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Overview

Motivation
PANOMICS platform
The genotype-phenotype equation



What is life?

Chemical-physical Organisation of Life:
Synthesis of Urea by Wohler (1828)
Evolutionary Theory — Charles Darwin (1859)

Mendel’s laws of inheritance - Gregor Mendel (1865) Versuche Uber
Pflanzenhybride

Delbrick, Luria, Avery (1943/44); Erwin Schrédinger (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




Central Dogma of Molecular Biology

Principles of information transfer:

S/ ANV /.
Synthesis of Transcription

mRNA in the
nucleus

GENOME DNA

RNA Translation
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Polypeptide

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



Genome Sequencing




Next generation sequencing...
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Prediction of Phenotype?

GENOTYPE

PHENOTYPE
- dynamic

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




How is complexity encoded?
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Genetischer Blueprint versus

Cytoplasma-Gen-Interaktion

Richard Dawkins Das egoistische Gen
-> der genetische Blueprint des Lebens....??7?

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)




Unpredictability of Metabolism

GENOTYPE ”“i TTTTIY

No! We have to measure

metabolism to understand @ Prediction?
the genotype-phenotype

equation

PHENOTYPE
- dynamic

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



1001 Genomes Consortium

Polymorphism
involved in
climate
adaption
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The 1001 Genomes
Consortium (2016)

1135 genomes reveal the
global pattern of
polymorphism in
Arabidopsis thaliana
Cellin print


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

GWAS/Genotyping/NGS — GREAT,

BUT....

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



Causal prediction of phenotype from
Genotype?

— Model design for prediction
—> Systems Biology




Ludwig von Bertalanffy

Vom Molekul zur
Organismenwelt

Akademische Verlagsgesellschaft Athenaion
Potsdam 1944




Ludwig von Bertalanffy

PANTA RHEI! “Alles fliel3t!” HERAKLIT

Lebensformen sind offene Systeme und im
Massenwirkungsgleichgewicht mit ihrer Umgebung
(Fliel3gleichgewicht, stationarer Zustand (steady state), Stabilitat)

"Allgemeine Systemtheorie”

- kann auf alle komplexen — nichtlinearen Systeme angewendet
werden (Biologie, Okologie, Soziologie, Okonomie, etc.)



Der Organismus als physikalisches

System betrachtet

Fliel3gleichgewicht = stationarer Zustand = Stabilitat

Umwelt/Umgebungsbedingungen

Aufnahme p1 p2 P3 P4 Abgabe
(Stoffwechsel) / X > M1> M2>M3 > My (Stoffwechsel)

!

\ P> AUTOPOIESE
@ — %_prganismu_s__“ﬁ/ @ "READOUT”

dM
g~ 1(MuMoMps, s )
Umggbungs- sz . Wachstum
bedingungen, dt (M1, M;,..M 1D, P20P1) Morphologie
-parameter Anatomie
dM
= (MMM, )

Ludwig von Bertalanffy (1940) Der Organismus als physikalisches System betrachtet.
Die Naturwissenschaften 22-531




Limitierungen Bertalanffys

keine Genomsequenz — molekulare
Aufklarung der Erbinformationskodierung
erst 1953

Organismen konnen nur durch numerische
Simulation approximiert werden

heutzutage moglich => Computerpower!!!

das molekulare ,Readout" fehlt



Genome-scale metabolic

reconstruction

Genome-scale metabolic reconstruction

Human Genome
Plant R
Microbe e
Metagenome S SSaiaiiia
etc... T

[T A1 T T I st | 011 177

Weckwerth (2011) %

Unpredictability of : .
etabolism. Phenotypic plasticity

Analytical and
Bioanalytical Chemistry



Systems Biology

Genome Computer OMICS
sequencing Science Phenotype
=>Statistics => readout
=> Modelling
=> |nternet
\ J
|

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

MoSys

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



Integrative Metabolomics/Proteomics/

Phosphoproteomics platform links
Genotype and Phenotype

Experiment
different growth conditions, rapid subcellular fractionation
|
i ¥
Proteomics Metabolomics
raw data 6131740 raw data
Databases *Augustus 5.0
*6 frame translation l
m “Mascot ‘stable isotope incor oration‘
Search e p P
engines *XITandem )
“PrOMEX ‘ absolute quantification ‘

MAPA MASS WESTERN
Quantitative Quantitative Metabolic
metabolomics flux analysis =%

Genom
~103-10%
proteomics
|| Genome M1 M2 M3 .. Mn
Proteom annotation S1 01 G, Gz - Oin
~106 ' ’ ' ’
82 q2 > > q2,n
;83 q3 q3,nA
Metabolom % O j Metabolite
~103-106 e Y s , structural
A .~ Sm . -
\ B v b Baggler < Oni Gmz G Gmn elucidation 2 -
e AR n-dimensionale b IS
PHENOTYP Datenmatrix O

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

geograp
4 to 6 tu

shotgun

Hoehenwarter et al. 2008 Proteomics

Germany

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

nically separated fields in

hers of each cultivar were

analyzed each three times = 216

proteomics analyses

MoSys
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Non-gel label-free quantitative

shotgun proteomics combined with multivariate
statistics

Weckwerth et al. 2004
(accepted 2002)

Proteomics gﬁg% @%@ g%?
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e Protein profiling with a high sample throughput MoSys
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Data Matrix

<-12 cultivars -> j =216
GOLDIKA ... AGRIA Z

Analysis 1 =+ Analysis j
Peptidex m/z 1 SC#11 - SC#1j SC#1.

Peptidei M /z i SC#i1 -« SC#ij  SCH#i.

> SC#.1 -+ SC#.j SC#..

| =10.000

Hoehenwarter et al. 2008 Proteomics




Analysis 1 ++ Analysis j Z

SC#11 = SC#1j SC#1.

SC#il -+ SC#ij SC#i.
SC#.1 -« SC#.j SC#..
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Topas
Marabel

Goldika

Milva

Lady Claire

Samples

Kuras

Festien

Omega
Arnika

e

Agria
Red Fantasy
Alliance

18300 predictions
number of missclassifications: 19
missclassification rate: o0.001




Protein Marker? VIP versus ICA

Independent Top 50 precursor ion m/z Protein accession number Protein name
component
P dentified  Not identified
IC1 2 23 TA23344_4113 Patatin protein 07 (S. tuberosum (potata))

STRNADT

TA23357_4113
TA23294_4113
TA23358_4113

New patatin polymorphism?
TA23798_4113

TA23796_4113
CV286572
TA24005_4113

TA24257_4113
TA23378_4113

TA24154_4113
TA24161_4113
STLOX1

TA24157_4113
TA24257_4113

Patatin precursor (S. tuberosum {patato))
Patatin (S. tuberosum (potato))
Patatin (S. tuberosum (potato))
Patatin protein group A-3 (S. tuberosum
(potato))
Previously undescribed Patatin isoform
Kunitz-type protease inhibitor
(S. tuberosum (potato))
Putative Kunitz-type proteinase inhibitor
(8. tuberosum (potato))
Serine protease inhibitor 5 precursor
(S. tuberosum (potato))
Wound-inducible proteinase inhibitor |
(S. tuberosum (potato))
Aspartic protease (Brassica napus (Rape))
Putative Kunitz-type tuber invertase
inhibitor (S. tuberosum (potato))
Lipoxygenase (S. tuberosum {potato))
Lipoxygenase (S. tuberosum [potato))
Lipoxygenase 1(S. tuberosum (potato))
5-Lipoxygenase (S. tuberosum [potato))
Enolase (Lycopersicon esculentum
(tomato))

Hoehenwarter et al. 2008 Proteomics

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)]

MoSys

42 wniversitat
L wien




HTP protein profiling with mass accuracy precusor alignment (MAPA)

Database-independent identification of
cSNP/Protein polymorphism

Precursor ion:
m/z 1199.6112 (3+)

LADYFDVIGGTG | GGLLTAMITTPNENNRPFAAAK

y312+' - y242+ <«— 2 Dalton m/z shift!

LADYFDVIGG1JG P GGLLTAMITTPNENNRPFAAAK

— 2+
Precursor ion: [y22 2XN HS]

m/z 1198.2795 (3+)

Hoehenwarter et al. 2008 Proteomics

mean SC#

m/z error < 2 ppm

400

300 1

200 1

100

& 2
RS
& ®
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N

mmmm Polymorphic peptide

m/z 1198.28
IC1; IC2
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IR Quantitative Functional Annotation
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of the Tuber Proteome

Patatins (37%)

~ 4000 proteins
Other (8%) => Largest

Low

wundant Potato
an  Proteome to

degradation

<= date

Amino acid
metabolism
(<1%)

Protease
inhibitor (18%)

Fatty acid

metabolism (79) —— Stress response

(<1%)

Primary metabolism (6%) Signal
Carbohydrate metabolism (5%) / transduction
Redox activity (4%) (<1%)

Secondary metabolism (3%) Proteolysis

Protein folding/escort (3%) (1%)

Translation (2%)
Transport/ATPases (2%)
DNA/RNA associated (1%)
Cytoskeleton (1%)

Pathogen resistance (19%)

Hoehenwarter et al. 2011 Journal of
Proteome Research



PROMEX
— Microbial, Plant and Animal
Proteomics data base

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)

from 10-40% Proteome coverage MoSys
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Integrative Metabolomics/Proteomics/

Phosphoproteomics platform links
Genotype and Phenotype

Experiment
different growth conditions, rapid subcellular fractionation
|
i ¥
Proteomics Metabolomics
raw data 6131740 raw data
Databases *Augustus 5.0
*6 frame translation l
m “Mascot ‘stable isotope incor oration‘
Search e p P
engines *XITandem )
“PrOMEX ‘ absolute quantification ‘

MAPA MASS WESTERN
Quantitative Quantitative Metabolic
metabolomics flux analysis =%

Genom
~103-10%
proteomics
|| Genome M1 M2 M3 .. Mn
Proteom annotation S1 01 G, Gz - Oin
~106 ' ’ ' ’
82 q2 > > q2,n
;83 q3 q3,nA
Metabolom % O j Metabolite
~103-106 e Y s , structural
A .~ Sm . -
\ B v b Baggler < Oni Gmz G Gmn elucidation 2 -
e AR n-dimensionale b IS
PHENOTYP Datenmatrix O

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



Metabolomics



Erwin Schroedinger (1943)

What is life?

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

Metabolomics
-non-targeted
metabolite analysis
- integrative part of
systems biology

Weckwerth (2003)
Metabolomics in
Systems Biology.
Annual Review of
Plant Biology



Metabolic fingerprinting -Metabolite

profiling-Metabolomics
Whole cells __ Siofluids
g e T
o ¢ ~
{éﬁf Cell extract . A T
s ~<
;;::-T‘.'ﬁff i /’? e
e o
& [Vietabolite fraction(
ﬁqjﬁff’ (global) o
‘T:"E‘ ,..i’-J I| i %
Isolated (specific) Derivatisation | ®
metabolite fraction v .' =
| o jak}
Y y A e :
L O|5 f 3 =
Derivatisation T | z < '?E Y Y Y
v L + | S 2 / /“”f e e )
1 MS .' T ) )
ola &Y - =)
_ MS Rl UV y / + ¥ NMR DIESI-MS FT-IR Raman
+ MMR ESI-MS
MS
M Ao A A
e g v
Vietabolite target analysis Vetabolite profiling Metabolic fingerpnnting
and Metabolomics MoSys
bnvi\e/(re]rsitéit

Goodacre et al. 2004



APPLICATIONS OF Metabolomics

PHARMACEUTICAL

HUMAN WELL BEING CELL LINE ENGINEERING DEVELOPMENT BREEDING COMPOUND IDENTIFCATION
U SRR DHECHNOSE HEALTH JUTRITIUN FOOD & AGTCULTURE HEALTH & NUTRITION, INU_USTRML BIOTECHNOLOGY

B = 1

|
FLAVOR PROFILER™ DIAGNOSTICS gL PERSONALIZED MEDICINE | TRANSLATIONAL RESEARCH

i B el FOOD & AGRICULTURE | iy ) | LY
|

BIO-BASED ECONOMY PERSONALIZED MEDICINE

© Metabolomic Discoveries




Vienna Metabolomics Center

Research Platform University of Vienna

Coordinator: Univ.-Prof. Dr. Wolfram Weckwerth

Faculty of Life Sciences 57 Lniversitat
</ wien



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

» Faculty of Life Sciences
= Verena Dirsch
= Gerhard J. Hernd|
= Walter Jager
= Jurgen Konig

Vienna = Thierry Langer

. = Christa Schleper
Metab0|0mICS = Karl-Heinz Wagner

Consortium = Faculty of Chemistry
= Christopher Gerner
= Gunda Koellensperger
= Doris Marko

= Veronika Somoza

= Faculty of Geosciences
= Daniel Birgel
= Stephan Kramer

= Jorn Peckmann
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http://www.univie.ac.at/

Impact of Genetic Polymorphisms

on the metabolic response

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

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
(Bottler 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
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Differences in metabolic response



Vienna Metabolomics Center

ViMe —Vienna Metabolomics Cente
—is an open research platform for
scientific collaborations

Provides a full suite for
metabolomic profiling combining
GC-MS, LC-MS, structural ,_
elucidation, databases, multivariatef§#
statistics, data integration and '
metabolic modelling

Provides a full suite for
proteomic/phosphoproteomic
profiling

Contact:
wolfram.weckwerth@univie.ac.at

Lniversitat


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

Metabolomics based on GC-MS
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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 .

ConmwehenﬂveIdenUﬂcannandcumntﬂann|nshoﬂtwne
=> ,throughput", many samples, time courses, statistics
Overall rel. standard deviation: 10-30 %




Increasing metabolome coverage

Metabolomics -
untargeted approach

LC/MS

GC-TOF-MS LC-FT-MS

~20000 MST ~20000 Ia rg er

features

smaller metabolites

_ metabolites
(sugars, amino (lipids
acids, organic acids, flavonloids
others !
' 'd) anthocyanines,
Ipl 5 Spectral annotation Sum formula and Others)
database search
Metabolite identification,
sample pattern recognition and biological
interpretation
Scherling et al (2010) Metabolomics Unravel Contrasting Effects of Biodiversity on the MoSys

mlver5|tat

Performance of Individual Plant Species. Plos One



MAPA

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

File Preferences Help
RT [min] -
System Requirements:

A Pentium-compatible PC

Microsoft Windows (XP,WinT7)
2 GB REM minimum -
4 GB RAM recommended Fighest

Getting Started
1. Download ProtMBX2012. See above.

2. Uncompress the downloaded file into a directory.
3. sStart Installation wia "setup.exe'

If you have questions or want to report a bug, please contact us

Spectral Count a ent RT [min] / a y ais 2 RT full range

Egelhofer et al 2013 Nature Protocol

universitat




Extraction and Derivatisation

10-20mg homogenised FW

+ 1mL pre-chilled (-20°C) extraction mixture of
MeOH: CHCI3: H20(2:1:1,v/v/v)

+ 10pL Internal Standard (2mg/mL)

] Human, Animal,
Shake for 10 min at 4°c

| Plant, Microbes,
Centrifuge at 14.000 rpm for 5min — environmental
samples

Supernatant, contains soluble
metabolites

Pellet, contains insoluble

metabolites, cell walls,
/ \ RNA, DNA and Proteins

!

Methanol/H,0 Chloroform Shotgun proteomics
Shotgun phosphoproteomics
l l RNAseq
DNA/Cell wall

Methoxyamine/MSTFA TMSH

!\ GC/MS | Weckwerth et al. 2004 Proteomics

AA, sugars, organic acids, FAME
etc.



Metabolomics = ~Metabolomics: Methods and Protocols." Humana Press
methodsand rrowocols — \Wolfram Weckwerth (ed) October 2006

Edited by

Walfram Weckwerth G C - M S

LC-MS

CE-MS | . |
NMR Detailed protocols with tips & tricks

Data mining

. Metabolomics in Practice: Successful

dted by
Mighal Larmmerholer and Wiatkam Weckmerh

Metabolomics Strategies to Generate and Analyze
i Metabolic Data

Michael Lamrmerhofer (Editor), Wolfram Weckwerth (Editor)

R, bl
] o ) |
1 ’\m&ﬂl' ISBN: 978-3-527-33089-3
. ;;' « Hardcover
- 447 pages
: January 2013 -

o The Handbook of Plant Metabolomics

’ﬂlo’- Handbook of
Plant Metabolomics
Ured by W rchweth Wolfram Weckwerth (Editor), Guenter Kahl (Editor)
::-:—i— & i N ISBN: 978-3-527-32777-5
: .\ Hardcover
. R -
___" =) ox % = 448 pages
e =T e T4 April 2013, Wiley-Blackwell
e >
- S §
-~ S




Workflow Metabolomics

Weckwerth 2011 Unpredictability of Metabolism.ABC

GC-MS nanoLC-MS
v v
postprocessing mzXML
v v
GC-PA MAPA

(extraction of accurate
precursor m/z, spectral count,
sample versus variable

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

variable alignment) alignment)
GMD > Data Matrix < MOSYS
(metabolite database) o e 3 | ﬁ (metabolite database)
S3 Gy Ggp CGgz o Ggo
nj;iirr:;ens:;ynal m C OVAI N
' Sun & Weckwerth 2012 Metabolomics '

Data matrix

sample pattern recognition/biological interpretation



COVAIN (COVAriance INverse) - a toolbox for

OMICS data modelling, data integration and data mining

Online First

*Granger Causality

*Permutation entropy
*Independent component analysis
*multivariate statistics

data integration

data transformation

*data normalization

*metabolic modelling

*metabolomics Graphlcal User

*proteomics

*transcriptomics Interface (GUI)

*other data

Sun & Weckwerth 2012 Metabolomics
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Chlamydomonas reinhardtii — the “green yeast
BIOFUEL THIRD GENERATION

The Chlamydomonas Genome
Reveals the Evolution of Key Animal
and Plant Functions

Sabeeha S. Merchant,™ Simon E. Prochnik #* Olivier Vallon,® Elizabeth H. Harris,*

Steven J. Karpowicz, Gemge B. Witman,® Astrid Terry,? Asaf Salamc-v Lillian K. Fritz-Laylin,®
Laurence Maréchal-Drouard,” Wallace F. Marshall,? Liang-Hu Qu,’ David R. Nelson,*°
Anton A. Sanden‘oot * Martin H. Spalding,** Vladimir V. I(apltonov 13 Qinghu Ren,*

Patrick Ferris,” Enka Lindquist,® Harris Shapiro,® Susan M. Lucas,” Jane Grimwood, 16
Jeremy Schmutz,*® Chtamydomonas Annotation Team,t ]GI Annotation Team,t

Igor V. Grigoriev,? Daniel S. Rokhsar,?®} Arthur R. Grossman®’%

I~
Chlamydomonas reinhardtii is a unicellular green alga whose lineage diverged from land plants over ™ S
1 billion years ago. It is a model system for studying chloroplast-based photosynthesis, as well as the Genome sequencing and assembly. The N
structure, assembly, and function of eukaryotic flagella (cilia), which were inherited from the common  121-megabase (Mb) draft sequence (/0) of the X
ancestor of plants and animals, but lost in land plants. We sequenced the ~120-megabase nuclear Chlamydomonas nuclear genome was generated T
genome of Chlamydomonas and performed comparative phylogenomic analyses, identifying genes at 13x coverage by whole-genome, shotgun end- Ks|
encoding uncharacterized proteins that are likely associated with the function and biogenesis of sequencing of plasmid and fosmid libraries, fol- %
chloroplasts or eukaryatic flagella. Analyses of the Chlamydomonas genome advance our understanding  lowed by assembly into ~1500 scaffolds (7). Half of D
of the ancestral eukaryotic cell, reveal previously unknown genes associated with photosynthetic and the assembled genome is contained in 25 scaffolds, o
flagellar functions, and establish links between ciliopathy and the composition and function of flagella. ~ each longer than 1.63 Mb. The genome is unusually 5
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Merchant et al. 2007




Nitrogen starvation and recovery:

formation of oil bodies and vegetative growth
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Nitrogen starvation and recovery:

proteins predict metabolites and physiological data

Nitrogen Nitrogen
3.00 starvation replenishment Color key
' M FW/ L _ODQ -
e Total lipids d © ’
2,50 Fv/Fm

2,00

0,00 24,00 48,00 72,00 96,00
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Valledor et al. 2014 Biotechnology for Biofuels



Granger Causality during nitrogen

starvation and recovery

* time-lagged
correlation measures
to identify potential
cause—effect pairs

* Developed by
economist and noble
prize laureate Clive
Granger

* Implementedin
COVAIN

Valledor et al. 2014 Biotechnology for Biofuels
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Metabolic trajectory...
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Is there a systematic relation?

Weckwerth (2011) Green Systems Biology Journal of Proteomics
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A system-theoretical derivation of
a geno-phenotype-equation




Mathematical desription of a complex

nonlinear system and its trajectories...

complex system stability analysis states

¥
\
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l L= fl(Ml’ M,,..M; p, pza---p|) }ﬂ/ ;

ML P P, Y,

My By, Py P)) |:>\Q.i_§.£
ePr) s
L

My P P, _
1;’

BV I =
)‘\:_!'.f i_--z.y
\‘*x._ /')/:f
_"_f-:.-/
coupled trajectories in
differential multidimensional
equations phase space

Lyaponov Control Theory, Ludwig von Bertalanffy General System Theory



Trajectory of a Pendular
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Trajectories in living systems...

Trajectory day-night rhythm
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Correlation and Network Analysis
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Metabolite correlations

Weckwerth 2011 Green Systems Biology
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Correlation and Network Analysis
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Stochastic Model of metabolism
Network topology

1.
2.

Weckwerth et al. (2001) ASMS

Weckwerth (2003) Annual Review of Plant Biology.
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Correlation and Network Analysis

Tuesday (fasted/no caffeine) Thursday (fed/caffeinated)
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Poldrack et al. Long-term neural and physiological phenotyping of a single human 2015 Nat. Comm.



Fundamental relation between network dynamics

(statistics/correlation/covariance/network) and GENOME

SEQUENCE
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Weckwerth (2011) J Proteomics
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Naegele & Weckwerth (2013) Applied
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Fundamental relation between network dynamics

(statistics/correlation/covariance/network) and GENOME

SEQUENCE

Jacobi entries are the
Elasticities of the enzymatic
Reactions dependent on
metabolite concentration
changes
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Genome-scale metabolic

reconstruction

Genome-scale metabolic reconstruction

Human Genome stoichiometric matrix N static metabolic network
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A genotype-phenotype-equation

Structure of the Jacobiis ~ Environmentally
defined by the driven
stoichiometric Matrix stochastic
derived from the genome Diffusionmatrix

Genome sequence

W

JC+CJ' =-2D

Data derived dynamic Covariance Matrix (dynamic network
model of the phenotype of the metabolic system)

Weckwerth 2011 Unpredictability of Metabolism

Weckwerth 2011 Green Systems Biology. MoSys
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A system-theoretical derivation of a

geno-phenotype-equation

o
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COVAIN - COVAriance INverse:

Inverse calculation of the differential Jacobian

Cnline First

Xiaoliang Sun

1= miano

0 s

*PCA, ICA, HCA, etc.
*GRANGER CAUSALITY
data integration

edata transformation
*data normalization
*metabolic modelling
*metabolomics
*proteomics
*transcriptomics ——
sother data

Sun & Weckwerth 2012 Metabolomics



Metabolic reconstruction from a genome sequence

Human genome
Plant genome

Microbial genome
Matabalic Suparpathway Modal

T

Ganome-scale metabolic mconstruction natworks
Darabass Eririsa }
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Database search I_I ¥ ﬁTfl i

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




Calculation of the Differential Jacobian -

Demonstration with an erythrocyte model

DHAP
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Sun & Weckwerth 2012 Metabolomics




Differential Jacobian - Demonstration

with an erythrocyte model

Erythrocyte Model
-high level glucose import
-low level glucose import

Using Covariance of metabolite data to calculate
differential Jacobian

High level
/r glucose

import
\ Low level

glucose
Sun & Weckwerth 2012 Metabolomics import
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Calculation of the differential jacobian

demonstration with an erythrocyte model

dJ; = Iog2

Sun &
Weckwerth
2012
Metabolomics
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COVAIN - COVAriance INverse:

toolbox for data mining

Cnline First

METABOLOMICS

-y

*PCA, ICA, HCA, etc.
*GRANGER CAUSALITY
data integration

data transformation
*data normalization
*metabolic modelling
*metabolomics
*proteomics
*transcriptomics

eother data

Data information

Sun & Weckwerth
2012 Metabolomics

JC+C)'=-2D

Time Series

COVAIN GUI Matlab

COVAIN Toolbox (Version 2015-June-22)

Heatmap

Set condion B

Compound mapping

ccccccccccccccc




COVAIN - COVAriance INverse:

toolbox for data mining

Sun & Weckwerth
CIGINAL ARTICLE 2012 Metabolomics

JC+C)'=-2D

» Weclwerth COVAIN GUI Matlab

METABOLOMICS

-y

*PCA, ICA, HCA, etc.

Inverse Jacohbian

*GRANGER CAUSALITY

edata integration Set condition A . Input stoichiometric matrix ...
data transformation

edata normalization Set condition B ... Calculate differential Jacobian
*metabolic modelling KEGG Pathway

*metabolomics Compound mapping ...

*proteomics
*transcriptomics
eother data

mzGroupAnalyzer

Load data & Analyze Pathway Viewer



Linking OMICS and Modelling  prgm

2% wiversitdt
WIS

Platform MoSys
Data driven mathematical model of the
system — Functional interpretation and ﬂ;l c + CJT — -2 D
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Calculation of biochemical regulation

directly from metabolomics data

Sun & Weckwerth (2012) Metabolomics
Dorfler et al. (2013) Metabolomics

Nagele et al. (2013) Applied Mathematics
Nagele et al. (2014) Plos One

Sun et al. (2015) Frontiers Bioeng. Biotechn.
Nagele et al. (2016) Frontiers Metabolomics
Nukarinen et al. submitted

Nagele, Kirchmayer et al. In preparation

Other groups
Oksuz et al. (2013) Plos One

Cakir et al. (2014) Frontiers in Bioeng. Biotechn.
KGgler & Yang (2014) Journal of Mathematical Biology



Summary and Outlook

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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