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ABSTRACT 

 

In the model cruciferous plant, Arabidopsis thaliana, tryptophan (Trp) is a focal 

point for growth and defense as it is used for the production of secondary metabolites 

including the growth hormone indole-3-acetic acid (IAA, or auxin), and two classes of 

defense compounds:  indole glucosinolates (IGs) and camalexin.  Trp metabolism in 

plants is of general importance to agriculture because animals (including humans) cannot 

synthesize Trp and must obtain it from their diet. 

 Questions remain about the synthesis and regulation of Trp and how it relates to 

secondary metabolism in Arabidopsis.  In this thesis it is shown that IGs are a sink for 

Trp metabolism because auxotrophic mutants deficient in Trp production are suppressed 

in combination with the IG-deficient cyp79B2 cyp79B3 mutant and enhanced in 

combination with IG overproducing mutant, atr1D.   
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Because Trp auxotrophic mutants were found to produce IGs, the four predicted 

Arabidopsis Trp Synthase Beta genes (TSB1, TSB2, TSB3 and TSBt2) were examined for 

their role in Trp primary and secondary metabolism.  It was determined that members of 

this gene family, while being redundant for enzyme activity, may have unique functions 

in channeling Trp to different secondary endpoints.  tsb1 tsb2 plants display a healthier 

phenotype and produce lower IG levels than the single tsb1 mutants, in contrast to tsb1 

tsbt2 plants, which have elevated IG production and an enhanced auxotrophic phenotype.  

tsb2 tsbt2 plants are indiscernible from WT.  Gene expression in Trp biosynthetic 

pathway steps, IG biosynthesis genes, and regulatory TFs is dysregulated in these 

mutants.   

 In a second part of this thesis, transcriptional regulation of IG synthesis was 

examined with respect to tissue specificity and stress.  In collaboration with Judith 

Bender’s laboratory at Brown University, the function of a subfamily of three Myb 

transcription factors that have been implicated in regulating IG biosynthesis genes was 

studied.  Using combinations of Myb knockout mutants and GUS reporter plants, tissue 

specific roles for MYB34 and MYB51 in root and shoot tissues, respectively, were found.  

In addition, roles were discovered for MYB34 in mediating anti-herbivory signals, and for 

both MYB51 and MYB122 in regulating defense against microbial pathogens.  
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CHAPTER 1.  INTRODUCTION 

 

1.1. OVERVIEW 

 Plants are efficient chemical factories capable of synthesizing a multitude of 

important secondary metabolites, many of which are derived from amino acids.  Thus, 

plants must balance the production of amino acids for use in protein synthesis or to 

produce metabolites used in defense and development.  In the model cruciferous plant, 

Arabidopsis thaliana, tryptophan (Trp) is used for the production of secondary 

metabolites, including the growth hormone indole-3-acetic acid (IAA, or auxin), and two 

classes of defense compounds:  indole glucosinolates (IGs) and camalexin.  

The regulation of Trp biosynthesis, as well as that of other amino acids, serves as 

the focal point of growth, defense, and survival in Arabidopsis.  Animals (including 

humans) cannot synthesize Trp, and must ingest it from their diet.  Trp is required in 

animals primarily for protein synthesis, but also for the production of important 

hormones such as the neurotransmitter, serotonin, and vitamins like nicotinic acid 

(Radwanski and Last, 1995).  That Trp is essential and must be incorporated into the diet 

underscores its crucial role in agriculture. 
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Questions remain about the synthesis and regulation of Trp and how it relates to 

secondary metabolism in Arabidopsis.  Genome sequencing has predicted multiple 

biosynthetic and regulatory genes of primary and secondary metabolism in Arabidopsis.   

This thesis examines the role of these multiple genes.  It was determined that duplicated 

Trp biosynthetic enzymes, while being redundant for enzyme activity, have unique 

functions in potentially channeling Trp to different secondary endpoints.  Supporting this 

work, gene expression was examined in different Trp biosynthetic pathway mutants. The 

Trp biosynthetic genes ASA, TSA, TSB1, TSBt2, IG biosynthesis genes CYP79B3, 

CYP83B1, and regulatory TFs MYB34 and MYB51, are dysregulated in these mutants.   

 The effects of altering regulation of IG synthesis by transcriptional modulation 

were also examined.  In Arabidopsis, the R2R3 family of Myb transcription factors (TFs) 

contains over 120 proteins that regulate a wide variety of developmental and metabolic 

processes.  In collaboration with Judith Bender’s laboratory at Brown University, the role 

of a subfamily of Mybs that have been implicated in regulating IG biosynthesis genes 

was examined.  It was found that specific Mybs have distinct roles in controlling IG 

production with regard to tissue specificity and environmental signals.  
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1.2.  ARABIDOPSIS TRYPTOPHAN METABOLISM AND SECONDARY 

METABOLITES 

 Unlike animals, plants, fungi, and microorganisms have the ability to synthesize 

the aromatic amino acids phenylalanine (Phe), tyrosine (Tyr), and Trp from precursors 

synthesized from the shikimate pathway (Herrmann, et al., 1983).  In addition to protein  

synthesis, these amino acids serve as intermediates in the production of natural products  

in many higher plants; these secondary metabolites are valuable as pharmaceuticals, pro-

vitamins, fragrances and other helpful chemicals (Brown, et al., 2003; Wink, 2003, 

Lepeniec, et al., 2006; Pedras, et al., 2008; Sønderby, et al., 2010).  A better 

understanding of the metabolism and coordination between primary and secondary 

products will inform traditional genetic approaches and transgenic strategies for 

increasing production of valuable natural compounds, while decreasing production of 

harmful metabolites.   

In the model cruciferous plant, Arabidopsis thaliana, the amino acid Trp serves a 

crucial role both for protein synthesis and for the production of vital secondary 

metabolites, including the growth hormone indole-3-acetic acid (IAA, or auxin), and two 

classes of defense compounds:  indole glucosinolates (IGs) and camalexin (Figure 1.1).  

Both IGs and camalexin are synthesized from Trp via the intermediate, indole 3- 
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acetaldoxime (IAOx), catalyzed by the cytochrome P450 enzymes CYP79B2 and 

CYP79B3 (Hull, et al., 2000). 

 

1.3.  INDOLE-3-ACETIC ACID (AUXIN)  

 Indole-3-acetic acid (IAA), or auxin, is involved in root development, cell 

division and elongation, and embryogenesis.  During embryogenesis, auxin gradients 

ensure correct patterning and organ formation (Ljung, et al., 2002; Woodward and Bartel, 

2005).  The transport and utilization of IAA have been well characterized (Teale, et al., 

2006), while the biosynthesis and regulation of IAA are less well understood.  There are 

two basic metabolic routes for IAA biosynthesis:  the Trp-dependent pathway in which 

IAA is produced from Trp and the Trp-independent pathway in which IAA is produced 

by an indolic precursor of Trp.  While there is both substantial biochemical and genetic 

evidence for the Trp-dependent route (Hull, et al., 2000; Celenza, 2001; Zhao, et al., 

2002; Cohen, et al., 2003), the Trp-independent route is based on labeling experiments 

with [2H5] and [15N] radio labeled anthranilate and Trp, respectively (Figure 1.1).  In 

these studies, it was found that there was a higher amount of labeled anthranilate 

metabolized into IAA than Trp (Normanly, et al., 1993).  Additional evidence suggesting 

a Trp-independent route of IAA synthesis was found in both maize and Arabidopsis; 

maize orange pericarp (orp) mutants and Arabidopsis Trp synthase mutants (trp3-1,  
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trp2-1) were blocked in their ability to produce Trp, yet were still viable plants (Wright, 

et al., 1992; Last and Fink, 1988). 

For the Trp-dependent pathway, recent experiments have characterized the TAA1 

gene, which encodes an aminotransferase that converts Trp to indole-3-pyruvic acid  

(IPA).  The YUCCA (YUC) family of flavin monooxygenases has recently been found to 

convert IPA to IAA downstream of TAA1 in the same pathway.  This TAA1-YUCCA 

pathway is likely the major contributor to IAA production in Arabidopsis (Zhao, 2010).  

There are multiple redundancies in Trp-dependent auxin biosynthesis in Arabidopsis, of 

which the CYP79B2/B3 mediated IAOx pathway also contributes to IAA; cyp79B2 

cyp79B3 double mutants have reduced IAA synthesis in root tissue (Ljung, et al., 2005).  

Supporting evidence for the IAOx pathway, mutations in IG biosynthesis pathway genes, 

such as CYP83B1 (SUR2), and SUR1 result in a high IAA phenotype, presumably due to 

increased levels of IAOx directed to IAA (Bak, et al., 2001; Boerjan, et al., 1995).  

However this pathway is considerably less important than the IPA pathway, as cyp79B2 

cyp79B3 double mutant plants display no obvious auxin phenotype (Zhao et. al., 2002).   

  

1.4.  GLUCOSINOLATES 

Glucosinolates are a group of over 130 nitrogen and sulfur containing defense 

compounds found almost exclusively in plants of the Brassicaceae family, which  
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includes broccoli, cabbage, and cauliflower, in addition to Arabidopsis (Brown, et al., 

2003).  While glucosinolates are produced constitutively and thus considered 

phytoanticipans, levels are modulated during growth and development and in response to 

various stresses (Halkier and Gershenzon, 2006; Sonderby, et al., 2010).  All 

glucosinolates are derived from amino acids and share a core structure containing a !-D-

glucopyranose residue linked via a sulfur atom to a (Z)-N-hydroximino sulfate ester.  The 

R side chain of the glucosinolate is variable, being derived from the amino acids (Brown 

et al., 2003).   

Upon plant wounding, glucosinolates are cleaved into their active form by a !-

thioglucosidase enzyme, myrosinase, and act as anti-herbivory compounds due to their 

bitter taste (de Vos, et al., 2008).  Myrosinase catalyzes the hydrolysis of glucosinolates 

into several products, including isothiocyanates, thiocyanates, and nitriles, depending on 

the reaction conditions and associated proteins.  Interestingly, isothiocyanates derived 

from glucosinolates have also been found in the human diet to act as anti-cancer agents 

by inducing the activity of carcinogen detoxification enzymes in the liver (Fahey, et al., 

2001; Hayes, et al., 2008). 

In Arabidopsis, at least 37 different glucosinolates have been characterized 

(Brown, et al., 2003).  The majority are grouped into two classes:  the aliphatic class 

(AGs), derived from methionine, and IG class, derived from Trp.  In addition,  
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glucosinolates derived from phenylalanine have also been found at low levels compared 

to AGs and IGs.  Among the AGs, the 4-methylsulfinylbutyl (4MSOB) is the most 

prominent in the wild-type Arabidopsis strain Columbia (Col), and of the IGs, there  

are three prominent compounds:  indolyl-3-methyl (I3M), 4-methoxyindolyl-3-methyl 

(4MOI3M), and 1-methoxyindolyl-3-methyl (1MOI3M) (Figure 1.2).  IGs are  

synthesized from Trp via indole 3-acetaldoxime (IAOx), through the action of the 

cytochrome P450 enzymes CYP79B2 and CYP79B3.  The double mutant cyp79B2 

cyp79B3 plant was shown to produce no detectable levels of either IGs or camalexin, and 

to have decreased levels of IAA (Hull, et al., 2000).   

 Levels of different glucosinolates are highly coordinated during development, in 

different environmental conditions and stresses, and in different plant organs and tissues.  

For example, seeds contain the highest concentration of aliphatic glucosinolates; IGs 

compose just 2% of total seed glucosinolates (Halkier and Gershenzon, 2006).  In leaves, 

however, the amount of AGs declines with age, resulting in IGs being more abundant.  

Root tissue has similar glucosinolate concentrations as leaves, except there is a much 

larger indolic proportion.   

The two principal glucosinolates found in leaves are the aliphatic 4MSOB, and 

the indolic 1MOI3M.  For quantification and analysis, it is useful for normalization that  
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the glucosinolate concentration in leaves of all ages correlates linearly with the dry 

weight of the plant; glucosinolate content keeps pace with growth (Brown, et al., 2003). 

 While produced at basal levels, glucosinolate metabolism is modulated in 

response to a host of abiotic and biotic stresses.  Biotic stresses such as pathogen  

infection and herbivory result in increased levels of the stress hormones jasmonic acid 

(JA) and salicylic acid (SA), activating signaling pathways that lead to increased  

glucosinolate production (Li, et al., 2006).  Abiotic stresses such as drought, temperature, 

light, mineral nutrition, CO2, and heavy metals also cause changes in glucosinolate levels, 

usually decreases.  Because Brassicas contain high amounts of sulfur-containing amino 

acids and glucosinolates, the effects of sulfur deprivation have been well studied; plants 

grown in low sulfate conditions have lower levels of glucosinolates (Hoefgen and 

Nikiforova, 2008; and Hirai, et al., 2006).  However, when grown on high levels of 

sulfate, only a small increase in glucosinolate production was observed, suggesting that 

plants carefully balance primary and secondary metabolism. 

 Generally, glucosinolates and their breakdown products act as defense compounds 

against herbivory and infection, and rarely, as attractants to glucosinolate adapted 

specialists (de Vos, et al., 2008).  Recent work has focused on the interplay between 

pathogen and herbivory induced glucosinolate production.  It was recently shown that the 

IG, 4MOI3M, is vitally important in mediating an anti-microbial defense response  (Clay, 
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et al., 2009).  Glucosinolate biosynthesis is regulated at least partially by JA, SA, and 

ethylene (ET), the three major hormones associated with defense response.  It is a general 

model that these three signaling networks interact to modulate plant defense reactions to 

a specific stress (Yan and Chen, 2007). 

 

1.5.  CAMALEXIN 

Camalexin is an anti-fungal phytoalexin involved in the plant innate immune 

response.  It is induced by infection with a variety of viral, microbial, and fungal 

pathogens and can be induced in both leaves and roots.  In addition, a number of abiotic 

treatments, such as heavy metals, reactive oxygen species (ROS) inducing chemicals 

such as acifluorfen and fusaric acid, and UV-B irradiation can induce the production of 

camalexin (Glawischnig, 2007).    

Camalexin consists of an indole ring linked to a thiazole ring via the C-2' atom of 

the indole ring (Figure 1.2).  From studies using radiolabelled compounds, it was shown 

that the thiazole ring is derived from cysteine, whereas the indole ring is derived from the 

Trp (Zook, et al., 1997).  The Arabidopsis double mutant cyp79B2 cyp79B3, in addition 

to producing no detectable IGs, is also unable to synthesize camalexin, suggesting that 

camalexin is solely derived, like IGs, from the IAOx (Glawischnig, et al., 2004).  Most of 

the genes involved in camalexin metabolism have recently been discovered and 
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characterized.  IAOx was shown to be converted to indole-3-acetonitrile (IAN) as the first 

step in camalexin synthesis by a cytochrome P450 enzyme, CYP71A13 (Nafisi, et al., 

2007).  The final step in camalexin synthesis, the conversion of dihydrocamalexic acid to 

camalexin, was shown to be catalyzed by another cytochrome P450, PAD3 (CYP71B15) 

(Schuhegger, et al., 2006).  As of yet, the penultimate two steps, which catalyze the 

conversion of IAN to dihydrocamalexic acid via glutathione and glutamylcysteine 

conjugates, have yet to be characterized.   

Recently, camalexin was shown to induce caspase expression and apoptosis in 

human cell lines suggesting one of its modes of anti-cancer action (Mezencev, et al., 

2011).  Several key questions remain regarding the pathway for camalexin synthesis, its 

regulation in coordination with Trp metabolism, its specific antimicrobial properties, and 

whether or how it is coordinated with IGs in the plant innate immune response and other 

defense signaling pathways. 

 

1.6.  TRYPTOPHAN SYNTHASE AND PRIMARY TRYPTOPHAN 

METABOLISM 

 Trp synthesis in Arabidopsis and other plants is conserved with bacterial 

pathways, in which shikimate, chorismate, and anthranilate serve as upstream Trp 

precursors.  The last two synthesis steps are catalyzed by the heterotetramer enzyme 
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complex, Trp synthase, which forms an #!!# structure (Figure 1.3).  Separate genes 

encode TSA and TSB in both Arabidopsis and E. coli, and the bacterial enzyme forms an  

active heterotetramer that was shown to have increased activity compared to each subunit 

alone (Miles, 2001).  In S. cerevisiae, TSA and TSB are encoded as one protein by the  

TRP5 gene, and produce Trp synthase as a dimer composed of two alpha/beta fusion 

proteins (Zalkin and Yanofsky, 1982).   

Arabidopsis Trp synthase alpha (TSA) catalyzes the cleavage of indole-3-glycerol 

phosphate (IGP) to indole and glyceraldehyde-3-phosphate (G3P).  Trp synthase beta 

(TSB) catalyzes the conjugation of indole and serine to Trp, with pyridoxal phosphate 

(PLP) serving as an essential co-factor.  Based on biochemical and structural studies 

using X-ray crystallography, it was discovered that the binding of IGP to the # subunit 

causes a conformational change in the ! subunit, resulting in an inter-molecular tunnel 

that rapidly channels indole (the product of the a subunit catalyzed reaction) to the ! 

subunit, where it reacts with L-serine to form Trp (Radwanski and Last, 1995; Miles, 

2001).  A proposed biochemical model for this tunnel being generated is that indole, 

being a neutral, hydrophobic molecule, might easily escape from the enzyme 

heterotetramer complex if not properly channeled (Miles, 2001).  This model is consistent 

with Trp synthase functioning as a heterotetramer and with studies showing that indole is 

not detectable in the cell.   
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Unlike fungi, which have only the TrpB1 class, many bacteria and Archaea have 

two distinct families of TSB enzymes, TrpB1 and TrpB2.  Studies have shown that this 

additional TSB protein (TrpB2) found in Archaea and hyperthermophilic microorganisms 

does not associate with the alpha subunit, and has the ability to convert free indole into  

Trp in vitro (Hettwer and Sterner, 2002; Xie, et al., 2002).  The function of TrpB2 in vivo 

has yet to be fully characterized.  Situations for the existence of free indole are thought 

not to occur often in mesophilic model organisms such as E. coli and B. subtilis, where 

indole is carefully channeled (Xie, et al., 2002); however free indole may exist in 

hyperthermophiles such as Thermatoga maritima, where due to high physiological 

temperatures, diffusion of indole from a thermally unstable enzyme complex may take 

place.  Also, it has been proposed under similar stress conditions in E. coli and plants 

(Yin, et al., 2010).  Recent work with E. coli has shown that management of indole 

metabolism is important in resistance to antibiotics (Lee, et al., 2010).   

Studies using the hyperthermophile archaea, Thermatoga maritima, demonstrated 

that the TSB enzymes in the TrpB2 class do not functionally interact with the alpha 

subunit.  Rather, they form a homodimer which was shown to have a higher affinity for 

free indole (Km
indole of  0.77 µM) than TrpB1 (Km

indole of  25 µM)  enzymes.  However, 

TrpB2 converts indole to Trp (Kcat/Km of  0.6) at a lower catalytic rate compared to the 
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TrpB1 class (Kcat/Km of  0.4), suggesting a model in which TrpB2 functions as a recycler 

of free indole (Hettwer and Sterner, 2002; Ehrmann, et al., 2010).  

 

1.7.  GENOME SEQUENCING REVEALS MULTIPLE TRP SYNTHASE 

SUBUNIT GENES 

 From previous published work on Trp synthase genes and genome sequencing in 

Arabidopsis, multiple genes are predicted to encode both TSA and TSB (Table 1.1).   

Previous work has characterized two TSA genes, TSA1, and INS (indole synthase)  

(Radwanski and Last, 1995; Zhang, et al., 2008), and three TSB genes, TSB1, TSB2, and 

TSBt2 (Last, et al., 1991; Yin, et al., 2010).  Sequence analysis shows TSB1 and TSB2 to 

be closely related; they share approximately 90% amino acid identity (Figure 1.4), 

greater than 85% nucleotide sequence identity, and are in the TrpB1 class of TSBs.  

However, TSB1 and TSB2 are expressed at different levels in the plant.  TSB1 accounts 

for greater than 90% of Trp synthase ! gene expression in wild-type Columbia plants 

(Last, et al., 1991) and is expressed at approximately 10-fold higher levels in all tissues 

compared to TSB2 (Pruitt, et al., 1993).  TSBt2 shares just 20.6% amino acid identity 

with TSB1 and 21.6% with TSB2.  BLAST analysis of the TSB protein sequences 

revealed that TSBt2 is more closely related to the TrpB2 class of bacterial and archaeal 

TSB genes than other Arabidopsis homologs (Table 1.2). 
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As previously discussed, bacteria and Archaea have two distinct families of TSB 

enzymes, TrpB1 and TrpB2.  TrpB1 is known to interact with the TrpA, the bacterial and 

archeal equivalent to TSA.  A stretch of 15-20 conserved amino acids in TrpB1 proteins 

that interacts with TrpA is absent from TrpB2,  perhaps preventing TrpB2 from 

interacting with alpha subunits.  In Arabidopsis, TSB1 and TSB2 are more closely related 

to the TrpB1 family, and TSBt2 is more related to the TrpB2 family (Xie, et al., 2002; 

Yin, et al., 2010).   

 

1.8.  TRP AUXOTROPHIC MUTANTS 

 trp3-1 (TSA1) and trp2-1 (TSB1) mutant Arabidopsis plants were identified and 

isolated using a genetic screen for 5-methylanthranilate (5MA) resistance (Last and Fink, 

1988; Last et al., 1991).  These plants are characterized by their small, less healthy 

appearance compared to wild-type Columbia plants when grown in both soil and on agar 

media without supplemented Trp.  They have smaller, more circular leaves, yellow in 

color, an irregular leaf vein pattern, and a lethal phenotype when grown under the 

restrictive, high light condition (60-70 µE m-2 s-1) (Last, et al., 1991).  This light-sensitive 

phenotype can be rescued by supplementing both mutants with exogenous Trp.  trp2-1 

plants have only about 10% of the wild-type TSB activity, and this residual activity has 

been attributed to the TSB2 gene (Last, et al., 1991; Pruitt, et al., 1993).  
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 Several mutant alleles of TSB1 (trp2) have been identified, and have been used to 

examine the biochemical role of TSB1.  trp2-5 mutants have a glycine to arginine change 

at amino acid 351, near the C-terminus.  trp2-8 mutants have a premature stop codon  

resulting from both a single base pair deletion and a transversion mutation, which results 

in a truncated 251 AA protein, compared to the full length 470 AA TSB.  trp2-8 thus is 

considered a null allele (Radwanski and Last, 1995). trp2-1,  trp2-5 and trp2-8  all 

display low levels of TSB1 mRNA, and low levels of both TSA1 and TSB1 protein 

(Radwanski and Last, 1995).  The specific mutation in trp2-1 has been identified by 

recent sequence analysis (Jing, et al., 2009) and is a glycine to arginine change at amino 

acid 457, close to the C-terminus.  Both the trp2-5 and trp2-1 mutations occur in highly 

conserved, C-terminal glycine residues, and it is not known how these glycines contribute 

to structure and function of TSB1.  The specific function of the other TSB gene, TSBt2, is 

unknown.  Also, work in our lab has shown that T-DNA insertion mutants of both TSB2 

and TSBt2 show no discernable growth, or secondary metabolite phenotypes (details in 

Chapter 4).   

 Mutants in TSA (trp3) have also been identified.  trp3-2 mutation is a single C to 

T base pair change that creates a premature stop codon in the second exon of the TSA 

transcript.  The leaky mutant allele, trp3-100, is also a single G to A base pair change in 

the second exon that results in a conserved glycine being changed to aspartate.  The 
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trp3-1 mutation, however, occurs in an intron.  A G to A base transition creates a new 

splice site upstream of the wild-type gene, resulting in a premature stop codon.  trp3-1, 

trp3-2, and trp3-100 plants all have reduced levels of TSA mRNA and protein, yet have 

normal levels of TSB mRNA and protein.  However, levels of ASA, an upstream enzyme  

in the Trp biosynthesis pathway, increase in all mutants; the largest increase occuring in 

trp3-1 mutants (Radwanski and Last, 1995).  Like trp3-1, trp3-2 mutants show a severe 

auxotrophic phenotype when grown under the high light condition.  trp3-100 mutants 

have a less severe phenotype than both trp3-1 and trp3-2 plants; growth of these mutants 

is better at high light, but leaves still exhibit a chorotic phenotype.   

 The other TSA gene in Arabidopsis, INS, was recently identified and shown to 

encode a TSA that localized in the cytoplasm (Zhang, et al., 2008).  INS shares 

approximately 66% amino acid identity with TSA1.  In addition to the different 

localization patterns, INS was also shown to be expressed at low levels in most tissues, 

with the highest expression occurring in the shoot apex.  In most tissues, TSA1 is 

expressed at 2 to 6-fold higher levels as INS.  INS was also shown to rescue trpA E. coli 

in heterologous rescue assays (data not shown).     
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1.9.  HYPOTHESIZED ROLES OF MULTIPLE TRP SYNTHASE GENES 

 The presence of duplicate TSB genes that are differentially regulated suggests that 

each gene has its own particular function, rather than serving as redundant genes.  

Arabidopsis has several fates for Trp in secondary biosynthetic pathways, and these fates 

likely are somewhat compartmentalized (protein, IAA, IGs, and camalexin).  This model 

is supported by at least two examples in plant metabolism.  In maize, a second TSA gene  

functions specifically in the conversion of indole-glycerol-phosphate (IGP) to the anti-

herbivory defense compound, DIMBOA, independent of Trp (Melanson, et al., 1997).  In 

sorghum, the cyanogenic glucoside defense compound, dhurrin, was shown to be the 

result of metabolic channeling through a transient, 3-enzyme, “metabolon”, composed of 

two CYP450 enzymes and a UDPG-glucosyltransferase at the surface of the ER 

membrane (Moller, 2010).   Given these models from other plant species, we are 

interested in testing the model that multiple Trp synthase genes are involved in distinct 

pathways in Arabidopsis for the separate, facilitated channeling of Trp into different 

pools of protein, IAA, IGs, or camalexin.   

In addition, Trp pathways may function in different cellular compartments.  

TSB1, TSB2, and TSBt2 all contain chloroplast leader peptides near their N-termini, 

consistent with the model that most Trp synthesis occurs in the chloroplast (Jing, et al., 

2008).  However, this does not rule out the existence of a separate pathway in the cytosol, 
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or pathways taking place in different compartments within the chloroplast itself.  Recent 

work with GFP-tagged TSA1 and INS has shown that TSA1 localizes to the chloroplast, 

while INS is free in the cytosol (Zhang, et al., 2008).  Alternatively, the pathways can be 

located in different tissues, or take place at different times during development (Last, et 

al., 1991).  The localization of different Trp synthases in various cellular compartments 

and different organs has not been fully examined. 

Another interesting hypothesis is that the Arabidopsis TrpB2 family enzyme, 

TSBt2, functions as an independent indole recycling protein, preventing escape of indole 

from the heterotetramer Trp synthase under temperature stress or under conditions where 

indole could escape.  Most hyperthermophilic bacteria and archaea have TrpB2 genes, 

but these genes are not usually found in fungi (Merkl, 2007); however they are conserved 

across plant species.  In vitro biochemical studies in E. coli have shown that at 25°C, less 

than 1% of indole synthesized by TSA escapes being channeled into the beta subunit, 

suggesting that at physiological temperatures, an indole salvage protein is likely not 

necessary.  Thus, TrpB2 was theorized to have been lost from most mesophiles due to the 

lack of evolutionary pressure (Hettwer and Sterner, 2002).  However, recent work has 

shown that the enzyme kinetics of TSB1 and TSBt2 in Arabidopsis (Yin, et al., 2010) are 

similar to the kinetics shown in T. maratima (Hettwer and Sterner, 2002), with TSBt2 

having a 10-fold higher affinity for indole compared to TSB1.  Since Trp is an essential 
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amino acid, and is the precursor to the primary growth hormone IAA and multiple 

defense compounds, we are interested in examining if the putative indole recycling 

function of the TrpB2 family enzyme, TSBt2, is maintained in Arabidopsis. 

 

1.10.  TRANSCRIPTIONAL REGULATION OF TRP AND IG METABOLISM IN 

ARABIDOPSIS 

A breakthrough in understanding the transcriptional regulation of Arabidopsis Trp 

metabolism occurred when a series of mutants were identified by screening EMS 

mutagenized Columbia seeds for resistance to 5-methyl Trp (5MT) (Bender and Fink 

1998; Smolen et al., 2002).  5MT is a toxic analog of Trp that mimics Trp's allosteric 

inhibition of an upstream enzyme, anthranilate synthase.  It binds to the catalytic # 

subunit of the enzyme complex, without substituting for the nutritional role of Trp, 

resulting in inhibition of growth and lethality in high doses (>30 µM) (Li and Last, 1996).  

The screen led to the identification of a Myb family trancription factor, ATR1 (MYB34), 

which was shown to positively regulate several IG synthesis genes.  In addition, a basic 

helix-loop-helix (bHLH) transcription factor ATR2, was isolated, and found to regulate 

the mRNA level of genes in the Trp, IG synthesis, and stress response pathways (Smolen 

et. al., 2002). 
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Since IGs are continuously synthesized, their levels need to be modulated in 

response to a variety of environmental, developmental, and metabolic challenges (Brown, 

et al., 2003).  In addition to ATR1 (MYB34), two other Mybs identified based on genetic 

screens and sequence homology, MYB51, and MYB122 have been characterized as 

positive regulators of IG synthesis genes (Celenza, et al., 2005; Gigolishvili, et al., 2007). 

The Myb proteins are a functionally diverse family of over 130 proteins in Arabidopsis, 

and are conserved in all eukaryotes (Lepiniec, et al., 2006; Stracke, et al., 2001).  In 

plants, most Myb proteins function as transcription factors (TFs), and are distinguished 

by having varying numbers of Myb domain repeats, which confer them with the ability to 

bind to DNA.  MYB TFs function in a variety of plant processes, such as development, 

stress response, cell fate and identity, and regulation of primary and secondary 

metabolites.  Currently, little is known about the DNA consensus sequences Arabidopsis 

Myb TFs bind.  Generally, the majority of R2R3 Myb proteins can bind the sequence 

TAACTAAC (Romero, et al., 1998).  However, some plant TFs can recognize other 

binding sites shared with invertebrates, and can have overlapping recognition of binding 

sites.  It is likely that most MYB DNA-binding domains have considerable inherent 

flexibility in their ability to recognize target sites (Jin and Martin, 1999).   

The Myb DNA-binding domain generally consists of four 52-amino acid 

sequence repeats, each forming three #-helices.  The second and third helices of each  
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repeat build a helix-turn-helix (HTH) structure with three regularly spaced Trp residues 

forming a hydrophobic core.  The third helix of each repeat is the “recognition helix” that 

makes direct contact with DNA.  Myb proteins are classified based on the number of 

these adjacent repeats, with the majority of plant Mybs belonging to the R2R3 class.  The 

three Myb TFs, MYB34, MYB51, and MYB122, share more than 80% amino acid 

sequence identity in the conserved N-terminal DNA-binding R2R3 repeat region  (Figure 

1.5).     

Since production of glucosinolates is a unique hallmark of Brassicas, it was not 

surprising that MYB34, MYB51, and MYB122 form a sequence sub-group (Figure 1.6) 

with three other related MYB proteins shown to regulate aliphatic gluconsinolate (AG) 

production, MYB28, MYB29, and MYB76 (Gigolashvili, et al., 2007).  This six Mybs 

are more similar to each other than to other MYB family members.  The three aliphatic 

MYBs were shown to positively upregulate the AG biosynthesis genes CYP79F1, 

CYP79F2, and CYP83A1 (Gigolashvili, et al., 2007; Hirai, et al., 2007; Sonderby, et al., 

2010).  Consequently, evidence shows that MYB TFs provide a common mechanism for 

regulation of glucosinolate synthesis genes, most likely with diverging, specific roles in 

IG versus AG regulation in Arabidopsis. 
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1.11.  THE atr1D MUTATION AND ITS EFFECT ON TRP AND IG 

METABOLISM 

MYB34 was originally identified as an activator of Trp metabolism through 

isolation of a dominant overexpression allele, atr1D, in a genetic screen for mutants 

resistant to methyl anthranilate (Bender and Fink, 1998).  MYB34 is transcriptionally 

modulated in response to conditions that alter the demand for IGs.  MYB34 transcript 

levels not only increase in response to IG deficiencies caused by mutations in IG 

synthesis genes (Celenza, et al., 2005; Smolen et al., 2002), but also when CYP79B2 is 

over-expressed, leading to increased IG levels (Zhao, et al., 2002).  Although these two 

findings seem inconsistent, it is most likely that Myb activity is upregulated when IGs are 

low, but also upregulated in a positive feed-forward loop when a stress condition is 

sensed by the plant, in order to keep IG levels high.  Consistent with this model is the 

finding that MYB34 is upregulated by methyl jasmonate (MeJA) treatment (Smolen et al., 

2002).  MYB34 can also be transcriptionally downregulated under conditions of decreased 

demand for IGs; its expression has been shown to be repressed under sulfur starvation 

conditions (Hirai, et al., 2007).   

 The dominant mutant MYB34 allele, atr1D, has a mutation that results in a base 

substitution in the 5' UTR, upstream from the MYB34 coding region.  This mutation 

creates a premature stop codon in a predicted 33 amino acid open reading frame (ORF)  
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(Bender and Fink, 1998).  The specific mechanism of the atr1D mutation has yet to be 

fully characterized.  It is hypothesized that it acts by suppressing translation of the 

upstream ORF, and enhances translation of the internal MYB34 ORF, resulting in 

increased atr1D mRNA stability (Bender and Fink, 1998).  Recent sequence analysis of 

upstream 5’ UTRs from the other Arabidopsis glucosinolate Myb genes shows that 

MYB51 and MYB28 also possess upstream ORFs.  In addition, the MYB34 ORF is 

conserved in Brassicas.  The role of these small, upstream 5’ UTR sequences in 

regulating Myb TFs, and, consequently, secondary metabolism, is an interesting question 

under investigation.  In contrast, non-glucosinolate MYBs, and MYBs outside of the 

Brassicaceae family do not have upstream ORFs. 

The atr1D mutation in MYB34 causes a modest increase in expression of the TRP 

pathway genes ASA, TSA, and TSB1, as well as a robust increase in the IG synthesis 

genes CYP79B2, CYP79B3, and CYP83B1, resulting in approximately 10-fold increase 

in levels of I3M (Celenza, et al., 2005).  These results suggest that the IG synthesis genes 

are the primary targets for MYB34 and that the Trp biosynthesis genes increase 

expression in response to a depletion of Trp.  The increased transcription of these genes 

explains the 5MT resistance phenotype, because increased flux through the IG pathway 

works to dilute the effect of the toxicity of 5MT.  Plants in which the atr1D cDNA was 

expressed constitutively from the cauliflower mosaic virus (CaMV) 35S RNA promoter  
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were resistant to 5MT treatment, and up-regulated two Trp synthesis genes, ASA1, and 

TSB1, and three IG synthesis genes, CYP79B2, CYP79B3, and CYP83B1.  Not 

surprisingly, overexpressing plants had 1.5-2 fold higher IAA levels and 8-10 fold higher 

IG levels (Celenza, et al., 2005). 

Curiously, a loss-of-function mutation in MYB34, atr1-2, results in only a modest 

decrease in I3M levels (Celenza, et al., 2005).  Also, transgenic plants driving 

constitutive expression of anti-sense oligonucleotides using the CaMV 35S against 

MYB34 and MYB51 displayed a low IG, decreased IAA phenotype (Malitsky, et al., 

2008).   However, it was not determined what effect knocking down these genes would 

have on anti-microbial, or anti-herbivory responses.  These observations suggest that 

MYB51 and MYB122 serve partially redundant functions and compensate in IG 

regulation, or have specific roles in different tissues, development, and response to biotic 

stresses. 

As mentioned previously, upon plant wounding, glucosinolates are cleaved into 

their active form by myrosinase, and act as anti-herbivory compounds due to their bitter 

taste (Kim et al., 2008).  However, new glucosinolates, as well as other secondary 

defense compounds, must be rapidly synthesized in response to attack in order to replace 

the metabolized compounds.  Arabidopsis, as well as other plants, respond vigorously to 

herbivore and microbial attack, by increasing levels of secondary defense compounds. 
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Upon attack, levels of glucosinolates, phenolics, and terpenoids are all increased  

(Mewis, et al., 2006).  Different signal transduction cascades are activated to mediate 

response to various stresses:  jasmonic acid (JA) in response to mechanical wounding or 

insect feeding; salicylic acid (SA) in response to microbial infection and pathogen 

resistance; and ethylene (ET) generally in response to insects and pathogens.  IG 

accumulation has been shown to be strongly induced by mechanical wounding, insect 

feeding, and treatment with JA or SA (Mikkelsen, et al., 2003), and the transcript levels 

of genes related to IG and AG biosynthesis, such as CYP79B2, CYP83B1, MAM1, and 

CYP79F1 are also up-regulated by these same treatments.  The transcriptional response to 

generalist herbivores was similar, however, the responses of Arabidopsis to distinct 

specialist herbivores has not been fully characterized.  How multiple MYB transcription 

factors mediate this necessary up-regulation of gene expression and glucosinolate 

production in response to herbivory and stresses is a key question under investigation.         

 

1.12.  JASMONATE SIGNALING IN ARABIDOPSIS  

 Jasmonates (JAs) are molecules that act as elicitors of plant secondary 

metabolism.  They are oxylipin-derived phytohormones that regulate a variety of 

physiological and metabolic processes but are primarily involved in defense.  JAs have 

been shown to induce the synthesis of three major classes of plant secondary metabolites: 
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terpenoids, alkaloids, and pheylpropanoids, and JA signaling is highly conserved among 

plant species.  While JAs elicit production of secondary metabolites that serve a vital role 

in the interactions between plants and their surrounding environment, they are also 

important players in the constitutive and inducible plant defenses against a wide variety 

of attacks (Zhao, et al., 2005; Pauwels, et al., 2009). 

 JA signaling is regulated in a negative repression loop.  Essential to the core JA 

signaling pathway is the F-box protein COI1, which is part of a ubiquitin ligase complex, 

SCF.  The targets of SCF-mediated ubiquitination are the JAZ family of transcriptional 

repressors.  JAZ and SCF-COI1 proteins directly interact in the presence of JA to form a 

co-receptor complex.  The resulting ubiqutination and degradation of transcriptional 

repressors by the 26S proteasome allows transcription factors to up-regulate the target 

genes of JA signaling (De Guyter, et al., 2012).  

In Arabidopsis, the basic helix-loop-helix (bHLH) transcription factor MYC2 is 

the best characterized target of JA signaling.  MYC2 has been shown to be both directly 

and indirectly involved in regulating secondary metabolite induction; it positively 

regulates TFs and biosynthetic enzymes of flavonoid biosynthesis but negatively controls 

Trp-derived IG synthesis (Dombrecht, et al., 2007).  Recent work has shown that MYC3 

and MYC4, also bHLH TFs, are targets of JA signaling, and regulate secondary 

metabolite induction.  Both MYC3 and MYC4 were shown to interact with JAZ  
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repressors, form homo- and heterodimers with themselves and MYC2, and act additively 

with MYC2 to regulate specific, different subsets of the JA response (Fernandez-Calvo, et 

al., 2011). 

Given the broad and varied set of transcription factor targets of JA signaling, a 

key question has been whether Myb TFs that regulate glucosinolates, MYB34, MYB51, 

MYB122, MYB28, MYB29, and MYB76, are involved in JA signaling.  It is known that 

JAZ proteins directly interact with other TFs involved in secondary metabolite 

production, such as the bHLH TFs GL3, EGL3, and TT8, as well as the R2R3 MYB TF, 

PAP1 (Qi, et al., 2011).  Recent work has shown that MYB29 acts to increase aliphatic 

glucosinolate (AG) levels in response to MeJA treatment (Hirai, et al., 2007), and 

publicly available gene expression data have shown that MYB34 expression is 

significantly increased in response to MeJA treatment.   

In addition to glucosinolates, there are TFs that activate other secondary 

metabolite pathways in response to JA signaling.  WRKY33, a pathogen inducible TF, 

functions downstream of mitogen activated protein kinases to induce expression of 

camalexin biosythesis genes, driving production of camalexin (Mao, et al., 2011).  

ANAC042 is another TF that has been shown to be JA responsive, up-regulating the 

camalexin biosynthetic genes CYP71A12, CYP71A13, and PAD3, resulting in increased 
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camalexin production (Saga, et al., 2012).  Because IGs and camalexin are both derived 

from Trp, it will be important to determine whether the purpose of multiple Myb TFs is 

to better coordinate these metabolites downstream of stress signaling.   

 

1.13.  MICROBE ASSOCIATED MOLECULAR PATTERNS (MAMP) 

RESPONSE 

 In nature, plants have innate immunity against a wide array of potential pathogens 

(non-host disease resistance) and have the ability to combat and eliminate infective 

pathogens (basal disease resistance) (Jones and Dangl, 2006).  As an initial step, the plant 

anti-microbial response involves recognition of pathogens by molecular elicitors, 

designated as microbial-associated molecular patterns, or MAMPs.  Interestingly, most of 

these chemical signatures are non-specific; many are found in non-pathogenic bacteria as 

well (Zipfel, et al., 2004). 

 MAMPs are recognized by a set of receptors on the cell surface, called pattern 

recognition receptors (PRRs).  MAMPs recognized by plants correspond to molecules 

essential for microbial life, but most are not involved with mediating infection (Jones and 

Dangl 2006).  Some well-characterized examples include the fungal cell wall components 
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chitin and ergosterol, as well as the glycolipid component of Gram-negative bacteria 

lipopolysaccharide (LPS), and flagellin (Zipfel, et al., 2004).  Specifically, the epitope of  

flagellin found to elicit MAMP signaling has been identified as a 22 amino acid stretch 

which corresponds to the most highly conserved region in the N-terminus of the protein, 

Flg22 (Felix, et al., 1999).  However, the specific MAMP of bacterial LPS has not yet 

been identified; recent work has shown the lipid A part of LPS is sufficient to induce 

defense response in Arabidopsis (Zeidler, et al., 2010).   

 MAMP signals are perceived by receptors such as FLS2, CEBiP, and EFR on the 

cell membrane containing an extracellular ligand binding domain, usually composed of 

leucine-rich repeats.  This ligand/MAMP interaction triggers activation of MAP kinase 

cascades that can both positively and negatively regulate transcriptional changes, most 

likely by targeting a set of WRKY family transcription factors (Felix, et al., 1999).  These 

TFs are characterized by their highly conserved, 60 amino acid domain containing 

repeats of the heptapeptide amino acid sequence, WRKYGQK (Bittel and Robatzek, 

2007).  Transcriptional up-regulation of receptor protein genes, as well as pathways for 

anti-microbial compound production and callose deposition then occurs. 

 Recent evidence has shown that anti-herbivory and anti-microbial metabolite 

production is coordinated, and not mutually exclusive.  Mutants that have compromised 

camalexin and anti-microbial compound responses, such as pad3, cyp71A13, or mutants 
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that have decreased IG production and anti-herbivory, such as myb51, cyp81F2, and pen2 

are still able to mount an effective response to P. brassicae infection.  Only when both  

camalexin and IG synthesis pathways are compromised, in cyp79B2 cyp79B3 and pad2 

mutants, do plants show dramatically increased susceptibility to infection (Schlaeppi, et 

al., 2010).  

Further support that IGs are needed for the innate immune response comes from 

the finding that the glucosinolate, 4MOI3M, is necessary for callose deposition in 

response to Flg22.  myb51, ein2, and cyp81F2 mutants all display signifcantly decreased 

levels of 4MOI3M, and lower levels of callose deposits in response to Flg22 treatment  

(Clay, et al., 2009).  This phenotype could be rescued by addition of exogenous 

4MOI3M, but not I3M.  At this time, it is not known how MAMP signaling is 

coordinated with indolic Myb TF regulation, and whether Myb TFs are downstream 

targets of MAMP signaling.    

 

1.14.  PROPOSED ROLES OF MULTIPLE MYB FAMILY TRANSCRIPTION 

FACTORS 

Characterization of MYB51 and MYB122 overexpression mutants supports a 

model of tissue and defense specific roles for multiple Myb TFs (Gigolashvili, et al., 

2007).  Much like the MYB34 loss-of-function mutant atr1-2, the MYB51 loss-of-function 
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allele, hig1-1, causes only a partial reduction in IG levels (Gigolashvili, et al., 2007).  

Again, the effects of these single MYB TF mutations on IG synthesis gene transcript 

levels is not dramatic.  In the hig1-1 mutant, IG synthesis gene transcript levels are not 

significantly altered in adult leaves (Gigolashvili, et al., 2007), and in the atr1-2 mutant, 

IG synthesis gene transcript levels are not significantly changed in whole seedlings, but 

are partially reduced in adult leaves (Celenza, et al., 2005).  

  A likely explanation for the lack of a strong, loss-of-function, low IG phenotype 

in single MYB TF mutants is partial redundancy among MYB34, MYB51 and MYB122.  

Further evidence comes from the finding that in the hig1-1 (myb51) mutant, MYB34 and 

MYB122 transcripts are up-regulated (Gigolashvili, et al., 2007).  This finding indicates 

that partial depletion of IG levels caused by a MYB TF mutation is compensated by 

activation of other MYB TFs, as a mechanism to maintain normal IG levels.  Because of 

this putative compensatory mechanism, a key experimental goal is determining the 

effects of multiple MYB TF mutations on IG levels, and transcript and metabolite 

profiles.   

 In addition to increased IG synthesis, plants that over-express MYB34, MYB51, 

and MYB122 generally have elevated levels of IAA, and display a range of high IAA 

phenotypes, from less than two-fold elevation with little or no growth consequences to as 

high as over five-fold elevation with a dwarfed, sterile phenotype (Celenza, et al., 2005; 
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Gigolashvili, et al., 2007).  This elevated level of IAA is most likely the result of 

increased CYP79B2 and CYP79B3 expression, and elevated IAOx.  It is also possible that 

MYB TFs activate additional IAA synthesis genes.  Strikingly, the atr1D mutant has an 

almost ten-fold elevated level of IGs, but only two-fold elevated levels of IAA, resulting 

in no morphological consequences.  Because of this phenotype, it is most likely that 

MYB factors are specific to IG synthesis genes and influence levels of IAA only 

indirectly through up-regulation of the the putative target genes CYP79B2, CYP79B3, and 

CYP83B1.  

 The key questions regarding the roles that these three IG regulating MYB TFs are 

whether they are tissue-specific, if they are involved in the plant response to wounding 

and/or other signals, and how they maintain IG homeostasis by balancing basal levels 

with induction.  Recent evidence (http://www.arexdb.org/) shows that MYB34 is highly 

expressed in root tissue compared to MYB51 and MYB122, which show higher expression  

in shoot tissues.  Also, MYB34 is highly expressed in response to MeJA treatment that 

mimics herbivory, whereas MYB51 is expressed in response to silver nitrate treatment, a 

mimic of bacterial infection.  In Chapters 5 and 6, I examine these findings in detail 

providing strong evidence for distinct roles for MYB34 and MYB51 with regard to tissue 

specificity as well as in different defense signaling pathways. 
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1.15.   THESIS RATIONALE 

The biosynthesis and regulation of Trp represents a focal point of growth, 

defense, and survival in Arabidopsis.  The presence of duplicate TSB genes that are 

differentially regulated suggests the possibility that each TSB gene has its own particular 

function, rather than serving as redundant genes.  Arabidopsis has several fates for Trp in 

secondary biosynthetic pathways, and these fates likely are somewhat compartmentalized 

(protein, IAA, IGs, and camalexin).  Given similar models from other plant species, we 

are interested in testing the model that multiple Trp synthase genes are involved in 

distinct pathways in Arabidopsis for the separate, facilitated channeling of Trp into 

different pools of protein, IAA, IGs, or camalexin.  In addition, Trp pathways may 

function in different cellular compartments, in different tissues, or at different times 

during development.  Another interesting hypothesis is that the Arabidopsis TrpB2 family 

enzyme, TSBt2, functions as an independent indole recycling protein, preventing escape 

of indole from the heterotetramer Trp synthase under stress conditions.  Since Trp is an  

essential amino acid, and is the precursor to the primary growth hormone IAA and 

multiple defense compounds, we are interested in determining whether the putative 

indole recycling function of the TrpB2 family enzyme, TSBt2, is maintained in 

Arabidopsis.  There are also key questions regarding the roles that IG regulating MYB 

TFs:  whether they are tissue-specific; if they are involved in the plant response to 
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wounding and other signals; and how they maintain IG homeostasis by balancing basal 

levels with induction.  We are interested in defining distinct roles for MYB34 and 

MYB51 with regard to tissue specificity and different defense signaling pathways. 
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Table 1.1.  TSA and TSB genes in Arabidopsis.  Genomic sequencing has identified 

two TSA and four TSB genes.  Shown are the TAIR ID for each gene, nucleotides in each 

gene, and amino acid length (www.arabidopsis.org). 

 

!
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! !Gene TAIR ID Nucleotides 

Amino 
Acids 

TSA At3g54640 2376 312 

INS At4g02610 1703 276 

TSB1 At5g54810 2192 470 

TSB2 At4g27070 2482 475 

TSBt2 At5g38530 2433 506 

TSB3 At5g28237 6246 465 
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Table 1.2.  Percentage amino acid identity of TSB proteins in Arabidopsis.  BLAST 

results of the TSB gene sequences in Arabidopsis, E. coli, and, T. maratima were 

analyzed, and expressed as a percentage amino acid identity for each protein pair. 
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E. coli       T. maratima  

 
 TSB TSB1 TSB2 TSBt2 TrpB2 

E. coli TSB * 53.1 53.1 22.4 22.9 

TSB1   * 89.6 20.6 23.5 

TSB2     * 21.6 23.7 

TSBt2       * 59.7 

T. maratima 
TrpB2         ** 

!
!
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Figure 1.1.  Trp secondary metabolism in Arabidopsis.  Key enzymatic steps in the 

Trp synthesis pathway (blue highlighting) and I3M synthesis pathway (gold highlighting) 

are shown.  Dashed arrows indicate uncharacterized enzymatic steps or incomplete 

pathways proposed for the synthesis of IAA and camalexin.  Gray arrows leading to 

camalexin indicate induction of this pathway by pathogen infection.  Light blue boxes 

indicate genes with increased expression in the atr1D mutant.  (Adapted from Bender and 

Celenza, 2009.) 
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Figure 1.2.  Chemical structures of secondary metabolites in Arabidopsis.  Shown 

are the structures of the following Trp-derived metabolites:  indole-3-acetaldoxime 

(IAOx); indole-3-acetic acid (IAA), the key growth hormone; indolic glucosinolates 

indolyl-3-methyl (I3M), 4-methoxy-indolyl-3-methyl (4MOI3M),  

1-methoxy-indolyl-3-methyl (1MOI3M); the phytoalexin, antimicrobial agent camalexin; 

and aliphatic glucosinolate 4-methoxysulfinylbutyl (4MSOB). 
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Figure 1.3.  Structure of Trp synthase and Trp synthase reaction.  (A) Heterotetramer 

structure of Trp synthase showing the inter-molecular tunnel formed upon conformational 

changes in the alpha subunit.  (B) The reaction mechanisms for the alpha and beta 

reactions.  [Adapted from Miles, 2001 (A) , and Hettwer and Sterner, 2002 (B).] 
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Figure 1.4.  BLAST alignment diagram of TSB proteins.  TSB1, TSB2, and TSBt2 

sequences were uploaded to NCBI BLAST (www.ncbi.nlm.nih.gov/blast/) and aligned 

against (prokaryotic) E. coli TSB and (archaeal) T. maratima TrpB2.  Green represents 

highly conserved residues, yellow represents partially conserved residues between TrpB1 

and TrpB2 family enzymes, and blue represents non-conserved residues.!
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Figure 1.5.  Illustration showing the structure of the R2R3-MYB transcription 

factors.  Primary and secondary structures of R2R3 MYB transcription factors, of which 

MYB34, MYB51, and MYB122 are members.  R = number of repeats; H = helix;  

T = turn; X = any amino acid.  (Adapted from Lepiniec, et al., 2010.)! !



!

!
!
!

48 
!
!
!
!
!
!

!
!
! !



!

!
!
!

49 
 

Figure 1.6.  Phylogenetic relationship between aliphatic and indolic MYB TFs.  (A)  

Schematic representation of the relationships between the different R2R3-MYB 

subgroups. The tree was inferred using the neighbor-joining method and 1000 bootstraps 

with putative amino acid full length MYB sequences with Clustal X2 software  

(Adapted from Lepeniec, et al., 2010).  Colors are indicative of specific sub-groups of 

similar sequence (S). (B) Schematic representation of the relationship between amino 

acid sequences of R2R3 MYB TFs regulating aliphatic (AGs) and indolic glucosinlates 

(IGs) (sub-group S12).   
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CHAPTER 2.  MATERIALS AND METHODS 

 

2.1.  REAGENTS 

 Chemicals were obtained from Sigma (St. Louis, MO) unless otherwise noted, 

except for yeast and bacterial media components, which were obtained from US 

Biological (Swampscott, MA).  Enzymes were obtained from New England Biolabs 

(Beverly, MA), with the exception of Taq polymerase, prepared in the laboratory of John 

L. Celenza or purchased as X-Taq (TaKaRa Bio. Inc., Otsu, Shiga, Japan) 

 

2.2.  MEDIA  

 Seeds were grown under sterile conditions in PNS medium containing 0.5% 

sucrose unless otherwise noted (Haughn and Somerville, 1986).  For solid PNS medium, 

0.6% agar was added.  For transgenic selection, PNS medium without sucrose and with 

15 µg/mL kanamycin was used. 

 Yeast strains were grown overnight in liquid YPD medium, and maintained in 

YPD medium containing 2% agar (Ausubel et al., 1987).  For rescue assays on minimal 

media, yeast were grown on SC medium lacking tryptophan, uracil, or histidine.  

 Bacterial strains were grown in Luria-Bertani broth (LB) in liquid culture or on 

solid LB media containing 2% agar (Ausubel et al., 1987).  For antibiotic selection, the  
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following concentrations were used, unless otherwise noted:  50 µg/mL kanamycin, 100 

µg/mL ampicillin, and 12 µg/mL tetracycline. 

 

2.3.  SEED STERILIZATION AND PLANT GROWTH CONDITIONS  

 Arabidopsis seeds were sterilized by a liquid sterilization method.  Seeds were 

soaked in sterilization buffer [20% bleach (Clorox, Oakland, CA) 0.02% Triton-X 100] 

for 20 min.  Seeds were then rinsed five times with sterile, deionized water and 

resuspended in 0.5-1.0 mL sterile 0.1% agar.   

 Seeds were vernalized at 4oC in the dark for 3-5 days prior to plating.  Seeds were 

then plated in a laminar flow hood by transferring individual seeds with a sterile glass 

pipette, or by suspending 200-1000 (50 mg dry weight) seeds in 10 mL sterile deionized 

water and pouring the mixture on to solidified PNS medium containing appropriate 

supplements, then covering the seeds with 10 mLs of molten 0.6% agar.  Plates were 

secured with gas permeable Micropore tape (3M Health Care, St. Paul, MN), and then 

incubated at 22oC under constant light using either yellow low pass filters at an intensity 

of 20-30 µE m-2s-2 (low light) or unfiltered light at an intensity of 60-70 µE m-2s-2 (high 

light).  Germination was generally observed in 3-5 days, with true leaves developing and 

visible at 1 week post-germination. 
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2.4.  BACTERIA AND YEAST STRAINS 

For rescue and complementation experiments, E. coli  strains 1581 (trpA2 

trpB9578) and 7679 (trpE-trpA) mutants were used (Zalkin and Yanofsky, 1982).  The 

full genotype of both of these strains are CY15602, W3110 F- $trpEA2 %- $trpA-trpE872 

IN(rrnD-rrnE) rph-1.  The 1581 strain lacks both the Trp synthase alpha and beta subunit 

genes, and lacks activity for both enzymes.  The 7679 mutant strain lacks the entire Trp 

operon and therefore should not be able to express any Trp synthase activity.  In yeast, 

TRP5 encodes Trp synthase alpha and beta as one functional protein, which dimerizes to 

form an active Trp synthase.  We tested yeast trp5 mutant rescue by using combinations 

of Arabidopsis TSA and TSB cDNAs.  The yeast trp5 mutant is from Open Biosystems 

(Waltham, MA) and is carried in strain background BY4741 (MATa his3 leu2 met15 ura3 

trp5). 

  

2.5.  RECOMBINANT DNA TECHNIQUES 

2.5.1. Generation of expression vectors using Cre-lox recombination  

 The Universal Plasmid Fusion System (Liu et al., 1998) (Figure 2.1) was used to 

construct expression vectors carrying Arabidopsis cDNAs of interest. INS (At4g02610), 

TSB1 (At5g54810), TSB2 (At4g27070), TSB3 (At5g28237) cDNAs, carried in pUNI51,  

were obtained from the Arabidopsis Biological Resource Center  
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(ABRC; www.arabidopsis.org; cDNA stock numbers U50365, U12210, U23406, U61095 

respectively). The cDNAs for TSA (At3g54640, U18993) and TSBt2 (At5g38530, 

U24720) were originally delivered in a different vector but were transferred into pUNI51 

by Erika Pike. 

The UPS system uses Cre-lox mediated recombination to recombine any cDNA 

carried in the cloning vector pUNI51 into compatible plasmids generally called, pHOST 

vectors (Liu, 1998). The Cre recombination reaction was carried out as follows: 2 µl 

pHOST, 6 µl cDNA in pUNI51, 1 µl 10X Cre Recombinase buffer, 1 µl Cre 

Recombinase (New England BioLabs); the reaction mixture was incubated at 37°C for 20 

min followed by transformation into chemically competent DH5# E. coli cells for 

selection of the recombined plasmid. The following species-specific pHOST expression 

plasmids obtained from the ABRC were used for the protein purification experiments: 

pHB3-His6, an E. coli expression vector for the IPTG-inducible expression of His6-

tagged proteins and pHB2-GST, an E. coli expression vector for the IPTG-inducible 

expression of glutathione S-transferase tagged fusion proteins.  pHY325-loxH and 

pHY325-loxH were used for galactose-inducible heterologous expression of Arabidopsis 

cDNAs. 
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2.5.2.  Alkaline mini-prep  

Plasmid DNA from the above transformations was isolated using an alkaline 

mini-prep procedure.  1.5 mL of an overnight culture of transformants was pelleted by 

centrifugation (45 sec at 13,000 rpm) at room temperature, and resuspended in 100 µL of 

Solution I (50 mM glucose, 25 mM Tris pH 8.0, 10 mM EDTA).  After cells were 

resuspended, 200 µL of solution II (0.2 N NaOH, 1% SDS), and mixed by inversion.  

Samples were help at room temperature for 5 min, followed by the addition of 150 µL of 

solution III (3 M NaOAc pH 5.2).  Samples were held on ice for 15 min, followed by 15 

min in a microcentrifuge (at 13,000 rpm at 4°C) to pellet out protein and chromosomal 

DNA.  The supernatant fraction was decanted to a new tube.  Then, 1 mL of 95% ethanol 

was added and samples held for 10 min at -20°C.  DNA was pelleted by centrifugation (5 

min at 13,000 rpm).  Supernatant was decanted and pellet washed with 70% ethanol.  The 

plasmid DNA was then resuspended in 100 µL TE containing DNase-free RNase.  

Isolation of plasmid DNA was verified by digesting 2 µL each with EcoRI (New England 

Biolabs), followed by gel electrophoresis using a 3% agarose gel.  The gels were 

visualized by staining with ethidium bromide and viewed under ultraviolet light. 
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2.6.  YEAST TRANSFORMATION 

 TSA and TSB homologs, carried in pHY325-loxH and pHY326-loxH vectors,  

were paired and transformed into the S. cerivisiae trp5 mutant.  Yeast cells were grown in 

liquid YPD medium overnight.  0.5 mL of the culture was aliquoted for each 

transformation.  The cells were pelleted by centrifugation (10 sec at 13,000 rpm).  Next, 

the yeast cells were resuspended in 50 µL of sterile water by vortexing.  Then 10 µL of 

heat-denatured 10 mg/mL salmon sperm DNA and 10 µL of each TS gene were added 

and vortexed for 5 sec after which 0.5 mL of transformation buffer (40% polyethylene 

glycol 3350, 0.1 M Lithium Acetate, 10 mL Tris pH 7.5, 1mM EDTA, 0.1 M 

dithiothreitol) was added.  Samples were incubated at room temperature overnight.  Cells 

were pelleted by centrifugation (10 sec at 13,000 rpm) and resuspended in 0.5 mL sterile 

water.  0.25 mL of this was plated on SC media lacking leucine and uracil to select 

simultaneously for pHY325-loxH and pHY326-loxH plasmids.  The plates were 

incubated at 30°C for 48 h.  

 

2.7.  E. coli TRANSFORMATION 

The pHB2-GST based plasmids were transformed into E. coli strain DH5!.  To 

prepare DH5! chemically competent cells, 2.5 mL of an overnight culture of DH5! was 

diluted in 250 mL TYM (2% tryptone, 0.5% yeast extract, 0.1 M NaCl, 10 mM MgSO4)  
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and allowed to grow to mid-log at 37°C.  Once at mid-log, the cells were pelleted by  

centrifugation (30 min, 4000 rpm) at 4°C, and the supernatant decanted.  The cells were 

then resuspended on ice in 50 mL ice-cold transformation buffer 1 (100 mM KCl, 50 mM 

MnCl2, 30 mM KOAc, 10 mM CaCl2, 15% glycerol), followed by pelleting by 

centrifugation, and resuspension on ice in 10mL of ice-cold transformation buffer 2 

(10mM Na-MOPS pH 7.0, 75mM CaCl2, 10mM KCl, 15% glycerol).  Cells were frozen 

at -80°C in 500 mL aliquots.  100 µL of these cells were aliquoted for each 

transformation, followed by the addition of 1 µL of each GST based plasmid.  Samples 

were then incubated for 15 min on ice, followed by heat shock at 37°C for 4 min.  1 mL 

LB with 50 µg/mL kanamycin was added, and samples incubated at 37°C for 1 h.  0.5 mL 

of this culture was then plated on LB containing 50 µg/mL kanamycin to select for the 

GST based plasmid. 

 

2.8.  AGROBACTERIUM-MEDIATED PLANT TRANSFORMATION 

 Transformation of plants with recombinant plasmids was conducted using floral 

dip (Desfeux, et al., 2000).  Briefly, 600 mL cultures of Agrobacterium CE166 were 

grown for three days at 25oC, in the presence of the selective antibiotic, kanamycin.  

Cells were centrifuged at 4700 rpm in a Sorvall SA-3000 rotor for 30 min at room 

temperature and resuspended in 900 mL transformation buffer (5% sucrose, 0.05%  
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Silwet-L77 [Lehle Seeds, Columbus, OH]).  Plants were immersed flowers first in 

bacterial suspensions for 30 sec, then grown horizontally under plastic domes for 7 days.  

The dip was then repeated.  Plants were then reoriented vertically and grown without 

domes until seeds set.  Approximately 1000 seeds were sterilized and plated as described 

in 2.3 on PN medium (without sucrose) with kanamycin.  Solidified plates were 

incubated at 22oC at low light (30-40 µE m-2s-2) 

 

2.9.  SEQUENCING 

 The TSB1 gene was sequenced, after using PCR to amplify three regions of the 

TSB1 genomic DNA sequence.  The primer sets for 3 segments of the TSB1 coding 

region were:  5’-TAAACAATTAGATGAACACAAAAA-3’,TSB1-1F; 

5’-TCATTTTTATCTAATCACGAAGAA-3’,TSB1-1R; 

5’-GAAGTATGTACCTGAAACCCTTAT-3’,TSB1-2F; 

5’-CAGCAAGTAACTCATAGCTCCAT-3’,TSB1-2R; 

5’-ATGAATTTGTGAATGACACAGAG-3’,TSB1-3F; 

5’-TACATCAAAGTCACCACTTCTATT-3’,TSB1-3R.  Sequencing was performed by 

MWG Operon (Huntsville, AL), and results were analyzed using Applied Biosystems 

(Foster City, CA) sequence analysis software.   
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2.10.  GLUCOSINOLATE ISOLATION 

  Total glucosinolates were isolated using a modified affinity bead method 

(Celenza et al., 2005) and analyzed using HPLC.  For IG isolation, plants were grown as 

seedlings for 10-14 days.  Approximately 50-200 mg fresh plant tissue was weighed, 

collected, and quickly suspended in 1 mL 100% HPLC methanol in 1.5 mL 

microcentrifuge tubes, and incubated for at least 20 minutes at room temperature.  The 

extract was then added to a microcentrifuge tube containing 200 µL DEAE Sephadex 

A25 beads (Sigma) swelled in 0.5 M pyridine acetate.  The beads and extract were 

allowed to incubate for 15-20 min.  After incubation, the samples were centrifuged at 

13,000 rpm in a bench top centrifuge, and washed twice with 1 mL of HPLC water. 

Aryl sulfatase (Sigma) was purified by washing twice with 95-100% ethanol and 

resuspended in water, at a stock concentration of 20 mg/mL, before being diluted to 4 

mg/mL for glucosinolate isolation (Graser, et al., 2001).   200 µL aryl sulfatase was 

added to the beads, and samples were incubated overnight, in the dark, at room 

temperature.  The desulfoglucosinolates were collected with 1.0 mL 60% HPLC grade 

methanol.  Each sample was lyophilized, resuspended to a volume of 300 µL with HPLC 

water, and filtered through a 0.22-µm filter in prior to HPLC analysis.   
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2.11.  SILVER NITRATE INDUCTION AND CAMALEXIN ISOLATION  

 Camalexin was induced by spraying plants with silver nitrate, and extracted using 

a methanol/chloroform extraction method (Zook and Hammerschmidt, 1997).  Plants 

were grown as previously described, and 14-day old seedlings were sprayed using a spray 

bottle, from a distance of 0.5 meter, for 5-6 pumps, with a solution of 5 mM silver nitrate 

and 0.02% Silwet.  Plants were then incubated for 72 h at 22oC.  100-200 mg of whole 

seedlings was collected from each plant and frozen on dry ice.  Tissue was ground with a 

pestle, and 1mL of crude extract was generated by two 15-min incubations with 500 µL 

of 80% HPLC methanol.  The extract was evaporated down to 500 µL in a vacuum 

centrifuge, and an equal volume of 100% HPLC chloroform was added.  The sample was 

vortexed, and the lower, aqueous phase was removed and collected.  The extraction was 

repeated with 200 µL of HPLC chloroform, and the pooled aqueous fractions were dried 

in a vacuum centrifuge and the pellet was resuspended in 300 mL of 100% HPLC 

methanol for analysis. 

 

2.12.  ISOLATION OF ROOT AND SHOOT TISSUE  

 To better isolate root and shoot tissue, seeds were washed as previously described, 

and plated into 6-well plates (Corning, Corning, NC).  Plants were grown hydroponically 

in 5 mL of liquid PNS at high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to root  
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and shoot isolation.  Plants were removed from the 6-well plate, patted dry to eliminate 

excess liquid, and cut into root and shoot tissues, quickly weighed, and used for both IG 

and RNA extraction.   

  

2.13.  HPLC ANALYSIS OF GLUCOSINOLATES AND CAMALEXIN 

For HPLC analysis of IG content, samples were separated by HPLC (Waters 2795 

series) fitted with a C-18 reversed-phase column using a water (Solvent A)-acetonitrile 

(Solvent B) gradient at a flow rate of 1 ml min-1 at ambient room temperature. The 43 

min run consists of 1.5% B (1 min), 1.5–5.0% B (5 min), 5.0–7.0% B (2 min), 7.0– 

21.0% B (10 min), 21.0–29.0% B (5 min), 29.0–43.0% B (7 min), 43.0–93.0% B (0.5 

min), a 4 min hold at 93.0% B, 93.0–1.5% B (0.5 min), and a 7 min hold at 1.5% B. 

Eluent was monitored by diode array detection at 229 and 260 nm.  

Desulfoglucosinolates were identified by comparison of retention time and UV spectra to 

those of purified standards previously extracted from A. thaliana and were quantified by 

absorbance at 229 and 260 nm relative to internal standards (Brown, et al., 2003).  Peak 

area was then normalized to sample weight, and IG levels were further quantified using a 

sinigrin standard.  Sinigrin is a purified, commercially available, non-indolic 

glucosinolate that is not produced by Arabidopsis (Sigma). 
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For HPLC analysis of camalexin, a water (Solvent A)-methanol (Solvent B) 

gradient was used.  The 26 min run consisted of 60% B (1 min), 100% B (14 min),  

100% B (3 min) 60% B (7 min) and 60% B (1 min).  Eluent was monitored by diode 

array detection between 210 and 400 nm (2 nm interval).  Camalexin was identified by 

comparison of retention time and UV spectra to those of a purified standard and 

quantified by absorbance at 318 nm relative to the standard and sample weight 

(Glawischnig, 2007). 

 

2.14.  PLANT GENOMIC DNA ISOLATION AND GENOTYPING PCR  

 Plant genomic DNA was amplified for 40 cycles using a three-step cycle (94oC 

for 1 min, 55oC for 1 min, 72oC for 3 min) followed by incubation at 72oC for 10 min in  

a 50 µL reaction.  Genomic template DNA was isolated using a leaf boil protocol 

(Celenza et al., 1995).  Briefly, a small 2-3 mm leaf was frozen on dry ice, then 

resuspended in 10 µL of 0.5 M NaOH in a 1.5 mL microcentrifuge tube.  Samples were 

placed under vacuum for 1 min, then boiled for 30 sec.  Samples were resuspended in 100 

µL of leaf neutralization buffer (0.2 M Tris-Cl, pH 8.0, 1 mM EDTA).  2 µL of leaf 

genomic DNA was then used in the 50 µL PCR reaction. 

 When necessary, PCR products were amplified for each gene and digested with 

restriction enzymes.  15 µL of PCR reaction was digested in a 20 µL volume with the  
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corresponding restriction enzyme for 1-2 h at 37oC.  Depending on PCR product size, the 

digested fragments were then electrophoresed on either 1%, 2%, or 3% agarose gel (3% 

Seakem NuSieve, 1% Seakem LE) and visualized under UV light to identify bands.  

Primer pairs for genotyping, along with the restriction enzymes, are listed in Table 2.2. 

 

2.15.  RNA ISOLATION AND QUANTITATIVE RT-PCR 

For RT-PCR of Arabidopsis transcripts, total RNA was isolated from wild-type 

Columbia or mutant strains using a potassium and lithium chloride precipitation method 

(Nagy, et al., 1988).  Tissue was homogenized in a buffer containing 300 mM sodium 

chloride, 50 mM Tris (pH 8.0), 5 mM EDTA (pH 8.0), and 2% w/v SDS.  The lysate was 

further purified and cleared by precipitating with 3 M potassium chloride, and 8 M 

lithium chloride, and resuspended in RNAse free water.  The total RNA fraction was 

washed with phenol; the aqueous phase concentrated and precipitated using 3 M sodium 

acetate and 100% ethanol.  Reverse transcription was performed with 5 µg of total RNA 

using the GeneAmp RNA PCR core kit (Applied Biosystems, Foster City, CA), in a total 

reaction volume of 20 µL, using both Oligo-dT and random hexamers as primers for 

cDNA synthesis.   

 Primers with melting temperatures between 55oC and 60oC were chosen using the 

Primer3 algorithm (http://frodo.wi.mit.edu/) and designed to yield products between 100  
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and 200 bp.  2 µL of cDNA was used as the template for RT-PCR.  cDNA was combined 

with 0.5 µM DNA oligonucleotide forward and reverse primers (Invitrogen) and 10 µL of 

2X Power SYBR Green PCR Master Mix (Applied Biosystems) in a total volume of  

20 µL.  The mix was then added to wells of a 384-well plate as three 6.5 µL aliquots in 

three wells.   

 PCR reactions were performed on the ABI Prism 7900HT Sequence Detection 

System (Applied Biosystems) using 40 cycles of 94oC for 15 sec and 60oC for 1 min.  

Cycle threshold (Ct) levels were obtained for each sample and the average of three wells 

was obtained.  The Ct values were then normalized to the 18s rRNA Ct values relative to 

wild-type Columbia, and gene expression was determined using the Applied Biosystems 

SDS 2.2.2. program.     

 

2.16.  METHYL JASMONATE TREATMENT FOR WOUNDING 

Indolic glucosinolate production was induced by spraying plants with methyl 

jasmonate, an analog of the plant hormone produced by Arabidopsis in response to 

wounding.  Plants were grown as previously described, and 14-day old seedlings were 

sprayed with a solution of 250 µM methyl jasmonate in 0.25% ethanol, and incubated for 

48 h at 22oC.  100-200 mg of whole seedlings was collected from each plant for IG 

isolation and HPLC analysis.   
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2.17.  INDUCIBLE MYB34-GR FUSION TRANSGENIC PLANT AND 

DEXAMETHASONE TREATMENT  

Judith Bender (Brown University) provided transgenic plants carrying the 

MYB34 protein fused to the glucocorticoid receptor (MYB34-GR), downstream of the 

cauliflower mosaic virus (CaMV) promoter, driving constitutive expression.  MYB34-

GR will remain localized in the cytoplasm until addition of the ligand, dexamethasone, 

where it will then localize to the nucleus, and activate transcription of target genes.  To 

induce transgenic plants with Dx treatment, we grew plants hydroponically for 10 days, 

and added 20 µM dexamethasone for a time course of up to 120 h.  

 

2.18.  ROOT AND LEAF MEASUREMENTS USING IMAGEJ SOFTWARE  

Images of up to 10 seedlings with their roots spread on agar plates, and leaves 

fixed onto microscope slides were compiled. The image files were converted into the 

JPEG format and reopened in the ImageJ computer program. ImageJ is a free image 

analysis program from software developed at the NIH, Bethesda, MD 

(http://rsb.info.nih.gov/ij/).  The scale was set to 1 cm distance present on each plate and 

the drawing tools were used to trace over the primary roots, and leaves. Based on the 

scale, the program automatically calculated the length of each root, leaf area, and leaf 

circumference. 
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2.19.  !-GLUCURONIDASE ASSAYS 

 Seedlings containing various constructs were grown hydroponically, in 6-well 

Costar sterile dishes (Corning, Inc., Corning, NY) in 5 mL PNS at 22oC under continuous  

high light.  Ten days after germination, PNS media was removed by aspiration, replaced 

with 3 mL X-Gluc buffer {0.1 M NaPO4; 0.5 mM K3[Fe(CN6)]; 0.5 mM K4[Fe(CN6)]; 10 

mM EDTA; 0.01% Triton X-100; 0.25 mg/mL 5-Bromo-4-chloro-3-indolyl !-D-

glucuronide (Rose Scientific, Ltd., Edmonton, Canada) dissolved in 100 µL dimethyl 

formamide} and incubated at 37oC.  After 24 h, X-Gluc buffer was removed, and plants 

were fixed, bleached in 70% ethanol, and stored in 50% glycerol, 0.01% Triton X-100 

prior to imaging and microscopy.    
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Figure 2.1.  Overall scheme of the Universal Plasmid System. (Reproduced from Liu 

et al., 1998). Constructs were made using Cre-lox recombination as described in 

methods. For this experiment, pUNI was pUNI51 and the pHOSTs were species-specific 

expression vectors as described in methods. 
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Table 2.1.  Summary of plasmids used. Y indicates that the construct was successfully 

made using Cre-lox recombination, N indicates the construct has not been made. 

! !
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Gene of Interest 

 

Yeast 
Expression 

Vectors 

Bacterial 
Expression 

Vectors 
cDNA 
name AGI # gene  

pHY325
-loxH 

pHY326
-loxH 

pHB2-
GST 

pHB3-
His6 

U18993  At3g54640 TSA1 Y Y Y N 

U50365 At4g02610 INS Y Y N N 

U12210 At5g54810 TSB1 Y Y Y Y 

U23406 At4g27070 TSB2 Y Y Y Y 

U24720 At5g38530 TSBt2 Y Y Y Y 

U61095 At5g28237 TSB3 N Y Y Y 
!
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Table 2.3.   Primer sets used for RT-PCR.   

 

 

 

 

 

 

  

GENE FORWARD PRIMER REVERSE PRIMER 
18s rRNA CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT 

ASA TTGGTGGCCAAGTTACATGA CAAAGGGGTCTGCAAATGTT 
TSA CACCAACCACACCAACAGAG CATGCTCCGGCTTTGATATT 

TSB1 GGAGAAGAATATATTTGACTCAGAGAG CGATGGCAGAGGCGTATATT 
TSBt2 GCTCATCTTTTCCCCAATGA GCTGGGCTACCACCTTCATA 

CYP79B3 ATACGACCGTCGCAGGTTAC GGTCGTTATCGCCGTACCTA 
CYP83B1 TGAACGAGCACAAAGGAGTG GTGCATAGCGAGTCCAGTCA 
MYB34 AGAAGCGGTTGAAGCAAAAA TGATCCCGGTCAGTAAGTCC 
MYB51 CATCTCTCTTCACGCCCTTC TGCCCTTGTGTGTAACTGGA 
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CHAPTER 3.  INDOLIC GLUCOSINOLATES ARE A METABOLIC SINK FOR 

TRYPTOPHAN 

 

3.1.  OVERVIEW 

IGs are synthesized continuously by Arabidopsis.  To investigate the interactions 

between Trp biosynthesis and catabolism to IGs, we generated mutant combinations of 

Trp auxotrophic mutants with the double mutant cyp79B2 cyp79B3, which does not make 

either IGs or camalexin, and atr1D, which increases IG levels ten fold.  We found that 

cyp79B2 cyp79B3 suppressed the auxotrophic phenotypes of Trp synthase mutants, and 

atr1D enhanced these phenotypes.  These findings suggest that IGs are a sink for Trp 

metabolism in Arabidopsis.  Surprisingly, we found that both trp3-1 and trp2-1 (the # 

and ! subunit genes of Arabidopsis Trp synthase, respectively) mutants make high levels 

of IGs, indicative of multiple genes that may compensate for secondary metabolite 

production. 
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3.2. RESULTS 

3.2.1.  Arabidopsis Trp mutants, trp3-1 and trp2-1, have an auxotrophic phenotype 

when grown at high light. 

 To examine the phenotype of mutations in primary Trp biosynthesis, we grew the 

Trp auxotrophic mutants trp3-1 and trp2-1, which are previously characterized loss-of-

function mutations in the # and ! subunits of Trp synthase, respectively (Figure 1.1) 

(Last and Fink, 1988), under high light (60-70 µE m-2 s-1) for 14 days on PNS media, and 

PNS media supplemented with 50 µM Indole or 50 µM Trp (Figure 3.1).   We observed 

that the mutants displayed a severe auxotrophic phenotype, with small, chlorotic, yellow 

leaves and little discernible root growth.  Distinguishing between the two mutants, trp3-1 

was rescued by both exogenous indole and tryptophan, whereas trp2-1 was rescued only 

by tryptophan.  These results are consistent with what has been reported previously for 

the trp3-1 and trp2-1 mutant (Last et al., 1991; Radwanski and Last 1995). 

  

3.2.2.  cyp79B2 cyp79B3 suppresses both trp3-1 and trp2-1 high light auxotrophic 

phenotypes.   

The trp3-1 and trp2-1 mutants are conditional Trp auxotrophs that require Trp 

when grown in high light.  These findings suggest that these mutants are unable to 

maintain their endogenous Trp pool at optimal growth conditions and that TSA and TSB1  
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are primary contributors to Trp production.  Based on our previous finding that the 

cyp79B2 cyp79B3 double mutant has a greatly reduced demand for Trp, we hypothesized 

that by genetically blocking IG and camalexin production, newly available endogenous 

Trp would be able to rescue the high light auxotrophic phenotype of trp3-1 and trp2-1 

mutants.  trp3-1 or trp2-1 cyp79B2 cyp79B3 triple mutants were constructed and grown 

at high light (60-70 µE m-2 s-1) for 14 days on PNS media.  We observed that the triple 

mutants showed rescue the trp3-1 and trp2-1 auxotrophic phenotypes (Figure 3.2).  Both 

trp3-1 cyp79B2 cyp79B3 and trp2-1 cyp79B2 cyp79B3 plants had more root growth on 

PNS media, as well as significantly less chlorotic and greener, larger leaves. 

 

3.2.3.  atr1D enhances both trp3-1 and trp2-1 high light auxotrophic phenotypes.  

 Based on our findings that eliminating IG production suppressed the trp3-1 and 

trp2-1 mutants, we asked if increasing IG production would enhance the mutant 

phenotype.  The atr1D mutant is a dominant mutation in a Myb family transcription 

factor, MYB34, which results in increased gene expression of both Trp and IG synthesis 

genes (Bender and Fink, 1998; Celenza, et al., 2005).  The resulting increase in IG 

biosynthesis gene expression results in an increased level of IG production, up to 10-fold 

higher than wild type Columbia plants.  We hypothesized that since IGs are made 

continuously, atr1D trp3-1 or atr1D trp2-1 double mutants would have either a more 
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severe auxotrophic phenotype, or not be viable because these mutants would not produce 

enough Trp to keep pace with increased demand for IG production.  We crossed both 

trp3-1 and trp2-1 plants to the atr1D mutant, and grew these double mutants at high light 

for 14 days on PNS media.  While the double mutants were viable, we observed that the 

double mutants enhanced several auxotrophic phenotypes (Figure 3.2).  Both trp3-1 

atr1D and trp2-1 atr1D plants had severely chlorotic, shriveled leaves with little 

detectable root growth.  

 To determine if these double mutants could still make Trp-derived secondary 

metabolites, we examined IG and camalexin levels of the trp3-1 atr1D and trp2-1 atr1D 

double mutant plants.  We found that the double mutants made statistically significant  

(p < 0.05),  elevated levels of IGs (Figure 3.3) but lower amounts of camalexin (Figure 

3.4) compared to wild-type Columbia in the single trp3-1 or trp2-1 mutants.  Single 

atr1D mutants produced normal, wild-type levels of camalexin, despite the elevated IG 

phenotype.  Surprisingly, we found that both trp3-1 and trp2-1 not only produced IGs at 

high light, but made statistically significant elevated levels compared to wild-type 

Columbia.  However, both trp3-1 and trp2-1 produced significantly less camalexin than 

wild-type Columbia at high light. 
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3.3. DISCUSSION 

In this chapter, we have shown evidence that IGs are a sink for Trp secondary 

metabolism in Arabidopsis, and that there are possibly multiple pools of Trp metabolism 

with Trp used for IGs being separate from Trp used for protein synthesis, camalexin and 

IAA.   

When the Trp auxotrophs, trp3-1, and trp2-1, are crossed to the cyp79B2 cyp79B3 

double mutant, the demand for IGs is eliminated, likely due to more endogenous Trp 

being available.  Both cyp79B2 cyp79B3 trp3-1 and cyp79B2 cyp79B3 trp2-1 triple 

mutants have a healthier growth phenotype, and are comparable to trp3-1 and trp2-1 

plants grown on Trp supplemented media.   Conversely, in trp3-1 atr1D and trp2-1 atr1D 

double mutants, demand for IGs is dramatically increased, resulting in less endogenous 

Trp available for growth.  Both atr1D trp3-1 and atr1D trp2-1 plants are severely 

auxotrophic, and make significantly higher amounts of IGs, despite this growth 

phenotype.  When grown on media supplemented with Trp, both of these double mutants 

are partially rescued (data not shown), resembling the phenotype of single trp3-1 and 

trp2-1 plants grown on normal media at high light.  Thus in Arabidopsis, IGs are 

apparently synthesized at a cost to growth.  

Our results point to distinct roles for the multiple TSA and TSB subunit genes 

found in Arabidopsis.  Trp auxotrophs trp3-1 and trp2-1 produce high levels of IGs,  
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clearly at a cost to growth.  Both trp3-1 and trp2-1 display a severe phenotype when 

grown at high light, and are only partially rescued at lower light, and with supplemented 

media.  This finding suggests that either these mutations are not null alleles and possess 

some residual activity or there are redundant genes partially compensating for their loss.  

If the former were the case, one would expect a decrease in IG levels concurrent with the  

enhanced auxotroph phenotypes at high light; this is not the case based on our data.   

Thus it is likely that one or more TSA and TSB genes compensate for the TSA 

(trp3-1) or TSB1 (trp2-1).  Analysis of the Arabidopsis genome predicts not only multiple 

Trp synthase subunit genes, but also multiple genes for other steps in Trp biosynthesis 

(The Arabidopsis Genome Initiative, 2000).  Our IG analysis of trp3-1 and trp2-1 

mutants provide strong evidence for these additional TSA and TSB genes contributing to a 

pool of Trp used mostly for IG production.   Both trp3-1 and trp2-1 make high levels of 

IGs compared to wild type Columbia, yet have low levels of camalexin.  This difference 

suggests that these mutants maintain a pool of Trp for IG synthesis, but this pool is 

inaccessible for camalexin biosynthesis. In the next chapter, I will show that not only are 

there multiple functional Trp synthase genes in Arabidopsis, but these multiple genes are 

involved in directing Trp metabolism to different secondary endpoints.       
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Figure 3.1.  trp3-1 and trp2-1 mutants are auxotrophic at high light.  The Trp 

auxotrophs, trp3-1 and trp2-1, mutants in the alpha and beta subunits of Trp synthase, 

respectively, were grown on normal PNS media at high light (60-70 µE m-2 s-1)  (first 

column), PNS media containing 50 µM indole (second column), 50 µM Trp (third 

column) at 21oC.  Representative seedlings were photographed at 14 days post-

germination.   
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Figure 3.2.  trp3-1 cyp79B2 cyp79B3 and trp2-1 cyp79B2 cyp79B3 triple mutants 

show reduced Trp auxotrophy at high light, and trp3-1 atr1D and trp2-1 atr1D 

mutants show enhanced Trp auxotrophy at high light.  The Trp auxotrophs, trp3-1 

and trp2-1, mutants in the alpha and beta subunits of Trp synthase, respectively, were 

crossed to the cyp79B2 cyp79B3 double mutant (bottom row), and to the atr1D mutant 

(middle row).  Plants were grown on PNS media, at high light (60-70 µE m-2 s-1) at 21oC.  

Representative seedlings were photographed at 14 days post-germination.    
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Figure 3.3.  Trp auxotrophic mutants crossed to atr1D have high levels of IGs.  Trp 

auxotrophs trp3-1 and trp2-1 and double mutants trp3-1 atr1D and trp2-1 atr1D were 

grown on PNS agar medium at high light (60-70 µE m-2 s-1) for 14 days at 21oC.  Total 

desulfoglucosinolates were analyzed by HPLC, and normalized to tissue weight and a 

sinigrin standard of known concentration.  IG levels are shown as the mean +/- standard 

error. (* = p-value < 0.05, compared to wild type Columbia)!
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Figure 3.4.  Trp auxotrophic mutants crossed to atr1D have low levels of camalexin.  

Trp auxotrophs trp3-1 and trp2-1 and double mutants trp3-1 atr1D and trp2-1 atr1D 

were grown on PNS agar medium at high light (60-70 µE m-2 s-1) for 14 days at 21oC.    

Camalexin was analyzed by HPLC, and normalized to tissue weight and a purified 

camalexin standard.  Camalexin levels are shown as the mean +/- standard error.   

(* = p-value < 0.05, compared to wild type Columbia) 
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CHAPTER 4.  TRYPTOPHAN SYNTHASE SUBUNIT MUTANTS AND THE 

ROLES OF MULTIPLE TRP SYNTHASE SUBUNIT GENES 

 

4.1. OVERVIEW 

 Both trp3-1 and trp2-1 tryptophan auxotrophic mutants are not only conditionally 

viable, but make normal to high levels of IGs, indicating that additional Trp synthase 

subunit genes likely compensate for these mutations.  Genomic sequencing revealed 

additional Trp synthase subunit genes in Arabidopsis; one alpha subunit gene, INS, and 

two beta subunit genes TSB2 and TSBt2.  However, we observed that single mutant 

strains of these plants displayed no readily identifiable growth or metabolic phenotypes.  

To ascertain the roles of these genes, we cloned each into yeast and E. coli expression 

vectors to validate function, and then generated mutant combinations of Trp subunit 

genes using two different mutant alleles of tsb1:  the severely auxotrophic point mutant 

trp2-1, and the loss-of-function mutant, trp2-8.  Strikingly, we observed that tsb1 tsb2 

plants display a healthier phenotype and produced lower IG levels than the single tsb1 

mutants.  tsb1 tsbt2 plants show elevated IG production compared to WT, and an 

enhanced auxotrophic phenotype.  tsb2 tsbt2 plants were indiscernible from WT.  We 

also examined the expression levels of Trp and IG genes in these mutant plants, and 

found that Trp and IG biosynthesis, as well as regulatory Myb transcription factor genes  
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are upregulated in tsb1 tsb2 plants relative to other double mutants.  To date, we have not 

been able to isolate either the double alpha subunit tsa1 ins mutant, or the triple beta 

subunit tsb1 tsb2 tsbt2 mutant. 

 

4.2. RESULTS 

4.2.1.  Three TSB and two TSA genes from Arabidopsis can rescue Trp auxotrophic 

E. coli and S. cerevisiae.   

One explanation for the lack of a mutant phenotype for mutations in INS, TSB2, 

and TSBt2 is that they encode non-functional proteins.  To test these genes for function, 

we cloned each into E. coli and yeast expression vectors.  Four TSB cDNAs carried in 

pUNI51 were recombined into bacterial expression vectors using the Univector Plasmid 

Fusion System (Liu, et al., 1998).  All TSB cDNAs were recombined into the E. coli 

expression vector, pBH2-GST.  E. coli strains 1581 (trpA2 trpB9578) and 7679 (trpE-

trpA) were used to test E. coli rescue.  The 1581 strain lacks both the alpha and beta 

subunit genes, and lacks activity for both enzymes.  The 7679 mutant strain lacks the 

entire Trp operon and therefore should not be able to express any Trp synthase activity.  

All TSBs and empty vector controls were transformed into both strains, and overnight 

cultures of transformed colonies were diluted serially and plated on M9 minimal media 
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with and without indole and grown at 30°C (Table 4.1, Figure 4.1).  We observed that 

TSB1, TSB2, and TSBt2 showed an ability to rescue both strains on M9  

plates supplemented with indole.  Transformed colonies with TSB3, in comparison, 

showed no growth.  All transformed colonies including the empty vector control grew on 

M9 supplemented with Trp, confirming that exogenous Trp rescues these mutants.  In 

addition, colonies did not grow on M9 media lacking both indole and Trp, or in 

conditions where no IPTG was added. 

In yeast, TRP5 encodes Trp synthase alpha and beta as one functional protein, 

which dimerizes to form an active Trp synthase.  We tested rescue of the yeast trp5 

mutant by using combinations of Arabidopsis TSA and TSB cDNAs.  Transformations 

were carried out with the yeast trp5 mutant in various plasmid combinations and plated 

onto SC media without Trp but with galactose to induce expression, and with or without 

indole.  Yeast cells containing TSB1 and TSB2, when paired with TSA or INS, grew with 

and without indole, whereas yeast carrying TSBt2 or TSB3 when paired with TSA or INS, 

did not grow with or without indole (Table 4.2).  Arabidopsis TSB1 and TSB2 encode 

proteins with tryptophan synthase activity and can function with both tryptophan 

synthase alphas in yeast.  However, in this experiment, both TSBt2 and TSB3 are unable 

to rescue the trp5 mutant.  It should be noted that TSB3 did not rescue either E. coli or 

yeast, in any combination, with any of our expression vectors, and we did not perform  
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any additional experiments with this strain.  Based on these results and work showing 

that this gene is expressed at a low level in Arabidopsis (Yin, et al., 2010) we did not 

pursue this gene further. 

 

4.2.2.  Arabidopsis ins, tsb2 and tsbt2 single mutants have a wild type growth and 

secondary metabolite phenotypes.   

The most straightforward explanation as to why TSB1 and TSA1 mutants are 

conditional for growth and can still make IGs at the restrictive growth condition is that 

the additional Trp synthase genes present in Arabidopsis are providing enough Trp for 

survival in low light and for production of IGs.  Analysis of the Arabidopsis genome has 

revealed multiple TSA and TSB subunit genes.  Thus we were interested if any of these 

single mutants in any of these additional genes might have mutant growth, IG, or 

camalexin phenotypes.  We examined publically available T-DNA insertion alleles for 

INS (At4g02610), TSB2 (At4g27070), and TSBt2 (At5g38530) 

(http://www.arabidopsis.org/), and grew these strains at high light (60-70 µE m-2 s-1) for 

14 days, assaying for any mutant growth phenotypes (Figure 4.2 A, B).  We found that 

these single mutant strains had no discernible mutant growth phenotypes compared to 

wild-type Columbia.  All of the strains had wild-type levels of IGs (Figure 4.3) and 
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camalexin (Figure 4.4).  These results are consistent with what has been reported 

previously for ins (Zhang, et al., 2008) and tsbt2  (Yin, et al., 2010).        

 

4.2.3. The trp2-8 null allele of TSB1 also makes IGs.   

Because trp2-1 was still able to synthesize IGs we were interested in determining  

the nature of the mutation and whether it could be considered a null allele.  We 

sequenced the trp2-1 mutation and found a G to A base change that results in glycine to 

arginine change at amino acid 457 in the TSB1 protein, which is in agreement with 

findings that were published during the course of this work (Jing, et al., 2008, Figure 

4.5).  Because trp2-1 is a missense allele and not necessarily a null allele, we were 

interested in knowing how the trp2-8 allele of TSB1 would behave when grown at high 

light.   

The trp2-8 strain contains two mutations.  There is a single base pair deleted from 

a cluster of four guanine residues (at positions 2742-2745 of the wild-type DNA 

sequence) which results in a frameshift, and a transversion mutation six nucleotides 

downstream (at position 2751 of the wild-type sequence).  Translation of this mutant 

ORF is expected to yield a truncated protein of 251 amino acids (wild type is 470 AA), 

which would contain 23 aberrant AAs at the new C-terminus (Figure 4.5).  The trp2-8 

strain produces little to no detectable TSB1 protein and thus is considered a null allele.  In 
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contrast, the trp2-1 missense allele produces near wild-type levels of TSB1 protein 

(Barczak, et al., 1995).  

 Previously, it was reported that trp2-8 plants did make IGs when grown in non-

auxotrophic low light conditions (Brader, et al., 2001).  To test whether trp2-8 could 

make IGs under a more auxotrpohic condition, we compared trp2-8 and trp2-1 plants 

grown in high light for their growth and secondary metabolite phenotypes.  (Note that for 

the remainder of this chapter, plant growth is in high light (60-70 µE m-2 s-1) unless 

otherwise stated.) 

Compared to trp2-1, trp2-8 plants were healthier, displaying more root growth 

and less chlorotic leaves (Figure 4.6).  trp2-8 plants show a statistically significant  

(p < 0.05) reduction in IGs (Figure 4.7), producing approximately 50 percent of the wild 

type Columbia level.  As we observed earlier, trp2-1 plants produced a significantly 

higher amount than wild type.  For both trp2-1 and trp2-8 plants, camalexin was reduced 

to approximately 15 percent of the wild type Columbia level. (Figure 4.8).      

 

4.2.4.  trp2-1 trp2-8 compound heterozygote plants do not segregate in a Mendelian 

fashion.  

 Due to the severe auxotrophy of trp2-1 plants, we tested the hypothesis that trp2-1 

is a dominant-negative allele of TSB1.  We crossed several trp2-1 and trp2-8 plants, to 
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obtain trp2-1 trp2-8 compound heterozygote F1 plants, at low light (30-40 µE m-2 s-1).  

We then plated F2 generation seeds, and scored for either trp2-1 (severe auxotroph) 

phenotype or trp2-8 (mild auxotroph) phenotype, hypothesizing a 3:1 ratio of severe to 

mild auxotrophy.  We also performed PCR genotyping to verify our scoring results.  We 

observed that plants with a severe phenotype outnumbered those with a mild phenotype 

by approximately 3:1 (262:79) (Table 4.3).  In addition, all of the mild auxotrophic 

plants collected for PCR genotyping were homozygous for the trp2-8 allele.  We 

performed Chi-square analysis on the hypothesis that trp2-1 trp2-8 plants should 

segregate in a 3:1 fashion.  We observed a value of "2 value of 0.3, which is well below 

the 3.84 threshold for rejection.  Compound heterozygote trp2-1 trp2-8 mutants display 

the putative trp2-1 severe auxotroph phenotype.   

 

4.2.5.  tsb1 tsb2 mutants are less auxotrophic than both tsb1 and tsb1 tsbt2 mutants  

and show differences in IG levels.   

Because the additional TSA and TSB genes make functional proteins, but do not 

have mutant phenotypes as single mutants, we constructed double mutants combinations 

between the TSBs to test the hypothesis that TSB1 is the major contributor to TSB 

activity, but TSB2 and TSBt2 can provide Trp in the absence of TSB1.  (trp3-1 ins double 

mutants could not be isolated after several attempts.)  Because of the difference in  
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severity between the trp2-1 and trp2-8 alleles of TSB1, we generated double knockout 

combinations of TSB genes (Figures 4.9 A, B), using both trp2-1 and trp2-8 alleles, 

assaying for growth and secondary metabolite phenotypes.  

Strikingly, tsb1 tsb2 double mutants with either trp2 allele showed an improved 

growth phenotype compared to the corresponding single mutant trp2 allele and displayed 

more root growth and less chlorotic leaves.  On the other hand, tsb1 tsbt2 mutants 

appeared generally less healthy than the corresponding single trp2 mutants.  tsb1 tsbt2 

plants have a severe auxotrophic phenotype with little detectable root growth, and  

chlorotic leaves (Figure 4.9 A, B) 

We assayed these double mutants combination for secondary metabolite 

production, and found that tsb1 (trp2-1) tsb2 plants produce statistically significant 

(p < 0.05), reduced levels of IGs compared to both wild type Columbia and trp2-1 

(Figure 4.10).  tsb1 (trp2-1) tsbt2 plants have the same elevated IG phenotype compared 

to wild type Columbia.  However, both tsb1 (trp2-1) tsb2 and tsb1 (trp2-1) tsbt2 make 

statistically significant (p < 0.05), lower amounts of camalexin compared to tsb1 (trp2-1) 

plants (Figure 4.11).   

In the trp2-8 combinations we found that tsb1 (trp2-8) tsb2 plants have a 

modestly reduced IG phenotype (Figure 4.10), comparable to the tsb1 (trp2-8) single 

mutant, with no statistically significant difference in concentration.  They also make 
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significantly (p < 0.05) lower amounts of camalexin (Figure 4.11).  In contrast, tsb1 

(trp2-8) tsbt2 double mutants show significantly (p < 0.05) elevated levels of IGs 

compared to the single trp2-8 mutant, but still had greatly reduced camalexin levels.  The 

IG levels in tsb1 (trp2-8) tsbt2 mutants are similar to wild type Columbia.  Both tsb1 

(trp2-8) tsb2 and tsb1 (trp2-8) tsbt2 mutants make statistically significant (p < 0.05), 

lower concentrations of camalexin compared to tsb1 (trp2-8) plants.  

 

4.2.6.  tsb2 tsbt2 double mutants have wild type growth and secondary metabolite 

phenotypes.   

Based on our double mutant strain data with both trp2-1 and trp2-8 alleles of 

TSB1, and because tsb2 and tsbt2 single mutants have no detectable growth or secondary 

metabolite phenotype differences from wild-type Columbia, we were interested in 

determining whether tsb2 tsbt2 plants had a unique phenotype.  We generated tsb2 tsbt2 

double mutants, and assayed for growth and secondary metabolites.  These double 

mutants have a wild-type growth phenotype at both low and high light conditions, 

exhibiting wild-type root growth, leaf size, shape, and color (Figure 4.9 C).  We also 

observed that tsb2 tsbt2 plants make wild-type levels of IGs (Figure 4.10), and 

camalexin (Figure 4.11). 
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4.2.7.  Root and leaf morphology is altered in TSB double mutant plants.   

We characterized the leaf and root morphology of 14 day-old seedlings of tsb1 

(trp2-8), tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2, and wild type Columbia plants.  Using 

ImageJ software, we found that root length, leaf area, and leaf circumference were all 

significantly altered in both tsb1 tsb2 and tsb1 tsbt2 double mutants compared to both 

wild type Columbia and trp2-8 (tsb1), but not in the tsb2 tsbt2 plants (Table 4.4).   

However, root length was not significantly changed between tsb1 tsb2 and tsb1 tsbt2 

plants, whereas leaf circumference and leaf area were significantly different between the  

two strains; tsb1 (trp2-8) tsbt2 has smaller leaves.  Leaf area and leaf circumference 

measurements mirrored the growth phenotype observations of these mutants; tsb1 tsb2 

plants had significantly larger leaves than trp2-8 (tsb1) single mutants and tsb1 tsbt2 

plants.  tsb2 tsbt2 mutant leaves were not significantly different in area or circumference 

when compared to wild type Columbia.   

 

4.2.8.  Trp and IG gene expression is altered in TSB double knockout mutants.   

Given the dramatic variety of growth, IG, and camalexin phenotypes in double 

mutants of the TSB genes, we hypothesized gene expression changes in Trp and IG 

biosynthetic and regulatory genes.  We grew these plants at high light, isolated RNA, and 

performed RT-PCR for the Trp biosynthesis genes ASA1, TSA1, TSB1, and TSBt2, the IG 
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synthesis genes CYP79B3 and CYP83B1, and two IG regulatory Myb transcription 

factors, MYB34 and MYB51 (Figure 4.12).  Because of plant health reasons, only the 

trp2-8 allele of TSB1 was used in these experiments. 

We observed that expression of Trp biosynthetic pathway genes ASA, TSA1, 

TSB1, and TSBt2 were all significantly (p < 0.05) increased in tsb1 tsb2 double mutants 

relative to both wild-type Columbia, and other double mutant combinations.  ASA 

expression was increased in both tsb1 tsb2 and tsb1 tsbt2 mutants, but not the single tsb1 

or tsb2 tsbt2 double mutant.  TSA expression was significantly increased only in  

tsb1 tsb2 mutants (2 fold), whereas TSB1 expression was dramatically increased (6-10 

fold) in tsb1, tsb1 tsb2, and tsb1 tsbt2 plants.  Interestingly, TSBt2 expression was 

significantly increased only in tsb1 tsb2 mutants (2.5 fold).  tsb2 tsbt2 mutants have no 

significant differences in gene expression differences compared to wild-type Columbia.  

CYP79B3 and CYP83B1 are cytochrome P450 enzymes catalyzing the first two 

steps in converting Trp to IGs (Hull, et al., 2000; Smolen, et al., 2002).  CYP79B3 

expression was significantly increased (p < 0.05) in tsb1, tsb1 tsb2, and tsb1 tsbt2 

mutants (2-3 fold).  However, CYP83B1 expression was significantly increased only in 

tsb1 tsb2 double mutants (3 fold).  tsb2 tsbt2 mutants again displayed no significant 

differences in gene expression compared to wild-type Columbia.   
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MYB34 and MYB51 encode transcription factors that control both Trp and IG gene 

expression (Smolen, et al., 2002; Gigolishvili, et al., 2007).  We observed that both of 

these genes are significantly upregulated (p < 0.05) only in tsb1 tsb2 mutants.  MYB34 is 

7 fold up-regulated, and MYB51 is 4 fold up-regulated.  MYB34 expression is slightly 

elevated (~1.8 fold) in tsb1 tsbt2 mutants, and is not significantly altered in either single 

tsb1 or tsb2 tsbt2 double mutants compared to wild type Columbia. 

  

4.2.9.  Indole improves the health of tsb1 tsb2 plants, and results in increased I3M in 

tsb1 tsbt2 plants.   

Because TSBt2 had been proposed to function as a scavenger of free indole, and 

that tsbt2 enhances the phenotype of tsb1 mutants, we hypothesized that single tsb1 and  

tsb1 tsb2 plants would show an improved growth phenotype on media with indole  

compared to tsb1 tsbt2 plants.  In addition, we reasoned that if TSB2 is primarily involved 

in IG production, tsb1 tsbt2 plants would likely show increased amounts of IGs, at a cost 

to growth, when supplemented with indole.  We grew tsb1 single and tsb double mutant 

seedlings on PNS media, and media supplemented with 100 µM indole (Figure 4.13).  

We observed that the indole supplement improved the growth of all genotypes, but had a  

greater effect on genotypes that had a functional TSBt2 gene.  tsb1 tsb2 double mutants 

were healthier than their corresponding single tsb1 allele or tsb1 tsbt2 double mutant 
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when grown on both PNS and PNS supplemented with indole.  Both wild-type Columbia 

and tsb2 tsbt2 plants had no differences in phenotype.   

 We also assayed for I3M levels in the trp2-8 single and double combinations 

(Figure 4.14).  We found that both tsb1 and tsb1 tsbt2 plants had statistically significant 

(p < 0.05), elevated levels of I3M compared to normal media.  Wild-type Columbia, tsb2 

tsbt2, and tsb1 tsb2 did not show significant changes in I3M levels when grown on media 

supplemented with indole.  Both tsb1 and tsb1 tsb2 plants had significantly decreased IG 

levels compared to wild type Columbia on normal media.   

 

4.2.10.  Trp auxotroph double mutants make increased IGs in response to methyl 

jasmonate treatment.   

TSBt2 has been hypothesized play a role in stress responses, both in Archaea and  

Arabidopsis (Hettwer and Sterner, 2002; Yin, et al., 2010), and has been shown in 

publically available expression databases to be upregulated in response to stress.  We 

therefore hypothesized that loss of TSBt2 would result in a decreased stress response.  To 

test this hypothesis, we grew TSB double mutant plants (constructed with trp2-8) on PNS 

media, and sprayed them with methyl jasmonate, or mock spray control (Figure 4.15).  

We observed that all mutants had significant increases in IG production compared to 

mock-treated controls.  However, tsb1, tsb1 tsbt2, and tsb2 tsbt2 all had wild type levels 
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of IG responses, with 3-4-fold increases in IG levels, whereas tsb1 tsb2 plants had only a 

1.5-fold increase in IG levels.   

 

4.3.  DISCUSSION 

Trp and IG biosynthesis pathways in Arabidopsis are punctuated by genetic 

redundancy at most steps.  A key question has been whether having multiple genes is 

simply a matter of genetic redundancy, or if there are clearly defined roles in 

development and/or in response to the great variety of stresses that plants face in their 

environment.  Here, evidence is provided that Arabidopsis has multiple functional  

TSB subunit genes, and they appear to make distinct contributions to Trp primary and 

secondary metabolism.  

Using two different allelic backgrounds of the TSB1 gene, trp2-1, and trp2-8, 

respectively, we have shown that tsb1 tsb2 double mutants make less IGs compared to  

both wild-type Columbia, and tsb1 single mutants.  Also, tsb1 tsb2 plants make 

dramatically less camalexin than both of these strains.  The growth phenotypes of tsb1 

tsb2 plants are significantly improved over both tsb1 single mutants and tsb1 tsbt2 double 

mutants.   

Conversely, tsb1 tsbt2 plants have a high IG phenotype compared to single tsb1 

mutants and wild-type Columbia, and display significantly worse growth phenotypes. 
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However, similar to tsb1 tsb2, these plants also make low amounts of camalexin.  tsb2 

tsbt2 plants have no significant differences in growth, IG, or camalexin phenotypes 

compared to wild-type Columbia, or the corresponding tsb2 or tsbt2 single mutants.  

 Accounting for these dramatic differences in growth and secondary metabolite 

phenotypes in these mutants, we can propose a model for the specific role of each TSB 

gene, which will be discussed further in Chapter 7 (Figure 7.1).  Briefly, TSB1 is the 

primary TSB in Arabidopsis, with TSB2 serving primarily for generating Trp for IGs, 

and TSBt2 serving as an important TSB gene for indole scavenging and stress response.     

Another key question addressed using the two mutant alleles of TSB1, trp2-1 and 

trp2-8, respectively, is why there is such growth phenotype severity in the trp2-1 plants 

compared to trp2-8.  trp2-8 plants are auxotrophs punctuated by a reduced growth 

phenotype and lower secondary metabolite levels than wild-type Columbia.  trp2-1 plants 

not only are more auxotrophic, but surprisingly, have elevated levels of IG production.  

We discovered a single point mutation near the C-terminus in a highly conserved glycine 

residue; this glycine is conserved in both Archaeal TrpB2, and TSBt2, which do not share 

much similarity to other TSBs in Arabidopsis.  The mutation changes this residue to an 

arginine, and this finding has been confirmed by another group (Jing, et al.,2008).   

We can propose a model for this growth phenotype discrepancy, which will be 

discussed further in Chapter 7 (Figure 7.2).  Briefly, the arginine residue in the mutant 
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trp2-1 acts as a block for the deamination of serine by interfering with the PLP binding 

site; PLP being an essential co-factor in the beta reaction.  This interference stalls the 

reaction, and potentially traps indole in the mutant beta subunit.  
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Figure 4.1.  Heterologous rescue of E. coli (trpA trpB and trpABCDE) mutants using 

plasmids expressing Arabidopsis TSB cDNAs.  Four TSB cDNAs carried in pUNI51 

were recombined into bacterial expression vectors using the Univector Plasmid Fusion 

System (Liu, et al., 1998).  All TSB cDNAs were recombined into the E. coli expression 

vector, pBH2-GST.  E. coli strain 7679 (trpE-trpA) mutant was used to test E. coli rescue.  

2 µL Serial dilutions of overnight cultures were plated on M9 minimal media (no 

supplement) or M9 media supplemented with IPTG to induce expression, and indole.         
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TSB1 
 
TSB2 
 
TSBt2 
 
TSB3 
 
Empty 
Vector 
 
 
         NO  IPTG         IPTG +    IPTG+ 
            INDUCTION         INDOLE       TRYPTOPHAN 
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Table 4.1.  Summary of heterologous rescue experiments using E. coli.  Rescue of E. 

coli mutants 1581 (trpA trpB deletion) and 7679 (trpABCDE operon deletion) with the 

insertion of Arabidopsis TSB genes in pHB3-GST bacterial expression vectors.   

(- indicates no rescue, +/-, and + indicate rescue)  

! !
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Strains Combination M9 + IPTG + 
INDOLE   M9 + IPTG 

 
1581 
(trpA 
trpB) 

mutant 

TSB1/pHB2-GST + - 

TSB2/pHB2-GST + - 

TSBt2/pHB2-GST +/- - 

TSB3/pHB2-GST - - 

pHB2-GST (empty) - - 

7679 
(trpE- 
trpA) 

mutant 
 

TSB1/pHB2-GST + - 

TSB2/pHB2-GST + - 

TSBt2/pHB2-GST +/- - 

TSB3/pHB2-GST - - 

pHB2-GST (empty) - - 
 
!
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Table 4.2.  Summary of heterologous rescue experiments using S. cerevisiae.  

Heterologous rescue assays using S. cerevisiae. Combinations of TSA and TSB subunits 

in pHY325-loxH and pHY326-loxH were transformed into trp5 yeast, and selected on  

SC –Trp –Leu –Ura media.  Growth was assessed after 2-3 days at 30oC.  (+ indicates 

rescue of mutant yeast with Arabidopsis Trp synthase activity, - indicates no rescue.)  

These experiments were performed in collaboration with Sanaya Patell. 
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            TSB SUBUNIT 
         TSA    
    SUBUNIT 

TSB1 TSB2 TSBt2 TSB3 

TSA + + - - 
INS + + - - 
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Figure 4.2.  INS, TSB2, and TSBt2 single mutant Arabidopsis have wild-type growth 

phenotypes.  Mutants in the alpha [ins, panel (A)] and beta [tsb2, and tsbt2, panel (B)] 

genes of Trp synthase, respectively, were grown on normal PNS media at high light  

(60-70 µE m-2 s-1) at 21oC.  Representative seedlings were photographed at 14 days post-

germination.    
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Figure 4.3.  INS, TSB2, and TSBt2 single mutant Arabidopsis have wild-type IG 

levels.  Mutants in the alpha (ins) and beta (tsb2 and tsbt2) genes of Trp synthase, 

respectively, were grown on PNS agar medium at high light (60-70 µE m-2 s-1) at 21oC 

for 14 days prior to sample collection.  Total desulfoglucosinolates were analyzed by 

HPLC as described in Chapter 2.  IG levels are shown as the mean +/- standard error. 

  



!

!
!
!

113 
 
!
!
!
!
!
!
!
 
 
 
  

0 

0.1 

0.2 

0.3 

C
ol

 

in
s 

ts
b2

 

ts
bt

2 

to
ta

l i
nd

ol
ic

 g
lu

co
si

no
la

te
s 

(n
m

ol
e/

m
g 

tis
su

e)
 

!



!

!
!
!

114 
 

Figure 4.4.  INS, TSB2, and TSBt2 single mutant Arabidopsis have wild-type 

camalexin levels.  Mutants in the alpha (ins) and beta (tsb2 and tsbt2) genes of Trp 

synthase, respectively, were grown on PNS agar medium at high light  

(60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection.  Camalexin was 

analyzed by HPLC as described in Chapter 2.  Camalexin levels are shown as the mean 

+/- standard error. 
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Figure 4.5.  Exon diagram of the TSB1 gene, showing the relative locations of the 

trp2-1 and trp2-8 mutations in Arabidopsis.  The TSB1 gene from trp2-1 (bottom) and 

trp2-8 have been sequenced, and the relative locations of the mutations and predicted 

amino acid changes are shown (bold) with respect to the location of the coding exons of 

TSB1 (shaded black).  (Adapted from Barczak, et al., 1995)   



!

!
!
!

117 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



!

!
!
!

118 
 
 
Figure 4.6.  tsb1 (trp2-8) mutants show less high light auxotrophy than tsb1 (trp2-1) 

plants.  TSB single tsb1 (trp2-1) and tsb1 (trp2-8) were grown on normal PNS media 

(left column) or PNS media containing 50 µM Indole (middle column) or 50 µM Trp 

(right column) at high light (60-70 µE m-2 s-1) at 21oC.  Representative seedlings were 

photographed at 14 days post-germination.  Plants are displayed according to increasing 

auxotrophic phenotype from left to right compared to wild-type Columbia. 
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Figure 4.7.  trp2-1 and trp2-8 auxotrophic mutants have altered IG phenotypes.  TSB 

single tsb1 (trp2-1) and tsb1 (trp2-8) were grown on normal PNS media at high light  

(60-70 µE m-2 s-1) at 21oC 14 days prior to sample collection.  Total desulfoglucosinolates 

were analyzed by HPLC as described in Chapter 2, and normalized to tissue weight and 

a sinigrin standard of known concentration.  IG levels are shown as the mean +/- standard 

error.  (* = p-value < 0.05, compared to wild type Columbia)   
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Figure 4.8.  trp2-1 and trp2-8 mutants make low levels of camalexin.  TSB single tsb1 

(trp2-8) and tsb1 (trp2-1) were grown on normal PNS media at high light  

(60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection.  Camalexin was 

analyzed by HPLC as described in Chapter 2.  Camalexin levels are shown as the mean 

+/- standard error.  (* = p-value < 0.05, compared to wild-type Columbia) 
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Table 4.3.  trp2-1 is dominant to trp2-8.  trp2-1 and trp2-8 plants were crossed to each 

other, and F1 trp2-1 trp2-8 compound heterozygotes were isolated using genotyping 

PCR, and grown at low light (30-40 µE m-2 s-1).  F2 seeds from these plants were then 

plated on PNS media at high light  (60-70 µE m-2 s-1) at 21oC for 20 days prior to scoring 

341 plants by phenotype (trp2-1 has a severe auxotrophic phenotype, trp2-8 has a 

healthier phenotype [Figure 4.6]).  We observed 262 trp2-1 and 79 trp2-8 phenotypes, 

which is a 3.3:1 ratio.  The scoring results were further validated using genotyping PCR.  

Performing a "2 analysis, we observed a value of 0.3, which is well below the 3.84 

threshold for rejection.   
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total 

plants 
trp2-1  

phenotype 
observed 

trp2-1 
phenotype 
expected 

trp2-8 
phenotype 
observed 

trp2-8 
phenotype 
expected 

degrees 
freedom 

Chi 
square 

Threshold 
for 

rejection 

341 262 85 79 85 1  0.30 3.84 
 
 
 
 
 
 
 
 
 
!
! !



!

!
!
!

126 
 

Figure 4.9.  tsb1 tsb2 mutants show less high light auxotrophy than both tsb1  

(trp2-1 and trp2-8 allelic backgrounds) and tsb1 tsbt2 plants; tsb2 tsbt2 mutants have 

a wild type growth phenotype.  (A,B) TSB single tsb1 (trp2-1 and trp2-8) and double 

mutants, tsb1 tsb2 and tsb1 tsbt2 were grown on PNS at high light  

(60-70 µE m-2 s-1) at 21oC and representative seedlings were photographed at 14 days 

post-germination.  Plants are displayed according to increasing auxotrophic phenotype 

from left to right compared to wild type Columbia.  (C) tsb2 tsbt2 double mutants were 

grown on normal PNS media at both low light (30-40 µE m-2 s-1) (left column) and high 

light (60-70 µE m-2 s-1) (right column) at 21oC.  Representative seedlings were 

photographed at 14 days post-germination"  
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Figure 4.10.  IG levels are altered in TSB double mutant plants.  Wild-type 

Columbia, TSB single mutants tsb1 (trp2-1 and trp2-8), and double knockout mutants, 

tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2 were grown on normal PNS at high light (60-70 µE 

m-2 s-1) at 21oC for 14 days prior to sample collection.  Total desulfoglucosinolates were 

analyzed by HPLC as described in Chapter 2. IG levels are shown as the mean +/- 

standard error.  (x = p-value < 0.05, compared to wild type Columbia; y = p-value < 0.05, 

compared to trp2-1 (tsb1), z = p-value < 0.05, compared to trp2-8 (tsb1)) 
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Figure 4.11.  TSB double mutant plants have reduced camalexin.  Wild-type 

Columbia, TSB single mutants tsb1 (trp2-1 and trp2-8), and double knockout mutants, 

tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2 were grown on normal PNS at high light  

(60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection.  Camalexin was 

analyzed by HPLC as described in Chapter 2.  Camalexin levels are shown as the mean 

+/- standard error.  (x = p-value < 0.05, compared to wild type Columbia;  

y = p-value < 0.05, compared to trp2-1 (tsb1), z = p-value < 0.05, compared to 

trp2-8 (tsb1)) 
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Table 4.4.  Root length, leaf area, and leaf circumference are altered in TSB 

mutants.  Wild-type Columbia, trp2-8 (tsb1), tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2 plants 

were grown on normal PNS media at high light (60-70 µE m-2 s-1) at 21oC for 14 days 

prior to imaging and analysis using ImageJ software.  Root length, leaf area, and leaf 

circumference were analyzed, and standard error was calculated.  (x = p < 0.05 compared 

to wild-type Columbia; y = p < 0.05 compared to tsb1 (trp2-8))   

 

 

 

 

 

 

  



!

!
!
!

134 
 

!

 

 
 

 

 

 

 

 

 

 

 

 

 

  root   leaf   leaf   
STRAIN length standard area standard circumference standard 

  (cm) error (cm2) error (cm) error 
COL 3.73 0.176 0.15 0.009 1.62 0.046 

tsb1 (trp2-8) 2.49x 0.081 0.07x 0.005 1.12x 0.042 
tsb1 tsb2 2.11xy 0.098 0.09xy 0.002 1.21xy 0.026 
tsb1 tsbt2 2.18xy  0.104 0.03xy 0.002 0.79xy 0.028 
tsb2 tsbt2 3.43 0.096 0.15 0.006 1.69 0.040 
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Figure 4.12.  Gene expression levels of Trp, IG, and regulatory genes are altered in 

TSB double knockout plants.  Wild-type Columbia, TSB single mutant tsb1 (trp2-8), 

and double knockout mutants, tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2 were grown on normal 

PNS media at high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection.  

RNA extracted from seedlings was reverse transcribed and used in quantitative RT-PCR 

for expression analysis.  The 18S rRNA gene was used for reference and normalization, 

and expression was normalized to wild-type Columbia for all genes indicated.  Error bars 

represent +/- standard deviation of three technical replicates.  (* = p-value < 0.05 

compared to wild type Columbia) 
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Figure 4.13.  tsb1 tsb2 plants have a healthier phenotype when supplemented with 

indole.  Wild-type Columbia, TSB single mutants tsb1 (trp2-1 and trp2-8), and double 

knockout mutants, tsb1 tsb2, tsb1 tsbt2, and tsb2 tsbt2 were grown on unsupplemented 

PNS media (bottom rows) or PNS media containing 100 µM Indole (top rows) at high 

light (60-70 µE m-2 s-1) at 21oC.  Representative seedlings were photographed 14 days 

post-germination.   
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Figure 4.14.  I3M levels of Trp auxotrophic mutants grown on normal PNS media, 

and PNS media supplemented with indole.  Wild-type Columbia, TSB single tsb1 

(trp2-8), and double knockout mutants, tsb1 (trp2-8) tsb2 and tsb1 (trp2-8) tsbt2 were 

grown on normal PNS media or PNS media containing 100 µM Indole at high light  

(60-70 µE m-2 s-1) at 21oC.  I3M levels were analyzed by HPLC as described in  

Chapter 2.  IG levels are shown as the mean +/- standard error.  (* = p-value < 0.05, 

compared to wild type Columbia; ** = p-value < 0.05, compared to untreated samples).    

   

 

 

 

 

 

 

 

 

 

 

 



!

!
!
!

140 
 

 

 

!
!
!

!

!

!

!

! ! !
!
!
!
!
!
!
!
!
!
 
 

0 

0.05 

0.1 

0.15 

0.2 
C

ol
 

ts
b1

 (t
rp

2-
8)

 

ts
b1

 ts
b2

 

ts
b1

 ts
bt

2 

ts
b2

 ts
bt

2 

I3
M

 
(n

m
ol

e/
m

g 
tis

su
e)

 

PNS 

100 uM Indole 

!

** 

!

** 

* 

* 



!

!
!
!

141 
  
Figure 4.15.  IG levels in Trp auxotrophic mutants treated with methyl jasmonate.  

Wild type Columbia, TSB single tsb1 (trp2-8), and double knockout mutants,  

tsb1 (trp2-8) tsb2, tsb1 (trp2-8) tsbt2, and tsb2 tsbt2, were grown on normal PNS media 

at high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to being sprayed with 250 

micromolar methyl jasmonate or mock spray prior to sample collection.  Total 

desulfoglucosinolates were analyzed by HPLC as described in Chapter 2.   

(* = p-value < 0.05 compared to wild type Columbia; ** = p-value < 0.05, compared to 

untreated samples). 
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CHAPTER 5.  TISSUE SPECIFICITY OF MYB TRANSCRIPTION FACTORS 

 

5.1.  OVERVIEW 

 Arabidopsis Trp and IG metabolism is regulated by a set of R2R3 MYB 

transcription factors (Chapter 1.10).  Previous work showed that the atr1D 

overexpression mutant of MYB34 up-regulates Trp and IG genes, and makes up to ten-

fold higher levels of IGs, whereas loss-of-function myb34 mutants have only slight 

decreases in Trp and IG gene expression and IG levels (Celenza, et al., 2005).  Using a 

transgenic plant with an inducible MYB34 protein fused to a modified glucocorticoid 

receptor, we found that up-regulation of Trp and IG gene expression is rapid, and that IG 

production dramatically increases from 24-72 hours, peaking at 96 hours.  Genomic 

sequencing and studies using transgenic overexpressing plants revealed two other MYB 

TFs that have been shown to regulate Trp and IG genes, MYB51 and MYB122 

(Gigolishvili, et al., 2007).  We generated mutant combinations of these Myb knockout 

mutants, and found that there are distinct, tissue-specific roles for MYB34 and MYB51 in 

root and shoot tissues, respectively.  A tissue-specific role for MYB122 is unclear.  We 

also found that both myb34 and myb51 mutations are required to suppress the high auxin 

phenotype of the leaky mutant allele of cyp83B1, atr4-2.  We validated this tissue 
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specificity by observing decreased staining in myb34 CYP79B2-GUS roots, and myb51 

CYP79B2-GUS reporter shoots, respectively.   

This work presented in this chapter is a collaboration between the Bender lab at  

Brown University and the Celenza lab.  The inducible MYB34 protein transgenic plants, 

myb mutant combinations, myb atr4-2 mutant combinations, and northern blot analysis 

was done in the Bender lab while metabolite analysis and experiments with reporters 

were done in the Celenza lab. 

 

5.2.  RESULTS 

5.2.1.  A transgenic plant expressing an inducible MYB34 fusion protein shows 

rapid up-regulation of IG gene expression and IG production. 

 Because IGs are synthesized continuously, we were interested in determining how 

long Trp and IG gene expression is upregulated by MYB34, and the kinetics of IG 

production.  To examine this, we developed a transgenic plant with inducible MYB34 

function.  For this construct, the MYB34 protein was fused to the glucocorticoid receptor 

(MYB34-GR), downstream of the cauliflower mosaic virus (CaMV) promoter, driving 

constitutive expression.  MYB34-GR will remain localized in the cytoplasm until 

addition of the ligand, dexamethasone (Dx), where it will then localize to the nucleus, 

and activate transcription of target genes. 
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 We induced transgenic and untransformed, wild-type Columbia controls with Dx 

treatment for a time course of 120 h, assaying both for IG production and transcript  

levels of IG synthesis genes MYB34-GR, CYP79B2, CYP83B1 and SUR1.  We  

observed that expression of MYB34-GR, CYP79B2 and CYP83B1 increased 

dramatically at two to four hours after addition of 20 µM Dx (Figure 5.1).  However, 

expression of the downstream IG synthesis gene, SUR1, did not increase.  We also 

monitored expression of endogenous MYB34 (denoted by the black arrow), which 

throughout the time course of induction, was expressed at very low levels.   

 We observed that IG production lagged behind transcriptional induction.  IG 

levels increased approximately 50-fold compared to wild-type Columbia from 24 to 96 h 

after addition of dexamethasone (Figure 5.2).  IG production remained at this high level 

from 96-120 h. 

 

5.2.2.  myb34 and myb51 single and myb34 myb51 double mutants show reduced IG 

production.  

As reported previously, MYB34, MYB51, and MYB122 over-expressing strains 

all produced increased levels of IGs (Gigolishvili, et al., 2007, and Celenza, et al.,  2005).  

In addition, it is known that myb34 loss-of-function mutants show only slight decreases in 

IG production (Celenza, et al., 2005).  We therefore hypothesized that Myb TFs likely 
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compensate for each other in regulating IG production, and that knockout combinations 

of Myb TF mutants would show more drastic reductions in seedling IG levels than any 

single mutant (Figure 5.3).  We observed that myb51 mutants have statistically 

significant (p < 0.05), decreased levels of IGs for any of the single mutants compared to 

wild-type Columbia. We also found that any mutant combination of both myb34 and 

myb51 (the myb34 myb51 double and myb34 myb51 myb122 triple mutants, respectively) 

had little detectable IGs.  Conversely, myb122 single mutants made wild-type levels of 

IGs, and double mutant combinations with myb122 had little further effect on lowering 

IG levels. 

 

5.2.3.  Myb TFs regulate IGs in a tissue specific manner.  

 Because publicly available gene expression data in root tissue shows higher 

MYB34 expression (http://www.arexdb.org), we hypothesized that MYB34 plays a 

tissue-specific role in the root.  We also hypothesized that since myb51 seedlings had the 

largest decrease in IG levels, that MYB51 likely has a predominant role in IG regulation 

in the shoot.  To test this hypothesis, we grew seedlings hydroponically and separated 

root and shoot tissues for both IG quantification and for RNA analysis for expression of 

genes in the IG synthesis pathway which have previously been shown to be directly 
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regulated by MYB34 and MYB51 (Figure 5.4).  Using northern blot analysis we found 

that myb34 mutants have reduced expression of the IG synthesis genes CYP79B2,  

CYP83B1, and SUR1 in root tissue, while myb51 and myb122 mutants show wild-type 

levels of expression.  In addition, myb34 myb51 double and myb34 myb51 myb122 triple 

mutant plants show dramatically reduced expression of these genes.  myb122 mutants 

have wild type levels of Trp or IG synthesis gene transcripts. 

 In shoot tissue, myb51 mutants showed reduced expression of the same IG 

synthesis genes (Figure 5.4) whereas myb34 and myb122 plants had wild-type levels of 

gene expression.  myb34 myb51 double and myb34 myb51 myb122 triple mutants showed 

dramatically reduced levels of IG gene expression.  Again, we observed that myb122 and 

double mutant combinations with myb122 had no effect on expression of these genes in 

shoot tissue.   

 Based on the gene expression data, we also hypothesized that IG levels in the 

myb34 mutant would likely be reduced in root tissues more than in shoot tissues, and that 

the opposite would be true for the myb51 mutant.  Using tissue prepared in parallel for 

RNA analysis. we observed a severe decrease in IG levels in myb34 roots, consistent with 

our Northern blot data (Figures 5.5, 5.6).  In addition, myb34 myb51 double mutants and 

myb34 myb51 myb122 triple mutants have little if any detectable IGs in the root.  myb51 

plants showed severe reductions in IG levels in shoot tissue, also consistent with our 
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Northern data.  myb34 myb51 double and myb34 myb51 myb122 triple mutant plants 

showed little detectable IGs in shoots.  Thus, even though MYB34 and MYB51 display a  

putative root and shoot tissue specificity, each must also contribute and partially 

compensate for each other in these tissues. 

 

5.2.4.  MYB34 is required in roots, and MYB51 in shoots, respectively, for 

CYP79B2-GUS reporter expression.     

 To observe in more detail the tissue-specific roles of MYB34 and MYB51 in root 

and shoot tissue, and to more specifically identify the location of IG gene  

transcription in these tissues, the promoter region of the CYP79B2 gene was cloned 

upstream of the GUS gene, resulting in staining where transcription of the CYP79B2 gene 

occurs (Ljung, et al., 2005).  We then generated myb34 and myb51 single mutant 

transgenic GUS reporter plants.  We grew these plants hydroponically for 10 days prior 

to staining, along with wild type CYP79B2-GUS and atr1D CYP79B2-GUS as controls.   

We observed staining in both roots and leaves of wild-type transgenic plants 

(Figure 5.7), and a significantly elevated level of staining in both tissues in the atr1D 

CYP79B2-GUS mutant plant.  In myb34 CYP79B2-GUS plants, we observed no staining 

in root tissue, and wild-type staining in leaf tissue.  Conversely, myb51 CYP79B2-GUS 

plants had wild type GUS staining in root tissue, but no staining in leaves.   
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5.2.5.  Both MYB34 and MYB51 are required to suppress the SUPERROOT 

phenotype of atr4-2 mutant plants.   

Mutations in the IG pathway gene, CYP83B1, result in poor growth in soil, low 

IG, and high IAA levels, punctuated by the “superroot” phenotype characterized by an  

excess of lateral roots and curled, epinastic leaves.  These phenotypes are all indicative of 

high IAA levels (Smolen, et al., 2002).  CYP83B1 lies downstream of CYP79B2 and 

CYP79B3 and is the first committed step for IG synthesis (Figure 1.1).  Thus cyp83B1 

mutants are reduced for IG production and presumably shunt excess IAOx to IAA 

resulting in the superroot phenotype.  Previous work has shown that a myb34 mutation 

suppresses the cyp83B1 superroot phenotype by reducing expression of CYP79B2 and 

CYP79B3 resulting in reduced IAOx and IAA (Celenza, et al., 2005).  Because of our 

findings that MYB34 and MYB51 have different tissue specificities we hypothesized that 

different myb single and multiple mutant combinations would have differing abilities to 

suppress cyp83B1 mutants.  Therefore, we generated crosses of our Myb TF mutants with 

the atr4-2 mutant, a leaky allele of CYP83B1 that displays a modest superroot phenotype.  

We hypothesized that myb34 atr4-2 double mutants would likely suppress the increased 

lateral root phenotype.  We also hypothesized that myb51 atr4-2 double mutants would 

suppress the epinastic leaf and poor growth phenotypes in soil, where atr4-2 plants do not 

grow well.  In addition, since MYB34 and MYB51 compensate for each other in both 
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root and shoot tissues, we theorized that atr4-2 myb34 myb51 triple mutant plants should 

be completely rescued compared to either of these double mutants.   

We observed that both atr4-2 myb34 myb51 and atr4-2 myb34 myb51 myb122 

mutants show fully rescued atr4-2 root and shoot phenotypes, whereas atr4-2 myb34 and 

atr4-2 myb51 plants have suppression of the lateral root phenotype and epinastic leaf 

phenotypes, respectively. (Figures 5.8 and 5.9).  atr4-2 myb122 plants showed no 

differences in phenotype compared to atr4-2.   

 We also examined I3M levels in these mutants (Figure 5.10).  We found that both 

atr4-2 myb34 and atr4-2 myb51 double mutants have statistically significant  

(p < 0.05), lower I3M levels compared to both atr4-2 and wild type Columbia plants.  IG  

levels in atr4-2 myb122 double mutants are not significantly changed compared to atr4-2 

plants, indicating that loss of MYB122 does not have a great effect on IG levels.  The 

atr4-2 myb34 myb51 and atr4-2 myb34 myb51 myb122 mutant combinations, 

respectively, did not make detectible levels of I3M. 

 

5.3.  DISCUSSION 

 A key question about Arabidopsis has been the role of the greater than 120 Myb 

transcription factors in plant development and metabolism.  Of particular interest are 

Myb TFs regulating glucosinolate production, defense compounds which are unique to 
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the Brassiacacae family.  That these Mybs regulate secondary (likely directly) and 

primary (likely indirectly) Trp metabolism is a focal point in understanding more 

regarding growth and defense in Arabidopsis.  We have shown here that the MYB34-GR 

drives expression of the IG synthesis genes CYP79B2 and CYP83B1 rapidly, but not 

SUR1, suggesting that CYP79B2 and CYP83B1 are direct targets of Myb TFs.  We have 

also shown that two Myb TFs, MYB34 and MYB51, are involved in regulating gene 

expression and IG production in a tissue specific manner:  MYB34 in root tissue, and 

MYB51 in shoot tissue. 

 We observed that gene expression of IG biosynthesis genes CYP79B2, CYP79B3, 

and CYP83B1 were significantly reduced in myb34 single mutants in root tissue, and 

myb51 mutants in shoot tissue.  Also, IG levels in these myb34 root and myb51 shoot  

tissues were significantly decreased.  However, both MYB34 and MYB51 compensate 

for each other in both tissues, because double mutant myb34 myb51 plants have severely 

reduced expression of IG biosynthesis genes in both tissues, and have almost no 

detectible levels of IGs in both tissues.  Additionally, the myb34 atr4-2 mutant is only 

partially suppressed for the high IAA, lateral root phenotype, and myb51 atr4-2 is 

partially suppressed for the epinastic leaf and growth phenotypes.  Only by knocking out  

both Myb TFs in the myb34 myb51 atr4-2 mutant, does one observe full suppression of 

the complete superroot mutant phenotype. 
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A tissue-specific role for the third Myb TF gene, MYB122, remains unclear.  

myb122 plants have no phenotype or gene expression differences compared to wild type 

Columbia, and have no significant IG phenotype in either seedlings, root, or shoot 

tissues.  Double mutant combinations with myb122, myb34 myb122 and myb51 myb122, 

respectively, showed no further changes in IG gene expression, or levels of IGs.  There is 

public gene expression data showing increased expression of MYB122 in stress response, 

and response to microbial pathogens, and this putative stress response role of MYB122 

will be further investigated.   
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Figure 5.1.  IG biosynthesis gene expression is increased in the transgenic MYB-GR 

plant when induced by dexamethasone.  Total RNA was prepared at the indicated time 

points (columns) from seedlings grown hydroponically in liquid PNS media.  5 µg of 

RNA per sample was used in Northern gel-blot analysis with the indicated probes (rows).  

Two independent lines (L1, L2) expressing the constitutive MYB34-GR fusion protein 

were grown hydroponically in liquid PNS medium at high light (60-70 µE m-2 s-1) at 21oC 

for 10 days prior to 20 µM dexamethasone treatment.  Tubulin was used as a loading 

control (bottom row).  Endogenous expression of wild-type MYB34 (34) compared to 

MYB34-GR (34-GR) is indicated at left. 
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Figure 5.2.  Indolic glucosinolate levels in induced MYB34-GR plants increase 

dramatically over a time course of 120 hours.  Total desulfoglucosinolates were 

analyzed by HPLC, and normalized to tissue weight and a sinigrin standard of known 

concentration.  IG levels are shown as the mean +/- standard deviation.  Plants expressing 

the constitutive MYB34-GR fusion protein and wild-type Columbia (Col) were grown 

hydroponically in PNS liquid medium at high light (60-70 µE m-2 s-1) at 21oC for 10 days 

prior to 20 µM dexamethasone treatment, and sample collection was conducted at 0, 6, 

24, 48, 72, 96, and 120-hour time points.  !
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Figure 5.3.  Indolic glucosinolate levels are decreased in Myb mutant seedlings.  The 

Myb TF mutants, myb34, myb51 and myb122, respectively, were grown on PNS agar 

medium at high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection.  

Total desulfoglucosinolates were analyzed by HPLC, and normalized to tissue weight and 

a sinigrin standard of known concentration.  IG levels are shown as the mean +/- standard 

error.  (* = p-value < 0.05 compared to wild-type Columbia; ** = p-value < 0.05 

compared to myb51) 
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Figure 5.4.  Gene expression is altered in Myb mutant root and shoot tissues.  

Root and shoot total RNA was prepared from dissected roots and shoots from the 

indicated strains (columns) grown hydroponically in liquid PNS media.  5 µg of RNA per 

sample was used in northern gel-blot analysis with the indicated probes (rows).  Tubulin 

was used as a loading control (bottom row).  (B2B3 = cyp79B2 cyp79B3.  34-3 and 34-4 

are two loss-of-function alleles of myb34; in all other experiments, the 34-3 allele of 

myb34 was used.  The shorter band in lanes with myb51 is indicative of a shorter 

transcript due to the T-DNA insertion.) 
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Figure 5.5.  Indolic glucosinolate levels are decreased in myb34 mutant root tissue.  

The Myb TF mutants, myb34, myb51 and myb122, respectively, were grown 

hydroponically in liquid PNS agar medium at high light (60-70 µE m-2 s-1) at 21oC for 14 

days prior to sample collection, at which time root tissue was collected.  Total 

desulfoglucosinolates were analyzed by HPLC, and normalized to tissue weight and a 

sinigrin standard of known concentration.  IG levels are shown as the mean +/- standard 

error.  (* = p-value < 0.05 compared to wild type Columbia; ** = p-value < 0.05 

compared to myb34)!
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Figure 5.6.  Indolic glucosinolate levels are decreased in myb51 shoot tissue.  The 

Myb TF mutants, myb34, myb51 and myb122, respectively, were grown hydroponically 

in liquid PNS agar medium at high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to 

sample collection, at which time shoot tissue was collected.  Total desulfoglucosinolates 

were analyzed by HPLC, and normalized to tissue weight and a sinigrin standard of 

known concentration.  IG levels are shown as the mean +/- standard error.   

(* = p-value < 0.05 compared to wild type Columbia; ** = p-value < 0.05 compared to 

myb51) 
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Figure 5.7.  CYP79B2-GUS reporter gene expression is regulated differentially in 

root and shoot tissues of myb34 and myb51 mutants.  Each panel shows a root and leaf 

from the indicated genotype.  GUS activity was visualized by presence of blue staining in 

buffer containing X-gal.  (Arrows added to highlight lack of GUS staining in myb34 root, 

and myb51 leaf.)  Transgenic plants containing the promoter region of the CYP79B2 gene 

cloned upstream of GUS were generated (in a wild type Columbia background) and then 

crossed to the dominant myb34 mutant atr1D, myb34, and myb51.  
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Figure 5.8.  Both MYB34 and MYB51 are required to fully suppress the superroot 

phenotype of atr4-2 plants.  Myb TF mutant plants were crossed to the atr4-2 strain, a 

leaky allele of CYP83B1, which displays a high IAA phenotype of adventitious lateral 

root formation (middle column, center) compared to wild-type Columbia (middle 

column, right).  (A) Seedlings were grown hydroponically in liquid PNS agar medium at 

high light (60-70 µE m-2 s-1) at 21oC for 10 days prior to imaging.  Suppressed high IAA 

phenotypes are labeled with red text, with black arrows highlighting the longer hypocotyl 

phenotype, and red arrows highlighting the increased adventitious root phenotype of  

atr4-2 compared to wild-type Columbia.   (B) Plants were grown in soil three weeks prior 

to imaging.  Suppressed phenotypes are labeled with red text. 
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Figure 5.9.  I3M levels are decreased in Myb atr4-2 mutant combinations.  Total 

indolyl-3-methyl (I3M) glucosinolate was analyzed by HPLC, and normalized to tissue 

weight and a sinigrin standard of known concentration.  IG levels are shown as the mean 

+/- standard error. (* = p-value < 0.05 compared to wild type Columbia;  

** = p-value < 0.05 compared to atr4-2)  Mutants were grown in PNS agar medium at 

high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to sample collection. !  



!

!
!
!

171 
!
!

!
!
!
!
!
!
!
!
!
  

0 

0.05 

0.1 

0.15 

0.2 

0.25 

C
ol

 

at
r4

-2
 

at
r4

-2
 m

yb
34

 

at
r4

-2
 m

yb
51

 

at
r4

-2
 m

yb
12

2 
at

r4
-2

 m
yb

34
 m

yb
51

 
at

r4
-2

 m
yb

34
 m

yb
12

2 
at

r4
-2

 m
yb

51
 m

yb
12

2 
at

r4
-2

 m
yb

34
 m

yb
51

 m
yb

12
2 

I3
M

 
(n

m
ol

es
/m

g 
tis

su
e)

 

* 

* * 

* 

* 

* 
* 

* 

** ** 

** 

** 
** 

** 



!

!
!
!

172 
 

CHAPTER 6.  SPECIFICITY AND COORDINATION OF MYB FAMILY 

TRANSCRIPTION FACTORS IN RESPONSE TO STRESS 

 

6.1.  OVERVIEW 

 We hypothesized that the purpose of multiple MYB transcription factors in 

Arabidopsis could be to more effectively diversify and coordinate stress responses 

needed by the plant.  Publicly available gene expression databases indicate a role for 

MYB34 in the wounding response, and both MYB51 and MYB122 in antimicrobial 

response; these genes are up-regulated in response to those stresses.  To test this 

hypothesis, we examined the phenotypes of combinations of Myb knockout mutants in 

response to a variety of stress treatments:  methyl jasmonate (MeJA), which mimics 

wounding, silver nitrate, Flg22 peptide, and lipopolysaccharide, all of which mimic 

microbial infection.  We found that myb34 mutants cannot elevate IG production in 

response to MeJA, and both myb51 and myb122 produce lower amounts of camalexin 

when sprayed with silver nitrate.  We also validated these findings using both myb34 

CYP79B2-GUS and myb51 CYP79B2-GUS reporter plants.  In addition, we looked at the 

coordination between anti-herbivory and anti-microbial responses.  We observed that 

Myb mutants do not increase IG production in response to silver nitrate treatment, but 

produce wild type levels of camalexin in response to MeJA, indicating that the Myb TFs  
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are downstream of MeJA signaling.  However, the levels of 4MOI3M, a key IG involved 

in Arabidopsis innate immunity, increase in plants treated with Flg22, but not in myb51 

mutants. 

 

6.2.  RESULTS 

6.2.1.  MeJA TREATMENT   

6.2.1.1.  MYB34 is necessary for IG production in response to MeJA-induced 

signaling. 

 MeJA is a commercially available chemical that functions similarly to jasmonic 

acid, a key plant stress signal that mediates the induction of IG production in response to 

wounding (de Guyter, et al., 2012).  Based on publicly available gene expression and 

Northern blot data, which showed increased expression CYP79B2, CYP79B3, and MYB34 

in response to MeJA treatment (Mikkelsen, et al., 2003), we hypothesized that myb34 and 

double mutant combinations with myb34 would show reduced MeJA induction of IG 

levels.  To test this hypothesis, we sprayed 14 day seedlings sterilely grown on agar-

solidified PNS medium with 250 µM MeJA, and collected samples for IG analysis at 48 

hours after treatment.  We observed that wild type Columbia, myb51, myb122, and myb51 

myb122 plants all had significant (p <  0.05) increases in IG production compared to 

mock treated controls (Figure 6.1).  In support of our hypothesis, myb34, myb34 myb51, 
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myb34 myb122, and myb34 myb51 myb122 plants all showed no significant increase in 

IG production when treated with MeJA.  It should be noted that myb34 myb51 and myb34 

myb51 myb122 plants produced little detectable levels of IGs, underscoring the 

importance of both MYB34 and MYB51 in IG production.     

 

6.2.1.2.  MYB51 and MYB122 are required for camalexin production in response to 

methyl jasmonate treatment. 

 Methyl jasmonate (MeJA) treatment has been shown to induce expression in a 

wide variety of plant stress responses and production of secondary metabolites (de 

Geyter, et al., 2012).  MeJA treatment has been shown to result in increased IG and 

camalexin gene expression, and increased IG levels, but to date, no group has analyzed 

camalexin levels post-MeJA treatment (Thomma et al., 1999; Saga, et al., 2012; Mao, et 

al., 2007).  We were interested to see if MYB mutants would induce camalexin 

production in response to MeJA treatment.  In addition, publicly available gene 

expression data has shown that expression of both MYB51 and MYB122 is increased in 

response to silver nitrate treatment, which is a potent elicitor of camalexin.  If MYB51 

and MYB122 are important for camalexin production, we hypothesized that myb51 and/or 

myb122 mutants would produce less camalexin.  To test this hypothesis, we sprayed Myb 

mutant plants with 250 µM MeJA, and collected samples for camalexin analysis at 72 
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hours after treatment (Figure 6.2).  While all genotypes produced measurable camalexin, 

we observed that only myb51 myb122 and myb34 myb51 myb122 mutants showed 

significantly (p < 0.05) decreased camalexin production compared to wild type 

Columbia, and to both myb51 and myb122 single mutants.      

  

6.2.1.3.  MYB34 is required for increased CYP79B2-GUS staining in response to 

MeJA treatment. 

 In order to better observe the specific responses of MYB34 and MYB51 in root and 

shoot tissues we crossed the myb34 and myb51 single mutants to a transgenic CYP7B2-

GUS reporter plant.  The promoter region of the CYP79B2 gene was cloned upstream of 

the GUS gene in these plants, resulting in staining where transcription of CYP79B2 

occurred (Ljung, et al., 2005).  We grew these plants in liquid PNS for 7 days, then 

treated these plants with 20 µM MeJA for 3, 5, and 11 days [Figure 6.3 (A-C)].  We 

observed a striking increase in GUS staining in wild type CYP79B2-GUS and myb51 

CYP79B2-GUS plants in the lateral roots, apical root meristem, and root tip when treated 

with MeJA, compared to a lack of staining in myb34 CYP79B2-GUS plants in all of these 

tissues.  In 11 day old seedlings, we also observed decreased staining in untreated 

seedlings in both myb34 CYP79B2-GUS and myb51 CYP79B2-GUS plants, but only 
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myb51 CYP79B2-GUS seedling showed MeJA induction of CYP79B2-GUS expression 

[Figure 6.3 (D)].   

 

6.2.2.  SILVER NITRATE TREATMENT 

6.2.2.1.  MYB51 and MYB122 are necessary for silver nitrate-induced camalexin 

production. 

 Previously, it was reported that both MYB51 and MYB122 gene expression was 

significantly increased in response to silver nitrate treatment 

(https://www.genevestigator.com/gv/plant.jsp) which results in camalexin production.  

We hypothesized that we would see decreased levels of camalexin in single and double 

mutant combinations of these plants.  We observed that camalexin levels were 

significantly decreased in myb51 single mutants, but not myb122 (Figure 6.4).  Wild-type 

Columbia, myb34, and myb122, and myb34 myb122 had no significant decrease in 

camalexin levels.  However, relative to levels of camalexin produced by myb51 mutant 

plants, there was a further significant decrease in camalexin production in both myb51 

myb122 and myb34 myb51 myb122 plants.  These results suggest that MYB122, in 

combination with MYB51, does contribute to production of camalexin in response to 

silver nitrate treatment.  We also observed that in the myb34 mutants, camalexin 

production was slightly elevated compared to wild-type Columbia.   
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6.2.2.2. Neither the wild-type nor myb mutants increase IG production in response 

to silver nitrate treatment. 

 Given that both IGs and camalexin are produced in response to MeJA treatment, 

we hypothesized that because camalexin levels increase in response to silver nitrate, IG 

levels may increase as well.  We sprayed wild-type and myb mutant seedlings with 5 mM 

silver nitrate and collected samples for IG analysis after 72 hours (Figure 6.5).  In wild-

type and all mutant combinations, no significant silver nitrate induction of IG levels was 

observed indicating that under the conditions we tested silver nitrate is not able to induce 

IG production.    

 

6.2.3.  Flg22 PEPTIDE TREATMENT 

6.2.3.1.  MYB51 is required for increased GUS staining when treated with the 

microbial peptide, Flg22. 

 We were interested in further examining the roles of MYB34 and MYB51 in the 

anti-microbial response in root tissue.  Flg22 is a bacterial peptide that is used as a potent 

elicitor of anti-microbial response.  We treated wild type CYP79B2-GUS, myb34 

CYP79B2-GUS, and myb51 CYP79B2-GUS reporter plants with 50 nM Flg22 peptide for 

six hours (Figure 6.6).  We observed a dramatic increase in GUS staining in both  
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CYP79B2-GUS and myb34 CYP79B2-GUS plants in both the apical root meristem and 

root tip compared to mock treated controls, but only a very slight increase in of root 

expression in the myb51 CYP79B2-GUS plants. 

 

6.2.3.2.  4MOI3M levels are unchanged in myb51 mutants treated with the bacterial 

peptide, Flg22.  

Previous work has shown that a 12 h Flg22 induction led to a counterintuitive 

decrease in IG levels primarily due to catabolism of I3M (Clay, et al., 2009).  

Surprisingly, the IG 4MOI3M (a metabolite of I3M) remained constant after Flg22 

treatment, suggesting a model in which I3M is converted to 4OHI3M and then to 

4MOI3M as a defense against bacterial infection.  This response was found to be MYB51-

dependent (Clay, et al., 2009). 4MOI3M is required for callose production in response to 

the microbial peptide, Flg22.  Callose is a polymer that strengthens and dams weakened 

sections of plant cell walls at sites of pathogen attack. 

Based on our findings that MYB51 is a key Myb TF involved in camalexin 

induction, we wished to confirm previous results and look for roles of MYB34 and/or 

MYB122 in Flg22 regulation of IG production over a longer period of time than tested by 

Clay et al., (2009).  Previously, we found that after an initial depletion of IGs by Flg22 

treatment, IG levels recovered within 72 h to a level higher than before treatment began  
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(Yung and Celenza, personal communication).   myb mutant plants were grown in liquid 

PNS for 7 days, treated with 50 nM of Flg22 for 72 hours, and then analyzed for IG 

content (Figure 6.7).  Without Flg22 treatment, we observed that levels of I3M, 

4MOI3M, and 1MOI3M were all significantly decreased (p < 0.05) in any genotype  

containing myb51 as previously found (Figure 5.3.).  After Flg22 treatment, I3M levels 

were similar to untreated for all genotypes, but importantly, were not significantly 

reduced as reported previously (Clay, et al., 2009).  Interestingly, levels of 4MOI3M, the 

key glucosinolate involved in anti-microbial callose deposition and innate immunity, 

were significantly induced by Flg22 treatment in genotypes containing a functional 

MYB51 gene and was not induced in genotypes containing the myb51 mutant.  The 

dependence of Flg22 induction of 4MOI3M on MYB51 is in agreement with a previous 

observation (Clay, et al., 2009).  We also found that 1MOI3M was Flg22-inducible and 

this induction may be partially dependent on both MYB34 and MYB51.  This finding was 

not found previously and suggests possible roles for both MYB34 and MYB51 in 

replenishment of IGs after depletion by Flg22 treatment.  

 

6.3.  DISCUSSION 

 Plants are constantly subjected to regulatory cues in response to environmental 

factors, metabolic demands, infection, predators, nutrient availability, and development.  
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How they respond to these cues, while balancing metabolism, growth, and development 

is essential.  In this chapter, we have shown that MYB34 is primarily responsible for 

increased transcriptional response and IG production to the herbivory hormone MeJA, 

whereas MYB51 and MYB122 are responsible for increased anti-microbial response to 

infection as manifested by camalexin production.  We show that MYB51 is principally  

responsible for 4MOI3M production, a key glucosinolate in Arabidopsis innate 

immunity.  Also, we provide the first evidence for a role for MYB122 in secondary 

metabolism, primarily for anti-microbial defense. 

 We assayed the secondary metabolite production in combinations of myb 

knockout mutants in response to a variety of stress treatments: MeJA which mimics 

wounding caused by herbivory and silver nitrate and Flg22 which mimic aspects of 

microbial infection.  We observed that myb34 mutants do not elevate IG production in 

response to MeJA, in contrast to myb51 and myb122 mutants, which elevate IG 

production at near wild-type levels.   

Both myb51 and myb122 produce lower amounts of camalexin when sprayed with 

silver nitrate.  We also validated these findings using both myb34 CYP79B2-GUS and 

myb51 CYP79B2-GUS reporter plants.  In addition, we looked at the coordination 

between anti-herbivory and anti-microbial responses.  We observed that Myb mutants do 

not increase IG production in response to silver nitrate treatment, but produce wild-type 
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levels of camalexin in response to MeJA, indicating that the Myb TFs are downstream of 

MeJA signaling.  However, the levels of 4MOI3M, a key IG involved in Arabidopsis 

innate immunity, increase in plants treated with Flg22, but not in myb51 mutants.  Also, it 

appears that MYB34 may be involved in regulating 1MOI3M levels.  

The data presented in this chapter, combined with the tissue specificity of Myb 

TFs presented in Chapter 5, is indicative of a model where the Myb TF controlling 

baseline production of IGs in root or shoot tissue is complemented by the inducible  

nature of other Myb TFs when responding to herbivory or infection.  The data in this 

chapter also supports a hypothesis that the key baseline Myb TF in root and shoot tissue 

is important for the particular, specific challenges that those tissues are exposed to.  Both 

of these models will be explained in depth in the next chapter.    
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Figure 6.1.  MYB34 is required for increased IG levels in response to MeJA 

treatment.  Total desulfoglucosinolates were analyzed by HPLC, and normalized to 

tissue weight and a sinigrin standard of known concentration.  IG levels are shown as the 

mean +/- standard error.  (* = p-value < 0.05 compared to untreated plants of the same 

genotype.)  Wild type, single myb34, myb51 and myb122 mutants and double and triple 

myb mutant combinations, were grown on PNS agar medium at high light  

(60-70 µE m-2 s-1) at 21oC for 14 days prior to being sprayed with 250 mM methyl 

jasmonate (MeJA) or mock spray (PNS) prior to sample collection at 48 hours after 

treatment. ! !
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Figure 6.2.  MYB51 and MYB122 are required for increased camalexin levels in 

response to MeJA treatment.  Camalexin was analyzed by HPLC, and normalized to 

tissue weight and a purified camalexin standard.  Camalexin levels are shown as the 

mean +/- standard error (* = p-value < 0.05 compared to wild type Columbia,  

** = p-value < 0.05 compared to myb51, *** = p-value < 0.05 compared to myb122).  

Camalexin was not detected in untreated plants and is not shown.  Wild-type, single 

myb34, myb51 and myb122 mutants and double and triple myb mutant combinations, 

were grown on PNS agar medium at high light (60-70 µE m-2 s-1) at 21oC for 14 days 

before being sprayed with 250 mM methyl jasmonate prior to sample collection at 72 

hours after treatment.   
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Figure 6.3.  MYB34 is required for CYP79B2-GUS reporter expression in response 

to MeJA treatment.  Transgenic plants containing the promoter region of the CYP79B2 

gene cloned upstream of the GUS gene were generated previously in the Columbia wild-

type accession (Ljung, et al., 2005) and then crossed to myb34 and myb51.  Apical root 

meristem (left column) and root tips (right column) from wild type CYP79B2-GUS 

reporter plants (top row), myb34 CYP79B2-GUS (middle row), and  

myb51 CYP79B2-GUS (bottom row) were grown in liquid PNS media for 7 days prior to 

treatment with 20 µM MeJA (right panel) or no treatment (left panel).  Plants were 

treated for  (A) 3, (B) 5, and (C) 11 days with MeJA, and assayed for GUS activity.  GUS 

activity was visualized by presence of blue staining in buffer containing X-gal.  In 

addition, seedlings at the 11-day time point were also assayed for GUS activity (D).  
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(B) 
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(C) 
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(D) 
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Figure 6.4.  MYB51 and MYB122 are required for camalexin induction in response 

to silver nitrate.  Camalexin was analyzed by HPLC, and normalized to tissue weight 

and a purified camalexin standard.  Camalexin levels are shown as the mean +/- standard 

error (* = p-value < 0.05 compared to wild type Columbia, ** = p-value < 0.05 compared 

to myb51, *** = p-value < 0.05 compared to myb122).  Camalexin was undetected in 

untreated plants and is not shown.  Wild-type, single myb34, myb51 and myb122 mutants 

and double and triple myb mutant combinations, were grown on PNS agar medium at 

high light (60-70 µE m-2 s-1) at 21oC for 14 days prior to silver nitrate treatment and 

sample collection.   
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Figure 6.5.  Wild type and Myb mutant plants do not alter IG levels in response 

silver nitrate treatment.  Wild-type, single myb34, myb51 and myb122 mutants and 

double and triple myb mutant combinations, were grown on PNS agar medium at high 

light (60-70 µE m-2 s-1) at 21oC for 14 days prior to being sprayed with silver nitrate or 

mock spray, for 48 hours, prior to sample collection.  Total desulfoglucosinolates were 

analyzed by HPLC, and normalized to tissue weight and a sinigrin standard of known 

concentration.  IG levels are shown as the mean +/- standard error.  
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Figure 6.6.  MYB51 is required for increased GUS staining in roots when treated 

with the bacterial peptide, Flg22.  Wild-type and myb34 or myb51 mutants carrying the 

CYP79B2-GUS reporter are as in (Figure 6.3).  Apical root meristem (left column) and 

root tips (right column) from wild type CYP79B2-GUS reporter plants (top row),  

myb34 CYP79B2-GUS (middle row), and myb51 CYP79B2-GUS (bottom row) were 

grown in liquid PNS media for 7 days prior to treatment for with 50 nM Flg22  

(right panel) or no treatment (left panel).  Plants were treated 6 hours with Flg22 and then 

assayed for GUS activity.  GUS activity was visualized by presence of blue staining in 

buffer containing X-gal.  
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Figure 6.7.  4MOI3M levels are unchanged in myb51 mutants treated with the 

bacterial peptide, Flg22.  Wild type, single myb34, myb51 and myb122 mutants and 

double and triple myb mutant combinations, were grown in PNS liquid medium at high 

light (60-70 µE m-2 s-1) at 21oC for 7 days prior to being treated with 50 nM Flg22 or 

mock treatment prior to sample collection at 72 hours after treatment.  The 

desulfoglucosinolates I3M (top panel), 4MOI3M (middle panel), and 1MOI3M (bottom 

panel), were analyzed by HPLC, and normalized to tissue weight and a sinigrin standard 

of known concentration.  IG levels are shown as the mean +/- standard error.   

(* = p-value < 0.05 compared to WT Columbia; ** = p-value < 0.05 compared to 

untreated controls)    
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CHAPTER 7.  CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1.  THE ROLES OF MULTIPLE TRP SYNTHASE BETA SUBUNIT GENES IN 

PRIMARY AND SECONDARY TRP METABOLISM    

7.1.1.  Overview 

Plants invest substantial amounts of resources synthesizing secondary compounds 

used in defense, growth and development.  On one hand primary metabolism must keep 

up with the demand for secondary metabolism, while on the other hand not wasting 

resources to produce unneeded primary metabolites.  Thus, plants have evolved 

mechanisms to coordinate primary with secondary metabolism.  We have provided 

evidence that IG production is a sink for Trp, and show that when this IG sink is 

genetically manipulated, the phenotype of mutants with decreased Trp production is 

altered.  We have also shown that the three functional Arabidopsis TSB genes, while 

partially redundant, contribute differentially to secondary metabolite production. 

  

7.1.2.  IGs are a sink for Trp metabolism in Arabidopsis 

Like many metabolic genes in Arabidopsis, Trp and IG biosynthesis pathways 

have apparent genetic redundancy at most steps.  A key question is whether having 

multiple genes is simply a matter of genetic redundancy, or if there are clearly defined  
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roles in development, and in response to the great variety of stresses that plants face in 

their environment.  Because trp2 mutants are only conditionally auxotrophic, it was 

suggested that TSB2 and/or TSBt2 were providing enough Trp to maintain a small amount 

of growth.  Here, we have shown compelling evidence that IGs are a sink for Trp 

secondary metabolism in Arabidopsis, and that there are likely multiple pools of Trp 

metabolism.  We provide genetic evidence that the three functional Arabidopsis TSB 

genes all contribute to Trp production, but have distinct roles specific to different defense 

pathways. 

When the Trp auxotrophs, trp3-1, and trp2-1, are crossed to the cyp79B2 cyp79B3 

double mutant, the demand for IGs is removed, leaving only protein and IAA as the 

metabolic endpoints for Trp; thus cyp79B2 cyp79B3 trp3-1 and cyp79B2 cyp79B3 trp2-1 

triple mutants are healthier than the single trp3-1 or trp2-1 mutants.  Conversely, in trp3-

1 atr1D and trp2-1 atr1D double mutants, demand for IGs is dramatically increased, 

resulting in less endogenous Trp available for growth.  Both atr1D trp3-1 and atr1D 

trp2-1 plants are severely auxotrophic, and make significantly high amounts of IGs, 

despite this growth phenotype.  Both of these double mutants are only slightly rescued 

when grown on media supplemented with Trp, resembling the phenotype of single trp3-1 

and trp2-1 plants grown on unsupplemented media at high light.  In Arabidopsis, IGs are 

clearly synthesized at a cost to growth.  
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Both cyp79B2 cyp79B3 double mutants, and atr1D, despite showing dramatic  

differences with their respective IG phenotypes, have nearly indistinguishable growth 

phenotypes compared to wild type Columbia (Figure 3.2) suggesting that Trp 

biosynthesis is under homeostatic regulation.  Also, atr1D makes elevated levels of IGs, 

yet maintains wild type levels of camalexin.  Most likely, this is because IG metabolism 

is maintained and regulated separately from camalexin and IAA, so that despite 

fluctuations in IG levels, IAA levels remain constant and camalexin can be produced only 

after microbial attack.  However, these separate pools of metabolism are not mutually 

exclusive, because there are mutants that have fluctuations in both IG levels and IAA 

levels.  The sur1 and sur2 mutants make significantly reduced IGs, yet display high auxin 

phenotypes (Bak, et al., 2001; Boerjan, et al., 1995).  Both of these mutations are in steps 

of the IG pathway downstream of IAOx; it has been shown that trp2-1 suppresses the 

sur2 phenotype in a trp2-1 sur2 double mutant (Kiyohara, et al., 2011).  In addition, the 

primary IAA synthesis pathway in Arabidopsis is via indole pyruvic acid and not IAOx 

(Stepanova, et al., 2008; Normanly, et al., 1993; Kim, et al., 2007; Tao, et al., 2008).  

cyp79B2 cyp79B3 and atr1D mutations primarily affect the IAOx pathway to IAA, so our 

data is consistent with IAOx not being a major pathway to IAA in Arabidopsis.      

So, what evolutionary advantage would Arabidopsis gain by developing distinct 

sets of metabolism for growth and defense?  Most likely, it would enable a more robust 
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ability to modulate and shift metabolism when needed.  It has been shown that cyp79B2 

cyp79B3 double mutants are highly susceptible to predators and infection (Kim, et al., 

2008), and that atr1D mutants are highly resistant (Schlaeppi and Mauch, 2010; de Vos, 

et al., 2008).  In addition, mutants in auxin biosynthesis pathways exhibit abnormal 

accumulation of indolic compounds, and have significantly less resistance to 

Pseudomonas syringae infection (Truman, et al., 2010).   These findings further 

underscore the importance of plants balancing maintenance of defense compounds, while 

regulating growth.   

 

7.1.3.  Arabidopsis encodes multiple TSB subunit genes that have distinct roles in 

Trp metabolism. 

 We have also shown evidence of multiple Trp synthase subunit genes that are  

involved in Trp and IG metabolism in Arabidopsis.  Trp auxotrophs trp3-1 and trp2-1  

produce high levels of IGs, clearly at a cost to growth.  Both mutants display a severe 

phenotype when grown at high light, and are only partially rescued at lower light, and 

with supplemented media.  One possibility for this result is that these mutants are not true 

loss-of-function alleles, and that some residual activity is enough to produce Trp for 

primary and secondary metabolism.  However, if that were the case, one would expect a 
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decrease in IG levels concurrently with the auxotroph phenotypes at high light; our data 

does not show this.   

Another explanation for this finding is that one of the remaining TSB genes 

compensates by adding to a pool of Trp destined for IGs.  Whether this is pool is defined 

spatially within the cell or developmentally is not known.  Our secondary metabolite data 

provide strong evidence supporting a model of multiple pools of Trp metabolism and IGs  

as a continuous sink for Trp.  Both trp3-1 and trp2-1 make high levels of IGs compared 

to wild type Columbia, yet have low levels of camalexin.  It is unlikely that single, loss-

of-function alleles of TSA and TSB1 would result in such different secondary metabolite 

phenotypes.  There is evidence from other plant species of specific Trp synthase genes 

being designated for different secondary endpoints.  In maize, there are two alpha subunit 

genes; the second alpha subunit gene synthesizes Trp primarily for production of the 

defense compound, DIMBOA (Melanson, et al., 1997).  Maize also has a TrpB2 family 

beta subunit gene, which has been shown to have similar enzyme kinetics as T. maratima 

TrpB1 and TrpB2 (Kriechbaumer, et al., 2008; Yin, et al., 2010).   

Using two different TSB1 mutant alleles, trp2-1, and trp2-8, we have shown that  

tsb1 tsb2 double mutants make less IGs compared to both wild type Columbia, and tsb1 

single mutants.  Also, tsb1 tsb2 plants make dramatically less camalexin than both of 

these strains.  The growth phenotypes of tsb1 tsb2 plants are improved over both tsb1  
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single mutants and tsb1 tsbt2 double mutants, likely for the same reason cyp79B2 

cyp79B3 trp3-1 and cyp79B2 cyp79B3 trp2-1 mutants have a suppressed auxotrophy.  By 

easing demand for IG and camalexin production, there is more endogenous Trp available 

to direct towards protein and multiple IAA pathways, resulting in a slightly better growth 

phenotype.  In addition, tsb1 tsb2 mutants still retain a functional TSBt2 gene.  In 

contrast, tsb1 tsbt2 plants have a high IG phenotype compared to single tsb1 mutants and 

wild type Columbia, and display significantly worse growth phenotypes.  However, 

similar to tsb1 tsb2, these plants also make very small amounts of camalexin, suggesting  

that both TSB2 and TSBt2 function in camalexin biosynthesis.  tsb2 tsbt2 plants have no 

significant differences in growth, IG, or camalexin phenotypes compared to wild type 

Columbia, or the corresponding tsb2 or tsbt2 single mutants.  

Accounting for these dramatic differences in growth and secondary metabolite 

phenotypes in these mutants, we can better define the putative roles for each TSB gene 

(Figure 7.1).  TSB1 is the highly expressed, major TSB subunit gene.  TSB2 contributes 

modestly to primary metabolism, but significantly to IG production.  TSBt2 likely has 

conserved its Archaeal role as an indole rescue protein, useful for both primary and 

secondary metabolism, and in stress response.    

From previous studies using GUS reporter plants (Pruitt, et al., 1993), it was 

shown that TSB1 is expressed approximately 6-10 fold more in most tissues compared to 
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TSB2.  In addition, from our gene expression data, we observed that TSB1 is expressed 

approximately four-fold higher than TSBt2 in wild type Columbia seedlings.  

Furthermore, any knockout mutant of TSB1 has drastic differences in growth, IG, and 

camalexin phenotypes compared to wild type Columbia.  In tsb2 and tsbt2 single 

mutants, as well as the tsb2 tsbt2 double mutant, where TSB1 is the sole functional TSB 

gene, the plants display no obvious growth, IG, or camalexin phenotypes.  In addition to 

our work, other groups observed that tsb2 and tsbt2 single mutant plants had no 

discernable growth, IG, or camalexin phenotype compared to wild type Columbia (Yin, 

et al., 2010).  Also, in all TSB1 (trp2-8) knockout mutant combinations (tsb1, tsb1 tsb2, 

and tsb1 tsbt2), TSB1 gene expression is significantly up-regulated compared to  

both wild type Columbia and tsb2 tsbt2 plants, approximately 8-10 fold (Figure 4.12), 

which suggests that there is a mechanism for sensing and responding to decreased levels 

of Trp.  

 In tsb1 tsbt2 double mutants, in which TSB2 is the sole functional TSB gene, IG 

levels remain at wild type Columbia levels, or at elevated, trp2-1 levels, clearly at a cost 

to growth, suggesting that TSB2 is primarily dedicated to synthesizing Trp primarily for 

IGs.  In tsb1 tsb2 double mutants, IG levels drop significantly lower than wild type 

Columbia.  Also, tsb1 tsb2 plants do not respond as robustly to MeJA treatment 

compared to the other double mutant combinations (Figure 4.15), indicating that the 
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ability to synthesize new IGs is hindered, in contrast to the robust, near wild type 

response to MeJA by tsb1 tsbt2 plants.    

In this thesis, we have shown strong evidence that TSBt2 is a functional ortholog 

of Archaeal TSB in Arabidopsis, and that it is vital for primary and secondary 

metabolism.  In the tsb1 tsb2 double mutant, the growth phenotype is partially rescued 

compared to both single mutant trp2-1 and trp2-8 plants, whereas in tsb1 tsbt2 double 

mutants, this auxotrophic phenotype is enhanced.  When grown on indole, tsb1 tsb2 

plants are healthier, yet still have low I3M levels, suggesting that indole is converted into 

Trp for growth, rather than IGs (Figures 4.13, 4.14).  tsb1 tsbt2 mutants are still 

auxotrophic, with elevated I3M levels, and increase IG levels both on media 

supplemented with indole, and in response to MeJA treatment.  TSBt2 gene expression is 

significantly up-regulated in tsb1 tsb2 plants compared to both wild type Columbia and  

tsb1 (trp2-8) plants (Figure 4.12).  A good further test for this model would be to 

generate transgenic plants that over express TSB2 or TSBt2, and to observe changes in 

IG and growth phenotypes.  It would also be interesting to see if a transgenic plant over 

expressing TSBt2 in the tsb1 (trp2-8) mutant background would rescue the auxotrophic 

phenotypes.   
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7.1.4.  trp2-8 has a healthier phenotype than trp2-1 because it is a null allele of TSB1.   

Another question that arises from this work are the differences between the two 

mutant alleles of TSB1, trp2-1 and trp2-8.  Why does the missense allele, trp2-1, have a 

more severe growth phenotype compared with the null allele, trp2-8?  trp2-8 plants are 

auxotrophs punctuated by a reduced growth phenotype and lower secondary metabolite 

levels than wild type Columbia (Figures 4.6-4.8).  trp2-1 plants not only are more 

auxotrophic, but surprisingly, have elevated levels of IG production.  We discovered a 

single point mutation near the C-terminus in a highly conserved glycine residue; this 

glycine is conserved in both Archaeal TrpB2, and Arabidopsis TSBt2, which do not share 

much similarity to other TSBs in Arabidopsis.  The mutation changes this residue to an 

arginine (Figure 4.5), and has been confirmed by another group (Jing, et al., 2008).   

We can propose a model for this growth phenotype discrepancy (Figure 7.2).  By 

changing a glycine to an arginine, the mutation changes a small, uncharged side chain to 

a longer, positively charged side chain, which likely interferes with protein structure and 

function.  In addition, this glycine is in close proximity to the PLP binding site (Miles, 

2001), the key deaminating co-enzyme in the beta reaction.  It is likely the mutation 

interferes with the deamination of serine before conjugating with indole, essentially 

stalling the reaction, thereby significantly decreasing levels of Trp available for primary 
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and secondary metabolism.  Contrasting with this is that trp2-8 makes no detectable beta 

protein (Last, et al., 1991), allowing for indole to escape from alpha subunits, where a  

functional TSBt2 catalyzes it to Trp.  Since trp2-1 encodes a stable, full length, albeit, 

mutant protein, the phenotype of this plant is more severe due to mutant beta subunit 

binding to normal alpha subunits, most likely resulting in dramatically less free indole 

available for TSBt2.  Further biochemical studies will need to be undertaken to more 

clearly define and elucidate the specific mechanisms of this particular Trp synthase beta 

allele, using site directed mutagenesis, and expressing the trp2-1 protein heterologously 

in E. coli to look for phenotype changes.  In addition, we have not been able to isolate the 

tsb1 tsb2 tsbt2 triple mutant, which likely is lethal.  It might be an interesting approach to 

generate a transgenic plant with an inducible TSB1 gene, in the tsb2 tsbt2 mutant 

background, to observe the growth, IG, and camalexin phenotypes.  The same approach 

can be taken by using an inducible TSA gene, and characterizing a tsa ins mutant.     
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7.2.  THE ROLES OF MULTIPLE MYB TF GENES IN REGULATING INDOLIC 

SECONDARY DEFENSE METABOLITES 

7.2.1.  Overview 

Plants are constantly subjected to a variety of stresses (metabolic demands, 

infection, predators, nutrient availability) as well as being under developmental 

regulation.  How plants regulate secondary metabolism in response to stress, while  

balancing primary metabolism, growth, and development is essential for survival.  

Transcriptional regulation is central to this and control.  As an example, of the ~120 Myb 

transcription factors identified in Arabidopsis, approximately 20% have been implicated 

in defense and stress response.  Arabidopsis has six Myb TFs regulating glucosinolate  

production:  MYB28, MYB29, MYB76, which regulate aliphatic glucosinolates, and 

MYB34, MYB51, and MYB122, which regulate indolic glucosinolate production.  Of 

particular interest is that these MYB TFs regulate defense compounds that are unique to  

the Brassiacaceae family.  These Mybs regulate both primary and secondary amino acid 

metabolism, and thus are focal points for improved understanding regarding growth and 

defense in Arabidopsis.  In this thesis, we show that two Myb TFs, MYB34 and MYB51, 

are involved in regulating gene expression and IG production in a tissue specific manner; 

MYB34 in root tissue, and MYB51 in shoot tissue. Also, we have shown that MYB34 is 

primarily responsible for increased IG production in response to MeJA, whereas MYB51  
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and MYB122 are responsible for IG and camalexin production in response to microbial 

infection.  We also provide the first evidence for a definitive role for MYB122 in 

secondary metabolism, primarily for anti-microbial defense. 

 

7.2.2.  MYB34 and MYB51 regulate IGs in root and shoot, respectively. 

 We observed that gene expression of IG biosynthesis genes CYP79B2, CYP79B3, 

and CYP83B1 were significantly reduced in myb34 single mutants in root tissue, and in  

myb51 mutants in shoot tissue.  Also, IG levels in myb34 root and myb51 shoot tissues 

were significantly decreased.  However, both MYB34 and MYB51 clearly overlap in 

function in these tissues, because myb34 myb51 double mutant plants are more severely  

affected than either single mutant, both in roots and shoots.  Additionally, the myb34 

atr4-2 mutant is partially suppresseds the high IAA root phenotype, while the myb51 

atr4-2 mutant is partially suppressed for the high IAA epinastic leaf phenotype.  Only by 

knocking out both Myb TFs in the myb34 myb51 atr4-2 mutant does one observe full 

suppression back to a wild type growth phenotype.  

While MYB34 and MYB51 are key tissue specific regulators of IGs, a tissue 

specific role for the third Myb TF gene, MYB122, was not found.  myb122 plants have 

no IG phenotype or differences in IG gene expression compared to wild type Columbia, 

and have no significant IG phenotype in either seedlings, root, or shoot tissues.  Double  
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mutant combinations with myb122, myb34 myb122 and myb51 myb122, respectively, 

showed no further changes in IG gene expression, or levels of IGs.  Nonetheless, publicly 

available expression data shows increased expression of MYB122 in stress response, and 

response to microbial pathogens. Therefore, a stress response role of MYB122 is likely. 

In light of this data, though, a key question is why Arabidopsis has evolved to 

have multiple Myb TFs, and why these TFs would have different roles in different 

tissues.  A preliminary explanation may be found in the phylogenetic relationship 

between the Myb genes.  The Myb TFs controlling both aliphatic (MYB28, MYB29, and  

MYB76) and indolic (MYB34, MYB51, and MYB122) are found only in plants that  

produce glucosinolates, and both AG and IG regulatory Myb TFs cluster together.  In 

addition, within the IG cluster, MYB51 and MYB122 are more similar in amino acid 

identity to each other compared to MYB34 (Stracke, et al., 2001). 

It has been shown in plants that are deficient in IG production that expression of  

MYB34 is increased, but MYB51 or MYB122 expression is not (Celenza and Bender, 

2009).  Also, the dominant myb34 mutant allele, atr1D, has been shown to up-regulate 

Trp biosynthesis genes in addition to IG genes (Celenza and Bender, 2009).  We 

observed that IG levels and CYP79B2 and CYP79B3 gene expression are both reduced in 

the roots of myb34 (but not myb51) plants and the shoots of myb51 (but not myb34) 
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plants.  However, the transcriptional analysis of CYP83B1 showed a different pattern 

than CYP79B2 and CYP79B3, with mutations in both myb34 and myb51 required to 

reduce transcript levels in the root.  These data suggest that even though both MYB34 

and MYB51 both contribute to CYP79B2, CYP79B3, and CYP83B1 expression, MYB34 

could act more efficiently on CYP79B2 and CYP79B3, and MYB51 could act more 

efficiently on CYP83B1.   

If MYB34 does act more strongly on inducing expression of CYP79B2 and 

CYP79B3, this represents a key distinction between MYB34 and the other two MYB TF 

genes.  CYP79B2 and CYP79B3 are genes catalyzing Trp into IAOx, which is upstream 

of IG production.  IAOx can then be directed into multiple fates:  the growth hormone 

IAA, as well as IGs.  Consequently, if MYB51 acts strongly on CYP83B1, this is the first  

committed step in IG biosynthesis, indicative of a more specific defense compound role 

for MYB51, because IAOx will be directed to either IGs, or camalexin.  Thus, MYB34 

might have a wider range of target genes, and have a more prominent role in growth and  

metabolism, whereas MYB51 has a more specific role in glucosinolate production and 

plant defense.  An important future experiment would involve determining whether there 

are distinct consensus sequences that MYB34 or MYB51 specifically bind.       
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Using our MYB34-GR transgenic plant, we observed a robust up-regulation of the 

IG biosynthesis genes CYP79B2, CYP79B3, and CYP83B1, but not SUR1.  Also, it has 

been shown previously that roots of transgenic plants expressing GUS under control of  

the MYB51 promoter had dramatically increased expression when treated with Flg22 

(Millet, et al., 2010).  It was also shown that levels of the indolic glucosinolate, 

4MOI3M, were reduced in plants both basally, and in response to Flg22 treatment (Clay, 

et al., 2009).  We have also observed that levels of 4MOI3M are also decreased in root 

and shoot tissue compared to wild type Columbia in myb51 mutants.        

The question of how MYB34, MYB51, and MYB122 are themselves regulated 

has not been addressed.  There is evidence for complex regulatory interactions between 

the aliphatic Myb TFs, MYB28, MYB29, and MYB76, particularly in wounding (JA) and 

stress (SA) response (Sonderby, et al., 2010).  In addition, the MYB34 transcript contains 

a small, out of frame peptide of approximately 33 amino acids in the 5’ upstream ORF of 

the MYB34 transcript.  This upstream ORF is the site of the mutation in the dominant 

atr1D mutant, and has been hypothesized to be responsible for making a more stable 

transcript, but might also be a location for regulation of MYB34 (Bender and Fink, 1998; 

Celenza and Bender, 2009).  Myb TFs also have complex interactions with other 

transcription factors; for example, the dominant MYB34 mutant, atr1D, has been shown 

to have an additive effect on IG production in combination with the bHLH, dominant 
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MYC3 mutant, atr2D (Smolen, et. al., 2002).  Future experiments should further examine 

whether Myb TFs have regulatory roles in combination with other TFs.     

We have some preliminary evidence that a regulatory mechanism may exist with  

the indolic Myb TFs.  In shoots, MYB34 transcripts are elevated in the myb34 myb51 and 

myb34 myb51 myb122 mutants, which correspond to the strains with the most dramatic 

decrease in IG levels (Figure 5.4).  In roots, MYB34 transcripts are elevated in single 

and double mutants that include myb34 or myb51.  The lone exception to this trend is that 

MYB34 transcripts are not elevated in the myb34 myb51 myb122 roots, whereas they are 

in shoots.  This discrepancy may be indicative of a MYB-dependent regulatory loop in 

roots, but a MYB-independent regulatory loop in shoots.  As mentioned previously, the 

MYB34 contains an ORF of 33 AAs upstream of the start codon.  It would be of interest 

to see if this ORF is involved in a regulatory mechanism for MYB34. 

 

7.2.3.  MYB34 and MYB51 regulate IGs in response to specific stresses, and specific 

IGs.  

We also observed that myb34 mutations result in no elevated CYP79B2-GUS 

reporter expression and IG levels in response to MeJA treatment (Figure 6.3), whereas 

mutations in myb51 and myb122 result in lower CYP79B2-GUS expression and 

camalexin levels in response to Flg22 and silver nitrate treatment (Figures 6.4, 6.6).  



!

!
!
!

215 
 

These results raise the question:  why would Arabidopsis have two distinct, separate 

methods for transcriptional response to stresses, rather than a less specific, general 

response to all biotic stresses?   

Although we showed that MYB34 primarily regulates IG synthesis in the root and  

MYB51 primarily regulates IG synthesis in the shoot; loss of both genes is required to 

completely remove IG levels from both tissues (Figures 5.4-5.6).  One reason for the 

tissue specific roles of MYB34 and MYB51 may be because the types of stresses that  

root and shoot tissue face are somewhat different.  While these stresses are not mutually 

exclusive, root tissue interacts with and is exposed to an area rich in biologically active 

microbes (Millet, et al., 2010) while shoot tissue is much more likely to be preyed upon 

by insects and other herbivores (Kim, et al., 2008).   Based on our data, a logical model 

would be that each individual Myb TF has two roles: 1) maintain steady state IG levels in 

a given tissue and 2) respond to a specific biotic stress in a different tissue than where it 

has its steady-state role (Figure 7.3 and Table 7.1).  For example, MYB51 is responsible 

for IG levels in shoot tissue, yet MYB34 is responsible for increased IG levels versus 

herbivory.  Having a regulatory response to herbivory separate from basal regulation 

makes for more easily coordinated metabolism.  In this fashion, one Myb TF can 

maintain regulation of a basal level of IGs, but another Myb TF maintains regulation in 

response to stresses.   
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We observed that myb51 mutants have decreased seedling and shoot gene 

expression and IG levels, but still increase IG production in response to MeJA induced 

wounding (Figure 6.1) by having a functional MYB34.   myb34 seedlings do not elevate  

IG levels in response to MeJA treatment, yet have near wild type basal level of IGs in 

shoot tissues (Figure 5.6).  They also produce wild type levels of camalexin, retaining a  

robust anti-microbial response.  myb34 mutants, despite having low levels of root IGs and  

gene expression, still retain a wild type level of camalexin production in response to both 

MeJA and silver nitrate (Figures 6.2, 6,4) because they have functional MYB51 and 

MYB122 genes.  Conversely, although having decreased camalexin production, both 

myb51 and myb122 mutants have near wild type levels of IGs in root tissues (Figure 5.5), 

and respond to MeJA treatment, retaining a wild type level of increased IG response.  

Having the MYB TFs maintain gene expression in separate tissues, and for distinct 

responses, makes the plant much more versatile and adaptable to maintaining growth and 

defense. 

 In addition, the demands of producing specific IGs in distinct tissues and 

regulating camalexin production are different.  IGs are produced in a continuous fashion, 

and are maintained at relatively constant levels in all tissues, at all developmental stages 

(Brown, et al., 2003).  Camalexin is only synthesized when it is elicited by stress signals, 

and must be rapidly synthesized in response to infection.  Many of these same stress 
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signals also result in increased IG production.  A likely model for making the rapid 

concurrent production of camalexin and IGs possible would be to have multiple TFs 

overlapping in regulating the pathways for these metabolites.  Paradoxically, this would 

efficiently allow the plant both to specifically target either anti-microbial or anti-

herbivory response, yet generally have an ability to respond simultaneously to both 

infection and predation.   

Some recent evidence has underscored the importance of regulating both 

glucosinolates and camalexin.  cyp79B2 cyp79B3 double mutants have almost no 

resistance to P. brassicae infection, yet myb51 mutants had a near wild type resistance 

(Schlaeppi, et al., 2010).  cyp79B2 cyp79B3 plants make no IGs or camalexin, and myb51 

seedlings have significantly reduced levels of IGs and camalexin.  However, having a 

functional MYB34 to partially compensate for both IG levels in root tissue, and in 

response to stress, allows the myb51 mutant to retain the ability to defend against 

infection while maintaining basal levels of other metabolites.   

In addition, it was recently shown that the indolic glucosinolate, 4MOI3M, is 

required for callose production in response to the microbial peptide, Flg22 (Clay, et al., 

2009).  Callose is a polymer that strengthens and dams weakened sections of plant cell 

walls at sites of pathogen attack.  myb51 mutants were shown to have significantly 

reduced levels of 4MOI3M, and significantly reduced callose production when treated 
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with Flg22.  I3M levels in these experiments were unaffected.  We have validated that 

myb51 mutants make less 4MOI3M when treated with Flg22 (Figure 6.7).  In addition, 

we observed that myb34 mutants make significantly less 1MOI3M when treated with 

Flg22 (Figure 6.7, third panel), compared to both myb51 and myb122 mutants, 

suggesting that MYB34 may regulate 1MOI3M levels.  Because 1MOI3M is also 

metabolized from I3M, it would be an advantage for Arabidopsis to coordinate both 

4MOI3M and 1MOI3M levels in response to hebivory, and infection.              

Having distinct stress responses would allow for an efficiently coordinated 

defense.  It is very likely that an anti-microbial response would be needed in conjuction 

with an anti-herbivory defense; trauma to plant tissues would likely result in a secondary 

infection.  Providing some evidence for this multi-faceted attack, we demonstrated that 

myb34 mutants and combinations with myb34 effectively abolished the robust increase in  

IG production in response to MeJA treatment (Figure 6.1).  In addition, we showed that  

myb51 myb122 mutants and the myb34 myb51 myb122 triple mutants produced 

dramatically less camalexin when treated with MeJA (Figure 6.4).  Mutants with both 

mby34 and myb51 mutations show severe decreases in both IG and camalexin production, 

both basally, and in response to all stresses.  Clearly, there is a need for both MYB34 and 

MYB51 in order to insure a robust and coordinated defense response in Arabidopsis. 
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Figure 7.1.  Proposed model of TSB subunit genes and their role in Arabidopsis 

secondary metabolism.  Based on current results, we hypothesize that the highly 

expressed TSB1 synthesizes a pool of Trp for both protein and other secondary 

metabolites (IAA, camalexin), whereas the lower expressed TSB2 generates a separate 

pool of Trp destined primarily for IGs.  Both TSB1 and TSB2 are able to complex with 

the alpha subunit, whereas the Archaeal ortholog, TSBt2, does not.  In Archaea, TSBt2 

has been hypothesized to rescue free indole.  In plants, we propose that it converts indole 

to Trp for both protein and other metabolites.  The relative sizes of each TS subunit, and 

arrow weights, are indicative of expression levels, and importance to Trp metabolism.    

 

  



!

!
!
!

220 
 

 

 

 

!

!

!

! !



!

!
!
!

221 
 

Figure 7.2.  Proposed model of the trp2-1 and trp2-8 alleles of the TSB1 gene and 

their role in Arabidopsis Trp biosynthesis.  Based on DNA and protein sequence 

analysis, as well as phenotype and metabolite assay data, we hypothesize that the trp2-1 

mutant allele of TSB1 encodes a partial loss-of-function protein that is able to form a Trp 

synthase heterotetramer, whereas the trp2-8 mutant allele is a null allele leaving only 

TSA dimers.  In trp2-1, the mutation of a highly conserved glycine residue involved in 

PLP binding at amino acid 457 to arginine results in a ten-fold reduced reaction rate 

(Last, 1995).  Because indole is unlikely to escape in both wild type and trp2-1 TS 

complexes, but is freely available in trp2-8 plants, TSBt2 can recycle free indole into 

Trp, albeit at a lower catalytic rate than wild type TSB1 (Hettwer and Sterner, 2002).  
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Table 7.1.  A summary of MYB transcription factor genes and their role in 

regulating and coordinating Arabidopsis secondary metabolism.  The MYB TFs 

regulate basal IGs in a tissue specific manner; MYB34 in roots, and MYB51 in shoots.  

In addition, we have shown that MYB TFs also have specific roles in stress response; 

MYB34 in response to herbivory (MeJA treatment), and MYB51 in response to microbial 

infection (Flg22, silver nitrate treatments).  MYB122 has no discernable role in basal IG 

regulation, but is important in microbial response.  MYB51 and MYB34 also have roles 

in regulating the IGs 4MOI3M and 1MOI3M, respectively.    
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MYB34 MYB51 MYB122 

Basal IGs ! ! ! 
          root !  ! ! 
          shoot ! !  ! 
Stress Response ! ! ! 
        MeJA (wounding) !  ! ! 
        AgNO3 (infection) ! !  !  
        MeJA (camalexin) ! !  !  
        Flg22 (infection) ! !  ! 
Specific IGs ! ! ! 
          4MOI3M ! !  ! 
          1MOI3M !  ! ! 
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Figure 7.3.  Proposed model of MYB transcription factor genes and their role in 

regulating and coordinating Arabidopsis secondary metabolism.  Based on our 

results, we have shown that the MYB TFs regulate basal IGs in a tissue specific manner; 

MYB34 in roots, and MYB51 in shoots.  In addition, we have shown that MYB TFs also 

have specific roles in stress response; MYB34 in response to herbivory (MeJA 

treatment), and MYB51 in response to microbial infection (Flg22, silver nitrate 

treatments).  However, there is coordination between basal responses, in that myb34 

myb51 and myb34 myb51 myb122 mutants have dramatically decreased levels of both 

basal IGs, and do not elevate IGs in response to stress.  We have also shown that 

MYB122 has no discernable role in basal IG regulation, but is important in microbial 

response.  MYB51 and MYB34 also have roles in regulating the IGs 4MOI3M and 

1MOI3M, respectively.            
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