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Summary 

In the present work, both in silico and in vivo methods for flux analysis in plants were 

successfully developed and applied for enhanced understanding of plant physiology. Taken 

together, the in silico metabolic simulations provide detailed molecular insights into plant 

functioning, particularly by linking in vivo with in silico data. The knowledge gained from such a 

systems-biological approach, together with the proposed high potential of plants as 

biotechnological production platforms, especially for compounds requiring much redox power, 

will help to establish plants as biotechnological factories. 

For the first time, the in vivo metabolism of an agriculturally relevant crop, O. sativa, was 

investigated, through non-stationary 13C-metabolic flux analysis. This allowed elucidation of the 

in vivo intracellular carbon partitioning in rice plants and of the plants’ necessity for futile cycling 

of resources, thus, contributing significantly to our current knowledge on plant metabolism. In 

addition, the effect of imazapyr, an industrially relevant herbicide, on rice metabolism was 

inspected using the newly established workflow. This first real-life case-study provides a 

valuable proof-of-principle and enabled a deeper understanding of the immediate metabolic 

effects of the treatment. This method can now be adopted to other crops, cell lines and stress 

inducers, such as abiotic stresses, herbicides and fungicides, and therefore, has great potential 

in green biotechnology. 
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Zusammenfassung 

In dieser Arbeit wurden in silico und in vivo Methoden für Stoffflussanalysen in Pflanzen 

erfolgreich entwickelt und angewendet, um das Verständnis der Pflanzenphysiologie zu 

verbessern. In Summe erlauben die metabolischen in silico Simulationen detaillierte molekulare 

Einblicke in die Funktionalität von Pflanzen, insbesondere durch die Verknüpfung von in vivo 

und in silico Daten. Das Wissen, das durch einen solchen systembiologischen Ansatz gewonnen 

wird, kann genutzt werden um Pflanzen als biotechnologische Produktionsplattformen zu 

etablieren. 

Zum ersten Mal wurde der in vivo Metabolismus der Nutzpflanze O. sativa durch nicht-stationäre 

13C-metabolische Flussanalyse untersucht. Dies erlaubte die Aufklärung der intrazellulären 

Kohlenstoffverteilung von Reispflanzen und der Notwendigkeit von scheinbar nutzlosen 

Ressourcenkreisläufen. Diese Arbeit steuert daher wesentlich zum aktuellen Wissensstand des 

Pflanzenmetabolismus bei. Zusätzlich wurde der Effekt von Imazapyr, einem industriell 

relevanten Herbizid, auf den Metabolismus von Reis mit der neu etablierten Methode untersucht. 

Diese erste praxisnahe Studie stellt einen wertvollen Machbarkeitsbeweis bereit, und erlaubte 

darüber hinaus ein tieferes Verständnis der metabolischen Effekte bei der Behandlung. Diese 

Methode kann auch auf andere Pflanzen, Zelllinien und Stressauslöser, wie zum Beispiel 

abiotischem Stress, Herbizide und Fungizide, angewandt werden und hat damit ein großes 

Potential für die grüne Biotechnologie. 
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1. Introduction 

1.1. Rationale 

Increasing world population, shortage of arable land and the resulting growing demand for food, 

feed and raw materials are major drivers to create plant lines with increased performance, e.g. 

better resistance to disease and drought (Yan & Kerr, 2002). In addition, plants play a significant 

role in the developing bioeconomy (Dyer et al., 2008) and emerge as platforms for sustainable 

production of therapeutics, renewable chemicals and biofuels, purely from sunlight and carbon 

dioxide (Yan & Kerr, 2002). Such development of plants with specific compositional traits adds 

impetus to the general interest in enhanced crops (Rajasekaran & Kalaivani, 2013; Saha & 

Ramachandran, 2013). 

Admittedly, the optimization of plant performance using genetic engineering techniques is still 

lacking systems-level understanding of the effect of genetic modifications (Cusido et al., 2014; 

Sweetlove et al., 2003). Knowledge-based metabolic engineering approaches are often 

hampered by the complexity and robustness of plant systems and our still limited understanding 

of their metabolism (Junker, 2014; Shachar-Hill, 2013). Profound knowledge appears ultimately 

important to guide metabolic engineers, which becomes immediately clear from the achieved 

success in breeding superior microorganisms. Meanwhile, industrial microorganisms are 

optimized on a global scale, through systems metabolic engineering (Ajikumar et al., 2010; 

Becker et al., 2011; Hwang et al., 2014; Kim et al., 2014a; Kind et al., 2014; Paddon et al., 2013; 

Poblete-Castro et al., 2013). Particularly, systems metabolic engineering has benefitted from 

knowledge on metabolic fluxes, i.e. in vivo activities of intracellular pathways and reactions, in 

providing targets for genetic improvement (Kelleher, 2001; Stephanopoulos, 1999). In this 

regard, the analysis of metabolic fluxes of plant systems promises a huge next step towards 
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understanding of their metabolic functions and superimposed regulation mechanisms towards 

superior plant varieties.  

In recent years, a powerful collection of flux modeling approaches has been developed to model 

and simulate stoichiometric metabolic networks of microorganisms. Some methods investigate 

physiological capabilities by in silico analysis of the underlying biochemical conversions, such as 

elementary flux mode analysis (Schuster et al., 1999; Terzer & Stelling, 2008) and extreme 

pathway analysis (Papin et al., 2002; Price et al., 2002), whereas others rely on experimental 

data to deliver necessary constraints, such as 13C-metabolic flux analysis (13C-MFA) (Sauer, 

2006; Wittmann, 2007; Young et al., 2011), flux balance analysis (Grafahrend-Belau et al., 2009) 

and metabolic control analysis (Wang et al., 2004). To engage these methods for plant 

metabolic flux analysis, the compartmented nature and autotrophic lifestyle of plants, pose 

specific challenges. However, the emerging state-of-the-art methods and the accumulating 

information on plant genomes (Michael & Jackson, 2013) now enable systems metabolic 

engineering concepts to be extended to plant networks for the design of plants with improved 

performance.  

1.2. Objective  

The aim of the present work was the advancement of novel in vivo and in silico flux analysis 

strategies for future application in plant biotechnology. Hereby, the high degree of complexity 

and connectivity of plant metabolic networks was a central aspect to be considered. This was 

achieved by carefully assembling comprehensive genome-based plant networks for the two 

systems to be studied: Arabidopsis thaliana as a model plant and Oryza sativa ssp. japonica as 

agriculturally relevant crop. The in silico method of choice for tackling the complex physiology of 

A. thaliana leaves through flux, was elementary flux mode analysis, as it promised the most 

comprehensive analysis of metabolism. In addition to truly computational modeling of the 
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created plant network, integrated analysis with experimental data should be evaluated for 

improved physiological understanding.  

Additionally, a comprehensive workflow should be developed for in vivo 13C-based metabolic flux 

analysis of entire plants, including an experimental setup, raw data analysis and flux estimation 

through parameter fitting. Here, the use of 13CO2 as sole carbon substrate, posed specific 

challenges with regard to tracer application, analytical sensitivity and modeling under isotopically 

non-stationary conditions. Focus was put on modeling strategies, in particular, 13C-isotopically 

instationary metabolic flux analysis. Here, the aim was unraveling the metabolic complexity of 

rice seedlings. The final objective was to apply the developed workflow to gain deeper insights 

into relevant case-studies, including the prominent herbicide, Imazapyr. Taken together, this 

work should highlight and expand the potential of plant metabolic modeling in future 

biotechnological applications.  
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2. Theoretical Background 

2.1. Arabidopsis thaliana as important model plant 

Although Arabidopsis thaliana (thale cress) is often considered a simple weed, this small 

flowering plant is, without doubt, the most thoroughly studied plant species available. Especially 

its short generation time, highly reduced genome, regeneration through self-pollination and small 

stature make Arabidopsis an excellent candidate for research in plant biology (Koornneef & 

Meinke, 2010). Consequently, in the pre-genomics era A. thaliana emerged as the pivotal plant 

species in many biological research fields including physiology, biochemistry, molecular biology 

and evolution. Furthermore, the early sequencing and annotation of its complete genome 

(Arabidopsis Genome Initiative, 2000) allowed A. thaliana to establish itself in disciplines such as 

functional genomics, systems biology and biotechnology (Van Norman & Benfey, 2009). Despite 

its agricultural irrelevance, it has become impossible to imagine plant research without 

A. thaliana and likely, this simple weed will remain a major contributor to future plant research 

(Fig. 2-1). 

 

Figure 2-1: Arabidopsis thaliana in plant research 

Left: Plant sampling of Arabidopsis thaliana rosette for biotechnological research. Right: Genetically 
modified Arabidopsis thaliana in the flowering stage. Both photos belong to BASF SE, Ludwigshafen, 

Germany. 
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2.2. Rice biotechnology - towards genetically superior transgenic rice 

2.2.1. Oryza sativa as model crop 

Oryza sativa (rice) is a model crop with both agricultural and economical relevance (Fig. 2-2). 

Since the genome of rice was fully sequenced in 2005 (International Rice Genome Sequencing 

Project, 2005), its appearance in functional genomics, proteomics, systems biology, green 

biotechnology and crop improvement has rapidly emerged (Coudert et al., 2010; Itoh et al., 

2005; Jiang et al., 2012; Kim et al., 2014c; Xu et al., 2005; Yin & Struik, 2008). Pertinent 

characteristics responsible for this growing interest in O. sativa as a model crop, include its large 

significance to human nutrition (FAO, 2013), the relatively small genome size (Goff, 1999) and 

straightforward transformation as compared to other grass species (Yan & Jiang, 2007). In 

addition, there is a considerable genomic homology between rice and other cereal species, 

which increases the likelihood that rice-specific behavior could lead to elucidation of orthologous 

functions in other cereals (Goff, 1999).  

 

Figure 2-2: Oryza sativa in plant research 

Left: Agrobacterium-mediated genetic transformation of rice seeds in a petri dish. Right: Oryza sativa in 
the greenhouse. Both photos belong to BASF SE, Ludwigshafen, Germany.  
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2.2.2. Importance of rice in biotechnology 

Due to urbanization, soil degradation and climate change, arable land is diminishing fast, whilst 

the demand for crops rises with the growing world population, diet shift and bio-fuel 

consumption. Consequently, there is an urgent need to improve crop yields, as we otherwise will 

not be able to feed the world in the near future. This is especially true for rice, as it is the most 

important food crop in the world (FAO, 2013). The classical Latin word for rice, 'oryza', and 

'sativa', meaning cultivated, provided rice with its species name. Oryza sativa has been 

cultivated for more than 10 000 years and is a monocot angiosperm, i.e. a flowering plant with 

one seed-leaf (Molina et al., 2011; Sang & Ge, 2007). It further belongs to the family of Poaceae, 

or true grasses, and contains two major subspecies: japonica and indica. Japonica varieties are 

sticky, short-grained and usually cultivated in dry fields in upland Asia, whereas the indica 

varieties are typically non-sticky, long-grained and mainly lowland rice cultivars, grown mostly 

submerged throughout tropical Asia (Garris et al., 2005). Together, these two subspecies 

provide more than one third of the global population with their daily calories.  

Technological advances during the green revolution enabled the distribution of pesticides, 

synthetic fertilizers, irrigation technologies and high-yield varieties acquired through conventional 

breeding techniques. This already led to a vast increase in productivity between 1960 and 2000. 

However, since then, yield has not improved significantly (Ray et al., 2013; Zhu et al., 2010). We 

have come to a time, where traditional breeding techniques have to be supplemented with 

knowledge from genome analysis, systems biology and plant biotechnology to realize a second 

green revolution through genetic engineering of crops (Sakamoto & Matsuoka, 2004). Genetic 

transformation of plants has come a long way since the first transgenic rice plant was generated 

about 25 years ago (Toriyama et al., 1988; Zhang et al., 1988; Zhang & Wu, 1988). Especially 

the development of reproducible genetic transformation protocols, either through direct DNA 

transfer or by Agrobacterium-mediated transformation technologies (Zhu et al., 2010), enabled 

the construction of genetically engineered rice varieties with improved characteristics. 
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Particularly usefull for current and future genetic manipulation towards desired plant traits is the 

recent progress on the front of genome editing, which permits site-specific changes to rice DNA 

through the use of designer nucleases (Li et al., 2015; Petolino, 2015; Yu et al., 2015). 

Despite the substantial increase in crop protection during the green revolution, crop loss, caused 

by various biotic and abiotic factors, is still eminent. The introduction of agronomically useful 

genes in rice, could significantly reduce these losses. Examples include resistance to drought 

(Jeong et al., 2010; Joo et al., 2014; Qian et al., 2015), salinity (Campo et al., 2014; Ghosh et 

al., 2014; Sahoo et al., 2014), extreme temperatures (Li et al., 2013; Qin et al., 2015; Yang et al., 

2013), oxidative stress (Kim et al., 2014b; Lee et al., 2013; Park et al., 2013), mineral deficiency 

(Takahashi, 2003), insect predation (Qi et al., 2009; Quilis et al., 2014), fungal infestation (Chujo 

et al., 2014; Qian et al., 2014), viral invasion (Ma et al., 2011; Sasaya et al., 2014; Shimizu et al., 

2013) and bacterial infection (Goto et al., 2014; Lu et al., 2014). One prominent example is the 

introduction of endotoxin-producing genes from Bacillus thuringiensis into rice, as it offers 

protection against lepidopteran pests, which are responsible for 2–10 % of the total rice yield 

loss in Asia (High et al., 2004). Without a doubt, this list is not comprehensive and merely 

provides a glimpse on the variety of stress-resistance genes recently engineered into rice.  

Furthermore, nutritional improvement of rice can help reduce malnutrition, as it is currently the 

staple food in most developing countries (Bajaj & Mohanty, 2005; Bhullar & Gruissem, 2013). 

The most prominent example hereof is the bio-fortification of rice with provitamin A, giving the 

grains a golden color, hence golden rice (Bhullar & Gruissem, 2013). Vitamin A deficiency is an 

important cause of eye-defects, leading to permanent blindness when untreated. In developing 

countries around 250 million pre-school children and a substantial proportion of pregnant women 

are estimated to suffer from severe vitamin A deficiency (WHO, 2015). Even prior to blindness, 

vitamin A-deficiency increases child mortality as a result of enhanced susceptibility to measles, 

diarrhea, and malaria (UNICEF, 2009). Other examples of nutritionally enriched rice varieties 
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include bio-fortification with folate (Storozhenko et al., 2007), iron (Masuda et al., 2012; Wirth et 

al., 2009), zinc (Johnson et al., 2011), essential amino acids (Lee et al., 2001; Lee et al., 2003; 

Long et al., 2013; Wakasa et al., 2006) and improved oil quality (Anai et al., 2003). Additionally, 

transgenic rice can be a production platform for heterologous proteins that can be applied as 

edible vaccines (Suzuki et al., 2011; Yang et al., 2012; Zhang et al., 2009) and medicine (Xie et 

al., 2008). 

Despite the many successes in developing transgenic rice with improved nutritional content or 

resistance to both biotic and abiotic stress, a ceiling in yield improvement has been reached. 

Therefore, additional strategies towards higher yields, such as maximizing the conversion 

efficiency of CO2 and light into biomass, are desperately needed (de Bossoreille de Ribou et al., 

2013). Recent efforts towards developing such transgenic lines have mainly focused on 

photosynthetic efficiency by improving transient pools of sink starch (Gibson et al., 2011; 

Smidansky et al., 2003), introducing the C4 photosynthetic machinery and the cyanobacterial 

CO2 concentrating mechanism into rice (Price et al., 2013; von Caemmerer et al., 2012), as well 

as manipulating single photosynthetic functions such as RuBisCO (Lin et al., 2014; Parry et al., 

2013) and sedoheptulose 1,7-bisphosphatase (Zhu et al., 2010). However, there is limited 

knowledge about the carbon conversion efficiency in rice, or any other crop (Alonso et al., 2007; 

Goffman et al., 2005), so that redirection of metabolic carbon flow to achieve higher yields has 

not been successful yet (de Bossoreille de Ribou et al., 2013). Overall, it can be concluded that 

recent strategies to improve yield have been hampered by lacking knowledge on the systems-

wide physiology of rice (Long, 2014; Yamamoto et al., 2009). Therefore, improving the systems-

level understanding of plants will form a stepping stone towards the development of high-yield 

crops (de Bossoreille de Ribou et al., 2013).  
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2.3. Plant metabolism 

2.3.1. Spatial separation and temporal shift in carbon and energy acquisition 

The primary site for assimilation of atmospheric CO2 and energy-gain from light through 

photosynthesis, is the plant leaf. From here, photosynthetic assimilates, mainly sucrose and 

some amino acids, are transported to the roots and actively growing plant parts, where they 

function both as carbon and energy-source (Fischer et al., 1998; Lalonde et al., 2004). To fulfill 

their task with maximum efficiency, leaves are organized into specialized tissues and cell types, 

each playing a distinct physiological role (Fig. 2-3). These various cell-types exhibit a highly 

conserved intracellular organization. Like for all eukaryotes, their DNA is stored in the nucleus, 

which is surrounded by the cytosol. Next to the vacuole, the cytosol houses specialized 

organelles, such as microbodies, chloroplasts and mitochondria (Taiz & Zeiger, 2006). This high 

level of intracellular organization is also reflected in the allocation of specific metabolic functions 

to distinct organelles, e.g. chloroplasts and mitochondria are the energy-producing sites of the 

cell, responsible for photosynthesis and respiration, respectively (Araújo et al., 2014; Weber & 

Linka, 2011), whereas, peroxisomes, a type of microbody, neutralize highly toxic hydrogen 

peroxide and participate in photorespiration (Hu et al., 2012).  

During the day, the assimilation of carbon fuels leaf metabolism and allows the accumulation of 

starch as well as the export of sucrose to non-photosynthetic tissues. Since plants have to resort 

to an alternative energy source at night, the stored transitory starch is degraded to maintain leaf 

metabolism in the dark. The dramatic metabolic shift from photoautotrophy during the day, to a 

heterotrophic life style at night in photosynthetic organs, is not apparent in heterotrophic plant 

tissues, as they are continuously provided with sucrose, delivering both carbon and energy to 

the cells. Both these temporal features and the previously discussed spatial organization should 

be considered in systems-wide plant investigations, as whole plant physiology is a tight 

cooperation between its organs, tissues, cells and organelles throughout the day-night cycle. 
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Figure 2-3: Organizational layers of plant anatomy 

Whole plants are composed of different tissues, e.g. leaf tissue and root apex, which in turn consist of 

distinct cell types. Photosynthetic cells are characterized by large vacuoles and the presence of many 

chloroplasts and mitochondria, whereas root hair cells have 'hair-like' outgrowths and can, next to a 

vacuole and nucleus, contain amyloplasts and mitochondria. Specific metabolic functions are allocated to 

distinct organelles, such that whole plant physiology is a tight cooperation between its organs, tissues, 

cells and organelles throughout the day-night cycle. 
1
 

2.3.2. Cellular metabolism of photosynthetic C3-leaf 

At the heart of the cellular metabolism of photosynthetic leaf tissue is the Calvin–Benson–

Bassham (CBB) cycle, also known as reductive pentose phosphate cycle or C3-cycle (Fig. 2-4). 

The CBB cycle starts with the carboxylation of ribulose 1,5-bisphosphate by RuBisCO, yielding 

two molecules 3-phosphoglycerate. These are subsequently reduced in a two-step process to 

build glyceraldehyde 3-phosphate. The third phase of the cycle is responsible for the 

regeneration of ribulose 5-phosphate from glyceraldehyde 3-phosphate through several 

enzymatic steps, which are strongly connected to the non-oxidative pentose phosphate pathway. 

Typically, one molecule 3-phosphoglycerate is gained for every three successions. As the CBB 

                                                

1
 This figure and all components hereof are hand-drawn by the author of this work. 
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cycle is responsible for the energetically expensive fixation of CO2, careful regulation is in place 

to optimize energy use. Consequently, several stromal enzymes of the CBB cycle are switched 

off during the dark, including: RuBisCO, fructose 1,6-bisphosphate phosphatase, 

sedoheptulose 1,7-bisphosphate phosphatase, ribulose 5-phosphate kinase and NADP-

glyceraldehyde 3-phosphate dehydrogenase. This light-dependent modulation occurs both on 

the transcriptional and post-translational level (Bläsing et al., 2005; Buchanan & Balmer, 2005; 

Mora-Garcia et al., 2006).  

 

Figure 2-4: The Calvin-Benson-Bassham cycle, the heart of photoautotrophic carbon assimilation 

Calvin-Benson-Bassham cycle consisting of three principle phases: carboxylation, reduction and 

regeneration. To gain one triose-phosphate, three molecules of carbon dioxide have to be assimilated by 

completing the cycle three times. Adjusted from Berg et al. (2007). 
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Additionally, the process of photorespiration is tightly coupled to the CBB cycle as RuBisCO is 

also capable of catalyzing the oxidation of ribulose 1,5-bisphosphate to 3-phosphoglycerate and 

2-phosphoglycolate, which forms the first step in photorespiration (Fig. 2-5). Phosphoglycolate 

can be salvaged by conversion to 3-phosphoglycerate through several enzymatic steps that are 

distributed across the chloroplast, the peroxisome and the mitochondrion. Generally, two 

molecules of 2-phosphoglycolate are converted into one molecule of 3-phosphoglycerate and 

one molecule of CO2. Consequently, photorespiration and CBB cycle operate in opposite 

directions, which is rather counterproductive. Moreover, CO2 and O2 compete at the active site 

of RuBisCO and both low CO2 levels and high temperature promote oxygenation (Jensen, 

2000).  

An important node in photoautotrophic metabolism is 3-phosphoglycerate as it is not only the 

end-product of photorespiration and photosynthesis, but also forms the link to the Embden–

Meyerhof–Parnas (EMP) and the pentose phosphate (PP) pathway (Fig. 2-5). The non-oxidative 

PP pathway is tightly intertwined with the CBB cycle and can occur only in the plastid, whereas 

the EMP and oxidative PP pathway have a cytosolic and plastidic copy (Kruger & von 

Schaewen, 2003). Specific transporters are in place to exchange carbon between the different 

organelles. The plastidial envelope is specialized in channeling sugars and sugar-phosphates, 

whereas the mitochondrial membrane has mainly translocators for organic acids (Facchinelli & 

Weber, 2011; Furumoto et al., 2011; Laloi, 1999). For instance, a pyruvate transporter in the 

mitochondrial membrane enables the end-product of glycolysis to be channeled into the 

mitochondrion to fuel the tricarboxylic acid (TCA) cycle.  

The EMP pathway, PP pathway and TCA cycle are central metabolic pathways as they provide 

precursors to many biosynthetic pathways in higher plants (Fig. 2-5). For instance, lipids and 

pigments are synthesized from acetyl-CoA, and the hexose-phosphate pool provides building 

blocks for cellulose synthesis, whereas nucleotides are derived from pentose phosphate, and 
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phosphoenolpyruvate is incorporated in aromatic amino acids and lignin. However, the vast 

spectrum of secondary metabolites and the structural diversity in some polymers such as lignin 

and hemi-cellulose, impede detailed knowledge on their biosynthesis and regulation (Pauly et 

al., 2013). Consequently, many cellular pathways and their time-dependent interplay are still 

undiscovered or poorly understood. 

 

Figure 2-5: Metabolic pathways of central carbon metabolism 

Compartmented view on central carbon metabolism of autotrophic plant leaf cell, including metabolic 

precursor demand for anabolism. Central carbon metabolism encompasses cytosolic and plastidic EMP 

and oxidative PP pathway, mitochondrial TCA cycle, plastidic CBB cycle and PP pathway as well as 

photorespiration. 
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2.4. Metabolic network modeling 

The vast experience from past decades in breeding superior bacteria, clearly teaches that 

successful engineering has to build on understanding (Becker et al., 2011; Hwang et al., 2014; 

Kim et al., 2014a; Kind et al., 2014; Poblete-Castro et al., 2013; Trinh, 2012). Particularly, 

metabolic engineering has benefitted from knowledge on metabolic fluxes, i.e. in vivo activities of 

intracellular pathways and reactions, in providing targets for genetic improvement (Kelleher, 

2001; Stephanopoulos, 1999). Metabolic fluxes through biochemical networks arise from the 

catalytic action of proteins, encoded by transcripts, which interconvert the typically hundreds of 

metabolites for the various needs of the cell. Thus, fluxes are the integrated output of transcripts, 

proteins and metabolites and offer a systems-level analysis of an organism (Kohlstedt et al., 

2010). In this regard, the analysis of metabolic fluxes in plant systems promises a huge leap 

forward towards understanding of their metabolic functions and superimposed regulation 

mechanisms (Shachar-Hill, 2013).  

However, unlike transcript levels or metabolite concentrations, metabolic fluxes cannot be 

quantified directly. Instead, in vivo fluxes are inferred from experimental 13C isotopic labeling 

patterns, frequently in a combined approach with stoichiometric (Kruger et al., 2012) or kinetic 

modeling (Yuan et al., 2008). Additionally, fluxes can be predicted in silico by mathematical 

models, solely relying on genomic information and physiological characteristics, such as light 

influx and CO2 assimilation rate (Kauffman et al., 2003). Both in vivo and in silico approaches 

require metabolic network information, so that recent sequencing of plant genomes and the 

reconstruction of genome-scale networks can be seen as important steps towards plant 

metabolic flux investigation (Table 2-1).  
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Table 2-1: Sequenced plant genomes that led to the construction of genome-scale metabolic networks. 

Plant Genome Size Model Size  

(reactions x metabolites) 

Organ 

Chlamydomonas 

reinhardtii  

(green algae) 

111 Mb 

17 737 genes [1] 

1725 x 1862 [2] 

2190 x 1068 [3] 

Cell culture 

Cell culture 

Arabidopsis 

thaliana  

(thale cress) 

135 Mb 

27 000 genes [4] 

1406 x 1253 [5] 

1567 x 1748 [6] 

 

1363 x 1078 [7] 

 

9727 x unspecified [8] 

Heterotrophic tissue culture 

Individual model of leaf, 

stem and root 

Individual model of leaf, 

stem, root, flower, silique, ... 

Multi-tissue model of leaf, 

stem and root 

Brassica napus 

(rapeseed) 

1130 Mb [9] 671 x 666 [10] Seed 

Oryza sativa 

(rice) 

430 Mb 

50 000 genes [11] 

3316 x 2986 [12] 

1736 x 1484 [13,14] 

Leaf 

Leaf 

Hordeum 

vulgare (barley) 

5 100 Mb 

26 159 genes [15] 

257 x 234 [16] 

702 (269) x 890 [17] 

Seed 

Multi-organ model 

(transport) 

Sorghum bicolor 

(sorghum) 

730 Mb 

34 496 genes [18] 

1755 x 1588 [19] Leaf 

Zea mays 

(maize) 

2 400 Mb 

39 656 genes [20] 

1755 x 1588 [19] 

1985 x 1825 [21] 

8525 x 9153 [22] 

2322 x 2635 [23] 

2304 x 2636 [23] 

2280 x 2636 [23] 

Leaf 

Leaf 

Leaf 

Leaf 

Embryo 

Endosperm 

References: [1] Merchant et al. (2007) [2] de Oliveira Dal'Molin et al. (2011) [3] Chang et al. (2011) [4] TAIR [5] 

Poolman et al. (2009) [6] de Oliveira Dal'Molin et al. (2010a) [7] Mintz-Oron et al. (2012) [8] de Oliveira Dal'Molin et al. 

(2015) [9] Chalhoub et al. (2014) [10] Hay et al. (2014) [11] Kawahara et al. (2013) [12] Liu et al. (2013) [13] Poolman 

et al. (2013) [14] Poolman et al. (2014) [15] International Barley Genome Sequencing et al. (2012) [16] Grafahrend-

Belau et al. (2009) [17] Grafahrend-Belau et al. (2013) [18] Paterson et al. (2009) [19] de Oliveira Dal'Molin et al. 

(2010b) [20] Gramene [21] Saha et al. (2011) [22] Simons et al. (2014) [23] Seaver et al. (2015) 
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Five main strategies in analyzing metabolic fluxes can be distinguished of which some 

approaches are independent from labeling data, and others rely on tracer studies using 

radioactive or stable isotopes (Fig. 2-6). Label-independent methods range from purely in silico 

investigations, entirely relying on network stoichiometry, i.e. elementary flux mode analysis, to 

more experiment-based methods such as flux balance analysis and kinetic modeling, which 

integrate uptake and production rates or kinetic parameters i.e. maximal enzyme activity, kinetic 

constants or metabolic concentration profiles. Labeling-based approaches infer in vivo fluxes 

from isotope-labeling experiments, either in combination with kinetic modeling, i.e. kinetic flux 

profiling (Yuan et al., 2008) or with stoichiometric modeling, i.e. 13C-metabolic flux analysis 

(Kruger et al., 2012; Young et al., 2008). Each approach bears individual advantages and 

disadvantages. In silico methods are sensitive to network quality, however provide cheap, 

powerful alternatives to experiment-based methods. On the other hand, tracer-based methods 

offer a reliable estimate of in vivo fluxes and are, despite their high experimental demand, 

commonly applied. However, their low throughput is seen as a major disadvantage (Junker, 

2014). In the remainder of this chapter, elementary flux mode analysis and tracer-based 

approaches for flux estimation in plant tissues are more thoroughly discussed, because of their 

relevance to this work. However, as both flux balance analysis and kinetic modeling are out of 

the scope of this thesis, they will not be considered further. The reader is kindly referred to 

Dersch et al. (2016b) for additional material on the topic. 

2.4.1. Assembly of metabolic network model 

In silico investigation of metabolism builds on a relevant set of pathways and enzymatic 

conversions, which are defined, based on the genome annotation of the specific plant species 

and available biochemical data. Careful reconstruction of the metabolic network is the most 

important step in model-based flux determination as it forms the basis of subsequent analyses 

(de Oliveira Dal'Molin & Nielsen, 2013; Schallau & Junker, 2010). Depending on the purpose of 

the study, such networks range from concise sets of only a few reactions in a specific pathway 



Theoretical Background  17  

 

(Assmus, 2005; Rohwer & Botha, 2001; Schwender et al., 2004) to comprehensive genome-

scale reconstructions encompassing several hundreds to thousands of individual metabolic 

conversions (de Oliveira Dal'Molin et al., 2010a, 2010b; Grafahrend-Belau et al., 2009; Poolman 

et al., 2009; Saha et al., 2011; Seaver et al., 2015; Williams et al., 2010). Important information 

for each reaction involves its reaction stoichiometry, including cofactor use, its thermodynamic 

properties within the cellular environment and its localization. 

 

Figure 2-6: Methods for the analysis of fluxes 

Overview on relevant flux analysis methods applicable to plants, with their respective advantages and 

disadvantages. A simple graphical representation of the conditions during modeling are given, i.e. 

concentration and labeling dynamics in red and blue, respectively. Typical sampling windows are indicated 

for experiment-based methods, whereas the applied in silico approach is depicted for strictly 

stoichiometric methods.  
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To which detail the selected reactions are assigned to a specific organ, tissue type or 

intracellular compartment, depends on the availability of accurate information specific to the 

organizational level. Network size and complexity are often constrained by the selected 

modeling approach, as too many reactions and metabolites might render the computational 

processing inefficient. Although compartmented models are more realistic, they are still strongly 

hampered by a lack of information on the correct allocation of every reaction and the existing 

transporters. Notwithstanding, the incorporation of compartmentation delivers high-quality 

descriptions of plant cellular metabolism (Pilalis et al., 2011; Poolman et al., 2013; Williams et 

al., 2010). Furthermore, whole plants consist of many different organs (leaf, stem, seeds, roots, 

flowers, etc.) that operate differently throughout the diurnal cycle. Therefore, multi-tissue 

metabolic models that link individual tissue models, require not only spatial, but also temporal 

separation to investigate systems-wide features such as growth or source-sink relations (de 

Oliveira Dal'Molin et al., 2015; Grafahrend-Belau et al., 2013).  

Once the metabolic reactions of interest are selected, they are brought into a mathematical 

notation as basis for subsequent modeling and simulation studies. Most typically, they are 

expressed as mass balances for its individual metabolites in the form of ordinary differential 

equations (ODEs). Mass balance equations are defined for every internal metabolite, thus 

yielding a set of ODEs, which can be denoted in a stoichiometric matrix S(m*n), with n reactions 

and m metabolites.  

  

  
                                      ( Eq. 1 ) 

Here,   is the flux vector, containing all internal reaction rates of the metabolic network. In case, 

metabolic (pseudo)steady-state is assumed, ODEs are simplified into a set of algebraic 

equations:  

  

  
                                                    ( Eq. 2 ) 
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For plant systems, this has proven to be a valid assumption in exponentially growing cell 

cultures, mature differentiated tissues and developing embryos during seed filling (Libourel & 

Shachar-Hill, 2008). Many alternative flux distributions can obey these mathematical balances 

resulting in a flux space that is constrained by the network topology. The entire set of feasible 

fluxes can be analyzed to investigate the functional capabilities of the metabolic network through 

enumeration of elementary flux modes by mathematical software packages (Lotz et al., 2014; 

Terzer & Stelling, 2008; von Kamp & Schuster, 2006; Zanghellini et al., 2013). Other in silico 

approaches solve the underdetermined mass balancing problem by finding the optimal flux 

distribution for a particular objective, e.g. flux balance analysis (Lotz et al., 2014), or include an 

additional layer of information about the kinetic rate laws associated with the specific reactions 

(Rohwer, 2012; Schallau & Junker, 2010). 

2.4.2. Elementary flux mode analysis 

Feasible metabolic behavior and the boundaries of steady-state fluxes can be explored by 

structural analysis of the network topology. For instance, the computation of elementary flux 

modes (EFMs) yields all possible independent metabolic routes in steady-state, solely relying on 

genomic information (Schuster et al., 1999). Herein, every EFM represents a thermodynamically 

and stoichiometrically feasible pathway that is unique, minimal and can operate independently. 

The weighted sum of these minimal pathways describes the entire flux solution space (Schuster 

et al., 1999), and therewith the metabolic capabilities of the network. Mathematical algorithms to 

compute the EFMs are available (Klamt et al., 2005; Schuster et al., 1999; Terzer & Stelling, 

2008; Wagner, 2004) and readily implemented in user-friendly tools such as METATOOL 

(Pfeiffer et al., 1999; von Kamp & Schuster, 2006) and efmtool (Terzer & Stelling, 2008). 

However, EFM computation is exhaustive and although increasingly faster methods, able to 

process increasingly larger networks, were developed (Acuña et al., 2009; Klamt et al., 2005; 

Rezola et al., 2011; Terzer & Stelling, 2008), structural pathway analysis is still confronted with 

the problem of scalability to genome-wide models (Zanghellini et al., 2013).  
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2.4.2.1. Applicability of elementary flux mode analysis in plant systems 

EFM-based analysis has been a powerful tool in microbial rational engineering (Becker et al., 

2011; Poblete-Castro et al., 2013; Trinh, 2012), with typical models comprising between 10 and 

100 metabolic reactions. Although only few studies in plant systems exist (Beurton-Aimar et al., 

2011; Rohwer & Botha, 2001; Schwender et al., 2004), they provide clever insights into their 

metabolic functioning. For instance, through EFM analysis, a previously undescribed metabolic 

route between carbohydrate and oil in Brassica napus seeds was revealed (Schwender et al., 

2004). Additionally, a small metabolic model of Brassica napus seeds allowed comparison of the 

flux solution space under different environmental conditions by considering relative flux change 

and flux efficiency (Beurton-Aimar et al., 2011). The predicted flux changes showed very high 

consistency with internal flux rearrangement as determined by labeling-based in vivo flux 

estimation (Beurton-Aimar et al., 2011), indicating that in silico EFM analysis is a valid tool to 

gather valuable insights into seed metabolism.  

At present, EFM models for plant systems merely provide a minimalistic description of organ-

specific metabolism. Although pertinent characteristics of plant physiology, such as carbon 

conversion efficiency, were further elucidated with these models, today EFM analysis might not 

be suitable to address the complexity of systems-wide whole plant metabolism. The number of 

calculated elementary modes explodes combinatorially with increasing model complexity, 

rendering the integration of comprehensive models for different organs and tissue-types 

impossible, as mathematical methods and computational efficiency are at present not scalable to 

this size (Zanghellini et al., 2013). Additionally, it gets more difficult to gain biological insights 

from significantly larger EFM matrices.    
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2.4.2.2. Post-processing of modes: seeing the wood for the trees 

The number of calculated elementary flux modes grows rapidly with increasing complexity and 

size of the network, from several hundreds to more than 70 million modes (Table 2-2). Since 

increased computational performance and more efficient algorithms now allow the generation of 

very large sets of modes, the current challenge is the analysis of this vast amount of flux data to 

gather valuable physiological insights. Therefore, the resulting EFM matrix is often reduced to a 

manageable set of fluxes by using separate models for specific conditions (Schäuble et al., 

2011; Taffs et al., 2009) or by merely using a subset of the calculated elementary flux mode 

matrix (Melzer et al., 2009). For instance, a general network of central carbon metabolism for 

Chlamydomonas reinhardtii was extended with the biosynthesic reactions of five particular 

amino acids (Schäuble et al., 2011). In this study, the night-time metabolism of each amino acid 

was investigated by separate elementary flux mode analyses, unraveling the effect of 

experimentally observed downregulation of particular enzymes during the night. This study 

revealed valuable insights into circadian regulation, however, it remains questionable whether 

important physiological aspects were not lost due to such segregated analysis of metabolism.  

Table 2-2: Size of flux space for five increasingly complex metabolic networks. 

Number of 

elementary modes 

Number of 

reactions 

Number of 

metabolites Organism Source 

289 62 59 C. glutamicum Melzer et al. (2009) 

16.084 121 106 Aspergillus niger Melzer et al. (2009) 

74.507 118 68 Bacterial consortium Taffs et al. (2009) 

1.352.352 105 95 C. reinhardtii Schäuble et al. (2011) 

71.266.960 230 218 S. cerevisiae Jol et al. (2012) 
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One way to extract relevant information from elementary flux modes is by determining the 

maximum theoretical biomass or product yield (    ) as follows (Melzer et al., 2009): 

            
    

    

    

    
                                  ( Eq. 3 ) 

This value allows assessment of production capacity and growth optimality of an organism, as 

well as comparison with experimental yields to evaluate metabolic engineering potential (Becker 

et al., 2011; Kind et al., 2014). In addition, the flux distribution associated with this maximal yield, 

i.e. the 'optimal' pathway use, can be analyzed in more detail to investigate which pathways 

promote high yield metabolism (Melzer et al., 2009).  

Furthermore, direct prediction of gene deletion, amplification and attenuation targets from 

elementary flux mode analysis is particularly useful in metabolic engineering for in silico strain 

design. For instance, identifying reactions, through a target potential coefficient ( ), that show 

statistically significant correlation with a chosen objective, e.g. growth or product formation, 

delivers such targets (Melzer et al., 2009):  

       
             

     
                       and            ( Eq. 4 ) 

In this way, metabolic engineering targets for several industrial strains have been predicted and 

put into practice, delivering high-performance production processes for succinic acid by Basfia 

succiniproducens (Becker et al., 2013), lysine by Corynebacterium glutamicum (Becker et al., 

2011) and poly-hydroxyalkanoates by Pseudomonas putida (Poblete-Castro et al., 2013). 

However promising, these approaches have so far not been applied to plant systems.  
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2.4.3. Isotopic labeling studies for flux analysis  

In vivo metabolic fluxes can be determined by combining labeling studies with in silico 

approaches and fitting measured label distribution to a stoichiometric network model. In a typical 

labeling experiment for flux analysis in plants, a plant organ or tissue culture is exposed to a 

metabolic tracer, for a specific period of time (Fig. 2-7). This metabolic tracer contains one or 

more stable 13C isotopes that are subsequently tracked throughout metabolism by nuclear 

magnetic resonance (NMR) or mass spectrometry (MS) (Ratcliffe & Shachar-Hill, 2006). From 

the experimentally determined isotope distribution pattern, fluxes can be calculated (Wittmann, 

2002). Labeling studies can either be performed at isotopic steady-state, i.e. there are no 

observable changes in isotopic labeling pattern, by 13C metabolic flux analysis (13C-MFA) 

(Kruger et al., 2012) or at isotopic non-steady-state by isotopically non-stationary metabolic flux 

analysis (INST-MFA) (Young et al., 2008) or kinetic flux profiling (KFP) (Yuan et al., 2008). 

Although, 13C-MFA is a well-established method that is particularly useful in heterotrophic tissue 

and cell suspension cultures, it is incompatible with photoautotrophic metabolism. Therefore, 

there is an increasing interest in deducing metabolic fluxes from time-dependent isotopic 

labeling patterns (Fernie & Morgan, 2013). 

2.4.3.1. Isotopically instationary approaches for flux analysis of photoautotrophic metabolism 

Two methods exist to process the obtained labeling time-courses from an isotopic non-steady-

state tracer experiment. KFP relies on kinetic network models with detailed information about 

enzyme kinetics to describe the decaying metabolite enrichment (Yuan et al., 2008), whereas 

INST-MFA is a stoichiometry-based method that is capable of characterizing multiple 

isotopomers (Young et al., 2008). In both approaches, an iterative fitting to the measured 

isotopic labeling pattern, delivers an estimate of intracellular fluxes. Due to the underlying 

kinetics, KFP requires the additional determination of kinetic constants and pool sizes, which are 

both unnecessary for INST-MFA.   
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Figure 2-7: Workflow of label-based flux analysis 

After a step-change from unlabeled to labeled substrate, the plant, plant part or cell culture is exposed to 

the tracer-substrate for a defined period of time. Rapid quenching and extraction ensure no metabolic 

conversions take place after sampling. Subsequently, the (transient) isotopic labeling pattern is 

determined by NMR or MS-based analytics, after which data interpretation can take place. Figure courtesy 

of L. Dersch, Institute of Systems Biotechnology, Saarland University.  
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The transient isotopic labeling patterns of metabolites from the central carbon pathways are 

typically used to infer fluxes in non-stationary approaches, as their high turnover rates are highly 

suitable. Therefore, it is necessary to take many samples immediately after the introduction of 

isotopic label, whereas sampling intervals can be increased towards later sampling time points. 

Additional labeling data from anabolic building blocks, such as amino acids, fatty acids, sugars 

or starch, could further be integrated into the analysis to improve flux identifiability (Ratcliffe & 

Shachar-Hill, 2006). Specially designed enclosures for the incubation with isotopically labeled 

CO2 allow the study of specific plant parts such as leaves (Hasunuma et al., 2010; Schaefer et 

al., 1980) or whole plants (Tanaka & Osaki, 1983) and might include precise control of the 

growth environment (Andersen et al., 1961; Nouchi et al., 1995). 

2.4.3.2. Algorithm behind 13C-based metabolic flux analysis 

Solving a minimization problem by fitting measured data to simulated values is at the heart of 

INST-MFA (Fig. 2-8 and Eq. 5). The objective is to find a set of intracellular metabolic fluxes ( ) 

that best explain the measured data, thus that the difference between measured and simulated 

data is minimized in the following non-linear least squares problem:  

              
       

  
   

       

  
   

       

  
                      ( Eq. 5 ) 

with         and        

Here, the variance-weighted sum of squared residuals (SSR) is a function of measured and 

predicted 13C-labeling states ( ), pool sizes (c) and rate measurements ( ), subject to metabolite 

balances (Antoniewicz, 2015). This non-trivial and resource-intensive minimization problem, 

requires iterative algorithms due to its non-linear nature (Antoniewicz, 2015). Typically, an initial 

flux and pool size vector that complies to the mass balance equations is randomLy chosen, to 

simulate metabolite labeling with the isotopomer balance equations. Subsequently, the 

difference between simulated data and a set of experimentally determined measurements 
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influences the direction and magnitude with which the initial flux vector is changed. With this 

optimized flux vector newly simulated labeling data are calculated and the process is repeated in 

an iterative way until the difference between simulated and observed data drops below a set 

threshold. If the then obtained flux distribution passes statistical fitness, it will be accepted as 

being an accurate representation of in vivo fluxes. An algorithm capable of iteratively adjusting 

fluxes and pool sizes and recalculating   until no further improvement is achievable, as 

described above, is the Levenberg-Marquardt local search algorithm (L-Ma) (Dennis & 

Schnabel, 1983; Madsen et al., 2004). Several software packages are readily available for 

steady-state flux estimation and subsequent statistical analysis, including 13CFLUX2 (Weitzel et 

al., 2013), FiatFlux (Zamboni et al., 2005), Metran (Yoo et al., 2008), OpenFLUX (Quek et al., 

2009), FIA (Srour et al., 2011), influx_S (Sokol et al., 2012) and INCA (Young, 2014). INCA is 

currently the only publically available software additionally capable of INST-MFA. 

2.4.3.1. Recent applications of photoautotrophic flux analysis  

Prior to analysis in plants, fluxes of photoautotrophic metabolism were examined for the 

unicellular cyanobacterium Synechocystis by INST-MFA (Young et al., 2011). To date, only two 

studies in plants exist, which both estimated fluxes in whole Arabidopsis plants after transient 

labeling-experiments with 13CO2. Szecowka et al. (2013) applied an extended KFP approach to 

wild type A. thaliana rosettes, whereas Ma et al. (2014) determined the flux phenotype of wild 

type and high-light acclimated leaves through INST-MFA. Both approaches were able to 

successfully resolve fluxes in a small carbon assimilation network. In conclusion, flux estimation 

tools are now available that could help in improving the knowledge-base for rational metabolic 

engineering of plant systems, as the interest in rational model-based engineering towards plants 

with improved performance is high (Cusido et al., 2014; Lotz et al., 2014; Shachar-Hill, 2013). 
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Figure 2-8: Overview on the basic functioning of the search algorithm to estimate fluxes from 

isotopically instationary 
13

C labeling experiments  

An initial parameter vector is used to simulate labeling patterns of internal metabolites using isotopomer 

balancing equations. The difference between simulated and measured data determines the subsequent 

step size and direction to optimize the starting vector by a Levenberg-Marquardt algorithm (L-Ma). In an 

iterative process the parameter set is improved until the parameters become static and the final flux 

distribution is delivered. If the flux set passes statistical post-processing, confidence intervals are 

determined with parameter continuation.   
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3. Material and Methods 

3.1. Arabidopsis thaliana core metabolism 

The initial draft of the central carbon metabolism of A. thaliana used for metabolic network 

reconstruction, considered curated knowledge collected from metabolic pathway databases: 

Kyoto Encyclopedia of Genes and Genomes (Kanehisa et al., 2008; KEGG, release 65.0), 

MetaCrop (Grafahrend-Belau et al., 2008; MetaCrop, release 2.0) and AraCyc (AraCyc, release 

8.0; Mueller et al., 2003). This provided gross information on the genomic pathway repertoire. 

Where needed, the network was updated with experimental data and primary literature, as 

described in detail in chapter 4.1. These individual additions and specifications considered 

enzyme localization, cofactor usage, and intercompartmental transport.  

3.2. Computation of elementary flux modes 

Elementary flux modes (EFMs) were calculated with efmtool, based on the null space approach 

and recursive enumeration with bit pattern trees (Terzer & Stelling, 2008). The EFM matrix, 

computed by the algorithm, comprises information on all thermodynamically and 

stoichiometrically possible pathways in the cell, which reduce metabolism into all feasible, 

unique, non-decomposable biochemical pathways (Schuster et al., 1999). Normalization of the 

EFM matrix and subsequent data interpretation was performed as described previously (Melzer 

et al., 2009). In short, relative fluxes were normalized to their respective substrate uptake and 

the theoretical biomass production of each elementary flux mode was determined. The 

contribution of different pathways to anabolic precursor formation was calculated by dividing the 

specific pathway flux into the precursor pool by the total flux into this metabolite. Subsequent flux 

correlation analysis investigated the target potential of individual metabolic reactions, i.e. 

biochemical conversions, not including transport reactions. If the statistical significance of the 
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correlation was met, and the regression coefficient exceeded the cut-off of 0.7, the slope of the 

linear regression delivered the target potential coefficient for each individual reaction. 

3.3. Integration of omics-data 

3.3.1. Transcriptome  

Experimental transcriptome data for integration with pathway fluxes were taken from a 

comprehensive study on the shift of gene expression between day and night in wild type 

Arabidopsis rosettes (Bläsing et al., 2005). In this work, the amplitude limit of gene expression 

(log2 value) during the diurnal cycle was measured with ATH1 arrays, and changes in gene 

expression were detected with a cut off value of 0.8. Here, genes encoding proteins of the 

central carbon metabolism were extracted from the data set and the underlying raw data were 

subsequently inspected to manually identify all genes, which exhibited a diurnal expression 

change, i.e. revealed on/off behavior or an unambiguous increase or decrease in expression 

during illumination and the opposite change during the dark period. 

3.3.2. Fluxome  

The metabolic fluxes of an illuminated Arabidopsis rosette (Szecowka et al., 2013) and of a 

heterotrophic Arabidopsis cell culture (Masakapalli et al., 2014), determined by KFP (kinetic flux 

profiling) and 13C-MFA, respectively, were converted into (C-mol) (C-mol)-1 to enable a 

straightforward comparison with the respective flux modes, obtained in this work, also given in 

(C-mol) (C-mol)-1. A heterotrophic cell culture was chosen because, to our knowledge, 

heterotrophic whole plant flux studies have not been performed so far. 

3.3.3. Quantum yield  

The quantum yield of photosynthesis is derived from measurements of light intensity and rate of 

photosynthesis. The range of the quantum yield under ambient atmospheric conditions of 

Arabidopsis, as well as other C3 plants, was taken from previous studies (Ehleringer & 

Bjorkman, 1977; Ehleringer & Pearcy, 1983; Long et al., 1993; Osborne & Garrett, 1983; 
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Skillman, 2008). Because not all harvested quanta are converted into chemical energy as some 

are lost through absorption by pigments, which are unable to contribute their excitation energy to 

photosynthesis, the experimental quantum yield values were corrected, assuming 47 % of 

photons are outside the photosynthetically active range (Hall & Rao, 1999). This provided a 

direct correlation between assimilated carbon dioxide and properly absorbed photons. 

3.4. Plant growth characteristics 

The cultivation of rice seedlings was performed by Olaf Woiwode, Metanomics GmbH, Berlin. 

Germination of O. sativa L. ssp. japonica Nipponbare seeds (CropDesign N.V., Zwijnaarde, 

Belgium) occurred in the dark on moist filter paper in a Petri dish (four days, 26 °C), after which 

the seeds were transferred into light for one day (500 µmol m-2 s-1 photosynthetically active 

radiation (PAR)). Prior to sowing, 0.7 dm3 pots were saturated with deionized water and 0.15 % 

of the fungicide Proplant (Stähler, Stade, Germany). Hot water treatment (60 °C, 10 min) was 

applied to the rice seeds to prevent sheath rot. Sprouts were grown on soil (Einheitserde Type-

GS90, 70 % organic fiber peat, 30 % clay, pH 5.5-6, Einheitserde- und Humuswerke Gebr. 

Patzer, Altengronau, Germany) under 13/11 h day/night cycles at an average irradiance of 

500 µmol m-2 s-1 PAR during the light phase (Powerstar HQI-BT 400W, Osram, Munich, 

Germany). During cultivation, day/night temperatures of 26/21 °C and a relative humidity of 60 % 

were maintained. Top-irrigation took place two times a day with deionized water. Fifteen day old 

seedlings were used for the 13CO2 labeling experiments.  

3.5. Imazapyr treatment 

Herbicide treatment of rice seedlings was performed by Olaf Woiwode, Metanomics GmbH, 

Berlin and Lisa Dersch, Institute of Systems Biotechnology, Saarland University. 

The herbicide Imazapyr, which belongs to the imidazolinone group, was applied to rice seedlings 

four hours prior to the 13CO2 labeling experiments. A total concentration of 62.5 g ha-1 was 
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reached by spraying the Imazapyr solution (0.3 mM Imazapyr (BASF SE, Ludwigshafen, 

Germany), 0.1 % (v/v) dimethyl sulfoxide (DMSO), 0.1 % (v/v) Dash® E.C. (BASF SE, 

Ludwigshafen, Germany)) on the plants with an airbrush. A solution containing 0.1 % (v/v) 

DMSO and 0.1 % (v/v) Dash® E.C was administered to the control plants. 

3.6. Isotopic labeling reactor 

The design and construction of the flux incubator presented here, were carried out in 

collaboration with Detlev Rasch, Institute of Biochemical Engineering, Technical University 

Braunschweig.  

The flux incubator used for isotopic labeling experiments with 13CO2 consisted of a labeling 

reactor of approximately 620 L (75x75x110 cm), which was operated by a regulating unit that 

allowed air-humidification, regulation of temperature, ventilation, CO2 regulation and turning of 

the integrated turning table (Fig. 3-1). The described flux incubator has previously been patented 

under WO 2014/079696.  

Flux incubator unit. The incubator housing frame was constructed from duralumin (item 

Industrietechnik GmbH, Solingen, Germany). The use of polycarbonate (8 mm thickness, Hans 

Keim Kunststoffe GmbH, Rottweil, Germany) for the housing walls ensured spectral 

transmission of light. Solvent-free glue Loctite 406 (Henkel, Düsseldorf, Germany) and EPDM 

rubber seals (ethylene propylene diene monomer, Mercateo, Munich, Germany) guaranteed the 

incubator unit was gas-tight. EPDM rubber was used as sealing material, because of its high 

flexibility and endurance.  
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Figure 3-1: Tailor-made flux incubator for 
13

CO2-labeling experiments of whole plants 

Sketch (A) and photo (B) of the flux incubator, including all its components. 1. Flux incubator unit 2. 

Regulator unit 3. Housing frame 4. Housing walls 5. Injection port 6. Sampling port 7. Temperature 

regulating unit 8. Air humidification unit 9. CO2 absorption unit 10. Pressure relief valve 11. Vacuum valve 

12. Turning table 13. Drive axle 14. Motor for turning board 15. CO2 measurement unit (Fuchs et al., 

2014). 
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Temperature regulating system with integrated ventilation. The temperature in the flux 

incubator was regulated by a peltier cooling/heating system (UETR-PT24V16A, uwe electronic 

GmbH, Unterhaching, Germany). Two humidity-protected ventilators (170 m³h-1, 4312 NGN, 

ebm-papst, Mulfingen, Germany) enabled circulation of air from the incubator through a peltier 

cooling/heating element in the regulating unit (Fig. 3-2). The peltier element could be changed 

from heating to cooling by changing the polarity, which was performed by the integrated 

temperature regulator. After passing through the cooling/heating element, the air was humidified 

and returned to the reactor. 

 

Figure 3-2: Temperature regulating system with integrated ventilation 

Sketch of the temperature regulating system with integrated ventilation. 23. Air outlet 24. Air inlet 25. 

Ventilator 26. Peltier element for heating/cooling 27. Flexible aluminum tube 28. Aluminum ribbed cooler 

(Fuchs et al., 2014). 
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Air humidification system. The air humidification system (Fig. 3-3) comprised a water reservoir 

with approximately 1.5 L deionized water and a submerged piezoceramic transducer (Conrad 

Electronic SE, Hirschau, Germany). By mechanical oscillation of the ceramics (3 MHz), the 

water in the container was nebulized. A second, smaller ventilator (5 m³h-1, 4312 NGN, ebm-

papst Mulfingen GmbH & Co. KG, Mulfingen, Germany) ensured air flow from the air outlet of 

the temperature regulator through the humidifier back into the reactor (Fig. 3-3). In this way, the 

airstream transported humidity into the flux reactor. A humidity regulator controlled the humidifier 

(Conrad Electronic SE, Hirschau, Germany).  

 

Figure 3-3: Air humidification system 

Sketch of the air humidification system.  25. Ventilator 29. Air inlet 30. Air outlet 31. Container with water 

32. Piezoceramics 33. Splash plate 34. Flexible tube (Fuchs et al., 2014). 
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CO2 absorber. The CO2 absorber was in place to remove atmospheric CO2 from the flux reactor 

by pumping the air through soda lime pellets (Drägersorb® 800+, Mercateo, München, 

Germany) (Fig. 3-4 A). An electrical inflator (BRAVO 2000, Scoprega, Cassano D’Adda, Italy) 

drew 1800 L min-1 air from the flux reactor and pumped it through approximately 15 L of 

absorbing pellets. Soda lime pellets were chosen as absorber material because of their high 

CO2 absorption capacity and incorporated quality indicator (color change). A back-pressure 

valve was in place to avoid back flow of CO2 free air. The CO2 depleted air was led over a fine 

particle filter to retain possible dust, before being recycled back into the flux reactor.  

To avoid underpressure in the reactor during absorption, a vacuum valve with fine particle filter 

and CO2 absorber material was integrated (Fig. 3-4 B). Also, to counteract the slight 

overpressure created right after switching off the inflator, a pressure relief valve was included. 

The combination of a vacuum and pressure relief valve allowed the flux incubator to be operated 

under normal pressure conditions. 

 

Figure 3-4: CO2 absorbing system 

Sketch of CO2 absorber system consisting of a gas absorption unit (A) and a pressure compensation 

system (B). 10. Pressure relief valve 11. Vacuum valve 35. Air inlet 36. Air outlet 37. Back-pressure valve 

38. Absorber material 39. Fine particle filter 40. Pump 41. Sieve 42. Ball valve (Fuchs et al., 2014). 
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Online mass spectrometry. To monitor and distinguish between the 12CO2 and 13CO2 levels in 

the flux reactor, an online mass spectrometry system (Pfeiffer Vacuum GmbH, Asslar, Germany) 

was installed. The HiQuad quadrupole mass spectrometer (100-240 V, 50/60 Hz) was able to 

detect molecules in a range between 1 and 512 amu.  

Turning table. The polyvinylchloride turning table was operated by an external chopper 

transistor (Transistor-Gleichstromsteller Typ GS 24 S, EPH elektronik, Besigheim-Ottmarsheim, 

Germany) and could turn in both directions.  

Sampling port. The sampling port (Fig. 3-5) consisted of an opening in one of the housing 

walls, covered with flexible rubber straps (THERABAND, The Hygenic Corporation, Akron, OH, 

USA). For sampling, a hand and specially designed sampling scissors could easily be moved 

between the rubber straps, without extensive gas-exchange taking place. During absorption the 

port was closed off with a 5 mm thick transparent polycarbonate plate (Hans Keim Kunststoffe 

GmbH, Rottweil, Germany). The polycarbonate plate was fixed to the sampling port by four 

strong magnets (Conrad Electronic SE, Hirschau, Germany), which were agglutinated to the 

plate with solvent-free glue Loctite 406 (Henkel, Düsseldorf, Germany).  

 

Figure 3-5: Sampling port 

Picture of the sampling port that allowed sampling of individual plants throughout the 
13

CO2 labeling 

experiments without perturbing the reactor atmosphere. 



Material and Methods  37  

 

Sampling scissors. Gardening scissors (Classic Anvil Secateurs, GARDENA, Ulm, Germany), 

were modified for our purposes, by adding fitted foam rubber pieces (Meteor Gummiwerke, 

Bockenem, Germany) with solvent-free glue Loctite 406 (Henkel, Düsseldorf, Germany) to the 

blades (Fig. 3-6). During sampling, the foamed rubber fixed the cut seedling between the rubber 

pieces.  

 

Figure 3-6: Sampling scissors 

Picture of the tailor-made sampling scissors used during the 
13

CO2 labeling experiments. 

 

3.7. Labeling of Oryza sativa seedlings with 13CO2 

The labeling of whole rice plants was performed in collaboration with Lisa Dersch, Institute of 

Systems Biotechnology, Saarland University, and Dr. Regine Fuchs and Marcel Schink from 

Metanomics GmbH, Berlin.  

After placing 15-day old O. sativa seedlings (15 individual plants) in the flux incubator, 

atmospheric CO2 was removed for 60 seconds by soda lime pellets in the CO2 absorber unit. 

Following absorption, 13CO2 (> 99 atom% 13C, Eurisotop, Saarbrücken, Germany) was injected 

with a gas-tight syringe (500 mL, Hamilton Company, Reno, NV, USA) through a septum in the 

housing wall of the flux incubator, so that the reactor atmosphere contained 400 ppm 13CO2. 

Throughout the 30 minute lasting experiment, all 15 plants were harvested. The first sample was 
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collected immediately after injection (0 seconds), whereas the subsequent time points were 

taken after 10, 20, 30, 40, 50, 60, 90, 120, 150, 180, 300, 420, 600 and 1800 seconds. The 

specially designed sampling scissors enabled ultra-quick (1-2 seconds) harvesting of the entire 

above-ground shoot through the sampling port, followed by instantaneous quenching in a liquid 

nitrogen bath. Furthermore, immediately following the above-ground harvest at 300, 600 and 

1800 seconds, roots were plucked from the soil. These roots were washed in deionized water 

and both the seed and remaining green tissue were removed, before freezing in liquid nitrogen. 

In total 60 seedlings were harvested for each condition, constituting 5 replicate experiments. 

3.8. Analytics of metabolite labeling and concentration  

Analytical processing of samples was performed at Metanomics GmbH, Berlin, in collaboration 

with Lisa Dersch, Institute of Systems Biotechnology, Saarland University. 

3.8.1. LC-MS/MS  

Extraction was performed as described earlier (Balcke et al., 2011) with some alterations: The 

samples (5 mg) were extracted with 150 µL 1.5 M ammonium acetate. Extraction and 

centrifugation (0.22 µm Millipore filter, Merck Millipore, Billerice, MA, USA) were performed with 

300 µL of the polar phase. The centrifugal filter units were washed with 200 µL HPLC grade 

water. The following sample preparation steps were not changed.  

Mass isotopomer distribution was determined by LC-MS/MS for G6P, PEP, PYR, 6PG, FBP, 

S7P, 2PG, 3PG, F6P, P5P, GLYCO and RBP (For abbreviations see Appendix 10.5.2). All 

possible isotopomers were added to the method of Balcke et al. (2011).  

Pool sizes were determined quantitatively for PEP, P5P, S7P, 2PG, 3PG, E4P and RBP (For 

abbreviations see Appendix 10.5.2). For each individual metabolite an external calibration series 

was used in the corresponding calibration range (1 – 100 000 ng/mL). To correct for ion 

suppression, samples and calibration levels were spiked with 50 µL U13C-yeast extract ISTD. 
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3.8.2. GC-MS  

Lyophilized tissue (5 mg) was used for metabolite profiling. Metabolites were extracted with the 

use of accelerated solvent extraction with polar (methanol 80 % v/v in water) and non-polar 

(methanol 40 % v/v in dichloromethane) solvents. Subsequent analyses of metabolites by gas 

chromatography–mass spectrometry (GC-MS) were performed as described elsewhere 

(Roessner et al., 2000; Walk, 2007). AKG, SUCC, FUM, alanine, valine, leucine, isoleucine, 

glycine, proline, serine, threonine, aspartate/asparagine, methionine, glutmate/glutamine, 

tyrosine, lysine, phenylalanine, inositol, glucose and fructose were measured quantitatively, 

whereas the mass isotopomer distributions of AKG, SUCC, FUM, CIT, MAL, PYR, GLYCER, 

G6P, sucrose, alanine, aspartate, glutamate, isoleucine, leucine, phenylalanine, proline, valine, 

serine and threonine were determined qualitatively (For abbreviations see Appendix 10.5.2).  

3.8.3. GC-irMS  

Sample preparation for GC-C-irMS analysis was performed according to the procedures of 

Hurkman and Heinzle (Heinzle et al., 2008; Hurkman & Tanaka, 1986). Deep-frozen, ground 

plant material (5 mg) was extracted with an extraction buffer (0.175 M 

tris(hydroxymethyl)aminomethane/hydrochloric acid, pH 8.8, 5 % sodium-dodecylsulfate, 15 % 

glycerol, 0.3 M dithiothreitol). Proteins were precipitated with acetone and hydrolyzed with 6 M 

hydrochloric acid at 100 °C. Amino acids were derivatized with Pyridin and MTBSTFA (N-methyl-

N-tert-butyldimethylsilyl-trifluoroacetamide, Macherey-Nagel, Düren, Germany) at 60 °C for 1 h.  

Enrichment with 13C labeling was measured on a GC–C–irMS instrument (Thermo Fisher 

Scientific, Bremen, Germany) comprising a Trace 1300 gas chromatograph, a TriPlus RSH 

autosampler, a GC Isolink (with a NiO combustion tube in combination with NiO and CuO wires 

set at 1000 °C), a ConFLO IV interface and a Delta V Advantage isotope ratio mass 

spectrometer. H2O generated in the combustion reactor was removed by passage of the 

combustion products through a water permeable Nafion membrane. The Agilent 6890 gass 

chromatograph (splitless, injection volume 1 µL, flow rate 2.3 mL/min, oven temperature: 1 min 
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at 70°C, 8°C/min to 280°C, 50°C/min to 340°C, 3 min at 340°C, Agilent Technologies, Santa 

Clara, CA, USA) with a DB-5 column (30 m, 0.25 mm I.D., 0.25 µm film thickness, Agilent 

Technologies, Santa Clara, CA, USA) with helium as carrier gas.  

Sample preparation for EA-C-irMS analysis and C/N elemental analysis. Finely ground dry 

plant material (5 mg) was weighed into tin capsules (3.3 x 5 mm, HEKAtech GmbH, Löbau, 

Germany) prior to analysis. Both 13C labeling measurements and C/N-ratio measurements were 

performed on a FLASH HT Plus elemental analyzer (Thermo Fisher Scientific, Bremen, 

Germany) run in the single reactor combustion mode and operated at 1020 °C. The dedicated 

reactor sections comprised layers of Cr2O3 for combustion, reduced Cu for reduction and 

silvered cobaltous / cobaltic oxide to remove halogens and sulfur. 

Isotope ratio measurement, calculation of 
13C and calculation of C/N elemental 

composition. Three Faraday cup collectors for m/z 44, 45, and 46 were used for detection of 

CO2. Isotope ratios were calculated from the relative abundances of these mass traces by 

integrating their ion currents. Isotope ratios were calibrated against reference CO2 of known 

isotopic composition, which was introduced directly into the ion source five times at the 

beginning of every run. The reference gas was calibrated against Vienna Pee Dee Belemnite 

(VPDB) scale (Coplen et al., 2006). -values were corrected for natural labeling of the 

derivatization agent by the method described by Heinzle et al. (2008). Natural labeling of both 

oxygen atoms was corrected for by applying the method provided in INCA (Young, 2014). C/N 

elemental composition calculations were performed with Isodat 3.0 software (Thermo Fisher 

Scientific, Bremen, Germany) with acetanilide being used for calibrating the instrument. The 

software allows calculating C/N elemental composition both based on the data of the integrated 

thermal conductivity detector (TCD) and on the mass spectral data. In the latter case, N2 is 

measured with the Faraday cups set at m/z 28, 29, and 30. Enrichments were measured for 
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alanine, aspartate, asparagine, glutamate, glutamine, glycine, lysine, serine, tyrosine, valine, 

sucrose, glucose, fructose, inositol and malate. 

3.8.4. Amino acid composition 

Amino acid analysis was performed with adaptions based on the proprietary AccqTag analysis 

kit (Waters Corp, Milford, MA). Lyophilized plant material (4.5 mg) was hydrolyzed with 450 µL 

6N HCl including 45.8 mg/L norvaline as ISTD and 50 µL 100 mM sodium dithionite for 24h at 

110°C. A 50 µL aliquot was transferred and dried under vacuum, derivatized with 80 µL borate 

buffer and 20 µL kit reagent solution as supplied by the kit for 15 min at 55°C. The sample was 

filtrated and subjected to UPLC-UV analysis as described by the kit’s instructions. 

3.8.5. Starch and sucrose analysis 

Sucrose and starch levels were determined in 10-20 mg homogenized and lyophilized leaf 

material by ball milling (MM300 from RETSCH, Haan, Germany) for 5 min at 30 Hz in 1.5 mL 

80 % (v/v) ethanol/water. After cooling to 4°C, the samples were separated by centrifugation 

(5 min, 9000 xg) into pellet and supernatant. Of the supernatant, 200 µL were dried down. The 

dried residue containing free sugars was redissolved and derivatized for 90 min at 60°C with 

methoxyamine hydrochloride in pyridine, followed by a 30 min treatment with MSTFA (Rosner 

AG, Safenwil, Swiss) at 60°C. The pellet was washed in 1.5 mL extraction solution and dried 

down. Subsequently, the dried pellet was incubated at 55°C with 850 µL buffer (100 mM 

imidazol and 5 mM MgCl2 at pH 7), 75 µL amylase and 75 µL amyloglucosidase on a shaker for 

24 h. In this way, starch was broken down in to its monomeric subunits. After centrifugation, 

100 µL of the supernatant was analyzed for its sugar content as described above.  

Quantitation of sugar concentration was performed using an Agilent MSD instrument. The 

Agilent 6890 gass chromatograph (split 15:1, injection volume 0.5 µL, flow rate 1.3 mL/min, oven 

temperature: 1 min at 70°C, 120°C/min to 120°C, 18°C/min to 220°C, 45°C/min to 350°C, 2 min 

at 350°C, Agilent Technologies, Santa Clara, CA, USA) with a RXI-XLB column (20 m, 0.18 mm 
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I.D., 0.18 µm film thickness, Agilent Technologies, Santa Clara, CA, USA) with helium as carrier 

gas. Quantitative measurements of the compounds of interest were performed using an external 

calibration. 

3.8.6. Fatty acid methyl ester analysis 

Lipids were extracted from 25 mg homogenized and lyophilized leaf material by ball milling 

(MM300 from RETSCH, Haan, Germany) for 5 min at 30 Hz in 1000 µL methyl tert-butyl ether 

(MTBE). After centrifugation (5 min, 9000 xg) 200 µL supernatant were mixed with 10 µL TMSH-

solution (0.25 mM in Methanol) and incubated for 20 minutes at room temperature. Fatty acid 

methyl esters were quantified gass chromatographically on an Agilent 6890 gass chromatograph 

(split ratio: 1:75, 0.5 mL/min flow rate, oven temperature: 140°C, 0.5 min, 20°C/min to 240°C, 

2.5 min, Agilent Technologies, Santa Clara, CA, USA) with a MXT®-WAX column (10 m x 0.18 

mm x 0.2 µm , Restek Corporation, Bellefonte, PA, USA) and helium as carrier gas.  

3.9. Oryza sativa core metabolic network 

A comprehensive metabolic isotopomer network for O. sativa was carefully reconstructed based 

on curated knowledge collected from metabolic pathway databases: Kyoto Encyclopedia of 

Genes and Genomes (Kanehisa et al., 2008; KEGG, release 65.0), MetaCrop (Grafahrend-

Belau et al., 2008; MetaCrop, release 2.0) and Plant Metabolic Network (OryzaCyc, version 2.0). 

In this manner, a first layout of the genomic pathway repertoire was generated, which was 

subsequently enriched with information from primary literature. These individual additions and 

specifications considered enzyme localization, cofactor usage, and intercompartmental transport 

as described in detail in chapter 4.2. Finally, before deciding on the final network topology, 

different possible scenarios were tested in silico as described in Chapter 6.3. 
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3.10. In vivo flux estimation by INST-MFA 

The estimation of intracellular metabolic fluxes by isotopically non-stationary 13C metabolic flux 

analysis was performed in Isotopomer Network Compartmental Analysis (INCA) (Young, 2014), 

ran in MATLAB (R2012b, The Mathworks Inc., Natick, MA, USA). The Levenberg-Marquardt 

algorithm implemented in INCA, varied the metabolic fluxes and pool sizes, while minimizing the 

sum of squares error between experimentally determined and simulated mass isotopomer 

distributions (MIDs) (Young et al., 2008). The relative convergence tolerance, which determines 

the termination threshold based on the size of    and the current parameter vector  , was set to 

5 %. Tau, controlling the initial size of the damping parameter, was set to 1e-05. Fifty individual 

parameter estimation runs from random initial values yielded the best-fit estimate.  

Statistical evaluation assessed goodness-of-fit by a ²-test with n-p degrees of freedom (DOF), 

where n is the number of independent measurements and p is the number of fitted parameters. 

The expected SSR range was calculated as    
  

           
  

       , where        is a 

threshold p-value at which the fit is rejected. Additionally, normality of the error-weighted 

residuals was evaluated with a Lilliefors test at the previously described   significance level. 

Parameter continuation was performed to determine the 95 % confidence intervals on net and 

exchange fluxes, as well as on pool sizes (Antoniewicz et al., 2006).   
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Results and Discussion 

4. Metabolic Network Reconstruction 

4.1. Genome-based metabolic network of Arabidopsis thaliana  

As first focus, a large-scale metabolic network of Arabidopsis thaliana's core carbon pathways 

was carefully reconstructed, to provide a solid basis for subsequent simulation studies by in 

silico elementary flux mode analysis. In total, the network described 483 metabolic conversions 

and represented all relevant physiological characteristics of a plant cell, such as anabolism, 

catabolism, energy and redox supply. This final network accounted for 1567 metabolic genes, 

known to exist in A. thaliana (AraCyc, release 8.0). 

Core metabolism. The created network contained the glycolytic Embden-Meyerhof-Parnas 

(EMP) pathway, the pentose phosphate (PP) pathway, the tricarboxylic acid (TCA) cycle, the 

Calvin-Benson-Bassham (CBB) cycle for photosynthesis, photorespiration, starch biosynthesis 

and degradation, energy metabolism as well as anabolic pathways for biomass synthesis 

(Fig. 4-1). The latter considered compartment-specific supply of individual precursors (Appendix 

10.1 and 10.2) (de Oliveira Dal'Molin et al., 2010a; Mintz-Oron et al., 2012). As natural carbon 

sources, internal starch and atmospheric CO2 were included as substrates, respectively.  
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Figure 4-1: Metabolic network for an Arabidopsis leaf  

Metabolic network for Arabidopsis leaf delivering a compartmented view on central carbon metabolism, 

including the distribution of carbon core metabolic pathways across four compartments: cytosol, plastid, 

mitochondrion and peroxisome. The purple transmembrane transporters mediate antiport of the selected 

metabolites. Uni- and bidirectional transport is represented by uni- and bidirectional arrows across the 

membrane, respectively. CO2 is allowed to freely diffuse throughout the cell, whereas photons can pass 

both the cytosolic and plastidic membranes. A more detailed photophosphorylation can be found in Fig. 4-

2. For visualization purposes, anabolism is simplified to a single biomass forming reaction. 
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Figure 4-2: Cyclic and non-cyclic photophosphorylation 

A plasticity in cyclic and non-cyclic photophosphorylation exists, however, a standard stoichiometric ratio 

of cyclic and non-cyclic photophosphorylation of 2:1 was assumed for modeling. This ratio accounts for 

2x4 photons for non-cyclic electron flow and 1 absorbed photon for cyclic photophosphorylation. 
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Compartmentation. The metabolic network reflected the four central compartments in plants: 

cytosol, peroxisome, mitochondrion and plastid (AraCyc, release 8.0; Fernie et al., 2004; Kruger 

& von Schaewen, 2003; MetaCrop, release 2.0; Orzechowski, 2008; Plaxton, 1996; 

Schnarrenberger & Martin, 2002; Sweetlove & Fernie, 2013). The cytosol comprised the 

reactions of the EMP pathway (Plaxton, 1996), the oxidative part of the PP pathway (Kruger & 

von Schaewen, 2003) and reactions of starch degradation from maltose (Orzechowski, 2008), 

respectively. The plastid contained the photosynthetic CBB cycle, a second copy of the EMP 

pathway (Plaxton, 1996), the oxidative and the non-oxidative PP pathway (Kruger & von 

Schaewen, 2003) and starch metabolism (Orzechowski, 2008). The TCA cycle was assigned to 

the mitochondrion (Schnarrenberger & Martin, 2002). The photorespiratory system, known to be 

a multi-compartment process, was distributed accordingly across the plastid, the peroxisome 

and the mitochondrion (Raghavendra et al., 1998). Additionally, each compartment contained 

malate dehydrogenase (MetaCrop, release 2.0; Visser et al., 2007). Furthermore, pyruvate 

kinase was considered as cytosolic and as plastidic reaction (Plaxton, 1996), whereas the 

pyruvate dehydrogenase complex was assigned to mitochondrion and plastid, respectively 

(Schnarrenberger & Martin, 2002). The supply of cytosolic acetyl-CoA was attributed to ATP-

citrate lyase in the cytoplasm, which uses citrate as a substrate (Fatland et al., 2005). Malic 

enzyme, specific for photosynthetic tissues, was assigned to the plastid (Plaxton, 1996).  

Intercompartmental and external transport. The separation of metabolic routes in distinct 

organelles, requires translocation of specific compounds across the cellular membranes. Based 

on previous experimental evidence, uni- or bi-directional transport between cytosol and 

mitochondrion was assumed for pyruvate, malate, inorganic phosphate, glycine and serine, 

respectively, whereas antiporters were considered for malate/oxaloacetate, citrate/oxaloacetate 

and ATP/ADP (Grafahrend-Belau et al., 2008; Haferkamp et al., 2011; Klingenberg, 2008; Laloi, 

1999; Picault et al., 2004). Additionally, transport between cytosol and plastid was considered for 

3-phosphoglycerate, glycerate, glycolate, malate/oxaloacetate, pyruvate, phosphoenolpyruvate, 
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xylulose 5-phosphate, glucose 6-phosphate, dihydroxyacetonephosphate, maltose, ATP/ADP 

and inorganic phosphate, respectively (Eicks et al., 2002; Facchinelli & Weber, 2011; Fischer, 

2011; Furumoto et al., 2011; Grafahrend-Belau et al., 2008; Kruger & von Schaewen, 2003). 

Hereby, the translocation of phosphorylated carbohydrates across the plastidial membranes 

occurred by simultaneous antiport of inorganic phosphate (Fischer, 2011). In addition, active 

peroxisomal membrane transfer of malate/oxaloacetate, glycerate, glycolate, glycine and serine 

occurred (Raghavendra et al., 1998; Visser et al., 2007). So far, a transporter for acetyl-CoA has 

not been discovered and was therefore not incorporated (Schwender et al., 2006). CO2 was 

assumed to freely diffuse within the cell (Kaldenhoff et al., 2014), photons were capable of 

penetrating both the extracellular and plastidic membranes (Terashima et al., 2009) and 

inorganic phosphate was available from the vacuole (Rausch & Bucher, 2002). Furthermore, the 

applied algorithm required in silico external exchange reactions for unbalanced metabolites, 

such as biomass, maintenance ATP, photons and starch. In addition, the exchange of reducing 

equivalents between the cytosol and both the mitochondrion and the peroxisome was mediated 

by malate dehydrogenase coupled to malate and oxaloacetate channeling across the organelles 

barrier. 

Energy household. Redox, energy and phosphate metabolism were compartmentalized across 

the different organelles. This included confinement of the photosynthetic light reactions to the 

plastid and oxidative phosphorylation to the mitochondrion. In the vacuole, a storage pool for 

inorganic phosphate was considered (Rausch & Bucher, 2002). From here, inorganic phosphate 

could be transported throughout the cell by specific carriers between the cytosol and both the 

plastid and the mitochondrion. ATP/ADP antiporters were incorporated in the mitochondrial and 

plastidic membrane. In addition, the exchange of reducing equivalents between the cytosol and 

the plastid, the mitochondrion and the peroxisome was mediated by malate dehydrogenase 

coupled to malate and oxaloacetate channeling across the organelles barrier. To account for 

widely abundant isoenzymes, capable of utilizing either NADPH or NADH, or both molecules as 
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cofactor, an oxidoreductase for interconversion of NADPH and NADH was included in the 

cytosol (Cheung et al., 2013). Although more realistic, additional simulation of a network without 

compartment-specific energy, redox and phosphate metabolism, showed that the efficiency of 

biomass formation was not affected by the introduced compartmentalized energy, redox and 

phosphate acquisition (data not shown). The following considerations were included for the 

energy efficiency. The ratio of ATP:NADPH produced in a photosynthetic cell depends on a 

generally accepted plasticity of the photosynthetic light reactions for energy production (Fig. 4-2) 

(Allen, 2003; Cruz et al., 2005; Foyer et al., 2012; Kramer et al., 2004; Munekage et al., 2008). 

As it is still unresolved how this mechanism functions exactly, an average ATP to NADPH ratio 

of 1.5, which accounted for cyclic electron flow around photosystem 1 of one photon and a non-

cyclic electron flow caused by 8 photons (de Oliveira Dal'Molin et al., 2010a). In certain 

simulations, the photosynthetic plasticity was investigated by varying the ratios between cyclic 

and non-cyclic electron flow. Oxidative phosphorylation was incorporated in the mitochondrion. 

In order to provide sufficient ATP for maintenance, a surplus of ATP was set as constraint for the 

modeling (Krömer et al., 2006). 

Anabolic pathways for biomass synthesis. The biochemical composition of Arabidopsis 

leaves was carefully collected from selected publications (Appendix 10.1). Nearly half of the 

carbon is stored in the cell wall (Herrero et al., 2013; Reiter et al., 1997; Zablackis et al., 1995), 

whereas one third was contained in proteins (Tschoep et al., 2009) (Fig. 4-3 A). Based on 

experimental data, the remaining carbon was distributed among lipids (Fan et al., 2013; Shen et 

al., 2010; Stahl et al., 2004), carbohydrates (Reiter et al., 1997; Saxena et al., 2013; Tschoep et 

al., 2009), porphyrines (Nowicka et al., 2009; Tardy & Havaux, 1996) and other biomass 

components (Arnqvist et al., 2008; Murray & Thompson, 1980; Suzuki et al., 2004; Tschoep et 

al., 2009). Together, the anabolic pathways synthesizing these biomass building blocks, form the 

most important carbon sink during growth. As most of these peripheric biosynthetic pathways 

are strongly linear and a metabolic steady-state is assumed, they can easily be summarized into 
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a single, lumped biomass equation, starting from 12 central metabolic precursor metabolites 

(Appendix 10.2). The localization of the individual enzymes determines where a certain biomass 

component is synthesized and thus, from which organelle its precursor originates. For instance 

aromatic amino acids are synthesized from phosphoenolpyruvate and erythrose 4-phosphate in 

the plastid (Tzin & Galili, 2010), whereas cellulose is known to originate from hexose 

6-phosphate in the cytosol (McFarlane et al., 2014). This in turn, determines which compartment 

contributes most to providing carbon for growth (Fig. 4-3 B). As most carbon is needed for the 

synthesis of cell wall components, which originate from pathways located in the cytosol, it is not 

surprising that the cytosol provides more than 50 % of the carbon for growth.  

 

Figure 4-3: Biomass composition of A. thaliana leaves 

(A) Carbon content-normalized biomass composition of A. thaliana leaves, based on the information given 

in Appendix 10.1 (expressed in %) (B) Compartment-specific carbon demand for growth of A. thaliana 

leaves (expressed in %), which was calculated by combining the stoichiometric precursor demand 

(Appendix 10.2) of each biomass constituent with its relative composition (Appendix 10.1). 

By lumping the anabolic pathways towards biomass synthesis, the equation system to describe 

Arabidopsis’ metabolism could be represented in a compact form for more efficient calculation 

by 129 reactions and 70 metabolites, while remaining descriptive of the entire set of metabolic 

conversions (Appendix 10.3). Hereby, 34 reactions belonged to intercompartmental and 

extracellular transport, respectively. Based on thermodynamic properties provided in the above-

mentioned databases, 72 reactions were constrained as irreversible. This now allowed the 
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computation of all feasible metabolic routes in the leaf, through enumeration of elementary flux 

modes.  

Pathways to valuable plant traits. Selected scenarios investigated the plant potential to 

synthesize iso-pentenyl pyrophosphate (IPPP), the building block for terpenes and terpenoids, 

which is provided via the mevalonate pathway or the methyl-erythritol pathway (Rodríguez-

Concepción & Boronat, 2002). Additionally, different amino acids and carbohydrates were 

included in the analysis. L-Tryptophan, L-lysine, L-threonine, L-methionine and L-cysteine exhibit 

nutritional value (Amir, 2010). Tryptophan is synthesized through the shikimate pathway (Zhao & 

Last, 1995) and lysine synthesis uses the diaminopimelate pathway (Jander & Joshi, 2009). 

Threonine and methionine are obtained from L-aspartate and share the common intermediate 

L-homoserine (Jander & Joshi, 2009). Methionine and cysteine biosynthesis involves sulfate 

assimilation (Wirtz & Hell, 2006). Additionally, L-proline was included as important factor in salt 

and drought tolerance (Chen et al., 2007), which is synthesized from L-glutamate (Roosens et 

al., 1998). Furthermore, the carbohydrates sucrose and starch were investigated, because of 

their dietary value, and lignocellulose was considered due to its impairing effect in biorefineries 

(Dey & Harborn, 1997; Hasunuma et al., 2013; Humphreys & Chapple, 2002; Reiter, 2002; Streb 

& Zeeman, 2012). 
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4.2. Large-scale isotopomer network of Oryza sativa 

To obtain realistic predictions of in vivo metabolism, it is crucial that 13C-INST-MFA calculations 

rely on a dependable and meticulously formulated metabolic network. For this purpose, a large-

scale isotopomer model of central carbon metabolism was constructed for Oryza sativa 

seedlings.  

Core metabolism. The isotopomer model of O. sativa contained information about both reaction 

stoichiometry and carbon transitions. It consisted of the glycolytic Embden-Meyerhof-Parnas 

(EMP) pathway, the pentose phosphate (PP) pathway, the tricarboxylic acid (TCA) cycle, the 

Calvin-Benson-Bassham (CBB) cycle for photosynthesis and photorespiration. Additionally, 

sucrose export to the root and individual pathways for amino acid and fatty acid metabolism 

were included. The remaining anabolic pathways were summarized in the biomass synthesis 

reaction (Fig. 4-4). The latter considered compartment-specific supply of individual precursors 

for cell wall, nucleotide and pigment synthesis, as well as provision of fatty acids, amino acids, 

organic acids, soluble sugars and starch (Appendix 10.1 and 10.2). Atmospheric CO2 was the 

sole carbon source, which was allowed to be re-assimilated after respiration (Zabaleta et al., 

2012). The final network consisted of 75 reactions and 65 metabolites, whereby 5 reactions 

belonged to intercompartmental and extracellular transport, respectively (Appendix 10.3). Based 

on thermodynamic properties provided in the enzyme database BRENDA (BRaunschweig 

ENzyme DAtabase), 56 reactions were constrained as irreversible.  

 

 

 

 

Figure 4-4 (next page): Metabolic network for Oryza sativa seedling  

The isotopomer metabolic model visualized here, includes the central carbon metabolism, anabolic 

precursor demand and export of sucrose to root metabolism. 
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Compartmentation. The compartmented nature of plant cells was accounted for by organizing 

the large-scale metabolic network into four compartments: cytosol, peroxisome, mitochondrion 

and plastid (Fernie et al., 2004; Kruger & von Schaewen, 2003; MetaCrop, release 2.0; 

OryzaCyc, version 2.0; Orzechowski, 2008; Plaxton, 1996; Schnarrenberger & Martin, 2002). 

The reactions of the EMP pathway and the oxidative part of the PP pathway occurred both in the 

plastid and the cytosol (Kruger & von Schaewen, 2003; Plaxton, 1996), which dramatically 

increased the number of possible carbon metabolization routes. Therefore, an artificial 

compartment was introduced to the network to enhance resolution, representing a merged 

cytosolic and plastid compartment (See chapter 6.3 for more details). Furthermore, sugar 

metabolism and ATP-citrate lyase occurred exclusively in the cytosol, whereas the 

photosynthetic CBB cycle, the non-oxidative PP pathway, starch metabolism, and a part of the 

photorespiratory system, catalyzed by ribulose bisphosphate oxygenase, phosphoglycolate 

phosphatase and glycerate kinase, were unique to the plastid. The peroxisome comprised the 

remaining reactions of photorespiration and the TCA cycle was located in the mitochondrion. 

Malic enzyme, specific for photosynthetic tissues, was assigned to the plastid (Plaxton, 1996). 

Intercompartmental transport. The exchange of metabolites between cytosol and 

mitochondrion was assumed for pyruvate, malate, oxaloacetate and citrate, respectively 

(Grafahrend-Belau et al., 2008; Laloi, 1999; Picault et al., 2004; Sweetlove & Fernie, 2013). 

Plastid-cytosol transport was considered for glycerate, glycolate, malate and pyruvate, 

respectively (Facchinelli & Weber, 2011; Furumoto et al., 2011; Grafahrend-Belau et al., 2008; 

Kruger & von Schaewen, 2003). The transport of 3-phosphoglycerate, phosphoenolpyruvate, 

xylulose 5-phosphate, glucose 6-phosphate and dihydroxyacetonephosphate, between cytosol 

and plastid became redundant by the introduction of the artificial cytosolic-plastidic compartment 

(See chapter 6.3 for more details). So far, a transporter for acetyl-CoA has not been discovered 

and was therefore not incorporated (Schwender et al., 2006). CO2 was assumed to freely diffuse 

within the cell.  
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Anabolic pathways for biomass synthesis. The compositional characteristics of rice seedlings 

were determined experimentally for fatty acids, organic acids, proteinogenic amino acids, free 

sugars and starch (Appendix 10.1 and Fig. 4-5 A), whereas values for nucleotide and pigment 

content were taken from the literature (Murray & Thompson, 1980; Panda & Sarkar, 2013; 

Sumiyoshi et al., 2013; Suzuki et al., 2001; Yu & Zhang, 2013). The cell wall composition was 

taken from literature (Sumiyoshi et al., 2013) and its fraction was inferred from the measured 

carbon content of 40.8 %. The overall composition of biomass was not similar to that of A. 

thaliana leaves. In rice seedlings, more than 40 % of the assimilated carbon is captured in 

soluble and insoluble protein, which is rather high. However, a correspondingly high value has 

previously been reported for rice seedlings in the literature (Hashimoto et al., 1989). Also, it has 

been shown that developing leaves require many proteins, of which RuBisCO displays the 

highest expression (Hashimoto & Komatsu, 2007). Furthermore could the lower contribution of 

cell wall components to the overall carbon balance be attributed to the immaturity of the tissue, 

as the cell wall fraction is known to increase during leaf development (Cosgrove, 2005). Also the 

ash-content is rather high (14.5 %), although it seems to match literature values of about 

13-15 % quite well (Misra et al., 2006). Anabolic pathways, providing the building blocks for 

growth, are spread across the different compartments, with most carbon originating from the 

cytosolic-plastidic compartment (Fig. 4-5 B). For instance, the pathways of amino acid 

biosynthesis were responsible for the carbon sink from the cytosolic-plastidic compartment, 

except for the mitochondrial production of glutamate, proline and arginine and the plastid-

specific synthesis of aromatic amino acids (MetaCrop, release 2.0; Reyes-Prieto & Moustafa, 

2012). Also free sugar metabolism was located in the cytosolic-plastidic compartment 

(OryzaCyc, version 2.0), whereas fatty acid synthesis originated from acetyl-CoA in the plastid 

(Rawsthorne, 2002). Starch was accumulated in the plastid (Orzechowski, 2008).   
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Figure 4-5: Metabolic composition of O. sativa seedling shoots 

(A) Carbon content-normalized biomass composition of O. sativa seedling shoots, based on the 

information given in Appendix 10.1 (expressed in %) (B) Compartment-specific carbon demand for growth 

of O. sativa seedling shoots (expressed in %), which was calculated by combining the stoichiometric 

precursor demand (Appendix 10.2) of each biomass constituent with its relative composition 

(Appendix 10.1). 

 

Export to the root. Seedling shoots additionally export photosynthetic assimilates to the root. 

Through comprehensive GC-irMS analysis of root tissue in the course of a 13CO2 labeling study 

with 15 day old rice seedlings under ambient conditions, the metabolites responsible for carbon 

transport were identified (Fig. 4-6). This time-dependent incorporation study revealed that the 

majority of exported carbon to the root, was in the form of sucrose. The total label incorporation 

into root sucrose was very high as compared to other root sugars and amino acids under 

investigation. Although also alanine, glycine and serine showed a rather high 13C enrichment 

(Appendix 10.6), carbon transport into these pools was negligible, as their concentrations were 

very low. Therefore, only sucrose export to the root was considered in the network.    
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Figure 4-6: Translocation of carbon to the root 

The total carbon percentage of different sugars and amino acids translocating into O. sativa roots, as 

determined by the respective MID (by GC-irMS analysis) and pool size measurement. Root samples were 

collected at 300, 600 and 1800 s during a 
13

CO2 labeling study with 15 day old rice seedlings under 

ambient conditions.   
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5. In silico stoichiometric network analysis of A. thaliana 

In the previous chapter, a well-defined large-scale metabolic network for the major model 

organism in plant biology and biotechnology, Arabidopsis thaliana, was established, which now 

allows in silico investigation of different physiological scenarios of primary plant metabolism. A 

systematic analysis of this metabolic network, utilizing the framework of elementary flux modes, 

investigates metabolic capabilities and predicts highly relevant properties on the systems level: 

optimum pathway use for maximum growth and metabolite overproduction, and flux re-

arrangement in response to environmental perturbation. In addition, it allows the integration of 

computational predictions with experimental fluxome and transcriptome data towards higher-

level understanding of plant metabolism. Furthermore, strategies are explored to develop 

superior plant lines by in silico target-prediction. The successful application of predictive 

modeling in Arabidopsis thaliana can bring systems-biological interpretation of plant systems to 

the next level and, thus, open doors for the metabolic engineering of important crops and for 

sustainable production of therapeutics, renewable chemicals and biofuels. 

5.1. Analysis of diurnal physiology by elementary flux modes 

Plants are subjected to changing environmental conditions, most prominently the light-dark shift. 

During the day, light is available as a copious source of energy, allowing photosynthetic carbon 

assimilation, whereas during the night the breakdown of acquired starch delivers the necessary 

energetic power (Smith & Stitt, 2007). These two fundamental growth states, chemoheterotrophy 

and photoautotrophy, were now studied for A. thaliana using elementary flux mode analysis. 
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5.1.1. Theoretical analysis of growth physiology of A. thaliana 

Plant metabolism displays highly efficient carbon assimilation and conversion. The 

elementary flux solutions, which span the entire space of feasible flux distributions, were 

calculated both for autotrophic metabolism in the light, using CO2 as sole carbon source, and for 

heterotrophic metabolism on internal starch in the dark, respectively. The solution space 

consisted of 1.2 million autotrophic modes and 5.7 million heterotrophic modes (Table 5-1). The 

theoretical maximum growth yields were 28.6 and 27.4 (g biomass) (C-mol substrate)-1 for the 

chemoheterotrophic and for the photoautotrophic scenario, respectively (Table 5-2). Assuming 

equal contributions of day and night metabolism, the resulting mean value of 

28.1 (g biomass) (C-mol substrate)-1 rather matches with experimental values for wild type A. 

thaliana leaves of about 25.2 (g biomass) (C-mol substrate)-1 (Table 5-2) (Sulpice et al., 2014). 

For prolonged illumination phases, the simulated values further approach the measured rates 

(Appendix 10.7). The maximum theoretical biomass formation accounted for a high carbon 

efficiency, i.e. 86.8 and 90.6 % of the assimilated carbon was incorporated into biomass. This 

can be taken as a first indication that plant metabolism can closely approach theoretical optimum 

performance with regard to stoichiometric capacity. When the light influx was omitted from the 

model, no modes resulted for autotrophic biomass production, deducing that heterotrophy is the 

only feasible phenotype in the dark. 

A narrow range of absorbed photons supports optimal plant growth. The computed set of 

elementary modes was now used to investigate the impact of the light influx on biomass 

production. First, energetically inefficient modes that included cycling of resources, were 

eliminated. Although stoichiometrically possible, these modes represented futile cycling of 

carbon across the internal membranes to dissipate energy (Appendix 10.11). They are an 

emergent property from the compartmentation of metabolic pathways into intracellular 

organelles. As such massive futile cycling is energetically inefficient, they are considered both 

evolutionary and physiologically implausible. Furthermore, as such high reaction rates require 
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additional synthesis of large amounts of protein, for which the synthesis cost was not accounted 

for in the biochemical model, it was opted to eliminate these modes for subsequent analyses. 

Table 5-1: Outline of fundamental physiological states in plant leaves and their accompanying EFMs. 

 Autotrophy 

Light                     Dark 

Heterotrophy 

Light                     Dark 

CO2 Uptake  + + - - 

Starch 
Degradation 

- - + + 

Light influx  + - + - 

Number of  
EFMs 

1 199 402 11 11 296 607 5 653 544 

 

Table 5-2: Maximal theoretical biomass production of Arabidopsis leaves as predicted by the metabolic 

model, both photoautotrophically in the light and chemoheterotrophically in the dark, are compared to the 

experimentally determined growth yield of Arabidopsis rosettes. The latter can be found in the far right 

column and was calculated based on the experimental work of Sulpice et al. (2014). See Appendix 10.7 

for more information on the experimentally determined biomass yield.  

 
Photoautotrophy 

model 

Chemoheterotrophy 

model 

Whole plant 

experimental 

Substrate CO2 C12-starch subunit CO2 

Substrate Uptake 

[mmol substrate] 
1 1 1 

Biomass Production  

[mg Biomass] 
28.6 329 25.2 

Biomass Yield 

[g / C-mol substrate] 
28.6 27.4 25.2 

Carbon Efficiency 

[%] 
90.6 86.8 79.9 
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For the resulting 848 629 individual flux modes, the biomass was mapped against the 

corresponding acquired light influx (Fig. 5-1). The biomass production was highest in a defined 

range between 8.6 and 10.8 (mol photons) (mol CO2)
-1. This corresponded to a quantum yield 

between 0.09 - 0.12 (mol CO2) (mol photons)-1, supporting optimal photosynthesis. Experimental 

growth for Arabidopsis rosettes closely resemble the predicted theoretical maximum and the 

predicted optimum range of photon absorbance rather exactly matched with the range observed 

in vivo (Ehleringer & Bjorkman, 1977; Ehleringer & Pearcy, 1983; Long et al., 1993; Osborne & 

Garrett, 1983; Skillman, 2008). 

5.1.2. Systematic analysis of elementary mode solution space unravels light stress 

response of Arabidopsis thaliana leaves 

Optimal growth only resulted for a narrow range of photon absorbance as both higher and lower 

light intensities reduced growth efficiency (Fig. 5-1). Possible molecular reasons for this 

phenomenon can be directly extracted from the flux mode solution space. The direct product of 

photo-reduction, is NADPH (Fig. 5-1 B). Under high light intensity, its production soon exceeds 

the need of the anaplerotic reactions. A physiologically feasible way to cope with such NADPH 

excess is an increased flux through the photorespiratory pathway, as photorespiration consumes 

NADPH. Interestingly, a clear relationship between the flux through the photorespiratory system 

(glycerate kinase), phosphoribulokinase, and the quantum requirement under high light intensity 

suggests that indeed Arabidopsis leaves may deal with photoreductory stress by increasing 

photorespiration (Fig. 5-1 D-E). A direct consequence of such an up-regulation is reduced 

growth, because photorespiration is associated with a net loss of carbon as CO2 (Ma et al., 

2014; Poolman et al., 2013). Recently, an activated photorespiration has been experimentally 

recognized in plants as an important light stress response to dissipate excess reducing 

equivalents and energy (Voss et al., 2013). Alternatively, NADPH excess could be also handled 

by an increased consumption of ATP, e.g. through futile cycles. From a metabolic viewpoint, this 

would involve a conversion of excess NADPH into NADH by a transhydrogenase-like reaction, 
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and fueling the phosphorylation of ADP into ATP. In this way, growth could be maintained at its 

optimal rate, however in an energetically inefficient way. 

 

Figure 5-1: The quantum requirement for growth.  

(A) Histogram of the quantum yield values for C3 plants under ambient atmospheric conditions were 

selected from Skillman (2008) who reviewed the in vivo range of quantum yield in several C3 and C4 plant 

lineages. Not all harvested quanta are converted into chemical energy as some are lost through 

absorption by pigments which are unable to contribute their excitation energy to photosynthesis. 

Therefore, the nominated range was corrected assuming 47 % of photons are outside the 

photosynthetically active range (Hall & Rao, 1999). (B) The linear relationship between modeled NADPH 

synthesis and quantum requirement is visualized as a colorscale between blue (low) and red (high). (C) 

Modeled ATP maintenance production associated with the observed light influx. (D) Modeled glycerate 

kinase and (E) phosphopentokinase activity as a function of photon influx. (F) Observed biomass 

formation in relation to the quantum requirement. (G) Subdivision of the data into three light regimes. 

Panel C-G: Each data point represents an individual flux mode.   
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5.1.3. Flux rearrangement between optimum day and night metabolism requires 

reversible translocation of carbohydrates across the plastidial and mitochondrial 

membranes, as well as strong regulation of plastidial metabolism 

Next, day-time and night-time metabolism were evaluated on the level of intracellular fluxes. The 

intracellular flux distributions, which resemble optimum growth under both conditions, revealed 

large differences (Fig. 5-2 and 5-3). Most interestingly, our data show an on/off shift for five 

previously postulated diurnal switches, i.e. for ribulose 1,5-bisphosphate carboxylase, 

phosphoribulokinase, fructose 1,6-bisphosphate phosphatase, NADP-dependent 

glyceraldehyde-3-phosphate dehydrogenase and sedoheptulose-1,7-bisphosphate phosphatase 

(Taiz & Zeiger, 2006). In addition, many more changes were observed. A reversed flux direction 

was observed for no less than 21 reactions and 89 reactions showed substantial changes in flux 

value. From the latter, 64 fluxes were significantly decreased for the dark metabolism as 

compared to the light metabolism, whereas 25 reactions showed a notable increase. The largest 

differences were found for reactions in the plastid, the energy metabolism and for specific 

transporters, which is essentially caused by the shift from starch degradation in the dark to CO2 

assimilation in the light. In contrast, especially the mitochondrial and peroxisomal reactions 

remained rather unchanged. Shortly, dark metabolism required degradation of starch into 

maltose, which was subsequently transported across the plastidial membrane. In the cytosol, 

maltose was hydrolyzed to two glucose molecules, followed by phosphorylation to glucose 6-

phosphate. The sugar phosphate was then channeled into the cytosolic and the plastidic EMP 

pathways. The glucose 6-phosphate translocator mediated the distribution of carbon between 

the different compartments. In this way, both malate and pyruvate were generated through 

malate dehydrogenase and glycolysis, respectively, and subsequently imported in the 

mitochondrion to fuel the TCA cycle. Autotrophic metabolism assimilated atmospheric CO2 via 

the CBB cycle in the plastid. This involved a high flux through the CBB cycle and the non-

oxidative PP pathway, as both routes are strongly entwined. Mainly, the triose-phosphate  
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Figure 5-2: Autotrophic versus heterotrophic fluxes 

Fluxomic phenotype of optimal autotrophic plant growth as compared to optimal heterotrophic growth. The 

second and fourth quadrant are affiliated with a reversed flux direction, whereas the first and third 

quadrant are further subdivided into reactions that were up- or downregulated in autotrophic growth. In this 

context, ‘optimal’ refers to the average flux value of the top 1 % biomass producing modes. All fluxes are 

normalized to the substrate uptake flux and are expressed in C-mol C-mol
-1

 substrate.  
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translocators supplied carbon-building blocks to the cytosol, whereby the glucose 6-phosphate 

translocator recycled carbon back into the plastid. Mainly malate was built from initial carbon 

conversions and imported into the mitochondrion. Here, malic enzyme provided the TCA cycle 

with sufficient pyruvate. In this regard, the translocation of pyruvate between the different 

compartments was one prominent example of a fully reversed flux, as described above. To 

conclude, in the light, especially the plastidic metabolism was highly active and the 

triosephosphate-carriers transported carbon out of the plastid. Mainly malate was imported into 

the mitochondrion, whereas in the dark both malate and pyruvate were channeled across the 

mitochondrial membrane and the cytosol showed slightly more activity than the plastid. The main 

carbon export from the plastid occurred in the form of maltose. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-3 (next page): Fluxes of the day and night metabolism 

Maximal biomass producing fluxes in the photoautotrophic (left) and chemoheterotrophic (right) case. The 

value on the arrow and the thickness of the arrow represent the average flux value of the top 1 % biomass 

producing modes. All fluxes are normalized to the substrate uptake flux and are given in mol mol
-1

 

substrate. To enable comparison, the autotrophic flux values were normalized to 600 mol of CO2 uptake 

and the heterotrophic modes to 50 mol of starch degradation, as starch is represented by C12-dimers. For 

clarity the arrow thicknesses are normalized to the uptake flux thickness. The arrows pointing to the 

Arabidopsis rosettes visualize the amount of building blocks needed for biomass synthesis.  
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5.1.4. Simulation of light and dark metabolism quantifies differences in energy and redox 

supply 

As shown, the metabolism in the dark recruited all compartments to sustain growth, whereas the 

plastid was the dominant compartment in the light (Fig. 5-3). Next, it was investigated which 

organelles support the supply of the necessary energy and reductive power for the growing 

leaves (Fig. 5-4). Illuminated leaves largely delivered NADPH and ATP through the 

photosynthetic light reactions in the plastid (Fig. 5-4 A), whereas the NADH stemmed mostly 

from cytosolic malate dehdrogenase, i.e. is exported as NADH from the plastid (Cheung et al., 

2013). During the dark, ATP was produced predominantly via oxidative phosphorylation in the 

mitochondrion (60 %), and reduced NADPH was generated by all compartments (Fig. 5-4 B). 

Secondly, the formation and assimilation of carbon dioxide was different between the two 

physiological states (Fig. 5-4 C). Generally, the total net flux of CO2 production was higher for 

heterotrophic metabolism (10 %), as compared to autotrophic metabolism (5 %), whereby 

overall, both values were rather low. It was interesting to note that also the origin of the released 

CO2 differed. Under both conditions, the carbon loss by photorespiration was negligible, 

whereas the largest contributors to CO2 release were the TCA cycle, as well as pyruvate and 

malate dehydrogenases (Fig. 5-4 D). In the dark, additional carbon was released during the 

generation of NADPH in the oxidative PP pathway, whereas during illumination, previously 

assimilated CO2 was lost via PEP carboxykinase.  
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Figure 5-4: Metabolic properties of light and dark metabolism 

Comparison of metabolic properties for optimal autotrophic and heterotrophic fluxome as calculated by 

elementary flux analysis. In this context, ‘optimal’ refers to the average flux value of the top 1 % biomass 

producing modes. (A-B) Specifications about the redox and energy production expressed per total redox 

and ATP-demand. (A) Pathway-based subdivision and (B) compartment-based visualization. (C-E) Details 

about the origin and fate of CO2 as percentage of the total CO2 released. Here, the fluxes were subdivided 

into its different (C) compartments and (D) pathways.   

C 

A B 

D E 
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5.1.5. Optimum anabolic pathway use in A. thaliana differs between day and night 

The striking differences in the localization of energy and reducing power supply among the 

cellular compartments now suggested to also inspect the anabolic metabolism. Interestingly, the 

biosynthetic origin of many of the twelve anabolic precursors strongly depended on the 

physiological growth mode, i.e. light and carbon acquisition (Fig. 5-5). As example, the majority 

of autotrophic 3-phosphoglycerate was supplied via the CBB cycle, whereas, in the dark, the 

precursor exclusively stemmed from the EMP pathway. In addition, ribose 5-phosphate was 

produced through the non-oxidative PP pathway under illumination, whereas, under 

heterotrophic conditions, it was mainly generated by the oxidative PP pathway. For other 

precursors, such as α-ketoglutaric acid, the metabolic network recruited isoenzymes, which 

differed in cofactor use, depending on the illumination conditions. 

Clearly, these simulations indicate that a reversible transhydrogenase-like function is crucial to 

rearrange the metabolism from day to night (Fig. 5-4 A). It is interesting to note that dark and 

light metabolism involves a rather diverse set of anabolic pathways for optimum precursor 

supply (Fig. 5-5). This also involves isoenzymes with different prevalence for NADPH and 

NADH, which vary between the two growth regimes. So far, their role is still unclear, however 

functional diversification (Costenoble et al., 2011) and increased metabolic robustness (Blank et 

al., 2005) have been postulated as possible purposes of isoenzymes. Based on our simulations, 

the ubiquitous presence of isoenzymes with different cofactor usage in plants seems key for 

flexible handling of specific anabolic demands of day and night metabolism. 

 

Figure 5-5 (next page): Pathways involved in the allocation of anabolic precursors  

Percentaged information about the pathways involved in allocating the necessary anabolic precursors 

under optimal autotrophic and heterotrophic conditions. In this context, ‘optimal’ refers to the average flux 

value of the top 1 % biomass producing modes. Abbreviations: 3-phosphoglycerate (3PG), acetyl-CoA 

(AcCoA), α-ketoglutaric acid (AKG), erythrose 4-phosphate (E4P), fructose 6-phosphate (F6P), glucose 6-

phosphate (G6P), glyceraldehyde 3-phosphate (GAP), oxaloacetate (OAA), phosphoenolpyruvate (PEP), 

pyruvate (PYR), ribose 5-phosphate (R5P), succinyl-CoA (SucCoA). 
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5.2. Data-integrated analysis of elementary flux mode solution space 

The constructed metabolic network enables the adequate description of fundamental 

physiological traits such as growth and photosynthetic efficiency, which is a good indication of its 

quality and validity (Fig. 5-1 and Table 5-2). The structural analysis of network topology already 

showed that the diurnal day-night shift of Arabidopsis requires substantial re-arrangement of 

pathway flux between compartments, involving redox and energy metabolism, as well as 

anabolic synthesis. Now, higher-level understanding of plant metabolism can be gained by 

integrating these computational network predictions with experimental fluxome and 

transcriptome data. 

5.2.1. The intracellular pathways of Arabidopsis rosettes operate near their optimum flux 

distributions 

The integration of in silico and in vivo fluxes allows evaluation of the observed cellular 

physiology within the overall feasible flux space, as proven valuable for different microorganisms 

(Becker et al., 2011; Driouch et al., 2012). Fortunately, recent 13C flux analysis data from 

Arabidopsis rosettes (Szecowka et al., 2013) and from plant cell cultures (Masakapalli et al., 

2014), have provided an excellent opportunity to conduct such an integration for the first time in 

plant cells. For this purpose, the determined flux values were now mapped with the predicted 

fluxes for optimum growth (Fig. 5-6). This provided a striking agreement between the in vivo and 

optimum in silico fluxome. Considering the similarity of measured and predicted biomass and 

quantum yield, we conclude that illuminated thale cress is represented adequately by the 

proposed metabolic model, and that its leaves operate very close to their maximal potential with 

regard to stoichiometric capacity. It should be noted that this may not hold for suboptimal growth 

conditions, such as high light acclimation (Ma et al., 2014), as stress conditions seem to induce 

a metabolic burden. 
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In contrast, the metabolism of heterotrophic cell cultures (Masakapalli et al., 2014) deviated from 

the optimum dark growth mode (Fig. 5-6). This is particularly true for the TCA cycle and the EMP 

pathway. Obviously, our leaf model does not explain fluxes in heterotrophic cell cultures 

adequately. This highlights the need for physiologically relevant models, as heterotrophic cell 

cultures display a fundamentally different physiology and are known to respond differently to 

stress on a metabolic level than live plants (Karmakar et al., 2009; Lehmann et al., 2009). 

 

Figure 5-6: In silico versus in vivo metabolic fluxes  

The metabolic phenotype of an illuminated Arabidopsis rosette (A) and the heterotrophic phenotype of an 

Arabidopsis cell culture (B), determined by 
13

C-MFA (Ma et al., 2014) or KFP (Masakapalli et al., 2014), 

are compared to the respective flux mode yielding optimal biomass. In this context, ‘optimal’ refers to the 

average flux value of the top 1 % biomass producing modes. All fluxes are normalized to the substrate 

uptake flux and are expressed in C-mol (6 C-mol substrate)
-1

. 
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5.2.2. Day-night flux re-arrangements are superimposed by selected transcriptional 

changes 

As shown, the optimum metabolism of Arabidopsis recruits a different set of pathways during 

day and night: diurnal cycling is linked to substantial redistribution of flux. It was now interesting 

to see, how regulatory circuits of the plant superimpose the obvious fine-adjustments on the 

level of the metabolic network, i.e. to which extent transcriptional and post-transcriptional control 

is involved, and which genes are part of the metabolic re-arrangement. Our simulation data now 

enable integration of fluxes and the expression of encoding genes. Such integration of 

transcriptomic knowledge with observed flux changes offers a systems level view of the day-

night shift (Fig. 5-7). Reactions, such as the ones catalyzed by mitochondrial and plastidic 

pyruvate dehydrogenase and citrate synthase are stable in either fluxome or transcriptome. 

Others display clear diurnal trends, as for instance cytosolic and plastidic pyruvate kinase, 

phosphoribulokinase, fructose 1,6-bisphosphate phosphatase and many others. Even for those 

genes that appear to have unaltered expression levels, although fluxomic changes are 

observed, isogenes exist that are still to be tested, including reactions of the oxidative PP 

pathway, fumarase or hexose isomerase. Diurnal changes in both transcripts and fluxes were 

observed for the previously identified on/off switches, i.e. for ribulose 1,5-bisphosphate 

carboxylase, phosphoribulokinase, fructose 1,6-bisphosphate phosphatase, NADP-dependent 

glyceraldehyde-3-phosphate dehydrogenase and sedoheptulose-1,7-bisphosphate phosphatase 

(Taiz & Zeiger, 2006). In addition, the triose phosphate translocator between plastid and cytosol 

is known to follow a diurnal path for carbon export (Taiz & Zeiger, 2006). This supports the 

predicted high export flux for 3-phosphoglycerate, phosphoenolpyruvate and dihydroxyacetone 

phosphate during the light period. Additionally, light/dark modulation of pyruvate-orthophosphate 

(Pi) dikinase through phosphorylation in C3 leaves (Chastain et al., 2002) is confirmed by an off 

switch during the night. Overall, systems level correlation occurs plentiful and seems well 

distributed over the entire central carbon metabolism, reflecting the necessity of readjusting the 

core metabolism during day/night-transition. 
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Figure 5-7: Integration of fluxes and transcriptome 

Color-coded visualization of amplitude in flux change between optimal dark and light metabolism (log2 

light/dark) as calculated by the proposed model. In this context, ‘optimal’ refers to the average flux value of 

the top 1 % biomass producing modes. Green arrows represent positive amplitudes, whereas blue arrows 

stand for negative changes. Transcriptome data from Bläsing et al. (2005), Chastain et al. (2002) and Taiz 

and Zeiger (2006) are captured in the accompanying boxes. Here genes with no significant change in the 

amplitude are depicted in black and genes with large absolute amplitude are shown in green. White boxes 

represent untested genes. 
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A more detailed view on selected transcriptional changes is obtained by overlaying the time 

resolved expression of metabolic genes from Arabidopsis grown with day/night cycles (Bläsing 

et al., 2005) with the corresponding flux changes of the encoded reactions, as predicted from the 

simulations (Fig. 5-8). In a number of cases, transcription-based and flux-based changes exhibit 

a close connection, which indicates that the plant strongly recruits regulatory mechanisms to 

drive core metabolism. Interestingly, the genes that showed direct correlation between transcript 

and flux, were located around three main controlling points. Firstly, the fluxes between fructose 

6-phosphate and triose-phosphate appeared highly regulated as both fructose 1,6-

bisphosphatase and fructose bisphosphate aldolase showed high correlation. Secondly, many 

enzymes involving malate and pyruvate had a diurnal pattern, indicating malate and/or pyruvate 

might be a second controlling point in metabolism. Both the fructose 1,6-bisphosphatase and 

pyruvate kinase controlling points have previously been postulated as diurnal regulators of 

metabolism (Steer, 1974). In addition, the complex regulation pattern around the malate node is 

reflected in the local high network complexity. Finally, genes associated with the TCA cycle 

seem superimposed by transcriptional regulation.  

Besides identifying clusters of potential transcriptional control, this type of analysis can be used 

to identify, which isoenzymes are likely linked to flux changes. For example, for three pyruvate 

kinase-associated genes (At5g08570, At5g56350 and At3g49160) a diurnal expression pattern 

was identified, however only the former two are linked to the observed flux changes. This 

indicates that At3g49160 likely has a functionally different purpose from mediating the pyruvate 

phosphorylation in central carbon metabolism. For instance, pyruvate kinase could also catalyze 

several metabolic conversion in ribonucleotide and nucleotide biosynthesis. As isoenzymes 

might have distinct functions (Costenoble et al., 2011), correlation of flux and transcript could 

pose a valuable method for identification of isoenzymatic function and might provide first 

evidence on their biochemical function. This is particularly useful in cases, where a high number 

of isoenzymes potentially catalyze a certain reaction.  
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Figure 5-8: Comparison between transcriptome and calculated optimal fluxes  

(A) Comparison of the amplitude in diurnally expressed genes from Bläsing et al. (2005) and the amplitude 

in flux change calculated by the model. (B) Gene expression profiles for several genes from the central 

metabolism, as determined by Bläsing et al. (2005), were overlaid with their respective flux change from 

our simulations. Optimal photoautotrophic and chemoheterotrophic flux modes were selected to be 

representative of day and night time metabolism, respectively. In this context, ‘optimal’ refers to the 

average flux value of the top 1 % biomass producing modes. Gene expression data are displayed with 

their expression level, whereas the fluxome is given in C-mol C-mol
-1

 substrate. A 12 h light/12 h dark 

diurnal cycle was adopted.   



Results and Discussion  77  

 

Furthermore, flux-transcript correlation can assist in the confirmation of genes with putative 

function. Putative genes that do not show significant linkage to flux change, possibly do not 

control flux on a transcriptional level (At3g15020, At2g26080, At1g58150, At3g49160, 

At5g11670). However, those that do correlate, might present candidates involved in fructose 

bisphosphate aldolase (At2g36460), fructose 1,6-bisphosphatase (At1g43670) and 

phosphoenolpyruvate carboxylase (At1g53310). One should keep in mind for these 

interpretations, that not in all cases transcript changes will immediately lead to protein change, 

because translation in plants can be damped or delayed (Baerenfaller et al., 2012).  

Taken together, the metabolic simulations provide detailed molecular insights into plant 

functioning. It seems that Arabidopsis can operate close to its theoretical pathway optimum and 

that this is mediated by a fine-adjustment of metabolic flux, strongly under transcriptional control. 

In this light, the present work is one of the very few examples so far, which link in vivo with in 

silico flux data to a higher-level understanding (Driouch et al., 2012; Moisset et al., 2012; van 

Duuren et al., 2013). 
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5.3. Flux-homeostasis and biotechnological impact of plasticity in 

photophosphorylation 

Stable optimal fluxes under photosynthetic plasticity. It is generally accepted that both 

cyclic and non-cyclic electron flow contribute to the in vivo photosynthetic light reactions (Allen, 

2003; Cruz et al., 2005; Kramer et al., 2004), however it is unclear in which ratio cyclic and non-

cyclic electron flow co-occur. It is hypothesized that the observed flexibility allows modulation of 

the NADPH:ATP ratio to match the demands of metabolism under changing environmental 

conditions (Cruz et al., 2005; Kramer et al., 2004) as non-cyclic electron flow allows for both 

NADPH and ATP synthesis, whereas cyclic electron flow solely generates ATP. It was now 

interesting to investigate the interplay between the metabolic pathways in meeting different 

metabolic ratios for NADPH and ATP. For this purpose, autotrophic flux distributions were 

calculated for 15 scenarios with increasing contribution of cyclic electron flow to the overall 

electron flow. Ratios between non-cyclic and cyclic electron flow of 14:0, 13:1, 12:2, 11:3, 10:4, 

9:5, 8:6, 7:7, 6:8, 5:9, 4:10, 3:11, 2:12, 1:13 and 0:14 were considered. For all ratios, except for 

100 % electron flow, the same theoretical maximum for biomass formation was found. Omission 

of non-cyclic electron flow did not allow for any biomass formation. Furthermore, three general 

trends could be observed when plotting the absolute flux values against the ratio between cyclic 

and non-cyclic electron flow (Fig. 5-9). Either optimal flux values were not influenced by the type 

of phosphorylation (e.g. ribose 5-phosphate isomerase) or an exponential increase at low or high 

cyclic contribution was observed (e.g. mitochondrial phosphate import and glyceraldehydes 3-

phosphate dehydrogenase, respectively). In the range between 20 and 70 % cyclic electron flow 

contribution all fluxes remained rather unchanged. This robustness can be taken as an indication 

that plant metabolism is highly resilient, easily capable of adjusting to different NADPH:ATP 

ratios. 
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Figure 5-9: Flux changes with changing ratio between cyclic and non-cyclic electron flow 

Trends in flux changes of optimal fluxes as calculated for increasing contribution of cyclic electron flow to 

photophosphorylation. In this context, ‘optimal’ refers to the average flux value of the top 1 % biomass 

producing modes. All fluxes are normalized to the substrate uptake flux and are expressed in mmol C-mol
-

1
 substrate.  

 

Metabolic adaptation to changing light environment. Plants adapt to changes in light 

intensity through photoprotection and optimization of energy conversion (Cruz et al., 2005). In 

this way, the output ratio of ATP:NADPH can be influenced significantly by the light environment, 

which has been investigated extensively (Allen, 2003; Cruz et al., 2005; Kramer et al., 2004). 

However, how cellular metabolism copes with the changed ATP:NADPH supply on the level of 

intracellular fluxes is investigated here for the first time. The observed stability of biomass 

formation, with only few distinct flux changes, across a wide range of ATP:NADPH ratios (Fig. 5-

9) indicates a certain robustness of metabolism to environmental changes. Furthermore, the 
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metabolic fluxes that are most influenced by small changes around the assumed in vivo ratio of 

non-cyclic and cyclic electron flow of 12:2, appear to handle an excess of redox power by 

channeling NADPH through the malate/oxaloacetate shuttle into the mitochondrion, where ATP 

is produced by oxidative phosphorylation (Appendix 10.11). In addition, plastidic triose-

phosphate is increasingly exported to the cytosolic EMP pathway, thus effectively reducing the 

plastidic ATP requirement. Possibly, homeostasis of flux and adenylate/redox status exists, 

through modulation of NADPH and ATP dissipation. A homeostasis of the adenylate status 

during photosynthesis in a fluctuating environment has previously been indicated, however, 

here, homeostasis was supposedly attributed to changes in pathway usage (Noctor & Foyer, 

2000). Here, we observe that the net flux distribution remains unchanged under abruptly 

changing light environment, however, strong differences occur in substrate cycling. The 

occurrence of such substrate cycling has previously been identified in vivo in plant tissues 

(Alonso et al., 2005). Likely, the observed metabolic adaptation through futile cycling occurs in 

addition to changes in pathway use, such as increased photorespiration. This improves the 

plants’ capacity to cope with a constantly changing light environment. 

Biotechnological advantage of photosynthetic plasticity. Furthermore, it has recently been 

proposed that such an excess in redox power could be directed towards light-driven production 

of biotechnological compounds through cytochrome P450s-mediated reactions (Lassen et al., 

2014). When an organism is engineered to produce large amounts of a biotechnologically 

interesting product, its molecular flux patterns change. These metabolic changes engage a 

different demand for ATP and NADPH, that needs to be accustomed by the cell. Due to the 

observed plasticity in non-cyclic and cyclic electron flow, plants are capable to adapt to such 

modulated energetic requirements. In addition, our simulations now show that such adaptations 

do not impede growth, granting plants a high potential for the production of biotechnological 

products, especially for those compounds requiring much redox power. This emphasizes the 

potential of photosynthetic light reactions in biotechnology.   
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5.4. Extending correlation-based target prediction for metabolic engineering 

strategies to complex networks 

Beyond the natural growth boundary of A. thaliana, its potential to grow and accumulate specific 

trait compounds was explored. For this purpose, elementary flux mode-base in silico strain 

design was performed. In this way, the set of elementary flux modes was analyzed with Flux 

Design to search genetic targets towards improved performance (Melzer et al., 2009).  

5.4.1. Towards high-growth yield varieties 

It turned out that the high network complexity of the compartmented model hampered 

straightforward target identification, similar to what is observed in other eukaryotes (Melzer et al., 

2009). Especially, the compartmentation of energy, redox and phosphate metabolism, imposed 

difficulties. However, formation of biomass was not influenced by the imposed compartmentation 

(data not shown), such that subsequent analyses could be performed with a slightly adjusted 

network model without energy, redox and phosphate compartmentation (Appendix 10.3). In 

addition, the correlation analysis was narrowed down to specific subsets of modes, involving 

only biomass forming modes, the top 5 % and the top 1 % modes with regard to growth. 

Subsequently, these subsets were tested for their predictive power (Table 5-3). The best subset, 

i.e. the subset, which provided the highest number of statistically significant targets, was the top 

5 % subset of modes. In total, nine correlation targets were identified. Four of these targets 

directly correlated to biomass formation, as they uniquely produced a particular biomass 

precursor, and were also found in other subsets and physiology types. Additionally, 

mitochondrial pyruvate dehydrogenase, citrate synthase, peroxisomal isocitrate lyase, succinate 

dehydrogenase and fumarase, all located in and around the mitochondrion, (Fig. 5-10) were 

predicted as potential growth targets. Taking into account the previously observed high flexibility 

of the plastidic and energy metabolism and pronounced stability of the mitochondrial fluxes 
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during the diurnal cycle, the localization of targets for genetic engineering in and around the 

mitochondrion seems reasonable.   

 

Figure 5-10: Attenuation and overexpression targets as predicted by Flux Design 

Attenuation (red) and overexpression (green) targets, encoding specific biochemical conversions as 

predicted by Flux Design analysis for the wild type Arabidopsis leaf. Left: The color code represents the 

fold-increase resp. decrease as predicted by the target potential coefficient α. Right: Visualization of 

targets on pathway map. The color code represents the fold-increase resp. decrease as predicted. Only 

those targets encoding a metabolic reaction that were accepted by the statistical analysis are displayed. 

Transport reactions were excluded from the analysis. 

 

 

 

Table 5-3 (next page): Autotrophic and heterotrophic growth targets predicted by Flux Design for defined 

subsets of modes. The plus or minus signs preceding the reaction names indicate a positive resp. 

negative target potential coefficient. Only metabolic reactions are displayed, transporters were excluded 

from the analysis. Also, the subset size is given.  
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5.4.2. A. thaliana as biotechnological production platform 

The emerging significance of plants in biotechnology, now drove our curiosity towards assessing 

the intrinsic potential of A. thaliana as production platform for biotechnologically relevant traits. 

For this purpose, the biosynthetic pathways of ten interesting chemicals were added to the 

Arabidopsis model (see chapter 4.1) and, for comparison, also to the Escherichia coli network 

from Leighty and Antoniewicz (2012). Elementary flux modes were calculated for the 

photoautotrophic plant model, whereas E. coli was evaluated on glucose as substrate. The 

number of calculated flux modes, theoretical maximum yield and carbon efficiency for each 

product were extracted (Fig. 5-11 and Appendix 10.8). For thale cress the feasible region 

consisted of approximately 5 to 7 million flux distributions for all traits, except for methionine and 

threonine, displaying a much larger solution space of 12 and 13 million modes, respectively. In 

general, E. coli displayed a much smaller solution space, with less modes and lower yields, as 

exemplified for cysteine production (Fig. 5-11). As the size of the solution space is directly 

correlated to metabolic complexity, plants display a much higher intricacy. This implies that 

changes to single modes or reactions will have less impact on the in vivo production, making 

them more robust to stressors than bacterial production strains. Furthermore, the maximal 

theoretical product yield in A. thaliana was at least as high as the production potential of E. coli 

(Fig. 5-11). Especially for cysteine and methionine a large increase in achievable product yield is 

witnessed. All traits, except for IPPP production, exhibited a carbon efficiency of more than 80 

%. Generally, Arabidopsis exhibited a high natural capacity to over-produce each of the studied 

molecules under autotrophic growth, contributing to the growing industrial appeal of plants as 

biotechnological factories. 
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Figure 5-11: Biotechnological potential of A. thaliana 

(A) Maximal theoretical product yield of ten valuable compounds in Arabidopsis thaliana and Escherichia 

coli and (B) visualization of the solution space for cysteine production C-mol (C-mol substrate)
-1

 for both 

organisms.  
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Additionally, genetic targets were predicted for ten biotechnologically interesting products. Six 

different subsets of product forming modes were evaluated separately to search for potential 

targets that might allow even improved formation (Appendix 10.8), because the inspection of the 

entire set of modes again did not provide any meaningful results. In general, only few targets 

could be identified and a consistent increase in predictive power was discovered when further 

constraining the solution space (Fig. 5-12). For larger subsets, sufficient correlation could only 

be found for reactions directly linked to either biomass or product formation, whereas the smaller 

subsets uncovered targets, located mostly in the plastid, but also some in the mitochondrion. 

 

Figure 5-12: Increase in predictive power by focusing on mode subsets 

Comparison of prediction potential of different elementary mode subsets used for target identification by 

Flux Design. 

Overall, the simulations revealed that the plant metabolic network of Arabidopsis exhibits a high 

potential for overproduction of added value traits (Fig. 5-11). In contrast to bacteria and fungi 

(Becker et al., 2011; Driouch et al., 2012), however, the analysis did extract only a small set of 

potential targets for the plant network. Together with the enormous solution space, this points to 

a robust nature of plant metabolism. The complex, multi-compartment network provides many 

alternative flux distributions, which might cause a lower identifiability of genetic targets.  
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6. In vivo flux investigation of photoautotrophy in rice seedlings  

In this chapter a methodology to perform non-stationary 13C-metabolic flux analysis in whole rice 

plants is described in detail. Construction of a tailor-made flux incubator allowed precise control 

of temperature, humidity and CO2 concentration during labeling of whole plants with 13CO2. 

Extensive analytical processing of time-dependent shoot samples delivered large amounts of 

peak data, which were then automatically converted into their respective mass isotopomer 

distribution vectors with a specially designed software-tool. Subsequently, the gathered data 

were fitted to a high-quality genome-based metabolic network for Oryza sativa, as established in 

chapter 4.2. Herewith, the metabolism of the crop O. sativa was investigated, allowing 

elucidation of the in vivo intracellular carbon partitioning and of the plants’ necessity for futile 

cycling of resources. Additionally, the effect of imazapyr, an acetohydroxyacid synthase (AHAS) 

inhibiting herbicide, on rice metabolism was inspected using the newly established workflow. 

This case-study acts as proof-of-principle, as the known inhibition of branched-chain amino acid 

synthesis could be confirmed. Moreover, elucidation of intracellular fluxes enabled an additional, 

deeper understanding of the immediate metabolic effects of the treatment with respect to the 

alterations in carbon partitioning around the pyruvate node. As this method could also be 

adopted to other crops and stress inducers, such as abiotic stresses, herbicides, fungicides and 

many more, it has great potential in green biotechnology. 

6.1. Development of specialized flux incubator for 13CO2 labeling experiments 

The in vivo labeling of plant material for 13C-based metabolic flux analysis should occur under 

highly controlled, constant conditions, as abiotic perturbations can influence metabolite levels 

and, thus, fluxes. Therefore, a custom-made flux incubator with integrated temperature 

regulating and air-humidification system was developed (See chapter 3.6 for technical 

specifications). The 620 L gas-tight reactor included a ventilating system ensuring sufficient air-

circulation for adequate mixing of reactor atmosphere and was connected to an online 
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monitoring system for CO2 (quadrupole mass spectrometry system). The electrical inflator 

connected to a specialized CO2-absorber allowed for the removal of up to 96% of the 

atmospheric CO2. Additionally, this set-up allowed temperature, humidity and CO2 levels to be 

recorded and maintained at constant levels throughout an entire labeling experiment (Fig. 6-1). It 

becomes obvious that sufficient mixing of reactor atmosphere exists, as immediately after 

injection with tracer gas, CO2 levels were already equilibrated. Additionally, the reactor was 

equipped with a turning table for better positioning of the plants in front of the sampling port. This 

allowed a more frequent sampling as plants could be exactly positioned and re-positioned for 

sampling. The sampling port and tailor-made scissors permitted the fast harvest of individual 

plants throughout the experiment with minimal perturbation of the reactor environment (Fig. 6-1).  

Labeling enclosures for 13CO2 application to whole plants have previously been developed that 

allowed humidity, temperature and CO2 control (Andersen et al., 1961; Nouchi et al., 1995), such 

as the commercially available Biobox. However, these set-ups do not allow for sampling of 

individual plants without perturbing the reactor atmosphere and have therefore exclusively been 

used for pulse-chase (Römisch-Margl et al., 2007) or label-dilution experiments (Huege et al., 

2007). The latter can be applied for isotopic non-stationary labeling experiments, however 

requires extensive periods of expensive tracer application. Both previously reported labeling 

experiments for subsequent isotopic nonstationary flux estimation, applied individual 

experimental runs for every time point and replicate in labeling chambers without control of the 

set conditions (Ma et al., 2014; Szecowka et al., 2013). In contrast, our tailor-made flux incubator 

allowed the joint incubation of all plants belonging to one experiment under extensive control of 

abiotic conditions, which is of great value to the quality and reproducibility of the generated data. 
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Figure 6-1: Atmospheric conditions in the flux reactor during a 
13

CO2 labeling experiment  

Temperature (set to 28 °C) and relative humidity (set to 75 %) were monitored during a 
13

CO2 labeling 

experiment. Additionally, both 
12

CO2 and 
13

CO2 were measured using an integrated online MS. Prior to the 

start of the experiment, absorption takes place for 60 s, which diminishes 
12

CO2 levels to below 25 ppm. 

Immediately after, 400 ppm of 
13

CO2 are injected into the flux reactor, which indicated the start of the 

experiment. The large arrows indicate the beginning and end of both the absorption and the experiment, 

whereas the smaller arrows represent the 15 sampling time points. 
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6.2. Experimental setup and data-acquisition 

In vivo metabolic flux analysis through 13C-tracing requires extensive data coverage, including 

information on the applied tracer, biomass composition, uptake- and production rates, as well as 

transient isotopomer distributions. Optionally, pool sizes can be obtained to further enrich the 

data set. A wide variety of state-of-the-art analytical tools were applied to compile the required 

data (Table 6-1), counting several mass spectrometry platforms such as GC-MS, LC-MS/MS, 

GC-irMS, EA-irMS and online quadrupole MS. This allowed the quantification and/or qualitative 

monitoring of several metabolite classes, ranging from direct biomass constituents such as 

proteinogenic amino acids and lipid esters, to intracellular metabolites such as sugar-

phosphates and organic acids. 

Tracer information. To accurately infer fluxes from 13C incorporation patterns in plant 

metabolism, it is essential to examine the mixture of substrate precisely, as all labeling originates 

from the applied 13C-tracer substrate. Therefore, both 13CO2 and 12CO2 were monitored during 

each labeling experiment by a highly sensitive online quadrupole MS (Fig. 6-1). After absorption, 

the substrate mixture in the flux reactor consisted of less than 25 ppm 12CO2 and approximately 

440 ppm 13CO2. During the course of the 30 minute lasting experiment, 12CO2 levels rose 

steadily to roughly 75 ppm at the end of the experiment and the 13CO2 concentration dropped to 

390 ppm. This observation most likely originates from 13CO2 assimilation and respiration of 

previously assimilated 12CO2. Assuming that plant enzymes do not differentiate between 

isotopologues, both 12CO2 and 13CO2 are respired and re-assimilated, which significantly impacts 

the reactor atmosphere. In turn, the continuously changing mixture of substrates effects the 

transient isotopomer distributions and was therefore included in the modeling.  
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Table 6-1: Overview on data acquisition for 
13

C-INST-MFA.  

Data set Applied methods Analytical coverage 

Tracer information online MS 12CO2 and 13CO2 

Biomass composition C/N combustion 

quantitative LC-MS/MS 

 

quantitative GC-MS 

quantitative photometry 

FAME analysis 

literature search 

protein content 

amino acids and some 

organic acids 

organic acids 

starch and free sugars 

fatty acids 

nucleic acids, pigments and 

cell wall composition 

Uptake and production 

rates 

 Biomass yield 

 

 Export to root 

 

 

EA-irMS 

Gravimetrical analysis 

GC-irMS 

quantitative GC-MS 

quantitative photometry 

 

 

13CO2 

shoot biomass 

amino acids and sugars 

amino acids 

sugars 

Isotopomer distributions GC-MS analysis 

LC-MS/MS analysis 

GC-irMS analysis 

sugars, sugar-phosphates, 

organic acids and amino 

acids 

Pool sizes quantitative GC-MS 

quantitative LC-MS 

sugars, sugar-phosphates, 

organic acids and amino 

acids 
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Biomass composition. In exponentially growing tissues, most of the assimilated carbon is 

directed towards anabolism. Because the macromolecular composition of biomass determines 

the anabolic demand for specific biomass precursors (see chapter 4.2 for more detailed 

information), the major fractions of shoot biomass were determined analytically to achieve an 

overall biomass composition for rice seedlings (Fig. 4-5 and Appendix 10.1). By enriching the 

measured fractions with selected primary literature, 85.5 % of carbon could be recovered. The 

remaining 14.5 % represented the seedlings ash-content, with literature values between 13 and 

15 % (Misra et al., 2006). This rather exact match can be taken as a measure of quality. From 

the macromolecular composition and the molar anabolic precursor demand for each biomass 

component (Appendix 10.2 and 10.4), the total carbon requirement for synthesis of one gram of 

biomass could be calculated (Table 6-2). Apparently, carbon is mainly channeled to anabolism 

through glucose 6-phosphate, phospoenolpyruvate and erythrose 4-phosphate towards macro-

molecular proteins, starch and cell wall components, respectively. 

Table 6-2: Anabolic precursor demand for fifteen-day old rice seedlings. All values are expressed as 

C-mmol (gDW)
-1

. Abbreviations can be taken from Appendix 10.5. 

Precursor 3PG AcCoA AKG E4P F6P G6P GAP OAA P5P PEP PYR SUCCoA 

Anabolic 

demand 
1.333 1.620 3.920 4.242 1.313 7.732 0.324 3.004 2.461 6.363 3.838 0.164 

 

Biomass yield. Next, the carbon flow towards shoot anabolism was quantified by integrating 

gravimetrical analysis with EA-irMS measurements (Fig. 6-2). Over a period of 11 days, between 

day 11 and 22, plants were harvested and their dry weight (DW) determined gravimetrically. An 

excellent linear correlation was found between the natural logarithm of these values and time, 

indicating that rice seedlings grow perfectly exponential with a growth rate of 0.011 h-1. However, 

the extracted value considered both day-time and night-time metabolism, which have been 

shown to differ dramatically (see Chapter 5). Therefore, a day-time growth rate of 0.026 h-1 was 
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found to more accurately represent biomass formation at the time of the experiment. The latter 

growth rate was calculated from gravimetrical samples belonging to one light-phase. 

Additionally, the CO2 uptake rate had to be determined to derive the biomass yield. For this 

purpose, EA-irMS analysis was performed for 15 plants during a 30 minute labeling experiment. 

A linear increase in 13CO2 concentration in the plant tissue, enabled quantification of the CO2-

uptake rate, which was 0.00803 mmol CO2 (g DW)-1. By dividing the growth rate with the CO2-

uptake rate, a biomass yield of 6.59 g DW (100 mmol CO2)
-1 was calculated, which amounts to a 

biomass carbon yield of 2.68 g C in DW (100 C-mmol CO2)
-1, when considering a C (w/w)% of 

40.8 % as determined by C/N combustion analysis. 

 

Figure 6-2: Gravimetrical analysis of shoot biomass and quantification of CO2 uptake rate 

(A) Weight (mg) of O. sativa seedling shoots between day 11 and 21 after sowing. Linear regression 

delivered an overall specific growth rate of 0.011 h
-1

. The first two data points were additionally consulted 

to extract a day-time specific growth rate of 0.026 h
-1

. (B) Amount of 
13

CO2 incorporated in seedling shoots 

during a 30 minute labeling experiment. Linear regression revealed a CO2 uptake rate of 0.00803 mmol 

(min)
-1

.  

Export to the root. In addition to carbon assimilation into shoot biomass, several photosynthetic 

assimilates are exported to support root metabolism. The major form of carbon exported to the 

root is sucrose (Chapter 4.2). Therefore, the measured root sucrose concentration and the MID 

of sucrose throughout the labeling experiment were included in the model. This enabled 

deduction of the sucrose export flux.  

A B 
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Transient isotopomer distributions. By including LC-MS/MS, GC-MS and GC-irMS analytical 

platforms, MID vectors of a large variety of internal metabolites could be determined. LC-MS/MS 

focused mainly on sugar-phosphates (F6P, G6P, FBP, P5P, RBP and S7P), sugar acids (2PG, 

3PG, 6PG, GLYCO) and other organic acids (PEP, PYR), whereas GC-MS was able to 

determine the isotopomer distribution of amino acids (alanine, aspartate, glutamate, isoleucine, 

leucine, phenylalanine, proline, valine, serine (2 fragments) and threonine), organic acids (FUM, 

AKG, CIT, MAL, PYR, GLYCER (2 fragments), SUCC), G6P and sucrose. In addition, GC-irMS 

delivered enrichment data on several amino acids (alanine, aspartate, asparagine, glutamate, 

glutamine, glycine, lysine, serine, tyrosine and valine), sugars (sucrose (shoot and root), 

glucose, fructose (2 fractions) and inositol) and malate. GC-irMS enrichment values are far less 

informative for flux determination than isotopomer distributions, however, in this way, labeling 

tracking in metabolites such as glycine and glucose could at least partially be fulfilled. Overall, 

many different metabolites were captured that were distributed evenly across the metabolic 

network. For more information on the analytics and the MIDs of the measured metabolites, the 

reader is kindly referred to the partner-dissertation of this work (Dersch, 2016). 

Independent of the analytical platform, label incorporation was accurately captured with very 

small error bars and high reproducibility among replicates (Fig. 6-3). Strong label incorporation 

was observed for metabolites from the CBB cycle, PP pathway and EMP pathway, whereas only 

minor 13C incorporation was displayed by most amino acids, soluble sugars and metabolites of 

the TCA cycle. Noteworthy enrichment was additionally found for sucrose, alanine, serine, 

glycine, aspartate and phenylalanine. A combination of large metabolite turnover and small pool 

size could explain the observed fast enrichment, on the other hand, small metabolite turnover 

and large pool size could lead to barely detectable label incorporation. Consequently, sampling 

time-points needed to be chosen carefully, to capture the isotopic transient profile of as many 

metabolic intermediates as possible. For this purpose, many samples were taken early during 

the labeling experiment, with increasing time-intervals towards the later phase.  
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Figure 6-3: Isotopomer distribution and enrichment of selected metabolites from central carbon 

metabolism determined by LC-MS/MS, GC-MS and GC-irMS analysis 

(A) Transient MID of sedoheptulose 7-posphate, measured by LC-MS/MS  (B) Transient MID of 

2-phosphoglyceric acid, measured by LC-MS/MS (C) Transient MID of alanine, measured by GC-MS (D) 

Transient MID of malate fragment, measured by GC-MS (E) Enrichment of serine, measured by GC-irMS 

(F) Enrichment of sucrose, measured by GC-irMS. All measurement data were overlain with the simulated 

values for the best-fitting flux distribution.  
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In total, 35 MIDs and 18 enrichments, accounting for more than 200 raw MS spectra, were 

measured per sample. For one experiment with five replicates and 15 time-points, a totality of 

nearly 15 000 spectra needed to be analyzed and converted to their MIDs and enrichments, 

respectively. The availability of automated integration protocols facilitated the spectral analysis, 

however automated conversion of integrated peak areas to their respective MIDs and 

enrichments was needful. For this purpose a MATLAB-based graphical user interface (GUI) was 

developed that automatically converted peak areas from LC-MS/MS, GC-MS, GC-irMS, online 

MS and EA-irMS platforms to the required output format (Fig. 6-4). The presented GUI was 

highly flexible as it permitted the number of replicates, time points, measured metabolites and 

platform to be adjusted to specific needs. Additionally, it allowed for optional automated 

correction of natural labeling, which is of great value during quality control of the measurements. 

The provided output formats included immediate visualization in MATLAB, export to MS Office 

Excel and export to an INCA-compatible format. Processing of 15 000 peaks could be performed 

within minutes, which is a tremendous improvement over manual labor.  

Pool sizes. The metabolite concentration, also known as its pool size, provides valuable 

information for isotopically instationary flux determination, as the actual amount of incorporated 

label, and thus the flux, can be derived directly from the metabolites labeling profile and its pool 

size. However, accurate measurement of small intracellular molecules is error prone due to rapid 

conversion and leakage (Young et al., 2011). As labeling information on its own provides 

sufficient information for the flux estimating algorithm to converge to the optimal flux distribution, 

pool sizes are most often omitted from the model. In this case, pool sizes are variables that are 

estimated in the process. As the proposed metabolic network for rice seedlings is rather large 

and complex, it should be considered if inclusion of direct pool size measurements potentially 

enhances flux identifiability (See Chapter 6.4). Therefore, pool sizes were measured for many 

amino acids, sugars and some intermediates from central carbon metabolism, using GC-MS and 

LC-MS/MS techniques (Appendix 10.10). Most measured metabolic pools were very small 
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(< 2 µmol (g DW)-1), however, conspicuous amounts of glutamate/glutamine 

(115 ± 7 µmol (g DW)-1), aspartate/asparagine (18 ± 0.5 µmol (g DW)-1), serine 

(7 ± 0.2 µmol (g DW)-1), alanine (10.7 ± 0.8 µmol (g DW)-1), glycine (3.6 ± 0.3 µmol (g DW)-1), 

glucose (13 ± 2 µmol (g DW)-1), fructose (19 ± 1 µmol (g DW)-1) and 3PG (42 ± 3 µmol (g DW)-1) 

were detected. As 3-phosphoglycerate is the entry-point for newly assimilated carbon, it is not 

surprising that this metabolite occurs plentifully. Furthermore, glutamate and aspartate are 

known long-distance transport amino acids (Dersch et al., 2016b), whereas serine, alanine and 

glycine have an additional metabolic role in photorespiration, next to their anabolic function, 

which explains their high concentrations.  

 

Figure 6-4: Screen shot of GUI for the automated conversion of peak data into MIDs 

GC-MS data of an experiment with 5 replicates and 15 time points was processed, without correcting for 

natural isotope abundance. The experiment-specific-tagging window delivers information on the 

measurement identities, whereas in the MS-specific-tagging window information about the measured 

isotopomers is required. The latter can be entered by hand or standard information can be uploaded. In 

addition, this GC-MS standard information can be updated to your needs for future computations. After 

selecting the desired output format, the MID profiles can be generated. Both for the individual replicates as 

for their average, an MID profile, including error bars, will be rendered. 
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A comprehensive dataset for 13C-INST-MFA was now available that included online MS 

measurements for accurate description of the applied tracer, extensive analytical data on 

biomass composition, the biomass yield derived from gravimetrical and EA-irMS analyses, 

sucrose labeling profile and concentration for the root to determine sucrose export, as well as 

transient MID information on 53 internal metabolites from multiple MS platforms. In addition, pool 

size information on 27 metabolic pools was available to attempt further flux identifiability. 

6.3. Iterative optimization of network topology 

The above established data-set allowed iterative optimization of network topology to assure 

maximum flux identifiability. In this regard, different network topologies were considered, before 

deciding on the final model characteristics. Firstly, the necessity of a parallel EMP and oxidative 

PP pathway was contemplated, after which compartmentation was reconsidered. Further 

refinement acknowledged the level of detail in photorespiration and sugar metabolism. The 

resulting optimized network topology was described in detail in Chapter 4.2.  

6.3.1. Compartmentation is essential to accurately represent in vivo metabolism 

A first impression on fluxes was delivered for the fully compartmentalized network topology 

depicted in Fig. 6-5. The very low residual error, which is far outside the statistically accepted 

range (Table 6-3), is a first indication that the parallel model is too complex to be resolved with 

the available dataset. Furthermore, nearly all fluxes had large errors, of which 45 standard 

deviations exceeded 50 % of the flux value (Appendix 10.9.3). Both the EMP pathway and the 

oxidative PP pathway operate in parallel in the cell, more specifically in the cytosol and in the 

plastid (Plaxton, 1996), with transporters in place for many metabolites (Facchinelli & Weber, 

2011; Sweetlove & Fernie, 2013). Consequently, many alternative routes are available to the 

plant and as a result, more effort is required to unambiguously identify the in vivo metabolic 

fluxes. As no compartment-specific labeling data was available for the above-mentioned 

pathways, the introduction of an artificial compartment, comprising both the plastid and the 



Results and Discussion  99  

 

cytosol, constrained the solution space significantly. Unfortunately, this completely unparalleled 

network model (Fig. 6-6) also did not deliver a statistically accepted flux distribution (Table 6-3). 

Table 6-3: SSR for the different tested network topologies and their 95% confidence intervals. 

Network topology SSR    
  

           
  

        

parallel (original parallel network) 1625.0 [1972.0 2225.8] 

unparallel (completely unparalleled network, 

final network without F6P.cp) 
3203.2 [1960.3 2213.4] 

noHexokinase (final network without 

hexokinase function) 
2590.7 [2005.0 2260.8] 

WT (final network) 1956.6 [2004.0 2259.8] 

 

In this case, the residual error was much larger than expected, indicating that the completely 

unparalleled model was an oversimplified version of reality, thus some form of compartmentation 

is required to accurately represent in vivo metabolism. Some of the metabolites of the EMP 

pathway also participated in other pathways that were strictly confined to one specific 

compartment. Examples include 3-phosphoglycerate in photorespiration and fructose 6-

phosphate in the PP pathway, both occurring only in the plastid. As a bi-directional 3-

phosphoglycerate (3PG) transporter between plastid and cytosol was previously discovered, the 

labeling of plastidic 3PG should not differ from the labeling found in the cytosol.  

 

Figure 6-5 (next page): Original network topology with parallel EMP and oxidative PP pathways 

The here presented network topology has strictly separated plastidic and cytosolic EMP and oxidative PP 

pathways, with many plastidial membrane transporters in place. This is the topology with the highest 

complexity, and therefore lowest identifiability, as many alternative metabolic routes are available. 
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Figure 6-6 (previous page): Alternative network topologies with strictly unparalleled EMP and 

oxidative PP pathways or omission of the hexokinase function 

The here presented network topologies vary from the one shown in Fig. 4-4 by either (1) omitting the 

hexokinase function or (2) by uncompartmentalizing fructose 6-phosphate.  

 

 

Figure 6-7: Simulated and measured MIDs for 3-phosphoglycerate and fructose 6-phosphate 

Simulated compartment specific transient mass isotopomer distributions of (A) cytosolic and (B) plastidic 

3-phosphoglycerate and (D) cytosolic and (E) plastidic fructose 6-phosphate. (C,F) Measured isotopomer 

distributions for both metabolites (not compartment specific) from LC-MS/MS analysis. Figure originates 

from joint effort with Lisa Dersch, Institute of systems biotechnology, Saarland University. 
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This hypothesis was reinforced by the near-to perfect fit of 3PG modeled isotope profiles to the 

measured data (Fig. 6-7). However, so far, only unspecific transporters for fructose 6-phosphate 

(F6P) between cytosol and plastid have been proposed (Facchinelli & Weber, 2011; Plaxton, 

1996; Taiz & Zeiger, 2006). If a bi-directional transporter would be present, again stationary 

plastidic F6P labeling should not differ from the F6P labeling in the cytosolic compartment. 

However, large discrepancies were found in their labeling patterns (Fig. 6-7), indicating that two 

spatially strictly separated pools of F6P, without direct exchange, were present in the cell. This 

theory was supported by the measured F6P profile, which represented a mixture of cytosolic and 

plastidic F6P. Thus, compartmentation of specific pathways is essential to describe the observed 

labeling dynamics. Therefore, the final network topology considered two spatially separated F6P 

pools, one in the artificial cytosolic-plastidic compartment and one in the plastid (Fig. 4-4). This 

reduced the residual error to within acceptable limits of the 95 % confidence interval (Table 6-3). 

In addition, the absolute errors on the calculated fluxes were reduced significantly during this 

optimization process (Fig. 6-8). 

 

Figure 6-8: Absolute errors on net fluxes for the different network topologies 

Box plot representations of the absolute error on the net fluxes for the selected network topologies. ref 

(final reference network), F6P.cp (final network without compartmentation of F6P or completely 

unparalleled network), noHex (final network without hexokinase), parallel (original parallel network). The 

data shown were taken from Appendix 10.9.3.  
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6.3.2. Sugar/sugar-phosphate substrate cycling also occurs in autotrophic tissues 

A similar optimization procedure as the one described above considered sugar metabolism. In 

the original model, glucose 6-phosphate (G6P) was the precursor for irreversible glucose 

synthesis and thus, G6P could only be produced by phosphoglucose isomerase from F6P. 

However, clear differences in stationary labeling levels (Fig. 6-9) show that G6P has an 

additional precursor-pool that clearly has a lower stationary labeling level than the F6P pool. The 

model without the hexokinase function was incapable of rendering a statistically accepted flux 

distribution (Table 6-3), however, due to the reduced solution space, absolute flux errors were 

lower (Fig. 6-8). The unequivocal cause for the high residual error was an ill-fitted glucose 6-

phosphate MID (Fig. 6-10). Addition of a hexokinase as additional way of synthesizing glucose 

6-phosphate, improved the fit between measured and simulated G6P and glucose transient 

labeling profiles considerably (Fig. 6-10), asserting the hypothesis that futile substrate cycling 

takes place between glucose and G6P. 

 

Figure 6-9: Measured MID profiles for (A) glucose 6-phosphate and (B) fructose 6-phosphate from 

LC-MS/MS 

Similar to the proposed glucose-to-glucose 6-phosphate turnover, a high glucose 6-phosphate-

to-glucose turnover was discovered in Zea mays root tips from in vivo labeling experiments 

(Alonso et al., 2005). The authors showed that in addition to glucose recycling from storage 
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compounds (vacuole, starch, sucrose and cell wall polysaccharides), a recycling of glucose from 

previously synthesized glucose 6-phosphate took place. Thus, futile cycling at the cost of one 

ATP per cycle occurred. Although this study involved heterotrophic root tips, it is not farfetched 

that a similar process might occur in the opposite direction in autotrophic tissues. The necessary 

(unlabeled) glucose for such futile cycling could originate from large amounts of stored glucose 

in the plant vacuoles (Poschet et al., 2011; Szecowka et al., 2013; Tohge et al., 2011) and/or 

from glucose recycling from storage compounds such as starch (Baroja-Fernández et al., 2001). 

The function of such futile cycling is yet unknown, however one may speculate that it is involved 

in Pi remobilization (Plaxton & Tran, 2011; Raghothama, 1999) or regulation of glycolysis 

through ATP utilization (Urbanczyk-Wochniak et al., 2003). 

 

Figure 6-10: Simulated and experimental MIDs for glucose and G6P 

Simulated transient mass isotopomer distributions for glucose (A+C) and glucose 6-phosphate (B+D), 

overlaid with their respective measurements (A-B) when the model included a hexokinase and (C-D) when 

the hexokinase was excluded. 
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The final network model was organized into four compartments, with the EMP and oxidative PP 

pathways located in the cytosolic-plastidic compartment. However, compartmentation of the F6P 

pool was included, based on the observed labeling profiles. In addition, to account for the 

observed glucose-to-glucose 6-phosphate cycling a hexokinase was included. 

6.4. High flux-resolution achieved by comprehensive data coverage 

The previously established dataset, which included transient isotopomer information on 53 

internal metabolites, 27 pool sizes, biomass composition and yield, sucrose export to the root 

and the available tracer composition, was iteratively fitted against the simulated values from the 

optimized network topology to infer a best-fitting flux distribution. The calculated fluxes had 

narrow confidence intervals (Appendix 10.9.4) and fitted the measured data excellently (Fig. 6-3 

and Table 6-4). Next, it was investigated if the use of such comprehensive dataset really 

improved flux resolution dramatically or whether certain subsets of data could be omitted with 

minimal loss in identifiability. 

6.4.1. Improved flux identifiability through refined photorespiratory pathway   

The labeling pattern in amino acids is of high value for flux elucidation in stationary metabolic 

flux analysis (Wittmann, 2007), therefore 22 isotopically non-stationary labeling profiles of 15 

different amino acids were included in the model. Comparison of the SSR (Table 6-4) and 

absolute errors between the model with and without amino acid information (Fig. 6-11), clearly 

demonstrates that including amino acid measurements dramatically improved flux identifiability. 

Especially the photorespiratory pathway, CBB cycle, PP pathway and EMP pathway benefitted 

from amino acid information. This was possibly due to the more detailed representation of 

photorespiration. Metabolic flux analysis is usually focused on the investigation of central carbon 

metabolic conversions in the cell and lumps anabolic pathways. However, photorespiration is 

strongly entwined with the anabolic pathways for glycine and serine biosynthesis. Frequently, 

this linkage with anabolism is neglected and the reactions are lumped (Ma et al., 2014; Young et 
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al., 2011), however incorporation of amino acid labeling profiles required the incorporation of 

more detail in photorespiration to accurately represent metabolism. In turn, this improved overall 

flux identifiablity. 

6.4.2. Measured pool sizes as lower boundaries decrease flux errors 

It was previously shown that direct pool size measurements are superfluous to achieve high flux 

identifiability (Young et al., 2011). This is a major advantage as quantification of intracellular 

pools tends to be error prone due to leakage. Consequently, measured pool sizes are often 

underestimated, which in turn leads to ill-fitting flux scenarios. However, excluding direct pool 

size data from the parameter optimization increases the number of variables that can be varied, 

leading to more uncertainty on the calculated fluxes. Nevertheless, instead of adding the pool 

size data as direct parameter measurements, they could be implemented as fixed lower 

boundaries, thus potentially reducing the parameter uncertainty. In this way, net fluxes in the 

proposed highly complex network could be identified with less uncertainty (Fig. 6-11). Especially 

the photorespiratory pathway, the PP pathway, the CBB cycle and the EMP pathway showed 

significant improvement of absolute flux error, which is probably linked to the high propensity of 

pool size measurements in these pathways. 

Table 6-4: SSR for the different subsets of data and their 95% confidence intervals. 

Data coverage SSR    
  

           
  

        

WT (final network with full data coverage) 1956.6 [2004.0 2259.8] 

noAA (final network without MS data on 

amino acid metabolism) 
1669.2 [1419.6 1636.2] 

noGCMS (final network without GC-MS data) 1173.3 [1010.9 1194.9] 

noPool (final network without pool size 

measurements) 
1950.0 [2004.0 2259.8] 
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Figure 6-11: Absolute errors on net fluxes calculate with different data sets 

Box plot representations of the absolute error on the net fluxes for the selected data set. ref (final 

reference network with full data coverage), noAA (final network without MS data on amino acid 

metabolism), noGCMS (final network without GC-MS data), noPool (final network without pool size 

measurements). Green box plots signify the best, orange the second best and red the worst data set of 

the three. The errors shown were taken from Appendix 10.9.2. 
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6.5. Photoautotrophic metabolism of rice seedlings reveals energy dissipation 

and redox shuttling through futile carbon cycling 

Firstly, an experimental workflow was established that allowed simultaneous labeling of all 

seedlings belonging to one experiment and thus, increased reproducibility (Chapter 6.1). 

Secondly, the analytical platform was developed that allowed measurement of no less than 53 

transient isotopomer profiles (Appendix of Dersch (2016)), 27 intracellular concentrations 

(Appendix 10.10), biomass composition (Appendix 10.1 and Table 6-2) and yield (Fig. 6-2), 

sucrose export to the root (Fig. 4-6) and the available tracer composition (Fig. 6-1). Thirdly, this 

extensive dataset was used to optimize network topology to achieve highest flux resolution 

(Chapter 6.3). Now, five replicate experiments, each with 15 rice seedlings (15 days old), were 

performed in which plants were labeled with 13CO2. Analytical processing delivered the 

comprehensive data set that was then used to infer a best-fitting flux distribution from iteratively 

fitting simulated values to the experimentally determined data set. The rendered flux values were 

considered to be the in vivo metabolic fluxes in rice seedlings (Fig. 6-12). Repetition of flux 

optimization from multiple alternative starting points, ensured that a global minimum was 

reached. In addition, statistical analysis by parameter continuation was performed on the 95 % 

confidence level, which revealed narrow confidence intervals across the entire data set 

(Appendix 10.9.1), with only few exceptions around the pyruvate node. Together with the 

excellent agreement between simulated and measured data (Fig. 6-3 and Table 6-4), this now 

enabled the exploration of whole rice plants in vivo with high confidence (Fig. 6-12).  

 

Figure 6-12 (next page): Fluxes in a wild type rice seedling from 
13

C-INST-MFA 

Metabolic flux distribution for wild type Oryza sativa L. ssp. japonica seedlings under ambient conditions 

as calculated by 
13

C-NMFA. The value on the arrow and the thickness of the arrow represent the flux 

value. All fluxes are normalized to 100 mmol h
-1

 
13

CO2 uptake, therefore fluxes can be seen as percentage 

of substrate uptake. Standard errors are derived from the estimated 95 % confidence interval as 

determined by parameter continuation. The arrows into metabolites displayed in green visualize the 

amount of building blocks needed for anabolic synthesis. 
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High activity of plastidic metabolism. The CBB cycle and non-oxidative PP pathway appear 

highly active with fluxes of 182.2 ± 0.3 mol% for glyceraldehyde 3-phosphate dehydrogenase, 

69.0 ± 0.2 mol% for sedoheptulose 1,7-bisphosphatase and 35.9 ± 0.1 mol% for transketolase. 

Here, all fluxes are normalized to 100 mmol of CO2 uptake. Thus, a flux value of 182.2 mmol 

(100 mmol CO2)
-1 can be interpreted as 182.2 mol% of the substrate uptake flux. The CBB cycle 

and non-oxidative PP pathway are strongly entwined and are responsible for the direct fixation of 

carbon from CO2 by the catalytic action of RuBisCO (100 mol%). Carbon assimilation is a pivotal 

process for plant survival, which explains the observed high activities. 

Gluconeogenic and glycolytic function of EMP pathway. As 3PG is the first metabolite that 

contains assimilated CO2, it is interesting to learn that it is being dispersed both in a 

gluconeogenic and a glycolytic direction by the EMP pathway. The EMP pathway operated in a 

gluconeogenic direction between 3PG and G6P, towards starch, sucrose and cell wall synthesis, 

with fluxes of 3.5 ± 0.04 mol% for phosphoglucose isomerase and 182.2 ± 0.3 mol% for 

glyceraldehydes 3-phosphate dehydrogenase. A glycolytic way occurred from 3PG to pyruvate, 

(18.0 ± 0.1 mol%) to fuel mitochondrial metabolism and amino acid and fatty acid biosynthesis. 

The observed partitioning of carbon at the 3PG node seems crucial to provide the plant with the 

necessary anabolic building blocks.  

Small, but significant fluxes through the oxidative pentose phosphate pathway and 

photorespiratory pathway. Fluxes through photorespiration (0.7 ± 0.2 mol%) and the oxidative 

PP pathway (0.05 ± 0.04 mol%) appear near-to inexistent. However, label incorporation in 

glucose 6-phosphate, pentose 5-phosphate and 6-phosphogluconate reveals that although the 

enrichment in 6-phosphogluconate is significantly lower than in the surrounding metabolites, still 

a distinct labeling pattern can be observed. This indicates that the fluxes through the oxidative 

pentose phosphate pathway are small, but existent (Fig. 6-13). Similarly, label incorporation in 

glycolate is significantly lower than in its precursor metabolite ribulose 1,5-bisphosphate. 
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Nonetheless, a distinct labeling pattern can be observed, which again leads to the conclusion 

that the fluxes through the photorespiratory pathway are small, but existent (Fig. 6-14). 

Interestingly, photorespiration is involved in the reduction of wasteful products of RuBisCO 

oxygenation, but potentially also plays a role in pathogen defense (Sørhagen et al., 2013) and 

abiotic stress response (Voss et al., 2013). Therefore, it is admissible to state that the 

investigated wild type rice seedlings are not subjected to any form of abiotic or biotic stress. 

 

Figure 6-13: Distinct label incorporation in the oxidative pentose phosphate pathway 

Label incorporation in glucose 6-phosphate, pentose 5-phosphate and 6-phosphogluconate reveals that 

although the enrichment in 6-phosphogluconate is significantly lower than in the surrounding metabolites, 

still a distinct labeling pattern can be seen. This indicates that the fluxes through the oxidative pentose 

phosphate pathway are small, but existent. Fluxes were taken from Fig. 6-12.  

 

Most carbon directed towards anabolism. About 94 % of the assimilated carbon was directed 

towards shoot growth, whereas the sucrose export of 0.47 ± 0.01 mol%, or 6 C-mol%, fueled 

root metabolism. Previously, carbon translocation to the root was quantified through enrichment 

of root material in a pulse-chase experiment (Dersch et al., 2016a). This straight-forward method 

reported a carbon efflux of 6 C-mol%, which matches the value from our, more detailed, analysis 

perfectly. This congruency puts emphasis on the quality of our simulations and gives confidence 

to the attained conclusions. Nearly all assimilated carbon was fixed in either shoot or root 

biomass formation. As a result, CO2 loss through respiration was very low (0.19 ± 0.11 mol%).  
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Figure 6-14: Distinct label incorporation in the metabolites of photorespiration 

Label incorporation in glycolate is significantly lower than in its precursor metabolite 

ribulose 1,5-bisphosphate. Nonetheless, a distinct labeling pattern can be seen. This indicates that the 

fluxes through the photorespiratory pathway are small, but existent. Fluxes were taken from Fig. 6-12.  
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Anabolic fluxes drive particular pathways. As most of the carbon was used for anabolism, it 

is now interesting to have a closer look at the largest anabolic sinks. Biosynthesis of plant 

material required mostly glucose 6-phosphate (20.7 C-mol%) and phosphoenolpyruvate 

(17.1 C-mol%) for the synthesis of cell wall components (cellulose and hemicellulose) and 

particular amino acids, respectively. Furthermore, protein synthesis originated largely from 

erythrose 4-phosphate (11.4 C-mol%), pyruvate (10.3 C-mol%), α-ketoglutarate (10.5 C-mol%) 

and oxaloacetate (8.1 C-mol%), whereas fatty acid synthesis required 4.3 C-mol% acetyl-CoA. 

Fascinatingly, many pathways were driven by the anabolic demand of its intermediates. For 

instance, the synthesis of different sugars and cell wall components were responsible for the 

gluconeogenic activity of the EMP pathway. Furthermore, the TCA cycle mainly displayed an 

anabolic function towards the synthesis of glutamate, arginine and proline, with fluxes of 2.6 ± 

0.1 mol% and 0.5 ± 0.1 mol% for citrate synthase and succinate dehydrogenase, respectively. 

The anabolic control of flux is intriguing, as in heterotrophic organisms fluxes are mainly 

controlled through fuelling, i.e. the provision of redox power and energy. 

Exchange of redox power across the internal organelle membranes. In contrast to 

stoichiometric approaches, 13C-based metabolic flux analysis did not rely on underlying 

assumptions concerning redox balancing. Therefore, in addition to providing valuable insights 

into in vivo carbon metabolism, it was also possible to investigate redox metabolism. An 

interesting question at this point is, how reducing equivalents are transported across the internal 

membranes. The main process to generate NADPH (i.e. photosynthesis) occurs in the plastid, 

whereas the TCA cycle in the mitochondrion provides the cell with NADH. These processes are 

specialized functions that are restricted to particular organelles, whereas the cellular demand for 

NADH and NADPH is not. As NAD(P)H is incapable of directly crossing the cellular membranes, 

it must be transported using shuttles, such as the DHAP/3PG translocator in the plastidic 

membrane or the MAL/OAA shuttle, located both in the plastidic and mitochondrial membrane 

(Hoefnagel et al., 1998). Unfortunately, OAA is highly unstable and therefore it is very difficult 
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the accurately measure its MID profile. In addition, malate is a highly connected node, 

participating in many different metabolic processes, with little 13C incorporation. This renders it 

difficult at this stage to infer accurate flux estimations for the MAL/OAA shuttle. However, it is 

interesting to note that an alternative way of redox channeling could be identified in vivo. 

Imported malate was decarboxylated to pyruvate in the mitochondrion, thus producing 

mitochondrial NADH. After export of pyruvate to the cytosol/plastid, reversible NADP-dependent 

malic enzyme consumed NADPH, while producing malate that could, in turn, be transferred into 

the mitochondrion. In this way, redox power was channeled from the plastid into the 

mitochondrion through futile carbon cycling, again indicating the TCA cycle has a mere anabolic 

function. So far, the existence of a PYR/MAL shuttle in the mitochondrial membrane of plants 

has not been recognized (Grafahrend-Belau et al., 2008; Haferkamp et al., 2011; Klingenberg, 

2008; Laloi, 1999; Picault et al., 2004), however pancreatic cell lines have shown a cycling of 

pyruvate and malate across the mitochondrial membrane, which is very similar to that proposed 

here (Jensen et al., 2008; MacDonald, 1995). This MAL/PYR shuttle likely operates in addition to 

the MAL/OAA shuttle. From this it becomes clear that cellular transporters play a central role in 

compartmented metabolism.  

Substrate cycling lowers ATP:NAD(P)H ratio. The MIDs of glucose and glucose 6-phosphate 

already indicated that significant substrate cycling occurred (see above). Such substrate cycling 

is energetically unfavorable as is comes at a net ATP cost of 1 mol per substrate cycle. As flux 

confidence was particularly high in sugar metabolism, the proposed futile cycle could be 

quantified with high confidence (4.5 ± 0.3 mol%). The function of such futile cycling is yet 

unknown, however one may speculate that it is involved in regulation of glycolysis through ATP 

utilization (Urbanczyk-Wochniak et al., 2003) or in meeting different metabolic demands for ATP. 

It emerged from in silico plant modeling that already small variations in the ratio of 

photosynthetic ATP:NADPH synthesis around the accepted in vivo value of 1.5, cause dramatic 

changes in specific fluxes (Chapter 5). Moreover, these changes were mainly involved in 
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dissipating excess energy or redox power. It is now observed that such dissipation processes 

also occur in vivo as the glucose-to-glucose 6-phosphate cycling effectively lowers the 

ATP:NAD(P)H ratio of metabolic energy demand from 1.67 to 1.65. Also other ATP-dissipating 

futile cycles could be identified, such as the PYR-to-PEP cycling (5.2 mol%), lowering the ratio 

further to 1.62. Plant metabolism appears capable of adapting to changing ATP:NAD(P)H ratios. 

In this context, one might now contemplate if it is the plasticity in photosynthetic electron flow 

that matches cellular requirements (Allen, 2003), or if plant metabolism is adjusted to deal with 

imposed ATP:NAD(P)H ratios.  

Strong similarity to optimal fluxes from EFM analysis. To provide additional understanding 

of the observed PYR/MAL shuttle and ATP-dissipating substrate cycling, in silico elementary flux 

mode analysis was performed (Fig. 6-15). For this purpose, the metabolic network model was 

extended with redox and energy metabolites, as well as with the photosynthetic light reactions 

(Appendix 10.12). The general distribution of flux was very similar between the in vivo fluxes 

from 13C-INST-MFA and those from in silico EFM analysis (Fig. 6-16). A similarly high activity of 

the plastidic metabolism, carbon partitioning at the 3PG node, anabolic function of the TCA cycle 

and low photorespiration were observed. Overall, only few fluxes deviated significantly 

(Fig. 3-16): (1) CO2 loss because the in vivo growth rate is slightly smaller than the theoretical 

maximum (2) futile substrate cycling through plastidic malic enzyme, malate export to the 

mitochondrion, mitochondrial malate dehydrogenase and pyruvate transport to the plastid 

(3) futile substrate cycling between phosphoenolpyruvate and pyruvate through activity of 

pyruvate kinase and pyruvate, diphophate kinase (4) futile substrate cycling between fructose 

6-phosphate and fructose 1,6-bisphosphate through activity of fructose 1,6-bisphosphatase and 

6-phosphofructokinase (5) futile substrate cycling between glucose and glucose 6-phosphate 

through activity of hexokinase and glucose 6-phosphatase. From this we learn that the 

previously identified substrate cycles are decomposable and not elementary, thus are truly futile. 

The lack of futile cycling in the stoichiometric fluxes emphasizes the importance of 13C-based 
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methods, as it is clear that regulatory levels exist that can not be elucidated with stoichiometric 

approaches alone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-15 (next page – left): Fluxes in a wild type rice seedling from EFM analysis 

Metabolic flux distribution for wild type Oryza sativa L. ssp. japonica seedlings as calculated by EFM 

analysis. The value on the arrow and the thickness of the arrow represent the flux value. All fluxes are 

normalized to 100 mmol h
-1

 CO2 uptake, therefore fluxes can be seen as percentage of substrate uptake. 

The arrows into metabolites displayed in green visualize the amount of building blocks needed for 

anabolic synthesis. 

Figure 6-16 (next page – right): Fluxes in a wild type rice seedling, determined by 
13

C-INST-MFA 

and EFM analysis 

The metabolic phenotype of rice seedlings, determined by 
13

C-INST-MFA is compared to the respective 

elementary flux mode yielding maximum biomass. Fluxes are given in mmol (100 mmol CO2)
-1

. For 

visualization purposes the identity line is given (full line) with its 90 % confidence interval (dashed line). 

Only very few differences were observed: (1) CO2 loss (2) futile substrate cycling through plastidic malic 

enzyme, malate export to the mitochondrion, mitochondrial malate dehydrogenase and pyruvate transport 

to the plastid (3) futile substrate cycling between phosphoenolpyruvate and pyruvate through activity of 

pyruvate kinase and pyruvate, diphophate kinase (4) futile substrate cycling between fructose 6-

phosphate and fructose 1,6-bisphosphate through activity of fructose 1,6-bisphosphatase and 6-

phosphofructokinase (5) futile substrate cycling between glucose and glucose 6-phosphate through 

activity of hexokinase and glucose 6-phosphatase. 
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6.6. Deepening insights into imidazolinone-herbicide effect on rice 

Now that a workflow has been established that enabled detailed analysis of in vivo metabolic 

pathways in whole plants, a first case-study could be performed to evaluate its future application 

potential. For this purpose, 13C-INST-MFA was performed under treatment with Imazapyr, a well 

known herbicide affecting the branched chain amino acid biosynthesis (Appendix 10.9.2). As 

Imazapyr is a slow-acting herbicide (Shaner & Singh, 1991), the experiment was performed only 

4 h after treatment to ensure uncompromised viability and to increase the likelihood of capturing 

the immediate metabolic response. To exclude possible metabolic effects of the solvent, DMSO-

treated seedlings were chosen as a reference. In total 150 rice seedlings (15 days old) were 

used in 10 labeling experiments, i.e. five for each treatment. For each of the conditions, 

comprehensive data sets were compiled with 53 transient isotopomer profiles (see Appendix of 

Dersch (2016)), 27 intracellular concentrations (Appendix 10.10), biomass composition 

(Appendix 10.1), sucrose export to the root and the available tracer composition (See Appendix 

of Dersch (2016)). Best-fitting flux distributions, derived from iterative fitting of the experimental 

data set, represented the in vivo fluxes in rice seedlings under imazapyr and DMSO treatment, 

respectively (Appendix 10.9.2). Multiple starting points for the optimization ensured that a global 

minimum was reached, in which an excellent agreement between simulated and measured data 

was achieved (Imazapyr: SSR = 1842.7 [1824.7 – 2069.1], DMSO: SSR = 2013.6 [2004.0 – 

2259.8]). Parameter continuation revealed narrow confidence intervals, which were similar to 

those obtained in the wild type (Appendix 10.9.2). When subjecting the observed fluxes to a 

student’s t-test, significant changes could be identified (Fig. 6-17). 
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Figure 6-17: Metabolic flux changes imposed by herbicide-treatment 

Differences in metabolic flux distribution between imazapyr-treated Oryza sativa seedlings and DMSO-

treated seedlings as a reference. Green and red arrows indicate a significant increase and decrease in 

flux under imazapyr treatment, respectively. Also, changes in intracellular pool sizes of amino acids, 

sugars and starch are indicated by the same color code. Differences in fluxes were considered significant 

based on a standard student’s t-test (α=0.05). 

 

Localized effects of Imazapyr on sugar metabolism and the pyruvate node. The most 

apparent effects of Imazapyr on primary metabolism were located in the mitochondrion, around 

the PEP and PYR nodes (Fig. 6-18) and in sugar metabolism (Fig. 6-19). Mitochondrial malate 

dehydrogenase showed a 4.5-fold increase, whereas succinate dehydrogenase and 

oxoglutarate dehydrogenase exhibited decreases of 4.9 and 4.8-fold, respectively. The observed 

increase in carbohydrate synthesis was directly linked to augmented precursor supply through 
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the upper EMP pathway of 1.04-fold. In addition, significant changes were observed in the 

oxidative PP pathway (5.9-fold) and the photorespiratory pathway (1.1-fold), however these 

fluxes are relative low ( < 1.1 mol%) and might not significantly impact stress physiology. The 

inferred intracellular pool sizes also displayed distinct changes. Sucrose and starch levels were 

notably increased (1.1-fold and 1.8-fold, respectively), as were all amino acid concentrations, 

except for those of leucine and valine, which showed strong depletion of 35-fold and 2.6-fold, 

respectively. Alanine and proline accumulated the most, with an observed fold-change of 1.9 

and 3.3, respectively. Imazapyr is an industrially relevant herbicide (Duggleby et al., 2008) that 

has been thoroughly investigated. Multiple studies have provided evidence that Imazapyr is a 

potent AHAS inhibitor, a key enzyme in the biosynthesis of branched-chain amino acids (Chang 

& Duggleby, 1997; Duggleby et al., 2008; Vega et al., 2012). This could also be inferred from the 

observed reduced flux towards valine and leucine, which demonstrates that in vivo 13C-INST-

MFA can be successfully applied to elucidate toxic mode of action in whole plants. 

Amino acid inhibition influences anabolism through protein turnover and growth 

inhibition. Next to identifying the mode of action, flux analysis can partake in elucidating the 

observed macromolecular changes on the molecular level. Although most intracellular amino 

acids accumulated inside the cell, their respective de novo-synthesis was significantly 

decreased. This points to an increased protein turnover to regenerate the depleted branched-

chain amino acids, valine and leucine (Fig. 6-18). The continuous degradation of already existing 

proteins is likely responsible for the observed increase in all other soluble amino acid 

concentrations. This is congruent with the macromolecular observations of Royuela et al. (2000) 

and Shaner and Singh (1991). In turn, this implies an upcoming growth arrest, as is observed 

after extended application of Imazapyr (Shaner & Singh, 1991). In comparison to the other 

intracellular amino acids, especially alanine (1.9-fold) and proline (3.3-fold) are strongly 

increased. The latter is known as an important compatible solute in plant stress response (Liang 
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et al., 2013), whereas the former could be contributed to a compensatory flux due to pyruvate 

overflow (Fig. 6-18).  

 

Figure 6-18: Metabolic flux changes around the pyruvate and phosphoenolpyruvate node imposed 

by herbicide-treatment 

Differences in metabolic flux distribution between imazapyr-treated Oryza sativa seedlings (upper values) 

and DMSO-treated seedlings (lower values) as a reference. Flux values are given on the respective arrow 

in mol%. Green and red boxes indicate a significant increase and decrease in flux under imazapyr 

treatment, respectively. Also, changes in intracellular pool sizes of amino acids are indicated by the same 

color code. Differences in fluxes were considered significant based on a standard student’s t-test (α=0.05). 

 

  



124  Results and Discussion 

  
 

Increase in storage pools. Possibly, a compensatory flux, similar to the flux towards alanine, 

causes the observed increase in short chain fatty acid synthesis from plastidic acetyl-CoA, after 

decarboxylation of pyruvate by pyruvate dehydrogenase (Fig. 6-18). It is however interesting to 

note, that only growth-independent macromolecules, such as soluble amino acids, free sugars, 

starch and free fatty acids, are increased, which again points in the direction of an impending 

growth arrest. This is corroborated by a previously observed decrease in dry weight, although 

starch and soluble sucrose levels increased dramatically (Royuela et al., 2000). Obviously, the 

plant tries to store the assimilated carbon in the most practical way. 

 

 

Figure 6-19: Metabolic flux changes in sugar metabolism imposed by herbicide-treatment 

Differences in metabolic flux distribution between imazapyr-treated Oryza sativa seedlings (upper values) 

and DMSO-treated seedlings (lower values) as a reference. Flux values are given on the respective arrow 

in mol%. Green and red boxes indicate a significant increase and decrease in flux under imazapyr 

treatment, respectively. Differences in fluxes were considered significant based on a standard student’s t-

test (α=0.05). 
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Adenylate homeostasis jeopardized due to reduction of growth. It was previously 

postulated that the observed storage carbohydrate accumulation was caused by reduced 

phloem loading in combination with decreased export to the root (Chao et al., 1994; Kim & 

Vanden Born, 1996). However, flux calculations show significantly increased sucrose export 

from 0.43 ± 0.01 mol% in the reference to 0.50 ± 0.01 mol% under herbicide treatment. This is 

consistent with previous observations of accumulating carbohydrates in roots (Zabalza et al., 

2004). Therefore, it is more likely the increase in sugar metabolism is related to a change in 

carbon partitioning and ATP requirement, rather than by impaired phloem loading (Chao et al., 

1994; Kim & Vanden Born, 1996) or reduced sink strength (Zabalza et al., 2004). The plants 

appear to store the assimilated carbon preferably as sucrose and starch, when carbon flow 

towards biomass formation is impaired (Fig. 6-19). This increase in carbohydrate synthesis 

under Imazapyr treatment and the observed translocation require more ATP than in the control, 

which is potentially beneficial for the cell. Under normal growth, much cellular ATP is consumed 

during the de novo synthesis of amino acids. As the de novo synthesis of many amino acids is 

reduced (Fig. 6-17), much less ATP will be needed, which could potentially threaten adenylate 

homeostasis (Noctor 2000). This could be partially counteracted by increased ATP-demand in 

sugar metabolism. A possibly vulnerable adenylate status is also visible in the increase of ATP 

dissipation through futile cycling between glucose and glucose 6-phosphate as compared to the 

control (Fig. 6-19). In addition, the early response of genes encoding ATP-binding cassette 

transporters, points to the involvement of ATP in the Imazapyr-effect (Manabe et al., 2007). 

Reduced demand for redox power. The net import of malate in the mitochondrion is reduced 

from 1.07 ± 0.55 mol% to 0.22 ± 0.16 mol% under Imazapyr treatment (Fig. 6-18). This 

decreases the net import of redox power through the pyruvate/malate shuttle by 4.5-fold, which 

indicates a decreased necessity for NADH in the mitochondrion. This is possibly associated with 

the decreased anabolic demand for NAD(P)H, due to impaired de novo amino acid synthesis. In 

addition, the reduced anabolism could also drive the observed decrease in TCA cycle activity. In 
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this regard, the diminished cellular demand for redox power, might be related to a possible role 

for cytochrome P450 in the early transcriptional response to Imazapyr-treatment (Manabe et al., 

2007). 

From these observations, it becomes obvious that Imazapyr-treated rice seedlings cope with the 

impaired branched-chain amino acid synthesis, first through increased protein turnover (Royuela 

et al., 2000). However, as this results in growth disturbance, carbon is redirected to non-growth 

associated macromolecules such as free sugars, starch and free fatty acids (Zabalza et al., 

2004). In addition to providing a flexible storage pool for the assimilated carbon, synthesis of 

these components helps the plant get rid of excess ATP and redox power, caused by impaired 

growth. Through 13C-INST-MFA, previous macro-compositional observations could be related to 

Imazapyr-treatment on the molecular level. In this way, the metabolic story of Imazapyr-

treatment could be unravelled on a deeper level from the intracellular fluxes. Here, it becomes 

obvious that Imazapyr not only effects a single enzyme, but influences cellular metabolism on 

the systems-level. In this regard, 13C-INST-MFA in plants promises many applications, e.g. in the 

elucidation of mode of action, of the effect of genetic modifications as well as of environmental 

stress response.  
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7. Conclusion and Outlook 

In the present work, both in silico and in vivo methods for flux analysis in plants were 

successfully developed and applied. A highly complex network model of Arabidopsis thaliana 

allowed realistic integration of in silico fluxes with in vivo data, which is, so far, one of the few 

examples hereof. Furthermore, the first in vivo flux analysis of an agriculturally relevant crop and 

its first real-life case-study in whole plants are presented. Both analyses enhance understanding 

of plant physiology and have great potential in green biotechnology, as these concepts can now 

also be adopted to other crops, plant lines and stress inducers, such as abiotic stresses, 

herbicides and fungicides.  

In addition to improving our understanding of plant metabolism, generated fluxes can be 

analyzed in detail to guide genetic engineering of superior plant lines (Fig. 7-1). Genetic targets 

can be predicted by comparing fluxes under different conditions or in specific mutants, or by 

performing in silico analysis based on the flux fingerprint. In this way, rational metabolic 

engineering could assist in establishing plants as green factories for industrial applications (Yuan 

& Grötewold, 2015). 

Future investigation of plant metabolism through metabolic modeling would particularly benefit 

from increased throughput and resolution. Throughput-improvements of the labeling workflow 

can be accomplished by simultaneous labeling of multiple plants, e.g. directly in the greenhouse, 

which could be combined with an automated sampling procedure by robots, similar to those 

applied in high-throughput automated phenotypic screening (Junker et al., 2014). Accelerated 

analytical processing can be achieved by developing completely autonomous analytical 

pipelines (Ngounou Wetie et al., 2013; Núñez et al., 2013; Shubhakar et al., 2015). In addition, 

computational tools, such as our own MATLAB-based software tool, allow for automated data-

processing of large-scale mass spectrometry data from isotopically instationary labeling  
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Figure 7-1: Iterative development of flux-analysis-based plant engineering  

After selecting the plant system best suited for the pursued goal, experimental data is acquired. The 

experimental effort greatly depends on the chosen flux analysis approach and can range from merely 

stoichiometric model construction to elaborative 
13

C-based profiling. Flux analysis is particularly useful in 

identifying possible targets for subsequent metabolic/genetic engineering and thus can be applied to 

create plants that are useful as industrial green factories.   
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experiments, including correction for natural isotopic abundance and data-preparation for 

selected flux estimation software. Furthermore, enhancing efficiency by diminishing calculation 

time of flux estimation has already been realized by reducing the number of isotopomeric units 

that are considered, based on elementary metabolite units (EMUs) (Antoniewicz et al., 2007; 

Young et al., 2008). Newly emerging concepts in this field, include the use of fluxomers (Srour et 

al., 2011) and the combination of EMUs with flux coupling to achieve faster algorithms (Suthers 

et al., 2010). Also, the development of multi-processor systems and computing clusters increase 

throughput significantly (Junker, 2014). In silico analysis of plant metabolism would benefit from 

future technological development, directed at providing faster methods, able to process 

increasingly larger networks, as structural pathway analysis is confronted with impaired 

scalability to genome-wide models. 

The ultimate goal of whole plant flux analysis would be to simultaneously model multiple 

interconnected organs, as this mimics natural conditions most realistically. However, here we 

face the problem of scalability and it is to be awaited how much more data input is needed to 

sufficiently restrain such flux estimations. In this context, combining existing methods is 

promising, as shown for a combination of FBA and kinetic modeling to investigate multi-tissue 

systems (Grafahrend-Belau et al., 2013) and the consolidation of kinetic modeling with 

advection-diffusion modeling in the phloem (Rohwer, 2012). In this regard, the integration of FBA 

and 13C(-INST)-MFA is conceivable to elucidate the plant fluxome. 
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8. Symbols and Abbreviations  

Symbols 

  significance level 

       target potential coefficient of reaction i under a certain objective function 

  standard deviation 

   change in pool sizes 

   change in parameter vector 

   change in SSR value 

   change in flux vector 

  gradient vector 

  Jacobian matrix 

  Hessian matrix 

   and    enzyme specific constants 

  damping parameter 

  molar C-content 

  rate measurements 

   experimentally determined rate measurements 

   reaction rate 

  variance 

  stoichiometric factor 

   metabolite concentration 

     stoichiometric matrix with m metabolites and n reactions 

  time 

  objective function 

        chi-square distribution with n-p degrees of freedom  

  flux vector 
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     maximal enzymatic activity 

  labeling states 

   measured labeling states 

     product yield on substrate C 
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Abbreviations 

13
C-INST-MFA 

13
C-labeling based isotopically instationary metabolic flux analysis 

13
C-MFA 

13
C-labeling based metabolic flux analysis 

ADP adenosine diphosphate 

AHAS acetohydroxyacid synthase 

ATP adenosine triphosphate 

BMY biomass yield 

CBB cycle Calvin-Benson-Bassham cycle 

CE-MS capillary-electrophoresis coupled to mass spectrometry 

CoA Coenzyme A 

DMSO dimethyl sulfoxide 

DNA deoxyribonucleic acid 

DOF degrees of freedom 

DW dry weight 

EA-C-irMS elemental analyzer combustion isotope ratio mass spectrometer 

EFM elementary flux mode 

EFMA elementary flux mode analysis 

EMP pathway Embden-Meyerhof-Parnas pathway 

EMU elementary metabolite unit 

EPDM ethylene propylene diene monomer 

FAME fatty acid methyl ester 

FBA flux balance analysis 

GC-C-irMS gas chromatrography combustion isotope ratio mass spectrometry 

GC-irMS gas chromatrography-isotope ratio mass spectrometry 

GC-MS gas chromatography-mass spectrometry 

GUI graphical user interface 

INCA Isotopomer Network Compartmental Analysis 
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IPPP iso-pentenyl pyrophosphate 

ISTD internal standard 

KFP kinetic flux profiling 

LC-MS/MS liquid chromatography-mass spectrometry/mass spectrometry 

L-Ma Levenberg-Marquardt algorithm 

Mb megabases 

MCA Monte-Carlo Analysis 

MID mass isotopomer distribution 

MFA metabolic flux analysis 

MS mass spectrometry 

MSD mass selective detector 

NAD(P) nicotinamide adenine dinucleotide (phosphate), oxidized 

NAD(P)H nicotinamide adenine dinucleotide (phosphate), reduced 

NMR nuclear magnetic resonance 

MTBE methyl tert-butyl ether 

ODE ordinary differential equation 

PAR photosynthetically active radiation 

PP pathway pentose phosphate pathway 

ParCon Parameter Continuation 

QP quadratic programming 

RAM random access memory 

RGR relative growth rate 

RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase 

SSR residual sum of squares 

TCA cycle tricarboxylic acid cycle 

TMSA trimethylsulfonium hydroxide 
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10. Appendix 

10.1. Biomass composition of A. thaliana leaves and O. sativa seedling shoots 

Biomass constitutes of many different building blocks, ranging from lipids, proteins and cell wall 

parts to steroids, nucleotides and organic acids. The content of the major biomass components 

of A. thaliana leaves and the overall composition used for elementary flux mode calculations, as 

well as their corresponding sources, are given in Table 10-1. For 13C-INST-MFA calculations of 

O. sativa seedling shoots, several concentrations of biomass constituents were measured. 

These results, replenished with specific literature values, can be found in Table 10-2. 

Table 10-1: Concentrations of all biomass components used in the elementary flux mode simulations of A. 

thaliana leaves accompanied by their respective source(s). 

 
Amount 

[mg (gDW)
-1

] 

Carbohydrates 

 monosaccharides 

o glucose [A] 

o fructose [A] 

o fucose [B] 

o rhamnose [B] 

o arabinose [B] 

o mannose [B] 

o galactose [B] 

o xylose [B] 

o inositol [C] 

 disaccharides 

o sucrose [A] 

 polysaccharides 

o starch [A] 

 

 

 

9.57 

1.60 

0.73 

0.84  

0.53  

0.46 

6.99  

0.33 

3.20 

 

16.02 

 

90.70 
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Cell wall 

 cellulose [B] 

 hemicellulose [D] 

o xyloglucan  

o glucuronoarabinoxylan  

 pectin [D] 

 lignin [E] 

o 4-coumaryl-alcohol 

o confideryl-alcohol 

o sinapyl-alcohol 

 

 soluble polymers [B] 

o rhamnose 

o fucose 

o arabinose 

o xylose 

o mannose 

o galactose 

o glucose 

 

 

 

46.74 

 

66.77 

13.35 

140.22 

 

1.38 

88.37 

48.33 

 

 

0.17 

0.41 

2.22  

0.49 

0.60 

4.69 

0.15 

 
Lipids 

 glycerol [F] 

 fatty acids [G,H] 

o C16:0 

o C16:1 

o C16:2 

o C16:3 

o C18:0 

o C18:1 

o C18:2 

o C18:3 
 

 

0.40 

 

5.46 

1.41 

0.32 

4.48 

0.48 

1.24 

5.85 

19.22 

 

Steroids [I] 

 sitosterol 

 stigmasterol 
 

 

2.06 

0.10 

 

Proteins/Amino Acids [A] 

 alanine 

 arginine 

 asparagine 

 aspartate 

 cysteine [J] 

 glutamate 

 glutamine 

 glycine 

 histidine 

 isoleucine 

 leucine 

 lysine 

 methionine 

 phenylalanine 

 proline 

 serine 

 

4.34 

5.79 

12.28 

36.25 

32.27 

87.65 

65.60 

9.01 

0.52 

0.46 

0.73 

0.41 

0.40 

2.04 

7.46 

46.28 
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 threonine 

 tryptophan 

 tyrosine 

 valine 

 

8.77 

0.43 

0.29 

1.54 

 

Nucleotides 

 DNA [K] 

o dATP 

o dTTP 

o dCTP 

o dGTP 

 

 RNA [L] 

o ATP 

o UTP 

o CTP 

o GTP 

 

 

1.95 

1.95 

1.10 

1.10 

 

 

 

0.22 

0.22 

0.13 

0.13 

Porphyrines 

 chlorophyll [M] 

o chlorophyll a 

o chlorophyll b 

 carotenoids [N] 

o β-carotene 

o zeaxanthin 

o lutein 

o antheraxanthin 

o violaxanthin 

o neoxanthin 

 

 

 

3.81 

7.78 

 

0.49 

0.06 

1.07 

0.02 

0.33 

0.26 

 

Organic acids [A] 

 malate 

 fumarate 

 

 

6.76 

7.84 

 

References: [A] Tschoep et al. (2009) [B] Reiter et al. (1997) [C] Saxena et al. (2013) [D] Zablackis et al. 

(1995) [E] Herrero et al. (2013) [F] Fan et al. (2013) [G] Stahl et al. (2004) [H] Shen et al. (2010) [I] 

Arnqvist et al. (2008) [J] de Oliveira Dal'Molin et al. (2010a) [K] Suzuki et al. (2004) [L] Murray and 

Thompson (1980) [M] Nowicka et al. (2009) [N] Tardy and Havaux (1996). 
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Table 10-2: Concentrations of all biomass components used in the flux calculations of rice seedling 

shoots, accompanied by their respective method or literature source(s).  

 Amount 

[mg (gDW)
-1

] 

Wild type DMSO Imazapyr 

amino acids [A,B] 

alanine 

arginine 

asparagine 

aspartate 

cysteine 

glutamate 

glutamine 

glycine 

histidine 

isoleucine 

leucine 

lysine 

methionine 

phenylalanine 

proline 

serine 

threonine 

tryptophan [C] 

tyrosine 

valine 

 

19.3 

24.7 

30.7 

- 

2.1 

46.5 

- 

17.6 

7.5 

13.4 

26.9 

18.0 

5.0 

81.2 

14.8 

15.7 

15.5 

0.03 

52.4 

18.1 

 

20.3 

19.8 

33.2 

- 

1.9 

46.1 

- 

18.1 

7.5 

13.8 

27.6 

19.2 

5.0 

81.3 

15.2 

15.9 

15.7 

0.03 

52.4 

18.8 

 

20.4 

19.7 

32.9 

- 

4.6 

49.5 

- 

17.4 

7.4 

13.5 

26.9 

18.4 

4.9 

81.0 

14.6 

14.8 

15.6 

0.03 

49.5 

18.0 

hemicellulose [D] 

xylose 

galactose 

arabinose 

glucose 

mannose 

rhamnose 

 

53.6 

5.6 

14.7 

124.3 

3.9 

0.9 

 

53.6 

5.6 

14.7 

124.3 

3.9 

0.9 

 

53.6 

5.6 

14.7 

124.3 

3.9 

0.9 

lignin [D] 42 42 42 

cellulose [D] 52.5 52.5 52.5 

starch [E] 6.1 4.1 7.2 
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soluble sugars [F] 

sucrose  

glucose 

fructose 

66.7 

60.4 

2.6 

3.7 

61.5 

56.0 

3.0 

3.6 

70.1 

63.5 

2.9 

3.7 

pigments [G] 

chlorophyll 

carotenoids 

 

21.9 

0.7 

 

21.9 

0.7 

 

21.9 

0.7 

nucleotides [H,I] 

RNA 

DNA 

 

13.3 

8.2 

 

13.3 

8.2 

 

13.3 

8.2 

lipids [J] 

fatty acids (16:0) 

fatty acids (18:0) 

fatty acids (20:0) 

19.2 

2.5 

16.3 

0.3 

19.7 

2.7 

16.6 

0.4 

20.6 

2.8 

17.4 

0.4 

organic acids  

ascorbic acid [K] 

citric acid [L] 

succinic acid [L] 

pyruvic acid [M] 

2-oxoglutaric acid [M] 

malic acid [L] 

12.6 

6.0 

1.1 

0.2 

0.6 

0.3 

4.6 

13.3 

6.0 

1.5 

0.2 

0.5 

0.3 

4.9 

13.0 

6.0 

1.4 

0.1 

0.5 

0.3 

4.8 

References: [A] C/N combustion [B] quantitative LC-MS/MS of amino acids [C] Ishihara et al. (2008) [D] 

Sumiyoshi et al. (2013) [E] Quantitative starch measurement [F] Quantitative free sugar measurement [G] 

Panda and Sarkar (2013) [H] Suzuki et al. (2001) [I] Murray and Thompson (1980) [J] Quantitative FAME 

measurement [K] Chao et al. (2010) [L] Quantitative GC-MS analysis [M] Quantitative LC-MS/MS analysis 
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10.2. Anabolic precursor demand for biomass synthesis of A. thaliana leaves and 

O. sativa seedling shoots 

Most pathways for synthesis of biomass building blocks are linear and can therefore be 

summarized into a single lumped biomass equation,  depending only on a handful of precursors 

from central carbon metabolism. Information on the organism-specific pathway availability and 

stoichiometry can be found in the databases specified in the material and methods chapter. The 

anabolic precursor demand used for the modeling in this work are presented in Tables 10-3 and 

10-4 for A. thaliana leaves and O. sativa seedlings, respectively. 

Table 10-3 (next page): Precursor demand for synthesis of the different building blocks constituting A. 

thaliana leaf biomass. 
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Table 10-4 (next page): Precursor demand for synthesis of the different building blocks constituting O. 

sativa seedling biomass, excluding the synthesis of amino acids and fatty acids, as these are accounted 

for by individual biosynthesis reactions in the metabolic network (Table 10-7).  
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10.3. Stoichiometric reaction network of A. thaliana leaves 

The reactions of the compartmentalized central carbon metabolism of A. thaliana leaves, used 

for elementary flux mode analysis, as well as their corresponding stoichiometry, are given in 

Table 10-5. A list of abbreviated metabolite names can be found in Appendix 10.5. 

Table 10-5: Stoichiometric reaction network for Arabidopsis thaliana leaf metabolism. Stoichiometric 

factors of the biomass equation are expressed as mmol (gDW)
-1

.  

Reaction 
number 

Reaction 

 

1 

2 

3 

4 

5 

In silico transport reactions 

'BM[c] -->' 

'--> CO2EX[p]' 

'--> STA[p]' 

'CO2[cel]-->' 

' <==> Pi[v]' 

 

 

 

 

6 

Biomass Synthesis 

'(1.238) ACCOA[p] + (0.075) PYR[c] + (0.360) CO2[cel] + (0.820) PEP[p] + (1.245) AKG[m] + (0.019) 

R5P[p] + (0.004) DHAP[p] + (0.410) E4P[p] + (0.455) OAA[c] + 0.278 3PG[p] + (0.126) PYR[p] + 

(2.206) NADPH[p] + (4.513) NADPH[c] + (1.143) NADPH[m] + (0.899) NADH[p] + (0.619) NAD[c] + 

(0.114) GAP[p] + (0.132) F6P[c] + (1.703) G6P[c] + (0.2652) STA[p] + (0.068) FUM[m] + (0.050) 

MAL[c] + 0.440 SER[c] + 0.120 GLY[c] + (4.652) ATP[p] + (6.013) ATP[c] + (2.705) ATP[m] --> BM[c] 

+ (2.206) NADP[p] + (4.513) NADP[c] + (1.143) NADP[m] + (0.899) NAD[p] + (0.619) NADH[c] + 

(4.652) ADP[p] + (6.013) ADP[c] + (2.705) ADP[m] + (4.933) Pi[c] + (8.023) Pi[p] + (2.158) Pi[m]' 

 

 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

Plastidic Metabolism 

'G6P[p] <==> F6P[p]' 

'F6P[p] + ATP[p] --> FBP[p] + ADP[p]' 

'FBP[p] --> F6P[p] + Pi[p]'  

'FBP[p] <==> DHAP[p] + GAP[p]' 

'DHAP[p] <==> GAP[p]' 

'GAP[p] + NADP[p] + Pi[p] <==> NADPH[p] + 13bPG[p]' 

'13bPG[p] + ADP[p] <==> ATP[p] + 3PG[p]' 

'3PG[p] <==> 2PG[p]' 

'2PG[p] <==> PEP[p]' 

'PEP[p] + ADP[p] --> PYR[p] + ATP[p]'   

'PYR[p] + ATP[p] --> PEP[p] + AMP[p] + Pi[p]' 

'AMP[p] + ATP[p] --> 2 ADP[p]' 

'PYR[p] + E2Pr-lip[p] --> E2Pr-acet-lip[p] + CO2[cel]' 

'E2Pr-acet-lip[p] --> ACCOA[p] + E2Pr-2hyd-lip[p]' 

'E2Pr-2hyd-lip[p] + NAD[p] --> E2Pr-lip[p] + NADH[p]' 

'MAL[p] + NADP[p] --> NADPH[p] + CO2[cel] + PYR[p]'  
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23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

 

'G6P[p] + NADP[p] --> NADPH[p] + 6PGL[p]' 

'6PGL[p] --> 6PG[p]' 

'6PG[p] + NADP[p] --> NADPH[p] + RU5P[p] + CO2[cel]' 

'R5P[p] <==> RU5P[p]' 

'RU5P[p] <==> XU5P[p]' 

'GAP[p] + S7P[p] <==> E4P[p] + F6P[p]' 

'E4P[p] + XU5P[p] <==> F6P[p] + GAP[p]' 

'S7P[p] + GAP[p] <==> R5P[p] + XU5P[p]' 

'RU5P[p] + ATP[p] --> RBP[p] + ADP[p]' 

'CO2EX[p] + RBP[p] --> (2) 3PG[p]' 

'RBP[p] --> 2PGO[p] + 3PG[p]'  

'2PGO[p] --> GLYCO[p] + Pi[p]' 

'DHAP[p] + E4P[p] --> SBP[p]' 

'SBP[p] --> S7P[p] + Pi[p]' 

'GLYCER[p] + ATP[p] --> 3PG[p] + ADP[p]' 

'MAL[p] + NAD[p] <==> OAA[p] + NADH[p]'  

'MAL[p] + NADP[p] <==> OAA[p] + NADPH[p]'  

 'STA[p] --> MALT[p]' 

'G6P[p] --> aG6P[p]' 

'aG6P[p] --> G1P[p]' 

'G1P[p] + ATP[p] --> ADP-GLC[p] + 2 Pi[p]' 

'2 ADP-GLC[p] --> 2 ADP[p] + STA[p]' 

 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

Cytosolic Metabolism 

'G6P[c] <==> F6P[c]' 

'F6P[c] + ATP[c] <==> FBP[c] + ADP[c]' 

'FBP[c] <==> DHAP[c] + GAP[c]' 

'GAP[c] <==> DHAP[c]'  

'GAP[c] + NADP[c] --> 3PG[c] + NADPH[c]' 

 'GAP[c] + NAD[c] + Pi[c] <==> 13dPG[c] + NADH[c]'  

 '13dPG[c] + ADP[c] <==> ATP[c] + 3PG[c]' 

'3PG[c] <==> 2PG[c]' 

'2PG[c] <==> PEP[c]' 

'PYR[c] + ATP[c] --> PEP[c] + AMP[c] + Pi[c]' 

'AMP[c] + ATP[c] --> 2 ADP[c]' 

 'PEP[c] + ADP[c] --> PYR[c] + ATP[c]' 

'G6P[c] + NADP[c] --> NADPH[c] + 6PGL[c]' 

'6PGL[c] --> 6PG[c]' 

'6PG[c] + NADP[c] --> NADPH[c] + RU5P[c] + CO2[cel]' 

 'RU5P[c] <==> XU5P[c]' 

'RU5P[c] <==> R5P[c]' 

'OAA[c] + ATP[c] --> CO2[cel] + PEP[c] + ADP[c]' 

'PEP[c] + CO2[cel] --> OAA[c] + Pi[c]' 

'CIT[c] + ATP[c] --> ACCOA[c] + OAA[c] + ADP[c] + Pi[c]' 

'MAL[c] + NAD[c] <==> OAA[c] + NADH[c]' 

'MALT[c] --> 2 GLC[c]' 

'GLC[c] + ATP[c] --> ADP[c] + G6P[c]' 
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68 

69 

70 

71 

72 

Perixosomal metabolism 

'GLYCO[pe] --> GLYOX[pe]' 

'GLYOX[pe] + NADH[pe] --> GLY[pe] + NAD[pe]' 

'SER[pe] + GLYOX[pe] --> GLY[pe] + HPYR[pe]' 

'HPYR[pe] + NADH[pe] --> NAD[pe] + GLYCER[pe]' 

'MAL[pe] + NAD[pe] <==> OAA[pe] + NADH[pe]' 

 

73 

74 

75 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

Mitochondrial metabolism 

'PYR[m] + E2Pr-lip[m] --> E2Pr-acet-lip[m] + CO2[cel]' 

'E2Pr-acet-lip[m] --> ACCOA[m] + E2Pr-2hyd-lip[m]' 

'E2Pr-2hyd-lip[m] + NAD[m] --> E2Pr-lip[m] + NADH[m]' 

'ACCOA[m] + OAA[m] --> CIT[m]' 

'CIT[m] --> ACO[m]' 

'ACO[m] --> ICIT[m]' 

'ICIT[m] + NAD[m] <==> AKG[m] + CO2[cel] + NADH[m]' 

'ICIT[m] + NADP[m] <==> AKG[m] + CO2[cel] + NADPH[m]' 

'AKG[m] + NAD[m] --> SUCCCOA[m] + CO2[cel] + NADH[m]' 

'SUCCCOA[m] + ADP[m] + Pi[m] --> SUCC[m] + ATP[m]' 

'SUCC[m] + UQN[m] --> FUM[m] + UQL[m]' 

'UQL[m] + NAD[m] <==> UQN[m] + NADH[m]' 

'FUM[m] --> MAL[m]' 

'MAL[m] + NAD[m] --> OAA[m] + NADH[m]' 

'MAL[m] + NAD[m]  --> CO2[cel] + NADH[m] + PYR[m]' 

'GLY[m] + MTHF[m] --> THF[m] + SER[m]' 

'GLY[m] + LP[m] <==> CO2[cel] + SADHLP[m]' 

'SADHLP[m] + THF[m] <==> MTHF[m] + DLP[m]' 

'DLP[m] + NAD[m] <==> NADH[m] + LP[m]' 

 

 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

Transporters 

'GLYCO[p] <==> GLYCO[c]' 

'GLYCO[c] <==> GLYCO[pe]' 

'GLY[pe] <==> GLY[c]' 

'GLY[c] <==> GLY[m]' 

'SER[m] <==> SER[c]' 

'SER[c] <==> SER[pe]' 

'GLYCER[pe] <==> GLYCER[c]' 

'GLYCER[c] <==> GLYCER[p]' 

'MALT[p] --> MALT[c]' 

'G6P[p] + Pi[c] <==> G6P[c] + Pi[p]'  

'XU5P[p] + Pi[c] <==> XU5P[c] + Pi[p]'  

'3PG[p] + Pi[c] <==> 3PG[c] + Pi[p]'  

'DHAP[c] + Pi[p] <==> DHAP[p] + Pi[c] ' 

'PEP[c] + Pi[p] <==> PEP[p] + Pi[c]' 

'PYR[p] <==> PYR[c]'  

'PYR[c] <==> PYR[m]' 

'MAL[c] --> MAL[pe]' 

'OAA[pe] --> OAA[c]' 

'MAL[c] + Pi[m] <==> MAL[m] + Pi[c]'  
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111 

112 

113 

114 

115 

116 

117 

118 

 

'OAA[c] + MAL[m] <==> MAL[c] + OAA[m]' 

'OAA[c] + MAL[p] <==> MAL[c] + OAA[p]' 

'OAA[c] + CIT[m] <==> CIT[c] + OAA[m]' 

'Pi[c] --> Pi[m]' 

'Pi[c] <==> Pi[p]' 

'Pi[v] <==> Pi[c]' 

'ATP[m] + ADP[c] --> ADP[m] + ATP[c]' 

'ATP[p] + ADP[c] <==> ADP[p] + ATP[c]' 

 

 

119 

120 

121 

122 

123 

124 

125 

126 

127 

128 

129 

 

Energy metabolism 

'2 Hv[p] + PQN[p] --> PQL[p] + 2 H_nc[p]' 

'PQL[p] + 2 PC_o[p] <==> PQN[p] + 2 PC_r[p] + 2 H_nc[p]' 

'Hv[p] + PC_r[p] + FE_o[p] --> PC_o[p] + FE_r[p]' 

'2 FE_r[p] + NADP[p] --> 2 FE_o[p] + NADPH[p] + 2 H_nc[p]' 

'Hv[p] --> 2 H_c[p]' 

' --> Hv[p]'  

'2 H_c[p] + 12 H_nc[p] + 3 ADP[p] --> 3 ATP[p]'  

'ATP[p] --> ADP[p] + ATP_maint[cel]' 

'(2.4) ADP[m] + NADH[m] + 2.4 Pi[m] --> NAD[m] + (2.4) ATP[m]' 

' ATP_maint[cel] --> ' 

'NADP[c] + NADH[c] <==> NADPH[c] + NAD[c]' 
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Table 10-6: Slightly adjusted stoichiometric reaction network for Arabidopsis thaliana leaf metabolism for 

subsequent in silico target prediction. Stoichiometric factors of the biomass equation are expressed as 

mmol (gDW)
-1

.  

Reaction 
number 

Reaction 

 

1 

2 

3 

4 

 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

In silico transport reactions 

'BM[c] -->' 

'--> CO2EX[p]' 

'--> STA[p]' 

'CO2[p]-->' 

 

'L-aspartate[c] -->' 

'Proline[m] -->' 

'STA[p] -->' 

'SUCR[c] -->' 

'LGNCEL[c] -->' 

'IPPP[p] -->' 

'Cysteine[p] -->' 

'Methionine[p] -->' 

'Threonine[p] -->' 

'Lysine[p] -->' 

'Tryptophan[p] -->' 

 

 

 

5 

Biomass Synthesis 

'(1.238) ACCOA[p] + (0.075) PYR[c] + (0.358) CO2[p] + (0.820) PEP[p] + (1.245) AKG[m] + 0.016 

R5P[p] + 0.004 DHAP[p] + (0.410) E4P[p] + (0.455) OAA[c] + (0.827) 3PG[c] + 0.009 3PG[p] + (0.115) 

PYR[p] + (8.687) NADPH[p] + (0.384) NAD[p] + (14.341) ATP[p] + (0.112) GAP[p] + (0.131) F6P[c] + 

(0.530) G6P[p] + (2.097) G6P[c] + (0.068) FUM[m] + (0.050) MAL[c] --> BM[c] + (8.687) NADP[p] + 

(0.384) NADH[p] + (14.341) ADP[p]' 

 

 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

Plastidic Metabolism 

'G6P[p] <--> F6P[p]' 

'F6P[p] + ATP[p] --> FBP[p] + ADP[p]' 

'FBP[p] --> F6P[p]' 

'FBP[p] <==> DHAP[p] + GAP[p]' 

'DHAP[p] <==> GAP[p]' 

'GAP[p] + NADP[p] + ADP[p] <==> NADPH[p] + ATP[p] + 3PG[p]' 

'3PG[p] <==> PEP[p]' 

'PEP[p] + ADP[p] --> PYR[p] + ATP[p]'   

'PYR[p] + (2) ATP[p] --> PEP[p] + (2) ADP[p]'  

'PYR[p] + NAD[p] --> ACCOA[p] + NADH[p] + CO2[p]' 

'MAL[c] + NADP[p] --> NADPH[p] + CO2[p] + PYR[p]'  

'G6P[p] + (2) NADP[p] --> (2) NADPH[p] + RU5P[p] + CO2[p]' 

'R5P[p] <==> RU5P[p]' 

'RU5P[p] <==> XU5P[p]' 

'GAP[p] + S7P[p] <==> E4P[p] + F6P[p]' 

'E4P[p] + XU5P[p] <==> F6P[p] + GAP[p]' 
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22 

23 

24 

25 

26 

27 

'S7P[p] + GAP[p] <==> R5P[p] + XU5P[p]' 

'RU5P[p] + ATP[p] --> RBP[p] + ADP[p]' 

'CO2EX[p] + RBP[p] --> (2) 3PG[p]' 

'RBP[p] --> GLYOX[c] + 3PG[p]'  

'DHAP[p] + E4P[p] --> S7P[p]' 

'STA[p] + 4 ATP[p] --> 4 ADP[p] + 2 G6P[p]' 

 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

Cytosolic Metabolism 

'G6P[c] <--> F6P[c]' 

'F6P[c] + ATP[p] <==> DHAP[c] + GAP[c] + ADP[p]' 

'GAP[c] <==> DHAP[c]'  

'GAP[c] + NADP[p] --> 3PG[c] + NADPH[p]' 

 'GAP[c] + NAD[p] + ADP[p] <==> ATP[p] + 3PG[c] + NADH[p]' 

 '3PG[c] <==> PEP[c]' 

'PYR[c] + (2) ATP[p] --> PEP[c] + (2) ADP[p]'  

 'PEP[c] + ADP[p] --> PYR[c] + ATP[p]' 

'G6P[c] + (2) NADP[p] --> (2) NADPH[p] + RU5P[c] + CO2[p]' 

 'RU5P[c] <==> XU5P[c]' 

'RU5P[c] <==> R5P[c]' 

'(2) GLYOX[c] + (3) ATP[p] + (2) NADH[p] --> 3PG[p] + CO2[p] + (3) ADP[p] + (2) NAD[p]' 

'OAA[c] + ATP[p] --> CO2[p] + PEP[c] + ADP[p]' 

'PEP[c] + CO2[p] --> OAA[c] ' 

 

 

42 

43 

44 

45 

46 

Perixosomal metabolism 

'GLYOX[c] + ACCOA[c] --> MAL[c]' 

'MAL[c] + NAD[p] <==> OAA[c] + NADH[p]'  

'OAA[c] + ACCOA[c] --> CIT[c] '  

'CIT[c] --> GLYOX[c] + SUCC[m] ' 

'CIT[c] + ATP[p] --> ACCOA[c] + OAA[c] + ADP[p]' 

 

 

47 

48 

49 

50 

51 

52 

53 

54 

 

Mitochondrial metabolism 

'PYR[m] + NAD[p] + OAA[m] --> NADH[p] + CO2[p] + CIT[m]' 

'CIT[m] + NAD[p] <==> AKG[m] + CO2[p] + NADH[p]' 

'CIT[m] + NADP[p] <==> AKG[m] + CO2[p] + NADPH[p]' 

'AKG[m] + NAD[p] + ADP[p] --> SUCC[m] + CO2[p] + ATP[p] + NADH[p]' 

'SUCC[m] + NAD[p] --> FUM[m] + NADH[p]' 

'FUM[m] --> MAL[m]' 

'MAL[m] + NAD[p] --> OAA[m] + NADH[p]' 

'MAL[m] + NAD[p]  --> CO2[p] + NADH[p] + PYR[m]' 

 

55 

56 

57 

Transporters 

'DHAP[c] <==> DHAP[p]' 

'MAL[c] <==> MAL[m]' 

'G6P[p] <==> G6P[c]' 
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58 

59 

60 

61 

62 

63 

64 

 

'3PG[p] <==> 3PG[c]' 

'PYR[p] <==> PYR[c]' 

'PYR[c] <==> PYR[m]' 

'PEP[c] <==> PEP[p]' 

'XU5P[p] <==> XU5P[c]' 

'OAA[c] + MAL[m] <==> MAL[c] + OAA[m]' 

'OAA[c] + CIT[m] <==> CIT[c] + OAA[m]' 

 

65 

66 

67 

68 

69 

70 

 

Energy metabolism 

'(9) Hv[p] + (2) NADP[p] + (3) ADP[p] --> (2) NADPH[p] + (3) ATP[p]' 

'ATP[p] --> ADP[p] + ATP_maint[p]' 

'(2.4) ADP[p] + NADH[p] --> NAD[p] + (2.4) ATP[p]' 

' --> Hv[p]'  

' ATP_maint[p] --> ' 

'NADP[p] + NADH[p] <==> NADPH[p] + NAD[p]' 

 

optional 

optional 

optional 

optional 

optional 

optional 

optional 

 

optional 

  

optional 

optional 

optional 

optional 

optional 

 

optional 

optional 

Product Synthesis 

'L-aspartate[c] + ATP[p] + (2) NADPH[p] --> Homoserine[p] + ADP[p] + (2) NADP[p]' 

'Homoserine[p] + ATP[p] --> ADP[p] + Threonine[p]' 

'Homoserine[p] + Cysteine[p] + (2) ATP[p] --> (2) ADP[p] + PYR[p] + Methionine[p]' 

'OAA[c] + NADPH[p] --> NADP[p] + L-aspartate[c]' 

'3PG[p] + NAD[p] + 5 NADPH[p] + 4 ATP[p] --> NADH[p] + 5 NADP[p] + 4 ADP[p] + Cysteine[p]' 

'AKG[m] + (3) NADPH[p] + ATP[p] --> Proline[m] + (3) NADP[p] + ADP[p]' 

'PYR[p] + GAP[p] + (2) NADPH[p] + (2) ATP[p] + (2) Ferox[p] --> IPPP[p] + (2) ADP[p] + (2) NADP[p] 

+ CO2[p] + (2) Ferred[p]' 

'PYR[p] + GAP[p] + NADPH[p] + NADH[p] + (2) ATP[p] + (2) Ferox[p] --> IPPP[p] + (2) ADP[p] + 

NAD[p] + NADP[p] + CO2[p] + (2) Ferred[p]' 

'(3) ACCOA[p] + (2) NADPH[p] + (3) ATP[p]  --> IPPP[p] + (3) ADP[p] + (2) NADP[p] + CO2[p]' 

'(2) Ferox[p] + NADPH[p] --> (2) Ferred[p] + NADP[p]' 

'ATP[p] + F6P[c] + G6P[c] --> SUCR[c] + ADP[p]' 

'(2) ATP[p] + (2) G6P[p] --> STA[p] + (2) ADP[p]' 

'(10.950) ATP[p] + (2.363) G6P[c] + (9.064) NADPH[p] + (1.363) E4P[p] + (2.726) PEP[p] --> 

LGNCEL[c] + (0.450) CO2[p] + (9.064) NADP[p] + (10.950) ADP[p]' 

'L-aspartate[c] + ATP[p] + (3) NADPH[p] + PYR[p] --> Lysine[p] + ADP[p] + (3) NADP[p] + CO2[p]' 

'2 PEP[p] + R5P[p] + E4P[p] + 3PG[p] + 2 NADPH[p] + NAD[p] + 2 ATP[p] -> Tryptophan[p] + CO2[p] 

+ PYR[p] + 2 NADP[p] + NADH[p] + GAP[p] + 2 ADP[p]' 
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10.4. Isotopomer reaction network of O. sativa seedling shoots 

The reactions of the large-scale isotopomer network of O. sativa seedling shoots, used for 13C-

INST-MFA, as well as their corresponding stoichiometry and atom transitions, are given in 

Tables 10-7 and 10-8. The former describes the finalized condensed network for the wild type 

rice seedling, whereas the latter details a fully compartmentalized model, used as starting point 

in the iterative development of the finalized network topology. A list of abbreviated metabolite 

names can be found in Appendix 10.5.  

Table 10-7: Finalized isotopomer reaction network for Oryza sativa seedling metabolism. Stoichiometric 

factors of the biomass equation are expressed as mmol (gDW)
-1

 and atom transitions are represented 

between brackets.  

Reaction 

number 

Reaction 

 

1 

2 

3 

4 

5 

CO2 metabolism 

CO2in.p (a) -> CO2EX.p (a) 

12CO2in.p (a) -> CO2in.p (a) 

13CO2in.p (a) -> CO2in.p (a) 

CO2.p (a) -> CO2EX.p (a) 

CO2.p (a) -> CO2sink.s (a) 

 

 

 

 

6 

 

 

 

 

 

6 

 

 

Biomass Synthesis (untreated) 

0.1181*PYR.cp + 0.1979*AKG.m + 0.4437*P5P.p + 0.1299*OAA.c + 0.0433*3PG.cp + 

0.0218*F6P.cp + 0.3704*G6P.cp + 0.1083*GAP.cp + 0.0055*CIT.m + 0.0012*SUCC.m + 

0.0342*MAL.m + 0.0206*FRC.cp + 0.7041*GLC.cp + 0.1765*sucrose.cp + 0.0377*starch.p + 

0.2171*alanine.c + 0.1417*arginine.c + 0.2327*aspar.c + 0.0173*cysteine.p + 0.3163*glutamate.m + 

0.2341*glycine.p + 0.0483*histidine.p + 0.1022*isoleucine.p + 0.2047*leucine.p + 0.1229*lysine.p + 

0.0337*methionine.p + 0.7690*phenylalanine.p + 0.1282*proline.c + 0.1422*serine.p + 

0.1297*threonine.p + 0.2891*tyrosine.p + 0.1548*valine.p + 0.0001*tryptophane.p + 0.0098*C16.p + 

0.0573*C18.p + 0.001075*C20.p -> biomass 

Biomass Synthesis (DMSO-treated) 

0.1170*PYR.cp + 0.1982*AKG.m + 0.4437*P5P.p + 0.1299*OAA.c + 0.0433*3PG.cp + 

0.0218*F6P.cp + 0.3704*G6P.cp + 0.1083*GAP.cp + 0.0076*CIT.m + 0.0015*SUCC.m + 

0.0362*MAL.m + 0.0202*FRC.cp + 0.7062*GLC.cp + 0.1603 sucrose.cp + 0.0253 starch.p + 

0.2275*alanine.c + 0.1137*arginine.c + 0.2511*aspar.c + 0.0157*cysteine.p + 0.3135*glutamate.m + 

0.2406*glycine.p + 0.0484*histidine.p + 0.1054*isoleucine.p + 0.2108*leucine.p + 0.1315*lysine.p + 

0.0334*methionine.p + 0.7599*phenylalanine.p + 0.1322*proline.c + 0.1517*serine.p + 

0.1320*threonine.p + 0.2894*tyrosine.p + 0.1603*valine.p + 0.0001*tryptophane.p + 0.0105 C16.p + 

0.0584 C18.p + 0.0012 C20.p -> biomass 
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6 

Biomass Synthesis (imazapyr-treated) 

0.1174*PYR.cp + 0.1978*AKG.m + 0.4437*P5P.p + 0.1299*OAA.c + 0.0433*3PG.cp + 

0.0218*F6P.cp + 0.3704*G6P.cp + 0.1083*GAP.cp + 0.0073*CIT.m + 0.0008*SUCC.m + 

0.0354*MAL.m + 0.0204*FRC.cp + 0.7060*GLC.cp + 0.1856 sucrose.cp + 0.0443 starch.p + 

0.2291*alanine.c + 0.1133*arginine.c + 0.2493*aspar.c + 0.038*cysteine.p + 0.3367*glutamate.m + 

0.2319*glycine.p + 0.0475*histidine.p + 0.1028*isoleucine.p + 0.205*leucine.p + 0.1255*lysine.p + 

0.0329*methionine.p + 0.7580*phenylalanine.p + 0.1270*proline.c + 0.1500*serine.p + 

0.1314*threonine.p + 0.2734*tyrosine.p + 0.1535*valine.p + 0.0001*tryptophane.p + 0.011 C16.p + 

0.061 C18.p + 0.0011 C20.p -> biomass 

 

 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Embden-Meyerhof-Parnas pathway 

G6P.cp (abcdef) <-> F6P.cp (abcdef) 

FBP.cp (abcdef) <-> F6P.cp (abcdef) 

FBP.cp (abcdef) <-> DHAP.cp (cba) + GAP.cp (def) 

GAP.cp (abc) <-> DHAP.cp (abc) 

GAP.cp (abc) <-> 3PG.cp (abc) 

3PG.cp (abc) <-> 2PG.cp (abc) 

2PG.cp (abc) <-> PEP.cp (abc) 

PYR.cp (abc) <-> PEP.cp (abc) 

PYR.cp (abc) -> ACCOA.p (bc) + CO2.p (a) 

 

 

16 

17 

Oxidative pentose phosphate pathway 

G6P.cp (abcdef) -> 6PG.cp (abcdef) 

6PG.cp (abcdef) -> P5P.p (bcdef) + CO2.p (a) 

 

 

18 

19 

20 

 

Non-oxidative pentose phosphate pathway 

GAP.cp (hij) + S7P.p (abcdefg) <-> E4P.p (defg) + F6P.p (abchij) 

E4P.p (cdef) + P5P.p (abghi) <-> F6P.p (abcdef) + GAP.cp (ghi) 

GAP.cp (hij) + S7P.p (abcdefg) <-> P5P.p (cdefg) + P5P.p (abhij) 

 

 

21 

22 

23 

Calvin-Benson-Bassham cycle 

P5P.p (abcde) -> RBP.p (abcde) 

CO2EX.p (f) + RBP.p (abcde) -> 3PG.cp (cba) + 3PG.cp (fde) 

DHAP.cp (cba) + E4P.p (defg) -> S7P.p (abcdefg) 

 

 

24 

25 

26 

27 

Photorespiration 

RBP.p (abcde) -> GLYCO.pg (ba) + 3PG.cp (cde) 

GLYCO.pg (ab) -> GLYOX.pg (ab) 

GLYOX.pg (ab) + serine.p (cde) -> glycine.p (ab) + GLYCER.pg (cde) 

GLYCER.pg (abc) -> 3PG.cp (abc) 

 

 

28 

Amphibolic reactions 

CO2.p (d) + PEP.cp (abc) -> OAA.c (abcd) 
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29 MAL.p (abcd) <-> PYR.cp (abc) + CO2.p (d) 

 

 

30 

31 

32 

33 

34 

Transporters 

MAL.m (abcd) <-> MAL.c (abcd) 

PYR.m (abc) <-> PYR.cp (abc) 

OAA.m (abcd) + CIT.c (efghij) <-> OAA.c (abcd) + CIT.m (efghij) 

MAL.m (abcd) + OAA.c (efgh) <-> MAL.c (abcd) + OAA.m (efgh) 

MAL.c (abcd) <-> MAL.p (abcd) 

 

 

35 

36 

37 

38 

39 

40 

41 

42 

Mitochondrial metabolism 

PYR.m (abc) -> ACCOA.m (bc) + CO2.p (a) 

OAA.m (abcd) + ACCOA.m (ef) -> CIT.m (dcbefa) 

CIT.m (abcdef) <-> AKG.m (abcde) + CO2.p (f) 

AKG.m (abcde) -> SUCC.m (bcde) + CO2.p (a) 

SUCC.m (abcd) -> FUM.m (abcd) 

FUM.m (abcd) -> MAL.m (abcd) 

MAL.m (abcd) -> OAA.m (abcd) 

MAL.m (abcd) -> CO2.p (d) + PYR.m (abc) 

 

 

43 

Starch synthesis 

G6P.cp -> starch.p 

 

 

44 

45 

46 

47 

48 

49 

Sugar metabolism 

G6P.cp (abcdef) -> INO.cp (abcdef) 

G6P.cp (abcdef) -> GLC.cp (abcdef) 

GLC.cp (abcdef) -> G6P.cp (abcdef) 

F6P.cp (abcdef) -> FRC.cp (abcdef) 

G6P.cp (abcdef) + F6P.cp (ghijkl) -> sucrose.cp (fedcbahijklg) 

sucrose.cp (abcdefghijkl) -> sucrose.r (abcdefghijkl) 

 

 

50 

51 

52 

Fatty acid metabolism 

8*ACCOA.p -> C16.p 

9*ACCOA.p -> C18.p 

10*ACCOA.p -> C20.p 

 

 

53 

54 

55 

56 

57 

58 

59 

60 

61 

 

Amino acid metabolism 

3PG.cp (abc) -> serine.p (abc) 

3PG.cp (abc) -> cysteine.p (abc) 

3PG.cp (abc) -> glycine.p (ab) + CO2.p (c) 

GLYOX.c (ab) -> glycine.p (ab) 

glycine.p (ab) -> MTHF.p (b) + CO2.p (a) 

glycine.p (ab) + MTHF.p (c) -> serine.p (abc) 

PYR.cp (abc) + glutamate.m (defgh) -> alanine.c (abc) + AKG.m (defgh) 

PYR.cp (abc) + PYR.cp (def) + glutamate.m (ghijk) -> valine.p (abefc) + AKG.m (ghijk) + CO2.p (d) 

PYR.cp (abc) + PYR.cp (def) + ACCOA.p (gh) + glutamate.m (ijklm) -> leucine.p (ghbefc) + CO2.p 

(a) + CO2.p (d) + AKG.m (ijklm) 
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62 

63 

64 

65 

66 

67 

68 

69 

70 

 

71 

72 

 

73 

 

74 

75 

OAA.c (abcd) + glutamate.m (efghi) -> aspar.c (abcd) + AKG.m (efghi) 

OAA.c (abcd) -> aspar.c (abcd) 

P5P.p (abcde) + CO2.p (f) + glutamate.m (ghijk) -> histidine.p (fabcde) + AKG.m (ghijk) 

AKG.m (abcde) -> proline.c (abcde) 

AKG.m (abcde) + glutamate.m (klmno) + OAA.c (fghi) + CO2.p (j) -> arginine.c (abcdej) + AKG.m 

(klmno) + FUM.m (fghi) 

OAA.c (abcd) + PYR.cp (efg) + glutamate.m (hijkl) -> lysine.p (abcdgf) + CO2.p (e) + AKG.m (hijkl) 

OAA.c (abcd) -> threonine.p (abcd) 

OAA.c (defg) + PYR.cp (abc) + glutamate.m (hijkl) -> isoleucine.p (debfgc) + CO2.p (a) + AKG.m 

(hijkl) 

OAA.c (abcd) + 3PG.cp (efg) + CO2.p (h) -> methionine.p (abcdh) + PYR.cp (efg) 

E4P.p (defg) + PEP.cp (abc) + PEP.cp (hij) + glutamate.m (klmno) -> tyrosine.p (hijbcdefg) + CO2.p 

(a) + AKG.m (klmno) 

E4P.p (defg) + PEP.cp (abc) + PEP.cp (hij) + glutamate.m (klmno) -> phenylalanine.p (hijbcdefg) + 

CO2.p (a) + AKG.m (klmno) 

AKG.m (abcde) -> glutamate.m (abcde) 

E4P.p (defg) + PEP.cp (abc) + PEP.cp (hij) + P5P.p (klmno) + 3PG.cp (qrs) + glutamate.m (tuvwx) -

> CO2.p (a) + tryptophane.p (bcdefgklsrq) + PYR.cp (hij) + GAP.cp (mno) + AKG.m (tuvwx) 
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Table 10-8: Initial fully compartmentalized isotopomer reaction network for Oryza sativa seedling 

metabolism. Stoichiometric factors of the biomass equation are expressed as mmol (gDW)
-1

 and atom 

transitions are represented between brackets.  

Reaction 

number 

Reaction 

 

1 

2 

3 

4 

5 

CO2 metabolism 

CO2in.p (a) -> CO2EX.p (a) 

12CO2in.p (a) -> CO2in.p (a) 

13CO2in.p (a) -> CO2in.p (a) 

CO2.p (a) -> CO2EX.p (a)  

CO2.p (a) -> CO2sink.s (a) 

 

 

 

 

6 

 

Biomass Synthesis (untreated) 

0.1181*PYR.p + 0.1979*AKG.m + 0.4437*P5P.p + 0.1299*OAA.c + 0.0433*3PG.c + 0.0218*F6P.c + 

0.3704*G6P.c + 0.1083*GAP.p + 0.0055*CIT.m + 0.0012*SUCC.m + 0.0342*MAL.m + 

0.0206*FRC.cp + 0.7041*GLC.cp + 0.1765*sucrose.cp + 0.0377*starch.p + 0.2171*alanine.c + 

0.1417*arginine.c + 0.2327*aspar.c + 0.0173*cysteine.p + 0.3163*glutamate.m + 0.2341*glycine.p + 

0.0483*histidine.p + 0.1022*isoleucine.p + 0.2047*leucine.p + 0.1229*lysine.p + 

0.0337*methionine.p + 0.769*phenylalanine.p + 0.1282*proline.c + 0.0377*serine.p + 

0.1297*threonine.p + 0.2891*tyrosine.p + 0.1548*valine.p + 0.0001*tryptophane.p + 0.0098*C16.p + 

0.0573*C18.p + 0.001075*C20.p -> biomass 

 

 

7 

8 

9 

10 

11 

12 

13 

14 

Cytosolic Embden-Meyerhof-Parnas pathway 

G6P.c (abcdef) <-> F6P.c (abcdef) 

FBP.c (abcdef) <-> F6P.c (abcdef) 

FBP.c (abcdef) <-> DHAP.c (cba) + GAP.c (def) 

GAP.c (abc) <-> DHAP.c (abc) 

GAP.c (abc) <-> 3PG.c (abc) 

3PG.c (abc) <-> 2PG.c (abc) 

2PG.c (abc) <-> PEP.c (abc) 

PYR.c (abc) <-> PEP.c (abc) 

 

 

15 

16 

17 

18 

19 

20 

21 

22 

23 

plastidic Embden-Meyerhof-Parnas pathway 

G6P.p (abcdef) <-> F6P.p (abcdef) 

FBP.p (abcdef) <-> F6P.p (abcdef) 

FBP.p (abcdef) <-> DHAP.p (cba) + GAP.p (def) 

GAP.p (abc) <-> DHAP.p (abc) 

GAP.p (abc) <-> 3PG.p (abc) 

3PG.p (abc) <-> 2PG.p (abc) 

2PG.p (abc) <-> PEP.p (abc) 

PYR.p (abc) <-> PEP.p (abc) 

PYR.p (abc) -> ACCOA.p (bc) + CO2.p (a) 
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24 

25 

26 

27 

Oxidative pentose phosphate pathway 

G6P.c (abcdef) -> 6PG.c (abcdef) 

6PG.c (abcdef) -> P5P.c (bcdef) + CO2.p (a) 

G6P.p (abcdef) -> 6PG.p (abcdef) 

6PG.p (abcdef) -> P5P.p (bcdef) + CO2.p (a) 

 

 

28 

29 

30 

 

Non-oxidative pentose phosphate pathway 

GAP.p (hij) + S7P.p (abcdefg) <-> E4P.p (defg) + F6P.p (abchij) 

E4P.p (cdef) + P5P.p (abghi) <-> F6P.p (abcdef) + GAP.p (ghi) 

GAP.p (hij) + S7P.p (abcdefg) <-> P5P.p (cdefg) + P5P.p (abhij) 

 

 

31 

32 

33 

Calvin-Benson-Bassham cycle 

P5P.p (abcde) -> RBP.p (abcde) 

CO2EX.p (f) + RBP.p (abcde) -> 3PG.p (cba) + 3PG.p (fde) 

DHAP.p (cba) + E4P.p (defg) -> S7P.p (abcdefg) 

 

 

34 

35 

36 

37 

Photorespiration 

RBP.p (abcde) -> GLYCO.pg (ba) + 3PG.p (cde) 

GLYCO.pg (ab) -> GLYOX.pg (ab) 

GLYOX.pg (ab) + serine.p (cde) -> glycine.p (ab) + GLYCER.pg (cde) 

GLYCER.pg (abc) -> 3PG.p (abc) 

 

 

38 

39 

Amphibolic reactions 

CO2.p (d) + PEP.c (abc) -> OAA.c (abcd) 

MAL.p (abcd) <-> PYR.p (abc) + CO2.p (d) 

 

 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

Transporters 

MAL.m (abcd) <-> MAL.c (abcd) 

PYR.m (abc) <-> PYR.cp (abc) 

OAA.m (abcd) + CIT.c (efghij) <-> OAA.c (abcd) + CIT.m (efghij) 

MAL.m (abcd) + OAA.c (efgh) <-> MAL.c (abcd) + OAA.m (efgh) 

MAL.c (abcd) <-> MAL.p (abcd) 

'3PG.c (abc) <-> 3PG.p (abc) 

DHAP.c (abc) <-> DHAP.p (abc) 

PEP.c (abc) <-> PEP.p (abc) 

PYR.c (abc) <-> PYR.p (abc) 

G6P.c (abcdef) <-> G6P.p (abcdef) 

 

 

50 

51 

52 

Mitochondrial metabolism 

PYR.m (abc) -> ACCOA.m (bc) + CO2.p (a) 

OAA.m (abcd) + ACCOA.m (ef) -> CIT.m (dcbefa) 

CIT.m (abcdef) <-> AKG.m (abcde) + CO2.p (f) 
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53 

54 

55 

56 

57 

AKG.m (abcde) -> SUCC.m (bcde) + CO2.p (a) 

SUCC.m (abcd) -> FUM.m (abcd) 

FUM.m (abcd) -> MAL.m (abcd) 

MAL.m (abcd) -> OAA.m (abcd) 

MAL.m (abcd) -> CO2.p (d) + PYR.m (abc) 

 

 

58 

Starch synthesis 

G6P.p -> starch.p 

 

 

59 

60 

61 

62 

63 

64 

Sugar metabolism 

G6P.c (abcdef) -> INO.c (abcdef) 

G6P.c (abcdef) -> GLC.c (abcdef) 

GLC.c (abcdef) -> G6P.c (abcdef) 

F6P.c (abcdef) -> FRC.c (abcdef) 

G6P.c (abcdef) + F6P.c (ghijkl) -> sucrose.c (fedcbahijklg) 

sucrose.c (abcdefghijkl) -> sucrose.r (abcdefghijkl) 

 

 

65 

66 

67 

Fatty acid metabolism 

8*ACCOA.p -> C16.p 

9*ACCOA.p -> C18.p 

10*ACCOA.p -> C20.p 

 

 

68 

69 

70 

71 

72 

73 

74 

75 

76 

 

77 

78 

79 

80 

81 

82 

83 

84 

85 

 

86 

87 

 

88 

 

89 

Amino acid metabolism 

3PG.p (abc) -> serine.p (abc) 

3PG.p (abc) -> cysteine.p (abc) 

3PG.p (abc) -> glycine.p (ab) + CO2.p (c) 

GLYOX.g (ab) -> glycine.p (ab) 

glycine.p (ab) -> zzMTHF.p (b) + CO2.p (a) 

glycine.p (ab) + zzMTHF.p (c) -> serine.p (abc) 

PYR.c (abc) + glutamate.m (defgh) -> alanine.c (abc) + AKG.m (defgh) 

PYR.p (abc) + PYR.p (def) + glutamate.m (ghijk) -> valine.p (abefc) + AKG.m (ghijk) + CO2.p (d) 

PYR.p (abc) + PYR.p (def) + ACCOA.p (gh) + glutamate.m (ijklm) -> leucine.p (ghbefc) + CO2.p (a) 

+ CO2.p (d) + AKG.m (ijklm) 

OAA.c (abcd) + glutamate.m (efghi) -> aspar.c (abcd) + AKG.m (efghi) 

OAA.c (abcd) -> aspar.c (abcd) 

P5P.p (abcde) + CO2.p (f) + glutamate.m (ghijk) -> histidine.p (fabcde) + AKG.m (ghijk) 

AKG.m (abcde) -> proline.c (abcde) 

AKG.m (abcde) + glutamate.m (klmno) + OAA.c (fghi) + CO2.p (j) -> arginine.c (abcdej) + AKG.m 

(klmno) + FUM.m (fghi) 

OAA.c (abcd) + PYR.p (efg) + glutamate.m (hijkl) -> lysine.p (abcdgf) + CO2.p (e) + AKG.m (hijkl) 

OAA.c (abcd) -> threonine.p (abcd) 

OAA.c (defg) + PYR.p (abc) + glutamate.m (hijkl) -> isoleucine.p (debfgc) + CO2.p (a) + AKG.m 

(hijkl) 

OAA.c (abcd) + 3PG.p (efg) + CO2.p (h) -> methionine.p (abcdh) + PYR.p (efg) 

E4P.p (defg) + PEP.p (abc) + PEP.p (hij) + glutamate.m (klmno) -> tyrosine.p (hijbcdefg) + CO2.p 

(a) + AKG.m (klmno) 

E4P.p (defg) + PEP.p (abc) + PEP.p (hij) + glutamate.m (klmno) -> phenylalanine.p (hijbcdefg) + 

CO2.p (a) + AKG.m (klmno) 

AKG.m (abcde) -> glutamate.m (abcde) 
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90 E4P.p (defg) + PEP.p (abc) + PEP.p (hij) + P5P.p (klmno) + 3PG.p (qrs) + glutamate.m (tuvwx) -> 

CO2.p (a) + tryptophane.p (bcdefgklsrq) + PYR.p (hij) + GAP.p (mno) + AKG.m (tuvwx) 
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10.5. Abbreviations of metabolite names used in the network reconstructions 

10.5.1. Abbreviations used in the A. thaliana stoichiometric network model 

 

Table 10-9: Abbreviations of metabolite names used in the stoichiometric network model of A. thaliana 

from Table 10-5. 

Abbreviation metabolite name Abbreviation metabolite name 

13bPG 1,3-bisphosphoglycerate GLYOX glyoxylate 

2PG 2-phosphoglycerate H_c H
+
 produced through cyclic 

photophosphorylation 

2PGO 2-phosphoglycolate H_nc H
+
 produced through non-cyclic 

photophosphorylation 

3PG 3-phosphoglycerate  HPYR hydroxypyruvate 

6PG gluconate 6-phosphate Hv photon 

6PGL 6-phospho glucono-1,5-lactone ICIT isocitrate 

ACCOA acetyl-CoA LP lipoylprotein 

ACO cis-aconitate MAL malate 

ADP adenosine diphosphate MALT maltose 

ADP-GLC ADP-glucose MTHF 5-methyltetrahydrofolate 

aG6P α-glucose 6-phosphate NAD nicotinamide adenine dinucleotide 

(oxidized) 

AKG α-ketoglutarate NADH nicotinamide adenine dinucleotide 

(reduced) 
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AMP adenosine monophosphate NADP nicotinamide adenine dinucleotide 

phosphate (oxidized) 

ATP adenosine triphosphate NADPH nicotinamide adenine dinucleotide 

phosphate (reduced) 

ATP_maint maintenance ATP OAA oxaloacetate  

BM biomass PC_o plastocyanin (oxidized) 

CIT citrate PC_r plastocyanin (reduced) 

CO2 internal CO2 PEP phosphoenolpyruvate 

CO2EX assimilated CO2 Pi phosphate 

DHAP dihydroxyacetone phosphate PQL plastoquinol 

DLP dihydrolipoylprotein PQN plastoquinone 

E2Pr-2hyd-lip [pyruvate dehydrogenase E2 

protein]- dihydrolipoyl-L-lysine 

PYR pyruvate  

E2Pr-acet-lip [pyruvate dehydrogenase E2 

protein]-S-acetyldihydrolipoyl-L-

lysine 

R5P ribose 5-phosphate 

E2Pr-lip [pyruvate dehydrogenase E2 

protein]-lipoyl-L-lysine 

RBP ribulose 1.5-bisphosphate 

E4P erythrose 4-phosphate RU5P ribulose 5-phosphate 

F6P fructose 6-phosphate S7P sedoheptulose 7-phosphate 

FBP fructose 1.6-bisphosphate  SADHLP S-aminomethyl-

dihydrolipoylprotein 
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FE_o ferredoxin (oxidized) SBP sedoheptulose 1,7-bisphosphate 

FE_r ferredoxin (reduced) SER serine 

FUM fumarate STA starch 

G1P glucose 1-phosphate SUCC succinate 

G6P glucose 6-phosphate SUCCCOA succinyl-CoA 

GAP glyceraldehyde 3-phosphate THF tetrahydrofolate 

GLC glucose UQL ubiquinol 

GLY glycine UQN ubiquinone 

GLYCER glycerate XU5P xylulose 5-phosphate 

GLYCO glycolate   
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10.5.2. Abbreviations used in the O. sativa isotopomer network model 

 

Table 10-10: Abbreviations of metabolite names used in the isotopomeric network model of O. sativa from 

Table 10-7 and 10-8. 

Abbreviation metabolite name Abbreviation metabolite name 

12CO2in artificial 12CO2 input  G6P glucose 6-phosphate 

13CO2in artificial 13CO2 input GAP glyceraldehyde 3-phosphate 

2PG 2-phosphoglycerate aspar aspartate 

3PG 3-phosphoglycerate GLC glucose 

6PG 6-phosphoglyconate GLL6P 6-phosphogluconolactone 

ACCOA acetyl-CoA GLYCER glycerate 

AKG α-ketoglutarate GLYCO glycolate 

C16 palmitic acid GLYOX glyoxylate 

C18 stearic acid ICIT isocitrate 

C20 arachidic acid INO inositol 

CIT citrate MAL malate 

CO2 internal CO2 MTHF 5.10-methylenetetrahydrofolate 

CO2EX assimilated CO2 OAA oxaloacetate 

CO2in CO2 in flux chamber P5P pentose 5-phosphate 

CO2sink respired CO2 PEP phosphoenolpyruvate 
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DHAP dihydroxyacetone phosphate PYR pyruvate 

E4P erythrose 4-phosphate RBP ribulose 1.5-bisphosphate 

F6P fructose 6-phosphate S7P sedoheptulose 7-phosphate 

FBP fructose 1.6-bisphosphate SBP sedoheptulose 1.7-bisphosphate 

FRC fructose SUCC succinate 

FUM fumarate   
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10.6. Translocation of assimilated carbon to the root (O. sativa) 

To decipher which metabolites are responsible for the translocation of carbon to the root in rice 

seedlings, GC-irMS analysis of root tissue was performed during a 13CO2 labeling study. Several 

amino acids and free sugars were analyzed, of which the results are shown in Fig. 10-1.  

 

Figure 10-1: Measured transient mass isotopomer distribution of different sugars and amino acids 

in O. sativa roots as determined by GC-irMS 

The mass isotopomer abundance is displayed in % over time (min). Additionally, the total carbon 

percentage translocating into the respective pool sizes are shown in the right upper corner of the 

respective graph. 
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10.7. Experimental biomass yield of A. thaliana from literature 

Experimental values for the growth yield of A. thaliana were taken from Sulpice et al. (2014) and 

calculated as indicated in the following table. 

Table 10-11: Supplemental data to Sulpice et al. (2014) with additional column for the biomass yield, 

which is calculated by the following formula:     
            

                 
. 

photo-period RGR DRY MASS 

net C 

assimilation per 

24 h cycle 

Calculated 

Biomass Yield 

daytime 

h of light g FW /g FW /d % FW µmol C / g FW / d g DW / mol C 

6 0.11351 8.94 420 24.2 

8 0.17081 8.74 641 23.3 

12 0.26000 9.14 944 25.2 

18 0.3065 8.95 972 28.2 
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10.8. Biotechnological potential of A. thaliana 

The biotechnological potential of A. thaliana leaves was assessed by evaluating the number of 

calculated flux modes, theoretical maximum yield and carbon efficiency for each of the ten 

valuable products (Table 10-12). In addition, genetic targets were predicted by Flux Design 

(Table 10-13). 

Table 10-12: Maximal theoretical product yield of 10 biotechnologically interesting products in autotrophic 

Arabidopsis leaves as predicted by the metabolic model.  

 
Cysteine 

Iso-pentenyl 

pyrophosphate 
Lignocellulose Lysine Methionine 

Product Yield  
[g / C-mol 
Substrate] 

40.35 27.32 33.26 24.37 37.30 

Carbon Efficiency 
[%] 

100 55 94 100 100 

Number of  
EFMs 

5 574 225 5 540 919 7 014 704 6 723 386 12 700 535 

 

 Proline Sucrose Starch Threonine Tryptophan 

Product Yield  
[g / C-mol 
Substrate] 

76.79 13.50 28.51 29.78 11.35 

Carbon Efficiency 
[%] 

83 100 100 100 94 

Number of  
EFMs 

5 804 589 6 038 767 5 883 222 13 957 803 5 714 408 
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Table 10-13 (next page): Targets for product yield enhancement as predicted by Flux Design for defined 

subsets of modes. The mode subsets are visualized for better understanding by plotting the biomass 

synthesis against the product synthesis and color-coding the excluded modes red and the accepted flux 

distributions green. The plus or minus sign preceding the reaction number indicate a positive, resp. 

negative target potential coefficient. The enzyme names corresponding to the reaction numbers are listed 

below. 
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10.9. Results of 13C-INST-MFA flux estimation and parameter continuation  

In vivo fluxes were calculated for fifteen-day old wild type rice seedlings, as well as DMSO and 

Imazapyr-treated plants. In addition, flux estimation was performed for several scenarios, 

including different network topologies and levels of data coverage.  

10.9.1. Flux results in wild type seedlings 

Table 10-14: Fluxes in wild type seedlings determined by 
13

C-INST-MFA. The flux values are expressed 

in mmol (100 mmol CO2)
-1

. The boundaries of the 95 % confidence intervals and the thereof derived 

standard deviation were determined through parameter continuation. 

  

WT06 

Reaction 
number Reaction val lb ub std 

'R1' CO2in.p -> CO2EX.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                91.52 91.41 91.85 0.11 

'R2' 12CO2in.p -> CO2in.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              5.90 5.41 6.21 0.20 

'R3' 13CO2in.p -> CO2in.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              85.56 85.19 86.02 0.21 

'R4' CO2.p -> CO2EX.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  8.48 8.15 8.59 0.11 

'R5' CO2.p -> CO2sink.s                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.19 0.00 0.43 0.11 

'R6' biomass formation 2.68 2.68 2.68 0.00 

'R7 net' G6P.cp -> F6P.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  -3.49 -3.60 -3.45 0.04 

'R7 exch' F6P.cp -> G6P.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  NaN 127.10 Inf FALSE 

'R8 net' FBP.cp -> F6P.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  4.08 4.04 4.18 0.04 

'R8 exch' F6P.cp -> FBP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  3.89 3.53 5.01 0.38 

'R9 net' FBP.cp -> DHAP.cp + GAP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        -4.08 -4.18 -4.04 0.04 

'R9 exch' DHAP.cp + GAP.cp -> FBP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.56 0.00 1.22 0.31 

'R10 net' GAP.cp -> DHAP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 73.00 72.86 73.42 0.14 

'R10 exch' DHAP.cp -> GAP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 NaN 0.00 Inf FALSE 

'R11 net' GAP.cp -> 3PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  -182.16 -183.21 -181.85 0.35 

'R11 exch' 3PG.cp -> GAP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  427.30 320.11 1013.80 176.96 

'R12 net' 3PG.cp -> 2PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  18.02 17.81 18.11 0.08 

'R12 exch' 2PG.cp -> 3PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  21.08 16.90 24.22 1.87 

'R13 net' 2PG.cp -> PEP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  18.02 17.81 18.11 0.08 

'R13 exch' PEP.cp -> 2PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  NaN 1251.27 Inf FALSE 

'R14 net' PYR.cp -> PEP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  -15.42 -19.52 -7.34 3.11 

'R14 exch' PEP.cp -> PYR.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  5.21 0.00 10.87 2.77 

'R15' PYR.cp -> ACCOA.p + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         2.17 2.17 2.17 0.00 

'R16' G6P.cp -> 6PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  0.05 0.00 0.15 0.04 

'R17' 6PG.cp -> P5P.p + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           0.05 0.00 0.15 0.04 

'R18 net' GAP.cp + S7P.p -> E4P.p + F6P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   35.90 35.80 36.10 0.08 

'R18 exch' E4P.p + F6P.p -> GAP.cp + S7P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   NaN 30.55 Inf FALSE 
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'R19 net' E4P.p + P5P.p -> F6P.p + GAP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   -35.90 -36.10 -35.80 0.08 

'R19 exch' F6P.p + GAP.cp -> E4P.p + P5P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   NaN 112.00 Inf FALSE 

'R20 net' GAP.cp + S7P.p -> P5P.p + P5P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   33.06 32.97 33.27 0.08 

'R20 exch' P5P.p + P5P.p -> GAP.cp + S7P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   0.57 0.00 1.02 0.26 

'R21' P5P.p -> RBP.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    100.70 100.50 101.30 0.20 

'R22' 
CO2EX.p + RBP.p -> 3PG.cp + 
3PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

100.00 100.00 100.00 0.00 

'R23' DHAP.cp + E4P.p -> S7P.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          68.96 68.77 69.37 0.15 

'R24' RBP.p -> GLYCO.pg + 3PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        0.70 0.50 1.30 0.20 

'R25' GLYCO.pg -> GLYOX.g                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               0.70 0.50 1.30 0.20 

'R26' 
GLYOX.g + serine.p -> glycine.p + 
GLYCER.pg                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

0.13 0.00 0.86 0.22 

'R27' GLYCER.pg -> 3PG.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               0.13 0.00 0.86 0.22 

'R28' sucrose.r -> zzzzzzzzzzzzzzSink                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   0.47 0.46 0.49 0.01 

R29 net' OAA.c -> CO2.p + PEP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           -0.10 -7.08 5.10 3.11 

R29 exch' OAA.c <- CO2.p + PEP.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           22.84 13.83 28.09 3.64 

'R30 net' MAL.p -> PYR.cp + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           -25.42 -45.25 0.88 11.77 

'R30 exch' PYR.cp + CO2.p -> MAL.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           21.38 11.05 33.84 5.81 

'R31 net' MAL.m -> MAL.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    -19.92 -39.56 -1.83 9.62 

'R31 exch' MAL.c -> MAL.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    NaN 0.00 Inf FALSE 

'R32 net' PYR.m -> PYR.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   7.22 -2.71 34.63 9.52 

'R32 exch' PYR.cp -> PYR.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   NaN 0.00 Inf FALSE 

'R33 net' OAA.m + CIT.c -> OAA.c + CIT.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    0.00 0.00 0.00 0.00 

'R33 exch' OAA.c + CIT.m -> OAA.m + CIT.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    0.60 0.00 1.89 0.48 

'R34 net' MAL.m + OAA.c -> MAL.c + OAA.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    -2.49 -9.48 2.71 3.11 

'R34 exch' MAL.c + OAA.m -> MAL.m + OAA.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    10.12 5.02 18.82 3.52 

'R35 net' MAL.c -> MAL.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    -25.42 -45.25 0.88 11.77 

'R35 exch' MAL.p -> MAL.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    NaN 0.00 NaN FALSE 

'R36' PYR.m -> ACCOA.m + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          2.62 2.40 2.71 0.08 

'R37' OAA.m + ACCOA.m -> CIT.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          2.62 2.40 2.71 0.08 

'R38 net' CIT.m -> AKG.m + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            2.60 2.39 2.69 0.08 

'R38 exch' AKG.m + CO2.p -> CIT.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            NaN 0.00 Inf FALSE 

'R39' AKG.m -> SUCC.m + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           0.50 0.29 0.59 0.08 

'R40' SUCC.m -> FUM.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   0.50 0.28 0.59 0.08 

'R41' FUM.m -> MAL.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    0.88 0.66 0.97 0.08 

'R42' MAL.m -> OAA.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    8.08 0.00 12.19 3.11 

'R43' MAL.m -> CO2.p + PYR.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            18.09 0.00 37.73 9.62 

'R44' G6P.cp -> starch.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.10 0.10 0.10 0.00 

'R45' G6P.cp -> INO.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  0.00 0.00 0.00 0.00 

'R46' G6P.cp -> GLC.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  6.85 6.31 7.42 0.28 

'R47' GLC.cp -> G6P.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  4.96 4.42 5.54 0.28 

'R48' F6P.cp -> FRC.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  0.06 0.06 0.06 0.00 

'R49' G6P.cp + F6P.cp -> sucrose.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     0.48 0.47 0.50 0.01 
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'R50' sucrose.cp -> sucrose.r                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           0.47 0.46 0.49 0.01 

'R51' 8*ACCOA.p -> C16.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.03 0.03 0.03 0.00 

'R52' 9*ACCOA.p -> C18.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.15 0.15 0.15 0.00 

'R53' 10*ACCOA.p -> C20.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               0.00 0.00 0.00 0.00 

'R54' 3PG.cp -> serine.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.10 0.03 0.33 0.08 

'R55' 3PG.cp -> cysteine.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              0.05 0.05 0.05 0.00 

'R56' 3PG.cp -> glycine.p + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       0.32 0.22 0.61 0.10 

'R57' GLYOX.g -> glycine.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              0.51 0.44 0.54 0.03 

'R58' glycine.p -> zzMTHF.p + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     0.21 0.07 0.65 0.15 

'R59' glycine.p + zzMTHF.p -> serine.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  0.21 0.07 0.65 0.15 

'R60' 
PYR.cp + glutamate.m -> alanine.c + 
AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

0.58 0.58 0.58 0.00 

'R61' 
PYR.cp + PYR.cp + glutamate.m -> 
valine.p + AKG.m + CO2.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

0.41 0.41 0.41 0.00 

'R62' 

PYR.cp + PYR.cp + ACCOA.p + 
glutamate.m -> leucine.p + CO2.p + 
CO2.p + AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

0.55 0.55 0.55 0.00 

'R63' 
OAA.c + glutamate.m -> aspar.c + 
AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

0.24 0.00 0.62 0.16 

'R64' OAA.c -> aspar.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  0.39 0.00 0.62 0.16 

'R65' 
P5P.p + CO2.p + glutamate.m -> 
histidine.p + AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

0.13 0.13 0.13 0.00 

'R66' AKG.m -> proline.c                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                0.34 0.34 0.34 0.00 

'R67' 

AKG.m + glutamate.m + OAA.c + 
CO2.p -> arginine.c + AKG.m + 
FUM.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

0.38 0.38 0.38 0.00 

'R68' 
OAA.c + PYR.cp + glutamate.m -> 
lysine.p + CO2.p + AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

0.33 0.33 0.33 0.00 

'R69' OAA.c -> threonine.p                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              0.35 0.35 0.35 0.00 

'R70' 
OAA.c + PYR.cp + glutamate.m -> 
isoleucine.p + CO2.p + AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

0.27 0.27 0.27 0.00 

'R71' 
OAA.c + 3PG.cp + CO2.p -> 
methionine.p + PYR.cp                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

0.09 0.09 0.09 0.00 

'R72' 

E4P.p + PEP.cp + PEP.cp + 
glutamate.m -> tyrosine.p + CO2.p + 
AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

0.77 0.77 0.77 0.00 

'R73' 

E4P.p + PEP.cp + PEP.cp + 
glutamate.m -> phenylalanine.p + 
CO2.p + AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

2.06 2.06 2.06 0.00 

'R74' AKG.m -> glutamate.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              6.58 6.34 6.97 0.16 

'R75' 

E4P.p + PEP.cp + PEP.cp + P5P.p + 
3PG.cp + glutamate.m -> CO2.p + 
tryptophane.p + PYR.cp + GAP.cp + 
AKG.m                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

0.00 0.00 0.00 0.00 
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10.9.2. Flux results for wild type seedlings, 4 hours after DMSO or Imazapyr-treatment 

Table 10-15 (next page): Fluxes in wild type seedlings after treatment with DMSO or Imazapyr, 

rescpectively. All fluxes were determined by 
13

C-INST-MFA and are expressed in mmol (100 mmol CO2)
-1

. 

The boundaries of the 95 % confidence intervals and the thereof derived standard deviation were 

determined through parameter continuation. 
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10.9.3. Investigation of different network topologies 

Table 10-16 (next page): Fluxes calculated with different metabolic network topologies. No hexokinase: 

network without hexokinase function. F6P.cp: no compartmentation of F6P. Parallel: Parallel network 

including a hexokinase function. Parallel no Hexokinase: Parallel network model excluding a hexokinase 

function. All fluxes were determined by 
13

C-INST-MFA and are expressed in mmol (100 mmol CO2)
-1

. The 

boundaries of the 95 % confidence intervals and the thereof derived standard deviation were determined 

through parameter continuation. 
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10.9.4. Influence of data coverage on flux identifiability 

Table 10-17 (next page): Fluxes calculated with different subsets of the entire data set available. No 

GCMS: all measurements from GC-MS analysis were omitted. noAA: all measurements of amino acids 

were omitted for the flux calculation. noPoolSizes: Pool size quantification was omitted. All fluxes were 

determined by 
13

C-INST-MFA and are expressed in mmol (100 mmol CO2)
-1

. The boundaries of the 95 % 

confidence intervals and the thereof derived standard deviation were determined through parameter 

continuation. 
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10.10. Measured pool sizes 

As direct pool sizes could potentially increase flux identifiability, the concentrations of several 

intracellular metabolites was determined by LC-MS/MS or GC-MS. 

Table 10-18: Metabolic pool sizes of several intracellular metabolites in the wild type rice seedling, as well 

as in DMSO and imazapyr treated plants. 

µmol (g DW)-1 wild type DMSO imazapyr method 

PEP 0.92 ± 0.06 1.06 ± 0.17 0.93 ± 0.09 LCMS 

AKG 1.83 ± 0.28 2.13 ± 0.17 1.72 ± 0.42 GCMS 

P5P 1.80 ± 0.27 1.69 ± 0.19 1.53 ± 0.10 LCMS 

S7P 4.21 ± 0.16 3.51 ± 0.46 2.24 ± 0.13 LCMS 

SUCC 1.23 ± 0.06 1.48 ± 0.26 0.77 ± 0.04 GCMS 

2PG 1.88 ± 0.14 1.56 ± 0.29 1.62 ± 0.09 LCMS 

3PG 42.02 ± 2.88 36.58 ± 2.31 35.17 ± 5.71 LCMS 

FUM 0.43 ± 0.02 0.42 ± 0.01 0.37 ± 0.02 GCMS 

E4P 0.20 ± 0.06 0.17 ± 0.02 0.07 ± 0.04 LCMS 

RBP 0.15 ± 0.03 0.21 ± 0.05 0.17 ± 0.03 LCMS 

alanine 10.70 ± 0.82 8.12 ± 0.35 15.76 ± 0.12 GCMS 

valine 1.11 ± 0.03 0.85 ± 0.03 0.32 ± 0.02 GCMS 

leucine 0.41 ± 0.03 0.35 ± 0.01 < LOD GCMS 

isoleucine 0.31 ± 0.03 0.27 ± 0.02 0.33 ± 0.00 GCMS 

glycine 3.60 ± 0.28 2.84 ± 0.22 3.90 ± 0.07 GCMS 

proline 0.69 ± 0.03 0.47 ± 0.03 1.55 ± 0.02 GCMS 

serine 7.27 ± 0.18 5.91 ± 0.38 7.93 ± 0.04 GCMS 

threonine 3.08 ± 0.18 2.41 ± 0.17 3.78 ± 0.03 GCMS 

aspartate/ 
asparagine 

18.43 ± 0.39 17.24 ± 0.75 23.58 ± 0.56 GCMS 

methionine 0.33 ± 0.02 0.25 ± 0.01 0.35 ± 0.00 GCMS 
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glutamate/ 
glutamine 

114.55 ± 7.33 88.08 ± 4.62 145.07 ± 3.85 GCMS 

inositol 4.65 ± 0.27 4.74 ± 0.17 5.33 ± 0.07 GCMS 

tyrosine 0.62 ± 0.08 0.58 ± 0.02 0.81 ± 0.03 GCMS 

lysine 0.42 ± 0.07 0.45 ± 0.02 0.53 ± 0.01 GCMS 

glucose 13.07 ± 2.17 11.86 ± 1.73 11.28 ± 0.51 GCMS 

fructose 19.02 ± 1.08 19.02 ± 2.74 17.70 ± 0.92 GCMS 

phenylalanine 0.41 ± 0.00 0.35 ± 0.01 0.58 ± 0.01 GCMS 
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10.11. Futile cycles imposed by energy dissipation 

 

Figure 10-2: Two exemplified futile cycles in the proposed metabolic network causing 

energetic inefficiency 

The futile cycle across the mitochondrial membrane consumes one plastidial ATP per cycle, 

whereas the futile cycle involving the two copies of the EMP pathway requires one cytosolic ATP 

per cycle. 
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10.12. Stoichiometric reaction network of O. sativa seedling shoots 

The previously developed network model of O. sativa seedling shoots was now adjusted for 

application in EFM analysis. For this purpose, the metabolic network model was extended with 

redox and energy metabolites, as well as with the photosynthetic light reactions. 

Table 10-19: Finalized stoichiometric reaction network for Oryza sativa seedling metabolism. 

Stoichiometric factors of the biomass equation are expressed as mmol (gDW)
-1

 and atom transitions are 

represented between brackets.  

Reaction 

number 

Reaction 

 

1 

2 

3 

 

CO2 metabolism 

  -> CO2EX[p]  

CO2[p]  -> CO2EX[p]  

CO2[p]  ->   

 

 

 

 

4 

 

 

 

 

 

5 

Biomass Synthesis (untreated) 

0.1181 PYR[cp] + 0.1979 AKG[m] + 0.4437 P5P[p] + 0.1299 OAA[c] + 0.0433 3PG[cp] + 0.0218 

F6P[cp] + 0.3704 G6P[cp] + 0.1083 GAP[cp] + 0.0055 CIT[m] + 0.0012 SUCC[m] + 0.0342 MAL[m] 

+ 0.0206 FRC[cp] + 0.7041 GLC[cp] + 0.1765 sucrose[cp] + 0.0377 starch[p] + 0.2171 alanine[c] + 

0.1417 arginine[c] + 0.2327 aspar[c] + 0.0173 cysteine[p] + 0.3163 glutamate[m] + 0.2341 glycine[p] 

+ 0.0483 histidine[p] + 0.1022 isoleucine[p] + 0.2047 leucine[p] + 0.1229 lysine[p] + 0.0337 

methionine[p] + 0.7690 phenylalanine[p] + 0.1282 proline[c] + 0.0377 serine[p] + 0.1297 threonine[p] 

+ 0.2891 tyrosine[p] + 0.1548 valine[p] + 0.0001 tryptophane[p] + 0.0098 C16[p] + 0.0573 C18[p] + 

0.001075 C20[p] + 1.9445 NADPH[cp] + 5.3753 ATP[cp] -> biomass + 1.9445 NADP[cp] + 5.3753 

ADP[cp] 

 biomass -->  

 

 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

Embden-Meyerhof-Parnas pathway 

G6P[cp]  <-> F6P[cp]  

F6P[cp] + ATP[cp] --> FBP[cp] + ADP[cp] 

FBP[cp] --> F6P[cp]  

FBP[cp]  <-> DHAP[cp]  + GAP[cp]  

GAP[cp]  <-> DHAP[cp]  

GAP[cp] + NADP[cp] + ADP[cp]  <==> ATP[cp] + NADPH[cp] + 3PG[cp 

3PG[cp]  <-> 2PG[cp]  

2PG[cp]  <-> PEP[cp]  

PEP[cp] + ADP[cp] --> PYR[cp] + ATP[cp] 

PYR[cp] + ATP[cp] --> PEP[cp] + AMP[cp]  

AMP[cp] + ATP[cp] --> 2 ADP[cp] 

PYR[cp] + E2Pr-lip[cp] --> E2Pr-acet-lip[cp] + CO2[p] 

E2Pr-acet-lip[cp] --> ACCOA[p] + E2Pr-2hyd-lip[cp] 
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19 E2Pr-2hyd-lip[cp] + NAD[cp] --> E2Pr-lip[cp] + NADH[cp] 

 

 

20 

21 

Oxidative pentose phosphate pathway 

G6P[cp] + NADP[cp] --> NADPH[cp] + 6PG[cp] 

6PG[cp] + NADP[cp] --> NADPH[cp] + P5P[p] + CO2[p] 

 

 

22 

23 

24 

 

Non-oxidative pentose phosphate pathway 

GAP[cp]  + S7P[p]  <-> E4P[p]  + F6P[p]  

E4P[p]  + P5P[p]  <-> F6P[p]  + GAP[cp]  

GAP[cp]  + S7P[p]  <-> 2 P5P[p]  

 

 

25 

26 

27 

Calvin-Benson-Bassham cycle 

P5P[p] + ATP[cp] --> RBP[p] + ADP[cp] 

CO2EX[p]  + RBP[p]  -> 2 3PG[cp]  

DHAP[cp]  + E4P[p]  -> S7P[p]  

 

 

28 

29 

30 

31 

32 

Photorespiration 

RBP[p]  -> GLYCO[pg]  + 3PG[cp]  

GLYCO[pg]  -> GLYOX[pg]  

2 GLYOX[pg] + 2 NADH[pg] + serine[p]  -> glycine[p]  + GLYCER[pg] + 2 NAD[pg] + CO2[p] 

GLYCER[pg] + ATP[cp] --> 3PG[cp] + ADP[cp] 

MAL[pg] + NAD[pg] <==> OAA[pg] + NADH[pg] 

 

 

33 

34 

35 

Amphibolic reactions 

OAA[c] + ATP[cp] --> CO2[p] + PEP[cp] + ADP[cp] 

PEP[cp] + CO2[p] --> OAA[c]  

MAL[p]  + NADP[cp] <-> NADPH[cp] + PYR[cp]  + CO2[p]  

 

 

36 

37 

38 

39 

40 

41 

42 

43 

Transporters 

MAL[m]  <-> MAL[c]  

PYR[m]  <-> PYR[cp]  

OAA[m]  + CIT[c]  <-> OAA[c]  + CIT[m]  

MAL[m]  + OAA[c]  <-> MAL[c]  + OAA[m]  

MAL[c]  <-> MAL[p]  

ATP[m] + ADP[cp] --> ADP[m] + ATP[cp] 

MAL[c] --> MAL[pg] 

OAA[pg] --> OAA[c] 

 

 

44 

45 

46 

47 

Mitochondrial metabolism 

PYR[m] + E2Pr-lip[m] --> E2Pr-acet-lip[m] + CO2[p] 

E2Pr-acet-lip[m] --> ACCOA[m] + E2Pr-2hyd-lip[m] 

E2Pr-2hyd-lip[m] + NAD[m] --> E2Pr-lip[m] + NADH[m] 

OAA[m]  + ACCOA[m]  -> CIT[m]  
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48 

49 

50 

51 

52 

53 

54 

55 

CIT[m] + NAD[m] <==> AKG[m] + CO2[p] + NADH[m] 

AKG[m] + NAD[m] --> SUCCCOA[m] + CO2[p] + NADH[m] 

SUCCCOA[m] + ADP[m] --> SUCC[m] + ATP[m] 

SUCC[m] + UQN[m] --> FUM[m] + UQL[m] 

UQL[m] + NAD[m] <==> UQN[m] + NADH[m] 

FUM[m]  -> MAL[m]  

MAL[m] + NAD[m] <--> OAA[m] + NADH[m] 

MAL[m] + NAD[m]  --> CO2[p] + NADH[m] + PYR[m] 

 

 

56 

Starch synthesis 

G6P[cp] + ATP[cp] -> starch[p] + ADP[cp]  

 

 

57 

58 

59 

60 

61 

62 

Sugar metabolism 

G6P[cp]  -> GLC[cp]  

GLC[cp] + ATP[cp] -> G6P[cp] + ADP[cp] 

F6P[cp]  -> FRC[cp]  

G6P[cp]  + F6P[cp] + ATP[cp] -> sucrose[cp] + ADP[cp] 

sucrose[cp]  -> sucrose.r  

sucrose.r -->  

 

 

63 

64 

65 

Fatty acid metabolism 

8 ACCOA[p] + 14 NADPH[cp] + 8 ATP[cp] -> C16[p] + 14 NADP[cp] + 8 ADP[cp] 

9 ACCOA[p] + 16 NADPH[cp] + 9 ATP[cp] -> C18[p] + 16 NADP[cp] + 9 ADP[cp] 

10 ACCOA[p] + 18 NADPH[cp] + 10 ATP[cp] -> C20[p] + 18 NADP[cp] + 10 ADP[cp] 

 

 

66 

67 

68 

69 

70 

71 

72 

73 

 

74 

 

75 

76 

77 

 

78 

 

79 

 

80 

 

81 

82 

Amino acid metabolism 

3PG[cp]  + 2 ATP[cp] -> serine[p] + 2 ADP[cp] 

3PG[cp] + 4 NADPH[cp] + 4 ATP[cp] -> cysteine[p] + 4 ADP[cp] + 4 NADP[cp] 

3PG[cp]  + NADPH[cp] + 3 ATP[cp] -> 3 ADP[cp] + glycine[p]  + CO2[p] + NADP[cp] 

GLYOX[pg] + NADPH[cp] -> glycine[p] + NADP[cp] 

glycine[p] + 3 NADH[m] -> MTHF[p]  + CO2[p] + 3 NAD[m]  

glycine[p]  + MTHF[p]  -> serine[p]  

PYR[cp]  + 2 ATP[cp] + glutamate[m]  -> 2 ADP[cp] + alanine[c]  + AKG[m]  

2 PYR[cp] + 2 ATP[cp] + NADPH[cp] + glutamate[m]  -> valine[p]  + AKG[m]  + CO2[p] + 2 ADP[cp] 

+ NADP[cp] 

2 PYR[cp]  + ACCOA[p]  + glutamate[m] + 2 ATP[cp] -> 2 ADP[cp] + leucine[p]  + 2 CO2[p]  + 

AKG[m]  

OAA[c] + 5 ATP[cp] + glutamate[m]  -> aspar[c]  + AKG[m] + 5 ADP[cp] 

OAA[c] + NADPH[cp] + 2 ATP[cp] -> aspar[c] + 2 ADP[cp] + NADP[cp]  

P5P[p]  + CO2[p]  + glutamate[m] + 2 NADP[cp] + 6 ATP[cp]  -> histidine[p]  + AKG[m] + 6 ADP[cp] 

+ 2 NADPH[cp] 

AKG[m] + 2 NADPH[cp] + NADH[m] + 3 ATP[cp] + ATP[m] -> proline[c] + 2 NADP[cp] + NAD[m] + 3 

ADP[cp] + ADP[m] 

glutamate[m]  + OAA[c]  + CO2[p] + NADPH[cp] + NADH[m] + 4 ATP[cp] + 3 ATP[m] -> arginine[c]  

+ FUM[m] + NADP[cp] + NAD[m] + 4 ADP[cp] + 3 ADP[m] 

OAA[c]  + PYR[cp]  + glutamate[m] + 3 NADPH[cp] + 3 ATP[cp] + ATP[m] -> lysine[p] + 3 NADP[cp] 

+ 3 ADP[cp] + ADP[m] + CO2[p]  + AKG[m]  

OAA[c] + 3 NADPH[cp] + 4 ATP[cp] -> threonine[p] + 3 NADP[cp] + 4 ADP[cp] 

OAA[c]  + PYR[cp]  + glutamate[m] + 4 NADPH[cp] + 4 ATP[cp] -> isoleucine[p]  + CO2[p] + 4 
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83 

 

84 

85 

 

86 

87 

 

NADP[cp] + 4 ADP[cp]  + AKG[m]  

OAA[c]  + 3PG[cp]  + CO2[p] + 11 NADPH[cp] + 9 ATP[cp] -> methionine[p] + 11 NADP[cp] + 9 

ADP[cp] + PYR[cp]  

E4P[p]  + 2 PEP[cp]  + glutamate[m] + 3 ATP[cp] -> tyrosine[p] + 3 ADP[cp] + CO2[p]  + AKG[m] 

E4P[p]  + 2 PEP[cp]  + glutamate[m] + NADPH[cp] + 3 ATP[cp] -> phenylalanine[p] + 3 ADP[cp] + 

NADP[cp] + CO2[p]  + AKG[m]  

AKG[m] + NADH[m] -> glutamate[m] + NAD[m] 

E4P[p]  + 2 PEP[cp]  + P5P[p]  + 3PG[cp]  + glutamate[m] + 2 NADPH[cp] + 6 ATP[cp] -> CO2[p] + 6 

ADP[cp] + 2 NADP[cp] + tryptophane[p]  + PYR[cp]  + GAP[cp]  + AKG[m]  

 

 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

Energy metabolism 

2 Hv[p] + PQN[p] --> PQL[p] + 2 H_nc[p] 

PQL[p] + 2 PC_o[p] <==> PQN[p] + 2 PC_r[p] + 2 H_nc[p] 

Hv[p] + PC_r[p] + FE_o[p] --> PC_o[p] + FE_r[p] 

2 FE_r[p] + NADP[cp] --> 2 FE_o[p] + NADPH[cp] + 2 H_nc[p] 

Hv[p] --> 2 H_c[p] 

2 H_c[p] + 12 H_nc[p] + 3 ADP[cp] --> 3 ATP[cp] 

ATP[cp] --> ADP[cp] + ATP_maint[cel] 

(2.4) ADP[m] + NADH[m] --> NAD[m] + (2.4) ATP[m] 

 --> Hv[p] 

 ATP_maint[cel] -->  

NADP[cp] + NADH[cp] <==> NADPH[cp] + NAD[cp]' 

 

 

 


