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Metabolomics Correlation and Network Analysis

*4-Aminob   *Alanine (2*Ascorbic  *Asparagin*Aspartic a  *Benzoic a  *beta-Alan  *Citric acid *Citrulline *Ethanolam  *Fumaric a  *Galactoni   *Glutamic  
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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Steuer et al. (2003) Bioinformatics
Weckwerth (2003) Annual Review of
Plant Biology
Morgenthal et al. (2006) Biosystems
Müller-Linow et al. (2007) BMC Systems 
Biology
Weckwerth (2010) Bioanalysis
Weckwerth (2011) Analytical and 
Bioanalytical Chemistry
Weckwerth (2011) Proteomics
Weckwerth (2019) Frontiers Applied 
Math and Statistics
…

Light

stochastic
differential 
equations

Fundamental relation between network dynamics 
(statistics) and GENOME SEQUENCE

J C + C J’ = -2D
J = Jacobian C = Covariance matrix

Rascher et al (2001) PNAS
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Jacobian entries are the  
Elasticities of the 
enzymatic Reactions 
dependent on 
metabolite 
concentration changes

J = N*∂f/ ∂M
 J: Jacobian matrix
N: stoichiometric Matrix
=> GENOME SEQUENCE
v:  Reaction rate; 
M: metabolite
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Fundamental relation between network dynamics 
(statistics/correlation/covariance/network)  and GENOME SEQUENCE
Weckwerth (2019) Frontiers Applied Mathematics and Statistics 5, 29



Genome-scale metabolic reconstruction

Genome-scale metabolic reconstruction

Dynamic phenotypic plasticity

Plant
Human
Microbe
Metagenome
etc…

Weckwerth (2019) Frontiers Applied Mathematics and Statistics 5, 29
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Fundamental relation between network dynamics 
(statistics/correlation/covariance/network)  and GENOME SEQUENCE
Weckwerth (2019) Frontiers Applied Mathematics and Statistics 5, 29



Data derived dynamic 
model of the phenotype

Genome sequence

A genotype-phenotype-equation

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 (2019) Frontiers Applied Mathematics and Statistics 5, 29
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n-dimensional Data matrix

PHENOTYPE C

?
Multivariate 
Statistics
Trajectories

Genome 
sequence
GENOTYPE N

Systems equations

Systems theory J
JC + CJT = -2D

Citrate Cycle

Genom
~ 103-104

Proteom
~ 106

Metabolom
~103-106

PHENOTYP

GENOTYP

Weckwerth (2011) Unpredictability of Metabolism
Weckwerth (2011) Green Systems Biology

Weckwerth (2019) Unification of system theory in Biology and Ecology
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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 
reconstruction of the species

Proteomics

environmental perturbation

Genomics

Linking OMICS and Modelling Platform MoSys

Morphology, Anatomy, Physiology

Weckwerth (2011) Green Systems Biology 



Lyapunov matrix equation in ecology/population dynamics – Richard Levins 
and Robert May

• Introduction of the Population Community Matrix which is
equivalent with the Jacobi matrix

• Introduction of the Lyapunov matrix equation for stochastic
systems ATP + P A +Q =O

• Applications to population dynamics
• May Hypothesis: increasing diversity destabilizes the

ecosystem measured by the eigenvalues of the Jacobian but….
• no random structure of the community matrix

Weckwerth (2019) Frontiers Applied Mathematics and Statistics 5, 29



Lyapunov matrix equation is a central approach in artificial intelligence and
bioinspired control theory

Weckwerth (2019) Towards a unification of system-theoretical concepts in biology and 
ecology – the stochastic Lyapunov matrix equation and its inverse application. Frontiers 
Applied Mathematics and Statistics 5,29

SYSTEM
dX/dt = AX

Multiple 
input U

Multiple 
output Y

Controller

MIMO



COVAIN – COVAriance INverse:
toolbox for data integration and mining

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



COVRECON: Combining Genome-scale Metabolic Network 
Reconstruction and Data-driven Inverse Modeling 

Jiahang Li

Li et al. 2022
in preparation



Panomics meets Germplasm
Weckwerth et al 2020 Plant Biotechnology Journal

3000

1000

7000

1001 and 
more?



From Farm to Table to Health - Panomics

Farm
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Zhang et al. Spatial distribution of proteins and 
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differential regulatory response during the grain filling
process. The Plant Journal 107, 669-687 (2021).

Linke et al. Chronic signaling via the metabolic
checkpoint kinase mTORC1 induces macrophage
granuloma formation and marks sarcoidosis progression. 
Nature immunology 18, 293-302 (2017).

Atanasov et al. Natural products in drug discovery: 
advances and opportunities. Nature Reviews Drug 
Discovery 20, 200-216 (2021).

Bässler et al. Evidence for novel tomato seed allergens: IgE-reactive
legumin and vicilin proteins identified by multidimensional protein
fractionation− mass spectrometry and in silico epitope modeling. J 
Proteome Res 8, 1111-1122 (2009).



Nature Biotechnology 2021



PANOMICS meets Germplasm
Understanding intraspecific crop plant adaptation in 
the climate crisis for climate change mitigation 

CROPS in a changing climate

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


Agriculture contributes to the mitigation of climate change due 
to its nature as carbon sequestration process - photosynthesis
and CO2 -fixation
versus current state: 
1. Harsh climate reduces plant growth and productivity

leading to inefficient CO2-neutral biomass and food
production

2. High demand on industrial nitrogen fertilizer for productivity
but low nitrogen use efficiency (NUE) due to losses (50-70%) 
in the soil – nitrification processes and GHG emissions (N2O) 

3. Food production – industrial processes

HYPOTHESIS

Net GHG 
emission
instead of
sequestration



Transformation of Agriculture



Agroecology: Key to agricultural 
resilience and ecosystem recovery

• Four major themes of agroecosystems
(Conway 1983):

• Productivity
• Stability
• Sustainability
• Equability

• Fundamental 
properties of any
complex system
and derived from
SYSTEM THEORY

• Agroecology and agroecosystems analysis
is intimately bound to system theory and, 
thus, to systems biology

http://www.fao.org/agroecology/knowledge/science/en/

Genetic variation – germplasm
genomics



Consultative Group on International 
Agriculture Research (CGIAR)

Rajeev Varshney



Bacillus

Chlamydomonas

Tabak

Synechocystis

Medicago

Arabidopsis

Homo sapiens

Canis familiaris

Maus

Next generation sequencing…

Since 1995 ~65000 Genome projects... exponential... 
Metagenomes... 2015

Seit 1995 ~450.000 Genome projects... exponential... 
Metagenomes...2021



Plant Genomes
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Germplasm genomics
intraspecific variation

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

Polymorphism
involved in 
climate
adaption



Germplasm genomics
Pearl Millet

Nature Biotechnology 2017



Germplasm genomics: 
Chickpea

Chickpea 3000 project



Question:
From all these data
….can we predict metabolite dynamics and/or
protein dynamics or transcript dynamics? 
Regulation? Growth? Physiology?
Morphotyp? Stress phenotype? Yield?
Quality? Adaptation to climate change?



Panomics meets Germplasm
Weckwerth et al 2020 Plant Biotechnolgy Journal



Protein-Gene 
Interactions

Protein-Protein 
Interactions

Citrate Cycle

Metabolite-Protein 
Interactions

Genome
~ 103-105

Proteome
~ 106

Metabolome
~105-106

“OMICS” “OMICS”PHENOTYPE

GENOTYPE

P
A
N
O
M
I
C
S

PTM
~ 106-7

How is complexity encoded?

   



Panomics meets Germplasm

• From Model Organisms to Ecosystems
• Genomics, Transcriptomics, Proteomics, Metabolomics, Physiology, 

Phenotype Weckwerth 2011 Green Systems Biology

NGS Proteomics Metabolomics Genome-scale modelling Ecosystems analysis

Weckwerth et al 2020 Plant Biotechnology Journal



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

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

Metabolic Pathways



• Research Platform University of Vienna (http://metabolomics.univie.ac.at) 
• Coordinator: Univ.-Prof. Dr. Wolfram Weckwerth

• Faculties of Life Sciences and Chemistry, CMESS and Medical University

Vienna Metabolomics Center

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


Vienna Metabolomics Center

• ViMe – Vienna Metabolomics Center – is an 
open research platform for national and
international 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

• More than 120 publications including Cell, 
PNAS, Nature Biotechnology, Nature 
Immunology, Cancer Cell, Plant Cell, Plant 
Physiology, Plant Journal, and many more

• Contact: wolfram.weckwerth@univie.ac.at
http://metabolomics.univie.ac.at/

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


VIME Webpage 



Integrative Multiomics protocol
Tissue, Cells, Fluids

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
Valledor et al. 2014 protocol extended to microbes
Linke et al. 2017 Nature Immunology
Wilson et al. 2020 Cell reports

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

Plant, Microbes, 
environmental 
samples, Human, 
Animal



Workflow Metabolomics

GC-MS

postprocessing

GC-PA
(extraction of RI, mass spectra, 

relative fragment intensities, sample 
versus variable alignment)

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

alignment)

nanoLC-MS

mzXML

Data Matrix

sample pattern recognition/biological interpretation

PCA/ICA

VIME
(metabolite database)

VIME 
(metabolite database)

Summary

nmmmm

n

n

n

qqqqSm

qqqqS
qqqqS
qqqqS
MnMMM

,3,2,1,

,33,32,31,3

,23,22,21,2

,13,12,11,1

..................
...3
...2
...1
...321

n-dimensional 
Data matrix
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MnMMM

,3,2,1,

,33,32,31,3

,23,22,21,2

,13,12,11,1

..................
...3
...2
...1
...321

n-dimensional 
Data matrix

COVAIN/Machine learning
Sun & Weckwerth 2012 Metabolomics

Weckwerth 2011 Unpredictability of Metabolism.ABC



Data Preprocessing
• Cleaning
• Normalization
• Transformation
• T-test / ANOVA
• Boxplot / Volcano plot
• Missing value 

imputation

Uni/Multi-variate 
Statistics
• PCA/ICA/PLS/t-SNE
• Correlation
• Clustering
• Granger causality

Regression 
& Classification
• Stepwise regression
• Supervised 

classification

Network Analysis
• Inference
• Clustering
• Visualization
• KEGG mapping

Multiomics data 
integration
• E.g. Metabolomics 

+ Proteomics + 
Microbiome + 
Physiolome

Options
• Statistical 

parameter settings

COVAIN (COVAriance INverse) – a toolbox for OMICS data processing, 
statistics and machine learning, data integration,  inverse data

modelling, and de novo structural elucidation

Time series 
analysis
• Granger Causality
• Correlation
• Permutation entropy

Biomathematical
modelling
• Metabolic 

reconstruction
• Lyapunov equation
• Inverse Jacobian

calculation

mzGROUPAnalyzer
and mzFUN
• Data alignment and 

structural de novo 
elucidation of unknown 
metabolitesSun & Weckwerth 2012  Metabolomics



Machine learning 
workflow and methods in COVAIN

• Feature filtering
• Feature 

transformation(engineering)
• Feature selection
• Classification /Regression
• Validation
• Model evaluation (performance)
• Best feature subset

Leitner et al. 2017





Potato germplasm collection

• 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 = more
than 500 shotgun proteomics
analyses

Hoehenwarter et al. 2008  Proteomics



Mass Accuracy Precursor Alignment

Wolfgang Hoehenwarter
MAPA



MAPA – Proteomics/Metabolomics

Σ

Σ

MAPA
Protma
x

Hoehenwarter et al. 2008  Proteomics
Doerfler et al. 2013 Metabolomics

Metabolite/



4 splitting rules
•5-fold cross validation
• Leave one out cross validation
• Bootstrap sampling
• Monte Carlo cross validation

500 training/test sets each

2000 training/test sets

123 predictors

4 classification methods
• LDA
• KNNC
• SVM
• Random Forest (RF)

18300 predictions each

X

500 training/test sets each
• 5-fold cross validation

Hoehenwarter et al. 2011 
Journal of Proteome Research

Machine learning/classification



Marabel

Goldika

Lady Claire

Kuras

Festien

Omega

Arnika

Agria
Red Fantasy
Alliance

Topas

Milva

Machine learning of shotgun proteomics data identifies highly
specific cultivar markers

m/z

18300 predictions
number of missclassifications:  19 
missclassification rate:  0.001

Hoehenwarter et al. 2011 
Journal of Proteome
Research



Protein Marker?   VIP versus ICA

Hoehenwarter et al. 2008  Proteomics



Metabolite marker for prediction

Steinfath et al. 2010 Plant Biotechn.





Eco-Metabolomics and in situ metabolic
modelling Nagler et al. 2018 Frontiers Plant Science 

Arabidopsis
thaliana natural
populations
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Eco-Metabolomics and in situ 
metabolic modelling

Strong GPS-
metabolite
correlations

GC-MS/LC-MS Metabolomics

1001 genomes

Eco-Metabolomics and in situ metabolic 
modelling Nagler et al. 2018 Frontiers Plant Science 



Eco-Metabolomics and in situ metabolic modelling –
SNP sequencing of Arabidopsis in situ populations

Eco-Metabolomics and in situ metabolic 
modelling Nagler et al. 2018 Frontiers Plant Science 



Eco-Metabolomics and in situ metabolic modelling –
in situ population specific SNP enrichment

OOE1 OOE2 OOE3

Population specific protein-interaction networks of SNP enriched genes

Eco-Metabolomics and in situ metabolic 
modelling Nagler et al. 2018 Frontiers Plant Science 
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Multiomics analysis of in situ Arabidopsis populations

Data logger:
Temp, PAR, 
humidity, soil
water, etc



Multiomics analysis of in situ Arabidopsis populations – correlation
with environmental data





Germplasm genomics
intraspecific variation

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

Polymorphism
involved in 
climate
adaption



250 Arabidopsis genotypes in control and cold stress

Weiszmann et al. 2020 



Some 3000 samples later…

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

n-dimensional 
Data matrix
n-dimensional 
Data matrix

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

Protein/metabolite correlations



Metabolic distance of stress adaptation



Genotype-dependent metabolic distance of stress 
adaptation

Weiszmann et al. 2020



Natural metabolic variation is predicted by early spring time temperature of
the natural habitate

Weiszmann et al. 2020 



Allelic variation correlates with metabolic prediction

Fumarase 2

Weiszmann et al. 2020 



Conclusion

Every location and microhabitat creates 
a unique phenotype. This suggests that 
locally selected and developed cultivars 
may be superior to seed stocks 
produced and distributed globally.

Comment in social media



Germplasm collections offer „climate
smart crops“ 



Germplasm collections offer „climate
smart crops“ – stress resilience

Ghatak et al. 2021 
Frontiers in Plant Science



Coping strategies under drought stress: Integrated 
physiological and multiomic analysis of roots, leaves 

and seeds in Pearl millet and Wheat

http://chartsbin.com/view/30647 

Ghatak et al. 2021 
Frontiers in Plant Science



Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stressMolecular-physiological 

models of drought 
resistant and 
susceptible Pearl millet 
and Wheat genotypes

Ghatak et al. 2021 
Frontiers in Plant Science



Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Sparse Partial Least Square analysis: Predictors for root physiology in pearl millet

Ghatak , Chaturvedi et al.

Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Sparse Partial Least Square analysis: Predictors for root physiology in wheat

Ghatak , Chaturvedi et al.

Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Sparse Partial Least Square analysis: Predictors for seed yield in Pearl millet

Ghatak , Chaturvedi et al.

Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Sparse Partial Least Square analysis: Predictors for seed yield in wheat

Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stress

Ghatak et al. 2021 
Frontiers in Plant Science



Proteome plasticity of resistant and susceptible wheat
and pearl millet genotypes under drought stressMolecular-physiological 

models of drought 
resistant and 
susceptible Pearl millet 
and Wheat genotypes

Ghatak et al. 2021 
Frontiers in Plant Science



Ghatak et al. 2021 
Frontiers in Plant Science

Germplasm collections offer „climate
smart crops“ – stress resilience

Weckwerth et al. 2020 
Plant Biotechnology



WHEAT, RICE, 
BARLEY, MAIZE, 
SORGHUM, 
PEARL MILLET
Comparative summary
of more than 200 
publications and
biomarker selection

Ghatak et al. 2017



Agriculture contributes to the mitigation of climate change due 
to its nature as carbon sequestration process - photosynthesis
and CO2 -fixation
versus current state: 
1. Harsh climate reduces plant growth and productivity

leading to inefficient CO2-neutral biomass and food
production

2. High demand on industrial nitrogen fertilizer for
productivity but low nitrogen use efficiency (NUE) due to
losses (50-70%) in the soil – nitrification processes and GHG 
emissions (N2O) 

3. Food production – industrial processes

HYPOTHESIS

Net GHG 
emission
instead of
sequestration



Germplasm collections offer climate smart 
crops – Biological nitrification inhibition (BNI)

Ghatak et al. PANOMICS meets root soil
microbiome under review

Low NUE



Ghatak et al. 2021 
Biology and Fertility of Soils

Germplasm collections offer climate smart 
crops – Biological nitrification inhibition (BNI)

Root exudate metabolomics



Ghatak et al. 2021 
Biology and Fertility of Soils

Germplasm collections offer climate smart 
crops – Biological nitrification inhibition (BNI)

Root exudate metabolomics



Ghatak et al. 2021 
Biology and Fertility of Soils

Germplasm collections offer climate smart 
crops – Biological nitrification inhibition (BNI)



Germplasm collections offer climate smart 
crops – Biological nitrification inhibition (BNI)

Ghatak et al. PANOMICS meets root soil
microbiome under review

Low NUENUE



PANOMICS resolution at subtissue and cellular level

In the framework of Green Systems Biology we 
propose three fundamental pillars for future 
breeding strategies: 
(i) combining genome selection with environment-

dependent PANOMICS analysis and deep learning 
to improve prediction accuracy for marker-
dependent trait performance

(ii) PANOMICS resolution at subtissue, cellular and 
subcellular level provides information about 
fundamental functions of selected markers

(iii)combining PANOMICS with genome editing and 
speed breeding tools

Weckwerth et al. 2020 Panomics meets germplasm



PANOMICS resolution at subtissue and cellular level

In the framework of Green Systems Biology we 
propose three fundamental pillars for future 
breeding strategies: 
(i) combining genome selection with environment-

dependent PANOMICS analysis and deep 
learning to improve prediction accuracy for 
marker-dependent trait performance

(ii) PANOMICS resolution at subtissue, cellular and 
subcellular level provides information about 
fundamental functions of selected markers

(iii)combining PANOMICS with genome editing and 
speed breeding tools

Weckwerth et al. 2020 Panomics meets germplasm



Wheat grain filling process
Shuang et al 2021 Plant Journal



Wheat grain filling process at the tissue
lvel Shuag et al 2021 Plant Journal

Wheat grain filling process at the tissue
level Shuang et al 2021 Plant Journal



Wheat grain filling process at the tissue
level Shuang et al 2021 Plant Journal



Wheat grain filling process at the tissue
level Shuang et al 2021 Plant Journal



Wheat grain filling process at the cellular
level Shuang et al 2021 in preparation



Wheat grain filling process at the cellular
level Shuang et al 2021 in preparation



Wheat grain filling process at the cellular
level Shuang et al 2021 in preparation



Wheat grain filling process at the cellular
level Shuang et al 2021 in preparation



SUMMARY

• More than 60% of phenotypic plasticity, pleiotropy, polygenic traits, 
physiology etc. is not explained by genomics – application of
metabolomics, proteomics, phosphoproteomics and biochemical
modelling for genomic prediction

• In situ molecular phenotype plasticity is enormeous: Application of
multiomics technology and  Systems Biology from lab to field conditions
reveals a new picture of the genotype-environment-phenotype, 
phenotypic plasticity in a natural/agricultural environment and stress 
adaptation mechanisms

• Application to crop plants and natural ecosystems reveal different 
adaptation strategies of the plant and can be used for correlation with
traits, yield, stress tolerance, morphology, physiology etc.



International Cooperations

Rajeev Varshney

Dong Jiang



Big hugs to the group

http://www.univie.ac.at/mosys/team.htmlPalak Chaturvedi

Arindam Ghatak

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


DOC.FUNDS PhD school:
MENTOR – Plant resilience in the climate crisis

MENTOR  (First Plant PHD School in Austria)
Molecular Mechanisms to Improve Plant Resilience  

Funding by FWF doc.funds (2.3 Million Euro)
Coordinated by

Wolfram Weckwerth



PTMs
– Post Translational Modifications

Plant growth
 yield

DOC.FUNDS PhD school:
MENTOR – Plant resilience in the climate crisis

Please, send applications to
wolfram.weckwerth@univie.ac.at
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