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How can we improve the understanding of response mechanisms
to different environmental conditions?
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Genomics

Well-Watered Water Deficit
— Gene centered control (WW) (WD)

-------- » System oriented control

Adapted from Prasanna et al. (2021)
Different omics scales to describe phenotype doi: 10.1007/s00122-021-03773-7
(Peyraud et al (2017) ; doi: 10.1111/tpj].13429)

2> Use estimated metabolic fluxes to describe the phenotype
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What are the datasets used to develop the METAFLUX method?

YeaSt G!uT:se
3 < Samples: 127 strains x temperature (18/26°C) 4 'y N
Experimental measure: - Protein abundances =

- Flux measure on CO2_t

Glycerol-—| GLY-==— DHAP G3P

GSMM: 70 reactions of a simplify central carbon Ead /s \—*"Z‘:::jm
= metabolism (adapted from Celton et al. (2072), doi: } ML= ACCO |- cealienyde
— s 70.71076/).ymben.2072.03.008) l 2oogluarat
Petrizzelli et al. (2021) succte N\ swoc <— oty /
doi: 10.1371/j l.pcbi. 1009157 .
(doi fiournal.pcbi ) Coverage of the GSMM by proteomic data: 47% Conseal-sarban
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What are the datasets used to develop the METAFLUX method?

Glucose

Yeast :
- < Samples: 127 strains x temperature (18/26°C) 4 Gic N

Experimental measure: - Protein abundances
- Flux measure on CO2_t

Glycerol-—| GLY-==— DHAP G3P

GSMM: 70 reactions of a simplify central carbon . /s \—* ol
= metabolism (adapted from Celton et al. (2072), doi: } MAL > ACCOR | ereyde
. 10.7076/).ymben.2012.03.008) | l - -
Petrizzelli et al (2021) sucainae -\ succ<— o/

(doi: 10.1371/journal.pcbi.1009157)

Coverage of the GSMM by proteomic data: 47% Central carbon

Model iEB2140
of a maize leaf

i
|
!
I {603 reactions)

B — i

Chloroplast * (1z) . (adepiad rom Bogart & Miyers, 076

Samples: 254 hybrids x 2 watering conditions

(Well-watered /| Water Deficit) o 37 : .
. . 5),  sulfate | - m
Experimental measure: - Protein abundances phosphate, | U e e
- No flux measure e proton o7 e e
. R . . Cytoplasm - e : Mitochondrial
GSMM: 603 reactions of a simplify primary } o (@ [ itochonarion || itermemane pac
metabolism of maize leaf (adapted from Bogart & il o\ \/ /
Myers (2076), doi: 10.1371/journal. pone.0757722) i \ 9
Negro etal. (2019) (1l |/ Peroxisome (6) y
(doi: 10.1186/512870-019-1926-4) o  —rxeosomsss L
& ) objective
== function

Coverage of the GSMM by proteomic data: 44 %
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Description of the METAFLUX method

Constraint-based model (CBM)
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Description of the METAFLUX method

Constraint-based model (CBM)

w7 i M, 12
My ¢
/. Sau
Internal Internal &
reactions exchange
reactions
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Stoichiometry matrix (S)

(R: reactions)

RO/R1T R2 R3 R4
1-1-1 0 0| M1
Sa3l 001 0 1-1| M2
_ M3

000 1-1,0

/

(adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157)

S, v=m,withv""<yv<y"™™

e At steady state (no accumulation
or degradation of metabolites

(M : metabolites)

inside the system) :

m=0=>Sv=0
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Description of the METAFLUX method

Constraint-based model (CBM)

w7 i M, 12
M3 5
/. Sau
Internal Internal &
reactions exchange
reactions
V3
A

Stoichiometry matrix (S)

(R: reactions)

RO/R1T R2 R3 R4
1-1-1 0 0| M1
Sa3l 001 0 1-1| M2
_ M3

000 1-1,0

/

S, v=m,withv""<v<v

max

(M : metabolites)

e At steady state (no accumulation
or degradation of metabolites
inside the system) :

m=0=S v=0

More unknowns than equation so it exists an infinite number of solution to solve Sv=0!

Feasible
solution

L={ve RNISVZOjVinf Sap K gty

N = reactions
S = stoichiometry matrix

v = flux

space (L)

< Use proteomic data to identify the best solution in the feasible solution space
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(adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157)
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Description of the METAFLUX method (step-by-step)

Compute parameters of the posterior distribution of the feasible solution space (L)

Stoichiometry matrix (S) |—p : : ;
(Expectation Propagation algorithm) (Braunstein et al., 2017, doi: 10.1038/ncomms14915)

Boundaries (v"f & vstp)

Constraint on exchange

. > pm = vector of posterior means
reactions (e.g. CO,)

- pv = vector of posterior variances
Y - pcov = posterior variance/covariance matrix

Example on reaction G3P_13DPG

(glyceraldehyde-3-phosphate dehydrogenase) Vs
A
G3P + NAD = 13DPG +NADH - The feasible solution space
it . st is constraint by the
' ' ' boundaries of each reaction
-1000 0 1000

» Vi and the additional constraint
on exchange reactions

Feasible
solution space

13DPG ; G3P ; 13DPG
+ NADH + NAD + NADH

NetBio — 15/09/2026 (adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157) p.8



Description of the METAFLUX method (step-by-step)

> Compute parameters of the posterior distribution of the feasible solution space (L)

Stoichiometry matrix (S
Y S (Expectation Propagation algorithm) (Braunstein et al., 2017, doi: 10.1038/ncomms14915)

Boundaries (v"f & vstp)

Constraint on exchange

. > pm = vector of posterior means
reactions (e.g. CO,)

- pv = vector of posterior variances
Y - pcov = posterior variance/covariance matrix

—_—
/G3P + NAD &—=13DPG +NAD|'N [ Random draw in the feasible solution space ]

Vinfl L I \sup
) - ) 2> Hsuwx = vector of flux means
-1000 0 1000
y > Orux = Vector of flux variances
13DPG G3P 13DPG As V W = probability of draw d
B D
+ NADH + NAD + NADH

Temp.
m 18

m 26 Hrux (26°C) = 891

0.006

Density

0.003

Feasible
solution space

900 1000

/0(}00
(o]

0 -
o
-u..q
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o
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_m

= [
= 2
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Description of the METAFLUX method (step-by-step)

Stoichiometry matrix (S)
Boundaries (v"f & vstp)

Constraint on exchange
reactions (e.g. CO,)

G3P_13DPG
Temp. o
O _| L]
Y m 18 c
m2% 3T
=3
g k- 5
=
3 ﬁ 1 % E
< - ks
s | ¥ L
S ©
B B E =
lw]
[ =
a 1 \/
D Tl
x Protein &
abundance
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> Compute parameters of the posterior distribution of the feasible solution space (L)
(Expectation Propagation algorithm) (Braunstein et al., 2017, doi: 10.1038/ncomms14915)

- pm = vector of posterior means

- pv = vector of posterior variances

o > pcov = posterior variance/covariance matrix
Distribution of V P P

predicted fluxes

S / Random draw in the feasible solution space
= B

| > Maux = vector of flux means
s _ - osux = vector of flux variances
@ Y > wq =probability of draw d
§ = Normalized protein abundances at metabolic fluxes scale (E'«)

00
|
o \m——x——x—

6

(adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157) p.10



How normalize protein abundances?

. Normalization of Normalization of
1) Center reduce each protein abundance : ; :
protein abundance protein abundance with
~ E.—u, ., without partitioning partitioning the flux
r— rG Pt the flux distribution distribution
prot,r = Distribution &
- . e BT
2) Partitioning each flux distribution g § predicted q
_ . . _ _ % fluxes ¢
Fr {vrd'vrd<0}’Wlthllﬂux,r’Gﬂux,r e ; 18_ =
+ . . + + - /
Fr_{Vrd'VrdZO}’WlthlJﬂux,r’Gﬂux,r R | ‘
o — g = —i —l—
3) Affine projection onto flux scale (a=10) < | 1 Normalized e ; ’
E';:(X.E\;{ .G_ +H_ ' —g_ prote|n '
N “kr f“x’r f“x’r abundances
E kr:a'Ekr'Gﬂux,r+I1ﬂux,r ||:.r ||:+r
E-kr E+kr
Ei = log10 protein limiting abundances for sample &, reaction r
Exr = centered reduced protein abundance for sample k&, reaction r
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Mprotr; Oproty = Mean and standard deviation of E; across K'samples

Mfuxr, OFrugr = Mean and standard deviation of the positive/negative flux sub-distribution for reaction r

F= = positive/negative flux distribution for reaction r

E'* = normalized protein abundances for positive/negative flux distribution for sample, reaction r
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Description of the METAFLUX method (step-by-step)

Stoichiometry matrix (S) > Compute pal.'ameters of t-he postgrlor distribution of the feasible solution space (L)

. _ (Expectation Propagation algorithm) (Braunstein et al., 2017, doi: 10.1038/ncomms14915)
Boundaries (v"f & v=\P)

Constraint on exchange

. > pm = vector of posterior means
reactions (e.g. CO,)

- pv = vector of posterior variances

Y - pcov = posterior variance/covariance matrix

Best flux

prediction Random draw in the feasible solution space

Draw > Haux = vector of flux means
v, G3P_13DPG > onux = vVector of flux variances
> wg = probability of draw d

Feasible
solution space

Ve3p_13op6 = 890 v

=847
VG3P_13DPG (26°C)

S T:mfg (18°C) Normalized protein abundances at metabolic fluxes scale (E’\)
© | m 26
z | |
£ g Y
o N ( \
o Select the best solution according to the data (v4, wa)
S - 3 : | T | minimize the Zscore (suitability for the proteomic data) &
600 700 800 900 1000 maximize the weigh (suitability for the metabolic model)

flux \ )
NetBio — 15/09/2026 (adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157)
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How choose the best draw according the proteomic data
(low Zscore) and the metabolic model (high log density) ?

1) Calculate a Z score (suitability for proteomic data)

\/ (vrd_E 'il("r))z

— _r=1 ,s(r)_
Ziyg= T E'y'=
obs
2
Zaﬂux,r
r=1

2) Define the Pareto optimum (points on the Pareto front)
that minimize the Z score and maximize the log density
(proxy of probability to draw d in the feasible solution space)

M 3

.
E', ifv,<0
E' ifv, =0

3) Calculate the slope between each point on the Pareto front
4) Calculate the maximum budget for Z score
- Select the highest Pareto optimum with significant slopes that

meets the maximum budget for Z score
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log_density

-100 -90 -80 -70 -60

-110

— EL34 ScxSu.26

—— Best draw on Pareto front
I I I |

0.3 0.4 0.5 06 0.7

Zscore

p.13



Description of the METAFLUX method (overview)

Stoichiometry matrix (S) Compute parameters

Boundaries (Vi"f & vsP) ?f t.he p.osterior Random draw in the feasible x D draws
Constraint on exchange d'_Str'bUtlor.‘ of the solution space (P Oy, Wa) (D=10°)
reactions (e.g. CO;) = Teasible solution space
(pm, pv, pcov) |
\J
i T b | iterations
. i Compute the similarity score (Zscore) between ﬁ X =300
Normalize prot’eln » normalized protein abundances and fluxes profiles =0
abundances (E') |
Choose the best draw d’ {v;, w;} ﬁ
L (min Zscoreqwith max wy) )

Modifications in the METAFLUX method
derived from Petrizzelli's method

NetBio — 15/09/2026

|
\

Calculate the weighted mean of predicted x S simulations

fluxes that best fit the proteomic data (S=10)
5!
g = 2=t W;V;
sT wl
i W,

(adapted from Petrizzelli et al, 2021, doi: 10.1371/journal.pcbi.1009157) p.14



Results on yeast dataset
- Improvements of the original method -

Petrizzelli's method
Type of strain

B Sc
B ScxSc
Bl ScxSu
l Su
B SuxSu

15

- s

18°C + 26°C

Sc: S.cerevisiae
Su: S.uvarum

Dim.2 (18%)

Temperature

© 18
A 26

Dim.1 (21.9%)
» Weak separation of sample by
temperature

» Weak repeatability between
simulations

NetBio — 15/09/2026 p.15



Results on yeast dataset

- Improvements of the original method -

Petrizzelli's method

- )

18°C + 26°C

15

Dim.2 (18%)
Dim.2 (21.1%)

Dim.1 (21.9%)
» Weak separation of sample by
temperature

» Weak repeatability between
simulations
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METAFLUX method

&\ g----

S.cerevisiae
Bo

S.uvarum ' & e 18°C .

© ‘. 26°C

I
-5

o J-—-—-_-
(&)

Dim.1 (37.6%)

» Well separation of sample by

temperature and by type of strain

» High repeatability between
simulations

Type of strain

B Sc
B ScxSc
Bl ScxSu
l Su
B SuxSu

Sc: S.cerevisiae
Su: S.uvarum

Temperature

© 18
A 26

p. 16



—»  Weak correlation between simulations (r<0.6)

*  Reaction covered by proteomic data

Results on yeast dataset

- Repeatability between simulations - [ Py | A
F&P G3P R5p * ‘::F
G3p_13dpg RU"SE%EGC—GF;‘&FM%GP s biamass
. E4P S7P XUSP : ¥ &
n — .
Y cor:1 m[m FeP
- G3P *FSP * “;,
o\ o NAQPH AT FDP
S 3 7 NVD“A—“‘\“” /|\ Glycolysis
° . ° = * * i — Pyruvate
P Thereaction with proteomicdata § _ - s e e P HAR L
. = o — NADH
(*) are very well predicted () > o
. § T T T T T —
» The coverage of the CBM by high 650 750 850 950 i
H : i ; [ - 1 i ik
correlated predicted fluxes (> 0.6) is s'mu'at'olm «««««« e |
. . . Strong correlation * (o [0:1000]
higher than the one with proteomic >rong . i e
= High repeatability . AT
d a ta ks A HApP [?.\Fﬁ‘tlglrﬂehyde
Ac_tm e i s
55
Coverage of the CBM S e s e E— . :
< PYRm —rs * ~—ACCOAM mhc:mD:éALD:ﬂ%D;THmE
o NADm NADHg €z % H
- by proteomic data : 33/70 (47%) T g ] el <A
E = o e Lz* .,_. OAAM CO2m ~——C02 CO2
. H i 0;1000
- by predicted fluxes : 63/70 (90%) g 8 - B " e e
® < i MALSE ALy a, %n‘
S % P * 'X
K I I I I I I ! FUM E FUMm ICIT i CIT
-1.05 -095 -085 -0.75 : TCA Ao, o ocr
simulation 1 - " " ;ﬁmmi .
. , MAL E Lm @ & C0z2m \ | C02m i |
No co rr.e lation Slflgﬁlggé? -+—succ < SUCCm +——g— SUCCOAM N‘DHM,M‘::’(Q;M s i L.n,: G Ed;?;gg]lutarate
= Unable to interpret the e e f”
. Mitochondri GLUm—-L, GLU —vm
NetBio— 15/09/2026 predicted flux O M Bispla oo o] 57 J o7

Extracellular Medium



Dim.2 (21.1%)

Results on yeast dataset

- Can we predict correctly the fluxes without experimental measure on CO,? -

PCA on predicted fluxes with
experimental measure on CO2 flux

S.uvarum: &

°

A

18°c 20°C

A )

|
-5

1
0

|
5

Dim.1 (37.6%)
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|
10

Type of strain

Sc
ScxSc
ScxSu
Su
SuxSu

Temperature

© 18
A 26
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Dim.2 (21.1%)

-10

Results on yeast dataset
- Can we predict correctly the fluxes without experimental measure on CO,? -

PCA on predicted fluxes with
experimental measure on CO2 flux

Dim.2 (21.8%)

T 1 T .
-5 0 5 10

Dim.1 (37.6%)

NetBio — 15/09/2026

PCA on predicted fluxes with
an a priori on boundaries on CO2 flux

Type of strain

Sc
ScxSc
ScxSu
Su
SuxSu

ONEEN

Temperature

© 18
A 26

Dim.1 (40.8%)

Fixed boundaries on CO2_t:
18°C [150; 360]
26°C [250; 610]

p.19



Dim.2 (21.1%)

Results on yeast dataset

- Can we predict correctly the fluxes without experimental measure on CO,? -

PCA on predicted fluxes with
experimental measure on CO2 flux

T 1 T m
-5 0 5 10

Dim.1 (37.6%)

Dim.2 (21.8%)

PCA on predicted fluxes with

an a priori on boundaries on CO2 flux

Dim.1 (40.8%)

Fixed boundaries on CO2_t:
18°C [150; 360]
26°C [250; 610]

PCA on predicted fluxes with protein
abundances as the sole observations

S. $ P,
cerevisiae 8/'S.uvarum
| | | | | |

-10 -5 0 5 10 15
Dim.1 (46.9%)

» The METAFLUX method is efficient to predict metabolic fluxes and separate
sample per type of strain and temperature even without experimental measure

NetBio — 15/09/2026

Type of strain

Sc
ScxSc
ScxSu
Su
SuxSu

ONEEN

Temperature

© 18
A 26
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Results on yeast dataset
- Can we predict correctly the CO, flux without experimental measure ? -

600 d e a-f: groups obtain from Wilcoxon test

with experimental
measure on CO2 flux

with an a priori on
boundaries on CO2 flux

400

predicted CO2 flux
Q

. )
-

with protein abundances
as the sole observations

200

18 26
Temperature

Without additional information, the CO2 flux is not correctly predicted,
but prior information on the the boundaries of CO2 improve the prediction

NetBio — 15/09/2026
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Model iEB2140

_ | |
. . . Hont | of amaize leaf :
0, COo, T i i i
Preliminary results on maize p L (eosrecions) |
yiem / @) Chloropiast ™ [adapted from Bogart & Myers, 2016)
: | @7)
H,0, nitrate, | I
. . . . Bl p::s!ff::’re | :3) Thylakoid -
» Less information are available on maize i lumen o
. . W—I‘ proton @ \II".
- no experimental values to constraint fluxes | ({w T
, Cytoplasm Mitochondrial
. . F:MOEH_‘ ,-“' (431) Mitochondrion intermembrane space
- Less information to complete the GPR i y > O f
(Gene-Protein Reaction rule) - i | N \ 115} //
o . Peroxisome (6)
> A changlng in the scale / ?-4>FIXEDBI0MASS L)

objective
== e function

- 70 reactions (yeast) » 603 reactions (maize)
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Preliminary results on maize

Chloroplast

Xylem

H,0, nitrate, I. )
. . . . s p::f:;:}e | :?3) Thylakoid
» Less information are available on maize i lumen
. . W—b proton
- no experimental values to constraint fluxes |
Phloem | =
. : amino acids, --"f (@3h
- Less information to complete the GPR i /

(9)

sucrose

(Gene-Protein Reaction rule) —

» A changing in the scale

- 70 reactions (yeast) » 603 reactions (maize)

4.7-—'
q\\dltochondnﬂ

(15) .-’\_/
f\j

———» FIXED BIOMASS
) objective

)

i I
I i
| I
i i
i i
i i
Eadapted from Bogart & Myers, 2016)

» Preliminary result on maize _
- Relatively good separation of samples per watering g
condition 3 oA
Ly axis 1and 4 contribute the most to group sample =
per condition .

NetBio — 15/09/2026 Dim.1 (8.2%)

Model iEB2140
of a maize leaf
(603 reactions)

Mitochondrial
intermembrane space

(1)

function

Watering
condition

Il WD
| ww

Genetic group

lodent
Lancaster
Other
Stiff_Stalk

o+ > o

p. 23



Conclusions on yeast

» Efficient method to predict metabolic fluxes in different environmental condition
» Highly repeatable for most reactions
» Efficient to predict fluxes despite incomplete coverage by proteomic data

» Efficient to predict fluxes even without experimental measure on exchange flux
provided some prior information on the boundaries

Perspectives on maize

- Format maize data (GPR)
- Run flux prediction with optimum parameters

- Analyze and interpret the genetic variation and GxE at the flux level

NetBio — 15/09/2026
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