepared in loading buffer consisting of 1X MOPS, 23% Formaldehyde, 64% Formamide, 

10% Glycerol and 20 L/mL Ethidium Bromide. Samples were separated by 

electrophoresis in a 1% agarose gel with 1X MOPS and 18% Formaldehyde; equal 

loading was determined by EtBR staining. RNA was transferred from the gel onto a Zeta 
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Probe GT Membrane (Bio-Rad Laboratories, Hercules, CA). Finally, RNA was crosslinked 

to the membrane using a Spectrolinker XL1000 (Spectronics Corporation, Lincoln, NE) by 

1200 J/cm2 UV light. Prior to exposing the blot to radiolabeled probes, it was first 

boiled for 10 min in a stripping solution consisting of 0.1X SSC and 0.5% SDS. Next, the 

blot was incubated at 65 °C in a prehybridization solution of 6X SSC, 2X Denhardt’s 

reagent, 100 g/mL herring sperm DNA – boiled for 2 min and cooled on ice – and 0.1% 

SDS. Radiolabeled probes were synthesized using the RadPrime DNA labeling system 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions, and were 

labeled with [-32P]dCTP. Probes were cleaned up on a column with Sephadex G-50 (GE 

Healthcare, Uppsala, Sweden). Blots were incubated with probe at 65 °C overnight 

followed by a series of washes. The first wash is 2X SSC and 0.1% SDS, the second with 

0.5X SSC and 0.1% SSC and lastly with 0.1X SSC and 0.1% SDS. Blots were then exposed 

to Kodak BioMax Light Film (Sigma-Aldrich, St. Louis, MO). Autoradiography was 

visualized using a Mini Medical Series film developer (AFP Imaging Corporation, 

Elmsford, NY).  

 Quantitative RT-PCR 

 Total RNA was isolated from Col-0 wt as previously outlined. 1 g of total RNA 

was used to synthesize cDNA with the SuperScriptIII First-Strand Synthesis System 

(Invitrogen, Carlsbad, CA) with oligo dT primers, according to the manufacturer’s 

instructions. Select markers were amplified from the cDNA using the following primers. 
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AtEBP  

Forward: 5’- GACGAGTTTCAGAACCTGAG-3’ 

Reverse: 5’- CAACAGACATCATCAGCAGTC-3’ 

ACO2  

Forward: 5’- GATGACTACATGAAGCTTTATG-3’ 

Reverse: 5’- CTTTCTTTCTCTGCTTCACTTG-3’  

-Tubulin (as a control) 

Forward: 5’- CACAGTAGCTTGAGAAGCAAG-3’  

Reverse: 5’- AAGACAAGGAAACGACTCTTG-3’ 

 cDNA was diluted 1:5 and 2 L were used as a template for each reaction. 

Primers specific for AtEBP, ACO2, and Tubulin, listed above, were diluted 1:5 and 2.5 L 

were used in each reaction. Reactions were detected with SYBR Green (Bio-Rad, 

Hercules, CA) on a Bio-Rad iQ5 Real-Time PCR Detection System using the 

manufacturer’s iQ5 software. Three replicates of each sample were amplified and the 

fold induction was calculated from the Pfaffl equation and standard dilution curves.  

 DNA extraction  

DNA was extracted from leaf tissue homogenized in lysis buffer consisting of 

0.35 M Sorbitol, 0.1 M Tris, 5 mM EDTA, 0.2 M Tris, 50 mM EDTA, 2 M NaCl, 55 mM 

Hexadecyltrimethylammonium bromide (CTAB), 5% Sarkosyl and 20 mM Sodium 

metabisulfite. Samples were incubated for 30 min at 65 °C before being mixed with a 

24:1 chloroform/isoamyl alcohol solution, vortexed and spun in a centrifuge at                 
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> 10,000g for 5 min. The supernatant, containing the DNA, was mixed with an equal 

volume of ice cold isopropanol and spun in a centrifuge again at >10,000 for 5 min. The 

DNA pellet was washed with 70% ethanol and allowed to dry thoroughly before 

resuspending in 50 L diH2O for storage at -20 °C.  

 Subcloning and sequencing  

Regions of DNA were amplified via PCR on a MyCycler Thermal Cycler (Bio-Rad 

Laboratories, Hercules, CA) using Phusion Hot Start Flex DNA Polymerase (NEB, Ipswich, 

MA). PCR products were A-tailed by adding 1 L of 100 mM dATP, 1 L of 25 mM MgCl2, 

2 L of 10X reaction buffer and 1 L of Taq polymerase. Reactions were separated by 

size on an agarose gel, bands of the correct size were taken from the gel and cleaned up 

on a Zymoclean Gel DNA Recovery Kit (Zymo Research, Irvine, CA). Pure DNA was ligated 

at 4 °C overnight into pGEM-T Easy (Promega, Madison, WI), which contains an 

ampicillin resistance marker as well as a multiple cloning site and the lacZ gene to allow 

for blue/white colony selection. The ligations were transformed into competent E. coli 

DH5 and plated onto LB media (1% Tryptone, 0.5% Yeast Extract, 1% NaCl and 15% 

bactoagar [w/v]) with 100 g/mL carbenicillin, 15 g/mL 5-bromo-4-chloro-3-indoyl--

D-galactopyranoside (X-Gal) and 40 g/mL Isopropyl--D-1-thiogalactopyranoside (IPTG) 

and grown overnight at 37 °C. White transformant colonies were chosen and grown 

overnight at 37 °C in liquid LB media. Plasmid DNA was isolated according to the 

manufacturer’s instructions using the Wizard Plus Miniprep Kit (Promega, Madison, WI). 
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Plasmid DNA was sequenced from primers specific for T7 and SP6 within p-GEMT at the 

University of Florida DNA Sequencing Core Laboratory.  

 Map-based cloning and genome sequencing of pmr6-6  

For generation of a mapping population, pmr6-6 (male; ecotype Col-0) was 

crossed to Ws-2 wt (female), and 4-day-old etiolated F2 seedlings that displayed the 

pmr6-6 phenotype in the presence of 100 L·L-1 ethylene were transplanted to new PNS 

media and grown at 22 °C in light for another 3 days. Seedlings were then transplanted 

to soil and leaf tissue was collected for DNA extraction and PCR as previously described. 

PCR was used to amplify two different types of markers; the first was Simple Sequence 

Length Polymorphisms (SSLP) and the second was Cleavage Amplified Polymorphic 

Sequences (CAPS). Initial screening for recombination events linked the mutation to a 

particular chromosome. The mapping window was further narrowed by chromosomal 

walking using CAPS markers and monitoring the reduced frequency of recombinant 

events. Once potential candidate genes were confined to a small enough region of the 

chromosome, genome sequencing allowed for identification of the pmr6-6 mutation at 

At3g54920. Samples were prepared for sequencing with a NEXTflex DNA Sequencing Kit 

(Bioo Scientific Corporation, Austin, TX) according to the manufacturer’s instructions 

and the sequence was determined using an Illumina HiSeq2000 (Illumina Inc., San Diego, 

CA). The isolated mutation in At3g54920 was confirmed with PCR amplification, ligation 

in p-GEMT and sequencing through the University of Florida as previously described.  

The primers used for SSLP and CAPS marker analysis include: 
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ALS: 

5’-GCCAACACATGTTCTTGGTG-3’ 

5’-ATCACAGGACAAGTCCCTCG-3’ 

The resulting PCR products were digested with the restriction enzyme HaeIII, giving   

Col-0 wt a single 420 bp fragment and a 220 bp and 200bp for Ws-2 wt.  

NGA6:  

5’-ATGGAGAAGCTTACACTGATC-3’ 

5’-TGGATTTCTTCCTCTCTTCAC-3’  

The resulting PCR products were 143 bp for Col-0 wt and 131 bp for Ws-2 wt.  

TSA: 

5’- CCTTTCCGCTTACAGATGATC-3’ 

5’-TCTTGGTAGCATGATTCTCAGTC-3’ 

The resulting PCR products were digested with AluI yielding 3 fragments for Col-0 and 2 

for Ws-2.  

At3g55010:  

5’-TACTAGAAGAAGTCAAGAATG-3’ 

5’-ATGAAGAATTCTTCCTACAAC-3’ 

The resulting PCR products were digested with TaqI yielding 2 fragments for Col-0 and 

1 fragment for Ws-2.  

The following primers were used for sequencing of At3g54920:  

5’ Forward: 5’-CTTTCTTCTCCGAAATTCACAG-3’  
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3’ Reverse: 5’-TAGGATCAGAAGGAGCAGAG-3’  

 For double mutant analysis of pmr6-6 with factors in the ethylene signaling 

pathway, the following primers were used for PCR amplification of SSLP and CAPS 

markers.  

PMR6: 

Forward: 5’-CTTTCTTCTCCGAAATTCACAG-3’ 

Reverse: 5’-GAGGTTGTGGATGATGATGTG-3’ 

The resulting PCR products were digested with TfiI. Col-0 yields a 34 bp and a 448 bp fragment, 

while pmr6-6 yields a 34 bp and a 294 bp.  

EIN2: 

Forward: 5’-GATCACAGGTATTTATGAGTCCGC-3’  

Reverse: 5’-CGAGCAAGGAAGCATCATTGC-3’  

Resulting PCR fragments were digested with NlaIII, Col-0 yields a 151 bp and 114 bp and 

ein2-5 yields a 258 bp.  

EIN3: 

Forward: 5’-GGTTTGATCGTAATGGTCCTG-3’ 

Reverse: 5’-CCTTCTCGAAACCTTCAACAT-3’  

Amplified PCR products were digested with HaeIII, Col-0 has 334 bp and 218 bp 

fragments while ein3-1 has 334 bp and 242 bp fragments.  

In order to analyze mutations in CTR1, sequences were amplified with the following 

primers and sent out for sequencing at the University of Florida.  
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5’-CTTGATAGGTATGATACAAG-3’ 

5’-GATACTGAGACATGATCAAG-3’  

 Generation of transgenic plants  

Functional complementation was performed by generation of a genomic 

construct, using PCR, consisting of 1kb upstream sequence, the complete coding 

sequence for At3g54920 including all exons and introns, and its predicted 3’ UTR. Primer 

sequences for At3g54920 functional complementation are as follows: 

5’ forward: 5’-ATCTAGATCACGCAGGCAGTGAGAAACTG-3’, contains an XbaI restriction 

site.  

3’ internal: 5’-ATTCAGACACTAGTCAAGTTG-3’, contains a SpeI restriction site.  

5’ internal: 5’-GTAGCTCATTGAGAATATCAG-3’, contains a SpeI restriction site.  

3’ reverse: 5’-ACCCGGGTGTTGCCAATCCAACTAC-3’ contains a SmaI restriction site.  

 Additionally, 3’ fusion constructs of either GUS or GFP were attached to 

At3g54920 under the control of the native promoter. These genomic constructs are the 

same as At3g54920 functional complementation, except that their sequence was 

terminated just prior to the stop codon and fused with the sequence for either a GUS or 

GFP tag. Primer sequences for At3g54920 3’ fusion constructs are as follows: 

At3g54920:GUS  

3’ reverse: 5’-ACCCGGGGACAATAATAGAGTTGATAACGAC-3’  

At3g54920:GFP  

3’ reverse: 5’-TCCCGGGCAATAATAGAGTTGATAACGAC-3’  
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 The 5’ half was amplified from genomic Col-0 DNA, ligated into pGEM-T Easy 

vector and then transformed into the DH5 strain of E. coli. Isolated plasmid was then 

digested with EcoRI and SacI and ligated into pBS-SK2 (Bluscript) vector treated with the 

same restriction enzymes. The ligated pBS-SK2 construct was then transformed into E. 

coli DH5. The functional complementation 3’ half as well as each of the 3’ fusion 

constructs were amplified from genomic Col-0 DNA, ligated into pGEM-T Easy vector 

and then transformed into E. coli DH5. Isolated plasmid was then digested with SacI 

and ligated into the At3g54920-5’-pBS-SK2 construct treated with the same restriction 

enzyme. The complete pBS-SK2 constructs were then transformed into E. coli DH5. 

Resulting colonies were screened for constructs containing the full length At3g54920, 

At3g54920:GUS and At3g54920:GFP. Isolated plasmid containing full length insert was 

digested with XbaI and SmaI and ligated into pBI101 vector treated with the same 

restriction enzymes. Ligations were transformed into E. coli DH5. Successful 

transformants, pBI101 with full length insert, were then transformed into Agrobacteria 

tumefaciens strain AgLo by electroporation using a MicroPulser (Bio-Rad laboratories, 

Hercules, CA) then incubated overnight at 30 °C on plates containing LB media with      

50 g/mL kanamycin.  

 Plasmid DNA was extracted from individual colonies of Agrobacterium grown 

overnight at 30 °C in liquid LB media with 50 g/mL kanamycin. Cells were pelleted in 2 

mL tubes by spinning them at 10,000g for 30 sec. After removing the supernatant, the 

pellet was resuspended in 1 mL of solution 1 (4 mg/mL lysozyme, 50 mM glucose, 10 
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mM EDTA and 25 mM Tris-HCl, pH 8.0). The suspension was incubated at room 

temperature for 10 min, followed by addition of 0.2 mL of solution 2 (1% SDS, 0.2 N 

NaOH). After another 10 min incubation, 30 L of a 2:1 phenol:solution 2 mixture was 

added to the suspension. Then, 150 L of 3 M sodium acetate at pH 4.8 was added to 

the suspension and mixed well by inverting the tubes. The tubes were then placed at      

-20 °C for 15 min, followed by centrifugation for 3 min. The supernatant was removed 

by aspiration. 0.5 mL of 0.3 M sodium acetate at pH 7.0 was added to the pellet and 

then the tube was filled with ice-cold 95% EtOH before storing at -80 °C for 15 min. The 

tubes were then spun for 3 min, supernatant was poured off and the tubes were 

inverted for a minute to allow the ethanol to drain. The pellet was washed with 70% 

EtOH, followed by centrifugation. Again the supernatant was poured off and the tube 

inverted to allow ethanol to drain. Any remaining ethanol was removed using a Savant 

Speed Vac Concentrator (GMI, Ramsey, MN). The purified DNA was resuspended in TE. 

DNA was digested with XbaI and SmaI and run on a 1% agarose gel to select for colonies 

that contained the full functional complementation, GUS or GFP construct.  

 Agrobacterium-mediated transformation  

 As described above, colonies containing the full length construct of interest were 

grown at 28 °C overnight in YEP medium with 50 g/mL kanamycin and 30 g/mL 

streptomycin. Agro was pelleted by centrifugation at 5,000 RPM for 10 minutes. The 

supernatant was collected in a waste container, more bacteria was added and pelleted. 

The pellet was resuspended in infiltration medium containing 2.2 g/L MS salts, 1X 
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Gamborg’s vitamin solution, 50 g/L sucrose, 44 nM benzylaminopurine and 200 L/L 

Silwet L-77 at a pH of 5.7. Resuspended Agrobacterium was poured into a glass dish. For 

functional complementation, 4-week old pmr6-6 potted plants at early stages of 

flowering were inverted and allowed to soak in the resuspended Agrobacterium solution 

for one minute. For At3g54920:GUS and At3g54920:GFP, 4-week old Col-0 wt potted 

plants at early stages of flowering were allowed to soak in the resuspended 

Agrobacterium solution for one minute. After which all potted plants were wrapped in 

saran wrap and placed in a growth room maintained at 22 °C with constant light. Plants 

were uncovered after 3 days and the seeds were collected once mature.  

 GUS staining  

Col-0 wt seedlings expressing DR5::GUS reporter were grown in the presence of 

various chemicals as described in the results section. Or Col-0 wt seedlings transformed 

with At3g54920:GUS were grown in the presence of either AgNO3 or 100 l L-1 ethylene 

as described in the results section. GUS staining was carried out with an adapted 

protocol whereby tissue was fixed in 90% acetone for 5 minutes. The acetone was 

removed and the rinse solution was added. The rinse solution consists of 50 mM NaPO4 

pH 7.2 (68.4 parts of Na2HPO4 with 31.6 parts of NaH2PO4), 0.5 mM K3Fe(CN)6 and 0.5 

mM K4Fe(CN)6 (Jefferson et al., 1987). The tissue is completely immersed in rinse 

solution, then the rinse is removed and the X-Gluc staining solution is added. X-Gluc 

staining solution is the same as the rinse solution, but also contains 2 mM X-Gluc (Gold 

Biotechnology, St. Louis, MO). Enough stain is added to immerse the tissue and then the 
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samples are vacuum infiltrated for 15 minutes. Next, the samples are incubated at 37 °C 

to allow color to develop. The reaction is stopped by a series of ethanol washes, first 

with 50% followed by 70%. Samples are stored in 70% ethanol. Seedlings were imaged 

on a dissecting microscope.  

 GFP visualization  

Col-0 wt seedlings transformed with At3g54920:GFP were grown in the presence 

of either 5 M AgNO3 or 100 l L-1 ethylene as described in the results section. EIN3-

GFP;pmr6-6 double mutant seedlings were grown in the presence of either 5 M AgNO3 

or 100 l L-1 ethylene as described in the results section. Seedlings were imaged on a 

Leica SP2 confocal microscope.  

 In vitro transcription/translation and pull-down assays 

 Transgenic Col plants expressing GVG::TIR1-myc were grown on PNS for 6 days in 

the light. Seedlings were transferred to liquid PNS supplemented with 30 M 

dexamethasone in ethanol and grown for another 18 hours with gentle shaking. Tissue 

was collected and flash frozen in liquid nitrogen before storage at -80 °C. TIR1-myc 

protein was extracted by homogenation in liquid nitrogen with a mortar and pestle in 

extraction buffer [50 mM Tris-Cl, (pH 7.2), 100 mM NaCl, 10% glycerol, 1 mM PMSF, 10 

M MG132 and complete mini-protease inhibitors] according to manufacturer’s 

instructions (Roche Diagnostics). Cell debris was pelleted by centrifugation at 4 °C at 

10,000g for 10 minutes. Supernatant was collected and incubated with anti-Myc 

antibody fused to sepharose beads (Covance) at 4 °C for 4-6 hours. Beads were pelleted 
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at 4 °C at 4,000g for 30 seconds and washed several times with PBS buffer [137 mM 

NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 (pH 7.2)] before storage in PBS with 

40% glycerol.  

 For In vitro transcription/translation, IAA7 coding sequence was PCR amplified 

using forward primer 5’-GCCATGATCGGCCAACTTATGAAC-3’ and reverse primer 5’-

TCAAGATCTGTTCTTGCAGTAC-3’. The IAA3 coding sequence was amplified from forward 5’-

GCCATGGATGAGTTTGTTAACCTC-3’ and reverse 5’-TCATACACCACAGCCTAAAC-3’. Sequences 

were A-tailed and ligated into pGEM-T Easy vector system (Promega). Proteins were expressed 

in the coupled wheat germ extract system (Promega) and the TNT quick coupled 

transcription/translation system (Promega) with EasyTag L- 35S Methionine (1,000Cimmol-1; 

PerkinElmer Health Sciences) as per manufacturer’s instructions.  

 Pull downs were carried out in filter sterilized bead binding buffer [50 mM 

KH2PO4, 150 mM KCl,, 1 mM MgCl2, 10% glycerol, 0.5% Triton X-100 (pH 7.4)] with 

10mg/mL bovine serum albumin, supplemented with appropriate chemicals as outlined 

in the results section. Transcription/translation product and TIR1-myc bound to 

sepharose beads were added to the bead binding buffer and the reactions were 

incubated at 4 °C overnight with rocking. Beads were pelleted by centrifugation at 4 °C 

at 4,000g for 30 seconds and washed in bead binding buffer with appropriate chemicals 

as outlined in results section. After three washes, samples were separated on SDS-

Polyacrylamide gel electrophoresis (PAGE) and IAA3 or IAA7 was detected by 

autoradiography.  
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 Soluble sugar extraction 

 Hydrophilic metabolites, including soluble sugars, were extracted from whole 

seedlings of Col-0 wt, pmr6-6, or ein2-5 as adapted from a previous protocol (Kaiser et 

al., 2009). Seedlings were sown on PNS media, without sucrose, and grown in the dark 

for four days. Tissue was collected and immediately flash frozen in liquid nitrogen 

before being extracted in liquid nitrogen with a mortar and pestle. Homogenized wet 

tissue was lyophilized in vacuo until dry. Lyophilized dry tissue was suspended in 1 mL of 

a 3:8 chloroform:acetonitrile mixture. Material was shaken on a platform for 5 minutes 

to loosen cell wall and other debris. Next, 0.8 mL diH2O was added and allowed to shake 

on the platform an additional 5 minutes. Samples were centrifuged at 12,000g for 4 

minutes, and the aqueous layer was transferred to a new 2.0 mL Eppendorf tube. The 

wash step was repeated with another 0.8 mL volume of diH2O, followed by 

centrifugation and transfer of the aqueous layer. Samples were dried in vacuo. The 

resulting pellet was resuspended in sterile diH2O before being added to PNS media.  
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