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Abstract 
 

The mitochondrial electron transport chain (mtETC) is a major 

electron sink in the plant cell and changes in its activity have the potential 

to influence metabolic reactions throughout the cell. Respiratory inhibition 

due to oxygen-deprivation is a naturally occurring phenomenon and a 

major constraint on plant productivity in areas that become flooded or 

waterlogged. Hence, an understanding of the metabolic effects of 

respiratory inhibition has implications for not only basic biological 

understanding but also for agriculture. The emergence of GC/MS based 

metabolomics technology provides an opportunity to expand our current 

understanding of the control the respiration has over metabolism.   

Software for automated GC/MS metabolomics data processing, 

analysis and databasing was developed in order to efficiently extract 

biological insights from raw GC/MS data. This software was then used in a 

series of metabolomics experiments aimed at elucidating the set of 

interactions that link respiratory processes with the rest of the plant 

metabolic network. Metabolite levels were monitored in a variety of 

systems subject to respiration-targeted perturbations. These perturbations 

included: i) pharmacological inhibitions of mtETC complex I and mtETC 

complex III in Arabidopsis thaliana cell suspension cultures with classic 

respiratory inhibitors rotenone and antimycin A, respectively; ii) genetic 

perturbation of the mitochondrial alternative oxidase (AOX) combined with 
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environmental perturbations; iii) oxygen deprivation during germination of 

rice; iv) oxygen deprivation of aerobically-germinated rice seedlings; v) 

supply of air to anaerobically-germinated rice seedlings; and vi) flooding-

induced hypoxia of Poplar tree roots. These experiments revealed that 

changes in respiratory activity lead to widespread changes in metabolite 

levels in all systems. Moreover, the results demonstrate that the nature of 

the metabolomic response depends on the point of perturbation of the 

mtETC, the species and the developmental stage of the organism. Meta-

analysis of the combined results revealed a conserved set of metabolites 

that robustly responded in the same way to all perturbations that inhibited 

respiration. These included increases in lactate and alanine and 

decreases in glutamine and aspartate. Findings are discussed in the 

context of current understandings of plant metabolism. 
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1 Introduction 

1.1 Mitochondria: a brief introduction 

Mitochondria are indispensable for the survival of almost all known 

eukaryotic organisms, including plants. Mitochondria are spherical, rod-

shaped or elongated organelles around 0.5-1.0 m in diameter and 1-3 m 

long (Siedow and Day, 2000), about the size of typical prokaryotic cells. 

Each mitochondrion has a double membrane structure consisting of an 

inner and an outer membrane that divide the organelle into four metabolic 

compartments: the outer mitochondrial membrane (OMM), the 

intermembrane space (IMS), the inner mitochondrial membrane (IMM) and 

the matrix (Siedow and Day, 2000). The IMM presents a physical barrier to 

the passive entry of molecules into the matrix (Douce, 1985) while the 

OMM is generally permeable to molecules of 3 kDa or smaller (Mannella, 

1985). Mitochondria maintain their own genetic systems (Burger et al., 

2003), have the ability to replicate their genetic material and multiply by 

division (Osteryoung and Nunnari, 2003).  

1.2 Mitochondrial electron transport and oxidative 
phosphorylation 

Located at the inner mitochondrial membrane (IMM) of all 

eukaryotes, the mitochondrial electron transport chain (mtETC) - is well 
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known as the site of aerobic respiration (Siedow and Day, 2000). Its 

primary and most well-understood function is to couple the oxidation of 

NADH and succinate generated in the mitochondrial matrix with the 

translocation of protons from the mitochondrial matrix to the 

intermembrane space (IMS), thus generating a proton concentration 

gradient across the IMM (Siedow and Umbach, 1995). This proton 

concentration gradient provides the proton motive force which drives 

protons back into the mitochondrial matrix via the F1F0 ATP synthase 

complex, inducing conformational changes in the ATP synthase complex 

that drive the synthesis of ATP from ADP and Pi (Hatefi, 1985; Boyer, 

1997). 

In mammals, plants and fungi, the mtETC includes four major 

integral membrane complexes (denoted complexes I-IV). Complex I (also 

referred to as NADH:ubiqinone oxidoreductase) transfers 2 electrons from 

NADH (oxidizing it to NAD+) to an IMM-dissolved small molecule electron 

carrier, ubiquinone (Q), reducing it to ubiquinol (QH2). Complex I couples 

this redox reaction with the translocation of 4 protons from the 

mitochondrial matrix to the IMS. Complex II (succinate dehydrogenase) 

oxidizes succinate to fumarate, again transferring the released electrons to 

ubiquinone, but does not translocate protons across the IMM. Complex III 

(ubiquinol:ferricytochrome c oxidoreductase) re-oxidises QH2 to Q and 

uses the electrons to reduce the oxidized form of a small IMS-located 
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electron carrier protein, cytochrome c. The reaction catalysed by Complex 

III results in the net transfer of protons across the IMM. The final step in 

aerobic respiration is catalysed by Complex IV (cytochrome c oxidase). 

Complex IV re-oxidizes reduced cytochrome c, transferring the electrons 

to O2, reducing it to water. Complex IV couples this reaction with the 

translocation of 4 protons across the IMM (Siedow and Umbach, 1995). 

Interestingly, the mtETC of plants includes a number of additional electron-

transfer components that are not present in mammals or fungi. These 

include type II non-proton pumping NADH and NADPH dehydrogenases, 

located on both sides of the inner membrane, that can deliver electrons to 

ubiquinone from the matrix or from the IMS NAD(P)H pool (Rasmusson et 

al., 2004) and alternative terminal oxidase (AOX) enzymes that bypass the 

cytochrome c electron-transfer pathway by transferring electrons directly 

from the QH2 pool to O2, reducing it to water (Clifton et al., 2006).  

1.3 The TCA cycle 

The tricarboxylic acid (or Krebs) cycle is comprised of a set of 

enzymes in the mitochondrial matrix that couple the oxidation of pyruvate 

(generated by glycolysis in the cytosol) to CO2 with the generation of 

NADH for oxidation by the respiratory chain (Fernie et al., 2004). Pyruvate 

enters the mitochondrial matrix via a carrier on the IMM (Fernie et al., 

2004). In the matrix, pyruvate is oxidatively decarboxylated and converted 
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to acetyl-CoA by the pyruvate dehydrogenase complex, releasing CO2 and 

reducing NAD+ to NADH (Budde and Randall, 1990). Citrate synthase then 

catalyses the formation of citrate from acetyl-CoA and oxaloacetate 

(Landschütze et al., 1995). Aconitase then converts citrate to isocitrate via 

the intermediate, cis-aconitate (Moeder et al., 2007). Isocitrate may be 

oxidatively decarboxylated to 2-oxoglutarate by either NAD+ or NADP+-

dependent isocitrate dehydrogenase, generating CO2 and either NADH or 

NADPH (Lemaitre et al., 2007). Another oxidative decarboxylation reaction 

- catalysed by the 2-oxoglutarate dehydrogenase complex - converts 2-

oxoglutarate to succinyl-CoA, releasing more CO2 and reducing more 

NAD+ to NADH (Araujo et al., 2008). Succinyl-CoA ligase then couples the 

synthesis of ATP from ADP and Pi with the conversion of succinyl-CoA to 

succinate (Studart-Guimaraes et al., 2005). Succinate is oxidized to 

fumarate by succinate dehydrogenase (mtETC Complex II) which transfers 

the released electrons to the UQ pool of the mtETC (Siedow and Umbach, 

1995). Fumarase (fumarate hydratase) then converts fumarate to malate 

(Nunes-Nesi et al., 2007) which is then oxidized to oxaloacetate by NAD+-

dependent malate dehydrogenase, producing NADH (Nunes-Nesi et al., 

2005). Because the TCA cycle is linked to the mtETC via NADH / NAD+ 

and succinate dehydrogenase and provides carbon skeletons to the rest of 

the cell (including 2-oxoglutarate and oxaloacetate for amino acid 

synthesis), the TCA cycle represents a major connection point between 
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respiration and the metabolome. However, while the basic structure of the 

plant TCA cycle has been understood for a long time, much remains to be 

learned about its regulation and the roles of its individual components in 

the broader context of the plant metabolic network (Fernie et al., 2004).  

1.4 Plant mitochondria perform many other vital and 
unique functions 

While the role of plant mitochondria in oxidative respiration is well 

established, there is increasing evidence that plant mitochondria play 

important roles in many other metabolic processes, including many 

functions unique to plants. Mitochondria in plants provide carbon skeletons 

for the biosynthesis of a variety of compounds (Mackenzie and McIntosh, 

1999) including isoprenoids such as sterols and ubiquinone (Disch et al., 

1998). Plant mitochondria are sites of synthesis for fatty acids (Gueguen et 

al., 2000; Focke et al., 2003) and enzyme cofactors such as ascorbic acid 

(Bartoli et al., 2000); folate  

(Neuburger et al., 1996; Mouillon et al., 2002); and biotin (Picciocchi et al., 

2001). Plant mitochondria have also been implicated in programmed cell 

death (Balk and Leaver, 2001; Balk et al., 2003), viral resistance (Murphy 

et al., 1999), maintenance of photosynthesis (Raghavendra and 

Padmasree, 2003) and photorespiration in C3 plants (Siedow and Day, 

2000).  
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1.5 Metabolomics: revealing metabolic network behaviour 

The rapidly developing field known as ‘metabolomics’ aims to 

monitor changes in the cellular concentrations of all the small molecules in 

living systems as they respond to environmental and/or genetic 

perturbations (Fiehn, 2002). While no single technology is currently 

capable of measuring all of the metabolites in a given sample, researchers 

are successfully measuring hundreds to thousands of metabolites at once 

using hyphenated chromatography-mass spectrometry and nuclear 

magnetic resonance (NMR) technologies (Sumner et al., 2003). By 

uncovering another layer of the cellular network, metabolomics is revealing 

phenotypes that would otherwise be hidden (Fiehn, 2002). The last five 

years have seen a rapid increase in the number of metabolomics-related 

publications. PubMed searches reveal that in 2003, approximately 33 

papers containing the keyword ‘metabolomics’ were published while in 

2008, this number increased to over 320.  

One of the great advantages of metabolomics is that it provides a 

large amount of information about the metabolic system under 

investigation for relatively little expense of time or money. Hence, 

metabolomics is amenable to high-throughput studies such as time-course 

analyses involving multiple environmental treatments or genotypes. These 

types of analyses can reveal the kinetics of metabolite-level changes that 
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provide information about the structure and function of the metabolic 

network under investigation. 

1.6 Metabolomics to define the role of aerobic respiration 
in the control of plant metabolism 

The mitochondrial respiratory chain may interact with the rest of the 

plant metabolic network in a variety of ways such as through the oxidation 

of NADH, the generation of ATP (Siedow and Umbach, 1995), the 

generation of reactive oxygen species (Sweetlove et al., 2002) and even 

the direct oxidation of metabolites (Rasmusson et al., 2008). The presence 

of multiple mtETC components with non-redundant, but sometimes 

partially overlapping functions means that there are many different ways of 

perturbing mtETC activity. Possibilities include: i) the application of 

pharmacological agents that specifically inhibit particular mtETC 

components; ii) the genetic perturbation of specific protein components; iii) 

the removal of oxygen which acts as a terminal acceptor of electrons being 

transported through the mtETC; and iv) environmental perturbations that 

change the load of reducing equivalents on the mtETC. The choice of 

respiratory perturbation can make a substantial difference to the observed 

response and interpretation of these differences provides an opportunity to 

dissect the control structure of the metabolic network. The study of similar 

perturbations in different systems may also lead to the identification of 

both conserved and divergent responses to respiratory perturbation. 



Chapter 1 Introduction 
 
 
 

9

Interpretation of results spanning multiple experiments presents a 

challenge in itself and may be facilitated by dedicated software 

approaches.   

1.7 Aims and Approach 

 
The primary aim of this PhD project was to use GC/MS based 

metabolomics to expand our current understanding of the set of 

interactions that link changes in respiratory activities to changes in the 

metabolome. 

The technical approaches that were taken included: 

i) Establishment of methods for metabolite extraction and 

GC/MS analysis 

ii) The building of GC/MS reference libraries for identification of 

<140 known and unknown compounds from raw GC/MS data 

iii) The development of a complete, metabolomics-dedicated 

web-based software system for high-throughput raw GC/MS 

data processing and statistical analysis 

 

The experimental approaches that were taken included 

metabolomic analyses of the responses to the following mtETC-targeted 

perturbations: 
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i) pharmacological inhibition of mtETC complex I with rotenone 

in Arabidopsis thaliana cell suspension cultures  

ii) pharmacological inhibition of mtETC complex III with 

antimycin A in Arabidopsis thaliana cell suspension 

cultures  

iii) genetic perturbation of the mitochondrial alternative oxidase 

(AOX) combined with environmental perturbations;  

iv) oxygen deprivation during germination of rice;  

v) oxygen deprivation of aerobically-germinated rice seedlings;  

vi) supply of air to anaerobically-germinated rice seedlings; and  

vii) flooding-induced hypoxia of Poplar tree roots. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Water 

Milli-Q water 
Milli-Q Plus Ultrapure Water Purification System (Millipore) 
Referred to as MilliQ H2O 
 

2.1.2 Plant cell culture 

1 mg/ml Kinetin Stock Solution 
10 mg  Kinetin (4.6 mM) 
Dissolve in 150 l of 1M KOH 
Make volume up to 10 mL with DW 

 
Growth Medium 

4.33 g  MS Basal Salt Mix* 
30 g  Sucrose (90 mM) 
0.5 mg NAA (2.2 M) 
50 l  1mg/ml Kinetin Stock Solution (0.23 M) 
Volume made to 1L with DW 
Adjusted pH to 5.8 with KOH 
Autoclaved 
  
* Murashige & Skoog Basal Salt Mixture without Vitamins (Product 
# M 524; PhytoTechnology Laboratories, Shawnee Mission, KS, 
USA) 

 

2.1.3 Arabidopsis plant growth 

Potting Medium (3L) 
1 L   Compost 
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1 L   Vermiculite 
1 L   Perlite 
15g   Osmocote Plus Slow Release Fertiliser 

 
Osmocote Plus Slow Release Fertiliser 

15.0% (w/w)  Total Nitrogen (N) 
7.9% (w/w)   Nitrogen present as Nitrate   
7.1% (w/w)   Nitrogen present as Ammonium  
4.4% (w/w)  Total Phosphorous (P)   
3.3% (w/w)   Water Soluble Phosphorous 
10% (w/w)  Water Soluble Potassium (K) 
2.5% (w/w)  Sulphur (S) 
1.2% (w/w)  Magnesium (Mg) 
0.02% (w/w)  Boron (B) 
0.05% (w/w)  Copper (Cu) 
0.40% (w/w)  Total Iron (Fe) 
0.20% (w/w)   Iron present as Iron Sulphate 
0.20% (w/w)   Iron present as Iron Chelate 
0.06% (w/w)  Manganese (Mn) 
0.02% (w/w)  Molybdenum (Mo) 
0.015% (w/w) Zinc (Zn) 
6.0% (w/w)  Organic Resin Coating based on vegetable oils 
5.1 x 10-7% (w/w) Cadmium (Cd) 
5.9 x 10-7% (w/w) Lead (Pb) 

 

2.1.4 Metabolite Extraction Medium 

85% (v/v)   HPLC grade MeOH 
15% (v/v)   MilliQ H2O 
100 ng/µL   ribitol 

2.1.5 Internal alkane retention index standard mixture 

0.29% (v/v)   n-dodecane  
0.29% (v/v)   n-pentadecane 
0.29% (w/v)   n-nonadecane 
0.29% (w/v)   n-docosane 
0.29% (w/v)   n-octacosane 
0.29% (w/v)   n-dotracontane 
0.29% (w/v)   n-hexatriacontane 
All dissolved in anhydrous, high purity pyridine 
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2.2 Methods 

2.2.1 Plant material 

2.2.1.1 Arabidopsis cell culture maintenance 

As a primary stock, an Arabidopsis thaliana (ecotype Landsberg 

erecta) cell suspension was cultured in growth medium at 22 C under 

constant light with orbital shaking at 100-150 rpm. 120 ml cultures were 

maintained in 250 ml Erlenmeyer flasks by 1:5 dilution every seven days. 

These cultures are referred to as ‘primary stock cultures’. Cells used for 

experiments were subcultured from seven-day-old primary stock cultures 

and grown under the same conditions as described for primary stock 

cultures except in the absence of light. These cultures are referred to as 

‘dark-grown cell cultures’. 

2.2.1.2 Treatment of Arabidopsis cell suspension cultures with 
exogenous chemicals and harvesting of tissues for 
metabolomic analysis 

Dark-grown cell cultures (4 d after subculture) were treated with 

either 40 µM rotenone, 25 µM antimycin A or 0.25% [v/v] absolute ethanol. 

Rotenone and antimycin A were purchased from Sigma-Aldrich, and 

stocks were made in methanol (final volume of methanol, 0.25% [v/v] in 

120 mL of cell culture). Methanol (final volume, 0.25% [v/v]) was also 
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applied on cell cultures as a control for rotenone and antimycin A 

treatments. Filter-sterilised MilliQ H2O (final volume, 0.25% [v/v]) was 

applied to cell cultures as a control for methanol and ethanol treatments. 

Tissues were harvested immediately after treatment (0 h), and then at 1, 3, 

6, 12, 16 and 24 h after treatment by repeated sampling of the same 

cultures. Tissues were harvested under a sterile hood by taking a 5 ml 

aliquot from each flask, vacuum filtering briefly over Whatman No. 1 filter 

paper to remove culture medium, and immediately wrapping the filtered 

cells in aluminum foil and then snap-freezing in liquid nitrogen. The total 

amount of time between removal of the cells from the culture flask and 

snap-freezing was less than 1 min. Frozen tissue samples were stored at -

80°C until metabolite extraction. 

2.2.1.3 Growth, cold treatment and tissue harvest of Arabidopsis Col-
0 and aox1a plants  

Col-0 and two independent, homozygous AOX1a knockout 

Arabidopsis thaliana T-DNA insertion lines lacking a functional copy of the 

AOX1a gene (At3g22370), aox1a-1 (SALK_084897) and aox1a-2 

(SAIL_030_D08), were sown directly onto standard potting medium 

(Section 2.1.3) in small square, plastic pots with approximate dimensions 

of 60 x 60 x 60 mm. Plants were then grown for 4 weeks under standard 

long day growth conditions [22°C, 16 h of light (lights on at 5 am) and 8 h 
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of dark (lights off at 9 pm), illuminance at leaf height: 5000 lux] with bottom 

watering every 4 days. Col-0, aox1a-1 and aox1a-2 plants were then 

arranged into groups comprised of 4 plants from each genotype organized 

on trays so that the three genotypes were evenly distributed across the 

surface of each tray. Five hours into the light period (10 am), half of the 

groups were transferred to a growing shelf set up in a 4°C cold room with 

the same photoperiod but with an illuminance at leaf height of only 3000 

lux while the other half were left to continue growing under standard 

conditions. Plant tissues were harvested 48 h after transfer. Tissue 

harvesting was carried out by cutting at the base of the rosette with 

scissors, placing the rosette into an aluminium foil envelope and 

immediately snap-freezing in liquid nitrogen. Frozen tissue samples were 

stored at -80°C until metabolite extraction. 

2.2.1.4 Growth, combined drought and moderate light stress 
treatment and tissue harvest of Arabidopsis Col-0 and aox1a 
plants  

For this experiment, plants were grown and treated by collaborator, 

Ms Estelle Giraud. Col-0 and two independent, homozygous AOX1a 

knockout Arabidopsis thaliana T-DNA insertion lines lacking a functional 

copy of the AOX1a gene (At3g22370), aox1a-1 (SALK_084897) and 

aox1a-2 (SAIL_030_D08), were grown under normal growing conditions 

(22°C, 16 h of light and 8 h of dark under 100 mE m-2 s-1 light) for 4 weeks. 
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Plants were then subjected to either continued normal growth conditions or 

transferred to moderate light of 250 mE m-2 s-1 with withholding of water 

for 4 d prior to transfer and no subsequent watering (referred to as 

moderate light and drought conditions). Leaves were harvested 4 days 

after transfer, 4 hours into the light period. Leaves were harvested by 

cutting each at the base of the petiole, placing the leaf into a microfuge 

tube, and immediately snap-freezing in liquid nitrogen. Frozen tissue 

samples were stored at -80°C until metabolite extraction. 

2.2.1.5 Growth and flooding treatment of Populus x canescens trees. 

For this experiment, plants were grown and treated by collaborator, 

Dr Juergen Krueswieser. Experiments were performed with 3-month-old 

hybrid poplar plants (Populus x canescens). The plants were micro-

propagated and cultivated as described by Leplé et al. (1992) (Leple et al., 

1992). Four-week-old stem explants were transferred from sterile agar 

cultures into plastic pots (12 x 10 x10 cm) containing a mixture of perlite, 

sand and potting soil (2 / 1 / 1). Each tree was supplied with 200 mL of a 

solution containing 3 g l-1 of a complete fertiliser (Hakaphos blau; Bayer, 

Leverkusen, Germany) every two weeks and was watered daily with tap 

water. Trees were grown under long day conditions (16 h light) at day and 

night temperatures of 22±4°C and relative humidity of 72±10 %. 



Chapter 2 Materials and Methods 
 
 
 

 

18 

2.2.1.6 Germination, growth and anaerobic treatment of rice 
seedlings 

For this experiment, rice germinaton and anaerobic treatments were 

carried out by collaborator, Dr Katherine Howell. Dehulled, sterilised rice 

seeds (Oryza sativa cv. Amaroo) were germinated in the dark, submerged 

in rice growth media (0.5 mM MES, 0.5 mM CaCl2 pH 6.5) with 

carbenicillin (6 mg/l), and incubated at 30°C for up to 48 h. Flasks were 

continuously bubbled with either air (aerobic germination) or nitrogen 

(anaerobic germination) using spargers below the water level. For 

switching between aerobic and anaerobic conditions and vice-versa, air 

and nitrogen gas flows were applied as appropriate. Embryos were rapidly 

dissected from the endosperm and snap frozen in liquid nitrogen. Frozen 

tissues were stored at -80°C until metabolite extraction. 

2.2.2 Metabolomic analysis 

2.2.2.1 Metabolite extraction 

Before weighing out frozen tissue samples for extraction, a target 

tissue mass in the range 5-150 mg fresh weight was decided upon. Then, 

for each frozen tissue sample, an aliquot of frozen tissue within 30% of the 

target mass was weighed into a pre-frozen 2 mL round-bottom Eppendorf 

tube containing a steel ball bearing. The frozen tissue samples were then 

homogenized without thawing by shaking on a Retsch Mixer Mill MM301 
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ball mill for 3 min at 15 oscillations s-1. Then, to each tube containing 

frozen tissue powder was added 5 volumes (v/m) of cold (-20°C) 

Metabolite Extraction Medium (Section 2.2.2.1), tubes were vortexed 

briefly, rapidly heated to 65°C and shaken at 1400 RPM for 15 min. Tubes 

were then centrifuged at 20,000 g for 10 min to pellet insoluble material 

and 80% of the supernatant was transferred into a new clear 2 mL round-

bottom polypropylene Eppendorf tube and stored as a stock extract at -

80°C until further analysis. 

2.2.2.2 Metabolite derivatisation for GC/MS analysis  

Extract stocks stored at -80°C were set on the bench and allowed 

to warm to room temperature. All tubes were then vortexed briefly and 50 

µl aliquots were dried in clear 1.7 ml polypropylene microfuge tubes (Part 

No. MR 7190; Mirella Research; www.mirellaresearch.com) by 

concentration for approximately 2 h in a Labconco CentriVap Concentrator 

(Catalogue No. S1281601; Labconco; www.labconco.com) running at 

ambient temperature. Dried extracts were derivatised by methoximation 

via the addition of 20 µl of 20 mg ml-1 methoxyamine hydrochloride in 

anhydrous pyridine followed by shaking at 1200 RPM for 90 min at 30°C 

and then trimethylsilylation via the addition of 30 µl of N-methyl-N-

(trimethylsilyl)trifluoroacetamide (MSTFA; Sigma-Aldrich) and shaking at 

1200 RPM for 30 min at 37°C prior to addition of 10 µl of an n-alkane 
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internal retention index standard mixture (Section 2.1.5). Analytical 

samples produced in this way were transferred to Agilent wide-mouth 

amber screw-cap GC vials (Part No. 5182-0716; Agilent; 

www.agilent.com) fitted with 100 µl deactivated glass inserts with polymer 

feet (Part No. 5181-8872; Agilent; www.agilent.com) and screw caps with 

PTFE-coated silicone septa (Part No. 5182-0722; Agilent; 

www.agilent.com) and allowed to rest at room temperature for at least 4 

hours prior to beginning GC/MS analysis. 

2.2.2.3 GC/MS instrumental analysis 

Derivatised metabolite samples were analysed on an Agilent 

GC/MSD system comprised of an Agilent GC 6890N gas chromatograph 

(Agilent Technologies, Palo Alto, CA, USA) fitted with a 7683B Automatic 

Liquid Sampler (Agilent Technologies, Palo Alto, CA, USA) and 5975B 

Inert MSD quadrupole MS detector (Agilent Technologies, Palo Alto, CA, 

USA). The GC was fitted with a 0.25 mm ID, 0.25 μm film thickness, 30 m 

Varian FactorFour VF-5ms capillary column with 10m integrated guard 

column (Varian, Inc. Palo Alto, CA, USA; Product No. CP9013). GC-MS 

run conditions were essentially as described for GC-quadrupole-MS 

metabolite profiling on the Golm Metabolome Database website 

(http://csbdb.mpimpgolm.mpg.de/csbdb/gmd/analytic/gmd_meth.html) 

(Kopka et al., 2005). Samples were injected into the split/splitless injector 
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operating in splitless mode with an injection volume of 1 μl, purge flow of 

50 ml min-1, purge time of 1 min and a constant inlet temperature of 

300°C. Helium carrier gas flow rate was held constant at 1 ml min-1. The 

GC column oven was held at the initial temperature of 70°C for 1 min 

before being increased to 76°C at 1°C min-1 and then to 325°C at 6°C min-

1 before being held at 325°C for 10 min. Total run time was 58.5 min. 

Transfer line temperature was 300 °C. MS source temperature was 230 

°C. Quadrupole temperature was 150 °C. Electron Impact ionisation 

energy was 70 eV and the MS detector was operated in full scan mode in 

the range 40 to 600 m/z with a scan rate of 2.6 Hz. The MSD was pre-

tuned against perfluorotributylamine (PFTBA) mass calibrant using the 

‘atune.u’ autotune method provided with Agilent GC/MSD Productivity 

ChemStation Software (ver D.02.00 SP1; Agilent Technologies, Palo Alto, 

CA, USA; Product No. G1701DA). 

2.2.2.4 GC/MS Data Processing 

Raw GC-MS data files in the proprietary ChemStation (.D) format 

were exported to generic NetCDF / AIA (.CDF) format with ChemStation 

GC/MSD Data Analysis Software (Agilent Technologies, Palo Alto, CA, 

USA). The NetCDF files produced were then processed using in-house 

MetabolomeExpress software (manuscript in preparation) to carry out all 

peak detection, quantification, library matching, normalization, statistical 
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analysis and data visualization. Raw data processing in 

MetabolomeExpress consisted of the following steps: retrieval of all 

extracted ion chromatograms (EICs), detection and integration of peaks in 

EICs, calculation of internally calibrated retention indices for all extracted 

peaks, matching of carefully selected analyte-specific EIC peaks to 

analytes in a custom mass spectral-retention index (MSRI) library (Wagner 

et al., 2003; Schauer et al., 2005) of known and unknown metabolite 

derivatives and normalization of matched peak areas to the peak area of 

the internal standard, ribitol, and to fresh tissue weight of extracted 

sample. MetabolomeExpress parameters for EIC peak detection were as 

follows: ‘Slope Threshold’ = 200; ‘Min. Peak Area’ = 5000; ‘Min. Peak 

Height’ = 5000; ‘Min. Peak Purity Factor’ = 2; ‘Min. Peak Width’ = 5 scans. 

MetabolomeExpress parameters for MSRI library matching were as 

follows: ‘RI window’ = +/- 2 RI Kovat’s Units; ‘Min. Peak Area for Peak 

Import’= 25000; ‘MST Centroid Distance = +/- 1 RI Unit’; ‘MS Qualifier Ion 

Ratio Error Tolerance’ = 30%; ‘Min. Number of Correct Ratio MS Qualifier 

Ions’ = 2; ‘Max. Average MS Ratio Error’ = 40%. Missing values were 

automatically replaced by raw data-assisted missing value replacement 

prior to normalization. This was achieved by retrieving from the raw data 

file with the missing value the EIC signal between the average peak start 

and average peak end time of the relevant quantifier ion peak and 

summing the retrieved intensity values. The MSRI library was constructed 
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using publicly available AMDIS software (ver 2.65) to extract MSRI 

information for authentic standard derivatives from standard runs and 

MSRI information for unknown analytes from representative analyses of 

complex biological extracts. Automatic statistical analysis of processed 

data was carried out by calculating, for each set of biological replicates, 

the mean signal intensity for each metabolite, and then, for each 

metabolite, dividing the mean signal in treated sample sets by the mean 

signal in control sample sets to calculate fold-difference and then testing 

the statistical significance (p < 0.05) of this difference by Welch’s t-test. 
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3 Development of software for the efficient 
extraction and sharing of biological insights from 
raw GC/MS metabolomics data 

3.1  Introduction 

Before biological insights derived from metabolomics-based studies 

can be communicated, they must first be extracted from raw instrumental 

datasets (Katajamaa and Oresic, 2007). Raw GC/MS metabolomic 

datasets are typically large and complex in nature, frequently comprised of 

tens to hundreds of datafiles - each containing convoluted signals for 

hundreds to thousands of analytes - and sophisticated computational 

methodologies are therefore required to identify and measure the 

intensities of signals corresponding to biologically relevant analytes and to 

then obtain a quantitative description of the metabolomic effect(s) caused 

by the experimental factor(s) of interest (Katajamaa and Oresic, 2007). 

This data extraction process may be broken down into a number of 

general steps:  

1. Detection of analytically useful signal features (typically evident 

as signal ‘peaks’). 

2. Identification of biologically relevant signal features by matching 

against a reference library of known signal characteristics for 

biological analytes. 
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3. Assignment of some quantitative signal measurement to each 

identified biological analyte. 

4. Construction of a [Metabolite x Sample] data matrix, usually with 

some form of data renormalization against internal standard(s) 

and/or biological sample mass/volume/amount.  

5. Use of statistical and exploratory data analysis tools to 

determine the effect(s) of experimental factors on metabolite 

levels. 

6. Interpretation of observed metabolite-level changes in the 

context of prior knowledge about the metabolic system under 

investigation (eg. by visual mapping of observed metabolite level 

changes onto metabolic pathway diagrams). 

Given the large amount of GC/MS metabolomics data requiring 

processing and storage for completion of this PhD project, a software 

environment for efficient data processing and data analysis was required. 

While a number of software tools for GC/MS data processing were 

available [eg. proprietary software; AMDIS (Halket et al., 1999)] or became 

available during the course of this project [eg. XCMS (Smith et al., 2006); 

MetaQuant (Bunk et al., 2006); MET-IDEA (Broeckling et al., 2006)], none 

of these tools were capable of adequately performing all of the required 

data processing tasks described above. Moreover, because of their 

standalone desktop program designs, none of the available tools capable 
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of performing certain data processing tasks were amenable to web-based 

access, automation or incorporation into a complete, high-throughput data 

processing pipeline/database. Therefore, in order to achieve the broader 

aims of the project, I decided to design and build, from scratch, a GC/MS 

data processing pipeline and data mining system optimized for 

metabolomics research termed MetabolomeExpress (accessible via 

www.metabolome-express.org). The results of this software development 

project will be the focus of this chapter. 

3.2 Aims and Strategy 

To help overcome the current challenges of metabolomics data 

processing and public sharing of transparent raw and processed 

metabolomics datasets, a software development project was undertaken 

with the following objectives: 

1. To develop a simple yet extensible metadata exchange 

computer file format that allows researchers who are not 

computer specialists to easily provide standards-compliant 

metadata describing the biological and technical origins of raw 

GC/MS data files that comprise a metabolomics dataset. This 

format would need to be easily readable by both humans and 

computers. 
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2. To develop reliable, transparent and sensitive algorithms for all 

data processing steps - including peak detection, mass-spectral 

and retention index based library matching, data matrix 

construction, statistical analysis, exploratory data analysis and 

database storage of accumulated statistical results for later 

meta-analysis - in the popular web-enabled scripting language, 

PHP. 

3. To develop a user-friendly web-interface - providing online 

access to all data processing tools - in the major dynamic HTML 

(DHTML) scripting language, JavaScript™. 

4. To, wherever possible, use interactivity and visual stimuli to aid 

the presentation of results. 

5. To build into the web-interface a totally interactive raw GC/MS 

data viewer comparable to those included in proprietary GC/MS 

data analysis programs. This tool would need to:  

a. allow the user to easily select and overlay multiple total 

ion- or extracted ion-chromatograms 

b. have zooming capabilities 

c. allow the overlay of peak detection results 

d. allow the visualization of any selected mass-spectral 

scans 
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e. be automatically accessible via interactive statistical 

reports 

6. To ensure that whenever a statistical result is reported, point 

and click access to the underlying raw GC/MS signals in the raw 

data viewer is provided. 

7. To provide systematic experimental data validating the overall 

data processing methodology.  

 

3.3 Results 

3.3.1 Software and Hardware Configuration 

MetabolomeExpress was designed as a platform-independent web 

server application implemented using a combination of server-side PHP 

for core data processing tasks and client-side JavaScript to drive a 

Dynamic HTML (DHTML) graphical user interface. Data processing 

requests are sent from the client to the server via standard POST and 

XMLHttpRequest (XHR) POST requests (Ajax). MetabolomeExpress was 

originally developed on a modestly equipped 32-bit IBM-compatible 

notebook computer running under Microsoft Windows XP Professional 

with 1GB of RAM and a 1.6 GHz Centrino Duo Core CPU but the publicly 

accessible version is served from a 64-bit machine running under Red-Hat 

Linux at the time of thesis submission.  
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The MetabolomeExpress server may be connected via a Local Area 

Network (LAN) to any analytical instruments being used to acquire primary 

metabolomics data. Raw data files may then be copied across the network 

into an experiment-specific subfolder on the server hard-drive where the 

files immediately become available for processing via the 

MetabolomeExpress web interface. Computer hardware requirements for 

the client computer are minimal because computationally-intensive data 

processing tasks are carried out on the server. The main requirements for 

the client computer are a modern web-browser application and a 

reasonably fast internet connection. The hardware requirements for the 

server computer will vary considerably depending on the expected data-

processing workload. For example, excellent single user performance was 

obtained using a standard modern notebook computer as the server, 

however more processing power and memory would be required to 

maintain performance if simultaneous data processing by multiple users 

was required. 

3.3.2 Overview of the MetabolomeExpress data-processing 
pipeline: from raw data to biological response 

The MetabolomeExpress data processing pipeline was designed as 

a series of flexible PHP modules that each performs specific tasks 

corresponding to progressive stages of the typical metabolomics data 
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processing workflow. To increase the flexibility of MetabolomeExpress for 

integration into pre-existing pipelines, each data processing module 

provides a number of data import and export options and data may be fed 

into the pipeline or diverted into an external pipeline at virtually any 

processing stage. The workflow begins with integration of experimental 

metadata followed by raw data import, peak detection, library matching, 

data matrix construction, raw data assisted missing value replacement, 

normalisation, statistical analysis and semi-automated verification of 

statistical results by inspection of the raw data (using DHTML statistical 

report tables that automatically load relevant peaks into the raw data 

viewer when a metabolite ratio is double-clicked). Further exploration of 

the data is possible using tools for exploratory data analysis including 

automated construction of correlation networks, 2D PCA plots, 3D-virtual 

reality encoded PCA plots, metabolite PCA loadings tables and querying 

of accumulated statistical results using a simple search interface for the 

integrated MySQL database. The various data-processing stages will be 

described below. For an overview of the raw data processing workflow, 

see Fig 3.1. For an overview of downstream data mining tools integrated 

into the MetabolomeExpress web application, see Fig 3.2. 
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3.3.2.1 Integration of Experimental Metadata 

For any meaningful interpretation of a metabolomics data set to be 

made, the researcher must fully understand the nature of the experiment 

and the origin of the raw data files comprising the primary data set. Since 

so many data processing steps in MetabolomeExpress either require or 

can benefit from information about the samples and techniques used in an 

experiment, it was sought to provide a means for users of 

MetabolomeExpress to easily provide the required metadata as the first 

stage of data processing. To this end, a simple yet highly flexible and 

extensible tab-delimited text file metadata exchange format 

(_METADATA.TXT) was created for the systematic representation of 

experimental metadata in a way that is readable by both humans and 

computers. The simple tab-delimited structure allows users to build the 

required metadata file in any modern spreadsheet program using simple 

cut and paste operations which require no specialised software or 

programming skills. The structure of the format and the types of fields 

included as the core of the format were based partly on the previously 

published ArMet formal model for the representation of metabolomics data 

(Jenkins et al., 2004) and heavily on guidelines put forth in recent 

publications arising out of efforts by the Metabolomics Standards Initiative 
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(MSI; (Sansone et al., 2007; Fiehn et al., 2008)) to establish community 

standards of good practice for the reporting of metabolomics data. 

3.3.2.2 Raw Data Import 

MetabolomeExpress accepts raw GC/MS data files in the widely 

supported binary open exchange format, NetCDF (.CDF; 

http://www.unidata.ucar.edu/software/netcdf/; Fig. 3.1a). NetCDF files may 

be exported from instrument manufacturer’s proprietary software and then 

copied into the appropriate experimental data folder on the 

MetabolomeExpress server together with the associated metadata file. 

The NetCDF files are then selected for import via the MetabolomeExpress 

web-interface and sequentially imported until all the selected files have 

been processed. For each NetCDF file, the import process involves the 

automatic extraction of all nominal mass extracted ion chromatograms 

(EICs) from the NetCDF file and the subsequent encoding of these in a 

custom binary format (.XIC) file optimised for the rapid retrieval of specific 

EICs as opposed to mass-spectral scans. The resulting XIC files are then 

used for the dynamic retrieval of EICs while NetCDF files are used for the 

retrieval of mass spectral scans as required. 



Chapter 3 Development of GC/MS metabolomics software 
 
 
 

 

34 

3.3.2.3 Chromatographic Peak Detection 

The aim of chromatographic peak detection is to dramatically 

reduce the volume of data that needs to be processed in downstream 

steps by capturing useful information about analytically important 

instrument signals (such as chromatographic peaks) while discarding 

signals devoid of useful analytical information (such as baseline noise). 

For this purpose, MetabolomeExpress uses a simple yet highly effective 

slope-based peak detection algorithm to detect all chromatographic peaks 

in all extracted ion chromatograms and generate, for each raw data file, a 

corresponding tab-delimited peak list report file (extension: ‘.PEAKLIST’; 

Fig. 3.1b). The algorithm may be passed a number of settings that tailor 

the algorithm to suit particular chromatographic and mass spectral 

conditions. These include: i) a minimum ‘slope’ threshold that a signal 

must exceed in order to be considered as possibly being part of a peak; ii) 

minimum peak height; iii) minimum peak width; iv) minimum peak area; 

and v) a minimum peak purity factor (defined as the proportion of total 

peak area that lies above its lowest point). In our experience, once the 

optimal settings for a given type of data have been set, no further 

adjustment is required as long as no major changes to mass spectral or 

chromatographic protocols have been made. To initiate automated peak 

detection, the XIC file(s) of interest are selected for processing, algorithmic 
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parameters are specified and the peak detection request form is 

submitted. A progress bar then appears and is updated until peak 

detection is complete. The resulting tab-delimited .PEAKLIST files are then 

available for mass spectral / retention index (MSRI) library matching or 

download via provided hyperlinks. 

The MetabolomeExpress PeakFinder algorithm is responsible for 

the detection and measurement of chromatographic peaks in extracted ion 

chromatograms (EICs). When a raw data file is sent for peak detection, the 

PeakFinder algorithm is passed each nominal mass (integer mass) EIC in 

the data file (as two equal-length vectors: signal intensity and retention 

time), one by one, until peaks have been detected in all EICs. The end 

result is a tab-delimited PEAKLIST table with columns for m/z, retention 

time, peak area, peak height, peak width, integration start time and end 

time, the scan numbers of the integration start and end points, the intensity 

of the signal at the integration start and end points and peak purity factor 

(defined as the proportion of the total integrated signal that lies above the 

lowest integration point).  

The algorithm works in two phases. In the first phase, the algorithm 

moves from the start of the EIC to the end, recording sections of the signal 

that resemble chromatographic peaks. In the second phase, the algorithm 

checks each of the recorded sections to see if it meets the user-specified 

criteria for being a real chromatographic peak (min. peak area, min. peak 
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width, min. peak height and min. peak purity factor). These user-specified 

parameters should be optimised whenever data from a new instrument 

type or brand is processed. Once peaks have been detected, you can 

review the peak detection results by visualising the raw data in the raw 

data viewer with 'Display Peak Detection Results' turned on. 

The first phase begins by starting at the beginning of the EIC, taking 

a 3-point moving average of the signal intensity centered around the 

second scan point (ie. the average of the signal intensities at the first, 

second and third scan points), taking a three-point moving average of the 

signal intensity centered around the second scan point (the average of the 

signal intensities at the second, third and fourth scan points) and 

subtracting the first average from the second average. This value will be 

referred to as the 'slope' of the signal, in this case between the second and 

third scan points. The algorithm then steps forward, scan by scan, through 

the EIC, calculating the slope at each point until it encounters a slope 

value that exceeds the critical slope threshold specified by the user. When 

this happens, the algorithm is alerted to the fact that it could be running 

into the rising section at the start of a chromatographic peak and starts 

recording retention time and intensity information (for later integration) until 

it encounters slope events that indicate that the end of the peak (or the 

start of a new peak) has been reached. If the algorithm is in the rise of a 

peak, it waits for the slope to become negative, indicating that the apex of 
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the peak has been reached and the algorithm is now entering the falling 

part of the peak. As the algorithm moves down the falling part of the peak, 

it keeps recording the peak until the absolute slope value exceeds the 

critical threshold again. When this happens, the algorithm checks whether 

the slope is negative - which tells the algorithm that it is well past the top of 

the peak (where small, subcritical, but transient negative slopes might be 

encountered) and should start looking for the end of the peak, or positive - 

which tells the algorithm that it has encountered the rising part of a new 

peak that starts part of the way down the first peak. If the rising part of a 

second peak is detected in the down-slope of a current peak, the 

intersection point is given as the integration end time of the first peak and 

integration start time of the second peak. However, in most cases, there is 

no second peak rising out of the downslope of the current peak and the 

algorithm continues recording the peak until the absolute value of the 

negative slope falls once again below the critical slope threshold. This 

event tells the algorithm that the end of the peak has been reached and it 

stops recording the peak, and keeps moving along waiting for the slope to 

rise above the critical slope threshold again. This process is continued all 

the way to the end of the EIC until all signals resembling peaks have been 

recorded.  

In the second phase, each signal section recorded in the first phase 

is first examined in a number of ways: 
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• The retention times, scan numbers and intensities of the signals at 

the start and end points of the recording are recorded. 

• The retention time (peak apex retention time) and intensity of the 

scan having the maximum signal intensity (the peak height) are 

recorded 

• The sum of all the recorded intensities is calculated (the peak area) 

• The proportion of total signal lying above the lowest integration 

point (the integration point with the lowest signal) is calculated (the 

peak purity factor) 

The algorithm then compares the values calculated as described above 

with the user specified thresholds and if the peak meets all of the criteria, 

then the peak is added to the PEAKLIST file along with all of its recorded 

characteristics. If it fails to meet any one of the thresholds, it is probably 

not a real peak and gets discarded. 

3.3.2.4 MSRI Library Matching 

Any detailed biological interpretation of a GC/MS metabolomics 

data set requires that analytical signals corresponding to analytes of 

biological origin are correctly identified and distinguished from those 

corresponding to analytical artefacts or internal standard compounds. 

Compliance with Metabolomics Standards Initiative (MSI) standards for 

metabolite identification requires that at least two orthogonal analytical 
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parameters are used to match analytical signals to particular metabolites 

(Fiehn et al., 2008). For this purpose, MetabolomeExpress uses two 

widely accepted identification parameters: retention index (RI) and mass 

spectrum (MS; Fig. 3.1c). These parameters and the way they are used by 

MetabolomeExpress to match analyte signals represented in peak 

detection results to entries in a library of mass spectral and retention index 

information for target analytes (an MSRI library) will be described below.  

Before the EIC peaks in a given peak list are searched against 

MSRI library entries, all EIC peaks are grouped into RI bins 0.1 RI units 

apart (hereon referred to as Mass Spectral Tags or MSTs). Retention 

indices are essentially adjusted retention times calculated relative to the 

retention times of one or more retention time standard compounds 

analysed under the same chromatographic conditions – either as internal 

standards added to the analytical sample prior to injection or as external 

standards analysed in separate run(s). A commonly used RI system is 

known as Kovats RI (Kovats, 1958). In the Kovats RI system, n-alkanes 

are used as retention time standards. Each alkane is assigned an RI equal 

to the number of carbons in the carbon chain multiplied by one hundred. 

For example, dodecane, which has a molecular formula of C12H26, has a 

Kovats RI of 1200. The Kovats retention index of any peak can then be 

calculated by linear interpolation between the n-alkane peaks eluting 

earlier and later than the peak of interest. Fatty acid methyl esters have 
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also become popular as retention index standards in GC/MS-based 

metabolomics. MetabolomeExpress facilitates RI-based matching by 

automatically detecting internal RI standard peaks in each GC/MS data file 

and calculating the RI of each peak relative to these. In this way, subtle 

run-to-run variations in absolute retention time are accounted for. 

However, MetabolomeExpress also supports external RI calibration if the 

user does not wish to use internal RI standards. 

Once EIC peaks have been sorted into MSTs, each MST is 

examined for evidence to support the presence of analytes represented in 

the selected MSRI library. For each MST, the library matching process is 

as follows: First, the MSRI library is searched for match-candidates having 

an RI within a user-specified RI window of the MST RI. MSTs are then 

searched for the presence of library-specified analyte-specific quantifier 

ion(s) associated with each match-candidate. If a quantifier ion is found in 

the MST, all m/z:intensity pairs of EIC peaks within a user-specified ‘MST 

centroid distance’ (+/- 1 RI units by default) are gathered from 

neighbouring MSTs and temporarily merged with the MST containing the 

quantifier ion. The intensity of the specific quantifier ion in the temporarily 

merged MST and the candidate-match’s library mass spectrum are used 

to predict the expected intensities of other ions (so called ‘qualifier ions’) 

that should, in theory, be present in the merged MST if the MST truly 

represents the spectrum of the candidate analyte. An ion signal in an MST 
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is accepted as an acceptable qualifier ion if its observed intensity is within 

a user-specified percentage of the expected intensity. Finally, in order for 

an MST to be considered as matched to a candidate library entry and the 

intensity of the quantifier ion signal to be reported as a quantitative 

measurement of the analyte, the MST must meet two user-specified match 

criteria provided with the library search request. These include a minimum 

number of acceptable qualifier ions and a maximum average percent 

deviation of potential qualifier ions intensities from their expected values.  

Once all the MSTs in all the selected peak lists have been searched 

against the MSRI library, successful matches across all the peak lists are 

reported together in a tab-delimited match report table (extension: 

‘.MATCHREPORT’) that appears in the relevant experiment folder on the 

server. This MATCHREPORT file is then immediately available for 

construction of an [Analyte x Data File] signal intensity matrix, matrix 

normalisation and subsequent statistical analysis.   

3.3.2.5 Analyte x Data File Signal Intensity Matrix Construction, Raw 
Data Assisted Missing Value Replacement and Peak Area 
Normalisation 

The final data processing step that must be undertaken before the 

exploratory data analysis tools of MetabolomeExpress can be used is the 

construction of an [Analyte x Data File] signal intensity matrix. This 

process takes a MATCHREPORT file (generated by MSRI library 
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matching as described above), extracts necessary metadata from the 

associated metadata file, and generates tab-delimited [Analyte x Data File] 

signal intensity matrices in a number of formats (Fig. 3.2). The primary 

format used by MetabolomeExpress has the filename extension 

‘.mzrtMATRIX’. The first three columns of the mzrtMATRIX contain the 

name of the MSRI library match, the average retention time at which the 

match was made (across all data files) and the m/z of the quantifier ion 

used to provide the EIC peak area values contained in the corresponding 

row. Each data file column includes a number of headers providing useful 

metadata about the sample of origin. These include headers for Data File 

Name, Genotype, Treatment ID, Treatment Duration, Treatment Dosage, 

Sample Mass / Volume and Replicate Number. As part of the matrix 

construction request, the user may specify whether absolute peak areas in 

the core of the matrix should be normalised to an internal standard analyte 

peak area and/or sample tissue mass/volume. Sample masses/volumes 

are obtained from the completed metadata file. The user may specify 

which peak to use as the internal standard by providing a unique identifier 

string that appears in the name of the library hit corresponding to the 

internal standard. The user may also apply a quality-control filter that will 

automatically exclude files with an internal standard peak area below a 

certain threshold or outside a certain percentage deviation from the 

median internal standard peak area across the entire dataset. This 
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effectively removes chromatograms that have been compromised by 

errors occurring during sample preparation or GC/MS analysis.   

An important part of the matrix construction process is the 

replacement of missing values by raw data-assisted missing value 

replacement. Whenever a missing value is detected in a row of the 

preliminarily constructed incomplete matrix, the missing value is replaced 

by extracting the EIC signal for the appropriate quantifier ion (signal in the 

time range from the average peak start time to the average peak end time 

for positively identified peaks), summing the retrieved intensity values and 

then dividing the result by the quantitative internal standard peak area 

and/or the sample mass/volume if requested. 

When matrix construction is complete, the user is presented with a 

DHTML colour-mapped intensity table representing the constructed matrix. 

This table is interactively linked with the raw data viewer by allowing the 

user to select combinations of data files for chromatographic overlay (by 

clicking column headers) and then display selected EIC signals in the raw 

data viewer by double-clicking on the name of the analyte of interest. For 

an overview of the matrix construction process, see Figure 3.2. 

3.3.2.6 Data Exploration and Statistical Analysis 

To facilitate the rapid extraction of biological insights from large 

metabolomics datasets, MetabolomeExpress provides an array of built-in 
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statistical and exploratory data analysis tools that accept pre-constructed 

.mzrtMATRIX files as input and generate interactive DHTML reports, 

publication quality graphics and downloadable results files that may be 

imported into external software. These include tools for univariate (t-test) 

statistics and multivariate data analysis (Principal Components Analysis 

and Hierarchical Clustering Analysis), correlation network analysis and 

querying of accumulated statistical metabolite response data contained 

within an integrated MySQL database. For an overview of the data 

exploration and statistical tools integrated into MetabolomeExpress, see 

Figure 3.2. 

For simple pair-wise comparisons of sample class metabolite levels, 

the user may select a data matrix, select which sample class comparisons 

to make and be presented with a DHTML colour-intensity-mapped table of 

between-class metabolite level ratios and associated t-test p-value results. 

More extreme metabolite level ratios are highlighted by colouring with 

higher colour intensity (red for metabolite level ratios less than 1 and blue 

for ratios greater than 1) and significant p-values are also highlighted by 

distinct formatting. This table is also linked with the raw data viewer by 

allowing the user to double-click on a metabolite ratio and be immediately 

presented with the relevant chromatographic signals in the raw data 

viewer. 
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To allow the user to easily analyse metabolomics datasets from a 

more global perspective, MetabolomeExpress provides built-in tools for 

carrying out Principal Components Analysis (PCA) or Hierarchical Cluster 

Analysis (HCA) on any selected mzrtMATRIX file. Once a data matrix has 

been selected for PCA or HCA and the user has specified whether or not 

include redundant signals (eg. Different or equivalent signals representing 

the same underivatised metabolite) and whether or not to include 

metabolites annotated as ‘unknowns’ in the customisable analyte 

information table on the server, the user may select which samples to 

include in the analysis and submit the request. Variables are automatically 

scaled to unit variance and filtered to remove internal standards and 

analytical artefacts based on analyte information stored in the 

customisable analyte information table on the server. For PCA requests, 

the filtered data matrix is then automatically processed using the statistical 

language, R and the resulting PCA scores, variable loadings and principal 

component standard deviations are used by MetabolomeExpress to 

generate 2D and 3D PCA score plots, colour-intensity-mapped variable 

loadings table and a PCA scree plot (a bar chart displaying the percentage 

of total variance accounted for by each principal component). 2D score 

plots are generated in both raster (Portable Network Graphics; .PNG) and 

editable vector (Scalable Vector Graphics; .SVG) graphics formats and 3D 

score plots are generated in the community standard X3D virtual-reality 
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format for interactive visualisation and/or editing either in the web-browser 

(if installed with an X3D-viewer plug-in) or an external X3D-compatible 3D 

modelling / visualisation package. For a HCA request, the filtered matrix is 

also processed using R, and a bi-clustering heatmap diagram is generated 

in Portable Document Format (PDF). A hyperlink to the generated PDF is 

then provided at the top of the output window and if the client’s browser is 

installed with a PDF viewer plug-in, the PDF will be embedded directly into 

the output window, below the hyperlink. 

Correlation network analysis is a powerful approach towards the 

identification of important relationships between variables in large data 

sets. MetabolomeExpress facilitates the exploration of correlation 

networks present in metabolomics data sets by providing a tool for the 

automatic construction of correlation networks in a variety of formats. 

Exported formats include Cytoscape (Shannon et al., 2003)  (.SIF) and 

Pajek (.NET; http://pajek.imfm.si/doku.php) network formats, a simple tab-

delimited correlation table and an equivalent colour-intensity-mapped 

HTML correlation table. 

3.3.3 Validation and Performance Testing 

To demonstrate the full potential of MetabolomeExpress as a high-

throughput data-processing pipeline for the online analysis and 

presentation of large repositories of GC/MS based metabolomics data, a 
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number of experiments designed to test the limits of MetabolomeExpress 

data processing were performed and observations related to the speed 

and accuracy of processing were made. These tests were based on two 

GC/MS datasets. The first dataset was produced by the analysis of 40 

complex and highly variable metabolite standard mixtures designed to 

introduce large variations the relative abundances of co- and closely-

eluting metabolite derivatives – a situation that can promote false negative 

or other spurious results due to interference between neighbouring or 

overlapping signals. Figure 3.3 outlines the process used to generate the 

metabolite standard mixtures. Briefly, 85 metabolites were divided into 

three groups such that no co-elution would occur between members of the 

same group, but co-elution would be expected when more than one group 

was combined together. Three metabolite standard mixtures 

corresponding to the three groups were then prepared and an eight-point 

dilution series spanning over two orders of magnitude was prepared from 

each mixture, resulting in a total of 24 stock solutions (3 x 8). Aliquots of 

these diluted stock solutions were then combined together in randomised 

sets of three (one randomly selected dilution from each metabolite 

standard group) such that 8 new complex solutions were produced and 

each of the 24 original diluted solutions were each represented in exactly 

one of the 8 new complex solutions. This combination process was 

repeated 5 times to generate a total of 5 sets of 8 complex standard 
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mixtures (ie. total of 40). The dataset resulting from the analysis of these 

was chosen as the basis of a novel data-processing validation experiment 

based on the hypothesis that if analyte signals are identified and quantified 

properly, then correlation analysis should reveal strong correlations 

between members of the same submixture and very poor correlations 

between members of different submixtures. Interesting features of the 

generated correlation matrix will be presented shortly. 

To demonstrate the application of MetabolomeExpress processing 

to a real biological experiment, the second dataset, comprised of 5.55 GB 

of raw NetCDF GC/MS data files (98 data files of approximately 50 MB 

each), was generated by the 24-hour (7 time points) time-course 

metabolome analysis of Arabidopsis thaliana cell suspension cultures 

responding to treatment with either: i) a methanolic solution of Antimycin A 

(a classic chemical respiratory inhibitor that prevents electron flow through 

Complex III of the mitochondrial electron transport chain (mtETC)), ii) 

methanol (carrier solvent control) or iii) water (a negative control for 

metabolomic effects of the carrier solvent). This experiment is presented in 

detail in Chapter 4. 

Performance assessment was carried out for each step in the 

MetabolomeExpress data processing workflow and the results are given 

under the corresponding headings, below. In addition, results of the 

combinatorial standard mixing experiment are presented in the context of 
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a more global validation of the MetabolomeExpress workflow. Finally, the 

results of the example biological experiment are presented from a more 

typical biological perspective. All example files and processing results are 

accessible online via www.metabolome-express.org.  

3.3.3.1 Raw Data Import 

To test the speed and hard-drive storage space efficiency of 

importing raw NetCDF (.CDF) GC/MS files, the larger of the two test-

datasets (the time-course analysis of Arabidopsis thaliana cell suspension 

cultures to chemical inhibition of the mitochondrial electron transport 

chain) was used to determine the speed, reliability and storage efficiency 

of the raw data import system. The 98-datafile set was processed in a total 

of 79.9 minutes (45.1 minutes for extraction of ion chromatograms into 

memory and 34.8 min for encoding EIC data into the binary XIC format on 

the server hard-drive). This corresponds to an average total import time of 

48.9 seconds per file (1.23 files per minute). In this time, a total of 3.7 x 

108 data points were processed corresponding to an average processing 

rate of 7.72 x 104 data points per second. The average NetCDF file size 

was 56.6 MB while the MetabolomeExpress XIC format was substantially 

smaller with an average size of only 30 MB. At this stage, the total hard-

disk space used by all NetCDF and XIC files was 8.49 GB.  
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3.3.3.2 Peak Detection 

To test the accuracy, speed and data-reduction efficiency of the 

MetabolomeExpress peak detection algorithm all 98 of the raw data files 

associated with the time-course experiment were processed with the 

algorithm and measurements of data-volumes and processing times were 

made. For the purposes of quantitatively measuring the accuracy and 

effectiveness of peak detection, Agilent’s proprietary ChemStation 

GC/MSD Data Analysis software was employed as a benchmark, by 

analysis of the same raw data (the m/z=73 extracted ion chromatogram 

from one of the complex standard mixtures) with both ChemStation and 

MetabolomeExpress and comparison of the outputted retention times, 

peak areas and sets of detected peaks under default settings. First a 

manual qualitative comparison of the peak lists generated by the two 

programs was carried out by manually aligning the peak detection values 

corresponding to the same chromatographic EIC signals. Linear 

regression analysis was then used to quantitatively determine the 

accuracy of both peak area determination and apex retention time 

determination using R2 values. Indeed, near-perfect correlations between 

MetabolomeExpress and ChemStation values were observed (see Fig 

3.4). Linear regression of MetabolomeExpress and ChemStation retention 

times (Fig 3.4a) yielded an R2 of >0.9999 while linear regression of peak 
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areas (Fig 3.4b) yielded an R2 of 0.9991 suggesting extreme equivalence 

of the output generated by either ChemStation or MetabolomeExpress. 

Comparison of the number of peaks detected by either program was done 

by first manually checking all the detected peaks to filter out any false 

positive chromatographic peaks and then comparing the filtered lists of 

peaks. Excellent agreement between the two sets was observed with 

MetabolomeExpress detecting all the peaks detected by ChemStation, 

plus a large number of peaks not detected by ChemStation. These peaks 

were all manually verified as true chromatographic peaks and not obvious 

peak detection errors. 

To test the speed and storage space efficiency of the peak 

detection processor and hence its applicability to high-throughput data-

processing and large-scale studies, the speed of data processing and 

various parameters of the data that may determine the expected speed 

(such as the number of different EIC m/z channels extracted and the 

number of data points processed) and the average amounts of time taken 

by the algorithm to process each data point and each EIC were recorded. 

These peak detection performance logs are automatically archived by 

MetabolomeExpress for diagnostic and background error-reporting 

purposes. When the experimental dataset of 98 .XIC Files were processed 

by the MetabolomeExpress algorithm, we achieved an average file 

processing time of 33 seconds (1.81 files per minute). For all 98 files to be 
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processed, the total time was 53.9 min (approximately the length of a 

single GC/MS run in the dataset). In this time, 5.5 x 104 one-hour extracted 

ion chromatograms (total of 3.67 x 108 data points; average EIC length: 

6680 data points / EIC) were scanned for signal shapes resembling peaks 

and extensive peak information was exported to tab-delimited reports for 

later library matching. This corresponds to an average data processing 

rate of 1.13 x 105 data-points s-1. A total of 1.53 x 106 EIC peaks were 

detected across the entire data set, corresponding to an average of 1.56 x 

104 peaks per data file. The average size of the 98 outputted .PEAKLIST 

report files was approximately 1 MB. 

3.3.3.3 MSRI Library Matching 

The identification of biologically-relevant signals hidden in complex 

primary GC/MS data sets is one of the most critical steps towards ensuring 

the accurate biological interpretation of metabolomic data. Unfortunately, it 

is also one of the most challenging steps in the metabolomics data 

processing workflow and one of the hardest to validate. To test the 

performance of the MetabolomeExpress library matching algorithm, the 98 

.PEAKLIST peak detection result files (produced earlier from raw GC-MS 

data files associated with the Arabidopsis mitochondrial dysfunction time-

course experiment) were submitted for library searching with match criteria 

set as follows:- Min Peak Area for Peak Import: 25000; Retention Index 
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Error Tolerance: +/- 2 RI Units; Min. Number of Correct Intensity Qualifier 

Ions: 2; MS Ratio Error Tolerance: 30%; Max. Average MS Ratio Error: 

40%. The entire data set took 14.77 min to complete the library matching 

process, corresponding to an average file processing time of 9 seconds 

(6.6 files min-1). A total of 17200 positive library matches were made 

across the data set (an average of 175.5 positive IDs per data file). 

In an attempt to provide convincing large-scale evidence that the 

correct signals were being matched with the correct analyte entries in the 

target MSRI library, an analyte-analyte correlation matrix was constructed 

from the mzrtMATRIX file generated by processing of the combinatorial 

standard mixing data set (described at the beginning of Section 3.3.3 and 

in Fig. 3.3) and hierarchical clustering of the correlation matrix was carried 

out in an attempt to resolve the analytes into three clusters of tightly 

correlated analytes corresponding to the three original metabolite sub-

mixtures combined in various concentration ratios to make each of the 40 

complex mixture samples (see Fig. 3.5). Such a clustering of analytes 

according to their experimental co-variation would only be expected to 

occur with accurate quantitative peak integration and correct MSRI library 

matching. Indeed, the expected three major clusters corresponding to the 

three sets of co-varied metabolites were observed, providing strong 

evidence for the general accuracy of MetabolomeExpress quantitative 

data processing. The average analyte-analyte correlation coefficients 
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observed within each of the three clusters corresponding to Metabolite 

Mixes 1, 2 and 3 were 0.90, 0.90 and 0.89, respectively, indicating that 

MetabolomeExpress quantitation was robust across a wide variety of 

signals. In general, the boundaries between the three correlation clusters 

were highly distinct with almost no analytes showing positive correlations 

with components of metabolite sub-mixtures other than their own. 

However, two analytes showed weak positive correlations with 

components of more than one sub-mixture. These were phosphate and 

isocitrate. Phosphate can be produced by hydrolysis of phosphorylated 

metabolites during sample preparation and analysis (data not shown), and 

its correlation with components of sub-mixtures 1 and 3 may be explained 

by the presence of phosphorylated metabolite standards in both of these 

mixtures. Citrate was added as a component of sub-mixture 1 and while its 

strongest correlations were with components of this same sub-mixture, its 

signal was also observed to have weak positive correlations with 

components sub-mixture 3. This may be explained by unavoidable cross-

contamination between the partially overlapping (especially when both 

analytes are present at high concentrations) signals of citrate and those of 

isocitrate. Another observation worthy of discussion was the appearance 

of malate and putrescine in the cluster corresponding to Metabolite Mix 2 

despite the fact that they were not explicitly added to that mixture as 

authentic standards. Based on the results of single-standard analyses, 
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these were almost certainly introduced as a contaminant of the added 

maleic acid and a breakdown product of the added agmatine, respectively 

(previously observed in individual analyses of the same high-purity 

standards, data not shown). 

3.3.3.4 Analyte x Data File Signal Intensity Matrix Construction and 
Raw Data Assisted Missing Value Replacement 

To test the performance of [Analyte x Data File] signal intensity 

matrix construction including raw data-assisted missing value replacement 

and normalisation of absolute peak areas to tissue mass/volume and 

internal standard peak area, the .MATCHREPORT file containing peak 

identification results for the 98 data file mitochondrial dysfunction time-

course dataset was submitted for matrix construction. The construction 

process took 5.6 minutes and included the raw data-assisted missing 

value replacement of 12867 missing peak area values. Manual inspection 

of the outputted matrices and comparison with raw data indicated that 

matrix values were highly representative of peak areas assessed by visual 

inspection. The size of the automatically exported .mzrtMATRIX file was 

556 kB. 
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3.4 Discussion 

3.4.1 MetabolomeExpress streamlines GC/MS 
metabolomics data processing and biological 
interpretation 

Throughout its history, GC/MS-based metabolomics has been 

hampered by the inadequacy of available GC/MS data processing 

software packages. Proprietary GC/MS data processing software has 

generally been expensive and designed for the routine absolute 

quantitation of a relatively small number of predictable, target analytes 

rather than the relative quantitation of a large number of analytes across a 

large number of samples representing complex experimental designs. A 

number of freely available software packages have been developed that 

perform specific data processing tasks - for example, the alignment of 

chromatograms (Nielsen et al., 1998), or mass spectral deconvolution and 

chromatographic peak identification (Halket et al., 1999). More recently, a 

number of more comprehensive metabolomics-oriented 

chromatography/mass spectrometry data processing packages have 

emerged but these have lacked features required for use in high-

throughput GC/MS based metabolomics. For example, XCMS (Smith et 

al., 2006) carries out chromatogram alignment, extracted ion 

chromatogram peak detection, data matrix construction and statistical 

comparison of peak areas between different sample groups but does not 
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provide a graphical user interface or support mass-spectral and retention 

index based metabolite identification. Another recently published tool, 

MET-IDEA (Broeckling et al., 2006), generates data matrices from raw 

GC/MS files by extracting metabolite signal intensities according to user-

specified mass / retention time parameters and does provide a graphic 

user interface but is a standalone desktop program that cannot be 

customized or automated, does not provide in-built statistical tools and, 

like XCMS, does not support retention index and mass-spectral based 

metabolite identification. A very recent release, TagFinder, carries out 

mass-spectral deconvolution, automatically generates data matrices, 

provides a graphical user interface, and supports mass-spectral and 

retention index based metabolite identification (Luedemann et al., 2008). 

However, it does not provide in-built statistical tools and, like MET-IDEA, is 

a standalone desktop program not amenable to automation, customisation 

or web-integration. MetabolomeExpress provides significant advantages 

over these tools by combining features for automated mass-spectral and 

retention index based library matching and data matrix construction with 

other desirable features including modularity, extensibility, web-integration 

and a variety of in-built tools for raw data interaction, statistical and 

exploratory data analysis. The statistical and exploratory data analysis 

tools of MetabolomeExpress proved to be very helpful in the biological 

interpretation of GC/MS data generated during the course of this PhD 
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project. In particular, the automatic export of colour-mapped statistical 

tables, PCA diagrams and Cytoscape-importable data files for mapping 

onto AraCyc metabolic network models aided in the visualization of 

metabolite response patterns and saved considerable time that would 

have otherwise been spent manually transferring data matrices into third-

party software packages for statistical analysis and figure-generation. 

Examples of statistical heatmaps, PCA diagrams and style-mapped 

metabolic network diagrams are presented as figures in the results 

chapters that follow. 

3.4.2 Availability 

MetabolomeExpress is freely available (under an open-source 

Affero General Public License) for non-commercial use by organisations 

that offer all of their scientific products and services free-of-charge. Users 

eligible to use the free license may download a complete installation 

package including all source-code from www.metabolome-express.org. 

Commercial interests can purchase a proprietary license.  

3.4.3 Conclusion 

As mainstream biological research moves increasingly towards 

large-scale studies heavily based on high-throughput bio-analytical 

technologies that generate large volumes of extremely complex data, the 
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need to develop protocols and software for accurate and efficient 

processing and sharing of these types of data has never been so widely 

recognised. It is envisaged that tools like MetabolomeExpress will advance 

metabolomics research through a proliferation of quality-controlled and 

standardised metabolomics databases providing new opportunities for 

complete peer-review of metabolomics studies submitted for publication, 

centralised GC/MS data processing and public mining of vast reserves of 

accumulated metabolomics data with seamlessly integrated access to 

primary instrument data for greatly increased data confidence. 

Development of the MetabolomeExpress platform will be an 

ongoing process. Developments planned for MetabolomeExpress include: 

i) enhanced capability for processing LC/MS and CE/MS metabolomic and 

quantitative proteomic data (including accurate-mass signals); ii) 

expansion of the suite of statistical data mining tools to include multivariate 

pattern matching tools to identify relationships between different 

metabolome response patterns and hence different biological processes; 

iii) enhanced facilities for capturing experimental metadata during 

experimental workflows; iv) increased variety of import/export options for 

easier integration with external data processing workflows; and v) support 

for integrated analysis of parallel metabolite-, gene- and protein-

expression data. 
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Figure 3.1 Overview of raw GC/MS metabolomics data processing 
with MetabolomeExpress. Nominal mass extracted ion chromatograms 
(EICs) are extracted from scan-indexed raw AIA/ANDI/NetCDF GC/MS 
data files and encoded in a novel mass-indexed binary format (.XIC) 
optimised for rapid retrieval of specific EICs (by the Raw Data Viewer for 
example). Chromatographic peaks in all EICs are then detected using the 
MetabolomeExpress peak detection algorithm and peak detection results 
are tabulated in a tab-delimited .PEAKLIST format. These peak lists are 
then sent for mass-spectral and retention index (MSRI) library matching 
and quantitation. Positive library matches and associated details, including 
quantifier ion peak areas, are provided in a tab-delimited 
.MATCHREPORT file which may be used to generate data matrices (in 
various formats) in a downstream processing step. 
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Figure 3.2 Statistical data mining tools integrated into the 
MetabolomeExpress web application. The flow of data through 
MetabolomeExpress data mining tools is shown above with tab-delimited 
tables and databases highlighted with rounded blue title bars and data-
handling software modules highlighted with square-corner title bars. 
Arrows indicate the direction of data flow (input/output). 
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Figure 3.3 Validation experiment: randomised combinatorial 
metabolite standard mixing. Three metabolite mixtures each contained a 
set of approximately 30 different non-co-eluting high-purity authentic 
metabolite standards at known concentrations (typical metabolite 
concentration: 200 ng / µl). The components of these mixtures were 
chosen such that no chromatographic co-elution would occur between 
components of the same mixture but co-elution would occur between 
components of different mixtures when two or more of the mixtures were 
combined into a single analysis. An eight point dilution series was 
prepared from each of the three mixtures, generating three sets of eight 
solutions. The order of each dilution series was randomised to generate a 
randomised mixing protocol table and aliquots of solutions were combined 
accordingly. This randomised mixing process was repeated 5 times to 
generate 5 sets of 8 solutions (40 solutions).  These complex solutions, 
each containing the same set of 85 metabolite standards, were analysed 
by a standard GC/MS metabolomics protocol. 
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Figure 3.4 MetabolomeExpress peak detection validation: linear 
regression of MetabolomeExpress detected peak retention times (A) 
and peak areas (B) with ChemStation reported values. 
MetabolomeExpress and ChemStation were each used to detect peaks in 
the m/z = 73 extracted ion chromatogram from a data file derived from the 
GC/MS analysis of a complex metabolite standard mixture containing 85 
different standards. MetabolomeExpress peak detection results were 
manually aligned with ChemStation results and the correlation of 
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MetabolomeExpress values with ChemStation values assessed by linear 
regression.  
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Figure 3.5 Global MetabolomeExpress validation by analyte-analyte 
correlation analysis of a combinatorial authentic metabolite standard 
mixing GC/MS data set. The mzrtMATRIX data matrix generated by 
MetabolomeExpress processing of the combinatorial standard mixing 
GC/MS data set (see Fig. 3.4) was filtered to remove internal standards 
and analytes of unknown structure and then used to generate a correlation 
matrix which was used as input for hierarchical clustering in the statistical 
package, R. The reordered correlation matrix is shown as a heatmap with 
colours corresponding to analyte-analyte correlation coefficients (see color 
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bar to the right). As expected, analytes were clustered into three major 
clusters corresponding to metabolite submixes 1, 2 and 3. Analyte names 
have been coloured according to their metabolite submixture of origin (Mix 
1 = red; Mix 2 = green; Mix 3 = blue). * Known breakdown product.
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CHAPTER 4:  
DISSECTING RESPIRATORY CONTROL OF PLANT 

METABOLISM WITH CLASSIC RESPIRATORY 

INHIBITORS: ANTIMYCIN A AND ROTENONE 
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4 Dissecting respiratory control of plant 
metabolism with classic respiratory inhibitors: 
antimycin A and rotenone 

4.1 Introduction 

In addition to its role in the generation of ATP through oxidative 

phosphorylation, the mtETC serves as a major electron sink in the plant 

cell and its activity makes a major contribution to the re-oxidation of NADH 

generated by dehydrogenase reactions of the TCA cycle in the 

mitochondrial matrix (Rasmusson et al., 2008). As such, changes in 

mtETC activity might be expected to have profound effects on cellular 

metabolism, and consequently, cellular metabolite levels. However, few 

studies have directly attempted to elucidate the influence of the mtETC 

and its various components on the plant metabolome.  

To date, studies directly investigating the role of the mtETC in 

controlling plant metabolite levels have been limited to analyses of the 

Nicotiana sylvestris CMSII mutant, which lacks a functional complex I due 

to a homoplasmic 48 kb-wide mitochondrial DNA deletion spanning the 

region of nad7 gene which encodes the major dehydrogenase subunit of 

complex I (Gutierres et al., 1997). Metabolite profiling of the CMSII mutant 

has revealed a metabolome that is very different to that of its wild-type 

background (Noctor et al., 2004; Dutilleul et al., 2005; Pellny et al., 2008). 
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However, these differences represent the end result of a lifetime of 

development without complex I and provide little insight into the early 

responses of plant cells to changes in mtETC activity. A detailed 

knowledge of early metabolite level changes that follow changes in mtETC 

activity has implications for our understanding of how the mtETC might 

modulate cellular metabolite levels in response to environmental 

fluctuations that often occur naturally on a temporal scale of hours rather 

than weeks. 

Plants provide a particularly interesting model in which to study the 

influence of different mtETC components on the metabolome due to the 

added respiratory flexibility endowed by the presence of aforementioned 

plant-specific mtETC components. Therefore, an experiment elucidating 

and comparing the short-term effects of pharmacological inhibition of the 

mtETC at two different points (Complex I with rotenone and Complex III 

with antimycin A) was conducted and the results are presented and 

discussed in this chapter. 

4.2 Aims and Strategies 

The primary aims of the experiment that forms the basis of this 

chapter were to: 

1. Compare the usefulness of ethanol and methanol as 

metabolically-inert carrier solvents 
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2. assess the capacity of the mtETC to influence cellular 

metabolite levels 

3. determine the kinetics of the metabolomic response to acute 

inhibition of the mtETC and use this information to distinguish 

primary and secondary metabolic effects 

4. compare the metabolomic responses to inhibition at either 

complex I (with rotenone) or complex III (with antimycin A) 

 

To achieve these aims, a time-course metabolomics approach was 

employed. Briefly, Arabidopsis thaliana cell suspension cultures were 

treated with 40 µM rotenone, 25 µM antimycin A, a methanol carrier 

solvent control or a water control to assess the inertness of the methanol 

carrier solvent. Cells were then harvested from treated cultures at various 

time-points including 0, 1, 3, 6, 12, 16 and 24 hours after treatment and 

complex polar metabolite extracts were analysed by GC/MS. 

4.3 Results  

4.3.1 Methanol was effective as a metabolically inert carrier 
solvent while ethanol caused dramatic effects on the 
metabolome 

Since rotenone and antimycin A are both poorly soluble in water, it 

was necessary to administer them to cell suspension cultures as 
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suspensions in an organic carrier solvent. Ethanol has been used to 

administer both of these inhibitors in previously published studies (Clifton 

et al., 2005). However, as ethanol is readily metabolized by plant cells and 

high levels of ethanol are known to have toxic effects on plant cells 

(Fujishige et al., 2004; Hirayama et al., 2004), it was decided to examine 

and compare the effects of ethanol and methanol on the metabolome of 

Arabidopsis cells in the hope that if ethanol did appear to have major 

confounding effects on the metabolome, then methanol may serve as a 

more metabolically inert alternative. 

To examine and compare the effects of ethanol and methanol on 

the metabolome of Arabidopsis cells, 120 ml cell suspension cultures (5 

replicate cultures per treatment) were treated with either 100 µl of absolute 

ethanol, 100 µl of HPLC-grade methanol or 100 µl of MilliQ purified H2O. 5 

ml aliquots of cell suspension were taken from treated cell cultures 

immediately after treatment (within 5 min) and then at 1, 3, 6, 12, 16, and 

24 h after treatment. When cell suspension aliquots were taken, they were 

immediately vacuum filtered to remove culture medium and filtered cells 

were immediately snap-frozen in liquid nitrogen and stored at -80°C. 

Complex polar metabolite extracts were then prepared from tissue 

samples and these were analysed using a GC/MS metabolomics protocol 

(see Materials and Methods).  
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Ethanol was found to cause a wide variety of statistically significant 

changes in the metabolome relative to the mock treatment with purified 

water. A number of metabolites were found to undergo steady time-

dependent increases during the time-course. These included the amino 

acids N-acetyl serine, tyrosine, tryptophan, lysine, beta-alanine and valine; 

the organic acids malate, and threonate; the aldo-pentose sugars ribose 

and xylose; the phospho-sugars glucose-6-phosphate and fructose-6-

phosphate, and a number of ‘unknown’ metabolites which could not be 

unambiguously identified by comparison with authentic standards but 

could, in most cases, be assigned to putative chemical classes based on 

mass-spectral similarity with entries in the publicly available NIST05 MS 

library. Among these unknown metabolites were two metabolites 

tentatively identified as being nucleosides or nucleoside-related (see 

analytes annotated as [9H-Purin-2-amine,N-(trimethylsilyl)-6-

[(trimethylsilyl)oxy]-9-[2,3,5-tris-O-(trimethylsilyl)-D-ribofuranosyl]-, MS74, 

RI2761.9] and [2(1H)-Pyrimidinone, 1-[2,3-bis-O-(trimethylsilyl)-D-

ribofuranosyl]-4-(trimethylsiloxy)-, 5'-[bis(trimethylsilyl) phosphate], MS78, 

RI2817.3] in Figure 4.1), a metabolite tentatively identified as 2-OH-

glutarate and three metabolites with mass-spectral homology to 2-

oxobutanoate, 2,3-dihydroxybutanoate and 1-desoxypentitol, respectively. 

Of the metabolites that showed sustained time-dependent increases in 

response to ethanol treatment, the earliest to become statistically 
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significant at the p<0.05 level were N-acetyl serine, tyrosine, ribose and 

the unknowns with respective mass-spectral homologies to 2,3-

dihydroxybutane and 1-desoxypentitol which all became significant by the 

3 h time-point. Of the 190 metabolites profiled, shikimate was the only 

metabolite to show a sustained, time-dependent decrease in response to 

ethanol treatment. By the 24 hour time-point, the signal intensities of 123 

(71%) of the 173 profiled metabolites were statistically significantly 

different to their intensities in the mock (water) treated samples. 

In contrast to ethanol, methanol induced relatively few statistically 

significant changes in the metabolome, even after 24 h of treatment. Only 

two metabolites showed sustained, time-dependent increases in response 

to methanol. These were glycine and an unknown metabolite tentatively 

identified as a methylglycoside (see analyte annotated as [D-

Mannopyranoside, methyl 2,3,4,6-tetrakis-O-(trimethylsilyl)-, MS80, 

RI1844.6] in Fig. 4.1). A relatively small number of other statistically 

significant metabolite differences were seen in methanol treated samples 

compared to mock treated samples. However, these tended to be small in 

magnitude (less than 2-fold difference) and transient in nature, suggesting 

that they probably occurred by chance due to the large number of t-tests 

carried out. At the 24 h time-point, only 18 (10%) of the 173 profiled 

metabolites showed signal intensities that were statistically significantly 

different (p<0.05) in methanol treated samples compared to control 
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samples. Moreover, only 3 (17%) of these showed a methanol:water signal 

intensity ratio greater than 2 or less than 0.5. Principal component analysis 

of the metabolite profiles of the 24 h ethanol, methanol and water treated 

samples gave clear separation of ethanol treated samples from both 

methanol and water treated samples, which were essentially unresolved, 

at least in the first two principal components which, together, accounted for 

69% of the total variance present in the 24 h dataset (see Figure 4.2). 

4.3.2 Pharmacological inhibition of the mtETC with either 
rotenone or antimycin A caused widespread changes 
in the metabolome 

Having identified methanol as a suitable carrier solvent for the 

administration of respiratory inhibitors, it was decided to proceed with a 

time-course metabolomic analysis of Arabidopsis cells treated with: a) a 

methanolic suspension of rotenone ([rotenone]final = 40 µM); b) a 

methanolic suspension of antimycin A ([antimycin a]final = 25 µM); or c) a 

methanol control dose. Following treatment, cells were harvested after 1, 

3, 6, 12, 16 and 24 h and complex polar metabolite extracts of harvested 

tissues were profiled by a standard GC/MS metabolomics protocol (see 

Materials and Methods). Detailed quantitative results are displayed in the 

form of a statistical heatmap in Figure 4.3 and a qualitative summary of 

results is provided in Figure 4.4. 
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Antimycin A and rotenone both acted rapidly on the Arabidopsis 

cells, causing statistically significant metabolite level changes within one 

hour of treatment (Fig. 4.3 and Fig. 4.4). For both inhibitors, the numbers 

of affected metabolites increased steadily throughout the time-course. For 

rotenone, the respective numbers of affected metabolites at 1, 3, 6, 12, 16 

and 24 h were 11, 10, 27, 36, 44 and 68 while for antimycin A they were 7, 

30, 32, 45, 53, and 76 (Fig 4.4). Comparison of the responses to either 

antimycin A or rotenone revealed a large degree of qualitative overlap 

between the two responses in terms of the identities of responsive 

metabolites and the directionality of the observed responses (see Fig. 4.4). 

Over the entire time-course, rotenone and antimycin A induced 228 and 

287 statistically significant metabolite level differences (between 

respiratory inhibitor-treated and methanol control-treated cells across all 

time points), respectively. These included 174 responses which were 

similar between rotenone and antimycin A treatments, 54 which were 

unique to rotenone and 113 which were unique to antimycin A (Fig. 4.4). 

Principal components analysis (PCA) has been widely employed in 

the life-sciences as a powerful non-biased tool for providing a global 

overview of the major patterns of variation present in large multivariate 

datasets by reducing the dimensionality of the dataset with minimal loss of 

information. To provide a global overview of the major patterns of variation 

present in the time-course dataset, PCA was applied to the metabolite 
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profiles of rotenone-, antimycin A- and methanol-treated cells at each time-

point in the time-course (see Fig. 4.5 a-f). This analysis revealed that 

antimycin A treatment was associated with the majority of the biologically-

relevant variance at 1 h and 3 h time-points with antimycin A-treated 

samples moving further away from control samples than rotenone-treated 

samples did at these time-points (Fig 4.5a and 4.5b). By 6 h, rotenone-

treated samples became more clearly resolved from control samples with 

PC2 resolving methanol-treated, rotenone-treated and antimycin A-treated 

samples into three distinct groups (Fig. 4.5c). However, the total variance 

in the 6 h dataset was still dominated by biological and technical noise, as 

evidenced by lack of separation between experimental classes along PC1, 

which was the PC accounting for the largest proportion of total variance 

(36.5 %). By 12 h, the response to experimental treatments became the 

major source of variance with the three experimental sample classes 

becoming clearly resolved along the major PC, PC1, which accounted for 

26.5% of the total variance (Fig. 4.5d). At this time point, antimycin A-

treated samples were still further away from control samples than 

rotenone-treated samples were, but no orthogonal separation of antimycin 

A- and rotenone-treated samples was apparent in PC2. At 16 and 24 h, 

separation of the three experimental classes along PC1 was maintained 

(Fig. 4.5e and 4.5f). However, by these time-points, variance due to 

qualitative differences between the responses to antimycin A and rotenone 
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became great enough that additional, orthogonal separation between 

antimycin A- and rotenone-treated samples occurred along PC2 (Fig. 4.5e 

and 4.5f). Overall, these observations indicate that: i) antimycin A and 

rotenone had very similar qualitative effects on the metabolome, especially 

during the first 12 h of the time-course; ii) antimycin A acted more rapidly 

on the metabolome and had a quantitatively stronger effect than rotenone; 

and iii) differences between the responses to rotenone and antimycin A 

were a noticeable (albeit minor) source of variance at later time-points. 

4.3.3 Rotenone and antimycin A treatments caused 
overlapping metabolite responses with some distinct 
differences 

As mentioned above, rotenone and antimycin A both induced a 

large number of statistically significant metabolite level changes during the 

time-course with approximately half of these changes being common to 

both inhibitors. To gain a more detailed insight into the metabolic 

relationships between the two responses, the metabolomic responses to 

rotenone and antimycin A (Fig 4.3) were examined more closely to identify 

the major metabolite response patterns that were common to the two 

inhibitors and others that were unique to each inhibitor. The most notable 

similarities between the two inhibitor-induced responses included 

increases in phosphate, 1-aminocyclopropanecarboxylate (1-ACC), 

alanine, methionine, lactate, pyruvate, leucine, isoleucine, scyllo-inositol 
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and a number of ‘unknowns’ and decreases in 2-oxoglutarate, glutamine, 

glutamate, pyroglutamate, asparagine, aspartate, citrate, shikimate, 

phenylalanine, 4-OH-proline, p-aminobenzoate and a number of other 

‘unknowns’. A number of metabolites showed very different responses to 

the two inhibitors. These included a number of cases where a metabolite 

showed a clear, sustained increase in antimycin-A treated cells but 

virtually no increase (or a decrease) in rotenone treated cells (eg. 

succinate, adenosine-5’-monophosphate, lysine, tyrosine, 3-methyl-3-OH-

glutarate, the unknown putative nucleoside annotated as [9H-Purin-2-

amine, N-(trimethylsilyl)-6-[(trimethylsilyl)oxy]-9-[2,3,5-tris-O-

(trimethylsilyl)-D-ribofuranosyl]-, MS74, RI2761.9] and the unknown 

putative disaccharide annotated as [D-Glucopyranose, 4-O-[2,3,4,6-

tetrakis-O-(trimethylsilyl)-D-galactopyranosyl]-1,2,3,6-tetrakis-O-

(trimethylsilyl)-, MS82]; Figure 4.3). Other obvious differences included the 

sustained decrease in malate that was seen in antimycin A-treated but not 

rotenone-treated cells and the sustained decrease in xylose that was seen 

in rotenone-treated but not antimycin A-treated cells. 
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4.3.4 Respiratory perturbation led to widespread 
transcriptomic reprogramming of metabolism and a 
general down-regulation of energy consuming 
processes   

In order to identify relationships between respiratory activity, 

metabolite levels and the regulation of gene-expression, microarray 

measurements of transcriptomic changes in cells treated with either 

antimycin A or rotenone for either 3 h or 12 h (treated in parallel with cells 

treated for metabolite analysis) were obtained from Dr Etienne Delannoy 

as part of the collaborative project. The data from each treatment-duration 

was then further processed to sort the responsive genes into six groups 

according to their up/down-regulation by each inhibitor (3h: Fig 4.6; 12 h: 

Fig 4.7). This analysis revealed that antimycin A affected a much wider 

range of transcripts than rotenone at both time-points. At 3 h, antimycin A 

caused 370 transcripts to become more than 3-fold up- or down-regulated 

while rotenone only affected 248. Moreover, the set of transcript reponses 

observed in rotenone-treated cells at 3h was largely a qualitatively similar 

subset of the responses seen in 3 h antimycin A-treated cells with only 30 

transcripts significantly responding by more than 3-fold to rotenone but not 

antimycin A (Fig 4.6). These trends became even more pronounced at the 

12 h time-point with antimycin A affecting 467 transcripts and rotenone 

only affecting 257 with only 7 responses being unique to rotenone (Fig 

4.7). To determine the functional range of affected genes, transcripts in 
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each response category were manually assigned, on a gene-by-gene 

basis, to broad functional categories and the numbers of genes in each 

functional category were counted for each response group and the 

numbers used to generate a series of functional-category pie-charts 

(Figures 4.6 and 4.7). This analysis revealed that within 3 h, both 

antimycin A and rotenone affected transcripts encoding a wide range of 

proteins including metabolic enzymes, transcription factors, protein 

kinases and phosphatases, transporters, enzymes catalyzing redox 

reactions, enzymes involved in hormone metabolism, cell motility factors, 

proteins involved in cell division, nucleic acid binding, ROS scavenging, 

glutathione-S-transferase reactions and a large number of proteins in 

‘other’ and ‘unclassified’ categories (Fig 4.6). This functional diversity was 

maintained at 12 h (Fig 4.7). 

Closer examination of the relative enrichments of functional 

categories in various response groups revealed some interesting patterns. 

Up-regulated gene sets common to both inhibitors (pie charts labeled 

A+R+ in Figs. 4.6 and 4.7) appeared to be enriched (relative to A-R-) in 

genes encoding metabolic enzymes, transporters, GSTs and protein 

phosphatases (only at 3h). Down-regulated gene sets common to both 

inhibitors (pie charts labeled A-R- in Figs. 4.6 and 4.7) appeared to be 

enriched (relative to A+R+) in genes encoding proteins involved in calcium 

binding and energy-consuming processes such as gene-expression 
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(transcription factors, only at 3 h) and cell division and cell motility 

(especially at 12 h). Gene sets that were specifically up or down-regulated 

by antimycin A did not show any obvious signs of functional category 

enrichment, except for a possible bias towards down-regulation of 

metabolic enzymes at 3h. The numbers of genes specifically responding to 

rotenone were too small to make any confident assessments of functional 

category enrichment. 
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4.4 Discussion 

4.4.1 Inhibition of mtETC activity rapidly affects the levels 
of metabolites linked to the TCA cycle 

Given the major role mtETC activity plays in the re-oxidation of 

NADH generated by the TCA cycle, inhibition of mtETC activity is likely to 

decrease the NAD+ / NADH ratio in the mitochondrial matrix, depending on 

the capacity of alternative pathways of NADH re-oxidation to compensate 

for the loss of mtETC Complex I NADH:ubiquinone oxidoreductase 

activity. A decrease in the matrix NAD+ / NADH ratio has the potential to 

affect the activities of NAD+-dependent and redox-sensitive matrix 

enzymes. A number of major matrix-located dehydrogenase enzymes 

have been shown to be inhibited by NADH, having Ki values for NADH 

within the normal physiological NADH concentration range (Pascal et al., 

1990). These include: i) the pyruvate dehydrogenase complex (PDH) 

which is thought to be a major control-point for the entry of fluxes into the 

TCA cycle (Fernie et al., 2004) and is also inhibited by acetyl-CoA (Tovar-

Mendez et al., 2003); ii) isocitrate dehydrogenase (ICDH); iii) the 2-OG 

dehydrogenase complex (OGDH); iv) glycine decarboxylase complex 

(GDC); and v) NAD+-dependent malic enzyme (Pascal et al., 1990). Thus, 

when NAD+ becomes limiting and NADH levels are high, the following are 
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likely to occur: i) a strongly decreased flux of pyruvate into the TCA cycle; 

ii) decreased synthesis of 2-OG by IDH isocitrate dehydrogenase; iii) 

decreased synthesis of succinyl-CoA from 2-OG by OGDH; iv) decreased 

oxidation of glycine by GDC; v) decreased oxidative decarboxylation of 

malate to pyruvate by NAD-malic enzyme; vi) decreased synthesis of OAA 

from malate by malate dehydrogenase and v) decreased oxidative 

deamination of glutamate to 2-OG by glutamate dehydrogenase. These 

changes in enzyme activity would effectively cause a slowing of the TCA 

cycle that would be expected to have consequences for metabolic 

pathways that feed in to and feed out of the TCA cycle. Indeed, this 

hypothesis is strongly supported by the metabolomic data presented in this 

chapter. This is evidenced by: i) the rapid accumulation of pyruvate and 

pyruvate-derived metabolites, alanine and lactate; ii) the rapid depletion of 

2-OG and 2-OG-derived amino acids Glu, Gln and 4-OH-Pro; iii) the rapid 

depletion of OAA-derived amino acids, Asp and Asn. Although OAA was 

not detectable by the standard GC/MS protocol used in this study 

(presumably due to its instability towards decarboxylation caused by its 

beta-keto acid functionality), it is likely to have been decreased in a similar 

manner to 2-OG. It would be valuable to confirm this hypothesis by direct 

measurement of OAA in antimycin A- and rotenone-treated cells. 

While the metabolite level changes described above clearly appear 

to be consistent with a reduced consumption of pyruvate and reduced 
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production of 2-OG and OAA by the TCA cycle, the exact biochemical 

mechanisms causing the observed metabolic phenotypes remain a matter 

of some speculation. Indeed, the biochemical factors affecting the net 

cellular rate of biosynthesis or catabolism are different for each metabolite 

(extending beyond the simple availability of carbon skeletons for 

transamination) and the relative contributions of these factors to the 

observed metabolite changes will be different in the case of each mtETC 

inhibitor. For example, the synthesis of glutamine by glutamine synthetase 

depends on the availability of glutamate, ATP and NH3 (Fig. 4.8). 

Therefore, assuming NH3 was not limiting during the timecourse (the 

Murashige and Skoog growth medium contained ammonium nitrate), it is 

conceivable that observed decreases in glutamine following mtETC 

inhibition could be the result of reduced availability of ATP (due to 

inhibition of oxidative phosphorylation), the reduced availability of 

glutamate or a mixture of both factors. A composite role for ATP and 

glutamate availability in the control of glutamine levels is supported by the 

fact that glutamine levels were significantly decreased before glutamate 

levels in response to rotenone while in response to antimycin A, glutamate 

levels were significantly reduced before glutamine levels. Antimycin A 

would be expected to have a stronger effect than rotenone on 

mitochondrial 2-OG synthesis by causing respiration to become entirely 

limited to the AOX pathway. Similarly, asparagine synthesis by asparagine 
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synthase requires the availability of aspartate, glutamine and ATP (Fig. 

4.8). Hence, reduced levels of asparagine, observed in response to both 

inhibitors, is likely to have been the consequence of reduced availability of 

all three reactants. 

4.4.2 Adaptive mechanisms appear to maintain 2-OG when 
its synthesis by the TCA cycle is compromised by 
mtETC perturbation 

As discussed above, inhibition of the mtETC with either rotenone or 

antimycin A appeared to reduce the synthesis of 2-OG by the TCA cycle, 

as evidenced by decreases in the abundance of 2-OG and 2-OG-derived 

amino acids, glutamate and glutamine. However, while glutamate levels 

were reduced to ~10% of control levels by 1 h of antimycin A treatment (or 

24 h of rotenone treatment) and did not recover during the 24 h time-

course, 2-OG levels were not decreased below 29% by either mtETC 

inhibitor and by 24 h, 2-OG levels had returned to control levels in both 

treatments. These observations suggest the occurrence of some kind of 

adaptive response that allowed the cells to arrest depletion of the 2-OG 

pool at a conservative level and even repair the 2-OG pool to normal 

levels. This may be very important for survival for at least two reasons: i) 

2-OG is one of the most highly connected metabolites in the Arabidopsis 

metabolic network, being a reactant or product in at least 63 different 

metabolic reactions (based on data contained in the AraCyc Arabidopsis 
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metabolic pathway database, not shown) and large changes in its 

abundance may have widespread and difficult-to-control negative 

consequences; and ii) A constant supply of new 2-OG carbon skeletons is 

critical for the maintenance of net N assimilation and hence, growth. 

Possible mechanisms for maintaining 2-OG levels in the face of mtETC 

perturbation may be divided into two groups – ‘short-term’ and ‘long-term’ - 

depending on whether or not they support long-term growth. Short term 

mechanisms could involve the direct or indirect transfer of ammonia from 

glutamate and glutamine to carbon skeletons other than 2-OG that may be 

more readily available (such as pyruvate), thus making 2-OG available for 

further N assimilation. This type of mechanism would essentially use the 

relatively large cellular pools of glutamate and glutamine as a short-term 

buffer against depletion of 2-OG, but would not allow for long-term growth 

because without de-novo synthesis of the 2-OG carbon backbone, 

glutamate and glutamine would eventually become limiting for net protein 

synthesis. Long-term 2-OG maintenance mechanisms would involve the 

repair of mitochondrial 2-OG synthesis or the induction of alternative 

pathways of 2-OG synthesis. 
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4.4.3 Glutamate-dependent alanine synthesis may 
contribute to the short-term maintenance of 2-OG 
levels in the early phases of rotenone and antimycin 
A treatment  

The accumulation of alanine in both rotenone- and antimycin A-

treated cells raises the interesting possibility that a transfer of NH3 from 2-

OG-derived amino acids to pyruvate may have contributed to the short-

term maintenance of 2-OG levels in these cells. The fact that alanine 

accumulated to near its maximal level (~2.5-3-fold) within the first 6 h of 

rotenone or antimycin A treatment and remained steady through the rest of 

the time-course is consistent with alanine accumulation being the result of 

the direct or indirect transfer of N to pyruvate from a finite metabolite pool 

that is limiting, at least initially, under conditions of mtETC inhibition (eg. 

glutamate). The Arabidopsis genome encodes for at least four 

transaminase enzymes capable of transferring ammonia directly from 

glutamate to pyruvate (Miyashita et al., 2007). One of these, ALAAT1 

(At1g17290), a mitochondrial-localised enzyme (Millar et al., 2001; 

Heazlewood et al., 2004), has been investigated for a role in hypoxia-

induced alanine accumulation through time-course targeted metabolite-

profiling analysis of knockout and over-expression lines exposed to 

hypoxia and then returned to normoxic conditions (Miyashita et al., 2007). 

Despite a strongly (>90%) reduced in-vitro alanine/2-OG transaminase 

activity, the investigated ALAAT1 knockout line did not show reduced 
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alanine accumulation under hypoxia. Rather, it showed a slightly elevated 

rate of alanine accumulation in the early phase of hypoxia and slightly 

decreased rate of alanine decline during the post-hypoxic recovery phase. 

These observations provide some evidence that the primary role of 

ALAAT1 during and after hypoxia was alanine degradation rather than 

alanine synthesis. However, they do not preclude a possible role for 

another alanine/2-OG transaminating enzyme in glutamate-dependent 

alanine synthesis during hypoxia-induced mtETC perturbation.  

Evidence has recently emerged that pyruvate-dependent 4-

aminobutyrate transaminase activity may make a small contribution to 

hypoxia-induced alanine accumulation in Arabidopsis roots (but not 

shoots) (Miyashita and Good, 2008). However, it is not obvious how this 

pathway might contribute to the maintenance of 2-OG levels. In agreement 

with a negligible role for the GABA-shunt in hypoxia-induced alanine 

accumulation in Arabidopsis shoots, the accumulation of GABA, classically 

seen in hypoxia-treated roots (Miyashita and Good, 2008), was not seen in 

our antimycin A-treated, hypocotyl-derived suspension-cultured cells (Fig 

4.3). 
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4.4.4 The recovery of long-term 2-OG production in 
antimycin A- and rotenone-treated cells may have 
been assisted by induction of alternative respiratory 
pathways 

While redistribution of nitrogen from 2-OG-derived amino acids to 

pyruvate-derived amino acids has the potential to allow the cell to maintain 

the 2-OG level in the short term, this mechanism does not support long 

term growth (which relies on the net production of 2-OG backbones by de-

novo synthesis). Therefore, given that biomass accumulation over 7 days 

was only marginally affected by rotenone treatment (~20% decrease) 

(Garmier et al., 2008), it is likely that the recovery of 2-OG levels to control 

levels by 24 h in rotenone- and antimycin A-treated cells was achieved 

either by the restoration of the ability of mitochondria to adequately 

synthesise 2-OG and/or by the induction of an alternative pathway of 2-OG 

synthesis. This section will discuss a possible role for an enhancement of 

alternative respiratory pathways in the repair of mitochondrial 2-OG 

synthesis.   

In theory, the rate of mitochondrial 2-OG production might be 

repaired by increasing the rate of NADH re-oxidation in the mitochondrial 

matrix. The internal alternative NADH dehydrogenase (NDA) pathway 

provides a rotenone-insensitive avenue for NADH re-oxidation that, if 

enhanced, might be able to offset rotenone- or antimycin A-induced losses 

of complex I NAD+ regeneration. No increase in the maximal capacity of 
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the NDA pathway was observed in oxygen electrode experiments on 

mitochondria isolated from cells treated with rotenone for 16 h (Garmier et 

al., 2008). However, it is possible that in-vivo, the NDA pathway was not 

running at this maximal rate during the early stages of mtETC inhibition but 

was enhanced by some form of cellular adjustment at some stage during 

antimycin A and/or rotenone treatment. The fact that 2-OG levels 

recovered to control levels somewhere between 16 and 24 h suggests that 

NAD+ regeneration by the NDA pathway may have been assisted by an 

adjustment appearing at somewhere around the 16 h point. This timing is 

more consistent with a cellular adaptation requiring de-novo mRNA and/or 

protein synthesis than one based on post-translational regulation of pre-

existing cellular components. Taken together, these facts provide strong 

evidence that NAD+ regeneration by the NDA pathway, and hence 

recovery of 2-OG levels, were greatly assisted by a 2-3 fold increase in 

AOX1a mRNA, protein content and enzymatic activity observed in cells 

treated with rotenone for 16 h (Garmier et al., 2008). Similar accumulation 

of AOX protein has been observed in the mitochondria of antimycin A-

treated cells previously (Sweetlove et al., 2002).   

In antimycin A-treated cells, where the COX electron transport 

pathway is blocked, an increase in AOX capacity would clearly increase 

the maximal rate of NADH turnover possible via the NDA pathway (by 

providing an alternative route for electrons to flow from UQH2 to O2), 
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possibly increasing the rate of oxidative-phosphorylation-uncoupled TCA 

cycle turnover and consequent 2-OG synthesis. However, in rotenone 

treated cells, a benefit of increased AOX capacity (towards increased 

NADH turnover) would only be conceivable if there was some kind of 

restriction of the COX pathway. Because electron transfer via the COX 

pathway is coupled with proton pumping across the IMM, it is limited by 

the rate of proton influx back into the mitochondrial matrix via the ATP 

synthase complex (which is in turn limited by the cellular ATP demand) or 

via uncoupler proteins acting as proton pores in the IMM. Transcript 

profiles revealed virtually no change in the levels of transcripts encoding 

mitochondrial uncoupling proteins in either antimycin A- or rotenone-

treated cells (data not shown). Moreover, rotenone induced significant 

down-regulation of transcripts encoding proteins involved in energy 

consuming processes such as cell wall synthesis, protein synthesis, cell 

motility and cell division (see Fig 4.6, Fig 4.7 and (Garmier et al., 2008)). 

These observations strongly suggest that ATP turnover, and hence 

electron flux through the COX pathway, may have been limited in rotenone 

treated cells, thus opening up a potential role for AOX in the recovery of 

mitochondrial 2-OG synthesis. The hypothesis that 2-OG synthesis was 

repaired by uncoupling of respiration from oxidative phosphorylation is 

also supported by the fact that glutamate, glutamine and asparagine, 

which all require ATP for their synthesis, showed little sign of recovery in 
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either rotenone- or antimycin A treated cells at 24 h when 2-OG levels had 

already returned to control levels. 

4.4.5 The possibility of net 2-OG synthesis via extra-
mitochondrial isocitrate dehydrogenases during 
mtETC perturbation 

The metabolite-profiling data presented in this chapter clearly 

demonstrate that, at least in the cell suspension culture system, inhibition 

of the mtETC causes a rapid decrease in the cellular levels of 2-OG and 2-

OG-derived amino acids regardless of whether the inhibition occurs at 

complex I or complex III. The simplest interpretation of this finding is that 

inhibition of mtETC activity by rotenone or antimycin A had an effect on the 

rate of matrix NADH turnover, and hence 2-OG synthesis by the TCA 

cycle in the mitochondrial matrix. However, in addition to mitochondrial 

IDH enzymes, plant cells also contain NADP+-dependent isocitrate 

dehydrogenase (ICDH) enzymes located in the mitochondria (Heazlewood 

et al., 2004), cytosol (Chen, 1998), chloroplast (Chen, 1998) and 

peroxisome (Eubel et al., 2008) and despite several decades of research, 

the question of whether or not mitochondrial IDH isocitrate 

dehydrogenases are the major suppliers of 2-OG to the cell is still a matter 

of some speculation (Chen and Gadal, 1990; Hodges et al., 2003). Indeed, 

genetic studies suggest that mitochondrial IDH and cytosolic ICDH 

pathways of 2-OG synthesis are either not limited by their respective 
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isocitrate dehydrogenase activities or are able to compensate for one 

another in providing adequate 2-OG for normal growth and development. 

Antisense potato lines with suppressed cytosolic ICDH expression and 

retaining only ~8% of wild-type ICDH activity have been shown to grow 

normally at least under standard growth conditions (Kruse et al., 1998). A 

similar observation has been made in soil-grown Arabidopsis T-DNA 

insertion lines lacking individual IDH subunits and having as low as 8% of 

wild-type IDH activity (Lemaitre et al., 2007). However, IDH knockout lines 

did display a growth phenotype under non-physiological conditions of 

liquid medium with sucrose supplementation, low light and short day-

length. Under these conditions, which more closely resemble those 

applied to the cell suspension cultures studied in this chapter, the IDH 

knockout lines displayed strong increases in leaf citrate and isocitrate 

levels but, interestingly, no differences in the levels of 2-OG or glutamine 

and either no change, or a slight increase, in the level of glutamate. 

Genetic evidence in yeast suggests that redundancy in 2-OG production 

between cytosolic and mitochondrial pathways may have evolved before 

the divergence of plants and fungi since, in yeast, it is necessary to 

simultaneously disrupt cytosolic ICDH, mitochondrial IDH and 

mitochondrial ICDH to obtain glutamate auxotrophs (Zhao and McAlister-

Henn, 1996). This raises the question: what contribution could extra-

mitochondrial pathways of 2-OG synthesis have made to the net synthesis 
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of 2-OG during mtETC inhibition? These issues will now be discussed in 

the context of previously published data and data presented in this 

chapter. 

The detection of high aconitase and ICDH activities in the cytosol of 

plant cells has led to the proposal that the primary role of mitochondria in 

ammonium assimilation (other than ATP production) is not the synthesis of 

2-OG but the export of citrate which is then converted to 2-OG by cytosolic 

aconitase and ICDH (Chen and Gadal, 1990). The finding that citrate was 

the major organic acid exported by isolated spinach- and pea-leaf 

mitochondria under substrate-supply conditions similar to those occurring 

in the cytosol during the steady state of photosynthesis has been used to 

argue further support for this hypothesis (Hanning and Heldt, 1993). Under 

this model, the decreases in 2-OG observed in rotenone- and antimycin A-

treated cells in the current study might be interpreted as the result of 

decreased mitochondrial citrate export (due to decreased supply of 

substrates to citrate synthase by NAD+-dependent enzymes: pyruvate 

dehydrogenase complex, malate dehydrogenase and malic enzyme). 

However, the fact that both rotenone and antimycin A caused 2-OG levels 

to become significantly decreased by >60% within 1-3 h while citrate levels 

were not significantly decreased until ~12 h suggests that declines in 2-

OG were not driven by a lack of cellular citrate supply but, more likely, a 

change in redox poise around the 2-OG synthesizing enzyme(s). This 
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conclusion comes with the caveat that changes in the levels of citrate in 

the mitochondrial matrix and/or cytosol may have been masked by a large 

pool of citrate present in the vacuole (Farre et al., 2001). The accumulation 

of lactate and apparent increases in the lactate / pyruvate ratio in 

rotenone- and antimycin A-treated cells (Fig. 4.3) are consistent with an 

increased NADH / NAD+ ratio in the cytosol. However, it has recently been 

shown that the redox balances of NAD(H) and NADP(H) pools may be 

independently controlled (Liu et al., 2008) and it might therefore be 

possible that cytosolic 2-OG ICDH, which has not been shown to be 

affected by common allosteric effectors (Hodges et al., 2003), but is 

inhibited by NADPH (Igamberdiev and Gardestrom, 2003), may be able to 

operate even when the cytosolic NADH / NAD+ ratio is high due to 

inhibition of the mtETC. It would therefore be interesting to determine and 

compare cytosolic NADPH / NADP+ and NADH / NAD+ ratios in antimycin 

A- and rotenone-treated cells to assess whether ICDH is likely to be 

inhibited in these cells. If the cytosolic NADPH / NADP+ is unchanged in 

rotenone- and antimycin A-treated cells, then this could be taken as strong 

evidence that mitochondrial 2-OG production does indeed play a major 

role in providing carbon skeletons for nitrogen assimilation, at least in the 

dark-grown cell suspension culture model because it would largely rule out 

the inhibition of ICDH as the cause behind rapid depletion of 2-OG, 

glutamate and glutamine. The very gradual decline of citrate observed in 
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antimycin A- and rotenone-treated cells suggests that plant cells may use 

the large vacuolar citrate pool as a long-term reservoir of substrate for 

cytosolic aconitase and ICDH that may sustain 2-OG synthesis and hence 

nitrogen assimilation and amino acid synthesis during extended periods of 

environmental stress that compromise mitochondrial citrate synthesis. 

Interestingly, these decreases in citrate were roughly correlated with 

increases in AOX1a mRNA levels increases in AOX protein abundance, 

increases in AOX enzymatic activity and recovery of cellular 2-OG levels 

(Garmier et al., 2008) suggesting that possible ICDH-mediated 2-OG 

recovery may have been facilitated by increased NADPH oxidation via the 

mitochondrial NDB1 / AOX pathway.  

In addition to providing 2-OG for nitrogen assimilation, ICDH activity 

may play other roles under conditions of mtETC dysfunction. It has been 

proposed that ICDH activities may play a role in antioxidant defense 

processes by supplying NADPH to ROS scavenging pathways such as the 

glutathione peroxidase system, the ascorbate-glutathione cycle and 

thioredoxin peroxidase (Hodges et al., 2003). Interestingly, antimycin A 

induced the synthesis of mRNAs encoding glutathione peroxidase 

(At2g31570, ~3-fold), ascorbate peroxidase (At4g09010, ~2-fold) and 

dehydroascorbate reductase (At1g75270, ~2.5 fold) while rotenone had 

less effect on these ROS detoxifying enzymes, only inducing ascorbate 

peroxidase (1.3-fold) and dehydroascorbate reductase (~2.5-fold). These 
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observations suggest a need for increased antioxidant defenses under 

mtETC inhibition, particularly under Antimycin A treatment which is a 

classic inducer of oxidative stress (Sweetlove et al., 2002). Under 

conditions of mtETC inhibition, a shift from IDH-mediated 2-OG synthesis 

towards ICDH-mediated 2-OG synthesis may help to supply the additional 

NADPH required to detoxify the additional ROS generated. 

4.4.6 Comparison of the metabolomic and transcriptomic 
responses to rotenone and antimycin A allows 
dissection of respiratory programming of cellular 
metabolism   

While the metabolomic and transcriptomic responses to antimycin A 

and rotenone showed a large degree of qualitative overlap, it was quite 

evident that antimycin A had a greater effect, generally causing more 

rapid, stronger responses and affecting a wider range of metabolites and 

transcripts (see Section 4.3.3, Section 4.3.4, Figs 4.4-4.7). This result is 

consistent with theoretical expectations based on the fact that inhibition of 

mtETC complex III has the potential to affect a much wider range of 

respiratory processes than rotenone. While complex I inhibition eliminates 

a major NADH sink and proton-pumping (ATP producing) pathway from 

the mitochondrial matrix, mtETC complexes II, III or IV, and alternative 

internal and external NAD(P)H dehydrogenases should remain largely 

unaffected. On the other hand, complex III inhibition effectively eliminates 
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electron flux (and hence proton pumping) via complexes III and IV and 

causes electron flux (and hence proton pumping) via complex I to become 

potentially limited by AOX. Moreover, because complex III lays 

downstream of the ubiquinone pool, complex III inhibition also has the 

potential to affect the activities of the many non-proton-pumping 

oxidoreductases that feed electrons from various substrates into the 

ubiquinone pool, such as the internal and external NAD(P)H 

dehydrogenases, ETFQ-OR, proline dehydrogenase, D-lactate 

dehydrogenase and glycerol-3-phosphate dehydrogenase. Hence, 

although it is not feasible to discuss all the differences between the 

antimycin A and rotenone responses or the effects on all of the 

aforementioned mtETC linked pathways, discussion of the major 

differences may benefit the understanding of the roles these differentially 

affected respiratory pathways play in the control of the metabolome. 

Perhaps the most predictable difference between rotenone and 

antimycin A metabolite responses was in succinate which showed rapid 

and sustained accumulation in antimycin A-treated but not rotenone-

treated cells. The most likely explanation for this difference is that 

antimycin A blocks electron transport downstream of succinate 

dehydrogenase (SDH) while rotenone blocks entry of electrons into the 

mtETC upstream of SDH. The fact that fumarate levels did not show a 

corresponding decrease is interesting in that it demonstrates the role of 
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respiratory activity in controlling succinate but not fumarate levels, at least 

in dark-grown Arabidopsis cells.  

Another major difference between the metabolomic responses to 

antimycin A and rotenone was the detected specific accumulation, in 

antimycin A-treated cells, of adenosine-5’-monophosphate (AMP; Fig 4.3). 

The accumulation of AMP is indicative of an increased ADP/ATP ratio in 

antimycin A treated cells. The fact that AMP did not accumulate 

significantly in rotenone treated cells suggests that despite obvious 

metabolic consequences of complex I inhibition, the rotenone-treated cells 

were able to maintain the cellular ADP/ATP ratio at close to normal levels. 

These findings are consistent with the previously discussed potential for 

antimycin A to directly block electron transport (and hence proton 

pumping) through complexes III and IV and to potentially reduce complex I 

activity by eliminating the COX electron transport pathway while rotenone 

only affects one proton pumping site (complex I).  

One of the more intriguing differences between the antimycin A and 

rotenone responses was the rapid, strong and sustained accumulation of 

lysine in antimycin A-treated cells compared to its rapid but very brief 

accumulation in rotenone treated cells (Fig 4.3). Examination of the lysine 

biosynthetic pathway reveals some very interesting characteristics that 

may help to explain its accumulation in both treatments. Lysine is derived 

from aspartate but also incorporates a molecule of pyruvate (at the step 
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catalysed by dihydropicolinate synthase). Hence, rapid accumulation of 

lysine in antimycin A- and rotenone-treated cells may have been partially 

driven by increased availability of pyruvate (caused by inhibition of the 

pyruvate dehydrogenase complex by NADH accumulated in the 

mitochondrial matrix). Lysine biosynthesis from aspartate results in the 

oxidation of one mole of NADPH at the step catalysed by aspartate 

semialdehyde dehydrogenase (Paris et al., 2002) and the oxidation of one 

mole of NAD(P)H at the step catalysed by dihydrodipicolinate reductase 

(Hudson et al., 2005). Hence, lysine accumulation may have been 

additionally driven by increased availability of NAD(P)H. The fact that 

antimycin A has a much greater potential to affect NAD(P)H levels 

throughout the cell (by affecting complex I and both internal and external 

alternative NAD(P)H dehydrogenases) may help to explain the much 

stronger accumulation of lysine in antimycin A-treated cells. It is therefore 

tempting to speculate that lysine biosynthesis may serve as an important 

additional pyruvate fermentation pathway functioning in parallel to lactic 

and ethanolic fermentation pathways, supporting glycolytic ATP production 

by consuming pyruvate and regenerating NAD+ and NADP+ for use by 

NAD+- and NADP+-dependent dehydrogenases, respectively.  

Interestingly, the specific accumulation of lysine in antimycin A-

treated cells was mirrored by an antimycin A-specific ~6-fold induction of 

the bifunctional lysine-ketoglutarate reductase/saccharopine 
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dehydrogenase (LKR/SDH) enzyme (At4g33150) involved in the first 

committed step of lysine degradation. This raises the possibility that lysine 

may be involved in the transcriptional regulation of its own degradation. 

Lysine-ketoglutarate reductase and saccharopine dehydrogenase 

activities have been shown to be located exclusively in mitochondria in rat 

liver cells (Blemings et al., 1994) but no data appears to be available on 

the subcellular localisation of LKR/SDH in plants. Given the transcriptional 

up-regulation of LKR/SDH in antimycin A-treated cells, it might, therefore, 

be worthwhile to conduct a targeted proteomic and biochemical analysis of 

mitochondria isolated from antimycin A-treated cells to increase the 

chances of its detection. 

The first reaction catalysed by LKR/SDH (the conversion of lysine to 

saccharopine) requires 2-OG and NADPH. The fact that lysine levels, 

which were increased by 2-3-fold after 1 h of rotenone treatment, had 

returned to control levels by 3h in rotenone-treated cells suggests that 

LKR was capable of functioning in rotenone-treated cells but possibly 

impaired in antimycin A-treated cells. The fact that antimycin A is more 

likely to increase - rather than decrease – the NADPH levels in both the 

mitochondrial matrix and the cytosol suggests that a hampering of LKR 

activity in antimycin A-treated cells was most likely driven by a lack of 2-

OG in the subcellular compartment where LKR/SDH is located. As 

discussed in previous sections, antimycin A almost certainly decreased the 
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abundance of 2-OG in the mitochondrial matrix while there is a strong 

possibility that cytosolic 2-OG levels were maintained by the action of 

cytosolic aconitase and ICDH enzymes acting on citrate released from the 

vacuole. Hence, it is quite possible that matrix 2-OG levels were much 

lower in antimycin A-treated cells than in rotenone-treated cells despite 

whole-cell 2-OG levels appearing to be quite similar between the two 

treatments (Fig 4.3). Indeed, antimycin A would be expected to have a 

stronger effect on matrix 2-OG levels because, unlike rotenone, it blocks 

the major terminal oxidase (COX) pathway downstream of all electron-

input pathways that might allow recycling of IDH-generated NADH. A 

stronger effect of antimycin A on matrix 2-OG levels, together with a likely 

mitochondrial localization of LKR/SDH could therefore help to explain the 

apparent hampering of lysine degradation in antimycin A-treated cells 

compared to rotenone treated cells. Independent support for this 

hypothesis comes from the fact that tyrosine, but not phenylalanine (which 

shares most of its biosynthetic pathway with tyrosine), also accumulated 

specifically in antimycin A-treated cells. This is important because tyrosine 

transaminase, the first enzyme in tyrosine (but not phenylalanine) 

degradation, also requires 2-OG and has been shown to be predominantly 

localized to the inner mitochondrial membrane in rat brains (Mark et al., 

1970). No data appear to be available on the subcellular localization of 

tyrosine transaminase in plants. Therefore, in the context of this previous 



Chapter 4 Dissecting the metabolome with respiratory inhibitors  
 
 
 

 

107

mammalian data and the metabolomic data presented here, the possibility 

that tyrosine transaminase is predominantly localized in mitochondria and 

plays a crucial role in controlling the levels of tyrosine in plants, may be 

worthy of further exploration. 
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   a) Methanol / Water     b) Ethanol / Water 

Metabolite 
Class 

Metabolite Name / 
Treatment Duration (h): 

1  3  6  12  16  24    1  3  6  12  16  24 

Citrate  0.97 
1.3
3 

1.4
5 

1.27 
1.2
5 

1.3
3 

  0.63 0.89 0.97 0.65 0.5 0.47 

Shikimate  0.94 1.02 1 1.14 1.08 
1.3
2 

  0.87 
0.6
8 

0.7 
0.5
8 

0.4
9 

0.49 

Nicotinate  0.96 0.91 0.96 0.92 0.95 1.08   0.97 0.88 0.97 0.79 
0.7
2 

0.53 

Isocitrate  0.96 
1.2
4 

1.4 1.23 1.14 1.39   0.67 0.95 1.03 0.79 
0.6
1 

0.6 

cis‐Aconitate  1 1.22 
1.4
2 

1.12 0.99 1.19   0.76 0.91 1.21 0.91 0.84 0.81 

Lactate*  0.85 0.74 1.04 1.08 1.15 1.04   1 1.22 1.57 0.9 1.06 0.86 

Cinnamate  0.91 0.41 0.54 1.09 0.98 0.81   0.86 1.65 1.03 
1.7
3 

1.9
6 

0.95 

Glycolate  0.91 0.95 1.09 1.08 1.24 0.94   0.84 1.51 1.23 1.05 1.24 0.99 

Benzoate  0.72 0.8 0.69 1.29 1.09 0.85   0.69 0.98 0.76 1.09 0.82 0.99 

[4‐hydroxybenzoic acid 
(2TMS), MS88, RI1634.7] 

0.7
8 

1.11 0.94 1.11 0.95 0.95   0.76 1.22 0.95 1.11 1.03 1.1 

[2‐Keto‐l‐gluconic acid, 
penta(O‐trimethylsilyl)‐, 

MS81, RI1747.6] 

0.7
5 

1.04 1.01 1.06 1.02 1.08   0.83 0.96 1.04 1.03 1.05 1.23 

Succinate  0.74 0.88 0.81 0.97 0.94 1.23   
0.5
5 

0.73 0.82 0.99 1.16 1.25 

3‐Methyl,3‐OH‐glutarate*  0.81 0.94 1.06 1.07 1.08 1.15   0.69 1.17 1.01 0.93 0.96 1.27 

[2‐Keto‐l‐gluconic acid, 
penta(O‐trimethylsilyl)‐, 

MS86, RI1774.2] 

0.89 1.02 1.03 1.07 1.03 1.1   0.82 0.98 1.11 1.08 1.11 1.3 

Glycerate  0.85 1.03 1 0.98 0.99 1.07   0.82 0.95 1.03 1.01 1.08 1.39 

[Acetic acid, 
bis[(trimethylsilyl)oxyl]‐, 
trimethylsilyl ester, MS59, 

RI1635.4] 

0.93 0.98 0.97 1.02 0.99 1.09   0.9 0.93 1.07 1.11 
1.2
1 

1.44 

Pyruvate*  0.65 1.25 1.26 1.52 1.3 1.19   1.35 1.19 1.39 
1.7
3 

1.12 1.79 

Fumarate  0.89 1.08 1.13 1.19 1.06 
1.3
2 

  0.65 0.85 1.01 1.1 1.29 2.15 

Threonate  0.9 1.04 1.08 
1.2
6 

1.22 
1.3
6 

  0.88 1.02 
1.4
2 

1.7
6 

1.8
8 

2.22 

2‐OH‐glutarate*  0.94 1.36 1.29 1.29 1.15 
1.2
3 

  0.75 1.3 1.39 
1.5
9 

1.7
7 

2.23 

4‐OH‐butyrate*  1.1 1.49 1.25 2 1.39 1.07   0.89 1.54 1.49 2.27 
3.7
8 

2.29 

[Butanoic acid, 2‐oxo‐, 
bis(trimethylsilyl) deriv., 

MS63, RI1192.8] 

0.86 0.87 0.93 0.92 0.86 1.04   0.87 1.11 
1.4
2 

1.6
2 

2.0
1 

2.4 

Malate  1.07 
1.5
1 

1.33 
1.2
5 

1.17 
1.2
4 

  
0.7
1 

0.92 1.17 
1.4
6 

1.6
8 

2.64 

Organic 
Acid 

2‐Oxoglutarate  0.79 
1.4
1 

1.45 1.36 1.1 1.19   0.78 1.4 
1.6
2 

1.7
5 

1.22 3.18 

[Glycine, N‐acetyl‐, 
trimethylsilyl ester, MS71, 

RI1227.5] 

0.85 0.95 0.92 0.97 0.92 0.84   1 1.29 1.27 0.98 0.94 0.83 

Glycine  0.76 0.68 0.7 
0.5
7 

0.6
2 

0.4
8 

  1 0.94 0.99 1 1.03 0.98 

p‐Aminobenzoate  0.96 0.98 0.89 0.87 0.95 1.11   0.93 0.94 0.86 0.82 0.91 0.98 

Homoserine  0.77 0.6 1.1 0.85 0.81 1.19   0.69 0.77 
0.7
1 

1 
1.3
4 

0.99 

[beta‐Alanine, N‐
(trimethylsilyl)‐, 

trimethylsilyl ester, MS84, 
RI1187.4] 

0.96 1.03 1.02 1.04 0.86 0.91   0.92 1.25 1.4 2.3 0.94 1.01 

Threonine  0.99 0.92 1.47 1.01 0.96 1.14   0.76 0.9 0.48 1.15 
1.3
5 

1.02 

Leucine  0.84 1.23 1.08 1.03 0.88 0.92   0.58 1.22 1.05 
3.6
7 

4.3 1.02 

Amino Acid 

4‐Hydroxyproline  0.94 0.84 0.89 0.84 0.91 0.95   0.85 0.8 0.93 0.79 
0.7
5 

1.14 
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Alanine  0.75 0.99 0.8 1.06 0.84 1.03   0.81 1.2 1.22 1.44 1.25 1.18 

Pyroglutamate  0.93 0.98 1.03 1.06 1.01 0.97   
0.7
4 

1.1 1.13 1.11 1 1.19 

Methionine  0.91 0.95 1.15 0.88 0.93 0.85   0.78 0.8 
1.8
7 

0.91 1.01 1.19 

1‐
Aminoacyclopropanecarbo

xylate 

0.74 0.81 1.12 0.59 
0.6
8 

1.16   0.77 0.83 0.93 0.87 0.9 1.28 

[L‐Alanine, N‐
(trifluoroacetyl)‐, 

trimethylsilyl ester, MS85, 
RI1044.6] 

0.68 0.98 0.83 0.88 1.44 0.94   
0.5
9 

1.31 0.93 
1.8
3 

1.6
9 

1.32 

Serine  0.85 0.84 0.93 1.01 1.1 1.08   0.78 0.84 1.05 1.1 1.18 1.37 

Isoleucine  0.88 1.03 0.98 0.95 0.85 1.07   0.79 1.03 
1.3
9 

1.7
7 

2.0
1 

1.67 

Ornithine  0.84 1.01 0.93 
1.2
7 

1.1 0.98   1 1 1.35 0.82 
0.7
5 

1.7 

4‐Aminobutyrate  0.95 0.91 0.92 0.99 1.07 1.08   0.87 1.04 1.05 1.25 1.01 1.81 

Proline  0.87 0.87 0.91 0.72 0.76 0.99   0.78 0.98 1.04 1.37 1.78 2.22 

Lysine  0.78 1.08 1.17 1.02 0.91 0.9   1.01 1.26 
1.6
3 

4.1
5 

3.6
8 

2.27 

Valine  0.86 0.96 1.01 0.98 0.95 1.04   0.79 1.12 1.24 
1.8
9 

2.2
5 

2.59 

Tryptophan  0.85 1.12 1.05 1.22 1.23 
1.3
6 

  1.09 1.13 0.94 2.5 
2.5
2 

3.17 

Asparagine  1.17 1.23 1.4 0.99 0.91 1.12   0.83 1.14 1.37 0.79 0.89 3.21 

beta‐Alanine  0.82 0.68 0.87 0.88 0.91 1.06   0.93 1.28 
1.8
9 

2.6
7 

2.9
8 

3.23 

N‐Acetyl‐L‐serine  0.74 0.81 0.8 0.95 0.98 1.13   1.13 
1.9
9 

3.0
9 

3 
3.5
5 

3.62 

Arginine  0.88 0.97 0.95 0.95 1.1 1.38   0.8 0.97 1.2 1.38 1.57 3.64 

Tyrosine  0.75 0.97 1.08 0.9 1.01 1.3   1.05 
2.3
2 

2.9
4 

3.7
7 

3.7
4 

3.77 

2‐Aminobutyrate  0.82 0.74 0.87 0.78 0.82 1.09   0.8 1.02 0.78 0.89 0.91 4.09 

Aspartate  1.31 1.02 1.12 1.08 0.85 1.35   0.76 0.65 
0.6
3 

0.87 0.99 5.56 

Glutamate  1 0.97 0.95 0.97 0.9 1.82   0.66 1.02 1.33 
1.6
2 

1.52 6.6 

Phenylalanine  1.2 1.17 1.05 1.36 1.25 
2.5
8 

  1.36 1.11 1.16 1.66 
1.7
8 

7.26 

Glutamine  0.92 0.8 1.31 0.84 0.98 1.25   0.75 0.92 1.38 0.96 1.05 
11.5

6 

2‐Aminoadipate  0.98 1.06 1.01 1.2 0.96 0.91   0.72 0.98 1.17 2.95 6.02 11.61 

[Gulose (5TMS), MS74, 
RI2425.6] 

0.91 1.03 0.97 1.12 0.72 1.68   0.83 0.9 
1.4
8 

1.11 0.74 0.91 

Trehalose  0.84 0.97 0.92 1.04 1.02 0.85   0.95 0.92 1.01 1.07 0.95 0.99 

[Arabinofuranose, 1,2,3,5‐
tetrakis‐O‐(trimethylsilyl)‐, 

MS70, RI1607.5] 

1.71 0.65 0.78 0.5 0.41 0.83   2.42 0.72 0.87 0.67 0.69 1.07 

Galactose  0.88 1.01 1.05 1.23 1.05 1.02   0.76 1.07 1.07 1.19 1 1.15 

[D‐Glucopyranose, 4‐O‐
[2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐

galactopyranosyl]‐1,2,3,6‐
tetrakis‐O‐(trimethylsilyl)‐, 

MS82] 

0.83 0.99 1 1.11 1.01 1.12   0.82 1.03 1.02 1.06 1.09 1.16 

Glucose  0.84 0.95 0.98 1.07 2.2 0.98   0.78 0.98 1.08 0.6 1.38 1.18 

[2‐O‐Glycerol‐d‐
galactopyranoside, (6TMS), 

MS88, RI2300.8] 

0.89 1 0.95 1.01 0.98 1.06   0.82 0.93 0.98 0.98 1 1.22 

[2‐O‐Glycerol‐d‐
galactopyranoside (6TMS), 

MS88, RI2301.6] 

0.89 1 0.95 1.01 0.98 1.06   0.82 0.86 0.98 0.98 1 1.22 

[Sedoheptulose methoxime 
(6TMS), MS85, RI2094.1] 

0.95 0.75 0.96 0.99 1.02 1.01   0.85 0.96 1.11 1.07 1.19 1.23 

Fructose  0.87 0.97 0.95 1.04 1.31 1.01   0.86 0.95 1.02 1.04 1.06 1.26 

Carbohydra
te 

[Per‐O‐trimethylsilyl‐(3‐O‐
d‐mannopyranosyl‐4‐O‐d‐

0.77 0.93 1.06 0.9 1.11 1.08   0.67 1.34 1.11 0.99 1.07 1.27 
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glucopyranosyl‐d‐glucitol), 
MS72, RI2808.4] 

[4‐Ketoglucose, bis(O‐
methyloxime), 

tetrakis(trimethylsilyl), 
MS72, RI1463.6] 

0.86 0.89 0.98 0.96 0.99 1.06   0.78 0.83 1.08 0.91 0.87 1.29 

Sucrose  0.92 1.04 1.04 0.87 1.08 0.95   0.88 1.16 1.11 0.96 1.03 1.29 

Cellobiose  0.91 1.21 0.9 1.17 0.99 1.04   0.87 1.23 0.96 
1.3
9 

1.2
2 

1.3 

[beta‐D‐Glc‐(1,4)‐D‐Glc 
(8TMS), MS85, RI2493.5] 

0.92 1 1.02 1.13 1.11 1.16   0.79 0.94 1.07 1.11 1.17 1.3 

Rhamnose  0.87 0.97 0.96 1.04 1.15 1.06   0.83 0.99 1.05 1.06 0.93 1.35 

Arabinose  0.95 1.06 1 1.11 1.06 1.06   1.03 1 1.01 1.02 1.07 1.37 

[D‐Mannopyranoside, 
methyl 2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐, MS80, 

RI1844.6] 

1.16 1.53 
1.6
9 

2.1
9 

2.4 
3.8
4 

  0.88 0.8 0.89 0.95 1.05 1.46 

Fucose  0.87 0.97 0.95 1.04 1.05 1.12   0.83 0.92 1.04 1.07 1.17 1.46 

[Gulose, 2,3,4,5,6‐pentakis‐
O‐(trimethylsilyl)‐, MS82, 

RI2171.7] 

0.91 0.91 0.88 0.97 0.96 1.09   0.85 0.96 1.11 1.11 1.23 1.5 

[Melibiose (8TMS), MS82, 
RI3094.1] 

0.89 0.95 0.98 1.02 1.01 1.11   0.82 1.08 1.1 
1.2
2 

1.2
9 

1.53 

[D‐glycero‐D‐gulo‐heptose 
methoxime (6TMS), MS77, 

RI2350.8] 

0.99 1.1 0.92 1.01 1 1.12   0.88 0.95 1.03 1.16 1.3 1.54 

[D‐Ribofuranose, 1,2,3,5‐
tetrakis‐O‐(trimethylsilyl)‐, 

MS83, RI1764] 

0.84 0.95 0.91 1.03 0.92 1.08   0.76 0.99 1.05 1.08 1.09 1.58 

[D‐Glucose, 2,3,4,5,6‐
pentakis‐O‐(trimethylsilyl)‐, 

MS87, RI1966.6] 

0.77 0.91 0.85 1.09 1.01 1.67   0.83 1.35 1.25 1.38 
1.5
8 

1.6 

Gentiobiose  0.98 1.07 0.89 1.08 1.07 1.1   1.04 0.99 1.01 1.15 
1.2
6 

1.6 

[Unknown Putative 
Disaccharide, RI2836.1] 

0.94 1.08 0.94 1.07 1.01 1.09   0.86 1.04 1.05 1.17 
1.2
4 

1.67 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ 
Peak 1, MS95, RI2837.6] 

0.94 1.04 0.94 1.07 1.01 1.09   0.86 1 1.05 1.17 
1.2
4 

1.67 

1,6‐Anhydro‐beta‐D‐
glucose 

1.1 1.03 0.96 1.01 0.95 1.05   1.09 0.97 1.23 
1.3
7 

1.2
8 

1.76 

[Sedoheptulose methoxime 
(6TMS), MS86, RI2116.9] 

0.89 1.05 1.02 1.1 1.02 1.15   0.78 1 1.09 1.2 1.26 1.81 

[Sedoheptulose methoxime 
(6TMS), MS84, RI2122.6] 

0.9 1.07 1.01 1.14 1.04 1.12   0.78 1 1.11 1.25 1.26 1.82 

[D‐Galactofuranose, 
1,2,3,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS78, 

RI1833.2] 

0.82 0.71 0.86 1.12 0.9 1.57   0.85 1.08 1.21 1.33 1.32 1.84 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ 
Peak 2, MS91, RI2869] 

0.9 1.01 0.91 1.05 1.06 1.13   0.83 1.04 1.15 1.24 
1.2
8 

1.91 

Ribose  0.85 1.06 1.01 1.05 0.97 1.1   1.14 
1.3
2 

1.4
5 

1.7
9 

1.7
4 

2 

[Maltose methoxime 
(8TMS) EZ Peak 1, MS92, 

RI2717.6] 

0.81 1.24 1.14 1.06 1.19 
1.4
1 

  0.97 1.21 1.13 1.59 1.49 2.1 

[D‐Glucopyranoside, 
1,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐

fructofuranosyl 2,3,4,6‐
tetrakis‐O‐(trimethylsilyl)‐, 

MS90] 

0.91 0.86 0.89 0.96 0.97 1.3   0.94 0.86 1.01 1.1 
1.2
6 

2.14 

Raffinose*  0.92 0.89 0.91 0.98 0.99 1.4   0.94 0.92 0.99 1.12 1.3 2.38 

Maltose  0.92 1.18 0.94 1.06 1.15 1.75   0.73 0.94 1.17 1.18 1.42 2.54 

[Melibiose (8TMS), MS76, 
RI2410.5] 

1.25 1.12 1.04 1.13 0.45 1.24   0.83 1.14 0.67 
2.2
5 

1.45 2.73 

[Unknown Disaccharide, 
RI2532.7] 

1.01 0.92 0.99 1.22 1.1 1.29   1.08 0.96 1 
1.3
8 

1.5
2 

2.82 
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[beta‐D‐Glc‐(1,6)‐D‐Glc 
Peak 2, MS76, RI2534.4] 

1.25 1.12 1.04 1.13 0.45 1.17   0.83 1.14 0.67 
2.2
5 

1.45 3.31 

[Unknown Sugar, RI2401.1]  1.36 1.12 1.04 1.13 0.45 1.54   0.83 1.14 0.67 
2.2
5 

1.45 3.53 

[Unknown Putative 
Disaccharide, RI2868.5] 

0.9 1.28 0.93 1.04 1.26 1.51   0.83 1.1 0.98 1.15 1.16 4.55 

[Arabinofuranose, 1,2,3,5‐
tetrakis‐O‐(trimethylsilyl)‐, 

MS75, RI1777.7] 

0.82 0.97 0.82 1.04 0.93 1.57   0.7 0.97 1.14 1.1 1.1 5.82 

Xylose  1.05 0.89 0.91 0.86 0.76 1   1.34 1.19 
1.8
1 

2.4
1 

2.7
5 

6.06 

[Phosphonic acid, methyl‐, 
bis(trimethylsilyl) ester, 

MS52, RI1091.2] 

1.1 0.83 1.16 1.04 1.07 0.89   0.69 1.15 1.06 0.9 0.95 0.86 

Inositol monophosphate*  1.01 0.88 0.97 0.94 0.76 0.97   0.96 0.94 0.98 0.97 0.99 0.95 

Phosphate  0.91 1.01 1.22 1.12 1.03 0.94   
0.7
4 

1.06 1.27 
1.2
7 

1.24 1.28 

Methyl phosphate*  0.98 0.73 0.94 0.86 0.99 1.13   0.98 0.65 0.91 0.79 1.15 1.37 

Glyceric acid‐3‐phosphate  0.89 1.21 1.52 1.36 1.12 1.6   0.56 1.03 1.32 1.42 1.17 1.68 

[Glycerol‐2‐phosphate 
(4TMS), MS81, RI1723.5] 

1.03 0.95 0.94 1.02 1.07 1.15   0.82 0.94 1.08 1.13 1.23 1.79 

Phospho 
Compound 

Glycerol‐3‐phosphate*  1.01 1.01 1.05 1.07 1.06 1.21   0.81 0.95 1.12 1.17 1.2 1.84 

Hydroxylamine*  0.79 0.99 1.28 1.19 1.06 0.7   0.72 1.33 1.03 1 0.78 0.65 

Ethanolamine (3TMS)*  0.91 0.96 1.05 1.05 1.2 0.94   0.82 1.14 1.03 0.92 0.86 0.85 

[I‐Trimethylsiloxy‐2‐
trimethylsilylaminoethane, 

MS91, RI994] 

0.84 0.85 
1.3
3 

0.31 0.3 0.82   0.88 0.91 1.23 0.12 0.27 0.86 

[N‐Trimethylsilyl‐2‐
pyrrolidinone, MS88, 

RI1137.1] 

1.02 0.99 1.01 0.94 0.97 1.02   0.85 0.78 1.06 0.94 1.38 1.29 

[Oleamide (1TMS), MS82, 
RI2428.8] 

1.1 0.93 0.74 1.1 1.17 1.09   1.09 1.27 1.07 1.42 1 2.11 

[Unknown Ethanolamine 
(3TMS), MS59, RI1538.3] 

0.7
7 

1.22 1.24 1.26 0.79 1.28   0.84 1.13 0.92 
1.3
1 

1.35 3.3 

[Pentitol, 1‐desoxytetrakis‐
O‐(trimethylsilyl)‐, MS72, 

RI1528] 

1.2 1.01 1.06 1.02 1.03 1.48   1.16 
1.7
5 

3.3
6 

3.1
9 

2.8
6 

7.92 

Miscellaneo
us 

[Butane, 2,3‐
bis(trimethylsiloxy)‐, MS73, 

RI1409.8] 

1.08 1.38 1.42 1.49 1.27 1.36   1.17 
4.5
6 

6.4
4 

8.0
3 

7.9
3 

10.6
1 

meso‐Erythritol  0.93 1.09 1.15 1.17 1.09 1.16   0.84 0.92 0.91 
0.7
9 

0.7
4 

0.83 

Sorbitol  0.83 0.91 1 0.98 1.02 0.97   0.78 1.02 1.11 1.03 1.04 1.16 
Sugar 
Alcohol 

Mannitol  0.64 1.07 1.04 0.97 3.76 0.99   0.77 0.92 1.14 
1.4
9 

1.6 1.44 

Cyclitol  myo‐Inositol*  0.88 1.06 1.05 1.01 0.99 1.01   0.8 0.92 1.04 1.09 
1.2
3 

1.44 

[Galactonic acid (6TMS), 
MS90, RI1980.7] 

0.93 1.1 1.04 1.14 1.04 1.18   0.83 0.98 1 1.09 1.13 1.27 

Gluconate  1.04 1.09 1.06 1.13 1.01 
1.2
2 

  0.95 1.07 1.05 1.31 1.31 1.35 

[D‐Glucuronic acid, 2,3,4,5‐
tetrakis‐O‐(trimethylsilyl)‐, 
trimethylsilyl ester, MS79, 

RI2367.2] 

0.9 1 0.94 1.04 0.98 1.09   0.81 0.92 1.02 1.1 1.08 1.35 

[Gluconic acid, 2‐
methoxime, 

tetra(trimethylsilyl)‐, 
trimethylsilyl ester, MS89, 

RI1647.4] 

0.94 0.98 0.94 0.98 0.92 1.03   0.95 0.91 1.05 1.08 1.14 1.39 

Glucuronate  0.79 1.03 0.96 1.1 1.09 1.13   0.9 0.99 1.19 1 1.17 1.64 

Sugar Acid 

[Galactaric acid, 2,3,4,5‐
tetrakis‐O‐(trimethylsilyl)‐, 
bis(trimethylsilyl) ester, 

MS78, RI1798] 

0.9 1.1 1.07 1.07 1.14 1.09   0.8 1.06 1.17 1.14 1.22 1.72 

Polyamine  Putrescine  0.88 0.86 0.77 0.87 0.83 1.08   1.01 0.88 1.1 1.1 1.12 1.46 
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Glucose‐6‐phosphate  0.84 1.31 1.19 1.23 1.11 1.33   0.97 1.02 1.34 
1.9
2 

1.5 2.93 Phospho 
Carbohydra

te  Fructose‐6‐phosphate  0.79 1.35 1.22 1.26 1.18 1.3   0.93 1.13 1.46 
2.0
9 

1.7
9 

3.42 

[Silane, [[(3,24R)‐ergost‐5‐
en‐3‐yl]oxy]trimethyl‐, 

MS88] 

0.95 0.95 0.99 1.07 0.86 1.12   0.87 0.85 1.01 1.17 1.1 1.26 

Campesterol*  0.89 0.93 1.05 1.07 1.09 0.88   0.76 0.99 1.05 1.1 1.05 1.29 
Sterol 

beta‐Sitosterol*  0.94 0.94 0.95 1.13 1.08 1.14   0.8 0.92 1.12 1.19 1.11 1.3 

Urea  0.81 1 0.96 0.92 0.89 1.66   0.74 0.81 1.07 1.15 1.25 3.68 Nitrogen‐
rich 

Compound  Allantoin  0.91 1.01 1.02 1.15 1.12 2.02   0.85 1.3 1.19 
1.5
6 

1.6
1 

7.17 

Adenosine‐5'‐
monophosphate 

0.91 1.17 1.23 1.19 0.99 1.46   0.78 0.94 1.25 1.22 1.23 1.65 

[2(1H)‐Pyrimidinone, 1‐
[2,3‐bis‐O‐(trimethylsilyl)‐

D‐ribofuranosyl]‐4‐
(trimethylsiloxy)‐, 5'‐
[bis(trimethylsilyl) 
phosphate], MS78, 

RI2817.3] 

0.98 1.54 
1.6
5 

1.35 1.04 1.5   0.79 1.11 
1.8
6 

1.9
4 

2.6
7 

3.06 

Nucleoside 

[9H‐Purin‐2‐amine, N‐
(trimethylsilyl)‐6‐

[(trimethylsilyl)oxy]‐9‐
[2,3,5‐tris‐O‐

(trimethylsilyl)‐D‐
ribofuranosyl]‐, MS74, 

RI2761.9] 

0.83 1.04 0.99 0.96 0.91 1.15   0.97 1 
1.5
2 

3.4 
3.6
1 

3.81 

Terpenoid  alpha‐Tocopherol*  0.93 1.04 1.05 1.14 1.12 1.07   0.76 1.11 1.11 1.23 1.23 1.38 

Pyrimidine  Cytosine  0.87 0.99 1.14 1 1.1 0.69   0.96 1.13 1.22 1.11 1.18 0.75 

Antioxidant  Ascorbate  0.96 1.14 1.34 0.99 1.58 1.04   0.91 0.98 1.47 1.13 0.97 0.87 

[Unknown, RI1589.5]  0.7 1.64 1.02 0.96 0.79 0.71   0.66 1.87 1.04 1.13 1.16 0.41 

[Unknown Possibly 
Tryptophan Related, 

RI1426.0] 

0.99 1.28 1.2 1.25 1.61 1.08   
0.4
3 

0.62 
0.6
7 

0.72 0.9 0.63 

[Unknown, RI1530.4]  0.97 1.12 0.99 1.14 1.08 0.93   0.72 0.84 1.3 1.25 1.3 0.84 

[Unknown, RI1335.8]  0.86 1.04 1.17 1.08 1.33 0.85   0.75 1.34 1.17 0.94 0.84 0.89 

[Unknown Probable 
Disaccharide, RI2962.2] 

0.91 1.07 0.97 0.83 0.72 1.78   0.83 1.16 
1.4
8 

0.73 0.74 0.91 

[Unknown, RI2555.7]  0.95 0.94 1.05 1.05 0.9 0.87   0.91 1.17 1.12 1.1 1.14 0.98 

[Unknown, RI1733.3]  1.08 0.94 0.73 1.53 1.41 0.75   1.11 0.77 0.67 0.58 1.31 0.99 

[Unknown Probable Sugar, 
RI1472.5] 

0.87 1.21 1.14 1.01 1.06 1.05   0.82 1.06 0.88 0.74 
0.7
4 

1.06 

[Unknown, RI1231.2]  0.92 1.22 0.8 0.8 0.97 1.09   1.04 0.97 0.86 0.96 1.1 1.11 

[Unknown, RI2567.4]  0.71 0.87 0.92 0.72 0.99 1.06   0.6 1.21 0.98 0.9 0.92 1.13 

[Unknown, RI2573.6]  0.71 0.86 0.92 0.73 0.99 1.07   0.61 1.19 0.98 0.91 0.92 1.15 

[Unknown, RI2982.1]  0.83 0.99 1 1.11 1.01 1.12   0.82 0.94 1.02 1.06 1.09 1.16 

[Unknown, RI2293.0]  1.03 1.14 0.75 1.08 0.92 0.94   1.23 1.07 0.81 0.99 1.14 1.17 

[Unknown, RI3363.0]  0.9 1.01 1.11 1.09 1.01 1.02   0.77 0.99 1.09 1.15 1.09 1.19 

[Unknown, RI3164.7]  0.75 0.85 0.94 0.82 1.01 1.07   0.6 1.29 0.99 0.97 1.04 1.22 

[Unknown, RI1346.3]  0.87 0.97 1.01 1.27 1.79 1.02   0.83 0.86 1.09 0.9 
0.6
9 

1.23 

[Unknown Probable Sugar, 
RI1855.4] 

0.92 1.16 1.2 1.09 1.08 1.32   0.78 1.05 0.92 0.78 
0.6
1 

1.25 

[Unknown Probable Sugar, 
RI1557.6] 

0.94 0.99 0.94 1.13 0.9 1.06   0.92 0.91 1.03 0.99 1.11 1.32 

[Unknown Probable Sugar 
Acid Derivative, RI1653.9] 

0.85 1.24 1 0.96 1 0.91   0.74 0.76 0.89 1.21 1.14 1.35 

[Unknown, RI2767.2]  0.95 0.93 0.91 1.19 1.06 1.15   0.91 1.17 1.03 1.25 1.42 1.41 

Unknown 

[Unknown, RI2773.8]  0.88 0.98 0.94 1.1 0.99 
1.2
6 

  0.8 0.93 1.02 1.13 1.18 1.42 
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[Unknown, RI2782.5]  0.86 1.19 0.94 1.07 1.11 1.08   0.82 1.15 1.05 1.17 1.4 1.47 

[Unknown, RI1217.2]  0.88 0.99 0.91 1.08 0.99 1.04   0.8 1.01 0.98 1.13 1 1.47 

[Unknown Closely Related 
to Tryptamine 2TMS, 

RI1505.1] 

0.92 1.82 0.71 1.16 0.76 0.98   0.78 1.53 1.18 1.55 1.12 1.52 

[Unknown, RI2656.2]  0.83 1.03 1.04 1.1 0.98 1.13   0.8 1.17 
1.9
5 

0.97 1 1.59 

[Unknown, RI2744.6]  0.89 0.93 0.97 0.94 1.06 
1.2
8 

  0.98 1.17 1.09 1.36 
1.3
1 

1.65 

[Unknown, RI1787.6]  0.7 0.72 1.03 1.13 1.05 1.13   0.76 1.24 1.28 1.09 
1.4
6 

1.67 

[Unknown Probable Sugar 
or Sugar Derivative, 

RI1583.9] 

0.91 1.17 1.01 1.12 0.9 1.12   0.86 1.04 1.11 
1.3
4 

1.3
1 

1.74 

[Unknown, RI1375.3]  0.98 1.04 1.02 0.9 0.83 1.09   0.74 0.98 1.16 0.58 0.59 1.75 

[Unknown, RI2731.2]  0.8 0.92 0.99 0.79 0.86 1.06   0.71 1.05 1.05 1.16 
1.5
9 

1.79 

[Unknown, RI2754.9]  0.81 0.89 0.95 0.74 0.85 1.09   
0.6
6 

1.05 1.11 1.18 
1.6
8 

2.03 

[Unknown Possible Organic 
Acid, RI1411.1] 

0.87 1.4 1.1 1.15 1.12 1.1   0.8 1.41 
1.6
1 

1.7
4 

1.8
2 

2.54 

[Unknown, RI2540.3]  0.91 1 0.98 1.21 1.11 1.22   0.79 0.94 1.38 2.2 
2.8
1 

5.99 

[Unknown, RI1730.4]  0.72 0.81 1.1 0.69 1.02 1.11   0.74 0.9 1.11 0.91 1.14 6.17 

 

Figure 4.1 Heatmap of methanol/water and ethanol/water responses 
Arabidopsis cell suspensions were treated with 0.083% (v/v) ethanol, 
0.083% (v/v) methanol or 0.083% (v/v) water (as a control). Tissue 
samples were collected at six time points over a 24 hour period and 
metabolite levels measured by GC/MS. Raw GC/MS data was processed 
using MetabolomeExpress, producing a HTML-formatted heatmap table of 
metabolite signal intensity ratios and t-test derived p-values. Metabolite 
signal intensity ratios that had a p-value below 0.05 are highlighted in bold 
while the colour of each cell in the table corresponds to the magnitude of 
the up- or down- metabolite response (blue = up; red = down; for values 
with p < 0.05 only). Metabolites are sorted according to chemical class and 
then in order of Ethanol / Water metabolite signal intensity ratio at the 24 h 
time point. For simplicity, actual p-values are not shown. 
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Figure 4.2 PCA of metabolite profiles of 24 h ethanol-, methanol- and 
water- treated Arabidopsis cells. Metabolite profiles of 24 h ethanol-
treated (blue circles), methanol-treated (red squares) and water-treated 
(green triangles) Arabidopsis cells (Fig. 4.1) were processed by PCA. Data 
matrices were filtered to remove redundant metabolite signals, internal 
standard and known artefacts and all variables were scaled to unit 
variance prior to PCA. The amount of variance accounted for by each 
principal component is indicated in each axis label. 
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      a) Rotenone / Methanol   b) Antimycin A / Methanol

Chemical Class 
Metabolite Name / Treatment Duration 

(h): 
1  3  6  12 16 24   1  3  6  12  16  24 

2‐Oxoglutarate  0.58 0.42 0.6 0.39 0.29 0.93  0.37 0.42 0.53 0.39 0.36 0.81 

Gamma‐hydroxybutyrate*  0.63 1.63 1.64 1.65 1.25 2.99  0.19 0.4 0.5 0.62 0.73 3.13 

Citrate  1.01 0.85 0.94 0.67 0.5 0.6   1.1 0.79 0.77 0.67 0.64 0.65 

Shikimate  1.25 0.94 0.91 0.79 0.75 0.67   1.21 1.21 0.78 0.74 0.75 0.56 

Malate  1.18 0.87 1.02 0.93 0.9 1.38   1.05 0.63 0.74 0.76 0.9 1.77 

[Acetic acid, bis[(trimethylsilyl)oxyl]‐, 
trimethylsilyl ester, MS59, RI1635.4] 

1.03 0.96 1.08 0.93 0.86 0.87  1.01 0.99 0.94 0.8 0.77 0.9 

Isocitrate  1.04 0.93 0.96 0.83 0.71 0.87  1.01 0.85 0.86 0.83 0.94 1.03 

Benzoate  1.22 0.85 1.13 0.89 0.95 1.13  1 1.17 1.17 0.84 0.9 1.29 

2‐OH‐glutarate*  1.04 0.93 1.01 0.93 0.9 1.15  0.97 0.92 0.88 0.84 0.87 1.05 

Glycolate  1.07 1.16 0.98 0.85 0.88 0.72   0.99 1.12 1.03 0.85 0.86 0.78 

cis‐Aconitate  0.97 0.97 0.91 0.78 0.74 0.92  1.05 1.07 0.78 0.86 1.12 1.43 

Nicotinate  1.08 1.09 1.38 1.26 1.01 0.84  0.95 0.8 0.89 0.94 0.66 0.33 

[4‐hydroxybenzoic acid (2TMS), MS88, 
RI1634.7] 

0.94 1.36 1.29 1.16 0.76 1.17  0.72 2.68 1.24 0.94 0.79 1.52 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐
, MS81, RI1747.6] 

1.22 0.97 1.08 0.93 0.87 0.95  1.21 1.08 1.06 0.98 0.95 1.11 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐
, MS86, RI1774.2] 

1.16 0.98 1.12 0.95 0.89 1.02  1.24 1.13 1.15 1.08 1.05 1.29 

Threonate  1.3 0.9 1.4 1 0.92 0.97  1.3 1 1.14 1.09 1.1 0.52 

Glycerate  1.15 0.95 1.08 1.09 1 1.37   1.13 0.96 1.03 1.09 1 1.4 

Fumarate  1.07 1.26 1.19 1.12 1.15 1.71   1.34 1.14 1.17 1.19 1.23 2.22 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, 
RI1601.6, Putative but Unconfirmed] 

1.01 1.01 1.1 0.8 0.77 0.88  0.76 1.41 1.4 1.37 1.41 1.8 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., 
MS63, RI1192.8] 

1.12 1.16 1.46 1.65 1.61 1.8   1.15 1.31 1.49 1.75 2 2.03 

Pyruvate*  1.39 1.24 1.5 1.75 1.04 3.21   2.51 1.73 2.38 2.5 1.7 3.59 

Succinate  0.99 0.87 0.91 0.8 1.15 0.95  1.63 1.84 2.16 3.19 3.45 4.51 

Organic Acid 

Lactate*  1.35 2.47 4.25 6.59 2.48 7.56   1.08 1.54 3.78 4.17 1.42 4.06 

Glutamine  0.75 0.32 0.07 0.09 0.04 0.1   0.49 0.19 0.11 0.12 0.05 0.13 

Asparagine  0.81 0.47 0.19 0.18 0.13 0.16   0.58 0.3 0.24 0.2 0.13 0.22 

Glutamate  0.58 0.56 0.34 0.58 0.37 0.1   0.12 0.16 0.24 0.33 0.3 0.15 

4‐Hydroxyproline  0.94 0.96 0.62 0.59 0.48 0.74  0.89 1.09 0.51 0.52 0.4 0.51 

Pyroglutamate  0.98 0.88 0.98 0.76 0.52 0.74   0.62 0.9 0.58 0.59 0.5 0.67 

Phenylalanine  1.19 1.02 0.32 0.35 0.38 0.09   1.13 1.09 0.28 0.78 0.63 0.35 

Aspartate  0.5 0.42 0.52 0.62 0.52 0.19   0.44 0.22 0.59 0.82 0.73 0.53 

p‐Aminobenzoate  1.08 0.85 0.93 0.79 0.59 0.71   0.98 1.09 0.77 0.86 0.65 0.79 

Ornithine  0.95 1.14 0.73 0.99 0.73 1.29   1.13 1.41 0.88 0.87 0.52 1.36 

4‐Aminobutyrate  0.81 1.04 1.16 1.23 0.93 0.94  0.52 0.82 0.48 0.9 0.63 0.83 

Serine  1.02 1.01 1.12 1.11 1.07 0.52   0.95 1.14 0.96 0.95 1.03 1.22 

Homoserine  1.09 0.71 0.48 1.01 1 0.25   0.95 0.43 0.51 0.96 1.04 0.47 

beta‐Alanine  0.99 1.34 1.14 1 1.6 1.16  0.86 1.47 1.14 1.01 1.75 1.38 

Threonine  1.19 0.99 0.31 0.96 0.86 0.08   1.13 0.91 0.25 1.06 1.28 0.3 

Proline  1.22 0.81 0.96 1.23 1.28 1.56   1.07 0.61 1.23 1.13 1.09 1.23 

Amino Acid 

Arginine  1.28 0.83 0.64 0.8 0.7 0.68   1.31 0.96 0.69 1.2 0.84 1.23 
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Glycine  1.18 1.05 1.09 1.22 1.02 1.13  1.13 0.89 1.16 1.21 1.12 1.52 

2‐Aminobutyrate  1.1 1.17 1.27 2.23 2.17 3.01   0.94 0.91 1.06 1.29 1.23 1.72 

Valine  1.21 0.99 1.06 1.28 1.19 1.17  1.2 1.15 1.28 1.34 1.36 1.21 

Tryptophan  1.33 1.07 1.13 0.88 0.84 1.03  1.8 1.44 1.44 1.75 1.41 1.77 

1‐Aminoacyclopropanecarboxylate  1.04 1.18 1.39 2 1.89 1.54   0.94 0.78 1.53 1.78 1.65 1.43 

N‐Acetyl‐L‐serine  0.96 0.77 1.26 1.2 1.21 1.39   0.75 1.14 1.81 1.81 1.72 1.7 

[L‐Alanine, N‐(trifluoroacetyl)‐, trimethylsilyl 
ester, MS85, RI1044.6] 

1.09 1.2 2.2 3.53 2.44 4.98   0.79 1.2 1.59 1.83 1.63 4.02 

[Glycine, N‐acetyl‐, trimethylsilyl ester, MS71, 
RI1227.5] 

1.37 1.33 2.19 1.81 1.86 2.92   1.34 1.78 2.07 1.83 1.87 2.85 

Isoleucine  1.44 1.19 1.47 1.59 1.5 1.16  1.51 1.39 2 1.95 2.08 1.14 

Leucine  1.07 0.9 1.12 1.59 1.49 1.13  1.02 1.02 0.98 2.09 1.98 1.2 

[beta‐Alanine, N‐(trimethylsilyl)‐, trimethylsilyl 
ester, MS84, RI1187.4, Putative but 

Unconfirmed] 

1 1.28 2.2 1.23 0.84 0.68   0.91 1.36 4.57 2.33 0.98 1.02 

Alanine  1.35 1.43 2 2.34 2.65 2.83   1.71 1.96 2.21 2.5 3.18 2.61 

Methionine  0.97 0.81 2.18 2.23 1.71 0.87  1.37 0.44 4.24 2.57 2.34 1.23 

2‐Aminoadipate  1.13 1.23 1.18 0.63 0.61 0.85  1.18 1.14 1.21 3.11 4.95 1.14 

Tyrosine  1.47 1.2 0.95 0.89 0.65 0.61   1.62 2.46 2.25 3.14 2.18 1.37 

Lysine  2.79 1.47 1.17 1.32 1.06 0.91  3.65 3.81 3.04 5.09 4.8 3.16 

[Unknown Sugar, RI2401.1]  0.87 0.97 1.01 0.83 0.85 0.65  0.7 1.07 1.03 0.43 0.84 1.03 

Ribose  1.4 1.05 0.88 0.79 0.81 0.88  1.08 1.5 0.79 0.53 1.2 1.02 

[Melibiose (8TMS), MS82, RI3094.1]  1.14 0.96 1.09 0.92 0.84 0.77   1.08 1.14 0.81 0.55 0.42 0.43 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS87, RI1966.6] 

1.28 1.35 1.31 1.1 1.21 0.67  1.56 1.53 1.16 0.6 0.63 0.58 

[D‐Galactofuranose, 1,2,3,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS78, RI1833.2] 

1.16 1.82 1.24 1.09 1.09 0.67  1.26 2.47 1.06 0.61 0.69 0.61 

Fucose  1.07 0.95 1.27 0.78 1.04 0.26   1.13 0.89 1.14 0.68 1.22 0.64 

[beta‐D‐Glc‐(1,6)‐D‐Glc Peak 2, MS76, 
RI2534.4] 

0.96 0.92 0.83 0.69 0.95 0.62  1 1 0.82 0.69 1.22 0.83 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, 
RI2717.6] 

1.21 0.55 0.63 0.58 0.44 0.61   1.36 1.08 0.89 0.72 0.32 0.54 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS75, RI1777.7] 

1.08 0.94 1.26 1.01 0.94 2.46   0.78 0.82 0.58 0.75 0.75 2.52 

[D‐Ribofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS83, RI1764] 

1.16 0.95 1.06 1.02 0.99 1.03  0.98 1.06 0.69 0.8 0.87 0.99 

Galactose  1.11 0.96 1.08 0.95 0.93 1.01  1.13 1.3 0.94 0.81 0.78 0.92 

1,6‐Anhydro‐beta‐D‐glucose  1.17 1.06 1.06 1.09 0.93 0.8  1.22 1.15 1.08 0.81 0.9 0.84 

Arabinose  1.15 0.69 1.06 0.95 1.02 0.98  1.08 0.81 1.07 0.84 0.95 1.11 

[Unknown Disaccharide, RI2532.7]  1 0.87 0.96 0.83 0.78 0.76  0.96 1.12 0.97 0.85 0.88 0.95 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS70, RI1607.5] 

0.78 0.93 1.12 0.89 0.69 0.96  1.02 1.1 0.95 0.89 0.41 0.98 

[2‐O‐Glycerol‐d‐galactopyranoside, (6TMS), 
MS88, RI2300.8] 

1.06 0.92 1.04 0.93 0.89 1.03  1.03 1 1 0.9 0.86 1.07 

[2‐O‐Glycerol‐d‐galactopyranoside (6TMS), 
MS88, RI2301.6] 

1.06 0.89 1.04 0.93 0.89 1.03  1.03 0.94 1 0.9 0.86 1.07 

Fructose  1.2 0.96 1.13 0.91 0.9 0.98  1.22 1.02 0.98 0.91 0.84 1.04 

Sucrose  1 0.87 1.07 1.03 0.88 1.09  0.87 1 0.98 0.92 0.89 1.24 

[4‐Ketoglucose, bis(O‐methyloxime), 
tetrakis(trimethylsilyl), MS72, RI1463.6] 

0.86 0.66 0.66 0.74 0.53 1.21  0.65 0.65 0.61 0.93 0.5 1.37 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, 
MS82, RI2171.7] 

0.88 0.75 0.92 0.77 0.73 0.77  0.84 0.93 1.01 0.94 1.03 1.09 

[Unknown Putative Disaccharide, RI2836.1]  1.11 0.89 1.05 0.99 0.94 0.96  1.06 1.05 1.04 0.94 0.93 1.01 

Carbohydrate 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 1, MS95, 
RI2837.6] 

1.11 0.95 1.05 0.99 0.91 0.96  1.06 1.11 1.04 0.96 0.94 1.01 
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[Unknown Putative Disaccharide, RI2868.5]  1.08 1.05 1.06 0.99 0.91 0.98  1.11 1.04 1.04 0.97 0.94 1.05 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 2, MS91, 
RI2869] 

1.08 0.99 1.11 1.01 0.9 1  1.11 1.61 1.07 0.98 0.93 1.16 

Xylose  0.93 0.67 0.77 0.58 0.54 0.54   0.78 0.77 1.07 1 0.96 1.12 

[Per‐O‐trimethylsilyl‐(3‐O‐d‐mannopyranosyl‐
4‐O‐d‐glucopyranosyl‐d‐glucitol), MS72, 

RI2808.4] 

1.33 1.12 1.24 1.04 1.14 1.06  1 1.52 1.18 1 1.08 1.13 

[Sedoheptulose methoxime (6TMS), MS86, 
RI2116.9] 

1.12 0.99 1.1 1.01 0.97 1.13  1.12 1.02 1.07 1.03 1.05 1.18 

[Sedoheptulose methoxime (6TMS), MS84, 
RI2122.6] 

1.11 0.95 1.09 1.02 0.95 1.16  1.11 1.04 1.07 1.03 1.03 1.21 

[D‐glycero‐D‐gulo‐heptose methoxime (6TMS), 
MS77, RI2350.8] 

1.07 0.93 1.12 1.02 1.03 1.11  1.06 1.02 0.92 1.05 1.03 1.07 

Cellobiose  1.1 0.59 1.14 1.05 0.93 1.06  1.05 1.07 1.1 1.07 0.94 1.05 

[Sedoheptulose methoxime (6TMS), MS85, 
RI2094.1] 

1.24 1.16 1.07 0.96 0.91 1.1  1.28 1.31 1.14 1.08 1.01 1.2 

[Gulose (5TMS), MS74, RI2425.6]  1.17 0.96 1.13 1 0.96 0.91  1.17 1.08 1.15 1.09 1.06 1.13 

[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐
O‐(trimethylsilyl)‐, MS80, RI1844.6] 

0.99 1.37 1.01 0.94 0.89 0.93  0.66 1.41 1.14 1.09 1.1 1.04 

[D‐Glucopyranoside, 1,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐fructofuranosyl 2,3,4,6‐

tetrakis‐O‐(trimethylsilyl)‐, MS90] 

1.16 0.96 1.12 1 0.95 0.9  1.17 1.09 1.17 1.09 1.09 1.1 

Raffinose*  1.14 0.98 1.08 0.98 0.93 0.87  1.22 0.96 1.1 1.1 1.08 1.12 

Gentiobiose  1.11 0.91 1.03 0.98 0.89 0.95  1.07 0.95 1.12 1.11 1.06 1.29 

Glucose  1.15 1.02 1.13 0.81 0.87 0.98  1.02 1.16 0.94 1.15 0.82 0.94 

Maltose  0.88 0.9 0.92 0.7 0.63 0.6  1.1 1.06 0.74 1.21 0.57 0.71 

[beta‐D‐Glc‐(1,4)‐D‐Glc (8TMS), MS85, 
RI2493.5] 

1.16 0.92 1.11 1.03 0.95 1.16  1.49 1 1.27 1.25 1.22 1.43 

[D‐Glucopyranose, 4‐O‐[2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐galactopyranosyl]‐1,2,3,6‐

tetrakis‐O‐(trimethylsilyl)‐, MS82] 

1.21 0.99 1.08 1 0.96 1.03  1.47 1.24 1.32 1.42 1.57 1.81 

Gluconate  1.14 0.89 1.29 0.91 0.98 1.19  1.11 1.28 1.3 0.71 1.32 1.52 

[Gluconic acid, 2‐methoxime, 
tetra(trimethylsilyl)‐, trimethylsilyl ester, 

MS89, RI1647.4] 

1.14 0.97 1.15 0.97 0.91 0.98  1.01 1 0.97 0.85 0.8 0.99 

[Galactonic acid (6TMS), MS90, RI1980.7]  1.14 0.89 0.97 0.81 0.77 0.81  1.18 1.01 0.96 0.88 0.86 0.89 

[Galactaric acid, 2,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, bis(trimethylsilyl) ester, MS78, 

RI1798] 

1.13 0.99 1.14 0.99 0.93 1.4   1.12 1.1 1.02 0.95 0.94 1.89 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, trimethylsilyl ester, MS79, 

RI2367.2] 

1.15 0.98 1.1 1.01 0.92 0.95  1.27 1.16 1.17 1.12 1.11 1.14 

Sugar Acid 

Glucuronate  1.17 1.03 1.28 1.15 0.99 1.58   1.38 1.04 1.43 1.83 2.2 3.48 

meso‐Erythritol  1.15 0.94 1.16 1.15 1.07 1.05  1.13 1.08 1.03 1.07 1.05 1.2 

Sorbitol  1.25 1.1 1.25 1.25 1.12 1.25   1.07 1.22 1.22 1.33 1.18 4.57 Sugar Alcohol 

Mannitol  2.49 1.16 1.71 0.96 0.33 1.06  1.15 6.92 0.89 1.41 0.34 1.45 

Polyamine  Putrescine  1.14 0.9 0.78 1.03 1.02 0.49   1.02 1.05 0.6 1.15 1.11 0.95 

Cyclitol  myo‐inositol*  1.55 1.59 1.92 1.95 1.73 1.76   1.53 1.69 1.78 1.7 1.55 1.92 

Glucose‐6‐phosphate  1.19 0.75 0.83 0.76 0.32 1.04  0.75 0.8 0.98 0.84 0.59 2.19 Phospho 
Carbohydrate  Fructose‐6‐phosphate  1.18 0.77 0.84 0.81 0.34 1.14  0.73 0.77 1.07 0.96 0.62 2.48 

Glycerol‐3‐phosphate*  1.05 0.94 0.97 0.84 0.78 1.05  0.95 0.89 0.81 0.82 0.74 1.12 

[Glycerol‐2‐phosphate (4TMS), MS81, 
RI1723.5] 

1 0.96 0.97 0.83 0.72 0.99  0.98 0.9 0.83 0.87 0.72 1.07 

[Phosphonic acid, methyl‐, bis(trimethylsilyl) 
ester, MS52, RI1091.2] 

1.04 1.51 1.22 0.98 1 1.18  1.05 1.83 1.29 1.12 1.1 1.33 

Methyl phosphate*  1 1.03 1.36 1.15 1.07 1.1  1.16 0.96 1.26 1.18 1.1 1.14 

Inositol monophosphate*  1.1 1.04 1.19 1.11 1.26 1.24   1.13 1.31 1.09 1.18 1.3 1.26 

Phospho 
Compound 

Glyceric acid‐3‐phosphate  1.14 1.09 1.23 0.92 0.71 1.23  0.92 1.21 1.21 1.36 1.48 2.39 
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Phosphate  1.3 1.21 1.38 1.25 1.25 1.42   1.34 1.51 1.35 1.46 1.49 2 

[2(1H)‐Pyrimidinone, 1‐[2,3‐bis‐O‐
(trimethylsilyl)‐D‐ribofuranosyl]‐4‐

(trimethylsiloxy)‐, 5'‐[bis(trimethylsilyl) 
phosphate], MS78, RI2817.3] 

0.9 0.75 0.99 1.04 0.84 1.35  0.69 0.53 0.86 1.27 1.42 2.54 

Adenosine‐5'‐monophosphate  1.14 1 1.31 1.3 1.19 1.3  1.53 1.3 1.4 1.64 1.73 1.82 Nucleoside 

[9H‐Purin‐2‐amine, N‐(trimethylsilyl)‐6‐
[(trimethylsilyl)oxy]‐9‐[2,3,5‐tris‐O‐

(trimethylsilyl)‐D‐ribofuranosyl]‐, MS74, 
RI2761.9] 

0.89 0.37 0.43 0.69 0.79 0.82  3.5 2.98 2.72 3.24 4.06 2.62 

[Phytol (1TMS), MS95, RI2168.6]  1.15 0.9 1.09 0.96 0.96 1.04  1.03 1.08 0.99 1 0.99 1.24 
Terpenoid 

alpha‐Tocopherol*  1.22 0.98 1.14 1.02 0.99 1.11  1.35 1.33 1.16 1.35 1.39 1.59 

Campesterol*  1.15 0.95 1.03 1.19 0.87 1.19  1.1 1.11 0.99 1.02 0.98 1.29 

[Silane, [[(3,24R)‐ergost‐5‐en‐3‐
yl]oxy]trimethyl‐, MS88] 

1.18 0.91 1.16 1.12 1.12 1.16  1.15 1.08 1 1.06 1.05 1.16 Sterol 

beta‐Sitosterol*  1.16 0.89 1.17 1.01 0.99 1  1.09 1.05 1.01 1.06 1.07 1.33 

Urea  1.04 0.93 1.29 0.96 0.77 0.17   0.91 0.31 0.95 0.65 0.83 0.24 Nitrogen‐rich 
Compound  Allantoin  1.04 0.76 0.6 0.83 0.76 0.15   1.04 0.68 0.33 0.74 0.6 0.23 

Antioxidant  Ascorbate  1.12 0.76 0.82 1.06 0.99 0.68   1.06 1.48 3.17 0.87 1.1 0.44 

[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, 
MS72, RI1528] 

0.7 1.03 0.85 0.91 0.78 0.59  0.49 0.66 0.74 0.63 0.63 1.31 

[N‐Trimethylsilyl‐2‐pyrrolidinone, MS88, 
RI1137.1] 

0.93 1.31 1.23 1.35 1.04 1.09  0.64 0.63 0.76 0.66 0.64 0.89 

Hydroxylamine*  1.15 1.13 1.14 0.72 1.05 1.37  1.06 1.23 1.15 0.69 1.35 1.24 

Ethanolamine*  1.11 1.28 1.15 0.95 0.91 1.16  1.01 1.25 1.04 0.91 0.89 1.22 

Miscellaneous 

[Butane, 2,3‐bis(trimethylsiloxy)‐, MS73, 
RI1409.8] 

0.85 0.73 0.74 0.71 0.68 1.02  0.6 0.88 0.94 1.35 1.66 2.99 

[Unknown, RI1730.4]  0.83 0.8 0.99 0.15 0.06 1.07  0.54 0.87 0.61 0.17 0.08 0.98 

[Unknown, RI1530.4]  1.01 0.69 0.49 0.44 0.45 0.52   0.48 0.43 0.25 0.35 0.45 0.47 

[Unknown, RI1733.3]  1.83 2.36 1.18 0.39 0.65 1.43  0.86 1.21 1.52 0.35 0.9 1.12 

[Unknown Probable Sugar, RI1855.4]  0.99 0.93 0.67 0.46 0.46 0.56   1.04 1 0.55 0.38 0.37 0.48 

[Unknown Probable Sugar, RI1472.5]  1.13 0.72 0.71 0.47 0.57 0.37   1.21 0.9 0.55 0.43 1.01 1.02 

[Unknown, RI1346.3]  1.13 1.32 1.13 0.4 0.19 0.98  1.08 1.17 1.06 0.43 0.22 1.16 

[Unknown Probable Disaccharide, RI2962.2]  1.07 0.97 1.01 0.83 0.98 0.75  1.09 1.07 1.03 0.43 1.06 0.53 

[Unknown Probable Sugar Acid Derivative, 
RI1653.9] 

0.84 0.84 1.05 0.33 0.47 0.34   0.92 0.67 1.06 0.68 0.45 0.99 

[Unknown Possibly Tryptophan Related, 
RI1426.0] 

0.8 0.76 0.58 0.33 0.3 0.34   0.94 1.12 0.84 0.7 0.88 1 

[Unknown, RI1231.2]  0.58 0.85 0.82 0.74 0.67 1.08  0.71 0.57 0.88 0.73 0.58 0.85 

[Unknown, RI2540.3]  1.02 1.01 1.12 0.59 0.86 0.5   0.95 1.14 0.96 0.84 0.78 1.2 

[Unknown Probable Sugar or Sugar Derivative, 
RI1583.9] 

1.12 0.82 0.97 1.01 0.92 0.92  0.96 0.84 0.91 0.9 0.91 1 

[Unknown, RI2567.4]  1.2 1 1.15 1.04 1.09 0.95  0.85 1.46 1.2 0.9 0.78 1.06 

[Unknown, RI2573.6]  1.2 0.98 1.14 1.03 1.09 0.93  0.87 1.45 1.19 0.9 0.78 1.03 

[Unknown Probable Sugar, RI1557.6]  1.15 0.86 1.13 0.86 0.98 0.63   1.07 1.02 0.96 0.91 0.88 0.42 

[Unknown, RI3363.0]  1.16 0.88 0.94 0.78 0.73 1.1  1.06 1.02 0.91 0.95 0.96 1.19 

[Unknown, RI1335.8]  1.12 1.03 1.12 0.93 0.83 1.03  1.13 1.11 0.97 0.98 0.82 1.06 

[Unknown, RI3164.7]  1.22 1.12 1.23 1.05 1.18 0.99  0.93 1.6 1.26 1 0.97 1.07 

[Unknown, RI1217.2]  1.2 1 1.15 1.08 0.72 1.26   1.11 1.13 1.02 1 0.79 1.14 

[Unknown, RI2555.7]  1.25 1.04 1.16 1 0.96 1.1  1.1 1.26 1.05 1.02 0.97 1.19 

[Unknown, RI2782.5]  1.08 0.85 1.08 0.97 0.94 1.05  1.19 0.94 1.04 1.03 1.05 1.21 

[Unknown, RI2767.2]  1.19 0.99 1.11 0.99 0.93 0.88  1.23 1.61 1.11 1.06 1.1 1.03 

[Unknown, RI2656.2]  1.07 0.93 1.03 0.88 0.81 0.78   0.9 1.09 1.03 1.09 1.11 1.32 

Unknown 

[Unknown, RI2731.2]  1.17 0.96 1.2 1.2 1.31 1.33   1.03 1.07 1 1.12 1.54 1.23 
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[Unknown, RI2773.8]  1.13 0.95 0.93 0.9 0.85 0.79   1.19 1.2 1.13 1.13 1.07 1.1 

[Unknown, RI2754.9]  1.2 1.16 1.25 1.21 1.39 1.33   1.04 1.51 1 1.16 1.68 1.33 

[Unknown, RI2744.6]  1.16 1.01 1.08 0.89 0.82 0.88  1.45 1.22 1.14 1.34 0.76 1.03 

[Unknown Possible Organic Acid, RI1411.1]  1.26 0.94 1.25 1.28 1.25 1.4   1.11 1.14 1.2 1.38 1.23 1.4 

[Unknown, RI2982.1]  1.21 0.99 1.08 1 0.96 1.03  1.47 1.21 1.32 1.42 1.57 1.81 

 

Figure 4.3 Aligned heatmaps of rotenone and antimycin A responses. 
Arabidopsis cell suspensions were treated with either 40 µM rotenone, 25 
µM antimycin A or a methanol control dose, tissue samples were collected 
at six time points over a 24 hour period and metabolite levels measured by 
GC/MS. Raw GC/MS data was processed using MetabolomeExpress, 
producing a heatmap table of metabolite signal intensity ratios and t-test 
derived p-values. Metabolite signal intensity ratios that had a p-value 
below 0.05 are highlighted in bold while the colour of each cell in the table 
corresponds to the magnitude of the up- or down- metabolite response 
(blue = up; red = down). Metabolites are sorted according to chemical 
class and then in order of metabolite signal ratio at the 12 h Antimycin A / 
Methanol timepoint. For simplicity, actual p-values are not shown. 
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Figure 4.4 Qualitative comparisons of the detected metabolomic 
responses to either rotenone or antimycin A. From the results of each 
time-point in the time-course metabolomic analysis of rotenone and 
antimycin A treated cells (Fig 4.3), statistically significantly increased 
metabolites were sorted into groups according to whether they were 
increased only in rotenone treated cells (‘R’; blue, left-hand circle), 
increased only in antimycin A treated cells (‘AA’; red, right-hand circle) or 
increased in both (‘R+AA’; purple, intersection) and the results displayed 
as a series of Venn diagrams (see column labeled ‘Increased’). This 
process was repeated for metabolites that were significantly decreased 
(see column labeled ‘Decreased’). The results for ‘Increased’ and 
‘Decreased’ metabolites were then pooled at each time-point (see column 
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labeled ‘TOTAL’). Finally, the results of ‘Increased’, ‘Decreased’ and 
‘TOTAL’ columns were each pooled (see bottom row labeled ‘TOTAL’). 

 

Figure 4.5 Principal components analysis of metabolite profiles of 
antimycin A, rotenone and methanol treated Arabidopsis cells. 
Metabolite profiles of cells treated with antimycin A (blue circles), rotenone 
(green triangles) or methanol (control; red squares) for 1 h (a), 3 h (b), 6h 
(c), 12 h (d), 16 h (e) or 24 h (f) were processed by PCA. Data matrices 
were filtered to remove redundant metabolite signals, internal standards 
and known artefacts and all variables were scaled to unit variance prior to 
PCA. The amount of variance accounted for by each principal component 
is indicated in each axis label. At some time points, less than the original 
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number of 5 replicate samples are shown for some experimental classes. 
Missing replicates were lost by accidents occurring during sample 
preparation.  
 
 

 
Figure 4.6 Comparison of transcriptomic responses to 3 hours of 
either antimycin A- or rotenone-treatment. Microarray data, generated 
from Arabidopsis cells treated for 3h with either 25 µM antimycin A (A) or 
40 µM rotenone (R), was obtained (by collaboration with Dr Etienne 
Delannoy) in the form of a list of statistically significant ‘fold-changes’. 
Responsive transcripts were sorted into 6 groups according to their 
patterns of up- or down-regulation: A-R- (down-regulated by >3-fold in 
both R and A); A- (down-regulated by >3-fold in A but not significantly 
altered in R); R- (down-regulated by >3-fold in R but not significantly 
altered in A); A+R+ (up-regulated by >3-fold in both R and A); A+ (up-
regulated by >3-fold in A but not significantly altered in R); R+ (up-
regulated by >3-fold in R but not significantly altered in A). Total numbers 



Chapter 4 Dissecting the metabolome with respiratory inhibitors  
 
 
 

 

123

of genes in each group were used to generate a pie chart (centre). Genes 
in each group were then manually assigned to functional categories based 
on annotations in the TAIR database (www.arabidopsis.org) and then 
used to generate 6 functional category pie charts. 
 

 

Figure 4.7 Comparison of transcriptomic responses to 12 hours of 
either antimycin A- or rotenone-treatment. Microarray data, generated 
from Arabidopsis cells treated for 12h with either 25 µM antimycin A (A) or 
40 µM rotenone (R), was obtained (by collaboration with Dr Etienne 
Delannoy) in the form of a list of statistically significant ‘fold-changes’. 
Responsive transcripts were sorted into 6 groups according to their 
patterns of up- or down-regulation: A-R- (down-regulated by >3-fold in 
both R and A); A- (down-regulated by >3-fold in A but not significantly 
altered in R); R- (down-regulated by >3-fold in R but not significantly 
altered in A); A+R+ (up-regulated by >3-fold in both R and A); A+ (up-
regulated by >3-fold in A but not significantly altered in R); R+ (up-
regulated by >3-fold in R but not significantly altered in A). Total numbers 
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of genes in each group were used to generate a divided pie chart (centre). 
Genes in each group were then manually assigned to functional 
categories based on annotations in the TAIR database 
(www.arabidopsis.org) and then used to generate 6 functional category pie 
charts. 
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Figure 4.8 Mitochondrial electron transport chain (mtETC), TCA cycle 
and other linked metabolic pathways. The structure of the mtETC on 
the inner mitochondrial membrane is shown. Abbreviations of mtETC 
components are as follows: ‘I’ = NADH:ubiquinone oxidoreductase 
(Complex I); ‘II’ = succinate dehydrogenase (Complex II); ‘NDA’ = internal 
Type II alternative NAD(P)H dehydrogenases; ‘NDB’ = external Type II 
alternative NAD(P)H dehydrogenases; ‘III’ = ubiquinol:ferricytochrome c 
oxidoreductase (Complex III); ‘cyt c’ = cytochrome c; ‘IV’ = cytochrome c 
oxidase (Complex IV); ‘ATP syn’ = F1F0 ATP synthase complex. Points of 
mtETC inhibition by rotenone and antimycin A are indicated by red lines. 
Enzymatic reactions for the TCA cycle and other linked metabolic 
pathways are shown. Enzyme names are shown in bold. Enzyme name 
abbreviations are as follows: ‘MDH’ = malate dehydrogenase; ‘IDH’ = 
isocitrate dehydrogenase; ‘GDH’ = glutamate dehydrogenase; ‘GOGAT’ = 
glutamine:oxo-glutarate aminotransferase; ‘GS’ = glutamine synthase; 
‘AOAT’ = alanine:oxoglutarate aminotransferase; ‘Asp AT’ = Aspartate 
aminotransferase; ‘PDHC’ = pyruvate dehydrogenase complex; ‘PDC’ = 
pyruvate decarboxylase; ‘LDH’ = lactate dehydrogenase; ‘ADH’ = alcohol 
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dehydrogenase.
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5 Exploring the metabolic roles of respiratory 
chain components using mutant Arabidopsis 
plants 

5.1 Introduction 

In the previous chapter it was shown that acute changes in the 

activities of key mtETC components result in rapid and widespread 

changes in the metabolome and extensive transcriptional reprogramming 

of metabolism with consequences including the induction of AOX. While 

this previous experiment in suspension-cultured Arabidopsis cells 

demonstrates the central role of mitochondrial respiration in the control of 

the metabolome, the non-physiological growth conditions employed limit 

interpretation of the results in the context of the more physiologically 

relevant model of a photosynthesizing plant growing in a fluctuating 

environment. This chapter will present the metabolic consequences of 

genetic perturbation of AOX as determined through the metabolomic 

analysis of AOX1a knockout mutant Arabidopsis plants lacking AOX and 

exposed to different environmental conditions including cold stress, and 

combined drought / moderate high light stress. 

Although the basic biochemical function of AOX has been 

understood for close to 40 years (Storey and Bahr, 1969; Storey, 1970; 

Bendall and Bonner, 1971), the details of its physiological function, 
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including how it fits into the overall metabolic and regulatory network of the 

plant under various environmental conditions, have begun to emerge only 

relatively recently. AOX has been shown to be induced by various 

environmental stresses including cold (Vanlerberghe and McIntosh, 1997; 

Watanabe et al., 2008),  hyperosmotic stress (Clifton et al., 2005), 

phosphate deficiency (Parsons et al., 1999; Sieger et al., 2005) as well as 

by increased ammonium supply (Escobar et al., 2006) and treatments that 

inhibit mtETC activity, such as rotenone and antimycin A (Clifton et al., 

2005). By allowing the oxidation of reducing equivalents by the mtETC to 

become uncoupled from oxidative phosphorylation, AOX activity is thought 

to aid plant survival by providing the metabolic flexibility required to cope 

with changing environmental conditions (Vanlerberghe and McIntosh, 

1997) and by preventing the generation of ROS caused by over-reduction 

of the mtETC (Maxwell et al., 1999; Yip and Vanlerberghe, 2001). 

Despite clear suggestions of a metabolic role for AOX during 

changing environmental conditions, very little data is publicly available on 

the relationships linking AOX activity, environmental factors and metabolite 

levels. It was recently shown that under cold stress, Arabidopsis AOX1a 

knockout plants, lacking the major form of AOX (AOX1a), had a higher 

starch content and higher C/N ratio (Watanabe et al., 2008). However, 

prior to the publication of some of the data presented in this chapter 

(Giraud et al., 2008), no global metabolomic data describing the effect of 
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an absence of AOX1a on the metabolome under different environmental 

conditions were publicly available. In this chapter, the results of 

metabolomic analysis of AOX1a knockout plants exposed to normal 

growth conditions, combined drought and moderate light stress, and cold 

stress will be presented and discussed. These data may help to highlight 

specific metabolic pathways affected by AOX activity and to reveal how 

the role of AOX in the overall metabolic network varies under different 

environmental conditions. 

5.2 Results 

5.2.1 Altered metabolomic response of AOX1a KO plants to 
combined drought and moderate light stress 

The fact that AOX1a is up-regulated in response to many abiotic 

stress stimuli including hyperosmotic stress (Clifton et al., 2005) suggests 

a potential role for AOX under these conditions. Therefore, to gain insight 

into the potential metabolic roles of AOX during natural environmental 

stress scenarios, the metabolite profiles of two independent AOX1a T-

DNA insertion Arabidopsis lines (denoted aox1a-1 and aox1a-2) and their 

wild-type background genotype, Col-0, were compared under standard 

growth conditions and after 4 days of combined drought and moderate 

high light stress. The growth and treatment of plants (which was done by 

Ms Estelle Giraud as part of a scientific collaboration) was carried out as 
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follows. The three genotypes were grown under normal growth conditions 

(22°C, 16 h of light and 8 h of dark under 100 mE m-2 s-1 light) for 4 weeks 

at which point watering of half the plants of each genotype was ceased. 

Four days later, the unwatered plants were transferred to moderate light 

conditions (250 mE m-2 s-1). After another four days, leaf tissues were 

harvested from each individual plant 4 h into the day period. Frozen 

tissues were then obtained from Ms Estelle Giraud and metabolites were 

extracted and analysed by GC/MS as detailed in Materials and Methods 

(Chapter 2). 

Raw GC/MS data were processed and the mean signal levels of 

each metabolite were statistically compared between each of the aox1a 

lines and Col-0 under both control conditions and the combined drought 

and moderate light conditions (Fig. 5.1a) and between the stressed and 

unstressed plants of each genotype (Fig 5.1b). This analysis revealed 

relatively few differences between aox1a and Col-0 lines when plants were 

grown under standard growth conditions. Under standard growth 

conditions, aox1a-1 plants showed statistically significant differences in 

only 7 (5%) of the 136 profiled metabolites with respect to Col-0 - the 

greatest difference being a 48% lower signal for ascorbate. The second 

knockout line, aox1a-2, showed more differences with Col-0 under non-

stress conditions: 24 (18%) of the 136 metabolites being significantly 

different to wild-type levels. However, none of the differences between 
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aox1a lines and Col-0 under non-stress conditions were consistent 

between the two aox1a lines (Fig. 5.1) and most of the major differences 

between untreated aox1a-2 and untreated Col-0 plants (Fig 5.1) were a 

subset of the larger number of differences seen between both aox1a lines 

and Col-0 under stress conditions. This suggests that the untreated aox1a-

2 plants may have been partially stressed even under the control 

conditions.  

Under combined drought and moderate light treatment, differences 

in the metabolite profiles of aox1a and Col-0 plants were much more 

apparent. Moreover, the differences were much more consistent between 

the two aox1a lines. Under the stress conditions, the abundances of 62 

(46%) and 59 (44%) of the 136 profiled metabolites were statistically 

significantly altered in aox1a-1 and aox1a-2, respectively. Of these aox1a / 

Col-0 differences, 43 were common to both aox1a lines. This stress-

dependent metabolic phenotype of the aox1a plants was clearly visible 

when global metabolite profiles of the stressed and unstressed plants of 

each genotype were compared by principal components analysis (PCA; 

Fig 5.2). This PCA analysis revealed that under normal conditions, the 

three genotypes formed a tight group with aox1a-1 and Col-0 being 

completely overlapped and aox1a-2 forming a resolved but very closely 

positioned group next to Col-0 and aox1a-1. However, under stress 

conditions, the stressed and unstressed plants were clearly resolved along 
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PC1 (which accounted for 39.06% of total variance) while aox1a and Col-0 

genotypes were clearly resolved along PC2 (which accounted for 22.34% 

of total variance) with aox1a-1 and aox1a-2 forming a tightly mixed group 

well separated from Col-0 samples. 

Under the combined drought and moderate light stress treatment, 

the major statistically significant metabolite differences between aox1a and 

Col-0 lines (that were common to both aox1a lines) were: i) 60-70% lower 

levels of organic acids glycerate, citrate and two unknown metabolites 

tentatively identified as cis- and trans-sinapinate; ii) 65-81% lower levels of 

amino acids serine, alanine and pyroglutamate, and an unknown with 

mass spectral homology to N-acetyl-glycine; iii) 38-52% lower levels of 

trehalose; iv) 2-4 fold higher levels of glucose, fructose and galactose; v) 

3-10 fold higher levels of a number of a number of unknown sugars with 

retention indices corresponding to di- or tri-saccharides; vi) 74-83% lower 

levels of phosphate; and vii) 60-80% lower levels of approximately 10 

unknown metabolites of unknown class (Fig 5.1).  

In order to gain an overview of how the lack of AOX altered the 

metabolomic stress response of the aox1a lines (rather than just the final 

metabolite concentrations in the stressed plants), the metabolite levels of 

stressed and unstressed plants were compared within each genotype and 

the lists of up- and down-regulated metabolites in each genotype were 

qualitatively compared (Fig 5.1b). This analysis revealed that the 
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combined drought and moderate light stress treatment resulted in 

statistically significant changes in 73, 53 and 57 metabolites in aox1a-1, 

aox1a-2 and Col-0 respectively. Of the 82 metabolites that were affected 

in either aox1a line, 44 (54%) were significantly affected in the same 

direction in both aox1a lines (Fig 5.1b) and, of these, 27 (61%) responded 

significantly and in the same direction in Col-0. In Col-0, the metabolites 

that were most strongly affected by the combined drought and moderate 

light stress were galactinol (putative; 20-fold increase), raffinose (putative; 

15-fold increase) and a number of unknown putative disaccharides that 

accumulated > 9-fold. 

5.2.2 Altered metabolomic response of AOX1a KO plants to 
cold stress 

To probe the metabolic role of AOX under cold stress, the 

metabolomic responses of the two aox1a lines and Col-0 to 48 h of cold 

(4°C) treatment were determined and compared. In this experiment, plants 

of all three genotypes were grown under standard growth conditions 

(22°C) for 4 weeks, at which point half of the plants of each genotype were 

transferred to a replicate growth shelf set up in 4°C room. Leaf tissues 

were harvested from control-treated and cold-treated plants 48h after the 

transfer (for further details of plant growth, stress treatment and tissue 

harvesting, see Materials and Methods). Leaf tissues thus obtained were 
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analysed by the standard GC/MS metabolomics protocol (Materials and 

Methods).  

Raw GC/MS data were processed and the mean signal levels of 

each metabolite were statistically compared between each of the aox1a 

lines and Col-0 under both control conditions and cold conditions (Fig. 

5.3a) and between the stressed and unstressed plants of each genotype 

(Fig 5.3b). This analysis again revealed very few statistically significant 

differences between aox1a lines and Col-0 under the control growth 

conditions with aox1a-1 and aox1a-2 showing only 2 and 7 statistically 

significant metabolite level differences, respectively. Moreover, only two of 

these metabolite level differences were consistent between the two aox1a 

lines (~50% lower levels of 2-aminobutyrate and 20-30% lower levels of an 

unknown sugar with mass-spectral similarity to gulose; Fig 5.3). However, 

in the plants that had been transferred to 4°C for 48h, a larger number of 

metabolites showed differences in their signal levels between both aox1a 

lines and Col-0. These differences included: ~50% lower levels of 

pyruvate; 2-3 fold higher levels of two unknown metabolites tentatively 

identified as cis- and trans-sinapinate; 3-4 fold higher levels two 

metabolites putatively identified as raffinose and galactinol; ~2-fold higher 

levels of an unknown tentatively identified as phytol; ~3-fold higher levels 

of an unknown possible organic acid; and striking 30-65 fold higher levels 

of two unknown metabolites that could not be assigned to a particular 
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chemical class based on mass spectral similarity to known compounds in 

public mass-spectral libraries (Fig 5.3). 

Statistical comparison of the metabolite levels between the cold-

treated and control-treated plants of each genotype allowed the effects of 

the cold treatment on the metabolome of each genotype to be determined 

and compared between genotypes. This analysis revealed that cold 

treatment caused a relatively large number of metabolite level changes in 

each of the three genotypes with 65, 38 and 25 metabolites being 

significantly affected in aox1a-1, aox1a-2 and Col-0, respectively. Of the 

68 metabolites affected in either aox1a line, 34 (50%) were significantly 

affected in both aox1a lines and, of these, 15 (44%) were also affected in 

Col-0. It should be noted that although quite a few more metabolites were 

statistically significantly affected in aox1a-1 than in aox1a-2 or Col-0, 

statistically significant differences in aox1a-1 were quite often associated 

with similar, albeit statistically insignificant, trends in aox1a-2 and, to a 

lesser degree, in Col-0 (Fig 5.3). Comparison of the metabolite responses 

seen in each of the three genotypes revealed some notable differences. 

These included:  clear accumulation of two metabolites putatively identified 

as galactinol and raffinose in aox1a-1 and aox1a-2 but not in Col-0; and 

>2-fold stronger increases in amino acids proline, glycine, homoserine, 

asparagine and glutamate in aox1a lines compared to Col-0.   
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To assess, in a global sense, how the cold stress treatment affected 

each of the three genotypes, the metabolite profiles of the stressed and 

unstressed plants of each of the three genotypes were compared in a 

single PCA (Fig 5.4). This analysis showed that most of the variance in the 

dataset was correlated with cold treatment with cold stressed and 

unstressed plants being largely resolved from one another along PC1 

which accounted for 46.66% of the total variance. It also highlighted the 

stress-dependent nature of the aox1a phenotype with the control-treated 

aox1a-1, aox1a-2 and Col-0 plants being totally unresolved while the cold-

stressed aox1a plants were largely resolved from the cold-stressed Col-0 

plants along PC2 which accounted for 13.8% of total variance. 

5.3 Discussion 

5.3.1 A lack of AOX1a causes acute sensitivity to combined 
drought and moderate light stress 

The metabolite profiling results presented in this chapter clearly 

demonstrate that a lack of the stress responsive, major endogenous form 

of AOX, AOX1a, leads to dramatic alterations in the metabolomic 

response to combined drought and moderate light stress. This raises the 

obvious question: why does a lack of AOX1a lead to such a strongly 

altered metabolomic response? Possible answers to this question will now 

be discussed in the context of the metabolomic data presented here, other 
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data produced by collaborators as part of the same study and current 

theories about the metabolic role of AOX during drought/light stress. 

Experiments with the aox1a lines (by Ms Estelle Giraud) that were 

the subject of this collaborative study showed that a combination of 

drought and increased light intensity was critical in the generation of a 

visible phenotype in the aox1a plants. Plants exposed to either drought or 

increased light intensity alone did not show a visible phenotype. However, 

when plants were treated with the combined drought and moderate light 

stress for 3-4 days, an obvious visible phenotype was apparent in the form 

of increased purple coloration in the aox1a plants that was correlated with 

a >10-fold increase in anthocyanin content in these plants relative to Col-

0. The accumulation of anthocyanins is a well known response to high light 

treatment and is thought to be triggered by increased levels of ROS 

(Vanderauwera et al., 2005; Miller et al., 2007). Indeed, superoxide levels 

were increased substantially in the aox1a lines compared to Col-0 under 

stress (Giraud et al., 2008). ROS generation in chloroplasts generally 

occurs when photon intensity exceeds the level required for CO2 

assimilation and the photosynthetic electron transport chain therefore 

becomes over-reduced (Asada, 2006). To avoid this harmful generation of 

ROS, plants utilize electron sinks other than the Calvin cycle to safely 

dissipate this excess chloroplastic reducing potential and maintain the 
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redox balance of the photosynthetic electron transport chain at a safe level 

(Oelze et al., 2008).  

Several metabolite shuttles capable of transferring reducing 

equivalents out of the chloroplast are known. The NADPH-dependent 

reduction of oxaloacetate to malate by chloroplastic malate 

dehydrogenase (MDH) and subsequent export of malate from the 

chloroplast to the cytosol in exchange for more oxaloacetate (termed the 

‘malate valve’) is one example (Oelze et al., 2008). Malate exported from 

chloroplasts may be oxidized back to oxaloacetate by cytosolic or 

mitochondrial MDH enzymes thus generating NADH in the cytosol and 

mitochondrial matrix. Similarly, reducing equivalents may be exported from 

the chloroplast to the cytosol via a dihydroxyacetone phosphate / 3-

phosphoglycerate shuttle (Heineke et al., 1991). Photorespiration is also 

thought to potentially play a role as an electron sink preventing chloroplast 

over-reduction (Wingler et al., 2000).  

It is believed that the mtETC plays an important role in dissipating 

excess reducing equivalents exported from the chloroplast (Noguchi and 

Yoshida, 2008). This role is likely to be particularly crucial under 

environmental stress conditions, such as high light, that promote over-

reduction of the chloroplast and hence increase the risk of ROS 

production. In C3 plants exposed to drought stress, reduced stomatal 

conductance (due to stomatal closure) and reduced mesophyll 
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conductance (due to decreased water potential) reduce the demand for 

NADH by the Calvin cycle by reducing the availability of CO2 for 

assimilation (Flexas et al., 2004) and cause increased photorespiration 

(Massacci et al., 2008) presumably by increasing the O2 / CO2 ratio around 

Rubisco. Combined drought and light stress is therefore expected to place 

a particularly high load of reductants on the mtETC. Under such 

conditions, rapid oxidation of reducing equivalents by the mtETC to 

prevent ROS generation by the photosynthetic ETC and mtETC may 

become more important than generating ATP, opening up a likely role for 

AOX in maintaining the cellular redox balance during environmental stress 

(Oelze et al., 2008).  

The metabolomic results presented in this chapter suggest that a 

lack of AOX under combined drought and light stress led to a number of 

metabolite level changes resulting from an impairment of respiration. 

Reduced levels of TCA-cycle intermediates citrate, malate and 

pyroglutamate (which is an endogenous metabolite but tends to be 

correlated with glutamate and glutamine because it is a major GC/MS 

breakdown product of TCA-cycle derived amino acids glutamate and 

glutamine), together with stronger increases in glucose, fructose, 

galactose and a range of other sugars in aox1a lines compared to Col-0 

under stress conditions, are consistent with reduced respiratory sugar 

consumption and TCA cycle turnover in aox1a lines. However, because 
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sugar accumulation is thought to be a defense response to drought (Xue 

et al., 2008), the stronger accumulation of sugars in aox1a lines could also 

have been the consequence of a stronger stress-induced decrease in 

relative water content in the aox1a lines compared to Col-0 (Giraud et al., 

2008).    

Several lines of evidence suggest that the photorespiratory cycle 

was impaired in the aox1a lines relative to Col-0 during the combined 

drought/light stress. Firstly, glycerate, the product of the penultimate step 

of the photorespiratory cycle, was increased by 2.4 fold in the stressed 

Col-0 plants compared to unstressed Col-0 plants but failed to increase in 

the stressed aox1a lines. In fact, while the level of glycerate was not 

significantly different between aox1a and Col-0 under control conditions, it 

was significantly 62-70% lower in the aox1a lines compared to Col-0 under 

the stress treatment (Fig 5.3). Interestingly, this difference occurred 

despite the favourability of the NADH-consuming, glycerate-producing step 

of the photorespiratory cycle, catalysed by hydroxypyruvate 

dehydrogenase (HPR), under the conditions of high NADH availability 

expected under drought/light stress. This suggests that the apparent 

impairment of photorespiration in aox1a lines likely occurred upstream of 

HPR. Indeed, the metabolomic data presented here suggest that 

photorespiration was impaired at the NAD+ consuming reaction of the 

glycine decarboxylase complex (GDC) which occurs in the mitochondrial 
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matrix. This is evidenced by more intense stress-induced increases in 

glycine seen in aox1a lines compared to Col-0 and, more strikingly, by 

87% lower levels of serine, the product of the GDC reaction, in aox1a lines 

compared to Col-0 in the stressed plants. One possible explanation for the 

apparent decrease in GDC activity is that GDC was inhibited by high levels 

of NADH in the mitochondrial matrix due to a limitation of respiratory 

NADH oxidation caused by the absence of AOX1a. GDC has been shown 

to be very sensitive to inhibition by NADH, having a Ki for NADH of only 15 

µM (Pascal et al., 1990). Another possible reason for the apparent 

inhibition of GDC in aox1a lines is that it was oxidatively damaged by ROS 

or lipid peroxidation products generated as a consequence of over-

reduction of the mitochondrial or photosynthetic electron transport chains. 

GDC has previously been shown to be a major site of oxidative damage in 

pea leaf mitochondria during drought with GDC activity, but not GDC 

protein content, being reduced to 63% by 7 days of drought (Taylor et al., 

2002). It would be interesting to compare the protein levels, enzymatic 

activities and oxidative damage levels of GDC in mitochondria isolated 

from stressed aox1a and stressed Col-0 plants to confirm the inhibition of 

GDC and determine the mechanism involved. Whatever the mechanism of 

GDC inhibition, an impairment of photorespiration could have played a role 

in exacerbating the over-reduction of the photosynthetic ETC both through 

the loss of photorespiration as an electron sink and through decreases in 
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3-PGA which could further affect the capacity of the Calvin cycle to act as 

an electron sink.  

Overall, the results presented here show that AOX plays an 

important role in maintaining metabolite levels during conditions that are 

expected to increase the load of reducing equivalents on the mtETC. 

However, mechanistic interpretation of the observed metabolite level 

changes is difficult without time-course data describing the kinetics of the 

observed responses since many of the observed metabolite level changes 

could have been the secondary results of earlier metabolic events. In the 

future, it would therefore be interesting to conduct a comprehensive time-

course analysis of the responses of aox1a lines to combined drought and 

light stress to distinguish primary from secondary effects. 

5.3.2 AOX1a influences a distinct set of metabolites during 
cold stress 

Compared to the large number of metabolite level differences seen 

between aox1a and Col-0 lines under combined drought and moderate 

light stress, relatively few differences were seen between aox1a and Col-0 

plants that had been exposed to 48 h of cold treatment. However, some 

very distinct metabolite level differences were seen. These included: ~50% 

lower levels of pyruvate; 2-3 fold higher levels of two unknown metabolites 

tentatively identified as cis- and trans-sinapinate; 3-4 fold higher levels two 
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metabolites putatively identified as raffinose and galactinol; ~2-fold higher 

levels of an unknown tentatively identified as phytol; ~3-fold higher levels 

of an unknown possible organic acid with a GC retention index (RI) of 

1411.1; and striking 30-65 fold higher levels of two unknown metabolites 

that could not be assigned to a particular chemical class based on mass 

spectral similarity to known compounds in public mass-spectral libraries 

(Fig 5.3). Interestingly, this set of differences is remarkably similar to those 

seen between plants exposed to combined drought and moderate light 

stress and control plants in Section 5.2.1, where similar increases were 

seen in the metabolites tentatively identified as cis- and trans-sinapinate 

(in Col-0 only), raffinose (in aox1a and Col-0), galactinol (in aox1a and 

Col-0) and the unknown putative organic acid at RI 1411.1 (in aox1a and 

Col-0). Similarly, a small, statistically significant increase in the unknown 

tentatively identified as phytol was also seen in aox1a-1 together with 

small but insignificant increases in aox1a-2 and Col-0.  

Raffinose and galactinol have previously been shown to accumulate 

in Arabidopsis thaliana plants exposed to cold (Taji et al., 2002; Kaplan et 

al., 2004), drought and salinity (Taji et al., 2002) where they play a putative 

role as osmoprotectants and possibly antioxidants (Nishizawa et al., 

2008). The fact that Col-0 plants did not accumulate raffinose or galactinol 

in response to the cold treatment is intriguing given these previous 

observations. However, this apparent discrepancy might be explained by 
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differences between the plant growth conditions used in previous studies 

and those used in this study. The levels of galactinol and raffinose in plant 

tissues appear to be controlled via the transcriptional regulation of 

galactinol synthase and raffinose synthase which are up-regulated in 

response to stresses where galactinol and raffinose accumulate (Taji et 

al., 2002; Kaplan et al., 2007). It is unclear what signals stimulate the up-

regulation of galactinol and raffinose biosynthesis in response to drought, 

salt and cold. However, given that water stress is a major common 

element of these three stresses, it seems likely that water stress may be 

the underlying factor leading to induction of these pathways. In chill-

sensitive plants, low temperatures can lead to water stress due to 

decreases in the hydraulic conductance of roots (Markhart, 1984). Some 

chill-tolerant plants close their stomata in order to avoid water-stress 

(Wilkinson et al., 2001). The fact that, in this study, aox1a lines 

accumulated galactinol, raffinose and the other aforementioned drought-

induced metabolites in response to cold while Col-0 did not suggests that 

the aox1a lines may have experienced cold-induced water stress to a 

greater degree than Col-0. Consistent with this hypothesis, the fact that 

the water content of the aox1a lines was decreased significantly more than 

that of Col-0 during combined drought and moderate light stress (shown 

by collaborator, Ms Estelle Giraud) suggests that the aox1a lines may 

have an impaired ability to engage water stress defense mechanisms. In 
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future, it would therefore be interesting to measure changes in stomatal 

conductance and relative water content of cold-treated aox1a lines.  

 
    aox1a / Col‐0  

    Control 
Drought + Moderate Light 

Stress 
 

Drought + Moderate Light 
Stress / Control 

Chemical 
Class 

Metabolite Name 
aox1a‐

1 
aox1a‐

2 
Common

aox1a‐
1 

aox1a‐
2 

Common   aox1a‐1 aox1a‐2  Common   Col‐0 

Glycerate  1.08 1.25   0.38 0.3 +   0.85 0.58   2.4 

[trans‐Sinapinic acid (2TMS), MS95, RI2245.8, 
Putative but Unconfirmed] 

0.78 1.24   0.43 0.31 +   2.07 0.92   3.72 

Citrate  0.36 0.72   0.45 0.57 +   2.74 1.74   2.21 

[cis‐Sinapinic acid (2TMS), MS91, RI2057.1, 
Putative but Unconfirmed] 

0.79 1.19   0.48 0.34 +   1.93 0.9   3.18 

[Lactic acid (2TMS), MS95, RI1028.1, Putative 
but Unconfirmed] 

1.01 0.98   0.55 1.9    0.63 2.24   1.16 

Fumarate  0.85 3.01   0.56 0.4     3.26 0.66   4.96 

Malate  0.9 0.64   0.57 0.39     0.71 0.68 + 1.12 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) 
deriv., MS63, RI1192.8] 

0.81 0.96   0.59 0.56    1.6 1.27   2.2 

[4‐hydroxybenzoic acid (2TMS), MS88, 
RI1634.7] 

0.99 1.25   0.62 0.65    0.95 0.79   1.53 

Succinate  0.95 1.07   0.66 0.56    1.55 1.16   2.23 

Benzoate  0.81 0.92   0.67 0.64 +   1.03 0.87   1.25 

Nicotinate  0.87 1.14   0.74 0.51     1.53 0.8   1.8 

[Gamma‐hydroxybutyric acid (2TMS), MS89, 
RI1236.5, Putative but Unconfirmed] 

0.97 0.94   0.77 0.59     1.05 0.82   1.31 

Threonate  0.82 1.05   0.87 0.75    1.89 1.28   1.79 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐
, MS81, RI1747.6] 

0.68 1.01   1 0.85    1.92 1.09   1.3 

Shikimate  0.86 0.52   1.42 0.89    1.44 1.49   0.87 

Organic Acid 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐
, MS86, RI1774.2] 

1.77 0.72   4.83 0.71     3.3 1.19   1.21 

Serine  0.43 0.51   0.13 0.13 + 0.79 0.66  2.67 0.43 

Alanine 1.23 0.49   0.19 0.22 +   0.11 0.32   0.7 

Pyroglutamate 0.47 0.68   0.24 0.26 +   2.64 2.01   5.25 

[Glycine, N-acetyl-, trimethylsilyl ester, 
MS71, RI1227.5] 

1.24 0.82   0.28 0.35 +   0.12 0.22 + 0.53 

beta-Alanine 0.7 0.92   0.41 0.5    2.27 2.07   3.83 

4-Aminobutyrate 0.84 0.91   0.41 0.74     2.26 3.8   4.67 

Lysine 1.02 1.03   0.44 0.72     1.39 2.3   3.26 

Tyrosine 1 0.85   0.45 0.78     1.42 2.86   3.14 

Isoleucine 0.58 1.08   0.59 0.92    7.16 6.05   7.07 

Valine 1.03 1   0.61 0.95    2.5 4.02 + 4.21 

Threonine 0.52 0.66   0.81 0.96    2.55 2.39   1.65 

Amino Acid 

Glycine 0.85 1.1   1.21 1.83     10.03 11.77   7.08 

Trehalose  1.11 1.18   0.62 0.47 +   1.86 1.33   3.35 Carbohydrate 

[Per‐O‐trimethylsilyl‐(3‐O‐d‐mannopyranosyl‐
4‐O‐d‐glucopyranosyl‐d‐glucitol), MS72, 

1.36 1.06   0.64 0.48 +   0.49 0.47 + 1.03 
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RI2808.4] 

1,6‐Anhydro‐beta‐D‐glucose  0.69 0.51   0.72 0.82    0.74 1.14   0.71 

[Unknown Disaccharide, RI2544.4]  1.51 1.46   0.75 0.75    1.25 1.29   2.52 

[D‐Glucopyranose, 4‐O‐[2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐galactopyranosyl]‐1,2,3,6‐

tetrakis‐O‐(trimethylsilyl)‐, MS82] 

0.99 0.76   0.83 0.68    0.86 0.92   1.03 

Xylose  0.94 0.81   0.9 0.97    1.1 1.36   1.14 

[Gulose (5TMS), MS74, RI2425.6]  0.75 1.9   0.91 0.8    3.85 1.33   3.15 

Sucrose  0.84 0.88   0.93 1    1.32 1.38 + 1.2 

[D‐Galactofuranose, 1,2,3,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS78, RI1833.2] 

0.72 1.57   0.98 0.88    4.46 1.82   3.26 

Arabinose  1.05 1.17   1 1.06    1.39 1.33 + 1.47 

[D‐Glucopyranoside, 1,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐fructofuranosyl 2,3,4,6‐

tetrakis‐O‐(trimethylsilyl)‐, MS90] 

0.54 4.49   1.06 1.06    18.11 2.18 + 9.2 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, 
RI2717.6] 

1.02 1.16   1.18 1.02    3.98 2.99 + 3.42 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS87, RI1966.6] 

0.84 3.21   1.25 0.71    10.78 1.62   7.28 

Rhamnose  0.9 0.98   1.26 1.24 +   1.51 1.37 + 1.08 

[4‐Ketoglucose, bis(O‐methyloxime), 
tetrakis(trimethylsilyl), MS72, RI1463.6] 

1.05 1.03   1.31 1.13    1.27 1.13   1.02 

Galactinol*  0.85 6.29   1.31 1.2    32.05 3.94 + 20.67 

Gentiobiose  0.91 1.06   1.32 0.89    2.21 1.28   1.53 

Cellobiose  1.16 1.31   1.33 1.35    2 1.82 + 1.75 

[Unknown Putative Disaccharide, RI2823.3]  0.92 1.02   1.36 0.98    2.45 1.6   1.65 

[beta‐D‐Glc‐(1,6)‐D‐Glc Peak 2, MS76, 
RI2534.4] 

0.84 1.03   1.37 1.17    1.84 1.26   1.12 

[Unknown Sugar, RI2389.1]  1.19 1.71   1.38 0.93    1.75 0.82   1.51 

[Unknown Disaccharide, RI2532.7]  0.81 1.03   1.39 1.1    1.97 1.24   1.15 

Raffinose*  0.52 4.59   1.43 1.05    41.65 3.45 + 15.05 

[2‐O‐Glycerol‐d‐galactopyranoside, (6TMS), 
MS88, RI2300.8] 

0.69 1.5   1.44 1.44 +   3.65 1.69 + 1.76 

[Sedoheptulose methoxime (6TMS), MS86, 
RI2116.9] 

1.13 2.59   1.45 1.59     4.91 2.35 + 3.83 

[beta‐D‐Glc‐(1,4)‐D‐Glc (8TMS), MS85, 
RI2493.5] 

0.75 1.14   1.46 1.29    2.81 1.64 + 1.45 

[Sedoheptulose methoxime (6TMS), MS84, 
RI2122.6] 

1.08 2.6   1.5 1.64     5.3 2.39 + 3.8 

[D‐glycero‐D‐gulo‐heptose methoxime (6TMS), 
MS77, RI2350.8] 

0.99 1.37   1.52 1.35 +   2.36 1.51 + 1.54 

[Sedoheptulose methoxime (6TMS), MS85, 
RI2094.1] 

1 1.34   1.53 1.47 +   2.44 1.74 + 1.59 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS75, RI1777.7] 

0.93 0.82   1.88 1.82 +   2.57 2.85 + 1.28 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS70, RI1607.5] 

0.81 1.21   1.9 2.27     3.99 3.18 + 1.7 

[Melibiose (8TMS), MS82, RI3094.1]  0.53 1.1   2.06 1.69    5.64 2.24 + 1.46 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, 
MS82, RI2171.7] 

0.67 1.85   2.27 2.15    3.82 1.32   1.13 

Glucose  0.69 4.79   2.35 2.82 +   17.18 2.96 + 5.01 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 1, MS95, 
RI2837.6] 

0.61 4.67   2.37 2.01    58.75 6.49 + 15.09 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 2, MS91, 
RI2869] 

0.72 3.18   2.59 2.29    37.58 7.52 + 10.43 

Galactose  0.7 3.31   2.71 3.12 +   25.58 6.21 + 6.59 

Fructose  0.57 5.44   3.68 4.07 +   19.35 2.24 + 2.99 
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[Melibiose (8TMS), MS76, RI2410.5]  0.85 1.26   4.11 5.4 +   12.76 11.31 + 2.64 

[Unknown Putative Disaccharide, RI2915.4]  0.81 1.23   4.47 3.34 +   9.51 4.68 + 1.72 

[Melibiose (8TMS), MS83, RI2403.2]  0.85 1.55   7.73 10.76 +   52.4 39.77 + 5.74 

meso‐Erythritol  0.91 0.89   0.7 0.77     1.13 1.27   1.47 

Mannitol  1.35 4.52   2.06 2.16 +   1.49 0.46   0.97 Sugar Alcohol 

Sorbitol  0.92 1.27   1.65 1.65 +   3.04 2.19 + 1.69 

[Gluconic acid, 2‐methoxime, 
tetra(trimethylsilyl)‐, trimethylsilyl ester, 

MS89, RI1647.4] 

0.77 2.08   2.07 2.39     5.36 2.29 + 1.99 

Glucuronate  0.72 1.12   1.94 1.7 +   3.13 1.77 + 1.16 

[Galactonic acid (6TMS), MS90, RI1980.7]  0.77 0.97   0.77 0.67     1.68 1.15   1.67 
Sugar Acid 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, trimethylsilyl ester, MS79, 

RI2367.2] 

1.04 0.63   0.39 0.16 +   0.45 0.3   1.19 

Phosphate  0.69 0.68   0.26 0.17 +   1.39 0.93   3.72 

[Phosphonic acid, methyl‐, bis(trimethylsilyl) 
ester, MS52, RI1091.2] 

0.85 1.04   0.45 1.29    0.9 2.11   1.7 

[Phosphoric acid, 
bis(trimethylsilyl)monomethyl ester, MS91, 

RI1170.6, Putative but Unconfirmed] 

1.17 1.12   0.45 0.21    1.67 0.82   4.31 

[Glycerol‐2‐phosphate (4TMS), MS81, 
RI1723.5] 

0.93 0.93   0.35 0.2    1.42 0.83   3.75 

Phospho 
Compound 

[Inositol monophosphate, MS94, RI2407.7, 
Putative but Unconfirmed] 

1.33 0.79   1.25 1.31    2.08 3.65   2.21 

Polyamine  Putrescine  0.35 1.33   2.59 2.98     11.35 3.5   1.56 

Aromatic  Coumarate  0.82 1.44   0.53 0.66    1.08 0.78   1.7 

Cyclitol  myo‐Inositol*  0.9 1.04   0.68 0.85    0.98 1.06   1.3 

[Phytol (1TMS), MS95, RI2168.6]  0.72 0.93   0.9 0.96    1.54 1.26   1.23 

[gamma‐Tocopherol (1TMS), MS95, RI3000.9, 
Putative but Unconfirmed] 

2.33 3.08   9.03 4.35     17.97 6.55 + 4.63 Terpenoid 

[alpha‐Tocopherol (TMS), MS90, RI3143.7, 
Putative but Unconfirmed] 

1.83 2.15   1.82 0.6    3.24 0.91   3.24 

[Campesterol (1TMS), MS95, Putative but 
Unconfirmed] 

1.46 0.97   1.09 0.48     0.96 0.63   1.28 

[Silane, [[(3,24R)‐ergost‐5‐en‐3‐
yl]oxy]trimethyl‐, MS88] 

1.34 0.95   1.09 0.49     1.03 0.66   1.27 Sterol 

[beta‐Sitosterol trimethylsilyl ether, MS86, 
Putative but Unconfirmed] 

1.37 0.95   1.07 0.46     1.05 0.65   1.34 

Antioxidant  Ascorbate  0.52 1.08   0.54 0.45 +   2.24 0.88   2.14 

[Ethanolamine (3TMS), MS90, RI1265.4, 
Putative but Unconfirmed] 

0.69 0.6   1.05 1.19    3.24 4.25   2.14 

[4‐hydroxy‐3‐methoxyphenethylene glycol 
(3TMS), MS93, RI1996.5] 

0.6 1.16   1.48 1.58    3.53 1.94 + 1.42 Miscellaneous 

[Hydroxylamine (3TMS), MS98, RI1091.5, 
Putative but Unconfirmed] 

0.8 0.93   0.22 0.38 +   0.59 0.88   2.16 

[Unknown, RI2443.5]  0.59 0.39   0.15 0.09 +   0.34 0.31   1.34 

[Unknown, RI1398.0]  0.66 0.62   0.16 0.17 +   0.61 0.66   2.44 

[Unknown, RI1633.1]  0.69 0.37   0.16 0.14 +   0.3 0.49   1.28 

[Unknown, RI1446.0]  0.7 0.4   0.19 0.18 +   0.35 0.59   1.29 

[Unknown, RI1644.2]  0.24 0.75   0.19 0.16 +   6.64 1.68   8.06 

[Unknown Possibly Tryptophan Related, 
RI1426.0] 

0.59 0.61   0.22 0.24 +   1.54 1.63   4.18 

[Unknown, RI1543.8]  0.58 0.68   0.28 0.25 +   1.12 0.86   2.35 

[Unknown Probable Sugar or Sugar Derivative, 
RI1583.9] 

0.86 0.49   0.36 0.19 +   0.24 0.23   0.58 

Unknown 

[Unknown, RI2754.9]  1.01 0.6   0.38 0.37 +   0.41 0.66 + 1.07 
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[Unknown, RI1465.7]  0.78 1.3   0.39 0.55    1.14 0.97   2.31 

[Unknown, RI2731.2]  1.01 0.61   0.39 0.37 +   0.42 0.67 + 1.1 

[Unknown, RI1335.8]  0.55 0.79   0.43 0.55    1.24 1.1   1.6 

[Unknown, RI2502.7]  0.9 0.87   0.52 0.45 +   2.04 1.81 + 3.53 

[Unknown, RI2540.3]  0.73 1.02   0.64 0.52 +   1.42 0.82   1.61 

[Unknown, RI1602.2]  0.63 2.12   0.67 0.58    5.38 1.37   5.02 

[Unknown, RI1422.6]  1.09 1.21   0.7 0.73 +   0.89 0.83   1.39 

[Unknown, RI1217.2]  1.62 0.95   0.71 0.93    0.45 1   1.02 

[Unknown, RI3164.7]  1.17 1.05   0.72 0.55     0.83 0.7   1.34 

[Unknown, RI2555.7]  0.94 1.03   0.73 0.66 +   0.99 0.82   1.27 

[Unknown, RI2994.2]  1 1.71   0.74 0.61    4.31 2.1 + 5.86 

[Unknown, RI2982.1]  0.99 0.76   0.83 0.68    0.86 0.92   1.03 

[Unknown, RI2567.4]  1.13 2.21   0.87 0.64    1.9 0.72   2.47 

[Unknown, 2(3H)‐Furanone, dihydro‐3,4‐
bis[(trimethylsilyl)oxy]‐, trans‐, MS91, RI1378]

0.95 0.96   0.88 0.94    1.15 1.21   1.24 

[Unknown, RI2573.6]  1.14 2.27   0.9 0.64    1.97 0.71   2.49 

[Unknown Probable Disaccharide, RI2962.2]  0.86 5.24   0.9 1.05    10.53 2.02 + 10.05 

[Unknown Probable Sugar, RI1472.5]  0.94 0.82   0.95 0.86    1.04 1.07   1.03 

[Unknown, RI1787.6]  0.88 0.79   0.98 0.78    1.46 1.29   1.3 

[Unknown Probable Sugar or Sugar Derivative, 
RI1576.7] 

0.77 1.28   0.99 0.81    4.06 2 + 3.13 

[Unknown, RI1291.2]  0.64 1.5   0.99 0.76    5.51 1.81 + 3.57 

[Unknown, RI1231.2]  0.79 1.19   1 0.55    2.7 1   2.14 

[Unknown Probable Sugar, RI1824.1]  0.87 1.28   1 0.71    2.09 1.01   1.81 

[Unknown Possibly Indole Related, RI1404.6]  1.01 1.35   1.08 0.65    2.73 1.24   2.55 

[Unknown, RI2744.6]  0.99 1.01   1.11 0.88    1.61 1.26   1.44 

[Unknown, RI2767.2]  0.94 1.06   1.19 0.93    1.82 1.26   1.44 

[Unknown, RI1733.3]  1.01 0.69   1.23 0.97    1.17 1.36   0.96 

[Unknown, RI1829.2]  0.79 0.87   1.24 1.16    2.41 2.01 + 1.52 

[Unknown, RI1758.8]  1.03 0.62   1.25 1    0.92 1.23   0.77 

[Unknown Possible Organic Acid, RI1411.1]  0.88 1.31   1.33 0.99    3.94 1.96 + 2.61 

[Unknown, RI1332.2]  0.88 0.86   1.58 1.32    2.08 1.79 + 1.16 

[Unknown, RI3363.0]  1.38 0.91   2.27 1.01    1.16 0.78   0.7 

 
Figure 5.1 Altered metabolomic response of AOX1a knockout 
Arabidopsis plants to combined drought and moderate light stress 
Tissues of two independent, homozygous aox1a T-DNA insertion 
Arabidopsis thaliana mutants (aox1a-1 and aox1a-2) and wild-type A. 
thaliana (Col-0) plants that had been grown under constant normal growth 
conditions or grown under normal growth conditions and then exposed to 



Chapter 5 Exploring the roles of mtETC components with mutant Arabidopsis plants  
 
 
 

 

150 

a combined drought and moderate light stress were obtained from Ms 
Estelle Giraud (see Materials and Methods). These tissues were then 
analysed using a standard GC/MS metabolomics protocol and raw data 
were processed as described in Materials and Methods. Mean metabolite 
signal intensities were then statistically compared between each aox1a 
line and Col-0 under control growth conditions and under combined 
drought and moderate light stress (aox1a / Col-0); and between stressed 
and unstressed plants within each genotype (Drought + Moderate Light 
Stress / Control). Mean metabolite signal intensity ratios calculated in each 
comparison are shown in the above table with statistically significant (p < 
0.05) ratios > 1.2 highlighted in blue with bold text and statistically 
significant ratios < 0.8 highlighted in red with bold text. More extreme 
ratios are highlighted in brighter colours. Metabolite level differences that 
were observed in both aox1a lines are marked with a ‘+’ in the adjacent 
column labeled ‘Common’. 
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Figure 5.2 Principal components analysis (PCA) of global metabolite 
profiles of wild-type (Col-0) and aox1a knockout plants under normal 
growth conditions and under combined drought and moderate light 
stress. Tissues of two independent, homozygous aox1a T-DNA insertion 
Arabidopsis thaliana mutants (aox1a-1 and aox1a-2) and wild-type A. 
thaliana (Col-0) plants that had been grown under constant normal growth 
conditions or grown under normal growth conditions and then exposed to 
a combined drought and moderate light stress were obtained from Ms 
Estelle Giraud. These tissues were then analysed using a standard 
GC/MS metabolomics protocol and raw data were processed by 
MetabolomeExpress, thus generating a 100% populated metabolite x 
sample data matrix containing data for ~130 identified and unidentified 
metabolites. This matrix, which had been automatically filtered to remove 
known analytical artefacts and internal standards, was then used as input 
for PCA with scaling of all variables to unit variance. Scores for each 
sample in the two major principal components, PC1 and PC2, were used 
to generate the above 2D scatter plot. Symbols for each experimental 
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sample class are indicated in the legend. The proportion of total variance 
accounted for by each principal component is indicated on each axis. 
 

    aox1a / Col‐0 

    Control Conditions  48h Cold Stress 

48 h Cold Stress / 
Control 

Chemical Class  Metabolite Name 
aox1a‐

1 
aox1a‐

2 
Common

aox1a‐
1 

aox1a‐
2 

Common  
aox1a‐

1 
aox1a‐

2 
Common  Col‐0 

[Pyruvic acid methoxime (1TMS), MS87, RI1019, 
Putative but Unconfirmed] 

0.69 0.5   0.6 0.54 +   0.59 0.73   0.68 

2‐Oxoglutarate  0.89 0.91   0.77 0.56    2.25 1.61   2.59 

Maleate  1.08 1.25   0.82 1.24    2.03 2.65   2.68 

Salicylate  0.87 0.93   0.89 0.79    1.41 1.17   1.38 

[Gamma‐hydroxybutyric acid (2TMS), MS89, 
RI1236.5, Putative but Unconfirmed] 

0.89 0.83   0.9 0.94    1.01 1.13   1 

Citramalate  0.92 0.94   0.91 0.69    3.01 2.24 + 3.07 

Fumarate  1.81 2.36   0.94 1    1.71 1.39   3.3 

[4‐hydroxybenzoic acid (2TMS), MS88, RI1634.7]  1.06 1.03   0.99 0.89    1.09 1.01   1.17 

2‐OH‐cinnamate  0.9 0.71   1.02 1.13    0.66 0.92   0.58 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., 
MS63, RI1192.8] 

0.86 0.55   1.03 0.93    1.72 2.41 + 1.43 

Benzoate  1.01 0.97   1.04 1.12    1.09 1.23   1.07 

Succinate  1.4 1.62   1.04 0.82    2.27 1.55   3.05 

Malate  1.23 1.43   1.07 0.99    4.56 3.63 + 5.23 

Isocitrate  0.88 0.9   1.1 1.03    1.98 1.82 + 1.59 

Nicotinate  1.32 1.16   1.14 1.01    0.92 0.92   1.06 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, 
RI1601.6, Putative but Unconfirmed] 

1.2 1.28   1.16 1.22    1.12 1.1   1.15 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

0.87 0.99   1.2 1.16    1.3 1.12   0.95 

cis‐Aconitate  1.22 1.12   2.01 1.18    12.93 8.26 + 7.87 

[cis‐Sinapinic acid (2TMS), MS91, RI2057.1, 
Putative but Unconfirmed] 

1.4 1.36   2.3 2.05 +  1.84 1.68   1.12 

Organic Acid 

[trans‐Sinapinic acid (2TMS), MS95, RI2245.8, 
Putative but Unconfirmed] 

1.36 1.37   2.71 1.97 +  2.24 1.62   1.12 

2‐Aminobutyrate  0.59 0.45 + 0.45 0.54     1.02 1.57   1.33 

Ornithine  0.09 0.05   0.72 0.31    7.63 6.11   0.96 

[Glycine, N‐acetyl‐, trimethylsilyl ester, MS71, 
RI1227.5] 

0.77 0.68   0.76 0.99    0.69 1.02   0.7 

Methionine  0.35 0.21   0.84 0.55    3.64 3.94 + 1.52 

Amino Acid 

Arginine  0.15 0.12   0.87 0.5    6 4.2   1.05 
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Valine  0.68 0.47   0.89 0.78     2.09 2.67 + 1.6 

Lysine  0.57 0.44   0.91 0.79     0.93 1.06   0.59 

[beta‐Alanine, N‐(trimethylsilyl)‐, trimethylsilyl 
ester, MS84, RI1187.4, Putative but Unconfirmed]

1.02 0.2   0.92 1.45     0.61 4.82   0.67 

Alanine  0.76 0.67   0.97 0.93     1.72 1.89 + 1.35 

Tyrosine  0.85 0.7   0.98 0.6     7.05 5.32 + 6.14 

4‐Aminobutyrate  0.63 0.64   1.06 0.85     5.35 4.26   3.18 

Serine  0.68 0.52   1.08 1.02     1.74 2.18 + 1.11 

p‐Aminobenzoate  1.13 0.8   1.09 1.1     0.9 1.29   0.93 

Isoleucine  0.74 0.48   1.13 1.27     0.75 1.32   0.5 

Proline  0.44 0.29   1.2 0.95     6.27 7.63 + 2.3 

Glycine  0.46 0.27   1.24 0.91     12.84 16.01 + 4.8 

Pyroglutamate  1.12 1   1.26 1.01     2.22 2 + 1.97 

Tryptophan  0.55 0.54   1.26 0.54     29.94 13.21 + 13.11 

Leucine  0.83 0.63   1.27 0.99     2.2 2.26 + 1.43 

Phenylalanine  0.67 0.51   1.28 0.78     10.84 8.62 + 5.63 

2‐Aminoadipate  1.07 0.92   1.3 0.95     1.68 1.43   1.39 

beta‐Alanine  0.74 0.59   1.52 1.25     3.84 3.94   1.87 

N‐Acetyl‐L‐serine  0.68 0.58   1.54 1.07     4.67 3.85 + 2.07 

Threonine  0.86 0.57   1.6 1.6     1.66 2.54   0.89 

4‐Hydroxyproline  1.14 1.26   1.65 1.2     1.87 1.22   1.29 

Homoserine  0.63 0.37   1.89 1.48     5.97 7.98 + 1.99 

Asparagine  0.26 0.19   2.12 1.03     21.06 13.81 + 2.55 

Glutamate  0.66 0.56   2.81 1.66     8.48 5.85 + 1.98 

Glutamine  0.26 0.32   3.53 2.21     65.75 33.21   4.77 

O‐Acetyl‐L‐serine  1.64 1.59   3.73 2.56     1.88 1.33   0.83 

[Unknown Sugar, RI2401.1]  0.66 0.5   0.63 1.01     1.29 2.71   1.34 

Galactose  0.94 0.64   0.8 0.72     0.61 0.8   0.71 

[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐, MS80, RI1844.6] 

0.73 0.69   0.83 0.75     1.12 1.08   0.99 

[Sedoheptulose methoxime (6TMS), MS85, 
RI2094.1] 

0.8 0.73   0.85 0.84     0.92 1.01   0.87 

[beta‐D‐Glc‐(1,6)‐D‐Glc Peak 2, MS76, RI2534.4]  0.86 0.82   0.92 0.89     1.01 1.02   0.94 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, 
MS82, RI2171.7] 

0.78 0.69 + 1.05 1.13     1.98 2.39   1.46 

Rhamnose  0.88 0.72   1.09 1.28     0.75 1.06   0.6 

Carbohydrate 

1,6‐Anhydro‐beta‐D‐glucose  0.77 0.6   1.12 1.59     0.33 0.58   0.22 
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[D‐Fructose, 6‐O‐[2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐glucopyranosyl]‐1,3,4,5‐tetrakis‐

O‐(trimethylsilyl)‐, 79] 

1.12 0.96   1.16 0.88    4.07 3.6 + 3.93 

[Unknown Putative Disaccharide, RI2997.5]  0.67 0.61   1.2 1    2.32 2.13 + 1.29 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐
(trimethylsilyl)‐, MS75, RI1777.7] 

0.86 0.65   1.25 0.8    5.64 4.83 + 3.89 

[4‐Ketoglucose, bis(O‐methyloxime), 
tetrakis(trimethylsilyl), MS72, RI1463.6] 

0.99 0.99   1.3 1.12    0.46 0.39 + 0.35 

Fructose  0.89 1.12   1.33 1.06    0.59 0.37 + 0.39 

Cellobiose  1.07 0.84   1.53 1.22    1.53 1.54   1.07 

Gentiobiose  1.05 0.89   1.55 1.08    1.29 1.07   0.88 

[Unknown Putative Disaccharide, RI2823.3]  1.31 0.93   1.57 1.22    0.89 0.98   0.74 

[Sedoheptulose methoxime (6TMS), MS84, 
RI2122.6] 

1.11 0.82   1.57 1.26    2.47 2.67 + 1.74 

[D‐Galactofuranose, 1,2,3,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS78, RI1833.2] 

0.47 0.4   1.89 1.82    14.84 16.61 + 3.68 

Xylose  0.6 0.54   2.42 0.65    3.17 0.95   0.79 

Raffinose*  0.68 0.61   3.39 2.74 +   5.16 4.63 + 1.03 

Galactinol*  0.9 0.95  3.92 2.89 +  4.06 2.83 + 0.93 

[Unknown Putative Disaccharide, RI2923.4]  1.54 1.23   4.35 2.47    0.8 0.56   0.28 

[N‐Trimethylsilyl‐2‐pyrrolidinone, MS88, 
RI1137.1] 

0.63 0.53   0.83 0.83     1.39 1.66   1.06 

[4‐hydroxy‐3‐methoxyphenethylene glycol 
(3TMS), MS93, RI1996.5] 

0.66 0.61   0.85 1.09    1.74 2.43 + 1.36 

[Unknown Ethanolamine (3TMS), MS59, 
RI1538.3] 

0.19 0.11   1 0.8    4.88 6.65   0.92 

[Ethanolamine (3TMS), MS90, RI1265.4, Putative 
but Unconfirmed] 

0.69 0.61   1.33 0.85    1.9 1.4   0.99 

[Oleamide (1TMS), MS82, RI2428.8]  0.9 0.84   1.34 0.96    2.26 1.74   1.52 

Miscellaneous 

[Putative IAA‐Sugar or Polyol Ester, RI3116.0]  1.08 0.96   1.78 0.77    1.09 0.53   0.66 

Glyceric acid‐3‐phosphate  0.17 0.14   0.71 0.33    5.34 2.88   1.27 

[Phosphonic acid, methyl‐, bis(trimethylsilyl) 
ester, MS52, RI1091.2] 

0.98 0.78   0.88 0.95    0.72 0.97   0.79 

Phosphate  0.69 0.79   1.21 1.05    2.91 2.19   1.66 

[Inositol monophosphate, MS94, RI2407.7, 
Putative but Unconfirmed] 

1.65 2.12   1.64 0.61    2.43 0.71   2.46 

Phospho 
Compound 

[Phosphoric acid, bis(trimethylsilyl)monomethyl 
ester, MS91, RI1170.6, Putative but Unconfirmed]

0.67 1.27   2.14 0.84    6.17 1.28   1.94 

Sugar Alcohol  Threitol  0.54 0.29   1.08 0.74    6.16 8.04 + 3.12 

Urea  0.12 0.04   1.41 0.97    2.92 6   0.25 
Nitrogen‐rich 
Compound 

Allantoin  0.59 0.49   1.54 1.02    1.87 1.48   0.71 

Polyamine  Putrescine  0.72 0.63   1.66 1.13    2.47 1.91   1.07 

Antioxidant  Ascorbate  0.78 0.7   1.02 0.99    2.06 2.19 + 1.56 

Sugar Acid  Gluconate  1.24 1.08   1.64 1.25    0.91 0.8   0.69 

[gamma‐Tocopherol (1TMS), MS95, RI3000.9, 
Putative but Unconfirmed] 

2.95 3.62   2.02 1.06    3.29 1.4   4.78 

Terpenoid 

[Phytol (1TMS), MS95, RI2168.6]  1.13 1.07   2.1 1.87 +  1.4 1.31   0.75 
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Sterol 
[beta‐Sitosterol trimethylsilyl ether, MS86, 

Putative but Unconfirmed] 
2.15 2.61   1.18 0.9     1.2 0.75   2.19 

Polyol 
[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, 

MS72, RI1528] 
0.9 0.68   1.96 0.82     3.59 1.99   1.64 

Nucleoside  Adenosine‐5'‐monophosphate  1.04 1.48   5.56 0.88     7.8 0.86   1.46 

[Unknown, RI2744.6]  0.61 0.78   0.72 0.7     2.42 1.84   2.05 

[Unknown Probable Disaccharide, RI2748.9]  0.82 0.69   0.84 0.85     0.8 0.95   0.77 

[Unknown, RI1346.3]  0.31 0.14   0.93 0.81     4.94 9.61   1.67 

[Unknown, RI1543.8]  0.95 0.77   0.96 1.35     0.56 0.96   0.55 

[Unknown, RI3164.7]  1.28 1.24   0.99 0.94     0.83 0.81   1.07 

[Unknown, RI1465.7]  0.96 0.92   1.02 0.96     1.46 1.43 + 1.37 

[Unknown, RI2540.3]  1.13 0.97   1.04 1.16     0.7 0.91   0.77 

[Unknown, RI3363.0]  1.75 2.2   1.06 0.82     1.56 0.97   2.58 

[Unknown, RI2773.8]  0.96 0.78   1.08 1.04     0.88 1.05   0.79 

[Unknown, RI1335.8]  1.47 1.44   1.09 0.89     0.75 0.63   1.02 

[Unknown 2‐Piperidone, 1‐(trimethylsilyl)‐3‐
[(trimethylsilyl)amino]‐, MS71, RI1456.4] 

0.08 0.03   1.17 0.56     20.32 28.14   1.37 

[Unknown, RI1375.3]  0.28 0.17   1.19 1.39     6.59 12.36   1.55 

[Unknown, 2(3H)‐Furanone, dihydro‐3,4‐
bis[(trimethylsilyl)oxy]‐, trans‐, MS91, RI1378] 

1.01 0.94   1.25 1.28     1.5 1.64   1.21 

[Unknown, RI1644.2]  0.51 0.35   1.32 1.06     2.53 2.96   0.99 

[Unknown Probable Sugar, RI1557.6]  1.33 1.23   1.32 1.29     0.87 0.92   0.88 

[Unknown, RI1332.2]  1.05 0.9   1.41 1.52     0.86 1.09   0.64 

[Unknown Probable Sugar, RI1824.1]  1.24 1.09   1.55 0.95     0.99 0.69   0.79 

[Unknown Probable Sugar Acid Derivative, 
RI1653.9] 

1.05 0.87   1.55 0.95     1.12 0.83   0.76 

[Unknown Possibly Indole Related, RI1404.6]  0.95 0.7   1.56 1.5     0.66 0.86   0.4 

[Unknown, RI1589.5]  0.13 0.04   1.57 0.74     268.53 442.15   21.99

[Unknown Possibly Tryptophan Related, 
RI1426.0] 

0.91 0.92   1.59 1.09     3.99 2.7 + 2.28 

[Unknown, RI1530.4]  0.79 1.19   1.74 1.57     2.26 1.35   1.03 

[Unknown Probable Sugar, RI1855.4]  1.51 1.42   2.28 0.89     1.25 0.52   0.83 

[Unknown Closely Related to Tryptamine 2TMS, 
RI1505.1] 

0.32 0.23   2.3 1.25     12.57 9.4   1.77 

[Unknown Possible Organic Acid, RI1411.1]  1.85 0.99   2.72 2.87 +   0.66 1.3   0.45 

[Unknown, RI1633.1]  2.2 1.97   52.03 34.82 +   1.2 0.9   0.05 

Unknown 

[Unknown, RI1398.0]  1.85 1.83   65.15 44.16 +   1.25 0.86   0.04 

 
Figure 5.3 Altered metabolomic response of AOX1a knockout 
Arabidopsis plants to cold stress Two independent, homozygous aox1a 
T-DNA insertion Arabidopsis thaliana mutants (aox1a-1 and aox1a-2) and 
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wild-type A. thaliana (Col-0) plants were grown for 4 weeks under normal 
growth conditions (22°C). Half of the plants of each genotype were then 
transferred to another equivalent growing shelf set up in a 4°C room. Leaf 
tissues were harvested from control-treated and cold-treated plants 48h 
after transfer. These tissues were then analysed using a standard GC/MS 
metabolomics protocol and raw data were processed as described in 
Materials and Methods. Mean metabolite signal intensities were then 
statistically compared between each aox1a line and Col-0 under control 
growth conditions and under cold stress (aox1a / Col-0); and between 
stressed and unstressed plants within each genotype (Cold (4°C) / 
Control). Mean metabolite signal intensity ratios calculated in each 
comparison are shown in the above table with statistically significant (p < 
0.05) ratios > 1.2 highlighted in blue with bold text and statistically 
significant ratios < 0.8 highlighted in red with bold text. More extreme 
ratios are highlighted in brighter shades. Metabolite level differences that 
were observed in both aox1a lines are marked with a ‘+’ in the adjacent 
column labeled ‘Common’. 
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Figure 5.4 Principal components analysis (PCA) of global metabolite 
profiles of wild-type (Col-0) and aox1a knockout plants under normal 
growth conditions and after 48h of cold stress. Two independent, 
homozygous aox1a T-DNA insertion Arabidopsis thaliana mutants (aox1a-
1 and aox1a-2) and wild-type A. thaliana (Col-0) plants were grown for 4 
weeks under normal growth conditions. Half of the plants of each 
genotype were then transferred to another equivalent growing shelf set up 
in a 4°C room. Leaf tissues were harvested from control-treated and cold-
treated plants 48 h after transfer. These tissues were then analysed using 
a standard GC/MS metabolomics protocol and raw data were processed 
by MetabolomeExpress, thus generating a 100% populated metabolite x 
sample data matrix containing data for ~130 identified and unidentified 
metabolites. This matrix, which had been automatically filtered to remove 
known analytical artefacts and internal standards, was then used as input 
for PCA with scaling of all variables to unit variance. Scores for each 
sample in the two major principal components, PC1 and PC2, were used 
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to generate the above 2D scatter plot. Symbols for each experimental 
sample class are indicated in the legend. The proportion of total variance 
accounted for by each principal component is indicated on each axis. 
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6 The effects of oxygen-deprivation 
on the metabolomes of hypoxia-tolerant plant 
species 

6.1 Introduction 

Oxygen deprivation is a naturally occurring respiratory perturbation 

that adversely affects plants mainly by limiting or completely abolishing 

aerobic respiration (Bailey-Serres and Voesenek, 2008). Under anoxic or 

hypoxic conditions, which often occur in flooded or waterlogged soils, 

plants must switch from aerobic to fermentative metabolism in order to 

maintain ATP production from the breakdown of sugars (Bailey-Serres and 

Voesenek, 2008). This can lead to an energy crisis in the plant because, 

due to the inefficient extraction of energy from sugars by fermentative 

metabolism, sugars must be consumed at an accelerated rate in order to 

meet cellular ATP demands (Bailey-Serres and Voesenek, 2008). Also, by 

eliminating oxygen, the major terminal electron acceptor of the mtETC, 

anoxia has the potential to affect the many metabolic pathways that either 

directly or indirectly pass electrons to the mtETC (eg. dehydrogenases of 

the TCA cycle). Hence, oxygen deprivation presents a major metabolic 

challenge to the plant.  

Some plant species have evolved mechanisms to avoid or tolerate 

long periods of anoxia (Perata and Alpi, 1993). Crop loss due to flooding- 
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and water-logging induced hypoxia is a major limiting factor for global 

agricultural productivity (Setter and Waters, 2003) and, hence, there is 

much interest in understanding the metabolic mechanisms that underpin 

the hypoxia tolerance displayed by some species and genotypes (Bailey-

Serres and Voesenek, 2008). Arabidopsis thaliana is considered to be a 

relatively anoxia-sensitive species (Kreuzwieser et al., 2008) and, as such, 

does not provide an ideal model for studying tolerance-conferring 

metabolic adjustments to oxygen deprivation. Rice, on the other hand, is 

unusual in its ability to germinate and extend its coleoptile under anoxia 

(Taylor, 1942). Anaerobic rice germination therefore provides an 

interesting opportunity to study the effects of a naturally-occurring 

respiratory perturbation on a metabolic system that has evolved to tolerate 

such perturbation. While some targeted metabolite profiling of aerobic and 

anaerobic rice germination has been carried out in the past (Menegus et 

al., 1989; Reggiani et al., 1989; Menegus et al., 1991; Reggiani et al., 

2000), there has been no published comprehensive metabolomic analysis 

of the effects of anaerobiosis during rice germination. To gain a more 

detailed insight into the influence of oxygen on the metabolome during rice 

germination, this chapter will use GC/MS based metabolomics to: i) 

examine and compare the patterns of metabolite level changes occurring 

during aerobic and anaerobic rice germination; ii) determine the 

metabolomic response to oxygen resupply in anaerobically germinated 
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seedlings; and iii) determine the metabolomic response to oxygen 

deprivation in aerobically germinated seedlings. 

The Grey poplar tree, Populus x canescens - a hybrid between P. 

alba and P. tremula which occurs naturally in regularly flooded areas 

around several rivers in Europe - is an example of a flooding-tolerant 

dicotyledonous tree. The fact that Populus x canescens is a tree, is 

adapted to long-term flooding, is evolutionarily diverged from rice (the 

most well studied anoxia-tolerant plant species) and is supported by polar 

genome sequence information and microarray technology makes it an 

interesting new model in which to explore plant adaptations to flooding-

induced hypoxia. A small amount of targeted metabolite profiling has been 

conducted in flooded poplar roots (Kreuzwieser et al., 2002). To further 

explore the evolutionary conservation of hypoxia-induced changes in the 

metabolomes of hypoxia-tolerant species, this chapter will present the 

metabolomic response of Populus x canescens roots subjected to flooding 

induced hypoxia. 
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6.2 Results 

6.2.1 The effects of anaerobiosis on metabolite levels 
during the onset of rice germination 

To assess the role of aerobic respiration in directing metabolite 

level changes during rice germination, rice seeds were germinated under 

an atmosphere of either air or nitrogen and germinating seedlings were 

collected at 1, 3, 6, 12, 24 and 48 h after imbibition (dry seeds were also 

collected at 0 h; experimental work done by collaborator, Dr Kate Howell). 

Metabolites were extracted from all tissues and analysed by the standard 

GC/MS protocol (done by collaborator, Dr Kate Howell under guidance by 

me, Adam Carroll; see Materials and Methods). After raw data processing 

with MetabolomeExpress, changes in metabolite levels during aerobic and 

anaerobic germination were assessed by statistically comparing the mean 

signal levels of metabolites at each time point in the time course with those 

observed in dry seed (see Figs 6.1a and 6.1b, respectively). This analysis 

revealed a large number of metabolite responses in both aerobically and 

anaerobically germinated seedlings with 137 (98%) of the 140 profiled 

metabolites being significantly altered in at least one time point during 

either aerobic or anaerobic germination. The number of metabolites 

showing statistically significant changes increased steadily over the time 

courses of both aerobic and anaerobic germination with the number of 
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significant metabolite changes at 1, 3, 6, 12, 24 and 48 h being 23, 41, 35, 

75, 106 and 102, respectively, in aerobically germinated seedlings and 31, 

36, 42, 65, 87 and 108 in anaerobically germinated seedlings. To identify 

changes in metabolite response profiles resulting from the lack of oxygen 

during anaerobic germination, the mean signal level of each metabolite 

was also statistically compared between anaerobic and aerobic samples at 

each time point (Fig 6.1c). This analysis revealed that the numbers of 

metabolites with statistically significantly different levels between aerobic 

and anaerobic seedlings at 1, 3, 6, 12, 24 and 48 h were 6, 15, 25, 56, 80 

and 104 respectively. The earliest sustained statistically significant 

differences between anaerobic and aerobic samples (beginning within 0-3 

h) were: i) higher levels of 4-aminobutyrate, fumarate and two metabolites 

putatively identified as 4-hydroxybutyrate and 2-OH-glutarate; and ii) lower 

levels of aspartate, methionine and two metabolites of unknown class. A 

number of sustained metabolite level differences were seen in anaerobic 

seedlings between 12 and 48 h. The most intense of these were: i) lower 

levels of threonate, shikimate, 2-oxoglutarate, citrate, isocitrate, glycerate, 

galactose, fructose, glucose and a number of unknown compounds; and ii) 

higher levels of fumarate, glycolate, succinate, urate, galactinol, raffinose 

and a number of unknown compounds. To compare the aerobic and 

anaerobic germination programs from a more global and quantitative 

perspective, the metabolite profiles of all tissue samples (aerobic and 
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anaerobic seedlings at all time points) were analysed in a single PCA 

analysis (Fig 6.2). This analysis showed that, up until and including 6 h, 

there was no separation between aerobic and anaerobic profiles and little 

separation of germinating seedlings from dry seed. However, from 12 h 

onwards, aerobic and anaerobic samples showed clear separation from 

the earlier time point samples along PC1 (which accounted for 39.9% of 

total variance) and clear separation from each other along PC2 (which 

accounted for 23.2% of total variance). 

6.2.2 The effects of oxygen deprivation on metabolite levels 
in 24 hour old aerobically-germinated seedlings 

Interpretation of the effects of oxygen deprivation during the first 24 

hours of rice germination is complicated by the fact that, during this early 

phase of germination, rice embryo mitochondria are still undergoing 

biogenesis – a process which is itself influenced by oxygen (Howell et al., 

2007). It has previously been shown that, due to low levels of COX, 

mitochondria isolated from anaerobically germinated rice seedlings display 

3-4 fold lower rates of oxygen consumption compared to mitochondria 

isolated from aerobically germinated seedlings (Millar et al., 2004). 

Therefore, to look more specifically at the impact of respiratory inhibition 

by oxygen-deprivation, the effects of anoxia on the metabolomes of 24-h-

old, aerobically germinated rice seedlings, were examined. Specifically, 
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seedlings that had been imbibed for 24 h under an atmosphere of air were 

either grown under continued air supply or were switched to anoxic 

conditions by replacement of the air with N2. Tissue samples were 

collected immediately after the switch (0 h) and then at 1, 3, 6 and 24 h 

after the switch (experimental work done by collaborator, Dr Kate Howell). 

Metabolites were extracted from all tissues and analysed by GC/MS (done 

by collaborator, Dr Kate Howell under guidance by me, Adam Carroll; see 

Materials and Methods). Raw data were then processed with 

MetabolomeExpress (see Materials and Methods). To determine 

metabolite level differences caused by the switch to anoxia, metabolite 

signal ratios were calculated and statistically tested between the 

anaerobically-switched and aerobic tissues at each time point (see Fig 

6.3). This analysis revealed a number of time-dependent metabolite level 

changes that were induced by anoxia. The earliest of these were in 

lactate, succinate and 4-aminobutyrate which showed statistically 

significant and sustained increases beginning within 1 h of the switch to 

anaerobic conditions. Alanine was also significantly increased within 1 h 

but returned to control conditions at 3 and 6 h before increasing again at 

24 h. Other obvious time-dependent metabolite level changes were 

decreases in aspartate, glutamine, trehalose, gluconate and shikimate and 

increases in uric acid which all first became statistically significant at 3 h. 

Principal components analysis of the metabolite profiles of switched and 
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unswitched seedlings revealed a clear time-dependent divergence of the 

anaerobic seedlings away from aerobic seedlings and that metabolite level 

changes due to anaerobic transfer accounted for the majority of the 

experimentally-introduced variance with anaerobic samples becoming 

separated from aerobic samples along the major principal component, 

PC1 (which accounted for 36% of the total variance; Fig. 6.4).    

6.2.3 The effects of oxygen supply on metabolite levels in 
24 hour old anaerobically-germinated rice seedlings 

While anaerobically-germinated rice seedlings show a highly 

impaired capacity for respiration compared to aerobically-germinated 

seedlings (due to a lack of COX or AOX), it has been shown that many 

aspects of rice mitochondrial biogenesis are independent of oxygen and 

mitochondria isolated from anaerobically-germinated seedlings are 

otherwise equipped with almost all of the same protein components as 

mitochondria isolated from aerobically-germinated rice seedlings (Millar et 

al., 2004). The low abundances of terminal oxidases in the mtETC of 

anaerobically-germinated rice seedlings might be expected to dampen the 

effect of oxygen supply on metabolite responses. However, full respiratory 

capacity is rapidly restored (within 24 h) to anaerobic seedlings upon 

transfer to aerobic conditions (Millar et al., 2004; Howell et al., 2007) and 

little is known about metabolic events immediately following oxygen 
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supply. Early changes in metabolite levels following oxygen supply to 

anaerobically-germinated rice seedlings may shed some light on these 

events by revealing how quickly aerobic respiration gains control over the 

metabolome. Therefore, to explore the effects of oxygen supply on the 

metabolomes of anaerobically germinated rice seedlings, seedlings that 

had been imbibed for 24 h in the absence of oxygen were either grown 

under continued anoxia or were transferred to normoxic conditions by 

replacement of the N2 atmosphere with air. Tissue samples were collected 

immediately after the switch (0 h) and then at 1, 3 and 6 h after the switch 

(experimental work done by collaborator, Dr Kate Howell). Metabolites 

were extracted from all tissues and analysed by GC/MS (done by 

collaborator Dr Aneta Ivanova under guidance by me, Adam Carroll; see 

Materials and Methods). Raw GC/MS data were then processed with 

MetabolomeExpress (see Materials and Methods). To determine 

metabolite level differences caused by the switch to normoxia, metabolite 

signal ratios were calculated and statistically tested between aerobically-

switched and anaerobic tissues at each time point (see Fig 6.5). This 

analysis revealed a set of rapid and sustained statistically significant time-

dependent metabolite level differences beginning within 1 h of the switch 

to normoxia. These included: i) lower levels of succinate, fumarate, 

glycine, 2-aminoadipate, glutamine, urate, maltose, two unknown 

metabolites tentatively identified as glycerol-2-phosphate and glycerol-3-
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phosphate and a metabolite of unknown class with a GC retention index of 

2744.6; and ii) higher levels of citrate, beta-alanine, N-acetylserine. 

Additional metabolite level differences began to appear from 3 h onwards, 

including: i) lower levels of glycolate, ornithine, asparagine, arginine, 

tryptophan, coumarate, and a number of unknown compounds; and ii) 

higher levels of 2-oxoglutarate, shikimate, threonate, xylose, fructose, 

glucose, sucrose and a number of unknown metabolites. Principal 

components analysis revealed that the metabolomic response to air supply 

accounted for the majority of experimentally introduced variance with 

oxygenated seedlings moving rapidly away from anaerobic seedlings 

along the major principal component, PC1 (which accounted for 34 % of 

total variance; Fig. 6.6). 

6.2.4 The metabolomic response of poplar roots to 
flooding-induced hypoxia 

Populus x canescens represents a hypoxia-tolerant species that, 

being a dicotyledonous tree, is evolutionarily distinct from rice - the most 

well studied hypoxia-tolerant plant species. Analysis of the response of 

poplar trees to flooding thus provides an opportunity to identify 

evolutionarily conserved and divergent responses to respiratory 

perturbation via oxygen deprivation. To investigate the metabolomic 

response of poplar roots to flooding-induced hypoxia, 3-month-old poplar 
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trees growing in soil in pots were either submerged in water to a level 2-3 

cm above the surface of the soil or left to grow under continued normal 

growth conditions and root tissues were collected from all plants 5, 24 and 

168 h after flooding (experimental work carried out by collaborator, 

Jüergen Kreuzwieser; see Materials and Methods). Metabolites were 

extracted from all tissue samples and analysed by GC/MS (see Materials 

and Methods). Raw data were processed with MetabolomeExpress (see 

Materials and Methods). To determine metabolite level changes induced 

by flooding, metabolite signal intensity ratios were calculated and 

statistically tested between flooded and control samples at each time point 

(Fig. 6.7). This analysis revealed a variety of time-dependent metabolite 

level differences occurring throughout the time course. The most striking 

metabolite increases were: a transient 6-fold increase in lactate at 5 h; a 

rapid 5-fold increase in 4-hydroxybutyrate within 5 h followed by a decline 

to control levels by 168 h; a steady increase in succinate reaching almost 

6-fold by 168 h; rapid and sustained 2-3 fold increases in tyrosine; rapid 2-

4 fold increases in 4-aminobutyrate; rapid and sustained 3-5 fold increases 

in alanine; increases in glycine, proline and beta-alanine; 2-4 fold 

increases in an unknown metabolite with mass-spectral similarity to 1-

desoxypentitol; ~2-fold increases in adenosine-5’-monophosphate (AMP) 

and rapid and strong accumulation of urate which exceeded 60-fold by 

168 h. The most striking metabolite decreases were: decreases in 
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aspartate, asparagine and a metabolite putatively identified as gamma-

tocopherol.  

6.3 Discussion 

6.3.1 The accumulations of alanine, 4-aminobutyrate and 
succinate are highly conserved responses to oxygen 
deprivation in plants 

The accumulations of alanine and 4-aminobutyrate are two of the 

most well documented metabolite responses to anoxia in plants (Reggiani 

et al., 1988; Menegus et al., 1989; Reggiani et al., 2000; Miyashita and 

Good, 2008). In agreement, in this study, higher levels of 4-aminobutyrate 

and alanine were observed in anaerobically-germinated rice seedlings 

compared to aerobically-germinated seedlings with 4-aminobutyrate 

becoming statistically significant within 1 h of imbibition and alanine 

becoming statistically significant within 48 h of imbibition. Similar 

accumulation of 4-aminobutyrate and alanine were observed when 24-

hour-old aerobically-germinated seedlings were transferred to anoxia (Fig 

6.3) although alanine accumulation, occurring within 1 h, was more rapid 

than that seen in anaerobically-germinated seedlings (Fig 6.1). 

Accumulations of 4-aminobutyrate and alanine were also seen in poplar 

roots within 5 h of flooding (Fig. 6.7), thus adding to the growing body of 

evidence that alanine and 4-aminobutyrate accumulation are highly 
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conserved plant responses to anoxia. It has been proposed that the 

accumulation of 4-aminobutyrate in anoxic plant tissues arises through the 

activation of glutamate decarboxylase (GAD; the cytosolic enzyme which 

catalyses the decarboxylation of glutamate to 4-aminobutyrate) by an 

increase in cytoplasmic H+ concentration and that glutamate 

decarboxylation serves as a proton sink counteracting cytosolic acidosis 

during anoxia (Snedden et al., 1992). GAD activity is also stimulated by 

Ca2+ release which is known to occur during anoxia (Subbaiah et al., 

1994a; Subbaiah et al., 1994b; Subbaiah et al., 1998). Interestingly, 

mitochondria play a direct role in modulating cytosolic Ca2+ concentrations 

during anoxia by releasing their Ca2+ stores under anoxia and taking up 

Ca2+ upon oxygen resupply (Subbaiah et al., 1998). 

Succinate accumulation is another very well known plant metabolite 

response to anoxia (Wager, 1961; Crawford and Tyler, 1969; Menegus et 

al., 1989). In agreement, higher levels of succinate were observed in 

anaerobically germinated rice seedlings compared to aerobic seedlings 

within 12 h of imbibition. Interestingly, succinate accumulation occurred 

more rapidly (within 1 h) when 24-hour-old aerobically-germinated rice 

seedlings were switched to anoxic conditions (Fig. 6.5). Significant 

succinate accumulation also occurred in flooded poplar roots but took 

longer (5-24 h) than in anoxic treatment of aerobic rice seedlings.  
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While the accumulation of succinate during anoxia can easily be 

explained by a blocking of mitochondrial electron transport downstream of 

succinate dehydrogenase due to a lack of oxygen (Crawford and Tyler, 

1969), it is unclear to what degree succinate accumulation could be 

enhanced by an increase in the rate of its synthesis. The synthesis of 

succinate from 2-OG by the actions of the 2-OGDH complex and succinyl-

CoA ligase results in the generation of 1 mole of ATP and 1 mole of NADH 

per mole succinate synthesised. Hence, it has been suggested that 

although ATP production by glycolysis is likely to account for the vast 

majority of cellular ATP supply under anoxia in plants (that can maintain 

ethanolic fermentation), mitochondrial succinate synthesis from 2-OG 

might be a useful source of ATP for mitochondria when the ATP synthesis 

via oxidative phosphorylation is limited by a lack of oxygen (Menegus et 

al., 1988). Menegus et al. (1989) found that a variety of plants with 

different degrees of anoxia tolerance accumulated succinate at similar 

rates under anoxia and hence, could find no correlation between succinate 

accumulation and anoxia tolerance. However, this observation does not 

preclude the possibility that succinate synthesis is important for plant 

survival under anoxia and the phenomenon may be worthy of further 

investigation.  

Another possible source of succinate during anoxia is the oxidation 

of succinic semialdehyde (SSA) by the mitochondrial enzyme, succinic 
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semialdehyde dehydrogenase (Bouche et al., 2003). In plants, SSA is 

produced in the mitochondrial matrix via transamination of 4-

aminobutyrate by 4-aminobutyrate transaminase (GABA-T) (Bouche et al., 

2003). That SSA was rapidly produced in response to anoxia is evidenced 

by the rapid accumulation of 4-hydroxybutyrate during anaerobic rice 

germination (Fig 6.1c), poplar root flooding (Fig. 6.7) and tobacco plant 

submergence (Allan et al., 2008). NADPH-dependent enzymes capable of 

reducing succinic semialdehyde to 4-hydroxybutyrate have been identified 

in Arabidopsis thaliana (Breitkreuz et al., 2003; Simpson et al., 2008), 

however it is unclear whether these are the enzymes responsible for 4-

hydroxybutyrate accumulation in planta because: a) they both exhibit 

much higher affinities for glyoxylate than for SSA; b) they are thought to be 

localized to the cytosol and chloroplast, away from the site of SSA 

production in the mitochondrial matrix; and c) although the cytosolic 

isoform was able to complement a yeast SSADH-deficient mutant, 

interpretation of this finding is complicated by the fact that GABA-T is 

located in the cytosol in yeast (Huh et al., 2003). Interestingly, the large 

and rapid increases in 4-hydroxybutyrate during anaerobic rice 

germination (Fig. 6.1c), poplar flooding (Fig. 6.7) and tobacco plant 

submersion (Allan et al., 2008) were highly transient in nature. This is 

important because the fate of 4-hydroxybutyrate in plants is currently 

unknown and the reactions catalysed by the known 4-hydroxybutyrate 
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dehydrogenase / glyoxylate reductase enzymes are believed to be 

essentially irreversible (Simpson et al., 2008). The above considerations, 

together with the fact that, in the present studies, the declines of 4-

hydroxybutyrate were temporally correlated with the accumulations of 

succinate makes it tempting to speculate that the succinate accumulated 

during anoxia was derived primarily from 4-hydroxybutyrate (via succinic 

semialdehyde) via a reversible 4-aminobutyrate dehydrogenase reaction in 

the mitochondrial matrix. It would therefore be interesting to conduct a 

metabolomic analysis of reaction products resulting from the feeding of 4-

aminobutyrate (together with various combinations of other substrates) to 

isolated rice mitochondria in the absence of oxygen or in the presence of 

antimycin A to determine: a) whether succinic semialdehyde is exported 

from mitochondria; and b) whether mitochondria are capable of 

synthesizing 4-hydroxybutyrate. It would also be interesting to carry out a 

similar experiment to determine whether mitochondria are capable of 

utilizing 4-hydroxybutyrate to generate succinate.  

6.3.2 Anoxia-induced putrescine accumulation requires 
prior development in aerobic conditions  

Another metabolite response that has been reported to occur under 

anoxia in rice plants is the accumulation of putrescine (Reggiani et al., 

1989). Reggiani et al (1989) demonstrated that compared to rice seedlings 
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that had been germinated under normoxia for 5 days, rice seedlings that 

had been germinated under normoxia for 3 days and then transferred to 

anoxia for 2 days contained 2.5-fold higher levels of putrescine in both the 

coleoptile and root (Reggiani et al., 1989). A similar result was observed in 

this study: when 1-day-old aerobically-germinated rice seedlings were 

transferred to anoxia for 1 day, they were found to have a statistically 

significant 2.25-fold higher level of putrescine than control seedlings (Fig. 

6.3). Flooding of poplar roots also appeared to increase putrescine levels 

but these increases were not statistically significant (Fig. 6.7). 

Interestingly, no increase in putrescine was observed in rice seedlings that 

had been germinated entirely anaerobically, even after 48 h (Fig. 6.1c). 

This is interesting because it shows that pre-acclimation in air is a 

prerequisite for anoxia-induced putrescine accumulation. It has been 

suggested that the accumulation of putrescine in response to anoxia 

(through the decarboxylation of arginine) may help to ameliorate the 

effects of anoxia-induced acidosis by consuming protons in the 

decarboxylase reaction and providing basic counter-ions (Reggiani et al., 

1989). 
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6.3.3 Anoxia-induced malate accumulation is not a 
conserved feature of flooding-tolerant plant species 

Malate is another metabolite that has been shown to accumulate in 

response to flooding (Crawford and Tyler, 1969). Crawford et al (1969) 

found a correlation between flooding-induced malate accumulation and 

flooding tolerance in a range of European native plants. However, in this 

study, no increases in malate were observed in anaerobically-germinated 

rice seedlings or anoxia-treated aerobically-germinated rice seedlings. 

Unfortunately, overloading of the malate GC/MS peak prevented automatic 

detection in the poplar dataset. However, manual inspection of the poplar 

GC/MS chromatograms indicated no change in malate in flooded roots 

(data not shown). These observations clearly suggest that malate 

accumulation in response to anoxia is not a conserved feature of anoxia-

tolerant plant species. 

6.3.4 Oxygen deprivation causes decreases in TCA-cycle 
linked amino acids but glutamate and 2-OG levels are 
remarkably stable in flooding tolerant species 

Reggiani et al (1988) showed that anaerobic treatment of excised, 

aerobically-grown rice roots caused, in addition to the well known 

accumulation of alanine and 4-aminobutyrate: sustained increases in 

proline, transient decreases in aspartate, asparagine, glutamate and 

glutamine and a sustained decrease in 2-OG. These findings were largely 
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confirmed in this study (Fig. 6.1c, Fig. 6.3 and Fig. 6.7), although aspartate 

tended to be much more strongly affected than asparagine in anoxia-

treated rice seedlings and 2-OG was increased rather than decreased in 

flooded poplar roots (Fig. 6.7). The anoxia/hypoxia-induced responses 

seen here are, on the whole, very similar to those seen for antimycin A 

treatment of Arabidopsis cell suspensions in Chapter 4. As discussed in 

Chapter 4 (Section 4.4.1), this pattern of metabolite changes is consistent 

with a decrease of flux through the TCA cycle and reduced ATP 

availability. Reduced citrate levels during anaerobic rice germination (Fig. 

6.1c) and following anoxic treatment of aerobically-germinated rice 

seedlings (Fig. 6.3) are also consistent with a decrease of flux into the 

TCA cycle. Interestingly, glutamate and 2-OG were much more stable 

under anoxic/hypoxic treatment of these flooding-tolerant species than 

was observed in Arabidopsis cell suspensions in which respiration had 

been inhibited by antimycin A (Fig. 4.3b). Moreover, unlike in antimycin A-

treated cell cultures, in all cases where an anoxia/hypoxia-induced 

decrease in glutamate was observed in rice seedlings or poplar roots, the 

decrease was followed by an increase (Fig. 6.1c, Fig. 6.3, Fig. 6.7). A 

recent, relatively limited NMR-based metabolite profiling analysis 

confirmed that glutamate levels are significantly reduced in Arabidopsis 

seedlings treated with anoxia for 9 hours (Branco-Price et al., 2008), 

however, longer durations of anoxia were not studied and it is not clear 
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whether glutamate would have recovered or continued to decrease. 

Arabidopsis thaliana is thought to be a relatively hypoxia-sensitive species 

(Kreuzwieser et al., 2008) and it is tempting to speculate that an important 

aspect of anoxia tolerance lies in the ability to prevent depletion of 

glutamate and 2-OG since they are two of the most highly connected 

metabolites in the plant metabolic network. Indeed, the general stabilities 

of glutamate and 2-OG levels and the likelihood of complex mechanisms 

to maintain the levels of these metabolites have been noted previously 

(Stitt and Fernie, 2003). It might, therefore, be worthwhile to conduct 

metabolomic analyses of the effects of flooding on a wider range of 

species with varying degrees of flooding tolerance to determine whether 

there is any correlation between maintenance of 2-OG and glutamate 

levels (or any other metabolite response phenomena) and flooding 

tolerance. 

6.3.5 Urate accumulation: a novel conserved response to 
oxygen-deprivation in plants 

One of the most interesting findings from the work presented in this 

chapter was the extremely rapid accumulation of a metabolite putatively 

identified as urate. Urate exhibited the largest fold change of all the 

anoxia-responsive metabolites in rice seedlings and poplar roots, being 

more than 500-fold higher in 48-hour-old anaerobic rice seedlings than in 



Chapter 6 Probing the influence of oxygen on the plant metabolome  
 
 
 

 

179

48-hour-old aerobic seedlings, 160-fold higher in 24-hour-old aerobically 

germinated seedlings subjected to anoxia for 24 h, and 61-fold higher than 

control samples in poplar roots flooded for 168 h (Fig. 6.7). The 

accumulation of urate in response to oxygen deprivation does not appear 

to have been reported previously in plants. However, urate has been 

shown to accumulate in humans suffering hypoxia and has been 

employed as a biomarker for hypoxic stress in humans (Jensen et al., 

1980; Mehes et al., 1981; Saito et al., 2002). Urate is one of the final 

products of the purine degradation pathway (Kim et al., 2007). It is rich in 

nitrogen and its catabolism is important for the recycling of nitrogen 

contained in purine nucleotides (Kim et al., 2007). It is not clear to what 

degree urate accumulation was driven by increased rate of purine 

degradation. However, the fact that the first step in urate catabolism is an 

oxygen-dependent reaction (Kim et al., 2007) suggests that a block in 

urate catabolism (due to a lack of oxygen) may have played a significant 

role in urate accumulation in oxygen-deprived plant tissues. This 

hypothesis is supported by the lack of urate accumulation in antimycin A-

treated Arabidopsis cells (in fact urate was below the detection limit in all 

cell culture samples studied in Chapter 4; data not shown) since oxygen 

was not excluded from the cell culture system during antimycin A 

treatment. An interesting question is whether urate accumulation under 

oxygen deprivation is beneficial or otherwise to plants. Indeed, the fact 
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that urate is a potent antioxidant has led to the suggestion that urate 

accumulation in the plasma of humans exposed to hypoxia may serve as 

an important antioxidant defense system capable of contributing to the 

detoxification of reactive oxygen species which are known to be produced 

during hypoxia (Baillie et al., 2007).  
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a) Germination in Air /  

Dry Seed 
 

b) Germination in Nitrogen / 
Dry Seed 

  
c) Germination in 

Nitrogen / 
Germination in Air 

Chemical 
Class 

Metabolite Name  1  3  6  12  24  48    1  3  6  12  24  48     1  3  6  12  24  48 

Threonate  0.57 0.29 0.35 5.06 
30.3

3 
47.3

6 
  0.71 0.66 0.47 0.36 0.32 0.84   

1.2
5 

2.31 1.32 0.07 0.01 0.02 

Shikimate  1.01 1.41 4.22 
26.3

8 
77.7

1 
720.
97 

  0.95 1.39 2.93 3.77 7.88 46.92   0.9
4 

0.98 0.69 0.14 0.1 0.07 

[2‐Keto‐l‐gluconic acid, 
penta(O‐trimethylsilyl)‐

, MS81, RI1747.6] 

1.5 0.95 1.14 1.42 3.47 
24.0

4 
  1.24 0.82 1.17 1.26 1.24 2.31   0.8

3 
0.86 1.03 0.88 0.36 0.1 

2‐Oxoglutarate 
12.0

6 
14.6

4 
9.22 7.4 

18.9
6 

40.9
9 

  
19.3

5 
11.7

9 
14.0

8 4.64 2.44 7.77   1.6 0.81 1.53 0.63 0.13 0.19 

Isocitrate  0.76 0.67 0.63 0.42 0.54 1.04  0.78 0.8 0.79 0.47 0.14 0.2   1.0
3 

1.19 1.27 1.14 0.25 0.19 

Glycerate  0.98 1.04 0.99 1.49 2.17 6.72   1.2 1.44 1.14 1.15 1 2.68   1.2
3 

1.38 1.15 0.77 0.46 0.4 

Citrate  1.14 1.04 0.98 0.87 0.97 1.24   1.14 1.27 1.08 0.85 0.33 0.51   1 1.22 1.1 0.97 0.34 0.42 

Malate 
14.5

1 
30.3

6 
44.9

6 
51.1

9 
75.8 

125.
55 

  
10.7

8 
22.8

6 
31.6

6 
51.0

9 
52.7

1 
147   

0.7
4 

0.75 0.7 1 0.7 1.17 

[2‐Keto‐l‐gluconic acid, 
penta(O‐trimethylsilyl)‐

, MS86, RI1774.2] 

0.77 0.76 0.68 0.87 0.81 0.98  0.84 0.85 1.04 1.03 0.88 1.62   1.0
8 

1.12 1.52 1.19 1.08 1.65 

[2‐OH‐glutaric acid 
(3TMS), MS91, 

RI1573.4, Putative but 
Unconfirmed] 

0.99 0.71 0.42 0.25 0.32 0.5   1.12 1.33 1.52 1.36 0.53 0.87   
1.1
3 1.87 3.62 5.44 1.67 1.74 

[3‐Methyl,3‐OH‐glutaric 
acid (3TMS), MS87, 

RI1601.6, Putative but 
Unconfirmed] 

1.01 0.82 0.92 1.22 0.62 0.51  0.64 1.14 0.94 1.21 0.96 1.05   
0.6
4 

1.38 1.03 0.98 1.54 2.08 

cis‐Aconitate  3.68 3.11 3.2 2.1 1.38 0.99  3.43 3.53 3.97 3.06 1.99 2.09   0.9
3 

1.14 1.24 1.45 1.44 2.1 

[Gamma‐
hydroxybutyric acid 
(2TMS), MS89, 

RI1236.5, Putative but 
Unconfirmed] 

1.02 0.83 1.02 0.68 0.66 0.79  4.43 
15.7

3 
14.8

5 
2.97 0.85 1.68   

4.3
4 

18.9
1 

14.5
1 

4.4 1.28 2.13 

[Pyruvic acid 
methoxime (1TMS), 

MS87, RI1019, Putative 
but Unconfirmed] 

9.68 9.32 9.68 10.24
14.6

4 
7.43   9.7 8.51 8.1 

13.3
1 

4.67 16.92   1 0.91 0.84 1.3 0.32 2.28 

Nicotinate  0.68 0.68 0.67 0.56 0.4 0.44   0.85 0.81 0.89 0.96 0.68 1.11   
1.2
6 

1.19 1.32 1.73 1.7 2.54 

[Butanoic acid, 2‐oxo‐, 
bis(trimethylsilyl) 

deriv., MS63, RI1192.8] 

0.75 0.81 0.96 1.47 1.56 0.68  0.89 0.87 0.79 1.61 1.01 2.45   1.1
9 

1.07 0.82 1.1 0.65 3.61 

[4‐hydroxybenzoic acid 
(2TMS), MS88, 

RI1634.7] 

1.26 0.47 1.34 0.47 0.77 0.79  0.66 0.72 0.76 0.87 0.97 3.31   0.5
2 

1.55 0.57 1.83 1.25 4.18 

[trans‐Sinapinic acid 
(2TMS), MS95, 

RI2245.8, Putative but 
Unconfirmed] 

0.78 0.64 0.49 0.81 0.44 0.31   0.98 1.06 0.99 0.97 0.93 1.41   
1.2
5 

1.64 2.03 1.2 2.11 4.5 

Fumarate  2.55 2.82 2.89 2.5 2.59 3.02   2.38 4.3 4.86 6.17 6.8 13.87   0.9
3 1.52 1.68 2.46 2.63 4.6 

Glycolate  0.73 0.63 0.65 0.51 0.62 0.35   0.73 0.89 0.83 1.4 1.98 2.94   1 1.42 1.27 2.74 3.2 8.5 

[Lactic acid (2TMS), 
MS95, RI1028.1, 
Putative but 
Unconfirmed] 

1.27 1.86 1.28 2.02 0.72 0.45  1.25 4.89 3.75 5.88 1.33 5.14   0.9
9 

2.63 2.94 2.9 1.85 11.3 

Organic 
Acid 

Succinate  2.71 2.95 3.21 1.29 0.94 0.89  1.49 2.41 4.03 9.66 
15.4

1 
52.04   

0.5
5 

0.81 1.26 7.49 
16.4

7 
58.2

5 
[Oleamide (1TMS), 
MS82, RI2428.8] 

0.25 0.2 0.42 0.33 0.24 0.57  0.52 0.52 0.33 0.57 0.38 0.76   
2.0
5 

2.64 0.79 1.74 1.61 1.35 

[Ethanolamine (3TMS), 
MS90, RI1265.4, 
Putative but 
Unconfirmed] 

15.7
2 

13.3
2 

15.2
2 

17.5
4 

24.3 
36.9

3 
  14.3 

14.5
6 

14.9
7 

24.5
6 

20.4
4 

50.53   0.9
1 

1.09 0.98 1.4 0.84 1.37 

[Butane, 2,3‐
bis(trimethylsiloxy)‐, 
MS73, RI1409.8] 

0.46 1.27 1 1.9 2.68 3.85   0.41 1.07 0.61 2.72 1.9 6.63   0.9 0.85 0.61 1.43 0.71 1.72 

Miscellane
ous 

[Hydroxylamine 
(3TMS), MS98, 

RI1091.5, Putative but 
Unconfirmed] 

0.99 0.8 1 0.7 0.37 0.36   0.9 1.03 0.76 1.55 0.62 0.99   
0.9
1 

1.29 0.75 2.22 1.66 2.71 
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[Unknown 
Ethanolamine (3TMS), 

MS59, RI1538.3] 

1.1 1.1 1.31 0.99 1.2 1.02  0.65 0.65 1 2.6 1.71 3.08   0.5
9 0.6 0.77 2.63 1.43 3.03 

[N‐Trimethylsilyl‐2‐
pyrrolidinone, MS88, 

RI1137.1] 

1.35 1.26 1.15 0.89 1.33 0.78  1.49 1.55 1.72 2.93 3.41 5.54   1.1
1 

1.23 1.49 3.32 2.56 7.15 

[Inositol 
monophosphate, MS94, 
RI2407.7, Putative but 

Unconfirmed] 

2.78 3.21 3.46 4.45 
12.8

8 
18.5

7 
  2.49 2.96 3.1 5.37 4.54 8.47   0.8

9 
0.92 0.9 1.21 0.35 0.46 

[Phosphoric acid, 
bis(trimethylsilyl)mono
methyl ester, MS91, 
RI1170.6, Putative but 

Unconfirmed] 

5.94 5.62 8.21 4.75 4.78 9.83   5.12 6.46 6.67 5.42 5.56 8.13  
0.8
6 

1.15 0.81 1.14 1.17 0.83 

Phosphate  1.17 1.17 1.37 1.71 3.38 6.86   1.1 1.36 1.58 2.87 3.63 9.91   0.9
5 

1.16 1.16 1.68 1.07 1.45 

Glyceric acid‐3‐
phosphate 

10.0
6 

12.2
4 

15.0
5 

19.9
3 

31.6
1 

35.5
8 

  
15.8

3 
21.1

4 
26.9

3 
35.3

2 
53.6

5 
122.9   1.5

7 
1.73 1.79 1.77 1.7 3.45 

[Glycerol‐2‐phosphate 
(4TMS), MS81, 

RI1723.5] 

1.14 1.5 1.31 0.88 0.6 0.45   1.04 1.37 2.03 1.98 1.86 2.16   0.9
1 

0.92 1.55 2.26 3.12 4.78 

Phospho 
Compound 

[Glycerol‐3‐phosphate 
(4TMS), MS93, 

RI1759.6, Putative but 
Unconfirmed] 

1.64 1.45 1.6 1.06 0.47 0.22   1.42 1.37 2.5 2.38 2.25 1.86   0.8
6 

0.95 1.56 2.24 4.79 8.62 

Aspartate  0.9 0.9 0.42 0.29 0.3 1.47  0.27 0.05 0.11 0.31 0.23 0.48  0.3 0.06 0.25 1.07 0.75 0.33 

4‐Hydroxyproline  0.68 0.76 1.26 2.23 3.32 7.05   0.62 0.74 0.97 1.36 1.26 3.87   0.9
1 

0.97 0.77 0.61 0.38 0.55 

beta‐Alanine  0.93 0.75 0.93 2.1 6.77 4.89   0.76 0.83 0.71 1.29 1.18 4.14   0.8
1 

1.1 0.76 0.61 0.18 0.85 

Glutamine  3.35 9.35 6.81 7.81 6.28 21.5   1.95 2.48 3.46 4.11 
11.1

2 
24.43   0.5

8 0.27 0.51 0.53 1.77 1.14 

Asparagine  1.41 1.23 0.45 0.11 0.25 0.56  1.21 1.14 0.71 0.12 0.18 0.72  
0.8
6 

0.92 1.56 1.07 0.75 1.29 

Serine  1.33 2.11 2.73 5.08 6.79 8.63   1.2 1.65 1.24 2.21 5.01 13.1   0.9
1 

0.78 0.45 0.44 0.74 1.52 

Pyroglutamate  0.92 0.95 0.97 1.11 0.91 1.06  0.85 0.97 1.23 1.75 0.95 1.74   0.9
2 

1.02 1.26 1.57 1.04 1.64 

Tryptophan  0.91 1.19 1.02 1.14 1.73 1.48   1.27 1.11 1.62 1.42 1.85 2.8   1.4 0.93 1.59 1.25 1.06 1.9 

Glutamate  0.99 1.07 1.15 1.47 1.45 1.38   0.76 0.81 1.43 2.15 1.25 2.67   0.7
6 0.76 1.24 1.46 0.86 1.94 

Threonine  0.78 1.03 1.51 2.61 1.92 1.86  0.75 0.87 0.9 2.64 1.98 4.31   0.9
6 

0.84 0.6 1.01 1.03 2.31 

2‐Aminoadipate  0.78 1.03 0.87 2.51 9.57 8.11   0.89 1.14 1.43 1.79 5.33 19.47   1.1
4 

1.11 1.64 0.72 0.56 2.4 

Isoleucine  0.98 1.28 1.01 4 8.18 8.42   0.74 1.03 0.92 3.1 7.11 23.25   0.7
5 

0.8 0.91 0.78 0.87 2.76 

Methionine  0.87 1.43 1.88 7.28 12.6 
13.5

7 
  0.48 0.44 0.55 5.63 

13.9
4 

41.86   
0.5
5 

0.31 0.29 0.77 1.11 3.08 

2‐Aminobutyrate  1.29 1.14 1.81 4.99 7.54 1.53   0.99 0.9 0.92 3.44 3.92 5.25   0.7
7 

0.79 0.51 0.69 0.52 3.44 

Lysine  1.05 1.34 1.8 4.25 6.9 4.22   1.02 1.17 1.79 4.73 6.77 16.68   0.9
7 

0.88 0.99 1.11 0.98 3.96 

4‐Aminobutyrate  4.45 2.42 2.49 3.28 8.58 6.13   4.53 4.71 5.15
17.0

6 
17.6

3 
29.59   1.0

2 1.95 2.07 5.2 2.06 4.83 

Valine  1.02 1.4 1.78 5.62 9.54 6.34   0.87 1.05 1.37 6.84 
10.8

4 
31.76   0.8

5 0.75 0.77 1.22 1.14 5.01 

Phenylalanine  1.36 1.53 1.47 4.72 
12.5

9 
12.0

3 
  0.93 0.85 1.17 5.07 

14.6
1 

69.65   0.6
8 

0.56 0.8 1.07 1.16 5.79 

Proline  1.03 1.09 1.2 1.63 2.51 1.69   0.92 1.03 1.11 2.35 3.82 9.86   0.8
9 

0.94 0.93 1.44 1.52 5.84 

Leucine  0.98 1.32 1.66 5.79 
11.6

3 
7.82   0.85 1.28 1.28 5.93 

12.7
6 

45.77   0.8
6 

0.96 0.77 1.02 1.1 5.85 

Arginine  1.02 1.3 1.24 2.32 3.32 1.34  0.95 1 1.53 2.22 4.55 9.31   0.9
3 

0.77 1.23 0.95 1.37 6.97 

Ornithine  0.98 0.92 1.03 1.89 2.63 0.9  1.12 0.89 1.29 1.92 2.85 6.54   1.1
4 

0.97 1.26 1.02 1.08 7.23 

Tyrosine  1.42 1.5 1.57 2.97 4.54 3.74   1.31 1.44 1.85 3.4 7.26 28.47   0.9
2 

0.96 1.18 1.15 1.6 7.62 

Glycine  1.13 0.9 1.26 2.11 1.78 0.88  1.06 0.97 1.44 10.56 3.85 9.06   0.9
4 

1.07 1.14 5.01 2.16 
10.3

4 

Homoserine  0.85 0.58 0.77 0.73 1.71 1.11  0.73 0.63 0.5 1.7 3.08 16.93   0.8
6 

1.09 0.65 2.33 1.8 15.2 

Alanine  0.6 0.68 0.69 1.84 2.09 0.33   0.91 0.95 0.78 3.7 2.29 5.44   1.5
2 

1.41 1.13 2.01 1.1 
16.4

3 

Amino 
Acid 

[L‐Alanine, N‐
(trifluoroacetyl)‐, 
trimethylsilyl ester, 
MS85, RI1044.6] 

1.43 0.86 1.74 2.58 2.38 0.36   1.11 1.63 2.19 6.63 4.66 12.92   0.7
8 

1.9 1.26 2.57 1.96 
35.6

6 

Urea  0.63 0.78 0.33 0.67 0.01 0.01   0.37 0.73 0.41 0.83 0.05 0.02   0.5
9 

0.94 1.23 1.24 3.96 1.62 Nitrogen‐
rich 

Allantoin  1.29 0.86 1.36 0.65 0.44 0.21   0.94 0.87 1.09 1.21 0.7 0.89  
0.7
3 

1.02 0.8 1.87 1.58 4.28 
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Compound  [Uric acid (4TMS), 
MS81, RI2094.8, 
Putative but 
Unconfirmed] 

0.63 1.15 1.12 3.53 
112.2

6 1.72   1.09 1.42 4.77
43.7

5 
189.
55 

958.7
2 

  1.7
4 

1.23 4.25 
12.3

9 
1.69

557.
25 

[Unknown Probable 
Sugar, RI1824.1] 

0.41 1.28 3.16 
11.7

8 
11.0

8 
14.9

7 
  0.32 0.33 0.77 1.3 2.07 2.05   0.7

7 
0.26 0.24 0.11 0.19 0.14 

[Unknown Probable 
Sugar, RI1855.4] 

0.54 0.87 3.92 
11.1

5 
17.6

9 
28.8   0.73 0.74 1.49 4.22 4.81 12.12   1.3

7 
0.86 0.38 0.38 0.27 0.42 

[Unknown Possibly 
Tryptophan Related, 

RI1426.0] 

0.81 0.6 0.54 0.37 0.33 1.28  0.7 0.36 0.24 0.26 0.33 0.58   0.8
6 0.59 0.44 0.7 1.02 0.45 

[Unknown, RI1787.6]  1.57 4.72 
29.1

3 
81.9

9 
63.7

5 
86.2

9 
  0.67 1.66 4.58 18.7 

26.6
7 

70.22   0.4
3 0.35 0.16 0.23 0.42 0.81 

[Unknown, RI1530.4]  1.27 1.55 1.39 2.29 1.81 2.2   1.88 3.45 3.49 2.86 2.28 2.15   1.4
8 

2.22 2.51 1.25 1.26 0.98 

[Unknown Closely 
Related to Tryptamine 

2TMS, RI1505.1] 

0.84 1.11 1.5 1.57 3.01 2.34  0.65 1.06 0.99 1.9 1.18 2.54   0.7
7 

0.95 0.66 1.21 0.39 1.09 

[Unknown, RI1733.3]  1.72 6.02 
34.8

7 
130.
33 

76.2
8 

61.9
9 

  0.83 0.73 5.5 
22.8

7 
41.4 72.14   0.4

8 0.12 0.16 0.18 0.54 1.16 

[Unknown, RI2731.2]  0.84 0.83 0.89 1.74 1.55 1.07  0.53 1.16 0.97 1.93 1.89 1.5   
0.6
3 

1.4 1.08 1.11 1.22 1.41 

[Unknown, RI2767.2]  0.72 0.69 0.81 0.42 0.4 1.09  0.97 0.83 0.83 0.66 0.76 1.67   1.3
5 

1.21 1.01 1.55 1.88 1.53 

[Unknown, RI2773.8]  0.74 0.62 0.75 0.38 0.36 0.48   0.9 0.77 0.87 0.87 0.53 0.93   
1.2
2 

1.24 1.16 2.31 1.48 1.91 

[Unknown, RI1346.3]  0.86 0.69 0.79 0.2 0.28 0.54   1.93 1.28 0.52 0.8 0.35 1.09   
2.2
5 

1.85 0.66 3.93 1.25 2.02 

[Unknown, RI2754.9]  0.82 0.85 0.88 1.96 1.38 0.69  0.53 1.21 0.81 1.76 1.63 1.46   
0.6
5 

1.43 0.92 0.9 1.18 2.12 

[Unknown, RI2744.6]  0.75 0.8 0.87 0.68 2.26 3.42   1.03 0.94 1.08 1.54 7.18 7.43   1.3
7 

1.17 1.24 2.26 3.17 2.17 

[Unknown, RI2555.7]  0.6 0.5 0.88 0.52 0.33 0.36   0.72 0.7 0.6 1.27 0.52 0.82   
1.1
9 

1.41 0.68 2.44 1.57 2.26 

[Unknown Possible 
Organic Acid, RI1411.1] 

0.77 0.65 0.68 0.58 1.23 2.6   0.7 0.97 0.7 1.56 1.09 6.07   0.9
1 

1.49 1.04 2.68 0.89 2.33 

[Unknown, RI2573.6]  0.62 0.45 0.55 0.79 0.35 0.21   0.26 0.66 0.51 0.81 0.62 0.51   
0.4
2 

1.46 0.94 1.03 1.77 2.42 

[Unknown, RI2567.4]  0.64 0.46 0.56 0.81 0.36 0.22   0.3 0.66 0.53 0.81 0.65 0.53   
0.4
7 

1.41 0.95 1.01 1.79 2.43 

[Unknown, RI1217.2]  0.68 0.57 0.82 0.63 0.54 0.43  0.73 0.79 0.66 1.25 0.66 1.11   
1.0
8 

1.38 0.81 1.99 1.22 2.58 

[Unknown, RI1465.7]  1.16 0.59 1.29 0.47 0.35 0.6  0.58 1.5 1.16 1.21 0.84 1.57   0.5 2.54 0.9 2.58 2.39 2.59 

[Unknown, RI2293.0]  0.75 0.88 0.89 1.06 0.86 0.61  1.1 0.94 1.45 1.29 1.42 1.61   1.4
7 

1.07 1.63 1.23 1.65 2.65 

[Unknown, RI3164.7]  0.95 0.8 1.67 1.2 0.56 0.72  1.29 0.83 1.09 2.38 0.84 2.2   1.3
6 

1.03 0.66 1.97 1.5 3.07 

[Unknown 2‐
Piperidone, 1‐

(trimethylsilyl)‐3‐
[(trimethylsilyl)amino]‐, 

MS71, RI1456.4] 

0.85 0.82 0.78 1.04 2.26 1.09  0.64 0.76 0.63 2.37 2.3 5.21   0.7
6 

0.92 0.8 2.27 1.02 4.76 

[Unknown Probable 
Disaccharide, RI2962.2] 

1.75 4.58 8.47 1.96 0.64 0.37   1.65 4.46 7.55 6.36 1.7 2.17   0.9
4 

0.97 0.89 3.24 2.65 5.91 

[Unknown Probable 
Sugar or Sugar 

Derivative, RI1583.9] 

0.84 0.76 0.53 0.6 1.15 1.53  0.75 0.95 0.79 1.48 2.32 9.61   0.8
9 

1.25 1.5 2.45 2.02 6.27 

Unknown 

[Unknown Similar to 
Proline 2TMS, RI1614.8] 

1.1 1.56 0.95 4.79 
13.2

2 
2.82  0.72 0.39 0.59 4.89 11.11 30.84   0.6

5 0.25 0.62 1.02 0.84
10.9

4 

Galactitol  0.89 1.61 5.72 
22.0

9 
58.6 

43.8
1 

  1.12 1.82 5.3 9.23 7.73 14.44   1.2
5 

1.13 0.93 0.42 0.13 0.33 

Mannitol  0.43 0.46 0.43 0.63 1.03 6.39  0.23 0.31 0.34 0.69 1.11 2.53   0.5
4 0.66 0.79 1.09 1.08 0.4 

Sorbitol  0.88 1.54 0.95 1.32 1.07 2.14  1.33 1.05 2.24 1.94 0.75 2.11   
1.5
1 

0.68 2.36 1.47 0.69 0.99 

Sugar 
Alcohol 

meso‐Erythritol  0.43 0.33 0.15 0.13 0.11 0.21   0.49 0.35 0.31 0.17 0.1 0.24   
1.1
3 

1.05 2.08 1.32 0.94 1.14 

[D‐Mannopyranoside, 
methyl 2,3,4,6‐tetrakis‐

O‐(trimethylsilyl)‐, 
MS80, RI1844.6] 

0.97 1.09 1.36 3.44 9.89 
133.
66 

  1.03 1.6 1.25 2.08 1.92 5.02   1.0
6 

1.47 0.92 0.6 0.19 0.04 

[D‐Glucose, 2,3,4,5,6‐
pentakis‐O‐

(trimethylsilyl)‐, MS87, 
RI1966.6] 

1.31 1.48 1.51 19.3 
26.6

3 
48.5   1.2 1.63 1.4 1.91 2.9 3.98   0.9

1 
1.1 0.92 0.1 0.11 0.08 

[D‐Fructose, 6‐O‐
[2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐
glucopyranosyl]‐
1,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, 79] 

0.81 0.89 0.88 
12.7

7 
35.0

5 
79.8

2 
  0.85 0.93 0.84 1.13 2.38 7.14   1.0

5 
1.04 0.96 0.09 0.07 0.09 

Carbohydr
ate 

[Arabinofuranose, 
1,2,3,5‐tetrakis‐O‐

(trimethylsilyl)‐, MS75, 
RI1777.7] 

0.91 0.9 1.02 3.85 9.24 
21.2

6 
  0.88 0.94 1.08 1.3 1.14 3.08   0.9

7 
1.04 1.06 0.34 0.12 0.15 
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Xylose  1.27 1.13 1.05 2.29 8.34 35.7   0.84 1.37 1.66 2.23 2.8 9.45   0.6
6 

1.21 1.58 0.97 0.34 0.26 

[Gulose, 2,3,4,5,6‐
pentakis‐O‐

(trimethylsilyl)‐, MS82, 
RI2171.7] 

0.83 0.89 1.18 1.54 5.13 
12.1

2 
  0.72 0.96 1.72 1.78 2.37 3.31   0.8

7 
1.08 1.46 1.16 0.46 0.27 

Galactose  1.09 1.47 2.83 
50.8

2 
118.
04 

104.
92 

  0.84 1.4 1.52 4.19 9.97 38.02   0.7
7 

0.96 0.54 0.08 0.08 0.36 

Trehalose  0.53 0.44 0.58 0.53 0.96 4.54   0.53 0.5 0.55 0.51 0.36 1.64  1 1.14 0.95 0.97 0.38 0.36 

[Sedoheptulose 
methoxime (6TMS), 
MS84, RI2122.6] 

0.74 1.38 1.6 3.06 7.88 18.4   0.71 1.04 1.03 1.77 1.92 6.98   0.9
6 

0.75 0.64 0.58 0.24 0.38 

[D‐Galactofuranose, 
1,2,3,5,6‐pentakis‐O‐
(trimethylsilyl)‐, MS78, 

RI1833.2] 

0.98 1.03 1.15 3.81 5.48 7.73   0.89 1.14 0.93 1.48 1.56 2.97   0.9
1 

1.1 0.81 0.39 0.28 0.38 

[Unknown Sugar, 
RI2389.1] 

0.89 0.66 0.72 0.83 1.79 3.16   0.79 0.9 0.99 1.28 1.3 1.3  
0.8
9 

1.36 1.38 1.54 0.73 0.41 

[Sedoheptulose 
methoxime (6TMS), 
MS86, RI2116.9] 

0.9 1.34 1.48 2.31 6.34 
12.7

5 
  0.95 0.96 1.31 2.21 2.11 5.35   1.0

6 
0.71 0.88 0.95 0.33 0.42 

Arabinose  0.64 0.66 0.74 1.5 5.25 
10.5

4 
  0.54 0.71 0.88 1.15 1.72 5.01   0.8

4 
1.08 1.19 0.76 0.33 0.48 

Gentiobiose  0.76 0.82 0.79 0.59 0.77 1.85   1.02 0.96 1.01 0.76 0.5 0.88  
1.3
4 

1.17 1.27 1.29 0.65 0.48 

[Arabinofuranose, 
1,2,3,5‐tetrakis‐O‐

(trimethylsilyl)‐, MS70, 
RI1607.5] 

0.82 0.95 0.82 1.16 1.2 3.25  1.2 1.41 1.03 1.37 0.94 1.91   1.4
6 

1.49 1.26 1.18 0.78 0.59 

Cellobiose  0.69 0.61 0.71 0.78 1.06 1.64   0.89 0.68 0.84 0.72 0.7 1.12  
1.2
9 

1.13 1.18 0.92 0.66 0.68 

Ribose  2.46 1.68 1.93 2.57 5.62 
16.2

9 
  1.94 2.12 1.66 3.86 5.28 13.11   0.7

9 
1.26 0.86 1.5 0.94 0.81 

Fructose  0.89 1.67 3.3 
78.1

3 
52.2

3 
61.9   0.93 1.1 1.23 4.34 

13.3
4 

51.06   1.0
5 

0.66 0.37 0.06 0.26 0.82 

[D‐Glucopyranoside, 
1,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐D‐

fructofuranosyl 2,3,4,6‐
tetrakis‐O‐

(trimethylsilyl)‐, MS90]

1.41 1.07 0.58 0.08 0.05 0.04   1.36 1.28 1.21 0.3 0.04 0.04   0.9
6 

1.19 2.08 3.8 0.75 0.95 

[D‐glycero‐D‐gulo‐
heptose methoxime 

(6TMS), MS77, 
RI2350.8] 

0.95 0.92 0.77 1.11 1.63 1.81   0.98 1 1.6 1.13 1.29 1.8   1.0
3 

1.09 2.07 1.02 0.79 0.99 

[2‐O‐Glycerol‐d‐
galactopyranoside 
(6TMS), MS88, 

RI2301.6] 

1.17 1.38 2.57 2.95 5.89 9.39   1.25 1.32 1.52 3.74 3.57 9.78   1.0
7 

0.96 0.59 1.27 0.61 1.04 

[D‐Ribofuranose, 
1,2,3,5‐tetrakis‐O‐

(trimethylsilyl)‐, MS83, 
RI1764] 

0.81 0.78 1.04 0.48 0.37 0.8  0.77 1.12 0.74 1.6 0.72 0.87  
0.9
5 

1.43 0.71 3.32 1.92 1.1 

[Sedoheptulose 
methoxime (6TMS), 
MS85, RI2094.1] 

0.95 0.87 0.89 1.13 2.04 2.4   0.97 1.08 1.58 1.02 1.19 3.08   1.0
2 

1.24 1.78 0.9 0.58 1.28 

[Melibiose (8TMS), 
MS82, RI3094.1] 

1.03 1.04 1.04 0.16 0.06 0.08   1.1 1.22 1.55 1.14 0.17 0.12   1.0
7 

1.18 1.5 6.95 2.92 1.45 

[Raffinose (11TMS), 
MS94, Putative but 

Unconfirmed] 

1.36 1.08 0.57 0.03 0.01 0.01   1.28 1.26 1.15 0.3 0.02 0.01   0.9
4 

1.17 2.01 
12.1

3 
3.62 1.67 

Glucose  1.23 1.62 3.32 
78.1

5 
46.1

5 
24.2

7 
  1.22 1.51 1.6 4.24 

11.5
5 

48.79   0.9
9 

0.93 0.48 0.05 0.25 2.01 

[beta‐D‐Glc‐(1,6)‐D‐Glc 
EZ Peak 1, MS95, 

RI2837.6] 

0.73 0.66 0.92 0.73 0.65 0.55   0.9 0.76 1.01 1.16 0.92 1.14  
1.2
4 

1.16 1.11 1.59 1.42 2.07 

Maltose  0.75 0.8 0.87 0.64 2.69 3.88   1.03 0.87 1.08 1.62 8.09 8.05   1.3
7 

1.08 1.24 2.54 3.01 2.08 

[Maltose methoxime 
(8TMS) EZ Peak 1, 
MS92, RI2717.6] 

1.14 1.14 1.35 1.12 5.79 7.8   1.49 1.66 1.67 5.25 
22.4

6 
19.38   1.3 1.46 1.23 4.69 3.88 2.48 

[Per‐O‐trimethylsilyl‐(3‐
O‐d‐mannopyranosyl‐4‐
O‐d‐glucopyranosyl‐d‐

glucitol), MS72, 
RI2808.4] 

0.52 0.45 0.48 1.76 1.1 0.28  0.36 1.98 0.45 1.24 0.82 0.72  0.7 4.4 0.95 0.7 0.75 2.53 

[beta‐D‐Glc‐(1,6)‐D‐Glc 
Peak 2, MS76, 
RI2534.4] 

0.78 0.75 1.02 0.87 0.71 0.44   1.1 0.85 1.16 1.46 1.02 1.26   
1.4
1 

1.13 1.14 1.68 1.43 2.84 

[Unknown Putative 
Disaccharide, RI2915.4]

0.75 0.71 0.76 0.5 0.34 0.2   0.98 0.91 0.93 0.74 0.55 0.59   1.3
1 

1.27 1.23 1.47 1.64 2.92 
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[beta‐D‐Glc‐(1,4)‐D‐Glc 
(8TMS), MS85, 

RI2493.5] 

0.97 0.82 1.03 0.86 0.62 0.3   1.03 0.93 1.29 1.53 0.91 1.2   
1.0
6 

1.12 1.25 1.78 1.47 3.95 

[Galactinol (9TMS), 
MS84) 

1.29 2.71 4.02 0.95 0.41 0.28   1.34 2.59 3.84 3.07 0.93 1.09   
1.0
4 

0.96 0.96 3.25 2.27 3.95 

Aromatic  Coumarate  0.99 0.84 0.94 0.97 0.73 0.78  1.08 0.92 1.25 1.36 1.24 1.57   1.1 1.1 1.33 1.4 1.7 2 

Gluconate  0.75 1.1 0.53 0.58 3.23 8.67   1.17 0.84 0.8 0.68 0.44 0.72   1.5
7 0.76 1.52 1.17 0.14 0.08 

[Gluconic acid, 2‐
methoxime, 

tetra(trimethylsilyl)‐, 
trimethylsilyl ester, 
MS89, RI1647.4] 

0.66 0.78 1.27 1.73 2.83 9.01   1.18 0.96 0.96 1.75 1.59 2.93   1.7
8 

1.24 0.76 1.01 0.56 0.33 

Glucuronate  0.9 1.36 1.2 2.02 3.46 9.15   1.15 1.23 2.1 1.69 1.67 4.14   1.2
9 

0.91 1.75 0.84 0.48 0.45 

[Galactaric acid, 
2,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, 

bis(trimethylsilyl) ester, 
MS78, RI1798] 

0.48 0.53 0.89 1.25 3.88 
13.2

7 
  0.71 0.73 0.65 1.15 1.82 7.94   1.4

7 
1.38 0.73 0.92 0.47 0.6 

Glucarate  1.31 1.12 1.25 1.28 1.79 1.45   1.32 1.15 1.83 1.86 1.26 2.67   1 1.03 1.46 1.45 0.71 1.84 

[Galactonic acid 
(6TMS), MS90, 

RI1980.7] 

0.95 0.97 1.06 1.38 1.93 2.04   1.13 0.99 1.31 2.76 3.51 6.62   1.2 1.02 1.24 2 1.82 3.25 

Sugar Acid 

[D‐Glucuronic acid, 
2,3,4,5‐tetrakis‐O‐
(trimethylsilyl)‐, 

trimethylsilyl ester, 
MS79, RI2367.2] 

0.83 0.74 0.91 0.65 0.4 0.16   0.97 0.89 1.11 1.13 0.74 0.78   
1.1
7 

1.21 1.22 1.74 1.86 4.82 

[Inositol, scyllo‐ (6TMS), 
MS88, RI2078.2, 
Putative but 
Unconfirmed] 

1.04 0.85 1.16 1.13 1.26 1.45   1.09 1.01 1.3 1.78 1.54 2.39   1.0
4 

1.19 1.12 1.58 1.22 1.65 

Polyol 
[Pentitol, 1‐

desoxytetrakis‐O‐
(trimethylsilyl)‐, MS72, 

RI1528] 

3.29 1.9 2 2.63 7.24 7.01   2.92 3.1 3.85
10.7

5 
17.7

8 
39.4   0.8

9 
1.63 1.93 4.08 2.46 5.62 

Glucose‐6‐phosphate 
19.2

9 
26.6

4 
37 

116.
99 

253.
25 

299.
43 

  
19.4

9 
34.8 34.6 

130.
37 

257.
38 

505.1
2 

  1.0
1 

1.31 0.94 1.11 1.02 1.69 Phospho 
Carbohydr

ate  Fructose‐6‐phosphate 
47.8

5 
72.7

5 
107.
52 

348.
03 

585.
72 

699.
49 

  
51.9

5 
107.
34 

99.6
4 

363.
49 

821.
82 

1580.
76 

  1.0
9 

1.48 0.93 1.04 1.4 2.26 

Polyamine  Putrescine  0.85 3.18 8.94 8.21 
22.3

5 
52.7   0.9 2.43 4.36 6.48 5.05 55.9   1.0

6 
0.76 0.49 0.79 0.23 1.06 

Adenosine‐5'‐
monophosphate 

1.47 2.18 2.43 3.86 3.56 2.59   2.8 2.36 3.48 3.91 9.01 10.69   1.9 1.08 1.43 1.01 2.53 4.12 

Nucleoside 

[2(1H)‐Pyrimidinone, 1‐
[2,3‐bis‐O‐

(trimethylsilyl)‐D‐
ribofuranosyl]‐4‐

(trimethylsiloxy)‐, 5'‐
[bis(trimethylsilyl) 
phosphate], MS78, 

RI2817.3] 

0.91 1.89 0.89 2.89 2.77 0.95  1.65 2.57 1.57 4.02 5.77 5.26   1.8
2 

1.36 1.77 1.39 2.09 5.54 

 
Fig 6.1 Aerobic vs anaerobic rice germination: timecourse 
metabolomic analysis Rice seeds were germinated in an atmosphere of 
either air or nitrogen and germinating seedlings were collected at 1, 3, 6, 
12, 24 and 48 h after imbibition (dry seeds were also collected at 0 h). 
Metabolites were extracted from all tissues and analysed by the standard 
GC/MS protocol (see Materials and Methods). Raw data files were 
processed (see Materials and Methods) and mean metabolite signal 
intensity ratios between (a) each aerobic germination point and dry seed 
(Germination in Air / Dry Seed), (b) each anaerobic germination point and 
dry seed (Germination in Nitrogen / Dry Seed) as well as between (c) each 
anaerobic germination point and its respective aerobic germination point 
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(Germination in Nitrogen / Germination in Air). Each metabolite signal 
intensity ratio was tested for statistical significance using a Welch’s t-test. 
Statistically significant (p<0.05; n=4) ratios are highlighted in bold text. 
Significant ratios greater than 1.2 or less than 0.8 are highlighted in blue or 
red, respectively, with ratios deviating further from 1 being highlighted in 
brighter tones. Metabolites in each chemical class were sorted in order of 
their signal intensity ratio in the 48 h Germination in Nitrogen / Germination 
in Air column. 
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Figure 6.2 Principal components analysis (PCA) of metabolite 
profiles of rice seedlings germinating under either aerobic or 
anaerobic conditions Rice seeds were germinated in an atmosphere of 
either air or nitrogen and germinating seedlings were collected at 1, 3, 6, 
12, 24 and 48 h after imbibition (dry seeds were also collected at 0h). 
Metabolites were extracted from all tissues and analysed by the standard 
GC/MS protocol (see Materials and Methods). Raw data were processed 
to generate a data matrix containing data for ~210 GC/MS signals 
corresponding to ~140 unique metabolites. This matrix, which had been 
automatically filtered to remove known analytical artefacts and internal 
standards, was then used as input for PCA with scaling of all variables to 
unit variance. Scores for each sample in the two major principal 
components, PC1 and PC2, were used to generate the above 2D scatter 
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plot. Symbols for each experimental sample class are indicated in the 
legend. The proportion of total variance accounted for by each principal 
component is indicated on each axis. 
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   Air‐N2 Switch / Air 

Chemical Class  Metabolite Name / Hours after switch (Hours after imbibition)  0 (24)  1 (25)  3 (27)  6 (30)  24 (48) 
Shikimate  0.84 0.59 0.39 0.29 0.09 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐, MS81, RI1747.6]  0.99 0.68 0.54 0.68 0.24 
2‐Oxoglutarate  0.89 0.65 0.34 0.65 0.75 

Maleate  1.19 1.07 0.95 0.72 0.79 

Glycerate  1.09 0.75 0.61 1 0.81 

Threonate  0.98 0.97 0.78 0.89 0.92 

Citrate  1.1 0.87 0.75 0.77 0.98 

Malate  1.09 0.88 0.76 0.93 1.19 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐, MS86, RI1774.2]  1.12 0.86 0.67 1.2 1.41 
[Pyruvic acid methoxime (1TMS), MS87, RI1019, Putative but Unconfirmed]  0.9 0.79 0.66 0.61 1.51 

[2‐OH‐glutaric acid (3TMS), MS91, RI1573.4, Putative but Unconfirmed]  1.01 0.97 0.6 1.11 1.7 
[trans‐Sinapinic acid (2TMS), MS95, RI2245.8, Putative but Unconfirmed]  1.24 1.18 1.21 1.35 2.46 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, RI1601.6, Putative but 
Unconfirmed] 

1.1 1.02 1.44 1.52 2.59 

cis‐Aconitate  1.07 0.74 0.93 1.16 2.8 
Fumarate  1.21 0.97 1.01 1.6 2.93 
Benzoate  1.14 1.24 1.82 1.6 3.14 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., MS63, RI1192.8]  1.13 1.14 1.21 1.28 3.32 
Nicotinate  1.12 1.07 1.44 1.4 4.06 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but Unconfirmed]  0.89 3 3.82 3.85 4.84 
Glycolate  1.19 1.26 1.68 2.56 11.91 

Organic Acid 

Succinate  0.95 1.35 2.94 8.7 60.32 
[Ethanolamine (3TMS), MS90, RI1265.4, Putative but Unconfirmed]  1.07 0.85 0.97 0.94 1.31 

[Butane, 2,3‐bis(trimethylsiloxy)‐, MS73, RI1409.8]  1.9 1.42 0.84 1.04 1.63 
[Unknown Ethanolamine (3TMS), MS59, RI1538.3]  1.14 1.28 1.26 1.25 3.07 

[Hydroxylamine (3TMS), MS98, RI1091.5, Putative but Unconfirmed]  1.22 1.22 1.82 1.76 4.96 

Miscellaneous 

[N‐Trimethylsilyl‐2‐pyrrolidinone, MS88, RI1137.1]  1.13 1.47 1.56 2.15 6.85 
Aspartate  1.11 0.69 0.59 0.68 0.21 
Glutamine  1.1 0.31 0.27 0.96 0.45 
Asparagine  1.04 0.65 0.47 0.93 1.13 

4‐Hydroxyproline  0.91 0.98 0.95 1.15 1.31 

Serine  1.06 0.91 0.78 1.21 1.77 
Threonine  1.19 1.17 0.82 0.96 1.78 
Tryptophan  0.87 0.67 0.49 1.25 1.86 

Glutamate  1.17 0.77 0.7 1.14 2.18 
Isoleucine  1.14 1.02 0.78 0.87 2.29 
Methionine  1.09 1.03 0.7 0.99 2.35 
beta‐Alanine  1.06 1.02 0.91 1.12 2.45 
Pyroglutamate  1.25 0.92 0.85 1.22 2.48 

Lysine  1.01 0.82 0.86 1.15 2.76 
2‐Aminobutyrate  1.09 1.02 0.85 0.9 3.02 
2‐Aminoadipate  0.89 0.72 0.62 1.19 3.31 

Proline  1.09 1.05 0.86 0.93 3.42 
Valine  1.11 1.04 0.89 1.04 3.49 
Leucine  1.15 1.07 0.91 0.97 3.72 

Phenylalanine  1.1 0.98 0.75 1.56 3.77 
Arginine  1.06 0.78 0.71 1.32 4.15 
Tyrosine  1.13 0.9 0.99 1.73 4.31 
Glycine  1.13 1.06 1 1.33 4.49 
Ornithine  0.97 0.71 0.78 1.48 4.99 

4‐Aminobutyrate  1.2 1.54 1.85 1.92 5.65 
Alanine  1.41 2.27 1.04 1 7.38 

Amino Acid 

Homoserine  1.15 0.8 1 1.1 8.34 
[Phosphoric acid, bis(trimethylsilyl)monomethyl ester, MS91, RI1170.6, 

Putative but Unconfirmed] 
1.75 0.65 0.61 1.29 0.88 

[Inositol monophosphate, MS94, RI2407.7, Putative but Unconfirmed]  0.99 0.82 0.79 0.99 1.44 
Phosphate  1.08 1.02 0.98 1.17 2.03 

Glyceric acid‐3‐phosphate  0.79 0.42 0.56 1.24 2.53 

Phospho 
Compound 

[Glycerol‐3‐phosphate (4TMS), MS93, RI1759.6, Putative but Unconfirmed]  0.96 1.17 1.29 1.73 7.28 
[Unknown Probable Sugar, RI1824.1]  1.2 1.02 0.57 1.35 0.47 

[Unknown Possibly Tryptophan Related, RI1426.0]  1.2 0.58 0.74 1.08 0.48 
[Unknown, RI2767.2]  1.12 0.87 0.83 1.04 1.19 

[Unknown Probable Sugar Acid Derivative, RI1653.9]  1.04 0.94 0.86 1.25 1.19 

[Unknown, RI1375.3]  1.14 0.99 0.85 0.97 1.25 

[Unknown, RI1787.6]  1.32 0.91 0.82 1.37 1.37 
[Unknown Closely Related to Tryptamine 2TMS, RI1505.1]  1.05 1.73 0.63 0.9 1.38 

[Unknown Possible Organic Acid, RI1411.1]  1.11 1 0.96 1.17 1.6 

Unknown 

[Unknown Probable Sugar, RI1855.4]  0.95 1 1.21 1.48 1.98 
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[Unknown, RI2744.6]  1.12 0.75 0.61 0.78 1.99 

[Unknown, RI2293.0]  0.99 0.85 0.72 1.07 2.12 
[Unknown, RI2731.2]  1.09 1.03 1.17 1.44 2.34 
[Unknown, RI2754.9]  1.01 1.03 1.22 1.53 2.35 
[Unknown, RI1733.3]  1.33 1 0.86 1.48 2.38 
[Unknown, RI3164.7]  1.21 1.21 1.59 1.59 2.63 

[Unknown Probable Sugar, RI1472.5]  0.91 1.11 1.35 1.54 2.7 
[Unknown, RI1465.7]  2.12 0.87 0.56 1.72 2.76 

[Unknown, RI1530.4]  1.24 1.03 0.98 1.47 2.79 
[Unknown 2‐Piperidone, 1‐(trimethylsilyl)‐3‐[(trimethylsilyl)amino]‐, MS71, 

RI1456.4] 
0.81 1 0.63 0.87 2.84 

[Unknown, RI1422.6]  1.12 1.21 1.5 1.36 3.17 

[Unknown, RI1346.3]  1.34 1.09 0.94 1.18 3.3 
[Unknown, RI2555.7]  1.14 1.24 1.63 1.59 3.34 

[Unknown Similar to Proline 2TMS, RI1614.8]  0.78 0.98 0.29 1.03 3.44 

[Unknown, RI2573.6]  0.93 1.08 1.73 1.75 3.44 
[Unknown, RI2567.4]  0.92 1.07 1.76 1.77 3.45 

[Unknown Probable Disaccharide, RI2962.2]  1.17 0.85 0.81 1.47 3.67 
[Unknown Probable Sugar or Sugar Derivative, RI1583.9]  1.07 1.09 1.02 1.8 5.46 

Sorbitol  1.24 0.86 1.06 1.25 1.14 

Mannitol  1.11 0.66 0.49 1 1.47 Sugar Alcohol 
meso‐Erythritol  1.06 1.22 1.1 1.09 1.57 

Allantoin  1.07 0.98 1.08 1.59 3.84 Nitrogen‐rich 
Compound  [Uric acid (4TMS), MS81, RI2094.8, Putative but Unconfirmed]  0.57 3.42 7.89 10.11 161.96 

[D‐Fructose, 6‐O‐[2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐D‐glucopyranosyl]‐
1,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, 79] 

0.95 0.78 0.52 0.44 0.04 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS87, RI1966.6]  0.56 1.03 0.4 0.33 0.07 
[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐, MS80, 

RI1844.6] 
0.98 0.72 0.5 0.35 0.08 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS75, RI1777.7]  1.23 1.29 0.59 0.38 0.1 
Glucose  1.09 1.16 1.01 0.91 0.27 
Trehalose  1.04 0.84 0.53 0.48 0.28 
Xylose  0.88 0.85 0.85 1.45 0.56 

[D‐Galactofuranose, 1,2,3,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS78, RI1833.2]  0.51 0.92 0.65 0.73 0.59 

Cellobiose  1.02 0.73 0.67 0.85 0.68 
[D‐glycero‐D‐gulo‐heptose methoxime (6TMS), MS77, RI2350.8]  0.98 0.98 0.6 0.97 0.74 

Arabinose  0.94 0.83 0.75 0.83 0.75 
[Sedoheptulose methoxime (6TMS), MS84, RI2122.6]  1.38 1.2 0.68 0.92 0.76 

Rhamnose  1.1 1.05 0.85 0.93 0.82 

[Sedoheptulose methoxime (6TMS), MS86, RI2116.9]  1.19 1.22 0.56 0.88 0.84 

Ribose  1.09 1.02 0.86 0.91 0.86 

Fructose  1.15 1.14 1.13 1.06 0.91 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS82, RI2171.7]  1.03 1.13 0.89 1.08 0.93 

Gentiobiose  0.97 0.85 0.86 1.12 1.04 

[Sedoheptulose methoxime (6TMS), MS85, RI2094.1]  0.98 0.87 0.61 0.79 1.22 

[2‐O‐Glycerol‐d‐galactopyranoside (6TMS), MS88, RI2301.6]  1 0.67 0.65 0.79 1.22 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS70, RI1607.5]  1.12 0.96 0.98 1.07 1.22 

[Unknown Sugar, RI2389.1]  0.73 1.01 1.06 1.49 1.27 

1,6‐Anhydro‐beta‐D‐glucose  0.99 0.73 1.1 1.11 1.77 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 1, MS95, RI2837.6]  1.08 0.75 0.8 1.17 1.85 
[Per‐O‐trimethylsilyl‐(3‐O‐d‐mannopyranosyl‐4‐O‐d‐glucopyranosyl‐d‐

glucitol), MS72, RI2808.4] 
1.32 1.19 1.14 1.21 1.88 

Maltose  1.07 0.82 0.68 0.8 1.93 
[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 2, MS91, RI2869]  1.1 0.9 0.99 1.25 2.03 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  1.37 0.91 0.75 0.78 2.17 
[beta‐D‐Glc‐(1,6)‐D‐Glc Peak 2, MS76, RI2534.4]  1.07 0.92 0.93 1.27 2.48 

Sucrose  1.18 1.01 1.11 1.18 2.59 
[D‐Glucopyranoside, 1,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐D‐fructofuranosyl 

2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐, MS90] 
1.1 0.86 0.86 1.35 2.61 

[Galactinol (9TMS), MS84)  0.93 1.07 0.97 1.4 3.41 
[D‐Ribofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS83, RI1764]  1.09 1.22 1.77 1.56 3.46 

Carbohydrate 

[beta‐D‐Glc‐(1,4)‐D‐Glc (8TMS), MS85, RI2493.5]  1.25 1.04 0.9 1.35 3.58 

Polyamine  Putrescine  1.03 1.04 0.93 1.03 2.25 

Gluconate  1.08 0.78 0.43 0.45 0.16 
Glucuronate  1.33 0.89 0.76 0.78 0.46 

[Galactaric acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, bis(trimethylsilyl) ester, 
MS78, RI1798] 

0.93 0.79 0.54 0.8 0.56 

Glucarate  1.03 0.85 0.76 0.87 1.05 

[Galactonic acid (6TMS), MS90, RI1980.7]  1.02 0.87 0.79 1.05 1.44 

Sugar Acid 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, trimethylsilyl ester, 
MS79, RI2367.2] 

1.16 0.99 0.87 1.35 3.6 

Aromatic  Coumarate  1.07 1.11 1.13 1.4 2.66 

Polyol 
[Inositol, scyllo‐ (6TMS), MS88, RI2078.2, Putative but Unconfirmed]  1.14 1.04 0.94 1.24 2.44 
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[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, RI1528]  1.34 1.57 1.49 1.94 6.16 
Glucose‐6‐phosphate  1.03 0.77 0.76 0.97 1.12 Phospho 

Carbohydrate  Fructose‐6‐phosphate  1.01 0.76 0.78 1.06 1.41 

Nucleoside  Adenosine‐5'‐monophosphate  0.78 0.65 0.76 1.5 4.03 

Figure 6.3 Metabolomic responses of 24-hour old aerobically-
germinated rice seedlings to anoxia. Rice seedlings were imbibed for 
24 h under an atmosphere of air. Air was then replaced with nitrogen to 
create an anoxic environment in half of the seedlings. Tissue samples 
were harvested immediately after the switch (0 h) and then at 1, 3, 6 and 
24 h. Metabolites were extracted from all tissue samples and analysed by 
GC/MS. Raw data were processed and metabolite signal intensity ratios 
between switched samples and their respective unswitched controls were 
calculated and statistically tested. Statistically significant ratios (p<0.05; 
n=4 unless stated otherwise in Materials and Methods) are highlighted in 
bold. Significant ratios >1.2 are highlighted in blue while significant ratios 
<0.8 are highlighted in red. 
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Figure 6.4 Principal components analysis (PCA) of metabolite 
profiles of 24-hour old, aerobically germinated rice seedlings 
switched to anoxic conditions. Rice seedlings were imbibed for 24 h 
under an atmosphere of air. Air was then replaced with nitrogen to create 
an anoxic environment in half of the seedlings. Tissue samples were 
harvested immediately after the switch and then at 1, 3, 6 and 24 h. 
Metabolites were extracted from all tissue samples and analysed by 
GC/MS. Raw data were processed to generate a complete data matrix 
containing data for ~200 GC/MS signals corresponding to ~140 
metabolites. This matrix, which had been filtered to remove all known 
analytical artefacts and internal standards, was used as input for PCA with 
all variables being scaled to unit variance. Scores for each sample in the 
two major principal components, PC1 and PC2, were used to generate the 
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above 2D scatter plot. Symbols for each experimental sample class are 
indicated in the legend. The proportion of total variance accounted for by 
each principal component is indicated on each axis. 
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   N2‐Air Switch / N2 

Chemical Class  Metabolite Name / Hours after switch (Hours after imbibition)  0 (24)  1 (25)  3 (27)  6 (30) 

Succinate  0.99 0.4 0.19 0.12 

Fumarate  1.1 0.52 0.53 0.46 

Benzoate  0.54 1.18 0.61 0.56 

3,4‐Dihydroxycinnamate  0.49 4.39 0.63 0.58 

Caffeate  0.49 4.39 0.63 0.58 

Nicotinate  1.02 0.89 0.67 0.61 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, RI1601.6, Putative but Unconfirmed]  0.92 0.77 0.5 0.62 

[4‐hydroxybenzoic acid (2TMS), MS88, RI1634.7]  0.22 5.19 0.82 0.62 

[trans‐Sinapinic acid (2TMS), MS95, RI2245.8, Putative but Unconfirmed]  1.2 0.8 0.59 0.62 

Glycolate  0.89 0.65 0.59 0.63 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., MS63, RI1192.8]  1.05 0.66 0.79 0.71 

Glycerate  0.58 0.77 0.82 0.75 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but Unconfirmed]  0.96 1.91 1.28 0.76 

[2‐OH‐glutaric acid (3TMS), MS91, RI1573.4, Putative but Unconfirmed]  1.07 0.89 0.75 0.8 

Malate  1.05 0.84 0.77 0.86 

[Gamma‐hydroxybutyric acid (2TMS), MS89, RI1236.5, Putative but Unconfirmed]  1.01 0.97 0.86 0.87 

cis‐Aconitate  1.1 1.31 1.1 0.92 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐, MS86, RI1774.2]  1 0.81 0.89 0.92 

[Pyruvic acid methoxime (1TMS), MS87, RI1019, Putative but Unconfirmed]  0.88 1.13 1.57 1.56 

2‐Oxoglutarate  0.97 1.53 1.81 1.64 

Citrate  0.95 1.97 2.1 2.53 

Shikimate  1.04 0.98 2.75 3.65 

Organic Acid 

Threonate  0.91 1.06 3.15 12.53 

[Hydroxylamine (3TMS), MS98, RI1091.5, Putative but Unconfirmed]  0.93 1.25 0.59 0.56 

[N‐Trimethylsilyl‐2‐pyrrolidinone, MS88, RI1137.1]  0.95 0.75 0.67 0.57 

[Phosphoric acid, bis(trimethylsilyl)monomethyl ester, MS91, RI1170.6, Putative but 
Unconfirmed] 

1.16 1.01 0.79 0.63 

[Unknown Ethanolamine (3TMS), MS59, RI1538.3]  0.9 0.65 0.81 0.68 

[Oleamide (1TMS), MS82, RI2428.8]  1.16 0.92 0.63 0.8 

[Ethanolamine (3TMS), MS90, RI1265.4, Putative but Unconfirmed]  1.01 0.69 0.96 0.82 

Miscellaneous 

[Butane, 2,3‐bis(trimethylsiloxy)‐, MS73, RI1409.8]  0.9 0.87 0.78 1.15 

[Glycerol‐3‐phosphate (4TMS), MS93, RI1759.6, Putative but Unconfirmed]  1.14 0.59 0.53 0.35 

[Glycerol‐2‐phosphate (4TMS), MS81, RI1723.5]  1.26 0.62 0.71 0.45 

Phosphate  0.94 0.89 0.72 0.75 

[Inositol monophosphate, MS94, RI2407.7, Putative but Unconfirmed]  1.15 0.64 0.68 1.03 

Phospho 
Compound 

Glyceric acid‐3‐phosphate  1.46 0.97 1.15 1.29 

2‐Aminoadipate  1.01 0.43 0.3 0.33 

[L‐Alanine, N‐(trifluoroacetyl)‐, trimethylsilyl ester, MS85, RI1044.6]  1.4 0.95 0.61 0.39 

Glutamine  1.08 0.61 0.44 0.4 

Ornithine  0.93 0.75 0.59 0.47 

Proline  1.24 0.82 0.58 0.52 

Leucine  1.32 0.73 0.69 0.53 

Alanine  1.72 1.45 1.25 0.55 

Glycine  0.99 0.77 0.68 0.59 

Asparagine  1.04 0.74 0.61 0.59 

Arginine  0.94 0.69 0.72 0.59 

4‐Aminobutyrate  0.93 1.09 0.56 0.6 

Isoleucine  1.31 0.8 0.69 0.61 

Phenylalanine  1.18 0.72 0.74 0.62 

Valine  1.18 0.82 0.7 0.63 

Tryptophan  1.06 0.84 0.68 0.63 

Threonine  1.05 0.68 0.74 0.67 

Homoserine  1.18 0.66 0.74 0.69 

Lysine  1 0.7 0.74 0.71 

Tyrosine  1.09 0.74 0.76 0.75 

Pyroglutamate  1.01 0.96 0.8 0.79 

Amino Acid 

Glutamate  1 0.91 0.79 0.83 
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Serine  1.02 0.78 0.92 0.86 

2‐Aminobutyrate  1.33 0.85 0.81 0.86 

Methionine  1.33 0.52 0.8 0.89 

Aspartate  1.14 0.41 0.96 1.29 

4‐Hydroxyproline  0.91 1.16 1.51 1.34 

O‐Acetyl‐L‐serine  1.1 0.83 2.12 1.56 

beta‐Alanine  1.04 1.83 2.15 2.36 

N‐Acetyl‐L‐serine  0.93 1.36 5.28 7.93 

[Unknown, RI1346.3]  1.34 0.82 0.44 0.26 

[Unknown, RI1730.4]  1.17 0.43 0.27 0.32 

[Unknown, RI2744.6]  1.25 0.55 0.43 0.38 

[Unknown Possibly Tryptophan Related, RI1426.0]  1.12 0.88 0.72 0.47 

[Unknown 2‐Piperidone, 1‐(trimethylsilyl)‐3‐[(trimethylsilyl)amino]‐, MS71, RI1456.4]  1.23 0.52 0.7 0.5 

[Unknown, RI1602.2]  1.03 0.48 0.83 0.5 

[Unknown, RI2567.4]  0.95 1.03 0.49 0.53 

[Unknown, RI2573.6]  0.95 1.06 0.5 0.54 

[Unknown, RI1465.7]  0.42 6.71 0.72 0.54 

[Unknown, RI1217.2]  0.49 1.09 0.74 0.56 

[Unknown, RI2555.7]  1 1.24 0.55 0.59 

[Unknown Similar to Proline 2TMS, RI1614.8]  1.22 0.61 0.67 0.61 

[Unknown, RI2773.8]  1.2 0.66 0.66 0.61 

[Unknown, RI2767.2]  1.28 0.78 0.78 0.66 

[Unknown, RI2754.9]  0.7 0.92 0.64 0.72 

[Unknown, RI2293.0]  1.04 0.73 0.77 0.72 

[Unknown, RI2731.2]  0.84 0.98 0.59 0.73 

[Unknown Probable Sugar or Sugar Derivative, RI1583.9]  1.06 0.7 0.86 0.73 

[Unknown, RI1530.4]  1.14 1.29 0.92 0.87 

[Unknown Probable Disaccharide, RI2962.2]  1.03 1.12 1.16 0.97 

[Unknown Probable Sugar, RI1472.5]  0.76 1 1.06 1.01 

[Unknown Closely Related to Tryptamine 2TMS, RI1505.1]  0.94 0.71 0.98 1.04 

[Unknown Possible Organic Acid, RI1411.1]  0.85 0.9 1.2 1.2 

[Unknown Probable Sugar Acid Derivative, RI1653.9]  1.12 0.73 0.95 1.2 

[Unknown, RI1733.3]  1.24 0.84 1.28 1.39 

[Unknown Probable Sugar or Sugar Derivative, RI1576.7]  0.91 0.88 1.13 1.42 

[Unknown, RI1787.6]  0.85 0.77 1.51 1.75 

[Unknown Probable Sugar, RI1855.4]  0.74 0.91 1.31 2.07 

Unknown 

[Unknown Probable Sugar, RI1824.1]  1.51 0.95 1.93 2.84 

[Uric acid (4TMS), MS81, RI2094.8, Putative but Unconfirmed]  1.08 0.54 0.41 0.25 Nitrogen‐rich 
Compound  Allantoin  0.71 1 0.63 0.74 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  1.22 0.42 0.33 0.32 

Maltose  1.26 0.44 0.39 0.41 

[Raffinose (11TMS), MS94, Putative but Unconfirmed]  0.96 0.75 0.81 0.51 

[Unknown Disaccharide, RI2544.4]  0.95 0.84 0.58 0.51 

[Per‐O‐trimethylsilyl‐(3‐O‐d‐mannopyranosyl‐4‐O‐d‐glucopyranosyl‐d‐glucitol), MS72, 
RI2808.4] 

0.91 0.95 0.6 0.53 

Sucrose  0.92 1.18 0.7 0.64 

[Unknown Putative Disaccharide, RI2868.5]  1.14 0.93 0.74 0.66 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 2, MS91, RI2869]  1.14 0.93 0.74 0.66 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 1, MS95, RI2837.6]  0.94 0.92 0.72 0.68 

[Unknown Putative Disaccharide, RI2836.1]  0.94 1.02 0.77 0.7 

[Unknown Disaccharide, RI2532.7]  0.97 0.85 0.77 0.77 

[Galactinol (9TMS), MS84)  1.27 0.89 1.11 0.79 

[beta‐D‐Glc‐(1,6)‐D‐Glc Peak 2, MS76, RI2534.4]  0.86 0.85 0.74 0.8 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS82, RI2171.7]  1.05 0.7 1.05 0.88 

1,6‐Anhydro‐beta‐D‐glucose  0.92 0.53 0.48 0.89 

[D‐Glucopyranoside, 1,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐D‐fructofuranosyl 2,3,4,6‐
tetrakis‐O‐(trimethylsilyl)‐, MS90] 

1.08 0.88 0.82 0.91 

Ribose  1.3 0.92 1.05 1.01 

[2‐O‐Glycerol‐d‐galactopyranoside (6TMS), MS88, RI2301.6]  1.08 0.77 1.3 1.04 

Cellobiose  1.09 0.85 0.93 1.05 

Galactose  0.97 0.87 0.88 1.08 

[D‐glycero‐D‐gulo‐heptose methoxime (6TMS), MS77, RI2350.8]  1.49 0.84 0.99 1.12 

[Unknown Sugar, RI2389.1]  0.86 0.74 1.12 1.15 

Carbohydrate 

[2‐O‐Glycerol‐d‐galactopyranoside, (6TMS), MS88, RI2300.8]  1.08 0.77 1.3 1.16 
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[Sedoheptulose methoxime (6TMS), MS85, RI2094.1]  1.11 0.87 1.09 1.19 

Arabinose  1.05 0.77 1.18 1.45 

[Sedoheptulose methoxime (6TMS), MS86, RI2116.9]  1.07 0.75 1.02 1.48 

[Sedoheptulose methoxime (6TMS), MS84, RI2122.6]  0.95 0.82 1.42 1.58 

Xylose  0.91 0.82 1.4 1.8 

Trehalose  1.03 0.95 1.45 1.87 

[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐, MS80, RI1844.6]  1.33 0.84 2.06 2.73 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS75, RI1777.7]  1.47 0.87 1.95 2.74 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS87, RI1966.6]  1.06 0.69 1.34 3.55 

Fructose  1.05 0.95 2.35 3.98 

Glucose  1.22 0.84 2.67 4.41 

[D‐Fructose, 6‐O‐[2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐D‐glucopyranosyl]‐1,3,4,5‐tetrakis‐
O‐(trimethylsilyl)‐, 79] 

1.2 0.85 2.71 5.39 

Polyamine  Putrescine  0.95 0.77 0.96 1.16 

Mannitol  0.95 0.86 0.71 0.79 

meso‐Erythritol  1.3 0.65 0.95 1.03 

Galactitol  1 0.74 0.78 1.31 
Sugar Alcohol 

Sorbitol  0.38 1.43 0.63 2.54 

Aromatic  Coumarate  1.04 0.76 0.73 0.68 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, trimethylsilyl ester, MS79, 
RI2367.2] 

1 0.85 0.7 0.57 

[Galactonic acid (6TMS), MS90, RI1980.7]  1.05 0.72 1 1.02 

[Galactaric acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, bis(trimethylsilyl) ester, MS78, 
RI1798] 

1.4 0.85 1.12 1.18 

Glucarate  1.22 0.93 1.14 1.33 

Glucuronate  0.95 1.08 1.12 1.96 

Sugar Acid 

Gluconate  0.95 0.87 3.83 13.29 

[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, RI1528]  1.03 0.7 0.72 0.63 
Polyol 

[Inositol, scyllo‐ (6TMS), MS88, RI2078.2, Putative but Unconfirmed]  0.9 0.91 0.62 0.65 

Fructose‐6‐phosphate  1.25 0.82 0.86 0.79 Phospho 
Carbohydrate  Glucose‐6‐phosphate  1.22 0.87 0.75 0.86 

[gamma‐Tocopherol (1TMS), MS95, RI3000.9, Putative but Unconfirmed]  1.1 1.04 0.63 0.45 
Terpenoid 

[alpha‐Tocopherol (TMS), MS90, RI3143.7, Putative but Unconfirmed]  1.03 0.91 0.46 0.54 

[Silane, [[(3,24R)‐ergost‐5‐en‐3‐yl]oxy]trimethyl‐, MS88]  1.01 0.88 0.58 0.51 
Sterol 

[beta‐Sitosterol trimethylsilyl ether, MS86, Putative but Unconfirmed]  1.18 0.94 0.61 0.59 

[2(1H)‐Pyrimidinone, 1‐[2,3‐bis‐O‐(trimethylsilyl)‐D‐ribofuranosyl]‐4‐(trimethylsiloxy)‐, 
5'‐[bis(trimethylsilyl) phosphate], MS78, RI2817.3] 

1.95 0.71 0.98 0.54 
Nucleoside 

Adenosine‐5'‐monophosphate  2.12 0.73 0.71 0.79 

Purine 
[9H‐Purin‐2‐amine, N‐(trimethylsilyl)‐6‐[(trimethylsilyl)oxy]‐9‐[2,3,5‐tris‐O‐

(trimethylsilyl)‐D‐ribofuranosyl]‐, MS74, RI2761.9] 
1.01 0.72 0.72 0.54 

Figure 6.5 Metabolomic response of 24-hour old anaerobically-
germinated rice seedlings to air supply. Rice seedlings were imbibed 
for 24 h under an atmosphere of nitrogen to create an anoxic environment. 
Nitrogen was then replaced with air to create a normoxic environment in 
half of the seedlings. Tissue samples were harvested immediately after the 
switch and then at 1, 3, and 6 h. Metabolites were extracted from all tissue 
samples and analysed by GC/MS. Raw data were processed and 
metabolite signal intensity ratios between switched samples and their 
respective unswitched controls were calculated and statistically tested. 
Statistically significant (p<0.05; n=4 unless indicated otherwise in Materials 
and Methods) ratios are highlighted in bold. Significant ratios >1.2 are 
highlighted in blue while significant ratios <0.8 are highlighted in red. 
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Figure 6.6 Principal components analysis (PCA) of metabolite 
profiles of 24 hour old, anaerobically germinated rice seedlings to air 
supply Rice seedlings were imbibed for 24h under an atmosphere of 
nitrogen. Nitrogen was then replaced with air to create a normoxic 
environment in half of the seedlings. Tissue samples were harvested 
immediately after the switch (0 h) and then at 1, 3 and 6 h. Metabolites 
were extracted from all tissue samples and analysed by GC/MS (see 
Materials and Methods). Raw data were processed to generate a complete 
data matrix containing data for ~200 GC/MS signals corresponding to 
~140 metabolites. This matrix, which had been filtered to remove all 
known analytical artefacts and internal standards, was used as input for 
PCA with all variables being scaled to unit variance. Scores for each 
sample in the two major principal components, PC1 and PC2, were used 
to generate the above 2D scatter plot. Symbols for each experimental 
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sample class are indicated in the legend. The proportion of total variance 
accounted for by each principal component is indicated on each axis. 
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Flooded Root / Control 

Root 

Chemical 
Class 

Metabolite Name / Treatment Duration (h):  5  24  168 

Maleate  1.8 1.18 0.38 

Cinnamate  1.18 0.5 0.62 

Salicylate  0.79 0.61 0.65 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but Unconfirmed]  6.21 0.93 0.77 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐, MS81, RI1747.6]  1.08 1.06 0.79 

[2‐Keto‐l‐gluconic acid, penta(O‐trimethylsilyl)‐, MS86, RI1774.2]  0.9 1.06 0.79 

[4‐hydroxybenzoic acid (2TMS), MS88, RI1634.7]  1.1 0.97 0.85 

3,4‐Dihydroxycinnamate  1.48 1.08 0.86 

Caffeate  1.48 1.08 0.86 

Nicotinate  1.24 0.97 0.94 

Glycerate  1.36 1.14 0.96 

Benzoate  1.03 0.94 0.99 

Citramalate  1.39 1.35 1 

Citrate  1.55 1.48 1.04 

Threonate  1.53 1.2 1.05 

Fumarate  1.37 1.18 1.06 

Shikimate  1.21 0.97 1.07 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, RI1601.6, Putative but Unconfirmed]  1.6 1.95 1.23 

[Gamma‐hydroxybutyric acid (2TMS), MS89, RI1236.5, Putative but Unconfirmed]  4.98 2.35 1.52 

[Acetic acid, bis[(trimethylsilyl)oxyl]‐, trimethylsilyl ester, MS59, RI1635.4]  1.32 1.71 1.61 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., MS63, RI1192.8]  1.81 1.15 1.67 

[2‐OH‐glutaric acid (3TMS), MS91, RI1573.4, Putative but Unconfirmed]  1.36 1.83 2.14 

2‐Oxoglutarate  1.32 1.58 2.17 

cis‐Aconitate  1.8 1.99 2.85 

Organic Acid 

Succinate  1.38 4.37 5.75 

[Glycerol‐3‐phosphate (4TMS), MS93, RI1759.6, Putative but Unconfirmed]  1.02 1.29 0.74 

[Glycerol‐2‐phosphate (4TMS), MS81, RI1723.5]  1.03 1.26 0.77 

[Phosphonic acid, methyl‐, bis(trimethylsilyl) ester, MS52, RI1091.2]  1.23 1.11 0.87 

[Inositol monophosphate, MS94, RI2407.7, Putative but Unconfirmed]  1.28 1.24 1.05 

Phospho 
Compound 

Glyceric acid‐3‐phosphate  1.6 1.41 2.76 

[4‐hydroxy‐3‐methoxyphenethylene glycol (3TMS), MS93, RI1996.5]  0.81 0.74 0.61 

[Hydroxylamine (3TMS), MS98, RI1091.5, Putative but Unconfirmed]  1.11 1.02 0.7 

[Butane, 2,3‐bis(trimethylsiloxy)‐, MS73, RI1409.8]  1.28 1 0.71 

[Oleamide (1TMS), MS82, RI2428.8]  1.8 1.03 1.09 

Miscellaneous 

[Ethanolamine (3TMS), MS90, RI1265.4, Putative but Unconfirmed]  1.74 1.52 1.65 

Aspartate  0.62 0.16 0.37 

Asparagine  2.07 0.22 0.47 

Valine  2.21 0.69 0.76 

1‐Aminoacyclopropanecarboxylate  1.34 1.01 0.86 

N‐Acetyl‐L‐serine  1.76 0.98 0.94 

Isoleucine  1.34 0.7 0.98 

Amino Acid 

Serine  2.04 1.27 1.05 
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Phenylalanine  1.35 0.82 1.08 

Pyroglutamate  1.35 1.08 1.08 

Ornithine  2.65 1.09 1.28 

Glutamate  1.14 0.54 1.36 

Lysine  2.32 1.61 1.53 

Leucine  2.06 1.31 1.71 

Threonine  2.02 0.82 1.8 

Tryptophan  1.47 0.94 1.83 

Arginine  2.86 1.46 1.85 

Methionine  1.65 0.66 2.14 

2‐Aminoadipate  1.51 1.15 2.52 

Tyrosine  3.28 2.1 2.73 

4‐Aminobutyrate  4.03 1.84 2.87 

Alanine  5.36 5.1 2.96 

Glycine  2.39 1.64 3.04 

Proline  2.22 1.47 4.14 

beta‐Alanine  5 1.3 6.47 

[Unknown Possibly Tryptophan Related, RI1426.0]  0.33 0.34 0.27 

[Unknown Probable Disaccharide, RI2962.2]  0.77 1.15 0.44 

[Unknown, RI1335.8]  1.64 0.8 0.54 

[Unknown, RI2567.4]  1.72 1.96 0.56 

[Unknown, RI1375.3]  2.69 0.32 0.61 

[Unknown, RI2540.3]  0.94 0.89 0.66 

[Unknown, RI2573.6]  1.45 1.76 0.71 

[Unknown, RI2773.8]  0.8 0.95 0.77 

[Unknown, RI3164.7]  1.34 1.21 0.81 

[Unknown Possible Organic Acid, RI1411.1]  1.21 1.01 0.86 

[Unknown, RI3363.0]  0.76 0.99 0.9 

[Unknown, RI1422.6]  1.38 1.1 0.91 

[Unknown Similar to Proline 2TMS, RI1614.8]  0.95 1.2 0.96 

[Unknown, RI2744.6]  1.02 1.14 0.97 

[Unknown, RI2767.2]  0.84 1.03 0.99 

[Unknown Probable Sugar, RI1557.6]  1.21 1.54 1.01 

[Unknown, RI1465.7]  1.79 1.15 1.03 

[Unknown, RI2293.0]  0.98 0.91 1.03 

[Unknown, RI2782.5]  1.18 1.06 1.12 

[Unknown, RI1733.3]  1.33 1.04 1.26 

[Unknown, 2(3H)‐Furanone, dihydro‐3,4‐bis[(trimethylsilyl)oxy]‐, trans‐, MS91, RI1378]  1.26 1.16 1.29 

[Unknown, RI1602.2]  1.59 1.05 1.33 

[Unknown Probable Sugar, RI1472.5]  1.15 1.19 1.48 

[Unknown Probable Sugar Acid Derivative, RI1653.9]  2.2 1.75 1.52 

[Unknown 2‐Piperidone, 1‐(trimethylsilyl)‐3‐[(trimethylsilyl)amino]‐, MS71, RI1456.4]  1.04 1.01 1.53 

[Unknown, RI1758.8]  1.22 1.07 1.56 

[Unknown, RI1644.2]  1.52 1.17 1.59 

[Unknown Probable Sugar or Sugar Derivative, RI1583.9]  0.75 1.5 1.63 

[Unknown, RI1217.2]  1.35 1.23 1.63 

[Unknown, RI1291.2]  1.86 0.73 1.64 

Unknown 

[Unknown, RI1530.4]  0.78 1.23 1.82 



Chapter 6 Probing the influence of oxygen on the plant metabolome  
 
 
 

 

201

[Unknown, RI1787.6]  1.68 1.45 1.84 

[Unknown Probable Sugar, RI1824.1]  1.44 1.17 1.84 

[Unknown Possibly Indole Related, RI1404.6]  1.91 1.44 2.06 

[Unknown Probable Sugar, RI1855.4]  1.29 1.28 2.27 

[2‐O‐Glycerol‐d‐galactopyranoside, (6TMS), MS88, RI2300.8]  0.98 0.78 0.48 

[Galactinol (9TMS), MS84)  0.9 0.95 0.69 

Ribose  1.41 1.23 0.71 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  1.14 1.05 0.8 

[Per‐O‐trimethylsilyl‐(3‐O‐d‐mannopyranosyl‐4‐O‐d‐glucopyranosyl‐d‐glucitol), MS72, RI2808.4]  1.23 1.15 0.82 

Fucose  1.34 1.08 0.83 

Trehalose  0.74 1.18 0.83 

Rhamnose  1.08 1.1 0.86 

[beta‐D‐Glc‐(1,4)‐D‐Glc (8TMS), MS85, RI2493.5]  0.95 1.09 0.86 

[Raffinose (11TMS), MS94, Putative but Unconfirmed]  0.59 1.3 0.89 

Fructose  1.61 1.24 0.95 

Gentiobiose  0.93 1.3 0.99 

Sucrose  1.23 1.15 1.02 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 1, MS95, RI2837.6]  0.88 0.94 1.04 

[Sedoheptulose methoxime (6TMS), MS86, RI2116.9]  1.25 1.08 1.07 

[Unknown Putative Disaccharide, RI2836.1]  0.83 1.01 1.08 

[Sedoheptulose methoxime (6TMS), MS84, RI2122.6]  1.31 1.05 1.09 

Maltose  0.94 1.25 1.1 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS70, RI1607.5]  1.21 1.1 1.16 

Xylose  1.14 1.32 1.18 

1,6‐Anhydro‐beta‐D‐glucose  0.97 1.32 1.19 

[D‐glycero‐D‐gulo‐heptose methoxime (6TMS), MS77, RI2350.8]  1.06 1.16 1.2 

[Unknown Putative Disaccharide, RI2868.5]  0.93 0.94 1.2 

[Unknown Putative Disaccharide, RI2898.4]  0.65 1.04 1.21 

[beta‐D‐Glc‐(1,6)‐D‐Glc EZ Peak 2, MS91, RI2869]  0.81 1.04 1.23 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS87, RI1966.6]  0.79 1.99 1.27 

[Unknown Disaccharide, RI2544.4]  0.52 1.21 1.37 

[D‐Ribofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS83, RI1764]  1.14 1.45 1.41 

[Unknown Sugar, RI2389.1]  0.68 1.4 1.43 

[Sedoheptulose methoxime (6TMS), MS85, RI2094.1]  1.12 1.35 1.44 

[Melibiose (8TMS), MS83, RI2403.2]  0.67 1.33 1.51 

Glucose  1.3 1.41 1.52 

[Unknown Sugar, RI2401.1]  0.6 1.4 1.56 

[D‐Galactofuranose, 1,2,3,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS78, RI1833.2]  0.74 1.86 1.59 

[Unknown Disaccharide, RI2532.7]  0.54 1.23 1.61 

[D‐Fructose, 6‐O‐[2,3,4,6‐tetrakis‐O‐(trimethylsilyl)‐D‐glucopyranosyl]‐1,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, 
79] 

0.99 1.18 1.64 

Arabinose  1.1 1.98 1.67 

Cellobiose  0.97 1.05 1.86 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS75, RI1777.7]  1.39 1.66 1.97 

Galactose  1.18 1.91 2.12 

[Melibiose (8TMS), MS82, RI3094.1]  0.95 1.21 2.12 

[4‐Ketoglucose, bis(O‐methyloxime), tetrakis(trimethylsilyl), MS72, RI1463.6]  2.07 1.61 2.78 

Carbohydrate 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS82, RI2171.7]  1.9 1.3 3.44 
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Threitol  1.54 22.01 0.04 

Mannitol  1.17 1.12 0.94 

Pinitol  1.35 4.11 1.56 

meso‐Erythritol  1.28 1.54 1.81 

Sugar Alcohol 

Sorbitol  0.11 1.97 2.02 

Polyol  [Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, RI1528]  3.55 2.29 3.98 

Allantoin  1.32 0.89 1.11 Nitrogen‐rich 
Compound  [Uric acid (4TMS), MS81, RI2094.8, Putative but Unconfirmed]  10.28 5.2 61.09 

[Galactonic acid (6TMS), MS90, RI1980.7]  1.22 1.14 0.88 

Glucuronate  1.07 1.54 0.97 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, trimethylsilyl ester, MS79, RI2367.2]  0.84 0.89 0.97 

Glucarate  1.28 1.46 1.06 

[Galactaric acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, bis(trimethylsilyl) ester, MS78, RI1798]  1.47 1.27 1.15 

Gluconate  1.35 2 1.2 

Sugar Acid 

[Gluconic acid, 2‐methoxime, tetra(trimethylsilyl)‐, trimethylsilyl ester, MS89, RI1647.4]  1.52 1.87 1.97 

Polyamine  Putrescine  2.3 2.05 2.01 

Antioxidant  Ascorbate  2.15 1.18 1.43 

4‐Hydroxy‐3‐methoxycinnamoyl alcohol  0.7 0.96 0.85 

Coumarate  0.99 0.82 0.74 Aromatic 

3‐Methoxy‐4‐hydroxycinnamaldehyde  0.77 0.96 0.79 

Fructose‐6‐phosphate  0.69 1.38 1.72 Phospho 
Carbohydrate  Glucose‐6‐phosphate  0.73 1.66 1.9 

[9H‐Purin‐2‐amine, N‐(trimethylsilyl)‐6‐[(trimethylsilyl)oxy]‐9‐[2,3,5‐tris‐O‐(trimethylsilyl)‐D‐
ribofuranosyl]‐, MS74, RI2761.9] 

0.93 1.43 1.21 

[2(1H)‐Pyrimidinone, 1‐[2,3‐bis‐O‐(trimethylsilyl)‐D‐ribofuranosyl]‐4‐(trimethylsiloxy)‐, 5'‐
[bis(trimethylsilyl) phosphate], MS78, RI2817.3] 

0.47 1.5 4.31 Nucleoside 

Adenosine‐5'‐monophosphate  1.4 1.99 2.38 

[gamma‐Tocopherol (1TMS), MS95, RI3000.9, Putative but Unconfirmed]  0.87 0.46 0.34 
Terpenoid 

[alpha‐Tocopherol (TMS), MS90, RI3143.7, Putative but Unconfirmed]  0.97 1.11 0.92 

Fig. 6.7 Metabolomic response of Populus x canescens roots to 
flooding-induced hypoxia. Three-month-old poplar trees growing in soil 
in pots were either submerged in water to a level 2-3 cm above the surface 
of the soil or left to grow under continued normal growth conditions and 
root tissues were collected from all plants 5, 24 and 168 h after flooding 
(plant work carried out by collaborator, Jüergen Kreuzwieser; see 
Materials and Methods). Metabolites were extracted from all tissue 
samples and analysed by GC/MS (see Materials and Methods). Raw data 
were processed with MetabolomeExpress (see Materials and Methods). 
To determine metabolite level changes induced by flooding, metabolite 
signal intensity ratios were calculated and statistically tested between 
flooded and control samples at each time point (Welch’s t-test). The 
results at 5, 24, and 168 h are presented above in the form of a statistical 
heatmap. Statistically-significant (p<0.05; n=4 unless stated otherwise in 
Materials and Methods) metabolite signal intensity ratios are highlighted in 
bold with significantly increased metabolites being highlighted in blue, 
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significantly decreased metabolites in red and the intensity of the colour 
corresponding to the size of the fold change. 
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7 General Discussion 

7.1 Introduction 

That aerobic respiration plays a central role in plant metabolism has 

been well understood for a long time. However, despite decades of 

research, the full set of interactions linking respiration with the rest of the 

plant metabolic network is far from being completely understood. Over the 

last 10 years, the availability of comprehensive plant genome sequence 

information, together with the advancement of large-scale, unbiased 

molecular profiling technologies such as whole-genome microarrays, 

quantitative proteomics and metabolomics have provided a new 

opportunity to discover unanticipated relationships between respiration 

and other cellular processes.  

The series of studies presented in this thesis have focused on 

unraveling links between specific respiratory processes and the control of 

cellular metabolite levels by combining perturbations of specific mtETC 

components with GC/MS-based metabolomics analysis. The time-course 

metabolomic analyses of rotenone- and antimycin A-treated cells 

presented in Chapter 4 explored the relative influence on the metabolome 

of electron transport inhibition at either Complex I or Complex III and 

demonstrated the rapid and far-reaching metabolic impact of blocking 
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electron transport through either of these components. Chapter 5 

combined genetic and environmental perturbations to demonstrate the 

critical role of alternative oxidase in directing metabolic responses to 

extreme environmental conditions. Finally, experiments presented in 

Chapter 6 defined the metabolomic responses to oxygen-deprivation 

displayed by plant species adapted to survive this naturally occurring 

respiratory perturbation that targets respiration at the level of terminal 

oxidases.  

7.2 Identifying conserved and divergent mtETC-metabolite 
interactions 

Together, the results presented in this thesis provide an opportunity 

to identify a set of metabolites whose cellular concentrations are robustly 

linked to mtETC activity across a range of plant species and a range of 

environmental and developmental scenarios. Identification of such 

metabolites may be useful for a number of reasons. Firstly, metabolites 

that show highly conserved responses to mtETC dysfunction could, 

through evolution, become components of intracellular signaling cascades 

that trigger adaptive mRNA and protein expression responses. Secondly, 

metabolites that robustly increase or decrease in response to mtETC 

dysfunction have the potential to serve as biomarkers of mtETC 

dysfunction to researchers interpreting metabolomic data from 
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experiments where the mtETC was not the primary target of experimental 

perturbation. Alternatively, readily measurable small molecule biomarkers 

of respiratory dysfunction might be useful for agricultural diagnostic 

purposes. Therefore, to identify a set of robustly respiration-linked 

metabolites, a meta-analysis of all the respiratory-perturbation datasets 

presented in this thesis (rotenone treatment of Arabidopsis cell culture, 

antimycin A treatment of Arabidopsis cell culture, flooding of poplar roots, 

anaerobic rice germination, aerobic/anaerobic switching of rice seedlings) 

was conducted to identify metabolites that consistently responded to 

respiratory perturbation. The first stage of this meta-analysis was to gather 

all the metabolite response data (from all the respiratory-perturbation 

datasets) for metabolites that were detected in all experiments. Then, 

metabolites were each given a ‘response value’ (for each experiment) 

based on their average deviation from control values across each time 

course experiment (see Fig. 7.1 for details). By specifying a minimum 

‘response value’ threshold of 0.6, lists of metabolites that were considered 

‘responsive’ to each respiratory perturbation could be generated (Fig. 7.1). 

Finally, the lists of metabolites considered to be responsive to each of the 

respiratory perturbations were aligned in a table such that the 

responsiveness of any given metabolite could be easily compared across 

the different respiratory perturbations (Table 7.1). Metabolites were then 

ranked according to the numbers of respiratory perturbations they were 
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responsive to (column labeled ‘Conservation’, Table 7.1). This analysis 

revealed that, of the 73 metabolites that were responsive to at least one of 

the respiratory perturbations, only 6 were responsive to all 5 perturbations: 

lactate, 2-oxoglutarate, alanine, β-alanine, aspartate and glutamine (Table 

7.1).  

The responsiveness of lactate, alanine, 2-oxoglutarate (2-OG), 

aspartate and glutamine to respiratory perturbation is consistent with their 

proximities to the mtETC in the metabolic network (Fig. 7.2). Lactate and 

alanine are both derived directly from pyruvate (via lactate dehydrogenase 

and alanine aminotransferase, respectively), which is itself indirectly 

connected to the mtETC via the interaction of pyruvate dehydrogenase 

with NADH and NAD+ in the mitochondrial matrix. Aspartate is derived 

directly from oxaloacetate which is indirectly connected to the mtETC via 

malate dehydrogenase which is also connected to the mtETC via NADH 

and NAD+. The synthesis of 2-OG is linked to the mtETC at the level of 

isocitrate dehydrogenase which is again connected to the mtETC via 

NADH and NAD+. Glutamine is indirectly connected to the mtETC via the 

connection of glutamate (the immediate precursor of glutamine) to its 

precursor, 2-OG. Glutamine synthesis is also connected to oxidative 

phosphorylation (the primary function of the mtETC) via a requirement for 

ATP (Fig. 7.2). 
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While the general responsiveness of these metabolites to 

respiratory perturbation appears to be highly conserved, closer 

examination of their responses to respiratory inhibition indicated that the 

directionalities of their responses were not always conserved. Specifically, 

2-OG was decreased by all treatments that inhibited respiration except for 

flooding of poplar roots in which its abundance increased (Fig. 7.1), 

suggesting that poplar trees may have evolved a mechanism to avoid 2-

OG depletion under hypoxia. Similarly, β-alanine was increased by 

rotenone- or antimycin A-treatment of Arabidopsis cell suspension culture, 

and by flooding of poplar roots, but was decreased in anaerobically-

germinated rice seedlings and increased when anaerobic rice seedlings 

were supplied with oxygen (Fig. 7.1). However, compared to 2-OG and β-

alanine, glutamine, aspartate, alanine and lactate showed more consistent 

behavior with glutamine and aspartate being decreased, and alanine and 

lactate being increased in response to all respiratory inhibition treatments.  

 

The clear trend towards accumulation of pyruvate-derived 

metabolites (lactate and alanine) and depletion of 2-OG and TCA cycle 

intermediate-derived metabolites (glutamine and aspartate) is consistent 

with respiratory inhibition generally leading to a decreased flux of glycolytic 

carbon into and out of the TCA cycle, presumably due to inhibition of TCA 

cycle dehydrogenases by an increase in the NADH / NAD+ ratio in the 
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mitochondrial matrix resulting from reduced respiratory NADH oxidation. 

Interestingly, the aconitase-deficient Aco-1 tomato mutant, which has been 

reported as exhibiting an apparent decrease of flux through the TCA cycle, 

displays a partial phenotypic overlap with respiration-inhibited plants, 

having decreased levels of 2-OG, aspartate and glutamine (Carrari et al., 

2003). Similarly, the Arabidopsis idhv mutant which exhibits a 92% 

reduction in the mitochondrial NAD+-dependent isocitrate dehydrogenase, 

also displayed a significantly reduced level of aspartate and a statistically 

insignificant reduction in glutamine but, surprisingly, no change in 2-OG 

when grown on soil (Lemaitre et al., 2007). Interestingly, glutamine was 

found to be one of the most strongly decreased metabolites in antisense 

tomato lines with reduced mitochondrial malate dehydrogenase activity 

and reduced TCA cycle flux while 2-OG and aspartate levels were 

unaffected (Nunes-Nesi et al., 2005). Assuming Aco-1 plants do not exhibit 

increased levels of alanine and lactate (no data on these metabolites in 

Aco-1 has been presented), the above observations suggest that the 

combined responses of 2-OG, aspartate, glutamine, lactate and alanine 

are likely to constitute a robust identifier of respiratory inhibition, although 

2-OG may not necessarily be decreased. 

One of the more interesting trends seen across the various 

responses to respiratory perturbation was that glutamate, which was 

strongly decreased in rotenone- and antimycin A-treated Arabidopsis cells 
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(Fig. 7.1), was barely decreased at all in any of the respiratory 

perturbations applied to hypoxia-tolerant plants (Table 7.1). In fact, in 

these systems, glutamate levels usually underwent a minor, transient 

decrease during the onset of oxygen deprivation which was followed by an 

increase. This trend was also seen in the response profiles of 2-OG in 

these species. The characteristic stability of 2-OG and glutamate levels 

compared to those of glutamine and other amino acids has been noted 

previously and has led to the suggestion that sophisticated mechanisms 

must operate to maintain these metabolites at a relatively constant level 

(Stitt and Fernie, 2003). In yeast, glutamate and glutamine have been 

shown to act as retrograde signaling components that act as repressors of 

the RTG gene regulation pathway (Liu and Butow, 2006) and decreases in 

glutamate and glutamine lead to induction of citrate synthase, aconitase 

and isocitrate dehydrogenase genes involved in the synthesis of 2-OG 

(CIT1, CIT2, ACO1, IDH1, and IDH2) (Liu and Butow, 2006). It is tempting 

to speculate that increases in 2-OG and glutamate observed in response 

to respiratory inhibition in rice and poplar might have been triggered by a 

similar retrograde signaling mechanism to that identified in yeast. The 

rapid and strong decreases in glutamine seen in rice and poplar (Fig. 7.1) 

make glutamine a good candidate for being the primary signal in such a 

retrograde system.  
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Aside from aspartate, glutamine, 2-OG, alanine and lactate, β-

alanine was also consistently found to be either increased or decreased in 

response to respiratory perturbation. Little is known about β-alanine 

metabolism in plants and data on the behavior β-alanine under other 

experimental perturbations is scarce.  In the present studies, the 

directionality of the β-alanine response to respiratory perturbation was 

poorly conserved between the different systems studied, being increased 

by rotenone- or antimycin A-treatment of Arabidopsis cell suspension 

culture and by flooding of poplar roots while being decreased in 

anaerobically-germinated rice seedlings and increased when anaerobic 

rice seedlings were supplied with oxygen (Fig. 7.1). Reasons for these 

differences in β-alanine response directionality are unclear. A similar 

divergence of β-alanine response directionality has been reported for plant 

responses to salinity (Sanchez et al., 2008). The only reaction in the 

PlantCyc metabolic pathway database that consumes β-alanine (the 

synthesis of pantothenate from β-alanine and L-pantoate by pantoate-

beta-alanine ligase) is an ATP-dependent reaction (www.plantcyc.org). 

Hence, increases in β-alanine under respiratory inhibition may be caused 

by reduced β-alanine consumption due to reduced ATP availability. 

Conversely, radiotracer experiments have provided evidence that plants 

synthesise β-alanine via the degradation of polyamines (Terano and 

Suzuki, 1978; Rastogi and Davies, 1990), which may involve oxygen-
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dependent amine oxidase reactions (www.plantcyc.org; see pathway ‘β-

alanine Biosynthesis I’). Hence, decreases in β-alanine seen in oxygen-

deprived tissues may have been driven by a lack of oxygen for β-alanine 

synthesis.  

By using the comparative data in Table 7.1, it is possible to identify 

metabolites whose responsiveness to respiratory perturbation depends 

upon the position in the mtETC where respiration in perturbed. Succinate 

and tyrosine were consistently induced by treatments that blocked electron 

transport at Complex III (antimycin A) or cytochrome c oxidase (anoxia / 

hypoxia) but were not induced by inhibition at Complex I (rotenone). In the 

case of succinate, the above observation can be explained by the direct 

connection of succinate dehydrogenase to the mtETC downstream of 

complex I. A similar connection of a tyrosine-degrading pathway is 

unknown, but may be worthy of investigation given the similar behaviours 

of succinate and tyrosine and the fact that tyrosine transaminase is located 

at the inner mitochondrial membrane in rat brains (Mark et al., 1970).  

From Table 7.1, it is also apparent that many metabolite responses 

to respiratory pertubation were observed in poplar root flooding, anaerobic 

rice germination and rice seedling aerobic/anaerobic switching, but not in 

rotenone- or antimycin A-treatment of Arabidopsis cell suspension cultures 

(eg. 4-aminobutyrate). This could be explained by a role for oxygen-

deprivation rather than respiratory inhibition per se in mediating those 
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responses. Another explanation could be inter-species differences in 

pathway structure/regulation or differences between cell suspension 

cultures and plants/seedlings in the expression of enzymes and other 

factors required for these responses. A genetic basis for the lack of 

antimycin A-induced 4-aminobutyrate accumulation seems unlikely given 

that strong 4-aminobutyrate accumulation has previously been observed in 

submerged Arabidopsis thaliana plants within 6 h (Allan et al., 2008). It 

would be interesting to determine whether anoxic treatment of Arabidopsis 

cell suspensions causes many additional metabolite responses (including 

4-aminobutyrate accumulation) compared to antimycin A treatment. 

7.3 The power of meta-analysis and the need for more data 

The results of the meta-analysis in the previous section clearly 

demonstrate how similar perturbations applied to different systems can 

give rise to related but unique metabolomic responses (Table 7.1). 

Analysis of the similarities and differences between metabolomic 

responses observed when related perturbations are applied to identical 

systems and when identical perturbations are applied to related systems 

can yield insights that are impossible to make from an equal number of 

experiments each looking at very different perturbations applied to very 

different systems. Changing only a single factor or a small number of 

factors in each experiment makes differences between metabolomic 
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responses easier to interpret and follow up. For example, by applying the 

closely related treatments of rotenone and antimycin A to the same system 

(Arabidopsis cell suspension culture), it was possible to distinguish 

common responses (eg. 2-oxoglutarate) that were presumably driven by 

some common aspect of the two treatments (reduced mtETC NADH 

oxidation) from specific responses (eg. succinate) that were presumably 

driven by some differential aspect of the two treatments (point of inhibition 

on the mtETC). The interpretation of results such as these is often 

complicated by the fact that there is usually more than one biochemical 

difference between two related perturbations. For example, although 

antimycin A and rotenone both inhibit respiration, antimycin A is likely to: i) 

cause a greater reduction of ATP synthesis; ii) cause a greater generation 

of reactive oxygen species; and iii) block redox reactions that transfer 

electrons to the mtETC upstream of complex III. Hence, any mechanistic 

interpretation of the differences between the metabolomic responses to 

either antimycin A or rotenone needs to consider all these factors as 

possible drivers of the differential response. When two perturbations are 

as closely related as antimycin A and rotenone, it is sometimes possible to 

build a case for a particular mechanistic explanation of an observed 

difference in response by taking additional data into consideration (eg. 

known details of metabolic pathways or enzyme regulation, other 

metabolite responses seen occurring under the same perturbation). It is 
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clear, therefore, that, in terms of being valuable for yielding useful new 

hypotheses, a dataset is more than the sum of its parts. The results 

presented in this thesis have provided a small opportunity for a very limited 

meta-analysis, yielding some promising new hypotheses with obvious 

follow-up experiments. However, many more new fruitful hypotheses are 

likely to be generated by systematically mining a much larger set of data 

on metabolomic responses to respiratory perturbation and other metabolic 

perturbations on a wider range of genotypes. For example, carrying out 

time-course metabolomic analysis of the hypoxia response in a diverse 

array of plant species with varying degrees of hypoxia-tolerance may 

reveal correlations between certain metabolite responses and hypoxia-

tolerance. Alternatively, mining of the same dataset might reveal 

correlations between metabolite responses and evolutionary lineages. 

However, for such data-mining to be possible, metabolomic data need to 

be organized in one place. 

7.4 MetabolomeExpress enhances the communication of 
metabolomics results   

One of the major challenges to the sharing of biological insights 

from metabolomics datasets is overcoming the sheer size of raw datasets. 

Usually, laboratories producing high volumes of GC/MS data through 

large-scale metabolomics experiments attempt to capture interesting 
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biological aspects of the data and present these in peer-reviewed journal 

articles (see Fig. 7.3). However, due to space constraints, it is often not 

feasible to present all of the potentially interesting biological aspects of the 

raw data and some observations may go unpublished or even unnoticed. 

In theory, this problem might be overcome by making the raw data and 

associated metadata available for download or query on the World Wide 

Web thus giving other researchers the opportunity to verify biological 

claims and possibly even derive their own biological insights from the raw 

data, perhaps from another perspective with relevance to their own 

research area. Indeed, the scientific community has generally embraced 

this mode of data sharing where it is possible. This is evidenced by the 

growing number and size of online public data repositories providing 

access to in-house and community-contributed data, for example, 

GC/TOF-MS metabolomics experiments at the SetupX (Scholz and Fiehn, 

2007) database hosted at University of California, Davis 

(http://fiehnlab.ucdavis.edu:8080/m1/); micro array data at Array Express 

(Parkinson et al., 2005) (http://www.ebi.ac.uk/arrayexpress) or peptide 

MS/MS spectra and identification details at PRIDE (Jones et al., 2006b; 

Jones et al., 2008; Martens et al., 2008) (http://www.ebi.ac.uk/pride/), 

PeptideAtlas (Desiere et al., 2005) (http://www.peptideatlas.org/), 

PepSeeker (McLaughlin et al., 2006) 

(http://nwsr.smith.man.ac.uk/pepseeker), The Global Proteome Machine 
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Database (Craig et al., 2004; Beavis, 2006; Craig et al., 2006) 

(http://www.thegpm.org/GPMDB/index.html), MS-Cluster (Frank et al., 

2008) (http://proteomics.bioprojects.org/MassSpec/) or via the centralised 

proteomics web service, ISPIDER (Siepen et al., 2008) 

(http://www.ispider.manchester.ac.uk/cgi-bin/ProteomicSearch.pl). 

However, such web-based data sharing tools have generally been limited 

to highly processed data or primary data from technology platforms - such 

as most of those mentioned above - that produce relatively low volumes of 

simple primary data per experiment.  

In contrast, there is a distinct lack of interactive online raw data 

sharing tools for technology platforms that generate extremely large 

volumes (> 1 GB per experiment) of high-complexity primary data such as 

GC/MS or LC/MS based metabolomics. For these technology platforms, 

simply providing raw and processed data files and metadata for download 

(as elegantly achieved for GC/TOF metabolomics datasets by the SetupX 

web-server application (Scholz and Fiehn, 2007), for example; 

http://fiehnlab.ucdavis.edu:8080/m1/) - while being a significant step in the 

right direction – is of limited practical utility because the sheer volume of 

raw data associated with each experiment often makes download of entire 

experiments prohibitively time-consuming and expensive. Moreover, even 

if the raw data are downloaded, the researcher who downloaded the data 

is then confronted with the potentially challenging and time-consuming 
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task of repeating all the required data processing steps themselves if they 

wish to explore novel aspects of the primary data or check the validity of 

the original author’s claims. Raw data download is also a highly inefficient 

approach if the public researcher is only interested in a small subset of the 

primary data (such as the shapes and relative peak areas of a particular 

chromatographic peak, representing a metabolite of interest, across a 

number of chromatographic data files). This situation clearly presents a 

major challenge to the peer-review process in fields based on hyphenated 

mass-spectrometry techniques (such as metabolomics and quantitative 

proteomics) where data processing is a particularly crucial step in 

determining which biological claims may be made with confidence on the 

basis of the raw data. MetabolomeExpress has the potential to alleviate 

this situation by providing online researchers with the opportunity to rapidly 

explore raw and processed GC/MS metabolomics datasets in an 

integrated manner without the need to download and locally process 

gigabytes of data.  

The need for improved biological data sharing has triggered 

widespread efforts to establish common data reporting standards that will 

ensure that the biological and technical origins of published datasets are 

defined unambiguously and in sufficient detail to allow the results to be 

accurately reproduced, re-interpreted and systematically compared with 

the results of other experiments (Taylor, 2007). These efforts include a 
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wide variety of projects aimed at establishing field-specific and field-

common minimal data-sharing requirements (Brazma et al., 2001; Taylor 

et al., 2007; Fiehn et al., 2008), developing conceptual ontologies and 

controlled vocabularies for the unambiguous description of experimental 

parameters (Gene Ontology Consortium, 2006; Whetzel et al., 2006b; 

Whetzel et al., 2006a; Smith et al., 2007; Avraham et al., 2008; Spasic et 

al., 2008) and developing universal data exchange formats capable of 

systematically capturing entire experiments and their associated results in 

computer readable forms (Jenkins et al., 2004; Jones et al., 2006a; Spasic 

et al., 2006; Jones et al., 2007). However, the translation of these kinds of 

developments into noticeable benefits for the broader bioscience 

community depends on the development of specialised software tools that 

implement them in ways that add value to experimental data and make 

such value-added datasets as broadly accessible as the peer-reviewed 

articles that refer to them. By adhering to guidelines put forth by the 

Metabolomics Standards Initiative (MSI) (Sansone et al., 2007; Fiehn et 

al., 2008), MetabolomeExpress has the potential to work synergistically 

with other MSI-compliant metabolomic data sharing systems such as 

SetupX (Scholz and Fiehn, 2007). Inter-compatibility between different 

metabolomic data sharing systems resulting from the widespread adoption 

of reporting standards will greatly enhance the effective dissemination and 

re-use of metabolomics data. 
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Arabidopsis Cell Suspension Rotenone 

Treatment (Complex I inhibition) 
 

Metabolite / Treatment Duration (h):  1  3  6  12  16  24 
Avg 

Response 

Glutamine  ‐0.33  ‐2.13  ‐11.50  ‐10.11  ‐24.00  ‐10.11  9.70 

Asparagine  ‐0.22  ‐1.22  ‐5.25  ‐3.76  ‐6.14  ‐5.25  3.64 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

0.54  1.50  3.27  5.59  1.48  6.71  3.18 

Glutamate  ‐0.72  ‐0.79  ‐2.03  ‐0.72  ‐1.70  ‐9.00  2.49 

Phenylalanine  0.06  ‐0.82  ‐0.96  ‐1.50  ‐1.44  ‐8.09  2.14 

Aspartate  ‐1.00  ‐1.38  ‐0.92  ‐0.61  ‐0.92  ‐4.00  1.47 

[Unknown Possibly Tryptophan Related, RI1426.0]  ‐0.25  ‐0.32  ‐0.72  ‐2.03  ‐2.33  ‐1.94  1.27 

2‐Oxoglutarate  ‐0.72  ‐1.38  ‐0.67  ‐1.56  ‐2.45  ‐0.08  1.14 

Alanine  0.35  0.43  1.00  1.32  1.62  1.83  1.09 

[Unknown, RI1530.4]  0.01  ‐0.45  ‐1.04  ‐1.27  ‐1.22  ‐0.92  0.82 

Allantoin  0.15  ‐0.09  ‐1.44  ‐0.47  ‐0.61  ‐1.56  0.72 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  0.22  ‐0.82  ‐0.59  ‐0.72  ‐1.27  ‐0.64  0.71 

Methionine  0.10  ‐0.28  1.18  1.41  0.71  0.47  0.69 

[Unknown Probable Sugar, RI1855.4]  ‐0.01  ‐0.14  ‐0.49  ‐1.17  ‐1.17  ‐0.79  0.63 

beta‐Alanine  0.62  0.50  0.48  1.24  0.74  0.07  0.61 

               

 
Arabidopsis Cell Suspension Antimycin A 

Treatment (Complex III inhibition) 
 

Metabolite / Treatment Duration (h):  1  3  6  12  16  24 
Avg 

Response 

Glutamine  ‐1.00  ‐3.55  ‐8.09  ‐6.69  ‐19.00  ‐6.69  7.50 

Glutamate  ‐7.33  ‐4.88  ‐3.35  ‐2.03  ‐2.23  ‐5.67  4.25 

Asparagine  ‐0.72  ‐2.33  ‐3.35  ‐3.35  ‐6.14  ‐3.55  3.24 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

0.05  0.53  2.80  3.17  0.42  3.15  1.69 

[Unknown, RI1530.4]  ‐1.08  ‐1.33  ‐3.00  ‐1.86  ‐1.22  ‐1.13  1.60 

Succinate  0.63  0.59  1.16  1.69  1.90  3.51  1.58 

Methionine  0.14  ‐2.13  3.24  1.63  1.34  0.60  1.51 

Phenylalanine  ‐0.35  ‐0.28  ‐0.85  ‐0.27  ‐0.59  ‐6.14  1.41 

Alanine  0.71  0.96  1.21  1.48  2.13  1.61  1.35 

2‐Oxoglutarate  ‐1.70  ‐1.38  ‐0.89  ‐1.56  ‐1.78  ‐0.23  1.26 

2‐Aminoadipate  0.09  0.24  0.36  2.11  3.95  0.36  1.19 

Tyrosine  0.62  1.54  1.25  2.14  1.18  0.37  1.18 

Allantoin  0.07  ‐0.39  ‐4.88  ‐0.52  ‐0.64  ‐0.43  1.15 

Aspartate  ‐1.22  ‐3.35  ‐0.67  ‐0.22  ‐0.37  ‐0.89  1.12 

Glucuronate  0.38  0.34  0.43  0.83  1.13  2.48  0.93 

[Unknown Probable Sugar, RI1855.4]  0.04  ‐0.04  ‐0.82  ‐1.63  ‐1.70  ‐1.04  0.88 

beta‐Alanine  0.83  0.34  0.59  1.17  0.94  1.25  0.85 

Sorbitol  0.05  0.28  0.22  0.33  0.18  3.57  0.77 

Isoleucine  0.51  0.52  1.12  0.95  1.08  0.17  0.73 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  0.44  0.11  ‐0.12  ‐0.41  ‐2.13  ‐0.85  0.68 

[Butane, 2,3‐bis(trimethylsiloxy)‐, MS73, RI1409.8]  ‐0.67  ‐0.12  ‐0.06  0.35  0.66  1.99  0.64 

[Butanoic acid, 2‐oxo‐, bis(trimethylsilyl) deriv., MS63, 
RI1192.8] 

0.15  0.31  0.49  0.75  0.95  1.03  0.61 

Pyroglutamate  ‐0.61  ‐0.15  ‐0.72  ‐0.69  ‐1.00  ‐0.49  0.61 

               

               

 
Poplar Root Flooding 

(Hypoxia) 
 

     

Metabolite / Treatment Duration (h):  5  24  168 
Avg 

Respons
e       

Alanine  4.45  4.10  1.96  3.50       

Succinate  0.33  3.73  4.78  2.95       

beta‐Alanine  3.85  0.36  4.33  2.85       

Aspartate  ‐0.61  ‐5.67  ‐1.50  2.59       

[Unknown Possibly Tryptophan Related, RI1426.0]  ‐2.13  ‐1.94  ‐2.70  2.26       
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[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, 
RI1528] 

1.89  1.29  2.70  1.96 
     

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

5.21  ‐0.23  ‐0.23  1.89 
     

Asparagine  1.07  ‐3.17  ‐1.44  1.89       

4‐Aminobutyrate  2.86  0.67  1.89  1.81       

Proline  1.22  0.47  3.14  1.61       

Glutamine  0.58  ‐2.23  ‐1.94  1.58       

Tyrosine  2.02  1.02  1.57  1.54       
[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS82, 

RI2171.7] 
0.96  0.26  2.85  1.36 

     

Glycine  1.20  0.54  2.02  1.25       

Adenosine‐5'‐monophosphate  0.48  0.99  1.38  0.95       

Arginine  1.67  0.42  0.71  0.93       

Sorbitol  ‐0.03  1.13  1.35  0.84       

Serine  1.24  0.10  1.00  0.78       
[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, 

MS75, RI1777.7] 
0.42  0.75  1.08  0.75 

     

Leucine  1.14  0.32  0.78  0.75       
[2‐OH‐glutaric acid (3TMS), MS91, RI1573.4, Putative but 

Unconfirmed] 
0.36  0.83  1.03  0.74 

     
[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, RI1601.6, 

Putative but Unconfirmed] 
0.66  1.08  0.35  0.70 

     

Threonine  0.95  ‐0.25  0.89  0.70       

2‐Oxoglutarate  0.32  0.58  1.17  0.69       

[Unknown Possibly Indole Related, RI1448.6]  1.82  ‐0.19  ‐0.03  0.68       
[Ethanolamine (3TMS), MS90, RI1265.4, Putative but 

Unconfirmed] 
0.74  0.52  0.65  0.64 

     

Arabinose  0.13  1.07  0.67  0.62       

[Unknown Probable Sugar, RI1855.4]  0.29  0.28  1.27  0.61       

               

  Anaerobic Rice Germination   

Metabolite / Treatment Duration (h):  1  3  6  12  24  48 
Avg 

Response 

Threonate  0.25  1.31  0.32  ‐13.29  ‐99.00  ‐49.00  27.19 

Succinate  ‐0.82  ‐0.23  0.26  6.49  15.47  57.25  13.42 

[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐, MS80, RI1844.6] 

0.06  0.47  ‐0.09  ‐0.67  ‐4.26  ‐24.00  4.92 

Shikimate  ‐0.06  ‐0.02  ‐0.45  ‐6.14  ‐9.00  ‐13.29  4.83 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS87, 
RI1966.6] 

‐0.10  0.10  ‐0.09  ‐9.00  ‐8.09  ‐11.50  4.81 

Aspartate  ‐2.33  ‐15.67  ‐3.00  0.07  ‐0.33  ‐2.03  3.91 

Fructose  0.05  ‐0.52  ‐1.70  ‐15.67  ‐2.85  ‐0.22  3.50 

[Unknown, RI1733.3]  ‐1.08  ‐7.33  ‐5.25  ‐4.56  ‐0.85  0.16  3.21 

Gluconate  0.57  ‐0.32  0.52  0.17  ‐6.14  ‐11.50  3.20 

Alanine  0.52  0.41  0.13  1.01  0.10  15.43  2.93 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

‐0.01  1.63  1.94  1.90  0.85  10.30  2.77 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, 
MS75, RI1777.7] 

‐0.03  0.04  0.06  ‐1.94  ‐7.33  ‐5.67  2.51 

Glycine  ‐0.06  0.07  0.14  4.01  1.16  9.34  2.46 

[Glycerol‐3‐phosphate (4TMS), MS93, RI1759.6, Putative 
but Unconfirmed] 

‐0.16  ‐0.05  0.56  1.24  3.79  7.62  2.24 

2‐Oxoglutarate  0.60  ‐0.23  0.53  ‐0.59  ‐6.69  ‐4.26  2.15 

4‐Aminobutyrate  0.02  0.95  1.07  4.20  1.06  3.83  1.86 

[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, 
RI1528] 

‐0.12  0.63  0.93  3.08  1.46  4.62  1.81 

[2‐OH‐glutaric acid (3TMS), MS91, RI1573.4, Putative but 
Unconfirmed] 

0.13  0.87  2.62  4.44  0.67  0.74  1.58 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  0.30  0.46  0.23  3.69  2.88  1.48  1.51 

[Unknown Probable Disaccharide, RI2962.2]  ‐0.06  ‐0.03  ‐0.12  2.24  1.65  4.91  1.50 

[Unknown Probable Sugar or Sugar Derivative, RI1583.9]  ‐0.12  0.25  0.50  1.45  1.02  5.27  1.44 

Methionine  ‐0.82  ‐2.23  ‐2.45  ‐0.30  0.11  2.08  1.33 

Fumarate  ‐0.08  0.52  0.68  1.46  1.63  3.60  1.33 

[Unknown Probable Sugar, RI1855.4]  0.37  ‐0.16  ‐1.63  ‐1.63  ‐2.70  ‐1.38  1.31 

Tyrosine  ‐0.09  ‐0.04  0.18  0.15  0.60  6.62  1.28 

[Unknown, RI1465.7]  ‐1.00  1.54  ‐0.11  1.58  1.39  1.59  1.20 

Arginine  ‐0.08  ‐0.30  0.23  ‐0.05  0.37  5.97  1.17 

Phenylalanine  ‐0.47  ‐0.79  ‐0.25  0.07  0.16  4.79  1.09 

[Sedoheptulose methoxime (6TMS), MS84, RI2122.6]  ‐0.04  ‐0.33  ‐0.56  ‐0.72  ‐3.17  ‐1.63  1.08 

Glutamine  ‐0.72  ‐2.70  ‐0.96  ‐0.89  0.77  0.14  1.03 
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Xylose  ‐0.52  0.21  0.58  ‐0.03  ‐1.94  ‐2.85  1.02 

Adenosine‐5'‐monophosphate  0.90  0.08  0.43  0.01  1.53  3.12  1.01 

Proline  ‐0.12  ‐0.06  ‐0.08  0.44  0.52  4.84  1.01 

beta‐Alanine  ‐0.23  0.10  ‐0.32  ‐0.64  ‐4.56  ‐0.18  1.00 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, 
trimethylsilyl ester, MS79, RI2367.2] 

0.17  0.21  0.22  0.74  0.86  3.82  1.00 

Glyceric acid‐3‐phosphate  0.57  0.73  0.79  0.77  0.70  2.45  1.00 

Leucine  ‐0.16  ‐0.04  ‐0.30  0.02  0.10  4.85  0.91 

[Unknown, RI2744.6]  0.37  0.17  0.24  1.26  2.17  1.17  0.90 

Allantoin  ‐0.37  0.02  ‐0.25  0.87  0.58  3.28  0.89 

Valine  ‐0.18  ‐0.33  ‐0.30  0.22  0.14  4.01  0.86 

Putrescine  0.06  ‐0.32  ‐1.04  ‐0.27  ‐3.35  0.06  0.85 

[Gulose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS82, 
RI2171.7] 

‐0.15  0.08  0.46  0.16  ‐1.17  ‐2.70  0.79 

[Galactonic acid (6TMS), MS90, RI1980.7]  0.20  0.02  0.24  1.00  0.82  2.25  0.76 

[Hydroxylamine (3TMS), MS98, RI1091.5, Putative but 
Unconfirmed] 

‐0.10  0.29  ‐0.33  1.22  0.66  1.71  0.72 

[Sedoheptulose methoxime (6TMS), MS86, RI2116.9]  0.06  ‐0.41  ‐0.14  ‐0.05  ‐2.03  ‐1.38  0.68 

Arabinose  ‐0.19  0.08  0.19  ‐0.32  ‐2.03  ‐1.08  0.65 

[Unknown Possibly Tryptophan Related, RI1426.0]  ‐0.16  ‐0.69  ‐1.27  ‐0.43  0.02  ‐1.22  0.63 

[Unknown Disaccharide, RI2532.7]  0.30  0.21  0.09  0.77  0.54  1.86  0.63 

[Unknown Possible Organic Acid, RI1411.1]  ‐0.10  0.49  0.04  1.68  ‐0.12  1.33  0.63 

Nicotinate  0.26  0.19  0.32  0.73  0.70  1.54  0.62 

Glycerate  0.23  0.38  0.15  ‐0.30  ‐1.17  ‐1.50  0.62 

[Unknown Possibly Indole Related, RI1448.6]  ‐0.02  0.20  0.01  1.07  0.63  1.80  0.62 

[Unknown, RI2293.0]  0.47  0.07  0.63  0.23  0.65  1.65  0.62 

Citrate  0  0.22  0.10  ‐0.03  ‐1.94  ‐1.38  0.61 

Trehalose  0  0.14  ‐0.05  ‐0.03  ‐1.63  ‐1.78  0.61 

                 

  Rice Seedling Aerobic / Aerobic Switching   

  Aerobic to Anaerobic  Anaerobic to Aerobic   

Metabolite / Treatment Duration (h):  24  6  3  1  1  3  6 
Avg 

Respons
e 

Succinate  59.32  7.70  1.94  0.35  ‐1.50  ‐4.26  ‐7.33  11.77 

Gluconate  ‐5.25  ‐1.22  ‐1.33  ‐0.28  ‐0.15  2.83 
12.2
9 

3.34 

[D‐Glucose, 2,3,4,5,6‐pentakis‐O‐(trimethylsilyl)‐, MS87, 
RI1966.6] 

‐13.29  ‐2.03  ‐1.50  0.03  ‐0.45  0.34  2.55  2.88 

Shikimate  ‐10.11  ‐2.45  ‐1.56  ‐0.69  ‐0.02  1.75  2.65  2.75 

[D‐Mannopyranoside, methyl 2,3,4,6‐tetrakis‐O‐
(trimethylsilyl)‐, MS80, RI1844.6] 

‐11.50  ‐1.86  ‐1.00  ‐0.39  ‐0.19  1.06  1.73  2.53 

[Arabinofuranose, 1,2,3,5‐tetrakis‐O‐(trimethylsilyl)‐, MS75, 
RI1777.7] 

‐9.00  ‐1.63  ‐0.69  0.29  ‐0.15  0.95  1.74  2.07 

Threonate  ‐0.09  ‐0.12  ‐0.28  ‐0.03  0.06  2.15 
11.5
3 

2.04 

[Lactic acid (2TMS), MS95, RI1028.1, Putative but 
Unconfirmed] 

3.84  2.85  2.82  2.00  0.91  0.28  ‐0.32  1.86 

[Glycerol‐3‐phosphate (4TMS), MS93, RI1759.6, Putative 
but Unconfirmed] 

6.28  0.73  0.29  0.17  ‐0.69  ‐0.89  ‐1.86  1.56 

Glutamine  ‐1.22  ‐0.04  ‐2.70  ‐2.23  ‐0.64  ‐1.27  ‐1.50  1.37 

Alanine  6.38  0  0.04  1.27  0.45  0.25  ‐0.82  1.32 

2‐Aminoadipate  2.31  0.19  ‐0.61  ‐0.39  ‐1.33  ‐2.33  ‐2.03  1.31 

[Pentitol, 1‐desoxytetrakis‐O‐(trimethylsilyl)‐, MS72, 
RI1528] 

5.16  0.94  0.49  0.57  ‐0.43  ‐0.39  ‐0.59  1.22 

4‐Aminobutyrate  4.65  0.92  0.85  0.54  0.09  ‐0.79  ‐0.67  1.21 

[Hydroxylamine (3TMS), MS98, RI1091.5, Putative but 
Unconfirmed] 

3.96  0.76  0.82  0.22  0.25  ‐0.69  ‐0.79  1.07 

[Maltose methoxime (8TMS) EZ Peak 1, MS92, RI2717.6]  1.17  ‐0.28  ‐0.33  ‐0.10  ‐1.38  ‐2.03  ‐2.13  1.06 

Aspartate  ‐3.76  ‐0.47  ‐0.69  ‐0.45  ‐1.44  ‐0.04  0.29  1.02 

[Unknown Probable Sugar or Sugar Derivative, RI1583.9]  4.46  0.80  0.02  0.09  ‐0.43  ‐0.16  ‐0.37  0.90 

Trehalose  ‐2.57  ‐1.08  ‐0.89  ‐0.19  ‐0.05  0.45  0.87  0.87 

[Unknown, RI2744.6]  0.99  ‐0.28  ‐0.64  ‐0.33  ‐0.82  ‐1.33  ‐1.63  0.86 

[Unknown, RI2567.4]  2.45  0.77  0.76  0.07  0.03  ‐1.04  ‐0.89  0.86 

[Unknown, RI2573.6]  2.44  0.75  0.73  0.08  0.06  ‐1.00  ‐0.85  0.84 

Arginine  3.15  0.32  ‐0.41  ‐0.28  ‐0.45  ‐0.39  ‐0.69  0.81 

Fumarate  1.93  0.60  0.01  ‐0.03  ‐0.92  ‐0.89  ‐1.17  0.79 

Allantoin  2.84  0.59  0.08  ‐0.02  1.00  ‐0.59  ‐0.35  0.78 

Adenosine‐5'‐monophosphate  3.03  0.50  ‐0.32  ‐0.54  ‐0.37  ‐0.41  ‐0.27  0.78 

[Unknown Possibly Indole Related, RI1448.6]  2.31  0.49  0.71  0.19  ‐0.01  ‐0.75  ‐0.89  0.76 

Glycine  3.49  0.33  0  0.06  ‐0.30  ‐0.47  ‐0.69  0.76 
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2‐Oxoglutarate  ‐0.33  ‐0.54  ‐1.94  ‐0.54  0.53  0.81  0.64  0.76 

Nicotinate  3.06  0.40  0.44  0.07  ‐0.12  ‐0.49  ‐0.64  0.75 

Tyrosine  3.31  0.73  ‐0.01  ‐0.11  ‐0.35  ‐0.32  ‐0.33  0.74 

Phenylalanine  2.77  0.56  ‐0.33  ‐0.02  ‐0.39  ‐0.35  ‐0.61  0.72 

beta‐Alanine  1.45  0.12  ‐0.10  0.02  0.83  1.15  1.36  0.72 

Fructose  ‐0.10  0.06  0.13  0.14  ‐0.05  1.35  2.98  0.69 

Leucine  2.72  ‐0.03  ‐0.10  0.07  ‐0.37  ‐0.45  ‐0.89  0.66 

Proline  2.42  ‐0.08  ‐0.16  0.05  ‐0.22  ‐0.72  ‐0.92  0.65 

[3‐Methyl,3‐OH‐glutaric acid (3TMS), MS87, RI1601.6, 
Putative but Unconfirmed] 

1.59  0.52  0.44  0.02  ‐0.30  ‐1.00  ‐0.61  0.64 

[D‐Glucuronic acid, 2,3,4,5‐tetrakis‐O‐(trimethylsilyl)‐, 
trimethylsilyl ester, MS79, RI2367.2] 

2.60  0.35  ‐0.15  ‐0.01  ‐0.18  ‐0.43  ‐0.75  0.64 

Citrate  ‐0.02  ‐0.30  ‐0.33  ‐0.15  0.97  1.10  1.53  0.63 

Figure 7.1 Metabolites responsive to each respiratory perturbation. 
Treatment / control metabolite signal intensity ratios for all respiratory 
perturbation experiments were obtained for the set of metabolites that 
were detected in all experiments. Signal intensity ratios were then 
transformed so that cases of up- and down-regulation were represented by 
positive and negative response values on a linear scale centered about 
zero (no response). For ratios >1, response values were calculated by 
subtracting 1 from the ratio. For ratios <1, response values were 
calculated according to the following formula: response_value = 1 + (-
1/signal_intensity_ratio). For example, a signal intensity ratio of 10 would 
be represented by a response value of 9 and a signal intensity ratio of 0.1 
would be represented by a response value of -9. Then, for each time-
course experiment, the average absolute response value of each 
metabolite (see column entitled ‘Avg Response’) was calculated and used 
to identify metabolites that could be considered ‘responsive’ to each 
respiratory perturbation (‘Avg Response’ greater than or equal to 0.6). The 
lists of metabolites responsive to each perturbation are shown above as 
heatmaps with cells containing ‘response values’. Columns are labeled to 
indicate the experimental time point to which each column corresponds. 
Metabolite lists were manually filtered to remove metabolites that did not 
show statistically significant responses. 
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Metabolite 
Arabidopsis Cell 
Culture Rotenone

Arabidopsis Cell 
Culture Antimycin 

A 

Poplar Root 
Flooding 

Anaerobic Rice 
Germination 

Rice Seedling 
Aerobic/Anaerobic 

Switching 
Conservation

Lactate* + + + + + 5 

2-Oxoglutarate + + + + + 5 

Alanine + + + + + 5 

Aspartate + + + + + 5 

beta-Alanine + + + + + 5 

Glutamine + + + + + 5 

[Maltose methoxime (8TMS) EZ Peak 1, 
MS92, RI2717.6] 

+ +  + + 4 

[Unknown Probable Sugar, RI1855.4] + + + +  4 

Allantoin + +  + + 4 

Phenylalanine + +  + + 4 

Succinate  + + + + 4 

Tyrosine  + + + + 4 

[Arabinofuranose, 1,2,3,5-tetrakis-O-
(trimethylsilyl)-, MS75, RI1777.7] 

  + + + 3 

[Pentitol, 1-desoxytetrakis-O-
(trimethylsilyl)-, MS72, RI1528] 

  + + + 3 

[Unknown Possibly Indole Related, 
RI1448.6] 

  + + + 3 

[Unknown Possibly Tryptophan Related, 
RI1426.0] 

+  + +  3 

4-Aminobutyrate   + + + 3 

Adenosine-5'-monophosphate   + + + 3 

Arginine   + + + 3 

Asparagine + + +   3 

Glycine   + + + 3 

Leucine   + + + 3 

Methionine + +  +  3 

Proline   + + + 3 

[2-OH-glutaric acid (3TMS), MS91, 
RI1573.4, Putative but Unconfirmed] 

  + +  2 

[3-Methyl,3-OH-glutaric acid (3TMS), 
MS87, RI1601.6, Putative but 

Unconfirmed] 
  +  + 2 

[D-Glucose, 2,3,4,5,6-pentakis-O-
(trimethylsilyl)-, MS87, RI1966.6] 

   + + 2 

[D-Glucuronic acid, 2,3,4,5-tetrakis-O-
(trimethylsilyl)-, trimethylsilyl ester, 

MS79, RI2367.2] 
   + + 2 

[D-Mannopyranoside, methyl 2,3,4,6-
tetrakis-O-(trimethylsilyl)-, MS80, 

RI1844.6] 
   + + 2 

[Glycerol-3-phosphate (4TMS), MS93, 
RI1759.6, Putative but Unconfirmed] 

   + + 2 

[Gulose, 2,3,4,5,6-pentakis-O-
(trimethylsilyl)-, MS82, RI2171.7] 

  + +  2 

[Unknown Possible Organic Acid, 
RI1411.1] 

   + + 2 

[Unknown, RI1530.4] + +    2 

[Unknown, RI2744.6]    + + 2 

2-Aminoadipate  +   + 2 



Chapter 7 General Discussion 
 
 
 

 

226 

Arabinose   + +  2 

Citrate    + + 2 

Fructose    + + 2 

Fumarate    + + 2 

Gluconate    + + 2 

Table 7.1 Continued             

Metabolite 
Arabidopsis Cell 
Culture Rotenone 

Arabidopsis Cell 
Culture Antimycin 

A 

Poplar Root 
Flooding 

Anaerobic Rice 
Germination 

Rice Seedling 
Aerobic/Anaerobic 

Switching 
Conservation 

Glutamate + +    2 

Nicotinate    + + 2 

Shikimate    + + 2 

Sorbitol  + +   2 

Threonate    + + 2 

Trehalose    + + 2 

[Butane, 2,3-bis(trimethylsiloxy)-, MS73, 
RI1409.8] 

 +    1 

[Butanoic acid, 2-oxo-, bis(trimethylsilyl) 
deriv., MS63, RI1192.8] 

 +    1 

[Ethanolamine (3TMS), MS90, 
RI1265.4, Putative but Unconfirmed] 

  +   1 

[Galactonic acid (6TMS), MS90, 
RI1980.7] 

   +  1 

[Hydroxylamine (3TMS), MS98, 
RI1091.5, Putative but Unconfirmed] 

   + + 1 

[Sedoheptulose methoxime (6TMS), 
MS84, RI2122.6] 

   +  1 

[Sedoheptulose methoxime (6TMS), 
MS86, RI2116.9] 

   +  1 

[Unknown Disaccharide, RI2532.7]    +  1 

[Unknown Probable Disaccharide, 
RI2962.2] 

   +  1 

[Unknown Probable Sugar or Sugar 
Derivative, RI1583.9] 

   +  1 

[Unknown, RI1465.7]    +  1 

[Unknown, RI1733.3]    +  1 

[Unknown, RI2293.0]    +  1 

[Unknown, RI2567.4]     + 1 

[Unknown, RI2573.6]     + 1 

Glucuronate  +    1 

Glycerate    +  1 

Glyceric acid-3-phosphate    +  1 

Isoleucine  +    1 

Putrescine    +  1 

Pyroglutamate  +    1 

Serine   +   1 

Threonine   +   1 

Valine    +  1 

Xylose    +  1 
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Table 7.1 Metabolites responsive to respiratory perturbation. 
Metabolites exhibiting an average response of at least 60% to a particular 
respiratory perturbation (see Figure 7.1) are marked with a ‘+’ in the 
appropriate column. The total number of respiratory perturbations in which 
a metabolite was found to be responsive is indicated in the column 
‘Conservation’. Metabolites with a higher conservation value are more 
likely to be responsive to other respiratory perturbations. Metabolites that 
were responsive to all studied respiratory perturbations are highlighted in 
bold. 
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Figure 7.2 Metabolic connections between the mitochondrial electron 
transport chain and metabolites that consistently respond to 
respiratory perturbation. Metabolites that were found to undergo 
changes in abundance in response to all respiratory perturbations studied 
in this PhD thesis are shown in the context of metabolic pathways that link 
them to the mtETC. Metabolites that were consistently decreased by 
respiratory inhibition are shown in red and marked with a red ‘down’ arrow. 
Metabolites that were consistently increased are shown in blue and 
marked with a blue ‘up’ arrow. Metabolites that showed variable 
directionality in response to respiratory inhibition are shown in purple and 
marked with a purple ‘up/down’ arrow. NAD(P)H, NAD+ and ATP are 
shown in blue, red and red, respectively, to indicate a likely increase in the 
NAD(P)H / NAD+ ratio and in the mitochondrial matrix and a decrease in 
cellular ATP supply. Abbreviations of mtETC components are as follows: ‘I’ 
= NADH:ubiquinone oxidoreductase (Complex I); ‘II’ = succinate 
dehydrogenase (Complex II); ‘NDA’ = internal Type II alternative NAD(P)H 
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dehydrogenases; ‘NDB’ = external Type II alternative NAD(P)H 
dehydrogenases; ‘III’ = ubiquinol:ferricytochrome c oxidoreductase 
(Complex III); ‘cyt c’ = cytochrome c; ‘IV’ = cytochrome c oxidase 
(Complex IV); ‘ATP syn’ = F1F0 ATP synthase complex. Points of mtETC 
inhibition by rotenone, antimycin A and oxygen deprivation are indicated 
by red lines. Enzymatic reactions for the TCA cycle and other linked 
metabolic pathways are shown. Enzyme names are shown in bold. 
Enzyme name abbreviations are as follows: ‘MDH’ = malate 
dehydrogenase; ‘IDH’ = isocitrate dehydrogenase; ‘GDH’ = glutamate 
dehydrogenase; ‘GOGAT’ = glutamine:oxo-glutarate aminotransferase; 
‘GS’ = glutamine synthase; ‘AOAT’ = alanine:oxoglutarate 
aminotransferase; ‘Asp AT’ = Aspartate aminotransferase; ‘PDHC’ = 
pyruvate dehydrogenase complex; ‘LDH’ = lactate dehydrogenase; 
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Figure 7.3 Towards data transparency in metabolomics: online 
processing and interactive presentation of reusable, transparent, 
standards-compliant GC/MS metabolomics datasets with 
MetabolomeExpress. On the left is a conceptual diagram showing the 
current typical model for the process of publishing metabolomics datasets: 
all data processing is done prior to submission of the manuscript and all 
links back from secondary data to primary data are effectively broken prior 
to peer-review and release to the public. On the right is a proposed model 
for the publication of metabolomics data in which all links back from 
secondary data to primary data are maintained and reviewers and the 
public are able to easily verify the quality of data processing and interact 
with complex metabolomics datasets in ways that allow them to make their 
own biological insights. Solid arrows represent directional flow of 
information. Dashed arrows represent dynamic (double-click) links 
between claimed metabolite levels/responses and the underlying signals 
interactively displayed in the raw data viewer. 
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9.1 Summary 

Finding gene-specific peptides by mass spectrometry analysis to 

pinpoint gene loci responsible for particular protein products is a major 

challenge in proteomics, especially in highly conserved gene families in 

higher eukaryotes. We have used a combination of in silico approaches 

coupled to mass spectrometry analysis to advance the proteomic insight 

into Arabidopsis cytosolic ribosomal composition and its post-translational 

modifications. In silico digestion of all 409 ribosomal protein sequences in 

Arabidopsis defined the proportion of theoretical gene-specific peptides for 

each gene family and highlighted the need for low m/z cutoffs of MS ion 

selection for MS/MS to characterize low MW, highly basic ribosomal 

proteins. We undertook an extensive MS/MS survey of the cytosolic 

ribosome, using trypsin, and when required, chymotrypsin and pepsin. We 

then used custom software to extract and filter peptide match information 

from Mascot result files and implement high confidence criteria for calling 

gene-specific identifications based on the highest quality unambiguous 

spectra matching exclusively to certain in silico predicted gene- or gene 

family-specific peptides. This has provided an in-depth analysis of the 

protein composition based on 1413 high quality MS/MS spectra matching 
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to 776 peptide sequences from ribosomal proteins. These have identified 

peptides from 5 gene families of r-proteins not identified previously, 

providing experimental data on 79 of the 80 different types of ribosomal 

subunits. We provide strong evidence for gene-specific identification of 87 

different ribosomal proteins from these 79 families. We also provided new 

information on 30 specific sites of co- and post-translational modification of 

r-proteins in Arabidopsis by initiator methionine removal, N-terminal 

acetylation, N-terminal methylation, lysine N-methylation and 

phosphorylation. This site-specific modification data provides a wealth of 

resources for further assessment of the role of ribosome modification in 

influencing translation in Arabidopsis.  
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9.2 Introduction 

Ribosomes are large ribonucleoprotein complexes that catalyze the 

peptidyl transferase reaction in polypeptide synthesis and are thus 

responsible for the translation of transcripts encoded in cellular genomes. 

These complexes play the most fundamental role of any protein complex 

in the generation of the cellular proteome as a whole. Ribosomes consist 

of two subunits, large and small, but the internal composition of these 

subunits and their macromolecular size varies between bacteria, animals, 

fungi and plants. Both these subunits are composed on rRNA and protein 

(r-protein) components. Amongst eukaryotes the 80S cytosolic ribosomes 

of the yeast, Saccharomyces cerevisiae, rat, Rattus norvegicus, and 

human, Homo sapiens have been the most extensively investigated. 

These studies have revealed four distinct rRNAs, the 18S rRNA of the 40S 

subunit and 5S, 5.8S and 23S rRNAs of the 60S subunit. Up to 79 distinct 

proteins are part of these two subunits in eukaryotes, 32 small subunit and 

47 large subunit proteins, compared to only 54 proteins in the bacterial 

ribosome subunits (1). In eukaryotes a separate bacterial-like ribosome is 

present in the mitochondria and is referred to as a 70S ribosome, 

containing a large 50S and small 30S subunit, its smaller overall size is 

reflected in altered rRNA sizes and different protein subunits (2). Detailed 

analyses of yeast, rat and human cytosolic ribosomes by peptide mass 

spectrometry have provided insights into the composition and post-

translational modification of ribosomal proteins (3-7). Methionine removal, 

acetylation, methylation and phosphorylation are known ribosomal protein 

modifications, and both phosphorylation and methylation have been linked 

to changes in ribosomal function or biosynthesis (8, 9). 
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 Early studies of the cytosolic ribosome in plants revealed it was 

slightly smaller than that found in mammals, notably due to lower apparent 

mass of the 60S subunit (10). Early biochemical analysis of the protein 

components of ribosomes have been undertaken using 2D gels in the 

monocotyledonous plants, wheat, barley and maize and the 

dicotyledonous plants, soybean, tomato, and tobacco (11-16). Counting of 

distinct protein spots on these gels suggested the 40S subunit contained 

up to 40 proteins, while the 60S subunit contained up to 59 proteins, 

however without genomic sequences it was not possible to systematically 

assign these proteins to genes and gene families that would be required to 

resolve the composition of the complex in plants in a gene-specific 

manner. 

 The sequencing of the Arabidopsis genome provided the first 

opportunity in plants to consider the number and arrangement of ribosomal 

protein coding genes in plants. Using the strong sequence conservation of 

the eukaryotic r-proteins, Barakat et al. (17) undertook an analysis of 

expressed sequence tags and the early annotation of the complete 

genomic sequence identified 249 genes including 22 apparent 

pseudogenes, that encoded 80 different types of r-proteins (32 small 

subunit and 48 large subunit proteins). The extra family of proteins not 

conserved in mammals was the plant-specific P3 component known to be 

in the 60S subunit. Analysis of the r-protein gene families reveals that 

each family consists, on average, of three members. The sequences 

within these families can have very high conservation, leading to many 

paralogs with 97-100 percent sequence identity at the amino acid level, 

while other r-protein families contain significant sequence divergence. 

Based on public EST data and hybridization data on microarrays, most 

gene family members are expressed and could be present in the ribosome 

structure in different points of development, in different cell types and 
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under different conditions (18). Variation in ribosome composition, by 

incorporation of different paralogs could be an important component in the 

regulation of transcript translation. This underpins the importance of a 

thorough understanding of the actual composition of ribosome protein 

complexes themselves and not just the set of genes that could encode 

ribosomes. 

 Several studies have sought to investigate the ribosomal protein 

complement of experimental samples from Arabidopsis in order to answer 

these questions. Chang et al. (19) performed a study using ribosomes 

purified from Arabidopsis cell culture. They undertook a MALDI-TOF 

analysis of spots from 2D gel separated protein samples and also a limited 

tandem MS analysis of 1D SDS-PAGE separated protein bands. 

Giavalisco et al. (20) undertook a similar analysis of ribosome samples 

extracted from whole Arabidopsis leaves using 2D separated samples and 

MALDI-TOF MS analysis. 

 Chang et al (19) identified proteins from 70 of the 80 gene families 

by their MALDI-TOF analysis and identified members from a further 4 

gene families through their MS/MS analysis of 1D gel bands. In contrast 

Giavalisco et al (20) could only identify 63 of the 80 gene families by their 

MALDI-TOF analysis. Both these studies made claims of particular genes 

within a large number of the gene families. This was often based on the 

presence of single MS ion masses, but often not even these could be 

found, and the proteins could only redundantly be linked to back to gene 

families of 2-7 members.  

We have used a combination of approaches to advance the MS/MS 

based insight into Arabidopsis ribosomal composition and its post-

translational modifications. Firstly we used an in silico digestion of all 

ribosomal proteins to define targets for data acquisition and to drive a 

strategy of data collection to maximize recognition of ribosomal protein 
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derived peptides. Secondly we undertook an extensive MS/MS survey of 

the ribosome, using trypsin, and when required, chymotrypsin and pepsin. 

We then used custom software to extract and filter peptide match 

information from Mascot result files and implement high confidence criteria 

for calling gene-specific identifications based on the highest quality 

unambiguous spectra matching exclusively to certain in silico predicted 

gene-specific peptides. This has provided a much richer and more detailed 

analysis of the protein composition and also identified peptides from 5 

gene families of r-proteins not identified in previous studies. Further, we 

have strong MS/MS data to support gene-specific protein identification in 

32 cases not revealed in the previous study by Chang et al (19). In 

addition, we provide a wealth of information on co- and post-translational 

modification of r-proteins in Arabidopsis by initiator methionine removal, N-

terminal acetylation, N-terminal methylation, lysine N-methylation and 

phosphorylation.  
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9.3 Methods 

 

9.3.1 In silico Digestion Analysis 

Predicted sequences for Arabidopsis ribosomal proteins were 

obtained from the file ‘ATH1_pep_20051108’ which was downloaded from 

the TAIR website (www.Arabidopsis.org) as part of the TAIR 6 Arabidopsis 

Genome Release. A modified version of the published Perl script, 

Proteogest (21) and custom PHP scripts were used to populate peptide 

database tables containing rows for every tryptic, chymotryptic or peptic 

peptide sequence predicted from the set of 409 protein sequences 

annotated as ribosomal proteins or ribosomal protein-like proteins 

(allowing 1 missed cleavage) whereby each row represented an individual 

peptide-to-gene association. In addition to columns for peptide sequence 

and Arabidopsis Gene Index (AGI), the tables also included a column 

containing the name of r-protein family that each gene belonged to 

according to the nomenclature of Barakat et al. (17). These tables were 

used to map Mascot reported peptide match information onto r-proteins 

and r-protein families and were processed by additional PHP scripts to 

generate lists of peptide sequences which were only derived from single 

genes (gene-specific) and calculate the predicted m/z ratios of [M+2H+]2+ 

ions of total and gene-specific peptides for r-protein peptide ion m/z 

distribution analysis.     
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9.3.2 Ribosomal Isolation 

All steps were carried out on ice or at 4 °C. Approximately 100 g 

FW of Arabidopsis cell culture was homogenized in 300 mL of extraction 

buffer (0.45 M mannitol, 30 mM Tris, 0.5% (w/v) polyvinylpyrrolidone 40, 

100 mM KCl, 20 mM MgCl2, 0.5% (w/v) Bovine Serum Albumin, 20 mM 

cysteine) in a Waring blender for 2 min and the homogenate filtered 

through four layers of muslin. The filtrate was centrifuged for 5 min at 1500 

g and the supernatant again centrifuged at 16000 g for 15 min. The 

supernatant of this 16000 g sample was then centrifuged at 30000 g for 30 

min. In 70 mL polycarbonate bottle assemblies (Beckman Part No. 

355655), 50 mL portions of the 30000 g supernatant were then layered 

over 20 mL cushions of 1.5 M sucrose dissolved in Ribosome Buffer (30 

mM Tris, 100 mM KCl, 20 mM MgCl2, 5 mM β-mercaptoethanol) and 

centrifuged at 180000 g for 14.5 h to form a crude ribosomal pellet. Each 

crude ribosomal pellet was resuspended in 1 mL of Ribosome Buffer and 

centrifuged at 20800 g for 30 min to pellet insoluble material. The 

supernatants were combined, brought to a volume of 50 mL with 

Ribosome Buffer, and ultracentrifuged through 1.5 M sucrose as above. 

The pure ribosomal pellet was resuspended to a protein concentration of 

6.5 mg/mL in Ribosome Buffer, snap-frozen in liquid nitrogen and stored at 

-80 °C until use. This protocol yielded 2-3 mg of ribosomal protein from 

100 g FW cells.  

For the isolation of ribosomes from mitochondria, mitochondria 

were first purified from Arabidopsis by differential centrifugation and 

density gradient centrifugation essentially as described by Millar et al. (22). 

A concentrated suspension of mitochondria, containing ~40 mg 

mitochondrial protein was resuspended to a total volume of 50 mL in 

Ribosome Buffer containing 2% (w/v) Triton X-100. The suspension was 
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incubated on ice for 30 min with occasional gentle mixing. The suspension 

was then clarified by centrifugation at 30000 g for 30 min and the 

supernatant layered over a 20 mL cushion of 1.5 M sucrose in Ribosome 

Buffer and centrifuged at 180000 g for 20 h. After removal of the 

supernatant, the ribosomal pellet was resuspended in a minimal volume of 

Ribosome Buffer, snap frozen in liquid nitrogen and stored at -80 °C until 

use. 

 

9.3.3 Arabidopsis cytosolic ribosome dissociation 

Ribosome dissociation was essentially carried out according to Lin 

and Key (23). Briefly, 100 µg of purified cytosolic ribosomes were 

resuspended in 50 µL of either modified ribosome buffer (30 mM Tris, 100 

mM KCl, 5 mM MgCl2, 1 mM DTT pH 7.5) or modified ribosome buffer 

containing 0.5 M KCl. Resuspended samples were loaded onto a 10 mL 

linear sucrose gradients (15 – 30%) in either modified ribosome buffer or 

modified ribosome buffer containing 0.5 M KCl and subjected to 

ultracentrifugation at 260800 g at 4 ºC for 4 hours using a Beckman SW41 

Ti rotor. Fractions of approximately 200 µL were collected directly into 96-

well plates using a peristaltic pump. Absorbance readings (A260 and A280) 

were conducted on a POLARstar OPTIMA (BMG Labtech) using 200 

flashes per well. 

 

9.3.4 Gel electrophoresis 

SDS-PAGE gels used where 4% acrylamide stacking gels above 

12% (w/v) acrylamide, 0.1% (w/v) SDS or 5-16% (w/v) acrylamide, 0.1% 

(w/v) SDS in a large gel format (0.1 cm x 16 cm x 16 cm) and were run 
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with a Tris-Glycine buffering system. Gel electrophoresis was performed at 

25 mA per gel and completed in 3 h. 

 

9.3.5 ProQ phosphoprotein detection 

Approximately 25 μg of ribosomal proteins was solubilized in SDS-

PAGE sample buffer and loaded onto a 12% polyacrylamide gel (14 cm x 

16 cm x 0.75 mm) overlaid with a 4% stacking gel. The sample underwent 

electrophoresis for 4 h at 30 mA and upon completion was fixed in a 

solution consisting of 10% acetic acid and 50% methanol overnight. 

Following three 10 min washes in ddH2O each, gels were stained with 100 

mL of Pro-Q Diamond (Invitrogen) for 90 min and destained using three 

successive 30 minute washes with 100 mL of destain solution containing 

50 mM sodium acetate (pH 4.0) and 20% acetonitrile. After two washes in 

~100 mL ddH2O for 5 min at a time, fluorescent images of in-gel 

phosphorylated proteins were acquired using a Typhoon fluorescent 

scanner (GE Healthcare Life Sciences) with 532 nm excitation, 580 nm 

band pass emission filter and the photo multiplier tube (PMT) set at 500 for 

optimal ProQ dye detection. ImageQuantTM software program was used to 

view Pro-Q staining of the 1D PAGE gel. The gel was then stained with 

Colloidal Commassie overnight with gentle rocking. Following staining, the 

solution was discarded and gel destained in 0.5% phosphoric acid for 4 h. 

 

9.3.6 Phosphopeptide enrichment using titanium dioxide 

TiO2 tips (NuTip) were supplied by Glygen Inc. and phosphopeptide 

enrichment procedures were essentially those outlined by Larsen et al., 

(24) with some modifications. Briefly, TiO2 tips were conditioned prior to 
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binding of phosphopeptides by aspirating/expelling 10 μL of 0.1% TFA 

solution in ddH20 (pH ~1.9) 5 times using a pipette and expelling all of the 

TFA solution from the tip. Before binding, the pH of a 5 μL sample 

containing 10 μg of trypsin-digested ribosomal peptide lysate mixture was 

adjusted to pH ~ 1.9 by adding 1 part 1% TFA solution in ddH20 to 4 parts 

peptide mixture. The peptide mixture was aspirated / expelled 50 times 

using a pipette to ensure maximal binding of phosphorylated peptides to 

TiO2. The binding solution was then completely expelled from the tip. 

Bound samples were washed with 10 μL of 50% acetonitrile, 0.1% TFA 

aspirating/expelling the wash solution 10 times through the tip. This step 

was repeated two more times for a total of three wash steps. At the end of 

each wash step, all of the wash solution was expelled from the tip. Finally, 

the bound phosphopeptides were eluted from the TiO2 tip by 

aspirating/expelling 10 μL of 0.3M NH4OH solution in ddH20 (pH 10.5) 10 

times through the tip. Portions of this eluate were used for nanoESI-

MS/MS analysis.  

 

9.3.7 Quadrupole Time-of-Flight Mass Spectrometry (Q-TOF 
MS) 

For gel arrayed proteins, samples to be analysed were cut from the 

gels, de-stained twice for 45 min in 10 mM NH4CO3 and 50% (v/v) 

acetonitrile. Samples were dehydrated at 50 °C in a dry block heater for 30 

min and re-hydrated with 15 µL digestion solution - which, for trypsin and 

chymotrypsin was comprised of 25 mM NH4CO3 and 25 g/mL protease in 

0.01% (v/v) trifluoroacetic acid and for pepsin, was comprised of 25 µg/mL 

pepsin in 7% (v/v) formic acid - and incubated overnight at 37 °C. Peptides 

were extracted by adding 15 µL acetonitrile and vigorous shaking for 15 

minutes, removing liquid and adding 15 µL of 50% (v/v) acetonitrile and 
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5% (v/v) formic acid to the gel plugs followed by another 15 min of shaking 

(this step was repeated); washes were pooled after each extraction step. 

Samples were loaded onto self packed Microsorb (Varian Inc.) C18 (5 µm, 

100 Å) reverse phase columns (0.5 x 50 mm) using an Agilent 

Technologies 1100 series capillary liquid chromatography system and 

eluted into a QStar Pulsar i MS/MS system fitted with an IonSpray source 

(Applied Biosystems). Peptides were eluted from the C18 reverse phase 

column at 8 µL / min using a 9 minute acetonitrile gradient (5 – 60%) in 

0.1% (v/v) formic acid. Ions were selected automatically for the N2 collision 

cell utilizing the Information Dependant Acquisition (IDA) capabilities of 

Analyst QS v1.1 (Applied Biosystems) and the rolling collision energy 

feature for automated collision energy determination based on the ions 

m/z. The method employed a 1 second TOF MS scan which automatically 

switched (using IDA) to a 2 second Product Ion scan (MS/MS) when a 

target ion reached an intensity of greater that 30 counts and its charge 

state was identified as 2+, 3+ or 4+. TOF MS scanning was undertaken on 

an m/z range of 200 – 900 m/z using a Q1 transmission window of 180 

amu (100%). Product Ion scans were undertaken at m/z ranges of 70 – 

2000 m/z at low resolution utilizing Q2 transmission windows of 50 amu 

(33%), 190 amu (33%), 650 amu (34%). 

For ribosomal protein lysates, samples were digested with trypsin 

(1:10 w/w) in 10 mM NH4CO3 overnight at 37 ºC. For initial analyses 

digested samples of 1-10 µg were analysed directly or after TiO2 selection 

as above except bound peptides were eluted over a 30 min period (5 – 

60% acetonitrile in 0.1% (v/v) formic acid) at 10 µL / min. The analysis 

method employed was similar to that described above except a TOF-MS 

scan range of 400 – 1200 m/z was used employing a Q1 transmission 

window of 380 amu (100%). For more detailed analyses samples of 

approximately 0.2 - 1 µg were analysed on a QStar Pulsar i MS/MS 
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system (Applied Biosystems) fitted with a NanoES source (Protana Inc.) 

outfitted with a New Objectives adapter (ADPT-PRO) to allow direct liquid 

chromatographic coupling to the source. Samples were loaded using an 

1100 series capillary LC system (Agilent Technologies) onto a capillary 

sample trap column containing a 100 µm x 2.5 cm C18 insert (Upchurch 

Scientific) at 1 µL / min in 5% (v/v) acetonitrile and 0.1% (v/v) formic acid. 

Bound peptides were eluted at 500 nL / min into the mass spectrometer 

after automatically switching a retrofitted 10-port nanobore valve (Valco 

Inc.) on the QStar Pulsar i, by an 1100 series Nano Pump (Agilent 

Technologies). Peptides were eluted over a 30 min period and analysed 

using similar parameters to those outlined above for LC-MS/MS analysis 

of lysates. 

Resulting MS/MS-derived spectra were analysed against an in-

house Arabidopsis database comprising ATH1.pep (release 6) from The 

Arabidopsis Information Resource (TAIR) and the mitochondrial and 

plastid protein sets (TAIR). This sequence database contained a total of 

30700 protein sequences (12656682 residues). Mascot Generic Format 

(.MGF) MS/MS peak lists were generated from raw Sciex Analyst format 

(.WIFF) data files with Mascot Daemon using the ‘mascot.dll 1.6b21 for 

Analyst QS 1.1’ data import filter available from Matrix Science. The 

settings used for MS/MS peak list generation were: centroid the survey 

scan ions (TOF MS) at a height percentage of 50% and a merge distance 

of 0.1 amu (for charge state determination); centroid MS/MS data at a 

height percentage of 50% and a merge distance of 2 amu; reject a CID if 

less than 10 peaks or if precursor mass less than 50 Da or greater than 

10000 Da; precursor mass tolerance for grouping: 1 Da; maximum number 

of cycles between groups: 10; minimum number of cycles per group: 1; 

default precursor charge states: 2+ and 3+. Searches were conducted 

using Mascot Search Engine version 2.1.04 (Matrix Science) with mass 
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error tolerances of ± 75 ppm for MS and ± 0.6 Da for MS/MS, ‘Max Missed 

Cleavages’ set to 2, with variable modification Oxidation (M), Instrument 

set to ESI-Q-TOF. Results were filtered using ‘Standard scoring’, 

‘Maximum number of hits’ set to 200, ‘Significance threshold’ at p < 0.05. 

For initial searching, ‘Ions score cut-off’ was set at 0, however peptide 

matches were later filtered to remove peptide matches with expect values 

above 0.05. To test the expected confidence levels of the analytical 

approach, false positive peptide identification rates under the matching 

criteria described above were estimated at 2.7% by searching against a 

randomized version of the sequence database used for real searches. 

More extensive protein modification options were used after initial 

matching was performed with putative modified peptide spectra manually 

interpreted to confirm modification.  

Mascot peptide match reports thus produced were exported to 

comma-separated-value text file format and parsed with a custom PHP 

script to collect and filter peptide match results, map peptide hits onto r-

protein genes and r-protein families, produce customized tab-delimited text 

and HTML reports quantitatively summarizing MS/MS evidence for the 

detection of specific r-protein genes and r-protein families and 

automatically generate annotated MS/MS spectral diagrams in scalable 

vector graphics (.SVG) format for manual verification of peptide 

identifications in cases where a protein identification was supported by a 

single spectrum. The script included steps to filter out peptide matches 

with ‘Expect’ values above a threshold value of 0.05, select the highest 

scoring MS/MS match to each non-redundant peptide sequence (different 

charge or modification states on the same peptide sequence were 

regarded as the same peptide sequence) and use the tables of in silico 

predicted peptides described earlier under ‘In silico Digestion Analysis’ to 

automatically assign and count ‘total’ and ‘gene-specific’ peptide hits to r-
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protein genes and ‘total’ peptide hits to r-protein families, and sum the 

Mascot ‘Ion Scores’ for each of the resultant sets of unique top scoring hits 

to ‘total’ and ‘gene-specific’ peptides assigned to each r-protein and r-

protein family. To avoid false positive claims of gene-specific r-protein 

identification based on ambiguous spectra, MS/MS spectra that gave 

significant matches to more than one peptide sequence were not allowed 

to contribute to gene-specific peptide counts and scores. 

 

Supplementary material – Size analyses of peptides derived from 

ribosomal proteins following cleavage by different enzymes are provided in 

Supplementary Data 1. Generic format data files (Mascot Generic Format, 

.MGF) generated from the primary mass spectra based on the script 

explained above are provided as Supplementary Data 2, these can be 

directly re-analysed at www.matrixscience.com by the reader. Detailed 

information of the mass spectra matching, and individual peptide scores 

that form the basis of the identifications in Table 1 are provided in 

Supplementary Data 3. Detailed information about the mass spectral 

matching and peptide scores for gene-specific matches to members of 

protein families amongst S, L and P ribosomal proteins are in 

Supplementary Data 4 together with annotated MS/MS spectra and 

MS/MS peak lists for gene-specific identifications and protein families 

supported by single peptide identifications and the protein families S29, 

L36a, S30, L39, L29. Detailed information of the mass spectra matching 

and peptide scores for gene-specific matches to non-ribosomal proteins 

identified is supplied in Supplementary Data 5. Detailed information on the 

spectra interpreted for different classes of post-translational modified 

peptides is presented in Supplementary Data 6, while annotated, 

centroided and de-isotoped spectra supporting these post-translational 

modification claims are provided in Supplementary Data 7. 
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9.4 Results 

 

9.4.1 In silico digestion to develop strategies for analysis of 
the Arabidopsis ribosomal proteome 

To develop strategies to identify ribosomal proteins from the 

cytosolic ribosome with confidence based on peptide MS/MS, we 

undertook a wide survey of the predicted ribosomal protein sequences 

from Arabidopsis. The latest release of the Arabidopsis thaliana genome 

(TAIR6) contains 409 genes (excluding pseudo-genes) annotated as 

encoding cytosolic, mitochondrial or chloroplastic ribosomal proteins; or 

ribosomal protein-like proteins. These include the protein sequences of 9 

genes that were not annotated at the time of the Barakat et al (17) 

analysis of Arabidopsis ribosomal sequences which are new isoforms of 

S15, S25, P0, P1, L10a, L19, L24 and L41. The corresponding set of 409 

predicted protein sequences were subject to batch in silico digestion with 

either ‘trypsin’, ‘chymotrypsin’ or ‘pepsin’ using an in-house modified 

version of the published script, Proteogest (21). Processing of Proteogest 

output using custom PHP scripts produced a table for each enzyme 

containing the entire list of peptide sequences theoretically produced and 

for each peptide the gene(s) and gene family(s) from which it could be 

derived and a list of those peptides that were predicted to come from only 

one of the 409 protein sequences (see Supplementary Data 1 for lists of 

total and gene-specific peptide sequences and m/z values for [M+2H+]2+ 

ions). For example, in silico digestion using Trypsin allowing 1 missed 

cleavage produced approximately 13000 unique peptide sequences 
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(Figure 1). Approximately 9400 (72%) of these peptide sequences were 

predicted to come from only one of the 409 protein sequences (gene-

specific peptides) while others could be derived from a number of different 

genes. Analysis of all these data shows that many low molecular mass 

peptides are produced by trypsination of ribosomal proteins, due to the 

high arginine and lysine content of these relatively basic protein 

sequences. 

Comparison with the data published by Chang et al (19) and 

Giavalisco et al (20) on the experimental identification of ribosomal 

proteins showed that 6 protein families were not represented in either of 

these earlier reports: the 40S families S29, S30 and the 60S subunits 

L36a, L39, L29 and L41. These proteins are all small in size (<12 kDa), 

highly basic in nature (pI 10.5 - 13.4, average 11.7) and, from our in silico 

digestions, lead to especially small peptides for analysis when trypsinated.   

From this analysis of both theoretical digestion and published data 

on the ribosome, a strategy was developed to maximize coverage of the 

ribosomal analysis. Firstly it would be necessary to obtain a large number 

of unique MS/MS spectra to provide coverage of the likely 80-249 

ribosomal proteins expected in the cytosolic proteome. Given that 72% of 

tryptic peptides were likely to be gene-specific (Figure 1), ~500-1500 

peptide identifications would be required to provide, on average, 3-4 

specific peptides for each protein match depending on the number of 

specific proteins in the ribosome. Secondly, it would be important to 

employ a low m/z cut-off for the selection of MS ions for MS/MS analysis, 

200 to 900 was chosen on the basis of the abundance of peptides below 

800 amu (which would be doubled charge MS ions below 400 m/z from 

electrospray ionisation), especially in the families of proteins so far not 

identified in Arabidopsis samples. Thirdly, it would be valuable to use a 

simple protein display technology such as 1D SDS-PAGE to ensure that 
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proteins were not lost for analysis due to being too basic or not dissolving 

in IEF buffers for 2D gel analysis, or being lowly stained and not analysed 

due to lack of visible spots in 2D gel analysis of ribosomes. This was 

especially important because these technical reasons had been used to 

explain lack of coverage of certain families in previous reports on the 

ribosome composition (19, 20). Fourthly, given the similarity of peptide 

sequences within and between ribosomal protein families it would be 

necessary to undertake an extensive analysis of the gene-specificity of 

any given peptide sequence to ensure only real gene-specific matches 

were used as evidence of specific proteins. 

 

9.4.2 Isolation, display, digestion and MS analysis of 
ribosomal proteins 

The protein complement of ribosomes isolated from Arabidopsis cell 

culture was displayed by SDS-polyacrylamide gel electrophoresis.  The gel 

separation of the successive steps in the purification of ribosomal proteins 

provides a view of the decreasing complexity of the protein sample and the 

refinement of the major bands of r-proteins. In the far-right lane (Figure 2) 

the discrete banding pattern of the ribosomal samples is evident.  

 

To assess whether our ribosomal preparation method produced 

intact 80S ribosomes that could be dissociated into two distinct subunits by 

a buffer of high ionic strength, we compared the sucrose density gradient 

sedimentation profiles of ribosome samples suspended in 5 mM MgCl2 

ribosome buffer of either moderate (0.1 M KCl) or high ionic strength (0.5 

M KCl). The sedimentation banding patterns of 80S ribosomes, 60S and 

40S subunits were followed by UV absorbance at 260 nm and 280 nm. 

This analysis revealed that at 0.1 M KCl, ribosomal subunits remained 
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essentially completely associated into 80S ribosomes while at 0.5 M KCl, 

subunits were completely dissociated into 40S and 60S subunits with 

virtually no 80S band being detected (Figure 3). No other obvious UV 

absorbing bands were detected. 

For analysis of the proteins in the purified ribosomal samples, three 

lanes each containing 100 µg of ribosomal proteins was run in parallel and 

the Coomassie staining bands of the entire three lane width were excised 

and digested in small pieces with trypsin in 12 separate wells of a 96-well 

plate. In total a set of 21 band regions were handled separately to provide 

21 sets of peptides from 300 µg of ribosomal r-proteins (Figure 4A). A 

further 9 sets of bands for low molecular mass gel regions were cut from 

replicate gels and digested with either chymotrypsin or pepsin to increase 

the coverage of low MW ribosomal proteins (Figure 4A). Each of the 48 

(21+9+9+9) samples were separately analysed by 9 min gradient elutions 

of peptides from C18 into an Applied Biosystems Q-STAR Pulsar Q-TOF 

MS at 8 µL / min under the parameters outlined in Methods. 

 

9.4.3 Analysis of raw LC-ESI-MS/MS data and mapping of 
MS/MS peptide hit data onto the theoretical 
Arabidopsis ribosomal proteome 

The 48 raw data files generated by LC-ESI-MS/MS analysis of the 

in-gel digested 1D-SDS-PAGE protein bands were divided into three 

groups based on the protease used and each group of data files was used 

to generate a Mascot Generic Format (.MGF) peak list file  for analysis by 

Mascot as outlined in Methods (Supplementary Data 2). Peptide hits 

reported by Mascot were filtered to remove low confidence matches 

(Expect Value > 0.05) and mapped - on the basis of peptide sequence - 

onto their associated r-protein genes, r-protein families and gene-
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specificity information using custom PHP scripts built around database 

tables of in silico predicted tryptic, chymotryptic or peptic peptide 

sequences. These in silico digestion tables were built by using the data 

from Proteogest (that was analysed in Figure 1). These data were 

automatically processed using the PHP script to generate peptide mapping 

report tables containing columns for peptide sequence, Arabidopsis Gene 

Index (AGI), ribosomal protein family, peptide MS/MS match data and a 

column indicating whether or not the peptide sequence was gene-specific 

(Supplementary Data 3). In this way, each mapping between a peptide 

match and an r-protein gene was represented by a separate row. Hence, 

gene-specific peptide matches only occurred in one row of the script-

generated table and non-specific peptide matches occurred in multiple 

rows (one for each gene from which they could be derived).  

Peptide hit information mapped onto genetic loci was then 

processed by the PHP script to automatically count the number of unique 

peptide sequences detected per gene in the ribosomal gene set, select the 

highest scoring MS/MS spectrum for each unique detected peptide 

sequence and add together the peptide scores for all the best unique 

peptide hits for each r- protein family (compiled in Table 1). The same 

approach was used to calculate the number of gene-specific peptides 

found and the sums of the peptide scores for non-redundant gene-specific 

peptides found for each gene (see Supplementary Data 4). Systematic 

analysis of the sequences of in silico predicted gene-specific peptides 

revealed that some of these peptides differed from each other only 

through isobaric Leu/Ile or Gln/Lys substitutions which would not be 

resolvable in our MS/MS analysis and would result in these spectra giving 

rise to search engine matches against more than one gene-specific 

peptide sequence. This finding highlighted the importance of using only 

unambiguously matched MS/MS spectra to support gene-specific protein 
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identification. Hence, spectra that matched significantly to more than one 

peptide sequence were not allowed to contribute gene-specific peptide 

identification counts or scores. Figure 5 provides a flow-diagram overview 

of the whole data analysis procedure. 

  

9.4.4 Protein Family Identifications by MS/MS 

Our analysis mapped 1446 MS/MS spectra (1413 Tryptic, 26 

Chymotryptic and 7 Peptic) as positive matches to 795 (776 Tryptic, 13 

Chymotryptic and 6 Peptic) non-redundant peptides from ribosomal 

proteins. We also detected a high-scoring match (Mascot Ions Score = 61) 

to a tryptic peptide derived from the r-protein family L29 in a separate 

analysis of r-proteins enriched for phosphopeptides. Together, these data 

confirmed the presence of peptides from 79 of the 80 protein families 

believed to make up the ribosome (Table 1). In comparison, Chang et al 

(19) and Giavaliso et al (20) claimed data for 75 and 61 protein families 

respectively. Only one protein family thus remains undetected in 

experimental ribosome preparations in Arabidopsis, L41. The four L41 

proteins are extremely small (3-4 kDa), and extremely basic (pI 13.5).  

The newly identified proteins from our analysis were from the 40S 

S29 and S30 families and the 60S L29, L36a and L39 families. These 

small proteins were identified through a combination of spectral matches 

from trypsin, chymotrypsin and pepsin digestions of low molecular mass 

protein bands (Table 2). Inspection of the matched peptides shows that 

64% of the matches were to MS ions smaller than 400 m/z, justifying our 

strategy to include low m/z MS2+ and MS3+ ions in our analysis. All the 

presented spectra for these newly identified proteins were family specific, 

but none were gene-specific. In the cases of the 3 members of S29, 2 
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members from L36a and 3 members from S30, there are no specific 

peptides derived from theoretical digests. Amongst the 3 members of L39, 

a very small number of gene-specific peptides can theoretically be 

produced but none were found in this analysis. 

 

9.4.5 Gene-specific Identifications by MS/MS in the 
ribosome 

One of the most taxing issues in analysis of the ribosomal dataset, 

but of high interest to researchers, is the question of heterogeneity in the 

proteins that make up the ribosome derived from the families of genes 

encoding proteins for each specific subunit. Table 1 shows that in every 

case in Arabidopsis, ribosomal subunits are encoded by at least two and in 

some cases up to 7 different genes, with a average of 3 genes per subunit 

across the whole protein complex. Importantly, our data for peptide 

identification are based on a large MS/MS data set of over 1400 matching 

spectra and they contain 267 unambiguous gene-specific peptide 

identifications (see Supplementary Data 3). The claims of earlier studies of 

the ribosome were made on the basis of much smaller datasets, and while 

many specific member proteins were claimed in these publications, the 

strength of the evidence in any particular case was substantially weaker 

than that obtained in this study. Chang et al (19) based their claims on 

~850 peptide identifications mainly from MS ions in MALDI-TOF with only 

172 claims based on MS/MS spectra of which only 66 were gene-specific 

MS/MS matches. Giavalisco et al (20) was entirely based on an unknown 

number of MS ions derived by MALDI-TOF. Claiming gene-specific 

identifications within conserved protein families relies on the high 

confidence matching of data derived from often only a small number of 

individual peptides. In this context, MS/MS spectra are much more 
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powerful discrimination tools than the matching of MS ion masses from 

MALDI-TOF spectra. We have used a high confidence cut-off for claiming 

gene-specific identification. For genes with only a single detected gene-

specific peptide, the peptide had to have a peptide score equal to or 

greater than 40, an expect value below 0.05 and the MS/MS spectrum had 

to be manually verified. The annotated MS/MS spectra for these cases are 

supplied in Supplementary Data 4. For genes with more than one detected 

gene-specific peptide, all peptides were required to have an expect value 

below 0.05 and an average peptide score of at least 30.   

Our analysis of gene-specific peptides in silico reveals that within 

10 gene families no theoretical gene-specific peptides exist: S18, S29, 

S30, L11, L21, L23, L36a, L38, L40 and L41. So for these proteins, no 

amount of spectral data will allow verification of heterogeneity of the 

protein population. For a further 8 families the level of sequence identity is 

so high, that few sequence specific peptides exist, and hence it is rather 

unlikely they could be found (S4, S13, S17, S26, S27, L15, L35a, L37, 

L29). But for the remaining 63 families enough theoretical gene-specific 

peptides exist to suggest that a high coverage MS/MS dataset could be 

able to define with clarity if gene-specific data exists to justify the specific 

presence of gene products from different chromosomal loci.  

 

Several errors in the assignments made by Chang et al (19) were 

apparent from our further analysis. In the family P3, Chang et al (19) 

claimed specific identification of At4g25890, but the peptides they claimed 

as matches were actually not from this gene product but from the other 

member of the family At5g57290. For this protein we also have specific 

identification of a locus specific peptide. Chang et al (19) claimed specific 

gene match to two L19 proteins from a family of 4 members; At1g02780 

and At4g02230. However, on closer inspection the peptide claimed for 
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At1g02780 (GPGGDVAPVAAPAPAATPAATPAPTAAVPK) is not present 

in the sequence of this protein. Our data strongly points to gene-specific 

data only for At4g02230. In the two member L15 family, Chang et al (19) 

claimed gene-specific identification of At4g16720 based on a single 

peptide, but on closer inspection this peptide is indistinguishable from the 

peptide from the other member of this family as it is a Leu/Ile difference 

which cannot be determined by MS. The two members of L15 are 

indistinguishable in our analysis; there is only one theoretical peptide that 

could distinguish this pair, which remains undetected by MS, even though 

we have MS/MS on 12 peptides to this family. A similar story is evident in 

the S5 family of two members, Chang et al (19) claimed a specific peptide 

to At2g37270, but it is again a Leu/Ile difference to At3g11940, 

indistinguishable by MS. We had 6 MS/MS spectra to this family but were 

unable to provide a gene-specific peptide; only 3 exist based on 

theoretical digests. In S25, Chang (19) claimed specific peptides for 

At2g21580, but these peptides are no longer gene-specific because of the 

discovery of a new member of S25, At4g34555, S25 proteins are only ~12 

kDa (encoded in a single exon) and this gene was not annotated in the 

earlier versions of the Arabidopsis genome. Giavalisco et al (20) claims on 

gene-specificity were not based on gene-specific peptides per se, but on 

selecting the top match based on MOWSE score from a search of PMF 

data, thus we could not with confidence compare our data to the claims 

made in this manuscript.  

 

9.4.6 Small subunit protein families  

We have good gene-specific matches for all three S3 members, 

and also for both members in the two member families S3a, S6, and S24 
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(Supplementary Data 4). In each of these cases substantial EST evidence 

suggest the presence of all members of these families being expressed 

and hence a heterogeneous population of these isoforms in ribosomes. 

However, there are also families in 40S subunit where the evidence is 

much more in favour of single gene products or two gene products (from 

large families) dominating the expressed protein profile, for example in Sa, 

S28, S9, S8 where the member specific data matches closely to the EST 

evidence for gene expression. There are still families where we are unable 

to provide substantial evidence for which specific protein products are 

found in the ribosome (eg. S5, S15, S20, S25).  

 

9.4.7 Large subunit protein families 

We have good gene-specific matches for three out of four members 

for the four member families L7, L13a and L35, and for both members in 

the two member families for L4, L5, L7a, L14, L17, L23a, L26, L28 and 

L32 (Supplementary Data 4). In all of these cases substantial EST 

evidence suggests the presence of all members of these families being 

expressed suggesting a heterogeneous population of these isoforms from 

the 60S ribosome subunit. However, there are also families in the 60S 

subunit where the evidence is much more in favour of single gene 

products or two gene products (from large families) dominating the 

expressed protein profile, for example in L3, L10a, L13, L24 and L37a 

where the member specific data matches closely to the EST evidence for 

gene expression. There are still families where we are unable to provide 

substantial evidence for which of the protein products are found in the 

ribosome (eg. L12, L15, L19, L27a, L29, L30) 
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9.4.8 Stalk P protein families 

In the four P r-protein families of acidic stalk proteins specific 

peptides have been found for 2 of the 4 P0 and 3 of the 5 P2 protein 

isoforms (Supplementary Data 4). A series of P1 family peptides were 

found, one each specific for the first three members of this family, but only 

one of these met our tight specifications of gene-specificity. Only one 

gene-specific peptide was found for P3 and this had a high Mascot Ions 

Score and was specific for At5g57290, which is consistent with much 

higher EST contribution from this gene family member.  

 

9.4.9 The S15a family cytosolic and mitochondrial 
members 

The S15a family was highlighted in a high profile analysis of 

ribosomal protein evolution as an example of a cytosolic gene family which 

evolved to direct specific members to be part of the mitochondrial 

ribosome, and retain others in the cytosolic ribosome (25). Sequence 

comparisons showed two types of S15a sequences, type I (At1g07770, 

At2g35590, At3g46040, At5g59850) and type II (At2g19720, At4g29430). 

The type II proteins were shown to be translocated to the mitochondria, 

while the type I proteins remained in the cytosol (25). Chang et al (19) 

claimed peptide specific evidence for both type I and type II proteins in the 

cytosolic ribosome. In our analysis we were unable to find any evidence 

for peptides even redundantly matching the type II proteins (At2g19720, 

At4g29430) in our cytosolic ribosome samples, all the 11 peptides found 

were specific for type I protein members (Table 1). In parallel, we have 

partially enriched ribosomes from mitochondrial samples and analysed the 

analogous band on 1D gels that matched band 21 where S15a peptides 
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were found. Here we found strong evidence of type II sequences, one 

peptide that redundantly matched to At2g19720 and At4g29430, and two 

peptides specific for At4g29430 (Table 6) and no significant evidence of 

cytosolic Type I sequences. Thus we propose that the presence of type II 

peptides in the study of Chang et al (19) are likely due to mitochondrial 

ribosome contamination of their samples, rather than the real presence of 

type II proteins in the cytosolic ribosome. 

 

9.4.10 Non-ribosomal proteins bound to ribosomes 

A set of five proteins that do not represent members of the 80 

established families of ribosomal proteins were identified in this study 

(Supplementary Data 5). These were two guanine nucleotide-binding 

family proteins (At1g18080, At1g48630) several of which have previously 

been reported in ribosomal extracts (19, 20), a eukaryotic translation 

initiation factor (At3g55620) that is likely bound to active ribosomes, and a 

ferritin-like protein (At3g56090).   

 

9.4.11 Covalent Modifications of Arabidopsis Cytosolic 
Ribosomal Proteins 

Covalent protein modifications such as acetylation, methylation and 

phosphorylation have emerged as potentially being important factors 

contributing to ribosomal heterogeneity in both eukaryotes (4, 19, 26, 27) 

and prokaryotes (28, 29). In the ribosomes of higher plants, studying the 

role of covalent r-protein modification in ribosomal heterogeneity is 

complicated by the frequent expression of relatively high (compared to 

other classes of organism) numbers of different, yet often highly conserved 
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isoforms of each ribosomal subunit. This situation adds another layer of 

complexity to the MS-based analysis of covalent r-protein modification in 

higher plants because very often, the mass difference between two closely 

related peptides from two closely related r-protein isoforms is exactly or 

almost equal to the mass difference expected from a covalent 

modification. Hence, in many cases, parent ion mass - as obtained by 

simple MS - cannot distinguish the modified peptide of one family member 

from a closely related, unmodified peptide derived from another family 

member. As we demonstrate here, this problem can be largely overcome 

through the use of LC-ESI-QTOF-MS/MS which allows isobaric peptides of 

very similar structure to be distinguished on the basis of their LC elution 

profiles and MS/MS fragmentation patterns.  

To identify sites of covalent modification on ribosomal proteins, 

candidate MS/MS spectra potentially corresponding to covalently modified 

peptides were identified in the complete MS/MS dataset through a series 

of Mascot searches considering various combinations of acetylation, 

formylation, mono-, di- and tri-methylation, and phosphorylation as 

variable modifications. MS/MS spectra for which the top Mascot match 

(across all the Mascot searches) was a covalently modified peptide with a 

peptide score greater than 30 were manually inspected to verify the 

identity of the peptide and determine the exact position(s) of the modified 

residue(s). This manual inspection process allowed near-isobaric 

modifications such as trimethylation/acetylation and 

dimethylation/formylation (which each differ by 0.0364 amu) to be 

distinguished on the basis that for low m/z fragment ions carrying the 

modification, the mass accuracy of the TOF analyzer was sufficient to 

resolve the two near-isobaric modifications. This approach revealed strong 

MS/MS evidence for 30 unique covalently modified peptides 

corresponding to a total of 41 covalent modification events. Detected 
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modification types included: removal of N-terminal methionine (15 cases), 

N-terminal acetylation (12 cases), N-terminal dimethylation (1 case), N-

methylation of lysine side chains (3 cases) and phosphorylation (9 cases). 

Of the 30 covalently modified peptides detected, 13 (43%) could be 

assigned to a specific genetic locus while the remaining 57% could only be 

redundantly assigned to 2-4 members of a particular r-protein family due to 

sequence conservation between family members. Overall, the results of 

this analysis (Table 4, and Supplementary Data 6), suggest extensive 

covalent modification of the ribosome with at least 23 (29%) of the 80 

ribosomal protein families exhibiting at least one covalent modification. 

 

9.4.12 N-Terminal Modifications: Initiator Methionine 
Removal and Acetylation  

Under the stringent MS/MS matching criteria, a total of 23 unique N-

terminal peptides representing 18 r-protein families were detected (Table 

4). Of these 23 N-terminal peptides, 20 (87%) were modified by either 

initiator methionine removal, N-terminal acetylation or both. The remaining 

3 (13%) peptides – specific to the r-proteins S10C (At5g52650), P2A 

(At2g27710) and P2B (At2g27720) - retained an unmodified N-terminal 

methionine residue. Five (22%) of the N-terminal peptides detected - 

representing r-protein families L18,  L21,  L32,  L36 and S27 - had parent 

ion masses and CID fragmentation patterns consistent with initiator 

methionine removal without further modification. In these peptides, the N-

terminal residue was either glycine, proline, alanine or valine – consistent 

with previous observations that initiator methionine removal occurs 

preferentially when the residue immediately adjacent to the initiator 

methionine has a relatively small radius of gyration (30). Ten (43%) of the 

detected N-terminal peptides - representing r-protein families: L10a, L28, 



Appendix I – Proteomics of the Arabidopsis cytosolic ribosome 
 
 
 

 

278 

S15, S18, S20, S3, S5 and Sa   - were detected as ions with parent 

masses and CID fragmentation patterns consistent with initiator 

methionine removal and acetylation on or near the N-terminal residue. In 

these peptides the N-terminal residue was invariably alanine (80% of 

cases) or serine (20% of cases). Two peptides, which were specific to the 

r-proteins S21B (At3g53890) and S7A (At1g48830), were detected with 

MS/MS support for N-terminal acetylation on the initiator methionine (see 

example spectrum in Figure 6A). In the raw spectra of all but 3 of the 

putatively acetylated peptides, an MS/MS signal peak within 5-53 ppm of 

the expected singly charged b1 ion of acetyl alanine (m/z = 114.0550), 

acetyl serine (m/z = 130.0499) or acetyl methionine sulphoxide (m/z = 

190.0453) was observed providing strong support for acetylation at the 

amino terminus, although O-acetylation of the serine side chain cannot be 

ruled out for peptides containing an N-terminal serine. For the 3 putatively 

acetylated peptides lacking b1 ion support for acetylation of the N-terminal 

residue, MS/MS signals within 23 ppm of the expected m/z of the 

acetylated b2 ion were observed. Interestingly, in these 3 peptides (one 

representing the r-protein family L10a and two representing L28) the 

residue in the second position was capable of being acetylated and hence 

acetylation of this second residue cannot be ruled out. 

 

9.4.13 Unique Case: N-terminal Proline di-methylation of 
Cytosolic R-Protein L12 

Several Mascot searches considering various combinations and 

types of acetylation, formylation, mono-, di- and tri-methylation as variable 

modifications matched several spectra to a modified form of the N-terminal 

peptide PPKLDPSQIVDVYVR which matches redundantly to all three 

members of the L12 r-protein family (At2g37190, At3g53430 and 
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At5g60670) (Table 4). The actual modifications reported by Mascot varied 

from Acetyl (N-Term) + Formyl (K) to Dimethyl (N-Term) + Trimethyl (K) 

depending on which combination of variable modifications was included in 

the search. The high peptide scores (often >50), the lack of any other 

significantly scoring assignments to this spectrum and the fact that the 

spectra matched by Mascot to this modified peptide were detected in SDS-

PAGE gel bands that gave rise to other L12 matching spectra suggested 

that this was a real peptide match although the exact nature of the 

modification(s) was not clear from Mascot results except that they 

introduced a total nominal mass increase of 70 Da. Upon manual 

inspection of the most highly scoring spectrum, several lines of evidence 

suggested that the peptide was in fact dimethylated at the N-terminal 

proline residue and N-trimethylated at the ε-amino group of the Lys3 

residue. Firstly, in the raw spectrum, signals corresponding to singly 

charged, unmodified y1-y6 and y10 ions were clearly present suggesting 

that the modification(s) adding 70 Da to the parent ion mass were located 

within the first five residues. This conclusion was supported by strong 

doubly charged b3-b5, b8 and b11-b14 series ions that were all ~35 m/z 

(~70 Da) higher than expected for the unmodified peptide. This confirmed 

that the modifications were localized to the first 3 residues, Pro-Pro-Lys-. 

While a number of combinations of modifications that could occur at these 

residues could explain a nominal mass increase of 70 Da (eg. formyl + 

acetyl, acetyl + dimethyl, formyl + trimethyl, dimethyl + trimethyl), these 

modifications could be divided into three different accurate mass groups 

resolvable on the TOF mass analyser: +C3O2H2 (+70.0055 Da), +C4OH6 

(+70.0419 Da) and +C5H10 (+70.0783 Da).  Calculation of the observed 

accurate mass shifts of the putatively modified doubly charged b3, b4, and 

b5 ions relative to the theoretical unmodified masses revealed that the 

observed signals for these ions in the raw spectrum corresponded to 
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respective mass shifts of 70.0688 Da, 70.0692 Da and 70.0782 Da. That 

is, the observed masses of the modified b3, b4 and b5 ions were 

respectively 44, 36, and 58 ppm closer to the masses expected for a 

+C5H10 modification (eg. N-terminal dimethylation + Lysine N-

trimethylation) than to the next most isobaric modification, +C4OH6 (eg. N-

terminal acetylation + Lysine N-dimethylation). This observation strongly 

suggested that the modifications responsible for the 70 Da mass increase 

in the 3 N-terminal residues of L12 were caused entirely by the addition of 

alkyl groups, most probably 5 methyl groups.  Given that the proline N-

terminus is theoretically capable of accommodating up to two methyl 

groups and the ε-amino group of lysine is capable of accommodating up to 

three, we propose that the most likely explanation for the observed data is 

that the N-terminal region of the Arabidopsis cytosolic r-protein L12 is N,N-

dimethylated at the N-terminal proline and N,N,N-trimethylated at the ε-

amino group of the Lys3 residue (see annotated spectra in Figure 6B). To 

our knowledge, this is the first reported evidence for N-terminal proline 

dimethylation in plants and the first report of N-terminal methylation in 

eukaryotic ribosomes. 

 

9.4.14 N-Methylation of Lysine 

Mascot searches considering mono-, di- and tri-methylation of 

lysine as variable modifications matched 27 MS/MS spectra to a total of 20 

unique lysine-methylated r-protein-derived peptides with a parent ion delta 

mass <0.1 Da and peptide score >30. However, on closer inspection it 

was found that the spectra matched to 9 of the 20 peptides actually 

matched more strongly with unmodified, isobaric peptides of similar 

sequence from closely related family members. Manual interpretation of 
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the highest scoring spectra for the 11 remaining peptides revealed strong 

y series evidence for lysine methylation in 3 peptides (Table 4). Two of 

these manually confirmed peptide matches, MGLENMDVESLKMe3K (Mr = 

1566.76 Da) and MGLSNMDVEALKMe3K (Mr = 1508.71 Da) matched 

specifically to two members of the L10a family (At1g08360/RPL10aA and 

At2g27530/RPL10aB respectively) providing strong evidence for site-

specific N-trimethylation of Lys90 which resides in a conserved region of 

At1g08360 (RPL10aA) and At2g27530 (RPL10aB). The third manually 

confirmed hit to a lysine methylated peptide was to 

QSGYGGQTKMePVFHK (Mr = 1546.79 Da) which matches redundantly to 

the two completely homologous isoforms of the L36a r-protein family, 

At3g23390 and At4g14320. The annotated spectrum for this peptide is 

shown in Figure 6C. 

 

9.4.15 Phosphorylation 

Previous analyses of the eukaryotic ribosome from a variety of 

species have characterised a range of phosphoproteins from this complex. 

In order to obtain a more complete picture of the extent of protein 

phosphorylation of the Arabidopsis cytosolic ribosome, the in-gel 

phosphoprotein stain Pro-Q Diamond (Invitrogen) was used to obtain an in 

gel phosphorylation profile (Figure 4B). Significant staining was observed 

with the phosphostain in several regions of the 1D-PAGE and cross 

referenced with the Coomassie stained version of the gel. Ribosomal 

proteins identified through mass spectrometry in these regions were 

highlighted as putative phosphorylation targets (Figure 4B). Data from 

samples previously analysed from these regions were re-interrogated with 

Mascot (Matrix Science) using the phosphorylation modification feature. 
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Significant matches were only found for two peptides using this process 

and both were derived from the two isoforms of RPS6 (Table 4). In an 

attempt to identify further phosphoproteins from the samples and further 

validate the phosphostaining, a phosphopeptide enrichment procedure 

employing TiO2 was used on trypsin digested ribosome lysates. A total of 

10 µg total ribosome protein was used for phosphoprotein enrichment with 

the enriched fraction analysed by nanoLC-MS/MS. Resultant data were 

queried using Mascot (Matrix Science) with the phosphorylation 

modification enabled. Several significant matches were obtained to 

phosphopeptides derived from ribosomal proteins (Table 4) and all except 

the S6 peptides were shown to be highly enriched by the TiO2 procedure 

(data not shown). These included peptides derived from the entire family 

of acidic ribosomal proteins P0, P1, P2 and P3 and a specific isoform of 

RPL13. The MS/MS spectra for all phosphopeptides were manually 

interrogated to ensure high levels of confidence for the match 

(Supplementary Data 6) and the annotated MS/MS diagrams and MS/MS 

peak lists are provided in Supplementary Data 7. The P3 spectrum is 

shown as an example in Figure 6D. 

 

9.5 DISCUSSION 

 

We provide direct mass spectral evidence for gene-specific 

identification of 31 small subunit proteins, 46 large subunit proteins and 7 

P proteins in the Arabidopsis cytosolic ribosome. This total of 87 specific 

identifications is based on the tight specifications of peptide number and 

MS/MS quality outlined in the results section. In comparison, Chang et al 

(19) have claimed 77 gene-specific identifications, but have used a much 
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looser specification set. Overall we agree on a set of 56, we do not have 

significant data on the 26 extra identifications claimed by Chang et al (19) 

but do have data on single significant peptides (expect value < 0.05) of 

lower peptide score (peptide score < 40) for 3 of the 26. In addition we 

have high quality MS/MS spectra to establish the presence of an 

additional 32 specific proteins in cytosolic ribosomes. In addition to 

heterogeneity derived from different ribosomal genes for the same subunit, 

covalent modification introduces further potential differences in ribosomal 

protein structure and function. Covalent modifications of ribosomal 

proteins have been reported in bacteria (28, 29, 31-35), fungi (3, 4, 8, 36-

38), mammals (5-7, 39) and plants (19). However, in almost all of these 

studies, limitations of the techniques used – such as peptide-mass-

fingerprinting (PMF), top-down MS analysis of intact r-proteins and acid 

hydrolysis to remove rRNA - have precluded detection of acid/base labile, 

low-stoichiometry or difficult-to-detect modifications or the determination of 

precise details about the exact position(s) and structure(s) of the modified 

residue(s). By taking a targeted proteomic approach that combines 

chemically mild sample preparation conditions, electrophoretic pre-

fractionation of the ribosomal protein mixture and 

phosphoprotein/phosphopeptide enrichment techniques with a highly 

sensitive and mass-accurate LC-MS/MS analytical technique, we have 

detected an unprecedented number and structural diversity of residue-

specific covalent modification sites in the cytosolic ribosome of 

Arabidopsis thaliana.  

 



Appendix I – Proteomics of the Arabidopsis cytosolic ribosome 
 
 
 

 

284 

9.5.1 Conservation of methylation between eukaryotic 
ribosomes 

Comparisons of the covalent r-protein modifications identified by 

this study in Arabidopsis with previous reports from other organisms 

indicate a considerable degree of conservation across eukaryotes in terms 

of the types of modifications present and the orthology of the modified 

subunits. For example, in Saccharomyces cerevisiae, mass spectrometry 

of intact proteins of the large ribosomal subunit has suggested methylation 

of the yeast r-protein families L1 (L10a in Arabidopsis), L3, L12, L23, L42 

(L36a in Arabidopsis), L43 (L37a in Arabidopsis) although the sites of 

methylation could not be determined by this approach (4). We identified 

methylated residues in members of three orthologous Arabidopsis r-

protein families L10a, L12, and L36a with these accounting for all of our 

lysine methylated peptide matches. Although we did not find evidence for 

methylation of Arabidopsis orthologues of yeast L3, L23 and L43 

(Arabidopsis L3, L23 and L37a respectively) it is possible that these r-

proteins are also methylated and that the peptides carrying these 

modifications escaped detection in our study. Patterns of initiator 

methionine removal and N-terminal acetylation also appear to be largely 

conserved between plants, animals and fungi (Table 5). Overall, the high 

degree of conservation of covalent modifications between diverse 

eukaryotes suggests that these modifications are fundamentally important 

for ribosomal function. 

 

9.5.2 N-Terminal Methylation of rpL12 

We have provided strong MS/MS evidence that sites within the first 

three N-terminal residues of L12 (Pro-Pro-Lys-) are covalently modified by 
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the addition of a total of 5 methyl groups in Arabidopsis thaliana cell 

suspension culture – most probably through N,N-dimethylation of the N-

terminal proline residue and trimethylation of the ε-amino group of lysine 3. 

Interestingly, L12 is the only cytosolic ribosomal protein predicted to have 

the Pro-Pro-Lys- N-terminal sequence after methionine removal and this 

sequence is conserved in almost every eukaryotic L12 protein sequence 

available. At the time of this publication, we could find in the literature only 

two reported examples of proteins modified by N-terminal proline 

methylation: the histone H2B from the starfish Asterias rubens which was 

confirmed by NMR to have an N,N-dimethylproline structure at its N-

terminus  (40) and the orthologous histone H2B of Drosophila (41). 

Remarkably, these proteins were both shown to have the same Pro-Pro-

Lys- N-terminal structure as we have shown here for ribosomal protein L12 

in Arabidopsis. This finding raises the interesting possibility that the N-

terminal Pro-Pro-Lys motif may be recognized by an as yet unknown N-

terminal proline N-methyl transferase enzyme that is conserved between 

plants and animals.   

Evidence has very recently emerged that the N-terminal region of 

the Saccharomyces cerevisiae L12 orthologue, is also pentamethylated 

with the detection, by LC-MS/MS, of a pentamethylated form of the N-

terminal peptide, PPKFDPNEVKYLYLR, in a proteolytic digest of HPLC 

purified rpL12ab (37). While the authors of that study interpreted their 

MS/MS spectrum of this peptide to suggest dimethylation at Lys3 and 

trimethylation at Lys10, we believe this assignment is unlikely to be correct 

and interpret their spectrum to be more consistent with N-terminal proline 

dimethylation and trimethylation at Lys 3 (see, among other signals, the 

high intensity doubly charged b5 fragment at m/z 328.19 exhibiting proline 

effect enhanced by adjacent Asp residue; and the doubly charged b3 ion 

at m/z 197.146 – which rule out methylation of Lys 10 and strongly support 
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pentamethylation within the first three residues). Interestingly, Porras-

Yakushi et al. (37) observed that deletion of the S. cerevisiae gene 

ydr198c - encoding a putative SET domain-containing lysine N-

methyltransferase - led to the loss of three methyl groups and the 

detection of only two methyl groups on the N-terminal peptide of rpL12ab. 

The Arabidopsis thaliana genome contains at least 29 actively transcribed 

genes encoding SET domain-containing proteins (42). However, a role for 

any of these proteins in the methylation of Arabidopsis ribosomal proteins 

is yet to be established.  

 

9.5.3 Phosphoproteins of the Arabidopsis Cytosolic 
Ribosome 

The cytosolic ribosome represents a well characterised system for 

the study of protein phosphorylation. The most widely studied 

components; RPS6 and the acidic P-proteins (P0-3) actively modulate 

ribosomal function through their phosphorylation and are involved in 

protein synthesis (43, 44). 

The RPS6 protein is a part of the small head region of the 40S 

subunit, which is a central location for interactions with mRNA, tRNA and 

factors that drive initiation of translation (45). The C-terminal of RPS6 is 

sequentially phosphorylated on five serine residues in response to a 

variety of stimuli and developmental cues (46, 47). This C-terminal region 

is highly conserved across eukaryotic lineages and in plants its multi-

phosphorylation sites has been well characterised in maize and 

Arabidopsis (26, 27). Initial characterisation of this region in mammals has 

demonstrated an ambiguity in phosphorylation site determination (47). 

While previous analysis of this region in Arabidopsis has only utilized 

MALDI-TOF MS analysis limiting the determination of the specific site(s) of 
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phosphorylation (19). Confirmation of single phosphorylation sites for the 

two Arabidopsis isoforms of RPS6 were confirmed for the first time here 

using MS/MS interrogation at Ser-240 for RPS6A and RPS6B.  

The acidic P-proteins form a multimeric complex that comprises the 

lateral stalk of the 60S ribosomal subunit (48). This complex is highly 

conserved across eukaryotes and is directly involved in translational 

regulation through interactions with associated factors. In addition to P-

proteins P0, P1 and P2, plants possess an additional P1/P2 type protein 

termed P3 (49). The P-proteins were initially identified as phosphoproteins 

in the yeast ribosome (50), and their phosphorylation states likely play a 

direct role in protein synthesis and translational responses to external 

stimuli (26, 51). Phosphorylation sites in the yeast P-proteins occur in the 

C-terminal region of the proteins (51) a feature that has been now 

confirmed for all members of the Arabidopsis family of ribosomal P-

proteins. Although recent technical reports employing phosphoproteomic 

technologies have reported the presence of several of these 

phosphopeptides from Arabidopsis (52) (RPP1A and RPP2B) and  (53) 

(RPP0B), this study has demonstrated that the entire acidic P-protein 

family in Arabidopsis (P0, P1, P2 and P3) all contain phosphorylated C-

terminal regions.  

 

9.5.4 Conclusions 

The complexity of the plant cytosolic ribosome in terms of its size, 

number of protein constituents and the evolutionary history, divergence 

and multiplication of the genes encoding its subunits, make it a major 

challenge for biochemical analysis. Within this complexity are undoubtedly 

key elements in understanding ribosome structure-function relationships 
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and the regulation of translation in plants that remain undiscovered. 

Analysis of peptides derived from proteolysis of ribosomes provides both 

protein composition and post-translational modification data. While the 

biological roles of most of these covalent modifications are presently 

unknown, the specific knowledge generated by this proteomic 

characterization study will enable the immediate design of targeted genetic 

experiments to explore the roles of these covalent modifications and the 

mechanisms through which they occur. 
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Family AGI Numbers 
No. 

Members  
(TAIR6) 

No. 
Pep 

Total 
Peptide 
Score 

Gel 
Region 

Numbers 

Chang 
et al. 

(2005) 

Giavalisco 
et al. 

(2005) 

S10 At4g25740, At5g41520, 
At5g52650 3 7 337 14-21 Y Y 

S11 At3g48930, At4g30800, 
At5g23740 3 8 400 14-16 Y Y 

S12 At1g15930, At2g32060 2 3 191 14-17 Y Y 
S13 At3g60770, At4g00100 2 8 400 15-17 Y Y 

S14 At2g36160, At3g11510, 
At3g52580 3 5 318 17-19 Y Y 

S15 

At1g33850*, At5g63070, 
At1g04270, At5g09490, 
At5g09500, At5g09510, 

At5g43640 

7 4 202 15-16 Y Y 

S15a 
At1g07770, At2g19720, 
At2g39590, At3g46040, 
At4g29430, At5g59850 

6 11 495 21 Y Y 

S16 At2g09990, At3g04230, 
At5g18380 3 10 462 15-17 Y Y 

S17 At2g04390, At2g05220, 
At3g10610, At5g04800 4 5 222 16-19 Y Y 

S18 At1g22780, At1g34030, 
At4g09800 3 9 506 17-19 Y Y 

S19 At3g02080, At5g15520, 
At5g61170 3 15 719 19-21 Y Y 

S2 

At1g58684*, 
At1g58983*, At1g58380, 
At1g59359, At2g41840, 

At3g57490 

6 18 920 4-6 Y Y 

S20 At3g45030, At3g47370, 
At5g62300 3 5 248 18-19 Y Y 

S21 At3g53890, At5g27700 2 2 239 24 Y - 
S23 At3g09680, At5g02960 2 8 389 16-18 Y Y 
S24 At3g04920, At5g28060 2 9 443 17-19 Y Y 

S25 At4g34555*, At2g16360, 
At2g21580, At4g39200 4 4 236 20-29 Y Y 

S26 At2g40510, At2g40590, 
At3g56340 3 1** 57 18 Y Y 

S27 At2g45710, At3g61110, 
At5g47930 3 1** 57 24,27 Y Y 

S27a At1g23410, At2g47110, 
At3g62250 3 2 78 21-24 Y - 

S28 At3g10090, At5g03850, 
At5g64140 3 7 359 27-30 Y Y 

S3 At2g31610, At3g53870, 
At5g35530 3 20 1007 2-7 Y Y 

S3a At3g04840, At4g34670 2 21 1070 4-6 Y Y 

S4 At2g17360, At5g07090, 
At5g58420 3 16 702 6-7 Y Y 

S5 At2g37270, At3g11940 2 6 399 10-11 Y Y 

S6 At4g31700, At5g10360 2 19 1041 5-7 Y - 

S7 At1g48830, At3g02560, 
At5g16130 3 12 566 9-12 Y Y 

S8 At5g20290, At5g59240 2 11 662 7 Y Y 
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S9 At5g15750, At5g15200, 
At5g39850 3 13 566 10-12 Y Y 

Sa At1g72370, At3g04770 2 9 494 2-7 Y Y 

P0 At1g25260*, At2g40010, 
At3g09200, At3g11250 4 18 885 3-8 Y Y 

P1 
At3g49460*, 

At5g24510*, At1g01100, 
At4g00810, At5g47700 

5 6 285 19-21 Y - 

P2 
At2g27710, At2g27720, 
At3g28500, At3g44590, 

At5g40040 
5 13 831 19-21 Y Y 

P3 At4g25890, At5g57290 2 2 105 18-19 Y - 

L10 At1g14320, At1g26910, 
At1g66580 3 11 486 9-11 Y Y 

L10a At1g08360, At2g27530, 
At2g27535*, At5g22440 4 18 955 8-10 Y Y 

L11 At2g42740, At3g58700, 
At4g18730, At5g45775 4 11 583 13-14 Y Y 

L12 At2g37190, At3g53430, 
At5g60670 3 7 452 13-16 Y Y 

L13 At3g48960, At3g49010, 
At5g23900 3 18 861 7-8 Y Y 

L13a At3g07110, At3g24830, 
At4g13170, At5g48760 4 21 1006 9-11 Y Y 

L14 At2g20450, At4g27090 2 14 663 19-21 Y Y 
L15 At4g16720, At4g17390 2 12 521 9 Y Y 
L17 At1g27400, At1g67430 2 14 689 11-14 Y Y 

L18 At2g47570, At3g05590, 
At5g27850 3 13 711 11-13 Y Y 

L18a At1g29965, At2g34480, 
At3g14600 3 12 530 11-13 Y Y 

L19 At4g16030*, At1g02780, 
At3g16780, At4g02230 4 7 306 4-8 Y - 

L21 At1g57860, At1g09590, 
At1g09690, At1g57660 4 15 633 12-14 Y Y 

L22 At1g02830, At5g27770, 
At3g05560 3 8 467 19-21 Y Y 

L23 At1g04480, At2g33370, 
At3g04400 3 4 202 19-21 Y - 

L23a At2g39460, At3g55280 2 16 674 14-15 Y Y 

L24 At2g44860*, At2g36620, 
At3g53020 3 8 412 12-20 Y Y 

L26 At3g49910, At5g67510 2 12 659 14-17 Y - 

L27 At2g32220, At3g22230, 
At4g15000 3 8 386 17-19 Y - 

L27a At1g12960, At1g23290, 
At1g70600 3 7 317 16-18 Y Y 

L28 At2g19730, At4g29410 2 11 498 16-18 Y Y 

L3 At1g43170, At1g61580 2 23 1136 1 Y Y 

L30 At1g36240, At1g77940, 
At3g18740 3 4 148 21-24 Y Y 

L31 At2g19740, At4g26230, 
At5g56710 3 3 144 15-16 Y Y 

L32 At4g18100, At5g46430 2 8 369 17-19 Y - 

L34 At1g26880, At1g69620, 
At3g28900 3 7 267 18-19 Y - 
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L35 At2g39390, At3g09500, 
At3g55170, At5g02610 4 10 520 17-19 Y Y 

L35a At1g07070, At1g41880, 
At1g74270, At3g55750 4 4 152 19-21 Y - 

L36 At2g37600, At3g53740, 
At5g02450 3 10 420 18-21 Y Y 

L37 At1g15250, At1g52300, 
At3g16080 3 1** 43 21 Y Y 

L37a At3g10950, At3g60245 2 5 292 24-26 Y - 
L38 At2g43460, At3g59540 2 4 170 26-30 Y Y 
L4 At3g09630, At5g02870 2 27 1486 1 Y Y 
L40 At3g52590, At2g36170 2 2 73 28-30 Y - 
L5 At3g25520, At5g39740 2 25 1148 3-4 Y Y 

L6 At1g18540, At1g74050, 
At1g74060 3 14 718 5-7 Y Y 

L7 At1g80750, At2g01250, 
At2g44120, At3g13580 4 30 1520 8 Y Y 

L7a At2g47610, At3g62870 2 18 904 6-7 Y Y 

L8 At2g18020, At3g51190, 
At4g36130 3 17 787 5-7 Y Y 

L9 At1g33120, At1g33140, 
At4g10450 3 12 752 9-11 Y Y 

S29 At3g43980, At3g44010, 
At4g33865 3 2** 68 (t, p) 28-30 - - 

S30 At2g19750, At4g29390, 
At5g56670 3 1** 61 26-27 - - 

L36a At3g23390, At4g14320 2 5** 227 19-21 - - 

L39 
At2g25210, At3g02190, 

At4g31985 3 2** 
80 (t, c, 

p) 
26-27 - - 

L29 At3g06680, At3g06700 2 1** 61 *** - - 

L41 At2g40205*, At3g08520, 
At3g11120, At3g56020 4 - - ND - - 

RACK1 At1g18080, At1g48630, 
At3g18130 3 15 755 3 Y Y 

TOTAL FAMILY NUMBER: 81     79 75 61 

 

Table 1. 80S Ribosomal Protein Families of Arabidopsis thaliana - 

Detection by SDS-PAGE / LC-MS/MS. 80S cytosolic ribosomes were 

isolated from A. thaliana cell suspension culture and ribosomal proteins 

separated by SDS-PAGE. Gel regions stained positively with Coomassie 

stain were excised from the gel, in-gel digested with protease. Peptides 

were extracted, analysed by LC-MS/MS and identified by Mascot 

searching of MS/MS spectra. Peptide matches reported by Mascot were 

mapped onto bioinformatically predicted 80S ribosomal protein families via 

relational tables of in silico predicted peptide sequences. For each family, 

the number of unique peptide matches (No. Pep; if non-tryptic peptides 
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were included in this peptide count, the protease(s) used to produce the 

peptides are shown by a 't' for trypsin, 'c' for chymotrypsin and/or 'p' for 

pepsin) and the sum total of the associated Mascot peptide scores 

(including only the top scoring hit to each unique peptide; Total Peptide 

Score)  were calculated. Gel regions which yielded peptides derived from 

each ribosomal protein family are shown with gel region numbers 

corresponding to those in Figure 4. Ribosomal protein family nomenclature 

as described in Barakat et al. (2001). * These loci had not been identified 

at the time of Barakat et al. (2001). ** Annotated MS/MS spectra are 

provided in Supplementary Data 4 *** The peptide matching this family 

was identified in a tryptic digest of ribosomal proteins previously enriched 

for phosphoproteins using a Qiagen Phoshoprotein Purification Kit. 
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Ribsomal Protein Family Enzyme m/z 
Mr 

(obs) 
M+ delta miss 

Mascot 
Ions 

Score 

Expect 
Value 

S29 (At3g43980, At3g44010, At4g33865)         

KYGPGSR T 382.69 763.37 2 -0.02 1 36 0.019 

GHSNVWNSHPKKYGPGSRL P 530.99 2119.94 4 -0.13 1 32 0.015 

L36a (At3g23390, At4g14320)         

DSLAAQGK T 395.19 788.37 2 -0.04 0 38 0.0088 

GKDSLAAQGK T 487.75 973.48 2 -0.04 1 56 0.00014 

HFSQRPIK T 338.18 1011.51 3 -0.05 0 32 0.029 

VNIPK T 285.67 569.32 2 -0.04 0 24 0.039 

S30 (At2g19750, At4g29390, At5g56670)            

FVTAVVGFGK T 512.78 1023.55 2 -0.03 0 61 3.20E-05 

L29 (At3g06680, At3g06700)           

NHTAHNQSAK T* 554.27 1106.52 2 0 0 61 0.0001 

L39 (At2g25210, At3g02190, At4g31985)         

TDNTIR T 360.18 718.35 2 -0.01 0 41 0.0064 

PSHKSF P 351.66 701.31 2 -0.04 0 41 0.0039 

PSHKSF C 351.67 701.31 2 -0.03 0 39 0.0097 

 

Table 2. New ribosomal protein families previously undetected in 

Arabidopsis 80S ribosomes. Ribosomal proteins were separated by SDS-

PAGE and gel regions predicted to possibly contain the low MW, 

previously undetected ribosomal protein families S29, L36a, S30, L39, L29 

and L41 families were in-gel digested in parallel with trypsin (T), 

chymotrypsin (C) and pepsin (P). Extracted peptides were analysed by 

LC-MS/MS and identified by Mascot searching of MS/MS spectra. 

Indentified peptides matching to each family are shown. Annotated MS/MS 

spectra for all tryptic peptides in this table are provided in Supplementary 

Data 4E. * This peptide was identified in a tryptic digest of ribosomal 

proteins previously enriched for phosphopeptides. 
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RPS15a Ribosomal Proteins Cytosol Mitochondria 

Subtype Loci Name 
No. 
P 

Total 
Peptide 
Score 

Spec 
P 

Specific 
Peptide 
Score 

No. 
P 

Total 
Peptide 
Score 

Spec 
P 

Specific 
Peptide 
Score 

At1g07770 RPS15aA 9 404.99 - - - - - - 

At2g39590 RPS15aC 4 166.15 - - - - - - 

At3g46040 RPS15aD 9 360.07 2 90.4 - - - - 

Type I 
(Cytosolic) 

At5g59850 RPS15aF 9 404.99 - - - - - - 

At2g19720 RPS15aB - - - - 1 36.37 - - Type II 
(Mitochondrial) 

At4g29430 RPS15aE - - - - 2 81.6 1 45.23 

 

 

 

Table 3. LC-MS/MS detection of Type I and Type II RPS15a ribosomal 

protein family members in cytosolic and mitochondrial ribosomal fractions. 

Ribosomal proteins isolated from cytosolic and mitochondrial ribosomal 

fractions were separated by SDS-PAGE and protein bands were in-gel 

digested with trypsin, peptides were extracted, analysed by LC-MS/MS 

and identified by Mascot searching of MS/MS spectra. Peptide matches 

reported by Mascot were mapped onto individual RPS15a family members 

and classified as not locus-specific (possibly derived from more than one 

ribosomal protein) or locus-specific (only derived from one particular 

ribosomal protein gene) via tables of insilico digestion predicted tryptic 

peptides. Total (including both specific and non-specific peptides; No. P) 

and specific (Spec P) peptides matching each RPS15a family member 

were counted and Mascot peptide scores summed for total peptides (Total 

Peptide Score) and specific peptides (Specific Peptide Score).
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A. Internal Modifications 

Modification 
RP 

Family*
Gene 

Product(s)
Peptide Sequence** 

Mass 
Error 
(Da) 

Mascot 
Ions 

Score

Expect 
Value 

Diagnostic MS/MS 
Fragments Detected 

L10a At1g08360 M(ox)GLENM(ox)DVESLKK -0.05 59 0.00069

y1-y12,b2-b7, b9; 
Accurate mass shift (y2, 

1+ ): 42.0462 Da (∆ -
0.0008 Da) 

L10a At2g27530 M(ox)GLSNM(ox)DVEALKK -0.05 58 0.001 

y1-y12, b2-b8, b11; 
Accurate mass shift (y3, 

2+): 42.0328 Da (∆ -
0.0142 Da) 

Trimethylation 
(Lysine) 

L12 
At2g37190, 
At3g53430, 
At5g60670

Dimethyl-PPKLDPSQIVDVYVR -0.09 62 0.0013 

y1, y4, y10, b3, b5, b7-
b14; Accurate mass shift 
(b3, 2+): 70.0656 Da (∆ 

-0.0127 Da) 

Monomethylation 
(Lysine) 

L36a 
At3g23390, 
At4g14320

QSGYGGQTKPVFHK -0.07 70 6.80E-05

y1-y3, y5-y7, y9-y13, 
b2-b8, b13; Accurate 
mass shift (y6, 2+): 

13.98 Da (∆ -0.0353 Da)

S6 At4g31700 SRLSSAAAKPSVTA -0.04 49 0.0018 
Intact: b2-b3,b5-b9,b14; 
Neutral Loss of 98 Da: 

Parent, b4, b5 

S6 At5g10360 SRLSSAPAKPVAA -0.05 33 0.069 

Intact: b2-b4, b6, b8-b9, 
b11-b12; Neutral Loss of 

98 Da: Parent, b6, b8, 
b10 

P0 At3g11250 KEESDEEDYEGGFGLFDEE -0.06 27 0.1 

Intact: b2-3, b5, b8, y1-
y5, y7, y10; Neutral 

Loss of 98 Da: b4, b5, 
b7, b8, b10 

P1 
At1g01100, 
At4g00810, 
At5g47700

KDEPAEESDGDLGFGLFD -0.05 91 8.30E-08

Intact: b2-b17, y2-y6, 
y10-y12, y16; Neutral 

Loss of 98 Da: b9, b10, 
b12, b14, b16 

P1 
At1g01100, 
At4g00810, 
At5g47700

DEPAEESDGDLGFGLFD -0.06 28 0.12 
Intact: b2-b10, b12, y1-
y8, y14; Neutral Loss of 

98 Da: b11, b12, b14 

P2 
At2g27720, 
At2g27710, 
At3g44590

EESDDDM(Ox)GFSLFE -0.04 25 0.084 

Intact: b1-b2, b6-b9, 
b12, y1-y2, y4-y10; 

Neutral loss of 98 Da: 
b4, b6-b10 

P3 
At4g25890, 
At5g57290

KEESEEEEGDFGFDLFG -0.05 38 0.011 

Intact: b2-b3, b5-b8, 
b10-b13, b15, y2-y3, y5-
y6, y8, y10, y12; Neutral 
Loss of 98 Da: b4-b10 

Phosphorylation 

L13 At3g49010 AGDSTPEELANATQVQGDYLPIVR -0.08 62 0.00012

Intact: b3, b6, b8, b9-
b12, b14, b18, y1-y12, 
y16; Neutral loss of 98 

Da: b4, b5, b8, b9 

 
B. N-Terminal Modifications 

Modification 
RP 

Family*
Gene 

Product(s) 
Peptide Sequence** 

Mass 
Error 
(Da) 

Mascot 
Ions 

Score 

Expect 
Value 

Diagnostic MS/MS 
Fragments Detected 

L18 
At3g05590, 
At5g27850 

GIDLIAGGK -0.05 53 0.00065 b2-b4, y1-y8 
Initiator 

Methionine 
Removal 

L21 

At1g09590, 
At1g09690, 
At1g57660, 
At1g57860 

PAGHGVR -0.03 49 0.0015 b2-b4, b6, y1-y6 
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L32 
At4g18100, 
At5g46430 

AVPLLTK -0.04 33 0.031 b2-b4, y1-y5 

L36 At5g02450 VATGLFVGLNK -0.05 77 3.30E-06 b2-b7, b11, y1-y10 

S27 
At2g45710, 
At3g61110 

VLQNDIDLLNPPAELEKR -0.03 57 0.00023 b2-b8, y1-y16 

L10a 
At1g08360, 
At2g27530, 
At5g22440  

Acetyl-SKLQSEAVR -0.03 47 0.0034 
b1-b3, y1, y3-y8; Accurate 

mass shift (b2): 42.0107 Da 
(∆ 0.0001 Da) 

L28 
At2g19730, 
At4g29410 

Acetyl-ATVPGQLIWEIVK -0.07 36 0.031 

b2, b3, b7, b10, y1-y7, y9-
y10; Accurate mass shift 

(b2): 42.0069 Da (∆ -0.0037 
Da) 

L28 At4g29410 Acetyl-ATVPGQLIWEIVKR -0.06 51 0.00094

b2, b3, b5, y2,y3, y5-y8, 
y11; Accurate mass shift 

(b2): 42.0089 Da (∆ -0.0017 
Da) 

S15 
At1g04270, 
At5g09510 

Acetyl-
ADVEPEVAAAGVPK 

-0.06 67 2.20E-05

b1-b4, b6-b8, b10, y1-y2, 
y4-y11; Accurate mass shift 
(b2): 42.0087 Da (∆ -0.0019 

Da) 

S18 
At1g22780, 
At1g34030, 
At4g09800 

Acetyl-SLVANEEFQHILR -0.08 88 1.70E-07
b1-b8, b11, y1-y12; 

Accurate mass shift (b2): 
42.0066 Da (∆ -0.004 Da) 

S20 At3g47370 Acetyl-AYEPMKPTK -0.05 45 0.0028 
b1-b3, y1-y8; Accurate mass 

shift (b2): 42.0023 Da (∆ -
0.0083 Da) 

S20 
At3g45030, 
At5g62300 

Acetyl-ATAYQPMKPGK -0.06 48 0.0016 
b1-b4, b6-b7, y1-y10;  

Accurate mass shift (b2): 
42.0059 Da (∆ -0.0047 Da) 

S3 
At2g31610, 
At5g35530 

Acetyl-ATQISKK -0.03 37 0.036 
b3, b5, y2-y6; Accurate 

mass shift (b3): 42.0084 Da 
(∆ -0.0022 Da) 

S5 
At2g37270, 
At3g11940 

Acetyl-
AASAEIDAEIQQQLTNEVK 

-0.09 73 5.40E-06
b2-b10, y1-y13; Accurate 

mass shift (b2): 42.0065 Da 
(∆ -0.0041 Da) 

S5 At3g11940 
Acetyl-

ATAADVDAEIQQALTNEVK 
-0.08 123 4.40E-11

b2-b13, y1-y13, y15; 
Accurate mass shift (b2): 

42.0049 Da (∆ -0.0057 Da) 

Initiator 
Methionine 

Removal + N-
Terminal 

Acetylation 

Sa At1g72370 
Acetyl-

ATNGSASSAQLSQK 
0.94*** 63 0.00046

b1-b4, b7, b10, y1-y11, y13; 
Accurate mass shift (b1): 
42.0076 Da (∆ -0.003 Da) 

S21 At3g53890 
Acetyl-

M(ox)ENDAGQVTELYIPR 
-0.04 135 2.50E-12

b1, b2, b4-b8, b11, y1-y14; 
Accurate mass shift (b1): 
42.0143 Da (∆ 0.0037 Da) 

Acetylation of N-
terminal 

Methionine 
S7 At1g48830 Acetyl-M(ox)FSAQHK -0.04 37 0.0088 

b1-b4, y1-y6; Accurate mass 
shift (b1): 42.0113 Da (∆ 

0.0007 Da) 

Dimethylation of 
N-terminal 

Proline 
L12 

At2g37190, 
At3g53430, 
At5g60670 

Dimethyl-
PPKLDPSQIVDVYVR 

-0.09 62 0.0013 
y1, y4, y10, b3, b5, b7-b14; 

Accurate mass shift (b3, 2+): 
70.0656 Da (∆ -0.0127 Da) 

 

 

Table 4. Covalent modifications of Arabidopsis 80S ribosomal proteins as 

identified by LC-MS/MS. MS/MS spectra derived from covalently modified 

peptides carrying internal (A) or N-terminal (B) modifications were 
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identified in raw LC-MS/MS data files through a combination of Mascot 

searching and manual interpretation of MS/MS spectra as outlined in 

Results. For peptides carrying internal modifications, the modified residue, 

as determined by manual spectral interpretation, is underlined. * Naming 

of ribosomal protein families uses nomenclature of Barakat et al. (2001) ** 

See Supplementary Data 6 for MS/MS match details including notes on 

spectral interpretation. *** The large delta mass on this peptide was due to 

accidental selection of the second isotopic peak for MS/MS by the 

instrument during Information Dependent Acquisition (IDA). 
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A. Large Subunit             

Arabidopsis Yeast Yeast Human 
N-Terminal 

Modification 

Arabidopsis 
Ribosomal 

Protein Family Our Study Arnold 1999 Lee 2002
Odintsova 

2003 

Conserved

Unmodified N-
Terminus 

P2 + + nd + + 

L18 + nd + Not modified + 

L21 + + + Not modified + 

L32 + + + Not modified + 
Initiator Met Removal 

L36 + + + Not modified + 

L10A + + + + + Initiator Met Removal 
+ Acetylation L28 + -Met only -Met only + + 

       

B. Small Subunit             

Arabidopsis Yeast Human Rat 
N-Terminal 

Modification 

Arabidopsis 
Ribosomal 

Protein Family Our Study Arnold 1999 Yu 2005 Louie 1996 
Conserved

Unmodified N-
Terminus 

S10 + + 
Possibly 

acetylated
+ + 

Initiator Met Removal S27 + Met retained nd + + 

S15 + + + + + 

S18 + + + + + 

S20 + + + + + 

S3 + -Met only + 
Unidentified 
mod -75 Da 

+ 

S5 + + + + + 

Initiator Met Removal 
+ Acetylation 

SA + + nd + + 

S21 + + + + + Acetylation of N-
terminal Methionine S7 + -Met +Acetyl + + + 

       

 

Table 5. N-terminal modification of 80S ribosomal proteins in eukaryotes - 

evidence of conservation. For each ribosomal protein family for which N-

terminal peptide(s) were characterised in this study, the N-terminal 

modification status observed by us was compared with the modification 

status of orthologous families in other eukaryotes as suggested by 

previous studies. Cases where previous suggestions agree with our 

observations are indicated with a '+', otherwise the reported modification is 

given. Ribosomal protein families for which the modification state is 



Appendix I – Proteomics of the Arabidopsis cytosolic ribosome 
 
 
 

 

304 

conserved between at least two different eukaryotes are marked with a '+' 

in the column labeled 'Conserved'. 
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Figure 1. Predicted mass-to-charge ratio (m/z) distributions of total 
and gene-specific doubly charged tryptic peptides derived from the 
theoretical Arabidopsis thaliana ribosomal proteome. The predicted 
protein sequences of 409 genetic loci annotated as encoding either 
ribosomal proteins or ribosomal protein-like proteins in the TAIR6 
Arabidopsis Genome Release (November 11, 2005) were in-silico 
digested with trypsin allowing up to one missed cleavage and a minimum 
peptide length of two residues (see Methods). For each of the 13341 
unique peptide sequences generated, the predicted m/z of the doubly 
charged mono-isotopic ion ([M+2H+]2+) was calculated and the peptide 
sequence classified as gene-specific if it was derived from only one of the 
409 genetic loci. A total of 9409 (70%) peptide sequences were thus 
classified as gene-specific. Total and gene-specific peptides were sorted 
into bins 100 m/z units wide and the results plotted as histograms. The 
cumulative percentage of specific peptides was plotted as a function of 
increasing m/z. 
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Figure 2. Purification of 80S cytosolic ribosomes from Arabidopsis 
thaliana cell suspension culture. Cytosolic ribosomes were purified from 
whole cell homogenate by differential centrifugation and ultracentrifugation 
through two successive 1.5 M sucrose cushions (see Materials and 
Methods). Protein samples of equivalent protein content were taken at 
each step in the purification and resolved by SDS-PAGE. The samples 
were loaded from left to right in order of increasing purity. The lanes 
represent (from left to right): Filtered whole cell homogenate (‘Whole Cell’); 
1500 x g supernatant (‘1500 x g’); 16000 x g supernatant (‘16000 x g’); 
30000 x g supernatant (‘30000 x g’); crude ribosomal pellet from first 
ultracentrifugation through 1.5 M sucrose (‘1st 1.5 M Suc’); supernatant 
after clarification of crude ribosomal sample at 20800 x g (‘Clarified 
Pellet’); pure ribosomal sample after second ultracentrifugation through 1.5 
M sucrose and clarification at 20800 x g (‘2nd 1.5 M Suc’). 
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Figure 3. Dissociation of the Arabidopsis cytosolic ribosome with 
KCl. 
Sucrose gradient profile of intact Arabidopsis cytosolic ribosome’s (0.1 M 
KCl or control) and dissociated cytosolic ribosomes (0.5 M KCl).  
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Figure 4. (A) Gel Regions Subject to In-gel Protease Digestion and 
LC-MS/MS. Cytosolic ribosomal proteins were fractionated by one 
dimensional SDS-PAGE and 30 gel regions (indicated by numbers 1-30) 
were individually excised and subjected to in-gel protease digestion, 
peptides were extracted and analysed by LC-MS/MS (see Methods). All 
gel regions were digested with trypsin (T) while certain regions were also 
digested separately with chymotrypsin (C) and pepsin (P) resulting in a 
total of 48 individual LC-MS/MS runs. (B) ProQ Staining of Cytosolic 
Ribosomal Proteins. Ribosomal proteins were separated by SDS-PAGE 
and stained with ProQ phosphoprotein selective stain. Gel regions which 
are equivalent to those that yielded hits to L13, S6, P0, P1, P2, and P3 
proteins (ie. proteins for which phosphorylation sites were found by LC-
MS/MS) are indicated.  
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Figure 5. Data analysis strategy used to systematically quantify 
MS/MS evidence for the detection of ribosomal protein families and 
specific ribosomal protein family members 
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Figure 6. Examples of MS/MS Spectra Used to Identify Covalent 
Modification Sites on Ribosomal Proteins (A) N-terminal acetylation of 
initiator methionine of RPS21 (B) N-terminal proline dimethylation and 
lysine trimethylation of RPL12 (C) Mono-methylation of lysine in ribosomal 
protein family L36a (D) Phosphorylation of serine in the plant specific 
acidic P protein family P3. Peptide sequence coverage by b and y series 
ions is indicated in each example by red text labels above residues in 
each peptide sequence. A red L shaped marker around a residue 
indicates that the corresponding b or y series ion was detected intact while 
a red asterisk (*) above a series label indicates that a 98 Da neutral loss 
was detected from this fragment. MS/MS fragment ions carrying modified 
residue(s) are labeled in bold red italics while signals corresponding to b 
and y series ions comprised entirely of unmodified residues are labeled in 
regular red text. Unassigned peaks of relatively high intensity are labeled 
in regular black text with their m/z value.  



Appendix I – Proteomics of the Arabidopsis cytosolic ribosome 
 
 
 

 

311

A 

 
B 
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Supplementary Data 

 

Supplementary Data 1: 

Size distribution analysis of theoretical peptides derived from ribosomal 

proteins following cleavage by different enzymes (trypsin, chymotrypsin, 

pepsin).  

 

Supplementary Data 2: 

Generic data files (Mascot generic format .MGF) generated from the 

primary mass spectra based on the script explained above are provided 

as, these can be directly re-analysed at www.matrixscience.com by the 

reader.  

 

Supplementary Data 3: 

Detailed information of the mass spectra matching and individual peptide 

scores that form the basis of the identifications in Table 1 and also, protein 

sequence coverage diagrams for all 80S ribosomal proteins (Microsoft 

Excel format). 

 

Supplementary Data 4: 

Detailed information of the mass spectra matching and peptide scores for 

gene-specific matches to members of protein families amongst S, L and P 

ribosomal protein sets. Also, annotated MS/MS spectra and MS/MS peak 

lists for gene-specific protein identifications based on single spectra and 

protein families supported by low numbers of peptide identifications.  

 

Supplementary Data 5: 

Detailed information of the mass spectra matching and peptide scores for 

peptide matches to identified non-ribosomal proteins. 
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Supplementary Data 6: 

Detailed information on the spectra interpreted for different classes of 

post-translational modified peptides claimed in Table 4  

 

Supplementary Data 7: 

Annotated MS/MS spectral diagrams and MS/MS peak lists for the spectra 

supporting post-translational modification claims in Table 4 

 
 


