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Abstract−Bacterial L-asparaginase has been widely used as a potential therapeutic agent in the treatment of various
lymphoblastic leukemia diseases. We studied product and dual substrates utilization kinetics by P. carotovorum MTCC
1428 in batch bioreactor. The kinetic study revealed that the maximum growth of P. carotovorum MTCC 1428 was
achieved at 2 g l−1 and 5 g l−1 of glucose and L-asparagine, respectively. Different substrate inhibition models were fitted
to the growth kinetic data and the additive form of double Luong model was found to best explain the growth kinetics
of P. carotovorum MTCC 1428. The kinetic parameters of growth studies showed that the predicted maximum inhibi-
tion concentration of glucose (Smg) and L-asparagine (Sma) was close to the experimentally observed value 15.0 and 10 g
l−1, respectively. Modified form of the Luedeking-Piret model was used to describe the kinetics of L-asparaginase pro-
duction, and the system seems to be mixed growth associated. Kinetic models of dual substrate growth, L-asparaginase
production and substrate(s) utilization by P. carotovorum MTCC 1428 well fitted with experimental data with regres-
sion coefficients (R2) value of 0.97, 0.96 and 0.93, respectively.

Keywords: Anti-leukemic Enzyme, L-asparaginase, Pectobacterium carotovorum, Growth Kinetics, Multiple-substrate,
Production Kinetics

INTRODUCTION

With drastic outbreaks of epidemics worldwide, much focus is
on developing novel therapeutic agents for treating chronic dis-
eases. L-Asparaginase (L-asparagine amido hydrolase E.C. 3.5.1.1)
is an enzyme of high therapeutic value due to its use in cancer ther-
apies, mainly in acute lymphoblastic leukemia (ALL) [1]. L-Aspar-
aginase acts by cleaving L-asparagine (amino acid essential for
lymphoblasts’ growth) to ammonia and L-aspartic acid, which re-
sults in depletion of L-asparagine in serum and cerebrospinal fluid,
and finally leads to destruction of lymphoblasts as they are unable
to build their proteins due to the inability of endogenic L-asparag-
ine production [2]. Apart from its therapeutic uses, it is also used
in the food industry for the production of acrylamide free food
[3], model enzyme for the development of new drug delivery sys-
tem [4] and L-asparagine biosensor for leukemia [5].

Despite its wide use as an anticancer drug, most of the treatments
have been interrupted due to severe side effects and immunologi-
cal reactions in patients. The therapeutic response of patients rarely
occurs without some evidence of toxicity [6]. With a view to char-
acterize enzymes with less toxic side effects, several members of a
family of homologous L-asparaginases have been thoroughly inves-
tigated [2,7,8]. In most of the bacterial L-asparaginases, the pres-

ence of partial glutaminase activity up to 9% was reported [9]. The
various side effects of this drug are mainly due to the presence of
partial glutaminase activity [10]. Hence, for successful clinical stud-
ies glutaminase-free L-asparaginase is highly desirable. Chan et al.
[11] recently reported that asparagine synthetase negative leukemic
cells were hypersensitive to L-asparaginase treatment without glu-
taminase activity than with glutaminase activity. The mechanism
of action of glutaminase free or associated is summarized in Fig. 1.

Mathematical modeling is necessary to predict the results of indus-
trial fermentations and to choose optimized conditions. Addition-
ally, it helps in understanding the complex mechanisms of growth
and product formation of the microorganisms [12]. Kinetic stud-
ies allow the prediction of fermentation rate, product yield and the
control of the fermentation process. The production of L-asparagi-
nase in batch system by Gram negative bacteria is dependent on
many factors and the production system is complex. A complete
quantitative description of its kinetic behavior requires mathemati-
cal expressions describing the time course of each important vari-
able (substrate utilization, growth and enzyme production). Although
the production of L-asparaginase in bioreactor was studied earlier
[13,14], the development of kinetic models for dual substrate growth,
L-asparaginase production and substrate utilization has not been
considered previously.

Our aim was to find the most suitable models to describe the
mechanism of dynamic dual substrate (L-asparagine and/or glucose)
growth, substrates utilization and L-asparaginase production by P.
carotovorum MTCC 1428 in batch bioreactors. The effects of the
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initial L-asparagine and glucose concentration on the growth, its
utilization and production of L-asparaginase were studied in pre-
optimized physical conditions under shake flasks condition and batch
bioreactors [13,14]. Models were developed to describe the kinetic
behavior of dual substrate growth, L-asparaginase production and
substrate(s) utilization from P. carotovorum MTCC 1428 in batch
bioreactor. To develop an unstructured dual substrate growth kinet-
ics model, three single substrate models (Double exponential model,
Loung model, Yano and Kago 2 model) were adopted and com-
bined in an additive manner. The production of L-asparaginase by
P. carotovorum MTCC 1428 has also been modeled using a modi-
fied form of the Luedeking-Piret model. The substrate utilization
kinetics was considered as dual substrate conversion to cell mass,
product formation and substrate consumption for maintenance.

MATERIAL AND METHODS

1. Microorganism and Growth Conditions for Experimental
Set Up

The bacterium used throughout the study, P. carotovorum MTCC
1428, was procured from Microbial Type Culture Collection and
Gene Bank, Institute of Microbial Technology, Chandigarh, India.
This organism was maintained on the medium containing (g l−1):
beef extract 1.0, yeast extract 2.0, NaCl 5.0, peptone 5.0 and agar
15.0 (pH 7.0) at 30 oC. The organism was subcultured every month
and maintained at 4±1 oC. The growth assessment, substrate utili-
zation and production of L-asparaginase were studied in batch
bioreactor with working volume of 1.5 l (Biostat B plus, Sartorius,
Germany) of optimized semisynthetic medium using eight differ-
ent combinations of influent substrate(s) concentration of glucose
and/or L-asparagine as shown in Table 1 (g l−1): Glucose, 0-7, L-
asparagine, 0-10, Na2HPO4·2H2O, 6.0; KH2PO4, 1.773; NaCl, 0.5;
MgSO4·7H2O, 0.373; CaCl2·2H2O, 0.015; yeast extract 1.0; peptone,

1.0 and initial pH of 7.0 [13]. The inoculum was prepared by add-
ing a loop full of freshly prepared pure culture of slant into 40 ml
of autoclaved above said medium containing glucose as carbon
source in a 250 ml shake flask and incubated at 30 oC and 180 rpm
in a shaking incubator for 10-12 h (optical density (OD) at 600 nm:
0.6-0.8). A 2.61% of inoculum from the above seed culture was
added to 1.5 l of the medium in a bioreactor and operated at 20%
dissolved oxygen under cascading mode (agitation - 160-600 rpm),
aeration rate 1.5 vvm and 30 oC. Samples were withdrawn at regu-
lar time intervals and measured for L-asparaginase production, cell
growth and substrate utilization. Experiments were conducted in
duplicate and enzymatic assay was performed in duplicate for each
sample.
2. Enzyme Assays and Determination of Protein Concentration

Collected samples were centrifuged at 10,000 g for 10 min at
4±1 oC and washed twice with 0.05 M Tris-HCl buffer (pH 8.6).
Washed cells were ultrasonicated at 20 MHz, 35% amplitude, four
cycles (2 minute per cycles with 1.5 second on and 0.5 second off)
and the content was centrifuged at 20,000 g for 10minutes (4±1 oC).
The supernatant was analyzed for intracellular L-asparaginase activ-
ity. L-asparaginase activity was measured from modified Nessler’s

Fig. 1. Mechanism of action of glutaminase free or associated L-asparaginase activity in AS negative cancer cells.

Table 1. The search range for kinetic constants of P. carotovorum
MTCC 1428 in the non-linear regression analysis

Constant Allowable range
μm (h−1) μmax-3μmax

Ksg (g L−1) 0-20
Ksa (g L−1) 0-20
K1g (g L−1) 0-30
K1a (g L−1) 0-30
pHop 8.5-8.8
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method [14]. One unit (U) of enzyme activity was defined as the
amount of enzyme that liberates 1μM of ammonia per minute at
37 oC. Specific activity was expressed as U mg−1 of protein. Pro-
ductivity was defined as the number of units of enzyme activity per
liter of enzyme solution per hour. Specific activity is the number of
units of enzyme activity per milligram of protein.
3. Determination of Protein Concentration

The total protein content of the samples was determined accord-
ing to the method described by Lowry et al. [15] using bovine serum
albumin (Sigma) as standard.
4. Determination of Cell Concentration

The biomass concentration was determined by measuring the
OD (Optical Density) of the culture broth at 600nm using UV-visi-
ble spectrophotometer. Dry cell weight (DCW) of the biomass was
determined from previously established standard curve between
OD at 600 nm vs DCW (1 unit OD600=0.272 g l−1 dry cell weight).
5. Estimation of Glucose and L-asparagine

Glucose concentration in the media was estimated by DNS
method, and L-asparagine concentration was estimated using HPLC
method (Varian, USA). Reversed phase C-18 HPLC column (PTH
amino acid column, Hypersil gold, 5μl particle size, 250×4.6 mm,
Thermo Ltd. USA) was used with Fluorescence (exc. 263 nm, emm.
313nm) and UV (263nm) detection system using 9-fluorenylmethyl
chloroformate chloride (FMOC-Cl) derivatisation method [16].
6. Kinetic Model Development in Batch Bioreactor
6-1. Microbial Growth

Three types of multiple-substrate growth models were consid-
ered when growth is limited by more than one substrate [17]:

Interactive or multiplicative form:

(1)

Additive form:

(2)

Non-interactive form:

(3)

Many mathematical models are reported in the literature to cor-
relate the single substrate concentration with microbial growth rate,
μ versus Si [17-19]. To develop multiple-substrate growth kinetics,
these individual models can be combined in a manner described
by Eqs. (1)-(3), to obtain equations consistent with the experimen-
tal data [18]. The specific growth rate in exponential phase is cal-
culated by Eq. (4):

(4)

where, X1 and X2 are the dry cell weight (DCW) obtained at time t1

and t2, respectively. C is an integration constant. We used the follow-
ing growth kinetics models considered to explain the cell growth
kinetics for a single substrate, Si [17,18,20-22]:

Double exponential model: (5)

Loung model: (6)

Yano and Kago 2 model: (7)

where, μm is the maximum specific growth rate (h−1), μ is the spe-
cific growth rate (h−1), Si is the limiting substrate concentration (glu-
cose or L-asparagine in this study), Ksi is the Monod half saturation
constant for substrates (glucose or L-asparagine) g l−1, Smi is the
maximum inhibitory substrate concentration g l−1, ni is the con-
stant which accounts the relationship between μ and Si, and K1i,
K2i are inhibition constants, subscript i represents either g or a as
glucose and L-asparagine, respectively.

To develop growth models for multiple-substrates, for each com-
bination of L-asparagine and glucose, specific growth rate (μ) was
calculated in exponential phase. Different growth models based on
single substrate (Eqs. (5)-(7)) were inserted into Eq. (1) or (2), or
(3) to find the best additive-substrate model.
7. L-asparaginase Production

L-asparaginase production in batch bioreactor was modeled
using a modified form of Luedeking-Piret model [23,24] (Eq. (8)),
which includes a term for the effect of the optimum final pH value
on L-asparaginase synthesis:

(8)

where Pasp is the L-asparaginase concentration (U mL−1), α is a
growth-associated constant for L-asparaginase production (U mg−1),
which corresponds to the yield product on biomass formed (YP/X)
for growth-associated metabolites, and β is the non growth-associ-
ated constant (U mg−1 h−1), X is the biomass concentration (g of
DCW l−1), κ is a constant of pH proportionality, X biomass con-
centration, pHop is the optimum final pH for maximum L-aspara-
ginase production and pHt is the pH value in each sampling time.
8. Substrate Utilization

The substrate utilization kinetics was described by Eqs. (9) and
(10), which consider substrate conversion to cell mass, to product
formation and substrate consumption for maintenance.

Glucose utilization kinetics: (9)

L-asparagine utilization kinetics:

(10)

where, Sg, Sa are glucose and L-asparagine concentration (g l−1), YX/Sg,
YX/Sa are yield of biomass on glucose and L-asparagine (g of DCW
g−1 of substrate), YP/Sg, YP/Sa are yield of product (L-asparaginase) on
glucose and L-asparagine (U of L-asparaginase g−1 of substrate),
and mg, ma are substrates used for maintenance of biomass (g of
substrate g−1 DCW h−1) respectively.
9. Non-linear Regression Analysis

The kinetic parameters of different models (dual substrate growth,
product formation and substrate utilization kinetics) considered
were estimated using Microsoft Excel 2007 Solver®, which solves

μ

μm
------ = μ S1( )[ ] μ S2( )[ ]… μ Si( )[ ]

μ

μm
------ = 

μ S1( )  + μ S2( ) + … + μ Si( )
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----------------------------------------------------------
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dx
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non-linear regression problems using Newton’s method [25]. The
following constraint was given to kinetic constants in all models,
while estimating the parameters is shown in Table 1. The equations
were solved to find values of the kinetic parameters that minimize
the objective function, the sum of squares of the differences (SSD)
between experimental and theoretical data for specific growth rates,
as given by Eq. (11):

(11)

To calculate the maintenance and yield factors (Eqs. (9) and (10)),

describing the objective function as the SSD between the substrate
consumption rates, which were experimentally measured and the-
oretically estimated, separately for glucose and L-asparagine. The
selected growth model equation for growth kinetics was surface
fitted by nonlinear surface fit using Origin® Pro 8.0.
10. Best Model for Dual Substrate Growth Kinetics

Using non-linear regression and the selected additive substrate
growth kinetics, we calculated the kinetic parameters as described
before. The best additive-substrate growth model was selected among
different combinations of Eqs. (5)-(7) to give the minimum sum of
squares of differences (SSD) and maximum R2 between the exper-
imental data and model solutions. 

SSD = μExpt − μPred( )2

i=1

N
∑

Table 2. Production of L-asparaginase and specific growth rate from P. carotovorum MTCC 1428 at different concentration of glucose and L-
asparagine in batch bioreactor

Batch bioreactor
run

Initial substrate concentration Maximum L-asparaginase activity
Specific growth

rate (μ) (h−1)Glucose (Sg)
(g L−1)

L-asparagine (Sa)
(g L−1)

Enzyme activity
(U ml−1) (h)

Specific activity
(U mg−1)

1 0 7 12.73±0.37 (14) 26.67±0.64 0.184±0.05
2 7 0 01.95±0.73 (12) 03.35±0.39 0.169±0.02
3 2 5 16.92±0.54 (12) 36.87±0.83 0.344±0.07
4 1 2.5 09.89±0.49 (12) 22.17±0.43 0.292±0.08
5 4 7.5 13.83±0.32 (18) 29.07±0.49 0.321±0.06
6 5 10 10.32±0.65 (22) 21.73±0.61 0.279±0.04
7 2 0 01.23±0.19 (12) 02.73±0.58 0.175±0.07
8 0 5 13.21±0.39 (12) 25.43±0.25 0.199±0.08

Process condition: Tm, 30 oC; pH controlled when reaches <8.5; aeration, 1.5 vvm; agitation, 160-600 rpm (cascading mode); DO level, 20%

Fig. 2. Profiles of batch bioreactors runs. (a) Biomass production, (b) glucose utilization, (c) L-asparagine utilization, (d) L-asparaginase
enzyme production.
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RESULTS AND DISCUSSION

Previously, physical parameters (DO level and pH) were opti-
mized to maximize the production of L-asparaginase production
in batch bioreactor. It also revealed that the maximum enzyme
activities, substrate utilization rate and cell growth were observed
when the DO level of the medium was at 20% [26]. Under con-
trolled pH, a sharp decline in enzyme activity was discontinued
after 12 h of fermentation in batch bioreactor. Hence, experiments
for L-asparaginase fermentation modeling were performed at pre-
viously optimized physical condition at different concentration of
glucose and/or L-asparagine (Table 2). In previous reports, L-aspara-
ginase production under different cultivation conditions from P.
carotovorum MTCC 1428 possesses no partial glutaminase activity.
This aspect of high specificity toward L-asparagine of glutaminase
free L-asparaginase from P. carotovorum MTCC 1428 has been re-
ported [14,26,27].
1. Effect of Initial Substrates Concentrations on Production
of L-asparaginase and Specific Growth Rate

The cells grew to a maximum concentration of range 0.56-1.36
g l−1 at different concentrations of glucose and/or L-asparagine in
batch bioreactor (Fig. 2(a)). The maximum DCW was observed at
2 g l−1 and 5 g l−1 of glucose and L-asparagine concentration, respec-
tively, in batch run 3. Furthermore, P. carotovorum MTCC 1428
exhibited shorter lag periods at low substrates concentration, and
longer lag was observed at higher concentrations of substrates (Fig.
2(a)). More than 90% of glucose was exponentially assimilated in
14 h fermentation by P. carotovorum MTCC 1428 in all conditions
(Fig. 2(b)) as preferential substrate than L-asparagine. Initially, 4-
8 h of fermentation, L-asparagine was consumed very slowly. Sub-
sequently, L-asparagine was also utilized simultaneously along with
glucose, and almost L-asparagine was also exponentially consumed
with in 16 h of fermentation in most the cases (Fig. 2(c)). The max-

imum L-asparaginase production (16.92 U ml−1) was observed at
2 g l−1 and 5 g l−1 of glucose and L-asparagine, respectively (batch
run 3) (Table 2). The production of L-asparaginase was 6-10 times
fold higher in the medium containing L-asparagine (batch run 1
and 8) as compared to glucose medium (batch run 2 and 7). The
maximum L-asparaginase production was observed at 12 h in all
batch conditions except batch run 5 and 6 (Fig. 2(d)).

Specific growth rate (μ) for different combinations of initial glu-
cose and/or L-asparagine concentration (Sg and Sa) were calculated
from the plot of ln(X) vs. time in logarithmic phase as discussed in
Section 2. The slope of the line during the exponential phase gives
the specific growth rate varies in each run (Fig. 2(a)). Maximum spe-
cific growth rate for only glucose containing basal medium was
found to be 0.175h−1 at 2g l−1, whereas at 7g l−1, diminishing of spe-
cific growth rate was observed (Table 2). Similarly, maximum spe-
cific growth rate for only L-asparagine containing basal medium
was found to be 0.199 h−1 at 5 g l−1. However, a slight decrease in
specific growth rate was observed at 7 g l−1 of initial L-asparagine
concentration. However, the specific growth rate was found to be
about 1.5 times higher when both substrates (L-asparagine and glu-
cose) were present in the medium. Specific growth rate increased
with increase in initial concentration of glucose and L-asparagine
till 2 g l−1 and 5 g l−1, respectively. The decrease in specific growth
rate with in increasing substrates concentrations suggested that
both substrates inhibition occurred simultaneously (Table 2).
2. Modeling of Microbial Growth Kinetics

In addition to the data in Table 2, we also tested the growth-lim-
iting substrates and their interactions. According to these results,
the growth rate of P. carotovorum MTCC 1428 in the absence of L-
asparagine and glucose was very less. A sharp decrease in growth
of microorganism, substrate utilization rates and production of L-
asparaginase was observed when the concentrations of glucose
and L-asparagine exceeded 15 g l−1 and 10 g l−1, respectively, in the

Table 3. Estimated kinetic parameters of various growth models with SSD and regression coefficients (R2)

Model
Equation

number for
glucose

Equation
number for

L-asparagine
μm Ksg Ksa K1g K1a K2g

2 K2a
2 Smg ng Sma na SSD×10−2 R2

01 1 -- 0.361 0.348 -- 18.380 -- -- -- -- -- -- -- 2.348 0.149
02 2 -- 0.369 0.234 -- -- -- -- -- 07.103 0.144 -- -- 1.808 0.959
03 3 -- 0.346 0.273 -- -- -- 78.240 -- -- -- -- -- 2.163 0.221
04 -- 1 0.796 -- 1.068 -- 5.327 -- -- -- -- -- -- 0.479 0.795
05 -- 2 0.540 -- 0.627 -- -- -- -- -- -- 11.146 1.048 0.593 0.959
06 -- 3 0.581 -- 0.960 -- -- -- 022.535 -- -- -- -- 0.486 0.801
07 1 1 0.491 2.433 2.049 07.094 6.823 -- -- -- -- -- -- 0.421 0.955
08 1 2 0.363 1.958 1.391 09.937 -- -- -- -- -- 11.957 0.625 0.125 0.963
09 1 3 0.352 0.019 6.142 05.191 -- -- 457.914 -- -- -- -- 1.864 0.492
10 2 1 0.367 2.436 1.599 8.552 08.328 0.309 0.141 0.936
11 2 2 0.355 1.668 1.464 -- -- -- -- 16.190 0.841 11.280 0.476 0.121 0.971
12 2 3 0.371 2.181 2.145 -- -- 049.144 13.869 0.843 -- -- 0.149 0.959
13 3 1 0.391 2.870 1.699 -- 8.076 42.515 -- -- -- -- -- 0.191 0.946
14 3 2 0.347 2.060 1.289 -- -- 67.213 -- -- -- 11.424 0.541 0.139 0.963
15 3 3 0.736 9.180 7.619 -- -- 18.749 014.498 -- -- -- -- 0.764 0.802

Dual substrate kinetics model 7-15 are additive form of column second and third respectively
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medium (data not shown). Hence, growth of P. carotovorum MTCC
1428 was represented by a kinetic expression by considering the
dual-substrate limitations (glucose and L-asparagine).

Table 3 shows the possible growth models using various combi-
nations of Eqs. (5)-(7), calculated kinetic parameters of various
growth models with SSD and regression coefficients (R2). The min-
imum SSD were found for model number 11, with R2 0.971. The
model 11, additive combined form of Loung model kinetics. The
additive form of double Loung model was best selected model to
explain the growth of P. carotovorum MTCC 1428 (Eq. (11)).

Double Loung model: 

(11)

where, glucose and L-asparagine represented by subscripts g and
a, respectively, in the model equation. For the selected model, cal-
culated kinetic parameters are μm=0.355 h−1, Ksg=1.668 mg l−1, Ksa=
1.464 mg l−1, Smg=16.190 g l−1, ng=0.841, Sma=11.28 g l−1, na=0.476.
Fig. 3 shows the experimental specific growth rate fitted over sim-
ulated surface using Origin® Pro 8.0 from additive form of double
Loung model (Eq. (11)). The high correlation coefficient (R2=0.971)

μ = μm
Sg

KSg + Sg
----------------- 1− 

Sg

Smg
-------

⎝ ⎠
⎛ ⎞

ng
 + 

Sa

KSa + Sa
----------------- 1− 

Sa

Sma
--------

⎝ ⎠
⎛ ⎞

na

Fig. 3. The specific growth rate from batch bioreactors experiments
fitted over simulated surface from dual substrate growth kin-
etic model (Eq. (11)) (R2=0.971). Projections of specific growth
rates in XY plane.

Table 4. Summarized kinetic parameters calculated in this study for dual-substrate growth, L-asparaginase production and substrate utiliza-
tion models

Kinetic parameters R2

Dual substrate
growth model

μm Ksg Ksa Smg ng Sma na 0.971
0.355 1.668 1.464 16.190 0.841 11.280 0.476

L-asparaginase
production model

α β κ
0.962

3.27 6.421 6.681

Substrate
utilization model

YX/Sg YP/Sg mg YX/Sa YP/Sa ma 0.935
0.624 0.808 0.011 0.286 10.910 0.029

demonstrates that the growth model accurately represents the growth
of P. carotovorum MTCC 1428.

So far, no reports are available in the literature on the kinetics of
dual substrate growth, production of L-asparaginase and substrates
utilization in batch bioreactor. The added value of L-asparaginase
isolated from the P. carotovorum MTCC 1428 is that it has no glu-
taminase activity; in addition, enzyme activity is comparable with
high level of L-asparaginase producing microorganisms [13,14].
We derived three different equations to describe the detailed kinetic
behavior of dual substrate growth, L-asparaginase production and
substrate(s) utilization from P. carotovorum MTCC 1428. The sum-
marized kinetic parameters evaluated in this study are presented in
Table 4.

To have more insights to understand the growth kinetics, selected
empirical models in the additive form that describing the substrate
inhibition kinetics were employed to fit the kinetic data (Table 3).
Initially, the growth data of P. carotovorum MTCC 1428 was tested
for dual substrate kinetics with various single substrate models
(Moser, Tessier, Monod, Contois, Yano and Kago 1 and 2, Andrew,
Haldane, Double exponential, and Loung model) in non-interac-
tive, multiple and additive form of these models and only additive
form of double exponential, Loung and Yano and Kago 2 model
are found to be fitted very well with the experimental data. How-
ever, the remaining models did not fit well in any combination
(non-interactive, multiple and additive) and showed very less regres-
sion coefficient (R2<0.80) (data not shown). This might be due to
the other than selected models and their various combinations not
being able to predict decrease in specific growth rate at high con-
centration of substrates. Therefore, Loung, Double exponential and
Yano and Kago 2 models were used in the present study. Loung
model was used to explain the inhibition growth kinetics of microor-
ganism for various carbohydrates and nitrogenous sources [21,22].
The values of Smg and Sma predicted by double Luong model (16.19
and 11.28 g l−1) were close to the experimentally observed value
(15.0 and 10 g l−1). The constant ni estimated by Loung model for
both substrates suggests that a nonlinear relationship between μ
and S exists during inhibition.
3. Modeling of L-asparaginase Production

Previous studies in batch culture show that the glucose is not
sufficient to maximize the production of L-asparaginase from P.
carotovorum MTCC 1428; L-asparagine is essential substrate for
higher production of L-asparaginase. Medium pH also plays a vital
role for the production of L-asparaginase. When pH of medium
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reached to <8.5, the maximum production of L-asparaginase was
observed. In current study, the maximum production was observed
at 12-14 h in a batch bioreactor (Fig. 2(d)) except high substrate
concentration of batch run 5 and 6.

With regard to L-asparaginase production in batch cultures from
P. carotovorum MTCC 1428, the results showed that the L-aspara-
ginase production was clearly mixed growth-associated (α≠0, β≠0).
In addition, the values obtained for pHop oscillated between 8.5
and 8.7 (P<0.05) for maximum production of L-asparaginase. The
kinetic parameters from the modified form of Luedeking-Piret model
for L-asparaginase production are α=3.27 U mg−1, β=6.421 U mg−1

h−1 and κ=6.681. Fig. 4 shows the relationship between observed
production rate from batch bioreactor experiments and predicted
value of L-asparaginase production rate obtained from the model,
Eq. (3.19). The correlation between the model equation and experi-
mental values obtained from L-asparaginase production was very
satisfactory (R2>0.96). Hence, the production was classified as a
pH dependent secondary metabolite.

In general, L-asparaginase production was higher at late expo-
nential phase (24-48 h) and enzyme activity was also a function of
cell age [27]. The growth of L-asparaginase producing microor-
ganism is often inhibited not only because of nutrient limitation,
but also because of substrate inhibition and the production of
ammonia which have toxic and antimicrobial effects, even for the
producer cells. In such cases, the classic Monod model would have
modified by including terms for accounting the inhibitory effects
of substrate inhibition and end product formation [28].

Although L-asparaginase production has been reported by vari-
ous researchers to be growth-associated [29-31], in some cases, the
lack of proportionality between the rate of L-asparaginase produc-
tion and bacterial growth has been observed [27,32,33]. This was
found to be due to the specific influence of several key variables of
the culture (like pH or some nutrient limitation) on L-asparagi-
nase synthesis [34-36] and difficult to fit the experimental data
with the classical Luedeking-Piret model. Similar type of adoption
was also seen for the bacteriocin production from Lactococcus lactis
subsp. Lactis by Guerra et al. [24]. Recent studies of secondary metab-
olite production like lipid, enzyme from microalgae and fungus

used the Luedeking-Piret model to explain the production profile
[37,38].

The alkalinization of the medium at low glucose concentration
due to complete utilization of this carbohydrate during the initial
periods, followed by the release of nitrogen as NH3 through the
degradation of substrates containing amino groups (such as amino
acids), as often observed during the fermentation processes [33]. It
is known ammonia accumulates in the ionized form (NH4

+), which
further contributes to the acidity of the medium. These results are
in good accordance with others showing that NH4

+ has an inhibi-
tory effect on L-asparaginase production [39,40].
4. Modeling of L-asparagine and Glucose Utilization

The considered models for both substrates (L-asparagine and
glucose) were solved using non-linear regression analysis by Mic-
rosoft Excel 2007 Solver®. The predicted evolution of the glucose
and L-asparagine utilization rate by Eqs. (9) and (10) during the
fermentation process together with the experimental data shows the
fitting of results was satisfactory (correlation coefficient, R2>0.93).
The values of parameters of the substrate uptake model were cal-
culated as follows for glucose: YX/Sg, YP/Sg, mg are 0.624 g g−1, 0.808
U g−1, 0.011 g g−1 h−1 and for L-asparagine YX/Sa, YP/Sa, ma are 0.286
g g−1, 10.910 U g−1, 0.029 g g−1 h−1, respectively.
5. Effect of Initial Glucose and/or L-asparagine Concentration
on Substrate Uptake Rate

At different concentration of substrates (L-asparagine and/or
glucose) in medium of batch bioreactor studies, a variation in spe-
cific substrate uptake rate (YS/X) was observed. This deviation in
experimental specific substrate uptake rate from P. carotovorum
MTCC 1428 at different concentration of glucose and/or L-aspar-
agine in batch bioreactor is presented in Fig. 5. The specific sub-
strate uptake rate (YSg/X) for glucose varied in range of 0.271-0.551
g of glucose g−1 of cells h−1. However, specific substrate uptake rate
(YSa/X) for L-asparagine was very high, ~2 times in all combinations.

CONCLUSIONS

This is the first report on the kinetics of dual substrate growth,

Fig. 4. The experimental batch bioreactor L-asparaginase produc-
tion rate and predicted from production kinetics model.

Fig. 5. Experimental specific substrate uptake rate from P. carotovo-
rum MTCC 1428 at different concentration of glucose and
L-asparagine in a batch bioreactor.
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L-asparaginase production and substrates utilization in batch bio-
reactor using P. carotovorum MTCC 1428. The kinetic study revealed
the maximum growth of P. carotovorum MTCC 1428 at 2 g l−1

and 5 g l−1 of glucose and L-asparagine, respectively. Additive form
of double Loung model was the best dual substrate growth model
for explaining the growth kinetics P. carotovorum MTCC 1428.
The modified form of the Luedeking-Piret model includes a term
for the effect of the optimal pH value to explain the L-asparagi-
nase synthesis. The values of kinetic parameters of L-asparaginase
production suggested system seems to be mixed growth associ-
ated. All kinetic models of L-asparaginase fermentation (dual sub-
strate growth, L-asparaginase production and substrate(s) utilization)
by P. carotovorum MTCC 1428 fitted well with experimental data.
These kinetic models would be used in scale up of the bioprocess
of L-asparaginase production.

ABBREVIATION AND NOMENCLATURE

C : integration constant
DCW: dry cell weight [g l−1]
DO : dissolved oxygen [%]
K1a : inhibition constant for L-asparagine [g l−1]
K1g : inhibition constant for glucose [g l−1]
K1i : inhibition constant for substrate i [g l−1]
K2a : inhibition constant in Yano and Kago 2 model for L-aspar-

agine [g l−1]
K2g : inhibition constants in Yano and Kago 2 model for glucose

[g l−1]
K2i : inhibition constant in Yano and Kago 2 model for substrate

i [g l−1]
Ksa : Monod half saturation constant for L-asparagine [g l−1]
Ksg : Monod half saturation constant for glucose [g l−1]
Ksi : Monod half saturation constant for substrate i [g l−1]
ma : L-asparagine used for maintenance of biomass [g of L-aspar-

agine g−1 DCW h−1]
mg : glucose used for maintenance of biomass [g of glucose g−1

DCW h−1]
na : constant in Loung model accounts the relationship between

μ and L-asparagine
ng : constant in Loung model accounts the relationship between

μ and glucose
ni : constant in Loung model accounts the relationship between

μ and substrate i
Pasp : L-asparaginase concentration [U mL−1]
pHop : optimum final pH for maximum L-asparaginase production
pHt : pH value in each sampling time
R2 : regression coefficient
Si : concentration of substrate i [g l−1]
Sa : L-asparagine concentration [g l−1]
Sg : glucose concentration [g l−1]
Sma : maximum inhibitory concentration of L-asparagine [g l−1]
Smg : maximum inhibitory concentration of glucose [g l−1]
Smi : maximum inhibitory concentration of substrate i [g l−1]
SSD : sum of squares of the differences
X : biomass concentration [g of DCW l−1]
X1 : biomass concentration in batch bioreactor at time t1 [g of

DCW l−1]
X2 : biomass concentration in batch bioreactor at time t1 [g of

DCW l−1]
YP/Sa : yield of product (L-asparaginase) on L-asparagine [U g−1 of

L-asparagine]
YP/Sg : yield of product (L-asparaginase) on glucose [U g−1 of glu-

cose]
YSa/X : specific L-asparagine uptake rate [g of L-asparagine g−1 of

cells h−1]
YSg/X : specific glucose uptake rate [g of glucose g−1 of cells h−1]
YX/Sa : yield coefficient for L-asparagine [g microorganism g−1 L-

asparagine]
YX/Sg : yield coefficient for glucose [g microorganism g−1 glucose]

Greek Letter
μ : specific growth rate [h−1]
μExpt : experimental specific growth rate [h−1]
μm : maximum specific growth rate [h−1]
μPred : theoretical specific growth rate [h−1]
Α : growth-associated constant for L-asparaginase production

[U mg−1]
Β : non growth-associated constant [U mg−1 h−1]
Κ : constant of pH proportionality
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