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  Molecular Systems Biology 

Genotype -> Phenotype? 



• From Model Organisms  to Ecosystems 

• Environmental samples: Genomics, Transcriptomics, 
Proteomics, Metabolomics 

 

NGS Proteomics Metabolomics Genome-scale modelling Ecosystems analysis 



 LC-Triple-Quad-MS 
 LC-Orbitrap XL –MS 
 LC-Orbitrap ELITE –MS 
 GC-Triple-Quad-MS 
 GCxGC-TOF-MS 

Proteomics 
Metabolomics 



1. Motivation 
2. PANOMICS platform 
3. The genotype-phenotype equation 

 



 Chemical-physical Organisation of Life:  
 
 Synthesis of Urea by Wöhler (1828)   

 

 Evolutionary Theory – Charles Darwin (1859) 

 

 Mendel´s laws of inheritance   - Gregor Mendel (1865) Versuche über 

Pflanzenhybride 

 

 Delbrück, Luria, Avery (1943/44); Erwin Schrödinger (1944) Was ist Leben?  

Postulate of a molecular genetic Code 

 

 Watson, Crick (1953) Molecular Structure of Nucleic Acids: A Structure for 

Deoxyribose Nucleic Acid 

Principles of information storage and transfer 

 
 

 



 
GENOME 

Crick, F., (1970) Central Dogma of Molecular 
Biology. Nature 227, 561 

Principles of information transfer: 

DNA 

RNA 

Protein 
 

Metabolite 

Transcription 

Translation 

Catalysis 

TRANSCRIPTOME 

PROTEOME 

METABOLOME 



 1976 DNA-Gilbert/Sanger-Sequencing 
 
 

 1996 Yeast genome 
 
 

 2000 Human- and higher plant genome  
 
 
 

 2010 “Next Generation Sequencing” (NGS)  
 

 De novo/Resequencing in days 

Arabidopsis 

Saccharomyces 



Bacillus 

Chlamydomonas 

Tabak 

Synechocystis 

Medicago 

Arabidopsis 

Homo sapiens 

Canis familiaris 

Maus 

Seit 1995 ~80000 Genome projects... exponential... 
Metagenomes... 



GENOTYPE 

PHENOTYPE 
- dynamic 

Prediction?  ? 

Weckwerth (2011) Unpredictability of metabolism.  
Analytical and Bioanalytical Chemistry 



Protein-Gene 
Interactions 

Protein-Protein 
Interactions 

Citrate Cycle 

Metabolite-Protein 
Interactions 

Genome 
~ 103-104 

Proteome 
~ 105 

Metabolome 
~103-106 

“OMICS” “OMICS” PHENOTYPE 

GENOTYPE 

PTM 
~ 106-7 



 Richard Dawkins Das egoistische Gen 

-> der genetische Blueprint des Lebens….??? 

 
Cytoplasmic Impact on Cross-Genus Cloned Fish Derived from Transgenic 
Common Carp (Cyprinus carpio) Nuclei and Goldfish (Carassius auratus) 
Enucleated Eggs 
Sun et al. BIOLOGY OF REPRODUCTION 72, 510–515 (2005) 
 
 



GENOTYPE 

PHENOTYPE 
- dynamic 

Prediction?  ? 
No! We have to measure 
metabolism to understand 
the genotype-phenotype 
equation 

Weckwerth (2011) Unpredictability of metabolism.  
Analytical and Bioanalytical Chemistry 



 
 

The 1001 Genomes 
Consortium (2016) 
1135 genomes reveal the 
global pattern of 
polymorphism in 
Arabidopsis thaliana 
 Cell in print 

Polymorphism 
involved in 
climate 
adaption 

http://1001genomes.org/
http://1001genomes.org/
http://1001genomes.org/
http://1001genomes.org/


NO CAUSALITY 
NO PHYSIOLOGY 

Genomic data will soon become a commodity; the next 
challenge — linking ... genetic variation with physiology ... 
— will be as great as the one genomicists faced a decade 
ago. 
 
Craig Venter 2010 



Weckwerth (2011) Green Systems Biology.  
Journal of Proteomics 
 
 

Weckwerth (2011) Unpredictability of metabolism.  
Analytical and Bioanalytical Chemistry 
 

Model design for prediction 
Systems Biology 

Causal prediction of phenotype from 
Genotype? 



Akademische Verlagsgesellschaft Athenaion 
Potsdam 1944 

1901-1972  
geboren in Atzgersdorf bei Wien 
Professor an der Universität 
Wien 1934–48  

Ludwig von Bertalanffy 



 
 

PANTA  RHEI!  “Alles fließt!”  HERAKLIT 
 
 

1. Lebensformen sind offene Systeme und im 
Massenwirkungsgleichgewicht mit  ihrer Umgebung 
(Fließgleichgewicht, stationärer Zustand (steady state), Stabilität) 
 

2. “Allgemeine Systemtheorie”  
- kann auf alle komplexen – nichtlinearen Systeme angewendet 

werden (Biologie, Ökologie, Soziologie, Ökonomie, etc.) 
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Organismus 

Ludwig von Bertalanffy (1940) Der Organismus als physikalisches System betrachtet.  
Die Naturwissenschaften 33, 522-531 

Fließgleichgewicht = stationärer Zustand = Stabilität 

 
X  M1  M2M3  M4 
 

p1 p2 p3 p4 

p5 
AUTOPOIESE 



 keine Genomsequenz – molekulare 
Aufklärung der Erbinformationskodierung 
erst 1953 
 

 Organismen können nur durch numerische 
Simulation approximiert werden 
 

 heutzutage möglich => Computerpower!!! 
 

 das molekulare „Readout“ fehlt  



Genome-scale metabolic reconstruction 

Phenotypic plasticity 

Weckwerth (2011) 
Unpredictability of 
metabolism.  
Analytical and 
Bioanalytical Chemistry 

Human 
Plant 
Microbe 
Metagenome 
etc… 



 
 

 Genome 
sequencing 
 

 OMICS 

 Phenotype 
 => readout 

 

 Computer 
Science 

=>Statistics 

=> Modelling 

=> Internet 

Iteratively combining experiment (molecular data, phenotypical data) 
with modelling and prediction 

Weckwerth (2011) Unpredictability of metabolism.  Analytical and Bioanalytical Chemistry 
 



Proteomics
raw data

Quantitative 
proteomics

Metabolomics
raw data

MASS WESTERN

Genome 
annotation

Experiment
different growth conditions, rapid subcellular fractionation

Quantitative 
metabolomics

MetMAX

Search
engines

Databases

•Mascot
•Sequest
•X!Tandem
•ProMEX

•JGI 3.1 / 4.0
•Augustus 5.0
•6 frame translation

Search
engines

Databases

•Mascot
•Sequest
•X!Tandem
•ProMEX

•JGI 3.1 / 4.0
•Augustus 5.0
•6 frame translation

Metabolic
flux analysis

ProMEX

MAPA

ProtMAX stable isotope incorporation

absolute quantification
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n-dimensional 
Data matrix
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n-dimensional 
Data matrix

Gene annotation/novel gene models
Subcellular protein concentrations
Protein/metabolic flux correlations

Protein/metabolite correlations
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Weckwerth (2011) Green Systems Biology- from single genomes, proteomes and 
metabolomes to ecosystems research and biotechnology . J Proteomics  

n-dimensionale 
Datenmatrix 

-

Veronica chamaedrys Prunella vulgaris Leontodon autumnalis

Glechoma hederacea Bellis perennis

Citrate Cycle

Genom
~ 103-104

Proteom
~ 106

Metabolom
~103-106

PHENOTYP

GENOTYP

COVAIN 
Metabolite 

structural 

elucidation 







 Mature tubers of tetraploid 
cultivars of Solanum tuberosum: 
 Ag, Agria¸Al, Alliance; Ar, Arnika; F, 

Festien; G, Goldika; K, Kuras; LC, 
Lady Claire; Ma, Marabel; Mi, 
Milva; O, Omega; RF, Red Fantasy; 
T, Topas 

 Grown on 3 plots each on 2 
geographically separated fields in 
Germany 

 4 to 6 tubers of each cultivar were 
analyzed each three times = 216 
shotgun proteomics analyses 

 
Hoehenwarter et al. 2008  Proteomics 



•  Protein profiling with a high sample throughput 

Weckwerth et al. 2004 
(accepted 2002) 
Proteomics  
 

C D E … 
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i =10.000 

Hoehenwarter et al. 2008  Proteomics 



Binned m
/z

0.01 Da

m/z 1

m/z i

SC#11

SC#i1

SC#.1 SC#..

SC#1.

SC#i.

Analysis j

SC#1j

SC#ij

SC#.j

Analysis Analysis 1 ∑

∑

..

..

..

..

.. .. .. .. ....

Binned m
/z

0.01 Da

m/z 1

m/z i

SC#11

SC#i1

SC#.1 SC#..

SC#1.

SC#i.

Analysis j

SC#1j

SC#ij

SC#.j

Analysis j

SC#1j

SC#ij

SC#.j

Analysis Analysis 1 ∑

∑

..

..

..

..

.. .. .. .. ....



Marabel 

Goldika 

Lady Claire 

Kuras 

Festien 

Omega 

Arnika 

Agria 

Red Fantasy 

Alliance 

Topas 

Milva 

m/z 

18300 predictions 
number of missclassifications:  19  
missclassification rate:  0.001 



Rohbrei

1 Serine protease inhibitor 5 precursor [Solanum tuberosum (Potato)]

2 Lipoxygenase [Solanum tuberosum (Potato)]

3 Kunitz-type protease inhibitor [Solanum tuberosum (Potato)]

4 Patatin protein 07 [Solanum tuberosum (Potato)]

5 Patatin protein group A-3 [Solanum tuberosum (Potato)]

6 Patatin [Solanum tuberosum (Potato)]

7 Patatin precursor [Solanum tuberosum (Potato)]

8 Alpha-1,4 glucan phosphorylase, L-1 isozyme, chloroplast precursor [Solanum tuberosum (Potato)]

9 Putative Kunitz-type proteinase inhibitor [Solanum tuberosum (Potato)]

Black spot

1 Patatin [Solanum tuberosum (Potato)]

2 Patatin protein group A-3 [Solanum tuberosum (Potato)]

3 Serine protease inhibitor 5 precursor [Solanum tuberosum (Potato)]

4 Patatin precursor [Solanum tuberosum (Potato)]

5 Putative Kunitz-type proteinase inhibitor [Solanum tuberosum (Potato)]

6 Patatin protein 07 [Solanum tuberosum (Potato)]

7 Kunitz-type protease inhibitor [Solanum tuberosum (Potato)]

8 Lipoxygenase [Solanum tuberosum (Potato)]

9 Aspartic protease inhibitor precursor

Chips

1 Patatin [Solanum tuberosum (Potato)]

2 Patatin protein 07 [Solanum tuberosum (Potato)]

3 Patatin precursor [Solanum tuberosum (Potato)]

4 Putative Kunitz-type proteinase inhibitor [Solanum tuberosum (Potato)]

5 Lipoxygenase [Solanum tuberosum (Potato)]

6 Serine protease inhibitor 5 precursor [Solanum tuberosum (Potato)]

7 Patatin protein group A-3 [Solanum tuberosum (Potato)]

8 Enolase [Lycopersicon esculentum (Tomato)]

9 Kunitz-type protease inhibitor [Solanum tuberosum (Potato)]

Hoehenwarter et al. 2008  Proteomics 



m/z error < 2 ppm 

 
Database-independent identification of 

cSNP/Protein polymorphism 

LADYFDVIGGTGTGGLLTAMITTPNENNRPFAAAK

[y22 – 2xNH3]
2+

LADYFDVIGGTGPGGLLTAMITTPNENNRPFAAAK

2 Dalton m/z shift!y24
2+y31

2+…

Precursor ion:

m/z 1199.6112 (3+)

Precursor ion:

m/z 1198.2795 (3+)

LADYFDVIGGTGTGGLLTAMITTPNENNRPFAAAK

[y22 – 2xNH3]
2+

LADYFDVIGGTGPGGLLTAMITTPNENNRPFAAAK

2 Dalton m/z shift!y24
2+y31

2+…

LADYFDVIGGTGTGGLLTAMITTPNENNRPFAAAK

[y22 – 2xNH3]
2+

LADYFDVIGGTGPGGLLTAMITTPNENNRPFAAAK

2 Dalton m/z shift!

LADYFDVIGGTGTGGLLTAMITTPNENNRPFAAAK

[y22 – 2xNH3]
2+

LADYFDVIGGTGPGGLLTAMITTPNENNRPFAAAK

2 Dalton m/z shift!y24
2+y31

2+…

Precursor ion:

m/z 1199.6112 (3+)

Precursor ion:

m/z 1198.2795 (3+)

HTP protein profiling with mass accuracy precusor alignment (MAPA) 

Hoehenwarter et al. 2008  Proteomics 



~ 4000 proteins 
 => Largest 
Potato 
Proteome to 
date 

Hoehenwarter et al. 2011 Journal of 
Proteome Research 



http://promexdb.org 
 
Hummel et al. 2007 BMC Bioinformatics 
Egelhofer et al. 2012 Frontiers of Plant Proteomics 
 

http://promexdb.org/


Plant and microbial proteomics - ProMEX 
(http://promexdb.org) 

Medicago
- symbiotic 

interaction

Medicago
- symbiotic 

interaction

Chlamydomonas

- systems biology

Chlamydomonas

- systems biology

from 10-40% Proteome coverage 



Proteomics
raw data

Quantitative 
proteomics

Metabolomics
raw data

MASS WESTERN

Genome 
annotation

Experiment
different growth conditions, rapid subcellular fractionation

Quantitative 
metabolomics

MetMAX

Search
engines

Databases

•Mascot
•Sequest
•X!Tandem
•ProMEX

•JGI 3.1 / 4.0
•Augustus 5.0
•6 frame translation

Search
engines

Databases

•Mascot
•Sequest
•X!Tandem
•ProMEX

•JGI 3.1 / 4.0
•Augustus 5.0
•6 frame translation

Metabolic
flux analysis

ProMEX

MAPA

ProtMAX stable isotope incorporation

absolute quantification
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Weckwerth (2011) Green Systems Biology- from single genomes, proteomes and 
metabolomes to ecosystems research and biotechnology . J Proteomics  

n-dimensionale 
Datenmatrix 

-

Veronica chamaedrys Prunella vulgaris Leontodon autumnalis

Glechoma hederacea Bellis perennis

Citrate Cycle

Genom
~ 103-104

Proteom
~ 106

Metabolom
~103-106

PHENOTYP

GENOTYP

COVAIN 
Metabolite 

structural 

elucidation 





 
 
How can the organismus escape death (second 
law of thermodynomics – maximal entropy)? 
The answer is: through nutrition and respiration, 
in case of plants by assimilation. The terminus is 
Metabolismus.  



Metabolomics 
-non-targeted 
metabolite analysis 
- integrative part of 
systems biology 
 
Weckwerth (2003)  
Metabolomics in 
Systems Biology. 
Annual Review of 
Plant Biology 

Metabolic Pathways



Goodacre et al. 2004 



BIO-BASED ECONOMY PERSONALIZED MEDICINE 

© Metabolomic Discoveries 



 Research Platform University of Vienna 
 Coordinator: Univ.-Prof. Dr. Wolfram Weckwerth 
 Faculty of Life Sciences 

http://www.univie.ac.at/


 Faculty of Life Sciences 
 Verena Dirsch 
 Gerhard J. Herndl 
 Walter Jäger 
 Jürgen König 
 Thierry Langer 
 Christa Schleper 
 Karl-Heinz Wagner 

 Faculty of Chemistry 
 Christopher Gerner 
 Gunda Koellensperger 
 Doris Marko 
 Veronika Somoza 

 Faculty of Geosciences 
 Daniel Birgel 
 Stephan Krämer 
 Jörn Peckmann 

ViMe Vienna Metabolomics 

http://www.univie.ac.at/


SNP 
 Single nucleotide polymorphism 
 Found in 90% of all human genes 
 Potential impact in chemoprevention and 

disease/therapy 
Initial results: 
Correlation between presence of SNPs in 
Nrf2/Nrf2-dependent genes and the 
transcriptional response to coffee consumption 
(Böttler et al., MetaGene, 2014) 
 
Aim: 
Nutrigenomic approach investigating the 
impact of genotype on the metabolom in 
response to                 a) functional food 
constituents (e.g. anthocyanins),     b) 
contaminants (e.g. mycotoxins) and 
combinations thereof, focussing primarily on 
genes involved in cellular defense and 
antioxidative mechanisms 

 
 

 

 
Nutrients Bioactives Toxins 

Food 

Differences in metabolic response 

Doris Marko 
Department of Food Chemistry and 
Toxicology, Faculty of Chemistry 



 ViMe – Vienna Metabolomics Center 
– is an open research platform for 
scientific collaborations 

 Provides a full suite for 
metabolomic profiling combining 
GC-MS, LC-MS, structural 
elucidation, databases, multivariate 
statistics, data integration and 
metabolic modelling 

 Provides a full suite for 
proteomic/phosphoproteomic 
profiling 

 Contact: 
wolfram.weckwerth@univie.ac.at  

mailto:wolfram.weckwerth@univie.ac.at
http://www.univie.ac.at/


Comprehensive Identification and quantitation in short time 
=> „throughput“, many samples, time courses, statistics 
Overall rel. standard deviation: 10-30 % 

 
  

aliphatics
alcohols
acids

HO -acids 
NH2 -acids

monosacch..

fatty acids
sugar 

~phosph..

~alcohols

disacch..

HO-fatty acids
trisacch..

sterols
aliphatics
alcohols
acids

HO -acids 
NH2 -acids

monosacch..

fatty acids
sugar 

~phosph..

~alcohols

disacch..

HO-fatty acids
trisacch..

sterols

>1000 detectable compounds 
~150-200 identified chemical structures 
~compound classification via specific mass 
fragments 

~non-targeted quantification  

Weckwerth et al. 2001  Weckwerth et al. 2004 Morgenthal et al. 2005,2007 
Boldt et al. 2005 Wienkoop et al 2008 Larrainzar et al 2009, Kempa et al 
2009 Scherling et al 2010 Doerfler et al. 2013 Mari et al 2013, Naegele et al. 
2014, Valledor et al. 2014, Albacete et al. 2015, Mair et al. 2015, Stare et al. 
2015, Hasler-Sheetal et al. 2015, Nagler et al. 2015, Meijon et al. 2016, 
Kogovsek et al. 2016,  and many more …. 
 
 



 
Metabolomics -

untargeted approach

Metabolite identification, 

sample pattern recognition and biological

interpretation

~20000 

features

(Thermo 

Sieve®)

-Noise filter

~1000 

significant

signals
Sum formula and 

database search

LC-FT-MSGC-TOF-MS

~20000 MST

- MST time 

groups

Spectral annotation

P
C

2

PC1

P
C

2

PC1

PC1 (32%)

P
C

2
 (

2
7

%
)
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%
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smaller metabolites 
(sugars, amino 

acids, organic acids, 
others) 

lipids 

larger 
metabolites 
(lipids, 
flavonoids, 
anthocyanines, 
others) 

GC/MS LC/MS 

Scherling et al (2010) Metabolomics Unravel Contrasting Effects of Biodiversity on the 
Performance of Individual Plant Species. Plos One 



MAPA 
http://www.univie.ac.at/mosys/software.html 

Egelhofer et al 2013 Nature Protocol 



10-20mg homogenised FW  

Shake for 10 min at 4°c 

Centrifuge at 14.000 rpm for 5min 

+ 10µL Internal Standard (2mg/mL)  

Pellet, contains insoluble  
           metabolites, cell walls,  
           RNA, DNA and Proteins 

Supernatant, contains soluble  
               metabolites 

Weckwerth et al. 2004 Proteomics 

Shotgun proteomics 
Shotgun phosphoproteomics 
RNAseq 
DNA/Cell wall 

+ 1mL pre-chilled (-20°C) extraction mixture of 
    MeOH : CHCl3 : H2O (2 : 1 : 1, v/v/v)  
 

Methanol/H2O Chloroform 

Methoxyamine/MSTFA TMSH 

AA, sugars, organic acids, 
etc. 

FAME 

GC/MS 

Human, Animal, 
Plant, Microbes, 
environmental 
samples 



  
  „Metabolomics: Methods and Protocols.“ Humana Press 
  Wolfram Weckwerth (ed) October 2006  
  GC-MS 
  LC-MS 
  CE-MS 
  NMR 
  Data mining 
 

Detailed protocols with tips & tricks 



GC-MS 

postprocessing 

GC-PA 

(extraction of RI, mass 
spectra, relative fragment 
intensities, sample versus 

variable alignment) 

MAPA 

(extraction of accurate 
precursor m/z, spectral count, 

sample versus variable 
alignment) 

nanoLC-MS 

mzXML 

Data Matrix 

sample pattern recognition/biological interpretation 

PCA/ICA 

MOSYS 
(metabolite database) 

GMD  
(metabolite database) 

Summary 
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COVAIN 
Sun & Weckwerth 2012 Metabolomics 

Weckwerth 2011 Unpredictability of Metabolism.ABC 



Sun & Weckwerth 2012  Metabolomics 

•Granger Causality 
•Permutation entropy  
•Independent component analysis 
•multivariate statistics 
•data integration 
•data transformation 
•data normalization 
•metabolic modelling 
•metabolomics  
•proteomics 
•transcriptomics 
•other data 

Graphical User 
Interface (GUI) 





Chlamydomonas reinhardtii – the “green yeast “– 
BIOFUEL THIRD GENERATION 

Merchant et al. 2007 



Valledor et al. 2014 Biotechnology for Biofuels 

hours 

Oilbodies 



Valledor et al. 2014 Biotechnology for Biofuels 

hours 

Oilbodies 



Nicotinic acid 
metabolism 

Lipid body 
formation 

Valledor et al. 2014 Biotechnology for Biofuels 

• time-lagged 
correlation measures 
to identify potential 
cause–effect pairs 

• Developed by 
economist  and noble 
prize laureate Clive 
Granger  

• Implemented in 
COVAIN 
 



Valledor et al. 2014 
Biotechnology for 
Biofuels 
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n-dimensional Data 
matrix 

PHENOTYPE 

? 
Multivariate 
Statistics 

Trajectories 

Genome 
sequence 

GENOTYPE 

-

Veronica chamaedrys Prunella vulgaris Leontodon autumnalis

Glechoma hederacea Bellis perennis

Weckwerth (2011) Green Systems Biology Journal of Proteomics 

Systems equations 

Systems theory 

 

 

 

                                       

 

 

 

 

  

                          unstressed                            2 day cold                                 4 day cold 

 

 

 

 

 

  6 day cold 8 day cold 10 day cold 

 

 

 

 

 

  12 day cold 14 day cold              16 day cold, bottom side 

 

Weckwerth 2011 Unpredictability of Metabolism. ABC 
Weckwerth 2011 Green Systems Biology 





 
 
 

coupled 
differential 
equations 

trajectories in 
multidimensional 
phase space 

stability analysis complex system states 
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Lyaponov Control Theory,  Ludwig von Bertalanffy General System Theory 





Trajectory day-night rhythm 

Wang et al. 2013 

Zhou et al. 2015 

Morgenthal et al. 20o5 
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Correlation network 
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Metabolite correlations 
Trajectories 

Weckwerth 2011 Green Systems Biology 



*4-Aminobutyric acid (3TMS)*Alanine (2TMS)*Ascorbic acid 1499.6*Asparagine*Aspartic acid (3TMS)*Benzoic acid (1TMS)*beta-Alanine (3TMS)*Citric acid (4TMS)*Citrulline 718.40*Ethanolamine (3TMS)*Fumaric acid (2TMS)*Galactonic acid (6TMS)*Glutamic acid (3TMS)
WT 0.5h light 9.20215745 399.029873 305.526277 21.9688307 310.985906 5.91445588 4.75498745 742.620239 1.34557278 7.44110777 1176.16246 4.02147227 636.161736

WT 0.5h light 12.0224905 500.368447 495.953624 38.6367898 493.882472 9.04504646 5.87018893 1189.93115 2.91520051 13.3033343 2006.07392 6.9197178 987.318011

WT 0.5h light 9.03665428 308.907327 321.117203 31.7094928 247.252084 5.82817499 4.23314955 448.86229 1.60579638 11.0831338 1103.68524 4.35104091 532.589555

WT 0.5h light 6.59631557 485.454254 383.465645 22.3305199 307.180871 6.5180266 3.53471574 703.285487 1.80240001 7.87023371 1369.18016 4.33489166 766.605608

WT 0.5h light 5.63160369 271.322435 280.73098 20.0072577 159.490216 5.13316872 2.77750753 404.503335 0.97155402 5.99102548 1465.24626 3.17044886 278.167344

WT 0.5h light 5.57637189 294.596406 270.904855 15.4458647 206.469134 7.15746421 2.62709664 446.49716 1.06984488 9.57595601 1367.93459 2.89530288 455.950602

WT 0.5h light 7.11797693 313.141225 303.566536 24.6705469 130.681215 7.50445887 2.94998239 253.023365 0.91567565 6.97568449 583.287207 2.32364403 91.8666868

WT 0.5h light 8.35603475 334.048475 356.335295 35.7274489 219.146968 10.319458 3.36333001 347.907933 2.18629142 8.54895029 1279.66457 3.46638751 218.055472

WT 0.5h light 16.2566642 580.482333 327.906327 26.0738399 297.203916 25.3251182 3.78423031 541.201574 1.58608344 16.946308 1768.05616 3.99499068 475.643216

WT 0.5h light 8.15683416 333.436946 398.485287 28.0022723 194.756474 11.3214929 3.94711456 259.166166 1.46241532 6.81745913 2198.17838 2.59009854 117.051285

WT 4h light 11.0672968 393.252145 165.83285 16.6160209 285.732155 7.30396791 4.45345197 527.158941 3.95759021 7.78561543 2521.26236 3.96680793 519.216194

WT 4h light 6.96561717 319.013148 139.73465 22.6497315 275.319676 6.11310789 3.42368561 554.550281 2.64890529 5.3966549 1212.81671 3.61568228 356.243488

WT 4h light 10.4419116 373.106602 149.526145 24.3149715 202.787653 7.67774452 3.80522478 362.960131 2.57750187 6.30230095 1702.81645 3.15286642 322.762203

WT 4h light 6.87881497 272.233076 240.223186 13.6384207 172.494674 6.38155789 2.69230769 208.378865 1.91722684 7.11226641 1664.84541 2.62795678 378.224445

WT 4h light 13.3147439 342.266577 149.84506 23.4400147 269.181082 16.3523845 4.08898693 567.521139 3.5291663 12.5914113 3787.30142 3.58004109 333.081401

WT 4h light 5.23286364 161.145614 107.851296 9.77146677 124.356776 5.43296987 1.4985239 152.377708 1.74156054 4.41546861 911.387388 1.26377031 116.417175

WT 4h light 8.36795206 402.169269 272.934587 21.6051766 324.849814 10.0394319 6.18478423 365.954731 3.2428356 8.35997303 3116.45792 4.19697414 405.849922

WT 4h light 8.32091127 307.807143 183.379252 28.2081229 273.572057 9.21128801 3.46473169 325.067974 2.25074191 7.5788939 1600.14302 2.9722579 252.872286

WT 4h light 13.2899319 451.494137 340.729117 18.090713 216.700862 9.7991504 3.74907455 258.037946 2.79990301 5.80011488 3386.37607 4.05089818 242.853242

WT 4h light 8.74399504 343.541764 216.081667 29.52309 268.634744 13.0276616 4.22284209 242.174183 3.18843949 9.75767085 1831.72555 3.02204401 266.155277

WT 7.5h light 10.9983659 376.399388 284.012831 13.926019 294.898513 9.04588839 5.84786494 593.007452 3.67661077 8.93178717 2296.83639 4.245416 521.336291

WT 7.5h light 10.5574115 351.194865 276.738626 17.1170987 250.665667 6.19449741 5.06052443 391.062013 3.0503938 8.99212727 2181.55419 4.03250118 466.645101

WT 7.5h light 7.85849239 225.968136 148.757221 5.67720925 188.663273 6.86795583 2.8986495 446.625133 1.44080518 6.6105559 1939.01906 2.240467 276.28801

WT 7.5h light 6.15860724 765.617963 229.639898 16.0564664 357.652313 7.45731782 4.73713523 594.21988 5.39344419 9.31206162 2236.48048 3.95806485 432.095516

WT 7.5h light 8.92058195 366.028698 145.252164 17.0595861 269.582919 6.64087767 4.92225105 470.006184 3.10013063 8.63958246 1903.57956 2.73344934 357.406774

WT 7.5h light 6.42051924 320.166748 149.166301 28.0873148 131.386747 4.87359698 3.4767283 229.808877 1.54720306 4.4541545 1299.26645 2.6602503 181.968062

WT 7.5h light 9.82177372 275.654756 238.733 22.1952049 258.519494 8.01905857 4.61870162 371.111303 3.22100176 11.9519221 1991.78338 3.58673729 320.194222

WT 7.5h light 9.5477643 521.534638 311.937525 35.2699079 299.836439 10.7414137 4.64965101 378.790481 4.81710543 8.33765566 1915.42092 3.38286549 305.16063

WT 7.5h light 6.77520353 285.618522 217.688705 20.1402457 141.118475 7.41869681 3.9106887 155.502589 2.39905137 6.64764864 1712.66682 2.94010291 113.183208

WT 7.5h light 4.68520479 220.022982 121.607771 11.517334 176.137142 8.79025821 2.17323976 203.208174 1.84854932 12.0695507 1329.57092 1.55516735 110.935901

WT 0.5h dark 8.99143519 247.55011 317.530833 24.824727 213.647448 5.01832984 4.96843121 437.655477 2.47679214 7.77656829 1518.00266 3.63446605 363.085114

WT 0.5h dark 8.51376997 307.612963 288.18868 29.1810451 248.59258 6.34650209 4.94867226 488.075681 3.20941081 13.4515479 1606.96539 3.70376809 376.588871

WT 0.5h dark 7.99826156 208.522439 316.079754 30.3546697 181.966174 5.96277465 4.20340974 240.516275 2.23917376 10.4310562 1952.68978 3.96666325 309.675066

WT 0.5h dark 7.12197894 245.70001 324.836663 25.6719645 244.596447 7.42212671 3.46390792 431.119897 2.90189054 11.2483445 1655.29099 3.02285596 255.248228

WT 0.5h dark 8.2826056 255.752782 247.877032 23.8764162 200.883896 10.7737471 4.23722316 390.825379 2.39095223 6.82663732 3209.01962 2.79850486 286.576237

WT 0.5h dark 9.31647573 275.583572 330.765676 36.0300272 263.976802 10.5336426 4.95912383 453.08177 4.29759248 11.8821348 3240.08684 3.50782358 288.207522

WT 0.5h dark 8.7282109 192.495594 433.760588 25.0403949 179.330743 8.49752875 4.18132636 313.680165 2.62991244 4.95813747 1358.3068 3.86486035 196.538477

WT 0.5h dark 9.28084742 258.058014 378.900453 35.256176 204.414661 8.97769486 4.74128674 315.516935 2.20675101 10.0806679 1639.88953 3.76775326 185.980796

WT 0.5h dark 10.7765255 284.969516 301.424544 27.0748971 174.678322 9.12980831 4.01259812 161.477868 2.10077885 11.9786534 1990.87626 3.11941189 152.260623

WT 0.5h dark 10.3415037 230.445151 248.329703 37.6052792 136.982806 11.5253697 5.11618527 135.302239 2.24324568 10.4543714 2406.32292 3.9011976 97.9127358

WT 8h dark 10.1101699 586.084064 244.272407 21.6384392 287.449904 5.61590314 9.8533066 280.04215 1.6687705 12.0351157 1940.92328 5.30545021 788.631475

WT 8h dark 24.5688548 385.947181 247.105698 9.55279577 226.578132 17.081178 7.85342209 629.908012 1.96170127 12.8390757 4899.72007 5.94599875 1032.49916

WT 8h dark 8.2246994 313.926261 250.262547 53.9912608 273.524712 4.7184556 3.32019057 447.35994 1.65943396 6.44848618 1210.61359 5.43020843 346.055715

WT 8h dark 12.8272439 568.096176 308.153966 14.1726883 229.206056 7.44108286 9.50494055 404.72079 2.53273999 7.9379531 2928.1118 4.35296772 870.155178

WT 8h dark 7.423452 361.169678 275.379396 41.0536813 292.31797 4.70850646 3.6632752 491.202175 1.76458565 6.68928252 1237.77242 4.41747247 427.228469

WT 8h dark 7.07413775 278.110489 328.631998 54.8448438 257.896253 6.49457663 3.72231441 315.210286 1.60272025 8.30704281 1251.43524 4.62139451 262.081033

WT 8h dark 13.3025525 341.845706 308.825773 80.5857569 200.204485 8.04407812 5.27076276 191.305741 2.13956462 8.20009955 1512.5794 5.089198 166.438963

WT 8h dark 12.0136964 248.737588 200.866406 95.3012688 211.535544 5.17436429 3.60007859 306.214353 3.0380736 6.08454369 1472.29634 4.06513212 291.727611

WT 8h dark 7.20283526 312.759949 334.121115 48.1163387 214.72344 7.02445079 3.7994144 196.660138 1.52813534 8.86688259 1581.10104 3.40554448 183.33127

WT 8h dark 7.97856557 376.249573 331.141516 51.6847573 229.629685 7.41440316 4.13515461 185.668654 1.72128756 8.23739455 2163.14205 4.56778302 190.418839

WT 15.5h dark 6.12700823 388.779944 453.585846 17.1262616 206.497551 6.02278875 3.71751061 279.796324 1.11208531 4.84469572 1295.56336 3.63929978 577.928127

WT 15.5h dark 16.7430697 768.593569 590.119133 23.7036361 447.548733 11.0540386 5.99530871 1162.90419 2.59266442 12.4569262 1335.9439 6.10939038 1033.64332

WT 15.5h dark 6.1892301 620.314664 361.249187 29.5557066 303.888838 4.44397491 3.96796872 560.83658 1.13794946 6.10089032 859.558146 4.1448298 699.154891

WT 15.5h dark 7.95518049 516.446049 308.25628 16.19149 258.175884 5.98170604 4.50535002 436.941385 1.30827856 6.20412368 1657.11856 3.51719858 591.733778

WT 15.5h dark 8.44514334 418.417463 317.741483 21.254031 301.050037 6.5049664 3.19591827 676.257649 1.13609214 5.95791646 1190.64374 2.79766285 412.33913

WT 15.5h dark 5.71043225 320.111418 284.158229 28.0573291 196.777099 5.53589146 3.36776535 364.91622 1.24234014 7.25776893 813.185706 2.63790522 326.021721

WT 15.5h dark 11.7918348 459.179326 359.07303 43.057112 304.586091 13.8946821 6.80253803 395.414742 3.94492103 10.0477914 697.93771 6.42323102 477.978089

WT 15.5h dark 6.04845589 334.638422 336.85348 31.7262188 167.281794 7.97944785 4.15323413 209.786965 1.35058684 5.79162888 939.409178 2.6525322 141.432963

WT 15.5h dark 16.2917285 708.343988 405.479765 7.64457093 420.121683 25.7076174 4.90669105 629.516983 1.61943821 13.8634172 2553.48208 3.74718305 589.767656

WT 15.5h dark 5.62292935 398.241743 344.73103 25.6724558 153.796104 8.16223397 2.58370809 156.016278 0.75002598 4.34021275 1187.46058 2.17879073 157.028193

PGM 0.5h light 13.913379 752.624301 170.594842 46.8305932 225.930538 13.0103444 15.8485622 633.07918 19.7739358 17.6540583 375.557712 5.39891666 535.116738

PGM 0.5h light 10.2932599 888.40221 350.18217 114.238585 177.785063 12.6751194 17.6076261 316.267699 12.7147008 7.55220344 571.210363 6.61149099 616.946948

PGM 0.5h light 11.5744681 870.494892 238.282497 133.474141 232.286633 12.8304955 17.175618 396.168136 9.66216329 8.48390249 859.97354 6.32032683 651.180238

PGM 0.5h light 9.11148602 792.239877 235.858955 126.203659 177.460315 14.2399494 13.6190127 391.494156 4.69722108 6.48952531 551.176917 5.41626914 365.679305

PGM 0.5h light 6.53419204 585.376605 211.474609 159.575664 67.8903459 12.3083274 10.9416753 77.5692878 4.33546512 3.1912716 189.796679 4.58293669 148.410442

PGM 0.5h light 4.73458843 706.860824 140.233619 76.8959702 124.546536 20.220421 10.9689309 165.999241 11.247554 7.18301066 278.783471 2.64872361 343.351872

PGM 0.5h light 8.98537165 988.453029 188.348735 194.266854 173.17914 15.3955846 14.4040525 265.128916 7.42660402 6.21035284 542.037573 5.93210237 290.213832

PGM 0.5h light 3.03293606 483.822417 88.0267003 15.3891013 212.321787 13.5177879 3.63578292 267.678968 1.202116 3.05066207 1315.33477 3.02740685 344.909066

PGM 0.5h light 7.69191237 747.274141 230.670168 211.892391 73.4495951 13.4141929 14.3664529 89.5612767 6.14283296 4.83210923 309.478696 5.31556432 143.594767

PGM 4h light 7.45740669 900.43889 204.664201 45.554535 141.943914 10.9286808 8.4011241 304.355514 9.3661198 7.15216459 938.334508 4.65171242 710.606163

PGM 4h light 6.08208214 806.070554 231.935905 98.8918923 120.386714 8.25846969 5.67457409 222.519032 6.47171875 5.70118486 913.574123 4.52314292 393.613495

PGM 4h light 7.13219252 1016.66217 206.258869 70.9405447 252.738199 27.0345893 6.69794742 534.15923 8.87974583 15.2612607 915.388665 4.98475611 735.195829

PGM 4h light 5.55379203 860.476152 201.488996 83.3379694 207.520249 20.4139737 8.39924732 357.915405 7.10234803 7.33404238 770.940031 4.55632823 664.550438

Data matrix 
Samples, Metabolites 

Weckwerth et al.  (2001) ASMS  
Weckwerth (2003) Annual Review of Plant Biology. 
Weckwerth et al.  (2004) PNAS 
Weckwerth et al. (2004) Proteomics 
 

1. Stochastic  Model of metabolism 
2. Network topology 
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Poldrack et al. Long-term neural and physiological phenotyping of a single human 2015 Nat. Comm. 
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JACOBI COVARIANCE FLUCTUATION 

Weckwerth (2003) Annual Review of 
Plant Biology 
Steuer et al. (2003) Bioinformatics 
Morgenthal et al. (2006) Biosystems 
Müller-Linow et al. (2007) BMC Systems 
Biology 
Weckwerth (2010) Bioanalysis 
Weckwerth (2011) Analytical and 
Bioanalytical Chemistry 
Weckwerth (2011) J Proteomics 
Sun & Weckwerth (2012) Metabolomics 
Doerfler et al. (2013) Metabolomics 
Naegele & Weckwerth (2013) Applied 
Mathematics 
Naegele et al. (2014) Plos One 
Sun& Weckwerth (2015) Frontiers in 
Bioeng. And Biotechn. 
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Jacobi entries are the  
Elasticities of the enzymatic 
Reactions dependent on 
metabolite concentration 
changes 

        J = N*∂f/ ∂M        
 J: Jacobimatrix 
N: stoichiometric Matrix 
=> GENOME SEQUENCE 
v:  Reaktion rate;  
M: metabolite 

Change in 
reaction 
rate 
  

Change in 
metabolite 
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Genome-scale metabolic reconstruction 

Phenotypic plasticity 

Weckwerth (2011) 
Unpredictability of 
metabolism.  
Analytical and 
Bioanalytical Chemistry 

Human 
Plant 
Microbe 
Metagenome 
etc… 



Data derived dynamic 
model of the phenotype 

Genome sequence 
 

DCJJC T 2

Structure of the Jacobi is 
defined by the 
stoichiometric Matrix 
derived from the genome 

Covariance Matrix (dynamic network 
of the metabolic system) 

Environmentally 
driven 
stochastic 
Diffusionmatrix 

 
 

Weckwerth 2011 Unpredictability of Metabolism 
Weckwerth 2011 Green Systems Biology.  
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n-dimensional Data matrix 

PHENOTYPE C 

? 
Multivariate 
Statistics 

Trajectories 

Genome sequence 

GENOTYPE N 

-

Veronica chamaedrys Prunella vulgaris Leontodon autumnalis

Glechoma hederacea Bellis perennis

Systems equations 

Systems theory J 

 

 

 

                                       

 

 

 

 

  

                          unstressed                            2 day cold                                 4 day cold 

 

 

 

 

 

  6 day cold 8 day cold 10 day cold 

 

 

 

 

 

  12 day cold 14 day cold              16 day cold, bottom side 

 

JC + CJT = -2D 

Weckwerth 2011 Unpredictability of Metabolism. ABC 
Weckwerth 2011 Green Systems Biology 



Xiaoliang Sun 
 

Sun & Weckwerth  2012 Metabolomics 

•PCA, ICA, HCA, etc. 
•GRANGER CAUSALITY 
•data integration 
•data transformation 
•data normalization 
•metabolic modelling 
•metabolomics  
•proteomics 
•transcriptomics 
•other data 



 

Metabolic reconstruction from a genome sequence 

Weckwerth (2011) Unpredictability of metabolism from genome sequences.  
Analytical and Bioanalytical Chemistry 
 
 

Human genome 
Plant genome 
Microbial genome 



 

Sun & Weckwerth  2012 Metabolomics 



 Erythrocyte Model 

 -high level glucose import 

 -low level glucose import 

 Using Covariance of metabolite data to calculate 
differential Jacobian 

Sun & Weckwerth  2012 Metabolomics 
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Sun & 
Weckwerth 
2012 
Metabolomics 

Calculation of the differential jacobian -  
demonstration with an erythrocyte model 
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Sun & Weckwerth 
2012 Metabolomics 

•PCA, ICA, HCA, etc. 
•GRANGER CAUSALITY 
•data integration 
•data transformation 
•data normalization 
•metabolic modelling 
•metabolomics  
•proteomics 
•transcriptomics 
•other data 

COVAIN GUI Matlab 



Sun & Weckwerth 
2012 Metabolomics 

•PCA, ICA, HCA, etc. 
•GRANGER CAUSALITY 
•data integration 
•data transformation 
•data normalization 
•metabolic modelling 
•metabolomics  
•proteomics 
•transcriptomics 
•other data 

COVAIN GUI Matlab 
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Data driven mathematical model of the 
system – Functional interpretation and 
Prediction 

n-dimensional Data matrix 

Phenotype 

Metabolomics 

Genotype-
Phenotype - 
relationship 

“READOUT” 

in vivo 
Dynamics - 
PHENOTYPE 

Genotype (genome sequence) : metabolic  and regulatory 
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 The genotype-phenotype equation links statistical features of 

metabolite dynamics with biochemical regulation and thus 

implements a novel level of biochemical causality in classical 

metabolomics analysis 

 Novel pathway dynamics and fluctuations can be predicted. 

 Integration of model-based Jacobian and other OMICS data 

opens up novel data integration strategies for PAN-OMICS 

approaches 

 Applications envisaged from environmental sciences up to 

biomedical approaches including GWAS, Epigenetics, RNAseq, 

Proteomics and Phosphoproteomics for the molecular 

interpretation of the phenotype 
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