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Abstract 

Plant-wide communication between tissues and cells is organized, in part, by a 

suite of compounds called hormones.  I have chosen to focus on the effects of one plant 

hormone, ethylene; how its synthesis is controlled and how its perception is mediated to 

differentially control cell development and response to pathogens.  

In the production of ethylene, one level of control is by modulating the levels of 

the immediate precursor to ethylene, 1-aminocyclopropane-1-carboxylic acid (ACC).  I 

characterize here a plant encoded gene homologous to bacterial ACC Deaminases, 

AtACD1, and show through up- and down-regulation of the gene that it can modulate the 

plants sensitivity to exogenous ACC.  Once ethylene is produced, it is sensed in 

Arabidopsis thaliana by a family of 5 receptors.  I show that ETR2 in Arabidopsis is 

responsible for modulation of the microtubule cytoskeleton assembly as loss-of –function 

mutations to this gene cause randomized microtubule assembly in trichomes and increase 

sensitivity to microtubule depolymerising drugs in root hairs.  In studies of 

plant:pathogen interactions, ethylene is a central signaling agent required for plant 

resistance.  While it has been shown that etr1 mutants show increased susceptibility to 

fungal pathogens, exogenous ethylene has also been shown to speed the progress of 

pathogenesis.  Using Fumonisin B1 (FB1) to induce cell death I show that etr1-1 has 

accelerated cell death while ein4-1 has a reduced rate of necrosis.  Further to this, 

mutations to the other three ethylene receptors do not have any effect on the rate of cell 

death. 
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My interest in cell development led to the characterization of an activation tagged 

Populus tremula x P. alba line with increased trichome initiation. The gene responsible 

for these phenotypes was identified as PtMYB186, which also affected growth rate, 

transpiration rate, photosynthetic capacity, and resistance to the Tussock moth larvae. 

 Together these studies provide a new framework for our understanding of how the 

ethylene signal is modulated in plants and the controls behind cellular development.  This 

knowledge will help reconcile studies which show that ethylene has different effects on 

plant development and provide new avenues of research into trichome development. 
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Chapter 1: General Introduction 

 

1.1 Hormones and development 

Developmental processes in all organisms require close orchestration to maintain 

and propagate life.  Hundreds of different signaling components and relays within a 

single cell communicate within the cell itself and with other surrounding cells and 

organisms.  Within the plant kingdom hormones are one class of signaling compounds.  

Deriving their name from the Greek word hormein, which means ‘to excite’, hormones 

are produced by the plant in small quantities and sensed by different plant encoded 

receptors which signal to regulate physiological and metabolic functions. In plants there 

are five ‘classical’ hormones; abscisic acid, cytokinins, gibberellic acid, auxins and 

ethylene (Figure 1.1), and several other hormones. 

 

1.2 Synthesis of Ethylene in Arabidopsis thaliana 

 While four of the five classical plant hormones have complex synthetic pathways 

and complex structures, ethylene is a fascinating exception – it is a simple gas that is 

produced by the plant using a short biosynthetic pathway (Figure 1.2A) (Abeles, 1992).  

Ethylene is colloquially referred to as the ‘stress hormone’ due to its upregulation in a 

number of stress responses and in pathogen infection (Abeles,1992; O’Donnell et al., 

1996; Penninckx et al., 1996), but it has many other roles in plant development.  These 

range from control of seed germination, cell determination, cell elongation and division, 

leaf senescence and abscission to flowering time and fruit ripening.  One of ethylene’s  
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 Figure 1.1: The five classical plant hormones exhibit a wide range of sizes and 
chemical complexity. 
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Figure 1.2 Ethylene production from S-adenosylmethionine (SAM). Biosynthetic 
pathway of ethylene, where the red C-C bond indicates the carbons that are maintained 
from SAM in the final ethylene molecule.  Enzymes catalyzing the reactions are (1) SAM 
synthetase; (2) ACC synthase; (3) MTA nucleosidase; (4) MTR kinase; (5) 
Transaminase; (6) ACC oxidase. 
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Apical Hook

Hypocotyl

Root
 

Figure 1.3 Ethylene exposure induces the ‘triple response’ in seedlings. In the 
presence of ethylene, germinating seedlings exhibit a triple response (left seedling) with 
shortened hypocotyl and root and an exaggerated apical hook.  

 

most scientifically exploited phenotypes is the seedling triple response.  In etiolated 

seedlings, exposure to ethylene inhibits cell elongation in the root and hypocotyl leading 

to a short, thickened, hypocotyl, short root and exaggerated apical hook (Figure 1.3).  

Because the degree to which the hypocotyl is shortened is correlated to concentration of 

ethylene sensed by the plant, this phenotype has been used to screen for mutants to either 

ethylene production, sensing or signal transduction.  Using this method, over one dozen 

ethylene mutants have been isolated and placed within the ethylene 

synthesis/perception/response framework (Zhu and Guo, 2008).   

The first substrate of the ethylene biosynthetic pathway is S-adenosylmethionine 

(SAM), derived from the Yang cycle (Yang and Hoffman, 1984), which is converted in 

the first committed step into 1-aminocyclopropane-1-carboxylic acid (ACC) via the 

action of ACC SYNTHASE (ACS) (Adams and Yang, 1979).  In the model plant 

Arabidopsis thaliana there are twelve ACS genes, two of which are non-functional and 

another two that function as aminotransferases (Woeste et al., 1999; Yamagami et al., 

C2H4 
+      - 
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2003).  These synthases have different specificities for SAM and can dimerize with each 

other in order to control the amount of ACC produced (Tsuchisaka and Theologis, 2004).  

They show tissue specificity and are differentially expressed based on a number of 

factors such as the levels of other hormones (Wang et al., 2002), or environmental 

stresses (Liang et al., 1994).  Activity of these proteins is also regulated by the 

ETHYLENE OVERPRODUCER family (e.g. ETO1) which, when bound to an ACS 

protein, causes it to be degraded by the E3 ubiquitin pathway (Chae et al., 2003; Wang et 

al., 2004). 

The final step in ethylene production is the conversion of ACC into ethylene by 

the action of ACC OXIDASE (ACO), a particular adaptation of flowering plants that 

allows them to manufacture ethylene directly from ACC (John, 1997).  ACOs are part of 

a multigene family with 17 predicted members in Arabidopsis, although the activity has 

only been tested in a handful of these.  The activity of ACOs are dependent on Fe (II), 

ascorbate and CO2 (Smith and John, 1993; Nijenhuis-De Vries et al., 1994, Mizutani et 

al., 1995).  Expression of these genes seems fairly ubiquitous throughout the vegetative 

parts of the plant, but they are upregulated during flowering (Tang et al., 1994), 

wounding and senescence (Nadeau et al., 1993) and by ethylene (Gomez-Lim et al., 

1993) amongst many other cues.   In some plant systems, such as tomato, the conversion 

of SAM to ACC is considered to be the rate limiting step in ethylene synthesis 

(Nakatsuka et al., 1998) while in other systems, such as formation of tension wood, 

expression of ACC oxidase determines when and where ethylene is produced 

(Andersson-Gunneras et al., 2003). 
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Once ACC is produced, there are few proven pathways that can divert it from 

conversion into ethylene.  In vitro studies have shown that ACC can be conjugated into 

malonyl-ACC (MACC) through the activity of ACC malonyl transferase (Hoffman et al., 

1982) or to 1-(γ-L-glutamyl-amino)cyclopropane-1-carboxylic acid (GACC) via γ-

glutamyltranspeptidase (Martin et al., 1995).  There is controversy, however, over the 

biological significance of these pathways in vivo, and whether or not these pathways are 

an irreversible means of reducing ACC levels or if they can serve as a reserve pool for 

ACC (Jiao et al., 1986).  In bacteria, another pathway exists that can break down ACC 

through an irreversible process called deamination.  ACC deaminases are produced by 

bacterial families such as Pseudomonas putida UW4, Hansenula saturnus and 

Penicillium citrinum.  These bacteria can utilize ACC present in soil from dead and 

rotting plant material to convert it into ammonia via ACC deaminase activity, which they 

then use as a nitrogen source (Glick, 2005).  In plants there are genes which share close 

sequence homology with bacterial ACC deaminases, but they have never been proven to 

have deaminase activity in vivo.  There are also no known pathways which degrade 

ethylene once it is produced, most likely because it is a gas.  Once the need for ethylene 

is complete, it is most expeditious for the plant to let the ethylene diffuse into the 

surroundings through normal diffusion.   

 

1.3 Ethylene Receptor Family in Arabidopsis thaliana 

 During periods of stress due to changing environmental conditions, living 

organisms must be able to respond quickly and effectively to the changing stimuli.  For 

sessile organisms, such as plants, the speed with which they respond is even more 
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important.  One mechanism that affords quick response to external cues is the two 

component signaling relay.  Discovered first in bacteria, two component relays consist of 

a membrane bound sensor and a cytosolic domain that transmits to the downstream 

pathway through a histidine phosphorylating autokinase (Ota and Varshavsky, 1993).  In 

bacteria these two component systems function in many developmental pathways which 

include chemotaxis, sporulation, and nutrient sensing.   

 

Cu+

Cytosol

ER

Lumen

Receptor 
Domain

GAF
Domain

Signalling
Domain

Receiver 
Domain

 

Figure 1.4: Schematic representation of one ethylene receptor.  Ethylene receptors are 
embedded in the endoplasmic reticulum (ER) with the receptor portion open to the 
cytosol, and the signaling domain in the lumen of the ER.  Each receptor is made up of a 
receptor domain, with a copper cofactor (Cu+) associated with the ethylene binding 
pocket.  This domain is followed by the GAF domain whose function is unknown.  The 
last domain is the signaling domain.  Three of the receptors (ETR1, ETR2, EIN4) have 
one additional domain on the end, the receiver domain, which is thought to modulate the 
output of the ethylene signal. 
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In plants, the receptors responsible for ethylene sensing are similar to bacterial 

two component systems; they have a membrane bound receptor domain, a GAF domain 

of unknown function, a cystolic signaling domain and, in some cases, a receiver domain  

 (Figure 1.4).  Five ethylene receptors have been identified and characterized in 

Arabidopsis; ETR1, ETR2, ERS1, ERS2 and EIN4.  Based on their sequence similarity, 

these receptors have been placed into two families – Type I receptors (ETR1, ERS1) have 

three membrane spanning regions in the ethylene receptor domain, a signaling domain 

and ETR1 has a receiver domain.  Both of these receptors have been shown to have the 

appropriate residues for histidine kinase activity, although only ETR1 has been shown 

experimentally to have such activity (Gamble et al., 1998; Gamble et al, 2002).   

Type II receptors (ETR2, ERS2, EIN4) have four membrane spanning regions in 

the receptor domain, all have a signaling domain and ETR2 and EIN4 have a receiver 

domain.  These three receptors have the appropriate residues for serine/threonine kinase 

activity.  ERS1 also has the appropriate residues for serine/threonine kinase activity, but 

it is thought that this activity has little in vivo significance (Klee, 2004).  Although 

bacterial two component systems operate on histidine kinase based signaling, the fact that 

only one of the five ethylene receptors has proven histidine kinase activity would indicate 

that it is not necessary for proper function of the ethylene receptors. 

The receptors have been found to localize to two areas of the cell.  All of the five 

receptors have been shown to localize to the endoplasmic reticulum (ER) (Grefen et al., 

2008), while ETR1 has also been shown to localize to the golgi apparatus (Dong et al., 

2008).  In both cases, the receptor is oriented such that the signaling domain is pointed to 

the interior of the ER lumen or golgi body.  Due to the chemistry of ethylene, it is able to 
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permeate both lipid and water layers within the plant and can easily reach the receptors 

without need for any transport system into or around the interior of the cell.  Once the 

receptors are embedded in the ER membrane, they form homo and heterodimers with 

each other (Grefen et al., 2008; Gao et al., 2008).   Once they are dimerized, RAN1 

delivers a Cu+ ion into the receptor portion of each receptor that, in ETR1, is held in 

place by two amino acid residues (Cys65 and His69) (Rodriguez et al., 1999).  This 

copper ion acts as a co-factor through which ethylene can bind to the receptors.  

Receptors lacking copper in their binding pocket cannot sense ethylene.   

Plants are responsive to a wide range of ethylene concentrations (O’Malley et al., 

2005).  It was first assumed that each type of ethylene receptor had different sensitivities 

to ethylene, and thus would signal to the plant differently depending on the level of 

ethylene present.  This would also hint at why, throughout different plant systems, so 

many receptor types had been conserved.  When each individual receptor was tested, 

however, it was found that they all had similar binding activity (O’Malley et al., 2005).  It 

was also hypothesized that each receptor may have different ethylene retention times, and 

that this would vary the signal output based on which receptor maintained ethylene 

within the binding site the longest.  It was found, however, that each receptor had similar 

release rates, with the half life of ethylene bound to a type I receptor of 12 hours and a 

half life of 10 hours for ethylene bound to type II receptors (O’Malley et al., 2005).  This 

long half life was surprising as resumption of normal hypocotyl growth occurs 90 

minutes after removal of ethylene during seedling growth (Binder et al., 2004).  It had 

already been proven that ethylene receptor turnover during ethylene exposure was too 

slow to account for such a rapid response (Sanders et al., 1991; Schaller and Bleeker, 
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1995).  Instead, the model that has been put forth to explain this effect is based on 

bacterial two component systems which can form higher order receptor complexes.  In 

these complexes the signaling state of one receptor can influence the signaling status of 

surrounding receptors.  This is how signal amplification is thought to occur in bacteria 

(Bray et al., 1998; Duke and Bray, 1999).  In plants, ethylene binding to receptors 

activates both ethylene responses as well as production of new ethylene receptors.  Upon 

the removal of ethylene, receptors already present are still bound with ethylene, due to 

the long half life of ethylene release kinetics.  New receptors being produced, however, 

remain unbound.  If the receptors can affect each others’ signaling status, it is proposed 

that these unbound receptors influence bound receptors nearby to act as if they were not 

bound to ethylene.  Thus, the ethylene signal would be attenuated in an exponential 

fashion by the influence of the unbound receptors and growth would return to normal 

much faster than predicted by ethylene release kinetics (Binder et al., 2004). 

It was unknown, however, how these receptors signaled to downstream 

components of the ethylene pathway before different receptor mutants were isolated. 

 

1.4 Mutations to Ethylene Receptors Help Define Function 

Our understanding of how the ethylene receptors function in different 

physiological processes has been formed, in a large part, by Gain-Of-Function (GOF) and 

Loss-Of-Function (LOF) mutations to the receptors.  Through EMS mutagenesis, the first 

receptor mutant identified was etr1-1 which shows no triple response in the presence of 

ethylene.  When sequenced it was determined that the mutation was a Cys to Tyr 

transition in the ethylene binding domain, and proved to be an amino acid necessary for 
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the copper co-factor to bind within the ethylene receptor.  Thus the etr1-1 mutant was 

insensitive to ethylene due to ethylene being unable to bind to this receptor.  This 

mutation was found to be dominant, genetically, and able to mask the signal of the other 

4 receptors that were not mutated (thus causing plant-wide ethylene insensitivity).  It was 

unknown, however, at the time of the identification of etr1-1 if this mutation was a GOF 

mutation versus a dominant negative effect.  It was not until nonsense mutations to the 

ethylene receptors were isolated that this question could be resolved.  Nonsense 

mutations to the receptors truncated the protein such that their signaling domain was 

partially or fully lost (Hua and Meyerowitz, 1998).  These mutants were still responsive 

to ethylene, while combinations of nonsense mutations to multiple ethylene receptors 

caused a constitutive triple response phenotype.  Therefore, loss of ethylene binding 

caused plant wide insensitivity to ethylene, while loss of the ethylene receptor signaling 

caused an increased or constitutive ethylene response. Therefore, in the absence of 

ethylene, ethylene receptors signal to actively repress the ethylene response pathway.  In 

the presence of ethylene, however, the receptors are turned off and the ethylene response 

pathway is no longer repressed.  Therefore, mutations which cause ethylene insensitivity 

(etr1-1, etr2-1, ers1-1, ers2-1, ein4-1) are considered GOF, while mutations which 

truncate the protein (etr1-7, etr2-3, ers1-3, ers2-3, ein4-4) are considered LOF mutations 

(Hua and Meyerowitz, 1998). 

GOF mutations can mask signalling of other receptors while LOF mutations 

cannot, potentially due to the fact that ethylene receptors can form heterodimers (Grefen 

et al., 2008, Gao et al., 2008).  This means that receptors with GOF mutations, which 

cannot bind the copper co-factor necessary for ethylene binding, can pair with wildtype 
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receptors.  The loss of the copper co-factor on one half of the dimer stops ethylene from 

binding.  Should the mutated receptor pair with all other types of receptors this would 

cause plant-wide ethylene insensitivity.  In LOF mutant background, it has been shown 

that the mutated gene transcript never gets made into an active protein (Chen et al., 2007) 

and thus the other, normal, receptors could replace its function and the plants develop 

normally.  It is only in the case of combinatorial LOF mutants that the plants would then 

have insufficient receptors produced to repress the ethylene response pathway, thus 

leading to plants exhibiting constitutive triple responses.  Therefore, the ability to form 

heterodimers is essential for proper maintenance of the ethylene response pathway. 

Based on the fact that ethylene receptors are in an active state in the absence of 

ethylene, it remained to identify which downstream component that negatively regulated 

the ethylene signaling pathway.  This protein proved to be CONSTITUTIVE TRIPLE 

RESPONSE1 (CTR1). 

 

1.5 The CTR1 Dependent Signal Transduction Pathway: 

 Belonging to the Raf family of serine/threonine kinases, CONSTITUTIVE 

TRIPLE RESPONSE1 (CTR1) is believed to be the major regulator of the ethylene 

response downstream of the ethylene receptors in Arabidopsis.  Discovered prior to any 

of the five ethylene receptors, ctr1 was isolated from a batch of mutagenized seedlings 

that exhibited constitutive triple response (Kieber et al., 1993).  Since this phenotype was 

maintained in the presence of ethylene biosynthetic inhibitors it was concluded that this 

gene was involved in ethylene signal transduction.  Consistent with this theory was the 

finding that ctr1 seedlings and plants did not produce significantly more ethylene when 
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compared to wild-type plants.  The adult phase of ctr1 also has considerable 

morphological differences when compared to wild type; the rosette and leaves are smaller 

and the root system less extensive, the plants flower later than wildtype and flower bolts 

terminate earlier.  The smaller size is due, in part, to a 5-fold reduction in leaf cell 

epidermal area, not cell number.  Epistatic analysis has also placed CTR1 downstream of 

the ethylene receptors (Kieber et al., 1993).  Together these data confirm that the ethylene 

response is mediated in some manner through CTR1. 

Sequence analysis of CTR1 revealed two signature domains within the 90 kDa 

protein; an ATP-binding motif and a serine/threonine protein kinase domain.  True 

protein kinases have 11 conserved subdomains, all of which were found to be present in 

CTR1 (Kieber et al., 1993).  Further to this, the mutation in ctr1-1 is a T→A transversion 

within the catalytic domain at position 4025 which results in an amino acid substitution 

of Asp→Glu at amino acid 694, a change to an amino acid that is highly conserved in all 

protein kinases and is critical for proper functioning of the protein (Kieber et al., 1993).  

In mammalian systems Raf-1, the kinase to which ctr1 has the highest homology, is 

involved in mediating signals of several transmembrane receptors, just as CTR1 is 

proposed to interact with the ethylene receptors in planta.  Considerable evidence has 

implicated CTR1 as the immediate downstream target of the ethylene receptors.  Using 

Yeast II hybrid assays, CTR1 was shown to interact with the cytoplasmic portions of both 

ETR1 and ERS1 in yeast cells (Clark et al., 1998).  This was further reinforced by co-

purification of ETR1 with affinity tagged CTR1 (Gao et al., 2003).  It was also 

demonstrated that CTR1, which normally localizes to the ER as do the signaling domains 

of the ethylene receptors, re-localizes to the cytosol in mutants of CTR1 that disrupt the  
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Figure 1.5: Schematic representation of ethylene signaling pathway(s).  (A) 
Representation of the ethylene receptor dimers activate CTR1 in the absence of ethylene 
which represses downstream ethylene responses. (B)  In the presence of ethylene, CTR1 
is no longer activated and repression on an unknown downstream component is relieved.  
At some point EIN2 is activated which, in an unknown manner, blocks degradation of 
EIN3.  EIN3 activates ETHYLENE RESPONSIVE ELEMENT BINDING PROTEIN’s 
(EREBP’s) such as ETHYLENE RESPONSE FACTOR1 (ERF1).  (C) In some cases the 
histidine kinase activity of ETR1 (and possibly ERS1) can activate ARR2, possibly 
through an histidine phosphotransferase (HPt) shuttling protein, in a CTR1-independent 
manner.  

Ethylene Responses 
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proposed CTR1:ethylene receptor interaction domain, or in double or triple LOF ethylene 

receptor mutants (Gao et al., 2003).  In the current model of ethylene signal transduction, 

CTR1 is bound to ethylene receptor dimers.  In the absence of ethylene, the receptors  

constantly ‘activate’ CTR1, which represses the ethylene response further downstream 

(Figure 1.5A).  Once ethylene binds to the ethylene receptor, the receptor is turned ‘off’ 

and no longer activates CTR1 (Figure 1.5B).  While it is not known how CTR1 signaling 

changes to accomplish this de-repression of the ethylene response, it is known that it is 

not due to loss of interaction between CTR1 and the ethylene receptors as CTR1 remains 

localized in the ER in the presence of ethylene (Gao et al., 2003).  Therefore, in the 

presence of ethylene, the interaction between CTR1 and the ethylene receptors must 

undergo a conformational change that disrupts the activity of CTR1.  A graphical 

representation of this pathway is shown in figure 1.5B. 

The immediate downstream components of the CTR1 pathway are not known.  In 

the Raf-1 mammalian model, once one of the transmembrane receptors is activated a Ras 

protein recruits Raf-1 and begins the MAPK signal transduction pathway.  In plants, 

however, CTR1 is always bound to the ethylene receptors and lacks the necessary Ras 

binding domain. This would indicate that if CTR1 has MAPK activity, recruitment of 

MAPKKKs in plants is different than in animals.  Over the past ten years two different 

MAPKKs have been proposed to be targets of CTR1; SIMKK  in Medicago and MPK6 

in Arabidopsis (Ouaked et al., 2003).  MPK6, however, has since been shown to affect 

the stability of ACS proteins, thus affecting ethylene production and not ethylene 

signaling (Ecker, 2004; Liu and Zhang, 2004).  Therefore the steps between CTR1 and 
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the next known component of the ethylene signaling pathway, ETHYLENE 

INSENSITIVE2 (EIN2), remains a blackbox and is an area that needs further study. 

 

1.6 Ethylene Effect in the Nucleus 

 The steps following CTR1 right through until transcription of ethylene responsive 

genes are upregulated are not well characterized and players which have been implicated 

in this downstream portion of the pathway rarely prove true (e.g. MPK6).  Two proteins, 

however, that have been proven to be downstream of the ethylene receptors are 

ETHYLENE INSENSITIVE2 and 3 (EIN2/3).  EIN2 is a protein that is unique to plants 

and very little is known about its mode of action other than the fact that it is a positive 

regulator of the ethylene response pathway (Alonso et al., 1999).  EIN2 is quite a large 

protein with 12 transmembrane spanning regions and a cytosolic signaling domain.  The 

transmembrane domain shares sequence homology with N-ramp metal transporters, but 

in vitro studies have never shown this activity for EIN2 (Thomine et al., 2000).  While it 

is predicted to be membrane localized, it has never been isolated to a specific subcellular 

location.  Overexpression of either the full length of EIN2, or of its transmembrane 

domain, does not result in a constitutive ethylene response, although overexpression of 

the cytosolic C-terminus does.  This would suggest that the transmembrane domain, like 

the ethylene receptors, is for receiving the signal and the C-terminus is responsible for 

activating downstream components of the pathway (Alonso et al., 1999).  Of interest is 

that EIN2 has also been shown to be responsive to cytokinin and abscisic acid signaling 

pathways, indicating that it may act to integrate some aspects of hormonal cross-talk. 



17 
 

 Ultimately the ethylene signaling pathway culminates in alterations in the 

transcriptome.  The protein thought to mediate this response, at least in part, is EIN3 and 

its close homologues EIN3-LIKE1/2 (EIL1/2).  EIN3 and its homologues are 

transcription factors (Chao et al., 1997) whose activity is largely controlled at the protein 

level as EIN3 transcripts show relatively stable levels under all conditions while EIN3 

activity increases significantly under treatment with ethylene (Guo and Ecker, 2003; 

Potuschak et al., 2003; Yanagisawa et al., 2003; Gagne et al., 2004).  It was found that 

EIN3 activity is controlled through a ubiquitination process that is mediated by EIN3-

BINDING FACTOR1/2 (EBF1/2) (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne 

et al., 2004).  In presence of ethylene, EIN3 is active and EBF1 and 2 are repressed.  

When ethylene is absent EBF1 binds to EIN3 and targets it for ubiquitination and 

subsequent degradation by the 26S proteosome, while at very low concentrations of 

ethylene EBF2 performs the same task (Binder et al., 2007). 

 When active, EIN3 is responsible for upregulation of ETHYLENE RESPONSE 

FACTOR1 (ERF1) and is thought to also upregulate the transcription of other 

ETHYLENE RESPONSIVE BINDING PROTEINS (EREBPs) (Kosugi and Ohashi, 2000) 

(Figure 1.4B).  ERF1, itself a transcription factor, goes on to promote the transcription of 

other secondary ethylene responsive genes.  As only EIN3 has only been shown to bind 

to the ERF1 promoter while several other EREBPs are ethylene responsive, the question 

has arisen concerning whether there are other ethylene responsive transcription factors 

within the nucleus.  Recent work in CTR1 independent pathways has shed some light on 

a possible candidate that works in tandem with EIN3. 

 



18 
 

1.7    A CTR1 Independent Ethylene Pathway 

Regulation of the ethylene response through a CTR1 dependant pathway is the 

focus of many studies, but recent work has begun to question whether or not there are 

other signaling pathways from the ethylene receptors that are independent of CTR1.  

While there is only one CTR1-like gene encoded in the Arabidopsis genome, a whole 

family of CTR1-like genes have been found in tomato (Adams-Phillips et al., 2004).  

Other studies have also found that null mutants of CTR1 in Arabidopsis are still ethylene 

responsive and that they do not show complete activation of all ethylene responses 

(Larsen and Chang, 2001; Guo and Ecker, 2003; Potuschak et al., 2003).  In the control 

of root hair patterning, ethylene’s effect appears to be independent of CTR1 (Dolan et al., 

1994).  It has also been demonstrated that etr1-7xctr1-1 has a more profound phenotype 

than ctr1-1 alone (Hua and Meyerowitz, 1998).  These results would not be expected if 

CTR1 was the sole downstream regulator of the ethylene receptors. 

Based on work with ETR1 mutants, a second, CTR1-independent pathway has 

been proposed (Figure 1.5C).  This pathway is based on the histidine kinase activity of 

ETR1 (and possibly ERS1) through a two component signaling system (Hass et al., 

2004).  In this system, the histidine kinase activity of ETR1 upon binding of ethylene 

would begin a phosphorelay, possibly involving a shuttling histidine phosphotransferase 

shuttling protein (HPt), that would ultimately activate expression of ARABIDOPSIS 

RESPONSE REGULATOR2 (ARR2) in the nucleus (Lohrmann and Harter, 2002; Horák 

et al., 2003).  ETR1 histidine kinase activity has been shown to activate or inactivate the 

activity of ARR2 depending on the cell type and environmental conditions (Hass et al., 

2004).  As ARR2 can activate the expression of ethylene response genes such as ERF1 
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and several EREBPs, this represents the first example of a positive signaling event by a 

ethylene receptors in the presence of ethylene.  The ability of ETR1, and possibly ERS1, 

to be able to signal both through CTR1 and through ARR2 is also interesting given the 

fact that ETR1 and ERS1 are thought to be the main receptors involved in any given 

ethylene response (Guo and Ecker 2004).  It is possible that the option to signal in either 

a CTR1 dependent or CTR1 independent pathway has given them signaling priority over 

the other three ethylene receptors.  As ARR2 is localized to the nucleus, this pathway 

also opens the possibility that not all ethylene signals are solely regulated by EIN3, a 

known transcriptional regulator of ethylene responsive genes. 

These new data, when considered together, begin to suggest that ethylene receptors 

have different functions in mediating ethylene’s role in plant development. 

 

1.8 Mounting Evidence for Differential Roles for Ethylene Receptors 

Natural selection selects for concise genomes with genetic redundancy maintained 

at a minimum.  Therefore it is interesting, if ethylene receptors are redundant as 

originally hypothesized (Hua et al., 1995; Hua et al., 1998; Hua and Meyerowitz, 1998; 

Hall and Bleeker, 2003), that most plant species have maintained several different forms 

of each receptor.  There is mounting evidence, however, that the ethylene receptors have 

discrete roles in different aspects of plant development.  Below I outline the main areas in 

receptor structure or function that hints at their potentially unique roles in development. 

Structurally the receptors are similar in their ethylene binding domain, but quite 

divergent in their signaling domain.  While the ethylene receptors are typically put into 

two groups, a phylogenetic study performed in our lab found that the ethylene receptors 
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consistently grouped into three groups across the plant kingdom – an ERS1 group, an 

ETR1 group and a group consisting of ETR2, ERS2 and EIN4 (Figure 1.6).  These data 

do not necessarily mean that these receptors have group specific traits, but such faithful 

maintenance of these groups is odd if they act redundantly.   

One structural feature that is also present in some receptors, but not in others, is 

the receiver domain.  While this domain is not necessary for receptor activity, as 

demonstrated by truncation experiments, it does have a role in modulating the ethylene 

response (Binder et al., 2004).  In another study, an attempt to rescue a triple LOF 

ethylene receptor mutant was performed by expressing a mutant version of ETR1 without 

the receiver domain.  This construct only partially rescued the phenotype and the authors 

of this study concluded that, despite functional overlap, specific attributes could be  

applied to the different receptors based upon the kinetics of growth recovery (Qu and 

Schaller, 2004). 

The ethylene receptors also have different proven or predicted types of kinase 

activity.  ETR1 has been shown to have histidine kinase activity (Gamble et al., 1998; 

Gamble et al, 2002) while ERS1 has all the residues necessary for histidine kinase 

activity (Gamble et al., 1998; Gamble et al, 2002).  Type II receptors and ERS1, 

conversely, have all the necessary conserved domains necessary for serine/threonine 

kinase acitivity.  These differences in activity could point to different substrates upon 

which the ethylene receptors could act, thus activating different pathways.  This has 

already been shown with ETR1 where the histidine kinase activity regulates ethylene 

pathways through ARR2 in a CTR1-independent manner.  In time it may be found that  
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the other receptors also have different pathways that they can control, independent of 

CTR1, based on either their histidine kinase or serine/threonine kinase activity. 

Another line of evidence that the receptors do not have fully redundant roles is revealed 

in the inability of type II receptors to compensate for the loss of multiple type I receptors.  

Hall and Bleecker (2003) created an etr1ers1 double LOF line which displayed a 

constitutive triple response, delayed flowering time and reduced fertility.  In an attempt to 

rescue this phenotype they overexpressed type II receptors, but found that the plants 

maintained a constitutive triple response and their small size.  If, however, they 

overexpressed a wildtype version of either type I receptor normal growth and fertility 

were restored.  This would indicate a special role for type I receptors in development that 

type II receptors are not sufficient to overcome. 

Based on microarray experiments, the ethylene receptors also have different 

expression patterns during development.  As shown in figure 1.7, expression of the 5 

receptors has some overlap but also distinct differences (Winter et al., 2007).  This would 

suggest that the receptors have unique roles at different points in development. 

Finally, as outlined in the previous section, the ability of some ethylene receptors 

to signal in a CTR1-independent mode would mean that the ethylene receptors can also 

act as positive regulators of the ethylene response pathway.  For example, by acting 

through both CTR1 and ARR2, ETR1 can differentially regulate development in ways 

never considered in previous models of the ethylene pathway.   

Together, these lines of evidence mean that we must revisit the roles both 

ethylene synthesis and perception play in ethylene mediated responses.  For example, 
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Figure 1.7: Ethylene receptors are differentially expressed throughout Arabidopsis 
development. Electronic fluorescent pictograph depicting absolute expression levels of 
all five Arabidopsis ethylene receptors during different stages of development with red 
representing high expression, orange represents moderate expression and yellow 
representing low to below detection limit levels of expression. (A) Expression of 
receptors in leaves and stems in flowering plants (B) The shoot apical meristem at three 
different stages; reproductive (top), transition from vegetative to reproductive (middle), 
and vegetative shoot apex (bottom).  (C)  Expression levels for each leaf from leaf #1 
(top) to leaf #9.  The last leaf in each plate is a senescent leaf (bottom). (D) Expression of 
each receptor during seed development from globular embryo stage (top) through to 
green cotyledon stage (bottom) (Winter et al., 2007) 
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instead of characterizing one receptor and using it as a representative of all other ethylene 

receptors we must instead take a more holistic approach and study how each individual 

receptor affects development.  It is only through such analysis that we can get the full 

picture as to how ethylene signaling is mediated in plants. 

 

1.9 Thesis Overview 

Ethylene can have disparate effects on development that are hard to explain given 

current models which have long assumed a degree of redundancy within the ethylene 

signal transduction pathway.  While we do not dispute that there is functional redundancy 

within the role of the ethylene receptors in plant development, the objective of this thesis 

was to better understand the different controls established within the plant to control and 

perpetuate the ethylene signal.   

The first objective was to determine if there was any means of controlling ACC 

levels in vivo other than the proposed conjugation of ACC into GACC or MACC.  Based 

on sequence homology, the Arabidopsis genome encodes two genes which are similar to 

bacterial ACC deaminases.  Thus in chapter 2, I characterized the first plant encoded 

ACC deaminase.  Through overexpression and antisense of ACC DEAMINASE1 I show 

that plants do, indeed, have a deamination pathway which may be used by the plant to 

irreversibly remove ACC from the ethylene synthesis pathway.   

In the second part of my thesis I consider the roles of the ethylene receptors in 

signaling ethylene during two phases of plant development; cell morphogenesis and in 

cellular defenses against fungal toxins.  In chapter 3, I investigate the role of the ethylene 

signal in the control of microtubule dynamics based on trichome morphology.  While 
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ethylene has long been known to affect microtubule orientation, no receptor has ever 

been linked to this physiological response.  I show that only LOF mutations to the ETR2 

receptor disrupt trichome branching and that this phenotype is due to altered microtubule 

assembly or stability.  This would suggest a unique function for ETR2 in microtubule 

assembly and maintenance not seen in other ethylene receptor GOF or LOF mutants.   

Following up on the finding that ethylene receptors can control different pathways 

individually, in chapter 4, I consider the effect loss of ethylene perception at each of the 5 

ethylene receptors has on the development of chlorosis in the leaf in response to the 

mycotoxin fumonisin B1 (FB1).  The etr1-1 mutant has been previously used to model the 

response of all 5 receptors to this toxin, but we now show that a GOF mutation to EIN4 

actually has the opposite effect while GOF mutations to the other three receptors do not 

affect the progression of leaf chlorosis.  Together with chapter 3, these data further 

corroborate the newer concept that the ethylene receptors may have unique functions in 

the relaying of the ethylene signal.   

My interest in cell development, specifically trichome morphogenesis, lead me to 

also characterize a trichome spacing mutant in Populus alba x Populus tremula.  In 

chapter 5, I describe the identification of the gene responsible for increased rates of 

trichome development in poplar leaves.  While not related to ethylene, the MYB 

transcription factor identified has pleiotropic effects in the tree model, such as increased 

photosynthetic rate and respiration and increased insect tolerance – effects that could 

never have been predicted by studying the function of this gene in models systems such 

as Arabidopsis thaliana. 
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It is my objective in this thesis to provide a broader understanding of the controls 

behind cellular identity specification as well as the role of ethylene in differentially 

modulating development and stress response in plants.  
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2.1 Abstract 

Control of the levels of the plant hormone ethylene is crucial in the regulation of 

many developmental processes and stress responses.    Ethylene production can be 

controlled by altering endogenous levels of 1-aminocyclopropane-1-carboxylic acid 

(ACC), the immediate precursor to ethylene or by altering its conversion to ethylene.  

ACC is also known to be irreversibly broken down by bacterial or fungal ACC 

DEAMINASEes (ACDes). Sequence analysis revealed two putative ACD genes encoded 

for in the genome of Arabidopsis thaliana and we detected ACD activity in plant extracts. 

Expression of one of these Arabidopsis genes (AtACD1) in bacteria indicated that it had 

ACD activity. Moreover, over-expression of this gene in Arabidopsis increased ACD 

activity in plant extracts by up to 3 fold, while antisense constructs of the gene decreased 

ACD activity to 70% of wild-type levels. Experiments with the over-expressing lines 

resulted in a decreased ethylene response after ACC treatment though no significant 

difference in the level of ethylene released.  Conversely, antisense lines displayed an 

increased ethylene response and produced significantly more ethylene. Taken together, 

these results show that AtACD1 can act as a regulator of ACC levels in Arabidopsis.   
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2.2 Introduction 

The plant hormone ethylene is commonly associated with the control of a wide 

variety of developmental and stress regulated processes.  1-aminocyclopropane-1-

carboxylic acid (ACC), the immediate precursor to ethylene in flowering plants (John 

1997), was first discovered in 1979 by Adams and Yang. ACC is produced from S-

adenosyl methionine (SAM) by ACC SYNTHASE (ACS) which is then converted to 

ethylene by the action of ACC OXIDASE (ACO) (Yang and Hoffman 1984; Abeles et 

al., 1992).    It is generally believed that the level of ethylene is regulated by the activity 

of ACS and ACO (Johnson and Ecker 1998; Wang and Ecker 2002).  Another potential 

mechanism to downregulate ethylene levels is through the conjugation of ACC into 

malonyl-ACC (MACC) via ACC malonyl transferase or to 1-(γ-L-glutamyl-amino) 

cyclopropane-1-carboxylic acid (GACC) via γ-glutamyltranspeptidase (Jiao et al., 1996; 

Martin et al., 1995; Martin and Saftner 1995; Wilksch et al., 1998; Tan and Bangerth 

2000).  Long-term plant stress usually promotes ACC conjugation, which might decrease 

ethylene levels (Banga et al., 1996).  

Through a mutualistic or symbiotic relationship with soil borne microorganisms, 

another mechanism exists to regulate ethylene levels in planta. The enzyme ACC 

DEAMINASE (ACD), produced by bacteria, cleaves the cyclopropane ring of plant ACC 

to produce α-ketobutyrate and ammonia (Glick et al., 1998).  This process is irreversible, 

reducing plant ethylene production and thereby affecting plant growth (Grichko and 

Glick 2001a; Penrose et al., 2001; Mayak et al., 2004a).  To date, ACD has only been 

found in microorganisms but not in plants (Minami et al., 1998; Hontzeas et al., 2005).  

While the microbial mechanism of reducing ethylene levels in the plant has been 
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demonstrated in roots, and has been suggested to occur in aerial tissues, it is dependent on 

fungal/bacterial colonization near the tissue.  Using transgenic approaches, the action of 

bacterial ACD on plant development has been studied in a wide variety of models.  It has 

been shown to delay fruit ripening, increase tolerance to heavy metals and decrease 

susceptibility to a variety of environmental stressors such as flooding, drought and 

salinity (Klee et al., 1991; Lund et al., 1998; Nakatsuka, et al., 1998; Grichko et al., 2000; 

Grichko and Glick 2001b; Robison et al., 2001; Nie et al., 2002; Sergeeva et al., 2006). 

Here we report on the identification of a plant-encoded ACC DEAMINASE 

(At1G48420).  This protein was previously identified as a d-CYSTEINE 

DESULFHYDRASE (d-CDes) by Reimenschneider et al., (2005), and found to have no 

ACD activity.  We show here that it does, in fact, have ACD activity indicating that it is a 

dual function enzyme. Alterations in the expression of this gene cause changes to in vivo 

levels of ethylene as revealed by altered ethylene responses.  
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2.3 Results 

 

2.3.1   ACC DEAMINASE-like-genes in Arabidopsis 

 We initiated this project by searching the Arabidopsis genome for sequences 

similar to ACC deaminases found in bacteria. In Arabidopsis there appears to be two 

ACD-like genes. The first, AtACD1, is located on chromosome 1 and has an open reading 

frame of 1206 nucleotides (At1g48420), and a predicted protein of 402 amino acids with 

a molecular weight of approximately 44 kD.  This is similar in size to the ACD of 

Hansenula saturnus, 40 kD (Accession # PW0041; Minami et al., 1998), and Penicillium 

citrinum, 41 kD (Accession # BAA92150; Jia et al., 2000).  A search of public genomic 

databases reveals that ACD-like sequences similar to At1g48420 are present in other 

plants including poplar (P. tremula x tremuloides, Accession # AI161555; Sterky et al., 

1998), birch (Betula pendula, Accession # AY154652; Vahala, unpublished), rice (Oryza 

sativa, Accession # BAD16875; Sasaki et al., unpublished), corn (Zea mays, Accession # 

AY106365; Hainey et al., unpublished), and tomato (Lycopersicon esculentum, 

Accession # BT013578; Kirkness et al., unpublished).  The second ACD-like gene  

(AtACD2) in Arabidopsis resides on chromosome 3 (At3g26115).  It is a predicted 

protein of 433 amino acids with a molecular weight of 48.1 kD. AtACD2 was previously 

described as only distantly related to AtACD1 (Reimenschneider et al., 2005). For this 

study we characterized AtACD1 as it had the highest sequence similarity of the deduced 

amino acid sequence of known bacterial ACDes (Figure 2.1).  The amino acid sequence 

of AtACD1 is between 35% and 41% identical (50% to 58% similar) to bacterial 

sequences.  Using the Conserved Domain Database (rpsBLAST) at National Centre  
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Figure 2.1 Alignment of deduced amino acid sequences of the AtACD1 with other 
ACC deaminases.  Identical and similar amino acids are shown in black and grey 
backgrounds, respectively.  The area within AtACD1 with similarity to pyridoxal 
phosphate-dependent domains is underlined with a black line.  Alignment created using 
ClustalW (Thompson et. al. 1994).  
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Biotechnology Information, it was found that the AtACD1 coding sequence (cDNA) 

contains conserved domains with up to 98% similarity to other known ACC deaminases 

and pyridoxal phosphate-dependent enzymes (Marchler-Bauer et al., 2003) (Figure 2.1).  

The pyridoxal phosphate-dependent domain (PLP) spans approximately 76% of the 

AtACD1 amino acid sequence.  Members of the PLP family include enzymes such as 

serine dehydratases, threonine dehydratases, d-cysteine desulfhydrases and ACC 

deaminases (Marchler-Bauer et al., 2003; Riemenschneider, et al., 2005).  A domain 

similar to that of threonine synthases was also identified on the amino acid sequence of 

AtACD1.  The amino acid transport and metabolism-like domain was encoded across 

approximately 30% of the amino acid sequence.    

 The presence of two paralogous sequences in Arabidopsis led us to investigate the 

evolutionary history of this gene family in plants.  Maximum likelihood phylogenetic 

analysis of 91 putative and established ACC deaminases (Figure 2.2) indicates a deep 

divergence between the 2 paralogous groups in plants.  The family containing d-CDes 

(AtACD1) consistently groups with other plant sequences and those of the green algae 

Volvox carteri and Chlamydomonas reinhardii at the base of the green plant lineage. 

Other eukaryotic proteins contained within members of metazoan and stramenopile 

lineages consistently formed sister groups to this green plant family.  The paralogous 

group of plant sequences (containing the product of At3g26115, here AtADC2), 

consistently grouped with each other in an expected plant species phylogeny.  The closest 

relatives to this group were a large number of prokaryotic proteins, the relationships 

between which were generally poorly resolved or supported.  A third distinct group of 
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Figure 2.2 (Preceding Page) Bayesian-inferred maximum likelihood tree of 91 ACD-
like protein sequences from public databases.  Two major paralogous plant groups are 
distinct.  The first, containing AtACD1 (D-Cdes – Red Box), clusters with other plant 
sequences within a large group of eukaryotic sequences.  The second paralogous group 
(Black Box) clusters within a diverse group of sequences of prokaryotic and fungal 
origin. Values at nodes are estimates of posterior probabilities in support of each clade.   
 

 eukaryotic sequences was also found within the mostly prokaryotic sequences, found 

generally within members of ascomycetous fungi.      

 

2.3.2 Expression of the Arabidopsis ACC DEAMINASE in Escherichia coli 

The AtACD1 gene was cloned into the expression vector pPROTet.E133 and 

transformed E. coli were tested for their ability to utilize ACC as a sole nitrogen source as 

an indication of a functional ACD (Penrose and Glick 2003). Expression of AtACD1 

permitted growth on the selection medium after four days when compared to growth of 

control E. coli lacking AtACD1. 

Strain

Growth on 
Minimal Media 
(No Nitrogen)

Growth on 
Media with 
(NH4)2SO4

Growth on 
Minimal Media 

with ACC

Escherichia coli 
DH5α - ++++ -

Escherichia coli 
DH5α/pPROTet.E - ++++ +

Escherichia coli 
DH5α/pPROTet.E-

AtACD1 - ++++ +++
 

Table 2.1 Growth of Escherichia coli on media with ACC and without ACC as a 
nitrogen source.  (-) Indicates no growth, (+) indicates minimal growth, (+++) indicates 
nearly normal growth and (++++) indicates normal growth. 
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Further evidence of ACD activity was assessed by measuring the by-products of 

ACC deamination, α-ketobutyrate and ammonia (Honma and Shimomura 1978; Penrose 

and Glick 2003).  E. coli, with and without the pPROTet.E-AtACD1 construct were 

assayed for ACD activity based on α-ketobutyrate production.  When induced with 100 

ng mL-1 anhydrotetracycline, bacteria carrying the pPROTet.E-AtACD1 had nearly 20x 

higher levels of ACC DEAMINASE activity than the control (Figure 2.3).   
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Figure 2.3  E. coli expressing AtACD1 have higher ACC deaminase activity. 
Expression of the vector is induced with anhydrotetracycline. Cell lysates from cultures 
carrying AtACD1 cDNA (black bar) (n = 6) and from control cultures not containing 
AtACD1 cDNA (white bar) (n = 4) were assayed for ACC deaminase activity.  Each 
experiment was repeated 3 times. Measurements are the mean + SE. 

 

2.3.3 Relationship between ACC DEAMINASE activity and ethylene responses 

  To determine whether alterations in endogenous ACD activity could be correlated 

with plant ethylene levels, Arabidopsis seeds were germinated in the presence of the 
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known pharmacological ACD inhibitor L-serine.  L-serine is believed to bind in the PLP 

domain of the enzyme, blocking access of ACC to the deamination site (Yao et al., 2000).  

Seeds germinated in the dark in the presence of elevated levels of ethylene exhibit the 

classical ‘triple response’ – short roots, short and thick hypocotyls and an exaggerated 

apical hook (Kieber and Ecker 1993).  If an ACD exists in Arabidopsis, seedling 

germinated in the presence of L-serine should accumulate higher levels of ACC, and 

presumably ethylene, and we would expect a triple response phenotype to develop. As a 

control, seeds from the ethylene receptor mutant ers1-1 were used because they would be 

insensitive to increased levels of ethylene but would still be sensitive to any other 

inhibitory effects L-serine might have that were unrelated to ACD activity.  When 

germinated on medium without L-serine, seedlings of wildtype and ers1-1 had similar  

 

Figure 2.4  Effects of competitive inhibition of ACC deaminase on seed germination.  
Arabidopsis seeds of wild-type (WT) and ers1-1 backgrounds were germinated on solid 
MS medium containing various concentrations of L-serine, a known competitive inhibitor 
of ACC deaminases.  Seedlings were germinated and grown in the dark for 7 days and 
hypocotyl lengths were measured.  Each test condition was replicated 3 times.  Data 
points are the mean + SE. 
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length of roots and hypocotyls.  In contrast, wild-type seedlings grown in the presence of 

L-serine at 1 mM or higher had significantly reduced hypocotyl length and a greater 

exaggeration of the apical hook, when compared to the wild-type control (p<0.05) 

(Figure 2.4). The ers1-1 mutant remained normal when treated with L-serine, indicating  

that the inhibitory effect is related to ethylene synthesis. These results suggest that there 

is an ACD in Arabidopsis that when blocked by L-serine results in an increase in ethylene 

levels leading to an enhanced triple response. 

 

2.3.4 Altered Expression of AtACD1 changes ACD activity in transgenic Arabidopsis  

 To determine whether we have identified the bone fide ACD in Arabidopsis, we 

overexpressed and antisensed AtACD1 and tested whether there was a change in ACD 

activity in the transgenic plants.  Figure 2.5 compares the expression (2.5A) and the ACD 

activity (2.5B) of the 15 independent over-expressed lines and 16 antisense lines. Each 

line has been given a distinct color to enable comparison of gene expression with ACD 

activity levels. Seventy percent of the lines harbouring 35S::AtACD1 showed higher 

expression levels than wildtype while only 31% of the antisense lines exhibited lower 

expression levels (p<0.05).  The rest of the lines show expression levels very similar to 

wildtype.  In Figure 2.5B these same transgenic lines have been grown for two weeks and 

assayed for ACD activity.  Eighty-two percent of 35S::AtACD1 lines show increased 

ACD activity while 70% of antisense lines show reduced levels of ACD activity 

(p<0.05).   In most cases, up-regulation of AtACD1 expression was matched by an 

increase in ACD activity. The downregulation of AtACD1 expression by antisense  
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Figure 2.5  ACD expression and activity in rosette leaves of AtACD1 over-expressing 
and antisense lines. (A) Expression of AtACD1 in overexpressing and antisense lines.  
For the expression of AtACD1, all values are reported in transcript abundance in 
comparison to wild-type levels, wildtype is given an axis value of 1.  (B)  ACD activity 
of plant extract from overexpressing and antisense lines, measured as nM α-ketobutyrate 
produced/mg fresh tissue/hour.  Data points are the mean + SD. 
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resulted in modest decreases in gene expression in most lines (Figure 2.5A) but still 

caused a detectable decrease in ACD activity (Figure 2.5B). 

 

2.3.5 Over-expression and Antisense Lines of Putative ACC DEAMINASE Exhibit 

Opposing Phenotypes when Grown on ACC media  

 To test whether the transgenic lines with altered levels of AtACD1 expression 

were affected in ethylene responses, we exposed seven lines of 35S::AtACD1 expressing 

the most ACD activity, or the eight lines for antisense AtACD exhibiting the lowest ACD 

activity to varying concentrations of ACC and looked for the development of the triple 

response (Figure 2.6). The concentration of ACC ranged from 0 µM to 2.5 µM and the 

transgenic lines are color-coded as in Figure 2.5. Wildtype was also sown on each 

concentration to serve as ethylene sensitive control.  Figure 2.6A-D shows the length of 

the hypocotyls of AtADC1 overexpressed and antisense lines, the dashed line represents 

the length of the wild-type hypocotyls under the same conditions.  When germinated on 

medium without ACC or on 0.4 µM ACC, four of seven 35S::AtACD1 transgenic lines 

were significantly taller than wildtype, while seven of eight antisense-AtACD lines were 

significantly shorter than wildtype hypocotyl lengths (p<0.05) (Figure 2.6A,B).  Wildtype 

displayed a triple response once the ACC concentration was increased to 1.5 µM at which 

point hypocotyl lengths of six of eight ACD antisense lines were shorter (p<0.05; Figure 

2.6C).  At this concentrations, however, hypocotyls of five of seven 35S::AtACD1 lines 

remained long without the presence of an exaggerated apical hook when compared to 

wildtype (p<0.05).  Only when ACC levels were increased to 2.5 µM did most of the 

overexpressing lines (four of seven) display similar hypocotyl lengths as compared to   
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Figure 2.6 Alterations in ethylene responses in AtACD1 over-expressing and 
antisense lines.  Hypocotyl length (in mm) of overexpressing lines and antisense lines as 
compared to wildtype hypocotyl lengths (dashed line) when germinated on (a) 0 µM 
ACC; (b) 0.38 µM ACC; (c) 1.5 µM ACC; (d) 2.5 µM ACC.  Data points are mean + SD. 
* Indicates significant difference from wildtype (p<0.05). 
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wildtype, while all antisense AtACD lines tested were significantly shorter than wildtype 

(p<0.05; Figure 2.6D). 

 The amount of ethylene released from two of the strongest antisense lines was 

tested on seedlings grown on 0.4 µM ACC.  Both lines showed significantly higher levels 

of ethylene as compared to wildtype (p<0.01; Figure 2.7a).  Ethylene levels were also 

tested for two of the strongest 35S::AtACD1 lines.  A slight decrease in ethylene 

production was observed in one line, although this was not significant.  A slight, but 

significant, increase in ethylene evolution was detected in the other line tested. (p<0.01; 

Figure 2.7b). 
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Figure 2.7 Ethylene released from transgenic ACC DEAMINASE seedlings. (A)  
Ethylene released from two antisense lines of AtACD1. (B) Ethylene released from two 
35S:AtACD1 lines.  Error + SD; * indicates significant difference from wildtype 
(p<0.01). 
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2.3.6 ACC DEAMINASE Expression in Stems of Poplar 

We identified a putative ACD gene from Populus tremula x P. tremuloides EST 

library from the cambial region of the stem (Sterky et al., 1998). Using a fragment of this 

cDNA as a probe, the expression of this putative PttACD in the cambial-region tissues of 

a poplar stem was tested by northern blot analysis (Figure 2.8A, B).  The putative 

PttACD was found to be expressed in all extra-xylary tissues but was higher in the 

cambium, phloem and cortex tissues as compared to developing xylem tissues.  

ACD activity levels were also measured in protein extracts from extra-xylary tissues of 

the poplar stem (Figure 2.8B, C).  The highest level of activity of ACD was detected in 

phloem/cambium tissues and virtually no activity was detected in the developing xylem.  

Levels of activity in the phloem/cambium were more than 100-fold greater than that of 

developing xylem tissue, and approximately twice as high as the level of activity in 

cortex tissue.  Changes in ACD activity across stem tissues mirrored the ACD gene 

expression pattern except for the developing xylem tissue where the level of mRNA 

expression was higher than the activity would predict.  To further verify that the activity 

measured was due to ACD, the protein extract was incubated with an ACD competitive 

inhibitor, L-serine (Walsh et al., 1981; Penrose and Glick 1997)  

 (Figure 2.8D).  In the assay reaction, concentrations of 5 mM L-serine resulted in at least 

a 50% decrease of measurable ACD activity.  Boiling the cambium/phloem protein 

extract for longer than 1 minute nearly eliminated enzyme activity (Figure 2.8D). 
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Figure 2.8  ACC deaminase in the poplar stem.  (A) Northern blot analysis of a 
putative ACC deaminase in poplar stem (Populus tremula L.) (1st panel) with 25S RNA 
as the control (2nd panel).  Quantification of PttACD1 transcript levels relative to 25S 
RNA expression detected in the sample (3rd panel).  (B) Cross section of a poplar 
(Populus tremula L.) stem and stained with toludine blue, 100x magnification.  Black 
lines indicate which tissues were used for northern blot analysis. (C) Total protein 
extracts assayed for ACC deaminase activity.  (D) Total protein extracts assayed for ACC 
deaminase activity after the addition of L-serine, and after boiling for 1 minute.  C - 
cortex tissue; PF - phloem fibre; P - phloem; VC - vascular cambium; V - xylem vessel; F 
- fibre; R - ray. Measurements are the mean + SE. *Activity measured as nanomoles of α-
ketobutyrate produced per milligram of protein per hour in the presence of ACC. b- Error 
not available.  
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2.4 Discussion 

 Ethylene is produced by two committed biochemical steps.  It is perceived by a 

family of receptors that trigger a down stream signal transduction pathway resulting in 

the ethylene response (Johnson and Ecker 1998).  Ethylene levels are known to be 

regulated by the activity of ACS, ACO and may be regulated by the conjugation of ACC 

to MACC or GACC. We describe here the molecular characterization of a putative plant 

encoded ACD found in Arabidopsis (At1G48420) which, based on sequence data, has 

homologs in tomato, rice, corn, birch and poplar, suggesting that ACD activity may be 

present in many higher plants.  The presence of ACD activity in plants opens the 

possibility of an alternative mechanism to regulate ethylene levels.  

 

2.4.1 ACC DEAMINASES have a Complex Evolutionary History 

 ACD-like genes in plants appear to have undergone an early duplication event in 

the green plant lineage leading to the presence of two paralogs within most plant species 

analyzed here (Figure 2.1B). Exceptions include rice, where there appears to be a recent 

tandem duplication event adjacent to Oryza.sativa.2 (see Materials and Methods) and 

Medicago, where only 1 paralog was identified. The origins of both of these paralogous 

groups appear to be from the non-endosymbiont lineage.  The first group consistently 

groups with Metazoan and other eukaryotic groups.  We initially assumed that the second 

group may have arisen from a gene transferred from the photosynthetic endosymbiont as 

an explanation for the large distance observed between the two groups as well as the 

usual clustering with prokaryotic sequences.  Several lines of evidence suggest that this 

was not the case.  First, no ACD-like sequences were identified in any of several 
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sequenced cyanobacterial genomes using BLAST searches.  These included species of 

Anabaena, Nostoc, Synechococcus, and Prochlorococcus. Second, other eukaryotic 

sequences were grouped within the diverse, largely prokaryotic group.  Most obvious 

among these is the large number of ascomycetous fungal sequences.  This raises the 

possibility that the second plant group is orthologous to these fungal sequences and that a 

deep ancestor to plants, animals and fungi may have had two copies of ACD-like genes.  

In support of this hypothesis, we note that a basal eukaryotic group, represented here by 

Phytophthora ramorum (a member of the Stramenopiles, which includes diatoms and 

brown algae) also has two paralogous sequences.  One of these (Phytopthora.ramorum.1) 

clusters consistently with the large eukaryotic group while the other 

(Phytophthora.ramorum.2) usually (but typically with poor support) is found grouping 

closer to the fungal and prokaryotic sequences.  Alternatively, the diverse group of 

sequences may reflect distant lateral transfer events that may have taken place amongst 

these organisms at various points in history. We also note, that the phylogenetic approach 

used here gives us no explicit information regarding ACC DEAMINASE activity in any 

of these organisms. As previously mentioned, work on the Arabidopsis gene product of 

At1g48420 (called d-CDes, Reimenschneider et al., 2005) established cysteine 

desulfhydrase activity for this protein.  Most of the sequences used in the phylogenetic 

analysis used here have only been obtained through large-scale sequencing projects.  

Further biochemical analysis will be needed to determine whether either cysteine 

desulfhydrase activity, ACD activity, or both are present in any of these diverse 

organisms not already studied.  
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2.4.2  Expression of AtACD1 in E. coli 

The expression of ACDs from plant growth promoting bacteria in E. coli has 

proven to be a useful tool to confirm that a gene codes for a functional enzyme (Campbell 

and Thompson 1996; Shah et al., 1998; Grichko and Glick 2000; Penrose and Glick 

2001).  For this reason, the Arabidopsis putative ACD (AtACD1) coding region was 

cloned into the pPROTet.E expression vector and transformed into E. coli.  The first test 

for a functional ACD was to determine if E. coli could grow on minimal medium with 

ACC as the sole nitrogen source.  Colonies of AtACD1-expressing E. coli took about four 

days to develop whereas there was little to no growth of E. coli containing an empty 

pPROTet.E vector.  This slow growth has previously been attributed to the minimal 

amount of growth supplements available in the medium and the poor absorption of ACC 

by E. coli (Penrose and Glick 2001). Detection of ACD activity in transformed bacteria 

indicated that the AtACD1 gene encodes a functional enzyme.  This supports the 

sequence analysis work which found that the highest similarity (up to 98%) between 

AtACD1 and bacterial ACDs resides in two conserved domains of the sequence; the 

pyridoxal phosphate (PLP) dependent domain and an amino acid transport-like domain 

(Marchler-Bauer et al., 2003).  The PLP domain may be where ACC cleavage and 

deamination occurs (Yao et al., 2000).  

When E. coli containing the AtACD1 construct were grown in liquid culture and 

induced with anhydrotetracycline, the level of ACD activity increased nearly 20x 

compared to control cultures (Figure 2.2).  The induced level of activity of this plant-

encoded ACD in E. coli is lower than was found with some bacterial proteins but was 

equal to or higher than levels of activity found when the Pseudomonas putida UW4 ACD 
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was expressed in E. coli (Shah et al., 1998).  The lower activity could potentially be due 

to the indicator, 2,4-dinitrophenylhydrazine, reacting with endogenous amino ketones 

causing an abnormally high background activity (Honma and Shimomura 1978; Grichko 

and Glick 2000; Holguin and Glick 2001).  Recently, Riemenschneider et al., 2005 tested 

the same protein for ACD activity in E. coli, but found that there was no ACD activity.  

Sequencing of their clone revealed four point mutations, all causing amino acid changes.  

One of these amino acid alterations was in a highly conserved region when aligned with 

other, bacterial, ACDes but it is unknown if this would eliminate ACD activity.  Based on 

the work of Riemenschneider et al., (2005) and the ACD activity described here, we 

believe this gene encodes a dual function enzyme with both ACD and d-cysteine 

desulfhydrase activity. Dual function enzymes are not uncommon, two have recently 

been described (Walden et al., 2006; Sato et al., 2007).   

 

2.4.3 Plant Encoded ACC DEAMINASE Down Regulates Ethylene Biosynthesis  

The indication of an enzyme with ACD-like activity in plants opens up the 

possibility that this enzyme could be involved in decreasing the amount of ethylene 

produced in plant tissues. To assess this possibility L-serine, an inhibitor of ACDes 

(Walsh et al., 1981; Minami et al., 1998), was tested on developing seedlings of 

Arabidopsis using the ‘triple response’ as an indicator of increased levels of endogenous 

ethylene. The presence of a triple response in etiolated seedlings has been used in 

identifying mutants producing high levels of ethylene.   

When seeds were germinated in the dark on medium containing L-serine, the 

seedlings exhibited the triple response phenotype in air (Figure 2.3).  The reduction of 
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hypocotyl length and exaggerated apical hook, very much like a triple response, in wild-

type seedlings grown on L-serine suggests that native ACD protein(s) are being inhibited, 

causing an increase in ethylene accumulation during growth.  To verify that the triple 

response phenotype of the wild-type plants grown on L-serine was due to a change in 

ethylene levels and not to an unrelated inhibitory response of L-serine, the ethylene 

insensitive mutant, ers1-1, was germinated in the presence of L-serine.  A mutation in the 

N-terminal transmembrane domain of the ETHYLENE RESPONSE SENSOR1 (ERS1) 

ethylene receptor results in the inability of ethylene to bind to the ERS1 receptor causing 

an ethylene insensitive phenotype (Wang et al., 2002).  Therefore if addition of L-serine 

to the growth medium caused elevated ethylene levels, which in turn caused the growth 

alterations described above, growth of ers1-1 should not be affected since the mutated 

receptor is unable to detect ethylene.  If, however, L-serine altered growth of ers1-1 

seedlings, it would be concluded that the addition of L-serine was inhibiting growth by a 

mechanism other than ACC deamination. Our findings that the ers1-1 mutant was 

unaffected by the presence of L-serine in the medium indicate that the triple response 

seen with the wild-type plants grown on L-serine is due to elevated ethylene levels 

caused by the inhibition of ACD (Figure 2.3).  

After exposure to light, the wild-type seedlings grown in the presence of L-serine 

remained stunted and their rosette leaves were smaller in contrast to control plants grown 

without L-serine (data not shown).  Ethylene is known to have inhibitory effects on cell 

elongation in the hypocotyl and during leaf development (Abeles et al., 1992) and this 

phenotype is similar to the appearance of the constitutive triple response 1 (ctr1) mutant 

of Arabidopsis.  The ctr1 mutant plants grow as if high levels of ethylene were constantly 
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present.  They exhibit a constitutive triple response and remain stunted throughout their 

life cycle with small rosette leaves due to the inhibitory effects of ethylene signaling on 

cell elongation, a phenotype that was also found in wild-type plants grown on L-serine 

(Kieber et al., 1993).    This indicates that growth on L-serine blocks endogenous ACD 

activity in wild-type Arabidopsis, resulting in an increased production of ethylene (likely 

due to the larger pool of ACC) which ultimately leads to a triple response and altered 

plant growth that closely resembles the growth of ctr1-1 plants.  

 

2.4.4 Plant Encoded ACD Increases Deamination of ACC 

 To confirm that at least part of the ACD activity found in plant extracts was coded 

by AtACD1 gene, we cloned the entire coding region of the ACD-like gene and 

overexpressed it in Arabidopsis under the control of the CaMV 35S promoter and cloned 

a 300 bp fragment of the gene and overexpressed it in the antisense orientation with the 

same promoter. Analysis of transgenic lines revealed that increased transcript levels (up 

to 250x above wild-type levels) led to concomitant increases in ACD activity (up to 3x 

above wild-type levels).  The converse was also found to be true as antisense lines with 

decreased expression had lower levels of ACD activity (down to 70% of wildtype levels).  

This distinct correlation between expression of the transgene and changes in ACD 

activity indicates that we have isolated at least one of the genes responsible for producing 

an ACD in plants.  The minimal reduction in ACD activity in antisense lines indicates the 

possibility of another, active, ACD within Arabidopsis. 

The ability of AtADC1 to deaminate ACC was tested by germinating our 

overexpressed and antisense lines on medium with increasing concentrations of ACC.  
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While we cannot know for certain the definite amount of ACC uptake and conversion to 

ethylene by the seedling, nor the amount of ethylene actually sensed by the plant, it 

would be expected that lines overexpressing a bone fide ACD would make the plant less 

sensitive to ACC such that higher amounts of ACC applied exogenously would be 

required to induce a triple response as compared to wild-type. On the other hand, 

antisense lines would be expected to be more sensitive to ACC and should exhibit a triple 

response at lower levels of exogenous ACC.    When grown without ACC there was a 

difference in the lengths of both overexpressing and antisense lines as compared to 

wildtype.  This indicates that alteration to AtACD1 expression alone is sufficient to effect 

the normal growth and cell elongation in etiolated seedlings when germinated without the 

ethylene precursor ACC.  Antisense lines of AtACD1 also displayed increased sensitivity 

to exogenous ACC suggesting that AtACD1 is responsible for maintenance and control 

of ACC pools in vivo.  Supporting this, it was also shown that antisense lines of AtACD1 

had increased levels of ethylene production. 35S::AtACD1 lines, conversely,showed 

reduced sensitivity to exogenous ACC but we could not detect a significant decrease in 

ethylene levels as would be expected. As antisense lines of AtACD1 showed levels of 

ethylene as were predicted, this may indicate that the ethylene biosynthetic pathway is 

more sensitive to perturbation by removal of ACC, leading to increased ACS activity and 

increased ACC production.  It is also possible to that overexpression of AtACD1 has led 

to the co-suppression of native and transgenic activity of AtACD1 as has been 

documented in other transgene systems (Zhao et al., 2000; Kim et al., 2002; Petsch et al., 

2005).  We have shown, however, that there is increased AtACD1 expression and ACC 

deaminase activity in these lines, which would suggest that this is not the case.  Further to 
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this, we have shown that these lines show decreased sensitivity to ACC in etiolated 

seedlings, indicating that overexpression of AtACD1 is deaminating ACC and removing it 

from ethylene production in cells at physiological relevant concentrations.  

These data clearly demonstrate that overexpression of AtACD1 makes the plant 

less sensitive to ACC while downregulation of expression of this gene makes the plant 

more sensitive to ACC.  By following each independent transgenic line from expression 

levels, through activity and ACC trials it is possible to see that there is a good co-relation 

between expression levels and the triple response phenotype.   These data provide strong 

evidence that At1g48420 encodes a functional plant ACD.  

 

2.4.5 ACC DEAMINASE activity present during secondary growth 

Previous research by Riemenschneider, et al., 2005 was unable to detect a distinct 

expression pattern for At1g48420 in Arabidopsis.  However, a putative homolog of 

At1g48420 in poplar (PttACD) was more highly expressed in the phloem compared to the 

developing xylem of the mature stem (Figure 2.6). Further, the major ACS genes 

expressed in poplar stem are confined to phloem tissues and the major ACO genes to 

developing xylem tissues, whereas the ACC level is relatively stable across these tissues 

(Andersson-Gunneras et al., 2003, Björklund S, Vahala J, Sundberg B, unpublished). 

Although a functional characterization of PttACD is still unknown, it is tempting to 

speculate that ACC is synthesized in the phloem tissues, but its conversion to ethylene by 

ACO is mainly restricted to developing xylem tissues whereas it is deactivated in phloem 

and cortex by ACD mediated conversion to α-ketobutyrate and ammonia. Because 

applied ethylene is a potent inducer of cell division, not only of cambial tissues but also 
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of phloem and cortex tissues (Little and Savidge 1987), the differential expression pattern 

of ACD and ACO in poplar stem tissues would exemplify a role for ACD in keeping an 

appropriate control of ACC fate, i.e. deactivation versus ethylene biosynthesis. 

 

2.5  Conclusion: 

This study provides evidence that the gene At1g48420, that was previously 

identified to code for a d-cysteine desulfydrase, also has ACC deaminase activity when 

up- or downregulated in transgenic Arabidopsis. This would be the first plant-encoded 

ACC DEAMINASE in plants.  Antisense expression of this gene not only altered the 

ethylene levels in transgenic plants, but changed the ethylene response indicating that 

ACD plays a role in regulating the ethylene response.  
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2.6 Experimental Procedures 

 

2.6.1 Protein Sequence Analysis 

 Plant ACDs were identified using the BLAST algorithm (Altschul,et al., 1990) 

and Arabidopsis thaliana sequences as initial queries of the nr database at NCBI 

(http://www.ncbi.nlm.nih.gov/BLAST/) and of completed eukaryotic genomes at JGI 

(http://www.jgi.doe.gov/). Some sequences were not included for various reasons. For 

example, a copy of ACD in rice adjacent to Oryza.sativa.2 (subsequently called 

Oryza.sativa.3) was truncated at its C-terminus.  It was not known if this was a genuine 

truncated gene or if its apparent sequence was the result of an error in ORF prediction.  In 

either case its sequence was virtually identical to Oryza.sativa.2, and its exclusion 

increased the number of informative sites in our analysis.  Sequences were aligned by 

ClustalW at EBI (http://www.ebi.ac.uk/clustalw/) and further edited by hand using the 

BioEdit program (v.7.07, http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Phylogenetic 

analysis was performed using the Bayesian-inference of maximum likelihood as 

implemented in MrBayes (v.3.1.2, http://mrbayes.csit.fsu.edu/download.php). The 

phylogenetic model was based on a Jones-Taylor-Thornton substitution matrix with rate 

variation modeled with a discrete, 4 category gamma distribution. MCMC analysis was 

performed for 100,000 generations sampling trees every 100 generations.  The first 200 

trees were discarded as the “burn in” and a consensus tree using the 50% majority-rule 

was constructed with the remaining trees. 
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2.6.2 Plant Growth 

 Arabidopsis seeds, obtained from the Arabidopsis Biological Resource Center, 

were stratified for 4 d at 4oC and grown under long-day conditions (16 h light/ 8 h dark) 

at a light intensity of 130 to 190 µE m-2s-1 at the rosette level at 21oC in Econair AC-60 

growth chambers.  For growth in the presence of L-serine, sterilized and stratified wild-

type and ers1-1 Arabidopsis seeds were plated on Murashige and Skoog basal salt 

mixture (Sigma, Oakville, Canada) adjusted to pH 5.7 - 5.8, 0.8% (w/v) agar.  Plates were 

supplemented with filter-sterilized L-serine (Sigma, Oakville, Canada) to a final 

concentration of 0 to 5 mM.    

 Young aspen trees (P. tremula x P. tremuloides), were grown under natural light 

and kept between 15oC and 35oC in a greenhouse in Ottawa, Canada (45˚25’ N, 75˚43’ 

W) or in a natural stand near Umeå, Sweden (63°50' N 20°20' E).   

 

2.6.3 Isolation and Expression of the Arabidopsis ACC DEAMINASE cDNA in E. coli 

 The putative ACC DEAMINASE (AtACD1 cDNA) was cloned from Arabidopsis 

(NM_103738)  into the pPROTet.E133 vector (Clontech, CA) and transformed into the 

E. coli host strain DH5αPRO (Clontech).  Primers used were (fw 5’-ACGCGTCGACA 

GAGGACGAAGCTTGACACTCTCAAG-3’) and (rv 5’-ACGCTCTAGAACGGATT 

CTGAAACATCCATCCG-3’).  

For colony growth assays, E. coli (carrying pPROTet.E133::AtACD1, the 

pPROTet.E133 vector, or untransformed) were grown in 50 mL of liquid LB overnight 

and induced with anhydrotetracycline.  A 1 mL solution of each culture was diluted to an 

OD at 600 nm of 0.45.  The pellet was washed twice with liquid Dworkin and Foster 
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(DF) salts minimal medium containing no nitrogen source (Penrose and Glick 2003).  

From this, 100 µL of each bacterial sample was spread on each of the following solid DF 

salts minimal medium plates: 1) supplemented with ammonium sulfate (0.2% w/v), 2) 

supplemented with 3mM ACC, and 3) containing no nitrogen source.  Plates inoculated 

with bacteria containing the pPROTet.E133 vector were also supplemented with 

anhydrotetracycline (100 ng mL-1).  Inoculated plates were incubated for 2 to 4 d at 28oC. 

 

2.6.4 Protein Extraction and ACC DEAMINASE Assay 

Total protein was extracted using the method of Beardmore et al., (2002) with 

minor modifications.  Arabidopsis were grown for two weeks, and rosette leaves used for 

analysis while xylem, phloem/cambium, and cortex tissues were harvested from actively 

growing young poplar stems (approximately 1 cm in diameter) as described below, 

except cambium and phloem fraction was not separated. Tissue was ground to a fine 

powder in liquid nitrogen.  Approximately 1 mg of powder was added to 2 mL of protein 

extraction buffer (100 mM Tris-Cl, pH 8.0, 2 mM EDTA, 5 mM DTT and one EDTA-

free protease inhibitor cocktail tablet (Roche Applied Science, Laval, QC, Canada), per 

50 mL of buffer) at 4oC.  The lysates were centrifuged at 10,000 x g for 1 h at 4oC.  The 

cleared supernatant was used for an ACD assay and total protein was measured according 

to Bradford using a BSA standard (1976). 

200 µL of protein extract was used to test for ACC DEAMINASE activity and 

was quantified using a colourimetric assay as described by Penrose and Glick (2003).  

Activity was calculated as nanomoles of α-ketobutyrate mg protein-1 h-1 using an α-

ketobutyrate standard curve.  
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2.6.5 Overexpression and Antisense of AtACD1 (AT1G48420) in Arabidopsis 

The putative ACC DEAMINASE gene was cloned into the pCAMBIA 

1305.1vector using the forward primer 5’ – CCATGGAATGAGAGGACGAAGCTT 

GACACTCTC – 3’ and the reverse primer 5’ – GGTCACCGCAGACAAAGAGAGTGT 

GGACACAC – 3’.  The antisense primers used were: 5’- CCATGGCTCTGACGTGTT 

CATGGCATATC – 3’and the reverse 5’- GGTGACCGATGATATTGTGGTAG 

CATGTG – 3’.  These were transformed into wild-type Arabidopsis (Columbia ecotype) 

using the procedure outlined by Clough and Bent (1998).   

 Independent homozygous transgenic lines were tested for ACC deaminase 

expression and activity.  Expression of the gene was ascertained using using the 

QuantiTect SYBR Green RT-PCR kit (Qiagen, Oslo, Norway).  ACD activity was 

analyzed using leaves from mature plants and treated as above. 

 

2.6.6 Screening of 35S::AtACD1 and Antisense lines using ACC 

For ACC sensitivity assays, surfaced sterilized seeds of wild type and seven 

homozygous lines of 35S::AtACD1 and eight antisense lines were stratified and then 

plated on Murashige and Skoog basal salt mixture (Sigma, Canada) adjusted to pH 5.7, 

0.8% (w/v) agar and supplemented with 0 µM to 2.5 µM ACC.  Seeds were allowed to 

germinate and grow in the dark for 72 hours at room temperature. 

Seven homozygous overexpression lines, eight homozygous antisense lines and 

wildtype were screened for the presence of the triple response and the difference in 

hypocotyl length was used as a measure of sensitivity to ethylene (Kieber and Ecker 
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1993).  An average of 50 seedling hypocotyls were measured per independent transgenic 

line.  

For ethylene measurements, approximately 100 seeds were sterilized and sown in 

10-ml glass vials (Chrompack, Middleburg, The Netherlands), containing 5 ml of MS 

medium + 1% sucrose + 0.4µM ACC and sealed with white gas-porous tape (Urgopore, 

Chenoves, France). Flasks were wrapped in aluminium foil, put in a box and transferred 

to the growth chamber at a temperature of 21°C. After 72 hours, the vials were capped 

with a gas-tight seal. Ethylene was allowed to accumulate for 60 min before the ethylene 

emanation was measured. Ethylene analysis was carried out on an ETD-300 laser-based 

photo-acoustic ethylene detector equipped with a valve control box (Sensor Sense, 

Nijmegen, The Netherlands). Data acquisition was performed with OriginPro 7.5 

software (OriginLab Corporation, Northhampton, NH, USA).  

 

2.6.7 Statistical Analysis of ACC Sensitivity Screen 

 Comparison of 35S::AtACD1 hypocotyl lengths vs. those of wildtype were 

analyzed statistically using a T-test for two samples assuming unequal variance with an 

alpha value set at 0.05, n=50. 

 

2.6.8 Northern Blot Analysis 

 Stem pieces were taken from field-grown aspen trees (Populus tremula L.) at 

approximately 1.25 m from 5 m high trees.  Tissues were immediately frozen in liquid 

nitrogen and stored at -70°C.  Cambial-region tissues were collected by peeling the bark 

and scraping the exposed surfaces with a scalpel. The fraction on the xylem side 
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consisted of radially-expanding, primary-walled xylem elements in the late stage of 

expansion, as well as xylem elements in the stage of secondary wall formation. The 

fraction on the bark side was used for three samples, lightly scrapped samples contained 

cambium consisting of xylem elements in the early stage of expansion and cambial zone 

cells.  Further scrapping isolated phloem including differentiating and mature phloem 

elements and the remaining bark contained the cortex.  Equal amounts of scrapings were 

pooled from three trees, homogenized, and total RNA was prepared using an RNeasy 

Plant Mini Kit (Qiagen, Oslo, Norway).  Total RNA (10 µg) was separated on a 

formaldehyde agarose gel according to Sambrook et. al. (1989) and blotted onto a 

Hybond-XL nylon filter (Amersham, Little Chalfont, UK).  A putative PttACD1-specific 

probe was created from a polymerase chain reaction (PCR) amplified fragment (0.3 kb) 

from the P. tremula x P. tremuloides EST sequence with Accession # AI161555.  

Radiolabelling was done with [32P]ATP using a Strip-EZ(tm) DNA probe synthesis kit 

(Ambion, Austin, TX, USA), following the supplier's instructions.  Separation of labeled 

probe from unincorporated nucleotides was done by Nick columns, (Pharmacia Biotech, 

Uppsala, Sweden), using standard techniques.  Hybridization was performed overnight at 

65°C in Church buffer (Church and Gilbert 1984). Final washing was done in 0.1% SSC, 

0.1% SDS, at 65°C.  The radioactivity on the membrane was detected using a GS-525 

Molecular Imager (BioRad, Solna, Sweden).  
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Chapter 3  Ethylene Receptor ETR2 Controls Trichome Branching by 

Regulating Cytoskeleton Assembly in Arabidopsis 

Jonathan M. Plett, Jaideep Mathur and Sharon Regan 

For submission to Journal of Experimental Biology 

3.1 Abstract 

The three branched, single cell trichome of Arabidopsis thaliana is a widely used 

model system for studying cell development.  While the pathways that control the later 

stages of trichome development are well characterized, early signalling events that 

coordinate these pathways are less understood.  Hormones such as giberellic acid, 

salicylic acid, cytokinins and ethylene are known to affect trichome initiation and 

development.  To better understand the role of the plant hormone ethylene in trichome 

development, we characterized an Arabidopsis loss-of-function ethylene receptor mutant, 

etr2-3, which has completely unbranched trichomes. We hypothesize that ETR2 affects 

assembly of the microtubule cytoskeleton based on our analysis of the cytoskeleton in 

developing trichomes, and exposures to paclitaxol and oryzalin, which respectively act to 

either stabilize or depolymerise the cytoskeleton.  Through epistatic and gene expression 

analyses we show that ETR2 is positioned upstream of CHROMATIN ASSEMBLY 

FACTOR1 and TRYPTICHON and is independent of the GLABRA2 and GLABRA3 

pathways.  These results help extend our understanding of the early events that control 

trichome development and identify a signalling pathway through which ethylene affects 

trichome branching. 
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3.2 Introduction                                                                                                                        

Trichome development in Arabidopsis thaliana has four distinct steps: 

specification of a trichome cell, cell enlargement, cell outgrowth and branching.  Over 30 

genes are known to regulate trichome morphogenesis, the majority of which signal to 

affect trichome branching (reviewed in Schellmann and Hülskamp, 2005).  Early in 

trichome development, GLABRA3 (GL3) controls the number of endoreduplication 

rounds within the nucleus, facilitating rapid growth of the cell (Hülskamp et al., 1994).  

Once the trichome has attained a designated size, the microtubule cytoskeleton re-orients 

to cause two or more branching events controlled by several independent and 

interdependent pathways.  GLABRA3 (GL3) positively regulates trichome branching by 

controlling the expression of FURCA4 (FRC4) (Luo and Oppenheimer, 1999), while in 

another pathway, ANGUSTIFOLIA (AN) is negatively regulated by NOEK (NOK) to 

restrict branching (Folkers et al., 1997).  TRIPTYCHON (TRY) also restricts branching 

by repressing the expression or activity of FRC4, ZWICHEL (ZWI) and STICHEL (STI).  

STI, ZWI and AN are known to modulate the assembly of microtubules during tip growth 

to control branch number (Oppenheimer et al., 1997; Mathur and Chua, 2000; Folkers et 

al., 2002).  STI is considered to be one of the most important contributors to trichome 

branching, as mutations to this gene yield predominantly unbranched trichomes, while 

mutations to the other genes mentioned above yield predominantly two branched 

trichomes (Hüskamp et al., 1994).  The epigenetic state of the cell also appears to play a 

role in the final shape of the trichome based on loss-of-function mutations to the trimeric 

protein CHROMATIN ASSEMBLY FACTOR1 (CAF1) (Exner et al., 2006; Ono et al., 

2006; Exner et al., 2008).  Mutations to either the FASCIATA1 (FAS1) or FASCIATA2 
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(FAS2) subunits of CHROMATIN ASSEMBLY FACTOR1 (CAF1) show increased 

branching and are thought to act through regulation of STI (Exner et al., 2008).   

Hormones can also affect trichome development.  For example, the gibberellic 

acid (GA) mutant spy-5 has increased trichome branching (Perazza et al., 1998).  

Exogenous application of ethylene meanwhile, has been found to increase branch number 

in cucumber trichomes (Kazama et al., 2004) and increased ethylene synthesis has been 

correlated with branch extension in cotton trichomes (Shi et al., 2006; Qin et al., 2007).   

Ethylene is a gaseous plant hormone that, in Arabidopsis, is sensed by five receptors 

(ERS1, ERS2, ETR1, ETR2 and EIN4) (Hua and Meyerowitz, 1998).  These receptors, 

which localize to the endoplasmic reticulum (ER), form homo- and hetero-dimers with 

each other and associate with CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), which 

represses activation of downstream pathways in the absence of ethylene (Grefen et al., 

2008).  Upon binding of ethylene through a copper co-factor, repression on the ethylene 

response pathways is relieved through inactivation of CTR1 (Dolan, 1997; Binder et al., 

2004).  It has also been shown that ethylene can affect downstream responses in a CTR1 

independent pathway (Hass et al., 2004).  There are two classes of ethylene receptor 

mutants in Arabidopsis. Dominant Gain-Of-Function (GOF) mutations disrupt ethylene 

binding and result in an ethylene insensitive phenotype even when only one receptor is 

affected.   Loss-Of-Function (LOF) mutations are recessive and result in a protein that is 

unable to associate with CTR1.  Single loss-of-function mutants generally result in no 

obvious phenotype, although etr1-7 has been shown to have increased sensitivity to 

ethylene (Cancel and Larsen, 2002).  In the past, only triple LOF mutants, such as etr1-

7;etr2-3;ein4-4, exhibit developmental characteristics consistent with a constitutive 
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ethylene response (Hua and Meyerowitz, 1998).  Study of both GOF and LOF ethylene 

receptor mutants help determine the impact of receptor function in ethylene responsive 

developmental pathways.  

To better understand the role of ethylene in trichome morphogenesis, we 

examined the GOF or LOF ethylene receptor mutants for alterations in trichome form. 

Unlike all the other mutants, the etr2-3 mutant has only unbranched trichomes, 

suggesting that this mutation impacts early stages of trichome development.  Here, we 

demonstrate that signalling through ETR2 participates in the control of microtubule 

dynamics, and that it is an upstream regulator of the TRY mediated trichome branching 

pathway. 
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3.3 Results 

 

3.3.1 Loss-of-Function ETR2 Mutants Display Altered Trichome Branching 

To determine if any of the Arabidopsis ethylene receptor GOF or LOF mutants 

had altered trichome development, as compared to wildtype, we screened mutants of all 

five Arabidopsis receptors.  Only LOF mutations to the ETR2 receptor caused trichome 

branching abnormalities among the ethylene receptor mutants tested (etr1-1, etr1-7, ers1-

1, ers1-3, ers2-1, ers2-3, etr2-1, etr2-2, etr2-3, ein4-1, ein4-4). Wild-type rosette leaves 

in Arabidopsis have 1% two branched trichomes, 97% percent three branched trichomes 

and 2% four branched trichomes (as measured on leaf 5; n=798 trichomes).  The LOF 

mutants of ETR2 differed from wildtype (Figure 3.1).    While the GOF mutant, etr2-1 

(Figure 1B), had trichomes similar to wildtype (Figure 3.1A), with 2% two-branched 

trichomes, 93% percent three-branched trichomes and 5% percent four-branched 

trichomes (n=950), etr2-2 (a LOF mutant; Figure 3.1C) lacked four-branched trichomes 

and instead had 17% two-branched trichomes and 83% three-branched trichomes 

(n=1349 trichomes).  The most altered phenotype was observed in the LOF mutant etr2-3 

(Figure 3.1D), which had 100% unbranched trichomes (n=1253 trichomes).  This was 

true on rosette leaves, flowering stalks and on sepals, as compared to wildtype which has 

both two branched and unbranched trichomes on flowering stalks and sepals.  

Representative images of wildtype, etr2-1, etr2-2 and etr2-3 are shown in Figure 3.1. 
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 Figure 3.1 Representative Trichome Branching in Wildtype and Three etr2 
Mutants.  Trichomes of wildtype are predominantly three branched (A) as are trichomes 
of etr2-1 (B).  The etr2-2 mutant has a higher number of two branched trichomes while 
etr2-3 has only unbranched trichomes (D).  Scale bars = 200 µm. 

   

It has previously been shown that ETR2 is expressed in mature leaves (Sakai et 

al., 1998; Grefen et al., 2008).  We created an ETR2pro:GUS line to determine if there is a 

cellular specific expression related to trichomes.  It was found, in all 13 lines recovered, 

that ETR2 is expressed in young leaves, and that GUS expression was observed in young 

trichomes in half of these lines (Figure 3.2).  In young leaves ETR2 expression became 

restricted to the base of mature trichomes while all expression was lost in mature leaves.   

A B

C D
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Figure 3.2 ETR2 is expressed in juvenile leaves and trichomes. (A) ETR2pro:GUS is 
expressed in juvenile leaves and trichomes (Scale bar = 1 mm). (B) ETR2pro:GUS is 
expressed in mature trichomes only in young leaves (Scale bar = 1 mm). 

 

3.3.2 Microtubule Cytoskeleton Organization is Affected in etr2-3 

To date, mutations that cause a reduction in trichome branching either affect the 

level of endoreduplication within the cell or the organization of the microtubule 

cytoskeleton (Mathur and Chua, 2000).  Trichomes were stained with 4',6-diamidino-2-

phenylindole (DAPI) to determine the DNA content of etr2-3 trichomes as compared to 

wildtype via fluorescent microscopy.  Epidermal pavement cells generally have between 

2C and 16C of DNA, while trichomes have between 4C to 64C, with the majority 

containing 32C (Melaragno et al., 1993).  The DNA content between etr2-3 and wildtype 

trichomes was not significantly different (Figure 3.3A; p<0.05).  This indicates that ETR2 

affects trichome branching in an endoreduplication-independent manner.  To image the 

microtubule cytoskeleton in developing trichomes, etr2-3 was crossed with transgenic 

Arabidopsis expressing 35S:MICROTUBULE ASSOCIATED PROTEIN4-GREEN 

A B
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FLUORESCENT PROTEIN (35S:MAP4-GFP) (Mathur and Chua, 2000).  In early stages 

of wild-type trichome outgrowth, the microtubule cytoskeleton appears to be a fine mesh 

that criss-crosses the stalk of the trichome.  A similar pattern was observed in very young 

trichomes of etr2-3.  During trichome branching, the microtubule cytoskeleton re-aligns 

into a longitudinal orientation (Figure 3.3B).  It is at this stage that we observed 

differences between wild-type and etr2-3 trichomes.  While some of the etr2-3 trichomes 

showed normal longitudinal microtubules in nearly mature trichomes, a subset of 

trichomes exhibited  a random and disorganized microtubule network that showed 

evidence of early depolymerization (Figure 3.3C).  etr2-3 trichomes also lacked the dense 

knots of microtubules typically present in branching trichomes. There was no visible GFP 

signal in fully mature etr2-3 trichomes.  Thus, microtubule assembly in etr2-3 trichomes 

nearing maturity do not consistently show the same organization as in wildtype. 

In previously characterized mutants that show altered microtubule assembly 

pharmacological stabilization of microtubules can induce branching in trichomes (Mathur 

and Chua, 2000).  When etr2-3 was treated with high concentrations of paclitaxol, a 

known stabilizer of microtubule assembly, approximately 50% of the trichomes 

developed branch initials (Figure 3.3D) or unbranched stalks with incipient branch 

bulges. This indicates that the etr2-3 mutant can be partially rescued by stabilizing the 

microtubule cytoskeleton.   

Overexpression of MAP4 has been shown to cause stabilization of microtubule 

assembly.  Therefore in 35S:MAP4-GFP lines this can lead to artifacts such as bulging 

hypocotyl cells, thickened trichomes  
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Figure 3.3 ETR2 affects microtubule assembly.  (A) Wildtype (Black Bar ) and etr2-3 
(Grey Bar) trichome levels of endoreduplication (B) 35S:MAP4-GFP (scale bar = 50 
µm). (C) etr2-3 35S:MAP4-GFP trichomes nearing maturity (scale bar = 30 µm). (D) 
Branching induced in etr2-3 by paclitaxol (scale bar = 100 µm).  (E) etr2-3 35S:MAP4-
GFP lines with high levels of MAP4-GFP expression (scale bar = 70 µm).  (F) Oryzalin 
causes depolymerisation of microtubules and induces unbranched root hairs to become 
branched (inset).   Bar chart of dose response of wildtype (Black Bars), etr2-3 (Grey 
Bars) and etr2-1 (White Bars) to different oryzalin concentrations.  * indicates 
statistically significant difference from wildtype (p<0.05, T-test).   
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or trichome branching (Marc et al., 1998).  In a careful screen of etr2-3 x 35S:MAP4-

GFP we identified 2 double mutant lines with highly stabilized microtubules as 

evidenced by bulging hypocotyls, intense GFP signal as well as a mixture of unbranched 

and branched trichomes.  The two branch trichomes in these lines had blunt ended branch 

tips, a phenotype that has been associated with stabilized microtubules in sti (Mathur and 

Chu, 2000) and the microtubule cytoskeleton appeared normal (Figure 3.3E).  Therefore 

stabilization of microtubule assembly due to overexpression of MAP4 causes branching 

in etr2-3 and corroborates the pharmacological results with paclitaxol. 

If the etr2-3 mutant is affected in the assembly of the cytoskeleton (an effect that 

can be compensated for using paclitaxol or overexpression of MAP4), it should be 

possible to disrupt cytoskeletal assembly more easily in the etr2-3 mutant as compared to 

wildtype.  This was studied by treating etr2-1, etr2-3 and wildtype with increasing 

concentrations of oryzalin.  Oryzalin has been shown to depolymerize microtubules, 

leading to root hair branching, an increase in the girth of trichomes and alteration of the 

shape of the root tip (Baskin et al., 1994).  Because branching of the root hairs could be 

more accurately quantified than thickening of trichomes and root tip girth, and because 

ETR2 has been shown to be expressed in roots (Grefen et al., 2008),we examined root 

hair branching.  In MS media, etr2-3 had a higher number of branched root hairs than 

wildtype (Figure 3.3F). When 0.1 µM oryzalin was added to the media,  the number of 

branched root hairs in etr2-3 increased significantly as compared to wildtype or etr2-1 

(p<0.05). Wildtype required a concentration of 1.0 µM oryzalin before a significant 

increase in root hair branching was detected.  In contrast, the GOF mutant etr2-1, had a 

significantly lower number of branched root hairs at 1.0 µM oryzalin as compared to 
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wildtype (p<0.05).  Therefore, LOF and GOF mutations to ETR2 have opposite effects on 

the sensitivity to oryzalin.  

3.3.3 Epistatic Crosses and Expression Analysis Place ETR2 in Trichome 

Development Pathway 

We crossed the etr2-3 mutant with several trichome branching mutants to gain 

insight into the role of ETR2 in the known trichome morphogenesis signalling pathway.  

Representative pictures of the original mutants (Figure 3.4 B, D, F, H, J) and the resulting 

double mutants (Figure 3.4 C, E, G, I, K, L) are shown.  When crossed with glabra3 

(gl3), which has two branched trichomes (Figure 3.4B), the double mutant had puddle-

like, unbranched trichomes that grew perpendicular to the leaf surface (Figure 3.4C). 

When crossed with spy-5 (Figure 3.4D), a mutant in the gibberellin pathway with 

increased trichome branching, the resulting double mutant had a mixture of two and three 

branched trichomes (Figure 3.4E).  Crossing of etr2-3 with glabra2 (gl2) (Figure 3.4F) 

resulted in leaves with a mixture of two branched and unbranched trichomes (Figure 

3.4G). When etr2-3 was crossed to fasciata1 (fas1), a loss-of-function mutation to 

CHROMATIN ASSEMBLY FACTOR1 (CAF1) that has trichomes with increased 

branching (Figure 3.4H), the resulting double mutant had 100%  unbranched trichomes 

(Figure 3.4I). Based on the epistatic relationship between FAS1 and ETR2 we crossed 

etr2-3 to try, a mutant with clumped trichomes that exhibits supernumary branches.  The 

try etr2-3 double mutant had unbranched trichomes that, in a few cases appeared clumped 

(Figure 3.4K).  A cross was also performed between fas1-1 and try and the double mutant 
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Figure 3.4  Epistatic Analysis Places ETR2 in the TRY and CAF1 Controlled 
Pathway.  Representative cryo-SEM images of (A) etr2-3, (scale bar = 100 µm) (B) gl3, 
(scale bar = 100 µm) (C) etr2-3 gl3 (scale bar = 10 µm) , (D) spy-5, (scale bar = 100 µm) 
(E) etr2-3 spy-5 (scale bar = 1mm), (F) gl2, (scale bar = 100 µm) (G) etr2-3 gl2 (scale 
bar = 1mm) (H) fas1, (scale bar = 100 µm) (I) etr2-3 fas1 (scale bar = 1mm). (J) try 
(scale bar = 100 µm ) (K) try etr2-3 (scale bar = 1 mm) (L) try fas1-1 (scale bar = 100 
µm ). 

  

had the trichome branching and clustering phenotype of try (Figure 3.4L). Taken 

together, these results suggest that ETR2 signals in a pathway that is parallel to GL2, 

GL3, and gibberellic acid, but that ETR2 operates in the same pathway as FAS1 and 

TRY. 
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To further characterize how ETR2 affects the expression of genes involved in the 

regulation of trichome branching, we analyzed the expression levels of five key trichome 

branching regulators (Figure 3.5).  Expression was performed in etr2-1, etr2-3 and fas1-1 

and compared to wildtype.   Because our epistatic analysis would suggest that ETR2 

signals in the same pathway as CAF1, we tested the expression level of FAS1 in these 

mutants.    It was found that expression levels of FAS1 in etr2-3 were significantly 

increased, while they were not significantly affected in etr2-1 (p<0.05; T-test).  This 

would suggest that ETR2 acts upstream of CAF1.  Our epistatic crosses also suggest that 

ETR2 regulates TRY through CAF1.  It was found that TRY expression was significantly 

increased in etr2-3, while it was significantly repressed in etr2-1 (Figure3.4M).  In the 

fas1-1 mutant TRY expression is also significantly repressed.  As TRY is a known 

regulator of STI and ZWICHEL (ZWI) we analysed the expression patterns of these two 

genes.  It was determined that STI was significantly downregulated in etr2-3 and 

increased in etr2-1 but was unaffected in fas1-1.  There was no significant difference in 

expression of ZWI in any of the mutants tested.  We also tested the expression of 

ANGUSTIFOLIA (AN), a gene known to be in a separate trichome branching pathway 

from TRY, and presumably unaffected by ETR2.  The expression levels in both mutants 

was not significantly different from wildtype (Figure 3.5).  These data confirm that ETR2 

is in the same signalling pathway as CAF1 and that downstream components of this 

regulatory network are TRY and STI.   
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Figure 3.5 Expression of key branching genes is altered in ETR2 mutants.  
Quantitative PCR analysis of ANGUSTIFOLIA, FASCIATA1, TRYPTICHON, STICHEL 
and ZWICHEL1 expression in etr2-1 (white), etr2-3 (light grey) and fas1-1 (black) (n=3-
5) as compared to wildtype levels (dashed line).  * indicates significant differences 
(p<0.05); error bars + SD. 
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3.4 Discussion 

Re-orientation of cellular growth to produce branching in Arabidopsis trichomes 

is a closely orchestrated process that requires input from several independent pathways 

that are controlled, in part, by the activity of TRIPTYCHON (TRY), SPINDLY (SPY), 

GLABRA3 (GL3) and NOEK (NOK) (Hülskamp et al., 1994; Folkers et al., 1997; 

Hülskamp et al., 1999; Krishnakumar and Oppenheimer, 1999; Luo and Oppenheimer, 

1999).  There is limited evidence that the plant hormone ethylene is involved in trichome 

development.  Exogenous ethylene increases branching in cucumber trichomes (Kazama 

et al., 2004) and increased ethylene synthesis has been correlated with trichome 

outgrowth in cotton trichomes (Shi et al., 2006; Qin et al., 2007).  We have shown that 

LOF mutations to ETR2 yield leaf trichomes with fewer branches.  Previous research has 

shown that ETR2 is expressed in leaves (Grefen et al., 2008), and we have confirmed this 

expression and shown that the expression is in young trichomes as well as the 

surrounding leaf epidermal cells.  We have also shown that this expression becomes 

sequestered to only trichomes as leaves age, and finally that ETR2 is no longer expressed 

in trichomes in mature leaves. We also show that this reduction in branching is due to 

altered stability of microtubule assembly, rather than a change to the level of 

endoreduplication. Epistatic and gene expression analyses have led us to propose a model 

whereby ETR2 affects CHROMATIN ASSEMBLY FACTOR1 (CAF1), in the TRY 

branching pathway.   

The Arabidopsis genome contains sequences for five highly conserved ethylene 

receptors that are divided into two families based on conserved domains (Type I – ETR1, 
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ERS1; Type II – ERS2, ETR2, EIN4).  While all five receptors show a high degree of 

sequence homology in the transmembrane region, there are differences to their C-

terminal domains that may cause different output capabilities between the receptors.  

Type I receptors have the appropriate residues to act via a histidine-kinase signalling 

pathway (Gamble et al., 1998), while Type II receptors are thought to operate by a 

serine/threonine-kinase pathway (Moussatche and Klee, 2004).  Recent work has begun 

to show that these receptors may have different roles during plant development (Cancel 

and Larsen, 2002; Grefen et al., 2008; Gao et al., 2008).  Here we show that only ETR2 

has a role in the regulation of trichome branching, since no differences were found in the 

available mutants of ETR1, ERS1, ERS2 and EIN4 .  Of the etr2 mutants, the LOF 

mutants, etr2-2 and etr2-3, had reduced branching, while the GOF etr2-1 resembled 

wildtype.  The extent of branching in the trichome correlated with the length of the 

predicted ETR2 protein.  The etr2-2 mutant has a stop codon which causes only 73% of 

the full length protein to be translated and has been described as a weak allele (Hua and 

Meyerowitz, 1998).  Conversely, etr2-3 has a G-to-A substitution  in ETR2 at Trp-312, 

causing translation to stop after only 45% of the protein is made (Hua and Meyerowitz, 

1998).  Thus the more subtle branching phenotype correlates to the weaker allele (etr2-2), 

while the more severe branching phenotype correlates to the stronger allele (etr2-3).  A 

similar dependence of phenotype on protein length was found in LOF mutations to ETR1 

(Cancel and Larsen, 2002).   

In the process of trichome branching, microfilament dynamics control where 

branch initials begin, as well as branch extension (Mathur et al., 1999).  The distorted 

mutants have small branch initials and twisted branches due to improper formation of the 
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actin cytoskeleton (Mathur et al., 1999).  Microtubule reorganization is key to organizing 

the outgrowth of the trichome branch initial (Mathur and Chua, 2000) and mutants such 

as sti and zwi have reduced branching due to altered microtubule organization (Mathur 

and Chua, 2000).  There is an extensive body of evidence that ties ethylene to the control 

of microtubule orientation. In developing cotton trichomes, ethylene is critical for the 

proper formation and extension of the trichomes, as ethylene biosynthetic inhibitors 

impede growth (Shi et al., 2006; Qin et al., 2007).  The increase in ethylene production in 

cotton trichomes affects the transcription of β-tubulin, extensins and sucrose synthase.  

Applications of ACC to lettuce roots induce randomization of the microtubule array and 

aid the induction of root hairs (Takahashi et al., 2003).  ACC and ethylene are also known 

to alter the re-orientation of microtubules into a longitudinal orientation (Apelbaum and 

Burg, 1971; Roberts et al., 1984; Yuan et al., 1994; Le et al., 2004). Since etr2-3 has an 

unbranched phenotype, and because the trichome stalk is not distorted in any manner, we 

hypothesized that it would have alterations to microtubule assembly and/or stability 

instead of to the microfilament array.  Microtubule organizing centers (MTOCs) mediate 

microtubule processes by aiding in the re-orientation and organization of the microtubule 

cytoskeleton (Cyr and Palevitz, 1995; Vaughn and Harper, 1998). We found that the 

organization of the microtubule cytoskeleton in later stages of some developing etr2-3 

trichomes was very disorganized, but normal in others, indicating a problem with 

orientation and assembly of microtubules in this mutant.  A similar dichotomy has also 

been found in sti and zwi, where trichome branching is impeded due to altered 

microtubule assembly dynamics, but the final microtubule array looks normal in the 

majority of trichomes (Mathur and Chua, 2000; Ilgenfritz et al., 2003).  The trichomes in 
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etr2-3 also lacked the dense areas of the microtubule cytoskeleton that are associated with 

branch initiation and formation in wild-type trichomes indicating that the microtubule re-

orientation necessary for branching may never occur (Mathur and Chua, 2000).  To 

confirm the role of ETR2 in microtubule network integrity we exposed the plants to 

paclitaxol, a drug that stabilizes the microtubule structure by lowering the concentration 

of tubulin needed to form a microtubule assembly independent of MTOCs (Schiff et al., 

1979; De Brabander et al., 1981; Verde et al., 1991; Hyman and Karsenti, 1998).  

Paclitaxol can stabilize microtubule assembly in developing trichomes to the extent that 

the unbranched trichomes in sti and zwi could form either branches or branch initials (as 

indicated by small bumps along the side of the trichome stalk) (Mathur and Chua, 2000).  

Paclitaxol also caused the formation of trichome branch initials in etr2-3 trichomes, as 

was found in sti and zwi mutants.  The ability of stabilized microtubule assembly to cause 

branching in etr2-3 was also observed in the double mutant etr2-3/35S:MAP4-GFP 

which had a combination of single and double branched trichomes.  In trichomes on these 

plants that were double branched, the cytoskeleton orientation was identical to branched 

trichomes in wildtype.  In unbranched trichomes on the same plants, however, there was 

evidence of improper organization of the microtubule array.  This would indicate that 

overexpression of MAP4 in these lines can stabilize microtubule assembly in some of the 

etr2-3 trichomes and lead to trichome branching. We also showed that destabilization of 

the cytoskeleton was more easily accomplished at lower concentrations of oryzalin in 

etr2-3 root hairs, as compared to wildtype, and that the etr2-1 was more resistant to the 

action of oryzalin.  These data would indicate that branch formation in etr2-3 is impeded 
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by the lack of proper microtubule organization, but that the LOF mutant still retains the 

flexibility to be able to branch if microtubule assembly is artificially altered.   

It has been hypothesized that branching is initiated in the trichome initial by a 

complex of proteins that play an integral role in maintaining and aiding the stability of the 

cytoskeleton as it re-orients (Krishnakumar and Oppenheimer, 1999).  Two proteins, STI 

and ZWI, have been proposed to have a stabilizing effect on this protein complex.  STI 

and ZWI are not thought to be actual members of this protein complex, as their loss can 

be replaced by the microtubule stabilizing drug paclitaxol (Mathur and Chua, 2000).  As 

ETR2 is a receptor involved in ethylene signalling, it is unlikely that it makes up part of 

an MTOC or that it directly associates with proteins that stabilize the cytoskeleton prior 

to branching (Krishnakumar and Oppenheimer, 1999). Given our finding that paclitaxol 

can partially substitute for the ETR2 signal, it is likely that ETR2 is responsible for 

relaying the ethylene induced signal to promote the rearrangement of the microtubule 

cytoskeleton .  

Ethylene has been shown to repress expression of some transcription factors 

(Fujimoto et al., 2000), and it has been hypothesized that this is through the recruitment 

of histone deacetylases (Pazin and Kadonaga, 1997), which would alter chromatin 

structure and block cis-elements.  Ethylene also induces HISTONE DEACETYLASE19, 

which is involved in the de-repression of both ethylene and jasmonic acid induced 

defence related genes (Zhou et al., 2005).  Similarly, our work would suggest that 

ethylene can also affect epigenetic silencing through induction of CAF1, which 

culminates in the upregulation of TRY to restrict trichome branching.  TRY encodes a 
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single repeat R3 MYB transcription factor that limits trichome branching through 

inhibition of STI, ZWI and FRC4 expression (Schellmann et al., 2002; Zhang et al., 

2003).  Trichomes in fas1-1, a LOF CAF1 mutant, generally have more than three 

branches (Exner et al., 2006) and this mutation was recently found to control trichome 

branching through restriction of STI activity  (Exner et al., 2008).  Based on our results, 

CAF1 (itself regulated by ETR2) would upregulate the expression of TRY, most likely 

through transcriptional silencing of a TRY repressor, and would ultimately restrict the 

activity of STI, ZWI and FRC4 to arrest trichome branching in a wildtype background.  

Because TRY effectively represses these three separate branching pathways 

simultaneously (Luo and Oppenheimer, 1999), this may explain why the trichomes of 

etr2-3 are completely unbranched as compared to mutations to ZWI and STI, which 

normally do not show as severe a phenotype (with the exception of strong mutations to 

STI).  By acting on TRY, ETR2 is knocking out three branching pathways at once, which 

would increase the severity of the phenotype (Figure 3.6).  Our results would suggest that 

TRY is affecting the activity of these proteins as opposed to their expression as ZWI and 

STI expression levels were unaffected in the CAF1 mutant fas1-1.  Interestingly, we 

found that there were changes to STI expression in etr2-3 and etr2-1 even though ETR2 

is upstream of CAF1.  This may indicate the possibility that CAF1 is not the only 

regulator through which ETR2 signals to affect trichome branching, and thus ETR2 may 

also affect levels of STI expression independant of CAF1.  A model based on our results 

is presented in Figure 3.6.  Our results, together with those of Exner and colleagues 

(2008), also indicate that CAF1 and ETR2 affect trichome branching by altering the 

cytoskeleton and not the level of endoreduplication despite the fact that TRY, which we 
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Figure 3.6 Placement of ETR2 and CAF1 within the Trichome Regulatory Pathway. 
Known network of trichome branching adapted from Luo and Oppenheimer (1999) with 
ETR2 and CAF1 (in bold) as negative regulators of trichome branching through TRY.  

  

have implicated in the same pathway, is known to affect the level of endoreduplication in 

cells.  This would suggest that TRY could have an effect on cell shape as well as an effect 

on the cell cycle. TRY is known to affect multiple cell developmental pathways 

independently (Hülskamp et al., 1994; Schnittger et al., 1999; Schellmann et al., 2002), 

so this may be a new example of TRY affecting trichome branching, through STI, in an 

endoreduplication independant manner.   
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3.5 Conclusion 

We have shown that ETR2 is an important regulator of trichome development 

through modulation of CAF1, TRY and STI expression.  Our data from imaging of the 

microtubule cytoskeleton in developing trichomes also suggest that the ETR2 pathway 

might have an effect on microtubule stability.  This effect can be rescued by application 

of high levels of paclitaxol, implicating ETR2 in the role of stabilizing the protein 

complex hypothesized to control microtubule re-orientation.  This study is an important 

step forward in the understanding of how ethylene affects cellular development. 
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3.6 Materials and Methods 

 

3.6.1 Plant Growth Conditions: 

Arabidopsis seeds (source: Arabidopsis Biological Resource Center) were 

stratified for 4 days at 4oC in the dark and grown in soil under long photoperiod (16 h 

light/ 8 h dark) at a light intensity of 180 µE m-2s-1 at the rosette level at 22oC.  For 

paclitaxol and oryzalin experiments,  plants were grown on Murashige and Skoog basal 

salt mixture agar plates (Sigma, Oakville, ON, Canada) pH 5.7 - 5.8, 0.6% (w/v) agar for 

one week.  Paclitaxol (MP Biomedicals, Solon, OH, USA) tests were performed 

according to Mathur and Chua (2000) (n=60 plants).  and Plant roots were soaked in an 

oryzalin (Riedel-de Haën, Pestanal) solution (0, 0.01, 0.1 or 1 µM) for 72 hrs and then 

root hairs counted (n=900 root hairs per concentration).   For epistatic analysis, all double 

mutants were  followed to homozygous F3 plants  and were back-crossed to wildtype to 

ascertain parental genotype.     

 

3.6.2 Microscopy 

The degree of trichome branching was analyzed on leaf 5 of mature, soil grown 

Arabidopsis plants using a  Carl Zeiss Stemi 2000-C dissecting microscope.  

Representative images of leaves for wildtype and all single and double mutants were 

taken using a cryo-Scanning Electron Microscope as per Harrison et al. (2007).  For 

analysis of trichome nuclear ploidy, trichomes were fixed and removed as per Zhang and 
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Oppenheimer (2004) and stained with 4’,6-diamino-2-phenylindole (DAPI) as per 

Folkers et al. (1997) and pictured using a Carl Zeiss Axioplan Fluorescent microscope 

(Carl Zeiss, Germany).  Images were captured using an AxioCam HRc CCD camera and 

fluorescence levels of nuclei for wildtype and etr2-3 were analyzed using AlphaEase FC 

Imaging System software (Alpha Innotech; San Leandro, CA).    

To determine the effect of the etr2-3 mutation on the microtubule cytoskeleton, 

double mutants were constructed between etr2-3 and 35S:MAP4-GFP (Mathur and Chua, 

2000).  The GFP labelled cytoskeleton in trichomes was viewed as per Mathur and Chua 

(2000). 

 

3.6.3 Histochemical GUS Assay 

To analyze the cellular expression of ETR2 we cloned the upstream region of the 

gene using the primers: ETR2pro fw: 5’ – GTCGACAGAAGAACGCATGAGAGCC – 

3’; ETR2pro rv: 5’ – CCATGGCACCACCATTGATAGTATC – 3’ into the pCAMBIA 

1305.1 vector (Centre for the Application of Molecular Biology to International 

Agriculture, Canberra, Australia; http://www.cambia.org) and transformed into wildtype 

Arabidopsis, Columbia ecotype, as per Clough and Bent (1998).  Leaves from young and 

mature homozygous T3 plants were GUS stained according to Regan et al. (1999) and 

photographed using either a Carl Zeiss Axioplan microscope or Carl Zeiss Stemi 2000-C 

dissecting microscope with an AxioCam HRc CCD camera.  
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3.6.4 Quantitative PCR 

Quantitative PCR was used to determine the expression differences of several 

genes.  Plants of wildtype, etr2-1, etr2-3 and fas1-1 were grown as outlined above for 10 

days at which point they were harvested and frozen in N2(l).  Total RNA was extracted 

using the Qiagen RNeasy Plant Kit (Mississauga, ON) according to manufacturers 

instructions and one µg of total RNA was used for synthesis of cDNA using AMV 

reverse transcriptase (Promega; Madison, WI).  At least three independant biological 

replicates were used for wildtype and each mutant with at least 2 technical replicates.  

Quantitative PCR was performed using the Cepheid OmniMix HS system following 

manufacturers instructions (Sunnyvale, CA) on the SmartCycler system (Cepheid; 

Sunnyvale, CA).  Ubiquitin-10 was used as an internal control.  Primers used for the 

analyses were as follows: ANGUSTIFOLIA (AN) fw: 5’  – 

TCGCATACAGAAACAAGGACAC – 3’, AN rv: 5’ – ACACGTCAAAACTATGG 

CTAGC – 3’; STICHEL (STI) fw: 5’ – GCTTTAGTAAACGAGCTAGTTGG – 3’,      

STI rv: 5’ – CTAGCTCGCTTAACAGTCTCTG – 3’; TRIPTYCHON (TRY) fw:             

5’ – TCGCCCTCCAT GACTCTGAAGAAG – 3’, TRY rv: 5’ – CTCTTCCTG 

CTATCAAATCCCACC – 3’; ZWICHEL (ZWI) fw: 5’ – CCACAGTGTCTGATG 

CTGTTGAGGAG – 3’; ZWI rv: 5’ – CTGGAGGAGATCTCCAATATACTTGT`   

TATC -3; FASCIATA1 (FAS1) fw: 5’ TTCTGAATCTGTCTTTGGTGCTGGGA    

GACG – 3’; FAS1 rv: 5’ - CCATGAATGATCGAATATCCA CCTCACTCAGT – 3`; 

UBIQUITIN-10 (UBQ10) fw: 5’ - GTCCTCAGGCTCCGTGGTG - 3’;                   

UBQ10 rv: 5’ – GCCATCCTCCAACTGCTTTC - 3’.  
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Chapter 4   Arabidopsis Ethylene Receptors Have Different Roles in 

Fumonisin B1-Induced Cell Death 

 

Jonathan M. Plett, Marina Cvetkovska, Patricia Makenson, Tim Xing and Sharon Regan 

For submission to Physiological and Molecular Plant Pathology 

 
4.1 Abstract 

Ethylene is a central signalling agent in mediating plant defence against 

pathogens.  The ethylene receptor ETR1 is one of the mediators of this signalling 

cascade, mutations to which have been shown to increase susceptibility of plants to 

fungal colonization and mycotoxin induced cell death.  Here we extend this analysis to all 

five of the ethylene receptors in Arabidopsis and find that they do not participate in 

regulating cell death in the same manner as ETR1.  Using Fumonisin B1 (FB1) to induce 

cell death we confirm that etr1-1 has accelerated cell death but show that the receptor 

mutant ein4-1 has a reduced rate of necrosis, potentially due to an upregulation of 

ETHYLENE RESPONSE FACTOR1.  The other gain-of-function ethylene receptor 

mutants tested, etr2-1, ers1-1 and ers2-1, showed no difference in the rate of cell death as 

compared to wildtype but they differentially affected the expression of genes in the 

jasmonic acid and salicylic acid defence pathways.  We also show that ETR1, ERS1 and 

EIN4 play a important role in the control of ethylene receptor post-transcriptional 

feedback during FB1 challenge.  Together these data indicate that ethylene receptors do 

not have redundant roles in mediating FB1-induced cell death. 
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4.2 Introduction 

Plants have well developed systems to recognise self versus non-self and to mount 

defence against different pathogens.  A number of stressors can elicit a defence response 

in the plant, including herbivory, mechanical damage and other abiotic stresses.  Once the 

stress is detected within the plant, a hypersensitive response (HR) activates at least three 

defence pathways: the salicylic acid pathway (SA), the jasmonic acid pathway (JA) and 

the ethylene pathway.  Expression levels of key genes from each pathway have been used 

to monitor the intensity of the defence response.  For example, PATHOGENESIS 

RELATED PROTEIN1 (PR1) is used to determine the activation of the SA pathway 

(Stone et al., 2000; Berrocal-Lobo and Molina, 2004; Brodersen et al., 2005) while 

VEGETATIVE STORAGE PROTEIN1 (VSP1) and ETHYLENE RESPONSE FACTOR1 

(ERF1) were used for the JA and ethylene pathways, respectively (Kunkel and Brooks, 

2002; Lorenzo et al., 2002; Oñate-Sánchez and Singh, 2002).  Other genes such as 

PLANT DEFENSIN1.2 (PDF1.2) are activated concomitantly by ethylene and JA and can 

be used to follow crosstalk between the pathways (Kunkel and Brooks, 2002).  In all 

cases, JA, ethylene and SA positively regulate downstream signalling and impairment to 

any of these pathways via mutation or chemical blockage leads to increased pathogen 

susceptibility.   

Ethylene is an important mediator in response to necrotrophic pathogen attack 

(Bent et al., 1992), but there are conflicting results with regard to the exact role of 

ethylene in mediating cell death.  Exogenous exposure to ethylene can increase disease 

symptoms (Bent et al., 1992; Lund et al., 1998; Hoffman et al., 1999), but it other 

instances it must be present for resistance to other pathogens (Norman-Setterblad et al., 
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2000; Thomma et al., 1999).  Ethylene is a gaseous plant hormone that is sensed by a set 

of five receptors in Arabidopsis (Type I: ETR1, ERS1; Type II: ETR2, ERS2 and EIN4) 

that are localized to the endoplasmic reticulum (Grefen et al., 2008), and in the case of 

ETR1, to the golgi apparatus (Dong et al., 2008).  The receptors form hetero or 

homodimers with each other that, in the absence of ethylene, associate with 

CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) (Clark et al., 1998; Gao et al., 2003; 

Huang et al., 2003).  Through an unknown mechanism the receptors maintain the activity 

of CTR1 in the absence of ethylene, which actively represses the ethylene pathways 

(Keiber et al., 1993; Moussatche and Klee, 2004).  When ethylene is present, it binds to 

the transmembrane portion of the receptor through a copper co-factor (Rodríguez et al., 

1999).  The binding of ethylene causes CTR1 to be inactivated, thereby relieving CTR1’s 

repression on the ethylene response pathways through activation of EIN2, a downstream 

signal relay for the ethylene pathways (Huang et al., 2003, Alonso et al., 1999).  The 

ETR1 receptor, and possibly the ERS1 receptor, can also positively control ethylene 

responses through a CTR1 independent pathway based on their histidine kinase activity 

(Hass et al., 2004).  Mutations that prevent ethylene from binding to a given receptor 

(etr1-1, etr2-1, ers1-1, ers2-1, ein4-1) cause plant-wide ethylene insensitivity. These 

mutations are known as gain-of-function mutations because the ethylene receptors 

activate CTR1 in the absence of ethylene. The majority of current research into the role 

of ethylene perception on cell death during pathogen attack has focused on one mutant, 

etr1-1 (Knoester et al., 1998; Pieterse et al., 2001; Kishimotoa et al., 2006; Mohsen et al., 

2008), likely due to the view that the five ethylene receptors from Arabidopsis act 

redundantly (Hua and Meyerowitz, 1998; Alonso et al., 1999; Rodríguez et al., 1999).  
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This concept of the ethylene signalling pathway has recently been revised due to new 

findings which show that, in limited cases, ethylene receptors can signal through a non-

CTR1 dependent pathway (Binder et al., 2004; Hass et al., 2004; Cho and Yoo, 2007) and 

that the receptors can form heterodimers in vivo rather than exclusively homodimers as 

previously thought (Grefen et al., 2008).  This may mean that ethylene receptors do not 

have redundant functions.  Given the diverse, and sometimes contradictory, effects of 

ethylene in mediating pathogen induced cell death it is important to analyze the 

individual roles of each ethylene receptor.     

Necrotrophic pathogens such as Fusarium verticillioides (formerly F. 

moniliforme), produce mycotoxins, such as Fumonisin B1 (FB1), that kill plant cells in 

order that the fungus may feed off of the dead cells.  FB1 blocks sphingolipid metabolism 

through competitive inhibition of ceramide synthase and causes rapid cell death in plant 

cells (Desai et al., 2002).  FB1 is important in human epidemiology as consumption of 

contaminated crops is thought to be correlated with a high incidence of neural tube 

defects in developing countries (Marasas et al., 2004).  FB1 can be infiltered directly into 

plant leaves to imitate colonization of F. verticillioides in order to search for genes that 

may confer increased resistance to the host against the pathogen (Stone et al., 2000). 

Through this research, a better understanding of plant-pathogen interactions will lead to 

ways in which we can increase crop resistance to these fungal pathogens. Using FB1, we 

imitated fungal induced cell death in all five Arabidopsis gain-of-function ethylene 

receptor mutants (ers1-1, ers2-1, etr1-1, etr2-1 and ein4-1).  We analyzed differences in 

the rate of cell death between the mutants and the timing of HR.  The role of ethylene 

receptor post transcriptional feedback as well as the effect of ethylene insensitivity on the 
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SA and JA pathways in cell death was also investigated.  From these data, we 

demonstrate that there are specific roles for some ethylene receptors in mediating FB1 

induced cell death.  
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4.3 Results 

4.3.1 FB1 causes cell death in Arabidopsis Leaves: 

To establish the appropriate amount of fumonisin B1 (FB1) to cause cell death in 

wild-type plants of Arabidopsis, we infiltered either the fifth or sixth leaf with 0, 2.5, 5, 

7.5 or 10 µM FB1 to determine which concentration led to development of necrotic 

lesions over 96 hrs (Figure 4.1).  While there are no visible lesions in leaves infiltered 

with 0 to 2.5 µM FB1, concentrations of 7.5 and 10 µM exhibited lesions within 48 hrs 

and were fully desiccated by 60 hrs which was too fast to elucidate mutants that might 

have slight differences in the timing of cell death.  Leaves infiltered with 5 µM FB1 

showed the beginning of cell death at 48 hrs, after which the lesions slowly progressed to 

fill out the entire infiltrated area by 96 hrs.  Therefore 5 µM FB1  was chosen to screen 

ethylene receptor mutants. 

 

Figure 4.1 Fumonisin B1 induces rapid cell death in Arabidopsis leaves.  
Representative images of wildtype leaves infiltered with increasing concentrations of 
FB1. 

 

4.3.2 Ethylene receptors differentially mediate FB1 induced cell death: 

During colonization of a plant by a pathogen, the progress of the disease 

symptoms can be followed using a variety of developmental indices.    Macroscopically, 

0  µM 1  µM 2.5  µM 5  µM 7.5  µM 10  µM
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death can be quantified by timing the appearance of necrotic lesions and the rate of 

chlorosis can be measured by chlorophyll loss.  Microscopically, levels of phenolic and 

callose accumulation can be used to time the activation of the HR. Necrotic lesions 

developed in ers1-1, ers2-1 and etr2-1 at the same time (48 hrs) as wildtype (Figure 

4.2A). In contrast, rapid cell death was observed in etr1-1, where lesions began as early 

as 24-36 hrs and steadily progressed within the infiltered area, and beyond, by 72 hrs. In 

ein4-1, there was little to no damage by FB1 infiltration with approximately 98% of all 

ein4-1 plants infiltrated showing no necrosis or cell death at 96 hrs.  The GOF mutant 

ers1-1 tested here was from a different background as compared to all other mutants 

tested (Nossen-0 versus Columbia).  While ers1-1 showed no difference is cell death 

compared to Columbia wildtype Arabidopsis, it is possible that the background difference 

is a confounding factor in this analysis.  To determine if there is any difference between 

No-0 and Col-0 backgrounds, we are currently running the same tests on No-0.  When 

FB1 was administered systemically, the degree to which the mutants responded resembled 

the results  in rosette leaves of wild-type and mutant plants (Figure 4.2B).  It was found 

that the etr1-1 mutant was  stunted and exhibited high levels of chlorosis at 

concentrations as low as 0.01 µM FB1 while ers1-1, ers2-1, etr2-1 and wildtype did not 

display significant stunting nor cell death until 0.1-0.5 µM FB1 (Figure 4.2B).  Finally, 

the ein4-1 plants were still alive on 0.5 µM FB1, although no true leaves were produced 

during the test duration of 10 days.   
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Figure 4.2 Ethylene receptor mutants display differential rate of fumonisin B1 
induced cell death when infiltered into leaves or applied systemically.  (A) 
Representative images of leaf discs infiltered with 5 µM FB1 and harvested every 12 hrs 
(n=8 per time point).  Red underline indicates when the first visible signs of necrosis 
appeared in the leaves.   (B) Seeds of wildtype Arabidopsis and all 5 gain-of-function 
ethylene receptor mutants were germinated on increasing concentrations of FB1 to 
determine if any of the mutants were more resistant to FB1.   
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To further evaluate the extent of cell death, leaf discs of wildtype and the ethylene 

receptor mutants were analyzed for chlorophyll degradation due to FB1-induced cell 

death.  It was found that wildtype had an average concentration of 280-300 mg 

chlorophyll/g fresh weight of leaf prior to FB1 exposure and this decreased gradually to 

approximately 240 mg chlorophyll/g fresh weight by 60 hrs (Figure 4.3). A similar 

concentration and pattern of chlorophyll degradation was found for ers1-1, ers2-1 and 

etr2-1.  In contrast, the degradation of chlorophyll was more rapid and more extensive in 

the etr1-1 mutant where the level of chlorophyll was reduced to below 260 mg  

 

Figure 4.3 Ethylene receptor mutants lose chlorophyll at different rates during 
fumonisin B1 induced cell death. Leaves of wildtype and 5 ethylene receptor mutants 
were infiltered with FB1 and total chlorophyll content in leaf discs was analyzed every 12 
hrs (n=8 per time point).  The dashed line indicates chlorophyll content in control leaves 
treated with 0.14% methanol. (Diamond Dots) wildtype; (Square Dots) ers1-1; (Triangle 
Dots) ers2-1; (X) etr1-1; (X over square) etr2-1; (Circle Dots) ein4-1. + SD. 
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chlorophyll/g fresh weight by just 12 hrs and was further reduced to175 mg chlorophyll/g 

fresh tissue by 60 hrs.  Conversely ein4-1 showed little chlorophyll loss over the analyzed 

period.  This method of marking cell death corroborated the macroscopic observations 

that etr1-1 had a faster rate of cell death and that ein4-1 had little cell death and that the 

other ethylene receptor mutants responded like wildtype. 

It is known that FB1 induces HR, and that HR eventually leads to cell death.  

From the chlorophyll results and macroscopic observation, necrotic lesions first appear 

around 48 hrs, but it would be expected that the HR must be initiated before this time 

point.  To determine if HR was being activated in each mutant, we investigated the timing 

of two indicators of HR, the accumulation of phenolics and callose at 24 and 48 hrs post 

FB1 infiltration.  Table 1 summarizes the accumulation of phenolics and callose as absent 

(-), present (+) or present at very high levels (++).  No phenolics or callose were observed 

in either the 0 hr samples or in the mock-infected plants.   Phenolic accumulation first 

appeared in wildtype and all of the GOF mutants, except ein4-1, at 12 hrs post 

inoculation.  The first phenolics in ein4-1 were observed at 24 hrs post inoculation.  

While most of the mutants screened had similar levels of phenolics to wildtype, etr1-1 

had much higher levels beginning at 24 hrs through 48 hrs post-infiltration, and these 

levels dropped off to normal levels after 60 hrs.  Callose deposition occurred more slowly 

than phenolic accumulation.  Callose was observed in wildtype and all mutants at 24 hrs 

post inoculation.  It was found that etr2-1 and ein4-1 had especially high levels of callose 

at 24 hrs post inoculation, but that these levels returned to wildtype levels after this point. 

Therefore, we observed that HR was initiated in wildtype and all mutants and that 
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phenolic accumulation and callose deposition were observed much earlier than cell death 

was noted macroscopically. 

 

Table 4.1 Relative levels of phenolics and callose accumulation in wildtype and 
ethylene receptor mutants.  Timing and levels of phenolic (left panel) and callose 
staining (right panel) in leaf discs of wildtype and the ethylene receptor mutants every 12 
hrs post inoculation with FB1.  Levels are relative to wildtype at the same timepoint, and 
control leaves were infiltered with 0.14% methanol. 

 

4.3.3 Effect of FB1 on defence gene expression 

It is known that SA, JA and ethylene control the three main defence pathways in 

Arabidopsis. To ascertain whether these pathways are affected by GOF mutations to 

different ethylene receptors we used quantitative PCR to follow the expression of 

representative genes in each pathway in plants grown either on MS media (mock 

treatment) or on MS media containing 0.1 µM FB1.  At this concentration all mutants 

tested had true leaves and were still growing but showed stunting due to FB1. Expression 

of VSP1, which is activated by the JA pathway, was induced in wildtype plants by 1.5 

times (Figure 4.4A). Expression was significantly repressed in etr1-1 and ers1-1 

(p<0.05), while it was significantly induced in ers2-1 while expression levels were not 

significantly affected in ein4-1 or etr2-1 (p<0.05).  The expression of the PR1 gene was  

0 hrs 12 hrs 24 hrs 36 hrs 48 hrs 60 hrs 72 hrs 84 hrs 96 hrs 0 hrs 12 hrs 24 hrs 36 hrs 48 hrs 60 hrs 72 hrs 84 hrs 96 hrs
Wildtype - + + + + + + + + - - + + + + + + +
ers1-1 - + + + + + + + + - - + + + + + + +
ers2-1 - + + + + + + + + - - + + + + + + +
etr1-1 - + ++ ++ ++ + + + + - - + + + + + + +
etr2-1 - + + + + + + + + - - ++ + + + + + +
ein4-1 - - + + + + + + + - - ++ + + + + + +
Mock - - - - - - - - - - - - - - - - - -
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Figure 4.4 Ethylene receptors mutants have differentially regulated defence genes in 
Arabidopsis.  The seeds of wildtype Arabidopsis and 5 gain-of-function ethylene receptor 
mutants were grown on MS and on 0.1 µM FB1 for 10 days after which expression levels 
of (A) VEGETATIVE STORAGE PROTEIN1 (VSP1) a gene controlled by the JA 
pathway, (B) PATHOGENESIS RELATED1 (PR1) a representative gene of the SA 
pathway, (C) ETHYLENE RESPONSE FACTOR1 (ERF1) and (D) PLANT 
DEFENSIN1.2 (PDF1.2) which represent genes from the ethylene and JA pathways were 
analysed.  Values are expressed as fold change from each respective mutant grown on 
MS (n = 3 per treatment). Asterisk indicates significantly different induction or 
repression as compared to wildtype values (p<0.05; T-test). Error + SD.  

 

used to follow induction of the SA controlled defence pathway, and expression of this 

gene was found to be induced in wildtype and all ethylene receptor mutants tested (Figure 
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4.4B), although the level of induction differed among the mutants. The level of induction 

(9.3 fold) was lowest in wildtype.  In ein4-1 PR1 increased in expression by 46 fold, 

while it increased by a much greater amount in ers1-1, ers2-1, etr1-1 and etr2-1.  These 

values were significantly higher than induction in wildtype (p<0.05).  The ERF1 gene 

was used to represent the ethylene pathway (Figure 4.4C).  ERF1 expression was 

similarly induced in wildtype, ers2-1 and etr2-1 test conditions. The induction of ERF1 

was significantly higher in the ein4-1 mutant (22 fold; p<0.05) as compared to wildtype.  

While ERF1 was induced in etr1-1 and ers1-1, this induction was significantly less than 

in wildtype (p<0.05).  Finally, PDF1.2 expression, which is influenced by both ethylene 

and JA, was used to represent both pathways. The expression of PDF1.2 was found to 

increase in FB1 treated wildtype by 6.9 fold (Figure 4.4D).  The induction in etr2-1 was 

similar to wildtype.  Induction of PDF1.2 in ein4-1 and etr1-1 was significantly less than 

that observed in wildtype, while levels in ers1-1 and ers2-1 were significantly higher 

(p<0.05).  Therefore it was found that GOF mutations to the ethylene receptors 

differentially affected the expression of downstream defence related genes. 

4.3.4 Ethylene signalling from ETR1, ERS1 and EIN4 affect expression of other 

ethylene receptors 

Ethylene perception is believed to be a dynamic process where ethylene receptors 

influence their own levels through a post-transcriptional feedback mechanism (Zhao et 

al., 2002; Chen et al., 2007).  Using quantitative PCR we followed the expression of the 

ethylene receptor genes in the wildtype and GOF mutants at 0 and 48 hrs after FB1  
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Figure 4.5 ETR1 and ERS1 play major role in post-transcriptional regulation of 
ethylene receptors during fumonisin B1 challenge.  Expression levels of (A) ERS1, (B) 
ERS2, (C) ETR1, (D) ETR2, and (E) EIN4  in wildtype and 5 ethylene gain-of-function 
receptor mutants at 0 hr (white bar) and 48 hrs (grey bar) after infiltration with 5 µM FB1.  
Values are expressed as fold change from mock levels  (n = 3 or 4 per treatment). Error + 
SD. 
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infiltration.  The 48 hr time point was chosen because it coincides with the first necrotic 

lesions in wildtype, but before the onset of widespread cell death.  As is shown in Figure 

4.5, the expression of ethylene receptor genes were not significantly affected by FB1 

infiltration in wildtype, ers2-1 and etr2-1 mutants. The most significant differences in 

receptor expression were observed in the ers1-1, etr1-1 and (in one instance) ein4-1 

mutant backgrounds.  In ers1-1 there was an increase in ERS2, ETR1 and ETR2 by 

approximately 10 fold, while there was a 10 fold reduction in ERS1 expression.  In etr1-1 

there was a large increase in ERS1, ERS2, ETR1 and EIN4, while there was a minor 

decrease in ETR2 expression.  The largest change in expression to a single receptor was 

observed in ein4-1, with ETR1 expression showing a 428 fold induction over mock 

levels. These results suggest that the ETR1 and ERS1 receptors play the largest role in 

the post-transcriptional feedback mechanism regulating the expression of ethylene 

receptors while ein4-1 largely represses ETR1.  
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4.4 Discussion 

4.4.1 ETR1 and EIN4 have different roles in pathogen response 

Basal resistance to necrotrophic fungi (like F. verticillioides) requires an active 

ethylene signalling pathway (Asai et al., 2000; Gorvin and Levine, 2000; Stone et al., 

2000; Thomma et al., 2001).  In other instances (like Pseudomonas syringae infection) 

ethylene does not confer pathogen resistance (Berrocal-Lobo et al., 2002).  To follow the 

effect that loss of ethylene signalling has on the progression of cell death, most previous 

studies have focused on the Arabidopsis etr1-1 gain-of-function mutant which exhibited 

increased rates of cell death and reduced expression of defence genes such as PDF1.2 

(Asai et al., 2000; Stone et al., 2000).  New findings suggest that ETR1, and potentially 

ERS1, can act through signalling pathways other than the classical CTR1 dependent 

pathway (Binder et al., 2004; Hass et al., 2004; Cho and Yoo, 2007; Grefen et al., 2008). 

This indicates that ETR1 is not a good model for the actions of the other receptors.  

Therefore it is important to study the impact of the other 4 ethylene receptors on pathogen 

responses.  Using the method developed by Stone and colleagues (2000), we tested all 

five gain-of-function ethylene receptor mutants in Arabidopsis (ers1-1, ers2-1, etr1-1, 

etr2-1 and ein4-1) for rates of mycotoxin-induced cell death (Figure 4.2A).  In contrast to 

etr1-1, ein4-1 plants displayed delayed mycotoxin-induced cell death as determined by 

chlorosis of FB1 infiltered plants, while the other receptor mutants responded in a manner 

similar to wildtype.  These results suggest that the ethylene receptors do not have 

redundant roles in pathogen response and more specifically, ethylene bound at ETR1 

would inhibit cell death while ethylene bound to EIN4 would accelerate death. 
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A potential explanation for the lack of cell death in ein4-1 could be that FB1 never 

elicited a hypersensitive response (HR).  The HR response is thought to impede the 

growth of biotrophic pathogens, since the necrotic lesions reduce the amount of tissue on 

which the pathogen feeds, but aid colonization of necrotrophic pathogens. The HR 

response initiates the formation of necrotic lesions in leaves due to the deposition of 

callose and the accumulation of phenolics.  To evaluate the HR in the ethylene gain-of-

function receptor mutants, we followed these two indicators of HR and found that all of 

the mutants, including ein4-1, still accumulated phenolics and callose, even though ein4-

1 did not display chlorosis or cell death.  Therefore it appears that some components of 

the HR response are still active in ein4-1.  It was also observed that ein4-1 had delayed 

accumulation of phenolics and enhanced levels of callose accumulation during the first 

24 hrs after FB1 infiltration.  While the role of callose is still not fully understood, it is 

thought to protect the plant by sequestering the ‘pathogen’ (in this case just FB1) to the 

primary infection site so that it cannot spread to kill the rest of the plant (Zimmerli et al., 

2000; Donofrio and Delaney, 2001; Roetschi et al., 2001).  Plants with compromised 

callose synthesis pathways have been found to be more susceptible to pathogens 

(Stanghellini et al., 1993; Ton and Nauch-Mani, 2004).  It is possible that the high levels 

of callose observed early in the FB1 treatment in ein4-1 might effectively sequester the 

FB1 to a small number of cells which do die (hence the slow decrease in chlorophyll 

content) but not enough cells to be visible macroscopically. Although HR was initiated in 

both etr1-1 and ein4-1, there were differences in the rate of phenolic and callose 

accumulation between the two mutants, which may influence the rate of cell death. 
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4.4.2 Ethylene receptors show differential control of defence pathways 

The rate of cell death in response to pathogen attack is influenced by a complex 

web of cross-talk between the ethylene, SA and JA pathways (for review Kunkel and 

Brooks, 2002). We wanted to extend previous work and address whether mutations in any 

of the ethylene receptors would have an impact on the expression of downstream genes in 

the SA, JA and/or ethylene pathways during FB1 induced cell death.  Here we have 

shown that etr1-1 is not representative of all ethylene receptors.  Previous research has 

revealed that ethylene insensitivity can either induce JA specific genes (Lorenze et al., 

2003) or leave expression levels unaffected (Norman-Setterblad et al., 2000; Glazebrook 

et al., 2003).    VSP1 is a gene involved in mediating JA’s wound and pathogen response 

pathways (Norman-Setterblad et al., 2000).    We have shown that ethylene insensitivity 

at only ERS2 can induce JA signalling in plant defence, while type I ethylene receptors 

actually inhibit the JA pathway in the absence of bound ethylene.  ETR2 and EIN4, 

meanwhile did not affect the induction of VSP1.  These findings may explain the 

seemingly conflicting results of Lorenze et al. (2003) and Glazebrook et al. (2003) by 

showing that ethylene’s effect on VSP1 expression depends on which receptor binds 

ethylene.  These results also add a new dimension to our understanding of the crosstalk 

between the ethylene and JA pathway with the ability of type I receptors to repress JA 

signalling in response to FB1.  As ein4-1 did not have altered expression of VSP1 it is 

unlikely that an increase in JA signalling is responsible for the increased resistance to FB1 

observed.  The finding that ers2-1 has a normal rate of death, while maintaining a very 

high level of VSP1 expression, would suggest that high levels of VSP1 are not sufficient 

for conferring resistance to mycotoxins.  



102 
 

The PR1 gene is dependent on SA for its expression and is used widely as a 

representative gene when analyzing induction of the SA pathway (Stone et al., 2000; 

Berrocal-Lobo and Molina, 2004; Brodersen et al., 2005).  Ethylene and JA are known to 

act co-ordinately to repress the SA pathway, therefore GOF mutations to the ethylene 

receptors would be expected to increase the expression of SA inducible genes.  This was 

observed in all five ethylene receptor mutants tested.  This supports previous work that 

shows that ethylene inhibits the SA pathway through ETR1 (Lawton et al., 1994), but 

now we demonstrate that the degree to which the receptors are involved in repression of 

this pathway vary in their intensity.  This may allow for fine-tuning of the ethylene 

response during pathogen attack.  It is also of note that in ers2-1 we see the highest 

upregulation of PR1, but a very active JA pathway as denoted by the high level of VSP1 

expression.  Therefore, while ethylene and JA co-ordinately repress the SA pathway, 

these data would indicate that ethylene is either the deciding factor in whether or not the 

SA pathway is repressed or that JA in the absence of ethylene can induce the SA 

pathway.  Expression of genes such as PDF1.2 also require the coordinated signalling of 

the JA and ethylene pathways (Kunkel and Brooks, 2002; Lorenzo et al., 2002; Oñate-

Sánchez and Singh, 2002).  Experiments in JA deficient (coi1) and ethylene insensitive 

(etr1-1, ein2-1) mutants showed reduced levels of PDF1.2 (Penninckx et al., 1998).  In 

our results, however, we show that only in etr1-1 an ein4-1 are PDF1.2 levels decreased, 

while in ers1-1 and ers2-1 these levels are increased.  These results suggest, contrary to 

the model based on etr1-1 (Penninckx et al., 1998), that ethylene bound to ethylene 

receptors may induce or repress PDF1.2.  These data would also indicate that it is 

possible for type I receptors to act antagonistically in the same pathway as ers1-1 has 
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high induction of PDF1.2 while etr1-1 has repressed levels of PDF1.2 transcript. 

Together these results suggest that the ethylene receptors have very different roles in 

hormone crosstalk and induction of defence signalling genes as compared to the model 

put forth based on the response of etr1-1.  In light of cell death phenotypes between the 

receptor mutants, etr1-1 likely has such fast cell death response due to the repressed 

defence signalling pathways.  These data do not, however, explain the low rate of death 

in ein 4-1 mutants as VSP1, PDF1.2 and PR1 are all at or near wild-type levels.  

Therefore another pathway must be initiated within ein4-1 that would confer pathogen 

resistance. 

  ERF1 is a transcription factor from the APETALA/ethylene-responsive-element 

binding protein family that is controlled by the activity of EIN3 (Lorenzo et al., 2002; 

Solano et al., 1998).  As an ethylene responsive element, it requires the presence of an 

active ethylene signalling pathway to be expressed, and is expected to be inhibited in 

GOF mutants.  This was shown to be true only in the type I receptor mutants.  In  etr2-1 

and ers2-1 the expression of ERF1 was induced by FB1 in a similar manner to  wildtype, 

which would suggest that ETR2 and ERS2 have no role in the induction of ERF1.  Of 

note, however, is that ein4-1 has a much higher level of ERF1 expression as compared to 

wildtype.  This is completely contrary to the model developed using etr1-1 as a 

representative model for the function of all ethylene receptors.  This would indicate that 

signalling through EIN4 is normally responsible for the repression of ERF1 expression, 

which is why a large increase in ERF1 expression was seen in ein4-1.  This increase in 

expression may also explain the heightened resistance of ein4-1 to mycotoxins.  There is 

a large body of evidence which indicates that over-expression of ERF1 alone can induce 
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resistance to necrotrophic pathogens (Lorenzo et al., 2002; Berrocal-Lobo et al., 2002; 

Berrocal-Lobo and Molina, 2004).  Therefore, the high levels of ERF1 transcription are 

most likely responsible for the resistance of ein4-1 to FB1 observed, as the other genes we 

considered here, with the exception of PR1, are all expressed at near wildtype levels.  

Conversely ERF1 expression is repressed in etr1-1 which shows faster cell death in 

response to FB1 infiltration.  This would indicate that ERF1 activity is sufficient to 

induce resistance in plants, but shows for the first time that an active ethylene signalling 

pathway is not necessary for its activation. 

Together these results, presented in figure 7, emphasize the distinct roles for the 

ethylene receptors and emphasise the need to extend our knowledge of ethylene receptor 

function beyond the current models which are based on the reaction of etr1-1 under 

differing experimental conditions.  Although there are overlapping roles, such as their 

shared impact on PR1 expression, the ethylene receptors also have distinct roles, such as 

the specific induction of ERF1 expression in the ein4-1 mutant.  

 

4.4.3 Ethylene insensitivity induces post-transcriptional feedback 

A complicating factor in understanding the role of each receptor is the possibility 

that mutations in any one receptor could impact the level of expression of other receptors. 

This post-transcriptional feedback has been shown to occur in other circumstances such 

as attempts to over-express ethylene fusion proteins and under high levels of ethylene 

(Chen et al., 2007; Grefen et al., 2008; McClellan and Chang, 2008). Therefore we 

evaluated whether a gain-of-function mutation in any one of the ethylene receptors could 
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influence the expression of the other receptors.  No one receptor was favourably up or 

down regulated to mediate ethylene signalling during FB1 induced cell death in wildtype. 

In the mutants ers2-1 and etr2-1 there was little difference in expression of any receptor 

as compared to wildtype, indicating that these receptors do not play a large role in post-

transcriptional control of levels of the other ethylene receptors. However, in the ers1-1 

and etr1-1 mutants we identified a strong impact on the expression of other receptors 

indicating that these two receptors are the most important in this post-transcriptional 

feedback mechanism as it relates to FB1 infection.  Given the importance of type I 

receptors in ethylene signalling, this upregulation of other receptor expression in GOF 

mutants of type I receptors suggests that this is an attempt by the plant to compensate for 

the loss of the other receptors.  It has been shown, however, in ers1;etr1 LOF double 

mutants that type II receptors cannot compensate for the loss of the type I receptors.  It is 

also interesting to note that in the ein4-1 background, ETR1 expression is increased 

substantially while it is only in the etr1-1 background that we observed significant, and 

substantial, increase in EIN4 transcription.  Given our findings that ETR1 and EIN4 have 

opposing roles in cell death, this may indicate that in etr1-1 an increase in the level of 

EIN4 leads to cell death, while in ein4-1 an increase in ETR1 slows cell death.  As ETR1 

is responsible for induction of ERF1 upon binding of ethylene, the large increase in ERF1 

expression in ein4-1 may be the result of signalling from ETR1.  Conversely, repression 

of ERF1 in etr1-1 may be due to signalling from EIN4.  Therefore further work will have 

to be done to determine the effect that upregulation of the other receptors have in GOF 

backgrounds.  
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4.5 Conclusion 

From FB1 induced cell death, the evidence points to major roles for EIN4 and ETR1, 

where ethylene signalling through EIN4 induces cell death and ethylene signalling 

through ETR1 inhibits cell death.  We have proposed a model that summarizes the 

individual roles of the ethylene receptors in signalling cell death in the presence of 

ethylene (Figure 4.6A).  Ethylene bound at ERS1, ETR1 and EIN4 post-transcriptionally 

regulates the expression of other ethylene receptor genes (Figure 4.6B).  Together the 5 

ethylene receptors co-ordinately impact the expression of downstream defence genes 

(Figure 4.6C).  These results suggest that when ethylene binds at EIN4 cell death is 

accelerated, potentially through repression of ERF1, a gene known to be essential for 

pathogen resistance.  ETR1 has an opposite effect on the rate of cell death, most likely 

through positive regulation of PDF1.2 and ERF1 when ethylene is present. The finding 

that ETR1 and EIN4 are major players in the post transcriptional feedback mechanism of 

each other opens up the possibility that the balance of expression between the two 

receptors affects, or decides, the outcome of cell death in response to mycotoxins.  This 

study gives a new framework that helps explain the contradictory effect of ethylene on 

cell death and pathogen resistance as each ethylene receptor in Arabidopsis has non-

redundant roles during defence pathway activation and mycotoxin induced cell death. 
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4.6 Materials and Methods 

 

4.6.1 Plant growth conditions  

 Arabidopsis seeds, obtained from the Arabidopsis Biological Resource Center, 

were stratified for 4 days at 4oC and grown under long-day conditions (16 h light/ 8 h 

dark) at a light intensity of 130 to 190 µE m-2s-1 at the rosette level at 21oC in Econair 

AC-60 growth chambers.  All mutants used were created in the Columbia background as 

the wildtype control. 

For growth on agar plates supplemented with FB1, Arabidopsis seeds were 

sterilized then stratified at 4oC for 3 days before being plated on Murashige and Skoog 

basal salt mixture (Sigma, Oakville, ON, Canada) adjusted to pH 5.7 - 5.8, 0.8% (w/v) 

agar.  Plates were supplemented with FB1 (Sigma, Oakville, ON, Canada) to a final 

concentration of 0 to 1 µM.   Seedlings were grown under the same conditions listed 

above for 10 days at which point images were taken of representative amounts of growth 

under each test condition.  Approximately 100 seeds were tested at each concentration of 

FB1. 

 

4.6.2 FB1 treatment and microscopic analysis 

 Fumonisin B1 treatment was performed on four week old rosette leaves.  

Approximately 100 µL of 5.0 µM FB1 or 0.14% methanol as a control were infiltered 

into the leaves from the lower surface using a syringe.  Samples (1 cm diameter leaf 
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discs) were taken every 12 hrs post infiltration for 96 hrs.  Samples were photographed or 

frozen immediately at -80oC for RNA extraction (n=8 per timepoint).  Samples were also 

taken for microscopic analysis, cleared by boiling in lactophenol (n=8 per timepoint).  

Phenolic accumulation was determined by autofluorescence while callose deposition was 

rendered after staining samples with aniline blue (0.03% aniline blue in PBS for 10 

minutes) and pictured using a Carl Zeiss Axioplan Fluorescent microscope (Carl Zeiss, 

Germany) at an excitation wavelength of 350 nm and an emission wavelength of 460 nm.  

 

4.6.3 Chlorophyll analysis 

Eight samples taken every 12 hrs were analyzed for chlorophyll loss as per United 

States Environmental Protection Agency standard operating procedure (Protocol #2030, 

1994).  In short, 1 cm diameter leaf discs were extracted in 80% acetone and chlorphyll 

content was measured by a SPECTRAmax Plus 384 spectrophotometer (Molecular 

Devices, Sunnyvale, CA) at 645 nm and 663 nm to determine the concentrations of 

chlorophyll A versus B.  At each time point at least 6 samples were analysed for each 

plant type (wildtype or mutant).   

 

4.6.4 Expression profiling 

Expression analysis of ethylene receptors and VSP1, PR1, PDF1.2 and ERF1 was 

performed using quantitative PCR (qPCR).  Total RNA was extracted using the Qiagen 

RNeasy Plant Extraction Kit (Mississauga, Ontario) and cDNA synthesis reverse 
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transcribed with iScript™ cDNA  Synthesis Kit (Bio-Rad Laboratories, Mississauga, 

Ontatio).   

Ubiqutin 10 was used as an internal reference gene.  Primers used for the amplification of 

UBQ10 were 5’ – GTCCTCAGGCTCCGTGGTG - 3’ (forward) and 

 5’ – TGCCATCCTCCAACTGCTTTC - 3’ (reverse).  

The following primers were used for ethylene receptor genes:  

5’ – TGGATTGAGAGCGATGGTCTTGG - 3’ (forward) and  

5’ – GAATGGCTGGAACTTTCGGTATGC - 3’ (reverse) for ETR1,  

5’ – GTGGTTATCCACGATGTAACTGCGA -3’ (forward) and  

5’ – ATGGAACATTGGAACAACTCAC - 3’ (reverse) for ETR2,  

5’ -  CAAGCTATGCACATACCTCATTC - 3’ (forward) and  

5’ – TCTCCATTTTCTTGCACCATCGGTT - 3’ (reverse) for ERS1,  

5’ – TGGTTTCACCTACGGGCCTCACTG - 3’ (forward) and  

5’ - AAGAGAGTGACTAACGAGAGTGCC  - 3’ (reverse) for ERS2, and  

5’ –AGAGGCAGAAGGAAATGAGTGTGCA - 3’ (forward) and 

 5’ -  TGAGTCAAATGCATCTCGGTT - 3’ (reverse) for EIN4.   

The defence gene primers were:  

5’ – GCTCTTGTTCTCTTTGCTGCTTTCGACG – 3’ (forward) and  
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5’- GCATTACTGTTTCCGCAAACCCCTGAC -3’ (reverse) for PDF1.2, 

5’ – GACTCATACACTCTGGTGGGCC – 3’ (forward) and  

5’- CTC GCT AAC CCA CAT GTT CAC GG – 3’ (reverse) for PR1,  

5’ – CGCCAAAGGACTTGCCCTAAAG – 3’ (forward) and  

5’ – CGGGGCTGTGTTCTCGGTCCC – 3’ (reverse) for VSP1,   

5’- GAGGCGTAAGACGACGGCCATGG – 3’ (forward) and  

5’ –GCTAAAGCCGCCTCTTCCGCGC – 3’ (reverse) for ERF1. 

MyiQ™ Single-Color Real-Time PCR Detection System (Bio-Rad Laboratories, 

Mississauga, Ontario) was used to measure the 3 to 4 biological replicates for the 

expression levels of ethylene receptor genes and the Qiagen Quantitec SYBR Green kit 

was used to analyze 3 biological replicates each for the expression levels of defence 

related genes (Qiagen, Missisauga, Ontario).  Manufacturers’ instructions for standard 

cycling procedures were followed in each instance. 

 

4.6.5 Statistical Analysis 

Comparison between expression levels of ERF1, PDF1.2, VSP1 and PR1 in all 

mutants in comparison to wildtype were analyzed statistically using a T‐test for two 

samples assuming unequal variance with an alpha value set at 0.05, three independent 

replicates. 
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Chapter 5   Endogenous Overexpression of Poplar MYB186 improves 

biomass accumulation and pest resistance 

Jonathan M. Plett, Steven G. Ralph and Sharon Regan 

For submission to Science 

 

5.1 Abstract 

Delivering high quality bioenergy crops for the future will depend on improving 

both biomass accumulation and resistance to biotic and abiotic stresses. We have 

screened a population of activation tagged Populus tremula x P. alba trees, and have 

identified one line with increased growth rate. Detailed analysis of the line revealed it 

also had increased photosynthetic and transpiration rates potentially caused by the 

increased number of trichomes. Consistent with this trichome phenotype, the  gene 

responsible for these phenotypes was identified as PtaMYB186, a gene homologous to the 

Arabidopsis thaliana MYB106 a known regulator of trichome initiation.  Further 

evaluation of this mutant revealed it also displayed significant resistance to the Tussock 

Moth larvae, a common pest for North American poplar trees. Our results demonstrate 

the advantage of a priori gene discovery in trees since many of these traits would not 

have been predicted based on the Arabidopsis gene alone.  
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5.2 Introduction 

Bioenergy is being heralded as a viable renewable alternative to fossil fuels as an 

energy source (Kintisch, 2008).  One challenge that faces the bioenergy revolution is the 

need to develop crops that produce sufficient quantities of biomass to support our 

demand.  Crops that are chosen to meet this need must be efficient, stress tolerant and 

require little care or maintenance.  For instance, C4 crops such as switchgrass are 

favoured due to increased photosynthetic efficiency (Rubin, 2008).  Unfortunately, their 

applicability is limited by the climate in which they can grow.  Thus cold hardy C3 crops, 

such as poplar or willow, need to be considered as a viable alternative in northern 

climates.  Poplar and willow plantations are an attractive option as they are easily 

propagated, can be planted at high densities and at least willow can be harvested several 

times before being re-planted (Christersson et al., 1993).  Research into improving 

biomass in poplar has included trying to increase the efficiency of  photosynthesis or 

nitrogen assimilation, increase biotic and abiotic stress resistance, delay flowering and 

alter the lignin or cellulose pathways.   With the advent of a fully sequenced genome for 

poplar, and with access to different native and mutant poplar collections we need to 

intensify our efforts in gene identification and study within the poplar tree itself.  Tapping 

of this vast, understudied resource allows for an alternative and promising route to 

producing crops with sufficient biomass to meet the hopes being placed on biofuels as a 

way to wean our dependence on fossil fuels.   
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5.3 Discussion 

In order to identify new genes involved in the regulation of biomass 

accumulation, we screened a population of activation tagged poplar trees for fast growing 

lines.  One of the mutants identified showed promise of increased growth rate (Figure 

5.1A), an observation which was reinforced by a rigorous growth trial (Figure 5.1B).  

While the initial growth rate of the mutant after bud break was comparable to wildtype,   
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Figure 5.1 Mutant line identified in Poplar activation tagged line shows increased 
growth rate. (A) Mutant line to left of the image shown after 80 days of growth as 
compared to wildtype, on the right.  (B) Growth rate of mutant (black squares) as 
compared to wildtype poplar (black diamonds) from bud break to 1.59 meters.  (C) 
Growth rate of stem diameter of mutant line (black squares) versus wildtype Poplar at 30 
cm above ground from when each tree is 46 cm until it grows to 2.59 meters. 
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the mutant line reached 1.5 meters 22 days faster than wildtype (Figure 5.1B).  Stem girth 

also increased faster in the mutant as compared to wildtype (Figure 5.1C).As increased 

growth would place an increased demand on the photosynthetic capacity of the tree, we 

tested the rate of transpiration and photosynthesis of the mutant and wildtype.  The 

mutant had, on average, twice the rate of transpiration and photosynthesis (Table 5.1).   

717 n fuzzy n
Adaxial Trichomes (Trichome/cm-2) 41 + 16 16 750* + 160 15
Abaxial Trichomes (Trichome/cm-2) 5688 + 2183 30 40015* + 9731 28
Stomates (Stomates/cm-2) 31238 + 5926 30 31004 + 5111 28
Leaf Area (cm-2) 153 + 28 30 183* + 20 31
Leaf Dry Weight (%) 47 + 5 31 34 + 1.4 30
Transpiration Rate (mol m-2 s-1) 0.001 + 0.0007 20 0.002* + 0.0002 22
CO2 Exchange Rate (µmol m-2 s-1) 3.84 + 1.2 20 8.23* + 2 22
Total conductance to H2O (mol m-2 s-1) 0.06 + 0.02 11 0.11* + 0.02 22
Total resistance to H2O (m2 s mol-1) 18.8 + 4.7 11 9.35* + 1.15 22
Total conductance to CO2 (mol m-2 s-1) 0.04 + 0.01 11 0.07* + 0.01 22
Total resistance to CO2 (m2 s mol-1) 30.4 + 7.6 11 15.05* + 1.9 22

Table 5.1 Physiological Characteristics of wildtype and fuzzy Poplar lines.  
Comparison of different physiological parameters between 717 and fuzzy plants.  Error is 
+ SD; * indicates significantly different values from 717 (p<0.01). 

 

To determine if only growth and the rate of photosynthesis were affected, the mutant was 

characterized for other developmental abnormalities.  A striking difference between the 

mutant and wildtype was an increase in trichome density on all aerial surfaces of the tree 

(Figure 5.2).  While wildtype trees showed hairy leaves in only the youngest leaves 

(Figure 5.2A), the mutant (named fuzzy due to the trichome phenotype) had a dense mat  
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Figure 5.2 fuzzy mutant shows increased density of trichomes on leaf surfaces.  (A) 
Wildtype poplar shoot apex.  (B) fuzzy Shoot apex.  (C) Abaxial side of a fully expanded 
wildtype leaf; scale bar = 4 cm.  (D) Scanning electron microscopy image of abaxial side 
of fully expanded wildtype leaf; scale bar = 40 µm.  (E)  Abaxial side of fully expanded 
fuzzy leaf; scale bar = 4 cm.  (F) Scanning electron microscopy image of abaxial side of 
fully expanded fuzzy  leaf; scale bar = 40 µm.  (G) Freeze fractured leaf cross section of 
wildtype Poplar leaf showing leaf (top) and trichome canopy extending from the abaxial 
side of the leaf (bottom); scale bar = 100 µm.  (H) Freeze fractured leaf cross section of 
fuzzy Poplar leaf showing leaf (top) and trichome canopy extending from the abaxial side 
of the leaf (bottom); scale bar = 100 µm. 
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of trichomes on both the adaxial and abaxial surfaces of leaves that were up to 3 cm in 

length (Figure 5.2B).    Trichome counts indicated that wildtype leaves had 46 

trichomes/cm2 on the adaxial suface of the leaf while fuzzy had 809 trichomes/cm2.  On  

the abaxial side wildtype leaves had 5688 trichomes/cm2 as opposed to 40015 

trichomes/cm2 on fuzzy (Figure 5.2C,D; Table 5.1).  Freeze fractures of fuzzy leaves 

revealed that the increased initiation of trichomes also caused a denser, thicker trichome 

canopy on the abaxial side of the leaf (Figure 5.2E,F).  To determine if the increase in  

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

12 17 22 27 32 37 42

Leaf Number

N
or

m
al

ize
d 

D
iff

er
en

ce
 V

eg
et

at
io

n I
nd

ex

 

Figure 5.3 Normalized Difference of Vegetation Index (NDVI) of leaves 12 through 
42 shows no difference between young wildtype and fuzzy leaves.  Wildtype NDVI 
(black diamonds) is similar to fuzzy NDVI values (black squares) for leaves 12 through 
32, after which fuzzy leaves have a statistically higher NDVI value for leaves 33-42 
(p<0.01). 



118 

 

trichome density on the adaxial surface of the leaf affected the light being absorbed by 

the leaf, we analysed the normalized difference vegetation index (NDVI) of leaves 12 

through 42 on fuzzy and wildtype trees.  NDVI is a measure of near infra-red and visible.  

Healthy leaves that are absorbing normal levels of light reflect high levels of near 

infrared and absorb most of the visible light, leading to an NDVI value of 0.8-0.9.  

Conversely, foliage that is not absorbing an optimal level of light will reflect visible light 

and have a much lower NDVI value.  It was found that both fuzzy and wildtype leaves 12-

32 did not have significantly different NDVI (Figure 5.3).  In leaves 33-42, wildtype 

leaves had significantly lower NDVI (p<0.01).  These data would indicates that the 

increase in trichome density on the adaxial surface of the leaf is not adversely affecting 

the quality or quantity of light absorbed by fuzzy leaves.   

Increased density of trichomes has been shown to decrease herbivory in different 

plant models (Ågren and Schemske, 1993; Mauricio, 1998; Gruber et al., 2006; Kivimäki 

et al., 2007).  As fuzzy has a large increase in the number of trichomes on leaves, we 

undertook three different approaches to determine if fuzzy was more resistant to feeding 

from larval forms of Tussock Moth (Orgyia leucostigma).  In the first assay, first instar 

larvae were fed with leaf discs from either fuzzy or wildtype trees for two weeks and their 

development and gain in mass assayed (Figure 5.4A).  In a second test of resistance, 

second instar larvae were caged on either wildtype or fuzzy trees for 14 days and their 

development and weight gain assessed.  If they were to be deterred from eating on fuzzy it 

was hypothesized that they would develop more slowly and generally be smaller in size.  

It was found that larvae raised on wildtype leaf discs developed through to 4th or 5th instar 
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and gained, on an average, 20.9 mg in fresh weight.  Conversely, larvae grown on fuzzy 

developed to the 3rd or 4th larval instar and put on only 5.8 mg, a significantly lower  
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Figure 5.4 fuzzy mutant exhibits increased resistance to Tussock moth larval 
feeding.  (A) Lineup of larvae raised either on a diet of wildtype poplar leaves (top row) 
for 14 days or on a diet of fuzzy leaves (bottom row).  (B)  Gain in fresh weight of larvae 
either raised on detached leaf discs of wildtype leaves (black bar) versus fuzzy leaf discs 
(white bar) from 1st instar larvae for 14 days (Plate Trial) or raised from 2nd instar larvae 
on wildtype or fuzzy trees.  (C) Examples of leaf discs post 24 hour feeding choice assay 
between wildtype leaf discs (top row) and fuzzy (bottom row). (D) Average percent of 
feeding on wildtype leaf discs (black bar) and on fuzzy leaf discs (white bar).  * indicates 
statistically significant difference from wildtype (p<0.05, T-test). 

 

amount (Figure 5.4B).  Similarly, larvae raised on wildtype trees put on an average of 

20.6 mg in fresh weight, while larvae raised on fuzzy gained 13.3 mg.  The final test was 

a choice assay with third and fourth instar larvae.  These larvae were placed in a petri 
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dish with detached fuzzy and wildtype leaf discs for 24 hours, after which leaf damage 

was assessed (Figure 5.4C,D).  Leaves with more damage would indicate a preference for 

those leaves.  Across the tests the larvae foraged significantly less on fuzzy than on 

wildtype leaf discs.  These results demonstrate that the larvae of the Tussock moth not 

only prefer wildtype leaves to fuzzy leaves, but also experience developmental retardation 

on the fuzzy trees. 

As reported previously (Harrison et al., 2007), the fuzzy mutant had only one 

insertion event of the activation tagging T-DNA.  Identification of the insertion site was 

performed using genome walker and was narrowed down to chromosome eight around 

position 553 000.  We chose to look at the expression of genes within 10kb upstream and 

downstream of the insertion site.  The three genes/gene models in this region were 

MYB186, fgenesh4_pg.C_LG_VIII000777 (a putative E3 UBIQUITIN LIGASE) and 

fgenesh4_pg.C_LG_VIII000779 (a putative ATP/GTP-BINDING PROTEIN).  

Expression levels of each of these genes indicated that expression of MYB186 was 

upregulated in the shoot apex by 8 fold while the other genes were below detection limit 

(Figure 5.5A).  Expression analysis throughout the tree indicates that MYB186 is 

expressed in the shoot apex and the epidermis of stems, while levels of the transcripts 

were below detection limit in mature leaves and in the xylem and phloem.  Several 

MYBs have been implicated in trichome development in a number of plant systems 

(Oppenheimer et al., 1991; Noda et al., 1994; Kirik et al., 2001; Kirik et al., 2005).  

Interestingly, the 5’-UTR of the MYB186 transcript has a long region of TC unit repeats,  
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Figure 5.5 MYB186 is overexpressed in fuzzy mutant and responsible for the 
trichome phenotype.  (A) Overexpression of MYB186 was detected in the shoot apex of 
fuzzy lines.  † Expression of the other two genes near the insertion site of the activation 
tagging T-DNA were below detection levels in both wildtype and fuzzy lines. (B) Abaxial 
side of a newly produced wildtype leaf grown in tissue culture, (C) of fuzzy, and of the six 
transformant 35S::MYB186 lines recovered (D-I).  Scale Bar = 3 mm. 
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which is consistent with two other MYB genes that control trichome spacing (AtMYB23, 

GLABRA1) (Kirik et al., 2001).  The MYB186 gene is an R2R3 MYB and bears closest 

homology to the Arabidopsis MYB106, a MIXTA-like transcription factor. To determine 

if upregulation of this gene was responsible for the fuzzy phenotype, we cloned the gene 

and overexpressed this gene using the pCAMBIA1305.1 vector in the wildtype 

background.  Wildtype grown in tissue culture have very few abaxial trichomes on young 

leaves (Figure 5.5B) while fuzzy plants have a much denser array of trichomes (Figure 

5.5C).  Of the six lines recovered from the transformation of 35S::MYB186 into wildtype 

poplar, two lines showed more trichomes than either wildtype or fuzzy (Figure 5.5D-E), 

three lines showed trichome densities similar to fuzzy (Figure 5.5F-H), while one 

35S::MYB186 line showed normal levels of trichomes (Figure 5.5I).  Therefore 

transcriptional activation of MYB186, located 1.5 kb downstream of the activation 

tagging vector insertion site in fuzzy, is responsible for the altered development in fuzzy. 

R2R3 MYB’s comprise the largest family of transcription factors in plants 

(Riechmann et al., 2000) and play a role in the regulation of most major plant processes 

(Oppenheimer et al., 1991; Teng et al., 2005; Bedon et al., 2007).  This class of 

transcription factors is identified based on a highly conserved N-terminal DNA binding 

domain while their C-terminal domains vary widely based on their role in transcript 

control (Kranz et al., 1998; Jin and Martin, 1999; Meissner et al., 1999).  Two notable 

MYB’s that control trichome development are GLABRA1 (GL1) and TRYPTICHON 

(TRY) which competitively bind to the WD40 protein TRANSPARENT TESTA 

GLABRA1 (TTG1) through the bHLH protein GLABRA3 (GL3) to initiate or inhibit 

trichome formation, respectively (Ishida et al., 2008). Other MYB’s which affect 
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trichome development in both Arabidopsis and other species are MYB23 (Kirik et al., 

2001), MIXTA (Noda et al., 1994), PhMYB1 (Avila et al., 1993), GaMYB2 (Shangguan 

et al., 2008) and MYB106 (Jakoby et al., 2008).  A recent annotation of the R2R3 MYB 

family in Populus trichocarpa found that there were 193 members, more than any other 

sequenced plant to date (Wilkins et al., 2008).  While the FUZZY gene bears closest 

sequence homology to AtMYB106, a repressor of trichome outgrowth, the phenotype of 

the fuzzy mutant would suggest that  functionally the FUZZY protein acts more like 

AtMIXTA, a close homologue of AtMYB106 that initiates trichome differentiation 

(Glover et al., 1998).  A homologue of FUZZY and AtMYB106 has also been identified in 

cotton (GhMYB25) and was found to promote trichome initiation (Wu et al., 2006).  

Similar results have also been shown where MYB’s induce trichome differentiation in 

some species, but not in others (Gruber et al., 2006; Payne et al., 1999).  These findings 

indicate that, while protein function prediction based on homology from an Arabidopsis 

model are useful, they are not necessarily universally applicable.  Therefore gene 

discovery and functional characterization are essential in new model systems such as 

Poplar. 

It remains to be determined if there is a link between increased trichome density 

and increased growth rate observed in fuzzy lines as trichomes are considered to be 

energetically ‘costly’ to produce (Ågren and Schemske 1993; Mauricio, 1998) and 

increases in trichome density have been shown to be correlated with reduced growth rate 

(Gruber et al., 2006).  Trichomes have been shown to decrease the amount of incident 

light reaching the leaf surface and to reduce transpiration through maintenance of a 

boundary layer of air next to the leaf surface (Skaltsa et al., 1994; Espigares et al., 1995).  
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Decrease in air turnover due to the maintenance of a boundary layer of air near the leaf 

would decrease the rate of CO2 exchange and would limit photosynthesis as would light 

blocked by an increase in the density of adaxial trichomes.  Therefore the identification of 

the fuzzy mutant with a 7 fold increase in trichome density, faster rate of transpiration and 

elevated photosynthetic capacity is surprising.  As we have shown, the increase in 

trichomes on the adaxial surface is not sufficient to alter the quality or quantity of light 

being absorbed by the leaf surface, therefore this is not affecting photosynthesis.  The 

increase in transpiration, therefore, could be due to an increase in the number of stomates 

in fuzzy, but as we have shown there is no significant increase in stomate number in fuzzy.  

It has been demonstrated, however, that increases in the canopy height of non-exchanging 

trichomes can decrease the boundary layer of air next to the leaf surface by altering air 

currents to cause turbulent air over the stomates (Schreuder et al., 2001). As we have 

shown, fuzzy has an increase in trichome canopy height by approximately 2 fold.  This 

increase may be responsible for the increased transpiration rate also quantified in the 

fuzzy lines due to turbulent air flow across the stomata.  This would positively affect the 

CO2 levels at the mesophyll cells thereby promoting increased rates of photosynthesis as 

CO2 levels are normally limiting.  Ultimately, more photosynthate would impact the rate 

of growth in a favourable manner.  While we cannot prove the link between increased 

trichomes and the rapid growth in fuzzy as outlined in this model, this possible impact of 

trichomes on overall plant productivity would indicate that efforts to improve biomass 

production are possible outside of manipulating developmental pathways such as 

photosynthesis or wood development and that we should consider broader phenotypic 

screens for improved productivity in trees. 
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Under field conditions, plants must face a number of biotic stressors that impact 

their growth and productivity.  While growth rates calculated for fuzzy were performed 

under ideal greenhouse conditions, it has been shown that Poplar with increased growth 

rates in greenhouse studies also have increased growth rates in the field (Jing et al., 

2004).  It was also shown that relatively small differences in yearly growth compounded 

in multi season growth trials to yield significantly taller trees in shorter periods of time.  

Therefore, the faster growth observed in fuzzy lines over one season in the greenhouse 

could potentially increase exponentially over several years in the field.  Increases in 

productivity seen under these conditions, however, can be hampered by insect damage.  

As crops chosen for bioenergy applications must be harvested regularly, the risk posed by 

large scale insect infestations is significant and the stress tolerance of fast growing plants 

must also be considered when engineering bioenergy crops.  We have shown that  

Tussock moth larvae prefer to feed on wildtype poplar as opposed to  fuzzy, and that 

development of the larvae was inhibited on fuzzy trees.  This preference could be due to 

either the increased trichome initiation in fuzzy or increased production of an un-

identified secondary metabolites which deter insects from feeding.  Further testing will 

have to be performed to determine if any defensive phenolics are increased in fuzzy.  It 

was found that there was a difference in the development of larvae raised on detached 

leaf discs of fuzzy versus larvae raised on fuzzy trees.  This difference may have been 

because of the difference in ages of larvae used in detached leaf assays versus 

developmental trials run on trees.  As the detached leaf assays were begun with 1st instar 

larvae while on tree trials were started with 2nd instar larvae would indicate that fuzzy and 

higher densities of trichomes have a higher impact on the fitness of the younger larvae as 
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opposed to older stages of their development.  This conclusion is further supported by 

results of the feeding challenge between wildtype and fuzzy leaves with 4th instar larvae 

where there was a much smaller difference in feeding preference as would have been 

predicted by the 14 day developmental assays on detached leaves.  Together these would 

indicate that trichome density is a larger deterrent for smaller insects as opposed to more 

mature insects.  This difference seen in development depending on the age of larvae used 

would also indicate that the feeding preference of Tussock moth larvae for wildtype 

would indicate that trichomes are responsible for the choice as opposed to an increase in 

secondary antifeedant metabolites which should impact all stages of larval development 

equally.   As has been demonstrated in willow, the increase in leaf area remaining in fuzzy 

trees due to reduced larval foraging, would result in more actively photosynthesizing 

leaves and could result in continued growth as opposed to heavily infested trees with 

larger amounts of leaf damage (Kendall and Wiltshire, 1998).  As with increased growth 

rate, the impact of decreased insect foraging over several seasons would significantly 

impact the overall productivity of Poplar plantations and discovery of new genes which 

affect resistance, such as FUZZY, will play an important role in the development of future 

biomass crops.   
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5.4 Conclusion 

Using an a priory approach to identify new genes that control biomass production, we 

have identified a trichome regulatory gene which simultaneously impacts growth rate, 

transpiration, photosynthetic capacity and insect resistance.  This work has also 

emphasised the critical need for gene characterization directly within economically 

important biomass crops as the impact of FUZZY on plant productivity could never have 

been predicted in models such as Arabidopsis. 
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5.5 Materials and Methods 

 

5.5.1 Growth Trial 

All trees were grown in greenhouses during the summers of 2006-2008 under 

ambient light and day length.  Growth trials were performed in the summer of 2007.  15 

cm stem cuttings of wildtype (n =19) and fuzzy (n=23) were rooted in a 50:50 mix of sand 

and soil.  Once roots were established, cuttings were transferred to individual pots and 

shoots were reduced to one shoot per tree.  Once shoots reached 30 cm in height the 

growth trial was begun and the days for each tree to grow every 15 cm were recorded.  To 

determine how fast the diameter of the tree trunk increased in size, measurements 30 cm 

from the base of the growing stem were taken from each tree beginning when each tree 

was 45 cm in height, and measurements were continued every time the tree grew 15 cm.   

 

5.5.2 Phenotypic Characterization 

Trees of fuzzy and wildtype grown under the same conditions were compared for 

several phenotypic traits.  Trichome initiation was analyzed using cryo-scanning electron 

microscopy as per Harrison and colleagues (2007).  Adaxial trichomes were counted from 

fully expanded leaves.  To determine the number of trichomes on the abaxial side of 

wildtype and fuzzy leaves, trichomes were removed from the leaves using adhesive tape 

and impressions of the epidermis were taken using clear nail polish.  Trichome stumps 

left within these impressions as well as stomates were counted using a Carl Zeiss 
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Axioplan microscope (Carl Zeiss, Germany) and reported as number of trichomes or 

stomates per cm2 (n=30 for wildtype, n=28 for fuzzy). 

Rates of photosynthesis and transpiration were analyzed on the first fully 

expanded leaves on either fuzzy or wildtype trees using a Qubit CO2 analysis system 

(Qubit, Kingston, ON, CA).  Calculations were performed according to manufacturers 

instructions.  Normalized Difference of Vegetation Index (NDVI) was performed using a 

handheld PLANTPEN (Qubit, Kingston, ON, CA) as per manufacturer’s instructions. 

 

5.5.3 Molecular Characterization 

As previously reported, fuzzy only had one T-DNA insertion site (Harrison et al., 

2007).  The insertion site was determined using the Genome Walker kit (Clonetec, USA) 

according to manufacturer’s instructions.  The expression levels of three genes within 20 

Kb around the insertion site were tested in the shoot apex using the quantitative PCR 

Power SYBR Green system following manufacturers instructions (Applied Biosciences, 

Streetsville, ON, CA) on the Cepheid SmartCycler (Cepheid; Sunnyvale, CA).  Primers 

used for the analyses were as follows:  MYB186 fw:  CTGCCTGCCAAGCTGGAC;  

MYB186 rv- GCAATGGCTGACCACCTG; putative E3 LIGASE fw –GAGTGG 

TGCTCAACAGGAG; putative E3 LIGASE rv – CCTCCCTTACTATTAGC; putative 

ATP/GTP BINDING PROTEIN fw – GAGTGGTGCTCAACAGGG; putative ATP/GTP 

BINDING PROTEIN rv – CATTAGGACATTTAACCTC; UBIQITIN10 fw – 

TCCAAGACAAG GAAGGCATCC;  UBIQUITIN10 rv –

AGCACCAAGTGAAGGGTTGACTC. 
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The full length sequence of the MYB186 gene was determined using Clontech 

Marathon cDNA kit as per manufacturer’s instructions (Clontech, USA).  MYB186 was 

cloned into pCAMBIA1305.1 and transformed into wildtype Populus tremula x Populus 

alba as per Harrison and colleagues (2007).  Six lines were recovered from 

transformation of 400 explants and the trichome initiation in young leaves was compared 

to wildtype lines to determine if the phenotype was recapitulated.  Images of 

representative leaves for each 35S::MYB186 line were taken using a Carl Zeiss Stemi 

2000-C dissecting microscope (Carl Zeiss, Germany). 

 

5.5.4 Tussock Moth Developmental and Feeding Assays 

Tussock moth egg masses were obtained from the Canadian Forestry Service and 

hatched in sterile petri dishes.  Newly emerged larvae were transferred to rearing cages 

with General Purpose Lepidopteran diet media (BioServ, Frenchtown, NJ, USA) and left 

to feed until the larvae were at the desired larval instar.  For larvae developmental assays, 

six 1st instar larvae were placed in a petri dish with 4 leaf discs of either fuzzy or wildtype 

(n=8 for wildtype, n=12 for fuzzy).  These leaf discs were replaced every 2 to 4 days to 

maintain a fresh supply of leaf matter and to maintain an excess of food for the larvae.  

After 14 days the instar and gain in fresh weight were recorded for each test.  For 

development of the larvae on trees, net cages were set up around 10 leaves on each tree of 

fuzzy or wildtype (n=6 for wildtype, n=7 for fuzzy).  Ten 2nd instar larvae were transferred 

into each cage and left to develop for 14 days.  At the end of the trial larval instar and 

gain in fresh weight were analyzed.  For feeding preference tests, four 4th instar larvae 
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which had been starved for 24 hours were placed in a large petri dish with four leaf discs 

of fuzzy and four leaf discs of wildtype and left to feed for 24 hours (n=5).  Remains of 

leaf discs were scanned and analyzed for remaining leaf area using ImageJ.  

 

5.5.5 Statistical Analysis  

Student’s T-test was performed to determine significance of results (p<0.05). 
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Chapter 6 Discussion 

 

6.1 General Discussion 

Regulatory elements in cells and organisms could be likened to the stage-hands of 

the grandest play of all – life.  Little seen, or thought of by most, these regulators act as 

the switches at the nexus of thousands of signalling networks to communicate between a 

nucleus or central nervous system to coordinate development and response to 

environmental stimuli.  It is largely through break-down in these regulators that we have 

characterized their role in life.  In Drosophila, misexpression of DASHUND or EYELESS 

leads to ectopic formation of eyes on all major appendages of the fly (Shen and Mardon, 

1997).  In humans, loss of communication between the brain and the extremities due to 

degeneration of motor neurons leads to muscular weakness and atrophy.  In plants, 

alterations to regulators can lead to embryo lethal phenotypes or altered development of 

vegetative and reproductive tissues.  Due to their critical importance, research into the 

role of regulators is important to enhance our quality of life and improve productivity of 

our agricultural crops with less environmental impact to ensure a better future for coming 

generations.  

Hormones are one major class of regulators in plants.  As these compounds are 

produced by the plant, there are multiple levels at which one can study their impact on 

development:  their synthesis, their perception by receptors and the signal transduction 

from these receptors.  Ethylene, one of the five classical plant hormones, has been studied 

for over 100 years and much is known about its synthesis and signal transduction 
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pathways, but there is still much that is not known.  I sought, in this thesis, to address 

how both synthesis of the hormone ethylene was controlled, and the role each of the five 

ethylene receptors in Arabidopsis had in development. 

The rate limiting step in the synthesis of ethylene is thought to be production of 

ACC by ACC synthase (ACS).  As discussed in chapter 2, however, there are cases 

where ACS activity cannot explain ACC levels in different tissues.  There have been 

studies in tomato which have shown in vitro that there are two different pathways that 

convert ACC into GACC and MACC, thus restricting ethylene production.  The 

significance of these two processes is still under speculation.  My work characterizing a 

plant-encoded ACC deaminase has been the first to prove in vivo that there is a 

developmental pathway which can irreversibly remove ACC from the ethylene synthesis 

pathway.  This work has set the basis for a new area of study into the regulation of 

ethylene in angiosperms.  I think that ACC deaminase activity and expression levels in 

plant development will help further clarify when and where in the plant ethylene is 

produced.  

Several different ethylene receptors have been faithfully maintained throughout 

the plant kingdom, but their function has long been thought to be redundant.  Recent 

research, however, has begun to dispute this theory of redundancy.  Therefore, I began a 

number of studies to investigate the role of each receptor in the ethylene signal 

transduction pathway. In the textbook description of signal transduction pathways in 

cells, the final outcome of the signal generally impacts one of the following: gene 

expression, protein activity/function or cytoskeleton dynamics.  I have shown in chapters 

3 and 4 that the five ethylene receptors have different impacts on each of these.  In 
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chapter 3, I demonstrated that the ETR2 receptor altered cellular development by 

impacting the cytoskeleton, gene expression and protein activity.  In chapter 4, I 

demonstrated that each of the five ethylene receptors had differential roles in controlling 

the levels of expression of four different defence genes, an effect that likely led to 

alterations in the timing of cell death in ein4-1 and etr1-1.  In addition to the studies here, 

I have done research into how ethylene perception affects seed dormancy and I have 

shown that ETR1 and ERS1 alter sensitivity to two other plant hormones – abscisic acid 

and gibberellic acid (data not included in this thesis).  I am also investigating how ERS1 

and EIN4 differentially affect gene expression to alter cell differentiation (Appendix 1).  

Together my results show that the receptors affect cell development and disease response 

by affecting all three ‘hallmark’ signal transduction outcomes.  My work, therefore, will 

aid experimental design in future when addressing the role of ethylene in different signal 

transduction networks.  For instance, mutants to ETR2 would be used to study the impact 

of ethylene on the cytoskeleton, while mutants to EIN4 would be used to study impacts 

on defence gene expression. 

My work with all five of the ethylene receptors also emphasises the care that is 

necessary in choosing representative genes within gene families if they are to model the 

action of the rest of that family.  Throughout the literature, etr1-1 has been used as a 

model for the entire Arabidopsis ethylene receptor family.  This choice was originally 

made as it was the first ethylene receptor discovered and because, after all five receptors 

were found, it was proposed that they acted redundantly based on hypocotyl growth trials 

(Hua and Meyerowitz, 1998).  Therefore it was a valid model to choose for the pool of 

knowledge at the time.  In the past ten years, however, many different studies have been 
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finding that, though there is some functional redundancy between the receptors, there are 

also definite unique roles that can be assigned to various receptors.  It has also been 

proven that type I receptors can signal in pathways that are not CTR1 dependent, and that 

type II receptors cannot compensate for the loss of type I receptors.  Yet, despite these 

findings, the use of etr1-1 as a model for all five of the receptors has persisted in many 

studies.  We have clearly demonstrated that ethylene receptors do not have equal roles in 

mediating different cell developmental and defence related pathways and that we can no 

longer assume that all receptors signal through CTR1 or EIN2/3 exclusively.  It is 

therefore necessary to go back to many of these original studies of how ethylene is 

involved in various pathways and redo these studies using the full complement of 

ethylene receptor mutants to gain a full understanding of their roles in development.  

Using the differences already identified here between the receptors in trichome and seed 

development, we can study in greater detail how each receptor is relaying its unique 

signal.  These studies will help give a more holistic view of how ethylene affects plant 

development. 

My interest in regulators of cell development also led to the characterization of 

the poplar MYB186 gene, and its involvement in trichome development and growth.  

While homologues of this gene are known in Arabidopsis, Antirhinnum, Gossypium and 

Nicotiana, it is interesting to note that in each of these systems the same gene will affect 

cellular differentiation and specification in similar or opposing manners.  Because there 

still remain a large percentage of genes in plant systems without any known function, it is 

tempting to study as many genes as possible in one system and apply the findings to all 

other plant systems based on sequence homology.  While it has been shown that genes 
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homologous to those found in Arabidopsis do have the same functions in other plant 

systems (ex. FLOWERING LOCUSC) (Böhlenius et al., 2006), there are also other 

examples where homologous genes have alternate functions.  Based on sequence 

homology to Arabidopsis genes, the poplar MYB186 protein would be expected to 

reduce trichome spacing or induce trichome branching.  Instead we found that MYB186 

induces trichome initiation. The limited developmental plasticity in a rosette plant such as 

Arabidopsis also does not allow full characterisation of genes with regard to their impact 

on biomass accumulation and resistance to certain insects.  It is unlikely that we could 

have predicted the pleiotropic effects MYB186 would have had in poplar based on the 

results of AtMYB106 overexpression in Arabidopsis for these very reasons.  Thus there is 

a difference in knowing a function of a gene and knowing the role of that gene in its 

entirety.  It is important to note that some studies, such as flowering time, will continue to 

be more feasible in short lived annuals such as Arabidopsis, and therefore the studies 

performed in this system will never be irrelevant.  It does remain, however, that with 

sequenced genomes for an increasing number of plant systems becoming available it will 

become concurrently important for researchers to branch out into these new systems to 

continue doing relevant research.  

 

6.2 Future Directions 

The work presented here, as well as the recent work of many other labs around the 

world, indicates that the face of ethylene research is about to change.  No longer is the 

ethylene biosynthetic pathway going to be considered a linear pathway, but branched.  

Ethylene receptors will not be thought of as redundant, but rather as having specific roles 
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in differentially regulating the ethylene signal throughout development.  As with any 

research project, the results covered here are only the beginning and there is much work 

remaining to be done. 

Stemming from the work performed in chapter 2, it will be important to 

characterize what specific effects AtACD1 has on general development in plants.  Our 

work has shown that ACC deaminase is differentially expressed in phloem and xylem of 

poplar and may serve a role in regulating ethylene production in these tissues.  As 

ethylene has many other roles in plant development it will be important to characterise 

AtACD expression and function in these other pathways.  To begin to address this 

question I have cloned the putative promoter region of AtACD1 to the GUS gene and 

transformed it into Arabidopsis (Appendix 2).  Using the transformants recovered we will 

investigate where and when this gene is activated.  This will help determine how AtACD1 

affects general plant development.  It will also be essential to investigate the role of plant 

ACC deaminases in regulating ethylene production during stress.  Previously, transgenic 

plants expressing bacterial ACC deaminases have been created and shown to improve 

stress tolerance in plants by altering the native levels of ACC.  The finding that plants 

have their own ACC deaminases presents the opportunity to study how reducing levels of 

ACC deaminases affect plant development and responses to stress.  This work is already 

under way in our lab (Appendix 2).  Alternate future considerations will be to 

characterize the second plant encoded ACC deaminase in a similar fashion to AtACD1.  

To that end, I have cloned and transformed this gene in both sense and antisense 

conformation into Arabidopsis.  Such research will give us a new understanding of the 

controls in place during different stages of plant development.  It will also allow us to, in 
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future, alter stress resistance of various crops by manipulating levels of ACC and, 

ultimately, levels of ethylene produced. 

Based on my work from chapter 3 and 4, we have identified unique roles for the 

ethylene receptors.  Having identified that ETR2 is an important mediator of the 

cytoskeleton it will be important to investigate how microtubule assembly is affected.  

Through labelling studies it is possible to follow the growth and de-polymerization of 

independent microtubule networks.  Using this technique it will be possible to determine 

exactly how microtubules organise in the etr2-3 mutant.  The cytoskeleton has also been 

shown to be important in mediating pathogenesis of different fungal pathogens.  It would 

be of interest, as ethylene is also known to affect resistance to fungal pathogens, to 

determine if the compromised stability of the cytoskeleton in etr2-3 also correlates to 

altered susceptibility of the plant to pathogens.  Further to the work performed here 

would be to determine how each ethylene receptor plays a role in determining the timing 

of cell death.  This would be done by crossing ethylene insensitive lines with mutants 

defective in either SA or JA defence signalling pathways and scoring the rate of cell 

death.  To gain some additional insight into the roles of the individual receptors, I have 

created promoter:GUS fusions of each of the ethylene receptors (Appendix 3).  It is my 

hope that these lines will give cell-specific resolution for differential expression of each 

ethylene receptor during various periods in development.  From these data we will be 

able to narrow our focus concerning the role of each receptor to the cells in which they 

are expressed.  With such a directed approach it is likely that we will be able to learn 

more about the role of ethylene in planta and the different roles of the receptors 

themselves. 
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With regard to gene discovery in new plant systems, my work and continuing 

work in the lab, has begun to highlight the importance of activation tagging as a useful a 

priori method for identifying new genes and their functions.  With thousands of genes yet 

to characterize in all plant species, we need to intensify our screens for different mutants 

affecting all plant pathways.  In poplar, our population of 1800 activation tagged lines 

(from which fuzzy was isolated), while the largest collection of its kind in the world, is 

insignificant in size in comparison to the number of genes that have yet to be annotated.  

Future work should be directed on expanding populations of mutant poplar through a 

variety of methods including activation tagging, EMS mutagenesis and enhancer trapping 

amongst many other approaches.  The premise behind activation tagging may also be 

useful in revisiting the study of genes with known function.  Since activation tagging 

enhances gene expression only in cells and under conditions that the plant would 

normally express that gene, this allows us a unique glimpse into how a gene acts in vivo.  

Such tissue and cell specificity can lead to very drastic differences in plant morphology 

when compared to ubiquitous overexpression of the same gene.  This is especially the 

case if the gene being studied is a transcription factor, such as MYB186.  We observed in 

activation tagged lines of fuzzy that growth, photosynthesis and respiration were 

enhanced.  When the candidate gene MYB186 was overexpressed, however, a number of 

the resultant transformants, while maintaining increased numbers of trichomes, also 

showed severe stunting of growth, severely wrinkled leaves and delayed rooting (data not 

shown).  Thus, if we had simply overexpressed this gene we would have missed a whole 

suite of responses that MYB186 controls under normal circumstances.  Worse, we would 

have assigned a completely wrong role to the gene by saying that it was responsible for 
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repressing growth.  Therefore, future aims may be to create plant expression vectors that, 

rather than using the CaMV 35S promoter, utilize the enhancer region of the CaMV virus 

as in activation tagging vectors.  This plasmid would allow more focused overexpression 

of genes of interest and may aid in fine-tuning our view on how different genes affect 

growth and development. 

 

6.3 Conclusion 

The sheer simplicity of the ethylene molecule and the complexity with which it 

acts as a regulator of different plant developmental processes is an interesting 

juxtaposition.  Through my work I have added to the understanding of how ethylene 

regulates, and is itself regulated, through identification and characterization of the first 

plant encoded ACC deaminase.  I have added to the growing body of work which 

supports the new theory that the ethylene receptors, despite some functional redundancy, 

have discrete roles throughout development.  My work has also extended beyond the 

model plant Arabidopsis to consider regulators of growth and cellular differentiation in 

poplar.  This work has reinforced the usefulness of an a priori approach to gene 

discovery as well as demonstrated the essential need to characterize gene function in 

many different organisms to gain a complete understanding concerning their function.  
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Appendix 1 Contrasting Roles for ERS1 and EIN4 in Arabidopsis 

Trichome Initiation. 

Jonathan M. Plett and Sharon Regan 

A1.1 Objective 

Ethylene has been found to affect trichome and root initiation in different plant 

models (Kazama et al., 2004; Masucci and Schiefelbein, 1996).  While ethylene’s affect 

on root hairs has been well documented, its role in trichome initiation is less understood.  

I showed in chapter 3 that mutations to ETR2 caused alterations in the levels of 

TRYPTICHON (TRY) expression.  This gene is also involved in trichome spacing.  

Therefore it is possible that ethylene may affect trichome density or trichome initiation 

genes in Arabidopsis. To follow up on this work, I have been investigating how trichome 

spacing is affected in the Arabidopsis GOF ethylene receptor mutants.  

A2.1 Current Status 

A2.1.1 Ethylene Affects Trichome Differentiation 

To determine first how ethylene affects the expression of key spacing genes, I 

grew wildtype Arabidopsis on AVG (an ethylene synthesis inhibitor), AgNO3 (blocks 

ethylene perception) and on ACC (increases ethylene production).  The intention is to test 

the expression pattern of TRASPARENT TESTA GLABRA1 (TTG1), GLABRA1 (GL1) and 

TRY, but at the time of this thesis, only TTG1 expression has been tested.  It was found 

that under all test conditions TTG1 expression was significantly upregulated as compared 

to wildtype (p<0.05) (Figure A1.1). 
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Figure A1.1 Ethylene treatment alters expression of genes that control trichome 
spacing.  Wildtype (Col-0) Arabidopsis grown on AgNO3 (black bars), AVG (grey bars) 
and on ACC (white bars) tested for fold induction of TTG1. Dashed lined is the relative 
expression level in wildtype (Col-0).  Asterisk indicates significant difference from 
wildtype (p<0.01). 

 

It is interesting that both increasing ethylene synthesis (via ACC application) and 

blocking ethylene synthesis (via AVG) or ethylene sensing (via AgNO3) should have the 

same effect on TTG1 expression.  This would indicate that the ethylene receptors may 

have different roles in signalling trichome morphogenesis.  For this reason I am in the 

process of screening all five ethylene receptor GOF mutants for differences in distances 

between trichomes.  As it has been shown that trichome initiation can be affected 

differently around leaf margins as opposed to the middle of the leaf blade (Kaminuma et 

al., 2008), we took two different measurements; distance between trichomes on the leaf 

margin and distance between trichomes in the middle of the leaf blade.  It was found that 

ers2-1 did not have significantly different trichome spacing as compared to wildtype in 

either leaf margin trichomes or in the leaf middle (p<0.01).  Trichomes on the leaf margin 

of ers1-1, etr1-1 and ein4-1 were significantly farther apart that in wildtype (p<0.01).  

Fo
ld

In
du

ct
io

n

*

* 
* 



176 
 

Trichomes around the midvein of the leaf were significantly farther apart in ers1-1 (as 

compared to Col-0 wildtype), while they were significantly closer spaced in etr1-1 and 

ein4-1 (p<0.01) (Table A1-1).  I am in the process of collecting the data for etr2-1 and 

Nossen-0, the ecotype in which ers1-1 was created.  For the purposes of the data at hand, 

all data for ers1-1 will be expressed as compared to wildtype Columbia ecotype.  We 

chose the two outliers in these analyses to continue the characterization of ethylene’s 

effect on trichome spacing; ers1-1 due to its reduced trichome density and ein4-1 due to 

its increase in trichome density.  

 

n Leaf Margin Trichome-to-Trichome Leaf Middle Trichome-to-Trichome
Distance (mm) Distance (mm)

Wild Type (Columbia) 16 0.58 ± 0.11 1.16 ± 0.13
Wild Type (Nossen-0) 30 ? ?
ers1-1 30 0.71 ± 0.21 1.70 ± 0.22
ers2-1 30 0.63 ± 0.11 1.22 ± 0.19
etr1-1 30 0.81 ± 0.14 1.03 ± 0.18
etr2-1 30 ? ?
ein4-1 30 0.70 ± 0.09 0.99 ± 0.15  

Table A1-1 Distances between trichomes on wildtype and 4 GOF ethylene receptor 
mutants. 

 

As another measure of trichome initiation, we also analyzed trichome density on 

leaves of ers1-1, ein4-1 and their LOF counterparts ers1-3 and ein4-4.  It was found that 

ers1-1 had a significantly lower trichome density as compared to wildtype, while ers1-3 

had a significantly higher trichome density (Figure A1.2).  The ein4-1 mutant had a 

higher density of trichomes while ein4-4 had a density of trichomes that was like 

wildtype. 
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Figure A1.2 Distribution of Leaf Trichome Densities on several Arabidopsis mutants.  
Graphs  represent the number of leaves (Y-axis) that have a certain density of trichomes 
per cm2 (X-axis).  A scanning electron micrograph (inset) shows a representative leaf 
section used to count trichome densities (scale bar = 100 µm).  
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To further corroborate the results found with distances between trichome 

measurements I also measured the density of ers2-1 trichomes and show that they have 

the same density distribution as wildtype.  I also measured the trichome density of the 

Landsberg erecta, an ecotype known to have reduced trichome density due to altered 

expression of REDUCED TRICHOME NUMBER (RTN) (Larkin et al., 1996).  The 

density of trichomes is in Landsberg erecta, but is still higher than in ers1-1.   

A1.2.2 Ethylene Affects Timing of Trichome Initiation. 

Normally trichome initials in developing leaves are separated by 4 epidermal 

cells.  These epidermal cells divide and expand as the leaf expands to its final size.  

Therefore trichome density can be affected by trichome initiation or by the size of cells 

in-between the trichomes.  To determine if the differences seen in trichome densities in 

the ethylene mutants were due to altered leaf cell size I am currently analyzing epidermal 

cell size in fully expanded leaves of all the mutants.  I have also rated trichome initiation 

in very young leaves (Figure A1.3).  I determined that trichome initiation in ers1-1 

occurred much further apart in leaves as compared to wildtype, and it appeared that this 

initiation terminated much sooner in ers1-1 as compared to wildtype (Figure A1.3B).  In 

ein4-1, trichome initiation occurred much closer together than in wildtype and continued 

long after wildtype leaves were finished initiating trichomes (Figure A1.3C).  In a 

number of cases it was found that trichomes would initiate side by side or separated by 

only 2 cells as opposed to wildtype trichomes which initiate 4 cell files apart.  Therefore 

alterations to timing and spacing of trichome initials is responsible for the trichome 

density phenotypes observed in ers1-1 and ein4-1. 
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Figure A1.3 Trichome initiation is altered in ers1-1 and ein4-1. (A) Initiation of 
wildtype trichomes through to fully expanded leaf trichome spacing.  (B) Initiation of 
ers1-1 trichomes through to fully expanded leaf trichome spacing.  (C) Initiation of ein4-
1 trichomes through to fully expanded leaf trichome spacing.  Scale Bars = 100 µm (first 
row); 200 µm (second row); 1 mm (third row). 
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A1.2.3 Ethylene Receptors Differentially Control Trichome Spacing Genes 

Because trichome initiation is affected in the ethylene receptor mutants, and 

because we showed that trichome identity gene expression was altered by artificially 

manipulating ethylene synthesis or perception, we investigated the effect of GOF 

ethylene receptor mutations had on trichome identity gene expression and function.  To 

do this we analyzed gene expression levels in wildtype and ers1-1 and ein4-1 of TTG1, 

GL1 and TRY (Figure A1.4).  It was found that in ers1-1, TRY expression was 

significantly increased, while in ein4-1 TRY was significantly decreased concurrent to a 

significant increase in TTG1 expression.  This would indicate that the relation of TRY to 

GL1 is important in effecting differences in trichome distribution.  This hypothesis has 

also been proposed in others (Digiuni et al., 2008). 
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Figure A1.4 Ethylene receptor GOF mutants show altered expression of trichome 
identity genes.  Fold induction of TTG1, GL1 and TRY in two week old seedlings of 
ers1-1 (white bars) and ein4-1 (grey bars).  Dashed line indicates the relative expression 
level of these genes in wildtype Arabidopsis. 
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To determine the epistasis of the ethylene pathway to TTG1 and GL1, we crossed 

ers1-1 and ein4-1 with both ttg1 and gl1-1.  In all cases the ethylene receptors were found 

to act upstream of TTG1 and GL1 (Figure A1.5).  Of note was the presence of socket 

cells, which normally surround and support trichomes, in some of the gl1-1ein4-1 double 

mutants without the presence of trichomes.  Lack of the trichome was determined not to 

be an artefact of the cryo-SEM process as fresh leaves also had accessory cells without 

trichomes.   
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Figure A1.5 Epistatic analysis indicates that EIN4 and ERS1 are upstream of TTG1 
and GL1.  (A) ers1-1 (B) ein4-1 (C) gl1-1 (D) ttg1 (E) gl1-1 ein4-1 (F) ttg1 ein4-1 (G) 
gl1-1 ers1-1 (H) ttg1 ers1-1.  Scale Bar = 1 mm (A,B); 100 µm (C-H).  
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A1.3 Future Work 

Another plant hormone that also modulates trichome identity gene action is 

giberellic acid (GA).  It has been found that GA’s can activate GL1 to increase trichome 

density.  As we are showing that ethylene largely has an effect on trichome density 

through activation or repression of TRY it would be interesting to determine if there was 

any cross-talk between the GA and ethylene pathway in controlling trichome initiation.  I 

will test this hypothesis by growing ers1-1 and ein4-1 on GA media or on paclobutrazol, 

a GA inhibitor to see if trichome spacing is affected.  I will also grow the GA mutants 

ga1-3 (GA synthesis mutant), gai (GA insensitive) and spy5 (GA overproducer) on ACC, 

AVG (ethylene synthesis inhibitor) or AgNO3 (inhibits ethylene binding to receptors) to 

see if trichome density was affected.  If the balance of GL1 to TRY is important as we, 

and others, have hypothesized, I would expect that GA will induce more trichomes in 

ers1-1 and ein4-1.  As ethylene can either induce or inhibit trichome initiation it is a little 

harder to predict how exogenous treatment of GA mutants with ACC, AVG or AgNO3 

will affect trichome initiation.  I would predict however that ACC treatment (and thus 

higher ethylene production in the plant) will result in induction of trichomes in the GA 

deficient mutant ga1-3, while inhibition of ethylene perception or production by AgNO3 

or AVG, respectively, will further reduce trichome density.  
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A1.4 Impact 

Trichome density has been shown in many different plant systems to be important 

in regulating the degree of foraging by insects (Ågren and Schemske, 1993; Mauricio, 

1998; Gruber et al., 2006; Kivimäki et al., 2007).  In chapter 5 of this thesis I also 

demonstrate that increased trichome density on the fuzzy mutant decreases foraging and 

inhibits larval development in Tussock moth.  Therefore, a better understanding of the 

controls behind trichome density will afford us the opportunity to engineer crops with 

increased natural resistance to pests.  From a pure scientific point of view, a better 

understanding of cellular patterning and the signals that govern placement of cells within 

a whole organism will allow us to create better conceptual frameworks concerning plant 

development.  
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Appendix 2  Plant Encoded ACC Deaminases in Arabidopsis Modulate 

Ethylene Production During Development and Stress Response 

Jonathan M. Plett and Sharon Regan 

 

A2.1 Objective 

In chapter 2 I reported on the discovery of two ACC deaminase-like sequences in 

Arabidopsis and the proof that altered expression of AtACD1 changed the amount of 

ethylene produced in seedlings.  Building upon the finding that plants encode at least one 

type of ACC deaminase, this next study will delve further into the role of ACC 

deaminase(s) in plant development and stress tolerance.    

A2.2 Current Status 

One of the first steps in characterizing the role of ACC deaminases in 

development will be to determine when and where AtACD1 and AtACD2 are expressed.  

Microarray data shows that AtACD1 expression is variable throughout development and 

under different stressors (Figure A2.1).  Expression is repressed during flower and seed 

development (Figure A2.1A-C), but is induced by ACC (Figure A2.1D).  Confirming 

what was shown in our poplar experiments, there is a slight difference in induction of 

AtACD1 between xylem and cortex in the Arabidopsis hypocotyl (Figure A2.1E).  Most 

interesting is the differences seen under abiotic stress.  When wounded, AtACD1 is  
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Figure A2.1 AtACD1 expression levels as compared to UBIQUITIN10 expression 
show distinct induction and repression throughout development.  All figures are 
representative heat maps comparing AtACD1 expression to the housekeeping gene 
UBIQUITIN10 (UBA10).  Blue color indicates a repression of AtACD1 expression, while 
orange and red coloration indicates induction of AtACD1  (Winter et al., 2007).  (A) 
Expression is repressed in petals, sepals and stamens in flowers, as well as in mature 
pollen (B).  (C) AtACD1 is repressed during seed development.  (D)  ACC application to 
seedlings induces AtACD1.  (E) AtACD1 is more highly expressed in developing xylem 
than in the cortex of Arabidopsis hypocotyls.  (F) Wounding causes down-regulation of 
AtACD1.  (G) Heat treatment induces AtACD1 expression.    
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repressed, but under heat stress, expression of this gene is induced (Figure A2.1F,G).  

Therefore, based on expression, ACC deaminase activity is most important under times 

of high ethylene production or certain stresses.   The Affimetrix ATH1 chip, 

unfortunately, does not include AtACD2.  Therefore it is important to perform a detailed 

analysis of when and where these two genes are expressed.  To date, I have several lines 

expressing GUS under the control of the putative AtACD1 promotor and I have begun 

cloning the promoter region of AtACD2.  With these two transformants we will be able to 

determine if there is any redundancy in expression between the two deaminases.  This 

work will also allow us to determine which cells may be targeted specifically by 

deamination to control the levels of ethylene during stress and development. 

Another line of research that remains is to determine how AtACD1 and AtACD2 

affect development and mediate classical ethylene responses.  I have already begun to test 

AtACD1 overexpressing lines and antisense lines for a number of developmental traits.  

Neither mutant shows obvious differences in growth size, nor do they have significant 

differences in flowering time – both characteristics that are affected by ethylene.  It is 

likely that this lack of difference is due to some degree of redundancy in ethylene 

synthesis that can compensate for loss or increases in the pools of ACC.  I have also 

begun to test these lines for their ability to withstand various stressors.  Salt tolerance 

assays are the first set of tests that I have run, and I am currently working on the effect of 

flooding on productivity.  It has been shown previously that plants expressing bacterial 

ACC deaminases show increased salt and flooding tolerance.  With the discovery that 

plants also encode for two ACC deaminases will allow us to test how reduction in levels 

also affects stress tolerance.  In the salt stress tests run to date, there has been no 

significant difference in development of root systems between transgenic plants and 
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wildtype, but there have been some differences of note.  As has been shown by other 

groups, I also have evidence that overexpression of a plant ACC deaminase allows for 

improved development on higher levels of salt (150 mM NaCl), as reflected by larger 

rosettes and lack of anthocyanin pigmentation in the leaves.  Of interest, however, was 

the observation that ACC deaminase antisense lines also show increased growth and 

improved development on high salt media as compared to wildtype.  As these lines 

produce more ethylene, it would have been expected that they would have reduced 

vigour.  In future I wish to test higher concentrations of salt media (200 mM NaCl) to 

determine if I can further differentiate between the transgenic lines and wildtype.  Based 

on the work performed in poplar, which indicated that ACC deaminase activity may 

affect vascular cambium activity, I have grown both antisense and overexpressing lines of 

AtACD1 under short day conditions to initiate secondary growth in hypocotyls.  I have 

fixed a number of these hypocotyls with the intent of sectioning them to determine if the 

ratio of xylem to phloem is affected. 

With regard to characterization of AtACD2, I have cloned this gene for both 

overexpression and antisense.  I have also transformed the overexpressor into three lines 

of 35S::AtACD1 to determine if overexpression of both deaminase genes will compound 

and yield different phenotypes during development as compared to the single 

overexpressing lines.  At the time that I am writing this thesis I am screening the T0 and 

T1 generation of these mutants.  The same phenotypic characterization and battery of 

stressors will be applied to these lines as were applied to mutant AtACD1 lines.    
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A2.3 Impact 

The current understanding of the ethylene biosynthetic pathway is that once ACC 

is produced, it will automatically be converted into ethylene.  I have proven through my 

work, and the work of others in our lab, that there is a means to decrease ACC pools prior 

to conversion to ethylene.  We do not know, however, the significance of this pathway in 

vivo.  Through the further characterization of AtACD1 and AtACD2 we will gain a better 

understanding of the developmental stimuli and timing that control these genes. 
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Appendix 3  Arabidopsis Ethylene Receptors Exhibit Differential 

Expression During Development 

Jonathan M. Plett and Sharon Regan 

A3.1 Objective  

Based on microarray data it is known that the ethylene receptors exhibit different 

regulation throughout the development of plants.  My work has further extended this 

knowledge by demonstrating that the ethylene receptors have discrete roles in the 

ethylene signal transduction pathway.  I wished to further fine-tune our knowledge of 

where and when the receptors are expressed by creating transgenic lines expressing a 

GUS construct under the control of putative promoter sequences of the five ethylene 

receptors.  These lines will be assessed for GUS activity under normal development, 

stress conditions and hormone treatments. 

A3.2 Current Status 

The first GUS line created was for use in chapter 3.  The ETR2pro::GUS 

transgenic lines were used to prove localization of ETR2 expression to trichomes in 

young leaves.  A full developmental screen has been performed for these lines and it has 

been determined that ETR2 is expressed ubiquitously throughout newly emerged leaves 

(Figure A3.1A).  This ubiquitous expression continues until leaves are approximately 0.5-

1 cm in length, at which point expression is only observed in trichomes (Figure A3.1B).  

ETR2 expression becomes further restricted to the hydrathodes on the leaf margins, but 
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during senescence is again expressed in green tissues of the leaf (Figure A3.1C-D).  The 

power of GUS promoter analysis was demonstrated when I compared these results to my 

next construct, ERS1pro::GUS.  In newly emerged leaves, GUS expression was only 

observed in trichomes (Figure A3.1E).  As the leaves aged this expression became 

ubiquitous throughout the leaf.  This is the exact opposite pattern observed in 

ETR2pro::GUS plants.  In mature leaves we see no expression of ERS1, but during 

senescence there is high expression of the promoter region at the leading edge of 

senescence where the leaf turns from green to yellow (Figure A3.1G-H).  There is some 

discrepancy between the microarray data (cartoon diagrams in Figure A3.1), therefore 

there is the possibility that we do not have the entire promoter.  Further expression work 

will be performed to validate these GUS lines.  I have also created transgenic lines with 

GUS expression driven by the upstream regions of the other three ethylene receptors 

(ETR1, ERS2, EIN4) to complete this work.  

In addition, I have also cloned truncated regions of the region upstream of the 

type I ethylene receptors, ETR1 and ERS1, to determine the actual promoter domain(s) of 

these two very important receptors. Work is currently underway in screening these lines 

to determine their differing expression patterns.   

A2.3 Impact 

The impact of this paper is in the ability to determine cell-type specific expression 

of these receptors.  Once it is known where the receptors are expressed, it will be possible 

to screen ethylene mutants for changes in these specific cell types.  These data will 

increase our understanding of the regulation and discrete roles of this gene family. 
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Figure A3.1: ETR2 and ERS1 ethylene receptor expression show distinct tissue and 
cell specific expression.  (A,E) Expression in young seedlings, arrow indicates youngest 
leaves (Scale bar = 2mm); (B,F) Expression in very young leaves (Scale bar = 1 mm); 
(C,G) Expression in mature leaves, arrow indicates hydroathodes (Scale bar = 1 cm); 
(D,H) Expression pattern in senescing leaves (Scale bar = 1 cm).  Cartoon drawings in 
each pane represent relative expression of each gene.  Yellow color represents low 
expression, while orange represents moderate expression. 
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