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ABSTRACT OF THE DISSERTATION 

 

 

Characterization of EER4 and SAR1 in Relation to Their Role in Ethylene Signaling and 

Dampening Responses 

 

by 

 

Linda Marie Robles 

 

Doctor of Philosophy, Graduate Program in 

Cell, Molecular, and Developmental Biology 

University of California, Riverside, March 2010 

Dr. Paul B. Larsen, Chairperson 

 

 

 Ethylene is a plant hormone important for many agriculturally significant 

developmental processes such as fruit ripening.  In Arabidopsis, two mutants with an 

enhanced ethylene response, eer4 and sar1-7, result in decreased gene expression of 

AtEBP, an ethylene inducible gene.  EER4 encodes a transcription factor related to 

TAF12.  In Drosophila, TAF12’s  associate with the TFIID and SAGA complexes.  The 

TFIID complex regulates expression of housekeeping genes, while the SAGA complex 

regulates expression of stress inducible genes.  Genetic analysis determined that EER4 

acts downstream of CTR1 and EIN2.  The eer4;ein3-1 has a greater response than ein3-1 

alone, indicating the reset mechanism is EIN3 independent.  EER4 interacts with the 

EIN3 and ERF1 transcription factors possibly regulating expression of ethylene inducible 

genes.  EER4 is also responsible for the regulation of the ethylene dampening mechanism 

independent of EIN3.  SAR1 encodes a nucleoporin originally identified for its ability to 

restore auxin responsiveness to the auxin resistant mutant, axr1-12.  SAR1 has 

pleiotropic effects due to the fact loss of function alleles of SAR1 have also been pulled 
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out using screens for enhanced ethylene response and altered cold tolerance.  This is not 

surprising because loss of function sar1 alleles accumulate poly A mRNA in the nucleus.  

Genetic analysis indicates SAR1 acts downstream of CTR1.  Again, the sar1-7;ein3-1 

double has a greater response than ein3-1 alone further supporting the ethylene reset 

mechanism is EIN3 independent.  Due to sar1-1’s involvement with auxin response, it 

was tested to whether this is a synergistic relationship between auxin signaling and level 

of ethylene response.  Auxin response is a negative regulator of ethylene dampening 

response. 
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INTRODUCTION 

There are five classic plant hormones including auxin, abscisic acid, cytokinin, 

ethylene and gibberellins.  In 1901, Dimitri Neljuvbov discovered that ethylene was the 

component of the illuminating gas responsible for the premature senescence in 

vegetation.  Further research has determined that ethylene is the smallest and simplest of 

these hormones.  Ethylene is involved in the regulation of many growth, development, 

and stress responses.  The ethylene biosynthesis, signaling, and response pathways have 

been the focus of many researchers in the past thirty years.  Some factors involved in 

these pathways have been characterized, but fine details regarding regulation of each of 

these factors are still largely unknown.  
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CHAPTER 1 

ETHYLENE BIOSYNTHESIS 

Ethylene biosynthesis is a simple three-step process that is highly regulated.  The 

first step in ethylene biosynthesis is the conversion of methionine to S-adenosyl-

methionine (S-AdoMet) via S-AdoMet synthetase (SAM synthetase) (Yang and 

Hoffman, 1984).  ACC synthase (ACS) catalyzes the conversion of S-AdoMet to 1-

aminocyclopropane-1carboxylic acid (ACC) and 5’ methylthio-adenosine (MTA).  MTA 

is recycled for the production of methionine in order to sustain ethylene biosynthesis, if 

necessary (Bleecker and Kende, 2000).  The first committed step of ethylene biosynthesis 

is catalyzed by ACS and is the rate-limiting step.  Therefore, this enzyme is a point in 

ethylene biosynthesis that is highly regulated.  ACC converts to ethylene, CO2, and 

cyanide by ACC oxidase (ACO) and requires O2 for the reaction (Figure 1).  Cyanide 

produced in this reaction is detoxified by cyanoalanine synthase (Yip and Yang, 1988). 

ACC synthase 

 ACC synthase encodes a Pyridoxal 5’ Phosphate (PLP) dependent 

aminotransferase involved in the synthesis of ACC that requires pyridoxal 5’ phosphate 

as a cofactor.  ACC is derived from the amino acid methionine from the Yang cycle.  In 

Arabidopsis, there are twelve ACS’s, one of which is inactive and two of which are 

pseudogenes (Yamagami et. al., 2003).  Three ACS’s have been identified in Maize 

(Gallie and Young, 2004).  Auxin, cytokinin, ethylene, ozone, wounding and pathogen 

attack are known to induce ACS expression.  ACS’s form heterodimers typically based on 

their phylogenetic group, but only some of these are functionally active (Tsuchisaka and 
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Theologis, 2004a).  Although ACS1 is not active as a homodimer, ACS1 may be active 

as a heterodimers with other ACS’s.  The spatial and temporal gene and protein 

expression pattern for ACS’s differ; some have overlapping expression, while others have 

unique expression patterns (Tsuchisaka and Theologis, 2004b).  ACS’s require a Thr-

Asn-Pro (TNP) motif.  If the TNP motif is absent, as in ACS1, deleted or mutated, then 

the ACS is rendered inactive (Liang et. al., 1995).   Mutation of the ACS2 TNP motif 

results in loss of function of ACS2.  Therefore, this domain is required for function.  

Ethylene biosynthesis inhibitors commonly used to inhibit ACS activity and hence the 

formation of ACC include aminoethoxyvinylglycine (AVG) and aminooxyacetic acid 

(AOA). 

There are three types of ACS’s that are grouped based on each of their 

posttranscriptional modifications.  Type 2 ACS’s have a complete TOE (Target of ETO1) 

sequence, while Type 1 ACS’s are missing a portion of the motif.  Type 3 ACS’s 

completely lack the TOE sequence.  This TOE motif increases the targeting of the protein 

for degradation.  Phosphorylation of type 1 ACS’s prevents degradation that normally 

occurs via the 26S proteasome for rapid protein turn over, while LE-ACS2 is 

phosphorylated at serine residues.  LE-ACS4 is not phosphorylated indicating differential 

forms of regulation for each ACS (Tatsuki and Mori, 2001).  NtMEK2
DD

 is a 

constitutively active MAPKK mutant that phosphorylates SIPK (a MAPK) leading to an 

increase in ACS activity and ethylene production (Kim et. al., 2003).  In Arabidopsis, the 

SIPK homolog MPK6 phosphorylates ACS2 and ACS6 leading to an accumulation of 

each ACS and increased ethylene production.  A gain of function mutant of MPK6 leads 
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Figure 1  Ethylene Biosynthesis.  The first and rate-limiting step of ethylene biosynthesis 

comes from the Yang cycle utilizing S-adenosyl-methionine (S-AdoMet), which is 

converted to 1-aminocyclopropane-1carboxylic acid (ACC) via ACC synthase (ACS).  

ACS is inhibited by aminoethoxyvinylglycine (AVG) and aminooxyacetic acid (AOA). 

The next step of ethylene biosynthesis is catalyzed by ACC oxidase (ACO), which is 

responsible for converting ACC and O2 to ethylene producing HCN and CO2 as by 

products.  (From Bleecker and Kende, 2000) 
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to a constitutive ethylene response (Liu and Zhang, 2004).  The 26S proteasome quickly 

degrades unphosphorylated ACS6 protein, while the phosphorylated form is not.  This 

indicates that phosphorylation state is crucial to ACS’s protein accumulation (Joo et. al., 

2008).   

As mentioned previously, ACC synthase is the rate-limiting step of ethylene 

biosynthesis and is highly regulated at both transcriptional and posttranscriptional levels.  

One such regulator is ETO1 that encodes a protein with a BTB (Broad-Complex, 

tramtrack and bric a brac domain) and six tetratricopeptide repeat (TPR) with a coiled-

coil domain that inhibits activity and targets type 2 ACS’s for degradation by the 26S 

proteasome (Yoshida et. al., 2005).  ETO1 interacts with ACS5, CUL3, and E3 ubiquitin 

ligase to target ACS5 for degradation via the 26S proteasome (Wang et. al., 2004).  

ETO1 directly inhibits ACS5 activity (Yoshida et. al., 2005).  ETO1 like (EOL) proteins, 

EOL1 and EOL2, also target type 2 ACS’s for degradation, but have a lesser role than 

that of ETO1 (Christians et. al., 2009).  eto2 and eto3 are mutations in the carboxy-

terminus of ACS’s resulting in an increase in protein accumulation due to increased 

protein half-life.  These mutations cause inhibition of ACS’s degradation.  The eto2 

mutant is from a mutation in ACS5, while the eto3 mutation is in ACS9 (Chae et. al., 

2003).  Both the eto2 and eto3 mutations do not lead to a change in ASC5 and ACS9 gene 

expression respectively.  They each lead to positive changes in protein half-life.   

 In wild type, treatment with a low dose of cytokinin induces a triple response as 

observed with ethylene treatment. Cytokinin insensitive 5 (cin5) was isolated by 

screening for mutants lacking this triple response.  CIN5 encodes ACS5.  Dominant 
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mutations in ACS5 lead to ethylene overproduction, while recessive mutations lead to 

cytokinin insensitivity or decreased ethylene production (Vogel et. al., 1998).   The cin5 

mutant phenotype resulted from a recessive mutation that leads to the lack of cytokinin 

induced triple response.  

ACC oxidase 

 ACC oxidase (ACO) catalyzes the final step in ethylene biosynthesis which is the 

conversion of ACC into ethylene, CO2, and cyanide. ACO requires ascorbate and O2 for 

the reaction.  Fe (II) acts as a cofactor, while 2-oxoglutarate (2-OG) is a co-substrate in 

the reaction (Bidonde, et. al. 1998, Ryle and Hausinger, 2002).  The first ACO described 

was ACO1 by Hamilton et. al. in 1990.  Expression of antisense ACO1 in tomato resulted 

in decreased ethylene production.  Expression of ACO1 in yeast in the presence of ACC 

was sufficient to make the yeast produce ethylene.  In Arabidopsis, there are five 

members in the ACO gene family, while tomato has six.  Maize has four ACO’s that have 

been identified (Gallie and Young, 2004).   ACO1, ACO2, and ACO3 are some of the 

characterized ACO’s in tomato.  LeACO1 has the highest activity of the three tomato 

ACO’s (Bidonde, et. al. 1998).  AIBA and cobalt are two inhibitors used to inhibit ACO 

activity. 

 Regulation of ACO’s is important in regulating ethylene production.  Each 

of the ACO’s are differentially expressed within the plant.  ACO1 accumulates in 

response to ripening fruit, wounding, and senescence (Barry et al., 1996, Blume and 

Grierson, 1996).  ACO2 and ACO3 are expressed during senescence.  During flower 

development, four different ACO’s accumulate transcripts and each ACO has its own 
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expression pattern within the floral tissue (Barry et. al., 1996).  ACO’s are regulated by 

auxin, ethylene and giberillic acid.  In rice, OsACO2 increases in response to auxin, while 

ethylene and okadaic acid partially act as inhibitors.  Okadaic acid inhibits PP2A activity.  

In Arabidopsis, loss of RCN1 (a PP2A A regulatory subunits) results in an enhanced 

ethylene response (Larsen and Cancel, 2003).  In contrast, OsACO3 increases in response 

to ethylene and is completely inhibited by auxin.  Ethylene regulates a subset ACO’s, 

while another subset is regulated by auxin (Chae et. al., 2000).  In Arabidopsis, AtACO2 

gene expression increases in response to exogenous ethylene. 

The enzymes involved in ethylene biosynthesis include ACS’s and ACO’s.  These 

enzymes are highly regulated in order to be able to fine tune the amount of ethylene 

produced by the plant at any given point in time.  This is required for the plant in order to 

properly respond to its environment. 
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CHAPTER 2 

ETHYLENE SIGNALING 

  Ethylene is an important plant hormone widely used in the agricultural industry 

for its ability to ripen climacteric fruit.  Although this ripening ability has been known for 

many years, ethylene signal transduction has remained poorly understood until the past 

few decades.  Ethylene also has other roles in abiotic and biotic stress responses that are 

also of agricultural importance.  The ultimate goal of this research is to understand the 

ethylene signaling mechanisms and its regulation in agriculturally relevant crops such as 

tomato and rice.  The model system Arabidopsis was used to get a basic understanding of 

the ethylene signaling pathway.  Arabidopsis has several desirable features including a 

short life span, a sequenced genome, a small size with the ability to produce many seeds 

from a single plant, and it is easily mutagenized.  These properties allow research in this 

model organism to progress rapidly in comparison to other systems.  The research 

knowledge gained from this model can likely be applied to other plant systems. 

 Arabidopsis exhibits many of the ethylene responses previously characterized in 

other plant systems.  Etiolated seedlings form an apical hook to protect the shoot apical 

meristem from damage during germination and emerge from the soil in many plants.  

This process is also present in Arabidopsis.  Ethylene causes a tightening and 

exaggeration of the apical hook, thickening of the hypocotyl and shortening of the 

hypocotyl and root in etiolated seedlings.  This phenotype has been used to screen for 

mutants that have a constitutive ethylene response, which have this exaggeration of the 

apical hook and minute stature in the absence of ethylene.  Ethylene insensitive mutants 
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either do not form this exaggerated apical hook and/or lose the shortening of the 

hypocotyl or root in the presence of ethylene have also been characterized.  Many of the 

factors required for ethylene signaling have been identified using these two methods of 

screening.  Suppressor screens of these mutants have also been used to identify more 

factors regulating ethylene signaling.  Further screen using these two methods probably 

will not lead to identification of new ethylene signaling related factors, so novel 

approaches must be used to implement to further understand ethylene signaling and its 

regulation. 

Ethylene Receptors and CTR1 

 Ethylene is a small readily diffusible molecule that has the ability to permeate the 

plant cell easily.  Ethylene receptors are present in many plant and cyanobacteria species.  

Many similarities occur between the two indicating a possible plastid origin (Mount and 

Chang, 2002).  Arabidopsis has five ethylene receptors (Schaller and Kieber, 2002), 

while tomato has six (Tieman and Klee, 1999).  In Maize, homologs of only the ETR1 

and ERS1 ethylene receptors have been identified (Gallie and Young, 2004).  The 

ethylene receptors have an amino terminal transmembrane domain, a GAF domain, and a 

carboxy terminal output domain with similarity to bacterial two component regulators.  In 

bacteria, the two-component receptor is autophophorylated on a conserved histidine 

residue.  This phosphate group is transferred to an asparate on the response regulator 

located on the receptor as in a hybrid kinase or on a separate protein (Mitrophanov and 

Groisman, 2008).  Two component regulator systems have also been found to be part of 

cytokinin signaling.  The cytokinin receptors have an amino terminal cytokinin domain, a  

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Mitrophanov%20AY%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=Search&Term=%22Groisman%20EA%22%5BAuthor%5D&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_DiscoveryPanel.Pubmed_RVAbstractPlus
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Figure 2  Ethylene Signaling Pathway.  Ethylene signaling begins with ethylene 

perception via the ethylene receptors.  This requires a copper cofactor delivered via 

RAN1 (not pictured).  These receptors interact with RTE1 proposed to regulate receptor 

activity.  CTR1 is a MAPKKK that interacts with the ethylene receptors and acts as a 

negative regulator of the ethylene signaling pathway.  There is a proposed full MAP 

kinase cascade, but has not yet been identified.  The next known component of ethylene 

signaling is EIN2, related to an N-ramp transporter protein.  Downstream of EIN2 are the 

EIN3 and EIL1 transcription factors.  EIN3 is proposed to be regulated by MPK3 and 

MPK6 via phosphorylation. EIN3 is targeted for degradation by EBF1 and EBF2 activity.  

In turn, EBF1 and EBF2 mRNA are regulated by EIN5 by its exonuclease activity.  EIN3 

and EIL’s regulate transcription of ERF’s.  ERF’s are the ethylene response factors 

responsible for the ethylene response.  (From Yoo et. al., 2009) 
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Figure 3  The Ethylene Receptors.  The ethylene receptors all have an input domain that 

bind ethylene, a conserved GAF domain of unknown function, and a carboxy terminal 

output domain.  Subfamily 1, composed of ETR1 and ERS1, have histidine kinase 

activity, and Subfamily 2, including, ETR2 , ERS2, and EIN4, have serine/threonine 

kinase activity.  In addition, ERS1 also has serine/threonine kinase activity.  The 

following receptors, ETR1, ETR2 and EIN4, have an extra carboxy terminal receiver 

domain.  (From Etheridge et. al., 2006) 
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histidine kinase domain, and a receiver domain (Ferreira and Kieber, 2005). The function 

of ethylene receptors is to activate CTR1 to inhibit the downstream ethylene response in 

an unknown manner.   

The Arabidopsis ethylene receptors are grouped into two subfamilies.  Subfamily 

1 ethylene receptors have a functional histidine kinase domain consisting of ETR1 and 

ERS1, while subfamily 2 ethylene receptors lack some important residues required for 

histidine kinase function (Figure 3).  As a result, subfamily 2 ethylene receptors lack 

histidine kinase activity instead having serine/threonine kinase activity.  This group 

includes ETR2, ERS2, and EIN4.  ERS1 is special because it has both histidine and 

serine/threonine kinase activity.  ETR1, ETR2, and EIN4 posses an extra carboxy 

terminal receiver domain not present in ERS1 and ERS2.  In tomato, subfamily 1 consist 

of LeETR1, LeETR2, and LeETR3 (Never-ripe, NR), while subfamily 2 is composed of 

LeETR4, LeETR5, and LeETR6. 

 When the ethylene receptors of Arabidopsis are expressed in yeast the receptors 

have been shown to bind ethylene (Schaller and Bleecker, 1995).  Ethylene binding to the 

receptor is thought to elicit a conformational change in the receptor that leads to a change 

in signaling state via a copper cofactor. There are three proposed states that the ethylene 

receptor can adopt.  The first state is not bound by ethylene and ethylene receptor is 

actively inhibiting the ethylene response.  The second or transitional state the receptor is 

ethylene-bound, but is still active and inhibiting the ethylene response.  A conformational 

change occurs in the ethylene receptor between the second and third states, as a result, 
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there is loss of the inhibition of ethylene signaling and ethylene signaling occurs.  The 

third state is the receptor is ethylene-bound and in an inactive state.  (Binder, 2008).   

The binding of ethylene requires a copper cofactor, a group 11 metal.  Other 

group 11 metals include silver and gold.  Silver binds the receptor acting as an antagonist, 

while gold binds the ethylene receptor and can elicit a similar response as copper 

(Rodriguez and Bleecker, 1999).  Copper transport is essential in proper delivery of 

copper to the receptor.  The ran1 mutant, a mutant in copper transport, leads to a 

constitutive ethylene response because of loss of copper as a cofactor for receptor 

function (Woeste and Kieber, 2000).  Binding of copper is critical for receptor activity 

because etr1-1, a mutant that cannot bind copper, causes the receptor to be in inactive 

state resulting in constitutive ethylene signaling due to lack of regulation of CTR1 

(Schaller and Bleecker, 1995).  A mutation that results in the inability to bind ethylene, 

such as mutations in the middle of helices 1 or 2, causes the receptor to be in an active 

state leading to an ethylene insensitive phenotype.  Mutation in helices 1 and 3 near the 

carboxy terminus are able to bind copper and ethylene, but are not capable of the 

conformational change required for the transition from the second to the third states 

leading once again to a permanently active receptor as in etr1-2 (Hall et. al., 1999).  A 

mutation that results in a gain of function of an ethylene receptor leads to ethylene 

insensitivity since the pathway is always being in a state of inhibition of ethylene 

signaling.  On the other hand, a loss of function mutation in a single ethylene receptor 

does not give a drastic phenotype due to functional redundancy with the exception of 

etr1-7 that is hypersensitive to ethylene (Cancel and Larsen, 2002).  The only double 
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mutant to give a constitutive ethylene response phenotype is etr1;ers1 indicating these 

two are major factor in controlling the inhibition of ethylene response (Wang et. al., 

2003).  The triple mutant etr1-6;etr2-3;ein4-4 also gives a constitutive ethylene 

phenotype similar to ctr1-3, while the quadruple mutant  etr1-6;etr2-3;ein4-4;ers2-3 has 

an even more stunted growth and ethylene response suggesting some ethylene signaling 

occurs independent of CTR1 (Hua and Meyerwitz, 1998 ). 

 As mentioned earlier the ers1-2;etr1-6  and ers1-2;etr1-7 double mutant results in 

a constitutive ethylene response that can be rescued with the introduction of histidine 

kinase inactive etr1, but not an etrl mutant lacking the histidine kinase domain.  This 

indicates that histidine kinase activity of ETR1 is not required for rescue of proper of 

ethylene signaling (Wang et. al., 2003), while the histidine kinase domain is required for 

the rescue of the double (Qu and Schaller, 2004).  The histidine kinase activity is not 

required for ethylene signaling, but is essential for recovery of growth after ethylene 

removal (Binder et. al., 2004).  In order for etr1-1 to be functional in an etr1-7;ers1 

background, the ers1 mutation must be a partial loss of function mutation still 

maintaining the histidine kinase activity such as in ers1-2 (Xie et. al., 2006). 

 All ethylene receptors can form homodimers and heterodimers in vitro.  

Homodimers are stabilized by two disulfide bridges in the amino terminus (Schaller and 

Bleeker, 1995).  It is not yet clear how dimers are interacting, but may be via the GAF 

domain, receiver domain, or nonspecifically in the transmembrane.  Heterodimers formed 

with ETR1 and the other ethylene receptors are disrupted by treatment with SDS 
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indicating noncovalent interactions hold the heterodimer together.  The receptors 

heterodimerize via the GAF domain in yeast two hybrid studies (Gao et. al., 2008). 

 Another well-characterized interaction is the ethylene receptors with CTR1.  

CTR1 encodes a serine/threonine kinase similar to Raf protein kinases.  CTR1 interacts 

better with ETR1 and ERS1 (subfamily 1) than ETR2 (subfamily 2).  This interaction 

requires the histidine kinase domain, but not histidine kinase activity of the receptors 

(Clark et. al., 1998).  In vivo analysis using tagged CTR1 results in copurification with 

ETR1 in Arabidopsis (Gao et. al., 2003).   

ctr1 mutants exhibit a constitutive ethylene response in the presence of ethylene 

biosynthesis and perception inhibitors indicating these mutants are not simply the result 

of ethylene overproduction.  The ctr1-8 mutant lacks interaction with the receptors 

resulting in a loss of localization to the endoplasmic reticulum (ER) membrane.  

Consequently, the ctr1-8 has a constitutive ethylene response indicating this interaction is 

important for regulation of CTR1 activity (Hall et. al., 1999).  CTR1 interaction with the 

ethylene receptors is required for CTR1 localization to the ER membrane (Gao et. al., 

2003).  Loss of ethylene receptors results in a loss of CTR1 localization to the ER 

membrane (Woeste et. al., 1999).  Ethylene treatment causes an increase in CTR1 

localization to the ER membrane (Gao et. al., 2008).  The carboxy terminal domain of 

ETR1 and ERS1 have been found to interact with the amino terminus of CTR1 and 

colocalize to the ER membrane (Clark et. al., 1998).  This ETR1/ CTR1 activity represses 

the downstream ethylene signaling in the absence of ethylene (Huang et. al.,  2003).  In 

the presence of ethylene, this repression is alleviated allowing for the downstream 
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ethylene response (Huang et. al., 2003). Overexpression of CTR1 lacking kinase activity 

leads to constitutive ethylene responses (Huang et. al., 2003).   

Exactly how the receptor/CTR1 signaling complex works is still unknown, but 

there are two proposed models.  In the first model, downstream components of the 

ethylene signaling pathway are regulated in a tissue specific manner.  The second model 

states a conformational change in the receptor occurs by ethylene binding that result in 

decreased histidine kinase activity and relieves the suppression of the ethylene signaling 

pathway (Lin et. al., 2009).  In vitro phosphatidic acid (PA) decreases receptor-CTR1 

binding, but in vivo studies have not yet been completed (Testerink et. al., 2007).  

Although CTR1 plays a large role in ethylene signaling it is not the only factor.  ctr1 null 

mutants are still able to response to ethylene and the quadruple null receptor mutant 

exhibit a phenotype more extreme than ctr1 alone, indicating there are more components 

involved with ethylene signaling that bypass CTR1 (Larsen and Chang, 2001, Hua and 

Meyerwitz, 1998).   

Tomato has three CTR’s (LeCTR1, LeCTR3, and LeCTR4) that are able to 

complement Arabidopsis ctr1-8 mutants (Adams-Phillips et. al., 2004).  These interact 

with subfamily 1 ethylene receptors and colocalize with NR (ETR3) in the ER membrane 

(Zhong et. al., 2008). LeCTR2 is similar to EDR1 and interacts with subfamily 1 ETR1 

like ethylene receptors (Lin et. al., 2008A).  Overexpression of LeCTR2 amino terminus 

leads to increased ethylene regulated gene expression and has several altered growth 

phenotypes related to enhanced ethylene response and enhanced cytokinin response.  One 

aspect that LeCTR2 is not involved in is the seedling triple response (Lin et. al., 2009).  
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These results indicated LeCTR2, as well as the other LeCTRs, may act in a tissue specific 

manner. 

 Regulation of the ethylene receptors is critical to ethylene sensitivity.  The 

transcriptional profile observed does not always correctly represent protein expression 

levels.  Some receptors transcript levels increase after ethylene treatment, while receptor 

protein levels actually decrease.  As the number of receptors decreases, the ethylene 

sensitivity increases due to the presence of fewer negative regulators of the ethylene 

signaling pathway (Tieman and Klee, 1999).  It was found that silencing of the tomato 

ethylene receptor NR resulted in earlier fruit ripening.  Binding of ethylene to the 

receptors can cause their subsequent degradation mediated by the 26S proteasome.  This 

degradation of receptors can be inhibited by MG132, a 26S proteasome inhibitor (Kevany 

et. al., 2007).  ETR2 is degraded by a proteasome mediated event after ethylene treatment 

(Chen et. al., 2007). 

 TCC1 proteins in mammals compete with Raf1 for Ras binding.  In tomato, 

SlTPR, a TCC1 homolog, interacts with NR and LeETR1 in vitro (Lin et. al., 2008B).  In 

Arabidopsis, AtTRP interacts with ERS1 in vivo (Lin et. al., 2008B).  Two models have 

been proposed for TRP function in plants.  The first model includes that TRP may 

compete with CTR1 for receptor binding and when TRP is bound, CTR1 is localized to 

the cytosol.  Consequently, CTR1 is in an inactive state and there is increased ethylene 

response.  In the second model, TRP acts as an adaptor in the targeting of the receptor for 

degradation via the 26S proteasome that in turn leads to fewer receptors and increases 

ethylene sensitivity (Lin et. al., 2009).   
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 The etr1-2 is a mutation in the etr1 receptor that can bind ethylene, but is unable 

to be inactivated.  Consequently, this mutant is ethylene insensitive.  rte1 (Reversion-to-

ethylene sensitivity1) restores ethylene sensitivity to etr1-2 ethylene insensitive mutants.  

Both rte1 and rte1;etr1-2 have enhanced ethylene responses  (Resnick et. al., 2006).   The 

tomato homolog of RTE1 is Green-ripe (GR).  Ectopically expressed GR leads to 

inhibition of fruit ripening (Barry and Giovannoni, 2006).  This data indicates that GR 

and RTE1 are both negative regulators of ethylene response.   RTE1 localizes to the ER 

membrane and Golgi.  Colocalization studies performed with RTE1 and ETR1  were 

found to both colocalize to the ER and Golgi.  The histidine kinase domain and receiver 

domain of ETR1 are not required for RTE1 function (Resnick et. al., 2008).  RTE1 may 

function in the transition of ETR1 from the on state to the off state and vice versa. 

 Although the ethylene receptors do have overlapping roles, there are a few unique 

roles attributed to various receptors.  For example, ETR1 stimulates nutational bending in 

Arabidopsis hypocotyls (Binder, et. al, 2006).  The triple ethylene receptor mutant has 

wild type levels of total receptor and ethylene binding, but it cannot compensate for the 

missing three receptors and results in a constitutive ethylene response (O’Malley et. al., 

2005).  The fact that the etr1;ers1 double mutant has a constitutive ethylene response 

indicates that subfamily 1 receptors has larger role in ethylene response that subfamily 2 

receptors (Qu et. al., 2007 ).   Silver has also been found to target subfamily 1 for binding 

and hence inhibition of ethylene response (Xie et. al., 2006).  CTR1 preferentially 

interacts with subfamily 1 rather than subfamily 2 (Qu et. al., 2007).  In tomato, the 

receptors have distinctive expression patterns.  For example, only antisense inhibition of 
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LeETR2 and LeETR6 lead to early ripening, while the antisense inhibition of subfamily 1 

receptors had no change (Tieman et. al., 2000).  These results indicate that LeETR2 and 

LeETR6 are involved in fruit ripening, while subfamily 2 receptors do not appear to have 

a role in fruit ripening. 

Clustering has been shown in bacterial system for propagation of signaling by one 

receptor binding a ligand resulting in a conformational change not only in receptors with 

the ligand, but also in surrounding receptors within the cluster (Shimzu and Bray, 2002).  

A small amount of ligand can lead to a large change in downstream signaling which may 

explain how etr1-1 converts neighboring receptors to a signaling state even in the 

presence of ethylene (Gamble et. al., 2002).  It is thought that subfamily 1 receptors are 

the primary target of ethylene, while subfamily 2 are used to amplify the signal in 

clustering, but direct evidence is lacking to date (O’Malley et. al., 2005). An important 

inhibitor of the ethylene signal response is 1-methylcyclopropene (1-MCP) that acts by 

binding to the ethylene receptors (Hall et. al., 2000).  1-MCP is widely used in the 

ethylene research field to inhibit endogenous ethylene perception as an antagonist.   

 Ethylene receptors have multiple levels of regulation from the transcriptional 

level all the way to the proposed clustering mechanism.  These receptors are responsible 

for the negative regulation of the ethylene signaling pathway via CTR1 and represent a 

critical step of regulation.  The reason why there is functional redundancy is likely to 

compensate for the possible loss of one receptor, which would lead to a plant that would 

exhibit a constitutive ethylene response.  Constitutive ethylene response mutants have 

decrease seed production and in extreme case are infertile. This is not beneficial to the 
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plant; therefore, proper regulation of ethylene response is an important process for the 

plant. 

EIN2 

 The next known component of the ethylene signaling pathway following the 

receptor-CTR1 complex is ETHYLENE-INSENSITIVE 2 (EIN2).  EIN2 acts as a positive 

regulator of the pathway and is required for all ethylene responses.  EIN2 has an amino 

terminus containing 12 transmembrane helices and a carboxy terminus with a coiled-coil 

helix suggesting a location for protein-protein interactions.  EIN2 has homology to N-

ramp family of proteins that are known to function in transport of metals although no 

metal transport activity has been detected for EIN2 (Alonso et. al., 1999).  Other N-ramp 

family members mutants have a normal ethylene response.  Null mutants of ein2 are 

completely ethylene insensitive.  These mutants fail to express ethylene inducible genes 

in response to ethylene, but also PDF1.2 in response to jasmonate, cytokinin, and 

paraquat treatments (Alonso et. al., 1999). Consequently, the ein2 mutant has been 

isolated using screens other than just ethylene insensitivity.  Overexpression analysis of 

full length EIN2 was conducted in the ein2-5 background.  This resulted in plants that 

appeared to have a normal response to ethylene.  In contrast, overexpression of the 

carboxy terminal domain of EIN2 in the ein2-5 background resulted in a plant with a 

constitutive ethylene response and constitutively expressed ethylene regulated genes 

(Alonso et. al., 1999).  These results indicate activity of the carboxy terminus is regulated 

by the amino terminus of EIN2.  This amino terminus is thought to act as a sensor of 

ethylene signaling (Alonso et. al., 1999).  The amino terminal end of EIN2, when 
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translated in microsomes, was found to associate with the membrane following 

fractionation, but in planta localization studies were unsuccessful (Alonso et. al., 1999).  

Recently, EIN2 has been found to be localized to the ER membrane where it interacts 

with ETR1 based on FRET analysis (Bisson et. al., 2009).  A yeast two hybrid screen was 

utilized to identify interacting proteins.  This screen found ETP1 and ETP2 (EIN2 

targeting proteins) to interact with EIN2.  These ETP’s are F-box protein involved in the 

regulation of EIN2 proteasome mediated degradation.  Loss of ETP’s results in 

overaccumulation of EIN2.  In contrast, overexpression of ETP’s result in loss of EIN2 

accumulation (Qiao et. al, 2009).  Homologs of EIN2 were identified in other systems, 

such as tomato and petunia, but further elucidation of function has not been determined. 

The exact function of EIN2 is not yet fully understood at this point, but it is known to be 

a critical regulator of ethylene signaling. 

Transcription factors involved in ethylene signaling 

ETHYLENE-INSENSITIVE 3 (EIN3) encodes a transcription factor downstream of 

EIN2 that leads to the ethylene response.  The ein3 mutant was identified in a screen for 

ethylene insensitive mutants (Roman et. al., 1995).  Based on homology several EIN3-

LIKE (EIL) genes have been identified with EIL1 having the highest degree of homology 

to EIN3.  The eil1 (wei5) mutant was identified in a screen for weak ethylene-insensitive 

mutants that exhibit insensitivity in root and hypocotyl (Alonso et. al., 2003).   In 

Arabidopsis, EIN3, EIL1 and EIL2 bind as dimers to the EIN3 binding site (EBS, also 

known as primary ethylene response element, PERE) in the promoters of ethylene-

responsive element binding proteins (EREBP) that include ERF1.  EIN3 is necessary and 



 25 

sufficient for ERF1 expression (Solano et. al., 1997).    EIN3 localizes to the nucleus, 

which is essential for a transcription factor function (Chao et. al., 1997).  ERF1 is a 

transcription factor that binds GCC boxes (also known as secondary ethylene response 

element, SERE) of secondary ethylene responsive genes, defense genes, and 

pathogenesis-related genes that include AtEBP, basic chintinase (chiB), and PDF1.2 

(Solano et. al., 1998; Lorenzo et. al., 2003; Fujimoto et. al., 2000).  Ethylene and 

jasmonate synergistically activate ERF1 gene expression (Lorenzo et. al., 2003).  ERFs 

are part of the AP2 family of transcription factors (Gutterson and Reuber, 2004). There 

are many ERF transcription factors some acting as activators, while others act as 

repressors (Fujimoto et. al., 2000).  Some of the promoters of these ERFs even have GCC 

boxes and are potentially regulated by other ERFs.   ERFs are not only regulated by 

ethylene, but also other hormones, biotic and abiotic stresses (Onate-Sanchez and Singh, 

2002, Fujimoto et.al., 2000). 

In tomato, the E4 gene promoter (related to PERE) was analyzed for the region 

responsible for ethylene-regulated transcription.  It was found that the region between -

161 and -68 was sufficient for this regulation.  A footprint assay determined protein 

binding to -143 and -110 of the promoter region of this gene (Montgomery et. al., 1993).  

Further studies revealed two cis elements one between -150 and -121 and the other 

between -40 and +65 are required for ethylene- regulated transcription (Xu et. al., 1996).  

In tobacco, EREBP bind GCC boxes of ethylene-inducible pathogenesis related genes.  

These EREBPs mRNA accumulate in response to ethylene (Ohme-Takagi and Shinshi, 

1995).   
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ein3 and eil1 loss of function mutants result in reduced ethylene sensitivity.  Both 

EIL1 and EIL2 can complement ein3 mutant.  The ein3;eil1 double mutant is almost 

completely ethylene insensitive similar to ein2-5.   Growth kinetic assay in response to 

ethylene were conducted and indicate two phases for ethylene response.  The first rapid 

phase is short-term growth inhibition followed by a second phase of sustained growth 

inhibition.  EIN3 and EIL1 are not required for the first phase indicating this phase is 

transcription independent or requires other transcription factors, possibly the other EIL’s.  

The second phase requires both EIN3 and EIL1 (Binder et. al., 2004).  In contrast, EIN2 

is required for both phases of this response. Overexpression of EIN3 or EIL1 results in a 

constitutive ethylene response.  There is functional redundancy between EIN3 and EIL1 

as these factors have critical roles in the regulation of the ethylene signaling pathway and 

response.  Overexpression of ERF1 only exhibits activation of some ethylene responses.  

Therefore, EIN3 and EIL1 must control not only expression of ERF1, but also other 

factors regulating the ethylene response. 

Regulation of EIN3 

 One method of regulating proteins is degradation by the 26S proteasome.  The 

first step involves the E1 (or ubiquitin-activating enzyme) that couples ATP hydrolysis 

and the formation of E1-Ub.  The next step is the transfer of ubiquitin to the E2 (or Ub-

conjugating enzyme).  The last step is the transfer of ubiquitin from E2 to the final 

substrate mediated by E3 (or Ub- protein ligase).  After ubquitination of the substrate, the 

substrate is targeted for degradation to the 26S proteasome where the ubiquitin moieties 

are recycled and the substrate is degraded (Vierstra, 2003). 
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 There are many different classes of E3 enzymes.  The major class in Arabidopsis 

is the SCF complex.  These SCF complexes are composed of Skp1, Cullin, Rbx, and an 

F-box protein.  The Skp1, Cullin, and Rbx can be considered the core of the enzyme, 

while the F-box proteins are interchangeable (Gagne et. al., 2004).   The specificity of the 

E3 or SCF complex lies in the F-box with which it is associated (Viersta, 2003).  As 

mentioned earlier ETP1 and ETP2 are F-box protein required for the degradation of 

EIN2.  The F-box proteins that regulate EIN3 degradation are EBF1 and EBF2.  These 

two F-boxes interact with EIN3/EIL and ASK1 (Potuschak et. al., 2003, Guo and Ecker, 

2003; Gagne et. al., 2004).  Regulation of degradation is important for EIN3 because at 

the transcriptional level EIN3 is not regulated; therefore, regulation of EIN3 must be at a 

posttranscriptional or posttranslational level.  EBF1 and EBF2 target EIN3 for 

degradation in the absence of ethylene.  In the presence of ethylene, EIN3 accumulates 

and therefore elicits the downstream ethylene responses. MG132, an inhibitor of the 26S 

proteasome, causes an abnormal accumulation of EIN3 (Guo and Ecker, 2003).  

Overexpression of the EBF’s result in ethylene insensitivity and decreased accumulation 

of EIN3.  Single ebf mutants are ethylene hypersensitive (Guo and Ecker, 2003).  The 

ebf1;ebf2 double mutant has a constitutive ethylene response phenotype and accumulates 

EIN3 and ERF1 transcripts independent of ethylene (Guo and Ecker, 2003).   The triple 

mutant with ein3 results in a loss of the constitutive ethylene response seen in the double 

ebf1;ebf2 (Potuschak et. al., 2003).  The data suggests EBF1 and EBF2 are required for 

the targeting of EIN3 for degradation.  Triple mutants with the ein2 mutant abolish the 

constitutive ethylene response phenotype of the double mutant indicating a functional 
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ethylene signaling pathway is required.  EBF2 mRNA is negatively regulated by the 

3’UTR of EBF2 (Konishi and Yanagisawa, 2008).  Ethylene regulates EBF2 expression.  

EIN3 binds the EBF2 promoter to regulate its expression revealing a feedback 

mechanism that is involved in the dampening of ethylene response (Konishi and 

Yanagisawa, 2008).   EBF1 plays a role in the regulation of EIN3 in air and initial 

ethylene response, while EBF2 acts during the latter stages of ethylene response (Binder 

et. al., 2007).  In yeast, XRN4 is involved in the degradation of unstable mRNAs.  EIN5 

encodes XRN4 in Arabidopsis, a 5’ to 3’ exonuclease found to target EBF2 for 

degradation (Potuschak et. al., 2006).   ein5 mutants do not degrade EBF mRNA resulting 

in overaccumulation of EBF’s (Olmedo et. al., 2006).  Consequently, EIN3 targeting to 

the proteasome is increased due to more EBF, so there is a decrease in EIN3 

accumulation and increased ethylene insensitivity in the ein5 mutant. 

 EIN3 is phosphorylated on two different sites that have opposite effects on EIN3 

stability.  Constitutively active MKK9 results in plants with a constitutive ethylene 

response, while mkk9 mutants are ethylene insensitive.  UO126, a MAPKK-specific 

inhibitor, blocked the ethylene induced accumulation of EIN3.  Phosphatase treatment 

caused a shift in the EIN3 band indicating a phosphate modification of EIN3.  MPK3/6 

are able to phosphorylate EIN3 at two sites with opposite effect on EIN3 stability.  The 

ein3 mutants at T174A enhanced EIN3 degradation, while T592A enhanced EIN3 

stability. CTR1 acts to inhibit MKK9-MPK3/6 and EIN3 activity.   

 How EIN3 levels are regulated by ethylene is not yet fully understood, but two 

models have been proposed.   Ethylene may induce a posttranslational modification, such 
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as phosphorylation, in EIN3 making it that EBF1 and EBF2 are no longer able to bind 

EIN3.   Loss of EBF1 and EBF2 binding results in loss of regulation of degradation of 

EIN3 and consequently there is an increase EIN3 accumulation due to the loss of EIN3 

turnover.  The second model proposes ethylene down regulated activity of EBF1 and 

EBF2 allowing for increased accumulation of EIN3.  Further research is needed to 

determine which if any model is correct. 

Characterization of ethylene reset 

 Many of the ethylene mutants characterized in Arabidopsis today have focused on 

studies that selected for mutants with either a constitutive ethylene response or ethylene 

insensitivity.  Although these methods have been useful in the characterization of the 

ethylene signaling pathway, dampening of ethylene response is poorly understood.  One 

novel approach used to identify components of the ethylene reset mechanism has been 

the identification and characterization of enhanced ethylene response (eer) mutants, 

which have an increased sensitivity and/or exaggeration of response to ethylene.  

Surprisingly, some of these mutants have decreased gene expression for several genes 

that are known to be ethylene inducible.  The first eer mutant publish is eer1 which 

encodes RCN1, a protein phosphatase 2A regulatory subunit A.  RCN1 is capable of 

binding CTR1, but is not a substrate of CTR1.  The proposed model states that RCN1 

probably regulates CTR1 activity and hence ethylene signaling (Cancel and Larsen, 

2003). eer2 does not follow the gene expression pattern of other eer mutants as it has 

increased gene expression of ethylene inducible genes and eer phenotype is mostly likely 



 30 

the results of this increased gene expression (De Paepe et. al., 2005).  The eer2 mutation 

has never been isolated. 

 eer3 is a mutation in AtPHB3 which is a prohibitin.  Prohibitin is known to be 

involved in the initiation of cellular senescence in other model system, but has not yet 

been studied in plants.  The eer3 mutants behaves as a typical eer mutant although it does 

produce slightly more ethylene than wild type.  Based on double mutant analysis with 

ctr1, ein2, and ein3 it seems to act at or downstream of EIN3.  EER3 acts as a negative 

regulator of the ethylene signaling pathway for the purpose of reset, but also has a role in 

the positive ethylene response (Christians and Larsen, 2007).  The most recently 

published eer mutant is eer5, which encodes a protein with a PAM [proteasome COP9 

initiation factor (PCI/PINT)- associated module] domain typically found in COP9 

signalosome (CSN) related proteins.  The COP9 signalosome interacts with the 26S 

proteasome and is involved in the targeting of proteins for degradation.  The ctr1;eer5 

double mutant in air is similar to ethylene treated eer5 which is more severe than ctr1 

alone.  This data suggest EER5 acts at or downstream of CTR1.  The double mutant with 

ein3 is more responsive to ethylene than ein3 alone, suggesting the ethylene reset 

mechanism is EIN3 independent.  EER5 interacts with EIN2 and COP9, while EIN2 

interacts with CSN3, CSN6A and CSN6B.  It has been suggested that EER5, EIN2, and 

the COP9 signalosome form a complex and may be involved in the regulation of EIN2.  

This is one method of regulation of the ethylene reset mechanism.  The first model 

proposed by the authors includes the fact that there is probably a loss of degradation of 

repressors that result in continued suppression of ethylene reset gene expression.  This 



 31 

situation would cause perpetuation of ethylene response.  This suggests that genes not 

expressed in the mutant are required for the regulation of the reset mechanism (Christians 

et. al., 2008).   Only a few factors of the ethylene reset mechanism have been isolated and 

further research is needed to gain a better understanding of it.  
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RESULTS 

CHAPTER 3 

EER4 REGULATES ETHYLENE RESPONSE AND DAMPENING 

The TFIID complex 

 Transcription is a critical process that must be highly regulated within the cell 

because loss of regulation would have detrimental effects.  The initial step of regulation 

would be the formation of the pretranscription initiation complex (PIC).  First, TATA 

binding protein (TBP) binds to the TATA box in the promoter in the minor groove of the 

DNA creating a bend in the DNA to form an open promoter complex.  Next, various 

transcription associated factors (TAF) are recruited to this region by TBP. The TBP and 

associated TAF’s are known as the TFIID complex.  Following TFIID binding, general 

transcription factors and RNA polymerase bind in the following order TFIIA, TFIIB, 

TFIIF, RNA polymerase II, TFIIE and TFIIH for the final step of pretranscription 

initiation complex. 

 The TFIID complex is composed of TBP and various TAF’s.  Fourteen known 

TAF’s compose the core subunit of TFIID and a horseshoe shape seems to clamp onto 

the DNA.  Many of these TAF’s form heterodimers such as TAF4 and TAF12.   

Dependent on the particular TAF, each can be present in either single or multiple copies 

within the TFIID complex.  Of the fourteen TAF’s, nine of them have histone fold 

domains.  TAF6, TAF9, and TAF12 are similar to H4, H3, and H2B core histones.  
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TAF4b binding to the TFIID complex leads to the formation of the open complex and 

helps in binding of other activators such as TFIIA. 

 The characteristic horseshoe shaped TAF’s are assembled in a specific order.  

TAF1 (the largest of the TAF’s) binds to TBP at its amino terminal end and bind other 

TAF’s at its carboxy terminal end.  One TAF subcomplex that forms consists of TBP, 

TAF1, TAF2 and TAF7, although TAF2 is not required for a stable complex.  Next, 

TAF4, TAF5, and TAF10 bind the subcomplex serving in assembly and stability of the 

TFIID complex.  Finally, TAF4/12, TAF6/9, TAF8/10 bind as heterodimers to the 

complex. Loss of TAF4, TAF5, and TAF6 leads to TAF degradation, while loss of 

TAF10 leads to TFIID disassembly.   

 Many of the interactions between the promoter, TBP, and TAF’s have been 

intensively studied.  TAF’s aid in promoter recognition.  TAF1/2 heterodimers bind to 

the initiator sequence of the promoter, while TBP binds the TATA box.  The 

heterodimers of TAF6/9 bind at a downstream promoter element. Many activators also 

bind to these TAF’s resulting in the recruitment of the activators to the TFIID complex 

and hence the promoter.  TAF2 and TAF3 interact with covalently modified histones 

serving as a marker for an active promoter.  Often these histones are methylated and 

acetylated allowing the appropriate TAF to bind and form the preinitiation complex.  

After TFIID complex binding and proper transcription has begun, it is thought that TFIID 

remains associated with the promoter region for the purpose of reinitiation events.  TBP 

also remains there interacting with PP2A to inactivate condensins preventing compaction 

of DNA.   
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Figure 4  Transcription initiation.  Transcription of genes requires the formation of the 

preinitiation complex on the promoter of a given gene.  The first protein to bind the 

promoter of a gene is the TBP at the TATA box.  Next, specific TAF’s bind TBP in a 

precise conformation.  Various TAF are known to homodimerized and heterodimerize 

into specific manner before binding to TBP.  Following this binding, other basal 

transcription factors bind allowing the recruitment of RNA polymerase II.  Enhancers 

bind to activators to positively regulate transcription, while repressor binds to silencer to 

inhibit transcription. 
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There is a lot of variation to this model depending on the particular promoter.  

Some promoters lack a TATA box and recruit TBP via TAF’s that are bound to 

promoters.  Other promoters lack TBP binding all together and solely rely on TAF’s, 

these are called TBP-free TAF containing complexes (TFTC).  The Spt-Ada-Gcn5-

Acetyltransferase (SAGA) complex is composed of various TAF is for the regulation of 

many stress inducible genes.  While the TFIID complex is required for the expression of 

housekeeping genes, the SAGA complex is required for the regulation of stress related 

genes (Huisinga and Pugh, 2004). 

The SAGA complex is composed of Spt, Ada, Gcn5, acetyltransferase, TBP and 

several TAF’s.  Spt proteins are thought to aid in the interaction between SAGA and 

TBP.   The Ada proteins are required for acetylation activity of Gcn5.  Gcn5 has histone 

acteyltransferase activity that is responsible for the acetylation of lysine residue of H3 

and H2B histones.  The SAGA complex associates with TAF5, TAF6, TAF9, TAF10 and 

TAF12.  SAGA is targeted to the promoter via Gal4 and Gcn4 (Utley et. al., 1998, Ikeda 

et. al., 1999).  Tra1 seems to serves as a scaffold for the SAGA, Gal4 and Gcn4 (Saleh et. 

al., 1998).  TAF12 is known to interact with Gal4 and Gcn4 and when mutated leads to 

decreased acetylation by SAGA, resulting in decreased transcription rate (Grant et. al., 

1998, Reeves and Hahn, 2005).  UPB8 removes ubiquitin from H2B histones.  

Regulation of the ubiquination of H2B is important for the acetylation state of H3.  The 

histone code or modification of histones is critical to transcriptional activity of the 

promoter.  The proteasome interacts with SAGA via the 19S regulatory particle.  This 

interaction regulates the histone modifications by SAGA.  Sus1, a part of mRNA 
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transport machinery, interacts with SAGA possibly regulating nuclear export in 

conjunction with Sac3-Thp1 (Rodriguez-Navarro et. al., 2004).  Mutation of Sus1 leads 

to loss of gene expression similar to the pattern observed in mutants of the SAGA 

complex and indicates these two factors might be involved in the same pathway.  Sus1 

also interacts with Ubp8 of the SAGA complex.  Loss of Sus1 leads to an accumulation 

of ubiquitinated H2B and H3 methylation consequently. 

Screen for enhanced ethylene response mutants 

 EMS-mutagenized M2 Arabidopsis seeds (Ws-2 lehle) were screened for an 

enhanced ethylene response on 100 l l
-1 

ethylene after growth for four days in the dark.  

The enhanced ethylene response phenotype consists of increased ethylene sensitivity 

and/or exaggeration of ethylene response.  To ensure this response was not simply a 

growth defect, AgNO3 was used to inhibit ethylene perception.  Seedlings were grown on 

5 M AgNO3 for four days in the dark and seedlings that were similar in hypocotyl 

length to WT in the absence of ethylene perception were selected for further analysis.  

Specifically I have focused on eer4 and sar1-7 for further analysis.  An ethylene dose 

response was conducted for eer4 in the presence of 5 M AVG, an ethylene biosynthesis 

inhibitor, to minimize the effects of endogenous ethylene production.  The eer4 mutant 

has an increase in ethylene sensitivity and exaggeration of ethylene response as indicated 

by the ethylene dose response (Figure 5).  eer4 had similar hypocotyl lengths on 5 M 

AgNO3, 5 M AVG and air treatments.  To reach 50% inhibition of growth, WT required 

two times more ethylene than eer4.  At saturating levels of ethylene, eer4 was 30% the 

height of WT (Figure 5 and Figure 6).  Propylene, an ethylene agonist, was also used in a  
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Figure 5  Growth of etiolated eer4 seedlings in the presence of ethylene. An ethylene 

dose–response analysis was performed for Ws wt and eer4 seedlings. For this analysis, 

seedlings were grown for 4 days in the dark with either 5 µM AgNO3, in order to block 

ethylene perception, or 5 µM AVG, in order to reduce ethylene biosynthesis, with 

increasing concentrations of ethylene ranging from 0 µL L
–1

 to 100 µL L
–1

. Following 

growth, hypocotyl lengths for each treatment were determined: (A) actual hypocotyl 

length; (B) relative hypocotyl length (length/length at 5 µM AgNO3), with the 

concentration of ethylene causing 50% inhibition (denoted by dashed line); (C) the ratio 

of eer4 hypocotyl length to Ws wt hypocotyl length for each ethylene concentration, with 

the dashed line denoting that the predicted ratio if the eer4 mutant was not hyper-

responsive to ethylene. Mean ±SE values were determined from approximately 30 

seedlings. 
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Figure 6  Phenotypic characterization of eer4 (A) Photograph showing 4-day-old dark-

grown seedlings of Ws wt and eer4 exposed to 100 µL L
–1

 ethylene. (B) Ws wt and eer4 

seedlings were grown on agar plates in the light for 7 days, after which patterns of root 

growth were observed. (C) Ethylene production by 4-day-old dark-grown seedlings was 

measured for both Ws wt and eer4. Ethylene was collected for a period of 12 hours and 

subsequently measured using a gas chromatograph. Ethylene production rates were 

calculated based on tissue fresh weight. Mean ±SE values were determined from five 

samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 41 

 



 42 

dose response to ensure this eer phenotype was the result of ethylene signaling.  

Propylene also elicited an increase in sensitivity and an exaggeration of ethylene response 

in eer4 as observed in the ethylene dose response (Data not shown).  Ethylene production 

was measured in four day old seedlings for twelve hours.  eer4 produces 30% more 

ethylene than WT, but this is not responsible for the eer phenotype because AVG was 

used in the ethylene dose response experiment to reduce endogenous ethylene production 

and exaggeration of ethylene response was observed with saturating levels of ethylene 

(Figure 6).  The roots of eer4 form a tight curl not observed in WT (Figure 6).  This 

curling phenotype is reversed in the eer4;ein2-5 double mutant indicating ethylene 

signaling is required for this root curling phenotype of eer4.  

Gene expression analysis for eer4 

 Expression of several genes in both seedlings and adult leaf tissue have been used 

for their ability in the monitoring of ethylene inducible gene expression.  Expression of 

18S ribosomal was used as a loading control.  In seedlings, these molecular markers 

include ACO2, ETR2, ERS1 and AtEBP.  Etiolated four day old WT and eer4 seedlings 

either treated with 5 M AgNO3 or 100 l l
-1 

ethylene were used in Northern blot 

analysis.  Expression of ETR2 and ERS1 were indistinguishable from WT, while ACO2 

may be slightly down regulated.  The expression of AtEBP is severely down regulated in 

eer4.  Therefore, EER4 appears to be a positive regulator of AtEBP.  This was not 

expected for eer4 since at the phenotypic level it has an enhanced ethylene response yet 

at the molecular level it appears to be ethylene insensitive.  This has been found to be 

characteristic of several other eer mutants.  One explanation of these results is that  
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Figure 7  The eer4 mutation limits induction of a subset of ethylene-regulated genes in 

both seedlings and leaves. (A) Ethylene-dependent gene expression in dark-grown 

seedlings of Ws wt and eer4. Ws wt and eer4 seedlings were grown in the presence or 

absence of 5 µM AgNO3 (Ag) or 100 µL L
 –1

 ethylene (E) in the dark for 4 days, after 

which tissue was collected for isolation of total RNA. For each sample, 10 µg of total 

RNA was used for northern analysis to test the expression of genes known to be ethylene 

responsive in seedlings including ACO2, ETR2, ERS1, and AtEBP. Tomato 18S rDNA 

was used to determine loading accuracy. (B) For analysis of ethylene-responsive gene 

expression in leaves, 4-week-old adult plants of Ws wt and eer4 were exposed to air (A), 

500 nL L
 –1

 ethylene (LE), or 100 µL L
 –1

 ethylene (HE) for 24 hours, after which leaf 

tissue was collected and total RNA was isolated. For each sample, 10 µg of total RNA 

was used for northern analysis to test the expression of the ethylene-responsive genes 

ERF1, chiB, and PDF1.2, along with tomato 18S rDNA. (C) In order to test the effects of 

the eer4 mutation on jasmonate-regulated gene expression, 13-day-old plants of Ws wt 

and eer4 grown hydroponically were treated with air (A) or 100 µM (+/–) jasmonic acid 

(JA) for 24 hours, after which rosette tissue was collected and total RNA was isolated. 

For each sample, 10 µg of total RNA was used for northern analysis to test the expression 

of ERF1, chiB, THI2.1, and PDF1.2, along with tomato 18S rDNA. 
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transcription of factors involved with the dampening mechanism of the ethylene response 

is not occurring properly due to the loss of EER4.   

 Three week old rosette leaves were also tested for gene expression using ERF1, 

chiB and PDF1.2 as indicators of ethylene response.  Plants were either treated with air,  

500 nl l
-1  

ethylene or 100 l l
-1  

ethylene for 24 hours before collecting tissue samples.  In 

eer4, there is no or extremely little ERF1 expression.  chiB is downregulated and PDF1.2 

is misregulated in eer4.  It appears EER4 is a positive regulator of ERF1 and chiB gene 

expression.  The expression of ERF1, chiB, and PDF1.2 is also known to be induced by 

jasmonate (Penninckx et. al., 1998).  To determine if eer4 affected gene expression of 

these genes in response to jasmonate, Northern analysis was conducted with 

hydroponically grown jasmonate treated two week old eer4 and WT.   ERF1 and chiB 

were downregulated suggesting loss of EER4 also affects jasmonate signaling.  PDF1.2 

expression in eer4 was similar to WT.  Thi2.1 is induced specifically by jasmonate and 

expression of this was tested following jasmonate treatment.  eer4 has severely reduced 

levels of Thi2.1, indicating EER4 was not only involved in ethylene signaling, but also 

has a role in jasmonate signaling (Figure 7). 

Mapping of eer4 

A map based cloning approach was used to determine the location of the eer4 

mutation.  eer4 (Ws-2 lehle) was crossed to WT Columbia to generate a mapping 

population and the eer4 phenotype was selected in the F2 generation.  The eer4 mutation 

was localized to Bacterial Artificial Chromosome (BAC) FIL3 and was found to be a 

C→T change at nucleotide 967 leading to a premature stop codon at amino acid 322 in  
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Figure 8  eer4 represents a premature stop codon in a TFIID-interacting transcription 

factor. (A) Physical mapping of eer4. Thick bars represent the order of BACs from the 

5.8–6.2 Mb region of chromosome 1. The BAC that contains the EER4 gene (At1g17440) 

and the recombination frequencies at each generated CAPS marker surrounding the eer4 

mutation are indicated. All CAPS markers generated are described in Materials and 

methods. (B) The genomic structure of Arabidopsis EER4 is depicted by boxes that 

represent exons and intervening lines that represent either non-coding intragenic regions 

or introns. The change representing eer4 is shown as an underlined nucleotide. (C) 

Predicted protein sequence of EER4, with the point at which the eer4 mutation causes a 

premature stop codon indicated. Underlined amino acids represent the predicted TFIID-

interacting domain of EER4. (D) Pattern of EER4 expression in various Arabidopsis 

tissues. For northern analysis, 10 µg of total RNA from Ws wt roots, leaves, stems, and 

flowers was electrophoretically separated, blotted, and probed with either EER4 or 

tomato 18S rDNA. To test expression patterns of EER4 in dark-grown seedlings, Ws wt 

seedlings were grown in the dark in the presence of either 5 µM AgNO3 or 100 µL L
 –1

 

ethylene for 4 days, after which tissue was collected and total RNA was isolated. eer4 

seedlings were grown in the dark only in the presence of 5 µM AgNO3. For northern 

analysis, 10 µg of total RNA from each sample was electrophoretically separated, blotted, 

and probed with either EER4 or tomato 18S rDNA. (E) Functional complementation of 

the eer4 mutation. A genomic construct of EER4 consisting of 1000 bp prior to the 

predicted ATG including the 5'-UTR, coding sequence, and 3'-UTR was introduced into 

the eer4 mutant by Agrobacterium-mediated transformation. Dark-grown Ws wt, eer4, 

and T2 progeny from eer4 transformed with wt EER4 were tested for manifestation of an 

enhanced ethylene-response phenotype following incubation in the dark in 100 µL L
 –1

 

ethylene for 4 days. 
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At1g17440 (Figure 8).  This genes carboxy terminal domain has homology to a TBP 

associated factor (TAF) of the TFIID complex, specifically TAF12b of Arabidopsis.  At 

the time of this experiment, no additional alleles of eer4 were available.  EER4 is 

expressed in roots, leaves, stems, flowers, and is not ethylene inducible.  The eer4 mutant 

has severely decreased expression of EER4 most likely due to nonsense mediated decay 

as a result of the premature stop codon.  To ensure the mapping correctly identified the 

correct mutation leading to the eer4 phenotype, functional complementation was 

performed.  The construct included 1kB of the 5’UTR, full length EER4, and its 3’ 

untranslated region.  It was transformed via Agrobacterium mediated transformation into 

the eer4 mutant.  This construct was able to reverse the phenotype to a WT like 

appearance.  The root curling phenotype of eer4 was also reversed by the functional 

complementation (Figure 9). 

Analysis of eer4 double mutants 

 In order to determine where EER4 lies in the ethylene signaling pathway, double 

mutants with mutants of known ethylene signaling factor including CTR1, EIN2 and 

EIN3 were constructed.  CTR1 is a map kinase kinase kinase responsible for the negative 

regulation of ethylene signaling.  The ctr1-3 mutant has a constitutive ethylene response 

phenotype and has decreased fertility.  The eer4;ctr1-3 double mutant has a more 

extreme ethylene response than ctr1-3 alone in the dark (Figure 10). The double has a 

phenotype similar to that of the ethylene receptor double ers1;etr1, quadruple null 

mutants, and also eer4 ethylene treated seedlings.  As adults, these double are extremely 

unhealthy and die before seed production. 
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Figure 9  Genetic analysis of eer4.  (A) An eer4-1;ctr1-3 double mutant gives an extreme 

ethylene-response phenotype in air. A cross between eer4 and ctr1-3 was made and F3 

progeny that represented the eer4;ctr1-3 double mutant were identified by PCR coupled 

with allele-specific restriction enzyme digestion. The left image represents Ws wt, eer4, 

ctr1-3, and the eer4;ctr1-3 double mutant following incubation for 4 days in the dark in 

air, whereas the right images represent 3-week-old ctr1-3 and eer4;ctr1-3 double mutants 

grown in air, with eer4;ctr1-3 double mutants almost exclusively dying at or near the 

time of flowering. (B) The ein2-5 mutation rescues the severe ethylene-dependent growth 

inhibition demonstrated by eer4. A cross between eer4 and ein2-5 was made and progeny 

that represented eer4;ein2-5 double mutants were identified by PCR coupled with allele-

specific restriction enzyme digestion. Seedlings of Ws wt, eer4, ein2-5, and eer4;ein2-5 

were grown in the dark with either 5 µM AgNO3 or 100 µL L
 –1

 ethylene for 4 days, after 

which growth was assessed. (C) The eer4 mutation restores ethylene responsiveness to 

the ein3-1 mutant. A cross between eer4 and ein3-1 was made and progeny that 

represented eer4;ein3-1 double mutants were identified by PCR coupled with allele-

specific restriction enzyme digestion. Seedlings of Ws wt, eer4, ein3-1, and eer4;ein3-1 

were grown in the dark with either 5 µM AgNO3 or 100 µL L
 –1

 ethylene for 4 days, after 

which growth was assessed. 
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 The next known component in the ethylene signaling pathway is EIN2, an N-

ramp transporter related protein.  Loss of EIN2 results in complete ethylene insensitivity.  

The double mutant eer4;ein2-5 has the ein2-5 phenotype, being completely ethylene 

insensitive (Figure 10).   It could be interpreted that EIN2 is epistatic to EER4, but it is 

more likely that eer4 may just require some degree of ethylene signaling to exhibit an 

ethylene response.  This is also demonstrated by the treatment of AgNO3 which abolishes 

the ethylene response of the eer4 mutant.  EIN2 would represent genetic inhibition, while 

AgNO3 is pharmacological inhibition of ethylene signaling. 

 EIN3 is a transcription factor involved in the downstream ethylene response.  

Loss of EIN3 results in partial ethylene insensitivity.  The eer4;ein3-1 responds to 

saturating ethylene more than ein3-1 alone.  In contrast to ein3-1, the double forms an 

apical hook and has a shorter hypocotyl following ethylene treatment (Figure 10).  These 

results indicate that the ethylene dampening mechanism is partly EIN3 independent 

because the double responds better to ethylene than ein3-1. 

Localization of EER4 

To determine where EER4 is localized within a plant cell, subcellular localization 

with GFP was performed.  1 kB of the 5’ UTR of the EER4 promoter and the EER4 

coding region lacking the stop codon was fused to the GFP protein.  This construct and 

the control ACT2:GFP construct were each transformed into Agrobacterium.  Nicotiana 

benthanmiana leaves were transformed via Agrobactrium mediated transformation with 

each of these constructs and three days later analysis was conducted.  The EER4:GFP 

was localized to the nucleus of the cell in the presence of both AgNO3 and 100 l l
-1  
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Figure 10  EER4 localization study.  GFP-dependent localization of EER4. Leaves of 

Nicotiana benthamiana were used for subcellular localization of an EER4::GFP 

translational fusion. (A) Tobacco leaves were infiltrated with Agrobacterium that carried 

ACT2::GFP and, after 3 days in air, fluorescing cells were visualized with a confocal 

microscope to determine patterns of GFP and DAPI fluorescence. (B) For EER4 

localization, tobacco plants were infiltrated with Agrobacterium that carried EER4::GFP. 

After 3 days in air, leaves were harvested and fluorescing cells were visualized using a 

confocal microscope to determine patterns of GFP and DAPI fluorescence. 
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ethylene.  Nuclear localization is what is expected of a transcription factor.  DAPI was 

used as a control to stain for the nucleus of the cells and this clearly colocalized with 

EER4:GFP.  The control ACT2:GFP was localized throughout the cell (Figure 11). 

EER4 interacting factors 

What does EER4 interact with?  Full length EER4 was not able to be produced by 

yeast, therefore a truncated version of EER4 consisting of the amino terminal 500 amino 

acids lacking the TFIID interacting domain was used in yeast two hybrid analysis.  Many 

components of the ethylene signaling pathway were tested for potential interaction via 

yeast two hybrid primarily with the truncated form of EER4.   If a positive interaction 

was obtained with the yeast two hybrid assay, it was followed up using an in vitro 

binding assay for further confirmation. This in vitro binding assay tested interaction 

between MBP fusion protein and [
35

S] methionine-radiolabeled in vitro translated test 

proteins.  EER4 does not interact with the ethylene receptors, EIN2 carboxy terminal 

domain, EER1/RCN1, TIR1, COI1, EBF1, and EBF2.  EER4  does homodimerize, which 

is quite common for transcription factors as this is the means by which they bind DNA.  

EER4 also interacted with two components of the PP2A catalytic subunit. PP2A1C and 

PP2A5C.  EER4 also interacted, via in vitro binding assay, with the transcription factors 

EIN3 and ERF1.  The yeast two hybrid approach was not used because EIN3 and ERF1 

are not able to be expressed in yeast (Figure 12). 

Loss of EER4 leads to an enhanced ethylene response phenotypically, but at the 

genotypic level appears to be ethylene insensitive due to its decreased expression of 

several ethylene inducible genes.  This leads to the conclusion that EER4 is involved in  
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Figure 11  EER4 interactions.  Molecular partners of EER4 in ethylene signalling. The 

yeast two-hybrid assay and an in vitro binding assay were used to test whether EER4 can 

interact with known components of the ethylene signalling pathway. For the yeast two-

hybrid assay, either a Gal4 activation domain fusion (AD-EER4
1–500

) or a LEXA DNA-

binding domain fusion (DB-EER4
1–500

) was tested against AD or DB fusions of ethylene 

signalling factors. For β-galactosidase activity, five transformants of each were measured 

using a CPRG-based liquid assay, and the average ±SE is presented. Demonstrated 

interactions were subsequently confirmed using an in vitro pull-down assay in which a 

bacterially produced MBP fusion was interacted with either 5 µl or 25 µl of an in vitro 

translated radiolabelled test protein. (A) EER4 was found to be capable of self-

association, as shown by strong binding between AD-EER4
1–500

 and DB-EER4
1–500

 in the 

yeast two-hybrid analysis. This association was verified in vitro through a specific 

association between bacterially produced MBP-EER4
1–681

 and in vitro-translated 

radiolabelled MBP-EER4
1–681

, which is shown in the inset of this graph. (B) EER4 was 

found to interact with two PP2a catalytic subunits, PP2a1C and PP2a5c, using the yeast 

two-hybrid assay. To confirm this interaction, bacterially produced MBP and MBP-

PP2a1C were tested for their capability to interact with either 5 µl or 25 µl of in vitro 

translated radiolabelled EER4. (C) Bacterially produced MBP and MBP-EER4
1–681

 were 

tested for their capability to interact with either 5 µl or 25 µl of in vitro translated 

radiolabelled EIN3, a transcription factor required for ERF1 expression. Only a minimal 

interaction was observed between EIN3 and MBP, whereas a strong association was 

found between EIN3 and MBP-EER4
1–681

. (D) Bacterially produced MBP and MBP-

ERF1 were tested for their capability to bind to 5 µl or 25 µl of in vitro translated 

radiolabelled EER4
1–681

. A limited interaction was found between EER4
1–681

 and MBP, 

yet a strong association was observed for EER4
1–681

 with MBP-ERF1. 
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the positive regulation of the ethylene response dampening mechanism and regulation of 

a subset of ethylene inducible genes at least partly.  Based on double mutant analysis the 

regulation of dampening ethylene signaling is EIN3 independent because the double 

mutant responds to ethylene more than ein3-1. EER4 encodes a TAF transcription factor 

localized to the nucleus.  EER4 interact with other transcription factors including EIN3 

and ERF1 possibly regulating ethylene signaling.   
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CHAPTER 4 

AUXIN RESPONSE NEGATIVELY REGULATES ETHYLENE DAMPENING 

 In the 1880’s, Charles Darwin proposed a substance that regulates the bending of 

grass coleoptiles towards light.  Today this substance is known to be auxin, commonly 

indole-3-acetic acid (IAA).  Auxin regulates many aspects of cell expansion and division.  

As a result, many mutants with defects leading to a decrease in auxin response tend to be 

dwarfed (Mockaitis and Estelle, 2008).  Auxin moves directionally from leaves toward 

roots via auxin influx and efflux carrier proteins creating an auxin gradient (Petrasek and 

Frimi, 2009).   Auxin can also be asymmetrically distributed within a cell to promote cell 

expansion on one side while not expanding on the other side (Mockaitis and Estelle, 

2008).  This results in overall asymmetric growth as seen in bending of coleoptiles. 

 The auxin signaling pathway has been intensely studied.  ARF’s are transcription 

factors that regulate auxin inducible promoters acting as either activators or repressors 

dependent on the particular ARF (Guilfoyle and Hagen, 2007).  IAA’s are repressors that 

can recruit corepressors.  ARF’s and IAA’s form homodimers, but can also form 

heterodimers (Muto et. al., 2006).  When IAA’s bind ARF’s, IAA’s negatively regulate 

auxin inducible promoters to which the ARF’s are bound (Ulmasov et. al., 2006).  E3 

ligases, specifically SCF complexes, regulate IAA accumulation by targeting IAA’s for 

degradation via 26S proteosome (Figure 12). 

 There are 23 ARF’s and 29 IAA’s.  Of these 23 ARFs, five of them are known to 

act as activators, three of them are highly divergent and consequently unknown as their 

function, and the remaining act as repressors (Okushima et. al., 2005).  Both ARF’s and  
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Figure 12  Auxin signaling.  Auxin perception occurs at the TIR1 F-box that is part of 

the SCF
TIR

 complex, which regulates IAA degradation.  Interaction between auxin and 

TIR1 promotes the complexes association with IAA’s and hence their degradation.   

IAA’s bind ARF’s inhibiting their activity and possibly binding to auxin responsive 

promoters.  ARF’s can dimerize and bind the promoter of auxin responsive genes 

regulating their expression.  These are the genes responsible for auxin responses.  (From 

Swain et. al., 2006) 
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IAA’s have domains III and IV at the carboxy terminal end that function in dimerization.  

Not only do ARF’s and IAA’s form homodimers, they also form heterodimers because of 

these domains.  The ARF:IAA heterodimers are thought to be inhibitory to the promoter 

to which they are bound (Ulmasov et. al., 2006).  In the heterodimer complex, IAA’s 

function as repressors due to domain I (Tiwari et. al., 2004).  Domain I not only functions 

as a repressor in IAA’s, but also can recruit and bind corepressors (Szemenyei et. al., 

2008).  Domain II of IAA is essential for targeting IAA’s for degradation (Reed, 2001).  

IAA degradation has been linked to auxin concentrations.  Mutations within domain II 

are gain of function mutations due to the fact the IAA’s lose their ability to be degraded 

and therefore accumulate abnormally (Reed, 2001).  These gain of function mutation lead 

to plants with abnormal embryo patterning, organ development, maturation, short stature, 

and decreased fertility (Liscum and Reed, 2002).  These mutants also have decreased 

gene expression of auxin regulated genes because IAA’s are constantly present and 

heterodimerizing with ARF’s resulting in loss of regulation of these ARF’s.  Some loss of 

function ARF’s have similar phenotypes to the gain of function IAA’s due to ARF’s role 

in the positive auxin response (Fukaki et. al., 2006). 

 The ubiquitin-proteosome complex is important for the regulation of IAA 

degradation.  The process of ubiquitination involves the ubiquitin activating enzyme 

(E1), the ubiquitin conjugating (E2), and the ubiquitin protein ligase (E3) (Hershke and 

Gerchanue, 1998).  The most common E3 is the SCF complex composed of Skp1, Cullin, 

and an F-box protein (Smalle and Vierstra, 2004).  The cullin subunit of this complex can 

be modified with a RUB moiety.  AXR1 encodes the RUB-E1 activating enzyme of RUB 
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conjugation to cullin.  Loss of function of AXR1 leads to auxin resistance most likely due 

to decreased IAA regulation via the SCF complex (de Pozo et. al., 1998, Lincoln et. al., 

1990).  RCE1 is a RUB-E2 conjugating enzyme and loss of RCE1 results in decreased 

auxin response (de Pozo and Estelle, 1999).  The F-box of the SCF complex gives the 

complex specificity.  TIR1 is the F-box that interacts with the SCF complex in the 

regulation of IAA degradation (Gary et. al., 1999).  TIR1 is part of a gene family 

including AFB1-5.  Loss of function in both AXR1 and TIR1 have decreased auxin 

regulation of gene expression of auxin regulated genes.  Auxin interaction with TIR1 

promotes the association of the SCF
TIR

 complex with IAA’s and hence degradation of 

IAA’s (Kepmski et. al., 2005).  TIR1 is the auxin receptor.  Auxin binds to the pocket of 

TIR1, increasing the IAA binding affinity and hence degradation of IAA’s (Dharmasiri 

et. al., 2005).   

Characterization of sar1-7 

 Using the same screen as was used to find the eer4 mutant, another eer mutant, 

sar1-7, was selected for further analysis.  Ethylene dose responses were conducted with 

sar1-7.  sar1-7 has increased sensitivity and exaggeration of response to ethylene specific 

to the hypocotyl (Figure 13).  AVG was used in the ethylene dose response to eliminate 

the effects of endogenous ethylene production.  AgNO3, an ethylene perception inhibitor, 

was used in the experiment to show that the eer phenotype of sar1-7 was dependent on 

ethylene signaling.  A dose response using propylene was also conducted as propylene is 

an ethylene agonist.  Hypocotyls of sar1-7 in the propylene dose response had the same  
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Figure 13  Growth of etiolated sar1-7 seedlings in the presence of ethylene and 

propylene. An ethylene dose–response analysis was performed for Ws wt and sar1-7 

seedlings. For this analysis, seedlings were grown for 4 days in the dark with either 5 µM 

AgNO3or 5 µM AVG with increasing concentrations of ethylene ranging from 0 µL L
–1

 

to 100 µL L
–1

. Following growth, hypocotyl lengths for each treatment were determined: 

(A) actual hypocotyl length; (B) relative hypocotyl length (length/length at 5 µM 

AgNO3), with the concentration of ethylene causing 50% inhibition (denoted by dashed 

line). The inset is a photograph of four day old etiolated Ws wt and sar1-7 seedlings in 

the exposed to 100 µL L
–1

ethylene; (C) the ratio of sar1-7 hypocotyl length to Ws wt 

hypocotyl length for each ethylene concentration, with the dashed line denoting that the 

predicted ratio if the sar1-7 mutant was not hyper-responsive to ethylene. This same 

analysis was performed using propylene (an ethylene agonist) ranging from 0 µL L
–1

 to 

100 mL L
–1

 (D, E, and F) giving a similar result as the ethylene dose response.  Mean 

±SE values were determined from approximately 30 seedlings. 
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Figure 14  Characterization of sar1-7. Growth of etiolated sar1-7 seedlings in the 

presence of ethylene. An ethylene dose response analysis targeting root growth was 

performed for Ws wt and sar1-7 seedlings. For this analysis, seedlings were grown for 4 

days in the dark with either 5 µM AgNO3or 5 µM AVG with increasing concentrations of 

ethylene ranging from 0 µL L
–1

 to 100 µL L
–1

. Following growth, root lengths for each 

treatment were determined: (A) actual root length. (B) Both Ws wt and sar1-7 produce 

equal amounts of ethylene.  Ethylene production by 4-day-old dark-grown seedlings was 

measured for both Ws wt and sar1-7.  Ethylene was collected for a period of 12 hours 

and subsequently measured using a gas chromatograph. Ethylene production rates were 

calculated based on tissue fresh weight. Mean ±SE values were determined from five 

samples. 
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eer phenotype as when treated with ethylene further suggesting the eer phenotype was 

dependent on ethylene signaling (Figure 13).  Roots of sar1-7 on the other hand did not 

have this eer phenotype (Figure 14).  This eer phenotype is specific to the hypocotyls of 

sar1-7.  Ethylene production by sar1-7 was determined to be almost identical to wild 

type indicating this eer phenotype is not simply due to ethylene overproduction (Figure 

14). 

Gene expression analysis 

 At the phenotypic level, sar1-7 has a convincing eer phenotype.  Therefore, 

genotypic analysis was expected to follow the same trend and have enhanced gene 

expression for ethylene inducible genes.  Northern blot analysis was used to determine 

gene expression levels in sar1-7 seedlings and leaves.  In seedlings, AtEBP and ACO2 are 

severely down regulated in sar1-7 (Figure 15).  One plausible explanation to this 

situation is sar1-7 is not properly regulating the ethylene reset mechanism.  There is a 

decrease in the amount of dampening of ethylene signaling occurring in sar1-7, resulting 

in the eer phenotype.  Leaves of sar1-7 misregulate expression of chiB and PDF1.2 in 

response to ethylene and also jasmonate treatment (Figure 15).  Interestingly, ERF1 is 

abnormally induced to a higher degree in sar1-7 with the combination of ethylene and 

jasmonate treatment, but not with either treatment individually (Figure 15). 

Mapping of sar1-7 

 Mapping of the sar1-7 started with the cross to wild type Columbia (Col). It was 

mapped to chromosome 1, but fine mapping was unable to be accomplished due to the 

fact in this particular area of the mapping population appeared to have Columbia DNA in  
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Figure 15  The sar1-7 mutation limits induction of a subset of ethylene-regulated genes 

in seedlings and misregulates a subset of ethylene-regulated genes in leaves. (A) 

Ethylene-dependent gene expression in dark-grown seedlings of Ws wt and sar1-7. Ws 

wt and sar1-7 seedlings were grown in the presence or absence of 5 µM AgNO3 (AgNO3) 

or 100 µL L
 –1

 ethylene (Ethylene) in the dark for 4 days, after which tissue was collected 

for isolation of total RNA. For each sample, 10 µg of total RNA was used for northern 

analysis to test the expression of genes known to be ethylene responsive in seedlings 

including ACO2, ETR2, ERS1, and AtEBP. Tomato 18S rDNA was used to determine 

loading accuracy. (B) For analysis of ethylene-responsive gene expression in leaves, 4-

week-old adult plants of Ws wt and sar1-7 were exposed to air (A), or 100 µL L
 –1

 

ethylene (E) for 24 hours, after which leaf tissue was collected and total RNA was 

isolated. For each sample, 10 µg of total RNA was used for northern analysis to test the 

expression of the ethylene-responsive genes ERF1, chiB, and PDF1.2, along with tomato 

18S rDNA. (C) In order to test the effects of the sar1-7 mutation on jasmonate-regulated 

gene expression, 13-day-old plants of Ws wt and sar1-7 grown hydroponically were 

treated with air (A), 100 µM (+/–) jasmonic acid (JA) or 100 µM (+/–) jasmonic acid 

treated with 100 µL L
 –1

 ethylene (JE) for 24 hours, after which rosette tissue was 

collected and total RNA was isolated. For each sample, 10 µg of total RNA was used for 

northern analysis to test the expression of ERF1, chiB, and PDF1.2, along with tomato 

18S rDNA. 
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the sar1-7 background.  The original line mutagenized was supposed to be in a WS lehle 

background, but unfortunately it appeared to have patches of Col DNA that have been 

introduced into this “Ws” background.  This made mapping considerable more difficult 

and challenging.  The mapping continued due to the excellent phenotype and molecular 

data associated with sar1-7.  Two more mapping population were generated with the 

Nossin (Nos) and Lansberg (La) backgrounds.  These populations gave better fine 

mapping data and confirmation of sar1-7 localization to chromosome 1 (Figure 16).  

Many new CAPS markers were generated in the process of mapping for each of the 

mapping populations.  The sar1-7 localized between marker At1g32850 and At1g33760 

on BAC’s F9L11 and F14M2 respectively (Figure 16).  Many potential candidates 

between this region were sent for sequencing, but sar1-7 was the result of a mutation in 

At1g33410 (SAR1). SAR1 was previously characterized as being a suppressor of auxin 

resistance conferred by axr1 (auxin resistant 1, Figure 16).   sar1-7 results in a C→T 

change in exon 16 resulting in a premature stop codon.  Northern blot analysis of SAR1 

was conducted and sar1-7 had a decreased expression of SAR1 most likely due to 

nonsense mediated decay resulting from the introduction of an improper stop codon 

(Figure 16).  To ensure the correct mutation was obtained, a functional complementation 

experiment was performed with sar1-7 successfully being complemented back to wild 

type appearances with SAR1 (Figure 16).   

 To further confirm the correct mutation was mapped, another allele of SAR1 was 

obtained containing a TDNA insertion into Exon 1, sar1-6.  At saturating level of  
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Figure 16  sar1-7 represents a premature stop codon in a suppressor of auxin resistance 

gene. (A) Physical mapping of sar1-7. Thick bars represent the order of BACs from the 

11.8–12.3 Mb region of chromosome 1. The BAC that contains the SAR1 gene 

(At1g33410) and the recombination frequencies at each generated CAPS marker 

surrounding the sar1-7 mutation are indicated. All CAPS markers generated are 

described in Materials and Methods. (B) The genomic structure of Arabidopsis SAR1 is 

depicted by boxes that represent exons and intervening lines that represent either non-

coding intragenic regions or introns. The change representing sar1-7 is shown as an 

underlined nucleotide. (C) Pattern of SAR1 expression.  To test expression patterns of 

SAR1 in dark-grown seedlings, Ws wt and sar1-7 seedlings were grown in the dark in the 

presence of either 5 µM AgNO3 or 100 µL L
 –1

 ethylene for 4 days, after which tissue 

was collected and total RNA was isolated. For northern analysis, 10 µg of total RNA 

from each sample was electrophoretically separated, blotted, and probed with either SAR1 

or tomato 18S rDNA. (D) Functional complementation of the sar1-7 mutation. A genomic 

construct of SAR1 consisting of 1000 bp prior to the predicted ATG including the 5'-

UTR, coding sequence, and 3'-UTR was introduced into the sar1-7 mutant by 

Agrobacterium-mediated transformation. Dark-grown Ws wt, sar1-7, and T2 progeny 

from sar1-7 transformed with wt SAR1 were tested for manifestation of an enhanced 

ethylene-response phenotype following incubation in the dark in 100 µL L
 –1

 ethylene for 

4 days. 
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Figure 17  The T-DNA allele of sar1 is phenotypically similar to sar1-7.  For this 

analysis, seedlings were grown in the presence of 100 µL L
 –1

 ethylene for 4 days.  The 

background of sar1-7 is Ws, while the background of sar1-6 is Col. 
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ethylene, sar1-6 had the enhanced ethylene response of sar1-7 further suggesting these 

two mutants are allelic (Figure 17). 

Double mutant analysis 

 Analysis of double mutants was performed to determine relationships between 

sar1-7 and other known members of the ethylene signaling pathway.  ctr1-3 is a 

constitutive ethylene response mutant. The sar1-7;ctr1-3 double mutant has a more 

severe ethylene response in air than ctr1-3 alone (Figure 18).   This double also has an 

extreme case of decreased fertility.  This suggests there is ethylene signaling independent 

of CTR1 that is being amplified to give this more extreme response.  The same 

phenomenon was also observed in the eer4;ctr1-3 double mutant. 

 The next double mutant analyzed was sar1-7;ein2-5.  ein2-5 is thought to be 

completely ethylene insensitive and does not have any ethylene signaling occurring in the 

mutant.  As a result, the sar1-7;ein2-5 double is also almost completely ethylene 

insensitive because in order to have an enhanced ethylene response at least some ethylene 

signaling must be going though the system (Figure 18).  ein2-5 could be interpreted as 

being epistatic to sar1-7, but a more likely situation would be the dependence of sar1-7 

on an ethylene response.  The ein3-1 mutant is only partially ethylene insensitive, 

therefore there is still some ethylene signaling occurring in this mutant.  The sar1-7;ein3-

1 double mutant, as a result, responds better to ethylene as it is shorter than ein3-1 alone 

(Figure 18). This result suggests that the ethylene dampening mechanism is EIN3 

independent. 

 

 



 76 

Figure 18  Genetic analysis of sar1-7.  (A) An sar1-7;ctr1-3 double mutant gives a more 

extreme ethylene-response phenotype than the constitutive ethylene response mutant 

ctr1-3 in air. A cross between sar1-7 and ctr1-3 was made and F3 progeny that 

represented the sar1-7;ctr1-3 double mutant were identified by PCR coupled with allele-

specific restriction enzyme digestion. The left image represents Ws wt, sar1-7, ctr1-3, 

and the sar1-7;ctr1-3 double mutant following incubation for 4 days in the dark in air. 

(B) The ein2-5 mutation partially rescues the severe ethylene-dependent growth 

inhibition demonstrated by sar1-7.  A cross between sar1-7 and ein2-5 was made and 

progeny that represented sar1-7;ein2-5 double mutants were identified by PCR coupled 

with allele-specific restriction enzyme digestion. Seedlings of Ws wt, sar1-7, ein2-5, and 

sar1-7;ein2-5 were grown in the dark with either 5 µM AgNO3 or 100 µL L
 –1

 ethylene 

for 4 days, after which growth was assessed. (C) The sar1-7 mutation restores ethylene 

responsiveness to the ein3-1 mutant. A cross between sar1-7 and ein3-1 was made and 

progeny that represented sar1-7;ein3-1 double mutants were identified by PCR coupled 

with allele-specific restriction enzyme digestion. Seedlings of Ws wt, sar1-7, ein3-1, and 

sar1-7;ein3-1 were grown in the dark with either 5 µM AgNO3 or 100 µL L
 –1

 ethylene 

for 4 days, after which growth was assessed. 
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The role of auxin response with the ethylene reset mechanism 

The role auxin signaling may play in the ethylene reset mechanism has been a 

target of study because sar1-1 was originally identified for its ability to restore auxin 

sensitivity in the auxin resistant mutant axr1.  Due to the fact sar1-7 is an allele of the 

suppressor of auxin resistance gene (SAR1), it was of interest to find out the relationship 

between SAR1, AXR1 (a RUB E1 activating enzyme is involved in the addition of RUB 

to cullin), and RCE1 (a RUB E2 conjugating enzyme is involved in the addition of RUB 

to cullin).  Cullin is an important factor in the SCF
TIR

 complex which contains one of the 

auxin receptors, the F-box protein TIR1.  The rce1-2 mutant, also known as eer1, was 

previously described as having an enhanced ethylene response (Larsen and Cancel, 

2004).  Double mutants between sar1-7 and rce1-2 have the rce1-2 response to ethylene.  

In the presence of air, the double is more ethylene responsive than wild type alone, as is 

rce1-2.  At saturating level of ethylene, rce1-2 is able to suppress the sar1-7 phenotype in 

the double (Figure 19).  This data suggests the ethylene reset mechanism is dependent on 

RCE1 probably due to its role in regulation of the SCF
TIR

 complex and hence auxin 

signaling and response. 

ARF’s of overlapping function ARF7 and ARF19.  Yeast two hybrid analysis 

demonstrated an interaction between IAA3 and ARF7.  This interaction was confirmed 

by in vitro binding assay (Figure 20).  Due to ARF19’s inability to be expressed in yeast, 

interactions with ARF19 could not be completed.  To determine their role in the ethylene 

reset mechanism, TDNA loss of function alleles were obtained and double mutants with  

sar1-7 were constructed.  At saturating ethylene, both ARF alleles are only slightly  
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Figure 19  rce1-2 partially rescues the eer phenotype and auxin responsiveness in the 

sar1-7;rce1-2 double.  A cross between sar1-7 and rce1-2 was made and F3 progeny that 

represented the sar1-7; rce1-2 double mutant were identified by PCR coupled with allele-

specific restriction enzyme digestion.  For this analysis, four day old etiolated seedlings 

grown in the presence of 5 µM AgNO3(A) or 100 µL L
 –1

(B) ethylene were 

photographed.  (C) Roots of the sar1-7; rce1-2 double are more auxin responsive than 

rce1-2.  The root length of Col wt, Ws wt, rce1-2, sar1-7, and rce1-2;sar1-7 in the 

presence (solid bars) or absence (empty bars) of 0.1 M 2,4D.  Mean ±SE values were 

determined from approximately 30 seedlings. 
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Figure 20  ARF7 and ARF19 are required for the eer phenotype of sar1-7. (A)  For this 

analysis, four day old etiolated Col wt, sar1-7, arf7-1, and sar1-7;arf7-1 seedlings grown 

in the presence of 100 µL L
 –1

 ethylene is pictured.  A cross between sar1-7 and arf7-1 

was made and F3 progeny that represented the sar1-7; arf7-1 double mutant were 

identified by PCR coupled with allele-specific restriction enzyme digestion. (B) For this 

analysis, four day old etiolated Col wt, sar1-7, arf19-1, and sar1-7;arf19-1 seedlings 

grown in the presence of 100 µL L
 –1

 ethylene is pictured.   A cross between sar1-7 and 

arf19-1 was made and F3 progeny that represented the sar1-7; arf19-1 double mutant 

were identified by PCR coupled with allele-specific restriction enzyme digestion. (C)  

Seedlings of Ws wt, sar1-7, arf7-1, and sar1-7;arf7-1were grown in the dark with either 

5 µM AgNO3 or 100 µL L
 –1

 ethylene for 4 days, after which growth was assessed. Mean 

±SE values were determined from approximately 30 seedlings. (D) Seedlings of Ws wt, 

sar1-7, arf19-1, and sar1-7;arf19-1were grown in the dark with either 5 µM AgNO3 or 

100 µL L
 –1

 ethylene for 4 days, after which growth was assessed. Mean ±SE values were 

determined from approximately 30 seedlings. 
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shorter, if not the same in hypocotyl length as their wild type counterparts (Figure 21).  

The double mutants of each also have this phenotype indicating auxin signaling, via these 

ARF’s, is critical for the regulation of the ethylene reset mechanism.    

 Auxin appears to be a critical regulator of the ethylene reset mechanism.  Auxin is 

responsible for the negative regulation of ethylene reset.  If the balance is shifted and 

there is more negative regulation by auxin, this would produce a seedling with an 

enhanced ethylene, if correct.  The application of 0.5 M auxin to etiolated seedlings 

wild type in the presence of saturating level of ethylene in fact did produce an eer 

phenotype, further confirming auxin’s role in the ethylene reset mechanism as a negative 

regulator (Figure 22). 

CONCLUSIONS 

 Ethylene is important to the agricultural industry for its fruit ripening ability. 

Therefore, a major effort has been made toward gaining an understanding of the ethylene 

signaling pathway.  To date, the two main screens to find factors involved in the ethylene 

signaling pathway have focused on mutants with a constitutive ethylene response or 

ethylene insensitive mutants.  Although these have lead to identification of many 

components of the ethylene signaling pathway, further screening using these same 

techniques will probably not result in the identification of new factors.  A novel approach 

is needed to identify new factors involved in the ethylene signaling pathway.  The screen 

for enhanced ethylene response mutants, which consist of exaggeration of ethylene 

response and/or increased ethylene sensitivity, has proven to aid in characterization and 

identification of new factors and pathways associated with ethylene response and reset.   
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Figure 21  Interaction between IAA3 and ARF7. The yeast two-hybrid assay and an in 

vitro binding assay were used to test interactions. For the yeast two-hybrid assay, either a 

Gal4 activation domain fusion (AD-IAA3 or AD-ARF7) or a LEXA DNA-binding 

domain fusion (DB-IAA3 or DB-ARF7) was tested against on another. For β-

galactosidase activity, five transformants of each were measured using a CPRG-based 

liquid assay, and the average ±SE is presented. Demonstrated interactions were 

subsequently confirmed using an in vitro pull-down assay in which a bacterially produced 

MBP or MBP:IAA3 fusion was allowed to interact with either 5 µl or 25 µl of an in vitro 

translated radiolabelled ARF7.   
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Figure 22  Auxin and ethylene treatment of Col wt seedling causes an enhanced ethylene 

response. (A) Seedlings of Col wt were grown in the dark with 100 µL L
 –1

 ethylene for 4 

days in the presence or absence of 1 M auxin, after which growth was assessed.  (B) Col 

wt seedlings were grown in the presence of 5 µM AgNO3 (AgNO3) or 100 µL L
 –1

 

ethylene (Ethylene) in the dark for 4 days, after which tissue was collected for isolation 

of total RNA. For each sample, 10 µg of total RNA was used for Northern analysis to test 

the expression of genes known to be ethylene responsive in seedlings including ACO2, 

and AtEBP. Tomato 18S rDNA was used to determine loading accuracy. 
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CHAPTER 5 

The role of EER4 in ethylene signaling 

 The eer4 mutant has both an increased sensitivity and exaggeration of response to 

ethylene.  The phenotype of eer4 is ethylene signaling dependent as both 

pharmacological inhibition of ethylene perception with AgNO3 and genetic inhibition of 

ethylene signaling via the ein2-5;eer4 double mutant results in loss of the eer phenotype 

(Robles et. al., 2007).  Both these results support the conclusion that the eer phenotype of 

eer4 is dependent on ethylene signaling. 

 At the phenotypic level, eer4 clearly has an enhanced ethylene response.  On the 

other hand, at the genotypic level it appears to be ethylene insensitive.  Several ethylene 

inducible genes, including AtEBP and ERF1, are severely downregulated or not 

expressed to detectable levels in eer4 (Robles et. al., 2007).  One possible explanation to 

this conundrum is that eer4 affects factors involved in both the positive ethylene response 

and an ethylene reset mechanism.  Other eer mutants, such as ebf1 and ebf2, do not 

exhibit this decreased expression of ethylene inducible genes.  ebf1 and ebf2 cause 

accumulation of EIN3 due to lack of proper EIN3 degradation.  EBF1 and EBF2 are F-

box proteins responsible for targeting EIN3 for degradation via the 26S proteosome (Guo 

and Ecker, 2003).  The eer4 mutant does not misregulate gene expression of EBF1 nor 

EBF2 (data not shown). 

 The ein3-1;eer4 double is able to respond better to ethylene than just ein3-1 

(Robles et. al., 2007).  This indicates one facet of ethylene reset is EIN3 independent.  

The ethylene response amplified resulting in the eer phenotype in this double may be due 
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to ethylene signaling via EIL1 and/or a yet uncharacterized EIN3 and EIL1 independent 

ethylene signaling pathway.  It has been suggested as EIN3 and EIL1 are not required for 

the rapid ethylene response, therefore another set of transcription factors or a different 

mechanism may be regulating this primary response to ethylene (Binder et. al., 2004). 

 There are still many gaps of information relating to ethylene signaling that have 

yet to be discovered.  CTR1 is the only known factor regulated by the ethylene receptors.  

The ctr1-3 mutant has a constitutive ethylene response, but the quadruple null receptor 

mutant has a more extreme response that ctr1-3 (Hua and Meyerwitz, 1998).  The ctr1-

3;eer4 double mutant also has a similar more extreme ethylene response than ctr1-3 

similar to that of the quadruple null receptor mutant indicating ethylene signaling that 

bypasses CTR1 is amplified in the eer4;ctr1-3 double leading to this phenotype (Robles 

et. al., 2007). This information suggests that there must be additional ethylene signaling 

components that bypass CTR1 that have yet to be described. 

 Another eer mutant of interest is eer1 as both eer1 and eer4 have similar 

phenotypes.  EER1, also known as RCN1, encodes PP2a A regulatory subunit that 

interacts with the kinase domain of CTR1 (Larsen and Cancel, 2003).  The functional 

PP2a holoenzyme consist of an A regulatory subunit, a B regulatory subunit, and a 

catalytic subunits activating RAF1 kinase in mammalian systems (Abraham et. al., 2000).  

Although, EER4 does not interact with EER1, it does interact with two PP2a catalytic 

subunits (Robles et. al., 2007).  The phenotype of eer1 and the EER4 interactions both 

suggests that the PP2a holoenzyme is important for regulation of the ethylene reset 
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mechanism.  The method in which it regulates ethylene reset is still unknown and may be 

a target of future research. 

 EER4 has a TAF domain at its carboxy terminal end (Robles et. al., 2007).  It is 

homologus to human TAF12 and yeast TAF61, collectively referred to as TAF12’s by the 

consensus naming schematic (Tora, 2002).  Arabidopsis has two TAF12’s, TAF12a and 

TAF12b (Lago et. al., 2004).  EER4 is TAF12b.  Although not common, some TAF’s are 

specifically expressed and required for particular processes.  In oocytes, TAF4b is 

required for proper development and function in mice (Falender et. al., 2005).  More 

recently it has been found TAF12 forms a complex with TAF4/4B on a subset of genes 

for the purpose of recruitment of TFIID and hence regulation of gene expression of this 

subset of genes (Gazit et. al., 2009).  Based on the current data EER4 is required for the 

regulation of ethylene reset and a subset of gene expression of the positive ethylene 

response. 

 The SAGA complex is known to be associated with promoters of many stress 

inducible genes, while the TFIID complex associates with promoter of housekeeping 

genes (Husinga and Rua, 2004, Baker and Grant, 2007).  The SAGA and TFIID 

complexes share some of the same TAFs, one of them being TAF12.  EER4 may be the 

link between ERF1 and/or EIN3 with the SAGA complex and/or TFIID complex for 

proper transcriptional initiation of a subset of ethylene inducible genes and ethylene reset.  

In yeast, yTAF61 serves as a bridge between GCN4p and the SAGA complex to recruit 

RNA polymerase II to the preinitiation complex (Natarajan et. al., 1998).  yTAF61 acts as 

a histone as it has a histone fold domain and forms an octomer with other TAF’s serving 
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as a docking point for the SAGA complex.  yTAF61 is similar to histone H2B, while H3 

and H4 are homologous to yTAF17 and yTAF60 respectively (Michel et. al., 1998).  

These interactions related to histone like conformation have been demonstrated in yeast 

and humans.  Arabidopsis does not have the same TAF’s composing its histone like 

octomer structure.  A different set of TAF’s appear to interact with EER4 to form an 

octomer in Arabidopsis (Lawit et. al., 2007).   An in vitro binding approach used in my 

analysis has failed to detect such an interaction previously publishes as interacting in the 

yeast two hybrid system.   

 EER4 is a transcription factor that forms a complex with other transcription 

factors such as EIN3, ERF1, and possibly some that have yet to be identified (Figure 24).  

These interactions most likely recruits the TFIID and/or SAGA complex promoting the 

recruitment of RNA polymerase II to the preintiation complex.  It would be interesting to 

determine if the SAGA or TFIID complex preferentially associates with promoters 

involved with ethylene response such as the ERF1 promoter that is known to be bound by 

EIN3 (Solano et. al., 1998).  Preinitiation of two different subsets of genes is proposed to 

be regulated in this manner by EER4.  One subset of genes required for the positive 

ethylene response, while the other subset of genes is required for the ethylene reset 

mechanism.   

An effort to further the understanding of the ethylene reset mechanism is needed 

to properly place EER4 in this intricate pathway.  Microarray analysis has been 

performed comparing ein3-1 to eer4;ein3-1 in the hopes of identifying factors involved in 

the ethylene reset mechanism.  Several factors with abnormally large changes in gene 
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expression were targeted for further analysis.  TDNA knockout lines of these factors were 

obtained and analyzed for an eer phenotype. Unfortunately, none of the factors resulted 

in an eer phenotype.  This may be due the problem of functional redundancy of genes.  

Higher order mutants may help in resolving this dilemma, but is extremely time 

consuming and not guaranteed to result in an eer phenotype.  A yeast two hybrid screen 

was conducted with EER4 aiming to identify other transcription factors involved with the 

ethylene reset mechanism and subjected to further analysis as described above.  This 

approach again failed most likely for similar reasoning. 
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Figure 23  The EER4 model.  Model for EER4 function in ethylene signaling. Following 

ethylene signaling, long-term responses to ethylene are promoted by induction of an 

EIN3- and EIL1-mediated transcriptional programme. In addition to this programme, 

EIN3 is also responsible for the induction of ERF1 in an ethylene- and JA-dependent 

manner. EER4 participates in the induction of ERF1 following ethylene and JA signaling, 

serving as a bridge between EIN3 and components of the TFIID complex for recruitment 

of machinery necessary for ERF1 transcription. EER4 participation in ethylene-

dependent transcription is apparently not a general phenomenon since several ethylene-

regulated genes, which are representative of the positive response shown in this figure, 

are induced normally following ethylene signaling. In conjunction with ERF1 induction, 

EER4 is also likely to participate in the transcriptional activation of factors, in either an 

ethylene-dependent or -independent manner, which are responsible for dampening or 

resetting the ethylene signal transduction pathway following ethylene signalling. 

Mutational loss of EER4 results in hyperactivation of the ethylene signalling pathway due 

to failure to induce this resetting mechanism. 
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CHAPTER 6 

The role of auxin response in ethylene reset 

 SAR1 is required for proper reset of ethylene signaling.  Loss of SAR1 results in 

an enhanced ethylene response limited to the hypocotyl.  This response is not due to 

ethylene overproduction as both wild type and sar1-7 produce equal amounts of ethylene.  

sar1-7 has decreased expression of the ethylene inducible genes AtEBP and ACO2 in 

seedlings, while it misregulates expression of PDF1.2 and chiB in leaves.  In addition, 

ERF1 is misregulated in the presence of the combination of ethylene and jasmonate, but 

not either hormone alone.  Increased gene expression of ethylene inducible genes is what 

is expected of a mutant with an eer phenotype, but how can there be a decrease in 

expression of AtEBP and ACO2?   This mutant most likely has a defect in ethylene 

dampening mechanism. 

 The double mutant sar1-7;ctr1-3 has a greater ethylene response than the 

constitutive mutant ctr1-3 alone.  This information suggests that sar1-7 is capable of 

amplification of ethylene response which is CTR1 independent.  This same phenomenon 

was also observed in the eer4;ctr1-3 double further confirming the existence of an 

ethylene signaling pathway which is CTR1 independent. 

 EIN2 has homology to an N-ramp transporter protein, but has no detectable 

transporter function is known to date (Alonso et. al., 1999).  ein2-5 is thought to be 

completely ethylene insensitive and a factor completely required for ethylene signaling 

(Alonso et. al., 1999).  The double mutant sar1-7;ein2-5 is ethylene insensitive similar to 

ein2-5.  For similar reasoning as the eer4;ein2-5 double, ethylene signaling is not occur in 
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either double mutant and this signaling is required to elicit the eer phenotype associated 

with both eer4 and sar1-7.  This is also demonstrated by AgNO3 treatment which 

eliminates the eer phenotype as there is loss of ethylene perception. 

 The ethylene reset mechanism is EIN3 independent.  The double mutant sar1-

7;ein3-1 and eer4;ein3-1 each respond to ethylene better than ein3-1.  In order to obtain 

this response, ethylene signaling that bypass EIN3 is not properly dampened, therefore 

resulting in this phenotype associated with both of these double mutants. The ethylene 

response amplified in these double mutants may be dependent on EIL’s and/or possibly 

uncharacterized transcription factors. 

 Proper regulation of the SCF
TIR1

 complex is critical for maintaining proper auxin 

response.  AXR1 is an E1 enzyme responsible for the conjugation of RUB to cullin of 

SCF
TIR1

 complex.  Loss of AXR1, axr1-12, results in auxin resistance.  sar1-1 was 

originally identified for its ability to suppress auxin resistance conferred by axr1-12 

(Cernac et. al., 1997).  SAR1 is expressed in 6 day old seedlings, root, leaf, flower, stem 

and silique tissues (Parry et. al., 2006).  RCE1 is an E2 enzyme responsible for the 

conjugation of RUB to cullin of SCF
TIR1

 complex.  rce1 has an enhanced ethylene 

response and auxin resistance phenotypes (Larsen and Cancel, 2004; del Pozo and 

Estelle, 1999).  The sar1-1;rce1 were found to partially suppress the rce1 auxin 

resistance phenotype (Parry et. al., 2006).  SAR3 is another suppressor of axr1.  These 

two SAR’s, and possibly more to be identified, collaboratively function to regulate auxin 

response. The double sar1-1;sar1-3 has many severe developmental defects such as 

varying degrees of loss of leaf and root development, as well as infertility.  This double 
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also has a defect in mRNA transport, as poly A RNA accumulates abnormally in the 

nuclei of these plants (Parry et. al., 2006).  The results of poly A RNA accumulation for 

each of the single mutants were not reported in this study.  IAA17 stability was examined 

and IAA17 accumulates abnormally throughout the cell of sar1-1 instead of the nuclei as 

in wild type (Parry et. al., 2006).  SAR1 is required for the maintenance of IAA17 in the 

nuclei either by retention or by transport into the nuclei.  Gene expression of IAA17 was 

determined in sar1-7 by microarray and qPCR resulting in no difference compared to 

wild type (Data not shown). 

 Targets of the SCF
TIR1

 complex include IAA’s.  Auxin promotes the association 

between SCF
TIR1

 complex and IAA’s resulting in the IAA’s being targeted for 

degradation.  IAA’s function as negative regulators of ARF’s and also recruit 

corepressors (Mockaitis and Estelle, 2008).  In tomato, antisense knockdown of Sl-IAA3 

resulted in seedlings with an exaggerated apical hook in air and loss of apical dominance 

(Chaabouni et. al., 2009).  Loss of IAA’s results in loss of regulation of the downstream 

ARF’s which are in turn responsible for the auxin signaling and response.   IAA3 was 

found to interact, via yeast two hybrid analysis and in vitro binding assays, with ARF7.  

ARF7 and ARF19 are functionally redundant (Okushima et. al., 2005).  ARF7 mutants 

have reduced auxin sensitivity in the hypocotyls and is where ARF7 is localized, while 

ARF19 mutants have slightly reduced auxin sensitivity in the roots where ARF19 is 

normally localized (Okushima et. al., 2005).  It has been suggested that loss of ARF19 

can be partially compensated by ARF7, but not vice versa unless ARF19 is driven by 

promoter of ARF7.  arf19 has ethylene insensitive roots and ARF19 expression is 
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ethylene inducible.  The double arf7;arf19 has an enhanced auxin resistance and ethylene 

insensitivity in roots in comparison to either single mutant (Li et. al., 2006).  Hypocotyl 

analysis was not conducted, but based on the photograph may be partially ethylene 

insensitive.  Hypocotyls of each of the single arf7 and arf19 mutants have a normal 

ethylene response (Figure 21).  

 SAR1 is proposed to regulate IAA localization.  Loss of proper localization of 

IAA’s in sar1-7 in turn results in loss of ARF regulation.  Without regulation of ARF’s, 

there is continuous auxin signaling and response.  Auxin response is responsible for the 

negative regulation of the ethylene reset mechanism.  Therefore, a gain of auxin response 

as in sar1-7 results in a greater inhibition of ethylene reset.  Consequently, the proper 

balance between the positive regulation of ethylene reset regulated by ethylene signaling 

and the negative regulation of ethylene reset regulated by auxin signaling is lost.  Loss of 

this balance in sar1-7 results in an enhanced ethylene response due to the decreased 

quantity of ethylene response dampening that occurs (Figure 25). 

 SAR1’s exact role in regulating transport has yet to be identified, although 

attempts to understand it have been undertaken.  The homolog of SAR1 in the 

mammalian system is NUP160 and part of the nuclear pore complex.  It is required for 

the assembly of the nuclear pore complex (Walther et. al., 2003).  SAR1 was identified in 

a screen for mutants with defects in cold stress in Arabidopsis.  AtNup160 (SAR1) is 

required for tolerance to cold stress and freezing.  In this study, AtNUP160 is localized to 

the nuclear rim, which is expected for a nucleoporin.  Expression of AtNUP160 is 

induced by cold treatment.   Atnup160-1 (sar1-6) accumulates poly A mRNA in the 
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nucleus indicating a defect in mRNA export (Dong et. al., 2006).  Loss of sar1 results in 

accumulation of mRNA in the nucleus most likely due to loss of mRNA transport out of 

the nucleus.  Because general mRNA transport is affected, this mutation leads to 

pleiotropic effects.   

 EER4 and SAR1 are involved in the regulation of the ethylene reset mechanism, 

but are probably not the main factors involved in ethylene reset.  A yeast two hybrid 

screen was completed for EER4, but failed to identify any factors involved with ethylene 

reset.  The interacting factors identified were subjected to an ethylene response analysis if 

a TDNA knockout allele was available.  None of the TDNA lines had an enhanced 

ethylene response.  This approach may have been difficult because it was like finding a 

needle in a haystack.  The first obstacle comes with the construction of the mRNA 

library.  Seedling mRNA was used and any interacting factors are assumed to be 

expressed in this tissue.  Next, this interaction is assumed to occur without the aid of any 

other factors.  The last problem would be with redundancy of genes.  Proper analysis 

would include the formation of higher order knockouts.  Further analysis of this yeast two 

hybrid screen may result in identification of interacting factors involved with ethylene 

reset and/or ethylene signaling, but will require a great deal patience and time.  EER4 is a 

regulator of the ethylene response and reset, but other important interacting factors have 

not yet been identified.  It is also unknown which promoters EER4 interacts with and 

regulates.  EER4 may be interacting with the TFIID and/or SAGA complexes, but further 

analysis is needed.  Many questions remain with the EER4, but it is known to be 

important for the ethylene response and reset. 
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Figure 24  The SAR1 model.  In the wild type model pictured on the left, ethylene is 

perceived by the receptors resulting in a positive ethylene response and also dampening 

of the ethylene response.  Auxin response, via ARF’s that are regulated by IAA’s, 

negatively regulates the ethylene reset response.  This balance is critical to maintain a 

normal ethylene response and recovery.  In contrast, loss of SAR1 results in the loss of 

IAA’s activity and/or localization.  This loss of IAA’s activity in turn results in the loss 

of regulation of ARF and hence auxin response. Consequently, ARF’s are continuously 

active due to lack of regulation causing a greater auxin response and results in inhibition 

the ethylene reset response to a greater extent than in wild type.  This shifts the balance 

regulating the ethylene dampening response resulting in decreased ethylene reset and 

therefore an increased ethylene response. 
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 SAR1 has already proven to have pleiotropic effects.  Therefore, it is probably not 

regulating the ethylene reset mechanism directly.  Knockout lines of available ARF’s and 

IAA’s were obtained and analyzed for an enhanced ethylene response similar to that of 

sar1-7, but none had this eer phenotype.  Many ARF’s and IAA’s are already known to 

be functionally redundant, therefore higher order mutants should be analyzed for the eer 

phenotype.  Ideally, the particular set of IAA’s and ARF’s required for ethylene reset 

knocked out in combination should result in an extreme enhanced ethylene response 

phenotype.  Further research is needed to determine these factors involved.  Another 

approach to identifying the ARF’s and IAA’s involved is to analyze the gain of function 

mutants for ethylene responses.  Mutants with altered ethylene response can be subject to 

further analysis aiding in the characterization of the ethylene reset mechanism. 

 SAR1 and EER4 both have large roles in the ethylene reset response, but how the 

two are intertwined is not quite yet understood.  It may be that EER4 is responsible for 

the transport of IAA mRNA out of the nucleus.  When EER4 is lost there is loss of IAA 

and hence ARF regulation leading to increased auxin signaling and loss of ethylene 

dampening.  Overall, this would lead to an enhanced ethylene response., but further 

research is needed to explore this possibility.  The ethylene reset mechanism is not yet 

completely understood and many more years of research lie ahead in order to gain a 

better understanding of this topic. 
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Materials and Methods 

Arabidopsis growth conditions 

Arabidopsis seedlings were surface sterilized with 70% ethanol and washed three 

times with sterile water followed by a 2.85% bleach treatment for five minutes and 

washed three times with sterile water.   After sterilization, seedling were kept in dark and 

imbibed at 4
o
C for four days.  Seeds were planted on plant nutrient medium plus sucrose 

(PNS, 0.8 M Sucrose, 5 mM KNO3, 2 mM MgSO4, 2 mM Ca(NO3)2
.
H2O, 50 m 

Fe
.
EDTA, 1 M MnSO4, 100 nM CaCl2, 100 nM CoSO4, 50 nM CuSO4, 20 nM 

NaMoO4, 5 nM H3BO3, 0.8% Agar, and 2.5 mM KH2PO4) on sterile plate measuring 100 

X 15 mm.  Plants were grown in a 24 hour light cycle (Sylvania Cool White fluorescent 

bulbs, Danvers, MA) at 20
o
C for one week.  Seedlings were then transferred to soil and 

grown in 24 hour light cycle (Sylvania Gro-Lite fluorescent bulbs, Danvers, MA) at 21
o
C 

until end of the life cycle at a point which seeds can be collected. 

 For dose response experiments, seeds were sterilized and imbibed as described 

above.  Seeds were plated on 60 X 15 mm sterile plates with PNS with either 5 m 

AgNO3 (Sigma Chemical, St. Louis, MO) or 5 m aminoethoxyvinylglycine (AVG, 

Sigma Chemical, St. Louis, MO).  These plates were put into a sealed Ball jars (Ball, 

Daleville, IN) and injected with proper amounts of ethylene or propylene.  

Concentrations of ethylene used in dose response include 0.01, 0.1, 1, 10 and 100 L L
-1

, 

while concentration of propylene used in dose response include 0.01, 0.1, 1, 10 and 100 

mL L
-1

.  At least thirty seeds were planted for each treatment and thirty seedlings were 
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measured after four days of growth in the dark at 20
o
C.  Average and standard error were 

included in the results. 

 For jasmonate experiments, seeds were sterilized and imbibed as describe above.  

Seeds were planted on plastic mesh floating on top of PNS liquid media.  Seeds were 

grown for two weeks with 24 hour light cycle at 20
o
C.  At the end of the two weeks, the 

PNS liquid was removed and replaced with fresh PNS liquid supplement with 100 M 

+/- jasmonic acid (JA,  Simga Chemical, St. Louis, MO) and/or 100 L L
-1 

ethylene 

treatment followed by a 24 hour incubation at 20
o
C. 

Ethylene production 

 One hundred seeds were surface sterilized and planted on PNS media in 5 

mLsterile vials.  For each line, at least five samples were used for this analysis.  These 

seeds were grown four days at 20
o
C in the dark.  During the last 12 hours of growth, vials 

were capped in the dark.  At the end of the incubation the ethylene production was 

measured in the headspace of each vial on a HP 6850 series flame ionization gas 

chromatography system.  To determine ethylene production, comparisons were made to a 

1 L L
-1 

ethylene standard.  After measurements of ethylene production were completed, 

fresh weight of the seedlings were determine and ethylene production/fresh weight*hour 

were calculated. 

Northern blot analysis 

 Seeds were sterilized and imbibed as described previously.  After four days of 

etiolated growth in the appropriate conditions, seedlings were quickly frozen in liquid 

nitrogen and stored in the -80
o
C freezer.  For leave tissue samples, seeds were germinated 
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on PNS plates and after a week were transferred to bulked soil pots.  At the age of four 

weeks, these pots were put into airtight chambers and incubated with appropriate 

conditions for 24 hours.  After the 24 hour incubation, rosette leaves of each sample were 

collected, quickly frozen in liquid nitrogen and stored in the -80
o
C freezer.  RNA was 

extracted from seedlings using the RNeasy Mini Kit (Qiagen, Valencia, CA) according 

the manufactures instructions.  For leaf tissue, RNA was extracted using Trizol 

(Invitrogen, Carlsbad, CA) according to the manufactures instructions followed by a 

phenol-chloroform extraction to further purify the RNA.  RNA concentrations were 

measured on a spectrophotometer (Beckman Coulter DU 730, Fullerton, CA).  Northern 

blots were conducted according to the protocol listed in Sambrook et. al., 1989.  Loading 

buffer (1X MOPS buffer, 18% formaldehyde, 50% formamide, 10% glycerol, and 1 

L/mL ethidium bromide) was added to each sample prior to loading.  After running on 

gel, images were taken with Kodak Imagestation to ensure proper loading.  RNA was 

transferred to nitrocellulose membrane (Zeta Probe GT membrane, BIO-RAD, Hercules, 

CA) by a capillary transfer method overnight.  The membrane was crosslinked, while still 

moist, with 12,000 kJ of energy (Optimal crosslink with Spectrolinker XL 1000, 

Westbury, NY).  The blot was incubated in prehybridization buffer (6X SSC, 2X 

Denhardt’s solution, 100 g/mL herring sperm DNA and 0.1 % SDS) for a minimum of 

one hour before adding probe.  The probe was made using the Invitrogen Radprime kit 

according the manufactures protocol using [
32

P]-labeled dCTP (GE healthcare, Pittsburg, 

PA).  The probes hybridized overnight at 65
o
C and washed the following day.  Blots 

where washed with 2X SSC and 0.1% SDS followed by 0.5X SSC and 0.1% SDS and 
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lastly 0.1X SSC and 0.1% SDS at 65
o
C.  The blots were exposed to Kodak BIOmax MS 

film (Kodak, Rochester, NY) and developed using a film processor (AFP imaging, Mini 

medical series, Elmsford, NY). 

DNA extraction 

The phenol-choloroform method of DNA extraction was utilized.  Tissue was ground 

using a drill connected to a pestle in freshly prepared DNA extraction buffer ( 0.7 M 

Sorbital, 0.2 M Tris-HCl (pH 8.2), 50 mM EDTA, 2 M NaCl, 20 g/L cetyl-

trimethylammonium bromide (CTAB), 5% Sarkosyl, and 0.01 mg/mL RNase A) and 

incubated at 65% for 30-60 minutes.  Phenol was then added at a 1:1 ratio, vortex and 

centrifuged at maximum speed for 5 minutes.  The top aqueous layer was removed and a 

1:1 volume of chloroform was added to the aqueous layer.  This was then vortexed, 

centrifuged as described above and the top aqueous layer removed and put into a new 

tube.  DNA was precipitated with ammonium acetate and 95% ethanol for a minimum of 

30 minutes at -80
o
C.  After incubation, samples were centrifuged at maximum speed at 

4
o
C for 10 minutes.  The supernatant was removed and the pellet was washed with 70% 

ethanol.  The pellet was dried using a speed vac and resuspended in sterile water. 

Mapping  

 Mapping was completed for eer4 when starting at the lab, so I began with 

subcloning and sequencing potential candidates in the region.  Mapping population were 

generated for sar1-7 (WS lehle ecotype) by crossing it to wild type Columbia, Nossin, 

and Lansberg.  These crosses were allowed to self pollinate and F1 progeny were selected 

for a sar1-7 phenotype in four day old etiolated seedling treated with 100 L L
-1
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ethylene.  Plants with the sar1-7 phenotype were transferred to soil and DNA was 

extracted from one rosette leaf.  To determine the location of the sar1-7 a combination of 

cleaved amplified polymorphic sequences (CAPS) and single sequence length 

polymorphisms (SSLPs) were used (Konieczny and Ausubel, 1993; Bell and Ecker, 

1994).  A recombination frequency of 50% indicated no linkage at the particular marker.  

The CAPS markers used to map sar1-7 include the following: 

The primers used for MI342 include 5’-AATGGAAGTAGTGCTCGTACTG-3’ and 

5’-CTATAGCATCAGCAAAGGCGTC-3’.  When digested with HinfI gave Ws one 

band Col one bands Nos two bands La two bands. 

The primers used for At1g34065 include 5’-CTGTAATACGTGTCTCAAGTTTG-3’ and 

5’-CTGCTGGAGAAAGATGAATGTTC-3’. When digested with XmnI gave Ws two 

bands  Nos one band,  La one band 

The primers used for At1g34110 include 5’-TGGCAGCTGCAAGGTACATAC-3’ and 

5’-CTTGGTTTACGTCTCTAGATTC-3’.  When digested with RsaI gave Ws 1 band 

Nos 2 bands 

The primers used for At1g34850 include 5’-GTTGTTGATCACGTTGTAGTTTG-3’ and 

5’-CAAAACGAGATATTGGTTCAGTG-3’. When digested with SspI gave Ws one 

band  La two bands 

The primers used for At1g34260 include 5’-TGGCAGCTGCAAGGTACATAC-3’ and  

5’-CTGCTGGAGAAAGATGAATGTC-3’. When digested with BstNI gave Ws two 

bands La one band 

The following are SSLP markers that were used to map sar1-7: 
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The primers used for nga59 include 5’-TTAATACATTAGCCCAGACCCG-3’ and  

5’-GCATCTGTGTTCACTCGCC-3’. This marker gave the following polymorphisms 

Ws 83 Col 111 Nos 141 La 115. 

The primers used for nga63 include 5’-ACCCAAGTGATCGCCACC-3’ and  

5’-AACCAAGGCACAGAAGCG-3’. This marker gave the following polymorphisms 

Ws 91 Col 111 Nos 89 La 89. 

The primers used for nga248 include 5’-TCTGTATCTCGGTGAATTCTCC-3’ and 

5’-TACCGAACCAAAACACAAAGG-3’. This marker gave the following 

polymorphisms Ws 133 Col 143 Nos 125 La 129. 

The primers used for nga392 include 5’-GGTGTTAAATGCGGTGTTC-3’ and  

5’-TTGAATAATTTGTAGCCATG-3’. This marker gave the following polymorphisms 

Ws Col 170 Nos La 162 

The primers used for NF19G9 include 5’-AAGAACTTAATTTCTCTCACCCG-3’ and 

5’-AGTTGGTCCTCGAGCTCTCC-3’.  This marker gave the following polymorphisms 

Ws Col 197 Nos Ler <197. 

The primers used for ZFPG include 5’-TGGGTCAATTCACATGTAGAGA-3’ and 

5’-TTGCGTTTCCACATTTGTTT-3’. This marker gave the following polymorphisms 

Ws 141 Col 143 Nos Ler 139. 

The primers used for SO392 include 5’-GTTGATCGCAGCTTGATAAGC-3’ and 

5’-TTTGGAGTTAGACACGGATCTG-3’. This marker gave the following 

polymorphisms Ws 142 Col 142 Nos 156 Ler 156. 

Subcloning and sequencing 
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 DNA was amplified using high fidelity Taq, either Pfu turbo Taq (Stratagene, La 

Jolla, CA) or Phusion Taq (New England Biolabs, Ipswich, MA) in a MyCycler 

thermocycler (New England Biolabs, Ipswich, MA) with 30 seconds denaturation step at 

95
o
C, 30 seconds at 52

o
C for the annealing step, appropriate extension time at 72

o
C, and 

repeated for forty cycles.  PCR products were separated on a 1% agarose gel and 

appropriate bands were purified using a PCR purification kit (Zymo Research, Orange, 

CA).  Purified PCR products were ligated to the pGEMT-EZ vector (Promega, Madison, 

WI).  The pGEMT-EZ vector contains an ampicillin resistance gene and a multiple 

cloning site within the lacZ gene.  A DH5 strain of competent Escherichia coli was 

transformed with the construct of interest and cells were plated on LB media (1% 

tryptone [w/v], 0.5% yeast extract [w/v], 1% NaCl [w/v], and 0.8% agar [w/v]) 

supplemented with 100 mg/mL carbenicillin, 50 mg/mL 5-bromo-4-chloro-3-indole--D-

galactopyranoside (X-gal) and 200 mg/mL Isopropyl -D-1-thiogalactopyranoside 

(IPTG) and allowed to grow at 37
o
C overnight.  Blue/white screening for the lacZ gene 

activity allowed for easy identification of colonies with insertions to be selected.  

Colonies with ampicillin resistance were grown in a 2 mL LB liquid culture 

supplemented with 100 mg/mL carbenicillin at 37
o
C overnight.  Plasmid DNA was 

purified from the culture using the Promega Wizard Miniprep Kit.  Restriction digestion 

was used to confirm identity of the insert.  Selected plasmid DNA was sent to sequencing 

using the T7 and SP6 primers complementary to the pGEMT-EZ vector.  Sequencing 

reaction were conducted by the ICBR Core Sequencing Lab (University of Florida, 

Gainsville, FL). 
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Generation of transgenic plant 

 Functional complementation of EER4 included 1 kB upstream of the 5’ 

untranslated region and the entire 3’ untranslated region.   The EER4 functional 

complementation construct primers are: 

5’-AAAAGCTTTCTGTTAGCCGGTCTCGTCTCAAC-3’ and  

5’-AATCTAGACTCTCCATAGATGTGTAAACTC-3’.  The restriction sites HindIII 

and XbaI were used to put the construct into the pBI101 plasmid. 

 EER4 was also overexpressed and the primer used for the EER4 overexpression 

construct are as follows: 

5’-AACCATGGCGGAACCGATTCCCTCATC-3’ and  

5’-AAGAGCTCTTAGTATCGTGTCATGTGTTG-3’.  The restriction sites NcoI and 

SacI were used for subcloning into the pBI101 plasmid. 

Overexpression of SAR1 utilized the following primer combination:  

5’-AGGATCCATGGAGGAGAATCGTCGGAATC-3’ and  

5’-AGGATCCTTAACCGGTTGCAGAGGATAC-3’.  This was introduced into the 

BamHI site located into the pPB101 plasmid and direction of insertion was determined. 

Functional Complementation SAR1 was conducted using the following primers 

5’-AGAATTCGTAGGTCCTTCTGTGCAAGCTAC -3’ and  

5’-ACTCGAGCCCCGGGTTAAGAGAATTTAGATTAC -3’.  The BamHI and XhoI 

sites of the SAR1 construct were used to ligate it to corresponding sites in the pBI101 

plasmid.  All constructs were initially made in E. coli (DH5) and transformed into 

Agrobacterium tumefacien strain LBA 4404 by electroporation using a micropulser (Bio-
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Rad, Hercules, CA).  Cells were allowed to grow on LB media supplemented with 50 

g/mL kanamycin at 30
o
C to select for the pBI101 vector and resulting colonies were 

grown in 2 mL liquid LB media supplemented with 50 g/mL kanamycin and subjected 

to plasmid purification.  The cell were resusupended in Solution I (4 mg/mL lysozyme, 

50 mM glucose, 10mM EDTA and 25 mM Tris-HCl (pH 8.0)) and allowed to rest at 

room temperature for 10 minutes.  Next, two volumes of Solution II (1% SDS and 0.2 N 

NaOH) were added and incubated at room temperature for 10 minutes.  Then, 0.1 volume 

of phenol, 0.5 volume of 3 M sodium acetate (pH 4.8) were added and stored at -20
o
C for 

15 minutes.  The mixture was centrifuge and the supernatant was precipitated with 4 

volumes of 95% ethanol.  This was centrifuged to pellet DNA and DNA resuspended in 

0.3 M sodium acetate (pH 7.0), followed by the addition of 4 volumes of 95% ethanol to 

precipitate DNA.  The mixture was subjected to centrifugation again to pellet plasmid 

DNA, washed with 70% ethanol and resuspended in sterile water.  PCR was used to 

determine which line had the correct insertion into the correct plasmid.   

 After identification of an Agrobacterium line with the construct confirmed via 

PCR, Arabidopsis was transformed using a floral dip method (Bechtold and Pelletier, 

1998).  Agrobacterium was allowed to grow at 30
o
C for two days in LB media 

supplemented with 50 g/mL kanamycin.  Cells were centrifuged at 4000g for 10 

minutes and resuspended in infilteration media (2.2 g/L MS salts, 1X B5 Vitamins, 200 

L/L Silwet L-77, and 0.044 M benzylaminopurine).  Two to three week old plants 

were dipped for 10 seconds into infiltration media and Agrobacterium, then pots were 

cover with plastic wrap for two days.  Plants grew at 21
o
C with continuous light until 
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maturity and seeds were collected.  Seeds were surfaced sterilized and imbibed as 

previously described.  The seeds were then planted on MS media supplemented with 50 

g/mL kanamycin and vancomycin.  Transformed plants were selected based on ability 

to grow on kanamycin due to the kanamycin resistance of the pBI101 plasmid.  These 

plants were allowed to self fertilize and progeny were analyzed for homozygous lines 

based on resistance to kanamycin.  Selected T3 homozygous lines were selected for 

further analysis. 

Genetic analysis of double mutants 

  The eer4 and sar1-7 were each crossed to ctr1-3, ein2-5, and ein3-1.  The crosses 

were allowed to self pollinate and F2 generation was analyzed for double mutants.  CAPS 

markers used to track each of the mutations as follows. 

For CTR1, the following primers 5’-GTCAGGTTTGGGCTTGATAGG-3’ and  

5’-CCACCAACAAACATACACATCAAC-3’ were used for PCR amplification and 

subjected to digestion with NlaIII.  Wild type resulted in one band of 285 bp, while ctr1-3 

resulted in two bands of 262 and 223 bp.   

 For EIN2, the following primers 5’-GATCACAGGTATTTATGAGTCCGC-3’ 

and 

5’-CGAGCAAGGAAGCATCATTGC-3’ were used for PCR amplification and 

subjected to digestion with NlaIII. Wild type resulted in two bands 115 and 160 bp, while 

ein2-5 resulted in one band of 275 bp. 

 For EIN3, the following primers 5’-CACTCTCTTTAGCAGTCATC-3’ and  
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5’-GCAAGAGCTTCAAGACACGAC-3’  were used for PCR amplification and 

subjected to digestion with MaeIII. Wild type resulted in one band of 529 bp, while ein3-

1 resulted in two bands of 218 and 311 bp. 

 For RCE1, the following primers 5’-GTTTAGGTTTATCATCCCAATATCG-3’ 

and  

5’-GAGCTCTTAGATACAACGCGGGAAAAAG-3’ were used for PCR amplification 

and run on an agarose gel to see a 50 bp deletion in the mutant version of rce1.  

 For EER4, the following primers  5’-GTTGTAGCCGAGGCAGAAATC-3’ and  

5’-ACAATGTGAGAGAAAGAAG-3’ were used for PCR amplification and subjected to 

digestion with BsmAI. Wild type resulted in two bands, while eer4 resulted in one band. 

 Due to the lack of change in restriction pattern that results from the sar1-7, the 

sar1-7 had to be followed using sequencing.  The primer used are as follows 5’-

CATGGTTCCCAATGTAGAGCTTC-3’ and 5’-

GATAAGAGAGGAAAAGGATTCTTG-3’ to amplify the region surrounding the 

mutation, while the sequencing primer is 5’-GTTGGATCGAATTCCTCAGTCATC -3’.  

The sar1-6 allele was tracking using the following primers and the TDNA LB primer  

  (5’-TAGCATCTGAATTTCATAACCAATCTCGATACAC-3’):                                               

5’-GAGAAAATCATCGAATTCAACAG-3’ and                                                                  

5’-GATATGCAAATTCAACAAAGTTG-3’. 

 For ARF7, the following primers 5’-CAGACTCAGCAGCAGCAGC-3’ and  

5’-GGTGGAAGGAAGGCGACGTTGAAG-3’ were used for the amplification of wild 

type ARF7.  
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 For ARF19, the following primers 5’-GTGTCCGGTTTGTTGAATTG-3’ and   

5’-GGCTCACAATGGCGTAATC-3’ were used for the amplification of wild type 

ARF19.  

Yeast two hybrid  

 Yeast two hybrid constructs were made from the coding sequence of EER4, 

IAA3, ARF7, and ARF19 using cDNA from wild type Col etiolated seedlings.  Each gene 

was ligated to both pACTII and pLEX-NLS vectors, if possible (Clonetech Laboratories, 

Palo Alto, CA).  pACTII has the Gal4 activation domain and a selectable marker for 

LEU2.  pLEX has the DNA binding domain and TRP1 gene for selection (Clark, et. al., 

1998). 

The EER4 primers are as follows: 

5’-AAGGCGCCTATGGCGGAACCGATTCCCTCATC-3’ and 

5’-AACTCGAGTTAGTAATCGTGTCATGTGTTG-3’  

with SfoI and XhoI restriction sites for subcloning. 

This set of primers does not include the carboxy terminal domain of EER4 due to its 

detrimental effects on yeast.  Also, this construct could only be expressed in pLEX-NLS, 

not pACTII. 

The following are the IAA3 primers: 

5’-TCCCGGGGATGGAGTTTGTTAACCTC-3’ and 

5’-ACTCGAGTCATACGCCTAAACCTTTG-3’ with SmaI and XhoI restriction sites for 

subcloning. 

The primers for ARF7 are: 
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5’-TCCCGGGGATGAAAGCTCCTTCATCAAATG -3’ 

5’-TGTCGACTCACCGGTTAAACGAAGTG -3’  

with SmaI and SalI restriction sites for subcloning. 

ARF19 primers are: 

5’-AGATATCAATGAAAGCTCCATCAAATG -3’ 

5’-TCTCGAGCTATCTGTTGAAAGAAGCTG -3’  

with EcoRV and XhoI restriction sites for subcloning. 

 For yeast two hybrid assays, one construct of each pACTII and pLEX-NLS were 

both transformed into Saccharomyces cerevisiae L-40 (Clark et. al., 1998) using the 

lithium acetate method (Rose et. al., 1990).  Yeast were grown overnight at 30
o
C in SD 

(1.2 g Difco Yeast Nitrogen Base w/o amino acids and ammonium sulfate [Becton, 

Dickinson, and Company, Sparks, MD], 2.5 g/L ammonium acetate, 5 g/L succinic acid, 

3g/L NaOH, 10 g/L sucrose, 0.05 g/L of the following amino acids, adenine, argnine, 

cysteine, leucine, lysine, threonine, tryptophan, and uracil, and 0.0025 g/L of the 

following amino acids aparagine, histidine, isoleucine, methionine, phenylalanine, 

proline, serine, tyrosine, and valine) media and resuspended in yeast transformation 

buffer (0.4 M lithium acetate, 0.1 M DTT, 35% PEG-3350, and 0.5 mg/mL denatured 

herring sperm DNA).  This resuspension was subjected to each of the two vectors for 

transformation, vortexed, and incubated at 42
o
C for 45 minutes.  These cells were plated 

on SD media lacking tryptophan and leucine for selection of the two constructs.  To test 

binding ability of the two proteins of interest fused to pACTII and pLEX-NLS,  

transcriptional activation of the HIS3 reporter gene, which is regulated by the LEX A 
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operator in L-40, was tested by growing transformants on SD media lacking leucine, 

tryptophan, and histidine.  The transformants were also tested for their ability to activate 

the LacZ reporter gene.  The X-gal filter assay was used for this assay.  Yeast cells were 

patched onto SD media lacking leucine and tryptophan and grown overnight at 30
o
C.  

Filter paper (Fisher Scientific, Pittsburg, PA) was carefully laid on top of patches, lifted 

off and quickly frozen in liquid nitrogen twice to break open the cells.  Cells were thawed 

and placed on Whatman grade 3MM paper (Bio-Rad, Hercules, CA) soaked in Z-buffer 

(60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4,  pH 7.0, 0.1% Triton 

X-100 and 1.5 mg/mL X-gal).  This was allowed to incubate at 37
o
C until blue color for 

the control patch began to emerge. 

 -galatosidase activity was also measured using chlorophenol red--D-

galactopyranoside (CPRG, Clonetech, Palo Atlo, CA) as a substrate in a liquid culture.  

Transformants grew overnight at 30
o
C in SD media lacking leucine and tryptophan.  The 

cell were resuspended in Buffer 1 ( 2.38 g/L HEPES buffer, 0.9 g/L NaCL, 0.065 g/L L-

Aspartate, 1.0 g/L BSA, and 50 l/L Tween-20).  Two samples were taken from this 

resuspension, one to measure cell concentration and another to measure -galatosidase 

activity.  To measure cell concentration, an aliquot of cells were transferred to fix 

solution (0.15 M NaCl and 3.7% formaldehyde) and measured on spectrophotometer at 

O.D.600.  Another aliquot of cells was flash frozen in liquid nitrogen and allowed to thaw 

at 37
o
C .  This step was repeated twice to ensure the yeast cell had been properly cracked 

open.  Once thawed, Buffer 2 (Buffer 1 and 2.23 mM CPRG) was added, time was 

recorded, and allowed to incubate at 37
o
C until the mixture changed from yellow to red 
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or until the control began the color change.  The reaction was stopped by adding 3 mM 

ZnCl2 at the point which the time was recorded and absorbance was measure on the 

spectrophotometer at O.D.578 to determine the amount of color change that occurred.  The 

following formula was used to determine -galactosidase activity: (1000 x 

O.D.578)/(Time x Vfinal x O.D.600). 

In vitro binding assays 

 The entire coding sequences of EER4 and IAA3 were each fused to maltose 

binding protein via the pMAL-c2E vector (New England Biolabs, Beverly, MD).   

The following primers were used for EER4: 

5’-AAGGCGCCTATGGCGGAACCGATTCCCTCATC-3’ and 

5’-AACTCGAGTTAGTAATCGTGTCATGTGTTG-3’. 

This construct contained full length EER4 in contrast to the yeast two hybrid approach 

that lack the carboxy terminal domain. The SfoI and XhoI sites were not used, instead the 

EcoRI and PstI site from the pGEMT plasmid were used for cloning purposes. 

 The IAA3 primer used are as follows: 

5’-TCCCGGGGATGGATGAGTTTGTTAACCTC-3’ 

5’-TCTCGAGTCATACACCACAGCCTAAAC-3’ 

The SmaI and XhoI sites were not used, instead the EcoRI and PstI site from the pGEMT 

plasmid were used for cloning purposes. 

 After initial construction and transformation of Escherichia coli DH5, 

Escherichia coli BL21-DE3 (Promega, Madison, WI) were transformed.  Transformants 

were grown at 30
o
C  overnight in 100 mL of Rich Media (10 g/L tryptone, 5 g/L yeast 
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extract, 5g/L NaCl, and 2 g/L dextrose) supplemented with 100 g/mL carbinicillin and 

34 g/mL chloramphenicol.  Protein extraction was completed according to  

manufacture’s instructions.  The cells were pelleted and freeze thawed twice to ensure 

cells have popped open.  After completely thawing, 10 units/mL DNase was added and 

incubated at room temperature for 30 minutes.  Column buffer (20 mM Tris-HCl, pH 7.5, 

5 mM EDTA, 200 mM NaCl and -mercaptoethanol) was added, mixed and centrifuged.  

The resulting supernatant was added to amylose containing beads washed with column 

buffer and rotated at 4
o
C for a minimum of three hours.  Beads were centrifuged and 

washed three times with column buffer.  An aliqot of beads was run on a SDS-PAGE gel 

and stained with Coomassie blue to visualize protein.  The separating phase of the gel 

(10% bis/acrylamide, 0.25 M Tris-HCl (pH 8.0), 0.1% SDS, 6.6 l/mL of 10% 

ammonium persulfate, and 13.3 l/L TEMED) was overlaid with a stacking gel (4.5% 

bis/acrylamide, 0.125 M Tris-HCl (pH 8.0), 0.1% SDS, 6.6 l/mL of 10% ammonium 

persulfate, and 13.3 l/L TEMED).  In SDS-PAGE buffer (3.25 g/L Tris base, 14.4 g/L 

glycine, 1% SDS), the gel ran at 150 volts until the dye ran off the bottom of the gel 

approximately one hour. The gel was stained with Coomassie blue (0.5 g/L Coomassie 

brilliant blue, 45 % methanol, 10% glacial acetic acid) for 30 minutes followed by 

destaining (45 % methanol, 10% glacial acetic acid).  Protein size and quantity was 

determined based on comparison to Kaleidoscope protein ladder (Promega, Madison, WI) 

and protein standards (Bovine serum albumin, BSA 1.0 g, 5.0 g and 10 g).  The 

predicted sizes of EER4 and IAA3 are respectively. 
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 EER4, EIN3 and ARF7 were in vitro translated using radiolabeled L- [
35

S] 

Methionine and the TnT T7 or SP6 Quick Coupled Transcription/Translation System 

according the manufactures protocol. 

The EER4 primers as follows: 

5’-AAGGCGCCTATGGCGGAACCGATTCCCTCATC-3’ and 

5’-AACTCGAGTTAGTAATCGTGTCATGTGTTG-3’. 

The PCR product was ligated to pGEMT for use in the TnT SP6 Quick Coupled 

Transcription/Translation System. 

The EIN3, PP2a1c and PP2a5c were already available in the lab, therefore the TnT T7 

Quick Coupled Transcription/Translation System was used. 

The ARF7 primer are as follows: 

5’-AAGGCGCCTATGGCGGAACCGATTCCCTCATC-3’ and 

5’-AACTCGAGTTAGTAATCGTGTCATGTGTTG-3’. 

The PCR product was ligated to pGEMT for use in the TnT T7 Quick Coupled 

Transcription/Translation System. 

 The in vitro binding was performed using 5 g of MBP bound protein and either 5 

L or 25 L  of radiolabeled translated protein in bead binding buffer (50 mM KH2PO4, 

150 mM KCl, 1 mM MgCl2, 10% glycerol and 0.5% Triton X-100) supplemented with 

10 mg/mL BSA.  This assay was allowed to rotate overnight at 4
o
C.  Samples were 

washed with bead binding buffer three times and resuspended in SDS protein sample 

buffer.  Each sample along with a protein ladder and 1 l of in vitro translated protein 
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was run on a 10% SDS-PAGE gel.  The gel was then fixed in 25% isopropanol, 65% 

H2O, and 10% acetic acid for thirty minutes followed by an incubation in Amplify 

solution (Amersham, Piscataway, NJ).  The gel was then dried on a gel dryer vacuum 

system (Fisher Scientific, Pittsburg, PA).  This experiment was conducted to test 

interaction between EER4 with EIN3, ERF1 and the PP2a’s.  The interaction between 

ARF7 and IAA3 was also tested using this method. 

GFP analysis  

The EER4 primers included NcoI and SfoI for cloning purposes and are as follows: 

5’-AAAGATCTGAGCTCTTATTTGTATAGTT-3’ 

5’-AAGGCGCCGTATCGTGTCATGTGTTG-3’ 

This EER4 construct, lacking a stop codon, was cloned into pBI101 in frame and adjacent 

to rsGFP coding sequence to obtain a carboxy terminally fused GFP on EER4. 

The IAA3 primers included BamHI and SmaI for cloning purposes and are as follows: 

5’-AGGATCCGTTCGTTCGTTAGTACTTG-3’ 

5’-ACCCGGGTACAACCACAGCCTAAACG-3’ 

This IAA3 construct, lacking a stop codon, was cloned into pBI101 in frame and adjacent 

to rsGFP coding sequence to obtain a carboxy terminally fused GFP on IAA3. 

 GFP constructs were made initially in E. coli and transformed into 

Argobacterium as completed for the overexpression and functional complementation 

lines.  For stable Arabidopsis transformation, the floral dip method was used.  For 

temporary transformation, two week old Nicotiana Benthamiana leaves were infilterated 

with Agrobacterium (Guo et. al., 2002).  Agrobacterium grew overnight in LB media 
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supplemented with 50 g/mL kanamycin at 30
o
C and resuspended in 10 mM MES, 10 

mM MgCl2, and 100 m acetosyringone.  This was allowed to incubate at room 

temperature for three hours, then the Agrobacterium was injected into the abaxial side of 

the leaf using a 1 cc syringe without the needle.  Slight pressure against the leaf was 

needed for better infiltration of the Agrobacterium.  These plants were allowed to recover 

for three days.  Infilterated leaves were cut off and quickly place in PNS media, with or 

without 5 m AgNO3 for 24 hours.  Some leaves in PNS media were treated with 100 L 

L
-1

 ethylene for 24 hours.  After the 24 hours incubation, leaves were vacuum infilterated 

with PNS media supplemented with 15 mg/mL DAPI for 30 minutes prior to microscopy.  

A Leica SP-2 confocal was used to visualize the GFP.  Unfused rsGFP under the control 

of the ACT2 promoter was used as a control in these experiments. 
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