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Abstract

A dynamic model for plant cell and hairy root primary metabolism is presented. The model includes nutrient uptake (P1i, sugars, nitro-
gen sources), the glycolysis and pentose phosphate pathways, the TCA cycle, amino acid biosynthesis, respiratory chain, biosynthesis of
cell building blocks (structural hexoses, organic acids, lipids, and organic phosphated molecules). The energy shuttles (ATP, ADP) and
cofactors (NAD/H, NADP/H) are also included. The model describes the kinetics of 44 biochemical reactions (fluxes) of the primary
metabolism of plant cells and includes 41 biochemical species (metabolites, nutrients, biomass components). Multiple Michaelis—Menten
type kinetics are used to describe biochemical reaction rates. Known regulatory phenomena on metabolic pathways are included using
sigmoid switch functions. A visualization framework showing fluxes and metabolite concentrations over time is presented. The visual-
ization of fluxes and metabolites is used to analyze simulation results from Catharanthus roseus hairy root 50 d batch cultures. The visu-
alization of the metabolic system allows analyzing split ratios between pathways and flux time-variations. For carbon metabolism, the
cells were observed to have relatively high and stable fluxes for the central carbon metabolism and low and variable fluxes for anabolic
pathways. For phosphate metabolism, a very high free intracellular Pi turnover rate was observed with higher flux variations than for the

carbon metabolism. Nitrogen metabolism also exhibited large flux variations. The potential uses of the model are also discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Plant metabolism has unique features that allow adapta-
tion to a changing environment. Under Pi limitation, plant
cells can activate pathways to bypass enzymatic reactions
that require phosphate (Plaxton, 1998). Rontein et al.
(2002) observed in tomato cells that the central primary
metabolism fluxes are stable, but that the anabolic path-
ways (starch and other polysaccharide biosynthesis, amino
and organic acid biosynthesis) can exhibit large variations,
allowing the metabolism to adapt its behaviour to the cell’s
growth requirements. Gene expression in plant cells can
also be correlated to intracellular ammonium concentra-
tion, as seen by Wong et al. (2004) in Arabidopsis thaliana.

* Corresponding author. Tel.: +1 514 340 4711x4525; fax: +1 514 340
4159.
E-mail address: mario.jolicoeur@polymtl.ca (M. Jolicoeur).

0031-9422/§ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2007.04.028

It is also well known that the intracellular concentrations in
the nutrients and metabolites of plant cells can change sig-
nificantly over time (Lamboursain and Jolicoeur, 2005).
Thus, it is commonly accepted that plant cells have a com-
plex metabolic capacity to adapt to a changing environ-
ment. An integrated approach in the analysis of plant cell
metabolic pathways could thus yield important informa-
tion on this metabolic capacity for adaptation. The most
common method of accurately analyzing metabolic path-
ways and metabolic fluxes is the Metabolic Flux Analysis
(MFA). However, since this method assumes a steady-state
mass balance of metabolite concentrations, it can fail to
grasp the dynamics of a metabolic system. The application
of MFA to plant cell is still possible, as shown by Rontein
et al. (2002), but it requires experimental conditions that
can ensure the pseudo steady-state assumption.

A dynamic metabolic model was developed to account for
the aforementioned specificities of plant cell metabolism
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(Leduc et al., 2006). This model describes metabolite and
nutrient concentrations for Catharanthus roseus hairy roots
in batch and medium exchange cultures. However, metab-
olite concentrations represent only the ‘state’ of a meta-
bolic system, while the fluxes represent what the
metabolism is ‘performing’. The fluxes and turnover rates
can be indicators of cell growth or biomolecule production
potential. It was observed in mammalian cells that the ATP
production rate is a good indicator of production potential
(Lin et al., 1999; Henry et al., 2005). Thus, the description
of metabolic fluxes with a dynamic model could potentially
improve our capacity to understand and predict plant cell
or hairy root biomolecule production potential. The central
primary metabolism (glycolysis, TCA cycle, pentose-phos-
phate pathway, etc.) has been extensively studied, and
many models can be found in the literature to analyze these
pathways in bacterial cells and yeasts. The knowledge
available on many organisms allows constructing reliable
dynamic models that describe the kinetics of metabolic
pathways. Chassagnole et al. (2002) proposed a dynamic
model for the central carbon metabolism of Escherichia coli
to study the influence of key enzymes on the global behav-
iour of the system. The dynamic modelling approach for
the central carbon metabolism can also be applied to Sac-
charomyces cerevisiae fermentation, as seen by Rizzi et al.
(1997). Metabolic models were also developed for plant
cells. However, these models only described specific sub-
networks like photosynthesis (Fridlyand and Scheibe,
1999; Poolman et al., 2000; Farquhar et al., 2001), respira-
tion (Affourtit et al., 2001), cellulose biosynthesis (Delmer
and Haigler, 2002), lipid biosynthesis (Ramli et al., 2002)
or secondary metabolism (Boatright et al., 2004). Rontein
et al. (2002) analyzed the central primary metabolism,
but not dynamically. Thomas et al. (1997) studied the
dynamics of potato tuber phosphofructokinase through
Metabolic Control Analysis (MCA), but their work was
limited to the dynamics of one enzyme. The model pre-
sented in Leduc et al. (2006) included the central primary
metabolism, but with a steady-state hypothesis on metabo-
lite concentrations. Thus, the fluxes and concentration pro-
files for the central metabolism were not described or
analyzed. Moreover, the steady-state hypothesis limits the
applicability of a metabolic model for plant cells, especially
in a context where the high-throughput analytical methods
allow the measurement of many parameters of a metabolic
system. Metabolites can be measured by GC-MS (Roess-
ner et al., 2000), fluxes can be estimated using isotope-
labelled substrates (Dieuaide-Noubhani et al., 1995;
Roscher et al., 2000), and gene expression can be measured
with microarray analysis (Ruan et al., 1998). However, the
amount of available information on metabolism is not yet
sufficient to identify and understand all the metabolic reg-
ulation in plant cells. Therefore, the problems of dynamic
metabolic modelling are still numerous. For instance,
parameters identification is not trivial, even when a consid-
erable dataset is available, and this can handicap the use of
a model for prediction purposes. However, a fully dynamic

metabolic model describing metabolite mass balances,
enzyme kinetics, and pathway regulation can be a useful
tool improving our capacity to analyze both hypotheses
and experimental data on metabolic networks. To the best
of our knowledge, no dynamic model for the central pri-
mary metabolism of plant cells can be found in the litera-
ture. In this work, we present a dynamic metabolic model
for the primary metabolism of plant cells and show how
the model can be used to obtain better insight into the met-
abolic behaviour of C. roseus hairy roots in batch culture.
This dynamic metabolic modelling approach yields crucial
information on a metabolic network since the resolution of
such a system includes both concentration profiles and
fluxes over time. Thus, a visualization framework that
includes the fluxes and metabolite levels is proposed in ana-
lyzing the simulation results for the dynamic metabolic
network.

2. Dynamic metabolic model for plant cells
2.1. General modelling approach

The dynamic metabolic model is based on the modelling
approach presented in Leduc et al. (2006), but without the
steady-state hypothesis on the primary metabolism. Thus,
the model presented here fully describes the dynamics of
the fluxes (44 reaction rates) and metabolite concentrations
(41 biochemical species) of the metabolic network. The
proposed metabolic network is presented in Fig. 1 and
the stoichiometric equations are listed in Table 1. The
metabolite mass balances of the system can be defined as
an ensemble of ordinary differential equations (ODE) as
follows:

% =M-v—u-S (1)
where S is a vector of the 41 metabolite concentrations, M
the stoichiometric matrix of the metabolic network, v the
vector of the metabolic fluxes, and u is the growth rate.
This mathematical representation of a metabolic network
is the most common one and there are several methods
of solving it. The most common approach is the metabolic
flux analysis (MFA). In that case a steady-state is assumed
in metabolite concentrations, and the system can be solved
by linear algebra since the left-hand side of Eq. (1) is equal
to 0. However, the system is often underdetermined or it
needs a set of known fluxes to be solved. This method is
not necessarily well adapted for plant cell metabolism
because plant cells are known to accumulate metabolites
and nutrients, thus rendering the steady-state hypothesis
dubious, except under certain conditions as discussed
by Varner and Ramkrishna (1999). Rontein et al. (2002)
also observed that the central carbon metabolism of
tomato cells exhibits fluxes that are relatively high and
stable, while the anabolic fluxes are lower and subject to
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Fig. 1. Schematic view of the dynamic metabolic model (a) and pathways of the central primary metabolism (b). Numbers correspond to fluxes numbers in

Tables 1-3.

variations. Thus, it is not altogether clear if a steady-state
mass balance is the best way to analyze a plant cell
metabolic system. It might be appropriate for a subset of
reactions, as proposed in Leduc et al. (2006), but it still
limits the analysis and the possible applications of a model.
In this work, a fully kinetic metabolic model is presented.
Each flux is described by a kinetic equation (Tables 2
and 3) of the form:
. (8:)”

v()) vmdx‘,]?[ TN ERA (2)
where each flux has a maximum reaction rate (Umax,),
accounting for maximal potential active enzyme level.
Then, each pathway regulation is described by multiplica-
tive Michaelis—Menten type kinetics describing the effect
of the substrates or cofactors and energy shuttles involved.
The net global enzymatic activities are described macro-
scopically by lumping a series of effects. Thus, the model
does not impose constant enzymatic activities. The main
assumption here is that the driving forces behind the met-
abolic regulations are the variations in metabolites, co-fac-
tors and energy shuttles levels. This hypothesis showed to
be efficient enabling the model to describe available data
(see Section 3) but it remains a simplification which could
be further developed. A single affinity constant (K, ;) is

used for each substrate. The exponent ‘x;” is used to repre-
sent higher reaction order. Moreover, sigmoid switch func-
tions (f(S;), Eq. (3)) are multiplied by the reaction rates to
describe known metabolic regulatory phenomena and max-
imum accumulation levels (see Tables 2 and 3). The general
form of this function is:

1

- 1 + e—a(Si=Si) (3)

1S

This function can switch from 0 to 1 around a threshold va-
lue (S;,) for a metabolite concentration. The parameter “a”
defines the steepness of the regulation. This type of equa-
tion is more representative of biological behaviour than
pure on/off switches. In a context of numerical solutions,
it also reduces discontinuities around the threshold values.
There are many functions that can describe sigmoid
switches and the one proposed here was considered because
of its simplicity (two parameters) and versatility in describ-
ing either sharp or smooth regulation (depending on the
parameter “a”).

This modelling approach requires the following param-
eter values for each individual reaction: v,,, K, and the
regulation parameters “a” and S;, when applicable. Initial
conditions for the metabolite concentrations are also
needed to solve the ODE problem. The advantage of this
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Table 1
Reactions of the metabolic model

Table 2
Biokinetic equations and the regulation of metabolic fluxes 1-22

No. Reaction No. Biokinetic equation
1 GLU + ATP — G6P + ADP 1 o(1) = tmax1 Ry 2 5GTC Ry $ATP
2 FRU + ATP — F6P + ADP )
3 G6P + 2 NADP — R5P + 2 NADPH 2 v(2) = Umax2 - KMF;?EFRU . KM:{H’ATP
4 3 R5P — 2 F6P + G3P
5 E4P + 2 PEP + ATP + NADH — CHO !

+4 Pi+ ADP + NAD

6 CHO +2 AA +2 ATP + R5P — PYR
+2 ADP + PPi + G3P + TRY
7 PEP + CO, — OAA + Pi
8 OXO0O+2 NAD + ADP + Pi — OAA + 2 NADH + ATP
9 PYR + NAD — NADH + ACOA
10 OXO + NH, + 3 NADPH + 3 ATP — AA + 3 NADP
+3 ADP+ 3 Pi
11 ACOA + ATP +2 NADPH — LIP + ADP + Pi + 2 NADP
12 2 R5P — F6P + E4P
13 3 ACOA +2 NADPH + 3 ATP — SEC + 2 NADP
+3 ADP+ 3 Pi
14 G6P — F6P
15 ACOA + OAA + NAD — OXO + NADH
16 PEP + ADP — PYR + ATP
17 PEP — PYR + Pi
18 G3P + Pi + ADP + NAD — PEP + ATP
+ NADH
19 G3P + NADP — PEP + NADPH
20 F6P + ATP — 2 G3P + ADP
21 R5P + PYR + ATP — SEC + ADP + 2 Pi
22 R5P +3.75 AA+7 ATP+0.25 NAD — 7 ADP + 3.5 Pi
+1.75 PPi + 0.25 NADH + OP
23 G6P + 2 ATP + NADPH — STH
+ 2 ADP + NADP + Pi + PPi
24 STA + Pi — G6P
25 G6P + ATP — STA + ADP + PPi
26 LIP +2 ATP + NAD — ACOA + 2 ADP + PPi + NADH
27 ACOA — ORA
28 ORA — ACOA
29 F6P + PPi — 2 G3P + Pi
30 SUC + 2 ATP — G6P + F6P + 2 ADP
31 SUC + PPi — G6P + F6P
32 EGLC + ATP — GLC + ADP + Pi
33 EFRU + ATP — FRU + ADP + Pi
34 OP — Pi
35 ESUC + ATP — SUC + ADP + Pi
36 NO; + NADH + 3 NADPH — NH, + NAD + 3 NADP
37 PPi — 2 Pi
38 ENO; + ATP — NO; + ADP + Pi
39 ESUC — EGLC + EFRU
40 ENH, + ATP — NH,4 + ADP + Pi
41 2.5 ADP + 2.5 Pi+ NADH + O, — 2.5 ATP + NAD
42 EPi+2 ATP — 3 Pi+ 2 ADP
43 ATP — ADP + Pi
44 AA + LIP + ORA + STH + OP — X
45 v8 +vl18 + v24 + 2.5 * v41
46 4505+ 07 +3*010+0vll1 +3 %013 +017+2 021

+ 3.5 % 122 + 023 + v29 + v33 + v34 + v35 + 2 * v37
+ 038 + v40 + 3 * v4l

approach, where the dynamics of each reaction is
described, is that the metabolic system is solved for both
the fluxes and the metabolite concentrations. This allows
for a complete description of the metabolic state of the
system.

3 0(3) = 3+ G6P . NADP .
— Ymax>s
Kvigep +0OP  Kayapp +NADP ) 10 (~aor REorR01)

5 — RSP
4 v(4) = vmaxs gy e

5 v(5) =u ._EAP__ __PEP__ . __ ATP . NADH
MAXS " K\tpyp TEAP  Kntppp +PEP  Kniyp +ATP Kyt o +NADH

6 v(6) = Umaxs -

HO . _ 44 __ATP . _ RSP
Kngpo +CHO Kyt +44 " Kyiygp +ATP Ky, +R5P

_ __PEP . __ CO,
7 o(7) = Pmax7 Kotpep +PEP " Kaig, +CO;

8 v(8)=v __OXO ___ NAD . __ _ADP __ _ Pi
= Pmax8 " gy 0 +OXO " Kygup +NAD Ky, +ADP Ky, P

— 0y o.__PYR _ _ NAD
9 0(9) = tmaxg Kitpyg +PYR " Kaigsp +NAD

10 0(10) = vmax10 - 0X0 . NH, . NADPH . ATP
max 10 * gy~ 0 +OXO " Katnyge TNHs * Knigappy +NADPH * Ky, 1, +ATP
11 o1l = v . COA . __ATP . NADPH
( ) max 1l * gy +ACOA " Knypp +ATP  Kniyappy +NADPH
_ R5P
12 0(12) = vmax12 " Kntpsp +RP
13 o(13)=v . ACOA A NADPH ) ATP
( ) ‘max 13 KMycon FACOA ™ Knigappy TNADPH * K, +ATP
o G6P
14 0(14) = tmax14 - 5GP

15 v(lS):vmx15~

COA . _OAA _.__ NAD
Rvipcos TACOA Ky, +OAA Ky, TNAD

_ __PEP__ . __ ADP
16 v(16) = vmax 16 Kotpgp +PEP  Katypp -ADP

— PEP 1
17 U(17) = Umax 17 .KMPEPJrPEP : (1 T Tge 104 1])

_ __G¥ . _Pi_____ _ADP _ . __ NAD
18 v(18) = vmax1s Kitgyy 1G3P Kty 1Pi Kntppp TADP  Kuiygyp, + NAD

19 »(19) = P CL G HE NADP
(19) max 19 gy - +G3P  Knyupp TNADP
_ F6P ATP
20 u(20) = Umax?20 * .

Ritpep 1FOP ~ Knipgp tATP

_ __RSP . __PYR _ ___ ATP
21 0(21) = vmax21 Ripsp TRP ~ Rntpyp +PYR ~ Kypp +ATP

22 v(22) = vmax22 -

RSP _AA  __ ATP __ __ NAD 1
Rgsp TROP " Kniy, +44  Ktpgp +ATP " Kypy,p +NAD ~ Te 327 (F-00003)

2.2. Nutrient uptake and accumulation

The major nutrients, i.e. glucose (GLC), fructose
(FRU), sucrose (SUC), nitrate (NO3), ammonium (NHy)
and phosphate (Pi), are taken up by the cell (respectively
fluxes v(32), v(33), v(35), v(38), v(40) and v(42)) and accu-
mulated in intracellular pools (Fig. 1a). These pools then
feed the reactions of the primary metabolism network.

2.3. Primary metabolism
The primary metabolism produces the cell building

blocks: amino acids (AA), lipids (LIP), organic phosphates
(OP, including nucleic acids), structural hexoses (STH),
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Table 3
Biokinetic equations and the regulation of metabolic fluxes 2345
No. Biokinetic equation
; — . G6P___ . ATP | NADPH
23 0(23) = Umax23 Kigep 1GOP * Katyyp +ATP  Knigappy + NADPH
, 0 o STA__ P (1_ 1
24 1(24) = Umax24 Kuigrp +STA " Ky, +Pi (1 T+c 100 (Gchoz))
; — . G6P___ . ATP
25 v(25) = vmax2s Knigep +G6P " Ratpyp TATP

1 1
" Tfe 10-(GLCHFRUFSUC-02) (1 T T4e 200(STA-T 7))

e __LIP _.__ATP __.__NAD
26 0(26) = Vmax26 Kupp +LIP " Kty +ATP Ky, +NAD

(] - ——L
Ttc 10(NADH-T)

27 v(27) =, 27 ——ACOA
(27) = tmax Knipcos ~ACOA
28 0(28) = Uy 2s -« ORA 4(17 ! )
( ) 'max Knigps TORA T+c-10-(NADH-T)
; _ o rFep . PPi__ (1_ 1
29 v(29) = Umax29 Kntpgp 1F6P * Ktpy, +PPI (1 1+efm'<"-f'))

— .__SUC__ . __ ATP
max30 " Ky o +SUC * Ky +ATP

30 v(30)
(1 - WW)
31 v(31) = Pmaxat - 7Lt T

Rngye +SUC * Ryipp, + PP

32 L(32) = Umax 32

.__EGLC___ . __ATP
Rmpgre +EGLC ~ Kaypp TATP

i _ ___EFRU__ . __ATP
33 v(33) = vmax33 Kotprry +EFRU * Knipgp FATP

) — op* 1
34 0(34) = tmaxss - 5 (1 — m,)

i _ . . ESUC . ATP
35 0(35) = Umax3s Kugsyc TESUC * Kaiypp tATP
NO3 NADH
36 v(36) =, : N
( ) max 36 K%vlma}JrNO? Kwiyapy TNADH
DPH
Kwviyappy +NADPH
37 0(37) = Vmax37 * i
( ) max Kwmpp; +PPi
i ENO; ENO;
— |y R =7\ L S, Dma "Kvnuas..  +ENO;
38 0(38) [Lmax38,LA KMFLAF‘NOEJrENOg+bm“X38~HA KN(.HAENO3+ENO3:|
.___ATP
Knpqp TATP
39 0(39) = Umax39 - 70
( ) ‘max 3 Kwipgyc +ESUC
40 0(40) = Doax 4 .__ATP __
( ) 'max 40 Kwiypp +ATP
-2
41 U(41) = Vmanar - NADH ______ADP_._ P’ . __ O
( ) ‘max 41 Kmyapy TNADH - Ky, +ADP KﬁPIJrPlz Kvip, 02
42 v(42) = [Umax42<LA KM‘_AEP‘+EPi+LmaX42‘HA KM.HAEP,+EPI]
.___ATP
Knpqp +ATP
3 0(43) = Vpaxay —AIE
( ) max [(MATP+ATP

s — 0 LY. AA p'>
44 0(44) = Vmaxas - X Ruipy TAA Khzslp—Jan,u %
._ORA __ __OP
Kuors TORA kY, +OP*

organic acids (ORA) as well as starch (STA). The primary
metabolism reactions also include the balances on energy
shuttles (ATP/ADP) and cofactors (NADH and NADPH,
and their oxidized forms NAD and NADP). The major

pathways of the central primary metabolism are included
in the model, with simplifications in linear pathways. The
model includes glycolysis (fluxes v(1), v(14), v(16), v(17),
v(18), v(19), v(20), v(29)) as well as pathways for the inte-
gration of other forms of sugars that are known to be used
by plants: fructose (flux ©(2)), sucrose (fluxes v(30) and
v(31)), and starch (flux v(24)). Some of the reactions (fluxes
v(16)-v(17), v(18)-v(19) and v(20)-v(29)) are decoupled to
account for phosphate regulation. Pyruvate (PYR) is chan-
nelled through secondary metabolite production (flux
v(21)) or through the TCA cycle (fluxes v(8), v(9) and
v(15)). Acetyl-Co-A (ACOA), apart from being consumed
by the TCA cycle, is also the backbone in the production
of organic acids (ORA, flux v(27)) and lipids (LIP, flux
v(11)). These metabolic species are two of the cell’s bio-
mass ‘building blocks’ (X, reaction v(44)) and can also be
degraded in ACOA (fluxes v(26) and v(28)) under NADH
limitation. The oxaloacetate (OAA) pool in the TCA cycle
is replenished by the anaplerotic pathway (v(7)). Amino
acid (AA) biosynthesis is included in a simplified pathway
(v(10)) describing the fixation of NH, with oxoglutarate
(OXO0). Amino acids are used for growth (v(44)), as sec-
ondary metabolite precursors (tryptamine: TRY) biosyn-
thesis (v(6)), or in organic phosphate (OP) biosynthesis
(v(22)). The pentose phosphate pathway (v(3), v(4), v(12))
and the shikimate pathway (v(5)) are also described. Since
many reactions of the primary metabolism either consume
or release Pi, the turnover of this nutrient is illustrated by
two ‘global’ fluxes: v(45) and v(46). Flux v(45) is the sum of
the fluxes that consume Pi and v(46) is the sum of fluxes
that release Pi. The model does not describe cell compart-
mentation and this may limit its biological significance for
some specific fluxes which are taken as net fluxes. How-
ever, the structure of the model allows to include intracel-
lular compartments when adequate experimental data are
available for parameter calibration. Further explanations
on the construction and regulation of the metabolic path-
ways and references for stoichiometric and kinetic param-
eters can be found in Leduc et al. (2006). Some of the
parameters presented in Leduc et al. (2006) have changed
because of the fully dynamic description of the central
metabolism which implies that different metabolic interac-
tions are described. However, many parameters did not
change significantly between the two models.

2.4. Model calibration and determination of kinetic
parameters

Model calibration was performed using experimental
data from C. roseus hairy root cultures (Leduc et al.,
20006). The data set is built with nutrient and metabolite
measurements over time (45 d experiments). A complete
description of the root line and culture conditions can be
found in Leduc et al. (2006). The model simulations were
done in Matlab (The Mathworks), using the odel5s.m sub-
routine for differential equations integration. The model
has 40 affinity constants, 46 maximum reaction rates and
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11 regulation functions with two parameters for a total of
108 parameters. These parameters were determined by
error minimization between model predictions and experi-
mental data using the Isqcurvefit.m subroutine. This sub-
routine is based on the Levenberg-Marquardt algorithm,
which is appropriate for nonlinear curve-fitting. Initial esti-
mates for the error minimization routine were taken from
literature when available (see Leduc et al., 2006 for further
details). The error minimization was performed using a set
of 411 experimental data points. 14 state variables were
measured (ENO;, NOs;, NHy, EPi, Pi, ESUC, SUC,
EGLC, GLC, EFRU, FRU, AA, STA, X) in the two
experiments (batch and medium exchange cultures). This
data set is thus related to both medium nutrients and cell
nutrition, cell amino acids and proteins pool (AA) and root
mass (X). The model is over-parameterized, however, the
use of values taken from the literature as initial estimates
in the curve-fitting algorithm ensured to maintain the
model parameters within a physiologically realistic range;
i.e. between the lower and higher values found in literature.
Parameters for the metabolic system are presented in Table
4 (affinity constants) and Table 5 (maximum reaction
rates). Table 6 is a summary of the state variables of the
system and initial conditions.

2.5. Visualization of primary metabolism

The full resolution of the metabolic model allows for the
visualization of metabolic fluxes and metabolite concentra-
tions. A visualization framework was thus established
based on Fig. 1. This figure was built in the Matlab envi-
ronment using the following graphical functions: line.m
(for metabolic fluxes), patch.m (surface representation),
text.m (add text to an image) and rectangle.m (for metab-
olites pools representation and graphical cell design). The
simulated flux values, in mmol gDW ! d~!, are presented.
The arrows thickness is changing proportionally to the
fluxes numerical values. The metabolites simulated levels
are also presented qualitatively, with a full square repre-
senting a high level for a metabolite and an empty square
for a low level. The energetic state of the cell is also pre-
sented with graphical bar ranging from 0 to 1. The values
in the graph for the energetic states are the following ratios:
ATP/(ATP + ADP), NADH/(NADH + NAD), NADPH/
(NADPH + NADP). Thus, a value of 0 represents a low
energetic state, or a state in which the cofactors are in their
oxidized form. A value near 1 represents a high energetic
state, or a state with cofactors in their reduced form. For
visualization purposes, the numerical solution of the sys-
tem (fluxes and metabolites vectors) was sampled at a rate
of five points per day over 50 d (251 points), thus produc-
ing 251 images. These 251 images were encoded at 10
frames per second using the Matlab functions getframe.m
and movie2avi.m, thus producing a 25 s video representing
the time course of the C. roseus batch culture. For clarity,
the fluxes numerical values are updated only once per

Table 4

Affinity constants (K,,)

Component Value Units

AA 0.045754 mmol gDW ™!
FRU 0.120 mmol gDW !
CO, 1.25E—4 mmol gDW™!
GLC 0.13844 mmol gDW ™!
LIP 0.00254 mmol gDW ™!
NAD 4.05E—4 mmol gDW ™!
NADH 4.492E—4 mmol gDW ™!
NADP 2E—4 mmol gDW ™!
NADPH 1.5E—4 mmol gDW™!
ADP 1.1984E—4 mmol gDW ™!
NH, 0.47157 mmol gDW ™!
ATP 0.00613 mmol gDW ™!
ORA 0.01 mmol gDW™!
Pi 0.1006 mmol gDW ™!
PPi 2.43E—4 mmol gDW ™!
SucC 1.00 mmol gDW ™!
STA 1.00 mmol gDW ™!
STH 0.248 mmol gDW™!
OoP 0.003994 mmol gDW !
Go6P 0.0126 mmol gDW ™!
F6P 0.0113 mmol gDW ™!
G3P 0.0149 mmol gDW ™!
E4P 0.0127 mmol gDW ™!
R5P 0.0177 mmol gDW ™!
CHO 0.0124 mmol gDW ™!
PYR 0.0132 mmol gDW ™!
PEP 0.0123 mmol gDW !
ACOA 0.0125 mmol gDW™!
OAA 0.0122 mmol gDW ™!
0XO 0.0131 mmol gDW™!
0, 5.75E—-5 mmol gDW !
NO; 0.2007 mmol gDW™!
EFRU 0.0461 mM

EGLC 0.0535 mM

ENO; HA 0.0677 mM

ENO; LA 0.4317 mM

EPI_HA 0.0026 mM

EPI_LA 0.050 mM

ESUC 12.012 mM

EO, 0.0125 mM

second. All the other elements of the visualization are
updated frame by frame.

3. Results and discussion

3.1. The model describes hairy roots growth and metabolic
behaviour

The model presented here without the steady-state
hypothesis on the central primary metabolism described
adequately the cellular behaviour, with respect to the
available data for a batch culture of C. roseus (Fig. 2) [data
from Leduc et al. (2006)]. The medium exchange culture
experimental data was also simulated (results not shown).
The model is thus able to describe the uptake of
carbohydrates, nitrate and phosphate, and their respective
intracellular accumulation in specific pools (i.e. chemically
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Table 5 Table 6
Maximum reaction rates (Vpax) State variables and initial conditions
Reaction Current value Units Component Value Units
1 2.4938 mmol gDW ' d~! AA 0.818 mmol gDW™!
2 5.2712 mmol gDW 1 d~! FRU 0.0336 mmol gDW !
3 1.3658 mmol gDW 1 d™! CO, 1.25E-3 mmol gDW ™!
4 0.0047 mmol gDW 147! GLC 0.1625 mmol gDW ™!
5 9.8429 mmol gDW ' d~! SEC 0.00515 mmol gDW !
6 2.4765 mmol gDW ! d~! TRY 8.722E—4 mmol gDW ™!
7 2.9044 mmol gDW ' d~! LIP 0.1 mmol gDW !
8 195.17 mmol gDW 14! NAD 5.9E-5 mmol gDW ™!
9 47.114 mmol gDW ! d™! NADH 2E—4 mmol gDW ™!
10 2.5266 mmol gDW 14! NADP 1.8E-5 mmol gDW !
11 0.8043 mmol gDW ' d~! NADPH 1.45E—4 mmol gDW !
12 0.1214 mmol gDW~!d~! ADP 7.13E—4 mmol gDW ™!
13 0.2722 mmol gDW ' d~! NH, 0.053 mmol gDW !
14 0.544 mmol gDW ! d~! ATP 1.296E—3 mmol gDW ™!
15 60.369 mmol gDW ' d~! ORA 0.00807 mmol gDW ™!
16 11.891 mmol gDW~!d~! Pi 0.117 mmol gDW ™!
17 1.1416 mmol gDW ' d~! PPi 3.5E—5 mmol gDW™!
18 135.94 mmol gDW~!d~! sucC 0.403 mmol gDW ™!
19 9.0472 mmol gDW ' d~! STA 1.705 mmol gDW !
20 17.891 mmol gDW ! d~! STH 0.01 mmol gDW ™!
21 0.0199 mmol gDW ' d~! oP 6.7E—3 mmol gDW !
22 3.6042 mmol gDW ! d~! G6P 0.0125 mmol gDW ™!
23 0.0783 mmol gDW ' d~! F6P 0.0122 mmol gDW !
24 0.0022 mmol gDW~!d~! G3P 0.0131 mmol gDW ™!
25 0.424 mmol gDW ™' d™! E4P 0.0127 mmol gDW ™!
26 0.008 mmol gDW~!d~! R5P 0.0126 mmol gDW ™!
27 0.0682 mmol gDW ! d~! CHO 0.0119 mmol gDW !
28 0.0001 mmol gDW~! 4! PYR 0.0130 mmol gDW ™!
29 1.5167 mmol gDW ! d™! PEP 0.0125 mmol gDW !
30 0.01 mmol gDW~! 4! ACOA 0.0124 mmol gDW ™!
31 0.1232 mmol gDW~! d~! OAA 0.0126 mmol gDW ™!
32 1.175 mmol gDW~!d~! 0XO 0.0121 mmol gDW ™!
33 0.929 mmol gDW ' d~! 0, 1.15E-3 mmol gDW ™!
34 0.0096 mmol gDW~!d~! NO, 0.385 mmol gDW ™!
35 0.05 mmol gDW ' d™! EFRU 8.33 mM
36 0.3688 mmol gDW ™! d~! EGLC 7.22 mM
37 2.9016 mmol gDW ! d~! ENO; 3.27 mM
38 HA 0.0015 mmol gDW~!d~! ENH, 0 mM
38 LA 0.2868 mmol gDW ! d~! EPI 0.1 mM
39 1.002 mmol gDW 1 d™! ESUC 114 mM
40 0 mmol gDW~ ! d~! EO, 0.25 mM
41 13.2 mmol gDW ' d~!
42 HA 0.00175 mmol gDW ! d~!
492 LA 0.1101 mmol gDW~! 4!
43 1.132 mfrl“’l gbw'd! affect enzymes activities and, in the case of nutrient trans-
j‘; ?‘15 f port, this strategy seems to be reliable enough to describe
46 _ _ the experimental data.

compartmented but not into organelles). Moreover, the cell
behaviour (in this case cell growth) is also described. Thus,
the fluxes and the metabolites levels, although not yet
experimentally identified, are within a physiological range
since the ‘extremities’ of the model (input to the cell and
cell behaviour) are well described (see also Leduc et al.
(2006) for exhaustive comparison with literature). The rates
of nutrients transport (Table 3, fluxes 32, 33, 38, 39 and 42)
are mediated by the ATP level in the cell (i.e. ATPases for
pH regulation), thus including an indicator of the cell phys-
iological state in the description of nutrients uptake. So the
model accounts for physiological variations that could

3.2. Metabolic flux cartography to visualize metabolic
networks

Flux cartography is presented in Figs. 3 and 4. Fig. 3a
presents the metabolic system after 5 d of a batch culture,
with the hairy roots in early exponential phase. Fig. 3b pre-
sents the system after 15 d, when the roots are in exponen-
tial growth. Fig. 4a presents the deceleration phase (35 d).
Finally, Fig. 4b presents the metabolic state of the hairy
roots at the end of a batch culture (50 d), when the roots
are in stationary phase. This complete visualization of the
metabolic system over time is discussed in the following
sections. The 25 s video of the simulation of the dynamic
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metabolic system is also provided. Figs. 3 and 4 are snap-
shots taken from that video.

3.3. Carbon metabolism

Flux distribution shows that the entering fluxes of car-
bon sources to the primary metabolism (v(1) and v(2))
are relatively high, even at the beginning of the exponential
growth phase (Fig. 3a). These fluxes are also stable through
the culture phases. A decrease of 15% is observed only at
the end of the batch culture. This decrease is attributed
to a lower energetic state of the roots (see Fig. 4b, ‘cellular
energetics’) since the intracellular pools in GLC and FRU
were still at a high level. The first steps of glycolysis (v(14)
and v(20)) were also stable, showing a decrease of 3.6% and
11.5%, respectively. The next step in glycolysis, the conver-
sion of G3P to PEP, can be performed by two different
pathways in the model: v(18) and v(19). Flux v(19) exhib-
ited a decrease of 17% due to a combined decrease in
G3P and NADP concentrations. Flux v(18) was stable
through the culture time with observed variations of only
3%. The conversion of PEP to PYR shows larger variations
in fluxes. Flux v(16) increased from 0.59 mmol gDW ' d !
to a maximum of 0.88 mmol gDW ' d" at 35 d and a final
value of 0.81 mmol gDW'd~'. At the same time, flux
u(17) decreased from 0.34 mmol gDW'd~! at 5d to a
final value of 0.08 mmol gDW ! d~'. Thus, the global flux
from PEP to PYR is relatively stable, with a decrease of

only 4.3% over 50 d. This allows maintaining the flux to
PYR even though the metabolic state of the system is
changing. The flux distribution in Figs. 3 and 4 shows that
most of the ACOA coming from flux v(9) is channelled
through the TCA cycle (fluxes v(8) and v(15)). At the begin-
ning of the culture, flux v(15) is equal to 75% of flux v(9),
while at the end this proportion is 65%. The ACOA that
is not channelled through the TCA cycle is either accumu-
lated or feeds the anabolic pathways v(11) and v(27) to pro-
duce LIP and ORA. At the beginning of the exponential
phase (Fig. 3a), 5.1% of flux v(9) is channelled to ORA
and 9.5% to LIP. These proportions are, respectively, 7%
and 10.5% at the end of the batch culture (Fig. 4b). The
other pathways related to carbon metabolism, the pentose
phosphate pathway, and the shikimate pathway, showed
much lower fluxes, ranging from 2.7x107* to
4.4 x 107> mmol gDW ' d~!. These fluxes exhibited larger
variations over time in the range of 25-30%. The biosyn-
thesis of STA and STH was also channelling only a frac-
tion of the glycolytic flux throughout the culture. The
STH production flux v(23) was equal to 1.6% of the enter-
ing glucose metabolic flux (v(1)). The flux for starch accu-
mulation (v(25)) was equal to 14% of v(1) at the beginning
of the exponential phase, 15.5% when the growth rate was
at its maximum value (Fig. 3b), and this proportion
decreased to 4% at the end of the batch experiment
(Fig. 4b). However, this decrease was not caused by a lim-
itation in G6P, but rather by a lower energetic state at the
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end of the growth phase. Thus, it seems that a high and rel-
atively stable flux in the central carbon metabolism is
observed even in the case where the cells are not in growth
phase. Analysis of simulation results suggests that energetic
metabolism might have a greater impact on the anabolic
fluxes than the availability of carbon backbones. This strat-
egy allows maintaining stability in the central primary
metabolism, while the anabolic pathways have higher flex-
ibility (as seen by Rontein et al., 2002). It is also notewor-
thy to mention that no carbohydrate limitation was
observed in that experiment (Leduc et al., 2006). Glucose
and fructose were still present in the culture medium and
in the hairy root intracellular pools at the end of the batch
culture, as can be seen in Fig. 4b.

3.4. Phosphate and energetic metabolism

The fluxes related to phosphate metabolism exhibited
higher variations than those related to carbon. The enter-
ing flux of Pi in the cell (v(42)) went from an initial value
of 0.02 mmol gDW ' d™" to complete exhaustion of the
Pi in the culture medium after 10 d, thus a null uptake
flux for Pi. However, this exhaustion of Pi in the culture
medium will not lead to an immediate limitation in Pi
since the intracellular Pi pool can supply the Pi-consum-
ing reactions. The biosynthesis of organic phosphates
(OP, v(22)) decreased from 2.3 x 107> mmol gDW 'd~!
at the beginning of the experiment to 5.8x10~*
mmol gDW ' d~! at the end. This 75% decrease is attrib-
uted to a less energetic state and a lower level in cellular
Pi, which affect the regulation in v(22) (see Table 2). The
global fluxes for Pi consumption or release by the primary
metabolism are very high compared to the other simu-
lated fluxes. At the beginning of the batch culture
(Fig. 3a), v(45) and v(46) are both more than two times
higher than the third highest flux, v(39). Since the intracel-
lular concentration in Pi decreases over time, most of the
reactions using Pi slow down. Thus, the influx of Pi to
metabolism (v(45)) exhibits a decrease of 35% compared
to its initial value. The release of Pi by the central metab-
olism exhibits the same behaviour. The fluxes v(45) and
v(46) are also two to three orders of magnitude higher
than the net influx of Pi to metabolism (v(45)-v(46)).
Thus, a high ‘turnover’ rate of Pi is observed. This turn-
over rate could be an interesting physiological indicator of
the cellular activity or cell potential for growth or biomol-
ecules production. However, it is hard to confirm this
hypothesis comparing to literature results since most of
the works on the turnover of phosphate are focussing
on the turnover rate of one key enzyme or one phos-
phated molecule. Alonso et al. (2005) observed a glu-
cose-P-to-glucose turnover in maize root tips. This cycle
showed to consume 40% of the generated ATP and was
affected by carbohydrate starvation. The respiratory chain
(v(41)) shows a continuous decrease from an initial rate of
0.397 mmol gDW~'d ! to 0.118 mmol gDW ! d~!. This
70% decrease is due to the decreasing level of Pi and

roughly corresponds to the 75% decrease observed for
the biosynthesis of OP. The global modelling approach
thus shows how a nutrient could limit more than one
pathway at a time. Here Pi seems to be affecting the
respiratory chain and reactions of the central carbon
metabolism.

3.5. Nitrogen metabolism

The extracellular nitrogen source (NOs), like the phos-
phate source, was depleted during the culture time period.
Thus, the entering flux of NOj in the cells falls to zero at
the end of the culture from an initial value of
0.072 mmol gDW ' d~'. This triggers a decrease in the
intracellular nitrate pool, and subsequently in the intracel-
lular ammonium pool (Fig. 4). The fluxes connected to
these pools (v(10) and v(36)) decreased by a 75% at the
end of the simulation. However, this occurs only after
35d (Fig. 4a), when the growth rate is already decreasing.
The decrease in growth rate and in many fluxes is then
not directly related to a nitrogen limitation. Amino acids
were still present at a relatively high level at the end of the
culture (Fig. 4b), even though the rate of production
decreased. Thus, it is more likely that the medium used in
these experiments limited the cells in Pi. However, the fluxes
related to nitrogen also exhibited a decrease after 35 d of
culture, so a limitation could occur for that nutrient as well.

4. Conclusion

A comprehensive dynamic metabolic model was pre-
sented. The model describes the major pathways of plant
cell primary metabolism. The strategy used to solve the
metabolic system involves the description of the kinetics
of each enzymatic reaction. Multiple Michaelis—Menten
type kinetics, in conjunction with sigmoid switch functions,
allows describing the dynamic behaviour of the metabolic
system subject to diverse regulatory phenomena. In order
to better analyze the simulation results, a visualization
framework including both the fluxes and metabolite levels
was presented. It was observed that the central carbon
metabolism had relatively high and stable fluxes, while
most of the anabolic pathways had small and variable
fluxes. The nitrogen metabolism exhibited considerable
variations in the fluxes, but the amino acids pool was still
at a high level at the end of the culture. However, it was
observed that phosphate and phosphate-related pathways
play a crucial role on cell behaviour. Reactions from the
glycolysis, respiration, and energy metabolism were proba-
bly affected by a Pi limitation. Moreover, it was observed
that the intracellular Pi is subject to a ‘turnover’ rate that
is two to three orders of magnitude higher than the actual
Pi consumed by the primary metabolism reactions. This
turnover of Pi decreased in conjunction with a decrease
in intracellular Pi. A decrease in specific growth rate also
occurred in conjunction with the Pi decrease. Thus, it is
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seen that Pi is a crucial element in explaining plant cell
behaviour, not only in terms of the growth rate but also
by considering metabolic processes such as glycolysis, res-
piration etc. The dynamic approach thus shows useful in
identifying important dynamic phenomena that explain
plant cell behaviour. It is clear that this model can be
improved with further analyses (metabolites levels, enzy-
matic and compartment analyses) and experiments that
are specifically designed for parameters identification such
as perturbations and step-response experiments. This pro-
cedure could certainly improve the reliability of the param-
eters and the predictive capacity of the model. Moreover,
the metabolic model presented in this work could be used
in conjunction with proper analytical methods (measure-
ment of metabolites concentrations, enzymatic activity,
gene expression) to integrate knowledge on plant cell
metabolism. A reliable dynamic model could also be used
to identify potential targets for metabolic engineering or
to develop efficient culture strategies.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.phytochem.
2007.04.028.
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