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A structured growth model for Cynara cardunculus cell suspension
P. M. N. A. C. Pires Cabral, M. E. Lima Costa, J. M. S. Cabral

Abstract In this study a model was developed to describe
the growth of Cynara cardunculus L. suspended cells as
a function of the availability of two substrates, sucrose

as the carbon and energy source and phosphate. It was
assumed that the maintenance energy need was fulfilled by
the consumption of extracellular carbohydrates, in non-
limiting conditions, or by the consumption of structural
biomass when sucrose is depleted. A production of sec-
ondary metabolites was also assumed. This model was
developed based on a structured model previously
described by Van Gulik et al. (1993). The model was
applied to the experimental results of C. cardunculus
suspended cells grown in a Gamborg Bs medium supple-
mented with 2% sucrose, using a non-linear regression
program.

List of symbols

Cc C-pool concentration, mg - ml™!

Cr F-pool concentration, mg - ml™"

Crext Extracellular phosphate concentration,
mg - ml™'

Cx K-pool concentration, mg ml™!

Cp Secondary metabolites concentration, mg - ml™'

Cs Extracellular sucrose concentration, mg - ml™"

Cx Biomass concentration, mg - ml™!

K Formation rate constant of secondary metabo-
lites, day ™'

kg Intracellular phosphate saturation constant,
mg - mg~'

kg ext Extracellular phosphate saturation constant,
mg - ml™'

ko Conversion factor, mg - ml™"

ks Extracellular sucrose saturation constant,
mg - ml™!

mg Maintenance coefficient, mg - mg_1 -h7!

Received: 6 September 1999

P. M. N. A. C. Pires Cabral (IX)
Escola Superior de Tecnologia, Universidade do Algarve,
Campus da Penha, 8000 Faro, Portugal

M. E. Lima Costa

Unidade de Ciéncias e Tecnologias Agrarias,
Universidade do Algarve, Campus de Gambelas,
8000 Faro, Portugal

J. M. S. Cabral

Laboratdrio de Engenharia Bioquimica,

Centro de Engenharia Bioldgica e Quimica,
Instituto Superior Técnico, 1000 Lisboa, Portugal

grmax ~ Maximum specific rate of F-pool formation,
mg - mg~ ' - day”’

qr Specific formation rate of secondary metabo-
lites, mg - g' - day ™"

gscmax ~Maximum specific rate of C-pool formation,
mg - mg~ ' - day”’

dsk,max Maximum specific rate of K-pool formation,
mg - mg ' - day”

rcp Secondar}r metabolites formation rate,
mg - ml™ - day”’

"rexv 'r Rate of phosphate uptake and F-pool formation,
mg - ml' - day ™!

fCm Rate consumption of C-pool for maintenance,
mg - ml™" - day”!

Ms Total rate of carbohydrates consumption
for maintenance, mg - ml™" - day ™"

rsc Rate of sucrose conversion in C-pool,
mg - ml™" - day”’

TsK Rate of sucrose conversion in K-pool,
mg - ml™' - day ™!

sm Rate consumption of sucrose for maintenance,
mg - ml™' - day !

Ycp Yield coefficient conversion of C-pool
in secondary metabolites, mg - mg~"

Ysc Yield coefficient conversion of sucrose
in C-pool, mg - mg™"

Ysk Yield coefficient conversion of sucrose
in K-pool, mg - mg™"

Ysx Yield coefficient conversion of sucrose
in biomass, mg - mg ™’

Zc Fraction of structural biomass (C-pool)

Zy Fraction of intracellular phosphate (F-pool)

Zx Fraction of high energetic compounds (K-pool)

Hmax Maximum specific growth rate, day ™

1

Introduction

Plant cell suspension cultures of Cynara cardunculus L.
has been previously studied by Lima Costa who optimized
the growth parameters in batch system, and presented a
kinetic growth study of C. cardunculus suspended cells in
biological reactors [1, 2]. This author studied the applica-
bility of some unstructured kinetic models to C. card-
unculus cells growth, such as the Monod, the Herbert, the
Pirt and the Beeftink et al. models [3] and how the kinetics
of these plant cells were affected by extracellular sucrose
and phosphate concentrations (not published). Lima Costa
[2] suggested the development of a structured model of
growth and product synthesis which would describe more



200

Bioprocess Engineering 23 (2000)

Secondary
'p metabolites

Q
]
o)
2

TP ext

Fig. 1. Growth model of Catharanthus roseus (and Nicotiana
tabacum) suspended cells (adapted from Van Gulik et al. [4])

accurately plant tissue cultivation phenomena, since it ac-
counts for the multiplicity of cell components and their
interactions.

Van Gulik et al. [4] developed a structured model for
the description of growth kinetics of Nicotiana tabacum
and Catharanthus roseus suspended cells. According to
these authors the cell’s growth was a function of the
availability of glucose and phosphate growth limiting
substrates. Under non-limiting conditions these two sub-
strates were accumulated by C. roseus (and by N. tabacum)
cells. It was assumed that glucose and phosphate were
subsequently converted into low molecular weight phos-
phorylated compounds, which served as energy carriers
and/or precursors to synthesize macromolecules. There-
fore the rate of biomass formation was assumed to depend
on the intracellular level of these compounds. It was
further included in the model a degradation process of
part of the biomass to form extracellular lysis products
(Fig. 1). Based on the above, the authors [4] divided the
biomass into four different pools of compounds: (i) Free
intracellular phosphate (P-pool); (ii) Low molecular
weight phosphorylated compounds (E-pool); (iii) Storage
carbohydrates (C-pool); and (iv) Structural biomass
(B-pool).

Based on Lima Costa previous work [2] and Van Gulik
et al. [4] model, a structured model for the description of
growth of Cynara cardunculus cells was developed and
is described in this article.

2

Biological model concept

In the present work the growth of Cynara cardunculus L.
suspended cells was modeled [5] as a function of the
availability of two substrates, sucrose as the carbon and
energy source and phosphate. All other essential nutrients
for cell growth were assumed to be present in non-limiting
amounts.

Sucrose was supposed to be hydrolyzed outside the cell,
with production of glucose and fructose that are trans-
ported into the cell (carrier-mediated transport) and par-
tially metabolized by catabolic processes, with production
of high energetic compounds such as ATP, ADP, AMP, CTP,
GTP, UTP, NADP and NADPH, and partially converted by
anabolic pathways on structural biomass. It was further
assumed that no storage of carbohydrates occurs [2].
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Fig. 2. Growth model of Cynara cardunculus L. suspended cells

Table 1. Model characteristics
Process Rate Yield
coefficient

Conversion of rsc Ysc
sucrose in C-pool

Conversion of sk Ysk
sucrose in K-pool

Consumption of sucrose for Tsm -
maintenance energy needs

Consumption of C-pool for Tcm -
maintenance energy needs

Uptake of extracellular TE -
phosphate

Secondary metabolites rcp Yep

formation and its transport
to the extracellular medium

Inorganic extracellular phosphate was considered to be
carrier-mediated transported into the cell, partially
converted together with glucose and fructose into low
molecular weight phosphorylated compounds and the
excess was stored in the vacuoles [2].

Maintenance energy needs were assumed to be fulfilled
by the consumption of extracellular carbohydrates, in non-
limiting conditions, or by consumption of structural bio-
mass when sucrose was depleted. It was also assumed that
secondary metabolites were produced and transported
to the extracellular medium by a diffusion mechanism.

The biomass was therefore divided into three pools of
compounds as shown in Fig. 2: (i) Structural biomass
(C-pool); (ii) High energetic compounds (K-pool); and
(iii) Storage of inorganic phosphate and low molecular
weight phosphorylated compounds (F-pool).

Table 1 explicits the yield coefficients and the rates of
conversion processes represented in the model diagram
of Fig. 2.

3
Mathematical model definition

3.1

Balance equations

A distinction is made between biotic compounds (i.e.
compounds which are part of the biomass) and abiotic
compounds (i.e. compounds outside the cells).
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The general state vector C of all compounds inside a
culture system with growing cells, can thus be divided into
a state vector X of biotic compounds and a state vector Y
of abiotic compounds:

c=[XY] . (1)

In this model the biotic phase consists of two compounds,
namely the two biomass pools and is defined as:

X = [Cc, Ck, Ce] (2)

and the abiotic phase consists of the three compounds
sucrose (S), extracellular phosphate (F, ext) and secondary
metabolites (P) and is defined as:

Y = [Cs, Crext] - (3)

The balance equation for the abiotic compounds, in a
constant volume system, in a batch culture is:

dCs
il R 4
dt rs , ( )
with
rs =1sc + sk + tsm (5)
and
dCr ex

die = = —TEext (6)
dCp
- = . 7
a e 7)

The biotic compounds have to be expressed as fractions of
the total biomass, since they leave and enter the culture
system only as constituents of the cells:

Z= @7%)& ) (8)
Cx Cx Cx

or

Z = [Zc, Zx, Zy| , (9)

therefore the net formation rates of the three biotic com-
pounds are:

dZC 1 I rcp dCX
—=—1Y —— =Y. ———1Z
dr Cx i scTsc Yo SC’Cm dr cl »

dz 1 dc
K_ Yskrsk — < X)ZK] ;

Frar| N
dze 1 dcx

3.2
Constitutive equations

3.2.1

Conversion of sucrose in C-pool

The rate of sucrose uptake from the growth medium and
conversion in C-pool, rsc, was assumed to be proportional to
the fraction of structural biomass, Zc, to depend on the
intracellular phosphate level, Zg, and on the extracellular
sucrose concentration, Cs, according to:

Zr Cs
ke + Zz ks + Cs

(13)

rsc = qsc,maxZcCx

3.2.2

Conversion of sucrose in K-pool

The rate of sucrose uptake from the growth medium

and conversion in K-pool, rsx, was assumed to be pro-
portional to the fraction of energy pool (K-pool), Zx, to
depend on the intracellular phosphate level, Zg, and on the
extracellular sucrose concentration, Cs, according to:

i CS (14)
ki + Zp ks + Cs

sk = gsK,maxZk Cx

3.23

Maintenance energy needs

The total rate of carbohydrate consumption for mainte-
nance of the cells, rys, was assumed to be proportional to
the amount of structural biomass:

rms = msZcCx .

(15)
When the level of sucrose in the extracellular medium is

high, it was consumed to supply the cell’s metabolic
requirements with a rate, rgy:

Cs
NS S 16
™S o ko Ze (16)

When sucrose is depleted, biomass was consumed, with a
rate, rcm, to fulfill the maintenance energy needs:

. kmZc
Y8 Cs + kmZc

T'Sm

(17)

Cm =

3.24

Uptake of extracellular phosphate

The rate of phosphate uptake from the growth medium, rg,
was assumed to depend on the extracellular phosphate
concentration, Cg ey, according to:

CF7 ext

—_— 18
kF,ext + CF.ext ( )

TP = qGrmaxCx

3.25

Secondary products formation

The rate of production of secondary metabolites, rcp, was
supposed to be a linear function of structural biomass
fraction, Zg:

rep = qpZcCx . (19)

3.3

Maximum specific growth rate

It is assumed a steady state growth for the derivation of the
maximum specific growth rate. Under these conditions,
the left hand side of the balance Eqgs. (10)-(12) becomes
zero. After rearrangement of the Eq. (10) the maximum
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rate of biomass formation under steady state conditions
can be expressed as:

dCx e C= Yscrsc — 3% — YscTem
dt max ZC

At high extracellular sucrose and phosphate concentra-
tions the Monod terms of the Eq. (13) and Eq. (18) equals
unity. Besides if extracellular sucrose concentration was
higher than the fraction of structural biomass

(Cs >> kpnZc) the Monod term of Eq. (17) equals zero.
After incorporation of Egs. (13), (17) and (18) into

Eq. (20) it yields the Eq. (21):

(20)

kF:uxznax + Hmax (qF,max + Yq_P kF)
CP

(21)

The positive solution of this equation gives the maximum

specific growth rate:
1 (gr qr 1| /gr a
.+ ,max 9P = smax | 4P
Hmax = 2( ke +YCP)+2 < ke +ch>
2)}
Ycp .

+ qF,max <£ - YSC‘]SC,max) =0.
Ycp

qF.max

+4 <YSCCJsc,max - (22)

F

4

Parameters estimation

In order to obtain useful predictions from the mathe-
matical model, the next parameter values are estimated:
(i) Yield coefficients Ysc, Ysx and Ycp; (ii) Specific con-
version rates gsc,max gsk,max qp and ggmax (iii) Mainte-
nance coefficient, ms; (iv) Saturation constants, kg ey, Kr
and kg; (v) Conversion factor, k.

The yield coefficient of conversion of C-pool in sec-
ondary metabolites, Ycp, the specific phenol formation
rate, gp, the maintenance coefficient, ms, and the yield
coefficient of conversion of sucrose into biomass, Ysx, for
Cynara cardunculus suspended cells growth in Bs medi-
um supplemented with 2% sucrose, were previously
obtained [2].

It is considered that Ysx = 0.58 * 0.02 (mg dry
weight) - (mg sucrose) ! corresponds to the total conver-
sion of sucrose in biomass. Assuming that 1% of biomass
is represented by K-pool and 99% is structural biomass
as C-pool, the yield coefficients of conversion of sucrose
in K-pool and C-pool are:

Ysk = 0.0058 & 0.0002 (mg dry weight) - (mg sucrose) " |,
Ysc = 0.5742 +0.0198 (mg dry weight) - (mg sucrose) '

The saturation constants and the conversion factor, k,,, is
calculated by a non-linear regression using ROK [6]. This
computer program solves the differential equations sys-
tem which define the model, using a combination of a
fourth-order Runge-Kutta procedure and an algorithm
based on a Powell’s conjugate directions method.

The differential equations system obtained from the
balance and constitutive equations above are defined as:

w_ (. G o
dr qsc.max’c kgCx + Cg ks + Cs

o G Cs
AsKmax K G o G ks + Cs

- (e ) »
dil:;xt _ _qumaxcxﬁ 7 (24)
- (YSC‘“CCX oG ksiscs> B <%CX>
G _ e (26)
5

Results and discussion

A structured model describing the growth and metabolite
production of Cynara cardunculus L. suspended cells has
been developed together with those assumptions upon
which it is based.

All conversion processes can be described by six reac-
tions of which the rates (rsc, sk> "sms Tcm» Tr and rcp)
depend on four specific rates (gsc,max gsk,max qp and
qF.max)> three saturation constants (kg ey, kr and ks), three
yield coefficients (Ysc, Ysk and Ycp), one maintenance
coefficient (mgs) and one conversion factor (k). With this
set of parameters it is possible to calculate the specific
maximum growth rate, y ...

This model doesn’t account for a storage carbohy-
drates pool formation, nor a free intracellular phosphate
pool, but just the formation of a pool including phos-
phate and low weight phosphorylated compounds. It also
enlarges upon the previously Van Gulik et al. model by
accounting for a formation of a high energetic com-
pounds pool.

This model was applied to the experimental results
obtained with of C. cardunculus suspended cells grown in
a Gamborg Bs medium supplemented with 2% sucrose [2]
and the comparison between the simulated and experi-
mental results are presented in Fig. 3. From this figure it
can be seen that the patterns of phenol accumulation,
biomass production, consumption of sucrose and uptake
of extracellular phosphate are well described by the model,
although the sucrose concentration during the initial part
of the growth phase is underestimated and the phenol
formation after the depletion of sucrose is overestimated

" by the model.

The maximum specific growth rate . = 0.095 day '
was calculated by Eq. (22). Table 2 summarizes the kinetic
model parameters, some of those were obtained by non-
linear regression using ROK [6] and some others were
previously calculated [2].

The discrepancies observed between the model
response curves and the measured data, reflect the sim-
plicity of this model as applied to a variety of more
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Table 2. Growth model kinetic parameters of Cynara cardunculus suspended cells

Maximum specific rate

Saturation constant

Yield and maintenance coefficient

gsc,max = 1.66 X 107! mg - mg_1 : day_1
Gskmax = 7-41 mg - mg™" - day '
QEmax = 6.66 X 107> mg - mg ™' - day~
gp = 0.034 mg - g~" - day ™™

1

Kpext = 2.67 x 107" mg - ml™"
ke = 2.67 x 107> mg - mg™"
ks = 1.06 x 107> mg - ml™*
km = 1.23 X 107> mg - ml™"

Ysx = 0.580 mg - mg™*
Ysc = 0.574 mg - mgf1
Ysk = 0.0058 mg - mg ™
Ycp = 1 mg - mg™

ms = 0.0066 mg - mg ™' - h™"*

* Previously calculated [2]
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Fig. 3. Experimental data fitting of Cynara cardunculus sus-
pended cells growth to a structured model: 1 Sucrose uptake from
the extracellular medium; 2 Phosphate uptake from extracellular
medium; 3 Biomass production; 4 Phenol formation and trans-
port to the extracellular medium

complex responses in Cynara cardunculus tissue cultiva-
tion. However this model is very well capable of describing
sucrose and extracellular phosphate uptake and conver-
sions, structural biomass consumption and production,
and secondary metabolites formation.
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