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A structured kinetic model was proposed to describe cell growth and synthesis of a sec- 
ondary metabolite, berberine, in batch suspension culture of Thalictrum rugosum. The 
model was developed by representing the physiological state of the cell in terms of the 
activity and the viability, which can be estimated using the culture fluorescence meas- 
urement. In the proposed model, the cells were divided into three types; active-viable, 
nonactive-viable, and dead cells. The model was formulated in terms of cell growth 
(dry/fi'esh weight, activity, and viability), carbon source utilization (sucrose, glucose 
and fructose), and product formation (intrace]lular and extracellular berberine). The 
concept of cell expansion and the death phase were also included in this model to de- 
scribe the sugar accumulation and the release of intracellular berberine into medium 
by cell lysis, respectively. The parameters used in this model were estimated based on 
the experimental results in conjunction with numerical optimization techniques. Satis- 
factory agreement between the model and experimental data was obtained. The pro- 
posed model could accurately predict cell growth and product synthesis as well as the 
distribution of the secondary metabolite between the cell and the medium. It is sug- 
gested that the proposed model could be extended as a useful framework for quantita- 
tive analysis of physiological characteristics in the other plant cell culture systems. 

Key words: structured kinetic model, Thalictrum rugosum, plant cell culture, activity, 
viability, secondary metabolite, berberine 

I N T R O D U C T I O N  

Plant  cell and tissue culture has been developed as 
an attractive alternative to agricultural (farming) or 
forestry technique for the production of commer- 
cially important biochemicals. The major valuable 
chemicals from plant cell culture are the secondary 
metabolites, which are biosynthetically derived from 
the primary metabolites. Although plant tissue cul- 
ture techniques have been developed since 1940, sig- 
nificant advances for the commercial production us- 
ing large scale bioreactor operation have been made 
only in the last decade [1,2]. 

In order to enhance the production of secondary 
metabolites in plant cell culture, rational and sys- 
tematic strategies for bioreactor operation should be 
developed, and process optimization should also be 
carried out from a bioprocess engineering perspec- 
tive. Mathematical model of the biological process is 
often considered as an invaluable tool to obtain and 
predict a lot of information about the physiological 
characteristics of the objective culture processes. It 
is also used to develop a rational approach to test the 
operating strategy and process optimization. Many 
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of the unstructured kinetic models that have been 
applied to plant cell cultures hitherto have not been 
able to accurately predict the cell growth and the 
secondary metabolite production [3-5]. Structured 
kinetic models have therefore been developed since 
they have the capability to more accurately describe 
the physiological characteristics in plant cell culture 
based upon the information on a particular subset of 
the multiple cellular components and their interac- 
tions [6-11]. Although structured kinetic models have 
improved the predictable capability, there still re- 
mains a lack of detailed understanding on the kinet- 
ics for growth, secondary metabolite biosynthesis, 
and the distribution of the secondary metabolites 
between the intra- and the extracellular environ- 
ment. 

In this study, a structured kinetic model was pro- 
posed to describe the substrate utilization, the cell 
growth, and the secondary metabolite synthesis in 
Thalictrum rugosum plant cell culture. The model 
was formulated on the physiological state of the cell 
that  account for the activity and the viability, linked 
with substrate consumption and secondary metabo- 
lite synthesis. Also the model includes cell expansion 
due to sugar concentration, and accounts for dead 
cells which can release intracellular secondary me- 
tabolite into the medium. Based on this approach, 
the proposed model can predict culture growth and 
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secondary metabolite synthesis in a rigorous and 
quantitative manner. 

M A T E R I A L S  A N D  M E T H O D S  

Cultures and Media 

Thalictrum rugosum cells were provided by Dr. 
Peter Brodelius (Institute of Plant Biology, Univer- 
sity of Lund, Sweden). Cell suspension cultures have 
been maintained on Murashige and Skoog (MS) me- 
dium prepared from MS salt mixture (GIBCO Labo- 
ratories, Grand Island, NY, U.S.A.) with 2 gM of 2,4- 
dichlorophenoxy acetic acid (2,4-D), vitamin stock 
solution, and 30 g/L of sucrose as the carbon source. 
The pH of the medium was adjusted to 6.0 before 
autoclaving. After autoclaving, the pH of the medi- 
um was about 5.8. For batch suspension culture, 
cells in the late exponential growth phase, which are 
usually 5-6 days old, have been used. In order to 
avoid heterogeneity of the inoculum, all the cells 
from different flasks were collected in a preauto- 
claved large flask, and mixed well by shaking. The 
cells were filtered through Whatman No. I filter 
paper on a Buchner funnel under slight vacuum and 
washed with the fresh medium. Approximately 5 g of 
cells by fresh weight was inoculated into a 125 mL 
Erlenmeyer flask containing 50 mL of the medium. 
The suspension cells were incubated on a rotary 
shaker at 180 rpm and at 25~ Two or three replicas 
of the flasks were used for analysis. After filtration, 
the cells were collected for cell mass measurement 
and intracellular product determination. The ill- 
trates were usually stored in a refrigerator for extra- 
cellular product and sugar assays. 

Analytical Procedures 

For dry cell weight (DCW) measurement, suspen- 
sion cells were filtered with dried and pre-weighted 
Whatman No. 1 filter paper under slight vacuum. 
Filtered cells were washed with distilled water and 
dried in an oven at 60~ until it maintained to be a 
constant weight. For fresh cell weight measurement, 
suspension cells were filtered with wetted and pre- 
weighted Whatman No. I filter paper under slight 
vacuum. 

For alkaloid analysis, intracellular berberine was 
extracted with HPLC-grade methanol. A sample con- 
taining 0.5 g of cells, by fresh weight, in 20 mL of 
methanol was sonieated at 125 W in a water bath for 
1 hr. 10 gL of the filtered sample from the extract or 
the medium was injected into a HPLC system. 
Quantitative berberine analysis was carried out with 
an isocratic HPLC system using a Spectroflow 400 
(Kratos Corp., Ramsey, NJ, U.S.A.), under the fol- 
lowing conditions; SUPERCOSIL LC-18-DB column 
(15 cm x 4.6 mm, Supelco Inc., Bellefonte, PA, 
U.S.A.); flow rate, 2 mL/min; Mobile Phase, 1 mM 
tetrabutyl ammonium phosphate in water, adjusted 
to pH 2 with phosphoric acid (60%) and acetonitrile 
(40%); detection at 271 nm with a UV detector (Kra- 
tos Corp, Ramsey NJ, U.S.A.). The HPLC system 
was also used for the simultaneous analysis of sucro- 
se and its hydrolyzed products, glucose and fructose 
under the following conditions; SUPELCOSIL LC- 

Biotechnol. Bioprocess Eng. 1999, Vol. 4, No. 2 

NH2 column (25 cm x 4.6 ram, Supelco Inc., Belle- 
fonte, PA, U.S.A.); flow rate, 2 mL/min; Mobile 
phase, 75% acetonitrile and 25% water; detection 
with a refractive index (RI) detector (Perkin-Elmer 
Corp., Wilton, CT, U.S.A.). 
Fluorescence measurement for cell mass detection 

of T. rugosurn was carried out with an in situ Fluo- 
rosensor TM (Ingold Electrodes Inc., Wilmington, MA, 
U.S.A.). This device was designed for detection of 
NADH. The light source was filtered at 350 nm to 
excite the fluorophore, NADH, in the cells [12]. The 
emitting fluorescence was filtered at 450 nm and can 
be measured by a detector. After amplification, the 
converted analog signal was typically in the range 
from 0 to 10 V. The culture fluorescence of the sus- 
pension cells was monitored by the Fluorosensor TM 
in a black box system to minimize the external light 
influences on the fluorescence signal. 

M O D E L  D E V E L O P M E N T  

Model Variables 

It is assumed that cells are divided into two types, 
viable cells and nonviable (dead) cells, where viabil- 
ity is determined by interpretation of the NADH- 
dependent culture fluorescence data. Viable cells are 
further divided into two types, active-viable (divid- 
able) cells and nonactive-viable (resting) cells. Since 
the observed characteristic of berberine synthesis in 
T. rugosum cell culture is mixed-growth associated, 
berberine is produced by both active-viable and 
nonactive-viable cells with a different production 
rate. Active-viable cells may become nonactive viable 
cells which then may further degenerate into dead 
cells when the carbon source is completely depleted. 
Finally, dead cells are broken up and the intracellu- 
lar berberine is released into the medium by cell 
membrane disruption. This classification of the cells 
is schematically summarized in Fig. 1. 

Variables used in the proposed model are expressed 
as following; Xad , dry weight of active-viable cell; 
Xnd , dry weight of nonactive-viable cell; Xvd ' dry 
weight of viable cell; Xda, dry weight of nonviable 
cell; Xd, dry weight of total cell; SS sucrose concen- 
tration; SG, glucose concentration; )F, fructose con- 
centration; PI, intraeellular product concentration; 
PE, extracellular product concentration; Xf, fresh cell 
weight. 

The viability, V, is defined as 

V = xvd  

Xd 

Also, the 

V = Xad 
Xvd 

; fraction of the total cells that are viable (1) 

activity, A, is defined as 

; fraction of the viable cells that are (2) 
biosynthetically active to be divided 

Dry Weight Equation of Active-Viable Cell 

In the cell culture of T. rugosum, lag-time, tL, was 
about one day. When sucrose is used as the carbon 
source in T. rugosurn cell culture, it is rapidly bro- 
ken down into glucose and fructose by extracellular 
or membrane  bound inver tases ,  and  it has been 
found that  only the hexoses are taken  up into the 
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Fig. 1. A conceptual diagram of cell classification for the 
structured model: (a) cell classification based on viability; 
(b) cell differentiation based on activity. 

cells [13,14]. Competitive-inhibition was observed in 
the uptake of the hexose [15]. Hence, the following 
equation was suggested for g by other researcher 
[12]; 

r /4nFSF 
#= SG + K G ( I + S F / K F )  + SF + K F ( I + S G / K G )  (3) 

where K is a Monod type constant, gm is the maxi- 
mum growth rate and the subscript G and F desig- 
nate glucose and fructose, respectively. It is assumed 
that  the rate of loss of cell activity is proportional to 
dry weight of viable cell, because the factors of ac- 
tivity loss (susceptibility to shear, osmotic and sugar 
depletion effects) are affected by all viable cell. Also, 
it is assumed that the nonactive-viable cells do not 
consume substrates for growth. The quantity of ac- 
tire-viable cell can thereby be determined based on 
the substrate consumption rate. 
A mass balance for dry weight of active-viable cell is 
given by, 

dXaddt -II-expI-~Lll/~Xad-kCX'd (4) 

where 

r = 1 Xf Xva (5) 
A Xvd X d + S t 

In Eq. (4), the first term represents the growth due 
to glucose and fructose utilization and the second 
term represents the activity loss. In the first term, 
[l-exp(-t/tL)] represents the time lag of the transient 
state until exponential growth begin. The variable, r 
represents the loss of activity due to susceptibility to 
shear, osmotic and sugar depletion effects. The term 
of Xvd/(Xd+St) reflects sugar depletion effect (where 
St is total sugar concentration), and the ratio of 
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Xt/Xvd is proportional to cell expansion that causes 
the susceptibility to shear and osmotic effect. 

Dry Weight Equation of Nonactive-Viable Cell 

It is assumed that decay of dry weight of nonactive- 
viable cell is proportional to the cell expansion 
(Xf/Xvd) and is proportional to dry cell weight (Xd). A 
mass balance for nonactive-viable cell dry weight is 
given by, 

dXnd - k CXvd - h d ~ -  (6) 
dt 

The first term represents the loss of cell activity 
from Eq. (4), generating nonactive-viable cells, and 
the second term represents the loss of cell viability. 
Substrate is not consumed by nonactive-viable cell 
for growth. 

Dry Weight Equation of Viable Ceil 

The dry weight of viable cell is the sum of that of 
the active- and nonactive-viable cell: 

Xvd = Xad + Xnd (7) 

Differentiating Eq. (7), and substituting Eq. (4) and 
(6) into two terms on the right-hand side, respec- 
tively, yields 

dXvd - 1 - exp - 
dt T 

[ r + /2rnFSF 1 ( 8 )  
SG +ke(I+SF/kF) SF+kF(t+SG/kG) 

Xa d hdXf 
V 

Dry Weight Equation of Nonviable Cell 

The change in dry weight of nonviable (dead) cell is 
given by 

dXdd 
k d @ -  - kL X dd (9) 

Z 
l 

where the first term represents the change of viable 
cell to dead cell, and the second term represents the 
decay of cell mass due to lysis. 

Dry Weight Equation of Total Cell 

Dry weight of the total cell is the sum of that of vi- 
able and nonviable cell as follow 

Xd = Xv d + Xd d (10) 

Differentiating Eq. (10), and substituting Eq. (8) and 
(9) into two terms on the right-hand side, respec- 
tively, yields 

SG+kG(I+SF/k F) SF+kF(I+SG/k a) 

Xad - kLXdd 
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A c t i v i t y  E q u a t i o n  

Differentiating Eq. (2) yields 

dXad Xv d -Xad dXvd 
dA dt dt 

dt Xv2d 

(12) 

Substituting Eq. (4) and (8) into Eq. (12), it can be 
rearranged as 

dA 1- - -  = exp - - -  
dt t L 

I MmGSG 4_ ~'mFSF .] (13) 
SG+kG(I+SF/k F) SF+kF(I+SG/k G) 

(1 - A)A - k r k d AXr 
V2Xd 

Viabi l i t y  E q u a t i o n  

Differentiating Eq. (1) yields 

dXvd Xd -Xvd dXd 
dV = dt dt (14) 
dt x3 

Substituting Eq. (8) and (11) into Eq. (14), it can 
also be 

dV 
dt 

rearranged as 

I /~mGSG 
S t  + kG(I + SF /kF) 

MmFSF ] 
+ SF + kF(I+S G/kG) 

(15) 

(1 - V)V - k d ~ f d -  + kL(1  - V)V 

Viability can be estimated based on normalized value 
of culture fluorescence. Eq. (16) is used for the quan- 
titative representation of viability from the experi- 
mental results. 

FI / FIm 

V - Xd (16) 

Xd J 

where F I  is the relative fluorescence intensity and 
F I m  is the maximum relative fluorescence intensity 
during the cell cultivation. 

S u b s t r a t e  U p t a k e  R a t e  E q u a t i o n  

Sucrose is hydrolyzed to glucose and fructose by an 
invertase [13,14]. 

dSs - -kcS  s (17) 
dt 

Glucose and fructose is consumed for the growth of 
cells and the synthesis of secondary metabolites, 
berberine, with different yield coefficients. Substrate 
consumption for cell maintenance is neglected. 

dSG =0.526kcS s_  l ~ I I - e x p ( - t l l  
dt Y so tL )) 

/2mGSGXad (LXad + ~Xnd 

dS  F 
dt 

S G +kG(I+SF/kF) Yp/s G 

~/mFSFXad aXad + /~Xnd 
S F +]~F(I+SG/kG) Yp/s F 

(18) 

(19) 

The first term represents the hydrolysis of sucrose 
by invertase, the second term represents the sub- 
strate consumption for cell growth, and the third 
term represents the substrate consumption for pro- 
duct synthesis. The numerical modifier 0.526 reflects 
the fact that the mass of hexose are obtained from 
sucrose and water. 

In t race l lu la r  P r o d u c t  E q u a t i o n  

Since T. rugosurn  stores the secondary metabolite, 
berberine, in the vacuole, berberine is mostly found 
as the intracellular product. As mentioned previ- 
ously, it was assumed that berberine is synthesized 
by the active and nonactive-viable cells with differ- 
ent rates because the pattern of berberine produc- 
tion is mixed growth-associated. It was also assumed 
that only the destruction of cells cause the release of 
berberine from cells to the medium because extra- 
cellular berberine concentration increases dramati- 
cally after death phase. Since the rate of product re- 
lease is proportional to that of cell lysis, the intra- 
cellular product, PI, is expressed as 

dPI - c~Xad + /JXnd - 7kLXdd (20) 
dt 

The first and second terms represent the berberine 
synthesis by active and nonactive-viable cells, re- 
spectively. In particular, the first term represents 
growth-associated production and the second term 
represents nongrowth-associated production. The 
third term represents the release of berberine by cell 
destruction. 

Ext race l Iu lar  P r o d u c t  E q u a t i o n  

It was assumed that extracellular berberine can be 
degraded and is described as 

d P E -  7kLXdd- )~Xdd (21) 
dt 

The first term represents release of berberine by cell 
destruction and the second term represents berber- 
ine degradation by enzyme excreted from the dis- 
rupted cells, which is similar to the results reported 
by others [16]. In the second term, berberine degra- 
dation rate is dependent not on the extracellular 
berberine concentration but on the dry weight of 
dead cell because berberine degradation is only ac- 
complished by the enzymes released from lysis of 
dead cell. 
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Fig. 2. Time course behavior of experimental results in batch culture; (a) dry cell weight ( . ) ,  fresh weight (O) and culture 
fluorescence (0);  (b) the ratio of fresh weight to dry cell weight (0 )  and total sugar concentration (m); (c) carbohydrate 
depletion (sucrose (O), glucose (O), fructose (m)); (d) the distribution of berberine (total (J,), intracellular (m), extracellu- 
lar (O)). 

Total Product Equation 

The  total  berber ine  concentra t ion is the  sum of  in- 
t racel lular  and extracel lular  berber ine  concentra-  
tion: 

Pt = PI + Ps (22) 

Different ia t ing Eq. (22), and subst i tu t ing Eq. (20) 
and (21) into two te rms on the r ight-hand side, re- 
spectively, yields 

dPt - C~Xad + /~Ynd -- ~ Xdd (23) 
dt 

Fresh Cell Weight Equation 

Fresh  cell weight is dependent  on the  dry cell 
weight as well as the sugar  concentrat ion.  Fresh  cell 
weight increases as dry cell weight increases, and 
decreases as cells rupture .  The ratio of Xf/Xd in- 
creases as the sucrose concentra t ion decreases in T. 
rugosurn cell cul ture  as shown in Fig. 2(b). This 
phenomenon  might  be due to an osmotic effect, 
wherein  external  sugar concentrat ion governs the 
degree of  cell expansion. The increase of  water  con- 
t en t  in the  cell leads to an increased value of fresh 
weight. This  resul t  suggests tha t  the fresh weight 

increases with cell expansion due to the  increase of 
osmotic pressure as sugar  is consumed. This  can be 
approximated as 

I dXf = 1 - exp - klXad - h2hLXdd - 0 ( s ) X  d (24) 
dt 

where,  

S t = S S + S G + S  F (26) 

In Eq. (24), the first t e rm represents  the effect of cell 
growth, the second te rm represents  the cell disrup- 
tion, and the  third t e rm represen ts  cell expansion 
due to osmotic pressure.  Eq. (25) is used for the 
quant i ta t ive measu remen t  of  cell expansion based on 
the exper imental  results.  

R E S U L T S  A N D  D I S C U S S I O N  

E x p e r i m e n t a l  

Growth and Sugar Uptake 

For  the  analysis  of the  k ine t ic  p a r a m e t e r s  for the 
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cell growth and the substrate consumption in the 
suspension culture T. rugosum cell, batch experi- 
ments were carried out in shake flasks and samples 
were taken everyday. Fig. 2(a) shows the time course 
change of the cell growth rate. A lag phase in the ce]l 
growth was observed during the early stage of the 
cultivation. The exponential growth occurred after 
about 1 day, when most amount of added sucrose 
was depleted. Dry cell weight reached a maximum at 
7 days of cultivation, and then subsequently de- 
creased. In the stationary and death phase after 7 
days, dry cell weight decreased rapidly, but fresh cell 
weight was nearly constant. In Fig. 2(b), the fresh 
cell weight/dry cell weight ratio was plotted, and it 
seems to increase as total sugar concentration de- 
creased. As mentioned previously, it might be due to 
an osmotic effect, wherein external sugar concentra- 
tion governs the degree of cell expansion [7]. The 
increase of water content in the cell leads to an in- 
creased value of fresh cell weight. This result sug- 
gests that  the fresh weight increases with cell expan- 
sion due to the increase of osmotic pressure as sugar 
is consumed. 
From the pattern of extracellular sugar consump- 

tion in Fig. 2(c), it could be considered that sucrose, 
the only carbon source added, was hydrolyzed 
quickly to glucose and fructose. Only the hexose 
sugars were taken up into plant cells [17]. As soon as 
2 hrs after inoculation, the conversion of sucrose to 
its monomeric constituents was significant. Fur- 
thermore, it was found that glucose is more prefer- 
able to fructose in T. rugosum cell culture [10,18]. 

Fluorescence Measurement 

The culture fluorescence has been used as a non- 
invasive measurement for in situ monitoring the me- 
tabolic information in bioreactors [12,19]. In order 
to clarify the estimation of cell mass by culture fluo- 
rescence, the time course change of fluorescence, dry 
cell weight and fresh cell weight in T. rugosum cell 
culture were monitored as shown in Fig. 2(a). When 
only the exponential growth phase during the cul- 
ture is considered, relative fluorescence intensity 
could be correlated linearly with dry cell weight with 
a correlation coefficient of 0.905. The culture fluo- 
rescence had a more complicated functional depen- 
dence with dry cell weight after about 9 days, when 
the death phase began. The reason for such shift 
might be that dry cell weight includes viable cells as 
well as cell debris. Since only viable cells have an 
intact NAD-NADH conversion mechanism, NADH- 
dependent fluorescence data can not be reliable in 
the stationary phase and the death phase in the cul- 
ture. 

Secondary Metabolite Synthesis 

The typical secondary metabolite production in 
plant cell cultures is nongrowth-associated [19], but 
the berberine production is mixed growth-associated 
as shown in Fig. 2(d). It was observed that the small 
amount of berberine existed in the medium until 12 
days of the culture and then increased at the late 
stage of the culture due to cell lysis. Before celt lysis 
occurred, extracellutar berberine was less than 15% 
of total berberine. In the death phase, berberine was 
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released from the cells due to cell lysis and decreased, 
which might be due to the degradation by enzymes 
excreted during cell tysis. It was reported that T. 
rugosurn cell can store berberine in the vacuole 
space by an intracellular product accumulation sys- 
tern [20]. But, if the metabolite is released, it can 
apparently undergo further metabolism. 

M o d e l  

Parameter Estimation 

The model was composed of the set of differential 
equations shown in Eqs. (11), (13), (15), (17)-(21) 
and (24). The parameters for the model were esti- 
mated by using a nonlinear parameter estimation 
technique [15,21]. While the parameter estimation 
was performed, model equations were solved simul- 
taneously with numerical integration using standard 
Runge-Kutta method. The experimental data were 
compared to the model predictions by choosing 
parameters that  give a best fit of the model to the 
data. The resulting estimated values of the set of 
parameters were shown in Table 1. 

Growth and Sugar Uptake 

Figs. 3 and 4 represent the experimental and model- 
predicted sugar consumption and cell growth be- 
havior, respectively. It can be concluded that  the ex- 
perimental data were fairly accurately consistent 
with the solution of the model equations with the 
given initial condition for cell mass and sugar con- 
centrations. Within 1 day, sucrose was rapidly de- 
pleted and mostly converted to glucose and fructose 
in stoichiometric amounts. Glucose was consumed 
first and then fructose was consumed during the 
further cultivation. The large value of kc estimated 
shows the rapid depletion of sucrose, which is simi- 
lar to the results obtained from an independent 
analysis of the initial time course data. Although 
both metabolic pathways for the coxbohydrates 
(fructose and glucose) are probably dependent on 
hexokinase, the glucose in preference to fructose was 
observed, which was in accordance with that  the or- 
der of magnitude of the estimated KF was larger 
than that  of KG. The experimental results of carbon 
source consumption could be accurately predicted by 
the proposed model. 
The lag t ime in the T. rugosum cu l tu re  was ap- 

proximately 1 day. When the carbohydrates began to 
be limited, exponential growth was ceased and dry 
cell weight decreased. However, the fresh weight was 
maintained during the death phase, which might be 
due to cell expansion by osmotic pressure. In the late 
death  phase, cells were rup tu red  rapidly. Macro- 
molecules and membrane const i tuents  of the cells 
might be included in the observed value of dry cell 
weight. Hence, the dry weight based-cell mass would 
not be accurately predicted after twelve days. This 
phenomenon  includes a discrepancy between ex- 
perimental  and model-predicted dry cell weight in 
the late dea th  phase. On the  o ther  hand,  model- 
predicted fresh cell weight in the late death phase 
accurately followed the experimental values. Main- 
tenance of fresh weight in the late death phase can 
be explained as osmotic effect as ment ioned previ- 
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Table  1. List of the structured model parameters for 
rugosum system in batch culture 

T. 

Parameter Dimension Value Parameter Dimension Value 

,uG day -~ 0.3620 

PF day -:[ 0.3343 

KG g/L 3.9999 

KF g/L 7.6517 

K day~ 0.016500 

kd day 4 0.00724 c 

kL day -I 0.78490 

kc day-~ 2.55797 

Yx/so g/g 0.58903 

Yx/S~ g/g 0.55216 

YP/SG gJg 0.038 
YP/sF g/g 0.038 
k~ day -1 1.200 

k2 dimensionless 5.360 

day 4 0.365 

a mgg4 day-1 0.733 

fl mgK~ day -t 1.300 

2, mg K] day 4 4.110 

y mg/g 6.365 

tb day 1.0 
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Fig. 3. The kinetic model results of time course change of 
carbohydrate depletion in batch culture. The symbols are 
experimental results (sucrose (A), glucose (O), fructose 
(m)) and the lines are model prediction results. 
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Fig. 4. The kinetic model results of the overall growth 
time course in batch culture. The symbols are experimen- 
tal results (dry cell weight (O), fresh weight ( i ) )  and the 
lines are model prediction results. 

ously. The specific growth rate for  glucose, ~G, and 
the  yield of dry cell weight  on glucose, YX/SG were 
larger  than those for fructose, PF and Y~s~ as ex- 
pected since glucose is preferred  to fructose for cell 
growth.  
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Fig. 5. The kinetic model results of time course change in 
the distribution of berberine in batch culture. The sym- 
bols are experimental results (total ([]), intracellular (O), 
extracellular (J,)) and the lines are model prediction re- 
sults. 
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Fig. 6. The kinetic model results of time course change of 
the viability and activity in batch culture. The symbol is 
experimental viability result (0 )  and the solid line is 
model prediction result. The dotted line is model predic- 
tion activity result. 

Secondary Metabolite Synthesis 

Fig. 5 represen ts  the exper imental  and model- 
predicted berber ine  synthesis,  and the  distr ibution of 
berber ine in cells and in medium. Model prediction 
and exper imenta l  data  for corresponding activity and 
viability in cul ture  were shown in Fig. 6. The  model 
accurately followed the exper imental  da ta  and suc- 
cessfully described both growth-associated berber ine  
product ion and nongrowth-associated production 
dur ing the s ta t ionary  phase. The  es t imated value of 
the nongrowth-associated product  constant ,  ~, was 
about  two t imes larger than that  of the  growth- 
associated product  constant ,  ~. Model prediction in 
Fig. 6 for activity and viability shows tha t  active- 
viable cell was related with growth-associated ber- 
ber ine product ion and nonactive-viable cell was re- 
lated with nongrowth-associated berber ine  produc- 
tion. Also the model describes tha t  most  of  berber ine  
initially existed as intracel lular  form followed by a 
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rapid increase in extracellular berberine concentra- 
tion during the death phase. Model prediction in Fig. 
6 shows that this increase might be due to the in- 
crease of nonviable cell after the exponential growth 
was ceased. One discrepancy existing between model 
predictions and experimental results could be ob- 
served during the early stage of culture, where the 
release of intracellular berberine might be due to the 
"shock" by environmental change after inoculation. 
It is considered that the accuracy of the model to 
predict the product synthesis and its distribution 
between the cell and the medium could be enhanced 
by using the concept of viability and activity in the 
different classifications of cells. 

C O N C L U S I O N  

A structured kinetic model was proposed to predict 
culture growth, secondary metabolism, and, substra- 
te uptake in the suspension culture of T. rugosum. 
The activity and viability could be described by the 
proposed model. Substrate uptake rate was repre- 
sented by competitive inhibition in uptake rates of 
hexose, glucose and fructose, which were converted 
from sucrose. Formation rate of secondary metabo- 
lites was governed by active-viable and nonactive- 
viable celt, and release rate of intracellular secondary 
metabolites into medium was determined by accu- 
mulation of nonviable cells. Cell expansion was de- 
scribed as an osmotic effect due to sugar concentra- 
tion based on fresh weight to dry cell weight ratio. 
Utilizing nonlinear parameter estimation techniques, 
the parameters in the reaction rates were deter- 
mined based upon available experimental data in T. 
rugosum batch culture. Using those coefficients, the 
proposed model could accurately predict the cell 
growth and secondary metabolite synthesis as well 
as the distribution of secondary metabolite between 
in the cell and in the medium. Eventually the model 
can be used to develop an operating strategy and 
control scheme for maximizing the production of 
secondary metabolites, in plant cell culture. 
Based on the proposed model, the operating strate- 

gies for bioreactor operation such as periodic fed- 
batch culture that can provide to maintain cell ac- 
tivity, viable cell mass, and specific production rate, 
and perfusion culture will be investigated to maxi- 
mize secondary metabolite synthesis in T. rugosum 
plant cell culture. 

NOMENCLATURE 

A 
FI 
k 
K 
P 
S 
t 
V 
X 
Y 

activity (g/g) 
relative fluorescence intensity 
rate constant (day 1) 
Monod constant (g/L) 
product concentration (g/L) 
substrate concentration (g/L) 
time (days) 
viability (g/g) 
biomass concentration (g/L) 
yield coefficient (g/g) 
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G r e e k  symbo l s  

# 

K 

Y 
0 

growth-associated production constant 
(g/g/day) 
nongrowth-associated production constant 
(g/g/day) 
cell expansion coefficient (day 1) 
specific growth rate (day 1) 
product degradation eonstant (g/g/day) 
product release coefficient by cell lysis (g/g) 
function for cell expansion 
funetion for activity loss 

Subscripts  

c conversion from sucrose 
d dry weight or death 
E extracellular 
f fresh weight 
F fructose 
G glucose 
I intracellular 
L lag phase 
m maximum 
o initial 
S sucrose 
t total 
ad active-viable cell 
dd dead cell 
nd nonactive-viable cell 
vd viable cell 
P/SF product from fructose 
P/S a product from glucose 
X/S F biomass from fructose 
X/SG biomass from glucose 
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