
Metabolomic approaches to understanding the auxin and ethylene 

response in Arabidopsis roots 

Prashanthi Vallabhaneni 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State 
University in partial fulfillment of the requirements for the degree of 

 

Master of Science 
In 

Biological Sciences 
 

 

Brenda S.J. Winkel, Committee Chair  

Richard F. Helm 

Dorothea Tholl 

Gloria K. Muday 

 

June 22nd, 2012 

 
Blacksburg, VA 

 

 

Keywords: Arabidopsis; metabolite analysis; flow injection electrospray mass 

spectrometry; auxin; ethylene 



Metabolomic approaches to understanding the auxin and ethylene 

response in Arabidopsis roots 

Prashanthi Vallabhaneni 

ABSTRACT 

Non-targeted metabolite profiling by liquid chromatography-mass spectrometry (LC-

MS) was used to determine the metabolite responses of Arabidopsis roots to auxin or 

ethylene.  Crosstalk between these hormones regulates many important physiological 

processes in plants, including the initiation of lateral root formation and the response to 

gravity.  These occur in part through alterations in the levels of flavonoids, specialized 

plant metabolites that have been shown to act as negative regulators of auxin 

transport. However, much remains to be learned about auxin and ethylene responses 

at the level of the metabolome.  LC-MS analysis showed that a number of ions 

changed in response to both hormones in seedling roots. Although classes of 

specialized metabolites such as flavonols and glucosinolates change in abundance in 

response to both auxin and ethylene, there was little overlap with regard to the specific 

metabolites affected.  These data will be integrated with information from 

transcriptomic and proteomic experiments to develop framework models that connect 

phytohormones and specialized metabolism with specific physiological processes. 

Previous studies by imaging techniques have shown that flavonols increase in 

response to both auxin and ethylene in the root elongation zone, but LC-MS showed 

that flavonols decreased in abundance in response to these hormones. Therefore a 

method was developed for targeted metabolite profiling of flavonols in individual root 

tips by flow injection electrospray mass spectrometry.  This method uncovered spatial 

differences in metabolic profiles that were masked in analyses of whole roots or 

seedlings, and verified that flavonols increase in response to these hormones in root 

tips. 

  



	   iii	  

Acknowledgements 
 

I would like to thank Dr. Brenda Winkel and Dr. Richard F. Helm for the opportunity 

to work in their labs on the Arabidopsis 2010 project. I greatly appreciate all of the 

ideas, guidance and assistance that they have given me. I would also like to thank my 

other committee members Dr. Dorothea Tholl and Dr. Gloria Muday for their ideas, 

support and encouragement.  I am thankful to all of the past and present members of 

the Winkel Lab, especially William Slade, and Dr.Sherry Hildreth for all of the 

assistance, advice, and privilege to work with them.  I would like to thank Dr.Keith Ray, 

and Jody Jervis for teaching many skills with the mass spectrometry.  Finally, I am 

thankful to my parents and family members for their love, support and encouragement. 

  



	   iv	  

Table of contents 

Chapter 1: Introduction ........................................................................................... 1	  
Flavonoids .............................................................................................................. 2	  

The Flavonoid pathway .......................................................................................... 3	  

Phytohormones ...................................................................................................... 5	  
Auxin ............................................................................................................................... 5	  
Ethylene .......................................................................................................................... 5	  

Metabolomic studies ............................................................................................... 6	  
Previous applications of metabolomics in systems biology ............................................ 8	  
Liquid chromatography-mass spectrometry-based metabolomics ............................... 10	  

Regulation of the flavonoid biosynthetic pathway by auxin and ethylene ............. 12	  

Expected significance and specific objectives ...................................................... 14	  

References: .......................................................................................................... 22	  

Chapter 2: Characterization of flavonol glycosides in individual Arabidopsis 
root tips by flow injection electrospray mass spectrometry ............................. 29	  

Introduction ........................................................................................................... 31	  

Experimental ......................................................................................................... 33	  
Reagents ...................................................................................................................... 33	  
Plant material ................................................................................................................ 33	  
Extraction ...................................................................................................................... 34	  
Mass spectrometry ....................................................................................................... 35	  
Data analysis ................................................................................................................ 36	  

Results and Discussion ........................................................................................ 36	  
Spatial analysis of flavonol glycoside accumulation in Arabidopsis seedling roots ...... 36	  
Flavonol glycosides levels increase in upper section of root compared to root tip from 

day 3 to day 9 ............................................................................................................... 38	  
Flavonol glycosides levels increase in response to auxin and ethylene root tips ......... 38	  

Concluding remarks .............................................................................................. 39	  

References: .......................................................................................................... 47	  



	   v	  

Chapter 3: Responses of Arabidopsis thaliana to auxin and ethylene by 
metabolomics ......................................................................................................... 50	  

Introduction ........................................................................................................... 52	  

Experimental ......................................................................................................... 54	  
Plant material ................................................................................................................ 54	  
Extraction ...................................................................................................................... 55	  
Non-targeted metabolite profiling .................................................................................. 55	  
Data analysis ................................................................................................................ 56	  

Results .................................................................................................................. 56	  
Non-targeted metabolite profiling of Arabidopsis roots ................................................. 56	  
Comparison of relative metabolite levels in auxin- and ethylene-treated roots ............ 57	  

Discussion ............................................................................................................ 59	  

References: .......................................................................................................... 78	  

Chapter 4: Summary and conclusions ................................................................ 82	  
Introduction ........................................................................................................... 83	  

Integration of ‘omics technologies ........................................................................ 83	  

Application to functional genomics ....................................................................... 84	  

References: .......................................................................................................... 86	  

Appendix 1 .............................................................................................................. 87	  
Effects of tt5 and chi-l mutations on flavonol glycoside profiles ........................... 88	  

Experimental ......................................................................................................... 89	  
Plant material ................................................................................................................ 89	  
Extraction ...................................................................................................................... 89	  
Metabolite profiling ........................................................................................................ 90	  

Appendix 2 .............................................................................................................. 94	  
Non-targeted metabolite profiling of a T-DNA insertion line to understand the 

function of AAD-L ................................................................................................. 95	  

Experimental ......................................................................................................... 97	  
Plant material ................................................................................................................ 97	  
Extraction ...................................................................................................................... 97	  
Non-targeted metabolite profiling .................................................................................. 98	  



	   vi	  

Data analysis ................................................................................................................ 98	  
References: ........................................................................................................ 101	  

Appendix 3 ............................................................................................................ 102	  
Metabolite analysis of a white runner mutant in Fragaria vesca (woodland 

strawberry) ......................................................................................................... 103	  

Experimental ....................................................................................................... 104	  
Plant material .............................................................................................................. 104	  
Extraction .................................................................................................................... 105	  
Metabolite Analysis ..................................................................................................... 105	  

References: ........................................................................................................ 110	  

Supplementary material ...................................................................................... 111	  

 

  



	   vii	  

List of figures  

 
 Figure 1.1: Basic structure of flavonoid compounds- C6-C3-C6 backbone ................. 16	  

Figure 1.2: Overview of phenylpropanoid pathway ....................................................... 16	  

Figure 1.3: The flavonoid pathway in Arabidopsis thaliana ........................................... 18	  

Figure 1.4: A chemiosmotic model for polar auxin transport. ........................................ 19	  

Figure 1.5: A model for ethylene synthesis, perception, signal transduction, and gene  

induction ........................................................................................................................ 20	  

Figure 1.6: Sub-network of genes co-expressed along with F3’H gene ........................ 21	  

Figure 2.1: Structures of flavonol glycosides (1-11) ...................................................... 41	  

Figure 2.2:  Classes of flavonol glycosides present in individual whole roots from 5-day 

old seedlings as determined by flow injection electrospray ionization mass 

spectrometry. ................................................................................................................ 42	  

Figure 2.3: Spatial analysis of major flavonol glycosides in individual 5-day-old 

Arabidopsis seedling roots or root sections. ................................................................. 43	  

Figure 2.4: Temporal analysis of major flavonol glycosides during seedling development

 ...................................................................................................................................... 44	  

Figure 2.5: Analysis of major flavonol glycosides in 5 day old Arabidopsis root tips .... 45	  

Figure 3.1: Metabolite comparison in roots of Arabidopsis that changed in response to 

both auxin and ethylene. ............................................................................................... 75	  

Figure 3.2: PCA and MDS of the metabolite profiles of auxin treated roots at 24 hrs time 

point in negative ion mode. ........................................................................................... 76	  



	   viii	  

Figure 3.3: PCA and MDS of the metabolite profiles of ethylene treated roots at 24 hrs 

time point in negative ion mode. ................................................................................... 77	  

Figure A1-1: Effects of the tt5 mutation on flavonol glycoside profiles of whole 

Arabidopsis roots. ......................................................................................................... 91	  

Figure A1-2: Effect of the chi-l mutation on major flavonol glycosides in seedling roots.

 ...................................................................................................................................... 92 

Figure A2-1: Principal component analysis (PCA) of metabolite profiles of buds and 

flowers of wild-type and aad-l mutant lines ................................................................... 99	  

Figure A3-1: Product ion scans of peonidin 3-glucoside (m/z 463 [M+H]+) and cyanidin 

3-glucoside (m/z 449 [M+H]+) in petioles of red runner and white runner. ................. 107	  

Figure A3-2: Product ion scans of cyanidin 3,5-diglucoside (m/z 611 [M+H]+) and 

peonidin 3,5-diglucoside (m/z 625 [M+H]+) in petioles of red runner and white runner.

 .................................................................................................................................... 108	  

Figure A3-3: Product ion scans of phloretin (m/z 275 [M+H]+) and phloridzin (m/z 437 

[M+H]+) in petioles of red runner and white runner. .................................................... 109	  

 
 
 
 
 
 
 
 
 
 
 
 



	   ix	  

List of tables 
 

Table 3.1: Putative metabolites identified in positive ion mode through ReSpect database 

search. ............................................................................................................................. 65 

Table 3.2: Putative metabolites identified in negative ion mode through ReSpect 

database search. ............................................................................................................. 66 

Table 3.3: Metabolites that changed significantly in Arabidopsis roots in response to 

auxin at 12, 24 and  36 hours time points. ....................................................................... 68 

Table 3.4: Ions that changed significantly in Arabidopsis roots in response to ethylene at 

12, 24 and  36 hours time points. .................................................................................... 71 

Table 3.5: Metabolite comparison in roots of Arabidopsis that changed significantly in 

response to exogenous auxin and ethylene. ................................................................... 74 

Table A2-1: Metabolites that differed in abundance between the aad-l mutant line and 

wild type. ........................................................................................................................ 100 

 
 

  



	   1	  

 

 

Chapter 1: Introduction 

  



	   2	  

 

In the millions of years since moving from aquatic environments to dry land, 

plants have undergone many changes that include the evolution of specialized 

metabolic pathways to adapt to the new environment (Waters, 2003).  The 

phenylpropanoid biosynthetic pathway is a part of plant specialized metabolism that 

converts phenylalanine into a variety of important specialized metabolites that include 

lignins, flavonoids, sinapate esters, and stilbenoids.  These metabolites have significant 

functional roles in plants such as in providing structural support (Ferrer et al., 2008), UV 

protection (Chen et al., 2006), reproduction (Weiss, 1991), and internal regulation of 

plant cell physiology and signaling (Ververidis et al., 2007).  Apart from these functions, 

phenylpropanoids also have important beneficial effects on human health as 

antioxidants, anti-cancer, anti-inflammatory, anti-virus, and anti-microbial agents 

(Ververidis et al., 2007; Williams et al., 2004).  Because phenylpropanoids play an 

important role in numerous biological processes, the phenylpropanoid pathway has long 

been a target for metabolic engineering in plants (Katsumoto et al., 2007; Leonard et al., 

2006; Liu et al., 2002; Ralston et al., 2005).  For successful metabolic engineering, 

thorough knowledge of intracellular organization of enzymes and how metabolic flux is 

channeled among various phenylpropanoid biosynthetic pathways is essential, and 

much remains to be learned in this regard. 
 

Flavonoids 

Amongst all of the phenylpropanoids, flavonoids are of particular interest 

because of their beneficial roles in plants as pigments, microbial defense compounds, 

and signaling molecules and in human health as antioxidants.  Flavonoids are low 

molecular weight aromatic molecules that are highly diverse (Stafford, 1990).  They 

have a conserved C6-C3-C6 carbon backbone (also called phenylbenzopyran 

functionality) (Figure 1) that is derived from phenylalanine and malonyl-coenzyme A.  

Phenylalanine is the end product of the shikimate pathway that links primary 

metabolism with secondary metabolism of phenylpropanoids (Figure 2).  From the C6-

C3-C6 backbone four classes of flavonoids are derived: major flavonoids, isoflavonoids, 
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neoflavonoids, and minor flavonoids.  This classification is based on the position of 

linkage of the aromatic ring to the benzopyrano moiety (rings A and C).  Major 

flavonoids (2-phenylbenzopyrans) include flavonols, flavones, flavandiols, anthocyanin, 

and proanthocyanidins.  Isoflavonoids are the 3-benzopyrans. Neoflavonoids (4-

benzopyrans) include arylcoumarins, and neoflavenes.  Minor flavonoids have an open 

C ring and include chalcones, and aurones.  Among these different classes of 

flavonoids, there are 9000 distinct structural variants known.  These structural variants 

are a result of action of different enzymes and enzyme complexes producing different 

patterns of hydroxylation, methoxylation, glycosylation, acylation, sulfation, and 

differences in saturation of the heterocyclic ring structure (Ververidis et al., 2007).  The 

various biological functions of flavonoids in both plants and humans are attributed to 

their structural diversity that allows them to have different physical and biochemical 

properties. 
 

The Flavonoid pathway 

The flavonoid biosynthetic pathway is a terminal branch of the general 

phenylpropanoid pathway.  Phenylpropanoid metabolism begins with the redirection of 

carbon flow from primary to secondary metabolism by the enzyme, phenylalanine 

ammonia lyase, which catalyzes the conversion of phenylalanine to cinnamate (Figure 

3) (Ferrer et al., 2008).  Cinnamate is converted to p-coumaric acid by cinnamic acid 4-

hydroxylase (C4H), which introduces a hydroxyl group in the para position of the phenyl 

ring of cinnamic acid.  p-coumaroyl CoA ligase catalyzes the conversion of p-coumaric 

acid to p-coumaroyl CoA by formation of a thioester bond with CoA.  Lignin, lignans, 

monolignols, flavonoids, sinapate esters, and stilbenes are derived from p-coumaroyl 

CoA via specialized downstream pathways.  The flavonoid biosynthetic pathway begins 

with condensation of one molecule of p-coumaroyl CoA and three molecules of malonyl 

CoA to naringenin chalcone.  This reaction is the first committed step in flavonoid 

biosynthetic pathway and is catalyzed by chalcone synthase (CHS).  Naringenin 

chalcone is isomerized to naringenin by chalcone isomerase (CHI).  From naringenin 

the pathway diverges into several branches that results in production of different 
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classes of flavonoids.  Flavanone 3 hydroxylase (F3H) catalyzes the stereo-specific 

conversion of flavanones to dihydroflavonols.  Flavonoid 3’-hydroxylase (F3’H) converts 

dihydrokaempferol to dihydroquercetin.  The dihydroflavonols are converted to flavonols 

by flavonol synthase (FLS).  Dihydroflavonol reductase (DFR) catalyzes the reduction of 

dihydroflavonols to leucoanthocyanins that are further converted to anthocyanidins by 

anthocyanidin synthase (ANS).  

 

There is substantial experimental evidence that the enzymes of flavonoid 

metabolism are organized as enzyme complexes. Cell fractionation studies coupled with 

enzymatic assays demonstrated that enzymes of phenylpropanoid and flavonoid 

metabolism are associated with the ER (Wagner and Hrazdina, 1984). These results 

are further supported by the fact that F3’H and cinnamate 4-hydroxylases (C4H) belong 

to family of cytochrome P450 hydroxylases that are typically membrane bound. Further 

experimental evidence comes from subcellular fractionation studies and 

immunofluorescence co-localization studies that demonstrate phenylalanine ammonia 

lyase (PAL) and C4H to be associated with ER (Achnine et al., 2004). Yeast two-hybrid 

analysis showed protein interactions among DFR, CHS, and CHI in an orientation 

dependent manner (Burbulis and Winkel-Shirley, 1999). Affinity chromatography, and 

co-immunoprecipitation showed associations with CHS, CHI, and F3H (Burbulis and 

Winkel-Shirley, 1999). Additional experiments with immunofluorescence and immuno-

electron microscopy showed that CHS and CHI co-localize both at the ER and, 

surprisingly, also in nuclei (Saslowsky and Winkel-Shirley, 2001). Recently the first 

evidence for in-vivo interactions among CHS, DFR, and FLS1 was generated using 

Fluorescence Lifetime Imaging Microscopy- and Forster Resonance Energy Transfer 

(FLIM-FRET) (Crosby et al., 2011). These experiments also gave insights into 

regulation of pathway flux by showing dynamic reorganization of enzyme complexes 

and provided the first evidence for competition between the branch point enzymes, 

FLS1 and DFR, for interaction with CHS. 
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Phytohormones 

Auxin 

Auxins are a class of plant growth hormones that have a role in plant growth and 

development.  Indole-3-acetic acid (predominant form) is a naturally occurring auxin that 

is synthesized in the plant apex and transported to distal parts of the plant where it 

regulates growth and developmental processes and responses to various environmental 

stimuli.  Auxin is known to mediate embryo, fruit, and flower development, phyllotaxis, 

apical dominance, vasculature development, lateral root development, shoot tropism, 

and root gravitropism (Zhao, 2010).  Auxin is transported from its site of synthesis to 

different parts of the plant and accumulates differentially within different plant tissues.  

The differential accumulation of auxin is due to its ability to move between cells in a 

directional manner (Figure 4).  Indole-3-acetic acid (IAA) moves from apex to base in 

shoots in what is termed basipetal movement.  In roots it moves from base to apex 

through the cells present in the central cylinder, and apex to base through the cells 

present in outer layers (Muday and DeLong, 2001).  This polar auxin transport is a 

unique property of this phytohormone that has not been found for any other signaling 

molecules.  This phenomenon is ubiquitous in higher plants and is responsible for the 

different roles of auxin in plant physiology and development (Jan Petrášek, 2009; 

Muday and DeLong, 2001).  
 

Ethylene 

 Ethylene is another important plant hormone that affects plant growth, and 

developmental process such as seed germination, root hair development, root 

nodulation, flower senescence, abscission, fruit ripening, and root gravitropism 

(Johnson and Ecker, 1998).  Ethylene is synthesized from S-adenosyl methionine by 

the enzymes ACC (1-aminocyclopropane-1-carboxylic acid) synthase and ACC oxidase.  

The rate-limiting step in production of ethylene is the formation of ACC by ACC 

synthase (Kende, 1993; Wang et al., 2002).  Ethylene is perceived by a family of 

receptors that are similar in structure to bacterial histidine kinase.  These receptors are 
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membrane bound and act as negative regulators of the downstream pathway.  Upon 

binding to ethylene, the receptors are converted to an inactive conformation, and the 

repression of positive regulators of the pathway is relieved.  Once ethylene signal is 

perceived, EIN2 transduces the ethylene signal from receptor-CTR1 complex to plant 

transcription factors EIN3, and EIL1.  Activation of EIN3 and EIL2 is responsible for the 

diverse responses associated with this phytohormone (Chang and Bleecker, 2004; 

Stepanova and Alonso, 2009). 

 

Metabolomic studies 

Gene sequencing technologies have enabled us to determine the complete 

genome sequences of many organisms (Fiehn, 2002; Goodacre et al., 2004; Saito et 

al., 2008).  The current challenge lies in assigning function to putative genes. To identify 

and understand the function of all genes, and the interactions among the gene products 

at both the cellular and systems level, large-scale experiments integrating genomics, 

transcriptomics, proteomics, and metabolomics are needed. Studying all such ‘omics 

data is critical because a change at one level does not necessarily bring about a change 

in function or phenotype (Fukushima et al., 2009).  Metabolomics is defined as the 

"systematic study of the unique chemical fingerprints that specific cellular processes 

leave behind" (Daviss, 2005), specifically, the study of small-molecule metabolite 

profiles.  Metabolomics is a complementary approach to transcriptomics and 

proteomics. Since metabolites are the end products of metabolism, metabolomics 

provide a representation of the physiological state of an organism (Gieger et al., 2008; 

Okazaki and Saito, 2012). 

 

Metabolomic approaches are currently classified into four broad categories: 

target profiling, metabolite profiling, metabolomics, and metabolic fingerprinting (Bowne, 

2009; Goodacre et al., 2004).  Target analysis is used to quantify a small set of known 

compounds, for example the products of a particular metabolic pathway. Metabolite 

profiling is used to quantify a larger set of both known and unknown compounds based 

on biochemical class, such as carbohydrates, amino acids, etc. (Bowne, 2009; 
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Goodacre et al., 2004).  Metabolomics is used to quantify all of the metabolites present 

in a given organism.  Metabolic fingerprinting is classification of samples based on their 

biological relevance or origin (Goodacre et al., 2004).  There are an estimated 200,000 

metabolites across the plant kingdom (Saito and Matsuda, 2010).  Because of the 

complex nature and heterogeneity of metabolites, there is no single technique that 

allows us to quantify all of the metabolites present in a metabolome.  Metabolomic 

studies are routinely performed by chromatographic techniques that are coupled to 

electrospray ionization mass spectrometry, time of flight mass spectrometry, or nuclear 

magnetic resonance (NMR) spectroscopy (Fiehn, 2002; Okazaki and Saito, 2012; Saito 

and Matsuda, 2010; Seger and Sturm, 2007).  The major challenges of metabolomic 

studies are the identification of unknown compounds and normalization of the data to 

minimize technical and biological variances so that data can be compared against 

multiple batches as standards are not commercially available for the vast majority of 

compounds.  

 

In plants, metabolomic profiling is increasingly used in functional genomics, 

which include analyses of the phenotype resulting from a genetic alteration by linking 

genotype and phenotype, and determining the function of a gene (Fiehn, 2002; Fiehn et 

al., 2000).  Another application of metabolomic studies is metabolite profiling of both 

primary and specialized metabolites in plants to understand the relationship between 

them (Sumner et al., 2007).  A third major application of metabolomics is in systems 

biology. Systems biology is the study of all the components of a system such as DNA, 

RNA, protein, and metabolites and determining the relationship between these elements 

in response to environmental cues.  Studying individual components has led to 

understanding of how these molecules work, and to some degree how these molecules 

interact with each other (Sauer et al., 2007).  But still there is no satisfactory explanation 

of how these molecules function and interact with each other in a whole system 

(Bruggeman and Westerhoff, 2007; Sauer et al., 2007).  By integrating genomic, 

transcriptomic, proteomic, and metabolomic data into an interacting network, 

interactions among metabolic pathways in a system can be deduced.  Integrating the 

data at more than one level may provide the missing link between molecules and 
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physiology (Bruggeman and Westerhoff, 2007).  This will also allow the use of 

computational methods to model and predict the behavior of a system under any 

condition (Fukushima et al., 2009). 

 

Previous applications of metabolomics in systems biology 

Rapid advances in technology are providing powerful tools for generating high 

quality, quantitative genomic, transcriptomic, proteomic, and metabolomic data.  There 

are also powerful bioinformatics tools for data mining to identify relationships and 

dependencies among these components.  Microarray data allow us to identify co-

expressed genes.  It is believed that genes involved in a particular biological process 

are generally co-regulated and thus co-expressed under similar regulatory conditions.  

This is termed the guilt-by-association principle (Saito et al., 2008).  If an unknown 

gene is co-expressed with a set of known genes, there is the probability that it plays a 

role in the same biological process in which the known gene is involved (Saito et al., 

2008).  Co-expression of genes involved in phenylpropanoid pathway along with F3’H 

were examined using publicly available data bases (TAIR, ATTED, GEO, and 

Genevestigator) by Jackie Fetrow’s group at Wake forest University.  A sub-network of 

genes co-expressed along with F3’H was created by calculating partial correlation 

coefficients between genes in more than 2000 Arabidopsis microarray experiments.  

Genes that are co-expressed along with F3’H include both that encode flavonoid 

pathway enzymes as well as few unknown genes (Figure 6).  One of the genes 

identified in this co-expression network is a CHI-Like (CHI-L) gene, which may play a 

role in flavonoid metabolism.  Use of metabolomics combined with microarray data can 

be used to identify function of unknown genes (Lee et al., 2010; Tohge et al., 2005). 

 

A number of studies have also shown a nonlinear correlation between genes, 

proteins, and metabolites (Gibon et al., 2006; Ishii et al., 2007; Sonderby et al., 2010).  

The transcriptome data taken together with expression pattern of proteins and 

accumulation pattern of metabolites can be integrated by computational methods to 

identify interactions among components (genes, proteins, and metabolites).  
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Computational modeling may therefore give insights into regulation of gene expression 

from protein and metabolite levels (Sauer et al., 2007).  

 

Several studies have been performed to identify new genes and functions using 

this type of systems-level approach.  A study has been done in Arabidopsis on a gain 

of function mutant of the PAP1 gene that encodes a MYB transcription factor to identify 

novel genes involved in later steps flavonoid biosynthetic pathway that produce 

anthocyanins (Tohge et al., 2005).  Metabolomic studies were performed by LC-MS for 

targeted metabolite analysis and Fourier-transform ion cyclotron-MS for non-targeted 

analysis.  Metabolite analysis allowed identification of specific accumulation of cyanidin 

and quercetin derivatives and eight anthocyanins.  Transcriptome analysis by 

microarray experiments identified 38 genes to be up regulated by PAP1 over 

expression.  Metabolite analysis combined with transcriptome analysis of the T-DNA 

inserted mutants and enzyme activity assays in vitro confirmed the functions of two 

putative glycosyltransferases as flavonoid 3-O-glucosyltransferases and anthocyanin 

5-O-glucosyltransferases (Tohge et al., 2005).  A similar approach was used to identify 

two anthocyanin acyltransferases that belong to the BAHD family (BAHD family was 

named after the first letter of each of the first four characterized enzymes in this family- 

BEAT, AHCT, HCBT, and DAT (St-Pierre and Luca, 2000).  These acyltransferases 

are very versatile in their substrate specificities and enzymes with similar substrate 

specificities are thought to be evolved independently through convergent evolution 

(Luo et al., 2007).  In another recent example, a gene involved in homoterpene 

biosynthesis called CYP82G1 was identified using co-expression analysis.  CYP82G1 

is co-expressed along with the GES gene encoding geranyllinalool synthase involved 

in homoterpene biosynthesis.  Co-expression analysis combined with transcript and 

metabolite analysis identified CYP82G1 as responsible for the breakdown of the C20-

precursor (E,E)-geranyllinalool to the insect-induced C16-homoterpene (E,E)-4,8,12-

trimethyltrideca-1,3,7,11-tetraene (TMTT) and thus encodes a TMTT homoterpene 

synthase (Lee et al., 2010).  
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Apart from identifying the functions of unknown genes, integration of ‘omics data 

can also give insights into the organization of metabolic networks in the whole system.  

For example, a study of the changes in transcript, protein, and metabolite levels 

resulting from a mutation in an Arabidopsis phosphoglucomutase (PGM) gene has been 

used to understand metabolic networks (Gibon et al., 2006).  The pgm mutant lacks 

plastid phosphoglucomutase activity, and hence cannot produce starch that normally 

accumulates in the chloroplast.  The sugars are depleted during the second part of the 

night in this mutant.  High throughput enzyme assays and LC-MS and GC-MS were 

used for measuring enzymatic activity and analyzing a range of metabolites.  Profiling of 

the mutant using microarrays revealed rapid diurnal changes in transcript levels but 

slow and smaller changes were observed in enzyme activity or metabolite 

accumulation.  The changes in enzyme activity and metabolite profiles represented an 

integration of more rapid and transient changes in transcript profiles over a period of 

several diurnal cycles (Gibon et al., 2006).  The results of this study suggest that 

correlation between transcript levels and metabolite levels over diurnal cycles may be 

due to feedback effects of metabolites on gene expression.  Recently, another study 

showed that changes in transcript level of aliphatic glucosinolates biosynthetic genes 

are not mirrored in changes in metabolite accumulation (Sonderby et al., 2010).  Thus 

integrated ‘omics data can contribute to understanding of how metabolic pathways are 

regulated at diverse levels, from the transcriptional to the post-translational.   
 

Liquid chromatography-mass spectrometry-based metabolomics 

  Liquid chromatography (LC) coupled to mass spectrometry (MS) can be used 

to catalog a wide range of metabolites, and has been increasingly used in metabolomic 

studies of plant systems.  LC-MS is particularly useful for analysis of semi polar 

compounds and secondary metabolites with a soft ionization method such as 

electrospray ionization (ESI) or atmospheric pressure chemical ionization (Allwood and 

Goodacre, 2010; Bottcher et al., 2008; Matsuda et al., 2009).  A number of standard 

protocols have been established on LC-MS approaches based plant metabolomics 

(Beckmann et al., 2008; De Vos et al., 2007). 
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  Liquid chromatography is defined as separation of metabolites based upon 

elution rate from a stationary phase over a mobile phase.  Different metabolites have 

different characteristic elution rates or retention times.  A mass spectrometer measures 

the mass to charge ratio (m/z) of gas phase ions.  In a LC-MS based metabolomics, 

plant sample is separated in liquid chromatography column, and ionized and vaporized 

in an ionization source such as ESI or APCI.  Once ionized, the ions are separated 

based on their m/z and detected for their abundance in a mass analyzer.  Positive or 

negative ionization can be achieved by ionization source (Allwood and Goodacre, 

2010; Griffiths and Wang, 2009).  

 

  The most common mass analyzers used are the quadrupole and triple 

quadrupoles.  A single quadrupole consists of four parallel metal rods. The opposing 

rods are connected electrically and an RF voltage is applied between the two pairs of 

rods.  A direct current (DC) voltage is applied to RF voltage, and to each of the rods.  

The +/- rods are placed 180o out of phase and a quadrupole field is created when DC 

voltage is applied.  This quadrupole field allows only certain masses to pass through the 

field creating a mass filter.  A single quadrupole operates at low resolution; high 

resolution can be achieved by triple quadrupoles, which can be used to record both MS 

and MS/MS spectra.  In a triple quadrupole, three quadrupoles are arranged in linear 

fashion.  The first quadrupole measures the precursor ion like a single quadrupole.  The 

second quadrupole acts as a collision cell.  Here the ions are fragmented through a 

collision-induced decomposition by collision gas.  The third quadrupole acts again as a 

mass filter and detects the fragmented ions.  Using a triple quadrupole, a range of 

scans can be performed such as precursor ion scan, product ion scan, and selected 

reaction monitoring (Allwood and Goodacre, 2010; Griffiths and Wang, 2009).  The 

MS/MS spectra give unique fragmentation patterns that are used in compound 

identification (Matsuda et al., 2009). 
 



	   12	  

Regulation of the flavonoid biosynthetic pathway by auxin and 
ethylene 

In an attempt to understand auxin function, substantial efforts have focused on 

indentifying regulators of auxin transport.  Several synthetic compounds inhibit auxin 

transport by binding to naphthylpthalamic acid receptor.  Flavonoids were first identified 

as endogenous regulators of auxin transport when it was found that flavonoids such 

kaempferol, quercetin, and apigenin compete with [3H]NPA to bind to its receptor with 

quercetin being the most potent (Jacobs and Rubery, 1988).  Flavonoids are considered 

to be non-essential regulators, or modulators, of auxin transport (Brown et al., 2001; 

Peer and Murphy, 2007).  Several mechanisms by which flavonoids regulate auxin 

transport have been studied.  There are two NPA binding complexes.  The lower-affinity 

NPA binding complex contains a flavonol-sensitive aminopeptidase, and the higher-

affinity NPA binding complex contains the p-glycoprotein (PGP)1, PGP2, and PGP19 

auxin transporters (Peer et al., 2004).  PGP’s are orthologs of flavonoid-sensitive 

multidrug resistance p-glycoproteins found in the human plasma membrane.  These 

proteins belong to the ATP binding cassette subfamily of beta transporters that mediate 

transport of substrates through hydrolysis of ATP. Auxin transport assays, PGP gene 

expression, and protein localization studies in pgp mutants and in tt mutants that do not 

produce flavonoids suggest that flavonols inhibit auxin transport through modulation of 

PGP1, PGP4, and PGP19 at shoot apices and root tips.  Flavonoids may also affect 

auxin uptake by modulation of PGP4, which mediates auxin uptake or efflux depending 

on the cellular environment (Peer and Murphy, 2007). 

 

Another class of auxin transporters is the pin-formed (PIN) auxin efflux carriers. 

Several different PIN proteins have been identified in Arabidopsis to date.  PIN1 

regulates auxin transport from shoot tip to root tip.  PIN2 regulates basipetal auxin 

transport in root tissue.  PIN3 is involved in lateral re-distribution of auxin, and PIN4 is 

involved in auxin efflux (Chen and Masson, 2005).  The altered gene expression and 

localization of PIN1 and PIN2 in tt mutants maybe a result of secondary effect of 

flavonoids that either alter auxin transport or inhibit the activity of other transporters 
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such as PGP’s or organic anion transporters (Peer and Murphy, 2007).  Flavonoids may 

also regulate PIN4 expression, either indirectly by causing altered local auxin 

concentrations or directly by modulating cellular trafficking (Peer et al., 2004; Peer and 

Murphy, 2007).  Flavonols may also act as inhibitors of kinases and phosphatases 

associated with auxin transport (Peer and Murphy, 2007).  

 

Additionally there is evidence that ethylene interacts with auxin in root gravitropic 

responses.  Studies showed exogenous application of low concentration of ethylene 

inhibit the root gravitropic response in wild-type but not in ethylene insensitive mutants 

and tt4 mutant, which suggest that ethylene inhibits root gravitropic curvature by 

modulating flavonoid biosynthesis (Buer et al., 2006; Lee et al., 1990).  Inhibition of the 

root gravitropic response by ethylene is in part due to stimulation of auxin biosynthesis, 

as well as modulation of polar auxin transport.  Several studies have shown 

interdependence of auxin and ethylene signaling.  Ethylene modulates polar auxin 

transport by modulating the biosynthesis of flavonoids, which are endogenous inhibitors 

of auxin transport, as described above (Buer and Muday, 2004; Buer et al., 2006).     

 

A recent study by the Winkel and Muday groups to understand the mechanisms 

of auxin and ethylene signaling in seedling roots showed that treatment with the auxin, 

indole-3-acetic acid (IAA), or the ethylene precursor, 1-amino cyclopropane-1-

carboxylate (ACC), increased transcript levels of genes encoding the flavonoid 

enzymes, CHS, CHI, and FLS (Lewis et al., 2011).  Transcript levels for F3’H increased 

only in response to auxin treatment.  F3’H is a branch point enzyme that converts 

kaempferol to quercetin and therefore increased expression of this enzyme could lead 

to differential accumulation of quercetin.  No increase was observed in transcript levels 

of F3H and DFR, the latter not normally being expressed in roots under any conditions. 

Studies in gene expression, protein synthesis, and metabolite accumulation patterns in 

wild type and various mutants involved in flavonoid synthesis and hormonal regulation 

suggest that a specific sequence of events involving the signaling proteins, TIR1, EIN2, 

and ETR1, control metabolite accumulation following IAA and ACC treatments.  Both tt4 

and tt7 mutants showed increase in auxin transport, inhibition of root gravitropism, and 
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elongation with IAA and ACC treatments.  These results suggest that quercetin may be 

responsible for auxin-dependent physiological processes, consistent with the differential 

accumulation of kaempferol and quercetin in response to auxin and ethylene signaling 

(Lewis et al., 2011).  These results are consistent with the original observations made 

by Jacobs and Rubery (1988) that quercetin is the most significant inhibitor of polar 

auxin transport. 

 

All of these experiments provide evidence for the regulation of the flavonoid 

biosynthetic pathway by the plant hormones, auxin and ethylene, and point to a role for 

flavonoids in regulating plant physiological process such as lateral root formation and 

gravitropism.  Thus these hormones can be used to study the regulation of flavonoid 

biosynthesis and their functional role by analyzing genomic, proteomic, and 

metabolomic data.  Integrating these data into an interactome network may also identify 

new relationships among the phenylpropanoid pathway and other plant metabolites. 

 

Expected significance and specific objectives 

Experimental evidence from studies of auxin and ethylene action show that 

flavonoids can function to modulate the effects of these phytohormone and key 

physiological process in plants such as root gravitropism and lateral root formation 

(Buer and Muday, 2004; Buer et al., 2006).  Although flavonols have been shown to 

accumulate in root tips in response to auxin or ethylene treatments by DPBA staining, 

complete metabolite profiling of Arabidopsis roots in response to these hormonal 

treatments has not yet been done.  Metabolite profiling of the Arabidopsis root response 

to auxin and ethylene signals at high temporal resolution should provide insights into the 

role of these metabolites in root physiology.  These data, when coupled with 

transcriptomic and proteomic profiling data, will help establish a systems-level 

understanding of these phenomena.  The correlations between transcript, protein, and 

metabolite levels will give insights into regulatory mechanisms through which these 

phytohormones operate.  My specific aims were to 1) develop LC-MS methods to 

analyze small amounts of tissue to obtain spatial formation about metabolite distribution 
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in different parts of the Arabidopsis roots, and 2) study changes in the metabolite 

profiles in roots of wild type and mutant Arabidopsis seedlings in response to auxin and 

ethylene treatments by liquid chromatography-ESI-MS. 

 

This thesis focuses on the use of metabolomics approaches to study the role of 

metabolites in complex physiological processes in Arabidopsis roots.  Chapter 2 

describes the method development for flow injection electrospray mass spectrometry for 

the rapid identification and semi-quantitative analysis of flavonol glycosides in individual 

root tips.  This is a high throughput screening strategy to rapidly analyze targeted 

metabolites at substantial spatial resolution in different species subjected to genetic and 

environmental perturbations.  Chapter 3 presents the results obtained from metabolite 

profiling by LC-ESI-MS/MS of Arabidopsis seedling roots treated with 1 µM IAA or ACC 

for 12, 24 or 36 hrs. The data were analyzed using publicly-available statistical software 

(XCMS online version) and the results are discussed in a biological context.  Finally 

chapter 4 offers perspectives on the broader impact of this thesis.  The metabolomics 

methods developed through the course of this work were also applied in functional 

genomics efforts to identify functions of novel genes using LC-ESI-MS/MS.  Appendices 

1 and 2 present preliminary data aimed at identifying the functions of a chalcone 

isomerase- like (CHI-L) and putative allyl alcohol dehydrogenase-like (AAD-L) gene in 

Arabidopsis.  Appendix 3 presents results of the analysis of flavonols in a novel mutant 

in the strawberry species Fragaria vesca, containing an insertion in a putative flavanone 

3-hydroxylase gene. 
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 Figure 1.1: Basic structure of flavonoid compounds- C6-C3-C6 backbone          
 

Figure 1.2: Overview of phenylpropanoid pathway 
(Figure reproduced with permission from Taiz and Zeiger, 2006) 
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Figure 1.3: The flavonoid pathway in Arabidopsis thaliana 
Protein structures in multicolor represent the four enzymes in the pathway for which 

crystal structures have been solved: chalcone synthase and chalcone isomerase (CHS 

and CHI; from Medicago sativa, pdb ids 1CGK and 1EYP), dihydroflavonol reductase 

(DFR; from grape, 3C1T) and anthocyanidin synthase (ANS; from Arabidopsis, 1GP6).  

Structures in orange are homology models for flavanone 3-hydroxylase (F3H) and 

flavonol synthase (FLS) (Winkel lab, unpublished) and flavonoid 3’ hydroxylase (F3’H) 

(Schuler lab, Rupasinghe et al., 2003) Other abbreviations: anthocyanidin reductase 

(ANR), cinnamate 4-hydroxylase (C4H), p-coumarate:CoA ligase (4CL), 

leucoanthocyanidin reductase (LAR), and phenylalanine ammonia-lyase (PAL). (Figure 

reproduced from B. Winkel, unpublished) 
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Figure 1.4: A chemiosmotic model for polar auxin transport.  
Outside the cell, auxin is in a lipophillic form in a slightly acidic environment (pH 5.5), 

and it enters the cell by both passive transport, and by influx carriers. Inside the cell the 

cytoplasm is more alkaline (pH 7) than the extracellular environment, and auxin gets 

deprotonated in the alkaline environment. Deprotonated auxin cannot travel passively 

across the membrane, and depends on the auxin efflux carrier proteins for movement 

out of the cell. Flavonoids interfere with auxin efflux carrier proteins and modulate 

auxin transport. (Figure reproduced with permission from Vanneste and Friml, 2009) 
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Figure 1.5: A model for ethylene synthesis, perception, signal transduction, and 
gene induction  
(Figure reproduce with permission from Johnson and Ecker, 1998) 
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Figure 1.6: Sub-network of genes co-expressed along with F3’H gene  
The red outlined circles represent the flavonoid pathway enzymes. (Figure modified 

from the original generated by J. Fetrow, personal communication.)  
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Abstract 

Developments in mass spectrometry-based technologies are offering new 

insights into the complexity and dynamic nature of plant metabolism.  However, 

the ability to generate reliable metabolic profiles at high spatial resolution is still 

limited by the need of most technologies for large sample sizes or time-intensive 

extraction and detection methods.  Here we describe the use of flow injection 

electrospray mass spectrometry for the rapid identification and semi-quantitative 

analysis of flavonol glycosides in individual root tips.  This method uncovered 

spatial and temporal differences in metabolic profiles that were masked in 

analyses of whole roots or seedlings, while showing that individual biological 

replicates can be extremely consistent. 
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Introduction 

The past decade has seen a revolution in the analysis of plant metabolic 

processes.  In particular, mass spectrometry (MS) and nuclear magnetic resonance 

(NMR) have been combined with advanced metabolite separation and detection 

technologies to generate both targeted and global metabolite profiles for a wide variety 

of plant species (Fiehn, 2002; Hegeman, 2010; Saito and Matsuda, 2010).  These 

capabilities provide a rich phenotypic readout of the effects of environmental and 

genetic perturbations and have provided new insights into the complexity and dynamic 

nature of the plant metabolome.  While many initial studies focused on examining 

metabolite profiles in whole organisms or tissues due to limitations of sensitivity and 

the need for large amounts of sample, metabolites are distributed and modulated in a 

cell- and organ-specific manner.  Hence, understanding the physiological functions of 

specific metabolites will in many cases depend on the ability to identify and quantify 

metabolites in individual tissues and cell types.    

 
Improvements in mass spectrometric technologies have more recently led to the 

development of a variety of methods that allow plant metabolites to be investigated at 

high spatial resolution.  Examples include the use of time of flight secondary ion mass 

spectrometry to probe the differential spatial distribution of flavonoids in Arabidopsis 

and pea seeds (Seyer et al., 2010),  and the use of MALDI-TOF (matrix assisted laser 

desorption/ionization-time of flight) mass spectrometry to uncover the non-uniform 

distribution of glucosinolates in Arabidopsis leaves, contributing to the understanding of 

herbivore feeding patterns (Shroff et al., 2008).  Similarly, DESI (desorption 

electrospray ionization) has been used to assess changes in surface metabolites in 

tobacco leaves, particularly phenolics, alkaloids, oxylipins, and carbohydrates, in 

response to infection with Phytophthora (Ibanez et al., 2010), while GALDI (colloidal 

graphite-assisted LDI) MS has been used to characterize the tissue-specific and light-

induced accumulation of flavonoids on various plant surfaces and cross sections (Cha 

et al., 2008).  Laser-assisted microdissection (LAM) and microcapillaries have been 
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used for sampling specific cell types such as vascular bundles and epidermal cells 

(Ebert et al., 2010; Holscher et al., 2009; Schad et al., 2005).    

 

The main drawbacks of these techniques are that they require extensive sample 

preparation, which can result in differential recovery of metabolites, require specialized 

equipment and operating skills as well as substantial labor to collect sufficient sample 

for analysis, or are limited to the analysis of surface metabolites.  High spatial 

resolution imaging MS generally also involves substantial data acquisition times; for 

example, analysis of whole Arabidopsis flowers at 12 µm resolution by vMALDI-LTQ 

(linear ion trap) mass spectrometry imaging required some 7-10 h per sample (Jun et 

al., 2010).  Similarly, the use of liquid chromatography coupled to photodiode array and 

fluorescence detection mass spectrometry to analyze tissue- and ripening stage-

specific metabolites in tomato fruit provided substantial spatial resolution but involved 

time consuming chromatographic separation (Moco et al., 2007). 

 

An optimal analysis protocol would be one where sample preparation and 

downstream analyses are rapid, permitting analysis of multiple biological replicates and 

source materials (mutant lines for example).  Here we describe the use of flow injection 

electrospray mass spectrometry for the rapid identification and semi-quantitative 

analysis of flavonol glycosides in individual root tips.  Samples as small as 5 mm in 

length are simply cut and extracted directly in aqueous methanol with the extracts 

analyzed directly by targeted flow injection electrospray mass spectrometry (Beckmann 

et al., 2008).  The protocol has been designed such that samples can be extracted and 

analyzed within minutes, with mass spectrometric analysis times under 10 min per 

sample.   

 

Using this method we show the differential accumulation of the major flavonol 

glycosides in individual root tips versus whole roots and during early seedling 

development.  These patterns of accumulation are masked in the analysis of whole 

roots.  The method was then used to follow up on previous studies that used 
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diphenylboric acid 2-aminoethyl ester (DPBA) staining to show that the flavonols, 

kaempferol and quercetin, increase in specifically in the elongation zone of Arabidopsis 

seedling roots in response to the phytohormones, auxin and ethylene (Buer and 

Muday, 2004; Buer et al., 2006).  Although these changes were not observed when 

whole roots analyzed by high performance liquid chromatography mass spectrometry- 

electrospray ionization- tandem mass spectrometry (HPLC-ESI-MSMS), we were able 

to show that flavonol glycosides do, in fact, increase in abundance in response to these 

phytohormones only in root tips using the new flow injection electrospray mass 

spectrometry method (Lewis et al., 2011).  The flow injection electrospray mass 

spectrometry method is rapid and reproducible, while providing for substantial spatial 

resolution.  When used in combination with other imaging techniques such as DPBA 

staining to visualize flavonols and their glycosylated derivatives in live seedling roots, a 

comprehensive view of metabolite composition and distribution across the whole 

organism and/or selected tissues can be obtained.  

 

Experimental 

Reagents 

Kaempferol 3-O-glucuronide and quercetin 3-O-glucuronide were obtained from 

Extrasynthèse S.A.S. (Lyon, France).  

 

Plant material 

Arabidopsis thaliana (ecotype Columbia) seedlings were grown on 1X 

Murashige and Skoog medium, pH 5.7, 0.8% agar, supplemented with 1% sucrose 

(Kubasek et al., 1992).  Seeds were surface sterilized by rinsing in ethanol for 1 min, 

50% bleach/0.05% Triton X-100 for 5 min, and then in three changes of sterile water 

for 1 min each.  The seeds were then distributed on the MS-sucrose medium and the 

plates sealed with medical tape (3M), stratified at 4°C for 48 hours and moved into 
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vertical racks under continuous light in order to avoid circadian effects. Roots were 

collected for flavonoid analysis at days 3, 5, 7, and 9 following germination. 

 
Whole roots were excised from individual seedlings at the root-shoot junction.  

Root tips consisted of 5 mm sections from the end of the root; the remainder of the root 

(upper section) was then excised at the root-shoot junction.  Tissues were immediately 

flash frozen by harvesting directly into Corning 2.0 ml self-standing microcentrifuge 

tubes in liquid nitrogen, then stored at -80°C prior to analysis.    

 
For auxin and ethylene treatments the seeds were grown and subjected to 1 µM 

indole 3-acetic acid (IAA, auxin) or 1-aminocyclopropane-1-carboxylic-acid (ACC, 

precursor molecule for ethylene) as described in Lewis et al., (2011). The root tissue 

was collected at 24 h following treatment with the hormones. 

 

Extraction 

For analyses by flow injection electrospray mass spectrometry individual root 

tips grown at the same time were processed in 30 µl of extraction buffer (80% 

methanol, 1% acetic acid, 1 µM kaempferol 3-O-glucuronide, and 10 µM quercetin 3-O-

glucuronide).  Whole roots and upper root sections were individually processed in 100 

µl of extraction buffer.  The samples were disrupted at room temperature using a 5510 

Branson sonicator at 40 kHz for 10 min and centrifuged at 15,000 g for 2 min and 

placed on ice. Immediately a portion of the supernatant (10 µl) was transferred using a 

50 µl Hamilton syringe and submitted to analysis. 

 

For mass spectrometric analysis by HPLC-ESI-MSMS the root tissue was 

weighed was transferred into pre-weighed and pre-chilled Corning 2.0 ml self-standing 

microcentrifuge tubes containing two 3 mm diameter steel balls (type 316; Small 

Parts),  and homogenized using a Harbil 5G paint shaker for 4 cycles of 30 sec each 

with liquid nitrogen poured over sample containers between cycles to keep the tissue 
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cold.  Whole roots were processed in 5 µl/mg fresh weight of extraction buffer (80% 

methanol, 1% acetic acid).  The tissue was subjected to vortexing and then centrifuged 

twice at 12,000 x g for 15 min.  The collected supernatant was stored in -80°C prior to 

analysis.  The samples were diluted with 280 µl of 50:50 fA-fB solution. (fA solution is 

10 mM ammonium acetate and 0.2% acetic acid in water, and fB solution is 10 mM 

ammonium acetate and 0.2%  acetic acid in methanol) for HPLC-electrospray 

ionization- mass spectrometry (HPLC-ESI-MSMS). 

 

Mass spectrometry 

Flavonol glycosides were analyzed in root tips using a 4000 QTrap mass 

spectrometer (AB Sciex) equipped with a MicroIon II nanospray source (AB Sciex) in 

the positive ion mode.  The parameters were set to 2700 V ion spray voltage, 16 V 

declustering potential, 11.5 V entrance potential, 2.5 V collision cell exit potential, 

120°C interface heater temperature, 10 psi curtain gas, and 35 psi nebulizer gas.  The 

samples were injected using an injection valve with a 10 µl loop.  The flow rate was set 

to 1.34 µl/min (80% methanol, 1% acetic acid) and mobile phase was delivered using a 

Harvard syringe pump connected to the injection valve. A precursor ion scan set to 

unit-resolution mode was used to detect and quantitate molecules that when 

fragmented yielded ions characteristic of kaempferol (m/z 287.1), quercetin (m/z 

303.1), and isorhamnetin (m/z 317.3).  Scans corresponding to each precursor ion 

were done for approximately 1-2 min and averaged.   

 

Flavonol glycosides were analyzed in whole roots by HPLC-ESI-MSMS.  These 

analyses were performed on a 3200 Q Trap mass spectrometer from applied 

biosystems with an Agilent 1100 series LC binary pump chromatographic system. Luna 

3µ C18 (2.00 mm X 150 mm) reverse-phase column was used for chromatographic 

separation. fA and fB solutions are used as mobile phase solvents. The flow rate was 

150 µl/min with a gradient starting with 50% fB at 0-5 min, reaching 95% fB at 15-20 

min, and 50% fB at 25-35 min. Injection volume was 10 µl. The electron spray 
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ionization- mass spectrometer (ESI-MSMS) was performed in positive mode. The 

parameters were set to 4700 V ion spray voltage, 120oC gas 2-heater temperature, 20 

psi curtain gas, 25 psi nebulizer gas, and 50 psi auxiliary gas. Metabolites were 

detected in multiple reaction monitoring mode, with m/z 595.1/287.1 for K+G+R, and 

m/z 611.1/303.1 for Q+G+R. 

 

Data analysis 

Peak areas were calculated using analyst 1.4.2 (AB Sciex) software.  Values for 

kaempferol derivatives were normalized to the internal standard, kaempferol 3-O-

glucuronide, while values for quercetin and isorhamnetin derivatives were normalized 

to quercetin 3-O-glucuronide (quercetin 3-O-glucuronide was normalized to 1 µM 

concentration). The method was in the linear range over at least a 3-fold dilution (data 

not shown).  Means and standard errors were calculated in Microsoft Excel; statistical 

analyses were carried out using JMP9. 

 

Results and Discussion 

Spatial analysis of flavonol glycoside accumulation in Arabidopsis seedling roots  

Conditions for the analysis of flavonol glycosides were optimized using 

individual whole roots from 5-day-old Arabidopsis seedlings.  Methanolic extracts were 

generated for ten individual root samples, excised at the root-shoot junction 

(approximate lengths of 20-23 mm).  Positive precursor ion scans were performed for 

the corresponding aglycone ion fragments for kaempferol (m/z 287), quercetin (m/z 

303), and isorhamnetin (3’-O-methylquercetin; m/z 317.3).   The fragmentation patterns 

taken together with retention times from previous analysis (not shown) and published 

information on the flavonol glycosides present in various Arabidopsis tissues 

(Routaboul et al., 2006; Tohge et al., 2005; Yonekura-Sakakibara et al., 2008), 

indicated that the major flavonol glycosides detected in these seedling roots were 
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kaempferol-glucoside-rhamnoside (1; m/z 595) and quercetin-glucoside-rhamnoside (2; 

m/z 611) (Figure 2.1). These two compounds comprised approximately 85% of the total 

flavonol glycosides present (Figure 2.2).  An additional nine flavonol glycosides were 

detected in much smaller quantities, specifically isorhamnetin-glucoside-rhamnoside 

(3; m/z 625), kaempferol-rhamnoside (4; m/z 433), quercetin-rhamnoside (5; m/z 449), 

isorhamnetin-rhamnoside (6; m/z 463), kaempferol-glucoside (7; m/z 449), quercetin-

glucoside (8; m/z 465), isorhamnetin-glucoside (9; m/z 479), kaempferol-rhamnosyl 

glucoside-rhamnoside (10; m/z 741), and quercetin-rhamnosyl glucoside-rhamnoside 

(11; m/z 757)  (Figure 2.1).   

 

Yonekura-Sakakibara et al., (2008) reported a total of 14 flavonol glycosides in 

pooled samples of roots from 4-week-old plants.  In these older tissues the same two 

flavonol glycosides, kaempferol-3-O-glucoside-7-O-rhamnoside (1) and quercetin-3-O-

glucoside-7-O-rhamnoside (2), were the most abundant and isorhamnetin-3-O-

glucoside-7-O-rhamnoside (3) and quercetin 3-O-rhamnosyl(1→2)glucoside-7-O-

rhamnoside (11) were among the minor flavonols.  However, the older tissues also 

contained substantial levels of kaempferol 3-O-rhamnosyl(1→2)glucoside-7-O-

rhamnoside (10), while the other minor flavonol glycosides consisted of more complex 

kaempferol, quercetin, and isorhamnetin glycosides as compared to the mono-

glycosides found in roots of seedlings.  Stracke et al. (2010) have reported the analysis 

of flavonols in extracts from various tissues of 5-day-old plants exposed to 16h of white 

light supplemented with UV-A.  Again, pooled root samples were found to contain the 

same two major flavonol glycosides, kaempferol-3-O-glucoside-7-O-rhamnoside (1) 

and quercetin-3-O-glucoside-7-O-rhamnoside (2), but also substantial amounts of 

kaempferol 3-O-rhamnosyl(1→2)glucoside-7-O-rhamnoside (10)and quercetin 3-O-

rhamnosyl(1→2)glucoside-7-O-rhamnoside (11).  Thus, it appears that development 

and abiotic stresses such as UV light can induce accumulation of flavonol di- and tri-

glycosides that were minor constituents of light-exposed seedling roots investigated 

here.       

 



	   38	  

This method was then used to examine the spatial accumulation of flavonol 

glycosides in these tissues by excising individual root tips (5 mm in length, which 

included the elongation zone), and compared the profiles to the upper sections (15-18 

mm) of ten individual roots.  The mass spectrometric analyses identified clear 

differences in the accumulation pattern of flavonol glycosides between these two root 

regions.  The quercetin glycoside to kaempferol glycoside ratio was substantially higher 

in root tips than in the upper root sections (Figure 2.3).  The ratio of flavonol glycosides 

in the whole root reflects that of the upper root section, which represents some 75-80% 

of the tissue at this stage of development.  Therefore, analyses of the entire root masks 

the elevated quercetin glycoside levels characteristic of the root tip. 

 

Flavonol glycosides levels increase in upper section of root compared to root tip 

from day 3 to day 9 

To study the temporal changes in flavonol glycosides in Arabidopsis seedling 

root, whole roots, upper root sections, and root tips were collected from individual 

plants on days 3, 5, 7, and 9 following seed germination. The length of the root on day 

3 was 10 mm (± 1 mm), day 5 was 21 mm (± 2 mm), day 7 was 35 mm (± 3 mm) and 

day 9 was 50 mm (± 3 mm).  Similar to previous reports for whole seedlings, the overall 

levels of flavonol glycosides in these samples increased significantly from day 3 to day 

9 in the whole root and the upper section of the root (which represented 50-90% of the 

root over this developmental period) (Figures 2.4).  This increase parallels the 

substantial increase in root length over this period.  In contrast, flavonoid metabolism in 

the 5 mm section constituting the root tip, including the elongation zone, remained 

relatively constant.      

 

Flavonol glycosides levels increase in response to auxin and ethylene root tips 

To study the changes in spatial accumulation of flavonol glycosides levels in 

response to IAA or ACC, Arabidopsis seedlings were grown on mesh for 5 days 
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following germination, then transferred to medium containing 1 µM IAA or 1 µM ACC or 

to control medium. Whole roots and root tips were collected at 8 h after transfer to 

hormone containing medium. Whole roots were analyzed by HPLC-ESI-MS, and root 

tips were analyzed by flow injection electrospray mass spectrometry. Analysis of 

flavonol glycosides revealed that they increased in abundance only in root tips and not 

whole roots (Figure 2.5).  Comparison of these results to those obtained by 

visualization of flavonols by confocal analysis of intact roots stained with DPBA 

revealed that the higher concentration of quercetin-based glycosides in the root tip 

relative to upper region was consistent (Lewis et al., 2011).  The study by Lewis et al 

(2011) also examined the basipetal auxin transport, gravitropism and primary root 

elongation in wild type, and the flavonol glycosides biosynthetic mutants, tt4(2YY6) and 

tt7 (SALK 053394).  The Arabidopsis tt4 mutant is deficient in chalcone synthase 

activity and lacks both quercetin and kaempferol glycosides.  The Arabidopsis tt7 

mutant, deficient in flavonoid 3’-hydroxylase activity,  makes kaempferol but not 

quercetin glycosides.  Both tt4 and tt7 have increased basipetal auxin transport, 

primary root elongation, and reduced root gravitropism compared to wild type, and the 

responses between the mutants are identical. These findings, when taken together with 

the observed changes in root-tip flavonol levels in response to exogenous application 

of auxin, provide evidence that quercetin glycosides are associated with basipetal 

auxin transport.  

 

Concluding remarks 

It is well established that the distribution of metabolites such as flavonol 

glycosides in plant tissues has both temporal and spatial components.  A complete 

understanding of the roles of metabolites in plant developmental processes 

increasingly requires analysis of smaller and smaller sample sizes.  While methods 

such as staining and imaging can indicate localized patterns of deposition, they often 

lack information pertaining to specific chemical components.  Here we have shown that 

it is possible to detect and quantify flavonol glycosides in individual root tips utilizing a 
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simple tissue harvesting and extraction procedure followed by targeted mass 

spectrometric analyses. The most significant advantages of this method are the rapid 

sample analysis and the reproducibility among biological replicates, as indicated by the 

small error bars.  Clearly the spatial differences in the distribution of flavonol glycosides 

in seedling roots can be masked in analyses of whole roots.  As these compound have 

been implicated in modulating auxin transport and dependent physiological processes 

such as gravitropism and lateral root development (Brown et al., 2001; Buer and 

Djordjevic, 2009; Buer and Muday, 2004; Peer et al., 2004), it is imperative that 

protocols be available to extract and quantify metabolites with exceedingly high spatial 

resolution.  

 

The levels of root flavonol glycosides in all regions of the root showed a steady 

increase from days 3 to 9 of development, similar to what has been previously 

described for whole seedlings  (Kubasek et al., 1992; Pelletier et al., 1999).  This 

pattern differs from what is observed for flavonoid enzyme levels in whole seedlings, 

which reach peak levels on days 3 to 4 (Pelletier et al., 1999).  It remains to be 

determined whether synthesis of flavonoids continues at a low level in specific regions 

of the plant, contributing to a net increase in flavonol glycoside accumulation, or 

whether synthesis occurs at specific sites with the products then being transported to 

various destinations (Buer et al., 2007)  The technology described here complements 

standard imaging protocols, providing the opportunity to investigate whether one or 

both of these mechanisms contribute to the differential distribution of flavonols across 

the seedling body.  This method can also be used as high throughput screening 

strategy to rapidly analyze targeted metabolites in different species subjected to 

genetic and environmental perturbations. 
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1 R= H Kaempferol-3-O-glucoside-7-O-rhamnoside 

2 R= OH Quercetin-3-O-glucoside-7-O-rhamnoside 

3 R= OCH3 Isorhamnetin-3-O-glucoside-7-O-rhamnoside 

4 R= H Kaempferol 3-O-rhamnoside 

5 R= OH Quercetin 3-O-rhamnoside 

6 R= OCH3 Isorhamnetin 3-O-rhamnoside 

7   R= H Kaempferol 3-O-glucoside  

8   R= OH Quercetin 3-O-glucoside  

9   R= OCH3 Isorhamnetin 3-O-glucoside 

10 R= H Kaempferol 3-O-rhamnosyl(1–2)glucoside-7-O-rhamnoside 

11  R= OH Quercetin 3-O-rhamnosyl(1–2)glucoside-7-O-rhamnoside 

Figure 2.1: Structures of flavonol glycosides (1-11) 
Shown are compounds identified in Yonekura-Sakakibara et al. (2008) and Stracke et 
al. (2010).  
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Figure 2.2:  Classes of flavonol glycosides present in individual whole roots from 
5-day old seedlings as determined by flow injection electrospray ionization mass 
spectrometry. 
Peak areas were normalized to internal standards as described in the text.  Bars 

represent the means of nine biological replicates for each compound and vertical lines 

indicate the standard error.  Abbreviations: K=kaempferol, Q=quercetin, 

iR=isorhamnetin, G=glucoside, R=rhamnoside. 
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Figure 2.3: Spatial analysis of major flavonol glycosides in individual 5-day-old 
Arabidopsis seedling roots or root sections.   
Peak areas generated by flow injection electrospray ionization mass spectrometry for 

kaempferol-glucoside-rhamnoside (K-G-R; 1) and quercetin-glucoside-rhamnoside (Q-

G-R; 2) were normalized to internal standards as described in the text.  Bars represent 

the means of nine biological replicates and vertical lines indicate standard error.  

Asterisks indicate p-value < 0.05.  The numbers above the bars represent the Q/K 

ratios. 
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Figure 2.4: Temporal analysis of major flavonol glycosides during seedling 
development  

Samples were collected from individual seedlings on days 3 through 9 after seed 

germination.  Peak areas generated by flow injection electospray ionization mass 

spectrometry for kaempferol-glucoside-rhamnoside (K-G-R; 1) and quercetin-

glucoside-rhamnoside (Q-G-R; 2) were normalized to internal standards as 

described in the text.  Bars are means of 8-10 biological replicates and vertical 

lines indicate standard error.   Regression analysis indicated a significant 
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increase over time (p < .0001) for both compounds in the whole root and upper 

section and for quercetin-glucoside-rhamnoside (Q-G-R; 2) in the root tip. 

 

Figure 2.5: Analysis of major flavonol glycosides in 5 day old Arabidopsis root 
tips 

A. Whole roots were collected from 5 day old Arabidopsis seedling roots were 

treated with 1µM IAA or ACC for 8 h. Peaks were generated by HPLC-ESI-

MS.for kaempferol-glucoside-rhamnoside (K-G-R; 1) and quercetin-glucoside-

rhamnoside (Q-G-R; 2). B. Samples were collected from individual seedlings that 
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were treated with 1 µM IAA or ACC for 8 h.  Peak areas were generated by flow 

injection electospray ionization mass spectrometry for kaempferol-glucoside-

rhamnoside (K-G-R; 1) and quercetin-glucoside-rhamnoside (Q-G-R; 2).  Bars 

are means of five biological replicates and vertical lines indicate standard error.  

Asterisks indicate p-value < 0.05. 
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Abstract  

Crosstalk between auxin and ethylene regulates many important physiological 

processes in plants, including the initiation of lateral root formation and the response to 

gravity.  Much of the research aimed at understanding the crosstalk between auxin and 

ethylene has focused on gene expression.  Much less is currently known about auxin 

and ethylene responses at the level of the metabolome.  Here we use non-targeted 

metabolite profiling by liquid chromatography-mass spectrometry (LC-MS) to determine 

the metabolite responses of Arabidopsis roots treated with auxin or ethylene.  5 day old 

Arabidopsis seedlings were treated with 1 µM IAA or ACC and the roots were collected 

at 12, 24, and 36 hours after treatment for LC-MS analysis. 63 ions changed in 

response in to auxin and 66 ions changed in response to ethylene at different time 

points. Although classes of specialized metabolites such as flavonols and 

glucosinolates change in abundance in response to both auxin and ethylene, there was 

very little overlap between the individual treaments.  This study identified potential 

metabolic targets for further investigation into the cross-talk between auxin and 

ethylene in developing roots. 
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Introduction 

Auxin and ethylene regulate many aspects of plant growth and development in 

response to environmental signals.  Genetic evidence suggests that a variety of 

developmental processes, including root elongation, gravitropism, lateral root 

development, and hypocotyl growth, are regulated by cross-talk between these two 

hormones.  Cross-talk between both the hormones occurs either by activation of genes 

that are regulated by both the hormones or by activation of genes by either auxin or 

ethylene but regulate genes that influence the other hormones response networks 

(reviewed in Muday et al., 2012).  A number of studies have examined auxin-ethylene 

cross-talk at the molecular level (Lewis et al., 2011a; Ruzicka et al., 2007; Stepanova 

et al., 2005; Stepanova et al., 2007; Swarup et al., 2007). Stepanova (2007) showed 

that the number of genes coregulated by both hormones is 27% and 18% of ethylene- 

and auxin-regulated genes, respectively.   

 

Most of the cross talk between these two plant hormones appears to be due to 

effects on biosynthesis or transport.  Auxin induces ethylene production by up-

regulation of the ethylene biosynthesis gene, 1-aminocyclopropane-1-carboxylate 

(ACC) synthase (Abel et al., 1995).  Similarly, ethylene induces auxin production by up-

regulating genes that encode anthranilate synthase, the rate-limiting enzyme in the 

synthesis of tryptophan, a major substrate for auxin biosynthesis (Stepanova et al., 

2005; Swarup et al., 2007). Ethylene also induces auxin production by activating the 

expression of tryptophan aminotransferase gene in Arabidopsis (TAA-1) and its close 

homolog tryptophan aminotransferase related (TAR) genes that convert tryptophan to 

indole-3-pyruvic acid (IPA) (Stepanova et al., 2008).  Auxin is synthesized at the shoot 

and root apices and transported with rootward polarity in shoot and with both rootward 

and shootward polarity in roots (Muday et al., 2012).  It is this polar auxin transport that 

controls different physiological and developmental processes such as gravitropism, 

root elongation, and lateral root formation.  Ethylene increases auxin transport by up-

regulating the expression of auxin transport genes such as PIN1, PIN2, PIN4, and 

AUX1 (Muday et al., 2012).  Recently, PIN3 and PIN7 were shown to regulate auxin 
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transport in roots in response to ethylene (Lewis et al., 2011a).  Ethylene also inhibits 

root elongation and lateral root formation by increasing auxin transport by inducing the 

expression of auxin transport genes. 

   

Much of the research aimed at understanding the auxin and ethylene responses 

has been focused on gene expression (Nemhauser et al., 2006; Stepanova et al., 

2007).  Much less is currently known about auxin and ethylene responses at the level 

of the metabolome.  Flavonols are important plant specialized metabolites that have 

been shown to regulate auxin transport, root gravitropism, and branching (Brown et al., 

2001; Buer and Muday, 2004; Peer et al., 2004).  Conversely, both auxin and ethylene 

modulate flavonol synthesis.  Ethylene has been shown to inhibit the root gravity 

response by altering the synthesis of flavonols (Buer and Muday, 2004; Buer et al., 

2006; Lewis et al., 2011b).  Lewis (2011b) have shown that auxin and ethylene 

increase flavonol synthesis through distinct signaling pathways, but converge at the 

MYB12 transcription factor, which is a positive regulator of flavonoid metabolism.   

 

Glucosinolates are another class of specialized metabolites that are involved in 

the plant defense response.  Several studies have shown that both auxin and ethylene 

alter glucosinolate levels through altered expression of CYP79 genes involved in 

glucosinolate biosynthesis (Chen et al., 2003; Mikkelsen et al., 2003).  Although the 

levels of specific metabolites such as flavonoids and glucosinolates are known to 

change in response to both auxin and ethylene (Lewis et al., 2011b; Mikkelsen et al., 

2003), the overall metabolite response to auxin and ethylene has not yet been 

documented.  Moreover, a number of studies have shown a nonlinear correlation 

between gene expression and the accumulation of proteins and metabolites (Gibon et 

al., 2006; Ishii et al., 2007; Kaplan et al., 2007; Usadel et al., 2008).  For example, a 

study of the effects of a mutation in an Arabidopsis phosphoglucomutase (PGM) gene 

revealed rapid diurnal changes in transcript levels, but slow and smaller changes in 

enzyme activity and the accumulation of specific metabolites (Gibon et al., 2006).  

Another study to understand cold-regulated gene expression in Arabidopsis using 
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transcript and targeted metabolite profiling revealed that only a subset of metabolic 

responses are correlated with changes in transcript abundance (Kaplan et al., 2007).  

Thus changes in transcript levels may not be co-ordinated with changes in protein or 

the metabolite levels.    

 

Non-targeted metabolomic analysis has been used to examine the metabolic 

responses to various external stresses including light, temperature, drought, and 

metals (Gibon et al., 2006; Kaplan et al., 2007; Sun et al., 2010; Urano et al., 2009).  

These studies are providing important information for understanding how plants 

respond to these various stimuli and the regulatory mechanisms behind them.  In the 

present study non-targeted metabolite profiling by liquid chromatography-mass 

spectrometry (LC-MS) was used to determine the metabolite responses of Arabidopsis 

roots treated with auxin or ethylene, leading to the identification of potential metabolic 

targets for further investigation into the cross-talk between auxin and ethylene in 

developing roots. 

 

Experimental 

Plant material  

Arabidopsis (ecotype Columbia) seedlings were grown on 1X Murashige and 

Skoog medium, pH 5.7, 0.8% agar, supplemented with 1% sucrose.  Seeds were 

surface sterilized by rinsing in isopropanol for 1 min, 50% bleach/0.05% Triton X-100 

for 5 min, and then in three changes of sterile water for 1 min each.  The seeds were 

grown and subjected to IAA and ACC treatment as described previously in Lewis 

(2011b). The root tissue was collected at 5 d following germination. 

 

Whole roots were excised from seedlings at the root-shoot junction.  Tissues 

were immediately flash frozen by harvesting directly into pre-weighed Corning 2.0 ml 



	   55	  

self-standing microcentrifuge tubes containing two 3 mm diameter steel balls (type 316; 

Small Parts) in liquid nitrogen, then stored at -80°C prior to analysis.    

 

Extraction 

For mass spectrometric analysis root tissue was homogenized using a Harbil 5G 

paint shaker for 4 cycles of 30 sec each with liquid nitrogen poured over sample 

containers between cycles to keep the tissue cold.  Whole roots were processed in 10 

µl/mg fresh weight of extraction buffer (99% methanol, 1% acetic acid).  The tissue was 

subjected to vortexing and insoluble material was pelleted by centrifuging twice at 

12,000 x g for 15 min.  The collected supernatant was dried under vacuum and the 

dried samples stored in -80°C prior to analysis.  The samples were re-suspended in 1 

µl/mg fresh weight of aqueous acetic acid (0.1% v/v): acetonitrile (9:1) sonicated in a 

5510 Branson sonicator at room temperature for 10 min, then centrifuged at 10,000 x g 

for 10 min.  A portion of the supernatant (30-50 µl) was transferred to an auto sampler 

vial and queued up for mass spectrometric analyses. 

 

Non-targeted metabolite profiling  

Non-targeted metabolite profiling was performed using high performance liquid 

chromatography- electrospray ionization-mass spectrometry (HPLC-ESI-MS).  

Analyses were performed on an Agilent 1100 series system connected to API 3200 

mass spectrometer (AB Sciex) equipped with a electrospray ionization (ESI) source 

(AB Sciex).  HPLC separations utilized a Kinetex C18 (3 X 100 mm) column at a flow 

rate of 250 µl/min (10 µl injection volumes).  The metabolites were eluted in 0.1% 

acetic acid (solvent A) and acetonitrile (solvent B) using the following gradient: 99% A 

(0-5 min); 99-40% A (5-30 min); 40-5% A (30-35 min); 5% A (35-50 min); 5-99% A (50-

60 min).  Samples were analyzed by ESI-MS in both positive and negative ion modes.  

The mass spectrometer parameters were set to 4200 V ion spray voltage, 50 V 

declustering potential, 9 V entrance potential, 420°C interface heater temperature, 10 
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psi curtain gas, and 10 psi nebulizer gas.  Analyses were performed at unit-resolution 

mode using Q1 quadrupole for mass range m/z 120- 1200. 

 

Data analysis 

The .wiff files were converted to mzXML format using mzWiff converter from the 

Trans-Proteomic Pipeline (Institute for Systems Biology).  The publicly-available XCMS 

software online version (Tautenhahn et al., 2012) was used for data analysis.  Data 

were processed using the default parameters in HPLC/single quad method with the 

following exceptions: feature detection- matched filter method with FWHM- 10 and S/N 

ratio- 15, retention time correction- obiwarp method, and peak alignment with mzwid- 

0.75, bw- 15, and max- 10.  The p-value cutoff was set to < 0.05.  The online version 

generates a table listing ions with increasing p-values in treated samples that differ 

from controls.  The online software also applies statistical tools such as 

multidimensional scaling and principal component analysis to estimate the statistical 

significance of the data. 

 

Results 

Non-targeted metabolite profiling of Arabidopsis roots 

In order to establish the baseline metabolite composition of Arabidopsis roots a 

non-targeted approach was used to examine the metabolite profiles of 5-day old roots.  

Profiles were generated by HPLC-ESI-MS/MS in both positive and negative ion mode.  

Metabolites represented by abundant peaks in the chromatogram were identified on 

the basis of retention times and specific MS2 fragmentation patterns (Tables 3.1 and 

3.2).  Comparison with data available in the public database, ‘ReSpect’ (Riken, Japan), 

and the published literature permitted the identification of a number of metabolites.  

These metabolites encompass several different chemical classes, primarily flavonols, 

glucosinolates, and other phenylpropanoid metabolites.  
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Comparison of relative metabolite levels in auxin- and ethylene-treated roots 

Non-targeted profiling was used to compare the effects of auxin and ethylene on 

the metabolites present in Arabidopsis roots.  Arabidopsis seedlings were grown on 

mesh for 5 days following germination, then transferred to medium containing 1 µM IAA 

or 1 µM ACC or to control medium.  Roots were collected at 12, 24, or 36 h after 

transfer and extracted and analyzed as before.  Profiles were generated by HPLC-ESI-

MS in both positive and negative ion mode.  The data were analyzed by XCMS online 

software to identify ions whose levels changed significantly (P value cut-off of 0.05) in 

response to auxin or ethylene.  Metabolite identification was then undertaken by 

comparing retention times and MS/MS spectra of these ions with those found in the 

analysis of the baseline composition of Arabidopsis roots (above).  

 

A number of ions changed in response to auxin or ethylene but there was very 

little overlap between the two hormones (Figure 3.1).  A total of 63 ions were found to 

change in abundance in response to auxin at one or more of the three time points 

examined, of which 33 ions were detected in positive ion mode and 30 ions were 

detected in negative ion mode (Figure 3.1, Table 3.3).  Of these, five metabolites 

increased and 10 decreased in abundance at 12 h (Table 3.5).  Two of these could be 

identified as the flavonols, kaempferol-glucoside-rhamnoside (m/z 595 [M+H]+) and 

quercetin-glucoside-rhamnoside (m/z 611 [M+H]+), both of which decreased in 

response to auxin.  The latter was also found to be present at somewhat lower levels at 

36 h.  Another 20 metabolites increased and 11 metabolites decreased in abundance 

after 24 h of treatment with auxin (Table 3.5).  Of these two could be identified: 4-

benzyloxy-n-butyl (m/z 493.6 [M–H]−) and 4-methylthio-n-butyl (m/z 421.9 [M–H]−) 

glucosinolates.  At 36 h, a further 14 metabolites were found to change in abundance, 

five to higher and 9 to lower levels than in untreated controls.  Only quercetin-

glucoside-rhamnoside, which was also lower at 12 h, could be identified among these 

metabolites. 
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In addition to identifying the ions that changed significantly by Students t-test 

and fold change, XCMS software package also applied principal component analysis 

(PCA) and multidimensional scaling (MDS) to the data sets.  PCA and MDS are 

multivariate pattern recognition statistical methods that give visual information about 

similarities and dissimilarities among the data.  The treated samples were separated 

from the control samples at all time points (Figure 3.2).  These results indicated that 

the metabolite profiles of Arabidopsis roots changed distinctly in response to auxin at 

all time points. 

 

A number of ions were also found to change in abundance in response to 

ethylene at one or more of the three time points (Figure 3.1, Table 3.4).  A total of 66 

ions changed in abundance, of which 41 ions were detected in positive ion mode and 

25 ions in negative ion mode.  Among these, 17 ions increased and three ions 

decreased in abundance at 12 h (Table 3.5).  Two of these were identified as the 

flavonols, quercetin-dirhamnoside-rhamnoside (m/z 755 [M–H]−), and kaempferol-

rhamnoside (m/z 433 [M+H]+).  Another five ions increased and 12 ions decreased in 

abundance at 24 h.  Among these the flavonol, quercetin-dirhamnoside-rhamnoside 

(m/z 755 [M–H]−), increased, while the glucosinolates, 4-methylsulfinyl-n-butyl (m/z 437 

[M–H]−) and 6-methylthio-n-hexyl (m/z 449 [M–H]−), decreased in response to ethylene.  

At 36 h, an additional three ions increased and 26 ions decreased in abundance.  Of 

these three could be identified: quercetin-rhamnoside (m/z 449 [M+H]+), sinapoyl 

malate (m/z 341 [M+H]+), and 8-methylsulfinyl-n-octyl-glucosinolate (m/z 492 [M–H]-), 

all of which decreased in response to ethylene. 

 

PCA and MDS also showed clear separation of treated samples from controls at 

all time points (Figure 3.3).  These results indicate that both auxin and ethylene have a 

significant effect on the Arabidopsis metabolite profile. 
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Discussion 

This study investigated the potential of metabolite profiling to understand auxin 

and ethylene-mediated responses in Arabidopsis roots.  Recent technological 

advances in mass spectrometry-based metabolomics allow identification of thousands 

of ions in a single sample.  Despite these advances, the chemical complexity and 

diversity of metabolites still preclude complete coverage of the metabolome.  The 

method of extraction, modes of separation and ionization, compound stability, and ion 

suppression all hinder the ability to obtain complete coverage.  Metabolite identification 

also remains a huge challenge.  Reference standards are not available for most 

compounds.  Although use of publicly-available databases will help in identification of 

metabolites through comparison of MS2 fragmentation patterns, use of different 

analytical techniques may provide variable fragmentation making compound 

identification difficult.  And finally not all metabolites are annotated in the public 

databases.  In this study comprehensive analysis achieved by LC-MS allowed profiling 

of secondary metabolites in Arabidopsis roots.  The classes of metabolites identified 

included flavonols, glucosinolates, and other phenylpropanoids.  

 

A larger number of ions changed significantly in Arabidopsis roots in response to 

auxin treatments at 24 h compared to 12 or 36 h.  Only quercetin-glucoside-

rhamnoside decreased at both 12 h and 36 h.  At 24 h there was no significant 

difference in the levels of this metabolite between auxin-treated and control roots.  All 

other metabolites that changed in response to auxin did not show coordinated changes 

at all time-points.  The metabolites that changed in response to auxin treatment include 

flavonols at 12 and 36 h and aliphatic glucosinolates at 24 h.  The levels of flavonols 

and 4-benzyloxy-n-butyl glucosinolate decreased in auxin-treated samples relative to 

controls, whereas the levels of 4-methylthio-n-butyl glucosinolate increased.  Of the 

total number of ions that changed significantly at different time points only about 6% of 

the ions could be identified based on MS2 fragmentation patterns and retention times 

from the literature.  
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 In contrast, a larger number of ions changed significantly in Arabidopsis roots in 

response to ACC treatments at 36 h compared to 12 and 24 h.  Quercetin-

dirhamnoside-rhamnoside levels changed at both 12 and 24 h, with decreased levels 

at 12 h and increased levels at 24 h relative to controls.  The changes in all other 

metabolite levels in response to ACC did not co-ordinate with the time points.  

Flavonols changed in response to ACC at 12 and 36 h, aliphatic glucosinolates 

changed in response to ACC at 24 and 36 h, and the sinapoyl malate, decreased 

significantly at 36 h, respectively relative to controls.  Except for quercetin-

dirhamnoside-rhamnoside, which was present a higher levels at 24 h, the levels of all 

other identified metabolites decreased in response to ACC treatment.  

 

The ions that changed in response to both hormones were approximately 14 % 

of the total ions that changed in response to either auxin or ethylene (Figure 2, Table 

5).  Microarray analysis by Stepanova (2007) indicated that the transcripts in roots of 3-

d-old dark-grown seedlings whose levels are affected by both hormones represent 18 

and 27 % of the total auxin- and ethylene-regulated genes, respectively.  Similarly, an 

analysis of microarray data from the AtGenExpress consortium Nemhauser (2006), 

indicates that genes whose expression is altered in response to both hormones 

represent 22 and 33 % of the total auxin- and ethylene-regulated genes, respectively.  

The difference in the fraction of ions/metabolites that change in response to both 

hormones compared to genome expression analysis can be either due to differences in 

experimental conditions or there can be a non-linear correlation between changes in 

transcripts, proteins, and metabolites.  A number of these ions may also be either 

synthesized in the root or transported from other sites into the root.  Our study is the 

first to provide detailed metabolite analysis in response to exogenous auxin and 

ethylene.   

 

Previous studies have demonstrated that expression of genes involved in 

flavonoid biosynthesis as well as the levels of individual flavonols increase in roots of 

Arabidopsis seedlings in response to both auxin and ethylene (Buer and Muday, 2004; 
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Buer et al., 2006; Lewis et al., 2011b).  Imaging of flavonols in roots using the staining 

techniques (diphenylboric acid 2-aminomethyl ester), showed that kaempferol and 

quercetin accumulate in the elongation zone of roots in response to both hormones.  

Mass spectrometric analysis by flow injection electrospray mass spectrometry also 

showed an increase in quercetin and kaempferol glycosides in 5d old Arabidopsis 

seedling root tips treated with 1 µM IAA or ACC for 24 h, particularly quercetin-

glucoside-rhamnoside and kaempferol-glucoside-rhamnoside (Lewis et al., 2011b).  In 

contrast, in the present study metabolite analysis of whole roots in response to auxin 

and ethylene showed that, except for an increase in the minor flavonol, quercetin-

dirhamnoside-rhamnoside, at 24 h of ACC treatment, all other flavonols, including the 

major flavonols, quercetin-glucoside-rhamnoside and kaempferol-glucoside-

rhamnoside, decreased in abundance in response to either IAA or ACC at various time 

points.  Thus although there is an increase in expression of the genes involved in 

flavonoid biosynthesis, the change is not reflected at the metabolite level in whole 

roots.  It remains to be determined if the flavonols are synthesized in roots parallel to 

increase in gene expression and then transported to other destinations.  Long distance 

transport of flavonols from site of uptake to distal tissues has been demonstrated 

previously (Buer et al., 2007).  It also can be that these compound are exuded from 

roots. A study on exudates from Arabidopsis roots have shown that flavonols constitute 

37% of the secondary metabolites that are exuded (Narasimhan et al., 2003). 

 

The phenylpropanoid compound, sinapoyl malate, also decreased in abundance 

in reponse to ethylene at 36 h.  A study by Thevenin (2011) showed that a triple mutant 

line deficient in key genes in monolignol biosynthesis, one cinnamoyl CoA reductase 

(CCR) gene and two cinnamyl alcohol dehydrogenase (CAD) genes (cad c cad d ccr1), 

showed a reduction in sinapoyl malate at the 3-d seedling stage.  The authors 

hypothesized that this reduction may be due to altered flavonoid levels, which leads to 

altered auxin transport.  However, we saw no such change in sinapoyl malate levels in 

response to auxin in seedling roots.  A sur2 mutant, which is defective in the CYP83B1 

cytochrome P450 enzyme involved in indole glucosinolate biosynthesis, also has 
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reduced levels of sinapoyl malate (Morant et al., 2010).  This mutant line also has high 

levels of auxin as well as ethylene.  In this case the reduction of sinapoyl malate is 

attributed to changes in expression of MYB transcription factors in response to the 

elevated auxin and ethylene levels. 

 

Aliphatic glucosinolates are another class of metabolites that changed 

significantly in response to both hormones.  Interestingly, the individual glucosinolates 

differed between time points as well as auxin and ethylene responses.  A study by 

Mikkelsen (2003) examined the effects of various hormones, including ethylene and 

auxin, on the levels of glucosinolates in rosette leaves of Arabidopsis.  These workers 

showed that the levels of 4-benzyloxy-n-butyl glucosinolates decreased and 4-

methylthio-n-butyl glucosinolate increased in response to the auxin, 2,4-dichloro-

phenoxyacetic acid.  They attributed these changes to changes in expression of 

CYP79 genes that are involved in aliphatic glucosinolate biosynthesis.  Similar trends 

were seen in roots with auxin treatment at 24 h.  Several other studies showed that 

insertional inactivation lines for CYP79F1 and CYP79F2 have altered auxin transport 

and aliphatic glucosinolate levels (Chen et al., 2003; Reintanz et al., 2001).  Moreover, 

insertion lines for other genes such as CYP83B1 (sur2/rnt1), UGT74B1 (UDP-

glucose:thiohydroximate S-glucosyltransferase) also have increased auxin 

accumulation and altered glucosinolates levels (Bak and Feyereisen, 2001; Grubb et 

al., 2004).  Thus a number of genes involved in glucosinolate biosynthesis have 

metabolic connections with auxin.  The study by Mikkelsen (2003) also showed an 

increase in levels of 8-methylsulfinyl-n-octyl-glucosinolate in response to ACC 

treatment, along with the expression of certain CYP79 genes in rosette leaves.  

Glucosinolates are specialized metabolites that are involved in plant defense against 

pathogens and herbivores. In one study it was shown that the dominant fungal species 

present in soil surrounding glucosinolate-producing plants is different than dominant 

fungal species present in soil elsewhere (Ishimoto et al., 2000).  Another study showed 

that a single aliphatic glucosinolates p-hydroxybenzylglucosinolate has a profound 

effect on the microbial community in the rhizosphere (Bressan et al., 2009).  Thus, in 
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general, glucosinolates appear to act as modulators of microbial communities and/or 

as defense compounds in roots.  As ethylene is known to activate defense responses it 

makes sense that glucosinolates are altered in response to ethylene.   

 

Changes in the levels of phenylpropanoid metabolites, including both flavonols 

and sinapoyl malate, in response to auxin or ethyleme indicates the possibility that 

expression of genes of the shikimate and phenylpropanoid pathways may be regulated 

in response to auxin or ethylene.  Similary, changes in aliphatic glucosinolates indicate 

the possibility that genes involved in sulfur metabolism and aliphatic amino acid 

metabolism may be auxin or ethylene responsive.  Parallel to this study the effects of 

both auxin and ethylene were studied on Arabidopsis root transcriptome and proteome.  

Arabidopsis seedlings were similarly treated with 1 µM IAA or 1 µM ACC and roots 

were collected after 24 h.  RNA were extracted and analyzed by microarray analysis.  

Proteins were extracted and analyzed using 2-dimensional gel electrophoresis.  Except 

for a gene encoding cysteine synthase (AT5G28020) that changed in response to both 

auxin and ethylene no changes were observed in genes involved in either 

phenylpropanoid or glucosinolate metabolism.  Similarly no changes were observed in 

proteins involved in either phenylpropanoid or glucosinolate metabolism in response to 

auxin but proteins involved in sulfur metabolism changed in response to ethylene.  Two 

cysteine synthases were decreased only in response to ethylene and not auxin in 

contrast to changes in transcripts.  This study also showed there was no overlap 

between proteins that change in response to auxin and ethylene.  In contrast 139 

genes changed in response to both auxin and ethylene.  Efforts are underway to 

integrate matched time course metabolomics data with transcriptomics and proteomics 

data to help in better understand the mechanisms responsible for the changes in 

metabolism in response to these phytohormones.   The metabolites represented by 

many of the ions that changed significantly in response to auxin or ethylene remain to 

be identified.  MS2 fragmentations of unknown ions by high resolution mass 

spectrometry will further aid in identification of the unknowns.  This information will be 

essential to link the ‘omics data together. 
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Overall the non-targeted metabolomic analysis of Arabidopsis seedling roots 

revealed that, although classes of specialized metabolites such as flavonols and 

glucosinolates change in abundance in response to both auxin and ethylene, very few 

specific metabolites change in response to both hormones.  This suggests that, 

although genes known to function in the synthesis of these compounds are regulated 

by both auxin and ethylene as reported in previous studies, the changes are not 

completely reflected at the metabolite levels.  This can either be due to high turnover 

rates of the metabolite or there may be further downstream regulatory points at the 

translational and post-translational levels or these compounds may also be 

translocated to other parts of the plant or may be secreted out of the plant.  Long 

distance movement of flavonols from the shoot to root as well as secretion of 

phytochemicals out of the plants in the root has been demonstrated (Badri et al., 2010; 

Buer et al., 2007).  This study identifies potential metabolic targets for further 

investigation in understanding both the cross-talk between these two hormones, as 

well as regulatory mechanisms between gene expression, protein activity, and 

metabolic output. 
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Table 3.1: Putative metabolites identified in positive ion mode through ReSpect 
database search.  

S.no Putative 
metabolite name 

 m/z RT Fragment ion 

1 Quercetin-
glucoside-
rhamnoside 

 611.2 17.9 287, 303,449.2 

2 Kaempferol-
rhamnoside 

 433.1 18.5 286.8 

3 Quercetin-
rhamnoside 

 449 18.9 303 

4 Malonyl scopolin  441 19.3 126.6, 159.2, 193.2 

5 Kaempferol-3-
glucoside 

 449 19.3 286.8, 303.2 

6 Isorhamnetin 
glucoside 

 463 19.9 317 

7 Naringenin  273.1 22 153.0, 147.4 
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Table 3.2: Putative metabolites identified in negative ion mode through ReSpect 
database search.  

S.no Putative metabolite name  m/z RT Fragment ion 
1 5-Methylsulfinyl-n-

pentylglucosinolate  
 450.2 5.4 97.0, 385.8 

2 1-Hydroxyindol-3-
ylmethylglucosinolate 

 463 13.1 74.4, 97.0, 168.0, 221.0, 267.2 

3 3Methylthio-n-propylglucosinolate  406 13.3 75.4 

4 Feruloyl hexose  355.1 15.4 89.2, 149.4, 178.2, 193.2 

5 7-Methylsulfinyl-n-
heptylglucosinolate 

 478.2 15.7 95.6, 195.0, 235.6, 413.6 

6 4-Methylthio-n-butylglucosinolate   420.2 15.8 74.8, 97.0, 420.4, 226.8, 275.6 

7 Indol-3-ylmethylglucosinolate  447 16.9 97.0, 80.2, 204.8, 259.0, 195 

8 8-Methylsulfinyl-n-
octylglucosinolate 

 492.1 17 427.8, 233.8, 97.2 

9 quercetin 3,7, di-O-glucoside  625.2 17.3 463.4 

10 7-Methylthio-n-
heptylglucosinolate 

 461.7 17.9 74.4, 96.6, 339.2, 311.8 

11 Quercetin-dirhamnoside-
rhamnoside 

 755.3 17.9 446.4 

12 4-Hydroxyindol-3-
ylmethylglucosinolate 

 462.8 18 97.0, 446.0, 259.0 

13 5-Methylthio-n-
pentylglucosinolate 

 434.3 18.2 95.8, 74.6, 275.2, 241.2, 119.0 

14 4-Methoxyindol-3-
ylmethylglucosinolate 

 477 18.5 75.0, 97.2, 234.8, 259.2, 195.2 

15 Kaempferol-glucoside-
rhamnoside 

 593.1 18.7 285.0, 447.2 

16 Quercetin-glucoside-rhamnoside  609 18.8 446.8, 300.8, 463.4 

17 6-Methylthio-n-hexylglucosinolate  448 19.2 97.0, 195.0, 259.4, 275.0 

18 1-Methoxyindol-3-ylmethyl 
glucosinolate 

 477 19.5, 19.7 97.2, 259.2, 445.8 

19 Isorhamnetin-glucoside-
rhamnoside 

 623.1 19.8 314.8, 461.2, 476.8 

20 3-Benzoyloxy-n-
propylglucosinolate 

 480 20.1 97.0, 120.6, 195.6, 259.4 

21 Kaempferol-rhamnoside-
rhamnoside 

 577.2 20.6 284.8, 431.6 
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22 8-Methylthio-n-octylglucosinolate  477 20.7 97.2, 153.6, 259.0, 446.0 

23 Quercetin-3-glucoside  463.1 20.9 300 

24 Kaempferol glycoside  594.2 21.2 284.2 

25 Kaempferol-3-glucoside  447.1 21.9 284.0, 151.0, 227.0 

26 4-Benzoyloxy-n-butylglcosinolate  494 22.3 97.0, 195.0, 259.4, 275.0 

27 Benzylglucosinolate  409 22.6 186.8, 96.6 

28 quercetin-rhamnoside  447.4 22.9 301.1, 151.4 
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Table 3.3: Metabolites that changed significantly in Arabidopsis roots in 
response to auxin at 12, 24 and  36 h.  
Data were analyzed using XCMS online software; statistical significance of relative 

concentrations of metabolites between the control and treated samples were 

determined using a p-value cutoff of < 0.05.  Empty cells under 12, 24, and 36 h refer 

to no detectable changes in treated samples relative to controls.  NA refers to values 

not available. 

S.No Putative identity  m/z RT ion 
mode 

p-value 12 h 24 h 36 h 

1 Unknown 764.7 18.0 Pos 0.01 0.16   

2 Unknown 743.5 18.0 Pos 0.03 0.15   

3 Kaempferol-glucoside-
rhamnoside 

594.3 18.9 Pos 0.03 0.27   

4 Unknown 139.1 19.9 Pos 0.02 1.74   

5 Unknown 571.6 20.8 Pos 0.04 2.04   

6 Unknown 468.5 21.3 Pos 0.04 0.58   

7 Unknown 679.5 21.9 Pos 0.04 2.99   

8 Unknown 353.2 23.2 Pos 0.02 2.52   

9 Unknown 213.4 25.1 Pos 0.00 0.14   

10 Unknown 552.5 18.0 Neg 0.03 0.21   

11 Unknown 517.3 18.2 Neg 0.03 0.24   

12 Quercetin-glucoside-
rhamnoside 

610.3 18.6 Neg 0.05 0.70  0.6 

13 Unknown 576.2 21.9 Neg 0.05 0.06   

14 Unknown 171.2 35.0 Neg 0.04 0.11   

15 Unknown 204.7 38.1 Neg 0.01 22.86 3.02  

16 Unknown 283.3 13.2 Pos 0.001  0.25  

17 Unknown 188.2 14.0 Pos 0.04  1.79  

18 Unknown 168.3 14.4 Pos 0.02  2.09  

19 Unknown 335.2 14.4 Pos 0.04  2.47  

20 Unknown 335.2 15.7 Pos 0.04  4.25  

21 Unknown 147.3 17.6 Pos 0.02  2.57  

22 Unknown 222.2 22.1 Pos 0.03  0.20  

23 Unknown 304.2 23.4 Pos 0.04  2.95  
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24 Unknown 526.2 23.5 Pos 0.02  3.87  

25 Unknown 228.6 29.1 Pos 0.01  2.73  

26 Unknown 155.2 30.1 Pos 0.03  1.62  

27 Unknown 148.3 30.2 Pos 0.02  5.53  

28 Unknown 417.2 32.7 Pos 0.01  9.78  

29 Unknown 183.3 33.0 Pos 0.03  0.25  

30 Unknown 643.4 11.8 Neg 0.03  5.45  

31 Unknown 299.2 14.1 Neg 0.01  0.30  

32 4-Methylthio-n-
butylglucosinolate 

422.0 15.1 Neg 0.05  NA  

33 Unknown 229.1 15.9 Neg 0.04  3.43  

34 Unknown 432.2 16.4 Neg 0.02  2.67  

35 Unknown 382.5 17.1 Neg 0.04  NA  

36 Unknown 724.7 17.2 Neg 0.01  NA  

37 Unknown 549.4 18.0 Neg 0.03  0.002  

38 Unknown 580.3 20.9 Neg 0.02  5.92  

39 4-Benzoyloxy-n-
butylglcosinolate 

493.6 21.5 Neg 0.04  0.08  

40 Unknown 655.1 22.5 Neg 0.03  0.34  

41 Unknown 606.1 24.8 Neg 0.01  0.002  

42 Unknown 327.1 25.6 Neg 0.05  133.4  

43 Unknown 268.8 36.8 Neg 0.03  4.59  

44 Unknown 270.2 37.0 Neg 0.04  0.11  

45 Unknown 736.3 37.3 Neg 0.03  2.73  

46 Unknown 737.7 37.7 Neg 0.03  7.16  

47 Unknown 199.5 38.3 Neg 0.02  0.14  

48 Unknown 297.6 39.0 Neg 0.03  0.02  

49 Unknown 149.3 15.9 Pos 0.01   0.5 

50 Unknown 247.2 16.7 Pos 0.03   3.8 

51 Unknown 252.2 17.2 Pos 0.01   3.5 

52 Unknown 419.5 18.0 Pos 0.04   0.3 

53 Unknown 481.2 18.1 Pos 0.01   0.5 

54 Unknown 573.4 21.1 Pos 0.05   0.5 

55 Unknown 271.0 21.4 Pos 0.05   22.3 

56 Unknown 586.5 22.6 Pos 0.02   0.5 
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57 Unknown 437.6 39.3 Pos 0.04   0.6 

58 Unknown 729.5 15.7 Neg 0.04   NA 

59 Unknown 167.1 16.9 Neg 0.04   62.7 

60 Unknown 563.2 18.7 Neg 0.04   25.4 

61 Unknown 239.1 28.5 Neg 0.04   0.1 

62 Unknown 217.0 31.1 Neg 0.02   NA  

63 Unknown 217.0 33.4 Neg 0.00   0.002 
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Table 3.4: Ions that changed significantly in Arabidopsis roots in response to 
ethylene at 12, 24 and  36 h.  
Data was analyzed using XCMS online software and statistical significance of relative 

concentrations of metabolites between the control and treated samples were 

determined using a p-value cutoff of < 0.05.  Empty cells under 12, 24, and 36 h refer 

to no detectable changes in treated samples relative to controls.  NA refers to values 

not available. 

S.No Putative Identity m/z RT Ion 
mode 

p-
value 

12 h 24 h 36 h 

1 Unknown 217.42 13.69 Pos 0.04 1.55   

2 Unknown 711.46 15.45 Pos 0.02 9.83   

3 Unknown 272.14 16.55 Pos 0.05 3.81   

4 Unknown 719.26 17.63 Pos 0.03 2.17   

5 Unknown 172.17 17.69 Pos 0.02 2.24   

6 Kaempferol-
rhamnoside  

434.34 18.31 Pos 0.05 1.60   

7 Unknown 355.05 18.79 Pos 0.02 0.16   

8 Unknown 541.35 20.60 Pos 0.02 2.72   

9 Unknown 195.26 30.28 Pos 0.01 2.31   

10 Unknown 434.64 32.88 Pos 0.00 183.0
6 

  

11 Unknown 738.13 38.08 Pos 0.01 4.14   

12 Unknown 507.70 38.20 Pos 0.04 0.18   

13 Unknown 238.95 14.71 Neg 0.02 36.65   

14 Unknown 338.00 14.80 Neg 0.00 1.96   

15 Unknown 277.26 17.86 Neg 0.04 1.51   

16 Quercetin 
dirhamnoside-
rhamnoside 

755.39 18.94 Neg 

Pos 

0.04 0.41 8.10  

17 Unknown 370.23 23.46 Neg 0.01 34.90   

18 Unknown 257.03 23.49 Neg 0.00 9.23   

19 Unknown 242.44 23.52 Neg 0.03 3.63   

20 Unknown 199.01 23.54 Neg 0.04 4.36   

21 Unknown 768.44 16.67 Pos 0.03  1.93  

22 Unknown 414.23 16.93 Pos 0.02  0.17  
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23 Unknown 293.39 17.45 Pos 0.02  0.49 0.49 

24 Unknown 405.39 17.51 Pos 0.02  0.36  

25 Unknown 400.20 19.06 Pos 0.02  0.49  

26 Unknown 337.17 23.31 Pos 0.05  2.40  

27 Unknown 226.49 26.42 Pos 0.04  0.06  

28 Unknown 299.24 14.22 Neg 0.00  0.10  

29 Unknown 420.52 15.28 Neg 0.04  0.19  

30 Unknown 390.36 17.55 Neg 0.00  2.46  

31 Unknown 371.33 17.84 Neg 0.04  0.20  

32 Unknown 549.39 18.03 Neg 0.03  0.01  

33 6-Methylthio-n-
hexylglucosinolate 

449.24 18.71 Neg 0.03  0.16  

34 4-Methylsulfinyl-n-
butylglucosinolate 

437.42 20.51 Neg 0.00  0.23  

35 Unknown 279.00 21.19 Neg 0.01  0.15  

36 Unknown 213.07 29.24 Neg 0.02  NA  

37 Unknown 202.02 29.88 Neg 0.03  36.8
4 

 

38 Unknown 351.16 14.61 Pos 0.03   0.35 

39 Unknown 149.32 15.92 Pos 0.01   0.41 

40 Unknown 252.18 17.22 Pos 0.02   3.04 

41 Unknown 423.37 17.76 Pos 0.02   0.29 

42 Unknown 280.39 17.83 Pos 0.04   0.31 

43 Quercetin-
rhamnoside 

449.19 17.90 Pos 0.03   0.22 

44 Unknown 419.46 17.95 Pos 0.01   0.28 

45 Unknown 481.19 18.05 Pos 0.00   0.18 

46 Unknown 345.35 18.24 Pos 0.04   0.19 

47 Unknown 565.53 18.52 Pos 0.04   0.42 

48 Unknown 325.36 18.61 Pos 0.05   0.33 

49 Unknown 193.23 19.19 Pos 0.00   0.32 

50 Unknown 317.14 19.77 Pos 0.05   0.59 

51 Sinapoyl malate  341.36 21.30 Pos 0.04   0.47 

52 Unknown 749.58 22.25 Pos 0.04   0.35 

53 Unknown 586.45 22.58 Pos 0.01   0.40 
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54 Unknown 135.29 32.67 Pos 0.05   1.80 

55 Unknown 227.53 39.27 Pos 0.01   0.26 

56 Unknown 420.63 39.28 Pos 0.02   0.29 

57 Unknown 401.45 39.28 Pos 0.03   0.20 

58 Unknown 497.46 39.32 Pos 0.01   0.36 

59 Unknown 729.52 15.66 Neg 0.04   0.07 

60 Unknown 431.21 16.35 Neg 0.05   0.65 

61 8-Methylsulfinyl-n-
octylglucosinolate  

492.30 16.57 Neg 0.02   0.16 

62 Unknown 660.52 18.80 Neg 0.03   2.67 

63 Unknown 239.25 28.56 Neg 0.04   0.23 

64 Unknown 216.99 30.93 Neg 0.03   0.23 

65 Unknown 742.65 37.34 Neg 0.04   0.15 
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Table 3.5: Metabolite comparison in roots of Arabidopsis that changed 
significantly in response to exogenous auxin and ethylene. 
The table shows the number of ions that changed significantly in abundance in 

response to auxin and ethylene relative to untreated controls. Statistical significance 

was determined using a p-value cutoff of < 0.05.  The data is shown in both positive 

and negative ion mode (Ion mode shown in parentheses) 

Comparison 12 h 24 h 36 h 

 Increase Decrease Increase Decrease Increase Decrease 

Auxin treated 

roots 

4 (+ve) 

1 (-ve) 

5 (+ve) 

5 (-ve) 

11 (+ve) 

9 (-ve) 

3 (+ve) 

8 (-ve) 

3 (+ve) 

2 (-ve) 

6 (+ve) 

3 (-ve) 

Ethylene treated 

roots 

10 (+ve) 

7 (-ve) 

2 (+ve) 

1 (-ve) 

2(+ve) 

3 (-ve) 

5 (+ve) 

7 (-ve) 

2 (+ve) 

1 (-ve) 

20 (+ve) 

6 (-ve) 
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Figure 3.1: Metabolite comparison in roots of Arabidopsis that changed in 
response to both auxin and ethylene.  
The venn diagram indicates the overlap of ions that changed significantly in response to 

both auxin and ethylene. Statistical significance was determined using a p-value cutoff 

of < 0.05.  The up arrow indicates increased abundance of ions in treated samples 

relative to controls and down arrow indicates decreased abundance.  
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Figure 3.2: PCA and MDS of the metabolite profiles of auxin treated roots at 24 
hrs time point in negative ion mode. 
Red represents the control and green represents IAA treatment. 
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Figure 3.3: PCA and MDS of the metabolite profiles of ethylene treated roots at 24 
hrs time point in negative ion mode.  
Red represents the control and green represents ACC treatment. 
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Introduction 
The chapters in this thesis have presented the potential of metabolomics in 

understanding the physiological aspects of root development in Arabidopsis thaliana, 

and specifically hormonal cross-talk between the phytohormones auxin and ethylene.  A 

novel method has been developed for analyzing flavonol glycosides in very small 

amounts of tissues using simple tissue collection methods, and rapid sample 

preparation and downstream analysis, permitting high throughput analysis.  A library of 

m/z identities based on MS2 fragmentation patterns and retention times has been 

generated using liquid chromatography-mass spectrometry (LC-MS).  This library has 

been used to identify metabolites that change in response to auxin and ethylene, while 

the appendices show further applications of metabolomics in functional genomic 

studies.  

 

Integration of ‘omics technologies 
The results presented in chapter 3, which show very few metabolites change in 

common in response to auxin and ethylene, present an interesting area of further 

research.  Although previous research has shown that both phytohormones increase 

the levels of flavonol pathway transcripts in whole roots, flavonols increased in 

abundance only in root tips (Lewis et al., 2011b).  A number of studies have shown non-

linear correlation between transcripts, proteins, and metabolites (Gibon et al., 2006; Ishii 

et al., 2007; Sonderby et al., 2010).  Thus integrating the non-targeted metabolite 

profiling data with transcriptomic and proteomic data can provide information on how 

these components interact with each other, while pointing to the underlying regulatory 

mechanisms that can explain the non-linear correlation between these components 

(Sauer et al., 2007).  Parallel to the metabolomic approaches described in chapter 3, 

the Muday and Winkel/Helm groups are also studying transcriptomic and proteomic 

changes in response to both auxin and ethylene at high temporal resolution.  Integrating 

these data will help in identifying the mechanisms of cross-talk between these 
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hormones as well as provide insights into regulatory mechanisms that control transcript, 

protein, and metabolite accumulation. 

 

Application to functional genomics 
The tools developed in chapters 2 and 3 for metabolite analysis can be used as tools 

for functional genomics.  A number of novel genes such as CYP82G1, that encodes a 

(E,E)-4,8,12-trimethyltrideca-1,3,7,11-tetraene (TMTT) homoterpene synthase, and 

UDP dependent glucosyl tranferase genes (UG)  have been characterized with the help 

of metabolomics (Lee et al., 2010; Tohge et al., 2005b; Yonekura-Sakakibara et al., 

2008).  Appendices A and B present two additional examples of the use of 

metabolomics to identify the functions of the chi-l (chalcone isomerase- like) and aad-l 

(allyl alcohol dehydrogenase- like) genes.  Although the functions of these genes has 

not yet been confirmed, the initial metabolomic analyses provide useful new insights.  

These tools can be applied not only to model species such as Arabidopsis, but also to 

other plant species.  Appendix C illustrates an example of this case where targeted 

metabolite profiling of flavonols has been done to analyze mutant line of woodland 

strawberry (Fragaria vesca).  The mutant line named white runner has been proposed 

to be defective in flavanone 3 hydroxylase (F3H), an enzyme that converts naringenin to 

dihydrokaempferol.   Metabolite analysis revealed the absence of downstream flavonols 

in this mutant line, providing further evidence that the white runner phenotype is indeed 

due to a mutation in F3H.  

 

The development of metabolite identity annotations based on MS2’s and retention 

times will prove to be a valuable tool for other biological applications. The data 

presented in chapter 3 also points to the chemical complexity of the metabolome and 

the fact that the identification of unknown metabolites is still a huge challenge. As 

metabolomics plays an important role in many biological applications, further 
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developments in metabolomic technologies to increase the coverage of metabolites, as 

well as annotation of unknown peaks will be of great use. 
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Effects of tt5 and chi-l mutations on flavonol glycoside profiles 
 

The effects of the chalcone isomerase mutation on flavonol glycosides in the 

Arabidopsis thaliana line, tt5, in seedling roots were analyzed using LC-MS-MS.  

Chalcone isomerase (CHI) catalyzes the conversion of naringenin chalcone to 

naringenin, a key early step in the synthesis of all major classes of flavonoids found in 

Arabidopsis, the flavonols, anthocyanins, and proanthocyanidins.  Previous HPLC-

based analyses reported the absence of detectable kaempferol or quercetin aglycones 

in 5-day-old seedlings carrying the tt5 (86) allele in the Landsberg ecotype (Pelletier et 

al., 1999).  The same was true for UPLC-based analyses of two alleles of tt5 

(SALK_034145 and CS300857) isolated more recently in ecotype Columbia (Bowerman 

et al., in review). In contrast, very low levels of flavonol glycosides were observed in the 

roots of 6-day-old tt5 seedlings (allele 034145) using highly-sensitive high performance 

liquid chromatography-mass spectrometry (LC-MS-MS) technology (Figure A1-1). 

The effects of a mutation in the gene encoding a CHI-L (chalcone isomerase – 

like) on accumulation of flavonol glycosides were also analyzed using the LC-MS-MS 

method.  This CHI-L gene, locus number is AT5G05270, was identified in co-expression 

analysis of genes involved in flavonoid metabolism, including F3’H, using publicly-

available databases (TAIR, ATTED, GEO, and Genevestigator) (Fetrow et al; 

unpublished results).  The chi-l mutant examined in this study is homozygous for a T-

DNA insertion in the first intron (Salk_096551) (Bowerman et al., in review).  A 

significant decrease was observed in the quercetin and kaempferol glycosides in this 

mutant (Figure A1-2).  This was surprising, as chalcone isomerase was previously 

believed to be encoded by a single gene in Arabidopsis. However, there are five genes 

identified in Arabidopsis encoding CHI fold proteins (Ngaki et al., 2012), including CHI 

(At3g55120) and CHI-L (At5g05270).  The tt5 mutants have bright yellow seeds and 

were previously reported to produce no flavonoids based on HPLC analysis, suggesting 

that Arabidopsis contained only a single functional CHI gene.  For the first time we 
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provide evidence that there is a second functional CHI gene in Arabidopsis that may 

also have a role, albeit minor, in flavonoid metabolism. 

 

Experimental 

Plant material 

Arabidopsis (ecotype Columbia) seedlings were grown on 1X Murashige and 

Skoog medium, pH 5.7, 0.8% agar, supplemented with 1% sucrose.  Seeds were 

surface sterilized by rinsing in isopropanol for 1 min, 50% bleach/0.05% Triton X-100 for 

5 min, and then in three changes of sterile water for 1 min each.  After stratification for 

48 h at 4°C, plates were removed to vertical racks and placed under continuous light. 

The seeds were grown 5 days following germination and root tissue was collected. The 

lines used were wild type, tt5, and chi-l. 

 

Extraction 

For mass spectrometric analysis the root tissue was weighed and transferred into 

pre-weighed and pre-chilled Corning 2.0 ml self-standing microcentrifuge tubes 

containing two 3 mm diameter steel balls (type 316; Small Parts), homogenized using a 

Harbil 5G paint shaker for 4 cycles of 30 sec each with liquid nitrogen poured over 

sample containers between cycles to keep the tissue cold.  Whole roots were processed 

in 5 µl/mg fresh weight of extraction buffer (80% methanol, 1% acetic acid).  The tissue 

was subjected to vortexing and then centrifuged twice at 12,000 x g for 15 min.  The 

collected supernatant was stored in -80°C prior to analysis.  The samples were diluted 

with 280 µl of 50:50 fA-fB solution. (fA is 10 mM ammonium acetate and 0.2% acetic 

acid in water, fB is 10 mM ammonium acetate and 0.2%  acetic acid in methanol) for 

HPLC-electrospray ionization- mass spectrometry (HPLC-ESI-MSMS). 

 



	   90	  

Metabolite profiling 

HPLC-ESI-MSMS was performed on a 3200 Q Trap mass spectrometer from 

applied biosystems with an Agilent 1100 series LC binary pump chromatographic 

system. Luna 3µ C18 (2.00 mm X 150 mm) reverse-phase column was used for 

chromatographic separation. fA and fB solutions are used as mobile phase solvents. 

The flow rate was 150 µl/min with a gradient starting with 50% fB at 0-5 min, reaching 

95% fB at 15-20 min, and 50% fB at 25-35 min. Injection volume was 10 µl. The 

electron spray ionization- mass spectrometer (ESI-MSMS) was performed in positive 

mode. The parameters were set to 4700 V ion spray voltage, 120oC gas 2-heater 

temperature, 20 psi curtain gas, 25 psi nebulizer gas, and 50 psi auxiliary gas. 

Metabolites were detected in multiple reaction monitoring mode, with m/z 579.1/287.1 

for K+R+R, m/z 595.1/303.1 for Q+R+R, m/z 741.13/287.1 for K+RG+R, m/z 

465.1/303.1 for Q+R, m/z 465.1/303.1, m/z 479.3/317.3 for iR+G, m/z 595.1/287.1 for 

K+G+R, m/z 611.1/303.1 for Q+G+R, m/z 625.3/317.3 for iR+G+R. Peak areas were 

then calculated using Analyst 1.4.2 (AB Sciex) 
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Figure A1-1: Effects of the tt5 mutation on flavonol glycoside profiles of whole 
Arabidopsis roots.   
Flavonol glycosides were analyzed in roots of 5-day-old wt, and tt5 (chalcone 

isomerase) seedlings by HPLC-ESI-MSMS. Shown are data for major (A) and minor (B) 

flavonol glycosides. Asterisks indicate p-value < 0.05. Abbreviations: Q=quercetin, 

K=kaempferol, iR=isorhamnetin, R= rhamnose, H=hexose, G=glucose. 
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Figure A1-2: Effect of the chi-l mutation on major flavonol glycosides in seedling 
roots.   
Roots from 5-day-old wild-type and chi-l mutant seedlings were analyzed by HPLC-ESI-

MSMS. Shown are data for major (A) and minor (B) flavonol glycosides. Asterisk 

indicates p-value < 0.05. Abbreviations: Q=quercetin, K=kaempferol, iR=isorhamnetin, 

R= rhamnose, H=hexose, G=glucose.
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Non-targeted metabolite profiling of a T-DNA insertion line to 
understand the function of AAD-L 

 

A putative allyl alcohol dehydrogenase (AAD) gene, called AAD-like (AAD-L, 

AT1G65560) was identified in the co-expression analysis of Arabidopsis thaliana genes 

involved in flavonoid metabolism (Yonekura-Sakakibara et al., 2008). This gene was 

also identified in the co-expression analysis of genes involved in flavonoid metabolism 

along with F3’H using publicly available data bases (TAIR, ATTED, GEO, and 

Genevestigator) (Fetrow et al., unpublished results).  Although it has been shown that 

AAD-L is induced by UV-B radiation and continuous red light, not much is known about 

the function of this gene (Oravecz et al., 2006; Peschke and Kretsch, 2011).  A T-DNA 

knock out line with an insertion in the exon 1 (SAIL_785_B08) of AAD-L was obtained 

from the Arabidopsis Biological Resource Center (The Ohio State University) and a 

homozygous line was identified (David Harries and Will Slade, unpublished results).  

These mutants have a pale green color leaves and fewer buds and flowers than the wild 

type plants.  To confirm that the mutant line has a single homozygous mutation, the 

mutant lines were back crossed to the wild type. The mutant lines segregated in the F2 

generation with a 3:1 ratio indicating the mutation is homozygous. 

 

Non-targeted metabolomics analysis was performed on this aad-l mutant line.  

This was done with the aim that integrated analyses of the co-expression analysis with 

metabolite analysis can help in identifying the function of the gene.  Examination of 

gene expression data with AtGenExpress (Arabidopsis eFP browser) revealed that 

AAD-L gene is expressed at high levels in Arabidopsis buds and flowers.  Therefore the 

metabolite profiles of wild-type and add-l buds and flowers were compared using high 

performance liquid chromatography-electrospray ionization-mass spectrometry (HPLC-

ESI-MS).  Wild-type and aad-l plants were grown on soil under a long day cycle (16 h 

light, 8 h dark) and buds and flowers were collected as they appeared.  The metabolites 
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were extracted and analyzed as described in the experimental section.  Profiles were 

generated by HPLC-ESI-MS in both positive and negative ion mode.   

The data were analyzed using XCMS online software, which identified a total of 

130 ions in positive ion mode and 59 in negative ion mode whose levels were altered 

significantly in the aad-l mutant line (P value ≤ 0.05).  Of the 130 ions identified in 

positive ion mode, 64 increased in abundance compared to wild type, and 66 decreased 

in abundance.  Among the ions detected in the negative ion mode, 29 increased in 

abundance and 30 decreased in abundance compared to wild type.  Principal 

component analysis and multidimensional scaling showed clear separation of the aad-l 

mutant from wild type (Figure A2-1).  Metabolites were then identified by comparing 

retention times and MS/MS spectra (Table A2-1).   

Preliminary data analysis also revealed a 206 fold decrease of 4-Methylthio-n-

butylglucosinolate in the aad-l mutant relative to wildtype.   The metabolite analysis data 

from the buds and flowers of aad-l gene shows that AAD-L gene may have a role in the 

production of 4-methylthio-n-butyl glucosinolate, which is ~200-fold lower in flowers and 

buds of the mutant as compared to wild type tissues.  There is also a 15 fold increase in 

indole glucosinolate, 4-methoxyindol-3-ylmethylglucosinolate.  Currently it is not known 

if an alcohol dehydrogenase (or related) activity is required for glucosinolate 

biosynthesis.  The metabolite analysis by HPLC-ESI-MS needs to be repeated with 

several independent biological replicates to confirm the results.  Further genetic 

experiments such as complementation of the phenotype with expression of AAD-L 

cDNA in the aad-l mutant background, effects of the mutation on expression analysis of 

genes known to be involved in glucosinolate biosynthesis, and metabolite analysis may 

help in identifying the role of AAD-L gene in the altered metabolic phenotype in mutant. 
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Experimental 
 

Plant material 

Arabidopsis (ecotype Columbia) seedlings were grown on soil under a long day 

cycle (16 h light, 8 h dark).  Buds and flowers were collected as they appeared at 

different times and tissues were immediately flash frozen by harvesting directly into pre-

weighed Corning 2.0 ml self-standing micro centrifuge tubes containing 3 mm steel balls 

(add source here) in liquid nitrogen, then stored at -80°C prior to analysis.    

 

Extraction 

For mass spectrometric analysis the bud and flower tissue was transferred into 

pre-weighed and pre-chilled Corning 2.0 ml self-standing microcentrifuge tubes 

containing two 3 mm diameter steel balls (type 316; Small Parts), then homogenized 

using a Harbil 5G paint shaker for 4 cycles of 30 sec each with liquid nitrogen poured 

over sample containers between cycles to keep the tissue cold.  The tissue was 

processed in 10 µl/mg fresh weight of extraction buffer (99% methanol, 1% acetic acid).  

The tissue was subjected to vortexing, and centrifuging twice at 12,000 x g for 15 min.  

The collected supernatant was dried under vacuum and the dried samples were stored 

in -80°C prior to analysis.  The samples were re-suspended in 1 µl/mg fresh weight of 

aqueous acetic acid (0.1% v/v): acetonitrile (9:1), sonicated at room temperature (5510 

Branson sonicator, 10 min), and centrifuged at 10,000 x g for 10 min.  A portion of the 

supernatant (30-50 µl) was transferred into an autosampler vial and queued up for mass 

spectrometric analyses. 
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Non-targeted metabolite profiling  

Non-targeted metabolite profiling was performed by HPLC-ESI-MS was 

performed as described in chapter 3.  The samples for wild-type and aad-l tissues were 

pooled separately and extracted.  Each extract was analyzed repeatedly in three 

independent runs. 

 

Data analysis 

The .wiff files were converted to mzXML format using mzWiff converter from the 

Trans-Proteomic Pipeline (Institute for Systems Biology).  The publicly-available XCMS 

software online version (Tautenhahn et al., 2012a)was used for data analysis.  Data 

were processed using the default parameters in HPLC/single quad method with the 

following exceptions: feature detection- matched filter method with FWHM- 10 and S/N 

ratio- 15, retention time correction- obiwarp method, and peak alignment with mzwid- 

0.75, bw- 15, and max- 10.  The p-value cutoff was set to < 0.05.  The online version 

generates a table listing ions with increasing p-values in treated samples that differ from 

controls.  The online software also applies statistical tools such as multidimensional 

scaling and principal component analysis to estimate the statistical significance of the 

data. 
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Figure A2-1: Principal component analysis (PCA) of metabolite profiles of buds 
and flowers of wild-type and aad-l mutant lines 
PCA analysis in A. positive ion mode, B. negative ion mode. Red represents wild type 

metabolites and green represents aad-l. 

A	  

B	  
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Table A2-1: Metabolites that differed in abundance between the aad-l mutant line 
and wild type.  
Non-targeted metabolite analysis was performed by HPLC-ESI-MS and data were 

analyzed using XCMS online software. 

S.no Putative metabolite 
identity 

m/z RT Ion 
mode 

P-
value 

Fold 
change 

Change in 
abundance 

1 4-Methylthio-n-

butylglucosinolate  

421.2 16.07 Neg 0.01 206.21 Decrease 

2 4-Methoxyindol-3-

ylmethylglucosinolate 

477.1 19.13 Neg 0.02 15.43 Increase 

3 Isorhamnetin-

glucoside-

rhamnoside 

623.2 20.33 Neg 0.00 1.64 Decrease 

4 Quercetin-

rhamnoside 

449.2 
 

18.44 Pos 0.0001 
 

1.37 
 

Decrease 
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Metabolite analysis of a white runner mutant in Fragaria vesca 
(woodland strawberry) 

 

Fragaria vesca is a diploid strawberry species that has many characteristics to 

make an excellent model organism (Folta and Dhingra, 2006).  This species is 

comparable to Arabidopsis thaliana in that it requires minimal growing space, produces 

abundant seed set, has a small genome size of 240 Mb, has short life cycle of from 12 

to 16 weeks, has a fully sequenced genome, and is easily transformed and 

regenerated, although in this case still only from tissue culture.  Additionally F. vesca 

has characteristics that are not present in Arabidopsis, such as clonal propagation, 

perenniality, fleshy fruits, and direct relevance to agriculture.  Wild-type F. vesca has 

white colored fruits, red petioles, red runners, and brown achenes.  Dr. Sarah Holt has 

characterized a mutant line of F. vesca called white runner that has a visible phenotype 

of absence of red pigment in stalks and runners (Holt, 2011).  Gene expression analysis 

of three structural genes of the flavonoid pathway showed that the mutation is 

associated with a 20 bp deletion in exon 2 of a gene with high homology to flavanone 3-

hydroxylase (F3H) in other plant species.  F3H catalyzes the conversion of naringenin 

to dihydrokamepferol, which is the precursor for flavonols, anthocyanins, and 

proanthocyanins (Prescott and John, 1996).  Metabolite analysis was performed to 

provide functional evidence that the affected gene in F. vesca encoded F3H activity by 

testing the hypothesis that flavonols and anthocyanins are absent in white runner 

mutants.   

 

 Metabolite analysis of the petioles by liquid chromatography-electrospray 

ionization-tandem mass spectrometry (LC-ESI-MS/MS) revealed the absence of 

flavonoids in white runner compared to the wild-type.  The metabolites putatively 

identified in red runner through fragmentation patterns from product ion scans are 

anthocyanins peonidin 3,5-diglucoside (m/z 625 [M+H]+;  figure 2), peonidin 3-glucoside 

(m/z 463 [M+H]+; figure 1), and cyanidin 3-glucoside (m/z 449 [M+H]+; figure 1). ), and 
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cyanidin 3,5-diglucoside (m/z 611 [M+H]+;; figure 2). Surprisingly, two peaks were 

present in the white runner samples that were absent in wild-type.  Based on the 

fragmentation patterns from product ion scans, these two peaks were tentatively 

identified as phloretin (m/z 275 [M+H]+) and phloridzin (phloretin 2′-O-β-d-

glucopyranoside; m/z 437 [M+H]+) (Figure 3).  Phloridzin, a dihydrochalcone, was 

previously reported to be present in F. ananassa (Hilt et al., 2003).  Phloridzin 

biosynthesis is catalyzed by a dehydrogenase that converts p-coumaroyl-CoA into 4-

hydroxydihydrocinnamoyl-CoA in the presence of NADPH.  4-hydroxydihydrocinnamoyl-

CoA is then converted to phloretin by chalcone synthase and later glucosylated at 2’ 

position to form phloridzin (Gosch et al., 2009).  

 

In general the flavonoid biosynthetic pathway begins with condensation of one 

molecule of p-coumaroyl CoA and three molecules of malonyl CoA to naringenin 

chalcone by chalcone synthase (Winkel-Shirley, 2001).  Naringenin chalcone is 

isomerized to naringenin by chalcone isomerase (CHI).  Naringenin is then converted to 

dihydrokaempferol, the precursor molecule for flavonols, anthocyanins, and 

proanthocyanidins by F3H.  It appears that in the F. vesca white runner line, p-

coumaroyl-CoA is being converted to 4-hydroxydihydrocinnamoyl-CoA and the pathway 

is re-directed to produce phloridzin in the absence of the FvF3H enzyme.  Thus 

metabolomics can be combined with genomics data as a tool for functional genomics. 

 

Experimental 

Plant material 

 

A T-DNA insertional mutant line of F. vesca that is characterized by an absence of 

red  pigmentation in the petiole and runner tissue and therefore named white runner 
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was previously characterized by Sarah Holt as part of her dissertation research (insert 

citation to her dissertation). 

 

Extraction 

Petiole tissue was collected from two FV10-C04-136-B17-10 red runner plants 

and two FV10-C04-354-B17-10 white runner plants for metabolite analysis.  The tissue 

was transferred into pre-weighed and pre-chilled Corning 2.0 ml self-standing 

microcentrifuge tubes containing two 3 mm diameter steel balls (type 316; Small Parts), 

then homogenized using a Harbil 5G paint shaker for 4 cycles of 30 sec each with liquid 

nitrogen poured over sample containers between cycles to keep the tissue cold.  

Flavonoids were extracted using 10 µl/mg fresh weight of extraction buffer (99% 

methanol, 1% acetic acid).  The tissue was subjected to vortexing and then centrifuged 

twice at 12,000 x g for 15 min.  The collected supernatant was dried under vacuum and 

the dried samples were stored in -80°C prior to analysis.  At the time of analysis, 

samples were re-suspended in 5 µl/mg fresh weight of solvent B (10 mM ammonium 

acetate, 1% acetic acid in methanol). 

 

Metabolite Analysis 

Metabolite profiling was performed on an Agilent 1100 LC binary pump coupled to 

3200 QTrap Linear Ion Trap Quadrupole Mass Spectrometer (ABSciex Instruments, 

Foster City, CA, USA).  HPLC separation was performed on a Thermo Hypersil Beta 

Basic 18 column (100 mm x 1 mm, 5 µm particle size).  The mobile phases were (A) 10 

mM ammonium acetate, 1% acetic acid in water, and (B) 10 mM ammonium acetate, 

1% acetic acid in methanol.  Metabolites were eluted with the following gradient: 2% B 

(0-5 min); 2-38% B (5-19 min); 38-100% B (19-24 min); 100% B (24-31 min); 100-2% B 

(31-34 min); 2% B (34-50 min).  The mass spectrometer parameters were set to 4.7 kV 

for the ion spray voltage, 63 V for the declustering potential, 6.3 V for the entrance 
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potential, with the interface heater set to 120°C and the curtain and nebulizer gases set 

to 20 and 25, respectively.  Compounds were analyzed in positive ion mode. Product 

ion scans were obtained for m/z 463.0, 449.0, 611.0, 625.0, 275.0, and 437.0. Data 

were analyzed by Analyst 1.4.2 (AB Sciex). 
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Figure A3-1: Product ion scans of peonidin 3-glucoside (m/z 463 [M+H]+) and 
cyanidin 3-glucoside (m/z 449 [M+H]+) in petioles of red runner and white runner.    
Signals corresponding to the characteristic fragmentation patterns for peonidin 3- 

glucoside (m/z 301.1) and cyanidin 3-glucoside (m/z 287.0) are indicated where present 

in each of the four panels.  The m/z 273.2 ion seen in very low intensity in the white 

runner panel for cyanidin 3-glucoside probably corresponds to noise. 
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Figure A3-2: Product ion scans of cyanidin 3,5-diglucoside (m/z 611 [M+H]+) and 
peonidin 3,5-diglucoside (m/z 625 [M+H]+) in petioles of red runner and white 
runner.   
Signals corresponding to the characteristic fragmentation patterns for cyanidin 3,5-

diglucoside (m/z 287.0, and 449.3) and peonidin 3,5-diglucoside (m/z 301.1 and 463.0) 

are identified where present in each of the four panels.  m/z 301.1 for peonidin 3,5-

diglucoside is seen in relatively very low intensity in white runner compared to red 

runner which probably corresponds to noise. 
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Figure A3-3: Product ion scans of phloretin (m/z 275 [M+H]+) and phloridzin (m/z 
437 [M+H]+) in petioles of red runner and white runner.   
Signals corresponding to the characteristic fragmentation patterns of phloretin (to m/z 

139.2) and phloridzin (m/z 275.3 and 139.2) are indicated where present. 
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