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WxN stress interaction: network reconstruction
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What kind of mechanistic plant models ?

Functional-structural plant growth models (FSPM)
(plant scale)

= Simulate plant growth and development in time and 3D space
= Plant architecture considered explicitly

= Environment ==

> plants adapt their functions but often also their structure

==> in turn, modifies the condition (e.g. light) in which functions operate.
= Explicitly allow the feedbacks between structure and function to be

captured.

Geometrical models : Simulation
of 3D architectural development

Organogenesis + empirical
geometry rules

Applications : video games,
landscape,/urbanism, design

Vos et al (2010), Evers, Letort et al (2018)

Process-based models
Yield prediction as a function of
environmental conditions

Biomass acquisition
(Photosynthesis, root nutriment
uptake) and

allocation,. . .Compartment level

Constraint-based models
(cellular scale)

Simulate the cell phenotype, usually in steady-state (i.e. during vegetative
growth phase)

Metabolic reactions are considered explicitly

Genome-scale

FBA

Plant genome-scale reconstruction

RBA

a. Smgle tissue models b- Multi-tissue modeling
Whole plant modshng

PMN’

PlantSEED

In silico analysis

Target for metabolic engineering

Genome Editing/CRISPR

FBA Fqu Balance Analysis
RBA: Resource Balance Analysis



In steady-state Resource Balance Analysis in a nutshell

Metabolic processes Macromolecular processes

k Cellular processes //

Stoichiometric matrix S secretion
i i
i apparatus Chaperone
is first extracted from the Prof:essf Ribosome  apPp P
genome-scale metabolic model. machineries Structure and efficiency are defined
___________ in the same way as for an enzyme.
Sv —pvp — pvg + pvp =0 .

. . Proteins Processes
Metabolism additionally needs to be Each lecul .- .
able to produce sufficient Precursors Process c:r: b;n:csrsggr::: :f i e Translation

andt:nerg)t/ (;)arlr.leras' a”% tOtreczcle Mass ' substrates number of processes. ® —//>—®@ Secretion
sl st nservation New processes can easily @

different cellular processes. Chaperoning

¢onstraint Cq be added to the model. @

For a particular growth rate, abundance of the
Process Capacity processing machinery needs to be sufficient to
process all of its substrates:

pPr < krR
uPs < ksS
Cell growing at rate 4 uPe < koC

O

Rlbosomes

J Chaperones Compartments

constraint C;

Metabolic machineries

Enzymes /
Transporters

Byproducts

2 x protein P1 1 x protein P2 1 ion E
nzymes
Enzyme can be composed of macromolecules .
X > .»u'
(protein, RNA, ...), ions and cofactors. Proteins e comnarinert ha
C partmen s
Apparent catalytic rate can an upper limit on the amount
be either a constant, linear of Macromolecules that it can
kapp =ap+ b function of the growth rate, accomodate.
naslol or a Michaelis-Menten .
]{Ia — —>— a7 function of an external Periplasm ®
124 K +[S] ) . Py
metabolite concentration. —._ = _._._
GED GEP GEP GEDP GEP GEP GED GED GEP GEP GED Cytop|asm . ..
—kapp;, . Bi < Vi < Kapp, , B c t ¢ °e® e «
L . ompartmen
Flux throu.g.h a reaction is limited Enzyme capacity dp ; For each compartment X:
by the efficiency and abundance constraint C enS|ty
of an enzyme. 2 constraint C3 ZiEX M; < Dx(p)




An RBA optimization problem

Compartment
Concentration of size
molecular machines Growth rate Concentration of
/ housekeeping proteins
maximize e R>o,
YeRgg,ye]RNm,feRgg
(C1) —Qu+ p(CYY + C&Pg +CEZB+ C2fB) =0
Metabolic fluxes M M

~K,Y <v<KgY

(Cs) CYY +CEPe —CRf <0
Chf—C=0
fo <Ivf<fv

Constraints (C,, C,, C,) define the set of all possible cell phenotypes (i.e. variables Y v,f) at
given relative growth rate u



Description of molecular machines

Transport
De novo synthesis by

. . metabolic network
Amino acids

Transport ﬁ _ g \ﬁ

De novo synthesisby ——» % E 3 ﬁ

metabolicnetwork ¢ ¥ ) .
lons, vitamins
% Polypeptide ®
Ribosomes "y
# » ATP, GTP

ﬁ ﬁ Chaperones g
ﬁ ﬁ ﬁ Active protein

:
ﬁf Catalyze
¥

Organelle Glucose xt + PEP — PYR + G6P




A RBA model of the photosynthetic cell of Arabidopsis

Obijective : Investigate if the principle of parsimonious use of cellular resources leads to realistic

plant cell phenotypes

1. Knowledge & data 2. Leaf RBA model
% Public repositories 4 Metabolism Macromolecule production N
% Literature / { Compartments \‘.
“* Expertise Reactions Processes \
. T —( ) ~
+ Phenotypic data RBApy 7 caue Cataysis |
“ Omics data \ & y
GSMM model \ ‘ 1 caisaton /
\ ! Proteins /
\\ -% ™ \ p— é rd
) ID-Iu\ion -
o —— e / ' Molecular machines (enzymes, transporters, process machineries, etc.)
Metabolites (extracellular nutrients, biomass precursors, elc.)
T'ans'mr.‘ i Original Aracore GSMM reaction number | 549
Amino acids Metabolic netwol (Arnold et al. 2014)
P ""/‘Transpor! Y ¢ i Updated Aracore GSMM reaction number | 794
S Metabolic network @ & & ® . (this paper)
QALY Polypeptide lone, vicamine RBA metabolic reaction number | 1599
- o . . .
¢ Ribosomes PO (isoreaction included)
| » RBA molecular machine number | 1622
'ﬁ tj ¢ o " ! (isoenzyme included)
l g AT S
/ 1 I P h Total parameter number | 108
Hag 4 ' d Chaperones 2 (using default efficiency for enzymes and
[ [ Organelle | ey ¢ Active protein transporters except for RuBisCO and PSII)

3. Model simulation
Define the environmental condition :
“* Concentrations of nutrients at the interface of the leaf cell
“* Temperature

+

Assumption : parcimonious allocation of cellular resources
— Compute the cell configuration maximizing the relative growth rate

4. Biological prediction for an environmental condition

** Relative growth rate

** Quantitative traits as the C:N ratio

+*  Protein distribution among cellular compartments

** Protein abundances including cofactor content for activity

** Metabolic fluxes including

v Rubisco activity 9
v" Exchange fluxes (CO. assimilation rate, ...)



Cellular processes in the RBA plant cell model

Cellular compartments. cytoplasm (c), nucleus (n), mitochondrion (m), chloroplast (p), thylakoid,
vacuole, peroxisome, golgi, endoplasmic reticulum, extracellular matrix. Fine description integrating
organelle membranes.

Non-metabolic processes (NMP) Metabolic processes (or reactions)

* Replication:n, m, p e Photosynthesis

* Transcription:n, m, p e Calvin cycle, photorespiration,

e Translation: ¢, m, p gluconeogenesis/glycolysis, PPP

* Folding:c, m, p e TCA cycle, oxidative phosphorylation
* Protein, RNA translocation :n, m, p e Starch & sucrose synt./deg

* RNA degradation : ¢ ® Amino acid, (deoxy)-nucleotide synt.,
* Protein degradation : c } To be refined nucleotide salvage pathways

e Cofactors synt (Chlorophyll A and B,
Riboflavin, NAD(P), Pyridoxal-5P)

e Transport of metabolites in/out of the cell
and of organelles

Total RBAv1: 728 metabolites, 1599 reactions, 27 NMP, 1332 proteins, 108 parameters
(from literature)

AraCore : Arnold et al. Plant Physiology. 2014; 165:1380-1391



Predicted phenotype in non-limiting growth condition

Predicted
A Input/Output flows B Rubisco rate C Chlorophyll content
Species (mM.gDW-1.day-1) [ Measured (Sulpice et al. 2014) * Predicted
Photons 78.5 s 125
Photorespiration Calvin cycle A (D adinbadd =
co2 470 Vo/\ 36 (Predict e
H20 288 Vo/Vc = 0.33 (Shameer et al. 2018) E :
Pi 0.0021 5 075
NO3 0.41 § -
NH4 0.44 = 0
H2S 0.002 g 0.25 ‘
Mg2 0.0042 5 -
Fe2 1.21e-04 : . =
Mn2 5.46e-07 Chlorophyll a Chlorophyll b
Cob2 1.35¢-05
£ Zoleth F  Protein distribution in plant G Protein weight
& S0 cellular compartments
Ca2 8.50e-09 v . I Measured (Li et al. 2017) Predicted
K 6.076:09 Cell membraneg_ ‘ 60%! -
I
02 500 Cytoplasm
Mitochondrion outer membrane |
D Ribosome content Mitochondrion matrix -
| Cytoplasmic Mitochondrial Chioroplastic Mitochondrion Intefspaoe_ 40%
fibosome ribosome ribosome Mitochondrion inner membranne
Nucleus |
28.1% Nucleus membrane: :
Peroxisome | 20%
Peroxisome membrane |
Chloroplast stroma -
Chioroplast membrane ‘
i  S— 0%
S Thylakeid membrane 6 B \ Q\
: Thylakoid lumen| S & St
O & &
Secreted &Y NG o
69.2% r T T T T N & Se
: — = 0% 10% 20% 30% 40% & & 2
E Quantitative trait & ¥

Measured Pradictad RGR: 0.2 day"! (Predicted) 0.2 day '(from litterature)
(Piques et al. MSB 2009) ' C:Nratio: 5.6 (Predicted) 5-15 (from litterature)



Predicted phenotype in non-limiting growth condition

[ Predicted
A Input/Output flows B Rubisco rate C Chlorophyll content
Species gDme'(l day-1) [ Measured (Sulpice et al. 2014) | Predicted
Photons 78.5 / \ / \ 3 1.25
€02 470 P
- 1.00
H20 2.88 2004 7 g
Pi 0.0021 e 5 075
|
NO3 0.41 - < § -
NH4 0.44 3 - O s 0
H2s 0.002 < 150 - g -
i %) -’ 5
Mg2 0.0042 ol £ s 5 -
Fe2 121e-04 = - 0.00 - =
Mn2 5.46e-07 E Y P 6 ¢ Chlorophyll a Chlorophyll b
Cob2 1.35¢.05 2 i6o & &
(9] 7’
Zn2 261e-06 s PN G Protein weight
- S ks -7 (Ma et al. PNAS. 2014)
ca2 8.59¢-09 = é, < [l Measured (Li et al. 2017) Predicted
K 6.07e-09 g 504 P 9L 60%
02 -5.00 Z g ©  Original simulation
7
D Ribosome content ,C» - - with SBP limitation
7
W Cytoplasmic Mitochondrial ~ Chlord =+ 40%-
ribosome ribosome riboso o1 . Q@Q e
T Ll T L] L]
28.1% 0 50 100 150 200
Normalized measured fluxes (%) S i
' f / R Peroxisome membrane -
Tl & Chloroplast stroma | 1
1, | : . Chioroplast membrane -
. X Thylakoid membrane 0% -
2.7% - === ! Y \ A
: Thylakoid lumen & & et 0N
. O & oy
<« Secreted &9 £ N
T T T T T N & NN
— = 0% 10% 20% 30% 40% & & Fo
E Quantitative trait & =

Measured Pradicted RGR: 0 = 1 redicted) 0.2 day™1(from litterature)
(Piq-ués et al. MSB 2009) ' C:Nratio: Predicted) 5-15 (from litterature)



Amino acid metabolism

Carbohydrate metabolism

[TCellwallsvnihesis ]
[—<ellularrespirafion 1]

| Cofactor metabolism |

[CHouse keeping profein ]

| lon assimilation |

| Lioid mefabolism |

Metabolite transport

Nucleotide metabolism

[——Phoforespirafion ]

| Photosynthesis |

I Protein Folding

| Protein transport |

[ Replicafion 1]
I Stress detoxification I

[ Transcriofion 1]

Translation

Protein cost of cellular functions

glutamate degradation 4
asparagine synthesis -
tryptophan synthesis 4
alanine synthesis 4
histidine synthesis 1

serine synthesis -

methionine synthesis 4

. cysteine synthesis
phenylalanine tyrosine synthesis
glycine synthesis

Shikimate pathway 1
arginine synthesis

_ aspartate synthesis 4

. homoserine threonine synthesis 4
isoleucine valine leucine synthesis 1
proline metabolism

lysine synthesis

glutamate synthesis 4

glutamine synthesis 4

trehalose synthesis

starch degradation 4

pyruvate decarboxylation -
sucrose degradation 4

acetyl coenzyme A synthesis 1
sucrose synthesis

. starch synthesis 4
tricarboxylic acid cycle 4
pentose phosphate pathway
pyruvate metabolism
gluconeogenesis glycolysis 4

cellulose synthesis 4

Oxidative phosphorylation 4

Cofactor metabolism
Chlorophyll metabolism
Isoprenoids synthesis

House keeping protein 4

sulfur assimilation
pyrophosphate recycling
nitrate assimilation

fatty acid synthesis 4

Cell exchange

Peroxisome metabolite transport
Chloroplastic metabolite transport
Mitochondrial metabolite transport

Nucleotide salvage pathway
dNTP synthesis

PRPP synthesis

. THF rec?(cling
Pyrimidine synthesis

Purine synthesis

photorespiration 4
. Light reactions
Calvin Benson cycle
Folding CCT/Hsp70 cytoplasm 1

carbon fixation 1

mitochondria

oldin,
Folding Hsp70/HspGO10/aubisco plastid

Trafficking nucleus 1

Mitochondrial protein import (TIM/TOM
Chloroplastic protein import (TIC/TOC

Replication nucleus 4

TRX recycling
stress detoxification

Transcription nucleus 4

tRNA import in mitochondria
tRNA charging

Translation mitochondria
Translation plastid
Translation cytoplasm
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Protein cost of cellular functions

Amino acid metabolism

Carbohydrate metabolism
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Comparison with the Farguhar model of carbon fixation

2 & @ é *, W' S f l - A &' W3
. . . RBA model
Simulations under varying 23 23 B 55 ubar |
. oy ~110 ubar
environmental conditions: 165 ubar
) E 5| E 2l \ —200 ubar_
* Partial pressure of CO2 o 2 L=< \ |23
* Partial pressure of 02 2 2
. = = _ ;
* Irradiance | R/
g ©
* Temperature c e T
2 ; o
o o1 8 1
E E
© ©
o oN
O 0.5 0 0.5
(@) O
0 . S do o & o PR = Y 0 I . i S =S
10 20 30 40 50 60 10 20 30 40 50 60
T(°C) T(*E)

1 point = 1 simulation

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

Goelzer et al., Metabolic Engineering, 83: 86-101. 2024



How to generate an RBA model ?

USER INPUT

Genome scale metabolic
model
(annotated SBML)

— | Input (mandatory) —
E l * Metabolic model having a description A.Bulovic 5. Fischer
Orgsrr:ii;r;;sz;ciﬁc i Of enzymatic Complexes

* NCBI identifier of the organism

EXTRACT INFORMATION

Protein sequences
Protein location
Enzyme stoichiometry

GENERATE'\AOIEZ)nEZLymeCOfactors Additional inpUtS (Specialization)
* Definition of other molecular machines (e.g. ribosomes)
- * Composition of rRNA, tRNA

Update model after manual curation
(optional 1)

—

e Additional inputs (calibration)
* Quantitative proteomics

(RBA .estim)

Programmatic access
(Python code)

!
% * Fluxomics (or an estimator of metabolic fluxes)

Outputs I ‘ i ; 7
A RBA model available in XML l!! : ’

e Simulations (text format)
Protein

A. Bulovic et al. Metabolic Engineering, 55:12-22. 2019 Fa[:t*}

16




How to generate an RBA model ....

T 2t W 6 B b & - ¥ 3 . e & o6 & /'S = ol A
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USER INPUT

Genome sle metae mmm) Originally developed for bacteria, now
under adaptation for eukaryotes

(annotated SBML)

R | Input (mandatory)
E l * Metabolic model having a description of enzymatic
Otgsrr:ii;r:\o-tsg;ciﬁc CO m p I eXe S

* NCBI identifier of the organism

EXTRACT INFORMATION

Protein sequences
Protein location
Enzyme stoichiometry

GENERATE'\AO:)nEZLymeCOfaCtors Additional inpUtS (Specialization)
* Definition of other molecular machines (e.g. ribosomes)
- * Composition of rRNA, tRNA

Update model after manual curation
(optional 1)

—

e Additional inputs (calibration)
* Quantitative proteomics

(RBA .estim)

Programmatic access
(Python code)

!
% * Fluxomics (or an estimator of metabolic fluxes)

Outputs I ‘ i ; 7
A RBA model available in XML l!! : ’

e Simulations (text format)
Pp«

cegin .

Wy,

A. Bulovic et al. Metabolic Engineering, 55:12-22. 2019 Fa[:t*}
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Ongoing and future works

1. Model calibration - validation in combined abiotic stress and for several accessions
INRAE Digitbio PlantRBA [2021-2023]

Accessions
Col, Bur, Sha, Cvi, Tsu

I Water

Data acquisition - , ,
- High-throughput phenotyping W+N+ | W-N+ | W--N+
- Multi-omics (metab, prot.) ' '
- Elemental analyses |
- Aass, R rates of CO2 W-+N-- | W-N-- | W--N--

Nitrate W+N- W-N- W--N-

The challenge of absolute quantification for mechanistic modeling !!!

2. Extension to the whole plant during the vegetative growth phase in dynamical regimen

(ANR ModLSys 2023-2028) -
 ModLSys "
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