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Abstract 

During the last decade, natural variation of the genetic model plant Arabidopsis thaliana has been 

intensively reviewed and discussed in context of many aspects of plant biological research. While 

numerous studies have analyzed and improved significantly our understanding of genotypic diversity, 

deriving explicit causal knowledge of molecular mechanisms leading to adaptation and phenotypic 

plasticity in a natural environment is still challenging. Due to a high degree of variation in plasticity 

patterns within and among populations as well as the high complexity of plant biochemical systems it 

is demanding to unambiguously trace back molecular processes resulting in a certain phenotype. 

Numerous studies have focused on the genetic background of natural variation in Arabidopsis thaliana 

and could successfully identify sets of marker genes and correlate them to traits like flowering time, 

climatic variables or stress tolerance. Additionally, the fast development of experimental high-

throughput techniques being capable of recording thousands of components of transcriptome, 

proteome and metabolome simultaneously have unraveled an enormous complexity of metabolic 

regulation and interaction which shape the physiological homeostasis. Yet, because of this intricacy of 

molecular phenotypes, it is hardly possible to predict metabolism, development or natural variation 

patterns from current models and data sets. In this context, systems biology research comprising 

strategies of experimental high-throughput analysis, multivariate statistics and mathematical 

modeling is a promising approach for comprehensive analysis and interpretation of the systemic 

behavior of biochemical systems. Here, molecular analysis of metabolic networks was applied to 

characterize the adaptation of plant metabolism to a changing environment. In a first study, changes 

in metabolite concentrations, protein and phosphopeptide levels were analyzed to characterize the 

cold acclimation process in a cold-tolerant and a cold-sensitive natural accession of Arabidopsis 

thaliana. Accession-specific starch dynamics could be explained by a differential reprogramming of the 

starch degradation pathway in both accessions. To facilitate the interpretation of metabolic time series 

data with regard to the underlying biochemical network topology, a graph theoretical approach 

comparing relevant second and first order derivatives with respect to time of interpolated splines on 

the metabolite levels has been developed. In a third study, we applied metabolomic profiling on 

primary and secondary metabolites to samples collected in their natural habitat. This and subsequent 

mathematical modeling of regulatory instances suggests the suitability of molecular phenotyping to 

classify in situ populations of Arabidopsis thaliana for generation of hypotheses concerning habitat 

adaptations, which can be efficiently addressed in targeted follow-up experiments. 
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Zusammenfassung 

Die Grundlagenforschung in biologischen Modellorganismen wie dem ephemeren Kreuzblütler 

Arabidopsis thaliana hat durch die Anwendung moderner molekularbiologischer Techniken und dank 

der Bereitstellung genetischer Ressourcen seit der Jahrtausendwende eine Vielzahl an Erkenntnissen 

über die Biologie von Organismen geliefert. Vor allem im Bereich der Genetik haben 

Sequenziertechnologien der nächsten Generation Anzahl, Umfang und Verlässlichkeit genetischer 

Studien auf eine neue Ebene gehoben. Dabei wurde unter anderem deutlich, dass die genetische 

Vielfalt innerhalb einer Art als Erklärungsansatz einer umfangreichen Palette an phenologischen und 

morphologischen Merkmalen dienen kann. Durch die Entwicklung und Verbesserung von 

chromatographie- und massenspektrometriebasierter Analytik haben wissenschaftliche Studien in 

letzter Zeit auch immer mehr den molekularen Phenotyp zu erfassen versucht. Speziell Metabolite und 

Proteine sind dabei von großem Interesse, da sie wichtige Teile von biochemischen Netzwerken sind. 

Durch die immer bessere Skalierbarkeit der involvierten Analytik etwa bezüglich der Anzahl an 

erfassten Variablen und Probendurchsatz, sind Metabolomics und Proteomics ein wichtiger Teil im 

Bereich der funktionellen Genomik geworden und liegen den modernen Ansätzen der Systembiologie 

zu Grunde. Dabei wird versucht, durch die Beschreibung und Vernetzung möglichst vieler Aspekte 

eines biologischen Systems das Verhalten des jeweiligen Systems mit Bezug auf bestimmte Reize wie 

etwa Variation der Wachstumsbedingungen zu erfassen und im Idealfall vorauszusagen. In diesem 

Zusammenhang habe ich zwei Arabidopsis thaliana Akzessionen mit variabler Frosttoleranz in ihrer 

Kälteakklimatisierung verglichen. Dabei konnte ich Unterschiede zwischen der kältetoleranten und der 

kältesensitiven Linie etwa in der Stärkemobilisierung aufzeigen. Um die Interpretierbarkeit solcher 

Studien zu erleichtern wurde ein graphentheoretischer Ansatz entwickelt, der die Änderung im 

Verhältnis der zweiten und ersten Ableitung nach der Zeit von interpolierten Splines der 

Metabolitzeitserien als Indikator für eine Änderung der Stoffwechselregulation heranzieht. Das 

Problem bei Studien, die in kontrollierten Wachstumsbedingungen durchgeführt werden, ist jedoch 

die Tatsache, dass eine Überlagerung von verschiedenen Stressfaktoren, wie sie im natürlichen Habitat 

regelmäßig vorkommen, oft zu einem unerwarteten Verhalten des untersuchten Systems führen kann. 

Daher habe ich einen Ansatz entwickelt, der die molekulare Charakterisierung von Pflanzenproben aus 

dem natürlichen Habitat ermöglicht um dann gezielte Folgeuntersuchungen anstellen zu können. 
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Introduction 

Changing climates are imposing selective pressure on organisms. Previous studies have gone beyond 

merely acquiring meteorological data and found ways to quantify the impact of climate change on the 

biosphere (Gottfried et al., 2012; Pauli et al., 2012). These studies provide impressive information on 

how fluctuations in environmental parameters affect ecosystem composition. Because of rising 

minimum temperatures that prolong the vegetation period at high altitudes, thermophilic plant 

species (i.e. plant species adapted to warmer climates that usually are less frost tolerant but have 

higher growth rates) are able to invade and colonize elevated habitats in European mountain ranges, 

outcompeting native cold adapted alpine and nival species because of quicker biomass accumulation. 

Without the protective low temperatures that have prevented growth of thermophilic species, these 

more cold tolerant plant species have to shift their habitats to even higher elevations. When they reach 

the mountain peak and cannot climb any further, they become extinct and biodiversity is reduced. 

That process is not only visible in species confined to high altitudes but also in species growing in 

Northern latitudes (Tchebakova et al., 2009). Consequently, it threatens the present species inventory 

on a global scale.  Unfortunately, these intriguing results do not elucidate underlying molecular 

processes resulting in an adapted stable metabolic homeostasis in a new environmental setup. 

To remedy this drawback, biological research seeks to combine ecological research with molecular 

biological approaches to allow for an investigation of genotype-environment interactions (GEI). 

Fundamentally, each genotypical response has to be considered in context of an environment in order 

to produce a molecular phenotype (Weckwerth, 2003, 2011). Recent work has dealt with the impact 

of selection on genetic covariance data, highlighting the importance of pleiotropy (Blows and 

McGuigan, 2015). An approach to comprehensively analyze these molecular phenotypes was 

demonstrated in Arabidopsis thaliana by measuring and integrating metabolomic and proteomic 

phenotypes in dependence of different genotypes and different environmental conditions (Weckwerth 

et al., 2004; Morgenthal et al., 2005; Wienkoop et al., 2008; Wienkoop et al., 2010; Kleessen et al., 

2012; Doerfler et al., 2013). Measuring the proteome (comprising as many proteins as possible) and 

metabolome (comprising as many metabolites as possible) allows for the estimation of dynamic 

reactions of genotypes to environments. These molecular levels are well suited for functional 

molecular phenotyping as abundance and posttranslational modifications cannot be predicted from 

genome or expression data (Weckwerth, 2011). Generally, proteome and metabolome together are 

key players of metabolic networks. The general topology of these biochemical reaction networks can 

be predicted from static genome information for model organisms (Poolman et al., 2009; Williams et 

al., 2010) and the translated set of proteins can be identified by shotgun-proteomics (Wienkoop and 

Weckwerth, 2006) and quantified in a targeted (Lehmann et al., 2008) as well as in an untargeted 
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approach (Hoehenwarter et al., 2011), trading off accuracy for comprehensiveness. These molecular 

data provide information on how biochemical pathways are regulated in a specific environmental 

setting. Additionally, dynamics of metabolite concentrations have to be recorded in order to estimate 

flow through biochemical pathways, which also is considered a property of molecular plant 

phenotypes (Weckwerth, 2008). Metabolomic covariance data can be fed to kinetic and structural 

mathematical models of metabolism (Steuer et al., 2003; Weckwerth, 2003, 2011; Sun and Weckwerth, 

2012) which enables the identification of differentially regulated pathways under varying experimental 

conditions (Nägele et al., 2011; Doerfler et al., 2013), which is essential for the analysis and dissection 

of complex physiological adaptive processes. 

 

The Species Arabidopsis thaliana 

Arabidopsis thaliana has been established as a model organism for flowering plants since the 1940s by 

Friedrich Laibach, who collected plants in their natural habitats and analyzed phenological traits in 

common environments. As the last common ancestor of flowering plants dates back approximately 

150 million years, this taxon provides a meaningful resource for elucidating fundamental plant 

biological processes in flowering plants (Somerville and Koornneef, 2002). 

Phylogenetically, Arabidopsis thaliana is part of the Brassicaceae family. As such, it is closely related to 

genus Arabis, but also to crops like Brassica napus (rape), Brassica oleracea (cabbage, varieties like 

cauliflower and broccoli), Amoracia rusticana (horseradish) or Sinapis hirta (mustard). A compound 

class specific for the whole order of Brassicales are glucosinolates. These compounds are related to 

cyanogenic glycosides and the main aglycon groups (aliphatic, indolyl, aromatic) are derived from the 

seven amino acids alanine, leucine, isoleucine, valine, tyrosine, phenylalanine and tryptophan (Rask et 

al., 2000). They have a genotype-specific, age-specific and density-specific effect on plant fitness 

(Burow et al., 2010). A pivotal role of glucosinolates is herbivore repulsion. Upon tissue damage, 

myrosinases hydrolyze glucosinolates and cleave the glucose moiety, paving the way for conversion to 

toxic compounds such as thiocyanates (Rask et al., 2000). Recently, researchers have also elucidated 

regulatory effects of glucosinolates on root growth in multiple plant species (Malinovsky et al., 2017). 

Arabidopsis thaliana is a ruderal plant and as such its habitats are often closely linked to human activity 

because it needs disturbed open soil to avoid being outcompeted by bigger, perennial plants. As in 

most winter annuals, flowering times of Arabidopsis thaliana is regulated by photoperiod and 

vernalization (Michaels et al., 2005). It is native to Eurasia, and it recolonized Europe after the last 

glaciation period from Northern Africa (The 1001 Genomes Consortium, 2016). Recent phylogenetic 

research has suggested, that the taxon has primarily originated from Southern Africa (Durvasula et al., 
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2017). Climatic modeling of the biogeographical range of Arabidopsis thaliana has shown the suitability 

of most of the Northern hemisphere for supporting growth (Hoffmann, 2002). The success story of this 

taxon as a model organism is rooted in the phenology suitable for lab cultivation because of the small 

size of a maximum of 40 centimeters, unpretentious habitat demands and a short life cycle down to 

eight weeks (Somerville and Koornneef, 2002). It has become one of the biggest genomic mapping 

resources in a non-human species (Horton et al., 2012) because it is well applicable for genetic 

experiments (Koornneef and Meinke, 2010). Advantageous are on the one hand the relatively small 

genome size of approximately 135 million basepairs arranged in five chromosomes comprising around 

27000 genes transcribed to some 33000 transcripts that are translated to some 35000 proteins 

(https://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.

jsp) and on the other hand the comparatively easy generation of mutants simply by spraying it with 

plasmid-containing bacteria. Indeed, novel genome editing technology has already and will continue 

to enhance these efforts (Doudna and Charpentier, 2014; Jia et al., 2016; Zhao et al., 2016). From an 

evolutionary perspective, the high selfing rate of 97% in Arabidopsis thaliana (Platt et al., 2010) is 

convenient as it ensures that natural populations are in fact mostly recombinant inbred lines. 

Natural Variation in Arabidopsis thaliana 

Natural variation in a species describes the differences in traits between a species’ individuals. It is the 

basis for adaptive evolutionary change by natural selection. Natural variation can be observed both on 

the genotypic and phenotypic level. Because all species are exposed to temporally and spatially varying 

habitat parameters along their distribution range, natural selection acts in different ways upon the 

species and leads to genotypic divergence. The set of genetic differences of a species’ individuals is 

called natural genetic variation and harbors ecologically relevant adaptive information (Weigel, 2012). 

Natural Genetic Variation in Arabidopsis thaliana 

An individual genotype is defined by the genome sequence of an individual. Naturally occurring 

variation of Arabidopsis thaliana genotypes has been studied for decades (Koornneef et al., 2004; 

Alonso-Blanco et al., 2009). Based on the complete sequence information of the Columbia (Col-0) 

accession (The Arabidopsis Genome Initiative, 2000) numerous studies on natural genetic variation in 

Arabidopsis thaliana have been undertaken, elucidating, for example, a correlation between light 

response of hypocotyl length and latitude of origin in 149 accessions (Maloof et al., 2001). It was also 

shown that the occurrence of summer annual accessions relies on mutations in only two genes, 

Flowering Locus C (FLC) and Frigida (FRI) (Michaels et al., 2003). Biogeographical analysis of the current 

distribution range of Arabidopsis thaliana has proven its suitability for studying adaptations to a variety 

of climatic conditions (Hoffmann, 2002). Population genetic studies have shown the genetic variation 

among populations to be higher than within populations (Bergelson et al., 1998) and demonstrated 

https://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.jsp
https://www.arabidopsis.org/portals/genAnnotation/gene_structural_annotation/annotation_data.jsp
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the advantages of genome wide association mapping for analyzing Arabidopsis thaliana single 

nucleotide polymorphism (SNP) data to find candidate genes putatively causing phenotypic differences 

(Sharbel et al., 2000; Nordborg et al., 2002; Aranzana et al., 2005; Weigel and Nordborg, 2005; 

Bergelson and Roux, 2010). Natural genetic variation data has been correlated with geographic origin 

(Nordborg et al., 2005) and isolation by distance was found in Eurasia but not in more recently 

colonized North America (Platt et al., 2010). However, it was also demonstrated that climate variation 

among sites explained more genomic variation than mere geographic distance for 1003 accessions 

(Lasky et al., 2012). Based on genome-wide linkage-disequilibrium studies (Nordborg et al., 2002) that 

paved the way to a 250k SNP microarray (Kim et al., 2007), data provided evidence for a naturally 

varying trade-off between biomass production and pathogen resistance (Todesco et al., 2010). An 

Arabidopsis thaliana haplotype map was introduced (Clark et al., 2007) promoting the understanding 

of genetic architecture and mechanisms of adaptation (Buckler and Gore, 2007). Additionally, 

candidate genes for adaptations to climate could be identified (Hancock et al., 2011). Recently, high 

quality genomes of 1135 natural accessions of Arabidopsis thaliana have been published  and relict 

populations where discovered in Southern Europe (The 1001 Genomes Consortium, 2016). This study 

also revealed Northern latitude to have a higher impact on natural genetic variation of Arabidopsis 

thaliana in Europe, most likely because of the orientation of European mountain ranges. Additionally, 

it is a formidable resource for genome-wide association studies (GWAS). In GWAS, genotypes are 

grouped by the nucleotide present at a specific locus and scored phenotypes are checked for 

significance in a statistical model reflecting the genotypic groups, for instance an ANOVA. The result is 

an estimated correlation of genomic regions with a given phenotype. For instance, GWAS identified 

variation in disease resistance protein 1 (RPM1) to be highly significantly correlated with pathogen 

resistance in a study scoring a total of 107 phenotypic variables and associating them with sequence 

polymorphisms in 199 Arabidopsis thaliana lines (Atwell et al., 2010). However, this technique does 

not test causality and is affected by linkage disequilibrium (Boyle et al., 2017), which decays in a 

distance of about 250 kilobases in Arabidopsis thaliana (Nordborg et al., 2002). Advances in epigenetic 

studies (Lister et al., 2008; Becker et al., 2011; Schmitz and Ecker, 2012; Schmitz et al., 2013) have 

culminated in the publication of 1107 methylomes and 1203 transcriptomes (Kawakatsu et al., 2016). 

This effort revealed geography and climate of origin to predict DNA methylation patterns, pointing 

towards a role of the epigenetic level in adaptive processes (Kawakatsu et al., 2016). 

These studies provide the basis for further molecular and environmental research efforts to track down 

eco-physiological and subsequent morphological changes that in the long run are the results of 

adaptive processes (Malosetti et al., 2013). The difficulty in predicting phenotypes from genotype-

phenotype correlations lies in the static nature of the genomic code (Weckwerth, 2011), as 

downstream information processing regulating biochemical activity during transcription, translation 
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and post-translational modifications cannot be predicted from the genome sequence. Also Crick’s 

initial central dogma of molecular biology (Crick, 1970), has been continuously expanded to account 

for this reality, as prions (proteinaceous infectious particle) are able to mediate inheritance, especially 

in combination with genetic variation (Koonin, 2012). 

Several authors demonstrated that there generally are non-linear dependencies between different 

levels of molecular information. For instance, freezing tolerance of nine Arabidopsis thaliana 

accessions has been extensively discussed in the context of effects on transcriptome and metabolome 

(Hannah et al., 2006). Two years later, it was demonstrated that the inter-experimental differences of 

the detected cold inducible transcripts significantly depend on the time of day the experiment was 

performed and moreover, that this effect cannot be cleared out by including a control group at normal 

temperature (Bieniawska et al., 2008). Furthermore, it was shown that there is no consistent 

transcriptional regulation which would allow the prediction of cold induced metabolite accumulation 

(Espinoza et al., 2010). 

 

Systems Biology and OMICS-Technologies for Phenomics 

Following the central dogma of molecular biology, biological systems operate in a complex and 

interdependently regulated network of multiple molecular levels. It is not possible to predict all traits 

in the life cycle only from the genome sequence (Pigliucci, 2010). Because predicting the behavior of 

the complex interconnected architecture of molecular levels is non-intuitive, we have to describe 

biological systems on as many molecular levels as possible with regard to experimental parameters. 

The acquired molecular phenotypes potentially elucidate the reactivity of the biochemical system to 

external stimuli. Consequently, a systemic view on the complex interactions of molecular levels 

provides interpretable insight in GEI (Kitano, 2002; Weckwerth, 2003). Phenomic research comprises 

analysis of these molecular phenotypes intersected with morphology and ecology. 

Metabolomic technologies have become core technologies for functional genomics and molecular 

plant physiology (Trethewey et al., 1999; Fiehn, 2002; Weckwerth, 2003; Morgenthal et al., 2005; 

Tohge et al., 2005; Weckwerth, 2008; Stitt et al., 2010; Weckwerth, 2011). Metabolic steady states and 

transient dynamics of biological systems have been elucidated by quantification of metabolic 

components in response to specific environmental perturbations indicating the relation to the 

genotype (Weckwerth et al., 2004; Saito and Matsuda, 2010). To unravel the relation of different 

molecular levels experimentally, protocols for the integrative extraction, identification and 

quantification of metabolites, proteins, RNA and DNA from the same sample have been established 

(Valledor et al., 2014). Recently, tremendous effort was undertaken to analyze the reception and 
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molecular regulation of energy deprivation in a systemic approach combining metabolomics, 

proteomics and phosphoproteomics, which proved the pivotal role of SnRK1 in repressing energy 

intensive cellular processes like protein synthesis and even elucidated formerly unknown links of 

SnRK1 to the phosphorylation state of chloroplastic proteins (Nukarinen et al., 2016). Evidently, 

tackling specific biological research hypotheses in experiments comprising the analysis of multiple 

molecular levels potentially reveals multiple, previously unexpected systemic effects that broaden our 

horizon and lead to completely new scientific challenges. 

Systems Biology in Cold Acclimation Research 

Temperature and precipitation prominently shape the distribution range of Arabidopsis thaliana 

(Hoffmann, 2002). As expected, freezing tolerance therefore shows significant natural variation 

(Hannah et al., 2006). Most known Arabidopsis accessions are winter annuals (Michaels et al., 2005) 

which germinate in autumn and have to survive as leaf rosettes until bolting in the next spring. In parts 

of the distribution range, Arabidopsis thaliana plants have to sustain freezing temperatures during the 

winter months. Biogeographic analysis of the species’ ecological amplitude revealed range limitation 

by cold winter but also cold autumn and spring temperatures (Hoffmann, 2002). Accordingly, freezing 

tolerance in Arabidopsis thaliana positively correlates with latitude of origin (Zhen and Ungerer, 2008). 

Environmental stimuli lead to a reprogramming of metabolism that increases stress tolerance (Kosova 

et al., 2011). Low but non-freezing temperatures increase the frost resistance in several temperate 

plant species in a complex process called cold acclimation (Thomashow, 1999) for which light is 

essential (Wanner and Junttila, 1999). Cold temperatures are presumably perceived via Ca2+ signals 

(Knight and Knight, 2012), changes in membrane fluidity (Los and Murata, 2004) and reorganization of 

the cytoskeleton (Orvar et al., 2000). The stimulus is further conveyed by numerous signaling cascades 

(Teige et al., 2004; Cramer et al., 2011). 

Plant response on the transcript level is measurable after 15 minutes of cold treatment (Gilmour et al., 

1998). Effects on the transcript level are diverse and reach a maximum after around 24 hours of cold 

exposure (Fowler and Thomashow, 2002). A prominently discussed set of transcription factors with 

regard to cold acclimation are the C-repeat binding factors (CBFs: CBF1, CBF2, CBF3) that activate 

transcription of the so-called CBF regulon, overexpression of which significantly increases cold 

tolerance (Chinnusamy et al., 2010; Thomashow, 2010). All three Arabidopsis thaliana CBFs are located 

on chromosome 4 and are in linkage disequilibrium (Zhao et al., 2016). CBFs bind to a cis-acting C-

repeat/dehydration responsive element (CRT/DRE) (Stockinger et al., 1997) present in cold-regulated 

(COR) genes encoding proteins that regulate transcription, photosynthesis, protein metabolism, 

primary metabolism and stress response (Maruyama et al., 2004; Hannah et al., 2005) and increase 

freezing tolerance in non-acclimated as well as acclimated plants (Gilmour et al., 2000). This induction 
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is modulated by the Circadian Clock (Mikkelsen and Thomashow, 2009), CBF transcripts show highest 

levels after 4 hours of light and lowest levels after 16 hours of light (Fowler et al., 2005). Alternative 

splicing of the clock component Circadian Clock-Associated 1 (CCA1) contributes to freezing tolerance 

(Park et al., 2012; Seo et al., 2012). Generally, the circadian gating of cold response is thought to 

efficiently maintain growth in low temperatures (Greenham and McClung, 2015). Further, CBF 

transcription is positively regulated by Inducer of CBF Expression 1 (ICE1) (Chinnusamy et al., 2003) 

and inhibited by Myeloblastosis 15 (MYB15) (Agarwal et al., 2006). The gene regulons of CBF1, CBF2 

and CBF3 share an overlapping set of 133 upregulated loci enriched in CRT/DRE and 39 downregulated 

genes that do not show this enrichment (Park et al., 2015). Together with targets of 11 other 

transcription factors that are upregulated in the first wave of cold acclimation, the set of COR genes 

comprises at least 248 upregulated and 155 downregulated genes (Park et al., 2015). Upregulated 

genes encode enzymes of carbohydrate and lipid metabolism, cell wall modification, plastid related 

proteins, transporters, kinases, Ca2+ and hormone signaling components, transcriptional regulators, 

proteins involved in cellular biogenesis and stress response (Gilmour et al., 2004; Zhao et al., 2016). 

The advent of the CRISPR/Cas9 technology enabled the creation of cbf single, double and triple 

mutants (Zhao and Zhu, 2016). Experiments have provided evidence for the importance of all CBFs in 

freezing tolerance but CBF2 has a prominent role in cold acclimation (Jia et al., 2016; Zhao et al., 2016). 

CBF2 expression is negatively regulated by CBF1 and CBF3 (Zhao and Zhu, 2016). In accordance with 

these results, varying freezing tolerance between accessions from Sweden and Italy could be partly 

explained by a non-functional CBF2 variant in the more sensitive Italian accession (Gehan et al., 2015). 

Considerable natural genetic variation of freezing tolerance has been described in Arabidopsis thaliana 

(Hannah et al., 2006). 

The induction of COR gene transcription by CBF and other transcription factors upon cold exposure 

induces a comprehensive and naturally varying shift in the cellular homeostasis of Arabidopsis thaliana 

plants (Nagler et al., 2015). This shift is reflected by changes on the proteomic and metabolomic states 

and also includes differential posttranslational modification of proteins (Nagler et al., 2015). Generally, 

more proteins are upregulated than downregulated in stress conditions (Kosova et al., 2011). In the 

case of cold response, the Arrhenius equation gives one possible direct explanation for this as enzyme 

activity is negatively correlated to temperature and positively correlated to catalyst abundance. In 

order to maintain a stable reaction rate, the amount of protein has to increase if temperature 

decreases given all other parameters do not change. 

A prominently discussed plant response during cold acclimation is the inhibition of photosynthesis and 

repression of genes encoding photosynthetic light reaction proteins (Strand et al., 1997), probably to 

diminish oxidative damage of the photosynthetic apparatus from reactive oxygen species (ROS) (Huner 
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et al., 1998) for instance via Mehler’s reaction in the chloroplasts and thus prevent photoinhibition 

and other potentially harmful effects as membrane damage and protein oxidation (Janmohammadi et 

al., 2015). Accordingly, Calvin cycle protein activity is increased by upregulation of protein abundance 

to further process photochemical energy into the metabolic system (Strand et al., 1999). 

Still, to maintain a proper cellular redox homeostasis, the ROS scavenging machinery is induced 

(Fanucchi et al., 2012). Electrons originating from the photosynthetic light reactions reduce O2 to 

superoxide which has to be detoxified via the water-water cycle (Asada, 1999). The first line of defense 

against ROS are dismutases and catalases (Asada, 1999). The major form of superoxide dismutases 

(SD) in chloroplasts are Cu-Zn-SDs (CSD) reducing superoxide radicals to hydrogen peroxide (Asada, 

1999). Catalases (CAT) reduce hydrogen peroxide to water and oxygen, some of which need the 

tetrapyrrole heme as cofactor. Peroxidases are another protein group that mitigates oxidative stress 

by reducing hydrogen peroxide to water and O2. A prominent role of ascorbate in peroxidase activity 

has been identified (Smirnoff, 2000). Electrons are transferred either to ascorbate, which is oxidized 

to monodehydroascorbate (Asada, 1999), or thioredoxin, which in turn reduces oxidized glutathione 

disulfide (Noctor et al., 2011; Noctor et al., 2012). Monodehydroascorbate can spontaneously 

disproportionate to ascorbate and dehydroascorbate (Asada, 1999). Monodehydroascorbate is further 

reduced to ascorbate by monodehydroascorbate reductases (MDAR) with electrons from NADPH and 

dehydroascorbate is reduced to ascorbate by dehydroascorbate reductases (DHAR) while oxidizing 

glutathione to glutathione disulfide (Foyer and Noctor, 2011). Glutathione is synthesized from 

glutamate, cysteine and glycine in two steps catalyzed by the enzymes γ-glutamylcysteine synthase 

and glutathione synthase (Noctor et al., 2012). Ascorbate biosynthesis is more complex and part of 

galactose metabolism (Linster and Clarke, 2008) and regulated at multiple steps (Linster and Clarke, 

2008; Wang et al., 2013; Wang et al., 2013). Thioredoxins serve as reductants for multiple peroxidases 

and peroxiredoxins (Noctor et al., 2012). Thioredoxins are known to regulate enzyme activities by 

disulfide bond reduction and accompanying conformational changes (Meyer et al., 2008). This way, 

four out of eight Calvin cycle enzymes (GAPDH, FBPASE, SBPASE, PRK) are regulated (Buchanan et al., 

2002) and even enzymes involved in starch synthesis (Geigenberger et al., 2005). 

Further, methionine sulfoxide reductases (MSRs) are also regenerated by thioredoxin activity (Meyer 

et al., 2008). Free and protein-bound methionine, levels of which are responsive to multiple stress 

situations (Obata and Fernie, 2012), can be oxidized by ROS to methionine sulfoxide. Proteins reducing 

methionine sulfoxide to methionine are called MSRs. MSRAs accept both free and protein-bound 

Methionine sulfoxide as substrate whereas MSRBs have low affinity towards free methionine sulfoxide 

(Le et al., 2013) but a good ability of repairing methionine containing proteins. MSRs are reponsive to 

photooxidative stress (Vieira Dos Santos et al., 2005).  



13 
 

Secondary metabolism is knowingly responding to environmental stimuli (Winkel-Shirley, 2002) and 

especially flavonoids have been discussed for their role in cold acclimation (Doerfler et al., 2013; Schulz 

et al., 2016) and UVb protection (Li et al., 1993; Agati and Tattini, 2010; Hectors et al., 2014). There 

also exists significant natural variation of flavonoid biosynthesis during cold acclimation (Schulz et al., 

2015). Isoprenoid metabolism, especially tocopherol synthesis (Lange and Ghassemian, 2003), is also 

involved in adaptation to low temperatures (Maeda et al., 2006). Tocopherol is a strong antioxidant 

produced from tyrosine in the plastids which protects the photosynthetic apparatus, pigments and 

thylakoid lipids from oxidative degradation by ROS (Kanwischer et al., 2005). A compound class closely 

connected to isoprenoids are tetrapyrroles. Tetrapyrroles are classified in four groups: chlorophyll, 

heme, siroheme and phytochromobilin (Tanaka et al., 2011). Besides the obvious importance of 

chlorophyll synthesis for light harvesting in photoautotroph organisms, tetrapyrroles are also known 

to be responsive to drought stress because of their reducing properties on ROS (Nagahatenna et al., 

2015). Consequently, transcription of many genes involved in tetrapyrrole synthesis is induced by ROS 

signaling (Nagai et al., 2007). Interestingly, transcripts of genes involved in tetrapyrrole synthesis have 

been identified to be negatively correlated to cold acclimation (Hannah et al., 2006). Glucosinolate 

metabolism is receiving more and more attention for the role in environmental adaptation and field 

fitness (Kerwin et al., 2015). In this context, epistatic effects have been shown to impact on 

glucosinolate accumulation and fitness in the field (Kerwin et al., 2017). 

As extracellular ice formation induces a drop in the osmotic potential in the apoplast which results in 

cellular water loss, among other COR proteins like COR15a (Wang and Hua, 2009), dehydrins increase 

in abundance during cold acclimation (Amme et al., 2006) as well as other compatible solutes like 

proline (Cook et al., 2004; Kaplan et al., 2004) which also plays a role in redox buffering (Verslues and 

Sharma, 2010). Interestingly, a CBF triple knockout mutant does not accumulate proline during cold 

acclimation (Jia et al., 2016). The change in temperature and loss of water can also lead to protein 

denaturation which explains the induction of chaperone abundance as for instance heat-shock 

proteins (Rocco et al., 2013). 

Carbohydrate metabolism is regulated during cold acclimation on the transcript (Hannah et al., 2006), 

protein (Nagler et al., 2015) and metabolite level (Cook et al., 2004; Nägele et al., 2011; Doerfler et al., 

2013; Nagler et al., 2015). Fixed carbon is used for sucrose synthesis rather than starch accumulation 

(Strand et al., 1999; Nägele et al., 2011). Sucrose, as well as its building blocks glucose and fructose, 

have been discussed to increase during cold acclimation (Cook et al., 2004). Sucrose is the most 

important transport sugar in plants (Winter and Huber, 2000), whereas starch is an important carbon 

storage compound in plants (Strand et al., 2000) and both are hubs in plant carbohydrate metabolism. 

Besides regulating developmental effects, sucrose is known to increase in heat and cold stress (Kaplan 
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et al., 2004). Particularly, transcript level of cystathionine γ-synthase, a regulated enzyme in 

methionine biosynthesis (Galili et al., 2016), is upregulated by sucrose (Hacham et al., 2013).  Sucrose 

cleavage is important for cellular hexose signals (Koch, 2004). In vivo, there are two of enzymatic 

groups involved in sucrose degradation: invertases irreversibly release fructose and glucose whereas 

sucrose synthases (SUS) reversibly release UDP-glucose and fructose (Koch, 2004). UDP-glucose is a 

substrate for starch synthesis via granule-bound starch synthases releasing amylose. Together with 

fructose-6-phosphate, UDP-glucose also participates in reversible sucrose synthesis via sucrose-

phosphate-synthase (SPS), activity of which was found to positively correlate with cold tolerance 

(Nägele et al., 2011) and has been discussed as being involved in the natural variation of freezing 

tolerance (Nägele et al., 2012). UDP-glucose-1-phosphate uridylyltransferases reversibly catalyze the 

conversion of glucose-1-phosphate to UDP-glucose. Glucose-1-phosphate is reversibly convertible to 

glucose-6-phosphate by phosphoglucomutase which can be processed to starch for storage and via 

phosphoglucoisomerase also to fructose-6-phosphate (Zeeman et al., 2007). 

Although starch anabolism is of less importance during cold acclimation, starch catabolism has been 

identified as a crucial part of the cold acclimation process also underlying significant natural variation 

(Espinoza et al., 2010; Nagler et al., 2015). The cold tolerant Arabidopsis thaliana accession Rschew 

(Rsch; Origin: Russia) is able to mobilize starch more efficiently than cold sensitive Cvi (Origin: Cape 

Verde) which results in the higher abundance of soluble sugars like sucrose, glucose, fructose and 

raffinose and osmoprotectants like proline in the cold acclimated state (Nagler et al., 2015). In this 

context, starch degradation has been linked to proline accumulation (Zanella et al., 2016). Sucrose also 

is a substrate for the synthesis of many cryoprotective substances like raffinose and raffinose family 

oligosaccharides (RFOs) (Peterbauer and Richter, 2001). Together with raffinose, which besides 

galactinol also increases during cold acclimation (Kaplan et al., 2004), sucrose stabilizes membrane 

integrity and fluidity which also contributes to temperature sensing (Hincha et al., 2003; Los and 

Murata, 2004; Knight and Knight, 2012). Similar mechanisms have been proposed for COR genes like 

COR15a and COR15b (Thalhammer et al., 2014). During cold acclimation, raffinose synthesized in the 

cytosol is transported to the plastids to protect chloroplast membranes, a trait that also exhibits 

natural variation (Nägele and Heyer, 2013). Raffinose and other RFOs have also been discussed to be 

involved in abiotic stress response and sugar sensing (Valluru and Van den Ende, 2011) as well as 

signaling compound in biotic stress response and priming (Kim et al., 2008). Raffinose, as sucrose, is 

also responsive to many other environmental stimuli (ElSayed et al., 2014).  

The subcellular redistribution of metabolites and proteins has been recognized as crucial for cold 

acclimation (Hurry, 2017). Besides an increase in plastidic raffinose abundance, many aspartate 

derived amino acids increase in the cytosol during cold acclimation, for instance branched-chain amino 



15 
 

acids (Hoermiller et al., 2016). This is an interesting property, as amino acid catabolism is an important 

alternative energy source in plants, especially under stress conditions. Specifically the oxidation of 

branched-chain amino acids yields considerable amounts of ATP and reduction equivalents 

(Hildebrandt et al., 2015). The degradation is connected to autophagy, deficiency of which restricts 

alternative respiration in mitochondria (Barros et al., 2017). Different from the increase in proline, 

which results from increased synthesis, branched-chain amino acid concentrations have been shown 

to accumulate because of an upregulation of protein degradation under osmotic stress (Huang and 

Jander, 2017). 

Once temperatures rise again in spring, acclimated freezing tolerance is lost in a process called 

deacclimation. This process is quicker than cold acclimation as transcripts and metabolome approach 

non-acclimated patterns of Col-0 after 24 hours of higher temperature which revert the biomolecular 

reprogramming during cold acclimation (Pagter et al., 2017). 

 

Phenotypic Plasticity 

Every genetic locus has to be considered in the context of an environment in order to give rise to a 

phenotype (Weckwerth, 2003; Dawkins, 2004; Weckwerth, 2011). Hence, GEI are defined by a set of 

genotypes which are mapped to a set of phenotypes by a specific environment. In Figure 1, this 

relationship is schematically drawn. An individual’s genotype is called a genophene. Similar 

genophenes are grouped to genotypes, which constitute the genospecies in genotypic space. A specific 

environmental cue induces a corresponding phenotype, an individual ecophene. Similar ecophenes are 

combined to ecotypes and similar ecotypes constitute an ecospecies. The set of all ecospecies is the 

coenospecies comprising the species’ ecological amplitude. A specific genotype can interact with 

different environments in variable ways, thus producing different (molecular) phenotypes depending 

on the environment they were exposed to. This phenomenon is called phenotypic plasticity and has 

puzzled biologists for decades (Turesson, 1922; Fusco and Minelli, 2010). Indeed, some genotypes do 

not grow in specific environments, thus they are schematically shown here with only one outgoing 

environmental arrow. Developing an explicit idea on how these mappings can be defined in a 

molecular and ecophysiological way is one of the main goals in phenotypic plasticity research (Pigliucci, 

2001). 
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The analysis of a certain phenotype by a set of molecular profiles on different molecular levels, so 

called molecular ecophenes, has been shown to be a promising approach to promote the 

understanding of how a genotype shapes a molecular phenotype (Weckwerth et al., 2004; Morgenthal 

et al., 2005; Wienkoop et al., 2008; Wienkoop et al., 2010; Kleessen et al., 2012; Doerfler et al., 2013). 

Because proteins and metabolites are the prominent components of biochemical pathways, these 

molecular levels include most of the processed information encoded by GEI and are well suited for the 

definition of molecular phenotypes. In summary, research on phenotypic plasticity is key to 

understand, predict and anticipate the effects of changing climates on plant performance (Nicotra et 

al., 2010). Additionally, phenotypic plasticity has been discussed as a mechanism to preserve genetic 

diversity under directed natural selection (Gillespie and Turelli, 1989). 

Phenotypic Plasticity in Arabidopsis thaliana 

Phenotypic plasticity has a long tradition in Arabidopsis thaliana research and has buried the genes-

as-blueprint metaphor (Alberch, 1991; Pigliucci, 2010). Basically, all environmental response 

experiments belong to this category. In Arabidopsis thaliana, genetic variation of plasticity in light and 

nutrient response but not in response to gradients of water availability has been detected (Pigliucci et 

al., 1995). Stressful conditions significantly affect phenotypic plasticity of flowering time, life span, 

number of leaves, leaf weight, height of first flower, total plant height, number of branches, 

inflorescence weight and number of fruits (Pigliucci et al., 1995) and also a relationship between 

phenotypic plasticity and fitness has been discussed (Pigliucci and Schlichting, 1996). 

Plasticity genes are genes that mediate environmental changes to a phenotypic output (Pigliucci, 

1998). A prominent example of plasticity genes in Arabidopsis thaliana are phytochrome genes 

(Pigliucci, 1996) conveying shade-avoidance phenotypes in this annual weed. It was shown, that plants 

Figure 1: Genotype-Environment Interactions (GEI) as a function 
mapping from Genotypic to Phenotypic space. Different 
environmental settings are indicated by differently colored arrows 
– modified from (Turesson, 1922) 
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deficient in all functional phytochromes are less plastic in their response to changes in light 

parameters, in fact they always show a shade-avoidance phenotype (Pigliucci and Schmitt, 1999). Light 

response shows high inter-population variation but low variation for phenotypic plasticity (Pigliucci 

and Kolodynska, 2002). In a reciprocal-transplant field trial, shading induced flowering at an earlier 

developmental stage with fewer rosette leaves and also at an earlier time point but this effect 

disappeared in a greenhouse environment, presumably because these two trends cancelled each other 

(Callahan and Pigliucci, 2002). From this study it was also concluded that the greenhouse experiment 

provided stronger evidence for variation between populations suggesting that in the field, 

environmental parameters have a higher impact on the variance of fitness than genetic background, 

as the correlation of date of bolting and number of leaves disappeared in the field (Callahan and 

Pigliucci, 2002). In an experiment testing phenotypic plasticity in Arabidopsis thaliana with regard to 

photoperiodic regimes in growth chambers reflecting a latitudinal light gradient, it turned out that leaf 

number is directly and leaf size indirectly correlated to Northern latitude whereas the effects on bolting 

time were not so much influenced by the light regime but by the genotype (Banta et al., 2007). 

Strikingly, considering local adaptation, the reproductive fitness estimated by the number of fruits was 

not highest in the populations originating from one of the three photoperiodic regimes (Banta et al., 

2007), contrasted by other studies proving the better performance of local populations in their native 

habitats (Agren and Schemske, 2012; Wilczek et al., 2014). Other authors have determined the 

influence of climatic variables on alleles linked to fitness variation and found that local selection acts 

upon different genetic loci with diverse molecular functions (Fournier-Level et al., 2011). In this 

context, necrotroph responsive laccase 1 (LAC1), drought responsive senescence-associated gene 21 

(SAG21) and DNA repair related chromatin remodeling 8 (CHR8) were identified to impact on fitness 

in multiple environments (Fournier-Level et al., 2011). It was also found that local adaptation is lagging 

behind changing environments employing the product of silique length and silique number as fitness 

proxy (Wilczek et al., 2014). In a common garden site in Finland, the native accession was not as fit as 

an accession from Germany whereas in common garden sites in Spain, the United Kingdom and 

Germany, the native accessions were outperforming or at least performing equally well (Wilczek et al., 

2014).  

Another study investigating phenotypic plasticity of 47 Arabidopsis thaliana accessions in flooding 

conditions highlighted a trade-off between root and stem biomass accumulation (Pigliucci and 

Kolodynska, 2002). Wind as a proxy for mechanic stimulation was found to impact on the number of 

basal branches and thus fecundity in many populations (Pigliucci, 2002). Besides genotypic variation, 

epigenetic variation has also been shown to dramatically impact on plant fitness and phenotypic 

plasticity (Bossdorf et al., 2010). However, the impact of epigenetic variation was only weakly 

correlated to phylogeny (Bossdorf et al., 2010). 
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Ecophenes 

Compared to data on plant genomes, proteomes and metabolomes, environmental information is 

sparse on the accessions available in seed banks. Although habitat metadata is available to some 

extent, microclimatic conditions can vary on small spatial scales independent from latitudinal, 

longitudinal and altitudinal gradients. In other words, Arabidopsis thaliana perceives environments at 

the same degree of complexity at all spatial scales (Pigliucci, 1998). Therefore, data sets are not 

detailed enough to allow in-depth molecular ecological research. Although there may be enough 

information to justify studies of microevolution among populations, the available data is not suitable 

for investigating microevolution within populations as variable environmental conditions during 

development are long known to influence the plasticity of phenotypes (Gilbert, 1991). Additionally, 

natural metabolic variation was shown to be only weakly correlated to genetic diversity (Houshyani et 

al., 2012). 

For example, consider two topographically and climatologically similar populations at a given 

geographic distance, each one comprising a ridge situation and a lower slope situation. Although 

genetic variability may be lower among populations than between them, because of phenotypic 

plasticity there could of course be significant intrapopulation molecular phenotypic variation and, 

because of interpopulation similarity of specific ecological niches (ridge and lower slope in this fictive 

example, respectively), these phenotypes could show a similarity pattern not reflecting geographic or 

genetic distance. Therefore, we have to employ techniques to characterize the microenvironments of 

natural populations on a spatial and temporal scale in connection with molecular profiles of proteome 

and metabolome and genotyping via microarrays or next-generation deep sequencing for a detailed 

description of GEIs to identify physiologically adaptive traits and patterns of molecular phenotypic 

plasticity as well as their morphological and phenological outputs. Experiments in controlled 

environments with collected seeds allow a check for heritability and plasticity of discovered traits. 

In this context, Turesson’s ecotype concept (Turesson, 1922) seems to provide the theoretical basis to 

define GEI outputs (Figure 1) in an ecological meaningful way. Investigating this frame work with 

modern technologies potentially enables us to investigate the physiological and molecular basis for 

environmentally induced natural phenotypic variation (Pigliucci, 1998; Alonso-Blanco and Koornneef, 

2000). Consider one of Turesson’s examples in his monography on phenotypic plasticity in the plant 

kingdom (Turesson, 1922), the species Polygonum amphibium. This member of the Polygonaceae 

family can be modified into a land form, a water form and a dune form simply by exposition of plants 

to specific environments. In context of the ecotype concept, we could assume the coenospecies 

Polygonum amphibium to consist of three ecospecies (land, water and dune forms, respectively). Each 

of these ecospecies can be divided in ecotypes, which show a similar phenotype but because of 
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differing reasons. For instance, we could think of the land ecotype in the example to consist of different 

drought responses of individuals exposed to different environments, which are nevertheless perceived 

by the plant through one and the same stress signaling cascade and thus result in related ecophenes. 

On the one hand, we could have drought because of soil grain size and as a consequence of substrate 

chemistry on the other hand. Thirdly, there could be variation in precipitation or temperature data. It 

is also known that drought response varies with development and stress severity (Skirycz et al., 2010). 

Theoretically, it is even possible to unleash defined ecotypes from the genetic species concept, and 

thus comprising ecophenes of multiple species. For example, if more than one species are under 

scrutiny, those ecotypes would then represent ecological units which show similar reaction types to 

specific environmental signals. This could facilitate the identification of functional niches in ecosystems 

and thus keystone species and ecosystem engineers which are important in conservation and 

restoration biology. Therefore, a given ecotype is closely related on the spatial scale to a given 

(micro)ecosystem and on a chronological scale to a specific development of the same ecosystem 

throughout a given time period. Among major questions arising is how to sufficiently characterize an 

ecosystem to provide enough environmental resolution to successfully distinguish and associate 

ecophenes. Investigating molecular ecophysiological properties of individuals in extensively monitored 

natural habitats is the logical next step in the quest for the better understanding of the evolutionarily 

shaped genetic architecture of the metabolome (Chan et al., 2010) as well as community and 

ecosystem dynamics. As indicated classically in Ellenberg’s experiment on the performance of grass 

species in monoculture and mixed cultures (Ellenberg, 1953), the realized ecological niche is depending 

on many parameters that have to be considered in an in vitro growth setting to reflect in situ plant 

performance, as for instance phytosociology. Additionally, choosing the ecologically relevant levels of 

abiotic parameters is important to derive relevant conclusions for in situ performance. In drought 

stress response, the investigation of lethal soil water deficits is explicitly not connected to increased 

survival or yield gain in more realistic, milder drought conditions in Arabidopsis thaliana (Skirycz et al., 

2011). 

Technological possibilities for continuously measuring abiotic habitat parameters, as for example soil 

properties, such as temperature, absolute water matrix potential or electric conductivity, and 

atmospheric parameters, such as air temperature, relative humidity and precipitation, exist and are 

longing for application in molecular ecological research. Methods for inferring biotic habitat 

parameters such as phytosociology are available since decades (Braun-Blanquet, 1964) and statistical 

classification methods have been developed (Hill, 1979; Tichy, 2002). Additionally, ecosystem 

properties such as land use classes, hemeroby maps and electronic soil classifications can potentially 

bridge the gap from model to ecosystem research. 



20 
 

 

Biochemical modeling 

The parts of a (biological) system interact with each other in complex and sometimes non-intuitive 

ways. In order to provide an idea of how a system reacts if it’s constituents are partly altered, the 

whole network of responses has to be considered. An established way for describing systemic behavior 

is modeling the dependencies of a system’s variables in a set of coupled ordinary differential equations 

(ODEs) that describe the temporal fluctuation of system variables that reflect the system’s state 

(Nägele, 2014). For instance, in metabolomics data, these equations describe the concentration 

changes of the modelled metabolites as the sum of anabolic and catabolic reactions, in more elaborate 

models considering the subcellular compartmentation even transport processes. The ODE for a given 

metabolite xi is: 

𝑥𝑖̇(𝑡) =
𝑑 𝑥𝑖(𝑡)

𝑑 𝑡
= 𝑎𝑛𝑎𝑏𝑜𝑙𝑖𝑠𝑚 − 𝑐𝑎𝑡𝑎𝑏𝑜𝑙𝑖𝑠𝑚 ± 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 = 𝑓𝑖(𝑥1, 𝑥2, … , 𝑥𝑛, 𝑡) 

Numerical integration of ODEs within biochemically and physiologically relevant boundaries yields an 

explicit mathematical expression that allows the time-dependent estimation of systemic variables. 

Metabolite data enable this approach as they provide the basis for solving this initial value problem. 

Indeed, the major problem arising is to gain enough knowledge of relevant system parameters to allow 

for the exact formulation of the ODE. For instance, the temporal change of fructose could be 

considered to depend on the anabolic reaction catalyzed by invertase and the catabolic reaction 

catalyzed by fructokinase, both depending on substrate and product concentrations. In order to exactly 

define the differential equation, all enzyme kinetic parameters have to be known, an endeavor that is 

further complicated by the existence of multiple isoforms with varying optimal conditions. In the last 

decade, a work-around has been proposed with the introduction of the inverse calculation of the 

biochemical Jacobian from metabolic covariance data (Steuer et al., 2003). 

The Biochemical Jacobian 

The concept of the Jacobian matrix is long known in systems theory as the matrix containing all first-

order partial derivatives of the functions of systemic variables and thus describing the reactivity of the 

system to changes in those variables: 

𝑱 =  

(

 
 

𝜕𝑓1
𝜕𝑥1

⋯
𝜕𝑓1
𝜕𝑥𝑛

⋮ ⋱ ⋮
𝜕𝑓𝑚
𝜕𝑥1

⋯
𝜕𝑓𝑚
𝜕𝑥𝑛)
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Systems biologists have incorporated this concept into their considerations and have connected it to 

covariance data with the van Kampen equation (Steuer et al., 2003): 

𝑱𝑪 + 𝑪𝑱𝑇 = −2𝑫 

Here, J is the n x n Jacobian matrix (each system variable is defined by one function) constituted by the 

first order partial derivatives of the n functions with respect to all of the n variables. C is the n x n 

covariance matrix of the n system variables and D is an n x n diagonal fluctuation matrix of white noise 

modeled by a Langevin-type equation (Steuer et al., 2003). The solution of this inverse problem after 

reformation yields the Jacobian of the biochemical system. The metabolite functions combine multiple 

non-linear biochemical dependencies as for instance Michaelis-Menten enzyme kinetics and are 

linearized around a metabolic steady state in which the prerequisite 𝑥𝑖̇(𝑡0) =
𝑑 𝑥𝑖(𝑡0)

𝑑 𝑡
= 0 is met, 

assuming there is no net change in a metabolite’s concentration and the biochemical system is well 

adapted and in homeostasis. This assumption is of course an idealization that might not always be 

justified as it ignores for instance diurnal rhythms in metabolite pools. Consequently, the steady state 

assumption can be alleviated to not require an exact equilibrium of reaction rates but rather do not 

show a statistically significant change in metabolite concentrations. Additionally, the linearization is 

only valid in a narrow temporal interval, i.e. at the specific steady state time point t0. Analytically, the 

metabolite functions, which are characterized by time-dependent metabolite concentrations and 

time-dependent reaction parameters, can be described as the product of a n x m stoichiometric matrix 

N containing the stoichiometries of n metabolites in m biochemical reactions and the non-linear flux 

vector ν of length m at the n metabolite concentrations X (Steuer et al., 2003): 

𝑑 𝑿(𝑡)

𝑑 𝑡
= 𝒇(𝑿(𝑡), 𝒑(𝑡)) = 𝑵𝝂(𝑿(𝑡), 𝒑(𝑡)) 

At the steady state S0 another equivalency can be formulated and the above mentioned formulae equal 

the product of the stoichiometric matrix, the partial derivatives of reaction rates with respect to all 

metabolites at steady state time t0 and metabolite concentrations X: 

𝑑 𝑿(𝑡0)

𝑑 𝑡
= 𝒇(𝑿(𝑡0), 𝒑(𝑡0)) = 𝑵𝝂(𝑿(𝑡0), 𝒑(𝑡0)) = 𝑵

𝜕𝝂

𝜕𝑿
|
𝑡0

𝑿 = 𝑱𝑿 = 0 

This equation also implies, that the entries of the biochemical Jacobian can be interpreted as the 

product of the stoichiometric matrix and the partial derivatives of reaction rates with respect to all 

metabolites.  

Hence, the entries quantify the varying reactivity of the biochemical system to changes in metabolite 

concentrations at the steady state. For the first time this approach allows the inverse calculation of 

the biochemical system directly from the metabolomics covariance matrix and this was proven in 2012 
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(Sun and Weckwerth, 2012). As in general systems theory, the Jacobian eigenvalues’ real parts provide 

information on the stability of the biochemical system (Nägele and Weckwerth, 2013). By considering 

the medians of 1000s of inverse numerically estimated biochemical Jacobians from the van Kampen 

equation, the role of pyruvate dehydrogenase in regulating the varying metabolic homeostasis in light 

and extended darkness has been demonstrated without exact knowledge of all involved reactions’ 

parameters (Nägele et al., 2014). This proves that the inverse calculation of the biochemical Jacobian 

is in principal a possibility to assess the dynamic behavior of a biochemical system without the 

laborious experimental determination of kinetic parameters in all situations of interest (Doerfler et al., 

2013; Nägele and Weckwerth, 2013; Nukarinen et al., 2016; Wang et al., 2016). We have also applied 

this approach for the first time to in situ metabolomics data from natural Arabidopsis thaliana 

populations (Nagler et al., manuscript in preparation, see third manuscript of cumulative thesis). This 

approach has also been complemented via structural kinetic modeling, which surpasses some 

disadvantages of the discussed approach of deriving the biochemical Jacobian from a linear 

approximation of metabolic functions at a steady state by considering local linear models at each point 

in parameter space which allows for the exact estimation of the biochemical Jacobian at a given point 

in parameter space (Steuer et al., 2006).  

Dynamic responses of biochemical systems to experimental conditions can also be investigated in time 

series experiments that provide a view on the evolution of corresponding molecular homeostases. A 

possibility are regression approaches to determine the time-shifted correlation in variable 

abundancies as in Granger causality (Granger, 1969). This was also recently applied to metabolomics 

time series in Arabidopsis cold stress data (Doerfler et al., 2013). 
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Publications featured in this Cumulative Thesis 

The results of the experiments conducted during this doctoral thesis have been published or will be 

submitted for publication in international and peer-reviewed journals. The relevant publications are: 

 Nagler M*, Nukarinen E*, Weckwerth W, Nägele T (2015) Integrative molecular profiling 

indicates a central role of transitory starch breakdown in establishing a stable C/N homeostasis 

during cold acclimation in two natural accessions of Arabidopsis thaliana. Bmc Plant Biology 

15 

* contributed equally 

We examined the natural variation of cold acclimation on the metabolome, proteome and 

phosphoproteome with regard to two geographically well separated Arabidopsis thaliana 

accessions Rsch and Cvi. We presented evidence that starch degradation is differentially 

regulated between these cold-tolerant and cold-sensitive genotypes. Further, an interaction 

network of the cold acclimated accession revealed more comprehensive reprogramming of 

the molecular plant system during cold acclimation resulting in a higher degree of connectivity 

of the cold-induced protein-protein interaction network in the cold tolerant accession pointing 

towards higher resilience of the cold reprogrammed metabolic homeostasis. 

To this experiment, Ella Nukarinen and I contributed equally. I measured the proteomics 

samples and analyzed the data. Together, we wrote the manuscript for the publication. 
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 Nägele T*, Fürtauer L*, Nagler M*, Weiszmann J*, Weckwerth W (2016) A Strategy for 

Functional Interpretation of Metabolomic Time Series Data in Context of Metabolic Network 

Information. Front Mol Biosci 3: 6 

* contributed equally 

We have established a graph theoretical approach which connects metabolic time series 

information to the underlying biochemical network to identify regulation in a specific temporal 

frame with regard to the interaction of derivatives of specific metabolic functions indicating a 

switch in the dependency of metabolites resulting in an altered homeostasis of the 

biochemical system. Our approach is strictly analytically derivable and averts numerical 

estimations. We also provided a graphical user interface that facilitates application of this 

approach based on the Matlab® software. 

In this publication, to which Thomas Nägele, Lisa Fürtauer, Jakob Weiszmann and myself 

contributed equally, I was involved in elaborating the algorithm and performed unit testing. I 

was also involved in writing the manuscript for the publication. 
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 Nagler M*, Nägele T*, Gilli C, Fragner L, Korte A, Platzer A, Farlow A, Nordborg M, Weckwerth 

W: Manuscript in preparation, running title: Metabolic signatures in ecology: making the leap 

from model systems in the lab to native populations in the field 

* contributed equally 

We investigated the applicability of GC- and LC-MS based primary and secondary metabolite 

profiling for the characterization of in situ Arabidopsis thaliana populations. We contributed 

seeds of the scrutinized populations to the 1001 genomes project. Almost all analyzed 

substance classes showed significant variation. Prominent differences were found in flavonoid 

content, polyamine metabolism and TCA cycle intermediates, most of all fumarate. Although 

the environmental regulation remains elusive, we provide evidence for the suitability of 

metabolomics in analyzing genotype-environment interactions in situ. 

To this manuscript, I identified and collected the populations, performed extractions, 

measurements and statistical analysis of results and wrote the manuscript. 
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Conclusive Comments and Future Perspectives 

In the last decade, molecular phenotyping by measuring metabolite and protein profiles has been 

established as primary approaches in functional genomics. It promotes the understanding of the 

biochemical implications of genetic variants. As metabolites and proteins are central parts of any 

biochemical systems, knowledge of these molecular variables is crucial for understanding and 

subsequently predicting systemic behavior in context of key cellular processes. These reactions cannot 

be forecasted by only considering the genomic sequence of a particular organism because of the 

phenotypically plastic characteristics of morphologic and molecular phenotypes. In my thesis, I have 

been able to identify core components of Arabidopsis thaliana’s metabolism in context of acclimation 

and adaptive potential to cold environments that underlie phenotypic plasticity with regard to cold-

tolerant and cold-sensitive accessions. I have produced evidence that the mobilization of starch 

connected to the accumulation of sucrose is of particular interest. Concerning agronomical 

importance, it will be interesting to determine the impact of my results in crop plants. 

With the manuscript in preparation, I have been able to suggest the suitability of metabolic profiling 

to characterize geographically contiguous Arabidopsis populations. Modeling of metabolic regulations 

is even more powerful when it comes to defining potentially important adaptive markers because it 

does not only consider mean values but finds regulatory differences based on metabolic covariance 

information. For instance, if there are no significant differences in a metabolite pool, because of the 

varying covariance of that pool with other metabolites, we can estimate regulatory sites in the 

biochemical system that can be efficiently addressed in follow up experiments, for instance on the 

proteomic level or with enzyme activities. Novel genome editing techniques enable the targeted 

creation of specific knock-out mutants, even if the alleles of interest are in linkage disequilibrium. This 

approach will emerge with increasing importance in the quest for finding adaptively important 

genomic variants. 

As the interpretation of metabolite data is often not straightforward due to the complexity of 

metabolic systems, tools that facilitate understanding the interrelations of molecular variables are 

needed. With the established graph theoretical approach to analyze metabolic time series data in 

context of a specific biochemical network, I have contributed to the endeavor of understanding the 

reaction of metabolism to user-defined stimuli. As the topology of metabolic systems can be predicted 

from static genome information, it is readily transferable also to studies in organisms other than 

Arabidopsis thaliana. 

Future studies should address the question how genotypic diversity is related to biogeographical clines 

and phenotypic plasticity (Pigliucci, 2009). For this purpose, Arabidopsis thaliana is an appropriate 
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model system representing variable phenotypes and a complex biogeographical gradient (Hoffmann, 

2005). In situ habitats should be described by time-continuous recording of environmental parameters 

to allow for the identification of the most prominent environmental differences between populations 

and subsequently targeted monitoring of plant performance with regard to those parameters. 

Further, the concept should be extended to elucidate for instance life-form specific differences in 

observed molecular adaptive patterns or divergence caused by ecological strategies. Arabidopsis 

thaliana is an ephemeral ruderal plant so it is not straightforward to draw conclusions for K-strategists 

like phanerophytes or perennial plants. Genetic analysis of phylogenetically close relatives has already 

started (Koenig and Weigel, 2015) and will shed light on the variation of reaction types of different life-

forms classified in the Raunkiær system. A specifically powerful synergy will be the combination of 

molecular profiling and GIS enabling the concatenation of biochemical properties with all kinds of 

ecological information on all possible spatial scales like phytosociological associations, electronic soil 

classifications, hemeroby maps and other landscape ecological datasets. Further, I suggest that 

characterizing molecular ecophenes by metabolome and proteome profiling and functionally 

integrating these profiles with genotypic and continuous environmental data by mathematical 

modeling will significantly advance our understanding of phenotypic plasticity, adaptive processes as 

well as their regulatory dynamics. Common garden and transplantation experiments will increase the 

comparability of acquired in situ data to also identify genotypically variable features encoded in in situ 

data. Finally, this will promote the molecular characterization of ecophysiological adaptation which is 

central to the improvement of plant performance in changing environments by marker assisted plant 

breeding.  
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Other Publications 

During my thesis, I had multiple opportunities to contribute my practical and theoretical proficiencies 

in a diverse panel of scientific endeavors. 

- Kawakatsu, T., Huang, S. S., Jupe, F., Sasaki, E., Schmitz, R. J., Urich, M. A., Castanon, R., Nery, 
J. R., Barragan, C., He, Y., Chen, H., Dubin, M., Lee, C. R., Wang, C., Bemm, F., Becker, C., O'Neil, 
R., O'Malley, R. C., Quarless, D. X., 1001 Genomes Consortium, Schork, N. J., Weigel, D., 
Nordborg, M., and Ecker, J. R. (2016) Epigenomic Diversity in a Global Collection of Arabidopsis 
thaliana Accessions. Cell 166, 492-505 

 
- 1001 Genomes Consortium (2016) 1,135 Genomes Reveal the Global Pattern of Polymorphism 

in Arabidopsis thaliana. Cell 

 

- Ghatak, A., Chaturvedi, P., Nagler, M., Roustan, V., Lyon, D., Bachmann, G., Postl, W., Schrofl, 
A., Desai, N., Varshney, R. K., and Weckwerth, W. (2016) Comprehensive tissue-specific 
proteome analysis of drought stress responses in Pennisetum glaucum (L.) R. Br. (Pearl millet). 
J Proteomics 143, 122-135 

 
- Pascual, J., Alegre, S., Nagler, M., Escandon, M., Annacondia, M. L., Weckwerth, W., Valledor, 

L., and Canal, M. J. (2016) The variations in the nuclear proteome reveal new transcription 
factors and mechanisms involved in UV stress response in Pinus radiata. J Proteomics 143, 390-
400 

 
- Alegre, S., Pascual, J., Nagler, M., Weckwerth, W., Canal, M. J., and Valledor, L. (2016) Dataset 

of UV induced changes in nuclear proteome obtained by GeLC-Orbitrap/MS in Pinus radiata 
needles. Data Brief 7, 1477-1482 

 
- Kerou, M., Offre, P., Valledor, L., Abby, S. S., Melcher, M., Nagler, M., Weckwerth, W., and 

Schleper, C. (2016) Proteomics and comparative genomics of Nitrososphaera viennensis reveal 
the core genome and adaptations of archaeal ammonia oxidizers. Proc Natl Acad Sci U S A 

 
- Hanak, A. M., Nagler, M., Weinmaier, T., Sun, X., Fragner, L., Schwab, C., Rattei, T., Ulrich, K., 

Ewald, D., Engel, M., Schloter, M., Bittner, R., Schleper, C., and Weckwerth, W. (2014) Draft 
Genome Sequence of the Growth-Promoting Endophyte Paenibacillus sp. P22, Isolated from 
Populus. Genome Announc 2 

 
- Ischebeck, T., Valledor, L., Lyon, D., Gingl, S., Nagler, M., Meijon, M., Egelhofer, V., and 

Weckwerth, W. (2014) Comprehensive Cell-specific Protein Analysis in Early and Late Pollen 
Development from Diploid Microsporocytes to Pollen Tube Growth. Mol Cell Proteomics 13, 
295-310 

 
- Kitner, M., Majesky, L., Gillova, L., Vymyslicky, T., and Nagler, M. (2012) Genetic structure of 

Artemisia pancicii populations inferred from AFLP and cpDNA data. Preslia 84, 97-120 
 

- Nagler, M., Grünweis, F. M., and Frank, B. (2012) Artemisia pancicii in Austria - Habitats, 

Community Association, Nature Conservation. Verh. Zool.-Bot. Ges. Österreich 148/149, 1-21 
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