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ABSTRACT OF THE DISSERTATION

Characterization of ETHYLENE INSENSITIVE SIX and the ENHANCER OF

ETHYLENE INSENSITIVE in Arabidopsis thaliana

by

Ramlah Bliss Nehring

Doctor of Philosophy in Biology
University of California, San Diego, 2007

Professor Joseph R. Ecker, Chair

Ethylene is a gaseous plant hormone that affects diverse physiological
processes throughout plant growth and development. These processes include seed
germination, cell elongation, flower and leaf senescence, abscission, sex determination
and fruit ripening. Its biosynthesis is mediated by the plants responses to both biotic
and abiotic stresses such as pathogen attack, wounding, hypoxia, ozone, chilling and
freezing. Molecular genetic studies in Arabidopsis thaliana have exploited the triple
response to ethylene, and resulted in the identification of mutants defective in this
response. After nearly two decades of work in Arabidopsis, this model for ethylene
signaling has evolved into one of the best characterized signal transduction pathways

of all plant hormones. Despite the breadth of knowledge in this field it is still
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unknown how many aspects of this pathway function. Additionally new components
related to ethylene signaling continue to be discovered. In this work we describe two
novel ethylene mutants that act together to cause an ethylene insensitive seedling
phenotype. ETHYLENE INSENSITIVEG6 (EIN6) when mutated causes an ethylene
insensitive root phenotype in Arabidopsis etiolated seedlings. The protein encoded by
this gene shares homology with Jumonji domain containing proteins that have recently
been shown to act as histone demethylases in other eukaryotic organisms. ein6
mutants also display a pleiotropic range of microtubule related phenotypes not
previously documented for other ethylene insensitive mutants. Mutants in the gene
ENHANCER OF ETHYLENE INSENSITIVITY (EEN) do not demonstrate an obvious
phenotype on their own, but enhance the ethylene insensitive root phenotype of ein6
plants to a full ethylene insensitive etiolated seedling phenotype. This is the first
enhancer mutation found in the ethylene signal transduction pathway. This study
sheds light on two uncharacterized components of the ethylene signal transduction
pathway that may be associated with epigenetic control of transcriptional regulation by

modification of core histones.
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CHAPTER I

INTRODUCTION



ETHYLENE AS A PLANT HORMONE

The gaseous plant hormone ethylene is an olefin hydrocarbon produced by all
plants. Despite its simple chemical structure it orchestrates a myriad of complex
functions.  Ethylene controls processes as diverse as germination, root hair
development, root nodulation, senescence of organs (including fruit ripening),
differential cell growth, abscission, stress responses and resistance to necrotrophic
pathogens (Abeles et al., 1992). It is known that ethylene is effective in inducing a
biological response at nanomolar concentrations and that its response takes only
minutes to be induced. Due to the important nature of its signaling the production of
this hormone is a tightly regulated process controlled by both developmental signals
and response to environmental stimuli. To further the understanding of ethylene
signaling in plants we need to fully comprehend how the hormone is synthesized and
perceived and how the signal is transduced.
ETHYLENE IN SEEDLINGS: THE TRIPLE RESPONSE

Exposure to ethylene induces dramatic morphological changes in the growth of
seedlings. Normally an etiolated (dark-grown) seedling displays a closed apical hook,
a long slender hypocotyl and an elongated root. When exposed to ethylene seedlings
exhibit exaggerated curvature of the apical hook, radial swelling of the hypocotyl, and
inhibition of hypocotyl and root elongation (Guzman and Ecker, 1990). This change
associated with exogenously applied ethylene was first discovered over 100 years ago
in pea seedlings and was termed the “triple response” (Neljubow, 1901). In this

context, ethylene is a stress-induced hormone with the triple response mimicking the
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natural response that is produced when seedlings encounter a physical barrier as they
attempt to penetrate the soil. The exaggeration of the apical hook, due to the
production of ethylene, protects the delicate apical meristem from the physical damage
that may occur during seedling emergence (Darwin and Darwin, 1881).

Plant biologists have exploited the highly reproducible triple response
phenotype in Arabidopsis to discover mutants that affect components in the ethylene
signal transduction pathway (Fig. 1). Three main classes of mutants defective in the
ethylene response have been identified (Ecker, 1995). These classes are: the ethylene
insensitive (Ein’) mutants, tissue specific mutants (such as a non-responsive apical
hook or root) and “constitutive” mutants that demonstrate a triple response without the
addition of exogenous ethylene. The last category can be further divided into two
groups: ethylene overproducers (Efo’) and constitutive signaling pathway mutants
(Crr).

ETHYLENE PRODUCTION: REGULATION OF BIOSYNTHESIS

In higher plants ethylene is biosynthesized from its in vivo precursor,
methionine, via the Yang cycle (reviewed by (Yang and Hofmann, 1984)). The Yang
cycle requires ATP and produces intermediates S-adenosylmethionine (SAM) and 1-
aminocyclopropane-1-carboxylic acid (ACC). The enzymes involved in this pathway
are SAM synthetase (SAMS), ACC synthetase (ACS) and ACC oxidase (ACO).
Much is known about the ACS enzyme as is detailed below. SAMS catalyzes the
biosynthesis of SAM, part of a two gene family in Arabidopsis. In tomato the family

consists of three genes which are highly expressed and induced by exogenous ethylene
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in Arabidopsis (Whittaker et al., 1997). The enzymatic reaction catalyzed by SAMS is
not a rate limiting step in the synthesis of ethylene (Yang and Hofmann, 1984). ACO
is a ferrous dependent non-heme oxygenase enzyme requiring ferrous iron as a co-
factor and oxygen as a co-substrate (Hamilton et al., 1991) that belongs to a small
gene family of three to four members in most plants. Ethylene enhances its own
biosynthesis by positive feedback regulation of the ACO genes (Petruzzelli et al.,
2000). The ACO protein is present at high levels in plant tissues but is very tightly

regulated and has a half-life of only 20 minutes in vitro (Barlow et al., 1997).

The ACS enzyme is part of a large gene family with 9 members in Arabidopsis
and 10 members in tomato. These genes can be separated into four classes (Fluhr and
Mattoo, 1996) and three evolutionary phylogenetic branches. They have a differential
expression pattern through tissues of the developing and adult plant and different
isoenzyme diversity among cells and tissues within the plant (Tsuchisaka and
Theologis, 2004, 2004). The ACS enzyme is a pyridoxal-5’-phosphate dependent
enzyme that converts SAM to ACC and is the rate limiting step in ethylene
biosynthesis (Yang and Hofmann, 1984). ACS activity is regulated at both the
transcriptional and posttranscriptional levels (reviewed by (Chae and Kieber, 2005).
One of the regulatory mechanisms of controlling ACS levels is through
phosphorylation of the protein. It was recently discovered that AtMPKG6, originally
thought to be a downstream component in the ethylene signaling pathway,
phosphorylates ACS 2/6, making ACS 2/6 the first characterized plant MAP kinase

substrate (Ecker, 2004; Liu and Zhang, 2004). This phosphorylation leads to an
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accumulation of the ACS 4/6 and an increase in ethylene production in the plant.
AtMPKG6 and its tobacco ortholog, SIPK, are quickly activated by external stress on
the plant and induce ethylene production. If a plant is mutant for AtMPK6, ACS 2/6
proteins are rapidly degraded leading the conclusion that phosphorylation of the ACS
protein leads to a decrease or slowing of proteosome mediated protein degradation.
Another ACS class, containing ACS5 and ACS9, has been found to be regulated by its
interactions with the protein ETOl (Wang et al., 2004). The Eto (ethylene
overproducing) mutants efo2 and efo3, both being dominant mutations found in the c-
terminal end of the genes ACSS5 and ACS9 respectively, led to the conclusion that the
c-terminal end of the ACS proteins are important in regulation of protein stability
((Vogel et al., 1998; Woeste et al., 1999; Chae et al., 2003). This conclusion was
further reinforced by the discovery that the interaction of ACSS5, and its orthologs
from tomato, with ETOI1 directly inhibit enzyme activity and target ACS proteins for
degradation by a proteosome mediated pathway (Wang et al., 2004). This interaction
requires a TOE (target of ETO1) sequence to be present in the ACS protein, making
the interaction with ETO1 specific to type II ACS enzymes in Arabidopsis and tomato
(Yoshida et al., 2006). The interaction between ETO1 and type II ACS enzymes is
thought to require a protein phosphorylation event to target the proteins for
degradation, but ACS 5 is not phosphorylated although it is the only known protein
kinase associated with ethylene biosynthesis, MAPKG®6, in vitro (Liu and Zhang, 2004).

Perhaps the phosphorylation of other ACS enzymes is mediated by the calcium
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dependant protein kinase (CDPK) found in extracts of wound induced tomato fruits
(Tatsuki and Mori, 2001).
THE ETHYLENE SIGNAL TRANSDUCTION PATHWAY
Ethylene Perception via Receptors

A family of five membrane-localized receptors perceives ethylene in
Arabidopsis (Fig. 2). The receptors share homology with two-component histidine
(His) kinases, originally discovered in bacteria that are involved with sensing
environmental changes. Two component systems normally consist of a membrane
localized “sensor” protein kinase which detects the input signal and a “response
regulator” that mediates the output (Hwang et al., 2002). In plants this family consists
of mostly hybrid kinases which contain both the kinase and receptor domains and can
be involved in phosphorelay activities, passing along a single phosphate from the
receptor through an intermediate phosphorelay protein and finally onto the response
regulator (Hall et al., 2000). The ethylene receptors are one of four families of His
protein kinases found in plants (Hwang et al., 2002) further divided into two
subfamilies (Bleecker, 1999). All of the ethylene receptors contain predicted amino
terminal transmembrane domains, and for several of the receptors this domain has
been found to contain the site for ethylene binding (Schaller and Bleecker, 1995).
ETRI1 and ERS1 make up the first subfamily; these two proteins have complete
conservation of the His kinase protein motifs and each has three predicted amino
terminal membrane spanning domains (Fig. 2). The other three receptors (ERS2,

EIN4 and ETR?2) are part of the second subfamily, characterized by a signal sequence
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whose putative function may be to target proteins to the secretory pathway. This
subfamily lacks some of the amino acids previously shown to be essential for His
kinase activity, casting some doubt on the designation that these are functional His
kinases, but they may act as serine/threonine kinases (Moussatche and Klee, 2004).
All members of this subfamily contain four n-terminal hydrophobic stretches that may
act as membrane spanning domains. The n-terminus of the receptor proteins contains
the domain responsible for the actual binding of the ethylene molecule (O'Malley et
al., 2005). In this study it was found that there is a direct correlation between total
message level, RNA transcript level of all receptors, and total ethylene binding
capacity. When one or more of the receptors is mutated, the level of the functional
receptors mRNA can increase to compensate for the mutant isoforms. This
compensation allows for the same level of ethylene binding but not the same level of
signaling. The receptors, members of both family one and family two, release
ethylene with the same slow dissociation kinetics. Previously it had been thought that
there were both fast-release and slow-release binding kinetics found in the dissociation
of ethylene from its receptors (Hall et al., 1990; Sisler, 1991). Previous to this finding
about compensation at the RNA level it had also been postulated that loss of one
receptor might be compensated by up-regulation of another receptor’s protein level.
This was not shown to be the case with ETR1, because in the mutant backgrounds
etr2-3, ein4-4, and ers2-3 (including combinations of single, double and triple

mutants) the level of ETR1 protein was similar to wild type levels (Zhao et al., 2002).
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The receptors have been hypothesized to require a transition metal in order to
bind the olefin ethylene (Burg and Burg, 1967). Based upon the in vitro biochemical
association of copper ions and the binding domain of ETR1 (Rodriguez et al., 1999),
and the in planta identification of RANI, a copper-transporter, the metal in the
ethylene receptors has been revealed to be copper. Defects in RAN1 cause altered
ligand specificity of the ethylene receptors and reduced function of the entire ethylene
pathway (Hall and Bleecker, 2003). Silver ions, similar to copper in their capability to
interact with ethylene, cause an inhibitory effect on all plant responses to ethylene
phenocopying the ethylene insensitive mutants (Bleecker and Kende, 2000). Another
gene, REVERSION-TO-ETHYLENE SENSITIVITIY, RTE, was recently found to act at
the same level as the receptors (Resnick et al., 2006). Alleles of rte were found to be
suppressors of the weakly ethylene insensitive mutant efr/-2, and rfe mutants alone
have an enhanced ethylene response phenotype. RTE is induced by ethylene gas
treatment. The putative protein coding for this gene is evolutionarily conserved, but
lacks any known protein motifs and has no previously classified function.

Ethylene is readily diffusible through both aqueous and lipid environments,
allowing for one of the receptors, ETR1, to be localized to the endoplasmic reticulum
of Arabidopsis cells (Chen et al., 2002). The receptors are expressed throughout plant
tissues and have overlapping domains of expression. ETR/ mRNA is down-regulated
in the apical hook of etiolated seedlings, while the other receptors are shown to be up-
regulated in adult leaves (Alonso and Ecker, 2001). Mutant analysis revealed

dominant mutations in the receptors result in ethylene insensitivity (Chang and
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Stadler, 2001). While conversely combinations of recessive receptor mutants result in
a constitutive signaling phenotype (Hua and Meyerowitz, 1998). The genetic
prediction based on these opposite phenotypes of the loss of function and gain of
function mutants suggests that when ethylene is unable to bind to the receptors that
they remain active, and that the receptors normally function as negative regulators of
the downstream ethylene signal transduction pathway (Hall et al., 2000). Further
insight has been made into the differences between the type 1 and type 2 subfamilies
of receptors using biochemical approaches and newly discovered null mutations in one
of the receptors. The protein level of ETR1 has been found to be up-regulated in the
etrl ethylene insensitive mutants (etrl-1, etrl-2, etrl-3 and etrl-4) (Zhao et al., 2002).
The ethylene insensitivity of these mutants was equivalent to treating the seedlings
with silver; demonstrating that silver mimics an ethylene insensitive mutation.
Interestingly, only single null alleles of subfamily I show any phenotypes; a slight
increase in ethylene sensitivity is seen in the alleles (Hua and Meyerowitz, 1998).
When combining newly identified null alleles of subfamily I; etr/-9 and ersi-3, these
plants display a strong constitutive activation of the ethylene pathway (Qu et al.,
2007). The response seen from this mutant combination is stronger then any other
previously characterized receptor mutant combination, even the quadruple LOF (Hua
and Meyerowitz, 1998). The combination of these two alleles has demonstrated that
subfamily one plays the predominant role in regulating ethylene responses (Qu et al.,
2007). The adult phenotypes observed in the etr! ersl double mutant include small

rosette size, delayed flowering, and defects in fertility and flower morphology. These
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phenotypes are even more severe than the adult phenotypes of the constitutive
ethylene signaling mutant, ctr/ (Hall and Bleecker, 2003). Whether the pleiotropic
defects seen in the double mutant plants were ethylene related or ethylene independent
was determined by generating a triple mutant of ers/-2, etr/-7 and ein2 (Wang et al.,
2003). These mutants showed an ein2-like ethylene insensitive phenotype and
therefore demonstrated that the receptor defects are dependant on EIN2 (Hall and
Bleecker, 2003). The double mutant phenotypes in both light and dark grown
seedlings could be rescued by either of the wild type cDNAs for ETRI or ERSI, but
not by the cDNAs for the type 2 subfamily of receptors, EIN4, ERS2 or ETR2 (Wang
et al., 2003).
DOWNSTREAM SIGNALING COMPONENTS
The negative regulator of the ethylene pathway CTR1

The first ethylene signaling pathway gene that was cloned in plants was
identified as a T-DNA tagged allele of the constitutive ethylene signaling mutant czr/
(Kieber et al., 1993). Plants containing loss of function mutations in CONSTITUTIVE
TRIPLE RESPONSEI look as if they are constantly exposed to ethylene in both
seedlings and adults, indicating that this protein acts as a negative regulator of
ethylene signaling. The protein encoded by the CTR1 gene shares homology with the
mammalian Raf serine/threonine protein kinase family. The role of these proteins in
mammals is acting as a mitogen-activated protein kinase kinase kinase (MAPKKK).
The similarity of CTR1 to MAPKKKSs suggested a downstream MAP kinase cascade

in the ethylene pathway (Fig. 3).
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The CTRI protein is a very likely candidate for the next step in the putative
phosphorelay cascade proposed for the ethylene receptors. It has been demonstrated
to possess in vitro Ser/Thr kinase activity. Biochemically, the amino terminus of
CTR1 has also been shown to interact directly with the ethylene receptor ETR1 via a
putative CTR specific protein-protein interaction domain called the CN box (Huang et
al., 2003). These studies suggest that in the absence of ethylene, the ethylene
receptors are active and stimulate the kinase activity of CTRI1, allowing it to
phosphorylate downstream targets and causing the ethylene pathway to be repressed.
Weak associations between CTR1 and other ethylene receptors, such as ERS1 and
ETR2, have also been recognized (Cancel and Larsen, 2002), implicating both
subfamily 1 and 2 of the receptors in binding/localization of CTR1. Interestingly, the
histidine kinase activity of ETR1, when expressed in yeast, is not required for the
binding of CTRI1 to the receptor (Gao et al., 2003). The amino terminal regulatory
and the kinase domains within CTR1 have also been found to associate with
themselves (Larsen and Cancel, 2003). This might be a mechanism of negative
regulation causing an inhibition of CTRI1 kinase activity. CTRI1 is postulated to bind
to the receptors by being associated within the same location in the cell (Gao et al.,
2003). CTRI has been isolated as part of an ethylene receptor signaling complex,
including the receptor ETR1. Using sucrose density centrifugation CTR1 was
localized to the ER of Arabidopsis microsomes (Gao et al., 2003). The ethylene

receptors are required for the membrane localization of CTR1, because when multiple
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receptors were mutated CTR1 was relocalized to the soluble fraction of the cell (Gao
et al., 2003).

Ethylene signaling does not appear to be completely dependant upon CTR1
signaling. Plants containing strong alleles of ctr/, which do not have any kinase
activity, still respond weakly to ethylene treatment (Kieber et al., 1993). It has also
been shown that quadruple ethylene receptor mutants demonstrate a constitutive
phenotype that is more severe than the strongest ctr/ alleles. Additionally the strong
ranl-3 allele, of the copper transporter, also has a more severe ethylene phenotype
(Woeste and Kieber, 2000). The “residual” ethylene response observed in ctrl plants
may be a result of the activity of other CTRI-like proteins that are as of yet
undetermined.

The Central Signaling Component EIN2

Loss of function mutations in EIN2 confers complete plant ethylene
insensitivity, indicating that EIN2 is an essential positive regulator of the ethylene
signal transduction pathway (Alonso et al., 1999). Over 25 EIN2 alleles have been
discovered, more than of any other ethylene signaling pathway component. In part,
this is because ein2 plants, relative to all other mutants, display the least response to
ethylene; they display the greatest degree of ethylene insensitivity. In addition, many
alleles of ein2 have been uncovered in mutant screens for plants with defects in the
other signaling pathways including responses to cytokinins, abscisic acid, sugars and
in screens for delayed senescence (Wang et al., 2002). The appearance of EIN2 occurs

so recurrently in such a divergent set of mutant screens indicates that this protein plays
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a essential role in ethylene signaling and that ethylene plays a role in modulating
responses to a diverse set of signals, each of which also shows unique plant responses
that are unrelated to ethylene.

EIN2 encodes an integral membrane protein with 12 predicted transmembrane
domains at its amino terminus (Alonso et al., 1999). This domain shares homology
with the Nramp family of metal-ion transporters. This family is made up of members
such as yeast SMflp, Drosophila Malvolio and mammalian DCT1 (Alonso and Ecker,
2001). No studies have been able to identify a metal transporting activity for EIN2,
nor is EIN2 able to complement metal uptake deficient yeast strains as shown for
authentic Arabidopsis Nramp genes (Schaller and Kieber, 2002). The carboxy-
terminal region of EIN2 protein does not have homology to other proteins of known
function. This hydrophilic region contains domains that may be associated with
protein-protein interactions. Interestingly, it is this unknown part of the EIN2 protein
that is sufficient to elicit the ethylene response in Arabidopsis plants. Plants
overexpressing the unique carboxy-terminal end (C-END) of the protein show a
constitutive ethylene response in both light grown seedlings and in adult plants. These
plants also constitutively express (at the mRNA level) all ethylene-regulated genes.
The overexpression of EIN2 C-END is also sufficient to activate the downstream
nuclear pathway through EIN3 (Alonso et al., 1999). However, overexpression of the
C-END was not able to induce the triple response in etiolated seedlings, indicating that
the Nramp domain must be necessary for ethylene mediated effects in dark grown

seedlings. These results suggest that the Nramp domain of EIN2 is required for
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sensing the upstream ethylene signal while the carboxy-terminal domain of EIN2 is
necessary for transducing the signal to downstream ethylene pathway components.
Nuclear Events: The EIN3 Family and its Target Genes

The plants’ response to ethylene gas is known to involve changes in gene
expression (Stepanova and Ecker, 2000). However, until identification of the ein3
mutant and cloning of the EIN3 gene there was no direct evidence of nuclear
regulation in the ethylene signaling pathway (Chao et al., 1997). Mutations in ein3 in
Arabidopsis cause reduced response to ethylene, although these plants are more
sensitive to ethylene than ein2 mutants. This reduced response is seen in an ethylene
insensitive dark grown seedling, reduced ethylene-dependent expression of genes.
Additionally adult plants have reduced ethylene-mediated leaf senescence (Chao et al.,
1997). This insensitivity phenotype displayed in all loss of function mutations
indicates that EIN3 is a positive regulator of ethylene signal transduction.

The protein encoded by the EIN3 gene is a member of a family of six related
proteins in Arabidopsis. These nuclear-localized transcriptional activators contain an
acidic domain at their amino terminus along with a proline-rich region, a coil structure
and several regions that contain highly basic amino acids. The amino terminus of
these proteins is involved in DNA binding (Solano et al., 1998). Members of this
family are closely related in sequence and function; in fact, two of the EIN3-like genes
(ElLs), EILI and EIL2 can rescue the mutant phenotype of ein3, indicating that these
related proteins must also be involved in ethylene signal transduction. Mutants for

ein3 show only a reduction of function for ethylene signaling, unlike the strong loss of
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function mutants such as ein2 or etrl. Possible functional overlap between EIN3
family members might account for this reduced phenotype (Chao et al., 1997).
Additionally, overexpression of either EIN3 or the EIL] induces a constitutive
ethylene response similar to the phenotype seen in the cfr/ mutant, demonstrating the
sufficiency of these proteins to activate the ethylene response pathway in both
seedlings and adult plants (Chao et al., 1997). The EIN3 overexpression phenotype is
independent of the presence of a functional EIN2 protein indicating that the EIN3/EIL
family functions downstream of EIN2 in the ethylene pathway. Interestingly, EIN3
gene expression is not affected by ethylene treatment (Wang et al., 2002). Recent
studies have revealed the nature of posttranslational regulation of EIN3 (Guo and
Ecker, 2003; Potuschak et al., 2003). EIN3 protein can be stabilized when proteosome
function 1is inhibited, mimicking the effect of exogenous ethylene treatment on
regulation of the protein (Guo and Ecker, 2003). Two F box proteins, EBF1 and
EBF2 have been found to directly interact with EIN3 and EIL1 and lead to EIN3 (and
probably EIL1 as well) proteolysis (Potuschak et al., 2003). Mutants in the genes
encoding EBFI and EBF2 result in hypersensitivity to ethylene and an increase in
EIN3 protein accumulation. The double mutant ebflebf2 results in ctrl like
phenotypes, and suppress ein2, indicating that these genes function downstream of or
parallel to EIN2 in the ethylene signaling pathway (Potuschak et al., 2003). The
transcription of the EBFI and EBF2 genes is disrupted in the ein3 mutant. These
studies indicate the presence of a possible negative-feedback mechanism where on one

side the production of ethylene acts to stabilize and prevent degradation of the EIN3
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protein, on the other side, EBF1 and EBF2 are induced when EIN3 is stabilized and
target EIN3 for proteosome mediated degradation. The ubiquitin/proteosome
pathways have been demonstrated or implicated in most other plant hormone signaling
pathways, leaving us to wonder whether this type of protein regulation contributes to
the well-documented cross-talk between various phytohormones. One of the targets of
the EIN3/EIL proteins was discovered when an ethylene response element binding
protein (EREBP), ERFI, was found to require EIN3 function for its expression
(Solano et al., 1998). ERFI mRNA was not detectable in ein3 mutants, and its steady-
state levels were dramatically increased in EIN3 overexpressing plants. The amino-
terminal end of EIN3 was found to specifically bind to the promoter of the ERFI gene.
In addition the related proteins EIL1/2 were also able to bind to the EIN3 binding site
in the ERF'1 promoter (Solano et al., 1998). The EIN3/EIL proteins were also able to
bind to the gene promoter of another unrelated transcription factor EDF1 (Wang et al.,
2002). A short palindromic fragment of DNA was identified as the EIN3 binding site.
This binding site has been classified as a primary ethylene response element (PERE),
and is similar to sequences in promoter regions required for ethylene regulated gene
expression in other species. EIN3 binds to this site as a homodimer, and, from in vitro
DNA binding studies, it does not form heterodimers with its related family members
(Solano et al., 1998).

One known target of EIN3, ERF1, is a transcription factor itself. This suggests
a transcriptional cascade where EIN3 binds to the promoter of ERFI, and ERFI1

protein in turn regulates other EREBPs (Solano et al., 1998). Using in vitro binding
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studies, ERF1 has been shown to bind specifically to the promoters of ethylene-
regulated genes containing the GCC box. ERFI is also a positive regulator of ethylene
signaling similar to EIN3, and yields a constitutive ethylene phenotype similar to
EIN3 when overexpressed in plants. The EREBPs were originally identified because
they contained a highly conserved DNA binding domain (the ERF domain) which is
able to bind to the GCC box, a cis-element found in the promoters of many ethylene
responsive pathogen-related genes. Many EREBP genes exist in Arabidopsis and
other monocots and dicots (Riechmann and Meyerowitz, 1998), but only a few of
these related genes are directly regulated by ethylene. These genes are, however, also
regulated by various abiotic stress responses such as those induced by cold, drought,
salt, wounding and pathogens. The EREBPs can function as either transcriptional
activators or transcriptional repressors (Fujimoto et al., 2000). As transcriptional
repressors, they are active repressors suppressing the transactivation of other
transcription factors without competing for the same DNA binding site.
Other Ethylene Response Mutants

Numerous other ethylene mutants have been identified, both through triple
response screens as well as other mutant screening approaches. Three other alleles of
ethylene insensitive mutants have yet to be characterized (ein5, ein6 and ein7) (Roman
et al., 1995). All of these alleles show a reduced response to ethylene, but do not
display as severe ethylene insensitive when compared with ein2. Using double mutant
analysis, these ethylene insensitive mutants are found to be epistatic to CTR1. Two

recessive alleles of ein5, along with one semi-dominant allele of ein7 were originally
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discovered, ein7 was found to be another allele of ein5 upon sequencing (Olmedo et
al., 2006). EIN5 was recently found to be an allele of a 5° to 3’ exoribonuclease,
XRN4 (Olmedo et al., 2006; Potuschak et al., 2006). XRN4 has been identified as the
Arabidopsis homolog of the budding yeast XRN1 protein (Souret et al., 2004). The
protein appears to act on the ethylene signaling pathway by regulating the F-box genes
EBF1/2 mRNA levels and therefore affecting the proteosome mediated turnover of
EIN3. ein5 mutants have increased amounts of EBF1/2 transcript and therefore lower
levels of EIN3 protein causing a dramatic decrease in downstream ethylene signaling.
The ein6 mutant was originally characterized as a recessive mutation with
reduced gametophytic transmission. The ethylene insensitive phenotype of this
mutant has now been attributed to not one but two mutations in the background
(Nehring and Ecker unpublished). The double mutant resulting in the ein6 phenotype
has a number of other interesting phenotypes such as taxol hypersensitivity (Roman
and Ecker, 1995). The taxol result is interesting because cortical microtubule
reorientation, from transverse to longitudinal, has been implicated as a downstream
effect of the ethylene pathway. Since only single alleles were generated for these
mutants perhaps screening for triple response mutants has not been yet saturated.
Altering the triple response assay has found a number of other new ethylene
mutants. One of these mutants was found in a screen for plants that had enhanced
ethylene responsiveness (EER). Compared to wild type, Eer plants displayed greater
sensitivity and increased amplitude of the response to ethylene. One mutant isolated

from this screen, eerl, has a short thick hypocotyl in response to treatment with ACC,
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ethylene gas and also in response to ethylene antagonists (Larsen and Chang, 2001).
The eerl hypocotyls are only about 50% the length of wild-type seedlings in the
presence of exogenous ethylene. This phenotype was not caused by a constitutive
signaling defect, due to the fact that it can be reversed by treatment with an inhibitor
of ethylene biosynthesis (AVG). In combination with other known ethylene mutants
eerl showed a number of interesting phenotypes. Many of these were suppressed by
the ethylene insensitive mutants, ein2 and etrl, but several phenotypes showed an
additive effect when combined with ctr/. The mutant also showed an increase in
expression of a known ethylene response reporter gene, BASIC-CHITINASE. Taken
together, these studies suggest that the phenotype of this mutant is not simply the
result of ethylene overproduction, but these plants may be highly sensitive to
endogenous ethylene. Recent cloning of EER]! revealed that it encodes a previously
described Arabidopsis PP2A regulatory subunit, also known as RCNI (Larsen and
Cancel, 2003). Placing EERI1 in the ethylene pathway is difficult due to the complex
phenotypes. It has been proposed to be partially responsible for the regulation of
CTRI1, or another related MAPKKK, either through the known ethylene pathway or
through an alternative ethylene-signaling pathway (Larsen and Chang, 2001; Larsen
and Cancel, 2003). A second mutant with the same enhanced ethylene phenotype,
eer2, has also been isolated from the same screen but its gene identity is as of yet
unknown (De Paepe et al., 2005).

Another variation on the standard triple response assay involves looking for

ethylene mutants that are only partially lack the normal response. Using low doses of
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ethylene, a number of weakly ethylene-insensitive (Wei') mutants have been identified
(Alonso et al., 2003; Stepanova et al., 2005). Three of the mutants, weil, wei4 and
wei5, were found to correspond to previously known genes, TIRI, ERSI and EILI
respectively. The other mutants, wei2, wei3 and wei7, are thought to be previously
unidentified members of the ethylene response pathway. TIRI/WEII is thought to
participate as an ubiquitin ligase in the ubiquitin-mediated degradation of auxin
response proteins. Uncovering ersl/wei4 in a mutant screen is the first time that this
gene has ever been found in a mutant screen, validating that this assay is uncovering
new mutants. Identification of alleles in the ethylene receptors similar to this one may
give us insights into the normal developmental context of gene function. The EIL
genes had previously been suggested to be involved in the ethylene response (Chao et
al., 1997) and the isolation of eill/wei5 confirms the involvement of EILI in the
ethylene-signaling pathway. The remaining WEI mutants, showed mainly root-
specific phenotypes. In the past other ethylene insensitive root mutants have been
discovered, but these genes were found to actually be related to auxin responses (see
the section on ethylene and other growth regulators). Interestingly the WEI' mutants
show normal sensitivity to exogenous auxin and a normal growth response to gravity.
Two additional WEI mutants, wei2 and wei7 show a root specific ethylene insensitive
phenotype. Upon cloning these two genes it was discovered that they are alleles of
ANTHRANILATE SYNTHASE genes (ASAI and ASBI) involved in the biosynthesis of
endogenous auxin (Stepanova et al., 2005). This finding has shown direct regulation

of the formation of auxin molecules by ethylene. The role of WEI 2/7 is not isolated
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only to the ethylene response, but also appears to be important for general auxin
biosynthesis as seen by the repression of the high-auxin phenotypes seen in double
mutant combinations of either of the wei2 or wei7 alleles with the auxin overproducing
mutants superrootl (surl) or sur2.

The number of newly uncovered mutants within the ethylene pathway
continues to grow, demonstrating that genetic screens have not been saturated,
although new twists on the old standby (triple response) might yield the best results.
OTHER ETHYLENE RESPONSES IN THE SEEDLING
The Response of the Seedling to Light and Ethylene

Ethylene has been shown to dramatically inhibit cell expansion. In the earliest
studies on the hormone it was shown that exposing pea seedlings to ethylene caused
an inhibition of epicotyl elongation (Neljubow, 1901). Similarly, prominent effects of
ethylene in Arabidopsis include short roots and inflorescences, and an overall stunted
appearance (Kieber et al., 1993). One more recently described phenotype induced by
the hormone is an increase in the length of the hypocotyl of Arabidopsis seedlings
grown in the light in the presence of ACC or ethylene (Smalle et al., 1997). Most
dramatically the length was increased 2-fold when the seedlings were grown on a
nutrient-deficient growth medium. This increase in length is not a result of increased
cell division, but instead of an increase in cell elongation and overall cell volume. The
increase in hypocotyl length was confirmed to be caused by ethylene treatment
because it could not be induced in the ethylene insensitive mutant etr/, and was

reversed by treatment with the ethylene antagonist, silver. This effect of ethylene
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might be employed as a screening method to uncover additional ethylene signaling
mutants.
Ethylene and Mechanical Stimuli

Changes in the growth of plants in response to physical environmental forces
with which they physically interact are known as thigmomorphogenesis. When plants
physically interact with their environment through processes such as rubbing,
touching, rain, wind or due to growth against an object, they alter their growth habit to
offset these mechanical stimuli (MS). This process is known to be calcium dependent
and causes a rapid elevation in the amount of cytosolic free-calcium. Plants up-
regulate a specific set of genes known as the touch genes (TCH) within a few minutes
of receiving a stimulus (Braam and Davis, 1990). While plant hormones/growth
regulators may somehow mediate this process, the signal transduction pathway from
perception to response is still unknown. In this regard, MS can induce ethylene gas
production and ethylene can induce the expression of the gene TCH3 in the absence of
a mechanical stimulus (Sistrunk et al., 1994).

A second connection between ethylene and mechanical stimuli can been seen
in seed germination. Ethylene is known to promote seed germination and certain
ethylene insensitive mutants (efrl) are known to have lower germination rates then
wild type (Bleecker et al., 1988). Vibration, a type of MS, is known to promote seed
germination as well. Vibration-induced promotion of germination is not seen in the
seeds of the Arabidopsis ethylene insensitive mutant efr/ (Uchida and Yamamoto,

2002). This response was also lacking when wild-type seedlings were treated with the
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inhibitor of ethylene production, AVG. This finding indicates that alternate signal
transduction pathways in response to MS may be present in the seed and germinated-
seedling stages of development.
ETHYENE AND OTHER GROWTH REGULATORS

Ethylene has been found to play a central role in global hormone responses. It
controls not only its own response pathway, but has also been found to regulate the
synthesis of and response to other hormones and growth regulators.
Ethylene and Auxin

The intersection between the pathways for the biosynthesis and signaling of the
hormones ethylene and auxin is known to occur at many levels. Auxin is known to
upregulate the expression of ethylene biosynthesis genes, such as the rate-limiting
enzyme ACS (Theologis, 1989; Abel et al., 1995). A number of genetic screens for
mutants with aberrant responses to ethylene application have yielded mutants in genes
required for auxin signaling. One of the earliest discovered was the mutant
HOOKLESSI (HLSI) (Guzman and Ecker, 1990). hlsI mutants lack a normal
differential growth response to ethylene in the apical region of the hypocotyl; these
plants do not form an apical hook in ethylene. These mutants also show abnormally
enlarged cells in the hypocotyl and cotyledon. This defect can be phenocopied when
seedlings are treated with either auxin or auxin-transport inhibitors, suggesting a link
between auxin and ethylene signaling. The promoter region of HLS1 contains an
ethylene inducible GCC-box, making it a possible target of the EREBPs (Stepanova

and Ecker, 2000). The HLSI protein encodes a putative N-acetyltransferase, which
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may function in acetylating a protein involved in auxin transport or signaling (Lehman
et al., 1996). The role of HLS1 was further elucidated by undertaking a suppressor
screen of the mutant (Li et al., 2004). Three alleles of HOOKLESS] SUPRESSOR
(HSS1) were isolated in the screen to reverse the hls/ phenotype in the apical hook of
dark grown seedlings and adult plants, this mutant turned out to be allelic to AUXIN
RESPONSE FACTOR2 (ARF2). ARF2 is expressed in the hook region of seedlings,
as is HLS1. The ARF2 protein accumulation is negatively regulated by HLS1, with an
increase in ARF2 seen in the hls/ mutant. The AFR2 protein level is also
downregulated by exogenous ethylene treatment and this downregulation appears to
be proteosome mediated. The isolation of hls/ and its suppressor hssl/arf2 has
allowed insight into the control of differential cell elongation in the apical hook region
of seedling. It has been known that signals from ethylene, auxin and light all control
the formation of the apical hook, but these studies shed light on how this happens;
specifically that differential elongation is mediated by ARF2 in a HLSI dependent
manner.

There are a number of other mutants with tissue specific defects in response to
ethylene, which are now implicated in auxin signaling. Three mutants, eir/, axr/ and
aux] all display ethylene insensitivity in the root (Alonso and Ecker, 2001). EIRI is
an auxin efflux carrier, and plants containing mutations in this gene are not resistant to
high levels of auxin. Cloning of AXR/ revealed that it might be involved in the

ubiquitin-mediated degradation of a part of the auxin-signaling cascade.
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AUXI1 and EIR1 were found to be proteins which regulate polar auxin distribution.
AUXI is an auxin influx carrier, and plants containing mutations in this gene are also
resistant to auxin. AUX1 has now been implicated as part of a three gene signal that is
required for the planar polarity needed for the correct localization of the emerging root
hair (Fischer et al., 2006). Root hairs normally emerge at the basal ends of hair
forming cells, and this basal initiation site is hyperpolarized by treatment with auxin or
ethylene. Three mutants, auxl, gnom and ein2, are all known to have a change in this
polarity resulting in a more root hairs that emerge from the apical ends of cells. When
double or triple mutant combinations of these three genes are formed this erratic
emergence of root hairs is enhanced. These findings suggest that these genes are
involved in establishing the auxin gradient and the vectorial clue for planar root hair
positioning.

The mutant nph4 shows a specific defect in its auxin-mediated response: the
hypocotyl of this mutant is unable to bend in response to laterally applied blue-light or
after auxin application. = The auxin-related phenotype observed in nph4 is
complemented by exogenous application of ethylene. Interestingly, this ethylene effect
is blocked in the hls1 mutant, demonstrating a synthetic requirement of HLS1 for
blue-light-mediated (auxin-dependent) differential growth. Because NPH4 encodes a
member of the ARF family of auxin response (transcription) factors, ARF7, these
results suggest that ethylene compensation of bending in nph4 mutants may occur by
activation of other ARF family members (Alonso and Ecker, 2001). Another family

member that is known to be closely involved in similar functions to ARF7 is its closest
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homolog ARF19 (Li et al., 2006). arf7 and arfl9 have ethylene insensitive root
phenotypes and this phenotype is exaggerated in the double mutant combination
arf7arfl9. ARFI19 can complement the defects of an arf7 mutant, indicating that
ARF7 and ARFI9 have overlapping functions. ARFI9 is induced by exogenous
treatment with either ethylene or IAA. Other ARFs may also be related to both
ethylene and auxin but because the ARF transcription factor family is so large ,
containing 23 members in Arabidopsis, and members are known to have functional
redundancy, it is difficult to isolate the unique role of each family member.

More recently, there have been two additional ethylene-related mutants
identified that show “cross-talk” between ethylene and auxin responses. The mutant
eerl (see the section on Downstream Signaling Pathway Components) was discovered
due to its enhanced response to ethylene. Upon cloning the gene it was discovered to
be a mutation in the previously characterized gene RCNI. Seedlings mutant for rcnl
show altered auxin transport, specifically increased basipetal auxin transport, due to
their reduced phosphatase activity (Rashotte et al., 2001). The effect of ACC or
ethylene on light grown seedlings has been exploited to find new mutants with altered
responses to ethylene (Smalle et al., 1997). Recently a mutant, ACC-related long
hypocotyl 1 (alhl) was isolated in a screen for mutants, which displayed elongated
hypocotyls when grown in the light on nutrient-deficient growth medium without the
presence of hormone (Vandenbussche et al., 2003). These mutants were found to

overproduce ethylene, but were also altered in their response to auxin. It is thought
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that this mutant may affect ethylene-auxin cross talk, possibly by regulating the
transport of auxin in the hypocotyl.
Ethylene and the Stress Hormones

Responses to ethylene are known to overlap with two other stress signals:
jasmonic acid (JA) and salicylic acid (SA). The combinatorial action of these signals
regulates plant defense responses to a variety of pathogens.

Ethylene and JA signaling can be interdependent, functioning as both positive
and negative regulators of each other to provide the correct pattern of expression of
the systemically induced defense-related genes. This interaction is mediated, at least
partially, through the gene ERFI. Recent findings have indicated that ERFI is a
common downstream target of both ethylene and JA in response to pathogen attack.
This key gene can be induced by exogenous treatment by either hormone. However,
the induction of ERF1, and its target genes, requires both JA and ethylene pathways to
be intact, as seen by lack of ERFI gene expression in the ethylene mutant, ein2, and
the JA mutant, coil (Lorenzo et al., 2003). The induction of downstream defense
genes such as PDF[.2 and BASIC CHITINASE (b-CHI) also requires that upstream
elements of both these pathways are functional (Solano et al., 1998). The induction of
downstream target genes can be fully rescued by introduction of ERFI expression in
the ethylene/JA mutant backgrounds. ERFI is also sufficient to confer resistance to
necrotrophic fungi such as B. cinerea (Berrocal-Lobo et al., 2002). Finally, expression
of the ERFI gene requires both ethylene and JA, demonstrating the necessity of both

pathways in plant resistance to necrotrophic pathogens.
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While ethylene and JA act in a synergistic manner to provide plants with
resistance to necrotrophic pathogens, SA has been shown (in some instances) to be an
antagonist. Overexpression of ERF1 or activation of the ethylene pathway has a
detrimental effect on plant resistance to Pseudomonas syringae tomato DC3000
(Berrocal-Lobo et al., 2002). There are, however, considerable interactions between
these two pathways, or at least the outputs of these two pathways can overlap (or have
common targets). With the advent of expression arrays, it has been shown that many
genes respond to two or more defense signals when treated with SA, JA, ethylene or
pathogen infection (Wang et al., 2002). Positive interactions between ethylene-
dependant and SA-dependant pathways mediating disease responses have also been
found, such as the necessity for both pathways to be active in the response to the
pathogen Plectosphaerella cucumerina (Berrocal-Lobo et al., 2002). Interestingly an
SA dependant, NPRI (non-expresser of PR-I) independent pathway has been
discovered which requires a loss of function of the ethylene-signaling pathway (for
example, a mutation in ein2) to fully abolish PR-1 gene expression (Clarke et al.,
2000). This response involves two mutants that have been found to constitutively
express PR genes, cpr5 and cpr6. The mutant, ein2, also controls the level of SA in
these mutants, causing accumulation in cpr5 and decreasing accumulation in cpr6.
Yet another player has been discovered between SA and JA/ethylene dependent
pathways in the suppressor of mprl, ssil. This mutant constitutively expresses
PDF1.2 in an SA dependent manner, linking it to both pathways along with CPRS5 and

CPR6.
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CONCLUSIONS

The understanding of the myriad of roles of ethylene in plant development and
disease has greatly advanced in the last 20 years. In particular, studies of the effects of
ethylene on the development of dark grown seedlings of the reference plant
Arabidopsis thaliana, have allowed the identification of many mutants in this
signaling pathway. In turn, these mutants have lead to identification of many of the
components of the ethylene signaling pathway and provided insight into the
mechanisms of ethylene regulation of plant growth/development and response to
pathogens. However, there are still many more pieces of the ethylene puzzle to
uncover. New methods, such as additional novel mutant screens, genome-wide
expression  studies, the identification of transcription factor binding
(EIN3/EIL/ERF1/EREBP) sites in combination with chemical and reverse genetic
approaches, will need to be employed to further our understanding of mechanisms of

action of this critical plant hormone.
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Figure 1.1. The ethylene triple response.

Seedlings were grown in the dark and treated with ethylene gas three days after
germination. (Top, center) Eto” or Ctr mutants that are identified as mutants that
display the seedling triple response grown on agar media in the dark without the
addition of exogenous ethylene or its precursors. (Bottom, center) Ein" mutants are
identified because they fully lack the ability to respond to ethylene when grown in the
dark in the presence of ethylene. Tissue specific mutants are selected by identifying
the organs that do not respond to ethylene treatment (not shown).
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Figure 1.2. The structure of the ethylene receptor family of Arabidopsis thaliana.

The ethylene binding domain is located in the transmembrane section of the protein.

The GAF domain of unknown function lies next to ethylene binding domain. All

receptors contain a histidine kinase domain. The presence of the receiver domain is
variable. Histidine (H) and Aspartate (D) phosphorylation sites are indicated. Only
ETR1 and ERS1 contain conserved sequences in the histidine kinase domain required
for activity (H, N, G, F, G), this allows the receptors to be divided into two
subfamilies based upon sequence and phylogenetic analysis.
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Figure 1.3. A model for the ethylene signal transduction pathway

Five transmembrane proteins, ETR1, ETR2, ERS1, ERS2, and EIN4, make up the
family of ethylene receptors in Arabidopsis. Ethylene binding occurs at the N-
terminal transmembrane domain of the receptors, and a copper co-factor is required
for the binding. RAN1, a copper transporter, is involved in the delivery of copper to
the ethylene receptor. In the absence of an ethylene signal, ethylene receptors activate
a Raf-like kinase, CTR1, and CTR1 in turn negatively regulates the downstream
ethylene response pathway, possibly through the MAP-kinase cascade including
SIMKK, MAPK6 and MAPK13. Binding of ethylene inactivates the receptors,
resulting in the deactivation of CTR1, which allows EIN2 to function as a positive
regulator of the ethylene pathway. EIN2 contains an N-terminal hydrophobic domain
similar to the Nramp metal transporter proteins and a novel hydrophilic C terminus.
EIN2 positively signals downstream to EIN3 and its family of related transcription
factors, located in the nucleus. EIN3 binds to the promoter of ERF1 and activates its
transcription in and ethylene-dependent manner. The transcription factors ERF1 and
the other EREBPs can interact with the GCC box in the promoter of target genes to
activate the downstream effects of the ethylene pathway.
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CHAPTER I
Cloning and Characterization of ETHYLENE INSENSITIVE SIX and the ENHANCER

OF ETHYLENE INSENSITIVITY
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ABSTRACT

Ethylene is a gaseous plant hormone that affects diverse processes throughout
plant growth and development. Its biosynthesis is mediated by the plants responses to
both biotic and abiotic stresses. Nearly two decades of work in Arabidopsis has
evolved into ethylene having one of the best characterized signal transduction
pathways of all plant hormones. Here we describe two new ethylene mutants that act
synergistically to cause an ethylene insensitive seedling phenotype. ETHYLENE
INSENSITIVEG6 (EIN6) when mutated causes an ethylene insensitive root phenotype in
Arabidopsis etiolated seedlings. The protein encoded by this gene shares homology
with jumonji domain proteins that have recently been implicated in histone
demethylase activity in other eukaryotic organisms. Additionally ein6 mutants display
a pleiotropic range of microtubule associated phenotypes not previously documented
for other ethylene mutants. Mutants in the gene ENHANCER OF ETHYLENE
INSENSITIVITY (EEN) do not demonstrate an obvious phenotype on their own, but
enhance the ethylene insensitive root phenotype of ein6 plants to a full ethylene
insensitive etiolated seedling phenotype. This is the first enhancer mutation found in
the ethylene signal transduction pathway. This study reveals a new component of the
ethylene signal transduction pathway that may be associated with epigenetic control of

transcriptional regulation by modification of core histones.
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INTRODUCTION

The hormone ethylene is an olefin hydrocarbon produced by all plants.
Despite its simple chemical structure it orchestrates a myriad of complex functions.
Ethylene controls processes as diverse as germination, root hair development, root
nodulation, senescence of organs (including fruit ripening), differential cell growth,
abscission, stress responses and resistance to necrotrophic pathogens (Abeles et al.,
1992; Abel et al., 1995) Acting as a hormone ethylene is known to be able to bring on
biological responses at nanomolar concentrations and that its response only takes
minutes to be induced. Due to the key importance of ethylene throughout the plant
growth cycle, the production of this hormone is a tightly regulated process, controlled
by both developmental signals and response to environmental stimuli.

Many of the components of the ethylene biosynthesis and signal transduction
pathways have been isolated by powerful genetic screens in Arabidopsis thaliana.
Exposure to ethylene induces dramatic morphological changes in the growth of
seedlings. Normally an etiolated (dark-grown) seedling displays a closed apical hook,
a long slender hypocotyl and an elongated root. When exposed to ethylene seedlings
exhibit exaggerated curvature of the apical hook, radial swelling of the hypocotyl, and
inhibition of hypocotyl and root elongation. This triple response phenotype has been
employed to find mutants which do not correctly respond to exogenous ethylene
treatment (Guzman and Ecker, 1990). Ethylene is produced from the amino acid
methionine via the Yang Cycle (Yang and Hofmann, 1984) by a series of well

characterized enzymatic reactions. The rate limiting step is the conversion of S-
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andenosyl-Methionine (SAM) to 1-aminocyclopropane-1-carboxylic acid (ACC) by
the ACC synthetase (ACS) enzyme family (Wang et al., 2002). These genes have a
differential expression pattern through tissues of the developing and adult plant and
different isoenzyme diversity among cells and tissues within the plant (Tsuchisaka and
Theologis, 2004, 2004). ACS activity is regulated at both the transcriptional and
posttranscriptional levels (Chae and Kieber, 2005). Following biosynthesis ethylene is
recognized by a family of five ER membrane-localized receptors (Chen et al., 2002).
These receptors have homology to bacterial two-component histidine kinase receptors.
The receptors bind ethylene in copper dependant manner and require the copper
transporter, RESPONSE TO ANTAGONIST (RANI), for ligand specificity (Hirayama
et al., 1999). The receptors physically interact with the next member of the pathway,
CONSTITUTIVE TRIPLE RESPONSE! (CTRI), which acts as a negative regulator of
the ethylene pathway. In the absence of ethylene, the receptors are active and
stimulate the kinase activity of CTRI, allowing it to possibly phosphorylate
downstream targets and causing a repression of downstream signaling (Huang et al.,
2003). ETHYLENE INSENSITIVE2 (EIN2), acts as a positive regulator as the next
step in the ethylene signaling cascade. EIN2 encodes a large membrane bound protein
which acts in an unknown manner to activate the transcription factor EIN3 and a
family of EIN3-LIKE (EIL) proteins. EIN3 protein levels are regulated in a post
transcriptional manner by two F-box proteins, EIN3 BINDING FACTORI1 and 2,
(EBF1 and EBF2) via degradation through the ubiquitin/26S proteosome (Guo and

Ecker, 2003; Potuschak et al., 2003). The transcripts of EBFI and EBF2 were
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recently found to be controlled by EIN5/XRN4, a 5’ to 3’ exoribonuclease, and
therefore the turnover of EIN3 (Olmedo et al., 2006; Potuschak et al., 2006). EIN3
and the EILs act as transcriptional regulators of ethylene responses by binding to the
promoters of ETHYLENE-RESPONSE ELEMENT BINDING PROTEINS (EREBPs),
this binding serves to activate these EREBPs and other transcription factors and
stimulates ethylene responses at the molecular level.

The mutant, ein6, was identified in a previously conducted genetic screen for
Arabidopsis seedlings that have an aberrant triple response phenotype, specifically to
have a recessive insensitivity to ethylene (Roman et al., 1995). Unlike etr/ and ein2,
ein6 mutants were found to retain some sensitivity to ethylene, with the root being
more sensitive then the hypocotyl. This mutant was thought to have reduced
gameophytic transmission and therefore have a reduced number of Ein™ progeny
resulting from a backcross to wild-type seedlings. Further analysis of this mutant
revealed that two mutant loci are interacting to cause the ethylene insensitive
phenotype, not reduced gametophytic transmission, the first locus is ETHYLENE
INSENSTITIVEG and the second is the ENGHANCER OF ETHYLENE INSENSITIVITY
(EEN). This paper describes the isolation and characterization of EIN6, along with

mapping of its enhancer EEN, two genes required for normal ethylene responses.
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RESULTS
Two Loci Cause the Ethylene-Insensitive Seedling Phenotype of ein6

The ein6 mutant was previously identified from a genetic screen for classical
triple-response mutants (Roman et al., 1995) (Figure 1A). It was found to have an
increased resistance to exogenous ethylene treatment. This mutant was not allelic to
any previously described ethylene mutants. The mutant retained some sensitivity to
ethylene with a less severe growth response then other well characterized ethylene
insensitive mutants such as ein2 or the ein3eill double mutant (Figure 1B). These
plants were also thought to have a reduction in gametophytic transmission, based upon
the number of Ein” progeny resulting from a backcross to wild type plants. Upon
further examination of a backcross population it was discovered that there are three
resulting phenotypes when F2 seeds were germinated on ACC plates in the dark.
These phenotypes were Ein" (wild type), Ein and an intermediate ethylene-insensitive
root phenotype (Eir’). These phenotypes were found to significantly fit the Mendelian
inheritance pattern of 12:3:1 (Ein*, Eir’, Ein’) (data not shown), indicating the presence
of two mutant loci in the original mutant background. When the ein6 locus alone is
mutant the resulting phenotype is an ethylene insensitive root (Figure 1B). When the
ein6 locus is mutant and the enhancer of ethylene insensitivity (een) is also mutant this
results in a fully ethylene insensitive seedling (Figure 1A and 1B). A plant containing
only the een mutation does not display any known phenotype that is distinguishable
from wild-type seedlings. A comparison of the seedling phenotypes to other ethylene

insensitive mutants, when grown in the presence of ACC, can be seen in figure 1B.
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Adult ein6een plants have a mild leaf phenotype, with a more round leave
morphology, characterized by shorter petioles and leaf blades. This leaf morphology
may be indicative of a greater number of juvenile leaves versus wild-type plants
during the vegetative stages of development (Telfer et al., 1997).

ein6 seedlings alone display an ethylene insensitive root phenotype similar to
that seen in a mutant from the same screen by Roman et al, eirl. Upon cloning the
EIR1 locus it was found to be an auxin efflux carrier (Luschnig et al., 1998). This
phenotype has often been correlated to a disruption in polar auxin transport and has
been noted for a variety of auxin mutants such as axr/, axr2 and auxl. ein6 seedlings
show insensitivity to the ethylene precursor ACC in the root, but a normal wild-type
response to ACC in the hypocotyl.
ein6 and een are Epistatic to ctrl in Seedlings and Adult Plants

As previously documented einb6 is epistatic to the constitutive ethylene
signaling mutant ctr/ (Roman et al., 1995). Both ein6 and een are epistatic to ctr/ and
when the triple mutant cross is constructed from these mutants, they are able to rescue
the constitutive signaling phenotype of ctr/ plants back to a wild type response to
ethylene. Plants mutant for ctr/ have a severe phenotype in both seedling and adult
phases of their life cycle. As etiolated seedlings ctrl displays a dramatic triple
response phenotype when grown in air, mimicking the phenotype shown by wild-type
seedlings when grown in the presence of exogenous ethylene. As adults cfr/ plants
are extremely dwarfed in stature with a severe reduction in the size of both the

inflorescence and the rosette leaves (Kieber et al., 1993). The rescued phenotype of



41

ctrl plants is visible in both etiolated seedling and adult phases of the plants life cycle
(Figure 2 A and B).

The interaction played out between ctr/ and these mutants can also be
visualized at the molecular level via plants expressing transcriptional reporter fusions
between the promoter of CTR1 and B-GLUCURONIDASE (GUS). CTRI-GUS is a
strong ethylene inducible promoter fusion, which displays significant induction of
CTRI transcript in the hook region of seedlings treated with exogenous ethylene
(Figure 2 C and D). When this reporter is introduced into ein6een seedlings and the
level of induction caused by ethylene treatment was greatly reduced suggesting a
lower level expression of the CTRI gene in these mutant plants (Figure 2 E and F).
Cloning the EIN6 Locus

ein6 had been mapped to the short arm of chromosome 3, north of the marker
ngal12 (Roman et al., 1995). Further mapping using SSLP (Simple Sequence Length
Polymorphism) markers (Bell and Ecker, 1994) and a mapping population of 500 F2
plants generated by a cross between the accession Niederzenz (Nd-0) and ein6een
plants was used to narrow the mapping region to a 12 cM interval between the markers
TOPPS and g19397 on chromosome 3 (Figure 3A). Further mapping using markers
developed from cloned genes in the region and BAC end sequences located the
mutation to the BAC T29H11. Final mapping narrowed the region a 44kb interval of
genomic DNA (see methods). Although the ein6 mutation was induced by fast
neutron mutagenesis, which normally causes large chromosomal aberrations, there

was no evidence of a deletion present in the region when genomic southern blots of
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the mutant were probed with the BAC F3E7, which overlapped the mapping region
(data not shown). Because genomic sequence for the region was available Denaturing
High Performance Liquid Chromatography (DHPLC) was chosen as a method capable
of identifying single base mismatches in double stranded DNA (O'Donovan et al.,
1998). Primers were designed to amplify overlapping ~500bp PCR fragments that
completely covered the 44kb interval between the two closest recombinant markers.
Elution from the DHPLC column yields a single peak if no mismatch is present or
multiple peaks if a mismatch is present. Multiple peaks were only obtained from one
PCR fragment within the 44kb region. Sequencing of the fragment from wild-type
and mutant plants revealed a 7 bp deletion in the mutant fragment.

This 7 bp deletion was present in the gene At3g48430, previously found to be
related to an early flowering mutant, and called RELATIVE OF EARLY
FLOWERING6 (REF6) (Noh et al., 2004). The predicted 1360 amino acid protein is
encoded by a 4083 bp cDNA (Figure 3B and C). The mutation was found to be
located in the fifth exon of the predicted protein. The deletion causes a missense
mutation, at amino acid 167, and a frameshift which results in a premature stop codon
after amino acid 181. Using the genomic DNA for the predicted At3g48430 gene and
2.2 kb of its promoter the ethylene insensitive double mutant phenotype can be
rescued to a wild-type phenotype (Figure 3D). There are a number of conserved
domains within this predicted protein, including both a Jumonji N and a Jumonji C
domain and three C2H?2 zinc fingers. Proteins containing the jumonji C domain were

thought to act as transcriptional regulators but have recently been shown to function as
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a histone demethylases (Klose et al., 2006). EING6 contains the conserved amino acids
that are required for enzymatic activity (Figure 3E), as shown by an alignment to two
different jumonji histone demethylases from humans.
EING6 Expression is not Ethylene Inducible

EING is expressed at extremely low levels, low enough that its expression
cannot be visualized by a northern blot (data not shown). There are no probes
contained within the EIN6 gene present on the Affymetrix ATH1 expression array, so
expression can not be analyzed utilizing available expression array data either.
Expression is visible by RT-PCR and has been seen in all tissues tested (data not
shown). To further investigate the expression of the EIN6 gene a fusion between 2.5
kb of the EIN6 promoter (2.5 kb upstream of the predicted start codon) and the
reporter gene GUS were constructed. This fusion was transformed into wild-type
seedlings along with both ein6-1 and ein6een double mutant seedlings. Seedlings
were stained after 3 days grown in the dark either in the presence or absence of 10uM
ACC. All seedlings showed diffuse staining that did not appear to accumulate in an
ethylene dependant manner (Figure 4). Seedlings grown in the presence of ACC
showed the same level of staining as those grown without exogenous ethylene
treatment. Staining was concentrated in the vasculature, particularly that of the
cotyledons, at the root and hypocotyl junction, and the shoot apical meristem and leaf
primordia. The staining pattern did not change in the presence of the ein6-1 or een
mutations (data not shown).

Non-Ethylene Insensitivity Related Phenotypes of ein6
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Although ein6-1 and een were found in a screen for ethylene insensitive
mutants they have a number of phenotypes not usually associated with ethylene
insensitivity. These ethylene insensitivity-independent phenotypes can all be related
to microtubules. There are known relationships between ethylene and microtubule
organization. The role of microtubules in cell elongation has long been thought to be
a downstream effect of ethylene treatment due to the fact that application of
exogenous ethylene causes reorientation of cortical microtubules from a transverse to
longitudinal direction in pea epicotyl cells (Apelbaum and Burg, 1971). The change in
microtubule direction then causes an inhibition of cell expansion, which may be read
out as the shortened hypocotyl and root of the “triple response” (Shibaoka, 1994).
This reorientation in the Arabidopsis root epidermis is rapid, starting within 10
minutes of ACC treatment and is completed within an hour (Le et al., 2004). The
same study showed ethylene induced reorientation to be position and cell type
dependent. In a previous study ein6een mutants have been shown to have a
hypersensitivity to the drug taxol, which acts to stabilize microtubules against
depolymerization (Bokros et al., 1993; Roman and Ecker, 1995). At a concentration
10 fold less then that which affects wild-type seedlings (0.1uM versus 1uM) einbeen
double mutant seedlings, but not ein6-1 seedlings show severe cell swelling and
overall alterations in their cell architecture. Other ethylene dependent mutants did not
display this hypersensitivity to taxol (Roman and Ecker, 1995). Figure 5A shows a
comparison between wild-type (Ler) seedlings, ein6-1 and ein6een seedlings all grown

for 10 days in the dark with and without 0.1uM taxol. Wild-type seedlings appear to
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have little difference between the treatments, whereas ein6-1 shows some effects of
low-concentration taxol treatment (slightly shorter) and ein6een is acutely effected.
An additional mutant defect of the ein6een mutant combination is in the root
gravitropic response. When Arabidopsis is grown on vertical hard agar surfaces roots
grow in a wavy pattern in response to the root tip not being able to penetrate the agar
surface when gravitropism directs its downward growth (Okada and Shimura, 1990).
The parental ecotype of the ein6een mutant, Ler, is known to have a mild right handed
skewing of its roots when compared to other ecotypes such as Col (Figure 5 B Col-0
vs. Ler-0 panel). The right handed growth of Ler can be corrected by treatment with
exogenous ethylene or by growing plates under conditions that do not allow for gas
exchange and cause an accumulation of ethylene (Buer et al., 2003). Additionally this
same study showed that ethylene causes an increase in the tightness of root bending
angles. Although not seen in other ethylene mutants, the auxin hormone mutants,
aux] and eirl, have been found to be agravitropic in the root waving response,
demonstrating that roots require the activity of an auxin influx and efflux carrier for
gravitropic response (Luschnig et al., 1998; Marchant et al., 1999). AUX1I has further
been shown to be essential for regulating differential expansion of root epidermal cells
which causes the gravitropic root bending response (Swarup et al., 2005). einbeen
roots display an agravitropic phenotype and exaggerated right handed skewing in
comparison to wild-type Ler or other ethylene insensitive mutants (Figure 5B right
panel). The roots of the mutant do not have any regular waving pattern and actually

form coils periodically instead of growing down the surface of the agar showing an
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enhanced directional growth bias. Although the auxin gradient has been shown to be
essential for root bending, so have cytoskeletal related genes such as o tubulins in the
establishment of cell polarity associated with gravitropic growth (Bao et al., 2001;
Thitamadee et al., 2002). Regulation of root tip rotation is thought to be controlled by
the arrangement of cortical microtubule arrays (Hashimoto, 2002). Perhaps linking
the microtubule defect seen by hypersensitivity to taxol in ein6een to its root
phenotype.

Wild-type, Ler, plants display three branched trichomes with nearly tetrahedral
geometry on rosette leaves (Perazza et al., 1999) (Figure 5C left panel). Three
branched trichomes make up over 80% of the trichomes present on wild-type leaves.
ein6-1 and einbeen plants have a trichome branching defect, where both mutant
combinations display trichome overbranching (Figure SC middle and right panel).
This is not a phenotype that has been noted for other ethylene insensitive mutants, as a
result trichomes from ein2-5 and ein3-1 were examined and noted to be wild-type in
branch number (data not shown). Some supernumerary trichome branching mutants
result from an increase in trichome cell size or higher DNA content of trichomes
caused by an increase in endoreduplication cycles (Schwab et al., 2000). The
cytoskeleton also plays a key role in trichome branching, with tubulin being involved
in trichome branching and actin being involved in guiding the direction of growth
(Mathur et al., 1999).

Map Location of the EEN Locus



47

Mapping of the EEN locus was not concurrent with mapping of the EIN6
locus. Using a new mapping population of ein6een plants crossed to Col-0, initial
mapping analysis revealed two areas of linkage in this population using 26 SSLP
markers spread along the 5 chromosomes of Arabidopsis (Bell and Ecker, 1994). The
first area of linkage corresponded to the location of the EIN6 locus on the short arm of
chromosome 3. The second area of linkage corresponded to the markers NGA 1139
and NGA 1107, located near the end of chromosome 4. Additional SSLP markers
were designed from repeat sequence from Ler and Col, and narrowed the location of
the mutation to a 73 gene region on BACs F20D10 and F22I13 (Figure 6). There are
no known ethylene genes in this region, although the HLS1 locus fell in the larger
mapping region on BAC F19F18, supporting the fact that een is a novel locus in

ethylene signaling, rather then an allele of a previously characterized ethylene mutant.
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DISCUSSION

In this report we show both ethylene dependent and independent phenotypes of
two previously uncharacterized Arabidopsis ethylene signaling mutants. The first
novel aspect of this study is the nature of the mutants, being discovered originally as a
double mutant and turning out to be a mildly insensitive mutant combined with an
enhancer to cause the fully ethylene insensitive phenotype. Additionally these
mutants seem to be both important for proper transduction of the ethylene signaling
cascade and also important for microtubule organization. These two phenotypic
classes of mutants have not been previously associated with each other, but could
intersect as a downstream effect of ethylene on microtubule re-orientation.
Role of EIN6 and EEN in the Ethylene Response

A combination of two mutations in ein6 and een result in an ethylene
insensitive seedling. This is the first enhancer mutation identified to be involved in
the ethylene signaling cascade. It was a fortuitous discovery that came from two
simultaneous mutations that were generated during the fast-neutron irradiation
mutagenesis. This is not the only case of simultaneous mutations caused by fast-
neutron irradiation, Ohshima and colleagues characterized a recessive mutation that
was generated concurrently with a single dominant modifier during mutagenesis
(Ohshima et al., 1998). In addition to phenotypic evidence that ein6 and een are
required for functional ethylene signal transduction they have also been shown to be
essential for EIN3 protein accumulation (Guo and Ecker, 2003). EIN3 protein

accumulates in an ethylene dependent manner, with increased protein levels noted
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after an hour of exogenous ethylene treatment. This protein accumulation is
dependent on an intact ethylene signaling cascade; ethylene insensitive signaling
mutants cause a dramatic decrease (ein4, etrl, ein5) or abolishment (ein2) of protein
accumulation. In the double mutant, ein6een, there is no EIN3 protein accumulation,
similar to what is seen for the ein2 mutant (Guo and Ecker, 2003). This decrease in
EIN3 protein accumulation is dependent EEN, because in the ein6-1 mutant EIN3
protein accumulates to normal levels (Guo and Ecker, personal communication). The
regulation of the EIN3 protein by EIN6 and EEN appears to be at the post-translational
level, since transcript levels of EIN3 are unchanged in either ein6een or ein6-1
(Nehring and Ecker, unpublished). It is interesting that een does not have an ethylene
related phenotype on its own as mutants in other genes that control the post-
transcriptional modification of EIN3, such as EBF'I and EBF2, have a ctri-like
phenotype.

EING6 Acting as a Transcriptional Activator?

Until recently it was unclear if the epigenetic mark of histone methylation was
reversible. Now three classes of enzymes have been found to modify histone
methylation or act as demethylases (Klose et al., 2006). The largest class of these is
the Jumonji C (Jmj C) domain containing proteins. New studies in the last year have
shown Jmj C proteins can act as histone demethylase enzymes. Jumonji C domain
containing histone demethylases (JHDMs) were initially isolated biochemically from
cell fractionations that were shown be active in catalyzing lysine demethylation and

required o-ketoglutarate and iron as cofactors in the reaction (Klose et al., 2006). The
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Jmj C enzymes have now been shown to be specific for demethylating different
histone lysine marks and different methylation states, H3K36, H3K9, H3K36 and
H3K9 (Klose et al., 2006) or most recently H3K4 (Klose et al., 2007). Different
histone lysine marks represent different transcriptional states, where H3K27, H3K9
and H4K?20 are usually marks of heterochromatic or silenced DNA and H3K4, H3K36
and H3K79 are usually marks of euchromatic or actively transcribed DNA (Martin
and Zhang, 2005).

Thirty Jmj C proteins have been identified in humans alone, these fall into 7
phylogenetic categories (Klose et al., 2006) not all of which have been shown to have
histone demethylase activity. There has been no histone demethylase published in
plants to this date. EIN6 shares homology with these Jmj C domain containing
proteins. Specifically it appears to be most closely related to the JARID1 family of
histone demethylases. This JARID family, including member RBP2 or JARID1a, was
recently characterized as removing the histone methylation mark from tri-methylated
histone H3 lysine K4 in vivo (Klose et al., 2007). This is a mark of actively
transcribed DNA. There are a number of key residues required for a-ketoglutarate
and Fe(II) binding that appear to be conserved throughout family members, the EIN6
protein contains all of these residues which makes it a promising candidate as a plant
H3K4 demethylase (see Figure 3D for a comparison of EIN6 to RBP2 and JHDM3A).
Currently there is no full length cDNA cloned for EIN6, which would be useful in
determining in vitro and in vivo function as a histone demethylase through assays

developed by other groups. Until the cDNA is generated other methods could be
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employed for association of EIN6 as a demethylase. These methods include
chromatin immunoprecipitation (ChIP) coupled to Arabidopsis whole-genome array
(WGA) analysis with an anti-tri methyl H3K4 chip grade antibody which would
identify EING6 protein interacting factors, including target DNA fragments on a whole
genome level. Additionally western blots to assay for overall change in histone H3K4
level and yeast two-hybrid screening to identify EING interacting proteins would also
be useful in linking EING to histone demethylation. As the story of the Jmj C domain
unfolds it will be interesting to see if EING plays a role in the plant kingdom.

Ethylene independent roles of EIN6 and EEN

In addition to the ethylene related phenotypes seen in ein6een plants they also
have a number of ethylene independent phenotypes that may be associated with
changes in microtubule organization. These phenotypes are hypersensitivity to the
microtubule stabilizing drug taxol, gravitropism defects and trichome overbranching.
Although it is fairly common to see two of the three of these phenotypes correlated to
each other, there are no cases where all three of these phenotypes have been noted
before.

Taxol functions by stabilizing microtubules against depolymerization by
binding to the microtubules (Bokros et al., 1993). Hypersensitive mutants have
mainly been discovered to be members of tubulin protein families (Gaertig et al.,
1994; Thitamadee et al., 2002) or as proteins of unknown function (Sedbrook et al.,
2004). It was found that treatment of some right hand skewed gravitropic mutants

with low levels of taxol can reverse root skewing (Furutani et al., 2000), this was not
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tested on the ein6een mutant. This effect of microtubule interacting drugs on
agravitropic root growth is thought to be caused by a change in microtubule growth or
orientation.

Agravitropic root growth is thought to be caused by either abnormal auxin
transport or change in the helical alignment of microtubules in epidermal cells of the
root elongation zone. When roots exhibit skewing right handed skewing is associated
with left handed helical alignment of microtubules and left handed skewing is
associated with right handed helical alignment of microtubules (Furutani et al., 2000;
Thitamadee et al., 2002). Transverse alignment of both microtubules and cellulose
microfibrils is required in the elongation zone to have proper gravitropic root growth.
It has been determined that cortical microtubules are not directly involved in the signal
for the direction of cellulose microfibril deposition (Sugimoto et al., 2003). Although
if either of these components of the cell architecture is disrupted it results in plants
agravitropic root growth.

Trichome branching can be changed by transiently stabilizing microtubules via
drug treatment with taxol. This can result in a change in branch position and length,
new branch points and an overall increase in trichome branching (Mathur and Chua,
2000). Trichome branching and polarized growth requires the synthesis of new
microtubules (Szymanski et al., 2000). Trichome branching mutants fall into one of
two categories the first having an increase in DNA content of the cells where the more
copies of DNA equals more trichome branches (Schwab et al., 2000) and the second

which does not have an increase in DNA content (Folkers et al., 1997).
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There is one characterized mutant associated with ethylene signaling which has
nearly a converse phenotype of ein6een. This mutant, polaris, pls, has an enhanced
ethylene signaling seedling phenotype when air grown in the dark, this less severe
then etol or ctrl (Chilley et al., 2006). pls also displays less sensitivity to microtubule
inhibitory drugs such as oryzalin, which causes similar radial cell swelling phenotypes
as taxol (Baskin et al., 1994). This phenotype lead to the prediction that the pls
mutants are defective in stabilization of microtubules, which would cause radial cell
swelling and the enhanced ethylene response and short root phenotypes of pls (Chilley
et al., 2006). This report taken with the phenotypes of ein6 and ein6een would lead to
the conclusion that these two mutants cause a destabilization of microtubules, which
leads to the hypersensitivity to taxol, root agravitropism caused by incorrect
orientation of cortical microtubule helical arrays and possibly the change in trichome
branching.

There are a diverse set of phenotypes associated with the mutant combination
of ein6 and een. The genes are involved in the proper transduction of the ethylene
signal through the transcription factor EIN3, they also play a role in microtubule
stability and the EIN6 might function as a regulator of transcription by removing
methylation modification from core histones. Additionally since the exact nature of
the een mutation is yet to be determined identification of the gene responsible for this
mutation will be key in understanding how these two mutants work synergistically to
cause this range of phenotypes. If EIN6 acts as a demethylase to remove the mark of

active transcription, then in the mutant there should be more areas of active
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euchromatin then in wild-type, its role in ethylene signaling could be explained if its
targets are genes which control the stability of EIN3, such as EBF] or EBF1.
Determining whether it functions as a histone demethylase and identifying the targets
of EING by chIP chip will shed light on how this gene controls a wide range of

processes.
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MATERIALS AND METHODS

Arabidopsis Strains and Growth Conditions

The ein6een mutant was generated in the Ler background as previously
described as ein6 by Roman et al., 1995. The ctrl allele used for epistasis crosses was
also in the Ler background and was generated in the Ecker lab. Other ethylene mutant
seeds used for phenotypic comparison, etrl-1, ein2-1, ein2-5, ein3eill, ein3-1, ein5-
land eirl-1 were all in the Col-0 background. The CTRI-GUS reporter line (T116-
GUS) was previously constructed in the Ecker lab and was a generously provided by
Hai Li.

For planting on plates seeds were sterilized either by vapor phase sterilization
(Clough and Bent, 1998) or surface sterilization. Surface sterilization was carried out
in a microcentrifuge tube containing less then 150ul of Arabidopsis seed. Seeds were
first rinsed with 70% ethanol to decrease surface tension and then washed for 10 to 20
minutes with a solution of 50% commercial bleach (2.625% sodium hypochlorite,
final volume) containing 0.04% Triton X-100 (Sigma-Aldrich). Seeds were then
rinsed three times with sterile distilled water. Seeds were plated using a 0.1% agarose
solution prepared in sterile distilled water. Seeds were plated onto agar plates
containing 1 X Linsmaier and Skoog salts buffered to pH 5.7 (Caisson Labs Inc.), with
8g/L sucrose and 1.2 to 1.8% agar (Caisson Labs Inc.), unless otherwise noted. Plates
were supplemented with 10uM ACC or 0.1puM taxol when noted. Seeds were
stratified for 3 days at 4 degrees Celsius in the light after being sowed on plates then

exposed to light for 2 hours prior to being wrapped in aluminum foil for growth in the
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dark. Etiolated seedlings were grown for 3 days in the dark at 24 degrees Celsius,
unless otherwise noted. For propagation dark grown seedlings were transferred to soil
and sowed in prewetted Pro-Mix HP (Premier Horticulture) mixed 3:1 with
Vermiculite (medium to coarse grade) and treated with Adept (prepared at a
concentration of 1 oz per 4L of water) (Uniroyal Chemicals) and Marathon 1%
granular insecticide (Olympic Horticultural). Plants were grown at 24 degrees Celsius
in long day growth conditions cycling 16 hours of light and 8 hours of dark.

Mapping and Cloning ein6

Initial mapping of the EIN6 locus was performed using F2 progeny of a cross between
ein6een and wild type plants of the Columbia (Col-0) ecotype. Markers used for
mapping were Simple Sequence Length Polymorphisms (SSLP (Bell and Ecker,
1994)) or Cleaved Amplified Polymorphic Sequences (CAPS (Konieczny and
Ausubel, 1993)). Subsequent fine mapping was performed using F2 progeny of a
cross between ein6een and wild type plants of the Niederzenz (Nd-0) ecotype
(provided by Saeid Nourizadeh, University of Pennsylvania). Mapping was
performed using a population of 496 F2 plants, and data were quantified and linkage
assessed using Map Manager QT software
(http://mcbio.med.buffalo.edu/mapmgr.html). Markers used for mapping include the

following primers found in table 2.1.



Table 2.1: Primers for mapping the ein6 locus

Marker

Primers

Type

Enzyme

Reference

GL1a

ngall2

BGL1a

PURS

219397

TOPPSa

EDS1

F1K9-

SP6

F1K9-T7

29H11-
End

S'ATATTGAGTACTGCC
TTTAG3'
S'CCATGATCCGAAGAG
ACTAT3
S’TAATCACGTGTATGC
AGCTGC3’
S’CTCTCCACCTCCTCC
AGTACC3’
S’TCTTCTCGGTCTATT
CTTCG3’
S’TTATCACCATAACGT
CTCCC3’
5S’GATGTAGACCTTGCT
GAAAAY
S’AAACCTTTCACTCCT
CCTTTTTC3
S’CCGACAGTGGAATG
CAGAGTTC3
5’AGATGTAAGCAAGG
CAAGCACC3
S’TCGACGACATCATTC
GTCGT?
5’GAACTGAAGCATCC
TGCAGT?’
5’AGGAACTGGTACAG
TCGATG3’
5’CAGCTTGAACGTACT
GTCTG3’
5S’GCAATCTTCATCTCC
CTAAACG3’
5’GCTTGCAAGCTCAAC
TAACC3
5’CCGAGACTTCCTCTG
ATAAG3’
5S’ATCCATGCGAGCCA
CGATACS’
5S’CTGCGTTGTTTCAAG
AAGTCC3’
5’GCTGAAGCACGTGC
AACTATZ

CAPS

SSLP

CAPS

CAPS

CAPS

CAPS

SSLP

CAPS

CAPS

CAPS

Taq I

n/a

Rsal

Rsal

Hae III

Rsal

n/a

Hinf I

Hpa II

Rsal

Konieczny and
Ausubel, 1993

Bell and Ecker,
1994

Konieczny and
Ausubel, 1993

unpublished

K. Schrick,
personal
communication

unpublished

unpublished

unpublished

unpublished

unpublished
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Marker
F11N9

T11D3-

SP6

3E79

15.1

12.1

29/Mid

9.2

7.3

29/10

Primers
5’GCGATGCTTTTCTAA
ATCAGG?’
5S’CGATATGGGGTTTAT
TTTGATCG3’
5S’CTTTCACTGCTTCAG
TTAAAGC3’
5’GCGGTTGTCTCAGAC
AGGATAC3’
5’CCCTATAGACGCAA
ACACCAA3’
S’GTTTTGCTCTATAGT
GATCTCG?3’
5S’CCTTTACTCTTGTTG
CGTGC3’
5’AATGGCGAAGCAGC
ACTCGC3
5S’GATATTTGCGAGAC
GCCACG?
5’GCGTCATCGATGAA
CTGGAG?’
S’TTGGTGATAAATTAA
GTGAAAGC3’
S’AGAAATCTGTTTGGT
TCAATTG3’
S’TCTCCATGTGAAGAG
AAGCG?’
5’GCTCTGGGGATGTTG
AAGTG3’
5’ATGGTCACTTCGAGT
AGCTC3’
5’GCGGGGTAACTTTAC
ATGTC3’
5’GCGTGTCGGTAGTTT
CATCG?3’
5’TTGCTTGTCGTCGGG
TTTTC3’

Type
CAPS

CAPS

CAPS

CAPS

CAPS

CAPS

CAPS

CAPS

CAPS

Enzyme
Bsl 1

ScrFI

Rsal

Bsp HI

Hpa II

Bsp HI

Alul

Dde I

Dpn II

Reference
unpublished

unpublished

unpublished

unpublished

unpublished

unpublished

unpublished

unpublished

unpublished

Oligonucleotides for PCR were produced by either a Polyplex Oligonucleotide

Synthesizer or Research Genetics (Huntsville, AL). Fragments were typically
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amplified with an initial denaturation step of 45 s at 94° C, followed by 40 cycles of
94° C for 30 s, 55-60°C for 1 min, and 72° C for 1 min-2 min 30 s. PCR amplification
was performed in a PTC-200 Thermal Cycler (MJ Research, Waltham, MA)

For DHPLC analysis, oligonucleotides based on the genomic sequence of BAC
T29H11 (Accession #AL049659) were designed to amplify a series of overlapping
PCR fragments of approximately 500 base pairs (bp) or less, that covered the genomic
interval between the two closest markers that flanked the EIN6 locus.
Oligonucleotides were selected manually and assessed using Amplify software
(http://www.wisc.edu/genetics/CATG/amplify/). The oligonucleotide sequences that
were used to amplify a 456 bp fragment containing the ein6 mutation were: forward
5’-GCAGCTGCTTCTTTAGGTTG-3’ and reverse 5’-
GCAGAGTGCCAACAAGCATC-3’. Individual fragments were amplified from wild
type and mutant genomic DNA in 50 ul PCR reactions using cloned Pfu Polymerase
(Stratagene, La Jolla, CA). In general, fragments were amplified using the
Touchdown PCR method (Ault et al., 1994). Prior to DHPLC analysis, equal amounts
of wild type and mutant fragments were mixed, denatured at 94° C in a PTC-200
Thermal Cycler, and allowed to cool to 25° C over 45 minutes. As controls,
equivalent amounts of wild type and mutant fragments were separately denatured and
reannealed under the same conditions. DHPLC was conducted on an automated
HPLC instrument (The Wave; Transgenomic, Omaha, NE).

Sequencing of the mutant allele was done using BigDye Terminator version

3.1 kit (ABI Prism; PE-Applied Biosystems, Sunnyvale, CA).
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Plant Transformation
The EIN6-GUS construct that contained a 2.5 kb promoter fragment generated by
using PCR on genespecific primers fused into pB101.2 using Xbal and BamHI. Gene
specific primers Promoter EIN6- F Xbal (5°-
CCTCTCTAGAAATCATCTTCTTCTGTATTAGAAC-3’) and Promoter EIN6- R
BamHI (5’-CATTGGATCCATCTCTCTCTCTCTCTCACAC-3’). Then after cloning
in the EIN6 promoter fragment upstream of GUS in pB101.2 the vector was
sequenced using BigDye Terminator version 3.1 kit (ABI Prism; PE-Applied
Biosystems, Sunnyvale, CA). The reporter was transformed into Agrobacterium
tumefaciens and introduced into Ler, ein6een and ein6-1 plants using the floral dip
method (Clough and Bent, 1998). Primary transformants were selected on LS plates
supplemented with 100 pg/mL kanamycin. Lines that segregated 3:1 for kanamycin
resistance in T2 were propagated, and plants homozygous for the reporter were
identified and used in GUS staining.

The EIN6-Genomic complementation clone was generated by digestion of the
BAC T29H11 to yield a 6.2 kb fragment of genomic DNA encoding the EIN6 gene,
this fragment was initially cloned into pBluescript II. This was subsequently
directionally cloned into pROK1.2 using the restriction enzymes Notl and BamHI.
This clone was transformed into ein6een and ein6-1 plants as described above, with an
empty pROK1.2 vector transformed into the same mutants as a control.

GUS Staining
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Tissues were harvested and vacuum-infiltrated and stained for 72 hours in staining
buffer [SO0 mM NaP0, buffer, pH 7.0, 0.5 mM Kj3Fe (CN)g, 0.5 mM K4Fe(CN)g and 1
mg/ml cyclohexylammonium salt]. Staining solution was rinsed four times with
sterile liquid LS media, and individual representative seedlings were photographed.
Root Waving Assay

Root waving assays were performed essentially as originally described by Okada and
Shimura (Okada and Shimura, 1990). Briefly, surface-sterilized seeds were stratified
at 4° C for four days on MS medium (4.3 g/l MS salts (Gibco), 1% (w/v) sucrose,
1.5% (w/v) Bacto-agar, pH 6.0). Subsequently, plates were sealed with porous
medical tape, and seedlings were grown vertically (90°) in 16 h:8H light: dark cycles
at 24° C. After three days, plates were adjusted to 45° angles, and seedlings were
allowed to grow for a further four days, at which point the root waving response was
assessed. And representative seedlings were photographed.

EEN Mapping

A cross of ein6een to Col-0 plants was generated for mapping. Plants segregating the
ethylene insensitive phenotype in the F2 were selected and tested for linkage using 26
SSLP markers (as described in EIN6 Mapping) across the 5 chromosomes of
Arabidopsis. Subsequent fine mapping using a population of 500 phenotype selected
F2 plants narrowed the region to the end of chromosome 4 using the following table of
primers. Linkage was analyzed using web based linkage software, Sridhar
Venkataraman and Natasha V. Raikhel, Arabidopsis Mapping Package using SSLP

and CAPS data, 1999, http://www.msu.edu/~venkatal/sslpfull.htm
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Marker

Primers

Type

Enzyme

Reference

NGA1139

NGA1107

HLS1

T28119

F20D10

F22113

F20M13

T9A14

F19H22

T22F8

STTTTTCCTTGTGTTGC
ATTCC3'
STAGCCGGATGAGTTG
GTACC3'
5'CGACGAATCGACAG
AATTAGG3'
S'GCGAAAAAACAAAA
AAATCCA3Z
S’GTAATTATGCATTTA
TGCTATGG3’
S’GCATTCTAGGAAAA
GTCCC3’
S’GGATTCTAACTACAT
TGGGA3Z’
S’GCTCATCTTGATTAT
ATCT3’
S’CATGTCCGTACATTA
TT3’
S’CCTATGACCATAATA
AAG3’
S’CCTGCATATATGTTA
ATTG3’
S’CGTTGCTTCAAAATA
TCCT3
5S’GGATTCCTTGTTTTG
CTTT3
S’GCAGAATCGGAATC
AAGA3Z’
S’CCTTATGTTTGACAA
AGAA3Z’
S’GGTTACTATACTGTT
TTC3’
5S’GGCAAGGTAATTGA
TCGT3’
S’CCTCAATGAGTCCTT
GAAZ
S’GCTCCTAGGAATTCA
ATT3’
S’CGTCGTTTGAGGAGT
TT3’

SSLP

SSLP

SSLP

SSLP

SSLP

SSLP

SSLP

SSLP

SSLP

SSLP

n/a

n/a

n/a

n/a

n/a

Konieczny and
Ausubel, 1993

Bell and Ecker,
1994

Konieczny and

Ausubel, 1993

unpublished

unpublished

unpublished

unpublished

unpublished

unpublished

unpublished
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Table 2.2 continued
Marker Primers Type Enzyme Reference
T19P19 | 5’CATATAAGTAGAAC SSLP n/a unpublished
TATATGGG3’

S’CGTGAATGGTTTTGT
ATATGC3’
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Figure 2.1. Seedling Phenotypes of ein6 and ein6een mutants

A. Phenotypes of wild-type (Ler-0) and mutant (ein6een) as seen grown in air or on
10uM ACC plates for three days in the dark.

B. Comparison of ein6een showing the ethylene insensitive phenotype (Ein’) and
ein6-1 showing the ethylene insensitive root phenotype (Eir’) to other ethylene
insensitive mutants, from left to right ein2-5, ein3eill, ein3, einbeen, ein6-1, wild-type
(Col-0) and wild-type (Ler-0) grown on 10uM ACC plates for three days in the dark.
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Figure 2.2. Epistasis of ein6een to ctrl

A. Seedling phenotypes of wild-type Ler, ein6een, ctrl and the triple mutant of
ctrlein6een all grown on LS plates or LS supplemented with 10uM ACC (-ACC,
+ACC respectively) for three days in the dark. The triple mutant combination shows a
rescue of the severe ctrl phenotype to wild-type like growth in both —ACC and +ACC
conditions.

B. Adult phenotypes of the same cross shown in (A), again showing the rescue of the
severely dwarfed ctrl phenotype to a wild-type like phenotype in the triple mutant,
ctrleinbeen.

C. CTRI expression in wild-type seedling tissues. CTRI-GUS construct in wild-type
seedlings, showing ACC inducible expression in the apical hook region.

D. CTRI expression in ein6een seedling tissues. CTRI-GUS construct in einbeen
seedlings showing a marked reduction in ACC inducible expression in the apical hook
region.
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Figure 2.2 continued
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Figure 2.3. Mapping and cloning of the EIN6 locus

A. Map location of EIN6 on Chromosome 3

B. EING6 gene intron-exon structure shown by boxes versus lines respectively, position
of ein6-1 mutation is noted

C. EING6 protein domain structure, showing jumonji N, jumonji C and zinc finger
domains along with the location of the ein6-1 truncation

D. Alignment of IMJC protein domain as defined by ScanProsite
(http://www.expasy.ch/tools/scanprosite/) between EIN6 and two human homologs
that have been shown to have histone demethylase activity, JARID1A (RBP2) and
JHDM3A. Black boxes show identical residues, grey boxes show conserved residues,
blue and yellow boxes show sites that have previously been shown to be necessary for
histone demethylase activity, blue for a-ketoglutarate binding activity and yellow for
Fe (II) binding activity (Klose et al., 2006)

E. Complementation of ein6 mutant phenotype, using the genomic DNA from the
region containing At3g48430 and its promoter, the double mutant phenotype of
ein6een plants is restored to a wild-type phenotype when grown on ACC
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Chapter 2 Figure 4. Expression of EIN6

A. EIN6-GUS in wild-type seedlings and enlargement of the hook and hypocotyl root
junction, grown for three days in the dark in air
B. EIN6-GUS in wild-type seedlings the presence of the ethylene precursor ACC
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Figure 2.5. Non-ethylene related phenotypes of ein6een mutants

A. Hypersensitivity to the microtubule stabilizing agent taxol. Showing wild-type
Ler, ein6-1 and ein6een seedlings grown with and without the drug taxol at a 0.1uM
concentration for 10 days in the dark.

B. Obstacle avoidance root waving assay, ethylene insensitive mutants show normal
gravitropic response with the exception of eir/ and ein6een both showing an
agravitropic response.

C. Trichome branching defect. Trichomes from adult leaves of wild-type Ler, ein6-1
and ein6een grown in long day growth conditions (see methods).
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Figure 2.6. Chromosomal location of the een mutation.
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SUMMARY

The ENHANCER OF ETHYLENE INSENSITIVITY, een, was found as the first
enhancer of the ethylene signaling pathway in Arabidopsis. The mutant enhances the
ethylene insensitive root phenotype of ein6-1. The identification of this mutant is of
great importance to understanding how the ethylene signal is transduced and how
ethylene relates to other processes in the cell. Various methods, including Array
Mapping, map based cloning and complementation, have been undertaken to
determine the nature of the een mutation. Although the locus has been narrowed to a

small region of genes, the exact character of the mutation has not been discovered.
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BACKGROUND

The ENHANCER OF ETHYLENE INSENSITIVITY was discovered in a screen
for seedlings that failed to exhibit the normal triple response to ethylene (Roman et al.,
1995). It occurred as a second simultaneously mutation in the mutant ethylene
insensitive six, ein6, which enhanced the phenotype of ein6 from an ethylene
insensitive root mutant, Eir’, to an ethylene insensitive mutant, Ein. The mutagen
used to generate this mutant seed was fast-neutron irradiation. Fast neutron irradiation
generally induces chromosomal breaks resulting in deletions ranging from a few base
pairs to multiple kilobases (Shirley et al., 1992). The segregation frequency observed
in mutants generated by fast neutron irradiation is lower then the expected Mendelian
ratio in 18.1% of mutants generated (Dellaert, 1980). This may be a result of reduced
gametophitic transmission of the mutation or of multiple simultaneous mutations
existing in the mutant background. The example of a weak mutation and a genetic
enhancer or modifier generated by the same mutagenesis has also been previously
characterized as in the study by Ohshima and colleagues on Arabidopsis genes
required for tobacco mosaic virus infection, which identified a recessive mutation
tom2 and a semi-dominant modifier #zm/ (Ohshima et al., 1998).

een is the first enhancer mutant found for the ethylene signaling pathway.
Their have been numerous reverse genetic screens for suppressors of ethylene
insensitivity, which have identified new components of the signal transduction
pathway, such as the suppressor of the dominant ethylene receptor allele etr/,

REVERSION TO ETHYLENE-SENSITIVITY (Resnick et al., 2006). However, their
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have not been genetic screens for enhancers of the ethylene response, because the
phenotypic response is fairly saturating in most mutant seedlings with Ein” mutants
demonstrating maximal hypocotyl elongation and enhanced ethylene response, Eer’,
mutants demonstrating minimal hypocotyl elongation. It would be possible to
conduct these screens on less severe ethylene mutants such as the weak ethylene
insensitive, ein3 like families of mutants.

The double mutant ein6een shows disruption in normal ethylene responses.
This is demonstrated phenotypically by its ethylene insensitivity. There is also a
requirement for these two mutants in accumulation of EIN3 protein levels, where
EIN3 protein accumulation is greatly decreased in ein6een, just as is seen for ein2
(Guo and Ecker, 2003). Additionally ein6een shows a number of novel microtubule
related defects that have not been characterized for other ethylene insensitive mutants.
The gene for EING has been cloned and appears to encode a protein that may act as a
histone H3 lysine K4 demethylase. There have not been any previously identified
histone demethylases in plants. Methylation on H3K4 is a mark of actively
transcribed DNA (euchromatin) (Martin and Zhang, 2005). The non-plant eukaryotic
organisms that share the greatest degree of protein similarity to EIN6 have been
biochemically characterized as specific demethylases of trimethylated H3K4 (Klose et
al., 2007). Progress is underway to determine whether EIN6 shares this biochemical
function with its homologs (Colangelo and Ecker personal communication).

Identification of the nature of the een mutation should shed light on a link between



downstream ethylene responses and regulation of transcription by chromatin

remodeling.
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RESULTS and DISCUSSION

Mapping of the EEN locus was not concurrent with mapping of the EIN6
locus. Initial mapping employed two techniques, bulk segregate analysis using
Affymetrix GeneChip© technology and traditional map based cloning. This type of
bulk segregate analysis was first described by Hazen and colleagues also using
mutants generated by fast neutron irradiation (Hazen et al., 2005). For the bulk
segregate analysis the same mapping population was used that was generated for map
based cloning, ein6een plants crossed to Col-0. F2 seedlings were selected by
phenotype Ein™ or Ein* and pools of approximately 100 of each group were made.
DNA was prepared from each of these pools, labeled using Invitrogen, BioPrime DNA
Labeling Kit® and hybridized to Affymetrix ATHI microarrays. Full details of this

protocol can be found at http://naturalsystems.uchicago.edu/naturalvariation/methods/.

A graphical view of the results of the array mapping can be seen in Figure 1. Linkage
was found to two areas of the genome, to chromosome 3, the location of the EIN6
locus and to the end of chromosome 4, the presumed location of the EEN locus. There
were no areas of probes that lacked hybridization across chromosome 4, indicating
that the mutation causing een is probably not a gross deletion, although this analysis is
limited by the probe distribution on the Affymetrix ATH1 microarrays.

Using the same mapping population as for bulk segregate analysis, of ein6een
plants crossed to Col-0, initial mapping analysis revealed the same two areas of
linkage in this population using 26 SSLP markers spread along the 5 chromosomes of

Arabidopsis (Bell and Ecker, 1994) as was found in the array mapping. The first area
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of linkage corresponded to the location of the EIN6 locus on the short arm of
chromosome 3. The second area of linkage corresponded to the markers NGA 1139
and NGA 1107, located near the end of chromosome 4. Additional SSLP markers
were designed from repeat sequence from Ler and Col, and narrowed the location of
the mutation to a 73 gene region on BACs F20D10 and F22I13. Figure 2 shows a
schematic representation of the mapping region at the end of chromosome 4.
Concurrently with map based cloning an additional strategy for isolating the
location of the EEN locus by complementation was undertaken. This strategy
involved the use of transformable artificial chromosomes, TACs, transformed into
einbeen plants to complement the mutant phenotype. This approach has been used
successfully in identification of Arabidopsis mutants in the past (Xiong et al., 2001).
The TAC library selected was the John Innes Center JAtY clone library consisting of
36,864 clones made from Arabidopsis Col-0 leaf DNA. These clones were
constructed using the pYLTAC?7 vector and have an average insert size of 80kb. 10
clones that covered the rough mapping region were selected based on the available end
sequences of the clone. These clones overlapped to allow for the most complete
coverage of the mapping region. There was however one gap in the coverage, which
did fall into the final mapping region of 73 genes. These clones were transformed into
ein6een adult plants, the T1 plants were screened for BASTA resistance, segregating
T2 plants were scored for phenotype Ein’, no complementation, or Ein",
complementation, and these plants were again scored for BASTA resistance to

segregate with phenotype. One clone out of the 10 showed a complemented
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phenotype that segregated with BASTA resistance (Figure 3). This clone, 67N20,
contained a region of the chromosome that has 29 putative genes and fell within the
final mapping region of 73 genes. After additional transformations were tested a
second clone, 70D11, also complemented the Ein” phenotype. This second clone
overlapped the first clone 67N20 by nine genes. A schematic view of the region can
be seen in Figure 2. A listing of the nine genes and their functions can be found in
Table 3.1.

There has been little published about these 9 final genes in the region of
complementation. Seven of the nine have putative functions assigned based upon
protein homology to genes of known function. Of the remaining two, one is an
extremely large gene, KAKTUSI, KAK1, encoded by a nearly eight kilobase genomic
region with 17 exons (El Refy et al., 2003). Alleles of this mutant have been
characterized and have a supernumerary trichome branching phenotype. Although this
is a phenotype also seen in ein6een mutants, the kak! mutant have a much more severe
phenotype. The entire genomic region for KAK/ is not on the clone 67N20, but there
are known splice variants of the gene. The other published gene is a putative
farnesylated protein, ATFP6, which was found to be a gene upregulated by heat
acclimation (Lim et al., 2006), there are no reported mutants of this gene. Of the
unpublished genes in the region all of them could be implicated in hormone related
function based upon previous studies with genes of related function. Three of the
genes fall into the same functional category, putative phospholipases. Another

candidate is the putative protein phosphatase 2C, Arabidopsis protein phosphatases



89

have been associated with control of phosphorylation state in multiple hormone
signaling pathways including PP2C in abscisic acid (ABA) signaling (Meyer et al.,
1994) and PP2A in both auxin and ABA signaling (Garbers et al., 1996; Kwak et al.,
2002). Hydrogen ATPases have also been related to auxin transport (Li et al., 2005)
and to regulation of osmotic stress (Beffagna et al., 2005). There is also a
monooxygenase in the final candidates, Arabidopsis flavin monooxygenase-like
enzymes have been found to have function in the auxin pathway (Zhao et al., 2001)
and also in defense responses (Mishina and Zeier, 2006). Finally the last gene in the
region is a phosphatidylinositol synthase, a chip based study found that
phosphatidylionositol signaling pathways were regulated by multiple hormone
treatments (Lin et al., 2004).

A candidate gene approach clearly will not work for isolating the EEN locus
from the final group of contenders due to the fact that all of the genes could be
associated with hormone signaling. Since there were no gross deletions seen in this
region, as seen by DNA hybridization to Affymetrix ATH1 microarrays, the mutation
is probably similar in nature to that of the ein6-/ mutation, a small deletion.
Complications with identification of the specific Ler parental ecotype of the ein6een
mutants have arisen because the mutant was not generated in the Ecker lab; therefore
sequencing has also not been a viable method for identification of the mutation. It
appears that further complementation is the only feasible means of confirmation of the
EEN locus. This approach is being applied using digestions of the BAC F20M13.

Size selected fragments of the BAC are cloned into the vector pMN19, which contains



four copies of the CaMV 35s promoter and was used by Weigel and colleagues to
introduce genomic fragments into Arabidopsis in order to recapitulate activation tag
mutant phenotypes (Weigel et al., 2000). This approach should allow for the exact

nature of the een mutation to be revealed.
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Figure 3.1. Bulk segregate mapping of EEN locus.

Each box represents a chromosome of Arabidopsis, where the X-axis is equal to
distance in cM across the chromosome and the Y-axis represents the ratio of % Col
DNA to % Ler DNA. When the black line moves from the center red line towards Col
(top) or Ler (bottom) this represents linkage to that accession in that region of the
chromosome.
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Figure 3.2. Chromosome 4 region of een mapping.

From the top SSLP markers showing linkage, BACs in mapping region, BACs
covered by JAtY TAC clones, final mapping region as defined by SSLP mapping,
Overlapping JAtY clones within final mapping region, region of complementation by
JAtY clones (see Table 1 for list of genes).
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Figure 3.3. Complementation of ethylene insensitivity with JAtY clone 67N20.

Seedlings grown for three days in the dark on 10uM ACC, on the left a segregating
non-complemented seedling and on the right a complemented ein6een seedling
segregating kanamycin resistance with the complementation phenotype.
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Table 3.1. Genes in final overlapping region of JAtY complementation for EEN gene

Gene # | AtID Putative Gene Function (by BLAST)

Gene 1 | At4g38510 | Hydrogen exporting ATPase

Gene 2 | At4g38520 | Protein Phosphatase 2C

Gene 3 | At4g38530 | Phospholipase C

Gene 4 | At4g38540 | Monooxygenase 2

Gene 5 | At4g38550 | Phospholipase like (expressed protein)

Gene 6 | At4g38560 | Phospholipase like (expressed protein)

Gene 7 | At4g38570 | Phosphatidylinositol synthase

Gene 8 | At4g38580 | FARNESYLATED PROTEIN 6 Metal ion binding

Gene 9 | At4g38590 | BGAL 14 Putative beta-galactosidase

Gene 10 | At4g38600 | KAKTUS Ubiquitin ligase
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Conclusions

95



96

A MODEL FOR EIN6 AND EEN IN ETHYLENE SIGNAL TRANSDUCTION

Two simultaneous mutations have been isolated which cause an ethylene
insensitive seedling phenotype, implicating their requirement for proper ethylene
signaling in the model plant, Arabidopsis thaliana. These mutations ethylene
insensitive six (ein6) and the enhancer of ethylene insensitivity (een) have been
phenotypically, genetically and biochemically linked to the ethylene signal
transduction pathway and are genetically located downstream of the negative regulator
of ethylene signaling, CTR1. A mutation in ein6 alone confers a mild insensitivity to
exogenous ethylene treatment, mainly conveyed as an ethylene insensitive root
phenotype. Single mutants in een do not have any noticeable phenotypic differences
from wild-type plants. Both of these genes are required for the ethylene induced
accumulation of the primary ethylene transcription factor EIN3, as the double mutant
combination does not accumulate EIN3 protein with exogenous ethylene gas
treatment. A mutation in ein6 alone confers a mild insensitivity to exogenous ethylene
treatment, mainly conveyed as an ethylene insensitive root phenotype. Single mutants
in een do not have any noticeable phenotypic differences from wild-type plants.

In addition to the ethylene insensitivity conferred by these two mutations they
also have a number of other ethylene independent phenotypes. The other class of
phenotypes displayed by these two mutations can be generally characterized as
microtubule related phenotypes. These phenotypes include a defect in the root waving
assay, a hypersensitivity to the drug taxol and supernumerary trichome branching.

Although the combination of the microtubule phenotypes seen in these mutants has



97

not been previously reported they all support a role of the ein6een mutant combination
in the stability of microtubules and more specifically in their destabilization. This is
not however completely unexpected as the re-orientation of cortical microtubules has
long been thought to be a downstream effect of ethylene signaling (Apelbaum and
Burg, 1971). Further support for the relationship between ethylene and microtubules
comes from a study of another ethylene related mutant that shows nearly converse
microtubule phenotypes to those demonstrated by ein6een, a mutation in the locus
encoding the POLARIS (PLS) peptide (Casson et al., 2002; Chilley et al., 2006).

In addition to the clues given by the characterization of these mutants
phenotypically and genetically, hypotheses on the functions of the protein that
encoded by the EIN6 locus also allow us to predict its role. Their have been many
functional characterizations of orthologs of EIN6 in non-plant systems (Klose et al.,
2006; Lee et al., 2007; Liang et al., 2007). Recent work has uncovered that these
proteins may act as histone demethylase enzymes, altering the epigenetic mark of
histone methylation which had been though to be a permanent epigenetic mark.
Histone methylation is one form of covalent modification of the histone tails of the
core histones, H2A, H2B, H3 and H4. In addition to methylation other types of
modification of histone tails include: acetylation, phosphorylation sumoylation,
ubiqutination and ADP ribosylation. Covalent modification of the core histones
results in the “histone code” which in combination with other modifications such as
DNA methylation results in changes in transcription of target genes (Jenuwein and

Allis, 2001). Histone methylation can occur on either arginine or lysine residues.
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There can be different levels of histone methylation, with residues being modified to a
mono-, di- or trimethylated state. Each mark, depending on which histone it is
modifying and which level of methylation occurring, conveys a different message
about the transcriptional state of the gene encoded by the DNA around that histone.
For instance methylation of histone H3 on lysine 4, 36 or 79 is a mark of active or
euchromatic DNA, while a mark on histone H3 at lysine 9 or 27 or H4 at lysine 20
indicates a mark of silenced or heterochromatic DNA.

The first histone demethylase enzyme that was discovered was LSD1 (Shi et
al., 2004), a well conserved protein found throughout species ranging from yeast to
humans, including four family members in Arabidopsis thaliana. This protein was
biochemically characterized as a histone demethylase and was found to specifically
demethylate Histone H3 lysine 4 (H3K4). Recent work has emerged on an additional
family of histone demethylase enzymes (Klose et al., 2006). These proteins all
contain Jumonji domains and have been found to demethylate various methylated
histones (H3 and H4) and to be specific for a number of levels of histone modification
(mono-, di-, and trimethylated forms). The subfamily that is most closely related to
EING is the JARID1 family (see Chapter 2 figure 3, panel D)(Klose et al., 2006).
EING contains the conserved residues for a-ketoglutarate and ferrous iron binding that
have been found to be essential for enzymatic activity of this protein family. Other
members of the JARID1 family have been found to act as H3K4 di- and trimethyl
demethylases specifically in vivo(Seward et al., 2007). This demethylase then acts to

remove the mark of active or euchromatic DNA and would therefore result in the
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silencing of the gene associated with the demethylated histone. Mutations in an H3K4
specific demethylase would result in constitutive activation of target genes as the mark
of activation would not be able to be removed.

All the evidence both from experimental procedures and from a hypothesis of
protein function leads to a model for how EIN6 and EEN may be functioning in the
ethylene signal transduction pathway. EIN6 and EEN are genetically downstream of
CTRI. For the ethylene pathway to signal properly both genes need to have intact
function. A mutation in ein6 alone does not impair signaling through EIN3.
Mutations in ein6 and to a greater extent in the double mutant ein6een have effects on
the stability of microtubules, which may be a downstream end product of ethylene
signaling. Functional analysis of the EIN6 protein will confirm if it is acting as an
H3KS5 di- or tri- histone demethylase acting to remove the mark of active DNA. If the
EING protein is able to function in this manner, mutants in the gene would result in a
higher overall level of histone methylation and a higher overall level of active genes in
the mutant. Targets of the EING protein could include cytoskeletal genes such as a
and [ tubulins, which when constitutively activated could cause the microtubule
related phenotypes of this mutant. Although the specific identity of the locus
associated with the een mutant has not been identified, it seems as though this gene
has an effect on the post-transcriptional regulation of EIN3. Perhaps this gene
functions by regulating EIN3 protein on the level of the EBF1/2 genes or the EIN5
gene which all play a role in controlling EIN3 protein levels (see Chapter IV Figure 1

for a schematic representation).
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Future Directions

To further clarify the role of these two genes in the ethylene signal
transduction pathway further experiments are needed. Characterization of the EIN6
protein, including whether/how it acts as a histone demethylase is central to the future
of this project. The characterization of the EIN6 protein may include identification of
interacting proteins by a yeast two hybrid assay. Additionally the production of an
EING6 antibody would allow for further biochemical experiments to be conducted.
These biochemical experiments could include using the EIN6 antibody to pull down
physically interacting proteins and identification of these proteins by Mass
Spectrometry. Another biochemical assay to determine if the protein does indeed act
as a histone demethylase would be to use either a full or partial fragment of the EIN6
protein in the same assays conducted by the other groups working on Jmj histone
demethylases to see if it has the enzymatic activity of a histone demethylase and
which mark and level of histone demethylation it is specific for. Determining whether
overall histone methylation is changed in the ein6 or ein6een mutants could be carried
out by western blot using histone methylation specific antibodies. If EIN6 is found to
be a histone demethylase chromatin immunoprecipitation (chIP), using an antibody
specific for its level and mark of demethylation activity, hybridized to a microarray
(chip) would be helpful in identification of the specific genome wide targets of the
protein. Additionally determining the locus associated with the een mutation will be
crucial in uncovering how these two genes act together to cause an ethylene

insensitive phenotype.
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101

EING6 and EEN function downstream of the negative regulator of ethylene signaling,

CTRI1. EEN controls the levels of EIN3 protein through an unknown mechanism,

while EIN6 may function as a histone demethylase. Mutations in both genes effect the

function of both proper ethylene signal transduction and cellular microtubule

organization.
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