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Croot, Nroot

Cleaf, Nleaf

Cflow, Nflow

Plant models at the 
individual scale

Biomass allocation models by source-
sink empirical relations 

Ecophysiological models of water flow 
and thermic budgets

When properly calibrated on a dataset, such models show a high capability 
of prediction

But the range of validity of these models is restricted to the conditions where 
the datasets were acquired.
For instance, the plant adaptation to complex conditions (e.g. combined 
stress conditions) is not well predicted

∑
𝑘

𝐶𝑘=𝐶𝑇

∑
𝑘

𝑁 𝑘=𝑁 𝑇



Four interconnected (existing) models 

Carbon dynamic model : based on the model of Farquhar
-  account for C fixation only
-  scaled by the rubisco content and respiratory rates 

Rasse DP, Tocquin P (2006) New Phytol 172(3):500–513.
Christophe et al. (2008). Functional Plant Biology 35(11) 1147-1162

FSPM: based on Greenlab

Need to develop more autonomous models
at cellular scales to cope with single and 
combined abiotic stress



Mesophyll 
cells

Croot, Nroot

Cleaf, Nleaf

Cflow, Nflow

∑
𝑘

𝐶𝑘=𝐶𝑇

∑
𝑘

𝑁 𝑘=𝑁 𝑇

Adaptation to complex 
conditions occurs at the 

cellular scale

Refine the description of cellular scales 
in individual models

Resource balance analysis (RBA) models 
are particularly promising … 



En régime permanent 
(constant growth rate)



 

The RBA optimization problem
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Concentration of housekeeping
proteins

Growth rate

Concentration of
molecular machines

Metabolic fluxes

𝑃𝑟𝑏𝑎 (𝜇) :

• One constraint of mass conservation per intracellular metabolite
• One capacity constraint per molecular machine
• One density constraint per cellular compartment

A constraint-based modeling method 



 

The RBA optimization problem
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Concentration of housekeeping
proteins

Growth rate

Concentration of
molecular machines

Metabolic fluxes

𝑃𝑟𝑏𝑎 (𝜇) :

 

The extracellular medium is taken into account through the efficiencies of nutrient 
transporters located in the plasmic membrane ( extracellular concentration of 
nutrients )



 

The RBA optimization problem
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Concentration of housekeeping
proteins

Growth rate

Concentration of
molecular machines

Metabolic fluxes

 

 At fixed µ, the RBA problem is a linear programming (LP) optimization problem
 There exists a maximal growth rate µ* such that for all µ lower than µ*, Prba(µ) is feasible, and 

unfeasible for higher values
 The maximum µ* is computed by solving a series of LP optimization problem for different µ values
 At µ*, we compute the concentration of molecular machines and flux distribution

A. Goelzer , V. Fromion and G. Scorletti. 48th IEEE Conference on Decision and Control, China, 4517 -22. 2009.
A. Goelzer , V. Fromion and G. Scorletti. Automatica, 47(6):1210-1218. 2011



Monod experiments on bacteria 
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RBA predicts a hierarchy in the use of carbon sources in 
agreement with Monod’s experiments 

L. Tournier et al. Journal of mathematical biology, 75(6), 1349-1380. 2017

Autonomous prediction : the cell configuration is not fixed a priori

Predicted use of 
carbon sources by 

RBA

Sorbitol

Glucose

Predicted use of carbon sources  by 
other constraint-based modeling 

methods (FBA)

Sorbitol + Glucose

Sorbitol + Glucose

Sorbitol

Glucose

Free config. Fixed config.Free config. 
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RBA predicts a hierarchy in the use of carbon sources in 
agreement with Monod’s experiments 

L. Tournier et al. Journal of mathematical biology, 75(6), 1349-1380. 2017

Autonomous prediction : the cell configuration is not fixed a priori

Predicted use of 
carbon sources by 
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Sorbitol
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methods (FBA)
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Promising to predict the cell phenotype in combined stress conditions



Experimental 
validation on 
Bacillus subtilis

 

Basynthec
Protein Factory 

Resource Balance Analysis 
modeling framework

(RBA)AG

 

The RBA framework

RBA models
(prokaryotes)

 

Cellular phenotypes 
in complex 

environmental 
conditions

 
Predict  

 
AB, SF, OBRBApy

RBAtool
IMSV, 
ProteinFactory

Create 

 
RBA in dynamical 
conditions

GJ, AB

Extend

 
OB
PlantRBA

RBA models
(eukaryotes) 

Predict  

Predict  

Extend

Create 
PhD
Post-doc 

Project 

AB SF

OB GJ



How to calibrate such kind of model ?



 

The RBA optimization problem
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Concentration of housekeeping
proteins

Growth rate

Concentration of
molecular machines

Metabolic fluxes

 

Protein sequence
Annotation

Stoichiometry of  
chemical reactions

Literature
Biomass composition

Metabolomics

Estimation on 
omics datasets
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Estimation of parameters on omics datasets 



Identification of in vivo efficiencies of 600 enzymes

A. Bar-Even, et al. The Moderately Efficient Enzyme: Evolutionary and Physicochemical Trends Shaping Enzyme Parameters, Biochemistry, 2011, 50 (21), pp. 
4402–4410
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Prediction of resource allocation for the cellular processes of  
Bacillus subtilis

17
A. Goelzer , et al. Metabolic Engineering, 32, 232-243. 2015



And for the plant cell ?



A RBA model for the mesophyll cell

Objective : Investigate if the principle of parcimonious resource allocation between cellular 
processes (i.e. maximize the relative growth rate) leads to realistic cellular phenotypes.



Cellular processes in the RBA model 

Cellular compartments. cytoplasm, nucleus, mitochondrion, chloroplast, thylakoid, vacuole, 
peroxisome, golgi, endoplasmic reticulum, extracellular matrix. Fine description integrating 
organelle membranes.

Non-metabolic processes (NMP)
• Replication : nucleus, mitochondrion, 

chloroplast
• Transcription : nucleus, mitochondrion, 

chloroplast
• Translation: cytoplasm, mitochondrion, 

chloroplast
• Folding : cytoplasm, mitochondrion, chloroplast 
• Protein, RNA translocation : nucleus,  

mitochondrion, chloroplast
• RNA degradation : cytoplasm 
• Protein degradation : cytoplasm

Metabolic processes (or reactions) from AraCore
•  Photosynthesis
• Cavin cycle, photorespiration, gluconeogenesis/

glycolysis, PPP
• TCA cycle, oxidative phosphorylation
• Starch synthesis/degradation, sucrose synthesis/

degradation
• Amino acid, (deoxy)-nucleotide synthesis, 

nucleotide salvage pathways
• Chlorophyll A and B, Riboflavin, NAD(P), 

Pyridoxal-5P syntheses
• Transport of metabolites in/out of the cell and 

of organelles
• Fatty-acids : aggregated on Malonyl-coA
• Cell wall : cellulose, aggregated on dimers of 

glucose

Total: 728 metabolites, 1594 metabolic reactions, 28 NMP, 1330 proteins

To be refined

Major processes already integrated

Parameters only from literature and published datasetsAraCore : Arnold et al. Plant Physiology. 2014; 165:1380-1391



Predictions and available data are quantitatively consistent

Model behavior in standard non-limiting growth conditions 
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Sensitivity analysis in non-limiting growth conditions 



Comparison with the well-established Farquhar model 
of photosynthesis and carbon fixation

Variation of environmental 
conditions:
• Partial CO2 pressure 
• Partial O2 pressure 
• Irradiance
• Temperature

Qualitatively correct

Simulations for different combinations of temperature et CO2

1 point = 1 simulation

Farquhar et al.  Planta 1980; 149, 78-90
Walker et al. Plant Cell Env 2013; 36.12:2108-2119

Quantitative values 
are in the same range

A. Goelzer et al. In preparation. 2022 23



A mature and versatile modeling framework
• Formulation into a convex optimization problem (LP problem) in steady-state regimen
• Experimentally validated under complex environmental conditions on bacteria 
• Already use to model various bacteria (B. subtilis, E. coli, C. necator) 
• Extended in dynamical conditions for prokaryotes (dRBA)
• Allow for autonomous predictions of cellular phenotypes (in constrast to other 

constraint-based modeling methods) 
• Intrinsically based on the systemic decomposition of cells

Conclusion

A set of open-source computational tools for the creation, analysis, calibration 
and simulation of RBA models available for the scientific community.

24

More information at 
• https//rba.inrae.fr
• https://github.com/SysBioInra



Perspectives

Towards a multi-scale plant model of A.thaliana

25
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How to integrate 



The next steps….
the plant model
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• Organ-specialized RBA model (collab. IJPB, INRAE)
 With biological expertise
 Specialization of the molecular machines  for organs using proteomics/transcriptomics
 Developments of biocomputational pipelines for extracting information from public 

repositories
 etc.

• Update RBApy for eukaryotic model creation and simulation

• Calibration and validation of the rosette model
 In normal and combined stress conditions 

• Use the model to revisit several biological questions on the mobilization of plant 
resources  in different conditions

 Cost of cell resource production
 etc.

• Extend the model to other Arabidopsis accessions, other plants

Work in progress.
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