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Goals

Ç Reconstruction of fully compartmentalized tissue-specific 

models of Arabidopsis thaliana, via integration of different 

óomicsô data.

Ã Two published models, buté

Ä Focus only on primary metabolism

Ä Highly partial localization assignment

Ä No tissue assignment

Ã Further goal: utilizing these models to adapt metabolic 

engineering methodology from the realm of microbes to that of 

plants and design strategies for the overproduction of desirable 

end-products.



Arabidopsis as a Model Plant

Ç Short generation time

Ç Small size (growth facilities)

Ç Self-pollination

Ç Easy genetic manipulations

Ç Features transferable to crop species

Ç Relatively small genome size



Reconstructing Plant Metabolic Network 

Ç The development of genome-scale network models for plants is 

significantly more complicated than for microbes due to the 

higher level of complexity of plants metabolism:

o Thousands of enzyme coding genes (135 million bp in Arabidopsis) 

o 4,000 ï20,000 metabolites

o enzyme sub-cellular compartmentalization 

o Comprehensive experimental data is not always available



Model Building Algorithm (MBA)

Ç Jerby et al., MSB 2010

Ç Derives a consistent model 

from a generic model, based 

on integration with óomicsô 

data sources.



Reconstruction Computational Pipe-Line



Global Model Reconstruction

Ç Databases ïAracyc, Kegg-ATH (requires mapping)

Ç Reactions screening ïChemical balance

Ç Model boundaries ïLiterature search

Ç Biomass definition ïLiterature search

Ç Directionality ïextracted from databases and biochemical rules

Draft model - ~1500 reaction, 

~1300 metabolites

~600 dead-end reactions



Ç Gap-filling (based on MBA).

Ç Generic setïPMN/KEGG, Core setïAracyc/KEGG-ATH

Ç Several additions:

Ç Allows relaxation of irreversibility of core reactions.

Ç Addition of a plant reactions is prioritized over non-plant.

Ç A consistent model must allow production of biomass compounds 

under minimal media.

Global Model Reconstruction

Addition of ~50 plant reactions, and ~300 

non-plant reactions



Global Model Reconstruction - Validation

Ç Cross validation testï precision:0.61, recall:0.42, p-val<10-14

Ç Blast testï added reactions vs. non-added 

reactions, against the Arabidopsis

genome, p-val < 0.05



Compartmentalized Model Reconstruction

Ç Predict metabolic enzymesô subcellular localization, based on:

Ç The organismôs metabolic network

Ç Priori knowledge regarding localization of a subset of the enzymes

Ç Parsimonious assumption of minimal number of cross-membrane 

metabolite transports between compartments.
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Ã Transport reactions depend 

on transporter proteins, 

imposing energetic cost or 

requiring the maintenance 

of a membrane potential

Minimal Metabolic Transport Assumption

Ã Minimize transport reactions
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Ã Match known localization 

data

Ã Assume minimal number of 

metabolite cross-membrane 

transports

Minimal Metabolic Transport Assumption



Input

1. A metabolic network

2. Known localization data for a subset 

of the enzymes 

(localized vs. non-localized reactions)

Initial Compartmentalized Network

Metabolic Network Prior Localization Data

+

Initial compartmentalized network , 

consisting of k compartments, while:

1. All metabolites are duplicated to all k

compartments

2. Transport reactions are added

3. Localized reactions are restricted to 

be active only in their associated 

compartments



Ã MBA is used a heuristic variant of the described method.

Ã Compartments: cytosol, plastid, mitochondria, ER, peroxisome, 

golgi-apparatus, vacuole

Ã Localized reactions: experimental localization for 48% of the modelôs 

reactions (SUBA)

Ã Non-localized reactions: duplicated to different compartments according to 

10 prediction programs.

Ã Generic set: transport reactions (removed first), non-localized reactions.

Ã Core set: localized reactions.

Compartmentalized Model Reconstruction



Ã Similar trends between the experimental data and the 

reconstructed models:

Compartmentalized Model Reconstruction



Compartmentalized Model Reconstruction - Validation

Ã Cross-validation test: precision ï0.47, recall ï0.5, p-val < 10-13

Ã Unique metabolic representation in different compartments:



Compartmentalized Model Reconstruction ïprediction example

plastid

mitochondria

cytosol

vacuole

AT3G29200

AT5G10870

AT1G69370

Predicted 

localizations

isochorismate

Arogenate

4-hydroxyphenyllactate

Homogentisate

4-hydroxyphenyl-acetaldehyde

vitaminE/plastoquinone biosynthesis2 -Hydroxyphenylacetate

phenylacetaldehyde



Tissue-specific Model Reconstruction

Ã MBA is used in combination with protein expression data (AtProteome).

Ã Tissues: leaves, flowers, seed, silique, roots, cotyledons, 

cell-cultures (light and dark)

Ã Proteomics data exists for 60% of the modelôs reactions.

Ã Core set: Reactions identified in that tissue by the proteomics data.

Ã Generic set: Remaining reactions from the compartmentalized model.

Ã Enables the prediction of tissue assignment for 91% of reactions.



Tissue-specific Model Reconstruction - validation

Ã Cross-validation test: precision ï0.77, recall ï0.7, p-val < 10-13

Ã Gene-expression validation: comparing expression data of enzymes not-

detected by proteomics data, p-val < 10-4

Ã Tissue clustering based on metabolic similarity between tissues:



Tissue-specific Model Reconstruction

Young tissues and silique

Roots

Also in dark (isoprenoids)

Older tissues ïactive in 

senescence

Highest in silique

Not in roots and seed

Light vs. dark

Light vs. dark



Tissue-specific Model Reconstruction

Ã We test tissues ability to 

correctly predict flux 

measurements.

Ã Utilize data from C13 labeling 

measurements, following 

knockdown of pyruvate-kinase 

(PK) enzyme in Arabidopsis

seed.

Ã 17 exchange fluxs, 31 inner 

fluxes.

Ã Biological function: 

Ä Shift from oil to protein 

synthesis.

Ä Increased uptake of nitrogen 

sources.

Ä Increased TCA activity.

Ä Starch and sucrose accumulation.



Ç Quadratic programming was applied to find a feasible flux 

distribution  that is as close as possible to the measured WT fluxes, 

using MOMA.

Ç Effect of knockdown was predicted by constraining the flux 

through PK reaction, and utilizing MOMA again.

Ç Results: correlation ï0.46 (p-val = 0.0012)

Ç Decrease in fatty acid formation, decrease in PK cytosolic reaction, 

increase in TCA activity, increase in starch accumulation.

Ç Leaf and compartmentalized model repeated analysis resulted in 

similar correlations but an increase in fatty acid formation.

Tissue-specific Model Reconstruction



Ç Tocopherols  (vitamin-E)-

antioxidants, synthesized 

exclusively in plastids of 

photosynthetic organisms.

Ç Essential components of 

human diet.

Metabolic Engineering Application



Ã Our goal: predicting gene-knockouts that are likely to increase 

tocopherol content in Arabidopsisseeds.

Metabolic Engineering Application

Ã We us MOMA to compute likely 

flux distributions achievable 

after the knockout of each single 

gene in the seed model.

Ã The analysis resulted in 95 

reactions with an increase > %25




